The RTE Class of Non-L TR Retrotransposons Is Widely Distributed in
Animals and Is the Origin of Many SINEs

Harmit S Malik and Thomas H. Eickbush
Department of Biology, University of Rochester

RTE-1 is a non-long-terminal-repeat (non-LTR) retrotransposable element first found in the Caenorhabditis
elegans genome. It encodes a 1,024-amino-acid open reading frame (ORF) containing both apurinic-apyrimidic
endonuclease and reverse-transcriptase domains. A possible first ORF of only 43 amino acids overlaps with the
larger ORF and may be the site of trandlation initiation. Database searches and phylogenetic analysis indicate that
representatives of the RTE clade of non-LTR retrotransposons are found in the bovine and sheep genomes of
mammals and in the silkmoth and mosquito genomes of insects. In addition, the previously identified SINES, Art2
and Pst, from ruminate and viper genomes are shown to be truncated RTE-like retrotransposable elements. RTE-
derived SINE elements are also found in mollusc and flatworm genomes. Members of the RTE clade are charac-
terized by unusually short 3" untranslated regions that are predominantly composed of AT-rich trimer, tetramer, and/
or pentamer repeats. This study establishes RTE as a very widespread clade of non-LTR retrotransposons. RTE
represents the third distinct class of non-LTR retrotransposons in the vertebrate lineage (after Line 1 elements in

mammals and CR1 elements in birds and reptiles).

Introduction

Transposable elements have long been considered
to be del eterious components of eukaryotic genomes. By
virtue of their deleterious effects, it would be expected
that selective pressures would tend to eliminate trans-
posable element lineages from host genomes (Charles-
worth 1988). Two evolutionary forces would act to
maintain transposable elements in a lineage: active
transposition or subsequent reintroduction following
loss from a host lineage. Both processes have been doc-
umented for individual transposable elements (Robert-
son 1993; Clark, Maddison, and Kidwell 1994; Garcia-
Fernandez et al. 1995; Lohe et al. 1995; Springer et al.
1995; Burke et al. 1998).

Among eukaryotes, the most abundant elements are
the retrotransposable elements. Retrotransposable ele-
ments can be divided into two separate classes based on
their structures and modes of integration. The long ter-
minal repeat (LTR) retrotransposable elements, as the
name implies, are flanked by direct repeats bearing crit-
ical information for their transcription and retrotranspo-
sition. LTR retrotransposons rely on a tRNA-mediated
mechanism for priming of reverse transcription. The
non-LTR class of retrotransposable elements (also called
LINE-like for Long Interspersed Nucleotide Elements)
are not bounded by element-derived direct repeats and
many have a characteristic poly(A) tail at the 3’ end.
This class of elements is thought to use a nick or break
on the host chromosome to prime reverse transcription
of its RNA transcript directly onto the target site (Luan
et a. 1993).

Abbreviations: AP endonuclease, apurinic-apyrimidic endonucle-
ase; CR1, chicken repeat element; LINEs and SINEs, long and short
interspersed nucleotide elements, respectively; LTR, long terminal re-
peat; ORF, open reading frame; RT, reverse transcriptase.

Key words: AP endonuclease, reverse transcriptase, RTEL, BDDF,
Art2, Caenorhabditis elegans.
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It is often difficult to correctly identify non-LTR
retrotransposable elements on the basis of only a few
copies. Unlike LTR-retrotransposons that generate uni-
form target site duplications and require the presence of
their terminal repeats for integration, non-LTR element
copies are often truncated at their 5’ ends, and many
generate variable target site duplications or even dele-
tions. The characteristic 5" truncations associated with
non-LTR integration are thought to be a consequence of
the integration of prematurely terminated reverse tran-
scripts initiating at the 3’ end of the RNA (Luan et a.
1993). In the absence of a set of uniform structural fea-
tures, unambiguous indication of the presence of a non-
LTR retrotransposable element can sometimes only be
accomplished by an examination of its reverse transcrip-
tase (RT) encoding domain. Unfortunately, because the
5’ truncations can include the RT domain and because
al truncated copies will, with time, accumulate muta-
tions eliminating their ORFs, non-LTR retrotransposons
can remain unidentified or be misidentified as SINE in-
sertions. SINEs (for Short Interspersed Nucleotide Ele-
ments) are reverse transcripts of short stable RNAs, the
best characterized being those derived from 7SL or
tRNA (Deininger 1989; Ohshima et al. 1996). SINE in-
sertions also contain poly(A) tails and generate target
site duplications that vary in length. SINEs are believed
to utilize the machinery of non-LTR retrotransposable
elements for their insertion (Luan et al. 1993; Ohshima
et a. 1996; Jurka 1997).

In the present study, we examine a lineage of non-
LTR elements, the RTE-1 (retrotransposable €lement)
clade, which was first identified in Caenorhabditis ele-
gans (Youngman, van Luenen, and Plasterk 1996). We
demonstrate that the RTE-1 elements contain a domain
with homology to the apurinic-apyrimidic (AP) endo-
nucleases in addition to the previously identified RT do-
main. We also show that the RTE-like elements are
widely distributed in vertebrates and arthropods and that
these elements frequently have extensive 5’ truncations,
giving rise to SINE elements.
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Table 1
Survey of RTE1 Elements in the Caenorhabditis elegans
Genome

Target
Site
Copy Duplica-
Num- Accession tion
ber Number Annotations (bp)
1.... UO0034 2 frameshifts (1-3258) 219
2.... AF025462 Uninterrupted ORF (1-3258) 69
3.... Z79599 Uninterrupted ORF (1-3258) 1,394
4.... Z79755 Uninterrupted ORF (1-3258) 424
5.... 783319 Uninterrupted ORF (1-3258) 439
6.... U41008/ Uninterrupted ORF (1-3258) 222
u42848°
7.... 783109 1 stop codon/2.5 kb insertion 182
(1-3258)
8.... U58735/ 1 frameshift (1-3258) 190
AF026205°
9.... U40801 (790-3258) ND
10.... Z68336 (1005-3258) 72
11.... AF025453 (1172-3258) 3532
12 .... AF039712/ (1311-3258) 133
AF043696°
13.... Z73976 (1530-3258) 209
14 .... U40424 (1918-3258) 415
15.... U39850 (2169-3258) ND
16.... 299277 (2233-3258) 162
17 .... U41032 (2253-3258) ND
18.... U41013 (2318-3258) 260
19.... U97551 (2804-3258) 11
20 .... AF016684 (3064-3258) 90
21 .... U00040 (3116-3258) 20
22.... Z68106 (3179-3258) 282
23.... Z82081 (3190-3258) 152
24 .... 781580 (3190-3258) ND
25.... Z46792 (3198-3258) ND
26 .... U67955 (3218-3258) 57
27 .... Z79756 (3218-3258) 9

NoTe—ND = not detected. RTE-1 homologs containing 3' deletions and,
frequently, internal disruptions are listed as follows: 283114 (1-2896); Z69791
(1-1606); 281028 (772-1882, 2253-3258); 292781 (1-782, 796-2392, 2624—
3086); AF016663 (1-1937, 2026-2392, 2624-3237); 769635 (1-251, 408—
1175); U42848 (1-519); U58743 (1-125, 89-562); 281039 (198-633, 1104—
1476); AF022967 (2661-3258); 7280219 (33-293); Z69903 (2646—2898);
U53335 (37-259); 281140 (303-536); AF000266 (305-578); 281514 (116-645,
2931-3040); 781543 (2986—3237); 269787 (3012—3237); Z29094 (3042-3238);
AL021474 (3000-3238); Z70755 (83-223); AF039037 (800-959); U88172
(123-232); U61950 (749-869).

aNot a perfect target site duplication.

b The complete element is defined in overlapping cosmids.

Materials and Methods

Seguences homologous to the RTE-1 element were
identified both within and outside the C. elegans ge-
nome using the BLASTP (protein query against protein
database) and TBLASTN (protein query against all six
frames of nucleotide databases) programs (Altschul et
al. 1990) against a nonredundant database. We employed
RTE-1, RTE-2, and BDDF-bovine (Szemrgj et al. 1995)
as the query sequences in our search.

All DNA and protein sequence analyses were con-
ducted using the MacVector computer program package
(International Biotechnologies). In some cases, as noted
in tables 1 and 2, it was necessary to shift frames to
maintain an intact ORFE. The alignments were carried out

using CLUSTAL W (Thompson, Higgins, and Gibson
1994), and the Neighbor-Joining method (Saitou and Nei
1987) was used to analyze phylogenetic relationships,
with bootstrapping done using CLUSTAL W. Maxi-
mum-parsimony bootstrapping analyses were carried out
using the SEQBOOT, PROTPARS, and CONSENSE
programs in the PHYLIP package (Felsenstein 1993).

The new definitions of the RTE-1 ORF structure
are summarized in GenBank under accession number
AF054983.

Results
Structure of the RTE-1 element of C. elegans

The RTE-1 retrotransposon was first identified in
C. elegans as an insertion into an intron of the pim re-
lated kinase-1 (prk-1) gene (Youngman, van Luenen,
and Plasterk 1996). As defined by the authors, the ele-
ment was about 3.3 kb in length, was flanked by a direct
repeat of 200 bp, and encoded a 600-amino-acid-residue
ORF with RT domain. The RT domain had the greatest
homology to those of non-LTR retrotransposons. An
ORF of 600 amino acids is unusually short for a non-
LTR retrotransposon, suggesting that the element might
be a5’ truncation. We searched the expanding database
generated by the C. elegans genome sequencing con-
sortium for a putative full-length RTE-1 element. Fifty
additional RTE-1 sequences were identified. The seven
longest elements (table 1, copy numbers 2-8) were vir-
tually identical in sequence and length to the origina
RTE-1 element (copy number 1). These elements ex-
tended 3,258 bp from their 5’ ends to the termination
codon defined by Youngman, van Luenen, and Plasterk
(1996). Thus, there was no indication that the originally
sequenced RTE-1 was truncated. The remaining 43
RTE-1 sequences identified in the C. elegans genome
were not full-length. Nineteen of these copies contained
5’ truncations typical of the non-LTR mechanism of
retrotransposition (copy numbers 9—27). The remaining
24 copies (accession numbers given in the table 1 leg-
end) contained deletions at their 3" ends, and many con-
tained internal distruptions; thus, they are unlikely to
represent the structure of the original retrotransposition
events.

The ORF of the RTE-1 element had been defined
with a methionine as the first amino acid, in keeping
with paradigms of eukaryotic translation. However, re-
trotransposable elements of both the LTR and non-LTR
classes have been shown to shift frames or bypass ter-
mination codons at alow level during protein translation
(Jacks and Varmus 1985). These frameshifts or bypasses
alow the low-level expression of a second ORF from
an initiation codon located in the first ORF of the ele-
ment. Consistent with this suggestion, the ORF of the
RTE-1 element could be extended nearly 400 codons
upstream of the first Met codon (fig. 1B). Conceptual
trandlation of the other seven full-length copies of RTE-
1 reveded an identical 400-amino-acid extension up-
stream of this Met codon. As further evidence that this
extension is utilized by RTE-1 elements, the upstream
sequence contains an AP endonuclease domain (fig. 2).
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FTE-1-like Elements in Caenorhabditis elegans and Other Genomes

Genome

Accession Number

Aedes aegypti (mosquito)—JAML ..............
Angiostrongylus cantonensis (nematode). . . ... ...
Bombyx mori (silkmoth) ......................
Bos taurus (cow)—BDDF.....................

(Art2; bov-2; Pst) . ..o

(BCNT insertion) ............ooviiiiaa....
Caenorhabditis elegans (nematode)—RTE-2 . .. ..
Helix aspersa(snail) .........................
Ovis aries (sheep)—Art2. . ...........oooiin.
Ommastrephes sloanei (squid) .................
Rattus norvegicus (rat)@. ......................
Schistosoma mansoni (bloodfluke)..............
Trimeresurus flavoviridis (habu snake) ..........
Tragulus javanicus (chevrotain)—BCNT ........
Capra hircus (goat)—Art2 ....................
Vipera ammodytes (viper)—Art2...............

786117
U13191
D25321
M63452
725531, M94327, 725525, X99691, X82671,

L13373, 725530, U39887, AF016539, M95099,
725526, U19468

D84513

us8775, U0063, 92253129
X55948

X79703, U65982, AF026566
M74321

M28630

D87491

D31777

AB005651

M57436

X84017, X76731

NoTe.—Accession numbers in italics indicate the presence of stop codons or frameshifts that need to be invoked to

maintain homology in the ORF.

aMay represent a bovine DNA contamination (see text).

An AP- endonuclease domain has been identified at the
amino terminal end of the second ORF of many non-
LTR retrotransposons (Martin et al. 1995; Feng et al.
1996).

Does the expression of the RTE-1 ORF also in-
volve a frameshift or bypass in trandation from a first
ORF? As shown in figure 1B, conceptual translation of
the RTE-1 sequence upstream of its major ORF revealed
a 43-amino-acid ORF that overlaps with the beginning
of the large ORFE All eight full-length copies of RTE-1
encode this first ORFE This overlap between the first and
second ORFs is similar to the arrangement in many oth-
er retrotransposable elements. As an additional argument
for the use of this short ORF, the Met codon that begins
this ORF is the only ATG sequence at the 5’ end of the
RTE-1 element. Clearly, however, this ORF is much
shorter than any previously defined first ORF, and it is
unlikely to encode any of the RNA-binding components
that have been attributed to the first ORFs of other non-
LTR elements (see Discussion).

In the original characterization of RTE-1 (Young-
man, van Luenen, and Plasterk 1996), it was not clear
if the 219-bp direct repeat flanking the element was an
integral part of the element or was generated by a target
site duplication formed during the integration of the el-
ement. Analysis of the sequences of full-length RTE-1
copies in the database clearly indicates that these ele-
ments do not have direct repeats. Each full-length RTE-
1 element does, however, contain a target site duplica-
tion (table 1) which, in some cases, is extremely large
(range 18-1,394 bp). Target site duplications (range 11—
415 bp) can also be found in 14 of the 19 copies con-
taining 5’ truncations. Target site duplications over 100
bp are unusual for non-LTR retrotransposable elements
(Eickbush 1992). There was no easily defined sequence
similarity in these duplications other than a high AT
content, indicating an apparent lack of site-specificity.

The large target site duplications bordering RTE-1
elements have enabled a precise definition of the ele-
ments ends. The region upstream of the Met codon of
the first ORF, defined as the 5’ untranslated region (5’
UTR), is only 64 bp in length and is highly conserved
in sequence (no variation among the eight full-length
copies). The region downstream of the stop codon of the
large ORF (3" UTR) is unusually short for a non-LTR
retrotransposable element. Unlike the 5" UTR, the 3’
UTR exhibits variation in both length and sequence. As
shown in figure 3, the 3" UTRs of representative RTE-
1 copies vary from 33 to 41 bp in length. They all begin
with a 13-bp conserved sequence but end with different
numbers of the tetranucleotide repeats, TAAG and
TATC. Short AT-rich nucleotide repeats have also been
found at the 3" ends of the non-LTR elements | (Fawcett
et al. 1986), R1 (Eickbush and Eickbush 1995), L1 (Fur-
ano et al. 1994), and CR1 (Silva and Burch 1995). Such
heterogeneity found at the 3’ junction of non-LTR ele-
ments is believed to be introduced by the target-primed
reverse transcription mechanism used for integration.
The RT encoded by the non-LTR element can either add
nontemplated nucleotides or make aborted attempts be-
fore the eventual reverse transcription of the transcript
near its 3’ end (Luan and Eickbush 1995).

In summary, based on the high degree of nucleotide
seguence conservation that we see throughout all copies
of RTE-1 elementsin C. elegans, aswell asthe presence
of a 1,024-amino-acid ORF encoding both putative AP-
endonuclease and RT activities, we conclude that the
original RTE-1 element identified by Youngman, van
Luenen, and Plasterk (1996) is a complete non-LTR
retrotransposable element. The high level of sequence
identity between different copies and the finding that the
number and location of RTE-1 elements vary between
different geographical strains of C. elegans (Youngman,
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A

CTCTTTCTGTACTAAGCCTTTTCGTGGCGAAAGGGATCAACAGATAACCACTTCAACAAA

CTCGATGATTTCGTCACATCGAGAGTGGCTTGGTTTGGAACCAAGTGCAAATTATCTGGC
M I SSHREWLGLEPSANYLA

CAAGAAGTACACCGTCTCACGCAGGCCAGAGGTAGTGTCGAATACTCTCTGTCCGGGCGG
K XY TVSRRPEVVYVSNTLTCPGG

CTCTAGATTGGCTTAGCAGGTCATTAT. ..
S R L A *
*1.6 L A GHY

B

*IGLAGHYRVSRDTTFALNSNPSCLSPPHPASAKGKTVPGARRKRRSNLGVQTICQSDLE 60

IKKPRDKTRRTDYRVCTENCRSLSSODRLAELLEETRRIQFDVIGLCETKRAAEARL THH 120

BGTGVEL GKRNESSVSGGVGETVRSTLL PKIVEVRFLSHRIGLLTFKVSRKENCTVIQVY. 180
APTADSDLEETCDFYDSVEDVERECRSKYKLVIGDENARMGURONNERY TGPHAMEPRND 249
TGELLATFCETNRUWHTNSMEKKEPMEKRWTFVSPDOGNHRHETDHT L ANGKEVTDTIVEPS 300
FTNGSDHRLLRCNEHFNNCLAKLEQVRRRKPPKRYLDPATAYAISATVTVQSDPDLDTDY 360
DNLIQSLKELQDQAIVRPANHSSNRLSEETRKL LNKRRFE)RNDPQFKSI SDKCREAVQK 420
DHEAFASTRLLSAANQKKSLKRVARDINEYKSVIPCLKSTSTGERITSRVKMEQETEKFY 480
TELFKSAVSNSQTSSIPATATPPPELPEETRHVLRSFPNGKAAGRDKI SADELKSCHDNY 540
TDLITORENRYLHSRNVPKPWKTSKTTLIFKKGDRENLENYRPICLEPVLYKVETKCLLN 600
RMRRSLDEADPYEQAGERRSESTIDHIHSLORLLEVGREYQIPLTLYFIDFKKAFDSVEH 660
QAINKSLDEQGADGAYIDLLKECYKNCTINETPEHRPVAVPVTKGVROGDPT SPNLESAC 720
LEHVFRKLSNIEL KGEAEDYDTIPGMRVNGRNE TNLRFADDIVLIANHPNIASKMLOELY. 780

OQKCSEVGLEINTGKTKYLRNREADPSKVYFGSPSPTTQLDDVDEY 1Y GROTNAONNL MP 840
ETHRRRRAAWAAFNGIKNT IDSITOKKIRANLFDSIVLPALTYGSEAWTFTKALSERVRI 9200
THASLERRLVGITLTQQRERDLHREDIRTMSLVRDPLNFVKKRKL GWAGHVARRKDGRWT 960
TLMTEWRPY GWKRPVGRPPMRWTDSLRKE ITTRDADGEVITPWSTIAKDRKQWLAVIRRN 1020

TTNS*

Fic. 1.—The putative ORFs of the RTE-1 element from C. ele-
gans. The sequence is derived from the full-length element present in
accession number AF025462. A, Nucleotide sequence of the 5’ end of
the RTE-1 element. The first ORF is only 43 amino acid residueslong,
and overlaps the second ORF by seven nuclectides. The methionine
codon beginning this ORF is the only ATG sequence present near the
5" end of the element. B, Amino acid sequence of the 1,024-amino-
acid second ORF. The AP-endonuclease and RT domains are highlight-
ed by shading. Also indicated is the methionine residue which was
originally defined as the beginning of the ORF by Youngman, van
Luenen, and Plasterk (1996).

van Luenen, and Plasterk 1996) suggest that the ele-
ments have recently been active.

Broad Distribution of RTE-1 Homologous Elements in
Animals

We were next interested in examining the distri-
bution of RTE-like elements both within and outside the
C. elegans genome. The original study (Youngman, van
Luenen, and Plasterk 1996) had aready identified a
highly divergent lineage of RTE-1-like elements in the
C. elegans genome. These elements are over 50% di-
vergent in nucleotide sequence from the RTE-1 copies;
thus we have termed them RTE-2 elements in keeping

with the original nomenclature. Only three copies of the
RTE-2 lineage have been sequenced to date and all con-
tain 5’ truncations. In figure 4, the ORF structure of the
longest RTE-2 element is compared to that of the RTE-
1 element. RTE-2 elements contain large ORFs, with RT
and endonuclease domains in positions similar to those
of RTE-1. The 3" UTRs of the RTE-2 elements are also
very short and bear sequence similarity to the RTE-1
elements (fig. 3). In particular, the 3’ junctions of RTE-
2 elements contain variable numbers of (T/A)AAG and
TATC repests.

Significant matches outside C. elegans were found
between the RTE-1 RT and endonuclease domains and
sequences in mammals and insects. A listing of the se-
quence matches from GenBank is presented in table 2,
and the regions of similarity with RTE-1 are summa-
rized in figure 4. The most extensive homology to RTE-
1 was found in the cow, Bos taurus. The bovine ho-
molog of RTE-1 was originally named BDDF (for bo-
vine dimer-driven family) and is a 3.1-kb repetitive se-
quence previously identified as a retroelement that
specifically inserts into a bovine Alu-like sequence
(Szemrgj et al. 1995). This specific BDDF copy contains
a number of mutations which generate stop codons or
changes in reading frame; thus, the full extent of the
coding capacity of this element was not apparent in the
original study. Allowing for these mutations (identified
by vertical lines in fig. 4), the putative active bovine
element would contain an approximately 1,000-amino-
acid ORF, similar in organization to the C. elegans retro-
transposon. Unfortunately, the necessity of introducing
frameshifts to maintain the ORF through the endonucle-
ase and RT domains made it impossible to infer whether
the BDDF element also contains a small first ORF like
that proposed for RTE-1.

More recently a truncated BDDF element encoding
just a 280-amino-acid region bearing the AP endonucle-
ase domain was found inserted into the middle of the
protein-coding region of a GTPase-activating protein
gene, BCNT (Nokubuni et al. 1997). The endonuclease
domain is expressed as part of the mature protein in
brain, liver, and lung tissues. The BDDF insertion into
this gene is aso found in T. javanicus (chevrotain), sug-
gesting at least a 15-Myr-old association between the
BCNT gene and the endonuclease domain in the Rum-
inantia. The preservation of the AP-endonuclease-en-
coding ORF in-frame to the BCNT ORF may indicate
a selective advantage conferred by this domain. The hu-
man homolog to the bovine BCNT gene does not con-
tain this sequence (Nokubuni et al. 1997).

A second RTE-like retrotransposable element se-
quence in mammals was identified in the rat, Rattus
norvegicus. This sequence was initialy characterized
because it contained a SV40 insertion (Bullock, Forres-
ter, and Botchan 1984). The rat sequence is truncated by
cloning but contains the entire RT domain (fig. 4). It has
been suggested that the sequence flanking the SV40 in-
sertions in this experiment are derived from the calf thy-
mus DNA used as **carrier” (Lenstra 1992). Even if this
RTE sequence is actually from the cow, it represents a



RTE1

RTE2

BDDF
BCNT(B.taurus)
BCNT(T.javanicus)
JAM1
RTE(B.mori)
Line1

Jockey

CR1

RTE1

RTE2

8DDF
BCNT(B.taurus)
BCNT(T javanicus)
JAM1
RTE(B.mori)
Line1

Jockey

CR1
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YRVCTFNCRSLSSDDRLAELLEETRRIQFDVIGLCETKRA ~-AEAHLTHHD-GTGVFLGKRNESSVSGGVGFIVR -~ STLLPKIVE - - -VRFLSHRIGLLTFKVSRKFNCTVIQVYAPTADSDLE-EICDFYD

TNK -~ DLGLGFFVK--KCHELEVIN---VSWIGGGIASLELEF -RKVKIMVLNVYAPVCKSRSENDAKRFFE
YCKGTWNVRSMN-QGKLDVVKQELARVNVDI LGI RELKWT -GMGEFNSDD-KY IYCCGQQOSLR - - RNGVATMVN- - KRVRNAVLG - - -CNLKNDRMI SVRFQG-KPFNITVIQVYTPTSNAKEA - EVEQFYE
YCIGTWNVRSMN- PGKLDVVKQEMERINIDILGI SELKWT - GMGELNSDD-HY IYYCGOQSLR ~ ~RNGVALIVN--KRVRNAT IG- - ~-CNLKNDRMI SVRFQG-KPFNLTVIQVYAPTPYAEEG-EVYRFYE
YCIGTWNVRSMN- PGKLDVVKQEMERINI DILGI SELKWT -GMGELNSDD-HY IYYCGOQSLR - - RNGVALIVN~~KRVRNAT I1G~ ~ ~CNLKNDRMI SVRF QG- KPFNLTVIQVYAPTPYAEEG-EVYRFYE

- - IGTWNVRGMLHPGKREILDKEQAHYNLKI LG ITETHMR-GSGFYTTPKGHTVYFSGPENES - -KHGVALSVV - - ADINKSVLG- - -YNPVSDRILTVRINT -KPCRLNVVVVYAPTSTSSDA-DIDEFIT

ITILTLNINGLNSAIKRHRLASWIKSQDPSVCC IQETHLTCRDTHRLKIKGWRKIYQANGKOK -~ KAGVAILVSDKTDFKPTKIK -~ -RDKEGHY IMVKGSIQ--QEELTILNIYAPNTGAP— - -~~~

LKIGLWNARGLT- ~RGSEELRIFLSDHDIDVMLTTETHMR - ~VGORI YLPGYLMYHAHHPSGNS-RGGSAVI TK - - SRLCHSPLT -~ ~ PISTNDRQTARVHLQTSVGTVTVAAVYLPPAERW- —

LKCLYTNAHSLS - -NKQDELETVMHLESYDLVA I TETWWDDSHNWNTTI DGYRLFRRDRRGRK - -GGGVALYVKEWI DCEELPLRNSQEQVESLWVRIRDGTN - -KGQLVIGVYYRPPDQGE-————-.
*

| | | * * | | | * %

SVEDVFREC-R--SKYKLVIGDFNARMGCR-QON-~NERY IGPHAMEPRNDTGELLATFCETNRLWHTNSMEKKPMEKRWT FV S PDGNHRHE IDH L LANG - - - KFVTDTTVLPSFTN-GSDHRLLRCNLHFN
RLRAEYFQLRKSFKGPIVLGGDFNAATSCSTNDELAPWICGNVEFGNSNN-HGDFFFNFLASTRLFQLNSRFPRRLAKRWT FAGKKAVGRTEIDFFISSR -~ IDLVKDVSTF SNLHN-LSDHRL.IRSRWATS
NLQSLLELTPK--KDVLFIIGDWNAKVGSQ-E- - -TPGVTGKFSLGIQN-HGDFFFNFLASTRLEFQLNSRF PKRLAKRWI FAGKKAVGRTEIDFFISSR -~ IDLVKDVNKTPEADC -GSDEELRTAKVRLK
DPLQHLLEITPK-- IDVLFIIGDWNAKVGSQ-E- - - T PGITGRFGLGMONEAGORS T EFCQENALV I ANTLFQQHKRRLY TWI'SPDGNHRNOVDY ILCSQORWRSSTQSAKTRPGADC -GSDHKLLTAKFRLK
DLOQHLLEITPK- - IDVLFITGDWNAKVGSQ-E-~- I PGITGRFGLGMONEAGRRL T EFCHHNRLY I TNTLFQQPSRRLY TWI'SPDGRYRDQIDY I ICRQRWRS SVOSAKTRPGADC -GSDHKLLTAKFRLK

GDLNAQVGQEEEFRPTIGKCSPTGLTNEN--GLRLIDFAASKNMAIRSTY FOYSLPYRFTWRS - PQHTESQIDHVLI DGRHF SDITEVRTYRGANT - DSDHY LVMVKLRPK
KWITLLEILAR- -RDITLVMGDLNAKVVIRPENITLKYSRHITGLDI RNNRGERWLHFCAENSLTIMNTCFKNHPRRLY TWIMPGDRARNQIDY IATDKRWRSCT SSAKTY PGADC-GSDNKLLVADI SLK

QVLSDLORD-L--DSHTLIMGDFNTPLSTL -~ -~ DRSTRQKVNKDTQ~~ -~ ELNSALHOADLIDIYRTLH-PKSTEYTFFSAPHHTYSKIDHIVGSK- - -ALLSKCKRTEI ITNYLSDHSAIKLELRIK

DFKSMFAAL-- - -GNKF IAGGDYNAKHAWWG - - -—NPRSCPR~GK -~~~ ~MLOQEVIAHGQY - - -QVLAT-GEPTFYSYN--PLLTPSALDFF ITCG-—--YGMGRLDVQTLQELS SDHLPILAVLHAT

AFLLOMWEASC- - SQALVLVGDFNHPDICW--- -~ KDHTAS---——=~-=—=—=~=== CKRSRR--LVECID--DNFLVQVVDRPTRGEVLLDLLLTNA - - EEI TKGVNVGGSLGC - -SDHALVKEFMI SRD
'k x

|* |

FiG. 2—Comparison of the AP-endonuclease domains of RTE-like elements with those from other non-LTR retrotransposons. The origins

of the RTE-like elements and their accession numbers can be found in table 2. The other non-LTR elements are from Line 1 (L1) from H.
sapiens, Jockey from D. melanogaster, and CR1 from G. gallus (chicken). The putative active site residues common to all AP-endonucleases
(Martin et a. 1995; Feng et a. 1996) are shown in boldface. Indicated below the sequence comparisons are residue positions containing identical

amino acids (*) and similar amino acids ({).

RTE-1
AATTCCTGA | AGAACGGATCGICIRAAG TATC TAAG TATC TRAG ACACTCRA
AATTCCTGA | AGAACGGATCGTCIAAG TATC TAAG TAAG TATC TTTAAAAC
AATTCCTGA | AGAACGGATCGTCTIAAG TATC TAAG TAAG TATC TAAG TATAACCA
AATTCCTGA | AGAACGGATCGTCTIAAG TATC TRAG TRAG TRAAG TATC TAAG GICTCTAA
AATTCCTGA | AGAACGGATCGTCTAAG TATCCIAAG TRAG TAGG TATC CTGICCIC
AATTCCTGA | AGAACGGATCGTATAAG TATC TRAAG TAAG TRAG TATGATGA
AATTCCTGA | AGAACCGATCGTCTAAG TATCCIRAG TAAG TATC GARTTTTT
RTE-2
GCAACTTGA | ACCCAACGGACATC AAAG TAAG TATC AAADNANGA
GCAACTTGA | ACCCAACGGACATC AAAG TATC AAAG TAAG TAATGTTT
GCAACTTGA | ACCCAACGGACATC AANG TATC AAAG TAAG TAAG TAAG TRARG TAACCTIGA
JAM1
TCAAGATAA | TTGATGTARAGCCAAA TAAG TAAG TAGT GACTCATT
BDDF
ACTGGGTGA [C TGAAC TGAAT TGAAC T GCGTTAG
ART2
e B.taurus
GIGA2C TGA |2C TGAAT C TG GGITAGIC
CCGGNCA TGA | C TCAG TCAC C TGAAC TTANC T AANTGATT
e O.aries
CIGAAG TGA |2C TCAAC TGAAC TGAAC TG AAGAATGA

e V.ammodytes

CGCAAC TAA |C A2C PACRA

ORF

[

flanking DNA

Fic. 3.—Putative 3’ untransated regions of the various RTE homologs. The origins of the RTE-like elements and their accession numbers

can be found in tables 1 and 2. For each sequence, the end of the ORF is enclosed in a box with the termination codon shown in boldface.
The immediate 3’ flanking sequences are also enclosed by a box. Only those RTE-like sequences that have well-defined target site duplications,
thus enabling an unambiguous determination of the 3’ flanking region, are included. The 3" UTRs of the RTE-like elements are unusually short
for non-LTR retrotransposable elements and are characterized by direct nucleotide repeats from 3 to 5 bp in length (indicated by the single and

double underlining).
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RTE clade

KTELC. degos

Noo | TTRT T

RTE2-C. elegans

BDDF-B. taurus

BCNT insert-B. faurus

R. norvegicus

JAM1-A. aegypti Z : :

B. mori
Linel clade
Linel-R. norvegicus
S i B i A
CR1 clade
CR1-G. gallus

L1 [Tewse] RT

FiG. 4—Comparison of the ORF structures and enzymatic do-
mains of RTE-like elements. Also shown is one representative of each
of the two other known vertebrate lineages of non-LTR retrotranspo-
sons: Line 1 elements from R. norvegicus (rat) and CR1 from G. gallus
(chicken). ORFs are indicated by unshaded boxes. The AP endonucle-
ase (ENDO) and RT domains within these ORFs are indicated by
darker shading. The thick dashed lines indicate those sequences that
are either truncated by cloning or have not been sequenced. The light
vertical lines indicate either the bypass of a stop codon or a frameshift
that needed to be invoked to retain homology of the ORF The precise
amino terminal ends of the ORFs from the BDDF and JAM1 elements
cannot be defined because of the number of such bypasses needed to
maintain the ORF through the ENDO domain. While sequenced from
an R norvegicus tissue culture cell, the rat sequence is probably of
bovine origin, resulting from the use of calf thymus carrier DNA in
the cloning experiment (Lenstra 1992).

different lineage from that of the original BDDF element
and thus was used in the phylogenetic analysis below.
RTE homologs were aso identified in two insect
genomes (table 2). A possible complete RTE homolog
has been characterized in the mosquito, Aedes aegypti
(Warren, Hughes, and Crampton 1997). This element,
named JAM1, wasiinitially identified as an insertion into
the LTR-retrotransposon, Zebedee. Multiple frameshifts
are necessary, but a large ORF with RT and endonucle-
ase domains can be inferred (fig. 4). While the length
of the JAM1 insertion is similar to that of a complete
RTE-1 element, the sequence at the 5’ end of this ele-
ment is too mutated to reveal the extent of the ORF or
even the full endonuclease domain. The second RTE-1
insect homolog was found in the silkmoth, Bombyx
mori. This RTE-1 homolog is inserted adjacent to the
cecropin B gene and was not recognized as part of a
transposable element. Conveniently, the only part of this
element that was sequenced corresponds to the endo-

nuclease domain (fig. 2); thus, it, too, can be used for
phylogenetic analysis.

The various non-LTR elements identified in eu-
karyotes are highly divergent in sequence, which has
made it difficult to resolve their phylogenetic relation-
ships (Xiong and Eickbush 1990; Eickbush 1994). Using
all available non-LTR sequences, we have recently been
able to divide non-LTR elements into several distinct
clades (or lineages) (unpublished data). Non-LTR ele-
ments from different organisms are suggested to be in
the same clade if they have a similar structure and if
both distance and parsimony algorithms indicate, with
significant bootstrap values, that the elements are more
related to each other than to any other element. To dem-
onstrate that the various mammalian and insect sequenc-
es described above are truly part of a lineage that in-
cludes the C. elegans RTE elements and not members
of other non-LTR retrotransposable element lineages,
the RT domains from the RTE-1 and RTE-2 elements
of C. elegans, the bovine BDDF sequence, the rat ho-
molog, and the mosquito JAM1 sequence were aligned
with representative examples of non-LTR retrotranspos-
able element lineages previously identified in verte-
brates, insects, and nematodes. These elements included
R4 from Ascaris lumbricoides, L1 from Rattus norveg-
icus, CR1 from the chicken Gallus gallus, and I, Jockey,
R1, and R2 elements from Drosophila melanogaster.
The RT sequences are aligned in figure 5A with the con-
served domains previously identified as common to all
reverse transcriptases (Xiong and Eickbush 1990). An
additional region which is conserved in all non-LTR
retrotransposons is labeled 0. The relationship of the
RTE-like elements based on the RT alignment is shown
in figure 5B. This analysis clearly groups the two RTE
elements from C. elegans with the bovine and mosquito
elements at significant bootstrap values. We thus con-
clude that these RTE-like sequences should be consid-
ered part of the same lineage.

In an attempt to independently confirm the RTE-1
clade, the sequence alignment of the endonuclease do-
main shown in figure 2 was used in a phylogenetic anal-
ysis. The phylogeny based on these sequences was not
as reliable as that of the RT domain, but did group the
RTE-1 homologs together (data not shown). Thus, phy-
logenetic analysis for both the RT and endonuclease do-
mains of RTE are consistent with the conclusion that the
same lineage of elements is present in nematodes, ar-
thropods, and vertebrates.

Finally, we believe it is highly significant that the
presumed 3' UTRs of both the cow BDDF and the mos-
quito JAM1 are extremely short and exclusively com-
posed of tetra- and pentanucleotide repeats reminiscent
of those found in RTE-1 and -2 (see fig. 3). Such un-
usually short 3" UTRs are not found in other non-LTR
retrotransposon lineages, clearly supporting the phylo-
genetic analysis suggesting that these RTE-like elements
are from the same lineage.

RTE-1 Elements Have Given Rise to SINEs in Many
Lineages

If the 5’ truncations associated with non-LTR ele-
ment insertions are extensive and include both the en-
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A

R [ > e 1o > < 2 -> <=m=m——=
RTE1 PPFLPEEIRHVLRSFPNG KAAGQODKISADFLKSCHDNVIDLIT -DRF NRYLHSRNVPKPWK -TSKTTLIFKK --GDRENLEN | YRPICLLPVLYKVFTKCLLNRMRRSLD --EA | QPVEQAGF
RTE2 PAILKSEVRLEIRKLKTK SAPGLDNVDAAMI KNGGDTVVDSVT ~ALF NNILOHNKVPDLWK - ISDVKLIPKK --AKATKIKD | FRPISLLPILSKMFSSILTRRLTPTLE --SY | LDESQNGF
BDDF PDILECEVKRAVESITMN KASGGDGI PVELFQILKDDALKVLH ~8IC QQVWKTQOWPQDWK -RSVFKLIPKK --GNAKESSN | YRTIALISHASKVMLKILOARLOQYVN --RE | CPDVQAGF
BDDF(Rat) QTSWNVKLRGALESITMN KAGGGDGI PVELF-ILKDDAVKVLH -81C QOIWKTQOWNPODWK-RSVFIPIPKK --GNAKECSN | YRTIALISHASKVMLKVLQARLOQYVN --RE | LFDVQAGF
JAM1 PAPTMGEVKDAIQQOLKNN KATGKDGIGAELIKMGPDRLAACLE RSDS QQSGKSEQLPEEWK-QGVICPIYKK ~~GDKLECEN | YRAITILNAAYKVLSQILFRRLLPIAN --EF | VGSYQTGF
Line1 NPITPKEIEAVIKGLPTK KSPGPDGFSAEFYQTFIEDLIPILS -KLF HKIETDGALPNSFY-EATITLIPKP ~HKDTTKKEN | FRPISLMNINAKILNKILANRIQEHIR --TI | IEHDQVGF
R2 SAITEQDLRASRVSLS-- SSPGPDGITPKSAREVPSGIMLRIM -——= NLILWCGNLPHSIR-LARTVFIPKT -~VTAKRPQD | FRPISVPSVLVRQLNAILATRINSSIN ---- { WDPRORGF
R4 KADLEEKYEGAIRRIQPW KAPGPDGLHAHWWKALPS-AKRLLG -ELV VDWLTTGKVITGWMCRGRTILIPKK | ~-GDRGDPSN | YRPITCLNTCYKVLTSVMNSVILSHLS RGEA | LPMNQRAM
JocKey SAVTLEEVKNLIAKLPLK KAPGEDLLDNRTIRLLPDQALQFLA -LIF NSVLDVGYFPKAWK-SAST IMIHKT ~GKTPTDVDS | YRPTSLLPSLGKIMERLILNRLLTCKD VTKA | IPKFQFGF
CR1 PTLRAEQVRDRLMRLDEY KSSGPDGVHPRVLKELAEVVAEPLS -IIF EKSWLSGEVPDDWR-KGYVTPIYKK ~~-GSKEDPGN | YRPVSLTSVPGKIMEQILLDDMLDHMR NERV | IRDSCHGF
R1 PALEVFEVDTCVARLKSR RSPGLDGINGTICKAVWRAIPEHLA -SLF SRCIRLGYFPAEWK-CPRVVSLLKG PDKDKCEPSS | YRGICLLPVFGKVLEAIMVNRVREVLP ---E | GCRWQFGF
} ENITYLELSSALQTLKG- CAPGLNRISYOMIKNSSHTTKNRIT -KLF NEIFNS-HIPQAYK-TSLIIPILKP ~NTDKTKTSS | YRPISLNCCIAKILDKIIAKRLWWLVT YNNL | INDKQFGF
T* | 1 * i* { | | *
------- A - |[< A > < -——--B >
RTE1 R-RSFSTIDHIHSLORLLEVGREY -QIPLTLVFIDFKKAFDSVEHQAIWKSLDEQGA DGAYIDLLKECYKN-CTTNFTPFH---~ RPVAVPVTKGVRQGDPISPNLFSACLEHVFR KLSWIELK
RTE2 R-KGRCCADNIQSLTMLIEKCNEF -QLPLLLLFIDYQTAFDKIGHSAVVSSLEKAGA DPAMRKMIQEMMDG~GQAEITVHD---~ KKLKVNLCTGVRQGDSASPALFSAATQATLT - -
BDDF R-KGRGTRDQIAKICWITEKAREF ~QKNIYFCFLDYAKAFDCVDHNKLWK ILODMGI PDHLICLLRNLYAGQEATVRTGHG---- TTDWFEIGKGVCOGCILSPCLFNLYAEYIMR
BDDF(Rat) R-RGRGTRDQIANICWIMEKAREF ~QKNIYFCFIDYAKAFDCVDHNKLWKILKEMGI PDHLTCLLRNLYAGQEATVRTGHG---- TTDLFQIGKGVCQGCILSPCLFNFYAEYIMR
JAMT I-DGRSTMYWIFSVRQILOKCREY -QVPTHHLFIDFKAAYDSIDRIELWKIMDENSFEF PGKLTRLIRATMDGVONCVKISGE--—~ HSSSFESRRGLRQGD-- - -GLSCMSCCHAES
Line1 I-PGMOGWFNIRKTINVIHYINKL KEQNHMI I SLDAEKAFDKIQHPFMIKVLERIGI QGPYLNIVKATIYSKPVANIKLNGE---~- KLEATPLKSGTRQGCPLSPYLFNIVLEVLAR
R2 L- PTDGCADNATIVDLVLRHSHKH -FRSCYIANLDVSKAFDSLSHASIYDTLRAYGA PKGFVDYVONTYEGGGTSLNGDGW---- SSEEFVPARGVKQGDPLSPILFNLVMDRLLR
R4 RKREWGCTHAMVLDRAMVMDAMAQ KKHSLSVAWLDYRKAYDSVSHEY IRWAINSVNI PRSVQLTLKRIMSDWETRFESTQCRPKL RSDKMKVLNGIFQGDSLSPTLFVLCIAPISY
Jockey R-LOHGTPEQLHRVVNFALEAMEN ~KEYAVGAFLDIQQAFDRVWHPGLLYKAKR-LF PPQLYLVVKSFLEERTFHVSVDGY - —-— KSSIKPIAAGVPQGSVLGPTLYSVFASDMPT
CR1 T-RGRSCLTNLVAFYDGVTALVDE -GKATDVIYLDLTKAFDMVPHHILISKLEGCGF DGWTTHWIRNWLKGRRORVVTNGS---~ MSRWRPVMSGVPQGSVLGPVLFNIFINDIDD
Rt R-QGRCVEDAWRHVKSSVGASAAD ---YVLGTFVDFKGAFDNVEWSAALSRLAD--L GCREMGLWQSFFSGRRAVIRSSSG---- -TVEVPVTRGCPQOGSISGPFIWDILMDVLLY
1 K-KGKSTSDCLLYVDYLITKSKMH ———~TSLVTLDFSRAFDRVGVHS I IQQLOEWKT GPRIIKYTKNFMSNRKITVRVGPH---- TSSPLPLFNGIPQGSPISVILFLIAFNKLSN- | ~-------
Faheha \ Y ,
P C-mm - > < -D- > <] B
RTE1 GEAEDYDTIPGMRVNG-RNL | TNLRFADDIVLIANHPNI ASKMLOELVQKCSEVGLEINTGKTKVLR LDDVDEYIYLGR
RTE2 -DCDNEFAGVGINVEG-RHI RRLEFADDVVLICSTPGE VQERLEILDRISSNYGLKINQSKTVLLK IIPVPGCRYLGR
BDDF -RAGLEETQAGIKIAG-RNI NNLRYADDTTLMAESKEE LKSLLMKVKEESEEVGLKPNIOKTKIMA SSPT-------~ TSWEIDEQ---------- T | VEIVSDFIFLGS
BDDF(Rat) ~NAGLEEARQAGIKIAR-RNI NNLRYADDTTLMAESEEE LKSLLMKVKVESERKVGLKPNIQOKMKIMA SGPI-------- TSREIDGE-------~-- T | VETVSDFMFLGS
JAMT - LYLTVEARFS--RDP | YNLFFADDMMLLGENLKQ WSDLFTRLKREATRVGLMVNV SKTKYML: FEVVDEFVYLGS
Line1 -PIRKQKEIKGIQIGK~EEV | KISLFADDMIVYLSDPKS TREQLKLINNFSKVAGYKINSNKSVAFL IIDPNNIKYLGV
R2 ----TLPSEIGAKVGN-AIT | NAAAFADDLVLFAETRMG LOVLLDKTLDFLSIVGLKLNADKCFTIVG LKRTDEWKYLGI
R4 KGVGOCQSSSGWSAGYGFEL | GHOFYMDDLKLYARTPAM LDSQIQVVSEVSEAMGLHLNLSKCAKAH LGLRSTYKYLGV
Jockey LIATYADDTAVLTKSKSI LOEYLDAFQOWAENWNVRINAEKCANVT IRHHQAYKYLGI
CR1 TLSKFADDTKLSGAVDTE IQRDLDRLERWARVNLMRFNTAKCRVLH LESSSAEKDLGV
Rt QLSAYADDLLLLVEGNSR GAQLMSIVETWGAEVGDCLSTSKTVIML LPYVRSCRYLGI
1 KFNAYADDFFLI INFNKN LDNLFDDIENWCSY SGASLSLSKCQHLH IPSVTSLKILGI
ek . -
RTE1
96(64)
RTE2
71(67)
JAM1
94(97)
100(100)l——  BppF(Rat)
R4
_I P Line1
R2
Jockey
67
CR1
51(97)
R1
56
I
0.1

Fic. 5—Comparison of RT sequences from the RTE-like elements with those from other non-LTR retrotransposons. The BDDF sequence
from rat is probably a bovine DNA contamination (see text). A, RT domains are aligned from those RTE-like elements with complete RT
domains (see fig. 4). Included in the alignment are those non-LTR retrotransposons lineages aso found in vertebrates, insects, and nematodes:
R1, R2, I, and Jockey from D. melanogaster, Line 1 from R. norvegicus, CR1 from G. gallus, and R4 from A. lumbricoides. The seven conserved
RT regions defined in Xiong and Eickbush (1990) are boxed and labeled 1 through E. Two additional domains (labeled 0 and 2A) are also
conserved in all non-LTR retrotransposons. ““*” and ““|”” indicate identical and similar amino acids, respectively. B, An unrooted phylogeny of
the RT domains constructed using the neighbor-joining method. Numbers next to each node indicate bootstrap values as percentages of 1,000
replicates—a 50% consensus tree is presented here. This topology is aso supported by maximum-parsimony methods. Bootstrap val ues obtained
using parsimony analyses are indicated in parentheses wherever the topology is supported by a minimum of 50% of bootstrap replicates. The
RT phylogeny places RTE-1, RTE-2, JAM1, BDDF-Bovine, and BDDF-Rat as one clade, supporting the hypothesis that RTE-1 is widely
distributed among the three phyla. An amino acid divergence scale is shown at the bottom.
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Nematode A.cantonensis

C.elegans RTE1

C.elegans RTE2
Flatworm S.mansoni
Mollusc  H.aspersa

O.sloanei

Vertebrate B.taurus BDDF
R.norvegicus BDDF
B.taurus SINEbov2
B.taurus Art2
B.taurus Pst1
B.taurus Pst2
QO.aries 1

O.aries 2

C. hircus 1
Consensus Art2
V.ammodytes 1 (7)
V.ammodytes 2 (7)
T.flavoviridis

A.aegypti JAM1

B.mori

Insect

FLG | EI I

A.cantonensis QRSKIKDAVQYAKQSKIRWVGHVMRMNDTRWTRAVSDWIP/ /

: RLRTHLFDSKVLSALTYASETWSLRNEDERSLNVIEHVVERTMIGVSRFTEVRDEIRSSDLC

YLGROINAONNLMPEITHRRRRAAWAAFNGIKN-TTDSITDKKIRANLFDSIVLPALTYGSEAWTFTKALSERVRITHASLERRLVGITLTQQRERDLHREDIR
YLGRWIDISGSIDEEISRRIRAGWGALVGIK--EVLRIMPNKERT ILFKQNVLPALLYASETWICNAGSTLRLKRTVSGL -~~~ ——======—== == IDAAE
(115} YLGSYISAGGGVSVEIDARIMKARAAYANLGHLWRLRDVSLAVKGRI YNASVRAVLLYACETWPLRVEDVRRLSVFDHRCLRRIADIQWQOHHVSNAEVRHRVE

:KITIYKTLIRPTVLYGSEFWSTTKRDEVLLOTVENTVLRRIFGPTKDTQDGEWK 3NKDIH
: LKRKVYNQCVIPAMTYGCETWKLTKHTENLLRIAQRATERAMIGITLRDRKRSTW-~--IR

FLGSKSLODGDCSHETKRHLLLGRKVMTINLDSILKSRDI TLPTRSRLVKAMVEFPVVLYGCESWTMKKAECRRIDAFELWCWRRLLRVPWTARRSN- - —QSILK
ELGSKITADGDCSHEIKRCLLLGRKVMTNLDSIFKSRDITLPTKVRLVKAMVFPVVIYGCESWIVKKAEHWRI DAFELWC *RLLXXVPWTARRSN- - -QSILK

: CSHEIKRRLLLGRKVMINLDSILKSRDITLPTKVHLVKAMVFPVVMYGCESWT IKKAE *RRIDAFELWCWRRLLRVPWTARRSN- - -QSILK

: LLLGRKAMTNLDSTLKSRDITVPTKVRLVKAMVEPVVMYGCESWTVKKAECRRI DAFELWCWRRFLRAPWTAGRSN---QSILK

: CSHEIKRRLLLGRKVMTNLDRILNSRDITLPTKVRLVKAMVEF PVCVYGCESWIMKKARCRRIDAFELWC WRRLLRVPWTARRSN- - -QSTILK

: KLKDTY SFGRKVMTNLDSTLKSRDITLPTRSRLVKAMVFPVV VYGCESWTMKKAECRRI DAFELWCWRRLLRVPWTARRSN~ - ~QSTLK

: TKNDYCSHEIKRRFLLGRKVMTNLDSTFKSRDITLPTMVCLVKALVF PVVMCGCESWTVKKAECQRTDAFELWC WRRHLRVPWTARRAN - - -QSILK

: SKITADKDCSHKSKRQUHFGRKAMTNIDSTLKSRDITLPTRSVLVKAMVE PVVMYGCESWIVKKAECRRIDAFELWCWRRLLRVPWPARRSN - - -QSVLK

: LSKDGDCSHEIKRRLLLGRKVMTNLDSTFKSRDITLPTKVRLVKALVFPVVMYGCES FTVKKAECRSI DAFEL * CWRRLLRVPWTARRSN -~ -QSTILK

{80) FXGSKITXDGDCSHEIKRRLLLGRKVMTNLDSILKSRDITLPTKVRLVKAMVFPVVMY GCESWTVKKAERRRIDAFELWCWRRLLRVPWTARRSN- --QSILK
FLGSKITADGDCSQETKRRLLLGRKAMANLDSSLKSRDITLRTKVRIFKAMVF PVAMYGCESWT IRKAERQRI EAFELQCWRRLLRVPWIARRS Q- --PLSPR
FLGSKITADGDCSQEIKRRLLLGRKAMANLDSSLKSRDITLPTKVRIFKAMVFPVAMYGCESWT IRKAERQRT EGFELWCWRRLLRVPWTARRSQ- -—PLSPR

YLGSLLTADNNVSREIRRRI I SGSRAYYGLOKKLRSRKIQPRTKCTMYKTLIRPVVLYEHEAWTMLEEDLQALGVFERRVLRTIFGRRAGERRVAAA 3PRARS

| e v L Ly [EIWH | | [N | i

C.elegans RTE1 TMSLVRDPLNFVKKRKLGWAGHVARRKDGRWTTLMTEWRPYGW -~ ~-KRPVGRPPMRWTI DSLRKE T TTRDADGEV I TPWSTI AKDRKQWLAVIRRNTTNS *

C.elegans RTE2 IRGWNFNLDRYLLAKQSRFTGHILRRDPNRWTK ICTEWDPSHNKNWKRAVGGOKKRWAKDI DEEY AKFHHNSAMSGQVVVGRRRLGML TPKVPWLS TARTDREKWKEFVRSCLAT*
S.mansoni GRRDDNSIGVTILKHRLRWLGHVLRMSSQRLPRRALFADSGTGW- -KKRRGGQCMTWCRGMKESCKGLASVGPSRLPGWGPRDGATOWLETLSDMAQNRSOWRSCSNLLLLST*
H.aspersa DLFESPLITGIMKANRLOWLGHTERMEDNRETKLTY TQEIHD - - - ~-RSPRGRPRRRWRDNTHTDL ?

O.sloanei AKTTVKDI IQVIKQQKWRWAGHVARMRDNRWTKRITDWCPYGD - - ~KRSKKRPDNGFRDETEKFAGKE?

B.taurus BDDF EISPGCSLEGLMLKLKLQYFSHLMRKYDLIGKDSDAGRG-~~~—-~- RRRRGRORMRWLDGITHSMALF DGELWELVMDRRAWKAV THGVTKSQTRLGD*

R.norvegicus BDDF EISPRISLEGMMLKLKLQYFG//

B.taurus SINEbov2 EISPGYSLEGLMLKLKLQYFGHLM*RADSLEKTLMLGKIEG—-—-~ RRRRGRQRMRWLDGITDSMDMSLGELWELVMDREAWRAAVHGVERVGHD*

B.taurus Art2 EISPGCCLEGMMLKLKLQYFGHLM*RVDSLEKTLMLGGIGG- -~~~ RRKRGRQRMRWLDGI TDSMDMSLGELWELVMDRRAWKAV IHGVTKSQTRLGD*

B.taurus Pstl EISPGCSLEGLMLKLKLQYFSHLMRKVDSLEKTLMLGGIGG----- RRRRGR *RMRWLDGITDSMOMSLGELWELVMDRRAWKAVIHSVTKSQTRLGD*

B.taurus Ps2 EISPGCSLEGLMLKLKLQYFSHLMRKVDSLEKTLMLGGIGG- -~~~ RRRRGR*RMRWLDGI TDSMDMSLGELWELVMDRRAWKSVIHGVTKSQTRLGD*

O.aries 1 EINPGISLAGMMLKLKLQYFGHLLRRVDSLEKILMLGRLGG -~~~ RRRREQQEMRWLDGITDSMDMSLSELQELVMDRDAWCSVVHGV - - - ~TKLGD*

O.aries 2 EISPGISLEGMMLKLKLQYFGHLLORVDSLEKTIMLGGIEG-—--- RRKRGRQRMRWLDGI TDSMDVSLSELRELVMDREAWRCAVHGV - - - ~TKLGD*

C. hircus 1 EINPGISLEGMMVKLKLQYFGHLMRRIDSLEKTLMLGGIGG- -~~~ RRRRGR*RMRWLDGI IDLMDV SPSELQELVIDREAWRAATHGY - - - ~TKLGD*

Consensus Art2 EISPGCSLEGLMLKLKLQYFGHLMRRVDSLEKTLMLGEIGG----- RRRRGRORMRWLDGITDSMDMSLSELRELVMDREAWRAS THGV - -~ -TKLGD*

V.ammodytes 1 GDHPDCSLEGQILKLKLKSFGHLMRRKDSLEKSLMLGKVEG----- ERRRGRORMRWLDGVTEAVGVSLNGLOKMVEDRKAWRNVVHGVRMGRTRLRN*

V.ammodytes 2 GDHPDCSLEGQILKLKLKSFGHLMRRKDSLEKSLMLGKVEG- -~~~ ERRRGRORMRWLDGYTEAGGVSLNGLOKMVEDRKAWRNVVHGVRMGRTRLRN*

T.flavoviridis : DQPCSLEGQILKLKLKY FGHLMRRKDSLQKSLMLGKIEG- - - - - NRRRE*QRMRWLDGVTEAVGVCLNGL * KMVEDRKAWRNVV ?

A.aegypti JAM1 TLRRTQYREG-TKAGRIRWAGHVARMPDNNPVKMVFATNP - - - ~VGTRRRGPHGARWI DQVHODLESVGHSRGWREAAMNRGNWRNLVGEALSR *

B.mori : LSKLKWQCAGHI SRTTVNRWGKRVLEWRP~ - - RIGKHNAGCPQARWRDDLCRVVGRSWMREAENRAQWRAIGKAYVOOWTATG*

| [ RN S G Wl

Fic. 6.—Comparison of the carboxyl terminal ends of the ORFs encoded by different RTE homologs with those of putative ORFs encoded
by SINEs from different species. Compared are those elements included in figure 3 as well as representatives from another nematode (A.
cantonensis), a flatworm (S. mansoni), a silkmoth (B. mori), a snail (H. aspersa), a squid (O. sloanei), two snakes (V. ammodytes and T.
flavoviridis), and two ruminants (O. aries and C. hircus). The following notations were used in the sequence: *, stop codons that were bypassed;
X, ambiguous amino acid due to a shift in frame; ?, loss of homology, possibly due to a subsequent insertion or deletion; and //, truncations
by cloning. Numbers indicate amino acids that were omitted from the alignment, and a colon indicates the start of a particular sequence. The
Art2 consensus sequence (accession number X82879) is derived from multiple artiodactyl sequences. The underlined residues Y/FLG are the
conserved residues of the RT segment labeled E in figure 4A. The numbers in parentheses represent the number of amino acids the RT can be
extended upstream for elements not represented in figure 2. At the bottom of the alignment, residues that are nearly invariant are indicated,

while similar amino acids in most elements are indicated by ““|”.

donuclease and RT domains, it can be difficult to rec-
ognize that certain SINE elements are in fact the 3" ends
of non-LTR retrotransposons (Silva and Burch 1989;
Ohshima et a. 1996). The generation of a very large
number of highly truncated insertions by RTE elements
appears to have occurred in the bovine genome. In the
original characterization of the BDDF element (Szemraj
et a. 1995), it was concluded that an Alu-like family of
repeat sequences, termed the Pst and Art2 families
(Duncan 1987), constituted the target-site for the 3.1-kb
BDDF insertion element. More recently, Okada and Ha-
mada (1997) have suggested that it is more likely that
these SINE elements represent deletions of the BDDF
LINE-like element. As shown in figure 6, the Pst and
Art2 elements actually encode the extreme carboxyl ter-
minal end of the BDDF ORF. This clearly confirms that
Pst and Art2 elements are indeed extreme 5’ truncations
of BDDF These various elements have extremely short
3" UTRs which are composed exclusively of variable
numbers of the pentamer repeats found in BDDF (fig.
3). The Pst and Art2 families of SINEs have been shown

to be abundant in all genomes in Artiodactyla, suggest-
ing that they are at least 25-40 Myr old (Modi, Gal-
lagher, and Womack 1996).

Art2 SINE families have also been identified in vi-
per genomes (Kordis and Gubensek 1995). This study
postulated a horizontal transfer of these SINE families
between a mammal and a reptile based on 70% nucleic
acid sequence identity of the viper sequence with the
bovine sequences. Figure 6 illustrates how these previ-
ously defined viper SINE elements (Vipera ammodytes
1 and 2) are also homologous to the carboxy! terminal
ends of the ORFs of RTE elements. Indeed, sequence
identity with the RTE-like elements of C. elegans and
mosquito can also be identified throughout this short
region (conserved residues identified at the bottom of
the sequence comparisons). Thus, the preservation of
this protein-coding sequence by the parent non-LTR
retrotransposon can explain the sequence conservation
originally detected between the viper and cow sequenc-
es. We have used this short segment of the ORF to re-
construct the phylogenetic relationship of these various
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FiG. 7—Phylogeny of the RTE and SINE sequences from the
various vertebrate genomes. The phylogeny presented is based on the
nucleotide sequences derived from the amino acid alignment shown in
figure 6. The phylogeny is a 50% consensus tree of the vertebrate
sequences using the neighbor-joining method and rooted on the RTE-
1 sequence of C. elegans. Numbers next to each node indicate boot-
strap values as percentages of 1,000 replicates. The divergence of some
of the lineages within the mammalian genomes might predate the split
between rodents and artiodactyls. The viper Art2 copies fall outside
the mammalian homologs, as would be expected from a vertical means
of inheritance. The nucleotide divergence scale is indicated.

vertebrate RTE-like sequences using RTE-1 of C. ele-
gans as the root. As shown in figure 7, the sequence
relationships of the SINE/RTE sequences in cow are
highly divergent. The elements from sheep (Ovis aries)
fall within this divergence, as does the rat sequence. The
latter finding is consistent with the suggestion of Lenstra
(1992) that this sequence may be derived from the cow
genome. The viper sequences are clearly outgroups to
al of the mammalian sequences. Thus, given the data
available to date, there is no need to suggest a horizontal
transfer of these elements between a viper and a rumi-
nant genome. Further analysis of RTE sequences from
different vertebrates would alow estimates of the rates
at which RTE elements evolve. Only then can predic-
tions be made as to whether horizontal transfers are
needed to explain the current distribution of these ele-
ments.

Using the conserved sequences identified in this
analysis at the carboxyl terminal end of the RTE ORF,
we were also able to identify truncated RTE-like se-
quences in a highly diverse set of additional animals.
As shown in figure 6, such sequences were found in the
genomes of a snail, Helix aspersa; a squid, Omma-
strephes sloanei; another nematode, Angiostrongylus
cantonensis, and, finally, a blood fluke, Schistosoma
mansoni. In the case of the blood fluke, the ORF extends
well into the RT domain, and the DNA immediately
downstream of the termination codon is composed of
pentamer and hexamer repeats similar to those in the
RTE lineage (data not shown). Unfortunately, the se-
guence is truncated by cloning; thus, the precise 5’ and
3’ ends of the element cannot be identified. Given the
conservation of this ORF in this element, it is very like-
ly that full-length RTE elements also exist in this spe-
cies.
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Discussion

The RTE-1 element of C. elegans was first identi-
fied as a 3.3-kb insertion encoding an RT domain similar
to non-LTR retrotransposable elements (Youngman, van
Luenen, and Plasterk 1996). Because of the C. elegans
genomic sequencing project, 8 full-length and 43 partial
copies of RTE-1 elements have now been sequenced.
The active element appears to encode a 1,024-amino-
acid ORF with an AP-endonuclease in addition to the
RT domain. The expression of this ORF may require a
trandational frameshift from a short preceding 43-ami-
no-acid ORF that overlaps with the mgjor ORF. In ad-
dition to the sequence relationship of their RT and en-
donuclease domains, severa other features of the RTE-
1 elements suggest they are typical non-LTR elements.
First, they are not flanked by direct repeats. Second,
variable-length target site duplications are generated
upon their insertion. Third, over 80% of the RTE-1 cop-
ies contain large 5’ truncations. Finally, the 3’ junctions
of RTE-1 elements are characterized by a variable num-
ber of short AT-rich nucleotide repeats. These structural
features are all consistent with a model in which RTE-
1 uses target-primed reverse transcription to insert into
the host chromosomes (Luan et al. 1993; Luan and Eick-
bush 1995). Because of the unusualy short first ORF
and the less-than-100-bp 5" UTR and 3’ UTR, the RTE-
1 element of C. elegans at 3.3 kb is currently the shortest
known non-LTR retrotransposable element. A second
highly divergent family of elementsis also present in C.
elegans, RTE-2. This family of elementsis not as abun-
dant, and while a full-length element has not yet been
sequenced, it is likely to be similar in structure to that
of RTE-1.

Using the RTE-1 endonuclease and RT domains,
we have identified homologous sequences in mamma-
lian genomes that also appear to be similar in structural
organization to the C. elegans elements. Thus, this study
establishes the RTE-1 clade as the third lineage of non-
LTR retrotransposons to be found in vertebrate ge-
nomes. The first lineage, which includes the Linel ele-
ments in mammals, can also be found in amphibians
(Tx1), whereas the second lineage, which includes the
CR1 elements in chickens, is widespread in birds and
reptiles (Haas et al. 1997; Kajikawa, Ohshima, and Oka-
da 1997).

As shown in figure 4, the ORF structure of RTE-1
appears to be more similar to that of the second ORF
of CR1 elements than to the second ORF of L1 ele-
ments. While al three elements encode both endonucle-
ase and RT domains, CR1 and RTE-1 lack a cysteine-
histidine motif found downstream of the RT domain in
L1 and many other non-LTR elements. While the func-
tion of this cysteine-histidine motif is not known, it is
required for L1 retrotransposition (Moran et a. 1996)
and may be involved in protein binding to nucleic acids.
RTE-1 differs from CR1 and, indeed, from all other non-
LTR elements that contain an AP endonuclease domain
in that it does not encode a large ORF preceding the
endonuclease/RT-encoding ORF. The precise function of
this first ORF in the retrotransposition of a non-LTR
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element is not known. It is believed to encode an RNA-
binding protein based on direct biochemical studies
(Hohjoh and Singer 1996; Kolosha and Martin 1997)
and by virtue of putative cysteine motifs that are similar
to those of retroviral gag proteins (Dawson et a. 1997).
The putative 43-amino-acid first ORF of RTE-1 has no
recognizable motifs and is not positively charged; thus,
it isunlikely to encode for an RNA-binding protein even
if fused to the large ORF. Resolution of whether all RTE
elements have a first small ORF will come from a more
extensive analysis of sequences at the 5’ ends of full-
length RTE-2 and BDDF sequences.

We have also identified RTE-like elements in in-
sects, molluscs, and flatworms. While the number of se-
quences currently available is limited, no data exist to
suggest that horizontal transfers are needed to explain
the very wide distribution of this clade. Thus, it is pos-
sible that this lineage of non-LTR retrotransposons
might date back to the origin of al metazoa. We are
currently conducting a comprehensive evaluation of all
available non-LTR retrotransposable elements to deter-
mine whether the age of the RTE lineage is consistent
with this estimate (unpublished data). However, this hy-
pothesis can be effectively tested only with the identi-
fication of RTE elementsin many diverse genomes. Giv-
en the number of large-scale sequencing projects under-
way today, such sequences will no doubt become avail-
able.

The present study also presents a simple model for
the origin and mobility of an abundant class of SINEs
in ruminant genomes. The RTE homolog in cows, called
BDDF, was originally thought to be a separate element
which exhibited sequence-specific insertion into a series
of highly abundant SINE sequences (Art2 and Pst) in
the cow genome (Szemrgj et al. 1995). Rather than being
the target sites, these SINES are instead deletions of the
full-length RTE homolog (Okada and Hamada 1997).
The fact that these SINEs encode the carboxyl end of
the RTE ORF has led to nucleic acid homology of these
elements in different species. This unrecognized ORF
and the paucity of RTE-like elements in other mam-
malian genomes (e.g., human, pig) led to the conclusion
that the sequence conservation between Art2 and a
SINE element in the viper was a horizontal transfer be-
tween bovine and viper genomes (Kordis and Gubensek
1995). While the sequence comparisons are still limited,
there is no longer a strong argument to suggest that this
is the case.

There are three currently known classes of SINES,
which are al believed to utilize the non-LTR retrotrans-
position machinery for their insertion. The first class is
derived from a pol Il RNA transcript and, other than
ending with a poly(A) tail, has no apparent similarity to
a non-LTR retrotransposable element. The only known
example of this class is the primate Alu repeat, derived
from 7SL RNA (Deininger 1989; Boeke 1997). The sec-
ond class of SINEs is aso derived from a pol 1l tran-
script, but contains the 3’ end of a non-LTR retrotrans-
posable element. Okada et al. (1997) have identified a
number of SINEs in this class from diverse animals that
are all derived from the fusion of a tRNA gene and the

3" end of a non-LTR retrotransposable element. Ele-
ments of the third class of SINEs are ssmply extreme 5’
truncations of a non-LTR retrotransposable element and
thus should probably not be considered authentic SINEs.
The originally defined CR1 element in chickens (Silva
and Burch 1989) and the above-mentioned Art2 and Pst
repeats of cows (Szemraj et al. 1995) are examples of
this group. It will be easier to identify extreme 5’ trun-
cated copies or potential new SINE families derived
from the RTE lineage of retrotransposable elements than
for any other lineage of non-LTR element. Because the
3" UTRs of the RTE family are so short, it is likely that
the portion of the element’'s RNA sequence which is
recognized by the RT domain aso includes the region
encoding part of the ORFE It is much easier to see ho-
mology for divergent amino acid sequences than it isfor
nucleotide sequences. This was certainly the reason we
were able to identify distantly related RTE-like elements
in divergent mollusc, nematode, and vertebrate ge-
nomes. In general, it will not be as easy to recognize
SINEs as being derived from other non-LTR retrotrans-
posable element lineages for which, as in the case of the
R2 element, the minimum length of sequence required
for recognition by the RT lies entirely within the 3’ UTR
of the element (Luan and Eickbush 1995).

Finally, the present study illustrates the utility of
the different genome sequencing projects in identifying
transposable elements that would otherwise have been
missed. Although the origina RTE-1 element was iden-
tified due to itsinsertion into the prk-1 gene (Youngman,
van Luenen, and Plasterk 1996), the critical features of
the RTE-1 element or, indeed, the RTE lineage could
not have been inferred but for the additional RTE-1 cop-
ies obtained by the C. elegans genome sequencing ef-
fort. In fact, the RTE-1 homolog identified in the ge-
nome of the flatworm S. mansoni was also available a
result of another large sequencing project (M. Tanaka
and T. Tanaka, personal communication). As these ef-
forts progress in different genomes, divergent represen-
tatives of non-LTR retrotransposon lineages that have
aready been identified will doubtless be discovered.
More enticing will be the discovery of totally novel lin-
eages of retrotransposons, helping to further elucidate
the age and evolution of these elements.
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