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Abstract

Trypanosoma brucei and the other members of the trypanosomatid family of parasitic protozoa, contain an unusual RNA polymerase II enzyme,
uncoordinated mRNA 5′ capping and transcription initiation events, and most likely contain an abridged set of transcription factors. Pre-mRNA
start sites remain elusive. In addition, two important life cycle stage-specific mRNAs are transcribed by RNA polymerase I. This review interprets
these unusual transcription traits in the context of parasite biology.
© 2005 Elsevier B.V. All rights reserved.
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1. Overview of mRNA synthesis in trypanosomes

The recently completed genome sequencing project forTry-
panosoma brucei reveals 11 megabase-sized chromosomes
that contain clusters of interspersed pre-rRNA, tRNA, small
nuclear (sn) RNA, small nucleolar (sno) RNA, short inter-
fering (si) RNA, spliced leader (SL) RNA, and mRNA cod-
ing genes[14]. Many clusters contain multiple, co-expressed
protein-coding genes, which is a unique aspect of trypanosome
biology. Despite this peculiarity, trypanosomes have highly
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conserved copies of all three eukaryotic RNA polyme
enzymes.Fig. 1 broadly defines the roles of the three R
polymerases in trypanosomes.T. brucei RNA polymerase
(RNAP I) characteristically transcribes the pre-rRNA (18S, 5
and 28S) gene cluster. Surprisingly, this trypanosome en
also transcribes two mRNAs that are life cycle stage-spe
and encode the bloodstream-form variant surface glycopro
(VSGs) and the procyclic-form procyclins (EPs and GPEE
[19,36]. T. brucei RNA polymerase II (RNAP II) transcribe
mRNAs as expected, as well as the trypanosome-specific,
(m7Gpppm6,2AmpAmpCmpm3Um)-containing, SL RNA gen
[2,17]. Finally, T. brucei RNA polymerase III (RNAP III), a
predicted, transcribes tRNAs, 5S RNA and the U-rich snR
[32].

While the trypanosome RNA polymerases largely res
ble their well-studied eukaryotic homologs in transcriptio
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Fig. 1. Schematic overview of trypanosome transcription. All promoter elements, represented by a single black block box include two to four short,∼10 bp sequence-
specific elements. The SL RNA promoter elements are white boxes. The grey area labeled STS may contain transcription start sites for pre-mRNAs. The SL (black
wavy line) comprises the first 39 nts of every mRNA (grey wavy lines followed by (A)n to signify the poly(A) tail). In mature mRNAs the SL is followed by a 5′
untranslated region, of gene-specific length, an open reading frame, a 3′ untranslated region, also of gene-specific length, and a poly(A) tail. For a single mRNA the
5′ and 3′ UTRs are often heterogeneous, meaning that different SL addition and poly(A) additions sites are utilized during mRNA maturation. The pre-rRNA, which
encodes the 18S, 5.8S and 28S rRNA components, the unusual tRNA and snRNA coupled genes, are shown with dark grey wavy lines. The oblong circles show
subtelomeric regions.

activity and multisubunit structure, they clearly have assumed
parasite-specific demands, perhaps attributable to unique try-
panosomatid polymerase domains and/or interacting protein
partners. Database mining and biochemical experiments demon-
strate that trypanosomes possess homologs of the twelve to
fifteen polypeptides within the three human andSaccharomyces
cerevisiae RNA polymerases[1,23,24,26]. Interestingly, devi-
ations exist; for example, the second largest subunit of theT.
brucei RNAP I enzyme has a unique amino-terminal domain,

the largest subunit ofT. brucei RNAP II has a unique carboxyl-
terminal domain (CTD), and there are two isoforms of the RPB5
and RPB6 subunits, which are usually single proteins shared
among all three RNA polymerase in other eukaryotic cells (see
Table 1) [15,26,39,42,45].

Similar to other eukaryotic mRNAs, trypanosome mRNAs
possess 5′ and 3′ modifications. Integral to the resolution of
individual mRNAs from the co-transcribed, polycistronic, open
reading frames (ORFs) is a set of coordinated polyadeny-

Table 1
Core RNA polymerase II machinery inT. brucei, Plasmodium falciparum, Saccharomyces cerevisiae, Homo sapiens, andArchaea

Subunits Organism

Trypanosoma brucei Plasmodium falciparum Saccharomyces cerevisiae Homo sapiens Archaea

Protein
RNAP II RPB 1–12

√ √ √ √ √
additional isoforms RPB5z, RPB6z × × × ×

Transcription factor
TFIIA 2

√ √ √ √ ×
TFIIB 1

√ √ √ √ √
TFIID 14 TAFs × √

(four homologs)
√ √ ×

TBP 1
√ √ √ √ √

TFIIE 2 × √ √ √ √
TFIIF 2 × √

(�-subunit)
√ √

(three subunits) ×
TFIIH 10

√
(three homologs)

√
(eight homologs)

√ √ ×
SNAPc 5

√
(three homologs) × × √ ×

P m[46 ized
i

lasmodium data are derived from PlasmoDB and[7,11]. Archaea data are fro
n [21].
]. T. brucei data are from[12,25,35,40]. Yeast and human data are summar
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lation and capping reactions. To resolve the polycistronic
pre-mRNAs into stable, translatable units, trypanosomes have
at the ready a prefabricated, highly modified cap (cap 4;
m7Gpppm6,2AmpAmpCmpm3Um) derived from high copy SL
RNA gene transcripts. An abundant supply of pre-capped SL
RNAs readily allows the parasite to synthesize highly stable
mature messages. Specifically, two tandem mRNAs are sepa-
rated with an intergenic space, and 3′ polyadenylation of the first
gene occurs after the second gene receives a cap 4-containing SL
RNA sequence on its 5′ end. For example, ORF#1 undergoes 3′
end modification during the capping of ORF#2. While intergenic
spacing is variable, capping and polyadenylation occur within
∼200 bp of each other[29,43](seeFig. 1). This highly unusual
set of processing events enables a single round of RNAP II tran-
scription to produce numerous functional mRNAs. Fast growing
trypanosomes eschew the laborious co-transcriptional capping
process present in many other eukaryotes, which requires a
paused RNAP II, recruitment of three enzymatic capping activ-
ities, and the formation of a specifically modified CTD within
the largest RNAP II subunit. Polycistronic gene transcription
also allows trypanosomes to avoid the repetitive transcription
reinitiation required of their free-living relatives.

2. Regulation of mRNA production

In the well-studied eukaryotes, and even in eubacteria, tran-
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haps the large glucose uptake from host blood[4] is the cost of
high-level, constitutive gene expression, at least in bloodstream-
form parasites. The continuous supply of transcripts, in turn, may
promote a rapid response to environmental stresses and changes,
including the parasite’s eventual return to the tsetse fly. While
this large-scale transcription appears energetically wasteful, it
may actually help ensure parasite survival in the face of envi-
ronmental fluctuation.

In place of differential promoter firing of RNAP II-dependent
genes, trypanosomes have a plastic genome that enables them to
use gene amplification to affect mRNA production, and there-
fore, protein abundance. For example, the characteristic subpel-
licular structure that gives trypanosomes their tapered shape is
dependent on the expression of numerous, tandemly reiterated
�- and�-tubulin genes. The requirement for abundant SL RNAs
to cap each mRNA is met by the reiteration, at the chromosome
level, of SL RNA genes.

3. RNAP II transcriptional machinery

Examination of the known RNAP II transcriptional machin-
ery in trypanosomes offers an incomplete picture of RNAP II
function in these parasites. The sequencing of three trypanosome
genomes, and biochemical studies of SL RNA gene expression,
contributes to a developing model of RNAP II transcription.
The emergent theme is a minimalist version of higher eukary-
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cription initiation is a key regulatory point in controlling t
evel of gene expression. In the eukaryotic paradigm, both
lated and housekeeping mRNA production is controlled

he sequence-specific DNA binding of proteins to specificcis-
cting elements. The constellation oftrans-acting proteins i
ivided into basal factors and activators, which function toge

o recruit RNAP II to initiate mRNA synthesis. Transcript
nitiation is therefore the culmination of coordinated eve
hat include protein modifications, chromatin remodeling, d
rotein–DNA interactions, and co-activator assemblies.

In T. brucei’s transition from tsetse fly to man, one wo
magine that large subsets of genes are activated at the tran
ional level, following the paradigm outlined above. Howe
tudies to date do not support this hypothesis. Polycist
ranscription coupled with the absence of classic RNAP II
oters indicates that transcription initiation is not a signific

ate-limiting factor inT. brucei mRNA production. Instead
onstitutive gene expression appears to occur[10]. As a con-
equence, multifactorial, rate-limiting initiation complexes,
he associated intricacies, appear simply to be absent inT. bru-
ei. This notion is underscored by the lack of easily identifia
o-activators, activators, and basal transcription factors in
arasites.

The transcriptional uniqueness ofT. brucei should be con
idered in the light of the primary focus of parasites, whic
urvival in a host environment. Factors inherent to parasite
ival include successful replication in disparate environme
he ability to quickly transition from tsetse fly to mammal
loodstream, a degree of autonomy from the host, and, of co
vasion of the host immune response. Might the transcript
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tic transcription, coupled with trypanosome-specific factor
iscussed below.

The recently published genomes ofT. brucei, T. cruzi, and
eishmania major, nicely outline the transcription factors (TF
eadily identifiable by homology and Pfam domain sear
3,14,25]. While trypanosome homologs are present for a
he subunits of eukaryotic RNAP II, many of the basal trans
ion factors appear absent (e.g. TFIIB, TFIIF, TFIIE, sev
f the TFIIH subunits, the largest subunit of TFIIA (� and�
roteins), and the TATA binding protein (TBP)-associated

ors (TAFs) found within TFIID)[26]. The apparent absence
hese factors lends itself to several possible interpretation
ighly divergent forms of the basal factors are present, e

ng bioinformatic detection; (2) trypanosome-specific prot
ake on equivalent roles to their distantly related, well-stu
ukaryotic transcription factors; (3) greatly relaxed transc

ional regulation eliminates the need for these factors. Re
iochemical studies are addressing these hypotheses.

Our knowledge of the proteins essential for RNAP
ependent transcription inT. brucei comes mainly from S
NA gene studies. This gene contains the only defined RNA
ependent promoter and is the sole RNAP II-dependent sn
ene in these parasites. The SL RNA gene promoter is T

ess, B-recognition element (BRE)-less, and contains a bi-p
roximal sequence element (PSE), and thus resembles the
tudied human U1 snRNA promoter[8,20,30]. U1 snRNA syn
hesis requires the snRNA-activating protein complex (SNA
BP, TFIIA, TFIIB, TFIIF, TFIIE, along with RNAP II[27].
rypanosomes utilize a SNAPc for SL RNA synthesis. In
stingly, the trypanosomal SNAPc appears to be a minim
ersion, consisting of only three subunits compared to the
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of human SNAPc. TheT. brucei SNAPc subunits co-purify with
divergent forms of the general transcription factor TFIIA and
TBP. Reflecting its divergence from other eukaryotic TBPs, try-
panosomal TBP is named TRF4 or tTBP[12,38]. Chromatin
immunoprecipitation studies demonstrate that TRF4/tTBP asso-
ciates not only with the SL RNA gene promoter region but also
with the 3′ untranslated region of several protein coding genes
[38]. This unexpected association of trypanosomal TBP with
3′ untranslated regions of select protein coding genes adds yet
another curiosity to trypanosomatid transcription. Recent work
from our laboratory has identified a divergent form of the general
transcription factor TFIIB that is essential for transcription from
the SL RNA gene promoter[35]. This essential trypanosome
protein has many of the traits of well-characterized eukaryotic
TFIIBs, yet interacts with at least one trypanosome-specific part-
ner. The precise roles of trypanosome SNAPc, tTBP, TFIIA, and
TFIIB, as well as their protein–protein and protein–DNA inter-
actions, are as yet undefined.

These functional studies demonstrate that more basal tran-
scription factors are present in trypanosomes than initially
suspected from database analysis. For example, the TFIIA-
�/� subunits are faintly recognizable as such, causing them
to have eluded bioinformatic detection. Furthermore, examina-
tion of trypanosome SNAPc suggests that the parasites utilize a
trypanosome-specific polypeptide. This polypeptide, tSNAP42,
shares only a single motif, namely a myb domain, with the
S
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4. RNAP II-dependent transcription of mRNA-coding
genes

The emerging picture of trypanosomatid SL RNA gene tran-
scription parallels our current knowledge of RNAP II-dependent
U snRNA gene transcription in other systems. However, mod-
els of RNAP II-dependent transcription built from well-studied
systems, appear insufficient to explain trypanosome mRNA syn-
thesis.

Characteristic of most, if not all, RNAP II-dependent mRNA
coding genes in trypanosomes is their curious chromosomal
arrangement. Large numbers of genes are encoded on a sin-
gle DNA strand that is preceded by a 1–13 kb non-transcribed
region referred to as a strand switch (STS) region. The other
end of the STS region begins a second set of genes, encoded
on the opposite DNA strand (seeFig. 1). Therefore, the poly-
cistronic gene arrays radiate bi-directionally from a STS region.
Nuclear run-on data fromL. major suggest that polycistronic
gene transcription originates in the STS region[31]. However,
closer inspection of STS regions at multiple sites in theT. brucei
genome reveals a dearth of typical eukaryotic elements, such as
TATA boxes, and no overrepresented∼10 bp sequence blocks
that could function as promoter elements. This may indicate that
transcription is randomly initiated or that promoter elements are
unusual. We consider these possibilities in the context of what is
known about the trypanosome RNAP II-associated transcription
f
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n summary, as our knowledge of trypanosomatid trans
ion is limited, it is premature to determine if the appa
elaxed transcriptional regulation is related to the appa
oss of various basal transcription factors. A summary of
NAP II machinery present in trypanosomes derived f
iochemical studies and genome sequence analysis is s

n Table 1.
In spite of this, our increased understanding of SL R

ene transcription indicates that this process mirrors that f
t RNAP II-dependent U snRNA genes in higher eukary

22]. Clearly, there are distinctly trypanosomal aspects to
NA gene transcription. Trypanosomes are primitive, an
ukaryotes. As such, they serve as a window into transcrip
volution, providing a glimpse into how a wide range of euk
tes customized basal transcription factors to meet their
pecific needs.

If trypanosomes ultimately lack several of the basal trans
ion factors, perhaps we may better decipher their mechanis
ranscription by comparing them to the archaeal model. Arch
hough a separate domain from eubacteria and eukaryote
ize a single RNA polymerase that is very similar to eukary
NAP II. In the archaeal transcriptional system, this enzym

ecruited to promoters by merely three basal transcription
ors: TBP, TFB (the homolog of TFIIB), and TFE (the homo
f TFIIE). Moreover, in vitro transcription can be reconstitu
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actors identified thus far.
TBP plays a universal role in all eukaryotic transcription. T

s part of the TFIID complex, which associates with mRNA c
ng gene promoters through a TBP–DNA interaction[21]. TBP
rom higher eukarya contains two pairs of phenylalanines i
ell-conserved carboxyl terminal domain. These amino a
lay key roles in TATA box binding[6]. Trypanosomal TB

acks the first phenylalanine pair, suggesting that the pa
rotein binds different DNA sequences within mRNA cod
enes.

The basal transcription factor TFIIB plays a role at b
NAP II-dependent mRNA coding genes and snRNA gen
east and metazoans[37]. TFIIB has major roles in start si
election and in bridging TBP to RNAP II. It also may orient
ranscriptional machinery through its interaction with the B
hat flanks the TATA box. Curiously, many of the conser
esidues that direct start site selection and those that in
ith the BRE are not conserved in trypanosomal TFIIB[35].
s with TBP, the non-conserved DNA binding residues in
arasite protein may suggest novel protein–DNA interac
ithin mRNA coding genes.
The CTD of the largest subunit of RNAP II (the 220 k

PB1-encoded protein) coordinates the co-transcriptiona
ing, splicing, and polyadenylation events to craft a eukar
RNA[21]. This is accomplished through differential phosp

ylation of the YSPTSPS amino acid repeats that compris
TD. The largest subunit of trypanosome RNAP II includes
even domains important for RBP1 function (domains A–G)
acks the characteristic CTD repeats[15,42]. Nevertheless, the
s a∼250 amino acid carboxyl terminal region of trypanoso
BP1 containing di-serines that are potentially phosphory
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[9,17]. The non-standard CTD could imply that the orchestra-
tion of transcription is carried out in a fundamentally different
manner from other eukaryotes. The function of the unusual
trypanosome RPB1 carboxyl terminal domain in mRNA pro-
duction is a key piece of the transcriptional puzzle missing in
these parasites.

5. T. brucei exploits RNAP I for its parasitic life style

RNAP I has a single function in most eukaryotic cells: it
synthesizes pre-rRNA. This is processed into the 28S, 18S and
5.8S rRNAs, which are found in ribosomes. A most unusual
finding in trypanosome biology is that RNAP I also synthe-
sizes the mRNAs encoding the proteins that cover the surface
of the parasite. In particular, the blood-stage specific antigen,
the VSG, and the insect stage-specific EP and GPEET anti-
gens, require RNAP I for their expression. The EP/GPEET
promoter contains three promoter elements within the 150 bp
region upstream from the transcriptional start site[5,28,41].
The VSG expression site promoter, as well as metacyclic VSG
promoters, require a CA at the transcription start site (CA are
−1/+1), and two other short sequences centered at−60 and
−36 [18,44]. The pre-rRNA promoter is minimally bipartite,
with two essential elements centered at−57 and−27. The
proximity of these elements to each other within each of the
RNAP I promoters, and to their respective transcriptional start
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would allow VSG mRNA to be expressed in a compartmen-
talized transcriptional factory, as are pre-rRNA genes[34].
Clearly, over expression of VSG mRNA would enable para-
sites to produce the extremely dense VSG surface coat with
limited antigenic complexity that is characteristic ofT. bru-
cei [13]. It is possible that production of large VSG amounts
serves to absorb antibody, either during rapid membrane endo-
cytosis of VSG–antibody complexes, and/or by generating free
antigen in the blood (Markus Engstler, pers. commun.). Both
mechanisms could effectively protect the parasite from the
lethal effects of the host immune system. Indeed, it is the
VSG coat that serves as the trypanosome’s major defense
against the host immune system. The genetic recombination
events that first positioned a VSG ORF, and then EP and
GPEET ORFs, downstream from a pre-rRNA promoter may
have been stabilized by the advantage of quickly producing
large amounts of surface proteins in response to environmen-
tal changes during the parasite’s life cycle. The intracellular
Leishmania ssp. andT. cruzi, appear to have not adopted this
remarkable RNAP I activity. Therefore, this gene expression
trick may be a relatively new one and thus species-specific; alter-
natively, the selective pressure on extracellularT. brucei may be
unique.

6. A dual function for RNAP III transcription in
trypanosomes
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Trypanosome RNAP III transcribes tRNA and all U-r
nRNA genes. tRNA gene promoters in trypanosomes co
ntragenic A and B boxcis-acting elements and therefore rese
le those of other eukaryotes. A subset of trypanosome t
ene promoters have a secondary function: their A and B b
erve as promoter elements in upstream (∼95 bp), and oppo
itely oriented U3, U6 and 7SL RNA genes[32,33]. In vivo,
6 snRNA expression inT. brucei requires three promoter e
ents. One of these is intragenic (+2/+11), and the secon
re the upstream tRNA’s A and B boxes (seeFig. 1). This mode
f transcriptional regulation is distinct from U6 snRNA ge

ranscription in both humans and yeast. In humans, a T
ox and proximal and distal sequence elements (PSE and
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east contain an upstream TATA box, an intragenic A box, a
ownstream B box. Despite the absence of a TATA box in tT.
rucei U6 snRNA gene promoter, trypanosomal TBP is inte
or the expression of this gene, as shown by RNA interfer
nd chromatin immunoprecipitation studies.

T. brucei U2 snRNA synthesis requires the same three
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The neighboring, divergent tRNA and snRNA gene arra
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ound across the Trypanosomatidae family, includingLeishma-
ia, Leptomonas, andCrithidia. Perhaps this unique arrang
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ment of shared promoter elements between tRNA and U-rich
snRNA genes is yet another reflection of simplified transcrip-
tional regulation in these parasites.

7. Summary

A review of T. brucei transcription underscores the unique
nature these parasites have employed in their gene expression,
such as the shared gene promoters associated with RNAP III-
dependent transcription, the utilization of RNAP I for protein
expression, and the how an unusual CTD functionally con-
tributes to the RNAP II enzyme. Importantly, such a review
also highlights our lack of answers to many long-standing ques-
tions, including that of differential VSG mRNA expression and
transcription initiation of RNAP II-dependent pre-mRNAs. Ulti-
mately, a greater understanding of these trypanosomatid tran-
scriptional traits will allow for greater insight into the parasite
lifecycle, which hopefully will translate into better therapeutic
development.
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