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Abstract We have identified 141 novel palindromic repetitive
elements in the genome of euryarchaeon Methanocaldococcus
jannaschii. The total length of these elements is 14.3 kb, which
corresponds to 0.9% of the total genomic sequence and 6.3%
of all extragenic regions. The elements can be divided into three
groups (MJRE1–3) based on the sequence similarity. The low se-
quence identity within each of the groups suggests rather old ori-
gin of these elements in M. jannaschii. Three MJRE2 elements
were located within the protein coding regions without disrupting
the coding potential of the host genes, indicating that insertion of
repeats might be a widespread mechanism to enhance sequence
diversity in coding regions.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Repetitive elements are abundant in eukaryotic genomes.

For example, more than half of the human genome is com-

posed of them [1]; some of them even contribute to coding re-

gions [2–4]. Bacterial genomes contain much less repeats

resulting in small sized genomes and high gene density. Mostly

transposons and insertion sequences as well as short repetitive

elements that have the ability to form stem–loop structures are

found in bacterial genomes [5]. These include PUs (palin-

dromic units), also called REPs (repetitive extragenic palin-

dromes), in Escherichia coli and Salmonella typhimurium

[6,7], enterobacterial repetitive intergenic consensus (ERIC),

also called intergenic repeat units (IRU), in E. coli [8,9],

RPE (Rickettsia palindromic element) in Rickettsia [10,11],

WPE (Wolbachia palindromic element) in Wolbachia [12],

and RUP (repeat unit of pneumococcus) in Streptococcus

pneumoniae [13]. Some of these repetitive elements have been

found within coding regions [10–12], indicating that such a
Abbreviations: MJRE, Methanocaldococcus jannaschii repetitive
element; IS, insertion sequence; MITE, miniature inverted-repeat
transposable element; SM, Sulfolobus MITE
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mechanism might contribute to the diversity of protein

sequences.

Very little is known about repetitive elements in archaea, the

third domain of life [14], which is subdivided into four groups:

crenarchaea, euryarchaea, korarchaea, and nanoarchaea.

Among these, crenarchaea and euryarchaea are the two main

groups and several completed genomic sequences are available.

Recently, short repetitive elements were found in the genome

of crenarchaea Sulfolobus solfataricus [15]. These elements,

Sulfolobus MITE (miniature inverted-repeat transposable ele-

ment) or SM, are non-autonomous mobile elements with a to-

tal copy number of 143, corresponding to about 0.6% of the

genome [15].

Except for low copy number repeats, such short and highly

repetitive elements have not been reported so far in euryar-

chaea [16]. Here, we searched for repetitive elements in the gen-

ome of the euryarchaeon Methanocaldococcus jannaschii and

found that there are three groups of palindromic repetitive ele-

ments that seem unique to this archaeal species and that have

the ability to integrate into coding regions.
2. Materials and methods

The genome sequence of M. jannaschii [17] was taken from the Gen-
Bank database (Accession Number: L77117). All intergenic regions
were collected based on the annotations in the database. In the first
step, BLAST [18] was applied to all-against-all comparison among
the intergenic regions. Significantly conserved intergenic regions were
then aligned by using the SEAVIEW alignment editor [19]. Based on
the alignment, HMM search [20] against the whole genome sequence
of M. jannaschii was carried out to get more distantly related sequence
elements. Newly identified sequences were incorporated into the align-
ment, and the genome sequence was searched again with the HMM
constructed from the revised alignment. This cycle was iterated until
convergence of the alignment. Other completed genome sequences
were also searched with the HMM to check the existence of the repet-
itive elements. Possible stem–loop structures for these repetitive ele-
ments were predicted by the RNAfold program in the ViennaRNA
package [21]. Secondary structure prediction was carried out on the
PredictProtein server [22]. Domain analysis was carried out on the
SMART server [23].
3. Results and discussion

3.1. Three groups of repetitive elements

We found in total 141 repetitive elements in the genome of

M. jannaschii (for the list and the alignments of all the elements

see Supplementary Table S1 and Fig. S1). The total length of
blished by Elsevier B.V. All rights reserved.

mailto:bork@embl-heidelberg.de 


Table 1
Basic statistics of MJREs

Group Copy
number

Average
length (bases)

Average sequence
identitya (%)

Codingb

MJRE1 59 108 ± 7 62 ± 8 0
MJRE2 69 96 ± 3 54 ± 9 3
MJRE3 13 101 ± 4 65 ± 8 0

aAverage sequence identity is calculated from all possible pairs within
a group.
bNumber of the repetitive elements within coding regions.
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the elements is 14.3 kb, which corresponds to 0.9% of the total

genomic sequence and 6.3% of all extragenic regions. These

elements can be divided into three groups based on the se-

quence similarities, and designated as M. jannaschii repetitive

element 1–3 (MJRE1–3) (Table 1). One of the most prominent

features, besides their abundance in the genome, is palin-

dromic patterns that indicate the ability to form stable stem–

loop structures. This is also supported by the presence of some

compensatory mutations (Fig. 1A–C).

There are 59 copies of MJRE1 in the genome of M. janna-

schii. The length of the elements ranges from 93 to 125 bp

(108 bp on average), and the sequence identities within the

group varies from 39% to 87% (on average 62%) (Fig. 1A).

One of the interesting features in the alignment of MJRE1 is

the existence of a pair of columns occupied not with comple-

mentary nucleotides but with the same nucleotides (‘‘#’’ in

the stem–loop line in Fig. 1A). The pair is flanked by residues

that form a potential stem structure (‘‘4’’ in the stem–loop line

in Fig. 1A), and would introduce a conserved internal loop in

the stem–loop structure, although its function is not clear.
A  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B  
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 

C  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Multiple sequence alignments of MJREs. (A) MJRE1, (B) MJRE2, an
positions in the genome. Compensatory changes are indicated by colored bac
sequences are indicated in the consensus line: R (A or G); Y (C or T); W (A o
are indicated under the consensus sequence by numbers, for example, 1111 a
MJRE1 (A), the pair of columns occupied with the same nucleotides, which
In MJRE2 (B), the identifiers of the three elements found within the coding re
in MJRE1 (A) and MJRE2 (B) (for the alignments of all the elements see S
There are 69 copies of MJRE2 in the genome. The length of

the elements ranges from 87 to 106 bp (96 bp on average), and

the sequence identities within the group varies from 32% to

83% (54% on average) (Fig. 1B).

MJRE3 occurs in 13 copies in the genome. The length of the

elements ranges from 92 to 109 bp (101 bp on average), and

the sequence identities within the group varies from 48% to

93% (65% on average) (Fig. 1C).
d (C) MJRE3. The first column is the sequence identifier containing the
kgrounds. The alignment positions conserved in more than 60% of the
r T). The residues which form pairs in the possible stem–loop structure
t the left of the stem–loop line forms stem with the 1111 at the right. In
might break the base pairing of the stem region, are indicated by ‘‘#’’.
gions are marked by ‘‘\’’. Only highly conserved 20 sequences are shown
upplementary Fig. S1).
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Although the elements are divided into three groups, these

three groups might have a common origin as they share some

conserved features and show some limited sequence similarity

(e.g., they appear in twilightzone of HMM search of distinct

repeats).

It is suggested for SM elements in S. solfataricus that the

elements are likely to be mobilized by transposases encoded

by insertion sequence (IS) elements, because the inverted

repeats in SM elements are similar to the terminal inverted

repeats of IS elements [15]. To analyze the possible mechanism

of proliferation of MJREs, we searched for the inverted

repeats similar to MJREs in all IS elements in M. jannaschii

[16] and in the IS database (http://www-is.biotoul.fr/is.html),

and found that there is no IS elements with inverted repeats

similar to MJREs, indicating that the mechanism of their

emergence might be different from those of SM elements.

The alternative explanation is that the IS elements responsible

for the proliferation of MJREs might be lost in the course of

evolution. Only with the currently available data, it is difficult

to conclude about the insertion mechanism of MJREs.

The sequence identity within each group of MJREs is very

low, indicating relatively old origin of the elements in the gen-

ome of M. jannaschii. Even though there is a high degree of se-

quence divergence in MJREs, there are distinct regions with

conservation both at the nucleotide level and putative second-

ary structural level. This suggests that MJREs are evolving not

neutrally but under some constraints for a certain function,

although the function of MJREs is not clear (see Section 3.3).
A  

B  

C  

Fig. 2. Three MJREs within the coding regions and their alignments with t
protein (MJ1022), (B) MJRE in asparagine synthetase (MJ1116) and (C) MJ
secondary structures [22], (B) known secondary structures in the crystal str
identified by SMART analysis [23], respectively. a-Helix and b-strand are re
panel, the protein sequence alignment between the orthologous genes in M.
shown. The number in front of the sequence indicates position of the first resi
corresponding DNA sequence ofM. jannaschii is shown under the alignment.
positions, and each codon corresponds to the three nucleotides which are ali
shown in red upper-case letters. Identifiers of MJREs are indicated belo
complementary strand of the genome sequence in the database, so the DNA
Fig. 1.
3.2. Coding potential of the repetitive elements

When analyzing the location of the repeats in the genome,

we identified three of the MJRE2 group within coding

regions (MJ1022 hypothetical protein, MJ1116 asparagine

synthetase, and MJ1303 polyferredoxin). In all three cases,

the elements are inserted in-frame so that they do not

introduce any truncation in the coding sequence such as

in- frame stop codons or frame shifts (Fig. 2). When com-

paring the genes with their orthologs in another methano-

gen, M. maripaludis [24], the alignments clearly show that

these are M. jannaschii specific insertions (Fig. 2 and Supple-

mentary Fig. S2).

MJ1022 encodes a hypothetical protein with a clearcut

ortholog (MMP1595) in M. maripaludis. Based on the second-

ary structure prediction [22], the repetitive element is inserted

in the loop region between two a-helices (Fig. 2A). MJ1116

encodes asparagine synthetase, for which a three-dimensional

model can be build based on its ortholog in E. coli [25]. In

the three-dimensional structure, the position of the MJRE is

located in the loop region between two a-helices (Fig. 2B).

The loop is on the surface of the protein structure, indicating

that the insertion does not affect the core of the protein

(Supplementary Fig. S3). The third case was found in polyf-

erredoxin protein (MJ1303), which contains 14 ferredoxin do-

mains [23,26]. The element corresponds to the linker region

that connects ninth and tenth domains (Fig. 2C and Supple-

mentary Fig. S4), i.e., again does not seem to interfere with

the fold.
he orthologous genes in M. maripaludis. (A) MJRE in a hypothetical
RE in polyferredoxin (MJ1303). The first row shows (A) the predicted
ucture of the ortholog in E. coli [25], and (C) polyferredoxin domain
presented by a green cylinder and a blue arrow, respectively. In each
maripaludis (the second row) and in M. jannaschii (the fourth row) is
due in the protein. Identical residues are indicated in the third row. The
Note that the DNA sequence is splitted into three rows based on codon
gned vertically. The DNA sequence region corresponding to MJRE is
w the DNA sequences. Note that all the three genes are on the
sequences in this figure are the complementary sequences of those in

http://www-is.biotoul.fr/is.html
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All the repetitive elements are inserted in different coding

frames and the resulting translates have little similarity in pro-

tein sequence. This is different from the cases found in the bac-

terium Rickettsia and Wolbachia, where the repeats always

inserted in the same frame and translated in similar protein se-

quences [10–12]. In MJ1022 and MJ1303, the length of the ele-

ments is not a multiple of three bases, indicating that the

coding sequences of the host genes have been disrupted and

then they regained the intact reading frames after the integra-

tion of the elements. Another possible explanation is that the

integration happened without any disruption of the reading

frames, but they look disrupted because of some insertions

or deletions after integration. The proteins with MJREs in

the coding sequences are likely to be functional since there is

no disruption in the current form of reading frames and struc-

tures. Moreover, they have clear one-to-one orthologs with

similar degrees of sequence identity to the other orthologs in

M. maripaludis.

It has been shown that some repetitive sequences exist in

coding regions of eukaryotic genes. One of such cases is Alu

elements found in human transcripts [2,3]. A similar repeat

with coding potential has been found in the bacterial genus

Rickettsia and Wolbachia [10–12]. Here, we report the first

example of repetitive sequence that is integrated into coding re-

gions of archaeal genes. This suggests that incorporation of

repetitive elements into coding regions is a widespread phe-

nomenon, and might contribute to diversity in coding se-

quences [27]. Indeed, the cases we found use different coding

frames introducing protein sequences with little similarities

even though they originated from the same family of repetitive

elements.

3.3. Random distribution of MJREs in the genome

To test for associated functions of MJREs in extragenic re-

gions, we analyzed the directions of the neighboring genes and

their annotated function.

The intergenic regions are grouped into three based on the

direction of the neighboring genes: intergenic regions between

unidirectional genes (fifi), the regions between convergent

genes (fi‹), and the regions between divergent genes (‹fi).

For each group of the intergenic regions, the numbers of the

intergenic regions and MJREs were counted (Supplementary

Table S2). The v2 test was applied to these numbers to check

whether there is significant preference of occurrence of MJREs

in a certain configuration of intergenic regions, i.e., unidirec-

tional or convergent or divergent. The null hypothesis is that

there is no preference for the occurrence of the repetitive ele-

ments in a specific configuration of intergenic regions. In all

the cases the v2 values are very small (p = 0.51 for MJRE1,
A

MJRE1

B

MJRE

Fig. 3. Distribution of MJREs in the genome of M. jannaschii. (A) MJR
p = 0.28 for MJRE2, p = 0.57 for MJRE3, and p = 0.27 for

all MJREs) and even with high probability of rejecting a valid

null hypothesis, such as p = 0.1 (v2df¼2 ¼ 4:605), the null

hypothesis is not rejected, indicating that there is no preferred

configuration for MJREs and that the elements are located

randomly in the intergenic regions in terms of configuration

of the neighboring genes.

The functions of the neighboring genes were analyzed man-

ually based on the annotation in the database. No association

with a certain function was observed in the genes flanked by

MJREs (for the location of MJREs in the genome see Supple-

mentary Fig. S5). Although this indicates that these elements

might not be involved in the regulation of transcription or

translation, the elements might play a role in transcription

attenuation or mRNA stability, which has been shown for

some other microbial repeats [28,29].

To see whether there is a certain preference for location, we

plotted the positions of MJREs around the genome (Fig. 3).

From the plots, it seems all the three groups of MJREs are

evenly distributed around the genome. We tested the statistical

significance of the uniform distribution of each group of

MJREs by Kuiper�s test [30]. The null hypothesis here is that

MJREs are uniformly distributed around the genome. The

Kuiper statistics V for MJRE1, 2, and 3 are 1.05, 1.07, and

1.20, respectively. All of these values of V are smaller than

the upper 5% point of Kuiper statistics V, in which the value

V = 1.75, indicating that the null hypothesis is not rejected.

Thus, we conclude that there is little evidence for a departure

from uniform distribution.

Taken together, we were unable to find indications of a func-

tional role of the repeats although their secondary structures

are likely contain functional sites.

3.4. Uniqueness of the repetitive elements to M. jannaschii

We searched MJRE homologs in completed genomes

(21 archaeal and 203 bacterial genomes) by HMM search using

the HMM constructed from each of the MJRE alignments as a

query. Although it is known that some of the genomes contain

repetitive sequences with similar characteristics such as the

length and the potential to form stem–loop structures, there

are no highly significant hit (HMMsearch E-value < 0.00001)

similar to the inverted repeats of MJREs in the surveyed gen-

omes, even in the two plasmids of M. jannaschii (accession

numbers: L77118 and L77119) and in another methanogen,

Methanococcus maripaludis [24]. This suggests that MJREs

are unique to M. jannaschii.

Recently, comparative genomic approach revealed that SM

elements can facilitate genome rearrangement in Sulfolobus

[31]. Moreover, from a comparison of 22 c-proteobacteria
2

C

MJRE3

E1; (B) MJRE2; and (C) MJRE3. Ticks are placed in every 100 kb.



M. Suyama et al. / FEBS Letters 579 (2005) 5281–5286 5285
genomes, it has been concluded that there is a strong correla-

tion between repeat density and gene order conservation, indi-

cating that the repetitive elements are involved in genome

rearrangements [32]. To test the possible function that MJREs

are responsible for genome rearrangements, we analyzed the

conservation of gene order of orthologs between M. jannaschii

and M. maripaludis, and measured the correspondence be-

tween location of MJREs and gene order breakpoints [33].

All the intergenic regions are divided into two categories,

i.e., those located in gene order breakpoints (1278 intergenic

regions) and outside breakpoints (480 intergenic regions).

For these two categories, the numbers of intergenic regions

which contain MJREs are 100 (in breakpoints; 7.8%) and 30

(outside breakpoints; 6.3%), respectively. Then we applied v2

test and obtained very high p value (p = 0.26), indicating that

locations of MJREs are not significantly correlated with gene

order breakpoints.
4. Conclusions

This is, to our knowledge, the first example of existence of

palindromic repetitive elements with high copy number in

euryarchaeon. The low sequence identity within each of

the groups suggests relatively old origin of MJREs in the

genome. Although MJREs have a potential to form a

stem–loop structure, the function is still unclear as it is

not for most of the other repetitive elements in prokaryotes.

One interesting finding is that three MJREs exist within the

coding regions without disrupting the coding potential of the

host genes. Such a phenomenon was already reported in

eukaryotes and bacteria [2–4,10–12], and MJREs are the

first example of repetitive elements with coding potential in

archaea, suggesting that this is a widespread mechanism in

all three kingdoms of life to enhance diversity in protein

sequences.
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Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.febslet.

2005.08.051.
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