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Nucleotide sequence of bacteriophage

® X174 DNA

F. Sanger, G. M. Air*, B. G. Barrell, N. L. Brown', A. R. Coulson, J. C. Fiddes,
C. A. Hutchison I11%, P. M. Slocombe* & M. Smith*

MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK

A DNA sequence for the genome of bacteriophage ®X174
of approximately 5,375 nucleotides has been determined
using the rapid and simple ‘plus and minus’ method. The
sequence identifies many of the features responsible for the
production of the proteins of the nine known genes of the
organism, including initiation and termination sites for the
proteins and RNAs. Two pairs of genes are coded by the
same region of DNA using different reading frames.

THe genome of bacteriophage ®X174 is a single-stranded,
circular DNA of approximately 5,400 nucleotides coding for
nine known proteins. The order of these genes, as determined by
genetic techniques?™, is A-B-C-D-E-J-F-G-H. Genes F, G
and H code for structural proteins of the virus capsid, and gene
J (as defined by sequence work) codes for a small basic protein
that is also part of the virion. Gene A4 is required for double-
stranded DNA replication and single-strand synthesis. Genes
B, C and D are involved in the production of viral single-
stranded DNA: however, the exact function of these gene
products is not clear as they may either be involved directly in
DNA synthesis or be required for DNA packaging, which is
coupled with single-strand production. Gene E is responsible for
lysis of the host.

The first nucleotide sequences established in ®X were
pyrimidine tracts®~ obtained by the Burton and Petersen®
depurination procedure. The longer tracts could be obtained
pure and sequences of up to 10 nucleotides were obtained. More
recently Chadwell® has improved the hydrazinolysis method to
obtain the longer purine tracts. These results are included in the
sequence given in Fig. 1.

More extensive ®X sequences were obtained using partial
degradation techniques, particularly with endonuclease IV
(refs 10 and 11). Ziff er al'>!® used this enzyme in condi-
tions of partial hydrolysis to obtain fragments 50-200 nucleo-
tides long which were purified as *2P-labelled material by
electrophoresis on polyacrylamide gels. The fragments came
from the same region of the genome and the sequence of a 48-
nucleotide long fragment (band 6, positions 1,047-1,094) was
determined using mainly further degradation with endonuclease
IV and partial exonuclease digestions.

Another 50-nucleotide long fragment was obtained by
Robertson ef al.'* as a ribosome binding site. The viral (or plus)
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strand DNA of ®X hasthe same sequence as the mRNA and, in
certain conditions, will bind ribosomes so that a protected
fragment can be isolated and sequenced. Only one major site
was found. By comparison with the amino acid sequence data it
was found that this ribosome binding site sequence coded for the
initiation of the gene G protein'® (positions 2,362-2,413).

At this stage sequencing techniques using primed synthesis
with DNA polymerase were being developed!® and Schott!?
synthesised a decanucleotide with a sequence complementary to
part of the ribosome binding site. This was used to prime into
the intercistronic region between the Fand G genes, using DNA
polymerase and 22P-labelled triphosphates'®. The ribo-substitu-
tion technique' facilitated the sequence determination of the
labelled DNA produced. This decanucleotide-primed system
was also used to develop the plus and minus method!. Suitable
synthetic primers are, however, difficult to prepare and as
DNA fragments generated by restriction enzymes are more
readily available these have been used for most of the work
reported here.

Another approach to DNA sequencing is to make an RNA
copy using RNA polymerase with a-?2P-labelled ribotriphos-
phates and then to determine the RNA sequence by more
established methods. Blackburn®?' used this approach on
intact single-stranded ®X and on fragments obtained by
digestion with endonuclease 1V or with restriction enzymes.
Sedat er al.?* were extending their studies on the larger endo-
nuclease 1V fragments and their results, taken in conjunction
with the transcription of the DNA fragments®’, amino acid
sequence of the F protein?2, and the plus and minus method
results, made it possible to deduce a sequence of 281 nucleotides
(positions 1,016-1,296, Fig. 1) within the F gene®®. Tran-
scriptionof Hindll fragment 10, amino acid sequence data in the
G gene, and the plus and minus method using Hindll fragments
2 and 10 as primers, gave a sequence of 195 nucleotides
(positions 2,387-2,582, Fig. 1) at the N terminus of gene G
(ref. 24).

The ‘plus and minus’ method

Further work on the ®X sequence has been done using chiefly
the plus and minus method primed with restriction fragments.
Figure 2 shows the various restriction enzymes used and the
fragment maps for each (refs 25-30 and C.A.H., submitted for
publication, and N.L.B.,, C.A.H. and M.S,, submitted for
publication).

Figure 1 shows the combined results of the sequence work to
date. The sequence is numbered from the single cleavage site of
the restriction enzyme Pstl. As with other methods of sequenc-
ing nucleic acids, the plus and minus technique used by itself
cannot be regarded as a completely reliable system and occa-
sional errors may occur. Such errors and uncertainties can only
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Pl/t R5/7b F6/9 T7/8 18/9
GAGTTTTATC GCTTCCATGA CGCAGAAGTT AACACTTTCG GATATTTCTG ATGAGTCGAA AAATTATCTT GATAAAGCAG GAATTACTAC TGCTTGTTTA CGAATTAAAT CGAAGTGGAC
10 20 30 40 S0 60 70 80 90 100 110 120
End 81
A5/18
19/10 H8b/4 ~ Tlo/4 Al8/6 F9/13
TGCTGGCGGA AAATGAGAAA ATTCGACCTA TCCTTGCGCA GCTCGAGAAG CTCITACTTT GCGACCTTTC GCCATCAACT AACGATTCTG TCAAAAACTG ACGCGTTGGA TCAGGAGAAG
130 T l4o 150 160 170 180 190 200 210 220 230 240
End A
F13/17 Fl7/16a R7b/6c Fléa/16b
IGGCTTAATA TGCTTGGCAC GTTCGTCAAG GACTGGTTTA GATATGAGTC ACATTTTGIT CATGGTAGAG ATTCTCTTGT TGACATTTTA AAAGAGCGTG GATTACTATC TGAGTCCGAT
250 260 270 280 290 300 310 320 330 340 350 360
mRNA start
Fi6b/1 z3/7 A6/1 _
GCTGTTCAAC CACTAATAGG TAAGAAATCA TGAGTCAAGT TACTGAACAA TCCGTACGIT TCCAGACCGC TTTGGCCTCT ATTAAGCTCA TTCAGGCTTC TGCCGTTTTG GATTTAACCG
370 380 390 400 410 420 430 440 450 460 470 480
D start T
ML/7 14/5
AAGATGATTT CGATTTTCTG ACGAGTAACA AAGTTTGGAT TGCTACTGAC CGCTCICGTIG CTCGTCGCTG CGTTGAGGCT TGCGTTTATG GTACGCTGGA CTTTIGTAGGA TACCCTCGCT
490 500 510 520 530 540 550 560 570 580 590 600
E sLartT
R6c/7a zZ7/5 H4/13
TTCCTIGCTCC TGTTGAGTTT ATTGCTGCCG TCATTGCTTA TTATGTTCAT CCCGTCAACA TTCAAACGGC CTGTCTCATC ATGGAAGGCG CTGAATTTAC GGAAAACATT ATTAATGGCC
610 620 630 640 650 660 670 680 690 700 710 720
T5/3 Y1/3 H13/11 M7/3
TCGAGCGTCC GGTTAAAGCC GCTGAATTGT TCGCGITTAC CTIGCGTGTA CGCGCAGGAA ACACTGACGT TCTTACTGAC GCAGAAGAAA ACGTGCGTCA AAAATTACGT GCGGAAGGAG
730 740 750 760 770 780 790 800 810 820 830 840
End L"\
H1l/14 H14/12 R7a/6b
TGATGTAATG TCTAAAGGTA AAAAACGTTC TGGCGCTCGC CCTGGTCGTC CGCAGCCGTT GCGAGGTACT AAAGGCAAGC GTAAAGGCGC TCGTCTTITGG TATGTAGGTG GTCAACAATT
850 860 870 880 890 900 910 920 930 940 950 960
Ende TJ start
25/8 H12/10
TTAATTGCAG GGGCTTCGGC CCCTTACTIG AGGATAAATT ATGTCTAATA TTCAAACTGG CGCCGAGCGT ATGCCGCATG ACCTTTCCCA TCTTGGCTTC CTTGCTGGTC AGATTGGTCG
1 970 980 990 1000 1010 lo2o 1030 1040 1050 1060 1070 1080
End J F start
Y3/2 Fl/l4b T3/1 Hlo/7 Z28/4 Fl4b/2
TCTTATTACC ATTTCAACTA CTCCGGTTAT CGCTGGCGAC TCCTTCGAGA TGGACGCCGT TGGCGCTCTC CGTCTTTCTC CATTGCGICG TGGCCTTGCT ATTGACTCTA CTGTAGACAT
1090 1100 1110 1120 1130 1140 1150 1160 1170 1180 1190 1200
1/3c R6b/1
TTTTACTTTT TATGTCCCTC ATCGTCACGT TTATGGTGAA CAGTGGATTA AGTTCATGAA GGATGGTGTT AATGCCACTC CTCTCCCGAC TGTTAACCAA ACTACTGGTT ATATTGACCA
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300 1310 1320
H7/5
TGCCGCTTTT CTTGGCACGA TTAACCCTIGA TACCAATAAA ATCCCTAAGC ATTTGTTTCA GGGTTATTTG ATATCTATAG CGTATTTTAA AGCGCCGTGG =-=--ATGCCTG ACCGTACCGA
1330 1340 1350 1360 1370 13380 1390 1400 1410 1420 1430 1440
al/l2c Al2c¢/13
GGCTAACCCT AATGAGCTTA ATCAAGATGA TGCTCGTTAT GGTTTCCGTT GCTGCCATCT CAAAAACATT TGGACTGCTC CGCTTCCTCC TGAGACTGAG CTTTCTCGCC AAATGACGAC
1450 1460 1470 1480 1490 1500 1510 1520 1530 1540 1550 1560
Al3/2 M3/4
TTCTACCACA TCTATTGACA TTATGGGTCT GCAAGCTGCT TATGCTAATIT TGCATACTGA CCAAGAACGT GATTACTICA TGCAGCGITA CCATGA-GTT ATTITCTICAT TTGGAGGTAA
1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
H5/9a z4/1
AACCTCATAT GACGCTGACA ACCGICCTTT ACTITGTCATG CGCTCTAATC TCTIGGGCATC TGGCTATGAT GTTGATGGAA CTGACCAAAC GTCGTTAGGC CAGITTICTG GTCGTGITCA
1690 1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800
H9a /8a F2/11
ACAGACCTAT AAACATTCTG TGCCGCGTITT CTTTGTTCCT GAGCATGGCA CTATGITTAC TCTIGCGCTG GTTCGITTTC CGCCTACTGC GACTAAAGAG ATTCAGTACC TTAACGCTAA
1810 1820 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920
Q3c/6 FLL/7
AGGTGCTTTG ACTTATACCG ATATTGCTGG CGACCCTCTT TTGTATGGCA ACTTGCCGCC GCGIGAAATT TCTATGAAGG ATGITTTCCG TICTGGTGAT TCGTCTAAGA AGTTITAAGA!
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040
H8a /6 Q6/5 Q5/3b
TGCTGAGGCT CAGTGGTATC GTTATGCGCC TTCGTATGTT TCTCCTGCTT ATCACCTTCT TGAAGGCTTC CCATTCATTC AGGAACCGCC TTCTGGTGAl TTGCAAGAAC GCCTIACTTAT
2050 2060 2070 2080 2090 2100 2110 2120 2130 2140 2150 2160
F7/5b
TCGCAACCAT GATTATGACC AGTGTTTCAG TCGTTCAGTT GTTGCAGTGG ATAGTCTTAC CTCATGTGAC GTTTATCGCA ATCTGCCGAC CACTCGCGAT TCAATCATGA CITCGTGATA
2170 2180 2190 2200 2210 2220 2230 2240 2250 2260

Fig. 1 For full description see p. 690.

©1977 Nature Publishing Group

2270 2280
FEnd FT



Nature Vol. 265 February 24 1977 R1/9 H6/3 689
AAAGAngAG TGTGAGGTTA TAACCGAAGC GGTAAAAATT TTAATTTTIG CCGCTGAGGG GTTGACCAAG CGAAGCGCGG TAGGTTTTCT GCTTAGGAGT TTAATCATGT TTCAGACTTT
90 2300 2310 2320 2330 2340 2350 2360 2370 2380 2390 2400
G start f
- . A2/16 Al6/15a M&/10 Al5a/3 R9/10
TATITCTCGC CACAATTCAA ACTITITITC TGATAAGCTG GTTCTCACTT CTGITACTCC AGCTTCTICG GCACCTGITT TACAGACACC TAAARGCTACA TCGTCAACGT TATATTTTGA
2410 2420 2430 2440 2450 2460 2470 2480 2490 2500 2510 2520
Mlo/9 R1o/2
TAGTITGACC GTTAATGCTG GTAATGGTGG TTTTCTTCAT TGCATTCAGA TGGATACATC TGICAACGCC GCTAATCAGC TTGTTTCAGT TGGIGCTGAT ATTCCTTTIC ATGCCGACCC
2530 2540 2550 2560 2570 2580 2590 2600 2610 2620 2630 2640
F5b/8 M9/2
IAMITITTT GCCIGITIGG TTCGCITTGA GTCTTCIICG GTTCCGACTA CCCTCCCGAC TGCCTATGAT GTTTATCCTT TGGATGGTCG CCATGATGGT GGTTATTATA CCGTCAAGGA
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750 2760
Y2/5 F8/4
CICIGIGACT ATTGACGICC TTICCCCGTAC GCCCGGCAAT AACGTCTACG TTGGLTICAT GGTITGGICT AACTTTACCG CTACTAAATC CCGOGGATTG GTTICGCTGA ATCAGGTTAT
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
Q3b/4 H3/2
TAAAGAGATT ATTTGICTCC AGCCACTTAA GICAGGTGAT TTATGTTTGG TGCTATTGCT GGCGGTATTG CTTCIGCTCT TGCTGGTGGC GCCATGICTA AATTGUTTGG_AGGCGUTCAA
2890 2900 2910 2920 2930 2940 2950 2960 2970 2980 2990 3000
End G H start
¥5/4 /T Qr/2
AAAGCCGCCT_CCGGTGGCAT TCAAGGTGAT GTGCTTGCTA CCGATAACAA TACTGTAGGC ATGGGTGATG CTGGTATTAA ATCTGCCATT CAAGGCTCTA ATCTTCCTAA CCCTGATGAG
3010 3020 3030 3040 3050 3060 3070 3080 30%0 3100 3L10 3120
z1/2 A3/9
GCCGCCCCTA GTITIGTTTIC GTGTGCTATT GCTAAAGCTG GTAAAGGACT TCTTGAAGGT ACGTTGCAGG CTGGCACTTC TGCCCTTTCT GATAAGITGC TTGATTTGGT TGGACTTGCT
3130 3140 3150 3160 3170 3180 3190 3200 3210 3220 3230 3240
A9/12d R2/6a
GGCAAGTCTG CCGCTGATAA AGCAAAGGAT ACTCGTGATT ATCTTGCTGC TGCATTTCCT GAGCTTAATG CTTGGGAGCG TGCTGGTGCT GATGCTTCCT CTGCTGGTAT GGTTGACGCC
3250 3260 3270 3280 3290 3300 3310 3320 3330 3340 3350 3360
Y4/l F4/lba Al2d/7c Fl4a/12
GGATTTGAGA ATCAAAAAGA GCTTACTAAA ATGCAACTGG ACAATCAGAA AGAGATTGCC GAGATGCAAA ATGAGACTCA AAAAGACATT GCTGGCATTC AGTCGGCGAE TTCACGCCAG
3370 3380 3390 3400 3410 3420 3430 3440 3450 3460 3470 3480
F12/10
AATACGAAAG ACCAGGTATA TGCACAAAAT GAGATGCITG CTTATTC-AC_AGAAGGAGTC TACTGCTGCG_TTGCGTCTAT TATGGAAAAC ACCAATCTTT CCAAGCAACA GCAGGTTICC
3490 3500 3510 3520 3530 3540 3550 3560 3570 3580 3590 3600
H2/9b A7c/8 Flo/15 Rba /4
GAGATTATGC GCCAAATGCT TACTCAAGCT CAAACGGCTG GTCAGTATTT TACCAATGAC CAAATCAAAG AAATGACTCG_CAAGGTTAGT GCIGAGGTTG ACTTAGTTCA TCAGCAAACG
3610 3620 3630 3640 3650 3660 3670 3680 3690 3700 3710 3720
F15/5¢ M2/5 H9b/1 A8/14
CAGAATCAGC GGTATGGCTC TTCTCATATT GGCGCTACTG CAAAGGATAT TTCTAATGTC GTCACTGATC CTGCTTCTGG TCTGGTTGAT ATTITTCATG GTATTGATAA AGCTGTTGCC
3730 3740 3750 3760 3770 3780 3790 3800 3810 3820 3830 3840
Al4/7b
GATACTTGGA ACAATTTICTG GAAAGACGGT AAAGCTGATG GTATTGGCTC TAATTITGTCT AGGAAATAAC CGTCAGGATT GACACCCTCC CAATTGTATG TTTTCATGCC TCCAAATCTT
3850 3860 3870 3880 3890 3900 3910 3920 3930 3940 3950 3960
End HT mRNA start
TL/6
GGAGGCTTTI TTATGGTICG TTCTTATTAC CCTTCTGAAT GTCACGCTCA TTATTTTGAC TTITGAGCGTA TCGAGGCTCT TAAACCTGCT ATTGAGGCTT GIGGCATTTC TACTCTTICT
3970 3980 3990 4000 4010 4020 4030 4040 4050 4060 4070 4080
A starLT
A7b/7a M5/8 F5c/3 T6/2 Q2/3a R4/3 22/6b
CAATCCCCAA TGCTIGGCTT CCATAAGCAG ATGGATAACC GCATCAAGCT CTTGGAAGAG ATTCTGICIT TTCGTATGCA GCGCGTTGAC TTCGATAATG GTGATATGTA TGITGACGGC
4090 4100 4llo 4120 4130 4140 4150 4160 4170 4180 4190 4200
CATAAGGCTG CTTCTGACGT TCGTGATGAG TTTGTATCTG TTACTGAGAA GTTAATGGAT GAATTGGCAC AATGCTACAA TGIGCTCCCC CAACTTGATA TTAATAACAC TATAGACCAC
- 4210 4220 4230 4240 4250 4260 4270 4280 4290 47300 4310 4320
M8/6 Ala /b
CGCCCCGAAG GGGACGAAAA ATGGTTTTTA GAGAACGAGA AGACGGTTAC GCAGTTTTGC AAGCTGGCTC CTGAACGCCC TCTTAAGGAT ATTCGCGATG AGTATAATTA CCCCAAAAAG
4330 4340 4350 4360 4370 4380 4390 4400 4410 4420 44730 G440
Z6b/6a
AAAGGTATTA AGGATGAGTG TTCAAGATTG CTGGAGGCCT CCACTAAGAT ATCGCGTAGA GGCTTTGCTA TTCAGCGTTT GATGAATGCA ATGCGACAGG CTCATGCTGA TGGTTGGITT
4450 4460 4470 4480 4490 4500 4510 4520 4530 4540 4550 4560
ATCGTTTTTG ACACTCTCAC GTTGGCTGAC GACCGATTAG AGGCGTTTTA TGATAATCCC AATGCTTTGC GTGACTATIT TCGICATATT GGTCGTATGG TTCTTIGCTGC CGACGGTCGC
- voma s em AL LASO 4660 4670 4680
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AL/l1 Z6a/9 M6/1

AAGGCTAATG ATTCACACGC_CGACTGCTAT CAGTATTITT GTGTGCCTGA GTATGGTACA GCTAATGGCC GICTTCATTT CCATGCGGTC CACTTTATGC GGACACTTCC TACAGGTAGE

4690 4700 4710 4720 4730 4740 4750 4760 4770 4780 4790 4800
R3/8 All/lo Z9/10
GITGACCCTA ATTTTGGTCG TCGGGTACGC AATCGCCGCC AGTTAAATAG CTTGCAAAAT ACGTGGCCTT ATGGTTACAG TATGCCCATC GCAGTTCGCT ACACGCAGGA CGCTTTTTCA
4810 4820 4830 4840 4850 4860 4870 4880 4890 4900 4910 4920
210/3 93a/1 Alo/12b R8/5
CGTTCTGG?T GGTTGTGGCC TGTTGATGCT AAACGIGAGC CGCTTAAAGC TACCAGTITAT ATGGCIGITG GITTCTATGT GGCTAAATAC GTTAACAAAA AGTCAGATAT CGACCITGCT
4930 4940 4950 4960 4970 4980 4990 5000 5010 5020 5030 5040
Al2b/15b AlSb/17 AlL7/12a F5a/6
GCTAAAGGTC TAGGAGCTAA AGAATGGAAC AACTCACTAA AAACCAAGCT GTCGCTACTT CCCAAGAAGC TGTTCAGAAT CAGAATGAGC CGCAACTTICG CGATCAAAA!T GOICACAATG
5050 5060 5070 5080 5090 5100 5110 5120 5130 5140 5150 5160
B start
Al2a/3
ACAAATCIGT CCACGGAGTG CTTAATCCAA CTTACCAAGC TGGGTTACGA CGCGACGCCG TTCAACCAGA TATTGAAGCA GAACGCAAAA AGCAGAGATCA GATTGAGGCT CGGAAAAGTT
5170 5180 5190 5200 5210 5220 5230 5240 5250 5260 5270 5280
H1/15 H15/8b  12/7 rl/1
ACTGTAGCCG ACGTTTIGGC GGCGCAACCT GTGACGACAA AICTGCTCAA ATTTATGCGC GCTTCGATAA AAATCATTGG CGTATCCAAC CTGCA
5290 5300 5310 5320 5330 5340 5350 5360 5370 5375

Fig. 1 A provisional nucleotide sequence for the DNA of bacteriophage ®X 174 am3 ¢s70. Solid underlining indicates sequences that are

fully confirmed; sequences with no underlining probably do not contain more than one mistake per 50 residues. Broken underlining

indicates more uncertain sequences. Restriction enzyme recognition sites are indicated (for key to single letter enzyme code see legend

to Fig. 2), as are mRNA starts and protein initiation and termination sites. Nucleotides 4,127 to 4,201 have been independently sequenced
by van Mansfield er al.*®. The am3 codon is at position 587.

be eliminated by more laborious experiments and, although
much of the sequence has been so confirmed, it would probably
be a long time before the complete sequence could be estab-
lished. We are not certain that there is any scientific justification
for establishing every detail and, as it is felt that the results may
be useful to other workers, it has been decided to publish the
sequence in its present form.

As template we have used both the viral (plus) and comple-
mentary (minus) strands of ®X. Usually it is possible to deter-
mine a sequence with a single primer starting at about 15-100
nucleotides from the appropriate restriction enzyme site. In a
particularly good experiment the sequence can be read out to
150-200 nucleotides but the results may become less reliable.
Most sequences have been derived by priming on both strands;
this allows more confidence than when only one strand could be
used.

A useful method for confirming runs of the same nucleotide
is depurination of 32P-labelled small restriction enzyme frag-
ments or of products of the DNA polymerase priming experi-
ments (ref. 31 and N.L.B. and M.S., in preparation). The most
satisfactory way of confirming the DNA sequences is through
amino acid sequence data. As the methods used are entirely
unrelated, the results of the two approaches complement each
other very well and therefore complete sequences can usually
be deduced from incomplete data obtained by each method. The
complete sequence of genes G (ref. 32), D (ref. 33), J (ref. 33 and
Freymeyer, unpublished) and most of F have been obtained in
this way.

Many of the sequences in Fig. 1 have been amply confirmed
and are regarded as established: these are indicated in the
figure by underlining. Some sequences are considered to be
reasonably accurate and probably contain no more than one
mistake in every 50 nucleotides. Sequences that are particularly
uncertain—either because of lack of data or conflicting results—
are also indicated in Fig. 1.

In considering the sequence of ®X174 as a functional unit it
is convenient to begin in the region between the H and A genes
and to continue around the DNA in the direction of transcrip-
tion and translation.

A promoter and terminator

Sinsheimer ef al.*?* and Axelrod®® have determined the
sequences of the 5" end of three ®X in vitro mRNA species and
have located them on the restriction map. These sequences have
been identified on the DNA sequence and one of them
(AAATCTTGQG) is found only at position 3,954 at which an
in vivo unstable mRNA start has been located?. The sequence
to the left of this has some characteristics of typical E. coli
promoters?® in that five out of the ‘ideal' TATPuATPu residues
are present. Nearby, to the right of this mRNA initiation,
however, is the sequence TTTTTTA which is similar to
sequences found at the 3’ ends of a number of mRNAs (see
ref. 39) and seems a likely signal for mRNA termination. The
presence of a rho-independent termination site in this approxi-
mate position has been suggested*®*", but the relative positions
of the initiating and putative termination signals is rather
surprising since the terminator for one mRNA would be
expected to precede the initiator for the next. One possibility is
that the T;A might be acting as an ‘attenuator’ involved in the
control of mRNA production in a similar manner to that
suggested for the tryptophan operon by Bertrand er al**. If
indeed it were acting as a transcription terminator one would
expect a small RNA of 20 nucleotides to be produced, but no
such product has yet been detected. Recent work, however,
(Rosenberg, unpublished and ref. 41) indicates that termination
may require the presence of a base-paired loop structure before
the termination site. From the DNA sequence such a loop is
probably present before the T,A sequence, but in mRNA
starting from the initiation site at position 3,954 this loop is not
formed (Fig. 3). Therefore mRNA that had started at an earlier
promoter and extended through the H gene would be expected
to terminate here, whereas mRNA newly initiated at position
3,954 would not. This could be a way in which the phage has
economised on the use of DNA —by having the ends of the two
mRNAs overlapping.

The A protein
Where the amino acid sequence is available there is no problem
in relating the DNA sequence to its coding properties, but it is
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Fig. 2 Fragment maps of restriction enzymes used in the sequence analysis of ®X174 am3 RFI DNA.. Fragment maps of ®X174 have been

prepared for Hindll (R), Haelll (Z) and Hpal+ 11 by Lee and Sinsheimer?®, HinHI and Hapll (Y) by Hayashi and Hayashi®, and for

Alul (A) by Vereijken er al.** and for Pst]1 (P) by Brown and Smith?. B.G.B., G.M.A., C.A.H. and D. Jaffe prepared the HinfI (F) map,

C.A.H. the Hphl (Q) map, and Jeppesen et al.?® the Hhal (H), Alul, Haell and Hapll maps by using a rapid method depending on priming

with DNA polymerase. A rapid two-dimensional hybridisation technique has been developed by C.A.H. (submitted for publication) and

recently used for mapping Mboll (M) (N.L.B., C.A.H., and M.S., submitted for publication) and Tagl (T)*. Hhal and Hinfl maps have
also been prepared by Baas ef al.>?.

more difficult to do so in the absence of such data, as is the case
for the A protein. One way of identifying the reading phase of
the DNA is from the distribution of nonsense codons. Over a
sufficiently long sequence that is known to be coding for a single
protein there is usually one phase that contains no nonsense
codons, and this is identified as the reading phase. This requires
completely accurate determination of the DNA sequences
however: omission of a single nucleotide may give completely
erroneous results. Another approach is possible in the case of
®X. The results with the F and G genes2?:24:32 showed an
unexpectedly high frequency of codons ending in T. Therefore in
a coding region there is a tendency for every third nucleotide to
be a T and it is then possible to define the reading phase.
Figure 4 illustrates how this characteristic was used to help
determine the reading phase for the A protein and to identify
its initiation codon at position 3,973. In a similar way the dis-
tribution of Ts may be used to identify errors in the DNA
sequence, provided that such errors occur only infrequently.

A different approach to identifying the initiation site and
reading phase in a coding sequence is by looking for a charac-
teristic ‘initiation sequence’. Shine and Dalgarno have shown
that a common feature of ribosome binding sites is 2 number of
nucleotides (at least three) preceding the ATG that are capable
of forming base pairs with a sequence at the 3" end of 168
rRINA42:43. All of the known initiation sites in ®X174 that have
been identified by direct amino acid sequencing (for the F, G,
H, J and D proteins) satisfy this criterion (see Table 2) and the
fact that the sequence preceding the ATG in position 3,973 also
has this characteristic supports its identification as the initiation
site for the A protein.

If, as has been suggested®’, some mRNA from the previous
promoter does extend beyond the hairpin structure, initiation of
A protein synthesis may be controlled by the inclusion of the
region complementary to the 16S rRNA in the hairpin loop.
This could explain the presence of two types of mRNA covering
the A cistron, as suggested by Hayashi er al.*’—one unstable
and active and the other stable but inactive. The former would
be intiated at the A promoter, the latter at an earlier promoter
and result from ‘read-through’ at the terminator. The postu-

lated reading frame for the A protein was confirmed by sequen-
cing amber mutants mapping in the N-terminal region of gene
A. am86 proved to be a C—T change at position 4,108 and
am33 a C—>T change at position 4,372. These both result in
formation of an amber codon (TAG) in the same reading frame
as the proposed initiating ATG and the sequence continues to
the termination codon at position 133. The A protein, which is
the largest coded by ®X174, is thus 512 amino acids long with a
molecular weight of 56,000, in good agreement with SDS gel
estimations (see refs 4 and 44). The A* protein, with a molecular
weight of about 35,000, is believed to result from an internal
translational start in the 4 gene, in the same reading phase?.
From consideration of possible ribosome binding sequences?*?-42
the ATG in position 4,657 seems to be the most likely initiation
site for the A* protein.

The origin of replication
The origin of ®X viral strand DNA synthesis has been located
in gene A, in restriction fragment Z6b (ref. 46). This origin, while

Fig. 3 Potential secondary structure at the 4 mRNA start.
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3,910
CCG.TCA.GGA,TTG.ACA.CCC.TCC.CAA.
3,940
G'J"I’.TTC,I\TC.CC’J'.CCA.AAT.CTT.GGA.§3
3,970
'1'I“J..'\TG.(‘.'IT.CCT.TCT.TA'J'.'I'/\C.CCT.
4,000
'I(iT.CAC.CCT.(?AT.TAT.TTT.GAC.TTT.,

*These figures refer to the last five codons of the previous line and
the first five of the next line.

coding for part of the A protein, probably corresponds to the
position of the plus strand nick made by the same protein®.
Gaps in this region that are found in replicating double-
stranded (RF) DNAs are probably related to the position of the
nick. Eisenberg et al.*” have investigated such gaps by depurina-
tion analysis and identified, in particular, the product C¢T. The
sequence CTC; is found in position 4,285 (Fig. 1) and the loca-
tion of the origin in this region agrees precisely with the results
of Baas er al.*®. It is not possible at present to identify the actual
position of the origin nick. The region shows no apparent
secondary structure or symmetrical sequences, although there
is an AT-rich region (4,298-4,307) between two GC-rich regions
which might be of significance. Such a region is found near the
origin of replication of SV40 DNA (ref. 48).

B promoter

The second of the mRNA 5’ sequences (AUCGC)3* has been
mapped in restriction fragment R8 (Fig. 2), which starts about
300 nucleotides on from the proposed A* initiation. The
sequence ATCGC is found at positions 4,832 and 4,888 in
Fig. 1. The only way we can choose between them at the
moment is that the second is preceded by the sequence
TACAGTA (position 4,877), which is more akin to sequences
found in known promoters®® than are sequences preceding the
other possible mRNA start. Irrespective of which of these
sequences is used, the mRNA has a long ‘leader’ sequence (232

Table 1 ®X174 coding capacity

Protein
Protein Number of molecular weight
molecular weight nucleotides from sequence
Gene from SDS gels* (Fig. 1) information
A 55,000-67,000 1,536 56,000
(A*) 35,000
B 19,000-25,000 (360)t 13,8457
C 7,000
D 14,500 456 16,8117
E 10,000-17,500 273)t 9,940
J 5,000 114 4.097%
F 48,000 1,275 46,400
G 19,000 525 19,053%
H 37,000 984 35,800
Non-
coding
and C 485
Total 5,375
*See ref. 4.

+Values in parenthesis are overlapping sequences and therefore not
included in the addition to obtain the total length of DNA.

+These values are calculated from the amino acid sequence (in the
case of B deduced from the nucleotide sequence). The others are
derived using the formula

No. of nucleotides

Protein molecular weight — 356.00915

TTG
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Ts in codon Fig. 4 Identification of the initiation

position codon for the A protein. Sequences

W 3 of 30 nucleotides in the region in

which the initiation was expected

CTAT. 5 2 1 were written down and arbitrarily
marked off in triplets. The number

3 4 3% of T residues in the first position in

each triplet was then counted and

C.TTT. 2 5 5 listed, and similarly the number of
, s , Ts in the second and third posi-

tions. The marked preference for

T.caAA 5 5 ; Ts in position 3 in the last two
: lines, as compared with the first two

5 o 7 lines, suggests that they are coding

for protein and that the triplets are

G .CGT, 4 2 7 correctly marked off. The most

likely initiation codon for the A
protein is the ATG in position
3,973.

or 176 nucleotides) before the next proposed initiation codon
(gene B).

The B protein

From a study of the ribonuclease T, digestion products of the
ribosome binding sites of ®X mRNAs*, it was possible to
identify an initiating ATG in position 5,064. From the genetic
map?'?, this would be expected to be gene B but, as discussed
above, the A protein coding sequence extends right through this
region, past the Pst site at residue 1 in Fig. 1, and terminates
at residue 133. The initiating codon contained in the ribosome-
protected sequence is, however, out of phase with the A protein
reading ffame. The proposed B protein coding sequence is one
nucleotide to the left of the A protein phase, and continues until
a termination codon occurs at position 49. Therefore the B
protein coding sequence is totally contained within the A gene.
These reading frames have been confirmed by sequencing
mutants in genes 4 and B (am16, N.L.B. and M.S., in prepara-
tion; aml8, am35, ts116 (ref. 50). Since the B protein has not
been purified no protein sequence data is available. The com-
plete amino acid sequence can be predicted from the DNA
sequence however. The protein is 120 amino acids long with a
molecular weight of 13,845 (including the N-terminal Met). The
molecular weight estimates of the B protein obtained by SDS-gel
electrophoresis are mostly greater than this (see review, ref. 4),
but the electrophoretic mobility varied with gel concentration
and cross linker. Such anomalous behaviour suggests that there
may be, for instance, carbohydrate attached to the B protein.

The C protein

The next known gene product, protein C, maps between genes
B and D. Examination of the DNA sequence in this region
indicates that the most probable initiating ATG overlaps the
termination codon, TGA, of gene A in the sequence ATGA at
position 134. A possible termination codon for gene C could
then be at position 391, although the sequence and phasing is
not yet confirmed through this region. There is another possible
protein initiation codon (position 51, overlapping the B protein
termination codon) which would result in a slightly shorter gene
product terminating at nucleotide 219. For the C protein,
however, we favour the ‘A terminator’ start, since only this
reading frame contains a CAA sequence, which by a C »T
alteration could give the ochre 6 mutant. Ochre 6 is a gene C
mutant produced by the decay of *H-cytosine® and has been
mapped in fragments A6 and F9 (ref. 52); that is, between
nucleotides 170 and 205 (Fig. 1).

Sequence following the D promoter

The mRNA 5 sequence which maps before the D gene
(GAUGC)* is found at position 358 in Fig. 1. The sequence
preceding the messenger start has only four of the TATPuATPu
nucleotides?®. Thirty-two nucleotides after the mRNA initiation
is the ATG (position 390) that initiates D protein synthesis. The
amino acid sequence of the D protein has been determined
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Table 2 Initiation sequences of ®X174 coded proteins

re--s
D C- C-A-C-T;-A-A.}TA-A-G-A-A-A-T-C-A-’I‘-G-A-G-T~C-A-A-G-T-'I-A-C—T
hmmmd

Ser Gln Val Thr

E C-T~G-CaG=T-T4G=A=G-GFC-T=T=GuCuGeT-T~T-A=T=G-G-T-A~C-G=C~T-G-G~A-C-T

“==7
J €aGeT=GnCaGuG{A-A-G-GrnAuGhToGoArT4G-ToA-A=TaGmTaCoTwAA=A~GuG=T-A-A-A
3

Ser Lys Gly Lys

F CaCeaC-TwTuA-CTaTaG4A-GuG-ALT-A-A-A-T-TeA2T-G-T-C-T-A-A-T-A-T-T-C-A-A

Ser Asn Ile Gln

G T-T-CaT=G=CeT-T4A~G-G-A=G}T=T-T-A-A-T=CaA=T=G-TuTwT=CA=G-A=-C-T-T-T-T

A CaA-A-A.T-C-T-T4G-G-A-G-G}C-T~

Met Phe Gln Thr Phe

-TeA=T-GoT~aTaT-G-G=T-G-C-T=A-T-T
Met Phe Gly Ala Ile

TaT-TwTwTaA=TGaG~T=T-C-G-T-T=C-T-T-A-T

B AcA.A-G-G-T-C-T4A-G-G-A~GFC-T-A~A-A-G-A-A.T-G-C-A-A-C-A-A-C-T-C-A-C-T

16S RNA

3* end Ho

A-U-U~C-CaU-C-C-A-C-U-A-G

Where the protein start has been independently confirmed by protein sequencing data the amino acid sequences are indicated. The other
initiation regions were identified as described in the text. Sequences complementary to the 3’ end of 16S rRNA (refs 42, 43) are boxed; broken lines
indicate further complementarity if some nucleotides are looped out or not matched. Ribosome binding to mRNA has been demonstrated in

these regions for genes J, F, G and B (ref. 49).

almost completely, and nucleotide and amino acid sequences
can be correlated (o the termination codon at position 846 (refl.
33). The D protein, which is involved in capsid assembly, is 151
amino acids in length, with a molecular weight of 16,811. The D
termination codon overlaps the initiation codon for gene J in the
sequence TAATG. A similar structure has also been found by

Platt and Yanofsky®® in the tryptophan operon. The DNA
sequence following this initiation codon matches the amino acid

sequence of the small basic protein (37 amino acids) of the virion
determined by D. Freymeyer, P. R, Shank, T. Vanaman,
C.A.H. and M. H. Edgell (personal communication). Benbow
et al. 23 suggested that the mutation am6 was located in a gene J,
coding for the small protein of the virion, and mapping imme-
diately before gene F. Although marker rescue experiments
indicate that amé is not in this region®, the DNA sequence
shows that there is a gene coding for the virion protein and we

Table 3 Promoter sequences in ®X174

A promoter

R7b/Rbc
D promoter

R3/R8
B promoter?

B promoter?

3954

_____________ -

r 1
A-G-G-A-T-T-G-A-C-A-C-C-C-T-C-C-C-A-A-T-T-G-T-A-T-G-TtT-T~T_C—A-T-GjC-C-T-C-C-A-A-A-TuC-T o

18 nucleotides
to A protein start

_____________ - 358

-
G-T-T-G-A-C-A-T-T-T-T-A-A-A-A-G-A-G-C-G-T-G-G-A-T-T-A-CtT-A-T-C-T-G—AjG-T-C-C-G-A-T-G—C-T

32 nucleotides
to D protein start

4832

-
C-A-G-G-T-A-G-C-G-T-T-G-A-C-C-C-T-A-A-T-T-T-T-G-G-T-C-GET-C-G-G-G_T~AjC-G-C-A-A-T-C-G-C-C

232 nucleotides
te B protein start
4888

.............. -

A-G-C-T-TuG-C~A-A-A-A-T-A-C-G-T-G-G-C-C-T»T-A-T-G-G-T&THA-C-A-G-T~A£T—G_CAC«C—A-T-C-C-C-A

nlentides
yoorotcin start

mRNA initiation sequences™ ¢ are underlined. Boxed regions indicale sequences that may correspond to the TATPuATPu sequence found
in other promoters®®, taking into accoyunt the distangg from, the mENA starts,
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have defined this as gene J (ref. 33). Since the J initiation codon
overlaps the D termination codon we had to look elsewhere for
gene E, which genetic mapping?® had placed between them.
Amber mutants in gene E (am3, am27, am34 and amN11) were
located by the marker rescue technique and sequenced. All were
found to be within the D coding sequence, with the mutant
amber codons one nucleotide to the right of the D reading
frame?®®. Thus the E coding sequence is completely contained
within the D coding region but in a different reading frame. The
proposed initiation and termination codons for the E protein
are at nucleotides 568 and 840, respectively?®?, giving a protein
91 amino acids in length with a molecular weight of about 9,900
(including the N-terminal methionine).

The F protein

Following the J gene is an intercistronic region of 39 nucleotides
before initiation of the F protein. There is no known function of
this apparently untranslated sequence, although the presence of
a hairpin structure (positions 969-984) suggests that it could
be the site of the in vive messenger termination signal 2” mapped
in this region. The F protein is initiated by the ATG at position
1,001. This is the capsid component of the virion, and almost
all the amino acid sequence is known?22-24, There are regions in
this gene where the DNA sequence is not completely established,
but the protein is about 424 amino acids in length, giving a
molecular weight of ~46,300.

The G protein region

The termination signal for the F protein (position 2,276) is
followed by an unusually long untranslated sequence of 111
nucleotides until the G protein initiation codon®. This region
contains a looped structure which was postulated to have some
functional role, as yet unknown, in the single-stranded DNA or
the mRNA.

Initiation of the G protein at position 2,387 is followed by a
sequence of 425 nucleotides until termination at position 2,912,
giving a spike protein of molecular weight 19,053. The
nucleotide and amino acid sequences of this gene and product
are known?2#:32,

The H protein

The initiation codon for the H protein (position 2,923) was
identified first on the basis of the distribution of T nucleotides
between the three reading phases, and later confirmed by
amino acid sequence analysis. Amino acid sequence data on the
H protein is minimal but the five peptide sequences known do
correspond to the amino acid sequence, deduced from the DNA
sequence by using the high frequency of third position T to help
in assigning a reading frame to any given region. The DNA
sequence is not entirely confirmed but it is possible to write a
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reasonably accurate amino acid sequence for the H protein.
The protein terminates at nucleotide 3,907, in agreement with
carboxypeptidase results, giving a spike protein of molecular
weight ~ 35,600 (326 amino acids). The amino acid sequence at
the N terminus seems to be particularly rich in hydrophobic
residues, which is consistent with its suggested function as the
‘pilot’ protein that reacts with the bacterial membrane®s-%6,
After H protein termination there are 66 nucleotides before
initiation of the A protein at position 3,973.

Coding capacity of the #X174 genome

The most striking feature of the ®X DNA sequence is the way
in which the various functions of the genome are compressed
within the 5,375 nucleotides. Since the identification of ®X gene
products®* it has been clear that proteins of the accepted
molecular weights could not be separately coded on the
available length of DNA. However, with the presence of two
pairs of overlapping genes (B within A (ref. 50), E within D
(ref. 33) ) the genome has more coding capacity than had been
originally supposed on the assumption that each gene was
physically separate. Table 1 summarises the molecular weights
of the known ®X-coded proteins. There are other potential
initiation sites for polypeptide synthesis (for example, in
genes A, F, G and H) and further genetic work may clarify
whether there are in fact other ®X genes as yet unidentified.

Initiation of protein synthesis

Table 2 lists the protein initiation sequences for genes A, B, D,
E, J, F, G and H. It can be noted that there are no extra
precursor sequences in proteins D, J, F, G or H at either the
N or C terminus. There seems to be no relationship between the
degree of complementarity to the 16S rRNA and the amount
of protein synthesised, and we see no other features in the
sequence that could explain different efficiencies of translation
except where genes overlap.

Transcription of X174

The sequences preceding known mRNA starts?! =% are shown
in Table 3. Other studies on promoter sequences®® have
suggested certain features that they may have in common.
Although some of these features are present in the sequences
preceding the ®X transcription initiations others are not, and
at present it is difficult to suggest what signal on the DNA
determines a promoter site or the efficiency with which it
initiates RNA synthesis. It is interesting to note that a poly-
merase binding site found by Chen et al.%’, but not associated
with any in vitro or in vivo mRNA starts, mapped near the
region where there is the sequence TATGATG characteristic
of promoters®® (positions 2,705-2,711).

Table 4 Codons used in ®X174

Phe TTT 39 Ser TCT 35
TTC 26 TCC 9
Leu TTA 19 TCA 16
TTG 26 TCG 14
Leu CTT 36 Pro CCT 34
CTC 15 CCC 6
CTA 3 CCA 6
CTG 24 CCG 21
Ile ATT 45 Thr ACT 40
ATC 12 ACC 18
ATA 2 ACA 13
Met ATG 42 ACG 19
vVal GTT 53 Ala GCT 64
GTC 14 GCcCc 17
GTA 10 GCA 12
GTG 11 GCG 12

Tyr TAT 36 Cys TGT 12
TAC 15 TGC 10
Ter TAA 3 Ter TGA 5
TAG 0 Trp TGG 16
His CAT 16 Arg CGT 40
CAC 7 CGC 29
Gln CAA 27 CGA 4
CAG 34 CGG 8
Asn  AAT 37 Ser AGT 9
AAC 25 AGC 5§
Lys AAA 47 Arg AGA 6
AAG 31 AGG |1
Asp GAT 4 Gly GGT 38
GAC 35 GGC 28
Glu GAA 27 GGA 13
GAG 34 GGG 3

The totals are derived from sequences in Fig. 1 which are fully confirmed, that is, 377 codons in gene A, 120 in gene B, 152 in gene D, 91 in
gene E, 38 in gene J, 344 in gene F, 175 in gene G and 49 in gene H. Out of a total of 1,346 codons 42.9% terminate in T. The percentages in the
different genes are: 4, 37.1 (non-overlapping region 47.1; overlapping region 15.8); B, 34.2; D, 42.1; E, 14.3;J,47.4; F, 52.0; G, 54.3; H, 49.0.

The initiating ATG is included in all cases,
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The use of codons in ®X174

Table 4 shows the codons used in regions where the nucleotide
sequence is fully confirmed. It is clear that the pattern estab-
lished by early observations on non-random use of codons23-24
is continued now that more information is available. In
particular, the preference for T at the third position of the
codon is marked throughout the genome, as shown in Table 4.
In regions of overlapping genes, one of the pair tends to
continue the ‘third T’ trend (D and B), thus excluding the other
(E and A). This may give some indication of the order in which
overlapping genes evolved®3:%%. Another interesting feature is
the very low occurrence of codons starting AG, particularly in
non-overlapping regions. The base composition of the sequence
of ®X174 DNA shown in Fig. 1 is: A, 23.9%,; C, 21.5%;
G, 23.3% and T, 31.2%. This is in good agreement with
previously determined values (see ref. 4).

We thank D. McCallum and R. Staden for carrying out the
computer data storage and analysis of the sequence.

Note added in proof: J. E. Sims and D. Dressler (personal
communication) have independently determined the sequence in
positions 263-375 and 4,801-4,940. Their results agree with
those given in Fig. 1. They have also identified the ‘B* mRNA
start as being at position 4,888.
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DNA sequence of a region of the ®X174 genome
coding for a ribosome binding site

Nigel L. Brown®™ & Michael Smitht

MRC Laboratory of Molecular Biology, Hills Road, Cambridge CB2 2QH, UK

The DNA region corresponding to a newly identified
ribosome binding site in ®XI174 DNA is sequenced and
mapped in relation to the physical map of ®X174. Assign-
ments of the binding site to a specific gene are discussed,
and the possibility of a second case of overlapping genes in
b X174 is considered.

RECENT studies on the DNA of bacteriophage ®X174 have
defined sequences corresponding to the ribosome binding sites
of genes D, J, F and G (refs 1-3 and B. G. Barrell, personal
communication). A ribosome binding site that does not corres-
pond to any of the above sequences has now been defined by
studies on a ribosome-protected fragment of a transcript
in vitro of ®X174 RF DNA (ref. 4). Inspection of preliminary
DNA sequence data obtained from ®X174 (F. Sanger, ef al.,
unpublished) for potential ribosome binding sites, and com-
parison of the sequence data with T,-oligonucleotides from the
unassigned RNA fragment?!, allowed identification of the
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DNA sequence corresponding to this RNA fragment. We
report here the complete DNA sequence of a region of ®X174
am3 RF DNA that corresponds to this new ribosome binding
site. Because the DNA sequence contains accurately mapped
cleavage sites for restriction endonucleases, the ribosome bind-
ing site can be located precisely on the physical map of the
®X genome®, and therefore located on the genetic map®~2.

Determination of the DNA sequence

The ribosome binding site lies in that portion of HindlIl frag-
ment 5 that overlaps Hinfl fragment S5a (nucleotides 5,000-
5,100 approx, Fig. 1). The DNA sequence of this region was
determined using the ‘plus-minus’ technique of Sanger and
Coulson® (Fig. 2). It was quantitatively confirmed by charac-
terisation of the pyrimidine oligonucleotides obtained by primed
synthesis in vitro of DNA labelled with a-3?P-dATP or a-32P-
dGTP using viral or complementary strand as template!®-1!
(Fig. 3, Table 1).

The sequence between the HindIl 8/5 cleavage site and the
Hinfl 5a/6 cleavage site contains 111 nucleotides. It also con-
tains the Alul cleavage sites between fragments 12b, 15b, 17
and 12a (Fig. 1). The sequence determination allowed the
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