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1. Introduction

It is essential for living organisms to replicate and transfer
the genetic information in the genome precisely from parents
to offspring. For this purpose, many repair systems have bee
established in cells during evolution, and they function to
ensure genomic integrity, as described in this special issue
The proofreading activity of DNA polymerases directly
functions in accurate DNA strand synthesig addition,
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several repair systems operate at the damaged points and
are controlled by the cell cycle checkpoint systehiThe
well-known DNA repair systems, such as nucleotide excision
repair (NER), base excision repair (BER), mismatch repair
(MMR), homologous recombination repair (HRR), and end
joining, are conserved from prokaryotes to eukaryétes.

In cells, accurate DNA replication is often blocked by a
variety of intrinsic and extrinsic causes, including nucleotide
lesions, backbone gaps, and other anomalous regions, as well
as by topological stress, tightly bound proteins, aberrant DNA
structures, and many DNA-damaging agéentsThese blocks
during DNA replication lead to serious diseases, including
cancer. To overcome stalled fork progression, cells utilize
replication-coupled repair systems. DNA polymerase-de-
pendent translesion synthesis and bypass or collapse/restart
of the stalled fork are two major pathways? In the latter
case, homologous recombination (HR) plays a major role in
the process, where a four-way junction is formed by
unwinding the stalled fork, so that fork regression can allow
the newly synthesized strands and the parental strands to
anneal. This four-way junction structure is just like a Holliday
junction (HJ) intermediate in HR, as originally identified by
Holliday.** This intermediate could be processed by homolo-
gous recombination either after or without cleavage. Current
models of the HR for double-strand break repair and
replication fork repair are shown in parts A and B,
respectively, of Figure 1. The fork structure could be
reassembled by reprogression after DNA strand systhesis at
the lesion site using the other nascent DNA strand as the
template or by cleavage at the junction point with HJ
resolvases. The HJ-like four-way junction structures formed
from stalled replication forks in the cells have been condi-
tionally observed by electron microscoffy® Alternatively,
the stalled fork can be directly cleaved by structure-specific
endonucleases. When the DNA strands of the four-way

r}unction or fork structure are cleaved by these endonucleases,

the fork can be reconstructed by homologous recombination
'starting from the free DNA ends (Figure 1B). Thus, it is
very important to understand how the physical and functional
interactions between the replication and recombination
enzymes maintain faithful chromosomal duplication.

The coupling mechanisms between replication and recom-
bination have been extensively analyzed BEscherichia
coli.*017.18 The four-way junction, produced by replication
fork regression and referred to as a “chicken foot”, can be
processed by cleavage in two opposing strands at the junction
point by the HJ resolvase, RuvC. Alternatively, the HJ can
be processed without collapse of the fork by cleavage. The
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by the RecBCD exonuclease to reform the fork structure,
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which allows rebuilding of the replisoni€. The RecG
helicase specifically unwinds forked DNA structures to form
the four-way junctionin vitro, and it is believed to have a
critical role in the interconversion of the fork and the four-
way junction?® Formation of the four-way junction is not
necessarily required if only the leading or the lagging strand
is unwound to facilitate the repair and the resumption of
DNA replication. The RecQ helicase can unwind various i), o

branched DNA structureia zitro as well?*?and anin vivo Kosuke Morikawa was born in Tokyo, Japan, in 1942. He earned his
study also showed that RecQ unwinds the lagging strand atg.s. (Pharmaceutical Sciences) and M.Sc. (Pharmaceutical Sciences)
stalled forks to promote the specific degradation of the strand degrees at Tokyo University in 1967 and 1969, respectively. In 1972, he
by the RecJ exonucleade.The processed fork can be obtained his Ph.D. in Pharmaceutical Sciences at Tokyo University. After

stabilized by binding to RecA, with the help of the RecF he had worked on studying nucleic acid structures by X-ray crystallography
RecO, and RecR proteilé ' " and spectroscopy as an assistant professor at Prof. M. Tsuboi's laboratory,

; Faculty of Pharmaceutical Sciences, Tokyo University, for three years,
In eukaryotic cells, homologues of RuvABC and RecG he moved to Prof. B. F. C. Clark's laboratory, Aarhus University, Denmark,

have not been identified yet. However, the presence of theand stayed there until at the end of 1977. There, he made a breakthrough
RecA homologue, Rad51, raises the possibility that Rad51- for determining the crystal structure of E. coli elongation factor Tu. Then,
mediated homologous recombination could repair the stalled {‘Oevzf(‘)fr’xeig IﬁeMF:gJ'agﬁranV%gJ %ﬁ:ﬁcugar[i';"fﬁyhﬁgg‘bggge}\E}?ﬂa”?ﬁ
replication fork via a_HoIIIdayjunCtlon, in the Same manner 1980, he becgmepan FzassistantJ pro?‘/es)s/or, Faculty ofyScience, K?/oto
as propose_d de_'_COI': Homologues of ReCQ_ helicase have University, Japan, and he stayed there until 1986. He was then appointed
also been identified in eukaryotes. In addition to the yeast to pe the director of the department of Structural Biology, PERI/BERI.
Sgsl Gaccharomyces cearsiag) and Rghl $chizosaccha-  Since 2004, he has been the director of BERI. His main research interests
romyces pombeproteins, three human RecQ homologues, have been three-dimensional structural views of DNA-protein and ligand—
BML, WRN, and RECQ4, have been characterized. It is receptor interactions.
well-known that the genes encoding these three RecQ
homologues are responsible for Blooms'’s, Werner’s, and that works as a heterodimer with Emel (human &d
Rothmund-Thomson syndromes, respectively, which are pombé or Mms4 S. cereisia€).?” This protein complex has
hereditary diseasé82® recently been in the spotlight in the research field of DNA
It is not clear whether a pathway for restarting a stalled repair and recombination, where it has caused lots of debate
fork by cleavage exists in eukaryotes. The Mus81 protein, regarding itsn vivo function2”-2In addition to the issue of
which is conserved in all eukaryotic organisms and shareswhether the conventional HJ resolvase exists in eukaryotic
sequence similarity with the XPF (mammals) and Radl cells, the functions of the Mus81 nuclease complex are now
(yeast) endonucleases, is a structure-specific endonucleasene of the major topics in this field.




326 Chemical Reviews, 2006, Vol. 106, No. 2 Ishino et al.

A DNA damage or double strand break B
—_—
S.f ? !S
) 2 —
/4 2
replication stall

5' to 3" resection ‘ l
—_— e\ e
strand invasion ‘ —_—

————— ) _ -
be_ —X—SS fork regression direct cleavage

/ I/
branch migration (helicase) (endonuclease)
and resolution ‘ /
e =\ =
—\a — ) —_— - \
) ( , / —
/ Y A ) / f

2 i

=

%
fﬁ

=

I
non-crossover crossover / B

- -
restart cleavage of four-way junction

Figure 1. Homologous recombination and replication fork repair. (A) The current model of the repair process of the double-strand break

by homologous recombination is shown. Holliday junction (HJ), the recombination intermediate, is made by a RecA-mediated strand exchange

reaction. HJ is processed through migration and cleavage of the junction site. (B) Potential pathways of the stalled replication fork repair.

Stalled replication forks can be restored with or without cleavage. A cleaved fork can be reestablished after homologous recombination.

Proteins involved in these processes are discussed in this review article.

Archaea, the third domain of lif¢,is distinct from both revealed that the encoded protein consists of two distinct
Bacteria and Eukarya (Eukaryote). Whereas Archaea belongdomains, which are similar to the DEAH helicase family
to the prokaryotes in terms of their cellular ultrastructure, and the XPF nuclease superfamily, respecti#eBiochemi-
they share strong similarities with Eukarya in their informa- cal characterization of each purified domain showed that
tion processing pathways, including DNA replication, tran- these proteins have a specific affinity for branched DNA
scription, and translatioff, and the archaeal processes structures, including the replication fork. In fact, the N-
provide useful model systems to understand the moreterminal domain possesses an ATPase activity that was
complex mechanisms of their eukaryal equivalents. In dramatically stimulated by fork-structured DNAs. The C-
addition, the hyperthermophilic Archaea produce very stable terminal domain has an endonuclease activity that specifically
proteins, which are especially useful for three-dimensional cleaved nicked, flapped, and fork-structured DNAs. There-
(3D) structural analyses. fore, we designated this protein as Hef (helicase-associated

Several proteins involved in homologous recombination endonuclease for fork-structured DNA).
are also conserved between Eukarya and Archaea. For Hef is well-conserved in Euryarchaeota, a subdomain of
example, RadA and RadB, which play some important roles Archaea, and may be a prototypical enzyme for the eukary-
in homologous recombinatio®; %3 have sequences more otic XPF/Rad1/Mus81 nuclease family, which functions in
similar to that of eukaryotic Rad51 than to that of bacterial important repair processes for the stalled replication forks.
RecA3*+35 FurthermorePyrococcus furiosuRPA (replica- Biochemical characterization showed that the helicase and
tion protein A), which is composed of three subunits, like endonuclease activities of Hef seem to work together for very
the eukaryotic RPA, but differs from the bacterial SSB efficient fork processing! Interestingly, no homologous
(single-stranded DNA binding protein), clearly stimulated a protein of Hef is found Crenarchaeota, the other subdomain
RadA-mediated strand exchange reac#owith regard to of Archaea. Instead, the crenarchaeal organisms have a
the HJ processing, we identified an archaeal HJ resolvaseprotein comprised of only the endonuclease domain, and its
and named it Hjé” Hjc is an Archaea-specific protein, which  nuclease activity for the branched DNA is completely PCNA
lacks sequence and three-dimensional structural similarity (proliferating cell nuclear antigen)-depend&rfurthermore,
to any other known HJ resolvade®® the very important finding was published by two research

To understand the molecular mechanism of the HJ group simultaneously this summer that the human and mouse
processing in Archaea, we searched for proteins related toorthologue of the archaeal Hef is involved in the repair
Hjc and found a novel endonuclease activityPinfuriosus pathway related to Fanconi anemia, a genetic disease
Identification of the gene corresponding to this activity characterized by genomic instability and cancer predisposi-
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Table 1. Recombination Proteins in the Three Biological published, as described above, scant information exists

Domains regarding the detailed mechanism of homologous strand
function Bacteria ~ Eukarya  Archaea exchange. Recently, a strand exchange scheme has been
DNA end processing RecBCD Rad50 Rads0 reported on the basis of the high-resolution extended helical
Mrell Mrell structure of theMethanococcusoltae RadA crystaF364
Nbs1, Xrs2 Thus, the atomic structures of the RecA family proteins in
mediator RecFOR R§§g55/257 ? complex with DNA are required for a full understanding of
strand exchange RecA Rad51 RadA this reaction mechanism.
ssDNA binding SSB RPA RPA ) . .
branch migration RuAB 2 Him(?)  2.2. RecBCD as a Multifunctional Protein
HJ resolution RuvC ? Hjc Comp|ex
specific helicase RecQ RecQ4, BLM Hjm
WRN, Sgs1 The RecBCD pathway is very major as the main route in
5—3 exonuclease Rec qu‘l 5 the processes of double-strand_break (DSB) repair. This
junction endonuclease (helicase) ? Mus81 Hef protein cqmplex producgs a-@rminated sSDNA mole_cule
replication restart PriA 2 2 coated with RecA protein at double-strand break sites, by

binding to the blunt end of dsDNA followed by unwinding
and cleavage of one strafitiThe activities of the RecBCD
tion.**#4The elucidation of the concrete functions of the Hef enzyme are regulated by Chi sites-GCTGGTGG-3),
protein in the replication fork repair is now a very hotissue. which are well-characterized recombination hot spotg.in
The rapid accumulation of the structural dat&and the coli. The RecBCD complex (330 kDa) has helicase, nuclease,
biochemical characterizations of the protein factors are and RecA-loading activities. These functions of RecBCD are
remarkable in the field of homologous recombination and attributed to the three subunits, which are RecB,-a53
recombinational repair. This review article focuses on the helicase and nuclea8&RecC, which recognizes Chi se-
structures and functions of the proteins involved in the repair quences$! and RecD, a 5-3' helicas€® The RecBCD
process for the restoration of stalled replication forks in the complex progresses along duplex DNA using the bipolar
three biological domains (Table 1). The structural data at motors of RecB and RecD, and thé&tail is processively
atomic resolution, combined with biochemical characteriza- digested. The crystal structure of RecBCD bound to a blunt-
tions, have allowed us to create models for the molecular ended duplex DNA has recently been determitfdd. this
mechanism of each step in the recombinational repair crystal structure, the DNA duplex is split across RecC to
systems. create a forklike structure, in which each separated strand
heads toward different helicase motors. There is a “pin”
structure that protrudes from the surface of RecC, and it
serves to split the duplex DNA. Both RecB and RecD have
the structural fold conserved in Superfamily 1 (SF1) heli-
2.1. Strand Exchange Reaction by RecA Family cases. N_otably, this RecD structure is the first ex_ample (_)f a
Proteins 5'—3' helicase belonging to SF1. It is even more interesting
that RecC adopts the same structure as that of the canonical
The RecA protein is recognized as a recombinase thatSF1 helicases, despite the lack of both conserved sequence
plays a crucial role in HJ formation by an ATP-dependent motifs and helicase activity. RecC may have evolved from
strand exchange reactiéhThe recombinase initiates the a helicase ancestor and lost the unwinding activity during
formation of a nucleoprotein filament to mediate the interac- evolution. This structural study has revealed the mechanism
tion of the DNA strands with homologous sequences in an of how the complex processes DNA ends and recognizes a
ATP-dependent manner. RecA family proteins, including recombinational hot spot.
bacterial RecA, eukaryotic Rad51, and archaeal RadA, have RecBCD contributes to converting the HJ, formed by
conserved structures and functions (Figure 2), and henceregressing the replication fork, to the normal functional fork
homologous recombination is believed to be a ubiquitous structure simply by digesting the nascent duplex DNA from
cellular mechanism. Structural characterizations have beenthe terminus. It is predicted that this highly processive
published for many RecA family proteins from the three helicase/nuclease would easily cleave one arm of the
biological domains. RecA was observed to form right-handed Holliday junction produced by fork regression, to reestablish
helical filaments with~6 molecules per turff~>* Closed  a fork structuré? RecBCD, in combination with RecA, could
ring forms of RecA with 3- or 6-fold symmetry have also also process the DNA terminus made by the RuvC digestion,
been reporteé: Eukaryotic Rad51 filament structures were  to initiate recombination with the intact sister duplex. The
observed as extended or compressed forms in the presencRecA-mediated strand exchange creates a D-loop, and
of ATP or ATPyS ***"Filaments and ring forms of archaeal replication restarts through primosome assembly, as de-
RadAs were also observed by electron microscopy (E2RFf° scribed below.
The crystal structures of the filaméhand the heptameric
ring®* of the archaeal RadA have also been reported. Thesey 3 RPA Stimulates the Strand Exchange
structural studies suggested that the strand exchange activitiyaaction by RecA Family Proteins
of the RecA family proteins is closely related to their

2. Proteins Involved in the Homologous
Recombination Process

conformational flexibility, which is controlled by ATP
binding and hydrolysis. At least four different functional
states of RecADNA nucleoprotein filaments exist with

Single-stranded DNA is a common intermediate in the
various processes of DNA metabolism. Bacterial sSDNA
binding protein (SSB) and eukaryotic replication protein A

different solution conditions, and they are designated O, Ac, (RPA) play essential roles in DNA replication, recombina-

Ao, and P62 Although many structural reports have been

tion, and repair by binding to protect the ssDNA regions
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Figure 2. Structural view of RecA/RadA/Rad51 recombinase. (A) Two different structural states of the RecA proteins. The structural
states are affected by the protein concentration, the bound nucleotide state (ATP, ADP, or no nucleotide), and the presence/absence of
DNA. (B) Schematic drawings of RecA, RadA, and Rad51. Conserved domains among the three protein family members are designated
as domain Il. This region contains the ATP binding/hydrolysis site as well as the oligomerization domain. The red and green boxes indicate
the Walker A and B motifs, respectively. Domain | (yellow box) is conserved only in Eukaryotes and Archaea. The amino acid residue

numbers of each protein are derived fréin furiosusRadA and RadBS. cereisiae Rad51 and Dmcl, anH. coli RecA. (C) Crystal
structures of the core domains of Reddycobacterium tuberculosi¢eft), RadA . furiosus middle), and Rad51 (human; right). Notice
that all three proteins share a similar architecture. ADP/A#fa ATP analogue, shown in a ball-and-stick model, is bound to the RecA
nucleotide binding pocket.

from nucleases and DNA-damaging agents, and also byThese ssDNA binding proteins bind to ssDNA, thereby
keeping them from forming inhibitory second structuf&g? stabilizing the unwound DNA and facilitating the assembly
SSB and RPA bind to ssDNA as a homotetramer and a of the complex through direct interactions with various other
heterotrimer, respectively (Figure 3). Despite the low se- protein factors. RPA stimulates the eukaryotic R&#5and
quence similarity between SSB and RPA, the three- the archaeal RadAmediated strand-exchange reactiims
dimensional structures revealed that they share a similaruitro.

architecture, which contains an oligonucleotide/oligosaccha-  The crystal structures of the apo foffrand the DNA-
ride binding (OB) fold” In bacterial SSB, each 20 kDa bound forni” of human RPA revealed the mechanism of OB-
subunit has one OB fold. On the other hand, RPA70, with fold binding to ssDNA (Figure 3). The two loops in the OB
three RPA subunits, contains two tandem repeats of the OBfold are flexible in the absence of DNA, and the binding
fold, while the other two subunits, RPA32 and RPA14, each pocket is open. Upon the loading of ssDNA, the loops clamp
possess one OB fold, respectively (Figure 3). RPA is also down on it and stabilize the complex in the closed conforma-
found in Archaea. For exampl®,. furiosushas a hetero-  tion. The crystal structures @&. coli SSB in the presence
oligomeric RPA composed of RPA41, RPA32, and RPA4. and absence of ssDNA were reported, and their DNA binding
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Figure 3. Structure and binding mode of the ssDNA binding proteins SSB and RPA. (A) Schematic drawing of SSB/RPA binding to a
ssDNA region. SSB or RPA cooperatively binds and protects ssDNA regions from degradation by nucleases or helicases. (B) Crystal
structures of apo SSHE( coli; left) and RPA human right) oligomers. Each subunit in SSB and RPA is colored differently. In the RPA
complex, which is constructed by combining two independent crystal structures through the flexible linker, RPA70, RPA32, and RPA14
are indicated by green, blue, and yellow. A schematic diagram of the subunit oligomerization is shown at the bottom. (C) Structure of the
ssDNA—-RPA70 OB fold. The protein is shown as a ribbon diagram, and the bound DNA is depicted by a ball-and-stick model (light
yellow). Amino acid residues that recognize ssDNA are shown in ball-and-stick models.

modes were discussé¥’® Recently, the crystal structure of bacterium, has been determirf@dhe D. radioduransSSB
the SSB fronDeinococcus radiodurans hyperradiotolerant  contains two OB folds per monomer and assembles a four-
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OB fold arrangement by means of symmetric dimerization.

Intriguingly, some organisms in the Euryarchaea, a sub-

domain of Archaea, including. furiosus have the eukary-

Ishino et al.

RuvB is a helicase that moves the junction point of HJ
and changes the base pairs of the homologous strands.
However, the amino acid sequence of the RuvB protein does

ote-like RPA, as described above, but the SSBs in the not share any similarity to those of the helicase superfamily
Crenarchaeota, the other subdomain of Archaea, are muclproteins, but it revealed that RuvB is a member of the AAA

more similar to the bacterial SSB proteins, with a single OB
fold for DNA binding and a flexible C-terminal taft The

(ATPase associated with various cellular activities) family
of proteins®® The crystal structure showed that the RuvB

crystal structure of the SSB protein from the Crenarchaeote,subunit is composed of three domains [N (N-terminal), M

Sulfolobus solfataricysunexpectedly showed a striking
similarity to the DNA binding domains of human RPA,

(middle), and C (C-terminal) domains] and forms a cres-
centlike architecture, which is indeed found among the

supporting the idea of the close relationship between ArchaeaAAA ™ family proteins (Figure 4C). The N and M domains

and Eukary&?

There are six OB folds, four in RPA70 and one each in
RPA32 and RPA14, in total in the RPA complex. RPA binds
ssDNA using four OB-folds, three in RPA70 and one in
RPA32, which correspond to the four OB folds in the

are involved in ATP binding and hydrolysis. Domain N binds
domain 1l of RuvA through its protruding hydrophobic

SB-hairpin. Domain C has a winged-helix fold, a motif that
is frequently involved in DNA binding and is important for

pumping out DNA duplexe®:°7

bacterial SSB. The crystal structures of human RPA32 and The crystal structure of the RuvARuvB complex re-
RAP14 have also been determined, and the OB folds within vealed the atomic view of the RuvARuvB interaction. In

both subunits are structurally consenfédéurthermore, the
crystal structure of the RPA trimeric core, comprising the
C-terminal DNA binding domain of RPA70, the central DNA
binding domain of RPA32, and the entire RPA14 molecule,
has been reportéd On the basis of these structural analyses,
a sequential binding model of RPA with a hierarchical
assembly from 5to 3 of the sSDNA has been proposed.

combination with the EM image of the RuvARuvB—
Holliday junction ternary complex, this structural analysis
presented the most convincing atomic structure of the branch
migration complexX? in which the two oppositely oriented
RuvB hexamer ring motors are proposed to pull the DNA
duplex arms on both sides of the RuvA bound at the junction
center (Figure 4D). Conceivably, the upper and lower acidic

EM observations showed that RPA changes its conformationpins from each RuvA tetramer promote the exchange of

from a globular to an elongated form upon DNA bindifig.
The crystal structure of the RPA complex including ssDNA

oncoming base pairs at the junction center. The two RuvB
hexameric rings are responsible for exerting a spiral rotation

will help us to understand the precise mechanism of the force on each encircled DNA arm, using the energy of ATP

specific ssSDNA binding by RPA and the expression of its
functions with various DNA structures.

2.4. RuvABC Proteins for HJ Processing

Resolution of the HJ intermediate in the homologous
recombination process is mainly performed by the RuvABC
proteins in Bacterf&®’ (Figure 4A). At the moment, the

hydrolysis. The asymmetric contacts of the junction DNA
with the two RuvA tetramers suggest that the junction DNA
might oscillate between the two RuvA tetramers during
branch migration.

RuvC is the endonuclease that cleaves the junction point

symmetrically to resolve the HJ and to produce a pair of
nicked duplex DNA$?21°RuvC is the first HJ resolvase for

clearest views of the molecular mechanism of HJ processingWhich a crystal structure has been determifigFigure 5).
are available from structural and functional data on bacterial Structural analyses combined with mutational studies also

RuvA, RuvB, and RuvC and their complexes, including provided insights into the reaction mechanism of HJ resolu-

DNA. These results have been summarized in a recent reviewtion- The two subunits of the RuvC dimer are related by a
articless dyad axis, and each subunit contains a large cleft, which

RuvA forms a fourfold symmetric tetramer to recognize accommodates the dsDNA. At the bottom of the cleft, the
the Holliday junction structure of DN® (Figure 4B). Each dsDNA contacts the catalytic center, which consists of four
subunit consists of distinct domains, domains I, II, and 111, 2Cidic residues, Asp7, Glu66, Asp138, and AspI4The
among which | and Il mainly recognize the Holliday junction combination of structural and biochemical analyses led to
structure and Il plays a regulatory role in ATP-dependent _the c_omplex model of Ruc€HJ DNA, where the Holliday
branch migration through direct contact with RU¥B Two junction adopts the stacked-X form, rather than the square

forms of the RuvA-Holliday junction DNA complex have planar form. The two c_:ontinuous strands coulq be .simulta—
been crystallized to date. The crystal structure containing ane?EBSly and symmetrically cleaved near the junction cen-
single RuvA tetramer and the HJ complex has been solved'®": )

using theE. coli RuvA protein?293On the other hand, the The formation of a RuvABC resolvasome was proposed,
crystal containing two RuvA tetramers, bound to both sides based on the physical interaction of these proteins by
of the junction, has been obtained wittycobacterium leprae ~ COimmunoprecipitation¥* In fact, the junction cleavage by
RuvA protein? These results suggest that the RuvA tet- RuvC was facilitated by the presence of RuvA and R&VB.
ramers bind to the HJ Cooperati\/e|y_ In these Comp|exeS, It is still not krIIOWn'hOW the octameric RuvA Complex, which
the junction DNA adopts an almost square planar structure, Protects the junction from RuvC cleavage, accesses RuvC
and each DNA arm assumes a canonical B-form structure.t0 cleave the junction DNA. Thus, an atomic view of the
These arms are recognized on the minor groove side by theRUVABC resolvasome is critical to clarify this problem.

two helix—hairpin—helix motifs in domain II, using direct RuvABC could be involved in the stalled replication fork
and water-mediated hydrogen bonds. The central acidic pinrepair by cleaving of the “chicken foot” DNA, which is
of the RuvA tetramer, formed by Glu55 and Asp56 from formed by the unwinding of the stalled replication fork. RuvC
each subunit, repels the DNA backbone away from the can cleave the junction symmetrically, and thus, it collapses
junction center by electrostatic repulsion and thereby disruptsthe fork to provide a chance to start the following recom-
the two base pairs at the junction center (Figure 4B). bination for the replication fork restart. Cleavage of the fork
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Figure 4. Holliday junction resolution by the bacterial RuvABC resolvasome. (A) Schematic diagram of Holliday junction processing by
the RuvABC proteins. RuvA binds to the Holliday junction and recruits RuvB. The RuvAB complex moves the junction utilizing the
energy from ATP hydrolysis. It remains unclear how the octameric RuvA complex could be transformed into a state that allows junction
resolution by the RuvC dimer. The RuvC protein may replace one of the RuvA tetramers and cleaves the junction after branch migration.
(B) Structure of the RuvA tetramer. Each subunit is colored differently. The three structural domains within the RuvA subunit are numbered.
(right inset) Crystal structure of the RuvAolliday junction. Only domain | (green), domain Il (blue), and one arm of the bound DNA are
shown. E55 and D56 form an acidic pin, which plays a critical role in junction separation. The bound DNA is shown as a red ribbon. Two
strands of DNA are each recognized by the HhH motifs of domain II. (C) Structure of the RuvB monomer. The three domains (N, M, and
C) are colored blue, green, and red, respectively. A~hairpin, which protrudes from the N domain, binds to domain Il of RuvA through

a hydrophobic interaction. (D) An atomic structure model of RuvAR) DNA based on the crystal structure analyses of RuvA and RuvB
combined with the EM image of the RuvARuvB—HJ complex.
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stripped off the template strands by the simple steric
' HJ resolvase _— hindrance of the wedge domain. The proximity of the two
— displaced strands would allow annealing with their comple-
‘ - mentary sequences. Thus, the function of RecG as a fork
e — reversal machine can be explained by its structural charac-
teristics, as described above.
RecG has some substrate preference for DNA forks
containing a duplex in the lagging strand synthesis but not
Bacteria Eucarya Archaea in the leading strand at the branch pointuitro.!13 RecG
might have a specific role for the conversion of the fork
structure, where lagging strand synthesis proceeds beyond a
block in leading strand synthesis. Recent biochemical
analyses oE. coli RecG showed that the specific binding
of RecG depends on the full-length protein, although the
~ wedge domain itself is critical for the DNA bindirigt In
E. coli RuvC P. furiosus Hjc addition, the strong binding of the wedge to the branch point
Figure 5. HJ resolvases in cells. RuvC, Hjc, and more? Crystal also Cont“bUtfi to the processivity of RecG translocation
structures of the bacterial RuvC and the archaeal Hjc are shown.On the dsDNA:
The two subunits are related by twofold symmetry in both of these  Once the chicken foot has been formed at the stalled fork,
enzymes, as shown in different colors. The active site residues areDNA synthesis can bypass the lesion by template switching
displayed as ball-and-stick models. and subsequent regression of the four-way junction to recover
the fork structure, or by the cleavage pathway with RuvABC,
is especially critical to restart replication when lesions affect as described above. RuvABC and RecG are bacterial

both strands of the template DNA. proteins, and there are no structural (amino acid sequence)
homologues in Eukaryotes and Archaea. However, the
2.5. RecG Helicase important role of these proteins in the replication fork repair
suggests that a protein factor with RuvABC-like or RecG-
Genetic analyses revealed thetG andruv are involved like functions should exist in other organisms.

in the processing of HJ intermediaf€& RecG is a super- . .

family 2 (SF2) helicase originally found ig. coli and it ~ 2.6. HJ Processing in Other Organisms

can cause Holliday junctions to migrate prior to their  In contrast to the RecA family proteins, HJ processing
resolution by the RuvC resolva&®.In E. colicells, therecG proteins are not well conserved in the three biological
and ruy mutations are strongly synergistic and greatly domains. RuvABC homologues exist in a wide variety of
enhance the sensitivity to UV light, indicating that RecG bacterial species, although not all bacteria encoding RuvAB
and RuvABC use different means to process damagedalso have Ruv@'® A sequence similarity search failed to
DNA.1% RecG is able to convert the fork junction structure detect eukaryotic RuvABC homologues. However, both the
to the HJ by regression of the junction point at a stalled fork, junction point migration and cleavage activities have been
in anin zitro replication system?:11°To form a chicken observed and partially purified from mammalian cell-free
foot structure at a stalled fork, simultaneous unwinding of extracts'*¢-11° The successful identification of the proteins
two duplex DNA strands, both the leading and lagging truly responsible for these activities has been anticipated for
strands, is required. RecG can perform as a monomer proteirmany years. A recent report showed that RAD51C, a
to move along both the leading and lagging strand templatesparalogue in human cells, is involved in HJ processfig.

to unwind daughter duplexé$To understand the functional Hjc is the archaeal Holliday junction resolvase, which we
mechanism of the RecG helicase from a structural viewpoint, originally discovered irP. furiosus®’ Using a synthetic HJ

the crystal structure offhermotoga maritimeRecG was as a substrate, we searched for the activity to produce nicked
solved in complex with a synthetic three-way junction, which duplex DNAs by symmetrical cleavage of the HJ in the

is a model of the replication fork stalled in the leading furiosus cell extract in vitro. The target activity was
strand!!! This structure showed how the RecG protein successfully detected after many trials under various condi-
recognizes the junction structure, and thus, a mechanism fortions. Finally, we identified a new gene encoding a novel
fork processing to facilitate replication fork restart has been HJ resolvase, designated as Hjc. Hjc, as a HJ resolvase, has
proposed. RecG consists of three domains, 1, 2, and 3, amonglistinct substrate specificity for HJ cleavage, and the
which domains 2 and 3 form a typical helicase structure with produced nicked duplexes can be rejoined by DNA ligdse.
the characteristic motif for SF2 helicases. The interaction Although no supporting genetic data are available thus far,
site between the protein and the DNA junction is located Hjc resolves the RecA-mediated HJ intermediate made by
primarily on domain 1, which is found only in RecG plasmid DNAIn vitro. These properties of Hjc fulfill the
homologues?? A significant feature of this domain is the requirements for the HJ resolvase.furiosusHjc interacts

one called the “wedge domain”, which forms a significant with RadB, the second RecA/Rad51 family protein in
part of the surface that contacts the bound DNA. RecG binds Archaea®?>*RadB stimulates the HJ cleavage activity in an
to the junction, with the arms of the fork arranged around ATP-dependent mannétand therefore, the concrete func-
the wedge domain. Only the template strands for the leadingtions of RadB in archaeal cells should be elucidated. The
and lagging synthesis, but not duplex DNA, would be able gene encoding Hjc is highly conserved in the archaeal
to pass through the grooves on either side of the wedgegenomes. However, no significant similarity in the amino
domain. Domains 2 and 3 change their conformation and acid sequences exists between the Hjc and bacterial RuvCs.
translocate on the duplex DNA in an ATP-dependent manner, Furthermore, no sequence homologue of Hjc has been found
and consequently, the nascent DNA strands would bein eukaryotic genomes.
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Figure 6. XPF/Mus81/Hef, the structure-specific endonucleases. (A) The domain structures of the XPF/Mus81/Hef family proteins are
shown schematically. XPF forms a heterodimer with ERCC1, and Mus81 forms a heterodimer with Emel/Mms4. Hef is a homodimer. (B)
Structure of the Hef nuclease domain dimer. The two subunits are colored red and blue. Active site residues are shown in yellow. (C)
Structure of the Hef HhH domain dimer. The two subunits are colored differently, as in part B. The two HhH maotifs in a single subunit are
labeled. (D) Model of the Hef nuclease with fork-structured DNA. The model is based on the DNA footprinting and base pairing &halyses.
Each DNA strand is shown as a backbone ribbon. The two HhH domains each bind to the distal arms of the fork DNA. The nuclease
domain binds to the junction center. (E) Structure of the Hef helicase domain. The two conserved helicase domains (blue) contain all of the
helicase motifs required for ATP hydrolysis and DNA translocation to function as a molecular motor. The insertion domain (light blue)
determines the substrate specificity. In the case of Hef, it plays a key role in binding to fork-structured DNA.

The crystal structure dP. furiosusHjc revealed that the  other hand, the RecQ-like helicase (described below) and
folding of the Hjc subunit is vastly different from those of the type | topoisomerase may achieve HJ resolution to non-
the other HJ resolvases determined thus far, although thecrossover products topologically. Current interest is now
homodimer formation is shared as a common fedture focused on whether eukaryotic cells have a conventional HJ
(Figure 5). However, it is quite interesting that the folding resolvase with the same characteristics as those of RuvC and
of the region around the active site in Hjc is very similar to Hjc.?”
those of the type Il restriction endonucleases. The configura-
tions of _thg active site residues are also equivalent to those3' Other Proteins for Converting Fork-Structured
of restriction endonucleases. In fact, careful sequence NA
analyses revealed a weak similarity between the archaeaID
Hjc’'s and several restriction endonucleases, in the region ) o
including the active site residué®. This observation is ?é'nldoMnﬂgﬁelaéomplex as a Structure-Specific
intriguing, in terms of the molecular evolution of the HJ

resolvase in I|V|ng Organisms. Structural analyses Of the HJ The Mus81 protein has been detected in a” eukaryotes
has evolved independently from at least four distinct ang Rad1 endonuclease, which are involved in NER. Mus81
structural folds'?*124 RuvC is similar to RNaseH, bacter- gssociates with Mms4 i8. cereisiaeand Emel irS. pombe
iophage Mu transposase, and HIV integrase, which all shareang human, which is the same situation as that for XPF
to those of the type |, Il, and Ill restriction endonucleases, g5 pNA structure-specific endonucled€és32 (Figure 6A).
MutH, andA exonuclease. These two groups are now called The Mus81 complex has recently been in the spotlight in
the integrase superfamily and the nuclease superfamily,the research field of DNA repair and recombination, and
respectively. RusA and T4 endonuclease VII do not belong there have been lively debates aboutritsivo function?7-133
to either of these superfamilies. Yeast strains with mutations imus8lare sensitive to

It would be difficult to predict a HJ resolvase in eukaryotic methylmethane sulfonate and camptothecin, which can stall
cells from the protein structure. The Mus81 family nucleases replication forks, but not to ionizing radiation and bleomycin,
(described below) may contribute toward resolving the which introduce DNA double-strand breaké.1%” Recent
meiotic intermediate to generate crossover products. On thebiochemical analyses on the substrate specificity of the
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purified Mus81 complex revealed that this endonuclease interface, which is completely different from those of
directly cleaves stalled replication forks near the junction restriction endonucleases, showed strong conservation with
point, to facilitate the resumption of fork progression after those of the XPF/Rad1/Mus81 family proteins. The dimer
recombinatior}?3-131 However, the human and yeast Mus81 interfaces are formed by two regions: one in the nuclease
Emel complexes also cleave Hidsvitro, and the yeast catalytic domain and the other in the HhH domain, respec-
protein has substrate preference for a nicked®¥°1t is tively (Figure 6B and C). Interestingly, both interfaces have
now proposed that the resolution of the intermediate in to be disrupted to generate a monomer mutant of Hef, which
meiotic recombination to generate crossovers is one of thelacks the nuclease activity for the fork-structured DMNA.

functions of the Mus81 nuclease, as described abthe. Our biochemical and structural analyses predicted that each

this situation, structural and functional analyses of the Mus81 of the endonuclease and HhH domains of Hef binds near

family proteins are now a very hot research area. the junction center of the forked DN&? On the basis of
these findings, a model structure of the Hef nucledeek

3.2. Hef Protein as a Helicase/Nuclease DNA complex was built (Figure 6D). In this model,

. . o , individual HhH domains from two separate subunits asym-

After we identified Hjc in archaeal cells, we continued 10 metrically bind to the arm region, while the endonuclease
focus our efforts on identifying the additional HJ resolution 4o main pinds near the junction center, where the base pairs
stimulating protein faptors. During this course of experiments, ;¢ disrupted for cleavage upon Hef binding. The crystal
we happened to discover a new endonuclease fRM  gi,cryre of the Hef endonuclease homologue from a different
furiosus The results of the screening reaction showed the archaeonAeropyrum pernixhas recently been publishéd.
omparison of the crystal structures between the protein
alone and the dsDNA-bound form revealed a large domain
movement upon DNA binding. Identification of the two

in the HJ resolution product (nicked duplex), from the HJ

substrate. The new enzyme recognizes a nick within the DNA
tc_iuplex andl c(lje?r\]/ets tr;]ear the mckled site. Further chat;acterrl]za- onequivalent DNA binding sites, in addition to the above
lon revealed that the new nuciease recognizes branchedy,main movement, allowed the prediction of a molecular

DNA structures, including a replication forklike structure. o nanism for how this family of nucleases recognizes and
The amino acid sequence deduced from the cloned gene

h d that th . d of two distinct rea cleaves DNA with specific structures. Considering the
showed that the enzyme 1S cComposed 0T two dISUNCLIegIoNS. g0 ance conservation and the above functional and structural
The amino-terminal two-thirds encodes a helicase-like

sequence, which is classified into the SF2 helicases, and th aspects, including the domain arrangement and the dimeric

ining C-terminal third exhibits similarit t I ature, Hef is likely to be ancestral to its eukaryotic
remaining C-terminal one-third exhibits similarity to nuclease 1,1 o10ques, XPF, Rad1, and Mus81.

family proteins, including XPF and Rad1 (Figure 6A). From , i ) )
these observations, we designated this novel protein as Hef, 1he Hefhelicase region at the N-terminus indeed possesses

according to initials of thélelicase-associateshdonuclease ~ @ _helicase activity for DNA with the fork structure. Its
for fork structuré®® We were unable to overproduce the ATPase activity is also remarkably stimulated by the addition

recombinant Hef as the full-length protein iB. coli of fork-structured DNA. The Hef nuclease alone acts poorly

However, we found that the two regions can be separately ©n @ DNA fork containing single-stranded gaps, whereas the
overproduced, and thus, each region was used for structurafief helicase alone works efficiently on gap-containing forked
and functional analyses. Both the helicase and nucleas€®?NA. Thus, the endonuclease works cooperatively with the
regions have specific affinity for branched DNA structutes.  helicase, which can modify the DNA substrate so that it
When we found that the nuclease domain of Hef can cleave @ssumes the fork structure most favorable for cleafa@be
the fork-structured DNA near the junction pointuitro, three  Crystal structure of the helicase domainfaffuriosusHef
reports, describing the endonuclease activity of Mus81, wereevealed a novel helicase insertion between the two con-
coincidentally published. On the basis of the substrate Served helicase core domains (Figure 6E). This inserted
specificity, it was proposed th& pombend human Musg1l ~ domain, which is similar to the “thumb” domain of DNA'
can be assigned to nuclear HJ resolvases in eukaryoticPolymerase, is positively charged and plays critical roles in
cells125126 On the other handS. cereisiae Mus81 was fork recognition'** The Hef helicase shares sequence
presented as an endonuclease for stalled replication forksSimilarity with S. cereisiae Mphl, which was originally
but not for the H3? The substrate specificity of the archaeal identified by virtue of the spontaneous mutator phenotype
Hef supports the function of the eukaryotic Mus81 as an Of the deletion mutants of its correspondiM@®H1 gene:*®
endonuclease that cleaves the stalled fork directly at the Further genetic analyses revealed epistasis ofrtblelwith
branch point. mutations in theRAD52 group that mediate homologous
Analogous to the dimer formation of XPF and Rad1 with "€combination. The mutator phenotypengphldepends on
ERCC1 and Rad10, respectively, Mus 81 also forms a dimer REV3 and REV1, and is synergistic with mutation in genes
with Mms4 or Eme1, as described above. In contrast to theselNVoIved in excision repair. These results led to the proposal
eukaryotic proteins, Hef works as a homodimeric form that the Mphl protein is involved in an error-free DNA
(Figure 6A). The dimer formation seems to be essential for damage bypass pathwé.The purified Mph1 protein has
the expression of the endonuclease activity in this family of @ ATP-dependent DNA helicase activity, which is enhanced
proteins. The endonuclease region of Hef can be divided inton the presence of RPA! The human genome contains a
two domains, the endonuclease catalytic domain and the HhHgene encoding a Hef homologue, which should be analyzed
domain, by a partial proteolysis. Both of the domains u_rgently from both the enzymatic and structural points of
contribute to dimer formatiott! The crystal structure of the ~ VIEW.
endonuclease catalytic domain (Figure 6B) showed that the During the preparation of this manuscript, two reports were
folding, particularly in the vicinity of the sequence motif of published demonstrating that the human Hef homologue
GDXnERKX3D, has remarkable similarity to those of functions as a member of a replication fork repair pathway,
restriction endonucleasé&¥.On the other hand, the dimer which is related to Fanconi anemia (FA), a famous genetic
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disease caused by genome instabflit§# This discovery the substrate specificity and the molecular mechanism of the
sheds light on the elucidation of the pathologic mechanism RecQ helicase activity. Especially, it is still unknown whether
of FA, and the function of Hef in this repair pathway is now RecQ works as a monomer or an oligomer in the cells. A

a noticeable issue. number of inconsistent results have been reported, in terms
of the active oligomeric structuré-1¢° The major subdo-
3.3. RecQ Helicase Family main of RecQ is structurally homologous to the helicase and

i ) WH regions of the reverse gyrase froArchaeoglobus
The two RecA-dependent DNA repair pathways in Bac- ,|gidus!6Land therefore, this structural similarity may reveal
teria are important for the repair of stalled or collapsed DNA o' functional similarity of the RecQ-associated topo-

replication forks® The two pathways, the RecBCD pathway igomerase Iil activity to that of the reverse gyrase.
and the RecF pathway, probably complement each other for

some of the function¥® Many proteins, including RecA,

RecF, RecG, RecJ, RecN, RecO, RecQ, and RecR, are3'4‘ RecJ Exonuclease

involved in the RecF pathway, and these proteins are known  The RecJ protein has a ssDNA-specifieexonuclease

to be required for the repair of gapped DNA and for the activity, which degrades the nascent lagging strand after it

resumption of DNA synthesis after UV-induced DNA s ynwound by the RecQ helica¥e'%2The crystal structure

damage:**"15! The RecF pathway is also important t0 of RecJ fromThermus thermophilusiB8 bound to a MA*

stabilize the nascent strands at stalled forks, because, in thgon revealed a unique fold, in which the two domains are

absence of RecF protein, the nascent lagging strand of th@nterconnected by a long helif2 There is a groove at the

arrested replication fork is extensively degraded by the RecJcenter, and its wall has an abundance of positive charges

nuclease after unwinding by the RecQ helic&sé. from basic residues. The Mhion is also located on the
RecQ was originally discovered f coli as a recombina-  wall and is coordinated by residues conserved in the

tion protein involved in the RecF pathwé¥,and it catalyzes ~ phosphoesterase family. The narrow width of the groove

reactions that help to repair the stalled replication forks. The indicates that RecJ specifically binds ssDNA, but not dsDNA.
E. coli RecQ protein bears the activities for not only ATP-

dependent DNA unwinding but also recombination initiation : . i i
with RecA and SSB. Three genetic diseases, Bloom’s, 3.5. Him Structure-Specific Helicase
Werner’s, and RothmunelThomson syndromes, are now  The mechanism for HJ migration in archaeal cells has been
well-known to be related to the mutations of human genes, an open question, and thus, we searched for a branch
BML, WRN andRecQ4 which encode proteins homologous migration activity corresponding to that displayed by the
to RecQ?2¢ A common feature of these diseases is the bacterial RuvAB proteins. As a result, we have successfully
enhanced genome instability, which is manifested by high identified a new helicase that unwinds a synthetic fourway
levels of homologous recombination and chromosomal junctionin vitro, from aP. furiosuscell extract The cloning
deletions, resulting in a predisposition to cancer. These factsof the gene encoding this activity revealed that the deduced
highlight the important function of the RecQ family proteins amino acid sequence has similarity to those of the SF2
for the maintenance of genome stability in the cells. helicases. The purified recombinant protein can specifically
Amino acid sequence analyses indicated thatEheoli dissociate a synthetic HJ and a plasmid-based recombination
RecQ protein has three conserved regions, the helicasejntermediate @-structure) produced by the RecA protén
RecQ-conserved (RecQ-Ct), and HRDC (helicase and vitro, and thus, we designated it as Hjm (Holliday junction
RNaseD-C-terminal) regiori8® The helicase and RecQ-Ct migration)!®* Further characterizations showed that Hjm
regions form the catalytic core, RecQ, and fold together to preferably binds and unwinds the strands from the forklike
form a single 59 kDa domain, Re&T. RecQ\C has the structures. In addition, some genetic studies suggested that
DNA-dependent ATPase and DNA unwinding activities with  Hjm is a functional homologue of the RecQ protein in
the same specific activities as the wild-type Ré€QThe Archaeal®® A sequence homology search revealed some
crystal structure has been determined for R&EQwhich similarity between Hjm and eukaryotic Mus308, Hel308, and
lacks the C-terminal HRDC regiofi® RecQAC comprises Pol Q. TheD. melanogaster mus3Q8utant is sensitive to
four subregions, of which two are conserved helicase regionscross-linking agents, such as psoralen, diepoxybutane, and
and the other two combine and form a single domain, Rec- nitrogen mustard, and therefore, the gene product seems to
Q-Ct. Two DNA binding sites were predicted in the structure function in interstrand cross-link (ICL) repair, from genetic
of RecQ. A ssDNA binding site was predicted from the studiest®® The Mus308 protein has a family A DNA
structural similarity in comparison with other helicases. A polymerase (bacterial DNA polymerase 1)-like sequence at
winged helix (WH) motif, containing a helixturn—helix the C-terminal region, in addition to the N-terminal SF2
fold, exists in the RecQ-Ct domain, and a large cleft resides helicase sequencéé® Moreover, this protein probably has
at the intersection of the WH and the adjacentZninding DNA polymerase activity®” The human Hel308, isolated
helical subdomain. This cleft seems to serve as a bindingas a homologue of Mus308, does not have the DNA
site for dsDNA. These structural data allowed the construc- polymerase-like sequence. The Hel308 protein has been
tion of a model of the RecQDNA complex, in which the purified from recombinant insect cells, and activities includ-
3'-ssDNA end of the unwound DNA is bound to the helicase ing a single-stranded DNA-dependent ATPase and a DNA
region. It is interesting that the seven missense mutations inhelicase, which translocates on DNA witht8 5 polarity,
the humanBLM gene that cause Bloom’s syndrome were were demonstrated using the purified prot&fHuman Pol
mapped to the RecQ family catalytic core domain, with five Q, which has a bacterial Pol I-like sequeritehas been
of them occurring in residues identically conserved within identified recently to have a helicase-like sequence at the
the E. coli RecQ protein. The enzymatic activities of the N-terminal region-’® Therefore, Pol Q is entirely similar to
RecQ family proteins should be important to prevent serious Mus308, and these two genes seem to be orthogonous.
diseases. However, further studies are essential to understan@oncrete functions of these eukaryotic proteins should be
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clarified. The archaeal protein, isolated fraviethanother- displacement of RPA by Rad51 and also anneals RPA-coated
mobactor thermoautotrophicuss a homologue of Hel308 ssDNA with its complementary ssDNA in eukaryotic
and named as Hel308a, also has RecQ-like functions exactlycells178182183The crystal structure of the N-terminal part of
the same as that of. furiosus Hjm.'’* The functional Rad52 revealed an undecameric subunit ring and a positively
interaction (stimulation of the helicase activity) of Hjm with charged groove running along the surface of the #gg°
PCNA is also consistent with the previous reports showing These structural properties are similar to those of RecO. The
the direct interactions between WRN (a RecQ family protein) intact Rad52 protein is known to form a heptameric ring for
and PCNA from mousé? and humant’317* The crystal catalyzing homologous pairin§® These inconsistent oligo-
structure of Hjm showed five distinct domains, in which merizations between Rad52 and the N-terminal domain
domains | and Il form the conserved RecA-like helicase fold suggest that Rad52 alters its conformation in response to
and domains IHV adopted a unique structure that is distinct functions. The heptameric and undecameric rings
probably involved in recognizing a specific DNA structure may be more suitable for transferring DNA to Rad51 and

(Oyama et al., unpublished). for performing homologous pairing, respectively.
3.6. Recombination Mediator Proteins, RecFOR o
and Rads2 4. Restart of Replication

Among the RecF pathway proteins, the RecF protein forms  Reloading of the replication machinery at damaged fork
a stable complex with RecO and RecR, and this complex sites is required to retrieve the arrested fork and to restart
protects the nascent lagging strand of the arrested replicatiorreplication. In Bacteria, the PriA protein plays a key role in
forks to maintain the fork structufé®> 7 This RecFOR restarting replication, as a sensor for the state of fork
complex is recognized as a member of the RMPs (recom- progressiort”188 PriA can recognize and bind to the
bination/replication mediator proteins, a specialized class of 3'-termini of arrested forks and recruits the replicative DnaB
SSBs), and they promote enzym®sDNA assembly by  helicase and DnaG prima&¥.1°° The PriA protein has
overcoming the inhibition exerted by the conventional helicase and DNA-dependent ATPase activities. A limited
SSB178|n addition, the RecFOR complex loads RecA onto proteolytic analysis revealed that the 181 amino acid N-
gapped DNA that is coated with SSB, thereby accelerating terminal domain can form a complex with D-loop structured
DNA strand exchang¥? To understand the concrete function DNA.2%! Recent structural analyses have facilitated the
of the RecFOR complex, the crystal structures of R8ER identification of the critical residues for the recognition of
and Rec@® from D. radiodurans which is highly resistant  the 3-terminus of the DNA and have led to the proposal
to ionizing radiation and lacks RecBCD homologues, have that a 3-terminal binding pocket exists in the PriA protéfA.
been determined. The ability of the PriA protein to specifically recognize the
RecR consists of an N-terminal domain, with a HhH motif, 3'-terminus of a hybridizing DNA strand would be suitable
and a C-terminal domain, which contains Cys4-zinc-finger, for a stalled fork sensor. It is not known whether an
Toprim, and Walker B motifs, respectively. The RecR analogous system for replication restart exists in eukaryotic
subunits form a ring-shaped tetramer with a centrat 39 cells. It would be interesting to identify a eukaryotic protein
A diameter hole. The overall shape of the RecR tetramer is that recognizes the'-&nd of the DNA strand.
strikingly similar to the ring-shaped sliding clamps including
the archaeal and eukaryotic PCNAs and the bacterial 5 Concluding Remarks and Future Outlook
B-subunit of Pol lll, despite the lack of similarity in the
primary sequence and the quaternary structure. It has been It was believed that homologous recombination mainly
proposed that RecR, in complex with RecF or RecO, may functions for the generation of genetic diversity, but now it
function as a nonsliding clamp that recognizes the structuralis also recognized as a crucial repair system for the
features of ssSDNAdsDNA junctions. maintenance of genome integrity, especially by restoring
The RecO protein consists of three domains. The N- stalled forks during DNA replication. Studies on the molec-
terminal OB domain, which is very similar to those of RPA ular mechanisms of homologous recombinatiorEincoli
and SSB, is connected to a three-helix bundle followed by have been fruitful, and various protein factors involved in
the Cys4-zinc-finger motif. The tight packing of the central the process have been identified. On the other hand, the
helical bundle may play a structural role, by maintaining the identification of Rad51 in eukaryotic cells has promoted
OB fold and the zinc-finger motif in their respective positions molecular biology of eukaryotic homologous recombination,
for appropriate DNA binding. The overall similarity to the resulting in the accumulation of genetic and biochemical data
heterotrimeric core of RPA suggests that RecO may be from yeast and mammalian cells. On the basis of these
evolutionally related to the eukaryotic ssDNA binding biochemical and genetic data, several models have been
protein. The conserved aromatic residues in the OB folds of proposed for replication fork repair at stalled sit&s1% In
ssDNA binding proteins are replaced by positively charged comparison with the case of prokaryotes, obviously more
residues in RecO. This suggests a modified DNA binding complicated mechanisms, involving many protein factors,
mode, which may explain the strand annealing activity of work in eukaryotic cells. Here, we have described the
RecO. structural and functional aspects of many important proteins,
RecO and RecR form a heterohexamer complex with a 2 most of which are involved in recombinational repair
to 4 ratio. Each protein has binding activity to both ssDNA processes in Bacteria and Archaea. In general, DNA process-
and dsDNA. However, the specific binding of the RecFOR ing proteins contain multiple structural domains, each with
complex to the ssSDNAdsSDNA junction in a stalled replica- a distinct function. Furthermore, these proteins contain
tion fork indicates that complex formation is necessary to versatile structural modules to interact with DNA and other
ensure the structure-specific recognition. partner proteins. These data have provided detailed insights
The biochemical properties of Rad52 imply that it may into how the proteins recognize and process DNA with
be a functional homologue of RecO, which facilitates the irregular and complex structures during recombinational
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PRCECD

fork regression and
HJ (chicken foot) formation

!

homologous recombination
with strand break

fork stabilization &homologous recombination
without strand break

Figure 7. Repair system for stalled replication forks. The stalled
replication fork may be systematically restored by many protein
factors to maintain genome integrity. Archaeal proteins involved
in this repair system are shown here. Hef may cleave the junction
point of the fork to lead a homologous recombination repair
pathway. Hjc may function when a four-way junction is formed
by fork regression, and RadB may be a regulator of this process.
Hjm may be involved in a homologous recombination repair
pathway without strand break. A translesion synthesis pathway in
Archaea is not well-known yet. Most of these proteins have already
been crystallized and the 3D structures have been determined.

repair. However, despite the abundance of structural and
biochemical data for the archaeal proteins presented here
our knowledge of these repair systems is still rather limited,
and further studies will be necessary to solve the puzzle of
recombinational repair system comprehensively (Figure 7).
In the process of DNA replication and repair, many proteins
form huge proteirrDNA complexes, such as replisomes, and

recombinosomes, for example, which have to convert their

structures by exchanging component proteins in response to
repair system requirements. Therefore, structural analyses

of supermolecular complexes, as well as protein complexes
including DNA substrates, are necessary to obtain clearer
details and insights into the molecular mechanisms of the
recombinational repair process. However, many of these
complexes are too unstable to be determined by X-ray
crystallography. In this context, proteins from hyperthermo-

philic Archaea or Bacteria should be advantageous for
structural determinations because of their enhanced stability.
Archaeal proteins are particularly useful targets for structural

determinations, since they are generally recognized as good

models of eukaryotic proteins in replication and recombi-
national repair. Efforts to determine each complex structure
involved in the multiple processing steps will allow us to
understand the fundamental activities of the DNA processing
machinery, which is dynamically assembled and disas-
sembled in conjunction with the cell cycle and in response
to DNA damagé?®®
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