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A double-strand break in a bacteriophage T7 genome significantly reduced the ability of that DNA to produce
viable phage when the DNA was incubated in an in vitro DNA replication and packaging system. When a
homologous piece of T7 DNA (either a restriction fragment or T7 DNA cloned into a plasmid) that was by itself
unable to form a complete phage was included in the reaction, the break was repaired to the extent that many
more viable phage were produced. Moreover, repair could be completed even when a gap of about 900
nucleotides was put in the genome by two nearby restriction cuts. The repair was accompanied by acquisition
of a genetic marker that was present only on the restriction fragment or on the T7 DNA cloned into a plasmid.
These data are interpreted in light of the double-strand gap repair mode of recombination.

A popular model for repair of a double-strand break, based
upon the recombination of the broken molecule with an
intact portion of a homologous region of duplex DNA, is
supported by considerable experimental evidence (23, 36—
39). In this model, the double-strand break is first widened to
form a gap so that each strand of both pieces of the broken
DNA can establish base pairing with complementary strands
on the intact homolog. Repairlike DNA synthesis with the
unbroken donor molecule as template would fill the gap. The
recipient DNA molecule which had suffered a strand break
thereby acquires genetic information present on the donor
molecule. There is also considerable evidence that phage T4
recombination is stimulated at the ends of DNA molecules
(17). This paper describes repair of a double-strand break in
the highly recombinogenic (34, 35) bacteriophage T7. T7
recombination is independent of the host RecA recombinase
(21), and T7 is known to inactivate exonuclease V, the
product of the Escherichia coli recBCD genes (43). It has
been suggested that T7 single-strand-binding protein may
play a central role in promoting the annealing of complemen-
tary single strands of phage DNA (28). T7 endonuclease I
(gene 3), helicase-primase (gene 4), DNA polymerase (gene
5), and exonuclease (gene 6) play roles in T7 recombination
5, 7, 11, 12, 22, 26, 40, 41). The precise molecular mecha-
nisms responsible for T7 recombination are poorly under-
stood. Therefore, possible involvement of strand breaks in
this phage’s recombination mechanism(s) remains an open
question.

Other workers have reported in vitro recombination of T7
DNA (6, 9, 25-29, 42). Recombination has also been ob-
served with an in vitro system designed to maximize DNA
replication (14, 15). Conditions that promote DNA replica-
tion may be important to recombination by stabilizing the
exogenous DNA or by altering the mechanisms contributing
to recombination. There is no significant degradation of
exogenous DNA during in vitro DNA replication (15). Fur-
thermore, both the observed high frequency of genetic
exchange and the observed dependence on marker position
are compatible with what is known about in vivo recombi-
nation (14). Also, recombination contributes to recovery of
damaged DNA into viable phage in this system (14). These
results have sparked interest in knowing whether repair of
double-strand breaks would occur in the in vitro DNA
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replication system and whether this repair would be associ-
ated with recombination. The results of these measurements
are presented below.

MATERIALS AND METHODS

Bacteria and phage. Bacteria used in this study were the
wild-type, suppressor-free E. coli strain W3110, E. coli TB-1
[ara A(lac-proAB) rpsL hsdR ®80 lacZM15], the suppressor-
free Shigella sonnei strain ShD2 371-48, and S. sonnei
Sh3-18, which contains an amber suppressor. Both S. sonnei
strains and the ss~ (‘‘suicide in Shigella’’) T7 strain were
gifts from R. Hausmann. Wild-type T7 and T7 with amber
mutation am29 in gene 3, am20 in gene 4, am28 in gene S, or
am147 in gene 6 were from W. Studier. Our previous studies
had shown that a single A-to-C transversion at position
23150 in the T7 genome is responsible for the ss™ mutation
(20). Plasmid pJP7 is a derivative of pUC19, into which a
620-bp Thal fragment of T7 with the ss~ mutation had been
cloned. The 3,306-bp pJP7 plasmid has previously been
described (20). Bacteria and phage were grown by using L
broth and agar plates made from T broth (16).

DNA. T7 DNA was purified as described by Richardson
(24). Plasmid pJP7 DNA was prepared by alkaline lysis of
strain TB-1 carrying that plasmid (30). The DNA sequence of
bacteriophage T7 (2) was the source for identifying relevant
sites on the T7 genetic map. Restriction digests were per-
formed with enzymes from New England Biolabs or Be-
thesda Research Laboratories under the conditions re-
commended by the suppliers. In all cases, agarose gel
electrophoresis showed that the restriction digests produced
the pattern of DNA fragments expected from complete
digestion at known sites. Restriction enzymes were inacti-
vated by phenol-chloroform extraction followed by ethanol
precipitation and resuspension in 10 mM Tris HCI (pH
7.5-0.1 mM EDTA. Ethanol precipitation and resuspension
sometimes reduced the ability of T7 DNA to be packaged
efficiently, but this step was essential for removing glycerol
(present in preparations of restriction enzymes), which in-
activates the packaging reactions when present even in trace
amounts (31).

In vitro DNA replication and recombination reactions.
Extracts for in vitro replication and recombination were
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TABLE 1. Effect of a double-strand break on in vitro recombination between T7 6~ ss™ DNA and wild-type DNA®

DNA Titer on:

Shigella sup® Shigella sup®

. : strain/W3110 strain/Shigella
Wild type 6 s~ W3110 ] lf:;i‘t’ﬁn ) li"lgs‘;’r’;‘in %) sup* strain (%)
None Present 1.7 x 10* 8.0 x 10° 9.1 x 10°
Control None 4.3 x 10° 2 7
Cut None 2.3 x 10° 0 8
Control Present 3.0 x 10°¢ 3.5 x 10° 1.1 x 107 11.6 3.2
Cut Present 6.3 x 10° 6.1 x 10° 1.2 x 107 91 52

¢ Intact T7 6~ ss~ DNA was incubated together with wild-type T7 DNA that was either untreated (control) or digested with Nhel restriction endonuclease (cut).
After in vitro packaging, the phage were plated on the wild-type E. coli strain W3110 or on S. sonnei with (sup™) or without (sup®) an amber suppressor.

b Ratio of plaque counts on the indicated strains.

prepared with E. coli W3110 infected with T7 (4). Unless
otherwise specified, the phage used to prepare the extracts
had an amber mutation in gene 3. Reaction conditions have
been described (14). A typical 0.05-ml in vitro recombination
reaction mixture contained 4.5 nmol (nucleotide phospho-
rous equivalents) of T7 wild-type DNA plus either 9.0 nmol
of a BstXI restriction digest of 6~ ss~ DNA or 15.0 nmol of
pJP7 DNA. Incubation was at 37°C for 30 min.

In vitro packaging. In vitro packaging was carried out as
described elsewhere (8, 13, 31). In the present experiments,
the extracts for packaging were made with strain W3110
infected for 18.5 min at 31°C with T7 that had amber
mutations in genes 3, 5, and 6. A 0.036-ml portion of each
DNA replication and recombination reaction mixture was
added to 0.064 ml of packaging reaction mixture (8, 13), and
0.01 ml of that mixture was added to 0.02 ml of packaging
extract. After 60 min of incubation at 31°C, the packaging
reaction mixtures were diluted, resulting phage were plated
on appropriate indicator bacteria, and the plates were incu-
bated overnight at 30°C. The values in the tables below show
the total phage present in the packaging reaction mixtures. A
typical packaging reaction mixture contained 1.3 x 10°
phage equivalents of exogenous (template) DNA.

RESULTS

To examine the association of recombination with the
repair of double-strand breaks in bacteriophage T7, a dou-
ble-strand cut was made in wild-type T7 genomes with Nkel

restriction endonuclease. This enzyme, which has a single
recognition site on T7 DNA, puts a double-strand staggered
break with a 4-base 5’ overhang at position 22969. The DNA
was incubated under conditions that permit in vitro DNA
replication and recombination, the product of the reaction
was packaged, and the resulting phage were tested for
viability. As seen in Table 1, the break reduced the ability of
the DNA to make viable phage by a factor of about 20. The
break was located 181 bp from the selectable genetic marker
ss~ (Fig. 1). Wild-type T7 (ss*) is unable to grow on S.
sonnei (3). However, the ss™ mutation, an A-to-C transver-
sion at position 23150 in gene 10, extends the host range of
T7 to enable it to grow equally well on either S. sonnei or E.
coli cells (3, 20). When DNA with an amber mutation in gene
6 and an ss” mutation in gene 10 was incubated in the
reaction mixtures, many more plaques were found on the S.
sonnei with an amber suppressor. When both the 6~ ss~
DNA and the wild-type DNA were included in the reaction
mixture and the product was packaged, about 12% of the
phage were ss” but free of amber mutations. When a
double-strand break was put in the wild-type DNA, the cut
increased the yield of phage able to grow on the S. sonnei
suppressor-free host, so that essentially all of the phage
recovered now carried the ss™ mutation but did not have the
amber mutation in gene 6.

An experiment in which the DNA that carried the ss™
marker could not by itself be packaged into viable phage was
done. Detection of transfer of the ss™ mutation could result
only if the originally ss* T7 genome acquired an ss~ muta-

BstXI Sites
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15729 - 18,328 23,150 ~ 2795l
~ .
L// 1 1 \\l Restriction
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\
i
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22,969 23,892

FIG. 1. Recombination between a T7 genome and a T7 restriction fragment. The top line shows the BstXI restriction sites on the T7
genome. The positions of the amber 147 mutation (in gene 6) and of the ss™ mutation (in gene 10) on the 12,222-bp BstXI restriction fragment
are shown on the second line. The third line represents the T7 genome, with the single Nhel and BssHII restriction sites indicated. The
information in the figure is based upon the sequence reported by Dunn and Studier (2).
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TABLE 2. Recombination between a restriction fragment and T7
genomic DNA“

BstXI . Titer on:
restriction G&‘\;’ﬂc Shigell %. .
fragment W3110 Pk ég; r:in Recombination
None Uncut 8.4 x 107 0
None Nhel cut 6.7 X 106 0
None BssHI cut 3.3 x 10°¢ 0
None Double cut 2.1 x 10° 0
+ None 7.8 x 10> 5.9 x 10?
+ Uncut 9.4 x 107 1.3 x 10° 1.4
+ Nhel cut 1.4 x 107 1.1 x 107 78.6
+ BssHI cut 1.1 x 107 9.9 x 10° 90.0
+ Double cut 1.7 x 107 1.3 x 107 76.5

2 Recombination was measured after in vitro reaction of T7 6~ ss~ DNA
digested with BstXI (+) or without ss™ DNA (none).

 The T7 genomic DNA was undigested (uncut), treated with either Nhel or
BssHI alone, or treated with both of those enzymes (double cut).

tion. 6- ss~ DNA was digested with BstXI restriction
endonuclease, which has 11 recognition sites on T7. The
fragment, which extends from position 15729 to position
27951, carries both the 6~ amber and the ss~ mutations.
Because reassembly of a functional T7 genome from 12
pieces is a very unlikely event, the DNA with the ss™
mutation that is introduced into the reaction mixtures does
not contribute to the total yield of phage. T7 able to grow on
Shigella spp. can arise only when the wild-type T7 genome
acquires the ss~ mutation from the BstXI digest. When the
DNA from the restriction digest was incubated in the in vitro
replication and recombination reactions, essentially no bio-
logically active DNA was produced (Table 2). The few viable
phage that were found when only the BstXI-digested DNA
was present may come from contamination of an extract or
from wild-type DNA produced by recombination between
endogenous 3~ DNA (present in the extract) and the BstXI
digest of 6~ ss~ DNA. Intact T7 genomes produce viable
phage particles, but essentially none of these are ss™ (Table
2). About 1.4% of the phage produced after incubation of
wild-type DNA together with BstXI-digested 6 ss™ DNA
were able to grow on suppressor-free S. sonnei. A double-
strand break produced with Nhel endonuclease reduced by
about an order of magnitude the potential of the wild-type
DNA to form viable phage. The Nhel digestion appeared
complete, as judged by electrophoresis of the products (data
not shown). The higher-than-expected yield of phage pro-
duced from the Nhel-cut DNA may be due to rescue by
recombination with the endogenous (ss*) DNA present in
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the extracts for DNA synthesis. When the restriction frag-
ment from 6~ ss” DNA was present, the Nhel strand break
in the T7 genome substantially increased the number of
phage able to grow on S. sonnei beyond the number which
was found without the strand break, so that most (79%) of
the DNAs with potential to form viable phage carry the ss™
mutation (Table 2).

An experiment was done to see whether a double-strand
gap lacking the site of the ss™ mutation would be repaired.
Wild-type T7 DNA was cut either with the restriction
enzyme Nhel or BssHI alone or with both endonucleases.
The enzyme BssHI has a single recognition site at position
23892. Treatment with both enzymes introduces a 923-bp
gap in the T7 chromosome, and the site of the ss™ mutation
is located within this gap (Fig. 1). Digestion with one or both
of the restriction enzymes reduced the ability of the wild-
type DNA to form phage after in vitro packaging (Table 2).
When a BstXI digest of 6 ss~ DNA was included as a
source of the ss~ mutation, a double-strand break at either
restriction site or a double-strand gap markedly increased
the yield of ss~ phage. As seen from the last three lines of
Table 2, most of the phage produced under these conditions
carried the ss~ marker. Thus, it does not matter whether the
double-strand break is to the left or right of the ss™ marker
or whether a gap is present.

If there is physical exchange of DNA, initiated at the point
of the double-strand break, between the wild-type T7 ge-
nome and the BstXI fragment of 6~ ss~ DNA, then a break
in the same DNA molecule that has the ss™ marker should
also stimulate recombination. Double-strand breaks were
introduced at the Nhel restriction site in both the wild-type
T7 genome and in the 6~ ss™ restriction fragment. All
combinations of those DNA molecules were tested for yield
of viable phage with an ss~ genotype. The data in Table 3
show that when restriction fragments with Nhel endonucle-
ase cuts were incubated with intact genomes, recombination
frequency decreased relative to the value for the control, in
which neither partner had a double-strand break. When both
types of DNA molecules were digested with Nhel endonu-
clease, the yield of viable phage was much lower than the
yield that was found when the genomic DNA was cut and the
restriction fragment was intact. Thus, an Nhel endonuclease
break in the restriction fragment with the ss™ marker re-
duces the ability of that DNA molecule to restore viability to
a wild-type T7 genome that also has a matching double-
strand break. (When both types of DNA molecules were cut,
some of the few viable phage recovered did show an ss™
phenotype.) Table 3 shows that when the T7 genomes were
cut, the titer of recovered ss~ phage was essentially the

TABLE 3. Effect of double-strand breaks in both recombining partners®

Titer on: % Recombination® on:
67 ss” Genomic
DNA DNA W3110 Shé'gellq Shigella Shigellq Shigella’
sup® strain sup* strain sup® strain sup* strain
Control Control 1.7 x 10% 1.7 x 108 3.9 x 10° 1.0 2.3
Control Cut 3.2 x 107 2.6 x 107 3.0 x 107 81.1 93.8
Cut Control 1.7 x 10® 7.8 x 10* 1.4 x 10° 0.046 0.082
Cut Cut 4.4 x 10° 1.2 x 10° 1.2 x 10° 27.0 27.3

a A BsrXI digest of 6~ ss~ DNA was recombined with wild-type T7 chromosomes. Both partners were either digested with Nhel (cut) or retained as untreated
controls. After in vitro DNA replication and recombination, the DNA was packaged and plated on strain W3110 or on S. sonnei with (sup®) or without (sup™)

an amber suppressor.

b Values for recombination on sup® and sup™ strains were obtained by dividing the number of plaques on the Shigella strains by the number on E. coli W3110.
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TABLE 4. Effect of a double-strand cut on
plasmid-genome recombination®

J. BACTERIOL.

TABLE 5. Recombination between T7 genomic DNA and closed
circular or linear plasmid DNA“

DNA Titer on: %
0
. . Shigella Recombination

Plasmid Genomic w3110 sup® strain
None None 3.6 x 10° 0
None Control 5.8 x 10° 0
None Cut 4.4 x 10* 0
Present None 5.2 x 10° 0
Present Control 4.6 x 10° 2.9 x 10* 0.63

4.0 x 10° 7.1 x 10* 17.8

“ The ratios of ss~ phage to total phage, defined as recombination, were
measured after packaging the products of in vitro reactions that included DNA
from the plasmid pJP7, which carries the ss~ mutation in gene 10, and
wild-type T7 DNA that was either intact (control) or digested with the enzyme
Nhel (cut).

Present Cut

same with or without a suppressor in the S. sonnei host,
suggesting that in most cases, the 6~ amber marker was not
transferred together with ss™. Data from experiments with-
out strand breaks in the full-length genomes (Table 3)
indicate that some recombinants probably also picked up the
amber marker in gene 6, since the phage yield on the Shigella
strain with the suppressor was about double the phage yield
on the strain without a suppressor.

Intact T7 genomes are able to undergo recombination with
homologous T7 DNA sequences cloned into plasmids (10,
19, 20, 32, 33). When plasmid DNA is included in the in vitro
DNA replication-packaging reaction mixtures, T7 DNA
present on a plasmid will not be packaged and thus cannot
contribute to the total phage yield. However, recombination
between the plasmid and genome could affect the genotypes
of the phage that are produced. A pUC19 derivative, pJP7,
into which a 620-bp region of T7 gene 10 (between Thal-cut
sites at positions 22681 and 23301) with the ss™ mutation (at
position 23150) had been cloned (20) was used to see how the
presence of plasmid DNA would affect repair of double-
strand breaks. Plasmid DNA was incubated with wild-type
T7 chromosomes with or without a restriction cut, under
conditions that would permit DNA replication and recombi-
nation. After in vitro packaging, the products of the reac-
tions were examined for the ss™ phenotype. Table 4 shows
the effect of a strand break in the genome near the ss™
mutation, together with relevant controls. As seen in Table
4, the level of recombination is lower than the level that was
measured in other experiments (Tables 1 to 3). This is
probably because the region of homology available on the
plasmid is more limited than the region that was available on
the BstXI restriction fragment. A break in the chromosomes
increased the number of ss™ phage produced when the
plasmid was available for recombination (Table 4).

To examine the effect of plasmid supercoiling, pJP7 was
linearized by digestion with Sspl, which cuts pUC19 at
position 2501 (over 2,000 bp from the multiple cloning site
into which T7 DNA was placed). Digestion was sufficient to
completely linearize the pJP7 DNA, as judged by gel elec-
trophoresis. Wild-type DNA was either cut with Nhel or
kept as a control before incubation with the plasmid DNA
and packaging. Table 5 shows that linearizing the plasmid
reduced the frequency of recombination by a factor of about
10. Thus, the supercoiling of the plasmid increased its ability
to assist in the repair of double-strand breaks in the genome.
The supercoiling may favor strand separation and thereby
invite invasion from a recombinogenic partner DNA mole-
cule.

DNA Titer on:

Shigella % Ratio®
Plasmid Genomic ~ W3110 sup® Recombination

strains
Uncut Control 1.5 x 10° 1.2 x 10* 0.80 1
Uncut Cut 2.5x10° 4.8 x 10* 19.2 24.0
Linear Control 7.9 x 10° 5.3 x 10? 0.067 0.084
Linear Cut 4.3 x 10* 7.4 x 10? 1.7 2.2 (25.09

“ Recombination was measured as the ratio of ss~ phage to wild-type phage
after in vitro reactions of plasmid pJP7 DNA that was either untreated (uncut)
or linearized by digestion with the enzyme Sspl and of T7 genomic DNA that
was either untreated (control) or digested with Nhel (cut).

b Ratio of percent recombination relative to recombination in the experi-
ment in which both DNAs were uncut is shown.

¢ Ratio of recombination with or without an Nhel cut in the genomic T7
under conditions in which the plasmid was linearized.

Because a large amount of endogenous DNA is synthe-
sized after infection with wild-type T7 and because some of
it remains in the extracts after centrifugation, it was not
possible to perform experiments with crude extracts made
from E. coli cells infected with wild-type T7. To avoid this
problem, extracts were made from phage with the amber
mutation in gene 4 and were mixed with similar extracts
made from phage with the amber mutation in gene 5. Data
obtained with these mixed extracts gave results similar to
those found with extracts made from gene 3-deficient phage
(Table 6). The level of recombination was lower when
extracts lacking the products of both gene 3 and gene 6 were
used.

DISCUSSION

When a chain break is present in T7 DNA, most of the
DNAs capable of forming viable phage have apparently
repaired the break by recombination with the physically
intact partner. It is possible that recombination could take
place by joining the DNA molecule that already has a break
with a new break introduced into the partner in the ex-
change. However, the use of restriction fragments or plas-
mid DNA makes that explanation very unlikely. A simpler
and more attractive hypothesis is that double-strand breaks
may be widened (perhaps by using gene 6 exonuclease) and

TABLE 6. Effect of different extracts on recombination®

Titer on:
Genomic . %
Extract® DNA W3110 s’;f;éla Recombination
strain

None Control 3.3 x 107 4 x 10?
None Cut 4.7 x 10° 1 x 10*
3- Control 46 %107 1.1 x 10° 2.4
3” Cut 1.2 x 107 9.4 x 10° 78.3
3767 Control 5.3 x 10 8.1 x 10! 0.0016
376" Cut 23x10° 3.7 x 10° 1.6
4~ + 5 Control 9.3 x 10° 4.9 x 10° 5.3
4~ + 5 Cut 4.4 x 106 3.1 x 10° 70.5

“ Recombination was measured between a BstXI fragment of T7 6~ ss™
DNA and genomic T7 DNA that was intact (control) or digested with Nhel
(cut).

® In vitro reactions were carried out without extract or with extracts from
3~ phage, from 3~ 6~ phage, or from a 1:1 mixture of extracts from4~ and 5~
phage (47 + 57).
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the resulting gaps may be filled in with DNA synthesis that
uses the other recombining partner as template. This is
essentially the model that has been suggested to account for
double-strand gap repair in yeast and in bacteriophage
lambda (37, 39). The data in Table 2 are in accord with this
model, since a gap was repaired almost as effectively as a
chain break and since in both cases, nearly all of the viable
phage were recombinants. In a minor variation of this model,
independent invasions of either piece of the broken duplex
with the same or different intact homologs could provide
templates for synthesis of relatively extensive 3’ tails on
each of the two pieces of the broken chromosome. Since
these tails would be complementary to one another, anneal-
ing of the tails could restore the broken duplex (23).

Gene 3-deficient phage were initially chosen for the DNA
replication system to minimize endogenous DNA in the
system (4, 15). Our earlier evidence for recombination in this
system (14) prompted the choice of the same phage mutant
as the source for extracts in the present study. However, in
vivo studies have indicated a role for the gene 3 endonucle-
ase in general homologous recombination in T7 (7, 12, 22, 26,
41). The properties of the gene 3 endonuclease are compat-
ible with a role in facilitating resolution of the Holliday
junctions formed during recombination (1, 18). A trivial
explanation for the apparent lack of dependence on gene 3
derives from the likelihood that some gene 3 endonuclease is
probably present in these extracts because of wild-type
contamination in preparations of the gene 3-deficient phage
used to make extracts or because of amber read-through.
Alternatively, other activities present in the extracts might
effectively substitute for the gene 3 product. Another alter-
native is that T7 uses more than one mode of recombination
and that the gene 3 product is not normally involved in the
mechanism responsible for double-strand gap repair. For
example, there is no apparent need for an endonuclease in a
mechanism involving annealing of homologous 3’ tails, each
resulting from independent synthesis with ss™ DNA as a
template.

The system described here currently offers the best avail-
able means of producing well-defined DNA substrates for T7
recombination and quantitatively controlling the numbers of
these molecules available for exchange with one another.
The experiments described above focus only on the initial
structures of the DNA molecules that engage in recombina-
tion. Processing of these substrates by other enzymes may
take place before recombination begins or as part of the
resolution of recombination intermediates. Also, it must be
kept in mind that more than one mechanism of recombina-
tion might operate in T7 (9, 26) and that double-strand breaks
may not stimulate all modes of genetic exchange available
within a T7-infected cell. However, it does seem clear that a
double-strand break in a T7 genome will be repaired more
efficiently if even a short unbroken homologous piece of
DNA is available and that the frequency of genetic rear-
rangement near the site of the strand break will be markedly
elevated.
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