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Abstract Methanocaldococcus jannaschii has been noto-
rious as an archaeon in which the replication origins are
difficult to identify. Although extensive efforts have been
exerted on this issue, the locations of replication origins
still remain elusive 7 years after the publication of its
complete genome sequence in 1996. Ambiguous results
were obtained in identifying the replication origins of
M. jannaschii based on all theoretical and experimental
approaches. In the genome of M. jannaschii, we found
that an ORF (MJ0774), annotated as a hypothetical
protein, is a homologue of the Cdc6 protein. The posi-
tion of the gene is at a global minimum of the x com-
ponent of the Z curve, i.e., RY disparity curve, which
has been used to identify replication origins in other
Archaea. In addition, an intergenic region (694,540–
695,226 bp) that is between the cdc6 gene and an adja-
cent ORF shows almost all the characteristics of known
replication origins, i.e., it is highly rich in AT composi-
tion (80%) and contains multiple copies of repeat
elements and AT stretches. Therefore, these lines
of evidence strongly suggest that the identified region is
a replication origin, which is designated as oriC1. The
analysis of the y component of the Z curve, i.e., MK
disparity curve, suggests the presence of another repli-
cation origin corresponding to one of the peaks in the
MK disparity curve at around 1,388 kb of the genome.

Keywords Archaea Æ cdc6 gene Æ Methanocaldococcus
jannaschii Æ Replication origin Æ Z curve

Introduction

Methanocaldococcus jannaschii is an autotroph that lives
under an extreme condition, which ‘‘not long ago, no one
would have believed you if you’d told them such
organisms existed on Earth’’ (Morell 1996).M. jannaschii
grows at pressures of more than 200 atm and at tem-
peratures up to 94�C (Jones et al. 1983). The completed
sequencing of the M. jannaschii genome in 1996 promp-
ted a flurry of excitement in the scientific community
(Bult et al. 1996; Morell 1996), not only because of its
unusual living environment, but also (most importantly)
because it was the first archaeon that was sequenced. The
availability of the complete genome sequence of
M. jannaschii led to an unprecedented opportunity to
investigate the evolutionary relationship between
Archaea and the other two domains of life—Bacteria and
Eukaryotes (Bult et al. 1996; Woese and Fox 1977).

M. jannaschii has been notorious as an archaeon in
which the replication origins are difficult to identify.
Although extensive efforts have been exerted on this
issue, the locations of replication origins still remain
elusive 7 years after the publication of its complete
genome sequence in 1996 (Bult et al. 1996). Ambiguous
results were obtained in identifying the replication
origins of M. jannaschii based on all in silico attempts,
which usually assess the biases in nucleotides, oligomer
usage, or codon usage (Lopez et al. 1999; Rocha et al.
1999; Salzberg et al. 1998). Recently, a technique called
marker frequency analysis has been successfully applied
in vivo to identify the location of the replication origin
of the archaeon Archaeoglobus fulgidus; it failed, how-
ever, in the case of M. jannaschii (Maisnier-Patin et al.
2002). Nevertheless, an intriguing alternative explana-
tion is that the negative result of the marker frequency
analysis in M. jannaschii may be due to the existence of
multiple replication origins (Maisnier-Patin et al. 2002).

We have used the Z-curve method to identify
replication origins of the archaea Methanosarcina
mazei, Halobacterium species NRC-1, and Sulfolobus
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solfataricus (Zhang and Zhang 2002, 2003). One of the
two predicted replication origins inHalobacterium species
NRC-1 was later confirmed by experimental evidence
(Berquist and DasSarma 2003). Multiple replication ori-
gins of S. solfataricus suggested based on the Z-curve
analysis are also consistent with recent experimental
results (Robinson et al. 2004). The Z curve is a three-
dimensional curve that constitutes a unique representa-
tion of aDNA sequence, i.e., for theZ curve and the given
DNA sequence, each can be uniquely reconstructed from
the other. Based on the Z curve, it has been shown that a
DNA sequence is uniquely described by three indepen-
dent distributions, i.e., those of the bases of purine/
pyrimidine, amino/keto, and weak/strong H-bonds,
respectively (Zhang and Zhang 1991, 1994). In this paper,
the Z-curve method was used to identify the replication
origins in the genome of M. jannaschii. Our results
strongly suggest that we have identified a replication
origin. In addition, the existence of another replication
origin is also suggested based on the Z-curve analysis.

Materials and methods

The genomic sequence of Methanocaldococcus jannaschii was
downloaded from http://www.ncbi.nlm.nih.gov.

The Z curve is composed of a series of nodes P0, P1, P2, . . . , PN

(N = length of the DNA sequence), whose coordinates xn, yn, and
zn (n=0, 1, 2, . . . ) are uniquely determined by the formulas (Zhang
and Zhang 1991, 1994):

where An, Cn, Gn, and Tn are the cumulative occurrence numbers of
A, C, G, and T, respectively, in the subregion from the first to the
nth base in the sequence. The Z curve is defined as the connection
of the nodes P0, P1, P2, . . . , PN, one by one, sequentially with
straight lines. The three components xn, yn, and zn of the Z curve
display the distributions of purine/pyrimidine (R/Y), amino/keto
(M/K), and strong-H bond/weak-H bond (S/W) bases along the
sequence, respectively. The x and y components are termed RY
disparity and MK disparity curves, respectively. The RY and MK
disparity curves, as well as AT and GC disparity curves [(xn+yn)/2
and (xn+yn)/2, respectively], can be used to predict replication
origins (Zhang et al. 2003).

Results

The RY disparity curve for the genome
of Methanocaldococcus jannaschii

For the replication origins (oriCs) that have been known
in Archaea, the RY or MK disparity curves show a peak
at the locations of the corresponding oriCs (Zhang and
Zhang 2002, 2003). The RY or MK disparity curves
display the distributions of purine/pyrimidine and ami-
no/keto, respectively, along genomes. Therefore, for the
known oriCs, the purine/pyrimidine or amino/keto are

asymmetrically distributed around the oriCs. For the
genome of Methanocaldococcus jannaschii, the RY dis-
parity curve displays a single global minimum at the
position about 695 kb, which means that at about
695 kb, the genome undergoes a change from a CT-rich
region to an AG-rich one (Fig. 1). The MK disparity
curve shows globally four peaks that include a peak at
the same position with that of the RY disparity curve.
The analysis of MK disparity curve will be discussed in
another section. Based on the behaviors of the Z curves
for the Archaea in which the oriCs have been identified,
the location around the global minimum of the RY
disparity curve of M. jannaschii is a high-interest can-
didate region of a potential oriC.

Existence of a Cdc6 homologue at the peak
of the RY disparity curve

Usually, a cdc6 gene is found close to the oriC. This is
very similar to the case of bacteria, in which a gene
coding for DnaA is frequently close to the oriC. We
scanned the region around the peak for a potential cdc6
gene, although it was previous thought that no Cdc6
homologue exists in M. jannaschii (Bernander 1998,
2000). Surprisingly, we found that an ORF, MJ0774, is
highly similar to the cdc6 gene (Fig. 2). The ORF
MJ0774 encodes a 409-amino acid long polypeptide and
is annotated as a hypothetical protein. We searched the
amino acid sequence against the National Center
for Biotechnology Information Conserved Domain
Database (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgi), and a Cdc6 protein was assigned to MJ0774

Fig. 1 The RY disparity curve for Methanocaldococcus jannaschii.
The RY disparity curve displays a single global minimum at the
poison of about 695 kb, which means that at this site, the genome
undergoes a change from a CT-rich region to an AG-rich one. A
cdc6 homologue was found at the peak of the RY disparity curve,
suggesting that the region around the global minimum contains a
replication origin (oriC), based on the behaviors of the Z curves for
the known oriCs

xn ¼ ðAn þ GnÞ � ðCn þ TnÞ � Rn � Yn;

yn ¼ ðAn þ CnÞ � ðGn þ TnÞ � Mn � Kn;

zn ¼ ðAn þ TnÞ � ðCn þ GnÞ � Wn � Sn;
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segment from amino acids 13 to 404. The alignment of
the MJ0774 (13–404) with the consensus sequence of
Cdc6 proteins (12–355) showed that MJ0774 is a
homologue of the Cdc6 protein (Fig. 2). In addition, a
helix-turn-helix domain was found at the region from
residue 327–403, and this domain is believed to be
involved in the DNA binding (Liu et al. 2000).

Identification of a replication origin

For most oriCs in Archaea, the locations are often found
to be in an intergenic sequence adjacent to the cdc6
genes. The intergenic sequence that contains the minimal
oriC is often highly rich in A and T bases. The high AT
composition is thought to be necessary to facilitate the
melting of the DNA double helix by the proteins con-
taining helicase activity. In addition, most identified
oriCs contain various forms of repeat elements, which
are thought to be required for DNA binding (Kelman
2000; Tye 2000).

We then investigated the regions around the cdc6
homologue. Indeed, there is a roughly 700-bp region
close to the cdc6 homologue that shows many charac-
teristics of oriCs. This intergenic region is between the
ORF MJ0773 and MJ0774, from 694,540 – 695,226 bp
of the genome. The region contains 687 bp and is highly
rich in AT content (80%). In addition, we have also
found six copies of the direct repeat element tttgattcat.
There are also two copies of the consecutive repeat

tattgtttgattcatgagatttttaat, which are flanked by two AT
stretches. There are two copies of the consecutive repeat
gtagataatta, which are followed by an AT stretch
(Fig. 3). A consensus-repeat sequence was defined based
on the oriCs of Pyrococcus and Methanobacterium
(Lopez et al. 1999). However, the repeat sequences in the
oriC of M. jannaschii show no similarity with the above-
mentioned consensus-repeat sequence as well as the
sequence close to the initiation starting point of
Pyrococcus abyssi (Matsunaga et al. 2003).

The identified region has the characteristics that it is
rich in AT composition and contains multiple copies of
repeats as well as AT stretches. In addition, the region is
at a global minimum of the RY disparity curve and
adjacent to a cdc6 homologue. This region has almost all
the characteristics of known oriCs; therefore, it strongly
suggests that the region is an oriC, which is designated as
oriC1.

Features of the MK disparity curve for M. jannaschii

Recently, a technique called marker frequency analysis
has been successfully applied in vivo to identify the
location of an oriC of the archaeon Archaeoglobus ful-
gidus. M. jannaschii, however, displayed marker fre-
quency distributions with multiple peaks and valleys
(Maisnier-Patin et al. 2002). Nevertheless, an intriguing
alternative explanation proposed by the authors is that
the complex pattern of the marker frequency distribu-
tions for M. jannaschii is due to the presence of multiple
oriCs (Maisnier-Patin et al. 2002). Indeed, the features of
the MK disparity curve for M. jannaschii are consistent
with this hypothesis.

The MK disparity curve for M. jannaschii shows four
peaks that include the one associated with the identified
oriC1 (Fig. 4). The locations of these peaks are 127, 695
(oriC1), 986, and 1,388 kb, respectively. The MK dis-
parity curve for the genome of Halobacterium sp. NRC-1
also shows four peaks, and based on this, two oriCs and

Fig. 2 A Schematic diagram of MJ0774. A homologous search was
performed in the National Center for Biotechnology Information
Conserved Domain Database (http://www.ncbi.nlm.nih.gov/Struc-
ture/cdd/wrpsb.cgi), and a Cdc6 protein was assigned to MJ0774 as
a homologous counterpart with the highest score. In addition, the
segment from residues 327–403 contains a helix-turn-helix domain
(not shown), which may mediate DNA binding. (Figure not drawn
to scale.) B Alignment of MJ0774 with the Cdc6 consensus
sequence with the expect value (E)=4e-13. Those residues that are
shaded in black are identical, and those shaded in gray are
interchangeable, based on substitution matrices
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replication termini (terCs) were predicted (Zhang and
Zhang 2003). The overall shape of the MK disparity
curve for M. jannaschii is similar to that of Halobacte-
rium sp. NRC-1. By studying the positions of the four
peaks, it is possible that the peak at 1,388 kb is associ-
ated with another oriC, whereas the peaks at 127 and
986 kb correspond to terCs. We noticed that the lengths
between the position of the peak at 1,388 kb and the
two terCs are exactly the same, i.e., 402 kb, and this is
consistent with the characteristics of most identified
oriCs, i.e., in the genomes with a single oriC, the oriC
and terC basically divide the whole genomes into two
parts of similar lengths. However, we also noticed that
the lengths between the oriC1 and two predicted terCs
are not the same. It has already been known that some
horizontally transferred elements are present in the
genome of M. jannaschii (Bult et al. 1996). Although the
exact amount of horizontally transferred DNA is not
clear, these horizontal transfer events could be a reason
that the two replichores have different sizes, i.e., the
horizontally transferred DNA increased the length of
one of the replichores. In addition, a gene coding for
replication factor C (MJ1422) is situated at the position
of the peak of putative oriC2. However, now there is no
evidence to suggest that the gene coding for replication
factor C is close to oriCs. Nevertheless, some archaeal
origins are indeed situated in the regions close to some
replication factors, such as DNA polymerases and heli-
cases (Salzberg et al. 1998).

Discussion

It is previously thought that Methanocaldococcus jann-
aschii is the only archaeon that lacks a clear Cdc6
homologue (Bernander 1998, 2000). However, the ORF
MJ0774 indeed aligns well with the Cdc6 consensus
sequence. This fact suggests that for all the Archaea
whose genome sequences are available, there are either

Fig. 4 The MK disparity curve forM. jannaschii, which shows four
peaks, including the one that is associated with the identified oriC,
oriC1. The locations of these peaks are 127, 695 (oriC1), 986, and
1,388 kb, respectively. It is possible that the peak at 1,388 kb is
associated with another oriC, whereas the peaks at 127 and 986 kb
are associated with replication termini (terCs). Note that the
lengths between the position of the peak at 1,388 kb and two terCs
are exactly the same, i.e., 402 kb. However, the lengths between the
oriC1 and two predicted terCs are not the same. One possible
explanation is that the horizontal transferred DNA could increase
the length of one of the replichores. A gene coding for replication
factor C (MJ1422) is situated at the position of the peak at
1,388 kb. Refer to the text for details

Fig. 3 A Schematic diagram of the oriC of M. jannaschii. The oriC
is within the intergenic region of MJ0773 and MJ0774, which is a
Cdc6 homologue. Arrows indicate the directions of transcription.
(Figure is not drawn to scale.) B The sequence of the oriC. The
sequence is highly rich in A and T residues, with an AT content of
80%. The start codons of the ORF MJ0773 and MJ0774,
respectively, are capitalized. There are six copies of the repeat
tttgattcat; two consecutive repeats of tattgtttgattcatgagatttttaat,
which are flanked by two AT stretches; and two consecutive repeats
of gtagataatta, which are followed by an AT stretch. The repeat
elements are shown in boldface, whereas the AT stretches are
shaded. Arrows indicate directions of the repeats
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one or multiple copies of Cdc6 homologues. Therefore,
it appears that the cdc6 gene is an indispensable gene
required for DNA replication in the archaeal domain.

During the past several years, great advancement has
been made in the understanding of the replication pro-
cess of the Archaea (Bohlke et al. 2002; Cann and Ishino
1999; Edgell and Doolittle 1997; Kelman and Kelman
2003). The replication of genomes starts with the rec-
ognition of the minimal oriC by some initiation factors,
which in turn recruit the proteins having helicase activity
to unwind the DNA double helix. This is followed by the
further recruitment of other replication machinery to
continue the replication process. It is still not clear in
Archaea which protein functions as the replication ini-
tiation factor. It has been recently demonstrated that
Cdc6 binds specifically to oriC in vivo, providing the first
in vivo evidence that Cdc6 may function as a replication
initiation factor, i.e., an origin binding protein (Matsu-
naga et al. 2001). This is very similar to the case in
bacteria, in which DnaA is the replication initiation
factor, which is also found to be close to the oriC
(Kornberg and Baker 1992). Indeed, both Cdc6 and
DnaA belong to the AAA+ superfamily of ATPases
(Davey et al. 2002). The close proximity of the oriC1 and
Cdc6 homologue in M. jannaschii adds another line of
evidence to support the role of Cdc6 as an initiator. The
reason that cdc6 is close to the oriC is not fully under-
stood, although it was hypothesized that the juxtaposi-
tion could facilitate the formation of the replication
complex at oriCs (Lopez et al. 1999).

The underlying mechanism for the asymmetry of the
RY and MK disparity curves (or AT and GC disparity
curves) around the oriCs and terCs should be due to the
asymmetrical replication pattern of DNA replication.
For instance, on the leading strand the DNA is syn-
thesized continuously, whereas on the lagging strand the
DNA is synthesized discontinuously, i.e., short Okazaki
fragments are synthesized and joined in this process. The
asymmetrical process, such as the enzymes involved for
different strands and structural difference in replication
forks, may cause profound impact on the error and
repair rate of the two strands, which eventually leads to
the asymmetry of the nucleotide composition around
oriCs and terCs (Francino and Ochman 1997; Frank and
Lobry 1999). However, it is not clear why for some
oriCs, both RY and MK disparity curves have the same
peaks, whereas for others, only the RY or MK disparity
curve shows the peak corresponding to oriCs and terCs.
Nevertheless, no matter which components, the asym-
metrical pattern of the Z curve clearly suggests the
potential regions of oriCs and terCs.

In summary, a homologue of the cdc6 gene was found
in the genome of M. jannaschii, and the position of the
gene is at a global minimum of the RY disparity curve
and at one of the peaks of the MK disparity curve. In
addition, an intergenic region that is between the cdc6
gene and an adjacent ORF shows many characteristics
of oriCs, i.e., highly rich in AT content (80%), and
contains multiple copies of repeat elements and AT

stretches. Therefore, it is strongly suggests that an oriC
in the genome of M. jannaschii has been identified.
Moreover, based on the behaviors of the MK disparity
curve, it suggests that another oriC is located around
1,388 kb.
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