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ABSTRACT

Kinetoplastid protozoa regulate their gene expres-
sion primarily through control of mRNA degradation
and translation. We describe here the degradation of
three reporter mRNAs in Trypanosoma brucei. One
mRNA had the 3’-untranslated region (3'-UTR) from
the developmentally regulated EP7 mRNA, which is
abundant in the procyclic (tsetse fly) form of the
parasite but is almost undetectable in the blood-
stream form. This untranslated region includes a 26 nt
U-rich sequence that causes extreme RNA instability
in the bloodstream form. The two other RNAs, which
are not developmentally regulated, had either the
actin 3’-UTR, or a version of the EP1 sequence
lacking the 26 nt bloodstream-form instability
element. All RNAs had poly(A) tails ~200 nt long, in
both bloodstream and procyclic forms. Degradation
of the two constitutively expressed mRNAs involved
deadenylation and degradation by both 5 -3’ and
3’>5’" exonucleases. In contrast, in bloodstream
forms, the 3’-end of the RNA bearing the blood-
stream-form instability element disappeared very
rapidly after transcription inhibition and partially
deadenylated intermediates were not seen. The
instability element may cause extremely rapid de-
adenylation, or it may be targeted by an endonuclease.

INTRODUCTION

African trypanosomes cause sleeping sickness in man and
various diseases of domestic animals in sub-Saharan Africa.
They multiply in the blood and tissue fluids of the mammal,
and are transmitted from one host to the next by tsetse flies.
Considerable adaptations in parasite morphology, surface
composition and metabolism are required in order to survive in
these disparate environments. For example, the bloodstream
form of Trypanosoma brucei escapes the humoral immune
response by antigenic variation, effected by frequent changes
of the variant surface glycoprotein (VSG) (1). When the para-
sites transform to procyclic forms in the midgut of the tsetse
fly, the VSG is replaced by proline-rich, acidic and repetitive
EP/GPEET proteins. No VSG mRNA is detectable in procyclic

forms and only minute amounts of EP mRNA have been found
in bloodstream forms (2-4). Control of gene expression is
crucial to parasite survival: expression of the EP/GPEET
proteins in bloodstream forms would allow development of an
effective immune response, and expression of developmentally
regulated metabolic enzymes in the ‘wrong’ life-cycle stage
can lead to cell death (5).

Nearly all trypanosomatid genes are found in very long poly-
cistronic transcription units (6). There is no reproducible
evidence for RNA polymerase II promoters or for develop-
mental regulation of polymerase II transcription, and cotran-
scribed genes can have completely different expression
patterns (3). After transcription, individual mRNAs are excised
by a 5’ trans splicing reaction, which involves the addition of a
short capped leader to the 5-end of the RNA, and a coupled
polyadenylation step (7-9). Thus capping of mRNAs is inde-
pendent of the RNA polymerase used for transcription.

As a consequence of polycistronic transcription, nearly all
developmental regulation of gene expression in trypanosoma-
tids must be effected post-transcriptionally. The 5’-untrans-
lated sequences do not play a major role in regulation, although
weak 5’-splice sites result in constitutively low levels of
mRNA and 5’-untranslated regions are involved in cell-cycle
control of mRNA levels in the insect trypanosomatid Crithidia
fasciculata (10). Most regulation is effected by sequences in
the 3’-untranslated regions (3’-UTRs). This type of regulation
was first shown for the VSG and EP genes (reviewed in
2,4,11,12) but in the meantime many examples of similarly
regulated polymerase II transcripts have been reported (see for
example 13-20). Both mRNA abundance and translation can
be strongly regulated. The few relevant studies available have
indicated that mRNA levels are controlled through regulated
degradation (18,21-23).

Although nearly all protein-coding genes are transcribed by
polymerase II, the VSG and EP/GPEET loci are transcribed by
RNA polymerase 1. Polymerase I transcription is about 10
times more active than transcription by RNA polymerase II
(24), and initiation and/or elongation at the EP/GPEET and
VSG loci is—in contrast to polymerase II—regulated by
alterations in chromatin (for examples see 2,3,24-26). The EP/
GPEET gene family consists of the EPI (gene encoding the
EP1 protein, previously known as PARP or procyclin), EP2,
EP3 and GPEET genes (27). Transcription of the loci is only
10-fold less active in bloodstream forms than in procyclic
forms (24), whereas the protein products are regulated at least
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1000-fold. Post-transcriptional regulation is therefore
extremely important (2,12). The 3’-UTRs of the EP and
GPEET genes are quite divergent with the exception of a
conserved 26mer and a 16mer stem—loop. The 16mer enhances
translation in procyclic forms (28) and is not involved in
developmental regulation. The sequences responsible for
developmental regulation of mRNA abundance and translation
are contained within the 26mer, an interrupted polyuridine
tract (12,22,29), which is probably in a single-stranded confor-
mation (30). The 26mer causes extreme instability of the EP/
GPEET mRNA s and represses their translation in bloodstream
forms.

In both mammalian cells and the yeast Saccharomyces cere-
visiae, sequences in the 3’-UTRs of mRNAs play a decisive
role in regulation of mRNA decay. One important pathway of
regulated mRNA degradation in yeast involves deadenylation
followed by decapping and degradation by 5'—3’ exonucleases
(31,32). In mutants of the 5'—3’ degradation pathway, degra-
dation from the 3’-end can be observed (reviewed in 32).
Although the basal components of the RNA degradation
machinery are conserved from yeast to mammals (for examples
see 33-35), mammals have some additional mechanisms.
Degradation of several mRNAs is initiated by cleavage of a
specific sequence within the 3’-UTR (36,37 and references
therein), and proteins that bind such sequences can inhibit the
degradation. Destabilising AU-rich elements (AREs) are found
in the 3’-UTRs of many mammalian mRNAs involved in cell
growth and differentiation (32). The mechanism of degrada-
tion promoted by these elements is controversial (32): it could
proceed either via deadenylation and decapping (38,39) or be
initiated by cleavage of the ARE by an endonuclease (40—42).

Despite the vital importance of RNA stability in the survival
and pathogenicity of trypanosomes and Leishmanias, virtually
nothing is known about the mechanisms of mRNA degradation
in these organisms. Previous studies in trypanosomes have
been restricted to reports showing that various inhibitors of
protein synthesis increase the abundance of EP mRNAs in
bloodstream forms (43—45). These studies have generally been
interpreted as implying that degradation is mediated by an
unstable protein. However, because very few mRNAs have
been studied in this way, it is not clear whether the postulated
unstable protein is specific for particular mRNAs, or part of the
general mRNA degradation machinery. The mechanisms of
translation control are completely unknown. To understand
regulated mRNA turnover in trypanosomes, and to define the
effector molecules, it is necessary to define the pathways
involved in constitutive and regulated degradation. In this
paper we compare the pathway of EPI 3’-UTR-mediated
mRNA degradation with that mediated by a 3’-UTR from the
actin (ACT) mRNA, which is not developmentally regulated.

MATERIALS AND METHODS

Trypanosome culture and transfection

Bloodstream and procyclic trypanosomes (MiTat 1.2) were
cultured and transfected, and CAT assays performed as
described (22,46). Neomycin-resistant bloodstream trypano-
somes expressing T7 polymerase were generated by trans-
fecting 107 trypanosomes with 10 ug plasmid DNA linearised
within B-tubulin targeting sequence, and selected with 15 pg/ml

G418. These trypanosomes were transfected with plasmids
that were linearised within an rRNA targeting sequence,
selected with 15 pg/ml hygromycin and cloned by limiting
dilution.

Plasmid constructs

The plasmid encoding T7 polymerase was kindly provided by
E. Wirtz (pLew13) (47). Plasmids for stable transfection were
based on pLew82 (47). These carried a T7 promoter, and
chloramphenicol acetyltransferase (CAT) and hygromycin
resistance (HYG) cassettes. Downstream of the CAT gene were
placed various 3’-UTRs, followed by a region from 5 of the
actin (ACT) gene that ensures trans splicing of the HYG
mRNA and polyadenylation of the preceding CAT mRNA
(22). The initial plasmids carried the following 3’-UTRs down-
stream of the CAT gene: CAT-EPI (pHD 774) CAT-ACT (pHD
789) CAT-eplA26 (pHD 775). Variants of these plasmids
bearing a ribosomal RNA promoter instead of a T7 promoter
were also tested (in cells lacking T7 polymerase).

Secondary structures were introduced by cloning G5, oligos
with restriction overhangs into available or newly created
restriction sites. All constructs were sequenced in both
directions (TopLab, Miinchen, Germany). In nearly every case,
the sequence terminated in the middle of a Gy, or C;, tract, so
the size of the complete insertion was confirmed by restriction
digestion. The constructs created were as follows, where
G indicates that the resulting mRNA contains G;; and GC
indicates that G;,C;, is present at the indicated positions:
CAT-epl-G-26 (with Gy, inserted at position 120 in the
3’-UTR, preceding the 26mer, pHD 879); CAT-GC-EPI
(pHD 921); 5’-G-CAT-EP1 (pHD 874); CAT-EP1-G (with Gy,
inserted at position 180 in the 3’-UTR, after the 26mer, pHD 891);
5-G-CAT-GC-EP1 (pHD 922); CAT-GC-ACT (pHD 1110);
5-G-CAT-eplA26 (pHD 873); CAT-G-epl1A26 (pHD 1109).
These constructs are illustrated in Figure 4. Additional, similar
constructs bearing insertions of 18 G residues, or six BamHI
linkers, were initially tested but yielded no intermediates;
however, these were never analysed using RNase H.

RNA preparation and manipulation

Total RNA was isolated using peqGoldTrifast (peqLab). RNA
from 4 x 107 cells was separated on formaldehyde gels and
blotted onto Nytran membrane (Schleicher and Schuell). In
turnover experiments, 32P-labelled probes were used and bands
quantitated using a Phosphorlmager (Molecular Dynamics).
For in vitro transcription of CAT constructs, plasmids were cut
with Spel and transcribed according to the manufacturer’s
instructions, then either viewed by direct staining or blotted
and detected with specific probes.

RNase H assays were carried out incubating 250 pmol oligos
with 10-20 ug total RNA and RNase inhibitor (Rnasin, Strata-
gene) for 10 min at 45°C. RNase H (1 U; Roche, Mannheim)
and RNase H buffer (50 mM Tris-HCI, pH 7.4, 10 mM MgCl,,
80 mM KCIl, 1 mM DTT) were added and the mixture was
incubated for 2 h at 37°C followed by a precipitation step. The
RNA was run on 5% denaturing polyacrylamide gels followed
by semi-dry blotting on Nytran membrane. mRNA was
detected using digoxygenin-labelled RNA probes as described
by the manufacturer (Roche, Mannheim).



RESULTS
Degradation of CAT mRNAs synthesised by T7 polymerase

In our previous work on post-transcriptional regulation in
trypanosomes, we studied the degradation of CAT mRNAs
bearing different 3’-UTRs, produced from transgenes
integrated into the trypanosome genome and transcribed by
RNA polymerase II. Actinomycin D was added to trypano-
some cultures, to inhibit mRNA synthesis, and the levels of
RNAs were measured at various times after drug addition by
northern blotting. In bloodstream-form trypanosomes, CAT
RNA bearing the 3’-UTR from the EP] gene (CAT-EP1 RNA)
was barely detectable and had a half-life of 5-7 min (22). An
mRNA with the 3-UTR from the ACT gene (CAT-ACT
mRNA) served as an unregulated control; after actinomycin D
addition, the RNA level rose for the first 10 min, then
diminished with a half-life of ~20 min. We do not know why
the mRNA levels rise immediately after actinomycin D addi-
tion, but this is extremely reproducible and has been seen in
similar experiments with Leishmania chagasi (see fig. 4 in ref.
48). An RNA bearing an EP] 3’-UTR with a deletion of the
26mer (CAT-eplA26) behaved exactly like the CAT-ACT
mRNA. Similar half-lives were observed after addition of sine-
fungin, which inhibits mRNA processing in trypanosomes
because it inhibits cap methylation on the spliced leader RNA.
In procyclic forms, the CAT-EP1 RNA, like the EPI RNA,
was much more stable than the ACT or CAT-ACT RNAs. These
latter mRNAs, like other mRNAs that are expressed at a
constant level throughout the life cycle, were slightly more
stable in procyclic forms than in bloodstream forms. This
compensates for the fact that procyclic trypanosomes have a
greater volume than bloodstream forms, and a slightly longer
division time.

In order to study the degradation mechanism, we needed cell
lines expressing more mRNA from the integrated CAT trans-
genes than can be obtained using RNA polymerase II. Initially,
we re-engineered the plasmids to ensure transcription by
trypanosome RNA polymerase I, which is approximately 10
times as active as polymerase II (24). Then we replaced the
rRNA promoter with a bacteriophage T7 promoter, and trans-
fected the plasmids into trypanosomes expressing T7 RNA
polymerase (47,49). The relative mRNA levels and CAT
activities obtained from the new constructs are illustrated in
Figure 1. Maximum expression was obtained when the inte-
grated transgenes were transcribed by T7 polymerase. Despite
the high expression, however, the control by 3’-UTRs was
retained. In our previous paper, where the CAT constructs were
transcribed by RNA polymerase II, the levels of CAT-EPI and
CAT-eplA26 RNAs were ~9 and 34% relative to the CAT-ACT
mRNA (22) and relative CAT activities were similar. The
mRNAs expressed using T7 polymerase were present in the
same ratios, but rather more translation of CAT-eplA26 was
seen (Fig. 1).

We next checked the kinetics of RNA degradation in the T7
polymerase lines. It was important to confirm that the excess
production of 26mer-containing RNA had not saturated the
regulation mechanism. Bloodstream trypanosomes expressing
CAT-ACT, CAT-EPI and CAT-eplA26 mRNAs from the T7
promoter were treated with actinomycin D and the levels of
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Figure 1. Levels of mRNAs influenced by the RNA polymerase used for tran-
scription, and the nature of the 3’-UTR. The plasmids used were designed for
integration into the silent RRNA spacer, and had a T7 promoter (P;,) or ribo-
somal RNA promoter (Pggy,) preceeding a 5-UTR (trans splicing acceptor
site) and the CAT gene. The CAT gene was followed by various 3’-UTRs: actin
(ACT); EP1; and a derivative of EP] that lacked the 26mer instability element
(ep1A426). The different 3’-UTRs were followed by a cassette allowing selec-
tion of permanent trypanosome transformants: a splice acceptor, the HYG gene
(hygromycin resistance) and an actin 3’-UTR. The graphs show relative levels
of CAT mRNA and CAT activity in bloodstream trypanosomes stably trans-
formed with different constructs. The nature of the promoter, and of the
3’-UTR following the CAT gene, are shown beneath the columns. Values are
expressed as a percentage, with the mean for the CAT-ACT construct with a T7
promoter set at 100%. The error bars show the standard deviation of at least
three independent measurements.

RNA measured by northern blotting. The very stable VSG
mRNA (21) was treated as a loading control. Results are
shown in Figure 2. The RNAs behaved exactly as previously
described. The CAT-ACT and CAT-eplA26 mRNAs first accu-
mulated then were degraded with half-lives of ~15 min, and
the CAT-EP] mRNA disappeared with a half-life of ~7 min.
Importantly, however, the CAT-EPI mRNA was now detect-
able for long enough to allow detection of degradation inter-
mediates.

Cell lines were also generated with procyclic trypanosomes
using the same constructs. The stabilities of the resulting
mRNAs were again similar to those previously measured for
procyclic forms (22), with half-lives of 1-2 h for all 3’-UTRs.

Fate and length of the poly(A) tail during degradation

To find out which ends of the test mRNAs were attacked first
by the degradation machinery, we needed to separate the
3’-end from the 5’-end. This was done by cleaving the mRNAs
into three pieces: a 5" fragment, a central piece and a 3’ frag-
ment. To achieve this, the RNA samples were incubated with
two oligonucleotides, specific for different parts of the CAT
gene, together with RNase H. The RNase H cleaved each CAT
RNA at the sites of oligonucleotide hybridisation, giving three
fragments which are designated A, B and C in Figure 3A. The
largest fragment (A in Fig. 3A) contained the 3’ portion of the
CAT gene attached to the 3’-UTR and the poly(A) tail. The
next largest fragment (B) was the 5" portion of the CAT gene
attached to the 5"-UTR and the spliced leader, and the smallest
fragment (C) was the central portion of the CAT gene. To
determine the length of the poly(A) tail, we included oligo d(T)
in the RNase H incubations. This resulted in deadenylation of
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Figure 2. Degradation kinetics of the CAT mRNAs produced by T7 polymerase. Actinomycin D was added to 10 pug/ml at time 0 and RNA prepared at the times
indicated. The first time point (lane indicated —) is cells without actinomycin D and the time = 0 lane is cells placed on ice and centrifuged immediately after
addition of actinomycin D. The upper panels are typical northern blots, hybridised with the probes shown. Within each panel, all lanes are from the same exposure,
but some lanes were deleted from the centre of the CAT-EP1 and CAT-ep1426 illustrations. The VSG mRNA is very stable in bloodstream trypanosomes so was
used as a loading control. The lower panels show the relative mRNA levels, with the highest point taken as 100%. The quantitated results are expressed as the mean

and standard deviation of at least three independent experiments.

the 3’ fragment. The sizes and relative abundances of the
fragments were analysed by denaturing polyacrylamide gel
electrophoresis and blot hybridisation (Fig. 3B).

In yeast and mammals, mRNA degradation is frequently
initiated by degradation of the poly(A) tail. To see if this was
true in trypanosomes, we inhibited transcription using actino-
mycin D as before, and isolated RNA at different time points.
The mRNAs were then cleaved into three pieces as described.
Experiments were performed at least four times on each RNA;
representative results are shown in Figure 3B. Often, addi-
tional fragments were present in amounts that varied consider-
ably between experiments; these are marked with asterisks in
the figures. After blot hybridisation with specific fragments of
the CAT gene, and testing a variety of incubation conditions
(data not shown), we concluded that these were mainly prod-
ucts of incomplete RNase H cleavage.

The steady-state lengths of the poly(A) tails on all three
RNAs were 150-200 nt, as judged by comparing the size of
fragment A in the zero time-point lane without oligo d(T) with
the size of fragment A incubated with oligo d(T). (These lanes
are on the extreme right of the panels in Fig. 3B.) The degrada-
tion pattern of the CAT-ACT and CAT-ep1A426 mRNAs (centre
and right-hand panels in Fig. 3B) followed a pattern indicating
that degradation is preceded by deadenylation. After actino-
mycin D addition, the sizes of the 5’ (B) and central (C) frag-
ments remained constant for 40 min, although their abundance
decreased. In contrast, the 3" fragment (A) gradually became
shorter. The reduction in size can be seen in Figure 3B by
comparing the migration of the 3’ fragment A at the 40 min
time point with the migration of deadenylated fragment A and
fragment A at time = 0. Deadenylation was more clearly seen
when the gel electrophoresis was prolonged to improve
resolution of the longer fragments (Fig. 3C, see the panels for
CAT-eplA26 and CAT-ACT).

The CAT-EPI mRNA degradation pattern in bloodstream
forms was clearly different from that of the other two tran-
scripts (Fig. 3B and C). The full-length 3’ fragment A
disappeared rapidly. Its disappearance preceded the disappear-
ance of the other two fragments and there was no sign of
deadenylation intermediates. This was also true 5 min after
actinomycin D addition (not shown). This implied that
degradation was initiated by extremely rapid destruction of the
3’-UTR, possibly through an endonuclease cleavage followed
by 3’—5’ digestion. Throughout the incubation, however, there
was a faint band that corresponded in length to the fully
deadenylated species (seen clearest in Fig. 3C, CAT-EP] bf).
This result suggested to us that a very minor portion of the
CAT-EPI mRNA was subject to rapid deadenylation.

When we repeated these experiments in procyclic forms, we
saw that the degradation of the CAT-EPI mRNA now followed
the same pathway as that for the CAT-ACT and CAT-
ep1A26 mRNAs (Fig. 3C, CAT-EPI pro, and data not shown).
As previously shown, the CAT-EPI mRNA was much more
stable in procyclic than in bloodstream forms. The length of
the poly(A) tail on CAT-EP1 mRNA was not developmentally
regulated (compare the bf and pro lanes at zero time), but
deadenylation was clearly visible after transcription inhibition.
Thus the rapid destruction of the EP1 3’-UTR correlated with
mRNA instability, while more stable mRNAs were degraded
by a more classical pathway involving deadenylation.

The direction of regulated degradation

As already noted, a possible mechanism for EP/ mRNA degra-
dation in bloodstream trypanosomes would be an endonuclease
cleavage at or near the 26mer. We therefore tried to find
specific cleavage products by RNase protection assays.
Despite considerable efforts, using a variety of probes and
including clear positive controls, the results were consistently
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Figure 3. Differential degradation kinetics of the 3’- and 5”-ends of the mRNAs. (A) Diagram of a generic CAT mRNA, showing the sites of RNase H cleavage
after addition of targeted oligonucleotides. The fragments illustrated in (B) and (C), and also those seen in Figure 5 together with the specific probes, are indicated.
(B) Northern blots displaying the mRNA fragments. RNA was isolated from the cell lines at various times after addition of actinomycin D, as in Figure 2. The RNA
was subsequently digested with RNase H and specific oligonucleotides, and the resulting fragments separated on denaturing polyacrylamide gels. The identity of
the bands was confirmed by hybridisation with specific probes (see Figure 5); bands marked * are partial digestion products. In (C), a methylene blue stain of the
blot is shown above to indicate loading. (C) The experiment shown in (B) was repeated but the gel was run much longer, to increase resolution of the 3’-end frag-
ment A. This better illustrates deadenylation of the CAT-ACT and CAT-ep1_26 mRNAs, and also shows that the CAT-EP1 mRNA is deadenylated in procyclic
forms (pro), but not in bloodstream forms (bf). The panels above the blots show the stained rRNAs.

negative (not shown) (50). This result has two possible
explanations. First, there may indeed be no cleavage in or near
the 26mer, but it is also possible that cleavage occurs and the
products are very rapidly degraded.

As an alternative we adopted an approach that had already
successfully been used in yeast (31,51) and in Chlamydomonas
reinhardtii (52). Here, the direction of degradation was
determined by examining the fate of modified transcripts
containing poly(G) tracts, which form stable secondary struc-
tures that impede the progress of exonucleases and lead to the
accumulation of stable intermediates. We inserted secondary
structures into the CAT constructs, and made transgenic blood-
stream trypanosomes. The relevant constructs are illustrated in
Figure 4. The minimal sequence inserted was G;, (indicated by
G in the plasmid names), but some plasmids contained G3,Cs,
(indicated by GC in the plasmid names). To detect 5'—3’
exonuclease activity, G5, was inserted immediately preceding
the CAT gene (5'-G-CAT-EP1, construct 5; 5’-G-CAT-ep 1426,
construct 4). Similarly, to detect 3’—5" exonuclease action,

secondary structure was inserted at the junction between the
CAT gene and the 3’-UTR (CAT-GC-EP1, construct 8; CAT-
GC-ACT, construct 11; CAT-G-eplA26, construct #10). In
order to look for endonuclease cleavage in the EP/ 3’-UTR,
structures were also inserted either immediately preceding the
26mer (CAT-EPI-G-26, construct 6) or within the 16mer
stem—loop, downstream of the 26mer (CAT-EPI-26-G,
construct 7). Selected constructs were also transfected into
procyclic forms.

We intially looked for intermediates by northern blotting.
The blot at the foot of Figure 4 displays RNA from each line,
with each lane number corresponding to the number of the
transfected construct. The relative abundances of the starting
RNAs are clearly seen (lanes 1-3). With one exception, the
structures did not reproducibly influence the mRNA abun-
dance. (Compare for example lanes 11 and 3, and lanes 1, 5, 7,
8 and 9.) The exception was the mRNA in which a poly(G) had
been inserted immediately upstream of the 26mer (CAT-EPI-
G-26, compare lanes 6 and 7). This showed increased mRNA



4712 Nucleic Acids Research, 2001, Vol. 29, No. 22

SUTR CAT

1=

AMMAL CAT-EPT

C o]
W |anaan CAT-eplA26
!

Asars CAT-ACT

4 =’—1:N:|uaru G-CAT-epIA26
ﬂ 1N |rasn G-CAT-EPI
6 =—|£|:| AMMAL CAT-EPI-G-26

7 H—{:l:ﬂ]mm\-\ CAT-EPI-26-G

5 o .I:I:I AMAAL CAT-GC-EPT

o o v cerrecer
10 = .H:Nj Axasn CAT-G-eplA26
11 =3 h-’\’lﬂr\-\ CAT-GC-ACT

Figure 4. Contructs containing inserted secondary structures. The position of
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steady-state CAT RNA levels from each cell line is shown below; lane numbers
correspond to the clone numbers and the ribosomal RNA pattern (methylene
blue stain) is again illustrated as a loading control above the CAT detection
signal.

levels, half-life and CAT activity (data not shown), generally
behaving as if the 26mer had been deleted. The insertion could
have disrupted the secondary structure, diminishing the
accessibility of the 26mer to the degradation machinery. Gy,
structures preceding the CAT coding region dimished CAT
activity, presumably by inhibiting translation (not shown).

In contrast with the results obtained with both yeast and
Chlamydomonas, no stable degradation intermediates were
detected if single Gy, structures were placed in any position.
The only clear effect seen was with construct 9, which has G,
preceding the CAT gene and G;,C;, between the CAT gene and
the EP1 3’-UTR (G-CAT-GC-EPI) (Fig. 4). The most abun-
dant mRNA was full-length, but a weaker band of ~700 nt, the
size of the CAT gene without UTRs, was clearly present
(Fig. 4, lane 9). This suggested that the RNA was subject to
degradation from both ends simultaneously. If secondary
structures inhibit exonucleases, but degradation is bidirec-
tional, the insertion of a single secondary structure will give no
stable intermediates. In fact, for clones 9 and 11, which have
G;,Cy) between the CAT gene and either the EP/ 3’-UTR
(clone 9) or the ACT 3’-UTR (clone 11), a shorter band was
also just perceptible on the blot shown, but the abundance was

extremely low and the band was not reproducibly detected.
Construct 10, which has G;; between the CAT gene and the
eplA26 3’-UTR, never showed intermediates in any experi-
ment. In experiments with plant and animal cells, poly(G)
tracts failed to stabilise mRNA degradation intermediates,
even if two tracts were included to stabilise a central portion
(summarised in 53); the evidence so far suggests that plant
cells must contain additional proteins (such as helicases) that
can unwind secondary structures and allow digestion (53).

The result obtained with the construct containing two
secondary structures indicated that in vivo, Gs, could
inhibit 5’—3’ exonucleases, and G;,Cs, could inhibit 3'—5’
exonucleases. This suggested that it might be possible to see
degradation intermediates from constructs with an appropriate
single secondary structure if we cut the mRNAs within the
CAT gene. To characterise the products of 5—3” or 3'—5’
degradation in more detail we therefore once again subjected
the mRNAs to RNase H digestion, as in Figure 3. All
constructs were analysed in at least three independent experi-
ments. The most important results are shown in Figure 5.

A diagram showing the CAT mRNA and the position of the
different hybridisation probes used is presented in Figure 3A.
Again, partial digestion products that were present in very
variable amounts are marked with asterisks (above bands B
and A). First, as already shown, cleavage of the CAT-EPI
mRNA yielded three fragments. Band A represents the
3’ portion of the CAT gene joined to the 3"-UTR. It is shown
here hybridising with the EPI 3’-UTR probe and the 3" CAT
probe. Band B contains the 5’-UTR and the 5’-portion of the
CAT gene and is shown here hybridising with the 5 CAT
probe. The fragment C (centre CAT fragment) is not seen in
Figure 5 because it did not hybridise to any of the probes used.
Similar patterns were seen for CAT-eplA26 and CAT-ACT,
except that the CAT-ACT of course did not hybridise with the
EP] 3’-UTR probe. The pattern for the RNA containing Gy,
just preceding the 26mer (CAT-epI-G-26) was just like that for
CAT-ep1A26 except that the 3’ fragment was slightly longer, as
expected. The RNA with an insertion of G;;, downstream of the
26mer (CAT-EP1-26-G) gave a pattern similar to CAT-EP1; no
intermediates were seen. This could be because there is endo-
nuclease cleavage in the 26mer, but it could also reflect an
inability of the G, structure to halt 3’—5” exonucleases.

Two constructs had G, inserted between the 5'-UTR and the
CAT coding region, either with an EPI 3’-UTR (G-CAT-EPI,
construct 5 in Fig. 4) or with eplA26mer (mutant version of
EPI 3-UTR with deletion of regulatory 26mer sequence)
3’-UTR (5’-G-CAT-ep1A26, construct 4). These were designed
to detect 5'—3’ exonuclease activity. The results are best seen
on the blot hybridised with the 5" CAT probe in Figure 5. In
both cases, the intact 5" portion (fragment B) was longer than
for the control, as expected due to the insertion. But in addi-
tion, a fragment (D) corresponding in length to the 5"-end of
the CAT gene without the 5-UTR was observed. This addi-
tional fragment, which hybridised only to the CAT 5" probe,
could be the product of 5'—3" exonuclease action, digesting
the 5"-UTR but halting at the inserted G5, structure.

As could be predicted from the northern blot in Figure 4, the
pattern with CAT-GC-EPI (construct 8), which has G3,Cy
between the CAT gene and the EPI 3’-UTR, also had an
additional band, which is labelled E in Figures 4 and 5. The
fragment was ~300 bp long and hybridised with the CAT 3’
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Figure 5. Identification of the degradation intermediates stabilised by second-
ary structures. RNA was prepared from cell lines expressing the different CAT
mRNAs. The RNA map is above the lanes, and the clone number beneath or
between the blots. RNA was digested with RNase H and separated as in Figure 3.
A methylene blue stain of a portion of the gel is included to indicate the load-
ing, and the nature of the probes used indicated on each panel. Fragments
detected correspond to those illustrated in Figure 3A and asterisks again indi-
cate partial digestion products.

probe but not with the 5” probe or the EPI 3’-UTR probe
(Fig. 5), indicating that it corresponded to the 3’-end of the
CAT gene, terminating at G3,Cy,. This could be created by
3’—5’ digestion terminating at the secondary structure. This
fragment was also seen in procyclic forms, indicating that the
3’—5" activities were active throughout the life cycle (data not
shown). Similar blots of bloodstream-form mRNA hybridised
with a probe specific for the EPI 3’-UTR showed a faint smear
running at approximately the size of a (partially) deadenylated
EP] 3’-UTR, lacking the 5’-UTR and CAT gene portion (frag-
ment F in the figures). This smear was reproducible and clone-
specific, so could be a product of 5'—3” exonuclease action. A
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similar construct for the ACT 3’-UTR containing G;;Cs,
(construct 11) gave analogous results with the CAT probe, but
construct 10 in which Gs, had been inserted between the CAT
gene and the epl A26mer, yielded no additional bands (Fig. 5),
suggesting that G;, was insufficent to inhibit 3'—5’
exonuclease activity in trypanosomes.

One way to confirm that these fragments represent degrada-
tion intermediates would be to perform a transcriptional pulse-
chase experiment. As transcription of an mRNA was induced,
the full-length RNA would increase in abundance; after tran-
scriptional repression, the amount of full-length RNA would
diminish and the abundance of intermediates would transiently
increase before they too were degraded. Unfortunately this is
currently not technically possible in trypanosomes. Neverthe-
less, we could exclude some potential artifacts, as follows.
(1) The extra bands did not result from anomalous migration in
the polyacrylamide gel due to strong secondary structure. This
can be completely excluded for the fragment E, because it
hybridised to the CAT probe but not the 3’-UTR probe.
(i1) Fragment E (but not fragment D) could have been the
product of transcriptional termination by T7 RNA polymerase
at or just after G;,Cs,. This was unlikely, as termination by T7
polymerase is usually very sequence specific. Nevertheless, to
check, three plasmids, CAT-GC-EP1, CAT-EP1 and CAT-G-
eplA26, were cleaved at a restriction site downstream of the
normal polyadenylation site, and transcribed in vitro by T7
polymerase. Each reaction yielded a full-length band of ~1.3 kb
and a smear of shorter products (not shown), but there was no
evidence for specific termination at either Gz, or Gj3Cy,.
(iii) The G, or G4,C5, might have been targeted by RNase H or
have acted as a self-cleaving ribozyme. This is again unpre-
cedented, and can be ruled out for G5, as no additional band
was seen with the CAT-G-eplA26 construct. To control for
in vitro cleavage at G;,Cs, the in vitro transcripts described
above were incubated under standard RNase H digestion
conditions, with or without RNase H and without oligo-
nucleotides. All products were analysed by polyacrylamide gel
electrophoresis and results were again negative (not shown).

We still cannot rule out the possibility that fragments D, E
and F are generated by in vivo T7 polymerase termination or by
trypanosome endonuclease activity at the secondary structures.
It is however more likely that they are products of trypanosome
exonuclease action on full-length RNAs.

DISCUSSION

The results described in this manuscript suggest that constitu-
tive mRNA degradation in trypanosomes involves gradual
deadenylation followed by rapid degradation by both 5'—3’
exonucleases, as seen in yeast. The very rapid degradation
induced by the U-rich 26mer instability element exhibits
features consistent with either very rapid deadenylation or
endonuclease cleavage.

The predominant mechanism of both regulated and constitu-
tive mRNA degradation in yeast is deadenylation followed by
decapping and 5'—3’ degradation, and a similar pathway has
been described in Chlamydomonas (52). The principal enzyme
involved in cytoplasmic 5'—3’ degradation in yeast is Xrnlp;
the dependence on deadenylation is at least partially explained
by the formation of a degradation complex which also includes
components that can interact with the poly(A) tail (54). The
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trypanosome genome database contains at least four potential
homologues of Xrnlp or the similar nuclear 5'—3” exonu-
clease Ratlp (H. Irmer, S. Freese and A. Estévez, unpublished
results).

Yeast strains that are mutant in the deadenylation-dependent
decapping pathway are viable and degrade mRNA, but at
lower rates (55). Degradation now occurs in the 3'—5’ direc-
tion (56) and is effected by a complex called the exosome (57).
In yeast, this degradation seems to be considerably less active
than that in the 5'—3’ direction. Our results suggested that in
trypanosomes 3’—5’ degradation and 5’—3" degradation are
equally active. For example, RNAs that were degraded from
the 5’-end could only be detected if they were internally
cleaved to create uniform 3’-termini. Failure to detect stabi-
lised degradation intermediates by insertion of single
secondary structures in mRNAs in mammalian cells has also
been reported (38); this could perhaps also be due to simulta-
neous degradation from 3’- and 5’-ends. Trypanosomes contain
several 3’—5" exonucleases that are similar to the components
of the yeast exosome, but only a subset of these are incorpo-
rated into the trypanosome exosome complex (58). It may be
that the differences between the trypanosome and yeast 3'—5’
exonuclease complements, and their regulation, results in
higher activity in trypanosomes. The accelerated degradation
of the EP mRNA in trypanosomes appears to be initiated by
rapid destruction of the 3’-UTR. Although a minor portion may
be subject to deadenylation, the results would be more
consistent with an endonuclease cleavage within the U-rich
instability element. After attack on the 3’-UTR, the mRNA is
digested from both ends. In order to detect any products of
endonuclease cleavage, we will have to create conditional
mutants in the exonuclease activities. These experiments are in
progress (58).

Overall, the pattern of EPI-mediated mRNA decay is rather
reminiscent of the regulated decay of a number of mammalian
mRNAs. Degradation of some mammalian mRNAs is clearly
initiated by endonuclease cleavage (32). For early response
mRNAs containing AREs, there is conflicting information
supporting roles for both deadenylation and endonuclease
cleavage (see for example 40-42,59,60). Interestingly,
AU-element-mediated decay has recently been reported in
Trypanosoma cruzi (23), and a protein mediating the decay
shows homology to mammalian proteins that regulated
AU-mediated decay (61). Since many of the genes encoding
the basal degradation machinery are found in trypanosomes, it
is possible that the regulatory mechanisms also have ancient
evolutionary origins.
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