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We present evidence that addition of the 35 nucleotide 
spliced leader (SL) to the Send of T. brucei mRNAs oc- 
curs via Pans RNA splicing. A 100 nucleotide frag- 
ment of the 135 base SL RNA (lOO-mer) is revealed by 

nuclease analysis of total and poly(A)+ RNA. This 
0-mer is not detected by Northern hybridization 

analysis, indicating that it does not exist free in the 
cell. The 5’ end of the lOO-mer maps precisely to the 
conserved splice junction sequence of the SL RNA. 
Purified debranching enzyme releases this lOO-mer 
RNA as a free, 100 nucleotide species. This indicates 
that the lOO-mer is covalently linked to poly(A)+ RNA 

y a 2’4’ phosphodiester bond, that the branched in- 
termediate has a discontinuous intron or Y structure 
[rather than a lariat), which is expected of a trans- 
spliced mRNA, and that the SL RNA is indeed the do- 
nor of the SL sequence to trypanosome mRNAs. 

The study of gene expression in trypanosomes, such as 
Trypanosoma brucei, has led to the observation that mes- 
senger RNAs in these protozoa are composed of two dis- 
tinct RNA components, the 35 base spliced leader (SL), 
common to virtually every trypanosome mRNA, and the 
target messenger RNA itself (Van der Ploeg et al., 1982; 

d and Cross, 1982; Parsons et al., 1984; De 
al., 1984a). Surprisingly, however, this SL se- 

quence is not contiguously encoded with any known 
structural gene (Nelson et al., 1983; De Lange et al., 

but rather is transcribed as part of a unique small 
135 nucleotides) that has the SL at its 5’ end (Mil- 
n et al., 1984; Campbell et al., 1984; Kooter et al., 

1984). The gene that encodes this SL RNA is repeated 
about 200 times in the trypanosome genome (Nelson et 
al., 1983; De Lange et al., 1983; Michiels et al., 1983) and 
is transcribed at a high rate in isolated nuclei (Kooter et 
al., 1984). In addition, the SL RNA possesses a Fmethyl- 

uanosine cap, indicative of RNA polymerase II tran- 
scripts (Perry et al., submitted). These observations im- 

licate the roio[e of the SL RNA aS the donor of the SL 
sequence to trypanosome structural mRNAs and further 
indicate that some process of RNA joining is responsible 
for generating the mature mRNAs. 

In higher eukaryotes and yeas?, exon RNAs are joined 
to form mature mRNAs by splicing, coincident with the 
removal of intervening sequences. This process of RNA 
splicing has been reconstituted in vitro and has become 
better understood in recent years (Hardy et al., 1984; 
Krainer et al., 1984; Ruskin et al., 1934; Padgett et al., 
1984; Lin et al., 1985; Newman et al., 1985; Perkins et al., 
1986; Cheng and Abelson, 1986). RNA splicing proceeds 
via a precise cleavage at the 5’exon-intron junction of the 
pre-mRNA followed by (or concurrent with) the formation 
of a 2’-5’phosphodiester linkage between the 5’end of the 
intron and a specific adenosine nucleotide located 18 to 
40 bases upstream from the 3’ splice junction (Ruskin et 
at., 1984; Padgett et al., 1984). The result is an intron-exon 
lariat structure. While the sequence surrounding this 2’-5’ 

ranch point is highly conserved in yeast (the TACTAAC 
box; Langford and Gallwitz, 1983; Pikielny et al., 1983; 
Teem et al., 1984), it is less conserved in higher eukary- 
otes (Ruskin et al., 1984; Padgett et a!., 1984; Zeitlin and 
Efstratiadis, 1984; Keller and Noon, 1984; Reed and Mani- 
atis, 1985; Ruskin et al., 1985). Subsequent to the forma- 
tion of the lariat intermediate, the RNA is specifically 
cleaved at the 3’splice junction, releasing the free intron- 
lariat structure, while the two exons are ligated to form the 
mature mRNA. The intron-lariat can be linearized in vitro 
by debranching enzyme, which specifically cleaves the 
branched 2’-5’ phosphodiester bond (Ruskin and Green, 
1985; Arenas and Hurwitz, submitted). 

The sequence immediately adjacent to the SL in the SL 
RNA (see Figure 1) conforms to the consensus sequence 
proposed for higher eukaryotic 5’ splice sites (Mount, 
1982; Milhausen et al., 1984; De Lange et al., 1983). Simi- 
Barly, analysis of genomic clones of trypanosome variant 
surface glycoprotein genes, as well as other structural 
genes, indicates that the point of attachment of the SL in 
mature mRNAs closely resembles the 3’ 
sequence (Van der Ploeg et al., 198 
Cross, 1982; Michiels et al., 1983; Mu 
Bernards et al., 1984; Gully et al., 1985 
bian, 1985; Tschudi et al., 1985; Swinkels et al., 1986). The 
conservation of these consensus splice junctions in try- 
panosome genes would therefore argue that SL joining to 
structural gene transcripts in these protozoa shares some 
features of pre-mRNA splicing in higher eukaryotes. 

One can envision several mechanisms for the genera- 
tion of mature mRNAs in trypanosomes, some of which 
are illustrated in Figure 2. These models can be placed 
into two general categories: primed transcription, whereby 
transcription of target genes is dependent upon the SL 

(Figures 2A, 28, and 2C) or independent transcrip- 
whereby the SL and target genes are independently 

transcribed and joined subsequently (Figures 2D and 2E). 
An examination of the possible intermediates and end 
products shown in Figure 2 indicates structures that, if de- 
tected in vivo, would differentiate between 

We describe here experiments designe 
presence of various splicing intermediates and end prod- 
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Figure 1. Sequence of the SL RNA Gene and Flanking Region 

The sequence of the SL RNA repeat unit shown is taken from Mil- 
hausen et al., 1954. Nucleotide number 1 indicates the first position 
of the SL (enclosed in box). The 35 base oligonucleotide primer de- 
scribed in the text is aligned with its complementary sequence in the 
SL RNA gene. The SL splice junction, as well as the putative transcrip- 
tion initiation and termination sites (start and stop, respectively), is also 
indicated. 

ucts. Our results reveal the presence of a 100 nucleotide 

fragment of the SL RNA whose 5’ end maps precisely to 

the 5’ splice junction. This lOO-mer is readily released 
from poly(A)+ RNA by debranching enzyme, suggesting 
that it is covalently attached to RNA through a 2’-5’ phos- 
phodiester bond. Release of a free lOO-mer species indi- 
cates the presence of an intermediate structure in the form 
of a Y rather than a lariat, as one would expect of a discon- 
tinuous intron that is spliced in trans. 

Results 

A 100 Nucleotide Fragment of the SL RNA Is 
Associated with High Molecular Weight RNA 
Throughout this manuscript we will consider the 135 
nucleotide SL RNA as having two functional domains, the 
35 nucleotide SL and the 100 nucleotide downstream se- 
quence, which is not found in mature mRNAs. We refer to 
this 100 nucleotide species as the lOO-mer fragment, al- 
though alternative cleavages could result in an SL RNA- 
derived fragment of the same length. Of the pathways out- 
lined in Figure 2, four require an endonucleolytic cleavage 
that would generate a 3’ lOO-mer fragment of the SL RNA 
(Figures 2A, 2C, 2D, and 2E); only two of these would re- 
sult in the production of free lOO-mer RNA (Figures 26 
and 2E). The remaining pathway (Figure 28) would re- 
quire an additional cleavage within the lOO-mer fragment. 
Detection of the free lOO-mer species would depend on 
the rate of degradation of these end products and, as out- 
lined in Figure 2E, the presence of a trypanosome 
debranching enzyme. Each of the other three models 
(Figures 2A, 28, and 2D) predicts that the lOO-mer frag- 
ment would be covalently associated with high molecular 
weight RNA. We therefore assayed for the presence of 
free versus complexed lOO-mer in different preparations 
of T brucei RNA. 

In Figure 3 a comparison of four different preparations 
of T brucei RNA analyzed by either Northern blot (Figure 
3A) or Sl protection (Figure 3B) shows that preparative 
and analytical methods affect the detection of the SL RNA 
and related molecules. Northern blot analysis reveals the 

SL RNA (135 nucleotides) in total and poiy(A)- RNAs pre- 
pared by LiCI-urea precipitation (Figure 3A, lanes 1 and 
3, respectively), whereas little, if any, of this RNA is de- 
tected in RNA prepared by the guanidine thiocyanate- 
CsCl method (lane 2). Small RNA molecules sediment 
more slowly through the CsCl shelf used in this method, 
thereby affecting recovery in this size range. Figure 3A, 
lane 4, shows that in oligo(dT)-selected, poly(A)+ RNA lit- 
tle or no SL RNA can be detected with the oligonucleotide 
probe. The total and poly(A)- RNA preparations also con- 
tain trace amounts of RNA (approximately 95-103 and 
120-125 nucleotides in length), which result from degra- 
dation of the SL RNA (Michaeli et al., submitted). How- 
ever, as shown in Figure 3A, lane 4, these smaller RNA 
products are removed during the purification of poly(A)+ 
RNA. 

Families of SL RNA-derived fragments clustered around 
95-103 and 120-125 nucleotides are common in prepara- 
tions such as those shown in Figure 3A, as well as in 
preparations of ribonucleoprotein particles (RNPs) con- 
taining the SL RNA (SL RNPs; Michaeli et al., submitted). 
However, primer extension analysis of RNA molecules of 
~100 nucleotides from these and other RNA preparations 
reveals essentially no authentic lOO-mer RNA (unpub- 
lished observation). To avoid confusion we therefore used 
only RNA preparations (such as those shown in Figure 
3A) that were depleted or devoid of these molecules 
for subsequent Sl protection experiments. Sl protection 
analysis was important in the detection of the iOO-mer se- 
quences because one would expect that any lOO-mer 
RNA covalently linked to pre-mRNAs would be dispersed 
throughout the entire size range of pre-mRNA molecules 
and thus would not be detected by Northern analysis. 

The Sl protection, shown in Figure 3B, was performed 
on the same RNA preparations as those used in Figure 
3A. The experiment demonstrates that a prominent 100 
nucleotide species is indeed revealed in each RNA prepa- 
ration after Sl treatment. This is most clearly observed by 
comparing the pa&(A)+ RNA lanes in each blot. In spite 
of the fact that neither SL RNA nor KIQ-mer bands are de- 
tected in the Northern blot shown in Figure 3A, lane 4, a 
100 nucleotide RNA is protected from digestion by nu- 
clease Sl (Figure 3B, lane 4). This indicates that the 
lOO-mer RNA species is tightly associated with a hetero- 
geneous population of poly(A)+ RNA While the St pro- 
tection in this experiment was performed using the entire 
1.35 kb SL reiteration unit (to provide an internal control 
for genomic DNA contamination), the blot of protected 
fragments was probed with labeled DNA prepared from an 
Ml3 clone containing only the SL RNA sequences be- 
tween the Rsal site and the Sau3 site of the SL RNA 
gene (see Figure 1 and Experimental Procedures). The 
use of this probe eliminates the possibility that this 100 
nucleotide band is derived from elsewhere within the SL 
RNA repeat. 

While the experiments shown above demonstrate that 
the Sl-protected lOO-mer RNA copurifies with poly(A)+ 
RNA, we also detected the lOO-mer in poly(A)- RNA. 
There are two possible explanations for this observation. 
The incomplete removal of polyadenylated mRNA and 
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re-mRNAs from the poly(A)- RNA would contribute to 
the IOO-mersignal. However, putative introns or intron-like 
sequences that have been excised during the generation 
of mature mRNAs, and hence not poiyadenylated, may 
also be present in this preparation. As indicated in Figure 
2, these species would also contain 100.mer sequences 
that would be protected from Sl digestion. 

It is possible that the IOO-mer species observed by Sl 
rotection may have arisen through an artifactual cleav- 

age of the Sk RNA-DNA hybrid in the vicinity of the splice 
junction. To examine this possibility we performed the 
control experiments shown in Figure 3C. High molecular 
weight RNA and St RNA were isolated by hybrid selection 
of RNA molecules containing the IOO-mer species fol- 
lowed by purification of the respective size classes (greater 
than 240 bases in length and approximately 125-145 
bases) by acrylamide gel electrophoresis. Each purified 
fraction was subjected to Sl analysis as above. Figure 3C, 
lane I, shows that only the lOO-mer species is protected 

Figure 2. Modek of St_ Addition to Target 
mRNAs 

Two alternative models of SL RNA and struc- 
tural gene transcription (primed vs. indepen- 
dent) are suggested. In each case, possible 
pathways for the formation of mature mRNAs 
are schematized. The symbols are as follows: 
(i-t), SL RNA gene (i.e., the reiteration 
unit); ??GU - - - *, the SL RNA (the lOO-mer 
portion includes the consensus GU dinucleo- 
tide and downstream portion); 4, 
structural gene; ----AGKZZ, putative pre- 
mRNA including consensus AG dinucleotide 
and upstream sequence. Primed transcription. 
(A) The entire SL RNA is used as a primer for 
transcription of structural genes resulting in a 
continuous pre-mRNA, which is spliced in cis. 
(B) The SL RNA is first cleaved, releasing the 
S’end of the SL RNA (--), and a smaller frag- 
ment of the SL RNA is then used as a primer. 
The resulting RNA is spliced as in (A). (C)The 
SL RNA is cleaved at the splice junction, 
releasing a free lOO-mer: and the SL itself 
primes transcription, immediately forming a 
mature mRNA. Independent transcription. 
Both the SL RNA and the structural genes are 
transcribed separately, and the two are ligated 
head-to-tail to form a continuous pre-mRNA, 
which is spliced in cis (D), or they remain as 
separate RNA molecules, but are spliced in 
frans (E). (A), (B), and(D) result in formation of 
a lariat intron structural intermediate. in (E) a 
discontinuous, Y intron structure is formed. 
DBrEz, debranching enzyme. 

from Sl digestion in high molecular weight RNA. In addi- 
tion, the 125-145 nucleotide RNA fraction reveals the 135 
base SL RNA and virtually no lOO-mer species (Figure 3C. 
lane 2). Figure 3C, lane 3, further shows that the 100-mer 
product does not result from cleavage of the Ml3 clone 
used in these protection studies. Thus the lOO-mes RNA 
is truly a unique species associated with high molecular 
weight RNA. 

Besides the Sl-protected fragments described above, 
another product of approximately 139 nucleotides is rou- 
tinely revealed by Sl protection analysis. The latter forms 
a doublet with the 135 base SL 
RNAs and is also seen in the 
the 135 base species is absent (Figure 
can find similar evidence for the appearance of this doub- 
let in Sl experiments reported in 
et al., 1984). Although we have no 
variable o of the 135 and 139 
Figure 3 nes 1, 3, and 4) we 
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Figure 3. Northern Hybridization and Sl Nuclease Analysis of 
T brucei RNA 

(A) Northern hybridization analysis. RNA was electrophoresed in 5% 
acrylamide, 7 M urea gels, blotted, and probed with the 35 base 
oligonucleotide as described in Experimental Procedures. Markers(M) 
are 3’-end-labeled, Hpall-digested pBR322 DNA. Lane 1, RNA pre- 
pared with LiCI-urea (20 ng, prep #l); lane 2, RNA prepared with 
guanidine thiocyanate-CsCI (20 pg); lane 3, RNA prepared with 
LiCI-urea, poly(A)- fraction (20 ng, prep #2); lane 4, RNA prepared 
with LiCI-urea, poly(A)+ fraction (6 ng, prep #2). The filter was au- 
toradiographed for 12 days. 
(6) Si nuclease analysis. Equivalent aliquots of the same RNA prepa- 
rations as used in lanes 1-4 in (A) were hybridized with the com- 
plementary, unlabeled Ml3 SL repeat unit clone, Sl nuclease-treated, 
blotted, and probed as described in Experimental Procedures. 
(C) Sl nuclease controls. RNA containing the lOO-mer sequence was 
hybrid-selected using a single-stranded Ml3 clone containing the com- 
plementary sequence. RNA was electrophoresed on a 5% acrylamide 
gel and the >240 base and *I35 base RNAs were eluted. These 
preparations were then analyzed with nuclease Sl as in (B). Lane 1, 
>240 base RNA containing the IOO-mer; lane 2, 135 base RNA; lane 
3, no RNA (Ml3 SL repeat unit DNA only). 

is an Sl artifact created via the unusual nature of the 5’ 
cap structure of the SL. We have recently shown that the 
SL sequence in the SL RNA and mRNAs actually extends 

A. 

GATCN 

Figure 4. Primer Extension Analysis of IOO-mer RNA 

Poly(A)+ RNA was hybridized with 5’-end-labeled 35 base oligonucle- 
otide (see Figure l), divided into five equal aliquots, and extended with 
reverse transcriptase in the presence or absence of dideoxynucleoside 
triphosphates as described in Experimental Procedures. (A) Lower 
portion of autoradiogram. Lane N, primer extension in the absence of 
dideoxynucleoside triphosphates. Lanes G, A, T and C correspond to 
the dideoxynucleoside triphosphate used in that reaction. (6) Upper 
portion of autoradiogram. The bracket denotes a pentad of bands 
corresponding to the reported 5’ end of the SL RNA plus 4 bases be- 
yond. The arrows point to two minor extension products 4 and 5 bases 
upstream from the splice junction. These additional products are de- 
scribed in the text. This portion of the gel has been exposed longer to 
show these additional bands more clearly. 

an additional 4 bases upstream from the reported 5’ end 
and that these extra nucleotides are modified components 
of the SL cap structure (Perry et al., submitted). Reports 
in the literature of primer extension products of the SL that 
extend 3 to 5 bases upstream from the accepted 5’ end of 
the SL (Boothroyd and Cross, 1982; Milhausen et al., 
1984; De Lange et al., 1984a; Sather and Agabian, 1985; 
Tschudi et al., 1985; Gonzalez et al., 1985; alsosee Figure 
4) are consistent with this cap structure. A likely explana- 
tion of the proposed SL artifact is that the base modifica- 
tions of the cap interfere with base-pairing at these nucle- 
otides and can therefore generate 51 cleavage products 
that are 4 bases shorter. These modifications also appear 
to inhibit the progress of reverse transcriptase across this 
portion of the SL (see below). 

The appearance of the 139 base Sl protection fragment 
in Figure 38, lane 4, and the absence of this band in the 
Northern blot of this RNA (Figure 3A,, lane 4) is somewhat 
puzzling. It is possible that, like the Sl-protected 100-mer, 
some intact SL RNA is also covalently attached to high 
molecular weight RNA. This would be expected if there 
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Figure 5. Debranching Analysis of T. brucei ISA 

Total LiCI-urea RNA (20 pg. lanes 1 and 2) or poly(A)+ RNA (6 fig, 
lanes 3 and 4) was incubated in the presence (lanes 2 and 4) or ab- 
sence (lanes 1 and 3) of debranching enzyme. The resultant products 
were electrophoresed, blotted, and probed with the lOO-mer oligonu- 
cfeotide (Figure 1) as described in Experimental Procedures. 

were some priming of transcription or ligation of SL RNA 

to structural gene transcripts as illustrated in Figures 2A 

and 2D, respectively. However, this possibility is unlikely 
because no 135 or 139 base product is observed in the Sl 
analysis of purified high molecular weight RNA (Figure 
3C, lane 1). Thus, we believe that this product is the result 
of either an Sl artifact (i.e., a “tribrid” formed between the 
SL-containing mRNA, which is abundant in the poly(A)+ 
RNA, the lOO-mer RNA, and the DNA probe; see Lopata 
et al., 1985) or the presence of residual amounts of SL 
RNA purifying with the poly(A)+ RNA, which is detected 
with the uniformly labeled Sl probe but not with the oligo- 
nucleotide probe (the specific activity of the former is ap- 
proximately 17-fold greater than that of the later). 

An Authentic lOO-mer Is Covalently Attached 
to Trypanosome Poly(A)+ RNA 
In concurrent studies of the SL RNA structure, we have 
characterized SL RNA products that appear to reflect nu- 
clease-sensitive regions of the SL RNA in the vicinity of 
the conserved splice junction sequence (Michaeli et al., 
submitted). As noted above, these cleavage products do 
not precisely terminate at the location of the splice junc- 
tion predicted from analysis of mature mRNAs and their 
cognate genes. Therefore, it was crucial to demonstrate 
that the lOO-mer species detected in the experiments de- 
scribed above is indeed derived from cleavage at the 
authentic SL RNA 5’ splice junction and that this IOO-mer 
is covale~tl~ linked to a population of poly(A)-containing 
RNA. 

Primer extension sequencing of poiy(A)+ RNA was per- 
formed using a 5’-end-labeled, 35 base oligonucleotide 
that, as shown in Figure 1, is complementary to the lOO- 

mer. In the presence of the four deoxynucleoside triphos- 
phates, an authentic lOO-mer should be extended 24 
%Jcleotides and then show a strong stop in all four se- 
quencing reactions. The sequence generated would be 
complementary to the SL RNA. As shown in Figure 4A, 
primer extension analysis provides sequence verification 
that the lOO-mer associated with holy+ RNA does, in 
fact, terminate at the G residue 25 nucleotides from the 
primer, at the position of the splice junction. 

In addition to the strong stop described above, a second 
strong stop is seen 12 nucleotides earlier (see Figure 4A). 
‘This stop occurs at the end of a run of 3 guanosine resi- 
dues and is probably a reverse transcriptase artifact. 
Similar misincorporation of nucleoside triphosphates by 
reverse transcriptase, particularly after short runs of 
homo-oligonucleotides, has been described (Gopinathan 
at al., 1979; Hartley et al., 1982; Murphy, 1984). We have 
also noticed that this second stop is dependent on reverse 
transcriptase concentration, bein reduced at higher en- 
zyme levels (data not shown). 

Figure 4B shows the upper portion of the gel depicted 
in 4A. Two minor extension products of 104 and 106 bases 
can also be seen in this experiment. These sizes are typi- 
cal of the ~100 base degradation products of the SL 
RNA described above. In addition there is a pentad of 
bands further up on the gel. When similar primer ex- 
tension products are electrophoresed alongside the se- 
quence of the SL RNA gene one can see that these prod- 
ucts map to the 5’end of the SL RNA and 4 bases beyond 
(not shown). These bands most likely correspond to the 
739 base Sl protection product observed in Figure 36, 
iane 4. As pointed out above, reverse transcriptase does 
not efficiently polymerize DNA across these modified 
nucleotides, thus the appearance of five discrete bands. 

The Sl and primer extension experiments indicate the 
existence of an RNA structure analogous to the splicing 
intermediates of other eukaryotes. If the mechanism of 
RNA joining in trypanosomes is similar to cis splicing, one 
would predict that the lOO-mer would be covalently at- 
tached to high molecular weight RNA via a 2%’ phos- 
phodiester bond, which is readily cleaved by debranching 
enzyme. Furthermore, the intermediate Y structure, indi- 
cated in Figure 2E, would be easily discerned, since the 
action of debranching enzyme would release free lOO- 
mers, which would be detected by Northern hybridization 
analysis. 

To specifically test for the existence of a Y structure, to- 
tal and poly(A)+ RNA samples were incubated in the 
presence and absence of purified debranching enzyme 
and analyzed by Northern hybridization. The results of 
this experiment are shown in Figure 5. In the absence of 
debranching enzyme, total RNA contains the 135 nucleo- 
tide SL RNA plus a small amount of 95 nucleotide RNA 
(Figure 5, lane 1). However, when the total RNA is treated 
with debranching enzyme, a more intense band of roughly 
95 bases (or slightly larger) is generated (Figure 5, lane 2). 
This increase in intensity is not due to unequal amounts 
of RNA in the two lanes; the intensity of the SL RNA hy- 
bridization is equivalent in the two RNA samples (if not 
slightly less in lane 2). 
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Even more striking is the appearance of the 95 nucleo- 
tide RNA (Figure 5, lane 4) after digestion of poly(A)+ 
RNA with debranching enzyme. As shown in Figure 5, 
lane 3, no hybridization is detected in the absence of en- 
zyme. We believe that this debranched RNA corresponds 
to the 100-mer species detected by Sl and primer exten- 
sion analysis. The gel system used in these experiments 
exhibits an increase in mobility of RNA as compared with 
DNA fragments of the same size. In support of this is the 
observation that the DNA fragment that is completely pro- 
tected from Sl digestion by the SL RNA migrates as a 139 
base species, whereas the SL RNA itself migrates as a 
135 base species (compare Figures 3A and 38). Since the 
purified debranching enzyme used in this experiment 
specifically cleaves branched 2’5’ phosphodiester link- 
ages, we propose that the lOO-mer portion of the SL RNA 
is covalently attached to the pre-mRNA via this same link- 
age. Furthermore, the release of a free lOO-mer is consis- 
tent with the presence of a novel discontinuous intron or 
Y branch (Figure 2E), rather than a lariat structure. 

Discussion 

We have shown that the 100 nucleotide 3’ intron fragment 
of the SL RNA is associated with a heterogenous popu- 
lation of RNA and is attached to this RNA through a 
branched 2’5’ phosphodiester linkage, as judged by re- 
lease of the lOO-mer upon treatment with debranching en- 
zyme. These results demonstrate that the 135 base SL 
RNA is the donor of the spliced leader sequence to try- 
panosome mRNAs and support the hypothesis that join- 
ing of the SL occurs primarily by a unique intermolecular 
splicing process. The intermediate structures described in 
these studies are compatible with a Pans splicing model 
(Figure 2E) and imply that the SL RNA and structural 
genes are transcribed independently and spliced to form 
mature mRNAs without prior ligation. As a working model, 
we suggest that rrans addition of the SL differs mechanis- 
tically from splicing of nuclear mRNA introns in other eu- 
karyotic systems primarily in that the introns are discon- 
tinuous. Accordingly, the rrans addition of the SL would 
proceed via an endonucleolytic cleavage of the SL RNA 
that precisely separates the SL from its downstream lOO- 
mer. This 5’ cleavage would coincide with the esterifica- 
tion of the 5’ phosphate of the lOO-mer to a 2’ hydroxyl of 
a structural gene pre-mRNA. Resolution of the resultant 
Y intermediate would occur by joining the free SL to the 
structural gene transcript at the 3’splice junction with con- 
comitant release of the discontinuous intron as a Y branch 
structure (Figure 2E). 

Although we have demonstrated the existence of the 
100”mer in branched RNAs in trypanosomes, the location 
of branch points in specific pre-mRNAs remains to be de- 
termined. We presume that the 2’-5’ branch is located im- 
mediately upstream from the 3’splice junctions conserved 
in all trypanosome structural genes characterized to date. 
Although our search of trypanosome V-flanking sequences 
has not revealed a highly conserved sequence such as 
the yeast TACTAAC box (Langford and Gallwitz, 1983), se- 
quences that resemble the branch point consensus of 

higher eukaryotes are present a short 
of the 3’ Splice junctions (unpublished observations). 

The hypothesis that SL addition occurs in rrans, and yet 
is analogous to pre-mRNA splicing in other eukaryotes, is 
not without precedent. Although splicing of two separate 
RNAs has not been observed in vivo, the ability of the 
splicing machinery to carry out this type of reaction has 
been demonstrated, albeit at low efficiency, in vitro (Sol- 
nick, 1985; Konarska et al., 1985); however, the efficiency 
of in vitro tram splicing increases with the introduction of 
short regions of complementarity at the ends of the 
respective substrates (Konarska et al., 1985). The 5’- 
flanking regions of several trypanosome structural genes 
have been examined for sequences complementary to the 
SL RNA. While some short regions of SL homology exist 
in the gene-flanking regions, these are not always present 
or on the appropriate strand to provide complementarity 
to the SL RNA and target pre-mRNAs. However, since the 
5’ limits of structural gene pre-mRNAs have not been de- 
termined, we can not rule out the possibility that comple- 
mentarity exists and, in fact, contributes to the apparent 
high efficiency of this reaction. A more interesting possi- 
bility is that trypanosomes may have evolved specific 
modifications of the splicing machinery, allowing for the 
efficient Vans splicing of the SL and structural gene tran- 
scripts. Evidence for one such novel aspect of the SL 
RNA that may be relevant to the process of Pans splicing 
(i.e., the existence of a specific SL RNA-containing small 
ribonucleoprotein particle) will be published elsewhere 
(Michaeli et al., submitted). 

What is the purpose of SL joining in trypanosomes? At 
the very least, because the SL RNA is itself capped, its 
addition to target mRNAs provides a cap for the mature 
messenger. Many tandemly organized and reiterated 
gene families have been described in the trypanosomatid 
protozoa (Thomashow et al., 1983; Tschudi et al., 1985; 
Clayton, 1985; Michels et al., 1986; Gonzalez et al., 1985), 
all of which possess homologous SL RNAs (Nelson et al., 
1984; De Lange et al., 1984b) and presumably also use 
rrans RNA splicing in mRNA processing. In T cruzi, Gon- 
zalez et al. (1985) have presented evidence that a polycis- 
tronic mRNA is derived from one such gene family, sug- 
gesting that these transcripts can be resolved into single, 
capped mRNAs by rfans splicing. Because there is little 
evidence for the conservation of untranslated leader se- 
quences in mRNAs of other eukaryotes, even among 
genes that are under similar regulatory control in the 
same tissue, it would be unusual if trypanosomes require 
the SL sequence per se for some aspect of posttranscrip- 
tional mRNA function. In fact, presently no evidence can 
be brought to bear on the question of any possible func- 
tion of the 35 nucleotides of the SL sequence. Perhaps the 
real significance of SL joining lies not within the specific 
SL sequence, but rather in its participation in rrans splic- 
ing itself. The entire process of splicing provides many 
sites for regulatory interplay between RNA synthesis and 
processing and nuclear export that may only be main- 
tained if there are introns to splice, regardless of cis or 
tram orientation. The ubiquity of splicing in eukaryotic 
systems, even in those having very few genes with inter- 
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vening sequences, such as yeast, suggests a larger role 
of splicing in the molecular biology of the eukaryotic cell. 

The identification of branched RNA splicing intermedi- 
ates in trypanosomes is only a first step in understanding 
gene expression in these organisms. For example, very lit- 
tle is known about the process of transcription or the 
nature of their primary transcripts. Although there is cir- 
cumstantial evidence that the variant surface glycoprotein 
(VSG) genes are transcribed as part of larger precursor 
RNAs (De Lange et al., 1985; Bernards et al., 1985), a con- 
tinuous transcript spanning the VSG expression site has 
never been demonstrated. The covalent attachment of the 
IOO-mer to pre-mRNAs should allow for the hybrid selec- 
tion of these precursors and their subsequent character- 
ization. Precise definition of the substrates of the trans 
splicing reaction will also eliminate some empiricism in 
developing an in vitro tram splicing system. While the 
demonstration of &ins splicing itself reveals many fas- 
cinating biochemical and evolutionary problems, more 
importantly its description and experimental sequela fi- 
nally allow us to approach the regulatory network that acti- 
vates VSG gene transcription during antigenic variation 
and trypanosome development. 

xperimentsal Procedures 

Growth and isolation of Trypanosomes 
IsTat 1.1 trypanosomes (Milhausen et al., 1983; Parsons et al., 1983) 
were grown in male rats to a density of 2 x lo8 to 3 x IO9 cells per 
milliliter of blood and collected by cardiac puncture. The heparinized 
blood sample was either used directly (see LiCI-urea RNA prepara- 
tion, below) or adjusted to 15 mM in Hepes buffer (pH 75) and 0.2% 
in glucose and chilled on ice. After centrifugation at 1,200 x Q for 12 
min, the huffy coat layer, containing the trypanosomes, was removed 
and used for guanidine thiocyanate-CsCI RNA preparation described 
below. 

Preparation of Trypanosome RNA 
LiCCUrea RNA Preparaiion 
infected blood collected by cardiac puncture was immediately mixed 
with 10 volumes of ice cold 3 M LiCI-8 M urea, homogenized tho- 
roughly in a blender (Auffray and Rougeon, 1980) and precipitated 
overnight on ice. The RNA was centrifuged at 18,000 x Q at O°C for 
60 min and suspended in buffer containing 25 mM Tris-HCI (pH 8.0), 
100 mfvl NaCI, 5 mM EDTA, 1% SDS, and 200 pglml proteinase K. After 
digestion for 1 hr at 3pC, the RNA was extracted twice with phe- 
nol-CHCls and twice with ether. The solution was adjusted to 0.3 M in 
NaGAc (pH 5.6) and precipitated with 3 volumes of absolute ethanol. 
After centrifugation, the RNA pellet was suspended in RNAase-free 
HzO, precipitated twice from 3 M NaOAc (pH 6.0) to remove con- 
taminating oiigodeoxyribonucleotides (Schrader and O’Malley, 1981), 
and stored as an ethanol precipitate (as above) at -7oOC. Poly(A)+ 
RNA was isolated from a preparation of LiCI-urea RNA as described 
by Avivand Leder (1972), with the modifications suggested bychirgwin 
at al. (1979), and stored as described above. 
Guanidine Thiocyanate-CsCi RNA Preparation 
RNA was isolated essentially as described by Chirgwin et al. (1979). 
Buffy coat blood preparations containing trypanosomes were immedi- 
ately mixed with 2 volumes of 6 M Quanidine thiocyanate, 75 mM 
%is-HCI, 15 mM EDTA, 0.75% sarkosyl, and 1.1% beta-mercapto- 
ethanol and vortexed to disperse the cells completely. The mixture was 
layered over 5 ml of 5.8 M CsCl and 0.1 M NasEDTA and spun at 
29,000 rpm in the Beckman SW41 rotor for 24 hr. The RNA pellet was 
suspended in RNAase-free HsO and precipitated by addition of 0.1 
volume of 3 M NaQAc (pH 5.6) and 3 volumes of absolute ethanol. 
Sedimented RNA was washed with 70% ethanol, dried, suspended in 
buffer containing 40 mM Tris-HCI (pH 7.9), 10 mM NaCI, and 6 mM 

MgCis, and digested with RNAase-free DNAase 1 (Promega Biotech). 
This sample was then extracted with phenol-CHCI,, washed with 
ether, and precipitated twice from 3 M NaOAc (pH 6.0). The RNA was 
stored as afl ethanol precipitate at -7CPC (see above). 

Sl Nuclease Analysis 
Sl nuclease analysis was performed essentially as described by Mani- 
atis et al. (1982). A single SL RNA repeat unit, generated by cleavage 
with the restriction enzyme Sau3A, was subcloned from the plasmid 
pTbl.4~I (Nelson et al., 1983) into the BamHl site of M13mpl9, and a 
phage containing the complementary strand of the SL RNA sequence 
was isolated. RNA samples were mixed with 25 rig of this M13 clone, 
and, when necessary, yeast carrier transfer RNA was added to make 
a total of 20 &Q of RNA. The nucleic acids were precipitated with etha- 
nol, washed with 70% ethanol, dried, and suspended in 10 hi of 80% 
formamide, 400 mM NaCI, 40 mM PIPES buffer (p4-i 6.4), and 1 mM 
EDTA. Samples were heated to 85OC for 15 min and incubated at 56°C 
for 3 hr. Three hundred microliters of 280 mM NaCI, 50 mM NaOAc (pH 
4.6), 4.5 mM ZnS04, 20 @g/ml single-stranded DNA, and 1,000 U/ml 
Sl nuclease (BRL) were added to each sample and incubated at 30°C 
for 30 min. Reactions were stopped by addition of 75 ul of 2.5 M 
NHbOAc, 50 mM EDTA (pH 8.0) 10 VQ of carrier tRNA, and an equal 
volume of isopropyl alcohol. 

Hybridization Analysis 
RNA or Sl-protected DNA fragments were centrifuged, washed with 
70% ethanol, and dried. Samples were suspended in a small volume 
of 90% formamide, 1 mM EDTA, 0.5% xylene cyanole, and 0.5% brom- 
phenol blue, then boiled for 5 min and quickly chilled on ice. After elec- 
trophoresis in 5% acrylamide (acrylamide:bis, 20:1), 7 M urea gels, 
the samples were electro-blotted onto Nytran filter membranes 
(Schleicher and Schuell) according to the manufacturers protocols. 
The filters were then baked at 8oOC for 2 hr in a vacuum oven. 

RNA blots were probed with a 35 base oligonucleotide complemen- 
tary to the region beginning 25 bases downstream from the SL (see 
Figure 1). The oligonucteotide was labeled with polynucieotide kinase 
(Pharmacia P-L) and [$zP]ATP as described by Maniatis et al. 
(1982). The probe for the Sl blots was made essentially as described 
by Hu and Messing (1982). An Ml3 clone (150 ng) containing the DNA 
strand complementary to the SL RNA and between the Rsal and 
Sau3A sites (see Figure 1) was isolated (M13RS-) and hybridized with 
0.5 pmol of the -20 region sequencing primer (New England Biolabs). 
The primer was extended with Klenow polymerase (Pharmacia P-L) in 
the presence of 100 mM NaCI, 10 mM Bis-HCI (pli 7.5), 7 mM MgCIz, 
5 mM dithiothreitol, 100 ug/ml bovine serum albumin, 0.25 mCi each 
of @P-labeled dATR dCTP, dGTP, and dTTP (dried; New England 
Nuclear), and 0.8 KM each of cold dATP, dCTP, dGTR and dTTP for 1 
hr at 2VC. The reaction was stopped by the addiion of an equal vol- 
ume of the formamide dye mixture described above, and the DNA was 
denatured by boiling 5 min. After electrophoresis in a 5% acrylamide, 
7 M urea Qel (as above), the appropriate sized DNA fragments (i.e., 
fragments larger than the distance from the primer to the opposite side 
of the insert fragment) were excised from the gel and electro-eluted. 

Filters were prehybridized in an excess of 5x SSC (750 mM NaCl 
and 75 mM sodium citrate), 10x Denhardt’s solution (0.2% each of 
Ficoll, polyvinylpyrrolidone, and BSA), 0.2% SDS, 0.1% sodium 
pyrophosphate, 100 uQ/ml single-stranded, sheared salmon sperm 
DNA, 100 Kg/ml tRNA, and 1 mM ATP (for blots probed with labeled 
oligonucleotide) for 4 hr or longer. The filters were hybridized with 50 
pl/cm2 of the same solution containing 5 x 1Oe cpm of probe for 24 
hr at 42OC (oligonucleotide probe) or at 65°C (uniformly labeled probe) 
and washed three times, for 30 min each, in either 3x SSC and 
0.1% SDS at 5VC (oligonucleotide probe) or Ix SSC, 0.1% SDS at 
65OC (uniformly labeled probe). Fitters were then autoradiographed. 

Primer Extension Analysis 
The 35 base oligonucleotide primer was labeled as above and gel- 
purified on a 20% sequencing gel to remove minor contaminating 
bands. Poly(A)’ RNA (50 WQ) and 1 x lo7 cpm of primer were mixed, 
ethanol-precipitated, washed with 70% ethanol, and dried. The nucleic 
acid was suspended in 27.5 ~1 of HsO and 5 ~1 of. 200 mM sodium 
pyrophosphate; the sample was heated to 90°C for 2 min followed by 
10 min at 37X. Five microliters of RNasin (40 t&l; Promega Biotec) 



Cell 
524 

and 25 pl of 200 mM dithiothreitol were added, and the sample was 
divided into five equal aliquots. Ten microliters of 5x buffer (250 mM 
This-HCi [pH 8.3],50 mM MgCIs, and 700 mM KCI) was added to each 
tube. One tube then received 25 pl of 2 mM dATP, dCTR dGTP, and 
dTTR Each of the other four tubes received 25 ~1 of the appropriate 
dideoxy:deoxynucleoside triphosphate mixture (ddA:dA, 30 pM:8 PM; 
ddC:dC, 45 pM:l2 PM; ddG:dG, 66 pM:16 f&l; ddT:dT, 117 uM:24 PM). 
The reactions were started by the addition of 2.5 pl of AMV reverse 
transcriptase (30 U/t& Amersham). Samples were incubated at 42OC 
for 30 min, then chased by adding 4 fll of 5 mM dATR dCTP, dGTP, and 
dTTP and incubating for an additional 15 min at 42OC. The reactions 
were stopped by the addition of 13 pl of 2.5 M NH.,OAc, 50 mM EDTA 
(pH 8.0), and an equal volume of isopropyl alcohol. The samples were 
centrifuged, washed in 70% ethanol, dried, and suspended in the for- 
mamide dye buffer described above. The samples were boiled 5 min 
and quickly chilled on ice. Electrophoresis was carried out in 5% 
acrylamide (acrylamide:bis, 20:1), 7 M urea sequencing gels at 2,000 
V until the bromphenol blue reached the bottom of the gel. The gel was 
dried and autoradiographed. 

Isolation of RNA Containing the 100.mer Species 
Hybridization selection of RNA containing the IOO-mer species was 
performed essentially as described by Maniatiset al. (1962). Nitrocellu- 
lose filters containing 20 pg of M13RS- DNA (see above) were pre- 
pared according to Kafatos et al. (1979) and used in the hybridization 
reaction. After elution of bound RNA from filters, the RNA was precipi- 
tated by addition of 0.1 volume of 3 M NaOAc (pH 5.2) and 3 volumes 
of ethanol. The precipitated RNA was electrophoresed on a 5% acryl- 
amide, 7 M urea gel alongside end-labeled, Hpall-digested pBR322 
markers. Two sections of the gel containing approximately >240 base 
RNA and approximately 125-145 base RNA were removed, crushed, 
and soaked in a solution containing 0.75 M ammonium acetate, 10 mM 
magnesium acetate, 2% phenol, 0.1% SDS, 0.1 mM EDlA, and 25 
kg/ml tRNA at 37oC overnight (Frendewey and Keller, 1985). The eluted 
RNA was phenol-extracted, concentrated with 2-butanol, and ethanol- 
precipitated. An aliquot of each eluted fraction was analyzed with 
nuclease Sl as described above. 

Debranching Enzyme Digests 
The debranching enzyme preparation used here had been purified 
700-fold and has a specific activity of 9.6 x IO6 Ulmg protein (where 
1 U is the amount of enzyme that linearizes 1 fmol of lariat RNA in 30 
min at 30°C). The enzyme preparation shows no evidence of contami- 
nation by other endonucleases, exonucleases, phosphatases, or non- 
branched 2’5’ phosphodiesterase activities. RNA samples were 
digested in 20 ul containing 20 mM Hepes (pH 7.0) 3 mM MgCls, 0.25 
mglml bovine serum albumin, and 240 U of enzyme for 30 min at 30°C. 
Samples were extracted with phenol-CHCls first, then with ether and 
precipitated with 0.1 volume of 3 M NaOAc (pH 5.6) and 3 volumes of 
absolute ethanol. The final RNA pellets were washed with 70% ethanol 
and dried. After suspending in formamide dye buffer, the samples 
were denatured, electrophoresed, blotted, and probed with the 35 
base oligonucleotide as described above. 
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