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Polygene transcripts are precursors to calmodulin
mRNAs in trypanosomes

Christian Tschudi and Elisabetta Ullu

Yale MacArthur Center for Molecular Parasitology, Department of
Internal Medicine, Yale University School of Medicine, New Haven,
CT 06510, USA

Communicated by N.J.Proudfoot

In African trypanosomes, calmodulin is encoded by a
small family of tandemly repeated genes consisting of
three to four units. We show that all the members of the
calmodulin cluster of Trypanosoma brucei gambiense are
expressed. In addition to mature mRNAs, steady-state
RNA contains a small percentage of polygene transcripts
which comprise at least two and probably all calmodulin
genes. The 5' ends of a portion of these molecules ap-
pear to be indistinguishable from those of mature
calmodulin mRNAs. Polygene transcripts are not poly-
adenylated and have discrete ends which map in the
intergenic regions downstream from the polyadenylation
sites. Using biotinylated hybridization probes and selec-
tion of the hybrids on streptavidin- agarose, we further
show that calmodulin polygene transcripts are the most
abundant RNA species detected in pulse-labelled RNA
of cultured procyclic trypanosomes. Our data strongly
imply that polygene transcripts are authentic precursors
to mature calmodulin mRNAs.
Key words: calmodulin gene cluster/3' end formation/pri-
mary transcript! Trypanosoma brucei/biotin-streptavidin
chromatography

Introduction
One of the many novel aspects of the biology of trypano-
somes concerns the biosynthesis of mRNA (reviewed in
Boothroyd, 1985; Borst, 1986). Every mRNA molecule yet
examined is composed of two parts. A 35 nucleotide se-
quence lies at the very 5' end of the mRNAs. This sequence,
called the spliced leader (SL) or mini-exon sequence, is join-
ed in a covalent fashion to the mRNA which carries the in-
formation for the synthesis of different proteins (e.g. see
Boothroyd and Cross, 1982; Van der Ploeg et al., 1982;
De Lange et al., 1984; Parsons et al., 1984). The SL se-
quence initially forms the 5' end of a discrete RNA of - 135
nucleotides, the SL RNA (Campbell et al., 1984; Kooter
et al., 1984; Milhausen et al., 1984). This SL RNA is en-
coded by a set of genes which is located on one or two
chromosomes (De Lange et al., 1983; Michiels et al., 1983;
Nelson et al., 1983), while the protein coding genes are
presumably dispersed throughout the genome. Recent evi-
dence suggests that the addition of the SL sequence to the
mRNA takes place by splicing in trans (Murphy et al., 1986;
Sutton and Boothroyd, 1986). At present we do not know
the structure of the mRNA primary transcripts which are
the substrates for trans-splicing and what genetic signals,

protein cofactors and ribonucleoprotein particles are required
for the process.
Another unknown aspect of mRNA biosynthesis in

trypanosomes is the location and structure of promoter se-
quences. Most protein coding genes are present in multiple
copies which are organized in tandem arrays and are
separated from each other by short intergenic sequences of
a few hundred nucleotides (Thomashow et al., 1983;
Clayton, 1985; Gonzalez et al., 1985; Tschudi et al., 1985;
Michels et al., 1986). Recently, Gonzalez et al. (1985) have
presented evidence that a set of tandemly repeated genes in
Trypanosoma cruzi generates transcripts larger than mature
mRNA and which could conceivably encompass more than
one coding region. Such polygene transcripts could originate
from initiation of transcription at promoter sequences located
outside the gene cluster. Monomeric transcripts would then
be produced by trans-splicing and subsequent processing.
We have previously reported that Trypanosoma brucei

gambiense contains three tandemly repeated calmodulin
genes, which we refer to as genes A, B and C in a 5' to
3' direction (Tschudi et al. , 1985). The nucleotide sequences
of the three translated regions are identical, while the se-
quences separating the protein coding regions differ only
at three positions. In the present study, we describe the
detailed analysis of the transcripts derived from the
calmodulin locus of T. brucei. Our results show that all the
members of the calmodulin gene family are transcribed. We
present evidence that transcription of the calmodulin genes
generates polygene transcripts. These molecules have
discrete 3' ends which extend downstream from the
polyadenylation sites and might derive from a termination
or an RNA processing event within the intergenic regions.

Results
The basic structure of the calmodulin genes in T.brucei is
illustrated in Figure 1. Using partial genomic digestions and
Southern hybridization with sequences flanking the cal-
modulin genes, we have found that T.b.gambiense variant
TXTaT 1.0 has two chromosomal loci encoding calmodulin
(C.Tschudi, in preparation). The two gene clusters differ
only in the number of genes: locus I and II contain four and
three calmodulin coding regions, respectively (Figure lA).
This organization is not present in an isolate of the T. brucei
subspecies, Trypanosoma brucei rhodesiense, which contains
four genes at each locus. The physical map of the fourth
gene, B' is indistinguishable from that of gene B, but we
have not established the identity of the B' gene at the
nucleotide level. Throughout this manuscript, we will refer
to both as B genes. Although most of the experiments pre-
sented here were carried out with RNA isolated from pro-
cyclic forms of T. b. rhodesiense (which can be easily grown
and labelled in culture), we have obtained similar results
using bloodstream forms of T.b. gambiense as a source of
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Fig. 1. (A) Schematic structure of the calmodulin locus in T.brucei.
Two chromosomal loci are shown which contain four (I) and three (II)
calmodulin genes, respectively. The protein coding regions are

indicated by open boxes and the arrows denote the direction of
transcription. The repeating unit of the A and B genes is 843 bp and
begins 57 nt upstream from the AUG of gene A (Tschudi et al.,
1985). In contrast, the gene C coding region is present on a truncated
version of this repeating unit. This is because immediately downstream
of the C gene termination codon the nucleotide sequence is different
from that of the corresponding region of the A and B genes.
Sequences upstream of gene A are shown as wavy lines and sequences
downstream of the termination codon of gene C are represented as
broken lines. Filled arrowheads indicate poly(A) addition sites; sites
for the addition of the spliced leader are indicated by open
arrowheads. The gene cluster is shown in the same scale as the probes
in (B). (B) The probes used for Northern hybridization and RNase
protection experiments. The position of the various subcloned regions
are represented by solid lines and are aligned with the lower one of
the two chromosomal loci shown in (A). Refer to Materials and
methods for a description of the construction of the probes. (C)
Comparison of the upstream regions of the calmodulin genes and
structure of the mRNA 5' ends. Homologous sequences are

represented by identical shading. Sequences upstream of the calmodulin
genes are homologous up to nucleotide -57 from the AUG initiation
codon. This position marks the beginning of the repeating unit of the
calmodulin genes. The calmodulin B and C genes have two sites for
the addition of the spliced leader sequence, one at position -69 (SL I)
and the other at position -49 (SL II) relative to the AUG initiation
codon; the A gene has only one such site at position -49 (SL II).
Therefore, the mRNAs derived from gene A have the SL sequence
joined only at the SL site II, while the mRNAs from the B and C
genes have the SL sequence joined either at the SL site I or at the SL
site II. SL indicates the 35-nt SL sequence.

RNA. Unfortunately, we have not yet been able to obtain
procyclic culture forms with our T.b.gambiense strain.

All the members of the calmodulin gene cluster are

expressed
We used two observations to distinguish between the tran-
scripts derived from the various genes. First, the sequence

immediately downstream of the termination codon of gene

C is different when compared to that of the corresponding
region of genes A and B (Tschudi et al., 1985; Figure IA).
Thus, the 3' untranslated sequence of gene C was expected
to be diagnostic for the expression of this gene. Second, the

Fig. 2. Northern hybridization of trypanosome RNA. Total RNA (20
ug) was fractionated by formaldehyde-agarose gel electrophoresis
and transferred to a nitrocellulose filter. Except for lane E, identical
strips of the same filter were hybridized to gene-specific 32P-labelled
RNA probes. Lanes A and B show the hybridization with 401 which
is complementary to the translated region of all calmodulin mRNAs.
Two different exposure times are shown. Lane C was hybridized
with probe 211 which is specific for the A and B genes. Lane D was
hybridized with the gene C specific probe GC1. Lane E shows the
hybridization with the intergenic probe SPIG. The two hybridizing
bands correspond to the 2.1- and 1.7-kb transcripts. The approximate
sizes in kilobases of the hybridizing bands were calculated using
X/HindIII DNA fragments and the trypanosome rRNAs as size
markers. The positions of two X/HindIII DNA fragments (6.6 and
4.4 kb) are also indicated.

nucleotide sequences separating the translated region of genes
A, B and C differ at three positions (Tschudi et al., 1985)
and preliminary SI mapping experiments indicated that the
3' ends of mature calmodulin mRNAs included these variable
nucleotides. Using this information, we analysed the se-
quence of calmodulin cDNA clones from T.b.gambiense and
found that all three genes are expressed (see Materials and
methods). Two cDNA clones were derived from gene A,
one from gene B and one from gene C. Since the four cDNA
clones ended with a long poly(A) track, we were able to
map precisely the poly(A) addition sites used by the various
genes. Two such sites were identified for the A and B genes
at positions 645 and 663, while the 3' end of the gene C
mRNA mapped at position 910 relative to the respective
AUG initiation codons. Thus, we predict that the mRNA
from gene C should be -250 nucleotides longer than the
A and B mRNAs. In addition, these structural data showed
that the intergenic region separating two adjacent calmodulin
genes is a mere 110 nucleotides (Figure IA).
The size of the calmodulin transcripts was analysed by

Northern blotting using as probes antisense RNAs specific
for various portions of the gene cluster (see Figure 1B).
Probe GC 1, which is derived from the 3' untranslated region
of gene C, identifies a major RNA species of 1.1 kb
(Figure 2, lane D). This is in good agreement with the mol.
wt we calculated from the corresponding cDNA clone. The
mature mRNAs from the A and B genes are -800
nucleotides long and are specifically identified by probe 21 1
(Figure 2, lane C). Both the 1.1-kb and 0.8-kb RNA species
hybridize to the calmodulin coding region probe 401, thus
confirming their identity (Figure 2, lanes A and B).
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The intergenic region is transcribed
The Northern blot analysis, shown in Figure 2, also reveals
several higher mol. wt RNA species. In particular, two
RNAs of - 2.1 kb and 1.7 kb caught our attention. The fact
that the 2. 1-kb RNA hybridizes to the gene-C-specific probe
(lane D) as well as to the gene-A- and B-specific probes (lane
C) suggested the possibility that these transcripts contain two
calmodulin coding regions. This is further supported by the
observation that probe SPIG, which contains sequences from
the intergenic region not present in mature mRNA,
specifically hybridizes to the 2.1-kb as well as to the 1.7-kb
RNA (Figure 2, lane E).
To obtain a detailed structure of transcripts derived from

the calmodulin locus and to confirm that the intergenic region
is expressed, we used RNase protection assays in combina-
tion with Sl nuclease mapping. Figure 3B displays the results
of an RNase mapping experiment using total trypanosome
RNA and the three different antisense RNAs diagrammed
in Figure 3A. When the 5' ends of calmodulin RNAs are
analysed with probe 805, two prominent RNA fragments,
labelled SL I (110 nt) and SL 11 (90 nt), are protected (lanes
2 and 5). This is in agreement with our previous finding
that mature mRNAs have heterogeneous 5' ends due to the
use of two different sites for the joining of the SL sequence.
Gene A has one site at position -49 (SL II) and genes B
and C have two sites, one at position -69 (SL I) and the
other at position -49 (SL II) relative to the respective AUG
initiation codons (Tschudi et al., 1985; see also Figure IC).
A third prominent RNA, labelled X, is also protected by
the 805 probe. By priming poly(A) + RNA with a
calmodulin-specific oligonucleotide, we find an mRNA with
several nucleotide substitutions in the 5' untranslated se-
quence of the calmodulin mRNA, between nucleotides -35
to -55, relative to the AUG initiation codon (Tschudi et
al., 1985 and unpublished observation). This mRNA could
give rise to the protected RNA fragment labelled X. At pres-
ent we do not know whether this mRNA represents a true
calmodulin mRNA or the product of a non-calmodulin gene
with partial sequence homology. In addition, the 805 probe
generates two protected RNA species (one indicated by an
arrow and the other by 100) derived from transcripts with
a lower abundance than mature calmodulin mRNA. The
longer of the two fragments has the size expected from full
protection of the probe. The size of the other one (100 nt),
together with the observation that this RNA is also generated
by probe 11 1 (lanes 7 and 1 1) suggests that there are RNA
molecules with 5' ends mapping between the two SL sites
of the B and C genes. Since the 5' ends of these RNA
molecules coincide with the 5' border of the calmodulin
repeating unit (see Figure IC), the 100 nt protected frag-
ment might also derive from transcripts initiating upstream
of gene A. Given the repetitious nature of the calmodulin
genes, we cannot distinguish between these two possibilities.
In summary, most calmodulin transcripts have the 5' ends
characteristic of mature mRNA and a minority of transcripts
have extensions at the 5' ends.

Probe 21 1 identifies the 3' ends of mature mRNAs deriv-
ed from the A and B genes (Figure 3B, lanes 12 and 15).
The sizes of the two major clusters of protected RNA
fragments (185 and 165 nucleotides) are in agreement with
the positions of the two major polyadenylation sites deduc-
ed by sequencing calmodulin cDNA clones (Figures IA and
3A). In addition, there are transcripts extending downstream
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Fig. 3. RNase protection and nuclease SI mapping of total
trypanosome RNA. (A) Structure of the three antisense RNA probes
805, 21 1 and 111, and of the protected fragments with probe 111.
Calmodulin coding regions of the A and B genes are shown as boxes
and the solid line indicates the intergenic region. Solid arrowheads
indicate the poly(A) addition sites of the calmodulin A and B genes.
The sites for spliced leader addition (SL I and II) are represented as
open arrowheads. The sequences between the SL I and SL II sites
are diagrammed as in Figure 1C. The wavy lines represent vector
sequences. (B) RNase mapping of calmodulin transcripts. Lanes 1-5,
probe 805; lanes 6-10, probe 111; lanes 11-15, probe 211. 10 jig
of total RNA were hybridized to 15 000 c.p.m. (lanes 2, 7, 12) or
45 000 c.p.m. (lanes 5, 10, 15) of probe and digested with
ribonuclease as described in Materials and methods. Control lanes
without trypanosome RNA for the two probe concentrations are
shown in lanes 1, 6 and 11, and in lanes 4, 9, and 14, respectively.
Lane 3, 8, and 13 show the undigested probes. Solid arrows point to
fragments derived from full protection of the 805 and 211 probes. 3'
ext. indicates the 300-nt RNA. Lane M, 3' end-labelled HpaII
digested pBR322 fragments. SL I and SL II, fragments extending up
to the SL addition sites I and II, respectively; 3' ends, fragments
originating from the mature 3' ends of the A and B genes; 100,
protected fragment from the upstream region common to the A, B
and C genes. (C) S1 analysis of trypanosome total RNA. 111 DNA
was labelled at the 5' end (lanes 1-3) or at the 3' end (lanes 4 and
5), annealed to 10 Ag of RNA (lane 1) or 20 Ag of RNA (lanes 2
and 5), and digested with SI nuclease as described in Materials and
methods. Lanes 3 and 4 show the control reactions with no RNA
added. Size marker and symbols as defined in (B).

from the polyadenylation sites of the A and B genes, since
we observe full protection of the 211 probe (indicated by
an arrow).
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Fig. 4. Northern hybridization of total trypanosome RNA
fractionated by sucrose-gradient centrifugation. RNA aliquots of the
indicated fractions were electrophoresed through a 1.2%
agarose-2.2 M formaldehyde gel. After transfer to a nitrocellulose
filter, calmodulin RNAs were detected by hybridization to antisense
401 RNA. Lane T, 20 /tg unfractionated total RNA; lane C, 20 ig
unfractionated total RNA digested with RNase prior to
electrophoresis.

Probe 111, the gene-spacer-gene probe (from the untrans-
lated region of gene A to the coding region of gene B), shows
major protected fragments which are derived from both
mature 5' and 3' ends (Figure 3B, lanes 7 and 10). Most
interestingly, two other discrete RNA species are also
detected. The longest fragment (labelled FP) represents full
protection of the probe and is diagnostic of calmodulin
transcripts connecting two gene units. To map the ends of
the other protected RNA species (labelled 3' ext), we car-
ried out S1 nuclease protection experiments (Figure 3C) with
111 DNA labelled either at the 5' end (lanes 1 and 3) or
at the 3' end (lanes 4 and 5). After hybridization to total
trypanosome RNA and SI digestion, the 5' end-labelled
probe generates the protected fragments diagnostic of the
5' ends of mature calmodulin mRNAs (SL I and SL II).
(S1-protected fragments derived from mRNAs initiating at
the SL II site are heterogeneous in size, probably because
of trimming of the ends of Sl nuclease.) SI analysis with
3' end-labelled 111 DNA (lane 5) generates the fragments
characteristic of mature 3' ends (labelled 3' ends) and also
gives rise to a protected fragment (indicated 3' ext.) whose
length (300 nt) agrees precisely with the length of the RNA
fragment observed with 111 RNA in the RNase protection
experiments (Figure 3B, lanes 7 and 10). This showed that
a proportion of the calmodulin transcripts extend beyond the
positions of the 3' ends of the A and B mRNAs and have
discrete ends. By comparing a number of different ex-
periments and using the non-sequence-specific ribonuclease
T2 for RNase mapping, we can position the 3' end of these
transcripts 115 to 120 nucleotides downstream of the nearest
polyadenylation site, that is between the two SL joining sites
of the B and C genes.

Calmodulin polygene transcripts
The data presented so far show that in trypanosome RNA
there exist transcripts with 3' extensions and transcripts com-
prising two calmodulin gene units. To obtain conclusive

evidence that these RNAs are longer than mature mRNAs
and have the structure of polygene transcripts, total
trypanosome RNA was fractionated in two dimensions; first
by sucrose density gradient centrifugation and second by
analysing individual fractions by Northern blotting and
RNase mapping. Figure 4 displays the results of the North-
ern blot analysis using the calmodulin coding region probe
401, which will visualize the products of transcription of
all genes. By this analysis, mature calmodulin mRNAs (1.1
kb and 0.8 kb) can be effectively separated from longer
transcripts. In particular, the 1.7- and 2.1-kb RNA species,
previously detected in total RNA (see Figure 2), are
specifically enriched in fractions with a sedimentation value
of - 16S (peak at fraction 8). When the RNA from the same
gradient fractions is analysed by RNase mapping with the
gene-spacer-gene probe 111 (Figure 5A), two protected
fragments can be seen which are specifically enriched in the
heavier portions of the gradient. These are derived from
polygene transcripts (labelled FP) and from transcripts with
3' extensions (labelled 3' ext.). In addition, the original
autoradiogram also showed enrichment for the 100 nt RNA
species which did not reproduce in Figure 5A, but can be
seen in Figure 6, lane 2. In the experiment shown, the
amount of the fully protected RNA is lower than that of the
3' extended RNA fragment. However, we believe that this
does not reflect the actual abundance of these transcripts in
the cell. Since we have observed that the relative amount
of fully protected fragments is somewhat variable from ex-
periment to experiment, we argue that this is an artefact due
to some variability in the conditions employed for RNase
mapping.
To detect transcripts initiating upstream of calmodulin gene

A, we assayed the gradient fractions with probe 82A which
is complementary to the 5' end of the gene A coding region
and to sequences upstream to position -200 (Figure SB).
The RNA species labelled FP in Figure SB represents full
protection of the 82A probe and is indicative of transcripts
initiating at least 200 nt upstream of the coding region of
gene A. Again these transcripts are specifically enriched in
the heavier region of the gradient demonstrating that they
are larger than mature mRNA. Similar results were obtain-
ed with the GC1 probe (data not shown) indicating that
transcription proceeds downstream from the polyadenyla-
tion site of gene C.

In addition, RNase mapping with the 82A probe generates
fragments characteristic of the 5' ends of mature calmodulin
mRNAs (labelled SL I* and SL II). The SL II fragments
represent the 5' ends of mRNA molecules with the SL at
site II (see Figures 3B and SA). On the other hand, the SL
I* RNA fragments are - 10 nt shorter than the SL I
fragments obtained with probe 805 and 111 (Figures 3B and
SA). This is because the calmodulin mRNAs with the SL
at site I are entirely derived from the B and C genes and
probe 82A is complementary to the 5' ends of these mRNAs
only up to position -57 (see Figure IC). The fact that in
this experiment the SL I* fragments are heterogeneous in
size could be due to differential trimming of the ends by
RNase A, since this problem can be alleviated in part by
digesting the RNA duplexes at 0°C (unpublished obser-
vation).
Taken together these observations strongly argue that the

calmodulin genes are part of a large transcription unit. By
excising and counting the various protected fragments from
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Fig. 5. RNase mapping of total trypanosome RNA fractionated by sucrose-gradient centrifugation. RNAs from selected fractions as indicated were

analysed with probe 111 (A) and probe 82A (B). Panel C shows a schematic representation of probe 82A and the protected fragments observed in
panel B. Graphic symbols are as described in the legend in Figure IC. Bars indicate the various protected fragments described in Figure 3. FP
represents full protection of the probe; lane T, 10 yg unfractionated total RNA; lane P, undigested probe; lane C, control lane with no RNA added.
The arrows indicate the direction of sedimentation.

a number of different RNase mapping experiments, we esti-
mate that in steady-state RNA - 3-5% of the calmodulin
transcripts are larger than mature mRNA.

Do polygene transcripts have mature 3' and 5' ends?
The RNase protection analysis shown in Figure 5A suggests
that polygene transcripts end with 3' extensions and do not
have mature 3' ends. This is further supported by the find-
ing that the majority of these RNAs fail to bind to oli-
go(dT)-cellulose (data not shown). To confirm this point
and to obtain information about the structure of the 5' ends,
we prepared an RNA fraction enriched for molecules larger
than mature mRNAs by three cycles of sucrose density gra-
dient centrifugation combined with oligo(dT) -cellulose
chromatography. These RNAs were then analysed by RNase
mapping using the gene-spacer-gene probe (Figure 6 but see

Figure 3A for the structure of the probe and of the protected
fragments) and the relative amounts of the various protected
fragments obtained with the enriched RNA fraction (lane
2) and with total RNA (lane 3) were compared. Similar to
what we observe in the heavier portion of the sucrose gra-
dient shown in Figure 5A, the following RNAs are specifi-
cally enriched in the size-selected poly(A)- RNA fraction:
polygene transcripts (as indicated by full protection of the
probe, FP), transcripts with 3' extensions (labelled 3' ext.)

and transcripts which give rise to the 100-nt RNA species
(100). As indicated by the presence of low amounts of mature
3' end fragments (labelled 3' ends), the RNA preparation
still contains some residual calmodulin mRNA. Therefore,
the mature 5' end fragments (labelled SL I and SL I) observ-
ed with the selected RNA fraction could be derived either
exclusively or only in part from the mature mRNA. To esti-
mate the proportion of 5' end fragments contributed by
calmodulin mRNA, we asked what would be the intensity
of 5' end fragments derived from the mRNA present in our
selected RNA fraction. To this end we obtained an exposure
of lane 3 (which displays the RNase protected fragments of
total RNA) that would show the mature 3' end fragments
with an intensity similar to that of the corresponding
fragments in the selected RNA fraction (lane 2). In this ex-

posure (lane 1) the 5' end fragments are much less intense
than in lane 2. This shows that relative to the total RNA
the ratio of the signal of mature 5' ends to mature 3' ends
increases in the enriched RNA sample. This is best accounted
for by the existence of polygene transcripts with mature 5'
ends, but not with mature 3' ends.

Newly made calmodulin transcripts
To support the view that polygene transcripts are authentic
intermediates in the biosynthesis of calmodulin mRNAs, we
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Fig. 6. RNase mapping with probe Ill of poly(A)- RNA enriched
for trypanosome sequences longer than mature mRNA. Lane 2, 10
Ag enriched RNA; lane 3, 10 jtg total RNA; lane 4, undigested 111
probe; lane 1, shorter exposure of lane 3.

decided to analyse the amount of readthrough transcription
using pulse-labelled RNA in RNase protection experiments.
To obtain [32P]RNA of high sp. act. we made cultured
trypanosome cells permeable by brief exposure to the
detergent lysolecithin, followed by incubation for 10 min
in transcription buffer containing [c-32P]GTP as described
by Miller et al. (1978) and Contreras and Fiers (1981). The
size distribution of the 32P-labelled RNA is shown in Figure
7A. Because the use of total 32P-labelled RNA in RNase
protection experiments produced a very high background, we
first enriched for newly made calmodulin transcripts by
hybridization to a biotinylated antisense RNA probe followed
by affinity chromatography on streptavidin-agarose. In the
experiment shown in Figure 7B, we used the gene-spacer-
gene probe for the enrichment step and subsequent RNase
mapping. Three major labelled RNA fragments are protected
from RNase digestion (Figure 7B, lane 1). Full protection
of the probe (labelled FP) demonstrates that transcription
of the calmodulin genes proceeds uninterrupted through the
intergenic region. The protected RNA of 300 nucleotides
(labelled 3' ext.) has the same electrophoretic mobility as
the 3' extension product we analysed in steady-state RNA.
The diffuse RNA band of - 270 nucleotides has not yet been
analysed further. Most interestingly, no RNA fragments with
the sizes expected from mature 5' and 3' ends are detected.
However, since there is some background in the region of
the gel where the mature 5' end fragments would migrate,
we repeated the experiment with the 5' end-specific probe
805 (Figure 7C). Two major calmodulin-specific RNA frag-
ments of 135 nt (labelled FP) and 100 nt are detected in ap-
proximately equimolar amounts. The larger one represents
full protection of the probe (see for a comparison, Figure
3B, lane 2), while the smaller one is most likely equivalent
to the 100-nt RNA detected in size-selected poly(A)- RNA

*.1_.

Fig. 7. Analysis of 32P-labelled newly made trypanosome RNA. (A)
Size distribution of in vivo labelled RNA fractionated by
agarose-formaldehyde gel electrophoresis. Lane T, 10 000 c.p.m.
of total RNA; lane I, 10 000 c.p.m. of RNA enriched for
calmodulin sequences with biotinylated 111 RNA. (B) and (C) RNase
mapping of calmodulin-enriched [32P]RNA with biotinylated 111
probe (lane 1) and biotinylated 805 probe (lane 2). Lane p, 32p-
labelled Ill RNA; lane C, the same hybridization mixture used in
lanes 1 and 2 but denatured prior to RNase digestion. The expected
positions of protected fragments characteristic of mature 3' ends (3'
ends) and mature 5' ends (SL I and SL II) are indicated by bars.
Panel D shows a diagram of the structures of probes 111 and 805
and the corresponding protected fragments observed in panels B and
C. Graphic symbols are identical to those used in Figure IC but the
sizes of the probes are not on scale.

(see Figure 6, lane 2). Also by this analysis we fail to detect
any protected fragments diagnostic of mature 5' ends.

Discussion
We report here on the structure of the transcripts from the
calmodulin locus. First we show that all genes of the
calmodulin cluster are expressed. Second, we show that the
calmodulin genes are part of a large transcription unit. We
have identified transcripts which connect at least two genes
and transcripts which extend upstream from gene A and
downstream from the polyadenylation site of gene C. The
1.7- and 2.1-kb RNA species which are detected by North-
ern blotting (Figure 2) are likely to represent dimeric RNAs.
The 1.7-kb RNAs can conceivably extend from gene A to
gene B or connect the B genes. On the other hand, the struc-
ture of the 2.1-kb transcript is consistent with it being a dimer
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of the B and C genes. We also observe calmodulin transcripts
several kilobases in length: such molecules could span the
entire gene cluster. These long calmodulin RNAs have defin-
ed ends, suggesting that they represent specific products of
transcription, of processing or of both. The 3' ends of the
transcripts encompassing the A and B genes map downstream
from the polyadenylation sites between the two SL addition
sites of the B and C genes. Instead, the 5' ends of at least
a proportion of these molecules appear to be indistinguishable
from those of mature mRNA, suggesting that they have the
SL sequence already joined to them. Are these molecules
authentic precursors to mature calmodulin mRNAs or are
they dead-end products of transcription and/or processing?
Our claim that polygene transcripts are indeed precursors
to mature mRNA is based on the observations that newly
made RNA contains a great proportion of molecules spann-
ing the A and B genes and that no mature 5' and 3' ends
are detected. Unfortunately, we have been unable to per-
form kinetic studies in detergent-treated trypanosome cells
because transcription ceases after 10 min due to the high
activity of endogenous ATPases which hydrolyse ATP to
AMP and deplete the ATP pool even in the presence of an
ATP regeneration system (unpublished observation).
The RNase mapping experiments with newly made RNA

failed to detect any protected fragments diagnostic of mature
5' and 3' ends suggesting that the 5' and 3' ends of mature
calmodulin mRNAs are generated by post-transcriptional
events. Splicing in trans of the SL sequence onto the pre-
mRNA body most likely generates the 5' end of calmodulin
mRNAs. The mechanism that forms 3' ends, on the other
hand, remains unknown. No canonical eukaryotic polyadeny-
lation signal, AAUAAA (Proudfoot and Brownlee, 1976),
or any other recognizable conserved sequence appears to be
present upstream or downstream from the polyadenylation
sites of trypanosome mRNAs.
An intriguing observation common to both steady-state and

newly made calmodulin RNA is the presence of transcripts
extending downstream from the poly(A) addition site of the
A and B genes. In steady-state RNA the majority of these
molecules appear to be longer than calmodulin mRNA. This
conclusion is based on the Northern hybridization with the
intergenic probe SPIG (Figure 2, lane E), which predomin-
antly detects putative calmodulin dimers and on the RNase
mapping of gradient-fractionated RNA with probe 111
(Figure 5A). The 3' ends of these 3'-extended transcripts
define the primary site of 3' end formation in the calmodulin
gene cluster, since no other 3' ends can be identified in newly
made calmodulin RNA. We can think of two possible mech-
anisms which might generate transcripts with 3' extensions:
(i) transcription termination of RNA polymerase II at the
site of 3' end formation; (ii) endonucleolytic cleavage of
larger transcripts that extend downstream from the site of
3' end formation. Our data do not allow us to distinguish
between these possibilities. This is because of our inability
to identify precisely the origin of the 100-nt RNase-protected
fragment detected in newly made RNA. At least part of this
RNA species is derived from transcripts initiating upstream
from calmodulin gene A. However, we cannot exclude the
possibility that this fragment also originates from transcripts
with the 5' ends within the intergenic region, a few nucleo-
tides from the site of 3' end formation. Such molecules might
result from endonucleolytic cleavage of polygene transcripts
at the primary site of 3' end formation. Alternatively, ter-

mination and subsequent re-initiation of transcription might
occur in this region. The latter situation would be similar
to what is observed in the transcription of the mouse and
frog RNA genes (Grummt et al., 1986; Henderson and
Sollner-Webb, 1986; McStay and Reeder, 1986). Whatever
the mechanism, it is puzzling that the primary site of 3' end
formation in the calmodulin A and B genes lies almost
precisely at the border of the repeating unit. It is possible
that the signals responsible for this phenomenon were part
of the ancestral calmodulin gene and were subsequently
amplified in the formation of the cluster.

In African trypanosomes, primary transcripts and putative
promoter elements for housekeeping genes have been elusive
so far. Recent evidence suggests that trypanosome genes are
part of transcription units much larger than a single gene.
This conclusion is based on the hybridization of nuclear run-
on transcripts to cloned genes which revealed that the
transcribed area can cover several kilobases upstream from
the structural gene region (for review see Borst, 1986).
However, these studies do not provide evidence for a single
continuous transcript. Rather they show that these regions
are actively transcribed. The results presented here are con-
sistent with a transcription mechanism that generates primary
transcripts comprising more than one gene unit. Although
other interpretations are possible, we favor the possibility
that transcription begins upstream of calmodulin gene A and
proceeds through the cluster. Using polygene calmodulin
transcripts as substrates, trans-splicing with the leader se-
quence would then generate the 5' ends of mature calmodulin
mRNAs. In this scenario, we can envisage trans-splicing as
a mechanism to edit mRNA coding sequences from complex
transcription units. The use of RNA processing rather than
transcription initiation to generate the 5' end ofmRNA might
have spared trypanosome cells from evolving unique pro-
moter sequences upstream from each coding region.

Materials and methods
Trypanosomes
The cloned T.b.gambiense antigenic variant type 1 was used in this study
(Merritt et al., 1983). The procyclic trypanosome forms of the YTaT strain
Tb.rhodesiense were obtained from L.Ruben and grown at 28°C in SM
medium (Cunningham, 1977), supplemented with 20% (v/v) heat-inactivated
fetal calf serum and 25 mM Hepes.

Construction of plasmids
The previously described calmodulin genomic clone XCM51 (Tschudi et
al., 1985) was used to generate convenient restriction fragments for
hybridizations and nuclease protection experiments. All plasmids were con-
structed in the vectors pSP64 and pSP65 (Melton et al., 1984) and the restric-
tion fragments were inserted in such an orientation that SP6 transcription
gives an RNA which is complementary to calmodulin RNA.
To construct plasmid 82A the Apal site at position -210 relative to the

AUG initiation codon of gene A was changed into a BamHI site. The
BamHI-EcoRI fragment of 250 bp, containing 210 bp upstream of gene
A and 38 bp of translated sequence, was then inserted into the correspond-
ing sites of pSP65. Plasmid 401 contains the 452-bp EcoRI-HindII frag-
ment, encoding 417 bp of calmodulin translated sequence as well as 35 bp
of 3'-untranslated sequence. Plasmid 21 1, obtained by subcloning a
HindIlI-BglIl fragment, contains 185 bp of 3'-untranslated region of gene
A and 85 bp of intergenic sequence. Plasmid 111 contains gene A coding
sequence, the intergenic region and gene B coding sequence inserted into
pSP65 between the EcoRl and HindIll sites. The insert in plasmid SPIG
encompasses 70 bp of the intergenic region between an RsaI site, 10 bp
downstream of the second poly(A) addition site, and a BglII site located
30 bp upstream of the first site of SL addition. The insert in GCI spans
the polyadenylation site of gene C between a ScaI site and a SnaBI restric-
tion site and contains 176 bp of 3'-untranslated sequence as well as 35 bp
of flanking sequence. Construction of the plasmids was verified by DNA
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sequence analysis. More detailed information about the various constructs
can be obtained upon request.

RNA manipulations
RNA was isolated from trypanosome cells using the urea-LiCI method
(Auffray and Rougeon, 1980). To remove contaminating DNA, RNA
samples were digested with 100 /tg/ml RNase-free DNase in the presence
of placental ribonuclease inhibitor for 30-60 min at 37°C. For Northern
blot analysis, RNAs were fractionated by electrophoresis through a 1.2%
agarose gel in the presence of 2.2 M formaldehyde. The same concentra-
tion of formaldehyde was added to the electrophoresis buffer. Prior to elec-
trophoresis, samples were incubated at 70°C in sample buffer (Maniatis
et al., 1982) for 15 min. Under these conditions, and using formaldehyde
solutions free of any precipitate, we observe complete denaturation of lambda
DNA restriction fragments run in parallel. After electrophoresis the RNA
was transferred to a nitrocellulose filter. Hybridizations were carried out
at 50-56°C in the presence of 50% formamide plus standard components.
After hybridization the nitrocellulose filter was washed at 65°C in 300 mM
NaCl, 30 mM Na citrate and 1% SDS. To remove background due to
unspecific binding of the probe to the large rRNAs, the nitrocellulose filter
was treated with a solution containing 20 pfg/mi RNase A in 300mM NaCl,
30 mM Na citrate at room temperature for 5- 1O min and then washed
several times in the same solution minus the RNase A.

Total RNA was fractionated by centrifugation through 5-20% sucrose
density gradients containing 20 mM Na acetate (pH 5.0) and 1 mM EDTA.
Prior to centrifugation, the RNA samples were incubated in 1 mM EDTA
at 65°C for 10 min in order to dissolve aggregates. Gradients were cen-
trifuged in the Sorvall rotor TH641 for 16 h at 30 000 r.p.m. at 4°C.
Cytoplasmic RNA from HeLa cells was run through a parallel gradient to
provide sedimentation standards.

Synthesis of 32P-labelled RNA probes and RNase protection analysis was
done essentially according to Melton et al. (1984). Incubations with RNase
A at 20 ytg/ml and RNase T, at 2 Lg/ml were carried out at 30°C for 60
min. At the end of the incubation, samples were treated with proteinase
K (100 jig/ml) in the presence of 1% SDS for 10 min at 30°C. After ethanol
precipitation, protected fragments were fractionated on 6% polyacryla-
mide/7 M urea gels.
For SI nuclease analysis plasmid 11 1 was labelled at the HindIll site us-

ing T4 DNA polymerase and [cr-32P]dCTP (Maniatis et al., 1982) or at
the EcoRI site using T4 polynucleotide kinase and [-y_32P]ATP (Maniatis
et al., 1982). After end-labelling, the insert DNA was digested with EcoRI
or Hindlll, respectively. Double-stranded fragments were purified by elec-
trophoresis through a native 4% polyacrylamide gel. Hybridization to total
RNA and digestion with S1 nuclease were carried out as described by Her-
nandez (1985) except that the hybridization temperature was 45'C.

Isolation of cDNA clones
A cDNA library was constructed from poly(A) + RNA isolated from
Tb.gambiense cells following the protocol of Huynh et al. (1985). Brief-
ly, RNA was copied into double-stranded cDNA with avian myeloblastosis
virus reverse transcriptase. Blunt-ended molecules were ligated to synthetic
EcoRI linkers and size selected cDNA fragments were cloned into the EcoRI
site of X641 (Murray et al., 1977). The cDNA library was screened with
a 32P-labelled SP6 RNA probe (Benton and Davis, 1977) which is com-
plementary to the translated region of the calmodulin gene (plasmid 401).
Positive recombinants were characterized by restriction enzyme mapping
and DNA sequence analysis using the dideoxy chain-termination method
of Sanger et al. (1977).

RNA synthesis in permeable trypanosome cells
Procyclic trypanosomes were made permeable following the method of Miller
et al. (1978). Mid-logarithmic phase trypanosomes (5 x 106 cells/ml) were
washed three times in 1% glucose, 0.9% NaCl, 10 mM Tris-HCl (pH
8.0), 1.5 mM MgCI2 and resuspended in 1/10th of the original volume in
transcription buffer: 10 mM Hepes-KOH (pH 7.9), 80 mM KCl, 5 mM
MgCl2, 0.5 mM EDTA, 1 mM DTT and 10% glycerol. Cells were chill-
ed on ice for 15 min and L-a-lysophosphatidylcholine, palmitoyl,
(lysolecithin) was added to a final concentration of 500 stg/ml. After in-
cubation on ice for 5 min, cells were diluted with 2 vol of transcription
buffer, harvested by centrifugation and resuspended in transcription buffer
in 1/100th of the original culture volume. The labelling was initiated by
adjusting the cell suspension to 1.5 mM ATP, 0.2 mM CTP and UTP,
0.04 mM GTP, 8 mM creatine phosphate, 0.4 mg/ml creatine kinase (Boehr-
inger Mannheim) and 400 ,tCi/ml [ce-32P]GTP (400 Ci/mmol, Amersham
International). Labelling was done at 28°C for 10 min and cells were Iysed
by adding an equal volume of 2% SDS, 1 mg/ml proteinase K and 40 mM
EDTA. After phenol/chloroform extraction, nucleic acids were precipitated

with ethanol, treated with RNase-free DNase (Worthington) and the 32P_
labelled RNA was again precipitated with ethanol. This procedure yields
-5-10 x 107 c.p.m./mg of total RNA.

RNase mapping of in vivo 32P-labelled calmodulin RNA
32P-labelled calmodulin RNAs were selected by hybridization to
biotinylated 111 or 805 antisense RNAs followed by affinity chromatography
with streptavidin-agarose (BRL). Biotinylated probes were synthesized using
SP6 polymerase in a standard reaction containing 0.5 mM each ATP, GTP,
CTP and UTP plus 0.05 mM biotin-1 1-UPT (BRL). After synthesis the
template DNA was digested with RNase-free DNase. The mixture was then
treated with 100 ,g/ml proteinase K plus 1% SDS and 10 mM EDTA (pH
8.0) at 50°C for 30 min. RNAs were recovered by three consecutive ethanol
precipitations with 2 M NH4 acetate (pH 6.0) and finally washed with 70%
ethanol. As judged by the precipitation of free [a-32P]GTP added to a

parallel mixture, this procedure removes most of the unincorporated
nucleotides from the biotinylated RNA. 0.5-1 X 108 c.p.m. of total
[32P]RNA were resuspended in 1 ml hybridization buffer (80% formamide,
400 mM NaCl, 30 mM Pipes, pH 6.4, 1 mM EDTA) and heated at 80°C
till the RNA was completely dissolved. Approximately 5 jig of biotinylated
RNA in hybridization buffer was added to the [32P]RNA and hybridiza-
tion was carried out at 550C for 16-24 h. At the end of the incubation
the mixture was diluted with 1 vol of water and ethanol precipitated. RNAs
were resuspended in 1 ml binding buffer (0.3 M NaCl, 5 mM EDTA, 50
mM Tris, pH 7.5) and added to 0.5 ml streptavidin-agarose equilibrated
in the same buffer. The slurry was mixed for 1 h at room temperature and
the resin recovered by low-speed centrifugation and washed several times
with binding buffer till no counts were present in the supernatant. With
certain batches of strepavidin -agarose more counts were eluted by washing
in low-salt binding buffer (30 mM NaCl). Bound RNAs were eluted in 1%
SDS, 10 mM EDTA by heating for 5 min at 95- 100°C. Selected RNAs
were ethanol precipitated and the hybridization-selection procedure repeated
one more time. Since the biotinylated RNA is also eluted from the resin,
no additional probe was added to the second hybridization reaction. Ap-
proximately 2.5-5 x 105 c.p.m. [32P]RNA were recovered at the end of
the procedure. Aliquots were annealed again as described above and digested
with ribonuclease A and T, as described by Melton et al. (1984).
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