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large early polypeptide of SV40 is encoded in noncontiguous segments of DNA. 
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tem for genes functioning in the nuclei of 
animal cells and for viral transformation 
of cells in culture. The genome of the vi- 
rus consists of a circular DNA molecule 
containing more than 5200 base pairs 
(bp). In spite of the limited information 
in this DNA, the virus has a complex ge- 
netic structure and exhibits features of 
gene organization and expression dif- 
ferent from those so far detected in pro- 
karyotes. 

In one approach to the detailed under- 
standing of virus function, Fiers and his 
colleagues and our laboratory have sepa- 
rately determined the nucleotide se- 
quence of the viral DNA. In this article, 
we present some of the principal features 
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Regions Know to Code for 

Identified Viral Proteins 

SV40 virus codes for at least four pro- 
teins. The major viral structural protein, 
VP1, has a molecular weight, estimated 
by sodium dodecyl sulfate gel elec- 
trophoresis, of 43,500 to 48,000 (15). The 
virus also codes for two minor structural 
proteins, VP2 and VP3, whose estimated 
molecular weights are 39,000 and 27,000 
(15), respectively, and one large "early" 
protein (the A protein or T antigen) (16- 
18), which is necessary for initiation of 
rounds of DNA replication and for cell 
transformation. The molecular weight of 
the A protein has been estimated by so- 
dium dodecyl sulfate gel electrophoresis 
as approximately 94,000. 

There are three stretches of DNA in 
the SV40 genome whose RNA tran- 
scripts contain an AUG base triplet (A, 
adenylic acid; U, uridylic acid; G, gua- 
nylic acid) followed by a long run of 
sense codons (Fig. 2). The first of these 
begins at residue 1423 of Fig. 1. The ini- 
tial sequences of this region were deter- 
mined by Fiers et al. (12) and found to 
agree fully with the amino acid sequence 
of the amino terminus of VP1. Pro- 
ceeding from the AUG at position 1423 
(Fig. 1), there are 361 subsequent sense 
codons in phase, followed by a single 
UGA termination codon. This sequence 
predicts that the carboxyl-terminal 
amino acid of VP1 is glutamine; and this 
prediction has been confirmed experi- 
mentally (19). The predicted amino acid 
composition for VP1 is in good agree- 
ment with the experimental values (20). 
Some tryptic peptides of VP1 have been 
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found to have sequences that agree with lously low electrophoretic mobility in 
the amino acid sequences predicted by acrylamide gels, relative to its molecular 
the nucleotide sequence of this region of weight, as is predicted from the nucle- 
the DNA. The 3' terminus of SV40 late otide sequence. After alkaline denatura- 
mRNA lies between residues 2585 and tion, the separated strands of this frag- 
2599, about 80 bases beyond the UGA ment move close to their predicted posi- 
referred to above (2, 4). Cells infected tion in gels containing 8M urea. 
with mutant viruses with deletions of There is a second, long, continuous 
part of the DNA in this region synthesize stretch of coding triplets in the late re- 
a shorter protein that has some of the gion of SV40. The triplet AUG at posi- 
tryptic peptides of VP1 (21). Therefore, tions 480 to 482 in the late strand tran- 
it seems quite certain that this region of script is followed by 351 sense triplets, 
DNA codes for VP1. The restriction followed by a termination codon UAA at 
endonuclease fragment Hind II/III-F, positions 1536 to 1538. This set of triplets 
derived from this region, has an anoma- includes almost the entirety of fragment 

Hind II/III-D and the entirety of Hind II/ 
III-E, and overlaps the first 38 coding 
triplets of VP1. The analysis of proteins 
made in cells infected with deletion mu- 
tants of SV40 has provided evidence that 
VP3 and VP2 are coded for in part by the 
fragment Hind II/III-E, and that VP2 but 
not VP3 is coded for by parts of Hind II/ 
III-D (22). The molecular weight of VP2 
agrees fairly well with a coding sequence 
of 351 triplets. There is a single AUG at 
positions 834 to 836 in this sequence, 
which would be translated as an internal 
methionine within the amino acid se- 
quence of VP2. This triplet is followed 

10 20 30 40 50 60 
PC G GAG TTAG G G G GA T G GG C GGAG T TAGGGGCGGGA CT A T G GT T GC TGA TA A T GAG 

HOGCCTCAATCCCCGCCCTACCCGCCTCA A TCCCCGCCCTGATACCAACGACTGATTAACTC 

70 80 90 100 110 120 
ATGCATGCTTTGCATACTTCTGCCTGCTGGGGAGCCTGGTTGCTGACTAATTGAGATGCA 
TACGTACGAAACGTATGAAGACGGACGACCCCTCGGACCAACGACTGATTAACTCTACGT 

130 140 150 160 170 180 
TGCTTTGCATACTTCTGCCTGCTGGGGGAGCCTGGGGACTTTCCACCCCTAACTGACACA 
AGAAACGGTATGAAGACGGACGACCCCTCGGACCCCTGAAAGGTGTGGGAT TGACTGTGT 

190 200 210 220 230 240 
CATTCCACAGCTGGTTCTTTCCGCCTCAGAAGGTACCTAACCAAGTTCCTCTTTCAGAGG 
GTAAGGTGTCGACCAAGAAAGGCGGAGTCTTCCATGGATTGGTTCAAGGAG AAAGTCTCC 

250 260 270 280 290 300 
T TATTTCAGGCCATGGTGCTGCGCCGGCTGTCA CGCCAGGCCTCCGTTAAGG TCGTAGG 
AATAAAGTCCGGTACCACGACGCGGCCGACAGTGCGGTCCGGAGGCAATTCCAAGCATCC 

310 320 330 340 350 360 
TCATGGACTGAAAGTAAAAAAACAGCTCAACGCCTTTTTGTGTTTGTTTTAGAGCTTTTG 
AGTACCTGACTTTCATTTTTTTGTCGAGTTGCGGAAAAACACAAACAAAATCTCGAAAAC 

420 
370 380 39Q..p.: L Hind lI, I 400 410 L M 

CTGCAATTTTGTGAAGGGGAAGATACTGTT:GACGGGAAACGCAAAAAACCAGAAAGGTTA 
GACGTTAAAACACTTCCCTTCTATGACAACTGCCCTTTGCGTTTTTTGGTCTTTCCAAT 

Hind 11,111 430 44Q..M: Hind 1111 450 460 470 480 
ACT GA A A A A C CA GA A AG T TA A C T G G TA AGTTTAGTCTTTTTGTCTTTTAT T TCAG G TC C 
TGACTTTTTGGTCTTTCAATTGACCAT TAAATCAGAAAACGAGAAAATAAAGTCCAG GT 

490 500 510 520 530 540 
TGGTGCTGCTTTAACACTGTTGGGGGACCTAATTGCTACTGTGTCTGAAGCTGCTGCTG tiniG G T G C T G C T T T A A C A C T G T t G G G G G A C C T A A T T G C T A C t G t G T C T G A A G C it G C T G C I G 
ACCCACGACGAAATTGTGACAACCCCCTGGATTAACGATGACACAGACTTCGACGACGAC 

'550 560 570 580 590 600 
CTACTGGATTTTCAGTAGCTGAAATTGCTGCTGGAGAGGCCGCTGCTGCAATTGAAGTGC 
GATGACCTAAA AGTCATCGACTTTAACGACGACCTCTCCGGCGACGACGTTAACTTCACG 

610 620 630 640 650 660 
AACTTGCATCTG TTGCTACTGT TGAAGGCCTAACAACCTCTGAGGCAATAGCTGCTATAG 
TTGAACGTAGACAACGATGACAACTTCCGGATTGTTGGAGACTCCGTTATCGACGATATC 

670 680 690 700 710 720 
GCCTCATTCCACAGGCCTATGCTGTGATATCTGGGGCTCCTGCTGCTATAGCTGGATTTG 
CGGAGTAAGGTGTCCGGATACGACACTATAGACCCCGAGGACGACGATATCGACCTAAAC 

730 740 750 760 770 780 
CAGCTTTACTGCAAACTGTGACTGGTGTGAGCGCTGTTGCTCAAGTGGGGTATAGATTTT 
GTCGAAATGACGTTTGACACTGACCACACTCGCGACAACGAGTTCACCCCATATCTAAAA 

Fig. I. Nucleotide sequence of SV40 DNA. The upper line shows the sequence proceeding in the 5' to 3' direction from sequences near the origin 
of DNA replication and represents the strand of DNA complementary to early mRNA. The clevage sites for the Haemophilus influenzae strain d 
restriction endonucleases II and III (Hind II/III) (66) are indicated above the DNA sequence. Base triplets corresponding to initiation and 
termination codons referred to in the text are boxed in. The DNA sequence was analyzed by the method of Maxam and Gilbert (67) and Hind II/ 
III fragments G and large parts of A, B, C, and D, analyzed by transcription of viral DNA fragments (68) and by limited digestion with snake 
venom diesterase as described by Maniatis et al. (9). Hind II/III-H sequences are based in large part on the results of Fiers and co-workers (14). 
An earlier report (4) had placed a CTG between residues 4877 and 4888 instead of a TG and T at separate positions. We cannot reproduce the 
results on which this had been based, and repeated analyses indicate the present sequence to be correct for this region. Residue 1814 is a C rather 
than T as previously reported (9). We have confirmed this, and also noted a small Alu I fragment beginning at residue 530 that we had missed in 
our initial analyses, but that had been shown in the Alu I restriction endonuclease cleavage maps published by Fiers and his colleagues (70) and 
by Jay and Wu (71). We are grateful to Dr. J. Lautenberger for alerting us to errors in our initial version of the sequence about residues 1180 to 
1280. The portions of the sequence not completely confirmed by RNA analyses are probably more than 99 percent accurate, but occasionally a 
base was misidentified by the chemical degradation method. Both residues 4758 and 4768 were identified as deoxycytidylic acid by both repeated 
runs of the Maxam-Gilbert procedure and by analysis of radioactively labeled RNA transcripts. However, analysis of the DNA of our present 
stock shows by the Maxam-Gilbert procedure that the residue is T and the base in the complementary strand is A. Residue 5194 is a C in the 
original virus stock but an A in the present stock, and residue 1674 is an A in the original strain and a C in the new strain. The sequence from 4560 
to 4641 is from the new virus, and appears to have some base changes from the original strain such as a C instead of an A at 4571. 
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790 800 810 820 830 840 
P TTAGG TG ACT GGGATCACAAAGTTTCTACTGTTGGTTTAT A TCAA CA ACCAGG AIA G C TG 

HOAATCACTGACCCTAGTGTTTCAAAGATGACAACCAAATATAGTTGTTGGTCCTTACCGAC 

850 860 870 880 890 900 
TAGATTTGTATAGGCCAGATGACTATTATGATATTTTATTTCCTGGAGTACAAACCTTTG 
ATCTAAACATATCCGGTCTACTGATAATACTATAAAATAAAGGACCTCATGTTTGGAAAC 

910 920 930 940 950 960 
TTCACAGTGTTCAGTATCTTGACCCCAGACATTGGGGTCCAACACTTTTTAATGCCATTT 
AAGTGTCACAAGTCATAGAACTGGGGTCTGTAACCCCAGGTTGTGAAAAATTACGGTAAA 

Hind 11, III D:E 970 980 990 1000 1010 1020 
CTCA:AGCTTTTTGGCGTGTAATACAAAATGACATTCCTAGGCTCACCTCACAGGAGCTTG C T C A:N G C T T T T T G G C G T G T A A T A C A A A A T G A C A T T C C T A G G C T C A C C T C A C A G G A G C T T G 
GAGTTCGAAAAACCGCACAT TATGTTTTACTGTAAGGATC CGAGTGGAGTGTCCTCGAAC 

1030 1040 1050 1060 1070 1080 
AAAGAAGAACCCAAAGATA TTAAGGGACAGTTTGGCAAGGTTTTTAGAGGAAACTACTT 
TTTCTTCTTGGGTTTCTATAAATTCCCTGTCAAACCGTTCCAAAAATCTCCTTTGATGAA 

1090 1100 1110 1120 1130 1140 
GGACAGTAATTAATGCTCCTGTTAATTGGTATAACTCTTTACAAGATTACTACTCTACTT 
CCTGTCATTAATTACGAGGACAATTAACCATATTGAGAAATGTTCTAATGATGAGATGAA 

1150 1160 1170 1180 1190 1200 
TGTCTCCCATTAGGCCTACA ATGGTGAGACAAGTAGCCAA CAGGGAAGGGTTGCAAATAT 
ACAGAGGGTAATCCGGATGT TACCACTCTGTTCATCGGTTGTCCCTTCCCAACGTTTATA 

1210 1220 1230 1240 1250 1260 
CATTTGGGCACACCTATGAT AATATTGATGAAGCAGACAGTATTCAGCAAGTAACTGAGA 
GTAAACCCGTGTGGATACTA TTATAACTACTTCGTCTGTCATAAGTCGTTCATTGACTCT 

1270 1280 1290 1300 1310 1320 
GGTGGGAAGCTCAAAGCCAA AGTCCTAATGTGCAGTCAGG TGAATTTATTGAAAAATTTG 
CCACCCTTCGAGTTTCGGTT TCAGGATTACACGTCAGTCC ACTTAAAATAACTTTTTAAAC 

1340 1350 1360 1370 1380 
AGGCTCCTGGTGGTGCAAATCAAAGAACTGCTCCTCAGTGGATGTTGCCTTTACTTCTAG 
TCCGAGGACCACCACGTTTAGTTTCTTGACGAGGAGTCACCTACAACGGAAATGAAGATC 

1390 1400 1410, E.KHind I, llF 1420 1430 1440 
GCCTGTACGGAAGTGTTACT TCTGCTCTAAA'AGCTTATGAAG GGCCCCAACAAAAAGA 
CGGACATGCCTTCACAATGA AGACGAGATTTTCGAATACTTCT ACCGGGGTTGTTTTTCT 

1450 1460 1470 1480 1490 1500 
AAAGGAAGTTGTCCAGGGGCAGCTCCCAAAAAACCAAAGGAACCAGTGCAAGTGCCAAAG 
TTTCCTTCAACAGGTCCCCGTCGAGGGTTTTTTGGTTTCCTTGGTCACGTTCACGGTTTC 

1510 1520 1530 1540 1550 1560 
CTCGTCATAAAAGGAGGAATAGAAGTTCTAGGAG TTAA CTGGAGTAGACAGCTTCACT 
GAGCAGTATTTTCCTCCTTATCTTCAAGATCCTCAATTTTGACCTCATCTGTCGAAGTGA 

1570 1580 1590 1600 1610 1620 
GAGGTGGAGTGCTTTTTAAATCCTCAAATGGGCAATCCG ATGAACATCAAAAAGGCTTA 
CTCCACCTCACGAAAAATTTAGGAGTTTACCCGTTAGGACTACTTGTAGTTTTTCCGAAT 

Hind Il, IIIK.F 1630 1640 1650 1660 1670 1680 
AGTAAAAGC TTAGCAGCTGAAAAACAGTTTACAGATGACTCTCCAGACAAAGAACAACTG 
TCATTTTCGAATCGTCGACTTTTTGTCAAATGTCTACTGAGAGGTCTGTTTCTTGTTGAC 

1690 RI..1700 1710. 1720 1730 1740 
CCTTGCTACAGTGTGGCTA'GAATTCCTTTGCCTAATATTAATGAGGACTTAACCTGTGGA 
GGAACGATGTCACACCGATCTTAAGGAAACGGATTATAATTACTCCTGAATTGGACACCT 

1750 1760 1770 1780 1790 1800 
AATATTTTGATGTGGGAAGCTGTTACTGTTAAAACTGAGGTTATTGGGGTAACTGCTATG 
TTA-TAAAACTACACCCTTCGACAATGACAATTTTGACTCCAATAACCCCATTGACGATAC 

1810 1820 1830 1840 1850 1860 
TTAAACTTGCATTCAGGGACACAAAAAACTCATGAAAATGGTGCTGGAAAACCCATTCAA 
AATTTGAACGTAAGTCCCTGTGTTTTTTGAGTACTTTTACCACGACCTTTTGGGTAAGTT 

1870 1880 1890 1900 1910 1920 
GGGTCAAATTTTCATTTTTT TGC TGTTGGTGGGGAACCTTTGGAGCTGCAGGGTGTGTTA 
CCCAGTTTAAAAGTAAAAAAACGACAACCACCCCTTGGAAACCTCGACGTCCCA.CACAAT 

1930 1940 1950 1960 1970 Hind II, III F- 1980 
GCAAACTACAGGACCAAATATCCTGCTCAAACTGTAACCCCAAAAAATGCTACAGTT:GAC 
CGTTTGATGTCCTGGTTTATAGGACGAGTTTGACATTGGGGTTTTTTACGATGTCAACTG 

1990 2000 2010 2020 2030 2040 
AAGT GAGAATGAACACTGACCACAAGGCTGTTTTGGATAAGGATAATGCTTATCCAGTG 
TCAGTCGTCTACTTGTGACTGGTGTTCCGA CAAACCTAT TCCTATTACGAAT AGGTCAC 

2050 2060 2070 2080 2090 2100 
GAGTGCTGGGTTCCTGATCCAAGTAAAAATGAAAACACTAGATATTTTGGAACCTACACA 
CTCACGACCCAAGGACTAGGTTCATTTTTACTTTTGTGATCTATAAAACCTTGGATGTGT 

2110 2120 2130 2140 2150 2160 
GGTGGGGAAAATGTGCCTCCTGTTTTGCACATTACTAACACAGCAACCACAGTGCTGCTT 
CCACCCCTTTTACACGGAGGAAAAAACGTGTAATGATTGTGTCGTTGGTGTCACGACGAA 

2170 2180 2190 2200 2210 Hind II, IIIJ,:G 2220 
GATGAGCAGGGTGTTGGGCCCTTGTGCAAAGCTGACAGCTTGTATGTTTCTGCTGT'Y'GAC 
CTACTCGTCCCACAACCCGGGAACACGTTTCGACTGTCGAACATACAAAGACGACAACTG 

2230 2240 2250 2260 2270 2280 
ATTTGTGGGCTGTTTACCAACACTTCTGGAACAC CAGAGTGGAAGGGACTTCCCAGATAT 
TAAACACCCGACAAATGGTTGTGAAGACCTTGTGTCGTCACCTTCCCTGAAGGGTCTATA 
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2290 2300 2310 2320 2330 2340 
PTTTAAAATTACCCTTAGAAAGCGGTCTGTGAAAAACCCCTACCCAATTTCCTT TTTGTTA 

HOAAATTTTAAA GGGAATCT TTCGCCAGACACTTTTTGGGG A TGGG T AA AGGAAAA A CAAT 

2350 2360 2370 2380 2390 2400 
AGTGACCTAATTAACAGGAGGACACAGAGGGTGGATGGGCAGCCTATGATTGGAATGTCC 
TCACTGGATTAATTGTCCTCCTGTGTCTCCCACCTACCCGTCGGATACTAACCTTACAGG 

2410 2420 2430 2440 2450 ..Baml 2460 
TCTCAAGTAGAGGAGGTTAG GGTTTATGAGGACCCAGAGGAGCTTCCTGGGAGATCCAGAC 
AGAGTTCATCTCCTCCAATCCCAAATACTCCTGTGTCTCCTCGAAGGACCCCTAGGTCTG 

2470 2480 2490 2500 2510 2520 
ATGATAAGATACATTGATGAGTTTGGACAAACCACAACTAGAATGCAGITGAI AAAAATGC 
TACTATTCTATGTAACTACTCAAACCTGTTTGGTGTTGATCTTACGTC A C TTTTTTACG 

2530 2540 2550 2560 2570 2580 
TTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATAAGCTGCAATAAA 
AAAAAAACACTTTAAACACTACGATAACGAAATAAACATTGGTAATATTCGACGTTATTT 

Hind 11IIl G,:B 2590 2600 2610 2620 2630 2640 
CAAGTt:AACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAG 
GTTCAATTGTTGTTGTTAACGTAAGTAA A TACAAAGTCCAAGTCCCCCTCCACACCCTC 

2650 2660 2670 2680 2690 2700 
GTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGATTATGATCATGAACAG 
CAAAAAATTTCGTTCATTTTGGAGATGTTTACACCATACCGACTAATACTAGTACTTGTC 

2710 2720 2730 2740 2750 2760 
ACTGTGAGGACTGAGGGGCCTGAAATGAGCCTTGGGACTGTGAATCAATGCCTGTTTCAT 
TGACACTCCTGACTCCCCGGACTTTACTCGGAACCCTGACACTTAGTTACGGACAAAGTA 

2770 2780 2790 2800 2810 2820 
GCCCTGAGTCTTCCATGTTCTTCTCCCCACCATCTTCATTTTTATCAGCATTTTCCTGGC 
CGGGACTCAGAAGGTACAAGAAGAGGGGTGGTAGAAGTAAAAATAGTCGTAAAAGGACCG 

2830 2840 2850 2860 2870 2880 
TGTCTTCATCATATCATCACTGTTTCTTAGCCAATCTAAAACTCCAATTCCCATAGCCA 
ACAGAAGTAGTAGTAGTAGTGACAAAGAATCGGTTAGATTTTGAGGTTAAGGGTATCGGT 

2890 2900 2910 2920 2930 2940 
CATTAAACTTCATTTTTTGATACACTGACAAACTAAACTCTTTGTCCAATCTCTCTTTCC 
GTAATTTGAAGTAAAAAACTATGTGACTGTTTGATTTGAGAAACAGGTTAGAGAGAAAGG 

2950 2960 2970 2980 2990 3000 
ACTCCACAATTCTGCTCTGAATACTTTGAGCAAACTCAGCCACAGGTCTGTACCAAATTA 
TGAGGTGTTAAGACGAGACTTATGAAACTCGTTTGAGTCGGTGTCCAGACATGGTTTAAT 

3010 3020 3030 3040 3050 3060 
ACATAAGAAGCAAAGCAATGCCACTTTGAATTATTCTCTTTTCTAACAAAAACTCACTGC 
TGTATTCTTCGTTTCGTTACGGTGAAACTTAATAAGAGAAAAGATTGTTTTTGAGTGACG 

3070 3080 3090 3100 3110 3120 
GTTCCAGGCAATGCTTTAAATAATCCTTGGCCCTAAAATCTATTTGTTTTACAAATCTGG 
CAAGGTCCGTTACGAAATTTATTAGGAACCGGGATTTTAGATAAACAAAATGTTTAGACC 

3130 3140 3150 3160 3170 3180 
CCTGCAGTGTTTTAGGCACACTGAACTCATTCATGGTGACTATTCCAGGGGTAAATATT 
GGACGTCACAAAATCCGTGTGACTTGAGTAAGTACCACTGATAAGGTCCCCATTTATAAA 

3190 3200 3210 3220 3230 3240 
GAGTTCTTTTATTTAGGTGTTTCTTTTCTAAGTTTACCTTAACACTGCCATCCAAATAAT 
CTCAAGAAAATAAATCCACAAAGAAAAGATTCAAATGGAATTGTGACGGTAGGTTTATTA 

3250 3260 3270 3280 3290 3300 
CCCTTAAATTGTCCAGGTTATTAATTCCCTGACCTGAAGGCAAATCTCTGGACTCCCCTC 
GGGAATTTAACAGGTCCAATAATTAAGGGACTGGACTTCCGTTTAGAGACCTGAGGGGAG 

3310 3320 3330 3340 3350 3360 
CAGTGCCCTTTACATCCTCAAAAACTACTAAAAACTGGTCAATAGCTACTCCTAGCTCAA 
GTCACGGGAAATGTAGGAGTTTTTGATGATTTTTGACCAGTTATCGATGAGGATCGAGTT 

3370 3380 3390 B .. Hind II, I: 3400 3410 3420 
AGTTCAGCCTGTCCAAGGGCAAATTAACATTTAA:AGCT'TTCCCCCCACATAATTCAAGCA 
TCAAGTCGGACAGGTTCCCGTTTAATTGTAAATTTCGAAAGGGGGGTGTATTAAGTTCGT 

3430 3440 3450 3460 3470 3480 
AAGCAGCTGCTAATGTAGTTTTACCACTATCAATTGGTCCTTTAAACAGCCAGTATCTTT 
TTCGTCGACGATTACATCAAAATGGTGATAGTTAACCAGGAAATTTGTCGGTCATAGAAA 

3490 3500 3510 3520 3530 3540 
TTTTAGGAATGTTGTACACCATGCATTTTAAAAAGTCATACACCACTGAATCCATTTTGG 
AAAATCCTTACAACATGTGGTACGTAAAATTTTTCAGTATGTGGTGACTTAGGTAAAACC 

3550 3560 3570 3580 3590 3600 
GCAACAAACAGTGTAGCCAAGCAACTCCAGCCATCCATTCTTCTATGTCAGCAGAGCCTG 
CGTTGTTTGTCACATCGGT TCGTTGAGGTCGGTAGGTAAGAAGATACAGTCGTCTCGGAC 

3610 3620 3630 3640 3650 I, H Hind 11, 1113660 
TAGAACCAAACATTATATCCATCCTATCCAAAAGATCATTAAATCTGTTTGTT:AACATTT 
ATCTTGGTTTGTAATATG AGGTAGGATAGGTTTTCTAGTAATTTAGACAAACAATTGTAAA 

3670 3680 3690 3700 3710 3720 
GTTCTCTAGTTAATTGTAGGCTATCAACCCGCTTTTTAGCTAAAACAGTATCAACAGCCT 
CAAGAGATCAATTAACATCCGATAGTTGGGCGAAAAATCGATTTTGTCATAGTTGTCGGA 

3730 3740 3750 3760 3770 3780 
GTTGGCATATGGTTTTTGGTTTTTGCTGTCAGAAATATAGCAATTTGATAATGCT 
CAACCGTATACCAAAAAAACCAAAAACGACAGTCGTTTATATCGTCGTAAACGTATTACGA 
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3790 3800 3810 3820 3830 3840 
PTTTCATGGTACTTATAGTGGCTGGGCTGTTCTTTTTTAATACATTTTAAACACATTTCAA 

HOAAAGTACCATGAATATCACCGACCCGACAAGAAAAAATTATGTAAAATTTGTGTAAAGTT 

3850 3860 3870 3880 3890 3900 
AACTGTACTGAAATTCCAAGTACATCCCAAGCAATAACAACACATCATCACATTTTGTTT 
TTGACATGACTTTAAGGTTCATGTAGGGTTCGTTATTGTTGTGTAGTAGTGTAAAACAAA 

3910 Hindll, IIIH.A 39203930 390 3950 3960 
CCATTGCATACTCTGTTACA:AGCTTCCAGGACACTTGTTTAGTTTCCTCTGCTTCTTCTG 
GGTAACGTATGAGACAATGTTCGAAGGTCCTGTGAACAAATCAAAGGAGACGAAGAAGAC 

3970 3980 3990 4000 4010 4020 
GATTAAAATCATGCTCCTTTAACCCACCTGGCAAACTTTCCTCAATAACAGAAAATGGAT 
CTAATTTTAGTACGAGGAAATTGGGTGGACCGTTTGAAAGGAGTTATTGTCTTTTACCTA 

4030 4040 4050 4060 4070 4080 
CTCTAGTCAAGGCACTATACATCAAATATTCCTTATTAACCCCTTTACAAATTAAAAAGC 
GAGATCAGTTCCGTGATATGTAGTTTATAAGGAATAATTGGGGAAATGTTTAATTTTTCG 

4090 4100 4110 4120 4130 4140 
TAAAGGTACACAATTTTTGAGCATAGTTATTAATAGCAGACACTCTATGCCTGTGTGGAG 
ATTTCCATGTGTTAAAAACTCGTATCAATAATTATCGTCTGTGAGATACGGACACACCTC 

4150 4160 4170 4180 4190 4200 
TAAGAAAAAACAGTATGTTATGATTATAACTGTTATGCCTACTTATAAAGGTTACAGAAT 
ATTCTTTTTTGTCATACAATACTAATATTGACAATACGGATGAATATTTCCAATGTCTTA 

4210 4220 4230 4240 4250 4260 
ATTTTTTCCATAATTTTCTTGTATAGCAGTGCAGCTTTTTCCTTTGTGGTGTAAATAGCAA 
TAAAAAGGTATTAAAAGAACATATCGTCACGTCGAAAAAGGAAACACCACATTTATCGTT 

4270 4280 4290 4300 4310 4320 
AGCAAGCAAGAGTTCTATTACTAAACACAGCATGACTCAAAAAACTTAGCAATTCTGAAG 
TCGTTCGTTCTCAAGATAATGATTTGTGTCGTACTGAGTTTTTTGAATCGTTAAGACTTC 

4330 4340 4350 4360 4370 4380 
GAAAGTCCTTGGGGTCTTCTACCTTTCTCTTCTTTTTTGGAGGAGTAGAATGTTGAGAGT 
CTTTCAGGAACCCCAGAAGATGGAAAGAGAAGAAAAAACCTCCTCATCTTACAACTCTCA 

4390 4400 4410 4420 4430 4440 
CCAGAGTAGCCTCCATATCACTAGATGGCATTTCTTCTGAGCAAAACAGGTTTTCCTCAT 
GTCGTCATCGGAGTAGTAGTGATCTACCIG AA AGAAGACTCGTTTTGTCCAAAAGGAGTA 

4450 4460 4470 4480 4490 4500 
TAAAGGCATTCCACCACTGCTCCCATTCATCAGTTCCATAGGTTGGAATCTAAAATACAC 
ATTTCCGTAAGGTGGTGACGAGGGTAAGTAGTCAAGGTATCCAACCTTAGATTTTATGTG 

4510 4520 4530 4540 4550 4560 
AAACAATTAGAATCAGTAGTTTAACACATTATACACTTAAAAATTTTATATTTACCTTAT 
TTTGTTAATCTTAGTCATCAAATTGTGTAATATGTGAATTTTTAAAATATAAATGGAATA 

4570 4580 4590 4600 4610 4620 
AGCTTTAAATCTCTGTAGGTAGTTTGTCCAATTATGTCACACCACAGAAGTAAGGTTCCT 
TCGAAATTTAGAGACATCCATCAAACAGGTTAATACAGTGTGGTGTCTTCATTCCAAGGA 

4630 4640 4650 4660 4670 4680 
TCACAAAGATCAAGTCCAAACCACATTCTAAAGCAATCGAAGCAGTAGCAATCAACCCAC 
AGTGTTTCTAGTTCAGGTTTGGTGTAAGATTTCGTTAGCTTCGTCATCGTTAGTTGGGTG 

4690 4700 4710 4720 4730 4740 
ACAAGTGGATCTTTCCTGTAT'AATTTTCTATTTTCATGCTTCATCCTCAGTAAGCACAGC 
TGTTCACCTAGAAAGGACATATTAAAAGATAAAAGTACGAAGTAGGAGTCATTCGTGTCG 

4750 4760 4770 4780 4790 4800 
AAGCATATGCAGTTAGCAGAC-ATTTTCTTTGCACACTCAGGCCATTGTTTGCAGTACATT 
TTCGTATACGTCAATCGTCTGTAAAAGAAACGTGTGAGTCCGGTAACAAACGTCATGTAA 

4810 4820 4830 4840 4850 4860 
GCATCAACACCAGGATTTAAGGAAGAAGCAAATACCTCAGTTGCATCCCAGAAGCCTCCA 
CGTAGTTGTGGTCCTAAATTCCTTCTTCGTTTATGGAGTCAACGTAGGGTCTTCGGAGGT 

4870 4880 4890 4900 4910 4920 
AAGTCAGGTTGATGAGCATATTTTACTCCATCTTCCATTTTCTTGTACAGAGTATTCATT 
TTCAGTCCAACTAC.TCGTATAAAATGAGAGGTAGAAGGTAAAGAACATGTCTCATAAGTAA 

4930 4940 4950 4960 4970 4980 
TTCTTCATTTTTTCTTCATCTCCTCCTTTATCAGGATGAAACTCCTTGCATTTTTTTAAA 
AAGAAGTAAAAAAGAAGTAGAGGAGGAAATAGTCCTACTTTGAGGAACGTAAAAAAATTT 

4990 5000 5010 5020 5030 5040 
TATGCCTTTCTCATCAGAGGAATATTCCCCCAGGCACTCCTTTCAAGACCTAGAAGGTCC 
ATACGGAAAGAGTAGTCTCCTTATAAGGGGGTCCGTGAGGAAAGTTCTGGATCTTCCAGG 

5050 5060 5070 5080 Hind II, II A :C 5090 5100 
AT T A G C T GC A A A GA T T C C T CT CT G T T T A A A A C T T A T C C A T C T T T G CAA'AG CT T T T T G CA 
TAATCGACGTTTCTAAGGAGAGACAAATTTTTGAAATA GGT AGAAACGTTTCGAAAAACGT 

5110 5120 5130 5140 5150 5160 
A A A G C C T A G G C C TCCAAAAAAGCCT.CC T C A C T A C T T G G A A A G C T C A G A G G C C G A G G C 
TTTCGGATCCGGAGGTTTTT TGGAGGAGTGATGAAGACC TTATCGAGTCTCCGGCTCCG 

5170 5180 5190 5200 5210 5220 
GGCCTCGGCCTCTGCATAAATAAAAAAAATTAGTCAGCCATGGGGCGGAGAATGGGCGGA 
CCGGAGCCGGAGACGTATTTATTTTTTTTAATCAGTCGGTACCCCGCCTCTTACCCGCCT 

ACTGGG 
TGACCC 
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by 233 additional coding triplets. The 
predicted molecular weight and amino 
acid composition for this protein are 
both in fairly good agreement with the 
values reported for analyses of VP3, ex- 
cept for the large excess of glycine re- 
ported in the amino acid analyses for 
VP3 (18). Amino acid sequence data are 
not available for VP3, but it seems likely 
that this sequence of triplets does code 
for VP3. Gibson et al. have already 
proved that parts of VP2 and VP3 are 
coded for by the same segment of DNA 
(23), but VP3 may not be derived from 
cleavage of VP2 (22, 24). 

A third long sequence of sense triplets 
would be transcribed from the early 
strand of SV40 DNA, within the early re- 
gion. This extends from positions 4506 to 
2611, but the sequence does not begin 
with an initiator codon. The first poten- 
tial initiator codon AUG lies at positions 
4411 to 4409 (descending numbers in- 
dicate a reading from right to left) and is 
followed by 599 sense triplets. The re- 
gion covered by the sense triplets in- 
cludes the entire area in which temper- 
ature-sensitive mutants in the gene A 
product of SV40 have been mapped (25, 
26). Mutant virus with deletions in this 
region may produce smaller peptides de- 
rived from the A protein (16, 27). The 
carboxyl-terminal sequence of the pro- 
tein coded for by this DNA would be rich 
in proline, and this is consistent with ob- 
servations on SV40 A protein (28) and on 
an SV40 directed peptide coded for by an 
adenovirus 2 SV40 hybrid virus (29). 
However, it is unlikely that this is the to- 
tal sequence coding for the A protein. A 
deletion mutant of SV40 removes 
Hind II/III-H and Hind-I, fusing Hind II/ 
III-A and -B at the Hind III cleavage 
site. The mutant virus produces a protein 
with a molecular weight of 33,000, which 
shares tryptic peptides with the early 
protein with a molecular weight of 94,000 
produced by wild-type SV40 (16, 30). As 
was pointed out to us (31), this deletion 
would place translation termination trip- 
lets immediately beyond the end of the 
coding sequence in Hind II/III-A. There- 
fore, Hind II/III-A contains long coding 
sequences for the SV40 A protein, even 
though the longest continuous stretch of 
sense codons in Hind II/III-A corre- 
sponds to a protein of molecular weight 
less than 22,000. 

The discrepancy between the molecu- 
lar weight of the A protein estimated by 
sodium dodecyl sulfate gel elec- 
trophoresis (approximate molecular 
weight, 94,000) and the protein that 
could be coded for by the largest con- 
tiguous set of coding sequences in the 
early region of SV40 (approximate mo- 
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lecular weight, 70,000) has been dis- 
cussed (10, 32). This discrepancy is even 
more pronounced if one assumes that 
translation initiates with an AUG codon. 
The A protein synthesized in vitro by 
SV40 early mRNA isolated from infected 
cells has been reported to have the same 
molecular weight as that directly isolated 
from infected cells (27, 30, 33), so that 
posttranslational addition of material to 
the A protein or modification of the cel- 
lular translation apparatus are unlikely 
explanations for this discrepancy. The A 
protein is also produced in transformed 
cells containing a single copy of SV40 
DNA (34), and we suspect that covalent 
rearrangements of viral DNA are not a 
likely explanation. SV40 complementary 
RNA (cRNA), transcribed in vitro from 
viral DNA, directs the synthesis of a 
polypeptide that reacts with antiserum 
from animals bearing SV40-induced tu- 
mors (that is, T antiserum) and has a mo- 
lecular weight of about 60,000, which is 
consistent with the long coding sequence 
in the early region of viral DNA (27, 33, 
35). The most acceptable explanation is 
that the nucleotide sequence of early 
mRNA is not identical to the DNA se- 
quence of the early region of SV40 (5, 26) 
(see below). 

The 3' end of early SV40 mRNA lies 
close to the region between residues 
2520 and 2500 (Figs. 1 and 2). The 3' ter- 
minal sequences include a set of four 
consecutive AUG triplets, followed by 
91 sense triplets, reading in a frame dif- 
ferent from that in which the long coding 
stretch of the A gene is translated, but 
there is no evidence that indicates that 
an additional peptide is coded for by this 
region in vivo. 

Sequences Outside of the Main 

Coding Regions of SV40 

A remarkable and unanticipated fea- 
ture of SV40 virus is that almost 23 per- 
cent of the DNA is not part of the three 
coding regions that obviously direct the 
synthesis of long regions of peptide 
chains in known proteins. This 23 per- 
cent of the DNA can be divided into sev- 
eral domains, including the origin of rep- 
lication, a cluster of tandem repeated se- 
quences, and segments of DNA that 
could potentially code for peptides. 

After the original demonstrations that 
SV40 DNA replication initiated at a 
unique site and proceeded bidirectional- 
ly (36), there has been an extensive effort 
to define the minimal SV40 sequences 
necessary on a circular DNA molecule in 
order that it be replicated in the presence 
of helper SV40 virus. This function has 

now been confined to a region of less 
than 100 nucleotides between about 5119 
and 5198 (22, 37) (Fig. 2). A detailed deri- 
vation and a discussion of the sequence 
embedding the origin of replication have 
been presented (3). Two of the most out- 
standing features of the sequence are the 
presence of certain symmetric regions, 
including a long twofold rotational sym- 
metry between residues 5147 and 5172 
and the presence of a long, continuous 
A-T (T, thymidylic acid) stretch, includ- 
ing eight consecutive deoxyadenylic 
acids on one strand of DNA. A related 
papovavirus, BK virus, also has a long, 
although imperfect, symmetry region ad- 
jacent to a long A-T-rich stretch with 
nine consecutive deoxyadenylic acids 
near or at the origin of replication (38). 
Polyoma is a somewhat more distantly 
related papovavirus and may show less 
striking symmetry at the origin of repli- 
cation but has a long A-T stretch with 
eight consecutive deoxyadenylic acids 
and a sequence that shows partial homol- 
ogy with SV40 (39). The recently report- 
ed nucleotide sequence about the origin 
of replication of bacteriophage lambda 
(40) also contains a long region of imper- 
fect symmetry adjacent to a series of 16 
residues, 14 of which are deoxyadenylic 
acids. Various mechanisms may be used 
to initiate DNA replication, but replica- 
tion of papovavirus DNA resembles that 
of host cell DNA in that replication initi- 
ates on double-stranded DNA, and nei- 
ther discontinuities in parental strand 
DNA nor covalent protein DNA linkages 
have been detected. In view of the diver- 
sity of mechanisms of synthesis for the 
initiation of RNA, it seems unlikely that 
all origins of DNA replication will be 
readily recognized from the DNA se- 
quence alone (41, 42), but it also seems 
unlikely that some more striking features 
of the origin of replication of the papo- 
vaviruses do not have functional signifi- 
cance directly in the process of initiation 
of DNA replication or in interrelations 
between this process and the control of 
transcription. The presence of similar 
features in sequences of several replica- 
tion origins is consistent with the sugges- 
tion that some initiation sites for replica- 
tion of host cell DNA may have features 
similar to the SV40 origin (43). 

Another remarkable feature of the 
SV40 sequence that has been the source 
of previous comment is that approxi- 
mately 3 percent of the genome adjacent 
to the origin of replication is occupied by 
a set of three tandem repeats of se- 
quences. The most extensive repeat 
comprises more than 1 percent of the vi- 
ral genome. Analysis of the composition 
of deletion mutants indicates that major 
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Origin of DNA Replication Longer leaders for late RNA 
(within residues 5118-5197) r-~- T n r s 5 

Tandem repeated sequences (5209-155) 
/ Leader linked to a major 19S mRNA 

5081-4559) -- / (residues 243-289) 
-4837) \ - r 7--Leader linked to VPI mRNA (residues 243-445) 

Sequence absent in large T mRNA 
(residues 4491 -4836) 

Sequence absent in small t mRNA /// o 
(residues 4491-4556) //// 

Termination in all 3 phases// 
(residues 4559-4492) / 

Main body of codons for- 
T antigen (residues 

4490- 2612) 

.VP2 codons (residues 480-1535) 

' Termination of VP2 and VP3 
(residue 1536) 

"VPI codons (residues 1423- 2508) 

Termination of VPI (residue 2509) 
Termination of T antigen-1 

(residue 2611 ) 

Fig. 2. Schematic representation of SV40 genome indicating the location of some of the princi- 
pal features. The genome is represented as a circle with the origin of replication at the top. 
Numbers within the inner circle refer to locations in fractional genome length relative to the 
single Eco RI restriction endonuclease cleavage site within SV40 DNA. Residue numbers and 
labels refer to the numbers used in the sequence shown in Fig. 1. Arcs with arrowheads indicate 
positions of mRNA with arrowheads pointing in the 5' to 3' direction. Outer boxes indicate 
continuous coding segments within the viral mRNA. 

parts of single copies of each repeat can 
be removed and in at least one case both 
copies of a repeating sequence can be re- 
moved in SV40 and leave a viable virus 
(44). Repeating sequences are not pres- 
ent in kX174 and no long tandem repeat- 
ed sequence has been reported in bac- 
teriophage genomes. However, reiter- 
ated sequences of varying length and 
perfection have been recognized for 
some time as a property of the DNA of 
higher eukaryotes, and it has been sug- 
gested (11) that there may be some unde- 
fined analogy between the reiterated se- 

quences of SV40 and of host cell DNA. 
Each repeat represents a local twofold 
translational symmetry, and the total ex- 

panse of this bloc of reiterated sequences 
is about 180 nucleotides. Since the com- 

pletion of these analyses, we have found 
that a portion of our viral stock has an 
insertion of approximately 37 nucle- 
otides at about position 100 of the pres- 
ent sequence (Fig. 1). The sequence ap- 
pears to be a copy of the sequence be- 
tween residues 154 to 192, so that each 
copy of the tandem repeat is 91 bases 

long. This may represent a property of 
the ancestral line of the virus whose 
DNA sequence shows in Fig. 1. 

Much of the remaining sequence of 
SV40 DNA is composed of blocs of nu- 
cleotides whose transcripts would in- 
clude an AUG, followed by termination 
codons. It is not inconceivable that some 
or all of these blocs could be translated 
to form short peptides. Sequences corre- 
sponding to these regions of SV40 are 

present in cytoplasmic polyadenylylated 
RNA, probably on polysomes. The most 
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accessible of these regions is a sequence 
derived from the right-hand portion of 
the Hind II/III-C fragment, the adjacent 
fragments of Hind II/III-L, -M, and the 
first few nucleotides of Hind II/III-D. 
The cytoplasm of SV40 infected cells 
contains large amounts of RNA tran- 
scribed from this region (4). At the end of 
the region, there is a segment of the 
DNA sequence whose transcript was not 
abundant in cytoplasmic polyadenylated 
RNA (4). This DNA is followed by the 
DNA whose sequence corresponds to 
late RNA coding for the amino acids of 
VP2. Most of the RNA transcript of the 
initial part of the region is not covalently 
linked to the mRNA for VP2 (4, 7). A 

large part (extending from residues 243 
to 445) has been observed to be linked to 
the main body of mRNA that encodes 
VP1 (7, 45); this mRNA is transcribed 
from the region of SV40 DNA beginning 
at residue 1382 (Fig. 2). The VP1 mRNA 
also contains 7-methylguanylic acid (4, 
46) attached to the 5' end of the RNA. 
The sequence preceding the initiator co- 
don for the short coding sequence over- 
lapping Hind II/III-C, -L, -M, and -D is 
similar to that preceding the initiator co- 
don of VP2, so that it is possible that at 
some stage in the infection it might be 
translated into protein. Alternatively, lo- 
cal secondary structure, such as the pos- 
sible base pairing between residues 246 
to 258 and 274 to 283 or between residues 
244 to 263 and 295 to 313, might hinder 
initiation of translation at the first AUG 
in the RNA sequence. A principal form 
of 19S late mRNA has as its main body a 
continuous transcript beginning at nucle- 

otide 474, and a 5' terminal sequence of 
47 nucleotides transcribed from DNA 
beginning at position 243. Some late 
polyadenylated RNA has longer 5' termi- 
nal sequences, transcribed from tem- 
plates extending further into Hind II/III- 
C, partly to a region that appears to end 
at residue 182. There are late RNA spe- 
cies whose 5' end extends to each of at 
least three additional positions in the 
Hind II/III-C fragment that is closer to 
the Hind II/III-A fragment. The most 
prominent of these start points for late 
RNA lies near or within the longest A-T 
stretch at the origin of DNA replication. 
Unlike the 16S mRNA, some of the 
molecules of 19S to 20S late poly- 
adenylated RNA are a faithful transcript 
of a continuous segment of viral DNA, 
without any gaps. 

Until recently, mRNA from the early 
portion of the SV40 genome was not in- 
vestigated as extensively because of the 
relatively small amounts of early mRNA 
made in infected cells. Studies of dele- 
tion mutants indicated that this region 
can itself be subdivided into two do- 
mains: a region between approximately 
4500 and 4800 that can be deleted with- 
out affecting the viability of the virus (27, 
32) and a region from about 4800 up to 
and including the origin of replication 
that must be maintained largely intact 
(22) for viral A protein formation or func- 
tion. Several workers (27, 47, 48) have 
found a second early peptide in infected 
or transformed cells. This peptide 
(termed small t antigen) also reacts with 
serums from tumor-bearing animals. 
Several of the methionine-containing 
peptides in tryptic digests of small t anti- 

gen are also present in digests of the A 
protein (27, 47). The simplest possibility 
is that small t antigen is coded for by the 
174 codons between residues 5081 and 
4559 in the sequence shown in Fig. 1. Be- 
tween about 4500 and 4630 there is an 
A-T-rich DNA sequence whose early 
strand transcript would include at least 
three termination codons in each pos- 
sible reading frame. The codons between 
5081 and 4559, and the codons between 
4490 and 2611 of SV40 could together 
code for a peptide with a molecular 
weight about 90,000-about the size of 
the A protein. Berk and Sharp (49) have 
evidence that SV40 early mRNA con- 
tains sequences that probably derive 
from noncontiguous regions of the DNA. 
We have noted that oligonucleotide 
maps of SV40 early mRNA complemen- 
tary to Hind Ii/III-A contain all the ex- 
pected products plus one product not 
present in cRNA prepared in vitro. Our 

analyses show that a substantial part of 

early 19S mRNA consists of transcripts 
from residue 5150 to residue 4837, joined 
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to transcripts of residues 4491 onward, 
while a smaller part of the early 19S 
mRNA is a more complete transcript of 
the early region that still lacks 66 of the 
bases predicted from the DNA sequence 
between residues 4491 and 4556 (50). 
Therefore, a situation similar to but per- 
haps even more complex than the joining 
of RNA segments in the late mRNA of 
SV40 also occurs in early SV40 mRNA, 
with the additional effect that fusion oc- 
curs within coding regions. Therefore, 
the conclusion is that the A protein gene 
is not a contiguous DNA sequence, but 
is interrupted by a segment of 346 bp 
whose transcript is not present in A pro- 
tein mRNA (7, 27). Deletion mutants 
lacking the region from about 4500 to 
4800 make full-sized A protein (32) but 
not small t antigen (27, 51). This result 
and the results of mRNA analysis both 
indicate that not all the codons from 
small t contribute to the A protein. Fur- 
ther studies of early mRNA and the 
amino acid sequence of the early pro- 
teins are needed to exclude more com- 
plex arrangements of coding regions. 
The extensive studies of splicing in 
adenovirus mRNA show that complex 
fusion events may occur, although direct 
evidence of fusion within an active cod- 
ing region of adenovirus mRNA has not 
yet been published. A DNA insert has 
been found in clones of mouse /3-globin 
genes, a finding that was accompanied 
by the suggestion that this sequence may 
be deleted from RNA during or after 
transcription of the globin genes (52). If 
this suggestion is correct, then animal 
cell genes may commonly be encoded in 
noncontiguous segments of DNA and the 
same segment of DNA may contain co- 
dons for shared amino acid sequences 
present in more than one protein. 

Selection of Codons in SV40 mRNA 

Table 1 shows the codons used in the 
regions of SV40 DNA that are known to 
code for proteins. The selective use of 
codons in these regions of SV40 DNA, 
as well as in other eukaryotic and pro- 
karyotic messages has been discussed (6, 
9, 14, 41, 53-57). The selective use of co- 
dons in some regions of SV40 DNA is 
very striking when the entire sequence is 
examined. Table 1 includes the relatively 
small number of codons that derive from 
the overlap of VPl, VP2, and VP3 genes. 
The overlap would have some slight ten- 
dency to reduce the selective use of co- 
dons so that the results in Table 1 prob- 
ably represent a minimum estimate of 
the selection pressure for codons in 
SV40 genes. 

Sanger et al. (41) have shown that 
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there is an excess of uridylic acid over 
other nucleotides in the third position of 
the codons in the genes of bacteriophage 
ObX174 (41). In SV40, the bias against cy- 
tidylic acid in the third position of co- 
dons is especially marked when there is a 
uridylic acid in the second position in the 
codon. There are only nine codons (0.6 
percent of all codons) that have U-C as 
their second and third residues, and the 
entire virion contains no AUC codons 
for isoleucine. In contrast, the AUA co- 
don is rare both in the coat protein gene 
of small RNA bacteriophages (53) and in 
the genes of 4)X174 (41), but it is used 
with considerable frequency by SV40. 
The isoleucine codon AUC is not used 
by SV40 but is used at five positions in 
sea urchin histone H2B mRNA (54). The 
dinucleotide UC occurs in coding re- 
gions of SV40 more often in positions 1 
and 2 or 3 and 1 than in positions 2 and 3 
of coding triplets, presumably as a con- 
sequence of selection exerted during 
mRNA translation. 

The DNA functioning in mammalian 
nuclei has been known for some time to 
have a marked deficiency in the dinu- 
cleotide C-G, and this deficiency has 
been demonstrated also in papovavirus 
DNA. The deficiency of C-G in the cod- 
ing region of SV40 occurs in all three 
reading phases and is more marked than 

Table 1. Codon usage in SV40 mRNA. The 
left column represents the first nucleotide of a 
codon; the second column shows the nucle- 
otides in the third position of each codon. The 
four columns labeled C, A, G, and U are the 
four possible second-position nucleotides. 
For example, codon CUA occurs 16 times; 
CAU occurs 21 times; and GCU occurs 72 
times. All codons for VP1, VP2, and the 
stretches of sense triplets that include prob- 
able codons for the A protein and little t anti- 
gen are included. 

Posi- Posi- Position 2 
tion tion 

1 3 C A G U 

C 14 10 1 3 
A 25 42 0 16 

C 
G 0 31 2 20 
U 38 21 2 23 

C 24 25 12 0 
A 26 70 36 21 

A 
G 0 35 26 40 
U 40 44 32 45 

C 12 31 15 2 
A 21 60 35 21 

G 
G 0 41 24 31 
U 72 58 20 38 

C 9 23 18 4 
A 15 3 1 40 

U 
G 0 0 26 39 
U 29 32 14 60 

that for the whole viral DNA since the 
region of SV40 DNA near the origin of 
replication has a number of C-G se- 
quences. Deficiency of codons contain- 
ing C-G was also noted in rabbit (55) and 
human (56) /-globin mRNA, although it 
is less marked in insulin mRNA (57), hu- 
man a-globin mRNA (58), or sea urchin 
histone H2B mRNA (54). It results in a 
marked preference for AG purine codons 
for arginine, compared with CGN co- 
dons (N, any nucleotide), a preference 
opposite to the situation in MS2 and 
(X174. The globin mRNA's show a 
marked preference for the CUG codon 
for leucine, and this preference is also 
shown in the partial sequence for the in- 
sulin mRNA. However, in SV40, UUA 
and UUG codons are used considerably 
more frequently than CUN codons and 
in particular there is no preferred use of 
the CUG codon. 

The A T-Rich Regions of SV40 DNA 

The early studies of SV40 DNA dem- 
onstrated that there were certain se- 
quences that selectively bound the DNA 
binding protein coded for by gene 32 of 
phage T4 (59), and were selectively mod- 
ified by water-soluble carbodiimides 
(60). It was suggested that these regions 
might be particularly A-T-rich. The 
SV40 sequence shows that one of these 
A-T-rich regions lies near position 4500 
on the SV40 genome and corresponds to 
the segment containing termination co- 
dons preceding the continuous coding 
sequence of the A protein. Other A-T- 
rich regions less clearly defined by the 
above studies include regions on either 
side of the imperfect repeats of A-T-rich 
sequences occurring in DNA coding for 
the 3' end of the sequences preceding the 
coding region of VP1 mRNA and other 
A-T-rich repeats in the early region with- 
in the segment persumably coding for 
small t antigen (4). The sequence of the 
templates for late mRNA does not obvi- 
ously provide support for mechanisms of 
RNA fusion that would require extensive 
similarity or complementarity between 
the 3' end of the donor and the 5' end of 
the acceptor RNA. 

Runs of six or more uridylic acids are a 
prominent feature of some transcription 
termination sequences in prokaryotes 
and perhaps in RNA polymerase III tran- 
scripts in higher cells (61). There are six 
consecutive uridylic acids in the RNA 
transcript of the late strand about 40 
bases beyond the 3' end of cytoplasmic 
late mRNA, and in the late mRNA pre- 
ceding the initiator codon for VP3, and 
seven consecutive uridylic acids near the 
3' end of early mRNA. There are seven 
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consecutive uridylic acids (residues 1875 
to 1881) in the middle of the VP1 mRNA 
and two sets of six consecutive uridylic 
acids (residues 4299 to 4304 and 4145 to 
4150) within the coding region for the A 
protein. With the exception of the se- 
quence at the end of late mRNA, the 
consecutive uridylic acids are not pre- 
ceded by RNA sequences rich in guanyl- 
ic acid or precisely self-complementary 
regions such as are found in prokaryotic 
termination signals. The hexanucleotide 
AAUAAA is found within the 25 bases 
preceding the poly(A) of many eu- 
karyotic mRNA's, including SV40 early 
and late mRNA (8, 62), and may be part 
of the signal determining the location of 
the 3' end of polyadenylated RNA. How- 
ever, it can also be found internally in 
SV40 early mRNA (residues 3188 to 
3193) and hence is not in itself a suf- 
ficient signal. 

RNA polymerase II is responsible for 
the synthesis of the bulk of mRNA in an- 
imal cells. Unfortunately, identification 
of promoters for RNA polymerase II has 
not been possible because of the lack of 
rigorous demonstration of precise and 
faithful initiation of transcription in vitro 
by this enzyme, and of the limited ge- 
netic analysis available. The A-T-rich se- 
quences and the rotationally symmetric 
sequences adjacent at the origin of DNA 
replication are promising candidates for 
the SV40 early promoters since the 5' 
end of the bulk of SV40 early mRNA lies 
just downstream from these sequences 
(63). The 5' terminal nucleotide of the 
body of early mRNA is transcribed from 
residue 5143. The A protein binds to 
SV40 DNA very near this position (64), 
and functional A protein inhibits early 
mRNA synthesis in vivo (65). The rela- 
tion between the protein binding site on 
the DNA and the position of the 5' end of 
the mRNA resembles that between the 
repressor and the lac mRNA in Esche- 
richia coli. 

In summary, the sequence analysis of 
SV40 DNA has shown a remarkably in- 
tricate structure, including features such 
as overlapping genes, reminiscent of re- 
cent discoveries in gene structure of 
small DNA phages, but other features 
not noted in prokaryotic systems. Per- 
haps the most remarkable result is the 
probability that genes coding for single 
peptides may be composite, including 
segments derived from noncontiguous 
regions of DNA. 

Note added in proof: After this article 
was submitted for publication we learned 
that A. Smith and his colleagues have 
obtained partial amino acid sequence 
data for amino terminal regions of small 
and large T peptides synthesized in vitro. 
The sequences of both peptides match 
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the codons from position 5100 onward in 
the DNA sequence. We also learned that 
a similar suggestion about the origin of 
the two early proteins of polyoma had 
been considered by Ito and his col- 
leagues (72). 
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