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The nucleotide sequence of the DNA of the filamentous coliphage f1 has been
determined. In agreement with earlier conclusions, the genome was found to
comprise 6,407 nucleotides, 1 less than that of the related phage fd. Phage fl DNA
differs from that of phage M13 by 52 nucleotide changes, which lead to 5 amino
acid substitutions in the corresponding proteins of the two phages, and from phage
fd DNA by 186 nucleotide changes (including the single-nucleotide deletion),
which lead to 12 amino acid differences between the proteins of phages f1 and fd.
More than one-half of the nucleotide changes in each case are found in the
sequence of 1,786 nucleotides comprising gene IV and the major intergenic region
between gene IV and gene II. The sequence of this intergenic region (nucleotides
5501 to 6005) of phage f1 differs from the sequence reported by others through the
inclusion of additional single nucleotides in eight positions and of a run of 13
nucleotides between positions 5885 and 5897, a point of uncertainty in the earlier
published sequence. The differences between the sequence of bacteriophage f1
DNA now presented and a complete sequence for the DNA previously published
by others are discussed, and the fl DNA sequence is compared with those of

bacteriophages M13 and fd.

Bacteriophage f1 (15, 48) belongs to a group of
viruses of filamentous morphology that are spe-
cific for the F* and Hfr strains of Escherichia
coli. In common with other filamentous bacte-
riophages (6), these viruses exhibit unusual
mechanisms of replication and maturation and in
many respects resemble endosymbiotic animal
viruses rather than typical lytic bacteriophages.
Bacterial host cell metabolism is not seriously
impaired upon infection with bacteriophage f1,
and the release of mature virus particles from
the cell involves a continuous extrusion through
the host cell membrane without concomitant
lysis of the bacterium. The DNA component of
the mature virion is a single-stranded, covalently
closed molecule with a molecular weight of
around 2 x 10°. A double-stranded, covalently
closed replicative form of the DNA (RFI DNA)
may readily be isolated from bacterial cells
infected in the presence of chloramphenicol.

The three most commonly studied members of
the group of filamentous coliphages, bacterio-
phages f1, fd, and M13, are closely related (6,
29) and are presumably derived from a common
ancestor. Although the amino acid sequence of
the major coat protein has been shown to be the
same for all three viruses (1, 5, 21), these viruses
can be distinguished on serological grounds (31),
and early studies revealed significant differences
in the distribution of sequences of consecutive
pyrimidine nucleotides in their DNA molecules

(13, 43), in the products of cleavage of the RFI
DNA by restriction endonucleases (45), and in
their susceptibility to bacterial restriction (29).
The complete sequences of nucleotides in the
DNAs of bacteriophages fd (2) and M13 (46) and
the structures of several fragments of phage f1
DNA (9, 25, 27, 28, 35) have been published.
While this paper was in preparation, Beck and
Zink (3) published a nucleotide sequence for the
phage fl genome and compared it with the
sequence of phage fd DNA. There are, however,
differences between their sequence for f1 DNA
and the sequence described in this paper.

The untranslated intergenic region (nucleo-
tides 5501 to 6005) of the filamentous coliphage
genome, first noted by Vovis et al. (47), has
recently assumed practical importance with the
discovery that nucleotides can be incorporated
in vitro into this part of the sequence without
affecting the maturation and assembly of the
virus particles. This observation has led to the
development of derivatives of bacteriophage
M13 as cloning vectors of particular value for
rapid nucleotide sequencing (18, 34, 36).

Our laboratory has for many years been en-
gaged in a study of the chemistry and primary
structure of bacteriophage f1 DNA (1, 9, 23, 42—
44). We report here the sequence that we have
derived for the complete phage f1 genome and
compare it with the data already available for
this DNA (3) and for the DNAs of bacterio-
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phages fd (2, 3) and M13 (46). In an earlier paper
(9), we gave the full experimental evidence for
the structure of the region of this DNA encom-
passing genes V, VII, and VIII and our rationale
for the resolution of some areas of ambiguity. In
this present paper, we comment briefly on the
experimental evidence for those regions of the
molecule (notably within gene IV) that we have
found to differ markedly from the corresponding
regions in fd DNA (2, 3) and on those parts of
the molecule where special difficulty was experi-
enced in interpreting the experimental data. We
give experimental evidence only for those re-
gions where our results are significantly at vari-
ance with partial sequence data previously pub-
lished by others. The determination of the
remainder of the sequence posed no unusual
problems. We will, however, be happy to pro-
vide our detailed evidence for the structure of
any specific region upon request.

Conventions. Restriction endonucleases are
designated according to the abbreviated nomen-
clature suggested by Roberts (30). With the
exception of Mnll fragments, which were all
derived from the isolated Hinfl A fragment and
are labeled numerically in order of decreasing
size, DNA fragments resulting from the com-
plete digestion of RFI DNA with specific restric-
tion endonucleases are identified alphabetically
in order of decreasing size (as determined from
the final nucleotide sequence). Restriction endo-
nuclease products that were used, either as
primers or as substrates for chemical degrada-
tion, after secondary cleavage with another re-
striction endonuclease are identified with the
secondary enzyme indicated second (e.g., Hhal-
L/Tagql).

In accordance with the convention established
for the nucleotide sequences of the DNAs of
bacteriophages fd (2) and M13 (46), the nucleo-
tide sequence of the circular phage fl DNA
molecule presented in this paper is numbered in
the 5' — 3’ direction from the unique HindII
cleavage site that is located in gene II. The
phage DN A molecule represents the plus (sense)
strand of the RFI DNA. Nucleotides derived
from the minus strand of the RFI DNA are
identified by a prime. Thus, T'20 is the nucleo-
tide complementary to A20 of the plus strand.
(Note that the nucleotides of the minus strand
are numbered in the 3' — 5’ direction.)

MATERIALS AND METHODS

Bacteriophage f1, its host, E. coli K38, a gene VI
amber mutant of phage f1 (R7), a gene IV amber
mutant (R12), and the permissive host, E. coli K38
(Sul), were generously given by N. D. Zinder, Rocke-
feller University, New York.

All chemicals, reagents, buffers, and purified en-
zymes were prepared or obtained as previously de-
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scribed (9). Restriction endonucleases were purified
from the appropriate bacterial strains by the general
method of Takanami (41) or were purchased from New
England BioLabs, Beverly, Mass.

Bacteriophage f1 DNA. Bacteriophage f1 was grown
on E. coli K38 as its host bacterium. The phage was
purified, and the DNA was isolated as previously
described (42). The conditions for the degradation of
RFI DNA with restriction endonucleases, the precipi-
tation of fragments from solution, the purification of
DNA fragments by gel electrophoresis, the dephos-
phorylation of fragments, and their preparation for
chemical degradation have already been described in
detail (9).

Nucleic acid sequencing methods. Sequencing by
chemical degradation was performed as described by
Maxam and Gilbert (17), except that the total purine
display used in sequencing many of the fragments was
generated by incubating the labeled DNA fragment
plus calf thymus carrier DNA (1 ng) in a total volume
of 30 ul of 66% formic acid at 20°C for 3 to S min. The
reaction was terminated by the addition of 0.3 M
sodium acetate (200 pnl) containing tRNA carrier (1 pg)
and precipitated twice with ethanol. The degraded
DNA was taken up in freshly prepared piperidine (1
M, 20 ul), incubated at 90°C for 30 min, and lyophi-
lized. The residue was dissolved in water (20 ul),
lyophilized again, and taken up in gel-loading solution
(10 ul); a portion was loaded onto the gel. Sequencing
by the indirect method of extension with E. coli DNA
polymerase (Pol I) with premature chain termination
was carried out as described by Sanger et al. (36), and
the products of elongation were recovered as previ-
ously described (9). Priming fragments longer than 100
base pairs were removed before electrophoresis of the
products. This was conveniently done by incubating
the reaction mixture containing the newly synthesized
products with the enzyme used to generate the primer
(datum endonuclease). After the dATP chase, 1 to 2 U
of the datum endonuclease were added, and the reac-
tion mixture was incubated at 37°C for 30 min (63°C for
endonuclease Tagl) before the products were precip-
itated. For removal of DNA primers generated by Alul
and Hphl, the dATP chase was replaced by a mixture
of all four deoxynucleoside triphosphates, each at a
0.5 mM concentration, and the mixture was incubated
at 37°C for 30 min before the addition of the datum
endonuclease.

Gel electrophoresis for sequencing. The products,
both from the chemical degradation and the chain
extension experiments, were separated by electropho-
resis on thin polyacrylamide gels (33). All sequencing
gels were 40 by 20 by 0.02 cm, and most had an
acrylamide concentration of 8%. Gels of 6 or 20%
concentration were occasionally used for the separa-
tion of products with size ranges outside the normal
limits. Electrophoresis was routinely performed at
1,000 V (20 to 25 mA), constant voltage, until the
marker dyes had migrated the desired distance. Sam-
ples (5 pl) of each series of reaction mixtures were run
on individual gels for 3, 8, 12, and 18 h to give a
nucleotide sequence range from 20 to 200 nucleotides
with a good overlap of sequence data between experi-
ments. For the resolution of products containing a
strong secondary structure and exhibiting compres-
sional effects on electrophoresis, it was occasionally
necessary to perform the electrophoresis at 50 W
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(1,800 V), constant power, with 8% acrylamide gels
that had been pre-electrophoresed for 1 h before
loading the samples. Under these conditions, the gel
temperature rose as high as 80°C, and many of the
electrophoresis runs failed because the glass plates
cracked. The nucleotide products of the reactions
were detected on the sequencing gels by radioautogra-
phy with preflashed film (11).

RESULTS

Sequencing strategy. The final strategy in de-
termining the sequence of the bacteriophage f1
genome is summarized in Fig. 1. Our initial
approach was to test a suitably large parent
fragment of the RFI DNA covering the region of
interest in each case against all restriction endo-
nucleases available to us and to use the isolated
smaller products as primers for Pol I-catalyzed
extension (36) with single-stranded phage fl1
DNA as the template. From the sequence data
thus obtained, together with an estimate of the
primer length, sufficient information was ob-
tained to permit the provisional ordering of the
restriction endonuclease products and to estab-
lish an outline sequence of the parent DNA
fragment. Specific fragments of RFI DNA were
then selected for direct sequencing by the chem-
ical degradation method (17) or for use as prim-
ers for the Pol I-catalyzed extension method
(36), and the provisional sequence was verified
or adjusted as necessary. Since all data from the
Pol I experiments referred to minus-strand se-
quences only, sequences derived from the chem-
ical degradation of terminally labeled fragments
could be assigned to the plus or minus strand by
comparison with these data. Once a tentative
sequence for the complete DNA molecule had
been obtained, specific experiments were de-
signed to confirm the structure in areas of uncer-
tainty. The complete nucleotide sequence of the
genome of bacteriophage f1 is given in Fig. 2.
For ease of comparison, the initiating codons of
genes I to VIII proposed by Beck et al. (2) for
phage fd have been marked in, together with
those of the more recently located gene IX (12,
37) and the putative gene X, which shares the
same reading frame as gene II (10, 19). The
reading frame of gene VI was confirmed by
locating a G — A transition at position 3066’ in
the sequence of the gene VI amber mutant R7.
That of gene IV was confirmed by demonstrat-
ing a similar transition at position 4515’ in the
sequence of the gene IV amber mutant R12.

Resolution of major ambiguities. The methods
used to resolve ambiguities in the sequence
determined for the region of phage fl DNA
containing genes V, VII, and VIII have already
been described (9). Regions of the remainder of
the genome that posed special problems of inter-
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pretation are described below, together with the
arguments used to distinguish between the vari-
ous possibilities.

(i) Gene I1. Two regions that gave nucleotide
products exhibiting strong secondary structure
effects in the gel separation step were encoun-
tered at positions 38’ to 42’ and 396’ to 399’. The
nucleotide arrangement in each case was re-
solved by sequencing the complementary
strands by the chemical degradation method.
Those regions of the sequence lying between
nucleotides 6035 to 6075 and 6340 to 6353 have
been determined solely by the Pol I-catalyzed
extension method and have not been confirmed
by the chemical degradation of the other strand.

(ii) Gene III. Several regions within gene III
proved difficult to interpret.

(a) The DNA sequence lying between nucleo-
tides 2284 and 2391 was found to contain an
unusual eightfold repetition of the sequence
GGPyGGPyGGPyTCPy (where Py = C or T).
Data obtained from this region by Pol I-cata-
lyzed extension experiments did not always
show clear C bands, and the overlap between
the repeating units was difficult to establish.
Furthermore, extension of the priming fragment
Hinfl G (with primer removal) always gave
ambiguous gel patterns, and several experiments
were required to confirm the sequence. Gel
bands from the confirmatory chemical degrada-
tion of Hinfl-D/Hapll, although not well re-
solved, showed seven repeating clusters of py-
rimidine nucleotides ending at the Hapll
cleavage site at position 2379, which is in agree-
ment with the sequence finally deduced.

(b) A similar fourfold repetition of groups of
nucleotides was found between positions 1836
and 1892, and the results of Pol I-catalyzed
extension experiments failed to demonstrate all
of the C residues in this region. Confirmatory
evidence was obtained from the chemical degra-
dation of the isolated plus strand of HinfI-C.

(c) Gels from both the chemical degradation
experiments and the Pol I-catalyzed extension
experiments relating to the sequence between
nucleotides 1540 and 1550 consistently showed
strong intrastrand base-pairing effects. Howev-
er, these effects occurred at slightly different
places in different experiments, and so the se-
quence in this region could be resolved.

(d) Results from Pol I-catalyzed extension
experiments clearly showed residue 1967’ to be
G. The corresponding nucleotide in the plus
strand of Hinfl-D, however, failed to react with
hydrazine. Nucleotides 1966 to 1970 (CCTGG)
form the recognition sequence for restriction
endonuclease EcoRIl, to which the replicative
form of phage fl grown on E. coli K38 is
resistant (45). Since 5-methylcytosine is resis-
tant to degradation by hydrazine (22), it can be
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Sere 1} 30 m 50 60 70
AACGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAAYATAGCTAAAC
Asn Ala Thr Thr Ile Ser Arg Ile Asp Ala Thr Phe Ser Ala Arg Ala Pro Asn Glu Asn Ile Ala Lys

140

80 90 100 130
AGGTTATTGACCATTTGCGAAATGYATCTAAYGGYCAAACTAAATCTACTCGTTCGCAGAATTGGGAATC
Gln Vval Ile Asp His Lleu Arg Asn Val Ser Asn Gly GIln Thr Lys Ser Thr Arg Ser’ GlIn Asn  Trp Glu Ser

150 160 170 180 190 200 210
AACTGTTACATGGAAYGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACATGTTGAGCTACAG
The Val Thr Trp Asn Glu Thr Ser Arg His Arg Thr Leu Val Ala Tyr Leu Lys His val Glu Leu GlIn

t* 230 240 250 260 270 280
CACCAGATCCAGCAATTAAGCYCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGG
His Gln Ile GIln GIn Leu Ser Ser Lys Pro Ser Ala Lys Met Thr Ser Tyr Gln Lys Glu Gln Leu Lys

a 310 320 330 340 350

[ 290 300 9 9
TACTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGGTCTGGTTCGCTTITGAAGCTCGAATTARAACGCG
Val Leu Ser Asn Pro Asp Lleu Leu Glu Phe Ala Ser Gly Leu Val Arg Phe Glu Ala Arg Ile (Hs) Thr  Arg

360 370 380 390 400 410
ATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTI’TTTGATGCAATCCGCTTTGCTYCTGACTAYAATAGT
Tyr Lleu Lys Ser Phe Gly Leu Pro Leu Asn Leu Phe Asp Ala Ile Arg Phe Ala Ser Asp Tyr Asn Ser)
"9

430 440 450 460 470 480
CAGGGYAAAGACCTGATTTTTGATTTAI’GGTCATTCTCGTTTTCYGAACTG\'TIAAAGCATTTGAGGGGG
Gln Gly Lys Asp Leu Ile Phe Asp Leu Trp Ser Phe Ser Phe Ser Glu Leu Phe Lys Ala Phe Glu Gly

Gene x 510 520 5 54 550 a 560

30 0
ATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTACCCC
Asp Ser Met Asn Ile Tyr Asp Asp Ser Ala Val Leu Asp Ala [Ile Gln Ser Lys His Phe Thr Ile Thr Pro

570 580 590 600 c 610 620 t 630
CTCTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAACGAGGGT
Ser Gly Lys Thr Ser Phe Ala Lys Ala Ser Arg Tyr Phe Gly Phe Tyr Arg Arg Lleu val Asn  Glu Gly
640 650 ¢ 660 670 680 690 g 700
TATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGTTATGTATCTGCATTAGTTGAATGTG

Tyr Asp Ser Val Ala Leu Thr Met Pro Arg Asn Ser Phe Trp Arg Tyr Val Ser Ala Lleu val  Glu Cys
t 720 730 740 750 760 770

710
GTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGYTCGTTYTATTAA
Gly Ile Pro Lys Ser Gln Leu Met Asn Leu Ser Thr Cys Asn Asn Val Val Pro Leu Val Arg Phe [Ile Asn

780 c 790 800 810 820 830 840

CGTAGATTTTTCTTCCCAACGTCCTGACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCA
Val Asp Phe Ser Ser GIn Arg Pro Asp Trp Tyr Asn Glu Pro Val Lew Lys Ile Ala TER

Gene V. 850 87 te 910

860 [ 0 C 890 900
CAATGATTAAAGTTGAAATTAAACCATCTCAAGCGCAATTCACTACCCGTTCTGG‘I’GTTTCTCGTCAGGG
Met Ile Lys Val Glu Ile Lys Pro Ser GIn Ala Gin Phe Thr Thr Arg Ser Gly Val Ser Arg  Gln Gly

920 930 940 950 960 970 T 980
CAAGCCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTGCTTGTCAAG
Lys Pro Tyr Ser Leu Asn Glu Gln Lew Cys Tyr Val Asp Leu Gly Asn Glu Tyr Pro Val Lew Val Lys

1000 g 1010 1020 1030 g 1040 T 1050
AT\'ACTCTTGATGAAGGTCAGCCAGCCIATGCGCCTGGTCI’GTACACCGTTCATCTGTCCTCGTTCAAAG
e Thr Leu Asp Glu Gly Gln Pro Ala Tyr Ala Pro Gly Leu Tyr Thr Val His Leu Ser Ser Phe Lys

Gene VII

1060 1070 1090 é 1120
TTGGYCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGG TAAGTAACATGGAGCAGGTCG
Val Gly GIn Phe Gly Ser Leu Met 1Ile Asp Arg Leu Arg Leu Val Pro Ala Lys TER Met Glu Gin Val

1130 1140 1150 1160 1170 1180 1190
CGGATTTCGACACAATTTATCAGGCGATGATACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAAT
Ala Asp Phe Asp Thr 1Ile Tyr Gln Ala Met Ile Gin 1Ile Ser Val Val Leu Cys Phe Ala Leu Gly Ile e

1200 1220 1230 1240 1250 1260
CGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTCGCCTCTTTCGTTTTAGGTTGGTGCCTTCGTA
Ala Gly Gly Gln Arg TER

Met Ser Val Leu Val Tyr Ser Phe Ala Ser Phe Val Leu Gly Trp Cys Leu Arg

1270 1280 1290 1300 ‘.ﬁlu.l.l,» 1310 1320 [
GTGGCATTACGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCT
Ser Gly Ile Thr Tyr Phe Thr Arg Leu Met Glu Thr Ser Ser TER

Lys Lys Ser Leu Val Leu Lys Ala Ser

Met
1340 1350 136 137 1380 1390 1400
6IAGCCGTTGCTACCCTCGTYCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCCT
val Ala Val Ala Thr Leu Val Pro Met Leu Ser Phe Ala Ala Glu Gly Asp Asp Pro Ala Lys Ala Ala

1410 1420 1430 1440 1450 1460 1470
TTGACTCCCTGCAAGCC1’CAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGG
Phe Asp Ser Leu Gln Ala Ser Ala Thr Glu Tyr 1Ile Gly Tyr Ala Trp Ala Met Val Val Val 1Ile Val @Gly

(Asn)

1480 1490 1500 1510 1520 1530 1540
CGCAACYATCGGTATCAAGCTGTYTAAGAAATTCACCTCGAAAGCAAGCTGATAAACCGATACAATTAAA
Ala Thr Ile Gly Ile Lys Leu Phe Lys Lys Phe Thr Ser Lys Ala Ser TER

1550 1560 1570 Gone 11 1590 1600 1610
G CTCCTT TN GEAGCCTTI T TTTTTGEACAT I TTCAACGTGARARAATTATTATTCGCAATTCCTTTAGT
Lys Lys Leu Leu Phe Ala Ile Pro Leu Val

1620 1630 1640 1650 1660 t 1670 1680
TGTTCCTTTCTATTCTCACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAACCCCATACAGAAAATTCA
Val Pro Phe Tyr Ser His Ser Ala Glu Thr Val Glu Ser Cys Lew Ala Lys Pro His Thr Glu Asn Ser

1690 1700 1710 1720 1730 T 1740 1750
TTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTGGAATG
Phe Thr Asn Val Trp Lys Asp Asp Lys Thr Lew Asp Arg Tyr Ala Asn Tyr Glu Gly Cys Les Trp Asn

1760 ] 1770 1780 1790 1800 1810 1820
CTACAGGCGI’IGTAGTTTGTACTGGTGACGAAACl'CAGTGTTACGGTACATGGGTTCCTATTGGGCTTGC
Ala Thr Gly Vval Val Vval Cys Thr Gly Asp Glu Thr Gln Cys Tyr Gly Thr Trp Val Pro Ile Gly Leu Ala

1830 1840 1850 1860 1870 t 1880 1890
TATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGTGGCGGT
Ile Pro Glu Asn Glu Gly Gly Gly Ser Glu Gly Gly Gly Ser Glu Gly Gly Gly Ser Glu Gly Gly Gly

1900 1910 1920 1930 1940 1950 1960
ACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTT
T Lys Pro Pro Glu Tyr Gly Asp Thr Pro Ile Pro Gly Tyr Thr Tyr Ile Asn Pro Leu Asp Gly Thr
FIG. 2. Nucleotide sequence of bacteriophage fl DNA. The sequence shown is of the viral plus strand. The
initiation codons and the protein translation products of the various genes, including the putative gene X, are
indicated. Positions of differences from the nucleotide sequences of phage fd and M13 DNAs are shown above
the main sequence: lowercase letters, change in fd DNA only; uppercase letters, change in M13 DNA only;
lowercase letters plus asterisk, same change in both fd and M13 DNAs. Amino acid changes in the corresponding
translated protein products resulting from these nucleotide substitutions are indicated in parentheses below the
f1 translation line.
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—— 1980 1990 2000 2010 2020 2030
ATCCGCCTGGTACTGAGCAAAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATAC
Tyr Pro Pro Gly Thr Glu GIn Asn Pro Ala Asn Pro Asn Pro Ser Lew Glu Glu Ser Gln Pro Leu Asn Thr

2040 2050 2060 t 2080 2090 2100
TTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGETTACT
Phe Met Phe Gin Asn Asn Arg Phe Arg Asn Arg GIn Gly Ala Leu Thr Val Tyr Thr Gly Thr Val Thr

2110 2120 2130 2140 2150 2160 170
CAAGGCACTGACCCCGTYAAAACYTATTACCAGTACACYCCTGTATCAYCAAAAGCCATGTATGACGCTT
Gln Gly Thr Asp Pro Val Lys Thr Tyr Tyr GIn Tyr Thr Pro Val Ser Ser Lys Ala Met Tyr Asp \}

2180 2190 2200 2210 2220 2230 2240
ACTGGAACGGETAAATTCAGAGACTGCGCTTTCCATTCTGEGGCTTTAATGAGGATCCATTCETTTGETGEAATA
Tyr Trp Asn Gly Lys Phe Arg Asp Cys Ala Phe His Ser Gly Phe Asn Glu Asp Pro Phe Val Cys 6lu Tyr

2250 2260 2210 * 2280 2290 2300 2310
TCAAGGCCAATCGTCTGACCTGCCTCAACCI’CCTGTTAAYGCTGGCGGCGGCTCYGGYGGTGGY?CTGGT
Gln Gly Gin Ser Ser Asp Leu Pro Gln Pro Pro Val Asn Ala Gly Gly Gly Ser Gly 6ly Gly Ser G6ly

2320 2340 2350 2360 A 2380
GGCGGCTCTGAGGGTGGTGGCTCYGAGGGTGGCGG7TCTGAGGGTGGCGGCTCTGAGGGYGGCGGV!CCG
Gly Gly Ser Glu 6ly Gly Gly Ser Glu Gly Gly Gly Ser Glu Gly Gly Gly Ser G6lu 6ly 6ly 6ly Ser

c 2390 ¢ 2400 2410

2430 2440 2450
GYGGTGGCTCTGGTTCCGGTGATTTTGAT‘ATGAAAAGAYGGCAAACGCTAAYIAGGGGGCTAYGACCGA
G6ly Gly Gly Ser Gly Ser Gly Asp Phe Asp Tyr Glu Lys Met Ala Asn Ala Asn Lys Gly Ala Met Thr 6lu

2460 2470 2480 2490 2500 2510 2520
AAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGETCGCTACTEATTACEET
Asn  Ala Asp Glu Asn Ala Leu GIin Ser Asp Ala Lys Gly Lys Leu Asp Ser Val Ala Thr Asp Tyr 6ly
2530 t* 2540 2550 2560 2570 2580 2590
GCTGCTATCGACGGTTTCATTGGTGACGTTTCCG6GCCTTGCTAATGGTAATGGTGCTACTGGTGEGATTTTE
Ala Ala Ile Asp Gly Phe Ile Gly Asp Val Ser Gly Leu Ala Asn Gly Asn Gly Ala Thr Gly Asp Phe

2600 2610 2620 2630 2640 2650 2660
CTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCA
Ala Gly Ser Asn Ser Gin Met Ala Gln Vval Gly Asp Gly Asp Asn Ser Pro Leu Met Asn Asn Phe Arg Gin

2670 tt g %80 g 2690 2700 a A 2720 2730

ATATTTACCTTCCCTCCCTCAATCGGTTGAATGTCGECCCTTTTGTCTTTGGCE6CTGGTAAACCATATEGAA

Tyr Lew Pro Ser Leu Pro Gin Ser Val Glu Cys Arg Pro (;M val  Phe (Gly) Ala 6ly Lys Pro Tyr 6l
r

2740 2750 2760 2780 2790 2800
TTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTITGCGTTTCTTTTATATGTTGCCACCT
Phe Ser Ile Asp Cys Asp Lys Ile Asn Leu Phe Arg Gly Val Phe Ala Phe Leu Lew Tyr Val Ala Thr

2810 T 2820 %30 2840 2850 Sene V) 2870
TTATGTATGTATTTTCGACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTG
Phe Met Tyr Val Phe Ser Thr Phe Ala Asn 1lle Leu Arg Asn Lys Glu Ser TER Met Pro Val le Llew

2880 2890 2900 2910 2920 2930 t*
GGTATTCCGYTATTATTGCGTTTCCTCGGTTTCCI’YCTGGTAACYTTGTTCGGCTATCTGCTAACYTTYC
Gly Ile Pro Leu Leu Leu Arg Phe Leu Gly Phe Leu Leu Val Thr Leu Phe Gly Tyr Leu Lew Thr Phe

2950 2960 2970 2980 2990 3000 3010
TTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTC
Lew Lys Lys Gly Phe Gly Lys Ile Ala 1Ile Ala Ile Ser Leu Phe Leu Ala Leu Ile Ile Gly Leu Asn Ser

3020 3030 3040 3050 3070 T 3080
AATTCl’TGTGGGTYATCTCTCTGATATTAGCGCTCAATTACCCTCTGACTTYGTTCAGGGCGTTCAGTTA
Ile Leu Val Gly Tyr Leu Ser Asp Ile Ser Ala GIn Leu Pro Ser Asp Phe Val Gin Gly Val 6GIn Leu

3090 3100 3110 3120 3130 3140 3150
ATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTG
Ile Leu Pro Ser Asn Ala Leu Pro Cys Phe Tyr Val Ile Leu Ser Val Lys Ala Ala Ile Phe [Ile Phe

o 3 Gone |

3160 80 3190 3210
ACGTTAAACAAAAAATCGTTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCA
Asp Vval Lys Gln Lys 1Ile Val Ser Tyr Leu Asp Trp Asp Lys TER Met Ala Val Tyr Phe Val Thr Gly

3230 3240 3250 3260 3270 3280 3290
AATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTGGGTGCAAAAT
Lys Llew Gly Ser Gly Lys Thr Leu Val Ser Val Gly Lys 1Ile Gin Asp Lys 1Ile Val Ala 6ly Cys Llys Ile

3300 3310 3320 3330 3340 3350 3360
AGCAACTAATCTTGATTTAAGGCTYCAAAACCTCCCGCAAGYCGGGAGGTI’CGCTAAAACGCCTCGCGTT
AMa Thr Asn Leu Asp Leu Arg Leu GIn Asn Leu Pro GIn Val Gly Arg Phe Ala Lys Thr Pro Arg Val

3370 3380 3390 3400 3420
CTTAGAAYACCGGATAAGCCTYCTATATCTGATYTGCTTGCTATTGGGCGCGGTAATGATTCCTACGATG
Leuw Arg Ile Pro Asp Lys Pro Ser 1Ile Ser Asp Leu Leu Ala 1Ile Gly Arg Gly Asn Asp Ser Tyr Asp

3440 t 3450 t 3460 a 3470 3480 a [
AAAATAAAAACGGCTTGCTTGTTCTCG6ATGAGTGCGGTACTTGGTTTAATACCCGEGTTCTTGGEAATGATAA
Glu Asn Lys Asn Gly Leu Leu Val Leu Asp Glu Cys Gly The Trp Phe Asn Thr Arg Ser Trp Asn Asp Lys

3510 3520 3530 t 3540 9 3550 3560 3570
GGAAAGACAGCCGATTATTGATTGGTI’TCYACATGCTCGTAAAT\‘AGGATGGGATATTA‘ITTTTCTTGTT
Glu Arg Gln Pro Ile Ile Asp Trp Phe Leu His Ala Arg Lys Leu Gly Trp Asp Ile Ile Phe Leu Val

t 3580 3590 3600 3610 c* 3630 c 3640
CAGGACYI’ATCTATYGTTGATAAACAGGCGCGTTClGCATTAGCTGAAAATGTTGTTTATTGTCGTCGTC
Gln Asp Leu Ser Ile Vval Asp Lys GIn Arg Ser Ala Leu Ala Glu (a:n) val val Tyr Cys Arg Arg

s

3650 3680 g 3690 3700 3710
TGGACAGAATYACYTTGCCTTTTGTCGGTACTTTATATYCTCTT TTACTGGCTCGAAAAYGCCTCYGCC
Lew Asp Arg Ile Thr Leu Pro Gly Thr Leu Tyr Ser Leu (61:) Thr Gly Ser Lys Met Pro Lew Pro

a

3720 t 3730 3740 t 3750 3760 3770 3780
TAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTACTGTTGEAGCGTTGGCTTTAT
Lys Les His Val G6ly Val Val Lys Tyr Gly Asp Ser Gin Leu Ser Pro Thr Val 6lu Arg Trp Leu Tyr

3790 3800 3820 T 3840 3850
ACTGGTAAGAATI’TGYATAACGCATATGATAC‘I'AAACAGGC'I’TTTTCCAGTAAYYATGATTCCGGTGTTT
Thr Gly Lys Asn Leu Tyr Asn Ala Tyr Asp Thr Lys GIn Ala Phe Ser Ser Asn Tyr Asp Ser Gly Val

a 3860 c 3870 3880 3890 3900 3910 3920
ATTCTTATTTAACGCCTTATTTATCACACGGTCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAA
Tyr Ser Tyr Les Thr Pro Tyr Leu Ser His Gly Arg Tyr Phe Lys Pro Leu Asn Leu Gly Gln Lys Met Lys

3930 3940 3950 3960 3970 3980 3990
ATYAACYAAAATATATTTGAAAAAGTTYI’CTCGCGTTCTI’I’GTCTTGCGATTGGATTTGCATCAGCATYT
Les Thr Lys Ile Tyr Leu Lys Lys Phe Ser Arg Val Leu Cys Lew Ala Ile Gly Phe Ala Ser Ala Phe

37
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Gene !, 4010 4020 4030 4040 4050 4060
ACATATAGTTATATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCAGACCTATGATTTTGATA
Thr  Tyr Ser Tyr Ile Thr GIn Pro Lys Pro Glu Val Lys Lys Val Val Ser Gin Thr Tyr Asp Phe Asp

4070 4080 4090 4100 4110 4120 4130
AATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTTCAAGGATTCTAAGGGAAA
Lys Phe Thr 1le Asp Ser Ser Gln Arg Leu Asn Leu Ser Tyr Arg Tyr Val Phe Lys Asp Ser Lys Gly Lys

4140 4150 4160 4180 4190
ATTAATTAAI’AGCGACGATTTACAGAAGCAAGGTTATTCACT ACATATATTGATTTATGTACTGYTTCC
Lew Ile Asn Ser Asp Asp Leu GIn Lys Gin Gly Tyr Ser Lew Thr Tyr Ile Asp Leu Cys Thr Val Ser
n

Gene IV (Ile)

4210 4230 4250 4260 4270
ATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAATTTTGTTTTCTTGATGTTTGTTTCATCA
lle Lys Lys Gly Asn Ser Asn Glu 1Ile Vval Lys Cys Asn TER

Met Lys Leu Lew Asn Val Ile Asn Phe Val Phe Leu Met Phe Val Ser Ser

4280 G 4290 4300 4310 4320 T A/g 4330 4340
TCTTCTTTTGCTCAAGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTCGTTACTTGGTATTCAAAGC
Ser Ser Phe Ala Gin Val Ile Glu Met Asn Asn Ser Pro Leu Arg Asp Phe Val Thr Trp Tyr Ser Lys

T [ [ 4360 T Tha A a* 2 T 4390 c 4410
AAACAGGTGAATCTGTTATTGTCTCGCCTGATGTTAAGGGTACTGTGACTGTATATTCATCTGACGTTAA
Glin (ls’:r) Gly Glu Ser Val Ile Val Ser Pro Asp Val Lys Gly Thr Val Thr Val Tyr Ser Ser Asp Val Lys

4420 ¢t 4430 4450 4460 470 t* ¢ a* et
CCTGAAAATCTACGCAATITCTI’TAIT!CYGTTH’ACGTGCAAATAAI’TTYGAYATGGTAGGTTCTAAC

Pro Glu Asn Lew Arg Asn Phe Phe Ile Ser Val Lew Arg Ala Asn Asn Phe Asp Met Val Gly Ser (Asn)
Ne

a* a < t 2 t* 4530 4540 t
CCTTCCATTATTCAGAAGTATAATCCAAACAATCAGGACTATATTGATGAATTGCCATCATCTGATAATC
Pro Ser Ile Ile Gin Lys Tyr Asn Pro Asn (Asn) Gin Asp Tyr Ile Asp Glu Leu Pro Ser Ser Asp Asn

Ser (1e)

4560 4570 4580 4590 4600 4610 4620
AGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAATGATAATGTTACTCAAAC
Gln Glu Tyr Asp Asp Asn Ser Ala Pro Ser Gly Gly Phe Phe Val Pro GIn Asn Asp Asn Val Thr Gin Thr

a 4630 4640 ¢ 4650 a g C 4670 A G a
TTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTAGAATTGTTTGTTAAATCTAATACT
Phe Lys Ile Asn Asn Val Arg Ala Lys Asp Leu Ile Arg Val Val Glu Leu Phe Val Lys Ser Asn Thr

4710 [ A/c 4750 4760
TcTAAATCCTCAAAIGTATTATCYATTGACGGCICTAATCTAYTAGI’TGYTAGTGCTCCTAAAGAIATT|’
Ser Lys Ser Ser Asn Val Leu Ser 51: Asp Gly Ser Asn Leu Leu Val Val Ser Ala Pro Lys Asp Ile

a

4770 ? t t* 4790 4800 4810 4820 a a a
TAGATAACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGAT
Lew Asp Asn Leu Pro GIn Phe Leu Ser Thr Val Asp Leu Pro Thr Asp Gln Ile Leu [Ile Glu Gly Leu Ile

t [ 4840 4850 4860 c 4870 4880 [ t
ATTTGAGGTTCAGCAAGGTGATGCTTTAGATTTTITCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTGCA
Phe Glu Val Gln Gln Gly Asp Ala Leu Asp Phe Ser Phe Ala Ala Gly Ser Gln Arg Gly Thr Val Ala

t 4910 4920 t a 4930 4940 [] 4950 4960 c
GGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTATTTITTAATG
Gly Gly Val Asn Thr Asp Arg Leu Thr Ser Val Leu Ser Ser Ala Gly Gly Ser Phe Gly [le Phe Asn

4980 4990 5000 5010 5020 5030 t
GCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACG
Gly Asp Val Les Gly Leu Ser Val Arg Ala Lew Lys Thr Asn Ser His Ser Lys 1Ile Lew Ser Val Pro Arg

5050 5060 5070 [4 5080 c* 5090 5100 5110
TATTCTTACGCTTTCAGGTCAGAAGGGTTCTATTTCTGTTGGTCAGAATGTCCCTTTTATTACTGGTCGT
Ile Leu Thr Leu Ser Gly GIn Lys Gly Ser Ile Ser Val Gly Gin Asn Val Pro Phe Ile Thr Gly Arg

a 5120 5130 5140 5150 [ 5160 t t
GTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCA
Val Thr Gly Glu Ser Ala Asn Val Asn Asn Pro Phe Gin Thr ( Ile) Glu Arg Gin Asn Val Gly Ile Ser

5190 $200 5210 5220 5240 5250
TGAGCGITYTTCCTGTTGCAATGGCTBGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTT
Met Ser Val Phe Pro Val Ala Met Ala Gly Gly Asn Ile Val Leu Asp Ile Thr Ser Lys Ala Asp Ser Leu

5260 5270 5280 5290 5300 T 5310 5320
GAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCGACAACGGTTAATTTGCGT
Ser Ser Ser Thr Gln Ala Ser Asp Val Ile Thr Asn Gin Arg Ser Ile Ala Thr Thr Val Asn Leu Arg

$330 [] 5350 5370 a* $380 g 5390
GA'I‘GGACAGACTCTTTTACI‘CGGI’GGCCTCACTGAI’TATAAAAACACTYCYCAGGAIICTGGCGI’ACCGT
Asp Gly Gin Thr Leu Leu Leu Gly Gly Lew Thr Asp Tyr Lys Asn Thr Ser Gin Asp Ser Gly Val Pro

5400 5410 5420 5430 t 5440 [4 5450 5460
TCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCTGATTCTAACGAGGAAAGCACGTT
Phe Leu Ser Lys Ile Pro Lew 1Ile Gly Leu Leu Phe Ser Ser Arg Ser Asp Ser Asn Glu Glu Ser Thr Leu

5470 5480 5490 5500 5510 5520 $530
lTACGTGCTCGTCAAAGCAACCATAGYACGCGCCCTGTAGCGGCGCAYTAAGCGCGGCGGGTGTGGTGGT
Tyr Val Leu Val Lys Ala Thr 1Ile Val Arg Ala Leu TER

5540 5550 5560 5570 5580 5590 5600
TACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTT

5610 t 5620 5630 5640 a 5650 5660 5670
CTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGG6G6GGCTCCCTTTAGGGTTCCGATTTAGTG

5680 t ¢ 5700 * 5710 §720 5730 5740
CTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATA

5750 5760 5770 5780 5790 $800 5810
GACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACA
caa a G/c 5840 5850 at t at t t c 5880
ACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAA

a 5890 5900 t 5910 2 5920 ¢ 5930 5940 5950
AARAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATT
5960 5970 5980 5990 6000 Sone 1) 6020
rccrrnACAATcrrccrsrrTrrcccccrrrrcrsArTATcAAccesscTACArATcnrcAcArscrA
Me! Ile Asp Met Leu

FIG. 2. Continued.
38
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- 6030 6040 6060 t 6070 t 6090

e Al

Val Leu Arg Leu Pro Phe 1Ile Asp Ser Leu Val Cys

6110 6120
TAGACCTCTCAAAAATAGCTACCCTCTCCGGCATGA
Val Asp Leu Ser Lys 1Ile Ala Thr Leu Ser Gly Met

6170 6180 6190
TGGTGATTYGACI’GTCTCCGGCCTTYCTCACCCGT!
Gly Asp Leu Thr Val Ser Gly Leu Ser His
[

6240 6250
TTTAAAATATATGAGGGTTCTAAAAATTTTITATCCT
Phe Lys Ile Tyr Glu Gly Ser Lys Asn Phe Tyr Pro

6050 6080
GTTTTACGATTACCGYTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGG?CAATGACCTGATAGCCT’LTG

Asn

Pro Phe Glu

Ser Arg Leu Ser Asn  Asp Lleu

6130 6140 150 6160
AT1TATCAGcTAGAACGGTTGAATAICATAYTGA
Leu Ser Ala Arg Thr Val Glu Tyr His [lle Asp

6200 6210 6220 ¢ 6230
I’GAATCTTTAcCTACACATYACICAGGCATTGCA
Ser Lew Pro Thr His Tyr Ser Gly 1Ile Ala

6270 6300
TGCGTTGAAATAAAGGCTTCTCCCGCAAAAGTAT
Cys Val Glu Ile Lys Ala Ser Pro Ala Lys Val

6310 6320 6330 6340 6350 6360 6370
TACAGGGTCATAATGTTTTTGGYACAACCGATTYAGCTTI’ATGCTcTGAGGCITTATYBCYTAATTYI’GC
Gln Gly His Asn Val Phe Gly Thr Thr Asp Leu Ala Lleu Cys Ser Glu Ala Lew Lew Lew Asn Phe Al
6390 6400
IAATTCTTTGCCTTGCCTGTATGATTYAT?GGAYGTT
Asn Ser Llew Pro Cys Leu Tyr Asp Leu Leu Asp Val

FIG. 2. Continued.

concluded that nucleotide 1967 is methylated.
This is consistent with the known (4) specificity
of the modification system for this enzyme. No
data were obtained by chemical degradation of
the corresponding C residue at position 1969’ of
the RFI DNA, but it is probable that this nucleo-
tide is also methylated.

(iii) Gene I. Although the gel patterns of
products derived through both sequencing meth-
ods from the region of the DNA lying between
nucleotides 3319 and 3366 consistently exhibited
intrastrand base pairing in both strands, the
location of these compressional effects at slight-
ly different positions in each case permitted the
resolution of the sequence in this region.

(iv) Gene IV. The portion of the nucleotide
sequence lying between nucleotides 4540 and
4620 was determined solely from the Pol I-
catalyzed extension of Mnll-4. Attempts to use
Hhal-D/Alul as the primer on the isolated minus
strand of Hgal-D (used as the template) gave
gels exhibiting compressional effects. Compari-
son of the data from these experiments with the
confirmed sequence showed that these banding
patterns occurred immediately before two or
more purine residues. It has been demonstrated
that pyrimidine dimer formation in the template
blocks extension by Pol I (20), and the results
shown in Fig. 3a suggested that some pyrimidine
dimer formation may have been induced in the
template as a result of the exposure of the DNA
to UV light during isolation.

The only part of the gene IV sequence to
exhibit secondary structure effects was the se-
quence at positions 4304 to 4306. The number
and order of these nucleotides were resolved by
separating the products of Pol I-catalyzed exten-
sion at higher electrophoresis temperatures.

(v) Intergenic region. The final sequence that
we derived for this region (Fig. 2, nucleotides
5501 to 6005) differs from that previously pub-
lished by Ravetch et al. (28) through the inclu-
sion of single nucleotides at positions 5532 (A),
5538 (A), 5559 (A), 5618 (C), 5619 (T), 5770 (C),

5794 (T), and 5915 (T). We have, moreover,
determined the sequence of an additional 13
nucleotides (TGAGCTGATTTAA) at positions
5885 to 5897 to fill a gap in the partial sequence
proposed by Ravetch et al. (28). Representative
gel patterns supporting our assignments for each
of these positions are illustrated in Fig. 3b to e.

The severe compressional effects observed on
gel patterns derived from nucleotides 5480 to
5580 led to difficulties in interpreting the data
derived from this region of the molecule. These
effects were observed on gels obtained by both
sequencing methods, and they occurred at ap-
proximately the same positions in sequences
derived from either strand. Clear evidence for
the nucleotide sequence in this region is restrict-
ed to the data obtained through the chemical
degradation of the minus strand of Hinfl-I after
fractionation of the products under extreme
electrophoresis conditions. Other parts of the
sequence of the intergenic region that failed to
give clear results when first examined by the two
methods used in this study were as follows.

(a) Nucleotides 5506’ and 5507’. Nucleotides
5506’ and 5507’ consistently ran with the same
mobility on gels derived from the chemical deg-
radation experiments. Although the quality of
the gel patterns from confirmatory experiments
was poor, the results of Pol I-catalyzed exten-
sion experiments showed T at position 5507'.
Since nucleotide 5506’ gave an ambiguous G
band, it was concluded that the correct assign-
ments for nucleotides 5507’ and 5506’ were T
and G, respectively.

(b) Nucleotide 5533’. The enhanced intensity
of the G band corresponding to position 5533’ on
gels obtained from the chemical degradation of
the minus strand of HinfI-I/Hphl (Fig. 3b) sug-
gested the comigration of two nucleotide bands
at this point. Pol I-catalyzed extension experi-
ments and chemical degradation of the plus
strand of Haelll-E/Hphl, however, both
showed only one G band at this position.

(c) Nucleotide 5540'. The results of Pol I-
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FIG. 3. Gel patterns illustrating regions of ambiguity discussed in the text. (a) Plus-strand sequence obtained
through the Pol I-catalyzed extension of Alul-B/Hha on the isolated minus strand of Hgal-C as the template; (b
and c) minus-strand sequence obtained through the chemical degradation of the duplex Hinfl-1/Hphl labeled at
the 3’ terminus through the Pol I-catalyzed incorporation of [a->?P]JdATP; (d and e) minus-strand sequence
obtained through the Pol I-catalyzed extension of HaplI-L on isolated phage fl DNA as the template. The
priming fragment was removed with the datum endonuclease before the products were separated by electropho-
resis.

catalyzed extension experiments suggested that
two G residues may be present at position 5540’.
Chemical degradation studies (Fig. 3b) did not,
however, support this conclusion, and only one
G residue has been assigned to this position.

(d) Nucleotides 5548’ and 5549’. Only one
purine band could be seen at positions 5548’ and
5549’ on gels from chemical degradation of the
minus strand of Hinfl-I/Hphl (Fig. 3b), but the
intensity of this band in the G+A reaction
suggested that an A band may be comigrating at
this position. The gel patterns from Pol I-cata-
lyzed extension experiments with Haelll-G as
the primer and the chemical degradation of the
plus strand of Haelll-E/Hphl, however, con-
firmed the presence of two purine nucleotides, G
and A, in positions 5548’ and 5549’, respective-
ly.

(e) Nucleotides 5571’ to 5573'. The intensity of
the G band at position 5571’ on gels obtained
from the products of chemical degradation of
Hinfl-1/Hphl suggested that an A band may be

comigrating at this position. Although the band
spacing was not uniform on gels from Pol I-
catalyzed extension experiments, three G bands
could be clearly seen when Haelll-G was used
as the primer.

(f) Nucleotides 5793’ to 5798'. Gels from Pol I-
catalyzed extension of Haelll-D/Hapll suggest-
ed the sequence of the minus strand at this point
to be 3'-GGACAGAG. Data from the chemical
degradation of the plus strand of Haelll-G
showed clearly, however, that the complemen-
tary sequence in this region contained two addi-
tional nucleotides. The correct sequence of the
plus strand at this point is thus CTTGTTC.

DISCUSSION

Accuracy of the sequence. The nucleotide se-
quence presented in Fig. 2 represents the plus-
strand sequence that we have established from
studies of the single-stranded viral DNA and of
the double-stranded RFI DNA of bacteriophage



VoL. 44, 1982

f1. It has been assumed throughout this study
that both strands of the RFI DNA contain the
same number of nucleotides and that the viral
strand is fully complementary to the minus
strand of the RFI DNA. Approximately 85% of
the nucleotide sequence has been confirmed by
the two independent sequencing methods (17,
36), but since 50% of the data obtained from the
chemical degradation experiments gave minus-
strand data confirming the results of Pol I-
catalyzed expansion studies, approximately 50%
of the presented plus-strand sequence has been
deduced solely from the complementarity of
base pairing with the nucleotides determined to
be in the minus strand. :

For those regions of the molecule where no
convenient restriction endonuclease sites were
available (e.g., nucleotides 4450 to 4460 in gene
IV) or where features of the primary sequence
made interpretation difficult (e.g., nucleotides
5500 to 5600 in the intergenic region), it was not
always possible to determine the sequence by
both independent methods. Although each of
these regions has been sequenced at least twice
by the same method, this may not be valid
grounds for assuming accuracy. For example,
the sequence comprising nucleotides 5793 to
5798, sequenced many times by the Pol I-cata-
lyzed extension method, always gave the same
gel pattern. In the absence of additional data,
two A residues in this sequence would have
been omitted.

In general, the major sources of error encoun-
tered in the sequence determination were the
misreading of gel patterns and the incorrect
recording and copying of sequence data. The
sequence described in this paper was compiled
for the most part without the use of the comput-
er programs (38) that subsequently became
available to us and that largely eliminate the last
two sources of error. It should be noted that a
copying error remained in the sequence of genes
V, VII, and VIII that we have already published
(9), where nucleotide 82, C (nucleotide 924 in the
complete sequence now presented), was incor-
rectly recorded as a G, although the amino acid
translation of the corresponding codon was cor-
rectly shown to be leucine. This error has been
corrected in the complete sequence given in Fig.
2.

The sequence shows the single-stranded viral
DNA to contain 6,407 nucleotides in the follow-
ing proportions: A, 24.56%; T, 34.69%; G,
20.69%:; and C, 20.24%. The molecular weight of
the free acid is 1.98 X 10°. The number of
nucleotides in the total genome is the same as
that found by van Wezenbeek et al. (46) in the
DNA of bacteriophage M13, and it confirms the
observation by Beck et al. (2) and Beck and Zink
(3) that the genomeé of bacteriophage fl is one
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nucleotide shorter than that of bacteriophage fd.
If any nucleotides have been inadvertently omit-
ted from the fl DNA sequence, they are most
likely to lie in the region between nucleotides
5500 and 5600 or in the gene III region between
nucleotides 2250 and 2260, for which the inter-
pretation of data was most difficult.

The first studies of nucleotide sequences in
phage fl DNA were confined to pyrimidine tract
analysis (23). Long unique tracts of consecutive
pyrimidine nucleotides were observed (23, 42)
and characterized (13). The pyrimidine tract
characterized by Ling (13) as C;Tg from the
DNAs of both phages fd and f1 has not been
located within the DNAs of either phage (2, 3;
this study), but a tract of the same length and of
base composition C,Ty, previously identified in
both f1 and fd DNAs (43), was found in the
complete sequences of each of these genomes.
The region of the DNA sequence in which this
pyrimidine tract is located forms part of a poten-
tial hairpin structure that has been implicated in
the termination of viral transcription (7, 40), and
gels derived from this region displayed the char-
acteristic compressional effects arising from in-
trastrand base pairing. The sequence of the
corresponding minus-strand region was, howev-
er, clearly established as A¢G,. Inspection of the
chromatographic data presented by Ling (14)
shows that the graticule position of this pyrimi-
dine oligonucleotide would, indeed, predict a
product with a base composition of C;Tg. It is
possible that the run of nine consecutive T
residues influenced the electrophoretic mobility
of this tract in his experiments and led to its
incorrect identification.

A DNA sequence determined by Pol I-cata-
lyzed extension of a synthetic octanucleotide
primer (35) is located between nucleotides 6350
and 6398, within the coding region for gene II.
The assignment of the last eight residues at the
3’ terminus of this plus-strand sequence was
based on the assumption that the primer was
exactly complementary to the template se-
quence. The completed f1 DNA sequence shows
this assumption to have been in error, since the
penultimate nucleotide (G) at the 5’ terminus of
the primer was not, in fact, complementary
to the T residue at position 6406 of the
template DNA. A decanucleotide primer
(AGAAATAAAA), specifically synthesized for
use on a $X174 DNA template (32), was found
in similar experiments to prime uniquely on f1
viral DNA (G. B. Petersen, unpublished data).
The sequence of 46 nucleotides obtained from
those experiments has provided us with useful
confirmation of the sequence of nucleotides 4396
to 4441 in the coding region of gene IV, and it is
interesting to note that the Klenow Pol I used in
those earlier experiments successfully edited the
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primer sequence by removing the mismatched A
residue at the 3’ terminus before catalyzing the
extension of the primer.

The sequences of several separate regions of
the phage f1 genome have been reported earlier
by ourselves and others (9, 24-28) and, except
for the intergenic region (28) discussed above,
are in good agreement with the sequence for the
total genome that we now present. The complete
nucleotide sequence of phage f1 DNA published
by Beck and Zink (3), however, differs from our
sequence at a number of positions. These can be
summarized (with the Beck and Zink assign-
ments in parentheses) as follows (note, howev-
er, that nucleotide numbers greater than 3194
must be increased by one to allow our sequence
to be aligned with that presented by Beck and
Zink, which was based on the sequence of fd
DNA): 343, A (G); 1689, C (T); 1929, C (T);
2385, T (C); 2391, T (C); 2676, C (T); 2710, G
(C); 4307, C (T); 4427, A (G); 4471, A (T); 4477,
T (A); 4479, A (T); 4715, A (G); 5153, A (G);
5194, T (C); 5538, A (G).

Although these nucleotide differences are all
in coding positions rather than in regulatory
regions, some of them are significant in that they
lead to different assessments of amino acid
changes when the translated gene products of
phage f1 are compared with those of phages M13
and fd. There are, furthermore, significant dif-
ferences in the restriction map that can be
deduced from our sequence and that deduced by
Beck and Zink (3). Perhaps the most important
of these is the introduction of a second endonu-
clease HindlIl recognition site in the Beck and
Zink sequence as a result of the substitution of G
for A at position 4715. The strain of f1 that we
studied, like phages fd (2, 3) and M13 (46), has a
single site only for this enzyme, at position 6405.
Digestion of the RFI DNA with HindII converts
it to the linear RFIII form, but no further diges-
tion occurs. Minor differences in the restriction
maps that can be deduced from the two se-
quences arise from other substitutions. A sum-
mary of restriction endonuclease cleavage sites
found by Staden’s program SEARCH (38) in the
sequence presented in Fig. 2 is given in Table 1.

It is possible that the 16 differences between
the sequences proposed by Beck and Zink (3)
and by us reflect differences between the strains
of bacteriophage f1 that we examined, but it is
surprising that there should be so many differ-
ences, considering that the two phage cultures
were obtained from the same source. The RF
DNA studied by Beck and Zink (3) was enzymi-
cally prepared in vitro, and the possibility
should be considered that some of the differ-
ences between their sequence and ours, which
was derived from a study of the in vivo RF
DNA, may represent polymerase copying er-
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rors. We have taken the opportunity to review
our own evidence for the sequence presented in
Fig. 2, but we have found no grounds for chang-
ing our original assignments at each of the
positions at which the two sequences differ. In
nearly every case, our data are supported by
both methods of analysis (17, 36) and come from
studies of both strands of the DNA.

Comparison of the DNA sequence of phage f1
with those of phages M13 and fd. The sequence
of the DNA of bacteriophage f1 here presented
confirms that the numbers of nucleotides in the
DNA s of phages f1 and M13 are identical to each
other and one less than the number of nucleo-
tides in phage fd DNA, through the deletion of
one nucleotide (nucleotide 3195, A) of the fd
sequence from the small intergenic region lying
between genes VI and I. This deletion has no
effect on any structural gene, and the genomic
arrangement and coding capacities of the three
viral genomes are otherwise identical.

The nucleotide sequence of phage fl DNA
(Fig. 2) differs from that of M13 DNA (46) by 52
nucleotide changes and from that of phage fd (2,
3) by 186 changes (including the nucleotide
deletion mentioned above). The nucleotide dif-
ferences between f1 DNA and the DNAs of the
other two phages are indicated in Fig. 2. Amino
acid substitutions that would result from the
nucleotide changes when the corresponding
translated sequences in the other phages are
compared with phage f1 DNA are also indicated
in Fig. 2. The positions at which these changes
occur appear to be specific for each bacterio-
phage DNA and presumably have arisen through
independent mutations of a common ancestor.
Of the nucleotide substitutions observed be-
tween the DNA of phage f1 and the DNAs of
phages fd and M13, 25 involve the same nucleo-
tide position, and 21 of these coincident changes
give rise to the same replacement base in the last
two genomes. The distribution of the nucleotide
differences among the three viral genomes is,
however, not random. The coding regions for
genes VII and IX are fully conserved in each
case, but a significant number of the nucleotide
differences are clustered in the N-terminal cod-
ing region of gene IV. The putative promoter
and ribosomal binding regions are fully con-
served between phages fl and M13, but the
phage fd genome contains seven nucleotide
changes within these regulatory regions. There
are 23 nucleotide alterations in the major inter-
genic region of phage fl DNA when it is com-
pared with the other two viral genomes (Fig. 2),
but none of these changes appears to have a
significant effect on the structure or stability of
the proposed double-stranded structures that
have been implicated in viral DNA replication
(39, 46).
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TABLE 1. Restriction enzyme recognition sites in bacteriophage fl RF DNA?

Enzyme Recognition sequence Position®
Accl GTAGAC 6090
Alul AGCT 39, 63, 203, 229, 333, 934, 1488, 1517, 2963, 3276, 3612, 4096,
5426, 5630, 5887, 6107, 6134, 6335
Asul GGGCC 5724
BamHI GGATCC 2220
Bbvl GCAGC 932, 5536
GCTGC 1367, 2521, 3132, 4871
Clal ATCGAT 6039
Ddel CTAAG 233, 1099, 4013, 4093, 4121
CTCAG 1417, 1784, 2015, 4040, 4079, 4881, 5262, 5370, 6065, 6218
CTGAG 1371, 1847, 1862, 1877, 1901, 1973, 2318, 2333, 2348, 2363, 6346
CTTAG 3361
EcoB TGAATATCCGGTGCT 959
TGAGGCTTTATTGCT 6347
EcoPl GGTCT 316, 1017, 5828
AGACC 429, 4043, 6092
EcoRII¢ CCTGG 1014, 1966
Hael AGGCCA 2244
TGGCCT 5344
Haell GGCGCT 2710
AGCGCC 5559, 5567
AGCGCT 3039
Haelll GGCC 1396, 2245, 2554, 5239, 5345, 5414, 5725, 5867, 6180
Hgal GACGC 526, 2164, 2479, 3237, 4083, 5158
HgiAl GTGCTC 4743, 5465
Hhal GCGC 44, 873, 1011, 1085, 1177, 1470, 2195, 2467, 2711, 3040, 3096, 3408,
3598, 4312, 4995, 5490, 5503, 5512, 5534, 5560, 5568
HindIl GTTAAC 6405
Hinfl GAATC 136, 723, 4349, 5120, 6198
GACTC 1403, 4072, 5329, 5788, 6061
GATTC 490, 511, 2497, 3258, 3418, 3742, 3838, 4117, 5375, 5438, 6042
GAGTC 2011, 2845, 5766
Hpall CCGG 314, 966, 1095, 1924, 2378, 2396, 2552, 3370, 3842, 4018, 5614,
(Hapll) 5995, 6118, 6178
Hphl GGTGA 1376, 1774, 1909, 2398, 2542, 2581, 2620, 2626, 4346, 4847, 5117,
5706, 6162
TCACC 1503, 2635, 4923, 6188
Mbol GATC 216, 1382, 1714, 2221
Mboll TCTTC 781, 4075, 4271, 4937, 5255, 5587, 5962

GAAGA

3912
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TABLE 1—Continued

Enzyme Recognition sequence Position®
Mnll CCTC 254, 373, 560, 587, 655, 1039, 1088, 1231, 1297, 1318, 1326, 1345,
1416, 1506, 1897, 1945, 2020, 2263, 2269, 2673, 2677, 2894, 3052,
3321, 3352, 3703, 4307, 4698, 4772, 4921, 4926, 5347, 5416, 5681,
6095, 6113
GAGG 484, 625, 1373, 1732, 1834, 1849, 1864, 1879, 2008, 2218, 2320,
2335, 2350, 2365, 3336, 4021, 4820, 4835, 5447, 6243, 6348
Rsal GTAC 173, 280, 1022, 1165, 1769, 1796, 1889, 1905, 1970, 2133, 3467,
3668, 4190, 4380, 5384, 5486, 6000, 6322
SfaN1 GATGC 25, 388, 1354, 4850
GCATC 3979
Tagql TCGA 336, 1127, 1508, 1949, 2528, 2815, 3455, 3694, 5683, 6040
Thal CGCG 43, 347, 1119, 1176, 2466, 3355, 3409, 3599, 3952, 4313, 4994, 5489,
5513, 5533, 5909
Xholl AGATCC 215
GGATCC 2220

¢ No site for: Acyl, Aval, Avall, Avalll, Avrll, Ball, Bcll, Bgll, Ecal, EcoK, EcoRl, Hincll, HindIll, Hpal,
Kpnl, Mstl, Pstl, Pvul, Pvull, Sall, Smal, Sstl, Sstll, Xbal, Xhol.

b The position of the first nucleotide of the recognition site is given in each case.

< Phage f1 grown on E. coli K38 is modified and therefore resistant to EcoRII (45).

Codon usage. The usage of codons in the
structural genes of bacteriophage fl1 (with the
exception of X) is shown in Table 2 and com-
pared with the corresponding figures that we
have derived by computer analysis of the se-
quences of bacteriophages fd (2, 3) and M13
(46). The high frequency of T residues in the

third codon position observed for phages $X174
and G4 (8) is also characteristic of the three
filamentous coliphages f1, fd, and M13. Of the
total number of codons derived from the phage
fl DNA sequence, 49% bear a T residue in the
third position, compared with 43% in phage
$X174 and 33.8% in phage G4. Most of the

TABLE 2. Comparison of codon usage in the structural genes (excluding X) of bacteriophages f1, fd and
M13

Phage

Phage
Codon Codon

Phage Phage

fl Mi13 fd fl M3 fd

Codon Codon

fl M3 fd fl M13 fd

uuu 6 71 67
UuC 38 36 39
UUA 63 64 65
uuG 29 28 32

ucu 97 9 9N
ucc 29 30 33
UCA 32 33 35
ucéG 1 8 9

CCU 48 48 46
CCC 8 9 9
CCA 14 14 13
CCG 16 15 18

CUU 46 47 49
cuc 22 22 17
CUA 9 8 6
CuG 27 27 26

AUU 72 72 72
AUC 16 16 16
AUA 20 21 20
AUG 33 33 33

ACU 65 66 60
ACC 20 19 23
ACA 12 1 15
ACG 12 12 11

GUU 9% 95 98
GUC 17 18 18
GUA 28 29 25 GCA 29 29 28
GUG 8 64 11¢ GCG 15 13 17

GCU 60 61 58
GCC 16 17 16

UAU 66 66 65
UAC 12 12 14
UAA 5 5 5
UAG 1 1 1

UGU 16 16 16
UGC 8 8 8
UGA 3 3 3
UGG 18 18 18

CAU 12 13 12
CAC 5 5 6
CAA 35 35 35
CAG 43 43 43

CGU 31 31 32
CGC 16 16 16
CGA 6 6 5
CGG 2 2 1

AAU 87 86 82
AAC 22 22 23
AAA 72 72 T3
AAG 36 36 34

AGU 13 13 14
AGC 12 13 11
AGA 10 10 11
AGG 4 4 5

GAU 72 74 72
GAC 38 35 38
GAA 37
GAG 33 33 31

GGU 92 93 98
GGC 54 52 51
GGA 5 6 5
GGG 11 11 9

¢ Includes initiation codon of gene III.
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nucleotide changes observed between the three
filamentous phages occur in this third codon
position, the predominant change beingaC— T
or T — C transition. Only 16 of the total nucleo-
tide substitutions result in a change in the corre-
sponding amino acid coded for in phages M13
and fd (Fig. 2), 13 of these changes being the
result of changes in either the first or second
codon positions.

The relative number of nucleotide changes
among the genomes of the three filamentous
bacteriophages confirms earlier predictions
based on pyrimidine tract distribution that, con-
trary to the evidence from serological (31) and
bacterial restriction (16) studies, phages f1 and
M13 are more closely related than are f1 and fd
or M13 and fd.
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