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ABSTRACT

The eel long interspersed element (LINE) UnaL2
and its partner short interspersed element (SINE)
share a conserved 30 tail that is critical for their
retrotransposition. The predicted secondary struc-
ture of the conserved 30 tail of UnaL2 RNA contains
a stem region with a putative internal loop.
Deletion of the putative internal loop region abol-
ishes UnaL2 mobilization, indicating that this
putative internal loop is required for UnaL2 retro-
transposition; the exact role of the putative internal
loop in retrotransposition, however, has not been
elucidated. To establish a structure-based founda-
tion on which to address the issue of the putative
internal loop function in retrotransposition, we used
NMR to determine the solution structure of a 36 nt
RNA derived from the 30 conserved tail of UnaL2.
The region forms a compact structure containing
a single bulged cytidine and a U–U mismatch.
The bulge and mismatch region have conforma-
tional flexibility and molecular dynamics simula-
tion indicate that the entire stem of the 30 conserved
tail RNA can anisotropically fluctuate at the bulge
and mismatch region. Our structural and mutational
analyses suggest that stem flexibility contributes
to UnaL2 function and that the bulged cytidine
and the U–U mismatch are required for efficient
retrotransposition.

INTRODUCTION

Long interspersed elements (LINEs) and short interspersed
elements (SINEs) are mobile genetic elements that transpose
through an RNA intermediate. LINEs and SINEs exist in
many kinds of eukaryotic genomes where they constitute a

significant portion of the host genomic DNA. For example,
the haploid human genome contains �850 000 LINE copies
and 1 500 000 SINE copies, which cover �21 and �13% of
the human genome, respectively (1). In addition, LINEs
and SINEs are thought to have a large impact on the com-
plexity and evolution of eukaryotic genomes (2).

LINEs and SINEs are first transcribed into RNA, which is
then reverse transcribed into complementary DNA that is
subsequently integrated into a new location within the host
genome. This ‘copy-and-paste’ mechanism is called retro-
transposition and the number of these elements expands by
this process. LINEs encode an endonuclease (EN) and a
reverse transcriptase (RT), each of which is required for
LINE retrotransposition (3–7). The LINE-encoded EN nicks
a target site DNA, thereby generating a free 30-OH group;
the LINE-encoded RT then reverse transcribes its own
RNA using the 30-OH as a primer (8,9). This process by
which a LINE element is integrated into a host genomic
DNA is termed target-primed reverse transcription (TPRT).
LINE-encoded proteins should distinguish their own RNA
from host mRNAs so that the LINE RNA is selectively
reverse transcribed. Some LINE-encoded proteins recognize
their respective LINE RNAs through a specific sequence in
the 30-terminal tail (10–12). However, the structural basis
by which a LINE protein recognizes a respective LINE
RNA has not been elucidated. The mammalian LINE, L1,
which recognizes its own RNA through a poly A tail without
a specific sequence at the 30 tail (7,13,14), is the only excep-
tion, although the mechanism by which the L1 RT distin-
guishes its own RNA from endogenous host mRNAs also
has not been elucidated.

SINEs differ from LINEs in that they do not encode any
protein(s) required for their own retrotransposition. However,
many SINEs and LINEs share a common 30 tail sequence and
research has shown that these SINEs utilize this common
30 tail sequence to exploit the enzymatic machinery of
LINEs for retrotransposition (11,15–17). In addition, L1 can
also mobilize the mammalian SINEs, Alu, B1 and B2,
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through the poly (A) tail (18,19). Thus, SINEs are, so to
speak, non-autonomous transposable elements that parasitize
LINEs.

Previously, we isolated one LINE (UnaL2) and two SINEs
(UnaSINE1 and UnaSINE2) from the eel genome (11,17).
These elements have a conserved 30 tail of �60 bp, the termi-
nus of which has a repeated sequence (Figure 1A and B).
Using a retrotransposition assay in HeLa cells, we showed
that the 30 conserved tail of UnaL2 is required for retrotrans-
position of UnaL2. In addition, an element that we intro-
duced, which contained the 30 tail of UnaL2, UnaSINE1 or
UnaSINE2,could be mobilized efficiently by the UnaL2 retro-
transposition machinery in trans (11,17). These results indic-
ated that the 30 tail of these elements is the only cis element
required for retrotransposition and that UnaSINEs are mobil-
ized by UnaL2. These results suggest that the 30 tails contain
a unique sequence specifically recognized by the UnaL2 pro-
tein, UnaL2p. The conserved 30 tail of UnaL2 RNA has two
parts, namely the stem–loop region and the 30-terminal
([UGUAA]n) repeat (usually n ¼ 3), both of which are
required—apparently in distinct ways—for UnaL2 retrotrans-
position (Figure 1C) (11). Reverse transcription of the UnaL2
RNA is initiated from the 30-terminal repeat and proceeds
upstream of UnaL2 RNA through the 30 conserved region.
A template slippage reaction, which is reminiscent of
telomere elongation by telomerase, occurs when the reverse
transcription of UnaL2 RNA is initiated from the 30-terminal
repeat (11). ‘Repetition’ of the 30-terminal repeat is probably

prerequisite for template slippage, although the role of repe-
tition in retrotransposition has not been elucidated.

A part of UnaL2 RNA is predicted to form a stem–loop
secondary structure in which the stem is divided into two
parts by a putative internal loop (Figure 1C). We previously
determined the solution structure of the upper stem–loop
region (LINE17 RNA) and confirmed that this region indeed
forms a stem–loop (20). The GGAUA loop forms a specific
structure in which the uridine is exposed to the solvent and
the adenosines are stacked. The second guanosine stacks on
the first guanosine and a sharp turn in the phosphodiester
backbone occurs between the second guanosine and the aden-
osine at position 3. Mutational analysis suggested that the
particular GGAUA loop structure is requisite for retrotrans-
position and that UnaL2p specifically recognizes the second
guanosine during retrotransposition (20). Although the signi-
ficance of the stem and putative internal loop structures on
retrotransposition has not been thoroughly examined, deletion
of the entire putative internal loop abolishes UnaL2 retro-
transposition, suggesting that this region is required for the
retrotransposition reaction (11).

In the present study, we used NMR techniques with resid-
ual dipolar coupling (RDC) restraints to determine the solu-
tion structure of a 36 nt RNA, denoted LINE36, that
contains nearly the entire stem–loop of UnaL2 RNA includ-
ing the putative internal loop (Figure 1D). Our results
revealed that the putative internal loop region has a compact
conformation with a bulged cytidine and a U–U mismatch

Figure 1. UnaL2, UnaSINE1 and UnaSINE2 from the eel genome. (A) Schematic representation of UnaL2, UnaSINE1 and UnaSINE2. The single open reading
frame (ORF) of UnaL2 is indicated by the shaded box. The 50 and 30 untranslated regions (UTRs) are also indicated. The 30 conserved regions are indicated by
slash-lined boxes. EN, endonuclease; RT, reverse transcriptase. (B) A sequence alignment of the 30 conserved regions. The putative stem–loop region of UnaL2 is
underlined. The 30-terminal repeats are indicated by parentheses. The position of LINE36 RNA is indicated. (C) Putative secondary structure of the 30 conserved
region of UnaL2. Watson–Crick base pairs are indicated by horizontal lines and non-Watson–Crick base pairs are indicated by dots. (D) Putative secondary
structure of LINE36 RNA.
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that separate the upper and lower stems. Although the upper
and lower stems are nearly coaxial and thus appear to be a
single long stem, molecular dynamics simulation showed
that the entire stem fluctuates anisotropically by utilizing
the bulged cytidine and U–U mismatch region as a hinge.
Mutational analysis indicated that the bulged cytidine and
U–U mismatch are required for efficient retrotransposition.

MATERIALS AND METHODS

RNA synthesis, purification and preparation

For structural determination, non-labeled LINE36, stable
isotope–labeled [G, C-13C/15N]LINE36 and [A, U-13C/
15N]LINE36 were synthesized enzymatically by in vitro tran-
scription with AmpliScribe T7 or T7 Flash transcription kits
(Epicentre Technologies Co.) using 13C- and 15N-labeled
NTPs (Taiyo Nippon Sanso). Each RNA sample was purified
by denaturing PAGE using 30 · 40 cm glass plates (Nihon
Eido Co., Ltd.) and the RNAs were recovered from gel
slices and salt was removed by ultrafiltration (Centricon
YM3, Amicon, Inc.). RNA samples were annealed by heating
for 5 min at 95�C followed by snap-cooling on ice. To con-
firm the formation of the stem–loop structure, we subjected
RNAs to native PAGE with a 35mer RNA which forms
monomer hairpin as well as duplex dimer. For NMR meas-
urements, RNA samples were dissolved in 10 mM sodium
phosphate (pH 6.0) containing 50 mM NaCl. The final
concentrations of LINE36, [G, C-13C/15N] LINE36 and
[A, U-13C/15N]LINE36 were 0.9, 0.3 and 0.9 mM, respect-
ively. Partial alignment of LINE36 for the RDC measure-
ments was achieved by adding �16 mg/ml of Pf1 phage
(ASLA Ltd.) to [G, C-13C/15N] or [A, U-13C/15N] LINE36.
The solvent of the Pf1 phage sample was exchanged to
10 mM sodium phosphate (pH 6.0) containing 50 mM
NaCl by the ultracentrifugation.

NMR measurements

NMR spectra were measured using Bruker DRX-500 and
DRX-600 spectrometers. Spectra were recorded at probe
temperatures of 4–30�C and NMR data at 20�C were used
for structure calculations. The imino proton resonances of
G and U residues within RNAs in H2O were distinguished
by the 1H-15N HSQC spectra measured with [G, C-13C/15

N]LINE36 and [A, U-13C/15N]LINE36. Exchangeable proton
resonances were assigned by NOESY and 15N-edited NOESY
in H2O with mixing times of 150 or 200 ms using the jump-
and-return scheme (21) or the 3-9-19 pulse (22) for water
suppression. Base-pairing schemes were established by 2D
HNN-COSY experiments (23). Hydrogen bonding of the
U–U mismatch pair was judged from C2 and C4 chemical
shifts of the residues obtained from a 2D HNCO experiment
(24). HCCH-COSY and HCCH-TOCSY were used to assign
sugar spin systems (25), whereas through-backbone assign-
ments were made using 2D HP-COSY (26) and HCP (27).
H2 protons of adenosines were assigned using HCCH-
TOCSY and 2D HSQC (28). NOE distance restraints from
non-exchangeable protons were obtained using NOESY
(mixing times of 50, 100, 200 and 400 ms) in D2O (29).
Dihedral restraints were obtained from TOCSY (mixing

time of 50 ms) and DQF-COSY, as described below. For
TOCSY experiments, the modified composite pulse was
used to eliminate the ROESY effect with a delay time
equal to the 90� pulse (30). Absence of cross peaks between
H10 and H20 in TOCSY (30) and DQF-COSY experi-
ments was interpreted as the residue being in the C30-endo
conformation (31).

Single-bond 1H-13C RDC values for bases and ribose
moieties were measured using non-decoupled 1H-13C
HSQC and 1H-13C TROSY spectra (32). Single-bond
13C-13C RDCs for bases and ribose moieties were measured
from 1H-13C HSQC experiments with the appropriate select-
ive 13C decoupling.

Structure calculation

A set of 100 structures was calculated using a simulated
annealing protocol with the InsightII/Discover package
(Accelrys) and NOE distance, dihedral, hydrogen bonding,
planarity and chiral restraints were used (Table. 1). NOE
intensities between exchangeable protons were interpreted
as distances of 2.1–5.0 s. NOE intensities from non-
exchangeable protons were interpreted as distances with a
margin of �1.5 to +1.5 s for the 100 ms NOESY, �1.0 to
+2.0 s for the 200 ms NOESY and �1.0 to +3.0 s for the
400 ms NOESY. The seven restraints for the absence of
NOE cross peaks at 400 ms NOESY were added as distances
of 5.0–99.0 s. The hydrogen bonding restraints were defined
as distances of 1.8–2.2 s; exception was made for U16-A22
(distances of 1.8–5.0 s), because the imino proton resonances
of U16 were broader than other imino proton resonances
due to the stem region (20). Information on the anti
conformation (residues 1–6, 12–16, 22–26, 31–36), the
C30-endo conformation (residues 1–6, 10–17, 21–36) and
the RNA-A conformation for the stem region backbone (resi-
dues 2–6, 11–15, 23–27, 31–35) was added to the dihedral
torsion restraints. The simulated annealing schedule and

Table 1. NMR restraints and structural statistics.

Number of experimental restraints
Distance restraints 411
imino-imino 16
intra-residue 198
inter-residue 190
>5 s 7

Dihedral restraints 172
C30-endo 62

RNA-A stems 110
Hydrogen bonding distance restraints 62
Residual dipolar coupling 74
Base planarity restraints 11
r.m.s. deviations from experimental restraints
Distance (Å) 0.0387 ± 0.0013
Dihedral (�) 0.2353 ± 0.1966

r.m.s. deviations from the idealized geometry
Bonds (Å) 0.0064 ± 0.0001
Angle (�) 2.5077 ± 0.0115
Impropers (�) 1.8760 ± 0.1089

Heavy-atoms r.m.s. deviation (Å)a

All 1.16

a Averaged r.m.s. deviations between an average structure and the 10 con-
verged structures were calculated. The converged structures did not contain
experimental distance violations of >0.5 s or dihedral violations of >5�.
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force constants were identical to values used previously for
RNA (20,33).

Structure refinement with RDC

Xplor-NIH (34) structure calculations with a grid search
procedure were used to obtain the optimal Da and R values
using low-energy structures calculated by Discover
(Accelrys) in the absence of RDCs. The optimized Da values
for single-bond 13C–13C RDCs were estimated by multiply-
ing Da for the 1H-13C RDCs by (gCgCr3CH)/(gCgHr3CC) (35).
For differences in Pf1 concentrations in the [G, C-13C/15N]
and [A, U-13C/15N]LINE36 samples, the deuterium quad-
rupole splitting of D2O was used to optimize the Da value
for the [G, C-13C/15N] sample data (35). The force constant
for the single-bond 13C–13C value was also scaled by mul-
tiplying the 1H-13C value by (gCgHr3CC)/ (gCgCr3CH) (35).
Structures from the Discover calculations were refined with
Xplor-NIH using the same distance and dihedral angle
restraints with RDCs. Conformational database potentials
(36) were used for stems. The 10 final structures that had
the lowest total energy were chosen. Experimental RDC
data obtained from the well-ordered upper stem region (resi-
dues 9–15, 23–29) and lower stem region (residues 2–6, 31–
35) were used in the refinement. The susceptibility aniso-
tropy (SANI) force constants increased 0.001–0.5 during
the Da and R determination to weight the NOE and dihedral
restraints more strongly in the first simulation, as well as
geometry constraints. After the optimal Da and R values
were determined, final simulation was performed with a
higher final SANI force constant of 1.0, according to Leeper
and Varani (37). Optimal Da and R parameters for the entire
RNA and for the individual upper and lower stem regions
were determined to be �32.7/0.11, �32.5/0.12 and �32.8/
0.11, respectively. Because the differences between these
respective values were small, a single axis system and align-
ment tensor were used to refine the LINE36 structure.

Molecular dynamics simulation

The averaged structure of LINE36 determined in the present
study was used as the starting structure. Molecular dynamics
simulation was performed with the SANDER module of the
program AMBER, version 7 (38). The model system was
built in a periodic box of the TIP3P solvent molecules with
a minimum distance of 9 s from the RNA molecule and
we used the LEaP module to add Na+ ions to the LINE36
structure to neutralize the system. Simulation was performed
with 100 steps of minimization and 130 ps of solvent equilib-
ration, with a slow warm up from 0 to 298 K over 20 ps
(see Supplementary Figure S4). The temperature was set at
298 K for the productive molecular dynamics simulation.
The simulation was performed at constant volume and with
periodic boundary conditions. The total length of simulation
was 8 ns. The simulation was performed on eight proces-
sors on a Linux-cluster. Structural analyses of the trajectories
from 3 to 8 ns were performed using the CARNAL module.

Retrotransposition assay

The retrotransposition assay was performed as described pre-
viously (39). The plasmid pBB4 (39), which contains the
entire ZfL2-2 ORF upstream of the mneol cassette (7), was

used to make the ZfL2-2 containing the UnaL2 conserved
30 tail. The 30 conserved tails of wild type UnaL2 and mutant-
stem UnaL2 were PCR amplified and inserted into the BamHI
site of pBB4. The resulting plasmids, which contained the
30 conserved tail of UnaL2 downstream of the mneol cassette,
were used in retrotransposition assays. Plasmids pBZ2-5 (39)
and pBB4 were used to construct the ZfL2-2 wild type and
deletion mutant of the conserved 30 tail, respectively. As in
previous studies (11,17,20,39), we used HeLa-RC
(retrotransposition-competent) cells (39) for the retrotrans-
position assay. HeLa-RC cells (2 · 105 cells/well in 2 ml)
were seeded in 6-well dishes and after one day the cells
were transfected with 1 mg plasmid DNA and 3 ml FuGENE6
transfection reagent (Roche) according to the manufacturer’s
instructions. The cells containing the plasmid were selected
by hygromycin (200 mg/ml) for 5 days. By comparing the
data with cell survival results from negative controls (in
which no plasmid was transfected), we estimated that >95%
of the transfected cells became hygromycin-resistant (HygR).
The HygR cells were trypsinized and reseeded into new 100-
mm dishes at densities of �1.5 · 105–�2.5 · 106 cells/dish
and grown in 10 ml medium containing 400 mg/ml G-418
antibiotic. After G-418 selection for 12 days, plates were
fixed with 100% ethanol and stained with Giemsa solution.
G-418R colonies were counted and the retrotransposition fre-
quency (RF) was calculated as the number of G-418R colon-
ies per single HygR cell.

RESULTS

Structure determination

The solution structure of nearly the entire stem–loop of the
30 conserved region of UnaL2 RNA was determined by util-
izing NOE, dihedral and RDC restraints. The NMR signals
of LINE36 were assigned using well-established procedures
involving heteronuclear methods (40). A part of NMR data
is shown in Figure 2. Resonances due to the GGAUA loop
of LINE36 were identical to those of LINE17, indicating
that the loop structures of the two RNAs (LINE36 and
LINE17) are identical (20). Analysis of the TOCSY spectrum
indicated that most of the residues adapted the C30-endo
conformation, except for three residues in the GGAUA loop
(G18, A19 and U20), two residues in the putative internal
loop region (A7 and C8) and two terminal residues (G1 and
C36), all of which showed some C20-endo character. Hydro-
gen bonds in the Watson–Crick A–U and G–C base pairs
were confirmed by HNN-COSY. The NOE connectivities
for imino proton resonances of G9, U10, U28 and G27,
indicated that G9–C29, U10–U28 and C11–G27 form
continuous base pairs in the putative internal loop region.
Formation of U10–U28 mismatch was confirmed by a
strong NOE between imino protons (see Supplementary Fig-
ure S1). The geometry of the U10–U28 mismatch was
judged by 13C chemical shifts of the carbonyl C2 and C4
of the uridine residues obtained from HNCO experiments
(24). A downfield-shifted C4 signal was observed for U10,
whereas a downfield-shifted C2 signal was observed for
U28. Thus, the N3 imino proton of U10 forms a hydrogen
bond with the O2 carbonyl of U28 and the O4 carbonyl of
U10 forms a hydrogen bond with the N3 imino proton of
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U28. This base pair was categorized as the U–U cis Watson–
Crick/Watson–Crick base pair by the standardized nomen-
clature (41).

During the structure refinement with RDC data, separate
grid searches were performed to optimize the Da and R para-
meters by considering each of the upper and lower stems as a
separate unit. In addition, a third simulation was conducted
considering the entire molecule as a single rigid unit. Optimal
Da and R values for the upper stem, lower stem and entire
molecule were determined to be �32.5 and 0.12, �32.8
and 0.11 and �32.7 and 0.11, respectively. Because the dif-
ferences among the three regions were small, a single axis
system and an alignment tensor were used to refine the struc-
ture of LINE36, as described below.

A total of 411 distance and 172 dihedral angle restraints
were obtained and structures were calculated using restrained

molecular dynamics calculations with a simulated anneal-
ing protocol (42). Seven restraints for the absence of NOE
cross peaks were added as distances of 5.0–99.0 s (see
Supplementary Table S2) to avoid structures containing the
closely located proton pairs for which NOE was not observed
in the NOESY spectra even with a mixing time of 400 ms. All
the protons used in the restraints showed NOEs with other
protons, indicating that the rapid relaxation is not the reason
for the absence of NOE. Structures calculated by Discover
without RDC restraints were well defined, having a heavy-
atom r.m.s.d. of 1.55 s for the 10 lowest energy structures.
These structures were refined by Xplor-NIH using 74 RDC
restraints along with the distance and dihedral restraints
used for the first calculation. Structures calculated with
RDC restraints were further refined, having a heavy-atom
r.m.s.d. of 1.16 s for the 10 lowest energy structures

Figure 2. 2D NOESY spectrum of LINE36 in D2O. The NOESY spectrum
(mixing time ¼ 400 ms) was recorded at 20�C and cross peaks between A7,
C8 and G9 in putative internal loop are shown.

Figure 3. Solution structures of LINE36. G, A, C and U residues in the
GGAUA loop and putative internal loop region are indicated by blue, red
yellow and green, respectively. (A) Stereo view of the superposition of the
final 10 structures of LINE36. (B) Stereo view of the minimized average
structure of LINE36. (C) Stereo view of the bulge region of LINE36 average
structure. (D) Location of the second G (blue) in the loop and the 30-terminal
repeat (UGUAA).
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(Figure 3), indicating that the calculation with the RDC
restraints was successful. The structural statistics are sum-
marized in Table 1. It should be noted that, by using the data-
base potential, the heavy-atoms r.m.s.d. for upper and lower
stems were significantly decreased (see Supplementary
Table S3). In contrast, the r.m.s.d. for RDC was not changed,
indicating that the database potential did not affect the overall
structure.

Structure and flexibility of LINE36

The solution structure of LINE36 is shown in Figure 3. The
entire region looks like a single long stem because the
orientations of helical axes are almost the same between
the two stems. The second guanosine in the loop, which is
probably recognized by UnaL2p (based on mutagenesis
studies) and the 30 end of the stem followed by the
UGUAA repeat, which is the initiation site of reverse tran-
scription, may exist on the same side of the stem
(Figure 3D); this orientation possibly facilitates UnaL2p
binding to the loop to initiate reverse transcription from the
UGUAA repeat.

Residues of the putative internal loop region form a com-
pact structure that includes the U10–U28/G9–C29 base pairs
and the bulged C8. The A7 and G9 are stacked and this is
consistent with the NOE connectivities for H8/H2(A7)-
H8(G9), H10/H20(A7)-H8(G9) and H2(A7)-H10(G9). How-
ever, the position of the bulged C8 in the calculated structures
did not converge to a specific position, indicating that this
cytidine is flexible. The imino proton signal of U30 observed
at 4�C disappeared at 10�C (data not shown), indicating
that the A7–U30 base pair is weak. These observations,
namely instability of the A7–U30 base pair, wobbling of

Figure 4. Superposition of the upper (A) and lower (B) stems of the
10 structures obtained at even intervals by the 3–8 ns molecular dynamics
trajectory. G, A, C and U residues in the GGAUA loop and putative internal
loop region are indicated by blue, red yellow and green, respectively.
The open arrow in panel A indicates the second G in the GGAUA loop
of LINE36, which is the UnaL2p recognition site. The filled arrow in
panel B indicates the probable location of the 30-terminal repeat of the UnaL2
RNA.

Figure 5. Retrotransposition assay in HeLa cells. (A) Schematics of UnaL2
and ZfL2-2. The single open reading frames (ORFs) of LINEs are indicated
by shaded boxes. The 50 and 30 untranslated regions (UTRs) are also
indicated. The 30 conserved regions are indicated by slash-lined boxes. EN,
endonuclease; RT, reverse transcriptase. A sequence alignment of the
30 conserved tail of UnaL2 and ZfL2-2 is shown below the schematics.
Bases in the upper and lower stem regions of UnaL2 are underlined. The
30-terminal repeats are indicated by parentheses. (B) Retrotransposition assay
procedure. The 30 tail of UnaL2 and its derivatives were inserted into the
30 end of ZfL2-2, which contained a retrotransposition detection cassette
(mneol) in the 30 UTR. The ZfL2-2 containing the UnaL2 tail was transfected
into HeLa cells and G-418-resistant cell colonies were detected. (C) Results
of the retrotransposition assay. Retrotransposition frequencies (RFs) were
calculated as described in Materials and Methods. RFs and relative RF values
(percentages) compared with the wild type UnaL2 tail are shown. Two
different experiments were performed for each construct and average values
are shown. Images show each 100 mm plate with G-418-resistant colonies
selected from �1.5-2.5 · 106 hygromycin-resistant cells. ZfL2-2 tail (WT),
ZfL2-2 having the wild type 30 tail of ZfL2-2. UnaL2 tail (WT), ZfL2-2
having the wild type 30 tail of UnaL2. No tail, ZfL2-2 having no conserved
30 tail.
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sugar puckering at A7 and C8 and conformational hetero-
geneity of C8 suggest that the putative internal loop region
is flexible. This region also contains the U10–U28 mismatch
and U–U mismatches generally destabilize a stem, resulting
in a decreased Tm. Moreover, the effect of a U–U mismatch
on stem stability is greater than that of an A–C or G–A mis-
match (43). Thus, the U10–U28 mismatch may also contrib-
ute to flexibility in the putative internal loop region.

To examine the flexibility of the entire stem of LINE36, we
performed a molecular dynamics simulation using the NMR
structure. The superposition of the molecular dynamics tra-
jectory of LINE36 is shown in Figure 4. As expected, the
conformations of the upper and lower stem regions fluctuate
only slightly, whereas the overall structure anisotropically
fluctuates by using the putative internal loop region as a
hinge. Thus, hereafter, we refer to the putative internal loop
region as the ‘hinge’. In Figure 4, the open arrow indicates
the putative direction from which UnaL2p recognizes the
GGAUA loop and the filled arrow indicates the probable dir-
ection of the reverse transcription initiation site (UGUAA
repeat). These directions seem to be parallel to the principal
component of the hinge motion.

Requirement of the hinge region for
retrotransposition

To examine whether the hinge region of UnaL2 RNA has a
role in retrotransposition, we performed a retrotransposition
assay in HeLa cells (Figure 5). LINE ZfL2-2, which is a zeb-
rafish homolog of UnaL2, has a 30 tail that is highly con-
served with the 30 tail of UnaL2 (Figure 5A). As such, the

LINE ZfL2-2 protein recognizes the 30 tail of UnaL2 as
well as its own 30 tail during retrotransposition (Figure 5C).
Because the RF of ZfL2-2 (clone ZL15) is �30 times higher
than that of UnaL2 (clone Aja6-15) (39), we performed retro-
transposition assays using LINE ZfL2-2 to analyze a role of
the UnaL2 RNA hinge region in retrotransposition
(Figure 5B).

When the bulged C8 was changed to uridine (C8U) or
adenosine (C8A), RF values were �67 and �120%, respect-
ively, relative to wild type (Figure 6). In contrast, substitution
of the C8 with guanosine (C8G) severely reduced the RF to
�4%. These mutations did not alter the secondary structure
of the 36mer RNA, except for the C8G mutation, which
causes a rearrangement of its secondary structure forming
G8–C29/G9–U28 base pairs and a U10 bulge (see Supple-
mentary Figures S1 and S2). Furthermore, deletion of the
bulged C8 (C8del) also severely reduced the relative RF to
�3%. These results indicate that a nonspecific bulged nucle-
otide (except for G) at position 8 in the stem is requisite for
efficient retrotransposition. Addition of another cytidine
(C8CC) reduced the RF to �15% of wild type, suggesting
that the anisotropical feature of the stem flexibility is altered
in C8CC and/or that the UnaL2p recognition site, the second
guanosine of the GGAUA loop, is oriented differently from
the wild type. Substitution of U28 with adenosine (U28A),
which presumably forms a U10–A28 base pair instead of
the U10–U28 mismatch, decreased the relative RF to
�10%, suggesting that instability of the U10–U28 mis-
match is important for retrotransposition. It should be noted
that U28A RNA formed single bulged stem–loop structure
similar to LINE36 (see Supplementary Figure S2) and its

Figure 6. Retrotransposition frequency (RF) in mutants of the putative internal loop region of the UnaL2 30 tail. The retrotransposition assay was performed
as in Figure 5B and 5C. RFs were calculated as described in Materials and Methods. RFs and relative RF values (percentages) for mutants compared with the
wild type 30 tail of UnaL2 are shown. Two different experiments were performed for each construct and average values are shown. Images show each 100 mm
plate with G-418-resistant colonies selected from �1.5–2.5 · 106 hygromycin-resistant cells. UnaL2 tail (WT), ZfL2-2 having the wild type 30 tail of UnaL2.
No tail, ZfL2-2 having no conserved 30 tail. C8A, C8U, C8A, C8del, C8CC and U28A: ZfL2-2 constructs having a mutation in the 30 tail of UnaL2.

5190 Nucleic Acids Research, 2006, Vol. 34, No. 18



Tm value was higher than the wild type (see Supplementary
Table S1).

DISCUSSION

Evolutionary conservation of the stem structure

We determined the solution structure of the 30 conserved
region of UnaL2 RNA. The hinge region forms a compact
structure comprising base pairs U10–U28/G9–C29 and the
bulged C8. The two stems separated by the bulged cytidine
look like a single long stem. The bulged cytidine along
with the U–U mismatch in the hinge region probably confers
a high degree of flexibility on the entire stem, allowing it to
fluctuate anisotropically.

UnaL2 can mobilize UnaSINE1 and UnaSINE2 because
the UnaL2 retrotranspositional machinery recognizes their
conserved 30 tails (11,17). Putative secondary structures
for the 30 tail RNA of UnaL2 and UnaSINEs are shown in
Figure 7A. The UnaSINE1 structure conserves the bulged
nucleotide (A) and the U–U mismatch. The UnaSINE2 struc-
ture, on the other hand, lacks the U–U mismatch but instead
has a mismatch between two adenosines, once of which is at

the same position (position 8) as the bulged nucleotide of
UnaL2/UnaSINE1. These adenosines probably impart flexib-
ility to the stem—as in the hinge region of UnaL2—and we
speculate that this flexibility is requisite for retrotransposi-
tion. To test this point, we predicted secondary structures
for the 30 tail RNA of zebrafish LINEs (and SINE) of the
L2 clade (including UnaL2) that have a conserved 30 tail as
UnaL2 by using program Mfold and the sequence alignment
with LINE36 (11, 17. 44, 45) (Figure 7B). These elements
have similar stem structures, although the loop sequences
are highly variable (17). All of these zebrafish elements
except for ZfL2-2, which is a zebrafish homolog of UnaL2,
have an A–A mismatch-like conformation in the stem. The
conservation of this A–A mismatch structure indicates that
conformational flexibility in the stem is important for retro-
transposition of LINEs/SINEs of the L2 clade.

Role of the hinge region in UnaL2 retrotransposition

The iron responsive element (IRE), an RNA, contains a stem–
loop structure that includes a bulged cytidine, as determined
by NMR (46). It has been proposed that the loop structure of
IRE RNA makes direct contact with the iron regulatory pro-
teins and that the bulged cytidine functions to orient the hair-
pin for optimal protein binding (46). Analogously, the bulged
cytidine of UnaL2 RNA might allow the stem to bend to
achieve optimal binding of UnaL2p to the loop. However,
we propose that the function of the bulged cytidine differs
between UnaL2 and the IRE, because the stem–loop of
UnaL2 has functional aspects other than protein binding
(see below). The conserved 30 tail of UnaL2 RNA is thought
to have two different roles in retrotransposition (11). First, the
conserved 30 tail loop structure probably acts as a cis element
that is recognized by UnaL2p to form a UnaL2 RNA–protein
(RNP) complex (20). Second, a repeated sequence in the con-
served 30 end of the RNA acts as a template to initiate reverse
transcription. When the 30 stem–loop RNA is reverse tran-
scribed, UnaL2p dissociates from the loop RNA and the
stem becomes unstructured to facilitate reverse transcription.
Previously we found that a slippage reaction occurs during
reverse transcription of UnaL2 RNA and we proposed that
template slippage is required for dissociation of UnaL2p
from the loop RNA (11). UnaL2p repetitively reverse
transcribes the UGUAA repeat region during the template
slippage reaction and such repetition at the same position
should involve repeated conformational changes in the
UnaL2 RNP. Flexibility of the stem RNA at the hinge imparts
spatial plasticity relative to the loop RNA (binding region)
and the UGUAA repeat (reverse transcription initiation
region) and this plasticity probably facilitates the conforma-
tional change in the UnaL2 RNP for template slippage. On
the other hand, the bulged nucleotide and the U–U mismatch
in the hinge and the A–A mismatch conformation may pro-
mote the transition of the stem RNA from double-stranded
to single-stranded by a means of making the stem unstable.
There is a bulged nucleotide in the upper stem of many zeb-
rafish LINEs (Figure 7B). These bulges probably also facilit-
ate the conformational transition of the stem RNAs; they do
not seem to have a particular role in retrotransposition, how-
ever, because they have not been conserved. The dynamic
stability of these stem RNAs is an elegant example of the

Figure 7. Putative secondary structures of conserved 30 tails. (A) UnaL2,
UnaSINE1 and UnaSINE2. (B) Zebrafish LINEs and a SINE, which belong to
the L2 clade. All members of the L2 clade have a conserved 30 tail containing
a stem–loop (the loop regions are not shown). Watson–Crick base pairs are
indicated by horizontal lines. Non-Watson-Crick base pairs are indicated by
dots. Nucleotides that differ from those of UnaL2 are indicated in red.
Sequences of the zebrafish elements were obtained from Repbase (47).
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ability of an RNA structure to dictate biological function
based on two distinct conformational states.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR online.
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