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A nucleotide sequence of 61 nucleotides at the left end and 117 nucleotides at
the right end of DNA from bacteriophage AcI857Sam7 was determined by the
Maxam and Gilbert method. A perfect inverted repeat sequence of 10 nucleotides
is near the left end, and one of 15 nucleotides is near the right end. DNA from
another closely related A strain, AcI857prmll6Sam7, has about 10% divergence in
the sequence of the first 110 nucleotides at the right end and has a 17-member
perfect inverted repeat sequence.

The first DNA sequence of biological signifi- labeled DNA from unreacted triphosphate. Sim-
cance to be determined was the following 12- ilarly, the left end can be labeled by incubating
long cohesive end sequence of bacteriophage A the DNA and polymerase with [a-32P]dATP. In
DNA (17): this case, a single [32P]dAMP is incorporated

P G G G C G G C G A C C TC-
onto the left end, whereas no synthesis occurs at

pGGGCGGCGACCTCH- the right end.
OHG In this report we present sequences of 61

left end nucleotides at the left end and 117 nucleotides
-G CCGCCGCTGGA at the right end (as measured from the sym-

metrical axis of the cos site) that were deter-right end mined using DNA extracted from bacteriophage
This sequence was subsequently confirmed by AcI857Sam7. A perfect inverted repeat sequence

others (10, 16), and, when extended to the first of 10 nucleotides was present near the left end,
few internal nucleotides, was found to possess a and one of 15 nucleotides was present near the
hyphenated twofold axis of symmetry which is right end. The sequence of the right end ofDNA
thought to be the recognition site of the putative extracted from another A bacteriophage,
ter (or cos) endonuclease (2, 5, 11). cI857prmll6Sam7, was also determined and

Experiments bearing on the mechanism of found to differ by about 10%. One of the base
packaging of the A chromosome into preformed pair changes extended the symmetrical sequence
heads suggest that the cos site alone is not near the right end to a 17-member inverted
sufficient for this process, but that there may be repeat. When the left and right ends were
other unique sequences both to the left and right aligned together as exists in the circular DNA
of the cos sequence (7, 13) which are recognized molecule or the lysogenic state, terminator co-
by specific proteins. We therefore decided to dons were found in all three phases of both
investigate these DNA sequences using the strands, indicating that a structural gene does
Maxam and Gilbert DNA sequencing technique not encompass the entire region.
(9).
The right end of A DNA can be labeled by MATERLS AND METHODS

incubating a mixture ofX DNA and [a-32P]dGTP
with Escherichia coli DNA polymerase I. The Isolation and labeling of A DNA. Bacteriophage
DNA polymerase will incorporate three [32P]- AcI857Sam7 (obtained from M. Feiss) was grown and
dGMP residues onto the right 3' terminus and harvested, and the DNA was released from the phage
then stop. Further synthesis will not occur be- particle by dialysis against 50% formamide, all as de-
cause the triphosphate of the next residue to be scribed in reference 15. DNA from bacteriophage
incorporated, dCMP, is not provided in the re- AcI857prmll6Sam7 (the gift of E. Rosen and G. Gus-
actionmixture.. synthesis wfloccuratthesin) was obtained by the same procedures. The rightaction mixture. No synthesis will occur at the end was labeled in an incubation mixture (250 IA)

left end since dATP, which is required to supply containing 50 mM potassium phosphate, pH 7.3,8mM
the first nucleotide, dAMP, is not present during MgCl2, 100 to 200 yg of A DNA, and 0.04 mCi of [a-
the incubation. Hence the DNA is ready for 32P]dGTP (specific activity = 250 Ci/mmol; from
sequencing after gel filtration to separate the Amersham). The mixture was heated to 65°C for 10
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min to denature those cohesive ends that were hybrid- DNA from the unreacted triphosphates, the
ized together and then held at 00C for 10 min. The DNA was subjected to the base modification
reaction was started by adding 50 U of E. coli DNA reactions followed by the cleavage and gel elec-
polymerase I (Boehringer-Mannheim), and the incu- trophoresis steps. Figure 1 shows autoradi-
bation was conducted at 6°C for 2 h. The lower tem-
perature minimizes incorporation into random intemal ograms of several representative sequencing
nicks (17). Portions were removed at various times to gels, and Fig. 3 shows the sequence determined.
follow the incorporation of label into trichloroacetic From the autoradiograms of the cleavage prod-
acid-precipitable material. The reaction was essen- ucts of A DNA-A* (A DNA labeled with [32p]-
tially complete at 30 min, so the reaction was fre- dAMP) in Fig. 1A and B, the sequence of 61
quently stopped at that time by adding Na2EDTA to nucleotides at the left end can be deduced. The
25 mM and NaOH to 150 mM, and the entire reaction sequence of the first eight internal nucleotides
mixture was passed over a Sephadex G-100 column (positions 7 through 14 of the lower or r-strand
(0.5 by 10 cm). The column was eluted with 50 mM in Fig. 3) is the same as that published earlier
triethylammonium bicarbonate, pH 7.8. The void vol- (2, 10, 16).
ume fractions containing the labeled DNA were com- Fi( es iC and D and Fig. 2A show autoradi-
bined and distributed among four to eight plastic ogurasof theclge 2A owDNa-
conical tubes (5-ml capacity), and the salt was re- ograms of the cleavage products ofA2DNAG 3G*
moved by repeated lyophilization. (A DNA labeled with three [32P]dGMP's). By
The left end was labeled in an identical reaction, analyzing these and other autoradiograms, a 117-

except that [a-32P]dATP replaced [a-32PJdGTP. nucleotide sequence was deduced. The first
Partial base modification and cleavage. The seven internal residues (positions -7 through

procedures of Maxam and Gilbert (9) were followed -13 of the 1-strand in Fig. 3) correspond to the
exactly, using the alternate G and alternate strong sequence published earlier (2, 5, 11, 16). Since
A/weak C procedures. Times of reaction were adjusted this sequence includes all four bases, it provides
according to the length of sequence desired. Reaction * * *t
times of 25 min gave fragments of approximately 75 strong evidence that the modification and cleav-
nucleotides and shorter, whereas reaction times of 10 age reationseare proceeding reliably.
min gave fragments of 150 nucleotides and shorter. Figure 3 presents the deduced sequence infor-

RESULTS AND DISCUSSION together as exists in the circular A DNA molecule
Individual time courses of the incorporation or the lysogenic state.

of [32P]dAMP into the left end and [32P]dGMP The sequence from positions -5 through +5
into the right end of AcI857Sam7 DNA showed was taken from references 11 and 17. The rest of
that the reactions were almost complete at 30 the minus (-) positions were obtained using A
min, although only about two of the expected DNA-3G*, and the rest of the plus (+) positions
three dGMP residues and 85% of the expected were obtained from A DNA-A*. The cohesive
one dAMP residue were incorporated per mole- ends extend from positions -6 through +6. A
cule. This somewhat unexpected result was ini- guanine plus cysotine-rich region which includes
tially of concern in the case of the [32P]dGMP- the cos site (18 out of 20 base pairs are dG:dC)
labeled material, because it suggested that the is followed immediately on the left end by an
mixture of DNA molecules had a variable num- adenine-thymine-rich region (19 out of 23 base
ber of [32P]dGMP residues at the right end pairs are dA:T). All three phases of both strands
which would confuse the interpretation of the possess at least one termination codon, as shown
Maxam-Gilbert sequencing gels. However, as in Fig. 3. The r-strand has one potential initiator
Fig. 1C and D and Fig. 2 show, this turned out codon which is in phase with a terminator codon
not to be a problem, i.e., doublet or triplet bands that is 18 triplets away. The 1-strand contains
suggesting a variable number of [32P]dGMP res- four potential initiator codons, only one ofwhich
idues on the end were not seen. Thus each right is in phase with a terninator codon downstream
end appeared to have either three labeled dGMP within the region sequenced. Two of the others,
residues or none at all. Since the incubation if actual initiation sites, would begin a structural
conditions were selected to minimize incorpora- gene which spans the cos site.
tion at internal nicks, it seems likely that the Two regions possess perfect twofold rotational
incorporation was lower at the ends than ex- symmetry, i.e., a 10-nucleotide region near the
pected because (i) not all cohesive ends dena- left end and a 15-nucleotide region near the right
tured during the 65°C heat step or (ii) some of end, as shown in Fig. 3. In fact, a variety of
the cohesive ends annealed during the quick- potential regulatory signals are present in the
cool and incubation steps. No attempt was made region between positions -38 and -68 near the
to distinguish between these two and/or other right end. In this region the r-strand has four
possibilities. terminator codons, three of which are contig-

After separating the labeled XcI857Sam7 uous, and the 1-strand also has four terminators,



VOL. 26, 1978 A DNA cos SITE 431

A B C D
A G C T A G C T A G C T A G C T

TT

~~~~~~~~~_
G
T c

T ~~~~GA G ATT
T cG ~~~~~~~~~~~ATAT~~~~~~GTTTT AA c AC

CA GC G TT
T CT 4 A A
A TA CCG
A .A G

A A A G
C G G

T C T
G - G CA G

G A T T
c A T TA A T

G T C C

A T G
A T 4G
A T

C
A A
C
c G
c

G
C

G

FIG. 1. Representative autoradiograms ofacrylamidegels containing the cleavageproducts ofAcI857Sam7
DNA, (A) and (B), labeled with /32P]dAMP, and (C) and (D), labeled with r2P]dGMP. The gels shown in (A)
and (C) ran for a shorter length of time than those shown in (B) and (D).

two of which are contiguous. In addition to the one in the r-strand. Of the structural genes
axis of sequence symmetry encompassing 15 res- known in A, the R gene maps the nearest to the
idues, there is a symmetrical axis of terminator right end, although it is thought to be about
codons encompassing four codons, two on each 2,300 base pairs away (4). It codes for an endo-
strand. This region also contains three potential lysin whose amino acid sequence is known (8).
initiator codons, i.e., two in the 1-strand, for As expected, none of the nucleotide sequence
which there are no in-phase terminator codons presented here matches any region of the amino
downstream within the region sequenced, and acid sequence of this protein.
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FIG. 2. (A) A representative autoradiogram of three groups of the four cleavage products of AcI857Sam7
DNA labeled withc 2P]dGMP from which the sequence from positions-10 to-117 (Fig. 3) can be determined.
The group of four on the left have been electrophoresed for the longest time, the group on the right for the
shortest time. (B) A representative autoradiogram of an acrylamide gel of the cleavage products of Aprmll6
DNA labeled with r2P]dGMP. The arrows indicate places at which the sequence varies from that of
AcI857Samn7 DNA.

The sequence adjacent to the right end was as Xprmll6. Figure 2B shows a representative
also determined, using another strain of bacte- autoradiogram of the cleavage products from
riophage A, cI857prmll6Sam7, or abbreviated the DNA of this strain labeled with [32P]dGMP.
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FIG. 3. The sequence ofAcI857Sam7 deduced from the combined information of autoradiograms similar to
those shown in Fig. 1 and 2. The sequences enclosed within boxes are symmetrical about an axis indicated by
a dot. The symbol r indicates a termination codon, and the symbol _ indicates a potential initiation codon.
The numbers adjacent to these symbols indicate the three relative phases in which the triplet is found. The
base pair differences ofAprml l6 DNA are shown above the vertical arrows.

The five arrows indicate sites at which the se- at position -42 extends it to a 17-member in-
quence differs from the AcI857Sam7 sequence verted repeat. According to the equation of Bre-
shown in Fig. 1A and B. When the gel was zinski (1), the probability that a sequence of this
electrophoresed for a much longer time (similar symmetry will occur, i.e, that eight positions are
to the one shown in Fig. 2A), another five differ- followed by eight symmetrical positions, is:
ences were observed for a total of ten differences
between these two A DNAs in the first 110 8 _8!(_2)=
nucleotides from the right end. These changes i = 8 j-8i!(i- j )!(8-i)!
are shown in Fig. 3. They include both transi- (1/4)8 = 1.5 x 10-5
tions and transversions and eliminate three of
the above-mentioned terminator codons. The If the same probability equation is applied to
change at position -50 occurs at the center of the hyphenated symmetrical sequence about the
the 15-member inverted repeat sequence (but cos site, a sequence of eight positions (beginning
does not disturb its symmetry) and the change at the first perfect symmetrical position) with
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