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At least one of the procyclic acidic repetitive protein (PARP or procyclin) loci of Trypanosoma brucei is a
small (5- to 6-kilobase) polycistronic transcription unit which is transcribed in an a-amanitin-resistant manner.
Its single promoter, as mapped by run-on transcription analysis and UV inactivation of transcription, is located
immediately upstream of the first «-PARP gene. Transcription termination occurs in a region approximately
3 kilobases downstream of the 3-PARP gene. The location of the promoter was confirmed by its ability to direct
transcription of the bacterial chloramphenicol acetyltransferase gene in insect-form (procyclic) T. brucei. The
putative PARP promoter is located in the region between the 3’ splice acceptor site (nucleotide position 0) and
nucleotide position —196 upstream of the a-PARP genes. Regulatory regions influencing the levels of PARP
expression may be located further upstream. We conclude that a single promoter, which is located very close
to the 3’ splice acceptor site of the a-PARP genes, directs the transcription of a small, polycistronic, and

«a-amanitin-resistant transcription unit.

The protozoan parasite Trypanosoma brucei, causative
agent of sleeping sickness in humans, parasitizes the blood-
stream of its mammalian host and is transmitted by the tsetse
fly. On ingestion of an infected blood meal by the tsetse fly,
the bloodstream-form trypanosomes differentiate into insect-
adapted (procyclic-form) trypanosomes. The bloodstream
form is sheathed by a dense variant cell surface glycoprotein
(VSG) coat which is lost upon differentiation into the procy-
clic form. The procyclic trypanosome is characterized by an
abundant cell surface protein, the procyclic acidic repetitive
protein (PARP) or procyclin (7, 27-29, 33-35).

The VSG coat is encoded by a single VSG gene, which is
transcribed in one of several telomerically located VSG gene
expression sites. VSG gene activation can occur through
either one of two separate mechanisms. In the first, different
types of DN A recombinational events can translocate a VSG
gene into an active expression site. In the second, VSG gene
switching results from the differential transcriptional control
of the expression sites. The expression site transcription
units are large, extending up to 60 Kkilobases (kb) (for
reviews, see references 3, 6, 30, 31, and L. H. T. Van der
Ploeg, in B. D. Hames and D. Glover, ed., Frontiers in
Molecular Biology: Genome Rearrangements and Amplifi-
cation, in press).

Transcription of many protein-coding genes in trypano-
somes and related species is believed to be polycistronic,
generating large precursor RNAs (pre-mRNAs) containing
multiple protein-coding genes. Maturation of these pre-
mRNAs to generate the mature mRNAs requires addition of
a 39-nucleotide (nt) capped miniexon or spliced leader by
trans splicing and polyadenylation (for reviews, see refer-
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ences 42 and 47). The function of mRNA maturation via
trans splicing of polycistronic pre-mRNAs and the role of
the miniexon are unclear.

A peculiarity of polycistronic VSG gene expression site
transcription is its insensitivity to the drug a-amanitin at
concentrations up to 1 mg/ml (19). This resistance is char-
acteristic of transcription by RNA polymerase I, which in all
other eucaryotes transcribes rRNA genes exclusively. Most
other protein-coding genes in trypanosomes (and other eu-
caryotes) are transcribed by an a-amanitin-sensitive RNA
polymerase, presumably RNA polymerase II (8, 11, 45).

Recently, we have shown that transcription of protein-
coding genes by an a-amanitin-resistant RNA polymerase is
not restricted to the VSG gene expression sites. The PARP
protein-coding genes are also transcribed by an a-amanitin-
resistant RNA polymerase, suggesting that a subset of
protein-coding genes is transcribed by the same type of RNA
polymerase (36). To improve our understanding of polycis-
tronic transcription and mRNA maturation by trans splicing,
we analyzed the transcription of one of the PARP gene
arrays. We describe an a-amanitin-resistant transcription
unit flanked by defined transcription initiation and termina-
tion sites. Polycistronic transcription units can thus be small
and encode few, coordinately regulated protein-coding
genes.

MATERIALS AND METHODS

Trypanosomes. All experiments with bloodstream-form
trypanosomes used 7. brucei variant 118 clone 1 (23).
Procyclic trypanosomes were either established from T.
brucei 118 clone 1 bloodstream forms adapted to procyclic
culture (A. Rattray and L. H. T. Van der Ploeg, unpublished
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results) or a T. brucei 427 procyclic trypanosome stock
originally obtained from R. Brun. We call this strain T.
brucei 427 RB. The nascent RNA analysis, UV inactivation,
and DNA transfection experiments presented here were
performed with the latter strain. Nascent RNA analysis and
transfection experiments gave the same results with either
strain. Bloodstream-form trypanosomes were passaged in
rats and harvested by cardiac puncture. Procyclic trypano-
somes were maintained in SDM79 medium at 23 to 25°C as
described by Brun and Schonenberger (5).

Nucleic acid analysis and genomic clones. Genomic DNA
and RNA was isolated from trypanosomes as described by
Van der Ploeg et al. (48) and Macdonald et al. (26), respec-
tively. DNA from T. brucei bloodstream-form variant 118
clone 1 was digested with PstI and ligated into the Pssl-
digested plasmid vectors pUC18 or Bluescript SK+ (Strat-
agene). The nucleotide sequence was determined by using
the dideoxy-chain termination method (39) with T7 DNA
polymerase (Sequenase) according to the specifications of
the manufacturer (United States Biochemical Corp.).

Nascent RNA analysis. Nuclei isolation, nuclear run-on
analysis and hybridization were performed as described
previously (20, 37). Hybridization signals were quantitated
by counting the nitrocellulose strips in a Betagen Betascope
603 Blot Analyzer for 16 h to optimize visualization of the
signal. This method was found to give results comparable
with those obtained by counting nitrocellulose strips dis-
solved in Econofluor (DuPont Co.) with a scintillation
counter. The background hybridization signal of the plasmid
vector was subtracted, and the data were analyzed by using
a Betagen version 2.0 software package.

The T. brucei ribosomal transcription unit clone pR4 was
described by Kooter and Borst (19); Blue is the Bluescript
SK+ (Stratagene) vector; the a-B-tubulin genomic clone pTb
a-B T-1 was described by Thomashow et al. (46); the VSG
118 cDNA clone TcV118-2 was described by Bernards et al.
(2); the 5SS rRNA clone was described by Lenardo et al. (24);
PARP is the PARP cDNA described previously (36); the
telomere clone TT6 was described by Van der Ploeg et al.
(49) and Rudenko and Van der Ploeg (37); and the miniexon
clone CL103 was described by Laird et al. (22). The sub-
clones generated from the 3’ end of the PARP B1 locus are
described as B1 A, containing a 490-base-pair (bp) Stul-Sall
fragment; B1 B, a 560-bp Ndel-HindIII fragment; and B1 C,
a 900-bp BamHI-Ps:1 restriction fragment cloned into the
Bluescript plasmid vector. The subclones from the 3’ end of
the PARP B2 locus were B2 A, containing a 2.9-kb HindIII-
Pstl restriction fragment; B2 B, a 960-bp HindIII-HincIl
fragment; B2 C, a 530-bp HincIl-Xhol fragment; B2 D, a
650-bp Xhol-Hincll fragment; and B2 E, a 750-bp HinclI-
Pstl restriction fragment cloned into Bluescript. 4-1 and 4-2
are the sense and antisense strands derived from subclones
of the PARP cDNA described previously (36), cloned into
the phage vector M13 mp18.

UV inactivation of transcription. Procyclic T. brucei 427
RB was grown in SDM-79 medium at 23°C. Log-phase cells
at a density of 5 X 10° to 1 X 107 per ml were used for UV
irradiation. Procyclic-cell cultures were irradiated at room
temperature in plastic dishes with a solution depth of 3 mm.
Cell suspensions were placed under a portable germicide
lamp with an emission maximum at 254 nm. The dose rate,
determined using a model J225 Blak-Ray UV meter, was
approximately 3,500 pW/cm®. The UV dose was increased
by varying the irradiation times between 3 and 48 s. After
irradiation, cells were transferred to 50-ml culture tubes and
incubated at 23°C for 1.5 h in the dark. Cells were then spun
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down, and nuclei were prepared by using a Stansted cell
disrupter as described previously (19). Nuclear run-on reac-
tions were performed and hybridized as described by Ru-
denko and Van der Ploeg (37). Quantitation of the slot blots
was performed as described above. Hybridization to the
plasmid vector was subtracted, and the percent transcription
relative to the nonirradiated cells (run-on hybridization at
UV dose X/run-on hybridization at UV dose 0) was set out in
a semi-logarithmic plot against the increasing UV doses. No
compensation factors were introduced. The pEMBL sub-
clones from the ribosomal transcription unit were essentially
as described by Johnson et al. (17), except for pPEMBL 2.5,
which contains a 850-bp HindIlI-PstI restriction fragment
located immediately downstream of pEMBL2. The mini-
exon, 5S rRNA, a-B-tubulin, and PARP clones used were as
described above.

CAT gene fusion constructs used in the transient DNA
transfection of procyclic trypanosomes. The CAT plasmid
used for the generation of constructs containing PARP
promoter sequences was pCOCAT. The plasmid pCOCAT
(a gift from M. Allan, Columbia University, New York,
N.Y.) was constructed by Lowndes et al. (25) by deleting the
herpes simplex promoter from plasmid pLW2 (12). This
promoter was removed from plasmid pLW2 in a BamHI
digestion. The CAT gene in a pUC 8 vector was flanked by
the simian virus 40 polyadenylation site. The PARP pro-
moter was derived from a genomic clone of the B1 PARP
locus (the 1,345-bp Ndel fragment was cloned into the Smal
site of pUC 18). To obtain a specific fragment containing the
promoter region and its adjacent 3’ splice acceptor site, the
region was amplified with specific synthetic oligonucleotides
and Taq DNA polymerase (Perkin-Elmer Cetus) according
to the manufacturer’s specifications in a polymerase chain
reaction (38). We amplified an 830-bp fragment which ex-
tended between an oligonucleotide that hybridized in the
polylinker of the plasmid vector and an antisense oligonu-
cleotide -TTGAAGTCTTCAAGTTGAAA-) that extended 7
bp downstream of the 3’ splice acceptor site of the Bl
a-PARP gene. EcoRlI linkers were ligated onto the amplified
fragments, and the fragment was cloned in both orientations
into the EcoRlI restriction enzyme site of the Bluescript SK+
(Stratagene) plasmid. Two clones containing the promoter in
the two different orientations were chosen, and the nucleo-
tide sequences of the fragments were checked with double-
stranded DNA sequencing. The inserts were excised as
HindIII-BamHI fragments and cloned into the pCOCAT
plasmid, which had been linearized by digestion with
HindIll and BamHI. The plasmid containing the PARP
promoter in the correct orientation for transcription of the
CAT gene (BNspCAT-1) and the plasmid with the PARP
promoter in the reverse orientation (BNspCAT-0) were used
for transfection of procyclic trypanosomes. Several deletion
clones of the promoter region were generated to map the
promoter. The BANspCAT clone was derived from BNsp-
CAT-1 by digesting with HindIII and Spel and deleting the
entire region upstream of the Spel site located 196 bp
upstream of the 3’ splice acceptor site. The plasmid BSsp-
CAT contained a Scal-BamHI restriction fragment contain-
ing only 80 bp upstream of the PARP 3’ splice acceptor site.
Two other CAT fusion constructs containing the intergenic
region sequences of the B1 PARP locus were generated: the
plasmids BintCAT-1 and BintCAT-0 contained the B1 PARP
intergenic region cloned in the correct and inverted orienta-
tions, respectively. To construct these clones, a genomic
clone containing the intergenic region of the B1 PARP locus
(2.2-kb Ndel restriction fragment, extending 3’ of the Ndel
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restriction enzyme site in the PARP-coding sequence [see
Fig. 4]) was annealed with the synthetic oligonucleotides
mentioned above to amplify the DNA sequences from 7 bp
downstream of the B1 B-PARP 3’ splice acceptor site to an
Ndel restriction enzyme site located in the 3’ untranslated
extension of the a-PARP gene. The 850-bp amplified frag-
ments were cloned upstream of the CAT gene in the Hincll
site of pPCOCAT (the appropriate restriction enzyme sites are
marked in the sequence in Fig. 4).

T. brucei transfection. The protocol used was based on the
method described in Bellofatto and Cross (1) for Leptomo-
nas species, with modifications. All procedures were per-
formed under sterile tissue culture conditions, and bacterial
contamination of the cultures was never detected (controls
were essentially as described in reference 1). Procyclic T.
brucei 427 RB cells were grown to a density of 6 x 10° to 8
X 108 cells per ml, spun down, and washed with phosphate-
buffered saline. Cells were suspended at a concentration of
108 cells per ml in Zimmerman postfusion medium and
incubated at 21°C for approximately 1 h before electropora-
tion. A 0.5-ml portion of the cell suspension (5 X 107 cells)
was transferred to 0.4-cm-electrode-gap Bio-Rad Gene
Pulser cuvettes and electroporated by using a Bio-Rad Gene
Pulser with a capacitance extender and with two charges of
450 V and 125 pF applied 10 s apart. This dose gave
approximately 50% cell death (measured immediately after
the electroporation). Eighty micrograms of plasmid DNA
(160 pg/ml) purified by using pZ523 columns (5’-3’ Inc.) was
used for each sample. After all the samples in a series were
electroporated, they were transferred to 10 ml of SDM79
medium in 25-cm? Falcon flasks. The cells were incubated
for 18 to 24 h in SDM79 medium. Cell survival was deter-
mined for each sample, and the cells were spun down,
washed twice with S ml of phosphate-buffered saline and
suspended in 150 pl of 250 mM Tris (pH 7.8). The CAT assay
was then performed. The cells were freeze-thawed three
times, debris from the extracts was removed by 5 min of
centrifugation in a microcentrifuge, and the supernatant was
transferred to a new tube and incubated for 5 min at 68°C. To
each sample, 60 pl of 0.25 M Tris (pH 7.8), 1.2 ul of 50 mM
n-butyryl coenzyme A (Pharmacia), and 2.4 pl of D-threo-
[dichloroacetyl-1,2-1*C]chloramphenicol (Dupont, NEN Re-
search Products) was added, after which the mixture was
incubated for 18 h at 37°C. The incubation mixture was
extracted with 400 pl of xylene. The organic phase was back
extracted twice with 200 pl of 10 mM Tris and 0.1 mM
EDTA. One-tenth of the organic phase was added to 5 ml of
scintillation fluid (Betamax; ICN Pharmaceuticals Inc.) and
counted. The remaining xylene was dried down and chro-
matographed on thin-layer silica plates in chloroform-meth-
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anol (95:5) to check that the radioactivity was indeed present
as the [**C]butyryl-chloramphenicol form.

After the manuscript was submitted for publication, pro-
cedural modifications to optimize the transfection protocol,
affecting the voltage, capacitance, temperature and length of
time of the incubations (J. Smith, G. Rudenko, and L. H. T.
Van der Ploeg, unpublished), were introduced. Cells were
spun down and washed with 4°C phosphate-buffered saline
and kept at 4°C throughout the procedure. Cells were
suspended at a density of 10® cells per ml in Zimmerman
postfusion medium supplemented with 0.5% glucose and
incubated on ice for 20 min with cesium chloride gradient-
purified plasmid DNA before the electroporation. Electro-
poration was performed as described above, with a single
charge at 1,600 V and 25 pF. After electroporation, cells
were placed in an ice bath for 10 min and then transferred to
10 ml of SDM 79 medium. The CAT assay was modified and
performed for 1.5 h with 80 pl of cell lysate in a volume of
100 pl containing 250 pM n-butyryl coenzyme A (Pharma-
cia), 50 pM chloramphenicol (Boehringer Mannheim Bio-
chemicals), 1.0 uCi of [3,5-*H]chloramphenicol (Dupont,
NEN), and 100 mM Tris (pH 8.0). The transfection assays
performed by using this modified procedure gave the same
relative ratios between the clones (data not shown).

RESULTS

Eight PARP genes are encoded at four separate loci
distributed over four chromosomes; there are two A loci,
one B1 locus, and one B2 locus (27-29, 36). Each locus
contains a PARP « and B gene arranged in a tandem array.
The physical maps of PARP loci in different T. brucei stocks
were shown to differ by several restriction fragment length
polymorphisms (27, 28, 34). Since these polymorphisms
could complicate our transcription analysis, we isolated
genomic clones of the PARP genes from a 7. brucei blood-
stream variant that is also available as a recently generated
insect-form cell line (A. Rattray and L. H. T. Van der Ploeg,
unpublished results; see Fig. 1A for physical maps). Restric-
tion fragments containing a PARP A locus and the two B loci
were obtained from genomic libraries made with PstI-di-
gested genomic DNA. The loci are named A, B1, and B2
(Fig. 1A) (as in Mowatt and Clayton [27]). Differences in
restriction enzyme digestion patterns of the PARP genes in
bloodstream and procyclic 7. brucei variant 118 clone 1 were
not detected, indicating that genomic rearrangements are
unlikely to control PARP gene transcription (data not
shown). The PARP genes are not close to a telomere (34, 36;
unpublished results).

Nascent RNA analysis. The extent of a transcription unit

FIG. 1. (A) Restriction enzyme maps of the cloned PARP A locus and two alleles of the PARP B locus. PARP « and B coding sequences
(W) and 5’ and 3’ untranslated extensions of the mRNA (0) are indicated. The numbers under the A locus map correspond to fragments
generated by a Sall-EcoRI-Spel restriction enzyme digestion. The fragments labeled with numbers under the two B locus clones were
generated by a PstI-Pvull-Stul restriction enzyme digestion, and those labeled with letters were generated by PstI-Spel-Stul restriction
enzyme digestion. The circled fragments hybridized with a-amanitin-resistant nascent RNA. Abbreviations: PI, PstI; S, Sall; RI, EcoRI; Spl,
Spel; P2, Pvull; Stl, Stul. (B) Slot blot of T. brucei control genes. Abbreviations: Rib, Plasmid containing the T. brucei ribosomal RNA
transcription unit; tub, a-B-tubulin clone; 5S, 5S rRNA; PARP, PARP cDNA clone; VSG, VSG 118 gene; tel, telomere repeat; miniexon,
miniexon repeat clone; Blue, Bluescript plasmid (see Materials and Methods for descriptions of the plasmids). (C) Nascent RNA analysis of
the PARP A locus. The genomic PstI clone was digested with Sall-EcoRI-Spel. The ethidium-stained agarose gel is shown on the left (Et);
blots of duplicate filters that were hybridized to nascent RNA from procyclic T. brucei made in the presence (+) of 1 mg of a-amanitin per
ml or in the absence () of a-amanitin are shown on the right. The largest band (V+4) contains the vector attached to the last A4 fragment.
(D) Nascent RNA analysis of B locus genomic clones. Clones containing the B2 and B1 alleles of the PARP B locus digested with
PstI-Pvull-Stul. V, Vector band. (E) Nascent RNA analysis of B locus clones. Clones containing the B2 and B1 alleles of the PARP B locus
digested with PstI-Spel-Stul. V, Vector band.
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FIG. 2. Nascent RNA run-on analysis of the 5’ end of the PARP transcription units. Nuclear run-on analysis was performed in the
presence of 1 mg of a-amanitin per ml (+) or in the absence of a-amanitin (—). Bal 31 deletion series of an A locus-derived BamHI-Pvull
fragment and a B1 locus-derived Ndel restriction enzyme fragment were cloned in two orientations in an M13 mp19 phage vector. The Bl
clone contains a 470-bp Hinfl restriction fragment. The sizes and locations of the clones are indicated under the map. Single-stranded DNA
corresponding to the sense and antisense strands was slot blotted onto nitrocellulose filters and hybridized with nascent RNA from procyclic
T. brucei. The vertical dotted line demarcates the point in the physical map where the A and B loci diverge; downstream of this point, to the
3’ splice acceptor site, the two loci are 97% homologous. The 3’ splice acceptor site (SS), the coding sequence (M), and the 5'- and 3'-located

untranslated extensions of the mRNA () are indicated.

cannot be determined by analyzing its steady-state RNA, but
it can be analyzed at the nascent RNA level. We thus
estimated the size of the PARP gene transcription units by
using nuclear run-on assays. These assays show the distri-
bution of RNA polymerases on the DNA template as indi-
cated by 3?P labeling of unprocessed RNA by RNA poly-
merase chain elongation.

Restriction enzyme-digested DNA of the genomic PARP
clones was size separated in agarose gels, transferred to
filters, and hybridized with 3?P-labeled nascent RNA made
with procyclic T. brucei nuclei in the presence (1 mg/ml; +
lanes in Fig. 1B through E) or absence (— lanes in Fig. 1B
through E) of the RNA polymerase inhibitor a-amanitin.

Hybridization of nascent RNA to genomic clones of the
PARP A locus showed that all the nascent RNA hybridiza-
tion was confined to the restriction fragments containing the
a- and B-PARP-coding sequences (Fig. 1A and C, fragment
4). Three restriction fragments located directly upstream of
the a-PARP gene of the A locus did not hybridize with the
nascent RNA, indicating that a transcription initiation site
may be located immediately upstream of the a-PARP-coding
sequence (Fig. 1C, fragments 1, 2, and 3). Similar results
were obtained with clones encoding the PARP genes of the
B1 and B2 loci (Fig. 1D and E), with hybridization of nascent
RNA confined to the PARP-coding region and to sequences

located downstream of the PARP genes (Fig. 1E, fragments
D and E). The restriction fragments located downstream of
the PARP genes in the B loci (Fig. 1D, fragments 6 and 7 in
the B1 locus and fragment 6 in the B2 locus, and Fig. 1E,
fragment E), showed less hybridization than the restriction
fragments containing the PARP-coding sequences. This re-
duction in hybridization intensities could be due to nucleo-
tide sequence divergence among the loci, which would limit
the amount of cross-hybridization. In addition, transcription
termination occurs downstream of the B-PARP genes of the
B loci (see below). The hybridization patterns were unaf-
fected by the addition of a-amanitin. However, a low level of
a-amanitin-sensitive transcription was observed for the up-
stream fragments in the B loci (Fig. 1E, fragments A, B, and
C). We interpret this a-amanitin-sensitive transcription to be
the result of readthrough from a different transcription unit
located upstream of the a-PARP genes in the B loci (18).
Hybridization of nascent RNA to slot blots containing
control 7. brucei genes (Fig. 1B) showed their predicted
a-amanitin sensitivities. Transcription of the rDNA clone
(rib) which is transcribed by the a-amanitin-resistant RNA
polymerase I is minimally affected by the addition of o-
amanitin, as are a PARP cDNA clone and the T. brucei
telomere repeat clone (36, 37). The hybridization signals of
genes transcribed by the a-amanitin-sensitive RNA poly-
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merases II and III (a-B-tubulin, miniexon, and 5S rRNA)
were reduced to less than 10% of their original levels by the
addition of a-amanitin. As expected, the bloodstream-form-
specific VSG 118 gene was not expressed in the T. brucei
insect form.

Location of transcription initiation sites. Restriction frag-
ments from the regions directly upstream of the a-PARP
genes did not hybridize with nascent RNA made in the
presence of a-amanitin. This result is indicative of the
location of transcription initiation sites immediately up-
stream of the a-PARP-coding sequences. The positions of
the 5’ ends of the transcription units were located more
precisely by using a series of Bal 31 deletion clones in the
region upstream of the PARP A loci and the PARP B1 locus
(Fig. 2 shows the location of the Bal 31 deletion clones). The
Bal 31 deletion fragments were cloned in both orientations in
an M13 mpl9 phage vector to determine the strand speci-
ficity of transcription. Single-stranded DNA corresponding
to the sense and antisense strands was slot blotted onto
nitrocellulose filters and hybridized to nascent RNA from
procyclic T. brucei made in the presence or the absence of
a-amanitin (Fig. 2). In all cases, the hybridization to the
sense strands of the deletion clones was minimal. There was,
however, strong a-amanitin-resistant hybridization with
clones containing the antisense fragments AS and A6. These
clones extended 167 and 374 bp downstream of the 3’ splice
acceptor site, where the 39-nt miniexon is trans spliced to
the pre-mRNA. The deletion clone (A4 in Fig. 2) whose 3’
end is 113 bp upstream of the 3’ splice acceptor site did not
hybridize to a-amanitin-resistant nascent RNA; neither did
the other A locus deletion clones (A1, A2, and A3 in Fig. 2).
These data indicate that the transcription initiation site of the
a-PARP genes of the A locus is within a few hundred base
pairs of the 3’ splice acceptor site.

Our sequence analysis of the genomic clones from the
PARP A and B loci had shown that these loci had virtually
identical nucleotide sequences extending from the 3’ splice
acceptor site to 640 bp upstream. At this point, the nucleo-
tide sequences of the A and B loci diverged (Fig. 2) (see
below). We therefore also analyzed single-stranded and B
locus-specific deletion clones (B1 and B2 in Fig. 2). As
expected, the clones did not hybridize with «-amanitin-
resistant nascent RNA.

Quantitation of these experiments showed that the a-
amanitin-resistant nascent RNA hybridization to clone AS
was 28-fold higher, and that to clone A6 was 50-fold higher,
than the hybridization intensities to fragment A4 or the MP
19 vector control. Since each of the fragments used only
recognized the expected PARP loci on Southern blots made
with digested T. brucei DNA, this transcription is specific for
PARP genes, and the initiation site for transcription is
therefore likely to be located within the region that extends
200 bp upstream of the 3’ splice acceptor site.

The B PARP locus encodes a small polycistronic transcrip-
tion unit. The polycistronic transcription units identified in
trypanosomes thus far have been large and extended over
tens of kilobase pairs. We analyzed the region downstream
of the B-PARP genes for possible transcription termination
sites which would provide evidence for the presence of
well-defined and small polycistronic protein-coding tran-
scription units.

Analysis of transcription termination at PARP loci was
performed by using subclones of restriction fragments de-
rived from the region that extended to the 3’ end of the B
loci. We had previously determined that transcription at the
PARP A locus continued beyond the 3’ end of the PARP A
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FIG. 3. Run-on transcription analysis of the 3’ end of the PARP
B1 and B2 alleles. Slot blots of plasmid subclones were hybridized
with nascent RNA from procyclic T. brucei made in the presence of
1 mg of a-amanitin per ml (+) or in the absence of a-amanitin (—).
The physical map on the right shows the two loci with the relevant
subclones underneath. The arrow above the physical map indicates
the approximate point of divergence between the B1 and B2 loci.
Note that in the map of the B2 locus only the relevant sites are given
between the Hindlll and Ps:l restriction enzyme sites. Fragments
that are circled hybridized to nascent RNA. The 490-bp fragment B1
A is generated by digestion with Srul-Sall; Bl B is a 560-bp
Ndel-HindIll fragment; B1 C is a 900-bp BamHI-Ps:I fragment; B2
A is a 2.9-kb HindIII-PstI fragment; B2 B is a 960-bp HindlII-Hincll
fragment; B2 C is a 530-bp Hincll-Xhol fragment; B2 D is a 650-bp
Xhol-Hincll fragment; and B2 E is a 750-bp HinclI-PstI fragment.
Blue is the Bluescript vector; 4-1 and 4-2 are the sense and antisense
strands of a PARP cDNA cloned into the M13 single-stranded DNA
vector MP18. Abbreviations: B, BamHI; H2, Hincll; H3, HindIII;
P1, PstI; P2, Pvull; Nd, Ndel; S, Sall; St1, Stul; X1, Xhol.

locus genomic clone (results not shown). Slot blots of
B-locus plasmid clones were hybridized with nascent RNA
from procyclic T. brucei made in the presence or in the
absence of a-amanitin (Fig. 3). All clones derived from the
B1 locus hybridized with nascent RNA. The specificity of
this hybridization for the B loci could be determined with
clone B1 B, since this fragment was specific for fragments of
the B loci and did not detect the A loci (data not shown).
Therefore, transcription must continue in at least one of the
B loci into regions that extend beyond the point demarcated
by this clone. However, at this point the nucleotide se-
quences of the B loci start to diverge, and the restriction
fragments B2 D and B2 E are both specific for the B2 locus
(results not shown). Since fragment B2 E does not hybridize
at all to the 3?P-labeled a-amanitin-resistant nascent RNA,
transcription termination of the B2 locus must occur in the
region identified by fragments B2 D and B2 E. It is possible
that the transcription termination is not abrupt but occurs
gradually within the 3’ end of the transcription unit.

We conclude that at least one of the PARP transcription
units (the B2 locus) is small (5 to 6 kb), with a promoter
located within the 200 bp upstream of the o-PARP gene and
transcription termination occurring within 3 kb downstream
of the B-PARP gene.

Nucleotide sequence analysis of the PARP loci. To study the
putative promoter region in more detail, we determined
DNA nucleotide sequence of the A and B PARP loci. The
DNA nucleotide sequence extending from 1.65 kb upstream
of the a-PARP gene of the B1 locus through the intergenic
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TTGGGCGAAG GGGTCTGCAT GTTGCTTTAT TTCATTGGTG GTTTTATGTG CAGTGTTTCC
TGGGCCCCGC AGCTGAAGTT GTTTCGCTGC CCTGCCCCCC ACTGCTGCGT TTCTGCTGGA GAAACGATGT
TGGAGGTTGA CGGGTGTGTG CTTTTGAAGA CTTTGTATGA ATATGGAAGG AAGCTCGCAG CGGTTACTAC
AGGCAGTTAA GGGCTGAGTG CTGTGCCTTT TCTATTGCCT CTCCCCCTCT TGATCTATTC TTGTCGGGAG
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AGTGATTTAT TTATCCGAGT TTCGGTTAAT TGTCCCTTAG GGATGAAAGG CACCTCAGAG ATGAGAGGGC

TGGTTATCCC AGTTGATGTG CGCATTCATA TATACCATTT CCCCATTTTT TTCAACTTGA
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’_&muu TACACCAAAA AGTARAATTC ACAATGRCAC CTCGTTCCCT TTATCTGETC GCTGTTCTTC
TGTTCAGCGC GAACCTCTTC GCTGGCGTGG GATTTGCCGC AGCCGCTGAA GGACCAGAAG ACAAGGGTCT
FIG. 4. Sequence analysis of the Bl locus. The region encoding the Bl a and Bl 8 mRNAs is indicated in large boxes and with
single-spaced lines. The sequence of the A locus extending upstream from the a-PARP gene 3’ splice acceptor site is shown underneath the
B locus sequence with hyphens representing identical nucleotides. Several relevant restriction enzyme sites are indicated, as are the two 3’

splice acceptor sites of the a- and B-PARP genes (SS). The large box represents the a-PARP gene sequence; the ATG translation initiation
codon and the TAA translation termination codon are boxed. The box at the bottom of the figure demarcates the 5’ end of the B-PARP gene.
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FIG. 5. (A) UV inactivation of transcription in procyclic try-
panosomes. Trypanosomes were exposed to increasing doses of UV
light, and their nuclei were isolated and used in a nuclear run-on
assay to measure the distribution of nascent RNA. The UV doses
are given in ergs/mm? x 100. The top panel shows the slot blots of
subclones from different control genes. The pEMR1-5 clones span
the ribosomal DNA transcription unit, and miniexon indicates the
miniexon repeat clone. Blue is the plasmid vector Bluescript. B1 Pv
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region and into the coding sequence of the B-PARP gene was
compared with the A locus sequence (Fig. 4; only 1,043 bp of
sequence upstream of the a-PARP genes is shown). Since
the Bl and B2 locus physical maps were identical in this
region, we did not determine the B2 locus DNA nucleotide
sequence. The region extending up to 640 bp upstream from
the 3’ splice acceptor site of the a-PARP gene from the Bl
locus was 97% homologous to the equivalent region in the A
locus sequence. Upstream of this point the nucleotide se-
quence homology of the A and B loci diverge sharply. As the
promoter was estimated to be within 200 bp upstream of the
a-PARP gene, the loci may have arisen through gene con-
version by a promoter-containing transcription unit.

The DNA nucleotide sequence around the 3’ splice accep-
tor sites of the B1 a- and B-PARP genes is only identical for
20 bp upstream of the 3’ splice acceptor site. Beyond this
point, the nucleotide sequence diverges. Comparison of the
putative promoter region and the intergenic region located
upstream of the B-PARP gene did not reveal conserved
nucleotide sequence elements.

Determination of the location of the transcription initiation
site by UV inactivation of transcription. It has been difficult to
locate transcription initiation sites in T. brucei accurately
because of the presence of large polycistronic, perhaps
overlapping, transcription units. In addition, presumably all
mRNAs in trypanosomes are matured by trans splicing. As
a result, the 5’ end of the mRNA does not determine the
location of the transcription initiation site of the protein-
coding gene. We therefore sought to verify the location of
the transcription initiation site of the PARP locus, the size of
the transcription unit, and the accuracy of the nuclear run-on
data by UV inactivation of transcription.

Mapping of transcription initiation sites by UV inactiva-
tion of transcription is based on the inability of RNA
polymerases to traverse pyrimidine dimers formed on the
DNA template by UV irradiation. The level of transcription
of a particular gene is thus inversely correlated to the
number of pyrimidine dimer cross-links generated in the
DNA template and the distance of the fragment from its
promoter. At any particular UV dose, DNA sequences
located further downstream from a promoter are therefore
predicted to be more sensitive to UV irradiation than those
located closer to the promoter. Measuring the efficiency of
RNA polymerase elongation at different UV doses thus
allows mapping of a fragment relative to its transcription
initiation site (4, 15-17, 40). This method was used by Borst
and co-workers (17) to show that the VSG 221 expression
site in bloodstream-form trypanosomes is transcribed as a
very large (60-kb) polycistronic unit in bloodstream-form 7.
brucei.

1 is the subclone containing the a-PARP-coding region from the Bl
allele (fragments 3 and 4 of the B1 locus in Fig. 1). B1 B and B1 C
contain fragments downstream of the B1 B-PARP gene. B2 B is a
fragment located downstream of the B2 PARP gene (see map in Fig.
3). The different UV doses were as indicated in Fig. 5B and are here
schematically labeled with the numbers 0 through 4 (highest dose).
(B) Quantitation of the UV inactivation of transcription data.
Semi-logarithmic plot of the relative transcription (signal after UV
dose/signal with no UV [as described in Materials and Methods]) set
out against the UV dose for subclones from the various control
genes. (C) Quantitation of the UV inactivation of the PARP genes.
Semi-logarithmic plot of the relative transcription (signal after UV
dose/signal with no UV) set out against the UV dose for the PARP
subclones. The graphs in panels B and C correspond to the hybrid-
ization data shown in panel A. No correction factors were used.
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FIG. 6. Thin-layer chromatography of [**C]butyryl-chloramphenicol from extracts of the transfected cells. +, Positive control (CAT
enzyme added to a trypanosome cell lysate); —, negative control. The arrow indicates the direction of the ascending thin-layer
chromatography. Plasmid constructs are schematically outlined with the physical maps located to the right of each lane. The arrows on top
of the physical maps indicate the expected directions of transcription as predicted from the positioning of the sequences relative to the PARP
genes. BNspCAT-1 and BNspCAT-0 contained the 830-bp region upstream of the 3’ splice acceptor site cloned in front of the CAT gene in
the correct and reverse orientations, respectively. BANspCAT contained the sequences extending 196 bp upstream of the 3’ splice acceptor
site; the BSspCAT construct contained sequences up to 80 bp upstream of the 3’ splice acceptor site; and BintCAT-1 and BintCAT-0
contained the intergenic region cloned in the correct and inverted orientations, respectively.

Slot-blots of T. brucei rDNA clones containing fragments
spanning the transcription unit (from 5’ to 3’, pEMRI1 to
pEMRS) are shown in the top panel of Fig. SA. Slot blots
containing these rDNA clones, the miniexon gene, and
a-B-tubulin clones (as described in Materials and Methods)
were hybridized with nascent RNA from procyclic T. brucei
that had been exposed to various doses of UV light before
the nuclei isolation. The efficiency of transcription at each
UV dose relative to the zero point was set out in a semilog-
arithmic plot against the UV dose (Fig. 5B). As can be seen
from the curves, at increasing UV doses hybridization to the
most-downstream rDNA fragment (pEMRS5) decreased more
rapidly than hybridization to the most-upstream promoter-
containing fragment (pEMR1). The hybridization intensity
was inversely correlated to the distances of the fragments
from the promoter. The 5S rRNA and miniexon subclone
containing the promoter and coding sequence of a very small
(140-bp) transcription unit were only affected to a limited
extent by the increasing UV doses. (The reason for the initial
drop in the efficiency of transcription of the 5S rRNA and
miniexon genes and the absolute resistance to increasing UV

doses is unclear. We did not introduce correction factors
that keep the transcription of small genes at a constant level.
The very large a-B-tubulin transcription unit was severely
inhibited by even the lowest UV dose (Fig. 5B; hybridization
results for 5SS rRNA and «-B-tubulin genes are not shown).

TABLE 1. Results of transfection of procyclic T. brucei
with different plasmid DNA constructs

Transfection (avg [SD] *C counts recovered in
[**C]butyryl-chloramphenicol) in expt?:

Construct
1 2 3
pCOCAT 20 (1) 2509) 40 (36)
BNspCAT1 8,941 (985) 5,467 (1269) 3,337 (292)
BNspCATO 23 (5) 31 (15) 40 (26)
BANspCAT 4,892 (352) 1,184 (485) 457 (72)
BSspCAT 45 (2) 26 (5) 33 (23)
BIntCAT1 ND?* 28 (7) 60 (20)
BIntCATO ND 26 (6) 27 (21)

“ Most experiments were performed in triplicate.
® ND, Not done.
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FIG. 7. Nucleotide sequence of the PARP promoter regions.
DNA nucleotide sequence comparison of the sequences upstream of
the a-PARP genes at the A locus, the B locus, and the B locus-
derived intergenic region sequence (I). Hyphens indicate identity in
the DNA sequences, and base substitutions are shown. The inter-
genic region sequence is only shown in the region where sequence
conservation exists. SS, 3’ splice acceptor site. Spel and Scal
indicate these restriction enzyme digestion sites. Boxed sequences
are discussed in the text.

The ribosomal transcription unit was used to calibrate the
system, and an estimated size for the transcription unit of 10
kb was obtained (as previously shown by Johnson et al.
[17)).

Hybridization of the PARP subclones with nascent RNA
showed a similar decrease in the nascent RNA signal,
dependent on increasing doses of UV light (hybridization
results are shown in the bottom panel of Fig. SA and the
graph shown in Fig. 5C; hybridization to the plasmid control
[Blue] was negligible). As expected, hybridization to the
subclone containing the putative PARP promoter plus cod-
ing region (labeled B1Pv1) was the most resistant to increas-
ing UV doses. Hybridization to two fragments located
downstream of the B genes in the two different B loci
(fragment B1 C and B2 B in Fig. 3, located at the 3’ end of
the B2 PARP locus) were the most sensitive to the UV-
induced inactivation of transcription. A fragment located
just upstream of B2 B (fragment Bl B) hybridized as
expected with a slightly greater intensity. From this data, we
can conclude that all the fragments behaved as if they were
downstream from a single promoter, located within hun-
dreds of base pairs of the a-PARP-coding sequence. The
technique of mapping initiation sites with UV inactivation of
transcription is not sensitive enough to determine whether a
second promoter exists in the intergenic region upstream of
the B-PARP gene.

PARP promoter activity in transient transfection of procy-
clic T. brucei. Dissection of the PARP promoter was per-
formed by analysis of in vivo transient transcription assays.
Recently, methods to express the bacterial CAT gene in the
trypanosomatid Leptomonas seymouri was developed by
Bellofatto and Cross (1), and a similar method for Leishma-
nia enrietii was developed by Laban and Wirth (21). The
Bellofatto and Cross procedure relied on the electroporation
of an L. seymouri expression vector containing the CAT
marker gene with an upstream L. seymouri-derived miniex-
on and miniexon promoter region. Downstream of the CAT
gene, these authors placed the 3’ end and downstream region
of the L. sePmouri a-tubulin gene. By using a more sensitive
modification (41) of the standard CAT enzyme assay (14),
CAT activity was detectable 3 h after transfection.

We used a modification of the same procedure to electro-
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porate CAT constructs containing the putative PARP pro-
moter, using a different vector, into procyclic T. brucei (see
Materials and Methods for constructs used and protocol).
Table 1 shows the results from three representative experi-
ments using PARP CAT gene constructs, and Fig. 6 shows a
relevant example of the [*C]butyryl-chloramphenicol as
analyzed by thin-layer chromatography. The PARP pro-
moter construct (BNspCAT-1) contained the sequence ex-
tending from 7 bp downstream of the a-PARP 3’ splice
acceptor site up to 833 bp upstream of the B1 a-PARP gene
(see Materials and Methods for details). The CAT vector
without a promoter (p)COCAT) did not show CAT activity,
exhibiting background levels only, while the putative a-
PARP promoter construct containing the promoter in the
correct orientation (BNspCAT-1) always showed significant
levels of CAT activity (250- to 450-fold above background;
transfections were usually performed in triplicate). The same
fragment cloned in the inverted orientation (BNspCAT-0)
never showed activity above background. A deletion con-
struct (BANspCAT) containing only 200 bp upstream of the
B1 a-PARP 3’ splice acceptor site gave a CAT activity of 50-
to 250-fold above background. Since all T. brucei mRNAs
are matured by trans splicing, the possibility remained that
promoter activity was in the plasmid vector and that CAT
enzyme activity was found only with constructs containing
the 3’ splice acceptor site in the proper orientation. We
therefore cloned an 80-bp fragment containing the 3’ splice
acceptor site and its adjacent pyrimidine-rich region from the
Bl a-PARP gene in front of the CAT gene (construct
BSspCAT). This construct gave either no CAT activity or a
very slight CAT activity (no more than twofold above
background). The experiments presented reflect the range of
relative *C counts obtained with the different constructs.
Data for experiments two and three are the most repre-
sentative of the results obtained from multiple experiments
(Table 1 and data not shown). We assume that the variation
in the transfection efficiencies resulted from differences in
the batches of cells used for each experiment.

We next determined whether a promoter was present in
front of the B genes of the polycistronic PARP array. Since
sequence conservation could not be found in the region
extending beyond 20 bp upstream of the Bl a- and B-PARP
genes, these promoters would have to be drastically different
in their primary DNA sequences (Fig. 7). A fragment mea-
suring 780 bp (containing, from S’ to 3’, 170 bp from the
3’-untranslated extension of the B1 locus-derived a-PARP
gene, the entire intergenic region, and 7 bp downstream of
the 3’ splice acceptor site of the Bl-derived B-PARP gene)
was cloned in front of the CAT gene in the correct (Bint-
CAT-1) or inverted (BintCAT-0) orientation. Neither con-
struct gave CAT activity above background (Table 1). The
transfection results thus indicated that the PARP transcrip-
tion unit is controlled from a single promoter located up-
stream of the a-PARP genes.

All our efforts to map the exact location of the transcrip-
tion initiation site by using procyclic RNA have failed thus
far. We have used primer extension, nuclease S1 protection
mapping of total RNA, and RNase T1 protection of *2P-
labeled nascent RNA. Even though the latter technique has
allowed us to map a-B-tubulin and heat shock 70-kilodalton
nascent RNA precursor transcripts (J. Huang and L. H. T.
Van der Ploeg, unpublished results), PARP nascent RNA
transcripts that determine the location of the transcription
initiation site could not be detected. We assume that the
PARP nascent RNA transcripts are processed more rapidly
or that they are extremely unstable. We consider it unlikely
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that this instability results from trans splicing of nascent
RNA, since we have thus far not been able to detect PARP
nascent RNA molecules with miniexon sequences (J. Huang
and L. H. T. Van der Ploeg, unpublished results).

Description of the a-amanitin-resistant PARP promoter.
The putative promoter regions of the A and B loci aligned
above the sequence of the intergenic region extending di-
rectly upstream of the 3’ splice acceptor site of the Bl
B-PARP gene are shown in Fig. 7. Analysis of nascent RNA
and UV inactivation of transcription provided evidence for
the location of the PARP promoter immediately upstream of
the a-PARP gene. Transient transfection of procyclic T.
brucei pinpointed the putative PARP promoter to the restric-
tion enzyme fragment extending from the Spel restriction
enzyme site to the 3’ splice acceptor site (SS). The smaller
fragment containing the 3’ splice acceptor site only (con-
struct BSspCAT, extending up to the Scal restriction en-
zyme site) did not exhibit promoter activity. This data
narrows the promoter region to an area of roughly 200 bp
upstream of the 3’ splice acceptor site. A canonical CAAT
consensus sequence (large box in Fig. 7) is located just
downstream of the Spel restriction enzyme site. There were
no obvious TATA boxes. A characteristic pattern of four
boxes with a GTGC consensus sequence (small boxes in Fig.
7) interspersed with five A’s or T’s is found downstream of
the Spel restriction enzyme site. A 7-bp stem hairpin could
be formed in the region just downstream of the second
GTGC box. Determination of the significance of these DNA
sequence elements for the initiation of transcription awaits
analysis of promoter mutant constructs in a CAT transfec-
tion assay.

DISCUSSION

At least one of the a-amanitin-resistant PARP transcrip-
tion units is unusually small (between 5 and 6 kbp), as judged
from nuclear run-on hybridization analysis. This is in sharp
contrast to the VSG gene expression sites, whose a-aman-
itin-resistant transcription units range in size from 45 to 60
kb (17, 20, 32, 43, 44). The a-amanitin sensitively transcribed
a-B-tubulin and phosphoglycerate kinase transcription units
are also large, measuring tens of kilobase pairs in size (13;
M. G. S. Lee et al., unpublished results).

The PARP genes contain a promoter located immediately
upstream, presumably within 196 bp, of the 3’ splice accep-
tor site of the a-PARP gene. Since the PARP A and B loci
(29) diverge from each other 450 to 550 bp upstream of the
putative promoter, all proximal regulatory elements for
transcription initiation are probably located within this 550-
bp region. Transcription termination occurs within 3 kb
downstream of the B gene of the B2 locus. These small
polycistronic transcription units generate mature mRNAs
with the capped 39-nt miniexon via trans splicing of the
pre-mRNA. Thus, the function of trans splicing is not simply
limited to defining the 5’ ends of mature mRNAs in large
polycistronically transcribed domains. We do not have evi-
dence for the existence of promoters in the intergenic
regions of the PARP transcription unit. The PARP arrays are
therefore unlikely to consist of overlapping transcription
units and are truly polycistronic. This conclusion is mainly
based on the observation that the intergenic region failed to
function as a promoter in transient transfection assays.
Indirect evidence is provided by the absence of significant
sequence homology between the intergenic region and the
region upstream of the a-PARP genes. Our results indicate
that the polycistronic transcription does not reflect a general
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absence of transcription terminators at protein-coding genes
in trypanosomes, since we identified a region with a tran-
scription terminator in the B2 locus.

The physical maps of the PARP loci were indistinguish-
able in insect- and bloodstream-form trypanosomes; hence,
DNA recombinational events are unlikely to control PARP
gene transcription. We could not detect obvious similarities
between the PARP promoter region and the putative pro-
moter of the ribosomal RNA transcription unit that is
transcribed by RNA polymerase I (51). Similarly, obvious
homologies with the region upstream of the a-amanitin
sensitively transcribed miniexon genes could not be detected
(10). These comparisons are, however, hampered by our
inability to determine the exact location of the transcription
initiation sites. As discussed above, we assume that the very
5’ end of the PARP precursor RNA is very unstable.

The data presented here and the previously published
reports on transfection of Leptomonas (1) and Leishmania
(21) species indicate that it is likely that many different
kinetoplastid species can be transformed by electroporation.
We have not analyzed the CAT mRNA in the transfected
cells and therefore do not know whether a miniexon is added
by trans splicing. We assume that the addition of the spliced
leader is necessary for proper translation (9, 50). Further
optimization of the transfection system for T. brucei may be
required before RNA detection becomes feasible. The char-
acterization of the PARP promoter will aid in the identifica-
tion of the polymerase that transcribes the PARP and VSG
genes, and a comparison of VSG gene promoters and the
PARP promoter may allow the identification of characteris-
tic common regulatory domains.

Finally, the analysis of the PARP promoter showed that
transcription initiation sites and the 3’ splice acceptor site
can be located very close to each other. This juxtaposition
implies that the sequence requirements for trans splicing are
limited to a region that is smaller than the 196-bp domain
which contains the PARP promoter and the 3’ splice accep-
tor site.
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