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Infection of Escherichia coli containing the type | restriction enzyme
EcoKl by bacteriophage T7 0.3 mutants leads to restriction during
the late stages of genome entry and during DNA replication.
Patterns of cleavage in vivo suggest that some cutting occurs near
the midpoint of two recognition sites, consistent with the idea that
EcoKl translocates DNA bidirectionally through itself and cuts
when two enzyme molecules collide. Rapid ejection of a 0.3* T7
genome from a bacteriophage A particle results in degradation of
the infecting DNA by EcoKl, showing that the normal T7 DNA
translocation process delays restriction. A unique recognition site
inserted at the genomic left end allows EcoKl to function as a
molecular motor and to translocate the remaining 39 kilobases of
T7 DNA into the cell.

Type I restriction-modification systems of Escherichia coli
serve to protect the bacterium from many phages (1). E. coli
K-12 strains harboring the sisd locus contain the enzyme EcoKI,
a multisubunit enzyme consisting of a specificity subunit and two
each of restriction and modification subunits (2). EcoKI binds
S-adenosylmethionine forming an activated enzyme (3), which
binds the DNA sequence 5'-AACNgGTGC (4) and determines
its methylation state. If the recognition sequence is nonmethy-
lated, EcoKI hydrolyzes ATP and spools flanking DNA through
itself (5); because it remains bound to its recognition sequence,
highly twisted DNA loops are formed (6). A current model for
cleavage site selection, determined from in vitro experiments,
posits that cutting occurs when two translocating EcoKI mole-
cules collide (7). The observation that A mutants containing two
recognition sites for EcoKI are restricted 15-fold more efficiently
than expected if two enzyme molecules cut independently pro-
vides in vivo support for the model (8).

Many phages and conjugal plasmids escape restriction by type
I restriction-modification systems (1, 9). Some phage genomes
contain exotically modified bases (10); some plasmids and the
phages T7 and T3 synthesize a direct inhibitor of type I restric-
tion-modification systems (11-13). Inhibition of type I restriction
by T7 requires stoichiometric amounts of the early protein gp0.3,
which binds to EcoKI and prevents it from binding target DNA
(14); gp0.3 also obstructs DNA cleavage and methylation after
EcoKI has interacted with its recognition sequence (15). Escape
of T7 DNA from EcoKI restriction in vivo depends on the
synthesis of sufficient gp0.3 before the viral genome becomes
cleaved. T7 0.3 mutants containing unmodified DNA plate on
hosts harboring EcoKI at an efficiency of 1072 to 107* (12),
somewhat higher but similar to the efficiency of unmodified A.
Nevertheless, stocks of T7 0.3 mutants can be made on restricting
cells, although lysates have low titers and progeny genomes are
modified only partially. It was suggested that the incomplete
restriction and modification of T7 0.3 DNA was caused by the
rapid replication phase and short latent period of the phage.

Cellular internalization of T7 DNA is coupled to transcription
(16-18). About 850 bp of the genetic left end are ejected
efficiently from the phage particle into the cell (19). The E. coli
promoters Al, A2, and A3 lie on this 850 bp (20), allowing RNA
polymerase to initiate transcription and pull about 20% of the
genome into the cell. After T7 RNA polymerase is synthesized,
internalization of the remaining phage DNA is coupled to
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transcription by this enzyme. At 30°C, 9 or 10 min are required
for internalization of the whole genome, but the first gene
product synthesized (gp0.3) can be detected within 2 min (18,
21).

Within the 39,937-bp wild-type T7 genome lie four EcoKI
recognition sites located 15,173, 26,603, 32,632, and 37,459 bp
from the genetic left end (20). During infection, the first EcoKI
site enters the cell after about 7 min (18); by this time, sufficient
gp0.3 has accumulated to inactivate cellular pools of EcoKI.
However, artificial EcoKI sites placed immediately upstream and
downstream of gene 0.3 do not affect phage growth on hosts
containing EcoKI (17). It was concluded that the lack of EcoKI
sites in the early region of wild-type T7 DNA is not crucial in
avoiding restriction and that some aspect of the T7 DNA ejection
process temporarily sequesters the leading end from the nucle-
ase.

In this work, the role of the T7 DNA entry process in
enhancing escape from EcoKI restriction is investigated further.
We show that transcription-coupled entry delays EcoKI restric-
tion of T7 gene 0.3 mutants and that one-step ejection of 0.3% T7
DNA leads to restriction. We show that EcoKI cleavage of T7
DNA in vivo results in discrete fragments whose sizes are
consistent with the model positing that cutting occurs midway
between two recognition sites and whose appearance suggests
that translocation of two EcoKI molecules from widely separated
sites may be a concerted or cooperative reaction. Finally, we
show that EcoKI can act as a motor to translocate the entire T7
genome into the cell.

Materials and Methods

Bacteriophages and Bacteria. T7 mutants sRK836 and the 0.3
deletion mutant D364 were kindly provided by F. W. Studier
(Brookhaven National Laboratory, Upton, NY). T717::A-
cosAIO-NBI and procedures for packaging a T7 genome in
A-capsids have been described (18). sSRK836sK0 was constructed
as follows. D364 was alternately grown on the EcoKl-containing
strain 1J891 (E. coli K-12 AlacX74 thi) and the isogenic nonre-
stricting Ahsd strain 131133 [1J891 A(mcrC-mrr)::Tni0] to enrich
for mutants that have lost EcoKI recognition sites. After several
passages, phages then were propagated alternately on 1J1133 and
on 17891 containing pSB2, a plasmid that overexpresses isdR (8),
to increase the selection pressure for loss of EcoKI sites. A
two-step procedure was necessary, because D364 does not plate
at detectable frequencies on 1J891(pSB2). A phage growing
normally in the presence of pSB2 was selected: D364sKO0 is
insensitive to EcoKI but is restricted by EcoBI to the same degree
as D364. 1J1178, isogenic to 1J891, except that it contains Asdg,
was used as the strain containing EcoBI. The left-end 11.5-
kilobase (kb) Bg/II fragment of sSRK836 DNA, which contains a
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Table 1. Plating efficiencies and burst sizes

Progeny
Relative per
efficiency of infective
Strain Host Genotype plating center
D364 1J1133 Ahsd 1 72
11891 hsdy 3.7 x 1073 9*
11891(pSB2) hsdyg <10-10
1J1178 hsdz 1.6 X 1074
D364sK0 1J1133 Ahsd 1 87
11891 hsdy 1.2 94
11891(pSB2) hsdyg 0.83
1J1178 hsdz 3.4 x 1074
sRK836sK0 1J1133 Ahsd 1
11891 hsdyg 1.0
1J1178 hsdz 0.87

*The ratio of infective centers per infected cell was 0.13.

cloned EcoKI site at position 836 on the genome but no natural
EcoKI site, was then ligated to the right-end 28.4-kb Bg/II
fragment of D364sK0 DNA to create the phage sRK836sKO0.

Stocks of sSRK836, sSRK836sK0, and D364 containing unmeth-
ylated DNA were prepared on 1J922 (E. coli K-12 AlacX74
supE44 galK2 galT22 mcrA dam-13:Tn9 rfbD1 mecrB1 hsdS3).
DNA translocation experiments were performed with the strains
1J891 and 1J1133 or their recD6001::Tn10:Kn derivatives, re-
spectively named 1J1409 and 1J1190; each strain also contained
the dam plasmid pTP166 (22).

Assays of Phage Genome Entry into Cells. The assay has been
described (18). Briefly, bacteria containing pTP166 were grown
in LB + 100 pg/ml ampicillin to a cell density of 2 X 108 per ml
at 30°C. When rifampin was required, cells were collected and
resuspended at 30°C in LB medium containing 500 pg/ml
rifampin. Cells were then incubated at 30°C for 10 min before
adding unmethylated phages at a multiplicity of 0.4. At various
times, a portion of the infected culture was added to ice-cold
phenol-ethanol [2% (vol/vol) phenol/75% (vol/vol) ethanol/8
mM EDTA/20 mM sodium acetate, pH 5.2]. DNA was extracted
and digested with either Dpnl or Sau3Al. DNA fragments were
separated by electrophoresis on an agarose gel and transferred
to a nylon membrane. Immobilized DNA was hybridized with
32P-labeled T7 DNA and visualized by autoradiography.

Results

Cleavage of T7 0.3 DNA Occurs During the Late Stages of DNA Entry
and the DNA Replication Phase. T7 0.3 mutants inefficiently lyse
liquid cultures of bacteria containing EcoKI (12), suggesting
that, although EcoKI reduces the fitness of the infecting popu-
lation, a small number of phages escape cleavage. One-step
growth experiments with the 0.3 deletion mutant D364 (previ-
ously grown on a Alisd host) on an Asd™* strain show directly that
gp0.3 is not absolutely required to escape EcoKI restriction. An
average burst of nine progeny per infective center was obtained
(Table 1). However, only 13% of infected cells make an infective
center, a value consistent with the low efficiency of plaque
formation by the phage on this host.

To determine more precisely when DNA cleavage occurs,
Dam-overproducing hsd™ and Ahsd cells were infected with
D364, and the kinetics of both genome penetration and DNA
replication were monitored by assaying the time of methylation
of GATC sites on the infecting genome. recD cells, defective in
RecBCD nuclease, were used to minimize further degradation of
products of EcoKI cleavage (23). Neither overproduction of
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Dam nor the absence of RecBCD affects the plating efficiency
of D364 on strains containing EcoKI.

The first GATC sequence to enter the cell and be methylated
by Dam in vivo, which makes it sensitive to cutting in vitro by
Dpnl, results in fragment B (Fig. 1). In both /sd™- and Ahsd-
infected cells, this fragment can be visualized by 7 min of
infection, indicating that at least the first 20% of phage DNA has
penetrated the cells. In Ahsd-infected cells, the appearance of
fragments D, E, A, and C by 9 min indicates that at least 90%
of the chromosome has been internalized; however, in the
infection of isd ™ cells, fragments A and C are very faint. Because
EcoKI recognition sites are located within DNA represented by
fragments A and C, the low intensity of these bands suggests that
the majority of DNA fragments from this region of the T7
genome has been degraded by EcoKI. By 12 min, the increase in
intensity of DNA bands, the appearance of the concatemer
junction fragment C+B, and the heavy background signal all
signify that phage DNA replication is occurring in both infec-
tions. From 15 to 24 min of infection in ssd™* cells, the intensity
of fragments B, D, and E increases but to a lesser extent than in
the infection of Ahsd cells. Fragments A, C, and the concatemer
junction fragment C+B can also be visualized by 18 min in the
restrictive infection, but again, their intensity is far less than in
permissively infected cells. Nevertheless, the amplification of
fragments corresponding to all regions of the T7 genome,
including the concatemer junction, means that the DNA of a
subpopulation of infecting phages is still biologically active in the
late stages of the restrictive infection.

It was proposed that EcoKI cleaves DNA when two translo-
cating EcoKI complexes meet (7). In agreement with this model,
the presence of intense fragments of the B, D, and E fragments
during the late stages of DNA entry through DNA replication in
the restrictive infection of hsd™ cells indicates that cleavage of
D364 DNA does not occur appreciably at random sites to the left
of the first restriction site K-I. More surprising is that several
faint but discrete bands appear by 18 min in the restrictive
infection (Fig. 1). These bands are not products of Dpnl alone,
and their sizes are inconsistent with a partial digest. They are also
not seen in the permissive infection, suggesting that they might
be discrete cleavage products of EcoKI. The 9.6-, 8.8-, 6.6-, and
5.45-kb fragments are consistent with the sizes predicted if
cleavage occurred at the midpoint between two recognition sites
(Fig. 1 and Table 2). Other bands can be rationalized by
assuming that two EcoKI complexes, bound at nonneighboring
sites on a subpopulation of D364 DNA molecules, simulta-
neously translocated DNA through themselves; the intervening
site either could simply not be recognized within the requisite
time frame or could have been modified by the EcoKI methyl-
transferase. The latter possibility is quite likely; relative to HsdM
and HsdS, the HsdR subunit is thought to be limiting in wild-type
cells (8, 24). In addition, because phage DNA replication is
occurring, there is likely an excess of substrate for the enzyme.

If EcoKI fails to recognize the K-III site, a 14.8-kb band would
be formed between the Dpnl site at position 35,108 and cleavage
at the midpoint of K-I and K-II; similarly, if EcoKI fails to
recognize K-I and K-1I1, a 17.7-kb band would be formed if D364
DNA were cut at the midpoint of K-II and K-IV (Fig. 1 and
Table 2). When the GATC sequence at position 35,511 is not
methylated fully in vivo by Dam, the Dpnl F+C fragment
becomes apparent (infection of Ansd cells; Fig. 1); assuming that
incomplete methylation also occurs during infection of hsd™
cells, we can also account for the 4.8-kb band and, with less
confidence, the 7.45-kb band. Fragments of comparable size
should result if EcoKI cuts D364 DNA midway between K-II on
one genome and K-I on its neighbor in a replicating molecule,
close to the concatemer junction. All discrete bands seen only in
the infection of ssd™ cells can be accounted for remarkably well
by the hypothesis that EcoKI cleavage in vivo occurs at the
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