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Part A

INTERMEDIATES IN GENETIC RECOMBINATION OF BACTERIOPHAGE T7 DNA

Al,



Summary

DNA molecules formed by interaction of two molecules of phage T7 DNA were -

isolated from infected bacteria incubated under the condition which did not
' 2
P

permit phagé DNA répliéation. After 594 su” bacteria were infected with 3
and S-bromodeOXYﬁridine (BrdU)—labelledAT7 phage §arrying 5 amber mutations in
genes, 1.3, 2, 3, 4, and 5, intermediate density molecules wére isolated by
CsCl density gradient cenfrifugation. The intermediate density fraction
contained dimeric T7 DNA.which was*pufified by CsCl band_centrifugation. The
dimeric DNA molecules had "H" or "X configuration. Two branches at each
branch point were equal iﬁ length, and the sum of fhe lengths of one of the
branches at each branch point and the length‘bétween fwd branch points was
equal to the unit lengtﬁ of T7 phage DNA. |
| When doubly branched molecules obtained by co-infection of [SZP]T7 phage

with an EcoRI-sensitive mutation.(Tsujimoto & Ogawa, 1977) and BrdU-T7 phage
vwifhout the mutation were digested by EcoRI restriction endonuclease, only one
émong four branches of the molecule was cleaved by EEQRI endonuclease. This
result indicates that the doubly branched molgcﬁles consisted of two parental
DNA molecules. By using the EEQBIfcleaVed site as a-marker, the regions |
between two branch points were mapped. The regions did not seem to distribute
randomly on the molecules. The size of the region varied with the mean length
of about 1000 nucleotide péirs.

The product of gene 6, 5'-exonuclease, is required for the formation and/
ér maintenance.of doubly branched molecules. |

Models of genetic recombination that involve formation of a-branched

molecule as an intermediate are discussed.

A2,
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Introduction

One of tﬁe approaches fbf understanding the molecular mechaﬁism of genetic
recombination of bacte;iophagé is to.isblate and‘characterize interﬁediate DNA
molecules in the_recombinati&n proceés. For the phage té be used in such an
" approach, it'is deéirable thatf the genome is sméll enoﬁgh to be isolated és.
an intact DNA molecule; exists.in theiinfected cells in simple fbrms;Aand the
efficiency of recombinationrof the genome-is high: Using_phage.T4.(Tomizawa &A‘
Anraku, 1964; Brokér & Lehman, 1971) and recently fhage i (TSujimoto'& OgaWa,‘
manuscript in preparation), molecuies which'&ére presumed to be formed as
intermediates in genetib recomgination were isolated.,” However, the large size
of T4 phage genome mgkes isolation of a whole';tructure of interacting molecules
difficult and the variety in conformations of the‘phage A genomé in infected
cells introduces complication in the analysis of the strdctures.. In contrast,
the system with phage T7 will be shown to satisfy the above mentioned
conditions and provides a more suitable system to study the mechanism of
genetic recoﬁbination. The genome of phage T7 is a linear duplex of molecular
weight 2.5 x 107 (Freifelder, 1970), about a fifth of the T4 phage genome,
which in the absence of DNA replicétion or even in the early stage of replication
presents'mostly in monomeric linear structures tWolfSon et g;.,-1972). Tﬁe T7
syStem shows high recombination efficiency: The genetic map comprises about
200 map units (Studier, 1969) and thevrecombination efficiency in the standard
cross is about that of T even phages. Moreover, considerable informations have
accumulated concerning the physiology of the phage (Studier, 1972). Many
mutants were isolated (Studier, 1969; Hausmgn & Gomez, 1967) and several genes
involved in DNA replication and genetic recombination were identified (Studier,

1969; Powling & Knippers, 1974; Kerr & Sadowski, 1975}.
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In this paper, isolation and characterization of molecules formed by
_interaction of two T7 DNA molecules are described and the role of the molecules

as intermediate in genetic recombination of phage T7 is discussed.
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Materials and Methods

(a) Bacteria

. The following Esherichia coli K12 strains were used: Q1 sull (Signer &

Weil, 1968) used as the host for preparation of phage stocks and fof phage
.crossesj C600 EEEE;EEZ; (Ogawa & Tomizawa, 1967) was used to prepare BrdU- or
3H-—iabelled phage : 594 su (Campbell, 1965) used as a host for the isolation
of the branched DNA molecules of T7.phage. A745 (Egl_El)(Sakakibara & Tomizawa,

1974) for preparation_of.colicine El plasmid (Col E1) DNA.

(b) Bacteriophage

T7 amber mutants used.were am64 in gene 2 (DNA synthesis), am29 in gene 3
(Endonuclease), am208 in gene 4 (DVA synthesis), am28 in ‘gene 5 (DVA polymerase),
.32233 in gene 6 (5L 3" exonuclease) and'gEﬁAls in gene 1.3 (ligase). T7
amtiAl3 (Masamune et al., 1971) was obtained from Dr. Y. Masamune, and the rést
of the mutants (Studier, 1969) wefe obtained from Dr. W. Studier. The
mutation, sRI, which renders T7 DNA sensitive to restriction by EcoRI

endonuclease is described elsewhere (Tsujimoto & Ogawa, 1977).

(c) Buffers and Media

Tryptone broth (T-brofh) contains 1% Bactotryptone (Difco) and 0.25% NaCl.
It was used fér the preparation of phage stocks and the growth of the host
cells for recombination. Cas-Abroth contains 1% Casamino acids (Difco), 0.5%
NaCi and-l pg/ml thiamine. TCG-ﬁediumvcontains 50 ml1 of 20% Casamino acids
(containing 20 ug phosphorus/ml), 2 g giucose, 5.4 g NaCl, 3.2 ml 0.1 M-Na2804,

3 gkKCi, 1.1 ¢g NH4C1 2.58 ml 0. 1 M- KH2P04, 1ml1l M—MgSO4 and 100 m1 1 M-

Tris- HC1l, pH 7.4, per liter. The phosphorus content of the medium is 9 ug/ml.
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'SSC contains 0.15 M-NaCl and 0.015 M-sodium citrate, pH 7.2. T7 buffer
contains 10 mM-Tris-HCl, pH 7.4, 5% NaCl, 0.01% gelatine and 1 mM-MgSO, .
(d) Preparation of labelled phages -

[32P]phage; An over-night culture of Q1 in TCG medium was diluted 40

times into the same medium supplemented with 52

P04’(fina1 specific radioacti-
vity, 0.2 to 0.3 Ci/mmole) and grown at 37°C to 3 xlO8 éells/ml. ‘The cells
were infected with phage T7 at a multiplicity of 0.1 and incubated until lysis
of most éf the cells (about 90 min). NaCl was adéed to the lys;te to a final
concentratibn of 5% with a few drops of chloroform. After removal of cell-
debris by centrifugation, tﬁe supernatant was further centrifuged for 60 min at
30,000 rev./min in a Spinco #30 rotor. The éellet was suspended 'in 0.1 ml of T7
buffer and layered onto a sucrose gradient (5 to 20%) in 4.6 ml of T7 buffer.
After centrifugation at 20,000 rev;/min for 45 min at 15°C iﬁ a Spinco SW50.1
rotor, the tube was puncturea and phage was collected by drop collection.
Phage was dialysed against T7 buffer over-night. | |

[3H]phage; C600,§hzf cells wefe grown to 3 x 108 cells/ml in T-broth
supplemented with 2 ﬁg/mlvthymidine and 8 pCi/mef [SH]thymidine and infected
with phage T7 at a multiplicity of 0.1. The lysate wés prepared and phage was
purified as described above for [32P]phage. |

BrdU—phage; C600thy” cells were grown to 1 to 2 x 108 cells/ml in Cas-\-
broth supplemented Qith 5 ug/ml thymine, harvested by centrifugation and
reéuspended in Cas-X broth containing 9 ﬁg/ml S-bromodeoxyufidine tBrdU, Sigma)
;'and 1 pg/ml thymine. After cultivation for 90 min, cells were infected with
phage T7 at a multiplicity of 0.1. The infected cells weré incubated for
about 90 min, when-complefe lysis occuréd; and NaCl and chloroform were added.

After removal of cell debris by centrifugation, the lysate was centrifuged
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further at 30,000 revi/min.for 60 min in a Spinco #30 rotor. . Thevphage pellet

was suspended in T7 buffer.

(e) Mixed infection with labelled phages and extraction of DNA
Cells of 594 su” were grown to a density of 2 to 3 x 108 cells/ml in T-

broth at 32°C and infected with an average of 20 each of 32

P- and BrdU-labelled
T7 phages per cell. After 5 min of adsorﬁtion at 32°C, 50 to 60% of the phage
particles were adsorbed. Thé cells were incubated further for 15 to 20 min and
then one-fifth volume of. 0.1 M KCN was ad&ed. Thé cells were Harveéted by
centrifugation in cold and resuspended in SSC containing 50 mM EDTA and 560
pg/ml of lysozyme to 1.5.x 109_cells/m1. The suspenéion was immediately frozen
in a dry—ice'acetoné bath. A frozen samplevﬁAS thawéd in a water bath at the
room temperature. Freezing and.thawing were repeated 3 times. Then one-tenth

' df the volume of 10% sodium N-lauroyl sarcosinate and of 1 mg/ml pronase (self-
digested for 4 hr at 37°C and then heated at 805C for 3 min) were added. After
incubation at 37°C for 60 min, CsCl was added and the density of the solution
was adjusted to 1.72 g/cms. The sample wés centrifuged gt 36,000 rev./min for
40 hr at 15°C in a Spinco #40 rotor. One céntrifuge-tube contained the
material from 2 to 3 x 109 infecte§ cells in 5 ml of the solution. Re-
centrifugation of aﬁ intermediate density fraction in a CsCl gradient was
carried out in the presence of 0.01% of sodium N-lauroyl sarcosinate.

DNA molecules in intermdiate density fraction were fractionated by band
sedimentation in a CsCl density gradient. The 4 ml of CsCl solution coﬁtaining
0.1 M NaCl and 0.01 M sodium citrate with a density of 1.48 g/cm3 was
centrifuged in a Spinco SW 50.1 rotor at 30,000 rev./min for 2 hi at.15°C to
form a density gradient. After application of 0.1 to 0.25 ml of a sample

(previously dialyzed against 0.1 M NaCl and 0.01 ‘M sodium citrate) on the top
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of the gradient, the sample was further centrifuged for 3 hours and fractionated

by drop cdllection.

(f)‘ EcoRI endonuclease reaction

A mlxture of T7 DNA and Col El1 DNA, approximately 1.7 ng/ml and 2 ng/ml
fespectlvely, was treated with EcoRI endonuclease at 37°C in 0. 1 M-Tr15—HC1
pH 7.54 10 mM- MgSO4 for 60 min to 80 min. ' During the incubation, more than 90%
of Col El DNA were cleaved.. The reactiqn was terminated.by addiﬁg EDTA to 20
mM. The endonuclease was kindly supplied by Drs..Y. Takagi_and-K. Matsubara.
Col E1 DNA was prepared from A745 (Col E1) as described in Clewell and .

Helinski (1970).

{(g) Electron microscbpy

Tﬁe DNA was mounted for electron microscopy by the aqueous -
technique described by Davis et al. (1971). Fractions from a CsCl density
gradient were dialyzed against SSC or 0.25 M ammonium acetaﬁe. Col E1 DNA was
. usually added for calibration of the length of the molecule. The DNA sample
treated with EcoRI was directly spread on 0.25 M-ammonium aceféte after

addition of cytochrome C.
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Results

(a) Isolation of brancﬁed DNA ﬁoleeules formed in the absence of DNA synthesis

With T4 phage, Tomizawa and Anraku (1964) feuﬁd that the early process of
recombination is separabie from replication; Their methods allowedeanalyses of
DNA molecules formed by recombination ﬁithout complication caused by DNA
replication. In this study,we followed their principle;'

It is known that six genes of/T7 namely genes, 1.3 (llgase), 2 (DNA
synthesis), 3 (endonuclease) 4 (DNA synthesis), 5 (DNA polymerase) and 6 (5'-

Masamune et al, 1971).

exonuclease), are involved in T7 DNA replication (Studier, 1969'A To observe
the events which might occur in the infected'cells in the ebsence of DNA
replication it-seems to be most desirable to use T7 phage carrying mutations
in all of the above six genes. However, as it wili be presented in section (c),
the function of gene 6 was found te be necessary for the formation of a stable
interaetion betweeﬁ T7 DNA melecules. Therefore, a mutant phage simultaneously
defective (amber mutations) in genes, 1.3, 2, 3, 4 and 5 was used as the phage
in the cross under the standard DNA negative condition. Cells of non-
permissive bacteria, 594, were infected with 32?- and BrdU-labelled T7 phages
carrying above multiple amber mutations aﬁd incubated for 20 min at 32°C. DNA
molecules were ektracted aﬁd centrifuged in a CsCl gradient (Fig. 1(a)).
Fractions 19-24 in Fig. 1 (a) which were heavier in density thap the light DNA,
were pooled and recentrifuged in a CsCl gradient. As shown in Fig. 1 (b), two
peake were obtained: one was at the fully-light pesition eﬁd another at the
half-heavy position. Fractions 23-25 in Fig. 1 (b) were pooled and, after
dialysis, the DNA was layered on a preformed CsCl density gradient and
centrifuged. Two distinct peaks were oﬂserved; one peak sedimenting with or

slightly faster, and the other sedimenting 1.3 to 1.4 times faster, than T7
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phage DNA of the unit length (Fig. 2). DNA mélecules in the fasfef—sedimenting
peak, fractions 17-18 in Fig. 2; were examined in the electron mic?oscope.
Out of 53 molecules scored;.38 molecules (72%) were doubly branched molecules,
and 12 (23%) were singly branched molecules, and the remaining 3 (S%) weie
linear molecules withouf,a branch. Almost all doubly branched molecules (35A
aﬁong 38) had "H" like structure (Plate I (a) (b)) and 3 had "X" like structure -~
(Plate IT (a)). The measuremeﬁt of length of doubly branched.molecuIES
revealed -that, with‘most‘of the moleéules (82%),'the'1engths of two brancﬁes
from the same branch point were equal,‘énd that the sum of length of one of
branches at each branch point and the length of the region between two branch
points made the unit length of T7 phage DNA .(data not showﬁ; see the following
section). These results suggest that the braﬁched.moiecules are composed of
“two parental DNA molecules. The lengths of two branches in a singly branched
_ A : to molecules

"Y' like molecule were equal but varied in length from molecule,(data not
shown). The sum of the length of one of the branches and that of the stem
| part of the "Y" like molecule was equal to the unit length of T7 DNA. They
probably arose by the loss of oné of the branches of the "H'" like molecules.

With some of the "H" like molecules (2 among 28) a very éhort DNA strand
prbjected from a branch point was .observed (see Plate I(a)). It pfobably
 formed by branch migration (Lee et al., 1970; Broker & Lehman 1971j‘which'
occured in bacteria or dufing the preparation of the molecule.

The molecules in the slow sedimenting peak in Fig. 2 (f;action_21f23)
sedimented ﬁogether with the reference T7 phage DNA in a sucrose gradienf (5 to
-20% in SSC). These weré probably lenear monomeric molecules which migéirziisen

by the loss of one each of the paired branches of the "H" like molecules.

Further invesigation on these molecules are in progress.
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(b) Doubly branched molecules are biparental

To show that the doubly branched molecules are biparental, we used a
mutant phage which has a sensitive site to EcoRI endonuclease (Tsujimoto §

' N am28 in

Ogawa, 1977), as one of the parents.. The mutation was located between gene 5
am233 in v S s A
andAgene 6, and at the position of 0,46 fractional length from the left end of
T7 DNA.  The DNA is cleaved by the endonuclease at that position.

The crosses were performed between 32P-—_labelled T7 phage carrying this

EcoRI sensitive site, 1.3, 2, 3, 4, 5, st, and BrdU-labelled T7 phage not

» SRI°. If doubly branched molecules were

—

carrying the site, 1.3, 2, 3,

=
jv

3

replicating molecules, they would not be . cleaved byiggggl endonuclease sincé
BrdU-DNA of the EBEf phage alone would have entered into the hybrid density
fraction in the light medium. On the other ﬁénd, if they were biparental, one
among the four bfanches would be cleaved by EcoRI endonuclease. Following the
same procedures described in the section (a), the fraction containing branched
molecules was obtained. DNA'moleculesvin the fraction, with or without
treatment with EcoRI endonuclease, were examined by electron microscope. A
line diagram of the doubly branched molecules without the EcoRI endecnuclease
treatment, is shown in Fig. 3 (a). The molecules are arranged arbitrarily so
that the branch point is in the left half of the diagram. For the EcoRI
endonuclease treated molecules, 20 out of 21 molecules whiéﬁ'were réndomly

or 0.54
picked had a branch with an end at or very near the position of 0.46,fractional

A
length from the expected end of the branch of the "H'" like molecules which
would have not been cleaved by the endonuclease. The photographs.of
representatives of thesé molécules are presented in Plate II (a)(b). A line
diagram of 21 moleéules observed is presented in Fig. 3 (b) where molecules are

arranged so as to locate the cleaved end at or near the position of 0.46

fractional length from the left end. These results clearly'indicate that the



doubly branched molecules are biparental.

Specific cleavage of doubly branched molecu1es.bythe endonuclease allowed
us to locate the region between the branched points. As shown in-Fig. 4, the
region disfributed from the ektreme left to the extreme right but the location
aid not seeﬁ to distriﬁute randomly on the molecules; ”The length of the
- regions between the branched points varied ffom apparent zero to 0.08
fraétional lengthlwith the mean-of 0.03 fractional length (abdut 1000
nucleotide pairs). The distribution of the length of the regions was shown in

Fig. 5.

Al2Z.

(c) Necessity of gene 6 product for formation of the doubly branched molecules.

T7 phage performs recombination normally on any rec hosts ekamined
(Powling & Knippers, 1974; Kerr & Sadowski, 1975), suggesting that they have a
rgcbmbination system of their own. The parfial loss ér the suppression of'fhe
activity of any one of the products of genes, 3, 4, 5 and 6 in T7, reduées the
frequency of recombinatidn_greatly (Powling & Knippers, 1974; Kerr & Sadowski,
1975). As présented above, branched molecules were formed even under the
simultaneous absence of gene 3, gene 4 and gene 5 products. However,vwe found
that additional loss of gene 6 product reduced the formation of ﬁolecules
banded at the intefmediate density fractions significantly. DNA extracted from
the infected cells in the cross with gene gf or gene §: phages was centrifuged
in a CsCl1 dehsity gradient and fractions encoﬁpassing the half heavy density
region were pooied. The pooled fractions contained 2.1% and 1;2% 6f the total
amount of [32P]DNA recovered on the first centrifugation in the cross with
gene gf an& gene éjphage, respectively, These fractions were recéntrifugéd
in CsCl density gradients and the resulés are presented in Fig. 6; About 60%

of the [SZP]DNA recovered in (a), and about 20% of that in (b), were found in
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the intermediate density‘f}éciidﬁészﬁiéneiéséhﬁéghrandom_1055-offmolecules~
T T ST T 22 ‘would have been
P]JDNA ', in the intermdiate

during the handling, approximately 5 timeé moré [
_density fraction in the presencé,vthanrin the absence, of gene 6 product. The .
DNAs in these intermdiate density fraéfiéns (fréctions 20-22 in'Fig. 6(a) or
() were analeed furtherrby bgnd centrifugations. rAs seen iﬁ Fig. 7(a), in
the presence ofvgene.g_products; aboutr60% ofﬁthe intermdiate density ﬁolecules
Sedimented 1.3 to 1.4 times faster thaﬁ fherreférence [SH] T7‘DNA. When they

were examined by electron micrbscope most of them were found to be doubly

branched molecules (data not shown) similar to the preparation described in

:'Sééiion'fa)._1nhCOﬁtrast,cmostlof‘fheimblecules,obtéinéd7uﬁéer;the absence;of;gene giA
product, ;ediﬁeﬁted with the same veloéity as the’referehce T7 phage DNA, and

only 13% of the molecules sédimented faster than the reference DNA (Big.l7(5)),
Therefore, in tﬁe_gbsenée of gene é_product; the amount of the ha1f¥heavy'deﬁsify
molecules sédimenting_l.S to 1.4 times faster thén T7 phage DNA was less about

one twentieth than that obtained in the presence of gene 6 product. These

reselts indicate that the product of gehe'é}.S' to 3' ekonuclease, is neede§

for the formation and/or maintengnée_of doubly branched molecules at least in

‘the absence of fhe_products of genes, 1.3,.3,4, and 5.



‘Discussion

DNA molecules with intermediate density were isolated from nonpermissive

bacteria infected with $2P-»and BrdULIabelled T7 phage, both carrying amber

mutations in genes, 1.3, 2, 3, 4 and 5. A majority of the molecules sedimented

1.3 to 1.4 times faster than T7 DNA of the unit length.‘ When ekamined by the

electron microscope, about 70% of the faster sedimenting molecules were doubly

branched molecules having an "H'" or "X" configuration. Two branches at each

branch point had an equal length..'The-result of the measurement of the length

of these molecules suggested that they consisted 6f'two DNA molecules of the
unit length paired at the region between two‘branéh points. When one of the
parental phage has an EcoRI-sensitive mutation, only one among four branches
of the molecﬁle wés cleaved by the endonuclease, indicating that the doubly
Branched molecule consists of two farental DNA molecules. The region between

two branch points seems to be double stranded since the width of the DNA

strand at this region in the electron microscopic photograph is the same as

that of the other parts of the molecule. Therefore we concluded that "H" or

X shaped.molecules consisted of two homologous DNA molecules paired with

each other at exposed complementary strands. The length of the paired regions

varied from apparent zero to 0.08 f:actional length. The mean length was
0.03 fractional length that corresponds to about 1600 base pairs.'

Those "H'" and "X" shaped molecules are most likely the interm?diates in
recombination: the amount of these molecules in infected bacteria is either
increased or reduéed when a certain function which is known to affectrthe
frequency of genetic recombination of phage T7 is inactivated by a mutation
(sections, (a) and (c)); they are biparéntal (section (b)). This conclusion

is supported by the successful transfection to the bacteria with doubly

Al4.
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branched molecules which were prepared by the infection of 32?- and BrdU-

'_1abe11ed phages. 'Approkimately a half of the progeny clones formed by the

transfection of the branched molecules consisted mostly of recombinants and

the rest of the clones congisted.mostly of progeny particles of one of the

. paired. Labile pairing‘might.first occur without formation of a single-

(a) SYnapSié
- An amber mutation in gene g_greatly reduced the amount of doubly branched

molecules in DNA isolated after T7 phage infection. Since gene 6 codes 5' to

3! exonuclease which can initiate hydrolysis from a nick or gap (Kerr & Sadowski,

1972),- a single-stranded region ekpénded by this enzyme wduld,allow pairing 6f .
homologous DNA at the fegion (Pathway A in Fig. 8). For this to occﬁr, strand _

breaks have to be introduced on the opposite strand of two DNA molecules to be

stranded gap (Pathway B in Eig.'8) or without even a nick (Pathway C in‘Fig. 8).
The ekonuclease, together with other appropriate nucleases, might expand the
pairing region and thus enhancing or stabilizing the pair formation (Pathway B

& C). Mapping of the paired regions showed that they were‘not distributed at

' random. - Pairing regions might be distributed at random along the genome at

first, and only relatively stable pairs alone night be remained, or, by branch V

, : » \
migration, pairing regions might be fixed at relatively stable regions.

" Alternatively, this non-fandomnéss might direptly reflect the primary non-— .

random events., For instance, a putative endonuclease might introduce non-random

nicks.

(b) Maturation -
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Requlrement of the products of genes, é. 4 and 5 for recomblnatlon is
" suggested by genetic results (Powllng & Knippers, 1974; Kexrr § Sakowskl, 1975) .
Our results show that these gene products are not required for the formation

uof the doubly branched 1ntermed1ates Therefore, the products of genes,_3 4 and 5

‘are probably 1nvolved in maturatlon of the 1ntermed1ates formed by part1c1pat10n
of the gene éiproduct. Gene 3 endonuclease which dlgests 51ng1e stranded DNA
more efficiently than,double—stranded DNA (Center & Rlchardson, 1970) may be a‘
candidate for the nuclease to trim'branches of a doubly branched molecule by

endonucleolytic cleavage of a single stranded portion at the branch point. ‘In
consequence, four kinds of mature recombinant molecules would be formed: both
side of the exchange region which is heterozygous, would be either one of the
reeombinant types or one of the parental types (Fig. 8). DNA polymerase,
specified by gene-§_(together with the product of gene 4) may £ill gaps
remained after triming of branches of "H" or "X"-shaped moleeoles, and_final.r
nicks may be sealed by viral or bacterial DNA ligase.

In phage T4, using‘afsimilar method, DNA molecules fOrmed'by interaction

of two parental DNAs have been isoleted.although.almost allfoffrsolatedAmoieculesru

were not in an intact forn because of their large size (Tomizawa § Anraku;
1964).' Somedof them closely}resembled oranched moiecules mentioned above
(Anraku § Tomizawa, 1971# Broker § Lehman, 1971). DNA binding protein (T4 gene
32 product) is necessary for the interaction to occur (Tomizawd,gt al., 1966{
Alberts § Frey, 1970). L
Although a varlety of models of genetlc recombination have been proposed
with various systems (see: Signer, 1971; Hotcnklss, 1974), an intact form of
the intermediate DNA molecules in recompination hare not.been isolated. The

isolation of an intact form of the intermediates with biological activity will

allow us to elucidate the mechanism of each step in genetic recombination of
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the DNA molecules .
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Legend to Plate

‘Plate I (a) and (b) Doub;y branched molecules whichrhave "H" configuration.
Magnification 14,ObOX. |

-Plafe I1 (aj and (b) ‘ TEEQBI endonuclease‘cleaved product of doubly branched

molecules, obtained froh.the cross between T7 sRI-and T7 sRI®. Arrows indicate

the EcoRI endonuclease cleaved ends. Short fragments were ColEl DNAAadded

before incubation in the reaction mixture to estimate the ektent éf digestion.

(aJ."X" configuration -- (b) "H" configurafion

Magnification 14,000x:
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Legned to Figures

‘Fig. 1 (a)
CsCl1 density gradient centrifugation of T7 DNA from cells infected with
20 each of 32?— and deU-labelled.T7 1.3, z},é} 4, 5, phage particles per cell

and incubated for 20 min at 32°C. Centrifugation was carried out in a Spinco

#40 rotor at 36,000 rev./min for 40 hr at 15°C.

Fig. 1 (b)

| Receﬁtrifugatibn in a CsCl density gradient of the fooled ffaétion, 19 to
24 in Fig. 1 (a). The conditions of centrifugation were.as described fof (a).
The position of the peak of the light DNA was determined with [SH]T7 phage DNA
added béfore centrifugation, and the positions of the heavy and ﬁaltheavy DNA
were déduced from the density of BrdU-T7 DNA; | |

—o—o— §2P-radioactivity, o —o_ ¢ Density

Fig. 2
Band centrifugation in CsCl density gradient of fractions 23 to 25 in
Fig. 1 (b) with [3H] T7 phage‘DNA. Centrifugation procedures were described

in Materials and Methods (e).

—6—0: 3ZP-radioactivity, ~--0--0--: 3H-radioactivity
Fig. 3
A Line diagrams of doubly branched molecules of "H" and "X" configufations
4 with ’
before (a) and after cleavage EcoRI éndonuclease (b).
. , A= ,

Molecules of "H" or "X" configuration were obtained after crossing [32P]

T7 1.3, 2, 3, 4, 5, sRI and BrdU-T7 1.3, 2, 4, 5, sRI®, followed by pruification
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by eduilibrium and ban& centrifugation in CsCl solutions.as described in
Materials and Methods, and -the legends to Fig. 1 and 2. The DNA molecules were
cleaved by EcoRI endonuclease and examined by the eleqfron microscofe.

In (a), thé molecules are arranged arbitrarily so that the branch points
disfributed'at the left half, and in (b) the molecules are arranged as
described in the text. A vertical line represents the position of 0.46

fractional length from the left end of the molecule.

Fig. 4
A line diagram showing distributions of paired regions of doubly branched
molecules. The location of paired region was determined by cleaving the-

branch at the mutation site sensitive to EcoRI.endonuclease.

Fig. 5
- Histogram showing length distribution of the regions between two branched
points of the doubly branched molecules. Thirty nine molecules shown in Fig. 3

were analyzed.

Fig. 6

Recentrifugétion profiles in CsCi density gradientof the intermdiate
density molecules obtained by the cross of 32P— and BrdU-labelled T7 phage in
the presence (a) and absencé of the gene 6 product. The phageé used were
defective in the 5 functions related to DNA replication. The expefimenfal
‘methods werebdescribed in Materials and Methods and the legend for Fig. 1.
DNA extracted froﬁ the infected cells were centrifuged in CsCl density
gradients and fractions at or near the ﬁalf heavy density were pooled as

described in Fig. 1 (a). The pooled fractions were miked with EH)T7 phage DNA, -
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centrifuged in CsCl density gradients. —o—o— 3ZP—radioactivity,

- O~--0--1 3H-—radioactivity

.Eig. 7

Band céntrifugatiénbin CsCl densify gradient of fractions, 20 to 22, in
Fig. 6 (a) and (E). Thevtotal amount of the inéuf 32?-radioéctivity was 1210
cts/min and 221 cts/min in (a) and (b), respectively. The recovery of the
radioactivity after centrifugation was 97% and 83% in (a)vand (b), respectively.
[3H] phage DNA were added before.éentrifugation. | ‘

—a—e— 3ZP—radioactivity, ) -i-0--0-- : 3H-radioactivity.

"Fig. 8

Schematic repfesentation of DNA recombination involving doubly branched
molecules as intermediates. From modes of interaction between two parental DNA,
threerpossible pathways are proposed: pathway A requires gap; pathway B requires
onIy nick; pathway C requires neither gap nor nick..Doubly branched intermediates
are prdcessed to mature recombinant DNA by trimming of branches, followed by

repair of remaining nicks and gaps.
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Part B

EcoRi—SENSITIVE MUTATION OF T7 PHAGE

BI.
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Sumnary

It is known -that ﬁNA from phage T7 is not cleaved by restriction
"endonuclease EEEBI°, However, DNA‘frqm.phage T7am28 (gene §)‘mutant (Studier,
1969) was found to be cleaved by the endonuclease at one éite. The site is
located at 0.46 fractional length from the left end'of the molecule. The
mutation which makes T7 DNA sensitive fo the endonuclease is sepérablé from

the amber mutation and located between am28 and am233 (gen¢ 8).
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Restriction endonuclease EcoRI acts on a double strand'DNA at the unique
base sequence, GAATTC,'prodﬁcing a limited nﬁmber of fragments which are
characteristic of any partitular DNA molecules (Mertz § Davis, 1972).

Although T7 DNA has ajmolecular Weiéht of 2.5 >< 107 daltons (Freifelder, 1976),
it has been shown to resist cleavage by tﬁe endonuclea;e (Salser, 1974).
- However, DNA from a mutant phage,bT7am28 carryiné an amber mutation in gene 5
(DNA polymerase), one ofvthe collectioﬁs of Dr. W. Studier (1969), was found
to be cleaved by the endonuclease.

| DNA of phage T7am28 was treated with EcoRI ehdonuciease and mounted for-
electron microscop& by the basic protein fiim technique (Kleinschmidt, 1968;
Tsujimoto & Ogawa, 1976). Thé‘histogram of~the length distribution of fragments
obtained from the cleaved molecules is presenéed in Fig. 1. The mean length
of the. two classes of fragments found were 5.83+0.18 um and 6.87+0.31 um. The
sum of these mean lengths is equal to the mean unit lengfh of T7 DNA, 12.7519.28v
um, which was measured with the intact DNA molecules. These results showed
- that the cleavage site is located at 0.46 fractional length from one of the
eﬁds.

To map the EcoRI restriction site physically, two deletioﬁ mutants,

T7LG37 and T7LG30 (Simon § Studief,‘1973) which have a deletion of 5.8% and
5.3% of the genome,‘respectively, at the regions covefing gene 1.3 (ligasej,v
were trossed with T7am28 mutant, A recombinant, LG37am28 or LG30am28 was
selected from the progeny as the mutant which was unable to complement either
am28 phage on 594su” bacteiia, or arHA-13 (gene 1.3) phage (Masamune et al.,
1971) on 5941igts7 (Pauling & Hamm, 1969; Gottesman et al., 1973) at 32°C.
T7amA-13 can not grow on the bacteria-having a temperature-sensitive ligase
even at 32°C. Cleavage by EcoRI endonuclease of T7am28LG37 DNA or T7am28LG30

DNA produced two classes of fragments of 0.43 and 0.57 or 0.44 and 0.56,
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respectively, of the mean fractional length of the respective deleted T7 DNA
_(Fig. 2). These lengths corre5p6nd 0.41 and 0.54 or 0.41 and 0.53, respectively,
of the fractional length of'tﬁe undeleted T7 DNA. Thus the deletidns reduced
the length of the shorter EEQBI—fragmeﬁt of T7 DNA. Since the deletions lo-
cated atthe region'between 0.152 and 0.227 of the fractional length-from the
left end of the DNA (Simon § Studier, 1973), the restriétion site of T7 DNA

was located at 0.46 fractional Iength from the left end.

The mutation in T7am28 phage which rendered T7'DNA sensitive to EcoRI
endonuclease (called §BI'and‘resistant allele called §BI?) was genetically
mapped by two or three factor crosses involving am28, am233 (gene 6) and sSRI
and their respective wild type alleles. The use of the bécteria carrying a
drug resisfant factor RI-1 plasmid allowed us to distinguish between phage
having the mutation SBI and that having the wild type allele. The comparison
of the results of two factor crossés show that the sSRI site is located between
am28 ana amégfﬁiéﬂigé conclusion is confirmed by the low frequency of EBIam+
progeny in the three factor crosS that reflects requirement of double crossover
for the formafion of the am+_§RI re;:ombinants. o

In conclusion, DNA molecule from phage T7am28 (gene 5) was cleaved by the
restriction endonucléase EcoRI at a site located at 0.46 fractional length from
the left end of the molecule. The mutation site is separable from the amber -
mutation and mapped between am28 and am233 (gene 6) (Fig. 3). EcoRI sensitivity
of DNA can be lost by a mutation (N. Murray & K. Murray, 1974; Rambéch &

Tidllais, 1974; Thomas et al., 1974). It can also be created by a mutation.
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- Legend to Table 1

. ) ’ i
Bacteriophages used were T7am233sRI° (Studier, 1969); LG37am28sRI°®, which

B7.

was obtained by the cross between LGSZERI° (Simon & Studier, 1973} and amZSERI

(Studier, 1969); am+§RI, an am’ reverfant of phage am28sRI; and am28am233§RI°,
which was obtained by the cross between am28sRI and ém233531°. Bacterié used_
were 594§gf,§élf§££5 (Campbell, 1965); 594(RI-1): 594 strain carrying a drug
resistant factor, RI-1, which was derived from RY}S (Yoshimori, 1971); and QL
églz_(Sigﬁer & Weile, 1968).

| All-crosses were pe;formed at 37°C. Bacteria Q1 su” grown to 2 x 108
cells/ml.in Trypton broth were infected with.parentélvphaggs at a multiplicity
of inféction of 10 each. After 5 min, they were treated with anti-T7 phage
serum (final value of K was 2 min‘l) for 5 miﬁ. The mixture was diluted 1045
fold into‘Trypton broth and shakenrfor 60 nmin followed by addition of a few

drops of chloroform. The total number of the progeny particles was measured

+ + .
on Q1 su . The number of am SRI° recombinants was measured as follows.

First the progeny particles were plated with 594§2f (RI-1). It has been shown

that the plating efficiency of T7sRI on the bacteria is approximately 6 x 10_2

The plaque formers on 594(RI-1) consisted of am+§ﬁlf recombinants and émeBI
modifiéd by the EcoRI modification methylase. Therefore, the plaques formed
on 594 su (RI-1) were transfered to plates seeded with 594 by stabbing to
eliminate the host modification, and the character, sRI or §BI°, of each phage

on 594 was determined by plating with 594 and 594 (RI-1).
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Legend to Figures

Fig. 1 Histogram of the length distribution of the fragments formed by
EcoRI endonuclease cleavagé'of T7am28 DNA. The reaction mixture (0.1 ml)

contained 0.1 M-Tris-HC1 buffer (pH 7.5), 10 mM-MgSO,, 0.18 pg/ml of DNA and

4’
10 ul of EcoRI endonuclease (gift from Drs. Y. Takagi and K. Matsubara). The
condition of the enzyme treatment which préduces the.limited digest of the

DNA was previously detgrmined. After incubation at 37°C for 80 min, the
reaction was stopped by the adaition of EDTA to 20 mM. The DNA was mounted for

electron microscopy by the basic protein film technique (Kleinschmidt,-1968)f'.

The number of molecules examined was 42.

Fig. 2 Histograms of the length distribution of the fragmenfs formed by
cleavage of T7LG37 aﬁZ&EBI DNA Ca) and.T7LG30am28§RI DNA (b) by EcoRI |
endonuclease. The conditions of t&eatment with EEQBI endonuclease were as
described in the legend to Fig. 1 except that the reaction mixture contained
0.29 pg/ml (a) or 0.45 ug/ml (b) of DNA. The number of molecules examined:

49 (a) and 40 (b).

Fig. 3  The location of the sRI-mutation.
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Part C

MOLECULAR MECHANISM OF GENETIC RECOMBINATION IN BACTERIOPHAGE T7:

SYNAPSIS AND MATURATION

Cl.



Summary

Dimeric T7 DNA molecules with H or X configuration were accumulated after
infection °f,E'_2212 cells ﬁitﬁ T7°1.3, 2, 3, 4, 5 phage and they'were composed
of two parental DNA (Tsujimoto’& Ogawa, 1976). These dimeric DNA molecules
. formed in the cross of two phages marked with differen£ mutations were purified
by fwo cycles of CsCl equilibrium>den$itx gradient centrifugation followed by
CsCl zone sedimentation and thé transfection assay of them was carried out.:
Genetic analysis of progeny in infective centers obtained by transfection showed
that these dimeric DNA molecules_xielq¢d gecombinanﬁ phages at a high'frequéncy;;;

To elucidate the roles of the products of gene 3 (endonuclease I) and gene 5
(T7 DNA polymerase)‘in the recombination process, the intermediate DNA moleculesv
were isolated in the preéence or absence of these gene products and comparative
analyses of their structures were carried out.

T7 DNA polymerase was found to stimulate the interaction of parental DNA -
in the absence of the products of genes 2, 3 and 4. At an early stage of infection
in the absence of-T7 DNA polymerase, few dimeric T7 DNA were formed, while in the
presence of T7 DNA pblymexase, dime;ic DNA molecules were already formed and at a
late stage of infection more multiply branched molecules were accumulated.

Endonuclease I shbwed the remarkable effect on tﬁe intermediate DNA molecules
in the presence of T7 DNA polymerase and seemed to participate in the processing
of the branched intermediates to linear recombinant DNA by trimming branches. In the
absence of endonuclease I, multiply branched molecules accumulated while in the
presence of endonuclease I, almost of all the intermediate DNA molecules were
linear monomexr T7 DNA. These linear monomex DNA molecules were arisen by'
recombination as judged from (i) the fragmentation of these molecules shifted

almost their density toward to fully light and 50% of 32P-DNA was found to be
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covalently linked to BrdU-DNA, (ii) all these linear monomer DNA molecules marked

with different mutations yielded recombinant phages.
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Introduction-

One of the'direct!approéches for understanding fhe molecular mechanism of
genetic recombination of bacterioﬁhage is to isolate and éharacterize‘intérmediate
DNA molecules in the recoﬁbination process. For suﬁh aﬁ approaéh, T7 phage is very
desirable since the genome is small ehough to be isolated as an intaét molecule,
the structure in infected cells is simple linear form and the recombination
efficiency is high as T even phages (Hausman, 1973). | |

It was previously shown (Tsujimoto § Ogawa, 1976) that doubly branched nolecules
with H or X configuration'were.accumulated after infection of E. coli with a high
multiplicity of phage T7 carrying amber mutatidns in genes 1.3, 2, 3, 4 and 5 which
are allvinvolved in DNA replication'andbthese doubly branchéd molecules were
composed of two parental DNA, strongly suggesting that they are intermediates in
recombination.

Analysis of the structures of the intermediate DNA molecules using a seriesb
of mutational blocks in recombination and transfection ekperiment o%??ntermediate
DNA molecules are useful ways to elucidate the molecular mechanism of recombination.
The product of gene 6, 5'-exonuclease has been previously shown to be nécessary
for the formation and/or maintenanée of doubly branched molecules (Tsujimoto §
Ogawa,‘1976). The products of genes 3, 4 and 5 are involved in DNA replication
(Studier, 1969) and also suggested to be involved in recombination (Powling §&
Knippers, 1974; Kerr & Sadowski, 1975).

In this paper, the roles of gene‘3-c6ded endonuclease I and gene 5-coded
 'DNA polymerase in the recombination process were inveétigated and transfection
experiments with two DNA species, doubly branched molecules and linear monomer

DNA molecules with intermediate density; were carried out.
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‘Materials and Methods

The materials and methods used in this paper were generally the same as

those described in preceding paper (Tsujimoto & Ogawa, 1976) .

(a) Bacteria and phage strains

The following Escherichia coli strains were used.

(i) E. coli K12: Q1 sull (Signer § Weil, 1968); 594 fEf (Campbell, 1965);

C600 (Appleyard, 1954); C600 sull recA recB; 594 1igts7‘(Tsujimoto:G Cgawa, 1977);
C600 25; EE;, obtained, vié Dr. R. W. Davis,‘from Dr. M. Meselson

(ii) E. coli C (Bertani § Weigle, 1953) .

The phage strains used here were T7 phage $trains described in preceding
papaer (Tsujimoto & Ogéwa, 1976) , T7aml0 (gene 19, maturation), T7 wild type
and;\géo (Ptashne G‘Hopkins, 1968} . T7\phage strains (Stu&ier, 1969) were obtained

from Dr. W. Studier.

(b) Media and buffers

Tryptoﬁe broth contains 1% Bactotryptone (Difco) and 0.25% NaCl. It was used
for the growth of a host‘for recombination. P médium (Radding § Kaiser, 1963),
modified slightly, contains 0.02M-potassium phosphate (pH 7.0), 0.015M-(NH4)ZSO4,

1mM-MgSO,,, 1.8 x 10.6M-FéC12 and 0.2% glucose. It was used for the growth of the
host for transfection. L broth (Ikeda § Tomizawa, 1965) contains 1% Polypeptone
(Takeda), 0.5% Yeast ektract (Diféo) and 0.5% NaCl and used for the growth of

indicator cells for infective centers obtained by transfection.
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(c) Isolation of DNA
(i) From T7 phage

T7 phage was purified by differential centrifugation followed by CsCl
equilibrium centrifugation.‘DNA was ektracted twice with phenol saturated with
SSC by éentle éhaking for 60 min'ét room temperature. The preparation was then
diélyzed for 3 days against 0.1M—Tris—HC1'(pH 7.4). DNA concentration waé
determined by absorbance at.260nm. Absorbance 0.02 corresponds to one ug ‘DNA/ml.
(ii) From T7 infected cells

The procedure of DNA extraction from T7 infected cells. was described

previously (Tsujimoto § Ogawa, 1976) .

(d) Electron microscopy
The sample fof electron microscopy was made by aqueous or formamide technique

described by Davis et al. (1971).

(e) Transfection

The method of Mandel and Higa (1970) modified by Cameron et al. (1975)

was generally followed. C600 sull recA recB was grown to 5 x 108 to 6 x 108

cells/ml at 37°C in P medium supplemented with 0.05% Casamino acids (Difco),

ZOVpg L-threonine/ml, 20 pg L-leucine/ml and 1 pg thiamine/ml. The bacteria were

- chilled, harvested by centrifugation in cold at 3,000 i g for 10 min and

suspended in 0.5 volume of cold 50 mM-CaCl,, kept on ice for 5 min, thén
centrifuged, resuspended in one-fifteenth volume of cold 50 mM—CaCl2 and kept on
ice for 5 min. One volume of chilled DNA solution in 0.1 M-Tris-HC1 (pH 7.4)

was added to two vplumés of the competent cell suspension. The mixture was_ further
kebt on ice for 5 min, heat-pulsed at 50°C for 2 min, chilled and plated with

Q1 grown in L broth.
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progeny in
(£ Ana1y51s of genetic markers of,infective centers obtained by transfection

Genetic markers, amHA13 in gene 1.3 and aml0 in gene 19 were analyzed for
infective centers obta;ned by transfeetion with T7 DNA molecules.

The ?laque obtaiﬁedzby tfanefection was picked up with Pasteur pipetteb,
and suspended in 1 ml of T7 buffer. The concentration of phage was about 107 to
108/m1. The genetic.markers were tested by complementation with T7aml0 phage
on 594 and with T7amHA13 phage on 5941igts7 at 32 °C. Genetic markers of isolated
plaques from 1nd1v1dual transfectant were tested by repllca stabb1ng with tooth-

on

picks on plate seeded with 594 and T7am10 and plate seeded w1th 5941 1gts7 and

T7amHA13

(g) Fragmentation of T7 DNA

About 70 nl of DNA sample (2.8 ng/ml) was mixed with 1.5 ml of SSC containing
0.05 M-EDTA and 0.14 ng cold T7 phage DNA/ml. The mixture was then put into a
bottle with a diameter of 2.1 cm and sheared by revolving a ﬁlastic disc with
a diameter of 1.2 cm at 10,000 revs/min for 30 min in ice-water bath. Under this
condition, T7 phage DNA was fragmented to about one-third to one-fourth of unit
size (determined by neutral sucrose density gradient centrifugation, data not
shown) . . |

equilibrium

(h) Alkaline CsCl,density gradient centrifugation

Abouf 50 ul of DNA sample was denatured in the solution composed of 0.4 ml
x10 SSC, 0.04 ml 0.5 M-EDTA, 0.02 ml 10% sodium N-lauroyl sarcosinate, 0.4 ml
1 N NaOH and 3 ml.distilled water. CsCl was added and the density was adjusted.
to 1.75 g/cms. This preparation was centrifuged in polyallomer tube in a Spinco

40 rotor at 36,000 revs/min for 40 h at 15°C.
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Results

(a) Biologicél activity of ﬁ 6r X-shaped molecules obtained under 2, 3, 4, 5
condition |
-(i) Single infection of T7 phage DNA :
The-transfection.assay used in this work igT:ﬁe devélqped by Mandel and
Higa (1970)>modified by Cameron et al. (1975). We have used.a strain~C600.§EgI_
recA recB. The competent célls werévprepared as described in Materials.and Methods,
section (e). One volumerf the T7 wild type phage DNA with various concentrations,
was mixed‘with two volumesof competent cells ;nd infective centers were titrated.
As . shown in Figuré 1, the number of infective‘ceﬁters obtained was linéarly
increased until a concentration of 1 pg/ml. The'DNA-solution alone or competent
éells alone yielded né plaque. In this assay, transfection efficiency was about
15 infective centers per ng T7 DNA, corresponding to 6.3 x 10~7 infective centers
per genome equivalent. '
Using the procedure of Mandel and Higa (1970) with some modifications,
Ehrlich et al. (1976) have showed tﬁat transfection efficiency of T7 DNA was
influence& by host restriction system (rK+)Aand that transfection efficiency was about
10-6 or 1077 infective centers per genome equivalent on restriction-deficient of on
restriction-proficient host, respectively. However, in our assay using restriction-
proficient host (rK+), a high transfection efficiency, 6.3>x'10—7 infective centers pe
genome equivalent, was usually obtained. In Tablenl,areshown the rgsults of
confirmation of our strain with restriction-proficient character.
Linear relationship between the number of infective centers obtained.and the
input DNA concentrations suggests that the infective centers were produced by

a single infection of T7 DNA. To confirm this, competent cells were mixed with

T7 DNA solution containing T7aml0 and T7amHA13 phage DNA on equal amount. Each
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100 infective centers obtained with DNA concentration of 0.125, 0.25 and 0.5 ug/mi
were tested for complementations éf 3&}0 and ‘amHAl13 as described in Materials and
Methods, section (f). Each 100 infective centers complemented only one of two
phages, T7aml0 (143 out of 300 infective centers) or TZEQﬂAIS (157 out of 300).
Thus at least up to.DNA concentrafion of 0.5 ng/ml, the chance of mixed infection

of T7 DNA was less than 1% in our system, .

(ii) Transfection with doubly branched molecules

As reported previously (Tsujimoto § Ogawa, 1976), doubly branched molecules
with H or X configuration were accumulated under the condition of the absence of
DNA replication, l;é’.gﬁ é; i,;§ and shown to be composed of two parental DNA,

To test whether or not these H or X-like DNA molecules possess infectivity'
and produce recombihanﬁ phages,'a large number of doubly;branched molecules . .

. 10 32

were purified from nonpermissive cells (total 6 x 107 cells) infected with “"P-

labelled T7 1.3, 2, é; 4, 5 and BrdU-labelled T7 2, 3, 4, 5, 19 phage. DNA extracted -
from the infected cells wasséentrifuged in CsCl eQuilibrium density gradient and
intermediate density fractioﬁs were pooled and recentrifuged in CsCl eduilibrium
density gradient (Figure 2 (a)). The fractions 18 to 20 in Figure 2 (a) were pooled
and after dialysis, sedimented by CsCl zone centrifugation (Figure 2 (b)). The pooled
sample of fractions 20'and 21 in Figure 2 (b) was used for transfection after
dialysis against 0.1M-Tris-HC1 (pH 7.4). The same sample was ekamined in the
electron microscope. Fourteen (54%) out of randomly picked up 28 molecﬁles were
H or X-shaped, 4 (14%) molecules were Y-shaped, 6 (21%) molecules were simple linear
and 3 (11%) were molecules with many frée ends.

The DNA concentration of the sample was estimafed as follows.. From the 32?-
radioactivity and the.specific rédioactivity, the concentration of DNA was calculated -

as 23 ng/ml and since DNA molecules in this sample had half-heavy density, the

DNA concentration of the sample was estimated as about 46 ng/ml. It is unlikely
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that heavy DNA was brought into this sample during preparation since, as described
below; heavy parent type of progeny was not preferentially preduced by transfection.
One volume of the DNA solution with the concentration of 46 ng/ml or 23 ng/ml
and two volumesof competent cells were mixed and infective centers were titrated.
DNA solution with 46 ng/ml yielded 6 + 3 infective centers per 0.1 ml and that
with 23 ng/m;,4 + 1 infective centers per 0:1 ml. The DNA solution or competent
cells alone yielded no plaque. The transfection efficiency was about 4 infectife
centers per ng DNA. Although this efficiency per ng DNA was 3 to 4 times less than

that of phage DNA, transfection efficiency per DNA molecule seemed to be comparable.

~ to that of phage DNA, sinee the majority of molecules in this sample were dimeric
T7 DNA. Considering the enough low DNA concentration and the feasonable transfection
efficiency per DNA molecule, mixed infection pfzzell with T7 DNA molecules seemed
to be negligible,

Fifty-five infective centers obtained by transfection were picked up, suspended
in T7 buffer and analyéed for the presence or absence of gene 1.3‘and 19 as
described in Materials and Methods, section (fj. Twenty out of 55 infective centers
could complement both T7aml0 and -T7amtA1l3 phage on restrictive host and 8 infective
centers could complement neither T%EE}O nor T7amHAl3 phage. Seventeen and 10
infective centers complemeﬁted only T7aml0 and T23@ﬁAl3, respectively. Thus at
least 28 (51%) out_of 55 infective centers had the markers derived from both parents
simultaﬁeously.' | '

To examine whether these individual infective centers consisted of one type
of phage or of the mixture of ‘two or more types of phage, each sﬁspension of
infective center was plated with permissive host and 30 separafe plaques Were
tested fof complementations of amli0 and gﬂﬁAlS.'The resﬁlte are summerized in

Table 2. Twenty (36%) out of 55 infective centers were heterogeneous, consisting

of two or more types of progeny and the rest of 35 infective centers were
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homogeneous as far as 30 plaques were.tested. Eighteen (90%) of 20 heterogeneous
infective centers consisted of one parent and one recombinant type of progeny and

‘ Furthermore
the rest of 2 had all four markers derived from two parents.,in almost heterogeneous
infective centers, oﬁe type of phage was predominantly found ovér the éther(s).
Heterogeneous inféctive’centers (17) consisting mostly of 1.3~ 19" or 1.3% 197 phage
were more frequently found than the othér two, 1.3 19" or 1.3~ 19~ phage (3 infective
centers). One the other hand, the nﬁmber of iﬁfgctive centers consisting of one
type of phage was 11 for 1.3 19%, 8 for 1.3f 19;, 8 for 1.3 19" and 8 for 1.3”
19 phage and no inclination among them was observed.

The fact that two or more types of phage were found in an infective center

suggests that at least heterogeneous infective centers were formed by transfection

of doubly, singly or multiply branched molecules- which were pompdsed pfii@é?
parental_DNA. |

To know whether asymmetry of phage type and asymmetxry on relative amount of
phage observed in heterogeneous infective centers were characteristic of
transfectants of doubly, singiy or multiply branched molecules, a transfection
experiment was carried out where competent cells were coinfected with free th

(9 x 10° cells/ml)

parental DNA. Competent cells,were mixed with DNA solution (about 2 ng/ml)
containing T7 ‘_1_.__:§_,' 2, 3, 4, S DNA and BrdU-labelled T7 2, 3, 4, 5, 19 DNA in equal
amount so that frequency of mixed infection was 6.75%. Assuming Poisson's
distributiﬁn, about 83% of mixed infection would be arisen by two DNA molecﬁles
each of which was from &ifferent parent. The relative amount of progeny phage in
infective centers obtained by mixed infection with two parental DNA was analyzed ahd
the results were summarized in Table 3. Two types of asymmetry stated above were
observed also in this case. Thirteen (72%) out of 18 infective center§ wére heterogenec

Ten (77%) out of 13 heterogeneous infective centers consisted of one parent and

one recombinant type of phage. In almost heterogeneous infective centers, one type
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of phage was predominantly fouﬁd.,Heterogeneous infective centers (12) consisting
mostly of 1.3_‘10+ or 1;3+ lgf-phage were more frequently found than the other -
fwo; 1.3 19; of 1.3_ 19- phaée (1 infgctive center).

Previously Hvor'x-shaped méleéules have been shown to be physically biparental
(Tsujimoto § Ogawa, 1976), Here it was further shown that they possessed inféctivity

and were composed of two parental DNA.
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(b) The role of gene 3 and gene 5 in recombination process

Genetic resulfs suggest that the products of genes3, 4, 5 and 6 are involved
in recombination (Powling GrKnippers; 1974; Kerr & Sadowski, 1975) but the roles
of these gene products in the recombination process have not been knqwn.
Previousiy we have shown that the product of gene 6, 5'-éxonuc1ease wasirequired
for the formation and/or maintenance of H or X-shaped intermediates in the
absenée of the products of genesl.3, 2, 3, 4.and SA(Tsujimoto & Ogawa, 1976).
We attempted to elucidate the roles of the producés,of gene 3 and géne 5 in our

system, whose products have been purified and enzymatic activities were well known.

(i) Role of gene 5-coded DNA polymerase

It is very likely that from its enzymatic characteristics, T7 DNA polymerase
repairs polynucleotide gaps on intérmediate DNA mélecules.in recombination.
However, as described below, the remarkable difference between the structures of
intermediate density.ﬁolecules obtained under 2, 3, ﬂ3.§_conditioﬁ and those
under 2, 3, 4 condition was observed, suggesting that T7 DNA polymerase plays an
additional role besides gap filling.

‘Nonpermissive host 594'52; were infected with 32P-ahd BrdU-labelled T7 2,3, 4
phage and incubated for 20 min at 32°C. DNA was extracted and intermediate density
molecules‘wérg.purifiéd by fwo cycles of.CsC1 equiiibfium'density gradient
éentrifugation. About 0.5 to 0.9% of total input of 3ZP-radioactivity was
recovered in intermediate density fractions which was about 2 to 3 times more
than that (about 0.3%) of g;'éy ﬁj 5 cross. Purified intefmediate density molecules
were sédimented%by a CsCl zone ceﬁtrifugation (Figure .3 (a)){ As de;cribed’aboye, under_
2, 3, 3} é_céndition, two peaks were obsefved; aAminof one sedimenting with or
slightly faster and a major one sedimenting 1.4 tiﬁes faster than T7 unit length

- DNA. The latter consisted mostly of H or X-like dimer molecules and the former
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consisted of monomeric T7 DNA. On the other hand, under 2, 3, 4 condition, about
64% of 32P-radioactivity sediménted faster than dimeric T7 DNA molecules and few
dimeric molecules were foqnd. This’sediﬁentation profile suggests that in this
cross, molecﬁles bigger‘thgn dimeric T7 DNA were accumulated. The same DNA
molecules as used in Figure 3 (a) were eXamined in .the electron microscope and the
result is presented in Table 4. DNA molecules which had five or more free ends'’
were classified.as multiply branched molecules. As expected from the profile of
CsCl zone sedimentation (Figure 3 (a)), frequently ﬁultiply branéhed.molecules weré
‘observed. The representative photographs were:presented in Figure 4 (a) andr(b):
Eighteen out of 23 multiply branched molecules were éccompanied by one or more cores.
It should be also noted that on manybmoleculeg frojectéd single-stranded segments
were found. On some multiply branched molecules, the similar strucfure to D-loop
was found (Figure 4 (b)) which had ﬁeen described by Wolfson § Dregsler (1973) who
observed it.after infection with T7 phage defective in gene 4. Thus in the presence
of T7 DNA polymerase, interaction of parental DNA and of DNA strands on paired

DNA moleculeé seemed to be stimulated.

Shortning incubation time afterbinfection reduced the extent of interaction

of DNA.‘Nonpermissive cells were infected with 32P-labelled T7 1.3, 2, 3, 4, 5

and BrdU-labelled T7 2, 3, 4 phage at a multiplicity of 20 each and incubated"

for 10 min ét 32°C. DNA was extracted and intermediate density molecules were

fraction :

purified as stated above. DNA molecules in half-heavy density, were sedimented by a
CsCl zone centrifugation. As Shown in Figure 3 (b), in contrast fo the case of a late
stage of infection mentioﬁed above, molecules sedimenting faster than dimeric T7
.DNA were greatly reduced and a peak was formed in the fractions where dimeric T7
DNA sedimented, while 10 min after infection with T7 1.3, 2, 3, 4, 5 phage, only
about one—tenth amount of dimeric T7 DNA molecules were fbund. These results also

strongly support that in the presence of T7 DNA polymerase, interaction of parental
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DNA molecules are stimulated. DNA molecules in fractions'18.and 19 in Figure 3 (b),
were examined in the'electron"microscofe._Eight (58%) out of randomly picked up
12 molecules ﬁere dimeric DNA and this frequeﬁcy was almosf equal to thét in dimeric
DNA fractions obtainedeO.min after iﬁféction with T7 1. s 2, 3, ﬁ; §_phage. Thé-
compositions of various dimeric bNA molecules in both crosses are presented in
Table S.-In both cases, were observed H, X-like moiecule‘and molecule coﬁsisting
of two T7 DNA'crosslinked each other with a short DNA $egmeht (called crosslinked
molecule). On crosslinked'molecules, the sum of length of’two branches at each
branch point equalled the.length of monomeric T7 DNA molecules and the length ofA
~one of two branches at a brancﬁ point was equal to one of two:branches at the’
other branch point. The length of cross-bar linking two DNA,Was generaily very
short and less than about 0.01 fractional lengtﬁ. A representative photograph was
ﬁresented in Figure 5. Although the_amount of crosslinked molecules varied from
expériment to experiment, in the presence of T7 DNA polymérase crosslinked
molecules and X-shaped molecules seemed to be moré-frequently formed than in the
absence of T7 DNA polymerase. However an alfernative possibility is not excluded
'fhat these molecules might be formed preferentially in an early stage of infection
(10 min). |

The multiply branched molecules observed late after infection in the presenceA
of T7 DNA polymerase would be arisen by accumulation of these three types of |
interaction between parental DNA and between DNA stiands on already interacting

DNA molecules.
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(ii) Role of endonuclease I éoded bf gene 3
T7 gene 3 codes endonuclease I which digests single-stranded DNA preferentlally

than double- stranded DNA (Center & Richardson, 1970) This endonuclease I has

been suggested to be 1nvolved in recomblnatlon (Powllng & Knlppers, 1974; Kerr &
Sadowski, 1975) but since in the absence of the endenneiease, branched

intermediate DNA molecules were accumulated, this endonuelease, if required for
 recombination also in our system; would play a roleton matufation step-of btanched
intermediates to completedtetombinant DNA molecules. The enzymatic activity of

preferential digestion of sing1e~stranded DNA over double stranded DNA allows us to

.. hypothesize that: endonuclease I-trims branches <of: branched.lntermedlates by

hypothsis
endonucleolytic cleavage of 51ng1e -stranded DNA at branch points. To test this ,

intermediate density molecules obtained under gj ﬁ;condition were compared with-
those under 2, é; é_cendition._ |

Nonpermissive cells were infected witn 32P-'and BrdU-labelled T7 2, i_phage
at a multiplicity of 20 each and incubated for 20 min at 32°C. DNA was extracted
and intermediate densdty molecules were purified, About 0.6 to 1.0% of total input
of 32P-—radioactivity was recovered at the intermediate density fractions. The
putified intermediate density molecules, after dialysis, sedimented by a CsCl
zone cenrifugation (Figure 6). In contrast to the case of 3} 3, f_cross, only one
sharp peak was formed, sedimenting slightly faster thaanH-labelled T7 phage DNA and
few molecules sedlmentlng more faster were found. Sedlmentatlon of H labelled
T7 phage DNA was carried out i:fanotheit?eDNA molecules in fractions 24 and 25
- in Figure 6 were examined in the electron microscope. Out of 110 molecules |

pickedbup randomly, 108 (98%) molecules were simple linear and the rest 2 (2%)

were Y-shaped molecules. Contour length of twenty five linear molecules were
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measured using colicin El1 plasmid DNA as length calibrator. Sixteen (64%) out bf
25 mélecules were in a unit length and the rest 9 were shorter, probably wli' -
arising by breakdown of linear monomer DNA. Since these linear monomer DNA were
recombinant DNA as descriﬁed below, they would be accompanied bf single-stranded
gaps and might be easily-brokenj down, Thus in this cross the majority of molecules
with intermediate density were linear monomer T7 DNA and accumulation of branched
molecules as seen in the case of 2, 3, 4 or 2_, 3, 4, 5 cross did not occur,
suggesting that endonuclease I was required for the trimming of branches of branched
molecules. The slightly faster sedimentation éf these linear monomer DNA than 3H-
labelled T7 phage DNA in CsCl zone sedimentation was probably due to the heavier
density of the moleculés.‘

To determine that these linear monomer DNA molecules were not formed by
replication of parental DNA, DNA molecules in fractions 24 and 25 in Figure 6 were
fragmented by shearing force to about one-thifd to one-fourth of a unit length
(determined by neutral sﬁcrose density gradient centrifugation, data not shown)
and centrifuged in CsCl equilibrium density gradient (Figure 7j. If formed by
replication, even afterAfragmentation, 32P-radioactivity should be banded at the
original half-heavy density. As shown in Figure 7 (a), before fragmentation about
83% of 32P-radioactivity was banded at the original density and the rest banded at
fully lighf density, wﬁile after fragmentation, a few of 3ZP-radioactivity was
found at the or1g1na1 den51ty and at heaV1er den51ty, and almost all qfﬂ_
the 32P rad10act1v1ty was shlfted toward fully llght den51ty (F1gure 7 (b))

To test covalent joining of parental DNA in these linear monomer DNA molecules,

DNA molecules in fractions 24 and 25 in Figure 6 were centrifuged in an alkaline
CsCl equilibrium density gradient. The profile is shown in Figure 7 (c). About
53% of 32P-radioactivity was banded at intermediate density and the rest banded

at fully light density. Thus covalent joining of at least 53% of parental DNA

strands occured in linear monomer DNA molecules.
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From these results togetﬁer with the results of transfection experiment
‘described iﬁ section_(ﬁ), it.is conclusive that linear monomer DNA molecules with
intermediate density oBtained under é} 4 condition arose by recombination and at
least a half of them wére.compieté recombinant DNA.

As mentioned above, comparison of intermediate density molecules obtained
under 2, 3, ﬁrcondition and those under 2, ﬁ_condition suggested that endonuclease
I was required for trimming of branches of branthea intermediate DNA molecules.
At DNA level; covalent joining of two parental DNA'would Bé the final structure
through the sequential recombination processes. Therefore if endonuclease I plays
any role at maturation step of intermediate DNA; defect of gene73 Would result in
failure in covalent joining of parental DNA. Ba$ed on this criterion, we tested
further thé involvement of gndonuclease I in recombination.

Nonpermissive cells were infected with 32

P-and BrdU-labelled T7 2, 4 or

T7 2, 3, ﬁ_phage and incubated for 20 min at 32°C. DNA was ektracted and the
intermediate density molecules were purified. About 1% and 0.8% of total input

of 32P-radioactivity was recovered in intermediate density fractions under 2, 4
and 2, 3, 4 condition, respectively. To fest the occurence of covalent jéining

of 32P-labelled DNA and BrdU-labelled DNA, the pﬁrified intermediate density

molecules were recentrifuged in alkéline and neutral CéCl equilibrium density
gradientswith 3H-labelled T7 phage DNA. The profiles of neutral CsCl density
gradient centrifugation #re ﬁresented in Figure 8 (a) and (c). In both cases all
2P-radioaétivity was banded at the original density. The profiles bf alkaline

CsCl density gradient centrifugation were presented in Figure 8 (b) and (d). In
the presencé‘of endonuclease I, 51% of total recovered 32P-fadioactivity.wés_

' found at the intermediate density fractions and theArést was banded with light

3H-labelled T7 DNA (Figure 8 (b)). On the other hand, in the absence of endonuclease

I, all 32P-radioactivity was found at light T7 DNA and no radioactivity was found



C19.

at the intermediate density fractions (Figure 8 (d)).

Therefore the endonuclease I coded by gene 3 is necessary for the covalent
linkage of parental DNA at least in the absence of the proddcts of genes 2 and 4
and was concluded to be inyol&ed in recombination, especially in the maturation

step of intermediate DNA molecules.

(c) Biolpgical activity of linear monomer DNA molecules with intermediate density
obtained under 2, 4 condition

As described above, the intermediate density molecules obtained under 2, 4
condition consisted mostly of linear monomer T7 DNA and at least a half of them.
were complete recombinant DNA.

To test whether or not these ligéar monomer DNA bdésesses infectiﬁity éﬁd'

produces recombinant phages, transfection of these DNA molecules was performed. o

About 260 ml of 594'527 bacteria at 2 x 108 cells/ml were infected Qith 20 32P-
labelled T7 1.3, 2, 4 and 20 Brdﬁ-labelled T7 2, 4, 5, 19 phage particles per cell
and incubated for 20 min at 32°C. After DNA extraction, linear monomer DNA molecules
with intermediate density were purified by two cycles of CsCl equilibrium density
gradient centrifugation followed by CsCl zone sedimentation as described in section
(b) (ii) and assgyed for biological activity by transféction.rThe DNA concentration
of the obtained sample, estimated from 32P-radioactivity, speﬁific activi£y ofzszP
and their half-heavy density, was 139 ng/ml and low enough fo_avoid mi*ed'infeqtion
6f competent cell, In fact, as shown in Table fi the number of inféctivé centers
was linearly dependent on DNA concentration. The efficiency of transfection was 15
infective centers per ng T7 DNA and equal to that of f7 phage DNA. The markers of
progeny phage in the obtained infective centers were eXamined and the_results were

summarized in Table 6 . As shown in Table 6, at a high frequency of about 50%; the

infective centers carrying recombinant 1.3" 19" or 1.3” 19” phage were produced.
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The infecti?e centers carrying.recombinaht 1.3 19" or 1.3 19_'phagerwere prodﬁced
at é constant frequency with a.sérially'diluted DNA solution..This fact further
~confirmed that the obtained inféctive centers were ariﬁen by a single infection
with DNA molegule. The 1;3+_19+.infectivé’centers wéré further analyzed for the
included progeny phage whether they were heterogeneous or not with genes, 1.3 and 19.
" Out of 32 individual infective céntefs anélyzed, 2‘consistéd of a mixture of 19" and
19" phage and one infective center-armixthre of 1.3" and 1.3~ phage. The remainder
29 (91%) infective centers consisted onl?fi.3+ 19" phage>a§ far as 20 purified
plaques fromvindividual infective cénters were tested. As seen in Table‘é, at,thg
frequency of about 14%, were also found the~iﬂféctive'cgnters which seemed’fo be
formed by recombinant produced ﬁy doﬁble crossover. Ali;paren; type inféctive centers
had markers from heavy parental DNA but nof from 1light parental DNA. These would be
due to heavy parental DNA brought into the DNA sample during preparation. If it is
the case, all infective centers obtained by transfécfion of'linear monohef DNA with
intermediate density would be recombinant type. Since the possible -content of heavy
parental DNA was about-38% of total DNA, DNA concentration»of the sample for
transfection calculated above might Be underestimated by that extent. Among
recombinant infective centers, asymmetry was observed, that is, 1.37 19" infective
cenfers were dominant ovef the reciprocal recombinant type 1.3— 19" ones. This might
be due to advantége in propagation of 1.3" 19" over 1.37 19” phage under our . |
tranéfectién-ébﬁdifiéh;
'ThuS'linear monémer DNA with intermediate density oﬁtained uﬁder zybﬁ_condition
- produces recombinant phages at very high frequency by transfection gné seems to be .

complete recombinant DNA.
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Discussions

(a) Transfection with dimeric T7 DNA molecules

Dimeric T7 DNA molecules were accumulated after infection with T7 2, 3, 4, 5 phage
These dimeric T7 DNA moleéules marked with different mutations were purified by
two cycles of CsCl equilibrium deﬁsity gradient'centrifugation followed by CsCl
zone sedimentation and transfection ekperimenf of them Qas carried out. When the
DNA molecules in the same sample were examined in the electron microscope, about
a half of them were doubly branched dimeric DNA molecules and the rest consisted
of multiply branched, singly branched and linear molecuies. Linear and singly
branched molecules were probably érisen from dimeric DNA molecules by loss of
branch(es) during manipulation. At least 51% of the infé;tive centers thained
had markers derived from both parents. About 36% of total infective centers were
heterogepeous, that is, consisted of two or more types of phage. This heterogeneity
suggests that heterogeneous infective centers were formediby transfection of
doubly, singly or multiply branched molecules and these DNA molecules were composed
of two parental DNA., Almost heterogeneops infective centers consisted of one parent
and one recombinant type of phage and one of them was predominantly found. These
two types of asymmetry were not characteristic of transfectants of doubly, singly
or multiply branched molecules and also observed in infective centers obtaingd by
mixed infection with two parental DNA. Why these types of asymmetry occured is
not known. It might be due to many cycles of propagation of progeny derived from
transfectants or reflect-the initial burst of transfectants.

Infecti&e centers éoﬁsisting of one éypé'of pﬁage were equally yielded with.
four possible phage types. They might be arisen from in vivo processing of doubly,
singly or multiply branched moleéules or from artificial loss of branches of branched

molecules and removal of branches from dimeric DNA molecules seemed to occur randomly.
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(b) The role of T7 DNA polymerase in recombination

T7 DNA polymerase seemed to stimulate and/or stabilize the interaction of
parental DNA at least in the absence pf the products of genes2, 3, 4. At an early
séééé-df inféétion inrthe'ébsénce df T7 DN;:pol&mérasé féw dimeric T7 DNA -
moleculeé were found, while in the presence of T7 DNA polymerase, dimeric T7 DNA
molécules consisting of H, X-shgped'andwprosslinigq molecules were fppmed anq at
a late stége, more multiply branched molecules were accumulated. The stimulation
and/or stabilization of interaction of DNA molecules was consistent of increase of
intermediate density molecules.

Many multiply branched molecules were accompanied by core(s) containing §ing1e-
stranded DNA, suggesting thét T7 DNA polymerase stimulates and/or stabilizes the
interaction of DNA strand on paired DNA molecules.

One of the ways to stimulate the DNA interaction would be to increase single-
stranded DNA. T7 DNA polymerase has 5' to 3' pdiymerizing activity and 3' to 5'
exonuc}eolytic activity but not~5' to é' exonucleolytic activity (Grippo & .
Richardson, 1971). Therfore, if T7 DNA polymerase acts on nick or gap and performs
repair synthesis, single-stranded DNA would be displaced as described in Figure
9, A. This type of reactionwas observed in T5 induced DNA polymerase (Fujimura §

et al., 1973

Roop, 1976) and a mutant DNA polymerase I in E. coli.(Heijnecker A ) which has
the same enzymatic characteristics as T7 DNA pdlymerase. Whéther or n6t7T7 DNA r~f
pqiymeraée has énééﬁééityAté pefform tﬁig displacement DNAhgynﬁhesis has ﬁ6£ ﬁééﬁj
| rigorously tested (Oey et al., 1971; Grippo § Richardson, 1971). Afterlinfection
with T7 phage defective in gene 4, displacement loop (Figure 9, B) was frequently

Dressler, 1973
observed (Wolfson §& ~ ) and also on intermediate density molecules obtained under
2, é, 4 condition, D-loops were observed. It might bZi;zssible that single-stranded

]
gaps are formed by 3 exonucleolytic activity of T7 DNA polymerase. These single-

stranded structures arisen by T7 DNA polymerase might stimulate interaction of T7
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DNA by making it facile for parental DNA to-be trapped.

Synapsis could be formed uéing these single-stranded structures together witﬁ
~single stranded gapsvformed_by 5'—exonuc1ease coded by gene 6. It might be also
possible that before T7 DNA polymerase and/or 5'-e£onuc1ease act on DNA,
interaction of parental DNA was formed and then these énzymes act on interacting

molecule to make its interaction more stable.

(c) The role of endonuclease I in ﬁaturation step of recombination

Covalent joiniﬁg of polynucleotide chain of pareﬂtal DNA would be the final
step of the sequential recombination proces;. This assumption makes it » 'é
'possible to test whether a certain enzyme is necessary for recombinatioh, especially'
for maturation steps of - intermediate DNA to complete recombinant DNA. ‘

Alkaline CsCl equilibrium density gradient centrifugation analysis of
- intermediate density molecules obtained under 2, 3, 4 and those under 2, 4 condition
showed that endonuclease I was necessar? for covalent joining of parental DNA,
indicating that endonucleas I is involved in at least in maturation step of
‘recombination.

SuggestionAfor role of the endonuclease I in recombination_procéss was
obtained by compairing the structure of intermediate density mélecules formed
in the présence and absence of the endonuclease I. Under 2, 3, 4 condition, multiply
branched molecules were accumulated while under 2, é condition, almost of all
molecules were linear monomer T7 DNA. These linear monomer T7 DNA moléculés vere
recombinant DNA and at least a half of them were cbmplete recombinant DNA as judged
from (1) fragmentation of these molecules shifted almost their density‘ffom original
to lighter one and about 53% of'32P-DNA,wgs COvaleﬁtiy~1inked to BrdU-DNA,
indicating that these linear monomer DNA molecules were not formed by semiconservative

different ,
replication, (2) by transfection, all these molecules marked withAmutations yielded
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recombinant phage. These results‘spggest that endonuclease I participates in
the processing of branched intermediates to linear recombinant DNA by trimming
of branches. Since the endonuclease I acts more preferentially on single-stranded
DNA than on double stranded bNA (Center § Richardson, 1970), it is likely that
this endonuclease perfdrms such é>processing of trimming branches by cleaving
single~stranded regions atiﬁranch points. This‘i; supported by the fact that
lessfdimeficﬁT3iDNA.mblécﬁie$~Wére found under l;éé éé 4, §;than>under.l;§, 2, 3,
4, 5 condition and more-linear monomer DNAiwas found in the presence than in the
absehce of endonuclease I (unpublished I¢SU1t)},,

As shown in Results, section (a), évenhin thé abéeﬁcé 6f eﬁdonucleése Iiéome linear
monomex T7 DNA molecules wefe found. These molééﬁiés Qouid be éfisén fromrbranéﬁed :

molecules by loss of branches by nonspecific endonucleas and/or mechanical force

during DNA extraction and/or manipulation.
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. Table 1

Efficiency of plating of phage>\c60 variants

on différent host strain

...... .

Efficiency of plating

Host .
>, grown on K12 C600 D\ grown on c
E. coli K12
C600 ' 6.3 x 107* 1.3 x107%
C600 recA recB | 4.0 x 1071 1.4 x 1074
C600 TK™ mk™ - 7.0 x 107} 3.4 x 107}

E. coli C A | - 1
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Tabie 2

Analysis of phage in infective centers obtained by

tfansfeétibn with ddubly branched molecules

Number of phage

Infective center Parent type Recombinant type
B U W Catl Vs U Vel
1 27 ,
2 25 ‘ 5
3 17 13
4 25 ' 5
5 20 | 10
6 29 . | 1
7 27 ' |
8 23 ' 7
9 -19 30 ‘
20 o 24
21 o 24 6
22 - 29 ’ 30 '
30 2" 1 27
31 1 29
32 1 29
33 6 24
34 10 18 2
35 14 16
36 7 23
37 : . 7 23
38 3 27
39 - 46 30
47 1 29

48 - 55 U . e S L 30
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Table 3
- Analysis of phage in infective centeré obtained by .

mixed infection with parental DNA

" Number-of phage

Infective center Parent type Recombinant type
1.377197 U 1iztiieT 1.37.19% . 1137197
1 29 :
2 - 28 2
3 23 o '
4 15 15
5 5 25
6 13 17
7 23
8 5 25
9 1 29
10 | 10 20
11 8 22
12 . 11 16
13 10 1 16
14 | 30
15" 30
16 30
17 | - 30

oo 30
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Table 4

Composition of DNA molecules in half-heavy density.

. fractions obtained under 2, 3, 4 condition

Linear - 16
Y-shaped ' “3
H or X-éhaped | 9
Multiply branched éS

Total no. of

.. molecules scored.. .. .




Composition of various doubly branched molecules obtained

in the fresencé or in the absence of T7 DNA polymerase

Doubly branched molecules

H;shaped 3 13

X-shaped -5 4

. Crosslinked 3 3
Total number of

20

11

C30.
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Table 6

Analysis of phage in infective centers obtained by transfection

with linear monomer T7 DNA isolated under 2, 4 condition

Number of infective centers

DNA concentration (ng/ml)

139 . .: 70 35
No. of total infective .
71 39 16
centers obtained per 0.1 ml
Genotype
+ a)
1.3 5 19 17 18 15
1.3 57 19% 3 5 2
a)
1.3 57 19 1 3 1
1.37 5 19° 2 2 2
+ b)
1.37 57 19 0 1 0
1.3 57 197 7 10 3
+ + ©)
1.3 19 0 0 0
1.3 57197 17 31 12
Total number of infective 47

70 35

centers analyzed

a) recombinant type formed by odd number of crossover
b) recombinant type formed by even number of crossover

c) parent type
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Legend to Figures

Fig. 1

Linearity of tansfection assay of T7 phage DNA in CaCl _-treated E. coli.

2

Competent cells of C600 sull recA recB were prepared as described in Materials

and Methods, section (f). Phenol-extracted T7 phage DNA was diluted to the
indicated concentrations in 0.IM-Tris-HC1 (pH 7.4). An 0.1 ml of the T7 DNA was
mixed with 0.2 ml of competent cells and infective centers were titrated. One ug

- T7 DNA is equal to 2.4 x 1010 17 genomes.

Fig. 2 (a)
Recentrifugation profile in CsCl equilibrium density gradient of the
intermediate density molecules obtained under 2, 3, 4, 5 condition. DNA ektracted

from nonpermissive cells infected with 20 each of 32

P-labelled T7 1.3, 2, 3, 4, 5
~and BrdU-labelled T7 25 é} 4, 53 ig_phage particles per cell and incubated for

20 min at 32°C, was centrifuged in.CsCl equilibrium density gradient. The fractions
at or near the half—heavy_density were recentrifuged in CsCl gradient.
Centrifugation in CsCl density gradient was carried out in a Spinco 40 rotor at
36,000 revs/min for 40 h at 15°¢. fhe position of the half-heavy (HL)‘DNA was
deduced from the density of the light (LL) and BrdU-labelled T7 DNA (HH).

—_———, 32P-radioactivity;

(b)

Zone sedimentation in a CsCl density“gradient of fractions 18 to 20 in Fig.
2 (a). The pooled fractions were dialyzed against'O.lM-NaCI, 0.01M-sodium citrate
and layered.on'a_CsCI density gradient and then centrifuged in a Spinco SW 50.1

rotor at 30,000 revs/min for 3 h at 159C. Arrow indicates the position of T7
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linear monomer DNA, sedimented in another tube simultaneously.
32

—@—®— , ““P-radioactivity.
_Fig. 3

Zéne sedimentation in CsCl density gradient of intermediate density molecules
obtained in the presénce of T7 DNA polymerase. (a) Aﬂalysis of intermediaie density
- molecules obtained 20 min after infectiqn with 32P--and BrdU-iabelied T7v33 3, 4
phage. (b) Analysis of intermediate density'moleculesvobtained 10.min aftgr infection
with 32P-labelled T7 1.3, 23 3, 4, 5 and BrdU-labelled T7 23 3, 3_phagé. Before-
centrifugation, 3H-labelled_T7 phage DNA was é&ded..Tﬁe experimental methods are
the same as those deécribed in tﬁe legend to Fig. 2. |

———a— ,32P—radioactivity; ---0----0--, 3H-radioactivity..

Fig. 4

Multiply branched molecules. fhevpurified ihtermediaté density molecules
obtained under 2, 3, ﬁ;condition were spread by équeous (a) and formamide
technique (b). Small cicular DNA is colicin El plasmid.DNA added before spreading.

Arrows indicate D-loop structure. Magnification (a) 12,000 X ; (b) 16,000 X

Fig. 5

Crosslinked molecule. Magnification 14,000 X

Fig. 6

Zone sedimentation in a CsCl density gradient of the intermediate density
molecules obtained by the cross of 32P--andABrdU—labelled T7 2, 4 phage. The
experimental procedures are the same as those described in the legend to Fig. 2.

DNA was extracted from the infected cells and intermediate density molecules were
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purified by two cycles of CsCl equilibrium density gradient centrifugation. The
purified DNA molecules were sedimented in a CsCl density gradient. Arrow indicates
the position of T7 linear monomer DNA.

——— o ,‘32P-rédioactivity.

Fig. 7

Analysés of linear monemer T7 DNA molecules with intermediate dehsity obtained
under 2, 4 condition in CsCl equilibrium density gredient;centrifugation. DNA
molecules in'f;actions 24 and 25 in Fig. 6 were used. (a) Centrifugation in a
neutral CsCl gradient;v(b)tcent;ifugation in a neutraliCsCl gradient after
fragmentation; (c) centrifugation inan.alkaliﬁeiCsCl gfadient. Before centrifugation,
3H—labelled T7 phage DNA was added. The procedure of fragmentatioh by shearing
force is described in Materials and ‘Methods, sectien (). Qentrifugatien procedures
are the same as those-described in the legend to Fig. 2 (a) and in Materials and -
Methods, section (f).

.——4}—————-é- ,‘32P-radioactivityj R ¢ S o-- , 3H—radioactivity.

Fig. 8

Analyses of intermediate densiey molecules obtained in the presence (a, b)
and absence (c, d) of gene3 endonuclease 1 in CsCl equilibrium density gradient
centrifugation. The phages used were defective in gene 2 and 4. DNA was,eXtracted
from the infected cells and intermediate density molecules were purified by two
cycles ovasCI equilibrium density gradient centrifugation. (a) and (c):
recentrifugation in neutral CsCl gradient of the purified intermediate density
molecules. (b) and (d): alkalin CsCl density gradient centrifugation of the same
sample as in (a) and (c). Eefore centrifugation, 3Hélabelled T7 phage DNA was added.

Centrifugation procedures are the same as those described in the legend to Fig. 2 (a)
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and in Materials and Methods, section (f).

—— , 32P—radioact’iv:i.ty; -=-0-===-0-- , 3H—ratdioac:tiv'1'cy.
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Figﬁre 9
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Concluding remarks

From the results mentioned in part A and part C, the process of genetic
recombination in bacteriophage T7 WOuid Ee summarized as follows (Figure CR-1).
The organized summary is_based on the results from the comparative analyses of the
structureé df the intermediate density molecules obtained in thé presence or absence
of genes suggested to be invoilved in re;ombination. |

Synapsis step of.formation of dimeric intermediate DNA molecules from
parental DNA reﬁuires 5'-éxonuclease (gene 6). Singie-strénded gaps (Figure CR-1
V(a)) formed by the exonuclease would allow'parental DNA to interact each ofher.
This synapsis step is stimulated by T7 DNA polymerase (éene 5) and in result,
multiply branched molecules are accumulated. Pregynaptic event for the stimulation
of DNA interaction would be accumulation ofrsingle-stranded structures as described
in Figure CR-1 (b). These two types of single—étranded strﬁctﬁreé are formed through
displacement DNA synthesis by T7 DNA polymerase with.nick or without nick.

"Then, endonuclease I (gene 3) Which digests single-stranded DNA preferentially
acts on branched intermediates and processes them to linear recombinant‘DNA by
cleaving single-stranded region at branch points.

These linear recombinant DNA are then matured to complete recombinant .DNA

through repair by bacterial or phage DNA polymerase and 1igase.
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