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Abstract

SmaI is a short interspersed element (SINE) of the salmon genome, and is derived from tRNALys. We probed the secondary structure of SmaI
SINE RNA by enzymatic cleavage and found that the RNA structure comprises three separate domains. The 5′-terminal region (the 5′ domain)
forms a tRNA-like cloverleaf structure, whereas the 3′-terminal region (the 3′ domain) forms an extended stem-loop. The loop region is thought to
be recognized by the reverse transcriptase (RT) encoded by the long interspersed element (LINE). The two structural domains are linked by a
single-stranded region (the linker domain). Our melting profile analyses indicated the presence of two structural domains having different thermal
stabilities, thus supporting the domain composition described above. Based on these results, we discuss the structural generality and evolutionary
advantage of the domain composition of SINE RNA.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Short interspersed elements (SINEs) and long interspersed
elements (LINEs; also called non-long terminal repeat (non-
LTR) retrotransposon) are transposable elements in eukaryotic
genomes that mobilize through an RNA intermediate. These
elements are first transcribed into RNA, which is then reverse-
transcribed into complementary DNA (cDNA) that is subse-
quently integrated at a new location within the host genome.
This “copy and paste” mechanism is called retrotransposition, a
process that expands the number of SINEs and LINEs such that
they often occupy a considerable portion of a eukaryotic ge-
nome. For example, there are ∼1,500,000 copies of SINEs and

∼850,000 copies of LINEs in the human haploid genome,
which comprise ∼13% and ∼21% of the genome, respectively
(Lander et al., 2001). Furthermore, these elements also are
thought to have a significant impact on the evolution and
complexity of eukaryotic genomes (Moran and Gilbert, 2002;
Kazazian, 2004).

LINEs are approximately 4–7 kilobase pair (kbp) long and
encode an endonuclease (EN) and a reverse transcriptase (RT),
both of which are required for LINE retrotransposition (Xiong
and Eickbush, 1988a; Xiong and Eickbush, 1988b; Martin et
al., 1995; Feng et al., 1996; Moran et al., 1996). The LINE
protein is thought to bind its own RNA and return to the
nucleus. The LINE EN creates a nick in the DNA of the host
genome, and the LINE RT initiates reverse transcription of its
own RNA from the 3′ hydroxyl group generated by this nick
(Luan et al., 1993; Cost et al., 2002). Thus, reverse transcription
is coupled with the target site cleavage, a process called target-
primed reverse transcription (TPRT) (Luan et al., 1993). The
newly synthesized LINE copy is integrated into the host ge-
nome by TPRT. In contrast, SINEs are relatively short (approx-
imately 100–500 bp) and do not encode proteins required for
their own retrotransposition. Typical SINEs are composed of
two parts, a tRNA-related region and a tRNA-unrelated region,
except for human SINE Alu and mouse SINE B1, which have a
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7SL RNA-related region instead of the tRNA-related region
(Weiner, 1980; Ullu and Tschudi, 1984; Okada, 1991a,b). Re-
cently, a novel class of SINEs, which has a 5S rRNA-related
region instead of the tRNA-related region, was also found in
the zebrafish genome (Kapitonov and Jurka, 2003). The tRNA-
related region of SINEs derives from a host tRNA, and includes
an RNA polymerase III-dependent internal promoter. In the
tRNA-unrelated region, the 3′ tails of some SINEs are almost
identical to those of certain LINEs (Ohshima et al., 1996;
Okada et al., 1997).

Recent experiments provide evidence for the SINE amplifi-
cation mechanism. We previously isolated a SINE and LINE
from the eel genome, named UnaSINE1 and UnaL2, respec-
tively, which have a common 3′ tail of ∼60 bp (Kajikawa et al.,
2005). Using these elements, we showed that UnaL2 can retro-
transpose in cultured HeLa cells and that the conserved 3′ tail
of UnaL2 is required for its own retrotransposition (Kajikawa
and Okada, 2002). We also showed that UnaL2 can recognize
the conserved 3′ tail of UnaSINE1 in trans and mobilize a
transcript that has the 3′ tail of UnaSINE1 (Kajikawa and
Okada, 2002). These results indicate that SINEs are mobilized
by LINEs through their conserved 3′ tails. Human LINE L1 can
mobilize human SINE Alu via the poly A tail at the 3′ end,
although L1 and Alu have no such common 3′ tails (Dewan-
nieux et al., 2003).

During amplification, the UnaL2 RT appears to bind to the
conserved 3′ tail of UnaSINE1 (and UnaL2) RNA, recognizing
a specific structure (Kajikawa and Okada, 2002; Baba et al.,
2004). In addition, SINE RNAs bind to proteins other than the
LINE protein in cells. For example, SRP9/14 proteins of the
signal recognition particle bind to Alu RNA (Sarrowa et al.,
1997), and this binding is proposed to increase the retrotran-
sposition efficiency of Alu SINE (Boeke, 1997; Dewannieux et
al., 2003). Thus, SINE RNA structure dictates protein binding
specificity, thereby influencing SINE retrotransposition effi-
ciency. Little is known, however, about SINE RNA structure.
To address this issue, we used RNA of the salmon SINE, SmaI,
the 3′ tail of which is quite similar to that of UnaL2 and
UnaSINE1 (Kajikawa et al., 2005). We used enzymatic cleav-
age to probe the RNA secondary structure of SmaI. We also
obtained additional structural information by measuring ther-
mal melting profiles of several SINE RNAs.

2. Materials and methods

2.1. RNA preparation

The full-length SmaI sequence was amplified from chum
salmon (Oncorhynchus keta) genomic DNA by PCR using
primers SmaT7F (5′-CTAATACGACTCACTATAGGTCCT-
TCTGTAGCTCAGT-3′) and SmaAseIR (5′-TTTTGTTAT-
TAATATGCCATTTAGCAGACG-3′). The PCR product (T7
promoter and full-length SmaI) was subcloned into pUC18/
SmaI, and the resulting plasmid containing the SmaI consensus
sequence (Kido et al., 1991) was designated pSmaT7. The
pSmaT7 plasmid was used to generate full-length SmaI RNA.
We altered the C to T at position 80 relative to the 5′ end of

SmaI in pSmaT7 using QuikChange Site-directed Mutagenesis
kit (Stratagene, USA), producing an NdeI site (CATACG to
CATATG). The resulting plasmid was designated pSmaH and
was used to prepare the 5′ domain RNA of SmaI. The 3′
domain of SmaI was amplified from the pSmaT7 DNA by
PCR using primers Sma1Fsl3F (5′-CTAATACGACTCACTA-
TAGTATGCACACATGACTGTAAG-3′) and SmaAseIR. The
PCR product was cloned in the pUC18/SmaI vector. The result-
ing plasmid was designated pSmasl3 and was used to prepare
the 3′ domain RNA of SmaI. Using primers M13M4 (5′-
GTTTTCCCAGTCACGAC-3′) and M13RV (5′-CAGGAAA-
CAGCTATGAC-3′), we amplified the SmaI sequences (and the
T7 promoter) by PCR from pSmaT7, pSmaH or pSmasl3 and
then digested the PCR products with AseI (pSmaT7 and
pSmasl3) or NdeI (pSmaH). SmaI RNAs were transcribed
from the resulting DNA fragments using the AmpliScribe T7
Transcription kit (Epicentre Technologies, USA) according to
the manufacturer's instructions. The transcribed RNA was pu-
rified by 7 M urea/10% polyacrylamide gel electrophoresis
(PAGE).

The full-length HpaI SINE sequence was amplified from
masu salmon (Oncorhynchus masou) genomic DNA by PCR
using primers HpaF-T7 (5′-CTAATACGACTCACTATAGG-
GGGCGGCAGGGTAG-3′) and HpaStuR (5′-TTTAGGCC-
TTTATTTAACTAGGCAAGTC-3′). The PCR product was
cloned into the pUC18/SmaI vector, and the resulting plasmid
containing the HpaI general consensus sequence (Kido et al.,
1995) was designated as pHpaIT7Gcons. The HpaI sequence
(and the T7 promoter) was amplified from pHpaIT7Gcons
DNA by PCR using primers M13M4 and M13RV, and the
PCR product was digested with StuI. The full-length HpaI
RNAwas prepared from the resulting fragment by T7 transcrip-
tion as described above.

The full-length UnaSINE2 sequence was amplified from the
plasmid UnaSINE2-8 (Accession number AB179634; Kaji-
kawa et al., 2005) DNA by PCR using primers UnaS2FT7
(5′-CTAATACGACTCACTATAGGGGGCGATATAGCTC-
AG-3′) and UnaS2DraR (5′-ACTTTAAATGGTAAATGGA-
CTGCA-3′). The PCR product was cloned in the pUC18/SmaI
vector, and the resulting plasmid was designated as pUnS2T7.
The UnaSINE2 sequence (and the T7 promoter) was amplified
from pUnS2T7 DNA by PCR using primers M13M4 and
M13RVand was digested with DraI. The full-length UnaSINE2
RNA was prepared from the resulting DNA fragment by T7
transcription as described above.

2.2. Enzymatic probing

The enzymatic reactions were carried out essentially as
described by Felden et al. (1997). 5′ and 3′ end-labeled
RNAs were prepared as described Felden et al. (1997) and
purified by 7 M urea/10% PAGE. Prior to the enzymatic diges-
tion, the labeled RNAwas heated at 85 °C for 3 min and cooled
slowly to 20 °C in the reaction buffer as below. Digestion with
the various ribonucleases (V1, S1, and T1) was performed on
both 5′- and 3′-labeled RNAs (10,000–20,000 cpm per reac-
tion, depending on the experiments) supplemented with 1 μg
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