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a b s t r a c t

YCF45 belongs to a family of proteins of unknown function usually located in the chloroplast of plants. Its
highly conserved homologues were found in the genomes of several Trypanosoma and Leishmania species.
HA3-tagging of the YCF45 protein with the start codon as annotated in the GeneDB revealed its cytosolic
localization in the cultured procyclic stage of Trypanosoma brucei. However, when a more upstream
located start codon was used in another HA3-tagged construct, the resulting protein was targeted to the
mitochondrion. We propose that YCF45 was acquired by an ancestral trypanosomatid by horizontal gene
transfer and in the absence of a plastid was re-targeted to the mitochondrion.

© 2010 Elsevier B.V. All rights reserved.

Since the euglenoids, a sister group of kinetoplastid flagellates,
harbor a functional three-membraned secondary green plastid
[1,2], it is not surprising that a homologous organelle was searched
for also in trypanosomatids and other Kinetoplastida. If these
parasitic protists ever carried a plastid, any remnant proteins
or pathways would represent an excellent drug target, as is the
case in Plasmodium and other apicomplexan parasites [3]. Elec-
tron microscopy was instrumental to show that a typical plastid
is missing in Trypanosoma species [4], yet a possibility remained
that the common predecessor of kinetoplastids and euglenoids
once contained a plastid that was lost in the kinetoplastids after
both lineages split [5–8]. An alternative scenario postulates that
the organelle was engulfed by the euglenoids in the course of their
separate evolutionary history [9,10].

Molecular phylogenetic analyses of selected Trypanosoma brucei
genes supported the existence of a plastid that was lost in all extant
trypanosomatids [6,7], but subsequent availability of three whole
trypanosomatid genomes did not reveal any substantial evidence
for this notion [2,11]. Moreover, conclusions based on extensive
morphological analysis favoured acquisition of the chloroplast only
by the euglenoid lineage [10].

The contentious case of a plastid remnant was revived by the
unexpected finding of YCF45 in the genomes of Trypanosoma cruzi,
T. brucei and Leishmania major [12], and also in Leishmania brazilien-
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sis and Leishmania infantum (Fig. 1A). Furthermore, a recent study
claims that the N-terminus of one of the mitochondrial iron-
containing superoxide dismutases resembles targeting sequence
used by secondary plastids [13]. YCF stands for hYpothetical
Chloroplast open reading Frame, an abbreviation that brings
together a group of conserved open reading frames, which in most
organisms are one way or another associated with chloroplast
and for which a function is presently unknown [14]. Members
of this artificial assembly are either encoded by the chloroplast
genome [15], or respective genes have been transferred into
the nucleus [16]. While a few YCF genes have been assigned a
function [17], not a single homologue of YCF45 has been func-
tionally studied so far. Taking into consideration the statement
of Opperdoes and Michels [12] that YCF45 was found only in
the genomes of chloroplast-containing eukaryotes and in try-
panosomatids, it either represents a genuine remnant of this
organelle, or has been acquired via lateral (=horizontal) gene trans-
fer by the common ancestor of the Trypanosoma and Leishmania
species.

We have initiated the study of trypanosomatid YCF45 by phy-
logenetic analysis. Alignment of several plant YCF45 genes with
their trypanosomatid homologues revealed an unexpectedly high
conservation throughout the central part of the gene. For a 307
amino acids-long part of the protein, sequence identity between the
T. brucei and Arabidopsis and Synechocystis YCF45 proteins ranges
from 37% to 39% (amino acid sequence similarity is 56% and 57%,
respectively), which are surprisingly high values hinting for con-
servation of function. There is also a very high sequence similarity
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Fig. 1. (A) Phylogeny of YCF45. Phylogenetic tree was inferred from YCF 45 amino acid sequences that were aligned using the Kalign program at http://www.ebi.ac.uk/kalign/.
Ambiguously aligned regions as well as gaps were excluded from further analysis. Tree was computed using Neighbor-joining (weighted) as implemented in AsaturA program,
with cutoff value = 1.163. Appropriate ML tree (log lk = −9477.97519) was computed by WAG model with discrete gamma distribution in 4 + 1 categories as implemented in
PhyML. Particular substitutional model was chosen by PROTTEST according to AIC. ML bootstraps were computed from 200 replicates, NJ bootstraps from 1000 replicates.
Numbers above branches indicate NJ bootstrap support/maximum likelihood bootstraps. Asterisks indicate bootstrap support higher than 90%. (B) Schematic representation
of YCF45 mRNA in Trypanosoma brucei. Arrowhead points at the splice acceptor site, black arrows indicate alternative start codons. Above the mRNA regions used for Northern
analysis (probes 1 and 2) and for RNA interference (probe 1) are shown. SL stands for splice leader RNA sequence. The uppermost black lines indicate two different YCF45
constructs with the C-terminal HA3 tags. (C) Schematic view of N-termini of YCF45 from distantly related organisms: 1in algae, YCF45 is encoded in the chloroplast genome
and thus lacks any targeting presequence; 2in plants, YCF45 is nucleus-encoded and is targeted into the chloroplast via a plastid targeting signal; 3in trypanosomatids, the
YCF45 homologue is nucleus-encoded and contains a specific N-terminal extension, which is likely a mitochondrion-targeting signal.

Fig. 2. Intracellular localization of two different inducibly expressed HA3-tagged
YCF45 proteins in the T. brucei procyclic stage. Immunoblot analysis of the HA3-
tagged protein (detected using antibody against the HA3 tag) in the cytosolic and
mitochondrial fractions extracted from the parental 29-13 cells (left panel), cells
containing construct 1, which starts with the annotated start codon (central panel),
and cells containing construct 2, which starts with the newly identified upstream
start codon (right panel) (also see Fig. 1B). Polyclonal antibodies against prohibitin
and enolase were used as mitochondrial and cytosolic markers, respectively. Cellular
fractions were obtained by digitonin fractionation as described elsewhere [19].
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Fig. 3. Immunolocalization of two inducibly expressed HA3-tagged YCF45 protein forms (constructs 1 and 2) in procyclic T. brucei. Mitotracker red and enolase were used as
mitochondrial and cytosolic markers, respectively. The signal of construct 1 (upper panel) overlaps with cytosolic enolase, while the signal of construct 2 (middle panel) co-
localizes with mitotracker. The parental 29-13 cells (lower panel) lacking HA3-tagged protein show no signal. Paraformaldehyde-fixed cells permeabilized in methanol were
processed as described elsewhere [18], and treated with �-HA3 tag mouse monoclonal antibody (Sigma) and �-enolase rabbit polyclonal antibody, followed by incubation
with goat �-mouse antibody (green) and goat �-rabbit antibody (red). Alternatively, mitotracker staining was performed by incubating living cells in medium containing
100 nM mitotracker red prior to fixation and immunodecoration with �-HA3 tag mouse monoclonal antibody. Finally, the cells were mounted in Vectashield containing
DAPI. Arrowhead and arrow indicate kinetoplast DNA and nuclear DNA, respectively. Cells were imaged using an OLYMPUS FV1000 confocal microscope equipped with the
Fluoview v1.7 software. (For interpretation of the references to color in the figure caption, the reader is referred to the web version of the article.)



Author's personal copy
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among the L. major, T. brucei and other trypanosomatid YCF45 genes
(Supplementary Fig. 1).

Same as all other YCF45 genes, the T. brucei homologue con-
tains the AAA-type ATPase and cytochrome P450 domains (Fig. 1B).
The gene (Tb927.6.3350) is located on chromosome 6 and the pro-
tein has a predicted mass of 52.7 kDa. For phylogenetic analysis we
have extended the dataset used by Opperdoes and Michels [12] by
newly available sequences and additional outgroups. Moreover, we
have found putative homologues of YCF45 also in oomycetes and
firmicutes, which implies that this protein may not be associated
exclusively with the chloroplast. Subsequent analysis showed that
the available trypanosomatid YCF45 genes constitute a strongly
monophyletic clade that branches off between oomycetes and
cyanobacteria (Fig. 1A).

Next, we attempted down-regulation of the YCF45 transcript
by RNA interference (RNAi) into the T. brucei 29-13 procyclic and
920 bloodstream strains following protocols described elsewhere
[18]. Unfortunately, although in the procyclics we were able to
detect inducibly transcribed double stranded RNA, in both stages
the sensitivity of our Northern analyses was insufficient to detect
the YCF45 mRNA, indicating that the transcript is extremely rare.
Upon RNAi induction, no growth phenotype was observed in either
stage (data not shown).

Since the splice acceptor site of the T. brucei YCF45 gene cannot
be unambiguously established by in silico analysis, we undertook
its determination by splice leader (SL) RACE PCR. RNA isolated from
the T. brucei 29-13 cells was reverse transcribed into cDNA using
Superscript RNAse H− Reverse Transcriptase (Invitrogen) and oligo
(dT)12–18 (Invitrogen) accordingly to the manufacturer’s instruc-
tions. Next, using this cDNA as a template for nested PCR with two
YCF45-specific primers (Rv1 – GAAAGACCAC AATCCTGAGA; Rv2 –
ACAAGACATC GAAGTGAGAG), in combination with primers TbSL1
(AACTAACGCT ATTATTAGAA CAGTTTC) and TbSL2 (TATTATTAGA
ACAGTTTCTG TACTATATTG) derived from the SL RNA sequence,
an amplicon containing the predicted N-terminus of YCF45 was
obtained, proving that the amplification was specific. This allowed
us to identify the splice acceptor site, which is located 237 bp
upstream from the predicted start codon (Fig. 1B). This result also
confirmed the presence of YCF45 mRNA in the procyclic cells, albeit
at a very low level. In order to establish the intracellular localiza-
tion of the YCF45 protein in the absence of specific antibodies, we
have used the tagging strategy. The full-length YCF45 gene, with
the start and stop codons as annotated in the GeneDB, was HA3-
tagged and cloned into the pJH54 vector, which allows inducible
expression of the protein (construct 1) (Fig. 1B). The HA3 tag was
attached to the C-terminus in order not to interfere with the puta-
tive organellar import signal located at the N-terminus. Subcellular
fractions, obtained by digitonin treatment as described previously
[19], were immunoprobed with the anti-HA3 monoclonal antibody.
Bulk of the tagged protein was present in the cytosol (Fig. 2) and
this result was confirmed by immunolocalization of the tagged pro-
tein in fixed procyclic trypanosomes (Fig. 3; upper pannel). Thus,
we concluded that YCF45 is a cytosolic protein.

However, a careful comparison with the T. cruzi YCF45 sequence
followed by re-analysis of the cDNA fragment amplified with the
YCF45-specific and SL RNA-derived primers lead to the identifica-
tion of another putative start methionine that was not considered
during the annotation of the T. brucei genome. This start codon is
located 183 bp upstream from the annotated one (Fig. 1B). Surpris-
ingly, the in silico prediction using Mitoprot and TargetP programs
attached 99.5% and 97.4% probabilities of import of this protein into
the mitochondrion, respectively, which is dramatically different
from the originally annotated version of YCF45, for which a cytoso-
lic localization was predicted (data not shown). Therefore, another
HA3-tagged construct was generated in the pJH54 vector, contain-
ing the N-terminally extended version of the YCF45 gene (construct

2) (Fig. 1B). Indeed, in this case the tagged protein was targeted
into the mitochondrion of procyclic T. brucei, as shown by West-
ern analysis of the cytosolic and mitochondrial fractions (Fig. 2).
Strict mitochondrial localization was confirmed by immunolocal-
ization, where the HA3-tagged YCF45 in construct 2 co-localized
with mitotracker (Fig. 3; middle panel). We therefore conclude that
the start codon of the YCF45 protein is 183 bp upstream from the
one hitherto predicted, and that the protein is imported into the
mitochondrion of the procyclic trypanosomes.

Mitochondrial localization is certainly unexpected for a protein
predicted to be almost invariably confined to the chloroplast in
plants which, moreover, was viewed as the most tangible remnant
of the lost plastid of trypanosomatids [12]. Our results strongly
indicate that the ancestral trypanosomatid obtained YCF45 from
an unknown source by lateral gene transfer. Since the mitochon-
drial and chloroplast import signals share similar sequence motifs
and a subset of proteins is known to be dual targeted into both
organelles [20,21], the newly acquired protein was targeted to the
mitochondrion. It is also possible that this targeting was enabled
by the use of an alternative start codon [22].

Besides experimentally correcting in silico assigned N-terminus
of YCF45, we also show that this (hap-hazardously) acquired pro-
tein remained surprisingly conserved in these flagellates and likely
fulfils an as yet unidentified, under cultivation conditions non-
essential, function in their mitochondrion.
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Supplementary data associated with this article can be found, in
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