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ABSTRACT

The telomeres of the silkworm,  Bombyx mori , consist
of pentanucleotide repeats (TTAGG) ,. We previously
characterized the non-LTR element TRAS1, which
terminates with oligo (A) in a head to tail orientation at
the exact position (between A and C) of the (CCTAA) ,
repeats. Here we characterized another family of
telomere-specific non-LTR retrotransposon named
SART1. The SART1 family was inserted at another site
of the (TTAGG) ,, in a reverse orientation from that of
TRAS1. The complete unit of SART1, 6.7 kb in length
with a poly (A) stretch, contains two open reading
frames encoding putative gag and pol products, over-
lapping by 54 bp in the —1 reading frame. Most of the
600 SART1 copies in the silkworm haploid genome are
completely conserved in structure without 5 ' trun-
cation. All SART1 sequences analyzed were inserted at
the same position (between T and A) within the
(TTAGG),, repeats. Fluorescence in situ hybridization
showed that many of the SART1 copies were localized

in the chromosomal ends. A phylogenetic tree showed
that the SART1, TRAS1 and two other site-specific
elements, R1 and RT, which insert into 28S ribosomal
RNA genes in insects, belong to the same group.
Based on the orientation for the chromosomal insertion
and structural similarities, these elements could be
further classified into two subgroups, R1/TRAS1 and
RT/SARTL, suggesting that the target specificity of the
two telomere-associated elements was changed inde-
pendently.

INTRODUCTION

DDBJ/EMBL/GenBank accession no. D85594

genome, several non-LTR retrotransposons are located at specific
sites on the chromosome. To date, site-specific elements have
been found in several organisms, including yeast, insects,
nematodes, amphibians and protists. Tx1Xehopus laevis
inserts within another transposable elemént@RE1, SLACS

and CZAR are found in the spliced leader exomigypanosomes
(5-7). R1 and R2, which are located at specific sites of 28S rDNA
in most insects, are site-specific retrotransposons and have beer
investigated in detaiBC10). R4 @Ascaris lumbricoidesnserts at

a site midway between those of R1 and RD. (In the sibling
mosquito species, RTAjopheles gambigand RT2 A.arabien-

sig are inserted at the same posifié30 bp downstream of the

R1 insertion sitel(2,13). It was shown that R2 element owes its
site specificity to the sequence-specific endonuclease that it
putatively encodes. The translation product of the R2Bm open
reading frame (ORF) froBombyx morcuts the 28S gene at the
correct insertion site and uses that site as primer for its reverse
transcription {4,15). Moreover, some group Il introns, which
have a close evolutionary relationship to non-LTR retrotransposons,
encode reverse transcriptases that make a double strand break ol
the target sequences and promote site-specific inseridrr);
However, a general mechanism underlying the expression and
integration of the site-specific non-LTR retrotransposons remains
unclear.

The extreme ends of the silkworm chromosomes are composed
of the simple telomeric repeat (TTAGGYvhich is >6-8 kb in
length (L8). When studying the telomeric structure of the
silkworm, we found >2000 copies of retrotransposable elements,
which may be classified into several different classes, inserted
into the telomeric short repeats (TTAGGDkazakiet al, in
preparation). We showed that a family of non-LTR retrotransposons,
TRAS1 (telomeric repeat associated sequence 1) interrupts the
(TTAGG), repeats at a highly specific sifie3(19). On the other
hand, retrotransposons of the principle telomere-associated

Retrotransposons are mobile DNA elements within the genonfe@mily are inserted at another site of (TTAG@®) a reverse
that transpose via RNA intermediates using their own-encodirmggientation to the TRAS1 insertion. Thus, this new family of
reverse transcriptase. These elements have been classified ietootransposons will be transcribed in the reverse direction to
two groups according to whether or not they contain long termin@RAS1. We called this family SART1, the name of which derives
repeats at both ends (LTR type or retrovirus-like elemenfjom the inversion of TRAS'. To try to understand the factors and

(non-LTR type or LINE-like element)1£3). Although many

structure involved in target specificity, we characterized SART1,

retrotransposable elements are located nearly at random in Hexzause it seems to be a novel telomeric repeat-specific
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retrotransposon with a different target sequence from TRAS1. Wieere labeled withd-32P]JdCTP by random priming using the
studied the structural features and genomic organization BEaBEST DNA labeling kit (Takara). The blotted membranes
SART1 and discuss the evolutionary origin of the target-specifigere incubated at 3C with the (TTAGG3 probe or at 65C

non-LTR retrotransposons in insects. with the random primer labeled probe overnight. Thereafter, the

membranes were washed i 2%, 1x, 0.5< and 0.k SSC for 20
MATERIALS AND METHODS min each at the same temperature as the hybridization.
Bombyx moristrain Fluorescencen situ hybridization (FISH)

TheB.moristrain, Kinshu Showa, purchased from Kyodo-shiryo Flyorescencén situ hybridization was performed as described
Co., Tokyo, Japan, was reared on an artificial diet (Yakult Coysing prometaphase chromosomes prepared from testes of fifth

Tokyo) in the laboratory. instar larvae 18,19). To obtain a labeled probe, we amplified a
1.4 kb 3-terminal region of SART1 by PCRZ) using biotinylated

Screening of SART1 clones from a genomic lambda dUTP (Bio-16-dUTP; Boehringer). The primer set used for PCR,

phage library 4629 (3-CGGCACCTTGAAAATGTCGG-3 and 6359 (5AC-

i AACTGGACTATCGTGTCG-3), is shown in Figur@A.
We screened phage clones from an EMBL3 genomic DNA

library constructed fronsalBAIl partial digests oBombyxfat e . . .
body DNA (19). Clones containing (TTAGG)repeats were PCR amplification of SART1—(TTAGG), junction sites
isolated with a3%P-labeled (TTAGG) oligonucleotide probe. \We found that about half of the genomic copies of the SART1
After sequencing adjacent regions around the (TTAG®IN  element formed tandem arrays of SART1—(TTAG&)a repeat
>20 positive clones, we found that several clones terminatingit in the silkworm genome. Thus, to identify the specific target
with a poly(A) tail had the same nucleotide sequence thafte of the SART1 insertion, we amplified the adjacent regions of
neighbors the (TTAGG)n the reverse orientation of the TRAS1 the (TTAGG), in the SART1—(TTAGG)-SART1 in the genome
insertion. We named this putative retrotransposon familyyy PCR 22). The primers for this PCR, 661086GGAGTCCG-
SART1. From one phage clone containing SART1, we isolatedsCATAACCCGGTCCGA-3) and 62 (5TGGAAGTCCAGC-

1.8 kbHindlll-Sad DNA fragment from the '3terminal region = AAAACTCCCCCAC-3) are shown in Figur@B. The PCR
near the poly(A) tail. We cloned this fragment into pBluescripteaction mixture (5Ql) contained ¥ PCR buffer (500 mM KCl,

SK+ (Stratagene) and named it p51S. 15 mM MgCb, 100 mM Tris—HClI, pH 8.3), 5mM dNTP, 10 pmol
each primer, 1.51g genomic DNA and 1 Uaq polymerase
Cloning a complete unit of SART1 and sequencing (Takara). PCR proceeded for 30 cycles under the following

] ) o ) conditions: 94C, 30 s; 64C, 30 sand 73, 1 min. A denaturing
To identify a clone containing a complete unit of the SARTktep at 94C for 3 min preceded the first cycle and the final cycle
element, we screened the EMBL phage library again with thgas followed by a further extension at®3for 10 min. The

32p-labeled 1.8 kb insert of the pS1S as a probe. Among 20 08@plified DNA fragments were cloned into a plasmid vector with
plaques, we isolated 20 clones with intense signals and fougb TA Cloning Kit (Invitrogen).

eight clones containing two (TTAGESeparated repeats, which
may correspond to the terminal junction in both ends of SART
We named one of the eight clones, which includes a full-leng
SART1 element as determined by genomic Southern hybridizatione aligned the amino acid sequences of reverse transcriptase
BS103. We digested BS103 witkarrHl and Hindlll and  domains of 18 retrotransposable elements by the neighbor joining
obtained from the insert region, 3.5 RanHI/BanHI, 6.7 kb method using the CLUSTAL V progrard324). The region of
Hindlll/HindIll and 6.7 kbBarrHI/BanHI digests, which were the amino acid sequence in ORF2 of the SART1 element starts at
subcloned into pBluescript SK+. Because we found that BS1@%5 and ends at 783, as shown in FigxeThe monophily of
included three SART1 elements arrayed in tandem, these subclogesups was assessed with 1000 bootstrap resamplings. The
were sequenced to determine the complete structure of SAREburces and NCBI sequence identification numbers of these
Sequencing was performed by dideoxynucleotide termin&tig)n ( sequences are as follows: Drgsophila melanogastgr 85020;
using a Thermo Sequenase core sequencing kit (Amersham) an#is (human), 106903; L1Md (mouse), 130402; Tx&nppus
an automatic DNA sequencer SQ5500 (Hitachi). We used DNASI&evi§, 141475; R2Dm {.melanogastgr 130551; R1Dm
Mac version 3.0 (Hitachi Software) for sequence analysis. (D.melanogastgr 140023; R1Bm B.mor), 84806; TRAS1
(B.morj), 940390; RT1 Anopheles gambiye 159617; RT2
Genomic Southern hybridization (A.arabiensi% 159620, TART D.me|anogast$l’ 435415,
jockey O.melanogastgr 134083; FID.melanogastgr 103353;
Genomic DNA was prepared from the silk glands of fifth instapoc (0.melanogastdr 103221; T1AgA.gambiag 103015. The

larvae as described previously9(. DNAs digested with sequences of ingitypanosoma bruceand R2BmB.mori) are
restriction enzymes were electrophoresed on 0.9% agarose ggden reference&5 and26 respectively.

and blotted onto nitrocellulose membranes (BA85; Schleicher

and Schuell) in 20 SSC (3 M NacCl, 0.3 M sodium citrate) by ; ;

capillary transfer {1). Hybridization was performed in 0.9 M Nucleotide sequence accession number
NacCl, 90 mM Tris—HCI (pH 7.9), 6 mM EDTA, 0.5% SDS, 2.0%The nucleotide sequence data reported in this paper will appear
skimmed milk. The (TTAGG)oligonucleotide was labeled with in the GenBank, EMBL and DDBJ nucleotide sequence databases
[y-32P]ATP by T4 polynucleotide kinase (Toyobo). DNA fragmentswith the accession number D85594.

#}hylogenetic analysis
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Figure 1.Comparison of schematic structure between BS103 (a SART1-containing clone) and TRAS1. BS103 contains three direct repeats of SART1 elements (
1-3) separated by short TTAGG repeats. Open triangles represent the telomeric repeats. Open boxes indicate TRAS1 or SART1 elements with their poly(A) tails.
boxes show the regions in which most of the nucleotide substitutions of unit 3 compared with unit 2 were observed (see Discussion). Arrows indicate the direc
of transcription of these elements. TRASL is transcribed from the distal to the centromere-proximal, whereas the SART1 elements is transcribed in reverse.

RESULTS A 1825 5259
I —/7/// B | LS
Isolation of a complete SART1 element  —— ] OREZ
ORF1
We first identified several clones containing SART1 from a
lambda genomic library by screening with the (TTAG@pbe g Rl Broffl  BesBJ GMD Asel Misam Apal Sae
(see Materials and Methods). The SART1 elements in the: ! ' il e

clones terminated with a poly(A) tail which is directly joined to —_
the (TTAGG) repeat on the strand. Since the poly(A) tail of -
TRAS1 was joined to the (CCTAfYepeat, transcription of
SART1 should be in the opposite direction to that of TRAS1
(Fig. 1). Using the 3terminal region of a SART1 element (the c L~ #as = 4
insert sequence of p51S) as a probe, we isolated 20 phage clo VWV — MWW . MW WV
and identified eight that included a complete SART1 unit. The wind b T,
sequence of the SART1 element s highly conserved among ma
genomic copies, as described below. Because BS103 showed , . ope1 probe2
same restriction profile as that of genomic Southern hybridizatio - §* iy
in the corresponding region, we further analyzed this clone. W\ FIgF
found that BS103 consisted of three direct repeats of the SAR ~ # § & § & §i
sequencgFig. 1). Structural analysis revealed that a 6.7 kb v 3 e ¢ s
sequence sandwiched between two short (TTAG&Jions -2 -

M

u

corresponds to a complete unit of the SART1. Thus, the BS1( =54
insert consisted of &-8rminal region (unit 1), one complete unit e
(unit 2) and aBhalf (unit 3) of the SART1 element, as described "

below. ... o

Structural features of the SART1 element -

Unit 2 of the SART1 element, terminating with poly(A), was — —
6704 bp in length and G+C rich (64%). The absence of long dire
or inverted repeats at both ends indicates that the SART1 is a
non-LTR retrotransposon.
An 867 bp 5 untranslated region ’(ETR) precedes the first Figure 2.Conserved structure of SART1 elements based on genomic Southern
- - 0 : - ybridization. A) Schematic structure of SART1 element. Open boxes show
ORF. There was a T rich region (68 A)) of 12.2 bp in the middle ORNO ORFs of SART1 and vertical lines represent the cysteine—histidine motifs.
the 3-UTR (data not shown). SART1 contained two long ORFSyatched region represents the reverse transcriptase domain, which was used to
which occupy 80% of its total length (F2A). The first ORF  construct the phylogenetic tree in Figure 5. A PCR product used as a probe for
(ORF1) was 2148 bp long (from 868 to 3015) and putatively~!SH (Fig. 3) is shown as the region between two small arrows, 4629 and 6259.
encoded 712 amino acids. which is quite similar to the Gag-lik ) Restriction map of SART1. Probes 1 and 2, used in the genomic Southern
in of LTR ! The first ATG codon f ybridization in (D), are shown as bold lines in the map. Five thin lines below
protein of non- retrqt_ran;posons. efirst co O_n oundpe map represent the restriction fragments detected in the genomic hybridiza-
at the 13th base position is flanked by the translation Station. ) Tandem array of SART1 elements (open boxes) separated by short
consensus sequences among eukary@fds QRF1 is basic telomeric repeats (jagged lines). Two small arrows, 6610 and 62, represent a
(isoelectric point 10‘3)’ contains many proline residues (8%) an@CR primer set to amplify the junction regions between SART1 elements (Fig.

- . . - . Two lines, 6 and 7, correspond to a main band of 6.7 kb detected in (D) using
0,
charged amino acids (29%), which are characteristic of G obe 2.D) Genomic Southern hybridization of Bemby>DNA with the two

proteins g8). In addition, three putative zinc finger motifs probes described above. Numbers in each lane correspond to the restriction
(CCHC) were found near the carboxyl end of the ORF1ZR)g.  fragments illustrated in (B) and (C).

The second ORF (ORF2) is 3266 bp long (from 2952 to 6217)
and putatively encodes 1067 amino acids. This amino ac@RF2 overlaps with ORF1 by 54 nt in the —1 reading frame.
sequence shows significant similarity to the Pol-like protein. Tha&lthough in many retroviruses and retrotransposons, the two
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Figure 3.Chromosomal localization of SART1 elements. The probe region for this FISH is shown in (A). Chromosomes were prepared from the testes of day :
the 5th instar larvae &.mori Yellow signals indicate the positions of SART1 elements.

ORFs are translated as a fusion protein by ribosomal frameshiftitige B.morigenome and unit 2 in the BS103 is a representative of
(29,30), translation of the ORF2 in SART1 seems to start at theonserved SART1 copies.

first ATG 66 bp from the beginning of the ORF. The N-terminal Next, to examine whether SART1 elements form ‘tandem
region of the putative translation product using this methioningrrays’ in the genome, as in BS103, we digested the genomic
codon, which is flanked by a consensus sequence for initiati@NA with Hindlll or BanHI which cuts once within unit 2 and
(27), was homologous to the corresponding area of the TRAS1ybridized it with probe 2. When SART1 copies are tandemly
and R1 ORF2 (data not shown). However, the upstream regionlotated within the genome, a major band will appear that
that N-terminal had no obvious homology to the correspondingprresponds to the complete length of the element, 6.7 kB(ig.
area of the two retrotransposons. Figure 2D (lanes 6 and 7) shows a prominent 6.7 kb band,

Inthe ORF2, we identified a reverse transcriptase domain in teepporting this notion. As estimated based on the intensity of each
middle region and a cysteine—histidine motif near the C-terminusand, at least half of the SART1 copies exist as tandem arrays in
as depicted in Figu2A (1). The 886 bp'3aUTR ends ina 27 bp the genome. Many bands other than the 6.7 kb band were
poly(A) tail, although we could not find an evident polyadenylaseparated discretely. This indicates that most of these bands could
tion signal (AATAAA). result from insertion of a SART 1 closeBanHI| andHindlIl
sites in flanking DNA, such as TRAS1 and other telomeric
repeat-associated sequences.

We further investigated the localization of SART1 elements on
the chromosomes by FISH. Most FITC signals were given by the
In three tandem SART1 units of the BS103 clone, there were €8ds of 15-20 chromosomes (F&). However, it is not yet
TTAGG repeats between units 1 and 2, but only one between uriigiermined whether these terminal signals are associated with
2 and 3 (Figl). The nucleotide sequence of the coding region ipecific chromosomes.
unit 3 is different at 23 positions from that of the corresponding
area in unit 2 (data not shown). Of the 23 substitutions, 21 ajgnction sequences between SART1 and telomeric repeats
synonymous and, thus, do not influence the amino acid sequeng&ealed site-specific insertion of SART1
This conservation of the protein encoding sequence provides
indirect evidence that the element can still retrotranspose. To investigate whether SART1 elements are actually associated
understand the distribution of SART1 elements withiBtheori  with the telomeric repeats and at which position they insert, we
genome, we performed genomic Southern hybridization usindentified 12 independent SART1 terminal regions by PR (
two DNA fragments from unit 2 shown in FiguB as probes. Becaus€B00 SART1 elements form tandem arrays as described
First, the genomic DNA was double-digested wdthdlll and  above, we amplified the junction regions between two neighboring
one of five other enzymes, blotted and hybridized with probe ART1 genomic copies, using a set of primer extending over the
(Sad—Hindlll fragment) (Fig2D, lanes 1-5). When the genomic two copies (see FigC). The PCR products cloned into a plasmid
DNA was digested withindlll and Sad, a 0.4 kb band, which vector (GP1-GP12) were sequenced and junction regions in
has the same length as probe 1, was the most prominent (laneSBRT1—-(TTAGG)—-SART1 are shown in Figuee J» and J3
This result indicates that thesdindlll and Sad sites are are the junction sequences between units 1 and 2 and betweer
conserved in most SART1 copies within the genome. The resuligits 2 and 3 of the phage clone BS103 respectively. DNA
shown in lanes 2-5 and with the other 10 enzymes (data reeiquences of the SART1 portion in these clones were essentially
shown) are also consistent with the restriction enzyme map folentical at least in the region shown in the figure. All clones
unit 2. By comparison with the signal intensity for a diluted seriesontain from 1 to 20 TTAGG repeats. The length of the poly(A)
of DNA fragments of BS103 as a positive hybridization controfract varied from 13 to 61 nt. The junctions between'ttegraini
(data not shown), we estimated the copy number of SART1 pef SART1 elements and the telomeric repeats were identical
haploid genome as 600. Thus, SART1 is highly conserved withamong all the clones in which poly(A) tails are connected with

Half of the genomic copies of SART1 are tandem arrays
interrupted by short telomeric repeats
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3' end 5' end
I
Ji12 TGGGATTCCCCATCGATACC(A) 27I GG (TTAGG) 18TT CCCGGCCC--GGGACCTGGGCGGGCCC
J23 TGGGATTCCCCATCGATACC (A)22 GG(TTAGG)1 TT ———-~ CCC~~GGGACCTGGGCGGGCCC
GP1 TGGGATTCCCCATCGATACC (A)25 GG(TTAGG) 19TT ~———~— CCC--GGGACCTGGGCGGGCCC
GP2 TGGGATTCCCCATCGATACC (A)18 GG(TTAGG)20TT ——=—=~ CCC--GGGACCTGGGCGGGCCC
GP3 TGGGATTCCCCATCGATACC (A)17 GG(TTAGG)19TT —~——~ CCC--GGGACCTGGGCGGGCCC
GP4 TGGGATTCCCCATCGATACC (A)13 GG(TTAGG)16TT ————~— CCC-~GGGACCTGGGCGGGCCC
GP5 TGGGATTCCCCATCGATACC (A )213GG (TTAGG ) 17TT ————- CCC-~-GGGACCTGGGCGGGCCC
GP6 TGGGATTCCCCATCGATACC (A ) 22PGG (TTAGG ) 17TT ——=-~ CCC--GGGACCTGGGCGGGCCC
GP7 TGGGATTCCCCATCGATACC (A)13 GG(TTAGG)16TT —--—m~ CCC--GGGACCTGGGCGGGCCC
GP8 TGGGATTCCCCATCGATACC(A)20°GG (TTAGG ) 19TT ———~~ CCC--GGGACCTGGGCGGGCCC
GP9 TGGGATTCCCCATCGATACC (A)22 GG(TTAGG)4 TT —--—- CCCGAGGGACCTGGGCGGGCCC
GP10 TGGGATTCCCCATCGATACC (A)22 GG(TTAGG)49TT ——--- CCCGAGGGACCTGGGCGGGCCC
GP11l TGGGATTCCCCATCGATACC (A)29 GG(TTAGG)4 TT —=——= CCCGAGGGACCTGGGCGGGCCC
GP12 TGGGATTCCCCATCGATACC(A)61 GG(TTAGG)4 TTe————~ CCCGAGGGACCTGGGCGGGCCC

Figure 4.Nucleotide sequences of SART1-(TTAGESART1 junctions. J12 and J23 denote the junctions in the BS103 clone between units 1 and 2 and betwee|
units 2 and 3 respectively (Fig. 1). Other GP clones were obtained by PCR using a primer set shown in Figure 3C. The sequences underlined were disrupted b
nucleotides. The precise sequences are as follows; al (A)e; b, (A)14T(A)7; ¢, (A)RCC(A)17; d, (TTAGGLTTAAGTTAGG,; e, (TTAGG)CTT. Dashes represent
nucleotide deletions.

GG in a (TTAGG) unit. However, it is not clear whether the last 53 ingi
nucleotide A of the poly(A) belongs to the SART1 element or to I
the telomeric repeat. 100 L1lHs
On the other hand, the&nds of SART1 in these clones assume 22| Limd
three different forms. Thé termini of SART1 in GP9, 10, 11 and 99 Tx1
12 had additional GA nucleotides compared with J23. In the 47 R2Dm
corresponding region inz) however, an additional CCCGG was ‘ R2Bm
duplicated. Such'%®luplication is also found in R1 elements in R1Dm
B.mori (28). Except for the Sduplication in J12 the telomeric 61'L| R1Bm
repeats in the other clones terminated in the TT of a (TTAGG) e TRAS1
repeat unit and the following CCC nucleotides which are =
presumed to be part of the SART1 element. _._1".0.:-____' Rl:zl

We also amplified a part of BS103 that had been subcloned into

a plasmid as a control. In four sequenced clones we did not find I SART1

additional GA nucleotides, CCCGG duplication or any base 7# TART

substitutions, although the length of poly(A) tails and the 100 jockey

numbers of the telomeric repeats were inaccurate (data not 100 F

shown). This sequence homogeneity indicates that the sequence —|:Doc

variety seen in Figuré is not due to PCR errors. These results T1ag

indicate that SARTL1 is inserted between TT and AGG of the

telomeric repeat unit in a highly specific manner. Figure 5.A Phylogenetic tree among non-LTR retrotransposable elements by

neighbor joining method based on the amino acid sequence of the reverse

: i . e . transcriptase domain. The numbers at the nodes denote bootstrap values per
Sequence comparison classified SART1 related site-specific 1000 replications. Only the values >50% are shown. The bold lines indicate the

elements into two groups close evolutionary relationship among TRAS1, R1, RT and SART1 elements.
To understand the evolutionary origin of SART1, we constructed
a phylogenetic tree among non-LTR retrotransposons by the
neighbor joining method2¢) based upon the amino acid the amino acid sequences in these regions were conserved bette
sequences of the reverse transcriptase domain ZK)g.As  within members of the same subgroup than between the two
shown in Figure5, SART1 falls into one group with R1, RT groups, supporting the above classification. The structural
elements and TRAS], all of which are site-specific retrotransposatiifference between the two subgroups, such as spacing Cys and
(12,19,31). This relationship indicates that they derived from ais residues, is evident in the C-terminal region of the pol-ORF.
common evolutionary origin and have changed the specificity fdthe conserved cysteine-histidine motifs in the pol-ORF are
their insertion sites. These four types of retrotransposon furthidiX {7CXCXg_dHX4C in the TRAS1 group and HYHX;7CXo.
branched into two subgroups, R1/TRAS1 and RT/SARTICX13C in the SART1 group respectively. In retroviruses, an
Although the bootstrap value shown in Figérés not high integrase domain containing an $#¥»>_3£X>C motif follows a
enough to establish the subgroups, another phylogenetic treserse transcriptase domai®2) and in the corresponding
based on sequences for the entire Gag region supported tbisation, a CXCX¥_gHX4C motif is generally conserved among
classification (data not shown). divergent species of non-LTR retrotransposddl. (Recent

We compared the putative zinc finger motifs and their flankingtudies of the site-specific integration of the group Il intron also
regions between the two subgroups (data not shown). In genedd#monstrated the importance of this domaiB).( The
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A 28S rDNA between A and C of the (CCTAf)but SART1 is inserted in a
. reverse direction between T and A of the (TTAEBS)nce the G
D. melanogaster A. gambiae . . . . .
v v rich strand in the telomeric repeat is synthesized toward the
ggg%%@%ggg@:»m 530 w;;ggg«;%%%ggg chromosomal end ), the TRAS1 transcriptional unit s oriented
A A toward the centromere, whereas SARTL1 is oriented toward the
ST o 5« T N2 et 8.3 KT, telomeric end (Figs and6A).
R1DM RT1 The number of insertion sites for the site-specific retrotranspos-
Telomere A able elements i_s limited in tth gen(?me. T_hus_, repetitive sequences
B. mori seem to be suitable as the ‘target’ for this kind of element, since
CCTAACCTAACCTAACCTAACCTAACCTAA there are many of their copies in the genome. The best studied
. A oo targets of this type of insertion are the tandemly arranged rRNA
Goeom___ hbout 7.9 kbpTTTAARRA L~ About 6.7 Kbp-._GGOGG P
iy - genes in insects, where several non-LTR retrotransposons are
TRAS1 SART located at specific site_&Q,ll,lS)_. Other site-specific Qlem_ents
so far known are also inserted into the sequences with high copy
number {—7). Telomeric repeats should be compensated by a
telomerase in germ cells even if they are disrupted by an insertion
B —> > —>—> —> of transposable elemen®&Y. Telomeric repeats on the chromo-
R1Dm ATTCCTACTGTCCCTATCTACTATCTAGC

somal ends, of over 6-8 kb in the silkwort®)( are therefore
stably maintained and seem optimal for harboring sequence-specific
elements. The fact that there are far higher copy numbers of
SART]  TTAGGTTAGETTACETTACETTACCITAGS SART1 (1600) and TRAS1{B00) in the haploid genome than of
R1 and RT1 (<100), supports the above notigh9(28).
Figure 6. Comparisons of the target sites for R1, RT1, TRAS1 and SART1 Like the TRAS1 elements, most genom|<_: (?OpleS_ of SARTJ'
elements. &) The positions of the insertion sites of the elements within their Were of full-length (6.7 kb) and the restriction sites highly
host genes. Open arrowheads indicate the insertion sites of the four elemerg®nserved (Fig2). Most base changes observed in the coding
based on the’ unction of the element. Vertical Iin‘es‘shown in R1Dm and RT1 regions of the two SART1 CopieS, units 2 and 3 in BS103, were
represent probable top and bottom strand nicking sites generated by fl onymous substitutions. These findings suggest that most
endonuclease encoded by each element. Cleavage of both strands of R1Dm RT1 el h f S | ORE d il |
RT1 generates a target site duplication during insertion. Such target duplicatio e emer_lts ave functiona s and can still transpose. In
is not yet determined in TRAS1 and SART1 (see Results). Arrows indicate théact, a duplication of the CCCGG sequence at the extreemsl5
5' to 3 direction of transcription of each eleme) Comparison of target  of the unit 2 (g in Fig. 4) implies that SART1 elements have
sequences of the four elements. The sequences underlined are duplicated durjpgerted into the telomeric repeats by retrotransposition but not by
insertion. Small arrows indicate CTA trinucleotides, similar to the telomeric P - . . .
repeats, (CCTAA) Note that the target sequence shown here is on the stran&ecombmat'on' ,RetrOtranSpOS|tlon itself is bel,leved to cause
that primes the second DNA synthesis during integration of each elemenS€JUENCe variation among retrotransposon copies becaUSQ of the
Target sequences of R1Dm, TRASL and RT1 are from refs 31, 19 and 1Bigh rate of error incorporation by the encoded reverse transcriptase
respectively. (35). Therefore, the sequence uniformity and synonymous
substitution of SART1 might be partly obtained under selective

CXCXg_gHX4C motif was maintained in the TRAS1/R1 but notPressure by unequal crossover and gene conversion, as in the R1
in the SARTL/RT group, in which the spacing between the firgind R2 insertion of 28S rDNAS). Eickbush and his group
C and second C (CXC) was changed to an interval of two bagegicluded that the recombinational forces that work in the
(CXoC). In addition, the H (histidine) residue in theconcerted evolution of the rRNA genes themselves can rapidly
CXCXg_gHX4C was changed to D (asparagine) in RT2. amplify and eliminate copies of R1 and R2 independent of their
Does each member of the same subgroup with a similar struct@lity to retrotranspose. Although organisms rely on a telomerase,
have a similar target? To answer this question, we compared fBomere—telomere recombination is also thought to proceed by
targets and their flanking sequences among four elements (R€ne conversion and results in a net increase in telomeric DNA
TRAS1, RT1/2 and SART1; Fig). The target sequence of (37). Thus, this kind of recombination in the telomere region may
TRAS1 resembled that of R1Dm, because five to six CTA&oOntribute to the structural uniformity of telomeric repeat
sequences appeared in the area examined. However, we could@§geciated retrotransposons. In this study, we found that most of
find prominent similarity between the subgroup membershe 23 base substitutions between units 2 and 3 of BS103 were
SART1 and RT1. During the integration of the elements, th@cated in two very restricted regions within the compared
regions underlined in the target sites are duplicated on both ers@sjuenced area over 5 kb (filled boxes inEjigultiple rounds
(13,31). However, it was difficult to identify such duplication in of unequal crossing over may explain the restricted localization
TRAS1 and SART1 because their targets, the telomeric repeafghese base substitutions.

—> > —> > —> —>
TRAS1 CTAACCTAACCTAACCTAACCTAACCTAA

RT1 GGCCACAAGCCAGTTATCCCTGTGGTAAC

themselves, are tandemly duplicated. The RT domain of the R2 element Bfmori was shown to
generate sequence specific breaks at its targetl§)teRecent
DISCUSSION studies of the human L1 element may explain this target priming

mechanism. An endonuclease domain (EN) in the N-terminus of
In this study, we characterized a new class of telomeric repetiie L1 RT cleaves target DNA with similar sequences for L1
associated retrotransposons called SART1 from the silkwornmsertion in the human genon&s). Since the EN sequence was
B.mori Although another site-specific element, TRASL, is alsalso conserved in SART1 and TRAS1 (data not shown), their
located in the telomeric repeat$), the two retrotransposons have domains may be responsible for the target specific insertion into
different target sequences for insertion. TRAS1 is inserted exac{lfTAGG), repeats. Another LTR-retrotransposon, Ty5, is
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suggestive of the site preference of SART1 insertion. Ty5 wa®EFERENCES
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