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mRNA maturation in trypanosomes differs from the process
in most eukaryotes mainly because protein-coding genes are
transcribed into polycistronic RNAs in this organism (78).
Studies from the ongoing genome project suggest that the
entire chromosome may be transcribed as large transcripts, but
thus far there is no evidence to support the existence of con-
ventional polymerase II promoters (62). The process of trans
splicing was discovered 20 years ago when it was found that the
different variant surface glycoprotein mRNAs in Trypanosoma
brucei carry a common 39-nucleotide (nt) sequence, namely,
the spliced leader (SL) sequence (9). It was later established
that all trypanosome mRNAs undergo trans splicing (2). The
source of the SL sequence was found to be a small capped
RNA, the SL RNA (14, 58). Thus, the SL addition serves two
purposes: it functions together with polyadenylation in dissect-
ing the polycistronic transcripts, and it provides the cap to
mRNAs (2). trans splicing proceeds through a two-step trans-
esterification reaction, analogous to cis splicing but forming a
Y structure instead of a lariat intermediate (illustrated in Fig.
1A) (61, 88). Although first discovered in trypanosomes, the
process was later found in nematodes (41), euglenoids (91),
trematodes (73), and recently in chordates (97). Surprisingly,
after almost a decade of searching for cis splicing, a single gene
carrying a cis-spliced intron was discovered, suggesting that
these two splicing processes coexist in trypanosomes, as in all
other organisms capable of trans splicing (51).

In the last decade, studies have focused on elucidating the
mechanism and machinery of pre-mRNA processing in these
organisms. The major findings included (i) the identification of
the first cis-spliced intron and U1 snRNA that may function
exclusively in this process, (ii) the finding and unraveling the
function of U5 and SLA1, and (iii) the existence of coupling
between trans splicing and polyadenylation. In this review we
summarize studies performed mainly in vivo to elucidate struc-
ture-function aspects of the SL RNA and the snRNAs with
which it interacts. The unique modifications on the SL RNA,
including capping and pseudouridylation and their role in SL
RNA function and biogenesis, are described. The regulation of
splicing and its linkage to polyadenylation is discussed, and
data are provided for the existence of splicing factors whose
function is well characterized in other eukaryotes.

STRUCTURE-FUNCTION ANALYSIS OF THE SL RNA

In the absence of an in vitro system for trans splicing, most
of the structure-function studies were performed in vivo in
Leptomonas seymouri, Leptomonas collosoma, and Leishmania
tarentolae by using tagged SL RNAs (49, 53, 85, 86, 108). For
some unknown reason, this approach does not work for T.
brucei (Elisabetta Ullu, unpublished data). The SL RNA sec-
ondary structure of all organisms carrying out trans splicing is
similar; it is composed of three stem-loops. In trypanosoma-
tids, The SL sequence is 39 to 41 nt, followed by an intron of
variable length that can be folded into two stem-loops sepa-
rated by a single-stranded region (Fig. 1B). This region is
analogous to the region in snRNAs that binds the core proteins
and is known as the Sm-like site, since in several trypanoso-
matid species it deviates from the canonical Sm binding se-
quence (11). Despite the evolutionary conservation of the sec-
ondary structure, the SL RNA sequence is not conserved
among different organisms capable of trans splicing. However,
within the trypanosomatids the exon sequence shows a consid-
erable degree of conservation at the primary sequence level.
One characteristic feature of the SL RNA is the presence of a
hypermodified cap structure referred to as cap 4 because the 4
nt after the 7-methylguanosine (m7G) are modified (71, 23, 6).

In trypanosomatids SL RNA genes do not contain internal
promoter elements (13), and the conservation of the exon
sequence may stem from constraints imposed on SL-snRNA
interactions and protein(s) binding. Several studies in recent
years have addressed the function of various domains in the
trypanosomatid SL RNA with regard to transcription, trans-
splicing activity, assembly into the SL RNP, and 3�-end forma-
tion, but no unifying view has emerged with regard to the role
in trans splicing and cap modification, most probably because
of differences inherent in the various trypanosomatid systems
analyzed and/or the assays used to monitor trans splicing (49,
53, 85, 86, 108). The most recent study attempted to reconcile
the discrepancy that had emerged from these different studies
(49, 53). The major difference regarding the function of the
exon emerged from studies on the 5� splice site region and its
vicinity, especially stem I. In L. tarentolae and L. collosoma
changing the entire stem I sequence did not affect trans splic-
ing. However, mutations in L. seymouri in the region compris-
ing the intramolecular base pairing severely inhibited trans
splicing and cap modification, suggesting that this domain may
provide a binding site for SL-specific methyltransferase(s) (49).
This discrepancy can be reconciled considering that only in L.
seymouri did the mutations completely disrupt the structure of
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domain I, whereas mutations in the other systems still afforded
the formation of a stem, suggesting that the sequence of stem
I but not its structure can tolerate changes (53).

The function of the SL RNA intron sequence in trans splic-
ing is puzzling. For instance, in the L. collosoma and L. taren-
tolae systems, changing the sequence and structure of stem-
loop II and III severely affected trans splicing (53, 86) and in L.
seymouri the intron domain was tolerant to mutations; only
stem-loop II was indispensable for function (49). In L. taren-
tolae and L. collosoma, mutations in the Sm site and its length
affected not only trans splicing but also modification at the
fourth cap nucleotide (53, 86). Interestingly, in L. tarentolae,
mutations in the Sm site and stem-loop III affected 3�-end
formation of the SL RNA, resulting in the accumulation of SL
RNA with longer 3� tails (86, 87).

The differences in the results obtained in the three experi-
mental systems may stem from the different assays used; a
quantitative poison primer extension assay used in L. seymouri
and L. collosoma, as opposed to reverse transcription-PCR and
Northern analysis in L. tarentolae. Only in L. collosoma was the
utilization in splicing monitored separately for both steps of

splicing and was the differential expression of the SL RNA
mutants taken in account (108). One major difference between
the systems, which can affect the results, is the level of expres-
sion of the tagged SL RNA compared to the wild-type tran-
script, which was as high as the wild-type RNA in L. collosoma
and L. seymouri (53, 108) and much lower in L. tarentolae
(85–87). In addition, the different tags introduced in the SL
RNA may have different effects on the function of the tagged
molecule.

Note that in the nematode in vitro system the exon was
found to be dispensable for the reaction, indicating that con-
servation in the exon region among the nematode SL RNA
does not stem from its role in the trans-splicing reaction. How-
ever, the Sm site and 3 nt downstream were shown to be
essential for the reaction because of their role in interacting
with U6 snRNA, suggesting that the Sm site and its vicinity has
a special and specific role in nematode trans splicing which
seems to be different in trypanosomes (see discussion of SL-
snRNA interactions below) (31).

snRNAs INVOLVED IN trans AND cis SPLICING

In this section we will discuss the structure and function of
snRNAs, which seem to have unique features in trypanosomes
and function in trans and cis splicing, such as U2, U4, U5, U6,
SLA1, which is most probably specific to trans splicing, and U1,
which is specific to cis splicing (Fig. 2). Because of space
limitation, we chose to discuss snRNAs that have unique fea-
tures in trypanosomes. Detailed information on U6 and U4
from different trypanosomatid species is not covered in this
review but can be found in (8, 26, 44, 105).

U2. The U2 homologue was identified in T. brucei by immu-
noprecipitation with anti-trimethyl-guanosine (TMG) antibod-
ies (60). Phylogenetic studies of the U2 snRNAs from different
species suggest that the U2 snRNA is shorter than its meta-
zoan counterparts and is missing stem-loop III (Fig. 2). The
trypanosomatid U2 secondary structure suggests the presence
of only two helices in the region of stem-loop II (32). More
importantly, the putative branch point recognition region does
not contain the highly conserved GUAGUA sequence, which
interacts by base-pairing with the branch point sequences in
yeast and mammals, suggesting that additional factor(s) may
be involved in bringing the trypanosome U2 RNP into the
spliceosome (32, 60). U2 RNP cleavage with antisense oligo-
nucleotide inhibited trans splicing in permeable cells, demon-
strating its direct role in trans splicing (92).

U5 snRNA. The failure to identify the U5 snRNAs was
puzzling for many years because it was not identified in the
initial screen for TMG-capped U snRNAs (60). Initially, SLA1
(see below) was proposed to be the homologue of U5 based on
the presence of a sequence that seems to be related to the
invariant U5 loop (102). The identification of SLA1 as a U5
homologue was discarded first because the L. seymouri homo-
logue did not possess this “invariant” sequence (67) and be-
cause later the “true” U5 was identified (7, 22, 107). U5 has
several unique properties: it is the smallest in nature, and it
lacks several conserved structural domains. U5 lacks a TMG
cap, m7G, and has a 5�-end phosphate terminus. The invariant
loop contains an A instead of C in the second position and it
lacks 2�-O-methylation characteristic of the invariant loop (22,

FIG. 1. Mechanism of trans splicing. (A) Schematic representation
of trans splicing. The 5� splice site GU on the SL RNA and the 3� splice
site AG on the pre-mRNA are indicated. BP, branch point; Py, poly-
pyrimidine tract. (B) Secondary structure of SL RNA. The three stem-
loop structures (sl I, II, and III), the 5� splice site, and the Sm-binding
site are indicated. The shadowed dot at the 5� end of SL RNA indicates
the cap 4 structure.
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107). As opposed to the U5 of T. brucei, the L. collosoma and
the L. seymouri U5 is longer and possesses a second stem-loop
structure. A tri-snRNP complex composed of U4/U6 � U5 was
detected (22, 107). Analyses of mutations introduced in the Sm
site of the L. seymouri U5 suggest that U5 snRNA binds com-
mon proteins during a transient cytoplasmic phase before the
U5 is translocated to the nucleus as in mammals but in contrast
to yeast (7).

SLA1. SLA1 was first proposed to be the trypanosome U5
homologue based on the presence sequence related to the U5
invariant sequence. After the discovery of U5 (see above), the
function of SLA1 still remained unresolved. It was later sug-
gested that SLA1 may possess some U1 function, since all
trypanosomatid U1 snRNAs lack the stem-loop II, the binding
site of protein U1A, which plays an essential role in linking
splicing and polyadenylation; this structure is present in SLA1
(80). However, it was recently shown that SLA1 belongs to a
group of RNAs that guide modification on other RNAs, such
as rRNA and snRNAs (46). The presence of SLA1 in a cluster
carrying C/D snoRNAs (76, 77) and our recent finding that
such clusters also carry H/ACA RNA (45) prompted us to
examine whether SLA1 belongs to this class of RNAs. Indeed,
it was suggested that SLA1 may function in guiding pseudouri-
dylation on the SL RNA. First, the pseudouridine at position
�12 (relative to the 5� splice site) is conserved in all trypano-

somatids tested. Second, a potential for base-pair interaction
between SLA1 and SL RNA is in agreement with the canonical
rules for guiding the modification. Third, mutations in the SL
RNA proposed interaction domain with SLA1 abolished
pseudouridylation.

U1. The last U snRNA to be identified in trypanosomes is
U1. U1 was identified in Crithidia fasciculata (79) and T. brucei
(21, 65) and is smaller than other U1 RNAs, since stem-loops
II and III in prototype U1 are missing (Fig. 2). U1 most
probably functions in cis splicing but not in trans splicing as in
nematodes (19), since there is no potential for interaction of
U1 with the 5� splice site of SL RNA. The U1 has the potential
to interact by base pairing with the 5� splice site of the poly(A)
polymerase (PAP) gene that undergoes cis splicing (51). Point
mutations in the PAP 5� splice site region, which are thought to
disrupt the U1-5� splice site interaction, abolished cis splicing
of PAP in vivo (51). Two proteins associated with the U1 small
nuclear ribonucleoprotein (snRNP) were identified (40 and 65
kDa). The 65-kDa protein is the T. brucei poly(A)-binding
protein I. This association is intriguing because it may suggest
that the U1 snRNP mediates the interaction between the cis
splicing and polyadenylation machinery in trypanosomes,
which is similar to the coupling that was observed between
trans splicing and polyadenylation (see section discussing this
topic below). The 40-kDa protein is related to U1-70K. The

FIG. 2. Trypanosome snRNA repertoire. The snRNAs are organized around a cis-splicing substrate that can potentially bind all of the depicted
trypanosome snRNAs. On the pre-mRNA, the 5� and 3� splice sites and polypyrimidine track (Py) are indicated. The trypanosome snRNAs are
circled. The mammalian snRNA counterparts are boxed (30). The missing domains from the trypanosome snRNAs are in shaded boxes placed on
the mammalian counterparts. The Sm-binding site is indicated by a black heavy line. Putative splicing factors are indicated.
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U1A may be missing from the particle because its binding
domain is absent from the trypanosome RNA. Note that ad-
ditional proteins may bind the U1 snRNP and that these pro-
teins may have dislodged during the stringent affinity selection
protocol (65). U1 snRNP/5�-splice site binding assays were
developed, confirming the recognition of the 5� splice site by
U1 snRNP (65). Since only a single gene containing a cis-
spliced intron has been identified in trypanosomes (51), it is
not yet possible to conclude whether the extensive base pairing
between U1 and the 5� splice site of PAP is a common feature
to trypanosomes cis-spliced introns.

SL-snRNA INTERACTIONS

Several approaches were used to reveal and validate poten-
tial base-pair interactions of snRNA-SL RNA essential to form
the trans-spliceosome. In vivo UV cross-linking was used to
identify snRNA that interact with the SL RNA by base pairing
(22, 101, 102). A genetic approach was utilized to identify
splicing defects in SL RNA due to its failure to interact with
snRNAs. This analysis was followed by compensatory mutation
in the snRNA interacting domain to suppress the splicing de-
fect (108).

In vivo cross-linking with the bifunctional reagent psoralen
led to the identification of two small RNAs, termed SLA1 and
SLA2, the U5 homologue (see previous sections). The base
pairing suggested by the psoralen cross-linking of the T. brucei
U5 RNA with the SL RNA enables alignment of these se-
quences in a manner exactly like that proposed for cis splicing
(22, 107) (Fig. 3A). However, in L. collosoma, L. seymouri, and
Crithidia spp., as opposed to T. brucei, the potential for base
pairing is less extensive (7, 107) (Fig. 3B). To validate the
interaction of the SL RNA with the U5 and U6 snRNA, mu-
tations were introduced at positions �4, �1, �1, �4, �5, and
�7/�8 of SL RNA. All mutants exhibited altered splicing
phenotypes compared to the parental strain (108). Compensa-
tory mutations were introduced in U5 and U6 and suppression
was observed only for positions �5 and �7/�8 with U5 mu-
tations and for position �5 also with a U6 mutation, support-
ing the existence of a base-pair interaction of U5 and U6 with
the SL RNA (108). The failure of the other mutations to
compensate for the defects suggests that other protein fac-
tor(s) interact with these key positions or that the mutations
disrupted other essential inter or intramolecular base pairing.
This genetic study supported a unique interaction between the
U5 and the SL RNA intron region that resembles the interac-
tion of U1 with the 5� splice site. The trypanosome U5 may
therefore function in trans splicing in locating the 5� splice site,
and this interaction is mediated by extensive base pairing with
the intron region, a finding analogous to the interaction of U1
with the same domain. The striking difference in invariant
loops between U5 snRNAs in the trypanosome and all other
organisms is the presence of an A instead of a C at the second
position of the loop. This change may reflect the need to
preserve the base-pair interaction between position �2 of the
intron and the second position of the U5 invariant loop, espe-
cially since this position is located exactly at the middle of the
SL-U5 duplex.

The compensatory genetic approach was also utilized to
study the SL-U6 snRNA interaction across the 5� splice site,

and support was gained for interaction of U6 RNA with the
intron at position �5 (108), analogous to that of U6 in cis
splicing (50). Interestingly, Crithidia U6 carries a C-to-U
change in the second position of the ACAGAG sequence and
a compensatory base change of the corresponding SL RNA at
position �5 (105). These phylogenetic data also support the 5�
splice site-U6 interaction. Surprisingly, mutations in L. sey-
mouri (49) and in L. tarentolae (86) in positions �4 and �5 did
not affect trans splicing. However, these mutations did not

FIG. 3. Intra- and intermolecular base pairing across the SL RNA
5� splice site. (A) Potential base-pairing interaction between U5-SL
RNA and SLA1-SL RNA. The intramolecular base-pair interactions
across the T. brucei 5� splice site are indicated by thin bars. The
interaction between the SL RNA and SLA1 is indicated by heavy bars,
and the interactions with U5 are indicated by arrows (22). The cross-
linked sites on SL RNA to either U5 or SLA1 are indicated by filled
arrows (22, 102), and the cross-linked sites of SL RNA on SLA1 is
indicated by an open arrow (102). The 5� splice site is indicated by a
gray arrow. (B) Potential for base-pair interactions of U5 with 5� splice
site of SL RNA from different trypanosomatid species. The nucleo-
tides on SL and U5 snRNAs are numbered. The 5� splice site is
indicated by an open arrow. The most conserved interactions are
boxed. Accession numbers (where available) and references for the SL
and U5 snRNAs are as follows: T. brucei SL RNA (58) and the U5
RNA (22); L. collosoma SL RNA (58) and the U5 RNA (107); L.
seymouri SL RNA X07487 and the U5 RNA (5); and C. fasciculata SL
RNA J03470 and the U5 RNA AF182356.
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change a single nucleotide but several positions, and therefore
the large sequence and structural change may circumvent the
need for base pairing with these positions. In nematodes, U6
seems to have a unique function since it interacts with the SL
RNA in the Sm site and 3 nt downstream from it, serving as a
bridge between the SL RNA and the pre-mRNA (31). Al-
though an analogous interaction can be envisioned in different
trypanosomatid species (26), no functional proof of such in-
teraction was obtained, since mutations in 3 nt downstream
from the Sm site that affected trans splicing in the nematodes
had no severe trans-splicing defect in L. collosoma (53). These
data suggest that trypanosomes and nematodes differ in the
mechanism by which the SL RNA is brought into the spliceo-
some. In nematodes, the U6 has a dominant role (31), whereas
in trypanosomes it is the interactions of the SL RNA with the
U5 and U6 across the 5� splice site that seem to be essential for
the reaction (108). We currently do not know of any proteins
that may function to bring the SL RNP into the spliceosome.

Of special interest is the role of the SLA1 and SLA1-SL
RNA interactions for the trans splicing. It is currently unknown
whether the modified base is essential for the trans-splicing
reaction itself or whether this pseudouridylation is a by-prod-
uct of the need of SLA1 to base-pair with SL RNA. Mutations
that changed the region of the exon, including a change in U28
(the modified nucleotide) to A, did not affect trans splicing in
L. tarentolae (85, 86). However, no study had yet addressed the
role of only this nucleotide for trans splicing. However, the
presence of modified bases on snRNAs around functionally
important regions was demonstrated for the cis splicing (28),
so the pseuodouridine may stabilize certain important interac-
tions within the trans-spliceosome catalytic core. Note that the
5� splice site selection of SL RNA may involve the formation of
multiple base-pair interactions that require melting the in-
tramolecular SL RNA duplex in stem I and forming base-pair
interactions with U5 and U6 (46). The presence of the
pseudouridine at position �12 may therefore contribute to the
fine-tuning of the intramolecular versus intermolecular inter-
actions during the recognition of the 5� splice site or it may
stabilize an SL RNA structure that is needed to facilitate the
intermolecular base pairing in the intron-exon junction (46).
Another possibility is that SLA1 functions as a chaperonic
RNA and is needed to maintain a certain structure that is
essential for subsequent interactions of the SL RNA with the
capping machinery and the SL RNA-binding proteins.

snRNP BIOGENESIS, Sm, AND snRNP PROTEINS

SL RNA biogenesis. SL RNA is transcribed by RNA poly-
merase II (13, 29, 25). The promoter of the SL RNA is extra-
genic and does not contain internal promoter elements (3, 13,
29, 36). A poly(T) tract that varies in length exists downstream
to the coding region of the SL RNA and was postulated to
serve as the termination element for SL RNA transcription
(87). Using permeable cells, it was demonstrated that SL RNA
cap 4 was added cotranscriptionally in a 5�-to-3� direction.
Transcripts of between 56 and 67 nt were partially modified
and carried methyl groups on the first two adenosine residues,
whereas a fully modified cap 4 structure was present on tran-
scripts of 117 nt carrying the Sm site (52). Surprisingly, accu-
rate modification of the entire cap structure required SL RNA

being in its SL RNP complex (95). Because modification of the
first 2 nt took place before the Sm-like site was synthesized, it
was proposed that the SL RNA capping takes place in the
nucleus (52). More recently, evidence obtained by in situ hy-
bridization suggests that SL RNA can also be found in the
cytoplasm (109). Treatment with the karyopherin-specific in-
hibitor leptomycin B eliminated the cytoplasmic SL RNA and
affected the modification on the cap �4 position and 3�-end
formation, suggesting that the cytoplasmic stage is necessary
for SL RNA biogenesis. This finding resembles the finding on
the maturation of snRNPs in trypanosomatids demonstrating
that mutation in the Sm site resulted in cytoplasmic accumu-
lation of U4 and U5 in L. seymouri (7, 8). In mammals, capping
(formation of trimethylguanosine) is coupled to Sm assembly,
and these two serve as nuclear import signals (55). Since the SL
RNP, like other snRNPs, binds Sm proteins (27, 66), its mat-
uration pathway resembles the pathway of snRNPs in trypano-
somes, as well as in metazoa. Indeed, mutation in the SL RNA
Sm site affected capping at the �4 position (53, 86). The
discrepancy regarding the cellular localization of cap 4 forma-
tion and which of the steps takes place cotranscriptionally will
be resolved by the purification and characterization of the
methylase(s) that carry out these specific modifications. Note
that cap modification includes base and sugar methylations and
that these modifications may be carried out by different meth-
ylases localized in different compartments. In addition to cap 4
modification, the SL RNA undergoes pseudouridylation at po-
sition �12 (46). It is currently unknown where and when dur-
ing SL RNA biogenesis pseudouridylation takes place. One
can envision a model for SL RNA biogenesis where the m7G
and the first two cap modification serves as an export signal of
SL RNA to the cytoplasm where assembly with Sm proteins
and capping at position �4 takes place. The fully modified cap
4 and the Sm proteins may serve as an import signal of SL RNP
to the nucleus.

Another unique property related to SL RNA biogenesis is
the 3�-end formation of the RNA, which seems to be different
from the termination of snRNAs (72). In vitro and in vivo data
on mutants in the Sm site and stem-loop III suggest that
transcription termination in the T tract is followed by trimming
that generates the mature 3� end (87). It is currently unknown
whether the nucleolytic function that generates the 3� end of
the SL RNA involves the concerted action of the endonucleo-
lytic and/or exosome function and in which compartment in the
cell it takes place. The trimming is coupled to the Sm assembly,
since mutations in the Sm site do not undergo proper 3�-end
processing (87). This trimming process may serve as a quality
control mechanism for the SL RNP that directs only the SL
RNA that is properly assembled and trimmed to the spliceo-
some. Longer heterogeneous SL RNAs (at the 3� end) were
accumulated in permeable T. brucei cells that were incubated
with an oligonucleotide complementary to the Sm site (94).
Another interesting phenomenon related to SL RNA matura-
tion is the finding of stage-specific heterogeneity at the 3� end
of the Leishmania donovani amastigote SL RNA that carries
an 80-nt poly(A) tail (42). This polyadenylated RNA is present
only in amastigotes and may represent another regulatory pro-
cess that SL RNA undergoes. This process may be related to
the adenylation and deadenylation control that take place in
the maturation of several snRNAs and 7SL RNA (72).
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Sm and snRNP proteins. The identification of common core
proteins that bind SL and U2 RNPs as classical Sm proteins
was surprising (27, 63, 64, 66) since core proteins of the
snRNPs were not recognized by the anti-Sm sera that recog-
nize cognate proteins from yeast to humans (57, 63, 64). The
binding sites for the Sm proteins in trypanosome snRNAs are
relatively degenerate in comparison to the well-conserved sites
of other eukaryotes (60). In contrast to the high correlation
between Sm proteins trimethylation and nuclear localization in
other eukaryotes, there is no such correlation in trypanosomes.
The Sm proteins were shown to bind U1, U2, and U4 that
harbor a TMG cap; to SL RNA that possesses a special cap 4
structure; and to U5, which has no cap. The trypanosome Sm
core proteins were identified by affinity selection of SL and the
U2 snRNPs (27, 66). Seven Sm proteins were identified and
cloned from T. brucei. The trypanosome Sm proteins are a
minimal version of the canonical Sm proteins, because three of
the seven, in particular SmB, are smaller than homologues
from other organisms (66). There are several significant devi-
ations in the conserved Sm motifs 1 and 2 present in all known
Sm proteins. In contrast to the many changes in charged amino
acids, there are almost 11 conserved hydrophobic amino acids
in these motifs (66). It is of particular interest that the SmD1
and D3 are lacking the C-terminal RG dipeptide repeats of the
human homologues. The arginines in this RG domain are
usually methylated, constituting an important determinant of
the Sm epitope. The lack of the RG-rich domain may explain
why the trypanosome Sm proteins are not recognized by Sm
antibodies (66). The arginine methylation is the signal for
recognition of SMN in metazoa, which is a key player in Sm
assembly and serves to selectively assure the binding of Sm
proteins to snRNAs (24). Thus far, there is no evidence for the
existence of SMN in trypanosomes.

Only two snRNP-specific proteins were identified biochem-
ically and their coding genes analyzed. The first snRNP protein
to be cloned and sequenced was a U2-specific protein of T.
brucei homologous to human U2A� (31% identity). The try-
panosome protein has unique domains missing from its homol-
ogous protein; it has a C-terminal extension and two insertions,
one of which is a leucine repeat. Since the C-terminal domain
of this protein shares no significant homology with U2A�; this
domain may contribute a function specific for trypanosomes
(17).

The U5-specific protein PRP8 is one of the most crucial
factors in cis splicing, since it is involved in splice site selection
(82). The T. brucei protein p277 shares 40% identity and 61%
similarity with the yeast PRP8 homologue. However, the po-
sitions believed to interact with the polypyrimidine tract are
not conserved in the trypanosome protein, suggesting that the
U-rich region is recognized in trypanosomes in a manner dif-
ferent from that in yeast (48).

RECOGNITION OF THE 3� SPLICE SITE,
POLYPYRIMIDINE TRACT, AND BRANCH POINT IN

trans SPLICING

The AG dinucleotide at the 3� splice site and its associated
upstream polypyrimidine tracts are the most prominent and
highly conserved cis-acting sequences in the pre-mRNA sub-
strate. The elimination of the native splice acceptor site led to

splicing at the next AG downstream and the accumulation of
Y-branched intermediate, supporting a scanning model by
splicing factors that represent a cross talk between factors that
bind to the polypyrimidine tract and the 3� splice site (37).
Studies in mammalian cells demonstrate that the splicing fac-
tor U2AF65 recognizes and binds to the polypyrimidine tract
and branch point (96), and the factor U2AF35 binds to the 3�
splice site (104). Splicing at the first AG downstream of the
branch point may be a consequence of combined interactions
between these two factors. A U2AF35 homologue bearing an
identity of 34% was identified in the T. brucei genome. Re-
cently, U2AF35 was cloned and analyzed from Trypanosoma
cruzi, and this protein shares 38% identity with the human
homologue (99). Interestingly, the central RNA-binding do-
main in U2AF35 is surrounded by two zinc finger motifs and
instead of the C-terminal SR domain, the trypanosome protein
has a different Zn finger motif which is reminiscent of the ones
characterized for kinetoplastid DNA/RNA single-stranded
binding proteins (99). The U2AF65 homologue was not yet
identified in the trypanosomatid genome databases. However,
significant homology was identified to hnRNP I (Table 1),
which is known to bind to the polypyrimidine tract and affects
the binding of U2AF65 (5). The PRP8 protein may also assist
in locating the 3� splice site and, indeed, the region of PRP8
that was shown in yeast to be involved in binding to the 3�
splice site is conserved in the trypanosome protein (48).

In mammalian introns the polypyrimidine tract serves a dual
function: first in recognizing the branch site and then for 3�
splice site selection (75). In yeast, the polypyrimidine is needed
for effective identification of the 3� splice sites that are distant
from the branch site (69). In T. brucei the polypyrimidine tract
was identified as a major determinant for accurate trans splic-
ing (34, 56, 81). In addition, in Leishmania the minimal re-
quirement for efficient trans splicing is an AG 3� splice site and
even a synthetic polypyrimidine tract (18). In many trypano-
some genes the polypyrimidine occurs most frequently in the
region between positions �20 and �10, but differences exist in
the length of the tract and its location relative to the 3� splice
site. These differences may account for the different trans-
splicing efficacies of various genes (34, 56).

Branch point recognition in trypanosomes seems to be com-
pletely different from that of other eukaryotes since the region
has no potential to interact with the U2 RNA by base-pairing
(32). In yeast (Saccharomyces cerevisiae) the branch is mostly
adenosine and is found within a highly conserved YUAC
UAAC sequence (68). In mammals, the branch point consen-
sus is less stringent and the seqeunce is YNCURAY (74). The
open question is how the branch point is recognized in try-
panosomes. Branch points were mapped initially only for the
T. brucei tubulin genes and more recently for a T. cruzi gene
and is usually the first adenosine upstream of the polypyrimi-
dine tract (37, 70). More recently, the Bindereif group mapped
additional branch point sites. In 13 of 15 cases, the identified
branch site is an adenosine. In one case, as well as in the
cis-spliced intron of the poly(A) polymerase gene, an unusual
branch was mapped to a cytidine. Comparison of the branch
point sequences led to a relatively degenerate consensus that
are poorly matched to the U2 interaction region (positions 33
to 38 of T. brucei U2 RNA). These data suggest that, in con-
trast to yeast and higher eukaryotes, additional sequences
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and/or signals might be used for branch point selection in
trypanosomes, and extended protein-RNA interactions (not
RNA-RNA interactions) most probably play a vital role in this
recognition (S. Lücke, K. Meissner, and A. Bindereif, unpub-
lished data).

SPLICING FACTORS IDENTIFIED IN
TRYPANOSOMATIDS

RNA-binding proteins were cloned and sequenced in several
trypanosomatid species, but their exact role in splicing was not
elucidated further. TSR1IP was identified in T. brucei and
shows homology to the U1 70-kDa domain. The protein con-
tains an SR domain, as well as an acidic/arginine domain,
homologous to the U1 70-kDa domain that interacts with the
poly(A) polymerase to inhibit polyadenylation (39). However,
its identity as a 70-kDa homologue is currently puzzling, since
an U1-specific protein whose homology to the U1 70-kDa
domain was recently identified by Palfi et al. (65). A protein
(TSR1) was identified by using a yeast two-hybrid screen that
interacts with TSR1IP (38). TSR1 carries two RNA recogni-
tion motifs and can interact with the splicing factors U2AF65/
U2AF35 in the yeast two-hybrid system. It is tempting to spec-
ulate that these two proteins may be involved in the
recruitment of SL RNA or U1 RNP into the spliceosome or in
the coupling of the splicing and polyadenylation. Another in-
teresting splicing factor is the T. cruzi XB1 protein (106), which
was shown by a yeast three-hybrid screen to bind to the stem-
loop II of the SL RNA (106). However, no direct role of any of
these factors in trans or cis splicing was demonstrated. The use
of RNAi offers an elegant and quick way to investigate the role
of such splicing factors. As a first step, we searched the genome
database for the presence of splicing factors whose function

has been clearly demonstrated in yeast and mammals. A sum-
mary of these factors is listed in Table 1. We concentrated on
certain helicases that participate in distinct steps in splicing to
unwind transient interactions during spliceosome assembly.
The search identified homologues to prp2 that function in the
RNA rearrangements before the first step of splicing (90);
homologues to prp22 that function in the release of the spliced
mRNA from the spliceosome (15); homologues to prp28,
which functions in the unwinding of U1 to allow the interaction
of U6 with 5� splice site (84); and homologues to prp43 that
release the lariat intermediate from the spliceosome (4). It is
currently unknown whether these helicases function in both cis
and trans splicing. It is anticipated that all of the above-men-
tioned helicases will be shared between cis and trans splicing
except prp28, which should function only in cis splicing. In-
deed, RNAi silencing of prp43 in T. brucei was shown to result
in the lethal phenotype, accumulation of cis- and trans-splicing
precursors, reduction in the mature RNAs, and accumulation
of the SL RNA (X.-h. Liang and S. Michaeli, unpublished
results). Interestingly, numerous factors associated with U2
binding were revealed. These include factors such as prp16,
which functions in the fidelity of branch point recognition (12),
and prp11 and prp 9, which function in U2 recruitment (103).
Of special interest are splicing factors such as an homologue to
DSK1, a protein kinase whose targets are SR proteins. This
finding suggests that alternative splicing exists in trypanosomes
and is regulated by phosphorylation (89). The presence of
hnRNP proteins such as C, F, and I homologues in trypano-
somes is intriguing, since these proteins are present in metazoa
but not in yeast (40). hnRNP proteins, among their multiple
functions, are known to regulate splicing by serving as splicing
repressors or activators (1, 83). For instance, hnRNP I serves
as a splicing repressor in the brain (5).

TABLE 1. Putative splicing factors present in the T. brucei genome databasea

Splicing factor Accession no.
%

Function
P I S

Helicases
PRP02-S.c TRYP10.0.000033 78 36 56 Branch point recognition
PRP22-S.c TRYP10.0.001375 60 48 66 Release of mRNA from spliceosome
PRP28-S.c TRYP10.0.000031 64 36 59 Replacing U1 by U6
PRP43-S.c CONTIG10724* 75 60 71 Release of lariat intermediate from spliceosome

hnRNPs
hnRNP
C-h

tryp_Ixb-62d11.plc 48 30 53 Heterogeneous nuclear RNP

hnRNP
F-h

EMBL:AC007864 45 32 54 Heterogeneous nuclear RNP

hnRNP
I-h

TRYP9.0.002804 43 26 46 Binding to polypyrimidine tract

SR protein
U2AF35-h TRYP10.0.000037 65 34 50 Binding to 3� splice site

Others
PRP04-S.c TRYP10.0.001185 62 29 44 U4.U6-U5 interaction
PRP11-S.c EMBL:AC008031 33 28 45 U2 addition
PRP31-S.p TRYP10.0.000313 65 27 44 U4.U6-U5 assembly
PRP17-h EMBL:AC105379 59 33 54 Second catalytic step
DSK1-S.p EMBL:AC008146 85 40 58 SR protein kinase

a The sequences and accession numbers are from either http://www.sanger.ac.uk/projects/T brucei or GenBank. The identities and similarities are derived from a
comparison with protein homologues from yeast or human sources as indicated. P, portion of the T. brucei gene currently present in the genome project. I and S, identity
and similarity, respectively, to the sequence presented in the left column. Factor suffixes: h, Homo sapiens; S.c, Saccharomyces cerevisiae; S.p, Schizosaccharomyces
pombe.
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LINKAGE BETWEEN trans SPLICING AND
POLYADENYLATION

In cis splicing, factors involved in capping, splicing, and
polyadenylation interact with the carboxy-terminal domain of
RNA polymerase II at an early stage of mRNA production,
and these processes are therefore coupled to transcription
(59). In trypansomes, poly(A) addition is coupled to trans splic-
ing of the downstream gene (35, 43, 56, 98). No specific se-
quence, such as the signal for polyadenylation (AAUAAA) in
higher eukaryotes, seems to be present in trypanosomatid mR-
NAs (2). The polypyrimidine tract plays a major role in the
coupling of these processes, since mutating the polypyrimidine
tract led to aberrant poly(A) site choice (35). Inhibition of
trans splicing in permeabilized cells abolished mRNA 3�-end
formation (93). It has been suggested that the factors required
for 3�-end cleavage and polyadenylation is associated with the
pre-mRNA after the 3� splice site region has been marked by
the machinery of the spliceosome (56). The finding that the
location of poly(A) site moves in concert with the 3� splice site
AG in Leishmania supports a model in which the factor(s)
responsible for cleaving the pre-mRNA at the poly(A) site can
bind only a certain short distance away from the 3� splice site
(43). After cleavage at the 3� splice site, the same factor could
direct polyadenylation upstream. This putative factor can be
shared by the 3�-end formation and trans-splicing machineries,
thus effectively coupling the two processes (56). U1 snRNP is
essential for the coupling of cis splicing and polyadenylation
(100). Analogously, an SL RNP specific protein may coordi-
nate the interaction between trans-splicing and polyadenyla-
tion machineries.

REGULATION OF trans SPLICING

It is currently unknown how the efficiency of trans splicing of
different genes is determined. Although the polypyrimidine
tract definitely contributes to the selection of the 3� splice site,
other determinants that affect splicing efficacy were not iden-
tified. For instance, how sequences at the branch point influ-
ence the process and what is the optimal distance between the
polypyrimidine tract and the first 3� splice site are currently
unknown.

To be able to modulate trans splicing, one should envision
the presence of regulatory sequences that bind factors that can
enhance or repress splicing. Indeed, it was demonstrated that
the efficient use of �-tubulin 3� splice site is dependent upon
the presence of exon sequences (47). Exonic sequences that
positively regulate trans splicing might be similar to the cis-
splicing enhancers described in other systems. The best-char-
acterized splicing enhancers known in mammals consist of
short, purine-rich sequences that bind to specific members of
the SR protein family (33). The presence of SR and hnRNP
proteins known to function as splicing activators or repressors
suggests that the machinery for carrying out alternative splicing
exists in trypanosomes (Table 1). Interestingly, the splicing of
lysosomal cysteine proteases genes in Leishmania is regulated
most probably via binding of stage-specific factor that interacts
with the splicing-polyadenylation machinery and binds to a
regulatory element in the intergenic region (10). More re-

cently, alternative trans splicing was demonstrated in T. cruzi
for the LYT1 gene that functions in the lytic pathway (54).

cis SPLICING AND COORDINATION WITH trans
SPLICING

A twist in our understanding of pre-mRNA splicing in try-
panosomes occurred when the first cis-spliced intron was dis-
covered. The PAP gene was found to carry an intron that obeys
the GU/AG rule of cis-spliced introns (51). Interestingly, PAP
mRNAs are trans spliced at the very 5� end, as well as at the
internal 3� splice site, generating two alternatively trans-spliced
products. The main question is how the two processes of cis
and trans splicing are coordinated. In nematodes, it was found
that the absence of a proper 5� splice site at a certain distance
from the 3� splice site forces the substrates to undergo trans
splicing (16). In trypanosomes, however, it seems that compe-
tition exists between these two processes, since the same AG 3�
splice site can be used once in trans splicing or can serve as the
3� splice site for the removal of the intron. The decision as to
whether to utilize a 3� splice site for cis or trans splicing may
depend on the presence of canonical 5� splice site and may be
modulated by factors such as U1 snRNP and certain SR pro-
teins. It is currently unknown how widespread cis splicing is in
trypanosomatids. From a phylogenetic point of view, the dis-
covery of cis splicing in trypanosomes unifies the theme that
every organism bearing trans splicing also carries out cis splic-
ing.

CONCLUDING REMARKS AND PERSPECTIVES

As described above, the complete subset of snRNAs in-
volved in trans splicing was determined, including U5. The
finding of U1 snRNA occurred just before the discovery of cis
splicing. However, U1 most probably functions only in cis splic-
ing, as in nematodes. The domains of the SL RNA important
for trans splicing were identified, and the role of the exon and
intron sequences for trans splicing was established. However,
no evidence was found for an SL-U6 interaction analogous to
the interaction in nematodes. In contrast, a unique interaction
between the SL RNA intron regions adjacent to the 5� splice
site with U5 and U6 snRNA seems to be important for trans
splicing. SLA1, which interacts with the exon sequence, was
found to be a small RNA that guides pseudouridylation on SL
RNA. Faithful SL RNA transcription systems were estab-
lished, as well as an in vitro system for the unique capping of
the SL RNA. The coupling between the trans splicing and
capping of the SL RNA was found, as well as a linkage between
trans splicing and polyadenylation. The role of the polypyrimi-
dine tract for trans splicing was also established, and the exon
enhancers were described. The SL and U2 RNPs were purified
to homogeneity, and Sm proteins were shown to bind to SL
and U snRNPs. Several splicing factors were identified, but
their direct functional role in trans splicing has not yet been
demonstrated.

However, the trypanosome trans-splicing research suffers
from the lack of an in vitro system. We now have a better
understanding of how a trypanosome pre-mRNA substrate is
structured, and it is time to reattempt to reconstitute the re-
action in vitro. Perhaps the first step toward achieving this goal
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would be to reconstitute the efficient binding of SL RNP and
U2 RNP to the synthetic pre-mRNA substrate. Other chal-
lenging questions are how the 5� splice site of the SL RNA
associates efficiently with the 3� splice site present in the target
pre-mRNA to be trans spliced and also how the decision is
made whether a certain 3� splice site is marked for trans or cis
splicing. Recent studies in nematodes identified two SL RNP-
specific proteins, one of which makes contact with the SF1/
BBP (branch point binding protein). The association of the SL
RNP-specific protein with the BBP that interacts with the
branch point and with U2AF65 explains how the bridge be-
tween the SL RNA and the pre-mRNA is being formed in
nematodes (20). At present, no SL RNP-specific proteins have
been identified in trypanosomes analogous to the proteins in
nematodes. However, it should be noted that major differences
exist between the trypanosome and the nematode systems re-
garding the role of the SL RNA intron and exon sequences for
trans splicing and the role of the U6 and U5 snRNAs for the
reaction. One can envision a single spliceosome carrying both
U1 and SL RNP, with the competition between U1 and SL
RNP binding being the major determinant for selecting cis or
trans splicing. The binding of SL RNP or U1 snRNP may
depend on perfect binding of U1 to the 5� splice site, as well as
its association with SR proteins. Several SR proteins have been
determined in trypanosomes, and their role in trans or cis
splicing needs to be established. Finally, unraveling the ma-
chinery of trans splicing that does not exist in the host of these
medically and economically important parasites still gives hope
for a therapeutic intervention directed toward the trans-splic-
ing-specific components.
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49. Lücke, S., G. L. Xu, Z. Palfi, M. Cross, V. Bellofatto, and A. Bindereif. 1996.
Spliced leader RNA of trypanosomes: in vivo mutational analysis reveals
extensive and distinct requirements for trans splicing and cap 4 formation.
EMBO J. 15:4380–4391.

50. Madhani, H. D., R. Bordonne, and C. Guthrie. 1990. Multiple roles for U6
snRNA in the splicing pathway. Genes Dev. 4:2264–2277.

51. Mair, G., H. Shi, H. Li, A. Djikeng, H. O. Aviles, J. R. Bishop, F. H. Falcone,
C. Gavrilescu, J. L. Montgomery, M. I. Santori, L. S. Stern, Z. Wang, E.
Ullu, and C. Tschudi. 2000. A new twist in trypanosome RNA metabolism:
cis-splicing of pre-mRNA. RNA 6:163–169.

52. Mair, G., E. Ullu, and C. Tschudi. 2000. Cotranscriptional cap 4 formation
on the Trypanosoma brucei spliced leader RNA. J. Biol. Chem. 275:28994–
28999.

53. Mandelboim, M., C. L. Estraño, C. Tschudi, E. Ullu, and S. Michaeli. 2002.
On the role of exon and intron sequences in trans-splicing utilization and
cap 4 modification of the trypanosomatid Leptomonas collosoma SL RNA.
J. Biol. Chem. 277:35210–35218.
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