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ABSTRACT

Salivarian trypanosomes are extracellular parasites of
mammals that are transmitted by tsetse flies. The
procyclic acidic repetitive proteins (PARPS) are the
major surface glycoproteins of the form of Trypanosoma
brucei that replicates in the fly. The abundance of
PARP mRNA and protein is very strongly regulated,
mostly at the post-transcriptional level. The3  '-untrans-
lated regions of two  PARP genes are of similar lengths,
but are dissimilar in sequence apart from a 16mer
stem—loop that stimulates translation and a 26mer
polypyrimidine tract. Addition of either of these PARP
3'-untranslated regions immediately downstream of a
reporter gene resulted in developmental regulation
mimicking that of PARP. We show thatthe ~ PARP 3'-UTR
reduces RNA stability and translation in bloodstream
forms and that the 26mer polypyrimidine tract is
necessary for both effects.

INTRODUCTION

with one or more acceptor AG dinucleotides ug B0 bases
downstream (12,13).

There is no evidence for any regulation of RNA polymerase
[l-catalysed transcription in trypanosomes. Developmental regula-
tion of MRNA levels is determined post-transcriptionally; the
sequences responsible are usually located in'theté@&nslated
region (3-UTR) of the transcripts concerned (14—19). Transcription
of the VSG andPARP genes is, in contrast, subject to some
regulation(5,6,20-22), but the RNAglymerase responsible is
probably RNA polymerase | (23—-25). Expression of RARP
genes is regulated at several levels. Transcriptiadbdgold less
active in bloodstream form trypanosomes than in procyclic forms
(21,22,26), whereas PARP is undetectablédadstream forms.
Indeed, expression of the antigenically invariant PARP at this stage
would probably be lethal.

We have previously used a bicistronic vector bearldgBgene
and hygromycin resistanddYG) cassette to study developmental
regulation mediated by-®ITRs placed downstream of AT
gene. 3UTRs from genes expressed in bloodstream forms caused
bloodstream form-specific CAT expressioriB Rs from genes
expressed in procyclic forms, suchPA®RPgenes, caused procyclic
form-specific CAT expressidid 7). Actin ACT) mRNA levels are

The salivarian trypanosomes are unicellular parasites that liveligt developmentally grilated; CAT mRNA and CAT protein
the extracellular fluids of mammals and are transmitted by tset&€re correspondingly not regulated if AT gene bore aACT

flies. The bloodstream forms evade the immune response
means of a thick coat of variant surface glycoprotein (($Q).

ByUTR (17). Similar reslts have been reported fBARPand
other 3-UTRs placed downstream GfAT (18), luciferase (14)

When they enter the tsetse fly midgut, many morphological ar@ld phleomycin resistance genes (27,28). _
biochemical changes ensue as they transform into procyclicHere we demonstrate that the sequence primarily responsible
forms. One change is the replacement of VSG by the procyclier PARP post-transcriptional regulation is a polypyrimidine tract

acidic repetitive protein (PARP or procycli{3,4).

thatis conserved in &ARPgene 3UTRs. It acts by accelerating

Trypanosome gene expression is unusual in that near'y BNA turnover and |nh|b|t|ng translation in bloodstream forms.

protein coding genes so far investigated are transcribed in a

polycistronic fashion (5,6). The precursor transcripts are process¥f\TERIALS AND METHODS
into monocistronic MRNAs by '®olyadenylation and by'5

addition of a capped 39 nt spliced leader. Polyadenylation is bom/panosomes

spatially and temporally coupled to thvans splicing reaction. Bloodstream trypanosomes (MiTat 1.2) and procyclic trypano-
When trans splicing is inhibited, polyadenylation ceases (7).somes (derived from bloodstream Antat 1.1) were cultured and
Usually several polyadenylation sites are used, scattered ovetransfected and CAT assays performed as described (17,29).
short region[1100 bases upstream ofti@ns splicing signal Hygromycin-resistant bloodstream trypanosome populations
(8-11). Suchignals commonly include a polypyrimidine tract were generated by transfecting’ typanosomes with 10g
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Figure 1.Map of aPARPB locus £), pHD 390 B), pHD 614 C) and the corresponding mature mRNA products. Symbols are shdwn (A ThePARPpromoter

is shown at the extreme left and succed@MePopen reading frames by dark stippled boxes. Polypyrimidine tracts that can, when placed upstream of an open readin
frame, act agranssplicing signals, are shown as filled black blocks. Positiotren$ splicing and the corresponding polyadenylation sites (AA) are indicated by

the curved arrows. A hypothetical polyadenylation site is marked as A?. The polypyrimidine tract 26 is involved in deveteguatitm and tract 5 specifies
polyadenylation of th€ARRx mRNA. The lollipop represents the translation-enhancing stem—loop (16mer) (34). (B) pHD 390 is shown linearized and integrate
into the tubulin locus. The plasmid sequence (thick line) is not to scale. The locationaraf 3-UTRs and RNA processing signals are indicated. (C) pHD 614

and its transcripts.

plasmid DNA linearized within a tubulin targetting sequence anceconstructed sequences, are available from C.Clayton on
selected with 12.5g/ml hygromycin and the resulting populations requestTranssplicing activity was tested using plasmids derived
were analysed as soon as sufficient parasites were available (Z@)m pHD 260 (9)with variousPARP3-UTR fragments replacing
Alternatively, plasmids were linearized within an rRNA targetinghe ACT5-UTR upstream o€AT.

sequence and cloned by limiting dilution. CAT assays were

performed at least three times on each population. Results WesRA analysis

reproducible when independent populations were generated with
the same plasmid. Total RNA was isolated using TRIzol reagent (Gibco Life

Technologies Inc., Eggenstein). RNA from 3.30° (procyclic
forms) or 1-5x 107 (bloodstream form) cells was separated on
formaldehyde gels and blotted onto Hybond Membrane
Plasmids for stable transfection were based on pHOB24a (Amersham, Braunschweig). In a few experiments mRNA was
bicistronic construct containif@AT (with anACT3-UTR) and  detected using enhanced chemiluminescence (ECL, Amersham).
hygromycin resistanceHYG) genes. Different 'aUJTRs or The exposed autoradiograms (30 s-5 h) were scanned (Agfa
mutated forms of them were cloned downstrear€@AT, pHD  ARCUS Il) and quantitated using NIH Image 1.52. In the other
390 (Fig. 117) ontains thdARRx 3-UTR. ThePARPB 3-UTR  studies, including all turnover experimer#®-labelled probes
(Fig. 2, pHD 440) was obtained by PCR with genomic DNA fronwere used and bands quantitated using a phosphorimager
procyclic AnTat 1 cells as template. (Molecular Dynamics). When compared, chemiluminescence
Mutations in thd?ARP3-UTRs were made either by exonucleaseand radioactive probing yielded quantitatively similar results.
[l deletion or PCR mutagenesis, followed by cutting and pasting For RNase protection analy$s9), aCAT cassette cloned into
of the resulting mutant fragments. Complete details, together wiiBluscript 1| SK+ (Stratagene) was cleaved witled and

Plasmid constructs
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*17 *39 as filled boxes in Figure 1. Known linked upstream polyadenylation
O AGCAAGCSUGUAMAGCSECICAeATSRRCaRICCOTIGIANMSSICeTiT ® sitess are allso indiicated.
B GCUCAUGUARACA-GAARAUUCUCU-GGAGGGUCARAACUUUUUAACAAGGGUGAUCCCA 58 An alignment of alPARP3-UTR sequences (e.BARPBa
64 andPARPB, Fig. 2) reveals two conserved regions: a 16mer that

@ UUUAUAUCG----- CCUCCAUAUGGUGCAUCGUGUUUGUUUCCUGCUGUUUCUUGUAAA- 114 is predicted to form a stem—loop and stimulates translation in
ﬂ GG;;I;UCJ:JUUUGAC::U:IU(;C:IUI;;(;C(;&GA——l.J(;CGCéCCl‘!UAl‘J(‘%AC(‘}l'JCCéV:!!}éGCG;&C 116 prOCyCIiC fOI’mS (34) and a 26mwlppyrlmldlne trac_t (‘26, in

i v3s 26 r1ss Figs 1-5). Seandary structure predictions for all availaBeRP
0. ACAAGUGUGGACAUUCAUUUARUAUUUUUUCGUUAUAUUUUUUUG-GUGACAUCCUUUCY 173 3-UTR sequences (not shown) revealed no common features

Por o3 i AL apart from the 16mer stem-loop; the 26mer poly(U) were not
['} AGGACACUUG-CAUAUACGQUAAUAUUUUUUCAACCUAUUUUUUUGAGUUCUAUUUUUUGU 175 . . . ..
123 *159 predicted to be involved in base pairing.
*197 16
O A--AUGCCUUAUUAACCAUCGCCUGAGACCCA AGCCCUGUAGAUUUCIIGUGAUGUUUCG 231
HEEE S I A HEE AR R R RS R EEEEE IR E] R I R
ﬁ UUUAUGCCUCGG-AACCGUCGGCGGUAGCACGLCAGCCCUGUAGACUUCPGCG-UGUGCCU 233

The PARP 3-UTR mediates developmental regulation

€200 of mRNA levels and translation
*235 *284 . . .
O GUUGC-GUAUUCCAUAAUUUU----AAGCGUUUCACUUCUAUUUUUUUUCAUUCCUUUGA 286 To investigate the regulatory functionRERP3'-UTRs, we used
B CUCAAUGUGUUCCUUCGCUUUUACCARACGGUU~--~UCUUCUGUARACCAUUCGUAUGG 289 a vector designed to integrate into the tubulin I¢tdsFig. 1B).

%237 Downstream of a fragment from the tubulin locus (to enable
targeted integration) is an rRNA promoter, which is not
developmentally regulate(®2). Next is anACT 5-UTR and
splicing signal, followed by &AT gene. The ‘3UTR downstream
of CATcan be exchanged using unique restriction sites; it is from
NUcleotide. numbering stans at the s base.after the stop codon and e, A B Iocus in pHD 390 (Fig. 18). Beyond thisBTR
sequences end at theg major polyadenylation site. The last dgleted nucleotid% a second 'Srans SplICIng s_lgnal_and '8UTR from theACT
in the B deletion constructs are indicated with asterisks. The (partially) I0CUS (17), then a hygromycin resistanid& GG) cassette. Unless
homologous sequences are boxed and labelled 26 and 163 Shgquence has ~ Otherwise noted, the plasmid was linearized, transfected into
six base changes relative to those previously published (50,51). Sequencgpypanosomes and hygromycin-resistant populations studied.
tested adrans splicing signals were: foor, 125-203 or 118-203; fds, Such populations are derived from at least 20 individual
127-206. transformants containing one to three copies of the construct
(17,22); their usehwiates the need to perform independent copy

transcribed in the presence @2RJUTP to yield a 290 base number determinations for each plasmid tested. Transcription of
product, which contained 56 bases that were not present in théWas probably mediated by RNA polymerase Il reading through
matureCATmRNASs. After RNase digestion the 234 base protectetio™ upstream (17). , ,

product was detected on sequencing gels, with approgisiels. CAT mRNA with anACT 3-UTR (CAT-ACT 3, pHD 324)

The relationship between RNA half-lives and abundance we10Ws no developmental regulatitiry). Resilts for theCAT-
calculated using the formula: ACT 3 plasmid were therefore used as a control (100% value)

throughout this study. Using tiRARRx 3-UTR, CAT mRNA
v=log 2(11y, + 1Ap)[RNA] and CAT protein levels were similar in procyclic forms to those
wherety, is the measured half-life in non-growing cells nés  seen with th&CT3-UTR; with thePARH 3-UTR CAT activity
the mean division time of a growing population (8 h in bloodstrearnm procyclic forms was 2-fold less (not shown). In bloodstream
forms, 12 h in procyclics) (31). We assumed that the rate ébrms (Fig. 3) CAT activity was suppressed >100-fold @ad
degradationy) of an mRNA equals its rate of synthesis. MRNA levels[110-fold by thePARP3-UTRs. The discrepancy
Sequence alignments were done using align/lg8#) and between the levels @AT-PARP3 mRNA and the corresponding
RNA folding assessed by MFOL[B3). Polyadenylation and proteins indicates that tRRARP3-UTRs not only reduce mRNA

0. AUUUGGAUCUU 297

B uuUUGCC---- 296

splicing sites were determined by RT-PCR (9). levels, but also adversely affect translation in bloodstream forms.
Differentiation of bloodstream trypanosomes containing the
RESULTS CAT-PARP3 transgene into_ procyclic forms resultgd in >100-fqld
up-regulation of CAT activity (to about half the final, procyclic
Sequence comparison dPARP 3-UTRs level) within 48 h(35).

. ) ) To check polyadenylationlCAT-PARP3 transcripts (from
Trypanosoma brucetontains _8.—12PARP genes, arranged in pyp 390) from procyclic forms @AT-PARR26 3 (see below)
direct tandem repeats containing two to three genes each (Rhnscripts from bloodstream forms were analysed by RT—PCR
Figure 1A shows a simplified map ofPARPB locus with the (9). In procyclics polyadenylation occurred either at the wild-type
corresponding mRNAs immediately beloWARP A loci are  gjte or 12 bases upstream (two clones each). In bloodstream forms
similar). Each locus bears an upstream (a) and a downstream yfﬁ)yadenylation was at the wild-type site, except that one out of

gene. The genes differ somewhat in theT coding regi_on but divergpght clones had poly(A) at position 173 (position ‘g’ in ref. 9).
in the 3-UTRs. The untranslated regions, including both the

intergenic regions and the-BTRs of the mature mRNAS,
include several polypyrimidine tracts. Some of these diracs
splicing of maturePARP mRNAs or of unstable, non-coding Deletion mutagenesis was used to localize sequences$iRire
RNA intermediates. Others can also be shown to dirass  3-UTRs that reduce bloodstream-form expression. Progressive
splicing if they are placed ®f a CAT open reading frame (9). 5' deletions of thé2ARRx 3-UTR up to position 139 (Fig. 3A)
Polypyrimidine tracts with knowtnans splicing activity are shown had marginal effects on CAT activity, but somewhat elevared

Delineation of the sequences required for regulation
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Figure 3. Deletion analysis of PARP-BITRs: deletion from the'side. Maps are of tHRARRx (A) andp (B) 3-UTRs. Arrow, wild-type polyadenylation site. Black
lines indicate the sequence retained in each construct and the extent of deletions is indicated on the left. CAT asttbilyetsefosformed bloodstream forms (mean
+ SD of at least three independent transfections) are indicated as a percentage of the values obtained witiCARRGZBECUTR). CAT assays done with cell
extracts fronhycR cell populations were corrected according to the protein concentration. Quantitation of RNA, expressed as a perceGaBAG TRecontrol,

from the blot (C) or from several experiments (R&RR)) are listed similarly.§) Total RNA from 13 recombinant bloodstream cells, containing the deletion
constructs indicated, was analysed by blot hybridization usBAjTgrobe. Hybridization with aACT probe was done to standardize the amount of RNA. The extra,
faster-migrating band in th&CT 3-UTR lane, hybridized with thACT probe, was due to redetection of @& ACT 3 mRNA.

0 100 200 300 CAT activity CATmRNA
1 1 ] 1 1 ] ‘I 1

PARP o [ 26T Tl ] 05206 97
A123-158 45226 67
A26 (134-159) 346 50
A159-197 71 25
A198-235 05205 10
2123197 R — 696 84
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A16(203-218) 0205 20
A26/16 12£2 43
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A 26 +126 - 46+ 11 71
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Figure 4.Internal deletion of theARRx 3'-UTR. Details are as for Figure 3A. For internal deletions and replacements of the 26mer element, the inserted 26mer eleme
is indicated as a short line flanked by two small bars and an arrow on top to indicate the orientation. The positionesftbguesroe within the 87maGT + p87)
is also indicated by vertical bars. TAE€T 3-UTR is shown as an interrupted line (not to scale).

MRNA levels. Deletion 1-158 was the first to include the entirabout half that seen from the control. Further deletddr-197)
26mer; suddenly CAT activity rose >100-fold to 42% of AT  yielded an additional 1.5-2-fold increase in CAT activity. Results
3'-UTR control. The level ofEAT mRNA from this mutant was for thePARH3 3-UTR were quite similar (Fig. 3B); Bleletions



Nucleic Acids Research, 1997, Vol. 25, No. 13021

UAAUUUUUUUGCCUUCUCTTCUUUUG
UAAUAUUUUUUCGUUAUAUUUUUUUG
UAAUAUAAAAUCGUUAUAUUUUUUUG
UAAUAUUUUUUCGUUAUAUAAAAAUG

UAAUACUCUCUCGUUAUAUUUUUUUG

UAAUAUUUUUUCGUUAUACUCUCUCG
UAAUACUCUCUCGUUAUACUCUCUCG
UAAUAUUUUUUCGUUAUACCCCCCCG

UAAUAUU UUUUCGUUAUAUUUUUUUG 0 2% 0 7 100 125
a

....... CuovecnecenneaBonann
----- U.-.- ARCCC rereees M CATand B CATmRNA (% of ACT3' control)

Figure 5. Function ofPARRx 3-UTRs with mutations in the 26mer. Mutations are indicated on the left. The box beneath the mutations shows the seqeences of t
26mer in (from top to bottonARPBa, PARPA«, PARPAB andPARPB 3-UTRs; dots represent identity with tRRPBa sequence. The CAT activities obtained

from the mutated plasmids in permanently transformed bloodstream forms (black bars) and the correspondingA&weRNA (grey bars) are shown as mean

+ SD for three or four independent transfection experiments.

that did not include the 26mer had little effect; as soon as thmasmid, yieldingCATPARR26 3 RNA, was 34% of thaCT
26mer had goné\—159) CAT rose to 85%. Further deletions ofcontrol (A26, Fig. 4). Returning the 26mer element to its original
the PARR3 3'-UTR yielded only marginal increases in RNA or location (in the artificiaBglll site) restored down-regulation if
protein (Fig. 3B). the 26mer was in the correct orientatid2¢+26, Fig. 4). When
These results suggested that the 26mer (134-159) was véing 26mer was placed immediately downstream ofGAd
important for regulation, although, for tR&RRx 3-UTR at least, cassette, either upstream PARRA26 3' (A26+p26, Fig. 4) or
the region immediately downstream (159-197) also played a rolgpstream oACT 3, it did not suppress expression in bloodstream
Further deletions confirmed this interpretation. First we deletefbrms ACT +p26, Fig. 4). When a larger segment of RARRx
36 bases, including the 26mer, from BARRx 3-UTR (Fig. 4, 3-UTR (117-203) was inserted betwe@AT and the ACT
A123-158). This restored 45% CAT activity, with a corresponding’-UTR, CAT activity was reduced 5-fold\CT +p87, Fig. 4).
increase iNCAT mRNA. Internal deletion of the downstream Insertion of the inverted (antisense) 26mer had only minor effects
sequence/(159-197) independently increased CAT activity (to(A26 +r26, Fig. 4 and data not shown).
7%) andCATRNA ((R-fold) (Fig. 4). When both deletions were In all constructs tested so far, polyadenylatio@ AT mRNAs
combined £123-197) CAT was 69%. A muta#t26/16) which  was directed by aCT5' splicing sequence downstream (Fig. 1).
has both the 26mer and the stem—loop deleted (ig.34-159, To restore th€ARRx 3-UTR to its ‘natural’ context, we placed
A203-218) but retains bases 160—203 produceCEEMRNA  the completePARP intergenic region (including the'-BTR)
and CAT protein than th&123-235 mutant (Fig. 4), confirming between theCAT andHYG cassettes. An equivalent construct
that bases 160-203 reduce expression. None of the otlveith theA26 deletion was also tested. This change in the region
sequences examined appeared important for down-regulationdawnstream of the' 3JTRs had no influence on the level of CAT
bloodstream forms (Figs 3 and 4). The function of the 26mer waxpressed (not shown).
not dependent on its distance from the coding region (Fig. 3, The conserved 16mer stem—loop has been shown to enhance
A1-122 and data not shown) nor on the distance from theanslation in procyclic forms without influencing mRNA levels
polyadenylation site (Fig. 4159-197 and\198-235). (34). Similar reslts were obtained for bloodstream forms:
The plasmids bearing deletiodsl 34—159 andA123-158 deletion of the 16mer from th&26 construct426/16) reduced
(A26) were compared with the par@ARRx 3-UTR plasmid by  CAT 3-fold, but the RNA level was unaffected (Fig. 4).
transient transfection assays in procyclic forms. No significant
differences in CAT expression were found (not shown). The 26mer can function as drans splicing signal
Precise deletion of the 26mer from BARH3 3-UTR resulted
in 10% CAT expression and 50% RNA in bloodstream forms]Jo see if thd?’ARRx andPARHB 26mers can act asinssplicing
relative to theACT 3-UTR control (not shown). Thus, here too, Signals, we transferred appropriate segments of ‘HéTRs
the 26mer was important for down-regulation, but other sequencgs25—203 and 127-206 respectively, Fig. 2) teldER position,
must contribute. upstream of aCAT gene, and measured CAT activity after
transient transfection. In the absence of a functiceragsplicing
signal, no CAT is producg®,12). Both fragments were capable
of directing CAT production in bloodstream and procyclic
To examine the behaviour of the 26mer in more detail, we firstypanosomes as efficiently as th€T splice signal.
replaced the 26mer of tHRARRx 3-UTR with a Bglll site. We next deleted from pHD 390 the segment from position 197,
Expression of CAT in bloodstream trypanosomes with thisownstream of the 26mer in tRARRx 3-UTR (Fig. 2) to the

The context of the 26mer is important
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Figure 6. RNA turnover after transcription inhibition. At cell densities of ¥-#® cells/ml (procyclics) or 1-1.8 1P cells/ml (bloodstream forms) cultures were
subdivided into different flasks and drug (1 mg chlorogquine/ml rgléctinomycin D/ml) was added\ ) Procyclic trypanosomes. The (-) point is set to 100% and
represents cells without drug. Results for fiRARP or six (ACT) independent experiments are shown as arithmetic m&ah except for the 0 and 30 min time
points, which are the means of two experiments. Exponential curves were fitted by coBphjeBl¢odstream trypanosomes. Cells contained plasmids integrated
in the tubulin locus (pHD 324, pHD 390 or pHD 523) except for (E), where data from lines containing similar plasmids imegtheectRNA spacer (pHD 499

or pHD 663) were included. (B) Northern blot for cloned bloodstream trypanosomes exp@#sBAG T 3, CAT-PARRA26 3' or CAT-PARP3 mRNAs. The time

0 panel represents cells where actinomycin D was added 1-5 min prior to centrifugation and the (-) lane shows cellsréeidédrag. Other lanes show RNA
isolated from cells incubated for the indicated intervals relative te-tBélask. The blot was hybridized witlCAT probe then stripped and rehybridized with a probe
including an entirdCT gene including untranslated regions (this probe also hybridiZ2&®eACT 3 RNA). (C) PARPandACT RNAs were quantified using data
from the experiment shown in (A) and two other experiments using chloroquine as inhibitor. Results are arithmet®Dvarahare expressed as a percentage of
the time 0 value. (OFATRNAs were quantified using data from the experiment shown in (QA®PARR\26 and, in addition, foEAT-ACT, another experiment
using chloroquine as inhibitor. (EATRNAs were measured by RNase protection, using as probe a fragment froemithef®AT. Symbols with error bars represent
mean and SD of three to five independent experiments, done using chloroquine as inhibitor. Half-lives were measured fesrgermrgted logarithmic plots.

beginning of theHYGgene (Fig. 1C, pHD 614). This forced usemRNA. The most interesting result was for mutant VI. This
of the 26mer asteanssplicing signal for thelYGmRNA (Fig. 1C). 3'-UTR appeared to have specifically lost the ability to down-
Drug-resistant bloodstream trypanosomes were easily obtainedgulate translation; the RNA level was reproducibly the same as
The HYG mRNA was spliced at the AG at position 197.for the wild-typePARRx 3-UTR, but CAT expression was at
Polyadenylation was 74 or 57 bases upstream of the 26mer dadst 10-fold higher.

yieldedCAT RNA and CAT activities similar to those from the

ACT3-UTR control (not shown). Thus the 26mer must be withirmRNA turnover

the mature 3UTR to down-regulate expression in bloodstream . )
forms. Post-transcriptional regulation often operates at the level of RNA

stability. We therefore compared turnover of selected mMRNASs in
cloned transgenic bloodstream and procyclic trypanosomes (see
legends to Figs 6 and 7). RNA synthesis was inhibited using
We now mutated individual bases within the 26mer. The resultinthloroquing(36) or atinomycin D(18) and the agunts of RNA

CAT andCATmRNA levels are shown in Figure 5. In this seriesassessed by blot hybridization or RNase protection. In all plots the
of experiment$?ARR\26 yielded CAT activity (black bars) and negative time points show cells that were not drug treated and the
CAT mRNA (grey bars) of 5% of theACT 3' control. All  zero time point represents cells that received drug 0-5 min before
mutations of the 26mer, even those with only three transitionsentrifugation (total time in the presence of drug 10—15 min). In
affected regulation. CAT activity increased to at least 8% angyocyclic forms the half-lives oACT andPARPMRNAs were

with one exception, RNA levels were doubled, attaining value$.5-2.5 h (Fig. 6A); results f@AT-ACT 3 andCAT-PARP3
similar to those from thA26 construct (Fig. 5). Mutant | and [l mRNAs were similar (not shown). RNAs wiBARP3-UTRs
3'-UTRs yielded similar CAT activities to, but more RNA than,were consistently slightly more stable than thoseA@h3-UTRs,

the mutant VI 3UTR. Mutant V has the sequence of thebut the difference was not statistically significant. There was no
polypyrimidine tract that lies downstream of tRARRx poly-  difference between (-) and 0 samples.

adenylation sit€9; see Fig. 1). This sequence is ativacsplice AllmRNAs tested were much less stable in bloodstream forms,
signal and mediates accur@&RRx polyadenylation (9), but is so that the time taken to process the cells after drug treatment was
not as effective as the 26mer in reducing CAT expression arsignificant relative to the half-life. A Northern blot demonstrating

Replacement mutagenesis
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Figure 7. RNA turnover in bloodstream trypanosomes after splicing inhibition. Cloned cell lines beAfiiggnes integrated in the tubulin locus were treated with

1 pg/ml Sinefungin at densities of 1x21(P cells/ml. Total RNA from 5 107 cells was loaded per lane. The experiment was done once only due to limited supplies
of the drug. Time point O represents addition of drug immediately prior to centrifugation. Negative time points are sévoyiesugit the interval indicated being

the sample processing time. The probe used to hybridize each Northern blot is indicated and quantitative results plotteddsgiesimager exposure times for
CATwere 18 h for th€AT-ACT3 andCAT-PARR\26 3 lines and 3 days for t@AT-PARP3' lines. Initial phosphorimager read-outs after subtraction of background
were: @) CAT-ACT 3, 1946,PARR 428; B) CAT-PARRA26 3, 787,ACT, 1860; C) CAT-PARP3, 204 (background 91)CT, 224. Curves preceding the small
vertical arrow were fitted manually; beyond this point, exponential curves were fitted by computer and used to measese half-liv

degradation after actinomycin D treatment is shown in Figure 6Bases, the declines in mature RNAs shown were accompanied by
In this and every other experiment the con&GIT mMRNA and the appearance and accumulation of one or two larger mRNA
the CAT-ACT 3 and CAT-PARRA26 3 mRNAs increased species (not shown in Fig. 7), which presumably are unprocessed
immediately after drug addition, while PARP d0dT-PARP3  precursors. The mean length of all mature transcripts decreased
mRNA levels fell [(R-fold. Results for several independentduring the incubation. Th&CT (Fig. 7B and C) an@AT-ACT
experiments were combined for quantitation (Fig. 6CAE)T 3" (Fig. 7A) mRNAs were initially stable. This lag before
mMRNA (Fig. 6C) had a half-life of 2t 12 min (meant SD, degradation was seen previously for tubulin mMRR3) and was
measured starting from the 0 time point) and the behaviour of interpreted as a short period of continued splicing, using residual
the CAT-ACT 3 andCAT-PARR\26 3' transcripts was similar pre-synthesized spliced leader supplies. How8dRP (Fig. 7A)
(Fig. 7D). In contrast, samples without drug contained twice aandCAT-PARP3 (Fig. 7B) mRNAs declined 2—-3-fold immedi-
much PARPmMRNA as samples in which drug was added jusately after drug addition. This observation both confirms the
before centrifugation (Fig. 7B). From time point 0 onwards a lowesults previously seen using actinomycin D and chloroquine and
amount oPARPmMRNA persisted; no accurate measurements afuggests that the available pool of pre-synthesized spliced leader
the turnover of this residuBARPRNA were possible because of may be smaller than previously supposed. As beford?AR®
its low abundance. andCAT-PARP3 mRNAs that remained after the initial rapid

To facilitate detection of thEAT-PARP3 mRNA we used decrease were as stabl@&sT andCAT-ACT3 mRNAs. A faint
RNase protection, with a probe from theeid of theCATgene.  Smear below the band for the matG®TPARP3’ mRNA may be
Results for theCAT-ACT 3 mRNA were similar to those a degradation product. TI@AT-PARRA26 3 mRNA behaved
obtained by Northern blot (compare Fig. 6D and E). The&imilarly to theCAT-ACT3 mRNA (Fig. 7C).
CAT-PARP3 mRNA, like thePARPMRNA, declined precipitously ~ In summary, in bloodstream forms mBsiRPandCAT-PARP
immediately after drug addition (compare Fig. 7C and E). Th&' MRNA is destroyed immediately after it is formed, in a process
results for CAT-ACT 3 mRNA, CAT-PARP 3 mRNA and dependent on the 26mer.
CAT-PARR\26 3 mRNA were confirmed using a probe from the
5'-end of theCAT gene (35).

It was possible that the biphasic kinetic€MT—PARPMRNA DISCUSSION
decay was an artifact of the use of actinomycin D or chloroquingequence requirements for regulation
to inhibit transcription. Pulse-chase analysis witH]@denine
cannot be used because the added nucleotide takes 1 hWe have shown that tWeARP3-UTRs mediate-10-fold down-
equilibrate with internal pook87). As aralternative, we inhibited regulation ofCATmMRNA levels and >100-fold down-regulation of
RNA maturation using Sinefungin, which prevents methylatiofCAT activity in bloodstream trypanosomes. The 10-fold post-
of the spliced leader RNA (38). (We are grateful to Drll5,U transcriptional regulation of mRNA levels is consistent with the
Yale University, New Haven, CT, for suggesting this approach00-fold PARPmMRNA regulation observed in these trypanosomes
Northern blots and quantitations are shown in Figure 7. In afR2), asPARPtranscription is 5-10-fold less active in bloodstream
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forms than in procyclics (22). A conservealypyrimidine tract  3'-UTR that affected RNA stabili§44), the data being consistent
(26mer) is important in this regulation. The function of the 26mewith biphasic mMRNA decay kinetics.
did not depend on its distance from the coding region or from theOur results indicate that accelerated turnover contributes to the
polyadenylation site, but it had to be present in the mature mRNAw abundance d?ARPor CAT-PARP3 mRNAs in bloodstream
as transcripts polyadenylatedds the 26mer were abundant and forms. After inhibition of MRNA synthesis, mM@SAT-PARP3
well-translated in bloodstream forms. Interactions with othemRNA was degraded within 10 min. TI@AT-PARR\26 3'
sequences in theé-BITR were not essential, but in tRARRY  MRNA, in contrast, behaved lIRAT-ACT3 mRNA, indicating
3'-UTR additional regulatory elements were present immediatelpat the 26mer was required for rapid degradation. After 10-15
downstream. The ability of the 26mer to suppress expressionrinin the rates of degradation of all these RNAs were indistinguish-
bloodstream forms was dependent on context. It could not repregse. The biphasic kinetics BARPand CAT-PARP3 mRNA
expression when placed at théebds of theACT 3 or degradation suggest that there are two RNA subpopulations.
PARRIA26 3-UTRs. Perhaps, when the 26mer is moved from it®erhaps most of the newly synthesized RNA is degraded in the
normal location its function is overridden by other sequences thaticleus, while the portion that escapes into the cytosol is more
either exert a positive influence on the RNA level or formstable? So far our attempts to test this hypothesis have been
secondary structures that preclude 26mer function. frustrated by an inability to dete@AT-PARP3 mRNAs after
Although the 26mer is U-rich, it is poorly homologous to thecell fractionation. In one experiment (Fig. 7) a possible degradation
UA-rich nonamer that is implicated in RNA decay in mammaliarintermediate o€CAT-PARP3 mRNA was seen. We do not know
cells (39,40). Trypanosomes diverged so early in gokar the structure of this band. All mMRNAs investigated showed a
evolution that the vague resemblance between the two sequengezdual decrease in size after inhibition of RNA synthesis. This
is most likely fortuitous. Also, the first six bases (UAAUAU) of would be consistent with shortening of the poly(A) tail prior to
the 26mer were not required for repressibh-(139, Fig. 3). In  degradation, as is seen in other eukary@Bgi6).
contrast, all mutations of the two pyrimidine tracts within the
26mer affected activity. As few as three base changes in thegegulation of mMRNA processing or export?
portions were sufficient to increase CAT expression @Ad ] o o
mRNA to levels approaching, or equivalent to, those seen whéh mammalian cells and yeast binding of splicing factors to
the entire 26mer was deleted (Fig. 5). Polypyrimidine tracts atprocessed RNAs can inhibit their export from the nucleus,
common in trypanosomé-BITRs, whether or not the mRNAs are leading to rapid degradati¢47,48). It thereforeeemed possible
abundant in bloodstream forms, so recognition of this particular ofieat the U-rich 26mer was affecting RNA abundance by this

by regu'atory mechanisms must be very sequence specific_ mechanism. When a Segment inCIUding bOth the .26mer and the
downstream sequence up to the next AG dinucleotide was placed

upstream of an open reading frar@AT or HYG), transsplicing
MRNA is less stable in bloodstream forms than in activity was indeed detected. However, tilams splicing ability
procyclic forms was not developmentally regulated and preliminary mutation
results(49) have yielded novidence so far for any correlation

Ehlerset al (41) measured RNA toover in trypanosomes by betweertranssplicing potentiality and the ability to reduce mRNA
pulse-chase labelling witr*flJadenine. They found that total |evels.
poly(A)* RNA turned over faster in bloodstream forms than in
procyclics. The estimated half-life of tubulin mMRNA, which showsTyanslation
little developmental regulation, was 1.4 h in bloodstream forms
and 7 h in procyclic forms (41). These values were probablBloodstream forms contain some mati&RP mRNA, but
artifactually long due to the large ATP pool (36,37). Using RNAPARP is undetectable because the 26mer represses translation
synthesis inhibitors, we found that the half-lifeA €T mRNA  Surveying the results from all mutants, an increase in CAT
was 20 min in bloodstream forms, but 90 min in procyclics. ~ activity to a level significantly above background (2% and more)

The levels oACTmRNA, as a proportion of total mMRNA, are usually correlated with a rise in the amount of RNA to >20%;
approximately the same in bloodstream forms and procyclidNA levels of >35% yielded CAT activities >25%. One mutation
forms (42). How can this be when the degtiadarates differ ~ of the 26mer abolished translational repression without affecting
nearly 5-fold? Firstly, we routinely obtain two to three times lesghe level of mRNA (Fig. 5), suggesting involvement of separate
RNA from bloodstream trypanosomes than from procyclidactors (or separate specificities within one factor) that interact
forms. Secondly, bloodstream forms grow @G and procyclics with the 26mer. To further investigate post-transcriptional
at 27C; perhaps everything: transcription, processing antegulation of PARP expression it will be necessary to identify and
degradation, is faster at the higher temperature. characterize these factors.
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