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SINEs retrotranspose using their partner LINE's enzymatic machinery. It has recently been proposed that
AfroSINEs ending with GGTTT 3’ tandem repeats were mobilized by RTE elements ending with CAA 3’ tandem
repeats in the Afrotherian genome. Using sequences from the elephant genome, we show that AfroSINEs derive
from RTE ending with GGTTT-like 3’ tandem repeats, a subgroup of RTE1_LA that only reached low copy
number, and confirm that they were most likely mobilized by RTE ending with CAA(,) tandem repeats
(RTE1_LA-CAA(y)). This partnership is supported by sequence similarity between two regions of the elements,
overlap in the timing of their activity, common features of their target site consensus that are not shared by
other members of the RTE family, and their high copy number. Detailed analyses of pre-insertion loci reveal that
like many other apurinic/apyrimidinic endonuclease encoding elements, RTE1_LA-CAA,) shows loose target
site specificity. In addition, the RTE1_LA-CAA ;) target site consensus shares several structural and primary
sequence features with that of LINE1, suggesting that these two elements share close functional similarity in the
target primed reverse transcription (TPRT) reaction. Interestingly, although globally similar, the target site
consensus of AfroSINE(Anc) and RTE1_LA-CAAy differ in several aspects. These differences, not observed
among all SINE/LINE pairs so far examined, are most likely due to the fact that AfroSINEs and RTE1_LA-CAA;
are terminated by a different tandem repeat motif. We propose that these differences reflect constraints
imposed by base pairing interactions between the mRNA 3’ terminal tandem repeats and the target DNA at the
onset of TPRT. So in addition to the endonuclease nicking preference, the mRNA of these elements appears to
play an important role in integration site choice through a passive, post-nicking, selective process.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction Anzai et al., 2005). The extent to which these interactions are

ubiquitous among NLRs is not clear. However, it seems clear that for
some elements (like R2Bm) these interactions are not required for TPRT
(Luan and Eickbush, 1995). After completion of the reverse transcrip-
tion, second strand synthesis of the element is performed through a
process that remains to be fully described (Kurzynska-Kokorniak et al.,
2007). TPRT generally results in the duplication of a short stretch of
nucleotides (generally <20 bp) located between the two cleavage sites.
Thus, each newly inserted element is typically flanked by short direct

Non-long terminal repeat retrotransposons (NLR) have been the
most successful transposable elements to colonize mammalian
genomes (e.g., Lander et al, 2001; Gentles et al., 2007). Canonical
replication of these elements occurs via target site primed reverse
transcription (TPRT) of their mRNA. The target DNA is cleaved on the
bottom DNA strand by the element encoded endonuclease (EN),
producing a free 3’-OH group that is utilized by the element encoded

reverse transcriptase (RT) in the presence of the element mRNA to
prime reverse transcription (Luan et al., 1993; Cost et al., 2002). It has
been shown that base pairing between the target DNA and the 3’ end of
the mRNA might be required for, or at least facilitate the initiation of the
TPRT for the I factor and the R1Bm elements (Chaboissier et al., 2000;

Abbreviations: AP, apurinic/apyrimidinic; EN, endonuclease; LINE, long interspersed
nuclear element; NLR, non-long terminal repeat retrotransposon; ORF, open reading
frame; RT, reverse transcriptase; SINE, short interspersed nuclear element; TPRT, target
primed reverse transcription; TSD, target site duplication.
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repeats, also called target site duplication (TSD).

NLRs can be divided into two groups (reviewed in Kazazian, 2004).
LINEs (long interspersed nuclear element) are between 3 and 10 kb and
considered to be autonomous because they encode most if not all the
factors required for the TPRT. By contrast, non-autonomous elements
(SINEs, SVA [named after SINE,VNTR (variable number of tandem
repeats) and Alu] and processed pseudogenes) are generally much
shorter (90 to 400 bp for SINEs) and cannot rely on self-encoded
enzymes for the TPRT since they do not possess open reading frames
(ORFs). Most SINEs have a chimeric structure which, in most instances,
consists of a 5’ tRNA-related region that contains the A and B boxes of
the Pollll promoter, followed by a core region of unknown origin, and a
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3’ region that shares high similarity to the 3’ region of a LINE family
present in the same host genome (reviewed in Ohshima and Okada,
2005). Luan et al. (1993) showed that this 3’ region is pivotal in the
initiation of the TPRT of the R2 LINE element of Bombyx mori, as it is
specifically recognized by the 3’ RNA binding domain of this element.
This, and other evidence, led to the hypothesis that SINEs could
parasitize the enzymatic machinery encoded by LINEs through this
shared 3’ region (Smit and Riggs, 1995; Ohshima et al., 1996; Jurka,
1997), which was experimentally validated for several SINE/LINE pairs
(Kajikawa and Okada, 2002; Dewannieux et al., 2003; Dewannieux and
Heidmann, 2005; Kajikawa et al., 2005).

Many NLRs show a preference for insertion at specific target sites
(reviewed in Zingler et al., 2005). Target site specificity as well as its
determinants vary broadly among NLRs. Although some exceptions
exist (Volff et al, 2001; Mandal et al, 2004), NLRs encoding a
restriction enzyme-like endonuclease usually have a strong target
site preference, inserting exclusively into a specific site within a
particular type of sequence such as, for example, rRNA genes, simple
repeats or mini-exon arrays (Burke et al., 1987; Aksoy et al., 1990;
Gabriel et al., 1990; Burke et al., 1995; Burke et al., 2003). The specificity
of these elements is determined by their DNA binding domains (e.g.,
Christensen et al., 2005). By contrast, NLRs encoding an apurinic/
apyrimidinic (AP) endonuclease generally show a weak target site
consensus and can insert at many different loci within their host
genome (Szak et al., 2002; Bringaud et al., 2006; reviewed in Zingler et
al., 2005), although some notable exceptions exist (Garrett et al., 1989;
Higashiyama et al., 1997; Feng et al., 1998; Kojima and Fujiwara, 2003).
For both the specific and non-specific AP endonuclease encoding ele-
ments, the AP endonuclease is the primary determinant for recogni-
tion and nicking of the target DNA (Cost and Boeke, 1998; Feng et al.,
1998). However, integration at a specific site also depends on other
factors, such as the structural parameters of the target DNA (Cost and
Boeke, 1998; Zingler et al., 2005; Repanas et al., 2007).

It was recently proposed that AfroSINEs derive from, and were
mobilized by, RTE LINEs in the Afrotherian genome because these two
elements share two regions of high sequence similarity (Gogolevsky
et al.,, 2008). Intriguingly, contrary to the majority of SINE/LINE pairs
so far described in eukaryotes, AfroSINEs and known Afrotherian RTEs
are not terminated by the same tandem repeat motifs. In this study, we
first explain this peculiarity of the AfroSINE/RTE pair and refine the
origin of AfroSINEs by taking advantage of sequences from the elephant
genome. We then conduct analyses of sequence conservation at the
pre-insertion loci of elephant AfroSINEs and RTEs, and discuss the
outcomes in light of our current knowledge on the TPRT reaction and
the partnership between LINEs and SINEs. Our results support the view
that the element mRNA plays a critical role in integration dynamics,
most likely through passive integration site selection involving
interactions between its 3’ end and the target DNA.

2. Materials and methods
2.1. Repeat masking

Estimates of copy number of AfroSINEs and RTE elements in the
current version of the elephant genome (May 2005) were performed
using a local version of RepeatMasker and custom libraries that in-
cluded either the AfroSINE(Anc) (Nikaido et al., 2005) or the RTE1_LA
(Jurka, 2006) consensus. Search for RTE elements ending with GGTTT-
like terminal tandem repeats was conducted using the RTE1_LA con-
sensus in which CAA terminal repeats were replaced with GGTTT
repeats. In order to circumvent the problem of cross match between
AfroSINEs and RTEs (due to the high similarity between two regions of
the elements), we considered only elements that had a 3’ region
longer than 200 bp for RTEs and longer than 150 bp for AfroSINEs.
Average similarity between each copy and the consensus was derived
from the RepeatMasker output.

2.2. Analysis of sequence conservation at pre-insertion loci

Blastn searches were performed on the draft elephant genome in
Genbank using the consensus of the two partner elements as query
sequences. 1000 AfroSINE(Anc)- and 1000 RTE1_LA-containing contigs
were downloaded. Full-length elements with perfect target site
duplication (TSD) or with a maximum of one mismatch between the
5" and 3’ copy of the TSD were retained for analysis. Both ends of the
TSD were manually inspected using BioEdit v5.9 (Hall, 2004). Only
TSDs meeting the following criteria were retained for analysis: the two
base pairs immediately flanking both ends of the TSD must be different
between the 5’ and the 3’ copy of the TSD, there must be at least one
mismatch within the two following flanking bp, and no obvious
similarity thereafter. TSDs as well as 200 bp of 5’ and 3’ flanking
regions were aligned using BioEdit v5.9 (Hall, 2004) as presented in
Jurka (1997); no attempt was made to maximize homology but sites
were organized according to their position with regard to the start and
the end of the elements. When present, mismatched positions
between the 5’ and 3’ copy of the TSD were treated as gaps. Analyses
of sequence conservation follow Schneider and Stephens (1990) and
were performed using the Web Logo server (http://weblogo.berkeley.
edu; Crooks et al., 2004).

3. Results and discussion

3.1. Origin of AfroSINEs and implications on their partnership with RTE
elements

The 3’ region of AfroSINEs shares similarity (81% over 55 bp) with
the 3’ region of the RTE1_LA element characterized in the elephant
genome (Jurka, 2006). In addition, their central region is also similar
(74.5% over 57 bp) to a fragment of the 5’ region of RTE1_LA. Based on
these observations, Gogolevsky et al. (2008) suggested that AfroSINEs
derive from RTE elements and were mobilized by the RTE encoded
enzymatic machinery. However, although presumed partners, Afro-
SINEs and RTE1_LA do not end with the same 3’ tandem repeat motif
(situated 3’ of the region shared by the two elements), i.e., respectively
GGTTT(y,y and CAA(y,). This difference could be explained in two ways:
(1) AfroSINEs derive from an RTE ending with CAA repeats that were
replaced by the GGTTT motif, possibly through template slippage
during the early stages of the TPRT reaction (Luan and Eickbush, 1995;
Chaboissier et al, 2000; Tu et al., 2004) and/or via mutations intro-
duced during reverse transcription or after insertion, followed by
expansion/contraction through replication slippage and/or recombi-
nation (Arcotetal., 1995); (2) AfroSINEs derive from hitherto uncharac-
terized RTE elements ending with a GGTTT-like tandem repeat motif. A
search of the elephant genome using RepeatMasker and the consensus
RTE1_LA where CAA 3’ repeats were replaced with GGTTT repeats
yielded 423 3’ regions of RTE elements longer than 200 bp that ended
with GGTTT-like tandem repeats. According to this result, it is more
parsimonious to assume that AfroSINEs derive from RTE with GGTTT-
like repeats rather than from RTE ending with CAA repeats (Fig. 1).

An interesting question that arose from the discovery of RTE
elements ending with GGTTT-like repeats is which type of RTE
mobilized AfroSINEs. To answer this, the relationships between the
three elements, as well as their amplification dynamics must be
clarified. RTE elements ending with GGTTT-like repeats only reached a
very low copy number in the elephant genome. Of 423 elements, only
three are full-length and 345 are less than 1 kb. To derive a consensus
for these elements, all fragments longer than 1 kb were aligned.
Similarity between this consensus and that of RTE ending with CAA 3’
repeats is 95%.

We conducted phylogenetic analyses of a 1 kb alignment that
includes the 78 RTE ending with GGTTT-like repeats of at least 1 kb, 78
randomly selected RTE1_LA, and the RTE element of opposum,
ruminant and vipera as outgroups. The results show that all copies of
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Fig. 1. Alignment of the 3’ terminal region of a copy of RTE1_LA-CAAp,), RTE1_LA-GGTTT,,y and AfroSINE(Anc). This shows that similarity between AfroSINE and RTE-GGTTT,,) extends
to the terminal tandem repeats and therefore that AfroSINE most probably derives from RTE-GGTTTy), rather than from RTE1_LA-CAA,,). These copies were taken from the following
contigs: RTE1_LA-CAA,) AAGU01643347, position 891-4099; RTE1_LA-GGTTT,) AAGU01829388, position 953-1035; AfroSINE(Anc), AAGU01636108, position 664-863.

RTE1_LA and RTE ending with GGTTT-like repeats form a strongly
supported clade (bootstrap=100), but that within this clade, RTEs
ending with GGTTT-like repeats do not group together as a mono-
phyletic subfamily (see Supplementary Fig. S1). Therefore, RTEs ending
with GGTTT-like repeats are not a different family distantly related to
RTE1_LA, rather they constitute a subset of RTE1_LA. We will use the
terms RTE1_LA-GGTTT(,) and RTE1_LA-CAA, to refer to these two
different subsets for the rest of the manuscript. Copy number of
AfroSINEs and RTE1_LA-CAA(,) was estimated in the draft elephant
genome using RepeatMasker. We found 118,953 3’ regions of RTE1_LA-
CAA(n) longer than 200 bp and 313,448 3’ regions of AfroSINEs longer
than 150 bp. It therefore appears that these two elements were much
more successful than RTE1_LA-GGTTTy), reaching copy numbers in
same order of magnitude as the RTE and associated SINEs in the
opposum genome (Gentles et al., 2007).

Average similarity of all copies to their full-length consensus is
85.7% (SD=5.5%) for RTE1_LA-CAA(n), 84.2% (SD=5.7%) for RTE1_LA-
GGTTT(,y and 82.3% (SD=5.1%) for AfroSINE. G+C content for each
consensus is 42% (RTE1_LA-CAA)), 41% (RTE1_LA-GGTTT(,)) and
50.6% (AfroSINE). Average similarity to the 3’ shared region that has an
almost identical nucleotide composition between the three elements
is 84.5% (SD=4.8%) for RTE1_LA-CAA(, (60 bp; 51.7% G+C), 82.9%
(SD=4.6%) for RTE1_LA-GGTTT(,, (60 bp; 51.7% G+C) and 83.4%
(SD=4.8%) for AfroSINE (56 bp; 50% G+C).

Overall, these data indicate that the three elements are of similar
age and that, therefore, their dates of activity overlapped. This implies
that AfroSINEs could have potentially been mobilized by either, or
both, RTE1_LA subgroups. However, it is clear that given the large
difference in copy numbers between the two RTE1_LA subgroups, the
activity level of RTE1_LA-CAA, has been by far higher than that of
RTE1_LA-GGTTT(y), implying that RTE1_LA-CAA(,) has most probably
been the main if not the only source of RTE encoded enzymes during
the history of the elephant genome. Moreover, although examples
where only few copies of autonomous elements gave rise to thousands
of non-autonomous elements are common for DNA transposons
(Feschotte et al., 2002, 2003), this has not yet been observed for NLRs,
probably because of the cis-preference (the preferential reverse
transcription of its own mRNA by the RT) shown by these elements
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during transposition (Esnault et al., 2000; Wei et al., 2001; Kajikawa
and Okada, 2002). Therefore, although AfroSINEs most probably
derive from RTE1_LA-GGTTTy), we believe that they have been mainly
if not only mobilized by RTE1_LA-CAA ;).

3.2. Target site analysis of AfroSINE(Anc) and RTE1_LA-CAA,) in the
elephant genome

Along with the fact that RTE1_LA-CAA(,y and AfroSINE share two
regions of high similarity, overlap in their timing of activity and high
copy numbers suggest that they are partners. However, we acknowl-
edge that a definitive conclusion on the ability of AfroSINE to
parasitize RTE1_LA-CAA(,) would require experimental data. None-
theless, in order to further test this presumed partnership, we
conducted analyses of sequence conservation at the pre-insertion
loci of these two elements in the elephant genome.

3.2.1. Loose specificity of the RTE1_LA-CAA,) encoded endonuclease
Enough perfect or nearly perfect target sites to perform statistical
analyses were found only for RTE1_LA-CAA,) and AfroSINE of the
“Ancestral” subfamily (Anc) (Nikaido et al., 2005). From 2000 elephant
contigs, 85 full-length RTE1_LA-CAA;) and 99 full-length AfroSINE
(Anc) flanked by perfect, or nearly perfect TSDs were identified (see
Materials and methods). A+T content of the TSD was high for both
RTE1_LA-CAA(n) and AfroSINE(Anc) (67% and 68% respectively). TSD
length varied from 7 to 13 bp for RTE1_LA-CAA;) (mode=11 bp) and
from 7 to 16 bp for AfroSINE(Anc) (mode=12 bp) (Fig. 2). A+T rich TSDs
are also generally observed for RTE elements described in other taxa
(Malik and Eickbush, 1998; Laha et al., 2002, 2005; Gentles et al., 2007,
Ichiyanagi and Okada, 2008). Furthermore, based on the complete
length profile of RTE TSDs in cow, opossum and zebrafish, Ichiyanagi
and Okada (2008) reported a most frequent TSD length of 10-12 bp,
similar to what is observed here. The similar TSD length and A+T
content observed between AfroSINE(Anc) and RTE1_LA-CAAn, is
consistent with their TPRT being mediated by the same enzymes.
The 99 AfroSINE(Anc) and 85 RTE1_LA-CAA,,'s TSDs aligned from
the first 5’ base are presented in Fig. 3 and Supplementary Fig. S2,
respectively. Because of the heterogeneous length of the TSDs, two

AfroSINE(Anc)
30 -

25 -
20 o
15 -
10 4

5

7 8 9 10 1112 1314 15 16
TSD length (bp)

Fig. 2. Distribution of the TSD lengths for RTE1_LA-CAA;) (n=85) and AfroSINE(Anc) (n=99).
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Access. Num. Pos. TSD 3’ flank

AAGU01403313 415 ACCACCC CCTGTGGGGCAGAGAGGGAA
AAGU01258292 2394 AATGGCTTATG ATGTTAAACATCTTTTCATG
AAGUO01753491 89 ACTTACCAGCTE) GGAGTTCCCGGGTGGCACAA
AAGU01274204 955 AATCTTTATG TCACACACACACACACACAC
DAGUO1771444 643 AATCA- TGGGCE) AGTGCAAATCAAAACTACAA
AAGU01847188 196 AGTC-ATTAR ATGTGCAATAGCATTATGTC
AAGUO1779792 1069 AWACTTTGAG ATTGGGCTTTTTATGTCAAC
AAGU01017041 1158 ASNAACTAATG, GAGAAGAATGGATATTGTTC
AAGU01236812 194 AWGGCTGTG TTE TATGAGTGCARAACAGCAAG
AAGU01134298 162 AR TAGAGATAH ATATTTTTCTGCGGGACAAA
AAGUO01146650 221 ABACTCTGATCAAG - - AGTTTGTCTTTTTTAGTAAG
AAGU01141708 7919 AT CAAAGAT TTAAAAAAAAAAATTATCAT
AAGU01025116 6300 AWTCTTTCTE CTATACAATGCTGTCTGTGA
AAGUO01521451 2703  ATAGAGAAAAGAAGCAGGCT AWTA AGTCAG GAAGAAAATGACATGAGAGA
AAGU01028255 2027  AGACCTTAJBICTTGGTGGGT ACATCACTG GATTGTGATAAACTGGAGCT
AAGU01286649 1881  CAARATG GCCCCTGT - APACCACCCTH CCTAGAATCAGTAGCAGTTC
AAGU01177517 1824  TCACTCCTH TTGACTAG-[RATTCCATT GTATGTATATCCATTCACTA
AAGU01133855 682  TTTCTGGAACAATGTATGAC SAATA TACATTR ACTAAAATCCCAATTTTTAA
AAGU01064862 1042  TTCACCATARGNACGTGTATT GAACAACTH CTATGTGTTGTGCACTGTGC
AAGU01007913 2269 A2 AGTCTTT CAGCTCTAAATGCGTAGGAT
AAGUO01256981 2095 AGTGGAGTTTG TGAGGTCCCTATATGGCTCA
AAGU01470850 1740 -CCTGACATAE ACCACTATGTGTCTCAAATG
AAGU01035862 1136 ATATAT- TGTAR- - ACAAAACATTTGCTGTTTCA
AAGU01243384 188 AGC - TGAAGE TGGGGAGGGGTTAGGGTAGA
AAGU01037282 11918 ACTATG- ACC GGTAAGTTTGTCTAGATTTT
AAGUO01367836 4591 ATT - TACAAATG AGACCAAGGAGGTTAAGGGE
AAGU01297828 3112 ACCATGCTAGTG TATAGTAAGTGCTCTAARAT
AAGU01284924 2659 AGTGGT - GTAAR CGTGGGTAACATTAACAGAC
AAGUO1755085 2362 ATGTATTTGTTG GTGGGTTCCTGGGTGGCACA
AAGU01197067 1985 AGAAAAGTCCT GCCTTCCCAAATTTTCTGGA
AAGUO01764555 1962 acaal] ACCAGGATTCCAACACCAGC
AAGUO01013640 1827 AGACAGGGT TTCTTGGGTGGCACARATGG
AAGU01235433 1733 ATTAGAACAT TAAAAATTACATACGATTCA
AAGUO01738658 1598 ATGAGTARATC TGGGGATTTAGACAGTCTGA
AAGU01729740 1577 ATTCATCCTGT GGGTGAGGGAATTGGTGGTT
AAGU01621999 1418  ATCGACTCAACGGCAATGGG AGTTGTGAT TCTCACATGGCCTCCGCAAG
AAGU01406108 946  AGTCACC GCAATCCT @AATGAAATAR GGGGGGCAATGGTGGTGAAG
AAGU01328979 717  TCTTCIC TAATAGTCC (sAGGGAGCAGG GTCTCATTTTTTTTGCCAGT
AAGU01728576 747  AAGGTTG TCTCTCCG-BACACT - AACTG CCCGTACCAGTTGCCACGGA
AAGUO01047334 329  AAAACTCAAAWATTTTCCAC AGAGAGTG ACAGAAAAGTGATAAGACTA
AAGU01003367 14522  ATTTG CAGGATGCC - BiGGGEG - GTTG GAATTATTAGAAGGAGTGAC
AAGU01029771 2916  AAGAGTTTAAAACACCCCAG WGCACTTAGTG GCCAGTGTGGAGGGCACTGT
AAGUO01600428 1971 GGTGTGTGTTTR TGCACACAGTTCATTAATAC
AAGUO01554935 1390 GGG TTTTCTT AGGGTTCCTTTCAAATAATA
AAGU01166206 1901 CTGCTGTGTR TACTCTCAACAACAACAACA
AAGU01031748 325 GGGTGGTGCH AACAATTAAGTGCTTTGCTA
AAGU01096140 298 TT ATTACTATTATTE TAATCATTGTATAGTTACCA
AAGU01801232 202 JNTGTGCTTT ACTAGGAAAACTATCTCCCT
AAGU01382422 802 BNTGGCAAAT GTGAGTAAGAATTACACCTC
AAGUO01285708 2229 ERNTTCTCACCAGR GGAAGCGACTCTGCTACTTA
AAGU01375865 2397 TT GATCTAGAH‘ CACTAGCAGCTTTCCTCATC
AAGU01471407 8845 §gi - CTTTCTAT GCTCTGTCCAAGAAACTTTT
AAGU01012040 357 BRNAATT TTTGCCH - GAATGAACATTTAACAGATG
AAGUO1265660 11 TT CTCATGccﬂ‘ CCTCCTCTGTCTTGAACTAC
AAGU01277009 7355 JNTTTTCT ATTTTGTATAACAGGAATCC
AAGUO01499765 6333 ESNATT - ACAE) GAAATGCTTGATTATAATTT
AAGU01731001 4264 [TT ACTGTTTTTE TTTGAAATTTTCATTTGAAT
AAGU01561939 3281 PNTGGCTCCATTCT - - - CCTGCTTCAATAGGATCTCA
AAGU01038135 1812 JNGT - CTGTATGE GTGACCCAAATAGTAAGGTA
AAGUO01031776 1586 BNTCCAGTTTTE GCACTAAAATTCCTCCAGTG
AAGUO01506323 1354 PUNCACT CATTY, GGCGAAAGCTACACGCACAG
AAGU01568170 1096 JYNAAGGCTA - CTGL - AAGAAGCCTTGGTGATGCAA
AAGU01152794 1109 ESNGATCCTAAGE GGACTTAAACCAAAAAAACC
AAGUO01131619 1207 ESAATACTCE TAAAATATTAGGCTGCTGAC
AAGU01229686 958 ITT CATTGCTTAH AATAAACCAAGACAGAACAA
AAGU01572035 557 TT CTGTAGCCCH GGGTGTTGGGGCCTGATGTG
AAGUO01622159 1665 GIGATATAR GAGATGTGGGCTGAGTGCTT
AAGU01604324 1520 Gyy TTATCTCTCH TAGCATTAATTCATCCCCTA
AAGU01109315 990 GIGTGCTGGT CTGTCCCAGGTATTGGGAAT
AAGU01145439 1605 GITCTGCCT CAGAATAGGTTTCCCCAGAA
AAGUO01248925 1605 GWATATGTTG CAGAAATAAAAATTCATTTT
AAGUO01561539 2216 CCAGGGCTGHGTTAGTATGT GWTTGGAG GTGC TGGTCCTGTGTTCAGGTGGA
AAGU01039643 841 CTAATAAAAAATTAGGCTCT eT‘TTAAATCTg AAAGTATTACTTTGCAGTCT
AAGU01170151 725 TTGATTTCACCTTCTTTTCA GICT CTAi CCCTGCTACCTGGGGGAAAA
AAGU01830856 472  CCTTATG TACTGCCT - GWACCTTAGT GTAGACCATCATTATCTTTC
AAGU01010367 26  ATTGAGG GGGACCAT - GWGTGACTTTE! GATTATCAAGATAGCCTTCC

Fig. 3. 99 AfroSINE(Anc) pre-insertion loci. Target site duplications are aligned from the first 5’ base and 20 bp of their 5’ and 3’ flanking regions are shown. Genbank accession
numbers (Access. Num.) of the contigs from which these elements are extracted and the position (Pos.) of the first bp of the 5’ flank in these contigs are provided. Conserved bases are
boxed (see Logo graphs, Fig. 4). Gaps within TSDs correspond to mismatches between the two TSD copies.
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5’ flank

Access. Num. Pos.
AAGU01589129 172
AAGU01125568 303

AAGU01096147 1499
AAGU01157200 6937
AAGU01030522 3707
AAGU01206894 1924

AAGU01691573 394
AAGU01581333 484

AAGU01251604 869
AAGUO01837872 1235
AAGU01010444 1321
AAGU01031530 1370
AAGU01060450 1381 GAGGAGAAACATGCACTGAT
AAGU01150579 2718 TAAAATTAAGATAAACTACT
AAGU01218881 3776
AAGU01163875 7816

AAGU01610627 492
AAGU01148763 593

AAGUO01030759 1317
AAGU01035850 1764
AAGU01015795 3816
AAGUO01135410 5780
AAGU01146008 1

TSD 37 flank
TGCCAAGTE CTGEGTTTETCATTGGATTT
TA TAGGTY ACTTTTCTGAGCATTGAGAA
cATCTAR CTGCCTAGGGTGAGGCTGET
Accc CGGATTCCATTCTACCAGCA
CCT ATAAAR ATTGGTGTGTTTATTGTATG
TACCTGT TCCATTTTTCCTTATGTCCA
GCTTC- AAGTTT CATGTAAAATTGAGGCAAAC
GCCATTTTR CAGATGGGAAAACGGAGGAC
GGCCTTCAAT ATGGAAATGACTTCAGCACA
AGGC GTATT%H GCAACATATGTACTTAAGAG
AATCTTTATGGGE GCAAATTGCCAGATCTTTCT
CAATATTCR AGCTGAATGAAACAAACTAC
GATCAG AATC ATTTGGGAAGGTATTTTTTG
GGTATAT - GAAACAAL\ GCAGCCGTGGCGGCAGAATG
AGTGACTTTATE" GAAAAAAACTACCACAGATA
CAATCTT ACAGHQ AGGAGATTGCCAGGCTTTTC
CATACTTC GGTGCAGCTGARAGGCTACT
CCCCATTTT CAGATGAGTAAACTAAGGCA
GCTTCC TGGG GCATTGATTGTGGATCCAAG
AATATGTTCAR GATAGAGCACTAGGAGAAAA
ACCTCCATC TCCTCATCTGTGGAATGGAG
GCTTT- CTAGT GGTTCTCAGAATGGGTCCCT

ACATGC AGTGAE AATATCACTGCACACGGTAT

Fig. 3 (continued).

analyses of sequence conservation were performed following Jurka
(1997); one with the TSDs aligned from the first 5’ base, and one with
the TSDs aligned from the first 3’ base (see Figs. 3 and 4). Logo graphs
resulting from the two analyses are presented on Fig. 4a-d. As there
was no overlap of conserved sites between the two alignments, Logo
graphs were combined for each element (Fig. 4e and f) to illustrate
more clearly the pattern of sequence conservation flanking the two
nicking sites. This shows that both elements have relative target site
specificity, with a loose top strand consensus of 5-TTTNyT | AN(1g; |
A — for RTE1_LA-CAA(,, and 5'-TTTN) | TIN(g9)A | — for AfroSINE
(Anc); where “|” represents the nicking sites. Similarly loose target site
consensuses were recently reported by Ichiyanagi and Okada, (2008)
for the RTE elements of cow, opossum and zebrafish.

Al RTE described so far encode an N-terminal apurinic/apyrimidinic
endonuclease (APE) domain. Comparison with the well-characterized
RTE element of the viper (Zupunski et al., 2001) reveals that this domain
is also present in RTE1_LA (position 396-1127 of the repbase
consensus; not shown). A generally weak (or even no) specific target
site preference has so far been reported for APE-type NLRs (reviewed in
Zingler et al., 2005), which is consistent with the loose target site
consensus observed here for RTE1_LA-CAA(,y and AfroSINE(Anc).

3.2.2. Comparison with the L1 target site consensus

To our knowledge, the only other APE-type NLRs for which the
pattern of sequence conservation is well described around both
nicking sites is the L1 element and its associated SINEs (Jurka and
Klonowski, 1996; Jurka, 1997; Szak et al., 2002; Gentles et al., 2005).
The first nick (bottom strand) of L1 AP endonuclease preferentially
occurs at the 5-TT | AAAA-3’ consensus, and the second nick (top
strand) at the 5’-ANTNTN | AA-3’ consensus. Furthermore, a distance of
15 bp most frequently separates the two nicks for L1, and between 13 to
16 bp for the different SINEs. The target site consensus of RTE1_LA-
CAA(n) presents interesting similarities of primary sequence and struc-
ture with that of L1. First, like L1, the first nick occurs between a T and
an A, and the second nick is flanked on the 3’ by an A. Moreover,
RTE1_LA-CAAn) also shows inter-nick distance preference (11 bp) and
its insertion involves the recognition of two different sequence
patterns around the first (5'-TTTN(o)T | A-3’) and second (5'- | A-3’)
nicking sites (Fig. 4f). These common features in target recognition
probably reflect functional similarities between the AP endonuclease,
and other potential factors involved in target recognition and cleavage,
of L1 and RTE1_LA-CAA(y). Our results, therefore, further underscore
the conclusions of Ichiyanagi and Okada (2008) according to which

vertebrate NLRs encoding AP endonuclease probably all share similar
mechanisms for the initiation of TPRT.

3.2.3. Similarities in target site consensus between RTE1_LA-CAA,) and
AfroSINE(Anc)

The target site consensuses of RTE1_LA-CAA(,y and AfroSINE(Anc)
are globally very similar. They both comprise three conserved Ts in the
5’ flank that might correspond to a binding site, they both end with a
conserved A in the immediate vicinity of the second nick, and both
show a conserved distance of 21 bp between the last conserved 5’ Tand
the second nick (Fig. 4e and f). Notably, these features are not shared by
other elements from the RTE family such as BovB (cow), RTE_Mdo
(opposum) and Expander1_DR (zebrafish) (See Fig. 3 in Ichyanagi and
Okada, 2008). We therefore believe that these common features in
target site consensus shared by the two elements support the view that
AfroSINE(Anc) were mobilized by RTE1_LA-CAA(, rather than by
another distantly related family of NLR.

3.24. Differences in target site consensus between RTE1_LA-CAA,) and
AfroSINE(Anc)

Despite being globally similar, the target site consensuses of
RTE1_LA-CAA() and AfroSINE(Anc) show some interesting differences,
unlike L1, L1Tc and ingi elements that have the same target site
consensus as their associated SINEs (Jurka, 1997; Szak et al., 2002;
Bringaud et al., 2004; Gentles et al., 2005; Bringaud et al., 2006). First,
the position of the first nicking site of the RTE1_LA consensus is 10 bp 3’
of the three first conserved Ts and is situated between a T and an A,
whereas that of the AfroSINE(Anc) is 9 bp 3’ of the three first conserved
Ts and precedes two Ts (Fig. 4e and f). Second, a conserved A flanks the
second nicking site on the 3’ side for RTE1_LA-CAA(y,), whereas it is on
the 5’ side for the AfroSINE(Anc) (Fig. 4e and f). Length, primary
sequence, and tertiary mRNA structure could explain the differences
observed between the target sites of the two elements. However, these
potential factors also likely apply to L1 and its associated SINEs, but are
not responsible for any difference in target site recognition between
these paired elements. Therefore, we rather suggest that RTE1_LA-
CAA(n) and AfroSINE(Anc) target site consensuses most likely differ
because they are terminated by a different tandem repeat motif (see
Section 3.1).

For some elements, the region corresponding to these 3’ terminal
tandem repeats is believed to interact via base pairing, after first strand
cleavage, with the partially denaturated target DNA (Chaboissier et al.,
2000; Anzai et al., 2005). Consistent with this, in the case of RTE1_LA-
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CAA(n, first target cleavage (5'-T | A-3’) of the bottom strand
(corresponding to 5'-T | A-3’ of the top strand in Fig. 4f) produces a
3’-OH bearing T which can pair with the 3’ tail of the RTE1_LA-CAA,)

mRNA (composed of CAA repeats). In contrast, the target site T cannot
pair with the GGTTT repeats terminating the AfroSINE(Anc) element.
This would explain why few (here, 16 out of 99; Fig. 3) canonical first

TSD 5’ adjusted
1st nick 2nd nick
5' flank v TSD v 3'flank
: AfroSINE(Anc) ) , RTELLACAA, )
bits o bits I A
0] £ %HI-- =% I .. AEM o 0] AIII sz e l A} 35, 23,5
5' flank I TSD i 3'flank 5' flank b TSD w3 flank
(a) 1st nick 2nd nick (b) 1st nick 2nd nick
TSD 3’ adjusted
1st nick 2nd nick
5' flank ¥ TSD v 3 flank
4 AfroSINE(Anc) 5 BEELLAGAy
bits 1 bits '[ A
o %HI =k IIII 5 0] AXII ?TQA Q* $5,:3%.5
5' flank = TSD 4 3' flank 5' flank s TS ] 3' flank
(C) 1st nick 2nd nick (d) 1st nick 2nd nick
Combined results —— —
1- : :
AfroSINE(Anc) :
bits : :
T : .
0II;‘:ILI;F'%AAA}IIIIII(.E$EII TEIII;IIIIIII
5' flank TSD (12nt) 3 flank
(e)
19 RTE1_LA-CAA,
bits T i3 5-TTTNgGT AN | A-
T cl: : A
: : T
Q-IIIIII‘—%AA“izIIIIITTS\:EI ........................................ Jé-xII%IVI:'L:';‘I:'_
) 5' flank : TSD (11nt)  * 3' flank
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nickings of the RTE1_LA-CAA,) endonuclease (5'-T | A-3’ of the bottom
strand) result in successful AfroSINE(Anc) insertions. The remaining 83
of 99 insertions do not match with the RTE1_LA consensus (5’-T | A-3’,
bottom strand). Notably, the vast majority of these had an apparent cut
site that produced a target DNA suitable for pairing with the AfroSINE
(Anc) GGTTTy 3’ tail, i.e. 5'-A | N-3/, 5"-AA | N-3’ or 5’-CA | N-3’
(bottom strand). The observed differences in target site consensus
between RTE1_LA-CAA(,) and AfroSINE(Anc) can therefore most likely
be explained by a high increase in integration success promoted by
base pairing interaction between the 3’ terminal tandem repeats of the
element mRNA and the target DNA, at the onset of TPRT (Chaboissier et
al., 2000; Anzai et al.,, 2005). Consequently, these results confirm
earlier suggestions (Jurka and Klonowski, 1996; Zingler et al., 2005;
Repanas et al.,2007) and provide more evidence for a crucial role of the
3’ mRNA end in integration site selection.

3.2.5. What role does the mRNA play in integration site choice?

An interesting question is whether the element mRNA is a pre- or
post-nicking determinant of integration site choice. In other words,
does it actively influence the nicking specificity of the endonuclease
prior to nicking via interaction with the target DNA and/or
endonuclease and/or other co-factors to direct the endonuclease to
produce an A-rich region that would facilitate base pairing with its GT-
rich 3’ extremity? Or is it simply a passive, post-nicking constraint that
would allow integration into only a subset of possible nicks, i.e. those
that can be bound to the GT-rich 3’ extremity?

As mentioned earlier, the preferred target site consensus for both
RTE1_LA-CAA(,) and AfroSINE(Anc) is rather loose, and shows a
degree of nucleotide conservation that is similar to the target site
consensuses of L1 and its associated SINEs (Jurka, 1997; Szak et al.,
2002; Gentles et al., 2005). Consequently, the RTE1_LA-CAA(,,
endonuclease can cleave a large array of different sites. Moreover,
although different, the RTE1_LA-CAA(,) and AfroSINE(Anc) target site
consensuses remain globally similar, and only very few changes are
required to make the RTE1_LA-CAA,, consensus target site suitable
for AfroSINE(Anc) insertion. The simplest modification to this effect
would only involve a single base pair 3’ “shift” of the first nick, which
would produce a A3’y on the bottom strand of the target site. Instead
of nicking at the most frequent site, 5’-T | A-3’on the bottom strand
(see top strand Fig. 4f), the endonuclease would nick the target DNA
just after the A of the bottom strand (before the T of the top strand).
Other such nicks deviating from the most frequent one would simply
involve one shift in the position of the first nick and one or two base
misrecognitions. Our data do not allow us to discard a potential pre-
nicking influence of the mRNA on the RTE1_LA-CAA,) endonuclease;
but given that the EN can cleave at many sites others than its preferred
one, and that only minor nicking errors are required to generate an
AfroSINE(Anc) compatible insertion site, it seems more parsimonious
to infer a post-nicking effect.

With this in mind, the difference in the position of the last 3’
conserved A relative to the second nicking site (see above and Fig. 4e
and f) might simply be incidental to the slight deviation from the first
most preferred nick made by the endonuclease. Supporting this view,
Gentles et al. (2005) reported that the variations in nucleotide
composition observed around the first and second nicking sites of L1
associated SINEs were correlated. Interestingly, as noted in Section

3.2.3, the last 3’ conserved A is more frequently situated at a distance
of 21 bp from the third conserved 5’ T for both elements (Fig. 4e and f).
Thus although the presence of an A adjacent to the second nicking site
seems somehow important, a distance factor, which would be more
important than the exact position of this A, could explain the observed
differences between the two consensus sequences.

4. Conclusion

This study shows that although AfroSINEs derive from RTE1_LA-
GGTTTy, elements, they were most likely mobilized by RTE1_LA-
CAA(n). This provides us with the first example of a SINE/LINE pair for
which the target site consensus is not identical between the two
elements. Because of the apparent loose specificity of the endonu-
clease, the differences between the two are most probably due to the
passive selection among a large spectrum of integration sites that
occurs at the onset of the TPRT through post-nicking mRNA/target DNA
interactions. According to this hypothesis, any SINE ending with a
different tandem repeat motif than its LINE partner should also
preferentially insert in a different target site. It will be interesting to
verify this on several other SINE/LINE pairs ending with different types
of tandem repeats, such as the UnaSINE2/UnaLINE2 pair of the eel
(Kajikawa and Okada, 2002; Kajikawa et al., 2005).
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