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Trypanosoma brucei undergoes two clearly distinct
develomental stages: in the insect vector (procyclic
stage) the cells generate the bulk of their energy through
respiration, whereas in the bloodstream of the mamma-
lian host (bloodstream stage) they grow mostly glyco-
lytically. Several mitochondrial respiratory proteins
require iron–sulfur clusters for activity, and their activa-
tion coincides with developmental changes. Likewise
some tRNA modification enzymes either require iron–

sulfur clusters or use components of the iron–sulfur
cluster assembly pathway for activity. These enzymes
affect the anticodon loop of various tRNAs and can
impact protein synthesis. Herein, the possibility of these
pathways being integrated and exploited by T. brucei to
carefully coordinate energy demands to translational
rates in response to enviromental changes is examined.

Assembling iron–sulfur clusters in proteins
Every extant organism synthesizes iron–sulfur (Fe/S) clus-
ters de novo as co-factors for the function of dozens of
proteins. Not surprisingly, the assembly of Fe/S clusters
is invariably essential for viability. In Eukarya, a substan-
tial fraction of Fe/S clusters is incorporated into mitochon-
drial proteins involved in electron transport, such as
subunits of respiratory complexes I, II and III, and ferre-
doxin. Moreover, nuclear and cytosolic proteins, including
the ribosomal protein Rli1, primase Pri2 and xanthine
oxidoreductase, to name a few, depend functionally on
these co-factors [1,2].

A key component of the Fe/S cluster assembly machin-
ery is the cysteine desulfurase (Nfs), which removes sulfur
from cysteine, converting it into alanine, and together with
three other proteins, IscU, Isd11, and frataxin, plays a
crucial role in Fe/S cluster assembly within the mitochon-
drion [3,4]. Therefore, in Trypanosoma brucei, as in other
eukaryotes, depletion of any of these proteins leads to
impairment of the Fe/S cluster assembly pathway and
lethality [5–7].

In the course of its life cycle, the single mitochondrion of
T. brucei, the causative agent of African sleeping sickness,
alternates between a cristae-rich reticulated organelle of
the procyclic stage, which parasitizes the tsetse fly vector,
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and a much reduced vesicle-like mitochondrion of the
bloodstream stage, which occurs in the vertebrate host.
The mitochondrion of the former stage contains cyto-
chrome c-carrying respiratory complexes, an alternative
terminal oxidase (TAO), acetate:succinate CoA oxidase
and an incomplete Krebs cycle. Because of its reliance
on glycolysis and substrate-level phosphorylation, the
bloodstream stage represses many functions of its mito-
chondrion, including oxidative phosphorylation [8–10].
Yet, even in this organelle DNA replication, transcription,
RNA editing and processing, as well as tRNA and protein
import remain functional and essential [11–14]. However,
because neither TAO [15] nor the ATPase complex, which
are still functional in the bloodstream stage, contain any
Fe/S clusters, the demand for these co-factors dramatically
drops in the mitochondrion compared to its procyclic coun-
terpart. These interstagial differences make the assembly
of Fe/S clusters in the mitochondrion of T. brucei of special
interest.

Moreover, this dual mitochondrial metabolism, in two
life cycle stages containing a single organelle per cell,
makesT. brucei a suitablemodel for exploringmechanisms
that govern the switch from a fully active to a repressed
mitochondrion. Transformation from the bloodstream to
the procyclic stage requires almost instant mitochondrial
activation and, concomitantly, the upregulation of the
mitochondrial Fe/S assembly pathway, which is essential
for many subunits of respiratory complexes and enzymes
such as aconitase and fumarase. The clearly marked met-
abolic switches that occur during development must there-
fore be somehow coordinated with environmental changes
to match metabolic demands of the parasite. These devel-
opmental transformations are known to involve similarly
drastic changes in gene expression, mediated primarily at
the post-transcriptional level [16].

tRNA editing at an important position and thiolation at
an unusual position
Recent findings have shown that the Nfs complex is not
only important for the assembly of Fe/S clusters and their
incorporation into a growing list of enzymes involved in
various metabolic pathways, but also for pathways that
could potentially affect gene expression, including tRNA
maturation [13,17,18]. In all organisms, tRNAs undergo
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numerous post-transcriptional modifications. Of these,
some are required for tRNA function and cell viability,
whereas others are not by themselves indispensable, but in
conjunction with other modifications, serve important
roles in ensuring proper tRNA folding [19,20]. In general,
modifications that occur away from the anticodon loop play
more of a structural role, and their absence could lead to
destabilization of the tRNA. Modifications that affect the
anticodon nucleotides usually have a direct bearing on
decoding. A special type of modification known as RNA
editing can replace one nucleotide for another, directly
changing the amino acid decoding capacity of the tRNA
and effectively reassigning codons without the need for
changes at the DNA level.

A now classic example of tRNA editing was first discov-
ered in Leishmania tarentolae [21] and also later found in
T. brucei [22], where it occurs at the first position of the
anticodon in tRNATrp. Because trypanosomatids (Leish-
mania and Trypanosoma) do not contain any tRNA genes
in their mitochondrial genomes [21], the complete set of
tRNAs used in both cytoplasmic andmitochondrial protein
synthesis is encoded solely by the nuclear genome. In these
organisms, tRNAs are transcribed in the nucleus, exported
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It is still not clear if all of the components of the Urm1 cytoplasmic thiolation pathway
to the cytoplasm, and later a subset of cytoplasmic tRNAs
is actively imported into the mitochondrion [23]. However,
translation of tryptophan codons represents a potential
problem because, as in many other eukaryotes, in the
trypanosomatid mitochondrial genome, the canonical
UGG tryptophan codon is often replaced by UGA, which
is a stop codon in cytoplasmic translation. This led to the
question of how organisms with a single tRNATrp with the
anticodon CCA could decode UGG as tryptophan and UGA
as a stop codon in the cytoplasm and UGA as tryptophan
upon import into themitochondrion [21]. Trypanosomatids
solved this decoding conundrum in a simple yet elegant
way. Approximately 50% of the tRNATrp found in mito-
chondria undergoes cytidine to uridine (C to U) editing at
the first position of the anticodon, effectively creating two
versions of the tRNA: one with a UCA anticodon that can
now decode UGA and a second with the standard CCA
anticodon for UGG decoding [21] (Figure 1). This 50/50
split has raised questions as to how such a balance is
maintained. An earlier observation demonstrated that
tRNATrp in L. tarentolae had an additional unusual fea-
ture, beyond C to U editing; this tRNA was found to be
thiolated at position 33 (to form 2-thiouridine, s2U33) of the
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Table 1. tRNA modification enzymes that either require an Fe/S cluster or depend on the Nfs desulfurase for activity

Enzymea Fe/S cluster Localization Function

MiaB Yes ?b Methyl thiolation at position 37 of tRNAs

Tyw1 Yes Cytoplasmic First step of wybutosine biosynthesis at position 37 of tRNAPhe

Urm1, Uba4, ? Cytoplasmic Thiolation of tRNAGln, tRNAGlu, and tRNALys Ncs2, Ncs6

Elp3 Yes Cytoplasmic Alkylation of tRNAs at position 34

Mtu1 No, but requires Nfs Mitochondrial Thiolation of various tRNAs at position 34 and tRNATrp at position 33

in Trypanosoma brucei

aVarious potential homologs of these enzymes are found in the T. brucei sequence database.

bIntracellular localization not known.
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anticodon loop, a position that was presumably never
modified in tRNAs of any organism. Even more unusual
was the fact that this modification only occurred in the
edited tRNA, prompting amodel by which thiolation at U33

was required for editing [24]. Although it was later shown
in T. brucei that both the edited and unedited tRNAs were
thiolated [25], the question as to how editing levels were
regulated and also what was the role of the thiolation event
remained open. Recently, the downregulation of Nfs was
shown to cause the expected reduction of thiolation, but
also, surprisingly, an almost 100% increase in editing. This
led to the conclusion that thiolation was a negative deter-
minant for editing, thus implying editing and thiolation
were competing reactions [16,18] (Figure 1).

What then is the connection between editing and Fe/S
cluster assembly? Interestingly, in yeast and probably
other organisms including trypanosomes, Nfs plays crucial
roles in both tRNA thiolation and Fe/S cluster assembly
[26]. The key differentiating feature between T. brucei and
other organisms, however, is the unique s2U33 thiolation
confined to tRNATrp [21,25]. Nfs also plays a role in the
cytoplasmic thiolation of tRNAGln, tRNAGlu and tRNALys

in T. brucei [18] (Figure 1). Therefore, the key desulfurase
in the Fe/S assembly pathway plays an essential function
in uniquely controlling two different thiolation pathways
in T. brucei: one mitochondrial and the other cytoplasmic
[17,18,27]. Nfs achieves this despite the fact that the
enzymes involved in mitochondrial thiolation are not
known to require Fe/S, but rather are the recipients of
the sulfur-donor activity of Nfs (Table 1). This then leads to
the question of whether Fe/S clusters are found as cofactors
in other modification enzymes. The surprising answer is
that indeed at least four different tRNAmodification path-
ways involve a key enzymatic reaction harboring a Fe/S
cluster [28–30] (Table 1).

The common denominator of these unrelated pathways
is their capacity to modify target nucleotides which, as
stated above, play key roles directly affecting decoding,
influencing translational efficiency and/or fidelity by
impacting the tRNA anticodon-loop structure [31]. For
example, the hypermodified nucleotide wybutosine found
at position 37 of tRNAPhe in most, if not all, eukaryotes has
been shown to prevent translational frameshifting [30,32].
Wybutosine biosynthesis involves a series of enzymatic
activities, which include addition of an extra ring to the
purine ring of m1G (normally found at position 37 of other
tRNAs). This reaction is catalyzed by Tyw1, an enzyme
that contains and presumably requires a Fe/S cluster for its
activity [33]. Similar arguments can be made for the role of
other Fe/S-containing enzymes listed in Table 1.
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Could seemingly unrelated pathways help couple
metabolic and translational rates in trypanosomes?
A curious corollary of the story of tRNA thiolation and Fe/S
cluster assembly pathways in T. brucei is the remarkable
finding that the same desulfurase is required for the Fe/S
assembly and thiolation of both cytoplasmic and mitochon-
drial tRNAs [18]. The fact that respiratory complexes
depend on numerous Fe/S clusters in their subunits means
that downregulation of Nfs could lead to a drop of respira-
tory rates. Here a model is suggested by which the diver-
gence of the two pathways (Fe/S assembly and tRNA
editing/thiolation) from a common key enzyme might be
exploited by these organisms to carefully match respira-
tion rates to mitochondrial translation, perhaps by off-
setting the 50/50 ratio for edited and unedited tRNATrp.
In this model, decreasing activity of the Fe/S pathway is
paralleled with decreased tRNA thiolation, which will lead
to an increase in tRNATrp editing, eventually affecting
translational efficiency, assuming that the thiolated ver-
sions of the unedited and edited tRNAs are required for
proper protein synthesis (Figure 1). Perhaps, this could be
used by the parasites for the differential expression of
certain genes that could contain different numbers of
UGG and UGA codons. Currently, however, in the absence
of an in vitromitochondrial translation and/or transforma-
tion system, these will remain open questions. These types
of regulatory circuits could be particularly relevant in
trypanosomatids; these organisms lackmost transcription-
al control with the bulk of the regulation of gene expression
occuring post-transcriptionally.

Surprisingly, downregulation of Mtu1 in T. bruceimito-
chondria produced no obvious phenotype [6,17]. This is
despite the fact that the lack of Mtu1 caused the expected
impaired thiolation and also increased editing to nearly
100%. Currently, we do not have an explanation for this
observation, especially when in other systems, lack of
mitochondrial thiolation leads to serious physiological
defects. Perhaps as previously suggested, the lack of phe-
notype could be more a reflection of laboratory cultivation
conditions, as opposed to growth in the insect gut or
mammalian bloodstream, depending on the developmental
stage of the parasite.

tRNA utilization in the cytoplasmmight also be affected
by the lack of certain modifications (Table 1), which direct-
ly depend on the presence of Fe/S clusters. Thus, this
hypothetical coupling of translational rates to metabolic
rates could even include cytoplasmic tRNA modification
systems in connection with the assembly of Fe/S clusters
and global metabolic regulation [34]. Interestingly, the
effect of thiolation itself is not limited to mitochondrial
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function. A recent report showed that ablation of Nfs in T.
brucei also leads to the specific destabilization of the cyto-
plasmic thiolated tRNA species [18], potentially providing
another means of downregulating protein synthesis in
response to changes in nutrient levels and environmental
signals. In addition, a connection between folate-depen-
dent pathways and Fe/S assembly has been established
[35]. Folate is also a co-factor required for some modifica-
tion enzymes. What is not clear is if tRNA modifications
indirectly form part of the response to changes in the levels
of nutrients, for example, cysteine pools and/or iron avail-
ability, or, in fact, are part of the signal for such changes.
Nevertheless, the possible impact on overall translational
rates should not be at all surprising.

The question then becomes how to test this simple and
appealing hypothesis. The study of tRNA modifications
and their changing levels is by itself challenging, especially
when in most organisms the complete set of modifications
is not even known, let alone the enzymes responsible for
them. Luckily, efforts from various laboratories have al-
ready produced a set of modification enzymes that require
Fe/S for their activity and whose homologs exist in T.
brucei. These could be genetically manipulated and their
overall effect on the T. brucei proteome analyzed, poten-
tially revealing trends in gene expression patterns that
depend on changes in modification patterns. In the end,
given how little we know about the Fe/S assembly and
tRNA modifications in trypanosomes, these proposals are
of course largely speculative but their exploration could
reveal important aspects of a higher order in the coordina-
tion of these aspects of cellular metabolism.
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