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ABSTRACT

We have cloned the single-copy gene for the
spliceosomal U5 snRNA from the trypanosomatid
species
affinity selection and cDNA cloning. Sequence
comparison revealed that the  trans-spliceosomal U5
RNAs from trypanosomatid species share certain
characteristic features. Interestingly, the affinity
selection procedure yielded—in addition to the bona
fide U5 RNA—a closely related small RNA, which can
be folded into the same secondary structure, but
carries three changes in the loop sequence. This
raises the possibility that there may be a larger family

of U5-like RNAs in trypanosomes. To study the U5
snRNP assembly and function in trypanosomes we
have established a stable expression system in
L.seymouri . Two cell lines have been generated that
express U5 RNAs with mutations in the Sm site,
resulting in a defect of core snRNP formation. In
addition, the U5 Sm-mutant RNAs behaved differently

in cell fractionation, implying a defect in nuclear
localization. In sum, this demonstrates for the first
time that the Sm site of trypanosome snRNAs
contributes an essential element for stable core RNP
assembly and may be important for nuclear localization,

in analogy to the Sm site function of  cis-spliceosomal
snRNAs in higher eucaryotes.

INTRODUCTION

trans -

Leptomonas seymouri , using U5 RNA

DDBJ/EMBL/GenBank accession nos AJ243568, AJ243569

first, a 40 kDa U2 snRNP protein froffirypanosoma brucei
which in its N-terminal half is homologous to the mammalian
U2 A’ protein (4); second, a 277 kDa U5-specific protein from
T.brucei with extensive homology to theis-spliceosomal
PRP8/p220 factors (5); and third, a set of at least five Sm-
analogous proteins common to tinens-spliceosomal SL RNP
and the U2, U4/U6 and U5 snRNPs (6-8).

In addition to protein factors, the small nuclear RNAs
(snRNAs) U2, U4 and U6 are involvediranssplicing and are
conserved between the trypanosdmaes and conventionatis-
splicing systems; aransspliceosomal U1 RNA homolog,
however, has not been detected in trypanosomes; this probably
reflects thdrans-splicing specific manner, in which the unique
5" splice site of the SL RNA is recognized and activated.
Because sequence conservation of U5 RNAs is generally low,
a trans-spliceosomal U5 homolog has only recently been
detected in the trypanosomatid speciBdrucei (5,9) and
Leptomonas collosom&l0). Thesetransspliceosomal U5
RNAs represent the shortest known U5 RNAs, and conservation
is restricted mainly to the' stem—loop. In theis-spliceosome,

U5 RNA plays—in close collaboration with the associated
PRP8/p220 protein—an essential and central role in splice-site
selection and specificity (reviewed in 11,12). A detailed mutational
analysis and functional studies of the role of the U5 snRNP in
trans splicing are therefore of importance and promise more
insight into interactions that are distinct between ¢ie and
trans-splicing machineries.

We have cloned and analyzed theptomonas seymoud5
RNA gene, and established an expression system far#ms
spliceosomal U5 RNA. This opens up a detailed mutational
analysis of the U5 snRNP assembly and function in trypano-
somes. Using this expression system we demonstrate here for
the first time a role of the conserved Sm-analogous binding site

TransmRNA splicing has been studied mainly in the trypanosomeyt trans-spliceosomal snRNAs in core snRNP assembly and
and nematode systems and follows the same principal two-stefclear localization, in analogy to the Sm site functiorcisf
mechanism of transesterification reactions as conventitisal spliceosomal snRNAs in higher eucaryotes.

mMRNA splicing. From many studies in the mammalian and

yeast systems, we know in considerable detaildisesplicing

machinery; in contrast, our knowledge on RNA and proteifMATERIALS AND METHODS

cofactors as well as on their interactions with trens mRNA
substrates is still very limited (for recent reviews, see 1-3). |

AJS expression and mutant constructs

the last few years, it has become clear, however, that there afes basic vectors for the expression of U5 mutant RNAs,

homologous protein factors is- andtrans-splicing systems:

pBNeo and pBHyg were constructed. For pBNeo, a 2.3 kb
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fragment containing the neomycin resistance gene, the PARBCC TCT CCT C-3 complementary to nt 54-72 of

promoter and the PARP Begion was isolated from pT13-11 L.seymouriU5 sub-Sm RNA; sal-adapt-primer,-BAT ATC

(13) by EcaNI cleavage, Klenow fill-in reaction and subsequentGAC CCA CGC GTC CG-3 andNot poly(dG) primer, 5GAC

Sal cleavage; this fragment was cloned betweenBEeeRY  TAG TTC TAG ATC GCG AGC GGC CGC CC(Gy3'.

and the Sal restriction sites of pBluescript. pBHyg was  For U5 snRNP affinity selections a biotinylated antiserise 2

constructed in the same way, using the corresponding fragmegtmethyl/2-O-allyl RNA oligonucleotide was used: Th-U5A,

with the hygromycin gene, which was derived from pND-15-UXU XUA* GUA* A*A*A* GUC GA*G XUX U-3 ' [A*,

(kindly provided by P. Patnaik). 2'-O-allyl 2-aminoadenosine derivative (17); X, biotin-dT; U,
To introduce the tags and the Sm site mutations into the U3'-O-methyl U; C, 2-O-methyl C; and G, 20-methyl G].

gene locus a two-step PCR technique was used (14). First,

using the genomic clone as a templateafd 3 fragments  Antisense affinity selection ofL.seymouriu5 RNA

were amplified; the internal primers overlapped in a region of 5 snRNA selection on a preparative scale was performed as
~20 nt and introduced the mutation, and the flanking primergjescrined (6). The efficiency and specificity of affinity selection
contained terminaXhd restriction sites. Second, the two over- \,5< determined by'Znd-labeling of the RNA with®P]pCp
lapping fragments were mixed, and the full-length fragment g gnalysis by denaturing polyacrylamide—urea gel electro-
carrying the mutation was amplified with the flanking primers, yhqresis. " Prior to cDNA cloning the RNA was size-fractionated
followed by Xhd cleavage and clonlng_ into thehd site of dby denaturating gel electrophoresis and purified.

pBNeo. The U5 loop mutations were introduced by outwar

PCR, using pBHyg/Ls U5 G46A, which was amplified using cDNA cloning of the U5 RNA gene fromL.seymouri
kinased tail-to-tail primers carrying the mutation. The PCR

: ; DNA cloning ofL.seymourlU5 snRNA was performed using
product was religated, transformed, and the mutation wa ™ ; . .-
confirmed by DNA sequencing. %e SUPERSCRIPTM Plasmid System (Gibco BRL). Affinity-

selected RNA was poly(C)-tailed by poly(A) polymerase
Transfection of L.seymouri (Gibco BRL) for 2 h at 37C. First and second strand synthesis
as well asSal adapter ligation were performed as described for
rﬁhe SUPERSCRIPTM Plasmid System, except that thdot
poly(dG) primer adapter was used for first strand synthesis
instead of the corresponding poly(dT) DNA oligonucleotide.
d%n aliquot of the cDNA including the termingbal adapter
was amplified by PCR [using Pwo DNA polymerase
(Boehringer Mannheim) and OBVl Sal-adapt-primer]. Products
were size-fractionated by agarose gel electrophoresis and gel-
purified, followed by ligation intoEcaRV-cut pBluescript,
transformation oEscherichia coliJM109, and sequencing of
Cell culture and extract preparation the inserts of isolated plasmids.

Cultures of L.seymouri(15) and of the procyclic form of  Since the expected’'Joop of U5 was missing in the

T.bruceistrain 427 (4) were grown as described. S100 extractéduénced products, cDNA cloning of affinity-selected RNA
from T.brucei strain 427 and..seymouriwere prepared as M addition was performed according to the procedure of
previously (4). The cell fractionation df.seymouribasically ~©'Brien and Wolin (18). Products in the expected size range

Stably transfected cell lines @f.seymouriwere obtained by
electroporation, using the BTX electroporation system, 0.2 m
gap cuvettes and 20-1Q00y plasmid DNA per transfection
(3 x 107 cells in a volume of 40Ql ZPFM) (15). Mutant cell
lines were selected in the presence of G418 (Geneticin, Gib
BRL) or hygromycin (Boehringer Mannheim), each at a
concentration of 10Qg/ml. The constructs with U5 loop mutations
were transfected intd..seymouricarrying a spliced leader
RNA construct, pDH/SL-sub8 (15).

followed the procedure of Field and Field (16). were purified and re-amplified with the anchored dT primer
and either the seqC-1 or seqA-1 primers directed against the
Oligonucleotides sequences obtained from the initiaUFERSCRIPTM cDNA

The following DNA oligonucleotides were used: US-TbsiCA ~ cloning procedure described above. PCR products were
TCG CCG TCT CGA-3 corresponding to nt 1-15 dfbrucei isolated, _Ilgated t(EcoRV-_cut pBluescript, re-amplified _Wlth

U5 snRNA: U5-Tb4, 5GAC ACC CCA AAG TTT AAA pBluescript-dependent primers, and sequenced, resulting in US
CGC-3, complementary to nt 42—62 df.bruceiUs snRNA; and U5—re]A sequences. In addition_, the RNA sequence _of U5—_reIA
segA-1, 5TCA GTC AAT CCG GTT C-3, complementaryto Was conflrmed by primer-extension sequencing, using oligo-
nt 52—67 ofL.seymouriU5-relA RNA; segA-2, 5CGC GTG  hucleotide seqA-1.

ATG TGT CTA C-3, corresponding to nt 1-16 afseymouri
U5-relA RNA; Lsd1-1, 5GGC TGC AGG TAG CAG AAC-3
corresponding to nt =92 to —74 upstream of theeymouriJ5  To generate a longer probe for genomic cloning of the
gene; Lsu2-1, 5TCC GCG TGA GAT GAT GC-3 comple- L.seymouriU5 snRNA gene, flanking regions were amplified
mentary to nt 189-205 downstream of theeymourlJ5 gene; by inverse PCR, using genontitincll and Pst fragments and
seqC-2, 5CCT AGG TAG GCC TCA AAA T-3, comple- primers seqC-6 and seqC-7, followed by sequencing of gel-
mentary to nt 54—72 df.seymouriU5 snRNA; seqC-6,'5ATG  purified PCR products. The U5 snRNA gene was cloned from
ATA TCA AAT TTT GAG GC-3', corresponding to nt 44—63 a L.seymouri Bdl library [ZAP Expres$M cDNA Gigapack

of L.seymourid5 snRNA (carrying two mismatches); seqC-7, Il Gold Cloning Kit (Stratagene)]; phages were screened by
5'-TTA GTA AAA GTC GAA GCA G-3', complementary to plaque lift assay using the U5 snRNA probe (see the section on
nt 11-29 ofL.seymourlU5 snRNA; LsU5ASm, 8-CCT AGG  non-radioactive hybridization techniques and probes). Putative
TAG GCC TTT GAT A-3, complementary to nt 48-66 of positive plaques were isolated and re-purified. The genomic
L.seymourlU5 ASm RNA; LsU5/sub-Sm,'5SCCT AGG TAG  inserts were excised vivo as described (Stratagene). Isolated

Genomic cloning of theL.seymouriU5 snRNA gene
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plasmid DNA was analyzed by restriction digestion andrespective mutant cell lines. Similarly, the U5 loop mutations

Southern blots. were detected by terminated primer extension, using seqC-2
. . . rimer.

Genomic cloning of theT.brucei U5 snRNA gene P

A bacteriophage P1 library of tHEbruceistrain TREU 927/4 RNA secondary structure prediction

on high-density filters (kindly obtained from Sarah Melville To predict the secondary structure of RNAs the program
and Vanessa Leech, Cambridge, UK) was screened with RNAdraw V1.0 (Matzura Multimedia, Sweden) was used. The
T.bruceiU5 RNA probe (see below). Plasmid DNA from the integrity of the 5 stem—loop was confirmed for the wild-type
positive clone 17D12 was isolated, cut with different restrictionand all mutant derivatives of U5. However, the remaining 3
enzymes and analyzed by Southern blot for U5 RNA gengerminal portion shows some variability in folding for the
containing fragments. A 4.7 kBst fragment was isolated, different RNAs; since we have no experimental data to distin-
subcloned into pBluescript, and sequenced. guish between these structures, th@@rtion of U5 RNAs is
Non-radioactive hybridization techniques and probes drawn as single-stranded in Figure 1.

One microgram total RNA was separated by denaturing polyNucleotide sequence accession numbers

acrylamide—urea gel electrophoresis, using DIG-labeled DNArhe nycleotide sequence data reported in this paper will appear
molecular weight marker VIII (Boehringer Mannheim). The j, the EMBL/GenBank database under the accession numbers

gel was equilibrated in 0:5TBE and transferred onto a nylon 53243568 T.bruceiUs snRNA gene) and AJ243569.$eymouri
membrane by semi-dry blotting for 1 h at 400 mA (Bio-Rad).ys snRNA gene).

RNA was crosslinked by UV light and probed as described
below.

For northern blot analysis as well as for P1 library and RESULTS AND DISCUSSION
Er(])ae%?insg;: er?e,\r)lzrfgﬁ e(ijrlrgovtgse ndg eldl. (jELiIEpt(E:‘L?)trsl)e/SE{n [:T &TUS SnRNA from L.seymouri antisense affinity selection
density filters in all cases positively charged nylon membrane"é‘md CDNA cloning
were taken. DIG-labeled probes were generated by PCR0 study the role of the U5 snRNP trans splicing by muta-
including the PCR DIG labeling mix as desoxynucleotides andional analysis we established an expression system for the U5
genomic DNA as a template. For generating ThbruceiU5  snRNA, using the trypanosomatid spedieseymouriFirst we
snRNA probe by PCR, primers U5-Thsl and U5-Th4 werecloned the U5 snRNA gene fromseymouri Since among the
used, for thel.seymouriU5-relA probe primers seqA-1 and spliceosomal snRNAs U5 is least conserved (19), we devised
segA-2, and for the..seymouriU5 snRNA probe primers an antisense affinity selection procedure for the purification of
Lsd1-1 and Lsu2-1. Hybridization was performed in standardJ5 RNA—protein complexes. This approach was based on the
buffer (P1 library screen and plaque hybridization) or inassumption that the U5 loop sequence is conserved in the
Church buffer (northern blot); washes of the blot and probdransspliceosomal U5 RNAs as it is in all knowgis-spliceo-
detection with AP-conjugated anti-DIG-Fab fragments weresomal U5 RNAs. A biotinylated antisense@-methyl/2-O-
done as described in the Boehringer manual. allyl RNA oligonucleotide directed against the 11 nt of the U5
loop from T.bruceiwas used to affinity-select U5 RNPs from
L.seymouriS100 extract by strepavidin agarose. RNA was
DNA oligonucleotides complementary to the RNA to be detectegburified from the beads, 32P-end-labeled and analyzed by gel
were 3-end-labeled with\(*2PJATP and polynucleotide kinase. electrophoresis, revealing a cluster of several bands in the 60—
50 000 c.p.m. of these primers (361 c.p.m./pmol) were 80-nt range; a control experiment showed that the appearance
annealed to the RNA (10 min at 70, then 10 min onice). For of these bands depended on the presence of the biotinylated
primer extension Expan¥l reverse transcriptase (Boehringer oligonucleotide (data not shown). cDNA was generated from
Mannheim) was used in the supplied reaction buffer supplethe selected RNA and cloned. Sequence analysis of several
mented with 0.5 mM dNTPs (for full-length primer extension) cDNA clones yielded one sequence that could be folded into an
or 0.5 mM ddCTP mix (dATP, dGTP, dTTP, ddCTP; for RNA secondary structure containing a stem—loop with an 11-nt
terminated primer extension). The reaction was performed fdoop identical to therl.bruceiU5 loop sequence and adjacent
10 min at 30C followed by 50 min at 4ZC. Products were sequences that could be folded into an 8-bp stem (for a
analyzed by denaturing polyacrylamide—urea gel electrophoresisecondary structure model, see Fig. 1A).

Interestingly, one of the other cDNA sequences can be
folded into an RNA containing a stem—loop related to that of
CsCl density gradient centrifugation was done as describetthe bona fide U5 snRNA (U5-relA RNA; see Fig. 1B): asin all
previously (5). The density distribution across the gradient wasther U5 snRNAs its loop would consist of 11 nt that, however,
measured in a parallel gradient run and ranged from 1.31 (lane f)clude three base changes (in comparison to the trypano-
to 1.47 g/ml (lane 10). RNA prepared from each fraction wasomatid consensus: -GU at position 2; U- A at position 8;
divided and analyzed by primer-extension assays with wild-typand C- U at position 10 of the loop). The adjacent stem would
and mutant-specific primers. The fractionation of wild-type U5contain 7 bp including an additional, hypothetical A—-C pair
snRNA (shown in Fig. 6A) was determined with wild-type (note also the A—C pair at the corresponding position of the
specific primer, using gradient fractions from 8m extract. L.collosomaJ5 sequence). Similarly, as for the other trypano-
The fractionation of UASm and U5 sub-Sm RNAs was deter- somatid U5 RNA sequences, there is no significant homology
mined with the mutant-specific primers and RNA from theoutside of the 5stem—loop (data not shown).

Primer extension

CsCl density gradient centrifugation
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Figure 1. Sequence comparison of thrans-spliceosomal U5 snRNAs and U5-relA RNA from trypanosomatid speckesThe U5 RNA sequence from the
following three trypanosomatid species are alignedeymouri(this study),T.brucei(9) andL.collosoma(10). The conserved regions [Bop and Sm site are

boxed. In the 5stem region thé.seymourisequence is shown, with deviations from this sequence indicated by bbkeacg) and circled positionsL(collosoma.

(B) For the U5-relA RNA fromL.seymourbnly the 8 stem—loop is represented, with the three deviations from the trypanosomatid consensus in the loop indicated
by circles.

In addition, several cDNA sequences were recovered with us U5-relA
homologies to tRNAs, probably reflecting some non-specific snRNA RNA
tRNA binding in the affinity selection with the antisense U5
loop (data not shown).

Both of the U5 and the U5-relA RNAs are expressed in ne—
L.seymouri as shown by northern hybridization analysis
(Fig. 2) and by primer-extension assays (U5 snRNA: see
below and Fig. 5B, lane WT; U5-relA RNA: data not shown). 67 —
For the U5 snRNA two RNA species of ~72 and ~65 nt,
respectively, were detected in total RNA by northern analysis
(Fig. 2, lane U5 snRNA); the latter one represents most likely
a 3 shortened derivative, since primer extension resulted only
in a single major product. The U5-relA RNA probe detected a 7—
single RNA species of ~67 nt (Fig. 2, lane U5-relA RNA). -z

1o—

N’

67 —

.y

Sequence comparison of trypanosomatid U5 snRNAs

The threetrans-spliceosomal U5 snRNA sequences from the

trypanosomatld SpECI%erCEI (62 nt 9)’ L.collosoma(80 nt, Figure 2. Detection of U5 snRNA and U5-relA RNA ih.seymourby northern

10) andl—-seymouri_(72 nt; _thiS study) allow a first phylog_enetic hybridization. Total RNA fromL.seymouriwas analyzed by denaturing gel
sequence comparison (Fig. 1A). Sequence homology is clearlyectrophoresis, and U5 snRNA and U5-relA RNA were detected by northern

concentrated in the' Stem—loop portion of U5. The 11-ntloop hybridization with specific DIG-labeled probes. Marker sizes are given in
sequence is identical in the three species, and significantly, dlicleotides.

three contain the one deviation from tloés-spliceosomal

consensus (C A at the third position in the loop). The loop is

closed by a stem of 8 bp, which is well supported by two

compensatory changes involving Watson—Crick base pairs (C—

G- U-A at the second and the fifth position from the top of thesequences, except for a short stretch near'tard(3-A,U,G-3,

5' stem); in addition, the U-G pair (third base pair from thepositions 52-59 ii..seymouni that resembles the Sm binding
top) is changed into a C—G pair. In contrast, outside of the 5site of cis-spliceosomal snRNAs and may represent the
stem—loop there is no significant homology between théinding site for the common (Sm-analogous) proteins of
T.brucei and either of thelL.seymouri or L.collosoma trypanosomes (6; see below).
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-406

AGGGGAAGCG CGATGGGCTC ATAACCCATA GGTCGTTGGA TCGAAACCAA

100 bp
—

356 TCGGTGCTAT AGTTTTTAAC CACAAGGCGC CATCATTCAA TCTCAATGCC Trypanosoma
£RNA™" box A brucei
-306 CATTTTCCGC ACGAAATCAA GGTGAG* C_TAAGACGTTG
box B
-256 GATTAAGGTT CCAATCCTTT CGAGGGCGTG [GGTTCAAACC CLACTCTCAT 1RNASY US RNA
. Leptomonas -- -
collosoma <= —=>
-206 CACTTTTTCC CATTCCCAGC CCTCGGGAAG GGAAAAAAGA GGACCCACCC 9
box B box A
-156 [GGGTTTGAAC CLiGGGACCAT TCGGACTGCA GCCGAATGCT CTACCACTGA] 7 7
. tRNA™  (RNACY US RNA
-
106 —s— tRNA Leptomonas  _ _ - i M -
- AATC CAACGGCTGC AGGTAGCAGA ACACATACTC CGCAAACAGT i
seymouri == 5 =

-56 TTAATAAGCA TTATCCCAGA CTCATGCAAC ACCACATCCA GTTAGTACCA

U5 SnRNA =t
SRR VULV AGTG GTACCGCTGC TTCGACTTTT ACTAAGCAGC GCCACCAAAC
Figure 4. Genomic organization of trypanosomatid U5 snRNA genemfro
T.brucei (this study), L.collosoma(10) and L.seymouri(this study). The
upstream tRNA sequences and their relative orientation are schematically
shown; distances between tRNA and U5 snRNA sequences are given in base pairs.

45 eGSOV Sy i e XeleldpIXleiyNelelcC ATAAAGGGAC TTTTTCGTTG

95 AAAGGCAACA GAAATTACAG CGGCCGCGGT AAAAAGCAAG CACGCCGTCT
145 GTTTCACTTC TTTGTCGCCT ATAAAAATGT TTCAACGACA ACGAGCATCA
195 TCTCACGCGG AA

sequence (9; see Materials and Methods). Sequence analysis of
the upstream region of thE.bruceiU5 snRNA gene showed
Figure 3. Genomic sequence of the U5 snRNA gene locus ftoseymouri that it Conta}ms two tRNA Seq!"ence_s' First, a proximal tR_NA'"ke
The sequence of the 0.6 kb region from theeymourlUs snRNA gene locus ~ Sequence in the opposite orientation as U5 and at a distance of
is given, with the putative A and B boxes indicated. The U5 sequence is96 bp; this tRNA sequence carries A and B boxes and shows—
marked by a black box; the upstream tRNA sequences are underlined and thestricted to the 3half—78% identity to aT.bruceitRNAAs
arrows indicate their orientation. sequence (accession number Z11884). Second, a distal
tRNALeU sequence, which can be folded into the canonical
tRNA structure as supported by seven compensatory base
changes and an 81% identity to a knoWrbrucei tRNALeu
gene (accession number X13750).

This gene organization is very reminiscent of other trypanoso-
matid snRNA genes (see, for example, 20,21) and suggests that
SNRNA genes U5 RNA transcription irLeptomonas-as ShnRNA transcription in
On the basis of the new U5 cDNA sequence froreeymouri  other trypanosomatids—is directed by a bidirectional RNA
a probe was generated to detect the corresponding gene pglymerase Il promoter in close linkage with upstream tRNA
Southern blot hybridization (data not shown). For five restrictionsequences (reviewed in 22). Most likely it is only the proximal
digests of genomic DNA only a single strong hybridizationA and B boxes that are relevant to U5 RNA expression: their
signal was found, and therefore the U5 RNA gene appears tistance relative to the U5 RNA is conserved, and in the case
be present in a single copy in theseymourigenome. of theT.bruceiU5 snRNA gene, the A/B boxes are intact, even

Using the same probe we then cloned and sequenced a 3.7tkwugh the context cannot be folded into a canonical tRNA
Bglll fragment containing thel.seymouriU5 RNA gene. secondary structure. In contrast, the orientation of the distal
Figure 3 shows the U5 sequence together with ~540 bp dRNA sequence is not conserved.
flanking sequences; a schematic representation of this genon}_c I . .
region is given in Figure 4. Two upstream tRNA sequence stablishing an expression system for thé.seymourius
containing canonical A and B boxes were found: first, a proximaFnRNA
tRNA®YS, in the opposite orientation to the U5 sequence and &tor the expression and mutational analysis of U5 snRNA
a distance of 95 bp; and second, a distal tRMAN the same assembly and function in the trypanosome system, we cloned
orientation as U5 and with a 37-bp spacing between the twthe U5 snRNA gene frorh.seymourinto a pBluescript deriv-
tRNA sequences (Fig. 4). Both of these tRNA sequences foldtive, pBNeo. pBNeo is stably maintained as an episome in
into the classical tRNA secondary structure (data not shown);eptomonasnd contains the G418 (neomycin) resistance gene
however, we do not know whether they are expressed. as a selectable marker. In order to distinguish expression of the

To determine whether this gene organization is conserved imansfected gene from that of the endogenous U5 RNA gene, a
trypanosomatid U5 snRNA genes and as a basis for U5 snRNsgingle point mutation, G46A, was introduced in a region
expression and mutational studies, we have also cloned thethout apparent sequence conservation (pBNeo/Ls U5 G46A;
T.brucei U5 snRNA gene, using the published U5 snRNAFig.5A). As an alternative marker, we inserted 5 fMG&UUU-3)

U5 snRNA genes fromL.seymouriand T.brucet gene
structure and comparison with other trypanosomatid
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between positions 40 and 41 (pBNeo/Ls U5 ins 40/41). Using
these two constructs stable cell lines were established, and U5

TR J n u . P
e @ ':{_\\”“cﬁul . RNA expression was analyzed by primer extension. Figure 5B
8 = 6 G lw c shows that either of the tagged U5 derivatives was expressed
oouea u-A u-a efficiently and at levels comparable to those of the endogenous
ins 2324 CA oo M CUCA Galaneuu wild-type gene; expression of the U5 snRNA with the 5 nt
. UL ' insertion was detecte_d by full-length primer exter]sion
c v, (compare lanes WT and ins 40/41), U5 G46A RNA expression by
G c Gacaad G46A / sub-Sm terminated primer-extension reactions (compare lanes WT-ddCTP
“uat and G46A-ddCTP); either assay of the expressed U5 RNAs
. -~ | G46A/ASm resulted in two primer-extension products, which quantitatively
5oL reflect the endogenous U5 RNA and U5 RNA from the trans-
LG fected gene, respectively. In the U5 RNA with the single point
et Y by mutation G46A the samé &nd was found as in wild-type U5

S-AGUGGUAC " CCACCAAACUGCUADCANRDULUGACECETACCUAGE. 3
g :

RNA (see full-length primer extension in lane G46A); northern
analysis showed no effect on &nd formation (data not
shown). For introducing additional mutations into U5, we
decided to use G46A as a marker, which is expected to interfere
least with the U5 snRNA structure and function.

&
GGUuY

Mutational analysis of the L.seymouriU5 snRNA: the Sm site,

GABA/  G4BA/ but not the conserved loop sequence, is required for

mulantstrain_ASm  sub-Sm assembly of a stable U5 core RNP
3:{3?‘_' o= ) g & g’ f Phylogenetic sequence comparison of the three trypano-
primer & = g somatid U5 snRNAs had revealed only two conserved
US sub-Sm — elements: the '5loop sequence (positions 17-27 of the
USASM — - L.seymouri5 RNA) and the putative Sm region'{BU ,G-3,
U5 G4BA - . s positions 54-59; see above and Fig. 1A; Fig. 5). The latter
uswr — - - element resembles the Sm site @$-spliceosomal snRNAs

U1, U2, U4 and U5 (consensus RAWUGR; 23,24), which
usually resides in a single-stranded stretch between two stem—
loops; in the corresponding regions of ttians-spliceosomal
snRNAs (SL, U2, U4 and U5) a similar, although more degen-
erate sequence element can be found (data not shown). Binding
of core protein components occurs in the Sm region of the SL
RNA, as shown by RNase H protection and oligonucleotide
masking experiments (4,25), in analogy to Sm protein binding
to the Sm site of snRNAs from higher eucaryotes (26, and
references therein). Consistent with such a conserved role of
Figure 5. In vivo expression of mutant derivatives of tlrans-spliceosomal the Sm site, mamma“-an -Sm proteins have b-een ShOWD to bind
L.seymouriU5 snRNA. @A) Schematic representation bfseymouriu5 snRNA trypanosomal snRNAm \_”tr_o (27) AS_ established _m hlgher_
mutant derivatives. The following two tags were introduced into the U5 sequenc€Ucaryotes, Sm protein binding is required for cap trimethylation
within an episomal expression construct: an insertion of 5 "6BUUU-3)  of SNRNAS (28); the Sm core together with thgGrtap structure
e o v s - e <o s Smonoroue abipartie signal mportant or nuclear ssRNP trans
(Ls U5 C46A/sub-Sm) or a deletion (%S{JS G4@¥8m) \?vere -introyduced in Tocation (29,30). Therefore it was of general In'.[er.es’[ to.determlr)e
the Sm-like sequence tfseymourl5 RNA (5-AUUUUG-3, positions 54-59).  Whether trypanosomal snRNPs follow a similar biogenesis
Second, the loop sequence was altered by three mutations shown above: ipétthway. An additional relevant aspect in this context concerns
23/24 CA; ins 23/24 CUCA and C20G; GA 18/19 UU and UU 22/23 CA the different 5ends of the trypanosome snRNAs: in contrast to
(substituted positions circled)Bf The two tagged U5 expression constructs |jg (9) and U6 snRNAs, U2 and U4 snRNAs carry the canonical

(Ls U5 G46A and ins 40/41) were stably transfected ibtseymour, total .
RNA was prepared, and U5 RNA expression was analyzed by primer extensiorqn3G cap, as shown for the.bruceisnRNAs (31)’ whereas the

RNA from untransfected wild-type cells served as a control. The expression obL RNA contains a unique, so-called cap4 structure (32).

the wild-type US RNA and U5 G46A RNA was detected by full-length and  As a first step to elucidate the role of the Sm site in trypano-
ddCTP-terminated primer extension, respectively, using oligonucleotide seqC-gome& we have introduced two mutations intoI.tlEymouri
(lanes WT, G46A, WT-ddCTP and G46A-ddCTP). U5 RNA with the insertion 5 snRNA (Fig. 5A): in Ls U5 G46AKSm 6 nt are deleted

was detected by full-length primer extension (lane ins 40/41). For both mutation . N .
primer extension allowed the simultaneous detection of endogenous U5 RNAAU 4G; positions 54-59), and in Ls U5 G46A/sub-Sm the AU

and U5 RNA from the transfected gene (positions of primer-extension productsequence of the Sm site (positions 54-58) is replaced by
marked on the side)() The two constructs with Sm site mutations were stably GAGGA. These constructs were transfected inteeymour;
transfected intd..seymouritotal RNA was prepared, and U5 RNA expression stable cell lines were established. and U5 RNA expression was

was analyzed by ddCTP-terminated primer extension (lanes @&A/and d . ild d if . Fig. 5C
G46A/sub-Sm). Wild-type U5 and mutant Sm U5 RNAs were detected in twoteSte » using wild-type and mutant-specific primers ( 9. )

separate primer-extension reactions, using seqC-2 and Sm-mutant specifidie specificity of these primers was confirmed in control
primers, respectively (bands identified on the side). reactions with RNA from untransfected cells and from a

USWT - & ® .
primer — .“ .. primer = .
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U5 G46A-expressing cell line (data not shown). In conclusion, core RNP  free RNA
both U5 RNA derivatives with the Sm site either deleted or | |
substituted were expressed: U5 G46A/sub-Sm at levels similar fraction 1 2 3 4 5 6 7 8 8 10
to wild-type (compare lanes seqC and sub-Sm in the mutant T
strain G46A/sub-Sm), and U5 G46&%$m at comparatively A Us Wt -

-
low levels (compare lanes seqC-2 ahfim in the mutant cell

line G46A/ASmM). Southern blot analysis of genomic DNA .

revealed no significant difference of the episome copy number primer = m
in the two mutant cell lines (data not shown). Most likely the rela- ' ' '
tively low level of the Sm deletion derivative (U5 G4G¥8m)

is caused by a stability defect of this mutant shnRNA and its B USASm —
inability to stably associate with common proteins (see below).

We did not detect any effect of these Sm mutations iartsl 3

end formation: using full-length primer extensions and
northern hybridization analysis, no apparent difference was primer --
observed between RNA from wild-type cells and mutant Sm .

cell lines (data not shown).

On the basis of these two cell lines expressing Sm-mutant
derivatives of U5, we analyzed U5 core RNP assembly and C
stability by CsCl density gradient centrifugation. Under the
highly stringent conditions of CsCI gradients, a core complex of
thetrans-spliceosomal U5 snRNP is stable, as shown previously
for the T.bruceiU5 core RNP (5) as well as for the SL, SLA, primer =
U2 and U4/U6 RNPs (4,33-35). Nuclear extracts from the two
Leptomonasgell lines were fractionated through CsCl gradients,
and RNA was prepared from each gradient fraction for primer
extension analysis. As Figure 6A clearly shows, the endog-
enous US RNA peaked exclusively .around fraCtion 6, CorreT:igure 6.U5 RNAs with Sm mutations are defective in core snRNP formation.
sponding to a stable U5 core RNP with a density of 1.36 g/mlyyciear extract was prepared from cell lines loseymouriexpressing U5
which is consistent with our previous study of théruceiU5  RNAs with the sub-Sm aniSm mutations. RNA—protein complexes and free
R O o o oo s e el et e ocion
;:orr;rr:lexesd across thleJSgradée’\rlllgwgstlden?cil to thatth(_)bs_ervléqu_.type (WT) US RNA (), U3 ASm @) and US sub-Sma). The positons
or theé endogenous sn (data not shown); this sing gfprlmer-extensmn products and primers are marked on the side. The distribution
point mutation therefore does not affect core SNRNP assemblyt us core RNPs (fractions 5-7) and of free RNA (fractions 9 and 10) is indicate

In contrast, the two U5 Sm-mutant RNAs exhibited a drasticallyabove.
different distribution after CsCI gradient fractionation, with a
peak in fractions 9 and 10 corresponding to free RNA (U5
G46A/ASM RNA, Fig. 6B; U5 G46A/sub-Sm RNA, Fig. 6C).

This demonstrates that either deleting or substituting the Sm

site of U5 strongly interferes with formation of a stable corejnese mutant cell lines, and U5 core snRNP assembly was
RNP. Our analysis cannot distinguish whether the Sm-mutaniy a5 acterized by CsCl density gradient centrifugation (Fig. 7).
RNAs do not bind core proteins anymore or only lack thepimer_extension assays revealed the distribution of endo-
characteristic, high stability of the core RNP. However, we ca enous and mutant U5 snRNAs across the CsCl gradient. Each
conclude that the Sm site contributes an essential element fg¢. . )5 < RNAS with loop mutations behaved as wild-iype
the forma_n_on of a stable U5 core RNP. U5 snRNA and was detected in the form of core complexes

In addition to the Sm sequence, we tested the Othef;u, yhe characteristic density (Fig. 7A—C; see fractions 4 and

conserved element of US, thé’f Bop, forla funct|on. In core .5%. We conclude that—in contrast to the Sm sequence—the
snRNP assembly. Three mutations were introduced: an 'nsemoconserved loon of U5 does not contribute an essential element
(ins 23/24 CA), an insertion/substitution (ins 23/24 CUCA and P

C20G) and a substitution (GA 18/19 UU and UU 22/23 CA)F core SnRNP assembly.

(Fig. 5A; the particular choice of these mutations was originally=ynction of the Sm site in nuclear localization of the U5 RNP
based on experiments addressing a potential U5 loop/SL RNA, o .

interaction). Cell lines of..seymouriwere created that were Since in higher eucaryotes the Sm core functions as a nuclear
stably transfected with these mutant U5 snRNA constructdocalization signal during snRNP biogenesis, we next wanted
The expression of the mutant U5 snRNAs was assayed H@ assess whether it plays a similar role in the trypanosome
primer extension: in comparison to the endogenous wild-typ8ystem. We used the twiaseymouricell lines expressing U5
U5 snRNA, the expression of the insertion (ins 23/24 CA) andRNAs with defective Sm sequences, U5 G488Mm and
insertion/substitution mutants (ins 23/24 CUCA and C20G)J5 G46A/sub-Sm, and for comparison cells that express U5
was low, while the substitution mutant (GA 18/19 UU and UU G46A. The intracellular U5 RNA distribution was determined
22/23 CA) was expressed at comparable levels (Fig. 7, inpuiy cell fractionation, comparing with each other an aliquot of
lanes T; data not shown). Nuclear extracts were prepared frothe total fraction, the cytoplasmic fraction, and the nuclear

U5 sub-5m — -
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fraction 7 1 2 3 4 5 6 7 B8 9 10 mutant strain G4BA GABA/ASm G4EA/sUb-Sm
A US ins 23/24 CA — fraction T © M T [ N T c [
W N - 2] L £ o F o6 F
uaitiusgsved?rjﬁo.-
primer & £ FFEFEFTFFFFFF
USWT — o e et e
US G46A — - @ — — UssubSm
US 4Sm — —
primer —
UiNWT — oeen—ps @F o & o =

fraction T 1 2 3 4 5 86 7 8 9 10 primr‘:r—“

B U5 ins 23/24 CUCA __ -
C20G

USWT — . rp———

Figure 8. Trypanosome U5 RNAs with mutated Sm sites are affected in

nuclear localizationL.seymouricells expressing U5 RNAs with the sub-Sm
primar — andASm mutations were lysed by Dounce homogenization. Cell fractionation
resulted in cytoplasmic (C) and nuclear (N) extracts. RNA was prepared from

each fraction (lanes C and N) as well as from whole cells (lanes T); the distribution
of wild-type (internal control) and Sm-mutant U5 RNAs was analyzed by

primer extension (positions of primer-extension products indicated on the side;
the band between the U5 G46A and the WT primer-extension signals was

Waon T 1 23 456780 observed only in some cytoplasmic preparations and may be caused by RNA
C uUsGAtB1sUL __ g—_— degradation).
UU 22/23 CA e
USWT — = - -
- - - A . . i
primer — mutant U5 RNA with an Sm site substitution (U5 G46A/sub-Sm)

was defective or inefficient in nuclear translocation. Consistent

with this result, the Sm deletion derivative (U5 G4A&m)

could not be detected in the nuclear fraction; the relative abundance

in the cytoplasmic fraction, however, was similar to wild-type.
Figure 7. Core snRNP formation of U5 RNAs with loop mutations. Nuclear Therefore both a substitution and the Fje|et'0n mmatmn_ n Fhe
extract was prepared from cell lineslaseymourexpressing U5 RNAs with loop U5 SNRNA Sm site appeared to result in a nuclear localization
mutations as indicated. RNA—protein complexes and free RNA were fractibnatedefect.

by CsCl gradient centrifugation, and RNA from fractions 1-10 (top to bottom) ; ; ;
was analyzed by primer extension for the distribution of wild-type (WT) and In sum and combined with the data on core complexes (Fig. 6),

U5 mutant RNA ins 23/24 CAX), ins 23/24 CUCA and C20GB) and GA  these results support a model whereby U5 snRNA binds
18/19 UU and UU 22/23 CAQ). Note that the density distribution in these gradients COMmmon proteins during a transient cytoplasmic phase, before
was slightly different from that in the gradients shown in Figure 6; therefore thghe U5 snRNP is translocated into the nucleus. Such a model of
pe_ak of the US core snRNP is shif_ted here to fractions 4 and 5. The positions RN P biogenesis in trypanosomes would be directly comparable
primer-extension products and primers are marked on the side. : . .
to the snRNP maturation pathway, as it has been characterized
in higher eucaryotes. Extending mutational analyses such as
the one presented here for the U5 snRNA to the otfars
spliceosomal snRNAs may give more insight into these diverse
processes of snRNP maturation.
extract. RNA was prepared from each fraction and analyzed by
primer extension. Nuclear leakage cannot be completel
avoided in this approach (see below and previous studies, f CKNOWLEDGEMENTS
example 36). Therefore results from the cellular fractionatiorwe gratefully acknowledge the help of Sarah Melville and
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