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Molscules of phage lsmbds DNA form rings and chains by their terminal
cohesive sites, which are probably single-stranded polymucleotide extensions
vhose base sequences are complsmentary between two ends of each molecule
(Hershey, Burgi and Ingraham, 1963; Hershey, 1964; Hershey and Burgl, 1965).
In this report, wve examine whether the terminal cohesion takes place or not
between DNA molacules of different phages, namely $80, #81 and lambda,
after confirming the ring formation of $SODNA and @S1DNA.

Temperate phages $80 and @#81 were isolated from E. coli strain BEO(see
Matsushiro, 1963), and Ac was supplied by the courtesy of Dr.E.Kellenberger.
The hybrid phage(150n)) used, carrying the immmity determinant of $80 and
the host range determinant of A, was isolated in our laboratory(gee Signer,
196k), Our genetic data suggested that the hybrid phage was prcbably
derived from an exchange of arms between $80 and A(Ozeki and Nakemura,
unpublished; see Franklin, Dove and Yanafsky, 1965).

Bacteriopbage DNA was prepared from purified phage particles by
treatment with phenol(Frankel, 1963) followed by dialysis against standard
saline citrate(1xSSC). Half-length fragments of DNA molecules were obtained
by stirring an ice-cold solution of 5ug/ml of linear monomer DNA in 1xSSC
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at 6,000 ropom. for 45 mimtes with a laboratory stirrer. To bring about

Joining of DNA molscules at their cohesive ends, the DNA solution in 1xSSC

or in 0.6 HaCl-0.05% phosphate buffer(pH 6.7) was incubsted at 75°C for
10 minutes and allowed to cool slowly to 30°C in the heating bath with the
heater disconnected. In order to disjoin the cohered ends, the DNA solution
was quickly cooled in an ice-bath after the heating at 75°C for 10 minutes;
this was done shortly before use. Relative molscular weights of phage DNAs
were determined by sucrose gredient centrifugation at 14°C using ADNA as
& reference(Burgi and Hershey, 1963); the values obtained are,

At #60 : 81 : 13 = 1.0 : 0.95 ¢ 1.0 : 1.05.

Figure 1 shows the sedimentation patterns of quitkly cooled(Fig. 1A)
and slowly cooled 32P_gBODNA(Fig. 1B), after thermal treatment at s com-
centration of O.5ug/ml in 1xSSC, mixed with quickly cooled SH-GODNA as
a reference marker, In the slowly cooled sample, a marrow band moving
1.13 times faster than the quickly cooled linsar molscules was cbhserved.
Similar patterns were also cbtained with #81 and 190 oA, ™ comparison
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Fig. 1. Zome sedimemtation of JEODNA. Broken limes: JE-$80 linear
moncGmer DMA as & refexrence. Somnn’gm hested at 7T5°C for
10 mimrtes and quickly cooled(A), and heated at T5°C for 10
ninutes and slowly cooled(B). Thermal treatmeat was dome at a comosniration
eto.Wnetmnmsc. 0.1 ml of the DHA sample was layered cm 4.8 ml
of sucross solutiom and spun for 5 hours at 50,000 r.p.m. in an SW39 rotor
with Spinco Nodel L ultracentrifuge at 14°C.
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with the date on ADNA(Hershey et al., 1963; MacHattie and Thomes, 150k),
this band could consist of circular moncmers. Iater, this was confirmed
by elsctrommicroscopy with $8ODNA(Hosaks, Shinagawa and Ysmagishi, to be
published) and with $S1DNA(Tomizawa and Hara, personal commmication).

In experiments similar to those in Figure 1B, but where the concentration
and salinity of DNA solution had been raised to 10ug/ml and O.6M NaCl, res-
pectively, bands sedimenting 1.25-1.30 and 1.43-1.50 times faster than the
linear molecules appeared in sddition to the circular moncmer band. These
sedimentation rates correspond to the values expected for dimers and
trimers, respectively(Hershey et al., 1965). These polymer formations
also occurred between DNAs of different phages, such as between a tracer
saount of JH~-ADNA and & carrier amount of unlabeled $80 or $81 DNA, but
not with T2 DNA. These results suggest the homologows nature of the cobesive
sites of )-, #80- and #81-DNA. This point was confirmed in the following
experiments, in which the joining of sheared half-molecules of one phage

with either half- or complete-molecules of another phage was attempted.
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2. Zne sedimutetion of sheared fragments of $OODNA. Broken lines:JH-

INA as & referemce. Solid limes: sheared of the
nixbure of and 5 times the amount of unlabeled INA of JEO(A),
Mn)ecmc). Ench smple was stirred at the comcentresion of ia

1x88C, o.anammmwah.euammm
spun for 4.5 hours at 30,000 r.p.m. at 14°C. Arrow shows the positiom of

half-length M..
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+ 3. Zone sedimentation of sheared J2P-§i80 DNA after thermal treatment
i times the smount of unlabeled. nts of $80(A), Ae(B), or #a1(C)
to Join molecular ends(sclid lines). -H-Ac linear moncmer DNA as & refer-
ence(broken lines). Each sample was slowly cooled after ineubation at 75°C
for 10 minutes at the concentration of Spg/ml in 0.64 NaCl-0.05M phosphate
(pE 6.7). 0.1 ml of the ssmple was layered on 4,8 ml of sucrose solutiom
and spun as in Fig.2, Arrow shows the original position of half-lemgth

fragments.
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o ke Zone sedimentation of J2P-g80 DNA fragments after thermal trestment
added carrier of camplete linear momcmers of $80(A), Ae(B), or #81(C) to
join molecular ends(solid lines). As a reference, linear momcwer DMA
was used(broken lines). Thermal trestment and centrifugation were carried
out as in Fig. 3. Arrows show the positioms of 0.5, 1.5, 2.5 and 3.5 lengths

molscules.
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The mixture of J2P-$B0ODNA and 5 times the amount of unlabeled DNA of
either $80, \¢ or §1 was sheared to half-length fragments and subjected
to sucrose gradient centrifugation(Fig. 2). Each of these samples was slovly
cooled after heat treatment and examined for its sedimentation pattern(Fig.3).
In all patterns, a considerable amount of 52P-¢80DNA was found at the position
of the linear moncmer of $SODNA, while the rest of the labeled DNA remained
at the original position. No component sedimenting much faster than the
reference peak was observed.

The half-length fragments of J2P-¢80DNA were mixed with unlabeled complete
DNA molecules of either $80, )¢, or $81 in the same concentration as in the
previous experiments and the sedimentation patterns were examined after

joining those molecules(Fig. 4). A considerable fraction of J2P-DNA formed

new broad bands which sedimented 1.16-1.20 and 1.40-1.45 times faster than
the reference marker of linear monomer of JH-§S0DNA. The former sedimentation
rate 1s in agreement with that expected from the joining of a hli-w
and a complete linear monomer, i.e. 1.5 lengths of DNA, and the latter
corresponds to 2.5 lengths of lineer DNA. In these two experiments, the
changes in sedimentation rate of J2P-DNA(half fragments) were dependent upon
the length of unlabeled DNA molecules added in excess, and not upon the kind
of phage employed. Thus it is concluded that DNAs of different temperate
Phages are able to cohere mutually by their ends.

The formation of circular molecules of 1%0x™ DNA also supports the
above comclusion, since the DNA molecule seems to have two ends, one derived
from $80 and the other from Aphage, as is suggested from genetic data. It
might be further speculated from this cbservation tbat the right cohesive
ends of §80 is complementary with the left cobesive ends of A, and vice yerss,
in their paraliel genetic maps in respect to the h and i markers.

Three kinds of joined moleculss of half-fragments cbtained in the above
experiments, namely 3§80-3¢80, 3g80-3A and ig80-4f81, were campletely ais-

Joined to half-length molecules by stirring et 3,000 r.p.m., while 6,000
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T.p.lts Was required to shear the camplete molescules to halves at a Sug/ml
concentration of DNA. Tims the difference in stability to shearing force
between hamologous and heterologous joined molecules could not be detected
in this type of experiment, although it revealed the fragile nature of the
Jointed points.

In summary, it was shown that the DNA molecules of $80 and §81 have
cobesive ends which are comparable to that of A\, and moreover terminal
cohesion takes place between these different phage DNAs.

Acknowledgements. The authors would like to thenk Dr. J. Tomizawe for
his contimcus interest and pertinent criticisms during the course of
this work.

Burgl, E. and Hershey, A.D,, Bicphysiosal J, ;36309 9§3.965)
Frenkel, F; K., Proc. Matl. Acad. Sci. ¥9,

Hershey, A. D., camgiohstihah!urnook (1964).

mm, AQD., w’ E. and Imgrabanm, xlo’ . « Acad, W, 7w1%5)
Hershey, A. D. and Burgi, E., Proc. Natl, Acad. Sci.
MacHaittie, L. A. and Thomas, C. A., Bcience 1Ak, (1964)

Matsushiro, A., ,;2’ *5 (196¥)

S8igaer, B. R.,

732



