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Abstract Essentially all genetic events require proteins
to move from one location in a DNA polymer to an-
other location in the same chain. A protein will seldom
bind to a specific site in the DNA by colliding directly
with that site. Instead, the protein will almost always
collide first with a random site anywhere in the DNA
and then migrate to the specific site by a facilitated-
diffusion process that is constrained to the zone of that
DNA molecule. Thereafter, many proteins bound to
their target sites translocate in a specified direction along
the DNA by a energy-dependent vectorial mechanism.
This review will discuss some of the strategies that have
been developed to analyse the motion of proteins on
DNA, with respect to both the random diffusion pro-
cesses involved in target-site location by DNA-binding
proteins and the vectorial processes involved in unidi-
rectional translocation along DNA.

Keywords Diffusion Æ DNA Æ Restriction enzyme Æ
Translocation

Abbreviations AFM: atomic force microscope Æ bp: base
pair(s) Æ kb: 1000 bp Æ TFO: triplex-forming oligo-
nucleotide

Introduction

A protein that acts at a specific sequence of bases in
DNA first has to locate its target sequence from

amongst a very large number of alternative sequences
that are present in the same DNA molecule. As a con-
sequence of random diffusion through solution
(Gutfreund 1995), the protein will occasionally collide
with the DNA molecule. In the ‘‘diffusion limit’’, when
all of the collisions possess sufficient activation energy to
permit complex formation, such collisions will always
result in the binding of the protein to the DNA. How-
ever, if the target sequence is 6 bp long, as is the case
with many restriction endonucleases (Roberts and
Halford 1993), and the DNA a plasmid of 6 kb, it is
most unlikely that the initial encounter will be at the
target sequence. Instead, it will almost certainly be at a
non-specific site elsewhere in the DNA. Starting from
free solution, the protein would therefore need to collide
with DNA many times over before encountering the
target site. Yet proteins can bind to specific sites along
DNA at extraordinarily rapid rates, at or even seemingly
above the diffusion limit (Riggs et al. 1970). DNA-
binding proteins are thus thought to locate their target
sites in DNA by facilitated diffusion, in which the pro-
tein first binds to a random site anywhere along the
DNA and then translocates to its specific site by an
intramolecular process, without departing from the
domain of solution occupied by that DNA molecule
(von Hippel and Berg 1989).

Once bound to their target sites, many enzymes cat-
alyse reactions on DNA that involve the progressive
motion of the protein along the DNA in a specified di-
rection (or vice versa, the motion of the DNA past the
protein), in steps of one or more base pairs at a time.
Enzymes that undergo this type of vectorial motion in-
clude the DNA and RNA polymerases, that move from
a specified start-point in the DNA (an origin of repli-
cation or a promoter, respectively) to a specified end-
point (Kornberg and Baker 1992; Uptain et al. 1997),
and the DNA helicases that progressively unwind the
DNA duplex prior to replication, repair or many other
DNA transactions (Lohman and Bjornson 1996).

Amongst the most amenable systems for analysing
both sorts of motion are the type I and II restriction
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endonucleases. The type II enzymes recognize specific
DNA sequences (4–8 bp long) and cleave both strands
at fixed loci in or adjacent to the site, using Mg2+ or a
similar divalent cation as a cofactor (Roberts and
Halford 1993). The type I enzymes also recognize spe-
cific DNA sequences (13–17 bp long), but cleave the
DNA at random loci that can be many kilobase pairs
away from the recognition site, in a reaction that
requires both Mg2+ ions and ATP hydrolysis (Murray
2000). This review will focus on some of the strategies
that have been developed to analyse protein motion on
DNA: firstly, with respect to the random diffusion
processes that lead to the target-site location by type II
endonucleases (Stanford et al. 2000); and secondly, with
regard to the vectorial motion of type I endonucleases
tracking along the DNA in a fixed direction. (Szczelkun
2000). Nevertheless, the underlying principles for these
long-range communications on DNA apply to virtually
all DNA-binding proteins.

Schemes for facilitated diffusion

A number of different schemes have been proposed to
account for the intermolecular transfer of a protein from
non-specific to specific sites within the same molecule of
DNA (von Hippel and Berg 1989; Shimamoto 1999). In
a widely accepted model known as ‘‘sliding’’, the protein
diffuses linearly between consecutive non-specific sites in
the DNA without dissociating from the DNA (Fig. 1a).
Each time the protein executes a step along DNA, the
probabilities of moving ‘‘leftward’’ or ‘‘rightward’’ are
the same. Hence, the mean location of the protein during
linear diffusion always remains its initial position but the
length of the excursions increase as the total number of
steps increases (Berg 1993). Thus, given enough time, the
protein can reach its target-site.

The transfer could alternatively occur through 3-D
space, via multiple rounds of dissociation and re-asso-
ciation (Fig. 1b). In dilute solution, each DNA molecule
occupies a discrete volume – a domain – that contains a
high concentration of DNA segments separated by
larger volumes that lack DNA (Winter et al. 1981). The
mean distances between DNA molecules are much larger
those between different segments of the same molecule
(Bellomy and Record 1989), particularly in the case of
supercoiled DNA (Vologodskii and Cozzarelli 1994).
Consequently, following its dissociation from the DNA,
a protein is much more likely to re-associate with the
same molecule of DNA than to a different one. How-
ever, a search through 3-D space is likely to be slower, at
least under certain circumstances (Berg 1993), than one
restrained to 1-D events such as sliding (Richter and
Eigen 1974).

In a further scheme called ‘‘intersegmental transfer’’
(Fig. 1c), a protein bound to one site in the DNA binds
concurrently to another site to give a complex in which it
is transiently bound to both sites; by then releasing one
of the two sites, the protein may either remain at its

original site or transfer to the new site (Milsom et al.
2001). This scheme only applies to those proteins with
two DNA-binding sites, e.g. the Lac repressor or the SfiI
and NgoMIV endonucleases (Halford et al. 2000). In
addition, the formation of a complex in which a protein
is bound concurrently to two DNA sites first requires the
juxtaposition of the sites in 3-D space to within the
requisite reaction radius. The probability of juxtaposi-
tion of two cis DNA sites varies with the separation of
the sites, increasing steeply as the intervening length is
increased to �300 bp and then declining gradually for
lengths >300 bp (Bellomy and Record 1989; Ringrose
et al. 1999; Podtelezhnikov and Vologodskii 2000). In-
tersegmental transfers are therefore likely to translocate
a protein by ‡300 bp at a time, and are thus only suit-
able for large steps on long DNA molecules by a par-
ticular subset of DNA-binding proteins.

The above schemes can be classified by whether they
result in positionally correlated or uncorrelated trans-
fers, i.e. whether the protein at time t+Dt is near its
position at time t (Berg et al. 1981). Sliding is a corre-
lated process while intersegmental transfer is uncorre-
lated, but transfers by dissociation/re-association can be

Fig. 1a–c. Schemes for facilitated diffusion. In all three schemes
the specific target-site is indicated by a hatch mark on the DNA,
and the protein by a black circle. (a) Linear diffusion. The protein
diffuses linearly along the DNA without dissociating. The 1-D
motion has no fixed directionality so each movement of the protein
has an equal probability of taking it towards or away from the
target site (lower and upper schemes, respectively). (b) Dissociation/
re-association. Dissociation of the protein from the DNA is
followed by its re-association to the same molecule, to a site either
close to or distant from the initial site along the DNA contour.
These are called hopping (upper scheme) or jumping (lower scheme),
respectively. (c) Intersegmental transfer. The protein bound to one
site binds concurrently to a second site in the same DNA,
sequestering the intervening DNA in a loop. The protein can then
release the second site, leaving itself at the same position as before,
or it can release the initial site and so transfer itself to the second
site
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either correlated or uncorrelated. The dissociation of the
protein from the DNA will usually be followed by its
re-association at or near the original site, since two
macromolecules in close vicinity of each other tend to
remain so for a relatively long period of time before they
diffuse apart (Berg 1978). Consequently, most transfers
by dissociation/re-association will be correlated events
and these are known as ‘‘hopping’’ (Fig. 1b, upper
scheme). However, on occasions, the protein may diffuse
some distance away from its initial site yet still remain
within the domain of the DNA molecule. The re-asso-
ciation can then be a ‘‘jumping’’ event to an uncorre-
lated site elsewhere in the chain (Fig. 1b, lower scheme).
Only an arbitrary distinction can be made between
‘‘hopping’’ and ‘‘jumping’’: say, movements of <20 bp
for hopping and of >20 bp for jumping (Stanford et al.
2000). On linear or relaxed DNA, hopping will be more
frequent than jumping but this will not necessarily be
true on supercoiled DNA. In the latter case, segments
that are far apart along the 1-D contour may be inter-
wound around each other and thus close together in 3-D
space (Vologodskii and Cozzarelli 1994), and a protein
that dissociates from one site could easily re-associate
with a distant site directly across the superhelical axis.

Strategies for facilitated diffusion

Perhaps the most widely used strategy for studying the
mechanism of target-site location uses a series of DNA
molecules that each have one copy of the target-site for
the protein but which differ from each other in their
overall lengths (Fig. 2a). The rates (kbind) and/or the
equilibria (KB) for protein association with the site are
then analysed as a function of the DNA length (Berg
et al. 1981). Many DNA-binding proteins have been
examined by this procedure (Shimamoto 1999), includ-
ing several type II restriction enzymes (Jack et al. 1982;
Ehbrecht et al. 1985; Jeltsch et al. 1996; Jeltsch and
Pingoud 1998). This strategy can reveal directly whether
or not the protein finds its target by a facilitated diffu-
sion mechanism, i.e. whether the non-specific sequences
in the DNA molecule are on the pathway to the specific
site. Unfortunately, essentially all schemes for facilitated
diffusion allow for decreases in kbind as the DNA length
is decreased (Fig. 2a), simply because a shorter DNA
provides a smaller target for the initial encounter with
the protein. Consequently, it can be extremely difficult to
use this approach to distinguish between the various
schemes for facilitated diffusion noted above. Indeed, in
most applications of this procedure (Shimamoto 1999)
the data are reconciled to sliding without demonstrating
that the data are inconsistent with other pathways.

For example, in one study (Jeltsch et al. 1996), the
reaction rates of a number of mutants of the EcoRV
restriction endonuclease were measured in vitro on two
substrates: a long (958 bp) and a short (26 bp) DNA
molecule, each with a single EcoRV site. The ratio of the
cleavage rates on the two substrates was found to vary in

proportion to the efficiency of these mutants in re-
stricting foreign DNA in vivo, from which it was con-
cluded that EcoRV locates its target site in vivo by
sliding. However, whilst these data suggest that EcoRV
locates its target site by facilitated diffusion, the various
1-D and 3-D mechanisms cannot be distinguished from
each other on the basis of length dependence alone. To
make such a distinction, it is necessary to vary not only
the length of the DNA molecule but also the equilibrium
constant for the binding of the protein to non-specific
DNA (Berg et al 1981). This can be modulated by al-
tering the concentration(s) of the salts in the reaction

Fig. 2a–d. Strategies for facilitated diffusion. (a) Variations in the
overall length of the DNA. The kinetics (kbind) and/or equilibria
(not shown) for the binding of the protein to its target site are
studied with a series of DNA molecules of different lengths, that
each has one copy of the target sequence. (b) Variations in the
positions of two target sites. Each DNA molecule has two target
sites separated by a fixed length of DNA: one has both sites close to
one end of the DNA and the other is the circular form of the same
DNA. The likely preference of the enzyme for one site over the
other is indicated by the thickness of the arrows. (c) Variations in
the length of DNA between two target sites. The degree of
processivity of an enzyme on a DNA with two target sites is
measured with a series of molecules that each carries two target
sites separated by varied lengths of DNA. (d) Variations in DNA
topology. Site-specific recombination by resolvase will convert a
plasmid with two res sites (filled triangles) into a catenane
containing two interlinked circles of covalently closed DNA; if
the plasmid has a single target site for the test enzyme in the short
arc between the res sites, the catenane will carry this site in the
small ring
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buffer (Lohman 1986). The various schemes for facili-
tated diffusion can then be distinguished by analysing
kbind and KB with each of the DNA molecules, in each
case at a series of different salt concentrations (Winter
et al. 1981).

An alternative approach uses substrates with two or
more target sites separated by a fixed length of DNA
(Fig. 2b); the preference of the enzyme for one site
over another, depending on its position in the chain, is
then examined at a range of different salt concentra-
tions (Terry et al. 1985; Jeltsch et al. 1994). Additional
information can also be obtained by determining
whether or not the enzyme acts processively or dis-
tributively on a substrate with two sites, i.e. in the case
of a type II restriction enzyme, the extents to which
the endonuclease cleaves both sites during a single
DNA-binding event or each site in a distinct binding
event.

An elegant example of this strategy was provided by
studies of the EcoRI restriction enzyme on DNA mole-
cules of 388 bp with two target-sites 51 bp apart (Terry
et al. 1985). In one case, the two sites were located closer
to the ‘‘left-hand’’ end of a linear DNA than the ‘‘right-
hand’’ end (Fig. 2b). The EcoRI enzyme acted on this
DNA in a partly processive manner but it made its initial
cleavage more frequently at the site nearer the middle of
the DNA than at the site near the ‘‘left’’ end. In contrast,
on the circular form of this DNA (Fig. 2b), or on an
alternative linear form in which the two sites were more
or less equidistant from the ends (not shown), the en-
donuclease still acted processively but showed no pref-
erence for one site over the other. The EcoRI enzyme
thus binds first to DNA at random and then locates the
nearest target site by a correlated pathway before pro-
ceeding to the second site in the same molecule of DNA.
On the DNA with two sites close to the left-hand end
(Fig. 2b), the initial binding is most likely to occur
somewhere in the 319 bp segment to the ‘‘right’’ of the
innermost site, so that the enzyme finds the innermost
site first, in preference to the outermost site. Strikingly,
the degree of processivity on the circular DNA (Fig. 2b)
was almost double that on the linear forms. This indi-
cates that the translocation of the protein from one site
to the other occurs with almost equal facility over either
the short (51 bp) or the long (337 bp) arc of the circular
DNA. If the correlated pathway was sliding, transloca-
tion across 51 bp should have been more efficient that
that across 337 bp (Stanford et al. 2000), and the degree
of processivity on the circular DNA should thus have
been only marginally above that on the linear DNA.

A further strategy (Stanford et al. 2000) integrates the
two approaches noted above by using DNA substrates
with two sites (viz. Fig. 2b), but where instead of varying
the overall length of the DNA molecule (viz. Fig. 2a),
the length of DNA between the two sites is varied
(Fig. 2c). A processivity factor (number of reactions in
which both sites are cleaved during a single binding
event/total number of reactions) is then measured for
each substrate. This strategy (Fig. 2c) has a major

advantage over that involving variations in the overall
length of a DNA with one site (Fig. 2a). On a DNA with
one site, the translocation from the initial random site to
the final specific site occurs over an indeterminate dis-
tance; on some occasions, the protein will land near the
target site, but on others, far away. In contrast, during
processive action at two DNA sites, the enzyme trans-
locates over a known distance, namely the separation of
the sites (n bp). Consequently, the schemes for facili-
tated diffusion give rise to much simpler relationships
between the extent of processivity and the intersite
spacing (Stanford et al. 2000) than those between the
association rate constant and the overall length of
the DNA (Berg et al. 1981). As a first approximation,
the processivity factor should decline with increasing site
separation as a function of n2 for 1-D transfer along the
DNA contour, and as a function of n1/2 for a 3-D
pathway. The n2 term for the former comes from the
statistics of a random walk along a linear lattice (Berg
1993), while the n1/2 term for the latter reflects the mean
distance in 3-D space between two loci in a random coil
polymer (Doi and Edwards 1984).

On a series of DNA molecules with two EcoRV sites
separated by 54–764 bp, the degree of processivity dis-
played by the EcoRV endonuclease declined with
increasing inter-site spacing in a manner that deviated by
several orders of magnitude from that required for a 1-D
sliding process (Stanford et al. 2000). Instead, the rela-
tionship matched, to within a factor of two, that
expected for transfers through 3-D space by hopping
and jumping.

Another unambiguous method for distinguishing
between mechanisms of facilitated diffusion uses a DNA
catenane substrate containing two interlinked rings of
covalently closed DNA (Fig. 2d). Such catenanes are
readily constructed in vitro by the action of a site-spe-
cific recombination enzyme on a plasmid with the ap-
propriate targets for the recombinase: attP and attB for
the integrase from phage k or two directly repeated res
sites for a resolvase from a Tn3-like transposon (Hallet
and Sherratt 1997). For communications through 3-D
space, a catenane carrying one site in each ring will be
almost as effective a substrate as the parental plasmid
carrying both sites in a single ring (Craigie and Mizuuchi
1986), but such a catenane will be ineffective as a sub-
strate for communications that occur along the 1-D
DNA contour (Szczelkun et al. 1996). To date, this
strategy has been used primarily to analyse communi-
cations between two specific sites (Craigie and Mizuuchi
1986; Szczelkun and Halford 1996). However, if the
catenane carries one specific site in a small ring of DNA
and no sites in the larger ring, it is then possible to
examine whether the non-specific sequences in the large
ring help the protein find its specific site in the small ring,
even though there is no 1-D pathway from one ring to
the other. In preliminary experiments with the EcoRV
restriction enzyme, a small circle of DNA carrying an
EcoRV site was indeed cleaved more readily when it was
tethered by catenation to a large ring of non-specific
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DNA than when it was separated from the non-specific
sequences (D.M. Gowers and S.E. Halford, in prepara-
tion). Thus, the EcoRV endonuclease must transfer
primarily from non-specific to specific DNA through 3-
D space.

It has always been hard to reconcile DNA sliding
with protein motion in a cell where, in the absence of an
input of chemical energy, the thermal energy that drives
diffusion will be insufficient to displace the numerous
protein ‘‘roadblocks’’ that would otherwise impede 1-D
motion. Instead, it has been demonstrated that target-
site location in the mammalian nucleus is via 3-D
jumping (Misteli 2001). These conclusions have come
from observations of protein mobility monitored in vivo
by fluorescence recovery after photobleaching (FRAP).
The measured 3-D protein flux is remarkably fast, given
the spatial constraints of the nucleus, but is nonetheless
slower than expected on the basis of molecular weight
alone (Misteli 2001). Instead, effective mobility is de-
termined by interactions with DNA and other nuclear
components; for example, the linker histone H1 ex-
changes rapidly on the order of seconds whilst the core
histone takes many hours (Lever et al. 2000; Misteli et al.
2000). If DNA-binding activity is removed, then diffu-
sion becomes 10–200 times faster. This suggests that 3-D
diffusion through the nucleus is potentiated by transient
interactions with non-specific DNA – this is equivalent
to the hopping and jumping events observed in vitro for
EcoRV (Stanford et al. 2000; D.M. Gowers and S.E.
Halford, in preparation).

Schemes for vectorial motion

Once bound to a specific site, many proteins then un-
dertake a series of directed 1-D steps along DNA. At
first glance, these translocation events appear similar to
DNA sliding except that motion is directional and thus
requires fewer steps to reach a target site. However, al-
though sliding is driven randomly by thermal energy
from collisions with solvent molecules, translocation
must overcome an entropy barrier associated with its
directionality and is powered by free energy liberated
from a high-energy phosphodiester. This can come from
nucleotide polymerization (e.g., transcription and repli-
cation), breakage of the nucleic acid polymer backbone
(e.g., exonuclease III) or from removal of the c-phos-
phate from a nucleoside triphosphate (e.g., helicases and
type I restriction enzymes). The coupling of this chemi-
cal energy to the mechanical energy of motion can vary:
in some cases, such as the polymerases, it is necessarily
tight – one nucleotide is added to a nascent chain at
every step; in other cases the coupling is more loose and
several ATP molecules may be utilized to undertake a
single step.

In many examples, the initiation of translocation will
require the ‘‘melting’’ of the DNA duplex to reveal
single strands of DNA. The protein then contacts and
moves actively along one strand with a defined polarity

(3¢-5¢ or 5¢-3¢); passive transport of the opposite strand
past the protein may still be important to stability of the
complex and thus its processivity (Zhou et al. 1995). In
other examples, such as the RuvB or RecG helicases
(George et al. 2000; Singleton et al. 2001) and possibly
the type I restriction enzymes (see below), the duplex
remains annealed, though probably only one of the two
strands is actively transported. In either case, after ini-
tiation the protein will continue translocating until a
termination signal is reached, or it collides with another
translocase or a stationary roadblock, or it releases the
DNA track. This last event is dependent upon the rel-
ative values of two rate constants: kstep, controlling the
rate for moving one ‘‘step’’ forward, and koff, the rate of
dissociating from the lattice.

The probability of making a step rather than disso-
ciating can be measured in terms of the processivity of
translocation. This can be defined as PT=kstep/
(kstep+koff). If PT=1, then the protein will never dis-
sociate and will continue translocating until it exhausts
its energy supply or reaches a termination signal.
However, even if kstep>>koff, then the chance of mov-
ing long distance can be seriously reduced. For instance,
if kstep were 1000-fold faster than koff, the probability of
making 1000 steps would be (PT)

1000=0.37, i.e. just over
one third of the molecules make 1000 steps despite a
relatively large difference in the rate constants. For
processive enzymes such as the RecBCD helicase or the
type I enzymes that can translocate over tens of thou-
sands of base pairs (Roman et al. 1992; Bianco et al.
2001; Szczelkun 2000), kstep must be at least 30,000-fold
faster than koff. Both rate constants can be affected by
the local sequence being translocated. For the polyme-
rases which have a complex kinetic relationship between
dwell times and template sequence, pausing, stalling and
even back steps are common (Uptain et al. 1997).
However, the kinetics of translocation by helicases (Ali
and Lohman 1997; Jankowsky et al. 2000) and exon-
uclease III (Linxweiler and Horz 1982) clearly suggest
translocation rates that are independent of sequence. It
is not known how local sequence may affect facilitated
diffusion: sliding would be more efficient if the off rate is
as small as possible (Berg 1993; Stanford et al. 2000),
whereas hopping/jumping rely on an appreciable off rate
for motion.

The kinetic constant kstep can relate to one of several
rate-limiting physical events: for example, in strand-
separation mechanisms, a distance physically moved per
step or an amount of DNA unwound per step. Whereas
sliding most likely occurs in single base pair increments
and ‘‘step sizes’’ of 1 bp are fundamental to the activity
of translocases such as polymerases, the value is not
unity in all cases. Indeed, although step sizes of 1 bp
have been estimated for some helicases (Dillingham et al.
2000), larger steps sizes of 3–5 bp (Ali and Lohman
1997; Jankowsky et al. 2000) and even 23 bp (Bianco
and Kowalczykowski 2000) have also been recorded. It
is not yet clear exactly what these values reflect in terms
of mechanism.
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During motion, the majority of translocases will fol-
low the helical path of DNA. Two topological problems
can ensue: torsional stress (Liu and Wang 1987) and/or
the entwining of a nascent nucleic acid polymer around
the track (Cook 1999). If one imagines the DNA as a
stationary rod, then a translocating protein will rotate in
a right-handed direction around the helical axis (Fig. 3a,
upper scheme). Alternatively, if the protein was some-
how anchored to an immobile matrix or was unable to
rotate due to its ‘‘bulk’’, then the DNA must be pulled
past the stationary protein and will rotate about its axis
(Fig. 3a, lower scheme). This can then lead to changes in
the DNA twist ahead and behind the complex (Liu and
Wang 1987). On linear DNA these effects will diffuse
away due to rotation at the free ends, whilst on circular

DNA the equal and opposite changes will cancel each
other out by diffusion around the ring. However, if the
DNA is organized into separate and discrete topological
domains, then the changes in twist will be trapped and
result in changes in supercoiling (Liu and Wang 1987).
This has been clearly demonstrated using a fusion pro-
tein of the GAL4 repressor and T7 RNA polymerase
(Ostrander et al. 1990). On a topologically relaxed pla-
smid carrying a GAL4 operator and a T7 promoter, the
chimeric protein binds to form a figure-of-eight structure
as shown in Fig. 3b. Upon addition of ribonucleotides,
the polymerase starts to transcribe and, in doing so,
pulls DNA from one loop into the other. Because of
anchoring via the GAL4 protein, the changes in twist are
separated into the loops such that the contracting loop
ahead of the polymerase becomes positively supercoiled
whilst the expanding loop behind becomes negatively
supercoiled (Fig. 3b). Thus, the topology of a substrate
can affect both diffusion, favouring one facilitated
scheme over another, and 1-D translocation, modulating
the rate of motion and the outcome of DNA processing
(Szczelkun et al. 1996).

Strategies for vectorial motion

There are three basic enzyme activities associated with
DNA cleavage by the type I restriction enzymes: an
endonuclease, an ATPase and a translocase. The first
two activities can be easily measured and have been well
characterized (Murray 2000; Szczelkun 2000), but the
third activity is less easily assessed. Although it was
appreciated more than 27 years ago that these enzymes
must move along DNA (Shulman 1974), much of the
early work was unable to define the mechanism reliably.
One problem is the difficulty in determining directly
translocation velocity from ATPase rates without
knowledge of the degree of coupling [there are certain
exceptions: for example, the distinct ATPase rates of the
PcrA helicase can be related to different translocation
states (Dillingham et al. 2000)]. Moreover, the ATPase
activity of the type I enzymes continues unabated even
after DNA cleavage has occurred (Murray 2000), so
distinguishing where translocation-dependent ATP hy-
drolysis stops and some other activity starts is impossi-
ble with current methods. Similarly, it is not trivial to
apportion the rate and location of the random DNA
cleavage sites to the preceding translocation events. For
instance, during cleavage of linear DNA – which gen-
erally requires the convergence and collision of a pair of
translocating enzymes (Studier and Bandyopadhyay
1988; Szczelkun et al. 1996) – the enzymes can dissociate
from the DNA both during motion and upon collision
before cleavage occurs (Szczelkun 2002). In this case, an
independent measure of DNA translocation is needed to
explain the observed patterns.

An unequivocal proof of a 1-D communication event
between site-specific recognition and distant non-specific
cleavage came from assays using DNA catenanes

Fig. 3a, b. The affect of protein motion upon DNA topology. In
each case, the protein is represented as a filled oval. The white arrow
indicates motion; no arrow indicates the protein is fixed. (a) Simple
rotation. During 1-D motion on DNA, a protein will follow the
helical path of the track. If the protein is freely mobile, it will rotate
around the DNA axis (upper scheme). If the protein is fixed, the
DNA will rotate (lower scheme). (b) Twisting of distinct topological
domains. A bi-functional protein binds to two sites on a relaxed
DNA (black line), forming a figure-of-eight structure. 1-D motion
of one of the subunits (dotted line) results in DNA from the lower
contracting loop passing into the upper expanding loop. Twist (Tw)
is increased in the contracting loop and reduced in the expanding
loop, producing positive (+ve) and negative (–ve) supercoiling,
respectively. These changes are not permanent as no strands have
been broken and rejoined (if the protein were removed, the DNA
would still be relaxed)
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(Szczelkun et al. 1996). Cleavage of a one-site plasmid
and its equivalent singly interlinked catenane was com-
pared (Fig. 2d). On the plasmid, cleavage occurred
throughout the DNA whilst cleavage of the catenane
occurred only in the ring carrying the type I recognition
site. The connected ring remained intact despite its
physical proximity. This discounted a looping event,
which should have been capable of communicating with
the connected ring through 3-D space (see above).

The type I restriction enzymes carry motifs found in
superfamily 2 helicases (Gorbalenya and Koonin 1991).
The basic assay of true helicase activity involves mea-
suring the time taken to unwind a series of duplex DNA
substrates of different length into their corresponding
free single strands (Lohman and Bjornson 1996). These
assays can reveal a great deal of kinetic information,
including translocation rates, steps sizes and processivity
(Ali and Lohman 1997; Jankowsky et al. 2000). How-
ever, evidence for helicase-like strand separation by type
I restriction enzymes has never been found (Szczelkun
2000), and it is possible that they move on intact duplex
DNA as suggested for some other superfamily 2 mem-
bers such as RecG (Singleton et al. 2001). Thus, the
standard assays cannot be used with these enzymes.

An alternative approach to monitoring translocation
is to monitor the kinetics of collision between a trans-
locating enzyme and a static roadblock. For the type I
enzymes this was achieved by following protein-directed
displacement of the third strand of a DNA triplex
(Fig. 4a). Linear DNA substrates were generated that
carried target sites for the type I enzyme EcoR124I and
for a triplex-forming oligonucleotide (TFO), with varied
lengths of DNA between the two sites (Firman and
Szczelkun 2000). The reaction conditions were set such
that the triplex was stable (off rate <1 day), but if it
were displaced, either thermally or by a mobile protein,
the TFO never re-bound. A direct test of DNA trans-
location could then be achieved by measuring the lag
time between the initiation of the reaction (by adding
ATP to an enzyme-DNA complex) and the exponential
phase in the increase in free TFO on each DNA sub-
strate (Fig. 4b). A linear relationship between lag time
and distance is indicative of a 1-D process and, for
EcoR124I, gave a translocation velocity of �400 bp/s
(Firman and Szczelkun 2000).

As had been seen with DNA and RNA helicases (Ali
and Lohman 1997; Jankowsky et al. 2000), a rigorous
kinetic analysis of this sort can produce a great deal
of information beyond basic rate measurements. For
instance, the same kinetics were observed when the
asymmetric EcoR124I site was orientated in reverse with
respect to the triplex (Firman and Szczelkun 2000),
showing that motion was bi-directional [occurring
simultaneously in both ‘‘leftward’’ and ‘‘rightward’’
conditions as predicted by Studier and Bandyopadhyay
(1988)]. Furthermore, the kinetic profiles are informative
about the efficiency of motion. For EcoR124I, the am-
plitude and rate of the exponential phases that represent
triplex displacement were invariant with distance
(Firman and Szczelkun 2000). This indicates a highly

Fig. 4a–d. The kinetics of protein-directed ‘‘roadblock’’ displace-
ment. (a) A triplex forming oligonucleotide (TFO, red line) is
bound to duplex DNA (two black lines). The protein (filled oval)
is bound to a specific site n bp from the triplex. The reaction is
initiated with ATP and the protein moves towards the triplex, as
indicated by the white arrow. Upon collision, the triplex is displaced
to give free TFO, at a rate slower that the individual translocation
steps. (b–d) Kinetics of triplex displacement. The percentage of free
TFO displaced with time is indicated for n=300, 600, 900 and
1200 bp, and for PT=1 or 0.9998 as indicated. For (c), dissociated
enzymes cannot restart the reaction. For (d), dissociated enzymes
can restart the reaction at the recognition site (resetting)
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processive reaction (PTfi1): even after travelling
>4300 bp, practically none of the proteins had dissoci-
ated, stalled or paused. If dissociation had occurred and
re-initiation at the recognition site had been prevented
(PT<1), then the resulting profiles would have been
similar to those in Fig. 4c. In this situation, PT can be
estimated from the change in the amplitude of displace-
ment with increasing distance (Fig. 4c). Translocation of
EcoR124I could be made less processive by eliminating
one of the two subunits involved in ATPase activity and
protein motion (Firman and Szczelkun 2000). This
complex has no DNA cleavage activity (Janscak et al.
1998), but was still capable of displacing a triplex.
However, as the inter-site distance was increased, the
resulting profiles became markedly non-exponential, as
in Fig. 4d. These profiles are indicative of non-processive
translocation in which a dissociated species can rebind at
the recognition site and restart translocation in either
direction. This ‘‘resetting’’ event produces a continuum
of populated states where every enzyme eventually
reaches the target site but does so increasingly slowly as
the distance increases (Szczelkun 2002).

As noted above (Fig. 3b), protein motion on DNA
can have radical affects on DNA topology. This is
particularly pertinent to type I enzymes because of the
architecture of the translocation complex (Murray
2000). Studies using both electron microscopy (re-
viewed in Murray 2000) and atomic force microscopy
(AFM) (see below) have shown that the complex re-
mains bound at its recognition site throughout the re-
action, pulling non-specific DNA past the complex and
thus forming two expanding DNA loops (Szczelkun
2000). On circular substrates this results in the DNA
being partitioned into three distinct topological do-
mains. If translocation follows the helical path of
DNA, the twist (Tw) in the expanding loops would
decrease whilst Tw in the contracting loop would in-
crease (Szczelkun et al. 1996). Starting from relaxed
DNA, this would lead to the production of negative
and positive supercoils, respectively, as seen for the
GAL4:T7 fusion described above (Fig. 3b). To test this
proposal, Janscak and Bickle (2000) utilized a mutant
of a type I endonuclease that could no longer cleave
DNA but still had wild-type ATPase activity. After
addition of ATP to initiate tracking, Escherichia coli
topoisomerase I was added at set times and the
topology of the DNA monitored. As translocation
proceeded, the degree of positive supercoiling increased –
the topoisomerase having presumably removed an
equal number of negative supercoils from the DNA.
Although these results confirmed the changes in
topology expected from models of motion on circular
DNA by type I enzymes, they also through up some
challenging questions. For instance, if type I enzymes
start translocating close to their recognition sites, how
can large amounts of untwisting be accommodated in
such small expanding loops? Precisely how the changes
in twist are generated during motion needs further
examination.

One of the greatest challenges in monitoring protein
motion on DNA is to make measurements in vivo. An
elegant strategy that addresses this question for type I
enzymes has been described by Garcia and Molineux
(1999). The translocation activity of EcoKI was assayed
by following the rate of transfer of the T7 genome from
phage particles into bacterial cells. A mutant of T7 was
isolated whose DNA carried a single EcoKI site in the
850 bp leader sequence that is ejected into bacterial cells
in the early stages of infection. In a strain that lacked an
active EcoKI endonuclease, very little of the remaining
39 kb of DNA was able to enter the cells. However, in a
strain with an active EcoKI enzyme, complete internal-
ization was observed in �9 min. Thus, translocation by
the restriction enzyme was necessary to pull the DNA
out of the phage head and into the bacterial cell. By
following the progressive methylation of Sau3AI re-
striction sites, a translocation velocity of �100 bp/s was
estimated (Garcia and Molineux 1999). Mutations in the
helicase motifs that impaired ATPase activity (Davies
et al. 1998) and DNA restriction (Webb et al. 1996) also
prevented entry of the phage DNA (Davies et al. 1999).
Conversely, mutations in the endonuclease motif that
abolished DNA cleavage did not affect ATPase activity
and translocation. These results show that motion is
independent of cleavage whilst cleavage absolutely re-
quires a preceding translocation event. The helicase
motifs are undoubtedly vital to the type I enzymes, but it
remains to be seen exactly how these motifs convert the
chemical energy of ATP into directed 1-D steps along
duplex DNA.

Single molecule strategies

The classical methods for studying protein-DNA inter-
actions involve bulk analysis of solutions where statis-
tical averaging over the molecular population is
required. Whilst reliable for simple schemes (Gutfreund
1995), the complexity of many protein-DNA systems
alongside the structural anisotropy of DNA leads to
problems in resolving mechanistic information from
empirical data. However, recent technical developments
have allowed manipulation of single molecules and
complex processes have become more amenable to study
(Bianco et al. 2001; Ishijima and Yanagida 2001). For
example, transcription has been monitored directly by
measuring the displacement and stall force of an RNA
polymerase using an optical trap and polystyrene beads
attached to the DNA (Yin et al. 1995; Wang et al. 1998).
Not only can the forces involved in such interactions be
measured, but external forces can also be exerted to
investigate the fate of a reaction (Ishijima and Yanagida
2001). Furthermore, topographic images of protein
motion on DNA can be recorded. Recently, an AFM
has been used to observe DNA looping, translocation
and cleavage by the type I restriction endonuclease
EcoKI (Ellis et al. 1999; Berge et al. 2000). Upon addi-
tion of ATP to protein-DNA complexes weakly attached
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to a mica surface, DNA loops were observed that
changed in size, indicative of translocation. Eventually,
cleavage of the loops resulted in progressive loss of
DNA fragments from the field of view. Unfortunately,
many features of the translocation process, such as bi-
directional motion, remained indistinct. Moreover, the
rate of this process would be affected by the attachment,
albeit weakly, of the DNA to the mica.

In principle, single-molecule methods also ought to
be able to provide direct demonstrations of random
diffusion motion along DNA. In one attempt to observe
diffusional motion by fluorescence (Kabata et al. 1993),
a large number of k phage DNA were attached to a solid
surface and aligned parallel to each other by hydrody-
namic flow; the motion of the protein was then moni-
tored with an antibody tagged with multiple fluorescent
labels. However, the resultant motion was across a 2-D
plane of DNA molecules, rather than around a single
molecule, and was no longer a random diffusion process
but instead a unidirectional event, on account of the
hydrodynamic flow. AFM has also been used to report
on 1-D diffusion of proteins along DNA (Bustamante
et al. 1999), but the observation that the protein is lo-
cated at different position on the DNA after successive
scans at 40 s time intervals leaves open the question of
the route taken by the protein in the time between each
scan.

Summary

In conclusion, it now appears that 1-D free diffusion of
proteins along DNA lattices (i.e., sliding) plays a minor
role, if any, in target-site location by DNA-binding
proteins. Instead, and in contrast to previous views (viz.
Shimamomto 1999), proteins find their target sites in
DNA, both in vitro and in vivo, primarily by 3-D
pathways involving multiple dissociation/re-association
events (Stanford et al. 2000; Mistelli 2001). Nevertheless,
a role for sliding may exist after the protein is positioned
close to its recognition site, in the final docking of the
protein with that sequence. The speed with which pro-
teins bind to their specific sites is therefore not due to a
reduction in the dimensionality of the search (Richter
and Eigen 1974) but rather to a reduction in volume, in
that the search is confined to the domain occupied by a
single chain of DNA. On the other hand, it is now well
established that the vectorial motion of proteins along
DNA in a specified direction is often confined strictly to
the 1-D contour of the DNA, even for processes that
cover thousands of base pairs. Our understanding of the
processive nature of these 1-D motions have been ad-
vanced considerably by biochemical, structural and
single-molecule studies (e.g., Bianco et al. 2001; Soulta-
nas and Wigley 2001).

The principal difference between diffusional and
vectorial motions along DNA is that the former relies
solely on thermal fluctuations while the latter requires
an input of energy, derived in most cases from the

hydrolysis of nucleoside triphosphates. Consequently, it
is thermodynamically impossible for diffusional motion
to change the mean position of a protein along a DNA,
while the energy consumed during vectorial motion can
be utilized to overcome the entropy barrier in moving
the protein from one position to another in a specified
direction. For any given ratio of rate constants for the
dissociation of the protein from the DNA relative to that
for its movement along the DNA, a protein that moves
in a specified direction will cover a much greater distance
before leaving the chain than one that has equal prob-
abilities of moving in either direction.
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