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Abstract

RNA maturation is an important process in gene expression in all eukaryotes.
In trypanosomes, mature mRNA is derived from independent pre-mRNA
molecules by a protein complex, spliceosome, in a process known as trans-
splicing. This is a variation from the more common cis-splicing which occurs _
in the mammalian hosts of trypanosomes, where the mature RNA is derived

from one pre-mRNA molecule. The process is important in regulation of
gene expression in trypanosomes that is predominantly post-transcriptional.
In the present study, we identified in silico 13 proteins of trypanosome
spliceosome. Degenerate PCR approach was used to clone the factors, which
were subsequently sequenced. The amino acid sequences generated were |
used to query public protein databases and were also compared to
homologous sequences from Leishmania major, Trypanosoma cruzi and
Homo sapiens. Conserved RNA binding proteins domains and domains of
proteins involved in multi-protein complex assemblies were identified. The
kinetoplastid sequences were similar to each other, but were individually
significantly different from human homologs. Significant variations of the
kinetoplastid sequences from human suggest that some components of the
trypanosome spliceosome are targets for the design of novel drugs.

Key Words: Trypanosoma  brucei, Kinetoplastid, Trans-Splicing,
Spliceosome.
introduction

The process of mRNA maturation in trypanosomes differs from that of most
eukaryotes. The protein-coding genes are transcribed into polycistronic
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{NAs rather than monocistronic transcription units (Sather and Agabian,
IVE5; Mair ef al., 2000; Mandelboim ef al,, 2002) since they lack introns
(Llicke et al,, 1997; Denker et al., 2002; Liang et al., 2003). In addition, the
! ends of all mature mRNAs are contributed by independent RNA transcript
willed splice leader (SL) in a process called trans-splicing (Sutton and
Hoothroyd, 1986; Denker et al, 2002; Garcia-Blanco, 2003). The process
lvolves interaction between 5' and 3' splice sites on separate transcripts and
neeurs in a variety of eukaryotic organisms including euglena, nematodes,
liematodes and chordates (Liicke et al,, 1997; Mandelboim er af,, 2002). In
(his process, a Y branched intermediate is formed as opposed to a lariat in
viw-splicing in trypanosomes’ mammalian hosts. This occurs by addition of a
hort non-coding miniexon sequence derived from the splice leader (SL)
ItNA onto each protein-coding exon sequence present within polycistronic
[recursor transcripts (Sutton and Boothroyd, 1986; Liicke e al., 1997; Li et
i, 2000). The splicing complex undertaking this process is known as trans-
‘pliceosome. The SL sequence is derived from a large transcript called the
51 RNA (Li et al,, 2000; Landfear, 2003). The SL RNA is transcribed from
arays of tandemly repeated genes of 10-11 copies per haploid genome
(Itoberts er al, 1996) and is present in the cell in the form of a SL
iihonucleoprotein, the SL. RNP (Goncharov ef af., 1999; Evans e al., 2001).

I'rans-splicing in trypanosomes appears to be linked to polyadenylation, the
wldition of a poly-adenosine tail to the 3'-end of pre-mRNA (Clayton, 2002;
lurica and Moore, 2003). In mammals, however, trans-splicing of
conventional pre-mRNAs appears to be exceedingly rare due to the presence
ol trans-acting inhibitors or lack of specific trans-activators (Garcia-Blanco,
1003). Proteins that are essential for trans-splicing, but not for cis-splicing
have also been recorded to be absent in human, fly and plant genomes
(Denker et al., 2002). Nematodes, trematodes and euglenoids however, carry
out both trans- and cis-splicing. Lack of introns in trypanosomes has led to a
notion that trypanosomes lack a machinery to carry out cis-splicing. This
wimost two-decade-old tenets that trypanosomes exhibit only trans-splicing
s been refuted by a surprising report of cis-splicing in poly (A) polymerase
(PAP) genes in T. brucei and 7' cruzi (Mair ef al, 2000). Nonetheless, trans-
plicing process is an essential step in the expression of all protein coding
penes in trypanosomes that form polycistronic transcripts (Mandelboim er al,
'002). In this study, we sought to clone, sequence and analyse some trans-
ipliceosome factor and compare them to those of human host. This could
iive insight on trans-spliceosome as a potential drug target.
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Waterials and Methods

lrypanosoma brucei trans-splicing homologs were generated by BLAS]
searches at GeneDB (Hertz-Fowler et al, 2004), the repository of genom
data for the kinetoplastids 7' brucei, T. cruzi and Leishmania major. T. cruzi
human, and/or yeast splicing factors were used to query the database. Primes
were designed from the search results and subsequently used to recover thi
genes from genomic DNA of a T. brucei rhodesiense strain KETRI 374!
(MHOM/UG/72/KETRI 3741) by PCR. The full-length amplificatiol
products were purified directly using QIAquick Gel Extraction Kit (Qiagen
GmbH Germany) and subsequently cloned in pPGEMT-Easy vector (pGEM:
T® EASY vector Systems kit, Promega Corp., Madison, WI, U.S.A). Th
purified plasmid constructs with PCR inserts were sequenced in an ABI 310(
sequencer (Applied Biosystems, Foster City, CA, USA) using appropriate
fluorescent labelled terminators.

Nucleotide sequences of cloned inserts were translated to protein using the
translation tool at Swiss Bioinformatics Institute website - Expasy (Bairoch, X
1991). The generated amino acid sequences were used to query 7. brucel
database at GeneDB to determine P-values (the probability that the alignment.
is due to chance) at statistical significance threshold of 0.0001. The amino
acid sequences were also compared with those of Homo sapiens, Leishmania
major and 7' cruzi via alignment with ClastalW (Thompson et al., 1994;
Altschul er al, 1997), biological sequence alignment editor — BioEdit (Tom
Hall, Ibis Therapeutics Carlsbad CA.) and Needleman-Wunsch global
alignment (NeedleN) (Needleman and Wunsch, 1970; Kruskal, 1983; Rice ef
al, 2000). The amino acid sequences were used to query various public
protein databases to identify conserved domains. These included the
integrated resource of protein domains and functional sites, InterPro
(Apweiler er al, 2000; Mulder et al,, 2005), prosite (Falquet e al., 2002;
Hulo er al, 2004), MotifScan (Falquet er al., 2002) and Pfam (Sonnhammer
el al., 1998; Bateman e al., 1999; Bateman ef al., 2004).

Results

A clean dataset (not shown) of 13 T brucei nucleotide and protein sequences.
related to spliceosome was generated from sequences available at GeneDB.,
The searches had motifs also identified in Saccharomyces cerevisie,,
Caenorhabditis elegans, T. cruzi, L. major and H. sapiens. The genes
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nssociated with both E and A complex were sequenced. CFll-al, Zn |, Zn 2,
1/1-70k, AF” and AF® for the E complex while P14, SF3b 10, SF3b 49,
5173b 125 and SF3b 145 for the A complex. Cleavage and polyadenylation
factors CFSF 30 and CstF 50 were also sequenced. The insert sizes from the
sequencing and P-values from searches at geneDB using amino acid
sequences showed successful cloning of the targets. Comparison of amino
acid sequences from the cloned genes with those from H. sapiens, T cruzi
and L. major are shown in Table 1.

P'crcentage identity and similarity between cloned genes and those of #
vapiens were in the range of 154 — 31.1 and 22.8 - 49.3, respectively.
Iluman and 7' brucei SF3b 10 homologs were incomparable since ThSF3b
10 had 732 amino acid residues while hSF3b [0 had only 86 amino acid
residues. 70 cruzi and T, brucei orthologs had percentage identity and
similarity ranging between 52.8 — 83.0 and 61.7 — 88.8, respectively. Results
obtained for T° brucei and L. major orthologs varied between 22.8 — 66.5 and
123 — 76.7 for percentage identity and similarity, respectively. The
(ryptophan residue in U2AF that interacts with the "groove" in U2AF" has
been replaced with a lysine residue in all the kinetoplastids.

I'able 1. Comparison of the amino acid sequences of cloned 7. brucei
factors and H. sapiens, T.cruzi and L. major sequences

% ldentity % Similarity
I‘actors Hs Te Lm Hs Te Lm -
SF3b125 22.3 69.3 612 1.7 78.9 72.2
SF3b49 19.9 71T 66.5 29.5 78.6 76.7
SF3bl45 15.4 59.1 448 22.8 70.9 59.5
SF3b10 - 53.9 22.8 - 68.5 32.3
P14 29.1 792 40 46.3 87.5 50.3
AF33 311 80.6 63.7 49.3 88.7 122
AF65 18.3 52.8 30.8 2 61.7 43 .4
CstF50 22.4 67.6 47.3 38.3 113 58.7
CFll-al 26.6 375 36.3 40.9 i 54.4
CPSF30 30.6 83 47.4 39 88.8 59.4
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Domains
The protein domains from the sequenced factors are shown in Table 2
Domain signatures were detected in WD, DEAD box, PSP, MutS and RR
domains, The signatures in RRM were RMMI, RRM2 and RMM3 i
U2AF* and U2AF®,

Table Z. Protein domain in cloned trypanosome trans-spliceoso

factors
Factor Domains
AF* RRM, Zn Finger, Signalp
AF® RRM, Arginine —rich region
CstF50 WD domain, Signalp
Pre-mRNA cleavage complex Il protein Clpi, Signalp,
CFll-al GTPase, P-loop.
SF3b 125 DEAD box
SF3b 145 PSP proline rich, Signalp
MutS domain 111, MutS domain V, DNA binding domain
for DNA mismatch repair, ATPase domain for DNA
SF3b 10 mismatch repair, Signalp. '
SF3b 49 RRM, PABPh, PABP, Signalp.
P14 RRM, Signalp.
CPSF 30 Zn Finger.

R}(ﬂl RNA Recognition Motif; PABP, Poly (A) binding protein.

Discussion

Comparison of the nucleotide and amino acid sequences of the cloned genes
and those from data mining showed that the correct genes were recovered by
the degenerate PCR amplification approach. This observation was further

supported by the extremely low P—values (between 0.000 - 3.0e-280) at the

stringent threshold limit of 0.0001. Comparison of the 7' brucei and human
homologs showed the lowest percentage identity and similarity. This is
because they are evolutionarily distinct and represent one of the earliest
branches in eukaryotic lineage (Bringaud ef af, 1998; Stevens ef al., 1998;
Verlinde er al, 2001). Small U2 auxiliary factor (U2AF”) had high
percentage identity and similarity across the four species in comparison to
other factors. Moreover, the RNP1 and RNP2 motifs of RRM are conserved.
This could be due to conserved intimate heterodimeric interaction of
auxiliary factor (AF" and AF®) in eukaryotes (Vazquez er al, 2003). This
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would further be attributed to phylogenetic conservation of AF*” and residues
ol the U2AF® peptide that are critical for U2AF*® binding (Kielkopf ef af,
W01). Similarly, CPSF 30 had an appreciably high percentage identity and
dimtlarity, presumably due to the conservation of the overall zinc finger motif
ducture and function (Hendriks er al., 2003).

! cruzi-and L. major orthologs showed the highest percentage identity and
dmilarity to 7. brucei. Similar closeness was observed by El-Sayed er al
(1005b) at whole genome level. However, T cruzi orthologs are more closely
iwlated to T. brucei than L. major. This closeness is in agreement with amino
Wil sequence alignment of a large sample of three-way cluster of
uihologous genes (COGs) earlier observed by Haag er al,, (1998) and El-
“nyed et al. (2005b). The alignment revealed an identity of 57% between T,
Wucei and T, cruzi and 44% between [. major and the two other
lypanosomes, reflecting phylogenetic relationships. Similarly, analysis of
(licose transporter gene cluster (Bringaud er al, 1998) showed a close
tvolutionary relationship between 7. brucei and 7. cruzi; members of the
wme genus. The difference between 7. brucei and T. cruzi is supported by
lhe suggestion that among the monophyletic trypanosomatids, the Salivarian
Ifypanosomes (also called Aftican trypanosomes: subgenus Trypanozoon or
Itvpanosoma brucei group, T. congolense and T. vivax) emerged before 7'
tizi (Bringaud er al, 1998). This variation could also be due to varied
wquisition  of an  accelerated rate of evolutionary substitutions in
Itvpanosoma (Lake et al., 1988) and different rates of evolution (Stevens ef
il 1998).

Domains/Motifs

INie thirteen T. brucei trans-spliceosome genes studied showed domains that
dippest their involvement in RNA splicing. The TbU2AF®, ThU2AF®,
(hI"14 and TbSF3b 49 have RRM domains involved in RNA recognition; a
findamental process in precise splice site and branch point recognition
liring RNA  maturation. The TcU2AF* RRM domain has conserved
finidues (Thr 45, Leu 47 and Tyr 114) known to be directly involved in RNA
iweognition (Vazquez ef al, 2003). These residues are also conserved in
IhU2AF, However, Trp 134, the hallmark of the U2AF*® RRM domain of
tikaryotes (Véazquez et al., 2003) is absent in TBU2AF™. This residue, which
It necessary for the reciprocal "tongue in groove" heterodimerization with
IIZAF is changed to Lys in the 7. brucei ortholog. The T cruzi ortholog has
e same substitution (Vazquez et al,, 2003). This is a fundamental difference
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with the human homolog suggesting that the trypanosome gene products
U2AF* and U2AF® interact differently during spliceosome assembly, T|
third and different zinc knuckles (CCHC/Cx2Cx4Hx4C) in ThU2AF a
TcU2AF" is similar to the zinc finger domain found in a protein that bi

the universal minicircle sequence of trypanomastids and is indicative &
kinetoplastid DNA/RNA single strand binding protein (Tzfati er al, 199
Abu-Elneel et al,, 1999).

U2 auxiliary factor large subunit U2AF® interacts directly with ff
pyrimidine (Py) tract and branch point (BP) by the C-terminal RRM (Ito
al., 1999; Kielkopf ef al, 2001; Selenko ef al, 2003) and RS domain (Foral
ef al., 2003) respectively. Its RRM also interacts with SF3b 155, a componei
of U2 snRNP (Shepard et al., 2002). The protein is therefore thought to |
involved in stabilization of the interaction of U2 snRNP with the BP throu |
base-pairing interactions (Gozani et al, 1998; Forch et al, 2003). Th
hU2AF® N-terminal RS domain is missing in the three kinetoplastid
TbU2AF®® however, has an arginine rich region at the N-terminal, whigl
could be involved in direct interaction with the BP and stabilization of
interaction of U2 snRNP with the BP as in hU2AF®, The RMM domai
could be involved in interaction with pyrimidine (Py) tract and splicing factg
I/branch point binding protein (SF1/BBP) as suggested by Varani and Ramal
(2003). TeU2AF® has two RRMs. This is suspected to be a split RRM whel
compared with the hU2AF®.

The cleavage stimulating factor 50 (CstF 50) sequences have WD domal
(WD or beta-transducin repeats) with a terminating Trp-Asp (W-D) dipeptid
characteristic of the domain. The WD domain proteins form a large famil)
with a high degree of diversity in sequence, multidomains and cellul
functions (Yu er al, 2000). The sequence diversity occurs primarily in
two variable regions within the WD-repeat itself (Yu et al, 2000) th
substitution of aspartic acid with glutamic acid in human CstF 50. Th
TbCstF 50 could be involved in directing spliceosome complex assembly il
which interactions between several proteins are involved. This is because
underlying common function of the domain is to coordinate multi-protei
complex assemblies in signal transduction, transcription initiation comple
assembly, chromatin assembly, RNA splicing, vascular trafficking, cell cycl
control and apoptosis (Smith e al, 1999; Madrona and Wilson, 2004). The
motif also provides an interface for protein—protein interactions (Zhao er al.
1999; Li and Roberts, 2001) either with other members of the WD family ol
with proteins carrying different motifs; most of the known proteins bein|

-
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sembers of multiprotein complexes (Yehuda e al., 1998). These interactions
‘i oceur simultaneously with several different proteins and their specificity
i tletermined by sequences outside the repeats (Li and Roberts, 2001). Its

Wiernction with RNA polymerase 11 and CPSF to stabilize the cleavage
sumplex (Zhao ef al., 1999) could be through the WD domain that interfaces
i protein-protein interaction among different proteins (Zhao ef al., 1999 Li
ail Roberts, 2001).

Wt Hll-al has pre-mRNA cleavage complex Il protein Clpl domain that
Wy be involved in ATP/GTP binding, P-loop (phosphate binding loop) with
Aitleoside triphosphate hydrolases and GTPase domain. These domains may
i Involved in nucleoside hydrolysis during cleavage and are similar to
members of AAA+ family of ATPases. This family of ATPases forms
dynamic oligomeric rings, and carries out diverse and important cellular
fnetions, including those of helicases, unfoldases and ATPases (Orlova and
Suihil; 2004), which have been recorded in the splicing process. The function
atthe P-loop is to correctly position the triphosphate moiety of a bound
micleatide (Caruthers and McKay, 2002; Leipe et al., 2002).

APAh 125 proteins have a DEAD box signature. The DEAD box represents
e one letter code for the tetrapeptide, Asp-Glu-Ala-Asp and is a helicase
dunnin characteristic of members of DExH/D box family domain (Will ef

Wl 0020 Shi er al, 2004). The helicase 'superfamily’ of proteins (RNA
siwindases/ RNPases/ helicases) is characterized by a common general
fnction of an ATP-dependent nucleic acid unwinding (de la Cruz er af.,
1199) - The 'superfamily’ has been implicated in various aspects of RNA
Wetabolism  which include nuclear transcription, pre-mRNA  splicing,
Hhosome biogenesis, nucleocytoplasmic transport, translation, RNA decay
sl orpanellar gene expression (de la Cruz ef al, 1999; Tanner and Linder,
W1 Cordin et al,, 2004). TbSF3b 125 may therefore be involved in the
A1 dependent A complex formation in which base pairing and ATP
Wdliolysis are involved. The domain could be specifically implicated in
dliecting precise base pairing and correcting mismatch in the recruitment of

L AnIENP 1o the degenerate branch point. This process could occur through
displncement of splicing factor 1/branch point binding protein (SF 1/BBP) as

Whpested by Fleckner et al. (1997) on the role of two DEAD box proteins,
Pipdp and UAPS6. The nucleic acid unwinding ability is very important in
Wuctural rearrangements and conformational changes during spliceosome

sueibly and correction of mismatches. The motif is specific to proteins that
Siple ATP-binding/hydrolysis and structural rearrangement (Fleckner ef af.,

Luer. ). Spec. Issue (2007) 7(S):70-89
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1997, Xu et al, 2004) fitting well with formation of A complex, an A
dependent process.

TbSF3b 145 exhibited a proline-rich domain (PSP) similar to homologs fro
H. sapiens, T. cruzi and L. major. 1t probably interacts with TbSF49 via il
proline-rich domain since this domain is dispensable for the protein—proteir
interaction between human SF3b 145 and SF3b 49 (Igel er al, 1998).
sapiens SF3b 145 has a DNA binding SAP or SF found in ATP-dependen
DNA helicase.

Interaction between TbSF3b 49 and TbSF3b 145 could be through RRM ol
TbSF3b 49 as observed in yeast homologs (Igel e al., 1998). TbSF3b 49 ma
also bind the pre-mRNA via the RRMs. These interactions are for the stable
recruitment of U2 snRNP to the degenerate BP, a process that involves bas
pairing (Gozani ef al., 1998; Igel et al., 1998). These inferences are supported
by the facts that SF3b 49 can cross-link efficiently to RNA substrates in
complexes A and B and also to bind both U2 snRNP and the pre-mRNA
(Chiara er al,, 1996). The poly adenylate binding protein (PABP) and PABPh
domains in ThbSF3b 49 are thought to recognize the poly-A tail of mRNA and
may be involved in the linkage of cleavage and polyadenylation. i

The domains in TbSF3b 10 implicate the protein in the energy dependent
mismatch repair during A complex formation. It has MutS (Il and IV
domains); a key protein of the Escherichia coli DNA mismatches repair
system that recognizes mispaired and unpaired bases and has intrinsic ©
ATPase activity (Lamers et al, 2004). The ATPase domain in TbSF3b 10

could be associated with ATP binding activity that induces a state in which
MutS slides away from the mismatch to allow new molecules to bind the
mismatch (Lamers ef al, 2004) or discrimination between homoduplex and
heteroduplex DNA (Schofield et al., 2001). Alternatively, MutS domain can
act as a motor protein that uses the ATPase activity to translocate along the
DNA in search of a signal for strand discrimination (Blackwell et al,, 1998).
In T. cruzi and L. major, a P-loop domain with nucleoside triphosphate
hydrolase could be associated with ATP binding and hydrolysis. The binding
and hydrolysis cause ATP-dependent conformational change that allows
recruitment of other proteins (Alani er al., 2003). These features concur with:
the structural rearrangements and energy consumption associated wit
spliceosome assembly (Schwer and Guthne 1992; Chan et al,, 2003; Xu et
al., 2004). '
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IbCPSF 30 has five zinc finger (type CCCH) motifs and two zinc knuckles
(('CHC) as described by Hendriks and colleagues, 2003. ThCPSF 30 may be
involved in both cleavage and polyadenylation. These involve RNA binding
and protein-protein interactions through the motifs. These motifs typically
function as interaction modules and bind to a wide variety of compounds
such as nucleic acids (Hendriks et al., 2003), proteins and small molecules
(Krishna ef al, 2003). They are also structurally diverse and are present
nmong prote ins that perform a broad range of functions in various cellular
processes, such as replication and repair, transcription and translation,
metabolism and signalling, cell proliferation and apoptosis (Krishna e/ af.,
'003). Zhao et al. (1999) reported that CPSF as well as poly (A) polymerase
(I’AP) remains bound to the cleaved RNA and elongate the poly A tail in the
presence of poly (A)-binding protein 11 (PAB 1I). Therefore, TbCPSF 30
could be involved in the transcription.

I"otein synthesis occurs in the cytoplasm, but many proteins are required in
(e nucleus and have to be imported. The splicing process which occurs in
the nucleus requires recruitment of spliceosome complex proteins. Marchetti
o ul. (2000) demonstrated the presence of an energy dependent nuclear
import system in trypanosomes. The signalp domain found in most of the
frans-splicing factors could be involved in directing the transportation of
these proteins across the trypanosome nucleus membrane. The nuclear import
process depends on nuclear localization signals (NLS) present only in nuclear
proteins and can be either signal sequences or signal patches (Gorlich, 1998;
Maoore, 1998). The signalp domain could therefore be a signal sequence or
pifch that directs importation into the nucleus, by nuclear import recepiors.
I'nch type of receptor protein is specialized for the transport of a group of
nuclear proteins sharing structurally similar nuclear localization signals
(Smith and Raikhel, 1999).

Conclusions and Recommendations

I'he analysis of some of the trans-splicing and polyadenylation factors in 7'
hrucei is an important contribution to understanding the trans-spliceosome as
i potential drug target. The low percentage identity and similarity between
the 7' brucei trans-splicing and polyadenylation factors and those of human
and suspected difference in protein-protein interactions, defines the variations
i the process of RNA maturation. The long evolutionary distance between
trypanosomatids and their mammalian hosts (Verlinde e/ a/, 2001) endows
ihe trans-splicing and polyadenylation factors with distinct properties.

bger. J. Spec. Issue (2007) 7(5):70-89
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For optimum utilization of these findings, we would recommend furthe
studies aimed at generating exhaustive information that would be exploited
development of disruptors specific to parasite trans-splicing process. RNAI
technology could be used as a tool to analyse the genes for validation
potential drug targets during such studies. Interacting factors whose silenci
is lethal to the parasite should be adequately characterized and amino acid
residues involved in molecular recognition determined. This should include
auxiliary factor (AF'® and AF®), SF3b 145, SF3b 49, CPSF 30, U170k an
P14 as well as other factors that could be important in viability. Success
undertaking of the above recommendations would improve chemotherapeutie
control not only to trypanosomosis, but also to other diseases caused by
parasites that exhibit trans-splicing such as leishmania, 7. cruzi, trematode
infections caused by schistosomes and nematode infections caused by filaria.
This would enhance realization of Africa’s optimum agricultural potential
that would in turn support her economically disadvantaged inhabitants.
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