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Abstract Long terminal repeat (LTR) retrotranspo-
sons, mobile genetic elements comprising substantial
proportions of many eukaryotic genomes, are so
named for the presence of LTRs, direct repeats about
250–600 bp in length Xanking the open reading frames
that encode the retrotransposon enzymes and struc-
tural proteins. LTRs include promotor functions as
well as other roles in retrotransposition. LTR retro-
transposons, including the Gypsy-like Boudicca and
the Pao/BEL-like Sinbad elements, comprise a sub-
stantial proportion of the genome of the human blood
Xuke, Schistosoma mansoni. In order to deduce the
capability of speciWc copies of Boudicca and Sinbad
LTRs to function as promotors, these LTRs were
investigated analytically and experimentally. Sequence
analysis revealed the presence of TATA boxes, canoni-
cal polyadenylation signals, and direct inverted repeats
within the LTRs of both the Boudicca and Sinbad ret-
rotransposons. Inserted in the reporter plasmid pGL3,
the LTR of Sinbad drove WreXy luciferase activity in
HeLa cells in its forward and inverted orientation. In
contrast, the LTR of Boudicca did not drive luciferase

activity in HeLa cells. The ability of the Sinbad LTR to
transcribe in both its forward and inverted orientation
represents one of few documented examples of bidirec-
tional promotor function.
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Introduction

Eukaryotic genomes generally contain substantial
amounts of repetitive sequences, many of which repre-
sent mobile genetic elements (e.g., Lander et al. 2001;
Holt et al. 2002). These mobile elements have played
fundamental roles in host genome evolution (Charles-
worth et al. 1994; Deininger and Batzer 2002).
Although less is known about the genome of the platy-
helminth parasite Schistosoma than more extensively
studied genomes such as human and mouse, recent
Wndings suggest that up to half of this genome may be
comprised of repetitive sequences, and much of this
repetitive complement will consist of mobile genetic
elements (see Brindley 2005). Within this population
of mobile elements, 15% or more of the schistosome
genome may be composed of long terminal repeat
(LTR) retrotransposons (Copeland et al. 2005b).

Long terminal repeat retrotransposons (and retrovi-
ruses) are mobile genetic elements that reproduce
through an RNA intermediate. Typically 5–10 kb in
length, their general structure consists of two open
reading frames (ORFs) Xanked by long direct terminal
repeats of »200–600 bp in length. These LTRs play a
pivotal role in retrotransposition and transcription ini-
tiation. The 5� LTR encodes the promotor, which
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directs transcription by host cell RNA polymerase II.
The LTRs’ roles in retrotransposition include the nine-
step process of reverse transcription (Gilboa et al.
1979) and the integration of the proviral form of the
retrotransposon or retrovirus into the host cell chro-
mosomes (Sharon et al. 1994; Hindmarsh and Leis
1999). LTRs are constituted of three main parts, the
U3 unique region, the repeated (R) region, and the U5
unique region (CoYn et al. 1997) (Fig. 1a). The U3
region includes both promotor and enhancer elements,
and is only found in the 3� LTR in the RNA genome of
the retrotransposon, since transcription begins down-
stream of the U3 in the 5� LTR. Transcription begins at
(and deWnes) the 5� end of the R region, which is
repeated at both ends of the transcript. The U5 from
the 3� LTR is replaced with a poly-A tail, so that in the
transcript, the U5 is only found in the 5� LTR (CoYn
et al. 1997). The U5 region includes a GT-rich region
that encodes control elements for 3� end processing.
The R region is integral to the transfer of DNA synthe-
sis between the 5� and 3� ends of the mRNA template
during reverse transcription. The poly-A tail begins at
the end of the R region of the 3� LTR, and by doing so
deWnes the 3� boundary of the R region. The polyaden-
ylation signal is located either in the 3� end of the U3
region or in the R region. (Polyadenylation signals
found outside the LTRs of retroviruses such as HTLV-
1 are associated with reverse ORFs (Cavanagh et al.
2006). LTR retrotransposons and simpler retroviruses
contain only forward ORFs.) Located at the distal mar-
gin of many LTR retrotransposons are small repeats of
sequence TCN-NCA, termed the Dinucleotide
Inverted Repeats (DIR) (Bowen and McDonald 1999).
These repeats are the byproducts of the loss of two
nucleotides (nt) in the initial nucleophilic attack which
begins the process of integration of the retrotranspo-
son into the genome of the host (Hindmarsh and Leis
1999). Longer (at least »8–12 bp for retroviruses),
often perfectly inverted terminal sequences (terminal
inverted repeats, or TIRs) are required for recognition
by integrase during the process of integration into host
genomic DNA (Katzman et al. 1989).

Three other key elements associated with the LTR
are the primer binding site (PBS), polypurine tract
(PPT), and encapsidation sequence, psi (�). The PBS,
located immediately downstream of the 5� LTR, is the
binding site for the tRNA primer for negative strand
DNA synthesis. The PPT is located at the other end of
the retrotransposon, just upstream of the 3� LTR, and
is involved in the second (plus strand) DNA strand
synthesis during reverse transcription. Downstream of
the PBS and overlapping gag is the encapsidation
sequence (�), also known as the packaging signal.

Retrotransposon LTRs and associated regulatory ele-
ments can be considered just as critical as the coding
sequences in that they can facilitate transposition of
the retroelement, even when the coding sequence is
too degraded to encode functional proteins. Transposi-
tion of degenerate retrotransposons incapacitated by
internal mutation(s) can be accomplished through the
activity of functional proteins encoded by non-mutated
copies, a process known as retrotransposition in trans
(Curcio and GarWnkel 1994).

The inXuence of LTRs extends beyond transcription
and transposition of the retrotransposons and retrovi-
ruses themselves. They have also been co-opted by
their host genomes as promotors of native genes (Med-
strand et al. 2001; Dunn et al. 2003). In some of these
cases, the LTRs serve as alternative promotors that are
utilized in addition to the native promotors, and some
of these initiate transcription in a tissue speciWc man-
ner. For example, the human endothelin B receptor
utilizes an LTR derived promotor in addition to its
native promotor, but the LTR driven transcripts
appear only in placental tissue (Medstrand et al. 2001).
Since expression of LTR retrotransposons has been
shown to increase in tissues related to reproduction
(Dupressoir and Heidmann 1996; Lecher et al. 1997),
this pattern of transcription by LTRs acting as promo-
tors of native genes is a logical adaptation of function
by the host genome.

Schistosomiasis is considered the most important of
the human helminthiases, and ranks second only to
malaria among all tropical diseases, in terms of mor-
bidity and mortality (Chitsulo et al. 2004). Up to 15%
of the schistosome genome may be composed of LTR
retrotransposons (Copeland et al. 2005b). Understand-
ing structural and functional aspects of these elements
will enhance the general understanding of the schisto-
some genome. It is hoped that this will guide improve-
ments in the control of schistosomiasis, including the
development of vaccines and new antiparasite medica-
tions. In addition to their natural roles as the promo-
tors of LTR retrotransposons, LTRs are of interest for
their potential in applications related to transgenesis
(i.e., Tanaka et al. 1998). Because of their natural tar-
get speciWcity, LTRs of native schistosome retrotrans-
posons are of potential use as components of
transgenesis vectors to facilitate integration into the
schistosome genome. Transduction of Schistosoma
mansoni using retroviral constructs has recently been
demonstrated (Kines et al. 2006). Stable integration of
transgenes into the genome would in turn enable the
investigation of schistosome gene function and the devel-
opment of transgenic schistosomes. The promotor func-
tions of LTRs could also be exploited in transgenesis
1 3
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systems if the LTRs have been demonstrated to be
capable of initiating transcription.

Boudicca and Sinbad are discrete LTR retrotranspo-
sons recently characterized from the genome of S.
mansoni (Copeland et al. 2003, 2005a). The 386 bp
long LTRs of the copy of Sinbad characterized by
Copeland et al. (2005a) were identical in sequence,
implying recent insertion and competence to carry out
their roles in transcription initiation and integration
(Bowen and McDonald 1999). The LTRs of the copy
of Boudicca characterized in Copeland et al. (2003)
were 88.4% identical, with the 327 bp long 5� LTR rep-
resenting an apparently more intact version, as com-
pared with the consensus of several fragments of the
LTRs of other copies of Boudicca (Copeland et al.
2003). Here we investigated the structure of the LTRs

of Boudicca and Sinbad and their ability to drive WreXy
luciferase expression in mammalian cells. We cloned
both forward and reverse versions of each LTR into
the luciferase expression vector pGL3, transformed
HeLa cells with the constructs, and investigated the
capacity and performance of the LTRs of Boudicca
and Sinbad in driving luciferase expression in these
cells.

Materials and methods

Construction of LTR-luciferase expression vectors

The 5� LTRs of Boudicca and Sinbad were ampliWed
from clones of a BAC library representing an eightfold

Fig. 1 Generalized structure 
of an LTR (a) and sequence 
alignments of 5� and 3� LTRs 
of (b) Sinbad and (c) Boudic-
ca. Dinucleotide inverted 
repeats (DIRs) are marked 
with solid underline (red in 
online version). Seven nucleo-
tide terminal inverted repeats 
in the Sinbad LTR are identi-
Wed with double underline 
(orange in online version). 
Possible transcription initia-
tion sites (TATA and CAAT 
sequences) are indicated with 
round dotted underline (green 
in online version). Polyadeny-
lation signals (AATAAA or 
AATATA) are marked with 
square dotted underline (blue 
in online version). A GT rich 
region in Sinbad’s LTR is 
marked with dashed under-
line (purple in online version)
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coverage of the S. mansoni genome in DH10B Escheri-
chia coli cells (Le Paslier et al. 2000). BAC clone 53-J-5
and 33-N-3 have been shown previously to contain cop-
ies of Boudicca (Copeland et al. 2003) and Sinbad
(Copeland et al. 2005a), respectively. Primers were
designed from the S. mansoni genomic DNA just
upstream of the 5� LTR of each retrotransposon (fwd)
and the untranslated region just downstream of the 5�

LTR (rev). The 5� LTR of Boudicca was ampliWed
from BAC 53-J-5 and the 5� LTR of Sinbad was ampli-
Wed from BAC 33-N-3, using as the templates BAC
plasmid DNA isolated from transformed E. coli using
the Phaseprep kit from Sigma (St. Louis, MO USA).
DNA was allowed to denature at 95°C, followed by 30
denaturation-annealing-extension cycles of 95°C
(1 min), 56°C (1 min), and 72°C (1 min). Primers
included restriction sites for Kpn 1 and Hind III to
allow cloning of forward and reverse LTRs. Four sets
of primers were designed; two with the Kpn 1 and Hind
III sites positioned such that the LTR would be cloned
into an expression vector in the forward orientation,
and two with restriction sites positioned such that the
LTR would be cloned in the inverted orientation
(Fig. 2a) Primer sequences are shown in Table 1.
The PCR products were isolated using the Wizard
system (Promega, Madison, WI, USA), after which

gel-puriWed PCR products and the promotorless lucif-
erase expression vector pGL3-Basic (Promega) were
digested with Kpn I and Hind III. The ends of the line-
arized pGL3 vector were dephosphorylated by incu-
bating with Antarctic Phosphatase (New England
BioLabs, Beverly, MA, USA) for 30 min at 37°C fol-
lowed by heat inactivation for 5 min at 65°C. The
digested LTRs were ligated into the dephosphorylated,
linearized pGL3 plasmid after which the ligation prod-
ucts were employed to transform electrocompetent E.
coli cells (EP-Max 10B Competent Cells, Bio-Rad,
Hercules, CA, USA) by electroporation (Bio-Rad
GenePulser Xcell). Plasmids were puriWed from trans-
formed cells and the sequence of the inserts deter-
mined (Davis Sequencing, Davis, CA, USA) to
conWrm identity and orientation of the retrotransposon
LTR inserts.

Sequence analysis and alignment of LTR sequences

Nucleotide sequence data were analyzed using SeqMan
(DNAstar Inc., Madison, WI, USA) and VecScreen
(NCBI) software. The LTR sequences have been
assigned GenBank accession numbers; AY965072,
AY965073, AY965074, and AY965075. Sequence align-
ments were accomplished with ClustalW (Thompson

Fig. 2 a Luciferase expression vector constructs. Promotors
(LTRs) were cloned into a multiple cloning site 5� of the lucifer-
ase coding sequence. The pGL3 Basic construct does not have a
promotor for the luciferase gene. b Mean luciferase activity, mea-
sured in relative light units per mg total protein (RLU/mg pro-
tein). From left to right, constructs measured are: pGL3-Basic,

the promotorless luciferase expression vector (negative control),
pGL3 with the Boudicca LTR as promotor, pGL3 with an invert-
ed Boudicca LTR as promotor, pGL3 with the Sinbad LTR as
promotor, pGL3 with an inverted Sinbad LTR as promotor,
pGL3 with the S. mansoni glutathione-S-transferase promotor,
GST28-A (positive control)
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et al. 1994) and MacVector software (Accelrys, San
Diego, CA, USA).

Transfection of HeLa cells

The HeLa cell line was purchased from ATCC
(Manassas, VA, USA) and maintained as recom-
mended by the vendor. HeLa cells were transfected
with pGL3 plasmids using the TransFectin lipid
reagent system (Bio-Rad). About 5 £ 105 cells were
seeded onto 60 mm diameter plates (triplicates of
experimental groups, along with negative and positive
controls) and cultured overnight in Dulbecco’s Modi-
Wed Eagle’s Medium (DMEM) supplemented with 1%
penicillin/Streptomycin and 10% fetal calf serum. One
microgram plasmid DNA of each pGL3 construct was
diluted in 50 �l serum free DMEM medium and 15 �l
TransFectin lipid reagent (Bio-Rad) was added to 35 �l
serum free DMEM. The diluted DNA and diluted lipid
reagent were then combined and incubated at room
temperature (RT) for 20 min. The overnight culture
medium was removed from the cells and replaced with
400 �l serum free medium and the diluted DNA-Trans-
Fectin complexes (100 �l). Seven treatment groups
were included: Boudicca LTR; Boudicca LTR in
inverse orientation; Sinbad LTR; Sinbad LTR in
inverse orientation; S. mansoni GST28-A promoter;
SV40-pGL3 control; and pGL3 Basic (Fig. 2a) [the S.
mansoni GST28-A-pGL3 construct included a 1.3 kb
fragment of the promoter region, exons 1 and 2, and
intron 1 of the gene encoding glutathione-S-transferase
28 kDa (GST28) of S. mansoni. This construct, kindly
provided by Dr. Edward Pearce, University of Pennsyl-
vania, was included here as a positive control promoter
of an endogenous schistosome gene known to be capa-
ble of driving luciferase expression in HeLa cells (P. J.
Brindley et al., unpublished data)]. The cells were incu-
bated at 37°C for 4 h in the presence of the transfection
reagents, with gentle rocking. Subsequently, 2.5 ml of
DMEM with 10% serum was added to each plate, after

which they were incubated for 24 h at 37°C under 5%
CO2 in air. The assay was replicated four times.

Luciferase assay

Luciferase activity was determined using the Lucifer-
ase Assay System from Promega. Media were removed
from transfected cells, after which 400 �l of Luciferase
Cell Culture Lysis Reagent (CCLR, Promega: 25 mM
Tris–phosphate (pH 7.8), 2 mM DTT, 2 mM 1,2-diami-
nocyclohexane-N,N,N’,N’-tetraacetic acid, 10% glyc-
erol, 1% Triton X-100) was added to each plate to lyse
the HeLa cells. The lysate was removed and half of it
was used for the luciferase assay (the other half was
stored at ¡80°C for subsequent protein measurement).
One hundred microliters of Luciferase Assay Reagent
(Promega) (luciferin substrate in ATP/Mg2+ buVer)
was added to 100 �l cell lysate immediately before
measuring the luciferase activity. Luciferase activity
was measured using a luminometer (Sirius, Berthold
Detection Systems, Bad Wildbad, Germany), with
units of output (raw readings) in Relative Light Units
(RLU). Two 100 �l samples from each plate (above)
were analyzed, and the RLU results from these two
readings were averaged to yield the raw RLU readings
for each plate.

Measurement of total protein

Total protein per sample was measured using the BCA
Protein Assay Reagent Kit (Pierce, Rockford, IL,
USA). A standard curve was prepared by diluting
known concentrations of bovine serum albumin (BSA)
in CCLR. Two replicates of each standard and experi-
mental sample were incubated in a cupric sulfate based
reagent provided in the BCA kit (0.08% cupric sulfate,
0.1 M sodium hydroxide, and undisclosed proportions
of sodium carbonate, sodium bicarbonate, bicinchoni-
nic acid and sodium tartrate) at 37°C for 30 min, and
then were cooled at RT. Absorbances at wavelength

Table 1 Primers used for PCR ampliWcation of forward and inverse LTRs of Boudicca and Sinbad

Retrotransposon LTR 
orientation

Primer Sequence

Boudicca Forward fwd 5�-CGGGGTACCTGTAGCTGTAAATAGTTCCCC-3�
Boudicca Forward rev 5�-CCCAAGCTTTGAGGATACGACTAGTATTCTA-3�
Boudicca Inverse fwd 5�-CGGGGTACCTGAGGATACGACTAGTATTCTA-3�
Boudicca Inverse rev 5�-CCCAAGCTTTGTAGCTGTAAATAGTTCCCC-3�
Sinbad Forward fwd 5�-CGGGGTACCAAAGACGCAAAGAGATGGTT-3�
Sinbad Forward rev 5�-CCCAAGCTTATCCAGTGTGAACACAGAACC-3�
Sinbad Inverse fwd 5�-CGGGGTACCATCCAGTGTGAACACAGAACC-3�
Sinbad Inverse rev 5�-CCCAAGCTTAAAGACGCAAAGAGATGGTT-3�
1 3
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562 nm (OD592) were determined with a spectropho-
tometer (Bio-Rad, SmartSpec 3000) within 10 min of
each other. The average OD592 reading for the blank
standard (CCLR only) was subtracted from the aver-
age reading for each sample to yield the individual
absorbance readings. The standard curve was used to
calculate total protein for each cell lysate sample. Indi-
vidual luciferase RLU values for each sample were
then divided by total calculated protein for each sam-
ple to yield RLU/mg protein for each sample. RLU/mg
results for the three samples of each experimental
group were determined along with standard error of
mean values.

Results

Structural analysis of retrotransposon LTRs

A BLAST search of the non-redundant nt database
revealed a highly conserved region in the Sinbad LTR
between nt positions »200 and 230. As this region con-
tains a potential TATA box (Fig. 1b), this probably
represents the transcription start site, in the vicinity of
the U3/R boundary (CoYn et al. 1997). This indicated
that the lengths of the U3 and the R + U5 region of the
Sinbad LTR were each »200 bp. A BLAST search
with the Boudicca LTR also revealed a conserved
region, between nt positions »170 and 200. This was
one of the predicted positions for a potential TATA
box for the LTR of Boudicca (Fig. 1c), and so this rep-
resents the probable location for the transcription start
site for Boudicca. Further, this indicated that the
length of Boudicca’s U3 and R + U5 regions are
»150 bp each in length. In addition to the polymerase
binding sites, canonical polyadenylation signals of
sequence AATAAA (CoYn et al. 1997) and the vari-
ant AATATA were apparent in the LTRs of both ret-
rotransposons.

The LTRs of both Boudicca and Sinbad exhibited
many of the hallmark features of LTRs of retroviruses.
The polyadenylation signal for the Boudicca LTR is
located about 10–40 bp downstream of the putative
PBS (at nts 208–213) placing it either in the R region,
as is seen in HIV-1 and other retroviruses, or at the 3�

end of the U3, as is seen in HTLV-1 and other retrovi-
ruses (CoYn et al. 1997) (Fig. 1a, c). Sinbad’s poly-
adenylation signal is located at 265–270 bp, about 40–
70 bp downstream of the putative PBS, probably in the
R region. In addition, the Sinbad LTR also includes a
GT-rich region 12 bp downstream of the forward poly-
adenylation signal (TTTGGAGTTTTGGTT, nts 283–
297 of the LTR). The LTR of Boudicca does not

apparently include a similar GT-rich region (Fig. 1b, c).
The LTRs of both retrotransposons include DIRs, but
only Sinbad’s LTR includes more extended inverted
repeats. The locations of these regulatory signals and
the segment lengths they imply are consistent with the
structures of the LTRs of many retroviruses (CoYn
et al. 1997), but the Sinbad LTR includes more recog-
nizable signals similar to those of retroviral LTRs.

Luciferase assay

Luciferase activity and total protein was measured for
seven triplicate sets of transfected cells, in each of four
replicates of the assay. These included triplicates for
each experimental condition, Boudicca LTR forward,
Boudicca LTR inverted, Sinbad LTR forward, and Sin-
bad LTR inverted, and for three controls (Fig. 2a). All
constructs were sequenced prior to their use in the
assay and were identical to the expected sequences, in
GenBank accession numbers AY965072, AY965073,
AY965074, and AY965075. The pGL3 Control SV40
driven construct produced strong levels of luciferase
activity (about 100 £  that of pGL3-Basic, as expected
based on data from Promega) (not shown) while the
GST28-A driven construct produced moderately
strong activity (Fig. 2b). The pGL3-Basic construct
produced weak, though detectable, activity. In general,
both the forward and inverted Boudicca LTR con-
structs drove only weak or negligible luciferase activ-
ity, with levels similar to those from the promotorless,
pGL3 basic, control. In contrast, the Sinbad LTR for-
ward construct drove luciferase activity at levels com-
parable to those seen with the S. mansoni GST28-A
construct (Fig. 2b). In addition, surprisingly, the Sin-
bad LTR inverted construct drove luciferase activity at
a similar level to the Sinbad LTR forward construct
(Fig. 2b). These Wndings showing luciferase activity
with both forward and inverse orientation versions of
the Sinbad LTR construct were observed consistently,
in each of the four replicates of the experiment (not
shown).

Discussion

This study illustrated not only the ability of Sinbad’s
LTR to create active transcripts, but also showed that
it is capable of functioning bidirectionally. The Boud-
icca LTR, in contrast, did not appear to be functional
in HeLa cells, though it may be capable of transcrip-
tion in diVerent systems (although luciferase activity
driven by the Boudicca LTR was signiWcantly greater
in the inverse versus forward orientation, the level of
1 3
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luciferase activity was low compared to that of the pos-
itive control).

Transcription of LTR retrotransposons can be tissue
speciWc (Awasaki et al. 1996; Dupressoir and Heid-
mann 1996; Lecher et al. 1997), and genomic Xanking
sequence can have a major impact on retrotransposon
promotor activity (Lavie et al. 2006). Boudicca tran-
scription could therefore be aVected by the absence of
the natural cellular and genomic context of copies inte-
grated in the schistosome genome. Since numerous
transcripts of both Boudicca and Sinbad have been
detected in both larval and adult stages of S. mansoni
(Copeland et al. 2003, 2004, 2005a), it is likely that
LTRs of both retrotransposons are active within schis-
tosome tissues. The Boudicca transcripts seen in these
previous studies, however, may have been driven by
LTRs of diVerent copies of the Boudicca retrotranspo-
son. The structural analysis shown in Fig. 1 suggested
that the copy of Boudicca examined here may not
include fully functional LTRs. Alternatively, the fail-
ure of the Boudicca LTR to drive luciferase activity in
HeLa could indicate that either the LTR may not be
active in heterologous (mammalian) cells and/or that it
cannot drive transcription from the WreXy luciferase
gene. Interestingly, the LTR of the same copy of Boud-
icca examined here can drive green Xuorescent protein
(GFP) expression in adult schistosomes transfected by
particle bombardment (B. H. Kalinna, personal com-
munication), a Wnding that suggests that the absence of
luciferase activity in HeLa cells could reXect tissue
speciWcity, perhaps schistosome or molluscan tissue
speciWcity, rather than simple lack of promotor func-
tion [Boudicca-like retrotransposons may be present in
the genomes of some snail hosts of schistosomes, but
do not appear to be present in the human genome
(Copeland et al. 2006)]. Further experiments using
whole schistosomes or cell lines such as Bge, a line
derived from embryonic Biomphalaria glabrata snail
cells (Yoshino et al. 1998), may help to clarify whether
the Boudicca LTR is capable of functioning in non-
human tissues. Alternatively, expression may be con-
struct-speciWc, with this LTR capable of driving GFP
expression but not luciferase expression. Despite the
success with GFP expression, the LTRs of the 53-J-5
copy of Boudicca are only 88.4% identical. Although
multi-copy analysis of other Boudicca LTRs indicates
that the 3� LTR is degraded and the 5� LTR (investi-
gated here) is similar to the consensus (Copeland et al.
2003), the more intact 5� LTR nonetheless does not
represent the promotor of a recently integrated retro-
transposon. In addition, the lack of terminal inverted
repeats beyond the DIRs and the lack of a recogniz-
able GC-rich area downstream of the polyadenylation

signal may be due to mutations in the Boudicca 5� LTR
accumulated over time. The LTRs of other, more
recently integrated copies of Boudicca may be found to
be permissive enough to drive robust levels of expres-
sion in mammalian and other non-schistosome cells.

In contrast to Boudicca, the Sinbad promotor exhib-
ited levels of expression approaching those of the schis-
tosome GST28-A promotor. The LTRs of this copy of
Sinbad were 100% identical, suggesting recent inser-
tion and lack of mutation. The present Wndings indicate
that the LTR of the Sinbad retrotransposon is func-
tional as a promotor. Interestingly, retrotransposons
closely related to Sinbad have been found in verte-
brates (Wsh) as well as platyhelminths (Copeland et al.
2005a), whereas retrotransposons closely related to
Boudicca have only been found in platyhelminths (Bae
et al. 2001; Bae and Kong 2003) and insects (Abe et al.
2000; Tubio et al. 2005). This may reXect less stringent
host speciWcity in terms of transcription factors and
other host speciWc elements on the part of Sinbad.

Whereas LTR driven expression of luciferase was
not surprising, expression of luciferase driven by the
inverted Sinbad LTR (antisense) was unanticipated.
Analysis of the LTR showed that it was not palin-
dromic and sequencing of the construct conWrmed that
the insert represented a single LTR in the inverted ori-
entation. While apparently uncommon, other promo-
tors have been shown to function both in the forward
and inverse orientation, including the LTR of the IAP
murine endogenous retroviruses (Maksakova et al.
2006). Some promotors, such as the Drosophila H2A-
H2B spacer (Crayton et al. 2004), and the mammalian
ACACA and TADA2L shared gene promotor (Tra-
vers et al. 2005), function bidirectionally in nature, ini-
tiating transcription for coding sequences on either
side. In addition, 3� LTRs have been shown to produce
antisense transcripts encoding reverse ORFs in retrovi-
ruses (Cavanagh et al. 2006). Bidirectional promotors
have also been produced synthetically in order to
express two transgenes in a coordinated manner
(Amendola et al. 2005). Promotors that function natu-
rally only in the forward direction have also been
shown to exhibit some transcription in the reverse
direction in vitro (e.g., Johnson and Friedmann 1990).

Although expression driven by the antisense
sequence of the LTR of Sinbad may seem to suggest a
natural function for this phenomenon, how this might
confer an increase in Wtness on an LTR retrotranspo-
son remains unclear (no obvious reverse orientation
ORFs extend from the 3� LTR of Sinbad; all reverse
orientation ORFs are short, and are not located adja-
cent to the 3� LTR). Although the co-evolution of a
multi-copy mobile element with a Xanking host gene
1 3
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seems unlikely, L1 elements encode antisense promo-
tors in their 5� UTRs that can drive the transcription of
adjacent genes (Speek 2001), and as mentioned above
the LTR of IAP can drive ectopic gene expression in
an antisense direction. Perhaps the LTR of Sinbad is
derived from the bidirectional promotor of a host gene
pair, or from the LTR of a retrovirus encoding reverse
reading frames; LTR retrotransposons are thought to
have evolved through the acquisition of both genes and
LTRs from exogenous sources (Xiong and Eickbush
1990; McClure 1991; Malik et al. 2000).

Functionality of the antisense sequence of the Sinbad
LTR could be due to a relatively recent acquisition of a
bidirectional promotor, or could be rooted in some as
yet unknown function for the retrotransposon. Func-
tional studies clarifying the deWnitive polyadenylation
signals, as well as the deWnitive transcription initiation
sites, would be useful in investigating these possibilities.
In addition, investigation of the activity of the LTRs of
other Pao/BEL elements might clarify whether bidirec-
tional LTRs are unique to Sinbad or are characteristic
of Pao/BEL clade retrotransposons at large.

The ability of retrotransposon and retroviral promo-
tors to function bidirectionally has important implica-
tions for genome function and evolution. This ability
expands the known roles of retrotransposons as inser-
tional mutagens and generators of transcripts 3� of the
3� LTR to now include the possibility of generation of
transcripts 5� of the 5� LTR. Promotors capable of
functioning bidirectionally should thus be capable of
aVecting upstream genes or regulatory regions in addi-
tion to those downstream, enabling LTR retrotranspo-
sons with these promotors to transcribe genetic
material on either side of their insertion sites. The
investigation of the promotor function of other LTRs,
as well as analyses of insertion sites of genes or regula-
tory elements upstream of bidirectionally functional
LTRs, can be expected to shed light on how bidirec-
tional LTRs may inXuence genome function and
genome evolution.
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