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ABSTRACT

African trypanosomes are extracellular protozoan
parasites that are transmitted from one mammalian
host to the next by tsetse flies. Bloodstream forms
express variant surface glycoprotein (VSG); the tsetse
fly (procyclic) forms express instead the procyclic acidic

repetitive protein (PARP). PARP mRNA is abundant in

procyclic forms and almost undetectable in blood-
mechanisms are

stream forms. Post-transcriptional
mainly responsible for PARP mRNA regulation but
results of nuclear run-on experiments suggested that
transcription might also be regulated. We measured
the activity of genomically-integrated PARP, VSG and
rRNA promoters in permanently-transformed blood-
stream and procyclic form trypanosomes, using
reporter gene constructs that showed no post-
transcriptional regulation. When the constructs were
integrated in the rRNA non-transcribed spacer, the
ribosomal RNA and VSG promoters were not develop-
mentally regulated, but integration at the PARP locus
reduced rRNA promoter activity in bloodstream forms.
PARP promoter activity was 5-fold down-regulated in
bloodstream forms when integrated at either site.
Regulation was probably at the level of transcriptional
initiation, but elongation through plasmid vector
sequences was also reduced.

INTRODUCTION

Trypanosoma brucds a kinetoplastid parasite of mammals
that is transmitted from one host to the next by tsetse flies. The
parasite multiplies extracellularly in the blood and tissue fluids of
the mammal, evading the immune response by frequently
changing its surface coat of variant surface glycoprotein (VSG)
(14). When the parasite is taken up by a tsetse fly, it transforms
into the ‘procyclic’ form, a process that can be mimidkeditro
by a change in culture medium and by decreasing the growth
temperature from 37 to 2C. VSG gene transcription ceases; the
VSG coat is shed and within a few hours replaced by a coat of
procyclic acidic repetitive protein (PARP or procycliB;16).

Several lines of pharmacological and genetic evidence imply
that both classes of major surface protein are transcribed by RNA
polymerase 117-19): this is possible because in kinetoplastids
the cap on the mRNA is provided by tHetrains splicing of a
short, capped, mini-exon or spliced leader. The expressed VSG
gene is situated at a telomere, up to 80 kb away from the VSG
promoter, in one of twenty or so ‘expression sites’. Between the
VSG gene and its promoter there are up to 10 moderately
well-conserved genes that are co-transcribéd easurements
of transcription in crude nuclear preparations revealed that,
although transcription of the VSG had ceased in procyclic
trypanosomes, transcription of the promoter-proximal sequences
had not 21,22). At first it seemed likely that the VSG promoter
that had been active in the bloodstream form remained equally
active in the procyclic form, but that transcription was attenuated
within a few hundred base pairs of the initiation si&2A2).
Recent experiments indicate, however, that in procyclic trypano-
somes many (or all) VSG promoters are weakly active but subject

The kinetoplastid protozoa are unicellular parasites that branchedattenuation, whereas in bloodstream trypanosomes the activity
very early in eukaryotic evolutiori) and exhibit many unusual of a single promoter is up to 20-fold up-regulat&d).(By
characteristics. For example, nearly all genes are transcribed as jpdetgrating reporter constructs bearing VSG or rRNA promoters
of polycistronic transcription units. Individual mMRNAs are excisednto the VSG and rRNA loci, it was possible to demonstrate that
co-transcriptionally by'8ranssplicing and 3polyadenylation. The the low activity of a VSG promoter in procyclic forms was both
position and timing of 'Jpolyadenylation is determined mainly by locus- and promoter-specifi3). It seems likely that the

the B trans splicing of the next gene downstrea?rq). Genes

regulation of VSG promoters in bloodsteam forms during antigenic-

showing different regulation are often found on the same transcrigpe switching is achieved by an independent mechanism that is
tion unit (e.g.7,8), so that in general regulation of mMRNA level isdependent on the telomeric location of the VSG expression sites

determined post-transcriptional§—(3).

(24,25).
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Control of PARP transcription has also been controversial. THdasmids
PARP genes are arranged in four short transcription units
different chromosomes; each unit contains two or three PA
genes followed by one or two unrelated geég(). Measure-
ments of transcription in crude nuclear preparations or permeal
ized cells show that transcription from the PARP promoter occu

in bloodstream forms as well as procyclic forms. There is
doubt that this transcription is driven by the PARP promote GCGGCCGESCGCACATCAACTGGGATAAC) B, Not

d Sma sites underlined or italicized) and a cloned PARP A
(rather than by read-through from an upstream polymerasea“1 - -
franscription unit) because it is resistanttamanitin £2,2g).  10cus plasmid as templatéd). Plasmid pHD 301 was cleaved

o ; ; ith Kpnl andNotl before transfection. All plasmids with CAT
Transcription of the PARP genes is undoubtedly less active gl : I .
bloodstream forms than in procyclic forms but the estimates 1d hy%R a%ngzgrgdlagra.mné%m Figuriasmids SHD 330
the extent of regulation vary: for example, in one paper the levis} ) @nd pHD 38342) contain genes positioned upstream
of regulation was estimated as 6-foltP whereas in others it of a hygromycin resistance marker and are designed for targeting

; into the tubulin and PARP loci, respectively. Plasmid pHD 383
appeared considerably mo&s). Very recently, Vanhammet In O ,
al. (29) measured transcription of a chloramphenicol acyitrandS @ PARP promoter fragment of 640 bp, consisting of a proximal

: : . : i f 282 bp separated from a distal region of 316 bp by a
ferase (CAT) gene integrated in the PARP locus: for their on&9lon o : : :
cell population estimates of regulation varied from 25- to 6-folg>YNtheticNot site. Plasmid pHD 559 is the same but the PARP

: ; ; ting region is extended to include an additional 440 bp. This
One possible source of inaccuracy is the known temperaturéy9e ! =Xten .
sensitivity of PARP- and VSG-promoter-mediated transcriptio Aaézygg_?fr'é%jcv_‘ghc%'gonuéfAOt'des dCZ 4?'6('%
another possibility is specific transcript degradation. PAR AAACAA) (Sad_underlined,

expression is also subject to extremely strong post-transcriptiofigficized) and CZ 448 (CTAGAGTCAGATCTAG-AGTCGG-

: A . : GCATGCA) Gad underlined Bglll italicized) using a cloned
regulation {3,30,31); which is at least partially mediated through .
RNA degradation31,32; Hotzet al, manuscript submitted). ~ FARP A I]?cus as templatel. In de;D EGOBtg?\IKroxmal PARP
In transient transfection assays of bloodstream and procycfomoter fragment was replaced by the Br promoter (see

trypanosomes, the PARP, VSG and rRNA promoters all show glow). Plasmids pHD 559 and pHD 560 were linearized at the

P -~ ; yntheticBglll site before transfection.
similar activities 9,33). We have therefore tried another method to Plasmids pHD 495-500 were derived from pHD 4@, First

measure the regulation of the PARP promoter in a chromosom ; ; .
9 b T—|D 459 was constructed: this has an rRNA targeting region, a

context. By integrating constructs showing no post-transcription ;
regulation, and transcribed by different promoters, into differert"RF. Promoter wittetoperators, and a CAT gene flanked by the
ARP splice acceptor and actin-lBTR; downstream is a

genomic positions we could confirm that PARP transcription i : ; . X
developmentally regulated 5-fold and that regulatory sequences BJi€OmMYycin resistance cassette with an actan8 3UTR. The
b yreg 9 1y S€q construct is targeted into the non-transcribed spacer of the rRNA

resent within 250 bp of the transcriptional start site. T . o
P Wit P Pt ! locus such that transcription is in the opposite direction to
transcription of the neighbouring rRNA gené&)( From this was

I:?I‘I:J]asmid pHD 301 was built by inserting the hygromycin resistance
marker (hygR) into pHD 309} and placing the PARP locus
Bﬂj[ergenic region) downstream. The intergenic region fragment
s synthesized by PCR using as primers CZ 163a (ATTGAGGC-
GGGTTCGAATAATAGTTCCT) and CZ164 (ATTGCCG-

MATERIALS AND METHODS derived pHD 483, in which the hygR cassette replaces the
phleomycin resistance cassette. Various promoters thanadhe
Trypanosomes and transfection inducible PARP promoter. The promoters used were PABP (

) o ) (pHD 500), VSG 9) (pHD 495), rRNA promoters cloned by us
Two T.brucei bruceistrains were used. Most experiments wergCrRNA, pHD 499) (9) and by Zomerdijlet al (BrRNA, pHD
done with strain MiTat 1.2 trypanosomes, cultumedtro as both  496) (19,44) and hybrid promoters with rRNA upstream activating
bloodstream forms an_d procyclic forr_ns. For cy_cllc transmissioRegions and a PARP core, with the junction either upstream of
trypanosomes of strain 247 were kindly provided by Dr JenmhHD 498 from pHD 263) or within (pHD 497 from pHD 348) the
(Schweizer Tropeninstitut, Basel) and were cultured as procycligre promoter regiori.).
forms. Passage through tsetse flies and growth as bloodstreamor integration, all plasmid DNAs were linearized viitot

forms in mice were as previously describ@d).( unless otherwise noted above.
Trypanosomes were transfected as descritig8d). For pHD

330, 383, 129 qnd 301, both proc_ycllc :_;md blqodstre_am trypangna and RNA analysis

somes were diluted into microtitre dishes immediately after

electroporation and hygromycin selection at 12.5 op@®l  Poly(A)* RNA was isolated with the QuickPréficro mRNA
applied the next day. Procyclic trypanosomes were diluted infurification Kit (Pharmacia Biotech, Freiburg); total RNA was
medium conditioned by the growth of up tx3.P procyclic  purified using TRIzol reagent (Gibco, Life Technologies Inc.,
trypanosomes/ml. Bloodstream clones with pHD 301 werEggenstein). RNA was analysed by transfer hybridization with
re-cloned on plates37). For plasmids targeted into the rRNA 32P-labelled probes followed by phosphorimager quantitation.
locus of bloodstream trypanosomes, the transfected parasitegpanosome DNA was analysed by transfer hybridization using
were diluted into several 5 ml flasks such that only about half tteen enhanced chemiluminescence (ECL) kit (Amersham,
flasks yielded drug-resistant parasites, and resistant populatiddraunschweig) according to the manufacturer’s instructions. PCR
re-cloned by plating 37). Chloramphenicol acyltransferase reactions on 0.1 pg genomic DNA were performed with the
(CAT) activity was measured by the two-phase kinetic a88§gy ( following oligonucleotides: VIB13 (CAT antisense, CGATGCGAT-
using extracts from actively-growing cells (procyclic: x80°  TGGGATATATCAACG); CZ68 (PARP promoter’ Bgion, anti-
cells/ml; bloodstreantil x 1F/ml). Immunofluorescent detection sense, ATTTTCAATGCACGCC); CZ160 (rRNA promoter sense,
of CAT was performed as previously descrili&s). hybridizing to upstream part of core promoter, CAATAGGATAAT-
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Figure 1. Schematic drawing of bicistronic constructs used in this study; not to g b
scale. The arrow represents the transcription start site. BrRNA and CrRNA: —_— T =y =
rRNA promoters isolated in Borst and Clayton laboratories respectively. ald:
aldolase 5UTR and splice signalAald: truncated portion of the aldolase '@3 pHD 301
3'-UTR. r-P: rRNA-PARP promoter hybrid with junction upstream of the core b d
promoter (position —80); R-p: rRNA-PARP promoter hybrid with junction ’I’ Yol B ‘|3 ‘l’
within the core promoter (position —50) - B2
B T pHID 383

AATGATAAAGT); CZ119 (upstream extremity of rRNA promoter
fragment, CGCAGGTACCTTTCCACCCAGCGCGGGTGCA);
CZ12 (PARP promoter ‘core’ centering on —30, sense, TTTTGC-
TA—I—I—C,CGTGT_CTCTQGGTGGGCGTGCAT); CZ334 (rRNA In- Figure 2. Restriction maps of the PARP loci. Plasmid pHD 301 contains a
tergenic targeting region, TGGCCCTGATGGCATGC);, and CZhygromycin resistance (hygR) gene (diagonal striped) that replaces a PARP
148 (VSG promoter sense, ggggTTCTAAAAGAATCATATCCC- gene (black stippled) after integration. The presencePsdl asite (P) in the
TATTACCACACCAGTTTATAT). To confirm the identity of the hygR gene resulted in the formation of restriction fragments diagnostic for each

; ; ; locus; integration could be confirmed usigoRI andBarHI. Plasmid pHD
rRNA/PARP hybrld promoter in pHD 497, PCR reactions 383 integrates upstream of the PARP promoter in the region indicated by a thin

were performed with the following primer pairs: VIB 13 + pjack hox. Restriction sites in the plasmids are shown in full only in the
CZ160 ( positive), CZ68 + CZ334 (positive); and for pHD 498, uppermost (A locus) panel. The size®sf fragments obtained after insertion
CZ68 + CZ334 (positive), VIB 13 + CZ119 (positive) and CZ1600f pHD 383 into each locus are indicated below the maps. Closed arrow, PARP
+ VIB13 (negative). promoter; EEcdRI; B, BanHl; P, Pst.

r r
T fj —% 11

RESULTS digestion withPst, Pvul, Sal, BanHI andEcadRl (Fig. 2; data

not shown). In the MiTat 1 strain, there are two copies of the
PARP A locus and one copy each of the PARP B1 and B2 loci
(40). These can be distinguished st digests (Fig® and4).
If the PARP promoter is active in its genomic location inin the 247 strain, the results suggested that this strain may have
bloodstream trypanosomes, it should be possible to use it to drived copies of the B1 locus and no B2 locus. In all cell lines
an integrated drug resistance marker in this form. We built @amined, one hygR cassette had replaced a PARJere; the
plasmid (pHD 301) designed to replace an entire PARP gene wif1-B4 line (RNA shown in FigB) had a replacement in the
a hygromycin resistance mRNA bearing theaBd 5-UTRs of PARP B2 locus as well (data not shown).
the actin genes (see Materials and Methods and)Fithe actin The amounts of hygR RNA in the stably transformed lines were
genes are constitutively expressed throughout the life eygle ( measured by blot hybridization (Fig). The amounts of hygR
and their UTRs support similar levels of gene expression in bothRNA indicated below the individual lanes are already standard-
replicating trypanosome forms; (Hotz, manuscript submitted). ized relative to the amount of actin transcript on the same filter
The excised replacement cassette was electroporated into cultui@attom row). The monomorphic bloodstream form lines gAY.
monomorphic bloodstream and procyclic trypanosomes (strairad on average 8.6-fold less hygR mRNA than the procyclic forms.
MiTat 1), and strain 247 procyclic trypanosomes. Hygromycinthe B4 lane had the same amount of HygR RNA as the other
resistant parasites were obtained easily from the monomorphilmodstream lines although it had an additional copy of the gene.
strain. (Efficiencies were not measured accurately but were afThe pleomorphic-bloodstream-form RNA had half as much
least 16° using 10ug DNA/cuvette.) With strain 247 only one actin mRNA as the procyclic forms although twice as much RNA
PARP-targeted line (247-301 P1 in Bysurvived the cloning was loaded (see legend). The cells used for the mRNA preparation
procedure; this was passaged (without selection) through tsetsere grown in mice for 5 days, long enough for some
to produce bloodstream forms (247-301-B) which were thedtlifferentiation to intermediate forms to occur. The concomitant
differentiated back into procyclide vitro in the absence of reduction in growth rate was probably responsible for the reduced
selection (247-301-P2). levels of actin mMRNA46). Although the pleomorphic cells showed
Independent cloned lines were checked for integration of thé&-fold regulation of hygR RNA relative to actin, regulation was
hygromycin resistance marker into the PARP locus usingB-fold relative to the total amount of RNA loaded. As the parasites

Replacement of a PARP gene by a hygromycin resistance
cassette
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Figure 3. Northern blot of poly A RNA from hygromycin-resistant trypano-

somes containing integrated pHD 301. The RNA was purified by a single

passage over oligo-d(T) so retained significant rRNA contamination. All lanes Figure 4. Blot hybridization ofPst-digested DNA from procyclic trypano-
were loaded with fig except the 301B lane which containegiigOBlots were some lines with integrated pHD 383. W, wild type trypanosomes; 1, 3, 4 and 5
hybridized sequentially with HygR, actin and PARP probes. The relative are four independent cell lines. The blot was first hybridized with a PARP
amounts of RNA, quantitated using a phosphoimager, are indicated beneath theromoter probe (PARPp, the upstream conserved fragment of 282 bp, see
lanes. First, actin MRNA was quantitated and used as a standard to determine th4ethods), then with a HygR probe (the complete HygR cassette). Novel
relative amounts of p0|yARNA present on each lane. Next, other RNAs were fragments that hybridized with both probes are denoted to the left by an asterisk.

quantitated and the measured levels corrected relative to the amount of actin RNASize markers in kb are on the left.

(A) Mitat 1.2 monomorphic cell lines. RNAs from procyclic lines P1 and P6 (one

copy of HygR gene, A locus) are compared with RNAs from bloodstream lines

B1, B2 (each one copy of HygR gene, A locus) and B4 (two copies of HygR gengarocyclic forms the efficiencies werexgL0-° for pHD 330 and

o o d e, e i e etad g 9  10° for pHD 383, meastred releive 10 the number of cels

(one copy of HygR géne, A Iocusj. Ppl) ar)é cells before tsetse passage; B apdrviving thg electroporation. Fewer bloodstream forms SUN_'V_ed the

tsetse-transmitted bloodstream forms; P2 are procyclic trypanosomes derived froglectroporation, but of the survivors the transformation efficiency

those. P and B are control RNAs from non-transformed monomorphic MiTatwas 1.25< 107 for pHD 330 and 0.88 107 for pHD 383. Thus

bloodstream and procyclic forms, respectively. there was no marked difference between the PARP and tubulin loci
in overall transformation efficiency.

Five independent cloned cell lines were selected from each
had passed through tsetse and mice in the absence of selective giigsfection. All 330 lines had integration in the tubulin locus
it is clear that the transcription of hygR in the PARP locus iTable1). All 383 lines had integration immediately upstream of
bloodstream forms was not induced by selection. The estimatesfRP genes, usually at the A locus (TaBleBlot hybridization
PARP mRNA regulation were at least 100-fold for the monoresults for four procyclic lines are illustrated in Fighisee maps
morphic parasites. For the 247 line the PARP signal intensity WasFig. 2). The PARP loci can be distinguishedRst digestion,
regulated 9-fold relative to actin and 36-fold relative to total RNAyhich yields fragments of 7-8 kb from the A locus (two copies
loaded. These estimates are very inaccurate: with signals as lovagdiploid genome), 9 kb from the B1 locus and 13 kb from the
those from the bloodstream-form lanes, the measurements bec@2€ocus (Fig and4, lane W). Integration of pHD 383 at the A
exquisitively and unacceptably sensitive to the value (area of thgcus (lanes 383—1 and 383—4) yields two né&sadlfragments

blot) chosen to represent the background. (05.1 and 7.8 kb) that hybridize with a PARP promoter probe; the
larger of these also reacts with the hygR probe (Figsd4).

Targeting of reporter constructs into the PARP and Integration in the B loci yields novel fragment$Bikb that lack

tubulin loci hygR sequences; the hygR positive bands are of similar lengths

) ] ) to the original bands from the integration sites: 9 kb for the B1
We now transfected parasites with constructs encoding both hy@iz s (line 3) and 11-12 kb for the B2 locus (line 5). A 0.55 kb
and CAT (Fig.1). In these constructs (pHD 330 and pHD 383) thgragment internal to the pHD 383 plasmid is visible on the hygR
CAT gene bears a-BTR and splice acceptor signal from thep|ot in all 383 lanes.
aldolase locus, and a truncated version of the alddlesel 3Fig.
1); we do not know premsely_where polyadenylatlon occurs. Trﬁgvelopmental regulation of CAT expression
constructs were transfected into monomorphic bloodstream an
procyclic trypanosomes. The genes were targeted either into theorder to use CAT enzyme activity to measure transcription, there
PARP locus, with recombination expected within the PARMPnhust be no post-transcriptional regulation. This was confirmed by
promoter (pHD 383) or, as a control, into the tubulin array (pHDPneasuring CAT activity from clones in which the construct was
330). Cells were cloned by limiting dilution immediately afterintegrated into the tubulin locus (plasmid pHD 330), grown with or
transfection. If, in bloodstream forms, the PARP genes are normallithout selection (Table). There was no difference in CAT
in a closed chromatin conformation, one would expect insertion inexpression between bloodstream forms and procyclic forms whether
the PARP locus (four copies per diploid genome) tedxeefficient  or not hygromycin selection was applied; mean values for CAT in
than insertion into the tubulin array, which is transcribed in botthe procyclic forms were marginally higher only because of 2-fold
forms and present inBO copies per diploid genomé7j. In  greater expression in one line carrying three copies of the gene.
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Table 1. Integration patterns of CAT-hygR plasmids into the PARP and tubulin integration of two copies in tandem at the PARP A locus and

loci of bloodstream (BF) and procyclic (Pro) trypanosomes expressed similar CAT levels to bloodstream cells containing one
copy of the CAT gene with a PARP promoter (control plasmid
pHD 383 PHD 330 pHD559) (not shown). Four equivalent procyclic cell lines contain-
Clone no. _ Integration Cloneno.  Copyno.  jng the rRNA promoter construct (pHD 560) in the PARP A locus
Bloodstream  1-5 Alocus x  Bloodstream 1-5 1 showed 2—3 times more CAT activity than the bloodstream clone.
Procyclic 312,4 Alolcusk Procyclic 21,3,5 [; These results suggest that the rRNA promoter is 3-6-fold down-
B1 locus k

regulated in bloodstream forms when integrated at the PARP locus.
5 B2 locus k 4 e

Plasmid pHD 383 is targeted to the PARP locus; the integration sites (locus
B1 or B2) are indicated. Each of these clones contains a single integrated c
of the plasmid. pHD 330 targeted to the tubulin locus; integrated copy numbers
shown.

%De activity of different promoters in the ribosomal RNA

To find out whether the control of CAT expression from the PARP
We now investigated the clones in which CAT was integrated ptomoter was dependent on integration specifically at the PARP
the PARP locus (TabB). Procyclic forms with the CAT gene at the locus, we designed new constructs for integration into the non-tran-
PARP locus showedl1-fold more CAT activity than equivalent scribed spacer of the rRNA locus, in inverse orientation relative to
parasites with the gene in the tubulin locus and expression was eatiogenous rRNA transcription. This spacer region is transcription-
influenced by the presence of hygromycin. Bloodstream forms witlily silent ¢3); transcriptional initiation is driven by the integrated
the CAT gene at the PARP locus expressed only 2-3 times maset promoter 42); transcription isa-amanitin resistant2@) and
CAT activity than equivalent parasites expressing CAT from thigitiates at the expected positioh9). PARP, rRNA, VSG and
tubulin locus. Expression from the PARP locus was therefoRNA-PARP hybrid promoters were inserted upstream of a CAT
[b-fold developmentally regulated. The inclusion of hygromycimene with a PARP'8JTR and actin 3UTR. Downstream was a
(12.5 pg/ml) in the medium of bloodstream forms reduced théygR cassette (Fid). Two rRNA promoters were tested that differ
growth rate by 115% independent of the integration site and, in thelightly in sequence: CrRNA,1¢) and BrRNA ¢4). The
experiment illustrated in Tabl somewhat increased the level of (RNA-PARP hybrid promoter Rp had rRNA promoter sequence
CAT expression in the 383 lines. We therefore cultivated two cefiom position —240 to —50 and PARP promoter sequence from —50
lines of each type for 17 days, with or without drug, intermittentlyo +25; promoter rP had distal rRNA promoter sequence up to —80
measuring CAT activity. No reproducible effect of hygromycin orand proximal PARP promoter sequence. The relative activities of
CAT activity was found. Immunofluorescent staining showed thaill the constructs in transient transfection assays are shown in
no intact trypanosomes were negative for CAT expression, bEigure6A. The PARP promoter was0% more active than the
procyclic trypanosomes expressing CAT from the PARP locus h&®&G promoter in procyclic trypanosomes and in bloodstream
brighter fluorescence than the others. Bloodstream trypanosong®anosomes the situation was reversed. The hybrid promoters
with CAT integrated at the PARP locus had similar fluorescenagere poorly active in transient assays in bloodstream forms.
intensities to those with CAT integrated at the tubulin locus. Thus tiéevious results of transient transfection assefjshéd suggested
low level of expression from the PARP locus in bloodstream formgat the rP hybrid was more active in procyclic cells than the Rp

was due to a uniformly low level of transcription in all cells. hybrid. This was not confirmed with these constructs; we have no
explanation for this discrepancy. Upon transfection into bloodstream
Integration of an rRNA promoter in the PARP locus and procyclic trypanosomes, the efficiency with which drug-resis-

tant clones were obtained reflected the transient activities to some
To find out whether regulation was specific to the PARP promotezxtent. Clones with intact VSG, rRNA and PARP promoters were
we inserted a construct containing the rRNA promoter into theasily obtained in both cell types, with efficiencies of 1486 in
PARP A locus (pHD 560, Fig). Only one bloodstream-form line procyclic cells. Efficiencies weréé-fold lower in bloodstream
was obtained in five experiments, each involving transfectiorf of 1@orms. In contrast, cell lines were obtained only with difficulty with
cells with 10 or 2519 of plasmid. The one cell line obtained hadthe hybrid promoter rP construct (efficiencies of 410

Table 2.Expression of CAT in the PARP and tubulin loci of bloodstream (BF) and procyclic (Pro) trypanosomes

Cell lines Hygro Div. time (h) No. divs* hyg. c.p.m./h/18 cells CAT: 383/330
330 BF - 8.2+1.0 17.9+23 4400+ 1188
+ 10.5+ 1.7 15.8+ 3.1 4257 1037
383 BF - 7504 19.4+ 1.1 8661 1458 2.0
+ 12.3+54 14.4+ 3.2 14 205 3296 3.3
330 Pro - 10.:0.5 4.8+0.2 5433+ 2082
+ 10.4+ 0.4 4.7+ 0.6 4529 1825
383 Pro - 9.3 05 5.3 0.3 65 312+ 20 365 12.0
+ 94+1.1 5.1+ 0.5 47 806+ 18 448 10.6

Activity is expressed as c.p.m./hPlifBypanosomes, all lines assayed in duplicate, values asinstamdard deviation. Hygro, presence

or absence of hygromycin; div time, mean division time (h); 383/330, ratio of CAT activities of 330 and 383 cell lines grown under corre-
sponding conditions. The number of cell divisions was calculated from regular cell counts; that for the procyclic cells is an underestimate
because the cells were not counted over the first 2 days of the experiment.
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Figure 5. Integration of constructs into the rRNA non-transcribed spaceRéstriction map of the rRNA locus. Open arrow, rRNA promoter; closed arrow, test
promoter; thick striped blocks, rRNA genes; white stippled box, CAT gene; diagonal striped box, hygR gene; dark grey, targeting fragment. Sites shown in parentt
with dashed lines are not in the original published map but are inferred from the present experiments. Symbols as in Fgglile \ZarByis types of cleavage

pattern (a—d) witl$td (S) orHindlll (H) are shown together with fragment sizes in kb. The boxed insert shows the mMRNAs that are transcribed from integrated plasmi
(B) Blot hybridization ofStu digested DNA from bloodstream trypanosome lines with constructs integrated in the rRNA locus non-transcribed spacer. Probes &
the rRNA intergenic region targeting fragment (rRNAint), pPGEM and CAT. Sizes of selected bands, read using markers, are indicated on the left. Fragments hybrid
with CAT and rRNAInt are denoted with an asterisk, and fragments hybridizing with rRNAint and pGEM with a small circle. c+ is a line with integration pattern
where a portion of the cells have an additional entire copy of the plasmid. The original cell line used (lane R) in these experiments has a plasmid integrated in the t
locus; hence the hybridization with the pGEM probe.

The integration sites of the plasmids were determined by blshown). A locus of type (c) has lost Biel site within the rRNA
hybridization. The presence of restriction enzyme polymorptgene downstream of our targeting sequence. Insertion of the
isms among the rRNA repeats complicated the analysis; represeonstruct yields a blot hybridization pattern in which the pGEM
tative examples are illustrated in FigbB Stu digestion yields and targeting fragment probes hybridize to a band of 4.6 kb [as for
three main bands and several minor bands when wild-type DNA)] and the CAT probe labels a very larfgeQ(kb) band (FighB,
is hybridized with an rRNA-spacer (targeting-segment) probe. kanes c). If a second copy of the intact vector sequence is present
type (a) insertion position (FiBA) has twdStd sites 8.5 kb apart, it appears as an additional band hybridising to all probes. In the
as shown in the original published mdp)((Fig. 5B, lanes R).  Figure a cell line (labelled c+) that has a c-type insertion and an
Insertion of the plasmid DNA vyields new fragments of 4.6 kkadditional copy is illustrated; only a subpopulation of the cells has
(hybridising to the targeting fragment and pGEM probes) anithe additional copy as the band is under-represented after
10.3 kb hybridizing to targeting fragment and CAT) (F&B, hybridising to each probe. Insertion patterns of type (d) imply the
lanes a). (The starting trypanosome line, lanes R, has a plasipidsence of addition&tu sites; the correct insertion in such clones
encoding a bacterial repressor integrated at the tubulin locus: heooelld be deduced from thelindlll digestion pattern. The
the band of# kb that hybridized to the pGEM probe in all lanes.)CAT-hybridizing fragment i€7 kb and the pGEM-hybridizing
We interpret the larger bands (FaB, rRNA int probe) in cells band (8.5 kb. Hindlll digestion can yield hygR-containing
without the integrated plasmid (lanes R) as representing loss of dragments of 10.6 (a) or 8.6 kb (b) depending on the position of the
or moreStu sites. A locus of type (b) has lostS site just  upstreanHindlll site (Fig.5A, data not shown). Judging from the
upstream of our targeting sequence. Insertion of the constr&iil and/orHindlll digestion patterns, all cell lines had insertions
yields a blot hybridization pattern in which the pGEM andn the rRNA spacer. To confirm that the promoters had remained
targeting fragment probes hybridize to a band of 14.4 kb and thgact, the integrated promoter—CAT fragments were amplified by
CAT probe [as for (a)] lights up a 10.3 kb band (Bfg.data not PCR, using a reverse (antisense) CAT primer and primers specific
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Figure 7. Variations in CAT expression between bloodstream trypanosomes
with CAT cassettes integrated in the rRNA spacer. CAT assays were performed
at least twice in duplicate. One of the CrRNA lines (CrRNAZ3) is set at 100%.
All lines had integration in the rRNA spacer as judgedibylll or Stu pattern

(Fig. 5) except that line CrRNA 2 was not examined. Stokepattern type is
indicated. PC, procyclic line with a PARP promoter integrant.

PaRP P Rp BrEMA CrENA vSG

C. Transformation

gene-converted to ‘pure’ forms (see Materials and Methods). In all
cases, we obtained the expected PCR products, and failed to obtair
products using negative control pairs of primers (not shown).

The CAT activities of different clones were measured at least
twice. The results for 3 or 4 clones with a single integrated copy of
the relevant plasmid [apart from rP where only one (bloodstream)
or two (procyclic) lines were examined] are shown in FigBrell
promoters yielded similar CAT activities in procyclic trypanosomes
and there was little variation between clones. In bloodstream
trypanosomes, the PARP promoter was 5-8-fold less active than the

100:7%

50% -

O

PARF PARP R BrRNA CiRNA ¥YSG . .
celllines 2 1 1 o 2ooaoN rRNA promoters and the Rp promoter was in between. Expression

from the integrated rP promoter in bloodstream forms was
Figure 6. Activities of PARP, VSG, rRNA and hybrid promoters in driving CAT  intermediate between that from the PARP and Rp promoters; the
expression from the rRNA non-transcribed spaéer.The activities of the j@CtiVity from the VSG promoter was similar to that from the rRNA

plasmids in transient assays; measured in triplicate for procyclic forms (PC) an .
twice in triplicate for bloodstream forms (BS). Results (mean and standar romoters; and the average results for all promoters were somewnhat

deviation) are expressed independently for bioodstream and procyclic formd€ss than the CorreSanding resP'FS for proc_yclic forms. Although
relative to the mean levels for the BrRNA promoter set at 1@%efmanent  bloodstream-form cell lines containing the fusion promoters showed
celllines. CAT activities of cell lines containing a single copy of the appropriateg |ower CAT activity than those with a VSG or rRNA promoter

plasmid are expressed as mean and standard deviation. Data for 3-5 lines ; ;
included except for rP bloodstream (one line) and rP procyclic (two lines). Alll?mvIng the CAT gene, no conclusions can be drawn about the

results are expressed relative to the average value for one rRNA promoter lif@Cation of regulatory sequences because the fusion promoters hac
(100%) that was included in all assays as a refere@fdrénsformation of low activities in transient assays.

bloodstream forms into procyclic forms. CAT was assayed from exponentially Variations between bloodstream form clones were very
growing cultures of bloodstream forms or established (2 months) procyclicconsiderable (see below). We therefore induced two clones of each

forms. Details of the lines used are in Figure 8. All lines were assayed at Ieag,pe to differentiate into procyclic forms (in the absence of drug)

twice in duplicate except for the CrRNA 3 line, which was assayed only once . . .
because the culture then died. The cell lines were derived from a monomorphic culture and
differentiated very poorly: most cells died. Only half the cultures
survived to produce growing procyclic cultures; these tolerated only
to the B-extremity of each promoter. The status of the hybri@-fold dilutions, growing slowly to maximal densities that were
promoters was confirmed using primers from both PARP arabout four times lower than for normal procyclic cultures. CAT

rRNA promoters, to ensure that the hybrids had not beettivities are shown in Figu@C. Lines bearing rRNA and VSG
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promoter integrants showed no regulation of CAT expression. One PR #ﬂ. Pl
PARP line showed 2-3-fold up-regulation of CAT and the other EONE SR Ll
rather less; Rp gave an intermediate result. The strange behaviour of s
these lines leads us to suspect that some components required for - L
healthy procyclic growth were poorly functional or absent.
& Hyek - L
Table 3.Quantitation of HygR and CAT mRNA from data as illustrated in
Figure 8
. '. Hyg K- 5
Stage Promoter CAT/actin CAT/hygR hygR-S/hygR-L
Bloodstream rRNA  1.00 129077  1.22+1.00 ~BF P
rRNA 1.20
PARP 0.09 0.380.24 2.52: 1.86 Figure 8.The effect of different promoters on transcript patterns. Approximately
PARP  0.07 equal amounts of total RNA were analysed from duplicate bloodstream and
Procyclic rRNA 1.34 0.6& 0.33 1.1+ 0.72 procyclic cell lines with a single integrated copy of pHD 499 or pHD 500;
RNA 197 phosphorimager results for one cell line of each type are shown but those for
r ’ the others were similar. The pattern with polyA+ RNA was also similar. WT,
PARP 1.07 0.7& 0.56 0.92+ 0.53 wild-type procyclic trypanosomes; BF, bloodstream forms; Pro, procyclic
PARP 0.80 forms. The nature of the promoter driving transcription is indicated above each

lane. The labels against the bands correspond to those in Figure 5A (boxed
insert). The phosphoimager data were imported into Adobe photoshop; the
ontrast of the hygR panel has been increaséd®. Quantitation for three

uch blots and including all eight cell lines is in Table 3.

Northern blots of total or poly(ARNA from bloodstream and procyclic trypano- c
some lines containing pHD 500 (PARP promoter) or pHD 499 (CrRNA promoterg
integrated in the rRNA spacer were probed with hygR, CAT and actin probes.
CAT/actin: the levels of CAT mMRNA were compared after standardising relative
to the actin control (not shown), using one blot of poly/#RNA. One blood-
stream cell line was set arbitrarily at 1.0. . .
CAT/hygR: the relative amounts of CAT, and total hygR RNA were compared-.rhe_ shorter hng'S transcript (1'4 kb) presumat_)ly terminates
Results are meanstandard deviation, measured from three blots for each pair #¥ithin the actin 3UTR; the longer hygR-L transcript (2.5 kb)
cell lines. The result for one of the bloodstream (rRNA promoter) cell lines wddybridized with a plasmid vector probe but not with a CAT probe
set arbitrarily at 1.0 to control for differences in probe activity and for differenced0ot shown) so must have 1.5 kb of plasmid sequence ‘atiitd.3

in the order of hybridization. All cell lines that showed no developmental regulation of CAT
hygR-S/hygR-L: ratio of the long and short hygR transcripts (see Fig. 8). Resuligvels had similar amounts of the longer and shorter hygR RNAs
are meagst st‘andarq deviation, meaSL_Jred from three blots fqr each pair of cell Iine@ee ratio of hyg R-Sto hyg R-Lin TaBI)e Although the absolute
Absolute ratios varied between experiments but the tendencies were always the spBigns of the different RNA species varied somewhat between blots

(Table3), the overall picture (Fi) was always the same and was

Different cloned bloodstream trypanosome lines with supposedipt affected by the presence of hygromycin in the medium.
similar insertions in the rRNA spacer consistently had up to 3-fold AS expected, all lines had similar levels of CAT mRNA except the
differences in CAT activity (Fig7). There were no obvious WO bloodstream lines in which transcription was driven by the
differences between clones in growth characteristics. Most lines HBRP promoter. These lines had 9 and 7% of the CAT activity
only one integrated copy of the plasmid; the two lines containirfgPressed by the standard bloodstream rRNA promoter cell line.
more (BrRNA promoter line 1, with 2—3 copies, and VSG promot orresponding CAT activities were 15 and 10% (lines PARP 3 and
line 3, with 1-2 copies) surprisingly had only slightly more activity* in Fig.7). The procyclic rRNA promoter lines had almost twice
than equivalent clones with only one copy. Clones with a ‘c’ patte@f Much hygR RNA as the bloodstream rRNA promoter lines
expressed less CAT than those with an ‘a’ pattern. So far tbaPle 3), indicating a small degree of post-transcriptional
bloodstream lines have been obtained with a PARP promoter in"ggulation; the important point is that in procyclic forms the
‘a-type locus but insufficient clones have been examined to lend tfgEOMOter type made no difference to either the ratio of CAT/hygR
observation significance. Overall the results hint at differences VA, or the relative abundances of the two hygR transcripts. The
transcription between different rRNA spacer sites and highlight tfg@mparison of the bloodstream lines was more intriguing. First, the

importance of analysing several clones. lines with the integrated PARP promoter appeared to have rather
higher levels of total hygR RNA relative to CAT than the rRNA
Regulated transcription termination promoter lines (Tabl8). There was thus no evidence for preferential

termination of PARP-promoter-driven transcription within the 1 kb
If transcriptional attenuation is occurring in a locus, there shoukhcompassing the hygR gene. Secondly, the longer hygR-L mRNA
be a progressive decrease in transcript yield as the distance fraas almost undetectable in these lines and the average length of the
the promoter increases. To find out if attenuation plays a role #horter hygR transcripts had increased @idhis was very clearly
regulation of PARP-promoter-driven transcription, RNA froma promoter-specific effect as the patterns in bloodstream and
duplicate bloodstream and procyclic cell lines was analysed. Egatocyclic cell lines containing the integrated rRNA promoter were
line contained a single integrated copy of the CAT-hygR construghdistinguishable from each other. We think that the simplest
bearing either the PARP or the CrRNA promoter. Transcriptioexplanation is that in bloodstream forms, PARP-promoter-driven
of the integrated constructs resulted in a single major CAT mRN#anscription is preferentially terminating within the plasmid
whose size indicated that it terminated within the shorteneskquence, and that the consequent altered precursor structure affect
aldolase 3UTR (Figs5A and8). There were two hygR transcripts. the choice of polyadenylation site.



1210 Nucleic Acids Research, 1996, \ol. 24, No. 7

DISCUSSION in procyclic trypanosome&¥§), and in bloodstream trypanosomes
(this paper). This supports the conclusion that VSG promoter

Most evidence so far suggests that the PARP promoter is recogniZ@fiation is dependent on chromosomal locatis). Our cell
by RNA polymerase |. Developmental regulation of RN APopulations bearing the integrated active VSG promoter in the

polymerase | transcription is not unprecedented. In mammalifRVA Spacer were expressing VSG (data not shown), suggesting

cells, transcription by RNA polymerase | is regulated according fffat Wo VSG promoters can be active simultaneously in a

growth rate 49), and various species @flasmodiumexpress oodstream trypanosome. .
QOur analyses suggest that several elements are responsible fol

different rRNA genes in the sexual and asexual stages of the IEL . .
cycle 60). Our results show that regulation is dependent o %r:eep Eg%gg:g;:e\?ﬂﬁ“?hne‘ Tgreers";l::ltes fg?”;g‘ﬁﬂ?’ggﬂg{gsozgf

chromosomal integration: the same is true for the recently-repo ;
control of VSG promoter activity which is, however, also chromgg oodstream forms) sequences in the PARP promoter upstream of

e ition —50. The PARP promoter showed regulation whether it
some- and position-dependedt,25). When our constructs were POSH . wed re
targeted to the rRNA spacer in bloodstream trypanosomed@s inserted in the PARP or rRNA loci, implying that regulatory
considerable variations in the expression level were obtained. WegffiUeNces are present downstream of position 247 relative to
not know whether the various trypanosome RNA loci ar e transcription start. _Onthe other hand, anrRNA promoter was
differentially transcribed, as appears to happen in y&gst ( also down-regulated in the PARP locus, indicating a further
Relative levels of CAT expression from genes integrated in tfntribution from upstream sequences. The requirement for

PARP or tubulin loci were consistent with those previously observ&iromosomal integration implies that the regulation is dependent
using a luciferase reportet?) and confirm that transcription of a on chromatin structure, and it is quite possible that the sequences

typical RNA polymerase Il-transcribed locus is about an order gquired are functionally degenerate and spread over the whole of

magnitude less efficient than of a RNA polymerase I-transcribdd€ 640 bp conserved region upstream of the PARP genes.

locus. CAT activities obtained when the same cassette was integrated

into the actin or aldolase transcription units were not significantik\CKNOWLEDGEMENTS
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