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Abstract

Spliced leader (SL) trans-splicing generates the 5" end of mature mRNAs through the addition of a small exon to
pre-mRNAs in some flagellates (kinetoplastida and euglenoids) and metazoans (nematodes and flatworms). Although
SL addition in the kinetoplastida and a subset of nematode genes serves to resolve multicistronic mRNAs into
monocistronic, capped mRNAs, information regarding the functional significance of frans-splicing in flatworms is
limited. We describe here the identification and characterization of a closely linked gene upstream from the
trans-spliced enolase gene in the flatworm Schistosoma mansoni. This gene produces a non-trans-spliced mRNA
encoding a ubiquinol binding protein, UbCRBP, that is a component of the ubiquinol-cytochrome C reductase
complex. The distance between the UbCRBP polyadenylation site and the enolase trams-splice acceptor site is
exceptionally short, only 54 nucleotides. Primer extension (5 RACE), RT-PCR, and RNase mapping have identified
steady state, cis-spliced RNAs which significantly overlap both the UbCRBP and enolase genes. These transcripts
contain the 5 ends of mature UbCRBP mRNAs, extend through UbCRBP, across the intergenic region, and a
significant distance 3’ into the enolase gene. Interestingly, the close linkage between the UbCRBP and enolase genes
is conserved in a second flatworm, Fasciola hepatica, which also trans-splices the downstream enolase gene. Taken
together, the role of SL addition in resolving multicistronic transcripts in both C. elegans and the kinetoplastida, the
conservation of UbCRBP/enolase gene linkage in two divergent trematodes, and the multicistronic organization of
schistosome UbCRBP/enolase RNAs are consistent with the suggestion that these two genes are likely to be
cotranscribed and that frans-splicing in flatworms may be associated with polycistronic transcripts. © 1997 Elsevier
Science B.V.

Abbreviations: SL, spliced leader; SL RNA, spliced leader RNA; ORF, open reading frame; UbCRBP, ubiquinol cytochrome
reductase complex binding protein.
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1. Introduction

Trans-splicing accurately joins exons derived
from independently transcribed RNAs. In spliced
leader trans-splicing, a leader sequence (the
spliced leader, SL) is donated from the 5" end of a
small, non-polyadenylated RNA, the spliced
leader RNA (SL RNA), to pre-mRNAs to form
the 5’ terminal exon of mature mRNAs (see recent
reviews [1-3] and references therein). SL addition
occurs in flagellate protozoa (kinetoplastida and
euglenoids) and in two groups of early metazoa,
the nematodes and flatworms [4-8]. The presence
of trans-splicing in both roundworms and flat-
worms suggests that this form of RNA processing
might be an evolutionarily important and com-
mon form of gene expression in early metazoa.
The overall distribution of trans-splicing, its evo-
lutionary origin, and its functional significance in
several organisms, however, remains unknown.
SL addition is of interest in flatworms (Phylum
Platyhelminthes) as these early metazoa are likely
to have been the first bilateral animals, and in
some evolutionary trees, a flatworm-like ancestor
occupies an important phylogenetic position as
the putative progenitor of a number of early
invertebrate groups [9-12].

All mRNAs in kinetoplastid flagellates are
thought to acquire a SL during maturation. Tran-
scription units in the kinetoplastida are typically
polycistronic and trans-splicing in these organisms
serves at least two functions: (1) providing a cap
for the mRNA and (2) resolving polycistronic
primary transcripts into monocistronic mRNAs
(see [3] and references therein).

In the nematodes Caenorhabditis elegans and
Ascaris suum, approximately 70% and 80-90%,
respectively, of their mRNAs are generated by
trans-splicing [13,14]. Although considerable at-
tention has been paid to the mechanism and
determinants of trans-splicing in nematodes, the
biological significance of the majority of ne-
matode frans-splicing (SL1) remains unknown

[1,2,15]. However, a subset of trans-spliced genes
(~15% of all mRNAs) in C. elegans acquire a
second type of spliced leader, SL2 [16], which
contributes toward resolving polycistronic tran-
scripts into individual mRNAs [1,13,17]). The
overall frequency and distribution of polycistronic
transcripts and specialized SLs such as SL2 in
nematodes other than C. elegans is currently not
known.

In contrast with nematodes, only a relatively
small proportion of mRNAs are thought to be
trans-spliced in the flatworm Schistosoma mansoni
[18]. Previous analyses in S. mansoni led us to
conclude that the functional significance of trans-
splicing in flatworms is most likely associated
either with some property conferred on recipient
mRNAs by addition of the SL or related to some
aspect of the transcription and/or primary tran-
scripts of trans-spliced genes [18]. During the
course of characterizing further the trans-spliced
enolase gene in S. mansoni, we have identifed a
closely linked upstream open reading frame en-
coded on the same strand as the enolase mRNA.
We show here that non-trams-spliced mRNAs
containing this ORF are expressed in adult schis-
tosomes. These mRNAs encode a component of
the ubiquinol-cytochrome C reductase complex,
the so-called ubiquinol binding protein
(UbCRBP). The site of UbCRBP polyadenylation
is only 54 nucleotides upstream of the enolase
trans-splice acceptor site. This gene linkage and
trans-splicing of the downstream enolase gene is
conserved in a second highly diverged trematode,
Fasciola hepatica. Overall, our data including the
organization of steady state RNAs derived from
the locus and the gene linkage, combined with the
precedence for the role of trans-splicing in resolv-
ing multicistronic transcripts in the kinetoplastida
and nematodes, is consistent with cotranscription
of UbCRBP and enolase in schistosomes. The
data therefore suggest that trans-splicing in flat-
worms may serve to resolve polycistronic tran-
scripts into monocistronic mRNAs.
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2. Materials and methods
2.1. Organisms

Frozen adult Schistosoma mansoni and Fasciola
hepatica were kindly provided by Ron Blanton
(Case Western Reserve University) and Allison
Rice-Ficht (Texas A&M University), respectively.

2.2. Nucleic acid isolation and blot analyses

Genomic DNA was isolated from frozen worms
powdered on dry ice as described [19]. Total RNA
was purified either by guanidinium-hot phenol
[19] or one of several variations of acid-phenol
extraction [20,21] (TRIzol Reagent, GIBCO BRL/
Life, Gaithersburg, MD). Poly (A)+ mRNAs
were selected by oligo(dT)-cellulose [19] or bi-
otinylated oligo(dT) and streptavidin-coated para-
magnetic particles (PolyATtract mRNA Isolation,
Promega, Madison, WI). Northern and Southern
blots, probe preparation, and hybridization and
washing conditions were as described [7,19].

2.3. Primer extension analysis and rapid
amplification of ¢cDNA ends

Primer extension was performed as described
[19] using end-labelled Hpa II pBR322 and DNA
sequencing reactions as molecular size markers.
The 5 rapid amplification of cDNA ends (RACE)
was performed with the 5 RACE System from
Gibco BRL (Gaithersburg, MD; according to the
manufacturers instructions) or using an alter-
native protocol involving removal of the mRNA
cap and ligation of an RNA oligonucleotide to
the 5 end of the mRNA prior to first strand
cDNA synthesis as described [22-25]. In brief,
total RNA was dephosphorylated (Boehringer
Mannheim, Indianapolis, IN), decapped using to-
bacco acid pyrophosphatase (Epicentre, Madison,
WI), and an RNA oligonucleotide (AUAGGAC-
UAACUACACUGAGGAUCCAAA) ligated to
the decapped and dephosphorylated RNAs with
T4 RNA ligase (New England BioLabs, Beverly,
MA) using conditions described by the manufac-
turers. To obtain the 3’ end of the UbCRBP
mRNA, 3' RACE was performed as described [26]

with the modification of Rother [27] as previously
described [18]. The PCR products were gel puri-
fied using QIAEX gel extraction (Qiagen, Chats-
worth, CA) and directionally cloned using liga-
tion-independent cloning with either the PCR-Di-
rect (Clontech, Palo Alto, CA) or the pAMP clon-
ing system (Life Technologies) as described by the
manufacturers. Blunt PCR products were also
cloned into Bluescribe/Bluescript plasmid vectors
(Stratagene Cloning Systems, La Jolla, CA).

2.4. 5 flanking anchor PCR of the Fasciola
hepatica enolase gene

Genomic DNA was partially digested with Eco
RV and sequence extending 2.7 kb upstream from
Fasciola enolase trans-splice acceptor site was am-
plified and cloned using the PromoterFinder Con-
struction Kit as described by the manufacturer
(Clontech).

2.5. RT-PCR and RNase mapping

Genomic DNA was removed from RNA sam-
ples by treatment with 1 unit RQ-1 DNase 1
(Promega, Madison, WI) per 4 ug of total or 0.5
ug of poly(A)+ RNA for 30 min at 37°C fol-
lowed by phenol/chloroform extraction and
ethanol precipitation prior to reverse transcription
or RNase mapping. cDNA was synthesized from
total and poly(A) + RNA using random primers,
gene specific primers, or oligo(dT) with super-
script II reverse transcriptase (Gibco BRL) using
the conditions recommended by the manufac-
turer. PCR amplified products were RNA and
reverse transcriptase dependent. RNase mapping
with the cloned PCR products was carried out
using RNAase A and T1 with 2-50 ug of total
RNA or 1-5 ug of poly A+ RNA essentially as
described [28] or using the HybSpeed RPA kit as
described by the manufacturer (Ambion, Austin,
TX).

2.6. Sequencing and sequence analysis
Plasmid DNA was prepared as previously de-

scribed [7,18,19] or using QIAPrep (QIAGEN,
Chatworth, CA). Clones were sequenced by the
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acgcattaatcagegacaccttcatgattasagtgtgecaaactagtcaaattcageagtcagaagegacgagactcgaagatatacttgatagaacate 100
gactaatcgagaagtgactagctgttgtaggaaatgtgtggcacgacgtgaccactcgttatctgatgegggtgtgtgacagagagecttgggctaagtg 200
attccagtadaagtaatgaagttaactccaaatgtcgaageattacagaactattggtttttgggatttatttacggetacagttcaaagtcccatcatt 300
gcctacactaacctatgttatcecagtatoaataaccgtccasacgaaagtcaaatccgaccacactgeccatttattcaaagaaccacatcacasaagtt 400
atgattccactcattattaataatttcactaggtcggtggcactaacttgaaacgagggatttacatgtatttagaatacgcaaaggattctttcgaagg 500
T- agtttctaggtegegtgetctatttteggtttttganatagattgaaaccataatttgttttACTGTATAAACTGATGACCATGTAGATCGATTGGTAAA 600
UbCRBP Exon 1 Alternative Splice Donor Sites
A B C D
v v v v
GCAEIAAGTCACEIAGGTTATTCGGGACATGGEICGGTTGGGAGTTTGgﬁatgctcaatcatttattttcagttacaccacttattacaaatctagttcg 700
gcagtctggactgtagggattctcaattattctagttaatgtattccagtctaaattctatacaacccacagaaccaaaactgeggaaataaaageageg 800
acaaagtaattanaaagggaattgtcgatttacctccagatgttagttcttcaagacaaatggtaatctteccccttegactatttaaggaagattgata 900
gatatatttctgtgaagtacccagctegaatgtgtagatgttaacatacatctgeaaaaatctaccatacacacccaagggtttatggeccagaactact 1000
acaaatagttgaagcggtaatggacaacaggtgcttccacttaacgegeattcatatctgtcaccaatgecteccattagggetttectaaatttacattt 1100
aatgtaccegttttacttaattcggattaagcagttaatttatgaacggtatatagatgtactatgeatgttgegteggttgatataaagtagttcccag 1200
atagtcaggegettatcctettataagtacggtaagtactatgtttagaaaacccgttttcatgaacgctattaotgtacattttaggtctagagtgtat 1300
ataacgatctccacaagttataasageactgtaacacatgttagtcantatgtcgaaagtatgtcaacgcaattaatagatatcacteggtaacttagtc 1400
:f tttcgtgtaaaaaatcegttttcatataagttcaaaataattttcatataagatectattcattaccttacagGCTAGCGAAATATATTCGGGATGGCAT 1509
MetAlaT
C
R ACCTCCGAACTGGTGCGGAATTTATAGCATCGTATCGTTCCAGTCTTAATCGAATGAGT GATCTTCAACAAAAGATAAAGATGTTCGGATTCAACAATGC 1600
B yrieuArgThrGlyAlaGluPheIleAlaSerTyrArgSerSerLeuAsnArgMetSerAspleuGlnGinlysIlelysMetPheGlyPheAsnAsnAl
P
TTACTATAATCAGGTCGGACTTTTGAAACATGATTGGCTGCCTCATAGTCCTGTTTGGCT CGAAGCTCTACGTCGACTTCCACGTGAACTACAGGAAGCT 1700
aTyrTyrAsnGlnValGlyleul.eulysHisAspTrpleuProHisSerProval TrpLeuGluAlaleuArgArgleuProArgGluleuGinGluAla
AGGGACTTTCGAATCGCACGAGCGTCGCTTCTCTACGCTTCGAAACATGTTTTGCCGAAGGAACAGTGGACTACTATTGAAGATGATATCCCATACTTGG 1800
ArgAspPheArgIleAlaArgAtaSerLeuleuTyrAlaSerLysHisValleuProlysGluGtnTrpThrThrIleGluAspAspIleProTyrLeuG
AGCCGTACGTTAACGTTGTTGTGAAGGAAATGAGT GACCGGTCAAATTGGGATAATTTTGTCAATCCTGAGATATATAGTGAATAAATGTAAATGTTTAC 1900
luProTyrValAsnvalValValLysGluMetSerAspArgSerAsnTrpAspAsnPhevalAsnProGlulleTyrSerGlu
UbCRBP Polyadenylation Signal " Enolase Trans-splice Acceptor
*0 @
ATTGTCTGTTAGTGTCAAATTAGTCTAATAAAAGTTGTTGAAAAGCAttgttettactgtcctatgttctaacctagctanaaaccttttttcttegcag 2000
I—lntergenic Region ——-I
T AR ;TG{CA ElIIAA(GATCCACGCTCGTCAAAEIIlCGATAGTCGGGGGAATCC(ACAGTTGAGGTGGATTTGAAAACATCTAAAGQtatgttqttag 2100
MetSerIleLeuThrIleHisAlaArgGlnIlePheAspSerArgGlyAsnProThrValGluvalAspleulysThrSerlysG
E acaataagtttatgaacctttgtcttccttatteccacttggtacacaaatttttcacatgtactaatgtgatctcoccactgtcgttgtacactagtcat 2200
N gatagtagcttggttttacgtttgtctaccacaaatttcgctegttagttgtggttttgtcaaggttaatactcagtggagatagatatcatctaatatce 2300
0 ttattgttaatttgecaggttgttccgtageggattttaagttccagttaaagttaactttgataataaatcttatgtatagattcaaatgtaaaagtge 2420
k tttttttgtccagGTTTETTCCECGETCLCGTTCCAAGT HENGCTTCOACABRTGTCCATGAGGLTCTTGAGTTACGTGATACAAR 2500
S . -
E ﬁAﬁ ! £ I 2600
etLysLysGlyValLeuThrAlaValSerAanalAsnLysIleIleAlaProAlaLeuIleAsnLysAsnIleProValThrAsnGlnAlaAla[leAs
KTGATTGATCTTGATGGTACGGARMACAAGGgt gagt taat tgatgact tatatcctegtcacatangt tgtggataaagttatttgtzagat 2700
A/ pLy eretIleAspLeuAspGlyThrGluAsnLys
E U
b .. TCTGCGAGCAAAACAGTGCTTCCAAAAGAGCAGTGGACTGCCATCGAAGACGATATTCCCTATTTGGATCCATACATCGAAGTGGCCAAAAAGGAAT 100
C ..SerAlaSerLysThrValleuProlLysGluGlnTrpThrAlalleGluAspAspIleProTyrleuAspProTyrIleGluvalAlalyslysGluT
R
B GGAAAGAGAAAGCGGAGTGGGATCATTTTGTGAACCCGGAAACATATCCGtgataattgcttgttaatactgtagaatttaaatacatagtgeccctaaag 200
P rplysGluLysAlaGluTrpAspHisPheValAsnProGluThrTyrPro
Fasciola Enolase Trans-splice Acceptor
agtttgcttctadagtgaaaatgtgttcgctgcttctaacacgtetectotggtttccaghhCATEREARTARAAGCGATCCACGECCGACARATAT 300

MetAlaIleLysAIaIleHiSAlaArgGlnIleP..ﬁ

Fig. 1.
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S.mansoni 1 avyLREGAEFIMs -firssLnrMspLookKEEM Y G rMina vflo VERL xs[JWLP H

Fasciola 1 MasuraBvErRVi s ARIRMREKQMTDLQQ KV KAYQPS NS YREN0 IRRAL vy ullviir H
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S.cerevisiae 1 PQSPINJIARIGD -RILKSPVLESE{LCVPVANQF IRNIL AeRIRKEQNERAK laliBiEd A
Candida 1 -MASHPEIIVKAGD-PILRTPVLRSIFVPAAKLE CAYS[RIRQINBIAK rloR-pipdE | E - NBIT O K
Potato 1 -----=----- uﬂssrsnwn‘vnpxmnpnhnInmc-n.ssnr.lmvnuyppunﬂ.nxﬁ
S.mansoni XM~ LR RL Pl R RN AR F R IPAR ALRAL SRS L P KE QW TRRdE D EIP YLEIP YA R vigie LERIRE
Fasciola AR e ol R iEbR]ARIF RIINR afdor SEERRIML P k& oW TERAE LD pdp YLEAP YRQ RPN e LK B[ Y
Bovine YOI iR RL Pl RS DR A4 R I AR APAL S8 T4 L P KEQW TK}{E EDIEFYLIIP YL 13 f3 =k ERE
Human 46 [N1IE3RE NL YN DEYMIRSAREPAL DN L K LPKEQWTKEEYLPYL f$ IEJIKERE
Kluyveromyces 59 (SR EIBIA D| LISFID KUERAP A 1 ERSATIRSALIA E A F V@K
S.cerevisiae 59 ISAESSIE D ML e CT o wRx X e e vLfAr YER = [ER VRN £
Candida 58 I¥is|E%IK b 1 PR E LYY E R {4
Potato 51 IEAnEERarRET volSIn ol cER M P ko Y IJED Lo AMQ T PF RNRSAQE MIA LYK RiAS A LR
S.mansoni 118 nwEﬂrvupzxys:

Fasciola 119 BwblurvNrETYP-

Bovine 106 [PWARK---- -~ -~

Human 106 [PJWAKKP--- -~~~

Kluyveromyces 119 BIiERLEVAKPP--

S.cerevisiae 119 pJeblrevsxp- - -

Candida 118 PlubfvEVAK----

Potato 111 ALGALPLYQRTLP

Fig. 1. Closely linked gene upstream of enolase encodes UbCRBP. (A) Schistosoma mansoni UbCRBP gene sequence extending into
exon 3 of the downstream enolase gene (exon 1 of the enolase gene is the SL). Lower case letters represent upstream regions, introns,
or the intergenic region between UbCRBP and enolase. Uppercase letters represent exon sequences (light shading, UbCRBP: darker
shading, enolase) and the predicted translation products of the encoded mRNAs are shown below the exon sequence. The putative
polyadenylation signal, intergenic region, and trans-splice acceptor site for enolase are marked. The alternate splice donor sites
contributing to the definition of UbCRBP exon 1 are shown with triangles with the GT dinucleotide underlined. Polyadenylation
sites determined by 3’ RACE are marked with diamonds and the number of clones identified corresponding to each site are provided
in parentheses. (B) Linkage between UbCRBP and the rrans-spliced enolase gene in Fasciola hepatica. Only the 3’ end of Fasciola
UbCRBP (accession No. U91748) and a portion of enolase exon 2 are shown (exon 1 is the Fasciola spliced leader [37]). Letters and
shading are the same as in (A). (C) Multiple alignment of the upstream schistosome and Fasciola ORFs with phylogenetically diverse
UbBCRBP proteins. Dashes indicate gaps used to generate the optimal alignment, dark shading indicates identical residues, and light

shading indicates conservative amino acid substitutions.

dideoxynucleotide method on alkali-denatured
plasmids using the USB Sequenase Kit (USB,
Cleveland, OH) as described [7,19] or by cycle
sequencing (AmpliCycle: Perkin Elmer, Foster
City, CA; A-Genozyme System: Genomyx, Foster
City, CA; Thermosequenase: USB) as described by
the manufacturer.

Sequence analysis and primer design were per-
formed with MacVector (Kodak, Rochester, NY),
GeneWorks (Intelligenetics, Mountain View, CA),
Genetics Computer Group (GCG) (Madison, WI),
Oligo 4.0 (NBI, Plymouth, MN), and BLAST
programs [29].

3. Results

3.1. Closely linked gene upstream of enolase
encodes UbCRBP

We previously identified several trans-spliced
genes in Schistosoma mansoni including one which
encodes a protein with significant similarity to
known enolases [18]. Characterization of se-
quences upstream of enolase exons (Fig. 1A)
identified an open reading frame (ORF) that ter-
minates only 117 nucleotides 5’ of the trans-splice
acceptor site for the downstream enolase gene
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[18]. Comparison of the conceptual translation
of this ORF with protein databases indicated
that the 130 amino acid protein has significant
similarity to a component of the ubiquinol-cy-
tochrome C reductase complex, the ubiquinol
binding protein, UbCRBP (Fig. 1C). Amplifica-
tion and sequence analysis of 5 flanking se-
quences for the trans-spliced enolase gene in
another flatworm indicated that UbCRBP is
also closely linked with enolase in Fasciola
hepatica (Fig. 1B and C). The Fasciola
UbCRBP ORF terminates 110 nucleotides up-
stream of the enolase zrans-splice acceptor site
(Fig. 1B).

In order to determine if an mRNA encoding
the UbCRBP ORF was expressed from this lo-
cus in adult schistosomes, we carried out
Northern blot analysis (Fig. 2A). A probe cor-
responding to the UbCRBP ORF hybridized to
a relatively abundant mRNA of ~ 550 bases
in total RNA (Fig. 2A, lane 2). The steady
state levels of the UbCRBP and enolase mR-
NAs in adult schistosomes are roughly similar
as shown by the hybridization in Fig. 2A, lane
3. Probes extending either 4 kb further up-
stream of the UbCRBP locus (Fig. 2A, lane 1)
or 1.5 kb downstream (Fig. 2A, lane 4) from
the site of polyadenylation of the enolase
mRNA did not hybridize to other mRNAs of
similar abundance, although a small RNA (the
gene encoding this RNA does not hybridize
with an SL RNA probe) is encoded in the up-
stream region (Fig. 2).

Southern blot analyses (data not shown), ex-
tensive characterization of genomic clones cor-
responding to these genes [18], and PCR and
RNase mapping studies (see below) indicate
that the UbCRBP and enolase genes are en-
coded by a single locus in the schistosome
genome.

3.2. Characterization of UbCRBP mRNAs

To further define and characterize the ma-
ture UbCRBP mRNA, we performed 5 and ¥
RACE on total RNA. The 3 RACE analyses
demonstrated that the entire predicted coding

region matched the gene sequence and that
polyadenylation can occur at several positions
within a region of ~ 8 nucleotides (Fig. 1A;
nucleotides 1941-1947). The exact location of
cleavage and polyadenylation cannot be iden-
tified in several cases due to polyadenylation
occuring at an A or within a run of A
residues in the genomic sequence. Nevertheless,
the dominant polyadenylation site (60% of mR-
NAs characterized) is only 54 nucleotides up-
stream from the enolase trans-splice acceptor
site.

Comparison of 5 RACE products (Fig.
3(A)) with genomic sequence (Fig. 1A) indi-
cates that UbCRBP mRNAs are not trans-
spliced. Furthermore, UbCRBP mRNAs are
encoded by two exons, the first of which is
non-coding and utilizes at least four alternative
splice donor sites. While we recognize the po-
tential limitations, we assume here that the 5
ends of the RACE products represent the ma-
ture 5 ends of UbCRBP mRNAs and that the
variation at the 5’ ends of these RACE prod-
ucts is most likely representative of heteroge-
neous transcription initiation. Similar
heterogeneity and variation at the 5 end of
UbCRBP RNAs was also observed in both
primer extension (data not shown) and RNase
mapping experiments (see below). Furthermore,
the relative spacing between the 5 end of indi-
vidual clones and the actual exon 1 splice
donor site selected (Fig. 3A) fits a pattern sug-
gestive of a minimum exon size requirement
for splicing. This pattern also tends to support
the likelihood of heterogeneous transcription
initiation. All of the mature UbCRBP mRNAs
contain the same second exon (except for the
exact site of polyadenylation) and code for the
same conceptual translation product.

3.3. RNase mapping the mature 5" end of a
UbCRBP mRNA

We used RNase protection (Fig. 4(A)) to in-
dependently identify the 5 ends of mature
UbCRBP mRNAs corresponding to clones N3,
N4, N8, N9, and Pl which use the 5 most al-
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UbCRBP Exon 1 Alternative Splice Donor Sites
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Fig. 3. The 5’ ends and organization of exon 1 of UbCRBP RNAs obtained from 5° RACE. Sequences represent individual clones
derived from two different 5" RACE methods as described in Section 2. TdT represents clones obtained by tailing first strand cDNA,
and TAP represents clones obtained using decapping and ligation of an RNA oligonucleotides to the 5’ end of the mRNA prior to
first strand cDNA synthesis. (A)—(D) represent alternative splice donor sites used for splicing to a constant second UbCRBP exon.
The corresponding nucleotide position (563) in the genomic sequence in Fig. 1 is provided. (A) UbCRBP 5' RACE clones. The
clones were obtained using a 3’ primer within exon 2 of UbCRBP (nucleotides 1839-1819) and consist of UbCRBP exon 1 and part
of exon 2 extending 3’ to the primer used in the PCR. (B) UbCRBP/enolase 5" RACE clones. The clones were obtained using a 3’
primer within exon 3 of enolase. The organization of all of these clones consists of UbCRBP exon 1 spliced to exon 2, the 54
nucleotide intergenic region between UbCRBP and enolase, and enolase exon 2 spliced to exon 3 (Fig. 4B).
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ternative exon 1 splice donor site (Fig. 3A). The
protected products observed in this experiment
were heterogeneous with 5" ends mapping between
nucleotides 582 and 587. Minor protected products
with 5 ends mapping between nucleotides 563 and
568 were also observed and are consistent with 5
RACE clones N1 and 23W (Fig. 3A). The consis-
tency between these protected products and the
UbCRBP 5" RACE clones suggests that transcrip-
tion initiation may be heterogeneous for this gene.

3.4. 5 RACE of non-trans-spliced enolase
transcripts

To attempt to identify the 5 ends of non-
trans-spliced enolase transcripts, we carried out
5" RACE analyses using specifically primed
cDNA (total RNA primed with nucleotides
2569-2548 of enolase exon 3 in Fig. lA and
Fig. 2B; note that exon 1 is the SL). The cDNA
was amplified enriching for long PCR products
with a nested primer located further 5 in eno-
lase exon 3 (nucleotides 2499-2477). The pri-
mary ethidium bromide stained PCR product
corresponded in size (~ 210 nucleotides, Fig.
4B, lane 7) and sequence (data not shown) to
the mature full-length enolase mRNA with a ¥
terminal SL [7]. Larger and less abundant ethid-
ium bromide stained products were also ob-
served of ~ 800 and 1100 bp. Southern blot
hybridization indicated these products, as well
as less abundant RACE products of ~ 1600 and
1900 bp, contained the intergenic region between
UbCRBP and enolase in addition to UbCRBP
exons 1 and 2 (Fig. 4B). Sequence analysis of
the ~ 800 bp band indicates it corresponds to
an RNA with the following organization from
the 5 end (Fig. 4B): (1) UbCRBP exon 1
spliced to exon 2, (2) the coding region of
UbCRBP, (3) the intergenic region between
UbCRBP and enolase, and (4) enolase exons 2
and 3 spliced together. The sequences of the 5
ends of the ~ 800 bp products are shown in
Fig. 3B. Mature UbCRBP mRNAs with the two
different first exons illustrated in Fig. 3B were
also detected in RNase mapping experiments
(Fig. 5) and in Northern blots using specific
oligonucleotide probes corresponding to each of

the two exons (data not shown). Sequence anal-
ysis of the ~ 1100 bp product indicates that it
is identical to the 800 bp product except the
enolase intron is present (Fig. 4B). Although the
larger 5 RACE products were not sequenced,
based on their size and multiple hybridization
analyses, they are consistent with a putative pri-
mary transcript from the locus ( ~ 1900 bp) and
an RNA with the enolase intron removed, but
the UbCRBP intron retained ( ~ 1600 bp) (Fig.
4B). 5 RACE products, consistent in size and
hybridization with an enolase transcription ini-
tiation site downstream of UbCRBP exon 1,
were not observed using several different probes
to the intergenic region, UbCRBP exon 2, and
the UbCRBP intron (Fig. 4B). RNase mapping
(Fig. 5) also did not protect RNAs consistent
with enolase transcription initiation within
UbCRBP exon 2. In addition, 5 RACE and
PCR experiments did not detect UbCRBP mR-
NAs with either UbCRBP intron sequences or a
SL at their 5 ends, further suggesting that eno-
lase transcription initiation within the UbCRBP
intron is unlikely. RNase mapping for steady
state RNAs greater than 1000 bases (e.g. pri-
mary transcripts or intron containing transcripts
extending from UbCRBP exon 1 into exon 3 of
enolase) was not feasible since it exceeded the
technical limits of the assay.

3.5. RNase mapping demonstrates RNAs
spanning the intergenic region between UbCRBP
and enolase

The 5 RACE data suggest enolase transcripts
may originate at the 5 end of UbCRBP and
extend into the enolase gene. To independently
identify these RNAs, we carried out RNase map-
ping on total RNA using two of the 800 bp
enolase 5 RACE clones described above. These
clones, T14 and T8 (Fig. 3B), represent tran-
scripts with two variations in UbCRBP exon 1
and are otherwise identical extending 3’ across
the intergenic region into enolase exons (see sche-
matic in Fig. SA and B). RNAs with an organi-
zation identical to these clones (see products Al
and Bl in Fig. 5) and RNAs differing only in
UbCRBP exon 1 (see products A2 and B2 in
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Fig. 5) were protected in these experiments. In
addition, protected products corresponding to
mature UbCRBP mRNAs (see products A3 and
B3 in Fig. 5) were also observed, including the
UbCRBP mRNAs which differ in the first exon
of UbCRBP and use alternate 5 splice sites
(sece shorter products A4 and B4 in Fig. 5).
Both the RACE and RNase mapping products
were RNA dependent and cannot be detected
in DNA.

3.6. Trans-spliced enolase RNAs containing 5’
introns are not detected

RT-PCR experiments (data not shown) using
an SL primer in combination with primers ei-
ther in enolase exons 3, 4 or 5 (the SL is con-
sidered enolase exon 1:; see enolase exons In
Fig. 2B) readily amplified the mature enolase
mRNA, but did not detect trans-spliced RNAs
retaining enolase introns 2, 3 or 4. In contrast,
a UbCRBP exon 2 primer in combination with
these enolase primers detected RNAs consistent
with putative primary transcripts and cis-splic-
ing intermediates as well as RNAs with com-
plete removal of enolase introns 2-4. The
identity of these RT-PCR products were confi-
rmed by cloning and sequencing. These prod-
ucts were then used in RNase mapping
experiments (data not shown) with total and
poly(A +) mRNA. Protected RNAs consistent
in organization with UbCRBP exon 2 joined to
the intergenic region and enolase exons 2-4

with the intervening enolase introns removed
were readily detected in both total and:
polyadenylated RNA. These data, RNase map-
ping using as a probe UbCRBP exon 1 extend-
ing 3’ into enolase exon 3 (described above),
and the 5 RACE experiments further suggest
that transcripts which contain UbCRBP extend
a significant distance 3’ into the enolase gene.

4. Discussion

A gene encoding ubiquinol-cytochrome C re-
ductase binding protein, UbCRBP, is present
on the same coding strand and located immedi-
ately upstream from the trans-spliced enolase
gene in Schistosoma mansoni. Both genes are
expressed in adult schistosomes and similar lev-
els of the two steady state mRNAs accumulate.
The UBCRBP gene produces several mRNAs
which vary primarily in the organization of
their 5’ ends. The different 5 ends of these
mRNAs likely result from a combination of
heterogeneity in transcription initiation and sev-
eral alternative exon 1 splice donor sites. The
primary site of polyadenylation for the
UbCRBP mRNAs is located only 54 nucle-
otides upstream from the trans-splice acceptor
site for enolase.

Using a variety of techniques we have detected
steady state RNAs that contain both UbCRBP
and enolase sequences. These transcripts begin
with sequences corresponding to the 5" ends of

Fig. 4. The 5 ends of mature UbCRBP mRNAs and non-trans-spliced enolase transcripts map to exon 1 of UbCRBP. (A) RNase
mapping the 5’ end of a mature UbCRBP mRNA. DNase [ treated total RNA was protected with a probe consisting of a portion
of exon 2 (to nucleotide 1641 in Fig. 1) extending upstream through exon 1 (exon 1 using the first 5’ splice donor site in the gene;
clone N4 in Fig. 3A) and into 5’ flanking genomic sequence to nucleotide 551. The apparent site of transcription initiation is slightly
heterogeneous as observed in the RACE products and corresponds to the clones shown (Fig. 3A). The shorter protected RNA
fragment (C) corresponds to UbCRBP mRNAs using 3’ splice donor sites for exon 1. Consequently, they map to the 5’ boundary
of exon 2. Lanes: 1, undigested probe; 2, probe digested with tRNA; 3, total RNA (4-fold greater exposure than lane 4): 4, total
RNA; 5 and 6, ddA and ddT sequencing ladders, respectively. (B) RACE to identify the 5 ends of non-rrans-spliced enolase
transcripts. PCR products were resolved on agarose gels with ethidium bromide (lane 7). Southern blotted, and hybridized with
either a probe corresponding to the UbCRBP/enolase intergenic region (nucleotides 1948-1966) (lanes 1-2; lane 1 is a lighter
exposure), the 3’ end of UbCRBP exon | (nucleotides 629—646) (lane 3), UbCRBP exon 2 (nucleotides 1926-1905) (lane 4), or the
3" end of the UbCRBP intron (nucleotides 1453-1473) (lane 5). Lane 6 illustrates representative hybridization following
amplification with primers alone. The mature enolase 5 RACE product is 210 bp. The region upstream of the enolase trans-splice
acceptor site is considered enolase intron 1.
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mature UbCRBP mRNAs and extend through the
intergenic region 3’ at least 2000 nucleotides into
the enolase gene. The major transcripts observed
represent RNAs in which both the UbCRBP and
enolase introns have been removed. However,
RNAs with either both introns present or only
one intron removed were also detected in hy-
bridization experiments.

We are well aware of the limitations of solely
analyzing steady state RNAs, particularly in the
context of describing a precursor/product rela-
tionship or a productive pathway of mRNA gen-
eration. Unfortunately, additional methods
including transfection and run-on transcription
are currently not available in these human para-
sites. One possible interpretation of the RNase
mapping and 5 RACE data is that initiation of
both enolase and UbCRBP transcripts originates
at the 5" end of UbCRBP exon 1. Alternatively,
for these transcripts which extend 3’ into the
enolase gene, it is also possible that the sites
which map to the 5 end of UbCRBP exon 1
represent hypersensitive sites in precursor RNA
cleavage/processing events upstream of the
UbCRBP gene. Nevertheless, the current data are
consistent with transcripts derived from this locus
which contain sequences corresponding to the §'
ends of mature UbCRBP mRNAs which extend 3’
through the intergenic region at least 2000 nucle-
otides into the enolase gene. This results either in
a bicistronic (or multicistronic) transcript or com-
pletely overlapping UbCRBP and enolase tran-
scription units. A variety of data in the
kinetoplastida and C. elegans (SL2 trans-spliced
genes) indicate that these organisms produce poly-
cistronic transcripts and that trans-splicing is as-
sociated with the maturation of their constituent
genes [1,3,13,17]. The close linkage of these two
schistosome genes and trans-splicing of the down-
stream gene closely resembles the organization of
SL2 processed polycistronic transcription units in
C. elegans [13,17]. Downstream genes in these
operons are resolved into individual mRNAs by
trans-splicing of the specialized SL2 spliced leader
at the gene’s 5’ end and cleavage and polyadenyla-
tion at the 3’ end of the gene. The first gene in
these operons is invariably either not zrans-spliced
or acquires the major SL1 spliced leader. The

average distance between many genes in these
operons is ~ 100 bp, although in several operons
it is 300-400 bp [13,17]. Polycistronic transcripts
in the kinetoplastida may also have relatively
short intergenic regions, e.g. ~ 100 bp in the
tubulin cluster [30]. Based on the precedence in
the kinetoplastida and C. elegans, the current data
are most consistent with the possiblity that the
detected RNAs represent derivatives of a rulti-
cistronic transcription unit. Interestingly, trans-
splicing of enolase and the close linkage between
UbCRBP and enolase are maintained in another
trematode, Fasciola hepatica, a highly derived di-
genean taxon. Among trematodes, schistosomes
and Fasciola are most likely at opposite ends of
the digenean radiation suggesting they are highly
diverged and that the conservation of gene link-
age is significant.

Coupling of polyadenylation and trans-splicing
has been suggested for processing of polycistronic
transcripts in both the kinetoplastida and SL2
genes in C. elegans [1,17,30-34]. The exception-
ally short 54 nucleotide intergenic region between
UbCRBP and enolase suggests that coupling of
these two processes might also occur in this locus.
Polyadenylation and/or trans-splicing within the
schistosome UbCRBP/enolase locus may be ine-
fficient or slow compared with cis-splicing. This
provides one likely explanation for the apparent
accumulation of steady state RNAs with the inter-
genic region present and the upstream UbCRBP
and downstream enolase introns removed. Bi-
cistronic cDNAs with exon sequences from two
genes connected by an intergenic region represent-
ing RNA intermediates for a SL2 processed locus
have previously been observed in the C. elegans
mai-1/gpd locus [17].

Using RT-PCR, enolase transcripts which have
acquired the SL and retain one or more 5 enolase
introns have not been detected. If these steady
state RNAs detected represent productive inter-
mediates in mRNA maturation, cis-splicing of 5’
enolase exons may precede or be required in order
for trans-splicing to occur. Separate spliceosomes
for cis- and trans-splicing are known to be
present in Ascaris [35,36], and nearly all trans-
spliced genes in nematodes and flatworms also
contain cis-spliced introns. Functional, spatial, or
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temporal separation of cis- and trans-splicing
may occur during trans-spliced mRNA matura-
tion. This could facilitate and contribute to
splice site discrimination in primary transcripts
undergoing both cis- and trans-splicing. cDNAs
consistent with cis-splicing and polyadenylation
preceding trans-splicing of Onchocerca volvulus
actin RNAs have previously been reported [37].
In the schistosome enolase gene, the fidelity of
SL addition to the frans-splice acceptor site is
apparently very high since PCR analyses have
not detected SL addition to several internal cis-
splice acceptor sites. In contrast, similar analy-
ses on several non-trans-spliced schistosome
genes suggests that internal cis-splice acceptor
sites in some genes incorrectly acquire the SL
and do so at much higher frequencies than in
the enolase gene (Davis, unpublished report).
Such data might suggest that attributes or pro-
cessing of trams-spliced genes may further con-
tribute to the fidelity of the srans-splicing
reaction.

Taken together, the following data are con-
sistent with and strongly suggest that UbCRBP
and enolase could be expressed as part of a
polycistronic transcription unit: (1) the chromo-
somal organization and unusually short inter-
genic region between the genes, (2) the
structure of the UbCRBP/enolase transcripts,
(3) the failure to find transcripts consistent with
independent UbCRBP and enolase transcription
initiation sites, (4) the conservation of enolase
trans-splicing and UbCRBP linkage in Fasciola,
(5) the similarity in organization between
UbCRBP/enolase and SL2 trams-spliced genes
in C. elegans, and (6) the compelling data for
an association between trans-splicing and poly-
cistronic transcripts in the kinetoplastida and
SL2 processed genes in C. elegans. Enolase
trans-splicing is conserved in all trematode flat-
worms examined and in a primitive polyclad
flatworm [38,39]. It is tempting to speculate
that the conservation of enolase mRNA trans-
splicing in trematodes and in polyclad turbellar-
ians is associated with maintenance of the
organization and expression of the enolase
genes within a polycistronic transcription unit.
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acgcattaatcagcgacaccttcatgattaaagtgtgccaaactagtcaaattcagaagtcagaagcgaagagactcgaagatatacttgatagaacatc 100
gactaatcgagaagtgactagctgttgtaggaaatgtgtggcacgacgtgaccactcgttatctgatgegggtgtgtgacagagageccttgggetaagtg 200
attccagtaaaagtaatgaagttaactccaaatgtcgaagcattacagaactattggtttttgggatttatttacggctacagttcaaagtcccatcatt 300
gcctacactaacctatgttatccagtataaataaccgtccaaacgaaagtcaaatccgaccacactgcccatttattcaaagaaccacatcacaaaagtt 400
atgattccactcattattaataatttcactaggtcggtggcactaacttgaaacgagggatttacatgtatttagaatacgcaaaggattctttcgaagg 500
agtttctaggtcgegtgctctatttteggtttttgaaatagattgaaaccataatttgttttACTGTATAAACTGATGACCATGTAGATCGATTGGTAAA 600
UbCRBP Exon 1 Alternative Splice Donor Sites
A B C D
v v v v
GCAEIAAGTCACEIAGGTTATTCGGGACATGGEICGGTTGGGAGTTTGQEatgctcaatcatttattttcagttacaccacttattacaaatctagttcg 700
gcagtctggactgtagggattctcaattattctagttaatgtattccagtctaaattctatacaacccacagaaccaaaactgcggaaataaaagaageg 800
acaaagtaattaaaaagggaattgtcgatttacctccagatgttagttcttcaagaaaaatggtaatcttcccccttcgactatttaaggaagattgata 900
gatatatttctgtgaagtacccagctcgaatgtgtagatgttaacatacatctgcaaaaatctaccatacacacccaagggtttatggcccagaactact 1000
aaaatagttgaagcggtaatggacaacaggtgcttccacttaacgegeattcatatctgtcaccaatgectcccattagggetttectaaatttagattt 1100
aatgtacccgttttacttaattcggattaagcagttaatttatgaacggtatatagatgtactatgcatgttgcgtcggttgatataaagtagttaccag 1200
atagtcaggcgettatcctcttataagtacggtaagtactatgtttagaaaacccgttttcatgaacgctattaatgtacattttaggtctagagtgtat 1300
ataacgatctccacaagttataaaagcactgtaacacatgttagtcaatatgtcgaaagtatgtcaacgcaattaatagatatcactcggtaacttagtc 1400
:f tttcgtgtaaaaaatccgttttcatataagttcaaaataattttcatataagatcctattcattaccttacagGCTAGCGAAATATATTCGGGATGGCAT 1500
MetAlaT
C
R ACCTCCGAACTGGTGCGGAATTTATAGCATCGTATCGTTCCAGTCTTAATCGAATGAGTGATCTTCAACAAAAGATAAAGATGTTCGGATTCAACAATGC 1600
B yrLeuArgThrGlyAlaGluPheIleAlaSerTyrArgSerSerLeuAsnArgMetSerAspLeuGlnGlnLysIlelysMetPheGlyPheAsnAsnAl
P
TTACTATAATCAGGTCGGACTTTTGAAACATGATTGGCTGCCTCATAGTCCTGTTTGGCTCGAAGCTCTACGTCGACTTCCACGTGAACTACAGGAAGCT 1700
aTyrTyrAsnGlnValGlyLeuleulysHisAspTrpLeuProHisSerProValTrpLeuGluAlaLeuArgArglLeuProArgGluleuGinGluAla
AGGGACTTTCGAATCGCACGAGCGTCGCTTCTCTACGCTTCGAAACATGTTTTGCCGAAGGAACAGT GGACTACTATTGAAGATGATATCCCATACTTGG 1800
ArgAspPheArgIleAlaArgAlaSerLeuleuTyrAlaSerLysHisVallLeuProLysGluGlnTrpThrThrIleGluAspAspIleProTyrlLeuG
AGCCGTACGTTAACGTTGTTGTGAAGGAAATGAGTGACCGGTCAAATTGGGATAATTTTGTCAATCCTGAGATATATAGTGAATAAATGTAAATGTTTAC 1900
luProTyrValAsnValValValLysGluMetSerAspArgSerAsnTrpAspAsnPheValAsnProGlulleTyrSerGlu
UbCRBP Polyadenylation Signal @ Enolase Trans-splice Acceptor
o
ATTGTCTGTTAGTGTCAAATTAGTCTAATAAAAGTTGTTGAAAAGCAttgttcttactgtcctatgttctaacctagctaaaaaccttttttcttegcag 2000
Intergenic Region —
TTTTAACGATCCACGCTCGTCAAATTTTCGATAGTCGGGGGAAT CCCACAGTTGAGGTGGATTTGAAAACATCTAAAGgtatgttgttag 2100
rIleLeuThrIleHisAlaArgGlnIlePheAspSerArgGlyAsnProThrValGluValAspleulysThrSerlLysG
E acaataagtttatgaacctttgtcttccttattccacttggtacacaaatttttcacatgtactaatgtgatctcaccactgtcgttgtacactagtcat 2200
N gatagtagcttggttttacgtttgtctaccacaaatttcgetcgttagttgtggttttgtcaaggttaatactcagtggagatagatatcatctaatate 2300
(0] ttattgttaatttgccaggttgttccgtageggattttaagttccagttaaagttaactttgataataaatcttatgtatagattcaaatgtaaaagtge 2400
L
2500
A
S
E 2600
2700
E U
b .. TCTGCGAGCAAAACAGTGCTTCCAAAAGAGCAGTGGACTGCCATCGAAGACGATATTCCCTATTTGGATCCATACATCGAAGTGGCCAAAAAGGAAT 100
C ..SerAlaSerLysThrVallLeuProLysGluGlnTrpThrAlaIleGluAspAspIleProTyrLeuAspProTyrIleGluvalAlalysLysGluT
R
B GGAAAGAGAAAGCGGAGTGGGATCATTTTGTGAACCCGGAAACATATCCGtgataattgcttgttaatactgtagaatttaaatacatagtgccctaaag 200
P rpLysGluLysAlaGluTrpAspHisPheValAsnProGluThrTyrPro
Fasciola Enolase Trans-splice Acceptor
agtttgcttctaaagtgaaaatgtgttcgetgcttctaacacgtctectctggtttccaghACATGGCAATAAAAGCGATCCACGCCCGACAAATAT 300

MetAlaIlelLysAlalleHisAlaArgGlnIleP.

Fig. 1.
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S.mansoni 1 EAYLREGAEFIS—RSSLNRNSDLQQKBKMPGFENAYQVLKHWLPH--S VWL
Fasciola 1 HAsLRABVERVENS AYdRMRLKQMTDLQQOKVKAFQFSNS YRRUQ A RAL YHIVEPHE- -sHL IA
Bovine l -----------}8G--RPAVSASSRWLEGHRKWYY GENKLGLDDI - -Boofgx
Human l -----------JNG--KQAVSASGAWLDGMRX WY YA A[d7 NFSXBAM R TE Y- - D EDYK
Kluyveromyces 1 EPQTF IAKIGD—ILRTPALA VVVPEARQF INL S ERIRIIMIBAR FRRFBIE DIE -NELAQ T
S.cerevisiae 1 PQSF IARIGD-P{ILRKSPVLSIALCVPVANQPF IILA[RIKIENBAK FLESBAA IE - INMQT
Candida 1 -MASHUFJIVKAGD-FILRTPVLRSIFVPAAKLY CAYS[RYRQINRAK FRR R NE - NRITIYO K
Potato 1 - - MPSSFSRWLVDPKEINPLAAIEMKTL SSRL RN Y[RAR HRRPAY D PM YD LD YK
S.mansoni EE BN~ LRRL PLSSBAARF RIFR ARRAL PENBEHNAL P KE QW TRRdESIDfdp YL 4P YVANRAVESHE TR 1R ]
Fasciola FEMNA R RL PREAELSIARF RIFAR AldO L SPNERERAL P KE QW TEAE D bdp Y Ljp YR RENSIE I K ELEN
Bovine 46 : PR K ERE
Human 46 P IEllkERE
Kluyveromyces 59 }AL P KEFIW T K EFIDbde Y LLP v LIAE FR-PNRYK EfYE
S.cerevisiae 59 LIRARNYNITIIA QR VIRSALIRYT LIAAE A A ALK D
Candida 58 L3S AD KA LI4P S R TERSALEREALIAL E AR]A A YV
Potato 51 QYIMFJEDLQAMQTPF RNESAQE MMA LK Rizls A |23:¥7]
S.mansoni 118 NWPRIFVNPEIYSE
Fasciola 119 WPJHF VNPETYP -
Bovine 106 PJWARK--------
Human 106 WAKKP- -= ===
Kluyveromyces 119 L LEVAKPP - -
S.cerevisiae 119 PLpPNIEVSKP- - -
Candida 118 PRILPRYVEVAK-- - -
Potato 111 ALGALPLYQRTLP

Fig. 1. Closely linked gene upstream of enolase encodes UbCRBP. (A) Schistosoma mansoni UbCRBP gene sequence extending into
exon 3 of the downstream enolase gene (exon 1 of the enolase gene is the SL). Lower case letters represent upstream regions, introns,
or the intergenic region between UbCRBP and enolase. Uppercase letters represent exon sequences (light shading, UbCRBP; darker
shading, enolase) and the predicted translation products of the encoded mRNAs are shown below the exon sequence. The putative
polyadenylation signal, intergenic region, and frans-splice acceptor site for enolase are marked. The alternate splice donor sites
contributing to the definition of UbCRBP exon 1 are shown with triangles with the GT dinucleotide underlined. Polyadenylation
sites determined by 3" RACE are marked with diamonds and the number of clones identified corresponding to each site are provided
in parentheses. (B) Linkage between UbCRBP and the trans-spliced enolase gene in Fasciola hepatica. Only the 3’ end of Fasciola
UbCRBP (accession No. U91748) and a portion of enolase exon 2 are shown (exon 1 is the Fasciola spliced leader [37]). Letters and
shading are the same as in (A). (C) Multiple alignment of the upstream schistosome and Fasciola ORFs with phylogenetically diverse
UbCRBP proteins. Dashes indicate gaps used to generate the optimal alignment, dark shading indicates identical residues, and light
shading indicates conservative amino acid substitutions.
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