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ABSTRACT

Trypanosomes represent an excellent model for the
post-transcriptional regulation of gene expression
because their genome is organized into poly-
cistronic transcription units. However, few signals
governing developmental stage-specific expres-
sion have been identified, with there being no
compelling evidence for widespread conservation
of regulatory motifs. As a tool to search for
common regulatory sequences we have used the
nuclear-encoded components of the cytochrome
oxidase (COX) complex of the trypanosome respi-
ratory chain. Components of this complex represent
a form of post-transcriptional operon because
trypanosome mitochondrial activity is unusual in
being developmentally programmed. By genome
analysis we identified the genes for seven compo-
nents of the COX complex. Each mRNA exhibits
bloodstream stage-specific instability, which is
not mediated by the RNA silencing pathway but
which is alleviated by cycloheximide. Reporter
assays have identified regulatory regions within
the 3'-untranslated regions of three COX mRNAs
operating principally at the translational level, but
also via mRNA stability. Interrogation of the mapped
regions via oligonucleotide frequency scoring
provides evidence for genome-wide conservation
of regulatory sequences among a large cohort of
procyclic-enriched transcripts. Analysis of the co-
regulated subunits of a stage-specific enzyme is
therefore a novel approach to uncover cryptic
regulatory sequences controlling gene expression
at the post-transcriptional level.

INTRODUCTION

The analysis of cohorts of mRNAs involved in functionally
co-ordinated processes is providing a useful tool for the iden-
tification of regulatory signals controlling gene expression in
eukaryotes (1). Of particular value has been the characteri-
zation of the regulatory signals and RNA binding proteins
that control nuclear-encoded genes responsible for mitochon-
drial function. For example, in Saccharomyces cerevisiae,
mitochondrial function is regulated dynamically in response
to a shift between a fermentable and non-fermentable carbon
source, oxygen and haem. This has enabled the experimental
analysis (2) and computational prediction (3,4) of cryptic
regulatory motifs governing expression.

The requirement to identify control elements in mRNAs
which are subject to regulated expression is particularly
acute in the parasite Trypanosoma brucei. These organisms,
the causative agents of human and animal African trypanoso-
miasis, are evolutionarily divergent protozoa that are trans-
mitted between mammalian hosts by the tsetse fly (Glossina
spp) (5). The different environments that the parasite
encounters during its complex life-cycle represent extreme
challenges that the cell must overcome, this necessitating
regulation of such fundamental processes as metabolism,
cell morphology and cell cycle control (6). Unusually,
however, these processes are not controlled by regulated
transcription. This is because the genome is organized into
polycistronic transcription units in which co-transcribed
genes are not necessarily co-regulated (7). This genome
organization requires resolution of polycistronic pre-
mRNAs via the RNA processing reactions of frans-splicing
and polyadenylation, generating mRNAs with a 39 nt 5
spliced leader sequence and 3’ poly(A) tail. Interestingly,
trans-splicing and polyadenylation appear to be mechanisti-
cally coupled, with the polyadenylation of the upstream
gene in an array being co-ordinated with trans-splicing for
the downstream gene (8,9). This linkage of RNA processing
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events for adjacent genes which can display differential
mRNA abundance make it unlikely that RNA processing
efficiency is a major contributor to the control of gene expres-
sion. Instead, the emphasis of trypanosome gene regulation is
at the level of mRNA stability, although the importance of
translational control is becoming increasingly clear.

In several cases the regulation of mRNA stability has been
examined for genes that show differential expression during
the life-cycle. The best-characterized genes are those of the
major surface antigens of the bloodstream and procyclic
form. In bloodstream forms, the variant surface glycoprotein
(VSG) mRNA is specifically stabilized through signals in its
3’-untranslated region (3’-UTR), this also mediating destabi-
lization upon transformation to procyclic forms in vitro
(10,11). More detailed characterization has been carried out
for the insect stage mRNAs encoding EP and GPEET procy-
clin. In both cases regulatory motifs can be identified in their
3’-UTR which regulate both the stability of each transcript
and also their translational competence (12). For example,
EP procyclin contains both 16mer and 26mer elements that
contribute to mRNA stability and translation efficiency
(13-16). For GPEET procyclin an element has also been
identified in the 3’-UTR that confers regulation in response
to glycerol and hypoxia (17). Although well characterized,
VSG, EP and GPEET procyclin genes are all unusual in
being transcribed by RNA polymerase I (pol I) (18) and
their expression is very stringently regulated in response to
life-cycle differentiation signals (19). This contrasts with
the majority of regulated trypanosome genes, which are trans-
cribed by RNA polymerase II (pol II). Although evidence for
mRNA regulation of several stage-regulated pol II transcripts
has been obtained, regulatory signals remain cryptic (7).
This contrasts with at least some stage-regulated genes in
the related kinetoplastids, Trypanosoma cruzi and Leishmania
donovani where common regulatory elements can be
identified (20,21).

In an attempt to decipher the complex regulatory informa-
tion among stage-regulated genes in T.brucei, we have
focussed on the cytochrome oxidase complex (COX; complex
IV of the electron transport chain). Unusually, in trypano-
somes the COX complex is developmentally regulated,
being absent in bloodstream forms and induced upon trans-
formation to the insect form (22). This reflects the differential
biochemistry of bloodstream forms (where glycolysis driven
by blood glucose provides sufficient ATP) and procyclic
forms (where mitochondrial elaboration is required in the
glucose-sparse tsetse midgut) (23). The COX complex is
also a good model for the analysis of regulated gene expres-
sion because at least 10 components of the complex are
nuclear-encoded (24), with several identified COX genes
being dispersed throughout the T.brucei genome (25). In
consequence each component must be co-incidentally up-
regulated during differentiation in order to construct a
functional multi-component enzyme complex. Therefore,
analysis and comparison of the regulatory mechanisms
governing each component has the potential to uncover
hitherto cryptic signals not recognizable among larger groups
of stage-regulated genes, or in individual genes.

Here we report the identification and verification of seven
nuclear-encoded subunits of the T.brucei cytochrome oxidase
complex. We demonstrate for each component that the
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regulation involves differential mRNA stability and, for at
least three subunits, translational control mechanisms. More-
over, we show that differential mRNA abundance results
from specific destabilization of each transcript in bloodstream
forms. By reporter assays in stably transformed parasites we
have mapped the signals governing differential gene expres-
sion in the 3’-UTR of three of the COX genes. This has
uncovered the presence in the COX V mRNA of a regulatory
element related to that found in procyclin transcripts, the
so-called 26mer sequence. Moreover, genome-wide computa-
tional analysis of predicted 3’-UTRs demonstrates that
the core of this motif is significantly overrepresented in
procyclic-enriched transcripts. An element common in deve-
lopmentally regulated transcripts encoding mitochondrial
proteins is also identified. This reveals hitherto unexpected
conservation of common regulatory signals between pol I
and pol II transcribed protein coding genes during the life-
cycle of T.brucei which may assist bioinformatic prediction
of expression profile.

MATERIALS AND METHODS
Trypanosomes

Bloodstream and procyclic form trypanosomes were T.brucei
brucei s427. For the analysis of Argonaute null mutants,
bloodstream forms of T.brucei STIB 247 were used. Parasites
were grown routinely in HMI-9 at 37°C in 5% CO, (blood-
stream forms) or at 27°C in SDM-79 (procyclic forms). For
parasite transfection, 10-15 g of linearized DNA was elec-
troporated using a BTX ECMS830 electroporator. Parasites
were selected using 0.5 pg/ml phleomycin (CAT reporter
constructs; into bloodstream forms).

Northern blotting and signal quantification;
transcriptional and translational inhibition

RNA was extracted from ~5 x 107 to 1 x 10® trypanosomes
using an RNAeasy RNA purification kit (Qiagen). Approxi-
mately 3 ug of purified RNA was resolved on formaldehyde-
agarose gels and transferred to nylon membrane by capillary
blotting. For transcript detection, digoxygenin-labelled
riboprobes were used, signal detection being achieved via a
Bio-Rad Fluor-S imager. For each probe used for quantita-
tion, the linearity of signal was verified over the detection
range, generating R” values between 0.94 and 0.99. To accu-
rately quantify the respective levels of COX transcripts in
bloodstream and procyclic forms, serial dilutions of RNA
from each life-cycle stage were hybridized with each COX-
specific riboprobe, thereby determining the relative expres-
sion level, and confirming linearity of detection at least
over a log range of signal. Loading was normalized to
rRNA levels in each lane, this being determined also via a
Bio-Rad Fluor-S imager. Decay measurements for mRNAs
were carried out after treatment of either bloodstream or pro-
cyclic form cultures with 5 pg/ml actinomycin D, samples
being taken at 0, 30, 60 and 90 min (for bloodstream
forms) or 0, 120, 240 and 480 min (for procyclic forms),
these time points being established after preliminary analysis
of the decay kinetics in each life-cycle stage. For cyclohex-
imide treatment, samples were incubated with 50 pg/ml



5314 Nucleic Acids Research, 2006, Vol. 34, No. 18

cycloheximide for 0, 60, 120 and 240 min. In both cases
RNA from parallel untreated samples was also prepared
and analysed.

Analysis of mRNA processing sites

To map sites of polyadenylation RT-PCR was used, with
3’ ends being amplified for each transcript via a gene-specific
primer hybridizing to the 5’ end of the coding region and a
generic oligo-dT ADAPT 3’ primer recognizing the poly(A)
tail (5 GGC CAC GCG TCG ACT AGT ACT TTT TTT
TTT TTT TT 3’). Amplified products were then subjected
to a second round of amplification using an oligonucleotide
recognizing the 3’ end of each COX coding region and the
primer AUAP (5 GGC CAC GCG TCG ACT AGT AC
3’), which binds to the specific oligonucleotide sequence
incorporated into the 5’ end of the ADAPT primer. The
resulting products were gel purified and then sequenced to
determine the site of polyadenylation in each life-cycle
stage for each gene. For 5’ end mapping, a spliced leader
specific primer was used in combination with a primer
binding in the 5" end of each COX gene.

Construct generation and CAT assays

Reporter constructs were based on the T.brucei expression
vector pHD449, with the tetracycline resistance cassette
being replaced by the coding region for choramphenicol
acetyl transferase (CAT). This was achieved by digesting
pHD449 with HindIIl and BamHI to excise the TETR gene,
this being replaced by a CAT gene PCR amplicon provided
with a 5'HindIIl site and 3’ BamHI site. To insert each
COX gene 3'-UTR, each intact COX intergenic region was
amplified using primers binding immediately after the COX
gene stop coding and immediately upstream of the ATG
codon of the downstream gene. An exception to this was
COX V where the downstream (‘hypothetical unlikely’)
gene was 1.4 kb downstream and the next open reading
frame was over 2 kb from the COX V stop codon. In this
case, a 3’ primer-binding site was chosen ~30 bp downstream
of the last of three prominent polypyrimidine tracts in the
intergenic region. Each 5’ and 3’ primer had, respectively,
BamHI and Bbs1 restriction sites incorporated to allow clon-
ing into CAT449. The resulting PCR products were digested
with BamHI and Bbsl and these inserted into BamHI/Bbs1
digested CAT 449 to allow replacement of the endogenous
truncated aldolase 3’-UTR in the vector. To insert regulatory
regions in to intact CAT449 for analysis of function out
of context, CAT 449 was digested with BamHI and each
COX regulatory region, amplified with primers containing
BamHI at each end, inserted. The resulting constructs were
sequenced to ensure fidelity of insertion and to verify
insertion copy number and orientation.

Levels of CAT protein derived from each reporter
construct were determined by CAT ELISA assay (Roche)
according to the manufacturer’s instructions, values being
determined on a Dynex technologies MRX II ELISA plate
reader. In each case a CAT standard curve was constructed
using known concentrations of CAT protein and these used
to determine CAT levels in each lysate, this being verified
to be in the linear range by lysate dilution over a 1000-fold
range. CAT standard curves had a linear regression value

typically of 0.998, providing accurate determination of
CAT to as low as 0.001 ng/nl.

Oligonucleotide frequency analysis

Oligomer counting was performed using the oligo-analysis
tool, a web-based tool forming part of the Regulatory
Sequence Analysis Tools (RSAT) suite (http://rsat.scmbb.
ulb.ac.be/rsat/). The tool identifies oligomers ranging in
length from 3 to 8 nt that are more frequent within the
UTR sequence of a group of co-regulated genes compared
to a set of non-regulated genes. To identify possible
regulatory elements within the 3’-UTR regions of the COX
components from T.brucei and T.congolense, counts were
performed on either the 3’-UTR sequence up to the experi-
mentally mapped polyadenylation site or, if this site had
not been mapped, the first 300 nt from the COX gene
stop codon. Oligomer frequency counts were performed at
various oligomer lengths from 3 to 8 and compared to ‘back-
ground counts’ performed on a database of 3’-UTR sequences
from a mixed population of genes considered to be non-
directionally regulated. For the background dataset, 300 nt
of 3’-UTR sequence were retrieved from every annotated
gene on T.brucei chromosomes 1 and 2, totalling
883 sequences. The same method was used for analysis of
the microarray data with the genes shown to be upregulated
in either the procyclic stage or bloodstream stage considered
to be co-regulated. Again 300 nt of the 3-UTR were retrieved
for each gene and counted in the analysis. All statistics and
significance values were determined according to (3).

RESULTS

Identification of the nuclear-encoded T.brucei
COX genes

Components of the cytochrome oxidase complex of the
kinetoplastid Crithidia fasciculata, have been biochemically
purified and N-terminal sequences derived for six subunits
(26). We used these peptide sequences to search the
T.brucei genome database (http://www.genedb.org/genedb/
tryp/) in order to identify genes encoding putative ortho-
logues in that organism [(27) and this study]. The largest
nuclear-encoded subunit (COX IV) has been characterized
subsequently from Leishmania tarentolae and its homologue
in T.brucei identified previously (28).

Table 1 shows each of the predicted T.brucei
proteins aligned with the N-terminal sequence derived from
Cfasciculata or L.tarentolae. Notably alignment of the
derived open reading frame for subunits V-X with the deter-
mined N-terminal sequence of each from C.fasciculata pre-
dicts a cleaved leader sequence of between 1 [COX VI,
VII; (27)] and 27 amino acids (COX VIII) whereas compari-
son of the T.brucei COX IV gene with the L.tarentolae COX
IV protein predicts a 44 amino acid leader. The genes for
these seven predicted nuclear-encoded cytochrome oxidase
components are unlinked in T.brucei, being distributed over
six distinct chromosomes and each has been annotated onto
the T.brucei genome database (GeneDB co-ordinates for
each gene are given in Table 1).


http://rsat.scmbb
http://www.genedb.org/genedb/

Table 1. Identification of COX subunits in the genome of T.brucei
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Predicted leader sequence Mature N-terminus (actual or predicted) Organism Protein GeneDB Reference
identifier
MFTRRAVSSVVGVTGSAAVVT- DHDRWYGHALELDTHNYKFNGEP L.tarentolae COX IV (28)
SSPLSVQRRY
MFARRSLIATVAAATATKPTSSA- DHDRWYGHALELDSHNYKFTGEP T.brucei COX IV Tb927.1.4100
AQSNANGTAATQSTLLQQRRY
FFGKGWDNASLDTIFSSML Cfasciculata ~ COX V (26)
MKRFVTPFLATVPLSRN FFGKGWDNAALDTIFSCML T.brucei COX V Tb09.160.1820
PHADHRKYKIQREEMP--PHFSDFNDP RF Cfasciculata  COX VI (26)
M PFVDHNKYKIQREDLPALPHFTDENDPRF T.brucei COX VI Tb10.100.0160
PFVDHNKYKIQREDLPALPHFTDENDPRF T.brucei COX VI-TY (27)
PRPFGVWAPATTLAEYRARIPNPFAYSFK- Cfasciculata  COX VII (26)
WVYSMKKEIFY
M PRPFGVWAPATTLAEYRARIPGMSNFKLR- T.brucei COX VII Tb927.3.1410
WVFGARREVYY
GGDMHSSDRFKAAWDEIPLHM Cfasciculata ~ COX VIII (26)
MIRRTAPAVSFTTSHRALMLR SADMHSLERFKVAWDEMPVH T.brucei COX VIII Tb927.4.4620
TNRPLL
YMLAFNSKAKARPNFGLRGVGYWH-EVY Cfasciculata  COX IX (26)
nKPGQsY
MFSCALRTSRRT YINAFNAKAKARPNFGLRGVGYWTSEVYH- T.brucei COX IX Tb10.6k15.2180
KPGQNY
LHFPISAPPIEIDYLDNDPLEFAVRTEArKwGF Cfasciculata  COX X (26)
MLRRAGSRVACACSVPQARS LHFPITPPPIEIEYLDNDPLEFAVRTEARKWRF  T.brucei COX X Tb11.01.4702

In each case the biochemically derived protein sequence of corresponding subunits from either C .fasciculata (26) or Leishmania tarantole (28) was used as a search
tool to identify the T.brucei gene. Analysis of the determined N-terminal protein sequence and genomic analysis of the translated gene sequence allowed prediction
of the N-terminal leader sequence on each subunit. For T.brucei COX VI this has been verified experimentally (27).

To verify the identity of each subunit we used an epitope-
tagging approach to visualize their predicted mitochondrial
location. Thus, each of the identified genes was amplified
from T.brucei genomic DNA and inserted into the T.brucei
expression vector pHD451 (29) modified to incorporate a
Tyl epitope tag (30) at the C-terminus of the encoded trans-
genic proteins (Figure 1A, schematic representation). Each
construct was transiently transfected into procyclic form
cells, which were subsequently analysed for expression and
localization of the ectopically expressed protein after
paraformaldehyde fixation and detergent permeabilization
(27). Figure 1A shows cells transfected with tagged COX
IV-COX X (panels C-H) and reveals, in each case, lattice-
like staining characteristic of the procyclic form mitochon-
drion and matching the distribution of the mitochondrial
vital dye, Mitotracker Red (Figure 1A, panel B). This
analysis confirmed the predicted mitochondrial localization
of each identified subunit, supporting their identification as
components of the biochemically characterized kinetoplastid
cytochrome oxidase complex.

The COX subunit mRNAs are regulated at the level of
stage-specific differential stability

Activity of the cytochrome oxidase complex is developmen-
tally regulated in T.brucei, and the nuclear-encoded subunit
COX VI has been shown previously to be stage-regulated,
its mRNA being enriched in procyclic forms (31). In order
to determine if regulation at the RNA level was a general
feature of the nuclear-encoded COX genes, northern blots
of bloodstream and procyclic RNA were hybridized with
riboprobes specific for each. Figure 1B demonstrates that
although low levels of mRNA are detectable for each subunit
in bloodstream forms, there is increased abundance in

procyclic forms. Quantitative analysis of the level of several
of the COX transcripts in bloodstream and procyclic forms
revealed a mean differential expression of ~3-fold between
bloodstream and procyclic forms (COX V, 4-fold; COX VI,
2.5-fold; COX IX, 2.6-fold).

Because of the importance of post-transcriptional regula-
tion in trypanosome gene expression, the most likely mecha-
nism for regulated mRNA abundance is via developmental
changes in mRNA stability. In order to investigate the stabil-
ity of each COX transcript in bloodstream and procyclic
forms we used actinomycin D to inhibit transcription and,
thereafter, followed the decay of each mRNA in each life-
cycle stage by northern blotting. In each case transcript levels
were quantitated with respect to the amount of rRNA loaded
and after verifying the linearity of detection with each probe.
Figure 2 (upper panel) shows a representative northern blot of
COX V mRNA decay in bloodstream (upper left hand panel)
and procyclic forms (upper right hand panel) at time points
after transcriptional inhibition with actinomycin D. Analysis
of the decay of transcripts in procyclic cells revealed that
even after 4 h COX V transcripts were still abundant (50%
of COX V mRNA remained with respect to its abundance
before the addition of actinomycin D; Figure 2 lower right
panel). This contrasts with bloodstream forms where after
only 30 min, COX V transcripts were barely detectable
(Figure 2, lower left panel; COX V mRNA is <10% of the
initial abundance after 30 min). The same analysis for each
of the other identified COX transcripts is shown in Figure 2
(lower panels) with the abundance of each being quantified
at time points after actinomycin D addition to either blood-
stream or procyclic forms. In each case the COX transcripts
were relatively unstable in bloodstream forms with respect
to procyclic forms, with a mean half-life of ~4 h in procyclic
forms whereas in bloodstream cells the half-life was <15 min.
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Figure 1. (A) Mitochondrial localization of identified COX subunits. For
each subunit, the coding region was inserted into a trypanosome expression
vector such that the expressed protein included a C-terminal Ty1 epitope tag.
Transient transfection of each construct into procyclic forms resulted in
expression of an epitope-tagged protein which, in each case, localized to the
mitochondrion of the procyclic form (panels C—H). This localization also
matched the staining observed with the mitochondrial vital dye, Mitotracker
red (panel B). A phase contrast image of the cells in panel B stained with
DAPI is shown in panel A, this visualizing the position of the cell nucleus and
the mitochondrial genome (kinetoplast). (B) Northern blots demonstrating the
relative expression of the identified COX subunit transcripts in bloodstream
(B) or procyclic (P) form trypanosomes. In each case, a section of the
ethidium stained gel is shown (containing the rRNAs) to demonstrate relative
loading.

Contrasting with this, analysis of a constitutively expressed
control transcript, ThZFP3 (A. Paterou, P. Walrad, P. Craddy,
K. Fenn and K. R. Matthews, manuscript submitted), or
bloodstream-specific transcripts such as aldolase, revealed
far greater stability in bloodstream forms (#;, = 40 min or
1.5 h, respectively). Although these transcripts were less sta-
ble in bloodstream forms than in procyclic forms, consistent
with previous observations (10,16), this instability was far
less than the >16-fold difference in half-life observed with
each COX transcript. Together this analysis demonstrated
that each of the COX mRNAs is differentially regulated
between bloodstream and procyclic forms, with differences
in mRNA stability being a significant contributor to this.

To investigate the basis of the differential mRNA stability
of COX transcripts between bloodstream and procyclic forms
we assayed three potential regulatory mechanisms: (i) the use
of distinct mRNA processing sites in each life-cycle stage
(32,33); (ii) the destabilization of regulated transcripts via
the RNA silencing pathway (34); and (iii) control via labile
protein regulators. With respect to the differential usage of
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Figure 2. Stability of COX subunit mRNAs in bloodstream and procyclic
form trypanosomes. The upper panels show representative northern blots of
COX V transcripts from cells untreated (—) or treated (+) with 5 pg/ml
actinomycin D. RNA was isolated at the times shown. The lower panels show
a quantitation of all COX subunit mRNAs in each life-cycle stage in the
presence of actinomycin D, with each data point representing the level of
mRNA with respect to its abundance before the addition of actinomycin D.
Control transcripts of ThZFP3 (constitutively expressed) and aldolase
(bloodstream enriched) are also shown.

RNA processing sites in distinct life-cycle stages, RT-PCR
was performed on bloodstream and procyclic RNA using
primers specific for the 3’ end or 5’ end of the COX V and
IX mRNA. This revealed that although several sites of
polyadenylation are used for each gene, these did not differ
between different life-cycle stages (Figure 3A). Similarly
spliced leader addition sites were identical in bloodstream
and procyclic forms (data not shown). To investigate poten-
tial involvement of the RNA silencing machinery in regulated
control of the COX transcripts, the relative abundance of
COX V and COX IX mRNA was assayed in an Argonaute
null mutant bloodstream form line and the corresponding
wild-type parent (35). Argonaute is a functional homologue
of slicer in the trypanosome RNA silencing machinery (36),
with null mutants being incapable of RNAi. Figure 3B
reveals that no difference in the abundance of either transcript
was detected in the Argonaute null mutant when compared to
wild-type parents, eliminating a role for the RNAi machinery
in stage-regulation of these transcripts.

To determine if COX transcripts are actively destabilized in
bloodstream cells or actively stabilized in procyclic cells via
labile protein factors, bloodstream and procyclic cells were
incubated in 50 pg/ml cycloheximide to inhibit de novo
translation. Under these conditions any labile regulatory
proteins controlling COX transcripts would be rapidly
depleted leading either to a decrease in the abundance of
COX transcripts in procyclic cells or an increase in blood-
stream cells (37-40). The upper panels in Figure 4 show a
northern blot of RNA extracted from bloodstream and
procyclic cells at various time points after translational
inhibition and hybridized to detect COX V mRNA. Figure 4
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(closed circles). The sites of polyadenylation are distributed, but there is no
consistent difference between the sites used in each life-cycle stage. (B)
mRNA abundance of COX V and COX IX in wild-type bloodstream forms of

T.brucei brucei STIB 247 and in two independently derived Ago null mutants
of the same strain (35).

(lower panels) show quantification of corresponding northern
blots probed for each of the remaining nuclear-encoded COX
transcripts. This analysis revealed a marked increase in the
abundance of all COX transcripts tested in bloodstream
cells when treated with cycloheximide (3.7-fold, +0.4 SE),
but not in procyclic cells (1.2-fold, +0.1 SE). In contrast to
this, the constitutively expressed transcript TbZFP3 and
bloodstream-specific aldolase transcript showed no signifi-
cantly enhanced abundance in the presence of translational
inhibition either in bloodstream or procyclic forms
(Figure 4). These experiments establish that COX mRNAs
are specifically destabilized in bloodstream forms, this
being alleviated by translational inhibition.

CAT reporter assays identify elements that repress
COX gene expression

In order to dissect the sequences contributing to the blood-
stream stage-specific repression of COX gene expression,
three distinct and arbitrarily chosen COX genes were anal-
ysed for their regulatory signals. Thus, we created a series
of CAT reporter constructs each bearing sequential deletions
of the COX V, VI and IX 3’-UTRs (Figure 5A). These cons-
tructs were integrated into the T.brucei tubulin gene cluster,
enabling read-through transcription of the reporter gene via
pol II and accessory factors. This ensured that each operated
in a transcription unit matching that of the endogenous gene.
In each case the CAT reporter gene was provided with either
a deleted 3’-UTR of the aldolase gene [which results in cons-
titutive expression; (29)] or with ~50 nt sequential deletions
of the COX V, VI or IX downstream intergenic regions
(Supplementary Figure 1 shows the sequence and deletion
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Figure 4. mRNA abundance of COX subunit mRNAs after treatment of
bloodstream or procyclic form trypanosomes with cycloheximide. The upper
panels show representative northern blots of COX V transcripts from
bloodstream (BSF) or procyclic forms (PCF) untreated (—) or treated (+)
with 50 pg/ml cycloheximide. RNA was isolated at the times shown. The
lower panels show a quantification of all COX subunit mRNAs in each life-
cycle stage in the presence of cycloheximide, with each data point
representing the level of mRNA with respect to its abundance before the
addition of cycloheximide. Control transcripts of ThZFP3 (constitutively
expressed) and aldolase (bloodstream-enriched) are also shown.

limits for each 3’-UTR). The deletions were progressively
made from the 5" end of each 3’-UTR toward the mapped
region of polyadenylation for each gene, such that all
constructs retained the endogenous 3’ end processing site
and downstream intergenic sequences extending either to
the next gene in the polycistron, or in the case of COX V
(where the next gene is over 1.5 kb downstream) 164 nt
downstream of the major site of polyadenylation (this region
contains at least three prominent polypyrimidine tracts). Our
strategy was to transfect these constructs into bloodstream
cells and assay for increases in CAT production as the
3-UTRs were progressively deleted, thereby mapping
regions responsible for mRNA instability or translational
repression in bloodstream forms. Figure 5B shows CAT
activity assays from a minimum of two assays performed
on protein lysates extracted from at least two independently
derived stably transformed clonal cell lines for each con-
struct. These assays revealed specific regions that when
deleted cause a marked increase in CAT expression. For
COX V, an overall 92-fold increase in CAT expression was
observed during progressive truncation of the intergenic
region, this comprising a 13-fold increase in CAT protein
when nt 33-78 from the stop codon (i.e. the COX VA2 region)
were deleted (compare Al1-33 with A1-78) and a further
2.9-fold increase with deletion of nt 119-160 (COX VA4
region). For COX IX, a single deletion positioned between
nt 181 and 257 from the stop codon (COX IX A4) caused a
5-fold increase in CAT activity with respect to the intact
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Figure 5. (A) Investigation of regulatory signals within COX V, VI and IX
3’-UTRs. The intergenic region for each COX subunit was positioned
downstream of the CAT gene, this being encompassed within a construct
comprising a phleomycin resistance gene and targeted to integrate into the
tubulin gene array. The site of polyadenylation is indicated within the
intergenic region (denoted ‘A’). At least two stable cell lines were generated
for each construct and two independent CAT assays performed on cell
extracts from each cell line. (B) Resulting CAT expression for each COX
intergenic region deletion are shown as a percentage of the CAT expression
from an identical construct comprising a deleted aldolase gene 3’-UTR, which
provides constitutive expression in bloodstream and procyclic forms. The
CAT mRNA abundance for each construct is shown at the extreme right, as a
percentage of the CAT mRNA abundance derived from constructs comprising
each intact COX subunit intergenic region (IR). These values were derived
from northern blots, representatives of which are shown in Figure 6.

intergenic region, although this increase was abolished by
further deletion close to the major site of polyadenylation
(COX IXAS5). In contrast to COX V and COX IX 3’-UTRs,
deletions of the COX VI 3’-UTR sequence did not clearly
define particular regions having a major impact on CAT
gene expression, although truncation of nt 93-140 increased
CAT expression 2.8-fold with respect to the intact intergenic
region.

mRNA abundance is not a major regulator of CAT
production for COX V and VI

In order to distinguish the relative contribution of mRNA
abundance to the observed CAT activity, we used northern

blotting to determine the level of CAT mRNA derived from
each truncation of the COX V, VI and IX intergenic regions
(Figures 5B and 6A). This revealed that the CAT mRNA
abundance derived from those constructs furnished with the
COX V intergenic region differed little, exhibiting only a
maximal 32% increase over the intact intergenic region
despite a nearly 100-fold increase in CAT protein upon trun-
cation of the 3’-UTR. This indicates that this 3’-UTR con-
ferred regulation almost exclusively at the translational/
post-translational level. Similarly, for COX VI, the CAT
mRNA abundance exhibited a maximal 62% increase over
the intact intergenic region (contrasting with a 6-fold protein
difference), whereas for COX IX CAT mRNA abundance
increased by 274% in the COX IXA4 truncation. This
approximates to the differential mRNA abundance for the
endogenous COX IX transcript between bloodstream and pro-
cyclic forms (2.6-fold; Figure 1B). Analysis of the COX IX
A4 deletion further by actinomycin D treatment confirmed
that the mRNA stability of the CAT transcript was increased
over that of the intact intergenic region, although the rapid
turnover of the latter prevented accurate quantitation of the
relative increase in stability (Figure 6B). Importantly, RT-
PCR analysis (for COX V) or CAT transcript sizing (for
COX V, COX VI and COX IX) for mRNAs derived from all
truncations revealed that no alteration of the polyadenylation
site occurred with respect to the intact intergenic region for
each gene (Figure 6A and data not shown). This eliminated
perturbance in the site of 3’ end formation being responsible
for the observed changes in CAT expression.

Since little or no increase in the level of CAT mRNA was
observed upon deletion of the COX V 3’-UTR, we examined
whether this intergenic region exhibited elevation of
CAT mRNA after exposure to cycloheximide, thereby
matching the response of the endogenous COX V
transcript. Figure 6C demonstrates that this was the case:
the intact intergenic region for COX V showed a 300% eleva-
tion in CAT mRNA after cycloheximide treatment, contrast-
ing with the response of the same construct bearing the
aldolase intergenic region (which showed a 0-30% increase
after cycloheximide treatment; data not shown). Moreover
the response of the COX V 3'-UTR to cycloheximide was
retained even in the COX VA4 truncation which lacks all
but 50 nt of the COX V 3'-UTR, this construct exhibiting a
230% elevation (Figure 6C). These observations implicate
sequences in the intergenic region downstream of the
polyadenylation site as contributing to the response to cyclo-
heximide. This matches previous observations with con-
structs containing the procyclin intergenic region, where
deletion of the complete 3’-UTR also did not ablate the
super-induction of mRNA in response to cycloheximide (41).

To conclude this section, we showed enhanced expression
of CAT upon deletion of each COX 3’-UTR implicating
the presence of negative control elements. For COX IX
mRNA stability is an important component, whereas for
COX V and COX VI control operates almost exclusively at
the translational/post-translational level. This is consistent
with analysis of endogenous COX VI expression where
protein levels are stringently stage-regulated in a mechanism
dominant to differential mRNA regulation (27). Combined,
this highlights the complexity of regulation among
components of even the same enzyme complex.
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Figure 6. (A) Northern blots of CAT mRNA provided with successive deletions of the COX V, COX VI or COX IX intergenic regions. In each case the rRNA
region of the ethidium stained gel is provided to demonstrate relative loading. (B) Northern blots of CAT mRNA derived from cell lines in which the CAT gene is
provided with the COX IX intergenic region (9IR) or a deletion (COX IX A4, ‘9A4’) which results in altered mRNA abundance. All cell lines were exposed to
actinomycin D at 7 = 0 and RNA isolated at time points thereafter in order to follow transcript decay. The relative abundance of CAT mRNA is denoted beneath
each lane. (C) Northern blot of CAT mRNA derived from cells transfected with constructs comprising either the intact intergenic region for COX V or a deleted
derivative (COX VA4; ‘5A4°). In each case cells were either untreated (—) or treated (+) with cycloheximide, with mRNA being isolated 4 h after the addition of

drug. CAT mRNA abundance is denoted beneath each lane.

Identification of shared control elements with the
EP procyclin genes

To analyse in more detail those regions identified as con-
tributing to COX regulation we focused on the COX IX
A4 and COX V A2 regions, each of which had a distinct effect
on CAT gene expression. Initially we examined the COX IXA
4 region, which affected both CAT mRNA abundance and
stability. To determine if this element was able to operate
in isolation, this domain was inserted into the aldolase
3/-UTR immediately after the CAT gene stop codon. In this
context, CAT protein expression was observed to be reduced
to 50% of the aldolase control, with CAT mRNA being
decreased to the same extent (Figure 7A and B). This estab-
lished that this region could operate to down-regulate mRNA
abundance in a context independent manner.

In contrast to the COX IX A4 region, our reporter assays
demonstrated that the COX V A2 element operated exclu-
sively at the level of translation. Moreover it gave the largest
single effect of any of the mapped regions in COX V, VI or IX
demonstrating the presence of a strong regulatory element
within that domain. This prompted us to analyse this region

for recognizable elements that may contribute to this regula-
tory role. Significantly, this revealed that this region con-
tained a sequence motif similar to that of the 26mer
regulatory element identified previously in the EP procyclin
3'-UTR (14,15) (Figure 8A and Supplementary Figure 2).
The 26mer element is a region comprising oligoU sequence
interrupted by a spacer region which has the potential to
form a stem—loop structure containing a U-rich bulge (14).
Interestingly, the element in COX V A2 could be folded
into a very similar structure to that predicted for the 26mer
in the EP procyclin 3'-UTR, with changes in one side of
the stem from the 26mer sequence being matched by compen-
satory changes in the corresponding base pair partners on the
other side of the stem (Figure 8A). Since structural mapping
does not predict extensive stable base pair interactions in the
EP procyclin 26mer element in vitro (42), we also analysed
the predicted S-fold structures for both EP procyclin and
COX V 3’-UTRs (43). This algorithm predicted that each ele-
ment was in a single stranded bulge. Thus, although different
methods assign different predicted structures, the folding of
the EP procyclin 26mer and the related COX V element
were similar in each case.
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Figure 7. (A) CAT activity generated by constructs in which either the COX
IXA4 (‘9A4*) or COX VA2 (*5A2’) regions are placed in front of the aldolase
3’-UTR, with 5A2 being either in forward or reverse orientation, or in
multiple copies. Values are expressed as a percentage of the protein derived
from a construct with the aldolase 3’-UTR alone. (B) Northern blot of CAT
mRNA derived from the cell lines in which either the COX IXA4 (‘9A4’) or
COX VA2 (‘5A2’) regions are placed in front of the aldolase 3’-UTR, with
5A2 being either in forward (F) or reverse (R) orientation, or in multiple
copies (x3). mRNA quantification is expressed as a percentage of a cell line
with the aldolase 3'-UTR alone, these being normalized to relative loading as
determined by rRNA levels.

In the EP procyclin 3'-UTR, the 26mer operates in a
context-specific manner, with distinct effects depending
upon the adjacent 3’-UTR or coding sequence (16). To
analyse whether the COX V A2 region exhibited the same
characteristics, this region was placed immediately after the
CAT stop codon in the aldolase 3’-UTR (Figure 7A and B).
In this context the element conferred a 450% increase in
CAT protein and 192% increase in CAT mRNA whereas
the same sequence in inverted orientation had no significant
effect on CAT expression. In contrast to this, when three
copies of the COX V A2 region were inserted, CAT protein
was reduced to 0.14% of the intact aldolase 3’-UTR and the
CAT mRNA was barely detectable. This was not due to the
activation of an alternative, perhaps less efficient, polyadeny-
lation site because the transcript size detected on northern
blots matched that of the intact aldolase 3’-UTR taking into
account the additional size provided by the inserted element
(Figure 7B).

We conclude that the major regulatory element in the COX
V intergenic region is related structurally and functionally to
the 26mer regulatory element mapped in the EP procyclic
3'-UTR. However, it effects on CAT gene expression appear
to be strongly context dependent.

Oligonucleotide counting as a tool to identify regulatory
sequences in developmentally expressed genes

We sought a bioinformatics approach to search for conserved
regulatory sequences either among many procyclic-specific

26-mer related element
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Figure 8. (A) Alignment of the EP procyclin 26mer element with the
corresponding region in the COX V 3/-UTR (the [TATTTTTT] element is
underlined). (B) Structure prediction for the 26mer core element in EP
procyclin and COX V 3’-UTRs. In the upper structures, an m-fold prediction
(47) for the 26mer element in the procyclin 3’-UTR (14) is used to model
the related region in the COX V 3/-UTR. The lower structures represent the
centroid consensus derived by s-fold structure prediction (43) covering the
same region. Asterisks indicate the UAUUUUUU RNA sequence of the core
element. (C) Frequency (expressed as a percentage of genes within each
group) of the 26mer core element [TATTTTTT] in the 300 nt downstream
from all genes in the trypanosome genome, transcripts enriched in
bloodstream forms (BSF-enriched), or transcripts enriched in procyclic forms
(PCF-enriched). Expression data were derived from microarray data kindly
provided by Christine Clayton, University of Heidelberg.

genes, or the more restricted COX gene subset. In order to
achieve this we employed an approach that searches for
oligonucleotides that are statistically overrepresented in a
co-regulated gene set when compared to their frequency in



the intergenic region of other genes (3). This approach has
been used successfully to identify nuclear-encoded mitochon-
drial genes in yeast that are regulated in response to catabolite
repression (4). In order to derive oligonucleotide frequency
tables for a large cohort of trypanosome genes that do not
show co-regulation, we downloaded and analysed the first
300 nt after the stop codon of genes predicted on chromo-
some I and II of the T.brucei genome to provide a training
set comprising 883 genes. This length of 3’-UTR was chosen
as representative of the average length of 3'-UTRs for experi-
mentally characterized trypanosome mRNAs and closely
matches the 348 nt median 3’-UTR length determined
recently by a predictive algorithm (44). The resulting freq-
uency tables were then screened with the 300 nt downstream
of those genes up-regulated in procyclic forms as determined
by microarray analysis (kindly provided by Stefanie
Brems, Joerg Hoheisel and Christine Clayton, University of
Heildelberg and publicly available at http://www.zmbh.
uni-heidelberg.de/Clayton/default.shtml) in order to identify
sequence elements overrepresented in this group. This
identified an overrepresented octamer oligonucleotide set,
of which the most statistically significant was the sequence
TATTTTTT. Interestingly, this oligonucleotide sequence
comprises the core of the 26mer element identified in EP
and GPEET procyclin, as well as in PGKB, PPDE (45) and
COX V (this study). Scanning of the transcripts up-regulated
in procyclic forms found that 56/179 (31%) of procyclic-
enriched transcripts contained precisely this element
(Figure 8C and Supplementary Table 1), whereas only 8%
of bloodstream-enriched transcripts (23/287 transcripts) con-
tained the sequence. Moreover, analysis of the frequency of
the TATTTTTT element in the 3’-UTR of all genes predicted
in the genome (10 765 genes analysed) revealed that only
9.6% of all putative genes contained this sequence
(Figure 8C). This emphasizes that when transcripts known
to be up-regulated in procyclic forms are considered, there
is significant overrepresentation of the 26mer core element.
Not all COX 3’-UTRs analysed contained a U-rich element
in regions mapped as contributing to gene expression. More-
over, not all deletions of regions containing U-rich elements
resulted in changes to gene expression. Therefore, we also
applied the oligonucleotide counting approach to search for
motifs specifically overrepresented in the COX subunit
3/-UTRs. In this case, the trypanosome oligonucleotide freq-
uency dataset was screened using the sequence of the seven
3’-UTRs of the nuclear-encoded COX subunits. In addition,
the search set was expanded by inclusion of cytochrome
oxidase subunits identified in T.congolense, a closely related
trypanosomatid where respiratory activity is also stage-
regulated. All seven cytochrome oxidase subunits were
identified by TBLASTX searching of that genome with the
T.brucei protein sequences isolated in this study. The result-
ing search identified a consensus sequence UAG (G) UA
(G/U) which was present in 6/7 COX genes analysed whether
derived from T.brucei or T.congolense (Figure 9A). Interes-
tingly, a copy of this element is in nt 1-47 of the COX VI
intergenic region (UAGUAGUAG) where deletion results in
a 3-fold increase in CAT activity in bloodstream forms and a
related sequence UAaGUAUAUA is in the COX IXA4 nt
181-257 region, whose deletion results in a 4-fold increase
in CAT protein and 2.6-fold increase in CAT mRNA
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Figure 9. (A) The 3’-UTR of COX transcripts conserve the oligonucleotide
consensus UAG (G) UA (G/U). The 3’-UTR of COX subunits identified in
T.brucei and by bioinformatic interrogation of the incomplete T.congolense
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transcript, some genes containing multiple representatives. (B) The frequency
of predicted mitochondrially located proteins containing the conserved
oligonucleotide in either bloodstream or procyclic-enriched transcripts.
Mitochondrial location was determined by a combination of PSORT II and
manual analysis.

abundance. Analysis of transcripts enriched in bloodstream
or procyclic forms also indicated that this element was
overrepresented in procyclic forms, with 18% (32/179) of
transcripts containing the element compared to 9.7% of
bloodstream-enriched transcripts (28/287). Moreover, even
excluding the COX subunits, 40% of transcripts with the
element were predicted to be mitochondrial on the basis of
PSORTII or manual analysis, this including the respiratory
chain components rieske iron—sulphur protein, cytochrome
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C1 and a subunit of the F1 ATPase. This contrasts with the
bloodstream-enriched transcripts of which only 14% were
predicted to encode proteins with a mitochondrial location
(Figure 9B).

We conclude that in addition to the 26mer element identi-
fied in COX V, additional elements can be recognized among
the COX gene family which may be conserved among a wider
subset of procyclic-enriched transcripts, particularly those
associated with mitochondrial function.

DISCUSSION

To date, widely conserved regulatory signals governing
stage-specific gene expression in trypanosomes have eluded
detection, preventing the prediction of gene expression by
bioinformatic approaches. Here we have characterized the
signals that contribute to the expression of a developmentally
regulated multi-subunit enzyme complex in order to recog-
nize conserved sequence elements likely to control stage-
specific gene expression. Consistent with previous analyses,
this has revealed the importance of both mRNA stability
and translational efficiency in the control of developmentally
regulated nuclear gene expression. However, one identified
element in the cytochrome oxidase subunit V mRNA was
closely related in sequence, predicted secondary structure
and function to the 26mer element identified previously as
important in the control of the procyclic form surface
antigens, EP and GPEET procyclin. Moreover, the core of
this conserved element was found by an oligonucleotide
frequency analysis approach to be conserved in a large cohort
of transcripts that are up-regulated in the procyclic form of
the life cycle. This predicts that the 26mer core element is
an important regulatory element for a large set of
stage-regulated pol I and pol II transcribed genes. This facili-
tates bioinformatic prediction of gene expression profiles in
T.brucei.

The 26mer element was identified in the EP procyclin gene
3/-UTR regions and demonstrated to have a role in mRNA
stability and translational control (14,15). Similarly the
PGKB and PPDE 3/-UTRs, which contain the U-rich core
of the 26mer sequence contribute to gene expression
via stage-regulated mRNA stability (45). In the COX V
3’-UTR, however, the 26mer core element demonstrated a
role only at the translational level, at least when in the context
of its complete 3’-UTR. This is not necessarily surprising:
mutational analysis of the 26mer element derived from the
EP procyclin gene revealed that very limited mutation
resulted in the loss of effect on mRNA stability and yet
retained the effects on translation (16). Thus, subtle differ-
ences in sequence appear to have quite important conse-
quences in the action of the element. This is further
reinforced by analysis of the function of the element when
inserted into an unrelated intergenic region downstream
from the aldolase gene. In this case, incorporation of the
element resulted in a surprising increase in CAT expression,
although three copies of the element almost completely
abolished CAT mRNA and protein. Similar to this, the EP
procyclin 26mer element has also been observed to generate
both increases and decreases of CAT gene expression when
placed in to an unrelated 3’-UTR. Thus, the 26mer element
exhibits context-specific effects on gene expression.

We exploited an oligonucleotide counting approach to
identify overrepresented motifs among procyclic-enriched
transcripts. This revealed that the core element of the
26mer sequence (UAUUUUUU at the RNA level) was
significantly overrepresented among the 3’-UTRs of regulated
genes, being present in the 3’-UTR of one-third of procyclic
form enriched transcripts, contrasting with 9.6% of all
3/-UTRs and 8% of 3’-UTRs for bloodstream-enriched trans-
cripts. In fact, the frequency of such U-rich elements is even
higher since the top five overrepresented octamer oligo-
nucleotide sequences identified in the procyclic-enriched
mRNA population were entirely comprised of AU-rich
sequence, these being recognizable in 44% of procyclic-
enriched transcripts. Interestingly, when the overall AU con-
tent of intergenic regions derived from all trypanosome
genes, bloodstream-enriched or procyclic-enriched transcripts
is compared it is remarkably consistent (59, 60 and 58%,
respectively) reinforcing the overrepresentation of the
AU-rich core sequence as a discrete element regulating deve-
lopmental gene expression. In contrast to procyclic-enriched
transcripts, the 3’-UTR of bloodstream-enriched transcripts
did not contain any clearly overrepresented oligonucleotide
sequence. These genes may, therefore, have more cryptic
signals or be recognized by their absence of the 26mer
element (and, possibly, other contributing sequences). Indeed
the presence of the 26mer core element in 8% of these trans-
cripts may represent short mRNAs erroneously included by
the arbitrary 300 nt 3’-UTR cut-off used in our analysis.

The regulation of AU-rich sequences in mammalian cells
can be governed by a number of RNA binding proteins
including HuR. Consistent with this, ectopic expression of
human HuR results in the stabilization of AU-rich containing
transcripts in  T.brucei bloodstream forms (45). More
recently, AU-rich mRNA destabilization has been found to
be effected in mammalian cells by the activity of the RNA
silencing pathway, involving microRNAs and components
of the RNAi machinery (34). Although there is to date no
evidence for microRNA regulation of gene expression in
trypanosomes, we investigated whether regulation via RNAi
could contribute to the regulated expression of COX
transcripts. Our analysis revealed that COX transcripts were
of equivalent abundance in wild-type cells and in cells
ablated for the Argonaute component of the RNAi machinery
in trypanosomes. This demonstrates that regulated expression
of these genes was not effected by the RNA silencing
machinery, matching the capacity of Argonaute null
mutants to complete differentiation events with normal
kinetics (35).

Although the RNAi machinery had no effect on COX gene
expression, cycloheximide treatment generated a significant
and stage-specific increase in the abundance of COX
mRNA but not constitutively expressed transcripts. As has
been proposed previously in the analysis of several regulated
genes in T.brucei, this may reflect the expression of labile
negative regulatory factors which destabilize developmen-
tally regulated mRNAs (39,40). More recently, however it
has been recognized that cycloheximide can prevent the
trafficking of mRNAs to cytoplasmic ribonuclear granules,
which act as sites of mRNA degradation (46). Inhibition of
this pathway may therefore provide an alternative explanation
for the enhanced abundance of COX transcripts in blood-



stream forms upon cycloheximide treatment. Interestingly,
and consistent with observations for EP procyclin (41), the
cycloheximide mediated enhancement of CAT transcripts
harbouring the COX V intergenic region was not mediated
by sequences contained within the 3’-UTR. This invokes,
therefore, either a role for sequence elements in the intergenic
region downstream of the polyadenylation site, or a more
complex response linked to translation of the gene.

Oligonucleotide counting was originally applied to the
identification of signals controlling catabolite repression in
yeast, resulting in the recognition of regulated nuclear-
encoded mitochondrial mRNAs (4). This identified the con-
sensus CYUGUAA—UA, which was subsequently confirmed
to be a generic sequence involved in regulation of nuclear-
encoded mitochondrial transcripts by the yeast Puf3 mRNA
regulator (recognition sequence UGUR—UA) (2). Our
analysis of a subset of nuclear-encoded cytochrome oxidase
genes in both T.brucei and T.congolense revealed that these
contained a significantly overrepresented oligonucleotide
sequence (UAG [G] UA [G/T]) that is similar to (but distinct
from) the yeast element. Interestingly, deletion of some
regions containing this element, or close relatives of it, also
caused an increase in CAT expression in bloodstream forms
suggesting that this element may be a contributor to COX
gene regulation. Other similar sequences were also present
in regions whose deletions did not effect CAT gene expres-
sion, however, suggesting context may also be important.
Nonetheless, analysis of regulated transcripts annotated via
microarray indicated significant overrepresentation of the
element in procyclic-enriched mRNAs when compared to
bloodstream-enriched transcripts. Moreover, 40% of the
non-COX transcripts (50% of all transcripts) containing the
element were predicted mitochondrial proteins, several of
which contained multiple copies of the element (see supple-
mentary Table 2). This indicates this element is likely to be a
contributor to stage-regulation of a subset of mRNAs in
trypanosomes, particularly those encoding mitochondrial
components.

We initiated our study as a route to search for common
sequences among a tightly co-regulated gene family, the
developmentally regulated components of the cytochrome
oxidase complex. The co-regulation of the cohort of stage-
regulated nuclear-encoded mitochondrial proteins is an
excellent example of a post-transcriptional operon. Our
findings illustrate that even within a clearly related and
co-ordinately regulated gene set, the signals controlling
expression are complex. Nonetheless, by a combination of
bioinformatic analysis and detailed experimental validation
we have uncovered the general importance of one element,
the 26mer and related sequences, among procyclic-specific
genes, as well as a more gene-specific motif which may
contribute to the regulation of a much more restricted set of
mRNAs, including those of the respiratory chain. The identi-
fication of these elements provides the necessary tools to iso-
late the regulatory protein factors that control the expression
of this mRNA cohort in a procyclic-specific manner.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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