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ABSTRACT
The C family of short, interspersed repeats (SINES) is highly repeated in

the rabbit genome, and most members have a structure suggestive of a mDdel for
their dispersal via reinsertion of a double-stranded copy of an RNA polymerase
III transcribed RNA. We have determined the nucleotide sequence of additional
members of the repeat family and have compiled them to obtain an improved
consensus sequence. This compilation shows that although mDst regions of the
repeat are well conserved, two regions show high variability. Some individual
repeats are truncated, and one truncated repeat retains the characteristic
structures of a retroposon. The consensus sequence for C repeats does not
match the sequence of any other sequenced mammalian SINE over large regions,
but short imperfect matches to several primate and rodent SINES are observed.
A sequence similar to the 27 nucleotide consensus sequence
TCCCAGCAACCACATGGGAGGCAGAGA was found in all mammalian SINES examined. The 3'

C T T
portion of this sequence matches a DNA segment found at the replication
origins of papovaviruses.

INTRODUCTION

Reannealed repetitive DNA from many species can be fractionated into two

size ranges: long repeats (> 2000 bp) and short repeats (about 300 bp; ref.

1). These repeats tend to be interspersed with single copy DNA (2). Recent

structural analysis of the long interspersed repeats, or LINES (3), identifies

at least two distinct classes. One class of LINES resembles transposable

elements and retroviral proviruses in that they contain long terminal repeats

(either inverted or direct) and they are flanked by short direct repeats that

differ between members of the repeat family. Examples of transposon-like
LINES are the yeast Tyl elements (4), the Drosophila copia (5) and EB (6)

repeats, and the imuse intracisternal A particles (7). A second type of LINE

is exemplified by the Kpn element of primates (8,9) and the LlMd repeat of

mouse (10,11). These repeats, which are homologous to each other (12,13), are

about 6 kb long, lack a terminal redundancy, have an A-rich tract at the 3'

end (8-11,14,15), are flanked by short direct repeats (16), and are
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transcribed by RNA polymerase II (17). Many of these properties are also

found in Drosophila F repeats (18). Individual members of the non-transposon

class of LINES are frequently truncated at the 5' end (11), and occassionally

they vary from each other by permutation of blocks of common sequences (9).

The A-rich 3' tract and flanking short direct repeats are characteristics of

elements that have been proposed to amplify and move by reverse transcription

of an RNA product followed by reinsertion into the genome (19,20). Such

elements have been termed retroposons (21).

The short interspersed repeats (SINES, ref. 3) are also comprised of at

least two general classes. One class resembles prokaryotic insertion

sequences and retroviral LTRs in that they contain terminal inverted repeats

and occassionally flank longer elements (as IS elements flank some transposons

and LTRs flank retroviral proviruses). A good example of this class of SINE

is the 6 element of yeast which can either flank the long Ty 1 repeat or exist

alone in the genome (4). Other yeast SINES that contain terminal inverted

repeats are a and T, which are related to 6 and are usually found 5' to tRNA

genes (22). The genomes of artiodactyls contain about 105 copies of a SINE

that has terminal inverted repeats and does not end in a 3' tract of A-rich

sequence (23). These repeats have been identified in goats (24) and cows

(23,25). A distinctly different class of SINEs is exemplified by the primate

Alu (or rodent type 1) repeat. This class of SINE is transcribable by RNA

polymerase III, has a 3' A-rich tract, and is flanked by short direct repeats

(26). They do not exhibit the terminal redundacy of the IS-like SINEs.

Several different short repeats fall into this class, including rodent Bl

(26,27), rodent B2 (28,29), and rabbit C (30). They have been proposed to

propagate by reverse transcription of the polymerase III transcript, followed

by reinsertion into the genome (20). In this sense they are short retroposons

which differ from the long retroposons described above in their length and in

the class of polymerase that transcribes them. Thus in each size range of

repeats, one can distinguish one class related to transposons and insertion

sequences and another class (retroposons) that lack terminal redundancy and

end in an A-rich tract. All classes are flanked by short direct repeats that

presumably form by repair after reinsertion of the element at a staggered

break in a chromosome.

Previous analysis of the C repeat family (30) showed that there are about

170,000 copies per haploid genome, with an average size of about 300 bp per

repeat. Transcripts containing C repeat sequences are heterogeneous in size

and are primarily confined to the nucleus. One of the C repeat members
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sequenced is considerably different from two other members (only 64% simi-

larity). Although the structural and transcriptional properties of rabbit

C repeats are similar to the primate Alu SINES, the C repeat sequence is not

homologous to the Alu repeat sequence.

In this paper, we present the nucleotide sequence of additional C repeat

members. The new compilation shows that the variability among C repeats is

largely localized to two regions within the repeat, and on the basis of this

variability one can identify at least two subfamilies of C repeats. Using

the refined consensus sequence, we have expanded the sequence comparisons

searching for related sequences in mammalian SINES. C repeats are not as

closely related to other repeats as are primate Alu and rodent type 1 SINES

(26) or the mouse, hamster and rat type 2 SINES (29). However, short regions

of imperfect matches were observed to many mammalian SINES, suggesting that

extensive sequence exchanges may have occurred among SINES during their

evolution. Every mammalian SINE examined contained a sequence similar to a

27 nucleotide consensus: TCCCAGCAACCACATGGGAGGCAGAGA. The 3' portion
C T T

of this sequence matches with a sequence found at the papovavirus origin of

replication.

MATERIALS AND METHODS

1) Recombinant DNAs

The C repeats sequenced in this report are located in the rabbit

B-globin gene cluster (32,33) and are contained on the plasmids pE3.4 (5'
to gene 84) and pE6.3 (3' to gene 482). The subclones were derived from

the recombinant bacteriophage XR8'G8 and XRSG2 (32). Maps of the repeats in

these clones are presented by Shen and Maniatis (34) and Cheng et al. (30).

2) DNA Sequencing

The C repeat DNA in plasmids pE3.4 and pE6.3 was sequenced by the

Maxam and Gilbert method (35,36).

3) Sequence Comparison

DNA sequences were compared using Zweig's (37) dot-plot program on an

IBM XT. The criterion selected was 12 nucleotides matching in a window of 14

nucleotides, which gave a minimum of background while still detecting

matches. The sequences were compared at a variety of criteria and in both

orientations.
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RESULTS

1) Consensus Sequence of C Repeats

Two additional C repeat members from the rabbit 8-globin gene family

were sequenced, one located 5' to the embryonic globin gene 54 (pE3.4) and

another located between pseudogene J,2 and fetal-adult gene 51 (pE6.3).

These data are compiled in Figure 1, along with the sequences of four C

repeats previously sequenced in this laboratory (30). The rabbit uteroglobin

gene contains a repetitive element in the large intron (38). The uteroglobin

intron sequence from nucleotides 1822 to 1540 matches with a C repeat; this

is also listed in Figure 1. The orientation of the uteroglobin C repeat is

opposite to the direction of transcription of uteroglobin. Thus Figure 1

contains the sequences of five full-length and two truncated C repeats. The

sequences were aligned by inspection, and gaps were introduced to improve the

alignment. A consensus sequence was derived and is presented on the top line

of Figure 1. Nucleotide positions that are not present in all members of the

sequenced set but which do occur in at least two members are listed in lower

case. Because inserts in some members are included in the consensus, the

length of the consensus sequence (352 bp before the A rich 3' tract) is

longer than the average size of C repeats (310 bp).
The 5' end of the C repeat consensus sequence shown in Figure 1 begins

14 nucleotides before box A of the RNA polymerase III internal control

region. Our previous report (30) described the 5' ends as variable, but

the compilation of additional C repeat sequences allows us to localize the

5' end more precisely. The 5' end given in Figure 1 begins six nucleotides

before the consensus previously reported (30). All intact C repeats, as well

as the C repeat in pE3.4, are flanked by direct repeats (underlined in

Figure 1) that differ between each individual repeat.

The C repeats analyzed so far can be divided into at least two

subfamilies based on sequence similarities. The repeats in clones pEB1.3,

pEB2.0 and pE6. 3 are more similar to each other than to the repeats in clones

pE1.65 and in the uteroglobin gene. Likewise, the pE1.65 and uteroglobin C

repeats are more similar to each other than to the other members. This can be

seen in Figure 1, especially in nucleotides 55 through 64, where the pEl.65

and uteroglobin C repeats contain an almost identical insert, and in nucleo-

tides 82 through 98, where both show an apparent deletion. Examination of

more individual C repeats may reveal even greater heterogeneity. The more

closely related C repeats are not closely linked in the genome; pEBl.3, pEB2.0

and pE6.3 were each obtained from a different genomic clone. Conversely,
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Consensus
pEB1.3
pEB2.0
pE6.3
pEl.65
utero

Consensus
pEB1.3
pEB2.0
pEB6.3
pEl .65
utero
pE3.4

Consensus
pEB1.3
pEB2.0
pE6.3
pEl.65
utero
pE3.4

Consensus
pEB1 .3
pEB2.0
pE6.3
pEl.65
utero
pE3.4
pE2.6

Consensus
pEB..3
pEB2.0
pE6.3
pEl .65
utero
pE3.4
pE2 .6

Box A 50 Box B

;AGGCCTGCTGCCGTPIY AAf'GGagCGC6GGCAtccca tatggCACCRR GACCG
TTATAGAAATATAGAAGCCGGC CCGT CCATAGCCTAATCCTCCACCTTGCGG CGCCGGCA CACCGGG AG CCG
TTGAAAGATTCTCT CCTGCCGCCCTG CTCAATAGGCTAATCCTCCAC TT CGCGCGCA AACCGGGTTCTAGTCCCG
GAAAATCACAGCAGAGG CTGGTGCTGCGGCTTACTAGGCTAATCCTCTGCTCTGCGG CGCCGGCA CTCTAGGTTCTAGTTCCG
ATTTGCCTTTTGTTGGCCAGC ACACGGCTCACTTGGTTAATCCTCTAGC TGCGGAGCTCGGACATCCCAATATGGGACCCGGTTCT
AAGGGTTTCAGTCTAGGGCTGGTGCTGTGGCATTGTAGGCTMGCCTCCACCT GCAGCACCAGCATCCCA TATGC ATGTC ACCTCA

100 150

GTTGGG cGCCGGATTCTGTCCCGGTTGCTCCTCTTCCAGGCCAGCTCTCTGCTGT GGCCTAGGGAGTGCAGTCGAGGATGGCCCAAGTGC
GTTGGG GCCGGANTC CCCCCGGTTGCTCCTCTTCCAGGCCAGCTCTCTGCTAT GGCC AGCGAGTGCAGTGGAGGATGCCCCAAGTGC
GTTGGG CGCCGGATTCTGTCCCGGTTGCTCCTCTTCCAGGCCAGCTCTCTGCTGT GGCC AGGA TGCAGTGGAGGATG CCCAGGTGC
GTTGGGGCACCGGATTCTGTCCCGGTTGCCCCTCTTCCAGGCCAGCTCTCTGCTGT GGCCT GGCAGTGCAGTGGAGGATGGCCCAAGTGC

GTACCGGTTGCTCCTCTTCCAGTCCAGCTCTCTGCTGT GGCCTAG AGGGCAATGGAGGATGGCCCAAGTGC
TGT CCGGCAGCTCCTCTTCCGATCCAGCTCTCTGCTTTGGCCTAGGAM GCAGTGGAAAACGGCCCAAGTGT

CATAAGAGAAACT TCTGCTGT GGCC AGG, AGGATGGCCTAGGTGC
Box A

200 250

TTGGGcCCCTGCACCCgCATGGGAGACCaAGRAAAAGCACCTGGCTCCTRGCTCCTt CCATCGGGYGtacnnyCAGCRCGGTGCGCCCGC
TTGGG CCTGCACCC CATGGGAGACC ACGAAAAGCACCTGGCTCCTGGCTCCT GCCCAGGGTG CAGCGCGGTGCGCCGGC
TTGG CCCTGCACCC CATGGGAGACC AGGAAAAGCACCTGGATCCCTG TCCT TCATCGGGACTACGATCAGCACGGTGCGCCGGC
TTGGG CCCTGCACCC CATGG AGACCAGGAGGAAGCTCCTGACTCCTAGCT TC CGATCGG CG CAG TGCGC GC
TTGG CCCCTGCACCTGCATGACAGACCAAGAAGACACCTAGCTCCTAGAACTTTAGAATCGGACATACCTCCAG ACTG
TTGGGCCCCTATACCTGCATGGGAAACCCAGAAAAAGCTCCTGGCT TT GGATCGG CCCAGCTCTG CC AC
TTGGG CCCTGCACCC CATGGGAGACC AGGAAAAGCACCTGGCTCCTGGCTCCTG CCATCGGAT CAGCGCGGTGCGCCGGC

Box-

300

TGYAGCG GCGGCCA TTG CAGGGTGAACCAACGGCAAACGAAGACCTTTctCTCTCTGTCTCTCTCTCTCACTGTCt CACT
TGCAGCG GCGGCCA TTG GAGGGTGAACCG CGGCAAAGGAAGACCTTTCTCTCTCTGTCTCTCTCTCTCACTGTC CACT
TGCAGCG GCCA TTG GAGGGTGAACCAACGGCAAAGGAAGACCTTT CTCTCTGTCTCTCTCTCTCACTGTC CACT
CGTAGCG ACCA TCTAGGGGGTGAACCAACAGCCCCGGAAGACCTTT TTCTCTGTCTCTCTCT GTTT AACT
ATACC AAGGTTTGTAGCAGTCA TTT GGGAGTGAACCAATGG AAGGAAAACCTTT CTCTCTC CTCTCTCTCACTGTCTATTACT
TGT GGCCAACTC GGGAGTGAACCA GTGGATGGAAGA TTCTCTCTCTCTCTCCCTCTCT CTGT AACT
CGCAGCGCGCCCGGCGCGGCGGCCA TTG GAGCCTGAACCAACAACAAAGGAAGACCTTT CTCTCTGTCTCTCTCTCTCACTGTT CACT

ATGATAGCTGCATCATAGCTCTCTCACTGTC CACT

350

CTGCCTGTCAAAAMAAAAAAAAA
CTGCCTGTCAAAAAAAAAAAAAA35Co0GAATATAGAGTCTAATGAAGTTTGATATA
CTGCCTGTCAAAAAAAAAAAAAA5g GAAACATTCTCTCCCTTTTAATTCTATTA
CTGCCTGTCAAAAATAAGTAAATAAATAAATGTGCACTTTCCTATTTACAAAAAAAGAAAATCATAGAAGAGGAATTAATTCCTGTGTTGG
CTACCTGCCAATAAATAAAMAAAAATGTTTTCTGTCACCTCTGTGGGAGACCAG
CTACCTCTCAAATAAATACAATCTGTTTTTTAAAAAAGACGCGGGGGGTGGTTCAGTCCTGTCCTCCTGAG
CTCCCTGTCAAAAAATTAAAAAAAAATTA8TTA1CGGAAGAGAAAAGAGAGAGAGAGGAAGAGAGGGTACGGGGGAATTC
CTGCCTGCCAAAAAAAAAAAAAA22 GACATCTAAATAAAACCAGAAATGTTTGT

Figure 1. Nucleotide sequences of seven rabbit C repeats. The repeats are
labelled by the plasmids containing them (30,32) or as "utero" for
the C repeat located in the large intron of the uteroglobin gene
(38). A consensus sequence is derived on the top line. The
numbering begins with the first nucleotide of the consensus
sequence. Sequences repeated before and after the repeat are
underlined. Segments that match box A and box B of the RNA
polymerase III internal control region (39) are marked with wavy
underlining. Spaces are gaps introduced to improve the alignment.

closely linked repeat members are no more similar than are randomly chosen C
repeats. Three of the repeats in Figure 1 are linked within the rabbit 8-like

globin gene family in the arrangement 5'-pE3.4C-84-C-C-83-pEl.65C-C-i,2-
pE6.3C-01-3', where sequenced C repeats are designated by the subclone
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Figure 2. Variability within the C repeats. The number of times the
consensus nucleotide appears at each position in the five intact C
repeats is plotted against the position number. The most highly
variable regions are indicated by the stippled boxes, and the box
A and box B RNA polymerase III internal control sequences are
marked as A and B. The inserts that occur between positions 269
and 270 of the consensus are indicated by the triangle.

containing them. The intact C repeats from this globin gene family (pEl.65

and pE6.3) are in two different repeat subfamilies, and the truncated C repeat

(pE 3.4) has a novel internal duplication between nucleotides 255 and 270.

2) Variability Within C Repeats

While aligning the C repeat sequences in Figure 1, we noticed that much

of the sequence variation occurred in two regions, approximately from

nucleotides 50 through 100 and from nucleotides 220 through 270. This

localized variability is presented graphically in Figure 2, which is a plot

of the frequency of occurrence of the consensus nucleotide at each position.

Only the five full-length repeats were included in this analysis. The

consensus nucleotide occurs least frequently between nucleotides 55 and 98

and between nucleotides 222 and 272. More limited variability is scattered

throughout the repeat, although the region from nucleotides 100 to 180 has

remained the most constant. The positions of the bipartite RNA polymerase

III internal control regions (box A and box B, ref. 39) are indicated in

Figure 2. Box B occurs in the first variable region, and it is more highly

conserved than the surrounding sequences. The first variable region can be

used to divide the sequenced C repeats into two subfamilies, as noted in the

previous section.
3) Truncation of C Repeats

Two of the C repeats listed in Figure 1 are shorter than the full-length

repeat. Both the pE3.4 and pE2.6 repeats are shortened from the 5' end, and

both 5' ends are in segments of repeating (CT)n. The repeat member in pE2.6
is very short, with only 24 bp of C repeat sequence remaining before the

A-rich 3' tract. It is not flanked by direct repeats and it could have formed
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by a deletion between the (CT)n tract in the repeat and another (CT)n tract

upstream. In contrast, the repeat member in pE3.4 is longer and is flanked by

direct repeats. The flanking direct repeats suggest that the pE3.4 C repeat

may have inserted into the genome in its shortened form. This shortened C

repeat may be functional for transposition, since it contains sequences that

match box A (nucleotides 147 through 156) and box B (nucleotides 236 through

251) of the RNA polymerase III internal control region (wavy underlining in
Figure 1). Although this latter segment is within the second variable region

of the C repeats, several of the individual repeats form a partial match with
box B in the segment from nucleotides 231 to 251.

4) Relationship between Rabbit C Repeats and Other SINES

A dot-plot comparison of the C repeat consensus derived in Figure 1 with

the sequences of other mammalian SINES did not reveal any extensive matches

throughout the length of the repeat (Figure 3, top row of panels). Only
short patches of similarity were found, and these frequently did not match

corresponding positions within the repeats. The EC (evolutionarily
conserved, ref. 44) repeat from mouse, which is mostly a simple repeating

dinucleotide (CT)n, matches the (CT)n stretch of the C repeat from positions

307 through 338. Since these simple repeats can match in several different

frames, the dot-plot produces a block of dots rather than a simple diagonal.
A fairly high criterion (match 12 out of 14 nucleotides) was selected

for the comparisons in Figure 3 in order to minimize the background, but this
stringency does allow the detection of homology among SINES in different

species. Human Alu is an imperfect dimer of an element related to the

mouse Bi sequence (26), and this shows as the pair of diagonals in panel 1 of

the third row of Figure 3. Likewise, the close similarity among the type 2

repeats of mouse (MdB2), rat (RnT2) and hamster (CcT2) is shown as the

series of long diagonals in the second row of panels in Figure 3. Thus the C

repeat of rabbits is not related to any SINE examined to the extent that the

mouse, hamster and rat type 2 repeats or the rodent and primate type 1 (or

Alu) repeats are related.

The sequences from other mammalian SINES that match with the C repeat
consensus are aligned in Figure 4, and the extent of similarity is listed in

Table 1. The matching segments usually involve different regions of the

repeats. Some of the longer matches are with the human Alu repeat (C repeat

positions 3-52 and 120-142), the rat 3B5 repeat (C positions 82-107), the

mouse B2 repeat (C positions 145-171 and 205-239), the rat type 2 repeat (C
positions 133-191), the human 05 repeat (C positions 292-324), and the mouse
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EC repeat (C positions 307-338). These matching sequences, especially the

shorter ones, could represent chance matches between random sequences, but

some could reflect short regions of true homology (i.e. descent from a common

ancestral sequence). It is difficult to satisfactorily discriminate between
these possibilities, either statistically or functionally, so all observed

matches are listed in Figure 4 and Table I. These data clearly show that

none of the mammalian SINES are homologous throughout their length to the C
repeat, but one cannot rule out the possibility that some short segments of

the C repeat are derived from sequences now found in other mammalian SINES.

5) A Conserved Sequence in Many Mammalian SINES

Figure 4 shows that nucleotides 179 to 202 of the C repeat matches with
DNA segments from both type 1 (Alu) and type 2 repeats. These matches are

outside the previously noted homology between hamster type 1 and type 2 (29).
The dot plots in Figure 3 also show that this region of the C repeat matches
at least partially with all the sequences compared except mouse EC. After

deriving a preliminary consensus, we searched other SINES for this sequence
and in all instances we found a partial match, although the position varied
in every repeat family. An alignment of this segment of the C repeat with

the other repeat sequences examined is shown in Figure 5, and a consensus

sequence is derived from the alignment. The sequences on lines 2-5 are from

homologous regions of type 2 repeats, and the sequences on lines 6-8 are from
homologous regions of type 1 repeats, so these lines do not represent

comparisons between independent elements. This figure is a comparison among

Figure 3. A dot-plot comparison of mammalian SINE sequences. Matching
sequences are shown as descending diagonals of dots; these
patterns were produced using a program by Zweig (37), searching
for 12 matches in a window of 14 nucleotides. The light grids
occur at intervals of 50 nucleotides. The repeats are abbreviated
as the initials of the genus and species following by the name of
the repeat. The names and sources of the SINE sequences are:
rabbit C = OcC-Oryctolagus cuniculus C (figure 1), human Alu =
HsAlu = Homo sapiens Alu (26), mouse B2 variant = WdB2' - Mus
domesticus B2' (40), mouse B2 MdB2 = Mus domesticus B2 (28), rat
type 2 = rat dre 1 (41) - RnT2 = Rattus norvegius T2 (ref. 42; we
included the second intact element and an adjacent modified
element in the cluster of three repeats in the rat growth hormone
gene intron), mouse BI = MdB1 = Mus domesticus B1 (27), rat 3B5 -

Rn3B5 - Rattus norvegius 3B5 (43), human 05 - HsO5 = Homo sapiens
05 (31), mouse EC = MdEC = Mus domesticus EC (44), artiodactyl
short, abundant repeat - BdSil - Bovis domesticus SINE 1 (ref.
23; this repeat has been found in both cows and goats), hamster
type 1 = CcTl = Cricetus cricetus TI (45), and hamster type 2
CcT2 = Cricetus cricetus T2 (46). This nomenclature is based on
suggestions of Voliva et al. (11).
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Box A 50

AGGCCTGCTGCC GTGGCTCAATAGGCTAATCCT CCACCTTGCGGAGCGCCGGCATCCCATAI
1 GGCTG GGCGTGGTGGCTCACACCTGTAATCCCAGCACTTTG GGAGGCCGAG 51 HsAlu

72 TTGACTTATAGTTCCAC TTG 91 HsO5

Box B 100

CGGCACCRGGTTCTAGTYCCGGTTGGGCGCCGGATTCTGTC
36 GGTTGGAGCCCAGAGTCAGTC

1 50 200

CCGGTTGCTCCTCTTCCAGGCCAGCTCTCTGCTGTGGCCTAGGGAGTGCAGTGGAGGATGGCCCAAGTGCTTGGGCCCCTGCACCCGCATGGGAGACCAA OcC
CATGT 61 Rn3B5 125 GGAGTGTCTTGGAAGACAGCTACAGTG 151 MdB2

100 GCTCCGGTTCCACGGAA 116 MdB2' 75 AGTCGCTTAGTCCCTGGAAGCTC TGGTTC 103 Rn3B5
39 CTGCTCTTCCAG 50 224 GCGCTTACCTAGGAAGCGCA 243 245 GGCCC TGGGTTCGGTCCCCAGC TCCGAA 272 RnT2

141 CTCTTCCAGTCC 152 Rn3B5 68 CCCAGCAACCACAT GGTGGCTCA 90 1kB2
228 ACCCGAGATCTCTCCACTGCACT 250 HsAlu 65 CCCAGTATACACAT GGCACCTCG 87 MdB2'

28 CCCAGCACTC GGGAGGCAGA 47 MdB0
30 CCCAGCACTT TGGGAGGCCGA 50 H8Alu
68 CCCAGCAACCACAT GGTGGCTCA 90 RnT2

250

GRAAAAGCACCTGGCTCCTRGCTCCTTGCATCGGGYGTACNNYCAGCRCGGTGCGCCGGCTGYAGCGGC
27 MGAGCACCTGACTGCTCT TCCGAAGGTCCTGAG 60 Si B2

300

,GGCCATTGGAGGGTGAACCAACGGCAAAGGA 0cC

20 ACTGCTGATAA HsO5
106 ATTGGACATTGAAC 119 Rn5Al

350

AGACCTTTCTCTCTCTGTCTCTCTCTCTCACTGTCTCACTCTGCCTGTCA OcC
AGACATTTTTCTTCCTGAGACT 52 HsO5

1 CTCTCTCTCTCTCTCTCTCTCTCTCTCTCTCT 32 MdEC

Figure 4. Alignment of segments of mammalian SINES with the C repeat

sequence. The rabbit C repeat consensus sequence is given in the
first of each set of lines (OcC), and sequences shown to match in
the Figure 3 dot-plots are aligned underneath. The position of
each segment in its repeat element are given by the numbers before
and after the segment. Nomenclature and sources of sequence data
for the repeats are given in the legend to Figure 3.
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Table 1. Similarity of SINE Segments

Number of
Segment in Segment in matches ave.
C repeats SINE SINE compared -number of length of
(nts) Compared (nts) gaps segment % Similarity

3-53 HsAlu 1-51 28 50 56
22-41 HsO5 72-91 12 20 60
82-107 Rn3B5 36-61 18 26 69
109-125 MdB2 100-116 13 17 76
110-121 RnT2 39-50 11 12 92
113-124 Rn3B5 141-152 11 12 92
120-142 HsAlu 228-250 15 23 65
133-191 RnT2 224-272 31 54 57
145-171 MdB2 125-151 18 27 67
168-197 Rn3B5 75-103 17 29.5 58
179-202 MdB2 68-90 15 23.5 64
179-202 MdB2" 65-87 11 23.5 47
179-202 MdBl 28-47 14 22 64
179-202 HsAlu 30-50 15 22.5 67
179-202 RnT2 68-90 15 23.5 64
205-239 MdB2 27-60 20 34 59
276-289 RnSAl 106-119 11 14 78
292-324 HsO5 20-52 21 33 64
307-338 MdEC 1-32 28 32 88

OcC
Rn3B5
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% Match
0cC Consensus

OcC 178 CCCCTGCACCCGCATGGGAGACCAAGRAAA 207 - 78
MdB2 67 TCCCAGCAACCACAT GGTGGCTCACAACC 95 type 60 87
CcT2 64 TCCCAGCAACCACAT GGTGGCTCACMCC 92 2 60 87
RnT2 67 TCCCAGCAACCACAT GGTGGCTCACAACC 95 60 87
MdB2' 64 TCCCAGTATACACAT GGCACCTCGAMCT 92) 45 60
MdBI 27 TCCCAGCACTC GGGAGGCAGAGGCAG 52 type 64 80
CcTl 28 TCCCAGCACTC AGGAGGCAGAGGCAG 53 1 60 76
HsAlu 29 TCCCAGCACTT TGGGAGGCCGAGGTGG 55 63 75
HsAlu 87 AGCCTGG CCAACAT GGTGA,CCCGTCTC 116 49 49

AA
BdSil 45 TCCCAGGGACGG GGGAGCCT.GGCTG 73 45 57

GT
Rn3B5 85 TCCCTGGAAGCTC TGGTTGCTGGCATTGT 113 42 53
Rn5A1 54 TCCCACCAACA AT GGAGG AGTGTTCC 29 48 68
HsO5 282 TCCCA CAA,3 GAGATACAATTCA 318 36 46

CG GGGAATT:
Rn4A1 39 GCCCTTCAACTGWTGGATACAGAAATGT 70 54 54

GG
Consensus TCCCAGCAACCACATGGGAGGCAGAGATCC 78 -

C T T ARG
TT

BK ori GGAGGCAGAGGCGG
SV40 ori AGAGGCCGAGGCGG

Figure 5. Alignment of SINE sequences in a highly conserved region. The
numbers before and after the sequences refer to the nucleotide
position in the repeat element. A consensus sequence is derived
at the bottom and compared with sequences found at the origin of
replication of the papovaviruses BK (47) and SV40 (48). The
percentage of nucleotides that match the C repeat (OcC) or the
derived consensus for this segment is given in the columns at the
right of the figure. The Z match calculation was limited to the
region corresponding to 178-204 of OcC; the last 3 nucleotides
do not form a good consensus among these SINES. The sequences for
Rn4Al and Rn5A1 are from Whitney and Furano (43).

9 independent sets of sequences, and substantial matches are found among all

of them. The bovine IS-like repeat, BdSil (23), is a distinctly different

class of SINE from the retroposon type 1, type 2, and C repeats, but it

matches the consensus sequence for a 57% similarity. The rat repeats 3B5,

5A1, and 4A1 (43) are not obviously related to any other repeated sequences,

but they also match the consensus sequence (53%, 68%, and 54% similarity,

respectively). The rat 5A1 sequence is the complement of the published

sequence (43). These similarities are detected even though each rat repeat

has not been completely sequenced and it is not yet known whether or not the

repeats are long or short.

Ten of the last 14 nucleotides of the consensus in Figure 5 match with a

sequence found at the origin of replication of papovaviruses (47,48). The

last 4 nucleotides in Figure 5 do not match the replication origin, and the
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last 3 nucleotides are not highly conserved among SINES. However, the

primate Alu (nucleotides 29-55) and rodent type 1 repeats match the

replication origin sequence for 13 out of 14 nucleotides.

DISCUSSION

Structural variations among members of the rabbit C repeat family are of

two types: 1) base substitutions and small insertions or deletions, which

tend to be localized in two regions of the C repeat, and 2) large scale

truncations, which have only been observed to involve the 5' ends. The fact

that two regions of the C repeat (nucleotides 55-98 and 222-272) have

accumulated more mutations than has the rest of the repeat element suggests

that these regions are not required for the"activity" of C repeats, and

conversely that the remainder of the repeat has some "activity." This

"activity" could be limited to propagation of the C repeat (i.e. parasitic or

selfish DNA) or it could include some host function as well. If the C

repeats were simply "junk" DNA (inactive and functionless), then mutations

should accumulate at random positions within the repeat, not in localized

areas. Thus the nonrandom location of the bulk of the sequence changes

argues for some activity of C repeats, albeit not necessarily a function

advantageous to the whole cell. In this context it is interesting to note

that the primate Alu repeat located 5' to the ca-globin gene has diverged

less than the surrounding DNA in a comparison between the human and

chimpanzee sequences (49). In this case as well, the SINE is not behaving

like inactive DNA.

The two examples of truncated C repeats are both shortened from the 5'

end and begin in a stretch of repeating (CT)n. Truncation from the

5' end is also seen in the long interspersed repeats such as primate Kpn (15)

and mouse LlMd (11). In terms of the retroposon model for propagating

repeats, these truncated members could arise by insertion in the genome of an

incomplete reverse transcript. The repeat in clone pE3.4 fits this model

well because it still has flanking direct repeats (Figure 1) presumed to form

by repair after insertion at a staggered break.

Comparison of the C repeat consensus sequence with the sequences of other

mammalian SINES failed to reveal any obvious homology. The search included

all the common short repeats in humans (31), mouse (44) and rats (43). This

absence of homology confirms that C repeats are not AMu-like (30), nor are

they homologs of the rodent type 2 repeats or other known short repeats.

Other repeats, however, are found in common between different species. For
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example, the type 2 repeat is found at a high copy number in all rodents

examined -mouse (B2, ref. 28), Chinese hamster (type 2, ref. 46) and rat

(rat dre 1 or RnT2, ref. 41,42). Also, the type 1 or Alu-like sequence is

found in two rodents (mouse BL, ref. 27, and Chinese hamster type 1, ref.

45) and primates (Alu repeat, ref. 26), but no Alu-hybridizing DNA was

detected in rabbit genomic DNA (30). The absence of a type 1 repeat in

rabbits suggests either that the type 1 repeat entered (or actively progagated

in) the primate and rodent genomes separately or that it was lost from the

rabbit genome. These events apparently occurred after the divergence of the

lagomorph lineage from other mammals. The type 1 repeats and the C repeats

are not stable, long-standing repetitive elements of the mammalian genome.

The type 1 repeat is the only SINE so far found in species from more than one

mammalian order.

Short segments of C repeat DNA do match with sequences from other

repetitive elements. For example, the mouse EC repeat, which is a simple

repeat of the dinucleotide CT, matches with the C repeat from nucleotides

307-338. Other matches involve parts of human Alu, mouse B2, human 05, and

other repeats, but the matching sequences are usually from different regions

within each repeat. A scrambled arrangement of sequences has been described

previously for a comparison between mouse B2 and Bi repeats (28) and a rat

type 2 repeat (clone lB12, ref. 43). Also, the primate Kpn repeats contain

permuted clusters of sequences (9). Earlier reassociation kinetics studies

suggested that mouse (50) and Syrian hamster (51) DNA contain permuted

clusters of repeats. The patches of matching sequences seen in the SINE

comparisons in Figure 3 could result from an exchange of short DNA segments

(30 to 50 bp) between different repeat members by recombination. After the

sequences were acquired, they could become scrambled within the SINE, just as

segments of the long interspersed repeats have been permuted within the

repeat.

One segment of DNA, corresponding to C repeat nucleotides 178-204, has

been observed in all SINES examined. This sequence is usually not part of a

longer sequence that matches between two repeats, which suggests that it may

be an independent element. Some clues as to a potential function for this

conserved sequence may be gleaned from comparing it to sequences shown to be

required for SINE transcription. The conserved sequence is found in two

positions in the human Alu repeat. One position (nucleotides 29-52) is 3' to

the RNA polymerase III promoter box A and is partially included in the

segment required for enhancing transcriptional activity of the repeat (52).
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Perhaps the conserved sequence plays a common role in transcription of many

SINES. However, the conserved sequence is not located adjacent to an RNA

polymerase III box A in all SINES.

The match between the 3' portion of the SINE conserved sequence and the

DNA segment at the replication origin of some mammalian viruses suggests that

the SINES may be involved in DNA replication. Such a sequence match and

proposal has been made previously for primate Alu repeats (53) and the

artiodactyl BdSil repeat (23). Recently it was demonstrated that Alu repeats

could serve as replication origins in an in vitro, T-antigen dependent DNA

synthesis assay (54). It would be informative to assay all the known SINES

in this system to determined which contained operational origins in vitro and

if the conserved sequence was required for this activity. If so, it is

possible that members of the different classes of SINES (IS-like and

retroposons) could serve as replication origins in different mammals. Of

course, more passive functions for SINES are still possible, such as

interrupting gene correction processes between duplication units (55).
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