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Nearly all trypanosome mRNAs are synthesized as polycistronic precursors, from which mature mRNAs are
excised by trans splicing and polyadenylation. Polyadenylation of a procyclic acidic repetitive protein (PARP,
or procyclin) transcript was studied by transient transfection of constructs bearing a chloramphenicol
acetyltransferase gene linked to the PARP intergenic region. Polyadenylation usually occurred at A residues,
about 100 bases upstream of a trans-splicing acceptor signal. The wild-type polyadenylation site has a cryptic
trans-splicing signal about 100 bp downstream: deletion or inversion of this signal results in polyadenylation
at multiple sites, upstream of other cryptic trans-splicing signals. The PARP mRNA precursor appears to
contain a hierarchy of possible processing signals, the function of cryptic ones being revealed only when the
dominant ones are deleted or moved. Correct polyadenylation can be restored by addition of trans-splicing
signals from other loci. The results indicate that polyadenylation is coupled to downstream trans splicing but
that the products of the trans-splicing reaction are not necessarily functional mRNAs.

Members of the order Kinetoplastida are parasitic protozoa
that diverged very early in eucaryotic evolution (33). Members
such as Leishmania and Trypanosoma species have a mode of
gene organization that is distinct from that of most other
eucaryotes. Nearly all trypanosome mRNAs are synthesized as
polycistronic precursors (reviewed in reference 7). Processing
into single-gene units is effected by a combination of 5’ trans
splicing and 3’ polyadenylation. The trans-splicing reaction
involves addition of a capped 39-nucleotide (nt) sequence in a
transesterification reaction (1). Many frans-splicing acceptor
sites are preceded by polypyrimidine tracts which probably
influence the specificity of the reaction (14), but such se-
quences cannot always be identified easily, and the precise
sequence requirements for the reaction have not been defined.

No consensus signals for polyadenylation have been found
within kinetoplastid 3’ untranslated regions. Recent results,
however, suggest that polyadenylation may be coupled to trans
splicing. Experiments analyzing the transcription and process-
ing of trypanosome tubulin transcripts in a permeabilized cell
system have demonstrated that trans splicing occurs cotrans-
criptionally and obligatorily precedes polyadenylation (35);
functional mutations in the a-tubulin trans-splicing signal also
affected polyadenylation in upstream B-tubulin sequences (22).
(Results suggesting that polyadenylation precedes trans splic-
ing, for a heat shock protein locus, were more difficult to
interpret because the subcellular preparation used in the
experiment was not capable of trans splicing [13].) Moreover,
experiments with Leishmania major suggest that polyadenyla-
tion tends to occur at multiple sites, at a median distance of
390 nt upstream of a trans-splice acceptor site (18).

In Trypanosoma brucei, distances between one gene and the
next vary considerably, some being as short as 150 bp and
others much longer. The major surface protein of T. brucei
multiplying within the tsetse fly is a procyclic acidic repetitive
protein (PARP), also known as procyclin (reviewed in refer-
ence 8). In T. brucei MiTat 1, the PARP genes are arranged in
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pairs that are cotranscribed from an upstream promoter
(reviewed in reference 7). The distance between the upstream
(o) gene polyadenylation site and the downstream () gene
splice acceptor site is about 600 nt. We find that processing at
the PARP a gene polyadenylation site is more accurate than
reported for Leishmania species, occurring at the same posi-
tion for all cDNA clones characterized. Both the 3’ untrans-
lated region and the intergenic region contain sequences that
can function as splice acceptor sites and may influence the site
of polyadenylation; the pattern of processing site usage is
clearly influenced by context. Similar results have been re-
ported independently by Schiirch et al. (31).

MATERIALS AND METHODS

Construction of plasmids. All plasmids were derived from
pJP 44 (32) or pHD 227 (15). To construct plasmid pHD 230,
a PCR product synthesized by using primers CZ 286 (5'-ATT
CCCGGGCTGCAGTTTAATTTGTTGGAT-3') and CZ 225
(5'-GAGCATGCCTCGAGTGTAATTGAAGTCTTCAAG-
3"), with a PARP A locus genomic clone as a template, was cut
with PstI and Sphl and cloned into correspondingly digested
plasmid pJP 44. To construct plasmids pHD 117 and pHD 119,
additional restriction sites were inserted at the BamHI site of
plasmid pJP 44. Unidirectional deletions were generated by
exonuclease III digestion, followed by treatment with mung
bean nuclease and Klenow fragment (12). Plasmids pHD 117
and pHD 119 contain, respectively, 198- and 284-bp deletions
starting at the BamHI site and extending to 99 or 13 bp
upstream of the endogenous poly(A) site. Plasmid pHD 217
contains the deleted 3’ end of pHD 117 upstream of the pHD
230 intergenic region. Plasmid pHD 220 was constructed by
deleting the 165 bp downstream of the PstI site in pHD 230 by
using exonuclease III as described above. Plasmid pHD 224
contains the 1,131-bp KpnlI-Pst] fragment of pHD 119 cloned
into similarly digested plasmid pHD 220. Plasmids made by
restriction digestion of pHD 230, end filling, and religation
were pHD 231 (PstI-Hincll), pHD 232 (Pstl-Apal), pHD 233
(Pst1-Bsu36l), pHD 241 (BstBI-Xhol), and pHD 257 (PstI-
BstBI). Plasmid pHD 240 was constructed by deleting 52 bp of
pHD 230, using exonuclease III, starting from the PstI site
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upstream up to 14 bp downstream of the endogenous poly(A)
site. To construct pHD 243, a PCR product was made by using
pHD 230 and primers. CZ 286 (5'-ATTCCCGGGCTGCAGT
TTAATTTGTTGGAT-3') and CZ 285 (5'-ATGAAGCTTAA
GGAACTATTATTCGAACCC-3'). This product was cut with
Smal and HindIIl and cloned into Smal-HindIII-digested
plasmid pHD 227. Plasmid pHD 244 was constructed by
self-ligation of the 4,195-bp Smal-HindIII fragment of plasmid
pHD 227. Plasmid pHD 253 was made by cloning the linkers
CZ 131 (5'-GCTCGAGTCGACTATTCCCAGGGCCCTGG
CTGCA-3") and CZ 132 (5'-GCCAGGGCCCTGGGAATA
GTCGACTCGAGCTGCA-3') into Pstl-digested pHD 230.
Plasmids pHD 254 and pHD 255 were made by cloning,
respectively, EcoRV-Smal (98 bp) and Smal-Stul (330 bp)
fragments of pUT 56 (Cayla, Toulouse, France) into the
blunted PstI site of pHD 230. In pHD 256, the 60-bp Pst1-BstBI
fragment of pHD 230 has been reversed in orientation. To
construct plasmid pHD 258, a PCR product made by using pJP
44 and primers CZ 294 (5'-ATAAGCTTCTAGCTTGCAT
GCCTGCAG-3') and CZ 295 (5'-ATCCCGGGCGTATTC
CATAATTTTAAGCG-3") was cut with Smal and HindIII and
cloned into similarly digested plasmid pHD 227. Plasmid pHD
259 was made by cloning the 75-bp Apal-Hincll fragment of
pHD 230 into Smal-HindIII-digested pHD 227. Plasmid pHD
260 was constructed by cloning the 60-bp PstI-BstBI fragment
of pJP 44 into PstI-SphlI-digested pHD 227. Plasmids pHD 285,
286, and 287 have, respectively, the 86-bp Smal-HindIII frag-
ment of pJP 44, the 192-bp Smal-HindIII fragment of pHD 226
(15), and the 111-bp Smal-HindIll fragment of pHD 227
cloned into the PstI site of pJP 44. Plasmid pHD 302 was
constructed by performing a PCR using plasmid pHD 1 (15) as
a template for primers CZ 017 (5'-CCGGAATGCTAATGT
CACTGCGAG-3") and CZ 304 (5'-AATAGAAGTGATCT
AGAGTAAATTATGGAA-3'). The product was reamplified
with plasmid pHD 230 and primers CZ 064 (5'-GTGGGTCA
CTGTACTATT-3') and CZ 285 (5'-ATGAAGCTTAAGG
AACTATTATTCGAACCC-3’). The product of this second
PCR was restriction digested and cloned into pHD 230.
Plasmid pHD 303 was made in a similar way, starting with
primers CZ 017 and CZ 307 (5'-GCACCAATAATAAGCG
TAAGATCCAAATTC-3').

Transfections of trypanosomes. Procyclic 7. brucei (strain
Antat 1.1) was transfected as previously described (32). For
RNA analysis, 3 to 10 cuvettes (3 X 107 trypanosomes per
cuvette) were transfected with 15 to 40 pg of plasmid DNA per
cuvette, and RNA was isolated 8 h later. For transient chlor-
amphenicol acetyltransferase (CAT) assays, 3 X 107 T. brucei
cells were transfected with 10 g of plasmid DNA, and CAT
assays were performed 18 to 24 h later (4). Each construct was
assayed at least four times.

RNA analysis. Total RNA was isolated as previously de-
scribed (32). Blot hybridization was done using poly(A) ™ RNA
(QuickPrep mRNA purification kit; Pharmacia, Freiburg, Ger-
many) and Hybond N+ membranes (Amersham Life Science,
Braunschweig, Germany); the CAT mRNAs were detected by
enhanced chemiluminescence (ECL Kit; Amersham Life Sci-
ence). The sites of miniexon addition and poly(A) sites were
mapped, using total RNA as the substrate, for reverse tran-
scription and PCR (RT-PCR) (15), with the modification that
for mapping of poly(A) sites, CZ 205 (5'-CCATGTCGGCA
GAATGCTTA-3') instead of CZ 204 was used in the second
PCR.

For the mapping of the 5’ termini, primer CZ 296 (5'-AGC
ACCTTGTCGCCTTGCGTATAA-3') was used to prime the
reverse transcriptase reaction. The first PCR was performed
with the miniexon primer and CZ 296, and the resulting
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product was cut with Pvull. The second PCR was done with
the miniexon primer and CZ 216 (5'-TATCACCAGCTCACC
GTCTT-3'). The resulting product was cut with HindIII and
EcoRI and cloned into EcoRI-HindIII-digested pBS SKII+
(Stratagene, Heidelberg, Germany).

To detect trans-spliced RNA molecules derived from pJP 44
vector sequences, a reverse transcriptase reaction using RNA
from plasmid pJP 44-transfected procyclic T. brucei and oligo-
nucleotide CZ 311 (5'-AGTCCCGGGTCATGCCATCCGT
AAGATG-3') was performed. With the resulting first-strand
c¢DNA, a PCR was done with oligonucleotide CZ311 and the
miniexon-specific primer Z891039 (5'-CGGAATTCAACG
CTATTATTAGAACAGTTTCTGTACT-3'). The resulting
DNA was cut with Pvull, and a second PCR was performed
with oligonucleotides CZ 310 (5'-AAGCGGTTAGCTCCT
TCGGT-3') and Z891039. The product was cut with Smal and
EcoRlI, cloned into EcoRI-Smal-digested pBluescript SKII+
(Stratagene), and sequenced by using Sequenase (U.S. Bio-
chemical, Div. Amersham Life Science).

To detect trans-spliced RNA molecules derived from se-
quences of the 3’ untranslated region of pJP 44, a reverse
transcriptase reaction was performed with RNA from plasmid
pJP 44-transiently-transfected procyclic T. brucei and oligonu-
cleotide CZ 313 (5'-CTGGATCCTAGAGGATCTGGCTAG
CGAT-3') followed by a PCR using oligonucleotides CZ 313
and the miniexon-specific primer Z891039. The PCR product
was cut with Nael, and a second PCR was performed with
oligonucleotides 7891039 and CZ 314 (5'-CTGGATCCTA
GAGGATCTGGCTAGCGAT-3’). The product from this
second PCR was cut with EcoRI and BamHI, cloned into
EcoRI-BamHI-digested pBluescript SKII+ (Stratagene), and
sequenced. PCR conditions were similar to those described for
5’-terminus mapping (15).

RESULTS

RT-PCR cloning of RNA species. To find out what sequences
were sufficient to guarantee accurate polyadenylation, we
transfected trypanosomes with various derivatives of a plasmid
expressing the CAT reporter gene. Transcription was driven by
the PARP promoter, and 5’ processing was mediated by the
PARP Aa trans-splicing acceptor site. Supercoiled DNA was
transfected into trypanosomes, and RNA was purified 8 h later.
The approximate sizes of RNAs produced from selected clones
were measured by formaldehyde gel electrophoresis and blot
hybridization. To determine polyadenylation sites more accu-
rately, the RNAs were reverse transcribed with an oligo(dT)
primer and then subjected to a nested PCR designed to
amplify only mRNAs containing the CAT coding sequence.
(Molecules lacking the 3’ half of the CAT cassette would not
be detected.) The PCR products were cloned [by using restric-
tion enzyme sites included within the transfected DNA and on
the end of the oligo(dT) primer] so that polyadenylation
positions could be pinpointed by sequencing for a small sample
of the RNA population.

Accurate polyadenylation is achieved by inclusion of a
downstream polypyrimidine tract. To obtain CAT mRNA
bearing a PARP 3’ untranslated region, we cloned the entire
region, from the PARP termination codon to 58 bp down-
stream of the polyadenylation site (known from cDNA clones
[25, 26]), between the CAT gene and the pGEM vector
sequence (pJP 44 [32]). The fragment was bounded by syn-
thetic BamHI and PstI sites (Fig. 1 to 3). To our surprise, we
found that RT-PCR products made from pJP 44 template
RNA were about 100 bp shorter than anticipated (reference 15
and Fig. 2b). Sequencing of nine independently cloned cDNAs
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FIG. 1. Structures of the genomic PARP A intergenic region (top) and of the corresponding CAT expression construct (pHD 230). Dashed
lines are deletions. Polypyrimidine tracts (defined as a sequence of at least 20 nt with no consecutive purines and at least 80% pyrimidines) are
black boxes, and the wild-type polyadenylation site has an arrow. Other observed polyadenylation sites are indicated by filled arrowheads. The
number of times each site was observed and the precise position of each site are indicated by numbers and by lowercase letters that are also found
in Fig. 3. Short wide bars indicate the predominant PCR products which are displayed in Fig. 2b. The cross-hatched segment (pHD 256) is in the

reverse orientation.

revealed polyadenylation at three different sites, 101, 113, and
124 nt upstream of the normal position (Fig. 1, pJP 44; Fig. 3).
No wild-type polyadenylation was detected. Either something
necessary for wild-type polyadenylation was missing from this
construct or else the pGEM vector sequence was having a
dominant disruptive effect.

Knowing that trans splicing was important for polyadenyla-
tion in Leishmania species (18), and that there was no trypano-
some-derived trans-splicing site present downstream of the 3’
end in pJP 44, we decided to restore the intergenic region to its
original state by inserting the remaining intergenic sequence
down to the start codon of the next gene (PARP AB) (pHD
230; Fig. 1 and 3). The RNA synthesized from this plasmid was
about 100 nt longer (about 1.4 kb) than that arising from pJP
44 (about 1.3 kb; Fig. 2a), as was the RT-PCR product (Fig.
2b). Every pHD 230 RT-PCR product sequenced was polyad-
enylated in the wild-type position. A similar result was ob-
tained with constructs lacking two-thirds of the 3’ untranslated
region: RT-PCR products obtained after transfection with
pHD 117 were mostly polyadenylated on the synthetic BamHI
site, wild-type polyadenylation being restored by addition of
the intergenic region (pHD 217).

To determine whether trans splicing was influencing polyad-
enylation, we first searched for potential trans-splicing signals
between the PARP a and B genes. We found nine polypyri-
midine tracts, defined arbitrarily as any sequence of at least 20
nt that is more than 80% pyrimidine rich and has no dipurine
interruptions. These are labeled 1 to 9 in Fig. 1 and 3. In the
plasmid constructs, the next such sequence occurs 450 bp into
the pGEM vector. To find out which sequences were required

for accurate polyadenylation, we made progressive deletions
from the downstream end of the intergenic region. The
inclusion of 125 bp downstream of the original polyadenylation
site was sufficient to ensure its use (pHD 241; Fig. 1 and 3),
yielding mRNA and RT-PCR products of the same sizes as
those produced by pHD 230. This 125-bp sequence includes a
potential splice acceptor sequence, with a polypyrimidine tract
(labeled 5 in Fig. 1 and 3) and an AG dinucleotide (@5 in Fig.
3).

Inversion of polypyrimidine tract 5, yielding a polypurine
tract containing oligo(A), resulted in a predominance of
shorter RNAs (pHD 256; Fig. 1 and 2b). Deleting it (pHD 257
and 220; Fig. 1 and 3) also clearly disturbed the accuracy of
polyadenylation, resulting in shorter products. This short seg-
ment clearly plays a role in determining polyadenylation at the
wild-type position.

We next made progressive internal deletions in the inter-
genic region starting from the 5’ end. Clones having longer
deletions than pHD 257 showed some accurate polyadenyla-
tion once more (Fig. 4, pHD 232, 231, and 233), although some
shorter products may also have been present (Fig. 1 and 2a).
Finally, a construct with a double deletion that removed DNA
to within 13 bp of the wild-type polyadenylation site, and the
polypyrimidine tract (tract 5) just downstream (Fig. 2 to 4,
pHD 224), yielded predominantly mRNAs polyadenylated
about 100 nt upstream of the PARP B gene splice acceptor
signal (signal 9) and some polyadenylated a little downstream
of the wild-type site.

Does the PARP intergenic region contain cryptic splice
sites? In most cases so far, polyadenylation seemed to occur at
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FIG. 2. (a) Northern blots of CAT mRNAs from selected con-
structs. For each construct, three cuvettes were each transfected with
50 pg of DNA. Poly(A)* RNA was isolated, and one half of the yield
was subjected to formaldehyde gel electrophoresis and blot hybridiza-
tion using a CAT probe. Yields of RNA were variable, and the
intensities of the bands do not necessarily reflect the efficiencies of the
constructs; exposures are adjusted for clarity. The name of the
transfecting plasmid is noted above each lane. The average sizes (in
kilobases) of the detected transcripts and (in parentheses) the sizes
predicted from the RT-PCR results for the transcripts [without
poly(A) tails] are as follows: pJP 44, 1.3 (1.0); pHD 230, 1.4 (1.2); pHD
217, 1.2 (0.9); pHD 241, 1.4 (1.2); pHD 256, 1.3 (1.0); and pHD 224,
1.6 (1.3). (b) Agarose gel electrophoresis of PCR products. Each lane
contained 10 pl of 100-pl reactions and was stained with ethidium
bromide. Markers are on the left. The RNA came from trypanosomes
transfected with the plasmids indicated.

A residues, 100 bp or so upstream of a polypyrimidine tract.
Thus, wild-type polyadenylation appeared to be signalled by
sequence 5, that for pJP 44 and pHD 220 appeared to be
signalled by polypyrimidine 4, and that for pHD 233 and 224
appeared to be signalled by sequence 9. Polypyrimidine 4
predominated in signalling polyadenylation only in the absence
of polypyrimidine 5. Polyadenylation for plasmids pHD 231
and 232 might have been influenced by polypyrimidines 7, 8, or
9 or by some other sequence not recognized by our criteria. We
therefore examined whether the ability of a sequence to
influence polyadenylation correlated with its ability to signal
trans splicing.

The PARP A splice acceptor is highly homologous to that
for PARP Aa, and the A-locus signals are again homologous
to those in the B locus. As the PARP Ba polypyrimidine tract
is involved in splicing (14), polypyrimidine 9 probably is as well.
The polyadenylation seen for pHD 224 (Fig. 4), about 100 nt
upstream of polypyrimidine 9, was therefore not unexpected.
As the precise sequence requirements for trans splicing are not
known, we wished to determine whether any of the other
polypyrimidine tracts within the PARP intergenic region could
function as a splicing signal. To do this, we cloned three of
them, 4, 5, and 7, upstream of the CAT gene, replacing the
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original actin splice acceptor sequence in plasmid pHD 227
(which has 5’ and 3’ sequences from the actin locus) (15)
(Fig. 5). Polypyrimidine tract 7 (pHD 259; Fig. 5) yielded only
2% of the CAT activity of pHD 227. (A negative control
lacking a splice acceptor site, pHD 244, yielded no detectable
CAT activity.) In contrast, polypyrimidine tract 5, which is
sufficient to restore polyadenylation, functions well in trans
splicing (Fig. 5, pHD 243), yielding products spliced at the
nearest downstream AG dinucleotide (@5 in Fig. 3). More
surprising was the observation that polypyrimidine tract 4 (Fig.
5, pHD 258) can also specify trans splicing with equivalent
efficiency. This is interesting for two reasons: first, the se-
quence is normally within a mature 3’ end, and second, the
nearest AG dinucleotide in the construct is more than 80 nt
downstream.

RT-PCR experiments were then designed to detect trans
splicing within the intergenic region in normal procyclic try-
panosome RNA. A single clear band was obtained, indicative
of splicing at site 5 and consistent with published nuclease
protection results (see Discussion). We obtained no evidence
that any sequence between polypyrimidine tracts 5 and 9 was
capable of directing splicing.

If, in plasmids such as pJP 44 which lack the intergenic
region, polypyrimidine 4 is directing polyadenylation, and if
the polyadenylation is coupled to trans splicing, we would
expect to be able to detect the appropriate trans-spliced
product (spliced at position @4 in Fig. 3). This product was
indeed detected by RT-PCR using a primer homologous to the
pGEM sequence in combination with a miniexon primer. Thus,
polyadenylation of the pJP 44 CAT mRNA in the region
around nucleotide 200 (positions g, h, and i in Fig. 3) was
correlated with frans splicing using signal 4.

Is polyadenylation specified by a scanning mechanism?
LeBowitz et al. (18) showed that in L. major, decreasing
the distance between an upstream gene and a downstream
splice signal moved polyadenylation upstream. They suggest-
ed that polyadenylation is determined by assembly of the
splicing apparatus on the splice site followed by scanning
upstream to the nearest acceptable polyadenylation site, which
was normally an average of 380 to 390 bp upstream. Our
results so far were consistent with this idea, except that the
intergenic distances in 7. brucei were usually shorter. Also,
polyadenylation at the wild-type PARP site appeared much
more precise than in the L. major gene studied: neither we
nor Schiirch et al. (31) have ever seen polyadenylation
anywhere else when the downstream splice site is present
(12 PCR products from this study, plasmids pHD 230 and 241,
plus other data not shown; 20 PCR products from reference
31).

If spacing between splice sites and polyadenylation sites
plays a role in processing, one would expect not only that
decreasing the distance between splice signal 5 and the wild-
type polyadenylation site would affect polyadenylation but also
that increasing the distance would have a similar effect. The
results that we obtained showed that this was at least partially
true. Decreasing or increasing the distance between the wild-
type polyadenylation site and splice signal 5 decreased the
accuracy of polyadenylation (Fig. 6, pHD 240, 253, 254, and
255). The inserted sequences were GC rich and lacked poly-
pyrimidine tracts; no polyadenylation within them was de-
tected.

Is a polypyrimidine tract necessary and sufficient for accu-
rate polyadenylation? To determine whether any splice accep-
tor was sufficient to determine polyadenylation, we inserted
splice acceptor sites from other trypanosome genes down-
stream of the PARP 3’ end (Fig. 7). Polyadenylation was
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FIG. 3. Sequence of the reconstructed PARP intergenic sequence in pHD 230. The sequence is shown with pyrimidines in uppercase and
purines in lowercase. Polypyrimidine tracts (1 to 9) are underlined. Restriction sites are in italics. The BamHI, Pstl, Xhol and Sphl sites are
synthetic sites introduced during cloning. @, splice acceptor sites identified experimentally; *, last nucleotide before a poly(A) tail. Each site (apart
from the wild-type site) is identified by a lowercase letter correlating with the labeling in Fig. 1, 4, and 6. The wild-type site is double underlined.

obtained in the expected position when splice sites from either
PARP Aca (pHD 285), aldolase (pHD 286), or actin (pHD 287)
were used, although accuracy was diminished in the latter two
cases. If the CAT gene is followed at the 3’ end by a fragment
from the actin intergenic region, including the polyadenylation
site but lacking the downstream splice site, polyadenylation
occurs upstream of the normal position for actin transcripts
(15). In this case, insertion of a fragment containing PARP
intergenic splice signal 5 was sufficient to restore normal
polyadenylation at the actin polyadenylation sites (pHD 260;
Fig. 1).

Trypanosome polyadenylation sites, both published and
from this work, share no consensus apart from a preference for
A residues, but polyadenylation at other nucleotides is clearly
possible. To review the role of the four A residues at the

wild-type polyadenylation site, we mutated the sequence TTA
AAATT to TTACGCTT (pHD 303). Of the six PCR products
sequenced, one was now polyadenylated 12 nt upstream of the
normal position (position 1 in Fig. 3). A sequence complemen-
tary to the trypanosome spliced leader (SL) RNA is present in
the PARP Ba 3’ untranslated region (Fig. 3). Neither mutation
(pHD 302; Fig. 2b) nor deletion (31) of this complementarity
prevented correct polyadenylation, and it is not conserved in
the PARP B genes, suggesting that it plays either no role or a
marginal one in determining processing.

DISCUSSION

The results in this report suggest that polyadenylation in
trypanosome transcripts is coupled to downstream trans splic-
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FIG. 4. Effects of further deletions in the intergenic region. Details are as for Fig. 1.
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FIG. 5. Function of polypyrimidine tracts in splicing. Plasmids are
represented schematically, not to scale. PARP, PARP promoter. Other
symbols are as for Fig. 1.

ing. This is consistent with the results of kinetic analyses of
RNA processing in permeabilized trypanosomes, which indi-
cated that trans splicing is cotranscriptional and precedes
downstream polyadenylation (35). In the absence of trans
splicing, polyadenylation was largely inhibited. The results are
also in agreement with those obtained for an L. major tran-
script (18) and with others obtained independently for the
PARP locus (31, 36) and from mutational analyses of a T.
brucei tubulin intergenic region (22). In general, the intergenic
regions in trypanosomes appear to be shorter than for Leishman-
ia species; we also find that the trans-splicing signal used to
determine trypanosome polyadenylation need not necessarily
precede a translated open reading frame. Manipulation of
transfected plasmid sequences revealed that 3’ untranslated
sequences may contain cryptic trans-splicing signals whose
products are not normally detectable in mature RNA.

Two principal types of mechanism can be envisaged for a
dependence of polyadenylation upon downstream trans splic-
ing. One possibility is that both reactions take place in a
coordinated fashion, through assembly of a bifunctional RNA
processing complex, or through a requirement for a subset of
spliceosome components for polyadenylation. This model pre-
dicts a polyadenylation site-specific cleavage reaction. Alterna-
tively, the product of the frans-splicing cleavage reaction may
become a substrate for a nonspecific 3’ — 5’ exonuclease

} 100 bp i
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FIG. 7. Function of splicing signals in polyadenylation. Plasmids
are represented schematically, not to scale. Other symbols as for Fig.
1andS5.

activity and poly(A) polymerase. The latter model predicts that
the final intergenic distance (100 to 200 bp for most trypano-
some genes; 390 bp for Leishmania species) would be deter-
mined mainly by the relative efficiencies of exonuclease and
poly(A) polymerase. Either process could be affected by second-
ary structure as well as by as yet unrecognized sequence elements
within the precursor. Neither we nor Schiirch et al. (31) obtained
any evidence that the sequence within the PARP 3’ untrans-
lated region had any role in determining polyadenylation.

A predilection for A residues (especially several consecutive
A’s) at polyadenylation sites is clear both from this study and
from an examination of the literature. That other elements
may also play a role is suggested by evidence from two of our
mutants (pHD 254 and 255): when segments lacking polypyri-
midine tracts (and therefore containing plenty of A’s) were
inserted between the wild-type polyadenylation site and the
splice site immediately downstream, we failed to find polyad-
enylation within the inserted sequence.

If our interpretation is correct, the structure and abundance
of mature RNA products in trypanosomes are determined by
the relative strength of trans-splicing signals and the stability of
the resulting products. Trypanosome noncoding regions in
general are very rich in polypyrimidine tracts. It seems likely
that although only a minority appear important for generation

. | M pHD 230
7 8 9
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N . I pHD 253
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| i

425bp
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FIQ. 6. Insertions and deletions reduce polyadenylation accuracy. Details are as for Fig. 1. The patterned segments are fragments of the gene
encoding phleomycin-binding protein, lacking polypyrimidine tracts. Distances shown are from the wild-type polyadenylation site to the start of

the downstream polypyrimidine tract.
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of stable trans-spliced mRNAs, many more are potentially
functional. It is not yet clear what constitutes a strong trans-
splicing signal in trypanosomes. Although polypyrimidine
tracts definitely contribute, we do not know why one should
constitute a stronger signal than another, whether sequences at
branch points play a role, and what distances are allowed
between the polypyrimidine tract and the first potential splice
acceptor AG dinucleotide. In the PARP 3’ untranslated and
intergenic region, we identified nine polypyrimidine tracts. In
normal trypanosomes, only two of these appear to be used for
splicing. Splice site 9 yields functional PARP 8 mRNAs. The
product of splice site 5 is a minor PARP B RNA with a 300-nt
5’ extension which can be detected on very overexposed
Northern (RNA) blots (6a), by primer extension analysis of
RNA from UV-irradiated trypanosomes (29), and by RT-PCR
(reference 31 and this report). Splice site 5 also directs normal
PARP o polyadenylation. Although splice site 9 can direct
upstream polyadenylation in artificial constructs (e.g., pHD
224; Fig. 4), neither PARP o mRNAs with elongated 3’ ends
nor short intergenic RNAs are detectable. Either these latter
species are unstable (the intergenic species would lack a long
open reading frame [3, 16]) or they are not made. The activity
of polypyrimidine tract 4 in both splicing and polyadenylation
is revealed only after deletions or rearrangements (Fig. 1, pJP
44, pHD 220, and pHD 256; Fig. 5, pHD 258). The results of
transient assays argue against the idea that the pJP 44 trun-
cated RNAs are highly unstable; therefore, we conclude that
although splice signal 4 is equivalent to splice signal 5 in
artificial constructs, it is less efficient in the natural context,
perhaps because of an 89-nt separation between the polypyri-
midine tract and the splice acceptor site. (Normally, the
separation is considerably smaller; it is 15 nt for splice site 5.)
No clear function of the other polypyrimidine tracts in the
intergenic region was detected. Overall, these results suggest a
natural hierarchy of processing signals in trypanosome precur-
sor RNAs. Normally, one trans-splicing signal predominates in
determining polyadenylation. Others may be present but are
subordinate, in the sense that their function is revealed only
when the dominant signal is deleted or moved.

Both splice site choice and polyadenylation have been
implicated in regulation of gene expression in higher euca-
ryotes (10, 19, 21, 23). In kinetoplastids, trans splicing has been
postulated as a target for trypanosome developmental regula-
tion (17, 38), and complex RNA processing patterns are not
infrequent. Use of alternative polyadenylation sites has been
observed in artificial constructs involving the 3’ ends of the
actin, B-tubulin, and dihydrofolate reductase genes (6, 15, 18).
The region just upstream of the IsTaR 1 variant surface
glycoprotein gene contains a variety of alternative splicing and
polyadenylation sites and is represented as several overlapping
mature mRNA species (30). Use of alternative splice sites is
seen for the ESAG 6 and ESAG 7 genes, and an ESAG 6
cDNA with an extended 5’ untranslated region is trans spliced
just downstream of the ESAG 7 polyadenylation site (29). The
variant surface glycoprotein genes lie upstream of telomeres,
so there is no downstream intergenic region. Nevertheless, the
polyadenylation sites are situated about 80 bp upstream of a
conserved polypyrimidine that could well serve as a splice
acceptor sequence (2, 9, 24).

Interactions between splicing and polyadenylation have now
been documented for a variety of higher and lower eucaryotes.
The internal genes of polycistronic Caenorhabditis elegans
transcripts are preferentially trans spliced by using a specific SL
variant, SL-2 (34), implying that the trans-splicing apparatus
has a mechanism for recognizing upstream polyadenylation
sites or 3’ untranslated regions. The SL RNA is thought to be
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the trans-splicing equivalent of Ul RNA (5). For the cis-
spliced, monocistronic transcripts of higher eucaryotes, inter-
actions are seen between the polyadenylation site and the
proximal upstream intron. Insertion of a 5’ splice donor site
too near a polyadenylation signal can inhibit polyadenylation
(28); conversely, mutation of the AAUAAA polyadenylation
signal can depress splicing of proximal introns (27). In contrast
with the situation in trypanosomes, a base-pairing interaction
between the Ul small nuclear ribonucleoprotein and se-
quences in 3’ untranslated regions (20, 37) may be involved.
Alternatively or in addition, interactions between splicing
components and the polyadenylation apparatus (11) may ex-
plain the apparent coupling.
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