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Summary
Mechanisms regulating gene expression in trypanosomatid protozoa differ significantly from those in other
eukaryotes. Transcription of the genome appears to be
more or less constitutive with the polyadenylation and
trans-splicing of large polycistronic RNAs producing
monocistronic RNAs whose translation may then
depend upon information within their 3' untranslated
regions (3'UTRs). Various 3'UTR sequences involved
in life-cycle stage-dependent differential gene expression have been described. Moreover, several RNAbinding proteins have been implicated in regulating
expression of these transcripts through altering either
their stability or their ability to interact with ribosomes.
In this issue of Molecular Microbiology Xiao et al.
report on a regulatory element within the 3'UTR of the
transcript that encodes the polyamine pathway regulatory protein called prozyme. It appears that the
RNA element controls translation of the prozyme RNA
causing expression to be upregulated when levels of
decarboxylated S-adenosylmethionine (dcAdoMet)
are depleted. Since prozyme activates the enzyme
S-adenosylmethionine decarboxylase (AdoMetDC),
which is responsible for the production of dcAdoMet,
losing this metabolite leads to upregulation of
prozyme, activation of AdoMetDC and restoration of
optimal levels of dcAdomet. The system thus represents a novel metabolite-sensing regulatory circuit
that maintains polyamine homeostasis in these cells.
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The Nobel Prize winning work of Francois Jacob and
Jacques Monod on regulation of bacterial gene expression in response to the environment, broadened thinking
about how cellular metabolism can be regulated as a
function of nutrient availability (Jacob and Monod, 1961).
In the case of the Escherichia coli lac operon, regulation
of a set of genes controls lactose utilization. When lactose
is absent a repressor binds at a site within the bacterial
chromosome known as the lac operator that is proximal to
the promoter sequence that drives expression of the lac
operon. When present, lactose stimulates production of
allolactose which binds to the repressor protein causing it
to disassociate from the operator site thus allowing transcription. Conversely, the E. coli trp operon contains a
series of genes involved in the production of tryptophan.
In this case a repressor protein binds to the trp operator
when tryptophan is present thus switching off unnecessary synthesis of that amino acid. We now know that
many metabolic systems are controlled by a variety of
switch-based mechanisms, which can occur at different
points in the flow of information from gene, through RNA
to proteins, their modification and function.
Parasitic protozoa of the phylogenetic order Kinetoplastida are responsible for a range of important neglected
tropical diseases including human African trypanosomiasis, Chagas disease and the leishmaniases (Stuart et al.,
2008). These organisms have gene regulatory processes
that differ from those of classical eukaryotes (Clayton,
2002; Martinez-Calvillo et al., 2010). Promoter sequences
for RNA polymerase II are largely absent. Instead it
appears that transcription of the entire genome occurs in a
constitutive fashion, with large polycistronic transcripts
processed by the combined action of polyadenylation at
the 3' end of individual genes and addition of a spliced
leader sequence at the 5' end.
In spite of the lack of transcriptional control it is clear that
many genes in these organisms are regulated (Jensen
et al., 2009; Kabani et al., 2009; Veitch et al., 2010; Archer
et al., 2011). For example different genes are switched on
as parasites pass through their life cycle stages, which
include both mammalian and insect hosts that offer radically different environments with respect to available nutri-
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ents. It is generally believed that the control of expression
of these genes is through the ability to translate RNA
molecules into protein and that regulatory elements within
the 3' untranslated region (3'UTR) of these transcripts are
fundamental to this process. The 3'UTRs can determine
stability of the message or otherwise affect the ability
of translation, for example through interactions with
ribosomes.
Scores of RNA-binding proteins have been predicted to
exist in trypanosomes, covering the major classes of
eukaryotic RNA-binding proteins (RRM, CCCH and puf
families) (Hendriks and Matthews, 2005; De Gaudenzi
et al., 2011). Several have been functionally characterized, including RBP10 that has a key role in controlling
bloodstream for specific gene expression in Trypanosoma
brucei (Wurst et al., 2009).
The differentiation pathways of trypanosomes have
provided a relatively straightforward context in which to
study the processes that govern the regulation of gene
expression. Less work has focused on specific adaptations to metabolic signals. It is clear that a number of
metabolic pathways are regulated in response to the differentiation pathway and several examples have been
shown where changes in availability of metabolic substrates appear to underpin metabolic switches. For
example, when procyclic trypanosomes are grown in the
presence of proline alone they consume significant
quantities of this amino acid to provide cellular carbon
and energy (Lamour et al., 2005). When glucose is
available, however, they consume less proline and alter
the flow of its metabolic products through the system,
while using glucose as the principal energy and carbon
source (Besteiro et al., 2005; Lamour et al., 2005;
Coustou et al., 2008; Ebikeme et al., 2010). In Leishmania, purine transporters are regulated as a function of
available substrates (Carter et al., 2010) and the P2
aminopurine transporter in T. brucei has been shown to
decrease in abundance as cells move from blood to in
vitro culture medium (Ward et al., 2011). Mechanistically,
however, the processes that govern these switches are
not known.
The polyamine pathway in trypanosomes has been the
focus of a significant research effort (Birkholtz et al., 2011;
Willert and Phillips, 2012). This is partly because the only
enzyme that is known to be targeted by a drug used against
human African trypanosomiasis today, eflornithine, is
ornithine decarboxylase, a key enzyme in this pathway
(Vincent et al., 2012). The pathway converts ornithine to
spermidine via putrescine. Spermidine plays multiple roles
within trypanosomes including its conjugation to two molecules of glutathione to generate the trypanosomatidspecific metabolite N1,N8 bis-glutathionylspermidine [or
simply trypanothione (Fairlamb et al., 1985)]. The aminopropyl group essential to convert putrescine to spermidine

is provided by decarboxylated S-adenosylmethionine
(dcAdoMet), itself a product of S-adenosylmethionine
(AdoMet). AdoMet is also a key methyl donor to an array of
reactions within the cell. It seems that the sole role of
dcAdoMet is in the synthesis of polyamines, since depletion of the AdoMet decarboxylase (AdoMetDC) enzyme
either genetically using RNAi, gene knockout or pharmacologically using specific inhibitors such as MDL73811, is
lethal to trypanosomes, unless they are provided with
excess spermidine in the medium (Willert and Phillips,
2008).
In mammalian cells, several key enzymes of the polyamine pathway are subject to tight regulation (Persson,
2009). Ornithine decarboxylase (ODC), for example, is
regulated by transcription, by translation and also by the
stability of the protein itself, through binding of a regulatory protein known as antizyme that marks ODC for degradation (Perez-Leal and Merali, 2012). Antizyme levels
rise when polyamine levels rise, thus reducing ODC levels
causing synthesis of new polyamines to diminish. Further
control is provided by a catalytically dead paralogue of
ODC, an antizyme inhibitor that binds and neutralizes
antizyme (Mangold, 2006). AdoMetDC is also regulated at
the transcriptional and translational level. Trypanosomes
do not regulate ODC or AdoMetDC using the mechanisms
outlined for mammals. This fact may contribute to the
selective effect of eflornithine which is an equally good
inhibitor of the trypanosomal and mammalian ODC
enzymes (Phillips et al., 1988). In trypanosomes,
however, the irreversible inhibition of ODC is long lasting
as the enzyme is not turned over quickly. In mammals,
where the protein is turned over quickly and fresh enzyme
constantly produced, however, ODC activity is replenished as drug is removed from the system.
A series of elegant papers from the Phillips group have
shown that regulation of the polyamine biosynthetic
pathway in trypanosomes occurs using novel mechanisms. Crucially, a paralogue of the AdoMetDC gene that
resides next to the actual gene in the genome encodes a
protein that lacks key residues within the active site that
are required for activity (Willert et al., 2007). However,
mixing this catalytically dead version with the true enzyme
stimulated a huge (102- to 103-fold) increase in catalytic
activity which pointed to the second protein acting as a
positive regulator of the enzyme through heterodimerization (Willert et al., 2007). Recently it has been shown that
another enzyme in the polyamine pathway, deoxyhypusine synthase, which is responsible for the spermidinedependent hypusine modification to elongation factor
eIF5A is similarly regulated by dimerization with a catalytically dead orthologue of the enzyme (Nguyen et al.,
2013). Using either pharmacological or genetic methods
to reduce the abundance of AdoMetDC in cells revealed a
loss of spermidine production and a concomitant increase
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in the protein abundance of prozyme (but not the RNA
levels encoding this regulator) (Xiao et al., 2009). Diminishing spermidine levels by reduction of ornithine decarboxylase, or spermidine synthetase, however, did not lead
to the increase in prozyme. This suggested, therefore,
that the increase in prozyme was not due to decreases in
spermidine itself but something more directly related to
AdoMetDC, i.e. its metabolic product – dcAdoMet.
Given the lack of regulation of gene expression in trypanosomes at the level of transcription, Xiao et al. (2013)
went on to analyse the 3'UTR of prozyme for clues as to
how expression might be regulated. They identified three
transcripts associated with the gene, one of which was
probably an RNA processing product. The other two,
which contained the prozyme open reading frame were
of 4.7 kb and 2.2 kb, respectively, the difference in size
attributable to different lengths of the 3'UTR. To determine
whether the 3'UTR regions of these transcripts might
contribute to the expression of prozyme, a series of
constructs containing either the intact 3'UTR, or various
deletion derivatives, were placed behind the chloramphenicol acetyl transferase (CAT) reporter gene and
expressed in trypanosomes. By adding MDL73811 to
medium (and thus diminishing the level of dcAdoMet
through inhibition of the enzyme that produces it) it was
possible to upregulate CAT activity with some of the constructs. In this way, the 1.2 kb region immediately downstream of the prozyme ORF was identified as being
necessary to respond to MDL73811 and thus termed the
prozyme regulatory element.
RNA sequence analysis also indicated that a region
of the 3'UTR, within the 1.2 kb element, was lost during
the reverse transcriptase processing step of RNA for
sequence analysis and hairpin forming flanking regions to
the lost segment indicated a secondary structure forming
region of the RNA. This secondary structure forming RNA
was hypothesized to be responsible for the cellular
response to MDL73811. Since inhibition of the enzyme
leads to a decrease in dcAdoMet (although levels of this
metabolite in wild-type cells were below detection levels
using LC-MS/MS) it appears that a reduction in cellular
dcAdoMet levels leads to an increase in the translational
efficiency of the prozyme RNA through the regulatory
element.
To rule out a role for the AdoMetDC protein itself in
regulating its own expression [in a manner analogous to
that of human and Plasmodium dihydrofolate reductases
which bind to their own mRNAs preventing translation
when abundant (Zhang and Rathod, 2002)] a human
version of AdoMetDC was expressed in the parasites.
Overexpression enabled detection of dcAdoMet, proving
the enzyme to be functional, and RNAi was then used to
deplete the trypanosomal AdoMetDC levels. No impact on
prozyme levels were seen, ruling out a role for the protein
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itself in the regulation. However, using MDL73811 to
deplete dcAdoMet (the inhibitor also being active against
mammalian AdoMetDC), caused prozyme levels to rise.
This showed that it is a response to decreasing levels of
dcAdoMet that induces upregulation of prozyme. Unfortunately, exogenously added dcAdoMet was incapable of
eliciting a response which may be due to its inability to
enter cells due to either its chemical lability or lack of
transport.
Whether dcAdoMet binds directly to the RNA regulatory
element or whether it acts indirectly through binding to
other regulatory effectors remains to be determined. In
the case of the RBP10 RNA-binding protein, the initial
hypothesis that it worked by binding directly to a cohort of
mRNAs was dismissed on the grounds the protein could
not be localized to the large polysomal fraction nor could
it be found associated with specific RNAs (Wurst et al.,
2012). Instead the protein affects expression of a range of
genes through yet to be determined effectors.
It is tempting to speculate that the dcAdoMet itself binds
directly to the RNA regulatory element. In other systems,
primarily bacteria, AdoMet and its demethylated product
S-adenosylhomocysteine, have been shown to bind
directly to RNA structures known as riboswitches to regulate methionine and cysteine metabolism (Batey, 2011).
Riboswitches are RNA structures that change conformation upon binding to metabolite ligands, and this in turn
alters the ability of these RNA molecules to bind to ribosomes for translation to protein. It has been hypothesized
that AdoMet may be an ancient metabolite that played key
roles in methyl transfer reactions in the ‘RNA world’ prior
to proteins reaching ascendency in biological catalysis
(Breaker, 2012).
It will be of great interest to learn more about whether
and how the RNA response element of prozyme interacts
with dcAdoMet and whether the system could be manipulated in the design of novel reagents to treat human
African trypanosomiasis (and other diseases caused by
Kinetoplastids should the regulatory system be conserved). Moreover, the system could also be adapted for
use in experimental regulation of gene expression in
trypanosomatids, offering a potential new tool to titrate
levels of expressed proteins in these cells. Whether it
would be superior to current regulatable systems, such as
the tetracycline-inducible transcription vectors already
available (Wirtz and Clayton, 1995), will require detailed
analysis on the fine-tuning response to levels of
MDL73811, or other regulators of dcAdoMet abundance.

Acknowledgements
The Wellcome Trust Centre for Molecular Parasitology is
supported by core funding from the Wellcome Trust (085349).
D.-H.K. was funded by SysMO (http://www.sysmo.net).

© 2013 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology

4 D.-H. Kim and M. P. Barrett ■

References
Archer, S.K., Inchaustegui, D., Queiroz, R., and Clayton, C.
(2011) The cell cycle regulated transcriptome of Trypanosoma brucei. PLoS ONE 6: e18425.
Batey, R.T. (2011) Recognition of S-adenosylmethionine by
riboswitches. Wiley Interdiscip Rev RNA 2: 299–311.
Besteiro, S., Barrett, M., Rivière, L., and Bringaud, F. (2005)
Energy generation in insect stages of Trypanosoma brucei:
metabolism in flux. Trends Parasitol 21: 185–191.
Birkholtz, L.M., Williams, M., Niemand, J., Louw, A.I.,
Persson, L., and Heby, O. (2011) Polyamine homoeostasis
as a drug target in pathogenic protozoa: peculiarities and
possibilities. Biochem J 438: 229–244.
Breaker, R.R. (2012) Riboswitches and the RNA world. Cold
Spring Harb Perspect Biol 4: a003566.
Carter, N.S., Yates, P.A., Gessford, S.K., Galagan, S.R.,
Landfear, S.M., and Ullman, B. (2010) Adaptive responses
to purine starvation in Leishmania donovani. Mol Microbiol
78: 92–107.
Clayton, C.E. (2002) Life without transcriptional control?
From fly to man and back again. EMBO J 21: 1881–1888.
Coustou, V., Biran, M., Breton, M., Guegan, F., Rivière, L.,
Plazolles, N., et al. (2008) Glucose-induced remodeling of
intermediary and energy metabolism in procyclic Trypanosoma brucei. J Biol Chem 283: 16342–16354.
De Gaudenzi, J.G., Noe, G., Campo, V.A., Frasch, A.C., and
Cassola, A. (2011) Gene expression regulation in trypanosomatids. Essays Biochem 51: 31–46.
Ebikeme, C., Hubert, J., Biran, M., Gouspillou, G., Morand,
P., Plazolles, N., et al. (2010) Ablation of succinate
production from glucose metabolism in the procyclic
trypanosomes induces metabolic switches to the glycerol
3-phosphate/dihydroxyacetone phosphate shuttle and to
proline metabolism. J Biol Chem 285: 32312–32324.
Fairlamb, A.H., Blackburn, P., Ulrich, P., Chait, B.T., and
Cerami, A. (1985) Trypanothione: a novel bis(glutathionyl)spermidine cofactor for glutathione reductase in trypanosomatids. Science 227: 1485–1487.
Hendriks, E.F., and Matthews, K.R. (2005) Disruption of the
developmental programme of Trypanosoma brucei by
genetic ablation of TbZFP1, a differentiation-enriched
CCCH protein. Mol Microbiol 57: 706–716.
Jacob, F., and Monod, J. (1961) Genetic regulatory mechanisms in the synthesis of proteins. J Mol Biol 3: 318–356.
Jensen, B., Sivam, D., Kifer, C., Myler, P., and Parsons, M.
(2009) Widespread variation in transcript abundance within
and across developmental stages of Trypanosoma brucei.
BMC Genomics 10: 482.
Kabani, S., Fenn, K., Ross, A., Ivens, A., Smith, T., Ghazal,
P., and Matthews, K. (2009) Genome-wide expression profiling of in vivo-derived bloodstream parasite stages and
dynamic analysis of mRNA alterations during synchronous
differentiation in Trypanosoma brucei. BMC Genomics 10:
427.
Lamour, N., Rivière, L., Coustou, V., Coombs, G.H., Barrett,
M., and Bringaud, F. (2005) Proline metabolism in procyclic
Trypanosoma brucei is down-regulated in the presence of
glucose. J Biol Chem 280: 11902–11910.
Mangold, U. (2006) Antizyme inhibitor: mysterious modulator
of cell proliferation. Cell Mol Life Sci 63: 2095–2101.

Martinez-Calvillo, S., Vizuet-de-Rueda, J.C., FlorencioMartinez, L.E., Manning-Cela, R.G., and Figueroa-Angulo,
E.E. (2010) Gene expression in trypanosomatid parasites.
J Biomed Biotechnol 2010: 525241.
Nguyen, S., Jones, D.C., Wyllie, S., Fairlamb, A.H., and
Phillips, M.A. (2013) Allosteric activation of trypanosomatid
deoxyhypusine synthase by a catalytically dead paralog. J
Biol Chem (in press).
Perez-Leal, O., and Merali, S. (2012) Regulation of polyamine metabolism by translational control. Amino Acids 42:
611–617.
Persson, L. (2009) Polyamine homoeostasis. Essays
Biochem 46: 11–24.
Phillips, M.A., Coffino, P., and Wang, C.C. (1988) Trypanosoma brucei ornithine decarboxylase: enzyme purification,
characterization, and expression in Escherichia coli. J Biol
Chem 263: 17933–17941.
Stuart, K., Brun, R., Croft, S., Fairlamb, A., Gurtler, R.E.,
McKerrow, J., et al. (2008) Kinetoplastids: related protozoan pathogens, different diseases. J Clin Invest 118:
1301–1310.
Veitch, N., Johnson, P., Trivedi, U., Terry, S., Wildridge, D.,
and MacLeod, A. (2010) Digital gene expression analysis
of two life cycle stages of the human-infective parasite,
Trypanosoma brucei gambiense reveals differentially
expressed clusters of co-regulated genes. BMC Genomics
11: 124.
Vincent, I.M., Creek, D.J., Burgess, K., Woods, D.J.,
Burchmore, R.J.S., and Barrett, M. (2012) Untargeted
metabolomics reveals a lack of synergy between nifurtimox
and eflornithine against Trypanosoma brucei. PLoS Negl
Trop Dis 6: e1618.
Ward, C.P., Wong, P.E., Burchmore, R.J., de Konning, H.,
and Barrett, M. (2011) Trypanocidal furamidine analogues:
influence of pyridine nitrogens on trypanocidal activity,
transport kinetics, and resistance patterns. Antimicrob
Agents Chemother 55: 2352–2361.
Willert, E., and Phillips, M.A. (2012) Regulation and function
of polyamines in African trypanosomes. Trends Parasitol
28: 66–72.
Willert, E.K., and Phillips, M.A. (2008) Regulated expression of an essential allosteric activator of polyamine
biosynthesis in African trypanosomes. PLoS Pathog 4:
e1000183.
Willert, E.K., Fitzpatrick, R., and Phillips, M.A. (2007) Allosteric regulation of an essential trypanosome polyamine
biosynthetic enzyme by a catalytically dead homolog. Proc
Natl Acad Sci USA 104: 8275–8280.
Wirtz, E., and Clayton, C. (1995) Inducible gene expression
in trypanosomes mediated by a prokaryotic repressor.
Science 268: 1179–1183.
Wurst, M., Robles, A., Po, J., Luu, V.-D., Brems, S.,
Marentije, M., et al. (2009) An RNAi screen of the RRMdomain proteins of Trypanosoma brucei. Mol Biochem
Parasitol 163: 61–65.
Wurst, M., Seliger, B., Jha, B.A., Klein, C., Queiroz, R., and
Clayton, C. (2012) Expression of the RNA recognition motif
protein RBP10 promotes a bloodstream-form transcript
pattern in Trypanosoma brucei. Mol Microbiol 83: 1048–
1063.
Xiao, Y., McCloskey, D.E., and Phillips, M.A. (2009) RNA

© 2013 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology

Metabolite regulation of trypanosome gene expression

interference-mediated silencing of ornithine decarboxylase
and spermidine synthase genes in Trypanosoma brucei
provides insight into regulation of polyamine biosynthesis.
Eukaryot Cell 8: 747–755.
Xiao, Y., Nguyen, S., Kim, S.H., Volkov, O.A., Tu, B.P.,
and Phillips, M.A. (2013) Product feedback regulation

5

implicated in translational control of the Trypanosoma
brucei S-adenosylmethionine decarboxylase regulatory
subunit prozyme. Mol Microbiol (in press).
Zhang, K., and Rathod, P.K. (2002) Divergent regulation of
dihydrofolate reductase between malaria parasite and
human host. Science 296: 545–547.

© 2013 The Authors. Molecular Microbiology published by John Wiley & Sons Ltd., Molecular Microbiology

