
development, as TbGRP89 is essential
for both parasite survival and stumpy
formation and a [57_TD$DIFF]TbGRP89-targeting
drug could potentially reduce parasite
burden and at the same time block
transmission.
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Figure 1. A Putative Model of Stumpy Formation Based on Recent Findings. Parasite density correlates with secreted protease activity, and hence the levels
of oligopeptides in the extracellular environment of the parasite. These oligopeptides, the putative stumpy induction factor (SIF), are sensed and internalized by recipient
parasites through the putative SIF receptor, TbGPR89. At high parasitaemia, accumulation of oligopeptides activates signalling pathways (e.g., MEEK1, NEK1, PP1,
YAK, RBP7 . . . ) that lead to stumpy formation. At lower cell density, fewer oligopeptides are produced and internalized, thus activating an alternative pathway (e.g.,
TOR4, ZFK, MAPK5 . . . ) that represses stumpy formation and keeps the cell in a replicative state, the slender form.
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with computational tools to model
interaction networks for the most
prominent kinetoplastid patho-
gens. These interaction networks
will vastly expand the functional
annotation of the kinetoplastid
genomes, which in turn are critical
for identifying new routes of
disease intervention.

The Kinetoplastid Pathogens and
Annotation of Their Genomes
Parasitic kinetoplastids consist of the
medically important trypanosomatids
which affect large populations globally
and cause numerous deaths [1]. They
include the causal agents of human Afri-
can sleeping sickness, Chagas’ disease,
and leishmaniasis (Trypanosoma brucei
group, T. cruzi, and Leishmania species,
respectively).

The advent of recent technologies and
the availability of genome sequences for
trypanosomatid parasites has led to the
functional characterization of trypano-
somatid genes and their expression pat-
terns at different life stages [2].
However, the functional roles of many
trypanosomatid genes still remain
poorly understood (Table 1). For
instance, the genome of T. brucei enc-
odes 11 203 genes, of which only 6912
have annotated Gene Ontology (GO) –
biological process annotation (622 dis-
tinct terms). Furthermore, only 1221
genes are assigned to 93 different

KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways. As a further
complication, most of these annotations
are computationally predicted using
sequence homology-based
approaches. For example, T. brucei is
the only organism in Table 1 for which
the functional role of more than 1000 of
its genes is supported by experimental
evidence in terms of GO biological pro-
cess annotations. Owing to high evolu-
tionary divergence and low sequence
similarity with model organisms [3], the
reliability of such computational predic-
tions remains to be established. These
issues present a major bottleneck in
understanding the biology of these par-
asites and finding new therapeutic
options.

Computational and Experimental
Approaches to Assign Genes to
Pathways and Biological
Functions
In the past several years, we and others
have pioneered an array of computational
and experimental approaches that make it
possible to move away from homology-
based annotation of genes, and to inte-
grate diverse sources of organism-specific
evidence to assign genes to pathways and
biological functions [4–6]. These
approaches establish a strong foundation
for the development of innovative, inte-
grated frameworks for functional annota-
tion of genes that do not have a closely
related characterized homolog.

Function Prediction Based on
Computational Analysis
One of the most promising approaches
for the annotation problem is to derive
machine-learning-based models that
incorporate a wide range of variables
to functionally classify genes
(Figure 1A). The premise behind these
approaches is that each dataset has
only a limited predictive potential on
its own, but the combination of the infor-
mation from orthogonal resources can
lead to substantially improved predic-
tions [5,7]. As an illustration, machine-
learning techniques have been success-
fully used to infer protein networks by
combining different datasets based on
positive (i.e., proteins known to interact
with one another) and negative (i.e., pro-
teins that do not interact with one
another) gold standards [8]. Next, func-
tions of proteins with unknown functions
can be inferred based on the detection
of protein complexes [9] or the propa-
gation of biological information through
the constructed networks [6]. The
extent to which information is propa-
gated from one protein to another is
proportional to their interaction weight
that is learned by the employed
machine-learning approach. The inter-
action weight summarizes the similarity
that the two proteins exhibit in terms of
different biological measures such as
patterns of transcription and gene
essentiality, as well as similarities in cor-

Table 1. Annotation State of the Kinetoplastid Pathogensa

Organism No. identified
genes

No. annotated
genes

No. genes annotated based on
experimental evidence

No. genes annotated based on
physical interaction evidence

Trypanosoma brucei TREU927 11 203 6912 4122 368

Leishmania major Friedlin 8519 4796 197 32

Trypanosoma cruzi CLBrener Esmeraldo-like 10 338 5218 692 3

Leishmania infantum JPCM5 8237 4704 132 3

Trypanosoma vivax Y486 11 394 4680 16 0

aThe data are based on the annotations present in the TriTrypDB release 37 (April 25, 2018). GO annotations with the experimental evidence codes were considered as
experimentally verified.
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egulation mechanisms, protein
domains, and genetic interactions [6,8].

Although promising, machine-learning
approaches are not widely adopted to

nonmodel organisms, such as trypanoso-
matids, primarily due to the lack of large-
scale positive gold standard data for
model training. As we argue below, this
gap can be addressed by systematic

efforts to experimentally infer the func-
tional role of trypanosomatid proteins at
large scale. Such information can be
exploited to develop classifiers that pre-
dict the functional and/or physical
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Figure 1. Annotation of Gene Function Based on Computational and Experimental Approaches. (A) Schematic representation of the general framework for
deciphering gene functions by machine-learning-based integration of a wide range of resources, including gene expression, evolutionary history, and codon usage. To
properly train these classifiers, large and representative positive and negative gold standards of trypanosomatid proteomes are needed. As elaborated in the text, we
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complexes (RNA-editing machinery and poly(A) polymerase1 (KPAP1) complex) between enriched mitochondrial fractionation (Gazestani et al. [9,12]) and whole-cell
fractionation (Crozier et al. [11]) experiments. While RNA-editing machinery (including core editosome and accessory elements) is involved in the editing of some of the
mitochondrial RNAs, KPAP1 complex regulates the translation of mitochondrial RNAs. Each row represents a member of these two complexes, and each column
demonstrates a fraction in an increasing order. The color intensities represent the relative intensity of a protein at a specific fraction. As illustrated, the members of each
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The high resolution of the fractionation patterns allowed to identify novel candidates involved in RNA-editing machinery which was verified by follow-up experiments.
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from several whole-cell experiments conducted by Crozier et al. (the fractionation resolutions were similar across whole-cell experiments).
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interactions for the remaining genes in the
genome.

Functional Characterization Based on
Experimental Approaches
Protein–protein interaction maps can
provide evidence for the functional relat-
edness of proteins as the functionally
related proteins usually interact with
one another [10]. Although highly useful
for the functional characterization of pro-
teins, they have not been extensively
used to annotate the genome of trypa-
nosomatids (Table 1). We recently pio-
neered cost-effective experimental
approaches for proteome-wide mapping
of complexes by coupling deep bio-
chemical fractionation of proteins with
semiquantitative mass spectrometry
analysis [9]. By this approach, we sys-
tematically interrogated the co-complex
interactions of 40% of genes that are
expressed in the insect-form life stage
of T. brucei. The accuracy of deciphered
protein interactions was confirmed by
assessing the reproducibility of cofractio-
nation patterns, and showing that the
interacting genes are involved in similar
biological processes and molecular
pathways, coexpressed across the par-
asite life stages, and exhibit cellular
colocalization. One salient observation
was that the accuracy of inferred inter-
actions increased from 34% to 68%
when considering interactions that were
supported based on two different frac-
tionation approaches. This increase in
accuracy was not limited to the results
from fractionation methods and was
even more pronounced for interactions
that were supported by more distant
techniques such as those interactions
supported by both fractionation and tan-
dem affinity purification. For example,
there are�360 proteins that are reported
to copurify by trypanosomatid RNA-edit-
ing machinery based on affinity purifica-
tion methods. Of these, only 50 proteins
were strongly cofractionated with each
other in mitochondrial enriched

fractionation experiments (Figure 1B).
Most of these 50 proteins were already
known to be involved in RNA-editing
machinery, and follow-up experiments
confirmed the accuracy of the new pre-
dictions [9]. Similar results were
observed for the T. brucei aminoacyl-
tRNA synthetase proteins, where merg-
ing a list of 262 copurified proteins with
fractionation patterns led to the identifi-
cation of proteins involved in tRNA syn-
thesis. The other important observation
from fractionation-based approaches
was that organelle enrichment prior to
fractionation significantly enhances the
resolution of observed fractionation pat-
terns and consequently leads to more
accurate predictions. This point is illus-
trated clearly by comparing the fraction-
ation patterns of RNA-editing machinery
from mitochondrial-enriched extracts
reported by Gazestani et al. [9] with
those of whole-cell extract from Crozier
et al. [11] (Figure 1B). Moreover, com-
parison of the cofractionation pattern of
complexes demonstrated that different
fractionation methods provide a comple-
mentary view of the interactome land-
scape. For example, while glycerol
gradient fractionation preserves less sta-
ble interactions, ion-exchange chroma-
tography favors more stable interactions
potentially due to the application of a salt
gradient to the mobile phase. By leverag-
ing these observations, a high-confi-
dence core network with 6636
interactions among 665 T. brucei pro-
teins was constructed [9]. This single
study not only provided experimental evi-
dence on biological roles of 472 proteins
with no available experimentally derived
GO annotations, but also resulted in the
inference of functional roles for 131 pro-
teins annotated as hypothetical.

Protein interaction maps in combination
with gene expression across life stages,
gene essentiality data, and gene regula-
tory networks, provide a comprehensive
toolbox for functional annotation of

proteins. TrypsNetDB (http://trypsnetdb.
org/) [12] tries to address this gap by
combining large- and small-scale data-
sets across trypanosomatid parasites.
The database currently covers the physi-
cal protein interactions extracted from 97
different studies, and is accessible
through widely used TriTrypDB (http://
tritrypdb.org) [13]. Moreover, the Tryps-
NetDB automatically propagates informa-
tion from various resources (e.g., gene
expression, RNA decay, gene essential-
ity, protein fractionation patterns, etc.)
across trypanosomatid parasites to pro-
vide information on queried proteins in the
species of interest. Currently, the data-
base includes 101,187 total physical
interactions, providing network context
to 13,395 proteins across 16 trypanoso-
matid parasites. We anticipate that this
database will lead to an initiative for pipe-
lining computational tools that we and
others have developed for functional
annotation of genes and proteins. The
proposed resource will vastly expand
the power and ease of use of the pro-
posed analyses, making them available to
every researcher with access to limited
computational facilities. Integration of
such a pipeline with TriTrypDB will signifi-
cantly enhance the annotation of parasite
genomes and will lead to a better
understanding of the biology of these
organisms and, potentially, new
approaches for intervention in parasite
survival and infection.

Future Direction
Highly accurate annotation of trypanoso-
matid genomes can be obtained by con-
ducting similar deep fractionation-based
experiments and establishing experimen-
tally derived interacting networks in other
related trypanosomatid parasites (e.g., T.
cruzi and Leishmania spp.). The primary
benefits of this approach are to experi-
mentally examine and revise current
computational predictions, and provide
high-confidence, experimentally derived
data to infer the function of other
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uncharacterized proteins using machine-
learning algorithms. These approaches
are also able to identify the parasite-spe-
cific subunits of evolutionarily conserved
complexes, such as proteasome, ribo-
some, and RNA polymerases. As these
complexes are often crucial for the sur-
vival of the parasite, the parasite-specific
subunits of these complexes are poten-
tially ideal targets for drug development.
Moreover, by performing deep fraction-
ation experiments across different life
stages or environmental conditions, one
could gain insight on the molecular reor-
ganizations that are causal to parasite
adaptation and survival. Dynamic interac-
tion of functionally related proteins in cell
lines with different genetic backgrounds
or different environmental conditions can
be valuable for creating more reliable
interaction maps. These environmental
conditions can include growth in the pres-
ence of different chemicals and drugs in
current use. The dynamic interaction
models can predict new interactions, pro-
vide a platform for exploring context-
specific networks, rediscover new

interactions, and reveal how pathways
respond to environmental inputs or drugs,
which are critical for improved target-
based discovery and interpretation of
results from phenotypic screening of
chemical libraries.
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