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Type I restriction-modification (R-M) enzymes
are multifunctional, contain multiple subunits,
and provide bacteria with protection against in-
fection by DNA-based bacteriophages: for are-
cent review see Reference 1. They accomplish
this through a complex activity that cleaves the
DNA at random locations that can be far away
(>20 kilo base pairs, kbp) from the enzyme’s
recognition sequence or usual specified cleav-
age site. The R-M enzyme has a powerful AT-
Pase activity: that is, it is good at converting
adenosine triphosphate (ATP) into its diphos-
phate (AD). This conversion process is associ-
ated with DNA translocation (involving the ex-
change or re-arrangement of segments) before
cleavage, and thus to the production of random
cleavage sites. These enzymes are, therefore,
unusual molecular motors: they bind specifi-
cally to sections of DNA and then move the
remainder through this bound complex (see
Figure 1).

The enzyme we are using in our studies (see
Figure 2) is EcoR1241, from the type-IC R-M
family. The fully-functional R-M enzyme com-
prises three subunits (HsdR, M, S) in a stoichio-
metric ratio of R, M,S.>* However, Janscédk et
al.? also showed that the EcoR1241 R-M ho-
loenzyme exists in equilibrium with a sub-as-
sembly complex of stoichiometry R M,S,
which is unable to cleave DNA, but retains the
ATPase and motor activity.* Therefore, we
have available a motor that can translocate
DNA without cleaving it.

A useful molecular motor

The majority of DNA-based molecular motors
are ‘linear-tracking’: they can be likened to rail-
way trains running along railway tracks. These
use the repetitive nature of the DNA sequence
to enable them to move along the molecule.
The best example, and one of the most closely
studied at the single-molecule level, is RNA
(ribonucleic acid) polymerase.*” In single-mol-
ecule studies of this motor, optical tweezers
were used to hold a polystyrene bead attached
to the DNA, while the motor was attached to a
surface.

Type I R-M enzymes, on the other hand, are
unusual as molecular motors: the enzyme binds
to a specific site on the DNA strand and re-
mains bound at that site while moving the ad-
jacent section and so acting as a nano-actuator
(see Figure 2). It can be likened to the spool of
a fishing rod, where the line is the DNA. This
means that a useful device can be constructed
without the motors being directly attached to
the surface: the DNA can be attached instead
(see Figure 3).

DNA translocation by Type I R-M enzymes
was assayed (quantified) in bulk solution us-
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Figure 1. DNA translocation: the solid block represents
the recognition sequence for the enzyme. The enzyme

binds at this site and, upon addition of ATP, DNA

Figure 2. The type-l restriction-
modification enzyme EcoR124l.

translocation begins. During translocation, an expanding

loop is produced.

Figure 3. Motor activity of the type-I R-M enzyme: (a) The yellow block on the DNA represents the binding
(recognition) site, with the enzyme—represented by the green object approaching from the top—about to
dock onto it. (b) The motor is bound to the DNA at the recognition site and begins to attach to neighboring
sequences in the strand. (c) The motor begins to translocate the adjacent DNA sequences through the
motor/DNA complex, which remains tightly bound to the recognition sequence. (d) Translocation produces
an expanding loop of positively-supercoiled DNA. The motor follows the helical thread, resulting in
spinning of the DNA end (illustrated by the rotation of the yellow cube). (e) When translocation reaches the
end of the linear DNA it stops, resets, and the process begins again.

ing protein-directed displacement of a DNA tri-
plex:* we determined a translocation velocity
of 400+32bp/s at 20°C. The data showed a bi-
directional translocation for the R, complex
and, importantly, the R, complex could still
catalyze translocation in a single direction. The
latter reaction is less processive, but can ‘re-
set’ to either direction whenever the DNA is
released.

Thus, we have a molecular motor that binds
to a DNA molecule and pulls the end of the
strand toward it. The DNA can easily be sur-

face-attached, producing a nanoactuator, and a
wide variety of ligands or objects can be at-
tached to the other end of the molecule to al-
low easy detection of movement (see Figure
4). In our recent studies, a magnetic bead is
attached to the distal end of the DNA and a
magnetic-tweezer setup is used to measure
translocation. We have determined the rate of
translocation for single molecules and the ATP-
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dependence of the motion.®

Potential use of the motor

By definition, the motor is a nanoactuator. As
part of a EU-funded 5th Framework Research
and Development Project, we are developing a
molecular magnetic switch that links the bio-
logical and silicon worlds (Mol Switch). This
project set out to produce a biological molecu-
lar motor that could ‘pull” a ‘string’ through
itself, acting as a nanoactuator: and we have
succeeded in producing such a device. Attached
to one end of the ‘string’ was a magnetic bead,
whose movement could easily be detected and
which acted as a molecular dynamo. The
‘string” used was DNA (a nanometer-wide
thread), to which the bead was easily attached
(aroutine procedure in molecular biology). We
are currently developing a self-assembly pro-
cess to build the nano-actuator on a silicon sur-
face.

Keith Firman

Reader in Molecular Biotechnology
School of Biological Sciences
University of Portsmouth, UK
E-mail: keith.firman@port.ac.uk

References

1. N. E. Murray, Type I restriction systems:
sophisticated molecular machines (a legacy of
Bertani and Weigle), Microbiology and Molecular
Biology Reviews 64 (2), p. 412-434, 2000.

2. D. T. F. Dryden, et al., The assembly of the EcoKI
type 1 DNA restriction/modification enzyme and its
interaction with DNA, Biochemical Society
Transactions 27 (4), pp. 691-6, August 1999.

3. P. Janscdk, D. Dryden, and K. Firman, Analysis of
the subunit assembly of the type IC restriction-
modification enzyme, EcoR1241, Nucleic Acids
Research, 26 (19), pp. 4439-4445, 1998.

4. K. Firman and M. Szczelkun, Measuring motion on
DNA by the type I restriction endonuclease
EcoR1241 using triplex dissociation, European
Molecular Biology Organisation J. 19 (9), pp.
2094-2102, 2000.

5. D. A. Schafer, et al., Transcription by single
molecules of RNA polymerase observed by light
microscopy, Nature. 352, pp. 444-448, 1991.

6. M. D. Wang, et al., Force and velocity measured
for single molecules of RNA polymerase, Science.
282 (5390), pp. 902-7, 1998.

7. Y. Harada, et al., Single-molecule imaging of RNA
polymerase-DNA interactions in real time,
Biophysical J. 76 (2), pp. 709-715, 1999.

8. J. van Noort, et al., Single-Molecule DNA
Translocation by the Type I Restriction-
Modification Enzyme EcoR124I, Nature
Structural Biology, 2004. In preparation.

Magnetic

bead

Sensor

DNA + bead
rotate

Figure 4. The ‘Mol Switch’ device: a Hall-effect sensor generates electrons as the magnetic bead rotates.
The current produced can be used to drive electronic devices, thus linking the biological and silicon
worlds.
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