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I. Introduction

DNA is subjected daily to considerable environmental and endoge-
nous damage, which challenges both the integrity of the essential
information that it contains and its ability to be transferred to fu-
ture generations. All cells, however, are prepared to handle damage
to the genome through an extensive DNA repair system, thus un-
derscoring the importance of this process in cell survival. The Ar-
chaea represent a rather diverse group of organisms, including many
members who thrive under conditions that would be lethal for most
bacteria and eukaryotes. These conditions, such as extreme temper-
atures, also present a new challenge to the Archaea and to their
genomes, reinforcing the need to possess an efficient DNA repair
system (DiRuggiero et al., 1999; Grogan, 2000). This, and the fact
that the Archaea are a largely unexplored domain of life prompted
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102 ERICA M. SEITZ ET AL.

interest in the types of DNA repair mechanisms that operate within this
domain.

Studies carried out in bacteria, especially in Escherichia coli, or
in eukaryotes, particularly in the yeast Saccharomyces cerevisiae, re-
vealed much of what is known about these processes. These studies
showed that DNA repair occurs by several pathways (Lindahl and Wood,
1999); these include reversal of DNA damage, excision of damaged nu-
cleotides (nucleotide excision repair or NER) or bases (base excision re-
pair or BER), excision of misincorporated nucleotides (mismatch repair
or MMR), and recombinational repair (Friedberg et al., 1995). Although
relatively little was known about DNA repair in Archaea, the recent
sequencing of several archaeal genomes permitted the identification
of structural homologues of many proteins involved in these different
pathways. In this article, we review the most important features of DNA
repair learned from studies of organisms such as E. coli and S. cerevisiae.
In particular, we emphasize the elements which have been conserved
throughout evolution, either at the level of global mechanisms or at the
level of the protein effectors. We apply this knowledge to the third do-
main of life, the Archaea, and review what is known about DNA repair in
this domain of life, with a specific emphasis on recombinational repair.

Il. Recombinational Repair

One of the most serious types of damage that can be inflicted on
the genome is a DNA break either in a single strand or in both strands
of DNA [a double-stranded DNA (dsDNA) break; DSB]. DNA breaks
of any type pose a particularly significant problem to the cell because
they challenge the integrity of the DNA molecule and can lead, if not
repaired, to loss of information, gross chromosomal rearrangements,
and chromosome missegregation. Because of these potentially lethal
consequences, both bacterial and eukaryal organisms have mechanisms
for repairing this type of DNA lesion, although the manner by which
each repairs the lesion differs. In the Bacteria, this type of damage is
remedied primarily by the process of homologous DNA recombina-
tion (Kowalczykowski et al., 1994; Kuzminov, 1999), whereas in the
Eukarya, the DSB is repaired by either homologous recombination or
nonhomologous end joining (NHEJ) (Pdques and Haber, 1999; Sung
et al., 2000). Recombination involves pairing of the damaged DNA with
ahomologous partner to copy any lost information from the homologue,
thereby accurately repairing the DSB, whereas NHE] involves ligation
of the DSB without the need for significant homology, thus being
inherently error-prone. Here we focus on DSB repair by homologous
recombination, as NHE] appears to be a uniquely eukaryal process.
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A. AN OVERVIEW OF HOMOLOGOUS RECOMBINATION

Homologous DNA recombination is a primary means for the repair
of DSBs. Although the general mechanism is similar in bacteria and
eukaryotes, the proteins that are involved in this process differ (Fig. 1).
Figure 1 depicts the DSB repair model (Resnick, 1976; Szostak et al.,
1983) and the likely proteins that act at each step. After DSB forma-
tion, both ends of the break are resected to create single-stranded DNA
(ssDNA), which then invades a homologous dsDNA molecule. After
DNA strand invasion occurs, the 3’ ends of the invading strands serve
as primers for the initiation of nascent DNA synthesis, which leads
to the formation of two Holliday junctions that are cleaved in one
of two orientations to generate two types of recombinant molecules
(Fig. 1).

Biochemical studies have revealed the function of many enzymes that
participate in the process of homologous recombination. In E. coli, it was
determined that the process of homologous recombination involves the
action of more than 25 different proteins (Kowalczykowski et al., 1994).
Figure 1 shows some of the enzymes from E. coli and S. cerevisiae that
act at each step in this process (Kowalczykowski et al., 1994; Padques
and Haber, 1999) and for which there are, or may be, either structural
or functional homologues in the Archaea. The first step in the homol-
ogous DNA recombination pathway is an initiation or processing step,
which involves processing of the broken DNA molecule so that a region
with a partially ssDNA character is generated. This processing can be
accomplished through the action of DNA helicases, nucleases, or both.
The next step corresponds to the search for the homologous target DNA
molecule, which is immediately followed by the exchange of their DNA
strands. This step is accomplished by DNA strand exchange proteins,
which bind to the ssDNA that was generated previously. The resultant
nucleoprotein filament is the active form of these proteins, which acts
both in the homology search process and in the invasion of the recip-
ient DNA molecule. The consequence of this initial pairing event is
a region of newly paired or heteroduplex DNA, which is also known
as a joint molecule (Kowalczykowski and Eggleston, 1994). The third
step involves the reciprocal exchange of the two DNA strands, creating
a four-stranded structure known as a Holliday junction. The regions of
heteroduplex DNA are extended by protein-promoted branch migration,
which involves the action of either the DNA strand exchange protein
or a specialized DNA helicase. The final step involves symmetric cleav-
age of the Holliday junction in one of two orientations by a Holliday
junction-specific endonuclease to produce one of two alternative re-
combinant products (Kowalczykowski et al., 1994; West, 1994a,b; White
et al., 1997; Lilley and White, 2000). Despite differences between the
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well-studied bacterial (namely, E. coli) and eukaryal systems (namely,
S. cerevisiae), these basic steps remain mostly conserved.

1. Bacterial Homologous DNA Recombination

E. coli possesses two pathways for the repair of DNA strand breaks
(Kowalczykowski et al., 1994; Kuzminov, 1999): the RecBCD pathway,
which repairs DSBs; and the RecF pathway, which repairs primarily
single-strand gaps but can repair DSBs as well. Both of these pathways
for recombinational repair depend on the action of the RecA protein.
In the RecBCD pathway, the RecBCD helicase/nuclease both processes
the DSB to create ssDNA and loads RecA protein onto this ssDNA
in anticipation of DNA strand exchange. In the RecF pathway, RecQ
helicase processes the broken DNA molecule to produce ssDNA, and
the RecO and RecR proteins aid in loading RecA protein onto the ssDNA
by mediating the removal of ssDNA binding (SSB) protein (Umezu
et al., 1993; Harmon and Kowalczykowski, 1998; Kuzminov, 1999).

2. Eukaryal Homologous DNA Recombination

Homologous DNA recombination is studied in the Eukarya most
extensively with the yeast, S. cerevisiae, but recent studies in mammals
demonstrate the commonality of this eukaryotic process (Pdques and
Haber, 1999). As discussed later, some parallels can be drawn between
the yeast and the bacterial systems, but for the most part, the system in
yeast exists as a more complex process. The repair of DSBs by homol-
ogous recombination requires members of the yeast RAD52 epistasis
group, which consists of RAD50, RAD51, RAD52, RAD54, RAD55,
RAD57, RAD59, MRE11, XRS2, and RDH54/TID1 genes (Game, 1993;
Paques and Haber, 1999). The function of the proteins encoded by these
genes has been studied both genetically and biochemically, but the
precise function of some proteins is not yet fully understood (Fig. 1).

3. Archaeal Homologous DNA Recombination

The genome sequences of several archaeons has made it possible to
identify structural homologues of many proteins involved in the process
of homologous DNA recombination. In addition, some of these proteins

FiG. 1. Mechanism for double-stranded DNA break repair by homologous recombina-
tion, and the proteins involved. Shown are the proteins that are either known or proposed
to act in each step of this process in E. coli, S. cerevisiae, and the Archaea. Notes: 1 The
archaeal Spo11 protein is a subunit of TopoVI, and a direct role in DSB formation is not
clearly defined. 2 A role for Sgs1 in initiation is unclear. ® Assignment is based only on se-
quence homology. * The Rad54 protein is not a structural homologue of either the RuvAB or
the RecG protein; however, it will promote DNA heteroduplex extension (J. Solinger et al,
in press). ® ? refers to the fact that an activity has been found in human cells but the respon-
sible protein is unknown. Hje refers to an activity only; the protein has not been identified.
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have been studied biochemically, and there is some genetic evidence
supporting the role of these genes in archaeal homologous DNA recom-
bination. Evidence for stimulation of chromosomal marker exchange
in the hyperthermophilic archaeon Sulfolobus acidocaldarius provides
evidence for DNA repair, conjugation, and homologous recombina-
tion processes in these organisms (Schmidt et al., 1999). Figure 1 and
Table I present mainly the proteins involved in this process for which
homologues have been found in the Eukarya and Archaea. For the most
part, the proteins identified in the Archaea show greater structural and,
in some cases, functional, similarity to eukaryal proteins than to their
bacterial counterparts (Fig. 1).

B. GENERATION OF DNA BREAKS

DNA breaks can occur either in a single DNA strand, creating ssDNA
gaps, or in both strands, DSBs. There are many routes for production
of ssDNA gaps or DSBs, but DNA replication is a major mechanism
for converting ssDNA lesions into larger gaps or DSBs (Kogoma,
1997; Kuzminov, 1999; Kowalczykowski, 2000; Michel, 2000). As
illustrated in Fig. 2, ssDNA gaps can be created if a blocking lesion
is not removed by repair processes prior to the arrival of the DNA
replication machinery. If the lesion is on the lagging strand template,
then Okazaki fragments cannot be joined; if the lesion is on the leading
strand, then the replication fork halts and may initiate farther down-
stream. In either case, a region of single-stranded, unreplicated DNA is
created. Lesions having the ability to halt the progression of replicative
DNA polymerases are numerous and include the well-studied 6-—4
thymine photoproducts and cyclobutane pyrimidine dimers caused by
ultraviolet (UV) light (Edenberg, 1976).

DSBs can arise from several sources. Exogenously, DSBs are caused by
ionizing radiation such as X-rays or y rays or by various radiomimetic
chemicals. Endogenously, DSBs can be created directly by reactive
oxygen species and can also arise as a consequence of replicating a
nicked DNA template (Fig. 2). Indeed, if a DNA replication fork encoun-
ters an interruption (nick or ssDNA gap) in one of the two DNA strands,
this interruption will be converted to a DSB (Kuzminov, 1999; Paques
and Haber, 1999; Kowalczykowski, 2000). Nicks in DNA can result from
numerous sources, including unsealed Okazaki fragments on the lagging
strand and incision of a damaged DNA strand by another repair system,
such as either nucleotide or base excision repair. DSBs can also be
created as a consequence of the replication apparatus stalling or halting.
Stalling can occur, for example, due to the presence of a chemical imper-
fection in the DNA or a protein complex tightly bound to DNA, either of
which can block the progression of the fork. The stalled DNA replication
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forks must be restarted for the replication of the genome to be com-
pleted. This restart can be achieved through the introduction of a DSB
at the regressed replication fork, followed by recombination-dependent
replication (Kogoma, 1997; Michel et al., 1997; Kuzminov, 1999; Padques
and Haber, 1999; Kowalczykowski, 2000; Marians, 2000; Michel, 2000).

In addition to these general mechanisms for DSB formation, DSBs in
the Eukarya are also produced in a programmed and specific manner.
For example, in meiotic cells, DSBs are enzymatically introduced
during the initiation phase of meiosis, to ensure the crossing-over of
homologues needed for their faithful segregation (Keeney et al., 1997;
Haber, 2000a,b).

1. D5Bs in the Bacteria

In E. coli, DNA replication initiates at the chromosomal origin, OriC,
and progresses bidirectionally along the two arms of the circular chro-
mosome toward the replication terminus. The majority of these replica-
tion forks encounters an obstacle to their progression, leading to their
stalling (Kogoma, 1997; Michel et al., 1997; Kuzminov, 1999). These
obstacles can be chemical lesions, DNA-bound protein complexes,
or secondary DNA structure. Regardless of the obstacle, complete
replication of the chromosome requires the origin-independent restart
of the stalled replication fork. DNA recombination is responsible for
this restart (Kogoma, 1996). Recent studies indicate that the first step in
this process involves regression of the replication fork by reannealing
of the two newly synthesized DNA strands after replication fork arrest.
This creates an X-shaped Holliday junction that contains one accessible
dsDNA end (Postow et al., 2000; Flores et al., 2001). The RecG protein,
a DNA helicase involved in homologous recombination, can catalyze
such Holliday junction formation by replication fork reversal (McGlynn
and Lloyd, 2000). At this stage, this intermediate can be processed in
either of two ways. The RecBCD enzyme, an enzyme involved in the
initiation of DNA recombination in bacteria (see below), is a dsDNA
nuclease that acts on the DSB created at the Holliday junction (which
was formed by replication fork reversal) and starts degrading the DNA.
This nucleolytic action effectively shortens the two newly synthesized
strands and allows the replication fork to move back from the point
where it initially stalled, giving it another opportunity to progress
past the previous block after it reinitiates. Alternatively, the regressed
replication fork/Holliday junction can be recognized and cleaved by
the RuvABC complex to produce a DSB (Michel et al., 1997; Seigneur
et al., 1998). The RuvAB complex is involved in the branch migration
of Holliday junctions, and RuvC is an endonuclease that specifically
cleaves these junctions, as discussed in more detail below. The DSB
is then repaired by homologous recombination and is used to restart
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replication through the action of the PriA protein, which links recom-
bination and replication restart (Kogoma, 1996, 1997; Kowalczykowski,
2000; Marians, 2000; Michel, 2000; Sandler and Marians, 2000).

2. DSBs in the Eukarya

The importance of the above findings is underlined by the fact that
sites which are known to block DNA replication in mitotic eukaryal
cells promote chromosomal instability due to an increased frequency
of homologous recombination, suggesting that the relationship between
replication blockage and recombination-dependent replication fork
restart is universal (Rothstein ef al., 2000). In yeast cells undergoing
meiosis, DSBs have long been observed to coincide with known
meiotic recombination hot spots (Nicolas et al., 1989; Sun et al., 1989;
Debrauwere et al., 1999). These meiotic DSBs were mapped at nu-
cleotide resolution along the entire length of chromosome Il and were
found to cluster in intergenic promoter-containing intervals, but their
occurrence did not require transcription (Baudat and Nicolas, 1997;
Borde et al., 1999). Because some breaks were found to have the Spo11
protein covalently linked to the 5’ ends of the break sites (Liu et al., 1995;
Keeney et al., 1997), it was hypothesized that this protein is the endonu-
clease responsible for the formation of the meiotic DSB. Mutation of a
conserved tyrosine residue in this protein (the residue that attacks the
phosphodiester bond and results in a transient covalent DNA—protein
complex) eliminated the DSBs and meiotic recombination (Bergerat
et al., 1997). Following this discovery, Spo11 homologues were dis-
covered in Schizosaccharomyces pombe, Drosophila melanogaster,
Caenorhabditis elegans, and Mus musculus and were found to be
essential for meiotic recombination (Dernburg et al., 1998; McKim
and Hayashi-Hagihara, 1998; Celerin et al.,, 2000; Cervantes et al.,
2000). In mice, knockouts of the Spo11 gene result in drastic gonadal
abnormalities due to defective meiosis, and this gene is additionally
required for meiotic synapsis (Baudat et al., 2000; Romanienko and
Camerini-Otero, 2000). Overall, these studies demonstrate that homol-
ogous DNA recombination during meiosis is initiated by the formation
of specific DSBs. Recent results demonstrate that the formation of these
breaks in yeast is carefully controlled by the cell and is coupled to the
last round of meiotic DNA replication (Borde et al., 2000).

3. Spo11 in the Archaea

An archaeal type II topoisomerase from the hyperthermophile Sul-
folobus shibatae that showed homology to the S. cerevisiae Spo11 pro-
tein was discovered and is referred to as topoisomerase VI (TopoVI)
(Bergerat et al., 1994, 1997). TopoVl is a type Il topoisomerase, and these
enzymes help regulate DNA topology during transcription, replication,
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and recombination by catalyzing DNA strand transfer through transient
DSBs. This particular topoisomerase is composed of two subunits, A and
B, and defines a new family of topoisomerases. The A subunit showed
significant homology to the Spo11 protein in S. cerevisiae and to the
Spo11 homologue in S. pombe, the Rec12 protein. Upon inspection of
the nine fully sequenced archaeal genomes, we identified several addi-
tional homologues, and Fig. 3 shows an alignment of these proteins from
eight archaeal organisms. A Spol1 protein homologue was not found
in P, furiosus. Overall, these proteins share 28—-35% similarity to the
S. cerevisiae Spo11 protein, and each has five conserved DNA gyrase
motifs, labeled I-V (Figs. 3 and 4). The S. shibatae TopoVI can relax
both positive and negative supercoils and has a strong decatenase ac-
tivity, implying a function in the maintenance of chromosome topology
(Bergerat et al., 1997).

C. InrTiaTION OF HOMOLOGOUS DNA RECOMBINATION: DSB END PROCESSING

After the formation of a DSB, processing of the DNA ends must occur
to create a suitable substrate for the next step in homologous recombi-
nation, which is catalyzed by a DNA strand exchange protein (Fig. 1).
In E. coli, the RecBCD enzyme is responsible for this end-processing
event (for review, see Kowalczykowski et al., 1994; Kuzminov, 1999;
Arnold and Kowalczykowski, 1999), but in the Eukarya and Archaea
the mechanism by which this initial processing event occurs is largely
unknown. There are, however, enzymes involved in some aspect of
DNA end processing that are homologous between the Eukarya and the
Archaea; these are the Rad50 and Mrel1 proteins (Paques and Haber,
1999; Sung et al., 2000), which, interestingly, also share homology with
a DNA nuclease in E. coli, comprised of the SbcC and SbeD proteins
(Sharples and Leach, 1995).

The RecBCD enzyme is not the only protein capable of initiating re-
combination in E. coli. In a recBC~ sbcBC~ background, recombination
proceeds by an alternate pathway known as the RecF pathway. In the
absence of the RecBCD enzyme, another helicase, RecQ), processes the
DSB (Clark and Sandler, 1994; Mendonca et al., 1995). Interestingly,
the Eukarya also have structural homologues of the RecQ helicase; in
S. cerevisiae it is the Sgs1 protein, and it also affects recombination,
but its precise function is unclear (Gangloff ef al., 1994; Watt et al.,
1995). In humans, there are five proteins that in their conserved
helicase domains show significant amino acid similarity to the E. coli
RecQ helicase: Blm, Wrn, RecQL, RecQ4, and RecQ5 (Puranam and
Blackshear, 1994; Seki et al., 1994; Ellis et al., 1995; Yu et al., 1996;
Kitao et al., 1998; Shen and Loeb, 2000). Mutations at the BLM, WRN,
and RECQ4 loci lead to Bloom’s, Werner’s, or Rothmund-Thomson
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FiG. 3. Multiple alignment of archaeal Spo11 protein homologues. Sequences were
as follows: A. fulgidus (Afu), gi2649657; Halobacterium sp. NRC-1 (Halo), gi10580448;
M. jannaschii (Mja), mj0369; M. thermoautotrophicum (Mth), gi2622109; P. abyssii
(Pab), gi5458027; P. hortkoshii (Pho), ph1563; A. pernix (Ape), gi5104364; and S. sol-
fataricus (Sso), bac04.042. The sequences were aligned using MULTALIN at http://
www.toulouse.inra.fr/multalin.html. Highly conserved residues are shaded in dark gray,
while moderately conserved residues are shaded in light gray. DNA gyrase motifs I-V are
indicated.
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FIG. 4. Schematic representation of archaeal Spo11 protein homologues. Also shown,
for comparison, is the S. cerevisiae Spo11 protein. DNA gyrase motifs I-V are indicated.

syndromes, respectively, which are rare, inherited diseases that result
in DNA replication abnormalities and genomic instability (Kitao et al.,
1999a,b; Chakraverty and Hickson, 1999; Shen and Loeb, 2000). Inter-
estingly, a member of the RecQQ helicase family was identified in the
crenarchaeote A. pernix (Kawarabayasi et al., 1999).

1. Bacterial RecBCD-like Enzymes

DNA processing in wild-type E. coli is carried out by the RecBCD
enzyme, a heterotrimeric protein complex that possesses DNA he-
licase activity, as well as dsDNA and ssDNA exonuclease activities
(Kowalczykowski et al., 1994; Arnold and Kowalczykowski, 1999;
Kuzminov, 1999). The exonuclease activity of the RecBCD enzyme ini-
tially degrades DNA in a preferential 3'-to-5’ direction (Fig. 5). This
destructive activity is regulated by the interaction of the RecBCD en-
zyme with an eight-nucleotide DNA hot-spot sequence called x (Lam
et al.,, 1974; Smith et al., 1980; Dixon and Kowalczykowski, 1993;
Anderson and Kowalczykowski, 1997a; Bianco and Kowalczykowski,
1997). When the RecBCD enzyme encounters a properly oriented x
site, the 3'-to-5’ exonuclease activity is attenuated, while a weaker
5'-to-3’ exonuclease is activated (Fig. 5). Since the helicase activity
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Fic. 5. RecBCD helicase/exonuclease activity is regulated by the recombination hot
spot, x. The RecBCD enzyme enters the DSB and both unwinds and degrades the DNA
(the 3'-strand is degraded more extensively than the 5’-strand). Recognition of x (5'-
GCTGGTGG-3') is followed by both attenuation of the 3’5’ nuclease activity and a switch
in the polarity of nuclease degradation (to 5'-3'), resulting in degradation of the opposite
DNA strand. Also (not shown), the RecA protein is loaded by the RecBCD enzyme onto
the x-containing strand. [Adapted from Anderson and Kowalczykowski (1997a).]

is unaffected, these changes result in a switch in polarity of DNA
strand degradation: before x, the RecBCD enzyme preferentially de-
grades the 3’-ending strand, whereas after encountering a x site, the
RecBCD enzyme degrades the 5-ending strand (Fig. 5) (Dixon and
Kowalczykowski, 1993; Anderson and Kowalczykowski, 1997a). This
processing results in a DNA molecule containing a 3’-ssDNA overhang,
onto which the RecBCD enzyme also facilitates the loading of the
RecA protein. The RecA nucleoprotein filament then promotes ho-
mologous pairing and DNA strand exchange (Anderson and Kowal-
czykowski, 1997b). Indeed, this facilitated loading of the RecA pro-
tein by the RecBCD enzyme is essential to the RecBCD-mediated
recombination pathway (Arnold and Kowalczykowski, 2000). Func-
tional homologues of the RecBCD enzyme exist in other bacteria, and
although their mechanism of action differs somewhat, the net effect is
to process DSBs into 3'-tailed ssDNA (Chédin et al., 2000).
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There is no known homologue of the RecBCD enzyme in either the
Eukarya or the Archaea at this time, but a structural homologue of the
SbcCD enzyme of E. coli exists in both of these phylogenetic domains
(Fig. 1) (Connelly et al., 1999). The SbcC and SbcD proteins form a
complex that possesses ATP-independent ssDNA endonuclease and
ATP-dependent dsDNA exonuclease activities (Connelly and Leach,
1996; Connelly et al., 1997). The SbcC protein contains an ATP-binding
motif, and the SbcD protein contains a nuclease domain. This complex
can also recognize and cleave DNA hairpins (Connelly et al., 1998,
1999; Cromie et al., 2000).

2. E. coli RecQ Helicase

The RecQQ helicase is responsible for processing DSBs in the absence
of a functional RecBCD enzyme, and it functions in the RecF pathway
of recombination. Null mutations in recQ, in combination with other
mutations, result in a 100-fold reduction in homologous recombina-
tion proficiency and cause an increase in sensitivity to UV irradiation
(Nakayama et al., 1984, 1985). Rec(} is a 3’-to-5' DNA helicase that can
initiate homologous recombination either at a DSB or at ssDNA regions
(Lanzov et al., 1991; Lloyd and Buckman, 1995) and can unwind a vari-
ety of DNA substrates, including intermediates formed by homologous
pairing events (Harmon and Kowalczykowski, 1998). Rec( helicase, in
the presence of RecA and SSB proteins, can also initiate homologous
recombination in vitro (Harmon and Kowalczykowski, 1998). Another
function for RecQ helicase comes from evidence that it acts together
with topoisomerase III to control recombination (Harmon et al., 1999).

3. Eukaryal Sgsi1 Helicase

The S. cerevisiae Sgs1 helicase is a member of the RecQ helicase
family that is involved in the segregation of chromosomes, control
of aging, and regulation of recombination. Mutation of SGS1 results
in premature aging in yeast cells and the accumulation of extrachro-
mosomal rDNA circles (Gangloff et al., 1994; Watt et al., 1995, 1996;
Sinclair and Guarente, 1997; Saffi et al., 2000). The Sgs1 protein is also
a 3'-to-5’ helicase (Bennett et al., 1998). Additionally, like the E. coli
system, the Sgs1 protein interacts with S. cerevisiae Topolll to control
recombination events (Gangloff ef al., 1994; Bennett et al., 2000; Duno
et al., 2000; Fricke et al., 2000).

Five additional members of the RecQ) helicase family exist in hu-
mans, and three are responsible for causing diseases, known as Werner’s,
Bloom’s, and Rothmund-Thomson syndromes (Ellis et al., 1995; Yu
et al., 1996; Kitao et al., 1998,1999a,b). These diseases are characterized
by the premature onset of aging and an increased incidence of chromo-
somal abnormalities (Epstein and Motulsky, 1996; Lindor et al., 2000).
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4. Archaeal Sgs1 Helicase

A putative Sgs1 protein homologue exists in the crenarchaeote
A. pernix (gi5105033) (Kawarabayasi et al., 1999). Searching the rest of
the fully sequenced archaeal genomes has not yet resulted in convinc-
ing Sgs1 protein homologues. The A. pernix Sgs1 protein homologue is
similar in size to the S. cerevisiae Sgs1 protein and shows 42% simi-
larity to the S. cerevisiae Sgs1 protein and 47% similarity to the E. coli
Rec(Q) protein in the region containing the helicase domains.

5. Eukaryal MRE11/RAD50/ XRS2 (NBS1) Proteins

The genes involved in DNA end processing in S. cerevisiae are called
RAD50, MRE11, and XRS2, and their gene products form a complex.
This complex is involved in many DNA repair processes, which include
homologous recombination, nonhomologous end joining, telomere
maintenance, and the generation of DSBs in meiosis (Pdques and Haber,
1999; Sung et al., 2000). The Rad50 protein shows homology to the
E. coli SbcG protein, while the Mrel1 protein shows homology to the
E. coli SbeD protein (Sharples and Leach, 1995). The Rad50 protein
is a member of a family of proteins called the structural maintenance
of chromosomes (SMC) family (Hirano, 1999). This protein has
ATP-dependent DNA binding and partial DNA unwinding activities
(Raymond and Kleckner, 1993). Several mutations near the nucleotide
binding site additionally cause defects in meiotic but not in mitotic
DSB repair (Alani et al., 1990). The Mrel1 protein is homologous to
a family of phosphodiesterases (Ogawa et al., 1995). In accordance
with this fact, both the S. cerevisiace and the human Mrel1 proteins
have ssDNA endonuclease activity and a 3'-to-5' exonuclease activity
{Furuse et al., 1998; Paull and Gellert, 1998; Usui et al., 1998). The
Mrel11 and Rad50 proteins from humans and yeast form a complex,
which results in enhanced exonuclease activity. These proteins, like the
bacterial SbcD protein, specifically require manganese for activation
of nuclease activity (Furuse et al., 1998). Processing of DSBs during
meiotic recombination is dependent on the nuclease activity of Mre11,
which is proposed to remove the DSB-promoting protein, Spo11, from
the 5 terminus of the DSB to which it is covalently attached (Sung
et al., 2000). The Rad50/Mre11 complex interacts with a third protein
called Xrs2. This interaction takes place via the Mre11 subunit (Johzuka
and Ogawa, 1995), although the role of Xrs2 in changing the function
of the Mre11/Rad50 complex remains undefined.

In humans, the Rad50/Mre11 complex interacts with a third protein,
called p95 or NBS1 (named due to its involvement in Nijemegen break-
age syndrome) (Dolganov et al., 1996). Although this third subunit
appears to be analogous to the yeast Xrs2 protein, there is essentially
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no sequence homology between these two proteins (Petrini, 1999).
This third protein confers upon the complex the ability to open DNA
hairpins efficiently, as well as an ATP-dependent endonuclease activity
that acts on 3’-ssDNA tails adjacent to a duplex region (Paull and
Gellert, 1999). This complex can also unwind duplex DNA to a limited
extent, causing strand separation that is stimulated by ATP (Paull and
Gellert, 1999).

6. Archaeal RAD50/MRE11 Proteins

Rad50 and Mrel1 protein homologues exist in at least nine archa-
eons to date (Table I and Figs. 6—8). The archaeal Rad50 proteins share
30-38% similarity with the S. cerevisiae Rad50 protein and 5—-13% sim-
ilarity with E. coli SbcC protein and have conserved Walker-A and -B
domains (Fig. 6). We also identified archaeal Mre11 protein homologues
in each of the fully sequenced genomes available; these share 20-25%
similarity with the S. cerevisiae Mre11 protein and 8-20% similarity
with E. coli SbcD protein. The archaeal Mre11 proteins all contain the
four domains that were proposed to be essential for nuclease activity
(I-1V in Figs. 7 and 8). A homologue of either the Xrs2 or the NBS1 sub-
unit has not yet been detected, raising the possibility that the Archaea
lack this third subunit.

Mre11 (pfMre11) and Rad50 (pfRad50) from the euryarchaeote Pyro-
coccus furiosus were recently cloned, and their gene products purified
(Hopfner et al.,, 2000a). This Mre11 homologue, the pfMrel1 protein,
showed sequence similarity with other members of the Mre11 protein
family and had 29% identity and 42% similarity with the human Mre11
protein in the conserved N-terminal domains of the two proteins. The
pfMrel11 protein, alone, digests ssDNA in a Mn?*-dependent manner.
The pfRad50 gene is located next to the pfMre11 gene in the P, furiosus
genome, which is similar to the genetic organization of the E. coli shcC
and sbcD genes. The pfRad50 protein displays only 19% homology to
the human Rad50 protein, although the key residues of the Walker-A
and -B ATP binding motifs are conserved between the pfRad50 protein
and other members of this protein family (Hopfner et al., 2000a).

The pfMre11 and pfRad50 proteins form a stable complex (pfMRE11/
Rad50), which can digest linear plasmid DNA in an ATP-dependent
manner. pfMRE11/Rad50 shows 3'-to-5' ssDNA exonuclease activity,
and this activity is ATP dependent, like the bacterial SbcCD com-
plex and the eukaryal Mre11/Rad50 complex. These activities were ob-
served at elevated temperatures of 50°C (Hopfner et al., 2000a). The
high-resolution X-ray crystal structures of the ATP-bound and ATP-
free Rad50 catalytic domains were determined for pfRad50. The two
Rad50 catalytic domains associate in an ATP-dependent manner and
form a putative DNA binding groove at the interface of this interaction
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FiG. 6. Multiple alignment of archaeal Rad50 protein homologues. Sequences were as
follows: A. fulgidus (Afu), gi2649562; Halobacterium sp. NRC-1 (Halo), gi10580117; M.
jannaschii (Mja), mj1322; M. thermoautotrophicum (Mth), gi2621615; P, abyssii (Pab),
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P. furiosus (Pfu), orf 1474; P. horikoshii (Pho), gi3257342; A. pernix (Ape),
and S. solfataricus (Sso), bac26.052. The sequences were aligned using

MULTALIN at http://www.toulouse.inra.fr/multalin.html. Highly conserved residues are
shaded in dark gray, while moderately conserved residues are shaded in light gray. The
two conserved Walker-A and -B ATP binding domains are indicated as A and B.
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Fic. 7. Multiple alignment of archaeal Mre11 protein homologues. Sequences were as
follows: A. fulgidus (Afu), G69378; Halobacterium sp. NRC-1 (Halo), gi10580116; M. jan-
naschii (Mja), B64465; M. thermoautotrophicum (Mth), E69171; P. abyssii (Pab), E75103;
P, furiosus (Pfu), orf1475; P. horikoshii (Pho), D71083; A. pernix (Ape), E72765; and S.
solfataricus (Sso), bac26_053. The sequences were aligned using MULTALIN at http://
www.toulouse.inra.fr/multalin. html. Highly conserved residues are shaded in dark gray,
while moderately conserved residues are shaded in light gray. Conserved nuclease do-
mains [-IV as described for the Mre11 family are indicated.
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Fic. 8. Schematic representation of archaeal Mre11 protein homologues. Also, shown,
for comparison, is the S. cerevisiae Mre11 protein. Conserved nuclease domains I-IV are
indicated.

(Fig. 9). This suggests that the Rad50 protein may regulate DNA binding
and release after DNA end processing through its association with the
Mre11 protein (Hopfner et al., 2000b). The fact that the Archaea possess
both a Mre11/Rad50 protein homologue and a Spo11 protein homologue
suggests that this group of organisms may both form and process DSBs
more similarly to the Eukarya than to the Bacteria.

D. DNA PAIRING AND STRAND EXCHANGE

Perhaps the most crucial step in homologous recombination is
that of homologous pairing and DNA strand exchange (Fig. 10)
(Kowalczykowski and Eggleston, 1994; Bianco et al., 1998; Kuzminov,
1999). The first archaeal recombination protein identified was a DNA
strand exchange protein. This protein was discovered based upon its
homology to both the bacterial and the eukaryal DNA strand exchange
proteins, although it displayed more homology to the eukaryal DNA
strand exchange protein (Sandler et al., 1996). In the Bacteria, the role of
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Fi1c. 9. Structure of the catalytic domain of the P. furiosus Rad50 protein. (A} The bilobal
ABC type ATPase fold of the Rad50 protein catalytic domain, which is created by associ-
ation of the N-terminal and C-terminal ATPase segments of Rad50 protein. The Walker-A
and -B motifs, as well as other important catalytic domains, are indicated. (B} Electron
micrograph of the elongated rods of the 600-residue coiled-coil domain of the Rad50 pro-
tein homodimer. The scale bar is 10 nm. (C) Proposed structure of a Rad50 homodimer.
(Courtesy of J. A. Tainer, Scripps Research Institute.}

homologous pairing and DNA strand exchange is fulfilled by the RecA
protein (Bianco and Kowalczykowski, 1999). In the Eukarya, the Rad51
protein, which is homologous to the RecA protein, assumes this role
{Ogawa et al., 1993), and in the Archaea, this DNA strand exchange
step is mediated by the RadA protein (Seitz ef al., 1998).

1. Bacterial DNA Strand Exchange: The RecA Protein

Pioneering work on the E. coli RecA protein helped to define its
role as the prototypical DNA strand exchange protein. The recA gene
was originally isolated in E. coli over 30 years ago as a mutation re-
sponsible for a dramatic reduction in recombination levels, and its in-
volvement was eventually established for almost all pathways of bac-
terial recombination (Clark and Margulies, 1965). Subsequently, the
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FiG. 10. Biochemical mechanism for the homologous pairing and DNA strand exchange
step of homologous recombination. Shown is the DNA strand exchange protein-mediated
homologous pairing event between a dsDNA molecule with a DSB and an intact target
DNA molecule. After processing of the DSB, ssDNA tails are created, to which a ssDNA
binding protein binds. To bind the ssDNA, the DNA strand exchange protein must then
displace the ssDNA binding protein; this replacement is aided by mediator or exchange
proteins. Next the DNA strand exchange protein catalyzes a homology search and pairs
the two DNA molecules. The opposite end of the DSB, after processing, pairs either by
the same process or by annealing of the displaced ssDNA in the joint molecule with the
repair of ssDNA in the DSB. After DNA strand invasion, the 3’ end serves as a primer for
DNA replication (dashed line).
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RecA protein was found to possess many biochemical activities: ss- and
dsDNA-dependent ATPase, DNA- and ATP-dependent coprotease, ATP-
stimulated DNA annealing and ATP-dependent DNA strand exchange
activities (Radding, 1989; Cox, 1999; Bianco and Kowalczykowski,
1999). After initial processing of the DSB ends by the RecBCD or
RecQ enzymes (Anderson and Kowalczykowski, 1997b; Harmon and
Kowalczykowski, 1998), the RecA protein begins a search for homol-
ogy and catalyzes the pairing and exchange of a DNA strand between
each of the two DNA molecules (Fig. 10). RecA protein-mediated ho-
mologous pairing and DNA strand exchange occur through a series of
distinct steps: presynapsis, synapsis, and DNA heteroduplex extension.
During presynapsis, the RecA protein binds to ssDNA in a stoichiomet-
ric fashion, with one RecA monomer bound per three nucleotides of
ssDNA. The RecA protein interacts with ssDNA in a nonspecific, coop-
erative manner but does display a preference for binding and pairing
DNA sequences rich in G and T residues (Tracy and Kowalczykowski,
1996). RecA protein assembly on ssDNA is polar and occurs in a 5'-to-3’
direction to yield a continuous right-handed helical nucleoprotein fila-
ment of RecA protein termed the “presynaptic complex” (Stasiak et al.,
1984; Egelman and Stasiak, 1986; Stasiak and Egelman, 1986, 1994).
Formation of this presynaptic complex occurs much more readily in
the presence of a single-stranded DNA binding protein, the SSB pro-
tein. Because the RecA protein binds poorly to dsDNA, the presence of
secondary structure in ssDNA impedes the formation of a contiguous
RecA protein filament. The SSB protein removes this block by disrupt-
ing the secondary structure and is subsequently displaced by the RecA
protein. Removal of this ssDNA secondary structure permits contiguous
filament formation by the RecA protein (Kowalczykowski and Krupp,
1987). The formation of the active RecA nucleoprotein filament typically
depends on the presence of a cofactor such as ATP or dATP, and in this
ATP-bound form, the RecA protein is in a state that has a high affinity for
binding to DNA. The RecA protein hydrolyzes ATP at a rate (kg,) of 25—
30 min~*. Although this ATP hydrolysis is not required for the homolo-
gous pairing and DNA strand exchange step, itis important in converting
the RecA protein from a high-affinity ATP-bound form to an ADP-bound
form that has a low affinity for DNA (Kowalczykowski, 1991). This al-
lows the RecA protein both to bind tightly to DNA and to dissociate read-
ily from DNA. Within the filament lies the ssDNA molecule, which has
been extended by binding of the RecA protein to 1.5 times the axial spac-
ing of regular B-form DNA (Stasiak ef al., 1981; Egelman and Stasiak,
1986, 1998; Stasiak and Egelman, 1986, 1984; Egelman and Yu, 1989).
During the synaptic step of this process, the RecA nucleoprotein
filament catalyzes the search for homology within another dsDNA
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molecule and exchanges DNA strands between the two molecules. First,
the RecA filament makes a series of random, nonhomologous contacts
with the target duplex DNA molecule before finding the homologous se-
quence. Next, the RecA protein catalyzes the exchange of DNA strands,
producing a joint molecule. Subsequent to the formation of this joint
molecule, the heteroduplex DNA can be extended by the RecA protein
through a branch migration step that occurs in only one direction (5’ to
3’ relative to the displaced ssDNA) (Cox and Lehman, 1981); however,
in vivo, the RuvAB proteins likely assume this function (West, 1997).
The SSB protein also plays a second function in DNA strand exchange
at this postsynaptic step, by binding to the displaced ssDNA strand
and preventing RecA protein-dependent reinvasion of the duplex DNA
molecule by the displaced strand (Kowalczykowski et al., 1994).

2. Eukaryal DNA Strand Exchange: The Rad51 Protein

The existence of a RecA protein homologue in the Eukarya was
discovered almost 10 years ago (Shinohara et al., 1992). Mutants of
S. cerevisiae were isolated on the basis of their sensitivity to ionizing
radiation and their inability to undergo meiosis. Of the corresponding
genes, studies showed that a rad51 null mutant is defective in both mi-
totic and meiotic recombination and is impaired in DSB repair (Game,
1993). Additionally, it was found that the Rad51 protein showed a
strong amino acid similarity to the RecA protein (Shinohara et al., 1992).
The Rad51 protein possesses many of the same biochemical activities
as the RecA protein: stoichiometric binding to DNA (one Rad51 protein
monomer per three nucleotides of DNA), ssDNA-dependent ATPase
activity, and catalysis of DNA strand exchange (Sung, 1994). The Rad51
protein also forms a right-handed helical nucleoprotein filament on
DNA, similar to that of the RecA protein (Ogawa et al., 1993). Inter-
esting differences do exist between these two homologues, however:
the Rad51 protein hydrolyzes ATP at a much slower rate (0.7 min™?),
has a greater affinity for dsDNA binding, and catalyzes DNA strand
exchange much less efficiently, even in the presence of the eukaryotic
SSB protein, replication protein-A (RPA), than the RecA protein. Rad51
protein-promoted DNA strand exchange is almost entirely dependent
on the presence of a ssDNA binding protein, in contrast to the RecA
protein-promoted reaction (Sung and Robberson, 1995; Sugiyama et al.,
1997). The ready binding of Rad51 protein to dsDNA poses a unique
problem, in that it blocks DNA strand exchange in vitro (Sung and
Robberson, 1995). Interestingly, the Rad51 protein also shows a pairing
bias that is opposite to that of the RecA protein (Mazin et al., 2000b),
suggesting that the biochemical properties of the two nucleoprotein
filaments may be different. Additionally, the Rad51 protein interacts
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with other members of the RAD52 epistasis group, some of which
stimulate activities of the Rad51 protein (Sung et al., 2000) (Fig. 10; see
below).

3. Archaeal DNA Strand Exchange: The RadA Protein

A role for the RadA protein (Sandler et al., 1996) in DNA repair via ho-
mologous recombination came from genetic analysis showing that dele-
tion of the radA gene in Haloferax volcanii (Woods and Dyall-Smith,
1997) resulted in an archaeon that exhibited a decreased growth rate
and an increased sensitivity to DNA damaging agents such as UV
irradiation and ethylmethane sulfonate (EMS). The RecA protein ho-
mologue from the hyperthermophilic crenarchaeote Sulfolobus solfa-
taricus was the first to be purified and studied biochemically (Seitz
et al., 1998). It shares many of the same biochemical characteristics of
the RecA and Rad51 proteins: the RadA protein is a DNA-dependent
ATPase, forms a helical nucleoprotein filament on DNA (Fig. 11), and
catalyzes DNA strand exchange. The RadA protein also binds ssDNA
with the same stoichiometry as do the RecA and Rad51 proteins, one
RadA monomer per three nucleotides of DNA, and it shows a pref-
erence for binding to and pairing DNA sequences that are rich in G
and T residues (Seitz and Kowalczykowski, 2000). These biochemical

RadA protein RecA protein

10 nm

Fi1c. 11. Nucleoprotein filaments of RecA and RadA proteins imaged by atomic force
microscopy. Shown are complexes of the RadA and RecA proteins assembled on pBR322
dsDNA in the presence of the ATP analogue, ADP - Al-F,. As shown, the RadA protein
forms a right-handed helical structure that is similar to the structure formed by the RecA
protein. [Adapted from Seitz et al. (1998).]
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activities were seen only at elevated temperatures, close to those at
which S. solfataricus thrives. The nucleoprotein filament formed by the
archaeal Rad A protein is the same right-handed helical structure formed
by the E. coli RecA and the S. cerevisiae Rad51 proteins (Egelman
and Stasiak, 1986; Ogawa et al., 1993; Seitz et al., 1998) (Fig. 11). The
RadA protein’s biochemical activities seem more akin to those of the
Rad51 protein, however, in that the rate of ATPase activity is rather low
(ke = 0.2 min~?), and the efficiency of DNA strand exchange is also
rather poor (Seitz et al., 1998).

The RadA proteins from other hyperthermophilic archaeons, Desul-
furococcus amylolyticus, Pyrobaculum islandicum, and P. furiosus, pos-
sess similar biochemical activities, also at elevated temperatures (Kil
et al., 2000; Komori et al., 2000b; Spies et al., 2000). Figure 12 shows an
alignment of nine archaeal RadA protein sequences, demonstrating the
extensive sequence conservation; the well-conserved Walker-A and -B
nucleoside triphosphate binding motifs are indicated. In accord with its
biochemical similarity to the eukaryal Rad51 protein, the amino acid
sequences show that the archaeal RadA proteins are structurally more
closely related to the eukaryal Rad51 protein (34—42% identical and 53—
63% similar) than to their bacterial counterpart (14—-17% identical and
25-31% similar). Domain analysis of the Rad A protein from P. furiosus
demonstrates that the C-terminal portion of the protein, which contains
the central core domain (Domain II), possesses DNA-dependent ATPase
activity and DNA strand exchange activity, although much reduced in
comparison to those of the native RadA protein. Addition of the miss-
ing N-terminal peptide to the C-terminal portion restored RadA protein
activity to 60% of the wild-type level as measured by ATPase and DNA
strand exchange activities, which suggests that the N terminus is needed
for the protein to achieve the proper structure for optimal activity
(Komori et al., 2000a).

E. SINGLE-STRANDED DNA BINDING PROTEINS

As stated previously, DNA strand exchange takes place in essentially
three stages. During the steps of presynapsis and postsynapsis, ssDNA
binding proteins help to alleviate ssDNA secondary structure and to
prevent reinvasion of the displaced single strand of DNA after synapsis,
respectively (Kowalczykowski et al., 1994). These functions are fulfilled
in bacteria by the ssDNA binding (SSB) protein and in eukaryotes by
replication protein-A (RPA) (Fig. 13). Several ssDNA binding proteins
have also been identified in the Archaea. Although single-stranded DNA
binding proteins are conserved throughout the Archaea, Bacteria, and
Eukarya, their protein architectures are quite different.
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Fic. 12. Multiple alignment of archaeal RadA protein homologues. Sequences were
as follows: A. fulgidus (Afu), gi2649602; Halobacterium sp. NRC-1 (Halo), gi10581871;
M. jannaschii (Mja), gi2146708; M. thermoautotrophicum (Mth), gi2622493; P. abyssii
(Pab), gi7448305; P. furiosus (Pfu), gi3560537; P. horikoshii (Pho), gi3256652; A. pernix
(Ape), gi5103509; and S. solfataricus (Sso), gi2129447. The sequences were aligned using
MULTALIN at http://www.toulouse.inra.fr/multalin.html. Highly conserved residues are
shaded in dark gray, while moderately conserved residues are shaded in light gray. The
two conserved Walker-A and -B domains are indicated as A and B.
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Fic. 13. A model for the evolutionary relationship between the single-stranded DNA
binding proteins. Shown is a possible scheme for the evolution of the heterotrimeric
eukaryal RPA protein from the single subunit of the bacterial and archaeal SSB proteins.
The path illustrated is the simplest and does not necessarily imply the actual evolutionary
mechanism. [Adapted from Chédin et al. (1998a).]

1. The Bacterial SSB Protein

The E. coli SSB protein is important in the processes of replication,
recombination, mutagenesis, transposition, repair, and response to
DNA damage (Meyer and Laine, 1990). This protein binds preferentially
and cooperatively to ssDNA (Lohman and Ferrari, 1994). The E. coli
SSB protein is encoded by a single gene, while the active form of the
protein is a homotetramer in which each monomer contains one ssDNA
binding domain (Lohman and Ferrari, 1994). During the process of
homologous recombination, the SSB protein is involved in stimulation
of RecA protein-mediated DNA strand exchange and in protecting
ssDNA from nucleolytic degradation (Kowalczykowski et al., 1994;
Anderson and Kowalczykowski, 1998).

2. The Eukaryal RPA

The eukaryal RPA complex is composed of three distinct subunits
(Gomes and Wold, 1995, 1996; Wold, 1997). The large subunit of this
protein, RPA70, has several domains. The N terminus mediates inter-
actions between RPA and many cellular proteins, while the middle
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region contains two functional and homologous ssDNA binding sites.
The G terminus is involved in interactions with the other subunits of
this heterotrimeric complex and also contains a zinc-finger domain,
which is important for RPA function (Wold, 1997). RPA32 carries a
third functional ssDNA binding site and is phosphorylated in a cell
cycle-dependent manner (Bochkareva ef al., 1998). Finally, the smallest
subunit, RPA14, has an additional ssDNA binding domain. Although
the bacterial and eukaryal proteins have completely different protein
architectures and share little homology overall, a significant amount of
homology is found between their ssDNA binding domain motifs. For
example, the ssDNA binding domain A of the RPA70 subunit shows
similarity to the E. coli SSB protein. This homology also extends to
phage-encoded SSB’s and, now, to the archaeal ssDNA binding proteins
(Philipova et al., 1996; Chédin et al., 1998b; Kelly et al., 1998; Haseltine,
2001; Wadsworth and White, 2001).

3. Archaeal ssDNA Binding Proteins

A ssDNA binding protein was initially found by sequence analysis
in each of three archaeons: Methanococcus jannaschii, Methanobac-
terium thermoautotrophicum, and Archaeoglobus fulgidus (Fig. 13
and Table I) (Chédin et al., 1998b). These proteins are homologous to
the eukaryal RFA1 gene, which corresponds to the RPA70 subunit, the
largest subunit of the RPA heterotrimeric complex. Interestingly, the
ssDNA binding proteins discovered in these three archaeons possessed
completely different architectures from either the SSB protein or RPA
(Chédin et al., 1998b; Kelly et al., 1998). The euryarchaeal M. jannaschii
and M. thermoautotrophicum proteins exist as a single polypeptide
chain and encompass four ssDNA binding domains in tandem, all
of which show homology to each other (Fig. 13). Additionally, these
ssDNA binding domains contain amino acids that are conserved in the
eukaryal RPA70 subunit and are known to make contacts with DNA.
Furthermore, a strongly conserved zinc-finger domain was also found
within these proteins. This finding implies that these proteins function
as a single subunit that does not require multimerization, as in the case
of the SSB protein, or association with other subunits, as in the case of
the eukaryal RPA.

Investigation into other members of the Archaea, however, revealed
ssDNA binding proteins with varied architectures (Chédin et al., 1998b).
For example, in A. fulgidus, a protein containing two subunits with
two DNA binding domains in each was discovered. The second subunit
also contained a putative zinc-finger motif. This organization proved
to be true for Pyrococcus abysii, Pyrococcus horikoshii, P. furiosus,
and Halobacterium sp. NRC-1 as well (Fig. 13). Finally, the genomes
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of Aeropyrum pernix and S. solfataricus, two members of the Cre-
narchaeota, possess proteins with a completely different architecture
(Haseltine, 2001; Wadsworth and White, 2001). These proteins contain
a single subunit with a single ssDNA binding domain and an acidic
C terminus, which are hallmarks of an E. coli SSB protein-like struc-
ture. This suggests that the ssDNA binding proteins from members of
the Crenarchaeota and Euryarchaeota must have diverged early in evo-
lution and that representatives of each type of ssDNA binding protein
still exist in members of the Archaea.

The ssDNA binding proteins from M. jannaschii (Kelly et al., 1998;
E. M. Seitz and S. C. Kowalczykowski, unpublished observation) and,
most recently, S. solfataricus (Haseltine, 2001; Wadsworth and White,
2001) were purified. Both proteins show ssDNA binding activity at el-
evated temperatures, but neither stimulate the ATPase activity or DNA
strand exchange activities of the RadA protein. Since secondary struc-
ture is not stable in ssDNA at elevated (75—-80°C) temperatures, there
may be little need for an SSB protein in the presynaptic step of archaeal
recombination. Consequently, these ssDNA binding proteins might be
needed only for postsynaptic steps.

F. ADDITIONAL PROTEINS INVOLVED IN DNA STRAND EXCHANGE

During the process of DNA strand exchange, the RecA, Rad51, and
RadA proteins may encounter obstacles that prevent them from binding
to ssDNA or from efficiently completing the DNA strand exchange or
DNA heteroduplex extension step. In some instances, ssDNA binding
proteins can actually serve as competitors to binding of the DNA strand
exchange proteins to ssDNA. This competition is overcome by “media-
tor” proteins that can facilitate the binding of the DNA strand exchange
protein to ssDNA (Fig. 10). In E. coli, the RecF, RecO, and RecR pro-
teins serve this function by facilitating binding of the RecA protein to a
SSB protein-coated ssDNA gap (Umezu et al., 1993; Webb et al., 1997;
Kuzminov, 1999). While there is no structural homologue of either the
RecF, the RecO, or the RecR protein in the Eukarya, two factors, the
Rad52 protein and Rad55/57 proteins, help the Rad51 protein to over-
come the competition imposed by the binding of RPA to ssDNA (Paques
and Haber, 1999; Sung et al., 2000). The Rad55/57 proteins share homol-
ogy to the Rad51 protein and are, therefore, referred to as Rad51 protein
paralogues. Homologues of the RecF, RecO, RecR or Rad52 protein have
not been identified in the Archaea. However, there exists a RadA pro-
tein paralogue, the RadB protein (Komori et al., 2000b), whose function
is unclear, but it may also serve a “mediator” role during DNA strand
exchange.
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1. Recombination Mediator/DNA Annealing Proteins

a. Bacterial RecFOR Proteins. In both the Bacteria and the Eukarya,
there exist proteins that aid the DNA strand exchange protein. In wild-
type E. colj, the need for these “accessory” proteins is revealed when the
DNA lesion is a daughter strand gap, whose repair occurs via the RecF
pathway of recombinational repair (Horii and Clark, 1973; Kuzminov,
1999). In this pathway, three proteins facilitate aspects of RecA nucleo-
protein filament formation: RecF, RecO, and RecR (Fig. 1) (Kolodner
et al., 1985). In the course of daughter strand gap repair, SSB protein is
the first protein to bind to the ssDNA within the gap. To facilitate the
exchange of RecA protein for SSB protein, the RecOR protein complex
binds to the SSB protein—ssDNA complex and facilitates the polymer-
ization of the RecA protein filament at the expense of the SSB protein-
coated ssDNA. The RecA protein can now pair the ssDNA gap with a
homologous sequence to permit repair of the ssDNA gap. In this capac-
ity, the RecO and -R proteins help both to direct the RecA protein to
the gap and to displace the SSB protein that is coating the ssDNA. The
RecF protein forms a complex with the RecR protein, and this complex
binds randomly to dsDNA to stop RecA nucleoprotein filament exten-
sion (Webb et al., 1997). The RecO protein can also anneal complemen-
tary ssDNA (Luisi-DeLuca and Kolodner, 1994) and, in fact, can anneal
ssDNA that is complexed with the SSB protein (N. Kantake, M. V. V. M.
Madiraju, T. Sugiyama, and S.-Kowalczykowski, in preparation). To
date, no structural homologues of RecF, RecO, or RecR have been uncov-
ered in eukaryal or archaeal organisms, although these proteins are con-
served throughout the Bacteria; however, functional homologues exist.

b. The Eukaryal Rad52 Protein. The importance of S. cerevisiae
RAD52 in recombination is underscored by the fact that null mutations
in RAD52 eliminate the cell’s ability to carry out all homologous recom-
bination events (Game, 1993; Rattray and Symington, 1994). RAD52
has therefore been implicated in multiple recombination pathways: ho-
mologous recombination, ssDNA annealing (SSA), and break-induced
replication (BIR) (Paques and Haber, 1999; Sung et al., 2000). The Rad52
protein bears no structural homology to any known recombination fac-
tors in the Bacteria; however, it appears to be a functional homologue of
the RecO(R) protein. Additionally, no Rad52 protein homologues have
been identified in the Archaea.

The Rad52 protein binds ssDNA and mediates DNA strand anneal-
ing between two homologous DNA molecules; this activity is stimu-
lated by the presence of RPA bound to the DNA (Mortensen et al., 1996;
Shinohara et al., 1998; Sugiyama et al., 1998). The Rad52 protein binds
to DNA by forming ring-shaped multimers (Shinohara et al., 1998; Van
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Dyck et al., 1999) and binds to ssDNA with a higher affinity than to ds-
DNA (Mortensen et al., 1996; Van Dyck et al., 1999). The Rad52 protein
forms a complex with the Rad51 protein, as shown by immunoprecip-
itation (Sung, 1997b). The Rad52 protein is also able to form a com-
plex with RPA or with RPA-ssDNA complexes (Shinohara et al., 1998;
Sugiyama et al., 1998). During DNA strand exchange, the Rad52 protein
is able to overcome the inhibition to Rad51 protein posed by the binding
of RPA to ssDNA (New et al., 1998; Shinohara et al., 1998). While the
Rad52 protein can bind ssDNA, it does not displace RPA from ssDNA;
rather it mediates an efficient exchange between the Rad51 protein and
RPA (Sung, 1997b; New et al., 1998; Shinohara and Ogawa, 1998). The
mechanism by which the Rad52 protein carries out this role as “medi-
ator” may be through its ability to target the Rad51 protein to ssDNA,
although presently the exact mechanism is not entirely clear.

2. Rad51 and RadA Protein Paralogues

a. Eukaryal Rad55/57 Proteins (Rad51 Protein Paralogues). Addi-
tional members of the yeast RAD52 epistasis group function in conjunc-
tion with the Rad51 protein, and some of these members exist in archaeal
genomes. Two proteins in S. cerevisiae show limited homology to both
the RecA and the Rad51 proteins and are called the Rad55 and Rad57
proteins (Sung et al., 2000). The homology between these proteins and
either the RecA or the Rad51 protein resides mainly in the sequence
motifs that are involved in nucleoside triphosphate binding. In yeast,
mutations in these genes result in cells that are cold-sensitive for both
recombination and sensitivity to ionizing radiation. The recombination
defect of a rad55 rad57 double mutant is no greater than that of either
single mutation alone, which suggests an epistatic relationship between
the two genes (Lovett and Mortimer, 1987). The two proteins interact
with one another, as evidenced by yeast two-hybrid experiments and
coimmunoprecipitation (Johnson and Symington, 1995). The Rad55/57
complex aids the Rad51 protein in forming a more continuous filament
on ssDNA that is complexed with RPA during the presynaptic step of
DNA strand exchange (Sung, 1997a).

Human cells contain five Rad51 paralogues of unknown function,
known as XRCC2, XRCC3, Rad51B, Rad51C, and Rad51D. These human
Rad51 paralogues are all mitotically expressed (Albala et al., 1997; Rice
et al., 1997; Cartwright et al., 1998a,b; Dosanjh et al., 1998; Liu et al.,
1998), and share 20—30% amino acid homology with the human Rad51
protein and with each other. The XRCC2 and XRCC3 genes are impor-
tant for chromosome stability in mammalian cells (Fuller and Painter,
1988; Tucker et al., 1991; Cui et al., 1999), and XRCC2 and XRCC3 are
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important for efficient repair of DSBs by homologous recombination
(Cui et al., 1999; Pierce et al., 1999). Additionally, these five human
Rad51 paralogues interact with one other (Schild et al., 2000).

b. Archaeal RadA Protein Paralogues. The Archaea possess proteins
homologous to RadA protein as well, and they may serve the same
sort of presynaptic role in homologous recombination as demonstrated
for Rad55/57 (Fig. 1). The RadA protein paralogue in the Archaea is
referred to as RadB. Figure 14 shows an alignment of nine RadB pro-
teins and the conserved Walker-A and -B motifs. These RadB proteins
differ from RadA in two ways: first, the RadB proteins are smaller
than the RadA protein, lacking both an N- and a C-terminal extension
(Fig. 15). Second, while the sequences are homologous, they share only
about 30—-40% similarity with the Rad A protein. In addition, there is a
difference between the euryarchaeal and the crenarchaeal RadB protein
sequences. The crenarchaeal RadB proteins show more sequence
similarity to the E. coli RecA protein and, in fact, cannot be identified
through a Blast search with the S. cerevisiae Rad51 protein sequence.
Figure 16a shows an alignment between the E. coli RecA protein and the
RadB proteins from the crenarchaeotes S. solfataricus and A. pernix.
The crenarchaeal RadB protein is truncated on both the N and the C
termini in comparison to the RecA protein but shows 25-27% amino
acid similarity over the entire protein. Conversely, RadB proteins from
euryarchaeotes show more sequence similarity to the S. cerevisiae
Rad51 protein (Bult et al., 1996; Klenk et al., 1997; Smith et al., 1997;
Kawarabayasi et al., 1998; Komori et al., 2000b). Figure 16b shows an
alignment of euryarchaeal RadB proteins with the S. cerevisiae Rad51
protein. These euryarchaeal RadB proteins share 38-54% amino acid
similarity, across the entire protein, to the Rad51 protein.

The radB gene from P furiosus was cloned and its gene product
purified (Komori et al., 2000b). This protein possesses a weak DNA-
independent ATPase activity, and, interestingly, a higher affinity for
binding to ssDNA than does the RadA protein. The RadB protein
inhibits RadA protein-promoted D-loop formation under all conditions
examined. Inhibition is also seen in Rad A protein-promoted DNA strand
exchange unless the RadB protein is added after the RadA protein is
allowed to bind the ssDNA. Electron microscopy reveals that the RadB
protein forms a filamentous structure on ssDNA. The RadB protein
did not show any interaction with the RadA protein, which differs
from the situation with Rad51 and Rad55/57. Interestingly, this protein
coimmunoprecipitates with the Hjc enzyme from P, furiosus, a Holliday
junction-resolving enzyme (see below), and the RadB protein inhibited
Holliday junction cleavage by the Hjc protein. The fact that the RadB
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Multiple alignment of archaeal RadB protein homologues. Sequences were
as follows: A. fulgidus (Afu), gi_2648436; M. jannaschii (Mja), mj0254; M. thermoau-
totrophicum (Mth), gi_2622824; P. abyssii (Pab), gi5457551; P. furiosus (Pfu), orf527;
P, horikoshii (Pho), gi3256505, P. KOD1 (Pkod), gi6009935; A. pernix (Ape), gi5105190;
and S. solfataricus (Sso), c62_008. The sequences were aligned using MULTALIN at http:/
/www.toulouse.inra.fr/multalin.html. Highly conserved residues are shaded in dark gray,
while moderately conserved residues are shaded in light gray. The two conserved Walker-
A and -B domains are indicated as A and B.
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Fic. 15. Schematic representation of the archaeal RadB proteins compared to the RadA
proteins and to the RecA/Rad51 proteins. Shown for comparison are the S. cerevisiae
proteins, Rad51 and Dmc1, and the E. coli protein, RecA. Rad A proteins are approximately
100 amino acids longer than RadB proteins at the N terminus (Domain I). RadB proteins
consist primarily of a central core domain (Domain II). The two conserved Walker-A and
-B domains are indicated as A and B.

protein did not stimulate any RadA protein activity could be due to
the fact that, to function properly, it must form a heterodimer with an-
other unknown protein, like the S. cerevisiae Rad55/57 protein complex
(Komori et al., 2000b).

3. Rads54 Proteins

a. The Yeast Rad54 Protein. Another member of the RAD52 epistasis
group, the Rad54 protein, was shown in S. cerevisiae to enhance Rad51
protein function during the synaptic phase of DNA strand exchange
(Petukhova et al., 1999; Mazin et al., 2000a; Van Komen et al., 2000).
This protein belongs to a group of proteins known as the Swi2/Snf2
family, which are involved in a variety of chromosomal processes (Eisen
et al., 1995). The Rad54 protein has dsDNA-dependent ATPase activity,
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and it can induce a conformational change in dsDNA, which is man-
ifest as a change in the linking number of covalently closed dsDNA
(Petukhova et al., 1999; Tan et al., 1999). The Rad54 protein interacts
with the Rad51 protein in both yeast two-hybrid and in vitro analyses
(Petukhova et al., 1998), and the Rad54 protein stimulates, by more than
10-fold, Rad51 protein-dependent homologous DNA pairing (Petukhova
et al., 1999; Mazin et al., 2000a; Van Komen et al., 2000).

b. Archaeal Rad54 Protein Homologues. A putative Rad54 protein
homologue exists in the crenarchaeote S. solfataricus (Table I and
Figs. 16 and 17). The S. solfataricus Rad54 homologue shows conser-
vation of the seven helicase motifs that are found in the yeast Rad54
protein, and it is about 30 amino acids longer than the yeast protein.
Figure 17 shows an alignment of the S. solfataricus Rad54 protein with
the S. cerevisiae Rad54 protein, and the conserved helicase motifs are la-
beled. Also indicated are conserved leucine residues that may constitue
a leucine zipper motif. Figure 18 is a schematic comparison of these two
proteins. The S. solfataricus Rad54 protein lacks the nuclear localiza-
tion signal (NLS) of the S. cerevisiae Rad54 protein but has 47 and 25%
amino acid similarity and identity, respectively, to the first 200 amino
acids immediately following the yeast Rad54 NLS. This 200-amino
acid region makes the Rad54 protein family distinct from other Swi2/
Snf2 DNA-dependent ATPases (Kanaar ef al., 1996). Additionally, the
S. solfataricus Rad54 protein has a conserved leucine zipper motif that
is found in the S. cerevisiae Rad54 protein. Homologues of the Rad54
protein cannot be identified unequivocally in other archaeons due to
weak sequence conservation, and currently there is no biochemistry
available for any putative archaeal Rad54 protein.

G. HoLLIDAY-JUNCTION CLEAVING ENZYMES

When first proposed, the Holliday model for recombination en-
visioned that exchange of both single strands of dsDNA with a
homologous duplex DNA would produce a four-way junction, termed
the Holliday (1964) junction. This four-way Holliday-junction is
central to many models of homologous recombination, and physical
evidence for this junction in meiotic recombination was demonstrated
(Schwacha and Kleckner, 1995). The formation of this four-way
junction is followed by branch migration, which includes the progres-
sive exchange of base-pairing between the homologous duplex DNA
molecules (West, 1992; White et al., 1997). Cleavage of this junction by
the introduction of two symmetric phosphodiester cleavages (Fig. 19)
in one of two possible orientations results in two possible recombinant
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FiG. 16. Multiple alignment of RadB protein homologues. (a) Alignment of crenar-
chaeal RadB proteins with E. coli RecA protein. Sequences were as follows: A. pernix
(Ape), gi5105190; S. solfataricus (Sso), ¢62_008; and E. coli (Eco), gi1789051. (b) Align-
ment of euryarchaeal RadB proteins with S. cerevisiae Rad51 protein. Sequences were as
follows: A. fulgidus (Afu), gi_2648436; M. jannaschii (Mja), mj0254; M. thermoautotroph-
icum (Mth), gi_2622824; P, abyssii (Pab), gi5457551; P. furiosus (Pfu), orf527; P. horikoshii
(Pho), gi3256505, P. KOD1 (Pkod), gi6009935; and S. cerevisiae (Sce), gi603333. The
sequences were aligned using MULTALIN at http://www.toulouse.inra.fr/multalin.html.
Highly conserved residues are shaded in dark gray, while moderately conserved residues
are shaded in light gray. The two conserved Walker-A and -B domains are indicated as A
and B.

DNA products: spliced, which results in exchange of genetic markers;
and patched, which results in heteroduplex DNA but no exchange of
the flanking genetic markers.

The branch migration step (Fig. 1) can be catalyzed by a DNA
strand exchange protein; however, in E. coli two proteins, RuvA and
RuvB, which form the heterodimer called RuvAB, promote particularly
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efficient branch migration (Iwasaki et al., 1992; West, 1997). In addition,
the RecG protein has DNA unwinding activity that can promote branch
migration (Lloyd and Sharples, 1993; Whitby and Lloyd, 1998).
Holliday-junction cleaving or resolving enzymes are found through-
out all three domains of life (Aravind et al., 2000) and are also present
in bacteriophages (White et al., 1997). These nucleases are specific for
DNA molecules that contain branch points and, in particular, four-way
junctions. Holliday-junction resolving enzymes can be divided into
three types. Type 1 enzymes cleave Holliday junctions at specific
dinucleotide sequences, and members include E. coli RuvC, yeast mito-
chondrial Ccel, E. coli RusA (White et al., 1997), and perhaps archaeal
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Fic. 17. Comparison of the S. solfataricus Rad54 protein homologue with S. cerevisiae
Rad54. Protein sequences (Sso Rad54 homologue sh13a0224_002&004 and Sce Rad54
protein gi6321275) were aligned using BLAST at http://www.ncbi.nlm.nih.gov/BLAST/
. The seven helicase domains characteristic of Swi2/Snf2 DNA-dependent ATPases are
indicated, although the homology in motif IV is weak. Identical residues are represented
by the single-letter amino acid code, while highly conserved residues are indicated by a
+. Residues that may constitute a leucine zipper motif are circled.

Hjc (Kvaratskhelia and White, 2000a). This sequence requirement is
probably important to limit cleavage to the Holliday junction. Type 2
enzymes, on the other hand, which include the bacteriophage enzymes
T4 endo VII and T7 endo I, have little or no substrate specificity. These
endonucleases can cleave a wide variety of other DNA structures, such
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FIG. 18. Schematic representation of the S. solfataricus Rad54 protein homologue. Po-
tential nuclear localization signal (NLS) and potential leucine zipper regions are indi-
cated. The seven helicase domains characteristic of Swi2/Snf2 DNA-dependent ATPases
are represented by cross-hatched boxes, although the homology in motif IV is weak.
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Fic. 19. Holliday-junction cleaving enzymes are responsible for resolution of Holliday
junctions in one of two possible orientations. Shown are the products of the endonu-
cleolytic cleavage by the RuvC protein of a Holliday junction in ejther of two possible
orientations, A or B. Cleavage in the A orientation results in a patched recombinant prod-
uct, while cleavage in the B orientation results in a spliced recombinant product.
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as three-way junctions, bulged duplexes, mismatches, and cisplatin
adducts (White et al., 1997). The third type of Holliday-junction
resolvases is defined by a newly discovered archaeal Hje enzyme. Like
type 1, this enzyme shows substrate specificity, but like type 2, it does
not exhibit sequence specificity for cleavage (Kvaratskhelia and White,
2000b). Although these Holliday-junction resolving enzymes show the
same type of specificity for binding to and cleaving four-way junctions,
at the amino acid level these proteins show little or no conservation.
Indeed, while a Holliday-junction cleaving activity is detected in yeast
nuclei and mammalian extracts, no proteins have been assigned to this
activity as of yet (Constantinou et al., 2001).

1. The Bacterial RuvC Protein

The E. coli RuvC protein is the prototypic Holliday-junction cleaving
enzyme (Bennett and West, 1996; Shah et al., 1997, West, 1997; Eggle-
ston and West, 2000). The crystal structure of RuvC was determined at
atomic resolution and demonstrates that the catalytic center, compris-
ing four acidic residues, lies at the bottom of a cleft that fits a DNA
duplex (Ariyoshi et al., 1994a,b). The RuvC protein specifically binds
four-way Holliday junctions as a dimer and cleaves the strands in a
magnesium- and homology-dependent manner. The ssDNA nicks made
by RuvC are symmetric; they are found in strands of similar polarity, ex-
clusively on the 3’ site of thymine residues. Strand cleavage by the RuvC
dimer occurs in a sequence-specific manner, and the optimal sequence
for cleavage is (A~T)TT|(C >G~A) (Fogg et al., 1999).

2. Archaeal Holliday-Junction Cleaving Enzymes

The first archaeal Holliday-junction cleaving activity was detected
in the hyperthermophilic archaeon, P. furiosus; the gene was cloned,
and the protein was subsequently purified (Komori et al., 1999). This
protein, named Hjc (for Holliday-junction cleavage), introduces sym-
metrically related nicks into two DNA strands of similar polarity, as
observed with the E. coli RuvC enzyme and other known resolvases.
This P. furiosus Hjc enzyme resolves Holliday junctions by introduc-
ing paired cuts, 3’ to the point of strand exchange, without discernible
sequence specificity. The P. furiosus Hjc protein does not share any se-
quence similarity with any of the other known resolvases, although this
sequence is highly conserved in the genomes of other archaeons (Table I
and Fig. 20). P. furiosus Hjc protein cleaves the recombination interme-
diates that are formed by the E. coli RecA protein as efficiently as does
the E. coli RuvC enzyme (Komori et al., 1999).
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Fic. 20. Multiple alignment of archaeal Holliday-junction cleavage protein homo-
logues. Sequences were as follows: A. fulgidus (Afu), gi2648580; M. jannaschii (Mja),
gi2496010; M. thermoautotrophicum (Mth), gi2622382; P. furiosus (Pfu), gi5689160;
P. horikoshii (Pho), gi5689160; A. pernix (Ape), gi5104108; and S. solfataricus (Sso),
gi6015898. The sequences were aligned using MULTALIN at http://www.toulouse.
inra.fr/multalin.html. Highly conserved residues are shaded in dark gray, while mod-
erately conserved residues are shaded in light gray. The P. aerophilum homologue is not
shown because the genome sequence has not been publicly released.

The S. solfataricus Hjc protein was identified based on homology to
the P, furiosus Hjc protein and showed 34% amino acid sequence iden-
tity to this protein. Additional homologues of the Hjc enzyme were iden-
tified in the archaea shown in Fig. 20, plus Pyrobaculum aerophilum.
These proteins show 35% amino acid identity between them, including
13 totally conserved residues that may function in binding the catalytic
metal ions (Fig. 20). This conserved catalytic metal ion binding domain
was identified previously in several restriction enzymes and is part of
the active site of the type II restriction enzyme EcoRV (Kvaratskhelia
et al., 2000). Domain analysis of the P. furiosus Hjc enzyme also re-
vealed the importance of several residues that confer enzymatic activity
to this protein, three of which were found to be conserved in the motif
found in type Il restriction endonuclease family proteins (Komori et al.,
2000a). The S. solfataricus Hjc enzyme binds specifically to four-way
DNA junctions in a Mg**-dependent manner, cleaves the junction 3’ to
the center of the junction, and may show some sequence specificity for
cleavage (Kvaratskhelia and White, 2000a).

Another archaeal Holliday-junction resolving enzyme, Hje (for
Holliday-junction endonuclease}, was found in two members of the
crenarchaeota, S. solfataricus and S. shibatae (Table I) ( Kvaratskhelia
and White, 2000b). The partial purification of these enzymes showed
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that these endonucleases resolve Holliday junctions in a Mg**-
dependent manner by introducing paired nicks in opposing strands,
thereby releasing nicked duplex DNA products. Further experiments
showed that the Hje protein does not show sequence specificity for
junction cleavage, suggesting that Hje does not belong to the type 1 class
of sequence-specific junction resolving enzymes, such as the E. coli
Ruv(C and yeast mitochondrial Ccel proteins. The Hje proteins do not
cleave three-way junctions as does the T4 endonucleaseVII enzyme but
do discriminate between the continuous and the exchanging strands
of the four-way DNA junction to a greater extent than any other known
Holliday-junction cleavage enzyme (Kvaratskhelia and White, 2000b).
The archaeal Hje enzyme may therefore use this type of discrimination
for recognition and resolution of Holliday junctions to achieve speci-
ficity without having to rely on the local nucleotide sequence, like the
RuvC enzyme. The Hje enzyme introduces a new class of Holliday-
junction resolving enzymes that is unlike any of the previously studied
enzymes (Kvaratskhelia and White, 2000a). The S. solfataricus Hje
enzyme produces a cleavage pattern completely different from that of
the Hjc enzyme, which suggests that there are two Holliday-junction
resolving enzymes in this archaeon (Kvaratskhelia and White, 2000a).

H. SUMMARY: ARCHAEAL RECOMBINATIONAL REPAIR

The process of homologous DNA recombination in the Archaea has
only just begun to be explored. This nascent analysis has been greatly fa-
cilitated by the relatively recent sequencing of several different archaeal
genomes, since the ability to perform genetic screens in these organisms
is still rather difficult due to unusual growth requirements, as well as
the inability to transform genetically many members of this group.

The picture emerging for this process in the Archaea is one that shows
much more similarity to the pathway of eukaryal homologous DNA re-
combination than to that of bacterial recombination. Homologues of
the eukaryal Spo11 protein, which is involved in the creation of DSBs
in meiosis, exist in nearly all members of the Archaea, although it is
unclear at this point whether this protein plays a direct role in the initi-
ation of homologous recombination in the Archaea, since it is a subunit
of topoisomerase VI. The lack of a bacterial RecBCD enzyme homologue
to process the DSB suggests that there is a different initiation or DNA
end processing mechanism in the Archaea. Homologues of another eu-
karyal/bacterial nuclease complex that can process DNA ends are, how-
ever, found in the Archaea: the Rad50 and Mre11 proteins (Fig. 1 and
Table I). Although their precise role in recombination is uknown, per-
haps in conjunction with a DNA helicase, appropriate DSB processing
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can be effected. Interestingly, there also exists at least one example of an
archaeal homologue of the RecQQ/Sgs1 helicase family. Therefore, related
mechanisms of DSB processing are likely for the Archaea and Eukarya.

The archaeal homologous DNA strand exchange protein, RadA,
clearly shows more homology to the eukaryal Rad51 protein rather than
to the bacterial RecA protein, both structurally and functionally. The
fact that RadA protein homologues exist in more than 14 archaeons
illustrates the importance of this protein in archaeal cellular function,
and given the ubiquity of the Rad51 and RecA proteins, all Archaea are
expected to have a Rad A homologue.

The Archaea also possess an interesting family of ssDNA binding
proteins, which likely serves an important function in the processes
of DNA replication, recombination, and repair. These proteins are
also more similar at the sequence level to the eukaryal RPA, but they
display very diverse structural forms. The euryarchaeal proteins closely
resemble RPA in that they also incorporate a zinc binding domain
within the protein; however, these proteins exist in one- or two-subunit
structural variants, rather than the three-subunit quaternary structure of
RPA (Fig. 13). In contrast, however, the crenarchaeal protein resembles
the bacterial SSB protein in structural form (a single ssDNA binding
domain with an acidic tail, which assembles into a tetramer) while
retaining sequence similarity to the binding domains of eukaryal RPA.

The existence of RAD52 epistasis group homologues in the Archaea
also substantiates this similarity to the eukaryal process. These homo-
logues include members, known as RadB proteins, that bear similarity to
RecA or Rad51 proteins but are distinct from RadA proteins. RadB pro-
teins, which are RadA protein paralogues, may be homologues of Rad55
or Rad57 proteins. A putative Rad54 protein homologue is also present.

Finally, Holliday-junction resolvases exist in the Archaea. While
these enzymes do not show homology to any known resolvases,
they are able to bind to four-way Holliday junctions and promote
their cleavage in a Mg?*™-dependent manner, as shown for all other
Holliday-junction cleaving enzymes. The Hjc enzyme, present in most
archaeons, is a Holliday-junction resolving enzyme, which may show
some sequence specificity for cleavage. The Hje enzymes seem to
define their own class of Holliday-junction resolvases, in that they
do not display any sequence specificity for cleavage of the Holliday
junction but do discriminate between stacked four-way junctions that
contain continuous and those that contain exchanging strands, which is
different from any Holliday-junction resolving enzyme known to date.
Until the identification of the eukaryal Holliday-junction resolvases
responsible for this step in homologous recombination, it is impossible
to say whether the archaeal resolvases resemble eukaryal resolvases.
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Thus, the archaeal system does seem to represent a “simpler” version
of the complex eukaryal process, but with unique features, and with
some features that bear resemblance to those of Bacteria.

lll. DNA Repair Pathways

All living cells have many mechanisms for repairing the various types
of DNA damage encountered (Lindahl and Wood, 1999). The multiple
pathways employed can be divided into several distinct groups: direct
reversal of DNA damage, which chemically reverses DNA damage; base
excision repair (BER), which removes the damaged base; nucleotide
excision repair (NER), which removes lesions in oligonucleotide form;
mismatch repair (MMR), which corrects mispaired bases in DNA; and
bypass pathways, which involve specialized DNA polymerases that can
insert residues opposite damaged sites so that DNA replication can con-
tinue. In this article, we focus mainly on the pathways where homo-
logues have been identified or studied in the Archaea. These processes
include direct reversal of DNA damage, NER, and BER (Fig. 21). Toward
the end of the article we discuss what is known in the other
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FiG. 21. Three DNA repair pathways common to all phylogenetic domains. Direct
reversal chemically reverses the modification and includes the removal of a methyl group
from OS-methylguanine. Base excision repair corrects modifications, such as the incorpo-
ration of a uracil residue, by removing a single base. Nucleotide excision repair involves
the removal of intact nucleotides, such as a T-C pyrimidine dimer; the lesion is excised
as an oligonucleotide, whose length differs for bacterial and eukaryal NER systems.
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pathways of MMR and error-prone DNA repair in this phylogenetic
domain.

A. Direct DNA DAMAGE REVERSAL

The first DNA repair mode to be discovered was photoreactivation
of DNA (Friedberg et al., 1995). Photoproducts in DNA are created
by exposure to UV radiation at wavelengths near the absorption maxi-
mum of DNA. To repair the major photoproduct formed, a pyrimidine
dimer, organisms have a photoreactivation system to reverse the base
damage directly. Photoreactivation is a light-dependent process involv-
ing the enzyme-catalyzed monomerization of cis-syn-cyclobutyl pyrim-
idine dimers (Fig. 22), and the enzymes that catalyze the photoreactiva-
tion of pyrimidine dimers in DNA are referred to as DNA photolyases
or photoreactivating enzymes (Friedberg et al., 1995). This activity is
widely distributed in nature and exists in the Bacteria, Eukarya, and
Archaea (Friedberg et al., 1995; DiRuggiero et al., 1999; Grogan, 2000).

1. Photolyase

Photolyase is able to split dimers using visible light as the source of
energy. This enzyme is able to absorb visible or near-UV light because
it contains a photochemically active chromophore (reduced FAD) as
well as another chromophore which transduces the absorbed energy to
the FAD cofactor. In bacteria, such as E. coli, the phrB gene encodes the
DNA photolyase; in lower eukaryotes, such as S. cerevisiae, this gene
is referred to as PHR1. The E. coli and S. cerevisiae photolyases contain
5,10-methenyltetrahydrofolate (MTHF) as the second chromophore and
have an absorption maximum at 380 nm (Sancar et al., 1987; Johnson
et al., 1988). However, the Gram-positive bacterium Streptomyces
griseus and the cyanobacterium Anacystis nidulans contain 8-hydroxy-
5-deazaflavin as a second chromophore, which has an absorption
maximum at 440 nm (Eker ef al., 1981, 1990; Yasui et al., 1988; Sack
et al., 1998). Photoreactivation activity has been detected in four ar-
chaeons in vivo: H. halobium, M. thermoautotrophicum, S. solfataricus,
and S. acidocaldarius (Fig. 22) (Grogan, 2000). The DNA photolyase
from M. thermoautotrophicum was purified and characterized and was
found to have an absorption maximum at 440 nm (Kiener et al., 1989).

2. DNA Alkyltransferases

Another mechanism of DNA damage repair occurs in response to
certain mutagenic alkylating agents, which react with DNA to pro-
duce both O-alkylated and N-alkylated products. O%-alkylguanine and
O*-alkylthymine are potentially mutagenic lesions because they can
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mispair during semiconservative DNA synthesis. The DNA repair pro-
tein, O%-alkylguanine DNA alkyltransferase (ATase), functions by trans-
ferring the problematic alkyl groups from the OF position of guanine and
the O* position of thymine to a cysteine residue at the active site of the
protein (Foote et al., 1980; Olsson and Lindahl, 1980). This irreversible
process results in the stoichiometric inactivation of the protein.

The E. coli enzyme that is responsible for transferring methyl groups
from the O° position of O°-methylguanine was originally called O°®-
methylguanine DNA methyltransferase, but it is also known as Ada
due to its importance in the adaptive response to alkylation damage
(Friedberg et al., 1995). This protein is able to recognize methyl groups
and larger alkyl groups as substrates. E. coli possesses an additional
protein, however, called Ogt (a DNA alkyltransferase encoded by the
ogt gene), which transfers the alkyl groups from O*-methylthymine
and OS%-methylguanine to a cysteine residue in the ATase (Goodtzova
et al., 1997). The protein responsible for O%-alkylguanine DNA alkyl-
transferase activity in S. cerevisiae is the product of the MGT1 gene and
is known as Mgt1 protein. This protein shows conservation with the E.
coli Ada and Ogt proteins and with the human and mammalian Mgt1
proteins as well (Xiao and Samson, 1992}.

In the Archaea, DNA alkyltransferases and DNA methyltransferases
were found in several members. The protein MGMT (for O°- methylgua-
nine DNA methyltransferase} was isolated from the hyperthermophilic
archaeon Pyrococcus sp. KOD1 and possesses methyltransferase activity
at temperatures as high as 90°C (Leclere et al., 1998). Additionally,
alkyltransferase activity was detected in cell extracts from two eur-
yarchaeotes, Thermococcus litoralis and P. furiosus, and two crenar-
chaeotes, S. acidocaldarius and P. islandicum. The principal activity of
these extracts resembled that of the E. coli Ogt protein (Skorvaga et al.,
1998). Subsequent analysis of sequenced archaeal genomes revealed Ogt
homologues also in A. aeolicus, A. fulgidus, A. pernix, M. thermoau-
totrophicum, M. jannaschii, P. abysii, P. horikoshii, and S. solfataricus
(Fig. 23} (Grogan, 2000). Figure 23 shows an alignment of eight archaeal
Ogt protein homologues with the bacterial Ogt protein from T. maritima.
These proteins all have a conserved methyl-acceptor cysteine residue.
The conservation of these alkyltransferases throughout evolution sug-
gests a strong need for this function, which is most likely due to the
toxic and mutagenic consequences of this type of DNA damage.

B. BASE EXCISION REPAIR

Base excision repair (BER} involves the removal of nonbulky DNA le-
sions such as uracil, thymine glycols and hydrates, and 8-oxo-guanine
in essentially two steps (Fig. 24). First, a DNA glycosylase releases the
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Fic. 23. Multiple alignment of Ogt protein homologues. Sequences were as follows:
Aquifex aeolicus (Aae), gi2983880; A. fulgidus (Afu), gi2648205; M. jannaschii (Mja},
mj1529; M. thermoautotrophicum (Mth), gi2621699; P. abyssii (Pab), gi5457822; P,
horikoshii (Pho), gi3258272; A. pernix (Ape), gi5104628; S. solfataricus (Sso), bac03-008;
and Thermotoga maritima (Tmar), gi4981422. T. maritima is a member of the Bacteria. The
sequences were aligned using MULTALIN at http://www.toulouse.inra.fr/multalin.htm].
Highly conserved residues are shaded in dark gray, while moderately conserved residues
are shaded in light gray. The methyl acceptor cysteine is marked by an asterisk.

base by cleaving the glycosidic bond that connects the base to the de-
oxyribose. Next, the abasic sugar {apurinic/apyrimidinic (AP) site) is
released by the combined actions of AP lyase and AP endonucleases
(Friedberg et al., 1995; Sancar, 1996; Wood, 1996).

1. DNA Glycosylases

DNA glycosylases recognize only a certain form of base damage, such
as a specific inappropriate base (e.g., uracil) or a specific base mispairing.

FIG. 24. Proteins involved in base excision repair (BER) that are common to all phylo-
genetic domains. The table compares proteins involved in BER for the Bacteria, Eukarya,
and Archaea, showing conserved homologues of a uracil DNA glycosylase, a mismatch gly-
cosylase, an 8-oxoguanine DNA glycosylase, and an apurinic nuclease. Notes: 'Although
reported as UDG homologues (Sandigursky and Franklin, 2000), these sequences are an-
notated in their respective genomes as DNA polymerase homologues. This protein has
also been suggested to be a novel mismatch glycosylase (Horst and Fritz, 1996; Begley
et al,, 1999) and has been categorized here as a MutY homologue for simplicity.
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DNA glycosylases were first identified in E. coli but are ubiquitous in
nature. Generally speaking, DNA glycosylases are small, single-subunit
proteins that have no cofactor requirement. These enzymes recognize
the presence of damaged or mismatched bases and catalyze the breakage
of the glycosyl bond between the base and the DNA sugar—phosphate
backbone. Some of these enzymes have an associated AP lyase activity
that produces 3'-a,8-unsaturated aldehyde and 5'-phosphate products
(McCullough et al., 1999). Glycosylase action, or the loss of purines or
pyrimidines, results in the production of a common intermediate, the
AP site. These sites are further processed by the AP endonucleases or
AP lyases that cleave the phosphodiester bond either 5’ or 3’ to the AP
site, respectively. This site is then processed further to yield a 3'-OH
suitable for polymerization and ligation (Sancar, 1996).

a. Uracil DNA Glycosylases. Deamination of cytosine results in the
formation of a uracil base. Since uracil will base-pair with adenine, cy-
tosine deamination results in a transition mutation from G-C to A-T,
if the uracil-containing strand is used as a replication template (Fried-
berg et al., 1995). DNA glycosylases that excise uracil or thymine at the
N-glycosidic bond can be classified into two major types according to
amino acid sequence and function. The first type is uracil DNA glycosy-
lase (UDG), which excises uracil from both ss- and dsDNA (U/G and U/A
mispairs). This type of enzyme does not, however, excise thymine from
T/G mismatches. UDG is found in all organisms, and there is 56% amino
acid sequence identity between E. coli UDG and human UDG (Olsen
et al., 1989; Krokan et al., 1997). The second type of DNA glycosylase
includes a mismatch-specific uracil DNA glycosylase (MUG), found in
E. coli and Serratia marcescens, and thymine DNA glycosylase (TDG)
from humans (Neddermann et al., 1996). MUG and TDG recognize the
mismatched basepairs in dsDNA and remove both mismatched uracil
and thymine. TDG recognizes and repairs U/G and T/G mispairs equally,
while MUG is mostly U/G mispair specific. MUG has 32% amino acid
identity with the central part of human TDG.

A uracil DNA glycosylase (UDG) was first described based on protein
activity in the archaea S. shibatae, S. solfataricus, P. islandicum, P.
furiosus, and T litoralis {Fig. 24) (Koulis et al, 1996). Subsequent
to this discovery, a UDG from the archaeon A. fulgidus was isoclated
(Sandigursky and Franklin, 2000). These enzymes showed biochemical
characteristics similar to those of the E. coli enzyme, as well as the same
enzyme from the thermophilic bacterium T. maritima (Sandigursky
and Franklin, 1999). This archaeal UDG enzyme can remove uracil
opposite guanine, as would occur in DNA after cytosine deamination.
However, this glycosylase was not able to remove thymine from a
similar substrate containing a T—-G base pair, which is similar to the
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activity of the T maritima UDG (Sandigursky and Franklin, 1999).
Additional homologues of this protein exist in P. horikoshii, P. abysii,
and A. pernix and were identified based on amino acid sequence
homology (Fig. 24) (Sandigursky and Franklin, 2000).

b. Mismatch Glycosylases. A mismatch glycosylase (Mth-MIG) that
shows functional similarity to MUG/TDG glycosylases was discovered
encoded on the cryptic plasmid pV1 of M. thermoautotrophicum (Fig.
24). Mth-MIG processes U/G and T/G butnot U on a single strand of DNA
(Horst and Fritz, 1996; Begley et al., 1999). Mth-MIG shows little amino
acid similarity to MUG/TDG and UDG but shows significant sequence
similarity to the [4Fe—4S]-containing Nth/MutY DNA glycosylase fam-
ily, which catalyzes N-glycosylic reactions on DNA substrates other than
U/G and T/G mispairs and which are conserved in both the Bacteria and
the Eukarya. These types of DNA glycosylases include DNA endonucle-
ase III (Nth; thymine glycol DNA glycosylase), MutY DNA glycosylase
(A/G-specific adenine glycosylase), UV endonuclease (UV endo), and
methylpurine DNA glycosylase II (Mpgll). The unique structural and
functional characteristics of Mth-MIG suggest that it is a new type of U/
G and T/G mismatch-specific glycosylase. Another putative homologue
of this protein was identified in the archaeon M. jannaschii based upon
sequence homology to endonuclease III (Fig. 24) (Begley et al., 1999).
An additional DNA glycosylase with significant sequence homology
to [4Fe—4S]-containing Nth/MutY DNA glycosylases was discovered
in the hyperthermophilic archaeon P. aerophilum (Fig. 24) (Yang et al.,
2000). This protein, Pa-MIG, shows 34% amino acid identity to the
M. thermoformicicum Mth-MIG protein and 30% amino acid identity to
the E. coli MutY protein. This protein also has amino acid residues that
are generally conserved in the [4Fe—4S]-containing Nth/MutY DNA gly-
cosylase family (Lu and Fawcett, 1998; Yang et al., 2000). The Pa-MIG
protein also has a conserved tyrosine residue that is conserved among
all Nth proteins and is critical for associated AP lyase activity. Biochem-
ically, the Pa-MIG protein processes both U/G and T/G mismatches
and may have a weak AP lyase activity associated with the enzyme, as
does the E. coli MutY enzyme. This protein could also process T/7,8-
dihydro-8-oxoguanine (GO) and U/GO substrates but could not process
A/G and A/GO mispairs, which are substrates for the MutY protein,
or G/G and G/GO mispairs. Members of this Nth/MutY/MIG/Mpgll/UV
endoglycosylase superfamily can also be found in A. pernix, A. fulgidus,
M. jannaschii, and P. horikoshii (Yang et al., 2000). Figure 25 shows an
alignment of nine archaeal members of this DNA glycosylase family.
The conserved lysine residue within the Nth protein family is indicated,
and the cysteine residues involved in the [4Fe—4S] binding cluster are
also indicated. M. thermoformicicum Mth-MIG is not indicated due
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FiG. 25. Multiple alignment of archaeal MutY and endonuclease III protein ho-
mologues. Sequences were as follows: A. pernix (Ape), gi5104542; Halobacterium
(HaloMutY), gi10581009; A. fulgidus (Afu), gi2648861; Halobacterium (HaloEndolll),
gi10580185; M. jannaschii (Mja), mj1434; P. abyssii (Pab), gi5458097; P. furiosus (Pfu),
orf1411; P. horikoshii (Pho); gi3257923; and S. solfataricus (Sso), gi3257923. The se-
quences were aligned using MULTALIN at http://www.toulouse.inra.fr/multalin.html.
Highly conserved residues are shaded in dark gray, while moderately conserved are
residues are shaded in light gray. The conserved lysine residue within the Nth family
is marked with an asterisk. The strictly conserved aspartic acid residue is indicated by
an “x.” The cysteine residues involved in binding the [4Fe—4S] cluster are marked with
dots.
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to the incompletion of this genome sequencing project at this date, and
P. aerophilum is not indicated due to restrictions on obtaining the se-
quences. The archaeal MIG family is remotely related to the human
MBD4 thymine glycosylase (Pa-MIG shows 21% amino acid identity in
the glycosylase domain to human MBD4 protein), which also repairs
T/G and U/G mismatches in dsDNA. The C-terminal catalytic domain
of the human MBD4 protein shows homoelogy to E. coli endonuclease
III and MutY proteins (Petronzelli et al., 2000).

2. 8-Oxoguanine DNA Glycosylases

Another member of the DNA glycosylase family that has a homologue
in the Archaea is 8-oxoguanine DNA glycosylase (Gogos and Clarke,
1999). 8-Oxoguanine (oxoG) is caused by oxidizing agents or ionizing
radiation and can be highly mutagenic if not repaired properly. DNA
glycosylases that are specific for this oxoG type of lesion were discov-
ered throughout the Bacteria and Eukarya, although they do not appear
to belong to the same family. The eukaryal oxoG DNA glycosylases of
yeast and mammals (Ogg 1 protein in S. cerevisiae and humans) belong
to a protein sequence-related family of DNA glycosylases whose mem-
bers have a wide range of specificities. The bacterial enzymes, however,
such as the E. coli MutM enzyme (or Fpg), make up their own dis-
tinct family that share sequence conservation, require zinc for activity,
and have a strong §-elimination activity (Girard et al., 1997). An oxoG
DNA glycosylase was identified, based on sequence homology to the
DNA glycosylase superfamily, in the euryarchaeote M. jannaschii, and
its gene product purified (Fig. 24). This protein, called mjOgg, is dis-
tantly related to other known oxoG-specific enzymes belonging to the
same glycosylase superfamily and shows no greater sequence homology
with the eukaryal Ogg1 protein than other members. mjOgg shows DNA
glycosylase activity and a specificity for oxoG. This enzyme also has an
agsociated DNA lyase activity (Gogos and Clarke, 1999).

3. AP Endonucleases

The AP endo/endonuclease IV family is another class of enzymes in-
volved in BER that have putative representatives in the Archaea, based
on sequence analysis. Homologues have been found in M. jannaschii
and M. thermoautotrophicum (Fig. 24). Following the release of free,
damaged, or inappropriate bases by DNA glycosylases, AP sites are
produced. The repair of these lesions is initiated by AP endonucle-
ases, which catalyze the incision of DNA exclusively at AP sites, and
this prepares the DNA for subsequent excision, repair synthesis, and
DNA ligation. Endonuclease IV, encoded by the nfo gene in E. coli, cat-
alyzes the formation of ssDNA breaks at sites of base loss in duplex DNA.
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Endo IV attacks phosphodiester bonds 5’ to the sites of base loss in DNA,
leaving 3'-OH groups. The bacterial endo IV protein is a homologue of
eukaryotic apurinic endonucleases (Aravind ef al., 1999). Additionally,
ahomologue of E. coli Nfi, or endonuclease V, was tentatively identified,
based on sequence homology, in M. thermoautotrophicum (Fig. 24)
(Aravind et al., 1999). These putative protein homologues have yet to
be studied biochemically.

C. NUCLEOTIDE EXCISION REPAIR

Another ubiquitous repair pathway is the nucleotide excision repair
(NER) pathway (Friedberg et al., 1995; Sancar, 1996). During NER, dam-
aged bases such as pyrimidine dimers and (6—4) photoproducts are en-
zymatically excised from DNA as intact nucleotides that are a part of
an olignonucleotide fragment (Fig. 26). There are two excision mecha-
nisms. One is via an endonuclease—exonuclease mechanism, where an
endonuclease makes an incision at a phosphodiester bond either 5 or
3’ to the lesion, and then an exonuclease digests the damaged strand
past the lesion. The second mechanism involves the action of an exci-
sion nuclease (excinuclease), which incises the phosphodiester bonds
on either side of the lesion and at some distance away from the lesion,
to excise the lesion in a nucleotide fragment of a unique length. The
fragment and UvrC protein are then released by the action of a DNA
helicase (UvrD protein, or helicase II, in E. coli) (Fig. 26) (Friedberg
et al., 1995; Sancar, 1996).

NER has been characterized in detail in both the Bacteria and the
Eukarya, where the damage to the DNA is excised by the combined
actions of several proteins in an ATP-dependent manner. The multisub-
unit complex that comprises the excinuclease in E. coli is made up of
the UvrA, UvrB, and UvrC proteins (Sancar, 1996). The UvrA protein
functions in recognizing the site of DNA damage, while the UvrB and
UvrC proteins catalyze the excision reaction, hydrolyzing the eighth
phosphodiester bond on the 5’ side of the damaged base or bases and
the fourth or fifth phosphodiester bond on the 3’ side of the damaged
base or bases. This leads to the excision of the lesion in the form of a 12-
to 13-nucleotide fragment (Sancar, 1996). The UvrD protein (helicase II)
then releases the oligonucleotide fragment as well as the DNA-bound
UvrC protein. The eukaryal excinuclease incises the 20th—25th phos-
phodiester bond 5’ and the 3rd—8th phosphodiester bond 3’ to the lesion
to generate 24- to 32-nucleotide fragments (Fig. 26). This NER system,
however, involves the action of many more proteins than the bacterial
process and is, thus, much more complex. None of the protein subunits
that make up the eukaryal excinuclease show any significant homology
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to the bacterial enzyme. The eukaryal system, however, is conserved
throughout the Eukarya (Wood, 1996).

When the Archaea were explored for the presence of NER activity,
the activity was found to be more similar to that of the bacterial system.
The first experiments, using a cell extract from M. thermoautotroph-
icum, demonstrated the release of an oligomer containing the lesion
that was 10~11 nucleotides in length (Ogrunc et al., 1998). This find-
ing paralleled the results with the purified E. coli excinuclease, which
released a 12-mer fragment, whereas the mammalian excinuclease re-
leased a 27-mer fragment. The archaeal reaction was ATP dependent, in
accordance with the behavior of both the bacterial and the eukaryal ex-
cinucleases. This archaeon also has UvrA and UvrB homologues, based
on sequence homology (Fig. 26) (Grogan, 2000).

The mechanism of NER seems to differ, however, for other members
of the Archaea, and homologues of the eucaryal NER system were
detected. These include homologues of Rad1, Rad2, Rad3, Rad25, and
Rad27, as well as mouse ERCC1 and human XP-F proteins (Fig. 26)
(Aravind et al., 1999; Grogan, 2000). In the Eukarya, two nucleases
are used to create the dual incisions during NER. In S. cerevisiae,
the nucleases are the Rad2 protein and the Rad1-10 protein complex
(Game, 1993, 2000; Prakash and Prakash, 2000). The Rad1 and Rad10
proteins form a complex that has a ssDNA endonuclease activity which
cleaves 3’-ended ssDNA at the junction with duplex DNA (Rad1-10).
The Rad2 protein also has ssDNA endonuclease activity. Homologues
of the yeast Rad1 protein were uncovered in the archaea M. jannaschii,
A. fulgidus, and M. thermoautotrophicum, although none was found
in bacteria (Aravind et al., 1999). All of the nucleases from this Rad1
family of proteins contain a conserved ERKX,SD motif and a conserved
aspartate residue. The archaeal homologues predict, interestingly, an
N-terminal helicase domain that is normally inactive in eukaryotes
(Aravind et al., 1999). Putative homologues of Rad2 were identified in
P, abysii, A. fulgidus, and M. thermoautotrophicum (Fig. 26) (Aravind
et al., 1999; Grogan, 2000). Two helicases in S. cerevisiae, Rad3 and
Rad25, are also involved in NER. These helicases are responsible for
creating a bubble structure during NER (Prakash and Prakash, 2000),
and a homologue of the Rad3 helicase was identified in P. abysii (Fig. 25)
(Grogan, 2000).

D. MisMATCH REPAIR

Both bacterial and eukaryal organisms can repair mismatched DNA
base pairs. Mismatches arise by several mechanisms, including errors
generated during the process of DNA replication, the formation of
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heteroduplex DNA as part of the recombination process, and through
the deamination of 5-methylcytosine. This type of modified base can
be found in the DNA of many organisms, from bacteria to eukaryotes.
Deamination causes the conversion of a G-5-mC base pair to a G-T base
pair (Friedberg et al., 1995; Yang, 2000).

The basic enzymology of the major MMR processes is very similar in
bacteria and eukaryotes. MMR in E. coli has been studied extensively
and occurs via a methyl-directed MutHLS system. MutS protein initi-
ates this process by binding, as a homodimer, to base—base mismatches
and loop insertions—deletions that may have arisen due to polymerase
misincorporation and slippage errors, respectively. This MutS repair
complex then recruits a MutL protein homodimer, which activates the
endonuclease activity of MutH. The ATP binding and hydrolysis activ-
ities of MutS and MutL proteins may cause conformational changes to
regulate binding to mismatches and subsequent interactions with other
factors such as MutH. Once MutH is activated, its endonuclease activity
is directed to incise the newly replicated DNA strand at hemimethylated
sites formed after the passage of the replication fork. The nicked strand
is then unwound by the activity of helicase I and degraded back past
the mismatch, either by 5’-to-3’ or by 3’-to-5’ exonucleases, and repair
synthesis fills in the resulting gap (Modrich, 1991; Yang, 2000).

Unlike the system in E. coli, S. cerevisiae has six MutS protein ho-
mologues, which are referred to as MutS homologue (MSH) proteins
(Kolodner and Marsischky, 1999). In yeast, MMR begins with a MSH2
proteinrecognizing the mismatch and forming a heterodimer with either
a MSH3 or a MSHS6 protein to bind the mismatches; each of the latter
provides specificity for the type of error that is recognized (Eisen, 1998;
Kolodner and Marsischky, 1999). The roles of the other MutS homo-
logues in yeast are not as well understood. MSH1 protein is involved in
MMR in mitochondrial DNA, although the function of this protein has
not yet been completely characterized (Chi and Kolodner, 1994). The
MSH4 and MSH5 proteins are not involved in MMR but, instead, func-
tion during meiotic crossing-over and chromosome segregation (Pochart
et al., 1997). Mismatch recognition and repair mechanisms in humans
and other higher eukaryotes show similarity to those that exist in yeast
(Fishel and Wilson, 1997; Kolodner and Marsischky, 1999).

The Archaea, so far, have been shown to possess only a single MutS
protein homologue (Eisen, 1998; Aravind et al., 1999). The putative
MutS protein homologue was detected in only one member of the
Archaea, M. thermoautotrophicum (Eisen, 1998), based on sequence
homology to the E. coli MutS protein; however, this MutS protein ho-
mologue was shown to group closer to a subgroup of MutS protein
homologues that includes MSH4 and MSH5, which are chromosome
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crossover and segregation proteins (Eisen, 1998). There is no biochem-
ical characterization of this protein as of yet.

E. FLAP ENDONUCLEASE PROTEIN HOMOLOGUES

DNA structures containing single-stranded branches or “flaps” are
found as intermediates of DNA replication, recombination, or repair
(DeMott et al., 1996; Bambara ef al., 1997). Degradation of these flap
structures during these processes is carried out by a protein known as
FEN-1 (flap endonuclease-1). This protein possesses 5'-to-3’ exonucle-
ase activity and can act as an endonuclease for 5’ ssDNA flaps. FEN-1
protein homologues were discovered in several members of the Archaea:
A. fulgidus, P. furiosus, M. jannaschii, and P. horikoshii (Hosfield et al.,
1998a; Rao et al., 1998; Matsui et al., 1999). These proteins show a
high level of sequence homology with the human FEN-1 protein; the M.
jannaschii FEN-1 homologue shows 76% amino sequence similarity,
and the homologues from A. fulgidus and P. furiosus show 72 and 74%
amino sequence similarity, respectively. The A. fulgidus, P, furiosus, M.
jannaschii, and P. horikoshii FEN-1 protein homologues were purified,
and they show specificity for flap DNA structures (Hosfield et al., 1998a;
Rao et al., 1998; Matsui et al., 1999). The FEN-1 protein from P. furio-
sus was crystallized, and the structure was determined (Hosfield ef al.,
1998b).

F. TRANSLESION DNA SYNTHESIS AND MUTAGENESIS

In the bacterium E. coli, mutagenesis that occurs after exposure to
DNA-damaging agents requires a distinct system (the SOS-induced mu-
tagenesis system}, which processes DNA damage in an error-prone man-
ner. Several genes in E. coli are regulated by the SOS system, and two
of these are error-prone DNA polymerases: UmuD',C, which is also re-
ferred to as PolV (Tang et al., 1999; Goodman, 2000); and DinB, which is
referred to as PollV (Wagner et al., 1999). Homologues of the E. coli DinB
protein were discovered in S. cerevisiae, C. elegans, M. musculus, and
H. sapiens (Gerlach et al., 1999; Woodgate, 1999). In yeast, the Rad30
protein is homologous to both the UmuC and the DinB proteins and is
a DNA polymerase (DNA pol ) that can replicate thymine dimers in
template DNA (Johnson et al., 1999). Additionally, a human homologue
of yeast Rad30 (Xeroderma pigmentosum variant; XPV} shows activi-
ties similar to those of the yeast pol n (Masutani et al., 1999a; Masutani
et al., 1999b).

A DinB/UmuC protein homologue was identified by sequence analy-
sis in the archaeon, S. solfataricus (Kulaeva et al., 1996). This protein
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homologue shows 32% sequence similarity to the DinB protein and 22%
sequence similarity to the UmuC protein. Additionally, DNA mutagene-
sis induced by exposure to UV radiation was detected in the Pyrococcus
species of archaea (Watrin and Prieur, 1996). Biochemical characteriza-
tion of this archaeal protein homologue is yet to be reported.

G. SuMMARY: DNA REPAIR MECHANISMS IN THE ARCHAEA

As discussed above, recombinational repair in the Archaea shares
more orthologous protein components with the eukaryal system than
with the bacterial system, based on the similarities with many compo-
nents of the yeast RAD52 epistasis group.

However, the comparison of other DNA repair pathways has not pro-
duced a simple conclusion. Proteins involved in the direct reversal of
DNA damage are similar in both bacteria and eukaryotes, and the ar-
chaeal protein homologues show similarities to both as well. The ar-
chaeal DNA alkyltransferases, however, show homology to the bacterial
Ogt protein.

The archaeal DNA glycosylases involved in BER show homology to
both bacterial and eukaryal enzymes, a consequence of the fact that
many bacterial DNA glycosylases are also conserved in the Eukarya. The
archaeal UDG protein displays both biochemical and sequence similar-
ity to bacterial UDG proteins. The Archaea have a mismatch glycosylase
with homology to the Nth/MutY/MIG/Mpgll/UV endoglycosylase su-
perfamily, which is also conserved in both the Bacteria and the Eukarya.
An archaeal 8-oxoguanine DNA glycosylase exists in M. jannaschii, but
the sequence of this enzyme differs greatly from those of both its eu-
karyal and its bacterial counterparts. Finally, the members of the AP
endo/endonuclease IV family in the Archaea are similar in sequence to
the bacterial proteins.

In the case of NER, the archaeal proteins show similarities in some
cases to the bacterial proteins and in other species to the eukaryal pro-
teins. An activity was identified in M. thermoautotrophicum that mim-
ics the action of the UvrABCD proteins, and UvrA and B protein homo-
logues exist, based on sequence similarity, in this archaeon. However,
in other archaea, protein homologues of the eukaryal NER machinery
were detected.

Less information is available on the processes of mismatch repair
and error-prone DNA repair in this third domain of life. So far, only
one MutS homologue was found; although this homologue was dis-
covered based on sequence homology to the E. coli MutS protein, it
groups closer to a subgroup that includes eukaryal MutS protein homo-
logues. Another protein involved in DNA replication, recombination,
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and repair, FEN-1 protein, has homologues in several archaea, and these
show a high degree of sequence homology with the human FEN-1 pro-
tein. Finally, a homologue of a bacterial protein involved in error-prone
DNA replication, DinB/UmuC, was found in just one member of the
Archaea.

In conclusion, it appears that the Archaea possess proteins involved
in DNA repair that are similar to both bacterial and eukaryal compo-
nents and some proteins that are only distantly related to either. For
this reason, it is difficult to classify the entire archaeal domain as be-
ing “more” bacterial or eukaryal in its means for repairing damage to
its DNA. Further investigation into the processes by which the Archaea
are able to repair DNA damage will reveal mechanisms by which this
unique domain of life deals with the classic problem of DNA damage
and should lend insight into the evolution of DNA repair processes.
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