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ABSTRACT

To cut DNA at their target sites, restriction enzymes
assemble into different oligomeric structures. The
Ecl18kl endonuclease in the crystal is arranged as
a tetramer made of two dimers each bound to a DNA
copy. However, free in solution Ecl18kl is a dimer.
To find out whether the Ecl18kl dimer or tetramer
represents the functionally important assembly, we
generated mutants aimed at disrupting the putative
dimer-dimer interface and analysed the functional
properties of Ecl18kl and mutant variants. We
show by atomic force microscopy that on two-site
DNA, Ecl18kl loops out an intervening DNA fragment
and forms a tetramer. Using the tethered particle
motion technique, we demonstrate that in solution
DNA looping is highly dynamic and involves a tran-
sient interaction between the two DNA-bound
dimers. Furthermore, we show that Ecl18kl cleaves
DNA in the synaptic complex much faster than when
acting on a single recognition site. Contrary to
Ecl18kl, the tetramerization interface mutant
R174A binds DNA as a dimer, shows no DNA
looping and is virtually inactive. We conclude that
Ecl18kl follows the association model for the
synaptic complex assembly in which it binds to the
target site as a dimer and then associates into a
transient tetrameric form to accomplish the
cleavage reaction.

INTRODUCTION

Restriction endonucleases (REases) are found in most of
bacteria and archaea and provide a defence barrier against
invasion by foreign (e.g. bacteriophage) DNA. They come
in a wide variety of types and subgroups. Type II REases
recognize short DNA sequences usually 4-8 bp in length
and cut both DNA strands within or close to their target
sites to generate a double strand break (1). To provide
protection against invading DNA, REases must discrim-
inate between alien and host DNA. The identity tags
are provided by accompanying DNA methyltransferases
which transfer a methyl group to the A or C bases within
the REase target site and render host DNA resistant
against REase cleavage. Therefore, an extreme fidelity in
target site recognition and tight coupling between
sequence recognition and catalysis are crucial for the bio-
logical function of restriction enzymes. To ensure faithful
target site recognition and cleavage, REases adopt diverse
mechanistic strategies.

Most of REases belong to the PD...EXK family and
share a conserved structural scaffold, which harbours the
active site residues involved in coordination of the metal
ion and catalysis (1,2). Typically, REases of the PD...
EXK family contain a single active site per monomer.
To achieve cleavage of both DNA strands, restriction
enzymes assemble into different oligomeric structures
and follow different mechanisms. For example, Mval
and Benl (3,4) function as monomers and use a single
active site to introduce a double-strand break by nicking
separate DNA strands. PLD family nuclease Bfil, which
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Figure 1. Crystal structure and tetramerization interface of Ecl18kl REase. (A) Ribbon representation of the two primary dimers of Ecll18kI (blue
and red, respectively) bound to two copies of cognate DNA (black). (B) Close-up view of the Ecl18kI tetramerization interface showing the contacts
of the residues R174, N225 and R244, which were subjected to mutagenesis.

is a dimer but contains a single active site, follows a similar
strategy (5). Orthodox PD...EXK family REases such as
EcoRI or BamHI are homodimers and each monomer
contains a single active site, which acts on a separate
DNA strand to generate a double-strand break (6). Yet
another subgroup of REases function as tetramers with
the two primary dimers resembling the orthodox
enzymes (7). Such tetrameric REases bind two target
DNA copies and generate double-strand breaks at both
sites cutting four phosphodiester bonds simultaneously
(8-11). Tetramerization provides stabilization of the func-
tional REase dimer (12,13) and increase the specificity of
target site recognition (14). A few REases assemble into
transient oligomeric intermediates to achieve DNA
double-strand breaks. An archetypal Fokl REase is a
monomer in solution but dimerizes upon DNA binding
to cut both DNA strands (15,16). The monomeric
Eco29kI nuclease of the GYI-YIG family also forms a
transient dimer for DNA cleavage (17). Surprisingly, the
Cfr421 endonuclease, which acts on the same DNA
sequence and shares sequence similarities with Eco29klI,
is a stable tetramer (18). On the other hand, the
PD...EXK family nuclease SgrAl is a dimer in solution
but for DNA cleavage assembles into a transient tetramer
through the association of two DNA-bound dimers
(19,20).

The Ecl18kI restriction enzyme recognizes an inter-
rupted pentanucleotide sequence 5'-CCNGG-3’ (where N
stands for any nucleotide) and cleaves it before the first C
in both strands to generate a double-strand break (21).
Ecl18kI (22) is a founding member of a REase family
(23,24), which flips nucleotides within the recognition
sequence to achieve specificity and enable DNA
cleavage. Surprisingly, according to the crystal structures,
the nucleotide flipping REases associate into different
oligomeric structures. PspGI and EcoRII-C, specific for
the CCWGG sequence (where W stands for A or T), are
arranged as dimers both in the crystal and in solution

(23-27). However, the crystal structure of Ecl18kI solved
in the DNA-bound form (22), shows a tetramer arranged
of two primary dimers each bound to a single DNA site
(Figure 1A). A primary Ecl18kI dimer reveals a remark-
able structural similarity to the PspGI REase dimer (23).
Moreover, analytical ultracentrifugation experiments
demonstrate that Ecll8kI in the DNA-free form is a
dimer in solution (28). This raises the question of
whether the tetramer (Figure 1A) is a crystal packing
artefact or represents a functionally important oligomeric
form of Ecl18klI.

To answer this question, we have generated Ecll8kI
mutants aimed at disrupting the dimer—dimer interface
seen in the crystal and analyse the functional properties
of the wild—type (wt) Ecl18kl and mutant proteins using a
combination of biochemical and biophysical methods. We
show here by atomic force microscopy (AFM) that on
DNA containing two recognition sites, the Ecll18kI
tetramer synapses two sites loops out the intervening
DNA. Using the tethered particle motion (TPM) tech-
nique, we demonstrate that DNA looping by Ecl18kI
is highly dynamic and involves transient association
of two DNA bound dimers. Furthermore, we provide
experimental evidence that Ecll8kI cleaves DNA in a
synaptic complex much faster than when acting on a
single recognition site. In contrast to Ecl18kl, the tetra-
merization interface mutant R174A binds to cognate
DNA as a dimer, shows no DNA looping ecither in
AFM or TPM assays and cuts DNA very slowly.

MATERIALS AND METHODS
Oligonucleotides

Oligodeoxynucleotides for DNA binding and cleavage
studies (Table 1) were purchased from Metabion
(Martinsried, Germany). The DNA duplexes were
assembled by mixing and annealing appropriate comple-
mentary DNA strands at equimolar ratios in the annealing
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Table 1. Oligoduplexes used in this study

Oligoduplex Sequence

Specification

bio-SP33 5'-AATGGGCTCGCACGCCTGGTATTATCGATTGTA -3’
3/-TTACCCGAGCGTGCGGACCATAATAGCTAACAT-5'
SP25 5'-CGCACGACTTCCTGGAAGAGCACGC-3’
3'-GCGTGCTGAAGGACCTTCTCGTGCGTTG-5
5'-CGCACGACTTsCCTGG-AAGAGCACGC-3’
3'-GCGTGCTGAA-GGACCSTTCTCGTGCGTTG-5
NSP25 5'-CGCACGACTTGTCACAAGAGCACGC-3’

3'-GCGTGCTGAACAGTGTTCTCGTGCGTTG-5

SP25(PTO)

Biotinylated 33-bp cognate oligoduplex (Ecl18kI recognition
sequence underlined).
25-bp cognate oligoduplex.

25-bp cognate oligoduplex containing phosphorothioate linkages
at the scissile positions.
25-bp non-cognate oligoduplex lacking the Ecll18kI recognition site.

buffer (33 mM Tris-acetate, pH 7.9 at 25°C, 66 mM potas-
sium acetate). The 5-termini of DNA oligonucleotides
were radiolabelled using the ‘DNA labeling kit’
(Fermentas, Vilnius, Lithuania) and [y->>P]ATP
(Hartmann Analytic, Braunschweig, Germany).

DNA fragments

DNA fragments for AFM and DNA binding/cleavage
studies were obtained by a polymerase chain reaction
(PCR) amplification of selected regions of the pTZI19R
plasmid and purified as described (29-31). AFM studies
employed the 445-bp PCR fragment containing a single
copy of the Ecl18kI recognition site 5'-CCNGG-3" and the
493-bp PCR fragment containing two Ecl18KI sites. For
DNA binding and kinetic studies the one- and two-site
fragments were radiolabelled by adding [o->*P]dATP
(Hartmann Analytic, Braunschweig, Germany) to PCR
reactions. One- and two-site DNA fragments for TPM
experiments were synthesized by PCR  using
plasmids pEcoRII-1 and pEcoRII-3 as a template (32).
Primers used for PCR contained biotin or digoxigenin at
the 5-end resulting in the DNA fragments labelled with
biotin on one end and digoxigenin on the other. Both
DNA fragments are 1050bp in length. The one-site
DNA fragment contains a single recognition sequence of
Ecl18kI 260 bp from one end. The recognition sequences
of Ecll8kI in the two-site fragment are separated by
520 bp and are located 260 bp from the ends. The concen-
trations of DNA fragments were determined by densito-
metric analysis of samples separated on 1.5% agarose gels
in the electrophoresis buffer [100 mM H3;BO;-NaOH, pH
8.2, 15mM sodium acetate, 2mM ethylenediaminete-
traacetic acid (EDTA) and 0.5 ugml™" ethidium bromide].

Proteins

The wt Ecl18kl and R174A, N225A and R244A variants
of Ecl18kI were purified as described earlier (33). Protein
concentrations were determined by measuring absorbance
at 280nm. The extinction coefficient for Ecl18kI dimer
(77660 M~'em™") was calculated using the ‘ProtParam’
tool (http://www.expasy.ch/).

Mutagenesis

The R174A, N225A and R244A mutants of Ecl18kI were
obtained similarly to (33). Sequencing of the entire gene of
each mutant confirmed that only the designed mutation

had been introduced. The specific cleavage activity of the
Ecl18kl mutants was determined using phage lambda
DNA as described (27).

Gel mobility shift assay

33P.labelled oligoduplexes (0.2nM) or DNA fragments
(0.3nM) were mixed with increasing amounts of protein
in the binding buffer [40 mM Tris—acetate, pH 8.3 at 25°C,
SmM calcium acetate, 0.1 mg ml~! bovine serum albumin
(BSA), 10 % v/v glycerol], incubated for 10 min at room
temperature and reaction mixtures were analysed on
the non-denaturing 6 or 8% polyacrylamide gel (ratio
of acrylamide/N,N'-methylenebisacrylamide 29:1) using
40mM Tris-acetate (pH 8.3 at 25°C) supplemented with
SmM calcium acetate as the running buffer. Electro-
phoresis was run at room temperature for 3-5h at
~6Vem™'

AFM experiments

The complexes of Ecll8kI protein with 493-bp DNA
fragment were prepared in binding buffer as described
above at several protein/DNA ratios. After formation
of the complex the reaction mixture was incubated at
room temperature for 10min in the presence of 0.5%
glutaraldehyde (GA). The fixation reaction was stopped
by adding 2M Tris—HCI (pH 7.4 at 25°C). Appropriate
dilutions were made before deposition of the samples onto
mica in order to provide an even spread of DNA on the
surface for AFM imaging.

Functionalized mica (APS-mica) was used as AFM sub-
strate [see details in (34-37)]. Briefly, DNA samples (5 pl)
were deposited on APS-mica for 2min, washed with
deionized water (Aquamax Lab. Water System) and
dried with Ar gas. The images were collected on
NanoScope IV system (Veeco/Digital Instruments, Santa
Barbara, CA, USA) operating in tapping mode in air.
Tapping Mode Etched Silicon Probes (TESP; Veeco/
Digital Instruments, Inc.) with a spring constant of
42Nm~' and a resonant frequency between 270
320kHz were used. The scan rate was 1.7 Hz.

AFM data analysis

To confirm the specificity of the Ecl18kI-DNA complexes,
the position of the protein in each type of the complex was
calculated based on DNA contour length and the theor-
etical lengths of the DNA arms. The volume of the protein
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was estimated from the measured height and diameter of
the protein blob as described earlier (29,37). The volume
of the protein was converted into mass in kilodaltons
dividing by an appropriate conversion coefficient [see
details in (30,37,38)]. Femtoscan Online software
(Advanced Technologies Center, Moscow, Russia) was
used to trace the DNA contour length and to measure
the height and diameter of the protein. The histograms
for protein position and volume measurements were
analysed using Origin 6.0 software (Originlab,
Northampton, MA, USA) and fitted by Gaussian curves
to determine the most probable values for the Ecl18kI
position and volume.

TPM experiments

Dynamic looping of the Ecll8kI enzyme was studied in
real time using a TPM setup. In our assay we tethered
DNA molecules between the glass surface of a flow cell
and a 440-nm polystyrene bead (39). Changes in the DNA
length, for example, by protein-induced DNA looping,
were detected by measuring the distribution [i.e. the root
mean square (RMS)] of the Brownian motion of the bead
in time. All measurements were performed using an
inverted microscope (Nikon TE 2000 Eclipse). Sample
preparation, data acquisition and tether selection were
done as described previously (39). Several different TPM
experiments were conducted using a single flow cell con-
taining tens of single DNA tethers in a buffer containing
33mM Tris—acetate, pH 7.9 at 25°C, 66 mM potassium
acetate, 2mM CaCl, and 0.15mg ml~! o-casein.

TPM data analysis

The TPM data were analysed by fitting a double Gaussian
function to the RMS histograms to obtain a threshold
value to separate the looped and the unlooped states.
This established method works well when both states are
clearly separated (40). However, since the looped state for
the wt Ecl18kI is short lived (~1s, see ‘Results’ section)
multiple looping events are needed in order for the looped
state to be distinguishable from the unlooped state in the
RMS histogram. A well-defined threshold value is found
for Ecl18KkI concentrations of 3 nM and higher, but in fact,
at Ecl18kI concentration <3nM the small number of
looping events makes it impossible to fit reliably a
second Gaussian and hence find a threshold value.

To solve this problem we performed experiments at dif-
ferent protein concentrations without changing the flow
cell. This enabled us to study the behaviour of individual
DNA molecules as a function of Ecl18kI concentration,
eliminating heterogeneity between DNA and samples.
For all protein concentrations each tether was individually
analysed. Using the threshold value found at high protein
concentration (>3 nM) enabled us to detect looping events
at low EclI8kI concentrations without fitting two
Gaussians to the RMS histograms. The looping and
unlooping rates were obtained by fitting the dwell times
to a three-state model as described in (39). Kinetic data,
however, suggest that the reaction pathway of Ecl18kI has
four states (Figure 7B).
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The simplification to a three-state model does not
impact on the looping and unlooping rates, but it does
prohibit calculating the proper association and dissoci-
ation rates. These rates are instead obtained from the
equilibrium distribution of the dwell times. This distribu-
tion is the ratio of the areas under the two fitted
Gaussians. Predicted equilibrium distributions as a
function of association and off rate were obtained using
reaction pathway simulations written in the analysis
software Berkeley Madonna. Our measured distribution
was subsequently fitted to these simulations to obtain
the protein dissociation rate. The simulations also
revealed that at protein concentrations >3 nM, the four-
state model collapses to the three state model permitting
the direct calculation of the protein association rate.

Reactions with oligonucleotide duplexes

The cleavage reactions on the immobilized oligoduplex
bio-SP33 radiolabelled on the bottom DNA strand were
performed at 20°C in the reaction buffer (33mM
Tris-acetate, pH 7.9 at 25°C, 66 mM potassium acetate,
10mM magnesium acetate and 0.lmgml~' BSA).
Immobilization of the oligonucleotide on streptavidin-
coated beads was performed as described (5,12). The
final concentrations of immobilized oligoduplex and
enzyme dimer were ~1 and 1000nM respectively. In
parallel, the immobilized oligoduplex cleavage reactions
were performed in the presence of 500nM of
non-biotinylated cognate SP25(PTO), non-cognate
NSP25 or precleaved cognate SP25 DNA duplexes
(Table 1) in solution. In a separate set of experiments,
the non-immobilized radiolabelled bio-SP33 substrate
(1nM) was cleaved by 1000nM of enzyme in the
presence of 500nM of the SP25(PTO) oligoduplex.
Aliquots were removed at timed intervals and quenched
with phenol/chloroform. The aqueous phase was mixed
with loading dye [95% (v/v) formamide, 20mM EDTA
and 0.01% (w/v) bromphenol blue] before denaturing gel
electrophoresis. The 20% (w/v) polyacrylamide gels (29:1,
acrylamide/N,N'-methylenebisacrylamide) in Tris—borate
containing 8.5M urea were run at 30Vem ..
Radiolabelled DNA was detected and quantified by
Cyclone Phosphor-Imager (Perkin-Elmer, Wellesley,
MA, USA). The DNA cleavage rate constants were
determined by fitting single exponentials to the substrate
depletion data. Non-linear regression analysis employed
the KYPLOT 2.0 software (41).

Reactions with DNA fragments

The cleavage reactions of one- and two-site DNA frag-
ments used in AFM experiments were performed at
37°C in the low and high ionic strength reaction buffers.
The low ionic strength (130 mM) buffer was identical to
the reaction buffer described above; the high ionic
strength (230mM) buffer was prepared by addition of
100mM potassium acetate to the low ionic strength
buffer. The final concentrations of DNA and enzyme in
the reaction mixture were 1 nM and 2nM (dimer), respect-
ively. Aliquots were removed at timed intervals and
quenched with loading dye solution [75mM EDTA, pH
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8.0, 0.01% bromphenol blue, 0.3% sodium dodecyl
sulphate (SDS) and 50% (v/v) glycerol]. The
non-denaturing 6% (w/v) polyacrylamide gels (29:1, acryl-
amide/N,N-methylenebisacrylamide) in 40mM Tris—
acetate and 1mM EDTA were run at 7.5Vem ™.
Radiolabelled DNA was detected and quantified as
described above. Rate constants of DNA cleavage were
determined by fitting single exponentials to the substrate
depletion data.

RESULTS
Tetramerization interface mutants

In the crystal structure of the EclI8kI-DNA complex,
two DNA-bound Ecl18kI dimers are sitting back-to-back
to each other making a tetramer (22) (Figure 1A). Nearly
3400 A? of the accessible surface area is buried at the
dimer—dimer interface. A similar surface is hidden at
the tetramerization interface in the bona fide tetrameric
REases Cfr101 and Bse634I (10,11). However, in contrast
to Cfr10I and Bse634I, where non-polar hydrophobic
interactions contribute to the tetramer assembly, polar
interactions dominate at the Ecl18kl dimer—dimer inter-
face. In the Ecll8kI crystal structure, R174, N225 and
R244 residues make an intricate network of interactions
at the dimer—dimer interface (Figure 1B), but do not
contribute directly to the assembly of an individual
dimer. Therefore, we assumed that these residues
support the structural integrity of the Ecl18kI tetramer,
but may have no effect on the Ecl18kI dimer. To probe
the role of the R174, N225 and R244 residues in the
Ecl18kI function, alanine replacement mutants were
generated by site-directed mutagenesis. Mutant proteins
were expressed in Escherichia coli and purified to >95%
homogeneity.

DNA binding and cleavage by the R174A, N225A
and R244A mutants

DNA binding was analysed by gel mobility shift assay
using two different 25-bp oligoduplexes. The cognate
SP25 oligoduplex contained the Ecl18kI recognition
sequence, while the non-specific NSP25 oligoduplex
lacked the target site (Table 1). Experiments were per-
formed in the presence of Ca’" ions, which do not
support the Ecl18kI catalysis but are necessary for the
specific DNA binding (28). Gel shift experiments were
quantified and Ky values determined as described (28).
Binding data indicate that the alanine replacement of
residues R174, N225 and R244 have little effect both on
cognate (Table 2) and non-cognate oligoduplex binding
(data not shown).

In contrast to the minor changes in the cognate DNA
binding affinity, A DNA cleavage activity of the N225A
and R174A mutants is severely compromised. Indeed,
the N225A and R174A mutants display, respectively,
100- and 500-fold reduced 2 DNA cleavage activity
compared with the wt Ecll8kI (Table 2). The R224A
mutation has little effect both on cognate DNA binding
and A DNA cleavage. Hence, a preliminary biochemical
analysis suggests that the N225A and R174A mutations at

Table 2. Cognate DNA binding (Ky) and phage A DNA cleavage
activity of wt Ecl18kI and mutant variants

Protein K4, nM Cleavage activity, %
Wt 02+0.1 100

R174A 1.1+0.1 0.2

N225A 0.8+0.1 1

R244A 1.3+0.3 14

the Ecll8kI tetramerization interface significantly impair
DNA cleavage but have only a small effect on DNA
binding. To understand the effect of mutations at the
tetramerization interface on the Ecl18kI function, the
catalytically deficient R174A mutant was subjected to
detailed analysis.

The two-site DNA binding pattern is different for the
wt Ecl18kI and the R174A mutant

If the Ecl18kI tetramer is a functional unit in solution it
may interact with two DNA sites simultaneously. On the
other hand, the dimeric Ecll18kI variant is able to bind
only a single copy of cognate DNA. Bone fide tetrameric
REases such as Sfil show different binding patterns on
single- and two-site DNA (42). Therefore, we have
studied Ecl18kl and R174A mutant binding using 445
and 493-bp DNA fragments which contain a single or
two target sites, respectively.

The binding patterns of the wt Ecl18kI and the R174A
mutant on the one-site 445-bp DNA fragment are nearly
identical (Figure 2, top panels) and show discrete shifted
bands with an identical mobility at low protein concentra-
tions. These bands are absent in the case of the
non-specific DNA fragment, which lacks the recognition
site (data not shown). On the other hand, at increased
protein concentrations, discrete shifted bands are trans-
formed into smears similar to the ones observed for the
non-specific DNA fragment (data not shown). Thus,
single-site DNA binding patterns suggest that the wt
Ecl18kl and the R174A mutant have the same DNA
binding stoichiometry and binding affinity.

In the next step, the DNA binding by wt Ecl18kI and
R174A mutant was examined using the 493-bp DNA
fragment containing two recognition sites (Figure 2,
bottom panel). At low protein concentrations, both
proteins bind the two-site DNA with similar affinity to
generate discrete shifted bands with identical mobility.
However, the wt Ecll8kl and R174A mutant binding
patterns diverge with increasing protein concentrations.
The wt Ecll8kI >1nM concentration yields a band that
hardly enters the gel. On the other hand, the R174A
mutant yields a second well-defined discrete band
(Figure 2, bottom right panel), which shows intermediate
mobility in respect to the R174A mutant at low concen-
tration and the wt Ecl18kI at high protein concentration.

Ecl18kI is a dimer in solution but shows a tetramer
bound to the two DNA molecules in the crystal. If the
Ecl18kI dimer is functionally active (e.g. is able to locate
and bind to the target site), on the two-site DNA, Ecl18kI
dimers may first bind to the separate recognition sites and
then associate into a tetramer synapsing two DNA sites
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Figure 2. Binding of one- and two-site DNA by wt Ecl18kl and R174A mutant. DNA-binding was analysed by gel mobility-shift assay using 445-
and 493-bp DNA fragments which contain one or two target sites, respectively. The reactions contained 0.3nM of the **P-labelled DNA, and the
protein at concentrations (in terms of nM dimer) as indicated below each lane. After 10 min incubation at room temperature, the samples were
subjected to PAGE for 5h and analysed as described in ‘Materials and Methods’ section. The cartoons illustrate the protein-DNA complexes

presumed to correspond to each band.

located in cis and looping out an intervening DNA
sequence. Such a model implies distinct binding patterns
at different protein concentrations. At [protein] < [DNA],
the Ecl18kI dimer will be bound to one of the target sites.
At [protein] > [DNA], both target sites will become
occupied by the individual Ecl18kI dimers which subse-
quently may associate into the tetramer. We suppose that
the Ecl18kI binding pattern on the two-site DNA is con-
sistent with this model. Indeed, a single discrete band is
observed at [protein] < [DNA] and most likely corres-
ponds to the Ecl18kI dimer bound to one of the target
sites. The band observed at the top of the gel at [protein] >
[DNA] may correspond to the looped Ecll8kI-DNA
complex (Figure 2, bottom left panel). Such a binding
model implies that in the case of a single-site DNA, two
DNA-bound Ecl18kl dimers should associate into a
tetramer containing two DNA molecules bound in trans
(trans-synaptic complex). Such a complex, however, is not
detected in the gel (Figure 2, top left panel). The possible
explanation is that the trans-synaptic complex is less stable
than the complex between the two DNA-bound dimers
located in cis, and it, therefore, dissociates in the gel
during the electrophoresis.

The R174A mutant differs from the wt Ecl18kI by a
single mutation at the tetramerization interface. The
DNA binding pattern of the R174A mutant on the
single site DNA fragment is indistinguishable from that
of the wt Ecl18kI (Figure 2, top panels). However, on
two-site DNA, the binding patterns of the wt Ecl18kI
and R174A differ at [protein] > [DNA] (Figure 2,
bottom panels). If the mutation interferes with tetramer
formation, the two R174A dimers presumably bind to the
individual recognition sites on the same DNA molecule
but fail to associate into a tetramer looping out DNA.
Indeed, instead of the low mobility complex characteristic
for the wt Ecll8kI on the two-site DNA at [protein] >
[DNA], the R174A mutant produces two individual

Two-site DNA fragment
100 5 283 5 100

493 bp

Figure 3. AFM images in air of wt Ecl18kI (A) and R174A mutant (B)
complexes with two-site DNA. Image size is 700 nm. Insert in (A) is the
zoomed image of a typical looped wt Ecll8kI-DNA complex (yield
67%, N =179). The estimated size of the protein in a synaptic
complex corresponds to the tetramer. In the case of the RI174A
mutant (B), the yield of the looped complexes is 3.4% (N = 144).
The estimated size of the protein for the complex shown in the inset
corresponds to a dimer.

discrete complexes which may represent dimers bound to
one and two recognition sites, respectively.

AFM experiments show DNA looping by the wt Ecl18kI

Next, we visualized the protein-DNA complexes using the
same 445- and 493-bp DNA fragments analysed in the
gel-shift experiments (Figure 2). A typical AFM image
of the wt Ecll8kI complex formed with the DNA
fragment containing two recognition sites is shown in
Figure 3A. This image shows only looped complexes,
although occasionally complexes with non-looped linear
DNA substrates were observed. Figure 3A clearly illus-
trates the formation of a looped structure [67% yield of
the looped complexes among all complexes analysed
(N = 179)] and the insert zooms in on a looped complex.
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To determine whether Ecl18kI is specifically bound to the
recognition sequences, we measured the length of the
DNA arms in the complex and found a perfect correlation
between the measured (33 = 1 nm) and the expected value
(34 nm) for the DNA arms. Using the unique capability of
AFM to measure the objects in three dimensions (29—
31,37,38,43,44), we determined the volume of the protein
in the complex with DNA and evaluated the molecular
mass of the protein. The results of such measurements
(Supplementary Figure S1) for the wt Ecl18kl protein
indicate a molecular mass of 145kDa, suggesting a tetra-
meric stoichiometry of the protein within the looped
complex (expected mass of Ecl18kI tetramer is 144 kDa).
A smaller fraction of the DNA molecules are linear and
contain the Ecl18kI dimer bound to a single recognition
site (images not shown).

Using a single-site DNA fragment we also visualized by
AFM (Supplementary Figure S2), the X-like synaptic
complexes of Ecll8kI containing two DNA molecules
bound in trans. Protein volume/molecular mass analysis
in the X-like complex is consistent with a tetrameric assem-
bly of Ecl18kI. Thus, while in trans Ecl18KI synaptic
complexes were not detected in the gel-shift experiments,
AFM studies visualized such complexes. The AFM
imaging was instrumental for additional characterization
of trans-synaptic complexes. Using single-site DNA sub-
strates with different lengths, we were able to distinguish
between homologous and heterologous complexes (row
C in Supplementary Figure S2) and discriminate
between the various orientations of the recognition sites
within the synaptic complexes (Supplementary Figure S3)
(37,44). The length measurement analysis of the AFM
data led us to conclude that the DNA duplexes in the
trans-synaptic complex are arranged in the side-by-side
orientation and the enzyme forms synaptic complexes re-
gardless of the orientation of the recognition sites.

AFM experiments performed with the R174A mutant
and the two-site DNA fragment revealed two major dif-
ferences between the wt Ecl18kI and the mutant variant.
First, the yield of the looped structures for the R174A
mutant was only 3.4% (N = 144) compared with 67%
for the wt protein. Second, complexes with various
locations of the protein on the DNA substrate appear
(Figure 3B). The volume of the RI174A complexes
located at specific sites indicates a molecular mass of
69 kDa corresponding to the dimeric oligomeric state.

Thus, AFM studies show that the wt Ecl18kI protein
bridges two recognition sites either in cis or in trans acting
as a tetramer utilizing the association model for synapsis
formation. The ability of Ecll8kI to form a synaptic
complex is practically eliminated by the R174A mutation.

TPM experiments reveal dynamics of DNA looping in
the Ecl18kI complexes

The DNA fragments used in the TPM experiments were
1050 bp in length to achieve a reliable signal change upon
DNA looping. The one-site DNA fragment contained a
single recognition sequence for Ecl18kl 260 bp from one
end. The Ecll18KkI target sites in the two-site fragment are
separated by 520 bp and are located 260 bp from the ends.

The RMS traces of the motion of a single DNA tether in
the presence of 5nM Ecl18klI obtained by TPM show clear
signals of dynamic looping and unlooping events for the
two-site DNA (Figure 4A, left panel). The histogram of a
full-time trace fits well to a double Gaussian, the two levels
correspond to the free DNA tether and DNA looped by
Ecl18kI. Even though the DNA is looped about 16% of
the total time (area of the small Gaussian), the threshold
value separating the two states is clearly determined
(dotted line). Above 10nM wt Ecll8kl, the DNA
appears to be condensed due to non-specific interactions
because the RMS histogram smears out into smaller
non-defined distributions (data not shown). Similar
effects at high concentrations have been seen for various
other REases (39.45). Control measurements using DNA
tethers containing one recognition site show no dynamic
behaviour at 5nM, confirming the specificity of DNA
looping, though at high protein concentration, DNA con-
densation is observed even with the one-site fragment.
Interestingly, the tetramerization deficient RI174A
mutant, which essentially lost the ability to build loops
according to AFM data, shows neither dynamic nor
non-specific looping at concentrations up to 100nM
(Supplementary Figure S4A).

The dwell times for the looped and unlooped states are
extracted as described in the ‘Materials and Methods’
section, yielding an average rate and a corresponding
standard error. All rates obtained are plotted as a
function of protein concentration (Figure 4B and C). The
dwell times of the unlooped states are fitted to a double
exponential, with the faster rate yielding a loop formation
rate constant of ki, = 0.15+£0.01s™" (reduced x> 0.8,
Supplementary Figure S4B). However, the excluded
volume effect of the tethered bead causes an effective
stretching force of roughly 30 fN on the DNA, decreasing
the actual loop formation rate by a factor of 4 (46). Hence,
the corrected loop formation k., should be ~0.6 s~!. The
slower rate of the double exponential fit corresponds
to the protein association rate. However, at low protein
concentrations the assumed three-state model does not
hold (see ‘Materials and Methods’ section). The protein
association rate constant, k., was therefore determined
using the 5SnM Ecl18kl data set, resulting in a rate of
1.0£0.5x 10"M~"'s™! (Supplementary Figure S4B). The
dwell times of the looped state yield a loop breakage rate
constant kypioop = 0.86£0.03 5! (reduced X 2.9, Figure
4C). The equilibrium occupancy of the looped state is
plotted as a function of protein concentration in Figure
4D. The three lines (red, blue and green) were obtained
from the equilibrium simulations at different off rate con-
stants, ko, using the previously determined kjoop, Kon and
kunioop rate constants. The data are then fitted to this model
resulting in a protein dissociation rate constant (ko)
ranging between 0.0005s™' and 0.002s™' (best fit:
0.001s~', reduced x* 3.4).

Binding of two DNA sites by Ecl18kI promotes
DNA cleavage

Bona fide tetrameric REases show optimal catalytic
activity interacting with two copies of cognate DNA
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Figure 4. TPM results. (A) The raw RMS data are shown in the left panel (black), revealing very short-lived looped states (spikes). The dashed line
shows the thresholding value used to obtain the thresholded trace (red line). In the right panel, the histogram of the RMS trace is shown. The looped
and unlooped distributions fitted by a double Gauss are drawn in red. (B) Shown is the obtained loop formation rate along with the average value
(red line) and the confidence limits (dashed lines) as given by the standard error of the average (0.15+0.01s~"). The inset shows a schematic
representation of the TPM assay. The dark grey to light grey semi-circles depict the reduction in bead motion from the unlooped state to the
Ecl18kI-induced looped state that causes the decrease in the RMS signal. (C) The loop breakage rate is plotted as a function of Ecl18kI concen-
tration. Shown in red is the averaged value, the dotted line represents the confidence limit as given by the standard error of the average
(0.86+0.03s7"). (D) Plotted is the fraction of looped tethers obtained from the equilibrium distributions between the looped and unlooped states
as a function of protein concentration. Shown is the calculated curve for different protein dissociation rate constants, kg, of 0.0005, 0.001 and

0.002s~"
between 0.0005s~! and 0.002s~" (best fit: 0.001s™", reduced x*: 3.4).

and display low residual cleavage on single-site DNA (8—
10,18,19,47,48). In order to determine whether Ecll8kI
requires binding of two cognate DNA copies for optimal
catalysis, we employed two different experimental
approaches: (i) an immobilized DNA cleavage assay and
(ii) a one- and two-site DNA cleavage assay in solution.

Cleavage of immobilized DNA. Immobilized DNA
cleavage assay is instrumental in the studies of REases,
which interact with two DNA targets (5,12,18). It minim-
izes enzyme interaction with two DNA molecules due to
the low immobilized DNA concentration on the solid
surface. In the Ecll18kI studies, a cognate oligoduplex
(bio-SP33) that carries a biotin tag at the 5-end of one
strand and a radiolabel at the 5'-end of the complementary
strand was used as a substrate (Table 1). The oligoduplex
was immobilized on the surface of the streptavidin-coated
beads at a low density (see ‘Materials and Methods’

(red, blue and green curves, respectively). Numerical fitting of the model to the data yielded a protein dissociation rate constant ranging

section) to ensure enzyme interactions with a single
cognate DNA copy. Under these conditions, simultancous
binding of two DNA molecules is excluded because neigh-
bouring DNA molecules are located on the surface too far
away from each other (Figure 5A). To evaluate the effect
of the second DNA copy on the EclI8kI cleavage, the
non-labelled activator oligoduplex is added in solution
(Figure 5B) enabling formation of the synaptic complex
comprising a radioactively labelled immobilized
oligoduplex and a non-labelled oligoduplex present in
solution. Three different activators (Table 1) were used
in this study: (i) a modified cognate oligoduplex
SP25(PTO), which is bound but not cleaved by Ecl18kI
(data not shown); (ii) a non-cognate oligoduplex NSP25,
which lacks the Ecl18kl target; and (iii)) a cognate
oligoduplex SP25 precleaved with Ecl18kI to mimic the
reaction products.
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Figure 5. Immobilized DNA cleavage by Ecl18kI. Cartoons in (A) and
(B) depict the experimental strategy (12). (A) Oligoduplex bio-SP33
(Table 1), which carries a biotin tag at the 5-end of one strand and
a radiolabel at the 5-end of another strand, is immobilized on the
streptavidin-coated magnetic beads at a low density to prevent forma-
tion of synaptic complexes and to report the catalytic activity of
enzyme bound to a single DNA site. (B) Addition of non-biotinylated
oligonucleotide duplex (activator DNA) into the reaction mixture
enables formation of synaptic complexes between the enzyme, the
immobilized DNA and the activator DNA in solution. (C) Time de-
pendence of the immobilized DNA cleavage. Upon addition of
1000nM of the wt Ecll8kl (open blue circles) or R174A mutant
(open red triangles), cleavage of the immobilized oligoduplex (~1nM)
was monitored by removing samples at timed intervals and analysing
them as described in ‘Materials and Methods’ section. Cleavage of the
immobilized substrate was also performed in the presence of 500 nM of
non-biotinylated cognate oligoduplex SP25(PTO) (Table 1) (filled blue
circles for the wt Ecll8kl and filled red triangles for the RI174A
mutant). All data points are presented as mean values from three in-
dependent experiments +1 SD.

Table 3. Cognate oligoduplex cleavage by wt Ecll8kI and R174A
mutant

Reaction conditions Rate constants, s~

Labelled DNA added Wt Ecl18kI R174A

bio-SP33 in solution (1000 nM) mutant

substrate (500 nM) (1000 nM)

(1 nM)

Immobilized — 59+08x107* 584+0.6x107*
Cognate SP25 (PTO) 2.9+0.1x 107> 4.6+02x107*
Non-cognate NSP25  7.1+£0.9x10™* 3.9+02x107*
Precleaved 43+02x107* 4.0+04x107*

cognate SP25
In solution  Cognate SP25 (PTO) 4.2+0.1x 1072 4.4+0.1x107*

Both the wt EclI8kI and the R174A mutant cleave
immobilized DNA very slowly (Figure 5C and Table 3).
In the presence of the cognate oligoduplex SP25(PTO),
the rate of the immobilized DNA cleavage by wt
Ecl18kI increases ~50-fold (Figure 5C and Table 3). The
non-cognate NSP25 or the precleaved cognate SP25

Table 4. Cleavage of one- and two-site DNA fragments by
wt Ecl18kI and R174A mutant at different ionic strengths

Reaction conditions

Rate constants, s~

Ionic strength DNA Wt Ecl18kl R174A mutant
substrate (2nM) (2nM)
(1nM)

Low (130 mM) One-site 8.4+0.6x107* 40+£03x1074
Two-site 7.0£03x%x1073 46+0.6x107*

High (230 mM) One-site 21+£03%x107° 134+0.1x107°
Two-site 27+0.1x1073 1.5+£0.1x107°

oligoduplexes (Table 1) show no effect on the cleavage
rate (Table 3). Contrary to wt Ecll8kI, the RI174A
mutant shows no increase in the immobilized DNA
cleavage rate in response to the activator DNA and cuts
immobilized substrate at low residual rate (Figure 5C and
Table 3). Hence, the immobilized DNA cleavage assay
indicates that Ecl18kI requires binding of two copies of
cognate DNA for optimal catalytic activity. It is likely that
the R174A mutation at the Ecl18kI dimer—dimer interface
prevents tetramerization upon DNA binding; therefore,
the R174A mutant is able to bind only a single DNA
molecule and cleave it at a low rate.

To find out whether the observed cleavage rates are
affected by the substrate immobilization, we measured
the cleavage rates in solution under conditions favouring
formation of the synaptic complexes. In these experi-
ments, the labelled cognate oligoduplex bio-SP33 and
the activator oligoduplex SP25(PTO) were mixed in
solution at a 1:500 ratio and Ecll8kI or the RI174A
mutant were added to the reaction mixture. Under a
large excess of the SP25(PTO) oligoduplex, the concentra-
tion of the synaptic complexes including two labelled
cognate oligoduplexes bio-SP33 is negligible and all
labelled DNA molecules are presumably incorporated
into mixed synaptic complexes comprised of the cognate
bio-SP33 and the activator SP25(PTO) duplexes. Cleavage
rate analysis revealed that under these conditions, the wt
Ecl18kI cuts cognate oligoduplex 100-fold faster than the
R174A mutant, indicating that DNA immobilization on a
solid surface does not interfere significantly with DNA
cleavage rate (Table 2).

Cleavage of one- and two-site  DNA fragments in
solution. REases which require binding of two cognate
sites for optimal catalytic activity, cleave DNA substrates
bearing two targets much more rapidly than a single-site
substrate presumably because the synaptic complexes
formed between two sites in cis are more stable than
in trans complexes (8-10,49). According to AFM
analysis, wt Ecl18kI forms synaptic complexes between
two sites located both in cis and in trans (Figure 3A and
Supplementary Figure S2); therefore, we have compared
Ecl18kl cleavage rates of the one- and two-site DNA frag-
ments used in the AFM experiments. Cleavage reactions
(Table 4) were performed using similar concentrations of
DNA (1nM) and enzyme (2nM of wt Ecl18kI or R174A
mutant) in both low and high salt buffers since ionic
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Figure 6. One- and two-site DNA fragment cleavage by EclI8kI at
high ionic strength. The DNA fragments (1nM) were cleaved using
2nM wt Ecll8kl (open and filled blue circles) and the R174A mutant
(open and filled red triangles) as described in ‘Materials and Methods’
section. Reaction rate constant values are provided in Table 4.

strength may have an effect on cleavage rates due to the
different stability of in cis and in trans synaptic complexes
(50). At low salt, the wt EclI8kI cleaves the two-site
fragment ~8-fold faster than the DNA substrate with a
single recognition site (Table 4). At high salt, the wt
Ecl18kI cuts the two-site substrate ~130-fold faster than
the single-site fragment (Figure 6 and Table 4). The
R174A mutant under both conditions cuts both DNA
fragments with a slow rate similar to that of the wt
enzyme on a single-sitte DNA (Table 4). These data
indicate that at increased ionic strength, the wt Ecl18kI
tetramer forms stable synaptic complexes between two
recognition sites located in cis and these are more stable
than in trans complexes. The ability of the R174A mutant
dimer to form transient tetramer and synaptic complexes
is impaired; therefore, it cuts both one- and two-site DNA
at a slow rate regardless of the buffer ionic strength.

DISCUSSION

Type II restriction enzymes are often arranged as
homodimers (e.g. EcoRI or BamHI) or tetramers (e.g.
Sfil, NgoMIV). Dimeric REases bind to individual
copies of their recognition site, and, if multiple sites are
present in DNA molecule, cleave each site in a separate
reaction. In contrast, a REase tetramer has two DNA
binding interfaces and can form a synaptic complex
bridging two recognition sites. After formation of the
synaptic complex, tetrameric REases cut both DNA
strands at both copies of the recognition site.
Furthermore, tetrameric REases show their maximal
activity while interacting with two target sites but are vir-
tually inactive (or show only low residual cleavage) on a
single recognition site.

Sfil tetramer synapses recognition sites through the
loop capture

Bridging of two recognition sites located in the same
DNA molecule, loops out an intervening DNA segment.
DNA looping by the tetrameric Sfil REase has been
demonstrated both by biochemical methods and AFM
(37,42). In the presence of Ca’", wt Sfil binds to its
target recognition sites forming stable loops (37,39). To
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Table 5. Recognition sequences and functional oligomeric state of
evolutionarily related restriction enzymes

Enzyme Recognition sequence Oligomeric state
HpyF 100111 Meleele! n.d.

Agel AYCCGGT n.d.

Kpn2l Tlccaea n.d.

NgoMIV G'CCGGe Tetramer

BsaWI w'cceew n.d.
Bse6341/Cfr101 RYcceey Tetramer

SgrAl CRYCCGGYG Transient tetramer
PspGI teewee Dimer

EcoRII-C Meleiele! Dimer

Ecl18kI ‘cenge Transient tetramer
Pfol T'CCNGGA Dimer n.d.

‘indicates cleavage position. n.d., not determined.

study looping dynamics, the catalytically inactive D79A
mutant, which showed rapid association/dissociation
kinetics with the recognition sequence has been used
(51). The interaction dynamics between the Sfil mutant
and DNA was followed in real time by the TPM
method (39). TPM experiments allowed determination of
the Sfil tetramer association and dissociation rates with a
single recognition site and the dynamics of subsequent
loop formation and breakage. Sfil dissociation/associ-
ation, loop formation, loop breakage and DNA (bead)
release rates obtained in single molecule experiments
were in the close agreement with bulk rates determined
in biochemical experiments (39,51). Other tetrameric re-
striction enzymes such as Cfr10I, Bse6341 and NgoMIV
(9,10,12) presumably follow a similar mechanism.
Surprisingly, the SgrAl which is evolutionarily related to
the tetrameric REases (Table 5) and which was expected
to be a tetramer, follows a distinct reaction pathway.
SgrAl is a dimer in free solution (19) and shows a dimer
bound to a single DNA copy in the crystal (52). However,
according to biochemical data, it displays its maximal
activity on DNA with two copies of its recognition
sequence and bridges two recognition sites in the 3D
process. It is thought that two DNA-bound SgrAl
dimers may associate into a tetramer that has enhanced
activity, which then concurrently cleaves both sites. The
quantitative details of the SgrAl reaction pathway,
however, are not yet available.

Ecl18KI synapses two recognition sites through the
protein—protein association

Similar to SgrAl, the Ecl18kI enzyme exists as a dimer in
solution (28) but in the crystal structure it shows a
tetramer bound to two DNA molecules (22) (Figure 1).
To determine the reaction pathway followed by Ecll18kI,
we have analysed Ecl18kI interactions with DNA contain-
ing and one or two recognition sites. AFM experiments on
the two-site DNA fragment demonstrate that Ecll8I
synapses two recognition sites looping out intervening
DNA (Figure 3). In the case of a single-site DNA,
X-like trans-synaptic complexes are observed. Protein
volume measurements indicate that in the synaptic
complexes Ecll8kI is arranged as a tetramer. A smaller
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Figure 7. REases Sfil and Ecll18kI on the two-site DNA. Cartoons depict the schematic mechanism of the two-site DNA cleavage by Sfil (A) and
Ecl18kI (B). In the case of Sfil (A), a single DNA-bound tetramer may either slowly cleave the individual DNA site (rate constant k), or capture the
second unoccupied site looping out the intervening DNA to form the catalytically competent synaptic complex which is rapidly resolved into the final
reaction products (rate constant k,). Binding of the second tetramer at increased Sfil concentrations produces an unlooped protein-DNA complex,
where two tetramers act independently on two DNA sites and slowly cleave DNA (2 x k). (B) At Ecl18kl concentrations much below that of the
DNA, a single Ecl18kI dimer presumably binds to only one individual target site, resulting in slow DNA cleavage (rate constant k). Binding of the
second dimer at increased enzyme concentrations produces an unlooped protein-DNA complex, where two dimers act on the two DNA sites
independently (2 x k). Tetramerization of two DNA-bound Ecl18kI dimers results in the looped synaptic complex, which is optimal for catalysis
and results in fast cleavage (rate constant k). The ko, ko, force corrected kioop and Kynioop values for Sfil and Ecl18kI were extracted from the TPM
experiments (39). The k; and k, values for Ecl18kI were calculated from immobilized oligoduplex cleavage data (this work), and solution experiments
under optimal cleavage conditions (53), respectively. The k, value for Sfil was extracted from the TPM experiments (39).

fraction of DNA molecules are linear and contain the
Ecl18kI dimer bound to the single recognition site
(images not shown). Thus, Ecll8kI binds to the target
site presumably as a dimer and two Ecl18kI dimers asso-
ciate into a tetramer looping out intervening DNA. The
TPM data supports this model and demonstrates that
DNA looping by Ecl18kI is a highly dynamic process.
The thresholded trace (Figure 4A, left panel, red line)
shows that the looping comes in bursts: once two
Ecl18kI dimers are bound to the DNA, the tether shows
dynamic looping, spending only a short time in the
unlooped state. As soon as one (or both) of the dimers
detaches from the recognition site, significantly longer
pauses are observed. A similar associative model has
also been proposed for the formation of the RAGI/
RAG?2 synaptic complex (44).

DNA cleavage studies show that the Ecl18kI synaptic
complex is required for catalysis. Indeed, Ecl18kI slowly
cuts single-site DNA immobilized on the surface at low
density, but cleavage is stimulated by a second cognate
DNA copy provided in trans (Figure 5 and Table 3). In
solution, under conditions favouring cis-synaptic complex
formation, Ecl18kI cuts DNA fragments containing two
recognition sites much faster than a single-site DNA.
Thus, the available data indicate that Ecl18kI in solution
makes a catalytically competent synaptic complex
bridging two DNA copies. Therefore, the crystal structure
of Ecl18kI showing two DNA molecules bound by the
tetramer (Figure 1) is of the X-like trans-synaptic

complex. Mutational analysis of the amino acid residues
located at the Ecl18kI dimer—dimer interface supports the
importance of tetramerization in the function of Ecll18kI.
Indeed, in the case of the R174A mutant, only ~3% of
protein—-DNA complexes display loops and no specific
looping events are detected in the TPM experiments.
Protein volume analysis in the AFM experiments indicates
that the R174A mutant is bound to DNA as a dimer.
Furthermore, the R174A mutant under all experimental
conditions tested cleaves immobilized DNA at a low rate
similar to that of the wt Ecl18kI interacting with a single
target site (Figure 5 and Table 3). In summary, the avail-
able data indicate that the R174A mutation interferes with
tetramer assembly and formation of the catalytically com-
petent synaptic complex.

Reaction pathway of Ecl18kI

Taken together, the experimental data obtained in this
study are consistent with the following reaction scheme
(Figure 7B). At protein concentrations much below that
of the DNA, the Ecl18kI dimer presumably binds to one
of the two target sites (ko, = 1 x 10"M~'s™!) yielding an
Ecl18kI dimer-DNA complex (ko = 0.001s™') which
shows only slow cleavage (k; = 6 x 10~*s™"). Binding of
the second enzyme dimer at increased protein concentra-
tions produces an unlooped protein-DNA complex,
where each Ecl18kl dimer is bound to the individual
site and acts independently slowly cleaving DNA
(2xk; =12x1073s7"). Association of the two
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DNA-bound dimers (kipop = 0.6 s7!) yields a looped
synaptic complex, which i1s optimal for catalysis and
results in fast DNA cleavage (k, = 0.2s~'). Under these
conditions Ecl18kI cleavage rate is ~200-fold faster in com-
parison with the Ecl18kI dimer acting on the single site.
DNA looping by the wt EclI8kI is a highly dynamic
process. The oscillation between the looped and unlooped
states is fast with a lifetime of the looped complex of ~1s.
In contrast to Ecl18kI, the R174A mutant of Ecl18kI binds
DNA as a dimer but is unable to form looped protein-DNA
complexes and therefore cleaves DNA slowly.

The variety of the mechanisms employed by restric-
tion enzymes to achieve DNA cleavage continues to
surprise. Ecl18kI recognizes the 5-CCNGG-3" sequence
and belongs to a large group of evolutionarily related
REases, which recognize target sites containing
5-CCGG-3 or 5-CCNGG-3" nucleotides embedded
within different flanking sequences (Table 5). The
enzymes that belong to this group show diverse oligomeric
structures and mechanisms. EcoRII-C and PspGI are
functional as homodimers, which interact with a single
DNA copy, while NgoMIV, Cfrl0I and Bse634I are
arranged as stable tetramers and interact with two DNA
copies presumably capturing two target sites into a
synaptic complex (Figure 7A). Ecll8kI, like SgrAl,
employs a different mechanism (Figure 7B). Ecl18kI is a
dimer in solution but forms a transient, catalytically com-
petent synaptic complex through the association of the
two DNA-bound dimers. In conclusion, our studies dem-
onstrate that these related enzymes have developed diverse
mechanistic strategies to ensure a tight coupling between
target site recognition and cleavage.
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