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Spliced leader (SL) RNA trans-splicing contributes the 5� termini
to mRNAs in a variety of eukaryotes. In contrast with some trans-
splicingmetazoangroups (e.g.nematodes), flatwormspliced leaders
are variable in both sequence and length in different flatworm taxa.
However, an absolutely conserved and unique feature of all flat-
worm spliced leaders is the presence of a 3�-terminal AUG.We pre-
viously suggested that the Schistosomamansoni spliced leaderAUG
might contribute a required translation initiator methionine to
recipient mRNAs. Here we identified and examined trans-spliced
cDNAs from a large set of newly available schistosome cDNAs. 28%
of the trans-spliced cDNAs have the SL AUG in-frame with the
major open reading frame of the mRNA. We identified over 40
cDNAs (40% of the SL AUG in-frame clones) that require the SL
AUG as an initiator methionine to synthesize phylogenetically con-
served N-terminal residues characteristic of orthologous proteins.
RNA transfection experiments using several schistosome stages
demonstrated that the flatworm SL AUG can serve as a translation
initiator methionine in vivo. We also present in vivo translation
studies of the schistosome initiator methionine context and the
effect of the spliced leader AUG added upstream and out-of-frame
with the main open reading of recipient mRNAs. Overall, our data
have provided evidence that another function of flatworm spliced
leader trans-splicing is to provide some recipient mRNAs with an
initiator methionine for translation initiation.

Spliced leader (SL)2 RNA trans-splicing is an RNA processing event
that forms the mature 5� end of mRNAs (1–3). The two substrates for
the reaction are 1) a small RNA, the spliced leader RNA, and 2) a
pre-mRNA. The spliced leader RNA consists of a small exon, the spliced
leader, ranging in size from15 to 52 nucleotides. The SL exon is followed
by a 5� splice site and an intron without a 3� splice site. The recipient
pre-mRNA substrate beginswith an outron (an intron lacking a 5� splice
site) followed by an exon or several exons and introns. Trans-splicing
adds the spliced leader sequence to the 3� splice site of the outron,
generating the mature 5� end of the mRNA. Spliced leader addition

provides not only the 5�-terminal sequence but also brings a new cap to
the mature mRNA. In metazoa, a trimethylguanosine (TMG) cap
(m2,2,7GpppN) is present on the spliced leader RNA, and thus the
mRNAs acquire a TMG cap (4–9).
Trans-splicing is present in some sarcomastigophora protozoa,

hydra, nematodes, rotifers, flatworms, and early chordates (8–20). SL
addition thus represents a major form of gene expression present in
divergent groups of eukaryotes. For some organisms and genes, a func-
tion for trans-splicing is known. Trans-splicing in concert with 3� end
formation serves to resolve polycistronic transcripts intomonocistronic
mRNAs for almost all genes in the kinetoplastida, �20% of Caenorhab-
ditis elegans genes, several genes in the early chordate Oikopleura, and
at least one schistosome gene locus (11, 21–27). In C. elegans, two
spliced leaders have been identified, SL1 and SL2 (17, 28). SL2 trans-
splicing participates in the resolution of polycistronic transcripts (21,
22, 24, 29). However, SL1 addition is responsible for the majority of
trans-splicing in nematodes, accounting for 50–90% of trans-splicing in
different nematodes. Notably, SL1 trans-splicing is not typically
involved in resolution of polycistronic transcripts, and overall, its pri-
mary function remains unclear. Recently, we have shown that the addi-
tion of the TMG-capped SL1 to test transcripts does not have a signif-
icant effect on nematode mRNA stability and translation when
compared with non-trans-spliced m7G-capped control RNAs (30).
However, SL1 trans-splicing may play a role in nematode translation by
adding the spliced leader at a relatively conserved distance from the
AUG of the recipient RNA endogenous open reading frame that is opti-
mal for translation of TMG-capped RNAs (30). Overall, however, the
function of trans-splicing in several organisms remains unknown, and it
remains to be determined what other functions trans-splicing may
serve.
The spliced leader sequence varies among different trans-splicing

organisms. However, within a group of trans-splicing organisms, the SL
sequence typically exhibits high sequence conservation. For example,
the 22-nucleotide SL1 spliced leader is almost absolutely conserved in
all nematodes. The high sequence conservation of the nematode SLmay
be required as the sequence constitutes part of the SL RNA promoter in
Ascaris and contributes to the ability to translate mRNAs with the tri-
methylguanosine cap (30, 31). Trans-splicing has been identified in four
major and divergent flatworm groups, triclads, polyclads, trematodes
(parasitic flukes), and cestodes (tapeworms) (8, 13–15, 20, 32). Flat-
worm spliced leaders exhibit a high degree of length and sequence var-
iation, more than observed in some groups of trans-splicing organisms.
The SL sequences range from 34 to 52 nucleotides in length (52 nucle-
otides is the longest SL known) and often have less than 50% nucleotide
identity. The length and sequence variation in the SL is also accompa-
nied by some variation in predicted flatwormSLRNAstructure. Despite
the significant SL length and sequence variation, several phylogeneti-
cally conserved nucleotides are present in divergent flatworm spliced
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leaders. Among these are an invariant 3�-terminal AUG. This is a
unique characteristic of the flatwormSLnot seen in spliced leaders from
other organisms. In our original studies on schistosomes, the presence
of the 3�-terminal SL AUG led us ask whether a function of trans-
splicing in flatworms might be to provide recipient mRNAs with an
initiator methionine (33). Our initial sequence characterization of a
small set of trans-spliced schistosome RNAs indicated that themajority
of trans-spliced mRNAs contained an independent and endogenous 3�
initiatormethionine for the primary open reading frame of the recipient
mRNA. For thesemRNAs, the SL AUGwas upstream and out-of-frame
with the primary open reading frame of the mRNA. Interestingly, we
also identified twomRNAs forwhich the SLAUGwas in-framewith the
primary open reading frame of the mRNA. However, no additional
bioinformatic or functional data were available to support the use of the
SL AUG as an initiator methionine.
Recently, large scale EST and cDNA sequencing efforts have been

conducted on schistosome mRNAs (34, 35). In addition, during the last
decade, genomic, cDNA, and EST sequencing efforts have increased
enormously the number of predicted and known protein sequences.
These new sequence data have enabled us to further examine the ques-
tion of whether the flatworm SL AUG serves to provide recipient
mRNAs with a required initiator methionine for expression of the
endogenous mRNA open reading frame. In the current study, we have
provided extensive bioinformatic data demonstrating that the flatworm
spliced leader contributes an initiator AUG to some mRNAs necessary
for the synthesis of N-terminal residues conserved in the orthologous
proteins of other organisms. In addition, we developed and used methods
for transient RNA transfection to demonstrate that the schistosome-
spliced leaderAUGcan functionally serveasan initiatormethionine invivo.
Our results have expanded the known functions of trans-splicing and
demonstrate that spliced leader addition in flatworms serves to contrib-
ute an initiator methionine for expression of some recipient mRNA
open reading frames.

MATERIALS AND METHODS

Bioinformatic Analyses—Schistosome cDNAswith the spliced leader
sequence were identified in the NCBI non-redundant and EST data-
bases as well as the Schistosoma mansoni GeneDB using BLASTN.
Spliced leader cDNAs were screened to eliminate clones containing
non-terminal SL sequences. Non-terminal SL sequences can represent
as high as 20–25% of the clones.
5�-terminal SL clones were analyzed to determine whether the SL

AUG was in-frame with the major open reading frame (ORF) of the
mRNA using either the NCBI ORF Finder or MacVector Software
(Accelrys, San Diego, CA). cDNAs with two approximately equiva-
lent ORFs were eliminated from the analysis, and only cDNAs with
ORFs of at least 150 nucleotides were characterized. Clones with the
SL AUG in-frame with the major mRNA ORF were then analyzed by
BLASTX against protein databases. Resulting pairwise alignments
derived from BLASTX were initially analyzed to determine whether
1) the SL AUG-initiated protein had similarity with proteins in the
data base between the SL AUG and the next downstream AUG and
2) if the similarity in these residues was phylogenetically conserved
among orthologous proteins. In many cases, the orthologous pro-
teins were extracted from the databases and subjected to multiple
sequence alignment with the predicted schistosome proteins to con-
firm conservation of residues. To be considered a cDNA that uses
the SL AUG to initiate open reading frames, a minimum of 5 iden-
tical or functionally similar and phylogenetically conserved residues
must be present between the SL AUG and the downstream AUG.

The majority of SL AUG-initiated open reading frames exhibit much
higher similarity (a higher percentage of identity and similarity
between the SL AUG and next downstream AUG) with orthologous
proteins. In addition, most assigned SL AUG-initiated proteins are
also present in diverse phylogenetic groups representing vertebrates
and at least two invertebrate groups.

RNA Preparation for Transfection—PCR-generated templates for in
vitro transcription were synthesized from pRL-null (Renilla luciferase)
or pGL3 (firefly luciferase)(Promega, Madison, WI) using primers that
introduce a T7 promoter and 5�-UTR sequences at the 5� end of the
luciferase ORF and a 60- or 85-nucleotide poly-A tail at the 3� end. The
in vitro transcription reactions (T7 Megascript, Ambion, Austin, TX)
typically contained 1�g of template/20-�l reaction, 10mMATP, 10mM

CTP, 10 mM UTP, 12 mM cap analogue (m7GpppG or m3
2,2,7GpppG),

1.5 mM GTP, 1� reaction buffer, and 1� T7 polymerase mix and were
carried out at 37 °C for 4 h. After DNase I treatment, the mRNA tran-
scripts were extracted with TRIzol (Invitrogen), and the RNAs were
precipitated twice, once with isopropyl alcohol and then with 0.5 M

ammonium acetate/ethyl alcohol. Precipitated RNAs were further
washed with 70% ethyl alcohol, dissolved in water, quantitated spectro-
photometrically, and examined by agarose-formaldehyde denaturing
gel electrophoresis. Analysis of cap orientation on transcripts was car-
ried out as described (36) and indicated that greater than 80%of the caps
were added in the correct orientation.

SchistosomeMaterials—Mice and hamsters infected with S. mansoni
were provided by an National Institutes of Health contract through the
Biomedical Research Institute and Fred Lewis. Additional S. mansoni-
infectedmice andhamsterswere generously provided by Edward Pearce
and Philip LoVerde, respectively. Adult schistosomes were perfused
from the hepatic portal vasculature and maintained in RPMI 1640 with
10% FCS and 200 �g/ml penicillin/streptomycin at 37 °C and 5% CO2.
Eggs were isolated from livers by gentle homogenization of infected
livers in 1.5% saline followed by sequential filtering of the eggs through
screens as described previously (37, 38). Purified eggswere suspended in
spring or MilliQ water to stimulate hatching of the miracidial larval
stage. The larval stages were collected by migration toward light and
concentrated by gentle centrifugation at 4 °C (38).Miracidia were either
used directly for biolistic experiments or transformed into sporocysts by
18–24 h of incubation inMEMSE-J with 1% bovine serum albumin and
200 �g/ml gentamycin at 26 °C in 5% CO2 and O2 (39, 40). Following
18–24 h of incubation, the transformed sporocysts were maintained at
26 °C inMEMSE-J with 5% FCS and 200 �g/ml penicillin/streptomycin
in 5% CO2 and O2.

RNABiolistics—Preparation of goldmicrocarriers and biolistics were
performed essentially as described previously (41) with the following
modifications: 1) gold particles were spherical �2.2 �m gold from
Degussa (10KM)(dmc2 Metals Group, South Plainfield, NJ) and 2)
instead of lyophilization of the RNA onto the gold carriers, an alcohol
precipitation was used. In vitro transcribed RNAs were precipitated
onto gold particles using 2.5 M ammonium acetate/ethyl alcohol precip-
itation using either 0.25–5 �g of Renilla luciferase reporter RNA or
0.25–5 �g of firefly luciferase RNA/1 mg of gold particles. Luciferase
activity in worms is RNA dose-dependent. The RNA/gold pellet was
washed with 200 �l of ice-cold ethyl alcohol, resuspended in ice-cold
100% ethyl alcohol (18 �l/mg gold), and spread onto macrocarriers and
processed as described previously (41). Binding of RNA onto the gold
particles was evaluated by formaldehyde agarose gel analysis to deter-
mine the integrity of RNA bound to the beads, and RiboGreen (Molec-
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ular Probes) (42) was used to quantitate RNA loaded onto the particles
for data normalization. Analysis of RNA bound to beads indicated that
little to no degradation of the RNA occurred prior to particle bombard-
ment and that typically 80–85% of the precipitated RNA was bound
onto the gold particles.
Freshly perfused adult schistosomes were incubated in medium in

5% CO2 at 37 °C for 3 h to overnight prior to bombardment. 30 worm
pairs in mediumwere carefully placed into the center of 35-mm Petri
dishes, and just prior to bombardment, the medium was removed.
The adults were bombarded with 1 mg of RNA-coated gold particles
in a Bio-Rad Biolistic PDS-1000/HE particle delivery system at 15
inches of mercury of chamber vacuum, target distance of 3 cm (stage
1), and 1,550-psi particle acceleration pressure. In many experi-
ments, the adults were immediately bombarded a second time. This
effectively doubles the level of expression observed. After bombard-
ment, 2–3 ml of RPMI plus 10% FCS and 200 �g/ml penicillin/
streptomycin was added, and the adults were incubated at 37 °C in
5% CO2 for 3 h before the adults were collected, washed in phos-
phate-buffered saline, pelleted, and frozen prior to lysis for luciferase
assays. Evaluation of gold particle delivery was carried out as
described previously (41).
For particle bombardment of miracidia and sporocyst, freshly iso-

lated miracidia or 18–24-h transformed sporocysts were suspended in
MEMSE-J with 1% bovine serum albumin and 200 �g/ml gentamycin,
and �1000 miracidia or sporocysts were gently spread onto the center
of 35-mm Petri dishes in a minimal volume. Optimal biolistics param-
eters were determined to be 15 inches of mercury of chamber vacuum,
target distance of 6 cm (stage 2), and 450-psi particle acceleration pres-
sure. Following bombardment, 2 ml of Media F or MEMSE-J plus 1%
bovine serum albumin or 5% FCS were added, and the miracidia or
sporocysts were incubated at 26 °C in 5%CO2 andO2 for 3 h before they
were collected, washed in media, pelleted, and frozen prior to lysis for
luciferase assays. Bombarded miracidia develop into viable sporocysts
that can be maintained for several weeks.

RNA Electroporation of Sporocysts—600–2000, 18–24-h-old sporo-
cysts were resuspended in 100 �l of MEMSE-J with 1% FCS. The spo-
rocysts were placed into prechilled 0.4-cm electroporation cuvettes,
RNA was added to 50 �g/ml, and electroporation was carried out in a
BTX ECM 830 (square wave) electroporator (BTX, Holliston, MA) at
280 volts using a 0.5-ms pulse length. Following electroporation, the
sporocystswere suspended in 2ml ofMEMSE-Jwith 5%FCS/200�g/ml
penicillin/streptomycin and incubated at 26 °C in 5%CO2 andO2 for 3 h
before they were collected, washed in media, pelleted, and frozen prior
to lysis for luciferase assays.

Luciferase and Protein Assays—Frozen pellets of adult or larval schis-
tosome stageswere resuspended in 150�l of the recommend lysis buffer
(Promega, Madison, WI) and homogenized in Kontes disposable PEL-
LET PESTLES� with Microtubes (Vineland, NJ) several times using
several freeze-thaw cycles andmultiple passes with amotor-driven pes-
tle. The lysateswere cleared by centrifugation, and aliquots (20�l) of the
supernatant were assayed using the Promega Renilla, luciferase, or
Dual-Luciferase assay systems with a Sirius luminometer (Zylux Corp.,
Oak Ridge, IN) ) (41). Dual-Luciferase assays were used in conjunction
with co-transfection of two reporters (firefly and Renilla luciferase) as
normalization for transfection efficiency and biological variation. Pro-
tein assays on lysates were carried out using the Pierce BCA protein
assay kit and Compat-Able protein assay preparation reagent set
(Pierce). Experimental data were similar with or without normalization
to a co-transfected reporter and to protein concentrations in sample
lysates. Thus, some experimental data are presented with normaliza-
tion, whereas other data are not.

RESULTS

Conservation of the Flatworm SLAUGand Its Sequence Context—An
alignment of the known flatworm spliced leaders and a subalignment of
their 3� ends are presented in Fig. 1, A and B. The alignments illustrate
the absolute sequence conservation of the 3�-terminal AUGof flatworm
spliced leaders as well as the AUG sequence context. We previously

FIGURE 1. Conservation of flatworm spliced leader 3�-terminal AUG. A, multiple sequence alignment of flatworm spliced leaders (8, 13–15, 20, 32). B, consensus sequences for
schistosome translation initiation (non-SL � non-trans-spliced mRNAs) and the 3� ends of flatworm spliced leaders. The translation initiation consensus was determined as described
(33) on 300 characterized schistosome mRNAs. The length and 3� ends of the flatworm SLs are illustrated. Dots within the consensus region indicate identical nucleotides (nts). The
dashes preceding the consensus represent upstream sequence that is variable in the spliced leaders. C, nucleotide frequencies at positions �1 to �3 for 300 non-trans-spliced
schistosome cDNAs.
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derived a schistosome translation initiation AUG consensus from a
small set of non-trans-spliced schistosome mRNAs. Re-evaluation of
this consensus in light of additional sequences (�300) indicates that it is
still valid with the larger sampling (33) (Fig. 1C). The non-trans-spliced
mRNA translation initiation consensus along with the consensus of the
flatworm SL AUG are shown in Fig. 1B. The schistosome translation
initiation AUG context for non-trans-spliced mRNAs conforms to that
observed in higher eukaryotes and a variety of invertebrates (43–45)
with a highly conserved purine in the �3 position (Fig. 1C). Notably, all
the flatworm SL AUGs have a U in the �3 position instead of a purine.

Bioinformatic Analysis of SL cDNAs and ESTs—We previously noted
that the schistosome SL AUG was typically not in-frame with major
open reading frames of recipient mRNAs (33). However, we observed
two mRNAs (corresponding to �5% of the trans-spliced mRNAs we
originally identified) for which the SLAUGwas in-framewith themajor
ORF of the recipient mRNA. Available bioinformatic data at the time
did not support the conservation of the protein sequence between SL
AUG and the next 3�-AUGwith orthologous protein sequences in data-
bases. The large increase in known and predicted protein sequences
from a breadth of organisms, as well new EST and cDNA data for schis-
tosomes (34, 35), led us to further examine whether we could derive
additional data to support the use of the conserved flatworm spliced
leader AUG as an initiator methionine. We re-examined trans-spliced
mRNAs we previously described and identified a large number of new
trans-spliced schistosome mRNAs in both EST and nucleotide data-
bases (�250,000 ESTs and cDNAs) (34, 35). These mRNA sequences
were derived from two different schistosome species, S. mansoni and
Schistosoma japonicum, which have identical SL sequences. Only a
small percentage of the known cDNAs and EST sequences contains the
schistosome SL. For example, of the �150,000 known S. mansoni EST
sequences,�245 (0.16%) clones contained the spliced leader, whereas of
the�97,000 S. japonicum EST sequences,�845 (0.9%) have the spliced
leader. These values are an under-representation of the frequency of
mRNAswith an SL for several reasons. First, unless specializedmethods
are used, full-length cDNAs are typically under-represented in libraries.
Second, many of the S. mansoni ESTs represent sampling of internal
cDNA fragments and cDNA synthesis, and sampling did not emphasize
preparation or analysis of full-length clones (34). Recently,�9,500 S. ja-
ponicum cDNAs sequences were deposited into the nucleotide data
base. Of these �9,500 cDNAs, 216, or 2.3% of the clones, have a 5�-ter-
minal spliced leader (270 clones have the SL, but 54 of these clones
exhibited the SL in a non-terminal position). For our analyses, we exam-
ined all available cDNAs with a 5�-terminal SL in current databases
(NCBI nucleotide and dbEST and S. mansoni GeneDB) to identify
clones that might use the SL AUG as an initiator methionine. However,
the 216 S. japonicum SL cDNAs derived from the newly deposited 9,500
cDNAs were used to calculate the percentages of clones with the SL
AUG in-frame and other frequencies as these are primarily full-length
and better characterized mRNAs.
The SL sequence is predominantly out-of-frame with the AUG of the

major open reading frame for themajority of the SLmRNAs (72%). 28%
of the cDNAs and ESTs contain the SL AUG in-frame with the main
open reading frame. Many mRNAs often use the first in-frame AUG as
the initiator methionine, particularly when present in an appropriate
sequence context. However, there are a growing number of examples in
which the first AUGmay not be used as the initiation codon (46–48). In
addition, as little is known regarding translation initiation in flatworms,
it is possible that trans-spliced mRNAs with the potentially poor
sequence context of the SLAUG (it lacks a purine at�3when compared
with non-trans-spliced schistosome mRNAs and other invertebrates)

might preferentially initiate translation from a downstream AUG in a
better context.
N-terminal sequence for proteins derived from trans-splicedmRNAs

containing the SL AUG in-frame with major ORF would provide defin-
itive data regarding the initiatormethionine of these proteins. However,
these data are exceptionally difficult and expensive to obtain, particu-
larly in parasitic organisms for which limitedmaterial is available. In the
absence of these data, we chose to examine predicted SL AUG-initiated
proteins for conserved amino acid residues between the SL AUG and
the next 3�-AUG in orthologous proteins. If a predicted SL AUG-initi-
ated protein contained conserved residues in orthologous proteins
between the SL AUG and the next downstream AUG, these data would
provide strong support that the SL AUG would be required for transla-
tion to produce a proteinwithN-terminal residues that are phylogeneti-
cally conserved for that particular protein. Of those cDNA clones that
have the SL AUG in-frame with the major ORF (SL AUG in-frame
clones), 35% have an in-frameMet within �10 amino acids 3� of the SL
AUG (10% of all SL clones identified). None of these cDNAs passed the
similarity criterion described above for the amino acids between the SL
AUG and the next in-frame AUG. These cDNAs may use the SL AUG
(see below), or in some cases, the downstream AUG in these mRNAs
might be used as the translation initiator methionine via a leaky scan-
ning mechanism (49, 50). Of the remaining SL AUG in-frame clones,
�40% exhibited phylogenetically conserved sequence similarity
between the SL AUG and the downstream methionine, supporting the
use of the SL AUG as an initiator methionine. Thus, over 40 schisto-
some mRNAs representing �10% of the total SL-containing clones
were identified in the different databases that meet our criterion (see
supplemental Table 1). Alignments illustrating the phylogenetic conser-
vation of SL AUG-initiated N-terminal residues are shown in Fig. 2.
These alignments are representative of the types of matches obtained
and are presented to illustrate the evidence for conservation of N-ter-
minal residues. Most alignments for predicted proteins initiated by the
SL are strongly supportive of the SL AUG to generate a functional pro-
tein based on phylogenetic conservation of residues in orthologous pro-
teins (Fig. 2). However, some alignments (�15%) are not as supportive
as those shown. The majority of the predicted schistosome proteins are
similar to known proteins with a discrete function. Only a small per-
centage of the proteins is similar to unknown, hypothetical proteins.
This suggests that the use of the SL AUG for translation initiation is not
generally a property of schistosome-specific proteins. Overall, these
data provided strong support that a number of trans-spliced schisto-
some mRNAs would require the SL AUG as an initiator methionine to
produce proteins with the requisite phylogenetically conserved N-ter-
minal residues.

Luciferase RNA Reporter Transfection—We developed methods for
RNA transfection using biolistics and electroporation into several stages
of the schistosome life cycle, including miracidia (a free-swimming
stage infecting the freshwater snail intermediate host), sporocysts
(derived from miracidia that undergo polyembryony within the inter-
mediate snail host), and adults (the sexual form in the vertebrate host).
Following optimization of parameters for both biolistic and electropo-
ration methods (see “Materials and Methods” for conditions used), we
prepared luciferase (firefly or Renilla) RNAs to evaluate whether the
schistosome SL AUG could be used to produce functional luciferase
protein in vivo as measured by assay for luciferase activity. The initial
test RNAs synthesized are illustrated in Fig. 3A. Wild-type firefly or
Renilla luciferase RNAs were used as controls for transfection and
translation. The firefly RNA control (firefly) consisted of an m7GpppG-
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FIGURE 2. N-terminal residues of SL AUG-initiated proteins are conserved in orthologous proteins. Predicted proteins encoded by the SL AUG to the next in-frame AUG were
aligned with orthologous proteins using the MacVector implementation of Clustal. Darkly shaded residues are identical amino acids, and lightly shaded residues are functionally similar.
These are representative alignments for the proteins identified. A, schistosome accession number AY811984, cyclophilin J (peptidylproly isomerase protein 3). B, schistosome
accession number AY223260, nucleotide-binding protein 2 (Mrp, ATPase involved in chromosome partitioning). C, schistosome accession number AY815507, acyl CoA binding
domain protein. D, schistosome accession number AY812760, steroid, 3-oxo-5-�-steroid 4-dehydrogenase (steroid 5-�-reductase).
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capped 36-nucleotide 5�-UTR, firefly luciferase ORF, 50-nucleotide
SV40 3�-UTR, and a 3� 60-nucleotide poly(A)-tail. The control Renilla
RNA (Renilla) consisted of an m7GpppG-capped 32-nucleotide
5�-UTR, Renilla ORF, 50-nucleotide SV-40 3�-UTR, and 3� 85-nucleo-
tide poly(A)-tail. To test whether the spliced leader AUG could initiate
translation of luciferase protein, the entire 5�-UTRs of these RNAswere
substituted with the 36-nucleotide schistosome SL, placing the SLAUG
as the initiator methionine in-frame with the Renilla or firefly luciferase
ORF (firefly or Renilla S. mansoni SL AUG). Test RNAs were intro-
duced into schistosomes either by biolistics (adults, miracidia, and spo-
rocysts) or electroporation (sporocysts). 3 h following RNA introduc-
tion, the samples were collected, frozen, lysed, and assayed for luciferase
activity. As illustrated in Fig. 3B, introduction of the control firefly lucif-
erase RNAs into different schistosome stages led to significant levels of
luciferase activity in parasite lysates 3 h after RNA introduction.
Replacement of the positive control RNA 5�-UTR with the schisto-
some-spliced leader such that the SL AUG replaced the luciferase AUG

also resulted in luciferase activity in the parasite lysates. These data
suggested that the schistosome-spliced leader AUG can function as a
translation initiator methionine. To further test whether the luciferase
activity observed was dependent on the SL AUG as the initiator methi-
onine, we synthesized RNAs with the SL AUGmutated to GCG (firefly
S. mansoni SL AUG to GCG and Renilla S. mansoni SL AUG to GCG).
Mutation of either the wild-type luciferase or schistosome-spliced
leader initiator AUG toGCG (AUG toGCGmRNAs) resulted in almost
complete loss of luciferase activity in schistosomes (Fig. 3, B–D). These
data are consistent with previous experiments demonstrating that the
N-terminal 8 amino acids of firefly luciferase are required for luciferase
activity (51). Data illustrated in Fig. 3,C andD, were normalized for both
transfection efficiency (co-transfection with a second RNA reporter)
and protein content in schistosome lysates. Thus, differences in lucifer-
ase activity were not a function of variation in transfection frequencies
or schistosomematerial. These data demonstrated that the schistosome
SL AUG can serve as an initiator methionine for translation.

FIGURE 3. The schistosome SL AUG can serve as an initiator methionine for in vivo luciferase translation. A, illustration of 5� sequence of RNAs and initiator AUGs for firefly or
Renilla RNA transfection. B, firefly luciferase activity following biolistic introduction of test RNAs into schistosome adults, miracidia, and sporocysts. Test RNAs were introduced into
different schistosome life cycle stages, the schistosomes were incubated for 3 h for translation of the RNA, the schistosomes were collected and lysates were prepared, and the lysates
were assayed for luciferase activity. C, normalized firefly luciferase activities in co-transfected, electroporated sporocysts. The illustrated firefly luciferase RNAs were electroporated
along with a second Renilla RNA as a transfection control into schistosome sporocysts (see Renilla in A). Luciferase activity in sporocysts was determined 3 h after transfection using
the Dual-Luciferase assay. Firefly luciferase activity is illustrated normalized to both Renilla luciferase activity and protein concentration in sporocyst lysates. D, normalized Renilla
luciferase activities in firefly co-transfected, electroporated sporocysts. Luciferase activity in sporocysts was determined 3 h after transfection using the Dual-Luciferase assay. Renilla
luciferase activity is illustrated normalized to co-transfected firefly luciferase RNA activity and protein concentration in sporocyst lysates. These are representative experiments
illustrating the mean � S.E. with three replicates for each RNA sample evaluated.
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Spliced Leader AUG Context and Translation—The SL AUG initia-
tion context contains a U at �3. This is often considered a poor initia-
tion context for some organisms. In a sampling of 300 non-trans-spliced
schistosome cDNAs, U was present at �3 18% of the time (Fig. 1C). To
further examine the SL AUG initiation context and the contribution of
the spliced leader sequence to translation initiation efficiency, we com-

pared the AUG initiation context as a function of the nucleotide at the
�3 position and in the context of the spliced leader sequence. As illus-
trated in Fig. 4, substitution of the SL U at the �3 position to A led to
significant increases in translation efficiency (compare SLUGCAUG to
SL AGC AUG) for both firefly and Renilla reporters with the spliced
leader. An A at the �3 position is the preferred nucleotide present 54%

FIGURE 3—continued
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of the time in non-trans-spliced schistosome cDNAs (Fig. 1C). Thus,
the increases in translation efficiency with A at �3 are consistent with
the apparent preferred AUG context in non-trans-spliced schistosome
cDNAs (Fig. 4).
As the UGC of the SL AGU is apparently a suboptimal context for

initiation (when compared with AGC), we examined whether the
upstream SL sequence contributed to the translation context by
comparing translation of the SL UGC AUG with the first 30 nucle-
otides of the SL substituted with random nucleotides (N30). Notably,
the translation efficiency of the N30 was as efficient as the SL in the
5�-UTR of the reporter RNA. These data indicated that the SL
sequence itself does not contribute significantly to the use of the
UGC AUG context. This may not be unexpected as 18% of schisto-
some cDNAs have a U at �3, and at least for the firefly luciferase
RNA, mRNAs with UGC AUG are relatively efficiently translated
(Fig. 4A). Overall, these data indicated that although a purine at �3
may be optimal in some contexts, mRNAs with a U at �3 can be
relatively efficiently translated.

TMG Cap and in Vivo Translation—The addition of the flatworm
spliced leader to the mRNA also results in the addition of an
m3

2,2,7GpppA cap to the RNA (8). Substitution of an m3
2,2,7GpppG for

the m7GpppG cap on the Renilla control RNA led to a reduction in
translation when compared with the m7GpppG capped Renilla control
RNA (Fig. 5). The addition of the TMG cap in the context of the SL did
not improve translation of TMG-capped transcripts. Overall, reporter
RNAs with the TMG and spliced leader were translated less efficiently
than the m7G-capped control RNA.

SL AUG to Endogenous ORF AUG Distance—The addition of the
spliced leader to recipient mRNAs that do not use the SL AUG as an
initiator methionine places an AUG upstream from the major ORF
AUG. In other organisms, this is known to be a potentially confounding
factor that might require either leaky scanning or, if a short ORF is
present, reinitiation mechanisms to facilitate initiation at the major
ORF (44, 49, 50). To determinewhether the flatwormSLmight be added
at a conserved distance from the endogenous ORF AUG, we examined
160 S. japonicum mRNAs to define the distance between the SL and
ORFof endogenousAUG-initiatedmRNAs.As shown in Fig. 6A, 50% of
the clones acquire the spliced leader within 30 nucleotides of the major
open reading frame AUG. The distribution within the 30 nucleotides is
further illustrated in Fig. 6B.

Effect of an Upstream SL AUG on Downstream AUG Translation—
To evaluate the effect of the upstream and out-of-frame SL AUG on
translation of a downstream open reading frame, we selected the
5�-UTRs of two native mRNAs for analysis, one encoding a high volt-
age-activated calcium channel � subunit 2 and another encoding a U2
small nuclear ribonucleoprotein B (Fig. 7A). The distance between the
SLAUGand the open reading frameAUG for thesemRNAs is 13 and 16
nucleotides, respectively. These distances fall within the typical range of
the SL AUG to the ORF AUG as illustrated in Fig. 6. The translation
efficiency of reporter RNAs with these 5�-UTRs introduced into sporo-
cystswas comparedwith thewild-type control firefly 5�-UTRand the SL
AUG 5�-UTR. Notably, as illustrated in the Fig. 7B, the upstream and
out-of-frame SL AUG did not have a negative effect on firefly reporter
translation. In fact, the 5�-UTRs derived from SL AUG out-of-frame
mRNAs led to higher levels of luciferase activity in schistosome lysates
than either the wild-type or SL AUG translation-initiated reporter.

DISCUSSION

Our data have demonstrated that the spliced leaderAUG is used as an
initiator methionine for the open reading frames of some recipient

schistosome mRNAs. This conclusion has been supported by protein
similarity data that require the SL 3�-AUG as an initiator methionine to
initiate synthesis of a protein with conserved N-terminal residues char-
acteristic of orthologous proteins. In addition, RNA transfection exper-
iments demonstrated that the schistosome SL AUG can be used as an
initiator methionine for translation of test luciferase mRNAs.

Bioinformatic Analyses of SL AUG-initiated Proteins—28% of the
schistosome SL cDNA clones analyzed have the SL AUG in-frame with
the major open reading frame of the recipient mRNA. Approximately
�38% of these clones have a 2nd in-frameMet within �10 amino acids
of the SL AUG. Some or many of these clones could use the SL AUG as
the initiator methionine since the RNA transfection data demonstrated
that the SL AUG can act as an initiator. In addition, in some contexts,
these adjacent AUG codons have been shown to increase translation,
and it remains to be determined whether this is true in schistosomes
(52). Using relatively strict bioinformatic criteria requiring phylogeneti-

FIGURE 4. Analysis of the schistosome AUG initiation context. A, firefly luciferase RNA
reporter AUG initiation context. Sporocysts were electroporated with the illustrated fire-
fly RNAs and a co-transfected Renilla luciferase RNA control. Luciferase activity was meas-
ured in sporocyst lysates 3 h after transfection using the Dual-Luciferase assay. Data were
normalized to the co-transfected Renilla reporter and protein concentrations in the
lysates. The firefly-S. man SL UGC AUG RNA (firefly S. mansoni SL AUG) and firefly-ACC
AUG RNA (firefly) are illustrated in Fig. 3A. The firefly-S. man SL AGC AUG differs only in
the substitution of an A at the �3 position, whereas the firefly-UGC AUG differs by
substitution of UG at positions �2 and �3. Firefly-N30 UGC AUG contains the last 6
nucleotides of the spliced leader (UGC AUG) with the first 30 nucleotides of the spliced
leader substituted with random nucleotides. B, Renilla luciferase RNA reporter AUG ini-
tiation context. Sporocysts were electroporated with the illustrated Renilla RNAs, and
Renilla luciferase activity was measured 3 h after transfection. RNA designations are as in
A except that they are Renilla RNAs. These are representative experiments illustrating the
mean � S.E. with three replicates for each RNA sample evaluated.
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cally conserved sequence similarity between the residues encoded
between the SL AUG and the next in-frame downstreamAUG, we have
identified a set of �40 mRNAs that use the SL AUG. This is likely an
underestimate, and a number of the mRNAs that do not pass these
criteria may actually use the SL AUG as an initiator methionine. Anal-
ysis of the types of proteins encoded by clones with the SL AUG in-
frame did not reveal any common patterns in types of proteins encoded.

SL AUG Initiation Context—Several features are known to influence
the efficiency and/or fidelity of translation initiation at anAUGcodon in
vertebrates including 1) the mRNA cap, 2) the length of the 5�-UTR, 3)
the context of the AUG codon, 4) the secondary structure 5� and 3� of
the AUG, and 5) the presence of upstream AUGs or ORFs (49, 50). The
levels of SL AUG-derived firefly luciferase activity were on average 50%
higher than the control 5�-UTR for firefly luciferase. However, in con-
trast, Renilla luciferase activity with the SL AUG 5�-UTR was typically
�30% less than the controlRenilla 5�-UTR (data not shown). Our inter-
pretation of these data is that the SL AUG provides a reasonably effi-
cient translation initiation context. However, a better understanding of

the comparative efficiency of the 5�-UTRs of trans-spliced versus non-
trans-spliced mRNAs will require additional analyses using several dif-
ferent non-trans-spliced, schistosome mRNA 5�-UTRs.
The schistosome SL AUG initiation context lacks the purine at the

�3 position (a U is present) that is typical of initiation contexts for
non-trans-spliced schistosomemRNAs, other invertebrates, or the gen-
eral vertebrate Kozak consensus (GCCA/GCCAUGG) (43, 45, 49, 50).
Analysis of non-trans-spliced schistosomeAUGcontexts indicated that
�18% of the mRNAs have a U at this position. The most common
nucleotide at�3 is an A present 54% of the time followed by a G at 21%.
The control luciferase RNAs used in this study have a Kozak consensus
(ACC) for �1 to �3. Substituting UGC (the SL AUG �1 to �3) for the
Kozak context sequence in the control RNA led to only a small drop in
translation efficiency (Fig. 4A). Furthermore, efficient use of the SL
AUG context (UGC) is not dependent on the upstream spliced leader
sequence as a 5�-UTRwith 30 random 5�-nucleotides (N30 UGCAUG)
substituted for the upstream SL sequence does not have a large effect on
translation. However, substitution of anA for U at the�3 position leads
to a significant increase in overall luciferase activity (Fig. 4). Thus, the
relatively high frequency of A at�3 observed in cDNAs is reflective of a
more optimal translation initiation context. Overall, these data indi-

FIGURE 5. Translation of TMG-SL RNAs in schistosomes. A, sporocysts. The illustrated
test Renilla RNAs were electroporated with a co-transfected Firefly luciferase RNA into
sporocysts and luciferase activity measured 3 h after transfection using the Dual-Lucif-
erase assay. Data were normalized to the co-transfected firefly reporter and protein
concentrations in the sporocyst lysates. B, miracidia. The illustrated test Renilla RNAs
were biolistically introduced into miracidia, and Renilla luciferase activity was measured
3 h after transfection. The RNAs are as illustrated in Fig. 3A except for the substitution of
a TMG cap on some RNAs. These are representative experiments illustrating the mean �
S.E. with three replicates for each RNA sample evaluated. m7G, m7GpppG cap; TMG, �
m3

2,2,7GpppG cap.

FIGURE 6. Spliced leader AUG to predicted main open reading frame initiator methi-
onine distance. A set of 160 trans-spliced S. japonicum cDNAs that do not have the
spliced leader AUG in-frame with the main open reading frame were analyzed for the
nucleotide distance between the SL AUG and the initiator methionine of the ORF. The
percentage of clones was plotted against the nucleotide distance. A, distance in 10-nu-
cleotide intervals to 100 nucleotides, distance in 50-nucleotide intervals from 101 to 200,
and distance greater than 200 nucleotides are illustrated. B, distance in 5-nucleotide
intervals from 1 to 30 nucleotides is illustrated.
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cated that aspects of the translation initiation context in schistosomes
may be somewhat flexible and are complex.

The addition of SL AUG Out-of-Frame—The majority of trans-
spliced flatwormmRNAs do not have the spliced leader AUG in-frame
with the major open reading frame. As illustrated in Fig. 6, the spliced
leader is typically trans-spliced within 30 nucleotides (54% of the
mRNAs) of the initiator methionine of the recipient mRNA. No general
patterns of encoded proteins were observed for these mRNAs as they
appear to represent a diversity of protein types in a variety of cellular
pathways. This is also true in the tapeworm Echinococcus (53).

The addition of an upstream and out-of-frame SL derivedAUG to the
5�-UTR of the recipient mRNAs might require leaky scanning or reini-
tiation mechanisms for translation of these mRNAs. For some onco-
genes and growth factors, an upstream and out-of-frame AUG can lead
to low or regulated translation of these mRNAs (44). Addition of the
native 5�-UTRs of two trans-splicedmRNAswith the SLAUGupstream
and out-of-framewith the reporter AUGdid not result in a reduction of
overall luciferase activity. In fact, an increase in translation over both the
wild-type and the SL AUG 5�-UTR was observed (Fig. 7B). The test
mRNAs have 13 or 16 nucleotides between the SL AUG and the
reporter AUG. This distance is within the range observed for themajor-
ity of trans-splicedmRNAs that have the SLAUGout-of-framewith the
ORF. The addition of the SL AUG less than 30 nucleotides from the
ORF AUG might be optimal to minimize deleterious effects of an
upstream SLAUG. Thus, the flatworm translationmachinerymay have
evolved to accommodate the upstreamAUGwithin a specified distance.
However, additional experiments are required to rigorously examine
this, and it remains to be determined whether shorter or longer dis-
tances between the SL AUG and the ORF initiator methionine have
differential effects on translation initiation.
The nematode SL also typically splices close to the recipient mRNA

initiator methionine. We recently demonstrated that this spacing is
optimal for translation in vitro (30). However, the nematode SL does not

contain a 3�-terminal AUG. We previously proposed that heterogene-
ous transcription initiation from trans-spliced genes may require that
trans-splicing trim heterogeneous 5�-UTRs to generate uniform
5�-UTRswith an appropriate translation initiation context lacking addi-
tional upstream AUGs (30). The spacing between the SL and initiator
methionine in both flatworms and nematodes is consistent with this
hypothesis. However, although transcription of Ascaris trans-spliced
genes appears heterogeneous, which is consistent with this hypothesis,
it has been difficult to provide definitive data on the heterogeneous
transcription sites (30).

TMGCap and Translation—The addition of the TMG cap leads to a
reduction in translation of test mRNAs in schistosomes even when this
cap is present on the SL (Fig. 5). This is similar to what we observed for
TMG-capped reporters in nematode embryos (30). Thus, under the
experimental conditions evaluated, translation of TMG-capped RNAs
in both flatworms and nematodes is in general less efficient than m7G-
capped RNAs.

Translation Context and RNA Stability—In the current studies, we
have not directly examined the mRNA half-lives for various test
mRNAs. The large 50–100-fold differences in luciferase activity
observed when the SL AUG is mutated to GCG are not likely explained
by differences in RNA stability. Other RNAs examined with 1–2-nucle-
otide substitutions are also not likely to have significant differences in
RNA stability. In addition, in separate studies in nematodes, the SL
sequence and random sequence substitutions in the 5�-UTR did not
have a significant effect onmRNA stability of the test RNAs (30).3 Over-
all, although we think that the current data are reflective of primarily
translation initiation efficiency, some differences inmRNAhalf-lifemay
also contribute to the overall levels of translation we have measured.

3 L. S. Cohen, M. Mikhli, M. Jankowska, J. Stepinski, E. Darzynkiewicz, and R. E. Davis,
submitted

FIGURE 7. Effect of upstream and out-of-frame
SL AUG on luciferase activity. A, an illustration of
the test RNA 5�-UTRs examined. The underlined
sequence represents the spliced leader sequence,
and the bold ATG is the initiator methionine for the
main open reading frame. B, luciferase activity of a
firefly reporter RNAs as a function of the native,
trans-spliced upstream and out-of-frame SL AUG
5�-UTR. The illustrated reporter RNAs were electro-
porated along with a co-transfected Renilla RNA
reporter into sporocysts. Luciferase activity 3 h
after transfection was measured using a Dual-Lu-
ciferase assay, and the firefly activity was normal-
ized to both Renilla luciferase and protein concen-
tration. This is a representative experiment
illustrating the mean � S.E. with three replicates
for each RNA sample evaluated.
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Conclusions—SL trans-splicing was also recently described in ces-
todes, a distinct flatworm group commonly known as tapeworms (13,
32). Analysis of a small set of trans-spliced mRNAs for two genera indi-
cated that several of the trans-spliced mRNAs were likely to use the SL
AUG based on the conserved N-terminal residues criterion applied
here. A subsequent study also identified a high percentage of SL cDNA
clones thatwere likely to use the SLAUGbased on the SLAUG in-frame
with an open reading frame of at least 99 nucleotides (53). Our bioin-
formatic and functional schistosome data provides additional support
to suggest that the tapeworm SL AUG is also likely to serve as an initi-
ator methionine for some mRNAs.
In summary, bioinformatic and transfection data demonstrated that

the 3�-terminal AUG of the schistosome-spliced leader can be used as
an initiator methionine. These findings have added a novel function to
the list of functions for trans-splicing.
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Table 1 
Schistosome mRNAs using the SL AUG as an initiator methionine 
 
Accession number1 Species2 Database3 Putative 
Identification4 Amino Acids to  
      Next AUG5  
U30265 S. mansoni NR Cyclophilin E 51  
   Peptidyl-prolyl cis-trans isomerase E 
U30261 S. mansoni NR G protein-like (WD40 domain) 129 
   Meiotic recombination protein Rec14 
U30264 S. mansoni NR Glyoxalase I 79 
   Hydroxyacyl glutathione hydrolase 
U30260 S. mansoni NR Beta 1,3-glucuronyltransferase I (GlcAT-I) 76 
AF014466 S. mansoni NR 26S proteasome, non-ATPase regulatory subunit 14 (rpn11)
 64   
AF006679 S. mansoni NR Lysophospholipase I 76 
   acyl-protein thioesterase-1 
AY812491 S. japonicum NR Transcription factor of the Forkhead/HNF3 family 147 
   Interleukin enhancer-binding factor ILF-2  
AY811984 S. japonicum NR Cyclophilin J 18 
   Peptidylprolyl isomerase-like protein 3 
AY809874 S. japonicum NR Phosphatidylglycerophosphate synthase 68 
AY223270 S. japonicum NR Nucleotide binding protein 2 88 
   Mrp, ATPases involved in chromosome partitioning  
AY815484 S. japonicum NR Ribonuclease Z (tRNase Z) 68  
   Metal-dependent hydrolases of the beta-lactamase 
superfamily I 
AY223103 S. japonicum NR Protein BAT4 (HLA-B-associated transcript 4) 217 
AY810115 S. japonicum NR Inorganic polyphosphate/ATP-NAD kinase 95 
AY814909 S. japonicum NR Uracil DNA glycosylase superfamily 217 
AY811953 S. japonicum NR FN3, Fibronectin type 3 domain 122 
AY815507 S. japonicum NR Acyl CoA binding protein (binding domain 6) 72 
AY814485 S. japonicum NR Complex 1 protein (LYR family) 45 
   NADH-ubiquinone oxidoreductase complex I proteins 
AY812204 S. japonicum NR Metal-dependent hydrolase of the TIM-barrel fold 116 
AY915378 S. japonicum NR ATPase, H+ transporting, lysosomal accessory protein 2 46 
AY813031 S. japonicum NR LSM1, snRNP Sm proteins 55 
AY223327 S. japonicum NR Tudor domain 3 protein 84 
AY223068 S. japonicum NR LSM10, U7 snRNP-specific Sm-like protein 55  
AY812760 S. japonicum NR Steroid, 3-oxo-5-alpha-steroid 4-dehydrogenase 72 
AY816170 S. japonicum NR Mitochondrial ribosomal protein L14 135 
AY808316 S. japonicum NR Myloid beta precursor protein-binding family A-like 22 
   X11 Phosphotyrosine-binding domain 
AY810672 S. japonicum NR Metallophosphoesterase 1 74 
AAW25300 S. japonicum NR Angio-associated migratory cell protein 44 
AY223319  S. japonicum NR Nucleoside diphosphokinase 238 
AY812762 S. japonicum NR xylosylprotein beta 1,4-galactosyltransferase 67 
AY812717 S. japonicum NR SNARE associated protein snapin None 



AY809604 S. japonicum NR Nuclear mitotic apparatus protein 1 105 
AY815282 S. japonicum NR Beta-parvin 71 
AY809388 S. japonicum NR TRAP/Mediator complex component TRAP25 37 
AY812338 S. japonicum NR Replication protein A3 17 
AY808464 S. japonicum NR Unknown, Hypothetical Protein 65 
Sm12724 S. mansoni GeneDB Zinc Finger CCCH-type with G patch domain None 
Sm01547 S. mansoni GeneDB FK506-binding protein 4 66  
   HSP binding immunophilin 
Sm13309 S. mansoni GeneDB Hypothetical proteins 46 
Sm13026 S. mansoni GeneDB Solute carrier family 25 28 
   Mitochondrial deoxynucleotide carrier 
Sm03815 S. mansoni GeneDB Acid, beta-galactosidase I 36 
Sm29759 S. mansoni GeneDB StAR-binding protein,-helix coiled-coil rod homologue 136 
AI975462 S. mansoni  Est  mitochrondrial methionyl-tRNA synthetase 120 
BU800427 S. japonicum Est asparaginyl-tRNA synthetase 43 
AW191483 S. japonicum Est Unknown, Hypothetical Protein none 
BU723836 S. japonicum Est Unknown, Hypothetical Protein 72 
1Accession Number = Database Accession Number 
2Species = Corresponding Schistosoma species 
3Database = NR is the non-redundant database at the NCBI; Est is the dbEST at the NCBI; GeneDB is the 
Schistosome database at the GeneDB (http://www.genedb.org/) 
4Putative Identification = Identification of encoded protein based on similarity with database proteins 
5Amino Acids to Next AUG = Number of amino acids to next in frame AUG in the deduced protein 
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