










when supplemented with a molar excess of wild-type
HsdR, cleavage activity was observed with the same effi-
ciency as when MTase alone was supplied. Allowing the
mutant endonuclease complex to begin translocation by
pre-incubating for 5min with DNA and ATP prior to the
addition of wild type (wt) HsdR did not alter this result
(Figure 4A). In each case, the extent of DNA cleavage
exceeded the input concentration of endonuclease/Mtase.
This data indicate that the MTase within the holoenzyme
can dissociate from the mutant HsdR subunits, dissociate
from the DNA, acquire wild-type HsdR subunits and bind
new DNA multiple times.

To address if the phenomenon of MTase turnover is a
more general property of Type I enzymes, we also tested
the Type IB enzyme EcoAI using the cleavage assay. The
EcoAI complex was produced as two separate HsdR and
MTase preparations and then reconstituted without
further purification [(44), ‘Materials and Methods’
section]. As observed with EcoKI, the one-site circular
substrate DNA was fully cleaved at substoichiometric
concentrations of MTase relative to the site concentration
in the presence of a molar excess of HsdR, indicating
turnover of the MTase (Figure 4B). Under conditions

where HsdR is in excess, the MTases of both EcoKI and
EcoAI are capable of dissociating from one DNA sub-
strate, binding another and participating in additional
cleavage events.

RecBCD does not induce ‘turnover’ of EcoR124I during
DNA cleavage

It has been suggested that DNA translocation and pro-
cessing by the helicase–nuclease activities of the recombin-
ase RecBCD can act to promote turnover of Type I
complexes (29). In that study, holoenzyme preparations
were used at an apparent molar concentration—i.e. cor-
rected due to a low specific activity—3- to 10-fold lower
than the DNA. An enhancement of cleavage, therefore,
assumed turnover of both the MTase and the HsdR
subunits. We examined if the presence of RecBCD could
alter the dissociation properties of our EcoR124I MTase
preparation (Figure 5). RecBCD was obtained from Mark
Dillingham (University of Bristol). Translocation and
cleavage were measured at a reaction endpoint (60min)
using an excess of HsdR and RecBCD relative to DNA,
and varying concentrations of EcoR124I MTase. In the
absence of RecBCD, an excess of EcoR124I MTase was

Figure 3. ‘Turnover’ of EcoKI MTase during translocation and cleavage. (A) Triplex displacement by EcoKI on 5 nM one-site linear (LIN) and
supercoiled (SC) DNA substrates with an excess of HsdR (100 nM) and varying concentration of MTase, as indicated. (B) Cleavage activity of
EcoKI on a 5 nM one-site supercoiled DNA substrate at 100 nM HsdR and varying concentrations of MTase, as indicated. OC is open circle.
(C) Triplex Displacement by EcoKI on 5 nM one-site linear and supercoiled DNA substrates with varying concentration of the reconstituted R2M2S1
complex, as indicated. (D) Cleavage activity of EcoKI on 5 nM one-site supercoiled DNA substrate at varying concentrations of the reconstituted
R2M2S1 complex, as indicated. In each graph, dashed lines indicate the concentration of MTase/R2M2S1 where one complete endonuclease is
available to bind to each DNA site (Figure 1). Error bars represent the standard deviations from at least two repeat experiments.
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required for activity and turnover did not appear to occur
in the presence of excess HsdR in either translocation
assays (Figure 5A and B) or cleavage assays (Figure 5C
and D). This is possibly because following cleavage the
MTase remains bound to the DNA or it becomes
inactivated. RecBCD requires a DNA end for initial
binding so will not cut the plasmid substrates in our
assays (Figure 5C and D). Only the linear DNA cut fol-
lowing Type I activity was a substrate (Figure 5C).

Figure 5. ‘Turnover’ of EcoR124I MTase during DNA cleavage and
translocation does not occur and is not influenced by the presence of
the exonuclease activity of RecBCD. (A) Triplex Displacement by
EcoR124I on 5 nM one-site supercoiled DNA using 80 nM HsdR and
varying concentration of MTase, as indicated, in the absence and
presence of 20 nM RecBCD. An ATPase recycling system was also
included (‘Materials and Methods’ section). TFO, free/displaced
triplex forming oligo; TFO0, free TFO band that migrates slightly
further into the gel in the presence of RecBCD; SC, supercoiled
DNA bound with triplex; OC, open circle bound with triplex. Lane 1
had stop buffer added immediately while lanes 3–20 were incubated for
1 h. The triplex displacement seen in lanes 3–6 in the absence of MTase
represents background triplex displacement due to the long incubation
time and is independent of HsdR (35). (B) Quantification of triplex
displacement presented as the percentage of triplex DNA remaining
(the sum of that on SC and OC DNA). (C) Agarose gel showing
cleavage activity of EcoR124I and RecBCD on 5nM one-site super-
coiled DNA (SC) under the same reaction conditions as above.
DIMER—plasmid dimer which was present as a contaminant of
<5% in our DNA preparations. (D) Quantification of the DNA
cleavage data presented as the raw dpm counts from the supercoiled
DNA in each lane determined by scintillation counting. We could not
present the data as percentage cleaved in this case as the linear DNA
is digested in the RecBCD lanes and cannot be accurately counted.
In B or D, turnover of EcoR124I following RecBCD treatment
would be seen as a decrease in the triplex or supercoiled substrates.
Error bars represent the standard deviations from at least two repeat
experiments.

Figure 4. MTase ‘turnover’ of an EcoKI ‘holoenzyme’ and of
wild-type EcoAI (A) Cleavage of 5 nM one-site supercoiled DNA was
measured following 60min incubation and is presented as the percent-
age of linear DNA product produced. EcoKI MTase, HsdR and a
nuclease mutant R2M2S1 holoenzyme (D298E) were added, at the con-
centrations indicated. Reactions 9 and 10 (indicated as light grey
columns in the table) differ from reactions 7 and 8 as they were
allowed to proceed for 5min before the addition of excess wt HsdR
(see main text). (B) Cleavage activity of EcoAI on 5 nM one-site super-
coiled DNA substrate (SC) with an excess of HsdR (300 nM) and
varying concentrations of MTase, as indicated. OC is open circle,
LIN is linear DNA product. The dashed line represents where an
R2M2S1 complex could form on the DNA (see Figure 1). Error bars
represent the standard deviations from at least two repeat experiments.
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Although RecBCD removed the linear DNA generated by
the Type I enzyme, it did not increase triplex displacement
or DNA cleavage levels. These results contradict those
observed by Bianco and Hurley (29). Similar experiments
with EcoKI have also found that RecBCD has no effect
on turnover of the holoenzyme (45).

DISCUSSION

Our investigations into the in vitro subunit dynamics of
the Type I RM systems have shown that both the HsdR
and MTase components have the ability to turnover with
respect to DNA during translocation and cleavage. The
HsdR subunits of both EcoR124I and EcoKI are likely to
dissociate from the MTase following translocation termin-
ation but can only dissociate from the DNA track via a
DNA end. In contrast, the MTases of EcoKI and EcoAI
can dissociate from the DNA independent of DNA ends
but subsequent re-binding requires a source of free HsdR.
Each of these events is discussed in turn, including how
the dynamics may be of importance to regulation of Type
I enzymes in vivo.

Recycling of HsdR subunits

On linear DNA, EcoKI and EcoR124I HsdR behave in
much the same way with dissociation of the HsdR from
one DNA and re-binding to another. This suggests that
DNA loops formed during translocation by EcoKI disas-
semble in the same way as those for EcoR124I. We
observed a slightly lower turnover efficiency of EcoKI
compared to EcoR124I, but this may reflect differences
in in vitro protein stability at low concentrations or differ-
ences in specific activity of our enzyme preparations.
Nonetheless, these results show that the dissociation/
re-association of motors during translocation is a
common feature of Type I enzymes, and, is not a special
feature of the >240-fold weaker binding affinity of the R2-
complex of EcoR124I relative to the R1-complex. As
noted previously, the R1-complex appears stable in the
absence of ATP but readily undergoes disassembly in its
presence (Figure 1A) (10,11). Similarly, the EcoKI
complex is apparently stable (28) yet can also readily
undergo disassembly in the presence of ATP (Figure 2).
Loss of protein subunits by EcoKI (and the related EcoBI)
during translocation were also inferred from early EM
studies (26,46). Conformational changes in the endonucle-
ase complex that are required for translocation must also
change the affinities of the subunits within the complex.

On supercoiled DNA, in contrast, neither EcoR124I
nor EcoKI demonstrated measurable levels of HsdR
turnover following translocation. This difference in
activity could be attributed to: (i) the topology of the
DNA. On supercoiled DNA the translocating enzyme
will cause a build-up of positively supercoiled DNA in
the downstream DNA whereas on linear DNA no topo-
logical barrier would be present (27); or, (ii) the presence
of DNA ends, which could be the route for dissociation of
HsdRs during translocation on linear DNA. This would
predict that the rate of dissociation from internal sites is
slower than from DNA ends. A model for loop

disassembly during translocation and HsdR turnover
that is consistent with previous experiments and those
here is presented in Figure 6.
In the model, loop translocation terminates by dissoci-

ation of the HsdR from the MTase. Subsequent turnover
of HsdR is then dependent upon the in vitro experi-
mental conditions: in the magnetic tweezers apparatus
(Figure 6A), the DNA is tethered to the glass coverslip
at one end and to a magnetic bead at the other. There are
therefore no free DNA ends. Upon termination and release
of the MTase the motor does not release the DNA but
may continue translocation as far as the bead (data not
shown) or surface (data not shown). Free HsdR in solution
can associate with the vacant binding sites on the MTase
and re-initiate translocation. However, turnover of the
DNA-bound HsdR cannot occur. The ‘off-rate’ measured
from this assay represents the loop lifetime, rather than
dissociation from the DNA per se; in ensemble solution
experiments on linear DNA (Figure 6B), loop transloca-
tion may terminate at an internal site or upon reaching the
DNA end. For the former case, continued translocation of
the motor would also allow dissociation from the end. The
HsdR motor could therefore exit the DNA and re-bind to
another MTase. The time for the HsdR to leave the linear
DNA will not necessarily reflect the lifetime of the loop
translocation state; in the ensemble solution experiments
on circular DNA, disassembly of the translocating loop
leaves the HsdR on the DNA and unable to dissociate
because of the lack of free DNA ends (Figure 6C).
Therefore, HsdR turnover cannot occur, although new
translocation events could be initiated by HsdR from
solution.
HsdR subunits do not appear to turnover following

cleavage of circular DNA, despite the presence of DNA
ends and the turnover of the MTase (Figures 3 and 4).
This may be because: (i) the HsdR subunits remain
irreversibly-associated with the DNA following cleavage,
possibly at the cleavage loci; or, (ii) because a DNA
cleavage event catalysed by the nuclease domain irrevers-
ibly inactivates the associated helicase domain regardless
of subsequent dissociation of the HsdR from the DNA.
The first model could account for the continued ATPase
activity that is associated with the post-cleavage phase
(21). If the HsdR subunits are associated with the cleaved
DNA ends, they must still allow access by the end-
dependent exonuclease activity of RecBCD (Figure 5). It
could be argued that RecBCD activity re-models the
HsdR interaction following cleavage, dissociating it from
the DNA and facilitating turnover (29). Our experiments
with RecBCD used excess HsdR and only addressed
MTase turnover (see below). However, complementary
experiments by Dryden and co-workers (45) demonstrate
that RecBCD-catalysed digestion of EcoKI-cleaved DNA
does not appear to release active HsdR to allow MTase
turnover. It may be that the HsdR subunits remain tightly
bound to a fragment of DNA to which RecBCD cannot
gain access. The exact mechanism of dsDNA cleavage by
Type I enzymes and the fate of the HsdR subunits
involved remains to be clearly elucidated.
Protein complex disassembly has been suggested to de-

termine cleavage frequency in vivo and play a role in RA
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(11,12). Our results here indicate that on DNA without
free ends, the HsdR subunits would become trapped fol-
lowing translocation termination. This new observation
could play an important role in RA. Under normal cir-
cumstances, translocation on the host DNA does not
occur (all the cognate sites are modified by maintenance
methylation). However, if unmodified sites arise due to
DNA repair, translocation could occur but would lead
to HsdR subunits becoming trapped on the circular
genome. If following translocation termination these
HsdR cannot participate in further translocation events,
then the pool of available HsdR would drop. For
EcoR124I, this would lead to the observed decrease in
restriction while the total HsdR pool appears constant
(17). For EcoKI (and EcoAI), the protease ClpXP has
been implicated in RA through the targeting of the
complexes translocating on the host DNA and not on
bacteriophage DNA. The targeting of translocating
EcoKI molecules by ClpXP may be due to kinetic limits.
On linear bacteriophage DNA, if cleavage does not imme-
diately occur, the HsdR subunits would be able to dissoci-
ate via the free DNA ends. Therefore, the window of
opportunity for ClpXP to interact with the HsdR would
be relatively short. On the circular host genome, HsdR
subunits would have a longer lifetime in a DNA-bound
state (either translocating or terminated), and in turn this
would give ClpXP more time to recognize and degrade the
HsdR subunits. Preliminary in vitro data suggest that
ClpXP can indeed target HsdR on circular DNA but
not on linear DNA (Michelle Simons, Fiona Diffin and
Mark Szczelkun unpublished data).

Recycling of MTase complexes

Recent studies have reported turnover of Type I enzymes
that was attributed either to specific reaction conditions,
where RecBCD was used to further degrade the cleaved
DNA (29), or, to particular enzyme preparations, where
Type I complexes were purified as holoenzymes rather
than as separate MTase and HsdR pools (30). We have
also shown that MTase turnover during DNA transloca-
tion and cleavage is possible, yet it is clear that there is
nothing unique about our enzyme preparation as turnover
can also be observed using enzyme purified as holoenzyme
by a different research group. Indeed, a number of studies
have carefully shown that there is no difference between
Type I enzymes that are purified as holoenzymes or
reconstituted from separate protein pools (5,6,11). In
our hands we could not measure any turnover of
EcoR124I MTase during translocation and cleavage and,
in contrast to the previous studies, we found that the in-
clusion of RecBCD in EcoR124I reactions did not
promote additional Type I-dependent DNA cleavage.

On linear DNA, turnover of the EcoKI MTase as
measured by translocation or endonuclease activity was
observed under conditions where HsdR was either
limiting or in excess. In contrast, turnover on the
circular DNA was only observed when HsdR was in
excess. This difference can be explained simply by the cor-
responding difference in HsdR turnover: on linear DNA,
the HsdR subunits can dissociate in an active form follow-
ing translocation and can therefore re-associate with DNA
bound or free MTase; on the circular DNA, the HsdR
subunits either remain bound after translocation

Figure 6. Fates of HsdR subunits on different DNA substrates in vitro following dissociation from the MTase core. DNA is represented as a blue
line, the MTase (i.e. both the HsdM and HsdS subunits) as a green oval (M) and HsdR as a purple oval (R). (A) Tethered DNA in a magnetic
tweezers apparatus. The coverslip surface is shown as a black line, the magnetic bead as a red circle and the magnetic field as a series of dotted lines.
(B) Linear DNA in solution. (C) Circular DNA in solution.
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termination or become inactivated following DNA
cleavage (see above). Therefore, if the MTase subsequent-
ly dissociates and there are no free, active HsdR molecules
in solution, additional translocation or cleavage events
cannot initiate. The early analyzes of EcoKI that estab-
lished the dogma that Type I enzymes do not turnover all
used holoenzyme preparations where HsdR was limiting.
The requirement for saturating or supersaturating
amounts of enzyme during DNA cleavage seen in those
studies is consistent with what we saw here. Analysis of
DNA cleavage by the recently characterized Type I SP
(single polypeptide) restriction enzyme LlaGI also
indicated a requirement for a supersaturating concentra-
tion of enzyme (5–10 monomers per DNA) (47). The
model for DNA cleavage of both linear and circular
DNA by LlaGI requires the interaction of (at least) two
enzymes molecules bound to two separate sites on the
same DNA. Therefore, cleavage at subsaturating concen-
trations is severely limited by the lower probability of
multiple enzymes being on the same DNA at the same
time. Where binding of enzymes to distant DNA sites is
not cooperative, efficient long-range interaction will
always require enzyme concentrations that allow simul-
taneous occupancy of both sites with reasonable fre-
quency. It is possible to address turnover in such
instances by the addition of a second DNA substrate fol-
lowing cleavage of the first (29,30). However, because of
the requirement for a high protein concentration relative
to DNA (47), the ability of LlaGI monomers to carry out
more than one cleavage event has yet to be assessed.

Does the turnover of the EcoKI and EcoAI MTases
have any relevance to endonuclease activity in vivo? The
answer to this question relies in part on the relative levels
of MTase and freely available HsdR. It has been estimated
that the cellular concentration of EcoKI HsdR is �4-fold
lower than that of the MTase (48). Therefore, the turnover
of individual MTase complexes during translocation and
cleavage would be limited by the lack of available HsdR.
It is still possible that the released MTase could go on to
methylate DNA, although this was not tested here.
Further limits to the production of endonuclease
complexes would then occur during RA, where
ClpXP-mediated proteolysis would further reduce the
available free HsdR pool (15,16). An important role for
turnover during cleavage of a bacteriophage genome is
hard to envisage. It is unlikely to be relevant to a single
infection event because: first, cleavage will most likely
occur on the linear form of the bacteriophage genome
early in infection and thus require the collision between
two enzymes translocating from two distant sites (7).
Supersaturating enzyme concentrations are therefore ne-
cessary to elicit cleavage; and second, a single dsDNA
break would be sufficient to prevent infection and so
multiple cleavage events are not necessary. It could be
argued that an ability to turnover releases the enzyme to
cut DNA during future infections, but this does not take
into account the protein half-life in vivo. Other proteins,
such as the alkyl DNA transferases (49), also rely on
so-called suicidal enzyme mechanisms. The apparent
waste of protein resources is balanced by the important
role such systems play in protecting the host against

cellular stress. It has also been suggested that the appar-
ently high levels of ATPase activity of the Type I enzymes
that remain on the DNA following cleavage could play a
role in depleting infected cells of ATP and thus removing
them, at least temporarily, from the population (50).
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