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A plasmid containing a copy of the late gene 23 was cleaved at two specific
locations after bacteriophage T4 infection. Cleavage at the major site, which is at
the 3' end ofgene 23, was detected only in the absence of gene 46 product function
and was independent of the state of modification of cytosine residues. Cutting of
plasmid (cytosine-containing) DNA at this site was independent of phage DNA
replication and late transcription functions. A second cleavage site, in vector
DNA, was also mapped. The minor extent of cutting at this site was independent
of gene 46 function. Gene 46 codes for, or controls, an exonuclease involved in T4
DNA recombination and in degradation of cytosine-containing DNA.

The coupling of transcription of bacteriophage
T4 late genes to replication of the viral DNA
remains poorly understood, but some "activa-
tion" of the DNA template is thought to be
provided by replication (37, 50). We have
thought that some progress in defining the na-
ture of DNA competence for late transcription
could be made if one examined the effect of T4
infection on the structure of a plasmid contain-
ing a T4 late gene. We chose gene 23, which
codes for the major capsid protein, for this
purpose. Previous experiments have established
that the plasmid-borne gene 23 is expressed late
in infection and have defined some of the rele-
vant parameters (16, 17). Analysis of deprotein-
ized plasmid DNA uncovered an unexpected
effect: a site-specific cleavage of T4 DNA oc-
curred in the absence of gene 46 function. The
gene 46 product is involved both in T4 recombi-
nation and in degradation ofDNA. This report is
concerned primarily with the site-specific cleav-
age.

MATERIALS AND METHODS
Media. M9S and tryptone broth have been described

previously (6). H-2 (low phosphate) medium is medi-
um B-2 of Studier (44), without phosphate, and with 20
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid-NaOH (pH 7.5) in place of bis-Tris (G. Kassave-
tis, personal communicaion.).

Bacteria. Escherichia coli CR63 and B40suI were
the standard supD (amber-suppressing) hosts. B834SR
is a recA56 derivative (JC5088 [13] from J. Clark via D.
Smith) of B834S (16) constructed by K. Jacobs. B834
galU56 has been described previously (39) and was
obtained from L. Snyder. The plasmid, pLA4, which
contains a 2.6-kilobase-pair (kbp) segment of T4
genome that includes all of gene 23, and its deriva-
tives, pLA3A2 and pLA5, have been described previ-
ously (16).

Bacteriophage. All of the mutants used in this work
have been described previously (17) or were construct-
ed from previously described mutants by standard
crosses in E. coli CR63 or B40suI. In the text, the
designation amX refers to an amber mutation in T4
gene X.

Infected bacteria. An overnight culture of E. coli
B834SR(pLA4) was diluted to an absorbance at 650
nm (A650) of 0.05 and grown in M9S with 20 jig of
ampicillin per ml at 37°C to an A650 of 0.4 to 0.5. For
the experiments described in Fig. 2, 3, and 4, the cells
were labeled with [methyl-3H]thymidine (TdR; 25 Ci/
mmol, 1 ,uCi/ml) and uridine (1.5 mM) during the last
two generations. Radioactive precursor was removed
by centrifugation of the culture and resuspension of
the cells in M9S. Aliquots of the culture were shifted
to 30°C 10 min before infection at a multiplicity of
infection of 5. We assumed that an A650 of 0.4 corre-
sponded to 2 x 108 cells per ml. (B834SR gave a much
lower viable titer than its parent, B834S, for an equiva-
lent A650. Cell killing as a function of the number of
infecting phage indicated that the number of target
cells per milliliter was much higher than the viable
titer, so we used the A650 under the growing conditions
described above as our measure of cell number.)
Surviving bacteria and unadsorbed phage were mea-
sured 10 min after infection. The progress of infection
was stopped by adding the culture to 0.5 to 2 volumes
of ice-cold M9S containing NaN3 (final concentration
10 mM).
For the experiment shown in Fig. 5 and 6, E. coli

B834SR(pLA4) was grown at 37°C to an A650 of 0.4 in
H-2 medium supplemented with 0.1% Casamino Ac-
ids, 20 ,ug each of methionine and thymine per ml, and
5 ,ug of ampicillin per ml. [32P]phosphate (carrier-free,
50 .Ci/ml) was added to 40 ml of the culture during the
last generation of growth. The phosphate concentra-
tion in this medium (from Casamino Acids) was deter-
mined by T. Elliott to be 340 ,LM (12) and allowed
exponential growth to an A650 of 0.8. The cells were
sedimented, resuspended in 20 ml of M9S (1% Casa-
mino Acids), and shaken at 30°C for 10 min before
infection (multiplicity of infection = 3). Surviving
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bacteria and unadsorbed phage were measured 10 min
after infection. The progress of infection was stopped
by sedimenting the cells.

Preparation of intracellular DNA. For the experi-
ments shown in Fig. 2, 3, and 4, cell pellets (from 0.5
to 1.0 ml of culture) were suspended in 20 RI of TES
(39 mM Tris-chloride [pH 7.51-27.5 mM EDTA-11.8%
sucrose-120 ,ug of lysozyme per ml) and incubated on
ice for 20 min. A mixture of 40 ,ul ofTTE (0.1% Triton
X-100-50 mM Tris-chloride [pH 8]-10 mM EDTA)
with 2 ,ul of 10% sodium dodecyl sulfate (SDS) and 16
p1 of proteinase K (5 mg/ml) was added, and the lysed
cells were incubated at 37°C for 1 to 2 h. The depro-
teinized DNA was sheared by pipetting the solution
through the plastic tip of an adjustable micropipette.
Then 16 ,u1 of loading solution (15% Ficoll-0.1%
bromophenol blue-0.1% xylene cyanol-1 mM EDTA)
was added, and volumes containing 3H counts corre-
sponding to 0.01 to 0.02 A650 unit of the original culture
were subjected to agarose gel electrophoresis as de-
scribed below.
For the experiment shown in Fig. 5 and 6, the cell

pellet (from 20 ml of culture) was resuspended in 200
p.1 of TES and incubated on ice as above. Then 400 p.1
of TTE was added, and the mixture was incubated on
ice for 20 min and centrifuged (12,800 x g for 12 min).
The supernatant fluid was made 0.25% in SDS and 1
mg/ml in proteinase K and was incubated at 37°C for
45 min. SDS was precipitated by the addition of KCI to
20 mM and incubation on ice for 5 min and was
removed by centrifugation. The supernatant fluid was
extracted with phenol (equilibrated with 0.1 M Tris-
chloride [pH 8.01-0.1 M NaCl-0.1% 8-hydroxyquino-
line) and treated with pancreatic RNase (40 jig/ml) at
37°C for 25 min. After phenol extraction, the solution
(volume = 425 p.1) was applied to a 6-ml Sephadex G-
50 column equilibrated with 10 mM Tris-chloride (pH
7.5)-0.1 mM EDTA-100 mM NaCl. The flow-through
fractions were pooled, precipitated with ethanol, sus-
pended in 150 p.1 of 10 mM Tris-chloride (pH 7.5)-S50
mM NaCI-0.1 mM EDTA-10 mM MgCl2-0.5 mM
CaCI2, and incubated with pancreatic DNase (1 ,ug/ml)
for 10 min at 37°C and then with pancreatic RNase (20
,ug/ml) in the presence of 20 mM EDTA (to inhibit
DNase) for 10 min at 37°C. (The DNase treatment was
an attempt to reduce contamination of linear with
supercoiled plasmid DNA during separation by gel
electrophoresis [see below], the RNase removed resid-
ual RNA in the DNA). NaCl was added to 100 mM,
and the mixture was heated at 60°C for 10 min. One-
sixth volume of loading solution was added, and the
sample was applied to a 0.8% agarose gel as described
below.
For the experiment shown in Fig. 7 and 8, cell

pellets (from S ml of culture) were suspended in 100 p.1
of 50 mM Tris-chloride (pH 8)-10 mM EDTA-15%
sucrose. Then 300 p.1 of 1.33% SDS-20 mM EDTA-
proteinase K (0.5 mg/ml) was added, and the lysed
cells were incubated at 37°C for 1 to 2 h. The DNA was
sheared, SDS was removed by precipitation, and the
protein was extracted with phenol as described above.
The nucleic acid was precipitated three times with
isopropanol and then was resuspended in 10 mM Tris-
chloride (pH 7.5)-0.1 mM EDTA and treated with
pancreatic RNase A (5 ,ug/ml).

Incorporation of radioactivity into nucleic acid was
measured by precipitation of aliquots with ice-cold

10% Cl3CCOOH, filtration onto glass fiber (for
[3H]TdR) or cellulose nitrate (for 32p) filters, and
counting in toluene-based scintillation fluid.

Preparation of plasmid markers. Linear pLA4 or
pBR322 DNA was prepared by digestion of CsCl-
purified supercoiled plasmid DNA with the restriction
enzyme EcoRI or BamHI. Covalently closed relaxed
plasmid was made by treatment with crude topoiso-
merase 1 (9) in 0.1 M Tris-chloride (pH 8)-0.1 M NaCl
for 30 min at 30°C. The reaction was stopped by the
addition of SDS and extraction with phenol.

Gel electrophoresis. Agarose gels (2 mm vertical)
were run in 40 mM Tris base-20 mM sodium acetate
(pH 7.9)-i mM EDTA (30). Ethidium bromide (EtBr;
0.5 p.g/ml; Sigma Chemical Co., St. Louis, Mo.) was
added to gels and running buffer as stated in the figure
legends. Polyacrylamide (30:1 acrylamide:bisacryl-
amide) gels (1 mm) were run in 50 mM Tris base-50
mM boric acid-5 mM EDTA (pH 8.3 [35]).

Purification of DNA from gels. DNA was extracted
from agarose gel slices by several cycles of freezing
and thawing (47), applied to benzoylated napthoylated
DEAE-cellulose (22) in gel buffer, and washed with 10
mM Tris-chloride (pH 7.5)-l mM EDTA-0.1 M LiCl.
The DNA was eluted with 10 mM Tris-chloride (pH
7.5)-1 mM EDTA-1 M LiCl-20% ethanol (18), precip-
itated with ethanol, and suspended in 10 mM Tris-
chloride (pH 7.5S)-0.1 mM EDTA. DNA was eluted
from acrylamide gels essentially according to Knapp et
al. (23), precipitated with ethanol, and resuspended as
described above.

Southern transfer and hybridization. DNA from
agarose gels was nicked in situ (48) and transferred for
16 h to nitrocellulose filter according to Southern (42).
The filters were baked for 2 to 4 h at 80°C in vacuo.
Prehybridization, hybridization, and washing were
done according to Alwine et al. (2), using 2 x 104 to
2 x 10i cpm of nick translated probe per ml of
hybridization fluid and approximately 50 p.1 of hybrid-
ization fluid per cm2 of filter. After air drying, the
moist filters were wrapped in plastic and exposed to
DuPont Cronex X-ray film at -70°C, using an intensi-
fying screen.

Nick translation. Plasmid DNA or purified restric-
tion fragment (0.1 to 0.5 p.g) was incubated with 2 ng of
DNase I for 10 min at 37°C and then with 4.5 U of
DNA polymerase I for 2 h at 15°C in 10 p.1 of 50 mM
Tris-chloride (pH 7.5)-S5 mM MgCl2-10 mM ,-mercap-
toethanol-gelatin (100 ,ug/ml) plus one to four [a-
32P]deoxyribonucleoside triphosphates (200 to 3,000
Ci/mmol) at 5 p.M and the remaining unlabeled
deoxyribonucleoside triphosphates at 10 p.M (29). The
reaction was stopped by heating at 65°C for 10 min,
and the mixture was diluted with 40 p.1 of 10 mM Tris-
chloride (pH 7.5S)-100 mM NaCI-0.1 mM EDTA and
applied to a 1-ml Bio-Gel P-30 column (Bio-Rad Labo-
ratories, Richmond, Calif.) equilibrated with the same
buffer. The flow-through fractions were pooled, pre-
cipitated with ethanol, and resuspended in 10 mM
Tris-chloride (pH 7.5S)-0.1 mM EDTA. The specific
activity of the labeled DNA was, typically, 1 x 107 to
6 x 107 cpm/p.g.

Materials. DNA polymerase I (EC 2.7.7.7) and
pancreatic DNase I (EC 3.1.21.1) were from Boeh-
ringer Mannheim Corp. Proteinase K (E. Merck,
Elmsford, N.Y.) was incubated at S mg/ml for 1 h at
37°C in 10 mM Tris-chloride (pH 7.5)-i mM EDTA
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and stored at -70°C before use. [3H]TdR was from
New England Nuclear Corp., Boston, Mass., and [a-
32P]deoxyribonucleoside triphosphates were from
Amersham Corp., Arlington Heights, Ill. [32P]phos-
phate in HCl was from International Chemical and
Nuclear Corp., Irvine, Calif. Formamide (MCB Re-
agents, Cincinnati, Ohio) was routinely deionized be-
fore use with Bio-Rad AG501-X8(D) mixed bed resin
and stored at -20°C. Nitrocellulose filters were from
Schleicher & Schuell Co., Keene, N.H. or Millipore
Corp., Bedford, Mass. Benzoylated naphthoylated
DEAE-cellulose and ampicillin were from Sigma. Re-
striction enzymes HindIII and BamHI were generous-
ly provided by F. Keppel, BglIl was provided by J.
Ptne, and EcoRI was provided by T. Elliott. HinclI
was purchased from Bethesda Research Laboratories,
Gaithersburg, Md., and EcoRV was from New En-
gland Biolabs, Beverly, Mass. Restriction enzymes
were usually used according to commercial specifica-
tions, except that digestion with EcoRV was in 10 mM
Tris-chloride (pH 8.0)-50 mM NaCl-20 mM MgCl2-1
mM dithiothreitol-10 mM 3-mercaptoethanol-100 Fg
of Pentex bovine serum albumin (Miles Laboratories,
Inc., Elkhart, Ind.) per ml, using approximately 100
hour U per Fg of DNA overnight at 37°C. In our
hands, the enzyme partially restricted glucosylated
hmC-containing T4 DNA under these conditions. Puri-
fied glucosylated hmC-containing DNA from T4 e-
virions and intracellular cytosine-containing phage
DNA from T4 denB:am42:am56 phage-infected E. coli
were the generous gifts of T. Elliott.

RESULTS
pLA4 (Fig. 1) contains a 2.6-kbp segment of

T4 DNA, bounded by a HindIII site within the
coding region of gene 22 and an EcoRI site
between genes 23 and 24 (16), cloned into
pBR322. Gene 23 is the only known T4 gene
which remains intact in this clone. We wished to
examine the physical structure of pLA4 in E.
coli after infection by T4 under conditions in
which the plasmid-borne gene 23 is actively
transcribed by the phage-modified RNA poly-
merase. The genotype of the infecting phage was
denA:denB:am56:unf because pLA4 efficiently
complements gene 23 mutations in phage of this
genetic background (16). The denA and denB
(endonucleases II and IV) mutations eliminate
degradation of cytosine-containing DNA after
phage infection, the gene 56 (dCTPase-dUT-
Pase) mutation allows dCMP-containing DNA to
be synthesized during infection (24), and the alci
unf mutation allows late T4 transcription of
cytosine-containing DNA (41). Thus, these mu-
tations bypass the pathways for inhibiting tran-
scription from, and for degrading, cytosine-con-
taining DNA. Additional amber mutations in
genes 12 and 23 were superfluous but were
included in the genetic background for historical
reasons. Henceforth, the genetic background
denA:denB:am56:unf:aml2:am23 will be re-
ferred to as unf. Additional genetic designations
will follow this designation, e.g., unf:am46. To

allow us to examine a fairly stable population of
monomeric plasmid, E. coli B834SR, a recA strA
derivative of B834 was transformed with each
monomeric plasmid of interest and used as the
host for infecting phage.
Our strategy was to isolate total intracellular

DNA from E. coli B834SR(pLA4) late after
infection with T4 unf, to resolve this DNA by
agarose gel electrophoresis, and to probe a
Southern blot of the gel specifically for plasmid
DNA species by hybridization with nick trans-
lated pBR322 DNA. In uninfected cells, both
pLA4 and pBR322 were found predominantly as
supercoiled monomers (Fig. 2a, lanes 1 and 4,
respectively). A minor band, comigrating with
covalently closed relaxed monomeric marker,
probably represents nicked monomeric plasmid.
Supercoiled dimer pLA4 has approximately the
same mobility as relaxed monomer under these
electrophoresis conditions; two weak bands
could be resolved in that region of other gels,
indicating that our E. coli B834SR(pLA4) con-
tained a minor population of dimer plasmid
species (data not shown). Other minor bands
probably represent various oligomeric plasmid
species, but we have made no effort to identify
them. (The autoradiographs in Fig. 2 were over-

3 0t

FIG. 1. Physical ma'p of pLA4. pLA4 contains a
segment of T4 DNA (dotted region) spanning gene 23,
cloned between the HindIII and the EcoRI sites of
pBR322. The positions of restriction sites in pBR322
(light italics) are given in terms of the coordinate
system of Sutcliffe (46). Restriction sites in the T4
segment (bold letters) are from our own data and from
extensive sequence data generously provided by A.
Christensen and M. Parker. The locations of all sites
except the EcoRI site are exact. SitesM and m, which
are discussed in the text, are also shown here. The
large arrow denotes the coding region and direction of
transcription of gene 23.
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FIG. 2. Changes in plasmid structure after T4 infection. Southern hybridization of nick translated pBR322 to
total intracellular DNA from B834SR(pLA4) (lanes 1 to 3) or B834SR(pBR322) (lanes 4 to 6). DNA was isolated
from uninfected cells (lanes 1 and 4) or 35 min after infection with T4 unf (lanes 2 and 5) or with T4 unf:am46
(lanes 3 and 6). The mobility of marker DNA species is indicated as follows: C, sheared chromosomal DNA (both
bacterial and viral); R, L, and S, covalently closed relaxed, linearized, and supercoiled pLA4 DNA,
respectively, prepared as described in the text. Each lane contained the equivalent of 0.02 A650 unit of the
original cell culture of B834SR(pLA4), or 0.06 A650 unit of B834SR(pBR322). (a) An 0.8% agarose gel. All DNA
shown was prepared in the same experiment, but lanes 1 to 3 were run on a separate gel from lanes 4 to 6. (b) A
1.0% agarose gel containing 0.5 ,ug of EtBr per ml. Lanes 4 to 6 were autoradiographed three times longer than
lanes 1 to 3.

exposed for the supercoiled monomer band to
show minor species of plasmid DNA.)
Late after infection with T4 unf, a "ladder" of

less supertwisted molecules was seen (Fig. 2a,
lanes 2 and 5). Some hybridization was seen in
the region of the gel containing sheared T4 and
E. coli chromosomal DNA (Fig. 2a, lane 2; host
DNA is not degraded after infection by denA:
denB phage). Hybridization in that region might
indicate recombination between the T4 chromo-
some and homologous segments of pLA4. It
could also be due to physical trapping of plasmid
DNA in the high-molecular-weight DNA during
electrophoresis, because a hybridization signal
was sometimes seen when purified pLA4 DNA
was mixed with chromosomal DNA made from
plasmid-less cells. This artifact was not reliably
excluded from the experiments shown, and this
aspect will not be discussed further.

After infection with unf:am46 phage, a new
plasmid species, comigrating with linear pLA4
DNA, was seen over the ladder background
(Fig. 2a, lane 3). Gene 46 codes for, or controls,

part of an exonuclease function which plays a
major role in recombination of phage DNA and
degradation of host DNA (4, 49).
To allow us to look at the linearized plasmid

without the ladder background of supercoils,
electrophoresis was done in the presence of 0.5
,ug of EtBr per ml. Under these conditions,
covalently closed circular plasmid DNA is posi-
tively supercoiled and migrates faster than linear
DNA of the same size. Linear pLA4 could now
be seen not only after unf:am46 infection but
also after unf (am46+) infection (Fig. 2b, lanes 3
and 2, respectively). Linear pBR322 DNA was
detected after unf:am46 infection (Fig. 2b, lane
6), but the proportion to total plasmid DNA was
clearly not as high as for pLA4 (Fig. 2a, compare
lanes 3 and 6). A small amount of linear plasmid
w ts sometimes detected in uninfected cells, but
not reproducibly (it can barely be seen in the
original of Fig. 2b, lane 4). The high proportion
of linear pLA4 DNA isolated after unf:am46
infection appeared to be the result of its accumu-
lation, beginning 10 to 15 min after infection
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FIG. 3. Accumulation of linear pLA4 in the absence of gene 46 function. Southern hybridization (as in Fig. 2)

was carried out to total intracellular DNA from B834SR(pLA4) separated on 1.0%o agarose containing 0.5 ,.g of
EtBr per ml. Each lane contains the equivalent of 0.01 A650 unit of original culture. (a) Lane 1, DNA from
uninfected cells; lanes 2 to 10, DNA isolated 0, 5, 10, 15, 20, 25, 35, 45, and 55 min, respectively, after infection
by T4 unf. (b) Same as in (a), except that the infecting phage were T4 unf:am46. The autoradiographic exposure
of (a) was for 10 days; that of (b) was for 46 h. (c) A 46-h exposure of lane 9 in (a). L, S, and R are described in the
legend to Fig. 2.

(Fig. 3b). In contrast, very little accumulation of
linear pLA4 DNA occurred during an unf infec-
tion, and only at very late times, although a low
level of linear DNA was detected throughout
(Fig. 3a).
Phage-encoded replication functions are not

necessary for the formation of linear pLA4
DNA. Mutations in genes 43 (DNA polymer-
ase), 52 (topoisomerase II subunit: DNA-delay
phenotype), or 32 (single-stranded nucleic acid
binding protein) in the unf background did not
prevent linearization of pLA4 (Fig. 4, lanes 5, 7,
and 11). Mutations in genes 43 or 52 also did not
prevent the accumulation of linear pLA4 when
coupled with a gene 46 mutation in the same
genetic background (Fig. 4, lanes 6 and 8). A
mutation in gene 55 (coding for a late RNA
polymerase subunit) suppresses the DNA arrest
phenotype of gene 46 mutants (5), but it did not
prevent the formation or accumulation of linear
pLA4 DNA (Fig. 4, lanes 9 and 10). Because
mutations in genes 32, 43, and 55 prevent late
gene expression (5, 38), linearization of pLA4
must be independent of late functions, despite
the late accumulation of linear DNA.
The quantitative difference between linear

pLA4 and pBR322 (Fig. 2) suggested that pLA4
might be cut primarily in the T4 segment. Ex-
amination of other plasmids supported that hy-
pothesis. pLAS (16), which contains the Hin-
dIII-EcoRI fragment of pLA4 extending from
1,147 to 2,602 on the T4 part of the map (Fig. 1),
behaved in the same way as pLA4. pLA3A2
(16), which has a deletion extending from 2,602
to between 1,368 and 1,147 in T4 coordinates,

behaved like pBR322 (data not shown). Thus,
the linearization of pLA4 appeared to be local-
ized to the HindIII-EcoRI fragment spanning the
3' end of gene 23.

1 2 3 4 5 6 7 8 9 10 11LIIEiiIIhi
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FIG. 4. Effect of regulatory mutations on forma-
tion of linear pLA4. Southern hybridization (as in Fig.
2) was carried out to total intracellular DNA from
B834SR(pLA4) separated on 1.0%o agarose containing
0.5 i.g of EtBr per ml. Each lane contains the equiva-
lent of 0.01 A650 unit of original culture. Lane 1,
mixture of linear, supercoiled, and relaxed marker
pLA4 DNA, prepared as described in the text. Lane 2,
DNA isolated from uninfected cells. Lanes 3 to 11,
DNA isolated 35 min after infection by T4 unf (lane 3)
with additional amber mutations in genes 46 (lane 4),
43 (lane 5), 43 and 46 (lane 6), 52 (lane 7), 52 and 46
(lane 8), 55 (lane 9), 55 and 46 (lane 10), and 32 (lane
11). L, S, and R are described in the legend to Fig. 2.
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Digestion of linearized pLA4 with restriction
enzymes should allow one to distinguish wheth-
er the cut occurred in vivo at a specific location
or in some distribution over the T4 segment. In
vivo 32P-labeled pLA4 was prepared from E. coli
B834SR(pLA4) 45 min after infection by T4
unf:amS2:am46. The gene 52 mutation was in-
cluded because it lowered the ratio of the "lad-
der" background to linear plasmid. To further
reduce contamination of linear with supercoiled
plasmid, the DNA was briefly treated with DN-
ase to introduce a small number of single-strand
breaks, thereby reducing the proportion of su-
percoiled to linear plasmid without converting
circular DNA to linear DNA. The labeled DNA
was separated by agarose gel electrophoresis,
and five species were purified from the gel.

Digestion of linear monomer pLA4 DNA (Fig.
5b, lane 4) with BamHI yielded two major
fragments whose sizes of 4.5 and 2.4 kbp add up
to the size of pLA4 (Fig. 5b, lane 9). Thus, linear
pLA4 had been generated in vivo by cleavage
primarily at one specific location, which we
designate as M. EcoRI cleavage of linear mono-
mer at 2,602 yielded a major 465- to 490-base
pair (bp) fragment (Fig. 6, lane 3, band D),
unambiguously mapping M to 2,112 to 2,137 in
T4 coordinates. (The corresponding 6.5-kbp
fragment was not resolved from linear pLA4 in
this acrylamide gel but was seen in agarose gels
[data not shown]). HinclI digestion did not yield
the 1,334-bp fragment spanning M (Fig. 1) as
expected; instead, new 415- to 420-bp and ap-
proximately 1,000-bp-long fragments were gen-
erated (Fig. 6, lane 7, bands E and A, respective-
ly). Thus, M is 415 to 420 bp from the HinclI site
at 1,722 in T4 coordinates, at 2,137-2,142 on the
T4 map, very near the 3' end of the coding
sequence of gene 23. (The ochre codon of gene
23 begins at 2,139 [M. Parker, personal commu-
nication]).
BamHI digestion of linear monomer also gen-

erated smaller amounts of 3.0- and 4.0-kbp frag-
ments (Fig. 5b, lane 9), indicating a second
minor site of cutting on the plasmid, which we
designate as m. BglII and HindIlI digestion
placed m in the pBR322 segment, at approxi-
mately 3,350 (data not shown). The 990-bp frag-
ment generated by EcoRI digestion of linear
monomer (Fig. 6, lane 3, band B) mapped m to
3,370 on the pBR322 map. HincII digestion at
3,907 in the pBR322 segment yielded a 480-bp
fragment (figure 6, lane 7, band C) mapping m to
3,427 in pBR322. This region (3,370 to 3,427) of
the plasmid is near the 3' end of the ,-lactamase
structural gene (45).
DNA was also purified from a band which

migrated more slowly than either linear or re-
laxed pLA4 DNA (Fig. Sb, lane 2). BamHI
digestion yielded linear pLA4 in addition to the
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FIG. 5. Isolation of 32P-labeled pLA4 after infec-
tion and mapping of the site of linearization. (a)
Southern hybridization to total intracellular DNA, as
described for Fig. 4, lane 8, except that the separating
gel was 0.8% agarose without EtBr. (b) Individual
species of 32P-labeled DNA isolated 45 min after
infection of B834SR(pLA4) by unf:am52:am46 phage,
purified by two rounds of agarose gel electrophoresis
and extraction from the gels. The connecting lines to
(a) show the corresponding (unlabeled) species detect-
ed by hybridization to a Southern blot. For example,
lane 4 contains in vivo labeled linear monomer pLA4
DNA, corresponding to that shown by Southern hy-
bridization in (a). Lanes 1 to 5: DNA species without
further digestion; lanes 6 to 10: DNA from lanes 1 to 5,
respectively, after digestion with BamHI. Each lane
contains approximately equal counts ofDNA and does
not represent the proportions seen in vivo. This auto-
radiograph is overexposed to show the minor bands in
lanes 7 and 9. (c) Explanatory diagram showing origins
of various fragments. Restriction sites are abbreviat-
ed: B, BamHI; R, EcoRI. T4 DNA is shown as the
hatched area.

major and minor digestion products of linear
monomer (Fig. Sb, lane 7). The simplest expla-
nation is that this DNA was a head-to-tail dimer
of pLA4 which had been linearized in vivo at M
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FIG. 6. Further mapping of sites M and m on
pLA4. (a) Supercoiled monomer (lanes 1 and 5), linear
dimer (lanes 2 and 6), and linear monomer (lanes 3 and
7) pLA4 DNA, described in the legend to Fig. 5 and
the text, were digested with EcoRI (lanes 1 to 3) or
HincII (lanes 5 to 7) and separated by electrophoresis
through 5% acrylamide. Lane 4, molecular weight
markers whose sizes are given to the left of the figure.
Bands A, D, and E are due to cleavage at M in vivo,
and bands B and C are due to cutting at m. The
horizontal arrowheads in lane 3 identify bands B and
D. The fragments whose sizes are shown to the right of
the figure are those generated by complete digestion of
pLA4 with either of the two enzymes (see Fig. 1). The
top half of this composite figure is from a 24-h autora-
diographic exposure; the bottom half is from a 4-day
exposure of the same gel, replacing the corresponding
part of the 24-h exposure. (b) Explanatory diagram
showing map coordinates offragments A to E. Restric-
tion sites are abbreviated: B, BamHI; R, EcoRI; HII,
HincII. T4 DNA is shown as the hatched area.

or m. Whether the dimer was already present in
uninfected cells or formed after T4 infection is
not known. EcoRI or HincII digestion of this
linear dimer DNA (Fig. 6, lanes 2 and 6, respec-
tively) yielded major and minor fragments which
appeared to be identical to those generated by
digestion of linear monomer. Thus, linearization
of dimer and monomer DNA had taken place at
the same locations. Other minor bands whose
origins we cannot explain were also generated
by restriction enzyme digestion of linear dimer.
It is likely that some of those minor bands did
not represent pLA4 sequences, since they ap-
peared not to hybridize to pLA4 on a Southern
blot (data not shown).

Supercoiled monomer pLA4 DNA, purified in
the same way, yielded only the expected frag-
ments upon digestion with BamHl, EcoRI, or
HincIl (Fig. 5b, lanes 5 and 10, Fig. 6, lanes 1
and 5, respectively). DNA which comigrated
with relaxed monomer marker was also purified
and yielded linear pLA4 upon (incomplete) di-
gestion with BamHI (Fig. 5b, lanes 5 and 10).
This DNA was probably a mixture of super-
coiled dimer and nicked monomer, which comi-
grated under these electrophoresis conditions,
as discussed above. Just as supercoiled mono-
mer experienced some nicking during purifica-
tion from agarose, so did some of the DNA from
this mixture (Fig. Sb, lanes 5 and 3, respective-
ly).
As a control, the labeled E. coli DNA from

infected cells was also purified. Digestion with
BamHI generated a smear, as expected (Fig. Sb,
lanes 1 and 6, respectively).
To determine whether cleavage at sites M and

m was affected by gene 46 function in an identi-
cal way, total intracellular DNA from E. coli
B834SR(pLA4) was purified either before or 50
min after infection with T4 unf or unf:am46,
digested with BamHI, separated by agarose gel
electrophoresis, and hybridized in a Southern
blot to nick translated pBR322 DNA (Fig. 7).
The 3.0-kbp fragment, indicative of in vivo
cleavage at m (see Fig. 5b) was present in
equivalent amounts in BamHI-digested DNA
prepared from either the unf or the unf:am46
infection. The corresponding 4.0-kbp fragment
also appeared to be present above the high
background hybridization in this region. The
2.4-kbp fragment, indicative of cleavage at M,
was detected only in DNA prepared from unf:
am46 infection. A disproportionate amount of
nick translated pBR322 DNA was able to hy-
bridize to the corresponding 4.5-kbp fragment
rather than to the 2.4-kbp fragment, due to its
much larger region of homology (see Fig. 1). It is
difficult to say whether the 4.5-kbp fragment was
present in unf DNA above the already men-
tioned high background; if it was, the level was
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FIG. 7. Effect of gene 46 function on cleavage of
pLA4 at M or m. Southern hybridization (as in Fig. 2)
was carried out on BamHI-digested intracellular DNA
prepared from B834SR(pLA4), before (lane 1) or 50
min after infection by T4 unf (lane 2) or by phage with
an additional mutation in gene 46 (lane 3). Each lane
contains 0.125 A650 unit of original culture.

too low for detection of the 2.4-kbp fragment in
this Southern blot. Clearly, the cleavage event at
m seemed to be unaffected by gene 46 function,
whereas events at M were greatly affected. It is
possible that the linear pLA4 seen throughout
unf infection (Fig. 3) was largely due to cleavage
at m.

Is cleavage at M in pLA4 specific for plasmid
DNA or for cytosine-containing DNA, or does it
also occur in wild-type phage DNA? The 1,455-
bp HindIII-EcoRI fragment (extending from
1,147 to 2,602 on the T4 map; Fig. 1) was used as

a probe spanning M to examine intracellular
phage DNA with various amounts of modifica-
tion at cytosine residues. The extracted DNA
was digested with EcoRV, which is able to cut
glucosylated hmC-containing phage DNA (26).
Because the probe contains no EcoRV sites, it
should hybridize to one EcoRV fragment from
the T4 genome, which would be split in two by
cleavage at M (Fig. 8a, fragments 1 and 2). One
of the two resulting fragments should be the
same size as that generated by EcoRV digestion
of pLA4 which had been linearized at M (Fig.
8a, fragments 1 and A).
When total intracellular DNA was prepared

from E. coli B834SR(pLA4) 50 min after infec-
tion with unf:am46 phage, digested with EcoRV,
and hybridized in a Southern blot to the nick
translated 1,455-bp HindIII-EcoRI fragment,
three major fragments generated from plasmid
DNA were detected (Fig. 8b, lane 4; compare
with lane 2, DNA made from plasmid-less cells).
The 5.7-kbp fragment is the large EcoRV frag-

ment of pLA4 (fragment [A +B], Fig. 8b) and
was also present in DNA from T4 unf-infected
cells, as expected. The 1.0- and ca. 4.6-kbp
fragments resulted from cleavage of the 5.7-kbp
fragment at M (fragments A and B, respectively;
Fig. 8a). Neither was evident in the DNA from
the unf phage infection. A minor (ca. 2.35-kbp)
fragment also hybridized with the probe; pre-
sumably, this was the 2,460-bp fragment C in
Fig. 8a, diagnostic of cutting at m. This fragment
was present in approximately equal amounts in
DNA from unf- or unf:am46-infected cells, sup-
porting our suggestion that most of the linear
pLA4 isolated from unf infections had been cut
at m (see Fig. 7). EcoRV digestion of intracellu-
lar cytosine phage DNA prepared from B834SR
(without pLA4) 50 min after infection with unf:
am46 phage yielded 1.0-kbp and ca. 8- and 10-
kbp fragments which hybridized to the probe
(Fig. 8b, lane 2). The 1.0-kbp fragment (fragment
1) corresponds exactly to the conjugate frag-
ment A (Fig. 8a) from pLA4 and therefore is
diagnostic of cutting at M on phage DNA. Be-
cause only one major 10-kbp fragment of
EcoRV-digested, CsCl-purified intracellular cy-
tosine phage DNA hybridized with the probe
(Fig. 8b, lane 5), as expected, the 1.0- and 8-kbp
fragments were probably generated by cleavage
of the 10-kbp fragment at M (Fig. 8b, fragments
1, 2, and 3, respectively. The discrepancy in size
between the 10-kbp band and the sum of frag-
ments 1 and 2 [see Fig. 8a] is most likely due to
non-linearity of the gel in that region. There is a
formal possibility that there is a second in vivo
cleavage site 8 kbp from M). EcoRV digestion of
intracellular cytosine phage DNA from unf
phage-infected cells yielded both fragment 3 and
fragment 2, but little or no fragment 1. The
higher ratio of fragment 2 to fragment 3 in
unf:am46 DNA, compared with unf DNA, indi-
cates to us that fragment 2 also resulted from
cutting at M.
To determine whether cleavage occurred in

hmC-containing, partially glucosylated phage
DNA, intracellular phage DNA was prepared
from E. coli B834 galU56 50 min after infection
with T4 aml2:am23, aml2:am23:am46, denA:
denB:aml2:am23, or denA:denB:aml2:am23:
am46. (The bacteria lack uridine diphosphoglu-
cose pyrophorylase and cannot efficiently gluco-
sylate hmC residues on phage DNA [39].) Diges-
tion of each of these DNA preparations with
EcoRV yielded fragments 1, 2, and 3, as detect-
ed by hybridization with the HindIII-EcoRI
probe (Fig. 8c, lanes 4 to 7). In particular, the
ratio of fragments 1 and 2 to fragment 3 was
increased in DNA from those infections which
lacked the function of gene 46. Other fragments
were detected in this DNA, but not in cytosine-
containing DNA. The function of the cytosine-
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FIG. 8. Examination of phage DNA for the presence of M. (a) Schematic of the experiment. pLA4 is as in
Fig. 1. A HindIII-EcoRI probe spanning M is hybridized to a Southern blot of EcoRV-digested phage and
plasmid DNA. The probe should hybridize to one EcoRV fragment on the phage genome, as shown. When this
DNA is cut in vivo at M, the probe should hybridize to fragments 1 and 2. Fragments A, B, and C on EcoRV-cut
pLA4 should hybridize to the probe, as shown, according to whether the plasmid is also cut at M or m.

Fragments 1 and A represent the same T4 DNA segment. (b) Southern hybridization of EcoRV-cut intracellular
cytosine containing DNA prepared from B834SR (lanes 1 and 2) or B834SR(pLA4) (lanes 3 and 4) 50 min after
infection with T4 unf (lanes 1 and 3) or unf:am46 (lanes 2 and 4). Lane 5, EcoRV-digested, CsCl-purified,
cytosine-containing intracellular phage DNA prepared from denB:am56:am42 (dCMP hydroxymethylase)-
infected bacteria. Lanes 1 to 4, each containing 0.125 A650 unit of original culture, are from a 24-h exposure, and
lane 5 is from a 5-day exposure of the same Southern filter. (c) Southern hybridization, as in (b), of DNA from
B834SR (lanes 2 and 3) or B834 galU56 (lanes 4 to 7) infected with aml2:am23 (lanes 2 and 4), aml2:am23:am46
(lanes 3 and 5), denA:denB:aml2:am23 (lane 6), or denA:denB:aml2:am23:am46 (lane 7). Lanes 2 to 5 contain
0.1 A650 unit of original culture, and lanes 6 and 7 each contain 0.125 A650 unit. Lane 1: EcoRV-digested phage
DNA purified from T4 e- virions. Lanes 1 and 2 are from a 2-week exposure, and lanes 3 to 7 are from a 20-h ex-

posure of the same filter. Bands 1, 2, A, B, and C are described in (a).

DNA-specific endonucleases II and IV, coded
for by genes denA and denB, respectively, did
not appear to have an effect on cleavage at M
(Fig. 8c; compare lanes 4 and 5 to 6 and 7).

In our hands, intracellular glucosylated hmC-
containing phage DNA, prepared from B834SR
50 min after infection with T4 aml2:am23:am46,
was not cut nearly as well by EcoRV as was less-
modified DNA. Partial cleavage yielded frag-
ment 2 and a fragment with approximately the
mobility of fragment 1 (Fig. 8c, lane 3). This
smaller fragment most probably is fragment 1
with mobility slightly decreased due to glucosy-
lation of the DNA. Under the same rationale as
for EcoRV, TaqI digestion confirmed that cleav-
age atM occurred both in glucosylated-hmC and
in cytosine-containing phage DNA when the
function of gene 46 was lacking (data not

shown). We conclude that cleavage at M oc-
curred in phage DNA, regardless of the state of
modification of cytosine residues.

DISCUSSION
T4 infection induced two types of change in

the physical structure of pLA4: the linking num-
ber was increased, and it was cut in a site-
specific manner. In this paper, we have focused
on the cleavage event and will postpone discus-
sion of the linking number changes until more is
known about them. We found that site-specific
cleavage of pLA4 occurred at two functionally
different locations: M, the major site, is located
very near the 3' end of the coding region of gene
23, and m, the minor site, is in the P-lactamase
gene of pBR322. Cutting at M was detected only

a
1.0 kbp

Probe

T4
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in the absence of gene 46 product function, but
linearization at m was gp 46 independent.
Events at M and m must therefore be functional-
ly distinct. Any attempt to define a recognition
sequence at M, of course, requires that multiple
sites with the same characteristics, or variant
sites, be found. We did not find another M-like
site in cloned DNA within 6 kbp to its gene 22
side, or within 2.6 kbp to its gene 24 side (data
not shown).

Cutting at M and m did not require replication
(gp 43 and 32), late transcription (gp 55), or T4
topoisomerase activity (gp 52). Cleavage at M
occurred in phage DNA containing glucosylated
hydroxymethylcytosine, hydroxymethylcyto-
sine, or cytosine. We even detected cutting at M
in hydroxymethylcytosine-containing phage
DNA when gene 46 was functioning (see Fig. 8c,
fragments 1 and 2), but at a lower level than
when gene 46 function was lacking. We also
found other site-specific cleavages in hmC-con-
taining phage DNA, in the vicinity of gene 23.
Some of these sites were contained in the T4
segment of pLA4, but we saw no evidence of
cleavage at these sites in the plasmid or in
cytosine-containing phage DNA (see Fig. 8b and
c).
Our failure to detect cutting atM in pLA4 in a

gene 46+ infection means that either (i) pLA4
cut at M is turned over in a gp 46-dependent
process, and so little accumulates in a gene 46+
infection that it fails to be detected, or (ii) pLA4
is cut at M only in the absence of gene 46
function. The fact that we did detect cutting at M
in the presence of gene 46 function, in phage
DNA containing hmC but not cytosine, is com-
patible with the notion that turnover might occur
much more rapidly in cytosine-containing DNA
than in hmC-containing DNA.
Gene 46 (and 47) codes for, or controls, an

exonuclease which participates in multiple pro-
cesses during T4 infection (31, 36). The gene 46
product functions in the major pathway for
degradation of cytosine-containing phage or host
DNA which has already been cleaved by T4
endonuclease II or IV (24, 25). It probably also
acts on hmC-containing DNA, since general
phage recombination is dependent upon gene 46
infection (4, 7). Other processes, such as certain
DNA repair pathways and the second stage of
phage DNA replication, are thought to involve
recombination because of their dependence on
gene 46 function (3, 8, 36). It seems natural to
associate the cleavage at M with one or more of
these gp 46-associated pathways or with the
consequence of the failure of gp 46 to function in
one of these pathways.
We suggest that cleavage at M is not involved

in the major degradation pathway of cytosine-
containing DNA for the following reasons. First,

this pathway, which depends upon the initial
endonucleolytic activities of endo II and endo
IV, coded for by genes denA and denB, respec-
tively, was not functional in the genetic back-
ground that we used for these experiments.
Secondly, M was cleaved in hmC-containing
phage DNA; denA and denB functions had no
effect on the amount of cutting at M in this
DNA.

If M is involved in recombination, then this
raises interesting issues, because T4 recombina-
tion is so frequent and, with one major and one
minor exception, is apparently uniform along the
genome (10, 28, 33). The principle that site-
specific events can be associated with general
recombination is already established (43). Isolat-
ed chi sites enhance recombination in their vi-
cinities and generate strongly directional gradi-
ents of nonreciprocal recombination in
replication-blocked crosses of X phage, when
only the recA-dependent general recombination
pathway of the host is functioning (for a review,
see reference 43). Directionality and nonrecipro-
cality have also been shown in P1-mediated
transduction of chi-containing X prophage (14).
There is no general enhancement of recombina-
tion in the gene 23 region (33, 52), and no
detectable gradient of recombination frequency
at the M-proximal end of gene 23 (10), although
the entire region extending beyond gene 21 is
apparently free of other M-like sites. However,
the existence of additional gene 46 state-depen-
dent cleavage sites in hmC-DNA (Fig. 8c) and
the existence of multiple pathways of T4 recom-
bination (15), both of which might obscure a
gradient of recombination, weaken that objec-
tion. Knowing the frequency of M-like sites in
the T4 genome would help in deciding whether
the events at M relate to a pathway of T4
recombination.
Our interest in the site-specific cleavage at M

was stimulated by a previous finding that
expression of a plasmid-borne copy of gene 23
was differentially affected (when compared with
expression of the same gene located on the T4
chromosome) by a gene 46 mutation (17; T.
Mattson, G. van Houwe, A Bolle, and R. H.
Epstein, unpublished data referred to in refer-
ence 17). Plasmid-dependent gp23 synthesis af-
ter T4 denA:denB:aml2:am23 (unf') infection is
totally dependent on gene 46 function; gp 23
synthesis after T4 unf infection is only partially
dependent on gene 46 function. We were also
very much intrigued by the work of Snyder and
Champness on the gol-lit phenomenon. Briefly
stated, E. coli lit mutants are nonpermissive for
T4 wild-type phage at the level of late gene
expression. T4 gol mutants compensate for the
defect (and therefore grow on lit- bacteria). The
ini -uing property of gol mutations is that they
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exert their effects on gene expression only in cis
(in mixed infections) and that the cis effect
extends over many kilobase pairs of DNA (11).
The six gol mutants which have been examined
thus far all map between bp 885 and 925, in T4
coordinates, near the 5' end of gene 23 (W.
Champness and L. Snyder, submitted for publi-
cation). A recent mapping of the gene 23 pro-
moter (18) allowed us to assay directly late
promoter activity on a plasmid from which M
and the gol+ region had been deleted. The gene
23 promoter was active on this plasmid after
infection by T4 unf, in the presence and in the
absence of gene 46 function (data not shown).
Thus, the presence ofM and consequent events
at M are not absolutely required for transcrip-
tion of the plasmid-bome gene 23 after infection
by T4 phage with the unf genetic background.
By the same token, the gol+ region is not
required for late gene expression from this plas-
mid in lit' bacteria.
The endonucleolytic activity responsible for

cleavage at M must be capable of cutting both
hmC- and cytosine-containing DNA and must be
independent of late gene expression. Seven en-
donucleases which are induced by T4 infection
have been described. Of these, endonucleases II
and IV have already been eliminated from con-
sideration. Endonuclease V, the product of gene
denV, acts at pyrimidine dimers (51). Endonu-
clease VII, the product of gene 49, cuts single-
stranded DNA and has the ability to cut at the
bases of cruciform structures with long hairpin
stems, analogous to Holliday structures (19, 20,
32, 34). Endonucleases I, III, and VI (whose
structural genes have not been identified) attack
both T4 and cytosine-containing DNA in vitro
(1, 21, 40). Endonucleases I, VI, and VII are late
functions (1, 20, 21) and can be excluded be-
cause cleavage occurs in the absence of late
proteins. Endonuclease III might be an early or
middle enzyme (40) and might be responsible for
cleavage at M.

In closing, it is interesting to note that partly
similar observations on site-specific cleavage of
phage T7 DNA have recently been reported (27).
Cleavage is seen only in the absence of the
function of T7 gene 6 exonuclease, which is
involved in recombination, host chromosomal
degradation, and removal of RNA primers for
DNA synthesis. The in vivo cleavages depend
on the gene 3 endonuclease, gene 4 primase, and
gene 5 DNA polymerase, and appear to occur
near two origins of T7 genome replication. In
contrast, we have seen no replication require-
ment for cleavage at M.
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