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Numerous protein-coding genes of the protozoan Trypanosoma brucei are arranged in tandem arrays that are

transcribed polycistronically. The pre-mRNA transcripts are processed by trans splicing, leading to the
addition of a capped 39-nucleotide (nt) miniexon and by poly(A) addition. We wished to determine the order
of the RNA processing events at the hsp70 locus and address the potential occurrence of cotranscriptional RNA
processing. We determined the rate of transcriptional elongation at the hsp70 locus in isolated nuclei, which
measured between 20 and 40 nt/min. This low rate of RNA chain elongation allowed us to label the 3' end of
hsp70 nascent RNA with a short (about 180-nt) 32P tail. The structure of the labeled nascent hsp70 RNA could
then be analyzed by RNase T, and RNase T1/RNase A mapping. We show that the trans splicing of hsp70
pre-mRNA did not occur immediately after the synthesis of the 3' splice acceptor site, and nascent RNA
molecules that contained about 550 nt of RNA beyond the 3' splice acceptor site still had not acquired a

miniexon. In contrast, nascent RNA with a 5' end that mapped to the polyadenylation site of the hsp70 genes

could be detected, indicating that maturation of the pre-mRNA in trypanosomes involves a rapid cleavage of
the nascent hsp70 RNA (within seconds after synthesis of the site) for poly(A) addition. Our data suggest that
polycistronic pre-mRNA is unlikely to be synthesized in toto and rather appears to be processed cotranscrip-
tionally by cleavage for poly(A) addition.

Most protein-coding genes in eukaryotes are interrupted
by intervening sequences (introns) which are spliced from
the precursor mRNA to generate mature mRNA by cis
splicing (removal of introns from colinear transcripts; 18, 43,
48). In kinetoplastida and several nematode species, the
exons of a single mRNA can be encoded by different genes
located on separate chromosomes. In these cases, the exon-
joining reaction is through trans splicing of a separately
transcribed 5'-capped miniexon donor RNA (medRNA or
spliced leader RNA) and an mRNA precursor (3, 4, 24, 57).
In nematodes, both cis splicing and trans splicing play roles
in mRNA maturation (24), while in trypanosomes and re-
lated kinetoplastidae, trans splicing is the only route of
pre-mRNA maturation. Every mRNA of Trypanosoma bru-
cei is presumed to be processed by trans splicing (9, 59), in
which a 39-nucleotide (nt) miniexon, derived from the 5' end
of the medRNA, is spliced onto the 5' end of each mRNA
molecule. Conventional introns, i.e., those that disrupt
protein-coding sequences, have not been found in trypano-
somes.
The mechanism of trans splicing bears a striking resem-

blance to its cis counterpart in that the cleavage signals at the
5' and 3' splice junctions are conserved on the medRNA and
pre-mRNAs, respectively. The analogy extends further with
the identification of Y-shaped splicing intermediates involv-
ing 2'-5' phosphodiester bonds that connect the introns of
medRNA and the pre-mRNA (27, 40, 45, 51). The Y-shaped
splicing intermediates are the structural equivalent of the
lariat structures generated in cis splicing. Analogs of U2, U4,
and U6 small nuclear RNA (snRNA) involved in cis splicing
were also found in trypanosomes (37, 53), and they have

* Corresponding author.

recently been demonstrated to be essential for trans splicing
(55). The medRNA itself has been proposed to play a
catalytic role in trans splicing since it may be functionally
equivalent to the Ul snRNA in cis splicing (7, 58). This
notion is further supported by studies in which the spliced
leader RNA of Caenorhabditis elegans was shown to be able
to substitute for the human Ul snRNA, suggesting that the
medRNA can function both as a substrate and as a catalyst
in the trans-splicing reaction (6).
RNA splicing is generally considered to be a posttran-

scriptional event preceded by polyadenylation (25, 41, 46,
52). However, electron microscopic analyses revealed a
different picture of RNA processing in which spliceosome
assembly and splicing were shown to occur on growing,
nascent RNA chains (1, 42). Nascent RNA processing
suggests a role for the transcription complex or the nascent
RNA chain in RNA maturation. To understand the control of
RNA processing, knowledge of the timing of spliceosome
assembly, the in vivo location of spliceosomes, differential
intron removal in alternative splicing, and the parameters
that determine the efficiency of splicing is essential.

In trypanosomes, many protein-coding genes are tran-
scribed polycistronically from putative single upstream pro-
moters, generating polycistronic pre-mRNA transcripts (13,
21, 38, 44, 47, 54, 62) that are processed by trans splicing
with the medRNA. However, the precursor-product rela-
tionship of polycistronic pre-mRNA and the mature mRNA
has not been clearly defined, and RNA from polycistroni-
cally transcribed protein-coding genes may be processed
posttranscriptionally or cotranscriptionally. In either case,
the processing is believed to be rapid, since the medRNA
has a short half-life (about 4 min; 26, 27, 56).

It is obvious that cotranscriptional and/or posttranscrip-
tional control is required to adjust the mRNA abundance of
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constitutively transcribed genes. Hence, the timing of the
RNA processing events becomes essential in understanding
the control of mRNA abundance. In this work, we studied
RNA processing events of the RNA polymerase II generated
heat shock protein of 70 kDa (hsp7O) nascent RNA (14, 30).
We show that miniexon addition at hsp7O genes does not
occur immediately after synthesis of the 3' splice acceptor
site. Moreover, synthesis of a further 550 nt of nascent
RNA, beyond the 3' splice acceptor site, occurred without
miniexon addition. In contrast, evidence for cotranscrip-
tional RNA processing for poly(A) addition was seen. This
observation provides an explanation for the rarity of poly-
cistronic hsp7O pre-mRNA in total nascent RNA in trypano-
somes.

MATERIALS AND METHODS

Construction of hsp7O cDNA plasmids. A 209-nt cDNA
construct, comprising 20 nt of the miniexon and 189 nt of the
hsp7O coding region, was made by using a 25-mer synthetic
oligonucleotide (5'-CCGTGAAGGCAACGTAGGACGGC
GT), complementary to the 5' end of the hsp7O coding
sequence, to generate a short miniexon containing cDNA
from poly(A)+ trypanosome RNA. The antisense cDNA was
then used as a template for the polymerase chain reaction
with the same 25-mer hsp7O oligonucleotide and a synthetic
20-nt miniexon sense-strand oligomer, which is identical to
the last 20 nt of the miniexon (5'-ACAGTTTCTGTACTAT
ATTG). The polymerase chain reaction-amplified 209-nt
fragment was cloned into the SmaI site of plasmid Sp 64 (35).
The DNA nucleotide sequence of the construct was con-
firmed by double-strand DNA sequencing. A 400-nt cDNA
construct was made by extending the 209-nt construct by
inserting a BstEII-SacII restriction enzyme fragment (the
SacII site was blunted by Si nuclease) of the hsp70 coding
sequence (derived from the genomic hsp7O clone hlO; 14)
into the BstEII-HincII-digested 209-nt cDNA plasmid. The
nucleotide sequence of this clone was determined. It con-
tained 380 bp of the hsp7O coding sequence, located down-
stream of the 3' splice acceptor site, and 20 bp of the
miniexon sequence. A 570-nt cDNA construct was also
made by extending the hsp7O coding region of the 209-nt
plasmid construct. A BstEII-EcoRI restriction enzyme frag-
ment, shortened by Bal 31 treatment of the EcoRI restriction
enzyme site, was ligated into the BstEII-HincII-digested
209-nt Sp 64 cDNA clone. The length of the insert of this
construct measured 570 bp, including 20 bp of the miniexon
sequence, as confirmed by DNA nucleotide sequencing.
DNA construct pHS-IG1 was generated by inserting a PstI-
BstEII fragment (partially digested with PstI; the BstEII site
was Kienow treated) containing the hsp7O intergenic region
from clone hlO into Sp 65 (PstI-SmaI digested). An hsp7O
intergenic-region PstI-EcoRI fragment (partially digested
with PstI) was trimmed by Bal 31 from the EcoRI site to
nucleotide position 256 downstream of the 3' splice acceptor
site and introduced into PstI-SmaI-digested Sp 65, generat-
ing pHS-IG2.

Preparation of nascent RNA from isolated trypanosome
nuclei. Both bloodstream-form and insect-form T. brucei
variant 118 clone 1 (29) were used to prepare nuclei accord-
ing to a previously described procedure (22). Cells are
passed through the cell disrupter and diluted in nuclei
preparation buffer at 0°C within seconds of cell lysis, ensur-
ing an immediate block in nascent RNA chain elongation.
Nascent RNA was prepared after 6 min of incubation in the
presence of [a-32P]UTP or -GTP in a typical run-on tran-

scription assay (23). The reaction volume was 200 ,ul con-
taining 0.1 M Tris-HCI (pH 7.9), 50 mM NaCl, 60 mM KCl,
2 mM MgCl2, 4 mM MnCl2, 0.15 mM spermine, 0.5 mM
spermidine, 25% glycerol, 2 mM dithiothreitol, 2 mM each
ATP, CTP, and GTP, 10 ,uM UTP, 500 ,uCi of [32P]UTP
(3,000 Ci/mmol; NEN), and 109 nuclei. The resulting nascent
RNA provides sufficient signal for 16 to 20 RNase protection
assays. The reaction was terminated by adding an equal
volume of 20 mM Tris-HCl (pH 7.5)-10 mM EDTA-1%
sodium dodecyl sulfate-1 mg of proteinase K per ml, and the
mixture was incubated for 20 min at 50°C. DNA in the
nuclear lysate was sheared by passing the mixture 10 times
through a 21-gauge needle. The lysate was extensively
extracted with phenol-chloroform-isoamyl alcohol, passed
through a Sephadex G-50 column, and again extracted with
the same reagents. After precipitation in ethanol, the pellets
were subject to RNase-free DNase I (Boehringer Mannheim)
treatment in 10 mM Tris-HCl (pH 7.5)-5 mM MgCl2-0.1 mM
EDTA at 37°C for 15 min. The RNA was then extracted with
phenol-chloroform and subsequently precipitated in ethanol.
In some experiments, nascent RNA was size fractionated on
4% polyacrylamide gels and eluted as described previously
(16). In other experiments, hybridization selection was car-
ried out to improve the signal-to-noise ratio (27), in which
the same antisense riboprobe was used for selection as for
the RNase protection (nascent hsp7O RNA was selected with
clone pHS-IG1).
Methods to purify large nascent RNA and study its

potential miniexon addition involved biotinylation of nascent
RNA, labeled with 6N-aminohexyl-ATP (Bethesda Research
Laboratories) or allylamine-UTP (Enzo Biochem), followed
by fractionation of the nascent (derivatized) RNA from
nonbiotinylated (steady-state) RNA. However, the 6N-ami-
nohexyl-ATP-mediated biotinylation had a poor labeling
specificity due to nonspecific labeling of RNA with ATP,
presumably by a poly(A) polymerase, in addition to the low
incorporation efficiency of this ATP derivative. Similarly,
use of allylamine-UTP also led to nonspecific labeling,
making our analysis of larger nascent RNA molecules im-
possible (20a).
We concluded that trans splicing did not occur at nascent

hsp7O RNA extending up to 550 nt beyond the 3' splice
acceptor site. The accuracy of this measurement has some
limitations, since the relative contribution of nascent RNA
from RNA polymerases that are further away from the 3'
splice acceptor site will become progressively less signifi-
cant: these RNAs will have a lower specific activity, and the
longest nascent RNAs analyzed will represent a fraction of
the total RNA analyzed. However, even RNA polymerases
that are for instance between 500 to 550 nt beyond the 3'
splice acceptor site will contribute as much as 7.5% of the
intensity of the total signal. Therefore, since the protected
fragments revealed unspliced RNA only, even the nascent
RNAs from RNA polymerases that were located far beyond
the 3' splice acceptor site (for instance, between nt 500 and
550) must still represent unspliced molecules.
RNase protection analyses. Antisense riboprobes were

synthesized as 32P-labeled or unlabeled RNA with SP6
polymerase as described by Melton et al. (35). Unlabeled
riboprobes were used to analyze 32P-labeled nascent RNA,
whereas the labeled SP6 RNA probes were used for the
protection of total steady-state RNA. In general, an an-
tisense riboprobe was coprecipitated with the target RNA
molecules, and the pellets were dissolved in 20 ,u of hybrid-
ization solution [10 mM piperazine-N,N'-bis(2-ethanesulfon-
ic acid) (PIPES; pH 6.9), 0.4 M NaCI, 1 mM EDTA, 80%
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FIG. 1. Schematic representation of the hsp7O locus of T. brucei and the synthetic cRNA probes. The polycistronic hsp7O array (open

boxes numbered 1 to 6) in T. brucei consists of five identical hsp7O genes (genes 2 to 6) and one diverged cognate hsp7O gene (gene 1). An
enlarged region of one of the repeated hsp7O genes is shown, containing, from 5' to 3', the 3' end of the preceding hsp7O gene (stippled box),
the intergenic region (thin line), and the 5' end of the next hsp7O gene. The arrowhead points to the site of poly(A) addition of hsp7O mRNA.
The sizes and locations of the cRNA probes are shown below the physical map. All three of the antisense cRNA probes have the last 20 nt
of miniexon complementary sequence (black boxes), and they differ from one another by the length of the hsp7O coding exon downstream
of the 3' splice acceptor site (hatched lines). pHS-IG1 and pHS-IG2 are antisense probes containing the intergenic region sequence (thin lines)
flanked by sequences of the hsp7O coding exons (hatched lines).

formamide]. Denaturation was at 85°C for 15 min, and
annealing was at 45°C for 10 to 12 h. RNase T1 digestion was
performed in 10 mM Tris-HCI (pH 7.5)-0.3 M NaCl, with 200
U of the enzyme (Calbiochem) per ml, at 30°C for 1 h. The
conditions for RNase T1/RNase A incubation were similar
except that 5 mM EDTA and 4 pLg ofRNase A (Sigma) per ml
were included.
RNase H treatment of RNA. RNase H digestion of RNA

molecules was carried out in the presence of complemen-
tary oligonucleotides. A 22-nt antisense miniexon oligomer
(5'-CAATATAGTACAGAAACTGTTC) was used to re-
move miniexons from the 5' ends of steady-state RNA,
and a 25-mer complementary to the 5' end of the hsp7O
coding sequence (5'-CCGTGAAGGCAACGTAGGACGGC
GT) was used to mediate cleavage of hsp7O RNA molecules
in their coding sequence. Typically, a 15- to 20-fold excess of
oligonucleotide was coprecipitated with nascent RNA in
ethanol, and the pellets were dissolved in 20 mM Tris-HCl
(pH 7.5)-10 mM MgCl2-100 mM KCI-0.1 mM dithiothrei-
tol-5% sucrose. After a 30-min incubation at 37°C, 2 to 3 U
of RNase H (Bethesda Research Laboratories) was added,
and digestion was allowed to proceed for 1 h at 37°C.
Oligonucleotides were removed by a 15-min treatment with
RNase-free DNase I. Upon extraction with phenol-chloro-
form-isoamyl alcohol, the nascent RNA was precipitated in
ethanol and analyzed in the RNase T1 protection assay.

Determination of the rate of elongation. The overall rate of
nascent RNA chain elongation by RNA polymerases I, II,

and III in isolated nuclei was measured as described by
Marzluff et al. (34). Nuclei were first incubated under the
standard run-on conditions for 3 min without labeled nucde-
oside triphosphate; 45 ,umol of [2,8-3H]GTP was then intro-
duced. The reaction was allowed to continue for another 3

min. RNA was recovered as described above and size
fractionated on a 10 to 30% sucrose gradient (8). RNA
molecules larger than 16S were combined and subjected to
RNase T1/T2 digestion. The resulting nucleotides and nucle-
osides were separated on polyethyleneimine-cellulose plates
(EM Science) with 200 mM LiCl. The GMP and guanosine
spots were recovered from the plate and quantitated by
liquid scintillation counting. The ratio ofGMP and guanosine
was thus determined, giving an estimate of the rate of RNA
chain elongation. The rate of elongation at the T. brucei
hsp7O genes was determined with nascent RNA isolated
from identical amounts of nuclei for each of the time points.
Nuclear run-on and RNA size fractionation were performed
as described above.

RESULTS

Lack of trans splicing on nascent hsp7O RNA. Large poly-
cistronic pre-mRNAs may be synthesized in toto before they
are processed into multiple mature mRNA molecules via
trans splicing and/or polyadenylation. Alternatively, trans
splicing and polyadenylation may occur cotranscriptionally.
To elucidate the mechanisms of mRNA maturation, we

analyzed the processing events on nascent RNA derived
from the hsp7O locus. The presence of five identical hsp7O
genes in a tandem array (14, 30) increased the signal from
nascent RNA, which was essential since (i) the hsp7O locus
is transcribed at a low efficiency and (ii) our attempts to
increase the hsp7O nascent RNA signals by a short heat
shock failed (28, 31a).
We used RNase T1 and RNase T1/RNase A to map

32P-labeled hsp7O nascent RNA (RNA labeled as a result of
RNA polymerase II-mediated chain elongation; 36, 50; see
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FIG. 2. RNase T1 protection analyses of miniexon addition on hsp7O nascent RNA, using antisense RNA probes cRNA-209, cRNA-400,
and cRNA-570. Lanes: 1, size of undigested, labeled antisense cRNA probes; 2, RNase T1 protection pattern of steady-state RNA annealed
with a corresponding 32P-labeled antisense cRNA probe; 3, result of RNase mapping of 32P-labeled nascent RNA protected by unlabeled
antisense cRNA probes; 4, control lane of RNase T1 digestion of nascent RNA without addition of the unlabeled antisense cRNA.
Arrowheads highlight RNase Tl-resistant, hsp7O-specific nascent RNA fragments (lanes 3). Asterisks indicate protected fragments derived
from the hsp7O mRNA that uses a cryptic splice site for miniexon addition (visible only in long exposures [see also Fig. 3]). The sizes (in
nucleotides) of spliced hsp7O fragments from steady-state RNA (lanes 2) and unspliced RNase Tl-resistant hsp7O bands from nascent RNA
are indicated to the left of each panel. Size standards (lanes Ml and M2) are made from HaeIII-digested M13mpl8 and from HpaII-digested
pBR322, respectively (the same markers were used in all experiments). The autoradiographic intensity of the nonspecifically protected bands
and their protection pattern are dependent on the RNase T1 concentration and the temperature of the incubation. Fewer background bands
occur with higher RNase T1 concentrations or addition of RNase A (see also Fig. 4; data not shown). As expected, the protection pattern of
these nonspecific bands can also be altered by size fractionation of nascent RNA (see Fig. 5). Variations in the pattern of the background
bands between different experiments result from minor differences in the RNase T1 digestion and minor differences between individual
batches of size-fractionated nascent RNA. The low level of transcription at the hsp7O genes makes the background bands prominent relative
to the specific signal. In comparison with analysis of genes that are transcribed at a high rate, where the specific signal is more abundant (VSG;
15, 62), the analysis of hsp7O gene transcription is therefore technically more demanding.

below for controls). Nascent RNA labeled with either
[a-32P]UTP or [a-32P]GTP (data not shown) can thus be
discriminated from mature mRNA, which will not be la-
beled. A typical labeling period of nascent RNA in our study
is between 5 and 6 min, during which time about 180 nt of
newly synthesized RNA will be added to the growing RNA
chains by RNA polymerase II (see below). To distinguish
hsp7O nascent RNA from the heterogeneous pool of nascent
RNA transcripts, we made antisense riboprobes (comple-
mentary RNAs or cRNAs) from a series of hsp7O cDNA
constructs, all having the last 20 nt of the miniexon spliced
onto the major 3' splice acceptor site and extending for
various distances into the coding sequences located down-
stream of the 3' splice acceptor site (Fig. 1). Hybrids formed
between 32P-labeled nascent RNA (size fractionated to be
>350 nt; see below) and unlabeled antisense cRNA were
then subjected to RNase T1 or RNase T1/RNase A digestion.

We studied nascent hsp7O RNA, using unlabeled antisense
hsp7O cRNAs of 209 nt (cRNA-209), 400 nt (cRNA-400), and
570 nt (cRNA-570) as probes (Fig. 1). The results obtained
with these different cRNA probes were compared to ensure
the correct mapping of hsp7O-derived nascent RNA. Two
different types of protected fragments may result from the
RNase T1 digestion: (i) with unspliced nascent RNA, the
RNA-RNA hybrids will be cleaved by RNase T1 at a G
residue at position -1 of the splice acceptor site in the
pre-mRNA; and (ii) with spliced nascent RNA, a protected
fragment that is 20 nt longer than unspliced RNA will result,
because RNase T1 will now cleave at a G residue at position
-21 in the miniexon of the nascent RNA. Since the labeling
of nascent RNA with 32p will extend all of the growing RNA
chains, additional nonspecific RNase T1-resistant RNA mol-
ecules will also be detected. The latter results from struc-
tured RNA molecules that are resistant to RNase digestion.

V
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FIG. 3. Characterization of the 5' end of hsp7O RNA and ot-amanitin sensitivity of chain elongation. (A) As illustrated in the schematic
outline below, RNase H pretreatment of total trypanosome RNA in the presence of an oligonucleotide (thick bar) complementary to the
miniexon (black box, labeled ME) specifically removes the miniexon from all of the mRNA molecules; RNase T1 digestion performed on
RNase H-treated steady-state RNA annealed with 32P-labeled cRNA-400 (lane 3) showed a 380-nt protection fragment. For comparison, lane
2 shows the major protected fragment, which measured 400 nt in steady-state RNA that has not been treated with RNase H. The RNase T1
protection pattern with 32P-labeled nascent RNA, protected with unlabeled cRNA-400, comigrates (lane 4) to allow a comparison of the sizes
of the different protected bands (lane 5 is the control for RNase T1 digestion of 32P-labeled nascent RNA without addition of the cRNA probe).
Lane 1 shows the undigested 32P-labeled input cRNA-400. A protected fragment resulting from partial RNase T1 digestion is indicated by a
triangle in lane 2. An RNase Tl-resistant band derived from protection of an mRNA with a miniexon added at a second alternate 3' splice
acceptor sites is marked with an asterisk (this band is not expected to change size due to the RNase H treatment since it cannot protect the
full-length cRNA). (B) RNase T1 protection of nascent RNA with cRNA-209 is outlined in the schematic at the right. Lanes: 1, RNase T1
control on 32P-labeled nascent RNA without the addition of cRNA; 2, RNase T1 protection pattern with 32P-labeled antisense cRNA-209 and
total trypanosome mRNA; 3 to 5, RNase T1 incubations done in the presence of unlabeled 209-nt cRNA. Lane 3 shows the protection with
32P-labeled nascent RNA; lane 4 represents an incubation with 32P-labeled nascent RNA pretreated with a synthetic antisense miniexon
oligonucleotide and RNase H to show that the 189-nt band does not contain a miniexon; lane 5 shows an RNase H pretreatment of 32P-labeled
nascent RNA with an antisense coding-sequence oligonucleotide. The RNase T1-protected fragments in lane 5 are bracketed. The protected
fragment at 209 nt is the expected fragment containing the miniexon. The bands marked with asterisks result from protection of the cRNA
probe with mRNA that has a miniexon added at an alternate 3' splice acceptor site visible only if abundant amounts of SP6 counts are loaded
to the lane (30). (C) Sensitivity of nascent hsp7O RNA synthesis to a-amanitin. Nascent RNA elongated in the presence [(+)] of 40 ,ug of
a-amanitin per ml or in the absence of the drug [(-)] was subjected RNase T1 digestion with the cRNA-400 probe. Lanes: 1 and 4, size of
the full-length protected band of 400 nt derived from hybrids between 32P-labeled antisense SP6 cRNA and unlabeled steady-state RNA; 2
and 3, RNase T1 protection patterns of nascent RNA from a-amanitin-treated nuclei in the presence and absence of unlabeled cRNA-400,
respectively; 5 and 6, protection patterns of nascent RNA, prepared from nuclei without added a-amanitin, in the presence and absence of
cRNA-400, respectively.

These nonspecific RNAs can be distinguished from specifi-
cally protected fragments by comparison of the patterns
obtained in incubations with and without (unlabeled) hsp7O
cRNA probes (see legend to Fig. 2 for details).
Each of these three antisense cRNA probes protected a

specific major band in nascent RNA measuring (Fig. 2, the
band marked with an arrowhead in lane 3 of each panel) 189
nt with cRNA-209, 380 nt with cRNA-400, and 550 nt with
cRNA-570 (lanes 4 contain the control incubations, without
unlabeled hsp7O cRNA). Occasionally, minor protected
bands which resulted from nonspecific degradation of 32p_
labeled hsp7O nascent RNA could also be detected. The
protection patterns show that the major protected fragments

were each 20 nt shorter than their full-length protected
miniexon-containing cRNA molecules (lane 2 of each panel),
indicative of unspliced nascent RNA. The size of the full-
length spliced RNA was visualized by RNase T1 digestion of
32P-labeled SP6 cRNA (Fig. 2, lanes 1) hybridized with
unlabeled trypanosome mRNA (Fig. 2, lanes 2; it is impor-
tant to note that the nucleotide sequence of the full-length
protected antisense miniexon containing cRNA and sense-
strand miniexon-containing RNA predicts RNase T1 diges-
tion products of the same size; see below).
The protected hsp7O nascent RNA was further character-

ized to confirm that the molecules lacked a miniexon. Total
unlabeled trypanosome RNA was treated with RNase H in
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FIG. 4. Analyses of processing events in the intergenic region at nascent hsp7O RNA. The two probes used, pHS-IG1 and pHS-IG2, are
schematically outlined in Fig. 1 and panel C. (A) RNase T1/RNase A mapping of the mature 5' and 3' termini of hsp7O mRNA. Total
trypanosome RNA was subject to RNase TI/RNase A digestion upon annealing with a 32P-labeled protection riboprobe, pHS-IG1. Lanes: 1,
size of undigested pHS-IG1; 2, the two protected fragments mapping to the mature 5' end (158 nt) and 3' end (161 nt) of hsp7O mRNA; 3,
control reaction of RNase T1/RNase A incubation without the addition of total trypanosome RNA. (B) 32P-labeled nascent RNA recovered
from hybridization selection was subjected to RNase T1/RNase A mapping, with either pHS-IG1 or pHS-IG2 used for protection. Lanes: 1,
control for RNase T1/RNase A digestion of 32P-labeled nascent RNA without the addition of unlabeled riboprobes; 2, protection pattern of
nascent RNA with unlabeled pHS-IG2; 3, protection pattern of nascent RNA with unlabeled pHS-IG1. Both bands corresponding to the
full-length protection (651 and 553 nt) and the bands that map to the cleavage site for polyadenylation (490 and 392 nt) are indicated with
arrowheads, and the corresponding bands are aligned by dotted lines. The protected bands derived from pHS-IG1 (lane 3) are 98 nt shorter
than those of pHS-IG2. Asterisks mark the predicted positions of nascent RNA molecules that should have resulted from one of the hsp7O
intergenic regions with a sequence heterogeneity. (C) Summary of results of RNase mapping. The protected nascent RNA bands are
schematically depicted with tails of asterisks, which represent 32p label incorporated into nascent RNA. The 553- and 651-nt bands correspond
to protection of the full-length intergenic region, and the 392- and 490-nt bands represent cleaved nascent hsp7O RNA, mapping the poly(A)
addition site. The thick line illustrates the hsp7O coding exon of nascent RNA, and the thin line represents the intergenic region. The
riboprobes, pHS-IG1 and pHS-IG2, are depicted in Fig. 1.

the presence of an oligonucleotide which is complementary
to the last 22 nt of the miniexon, to remove the miniexon.
The RNA was then subjected to RNase T1 digestion with
32P-labeled cRNA-400 for protection. This treatment, which
had removed the miniexon from the 5' end of all mRNAs,
including hsp7O mRNA, resulted in a protected 32P-labeled
fragment (Fig. 3A, lane 3) that now comigrated with the
380-nt band of the 32P-labeled nascent hsp7O RNA (lane 4).
RNase H incubations with the miniexon oligomer and the 32p
nascent RNA left the 380-nt band (Fig. 3A, lane 4) or the
189-nt band (obtained by protection with cRNA 209; Fig. 3B,
lane 4) unaffected. In contrast, the 189-nt (Fig. 3B) and
380-nt (data not shown) hsp7O nascent RNAs were sensitive
to pretreatment of the nascent RNA with an hsp7O coding-
sequence oligonucleotide and RNase H. Pretreatment of
32P-labeled nascent RNA with an antisense 25-mer synthetic
hsp7O coding-sequence oligonucleotide (positions +164 to
+189 with respect to the splice site) generated RNase H
cleavage products of 170 to 182 nt (Fig. 3B, lane 5), while the
189-nt band has entirely disappeared. These labeled pro-
tected fragments map within the range of predicted cleavage
sites of RNase H, and the size heterogeneity of the protected
bands results from preferential RNase H cleavages in the
short DNA-RNA hybrids. From these data we conclude that

the protected nascent RNA represents unspliced hsp7O
nascent RNA molecules.
The presence of these unspliced hsp7O nascent RNA

molecules could be abolished by the addition of 40 ,g of
a-amanitin per ml to the nuclei (Fig. 3C; compare lanes 2 and
3 with lanes 5 and 6). The drug a-amanitin specifically
inhibits RNA polymerase II and interferes with transcription
of hsp7O genes (Fig. 3C, lanes 2 and 3), thereby showing that
the labeled hsp7O nascent RNA indeed resulted from RNA
polymerase II-mediated chain elongation. The additional,
nonspecifically protected bands seen in all the lanes contain-
ing 32P-labeled nascent RNA represent RNase T1-resistant
molecules that are unrelated to the hsp7O RNA. Since most
of these RNA molecules persist in the presence of a-aman-
itin, they are probably rRNA transcripts (Fig. 3C and data
not shown).
We analyzed nascent RNA derived from RNA polymer-

ases that were positioned in the 5' portion of the hsp7O genes
(up to 550 nt downstream of the 3' splice acceptor site). This
region represents only a small portion of the nascent hsp7O
RNA molecules (about one-quarter of the size of a single
exon). With the methods described above, it is difficult to
discriminate between larger spliced and unspliced molecules
because the protected bands will differ by only 39 nt at most
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(the size of the miniexon). Our data therefore cannot exclude
that trans splicing occurs on nascent hsp7O RNA molecules
extending further than 550 nt beyond the 3' splice acceptor
site. Current methods to purify nascent RNA molecules that
could then be analyzed to search for miniexon addition have
failed (see Materials and Methods for details).

Nascent RNA processing: cleavage at the poly(A) addition
site. Processing events in the intergenic region sequences
must at some stage involve cleavage for both poly(A) addi-
tion and trans splicing. The absence of detectable nascent
RNA trans splicing indicated that large nascent RNA pre-
cursors extending into the intergenic regions should be
detectable. In addition, it is possible that transcription
initiation sites exist in the intergenic region sequences.

Previous studies had demonstrated the existence of rare
polycistronic hsp70 transcripts as dimers in the steady-state
RNA population of trypanosomes (30). The intergenic region
between two adjacent hsp70 coding exons was also shown to
be transcribed by run-on transcriptional analyses of nascent
RNA (30) and by pulse-chase labeling experiments (39). We
therefore studied the potential occurrence of nascent hsp7O
RNA processing by cleavage for poly(A) addition at the
intergenic regions, by RNase mapping with riboprobes that
contain sequences complementary to the hsp7O intergenic
region (probes pHS-IG1 and pHS-IG2 in Fig. 1 and 4).
The 32P-labeled antisense riboprobe, pHS-IG1, protected

two major fragments of 158 and 161 nt in total steady-state
RNA (Fig. 4A, lane 2). These fragments correspond to the
sequences derived from the extreme 5' and 3' ends of mature
hsp70 mRNA, respectively (Fig. 4C). With use of the same
riboprobe, the 553-nt full-length protected fragment can be
seen only in an overexposed autoradiogram (data not shown;
30, 39). In contrast, hsp7O intergenic region-derived specific
fragments were more difficult to identify with 32P-labeled
nascent RNA, even though under the same conditions un-
spliced hsp70 signals had been readily detected with the
cRNA probes (see above). The reasons for this could be that
(i) active nascent RNA processing takes place in the inter-
genic region; (ii) potential transcription initiation sites may
exist in the intergenic regions, leading to RNA transcripts
with potentially heterogeneous 5' ends which could obscure
intergenic region derived-signals; and (iii) degradation of
nascent RNA may occur preferentially at the intergenic
regions.
To improve the detection of hsp7O intergenic region-

derived nascent transcripts, we increased the number of
trypanosome nuclei used in each assay fourfold, and we also
adopted a hybridization selection procedure (see Materials
and Methods for details) in order to enrich 32P-labeled hsp7O
nascent RNA prior to performing the RNase T1/RNase A
mapping (RNase A needed to be added due to the presence
of background bands that obscured the specific hsp70 inter-
genic region-derived nascent RNA signal). Even though
RNase A increases the specificity, its use decreased the
sensitivity, explaining why it was omitted from the experi-
ments presented in Fig. 2, 3, and 5. As a result of these
modifications, we identified two protected fragments with
each of the pHS-IG1 and pHS-IG2 riboprobes, which differ
by 98 nt at their 3' ends (Fig. 4B, lanes 2 and 3; Fig. 4C). We
could only faintly identify the full-length fragments contain-
ing the intergenic regions, measuring 553 nt (pHS-IG1) and
651 nt (pHS-IG2), and we detected shorter fragments map-
ping to the poly(A) addition site of the hsp7O mRNA (14; 392
nt with construct pHS-IG1 and 490 nt with pHS-IG2). The
relative intensity of the shorter protected fragments was
always much stronger (lane 2) when probe pHS-IG2 was

used. Note that the shorter fragments which mapped to the
poly(A) addition site do not result from sequence heteroge-
neity that exists at one of the five hsp7O intergenic-region
sequences (14). In control experiments with 32P-labeled SP6
cRNA and genomic DNA in a DNA-RNA hybrid, this
intergenic region could be shown to generate its predicted
49-nt shorter, 343- and 441-nt protected fragments, respec-
tively (data not shown). These fragments are not visible in
Fig. 4B because of their low abundance (see predicted
positions marked with asterisks).
The 392- and 490-nt fragments map to the predicted

cleavage site for polyadenylation and are more abundant
than the full-length polycistronic RNA band, indicating a
rapid cleavage of nascent RNA. We were not able to detect
the nascent RNA fragments of 161 nt (Fig. 4C) derived from
the mature 3' end of hsp7O RNA which should also be
generated (data not shown; Fig. 4C). The absence of the
161-nt band is likely to result from the fact that it was not
labeled with 32P-labeled nucleoside triphosphate, because
the proposed cleavage for poly(A) addition preceded the
nuclei isolation, occurring in vivo rather than in vitro. This
conclusion is also supported by the finding that the presumed
poly(A) cleavage product is more abundant when construct
pHS-IG2 is used than when pHS-IG1 is used. This intensity
difference can reflect the additional time of exposure of the
longer nascent RNA to the enzyme that performs the cleav-
age.

Finally, the intensities of the bands obtained with the
intergenic-region probes were at least 10-fold less than the
level of unspliced nascent hsp7O RNA that could be identi-
fied with the cRNA probes. We interpret this to mean that
the majority of the processed nascent RNA intermediates
are rapidly trimmed by exonuclease activities in isolated
nuclei (20), thereby generating heterogeneous 5' ends in the
intergenic region which cannot be easily identified.

Determination of the in vitro RNA polymerase chain elon-
gation rate in the hsp7O locus. In trypanosomes, five hsp7O
genes are arranged in a tandem array of a 3.2-kb repeat unit.
The validity of several of the observations described above
is dependent on the extent of read-through by RNA poly-
merases in this array during the 6-min labeling period.
Extensive read-through (several hundreds of nucleotides)
might have resulted in the generation of newly synthesized
stretches of labeled nascent RNA, explaining why we de-
tected only nascent RNA without a miniexon.
The published overall in vitro rate of RNA polymerase-

mediated chain elongation in eukaryotes is approximately 25
to 50 nt/min (10, 19, 60). The overall rate of nascent RNA
chain elongation in trypanosomes, measured according to
the method of Marzluff et al. (34), was 30 nt (see Materials
and Methods for details; data not shown). However, the
overall rate of elongation may not accurately reflect the rate
of elongation at the hsp7O locus, and we therefore developed
a method for determining the rate of RNA polymerase II
chain elongation in vitro at the hsp7O locus. The approach
taken was to measure the time needed for RNA polymerase
II to reach and traverse a hypothetical window in the hsp7O
gene, between nt 400 and 520 downstream of the 3' splice
acceptor site (Fig. SC). We selected for nascent RNA that
was labeled in the first 400 nt downstream of the 3' splice
acceptor site and that was extended for more than 120 nt by
using nascent RNA longer than 520 nt (Fig. SB shows the
size-selected RNA; Fig. SC outlines the method). Since the
instability of the intergenic region indicated that most RNAs
were cleaved in the intergenic region, we simply size se-
lected RNA longer than 520 nt, assuming that the majority of
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FIG. 5. Determination of the rate of elongation at the hsp7O locus. (A) 32P-labeled nascent RNA, recovered after 3, 6, and 9 min of
elongation, from nuclei (lanes 3', 6', and 9') was size fractionated in two separate molecular weight (MW) fractions ranging from 400 to 520
nt and from 520 to 2,500 nt (B). The 32P-labeled nascent RNA was subjected to RNase T1 digestion in the presence of unlabeled antisense
cRNA-400 (lanes T) or without the addition of cRNA-400 (lanes C). The expected 380-nt protection fragment is indicated on the left side. (C)
Schematic outline showing RNA chain elongation on the hsp7O gene at the various time points. At the 0 time point, there are three classes
of RNA polymerases: preceding the 3' splice acceptor site (black), between nt 1 and 400 downstream of the splice acceptor site (gray), and
beyond nt position 400 (white). The fourth gray RNA polymerase is ready to proceed into the 400- to 520-nt window. This RNA polymerase
has been marked with a nascent RNA chain, and its incorporation of label is marked by asterisks. The rate of elongation is determined by
following the gray RNA polymerase. At the 3-min time point, it fails to reach the 520- to 2,500-nt RNA fraction but can be found in the 400-
to 520-nt fraction. At the 6-min time point, the gray RNA polymerase has reached the 520-nt mark (D), and at 9 min some of the gray RNA
polymerases are beyond nt 520. Since the gray RNA polymerases started in the first 400 nt downstream of the 3' splice acceptor site, their
labeled nascent RNA will give rise to a protected fragment if incubated with the cRNA-400 and RNase T1, while extension of nascent RNA
and incorporation of label by any white RNA polymerases will not give rise to a protected fragment with the cRNA-400 probe, as the labeled
portion of the RNA is not protected by cRNA and will be digested by RNase T1.

the RNA had heterogeneously distributed 5' ends located
somewhere upstream of the 3' splice acceptor site. We then
determined whether this large RNA (over 520 nt in size) can
efficiently protect the cRNA-400. Figure 5A shows that it
was not possible to detect unspliced 380-nt hsp7O nascent
RNA in the RNA fraction that was longer then 520 nt if it had
been extended by only a short, 3-min incubation. However,
after 6 min of elongation, a faint protection signal could be
seen, while after a 9-min elongation, abundant labeling of the
380-nt hsp7O nascent RNA band was detected (bands
marked with arrowheads). The control for this experiment
was to compare these data with the protection pattern that
resulted with shorter (400- to 520-nt) 32P-labeled nascent
RNA derived from the nuclear run-on experiments described
above. In contrast to the larger RNA, the smaller (400- to
520-nt) nascent RNA fraction gave a labeled protected
fragment after a 3-min elongation, the intensity of which
increased after 6 and 9 min. From the experiment using the

larger (>520-nt) RNA, we can conclude that the rate of
elongation must be less than 40 nt/min (less than 120 nt in 3
min), at least 20 nt/min (minimally 120 nt in 6 min), or more
than 13 nt/min (synthesis of at least 120 nt in 9 min). The
shorter (400- to 520-nt) RNA shows that the rate of elonga-
tion must be close to 20 nt/min (efficient labeling in 6 min)
and less than 40 nt/min (suboptimal labeling after 3 min). The
rate of elongation at the hsp7O locus in vitro is therefore
roughly between 20 and 40 nt/min (comparable values were
obtained in three other experiments). This value is of the
same order as the overall value for elongation by RNA
polymerases I, II, and III in trypanosome nuclei (30 nt/min;
data not shown) and the previously published in vitro rates
of RNA chain elongation measured in other eukaryotes (25
to 50 nt/min; 10, 11). We therefore assume that the rate of
elongation at the hsp7O genes is 30 nt/min.
The experiments confirm that in our nuclei the RNA

polymerase traverses the template and elongates hsp7O

it
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nascent RNA. In addition, we can conclude that approxi-
mately 180 nt of labeled RNA is added to the hsp7O nascent
RNA transcripts during the 6-min labeling period. Since we
used size-selected nascent RNA which was longer than 350
nt in the RNase protection experiments shown in Fig. 2 and
3, we cannot have detected unspliced nascent RNA that
resulted from synthesis of the 3' splice site after isolation of
the nuclei. The detection of unspliced nascent RNA with the
cRNA-400 and cRNA-570 probes must therefore reflect that
these unspliced nascent RNA molecules existed prior to the
incorporation of 32p label.

DISCUSSION

Protein-coding genes in trypanosomes and related kineto-
plastidae are arranged in tandem arrays which are tran-
scribed polycistronically. These polycistronic transcription
units can be as large as 60 kb (21) and as small as 5 to 6 kb
(47). Pre-mRNA transcripts derived from these polycistronic
transcription units are processed by trans splicing to acquire
the 39-nt capped miniexon and by cleavage for polyadeny-
lation to generate multiple mature mRNA molecules from a
single large precursor RNA molecule. These processing
events must proceed rapidly since the 5' ends of mRNA
precursors have not yet been identified and polycistronic
precursors larger than dimers have not been found in the
steady-state RNA population. We have been interested in
determining whether a pre-mRNA molecule is processed for
maturation, during or after its synthesis.
We analyzed nascent RNA in trypanosomes, allowing the

characterization of potential cotranscriptional processing
events. 32p labeling of the nascent hsp7O RNA was inhibited
by the addition of a low concentration of the drug a-amanitin
(40 ,ug/ml), indicating that synthesis of the hsp7O nascent
RNA was mediated by RNA polymerase 11 (32). In addition,
labeling of the nascent RNA with either [32P]UTP or
[32P]GTP (data not shown) gave identical results, showing
little or no effect of the uridyl terminal transferase activity,
which could have artificially labeled the nascent RNA mol-
ecules (61). We also measured the elongation rate of run-on
transcription in the hsp70 locus in isolated nuclei and deter-
mined this rate to be between 20 and 40 nt/min. This value
was sufficiently low to allow labeling of nascent RNA with a
short 32p tail for the further analyses of processing events
that occurred prior to isolation of the nuclei.
The results of the RNase mapping, using a set of hsp7O

cRNA probes of various lengths, revealed only unspliced
nascent RNA, showing that when maximally 550 nt of
nascent hsp70 RNA located downstream of its 3' splice
acceptor site was synthesized, trans splicing had not yet
occurred. These observations have not ruled out the hypo-
thetical model of trans splicing at the nascent RNA level,
since the size of each hsp7O coding exon is 2,226 nt and we
have only analyzed the occurrence of trans splicing during
the synthesis of roughly the first 550 nt that are located
downstream of the 3' splice acceptor site. The data, how-
ever, indicate that trans splicing does not occur immediately
after the synthesis of the 3' splice acceptor site. Presumably,
it is the time required for spliceosome assembly (5, 12, 17)
and/or the effects of steric hindrance due to the close
proximity of the RNA polymerase and the 3' splice acceptor
site, which determines when trans splicing occurs with
respect to transcription. Spliceosome assembly and the
subsequent intron removal in cis splicing have been esti-
mated to proceed within a 3-min interval in vivo. Measure-
ments of the half-life of medRNA (26, 27, 56) indicate that

trans splicing may occur within minutes after synthesis of
the 3' splice acceptor site. With an in vivo transcription
elongation rate in eukaryotes of roughly 25 nt/s (1, 11), we
can thus assume that miniexon addition at the hsp70 genes
may occur in an interval of 20 s (or 550 nt; this report) to
several minutes (26, 27, 56) following synthesis of the 3'
splice acceptor site. Since synthesis of a single hsp7O coding
exon should take about 90 s, it is conceivable that in the
maturation of an hsp7O mRNA cleavage for polyadenylation
occurs first, after which the released RNA is processed by
trans splicing. For longer genes the order of these events
may be reversed.

Polycistronic hsp7O pre-mRNA appeared to be rare in the
nascent RNA population, possibly because of rapid process-
ing of the nascent RNA in the intergenic region by cleavage
for polyadenylation. Our data suggest that cleavage for
polyadenylation occurs specifically at nascent RNA, since
we could identify nascent RNA molecules with a 5' end
located at the position of the expected cleavage site for
polyadenylation. Therefore, this RNA may represent a proc-
essing intermediate. The results also show that 3' processing
for polyadenylation of the mRNA from the preceding coding
exon and trans splicing for miniexon addition at the next
downstream coding exon are not coupled events, since the
processing for polyadenylation is detectable shortly after the
polyadenylation site is synthesized, while trans splicing
occurs later.
We have not been able to define the 5' ends of RNA

molecules that map to potential transcription initiation sites
in the hsp7O intergenic region (14). This is surprising, be-
cause we have located a potential hsp7O promoter between
nt -60 and -190 upstream of the 3' splice acceptor site (19a)
in transient transfection assays with hsp7O intergenic regions
fused to the chloramphenicol acetyltransferase gene in in-
sect-form trypanosomes. We interpret this to mean that
these potential intergenic region initiation sites either are not
used or are used at a low frequency in vivo.
We speculate that the potential cotranscriptional cleavage

for polyadenylation could serve a role in regulating mRNA
abundance if differential control of the processing step
occurs. A similar speculative argument could be made for
trans splicing, utilizing differential, co- or posttranscriptional
trans splicing to control mRNA abundance of genes that are
transcribed constitutively.

Finally, the finding of a potential processing intermediate
caused by cleavage for polyadenylation of pre-mRNA
shortly (within seconds) after its synthesis suggests a
cotranscriptional site-specific cleavage event for mRNA
maturation. This view is consistent with previous results in
which adenovirus type 2 pre-mRNA was studied, which
showed that cleavage for polyadenylation preceded tran-
scription termination and may be completed within 1 min of
transcription of the site (33, 41). The mechanism for polyad-
enylation in trypanosomes is still unclear, and these organ-
isms lack the usual AAUAAA consensus sequence (2) found
in the vicinity of the poly(A) addition site in other eukary-
otes. Our data indicate that in trypanosomes, transcription
termination is not a prerequisite for the cleavage for polyad-
enylation and polycistronic pre-mRNA is likely to be proc-
essed cotranscriptionally by cleavage for poly(A) addition.
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