Chapter 8
The RNA Interference Pathway in
Trypanosoma brucei

Elisabetta Ullu, Nikolay G. Kolev, Rebecca L. Barnes,
and Christian Tschudi

Abstract In most eukaryotic cells, expression or delivery of long double-stranded
RNA (dsRNA) signals the presence of foreign and/or potentially dangerous nucleic
acids, such as viruses or transcripts derived from retroposons and transposons. As a
consequence cells go on red alert and activate specific defense mechanisms to
eliminate the invaders. Among such mechanisms is the RNA interference (RNA1)
pathway, which is triggered by long dsRNAs, destroys target transcripts in a
sequence-specific manner, and is widespread throughout eukaryotic evolution.
Here we summarize our current understanding of the RNAi mechanism in
Trypanosoma brucei, a protozoan parasite and early divergent eukaryote, and
highlight similarities and differences with the RNAi machinery and its function

in higher eukaryotes.
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8.1 Overview of RNA Interference

Genetic interference triggered by double-stranded RNA (dsRNA), commonly
referred to as RNA interference or RNAi, was first described in 1998 by the
laboratories of Andrew Fire and Craig Mello (Fire et al. 1998). The subsequent
discovery of a plethora of small 19-30 nucleotide (nt) noncoding RNAs that
function in diverse pathways, ranging from mRNA degradation, translational
repression, heterochromatin formation, and DNA elimination, has radically
changed our understanding of how gene expression is regulated in eukaryotes.
In addition, RNAi provided the scientific community with a tool of immense
value for the analysis of gene function, especially in organisms not easily amenable
to classical genetic approaches.

As surmised by studies in several model organisms, the “natural” or endogenous
RNAI pathway functions as a defense mechanism to maintain genome integrity by
destroying transcripts derived from molecular parasites, namely viruses, transposons,
retroposon, and transgenes, thus limiting viral infection and the catastrophic
consequences of transposon/retroposon mobilization (Siomi and Siomi 2009).
RNAI is widespread throughout the eukaryotic lineage, from protists to man and
based on phylogenetic considerations, it is likely that the ancestral eukaryote was
endowed with a functional RNAi pathway (Cerutti and Casas-Mollano 2006). In this
review, we focus on the parasitic protozoa Trypanosoma brucei, one of the few
pathogenic single-cell eukaryotes where the mechanism and functional significance
of RNAI has been studied in detail. For more details on RNAI, readers are referred to
recent reviews (Siomi and Siomi 2009; Liu and Paroo 2010).

8.2 RNAIi in Model Organisms

The minimal set of RNAi components consists of Dicer, an RNase ITI-family enzyme
presiding over the processing of dsRNAs into small interfering RNAs (siRNAs); a
“slicer” Argonaute (AGO), an endonuclease with an RNase H-like domain required
for target RNA cleavage; and a dsRNA-binding protein (dsRBP), which facilitates
Dicer cleavage and assists in transferring siRNAs into AGO (Liu and Paroo 2010).
In certain organisms, including Arabidopsis thaliana, Caenorhabditis elegans, and
Schizosaccharomyces pombe, a fourth RNAI factor, an RNA-dependent-RNA poly-
merase (RARP), amplifies the initial RNAI response, resulting in the production of
secondary siRNAs (Cerutti and Casas-Mollano 2006).

In the current model, the RNAi pathway is subdivided into two phases, namely
the initiation and the effector steps. In the first phase Dicer, in a complex with the
dsRBP and AGO, processes dsRNA into duplex siRNAs with characteristic two
nucleotide 3’ extensions, which are then transferred to AGO slicer. AGO cleaves
the “passenger” siRNA strand, the strand that is destined to be ejected, while
retaining the “guide” siRNA strand. Recent evidence indicates that the process of
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siRNA loading into AGO is facilitated by the Hsp90/70 chaperone system, which
probably maintains AGO in a conformation suitable for accepting siRNAs (Iwasaki
et al. 2010; Miyoshi et al. 2010). The assembly of the AGO-guide siRNA complex
leads to the formation of active RISC (RNA-induced silencing complex), of which
AGO is the catalytic engine. In the effector step the AGO ribonucleoprotein seeks
out and then cleaves homologous target RNA, approximately in the middle of the
region of complementarity with the siRNA. The cleaved RNA fragments are then
released and degraded by cellular ribonucleases, while RISC is recycled for another
round of slicing. It should be noted that the above pathway is based in large parts
on studies in higher eukaryotes and considerably less is known in single-cell
eukaryotes.

8.3 RNAIi in Trypanosoma brucei

Ever since the discovery of RNAI in Trypanosoma brucei in 1998 (Ngo et al. 1998),
a new era began in the study of the biology of this important human pathogen. It is
not an exaggeration to say that since the beginning of the year 2000 the way
experiments are carried out in 7. brucei has undergone a major revolution, and
gene silencing by RNAI has found wide applications, including forward genetic
screens and global analysis of gene function (see Sect. 8.3.10).

To date functional studies have uncovered three components that are essential
for RNAI in T. brucei: ThoAGO1, a member of the Argonaute family of proteins
(Durand-Dubief and Bastin 2003; Shi et al. 2004b) and two distinct Dicer-like
enzymes, namely ThDCL1 and ThDCL2 (Shi et al. 2006b; Patrick et al. 2009).
However, comparative genomics indicates that there are at least two more genes
that are candidates for being RNAI factors (see note added in proof), as they are
present in RNAi-proficient trypanosomatids, namely the African trypanosomes,
Leishmania Viannia braziliensis and Crithidia fasciculata, but absent in T. cruzi,
L. major, and L. donovani (Lye et al. 2010), which are RNAi-negative (Robinson
and Beverley 2003; DaRocha et al. 2004). Inspection of the T. cruzi and old-world
Leishmania genomes shows no remnants of the DCL1 and DCL2 genes, whereas in
the case of AGO1 a pseudogene is present in Leishmania but absent in T. cruzi. The
loss of the RNAi genes appeared to have occurred twice in the trypanosomatid
lineage (Lye et al. 2010), once at some undefined point in the lineage leading to 7.
cruzi and a second time after the divergence of the Viannia subgenus from other
Leishmania species.

A schematic representation of our current view of the RNAi pathway in T. brucei
is illustrated in Fig. 8.1. ThAGOL, in a complex with single-stranded siRNAs, is
found predominantly in the cytoplasm and is essential for mRNA degradation.
However, functional evidence supports the model that ThAGO1 is active in the
nucleus as well (see Sect. 8.3.3). Notably, the two Dicers are localized in different
cellular environments, with ThDCL1 and TPDCL?2 predominantly in the cytoplasm
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Fig.8.1 Current working model of RNAIi in 7. brucei. Depicted are the two branches (nuclear and
cytoplasmic) of silencing. Sense and antisense (or inverted repeat) RNAs transcribed in the
nucleus form long double-stranded RNA (dsRNA) in both cellular compartments. DCL2 and
DCL1 process the long RNA duplexes into siRNA duplexes in the nucleus and the cytoplasm,
respectively. DCL2 also generates intermediate size dSRNAs, which are converted to siRNAs by
DCLI. Argonaute (AGO1) is programmed with single-stranded “guide” siRNA as a result of
duplex siRNA strand separation, loading, and modification of the 3’ end of the siRNA. AGO1 finds
transcripts complementary to the bound siRNA in both compartments of the cell, and base pairing
between the siRNA and the target leads to endonucleolytic cleavage and subsequent degradation
of the target RNA

and the nucleus, respectively. In the following sections, we will review our current
understanding of the functional significance for the compartmentalization of the
two Dicers.

8.3.1 The Cytoplasmic Dicer-Like Protein TbDCLI1

A number of early observations predicted the existence of Dicer or Dicer-like
protein(s) in T. brucei, including the identification of siRNAs (Djikeng et al.
2001), the in vivo RNAI response to transfected long dsSRNAs (Ngo et al. 1998),
and the detection of an enzymatic activity in trypanosome extracts generating
siRNA-size molecules (Best et al. 2005). Dicer and Dicer-like proteins are large
multidomain proteins with the canonical signature of two neighboring RNase III
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domains, termed RNase IIla and RNase IIIb (Jaskiewicz and Filipowicz 2008).
However, initial homology searches of the T. brucei genome with the Aquifex
aeolicus RNase III domain only returned predicted ORFs with a single RNase III
domain (Shi et al. 2006b). Nevertheless, what caught our attention was that two
ORFs of 1,648 and 948 amino acids were present in T. brucei, the only RNAi-
positive trypanosomatid protozoa known at that time, but absent in the RNAi-
negative organisms 7. cruzi and L. major (Ullu et al. 2004). Furthermore, as judged
by the cellular distribution of GFP fusion proteins, the 1,648 and 948 amino acid-
long proteins localized predominantly to the cytoplasm and nucleus, respectively
(Shi et al. 2006b). Subsequent refined bioinformatics analysis and the availability of
additional genomes of RNAi-positive African trypanosomes allowed the identifica-
tion of a second RNase III domain in both candidates. Thus, the ORFs of 1,648 and
948 amino acids were named Dicer-like protein 1 or ThDCL1 (Tb927.8.2370) and
Dicer-like protein 2 or ThbDCL2 (Tb927.3.1230), respectively. ThDCL2 will be
discussed in Sect. 8.3.2.

Typically, RNase IIIa and RNase IIIb domains in metazoan and fungal Dicers
are adjacent to each other (Jaskiewicz and Filipowicz 2008). However, in ThDCL1
the RNase IIla domain is close to the amino terminus, and the RNase IIIb domain is
located approximately in the center of the molecule. No domains commonly
associated with Dicer or Dicer-like proteins, like helicase, PAZ, DUF283, or
dsRNA-binding domains, were recognizable along the ThDCL1 polypeptide
chain (Shi et al. 2006b). Although the apparent lack of additional domains was
surprising at first, the large dataset available to date clearly revealed that Dicer and
Dicer-like proteins have diversified substantially throughout eukaryotic evolution,
making the two RNase III domains the only universal feature of this class of
proteins. It is likely that the diverse domain structure observed in protozoan, fungal,
plant, and metazoan proteins reflects organism-specific adaptations.

The RNase Illa and IIIb domains in ThDCL1 have the potential to form an
intramolecular pseudodimer and to build the typical Dicer dsRNA processing
center (Jaskiewicz and Filipowicz 2008) composed of two active sites (from the
two RNase III domains), each able to perform scission of one of the two strands in
the RNA duplex. Indeed, partially purified ThDCL1 catalyzes Mg**-dependent
processing of dsRNA into 24-26 nucleotide-long siRNAs, a size range typical for
endogenous siRNAs in T. brucei (Shi et al. 2006b). In vivo, the activity of ThDCLI1
is responsible, but only in part, for the production of siRNAs from retroposon
transcripts, which possibly escape the nucleus, for processing of transfected long
dsRNA, and for the cleavage of 35-65 nucleotide dsRNA intermediates generated
by ThDCL2 (see Sect. 8.3.2). However, how ThDCLI recognizes a dsRNA sub-
strate is at present unknown, since PAZ and dsRNA-binding motifs, which are
essential for positioning the dsSRNA at the catalytic center (MacRae et al. 2007),
have so far not been identified.

Although Dicer enzymes have a primary role at the initiation step of RNA,
namely the processing of the dsSRNA trigger to siRNAs, there is also evidence for a
role in the effector step, namely the cleavage of the target transcript by AGO slicer
(Jaskiewicz and Filipowicz 2008). This appears to be the case for TbDCL1 as well,
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since a point mutation of a conserved residue outside of the RNase III domains
(D966G) does not detectably affect the production of siRNAs, but has a significant
dominant negative effect on the cleavage of target mRNAs by ThAGO1 (Shi et al.
2006b). Thus, one prediction would be that ThbDCL1 and ThAGOL interact, yet
evidence for such a complex has been elusive so far.

8.3.2 The Nuclear TbDCL2 Initiates the Endogenous
RNAi Response

In addition to the bioinformatic analysis described above, experimental evidence
provided clues that 7. brucei contained a second Dicer or Dicer-like enzyme.
Firstly, genetic ablation of ThDCL1 did not result in the upregulation of
ingi or SLACS retroposon transcripts or transcripts derived from a family of
147-nucleotide-long chromosomal internal repeats, termed CIR147 repeats (Patrick
et al. 2009), which are located at putative centromeric regions (Obado et al. 2005).
This phenomenon was first observed in ThAGO1 null cells and constitutes the
hallmark of RNAi deficiency (Shi et al. 2004b). Secondly, the accumulation of
CIR147 siRNAs was independent of ThDCLI, and the siRNAs from ingi and
SLACS were only partially depleted in ThDCL1 null cells (Patrick et al. 2009).
Thus, we reasoned that a second Dicer must be at work in the trypanosome RNAi
pathway and ThDCL2 was the most likely candidate, since sequence homology
analysis and three-dimensional structure modeling revealed two RNase III domains
and the remnants of a dsSRNA-binding domain at the very C terminus (Patrick et al.
2009). Similar to TbDCL1, the two RNase III domains in 7ThbDCL2 are not adjacent,
but are found in close proximity to the two ends of the polypeptide, with RNase IIla
at the N terminus and RNase IIIb at the C terminus. One would assume that the two
RNase III domains form an intramolecular pseudodimer, since partially purified
wild-type ThDCL2 is capable of processing long dsRNA into siRNA-size products
in a Mg**-dependent fashion and single-point mutations in the active site of
the RNase IIIb module (K879A and E886A) severely compromised this activity
(Patrick et al. 2009). ThDCL1 and ThbDCL2 appear to generate duplex siRNA
products of slightly different size, as revealed by in vitro dicing assays with
THhDCLI null and ThDCL2 null whole cell extracts. The size range of ThDCL2-
generated siRNAs is one nucleotide shorter than the TbDCL1-generated siRNAs;
however, the significance of this difference is currently not clear. In addition,
ThbDCL2 is responsible for the production of intermediate-size RNA molecules
(35-65 nt long), which accumulate in the absence of ThDCL1 (Patrick et al. 2009).
These molecules are possibly double stranded, since in the case of CIR147
intermediates, both sense and antisense sequences are detected with similar fre-
quency and their distribution is evenly spaced across the entire CIR147 repeat. The
intermediate-size RNAs contain a 5’-monophosphate, as indicated by their sensi-
tivity to treatment with Terminator exonuclease (Patrick et al. 2009), which is
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consistent with their biogenesis depending on 7TbDCL2. Although the relevance of
the intermediates in the RNAi pathway remains to be investigated, one possibility is
that they are side products of ThDCL2 processing of long dsRNA. If ThDCL2
requires substrates with a double-stranded region longer than ~65 bp for binding
and processing, then RNA molecules with duplexes shorter than 35-65 bp and
single-stranded extensions (5’ or 3’) would not be recognized. These “noncanoni-
cal” substrates appear to find their way to ThDCL1, and this Dicer readily accepts
them. In vivo, the intermediate RNAs gradually disappear upon increasing the
levels of ThDCL1 in the cell (Patrick et al. 2009) with concomitant increase in
the amount of corresponding siRNAs, which indicates that the intermediates con-
tain double-stranded regions of at least ~25 bp and serve as a source for siRNA
production by TbDCL1.

A TbDCL2-GFP fusion protein localized predominantly to the nucleus,
suggesting that the RNAi machinery is present in this compartment. Three lines
of evidence support this hypothesis. Firstly, CIR147 transcripts in ThAGO1 null
cells are found exclusively in the nucleus, close to or at the nucleolus (Patrick et al.
2009). Secondly, in the absence of ThDCL2, CIR147 siRNAs are below the limit of
detection, indicating that their biogenesis is mostly dependent on ThDCL2 (Patrick
et al. 2009). Thirdly, work by the group of Michaeli has shown that small nucleolar
RNAs (snoRNAs), which as the name indicates are only found within the confines
of the nucleus, could be targeted for destruction by expressing homologous dsRNA,
a phenomenon termed snoRNAi (Liang et al. 2003). In addition, our two
laboratories have recently provided genetic evidence that snoRNAi requires
ThDCL2 and ThAGO1, but not cytoplasmic ThDCL1 (Gupta et al. 2010). Taken
together, these observations strongly support the existence of a nuclear phase of the
RNAI pathway. Since in the absence of ThDCL2 retroposon and CIR 147 transcripts
accumulate, a phenotype observed in ThAGO1 null but not in ThDCLI1 null cells,
we proposed that nuclear ThDCL2 initiates the endogenous RNAi response (Patrick
et al. 2009). Indeed, ThDCL?2 appears to be the sole enzymatic activity producing
siRNAs from dsRNAs retained in the nucleus, and its presence is critical for
successful RNAi-mediated knockdown approaches targeting nuclear RNAs
(Gupta et al. 2010). Notably, knockout of ThDCL2 results in “hypersensitivity” to
exogenous dsRNA and synthetic siRNAs, a phenotype that likely reflects decreased
competition in 7hbDCL2 null cells for the formation of active RISC between
siRNAs from endogenous and exogenous dsRNA triggers (Patrick et al. 2009).
This observation further highlights the crucial role played by TbDCL2 in initiating
and sustaining the endogenous RNAi pathway.

Why do trypanosomes have two Dicers? Whereas some of the roles of ThDCLI1
and ThDCL2 overlap, namely the generation of siRNAs from retroposons and
ensuring 7ThAGO1 programming against transcripts from these mobile genetic
elements to safeguard the trypanosome genome, the two Dicers also have specific
functions in the RNAi pathway. ThDCL2 is predominantly nuclear and is the enzyme
producing siRNAs from dsRNAs formed by transcripts that do not leave the cell
nucleus, e.g., the CIR147 and retroposon RNAs. ThbDCL2 appears to have more
strict requirements for its substrates, since it leaves behind the intermediate-size
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RNAs. TbDCL1 is the second line of defense against dSRNA producing transcripts
and accepts a broader arsenal of substrates, including the intermediates. Any RNA
that escapes the confines of the nucleus and contains or forms (on its own or with
an antisense partner) a double-stranded segment longer than ~25 bp is converted to
siRNAs in the cytoplasm by ThDCLI1. An additional role for ThDCL1 is in the
effector step of the cytoplasmic RNAi branch, since it appears to be required for
RISC-mediated cleavage of target transcripts. However, it remains to be determined
whether ThDCL2 has a similar function in the nucleus. In summary, trypanosomes
have found an evolutionary advantage of having two Dicers with similar properties,
but segregated into different cellular compartments, to tackle dsSRNA challengers in
a “two lines of defense” mechanism and initiate their destruction.

8.3.3 TbAGOI Is the Argonaute Slicer

The T. brucei genome encodes two members of the Argonaute family of proteins,
namely ThAGO1, which is essential for the RNAi response (Durand-Dubief and
Bastin 2003; Shi et al. 2004b) and ThPiwi-likel (Durand-Dubief and Bastin 2003),
which is present in all trypanosomatid protozoa, irrespective of whether they are
RNAI proficient (Ullu et al. 2004). TbPiwi-like 1 is dispensable for the RNAi
response (Durand-Dubief and Bastin 2003), but its function is yet to be discovered.

TbAGOL is required in experimental RNAi for cleavage of mRNA targets in the
cytoplasm (Shi et al. 2004b) and snoRNAs in the nucleus (Gupta et al. 2010), and in
the endogenous RNAi pathway for cleavage of retroposon- and repeat-derived
transcripts, both in the nucleus and in the cytoplasm (Shi et al. 2004b; Patrick et al.
2009). Single-stranded siRNAs form a ribonucleoprotein complex with ThAGO1
(Djikeng et al. 2003), which is highly abundant at 60,000 copies/cell (unpublished
observations), as compared to 150-200,000 ribosomes. However, significantly larger
ThAGO1-containing complexes are detected in cells ablated of TbDCL1 or ThDCL2
(unpublished observations), possibly representing stalled intermediates in the forma-
tion of RISC. Cell fractionation and the microscopic localization of GFP- (Durand-
Dubief and Bastin 2003) or epitope-tagged ThAGO1 (Shi et al. 2004b) consistently
place the majority of the protein in the cytoplasm. Nevertheless, the requirement of
ThAGOI1 for downregulation of retroposon- and repeat-derived transcripts and for
snoRNAI is consistent with ThAGOL1 also functioning in the nucleus, where it
presumably travels to pick up siRNAs produced by ThDCL2 and then slices single-
stranded and potentially harmful transcripts. How ThAGO1 gets access to the nucleus
remains to be addressed experimentally. Lastly, a proportion of ThAGOL is found
associated with polyribosomes (Djikeng et al. 2003; Shi et al. 2009). We have shown
that this association is specific for translating ribosomes and appears to be mediated
by ionic interactions, as ThAGOL is released from polyribosomes under high-salt
conditions. We proposed that TODAGO1 on polyribosomes functions as a sentinel
ready for action, if potentially dangerous retroposon transcripts should become
associated with polyribosomes (Shi et al. 2009).
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T. thermophilus T. brucei

Fig. 8.2 Ribbon (AGO) and stick (DNA) diagrams of the T. thermophilus AGO MID domain
bound to the 5’-end of a 21-base DNA guide strand (PDB 1D 3DLH; left panel; (Wang et al. 2008))
and of the predicted model of ThAGO1 with a superimposed DNA guide strand (right panel). The
positions of two conserved residues in the binding pocket are indicated

8.3.4 Structural and Functional Motifs in Trypanosomatid AGO1

AGO-family proteins are about 100 kDa, highly basic and distinguished by four
domains: the N-terminal, PAZ, MID, and PIWI domains, with the PIWI domain
showing the highest degree of sequence conservation (Tolia and Joshua-Tor 2007).
ThAGOL1, as well as its homologues in RNAi-proficient trypanosomatids, conform
to the consensus structure of AGO family members, although their primary
sequence is highly divergent from that of higher eukaryotic AGOs. The various
domains have distinct roles, which have emerged from functional studies and the
crystal structures of prokaryotic AGO paralogues (Tolia and Joshua-Tor 2007,
Faehnle and Joshua-Tor 2010). The 5’-phosphate and the 3’-end of the guide
small RNA are anchored by the MID and PAZ domains binding pockets, respec-
tively, whereas the PIWI domain adopts a fold similar to that of RNase H-type
enzymes and confers endonuclease activity to AGO “slicers.” Using the crystal
structure of Thermus thermophilus AGO as a template (Wang et al. 2008), a
considerable part of the ThPAGO1 C terminus was amenable to three-dimensional
modeling, despite low conservation at the primary sequence level (unpublished
observation). In particular, the PIWI and part of the MID domain revealed structural
similarities to T. thermophilus AGO, including the 5’-phosphate-binding pocket
made up of the MID domain (Fig. 8.2). In vivo studies further indicated that
predicted key amino acid residues in the ThAGO1 5'-phosphate-binding pocket
are critical for target RNA cleavage activity (unpublished observation).

The catalytic center of AGO slicers includes the amino acid triad DDH, which is
found in all AGO proteins for which slicer activity has been documented (Fig. 8.3;
Tolia and Joshua-Tor 2007). However, the presence of these active site residues
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H. sapiens AGO1l ...VIFLGAEE...IFYREGVP...IPAPAYYARLVAF...
H. sapiens AGO2 -+ -VIFLGARV...IFYREGVS...IPAPAYY FILVAF. ..
D. melanogaster AGOl ...VI FLG&. e ILYRJiGVS. i IPAPAYYAHLVAF. %
D. melanogaster AGO2 ...TMYIGABV...IYYRBGVS...YPAPAYLAGLVAA...
L. braziliensis AGOl ...LLIVGAVV...VLYRGAMT...LPLPIKCAYEYAR...
L. panamensis AGOl «..LLIVGAVV...VLYRGAMT. . .LPLPIKCAYEYAR...
C. fasciculata AGOl  ...VLVVSAVV...VLYRGAMT...LPLPINCAYEYAR...
T. brucei AGOL ...ILIIAABV. ..VL-RGCAS. . .LPLPLKCAAEYGR. ..
T. congolense AGOL ...ILII::EE...IL-RGCAS...IPLPLKCASEYGR...
T. vivax AGOl ...LLIIAABV. ..VM-RGCAS. . . LPLPLKCASEYGK. . .

Fig. 8.3 Alignment of the motifs containing the catalytic triad DDH in selected Argonaute
proteins from humans, fruit fly, and RNAi-proficient trypanosomes. The DDH residues are
highlighted in red and residues conserved in all of the shown sequences in blue

does not guarantee that the AGO protein is endowed with endonuclease activity
(Tolia and Joshua-Tor 2007). Of note, the trypanosomatid AGO1 proteins from
T. brucei, T. congolense, T. vivax, L. (V.) braziliensis, L. (V.) panamensis, and
C. fasciculata are not endowed with the DDH catalytic triad (Fig. 8.3). Whereas the
first aspartate residue is conserved in AGOI1 of African trypanosomes, it is absent in
the L. Viannia and Crithidia fasciculata counterparts and replaced by valine.
Another notable difference between trypanosomatid AGOls is the presence of
a conserved tyrosine at the histidine-equivalent position in the C. fasciculata and
L. Viannia proteins, whereas this position is occupied by alanine in ThAGO1 and by
serine in the T. congolense and T. vivax proteins. Although intriguing, the func-
tional significance of these amino acids substitutions needs to be verified
experimentally.

Sequence alignments of the myriad of AGO proteins revealed additional invari-
ant residues, including an arginine residue at position 735 of ThAGOL, just one
amino acid upstream from the second aspartate residue of the catalytic triad
(Fig. 8.3). Mutation of arginine 735 to alanine in ThAGO]1 leads to severe
impairment of mRNA cleavage, suggesting that this protein acts as a slicer (Shi
et al. 2004c¢). In support of this model are two additional pieces of evidence. First,
upon transfection of o-tubulin dsRNA we observe accumulation of discrete
fragments with the size expected for endonucleolytic cleavage of the target
mRNA (Shi et al. 2009) and, secondly, we showed that human AGO2 slicer can
partially complement the cytoplasmic RNAi response when ThAGOI is ablated
(Shi et al. 2006a). However, the absence in AGO1 of the “classic” catalytic triad
of RNase H-type enzymes is puzzling, and this issue can only be resolved by
in vitro experiments, which unfortunately have been unsuccessful so far. A possible
reason behind our failure to reconstitute ThAGOI1 slicing activity in vitro is
suggested by the observation that when the pool of newly synthesized ThAGOI1
is depleted, the RNAi response declines severely (Shi et al. 2007). We proposed that
newly synthesized ThAGO1 is preferentially loaded with newly processed siRNAs,
possibly because newly synthesized ThAGO1 is in a conformation that readily
accepts siRNAs. We further speculated that the Hsp90 chaperone system may be
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involved in facilitating the process of siRNA loading. This prediction has recently
gained support by in vitro studies in Drosophila and tobacco extracts (Iwasaki et al.
2010; Miyoshi et al. 2010). Interestingly, reconstitution of RISC activity in tobacco
could only be achieved by coupling translation of AGO with loading of synthetic
siRNAs in a homologous in vitro extract.

8.3.5 Function of the RGG-Rich N Terminus of TbAGO1

One of the striking features of the T. brucei AGO1 N-terminal domain is the high
representation of arginine-glycine-glycine (RGG) motifs, which make up almost
50% of the first 59 amino acids (Shi et al. 2009). In particular, between positions 9
and 59 there are 10 RGG motifs, which are part of an 11-amino acid repeating unit
with the consensus sequence G(Y/R)RGGRGGG(E/F)G. An N-terminal RGG
domain is present in all trypanosomatid AGO1 homologues (Shi et al. 2009),
indicating a conserved and important function. In addition, certain AGO-family
members from higher eukaryotes are also endowed with RGG motifs. Interestingly,
the N-termini of certain murine Piwi family proteins have methylated arginines,
which guide interactions with Tudor proteins and affect protein stability and
localization (Kirino et al. 2009; Vagin et al. 2009).

Through mutagenesis studies we have shown that the RGG domain of ThAGO1,
and specifically the arginine residues, are required for efficient cleavage of target
mRNA in the cytoplasm and downregulation of retroposon transcripts in the
nucleus. A second phenotype observed in cells expressing mutant ThAGO1 carry-
ing partial or complete deletions of the RGG domain or bearing substitutions of all
arginine residues by lysine or alanine is the inhibition of the association of a
proportion of ThAGO1 with polyribosomes (Shi et al. 2009). A similar phenotype
was reported for the Toxoplasma gondii AGO protein, which like ThAGO1 contains
an RGG-rich N terminus (Braun et al. 2010). Mass spectroscopy analysis, as well as
reactivity with antibody Y12, which recognizes symmetric dimethylated arginine
(sDMA), support the modification of at least some arginine residues in the ThAGO1
RGG domain to SDMA (Shi et al. 2009). At present we do not know the identity of
the specific protein arginine methyltransferases (PRMTs) responsible for modifica-
tion of ThAGO1. Based on the current model that SDMA is recognized by Tudor
domain-containing proteins, we (unpublished observations) and others (Alsford
et al. 2010) tested the possibility that T. brucei TudorSN, a protein with a recogniz-
able Tudor domain, was required for RNAi, but the results have been negative.
Thus, several questions concerning the function of the RGG domain remain to be
answered. Which PRMT methylates arginine residues in the RGG domain? Are
methylated arginines recognized by a specific, yet to be identified, factor? Does the
RGG domain function as a protein and/or an RNA recognition module? Is this
domain involved in guide siRNA-target RNA recognition or perhaps in determining
the accessibility of the target RNA to the catalytic center?
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8.3.6 Endogenous Small Interfering RNAs

siRNAs in a complex with AGO slicer guide recognition of target RNAs. The
realization that siRNAs are essential mediators in RNAi was heralded by the
seminal discovery in Arabidopsis that short 20-25 nt RNAs accumulated in trans-
genic plants undergoing “cosuppression,” namely downregulation of cellular gene
expression mediated by ectopic expression of homologous frans-genes (Hamilton
and Baulcombe 1999). Within a short period of time siRNAs were reported in
several different organisms, including 7. brucei (Djikeng et al. 2001). A decade ago
we generated and sequenced the first comprehensive library of endogenous siRNAs
(esiRNAs) and discovered that the majority of molecules were derived from the
retroposons ingi and SLACS, consistent with the known role of RNAI as a defense
mechanism to maintain genome integrity (Djikeng et al. 2001). Once the T. brucei
genome was completed, our collection of esiRNAs expanded to include the CIR147
siRNAs (Patrick et al. 2009). Recently, deep sequencing of ThAGO1-associated
siRNAs has confirmed that retroposons and CIR147 repeats are the major esiRNA-
producing loci in T. brucei. However, the RNAi machinery processes many differ-
ent transcripts that have the potential to anneal and form dsRNA (unpublished
observations), similarly to what has been described for the esiRNAs in higher
eukaryotes (Joshua-Tor and Hannon 2011). Thus, it appears that the nature of
esiRNA-producing loci has been conserved throughout eukaryotic evolution. So
far, experimental evidence for micro RNAs (miRNAs) is lacking in 7. brucei.

T. brucei esiRNAs, as well as siRNAs produced from transgenic hairpins, are
24-26 nt in length (Djikeng et al. 2001) making them slightly longer than those
described in model organisms, which tend to be around 21-22 nt. As expected from
Dicer-mediated cleavage of dsRNA, T. brucei siRNAs carry a monophosphate
group at the 5" end (Patrick et al. 2009). The 3’ ends are insensitive to B-elimination,
suggesting the presence of a modification on the ribose. Most likely the 2’-OH of
the terminal ribose is methylated, similarly to what has been originally described
for plant small regulatory RNAs (Li et al. 2005). Addition of the methyl group is
carried out by the HEN1 family of methyltransferases and, not surprisingly, the
T. brucei genome codes for a candidate paralogue of higher eukaryotic HEN1. The
current evidence indicates that HEN1 modification protects the small RNA 3’ end
from tailing and/or exonucleolytic degradation (Li et al. 2005; Kurth and
Mochizuki 2009; Ameres et al. 2010) and is consistent with a model in which the
3’ end of siRNAs is dislodged from the PAZ domain when there is extensive
complementarity between the 3’ half of the guide strand and the target. 3’ end
methylation would be required to stabilize siRNAs depending on the specific AGO
protein, the requirement for pairing between the siRNA and the target, and the
rearrangement of the siRNA 3’ end upon binding to the target. Considering that
extensive complementarity between siRNAs and their target is required to elicit the
RNAI response in T. brucei (Aphasizheva et al. 2009) and that siRNAs are modified
(Patrick et al. 2009), it is tempting to speculate that the 3’ end of the siRNA is
extruded from ThAGOI1 after annealing to the target and that 3’ end modification is
required to impede siRNA destabilization.
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8.3.7 Diversification of the RNAi Mechanism Among
Trypanosomatids

A number of observations provocatively suggest that the RNAi mechanism in
trypanosomatid protozoa is more diverse than originally anticipated. For instance,
the sequence comparison in Fig. 8.3 points to the possibility that the L. Viannia and
Crithidia AGOls are functionally different from the African trypanosome
counterparts. In support of this hypothesis, we found that L. V. braziliensis AGO1
was not able to complement RNAi deficiency in ThAGO1 null cells (unpublished
observation). Further highlighting a possible mechanistic difference is the observa-
tion that in contrast to T. brucei, siRNA 3’ ends are not modified in L. V. braziliensis
and a HENI candidate gene is absent in the genome (unpublished observation).
Comparative genomic analysis also informed us that whereas DCL1 and DCL2 are
found at syntenic loci in African trypanosomes and L. V. braziliensis, the AGO1
genes are not. In addition, inspection of the old-world Leishmania genomes
revealed remnants of an AGO1 gene in a locus syntenic with L. V. braziliensis
AGOL. Taken together, these as yet unconnected observations might suggest that
the ancestor to the trypanosomatid lineage was endowed with two different AGO1
genes and that the African trypanosome and L. Viannia lineages did not retain the
same gene.

8.3.8 RISC Activation

At the core of RISC activation is the formation of the AGO-guide siRNA complex
(Liu and Paroo 2010). In humans, Drosophila and Neurospora crassa duplex
siRNAs are loaded into AGO slicer and the passenger strand is first cleaved by
the AGO endonuclease activity and then the resulting fragments are released. This
latter step can occur either by destabilization of the passenger strand fragments,
which is expected after cleavage, or with the assistance of accessory factors, such as
NcQIP (qde2/AGO-interacting proteinl), a protein with a 3’5’ exonuclease domain
related to the epsilon exonuclease subunit of prokaryotic DNA Pol III (Maiti et al.
2007) or the heterodimeric endonuclease C3PO (Liu et al. 2009), which has been
shown to stimulate RISC activity. Alternatively, AGO itself could unwind the
duplex as supported by the observation that human AGO2 can melt a perfect duplex
in vitro (Yoda et al. 2010). How does this process take place in T. brucei? The
current evidence suggests that formation of active RISC in these organisms follows
different rules, as ThAGO1 mutants that are severely impaired in target mRNA
cleavage are invariably found in a complex with single-stranded siRNAs (Shi et al.
2009). In contrast, active site mutations in Drosophila, human or Neurospora AGO
slicers result in the accumulation of the corresponding AGO loaded with duplex
siRNAs (Liu and Paroo 2010). There are at least two scenarios that can reconcile
these observations. First, it is possible that in ThAGO1 the passenger strand and



180 E. Ullu et al.

mRNA endonuclease activities are mechanistically distinct, as it has been
suggested for human AGO1 and AGO?2 from in vitro studies (Yoda et al. 2010).
Alternatively, a specific factor may be required to cause double- to single-strand
siRNA transition and loading of the guide strand into trypanosome AGOIl. A
clarification in the mode of RISC activation in 7. brucei might arise with the aid
of comparative genomics, which indicates that there are at least two more candidate
RNAIi genes, due to their presence in RNAi-proficient, but absence in RNAi-
negative trypanosomatids (Lye et al. 2010). In particular, one candidate has been
predicted to have a C-terminal domain resembling the DnaQ superfamily of 3'-5'
exonucleases (Zhang et al. 2008) and thus, similarly to Neurospora QIP, could play
a role in the transition of double- to single-stranded siRNAs (see note added in
proof).

8.3.9 Consequences of Genetic Ablation of the RNAi Pathway

As soon as ThAGO1 was identified, our laboratory (Shi et al. 2004b) as well as
Philippe Bastin’s group (Durand-Dubief and Bastin 2003) examined the
consequences of deleting the RNAi pathway by knocking out the AGO1 gene.
RNAI deficiency resulted in a severe growth defect in Lister 427 trypanosomes
(Durand-Dubief and Bastin 2003) and in a milder lengthening of the cell cycle in
our laboratory procyclic strain derived from human infective T. b. rhodesiense (Shi
et al. 2004a). Consistent with these observations, we showed that RNAi-deficient
trypanosomes, which were selected through resistance to multiple rounds of trans-
fection with a-tubulin dsRNA, displayed a growth defect that increased in severity
with the degree of inhibition of the RNAI response and correlated with inhibition in
the late stages of cytokinesis (Shi et al. 2004a). On the other hand, Lister 427 AGO1
null trypanosomes had pronounced chromosome segregation alterations (Durand-
Dubief and Bastin 2003; Durand-Dubief et al. 2007), a phenotype that could
account for their severe growth phenotype. Perhaps the RNAi pathway is involved
in establishing pericentric heterochromatin domains, as it has been described in
S. pombe (Martienssen et al. 2005). However, a direct link between ThAGO1,
heterochromatin formation and centromere function has not yet been established.
Nevertheless, it is an attractive hypothesis that ThAGO1 function in the nucleus
may affect chromosome segregation. Intriguingly, ThAGO1 ablation in two differ-
ent blood-stream form trypanosome strains adapted to in vitro culture, one a
derivative of Lister 427 and the other the pleomorphic strain STIB247, showed
no apparent defects in growth, silencing of the variable surface glycoprotein
expression sites or life-cycle progression (Janzen et al. 2006). At the present time
it is difficult to reconcile these various and somewhat discordant observations into a
coherent model. Perhaps, in vitro cultured trypanosome strains have acquired
specific adaptations, which may account for the different observed phenotypes.
At the RNA level, ThPAGO1 ablation manifests three major phenotypes (1) the
siRNAs dramatically decline in abundance (Shi et al. 2004b); (2) there is
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upregulation of steady-state transcripts derived from potential mobile elements
or their decayed progeny, namely the retroposons ingi and SLACS (Shi et al.
2004b); and (3) transcription of ingi and SLACS retroposons in permeabilized
trypanosomes substantially increases (Shi et al. 2004b). Upregulation of retroposon
steady-state and newly synthesized transcripts is also observed in in vitro selected
RNAi-deficient trypanosomes (Shi et al. 2004a), as well as in ThDCL2 null cells
(Patrick et al. 2009), and similar observations apply to the CIR147-derived
transcripts (Patrick et al. 2009; unpublished observation). From the above
observations we surmise that ThAGO1 and ThDCL2 preside to downregulation
of potentially harmful transcripts, which if left intact could promote deleterious
hopping of mobile elements. In support of this hypothesis, long-term culturing of
ThAGO1 null trypanosomes is accompanied by rearrangements of the SLACS
elements (Patrick et al. 2008). The increased transcription of SLACS, ingi, and
CIR147 repeats indicate that directly or indirectly the RNAi pathway may regulate
the accessibility of these elements to RNA polymerase II transcription, possibly by
playing a role in heterochromatin formation, which is a well-established mecha-
nism to silence expression of mobile elements and repeats alike.

8.3.10 RNAi Technology

Soon after its first description in T. brucei (Ngo et al. 1998), the power of RNAI has
been harnessed for functional genomics studies by generating vectors for heritable
and inducible RNAi. This advancement would not have been possible without the
efforts of the laboratories of Christine Clayton (Wirtz and Clayton 1995) and
George A.M. Cross (Wirtz et al. 1999), who in the meantime had built
tetracycline-inducible systems for expression of toxic gene products. The availabil-
ity of conditional dsSRNA expression allowed investigators to apply the RNAi tool
to explore the functions of hundreds of genes, both for individual research purposes
and for genome-wide screens. Importantly, the rapid validation of the large number
of potential drug targets, which are currently under consideration in various centers,
would not have been possible without the RNAI tool.

Although the RNAi technology has proven to be invaluable in the analysis of
gene function in 7. brucei, its potential for forward genetics screens has so far not
been fully explored on a genome-wide scale. Genomic DNA insert library screens
(Morris et al. 2002; Schumann Burkard et al. 2010) rely on the generation of a
sufficient number of trypanosome clones (much larger than the actual number of
genes) in order to provide several-fold genome coverage. Systematic RNAi screens
have been performed only for chromosome I in 7. brucei (Subramaniam et al. 2006)
and were based on knowledge of predicted open reading frames. With the recently
obtained genome-wide map of mRNA boundaries through next-generation RNA
sequencing (Kolev et al. 2010; Nilsson et al. 2010; Siegel et al. 2010), the stage
is set for the systematic design of a genome-wide library producing dsRNA
against all identified trypanosome transcripts to significantly reduce the number
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of transformant cell lines needed (to ~10,000). Ideally, the genome-wide inducible
RNAIi library would produce hairpin dsRNA (for its superiority in eliciting
an RNAI response) and the vector carrying the inverted repeat would be integrated
at a single, defined locus in the genome (Alsford and Horn 2008) to minimize
epigenetic influence of surrounding chromatin on dsRNA expression.

8.4 Conclusion

In the last 5 years there has been a tremendous acceleration in all fields of
trypanosome biology due to the completion of the genome sequence and the wide
application of RNAI. In addition, studies of the RNA1i pathway have so far identified
three RNAI factors that cooperate to bring about the RNAi response not only in the
cytoplasm, but surprisingly also in the nucleus. Nuclear RNAI is fundamental to
downregulate expression of transcripts derived from retroposons and putative
centromeric repeats and we suspect it may have additional functions to clear
away dsRNA originating from other regions of the genome, including the numerous
sites of convergent transcription. However, the precise scope of the nuclear RNAi
pathway needs to be further investigated in order to understand its impact on
trypanosome biology.

Note added in proof Our laboratory recently reported the characterization of two novel and
essential RNAI factors, namely ThRIF4, a 3'-5" exonuclease of the DnaQ superfamily with a
critical role in the conversion of duplex siRNAs to the single-stranded form, and ThRIFS5, a
possible ThDCL1 cofactor (Barnes et al. 2012).
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