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Summary

Whereas the process of DNA replication is fundamen-
tally conserved in the three domains of life, the
archaeal system is closer to that of eukarya than bac-
teria. In the time since the complete genome
sequences of several members of the archaeal
domain became available, there has been a burst of
research on archaeal DNA replication. These studies
have led to both expected and surprising findings.
This review summarizes the search for origins of rep-
lication in archaea, and our current knowledge of ini-
tiation, the process by which replication origins are
recognhized, the DNA molecule is unwound and the
replicative helicase is loaded onto the DNA in prepa-
ration for DNA synthesis. The similarities and differ-
ences of the initiation process in archea, bacteria and
eukarya are also summarized.

Introduction

When it comes to DNA replication, the devil is in the
details. Despite decades of research, the molecular
mechanism that dictates how cells replicate their DNA
once, and only once, per cell cycle and how the replication
machinery is regulated with other cellular processes have
only recently begun to be elucidated. DNA replication can
be divided into three stages: initiation, where initiation
proteins bind to the origin, locally unwind the duplex, and
recruit the replication apparatus; elongation, where DNA
synthesis take place; and termination, where replication
forks collide and concatenated DNA molecules are sepa-
rated into two daughter molecules. In bacteria the three
phases are relatively well understood. In eukarya, how-
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ever, although remarkable progress has been made in
describing the elongation phase, the initiation and termi-
nation phases still elude our understanding.

Since the completion of genome sequences of
many archaeal species (http://www.tigr.org/tdb/mdb/
mdbcomplete.html), attention has been given to the
understanding of DNA replication in this domain. Early
studies suggested that archaeal replication is a simpler
version of the eukaryotic process, as many of the proteins
participating in archaeal DNA replication appear to be
more similar to those found in eukarya than those in
bacteria (Edgell and Doolittle, 1997; Olsen and
Woese, 1997). It became apparent, however, that archaea
are not simply ‘mini eukaryotes’. Whereas most of the
archaeal replication proteins are eukaryotic-like, some are
more similar to those found in bacteria and others are
archaeal-specific factors [e.g. D-type DNA polymerase
(PolD)].

In the last several years, a number of studies into the
mechanism of the initiation of archaeal DNA replication
have been reported. Here the current state of knowledge
on the initiation process in archaea will be summarized
and compared to that of bacteria and eukarya.

Origin of replication

In all organisms, DNA replication begins at regions of the
chromosome called origins of replication. To date, all ori-
gin sequences have been noted to be AT-rich, contain
inverted repeat (IR) elements and purine/pyrimidine
stretches (Boulikas, 1996; Pearson et al., 1996).
Although all origins contain similar characteristics, they
vary in size from 100 to 1000 bp (Boulikas, 1996). Bacte-
ria typically contain one origin to replicate the circular
chromosome, whereas eukarya contain many origins
along their linear chromosomes. Based on the genome
size and the circular nature of the archaeal chromosomes,
archaea would be expected to have one origin, similar to
bacteria. This does turn out to be the case, at least in most
species in which putative origins have been identified. The
identification of those origins, however, was not straight-
forward. Genetic studies were instrumental in the identifi-
cation of origin sequences in bacteria and eukarya
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(Kornberg and Baker, 1992), but these tools are not yet
available in archaea. Attempts to identify archaeal origins
using searches for similarities to known origins in other
organisms failed. In hindsight, it seems that archaeal ori-
gins are not either as simple as bacterial origins or as
complex as those found in multicellular eukarya. But a
sequence feature did lead to the identification of the first
archaeal origin.

After several bacterial genome sequences became
available, it was noted that, in most bacteria, there are
more guanines compared to cytosines in the leading
strand (Lobry, 1996). A technique called skew analysis
searches for such strand-specific biases. At replication
origins and termination sites, this bias changes abruptly.
The changes are most notable, however, at the origin (as
termination can occur in a wider region). These strand-
specific biases may be the result of a difference in error
rate and/or repair of leading versus lagging strands (e.g.
Karlin, 1999; Pavlov et al., 2002). This basic GC skew
approach was later extended to skew in oligomers of
various sizes along the chromosome (Blattner etal.,
1997). Skew analysis was also used to identified putative
origin regions in archaeal genomes (Grigoriev, 1998).
Using the various skew analyses together with origin-
specific sequence properties (e.g. IR sequences, Al-rich
regions, location within an intergenic regions) enabled the
first in silico identification of a putative archaeal origin
(Lopez et al., 1999). It was also suggested that, as is the
case in bacteria, the leading strand is enriched with G
compared to C (Lopez et al., 1999). This may suggest a
similar mechanism for the GC skew in both domains.

The in silico identification of the origins was later con-
firmed by in vivo studies conducted in Pyrococcus abyssi
(Myllykallio et al., 2000; Matsunaga et al., 2001). Using
pulsed-field gel electrophoresis, an 80 kb DNA fragment
that replicates early was identified (Myllykallio etal.,
2000). This fragment contains the 800 bp region (oriC)
predicted in silico (Lopez et al., 1999) and is located in an
intergenic region. The presence of an active origin in this
800 bp region was later demonstrated by two-dimensional
gel analysis (Matsunaga et al., 2001). The minimal origin,
however, has not yet been determined by either genetic
or biochemical approaches. It was demonstrated that bidi-
rectional DNA synthesis initiates from the origin and ter-
minates in a region of the chromosome located opposite
to it (Myllykallio et al., 2000). In addition, a specific site
within the origin where discontinuous DNA synthesis ini-
tiates was recently identified by replication initiation point
mapping (Matsunaga et al., 2003).

All putative archaeal origins identified to date, as well
as the confirmed P. abyssi origin and the putative origin
of the pFZ1 plasmid from Methanothermobacter thermau-
totrophicus (formerly Methanobacterium thermoformici-
cum (Wasserfallen et al., 2000), appear to have similar

characteristics. All are rich in A and T, contain IR elements
and are flanked by a gene encoding the archaeal homo-
logue of the initiation protein Cdc6/Orc1 (discussed
below). In addition, several archaeal origins are located in
regions encoding additional replication factors such as
helicases, DNA polymerases, and polymerase accessory
proteins. The proximity of replication proteins to the origin
is also found in bacteria (Moriya et al., 1994; Salzberg
etal., 1998).

The reason for the close proximity of the initiation and
replication proteins to the origin is not clear. It is possible
that the juxtaposition ensures that the proteins are able to
associate with the origin as soon as they are synthesized.
Alternatively, the proximity to the origin may allow for rapid
production of message between waves of replication
(when two copies of the gene are present) or perhaps to
minimize the possibility of loss of the gene encoding the
initiator protein. It has been noted that genomic rearrange-
ments rarely occur in close proximity to the origins of
replication (Eisen etal, 2000; Myllykallio et al., 2000;
Tillier and Collins, 2000; Makino and Suzuki, 2001; Deng
etal., 2002; Zivanovic et al., 2002).

Archaeal origins, as expected, are Al-rich and include
one or more long AT stretches. The AT stretches are
essential for origin function in bacteria and eukarya and
thus are likely to play an important functional role in the
archaeal origins as well. The origins also contain long IR
sequences at both ends of the origin and several shorter
IRs between them. The roles of the IR elements for the
initiation process are not yet clear but there are several
possible roles.

Under supercoiling conditions, such as those found in
vivo, the IR sequences may form cruciform structures with
a stem and a single-strand loop. To date, only a limited
number of studies have been conducted on the topologi-
cal state of the archaeal genomes in vivo (Lopez-Garcia
and Forterre, 2000 and references therein). However, the
presence of a large number of topoisomerase and histone
homologues strongly suggests that at least some regions
of the chromosomal DNA are supercoiled. Alternatively,
repositioning of nucleosomes around the origin [which
may be facilitated by the initiation proteins, as was dem-
onstrated in eukarya (Lipford and Bell, 2001)] may also
result in local supercoiling of the origin region. Prediction
of secondary structure suggests that the long IR at the
end of the origin sequence can form the stem with a loop
made from the intervening sequence. We hypothesize that
the initiation proteins (described below) bind to the stem
and load the helicase onto the long single-stranded loop.

In bacteria, the initiation protein, DnaA, binds to five
copies of a nine base pair conserved sequence referred
to as a DnaA-box (summarized in Messer et al., 2001).
The DNA, via these interactions, wraps around the pro-
teins. This, in turn, causes a conformational change in the
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Fig. 1. Models of the initiation of DNA replication in the three domains of life.

A. Initiation of replication in bacteria begins when the DnaA protein recognizes and binds the origin. This causes localized melting of the DNA
strands. Six molecules of ATP-bound DnaC interact with a hexamer of DnaB, and this complex associates with the DnaA-origin complex. ATP
hydrolysis by DnaC causes a conformational change, releasing the helicase.

B. Initiation of replication in eukarya begins when ORC binds the origin. Local melting of the origin occurs either by ORC alone or in conjunction
with additional factors. Either before or during its association with Cdc6, local melting occurs. ATP-bound Cdc6 associates with ORC and the
MCM helicase at the origin. ATP hydrolysis by Cdc6 causes conformational changes that release the helicase. This process is likely to be aided
by additional factors. In eukarya many more factors are needed for the initiation process and they have been omitted from the figure for clarity.
A more detailed model can be found in (Kelly and Brown, 2000; Bell and Dutta, 2002).

C. Initiation of replication in archaea. The Cdc6/Orc1 homologue (the likely archaeal OBP) recognizes and binds to the origin. The binding causes
a distortion and localized melting in the DNA. ATP bound Cdc6/Orc1 associates with the Cdc6/Orc1-origin complex and with the MCM helicase.

Following ATP hydrolysis the Cdc6/Orc1 protein releases the helicase.

origin DNA, leading to replication bubble formation
(Fig. 1). IRs serve as protein binding sites and are com-
monly found at replication origin sequences and other
control regions such as promoters and terminators
(Pearson et al., 1996). An interesting feature of the short
IR sequences in the archaeal origins from different spe-
cies is that they have sequence and length similarity
(Lopez etal, 1999). It therefore becomes tempting to
suggest that the initiation factors that bind these
sequences have similar structures and DNA recognition
patterns.

In addition, the IR elements may serve a function similar
to that of the bacterial DnaA-boxes. In such a scenario,
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they would serve as the attachment points for the archaeal
initiation factors and thus the archaeal origin DNA might
also wrap around the initiation proteins.

Skew analysis failed to identify origin sequences in
some archaeal species [e.g. Methanocaldococcus, for-
merly Methanococcus (Graham et al., 2001) jannaschii,
Archaeoglobus fulgidus and Aeropyrum pernix] (Lopez
et al.,, 1999; Myllykallio and Forterre, 2000). This can be
explained, at least in part, by the limitations of the skew
analysis. It was shown that in bacteria the approach is not
applicable to all genomes (Mrazek and Karlin, 1998). In
support of this hypothesis, a putative single initiation site
was identified in the genome of A. fulgidus using marker
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frequency analysis (Maisnier-Patin et al., 2002). Alterna-
tively, the failure of the skew analysis could be a result of
frequent genome rearrangements in those species, or the
presence of multiple eukaryotic-like origins in some
archaeal species. The presence of multiple origins has
been suggested for M. jannascii (Maisnier-Patin et al.,
2002) and two origins have been proposed in Halobacte-
rium sp. (Kennedy et al., 2001). It will be interesting to
determine whether this is the case. The ability to study an
archaeon with multiple origins could provide an important
model system to study the coordination of initiation at
multiple origins in eukarya. The future development of
additional in silico approaches, together with the develop-
ment of genetic tools, should enable us to determine the
locations and number of origins within different archaeal
species.

Initiation of DNA replication

Initiation of DNA replication can be divided into three
steps (Fig. 1). The first step involves the binding of one or
more origin binding proteins (OBP) to the origin of repli-
cation. The OBP is responsible for regulating the timing of
initiation and for promoting the initiation process. Several
replication factors are associated with the OBP-origin
complex and participate in the recruitment and assembly
of the helicase at the origin. In the second step, DNA
unwinding begins at easily unwound sites within the origin
(usually AT-rich sequences), forming the replication bub-
ble. In the third step, the replicative polymerase is brought
to the DNA and bidirectional DNA synthesis is initiated.
Archaea and eukarya contain homologous initiation
proteins (Table 1) (Bernander, 2000; Kelman, 2000b;
MacNeill, 2001). In eukarya, all organisms from yeast to
humans contain similar initiation factors (Bell, 2002; Bell
and Dutta, 2002). Each archaeal species, however, con-
tains a slightly different subset of the initiation proteins
(e.g. one to four minichromosome maintenance (MCM)
homologues and zero to nine homologues of Cdc6/Orc1
homologues) (Myllykallio and Forterre, 2000). The differ-

Table 1. Initiation proteins in bacteria, eukarya and archaea.

ence between archaea and eukarya may be due to the
extreme environmental conditions in which archaea have
evolved, or the greater genetic diversity among the vari-
ous species in the prokaryotic domains. In addition, to
date, homologues of only some of the eukaryotic initiation
proteins have been identified in the archaeal genomes.
No clear homologues of a large number of eukaryotic
initiation factors (e.g. Cdc45, Cdt1, Mcm10) could be iden-
tified based on sequence similarities. Archaea may have
additional initiation factors that can not be identified based
on sequence similarity as is the case for the elongation
proteins (e.g. the presence of an archaeal specific DNA
polymerase, PolD). Further study is needed to identify all
the factors required for initiation of replication in archaea.

Origin binding proteins

In bacteria, the DnaA protein binds the origin (oriC), forms
the initial replication bubble and initiates the replication
process (Table 1, Fig. 1) (reviewed in Kornberg and Baker,
1992; Messer etal., 2001). A complex of the helicase
loader, the DnaC protein (Dnal in Gram-positive bacteria),
together with the helicase, the DnaB proteins, is associ-
ated with the DnaA-origin complex (Marszalek and
Kaguni, 1994). Following ATP hydrolysis by DnaC, DnaB
is assembled around the DNA at the origin (Davey et al.,
2002a).

The situation in eukarya is, predictably, more compli-
cated (reviewed in Kelly and Brown, 2000; Bell, 2002; Bell
and Dutta, 2002). A complex of six proteins, called ORC
(origin recognition complex, Orc1-6), associates with ori-
gins of replication. Timing of replication and loading of the
MCM helicase in eukarya involves the binding of the initi-
ator protein, Cdc6, and additional factors to the ORC-
origin DNA complex. Interestingly, Cdc6 protein shows a
high degree of amino acid sequence similarity to Orc1
protein (Bell etal., 1995; Tugal etal., 1998) and, to a
lesser extent, to Orc4 and Orc5 proteins (Tugal et al.,
1998). It was also shown that an archaeal Cdc6/Orc1
protein shares structural characteristics with the bacterial

Bacteria Eukarya Archaea
Origin binding DnaA Origin recognition complex (ORC) Cdc6/Orct
protein (OBP) (one subunit) (six subunits, Orc1-6) (one or two subunits)?
Helicase loader DnaC Cdc6 (one subunit) Cdc6/OrcA
(one subunit)® together with ORC (one or two subunits)?
Replicative helicase DnaB Minichromosome maintenance MCM (one subunit)®
(one subunit) (MCM) (six subunits, Mcm2-7)
Single stranded DNA SSB Replication protein A (RPA) RPA/SSB®

binding protein (SSB) (one subunit)

(three subunits)

(one or three subunits)

a. Some exceptions exist. See text for details.

b. Euryarchaeota genomes contain one or three RPA homologues (Chedin et al., 1998; Komori and Ishino, 2001) whereas crenarchaeota have
a single ‘SSB-like’ protein (Wadsworth and White, 2001; Haseltine and Kowalczykoski, 2002).
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Fig. 2. Structural comparison of archaeal Cdc6/Orc1 and bacterial DnaA. The AAA" domains are shown in green, the DNA binding domains

(origin localization elements) are shown in yellow, and the helix-turn—helix (HTH) motifs are highlighted in blue. The inserts below the structures
are secondary structure topology diagrams that indicate how the HTH motif is anchored within each C-terminal fold. The insert to the right is a
superimposition of the AAA* regions of Cdc6/Orc1 (pale yellow) and DnaA (light grey). Several of the conserved motifs found in all members of
the AAA* family are indicated (Neuwald et al., 1999; Ogura and Wilkinson 2001) including the Walker-A and -B motifs (W-A and W-B, respectively),

Sensor-1 and -2 (S-1 and S-ll, respectively) and the conserved box VII.

DnaA protein (Fig.2) (Erzberger etal., 2002; Nishida
et al., 2002). The Cdc6 protein has not been directly dem-
onstrated to act as the helicase loader, but is presumed
to be, based on genetic studies in yeast and similarities
to the clamp-loaders of DNA polymerase sliding clamps
(Perkins and Diffley, 1998).

In nearly every species of archaea that has been
sequenced, at least one Cdc6/Orc1 homologue has been
identified (Myllykallio and Forterre, 2000). Because Cdc6
shows amino acid sequence similarities to Orc1 but the
function of the archaeal homologue (whether it is the
functional homologue of Orc1, Cdc6, or both) has not yet
been determined, it is referred to as a Cdc6/Orc1 homo-
logue (Bernander, 2000; Myllykallio and Forterre, 2000).
Only M. jannaschii and Methanopyrus kandleri do not
have a clear homologue of Cdc6/Orc1, although a putative
homologue has been reported for M. jannaschii (Aravind
and Koonin, 1999; Liu et al., 2000). Most species contain
one or two Cdc6/Orc1 homologues. To date only Sulfolo-
bus solfataricus and S. tokadaii, with three homologues
and Halobacterium sp., with nine, are the exceptions. The
reason for the difference in number of Cdc6/Orc1 homo-
logues is currently unknown.

DnaA, Orc1, Orc4 and Orc5, Cdc6 and the archaeal
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Cdc6/Orc1 proteins all belong to the AAA™ superfamily of
ATPases (reviewed in Neuwald et al., 1999; Ogura and
Wilkinson, 2001; Davey et al., 2002b). The structure of
Cdc6/Orc1 from Pyrobaculum aerophilum has been deter-
mined (Liu et al., 2000) and revealed the expected two
domains found in other members of the AAA" family
(Fig. 2) (Ogura and Wilkinson, 2001). Domain | at the N-
terminus contains an o/ fold (a RecA-type fold) that con-
tains the nucleotide binding pocket, which is linked to the
o-helices of domain Il. The protein also contains a C-
terminal winged-helix (WH) domain (domain Ill). In vitro
studies performed with Cdc6/Orc1 proteins from several
archaea revealed the requirement for an intact WH
domain for dsDNA binding (Grabowski and Kelman, 2001;
S. Bell, personal communication).

Interestingly, the recently determined structure of a bac-
terial DnaA is very similar to that of the P aerophilum
Cdc6/Orc1 protein (Fig. 2) (Erzberger et al., 2002). The
only notable change is in the domain responsible for DNA
binding; the WH domain in Orc1/Cdc6 protein is a helix—
turn—helix (HTH) in DnaA (Fig. 2) (Erzberger et al., 2002).
This difference may reflect a difference in substrate rec-
ognition. DnaA binds to a 9 bp DnaA-box consensus while
the binding site for Cdc6/Orc1 has not yet been defined.
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As mentioned above, a conserved 13 bp IR element has
been identified in the origins of several archaea (Lopez
etal., 1999). This may function as an archaeal-specific
box, similar to the DnaA box in bacteria, which may be
recognized by the initiator proteins via the WH domain.

Because of the similarity to the eukaryotic Cdc6 and
Orc1 proteins, the archaeal Cdc6/Orc1 proteins were sug-
gested to function as the helicase loader and/or the OBP.
Although they may likely serve both functions, it is also
possible that archaea require only the OBP function. In
bacteria, DnaC (or Dnal) is not found in all organisms,
including those that have been fully sequenced (Caspi
etal., 2001). Thus, in some situations a helicase loader
may not be required. Therefore, it is possible that the
archaeal Cdc6/Orc1 proteins may perform an initiator
function rather than a helicase loader function. If this is
the case, the origin binding by the Cdc6/Orc1 protein
would be sulfficient to create a large enough initial bubble
for MCM loading, which would occur in the absence of a
helicase loader. Whether this is the case remains to be
seen. Evidence for this idea, however, is provided by the
ability of the archaeal MCM to assemble itself around
closed circle single stranded plasmid DNA (Kelman et al.,
1999; Chong et al., 2000; Shechter et al., 2000). The E.
coli DnaB helicase, on the other hand, does not have this
ability (Davey et al., 2002a).

If the archaeal homologue of Cdc6/Orc1 is in fact the
functional homologue of ORC, then why has only one
member of the ORC complex been identified? It is not yet
clear why archaea do not have homologues of several
ORC subunits. In that respect archaea may be similar to
bacteria, where a single OBP, DnaA, aggregates at the
origin to form the active initiation complex (Fig. 1) (Carr
and Kaguni, 2001). The single archaeal homologue might
oligomerize at the origin and thus become structurally
and/or functionally similar to the multimeric bacterial DnaA
or the eukaryotic ORC. Alternatively, in species that con-
tain several homologues, a heterocomplex may form in a
fashion similar to eukarya. Some of the eukaryotic ORC
subunits themselves (Orc1, Orc4 and Orc5 proteins) are
homologous (Tugal etal., 1998), and so the archaeal
homologue may represent the ancestral state, before
gene duplication. It is also possible that archaea contain
additional, not yet identified, factors which associate with
the Cdc6/Orc1 proteins to form the functional OBP. This
possibility may be supported by the observation of notable
sequence differences in the eukaryal ORC subunits from
different organisms (Bogan et al., 2000). Alternatively,
it is likely that regulating the cell cycle in eukarya is
more complex than in prokarya and the presence of
additional proteins in the OBP provide greater regulatory
possibilities.

Nevertheless, the Cdc6/Orc1 homologues are likely to
be the archaeal OBP based on the arguments above, the

sequence similarities to ORC and the structural similarity
to DnaA (Fig.2). In addition, a study of exponentially
growing P abyssi illustrated that the single Orc1/Cdc6
protein is predominantly associated near oriC (Matsunaga
etal., 2001). The eukaryal ORC was also shown to bind
in close proximity to origins (Wyrick et al., 2001). Also,
both eukaryal ORC and archaeal Cdc6/Orc1 proteins
were shown to interact with DNA in vitro (Lee et al., 2000;
Grabowski and Kelman, 2001).

In addition to their possible role as an OBP and helicase
loader, the archaeal Cdc6/Orc1 proteins may have addi-
tional functions. In bacteria, it was estimated that there
are 1000—-2000 DnaA molecule per cell (Sekimizu et al.,
1988; Newman and Crooke, 2000). As 5-20 molecules of
DnaA are needed to initiate replication (Carr and Kaguni,
2001; Messer et al., 2001) there are at least 50-fold more
DnaA proteins within the cell than are needed to initiate
replication from oriC. It was also demonstrated that during
the assembly of the helicase at the origin each DnaC
subunit binds one molecule of the DnaB helicase, forming
a DnaCs:DnaBg complex (Fig. 1) (Kornberg and Baker,
1992). It was estimated that there are three to seven DnaB
hexamers and 16—-36 DnaC molecules per cell (Kornberg
and Baker, 1992; M. Davey, personal communication).
Thus most of the DnaC molecules participate in helicase
loading. In eukarya, at least in yeast, it was estimated that
there are approximately equal numbers of ORC com-
plexes and origins (Rowley et al.,, 1995). The number of
Cdc6 molecules within the eukaryotic cell is not yet
known. However it has been estimated to be relatively low.
In addition, they are expressed in a very narrow time
window just before S phase of the cell cycle. It is also not
yet clear how many molecules are needed for MCM
assembly at the origin.

The archaeal Cdc6/Orc1 was shown to be a stable
protein that is constitutively expressed throughout the cell
cycle. It was estimated that in rapidly dividing P abyssi
cells, which contain up to 15 chromosome equivalents,
there are 5000—-10 000 Cdc6/Orc1 molecules (Matsunaga
et al., 2001). Even if six Cdc6/Orc1 molecules are needed
to load a MCM hexamer, as in bacteria, there is about a
25-fold excess of Cdc6/Orc1 to MCM molecules. In addi-
tion, if six Cdc6/Orc1 molecules function as the OBP,
similar to the eukaryotic ORC, no more than 100 addi-
tional molecules are needed for the number of origins
present. Thus there is a large excess of Cdc6/Orc1 mol-
ecules above those needed for the initiation process (if
similar to bacteria and eukarya). Therefore, it is possible
that there is an overestimate of the number of Cdc6/Orc1
molecules within the cell, or that the protein has additional
functions in archaea in addition to its role in initiation.

An interesting and possibly very important characteris-
tic of the archaeal Cdc6 proteins is their ability to undergo
autophosphorylation on Ser residues in vitro utilizing a -
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phosphate of ATP or dATP (Grabowski and Kelman,
2001). The autophosphorylation reaction, however, is
inhibited in the presence of ss or dsDNA (Grabowski and
Kelman, 2001; S. Bell, personal communication).
Although the in vivo role of the autophosphorylation is not
yet known, it was suggested to regulate the activity of the
protein during the initiation process (Grabowski and
Kelman, 2001). It will be of great interest to determine
whether the proteins can be phosphorylated in vivo and
whether the phosphorylation plays a regulatory role.

The helicase

Once a region of locally unwound DNA has been estab-
lished, loading of the helicase occurs before the DNA
polymerase is recruited (Fig.1). In bacteria, the DnaC
protein performs this function. DnaC is associated with the
DnaB helicase and the complex associated with the
DnaA-origin complex. ATP hydrolysis by DnaC leads to
DnaB assembly around the DNA at the origin (Kornberg
and Baker, 1992; Davey et al., 2002a). Based on genetics
and some biochemical and structural studies, it was sug-
gested that the initiator protein Cdc6 is the eukaryotic
helicase loader and is responsible for assembly the MCM
helicase around the DNA at the origin. In eukarya MCM
is a family of six proteins (MCM2-7) with highly conserved
amino acid sequences (reviewed in Tye, 1999; Tye and
Sawyer, 2000; Lei and Tye, 2001). The genes encoding
the MCM subunits were identified in yeast and named for
their essential role in minichromosome maintenance, fore-
shadowing their role in chromosomal replication. Genes
encoding MCM subunits were later identified in all
eukarya.

In addition to forming a heterohexameric structure, in
vivo and in vitro studies revealed the presence of several
additional MCM complexes (reviewed in Tye and Sawyer,
2000; Lei and Tye, 2001). Biochemical studies with the
various complexes of yeast and mammals have shown
that a dimeric complex of the MCM4,6,7 heterotrimer con-
tained 3'-5" DNA helicase activity, ssDNA binding, and
DNA-dependent ATPase activities, while its interactions
with either MCM2 or MCMS3,5 inhibited the helicase
activity (Ishimi, 1997; summarized in Tye, 1999; Tye and
Sawyer, 2000). Based on the genetic and biochemical
data it is thought that the MCM4,6,7 complex is the
eukaryotic replicative helicase and the other MCM
polypeptides may play regulatory roles.

One MCM homologue has been identified in all archaea
for which the genome is known (Myllykallio and Forterre,
2000). To date, the exceptions are M. jannaschii, with four
MCM homologues, and M. kandleri and Methanosarrina
acetivorans, with two homologues. The archaeal MCM
homologues from Methanothermobacter thermautotrophi-
cus [formerly Methanobacterium thermoautotrophicum
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(Wasserfallen et al., 2000)] (Kelman et al., 1999; Chong
et al., 2000; Shechter et al., 2000; Poplawski et al., 2001)
and S. solfataricus (Carpentieri et al., 2002 and S. Bell,
personal communication) have been extensively studied
in vitro, and the P abyssi protein was studied in vivo
(Matsunaga et al., 2001). The in vivo studies estimated
that there are 200—-400 P, abyssi MCM molecules in rap-
idly dividing cells (Matsunaga et al., 2001). As hexamers
of MCM proteins are needed for each replication fork, 12
molecules are needed for the replication of each chromo-
some, assuming a single origin and bidirectional DNA
synthesis. In rapidly dividing cells there are up to 15 chro-
mosome equivalents (Matsunaga et al., 2001) and thus
180 molecules of MCM would be needed. This would
suggest that during DNA synthesis most of the MCM
molecules are at the replication fork. This observation is
similar to that observed with the bacterial DnaB helicase.
It was estimated that there are about three to seven hex-
amers per cell (M. Davey, personal communication), sug-
gesting that most of the DnaB molecules are at the two
replication forks. This is in sharp contrast to the observa-
tion with the eukaryotic MCM (at least in yeast) in which
there are about 50-fold more MCM complexes than origins
(Lei et al., 1996; Donovan et al., 1997).

The in vitro studies revealed that the archaeal MCM
helicase possesses biochemical properties similar to
those of the eukaryotic enzyme (Kelman etal., 1999;
Chong et al., 2000; Shechter etal, 2000; Poplawski
et al.,, 2001; Carpentieri et al., 2002; summarized in Tye,
2000). These include a 3-5" helicase activity which is
dependent upon ATP, ssDNA binding, and DNA-
dependent ATPase activity. Studies with the M. thermau-
totrophicus enzyme also demonstrated that the Zn-finger
motif located in the N-terminal portion of the protein
is needed for efficient ssDNA binding (Poplawski
et al.,, 2001). Interestingly, although the eukaryotic MCM
4, 6 and 7 proteins all contain a similar C, type
(CXXCX,CXXC) Zn-finger motif, such a motif has not
been identified in the MCM proteins from the crenarcha-
eota kingdom (Poplawski et al., 2001). It was suggested,
however, that a putative different form of Zn-finger might
be present in crenarchaea (Carpentieri et al., 2002) but
its role has not been determined.

The eukaryotic MCM4,6,7 complex was shown to form
hexamers in solution (reviewed in Tye and Sawyer, 2000).
In the presence of fork structures, however, the complex
was shown to dimerize, forming double hexamers (Lee
and Hurwitz, 2001), presumably by encircling both
ssDNAs at the fork. It was also shown that the two hex-
amers are associated with each other. This may resemble
the situation at the origin where two helicases are loaded
to simultaneously translocate along both forks. It was
demonstrated that although the eukaryotic MCM cannot
separate more than 10-20 bp, its processivity is substan-
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tially stimulated on a fork structure (>500 bp) (Lee and
Hurwitz, 2001), presumably via the double hexamer for-
mation. The S. solfataricus MCM was suggested to form
hexamers in solution (Carpentieri et al., 2002). It is tempt-
ing to speculate that the enzyme may form double hex-
amers on fork structures as was demonstrated for the
eukaryotic enzyme. It will be interesting to determine
whether the processivity of the enzyme will increase using
such a substrate.

The situation is different with the M. thermautotrophicus
MCM protein. Using a sizing column and sucrose gradi-
ent, the protein appeared to form double hexamers in
solution. In addition, in contrast to the eukaryotic enzyme,
the M. thermautotrophicus helicase is processive for more
than 500 bp even in the absence of fork structure (Kelman
etal., 1999; Chong et al., 2000; Shechter et al., 2000).
One can speculate that upon the initial displacement of
the duplex DNA by one hexamer, a fork-like structure is
formed. Then, the second hexamer is assembled around
the second ssDNA, resulting in a structure similar to that
formed by the eukaryotic enzyme. The interactions
between the helicases that translocated along the two
forks may support the hypothesis that in vivo the two
helicases are associated with each other during elon-
gation (the replication factories model) (Lemon and
Grossman, 1998; Losick and Shapiro, 1998; Sawitzke and
Austin, 2001).

The structure of a number of replicative helicases has
been determined using X-ray crystallography and electron
microscope reconstruction, and revealed hexameric ring
structures (reviewed in Hingorani and O’Donnell, 2000).
Similar hexamers have been observed in solution. The M.
thermautotrophicus MCM homologue appeared to form
double hexamers (Kelman etal, 1999; Chong etal,
2000). The three-dimensional structure of the N-terminal
286 amino acids also revealed a dodecameric structure
(Fig. 3B) (Fletcher et al., 2003). This is reminiscent of the
helicase of Simian virus 40, large T antigen (Tag), which
forms double hexamers (Mastrangelo et al., 1989). The
difference, however, is that Tag forms double hexamers
only at the origin.

In light of the observed double hexamers in solution it
was surprising when an electron micrograph reconstruc-
tion study suggested that the M. thermautotrophicus MCM
forms heptameric rings (Fig. 3A) (Yu et al., 2002). How
can this unexpected finding be explained, particularly in
light of the sizing column and sucrose gradient sedimen-
tation studies, and the structure of the N-terminal portion
of the molecule (Fig. 3B) that suggest dodecameric struc-
tures? It is possible that the structures are a result of a
technical artifact. Alternatively, the resolution of the tech-
niques used to determine the size of the complex (gel-
filtration and sucrose gradient sedimentation) is not
extremely sensitive for such large, donut-shaped com-

Fig. 3. Three-dimensional structure of M. thermautotrophicus
MCM.

A. Electron microscope reconstruction shows a heptameric
structure.

B. A ribbon representation of the dodecameric structure of residues
1-286 of the protein. Each monomer is represented by a different
colour. The a-helices are represented by cylinders and B-strands by
arrows. The twelve Zn atoms (pink balls) are located in the middle of
the double-hexamer, mediating hexamer—hexamer interactions.

plexes. Thus it is possible that the proteins form heptam-
ers in solution. Alternatively, it might be that during
helicase assembly around DNA at the origin, one subunit
is removed from the complex, yielding a functional hex-
americ helicase.
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Progression to DNA elongation

After the helicase is loaded onto the DNA, SSB coats the
exposed ssDNA. This SSB-ssDNA complex is the sub-
strate onto which primase, the DNA polymerase, and the
rest of the replication machinery is recruited to initiate
DNA synthesis. A large number of proteins and complexes
are involved in the process. Although many of the
archaeal protein participating in the elongation phase
show clear similarity to the eukaryotic proteins, some are
more closely related to bacterial proteins (e.g. the crenar-
chaeaota SSB) and others are archaeal specific (e.g.
PolD). The presence of archaeal-specific elongation pro-
teins may suggest that archaeal-specific initiation factors
also exist. Although the proteins participating in the elon-
gation phase will not be discussed here, the reader is
referred to several comprehensive reviews on the subject
(Kelman, 2000a,b; MacNeill, 2001; Bohlke et al., 2002).

Concluding remarks

Archaea are not only interesting from an evolutionary
point of view, but can also provide a useful model to
elucidate essential conserved aspects of replication initi-
ation, as well as of replisome assembly and progression.
The use of archaea as an additional model system to
study DNA replication in eukarya provides new possibili-
ties for research. As genetic systems are developed for
archaea, these models should become even more power-
ful. Future work on these interesting organisms may yield
clues to both the current mechanism of replication and the
evolution of that process.

Acknowledgements

We would like to thank Drs Steve Bell, James Berger, Rolf
Bernander, and Megan Davey for sharing data prior to pub-
lication. We would also like to thank Jeffry Aarons for the
artwork of Fig. 1, Dr James Berger for providing Fig. 2, Dr Ed
Egelman for providing Fig. 3A, and Dr. Xiaojiang Chen for
providing Fig. 3B. Dr Megan Davey is thanked for fruitful
discussions and Drs Frank Uhlmann, Megan Davey, Steve
Kowalczykowski, and the anonymous reviewers are thanked
for their comments on the manuscript. We wish to apologize
to colleagues whose primary work was not cited owing to
space limitations. Z.K. is an Invitrogen Professor.

References

Aravind, L., and Koonin, E.V. (1999) DNA-binding proteins
and evolution of transcription regulation in the archaea.
Nucleic Acids Res 27: 4658—4670.

Bell, S.P. (2002) The origin recognition complex: from simple
origins to complex functions. Genes Dev 16: 659—-672.
Bell, S.P., and Dutta, A. (2002) DNA replication in eukaryotic

cells. Annu Rev Biochem 71: 333-374.

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 48, 605—615

Initiation of archeal DNA replication 613

Bell, S.P., Mitchell, J., Leber, J., Kobayashi, R., and Stillman,
B. (1995) The multidomain structure of Orc1p reveals sim-
ilarity to regulators of DNA replication and transcriptional
silencing. Cell 83: 563-568.

Bernander, R. (2000) Mapping of a chromosome replication
origin in an archaeon [Viewpoint]. Trends Microbiol 8: 535—
537.

Blattner, F.R., Plunkett, G., 3rd, Bloch, C.A., Perna, N.T.,
Burland, V., Riley, M., et al. (1997) The complete genome
sequence of Escherichia coli K-12. Science 277: 1453—
1474.

Bogan, J.A., Natale, D.A., and Depamphilis, M.L. (2000) Ini-
tiation of eukaryotic DNA replication: conservative or lib-
eral? J Cell Physiol 184: 139-150.

Bohlke, K., Pisani, F.M., Rossi, M., and Antranikian, G.
(2002) Archaeal DNA replication: spotlight on a rapidly
moving field. Extremophiles 6: 1-14.

Boulikas, T. (1996) Common structural features of replication
origins in all life forms. J Cell Biochem 60: 297-316.

Carpentieri, F., De Felice, M., De Falco, M., Rossi, M., and
Pisani, F.M. (2002) Physical and functional interaction
between the MCM-like DNA helicase and the single-
stranded DNA binding protein from the crenarchaeon Sul-
folobus solfataricus. J Biol Chem 277: 12118-12127.

Carr, K.M., and Kaguni, J.M. (2001) Stoichiometry of DnaA
and DnaB protein in initiation at the Escherichia coli chro-
mosomal origin. J Biol Chem 276: 44919-44925.

Caspi, R., Pacek, M., Consiglieri, G., Helinski, D.R.,
Toukdarian, A., and Konieczny, . (2001) A broad host range
replicon with different requirements for replication initiation
in three bacterial species. EMBO J 20: 3262—-3271.

Chedin, F., Seitz, E.M., and Kowalczykowski, S.C. (1998)
Novel homologs of replication protein A in archaea: impli-
cations for the evolution of ssDNA-binding proteins. Trends
Biochem Sci 23: 273-277.

Chong, J.P., Hayashi, M.K., Simon, M.N., Xu, R.M., and
Stillman, B. (2000) A double-hexamer archaeal minichro-
mosome maintenance protein is an ATP-dependent DNA
helicase. Proc Natl Acad Sci USA 97: 1530-1535.

Davey, M.J., Fang, L., Mclnerney, P., Georgescu, R.E., and
O’Donnell, M. (2002a) The DnaC helicase loader is a dual
ATP/ADP switch protein. EMBO J 21: 3148-3159.

Davey, M.J., Jeruzalmi, D., Kuriyan, J., and O’Donnell, M.
(2002b) Motors and switches: AAA" machines within the
replisome. Nat Rev Mol Cell Biol 3: 826—835.

Deng, W., Burland, V., Plunkett, G., 3rd, Boutin, A., Mayhew,
G.F., Liss, P., et al. (2002) Genome sequence of Yersinia
pestis KIM. J Bacteriol 184: 4601-4611.

Donovan, S., Harwood, J., Drury, L.S., and Diffley, J.F.
(1997) Cdc6p-dependent loading of Mcm proteins onto
pre-replicative chromatin in budding yeast. Proc Natl Acad
Sci USA 94: 5611-5616.

Edgell, D.R., and Doolittle, W.F. (1997) Archaea and the
origin(s) of DNA replication proteins. Cell 89: 995-998.
Eisen, J.A., Heidelberg, J.F., White, O., and Salzberg, S.L.
(2000) Evidence for symmetric chromosomal inversions
around the replication origin in bacteria. Genome Biol 1.

Erzberger, J.P., Pirruccello, M.M., and Berger, J.M. (2002)
The structure of bacterial DnaA: implications for general
mechanisms underlying DNA replication initiation. EMBO
J 21: 4763-4773.



614 L. M. Kelman and Z. Kelman

Fletcher, R.J., Bishop, B.E., Leon, R.P., Sclafani, R.A.,
Ogata, C.M., and Chen, X.S. (2003) The structure and
function of MCM dodecamer from archaeal M. thermoau-
totrophicus. Nature Struct Biol (in press).

Grabowski, B., and Kelman, Z. (2001) Autophosphorylation
of the archaeal Cdc6 homologues is regulated by DNA. J
Bacteriol 183: 5459-5464.

Graham, D.E., Kyrpides, N., Anderson, |.J., Overbeek, R.,
and Whitman, W.B. (2001) Genome of Methanocaldococ-
cus (Methanococcus) Jannaschii. Methods Enzymol 330:
40-128.

Grigoriev, A. (1998) Analyzing genomes with cumulative
skew diagrams. Nucleic Acids Res 26: 2286-2290.

Haseltine, C.A., and Kowalczykoski, S.C. (2002) A distinctive
single-strand DNA-binding protein from the Archaeon Sul-
folobus solfataricus. Mol Microbiol 43: 1505-1515.

Hingorani, M.M., and O’Donnell, M. (2000) A tale of tor-
oids in DNA metabolism. Nat Rev Mol Cell Biol 1: 22—
30.

Ishimi, Y. (1997) A DNA helicase activity is associated with
an MCM4-6, and — 7 protein complex [published erratum
appears in J Biol Chem 1998 September 4; 273 (36):
23616]. J Biol Chem 272: 24508—-24513.

Karlin, S. (1999) Bacterial DNA strand compositional asym-
metry. Trends Microbiol 7: 305-308.

Kelly, T.J., and Brown, G.W. (2000) Regulation of chromo-
some replication. Annu Rev Biochem 69: 829-880.
Kelman, Z. (2000a) DNA replication in the third domain (of

life). Curr Prot Peptide Sci1: 139—154.

Kelman, Z. (2000b) The replication origin of archaea is finally
revealed. Trends Biochem Sci 25: 521-523.

Kelman, Z., Lee, J.K., and Hurwitz, J. (1999) The single
minichromosome maintenance protein of Methanobacte-
rium thermoautotrophicum AH contains DNA helicase
activity. Proc Natl Acad Sci USA 96: 14783—-14788.

Kennedy, S.P., Ng, W.V., Salzberg, S.L., Hood, L., and Das-
Sarma, S. (2001) Understanding the adaptation of Halo-
bacterium species NRC-1 to its extreme environment
through computational analysis of its genome sequence.
Genome Res 11: 1641-1650.

Komori, K., and Ishino, Y. (2001) Replication Protein A in
Pyrococcus furiosus is involved in homologous DNA.
recombination. J Biol Chem 276: 25654—-25660.

Kornberg, A., and Baker, T.A. (1992) DNA Replication. New
York: W.H. Freeman.

Lee, J.-K., and Hurwitz, J. (2001) Processive DNA helicase
activity of the minichromosome maintenance proteins 4, 6,
and 7 complex requires forked DNA structures. Proc Natl
Acad Sci USA 98: 54-59.

Lee, D.G., Makhov, A.M., Klemm, R.D., Griffith, J.D., and
Bell, S.P. (2000) Regulation of origin recognition complex
conformation and ATPase activity: differential effects of
single-stranded and double-stranded DNA binding. EMBO
J 19: 4774-4782.

Lei, M., Kawasaki, Y., and Tye, B.K. (1996) Physical interac-
tions among Mcm proteins and effects of Mcm dosage on
DNA replication in Saccharomyces cerevisiae. Mol Cell
Biol 16: 5081-5090.

Lei, M., and Tye, B.K. (2001) Initiating DNA synthesis: from
recruiting to activating the MCM complex. J Cell Sci 114:
1447-1454.

Lemon, K.P., and Grossman, A.D. (1998) Localization of
bacterial DNA polymerase: evidence for a factory model of
replication. Science 282: 1516—1519.

Lipford, J.R., and Bell, S.P. (2001) Nucleosomes positioned
by ORC facilitate the initiation of DNA replication. Mol Cell
7: 21-30.

Liu, J., Smith, C.L., DeRyckere, D., DeAngelis, K., Martin,
G.S., and Berger, J.M. (2000) Structure and function of
Cdc6/Cdc18: implications for origin recognition and check-
point control. Mol Cell 6: 637—-648.

Lobry, J.R. (1996) Asymmetric substitution patterns in the
two DNA strands of bacteria. Mol Biol Evol 13: 660—
665.

Lopez, P., Philippe, H., Myllykallio, H., and Forterre, P.
(1999) lIdentification of putative chromosomal origins
of replication in Archaea [letter]. Mol Microbiol 32: 883—
886.

Lopez-Garcia, P., and Forterre, P. (2000) DNA topology and
the thermal stress response, a tale from mesophiles and
hyperthermophiles. Bioessays 22: 738-746.

Losick, R., and Shapiro, L. (1998) DNA replication. Bringing
the mountain to Mohammed. Science 282: 1430—1431.
MacNeill, S.A. (2001) Understanding the enzymology of
archaeal DNA replication: progress in form and function.

Mol Microbiol 40: 520-529.

Maisnier-Patin, S., Malandrin, L., Birkeland, N.K., and
Bernander, R. (2002) Chromosome replication patternsin
the hyperthermophilic euryarchaea Archaeoglobus fulgi-
dus and Methanocaldococcus (Methanococcus) Jann-
aschii. Mol Microbiol 45: 1443-1450.

Makino, S., and Suzuki, M. (2001) Bacterial genomic reorga-
nization upon DNA replication. Science 292: 803.

Marszalek, J., and Kaguni, J.M. (1994) DnaA protein directs
the binding of DnaB protein in initiation of DNA replication
in Escherichia coli. J Biol Chem 269: 4883—4890.

Mastrangelo, I.A., Hough, P.V., Wall, J.S., Dodson, M., Dean,
F.B., and Hurwitz, J. (1989) ATP-dependent assembly of
double hexamers of SV40 T antigen at the viral origin of
DNA replication. Nature 338: 658—662.

Matsunaga, F., Forterre, P., Ishino, Y., and Myllykallio, H.
(2001) In vivo interactions of archaeal Cdc6/Orc1 and min-
ichromosome maintenance protein with the replication ori-
gin. Proc Natl Acad Sci USA 98: 11152-11157.

Matsunaga, F., Norais, C., Forterre, P., and Myllykallio, H.
(2003) Identification of short ‘eukaryotic’ Okazaki frag-
ments synthesized from a prokaryotic replication origin.
EMBO Reports 4: in press.

Messer, W., Blaesing, F., Jakimowicz, D., Krause, M., Majka,
J., Nardmann, J., et al. (2001) Bacterial replication initiator
DnaA. Rules for DnaA binding and roles of DnaA in origin
unwinding and helicase loading. Biochimie 83: 5-12.

Moriya, S., Firshein, W., Yoshikawa, H., and Ogasawara, N.
(1994) Replication of a Bacillus subtilis oriC plasmid in
vitro. Mol Microbiol 12: 469—-478.

Mrazek, J., and Karlin, S. (1998) Strand compositional asym-
metry in bacterial and large viral genomes. Proc Natl Acad
Sci USA 95: 3720-3725.

Myllykallio, H., and Forterre, P. (2000) Mapping of a chromo-
some replication origin in an archaeon: response. Trends
Microbiol 8: 537-539.

Myllykallio, H., Lopez, P., Lopez-Garcia, P., Heilig, R.,

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 48, 605—615



Saurin, W., Zivanovic, Y., et al. (2000) Bacterial mode of
replication with eukaryotic-like machinery in a hyperther-
mophilic archaeon. Science 288: 2212-2215.

Neuwald, A.F., Aravind, L., Spouge, J.L., and Koonin, E.V.
(1999) AAA*: a class of chaperone-like ATPases associ-
ated with the assembly, operation, and disassembly of
protein complexes. Genome Res 9: 27—43.

Newman, G., and Crooke, E. (2000) DnaA, the initiator of
Escherichia coli chromosomal replication, is located at the
cell membrane. J Bacteriol 182: 2604—2610.

Nishida, S., Fujimitsu, K., Sekimizu, K., Ohmura, T., Ueda,
T., and Katayama, T. (2002) A nucleotide switch in the
Escherichia coli DnaA protein initiates chromosomal repli-
cation. Evidence from mutant DnaA protein defective in
regulatory ATP hydrolysis in vitro and in vivo. J Biol Chem
277: 14986-14995.

Ogura, T., and Wilkinson, A.J. (2001) AAA* superfamily
ATPases: common structure — diverse function. Genes
Cells 6: 575-597.

Olsen, G.J., and Woese, C.R. (1997) Archaeal genomics: an
overview. Cell 89: 991-994.

Pavlov, Y.I., Newlon, C.S., and Kunkel, T.A. (2002) Yeast
origins establish a strand bias for replicational mutagene-
sis. Mol Cell 10: 207-213.

Pearson, C.E., Zorbas, H., Price, G.B., and Zannis-
Hadjopoulos, M. (1996) Inverted repeats, stem-loops, and
cruciforms: significance for initiation of DNA replication.
J Cell Biochem 63: 1-22.

Perkins, G., and Diffley, J.F. (1998) Nucleotide-dependent
prereplicative complex assembly by Cdcép, a homolog of
eukaryotic and prokaryotic clamp-loaders. Mol Cell 2: 23—
32.

Poplawski, A., Grabowski, B., Long, S.E., and Kelman, Z.
(2001) The zinc finger domain of the archaeal minichromo-
some maintenance protein is required for helicase activity.
J Biol Chem 276: 49371-49377.

Rowley, A., Cocker, J.H., Harwood, J., and Diffley, J.F.
(1995) Initiation complex assembly at budding yeast repli-
cation origins begins with the recognition of a bipartite
sequence by limiting amounts of the initiator, ORC. EMBO
J 14: 2631-2641.

Salzberg, S.L., Salzberg, A.J., Kerlavage, A.R., and Tomb,
J.F. (1998) Skewed oligomers and origins of replication.
Gene 217: 57-67.

Sawitzke, J., and Austin, S. (2001) An analysis of the factory
model for chromosome replication and segregation in bac-
teria. Mol Microbiol 40: 786—794.

Sekimizu, K., Yung, B.Y., and Kornberg, A. (1988) The dnaA

© 2003 Blackwell Publishing Ltd, Molecular Microbiology, 48, 605—615

Initiation of archeal DNA replication 615

protein of Escherichia coli. Abundance, improved purifi-
cation, and membrane binding. J Biol Chem 263: 7136—
7140.

Shechter, D.F., Ying, C.Y., and Gautier, J. (2000) The intrin-
sic DNA helicase activity of Methanobacterium thermoau-
totrophicum DH minichromosome maintenance protein. J
Biol Chem 275: 15049-15059.

Tillier, E.R., and Collins, R.A. (2000) Genome rearrangement
by replication-directed translocation. Nat Genet 26: 195—
197.

Tugal, T., Zou-Yang, X.H., Gavin, K., Pappin, D., Canas, B.,
Kobayashi, R., et al. (1998) The Orc4p and Orc5p subunits
of the Xenopus and human origin recognition complex are
related to Orc1p and Cdc6p. J Biol Chem 273: 32421-
32429.

Tye, B.K. (1999) MCM proteins in DNA replication. Annu Rev
Biochem 68: 649-686.

Tye, B.K. (2000) Insights into DNA replication from the third
domain of life. Proc Natl Acad Sci USA 97: 2399—-2401.
Tye, B.K., and Sawyer, S.L. (2000) The hexameric eukaryotic
mcm helicase: building symmetry from nonidentical parts.

J Biol Chem 275: 34833-34836.

Wadsworth, R.l., and White, M.F. (2001) Identification and
properties of the crenarchaeal single-stranded DNA bind-
ing protein from Sulfolobus solfataricus. Nucleic Acids Res
29: 914-920.

Wasserfallen, A., Nolling, J., Pfister, P., Reeve, J., and
Conway de Macario, E. (2000) Phylogenetic analysis of 18
thermophilic Methanobacterium isolates supports the pro-
posals to create a new genus, Methanothermobacter gen
nov., and to reclassify several isolates in three species,
Methanothermobacter thermautotrophicus comb. nov.,
Methanothermobacter wolfeii comb. nov. and Methanother-
mobacter marburgensis sp. nov. Int J Syst Evol Microbiol
50: 43-53.

Wyrick, J.J., Aparicio, J.G., Chen, T., Barnett, J.D., Jennings,
E.G., Young, R.A., et al. (2001) Genome-wide distribution
of ORC and MCM proteins in S. cerevisiae: high-resolution
mapping of replication origins. Science 294: 2357-
2360.

Yu, X., VanLoock, M.S., Poplawski, A., Kelman, Z., Xiang, T.,
Tye, B.K,, and Egelman, E.H. (2002) The Methanobacte-
rium thermoautotrophicum MCM protein can form hep-
tameric rings. EMBO Rep 3: 792-797.

Zivanovic, Y., Lopez, P., Philippe, H., and Forterre, P. (2002)
Pyrococcus genome comparison evidences chromosome
shuffling-driven evolution. Nucleic Acids Res 30: 1902—
1910.



