Mammalian Genome 12, 779–786 (2001).
DOI: 10.1007/s003350020029
Incorporating Mouse Genome

© Springer-Verlag New York Inc. 2001

Short interspersed elements (SINEs) from insectivores. Two classes of
mammalian SINEs distinguished by A-rich tail structure
Olga R. Borodulina, Dmitri A. Kramerov
Laboratory of Eukaryotic Genome Evolution, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, 32 Vavilov Str.,
Moscow, 119991 Russia
Received: 12 December 2000 / Accepted: 31 May 2001

Abstract. Four tRNA-related SINE families were isolated from
the genome of the shrew Sorex araneus (SOR element), mole
Mogera robusta (TAL element), and hedgehog Mesechinus
dauuricus (ERI-1 and ERI-2 elements). Each of these SINEs families is specific for a single Insectivora family: SOR, for Soricidae
(shrews); TAL, for Talpidae (moles and desmans); ERI-1 and
ERI-2, for Erinaceidae (hedgehogs). There is a long polypyrimidine region (TC-motif) in TAL, ERI-1, and ERI-2 elements located immediately upstream of an A-rich tail with polyadenylation
signals (AATAAA) and an RNA polymerase III terminator (T4–6
or TCT3–4). Ten out of 14 analyzed mammalian tRNA-related
SINE families have an A-rich tail similar to that of TAL, ERI-1,
and ERI-2 elements. These elements were assigned to class T+.
The other four SINEs including SOR element have no polyadenylation signal and transcription terminator in their A-rich tail and
were assigned to class T−. Class T+ SINEs occur only in mammals,
and most of them have a long polypyrimidine region. Possible
models of retroposition of class T+ and T− SINEs are discussed.

Introduction
Short interspersed elements (SINEs) or short retroposons are 80–
400 bp repetitive DNA sequences that proliferate in eukaryotic
genomes via transcription followed by reverse transcription (Rogers 1985; Okada 1991). There is one or a few SINE families in
each mammalian species analyses. Usually 103 to 105 copies of a
SINE family can be found in the genome, and such copies feature
significant sequence variability (5–20%). SINEs contain a bipartite
(A and B boxes) promoter for RNA polymerase III (pol III) and
can be transcribed with this enzyme. 5⬘-region of most SINEs
shows reasonable sequence similarity to certain tRNAs commonly
considered as their ancestor. Such tRNA-derived SINEs are not
just pseudogenes of tRNAs, but have a composite structure that
includes a tRNA-related region, a tRNA-unrelated region, and an
A-rich tail. Instead of the A-rich sequence, SINEs of some families
have a tail consisting of short repeats, for example TGG (Yoshioka
et al. 1993), G(T/A)TTCTAT or GAT(T/A)ATCTAT (Ogiwara et
al. 1999). About 25 SINE families are recognized as tRNA-derived
SINEs; they were found in vertebrates, invertebrates, and plants
(Okada and Ohshima 1995). In addition to tRNA-derived SINEs,
there are 7SL RNA-derived ones such as rodent B1 and primate
Alu elements (Labuda and Zietkiewicz 1994).
Recently SINEs were proposed as phylogenetic markers and
proved quite reliable for genotyping middle rank taxa—families
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and orders. The species sharing the same SINE family (Serdobova
and Kramerov 1998) or a SINE inserted in the same locus (Shedlock and Okada 2000) are considered as related. For example, ID,
a SINE family specific to rat, mouse, and hamster, is present also
in the guinea pig genome (Martignetti and Brosius 1993; Kim et al.
1994). These data prove that guinea pig is a rodent, although some
authors (Graur et al. 1991) challenge the relationships between this
species and typical rodents. The finding of B1-dID SINE family in
the genome of both squirrels and dormice demonstrates that these
two rodent families are closely related and that dormice should not
be assigned to myomorph rodents owing to the absence of B1-dID
elements in their genomes (Kramerov et al. 1999). The presence or
absence of CHR-1 and CHR-2 SINEs at particular orthologous loci
prove that whales form a clade within even-toed ungulates (Shimamura et al. 1997). Similar analysis of several copies of Alu
supports the African origin of humans (Stoneking et al. 1997).
Here we describe SINE families from the genomes of insectivores,
keeping in mind further phylogenetic analysis of these animals.
Insectivora is one of the most primitive orders of placental mammals, and their relations with other orders are important for understanding the mammalian phylogeny. Order Insectivora include
six families: hedgehogs (Erinacidae), shrews (Soricidae), moles
(Talpidae), tenrecs (Tenrecidae), solenodons (Solenodontidae),
and golden moles (Chrysochloridae). The first three families are
best known and widespread; hence, SINEs were primarily isolated
from these families. These findings significantly increase the number of known tRNA-derived SINEs in mammals, which allowed us
to generalize the data on conservative structures in mammalian
SINEs and recognize two SINE classes with different organization
of the tail.
Materials and methods
Specimens. Tissues of insectivores were provided by A. Bannikova (Biological Department, Moscow State University) and E. Lyapunova (Institute
of Developmental Biology, RAS, Moscow). Tissue samples from bats were
obtained by A. Borisenko (Zoological Museum, Moscow State University).
Liver samples from tree shrew and elephant shrew were donated by O.
Likhnova (Institute of Ecology and Evolution, RAS, Moscow) and S.
Popov (Moscow Zoo), respectively.
DNA was isolated from fresh or ethanol-fixed tissues (liver, kidney, or
muscle) by incubation with proteinase K followed by phenol/chloroform
extraction.

A-B PCR method. A-B PCR was carried out as described elsewhere
(Borodulina and Kramerov 1999). In brief, the reaction mixture (100 l)
contained 0.1 ng of genomic DNA and two 12-nucleotide primers specific
to A and B boxes of RNA pol III promoter consensus. After 27 PCR cycles
(95°C, 1 min; 34°C, 1 min; 72°C, 1 min) the amplified 30- to 40-bp DNA
fragments were isolated by electrophoresis in 5% NuSieve (FMC) agarose
gel. They were cloned and sequenced or radioactively labeled by PCR and
used for screening of the genomic libraries as described previously
(Borodulina and Kramerov 1999).
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Fig. 1. (A) The SOR element. Sequences of eight cloned copies are shown below the consensus. Sequences flanking the SINEs are shown in lower case,
and short direct repeats are underlined. The bipartite promoter of RNA pol III is boxed. Two primers (Sar 1 and Sar 2) used for sequencing and PCR
detection are shown below. GenBank accession numbers: AF195922–AF195929. (B) Three direct repeats in the tRNA-unrelated part of the SOR consensus
sequence. The consensus sequences of these three repeats are shown above. The level of similarity with the consensus is indicated near each repeat.

Library construction and screening. Libraries were prepared by cloning of genomic DNA digested with EcoRI and HindIII into pBluescript
SK+. Colony hybridization was carried out at 65°C in 4 × SSC, 0.5% SDS,
5×Denhardt’s solution, 0.1 mg/ml boiled herring sperm DNA, and 32Plabeled A-B PCR product. Filters were washed in 0.1% SSC, 0.1% SDS at
42°C, and positive colonies were detected by autoradiography.

PCR and labeled probe preparation. We used previously described
(Serdobova and Kramerov 1998) PCR technique to detect SINEs and prepare probes for dot- and blot-hybridization. The primers specific for each
SINE family (Figs. 1–4) were used. The PCR products were analyzed by
electrophoresis in 4% NuSieve agarose gel. The PCR product melted in a
gel slice with three volumes of TE (vol/wt) was used for radioactive labeling (Borodulina and Kramerov 1999).

Dot-blot. Genomic DNA (1 g) was incubated in 10 l of 0.5 M NaOH
for 1 h at 37°C, and 20 volumes of 6×SSC, 6% formaldehyde, and 0.025
NaH2PO4 were added. DNA was transferred onto a Hybond N membrane by using a standard dotter device. Hybridization and washing conditions were the same as for colony hybridization.

M

DNA sequencing. Some SINE copies were sequenced using specific
primers (Figs. 1–4). However, most copies were subcloned and sequenced
as double-stranded plasmid templates by using standard (M13) primers and
dideoxynucleotide method with Sequenase 2.0 (Amersham Life Science)
according to the manufacturer’s instructions, with modifications (Redston
and Kern 1994).

Results and Discussion
Isolation and structure of four insectivore SINE families. We used
A-B PCR to isolate SINEs from the genomes of English shrew
(Sorex araneus), large Japanese mole (Mogera robusta), and Daurian hedgehog (Mesichinus dauuricus, also known as Erinaceus
dauricus). The method is based on the presence of an internal

promoter for RNA pol III composed of boxes A and B, spaced by
30–35 bp in most SINEs. Total genomic DNA and two oligonucleotides specific to the boxes A and B were used as a template and
primers, respectively. The resulting 30- to 35-bp products obtained
for the above species were cloned and sequenced (data not shown).
Then the genomic libraries of each species were screened by using
an appropriate A-B PCR-product as a probe. DNA of certain positive clones which comprised 2–4% of the library was sequenced
either directly or after subcloning. Figure 1 presents a SINE family
SOR (after Soricidae, the family of Sorex araneus) as a nucleotide
sequence alignment of eight copies from the genome of the English shrew. Figure 2 shows aligned nucleotide sequences of five
complete and five truncated (owing to cloning) copies of TAL
(after Talpidae) SINE found in the genome of the large Japanese
mole. Finally, Figure 3 depicts an alignment of seven full-size and
two truncated copies of ERI-1 (after Erinaceidae) SINE from the
genome of the Daurian hedgehog.
One more SINE family from the Daurian hedgehog genome
was found by using a traditional method. The genomic library was
screened by hybridization with labeled total DNA of this species.
DNA from 30 positive clones was isolated, and some short DNA
inserts were used as a probe in blot-hybridization with all other
clones. This allowed us to divide all clones into several crosshybridizing groups. Sequence analysis of one of them introduced
a novel SINE family named ERI-2 (Figure 4).
SOR, TAL, ERI-1, and ERI-2 are typical SINEs: their copies
are divergent, flanked by short direct repeats, and end with A-rich
sequences with (in the case of TAL, ERI-1, and ERI-2) multiple
polyadenylation signals AATAAA. In some copies of these
SINEs, the A-rich tail is followed by a T4–6 or TCT3–4 sequence,
an efficient terminator for RNA pol III (Figs. 2–4). In addition,
there is a long TC-motif immediately upstream of the A-rich tail in
these three SINEs. On the other hand, there are no TC-motif,
AATAAA, and T>3 or TCT3–6 sequences in the SOR element.
It is quite probable that the above search for SINE families in
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Fig. 2. The TAL element. Sequences of ten cloned copies (five complete and five truncated) are shown below the consensus. Polyadenylation signals in
the consensus are underlined; possible RNA pol III terminators are underline with a wavy line. The cloning EcoRI site is indicated in four TAL clones.
For other designations see Fig. 1 GenBank accession numbers of the complete copies: AF195917–AF195921.

Fig. 3. The ERI-1 element. Sequences of seven cloned copies are shown below the consensus. The possible RNA pol III terminators are underlined with
a wavy line. For other designations see Figs. 1 and 2. GenBank accession numbers AF195903–AF195909.
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Fig. 4. The ERI-2 element. Sequences of 11 cloned copies (seven complete and four truncated) are shown below the consensus. The cloning HindIII site
is indicated in four (lower) clones. For other designations see Figs. 1 and 2. GenBank accession numbers of the complete copies: AF195910–AF195916.
Table 1. The mammalian species included in this study.
Order

Family

Scientific name

Common name

No.a

Insectivora

Soricidae

Sorex araneus
Sorex tundrensis
Sorex isodon
Sorex roboratus
Crocidura suaveolens
Suncus murinus
Neomys fodiens
Mogera robusta
Talpa altaica
Talpa europaea
Desmana moschata
Mesechinus dauuricus
Erinaceus concolor
Erinaceus amurensis
Erinaceus europaeus
Hemiechinus auritus
Neotetracus sinensis
Macroscelides proboscideus
Tupaia glis
Rousettus aegyptiacus
Eonycteris spelaea
Macroglossus sobrinu
Rhinolophus ferrumequinum
Myotis daubentoni

English shrew
—
—
—
scilly shrew
house shrew
European water shrew
large Japanese mole
Siberian mole
common mole
Russian desman
Daurian hedgehog
East European hedgehog
—
European hedgehog
long-eared hedgehog
Chinese gymnure
short-eared elephant shrew
common tree-shrew
Egyptian fruit bat
cave fruit bat
long-tongued fruit bat
greater horseshoe
Daubenton’s water bat

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Talpidae

Erinaceidae

Macroscelidae
Scandentia
Chiroptera

Pteropodidae

Rhinolophidae
Vespertilinidae
a

Numbering used in a dot-hybridization experiment (Fig. 5).

the three insectivore genomes is not exhaustive. The used approach, A-B PCR, is biased toward finding relatively young
tRNA-derived SINEs and could miss very old and diverged SINE
families [e.g., pan-mammalian MIR/CORE SINEs (Jurka et al.
1995; Gilbert and Labuda 2000)].

Distribution of the SINEs among insectivore species. We evaluated distribution of SOR, TAL, ERI-1, and ERI-2 SINE families
among various species by dot-hybridization. Labeled PCR products synthesized with SINE family-specific primers (Figs. 1–4)
were used as probes in the dot hybridization experiments. Genomic
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Fig. 5. Dot-hybridization of the labeled SINE probes (SOR, TAL, ERI-1,
and ERI-2) to the genomic DNA from insectivores and some other mammals. Each dot contains 1 g of genomic DNA. The order of DNA samples
is shown on the upper panel (see Table 1 for numbering, species names,
and taxonomy). The autoradiographies of the filters washed at 42°C are
shown in four lower panels.

DNA of the species from three insectivore families (Soricidae,
Talpidae, and Erinaceidae), as well as three other mammalian orders—Macroscelidea (elephant shrews), Scandentia (tree-shrews),
and Chiroptera (bats) probably related to insectivores (Carroll
1988)—were tested (Table 1). SOR element was found in all tested
Soricidae species (shrews), but not in the other species (Fig. 5).
The TAL element was detected only in Talpidae (moles and desmans). The ERI-1 and ERI-2 elements were found in all examined
representatives of family Erinaceidae (hedgehogs and gimnures),
but not in other species (Fig. 5). Washing the filters at higher
temperature (52°C) did not essentially change the intensity of hybridization signals (data not shown), suggesting the high level of
similarity of the analyzed SINEs within each insectivore family.
To increase the sensitivity of SINE detection, we also used
PCR with primers specific for each SINE family. This method
detects a single copy of SINE per genome. Using this approach, we
confirmed the conclusions of the dot-hybridization experiments
(data not shown).
Thus, dot-hybridization and PCR analysis showed that each of
the four described SINE families (SOR, TAL, ERI-1, and ERI-2)
is present in one of the three main families of insectivores. Most
likely these SINEs appeared after division of insectivores into
shrews (SOR), moles (TAL), and hedgehogs (ERI-1 and ERI-2),
but before the radiation within each of these families.
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Analysis of the consensus sequences. Figure 6 presents the consensus nucleotide sequences of all SINE families described in this
paper, as well as similar tRNAs that can be candidates for the
origin of these SINE families. In the case of SOR and TAL elements, two tRNAs (lysine and glycine) similar to the SINEs are
presented. Note the gaps introduced in the lysine and glycine
tRNAs alignment with the TAL element owing to a longer spacer
between A and B boxes in it (41 bp) as compared with most other
SINEs and tRNAs (31 bp). Elongation of the split promoter spacer
apparently took place during early evolution of the TAL element.
The level of sequence similarity between the insectivore SINEs
and tRNAs ranges from 47% to 58% (with indel of any length set
equivalent to a single nucleotide substitution). These values are
below those commonly reported for other SINEs (64–75%, 65%
on average). This may indicate that insectivore SINEs are the most
ancient known short retroposons except pan-mammalian CORE/
MIR SINE (Jurka et al., 1995; Gilbert and Labuda 2000). According to the above-mentioned family-specific distribution of the insectivore SINE families, the age of SOR, TAL, ERI-1, and ERI-2,
and the corresponding insectivore families is similar: paleontology
estimates the minimal age of shrews, moles, and hedgehogs as at
least 35, 45, and 60 million years, respectively (Carrol 1988). In
addition, the high level of divergence between SINEs and tRNAs
in insectivores might be owing to the high rate of nucleotide substitutions which can be expected in insectivores as mammals with
a short cycle of reproduction (Bromham et al. 1996). Another
possible explanation of low similarity between tRNAs and insectivore SINEs is the significant age of the tRNA-derived regions as
compared with other regions of these SINEs. SINE families described here could originate from a more ancient tRNA-derived
SINE(s) by acquisition of tRNA-unrelated regions. Similar models
have been proposed for the evolution of MIR/CORE (Gilbert and
Labuda 2000) and B2 (Serdobova and Kramerov 1998) SINE superfamilies.
The similarity between the SINEs and tRNA is uneven along
the molecules: it is high at the A and B box regions and virtually
absent at the tRNA termini forming the acceptor stem (Fig. 6). The
regions of a tRNA sequence have clearly different importance for
retroposon functioning. In addition, a tRNA sequence should accumulate many mutations to become an effective retroposon. On
the one hand, the selection may favor divergence between tRNA
and SINE sequences (e.g., transcripts of SINEs too similar to
tRNA could be deleterious owing to competition with tRNA). On
the other hand, the selection can introduce new short nucleotide
motifs favoring SINE retroposition. Such motifs can possibly interact with proteins important for retroposition.
The region preceding box A is 12–13 bp long and begins with
nucleotide G in all SINE families described here. In all cases, this
region contained a dinucleotide CT (Fig. 6, underline) starting at
position 5. There is a trinucleotide CCA 4–14 nucleotides downstream of box B in each of the insectivore SINE families. Ohshima
et al. (1993) believe that this trinucleotide found in many SINEs
originates from tRNA 3⬘-terminus. These authors also revealed
TGG trinucleotide located downstream of the CCA in several
SINEs. According to the model of Ohshima et al. (1993), this TGG
trinucleotide descends from the U5 region of long terminal repeats
of hypothetical retroviruses involved in the formation of tRNAderived SINE families. We have also found TGG (double underlined in Fig. 6) at a distance no more than 24 bp from CCA in all
SINEs described here. However, we believe that CCA and TGG
sequences are too short to judge their origin. It is possible that
these trinucleotides could form without any relation with tRNA
and retrovirus RNA. In any case, the fact that they are conserved
can be explained by their presumptive participation in protein
binding, which is important for SINE amplification.
Three other SINEs (but not SOR) have a long polypyrimidine
region (bold/italic in Fig. 6) immediately upstream of the A-rich
tail. TAL element has the longest polypyrimidine region, although
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Fig. 6. The consensus sequences of the SOR, TAL, ERI-1, and ERI-2 SINEs. Sequences of candidate ancestral tRNAs are aligned with the corresponding
SINEs (‘u’ is replaced by ‘t’ in RNA for simplicity; the conserved nucleotides are bold-faced). The level of identity is indicated near the corresponding
tRNA (tRNALys, lysine tRNACUU from rabbit liver; tRNAGly, glycine tRNACCC from human placenta). Bipartite RNA pol III promoters are boxed.
Conserved nucleotides of the SINEs are as follows: the first nucleotide G is shown in bold; the CT dinucleotide is underlined; the CCA is underlined with
a dotted line; the TGG is double underlined; polyadenylation signals, AATAAA, are underlined with a stroke-dotted line; potential RNA pol III terminators
are underlined with a wavy line. Long polypyrimidine regions (TC-motifs) are shown in bold italic. Three 23-bp repeats in the SOR element are overlined
with a dotted line. Identical nucleotides in ERI-1 and ERI-2 in the region between A and B boxes are bold-faced. The lower case in the consensus sequence
of the ERI-2 tail indicates that this sequence is present in the minor part of copies. R, A/G; Y, C/T; K, G/T; M, A/C; W, A/T.

there are single purine bases in its 5⬘ part. A-rich tail in each SINE
but SOR contains multiple polyadenylation signals—AATAAA
(underlined with a dot-and-dash line in Fig. 6) and a putative
terminator for RNA pol III: TTTT(T) or TCTTT (underlined with
a wavy line) located downstream of AATAAA. Note single base
substitutions in these T-blocks of several copies. Usually an oligo(A)-segment is immediately after the T-block. Such structure of
TAL, ERI-1, and ERI-2 tails is similar to that of the mouse B2
element described in detail (Krayev et al. 1982; Kramerov et al.
1985). Polymerase III transcription of B2 elements is terminated
on the TC(T)3–5 sequence (Haynes and Jelinek 1981), and the
resulting transcript (B2 RNA) is polyadenylated (Kramerov et al.
1982; 1990), apparently owing to the presence of several
AAUAAA sequences at the 3⬘-terminus of the nascent RNA. By
analogy with B2 element, we propose that transcription of TAL,
ERI-1, and ERI-2 elements terminates on the T-blocks, and the de
novo synthesized RNAs are polyadenylated owing to the polyadenylation signals at the 3⬘-end. Retroposition converts the poly(A)
tail of these RNA molecules to oligo(A)-segment at the end of a
new SINE copy in the genome. Although SOR element has an
oligo(A)-segment, there are neither polyadenylation signals nor
T-block transcriptional terminators in it. Probably this SINE uses
another way of transcriptional termination and posttranscriptional
processing than other SINEs described here. The SOR element has
one more peculiarity: its tRNA-unrelated region is composed of
three imperfect 23-bp repeats (Figs. 1B and 6). It is quite likely
that the tRNA-unrelated region of SOR resulted from two duplications followed by divergence of these three repeats.
Finally, there is a very unusual structure in ERI-1 element. In
contrast to other known SINEs, this element has two additional
internal TCTTT sequences (underlined by a wavy line in Figs. 4
and 6), potential terminators of RNA pol III transcription. These
sequences may prevent complete transcription of ERI-1 element,
which makes the above scheme of SINE transcription followed by
polyadenylation hardly applicable to ERI-1 unless these internal
terminators are inactive (e.g., the efficiency of a terminator can be
sequence context-dependent). In ERI-1, two internal TCTTT sites
are flanked by long polypyrimidine sequences, while the end terminator is located within a purine-rich sequence.

Comparison of the insectivore SINEs with other tRNA-related
SINEs. Two classes of mammalian SINEs. Only four SINE families (C, Can, DIP, and VES SINEs) containing a long polypyrimidine region (TC-motif) have been reported (Table 2). Here we
describe three more SINEs families (TAL, ERI-1, and ERI-2) with
the long TC-motif as well. Thus, the presence of a TC-motif in
tRNA-related SINEs is a rather regular phenomenon. Polypyrimidine motifs not associated with SINEs are common in the genomes; apparently they interact with polyfunctional proteins of
hnRNP family. The different binding specificities within this protein family have been shown: hnRNP J and K are specific to
poly(C) sequences, while hnRNP I (or PBP) binds polypyrimidine
regions (Dreyfuss et al. 1993; Singh et al. 1995). Binding of these
proteins to DNA influences transcription (Lee et al. 1996). Thus,
a long TC-motif in SINEs can also affect activity of the neighboring genes or the proper SINE as well.
How common are the revealed conserved nucleotide sequences
(structural elements) in SINEs? In order to answer this question,
we compared all known mammalian tRNA-related SINEs (Table
2). SINEs of all 14 families start with G nucleotide. All except two
mammalian SINE families have a dinucleotide CT in their head
part located upstream of the first box of the RNA pol III promoter.
Trinucleotide CCA, which presumably originates from the 3⬘-end
of a parental tRNA, is present in 9 out of 14 SINE families (Table
2). Eleven out of 14 SINEs have a trinucleotide TGG located not
far downstream of the CCA. Analysis of the available tail part
structures suggests that the sequences AATAAA, TC(T)3–6 or T>3,
and oligo(A)-segment either are present in tRNA-related SINEs
together or are absent (Table 2). We designated these structural
variants of SINEs as classes T+ and T−, respectively (Fig. 7).
Most mammalian tRNA-related SINEs belong to class T+; only
4 out of 14 SINE families presented in Table 2 were assigned to
class T−. At the same time, all 7SL RNA-related SINEs (Kramerov
and Vassetzky 2001 and references therein)—primate Alu, galago
type II SINE, rodent B1, MEN, B1-dID, and RSINE-2—can be
assigned to class T− (note that all these SINEs except B1 are
dimeric).
Class T+ is specific for mammals only: all 14 non-mammalian
SINE families isolated from fish (SmaI, FokI, HpaI, AvaI, AFC,
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Table 2. Conserved nucleotides in mammalian tRNA-related SINE families.
Mammalian orders

SINE families

G

CT

CCA

TGG

TC motif

AATAAA

TCT3–6 or T>3

Insectivora

SOR
TAL
ERI-1
ERI-2
VES
C
B2
DIP
ID
Can
ERE-1
PRE-1
CHR-1a
CHR-2

+
+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
−
+
+
−
+
+

+
+
+
+
−
−
+
+
+
−
−
−
+
+

+
+
+
+
+
+
+
+
−
+
−
+
−
−

−
+
+
+
+
+
−
+
−
+
−
−
−
−

−
+
+
+
+
+
+
+
−
+
+
−
−
+

−
+
+
+
+
+
+
+
−
+
+
−
−
+

Chiroptera (bats)
Lagomorpha (rabbits)
Rodentia

Carnivora
Perissodactyla (horses)
Artiodactyla
Artiodactyla and Cetacea
(even-toed ungulates and whales)

(50%)
(50%)
(30%)
(40%)
(25%)
(70%)
(50%)
(30%)
(80%)

(30%)

The localization of conserved nucleotides (structural elements) in SINEs is shown in Fig. 7. The percent of copies with an intact pol III terminator (TCT3–6 or T>3) is indicated
for each SINE family of class T+.
References: VES, (Borodulina and Kramerov 1999); C, (Krane et al. 1991); B2, (Krayev et al. 1982; Kramerov et al., 1985); DIP, (Serdobova and Kramerov 1998); ID, (Kim
et al. 1994); Can, (van der Vlugt and Lenstra 1995; Bentolila et al. 1999); ERE-1, (Sakagami et al. 1994); PRE-1, CHR-1, and CHR-2, (Shimamura et al. 1999).
a
CHR-1 consists of subfamilies of three types (Shimamura et al. 1999). Types I and II have a class T− tail, whereas type III has a class T+ tail (it contains AATAAA sequence
and there is the T>3 sequence in about 40% of copies).

by the Russian Foundation for Basic Research (grants 96-04-49536 and
99-04-49177).
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Figure 7. Diagram of class T+ and T− SINEs.

and HER), reptile (TortPolIII), mollusk (SK, OR1, OR2, OK4),
insect (Bm), and plant (TS, p-SINE1) genomes belong to class T−.
It is of interest that long TC-motif is present in the majority (7 out
of 10) of class T+ SINE families (Table 2) and is not found in class
T− SINEs of both mammalian and non-mammalian species.
Note that the tails of many class T+ SINE copies differ from
the typical structure. The most conserved structural element is the
polyadenylation signal (AATAAA) present in virtually all copies.
SINE copies without the regular oligo(A)-segment are rare. Copies
with the intact pol III terminator (TCT3–6 or T>3) are even less
frequent. Table 2 shows a proportion of the copies with the intact
terminator for each class T+ family. The lowest value is specific
for rabbit C element (25%), while horse ERE-1 (80%) and rodent
B2 (70%) have top values. We believe that actively amplified
copies of class T+ SINEs have a canonical structure. Some spoiled
terminators have single nucleotide substitutions. Relatively rare
copies have no T-block at all, which may result from unusual
retropositional events.
We believe that functioning of the canonical class T+ SINE tail
goes as follows: transcription stops at the T-block, and then the
AAUAAA signal in the de novo synthesized RNA provides for its
polyadenylation; finally, during retroposition the poly(A) of this
RNA is transformed to the oligo(dA)-segment located at the end of
the new genomic copy of the SINE. Functioning of a class T−
SINE tail is less clear. Perhaps the transcription stops on an unusual pol III terminator [for example, sequence ATATATATT was
proposed as a terminator in salmon Sma I SINE (Matsumoto et al.
1989)]. Alternatively, transcription expands far from a SINE and
stops on an occasional T-block in a flanking sequence. Then the
3⬘-terminal U-segment may match A-rich region of the SINE transcript and serve as a primer for reverse transcription, forming a
new SINE copy (Schmid and Maraia 1992; Shen et al. 1997).
Acknowledgments. We are grateful to Drs. A. Bannikova, E. Lyapunova,
A. Borisenko, O. Likhnova, and S. Popov for providing animals or tissues,
and to Dr. N. Vassetzky for helpful discussion. This study was supported

Bentolila S, Bach JM, Kessler JL, Bordelais I, Cruaud C, et al. (1999)
Analysis of major repetitive DNA sequences in the dog (Canis familiaris) genome. Mamm Genome 10, 699–705
Borodulina OR, Kramerov DA (1999) Wide distribution of short interspersed elements among eukaryotic genomes. FEBS Lett 457, 409–413
Bromham L, Rambaut A, Harvey PH (1996) Determinants of rate variation
in mammalian DNA sequence evolution. J Mol Evol 43, 610–621
Carrol RL (1988) Vertebrate Paleontology and Evolution. (New York:
Freeman and Company)
Dreyfuss G, Matunis MJ, Pinol-Roma S, Burd CG (1993) hnRNP proteins
and the biogenesis of mRNA. Annu Rev Biochem 62, 289–321
Gilbert N, Labuda D (2000) Evolutionary inventions and continuity of
CORE-SINEs in mammals. J Mol Biol 298, 365–377
Graur D, Hide WA, Li W-H (1991) Is the guinea-pig a rodent? Nature 351,
649–652
Haynes SR, Jelinek WR (1981) Low molecular weight RNAs transcribed
in vitro by RNA polymerase III from Alu-type dispersed repeats in
Chinese hamster DNA are also found in vivo. Proc Natl Acad Sci USA
78, 6130–6134
Jurka J, Zietkiewicz E, Labuda D (1995) Ubiquitous mammalian-wide
interspersed repeats (MIR) are molecular fossils from the Mesozoic era.
Nucleic Acids Res 23, 170–175
Kim J, Martignetti JA, Shen MR, Brosius J, Deininger P (1994) Rodent
BC1 RNA gene as a master gene for ID element amplification. Proc Natl
Acad Sci USA 91, 3607–3611
Kramerov DA, Vassetzky NS (2001) Structure and origin of a novel dimeric retroposon B1-dID. J Mol Evol 52, 137–143
Kramerov DA, Lekakh IV, Samarina OP, Ryskov AP (1982) The sequences homologous to major interspersed repeats B1 and B2 of mouse
genome are present in mRNA and small cytoplasmic poly(A) + RNA.
Nucleic Acids Res 10, 7477–7491
Kramerov DA, Tillib SV, Ryskov AP, Georgiev GP (1985) Nucleotide
sequence of small polyadenylated B2 RNA. Nucleic Acids Res 1, 6423–
6437
Kramerov DA, Tillib SV, Shumyatsky GP, Georgiev GP (1990) The most
abundant nascent poly(A) + RNAs are transcribed by RNA polymerase
III in murine tumor cells. Nucleic Acids Res 18, 4499–4506
Kramerov D, Vassetzky N, Serdobova I (1999) The evolutionary position
of dormice (Gliridae) in Rodentia determined by a novel short retroposon. Mol Biol Evol 16, 715–717
Krane DE, Clark AG, Cheng JF, Hardison RC (1991) Subfamily relationships and clustering of rabbit C repeats. Mol Biol Evol 8, 1–30
Krayev AS, Markusheva TV, Kramerov DA, Ryskov AP, Skryabin KG et
al. (1982) Ubiquitous transposon-like repeats B1 and B2 of the mouse
genome: B2 sequencing. Nucleic Acids Res 10, 7461–7475

786
Labuda D, Zietkiewicz E (1994) Evolution of secondary structure in the
family of 7SL-like RNAs. J Mol Evol 39, 506–518
Lee MH, Mori S, Raychaudhuri P (1996) trans-Activation by the hnRNP K
protein involves an increase in RNA synthesis from the reporter genes.
J Biol Chem 271, 3420–3427
Martignetti JA, Brosius J (1993) Neutral BC1 RNA as an evolutionary
marker: guinea pig remains a rodent. Proc Natl Acad Sci USA 90,
9698–9702
Matsumoto K, Takii T, Okada N (1989) Characterization of a new termination signal for RNA polymerase III responsible for generation of a
discrete-sized RNA transcribed from salmon total genomic DNA in a
HeLa cell extract. J Biol Chem 264, 1124–1131
Ogiwara I, Miya M, Ohshima K, Okada N (1999) Retropositional parasitism of SINEs on LINEs: identification of SINEs and LINEs in elasmobranchs. Mol Biol Evol 16, 1238–1250
Ohshima K, Koishi R, Matsuo M, Okada N (1993) Several short interspersed repetitive elements (SINEs) in distant species may have originated from a common ancestral retrovirus: characterization of a squid
SINE and a possible mechanism for generation of tRNA-derived retroposons. Proc Natl Acad Sci USA 90, 6260–6264
Okada N (1991) SINEs. Curr Opin Genet Dev 1, 498–504
Okada N, Ohshima K (1995) Evolution of tRNA-derived SINEs. In RJ
Maraia (ed) The Impact of Short Interspersed Elements (SINEs) on the
Host Genome. (Austin, TX: RG Landes Company), pp 61–79
Redston MS, Kern SE (1994) Klenow co-sequencing: a method for eliminating “stops”. Biotechniques 17, 286–288
Rogers JH (1985) The origin and evolution of retroposons. Int Rev Cytol
93, 187–279
Sakagami M, Ohshima K, Mukoyama H, Yasue H, Okada N (1994) A
novel tRNA species as an origin of short interspersed repetitive elements

O.R. Borodulina, D.A. Kramerov: Insectivore SINEs
(SINEs). Equine SINEs may have originated from tRNA(Ser). J Mol
Biol 239, 731–735
Schmid C, Maraia R (1992) Transcriptional regulation and transpositional
selection of active SINE sequences. Curr Opin Genet Dev 2, 874–882
Serdobova IM, Kramerov DA (1998) Short retroposons of the B2 superfamily: evolution and application for the study of rodent phylogeny. J
Mol Evol 46, 202–214
Shedlock AM, Okada N (2000) SINE insertions: powerful tools for molecular systematics. Bioessays 22, 148–160
Shen MR, Brosius J, Deininger PL (1997) BC1 RNA, the transcript from
a master gene for ID element amplification, is able to prime its own
reverse transcription. Nucleic Acids Res 25, 1641–1648
Shimamura M, Yasue H, Ohshima K, Abe H, Kato H et al. (1997) Molecular evidence from retroposons that whales form a clade within eventoed ungulates. Nature 388, 666–670
Shimamura M, Abe H, Nikaido M, Ohshima K, Okada N (1999) Genealogy of families of SINEs in cetaceans and artiodactyls: the presence of
a huge superfamily of tRNA(Glu)-derived families of SINEs. Mol Biol
Evol 16, 1046–1060
Singh R, Valcarcel J, Green MR (1995) Distinct binding specificities and
functions of higher eukaryotic polypyrimidine tract-binding proteins.
Science 268, 1173–1176
Stoneking M, Fontius JJ, Cliffird SL, Soodyall H, Arcot SS et al. (1997)
Alu insertion polymorphisms and human evolution: evidence for a large
population size in Africa. Genome Res 7, 1061–1071
van der Vlugt HH, Lenstra JA (1995) SINE elements of carnivores. Mamm
Genome 6, 49–51
Yoshioka Y, Matsumoto S, Kojima S, Ohshima K, Okada N, Machida Y
(1993) Molecular characterization of a short interspersed repetitive element from tobacco that exhibits sequence homology to specific tRNAs.
Proc Natl Acad Sci USA 90, 6562–6566

