Translocation and specific cleavage of bacteriophage
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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

Abbreviation: kb, kilobase.
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