The EMBO Journal Vol.20 No. 23 pp.6601-6611, 2001

Crystal structure of the fission yeast mitochondrial

Holliday junction resolvase Ydc2

Simona Ceschini, Anthony Keeley',
Mark S.B.McAlister?, Mark Oram’,
John Phelan?, Laurence H.Pearl,

Irina R.Tsaneva' and Tracey E.Barrett®

Section of Structural Biology, Institute of Cancer Research,
Chester Beatty Laboratories, 237 Fulham Road, London SW3 6JB,
'Department of Biochemistry and Molecular Biology,

University College London, Gower Street, London WCIE 6BT,
Department of Crystallography and BBSRC Bloomsbury

Centre for Structural Biology, Birkbeck College, Malet Street,
London WCIE 7HX, UK

3Corresponding author
e-mail: barrett@icr.ac.uk

Resolution of Holliday junctions into separate DNA
duplexes requires enzymatic cleavage of an equivalent
strand from each contributing duplex at or close to
the point of strand exchange. Diverse Holliday junc-
tion-resolving enzymes have been identified in bac-
teria, bacteriophages, archaea and pox viruses, but
the only eukaryotic examples identified so far are
those from fungal mitochondria. We have now deter-
mined the crystal structure of Ydc2 (also known as
SpCcel), a Holliday junction resolvase from the fission
yeast Schizosaccharomyces pombe that is involved in
the maintenance of mitochondrial DNA. This first
structure of a eukaryotic Holliday junction resolvase
confirms a distant evolutionary relationship to the
bacterial RuvC family, but reveals structural features
which are unique to the eukaryotic enzymes. Detailed
analysis of the dimeric structure suggests mechanisms
for junction isomerization and communication
between the two active sites, and together with site-
directed mutagenesis identifies residues involved in
catalysis.
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Introduction

Holliday junctions, formed by the reciprocal exchange of
strands between two DNA duplexes, occur as intermedi-
ates in a variety of genetic processes. These include
classical pathways for homologous recombination, double
strand break repair and, as shown recently, the rescue and
reinitiation of collapsed replication forks (reviewed in Cox
et al., 2000; Kowalczykowski, 2000; Michel, 2000) and/or
other DNA repair processes during replication (Zou and
Rothstein, 1997; Bénard ef al., 2001). Resolution of the
Holliday junction into two separate duplexes is an
essential step in all cases, and is achieved by cleavage of
an equivalent strand from each duplex close to the point of
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strand exchange by a resolving enzyme. The most
extensively characterized mechanism for the processing
of Holliday junctions is the RuvABC pathway in
Escherichia coli and other Gram-negative bacteria
(West, 1996). This system utilizes a junction-specific
endonuclease, RuvC, that cleaves junctions when a
recognition sequence (5" A/fTTVS/c) is present in both
duplexes at or adjacent to the crossover point. The other
components of the system, RuvA and RuvB, form a
junction-specific helicase or branch migration complex
that promotes strand exchange between the linked
duplexes and moves the point of crossover.

All prokaryotes have highly conserved homologues of
RuvA and RuvB, where RuvA (a Holliday junction
‘isomerase’) as either a tetramer or octamer distorts the
free Holliday junction into an open, square-planar con-
formation, and RuvB forms an ATP-driven motor facilit-
ating branch migration. There is, however, little or no
sequence similarity between and amongst the different
groups of junction resolvases. The crystal structures of
RuvC (Ariyoshi et al., 1994), T4 endonuclease VII
(Raaijmakers et al., 1999), T7 endonuclease I (Hadden
et al., 2001) and the archaeal Hjc (Bond er al., 2001;
Nishino er al., 2001) have very different folds.
Nonetheless, they are all metal ion-dependent endo-
nucleases and seem to have a conserved catalytic
mechanism. Recent sequence alignment analyses suggest
that RuvC, the A22 pox virus resolvase and the yeast
mitochondrial enzymes are related and form a subfamily
within the integrase superfamily (Aravind et al., 2000;
Garcia et al., 2000; Lilley and White, 2000, 2001). Despite
resolvase activities being detected in fractionated extracts
of yeast (Parsons and West, 1988) and higher eukaryotes
(Constantinou et al., 2001), none have been successfully
purified to homogeneity.

The Holliday junction resolvases from Saccharomyces
cerevisiae (Ccel) and its Schizosaccharomyces pombe
homologue, Ydc2, play important roles in the maintenance
of mitochondrial DNA (mtDNA). Ccel mutants show
elevated frequencies of petite cells, altered mtDNA
transmission patterns and clustering of heritable units
(Zweifel and Fangman, 1991; Piskur, 1997). Mito-
chondrial genome stability may be affected similarly in
S.pombe, although it may be more difficult to demonstrate
in a petite-negative yeast. Both Ydc2 and Ccel resolve
junctions in vivo, as shown directly by the accumulation of
mtDNA junctions in ccel (mgtl) S.cerevisiae mutants
(Lockshon et al., 1995) and, similarly, by the dramatic
increase in mMtDNA aggregation in Ydc2-deficient
S.pombe cells (Doe et al., 2000). Similar to RuvC, Ydc2
and Ccel show a marked preference for cleaving four-way
junctions (Whitby and Dixon, 1998) after the consensus
sequence 5'CT and/or 5"TT in the case of Ydc2 (White and
Lilley, 1996; Schofield et al., 1997, 1998; Whitby and
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Dixon, 1997, 1998; Oram et al., 1998). Both enzymes
distort the stacked-X Holliday junction conformer (which
predominates in the presence of divalent metal ions) into a
square-planar extended structure, similar to that processed
by RuvC (Bennett and West, 1995; White and Lilley,
1997a, 1998).

It has been proposed that several mitochondrial
genomes linked via recombination junctions constitute
the mtDNA heritable unit in S.cerevisiae, whose size is
directly affected by the presence of Ccel (Lockshon et al.,
1995). This may be the case in S.pombe as the increase in
mtDNA aggregation in Ydc2-deficient cells correlates
with a reduction in the number of nucleoids (Doe et al.,
2000). The resolvase activity of Ydc2/Ccel is therefore
part of the pathway of mtDNA partitioning in yeast cells
acting specifically upon junctions formed in some repli-
cation-related recombination process, e.g. the initiation of
rolling circle replication by homologous recombination.
This may be a specialized adaptation of a more general
role performed by junction resolvases during DNA
replication.

In order to gain further insight into the mechanism of
junction isomerization and sequence-specific resolution by
these eukaryotic resolvases, we have now determined the
crystal structure of the Ydc2 Holliday junction resolvase
from the fission yeast S.pombe, at 2.3 A resolution. The
structure allows the identification of catalytic residues
(which are confirmed by mutagenesis studies), suggests a
mechanism for communication between active sites and
explains the preference of Ydc2 for binding to Holliday
junction substrates in an open conformation.

Results

Overall fold

The structure of Ydc2 was determined by single-wave-
length anomalous dispersion (SAD) using bacterially
expressed recombinant protein, incorporating seleno-
methionine (see Materials and methods), and refined to
2.3 A resolution. The structure can be subdivided roughly
into two domains, the first consisting of a large f—o—f3
motif (residues 39-241), and the second a smaller helical
bundle formed by segments from both the N- (residues
7-38) and C-termini (residues 241-256) (Figure 1A and
B). In solution, Ydc2 is dimeric and appears as an intimate
dimer in the crystals (see Materials and methods) where
the monomers are related by non-crystallographic sym-
metry (NCS). The overall morphology of the dimer
resembles the letter ‘S’ (Figure 1C) and the interface is
formed by the mutual packing of helices 3 and 4 from each
monomer. Approximately 1290 A? of solvent-accessible
surface is buried on dimer formation that largely derives
from the mutual association of hydrophobic patches
provided by the side chains of Metl137, Metl141, Alal44
and Leul45. The strong complementarity of the interface
and the high degree of hydrophobic burial suggest that this
dimer is biologically authentic.

Evolutionary relationship to other Holliday
junction resolvases

Comparison of the amino acid sequence of Ydc2 with the
available protein sequence databases (Altschul et al.,
1997) identifies some close yeast and fungal mitochondrial
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homologues, including Ccel and the Mrs1 intron splicing
factor (Wardleworth et al., 2000), but does not identify any
of the Holliday junction-resolving enzymes previously
characterized. Searches starting with the large number of
available eubacterial RuvC sequences (Aravind et al.,
2000) did unite the Ydc2/Ccel/Mrsl cluster into a large
0o—B endonuclease family which includes the bacterial,
viral and mitochondrial resolvases, as well as some other
nucleases [CATH code: 3.30.420.10 (Pearl et al., 2000);
SCOP: RNase H-like superfamily (Murzin et al., 1995)].

The predicted relationship to RuvC is confirmed by
comparison of the refined Ydc2 structure with the CATH
structural database (Pearl er al., 2000), which identifies the
E.coli RuvC structure (PDB code: 1HJR) as the most
significant match (Figure 2A). Structural alignment of
Ydc2 on RuvC using SSAP (Orengo et al., 1992)
effectively superimposes strands a—e of the central
B-sheet, helices 3, 4, 5 and 6, and the first two-thirds of
helix 8 on equivalent secondary structures in RuvC, with
the same topology (Figure 2B). The major difference
between the folds occurs in the segment immediately
preceding the final helix, which is a seven-residue loop in
RuvC, but becomes elaborated into a sixth strand (f) of the
[B-sheet and helix 7, in Ydc2. The small helical domain in
Ydc2, formed by helices 1 and 2 and the last third of the
C-terminal helix 8, has no equivalent in RuvC. The overall
sequence identity between Ydc2 and E.coli RuvC on the
basis of this structural alignment is <10%. The sequence
identity between Ydc2 and Ccel is ~21% although Ydc2 is
nearly 80 residues shorter. The additional residues in Ccel
are accommodated in more extensive loops existing
between helices 1 and 2, 5 and 6, 6 and 7, and 7 and 8,
as well as an extension of ~30 residues at the C-terminus.
Relatively few insertions occur in the remainder of the
structure that comprises the central B-sheet, and helices 3
and 4 that form the dimer interface.

Active site location and catalytic residues.

Proteins that have evolved to interact with nucleic acids
are found typically to display an anisotropic distribution of
charged amino acids. This generates a strong dipole
moment across the protein molecule, which promotes high
affinity for the negatively charged nucleic acid backbone
when presented in a favourable orientation. As expected,
calculation of the surface electrostatic potential of the
Ydc2 dimer shows a very marked anisotropy, with one
face of the flattened ‘S’ structure displaying a considerable
degree of positive potential (Figure 3A). These regions are
centred on the small helical bundle domain, and on the
loops connecting helices 5 and 6, helices 7 and 8, and
strand d with helix 4, which protrude from the surface of
this face. In contrast to the predominantly positively
charged face in Ydc2, which is presumed to be involved in
DNA binding, the base of the valley between the strand
d-helix 4 and helix 5-helix 6 loops displays an intense
negative potential. This negatively charged patch is
generated by a cluster of acidic residues originating from
the C-terminal ends of strands a (Asp46) and d (Glul17),
in addition to the N-terminus of helix 8 (Asp226, Asp227
and Asp230). These residues are conserved in Ccel and, in
the structure-based alignment with RuvC (the exception
being Asp226 in Ydc2), correspond to a conserved acidic
cluster (Ariyoshi et al., 1994) (Figure 3B). Within this
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Fig. 1. Ydc2 structure. (A) Secondary structure cartoon of the Ydc2 monomer. This and other molecular graphics figures were generated using
Bobscript (Robert Esnouf’s adaptation of Molscript; Kraulis, 1991) and rendered using RASTER3D (Merrit and Murphy, 1994), except for Figures 3A
and 7B, which were generated using GRASP (Nicholls et al., 1993). (B) Topology of the secondary structural elements. (C) Secondary structure
cartoon of the Ydc2 dimer observed in the crystals, viewed down the non-crystallographic 2-fold axis. The significant surface area burial and
conservation of the interface suggest that this is the biologically authentic dimer.

cluster in RuvC, Asp7 and Aspl41 were shown to bind
Mn?* ions in soaked crystals, and mutation of either caused
complete loss of nuclease activity, but not junction binding
(Ichiyanagi et al., 1998). Taken together with the
dependence of the nuclease activity of RuvC on Mg?*
(Bennett et al., 1993; Takahagi et al., 1994), these data
implicate Asp7 and Aspl4l as the binding sites for
catalytic Mg2* ion(s). In one of the monomers forming the
asymmetric unit in the Ydc2 structure, difference Fourier
maps in the vicinity of this cluster show an electron density
feature consistent with a single bound metal ion close to
the carboxylate side chains of Asp46, Asp230 and Glul17,
which are topologically equivalent to Asp7, Aspl41 and
Glu66 of RuvC (Figure 4A). Additional ligands to the
putative metal are provided by the hydroxyl group of
Tyrl72 and the peptide carbonyl of Argll8. This

coordination is more commonly associated with Ca2*
ions although none were included explicitly in the
buffers used for protein purification or crystallization.
Consistent with essential roles in the chelation of catalytic
metal ions, site-directed mutation of either Asp230 or
Asp46 in Ydc2 to asparagine resulted in total loss of
Holliday junction cleavage activity even in the presence of
high concentrations of Mg?*, although both mutants
retained wild-type binding affinity for Holliday junctions
(Figure 4B and C).

In a previous mutagenesis study of Ccel (Wardleworth
et al., 2000), two other acidic residues (Asp293 and
Asp294) were identified as essential for Mg?* binding and,
consequently, for catalytic activity. Although the corres-
ponding residues in the Ydc2 structure (Asp226 and
Asp227) are close to the putative metal site, they are
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Fig. 2. Structural homology of Ydc2 and RuvC. (A) Secondary structure cartoons of Ydc2 (left) and E.coli RuvC (right) colour-ramped blue—red
from the N- to C-termini. The structures were superimposed using SSAP (Orengo et al., 1992) and separated for clarity. (B) Structure-based sequence
alignment of Ydc2 and E.coli RuvC. Residues implicated in catalysis and conserved between Ydc2 and RuvC are highlighted in magenta.

unfavourably positioned to make direct contact, but are
linked to the direct metal ligands. Thus, the peptide
carbonyl oxygen of Asp226 is hydrogen bonded to the
peptide nitrogen of Asp230, one turn along in helix 8, and
Asp227 on the same helix makes a side chain hydrogen
bond to Asn51 on the B-hairpin that carries Asp46.
Therefore, mutations in Asp226 and/or Asp227 that have
the potential to cause shifts in their interactions and
position may achieve some of their effect on Mg?* binding
indirectly by creating shifts in the positions of the direct
ligands Asp46, Asp230 and Glull7 to which they are
coupled conformationally. In addition, the reduction in
negative electrostatic potential that would result from
mutation of the carboxylate side chain could significantly
destabilize the binding of cations. It is worth noting that
Tyr172 is replaced by threonine in Ccel, which, although
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capable of similar interactions with a metal ion, would be
at an inappropriate distance from the binding site without
remodelling of the region.

Other residues mutated in Ccel that produced either loss
of catalysis or a reduction in junction binding include the
residues equivalent to Phe52, Argl18, GInl119, Argl91
and Lys225 in Ydc2. The mutation of Phe52 to alanine
results in a 200-fold reduction in activity and also a
decrease in binding affinity. It is clear from the Ydc2
structure that this residue is buried in the hydrophobic core
of the protein and is incapable of having any direct role in
interacting with a Holliday junction. Destabilization of the
protein structure or disruption of its folding pathway are
probably the most likely explanations for the loss of
function associated with this mutation. Similar reductions
in binding affinity have also been observed for mutants of
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Fig. 3. DNA-binding surface and active site of Ydc2. (A) Orthogonal views of the molecular surface of the Ydc2 dimer coloured (blue—red,
+ve——ve) according to electrostatic potential. One face (left) shows a substantial excess of basic residues consistent with DNA binding, whilst the
recessed negative patches are formed by a cluster of conserved acidic residues (red arrows). The ‘pin’ segments connecting strand d and helix 4
protrude from this face (black arrows). The opposite face (right) has a more acidic surface. (B) Conserved residues forming the acidic patch from
Ydc2 (yellow) structurally aligned with the topologically equivalent residues from RuvC (green). Mutagenesis and crystallographic studies of RuvC

implicate Asp7 and Aspl41 as essential ligands for a catalytic metal ion.

Argl91 and Lys225. Both are located close to the catalytic
centre at the C-terminal ends of helices 6 and 8,
respectively, and are therefore likely to have roles in
Holliday junction binding via interactions with phosphate
groups. Consistent with this, electron density for single
sulfate ions associated with the guanidinium head groups
of Arg191 in both monomers has been observed. Residues
Argl18 and GInl19 are positioned adjacent to Glull7,
which is a direct ligand of the bound metal ion in Ydc2 and
probably has an important role in catalysis. Any mutations
in this region are therefore likely to alter the environment
of Glull7, resulting in reduced hydrolytic activity and
diminished binding affinity due to remodelling of the
flexible 117-128 loop.

Conformational flexibility in the Ydc2 dimer

Comparison of the two molecules forming the crystallo-
graphic asymmetric unit reveals a number of regions
within Ydc?2 that appear capable of undergoing significant
movement. Of particular interest are the conformational

differences that occur in the active site involving helix 5,
B-strand d and the side chain of Asp230 (Figure 5A). In
one monomer, residues Asp230, Asp46, Glull7 and
Tyr172 are liganded directly to a putative metal ion, as
described above. In the second monomer, this site is
substantially rearranged. Asp230 adopts a different
rotamer that directs it away from the metal-binding site.
In addition, movements in helix 5 of ~5 A together with
substantial remodelling of B-strand d result in the side
chains of Glull7 and Tyrl72 also being directed away
from the metal-binding site. The largest movement
involves Tyr172, which rotates ~180° from its position
in the first monomer and becomes directed towards the
solvent. These differences in conformation completely
disrupt the interactions observed with the metal ion in the
first monomer, and no electron density for a bound metal is
present in the second.

Changes in conformation are also apparent in the loop
spanning residues 59-62, helix 4, which forms part of the
dimer interface, and the side chains of residues 230 and
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Fig. 4. Identification and mutagenesis of catalytic residues. (A) Bound metal ion observed in one Ydc2 monomer. The coordination is most consistent
with a calcium ion, but the site would probably accommodate two Mg?* ions during catalysis. The electron density shown is from an F, — F, map
contoured at 2.56. (B) Mutation of either of the direct metal ligands Asp46 or Asp230 to asparagine completely abolishes the ability of Ydc2 to
resolve Holliday junctions in the presence of Mg?*, compared with the wild-type enzyme, which efficiently releases nicked duplexes under the same
reaction conditions. (C) Both mutants and the wild-type enzyme are able to bind to Holliday junctions in the absence of Mg2*, implying purely

catalytic roles for Asp46 and Asp230.

223. In addition, residues 22-25, 122-129, 181-189 and
220 become disordered in the metal-free monomer.
Residues 153-159 and 181-186 are disordered in the
metal-bound monomer. With the exception of residues
59-62, all of these regions are located at or close to the
surface of the Ydc2 dimer and map to the positively
charged face presumed to associate with the Holliday
junction. It is likely that these segments of polypeptide are
involved in substrate recognition and may undergo
significant rearrangements in order to facilitate junction
binding. In the metal-bound monomer, residues 118—-128
form part of a ‘pin’ anchored by strand d and helix 4 at the
N- and C-termini, respectively. The latter part of the loop
(residues Ser123-Ile128) is involved in crystal contacts,
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which would certainly contribute to the ordering of this
region compared with the metal-free monomer. These
interactions, however, are >18 A distant from Glul17 and
are therefore unlikely to be responsible for the conforma-
tional differences observed. The sensitivity of Ccel
activity to mutations of the equivalent residues to
Argl18 or GInl19 suggests that the ‘pin’ may play a
role in correctly positioning Glull7 for -catalysis.
Variations in the conformation of the active site are
transmitted via Glul17 and influence the conformation
and order of the ‘pin’ segment. Changes in ‘pin’
conformation would then be communicated to the other
monomer via helix 4, which is directly involved in
formation of the dimer interface.



Structure of S.pombe Holliday junction resolvase Ydc2

Fig. 5. Active site variability and communication. (A) Superposition of the active sites from the metal-ion bound monomer (yellow) and the metal-free
monomer (green). Significant changes in conformation of side chains and in the order of adjacent segments of the polypeptide chain occur as a result
of metal ion binding. (B) A pathway for communication between the two active sites is provided by the direct interaction of the N-termini of helix 4
at the dimer interface. These are directly linked to the flexible ‘pin’ segments, which in turn connect to the active site metal ion ligand Glul17.
Changes in the conformation of one active site would be communicated to the other site via this pathway, and could mediate the positive

cooperativity observed between the first and second strand cleavage reactions.

Model for junction binding

The four-way DNA Holliday junctions recognized and
cleaved by Holliday junction resolvases can exist in two
interchangeable but distinct three-dimensional structures
(reviewed in Duckett et al., 1995; Lilley and Norman,
1999). In the folded state (Ortiz-Lombardia et al., 1999),
the two strand-swapped duplexes traverse each other at an
acute angle, in a so-called ‘stacked-X’ structure where one
strand (continuous) from each duplex remains more or less
co-linear with the helix axis. The complementary (dis-
continuous) strand reverses direction as it invades the
homologous duplex. In the open state, observed in
complexes with RuvA tetramers or octamers (Hargreaves
et al., 1998; Roe et al., 1998; Ariyoshi et al., 2000), the
Holliday junction has an approximately square-planar
structure in which all four arms are equivalent, with no
distinction between continuous and discontinuous strands.
The presentation of the sugar-phosphate backbone is

sufficiently different between these two states that inter-
acting proteins inevitably are committed evolutionarily to
preferential interaction with one or the other, and may
thereby promote their interconversion.

Biochemical data for Ccel and Ydc2 binding to
Holliday junctions suggest a strong preference for binding
to an open rather than folded conformation and an ability
to promote unfolding of stacked-X structures (White and
Lilley, 1997b, 1998; White et al., 1997; Kvaratskhelia
et al., 1999), in a similar way to the bacterial RuvA and the
proposed RuvABC complex (Bennett and West, 1995;
Parsons et al., 1995; Whitby et al., 1996; Eggleston et al.,
1997). Preferential cleavage of a bound Holliday junction
by Ydc2 occurs on opposite strands of the phosphodiester
bonds at, or adjacent to, the point of strand crossover. The
distance between the pair of scissile bonds in a Holliday
Jjunction with an open square-planar structure (Roe et al.,
1998) is ~30-35 A. In an antiparallel stacked-X structure
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(Ortiz-Lombardia et al., 1999), the scissile bonds jn the
continuous strands are also separated by ~30-35 A, but
this can be reduced substantially for the discontinuous
strands. The observed distance between the putative metal
sites in the Ydc2 dimer is ~34 A, allowing simultaneous
interaction with symmetry-equivalent bonds in the DNA
backbone either in an open square-planar conformation or
with the continuous strands in a stacked-X conformation.
However, binding of the stacked-X conformation would
generate a substantial steric clash between the points of
crossover at the centre of the folded Holliday junction and
the ‘pin’ (see above) at the dimer interface. In the square-
planar conformation, these central protrusions are accom-
modated by the central hole. A model Holliday junction in
the open square-planar conformation can thus be docked
against the positively charged surface of the Ydc2 dimer
with no significant steric clashes with the protein, such that
both scissile bonds are simultaneously within ~6 A of the
putative active sites (Figure 6). In this modelled complex,
the major groove in each arm of the junction is directed
away from the protein surface and fully exposed, con-
sistent with methylation protection studies of Ydc2 (White
and Lilley, 1998). Two opposing arms in the square-planar
Holliday junction in this modelled complex come into
close contact with the positively charged surface of the
triple-helix domains, disposed on either side of the Ydc2
dimer. A plethora of lysine and arginine side chains extend
from this surface and could make extensive ionic and
hydrogen-bonding interactions with the negatively
charged sugar-phosphate backbone of the DNA in these
arms of the junction, providing a platform that supports the
open unstacked conformation.

Discussion

The crystal structure of Ydc2 confirms the prediction that
the mitochondrial resolvases are evolutionarily related to
the RuvC family of resolving enzymes, although they
exhibit almost undetectable similarity at the sequence
level. There are, however, distinct structural differences
between Ydc2 and RuvC, most notably the triple-helix
domain in Ydc2, which is formed by N- and C-terminal
extensions to the conserved core fold. Structural alignment
of Ydc2 with bacterial RuvC implicates Asp46 and
Asp230 as catalytic residues rather than Asp226 and
Asp227 as suggested by earlier mutagenesis studies
(Wardleworth et al., 2000), and the carboxylates of
Asp46 and Asp230 are in direct contact with a bound
metal ion in one monomer of the Ydc2 structure.
Consistent with a role in catalysis, D46N and D230N
Ydc2 mutants retain junction-binding activity, but fail to
cleave. In the crystals, only one of the putative active sites
in the dimer is occupied by a metal ion, and comparison of
the two monomers reveals conformational differences
between the catalytic groups in the metal-bound and free
monomers that are directly connected to the helices
forming the ‘pin’ structure at the dimer interface. The
coupling of active site conformation to the dimer interface
is particularly interesting, and may play a role in the
positive cooperativity observed between the first and
second cleavage reactions (Fogg et al., 2000). Thus,
following the first cleavage, conformational changes
within the active site of the first monomer could result in
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Fig. 6. Holliday junction complex. Model of a productive
Ydc2-Holliday junction complex. A model Holliday junction in an
open, approximately square-planar conformation (transparent CPK
model) can be docked onto the basic face of the Ydc2 dimer, bringing
the scissile phosphodiester bonds close to the acidic cluster and the
metal ion-binding site (red). The ‘pin’ and N-terminus of helix 4 that
protrude from this face are accommodated by the centre of the open
junction, but would prevent binding of the junction in a stacked-X
conformation. Scissile phosphate groups are highlighted in yellow.

ejection of the metal ion(s) and trigger movements in helix
4 of the dimer interface via the 118-128 loop. These
motions could be relayed to the catalytic residues of the
second monomer and promote optimal positioning for
metal ion binding and subsequent catalysis, possibly
assisted by changes in the Holliday junction structure
itself resulting from the initial incision (Figure 5B).

The positions of the catalytic site and putative metal ion,
in conjunction with the distinctive positive potential and
‘pin’ structure on one face of the dimer, have enabled us to
construct a plausible model for a productive Ydc2-
Holliday junction complex based on a square-planar
extended junction conformation. In this model, the
triple-helix domains mediate a considerable number of
interactions involving lysines/arginines and phosphate
groups and may therefore have essential roles in substrate
recognition. The ‘pin’ structure at the dimer interface
protrudes into the centre of the open junction, and may
play a role in mediating the observed specificity for the
sequence in the vicinity of the point of strand crossover.

The addition of the highly basic triple-helix domain
significantly alters the overall shape of the Ydc2 dimer as



Fig. 7. Convergent ‘S’-shaped structures for Ydc2 and T4 endo VIIL
Ydc2 (left) and bacteriophage T4 endo VII (right) show a remarkable
similarity in their overall shape, despite totally unrelated architectures
and folds. Both have an ‘S’ shape when viewed towards their basic
DNA-binding surfaces, and both have basic triple-helix domains
extending out from their core. However, they have very different
specificity for the conformation of their Holliday junction substrate.

compared with the RuvC structure, generating an ‘S’-
shaped structure with a distinctive positive potential over
one face. Although entirely unrelated in sequence or
polypeptide fold, an ‘S’-shaped structure has also been
observed for the bacteriophage Holliday junction resol-
vase, T4 endo VII (Raaijmakers et al., 1999). In both
cases, one face of the dimer displays a significantly basic
character consistent with a role in DNA binding, and
defines the ‘hand’ of both structures as ‘S’ shaped rather
than Z’ shaped. The putative active sites in both Ydc2 and
T4 endo VII occur close to the ‘elbow’ between the central
dimerized domain and laterally protruding triple-helix
domain. However, the inter-site spacing is significantly
shorter in the case of T4 endo VII, reflecting its preference
for cleavage of a stacked-X Holliday junction conform-
ation, rather than the open structure promoted by Ydc2
(Figure 7).

In the context of a RuvABC complex, the activity of
RuvC is functionally coupled to RuvA, which manipulates
the junction into the extended conformation observed
in the RuvA-Holliday junction complex structures
(Hargreaves et al., 1998; Roe et al., 1998; Ariyoshi et al.,
2000). The yeast mitochondrial enzymes Ccel and Ydc2
seem to have no requirement for a separate junction
isomerase protein, and are able to induce an extended
conformation themselves, even in the presence of high
concentrations of divalent metal ions. By opening the
stacked-X junction, they may achieve some degree of
short-range ‘scanning’ to locate their specific sequences
close to the crossover point. An interesting prospect is that
Ydc2/Ccel may operate as a functional fusion of RuvC
and RuvA, thus preparing the junction for branch migra-
tion. Long-range scanning, if a biological requisite, must
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still be presumed to depend on an active ATP-dependent
helicase partner, analogous to the bacterial RuvB, which
is at present unknown. In budding yeast cells, Ccel is
found to be associated with the mitochondrial inner
membrane (Ezekiel and Zassenhaus, 1993), presenting
the problem of how the enzyme finds its substrates. One
possibility is that all junctions are formed and processed at
replication/

repair ‘factories’ at the inner mitochondrial membrane.
Alternatively, there may be some active mechanism of
junction translocation, analogous to branch migration.
This would ensure a system of delivering the junctions to
Ydc2/Ccel and at the same time would address the
problem of junctions formed at uncleavable sequences.

Materials and methods

Cloning, expression and purification

The expression plasmid pET-Ydc2 contained the Ydc2 open reading
frame (ORF) cloned in the Ndel-Xhol sites of the pET21a(+) vector
(Oram et al., 1998). The Ydc2-His expression construct (pET-Ydc2-His)
was generated by mutating the 3" end of the cloned sequence in plasmid
PET-Ydc2 containing the natural stop codon and the Xhol cloning site
(TAGCTCGAG), to TATCGCGAG, using the Quick Change® system
(Stratagene). This extended the Ydc2 ORF by two extra amino acid
residues (tyrosine and arginine) in-frame with the C-terminal Hisq tag in
the pET21a(+) vector.

Escherichia coli BL21 (DE3) cells (Novagen) transformed with
pET21a-Ydc2 were grown at 37°C in LB supplemented with 100 pg/ml
ampicillin to an ODggg nm Of 0.8, before induction with 0.1 mM isopropyl-
-D-thiogalactopyranoside (IPTG). Cultures were incubated for a further
3—4 h, before harvesting by centrifugation at 2000 g for 15 min. Cell
pellets were resuspended in 20 ml of buffer A (50 mM Tris NaH,POy,,
15 mM imidazole, 1 M NaCl pH 7.5) per litre of original culture and
stored at —80°C. For biosynthetic labelling of Ydc2 with seleno-L-
methionine (Se-Met), BL21 or B834 (DE3) cells transformed with
pET21a-Ydc2 were grown at 30°C in minimal medium supplemented
with 0.8 mM Se-Met, and induced under the same growth conditions.
DNase I (10 pg/ml) and a protease inhibitor cocktail (Boehringer
Mannheim) were added to the thawed cell suspension before disruption
by sonication on ice. Cell lysates were clarified by centrifugation at
40000 g and loaded onto Ni-NTA (Qiagen) or Talon columns (5 X 1.6 cm)
equilibrated in buffer A. This was followed by washing with 100 ml of
buffer A and then 100 ml of buffer B (buffer A with 50 mM imidazole
pH 7.5), before elution with 100 ml of buffer C (buffer A with 500 mM
imidazole pH 7.5). The Ydc2 pool was buffer-exchanged immediately by
gel filtration using a Sephadex G25 column (10 X 1.6 cm), pre-
equilibrated in 50 mM Tris, 1 M NaCl, 5% (w/v) glycerol pH 8 and eluted
at 2 ml/min. This step was necessary to reduce time-dependent
precipitation of Ydc2. All fractions were analysed by Tris-tricine
SDS-PAGE and were essentially pure by visual inspection. The buffer-
exchanged Ydc2 pool was then concentrated by ultrafiltration using a
centrifugal concentrator (10 kDa NMWL) (Vivascience) to 10 mg/ml and
used in protein crystallization trials. Se-Met-labelled samples were also
purified using the above procedure.

Crystallization and data collection

Crystals of the native protein were grown using the microbatch
crystallization technique from the following conditions: 2.0 M ammo-
nium sulfate/dihydrogen phosphate, 0.1 M sodium acetate pH 4.6/0.1 M
Tris—HCI pH 8.5. Crystals were also obtained from 0.5 M lithium sulfate
monohydrate and 15% (w/v) polyethylene glycol 8000. Se-Met-
substituted crystals could only be obtained from 2.0 M ammonium
sulfate/dihydrogen phosphate, 0.1 M sodium acetate pH 4.6/0.1 M
Tris—HCI pH 8.5 after streak seeding. All crystals were orthorhombic;
however, four distinct but related forms were identified, of which two
were used for structure determination and refinement (forms 1 and 2, see
Table I). Crystal volume calculations indicated that both forms contained
two molecules in the asymmetric unit. A significant (400) peak at
u = 0.055, v = 0.00, w = 0.5 in native Patterson functions calculated for
form 1 suggested that the two independent molecules were related by a
non-crystallographic translation. Systematic absences in form 1 were
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Table I. Crystallographic data

Crystal Se-Met (form 1), Native (form 2)
A =0.9796

Space group P2,2,2 P2,2,2,

Unit cell a=7474 a =72.00
b =133.37 b =133.94
c=7723 c=173.25

No. of molecules/asymmetric unit 2 2

Solvent content (%) 58 54

Resolution (A) 30-2.85 30-2.3

No. of unique reflections 18 530 31239

Completeness (%) 99.3 91.9

Multiplicity 4.0 34

Rinerge (%) (outer) 0.048 (0.162) 0.034 (0.219)

I/o(I) 8.8 (2.6) 16.0 (3.6)

<FOM> (from SOLVE) 0.34 (0.24)

Refinement statistics (crystal form 2)

Resolution (A) 30-2.3

No. of protein atoms 3749

No. of water molecules 222

No. of sulfate ions 2

Ricee 0.270

Reryst 0.238

ambiguous and it was impossible to distinguish between P2,2,2 or
P2,2,2,. Significant differences in the cell dimensions of form 2 relative
to form 1 were observed, particularly in the length of the c-axis, which
decreased by up to 4 A. Unlike form 1, there was no convincing evidence
of a non-origin peak in native Patterson functions, and systematic
absences along the c-axis indicated the space group to be P2,2,2;.

Structure determination and refinement

The structure of Ydc2 was solved using the Se-Met SAD technique with
peak wavelength data collected at the ESRF on beamline 1D14-4.
Diffraction data were collected on a single Se-Met-substituted crystal
(form 1) at 100 K and processed using DENZO (Otwinowski and Minor,
1993) and SCALA (CCP4, 1994) to 2.85 A. A full three-wavelength
multiwavelength amorphous dispersion (MAD) experiment was per-
formed, but remote and inflection point data had to be excluded due to
considerable radiation damage. Ten out of the possible 14 Se atoms in the
asymmetric unit were identified using SOLVE (Terwilliger and
Berendzen, 1999) with calculations executed in space group P2,2,2
and the resultant preliminary phases improved using RESOLVE
(Terwilliger, 2000). The initial map calculated from the RESOLVE
phases was readily interpretable and it was possible to assign ~60% of the
total structure including side chains of a single monomer using O (Jones
etal., 1991) (the remaining monomer was generated by application of the
NCS operator). This partial structure was refined using CNS (Briinger
et al., 1998) and the coordinates used as a molecular replacement search
model in AmoRe (Navaza, 1994) to determine the orientation and
position of the two Ydc2 molecules within the form 2 unit cell where data
were available to higher resolution (2.3 A). The highest peaks were
obtained when the translation function was performed in P2,2,2,,
confirming it as the correct space group. The correctly positioned
molecules were subjected to cycles of refinement and manual rebuilding
until the entire sequence could be placed with the exception of disordered
loops and some solvent-exposed side chains. Initially, all modifications
were made to one monomer and the NCS operator used to generate the
second; however, in later cycles, both molecules were refined and rebuilt
independently. The current model consists of 3749 protein atoms, 222
water molecules and two sulfate ions, with geometric parameters well
within the expected ranges for structures at this resolution (Laskowski,
1993). Coordinates for the refined structure have been deposited in the
Protein Databank with accession code 1KCF.

Mutagenesis
Mutations of Asp46 and Asp230 to asparagine were engineered using the
Quick Change® site-directed mutagenesis kit from Stratagene and were
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verified by sequencing. The two mutant proteins were overexpressed and
purified as for wild-type Ydc2.

Junction resolvase activity was assayed using a synthetic four-way
junction X12, end-labelled with 32P in strand 1, as previously described
(Oram et al., 1998). Reaction mixtures contained ~5 ng of of X12 DNA in
50 mM Tris-HCl pH 8.0, 10 mM MgCl,, 50 mM KCI, 1 mM
dithiothreitol (DTT) and 100 pg/ml bovine serum albumin (BSA), and
the indicated amount of Ydc2 (expressed as monomers of protein). The
reactions were analysed by 6% neutral PAGE and visualized using a
Fujifilm FLA-2000 phosphorimager. Binding reactions were performed
in 50 mM Tris—HCI pH 8.0, 200 mM NaCl, 5 mM EDTA, 1 mM DTT,
100 pg/ml BSA. The reactions contained 5 ng of 32P-labelled synthetic
junction and varying concentrations of Ydc2. Proteins were diluted in
20 mM Tris—HCI pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5 mM DTT,
100 pg/ml BSA and 10% glycerol. Incubation was for 15 min on ice and
samples were loaded directly onto 6% polyacrylamide gels in TBE buffer.
Electrophoresis was performed at 10 V/cm at 4°C with continuous buffer
recirculation. Gels were dried and bands visualized using a Fujifilm
FLA-2000 phosphorimager.
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