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ABSTRACT

Recognition of ‘foreign’ DNA by Type I restriction–
modification (R-M) enzymes elicits an ATP-dependent
switch from methylase to endonuclease activity,
which involves DNA translocation by the restriction
subunit HsdR. Type I R-M enzymes are composed
of three (Hsd) subunits with a stoichiometry of
HsdR2:HsdM2:HsdS1 (R2-complex). However, the
EcoR124I R-M enzyme can also exist as a cleav-
age deficient, sub-assembly of HsdR1:HsdM2:HsdS1

(R1-complex). ATPgS was used to trap initial trans-
location complexes, which were visualized by Atomic
Force Microscopy (AFM). In the R1-complex, a small
bulge, associated with a shortening in the contour-
length of the DNA of 8 nm, was observed. This
bulge was found to be sensitive to single-strand
DNA nucleases, indicative of non-duplexed DNA.
R2-complexes appeared larger in the AFM images
and the DNA contour length showed a shortening
of �11 nm, suggesting that two bulges were formed.
Disclosure of the structure of the first stage after the
recognition-translocation switch of Type I restriction
enzymes forms an important first step in resolving a
detailed mechanistic picture of DNA translocation
by SF-II DNA translocation motors.

INTRODUCTION

Type I restriction-modification (R-M) enzymes are the most
complex of the many R-M systems known [for a recent review
see (1)]. They are multisubunit, multifunctional enzymes
composed of three separate subunits (HsdR—the restriction/
motor subunit, HsdM—the methylation subunit, and HsdS—
the DNA binding subunit). The active endonuclease (REase)
is composed of all three subunits in a ratio 2:2:1
(HsdR2:HsdM2:HsdS1, or R2-complex). The R2-complex
also functions as a DNA methyltransferase (MTase), an
ATPase, and as a ‘DNA pulling’ molecular motor (2,3).

HsdM and HsdS alone are sufficient to assemble an inde-
pendent MTase with a stoichiometry of M2S1 (4). The R-M
enzyme EcoR124I can be assembled in vitro from the core
MTase by addition of the motor subunit HsdR (5). However,
the purified EcoR124I REase exists as an equilibrium mixture
of two species—R2M2S1 and R1M2S1 of which only the for-
mer is able to cleave DNA (5,6); although the R1-complex is
an ATPase and is able to translocate DNA (5,7,8). The
R2-complex is relatively unstable and can dissociate into free
HsdR subunit and the restriction-deficient R1-complex inter-
mediate, under concentrations expected in vivo (5). This situ-
ation assists structural analysis of the EcoR124I R–M enzyme
because complexes with only one HsdR subunit present
(i.e. R1-complex) can more easily be visualized by AFM.

Unlike other restriction endonucleases, Type I R-M
enzymes cut distal to the DNA recognition site to which
they bind. DNA cleavage can occur many thousands of base
pairs from the recognition site, using a process of DNA move-
ment known as DNA translocation (2). This REase-based
motor activity is driven by ATP hydrolysis (3), but unlike
other DNA-based motors (e.g. DNA polymerase) it does
not involve a linear tracking motion along the DNA; instead
the motor remains bound at the recognition site and ‘pulls’ the
adjacent DNA toward the bound enzyme (Figure 1). A detailed
study of DNA translocation by Type I restriction enzymes has
recently been published, based on single molecule analysis
using Magnetic Tweezers (8). This intriguing motor activity
presents the enzyme with an interesting topological problem
at the initiation of translocation—how to ‘grasp’ adjacent
DNA and produce the first loop of DNA (9).

The complex molecular motor-function makes these
enzymes particularly interesting. The restriction subunit
(HsdR) is responsible for this motor activity and contains a
series of conserved amino acid motifs (DEAD box motifs)
including a Walker-type ATP binding site, which is associated
with helicase-like activities (10). They belong to a large
superfamily (SF-II) of helicase-like enzymes (11) that also
include Type III R-M enzymes, chromatin remodelling factors
and a few chimeric enzymes. It has been suggested that
chromatin-remodelling factors also make use of DNA
translocation, in a similar mode as Type I restriction enzymes,
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which stresses the significance of a detailed analysis of the
translocation process of the SF-II superfamily (11,12).

ATP is an allosteric effector for the REase and is closely
involved in the initial switch between methylation activity and
translocation activity which leads to DNA cleavage (13).
In vivo, the normal function of these enzymes is that of a
maintenance methylase—following DNA replication, the en-
zyme will methylate specific adenines on the newly synthe-
sized strand of the recognition sequence. However, invasion of
the bacterial cell by ‘foreign’ DNA (usually bacteriophage
DNA) elicits an ATP-dependent switch in behaviour of the
Type I R-M enzyme, and the enzyme becomes an
endonuclease. To accomplish this switch in activity, the

enzyme must read and compare the two adenines of the
recognition sequence (one on each strand), and, if they are
both unmethylated, the enzyme will undergo a conformational
change resulting in motor and endonuclease activity. The
switch in function was shown to be an ATP-dependent
event by Yuan et al. (13) who ‘trapped’ the initial complex
in filter binding studies. The non-hydrolysable ATP-derivative
ATPgS can also be used to trap this initial complex by pre-
venting translocation and allows studies of the initiation of
translocation.

It has been shown that the REase only ‘grasps’ the DNA
in cis (14) suggesting a loop would form adjacent to the DNA-
bound REase. However, DNA footprinting studies (15,16)
have shown little difference between the footprints of the
MTase and that of the REase suggesting the enzyme ‘grasps’
the DNA remote to the sequence recognition site. To initiate
translocation, the enzyme would need to produce a loop that is
smaller than the enzyme, and far shorter than the persistence
length of DNA, making this mechanism very unlikely
(Figure 1d). Another possibility is that the DNA initially
wraps around the motor subunit, forming multiple DNA-
protein interactions along the loop (Figure 1e). This would
not have been detected in the DNA footprinting studies men-
tioned above because of the limited length of the oligo-
duplexes used (56 bp). Alternatively, the endonuclease may
induce a distortion of the usual double-stranded DNA
(dsDNA) structure (such as a region of non-duplexed DNA)
to allow the enzyme to ‘grasp’ adjacent DNA over short
distances (Figure 1f ).

In this paper, we have used Atomic Force Microscopy
(AFM) on single DNA-restriction enzyme complexes to
observe the conformational changes associated with the initial
switch from recognition to translocation. We have used
ATPgS to trap these translocation initiation complexes.
Using the R1-complex produced by mixing equimolar ratios
of MTase and HsdR, we could observe a small bulge extending
from the protein–DNA complex that was only formed when
ATPgS was added. This bulge was accompanied by a short-
ening of the contour length of the DNA molecule. As expected,
the bulge was more difficult to delineate in the R2-complex,
but additional shortening of the DNA contour length was
observed supporting the idea of a two-bulge complex. Thus,
we obtained a detailed picture of the important first-step of
initial loop formation that may be generic for all superfamily II
enzymes that act as DNA-based molecular motors.

MATERIALS AND METHODS

In vitro restriction assays

Cleavage assays of the plasmid pCFD30 and titration of
MTase with HsdR were carried out as previously described
(6). The concentration of REase was based on the concentra-
tion of added MTase, which was determined from the extinc-
tion coefficient. Gel retardation assays were as described by
Jansc�aak et al. (6).

AFM methods

For translocation experiments, a 2364 bp and a 724 bp DNA
fragment with a single s124 recognition site at 175 bp was

Figure 1. The DNA translocation process for the R1-complex. (a) The black
region on the DNA represents the DNA binding (recognition) site of the
enzyme, which is represented by the four globular subunits of the R1-
complex: HsdS (white), HsdM (grey) and HsdR (black). (b) HsdS is bound
to the DNA at the recognition site and HsdR begins to contact adjacent DNA
sequences. (c) The motor translocates adjacent DNA through the motor/DNA
complex, which remains tightly bound to the recognition sequence.
Translocation produces an expanding loop of negatively supercoiled DNA.
In the early stages of translocation, a very small loop would require a
significant energetic penalty and is thus unlikely. (d) The inherent stiffness
of DNA prevents bending over short distances and a bulge of the type shown
would require a large amount of energy from protein–DNA interactions. (e)
Wrapping of DNA around the HsdR subunit in an attempt to overcome the
problem associated with bending the relatively stiff DNA. (f) Alternatively,
unwinding of DNA can be used to overcome the problems associated with the
persistence length of DNA, resulting in an extrusion or a bubble of ssDNA. (g)
R2 initial complexes exhibit a much larger, more intricate structure that is more
difficult to analyse with AFM imaging.
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produced by PCR. HsdR and MTase were mixed at equal
molar ratio in 300 mM NaCl, 10 mM Tris–HCl (pH 8),
1 mM EDTA and 50% glycerol. After 5 min the stable
R1-complex was subsequently diluted 10 times in 20 mM
HEPES (pH 6.5), 5 mM MgCl2 together with 724 bp DNA
at a molar ratio of 1:2, and warmed to 37�C.

Muscovite mica was cleaved and pre-treated with poly-lysine
before sample deposition. Translocation by the R1-complex was
initiated by adding ATP to the reaction mixture, to a final con-
centration of 0.5 mM. After 10, 30 and 60 s respectively, trans-
location was quenched by depositing 2.5 ml of the reaction
mixture onto the poly-lysine coated mica. The sample was
then rinsed with MilliQ water, quickly blown dry in a stream
of nitrogen gas and directly imaged with AFM.

For imaging of the initial complex, a 263 bp DNA fragment
containing a single recognition site at 126 bp was produced
by PCR. The smaller length simplifies measurement of the
contour length. ATP was replaced by ATPgS and the mixture
was incubated for 30 s.

Samples were imaged with a Nanoscope III Multimode
AFM from Digital Instruments (Santa Barbara, USA). The
images were acquired in tapping mode in air, with a scan
range of 1 mm at 512 · 512 pixels using silicon tips
OMCL-AC160TS-W2 purchased from Olympus Optical
Co., Ltd (Tokyo, Japan). Image processing and analysis
were carried out using IDL (Interactive Data Language,
RSI, Boulder, USA) and consisted of a background correction.
Contour lengths were measured by manually assigning coarse
coordinates that were subsequently improved using an
algorithm that looks for the highest features perpendicular
to the coarse trace, followed by moderate low-pass filtering
of the coordinates. End points were assigned to positions

where the DNA trace was reduced to half its height. Average
contour lengths were determined by fitting a Gaussian profile
to the length distribution histograms.

P1 nuclease digestions

P1 nuclease buffer consisted of 50 mM Tris–HCl (pH 8.0),
10 mM MgCl2, 1 mM DTT and 50 mM NaCl: 10 nM pCDF30
and ATP or ATPgS (final concentration 2 mM) were added.
R2 or R1-complex was assembled in the presence of cleavage
buffer and ATPgS or ATP, and incubated for 10 min at room
temperature. Then, 0.3 U P1 was added and the reaction was
incubated for a further 30 min at 37�C. Reactions were ter-
minated by adding 0.5 vol of 150 mM EDTA, 3% (w/v) SDS
and 60 mg/ml proteinase K followed by incubation at 37�C for
30 min.

RESULTS

Loop formation during DNA translocation

R1-complex of the EcoR124I R–M enzyme was produced by
mixing equimolar ratios of MTase and HsdR (5). Analysis of
these complexes, bound to DNA, using the AFM showed a
uniform collection of similar-sized complexes, with very few
R2-complexes (larger) observed (data not shown). That these
complexes were indeed functional R1-complexes was con-
firmed by demonstrating unidirectional translocation (single
loop formation) as shown in Figure 2.

The amount of translocated DNA was determined by tracing
the loop size for more than 100 complexes. The resulting
distribution for 10 s incubation time is shown in Figure 2d.
Though the average loop size increased with longer incubation

Figure 2. AFM images of DNA translocation. Typical images of translocation activity by R1-complex after incubation for (a) 10 s, (b) 30 s and (c) 60 s in the
presence of ATP and 724 bp DNA fragments, containing a single recognition site at 175 bp. At the position of the protein, which shows up as a white globular feature,
one small DNA loop is observed that increases in size with longer incubation times. Scan range, 250 nm; z range, 3 nm. (d) Distribution of the loop size after
incubation for 10 s. Translocation distances were fitted with a Gaussian distribution, resulting in an average translocation distance of 2.8 · 102 bp. (e and f ) R2

complexes on 2364 bp DNA after incubation with ATP for several minutes. As expected, double loops of DNA are formed. Scan range, 500 nm; z range, 5 nm.
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