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ABSTRACT: CCE1 is a DNA junction-resolving enzyme ofSaccharomyces cereVisiae. Such enzymes are
required to make two symmetrically paired cleavages in order to resolve the four-way junction productively.
Using a cruciform assay, we show here that CCE1 introduces two unilateral cleavages in a sequential
manner. This requires that the protein remains bound to the junction, preventing branch migration of the
point of strand exchange. From a detailed kinetic analysis, we find that the CCE1 cleavage at a given site
is accelerated by a factor of 5-10 when it occurs subsequently to the initial cleavage. These properties
ensure a productive resolution of the four-way junction and may be general for junction-resolving enzymes.

The four-way junction is the central intermediate in
homologous recombination (1-5), and the manner of its
resolution can determine the genetic outcome of the process.
Resolution into discrete duplex species is brought about by
a class of structure-selective nucleases, the junction-resolving
enzymes (6). These proteins have been isolated from
bacteriophage-infectedEscherichia coli(7, 8), eubacteria (9,
10), yeast (11-13), mammals (14), and their viruses (15).

Productive resolution of a four-way DNA junction requires
the hydrolysis of two symmetrically disposed phosphodiester
bonds. Departure from this symmetry will result in the
formation of nicked species, and an unproductive resolution
event. All junction-resolving enzymes isolated to date bind
to four-way junctions in dimeric form, and thus the required
cleavages are catalyzed by individual protomers. This creates
a potential problem in terms of ensuring the required paired
bilateral cleavage, particularly in the context of a junction
that can be repositioned by branch migration. This could be
especially acute for enzymes that exhibit sequence specificity
at the level of cleavage, such as yeast CCE1 (16, 17) and
RuvC of E. coli (18, 19), where a range of kinetic rates of
cleavage is possible. The importance of achieving productive
resolution suggests that some molecular mechanism might
be required to ensure it.

We have previously devised a procedure for analyzing the
temporal order of cleavages in a four-way junction, based
on a cruciform maintained in a negatively supercoiled
plasmid (20). In earlier experiments we showed that the
phage junction-resolving enzymes T4 endonuclease VII and
T7 endonuclease I resolved such plasmids into linear
products. There are two explanations for such a result,
illustrated schematically in Figure 1. First, the cleavages
could occur simultaneously via a coordination between the
activities of the two subunits. Second, one site could be
cleaved unilaterally, in which case the existence of the

extruded cruciform would have to be preserved by the
binding of the protein, thus preventing reabsorption into the
nicked plasmid and permitting subsequent cleavage at the
second site.

In the present study, we have made a kinetic analysis of
the cleavage events induced by the junction-resolving enzyme
CCE1 of Saccharomyces cereVisiae. This is a nuclear-
encoded mitochondrial enzyme (21-23). Like other resolving
enzymes, it binds to four-way DNA junctions as a dimer
and introduces two cleavages at the point of strand exchange
(16). In addition, CCE1 exhibits a marked sequence prefer-
ence at the level of the phosphodiesterase reaction (16, 17).
Using the cruciform-cleavage assay, we have observed the
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FIGURE 1: Schematic to illustrate the possible products of resolution
of a supercoil-stabilized cruciform structure. The cruciform structure
formed by extrusion of an inverted repeat is stable only in a
supercoiled DNA molecule. If this is resolved by simultaneous
bilateral cleavage by a resolving enzyme, the result is a linear DNA
species. Unilateral cleavage would be expected to release the
superhelical constraint and, thus, destabilize the cruciform which
would thereby be reabsorbed. If this occurs, no further cleavage is
possible and the result is a nicked circular DNA species. However,
if the nicked junction is tightly held by the enzyme such that the
structure is preserved, a second cleavage might be possible, leading
to a linear product. Thus linear product could be generated either
by simultaneous bilateral cleavage, or sequential unilateral cleavage
with protein-mediated preservation of structure.
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transient formation of a nicked intermediate in the cleavage
reaction, demonstrating that the process occurs via two
sequential, unilateral cleavages. Detailed analysis of the
kinetics of the reactions reveals that the cleavage at a given
site is accelerated by a factor of 5-10 when it occurs
subsequently to the initial cleavage, thereby facilitating
productive paired resolution cleavages. This indicates a close
interaction between cleavage events and the structure of the
DNA junction.

RESULTS

Principle of the Cruciform Assay.We have previously used
a supercoil-stabilized cruciform structure as a self-limiting
substrate (20), illustrated in Figure 1. Cruciform structures
are formed by intrastrand base pairing in inverted repeat
sequences in DNA and consist of a pair of hairpin loops
extruded from the DNA (24-26). The region at the base of
these stem loops is a four-way junction that can act as a
substrate for Holliday junction-resolving enzymes (27, 28).
Cruciform structures have significantly positive free energies
of formation in linear DNA (26, 29-31). They only enjoy a
stable existence in negatively supercoiled DNA, where the
free energy is supplied by the local unwinding of the DNA
which leads to partial relaxation of supercoiling. For this
reason, the cruciform only exists while the DNA remains
supercoiled, and any break introduced in the DNA will
release the supercoiling and thus destabilize the cruciform
leading to its reabsorption into duplex DNA. This is the key
to the principle of this experiment. If the enzyme introduces
a unilateral cleavage into the junction such that the topologi-
cal constraint of the molecule is released, the cruciform will
disappear and no further reaction should be possible. Under
these circumstances, the product of the reaction will be
nicked-circular DNA. On the other hand, if the enzyme were
to coordinate the cleavages at both sites in the junction, the
product would be linear DNA. Since these products are
readily separated by agarose gel electrophoresis, it is
straightforward to distinguish these alternative outcomes.

Construction of a Cruciform-Extruding Sequence with
CCE1 CleaVage Sites.To examine the relationship between
the two phosphodiester cleavages in the resolution of a four-
way junction by the subunits of CCE1, we required a plasmid
containing a cruciform stabilized by negative supercoiling.
The design of such a cruciform was constrained by two
requirements for cleavage by CCE1. First, the enzyme
cleaves most efficiently at the point of strand exchange in a
four-way junction (17). Second, CCE1 exhibits marked
sequence preference for cleavage, with the most rapidly
cleaved sequence being ACTVA (whereV denotes the position
of cleavage) (16, 17). To ensure that the cleavage site is
located at the point of strand exchange, the extrusion of the
cruciform must halt at this point, and thus the 2-fold
symmetry of the inverted repeat must terminate after the T
that is 5′ to the cleavage. To prevent further branch migration,
the two CCE1 sites must therefore differ in sequence at the
position 3′ to the cleavage point, and we therefore used the
second-fastest cleavage sequence ACTVG (17). The sequence
of the cruciform is shown in linear form in Figure 2A and
as a cruciform in Figure 2B. The central part of the inverted
repeat, including the loops of the cruciform, comprised an
alternating adenine-thymine sequence; this results in rapid
extrusion kinetics (31, 32) and, thus, facilitates formation

of the cruciform experimentally. The two cleavage sites will
be subsequently referred to as site A (i.e., the site of sequence
ACTA) and site G (sequence ACTG).

The plasmid pCCE (Figure 2C) containing the required
inverted repeat was constructed by ligation of synthetic
oligonucleotides between theBamHI and EcoRI restriction
sites of pAT153. Supercoiled plasmid was prepared by 2-fold

FIGURE 2: CCE1-cleavable cruciform of pCCE. (A) The sequence
of the inverted repeat. The sequence between the two arrows has
2-fold symmetry, and can form a perfect cruciform structure. The
sections indicated by solid bars are the ACTA and ACTG targets
for CCE1 cleavage. The middle section of the cruciform consists
of alternating adenine-thymine sequence, which undergoes cruci-
form extrusion with minimal kinetic barrier. (B) The inverted repeat
drawn as a cruciform. The CCE1 target sequences are indicated in
bold, and the two cleavage sites indicated by the arrows. The sites
are named site A (ACTA) and site G (ACTG) as shown. (C) A
circular map of pCCE, showing a number of restriction sites used
in the characterization of the plasmid. The distances between sites
are indicated (kbp). (D) Characterization of pCCE. Supercoiled
pCCE DNA is shown in track 1. Following incubation with CCE1,
the DNA is substantially converted to the linear species (track 2).
When this CCE1-generated linear DNA was subsequently cleaved
to completion by unique-site restriction enzymesStyI, AlwNI, and
AseI (tracks 3-5, respectively), two linear subfragments were
generated in each case. The sizes of these fragments were estimated
using a semilogarithmic plot of mobilities against known sizes of
marker DNA fragments (track 7; lengths given on right), giving
values of 2.4 (2.3) and 0.9 (1.0) kbp forStyI, 1.9 (1.8) and 1.5
(1.5) kbp forAlwNI and 2.5 (2.5) and 0.8 (0.8) kbp forAseI, where
the values in parentheses have been calculated, based on the
assumption of CCE1 cleavage at the cruciform structure. Track 6
contains pCCE that was linearized withAseI and then incubated
with CCE1.
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isopycnic centrifugation in order to have a high proportion
of covalently closed circular DNA. Cleavage of the super-
coiled DNA with CCE1 resulted in linearization of the DNA
(Figure 2D, track 2); by contrast a plasmid containing a
similar inverted repeat lacking the CCE1 cleavage sequence
was not cleaved (data not shown). When pCCE was first
linearized by cleavage withAseI, followed by incubation with
CCE1, no cleavage by the resolving enzyme was observed
because the cruciform had been reabsorbed in the linear DNA
(Figure 2D, track 6). The position of CCE1 cleavage of
supercoiled pCCE was analyzed by restriction cleavage of
CCE1-linearized plasmid (Figure 2D, tracks 3-5), using the
enzymesStyI, AlwNI, andAseI for which single sites exist
in pCCE. The lengths of the DNA fragments generated were
fully consistent with cleavage at the inverted repeat sequence.

Bilateral CleaVage of a Cruciform by CCE1.pCCE was
used to analyze the timing between the cleavages induced
in a four-way junction by CCE1 resolving enzyme. Super-
coiled pCCE DNA was incubated with increasing amounts
of CCE1 at 37°C for 5 min, and the reaction terminated by
addition of EDTA. Uncleaved supercoiled substrate and the
two potential products were separated by electrophoresis in
an agarose gel (Figure 3A). Incubation with increasing
concentrations of CCE1 resulted in a loss of supercoiled
substrate DNA, with a corresponding appearance of linear
(form III) plasmid. The very small fraction of open-circular
DNA was essentially unchanged during the reaction. This
is similar to previous results with bacteriophage junction-
resolving enzymes (20, 33) and indicates that the junction
of the cruciform undergoes bilateral cleavage during the
lifetime of the protein-junction complex. The experiment
was repeated using a shorter incubation time of 1 min (data
not shown). Under these conditions, we observed the
generation of both linear and open-circular products. The
latter must result from unilateral cleavage of the cruciform
by CCE1 and, therefore, indicates that the two cleavages are
not necessarily simultaneous. This is explored further below.

Independent CleaVage ActiVity of CCE1 Subunits.To
generate linear product, two CCE1 cleavages must occur
within the lifetime of the junction-enzyme complex. Dis-
sociation of the complex after the first cleavage would leave
a nicked plasmid that is no longer supercoiled, whereupon
the cruciform would be reabsorbed and, thus, no further
cleavage would occur. One possible way of ensuring bilateral
cleavage might be to link the two cleavages in some manner,
such that cleavage could not occur at one site without a
cleavage reaction at the opposing site. However, the forma-
tion of an open-circular intermediate at short incubation times
suggests that the two cleavages occur independently.

To test this further, we carried out an experiment designed
to generate a heterodimer of CCE1 containing one active
and one inactive subunit. In this way, we could see whether
the active subunit can still function in cleavage of the DNA
junction in a situation where its partner subunit is inactive.
For this purpose, we used a mutant form of CCE1, D294N,
which binds normally to four-way DNA junctions but is
completely inactive in cleavage (M. F. White and D.M.J.L.,
unpublished data). CCE1 readily undergoes subunit exchange
in free solution (16), and therefore heterodimers containing
one active and one inactive subunit can be formed by simple
mixing.

We incubated supercoiled pCCE with an increasing
concentration of catalytically inactive D294N CCE1 in the
presence of a fixed concentration of wild-type, active CCE1
(Figure 3B). When the ratio of active to inactive protein was
high, the product of the reaction was linear DNA. However,
as the molar ratio of inactive protein increased, the fraction
of open circular product increased. Thus, as the extent of
active-inactive heterodimer increased, the cruciform became
subject to unilateral cleavage. The proportion of inactive
protein required to observe nicked product was higher than
that expected theoretically, and might indicate incomplete
subunit mixing. Nevertheless, the qualitative result is clear.
Clearly, the active subunit can function when paired with
an inactive protomer and, therefore, does not require an active
partner subunit for activity.

FIGURE 3: Cleavage of supercoiled pCCE with increasing concen-
trations of CCE1. For both experiments, 20 nM supercoiled pCCE
was incubated with CCE1 at 37°C for a fixed time. The reaction
was terminated using EDTA, and after deproteinisation the products
were separated by electrophoresis in an agarose gel in order to
resolve the nicked, linear and supercoiled plasmid (indicated right).
Gels were stained using ethidium bromide, and DNA species
visualized by fluorography. (A) Formation of linear DNA by active
CCE1. pCCE was incubated with increasing concentrations of wild-
type CCE1 for 5 min. Under these conditions, the supercoiled DNA
disappears and linear product appears with increasing digestion by
CCE1; nicked pCCE is not discernible in this experiment. The
concentrations of CCE1 used were 63, 125, 250, 500 nM, 1, 2,
and 4µM in tracks 1-7, respectively. (B) Formation of nicked
DNA by an active-inactive heterodimer of CCE1. A fixed concen-
tration of wild-type CCE1 (100 nM) was mixed with an increasing
concentration of inactive D294N CCE1 to generate the molar ratios
given below. pCCE was incubated with the mixtures of wild-type
and inactive CCE1 for 10 min. While at low molar ratios of inactive
CCE1, the product is linear DNA, as the mole fraction of inactive
CCE1 increases an increasing proportion of nicked product results.
Evidently the active-inactive heterodimer of CCE1 generates
unilaterally cleaved DNA, indicating that an active CCE1 protomer
can function in combination with an inactive subunit. The molar
ratios of active/inactive CCE1 were 0.5, 1, 2, 4, 6, 8, and 10 in
tracks 1-7, respectively.
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The outcome of this experiment also confirms the basic
premise of this experiment. The absence of linear product
under these conditions shows that the nicked cruciform
cannot survive the dissociation of the heterodimer CCE1,
since the binding of an oppositely oriented dimer to generate
the second cleavage is evidently not observed.

Sequential CleaVage Reactions by CCE1 Subunits.The
formation of open-circular plasmid at short times of incuba-
tion with CCE1 suggests that the two cleavages do not occur
simultaneously. To investigate this further, we studied the
cleavage of pCCE with a fixed concentration of CCE1 as a
function of time under single turnover conditions (Figure
4). We find that at early times the product is mainly open-
circular DNA, indicative of unilateral cleavage. The propor-
tion of this species was maximal within the first minute of
incubation, after which it slowly disappeared. The initial rate
of appearance of the open-circular species was approximately
equal to the rate of disappearance of supercoiled substrate.
With increasing time, the amount of linear product increased
at a rate approximately equal to the subsequent disappearance
of the open circular species. Linear product was still being
generated even after the supercoiled substrate was almost
completely digested. This indicates that the open circular
intermediate is a substrate for the formation of linear DNA
and that the junction is, therefore, being held in the correct
conformation for cleavage in the complex with the enzyme.
A kinetic analysis of the formation of the different products
is given below.

RelatiVe Extent of CleaVage at the Two CCE1 Sites.In
principle, open-circular DNA could result from one of two
possible unilateral cleavage events, at either site A or G.
We, therefore, examined the relative extent of cleavage at
the two sites in the open-circular DNA. The band containing
this product of CCE1 cleavage was excised from the gel,
and the DNA recovered by electroelution. After radioactive
5′-32P-labeling, the DNA was cleaved withSspI and SphI
restriction enzymes at sites flanking the inverted repeat
sequence, and the labeled DNA separated by gel electro-
phoresis (Figure 5). It was observed that there was a
significant preference for cleavage at the site A (ACTA
sequence) rather than site G (ACTG) (a ratio of 1.9:1 at 30

s. determined by phosphorimaging, assuming equal efficien-
cies of phosphorylation for the two termini generated by
CCE1), consistent with the findings of Schofield et al. (17)
showing that ACTA was cleaved faster by CCE1 than ACTG
in isolated junctions. The bias in cleavage frequencies is
determined by the efficiencies with which the sites are
cleaved by CCE1, and this is discussed further below. The
corresponding experiment on the linear product gave two
bands of equal intensity, indicating that the two ends
generated by CCE1 are phosphorylated with equal efficiency.

Transient Formation of Open-Circular DNA by T7 Endo-
nuclease I.It has been shown previously that the phage
enzymes T4 endonuclease VII (20) and T7 endonuclease I
(33) cleave junctions bilaterally within the lifetime of the
junction-enzyme complex. In light of the results using
CCE1, we may ask whether we can detect nicked intermedi-
ates in the resolution of cruciform junctions by resolving
enzymes of phage origin. The choice of cruciform sequence
is relatively unimportant for phage enzymes, which exhibit
very much lower sequence selectivity for cleavage. We
therefore incubated supercoiled pCCE with a fixed concen-
tration of T7 endonuclease I, and followed the progress of
the reaction as a function of time. Since this enzyme is
intrinsically faster than CCE1, the incubation was performed
at 4°C in order to slow the cleavage reaction. The products
were analyzed by gel electrophoresis as before (Figure 6).
Even at this relatively low temperature, a rapid digestion of
supercoiled substrate was observed. As with CCE1, there
was a transient formation of open-circular DNA followed

FIGURE 4: Cleavage of pCCE with CCE1 as a function of time.
Supercoiled pCCE (20 nM) was incubated with 1µM CCE1 at 37
°C. Aliquots were removed after increasing lengths of time, and
the reaction was terminated. After deproteinization, the products
were separated by electrophoresis in an agarose gel in order to
resolve the nicked, linear and supercoiled plasmid (indicated right).
It is apparent that nicked DNA is generated as a transient
intermediate at the shorter time intervals. The gel was stained using
ethidium bromide, and DNA species visualized by fluorography.
The times of reaction were 0, 15, 30, 45, 60, 80, 100, 120, 180,
and 240 s in tracks 1-10, respectively.

FIGURE 5: Ratio of nicked intermediates in CCE1 cleavage. The
nicked transient apparent in the shorter time courses of CCE1
cleavage (Figure 4) would be expected to contain DNA that had
been cleaved at either site A or site G. To quantify these cleavages
separately, the nicked DNA from a 30 s. incubation with CCE1
was recovered from agarose by electroelution and subjected to
restriction analysis. (A) The principle of the experiment. pCCE was
incubated with CCE1 and the nicked and linear species separated
electrophoretically and purified. The resulting 5′-termini were
radioactively32P-labeled, and the DNA then subjected to complete
digestion by a mixture of the restriction enzymesSspI and SphI.
Cleavage at site A should generate a single-stranded DNA species
of 189 nt in length, while cleavage at site G should generate a
fragment of 199 nt. The products were separated on a sequencing
polyacrylamide gel, and the radioactive fragments visualized and
quantified by phosphorimaging. (B) Phosphorimage showing the
products resulting from restriction cleavage of nicked and linear
species. While the linear species results in two fragments of closely
similar radioactivity, those resulting from the nicked DNA exhibit
a 1.9:1 ratio in favor of cleavage at site A.
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by conversion to the final linear product. This indicates that
the bound protein supports the structure of the junction, thus
preventing the reabsorption of the nicked cruciform, and
suggests that this may be general for the junction-resolving
enzymes.

DISCUSSION

Using a supercoil-stabilized cruciform structure that
contains CCE1 target sequences, we have shown that the
yeast junction-resolving enzyme CCE1 introduces bilateral
cleavages into the junction during the lifetime of the DNA-
protein complex. Thus, after extended incubation with CCE1
enzyme, supercoiled pCCE plasmid becomes fully converted
to linear product. Enzyme-free, unilaterally cleaved DNA
would be topologically unconstrained, and the cruciform
would be rapidly reabsorbed, thus, removing the substrate
and preventing a second cleavage that could linearize the
DNA; indeed this is exactly the result of the experiment using
heterodimeric active/inactive CCE1. The conversion to linear
DNA by fully active CCE1, therefore, indicates that both
cleavages must occur without dissociation of the enzyme-
junction complex. Corresponding behavior has previously
been observed for the sequence-independent phage resolving
enzymes, T4 endonuclease VII (20), and T7 endonuclease I
(33).

Our new results clearly demonstrate that the two cleavages
induced in the junction by CCE1 occur independently. They
are not necessarily simultaneous, but are in general sequen-
tial. However, following the first cleavage on either side,
the resulting nicked junction does not result in the reabsorp-
tion of the cruciform, because the junction is still available
for the second cleavage which proceeds quantitatively. By
contrast, when an active/inactive heterodimer of CCE1 was
used, the nicked product was generated, showing that the
cruciform junction could not survive dissociation and re-
association of enzyme. Thus, the complex of CCE1 with the
DNA maintains the physical integrity of the four-way
junction. Previous measurements have shown that the free
energy of cruciform formation is generally of the order of
14-18 kcal mol-1 (26, 29-31), and thus the binding of the
resolving enzyme is required to provide a considerable
stabilization of the structure in the absence of topological
constraint. Furthermore, the complex must be stable over a

relatively long period; we have seen that the nicked
intermediate species can be quite long-lived, with a lifetime
in the range of minutes.

The sequential cleavage process observed with CCE1
endonuclease appears to be general for all the junction-
resolving enzymes that we have studied. We have shown
this for T7 endonuclease I (Figure 6), as well as RusA (data
not shown). Closer examination of time courses of junction
cleavage by T4 endonuclease VII [see Figure 3C in Giraud-
Panis and Lilley (20)] strongly suggests that this mechanism
is correct for this enzyme too. Shah et al. (34) showed that
the cleavages induced by RuvC could be uncoupled if one
of the scissile phosphates was replaced by a 3′-S-phos-
phorothiolate.

CCE1 cleavage reactions were carried out under single-
turnover conditions, i.e., the enzyme was present in a large
excess over substrate and at a concentration where all the
cruciform substrate should be bound by enzyme. We have
analyzed the kinetic behavior of the cleavage reaction using
the sequential model presented in Figure 7A. This assumes
that either site can be cleaved first (with rate constantsk1

and k2) to generate the nicked species as a transient
intermediate, followed by the cleavage of the remaining site
(with rate constantsk3 andk4) to give the final linear DNA
product. The linear differential equations corresponding to
this mechanism were integrated by standard methods, leading
to the following equations for the fraction of supercoiled,
nicked and linear species as a function of time:

where [S]t, [N]t, and [L]t are the concentrations of super-
coiled, nicked, and linear species at timet, and [S]0 is the
concentration of supercoiled substrate at zero time. The best
fits to the experimental data based on these equations are
shown in Figure 7B. Fitting the data for the disappearance
of supercoiled DNA by nonlinear regression to eq 1 (with a
correction to allow for the small fraction of DNA that
remained uncleaved at long times; this is probably DNA that
has failed to extrude the cruciform) gave a value for (k1 +
k2) of 0.027 ( 0.007 s-1, where k1 and k2 are the rate
constants for the cleavage at sites A and G, respectively.
This is slightly lower than the sum of the rate constants for
cleavage of the same sequences as isolated junctions, where
k1 ) 0.03 s-1 andk2 ) 0.011 s-1 (17), which sum to 0.041
s-1. This difference must reflect the lower efficiency of
cleavage of the cruciform substrate, possibly for steric or
topological reasons. For the analysis of the remaining kinetic
data, we have assumed thatk1 and k2 are in the same

FIGURE 6: Cleavage of pCCE with T7 endonuclease I as a function
of time. Supercoiled pCCE (40 nM) was incubated with 1µM T7
endonuclease I at 4°C. Aliquots were removed after increasing
lengths of time, and the reaction was terminated. After deprotein-
ization, the products were separated by electrophoresis in an agarose
gel in order to resolve the nicked, linear, and supercoiled plasmid
(indicated right). As with CCE1, it is clear that nicked DNA is
generated as a transient intermediate at the short times. The gel
was stained using ethidium bromide, and DNA species visualized
by fluorography. The times of reaction were 0, 10, 20, 30, 40, 50,
60, 90, and 120 s in tracks 1-9, respectively.

[S]t/[S]0 ) e-(k1+k2)t (1)

[N] t/[S]0 )
k1

k1 + k2 - k3
[e-k3t - e-(k1+k2)t] +

k2

k1 + k2 - k4
[e-k4t - e-(k1+k2)t] (2)

[L] t/[S]0 ) 1 - e-(k1+k2)t -
k1

k1 + k2 - k3
[e-k3t - e-(k1+k2)t] -

k2

k1 + k2 - k4
[e-k4t - e-(k1+k2)t] (3)
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proportion as the values measured previously for isolated
junctions (17), and thusk1 ) 0.020 s-1 andk2 ) 0.0074 s-1.
These values were applied to the analysis of the appearance
and disappearance of nicked DNA (eq 2), and the appearance
of linear DNA (eq 3). It might have been anticipated that
the valuesk1 ) k4 andk2 ) k3, since the same sites are being
cleaved (i.e., sites A and G respectively; see Figure 7).
However, this requirement leads to a significant overestima-
tion of the fraction of nicked circular DNA generated, and
the values that best fitted the experimental data by nonlinear
regression werek3 ) 0.074 s-1 and k4 ) 0.228 s-1. This
reveals an acceleration of the subsequent cleavage reactions,
by around 10-fold for both sites. We have found that the
measured rate enhancement factor can vary between 5 and
10 for different preparations of enzyme. The nicked DNA
contains a mixture of the two possible singly cleaved species,
and at timet, the ratio of species cleaved at sites A and G

(FA/G) is given by

where NA and NG are nicked species resulting from cleavage
at sites A and G, respectively. After 20 s reaction, the
proportion of nicked species is at a maximum. TheFA/G ratio
was calculated to be 1.7 in favor of site A at 30 s. This is in
good agreement with the measured ratio (see above) of 1.9,
assuming equal phosphorylation efficiencies for the two
termini.

The result that clearly emerges from this kinetic analysis
is that the CCE1 cleavage reaction is significantly faster for
a given site when the other site has already been cleaved,
i.e., the cleavage proceeds faster in the context of a nicked
junction compared to one that is intact. A working model to
account for this observation is as follows. On binding to a
four-way junction, CCE1 greatly distorts both the global (35)
and local (36) DNA structure. This suggests that the DNA
structure is strained within the complex, which could hinder
access to the active site of the enzyme. On cleavage of the
first site, this strain might be relieved, such that the DNA is
now better accommodated into the active site of the second
protomer with a consequent increase in the rate of cleavage.
This suggests that recognition and manipulation of DNA
structure and the mechanism of cleavage are all intimately
related and must, therefore. be studied as a whole. Some
support for this idea can be taken from the studies of the
Cre recombinase with a four-way DNA junction based on
the loxP site (37). The DNA structure is clearly distorted in
the complex, and the resulting lowered symmetry leads to a
biased attack by Cre subunits.

From our measured kinetic constants we can estimate the
lifetime of the enzyme-nicked junction complex. The slower
rate for second cleavage has a rate constantk3 ) 0.074 s-1,
which corresponds to a lifetime for the nicked intermediate
of 14 s. However, the lifetime could potentially be consider-
ably longer than this. In experiments using cruciforms with
CCE1 cleavage sequences such that one site is cleaved more
slowly, we have observed that the lifetime of the enzyme-
nicked junction intermediate can be increased while retaining
eventual complete conversion to linear product (data not
shown). The retention of the complex with the nicked
junction is important for the biological function. If a resolving
enzyme were to dissociate from a Holliday junction after
the first cleavage step, the DNA could branch migrate before
reassociation resulting in the two cleavages being unopposed.
The DNA would, therefore, remain as an unresolved junction
containing single-stranded breaks in the arms. The enzyme
must essentially freeze the structure of the junction, since
branch migration of even a single step would reposition the
cleavage site and thus seriously impede cleavage. The long
lifetime of the frozen enzyme-junction complex together
with the accelerated second cleavage step ensures bilateral
cleavage, and thus a well-ordered resolution of the junction.

MATERIALS AND METHODS

Preparation of Supercoiled Plasmid DNA.The construc-
tion of pCCE is discussed in more detail in the Results. The

FIGURE 7: Kinetic model for the cleavage of a cruciform junction
by CCE1. (A) The kinetic model used to analyze the data, and the
calculated rate constants. This is based on a branched pathway. In
the upper path, site A is cleaved initially with ratek1 followed by
site G (ratek3). In the lower path, site G is cleaved first (ratek2)
followed by site A (ratek4). The values of the rate constants were
calculated by the fits to the experimental data. Note thatk4 andk3
are 10-fold larger thank1 andk2, respectively, indicating that the
rate of cleavage of a given site is accelerated once the first cleavage
has been made. The species indicated are supercoiled DNA (S),
linear DNA (L), and circular DNA nicked at the A (NA) and G
(NG) sites, respectively. (B) Fits to CCE1 data using the branched
kinetic model. The points show the fractions of supercoiled (2),
nicked (O), and linear (9) pCCE DNA measured experimentally
at 37 °C. The fits were generated by nonlinear regression, using
the integrated rate eqs 1-3 shown in the text.

FA/G ) [NA]t/[NG]t ) { k1

k1 + k2 - k3
[e-k3t - e-(k1+k2)t]}/

{ k2

k1 + k2 - k4
[e-k4t - e-(k1+k2)t]} (4)
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DNA was transformed intoE. coli DH5R. The bacteria were
grown to anA660 ) 0.6, and the plasmid was amplified by
treatment with 50µg/mL chloramphenicol overnight. Plasmid
DNA was isolated using the Wizard Maxiprep DNA puri-
fication kit (Promega) and purified by 2-fold isopycnic CsCl-
ethidium bromide ultracentrifugation; supercoiled DNA was
recovered by side puncture (38). Ethidium bromide was
removed by extraction inton-butanol and the DNA subjected
to extensive dialysis. This resulted in plasmid DNA compris-
ing >95% negatively supercoiled circular DNA as deter-
mined by agarose gel electrophoresis. DNA concentrations
were measured spectrophotometrically at 260 nm using an
extinction coefficient of 6.5× 10-3 M-1 cm-1 nt-1. pCCE
was characterized by means of restriction analysis using
AlwNI, AseI (New England Biolabs), andStyI (Promega).

Expression and Purification of Junction ResolVing En-
zymes. CCE1.Wild-type CCE1 and the D294N mutant CCE1
were expressed and purified as described in (35). Briefly,
E. coli BL21 (DE3) cells were grown at 28°C with
carbenicillin selection. Protein expression was induced with
isopropyl â-D-thiogalactoside (IPTG) (0.05 mM), and the
cells incubated for an additional 2.5 h. Cells were lysed by
sonication, and the cleared lysate was subjected to am-
monium sulfate fractionation. The CCE1-containing fraction
was applied to a POROS HS 20/100 column (Perseptive
Biosystems) and eluted with a gradient of 0.05 to 1.0 M
NaCl. The peak fractions were concentrated and applied to
a Superose-12 column (Pharmacia) and eluted isocratically.
The purified CCE1 was analyzed by polyacrylamide gel
electrophoresis in SDS-containing buffer and found to be
approximately 95% homogeneous.

T7 Endonuclease I.This was expressed and purified as
described previously (33). Briefly, BL21 (DE3) pLysS cells
containing pET19endoI (39) were grown at 37°C with
carbenicillin selection. Protein expression was then induced
by adding IPTG (1 mM), and the cells were further grown
at 25°C for 3 h. Frozen cell paste was thawed, resuspended
in 50 mM sodium phosphate (pH 8), 200 mM NaCl, and
lysed by sonication. Cleared supernatant was applied to a
nickel chelating column (POROS 20 MC, Perseptive Bio-
systems) and T7 endonuclease I was eluted using an
imidazole gradient. The eluate was>95% pure estimated
polyacrylamide gel electrophoresis in SDS-containing buffer.
Protein was finally concentrated using an Ultrafree centrifu-
gal device (Millipore) and dialyzed against 20 mM Tris-
HCl (pH 8), 1 mM EDTA, 1 mM DTT, and 50% glycerol.

CCE1 and T7 Endonuclease I CleaVage Reactions. CleaV-
age of Plasmid DNA by Different Concentrations of CCE1.
Plasmid pCCE DNA (20 nM) was incubated with a range
of concentrations of CCE1 in 20 mM Tris-HCl (pH 8.0),
200 mM NaCl, 0.1 mg/mL BSA, and 1 mM DTT (CCE1
reaction buffer) at 37°C. MgCl2 was added to a final
concentration of 15 mM in a total reaction volume of 10
µL. The reactions were terminated after a fixed time by
addition of 5µL to a solution containing 250 mM EDTA
and 1 mg/mL proteinase K and incubated for 20 min at 20
°C to digest any CCE1 still bound to the DNA before
electrophoresis.

Time Course of the CCE1 CleaVage Reaction.pCCE DNA
(20 nM) was incubated with 1µM CCE1 in CCE1 reaction
buffer at 37 °C. Reactions were initiated by addition of
MgCl2 to a final concentration of 15 mM in a volume of 50

µL. Aliquots of 5 µL were removed at intervals and added
to a solution containing 250 mM EDTA and 1 mg/mL
proteinase K and incubated for 20 min at 20°C before
electrophoresis.

Time Course of the T7 Endonuclease I CleaVage Reaction.
pCCE DNA (40 nM) was preincubated in 50 mM Tris-HCl
(pH 7.4), 50 mM NaCl, 0.1 mg/mL BSA, 1 mM DTT
(endonuclease I reaction buffer) at 37°C to ensure extrusion
of the cruciform. T7 endonuclease I was then added to a
final concentration of 500 nM and preincubated for a further
minute to allow the enzyme to bind. The reaction mixture
was then transferred to a 4°C water bath and allowed to
equilibrate to the new temperature before MgCl2 was added
to a final concentration of 10 mM in a volume of 50µL.
Aliquots of 5 µL were removed at intervals and treated as
for the CCE1 cleavage reaction.

CleaVage Reactions with Heterodimeric CCE1.A range
of mixtures of wild-type CCE1 and catalytically inactive
D294N CCE1 giving a constant final concentration of wild-
type enzyme (100 nM) with an increasing mole fraction of
mutant enzyme were incubated together for 30 min at 20
°C to allow subunit exchange. After mixing DNA and
enzyme in reaction buffer, MgCl2 was added to a final
concentration of 15 mM to give a total reaction volume of
10 µL. The samples were incubated at 37°C for 10 min.
Reactions were terminated by addition of 5µL to a solution
containing 250 mM EDTA and 1 mg/mL proteinase K and
incubated for 20 min at 20°C.

Analysis of CleaVage Products.Samples were loaded onto
a 1% agarose gel and electrophoresed for 16 h at 30 V in 90
mM Tris‚borate (pH 8.3) and 1 mM EDTA (TBE). DNA
was stained using 1µg/mL ethidium bromide and destained
extensively in water. Gels were scanned using a FLA-2000
fluorescent image analyzer (Fuji) using excitation at 473 nm
with an emission filter at 580 nm, and quantified using Mac-
Bas software (Fuji).

Quantitation of CCE1 CleaVages in the Nicked Intermedi-
ate Species.After electrophoretic separation, bands corre-
sponding to the 30 s timepoint of a CCE1 time course
reaction were excised from the agarose gel and the DNA
isolated using a QIA extraction kit (Qiagen). 5′ Ends were
dephosphorylated with calf alkaline phosphatase (Boehringer-
Mannheim) and the DNA was precipitated with ethanol. The
termini generated by CCE1 cleavage were radioactively 5′-
32P-labeled using T4 polynucleotide kinase, followed by
complete digestion with the restriction enzymesSspI and
SphI (New England Biolabs). Samples were applied to a 6%
denaturing polyacrylamide gel and electrophoresed in TBE
buffer for approximately 2 h at 75 W. The gel wasdried
and visualized by phosphorimaging using a BAS-200 phos-
phorimager (Fuji).

Oligonucleotide Synthesis.Oligonucleotides were synthe-
sized usingâ-cyanoethyl phosphoramidite chemistry (40, 41)
on a 394 DNA/RNA synthesizer (Applied Biosystems) and
purified by electrophoresis in 12% polyacrylamide containing
7 M urea. DNA containing bands were excised, and the pure
oligonucleotides electroeluted and recovered by ethanol
precipitation.
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