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The kinetoplastid protozoan spliced leader (SL) RNA is the common substrate pre-mRNA utilized in all
trans-splicing reactions. Here we show by fluorescence in situ hybridization that the SL RNA is present in the
cytoplasm of Leishmania tarentolae and Trypanosoma brucei. Treatment with the karyopherin-specific inhibitor
leptomycin B was toxic to 7. brucei and eliminated the cytoplasmic SL RNA, suggesting that cytoplasmic SL
RNA was dependent on the nuclear exporter exportin 1 (XPO1). Ectopic expression of xpol with a C506S
mutation in 7. brucei conferred resistance to leptomycin B. A reduction in SL RNA 3’ extension removal and
5’ methylation of nucleotide U, was observed in wild-type T. brucei treated with leptomycin B, suggesting that
the cytoplasmic stage is necessary for S RNA biogenesis. This study demonstrates spatial and mechanistic
similarities between the posttranscriptional trafficking of the kinetoplastid protozoan SL RNA and the meta-

zoan cis-spliceosomal small nuclear RNAs.

The kinetoplastid protozoa use the frans-splicing reaction to
resolve individual mRNAs from polycistronically transcribed
pre-mRNAs. Transcription initiation for pre-mRNA in these
early branching organisms is regulated minimally, if at all, and
steady-state mRNA levels are determined posttranscription-
ally at the level of trans splicing (6) or transcript stability (11).
In trans splicing a 39-nt exon, the spliced leader (SL) is trans-
ferred from the SL RNA to the 5’ end of each protein-coding
pre-mRNA (2). Mechanistically, cis and trans splicing are re-
lated in that they share common machinery, such as U2, U4,
and U6 small nuclear RNAs (snRNAs) (46) and associated
core proteins (17, 39).

SL RNA is the best-characterized molecule unique to the
machinery of frans splicing. All kinetoplastid and nematode SL
RNAs studied to date fold into a conserved, three-stem-loop
structure (7). An unusual feature of the kinetoplastid SL RNA
is the 5’ cap 4 structure that has been characterized for
Trypanosoma brucei and Crithidia fasciculata (3, 15, 40). Kin-
etoplastid cap 4 is comprised of 2'-O-methylation of the sugar
groups for the first four nucleotides (AACU), with additional
methylations on the bases of first (m*°A) and fourth (m>U)
nucleotides.

A posttranscriptional processing model for trypanosomatid
SL RNA maturation was proposed based on mutagenesis stud-
ies with Leishmania tarentolae. SL RNA genes are transcribed
from individual promoters by RNA polymerase II (8). Tran-
scription termination occurs in a T-tract-producing 3'-ex-
tended SL RNA. The Sm protein binding site and downstream
stem-loop III structure are required for cytoplasmic 3'-nucleo-
lytic processing of the primary SL RNA transcripts (45). For-
mation of the mature 3’ end is linked to cap 4 methylation;
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however, a mature 3’ end is not the sole determinant of cap 4
formation, since some correctly 3'-processed SL RNA mutants
do not receive cap 4 (43).

While SL RNA exon content is largely tolerant to mutagen-
esis in L. tarentolae, intron sequence and structural changes
reduce or eliminate trans splicing (43). Similar conclusions
regarding exon and intron function were drawn from studies of
trans splicing in nematodes (13, 33) and in the kinetoplastid
Leptomonas collosoma (32). In contrast, studies with Leptomo-
nas seymouri indicate an essential role for the exon and dis-
pensability of intron structures and sequences (28).

A cotranscriptional model for cap 4 methylation has been
presented (31), consistent with the proposal that the SL RNA
substrate molecule remains exclusively in the nuclear compart-
ment prior to participation in frans splicing (49-51). The pro-
posed limitation of the SL RNA to the nucleus was based on
SL RNA half-life determinations in the range of 3 to 6 min (25,
26, 50) that were considered insufficient to include cytoplasmic
trafficking.

Several lines of evidence indicate that S RNA has a cyto-
plasmic stage. First, aqueous fractionation shows a significant
SL RNA presence in the cytoplasmic fraction (20, 42). Second,
SL RNA generated by in vitro transcription with L. tarentolae
nuclear extract is in the 3’-extended form, implying the lack of
3’-processing activity in the nucleus; these transcripts also lack
cap 4 methylations (45). A similar size difference and lack of
modification is observed in 7. brucei in vitro extracts (18).
Finally, the Sm-binding site dependence of SL RNA matura-
tion (32, 43, 45) suggests that SL RNA travels to the cytoplasm,
where it can be bound by Sm protein orthologs. Common Sm
proteins have been detected in the cytoplasm of T. brucei (38).

Exportin 1 (XPO1/CRM1) is a pivotal component in the
nuclear export machinery responsible for the transport of
RNA polymerase II-transcribed U-rich snRNAs, along with
particular classes of proteins, in metazoans (23). XPO1 is in-
activated specifically and irreversibly by the cytotoxin leptomy-
cin B (LMB) via covalent modification of a conserved binding
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site (22). In the trafficking of U-rich snRNAs of metazoans,
m’G-capped transcripts in the cytoplasm are bound by the Sm
protein complex and then hypermethylated to yield the m;G
cap structure. Cytoplasmic modification of the associated pro-
teins involves symmetrical dimethylation of arginine in Sm
protein by the methylosome and SMN complex (34). Sm pro-
teins and the m;G cap comprise the bipartite signal for import
of snRNAs back into the nucleus (35), where final modifica-
tions to the RNA, such as RNA-guided 2'-O-methylations and
pseudouridinylation, may occur in Cajal bodies (12). Since SL
RNA fits the criterion of an RNA polymerase II-derived
snRNA, XPO1 could be involved in its nuclear export.

In this study we addressed several issues in the maturation of
kinetoplastid SL RNA. We examined cap 4 methylation of
transcripts being actively transcribed from L. tarentolae and T.
brucei and SL RNA subcellular localization visualized by flu-
orescence in situ hybridization (FISH). Nuclear export of SL
RNA was assayed relative to the activity of exportin 1, which is
specifically inhibited by LMB. LMB-induced defects in SL
RNA nuclear export resulted in reduced mature 3’ end for-
mation and reduced methylation in the SL RNA cap 4 struc-
ture. Our results are consistent with a posttranscriptional
model for SL RNA processing that includes a cytoplasmic
stage.

MATERIALS AND METHODS

Strains, cell culture, and plasmids. L. tarentolae (UC strain) was grown at
28°C in brain heart infusion medium supplemented with 10 wg of hemin/ml. All
T. brucei strains were derived from transfection strain YTAT KH4A. T. brucei
was grown at 28°C in SM medium containing 10% fetal calf serum. T. brucei
strains pHD-XPO1 and pHDxpol-C506S were grown in the presence of 50 pg of
hygromycin/ml. pHD-XPOI and pHDxpoI-C506S were created by transfection
(21) with pHD496-derived, ribosomal DNA-spacer targeting plasmids (4) linear-
ized at the NotI site and containing either the T. brucei XPOI open reading frame
(ORF) or the T. brucei xpol-C506S ORF using a Bio-Rad Gene Pulser II
electroporator. pHD-XPOI and pHDxpoI-C506S were created by replacing the
pHD496 HindIII-GFP-BamHI cassette with Tb XPOI or xpol-C506S.

Aqueous fractionation. The fractionation procedure was carried out at 4°C.
Mid-log-phase L. tarentolae (10°) or T. brucei (5 X 10%) was washed twice in
buffer A (150 mM sucrose, 20 mM KCl, 3 mM MgCl,, 20 mM HEPES-KOH [pH
7.9], 1 mM dithiothreitol, and 40 U of RNAguard [Pharmacia]/ml). After resus-
pension in 1.0 ml of buffer A, 0.5 ml was removed and total cell RNA was
extracted with phenol-chloroform (1:1) followed by ethanol precipitation. To the
remaining 0.5 ml of cells, Nonidet P-40 was added to 0.2% (vol/vol), and the cells
were passed through a 26-gauge syringe needle three times to generate cell
lysate. This cell lysate was fractionated by centrifugation at maximum speed for
10 min. The supernatant (cytoplasmic fraction) was decanted and spun twice to
minimize any particulate material carried over by pipetting, and RNA was ex-
tracted as described above. The pellet (nuclear fraction) was passed through a
26-gauge syringe needle 15 times and refractionated by centrifugation at maxi-
mum speed for 10 min. The supernatant was discarded, and the pellet was rinsed
without resuspension once in 0.5 ml of buffer A, resuspended in 0.5 ml of buffer
A, and extracted for RNA as described above.

RNA analysis. RNA from L. tarentolae and T. brucei was purified with the
TriZOL reagent (Invitrogen) using ethanol rather than isopropanol precipita-
tion. RNA blotting, probing, and analyses were performed as described previ-
ously (45). Oligonucleotides used for hybridization were the following: TbSL
stem-loop I, 5'-CTACTGGGAGCTTCTCATCA (9); and U4, 5'-AACAATCA
CCTGAGGTTCTTGCGT (52). Primer extension analysis was performed as
described previously (45). The primer used on L. tarentolae RNA was LtSL
intron, 5'-GTTCCGGAAGTTTCGCATAC (14); for T. brucei, primers used
were TbSL stem-loop I, TbSL stem-loop II, 5'-ATGCGTCTGTTGGCCCAGC
TG; and TbSL stem-loop III, 5'-CCGACCCCACCTTCC (9). Quantitation of
bands was performed using a Phosphorlmager (ImageQuant; Molecular Dy-
mamics). The L. tarentolae and T. brucei SL RNA sequences were generated by
sequencing pLME12 or pUC-TbSL plasmids with LtSL intron or TbSL stem-
loop T oligonucleotides, respectively.
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Fluorescence in situ hybridization and FISH oligonucleotide synthesis. 7.
brucei and L. tarentolae were grown as indicated, mid-log-phase cells were pel-
leted, and the supernatant was discarded. Cells were washed once in 1.7 ml of
phosphate-buffered saline and resuspended in 1 ml of fixation buffer (4% EM-
grade formaldehyde [Polysciences, Inc., Warrington, Pa.], 5% acetic acid in 1X
phosphate-buffered saline). Cells were fixed for 20 min at room temperature and
pelleted, and the fixation supernatant was discarded. The fixed cells were washed
three times with 70% ethanol to remove any traces of formaldehyde and resus-
pended in 1 ml of 70% ethanol. Ten microliters of this cell suspension was
spotted on a microscope slide and dried at room temperature for 10 min,
followed by a 10-min incubation at 80°C in a vacuum oven. Slides were pre-
treated by washing them twice with 30 ml of 2X SSC (1x SSC is 0.15 M NaCl
plus 0.015 M sodium citrate) for 5 min each, followed by two more washes in 40%
formamide-2x SSC for 5 min each. Ten nanograms of 3X fluorescein isothio-
cyanate (FITC)-labeled oligonucleotide probe in 20 pl of hybridization mix (40%
formamide, 2X SSC, 2.5 mg of tRNA/ml, 50 U of RNasin, 0.02% bovine serum
albumin) was added to the immobilized cell spot. Target RNA and probe were
simultaneously denatured on a 75°C heat block for 3 min and slow-cooled to
37°C. Probe was hybridized overnight in the dark at 37°C in a humid chamber.
Unbound probe was removed by washing it twice in 30 ml of 40% formamide-2Xx
SSC at 37°C for 15 min each, next twice in 2X SSC, and once in 1X SSC for 15
min each at room temperature. Coverslips were mounted with ProLong Antifade
kit (Molecular Probes) spiked with 100 ng of 4',6’-diamidino-2-phenylindole
DAPI/pl. Cells were visualized with the 63X objective of a Zeiss Axiocam
fluorescence microscope, and images were captured with a Zeiss digital camera
and Zeiss Axiovision software. All directly compared images were captured at
the same fluorescence lamp intensity and shutter speed; quantitation of fluores-
cence (n = 5) was performed using Zeiss Axiovision 3.0 software. L. tarentolae
FISH was controlled for background hybridization and hybridization to DNA
sequences by comparison with an LtSL DNA control oligonucleotide, a 3X
FITC-labeled oligonucleotide complementary to the LtSL intron FISH oligonu-
cleotide. Repeated experiments with LtSL DNA control produced FITC back-
ground levels identical to those for unhybridized L. tarentolae samples. Oligo-
nucleotide FISH probes were synthesized with an Expedite 8909 nucleic acid
synthesis system (Applied Biosystems). All synthesis reagents were purchased
from Glen Research. Oligonucleotide sequences are the following: U3 FISH,
5'-TAAGAGGTTGTACTCATAAAACGATTCTGT (37); TbSL intron FISH,
5'-TGGCCAGCTGCTACTGGGAGCTTCTCATAC (9); LtSL intron FISH,
5'-AGGTTCCGGAAGTTTCGCATACCAATAAAGT (14); LtSL mRNA con-
trol, 5" TCCAAGGCCTTCAAAGCGTATGCAATAAAGT; LtSL DNA control,
5"-ACTTTATTGGTATGCGAAACTTCCGGAACCT (14); and tRNAA®-FISH,
5'-AAGTTGGGTATCGATCCCAATACCTACCGCA (GenBank accession no.
AY007788; internal FITC-dT residues are underlined). With the exception of
tRNAA-FISH, all primers have a 5 FITC cap.

XPOL1 cloning. T. brucei XPOI was identified by TBLASTN searching of the
EMBL-EBI T. brucei genome BLAST server (http:/www.ebi.ac.uk/blast2
/parasites.html) with the protein sequence of S. pombe XPO1. The full-length T.
brucei XPOI sequence was assembled from overlapping contigs (for specifica-
tions, see Fig. 3A). The complete T. brucei XPOI gene was PCR amplified from
YTAT genomic DNA using 7. brucei XPOI primers and Pfu polymerase (Pfu
Turbo; Stratagene), and the DNA sequence was confirmed (GenBank accession
no. AY135380). The xpoI-C506S ORF was generated with the QuickChange XL
site-directed mutagenesis kit (Stratagene) using the primers C506Sfwd (5'-GA
TCGTGGCCTGCTAGACCTTAGTAGCAAGCTACAAGG) and C506Srev
(5'-CCTTGTAGCTTGCTACTAAGGTCTAGCAGGCCACGTAC).

RESULTS

SL RNA is cap 4 methylated posttranscriptionally. 7. brucei
cap 4 acquisition has been examined on transcripts prema-
turely terminated by the RNA elongation inhibitor 3’-O-meth-
yl-GTP (31). Transcripts terminated prior to the Sm-binding
site were incompletely methylated, while approximately 60%
of transcripts terminated downstream of the Sm-binding site
had mature cap 4 structures, leading to the conclusion that cap
4 methylation is cotranscriptional. This conclusion contrasts
with the posttranscriptional cap 4 modification data from ge-
netic studies with L. tarentolae (43), which indicated that ma-
ture cap 4 formation required 3’ processing and was lacking for
mutants in the Sm-binding site and stem-loop III regions of the
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FIG. 1. Nascent SL RNA transcripts lack 5" methylations. (A) Schematic of the 5’-end structure of SL RNA and intermediates cap 0 through
cap 4. Primer extension using reverse transcriptase (RT) is terminated adjacent to methylated nucleotides and serves as an assay for partial cap
4 formation as indicated. Nascent-enriched transcripts were enriched from purified nuclei and are extended using SL RNA intron primers specific
for stem-loop I, II, or III. (B) Schematic representation of the five possible primer extension (PE) products and their identities. (C) Primer
extension analysis of nascent-enriched RNA from L. tarentolae using a stem-loop I-directed primer. A sequence ladder of SL RNA using the same
primer is shown, with the transcription start point (+1) indicated. Primer extension reactions on whole-cell (WC), cytoplasmic (Cy), and
tethered-nuclear (tNu) RNA fractions are indicated, including a lane lacking reverse transcriptase (no RT) on whole-cell RNA. In all extension
reactions, between 1 and 5 ng of RNA was used. (D) Primer extension analysis of tethered-nuclear RNA from 7. brucei using three primers at
staggered locations through the intron region. A sequence ladder of SL RNA using the stem-loop I primer is shown, with the transcription start

point (+1) indicated. The sources of RNA are as indicated in panel B.

intron. Reduction in cap 4 formation in these intron mutants
consisted of the absence of methylation at positions +2, +3,
and +4 as measured by primer extension analysis.

To address the cap 4 conundrum, nascent RNA from L.
tarentolae and T. brucei was assayed for cap 4 formation using
a different approach. Nascent RNA was enriched by isolating
nuclei in an aqueous fractionation (42). Since aqueous frac-
tionation is accompanied by nucleoplasmic leakage (41), we
performed extensive washing of the nuclei such that nascent
SL RNA tethered to its RNA polymerase would be retained in
the nuclear fraction. SL RNA released from the RNA poly-
merase (i.e., nucleoplasmic SL RNA) would be depleted from
the RNA polymerase-tethered nuclear fraction but present in
the cytoplasmic fraction. SL RNA engaged in a frans-splicing
complex would also comprise part of the nuclear RNA pool.
SL RNA is a viable target for nascent transcript enrichment
since it is a high-copy-number gene that accounts for a signif-
icant percentage of total cellular transcription (5). The 5'-
methylation profile of SL RNA was assayed by primer exten-
sion (Fig. 1A), a method used for the detection of 2'-O-methyl
groups and other RNA modifications (29, 30). Primer exten-

sion is the most widely employed assay for monitoring overall
SL RNA cap 4 status from a heterogeneous population of SL
RNA containing the complete spectrum of methylated species
(28, 32, 36, 44). A schematic representation for the interpre-
tation of the five primer extension stops is provided in Fig. 1B.

Following aqueous fractionation of L. tarentolae or T. brucei
cells, we performed primer extensions on SL RNA with oligo-
nucleotides specific for stem-loops I, II, or III in the nascent-
enriched nuclear fraction, the cytoplasmic fraction, and whole-
cell RNA (Fig. 1C and D and data not shown). Since the
aqueous fractionation conditions selected for nascent SL RNA
tethered to RNA polymerase, the stem-loop I, II, and III
oligonucleotides assayed nascent SL RNA frozen in different
stages of transcription. The stem-loop I oligonucleotide ex-
tends any nascent SL. RNA transcribed beyond nucleotide po-
sitions 50 to 55 but does not extend shorter SL RNAs in an
earlier stage of transcription. In contrast, the stem-loop III
oligonucleotide only extends nascent SL RNAs of more than
127 to 131 nucleotides (nt), which all contain a complete Sm-
binding site.

With all three oligonucleotides, primer extension products
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from SL RNA isolated from purified nuclei displayed two
predominant bands of approximately equal intensity at +1 and
+5 (Fig. 1C and D, lane tNU). Products derived from the
cytoplasmic population of SL RNA were reduced for +1 and
contained predominantly +5, with an additional background
of +2 and +3 intermediates (Fig. 1C and D, lane Cy). RNA
from whole cells showed the relative abundance of all forms in
the SL RNA cap 4 methylation process; the +5 species com-
prised the majority product, while the minor +1, +2, and +3
products were roughly equal (Fig. 1C and D, lane WC). A
deoxynucleoside triphosphate titration was performed (200
nM to 2 mM range) to ensure that the experimental concen-
tration (200 wM) did not lead to read-through of methylations
(data not shown).

Based on these data, there is no difference in the timing of
SL RNA cap 4 acquisition between 7. brucei and L. tarentolae.
Detection of +5 in the tethered-nuclear RNA preparation is
consistent with the presence of mature SL RNA in the nucleus,
due either to sequestration within trans-splicing complexes
and/or in other structures involved in additional SL RNA mod-
ification. The reduction of +1, the appearance of +2 and +3,
and the relative increase in +5 primer extension products from
the cytoplasmic fraction indicates that S RNA cap 4 modifi-
cation takes place posttranscriptionally. Most notably, the cap
4 intermediates predicted by the cotranscriptional model are
not detected in the nuclear fraction. Furthermore, cytosolic
RNA sampled using a digitonin titration procedure (1) mini-
mally disruptive to the nuclear contents produced +1 primer
extension products in addition to +2, +3, and +5 products for
SL RNA (data not shown), supporting the cytosolic acquisition
of cap 4 methylations on SL RNA.

In situ analysis demonstrates the cytoplasmic presence of
SL RNA in L. tarentolae. Since aqueous fractionation is an
imperfect cytoplasmic sampling method due to the potential
for nuclear leakage, we adapted FISH to assay convincingly the
intracellular localization of SL RNA. FISH oligonucleotide
probes (10) were ideal for assessing the subcellular localization
of SL RNA. Substrate SL RNA is 96 nt in L. tarentolae and 140
nt in 7. brucei (15). A probe targeting the 9-nt exon/22-nt
intron junction was chosen based on accessibility to oligonu-
cleotide binding in permeabilized T. brucei cells (48). Low- and
medium-resolution RNA blotting with probes hybridizing to
this region of the SL RNA did not hybridize to other cellular
RNAs (data not shown).

Oligonucleotide probes internally labeled three times with
fluorescein isothiocyanate (FITC) were used (10). FISH for L.
tarentolae SL RNA (Fig. 2) showed diffuse cell body staining
punctuated by an area of more intense staining, identified as
the cytoplasm and nucleus, respectively. Nuclear and kineto-
plast DNAs were visualized by blue counterstaining with
DAPI. As a specificity control for unspliced SL RNA, we
created the LtSL mRNA control probe. The LtSL mRNA
control hybridizes to 9 nt of SL RNA exon immediately up-
stream of the exon/intron boundary and contains 22 nt of
noncomplementary intron sense strand immediately down-
stream of the exon/intron boundary. FISH with LtSL. mRNA
control confirmed that mRNA cross-hybridization with the SL
RNA substrate probe was negligible (data not shown).
tRNA*? and U3 small nucleolar RNA (snoRNA) showed,
respectively, diffuse cytoplasmic staining or a single compact
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spot of hybridization marking the nucleolus. To control for
background due to nonspecific interaction of the L. tarentolae
SL RNA probe, hybridization to DNA, or autofluorescence,
the LtSL DNA control oligonucleotide probe that is not pre-
dicted to hybridize to SL RNA transcripts was assayed along
with mock-treated cells. FITC signal from mock-treated and
negative controls showed identical background levels that were
subtracted from the FITC signal of the indicated probes (data
not shown).

Substrate SL RNA is present in the cytoplasm and nucleus
of L. tarentolae. Similar results were seen when examining SL
RNA subcellular localization in 7. brucei (see below), indicat-
ing that intracellular trafficking of SL RNA is not species
specific in the trypanosomatids.

T. brucei is sensitive to LMB treatment. The exportin 1 gene
had not been reported previously in 7. brucei. TBLASTN
searches identified fragments of potential homology to Schizo-
saccharomyces pombe XPOI. These fragments were used to
reconstruct the gene (Fig. 3A) from the 7. brucei nucleotide
database, allowing direct manipulation of XPOI. In metazoans,
XPO1 has a role in nuclear export and can be inactivated
specifically by LMB. A cysteine at position 506 of TbXPO1
suggests sensitivity to the drug in 7. brucei (Fig. 3B). LMB was
assayed for effects on kinetoplastids and on SL RNA subcel-
lular localization in particular.

T. brucei was sensitive to LMB treatment (=1 pg/ml), dis-
playing growth (Fig. 3C) and morphological phenotypes, in-
cluding enlarged nuclei and multiple kinetoplasts (Fig. 3D); L.
tarentolae was insensitive to LMB as demonstrated by growth
curves and unaltered morphology (data not shown). SL RNA
nuclear-cytoplasmic trafficking studies were therefore contin-
ued using 7. brucei.

The sensitivity of 7. brucei to LMB treatment implied the
involvement of XPO1 in SL RNA nuclear export. We next
sought to confirm the participation of XPO1 in SL RNA mat-
uration by genetically altering TbXPO1 to LMB resistance.

LMB-resistant xpol in 7. brucei. The complete XPO!I gene
was cloned from 7. brucei. Alignment of the predicted protein
based on the sequenced 7. brucei gene with XPO1 from other
eukaryotes showed that 7. brucei XPO1 contained a cysteine at
position 506, corresponding to C526 in S. pombe, that is critical
for LMB binding (see Fig. 3B). To investigate the role of
XPOL1 in SL RNA transport, we made a single amino acid
substitution in the cysteine (xpol C506S) associated with LMB
resistance in S. pombe (22). Ectopic expression of xpol-C506S
in T. brucei abolished growth inhibition by LMB (Fig. 3C). T.
brucei cells expressing wild-type XPOI ectopically and wild-
type cells were equally sensitive to LMB.

One hundred nanograms of LMB/ml was added to the me-
dium of a T. brucei culture, and FISH for SL RNA was per-
formed on cells fixed 48 h post-LMB addition. We performed
100-ng/ml LMB time course experiments, analyzing LMB-
treated 7. brucei by FISH for SL RNA. Although the cells
demonstrated a 35% increase in nuclear SL RNA signal at 16 h
relative to mock-treated cells (data not shown), the cytoplas-
mic SL RNA signal remained constant until 48 h, when it was
reduced to 36% of wild-type signal and not visible to the naked
eye. FISH analysis of the mutated xpol-C506S transfectants
detected SL RNA in the cytoplasm of LMB-treated cells (Fig.
3D) at levels comparable to those in untreated wild-type cells.
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FIG. 2. Direct visualization of SL RNA in the cytoplasm of L. tarentolae. Mid-log-phase L. tarentolae cells were prepared for FISH analysis.
Hybridization with specific FITC-labeled oligonucleotides was used to detect SL RNA, tRNA*%, or U3 snoRNA. Nuclei and kinetoplast DNA
were counterstained with DAPI. Images were captured using the indicated fluorescence filters. Bar, 2.5 pm.

In contrast, SL RNA in LMB-treated T. brucei was confined to
the enlarged nucleus with no cytoplasmic staining. In all T.
brucei FISH experiments, FITC images were captured at the
same shutter speed and were not background corrected.
These data suggest that substrate SL RNA is exported from
the nucleus via the XPO1 pathway in 7. brucei. XPO1 is the
only cellular target of LMB in S. pombe; thus, the mechanism
of XPO1 inactivation by LMB is evolutionarily conserved.
Given the short half-life of SL RNA in T. brucei, we had
anticipated a more rapid effect of LMB on 7. brucei. However,
the effects of LMB were not observed until 48 h. Several
variables may be responsible for this observation: (i) kinetics of
LMB uptake, (ii) kinetics of XPO1 inhibition, (iii) pleiotropic
effects of XPO1 inhibition, since it is responsible for many

other cargoes, and (iv) disruption of the RAN gradient, which
drives both nuclear import and export, potentially creating an
artificial accumulation of SL RNA in the cytoplasm. The most
parsimonious interpretation of these results is that S RNA is
present in the cytoplasm as a cargo of XPO1. Under nuclear
export inhibition conditions, the molecular phenotype of SL
RNA would be revealing for both posttranscriptional process-
ing and subcellular location of processing events.
LMB-treated T. brucei cells accumulate unprocessed SL
RNA. The posttranscriptional processing model of SL RNA
biogenesis predicts that a defect in SL RNA nuclear export due
to XPO1 inactivation would preclude 3’ processing and impair
cap 4 modification. By contrast, in the cotranscriptional cap 4
model all SL RNA processing events should occur under
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FIG. 3. Mutated XPO1 allows export of SL RNA in the presence of LMB. (A) Schematic map of the contigs assembled to derive the complete
sequence for XPOI from T. brucei. Arrowheads indicate orientation of the sequences. (B) Conservation of XPOL1 in the region interacting with
the inhibitor LMB. Multiple sequence alignment of the XPO1 conserved core region fragment from 7. brucei (Tb), Homo sapiens (Hs) (GenBank
no. NP003391), S. pombe (Sp) (GenBank NP593928), and Saccharomyces cerevisiae (Sc) (GenBank# P30822). The cysteine conferring sensitivity
to LMB is highlighted in red. (C) Mutation C506S of XPOI confers resistance to LMB. Growth curves in the absence or presence of 100 ng of
LMB/ml were performed on wild-type 7. brucei and on T. brucei harboring a ribosomal DNA spacer-integrated copy of either wild-type XPOI or
xpol-C506S. (D) Wild-type T. brucei and pxpol-C506S transfectants grown in the presence of 1 pg of LMB/ml for 48 h were used to detect SL RNA
by FISH. Untreated T. brucei are shown as a control (WT). Nuclei and kinetoplast DNA are counterstained with DAPI. Bar, 2.5 pm.

LMB-treatment conditions. To differentiate between these two
possibilities, the status of 3" and 5’ processing was examined on
SL RNA extracted from LMB-treated cells.

Total cell RNA was harvested from 7. brucei treated with 1
pg of LMB/ml for 16 h. We performed both short-term (30 s to
10 min) and long-term (1 to 48 h) time courses of LMB treat-
ment and analyzed SL RNA by RNA blotting and primer

extension (data not shown). A molecular phenotype was not
visible until 16 h, at which time SL RNA was still visible in the
cytoplasm by FISH (data not shown). High-resolution RNA
blots probed for SL RNA showed a loss of mature SL RNA
and a general shift towards 3'-extended precursor SL RNA in
LMB-treated cultures compared to nontreated cultures (Fig.
4A). Control hybridization of the blot with a U4 snRNA probe
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FIG. 4. LMB treatment correlates with an accumulation of cap 0
and 3'-extended SL RNA forms in 7. brucei. (A) LMB treatment
results in accumulation of 3'-extended SL RNA. Total RNA from
wild-type (WT) and LMB-treated cells (WT+LMB) at 16 h was re-
solved in an 8 M urea-10% polyacrylamide sequencing gel and hybrid-
ized with an SL RNA intron-specific or U4 snRNA-specific probe.
(B) LMB treatment correlates with an increase in SL RNA cap 0. Total
RNA from LMB-treated T. brucei was subjected to primer extension
analysis with an SL RNA intron-specific oligonucleotide. A sequence
ladder of SL RNA shows the position of the transcription start point.

demonstrated that there were no migration rate artifacts (Fig.
4A). SL RNA cap 4 formation was assayed by primer extension
with an intron-specific oligonucleotide, TbSL stem-loop I.
Whereas a typical distribution of 20:80 was observed for
+1:+5 in nontreated total cell RNA, LMB treatment caused a
primer extension termination shift to 50:50, +1:+5, with a
minor +2 band (Fig. 4B). FISH analysis of LMB-treated cells
revealed normal cytoplasmic levels of SL RNA, with an in-
crease in nuclear SL RNA abundance at 16 h relative to levels
for mock-treated 7. brucei (data not shown).

Under the LMB conditions of this experiment, the total SL
RNA pool examined represents two major classes of SL RNA:
cytoplasmic SL RNA that was exported from the nucleus prior
to LMB treatment and primary SL RNA transcripts that were
retained in the nucleus after LMB treatment. The relative
increase of a primer extension stop at +1 in total RNA from
LMB-treated cells reveals the unmethylated status of these
primary SL RNA transcripts. The phenotypic shift of SL RNA
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in LMB-treated cells supports cytoplasmic trafficking in the
posttranscriptional cap 4 modification model.

DISCUSSION

In this study we have confirmed key aspects of a posttran-
scriptional processing model for the maturation of the SL
RNA in the trypanosomatids. At issue are two major points: (i)
export of the SL RNA into the cytoplasm and (ii) the post-
transcriptional acquisition of methylations that constitute the
mature cap 4 structure. Presented here are two approaches
supporting the presence of substrate SL RNA in the cytoplasm.
Examination of nuclear SL RNA enriched for nascent tran-
scripts demonstrated that cap 4 modification is a posttranscrip-
tional event in 7. brucei and L. tarentolae. While the precise
kinetics of cap 4 methylation are beyond the scope of this
study, indications from the data will be discussed. The presence
of SL RNA in the cytoplasm was shown using aqueous frac-
tionation and FISH analysis. A spectrum of cap 4 methylation
intermediates was visible in the cytoplasmic SL RNA popula-
tion, suggesting that at least some methylations in cap 4 for-
mation are occurring in the cytoplasm. The mechanism of SL
RNA export was identified as the exportin 1 pathway. Specific
inhibition of XPO1 resulted in a loss of SL RNA in the cyto-
plasm, as well as an accumulation of 3’-extended and incom-
pletely methylated SL RNAs, supporting the contention that
SL RNA processing is a posttranscriptional process.

Here we propose an alternative model for the maturation of
SL RNA based on the data from this and other studies and by
analogy with the processing pathways for metazoan snRNAs
(35). The genesis of SL RNA is initiated with transcription by
RNA polymerase II (8, 16). During transcription, nascent SL
RNA receives an m’G cap structure, or cap 0 (31), but none of
the cap 4 methylations, as demonstrated by the absence of +2,
+3, or +4 cap 4, intermediates in nascent-enriched nuclear
RNA. After newly synthesized, 3'-extended SL RNA transcript
is released from RNA polymerase II, some or all of the three
cap 1 methylations, any of which results in +2 termination of
primer extension reactions (24, 30), are acquired. At least one
of these events is Sm independent and could be commencing in
the nucleoplasm prior to export, in the cytoplasm, or post-
import. The nascent nucleoplasmic SL RNA is bound by an
ortholog of the cap-binding complex and delivered to a nuclear
pore for export into the cytoplasm via the XPO1 pathway. The
nuclear egress of SL RNA primary transcripts is rapid, as
supported by the observation that 3’-extended SL RNA pre-
cursors are underrepresented in nuclear versus cytoplasmic
fractions (data not shown). Cytoplasmic SL RNA is likely to
associate with Sm proteins. The disruption of the Sm-binding
site results in a loss of 3’ processing (43, 45) and of further cap
4 modifications beyond cap 1 (32, 43, 45), suggesting that they
are dependent on the presence of an intact Sm-binding site.
The cytoplasmic +5 primer extension products may not be
indicative of complete cap 4 methylation, since, similar to the
methylations at position 1, primer extension termination prod-
ucts at position 4 could arise from either base or ribose methy-
lations. A combination of 5’-end methylation and snRNP for-
mation may provide the signals for nuclear import. Some
processing of SL RNA may occur in the nucleolus, since SLA1
RNA, a snoRNA guiding exon pseudouridinylation, has been
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localized to that subnuclear compartment; however, SL RNA
has not been detected in the nucleolus (27, 42). The precise
acquisition of SL RNA cap 4 methylations is an area of con-
tinued interest. The exact subcellular localization of cap 4
acquisition will be resolved by the purification and character-
ization of the methylase(s) responsible for cap 4 formation.

Consistent with the posttranscriptional cap 4 formation sce-
nario are methylation studies using whole-cell, nuclear or cy-
toplasmic lysates to affect maturation of undermethylated SL
RNA isolated under methylase inhibition conditions in which
only snRNP-bound SLL RNA, and not deproteinized SL RNA,
could be cap 4 methylated (49). Although the conclusion that
common protein binding is a prerequisite for cap 4 formation
is inconsistent with the cotranscriptional model (31, 47), the
data and conclusion that SL RNA must be in a protein com-
plex to acquire cap 4 modification are consistent with two key
aspects of the model supported here: (ii) mature cap 4 acqui-
sition is posttranscriptional, and (ii) cytoplasmic Sm protein
binding is necessary for mature cap 4 formation.

The model presented in this paper contrasts with a cotrans-
criptional model for cap 4 formation derived from a study
using premature SL RNA termination created by inclusion of
3’-O-methyl GTP in the nucleotide mixture (31). When incor-
porated into RNA in place of GTP, this modified nucleotide
can stall transcription without release of the nascent RNA
(19), thus allowing the assessment of cap 4 status on SL RNA
of truncated size. Application of this terminator to 7. brucei
cells permeabilized by the detergent lysolecithin showed that
truncated SL RNA lacking the Sm-binding site (shorter than
117 nt) were partially methylated and that truncated, Sm-bind-
ing-site-containing SL RNA (position 117+) showed variable
cap 4 methylation, including the mature cap 4 structure (31).
These results can be reconciled with our posttranscriptional
model if some truncated molecules were released from the
transcription complex and entered the proposed posttranscrip-
tional SL RNA maturation pathway. The cotranscriptional
model does not account for the absence of mature cap 4 for-
mation in intron-mutated SL RNA (32, 43), nor for reduced
cap 4 methylation in SL RNA transcription termination mu-
tants (43, 45). In this study, the intermediate cap 1 or cap 2
forms predicted by cotranscriptional processing in nascent-
enriched SL RNA analyses were not detected.

Cytoplasmic trafficking is a key step in the maturation of SL
RNA. The involvement of the exportin 1 pathway is implicated
by LMB treatment of 7. brucei. We have identified other po-
tential components of the exportin 1 nuclear export complex,
including PHAX (23) in L. major and CBP 20 and CBP 80 (23)
in T. brucei. These genes, in addition to XPOI, constitute our
springboard for further elucidation of the SL RNA biogenesis
pathway.
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