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Abstract We have identified 141 novel palindromic repetitive
elements in the genome of euryarchaeon Methanocaldococcus
Jjannaschii. 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.
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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
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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
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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 MJREI 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 MJRE] is
the existence of a pair of columns occupied not with comple-
mentary nucleotides but with the same nucleotides (“#”
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.
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Table 1
Basic statistics of MJREs

Group  Copy Average Average sequence  Coding®
number length (bases) identity® (%)

MIJREl 59 108 £ 7 62+8 0

MIJRE2 69 9%6£3 54+9 3

MIJRE3 13 101 £4 65+8 0

#Average sequence identity is calculated from all possible pairs within
a group.
®Number of the repetitive elements within coding regions.

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).

MIJRE3 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).

A MJ_35219 TATAGTGTCTTTCAAAA--CTTCTTGGAAT -AACTGAGG-TATAAATGAACGCCTTCCGAA -GGAAGGGCGTTCAAACCTT - -CCTTAGTAA- -ATTTTTATTAATTTTGAAAGACACTACG
MJ_71963 TATAGTTTTTTGCAAA- - -CATCTTGAAAT-ACATAAGG-TTATAATGAACGCCTTCTTATT-GAA-GGCGTTCAATTTT- - -CCTTTATA- - -ATTTTAATTACTTTTGCAAAAAACTATA
MJ_91892 TATAGT-TTTTGCAAA- - -TAT-TTAGAATACATTAAGGCATATAATGAACGCCTTCTTATA-GAA-GGCGGTCAATCTT- - -CCTTCGTCA - -ATTTAATAAC-TTTTGCAAAAAACCATA

MJ_131344 TATAGTTTTTTGCAAAA-GTCA-TTAAAAT-TCATAATG-AAAATTTGAACGCCTTCCTTT-GGAA-GGCGTTCATTAATG- - CCTTATCC- - -ATCTTAAAR - - ATTTGCAAAAAACTATA
MJ_178232 TATAGTGTCTTCCAAAA--TCAATAAAATTAATTTAAGG--AACATTGAACGCCTTT------~ AA-GGCGTTCATTAATA--CCTTAGTT- - -ATTTCAAAAG-TTTTGAAAGACACTATA
MJ_217706 AATEGTGTCTTTCAAAA- - CTTCCTGAATA - - ACCAAGG- CACTAATGAATGCCTTCCTTT-GGAA-GGCGTTCAAATCTT - - CCTTAATAA - - ATTTTATCAA- TTTTGAAAGACACBATA
MJ_367392 TRTAGTGTCTTTCAAAA- -AA- -TAAAAATTTATTAARG - AACTTTTGAACGCCTTCCAAA -GGAA -GACGTTCGTTAGTG- - AATGGTT - -ATCCAAGAAG- TTTTGAAAGACACTART
MJ_410668 TATAGTGCCTTTCAAAA--TTA-ATAAAATTTATGAAGG-AATGTTTGAACGCCCTCCTTT-GGAA-GGCGTTCATTAGTG- -CCTTAGTT - - -ATTTAAGAA - -GTTTGAAAGACACTATA
MJ_441145 TATAGTGECTTTCAAAA* -TTAATAAACTT--ATTATT- -AAACTTTGAACGCCTTCCTTTAGGA- -GGCGTTCATTAATA--CCTTTTATT- - ATCTCAATAAGTTTTGAAAC@CACTATA
MJ_441420 TATAGT-TTTTGCAAAA--CATTTTGTAAT - -AATAAGGTATATAATGAACGCCTTCTATAA-GAA-GGTGTTCAACTTT- - -CCTTAGTCA - -ATTTAATAAC-TTTTGCAAAA-ACTATA
MJ_515568 TRTAGTGTCTTTCAARA- - CATTTTGTAATACCTTAAGG-TATTAATGAACGCCTTCCTTTAGGAA -GGTGTTCARATTTT - - CCTTAATAA - - ATTTATTAA - - TTTTGAAAGACACTART
MJ_616511 TATAGTTTCTTGCAAAA- - CATTTTAGAAT - AAATAATA - CATTTATGAAJACCTTCCAAAAGGAA - GGRGTTCAAACCTT - - CCTTACGA - - -ACTTCAGTAACTTTTGCAAGAAACTATA
MJ_730022 AATAGTTTTTTGCAAAA- - CAT-TTGAAGT - ABRATAAGG - AACTTATGAACGCCTTCCTTTGGGAA -GGCGTTCAATTTTT - - CATTATEA - - - ATTTTAATAACTTTTGCAAAAAACTAAA
MJ_917774 TATAGTTTTTTGCAAAA-GTGA-TTAAAATTAATAAAGG--ARAATTGAACGCCTTTTATT - -GAA-GGCGTTCATTATAATGTCTTATT - - - -ATTCCAAAATGTTTTGCAAAAAACTATA
MJ_945814 TGTEGTGTCETTCAAAA— CTTTTTTAATGA--TTTAAGG-TATAGATGAACGCCTTCTAAAA-GAA-GGCGTTCAAAATTTT-CATTAGTAG- -ATTTTGTTAT - TTTTGAAEGACACEATA
MJ_1031778 AR TAGTGTCTTTCARAA-GTARTTAAAAAT - -AATAATG- AAAATTTGAACGTCTTCTATAA - GAA-GGCGTTCATTAAGT - - CCATACTTA - -ATCCARAARA - TTTTGAAATATACTARA
MJ_1073460 TATAGTTTTTTGCAAAA--CATTTTAGGAT--AAAAAGG-TATTTATGAACGCCTTCCTTTTGGAA-GGCGTTTAAACTTT--CCTTAATAA- -ATTTTATTA- -CTTTGCAAAAAACTATA
MJ_1205526 TTTAGTGTCTTTCAAAAAAGGTATTAAAGTTTATTAAGG--AAATTTGAATGCCTTCTATAA-GAA-GGCGTTCATTAATA- -CATTAATAGTTATTACAAAATATTTTGAAAGACACTATT
MJ_1413187 TATAGTGTTTTTCAAA---CTTCTTAAATA--ACTAAGG-TATTAATGAACTCCTTC-TTT-GGAA-GGCGTTCAAATCTT--TATCAATAA- -ATTTTATTAA-TTTTGAAAAACACTATA
MJ_1629423 TATAGTTETTTTCAAAA-GTG-AATAAAATTTATTAAGG- - AAGTTTGAACHCCTTCCATTAGGAA -GGAGTTCATCAGTG- - CCTTAGTT - - -ATTACAAAATATTTTGAAANEAACTATA
#consensus TATAGTNTYTTnCAAAA..YWTnTTAAAAT .nAWTAAGG.WAWWWWTGAACGCCTTCYWTTNGGAA . GGCGTTCAWWWWTW . . CCTTARTWn . . ATTTWAWWAN . TTTTGAAARANACTATA
#stem-loop 11111111111111111 2 2222222 3 33333 #44444444444 444 44444444% 33333 3 2222222 2 11111111111111111

B My 31122 ANSAGGACTTTCGCAGGAATARATA- - - TTCAATGGA - ATATAGAENICCAAA - - GEME€TCAAAGTTCCA- - -AAGTGCATATATAAACTGCGAAAGTCCTIETT
MJ_143122  AATAGHAACTTTCGCAGTTTTATACTACTAATTAAGGA-ACATTGATGCCAAAA--GGCATCTTTGTGCAA- - -TAATAAATTTTATTCCTGCGAAAGTICTATT
MJ_159683  AATAGGACTTTCGCAGGAATAAATT- - -TTTTATTGCGTATTGACACCCTCT - -GGGTGTCTAAGTTCCA- - -AATTCAATATATAAATTGCGAAAGTCCTATT
MJ_177395 AATAGGACTTTCGCAGTTTATATATT - -GAATTTGGA-ATTTAGATGCCTAAA-AGGCATCATTT-TCCT - - -TATAGAGATTTATTCCTGCGAAAGTCCTATT
MJ_186712  AATAGHAACTTTCGCAGTTTGTATATTTTATTAAAGGC-ATTTABATGCCTAAA--GGCATHATTATTCCA- - - -TAGAACATTTATTCCTACGAAAGTICCATT
MJ_ 391975  AATGGAACTTTCGCA-TTATATATT---AAATAAGGT - ATTTGGATGCCTAAA- -GGCATCAATATTCA - - -ATARATAAATTTATCTCTGCGAAAGTCCATAA
MJ_ 396235  AATAGGACTTTCGCAGTTTATATATTT-TATTAAGGT-AATTTGATGCCCAAA--GGCATCTTCATTTAA- - -ATAAAACATTTATCCCTGCGAAAGTCCTATT
MJ_573432  AATAGGACTTTUACAGGAATAAAAT--TTATAAAGG--AAATTGATGCCTTTA- -GGCATCTAAGTACCT - - TATTAAAACCTACAAACTGHGAAAGTCCTATT
MJ_921533  AATAGGACTTTCGCAGGAAATAAA-GTTTTA-TTGT- -ATATAGASACCCTTT-GGCIETCTAAGTTCCA- - -AACTTAATATATAAACTGCGAAAGTCCTATT
MJ_953493* [BATAGGACTTTCGCAGTTCATATAT - - -GGATTTGG- - AATTTGGACACCTAAAAGGTGTCATTATACCA - - -TAAAAAATTTT - TTCCTGCGAAAGTCCTATE
MJ_1045872 [EARAGGACTTTAACAGTTTTATAATTCAATATAAGGA-ATTATGATGTCTATA- - -GCATCATTATGTTCA - -ATAAGAAATTTATTCCTGHRGAAAGTCCTETE
MJ_1056871% AASAGESCTTCGCACTTTATATTT- - - - AAATTGGTATTTTTGA - GCCCATTTATGGGCTCACTTTTCA - - -ATGAAATATTAGACTCTGCCHAAGERCTETT
MJ_1076106 MATAGEACTTTCGCAGGAATAAAATGTTTTA-TTGA--ATATTGATGCCTAAA- -GGCATCCAAATACCT - - - TTTTAAAAATATAAGTTGCGAAAGTICTATA
MJ_1077871 AATAGGACTTTCGCAGTTTATAT--GTTAAACTTHGGAACTTAGASACCTTTA-GGCMETCATTATGARA- - - - - TAAATAATTATTCCTGCGAAAGTCCTATT
MJ_1251126* TABAGGACTTTCGCAGGAGTAAAGT--TTATTATTGC-CCATAGATGCCTTT- - -GGCATCAAATTTCCT - - - TTATGGATGTATAATCTGCGAAAGTCCTETT

MJ_1394275 BATAGRACTTTCGCAGGAATAAATG- - - ATTTATTGA-ATAATGATGCCTTTA- -GGCATCTAAATACCT - - - - TTTTAATATAAAAACTGCG- AAGTHRCTATR
MJ_1468373 AATAGGACTTTCGCAGTTTATGTAT---AAATTTGGA- GCTTAGAECECAAA* GEGETCAATATTCAf --ATAAAAATATTTTTCCTGCGAAAGTCCTATT
MJ_1475046 AATAGGACTTTCGCAGTCTATATTATT-AAATTTGGA-AAATAGATGCCTTTA--GGTATCATTGTTCA----ATAAAAATTT-ATTCCTGCGAAAGTCCTATT

MJ_1515781 AATAGGACTTTCGCAGTTCATATAT--TTCATAATGC-AGTTGGATGCCTTTA- -GGCATC - -AGTTCCT- - TAAAAAATTTTTATCTCTGCGAAAGTCCTATT
MJ_1576468 MARAGGACTTTAACA-GTCTATATAT-TGAGTTTGGA-ATTTTGATGCCAAA- - —GGCATCTTTTTACATTAAATAATATCTTATCCTCTGEGAAAGTCCTETQ
#consensus AATAGGACTTTCGCAGTTWWWAWWTD . nWWWTWTGGN . AWTTWGATGCCTWWA . . GGCATCWWWRTTCCW. . . WHWAWAAWWTWWWWNCTGCGARAGTCCTATT

#stem-loop 1111111111111111 222 333333 333333 1111111111111111

C MJ_27945 TAGACAATCATC-AAAC-TTTATTATT-TAA--TAAGGTAT-TGATAAAAGCCCAAA-GGGCTTTTATA-TTACTTCCTATTTAT--AAG---~-~----~ TGGGATTTATTTGATGA
MJ_143576 TAACCAATTATC-AAAG-TTTTTAATT-AAA--TAAGGCAC-ATATAGAAGCCCTTT-GGGCTTCTARA- -~~~ TTCCATAGTAA--ATAATAT-CC--TTTGAT--AATTGGTTA
MJ_227787 EAATCAATCATC -AAAG-TTTAGGTATGTAAT-TAAATT-T-ATTTAAAANCCCATT -GGGITTTTATA - - -TTTTCCATAGTAA- - ATAAGTT-TA- -TTTGAT - - GATTGAT'IE
MJ_234175 TAATCTECTE TCAAAAG-TTTGACATAA- - - - - AAAGG-TATTTATAAAACCTCAAATAGG-TTTTATATTTATTCCCTCAGAAA - -AGTATATTTA-TTTTGAS - - A2 STACCTA

MJ_266212 TAGTCACTCATCAAAAGCAAAATATTTTTAAC- CAATACATAAATATAAARMCCCCAA-GGGITT - TATA- - -AATACCCAATGAC- - TTCCAARAT - - TTTTGAT - - GATTGACTA
MJ_453146 TAACCAATTATC-AAAG-AAARATATTATTTAC-TATGGA- - -ATTTAGAAGCCCAAA-GGGCTTCTATA- - - -GTGCCTTATTTA- -ATTAAAAA-C- -TTTGAT- -AATTGGTTA
MJ_476583 TAGTCAATCATCAAAAG-TTTTTATAGTTATA-TAATAAAC-TTATAGAAGCTCAAAAGGGCTTCTATACCAATAACCTTAGAAA- -ATGTTATCTATTTTTGAT - -GATTGACTA
MJ_528456 TAGTCAATCITC-AAAT - AGATAATTA- - - - - - BTTTTCTATTATTH-AAGCC-AAAA- -GCT-TATAA- - - -GTTC-ATRATTAA - ATAATGAAG- - - TTTGAR - - GATTGACTA
MJ_726218 TAACCAATTATC-AAAG-TTTTTAARAT-TAA--TATGGCAC-TTATAGAA-CCCTTT-GGGCTTCTARAA- - -TGTTCCTTAATAG- -ATGATTTAGC- -TTTGAT- -AATTGGTTA
MJ_1077971 TAATCAATCATC-AAAT-CTTGTAATAAT-GAATAAGGTATTTATAAAAAGCC-TTT--GGCTTTTATATAAAG-TTCATTAGAGAACAGATATTTA- -TTTGAT--GATTGATTA
MJ_1118678 TAGCTAATTATC-AAAG-TTAAATCATCTA--TTAAGGAA-TATTTAGAAGCCCAAAA-GGCTTCTATA---AGTGCCATATT-A--ATTTAAAAC---TTTGAT--AATTGGTTA
MJ_1119424 TAGTCAATCATC-AAAA-TAAAAATTGTTCAACAAAGGG-- TATTTAAAABCCCTTT-GGG@TTTTATT- - -TGTTCCA-ATTTA- -ATTAGTGAAG- TTTTGAT - -GATTGACTA
MJ_1248687 TAACCAATTATC-AAAGCTAAATTATC--TAATTAAGGAA-TATTTAGAAGCCCAAA-GGGCTTCTATAA---GTGCCTTATTTA--ATTATAAAAC--TTTGAT--AATTGGTTA
#consensus TARYCAATYATC.AAAG.TTWWTAWTWNnTnAn. TAAGGnAnnWTTTARAAGCCCAAA GGGCTTYTATA. . .nnTnCCWTANTAA. .ATnAWAWNnn. . TTTGAT. . RATTGRTTA
#stem-loop 111111111111 111 333333333 333333333 22222 111111 111111111

Fig. 1. Multiple sequence alignments of MJREs. (A) MJREL, (B) MJRE2, and (C) MJRE3. The first column is the sequence identifier containing the
positions in the genome. Compensatory changes are indicated by colored backgrounds. The alignment positions conserved in more than 60% of the
sequences are indicated in the consensus line: R (A or G); Y (C or T); W (A or T). The residues which form pairs in the possible stem—loop structure
are indicated under the consensus sequence by numbers, for example, 1111 at the left of the stem-loop line forms stem with the 1111 at the right. In
MIJREI (A), the pair of columns occupied with the same nucleotides, which might break the base pairing of the stem region, are indicated by “#”.
In MJRE2 (B), the identifiers of the three elements found within the coding regions are marked by “*”’. Only highly conserved 20 sequences are shown
in MJREI (A) and MJRE2 (B) (for the alignments of all the elements see Supplementary 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).
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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.

A SecStr (pred)

MMP1595 4
MJ1022 4
codon 1st
2nd
3rd

B SecStr
MMP0918 422
MJ1l1l1le 419
codon 1st
2nd
3rd

C pomain
MMP1624 284
MJ1303 284
codon 1st
2nd
3rd

PILYDIGRICKEKHESNSFSTTPKIIEFDI--------------------~--~-~——-~—~—~—~ NVPPLKTLKIPFDAPREVAEELVKLNKSEYVR
PIAYDIGRLCKEEDKE- - --LTPKLIDIDVIGLSQEKIFYGIMTPFRCPNSKSIYELRKSYVKADGIKMPFDTFRELTSIFKKSFIGTVKY
cagtgagactagggag cacacagaggAGCTCGAATTGAAACTATCATATATGCCATTGagggaaactgatagcatataattagagat
ctcaatggtgaaaaaa tccattatatTGTCAAATTAGTTCCTGGCACACTAATGACAtacagtatctactgatccttaacttgcectaa
atctttaagcagataa actgatcttCAATGGAATTTTAGATTGTATCACATAGAGCTtattcaggtttataaacaataatttattat
MJ_953493
GVELRVPFLDKFVIDVGLSIPVEYKIEEP------------- - oo oo oo oo — RKKILRDIASKYVPDYIAQRPKKAAQYGS

GVELRVPFLDEEVVEIALSIPIEYKMSELSNRPYAESNISLKSEPINGLKNTNLNIKCVRSVRKKILRDVASQYLPDYIAYRPKKAAQYGS

gggtagcttggggggagttacagtaatgcaAACTGGTAATTAAGCAAGCAAAATAAATGATGaaaatagggtcttecgtagtacaaggectga

gtatgtcttaaattatctctctaaatcatgAGCACACATCTAGACTAGTAACATATAGTGCTgaattgatccaatcaatcagcaaccaagg

ttggattcatggttattaatttatggtatt CATCAGTTTAGATGCATGCATCTATAGCAGTTaggtggtttecgtgatttctaagacagtat
MJ_1056871

444% Pfam:Fer4 } { Pfam:Fer4 F‘A‘Aﬁ

ENGKILYDPKTCTLCNTCVKECPQGVRINK---------- - oo oo oo oo m o — o GEFVDGGCVLCELCIKECPEDAISIKERSK

ENGHLYYSPDVCWKCMECVKICPNDVRRIKQDFRRLYTHKGNLMPKASMGNNKLYSCESPVDDRVVGGCSLCEICINNCPEEAISITT-VK

gagccttacggttatagtgaatcaggaaaaCGTCATTACAGATACAGTAGAAACTTTGACGggaggggttctgataaatcgggataaa ga
aagataagcatggagtagtatgcaatggtAAATGGTATAAGATTCACCTGAAATACGAGCTaagttgggctgatgtaagcaactctece ta
gtatatccatttgatgactacctcttaatAGCTCAACCTAATGGAGATGCTTATCCCATTAttattacctatattatctaaaaaaaaa ta

MJ_1251126

Fig. 2. Three MJREs within the coding regions and their alignments with the orthologous genes in M. maripaludis. (A) MJRE in a hypothetical
protein (MJ1022), (B) MJRE in asparagine synthetase (MJ1116) and (C) MJRE in polyferredoxin (MJ1303). The first row shows (A) the predicted
secondary structures [22], (B) known secondary structures in the crystal structure of the ortholog in E. coli [25], and (C) polyferredoxin domain
identified by SMART analysis [23], respectively. a-Helix and B-strand are represented by a green cylinder and a blue arrow, respectively. In each
panel, the protein sequence alignment between the orthologous genes in M. maripaludis (the second row) and in M. jannaschii (the fourth row) is
shown. The number in front of the sequence indicates position of the first residue in the protein. Identical residues are indicated in the third row. The
corresponding DNA sequence of M. jannaschii is shown under the alignment. Note that the DNA sequence is splitted into three rows based on codon
positions, and each codon corresponds to the three nucleotides which are aligned vertically. The DNA sequence region corresponding to MJRE is
shown in red upper-case letters. Identifiers of MJREs are indicated below the DNA sequences. Note that all the three genes are on the
complementary strand of the genome sequence in the database, so the DNA sequences in this figure are the complementary sequences of those in

Fig. 1.
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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 (——), the regions between convergent
genes (—<), and the regions between divergent genes («——).
For each group of the intergenic regions, the numbers of the
intergenic regions and MJREs were counted (Supplementary
Table S2). The y* 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 y? values are very small (p = 0.51 for MJREI,
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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 (43_, =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
MIJRE:s (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
MIJRESs are uniformly distributed around the genome. The
Kuiper statistics ' for MJREL, 2, and 3 are 1.05, 1.07, and
1.20, respectively. All of these values of 7 are smaller than
the upper 5% point of Kuiper statistics ¥, 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 MIJRE 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 y-proteobacteria

Fig. 3. Distribution of MJREs in the genome of M. jannaschii. (A) MJREL; (B) MJRE2; and (C) MJRE3. Ticks are placed in every 100 kb.
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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 %
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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found, in the online version, at doi:10.1016/j.febslet.
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