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EcoKI, a type I restriction enzyme, specifies DNA methyliransferase,
ATPase, endonuclease and DNA translocation activities. One subunit
(HsdR) of the oligomeric enzyme contributes to those activities essential
for restriction. These activities involve ATP-dependent DNA translocation
and DNA cleavage. Mutations that change amino acids within recognis-
able motifs in HsdR impair restriction. We have used an in vivo assay to
monitor the effect of these mutations on DNA translocation. The assay
follows the EcoKI-dependent entry of phage T7 DNA from the phage par-
ticle into the host cell. Earlier experiments have shown that mutations
within the seven motifs characteristic of the DEAD-box family of proteins
that comprise known or putative helicases severely impair the ATPase
activity of purified enzymes. We find that the mutations abolish DNA
translocation in vivo. This provides evidence that these motifs are relevant
to the coupling of ATP hydrolysis to DNA translocation.

Mutations that identify an endonuclease motif similar to that found at
the active site of type II restriction enzymes and other nucleases have
been shown to abolish DNA nicking activity. When conservative changes
are made at these residues, the enzymes lack nuclease activity but retain
the ability to hydrolyse ATP and to translocate DNA at wild-type levels.
It has been speculated that nicking may be necessary to resolve the topo-
logical problems associated with DNA translocation by type I restriction
and modification systems. Our experiments show that loss of the nicking
activity associated with the endonuclease motif of EcoKI has no effect on
ATPase activity in vitro or DNA translocation of the T7 genome in vivo.
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Introduction

The current interest in the action of type I restric-
tion and modification (R-M) systems, such as EcoKI,
arises from their ability to translocate DNA. Type I
R-M enzymes recognise and bind specific target
sequences within DNA and subsequently cut
unspecified DNA sequences many kilobases remote
from their recognition sequences. The available
data support the concept that a type I R-M enzyme
bound to its target sequence translocates DNA,
moving DNA towards the bound enzyme in an

ATP-dependent process (for reviews, see Bickle,
1993; King & Murray, 1994). Key enzymes or
protein complexes involved in DNA replication,
recombination, repair and transcription all have the
ability to translocate DNA. Strand separation is fun-
damental to most of these processes since it is
required to produce template strands and to gener-
ate hybrid DNA. Strand separation may be
achieved by the enzyme itself or by accessory heli-
cases (Lohman & Bjornson, 1996; Matson ef al,,
1994). The amino acid sequences of known helicases
include seven DEAD-box motifs, but not all
enzymes that possess these motifs have been shown

Abbreviations used: R-M, restriction and modification;
ssDNA, single-stranded DNA; dsDNA, double-stranded
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to have strand separation activity (Gorbalenya &
Koonin, 1993; Eisen & Lucchesi, 1998). Type I R-M
enzymes include the seven conserved DEAD-box
motifs (Gorbalenya & Koonin, 1991) and are pre-
dicted to have structural similarities with helicases
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(Davies et al., 1999). Although strand separation is
not an obvious requirement for the enzymatic
movement of DNA, the DEAD-box motifs have
been implicated in DNA translocation by type I R-
M enzymes (Webb et al., 1996; Davies et al., 1998).

It is known that EcoKI can substitute for RNA
polymerase to mediate translocation of the entire
genome of phage T7 from its capsid into the bac-
terial cell (Garcia & Molineux, 1999). When phage
T7 infects Escherichia coli about 850 bp of the 40 kb
genome are ejected from the phage particle into
the host; entry of the remaining DNA is coupled to
transcription (Garcia & Molineux, 1995, 1999). The
first segment of DNA to enter the bacterium
includes strong promoters that are recognised by
E. coli RNA polymerase. As host RNA polymerase
transcribes the viral genome it pulls the down-
stream DNA into the cell. The first gene to be tran-
scribed is 0.3, the product of which inactivates any
resident type I R-M system, thereby protecting
unmodified T7 DNA from restriction. Another
early T7 gene encodes the phage-specitic RNA
polymerase, which completes transfer of the gen-
ome from the phage head into the cell, again as a
consequence of transcription. When cellular tran-
scription is blocked by the inhibitor rifampin, the
normal process by which the T7 genome is trans-
ferred into the cell is blocked and the complete
DNA molecule fails to enter the cell (Garcia &
Molineux, 1995). However, if the leading 850 bp of
the phage genome contains an unmodified target
for EcoKI, the restriction enzyme can complete
transfer of the entire phage genome into the cell
(Garcia & Molineux, 1999). Thus, in the absence of
transcription, entry of a T7 genome may be used to
monitor the translocation activity of EcoKI. This
in vivo assay enables us to monitor DNA transloca-
tion by EcoKI in bacterial strains with mutations
that affect restriction.

The EcoKI complex, specified by the hsd genes,
comprises three different subunits, HsdR, HsdM
and HsdS. A complex of the HsdM and S subunits,
in the absence of HsdR (M,S;), has only modifi-
cation activity, while the complete complex
(R,M,S,) restricts or modifies DNA according to
the methylation state of the target sequences; only
unmethylated target sequences render DNA sensi-
tive to restriction. The HsdR polypeptides of type 1
R-M systems contain conserved sequences which
in EcoKI are known to be relevant to restriction
activity. These conserved sequences include seven
motifs that identify HsdR polypeptides as mem-
bers of the DEAD-box family of proteins
(Titheradge et al., 1996; Davies ef al., 1998), and an
endonuclease motif similar to that found in type II
restriction enzymes (Davies et al., 1999).

The prominence of the DEAD-box motifs in type
I and III R-M enzymes tempted the speculation
that these motifs are relevant to the ATP-depen-
dent translocation of DNA that has been proposed
to precede DNA cutting (Murray ef al.,, 1993). A
mutational analysis of the DEAD-box motifs in
EcoKI confirmed their importance in the restriction

pathway. Mutations in each of the seven DEAD-
box motifs were shown to confer a restriction-
deficient phenotype (Webb et al., 1996; Davies ef al.,
1998). For one mutation in each of the seven motifs
the resulting proteins were shown to retain their
ability to bind to the specific target sequence and
undergo an ATP-dependent conformational change
in response to unmodified target sequences
(Davies et al., 1998). All the enzymes were deficient
in ATP hydrolysis and none was able to degrade
unmodified DNA. These data are consistent with
the notion that the DEAD-box motifs are relevant
to ATP-dependent DNA translocation. All the sub-
stitutions in the DEAD-box motifs blocked endonu-
clease activity but they permitted the nicking of
DNA, albeit at a reduced rate. This prompted the
suggestion that nicks are an early step in the trans-
location pathway; nicks could be essential to
relieve topological constraints if DNA translocation
is achieved by a helicase activity (Szczelkun et al.,
1996, 1997; Davies ef al., 1998, 1999).

More recently, mutations in the endonuclease
motif, previously called region X (Titheradge et al.,
1996), were shown to confer a restriction-deficient
phenotype and resulted in an enzyme that lacked
both nicking and endonuclease activities (Davies
et al., 1999). Here we examine the effect of
mutations in the endonuclease motif on ATPase
activity. We then check the prediction that
mutations in the DEAD-box motifs block DNA
translocation, and determine whether the endo-
nuclease motif, and hence the consequent potential
for DNA nicking, is essential for in vivo DNA
translocation by EcoKI.

Results

Effect of mutations in hsdR on
ATPase activities

Mutations that affect each of the seven DEAD-
box motifs (see Figure 1) have been described
(Davies et al., 1998). All but one of the mutations
conferred a restriction-deficient phenotype, and
EcoKI purified from each of seven restriction-
deficient mutants representative of the seven
motifs was found to be deficient in ATPase
activity. The one exception had a conservative
change (A619G) to give the amino acid sequence
present in EcoR1241 (Webb ef al., 1996). This substi-
tution resulted in slightly impaired restriction
in vivo and marginally reduced ATPase activity
in wvitro. All the restriction-deficient enzymes,
though deficient in ATPase activity, resembled
wild-type enzyme in their ability to undergo an
ATP-dependent conformational change when
bound to unmodified target sequences in the pre-
sence of AdoMet, and retained some ability to nick
DNA substrates (Davies et al., 1998).

More recently, mutations were made that gener-
ate amino acid substitutions in each of the three
conserved residues in the endonuclease motif of
HsdR (Davies et al, 1999). Each of the four
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Figure 1. Conserved amino acids
in HsdR. Only the segment of the
polypeptide that includes the endo-
nuclease motif (designated X) and
the DEAD-box motifs (designated

N [N\ o\
Motif AD EAK GTGKT FLVDRR DEAH LTATP FGEPVYRY
N } v AT,
Substitution E D H A R Y D GV Y
Residue 298 312 314 477 502 577 619 629

mutations shown in Figure 1 was shown to confer
a restriction-deficient phenotype. EcoKI was
purified from three mutants, two with conservative
changes (D298E, E312D) and a third with a non-
conservative substitution (E312H). Consistent with
their definition of the endonuclease motif, all the
mutant enzymes were found to be deficient in
endonuclease activity and none retained any
residual nicking activity (Davies ef al., 1999; our
unpublished results for E312D). The data from
assays for ATPase activity are shown in Figure 2.
Neither of the conservative changes had a signifi-
cant effect on ATPase activity; the more severe
change reduced the level to ~10% of wild-type.
The results were consistent irrespective of the top-
ology of the DNA substrate and no activity was
seen in the absence of DNA or with EcoKI-modi-
fied substrate.

Effect of mutations in hsdR on in vivo
DNA translocation

The finding that mutations in each of the DEAD-
box motifs impairs restriction in vivo and ATPase
activity in vitro adds strong support to the predic-
tion that the DEAD-box motifs are critical for an
ATP-dependent mechanism of DNA translocation.
The in vivo assay for DNA translocation by EcoKI
provides the first test of this prediction.

In this assay the T7 genome enters the recipient
cell and GATC sequences (shown in Figure 3(a) as

140 -

I-VI) is shown. Amino acid resi-
dues are identified for each motif
and the substitutions made at the
positions marked are indicated.
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vertical bars) are methylated by the Dam methy-
lase. After extraction of the DNA only those GATC
targets that have been methylated are sensitive to
digestion with Dpnl. Digestion with Sau3Al, on the
other hand, is not sensitive to the state of N°-ade-
nine methylation of GATC sequences and T7 DNA
within the phage head as well as that within the
bacteria is susceptible to digestion. At various
points after infection samples are removed and
digested with Dpnl. Fragments of T7 DNA gener-
ated by digestion with Dpnl identify the T7 DNA
that has entered the E. coli cell; the sequential
appearance of DNA fragments corresponding to
the internalization of the phage genome can be
seen in the autoradiograms in Figure 3. In order to
compensate for any EcoKl-independent entry and
to allow analysis of entry rates, the autoradiograms
were quantified as described in the Figure legend.
The resulting graphs are shown below each autora-
diogram. The assays for translocation positive
strains (Figure 3(b), (f), (g) and (h)) show some
variability in the efficiency of DNA internalisation.
This variability occurs even when samples are
taken from the same purified phage stock after
short-term storage in the absence of any loss
of titre, as well as for different phage stocks, it
merely reflects the fraction of adsorbed phage par-
ticles that initiate an infection in liquid within a 30
minute period. Rough estimates of the rates of
entry can only be deduced then from the differ-
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Figure 2. ATPase assays for wild-type and mutant enzymes. The DNA substrates used were either modified (.K) or
unmodified (.0) plasmid which was either covalently closed circular (ccc) or linear (lin).
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Figure 3. In vivo translocation assays for wild-type and mutant strains of E. coli. (a) Schematic diagram of T7 DNA
depicting Dam methylation sites (vertical bars), and the position of the EcoKI recognition site present in sRK836sK0
but not in the control phage D364sK0. (b) to (i) Autoradiograms depicting the time courses of methylation of
sRK836sK0 DNA, or methylation at 30 minutes of D364sK0 DNA, following infection of the hsd™ strain IJ891 and var-
ious hsdR derivatives all of which contained the dam plasmid pTP166. The time (minutes) after infection is
shown above each lane. Lanes marked S contain DNA digested with Sau3Al, an enzyme that cuts irrespective of






