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SUMMARY

Trypanosoma brucei belongs to the group of excavate protists of the
kinetoplastid clade. It is the causative agent of human sleeping sickness and
nagana in livestock. Trypanosomes are easy to maintain and amenable to a
range of experimental techniques, which makes them by far the best-studied
model organism from the early branching kinetoplastids. Studies of the
trypanosome yielded many key biological insights, some of which were later
extended to other eukaryotes, while some molecular and cell biology aspects
remain unique to these parasitic flagellates. RNA editing is one such example,
as first described in trypanosomes and only subsequently encountered widely
across eukaryotes. Due to invariably polycistronic transcription, trypanosomes
rely heavily on post-transcriptional regulation of gene expression. This unique
feature makes trypanosomes an ideal model organism to study the regulatory
rules governing the post-transcriptional gene regulation with the minimal
transcriptional noise. The RNA binding proteins (RBPs) play a crucial role in
post-transcriptional regulation, and this thesis focuses on their role in various

pathways associated with RNA editing.

The thesis comprises of four chapters. The first three chapters focus on
mitochondrial (mt) RNA editing, while the last one includes RNA binding
footprints of trypanosome adenosine deaminase enzymes acting on tRNAs

(TbADATS) that are involved in A-to-I and C-to-U RNA editing.

1) The first chapter deals with two novel RNA binding proteins named
MRB8170 and MRB4160 that are implicated in mt RNA editing. We
characterized RNA binding footprints of both the RBPs by using the in
vivo UV-crosslinking and immunoprecipitation (iCLIP) methodology. Our
study suggests MRB8170/MRB4160 marking of pre-edited mRNAs
initiates their editing.

(Published results, Dixit et al., 2017 mBio)

2) In the second chapter, we applied an iCLIP protocol on the RBP named
MRPI. The rationale for the study was the interaction of MRB8170 with



3)

4)

both MRP1 and TbRGG2 that assists their capacity to bind poly (A) RNA.
To explore if MRP1 and TbDRGG2 compete for MRB8170, we made a
quantitative comparison of bound RNA between MRP1, TbRGG2, and
MRB8170. The study confirms their competitive binding and provides a
mechanistic model to explain different levels of edited molecules

(Currently under review)

The third chapter is a review describing various facets of trypanosome
mitochondrial biology, where my contribution is limited to RNA editing
section.

(Published review, Verner et al., 2015 Int Rev Cell Mol Biol)

In the fourth chapter, we characterized genome-wide RNA binding of
trypanosome adenosine deaminase enzyme acting on tRNAs (TbADATS)
that is involved in A-to-I and C-to-U RNA editing. The study
demonstrates TDADAT2 binds 17 mRNAs and a single non-coding RNA,
the functional relevance of which needs further validation. (Unpublished

study)



1. OVERVIEW

T. brucei is a representative of the class Kinetoplastea. Members of the genus
Trypanosoma pose a serious threat to the sub-Saharan countries as highly
pathogenic parasites of humans and livestock. Their morbidity and mortality
are aggravated by the lack of vaccines. The only treatment based on the
chemotherapeutic drugs with low efficacy and toxic side effects argues for

further efforts in drug discovery research (Steverding, 2010).

Trypanosome is well known to harbor a wide range of unique cellular
and molecular features, exceeding in this respect to most other eukaryotes
(Berriman et al., 2005; Fenn and Matthews, 2007; Horn, 2014; Matthews,
2005; Verner et al., 2015). The notable examples include; 1) antigenic
variation using programmed DNA rearrangement; 2) compartmentalized
glycolytic pathway in a membrane-bound organelle named glycosome; 3)
polycistronic transcription of nuclear-encoded genes that is followed by their
trans-splicing to generate mature mRNAs; 4) a single mitochondrion that
requires import of all tRNAs due to their absence in mt DNA; 5) A prominent
feature of their mitochondrion is an exceptionally complex RNA editing,
which requires hundreds of non-coding guide RNAs and the dozens of
proteins to edit just 12 transcripts; 6) the acidocalcisomes to store calcium.
Additionally, the fully sequenced genome revealed that the ~60 % of 7. brucei
genes share no identity with other eukaryotes outside kinetoplastids, making
trypanosomes an attractive model organism for basic research (Berriman et al.,

2005).

T. brucei has a complex life cycle, which includes a mammalian host
and a tsetse fly of the genus Glossina. It starts when an infected tsetse fly
injects the metacyclic stage into mammalian skin tissues while taking the
blood meal. Afterwards, metacyclics invade the lymphatic system and
eventually reside in the bloodstream, a development that coincides with their
transformation into the bloodstream trypomastigote stage. Meanwhile, they

keep on replicating by binary fission, consuming glucose and evading immune



response of the host. Some cells transform into the stumpy form that is taken
up by a tsetse fly during its blood feeding, marking the completion of the life

cycle in the mammalian host.
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Figurel. Schematic depicting lifecycle of 7. brucei taken from (Stephens et al., 2007)

The above-described life cycle means that trypanosomes encounter
dramatically different environments. In response, they require a constant
regulation of gene expression (Clayton, 2014; Shaw et al., 2016). The bulk of
gene regulation is controlled at the post-transcriptional level, while
transcription contributes little to the process (Clayton, 2013, 2014). In this

context, RBPs emerge to be the key players in the trypanosome gene



regulation (Kolev et al., 2014). This is nicely exemplified by a recent study
demonstrating that an over-expression of a single RBP, named TbRBP6, can
trigger the developmental progression into the infective stage (Kolev et al.,

2012).

The presented thesis includes characterization of RNA binding
footprints of four proteins using in vivo UV cross-linking and
immunoprecipitation (iCLIP) protocol. The first three proteins named
MRBg8170, MRB4160 and MRP1 are implicated in mt RNA editing, while
TbADAT?2 is an adenosine deaminase enzyme that is involved in A-to-I and

C-to-U RNA editing in tRNAs (Rubio et al., 2017).



2. INTRODUCTION

2.1 Mitochondrial gene expression in 7. brucei

The single mitochondrion of trypanosome carries a massive amount of DNA or
known as kinetoplast (k) DNA, which is located close to its posterior end and in
proximity to the flagellar basal body (Englund, 1978; Woodward and Gull, 1990).
The kDNA replication is synchronized with the nuclear DNA and occurs once per cell
cycle. The kDNA comprises of a dozen maxicircles and thousands of mutually
concatenated minicircles (Read et al., 2016; Stuart, 1983). Each maxicircle is 23 kb
long and is homologous to standard eukaryotic mt DNA. Maxicircle encodes two
ribosomal (r) RNA and 18 protein-coding genes, the products of which mostly
constitute subunits of the respiratory chain (Clement et al., 2004; Verner et al., 2015).
To become translatable, 12 of 18 mt transcripts undergo an intricate process of uridine
(U) insertions and deletions to generate correct open reading frames (ORFs). The
entire process of U- insertion/deletion is called RNA editing (Read et al., 2016;
Verner et al., 2015). Meanwhile, from each ~1 kb long minicircle, the short non-
coding RNAs termed guide (g) RNAs are transcribed. Every gRNA contains the
anchor domain that is antisense to the pre mRNAs region, while its information
domain has a mismatch region, which guides the U insertions/deletions. Remarkably,
the KDNA of trypanosomes lacks tRNA genes and therefore imports all the tRNAs
from the cytosol into the mitochondrion (Alfonzo and Lukes, 2011).

Undulating membrane
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Figure 2. Basic morphology of 7. brucei adapted from (Matthews, 2005)



2.2 kKDNA replication and maintenance

The kDNA is a characteristic feature of the kinetoplastid flagellates with specific
localization. The uniquely complex composition of the kDNA network requires
several dozens of proteins for its replication and maintenance, most of which are
confined exclusively to trypanosomes. Until now 30 proteins have been assigned to
the KDNA replication and (or) maintenance, but the final list may contain more than
150 proteins (Jensen and Englund, 2012). The assigned proteins include well-
conserved enzymes like ligases (Sinha et al., 2004, 2006) and topoisomerases (Bakshi
and Shapiro, 2004; Li et al., 2008; Scocca and Shapiro, 2008; Wang et al., 2000),
including six helicases (Klingbeil and Shapiro, 2009) and seven DNA polymerases,
mostly unique to trypanosomes (Klingbeil et al., 2002; Rajao et al., 2009). Moreover,
the list includes kinetoplastid histone-like proteins termed KAPs, which are critical
for packaging and maintaining the structural integrity of KkDNA (Avliyakulov et al.,

2004), and a host of other proteins , the function of which remains unknown.

Replication of the kDNA minicircles has been dissected to a considerable
detail, while the maxicircle replication remains a mystery primarily due to their low
copy number. Primase Pril and polymerases Pol1C and Pol1D are considered to play
a role in both maxicircle and minicircle replication (Hines and Ray, 2011; Liu et al.,
2010). The binding of universal minicircle sequence binding protein to the conserved
minicircle sequence element initiates the replication of minicircles, while a protein
termed p38 helps in recognizing the origin of replication. The entire KDNA replicates
once per cell cycle and the process is completed before the nuclear S phase (Jensen

and Englund, 2012).

2.3 Mitochondrial transcription

In maxicircle, the conservative region of ~17 kb long contains rRNA and protein-
coding genes, while remaining ~6 kb long divergent region carries repetitive
sequences (Sloof et al., 1992). The transcription start site in maxicircle is ~1.2 kb
upstream of the 12S rRNA on the major strand, while the same remains undetermined

for the minor strand (Michelotti et al., 1992). In a small subset of mapped minicircles,



both strands are supposedly transcribed (Pollard et al., 1990). Both maxicircles and
minicircles use a common mt RNA polymerase for their transcription, which
presumably yields polycistronic transcripts and requires endonucleolytic cleavage for
further processing (Clement and Koslowsky, 2001; Grams et al., 2002; Hashimi et al.,
2009). After decades of substantial effort, the promoter region and proteins involved
in transcription remain elusive. Another open question is if both kDNA molecules
share cis-elements and transcriptional complexes or use a different array of promoters

and transcription factors (Aphasizhev, 2007; Aphasizhev and Aphasizheva, 2011a).

Maxicircle-transcribed polycistronic transcripts require several RNA
processing steps before translation, which is performed by hundreds of imported
proteins (Lukes et al., 2011). Presumably, an initial cleavage step needs endo- and
exo-nuclease enzymes, but the identity of such proteins remains under investigation
(Koslowsky and Yahampath, 1997). Most likely, the multi-protein complex named
RNA editing core complex (RECC) contains three RNase III-type endonucleases and
two 3'-5" exonucleases (Carnes et al., 2008; Ernst et al., 2009), and may therefore
participate in these processing steps (Aphasizhev and Aphasizheva, 2011a, 2011b).
Multiple endonucleolytic cleavages of the polycistronic maxicircle transcript give rise
to 18 pre-mRNAs with short 5° and 3° UTR and no apparent ribosome-binding sites.
Further journey of the pre-mRNAs in order to become translatable requires; 1) their
stabilization; 2) U-insertion/deletion RNA editing in a subset of pre-mRNAs; 3)

incorporation of structural features for ribosome binding.

Minicircles are highly heterogeneous, and can therefore be segregated into 200
to 400 sequence classes (Ochsenreiter et al., 2007). Each minicircle encodes 2 to 5
gRNAs, which adds up to an extremely diverse gRNA population available for
editing. Additionally, minicircles also encode similarly sized gRNA-like molecules,
the functional relevance of which is yet to be defined (Made;j et al., 2008). In
minicircles polycistronic transcripts are cleaved into individual gRNAs by mt
endonucleolytic processing endonuclease 1 (Madina et al., 2011). Strikingly, unlike
their maxicircle homologues, the minicircle-encoded RNAs retain 5 triphosphate,
possibly reflecting the lack of 5° processing in them (Blum and Simpson, 1990; Blum
et al., 1990; Zimmer et al., 2011).
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Figure 3. Mitochondrial gene expression.
The major steps in mitochondrial gene expression and translation are depicted in a

schematic manner. Taken from (Verner et al., 2015).

2.4 Mitochondrial RNA processing

The next step after cleavage is an addition of short 3" tail to different categories of
cleaved RNA molecules. The addition of short 3" U-tail to pre-tRNAs by RNA
editing terminal uridylyl transferase RET1 allows its integration into the mt ribosome
(Aphasizhev et al., 2003; Aphasizheva and Aphasizhev, 2010). Similarly, RET1
activity adds 3" oligo (U) tails to gRNAs (Blum and Simpson, 1990). However, it is
not clear what role the oligo (U) tails play in gRNAs, since RET1 depletion does not
impact the stability of gRNAs (Aphasizheva and Aphasizhev, 2010; Weng et al.,
2008).
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The 3" tail helps to determine mRNA stability and allows their access into the
small ribosomal subunit (Read et al., 2011). In trypanosomes, the in vitro studies
demonstrated that the short poly (A) tail in edited mRNAs protects them from 3°-5°
degradation (Kao and Read, 2007; Ryan and Read, 2005). In contrast, a similar short
tail leads to the degradation in pre-edited mRNAs (Kao and Read, 2005). To explain
such perplexing results, the poly (A) tail switches from a destabilizing mode to a
stabilizing when pre-edited mRNAs transforms into edited version, although this
theory needs further validation. The addition of 3" tail requires several protein
complexes (Paolo et al., 2009; Vanacova et al., 2005). In trypanosomes, the
polyadenylation complex with its subunit named kinetoplastid poly (A) polymerases 1
and 2 (Etheridge et al., 2008; Kao and Read, 2007; Zimmer et al., 2012) synthesizes
both short and long 3" tails. The next step after the addition of poly (A) tail is its
elongation by attaching A/U tracks, by the action of kinetoplastid
polyadenylation/uridylation factors 1 and 2, both of which belong to the
pentatricopeptide repeat (PPR) protein family (Aphasizheva et al., 2011).

In pre-mRNAs, the addition of short tail is not as straightforward, since 12
mRNAs undergo RNA editing, while the other six do not. The mt mRNA either
carries a short (20-50) or long (200-300) poly (A) tail, determined in a transcript-
specific manner in both life stages (Bhat et al., 1992; Gazestani et al., 2016;
Koslowsky et al., 1991). Astonishingly, there seems to be no simple correlation
between the editing requirement, the length of poly (A) tail, and their mRNA
abundance (Read et al., 1994). Consequently, fully- or never-edited mRNAs either
possess long or short poly (A) tail, while mostly pre-edited mRNAs displays short (A)
tails. After the addition of poly (A) tails, never-edited mRNAs further require two
more rounds of 3" tail addition for their translation (Aphasizhev and Aphasizheva,
2011; Verner et al., 2015). The addition of short 20-25 nt long U/A/AU tails is
followed by their elongation to 12-250 nt long A/U tails (Etheridge et al., 2008).
Meanwhile, in pre-edited mRNA, the latter step of tail elongation is coupled with
RNA editing.

Another pathway regulating mt RNA levels operates via RNA degradation. It
provides a quality control mechanism by eliminating aberrant RNAs. A recently

discovered degradosome-like complex composed of subunits TbSUV and TbDSS-1
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was shown to have 3" to 5° exoribonuclease and RNA helicase activities (Mattiacio
and Read, 2008, 2009; Penschow et al., 2004). This makes them suitable candidates
for the poorly understood mt RNA degradation pathway.

2.5 U- insertion/deletion type of mt RNA editing

RNA editing was first described in the mitochondrion of 7. brucei as a post-
transcriptional addition of four uridine residues in the cytochrome ¢ oxidase subunit 2
mRNA (Benne et al., 1986). Nowadays, RNA editing is recognized as any change in
mRNA at the post-transcriptional level, however, excluding splicing and terminal
RNA processing events. RNA editing comes in several flavors, the U-
insertion/deletion RNA editing in the mitochondria of kinetoplastids is just one out of
many types (Verner et al., 2015). As another example, the deaminase activity
performs cytosine-to-uridine (C-to-U) and adenosine-to-inosine (A-to-I), which is

mostly found in plants and metazoans, respectively (Nishikura, 2015) .

In the trypanosome mitochondrion, 12 out of 18 protein-coding transcripts
require U-insertion/deletion to become translatable. The extent of editing varies, and
consequently different number of gRNAs is employed (Read et al., 2016). Based on
the varying editing level, mRNAs are divided into the following categories: i) pan-
edited mRNAs, which requires massive U-insertion/deletion throughout the
transcripts and employ multiple gRNAs; ii) minimally-edited mRNAs is a group of
three transcripts that need only a few U-insertion/deletion over a small region and
utilize just one or two gRNAs; iii) the remaining six mRNAs do not require editing

and are known as never-edited mRNAs.
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Figure 4. The schematic representation of genes belonging to maxicircle and
minicircle DNA. 46, ATP synthase subunit 6; COX1, 2 and 3, cytochrome c oxidase
subunit 1, 2 and 3; Cyb, cytochrome b; GR, G-rich region; MURF I, 2, and 5,
maxicircle unidentified reading frame 1, 2 and 5; NDI, 3, 4, 5, 7, 8, and 9, NADH
dehydrogenase subunit 1, 3,4, 5, 7, 8, and 9; RPS12, 40S ribosomal protein S12. In
minicircle DNA the flag represents the start of a gRNA gene.

Editing starts from the 3" end of a pre-edited mRNA that shares
complementarity with the specific gRNA (Hashimi et al., 2013; Read et al., 2016).
This first gRNA anneals to the most 3" edited region of the pre-edited mRNA by its
anchor domain, which is 8-12 nucleotide long at the 5" end of the gRNA. The process
of gRNA: mRNA annealing involves both canonical and non-canonical G: U base
pairing; such discrete regions are termed the editing sites. Next, the first mismatch
region between the above RNA duplex guides the U-insertion/deletion. This
mismatch region in gRNA constitutes the so-called information domain. Interestingly,
the transcribed gRNA population contains much more combinations then needed to

execute editing, yet the reason for such redundancy remain unknown.
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Figure 5. Mitochondrial RNA editing mechanism.

Two separate pathways of (U) insertion or deletion in a pre-edited mRNA are
described for a single round of editing. The gRNA 5" anchor region (grey) is
complimentary to the 3" region of pre-edited mRNA. The information region of
gRNA (blue) contains mismatch regions that dictate U insertion or deletion. The RNA
editing core complex (RECC) provides all the enzymatic activities that are required to
execute single round of editing. The ES represents editing site. Adapted from (Read et
al., 2016)

Another critical component of RNA editing is proteins, which execute a wide
range of required activities. The ever-growing list includes more than ~100 proteins
associated with the process (Lukes et al., 2011). One such multiprotein complex is the
RNA editing core complex (RECC), also known the 20S editosome (Aphasizhev and
Aphasizheva, 2014; Aphasizheva et al., 2014). It contains proteins with the enzymatic
activities for a single round of editing. RECC exists in three isoforms with a common
core and several unique proteins that perform slightly different roles in editing. The
first RECC isoform contains RNA editing endonuclease REN2 and selectively carries
out U-insertions (Carnes et al., 2005), while the second isoform includes REN1

dedicated to U-deletions (Carnes et al., 2011). The third isoform with REN3
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exclusively edits cox2 mRNA (Carnes et al., 2008). Another RECC subunit, the RNA
editing exonuclease REX1, exclusively associated with the REN1 containing RECC
isoform, carries out the removal of Us. Finally, an RNA editing ligase REL1 from
RECC ligates two RNA fragments, thereby marking the end of single round editing
(Gao and Simpson, 2003; Li et al., 2011a; Schnaufer et al., 2003).

The other extensively studied protein complex is the highly abundant
mitochondrial RNA-binding protein 1 and 2 (MRP1/2) complex (Allen et al., 1998;
Miiller and Goringer, 2002). It is a heterotetramer with two molecules each of MRP1
and MRP2. Previously, MRP1/2 was shown to promote non-specific RNA binding
through negatively charged phosphate backbone, while its depletion affected all three
categories of mRNAs (Schumacher et al., 2006). The MRP1/2 proposed functions
include RNA stability and mRNA: gRNA matchmaking (Fisk et al., 2009;
Vondruskova et al., 2005; Zikova et al., 2006, 2008). However, the exact function of

MRP1/2 in RNA editing remains poorly understood.

Another mitochondrial multiprotein complex labelled the RNA binding
complex 1 (MRBI1), also referred to as the RNA editing substrate binding complex
(RESC), was shown to be essential for editing (Acestor et al., 2009a; Aphasizheva et
al., 2014; Hashimi et al., 2013). It interacts with both the above-mentioned RECC and
MRP1/2 complexes. MRBI is hypothesized to play a critical role in recruiting RNA
to RECC, the progression of 3" to 5° editing and coupling editing with other RNA
processing steps (Hashimi et al., 2013; Read et al., 2016). The MRB1 complex
consists of a stable core of six proteins also known as guide RNA binding complex
(GRBC), as it includes the only known gRNA-stabilizing proteins GAP1 and GAP2
(Aphasizhev and Aphasizheva, 2011b; Weng et al., 2008). Two other proteins,
MRB3010 and MRB11870, are implicated in the early stage of editing (Ammerman et
al., 2011; Huang et al., 2015), while the role of remaining MRB8620 and MRB5390

proteins remains unclear (Huang et al., 2015; Read et al., 2016).

In total, 31 proteins have been identified to be associated with MRB1
complex, including t6 that constitutes its core. The numerous transient protein-
protein or RNA-induced interaction with the MRB1 core have yet to be incorporated
into the MRBI1 architecture (Acestor et al., 2009b; Ammerman et al., 2012; Read et
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al., 2016). One such stable MRB1 subcomplex, also known as the RNA editing
mediator complex (REMC) includes TODRGG2 (Fisk et al., 2008). TbRGG2 has an
RNA-binding RRM domain and has RNA annealing and unwinding activity. The
depletion of TODRGG2 severely impacts editing of pan-edited mRNAs, possibly by
stalling its progression (Ammerman et al., 2010; Foda et al., 2012). REMC include
other novel RNA-binding proteins, MRB8170 and MRB4160, which were found to be
functional paralogs (Kafkova et al., 2012). Interestingly, the simultaneous depletion
of MRB8170/MRB4160 severely impacts editing of both pan- and minimally-edited
transcripts, thereby making them strong candidates for future studies to enhance our

understanding of REMC’s role in editing.

MRB1 Complex

TbRGG2 subcomplex MRB1 Core

3°-5" editing progression Editing initiation

Figure 6. Mitochondrial RNA binding complex 1 (MRB1). The MRB1 complex
consists of two subcomplexes. The six proteins including GAP1/2 heterotetramer
constitute the MRB1 core subcomplex implicated in gRNA stability. The other so-
called TbBRGG2 subcomplex contains proteins with less known functions and is
involved in 3°-5" editing progression, while MRB10130 is implicated in holding both
subcomplexes together, possibly by protein-protein interactions. Solid lines mark
strong interactions, while thin lines depict weak interactions. Adapted from (Read et

al., 2016)
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2.6 Mitochondrial translation

Trypanosome mt translation relies on the prokaryotic-like translation system adapted
to the eukaryotic-type tRNAs all of which have to be imported into the organelle. The
nuclear-encoded tRNAM® upon formylation by methionyl-tRNAM® formyltransferase
initiates mt translation, while for the elongation step its non-formylated version is
used (Cristodero et al., 2010). Other components are the translation initiation factor 2,
and the four translation factors, namely the release factor 1, and elongation factors Tu,

Ts, and G (Charri¢re et al., 2005; Cristodero et al., 2010, 2013).

In several ways trypanosome mt ribosome differs from its bacterial
counterpart, especially by its smaller size when fully assembled (Ban et al., 2000;
Clemons Jr. et al., 1999; Maslov et al., 2006). Trypanosome mt ribosome consists of
30S small subunit (SSU) and large 40S large subunit (LSU) particles, with the
smallest known 9S and 12S rRNA molecules encoded by the kDNA. Both 9S and 12S
rRNA share some overlap with their bacterial homologs 16S and 23S rRNA,
respectively (De la Cruz et al., 1985a, 1985b). A comparison between the 12S rRNA
and 23S rRNA counterpart revealed the loss of some well-conserved stem-loop
regions (Maslov et al., 2007; Sharma et al., 2003, 2009), as a consequence making a
known prokaryotic translation inhibitor chloramphenicol ineffective in trypanosomes

(Hashimi et al., 2016).
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ABSTRACT A dozen mRNAs are edited by multiple insertions and/or deletions of
uridine residues in the mitochondrion of Trypanosoma brucei. Several protein com-
plexes have been implicated in performing this type of RNA editing, including the
mitochondrial RNA-binding complex 1 (MRB1). Two paralogous novel RNA-binding
proteins, MRB8170 and MRB4160, are loosely associated with the core MRB1 com-
plex. Their roles in RNA editing and effects on target mRNAs are so far not well un-
derstood. In this study, individual-nucleotide-resolution UV-cross-linking and affinity
purification (iCLAP) revealed a preferential binding of both proteins to mitochondrial
mRNAs, which was positively correlated with their extent of editing. Integrating ad-
ditional in vivo and in vitro data, we propose that binding of MRB8170 and/or
MRB4160 onto pre-mRNA marks it for the initiation of editing and that initial bind-
ing of both proteins may facilitate the recruitment of other components of the RNA
editing/processing machinery to ensure efficient editing. Surprisingly, MRB8170 also
binds never-edited mRNAs, suggesting that at least this paralog has an additional
role outside RNA editing to shape the mitochondrial transcriptome.

IMPORTANCE Trypanosoma brucei mitochondrial mRNAs undergo maturation by
RNA editing, a unique process involving decrypting open reading frames by the pre-
cise deletion and/or insertion of uridine (U) residues at specific positions on an
mRNA. This process is catalyzed by multiprotein complexes, such as the RNA editing
core complex, which provides the enzymatic activities needed for U insertion/dele-
tion at a single editing site. Less well understood is how RNA editing occurs
throughout an mRNA bearing multiple sites. To address this question, we mapped at
single-nucleotide resolution the RNA interactions of two unique RNA-binding pro-
teins (RBPs). These RBPs are part of the mitochondrial RNA-binding complex 1, hy-
pothesized to mediate multiple rounds of RNA editing. Both RBPs were shown to
mark mRNAs for the process in correlation with the number of editing sites on the
transcript. Surprisingly, one also binds mRNAs that bypass RNA editing, indicating
that it may have an additional role outside RNA editing.

typanosoma brucei, the causative agent of African sleeping sickness, is distinguished
by a single reticulated mitochondrion containing an unusually large amount of
mitochondrial DNA (mtDNA), termed kinetoplast DNA (kDNA). The kDNA comprises ~25
maxicircles and ~5,000 minicircles, mutually concatenated into a single network (1, 2).
Maxicircles are homologs of classical mtDNA, containing two rRNAs and 18 protein-
encoding genes, most of which constitute subunits of the mt respiratory complexes.
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Twelve out of 18 maxicircle mRNAs require numerous posttranscriptional insertions
and/or deletions of uridine residues (U) to remove frameshifts and generate a correct
open reading frame (3, 4). The kDNA minicircles are highly heterogeneous in sequence
and carry small noncoding guide RNAs (gRNAs) (5). The binding of a gRNA to its
cognate mRNA via Watson-Crick and G-U wobble base-pairing guides precise U inser-
tions/deletions, eventually producing a fully edited mRNA (6).

The polycistronic maxicircle transcript is split into three differently processed tran-
script categories (7): (i) pan-edited mRNAs that undergo extensive editing mediated by
several gRNAs in a 3'-to-5" direction along the transcript (8), (i) minimally edited
mRNAs usually containing a single edited region, and (iii) never-edited mRNAs, which
bypass editing and proceed directly to standard processing (9-11). However, little is
known about how these individual transcripts, arising from a multicistronic precursor
RNA, achieve distinct expression levels and how the abundance of these transcript
categories is controlled in different life cycle stages of T. brucei (5, 10, 12).

Proteins are key components of the editing machinery, as they participate in all
effector and regulatory steps in a highly coordinated manner (6, 10, 13). The RNA
editing core complex (RECC), also called the editosome, is a large complex that contains
the core enzymatic activities required for editing (14-16). Surprisingly, purified RECC is
devoid of RNA and lacks processivity in vitro (17). Thus, additional proteins must
cooperate with RECC to carry out multiple rounds of RNA editing in vivo. One such
complex is the mtRNA-binding complex 1 (MRB1) (6). The MRB1 core complex is
composed of six proteins: gRNA-associated proteins 1 and 2 (GAP1 and GAP2, respec-
tively), plus MRB3010, MRB5390, MRB8620, and MRB11870 (18). This core is also referred
to as the gRNA-binding complex (19) (for a guide to the different MRB1 protein
nomenclatures in the field, see Table S1 in the supplemental material). The heterodimer
of GAP1 and GAP2 was found to stabilize gRNAs (20, 21). Other vital MRB1 subunits are
loosely associated with the core comple, including the accessory subunits MRB8170,
MRB4160, and T. brucei RGG2 (TbRGG2) (6, 22). RNA interference (RNAi)-mediated
depletion of most subunits leads to a profound decrease in pan-edited transcripts,
while the effect on minimally edited mRNAs varies depending on the targeted subunits
(18, 19, 23).

MRB8170 and MRB4160 are unique RNA-binding proteins (RBPs), which were
recently shown to bind RNA via a novel and hitherto-undefined RNA-binding
domain (24). These proteins are highly similar paralogs that are conserved within
the kinetoplastid flagellates but without orthologs outside this clade (24). Simul-
taneous depletion of MRB8170 and MRB4160 results in a decrease of edited forms
of pan-edited and minimally edited transcripts and a slight increase in never-edited
transcripts (24).

In this study, we used biochemical and genomics approaches to dissect the func-
tions of MRB8170 and MRB4160 in processing different categories of maxicircle tran-
scripts. We applied individual-nucleotide-resolution UV-cross-linking and affinity puri-
fication (iCLAP) (25, 26) to investigate interactions of both proteins with mtRNAs in the
procyclic stage of T. brucei. This quantitative binding assay revealed a high preference
of both proteins for maxicircle transcripts. Moreover, binding of both proteins influ-
enced the steady-state abundance of mt mRNAs, as demonstrated by the double
knockdown (dKD) of MRB8170 and MRB4160. Rapid tandem affinity purification (TAP)
confirmed interaction of both proteins with the core and accessory MRB1 subunits
GAP1 and TbRGG2, respectively (22, 27), and detected interactions with mtRNA-binding
protein 1 (MRP1), Nudix hydrolase (or MERS1), and TbRGG1, which belong to different
RNA processing complexes (10). Furthermore, the dKD of MRB8170 and MRB4160 was
also shown to affect the mRNA-binding efficiency of these proteins. By integrating
iCLAP data with in vivo and in vitro data, we propose the working dynamics of the MRB1
complex in facilitating RNA editing and also reveal a potential, unexpected role in the
expression of never-edited transcripts.
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RESULTS

MRB8170 and MRB4160 preferentially bind mitochondrial mRNAs. We used the
iCLAP protocol with the aim of identifying the direct RNA targets of the two accessory
MRB1 subunits MRB8170 and MRB4160 in the mitochondrion of T. brucei (Fig. 1A).
MRB4160 and MRB8170 were tagged with modified TAP tag (mTAP), bearing the Hisg
epitope, and stably expressed in T. brucei procyclic cells. In order to cross-link in vivo the
tagged proteins to RNA, three UV irradiation doses (1.6, 0.8, and 0.4 J/cm?) were tested.
Phosphorimaging of the cross-linked RNA revealed that UV cross-linking with a
radiant energy ranging from 0.8 to 1.6 J/cm? was more efficient than 0.4 J/cm?
(Fig. 1B; see also Fig. ST1A in the supplemental material). Thus, a UV dose of 0.8 J/cm?
was applied for preparation of the MRB4160 and MRB8170 iCLAP libraries (Fig. 1C
and S1B and C). No RNA-protein complexes were detected in the two controls, the
non-UV-cross-linked trypanosomes with MRB4160-mTAP and the UV-cross-linked
parental cells (Fig. 1B and C).

Cross-linked and affinity-purified RNA from two independent iCLAP replicates with
MRB8170-mTAP, MRB4160-mTAP, and the control (UV-cross-linked parental cells) was
RNase | digested into 60- to 120-nucleotide (nt)-long fragments, reverse transcribed,
and subjected to next-generation sequencing (Fig. S1D). The sequencing reads, hence-
forth referred to as iCLAP tags, were aligned against the preedited and fully edited
versions of the kDNA maxicircle transcripts using Bowtie2 alignment software (28). The
two replicates combined from MRB8170 and MRB4160 data sets yielded a total of
191,683 and 100,313 uniquely aligned iCLAP tags, respectively. The control library
obtained from the UV-cross-linked parental cells contained only a negligible 483
unique iCLAP tags. This very low number of control iCLAP tags confirmed the high
stringency of the applied iCLAP protocol.

Promiscuous binding of MRB8170 to all classes of mitochondrial mRNAs con-
trasts with restricted binding of MRB4160. To analyze the binding of MRB8170 and
MRB4160 on maxicircle-derived transcripts, we divided the iCLAP tags into two cate-
gories according to their generation from preedited and fully edited transcripts
(Fig. 2A). Since preedited iCLAP tags had been mapped directly to the maxicircle
genome, they include all 18 maxicircle-derived pre-mRNAs (pan-edited, minimally
edited, and never-edited mRNAs) before undergoing editing. In contrast, fully edited
iCLAP tags had been mapped to 12 fully edited maxicircle mRNAs (pan-edited and
minimally edited) in which all U insertions/deletions had been completed.

To dissect RNA interactions of RBPs that are part of large stable protein complexes,
such as MRBT, it is necessary to use extended RNase | digests to generate small RNA
fragments. Our protocol produced iCLAP tags ~30 to 50 nt long after the removal of the
adaptor sequences. However, a drawback of the short read length is that iCLAP tags
mapping to fully edited sequences can also be derived from partially edited mRNAs still
undergoing the process. Vice versa, iCLAP tags mapping to preedited sequences can
originate from RNAs not yet edited, or from already partially edited transcripts. Thus, in
both cases, it is impossible to quantitate the amount of reads originating from partially
edited mRNAs, which creates a bias in the numbers of preedited and fully edited iCLAP
tags (Fig. S2A). Approximately 95.3% of MRB4160 iCLAP tags aligned to preedited
mRNAs, while 4.6% aligned to fully edited mRNAs (Fig. S2A). Similarly, 90.7% and 9.2%
of MRB8170 iCLAP tags mapped to preedited and fully edited mRNAs, respectively
(Fig. S2A).

Next, we used our quantitative iCLAP data to establish the proportion of binding
relative to the extent of RNA editing. For this, maxicircle mRNAs were divided into
pan-edited (COX3, ND7, ND8, A6, CR3, RPS12, ND9, ND3, and CR4), minimally edited
(COX2, MURF2, and CYB) and never-edited (ND1, COX1, ND4, ND5, MURF5, and MURFT)
transcript categories. For those transcripts undergoing editing, preedited and fully
edited iCLAP tags were combined. The distribution of MRB8170 and MRB4160 iCLAP
tags on mtRNAs was compared to their expression level determined by publicly
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FIG 1 MRB4160 and MRB8170 iCLAP. (A) Schematic depiction of the iCLAP workflow to purify UV-cross-linked RNA-MRB4160-
mTAP complex using two-step affinity purification. (B) Copurification of UV-cross-linked RNA-MRB4160-mTAP complex. Autora-
diography of the 32P-labeled complexes after two-step affinity purification (AP). Three UV irradiant fluences were used: 1.6 J/cm?
(lanes 1 and 2), 0.8 J/cm? (lanes 3 and 4), and 0.4 J/cm? (lanes 6 and 7) to in vivo cross-link RNA with proteins, while
non-UV-cross-linked cells (lane 5) were used as a control. The high (++)- and low (+)-RNase | treatments were applied to confirm
the shift in the cross-linked RNA-MRB4160-mTAP complex under these conditions. The box marks the part that was cut out and
used for RNA isolation. Two independent replicates were performed for preparation of the iCLAP library. (C) Copurification of
UV-cross-linked RNA-MRB8170-mTAP complex. After two-step affinity purification, the 32P-labeled complexes were monitored by
autoradiography. The optimal 0.8-J/cm? UV radiant fluence was used to in vivo cross-link RNA to proteins. Non-UV-cross-linked
mTAP-tagged MRB8170 (lane 1) and UV-cross-linked parental cell line (lane 3) yielded no signal. The high-RNase | treatment of
UV-cross-linked MRB8170 (lane 2) showed a band at ~100-kDa size. The low-RNase treatment (boxed region in lane 4) was used
to prepare the MRB8170 iCLAP libraries. Two independent replicates were performed for preparation of the iCLAP library.

available T. brucei RNA sequencing (RNA-seq) data, which also include transcripts
originating from the organelle (29).

Interestingly, the proportion of MRB8170 iCLAP tags that map onto never-edited
RNAs (2.6%) correlates with their occurrence in the RNA-seq data (2.2%) (Fig. 2B and C).
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FIG 2 Distribution of MRB8170 and MRB4160 iCLAP tags on maxicircle transcripts. (A) Schema of the strategy to
map iCLAP tags onto mitochondrial mRNAs. iCLAP tags were separately mapped to maxicircle genome and
catenated sequences of fully edited transcripts (9 pan-edited mRNAs plus 3 minimally edited mRNAs). The tags
uniquely mapped to maxicircle genome were named preedited, while iCLAP tags mapped to catenated sequences
were categorized as fully edited (see text for explanation). For transcripts undergoing editing, preedited and fully
edited mapped iCLAP tags (black) were combined for analysis. The iCLAP tags (gray) mapped to never-edited
transcripts were limited to the preedited region. (B) Pie chart of uniquely mapped iCLAP tags on the maxicircle
mMRNAs. Percentages of MRB8170 and MRB4160 iCLAP tags uniquely mapped to three different classes of maxicircle
mRNAs. Black, pan-edited mRNAs (preedited and fully edited iCLAP tags mapped to pan-edited region); dark gray,
minimally edited mRNAs (preedited and fully edited iCLAP tags mapped to minimally edited region); light gray,
never-edited mRNAs. Two independent iCLAP replicates each for MRB8170 and MRB4160 were combined for the
analysis. (C) Percentage of RNA-seq tags uniquely mapped to the same classes of maxicircle mRNAs. The pie chart
is shaded as in panel B.

In contrast, a surprisingly high fraction (~97%) of MRB4160 iCLAP tags mapped to
pan-edited transcripts, while binding to never-edited transcripts was negligible
(Fig. 2B). This result was confirmed by RNA immunoprecipitation (RIP)-quantitative
real-time PCR (qPCR) (Fig. 3E). In summary, our data suggest that MRB8170 binds all
classes of maxicircle mRNAs, while MRB4160 binding is restricted to pan-edited and
minimally edited transcripts.

MRB8170 and MRB4160 binding on pan-edited and minimally edited tran-
scripts correlates with their editing status. In order to understand the function(s) of
MRB8170 and MRB4160 in editing, we quantified the binding of both proteins to nine
individual pan-edited transcripts using iCLAP tags mapping to preedited and fully
edited mRNAs (Fig. 3A). In agreement with being paralogs, the distributions of
MRB8170 and MRB4160 iCLAP tags mapping onto pan-edited transcripts were very
similar (Fig. 3A). For instance, both proteins massively bind to preedited COX3 but have
minimal binding to ND9, ND3, and CR4. Interestingly, the extent of binding correlates
with the number of U insertions/deletions needed to be fully edited (Fig. 3B). Visual
inspection of iCLAP tags in the genome browser showed that both proteins bind
continuously along the entire preedited sequence of six out of nine pan-edited
transcripts, including A6, CR3, COX3, ND7, ND8, and RPS12 (Fig. 3C and S3 and S4). Since
RNA editing proceeds in a stepwise manner in a 3’-to-5’ direction, the pronounced
binding of MRB8170 and MRB4160 over the entire length of these preedited transcripts
hinted at their role in flagging pan-edited RNAs for editing.
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knockdown cells by gPCR analysis. 18S rRNA was used as an internal reference. The following maxicircle mRNAs were analyzed in
triplicate: rRNA (12S), never-edited mRNA (ND4, COX1, and ND5), pan-edited mRNA (COX3, A6, and ND7), minimally edited mRNA
(CYB and MURF2), and ND8 poly (polycistronic ND8 transcript). The dashed line separates preedited and fully edited versions of the
transcripts. All mRNAs are in black except ND8 poly, which is in gray.
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In contrast, both MRB8170 and MRB4160 showed strong accumulation toward the
5’ end of the preedited ND3 and CR4 mRNAs and minimal binding to ND9 mRNA
(Fig. 3C and S3), although they are well expressed, as judged from RNA-seq data
(Fig. S2B). This observation suggests that these transcripts are not flagged for editing
by MRB8170 and MRB4160. The observation that the preedited forms of some pan-
edited transcripts are completely covered by MRB8170 and MRB4160, while others
show binding only toward the 5’ end, could explain previous reports on different
editing states in the procyclic stage of T. brucei. Indeed, the two paralogs bind the
entire length of preedited COX3, RPS12, and A6 mRNAs, which are all fully edited in the
procyclic stage. Furthermore, their limited binding onto preedited ND3 and CR4 mRNAs
correlates with their not being edited in this stage (30-32).

Next, we dissected the binding of MRB8170 and MRB4160 to the minimally edited
COX2, CYB, and MURF2 transcripts, which have 4, 39, and 26 U insertions, respectively,
plus four U deletions in the case of MURF2. Binding of MRB8170 and MRB4160 to fully
edited CYB was extremely low (Fig. 3D). As this transcript also exhibits a low steady-
state level in the mt transcriptome (Fig. S2B), low binding likely reflects the paucity of
fully edited CYB in the procyclic stage. In contrast, both proteins bind over the entire
length of preedited COX2, CYB, and MURF2 transcripts (Fig. 3D and S5), suggesting that
they mark all three minimally edited transcripts for editing, similarly to pan-edited
mRNAs.

To further validate the impact of both proteins on editing of pan-edited and
minimally edited transcripts, we assayed the relative abundance of maxicircle tran-
scripts by quantitative real-time PCR (qPCR) in MRB8170/MRB4160 dKD cells. Control
cells were depleted of ATM1 mRNA, encoding an inner membrane transporter that
does not affect mt gene expression (33). Indeed, qPCR analysis showed that preedited
forms of pan-edited and minimally edited mRNAs accumulated upon MRB8170/
MRB4160 depletion, but not in control cells, while the relative abundance of fully edited
transcripts was considerably reduced (Fig. 3E).

Taken together, iCLAP and knockdown data support a role for MRB8170 and
MRB4160 in flagging mRNAs for editing, as their absence reduces the abundance of
edited transcripts in the procyclic stage.

MRB8170 binds to a subset of less-abundant never-edited transcripts. We next
investigated binding of MRB8170 to six never-edited transcripts. ND4, ND5, and MURF5
mMRNAs were represented in more than 90% of the iCLAP tags mapping to never-edited
transcripts, while the remainder were derived from ND1, COX1, and MURF1 (Fig. 4A).
Normalization of the iCLAP tag number to gene length resulted in similar proportions
of iCLAP tags (Fig. S2C).

Such biased binding of MRB8170 to a subset of never-edited transcripts was
unexpected and prompted us to look into their steady-state relative abundances.
Interestingly, ND1 and COXT are the most abundant never-edited transcripts in procy-
clic trypanosomes (Fig. 4B and S6) (30-32). Hence, there is a notable discrepancy
between the very low number of iCLAP tags and the high expression of these two
genes. For MURFT on the other hand, the insignificant number of mapped iCLAP tags
corresponds to its low abundance, rendering its detection difficult by both iCLAP and
RNA-seq methods. In contrast, the enrichment of ND4, ND5, and MURF5 bound to
MRB8170 did not correspond to their relatively low steady-state levels as determined
by RNA-seq (Fig. 4B, S2B, and S6). This result suggests that MRB8170 serves an
additional role outside RNA editing by negatively regulating the expression of this
subset of never-edited transcripts. This notion is supported by the accumulation of
never-edited transcripts in MRB8170/MRB4160 dKD cells (Fig. 3E).

To validate the iCLAP data, we performed RNA immunoprecipitation (RIP) in cell
lines expressing tagged MRB8170-mTAP or MRB4160-mTAP and a parental cell line
lacking the mTAP-tag (mock IP). Immunoprecipitated RNA was reverse transcribed, and
gPCR was performed using primers recognizing preedited and fully edited versions of
pan-edited RPS12 and COX3, minimally edited CYB, and never-edited ND4 and COX1
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FIG 4 MRB8170 and MRB4160 binding to never-edited transcripts and iCLAP validation by RNA immunoprecipitation-quantitative
PCR. (A) Preferential binding of MRB8170 to never-edited transcripts. The bar plot shows the percent share of MRB8170 iCLAP tags
uniquely mapped to never-edited transcripts, as indicated on the x axis. (B) Genomic browser view displays preferential binding of
MRB8170 and MRB4160 to ND5 and COX1 transcripts. The unique cDNA count is depicted on the y axis, and the mapped tag position
along a given transcript is on the x axis. MRB8170 iCLAP tags are in red, MRB4160 iCLAP tags are in blue, control iCLAP tags are in
black, and RNA-seq reads are in yellow. (C) MRB8170-associated maxicircle transcripts determined by RIP-qPCR. The top panel confirms
MRB8170 purification using IgG beads by Western blotting. Bar plots below show the relative amount of never-edited (ND4),
pan-edited (RPS72 and COX3), and minimally edited (CYB) mRNAs pulled down with mTAP-tagged MRB8170 (black) and mock
immunoprecipitation (Mock Ip, parental cell line, in gray). Data are presented relative to the input sample (RNA recovered and reverse
transcribed using 10% of lysate). One representative set of measurements is shown. (D) MRB4160-associated maxicircle transcripts
determined by RIP-qPCR. Labeling as in panel C.

transcripts. These data confirmed that MRB8170 binds to all three classes of maxicircle
mRNAs similarly enriched for never-edited (ND4) and pan-edited (preedited RPS12)
mMRNAs. As seen before in the iCLAP data, MRB4160 failed to bind to never-edited
transcripts (Fig. 4C and D).

MRB8170 and MRB4160 interact with non-MRB1 proteins. After identification of
MRB8170 and MRB4160 RNA-binding sites and finding that the former binds to
never-edited transcripts, we wondered about their interactions with non-MRB1 proteins
involved in RNA editing or other RNA processing steps. For this purpose, we performed
rapid tandem affinity purification using IgG-coated magnetic Dynabeads (34). RNase
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FIG 5 MRB8170- and MRB4160-associated proteins. (A) Rapid affinity purification of MRB8170- and MRB4160-associated
proteins belonging to the MRB1 complex. Western blot analysis of proteins indicated on the right in total extracts
(input; lanes 1 to 3) and eluates (lanes 4 and 5). The control includes a mock purification of the parental cell line
(lanes 3 and 6). (B) Confirmation of rapid affinity purification of MRB8170- and MRB4160-associated proteins belonging
to different RNA processing complexes. Western blot analysis of indicated proteins in total extracts (input, lanes 1,
2, and 5) and eluates (lanes 3, 4, and 6). The control includes a mock purification of the parental cell line (lanes 1

and 3).

I-digested supernatants from T. brucei containing mTAP-tagged MRB8170 or MRB4160,
as well as the parental control cell line, were mixed with the beads. In order to validate
this new protocol for its pulldown efficiency, the eluates were first probed with
antibodies against GAP1 and TbRGG2 from MRB1, which are known to stably interact
with MRB8170 and MRB4160 (6). Indeed, both GAP1 and TbRGG2 were detected in
MRB8170 and MRB4160 pulldowns, while their absence in the control demonstrated
the high stringency of this approach (Fig. 5A). Eluates were then probed with a panel
of specific antibodies revealing additional interactions of both proteins with MRP1 from
the MRP1/MRP2 complex and with Nudix hydrolase and TbRGG1 (Fig. 5B). All proteins
are part of complexes with known roles in stabilizing RNA (13, 19, 35).

Depletion of MRB8170 and MRB4160 affects RNA-binding activity of interact-
ing proteins. We modified the protocol for UV cross-linking and subsequent pulldown
of RBPs using oligo(dT) magnetic beads (36) in T. brucei, using the same UV dose as
applied in iCLAP (Fig. 6A). The modified protocol to capture the RBPs was applied to the
procyclic stage, in which we depleted either MRB8170/MRB4160 by dKD or ATM1 as a
negative control (33). Oligo(dT)-captured RBPs were resolved by SDS-PAGE and trans-
ferred onto a nitrocellulose membrane. Subsequently, the mt mRNA interactome was
probed with antibodies specific for Nudix hydrolase, TboRGG2, MRP1, TbRGG1, the RECC
subunit RNA editing ligase 1 (REL1), and GAP1 (Fig. 6B and S7A). REL1 was the only
examined protein without a significant reduction in the pulldown ratio between
MRB8170/MRB4160 and ATM1 depletion (Fig. 6B). Nudix hydrolase and TbRGG2 exhib-
ited the highest decrease in poly(A)* RNA binding upon MRB8170/MRB4160 depletion.
Captured MRP1 and TbRGGT1 proteins were reduced to a lesser degree but still by more
than 50% (Fig. 6B). The absence of GAP1 in our cross-linked mt mRNA interactome
pulldown suggests that its RNA binding in vivo is strictly limited to gRNAs. As a control,
we assessed the poly(A)* RNA binding of the cytoplasmic mRNA-binding protein
DRBD18 (29), which as expected was not affected by the depletion of MRB8170 and
MRB4160.

The decrease in the mt mRNA-binding efficiency of TORGG2 caused by the depletion
of MRB8170 and MRB4160 was further validated using an in vitro cross-linking immu-
noprecipitation (CLIP) assay, using extracts from MRB8170/MRB4160-depleted cells
lysed under mild conditions. The lysate was divided into four equal aliquots and
subsequently supplemented with recombinant glutathione S-transferase (GST)-tagged
MRB8170 (10 and 20 uM), bovine serum albumin (BSA) (20 wM), or buffer alone. The
supplemented supernatant was incubated and subsequently in vitro UV cross-linked.
TbRGG2 antibody-coated magnetic beads were used to pull down the protein-RNA
adducts, followed by 5’ radioactive labeling of the bound nucleic acid. Upon resolution
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FIG 6 mRNA-binding efficiency of associated proteins following MRB8170/MRB4160 double knockdown. (A) Workflow of in vivo
UV cross-linking and oligo(dT) magnetic bead pulldown of mitochondrial proteins associated with maxicircle mRNAs. (B) Western
blot analysis of total extracts (lanes 1 and 2) and oligo(dT) eluates (lanes 3 and 4) from ATM1 and MRB8170/MRB4160 RNAi
knockdown cells displaying levels of proteins indicated on the left. The control is beads not conjugated to oligo(dT) (lanes 5 and
6). Bar plots on the right show the ratio of lane 4 to lane 3 (MRB8170/MRB4160 versus ATM1 knockdown cell pulldown efficiency)
signals for each protein. Error bars represent standard deviations (n = 2 to 3 for all proteins and n = 1 for DRBD18). sKD, single
knockdown. (C) In vitro CLIP assay in MRB8170/MRB4160 double-knockdown cells. The 32P-labeled RNA from the immunoprecipitated
TbRGG2-RNA complex was visualized by autoradiography (autoradiograph; lanes 1 to 4). Below is a Western blot showing the eluted
TbRGG2 (Western blot; lanes 1 to 4). A consistent amount of supernatant from MRB8170/MRB4160-depleted cells was supplemented
with recombinant GST-MRB8170, indicated above in micromolar concentrations (lanes 1, 2, and 4) and BSA (20 uM; lane 3). The bar plot
was calculated relative to the BSA (n = 2); error bars, standard deviations. (D) In vitro CLIP assay and subsequent qPCR analyses in
MRB8170/MRB4160 double-knockdown cells labeled as in panel C. Bar plots show the relative amounts of RPS72, COX3, and MURF2 in
both preedited and fully edited forms as obtained from TbRGG2 pulldown in MRB8170/MRB4160-depleted cells supplemented with
recombinant GST-MRB8170, indicated above in micromolar concentrations (lanes 1, 2, and 4) and BSA (20 uM; lane 3). The bar plot was
calculated relative to BSA. A representative set of measurements is shown.

in an SDS-PAGE gel, the immunoprecipitated RNA-TbRGG2 complex was transferred
onto a nitrocellulose membrane. The resulting autoradiogram depicted a direct rela-
tionship between the supplemented recombinant GST-MRB8170 in the supernatant
and the amount of RNA bound to TbRGG2 (Fig. 6C and S7B). The addition of BSA into
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the supernatant as a control also caused a slight decrease in the intensity of the
autoradiogram signal, which may be a consequence of nonspecific binding of BSA onto
the beads. The notion that recombinant GST-MRB8170 enhances TbRGG2 RNA binding
in vitro was further substantiated by using RIP-gPCR to show TbRGG2 binding to several
minimally and pan-edited mRNAs (Fig. 6D).

Taken together, the in vivo and in vitro data confirmed the role of MRB8170 and
MRB4160 in mediating efficient binding of Nudix hydrolase, TbRGG1, TbRGG2, and
MRP1 onto mt transcripts, qualifying MRB8170 and MRB4160 as crucial players in
coordinating the cross talk between MRB1 and other mtRNA processing complexes in
T. brucei.

DISCUSSION

In order to define the roles of MRB8170 and MRB4160 in RNA editing and/or
processing in vivo, we captured their RNA-binding footprints using iCLAP. MRB8170 was
shown to bind all three classes of maxicircle mRNAs, while MRB4160 was restricted to
pan-edited and minimally edited transcripts. Thus, MRB8170 emerged as the more
active paralog, which is consistent with the stronger phenotype caused by its depletion
(24). Furthermore, while both proteins preferentially bind pan-edited mRNAs, there is a
striking positive correlation between the amount of binding to a given transcript and
the extent of editing. Moreover, the genomic snapshots of MRB8170/MRB4160 iCLAP
tags demonstrated that both proteins bind over the entire length of preedited mRNAs,
seemingly as a hallmark of their participation in this process. In support of this
hypothesis, MRB8170 and MRB4160 iCLAP tags are absent on preedited versions of ND3
and CR4 mRNAs, which are transcribed but not edited in the procyclic stage examined
here (30, 32). The iCLAP data are therefore compatible with a binding of both proteins
to preedited transcripts as a prerequisite for editing. The sharp decrease in the
abundance of fully edited versions of pan-edited and minimally edited transcripts upon
simultaneous depletion of MRB8170 and MRB4160 further supports this argu-
ment (24). Combined with previous findings, our data show that MRB8170 and/or
MRB4160 is indispensable for the editing of both pan-edited and minimally edited
transcripts (24, 37).

In contrast to its binding to preedited forms of pan-edited and minimally edited
mRNAs, the binding of MRB8170 to never-edited transcripts showed an inverse rela-
tionship with their abundance. This observation might indirectly explain the accumu-
lation of never-edited transcripts in flagellates depleted of MRB8170 and MRB4160 (24).
The negative impact of MRB8170 binding on the abundance of never-edited transcripts
is intriguing and may also involve its interaction partner TORGG2, which was reported
to destabilize never-edited transcripts (27, 37, 38). Among all tested maxicircle tran-
scripts, three showed an unexpected behavior. Although preedited ND7 and ND8 were
extensively bound by both MRB8170 and MRB4160, suggesting their efficient
editing, the low abundance of fully edited versions in the procyclic stage suggests
that additional proteins are involved in their regulation (30, 32). Several subunits of
the MRB1 core complex represent suitable candidates for such a function, as they
were reported to affect a subset of pan-edited transcripts (18). Also, the RNA editing
helicase 2 (REH2)-associated subcomplex was recently shown to act in parallel to
MRB8170 and MRB4160 (17). Moreover, the stage-specific regulation of MURF1
MRNA guided by its poly(A/U) tail implicates the polyadenylation mediator complex
(PAMC) as yet another player in maintaining the steady-state level of some max-
icircle transcripts (9, 11, 40).

We provide evidence that MRB8170 and MRB4160 are a nexus between RNA editing
and other processing steps. Both proteins satisfy the following requirements to be
considered for such a role: (i) they interact with MRB1 core proteins, and their
simultaneous depletion compromises the overall integrity of MRB1; (ii) they share a
number of RNase-resistant interacting partners outside MRB1 that belong to other
processing complexes; (iii) they bind both preedited and edited mRNAs; and (iv)
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their simultaneous depletion affects the steady-state abundance of all three cate-
gories of maxicircle mRNAs. Below, we elaborate on the basis for these conclusions,
ultimately proposing a model of how MRB1 functions in shaping the mt transcrip-
tome.

In agreement with a previous study, our data show that the MRB1 core compo-
nent GAP1, as well as the accessory protein TbRGG2, is a stable interacting partner
of MRB8170 and MRB4160 (24). Moreover, our analyses further support the idea that
MRP1, TbRGG1, and Nudix hydrolase are associated with both proteins. To seek
further support for this hypothesis, in vivo mt mRNA interactome pulldown exper-
iments were carried out in the presence and absence of both MRB8170 and
MRB4160. In the latter samples, TORGG1, TbRGG2, MRP1, and Nudix hydrolase
showed a substantial reduction in poly(A) RNA binding. These results allow us to
postulate that TbRGG1, TbRGG2, MRP1, and Nudix hydrolase require the assistance
of MRB8170 and MRB4160 to bind mRNA. The in vivo data were further supported
by the observation that addition of recombinant MRB8170 was sufficient to en-
hance poly(A) RNA binding of TbRGG2 in vitro. Taken together, we provide strong
evidence that MRB8170 and MRB4160 enhance the activity of other mt RBPs,
presumably by attracting or stabilizing them to transcripts already decorated by
one or both of these paralogs.

Based on the above results and previous studies (27), we propose a scenario for
the regulatory interplay between MRB8170 and TbRGG2 in which the N-terminal
RNA recognition motif (RRM) domain of TbRGG2 mediates its interaction with
MRB8170 and/or MRB4160 (Fig. 7). This interaction frees the TbRGG2 C-terminal
G-rich domain, which was previously sequestered by interaction with the RRM
domain, to bind RNA (27, 37). This hypothesized interplay between MRB8170 and
TbRGG2 brings a new perspective on how MRB1 is involved in RNA editing. In a
model that attempts to integrate the iCLAP data with our in vivo and in vitro results,
the preferential binding of MRB8170 and/or MRB4160 onto preedited mRNAs marks
the initiation of RNA editing, followed by binding of TbRGG2 via its RRM domain
(Fig. 7). Subsequently, the gRNA-loaded MRB1 core proteins dock into the
MRB8170-TbRGG2 (or MRB4160-TbRGG2) subcomplex (also known as the RNA
editing mediator complex [REMC]), bringing the MRB1 complex together (19). In the
absence of MRB8170 and MRB4160, the bipartite module fails to form, leading to a
general reduction in the abundance of fully edited transcripts and an eventual
impact on parasite fitness.

MATERIALS AND METHODS

iCLAP protocol. For a single purification, 500 ml of cells expressing mTAP-tagged MRB8170 or
MRB4160 was harvested after 2 days of induction. For in vivo UV-cross-linking experiments, cells were
washed once and then resuspended in 25 ml of ice-cold phosphate-buffered saline (PBS) and placed in
a petri dish 5 cm from the light source for UV irradiation (0.8 J/cm? at 254 nm for iCLAP library
preparation) in a Stratalinker 1800 machine (Stratagene). After a quick spin, the cells were snap-frozen
in liquid nitrogen and stored at —80°C until further use. Cell pellets (~1.0 to 1.5 g [dry weight]) were
resuspended in 5 ml of lysis buffer (50 mM Tris, pH 7.6, 1.5 mM MgCl,, 10% glycerol, 250 mM NaCl, 2.5
mM B-mercaptoethanol, 0.5% NP-40, 0.1% SDS) containing Complete EDTA-free protease inhibitor
cocktail for 10 min on ice. The cell suspension was lysed and spun down by centrifugation (20 min at
20,000 X g at 4°C). The supernatant was treated with Turbo DNase (Life Technologies) and RNase | at
37°C for 3 min and then incubated on ice for 3 min as recommended in the published protocol (26). The
recovered RNA was used to prepare iCLAP libraries using a previously published protocol (26). The
specificity and efficiency of the affinity purification were confirmed by SDS-PAGE and Western blot
analysis using anti-His antibody to detect the mTAP-tagged MRB8170 and MRB4160, which also bear this
epitope.

Next-generation sequencing and computational analysis. MRB8170, MRB4160, and control (UV-
cross-linked parental cells) iCLAP cDNA libraries were sequenced using lllumina Hi-Seq 2000 (single-end
sequencing, 75-nt length). Raw reads were trimmed of 3’ adaptor sequences (Tag cleaner version 0.16),
and PCR duplicates were collapsed (Fastx collapser version 0.13). The remaining reads were ~30 to 50 nt
long. The reads were divided into individual replicates using 4-nt experimental barcodes and mapped
first onto preedited (GenBank sequence accession no. M94286) and then to fully edited (39) sequences
using Bowtie (Bowtie2 version 0.2) with “very sensitive” preset and a mismatch penalty tightened to 1.
More details are in Text S1 in the supplemental material.
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FIG 7 Schematic depiction of the formation of MRB1 bipartite modules in wild-type and MRB8170/
MRB4160-depleted cells. In wild-type T. brucei (green), the preferential binding of MRB8170 and/or
MRB4160 to preedited mRNAs marks the initiation of RNA editing, followed by their binding of TORGG2
via its RRM domain. Subsequently, the gRNA-loaded MRB1 core proteins dock into the MRB8170-TbRGG2
(or MRB4160-TbRGG2 [data not shown]) subcomplex, eventually completing the MRB1 complex. In
contrast, in MRB8170/MRB4160-depleted cells (light gray), MRB1 complex fails to come together,
consequently undermining the RNA editing process.

Accession number(s). All the iCLAP sequences are available at ArrayExpress with accession number
E-MTAB-4934.
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ABSTRACT

MRP1/2 is an abundant and well-studied heteromeric protein complex that functions
in kinetoplastids RNA editing. MRP1/2 was shown to interact with the MRB8170
protein, which initiates RNA editing by marking pre-edited mRNAs, while it requires
TbRGG?2 for 3' to 5" progression of editing. To test whether MRP1/2 interaction with
MRB8170 influences the levels of edited mRNAs by interfering with the progression
of editing, we applied iCLIP on MRP1 and compared its RNA binding with
MRB8170 and TbRGG2. We show that MRP1 competes against TbRGG?2 to bind
MRB8170 on pre-edited mRNAs. Moreover, we provide a mechanistic framework
based on the combinatorial interplay of RNA-binding proteins (RBPs), which can
fine-tune levels of fully-edited mRNAs in trypanosome mitochondrion. This provides
another compelling case of the involvement of RBPs in highly adaptable post-

transcriptional regulatory networks.

INTRODUCTION

The trypanosomatid flagellates constitute a major clade within the Kinetoplastea
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group of excavates. Their best-studied representative is Trypanosoma brucei, the
causative agent of African sleeping sickness in humans and livestock. Probably due to
their long independent evolutionary history, numerous molecular processes of the
kinetoplastid cell show a complexity exceeding their norm in a typical eukaryotic cell
(1). RNA editing is a prominent example, as in these parasitic protists it was not only
discovered for the first time (2), but also reached so far unparalleled complexity (3).
Being of the uridine (U) insertion and/or deletion type, it is confined to mitochondrial
(mt) mRNAs. These are transcribed from mt DNA, also termed the kinetoplast (k)
DNA, which is composed of dozens of large maxicircles and thousands of small
minicircles, mutually catenated into a single densely packed network (4).

Each ~27 kb-long maxicircle carries 18 protein-coding genes, most of which
constitute subunits of the respiratory complexes (1, 4). Intriguingly, to create a
standard open reading frame, a dozen of mt mRNAs require post-transcriptional
addition and/or removal of a few up to hundreds of U’s per mRNA molecule. The
function of ~ 1kb-long minicircles is to encode 50 to 70 bp-long non-coding RNAs
termed guide (g) RNAs, which provide trans-acting templates to specify the precise
insertion/deletion of U’s (1, 3). Nine out of twelve mRNAs edited throughout their
entire length and employing multiple gRNAs are classified as “ pan-edited”
transcripts. The remaining three mRNAs require only a few insertions and/or
deletions, hence need just one or two gRNAs and are termed “minimally-edited”.
Finally, the remaining six mRNAs do not undergo editing and constitute the “never-

edited” category.

The enzymatic activities required during editing are provided by the RNA
editing core complex (RECC or editosome) (5, 6) which, however, lacks RNAs and

processivity in vitro and therefore requires the assistance of several additional protein



36

complexes (7-9). One of them is the mitochondrial RNA binding complex (MRP1/2),
a heterotetramer consisting of two molecules each of the MRP1 and MRP2 proteins
(10-13), which were implicated in mRNA stability and editing. Additionally, the
crystal structure of apoMRP1/2 and with gRNAs revealed the nature of extensive
non-specific electrostatic-based RNA interactions (14). Moreover, the natively
purified MRP1/2 complex, as well as the reconstituted proteins were shown to
efficiently promote annealing of mRNAs with gRNAs (13, 15). Still, despite its
abundance and conservation in the kinetoplastid flagellates, the function of the
MRP1/2 complex in RNA editing and processing remains elusive to the extent that

this complex is often ignored in the increasingly intricate editing schemes (3, 16, 17).

Mitochondrial RNA binding complex 1 (MRB1), another protein complex
interacting with both RECC and MRP1/2 (18), has two subcomplexes. The first one,
termed gRNA-binding complex (GRBC), is composed of six proteins involved in
gRNA stability and availability, while the other subcomplex, known as RNA editing
mediator complex (REMC) (17), is loosely defined probably due to many transient
interactions (19, 20). Lately, functionally redundant MRB8170 and MRB4160
subunits of REMC were shown to act as editing initiators by selectively marking the
pre-edited mRNAs (21). To allow the progression of editing in the 3' to 5" direction,
MRB8170 requires the assistance of another REMC subunit, TbRGG2, which
exhibits both RNA melting and annealing properties (22, 23). Interestingly,
MRB8170 not only binds TbRGG2 (24) but also interacts with MRP1/2, and its
depletion affects poly (A) RNA binding efficiency of both proteins (21). This made us
wonder whether the function of MRP1/2 in editing is to compete with TbDRGG2 over
the binding of MRB8170 on a given mRNA. Such an interaction would influence the

levels of fully-edited mRNAs by interfering with the progression of editing.
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To test this hypothesis, we used individual nucleotide resolution UV cross-
linking and immuno- or affinity- precipitation (iICLIP/iCLAP) to characterize the
maxicircle transcriptome-wide binding of MRP1 and generated a quantitative
comparison of its bound RNA with MRB8170 and TbRGG2. Our study suggests that
MRP1 fine-tunes the levels of fully-edited mRNAs by competing against TODRGG2.
Moreover, we provide a mechanistic framework to explain the complex spatial and
temporal changes in the fully-edited mRNA population in the trypanosome

mitochondrion.
MATERIALS AND METHODS
T.brucei culture conditions and generation of cell lines

Previously constructed cell lines procyclic form (PF) 7. brucei (strain 29-13)
harboring MRB8170/MRB4160 (24), MRP1 with mTAP tags (15), plus those for
simultaneously inducible RNAi silencing of MRB8170 and MRB4160 (24), ATM1
(25) or TbRGG2 (22) were used as previously described. RNAi was induced by the
addition of 1 pg/ml tetracycline to culture media. Cell densities were measured by
using a Z2 cell counter (Beckman Coulter Inc) and were maintained in the

exponential mid-log growth phase at 27°C with constant shaking.

In-vivo UV-cross linking and immunity purification (iCLIP) protocol

29-13 cells (Parental cell line) were irradiated once with 800 J/cm” UV light (254
nm), and subsequently MRP1 iCLIP was performed as previously described for
MRB8170 and MRB4160 proteins (21). Protein G Dynabeads coupled with anti-
MRPI antibody were used for immunoprecipitation (IP). The specificity and

efficiency of IP was confirmed by western blot. Cross-linked, immunopurified RNA
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was digested of 60-150 nt, reverse transcribed to generate iCLIP libraries. The adapter
oligo-nucleotides, reverse-transcription primers for amplification were as described
(26). The iCLIP libraries were sequenced using Illumina Hi-Seq 2000 (single-end

sequencing, 75-nt length).

Computational analysis of Next Generation Sequencing data

Two replicates each for MRP1 (UV-crosslinked 29-13 cells) and negative control
(non-UV crosslinked 29-13 cells) were sequenced using [llumina Hi-Seq 2000
(single-end sequencing, 75-nt length). The processing of iCLIP tags was done as
previously described (21). For all subsequent analyses, replicates were merged into
one iCLAP dataset. In total, we obtained 613,7846 uniquely aligned iCLIP tags for
MRP1 (123,8207and 589,9639 for replicates 1 and 2, respectively) The control library
from Non UV-crosslinked parental cells contained 12856 uniquely mapping iCLIP
tags (7588 and 5268 for replicates 1 and 2, respectively). Already published
MRB8170, MRB4160 and mRNA-seq libraries were used in this study (21, 27).
Mapping of iCLIP data was done using Bowtie 2 (28), while data normalization was
carried out using a Bioconductor package DESeq2 (29). The data visualization of
iCLIP and RNA-seq was done using Integrative Genomics Viewer

(https://www.broadinstitute.org/igv/) (30).

RNA immunoprecipitation and quantitative real-time PCR

TbRGG2 and ATM1 knockdown cells were harvested after 24 hr of RNAi induction
were resuspended in RIP lysis buffer (50 mM Tris pH 7.5, 250 mM NaCl, | mM
DTT, 10% glycerol, 0.5% NP-40) containing cOmplete EDTA-free Protease Inhibitor

Cocktail (Roche) and RNaseOUT (100 units; Life Technologies). The supernatant
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was Turbo DNase treated (Life Technologies) and subjected to immunoprecipitation
using anti-MRP1 antibodies coated with Protein G Dynabeads for 2 hr at 4°C. Ten
percent of the supernatant was taken as input to generate cDNA for normalizing the
respective immunoprecipitated samples. After immunoprecipitation, the beads were
washed with RIP wash buffer (50 mM Tris pH7.5, 1 M NaCl, 0.5% NP40, and 0.1%
SDS) three times before phenol extraction of RNA. RNA obtained from the
supernatant (input) and eluate (output) was transcribed into cDNA and further
analyzed by qPCR (Light Cycler, Roche). The relative ratios were calculated for each
immunoprecipitated sample normalized against their respective input. Construction of
cDNA was done using the QuantiTect Reverse Transcription Kit (Qiagen). Previously
designed primers that anneal to the specified maxicircle mRNA sequences were used
in qPCR (31). The PCR conditions were 95°C for 10 min, followed by 40 cycles
[95°C for 15 sec, 60°C for 1 min]. Separate immunoprecipitation strategy is used
concerning MRP1 mTAP tag RIP-qPCR by employing IgG-Sepharose beads (GE
Healthcare); the rest of the protocol remains same. Similarly, TbRGG2 RIP-qPCR
immunoprecipitation is done using antibody against TORGG?2 coated Protein G

Dynabeads.

Statistical Analysis
All plots, graphs and statistical analyses were done using GraphPad Prism 5.00

(GraphPad, San Diego, CA, USA).

RESULTS

MRP1 efficiently binds to minimally- and never-edited mRNAs
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Recently described iCLAP protocol on MRB8170 and MRB4160 (21) was herein
adapted for the MRP1 immunoprecipitation (IP), with the aim to quantify RNA
molecules bound by MRP1 in vivo (Figure 1A). The UV-crosslinked cells showed a
strong signal of radiolabelled RNAs at the expected size of ~21-50 kDa (Figure S1A;
lane 3). Two conditions used as negative controls, namely a mock IP and a non-UV-
crosslink, yielded no radiolabelled signal (Figure S1A; lanes 1 and 2). Next, from the
UV- and non-UV-crosslinked lanes, the labelled smears (~21-50 kDa) were excised
and processed for iCLIP libraries (Figure S1A; lanes 2 and 3). The size-selected

iCLIP libraries were verified using gel electrophoresis (Figure S1B).

Two biological replicates of the UV- and non-UV-crosslinked iCLIP libraries
were processed, and afterwards mapped against pre- and fully-edited maxicircle
transcripts (Figure 1B). The uniquely mapped reads from two replicates, from now on
called iCLIP tags, were used for comparative purposes. A strong correlation (r= 0.99)
between MRP1 replicates (Figure S2A) allowed us to combine them into a single
dataset. The MRP1 replicates yielded a total of 6,137,846 iCLIP tags, while the
control produced only 12,856 of them. The ~500 fold difference in the mapped iCLIP
tags demonstrated high stringency of the applied protocol. For subsequent analyses,
the published MRB8170 and MRB4160 iCLIP libraries were pooled together (Figure
S2B). To further verify iCLIP stringency, we generated correlation plots between
MRP1, MRB8170 and MRB4160, which confirmed that MRB8170 and MRB4160
are functional paralogs (r=0.94) (24), while MRP1 demonstrated no such correlation

(r=0.19) (Figure S2C).

To examine MRP1 binding across mRNAs, we categorized the mapped iCLIP
tags into three categories composed of 9 pan-edited, 3 minimally-edited, and 6 never-

edited mRNAs (Figure 1B). In order to account for their editing status, we clustered
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iCLIP tags mapped on both pre- and fully-edited regions of the pan- and minimally-
edited mRNAs (Figure 1B). The total of 31.6% and 51.1% iCLIP tags belonged to
pan- and minimally-edited mRNAs, respectively, while the remaining 17.1% went
into the never-edited category (Figure 1C). Next, we normalized the dataset to
account for varied gene lengths, which resulted in the enrichment of 43.5%, 50.5%,

and 5.85% over pan-, minimally-, and never-edited mRNAs, respectively (Figure 1D).

Both normalized and non-normalized results depict the higher binding of
MRP1 over minimally- and never-edited mRNAs, as compared to its interacting
partner MRB8170, which dedicates ~90% of its iCLIP tags to pan-edited mRNAs
(21). To quantify and compare MRP1 and MRB8170 binding across the three mRNA
classes, we plotted the mapped normalized iCLIP tags of these proteins relative to the
published mRNA-seq mapped read counts (20, 21). In the case of MRP1, this resulted
in ~5 and ~2 fold enrichment over never- and minimally-edited mRNAs, respectively,
while pan-edited mRNAs were close to their transcription level (Figure 1E). On the
contrary, the enrichment of MRB8170 and MRB4160 iCLIP tags for pan-edited
mRNAs was ~2 and ~1.5 fold higher, respectively, as compared to the other two
transcript categories. Furthermore, visual inspection of protein binding on mRNAs
revealed higher enrichment of bound MRP1 with respect to MRB8170 on minimally-
and never-edited mRNAs (Figures 1F and S4-S6). Combined, these results reveal that
when compared to its interacting partner MRB8170 or functionally redundant
MRB4160, MRP1 efficiently binds minimally- and never-edited mRNAs, while the

binding to pan-edited mRNAs is less efficient.

MRP1 binding of pan-edited mRNAs correlates neither with MRB8170 nor with

their editing status
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The iCLIP protocol generates ~30-50 nt-long iCLIP tags, which in the case of 7.
brucei mt mRNAs creates an inherent bias in identifying the genesis of mapped iCLIP
tags, due to the varying extent of their editing (Figure 2A). To circumvent this bias,
we merged iCLIP tags from pre- and fully-edited regions into a single “total”
category. Next, to dissect repressed binding of MRP1 to pan-edited mRNAs and to
explore its binding relationship with respect to its interacting partner MRB8170. We
calculated their individual proportions mapped on pan-edited mRNAs and used them
for further analyses (Figure S3A). Total bar-plots of MRB8170 and MRP1 differed in
that 90% of MRB8170 iCLIP tags were derived from COX3, ND7, NDS, and A6
mRNAs (21), while the same mRNAs represented only ~50% of the latter dataset

(Figure S3A).

To analyze the binding relationship between MRP1 and MRB8170 over pan-
edited mRNAs, we calculated the Pearson’s correlation coefficient by plotting total
iCLIP tag counts mapped on all 9 pan-edited mRNAs (Figures 2 B and C). The strong
correlation between MRB8170 and MRB4160 (r= 0.99) served as a positive control.
The essential role of both paralogs in their editing is reflected by correlation-plot with
mRNA-seq (r= 0.98). However, the comparison of MRP1 with that of MRB8170 and
mRNA-seq revealed a poor correlation with both (r=0.30 and r = 0.261, respectively)
(Figure 2C). Next, we explored whether MRP1 binding correlates with the extent of U
insertions/deletions in a given transcripts, as is the case of MRB8170 and MRB4160
(r=0.72, r= 0.75, respectively) (Figure 2D). However, the plot failed to identify such
a correlation (r = -0.001). Taken together, these analyses indicate that the extent of
MRP1 binding to pan-edited mRNAs is neither governed by the requirement for U’s,

nor does it correlate with the binding of pan-edited mRNAs by MRB8170.

MRP1 binding of minimally- and never-edited mRNAs correlates with MRB8170
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Since the above-described analysis showed no correlation between the binding of
MRP1 and MRB8170 to pan-edited mRNAs, we explored their relationship with
minimally- and never-edited mRNAs. Firstly, we used the above approaches to assess
MRP1 binding on minimally- and never-edited mRNAs by generating bar-plots for
them (Figures S3B and C). Next, we tested the binding correlation between MRP1
and MRB8170 over minimally-edited mRNAs by plotting their cDNA counts (1=
0.99) (Figure 2E). MRP1 cDNA counts were also plotted against mRNA-seq for
minimally-edited mRNAs, revealing a good correlation (r= 0.85) (Figure S3D). Since
from both paralogs only MRB8170 binds never-edited mRNAs (21), we generated a
binding correlation-plot between MRP1 and MRB8170 on this category of transcripts.
It also revealed a high correlation between them (r=0.99) (Figure 2F), although MRP1
showed a negative correlation when assayed against mRNA-seq on them (r=- 0.41)
(Figure 3SE). Finally, we validated the MRP1 iCLIP results by RNA
immunoprecipitation (RIP) in combination with quantitative (q) PCR on the MRP1-
tagged cells. Indeed, MRP1 RIP-qPCR revealed strong binding to minimally- and
never- edited mRNAs, as compared to pan-edited ones (Figure 2G). Combined, a
quantitative comparison of MRP1 and MRB&170 binding on mRNAs shows a strong
correlation over minimally- and never-edited mRNAs, which is not the case with pan-

edited mRNAs.

TbRGG2 and MRP1 compete against each other

Since MRB8170 interacts not only with MRP1 but also with TbBRGG2 (21, 24), we
wondered whether MRP1/2 competes with TbDRGG2 to bind MRB8170. Firstly, we
tested if TbRGG2, which is indispensable for pan-editing (22), preferentially binds
pan-edited mRNAs over the other two mRNA categories. This was likely since the

depletion of TODRGG2 does not impact minimally- and never-edited mRNAs (22, 32).
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For that end, we applied TbORGG2 RIP-qPCR (Figure 3A). Remarkably, this method
revealed that TbDRGG2 binds almost exclusively pan-edited mRNAs, while the
binding of other two mRNA categories is highly repressed (Figure 3A). Next, we
tested whether TbBRGG2 and MRP1 interfere with each other over their binding of
MRBS8170. For this we used an indirect method by relying on MRP1 and MRB8170
iCLIP data. The transcripts were divided into two classes, based on their levels in the
TbRGG2-depleted cells. The first class contains all 9 pan-edited mRNAs, their fully-
edited counterparts being negatively influenced in the TbRGG2-depleted cells (22,
33). The second class brings together 9 unaffected mRNAs comprising minimally-

and never-edited mRNAs.

Our aim was to analyze whether between these two classes, there is a different
enrichment ratio of MRB8170 versus MRP1. In iCLIP data the enrichment ratio of
MRB8170 versus MRP1 significantly differs for both classes (Figure 3B). Transcripts
affected by the depletion of TbDRGG2 show higher variability in the enrichment ratio,
while there is almost no variability in the other class. Similar analyses using
MRB4160 instead of MRP1 revealed negligible variability and served as a negative
control (Figure 3C). In the case of MRB4160, the second class of mRNAs was not
analyzed, because this protein does not bind never-edited mRNAs (21). From this we
conclude that by residual binding on pan-edited mRNAs, MRP1 likely interferes with

TbRGG?2 in binding of MRB&170.

Next, we measured the relative abundance of immunoprecipitated RNA by
MRPI in cells depleted of TbBRGG2 (Figure 3D). Cells with down-regulated Atm1, an
inner mt membrane protein involved in iron-sulfur cluster assembly that neither
affects mt gene expression (25), nor competes with MRP1, was used as a control. In

the Atm1-depleted cells, MRP1 showed a similar level of bound mRNAs as in the
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parental cells. However, we found a significant increase in the mRNAs pulled down
by MRP1 in the absence of TODRGG2 (Figure 3D), reflecting their mutual competition.
Strikingly, mRNAs unaffected by the lack of TbRGG2 also participate in this
increase. This can be attributed to TbLRGG2 and MRB8170 RNA-independent
interaction, which might release more MRB8170 to bind mRNAs in TbRGG2-

depleted cells (Figure 3E).

The pan-edited mRNAs represent the only category where MRP1 competes
with TbDRGG2, which is essential for their editing. Therefore, we investigated mutual
relationships among these two RNA-binding proteins (RBPs) and MRB8170. For this
purpose a model is considered, which is based on the following assumptions. Firstly,
MRP1 and TbRGG2 compete with each other to bind MRB8170. If so, a higher ratio
of bound MRP1 versus MRB8170 will inversely affect the TbDRGG2 versus
MRB8170 ratio, consequently blocking the progression of editing (20, 23, 33).
Secondly, based on previous studies, MRP1 may also play a role in mRNA stability
of pre-edited mRNAs. Consequently, both higher and lower enrichment of bound
MRP1 versus MRB8170 on pre-edited mRNAs will result in lower mRNA-seq
counts. To test this “competition” model, we plotted the enrichment ratio of bound
MRP1 versus MRB8170 for each pan-edited mRNA against their corresponding
mRNA-seq read counts (Figure 4A). Strikingly, we observed a bell-shaped graph,
wherein the tail corresponds to the high and low enrichment ratio of MRP1 on
mRNAs. The high mRNA-seq read counts of ND7 and COX3 mRNAs with an
intermediate enrichment ratio appear at the peak of the graph. Taken together, our
results favor a situation where MRP1 and TbRGG2 compete with one another to bind

MRBS8170.
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DISCUSSION

Recently, MRB8170 was shown to act in the initiation of editing by selectively
marking pre-edited mRNAs (21), yet it requires the assistance of TODRGG2 for the
progression of editing in the 3' to 5" direction (20, 23, 33). Moreover, MRB8170 not
only interacts with TbRGG2 but also with the MRP1/2 complex, and its depletion
affect mRNA binding capability of both these proteins (21). This prompted us to test
whether the function of MRP1/2 in editing is to compete with TODRGG2 over mRNAs
bound by MRB8170, and if this interference might influence the progression of
editing.

In this study, we use iCLIP on MRP1 in order to dissect RNA interactions of
the MRP1/2 complex. A tight mutual dependence between MRP1 and MRP2 makes
their phenotypic effects highly similar (13—15), although this shall eventually be
addressed by a dedicated MRP2 iCLIP. We report that MRP1 efficiently binds
minimally- and never-edited mRNAs as compared to pan-edited ones. Consequently,
the repressed binding of MRP1 to pan-edited mRNAs suggests a more efficient
binding of TDRGG2 to MRB8170 on this category of transcripts. In support of this
conclusion, our study showed an almost exclusive binding of TODRGG2 to pan-edited
molecules, as compared to the other two mRNA categories. Furthermore, a
quantitative comparison of the binding by MRP1 and MRB8170 revealed a strong
correlation between these two proteins over the binding of minimally- and never-
edited mRNAs, while no correlation was apparent over the binding of pan-edited
mRNAs. Our analyses also failed to detect any relationship between the binding of
MRPI and the extent of editing of a given mRNA. Combined, these results suggest

that MRB8170 teams up with MRP1 over the binding of minimally- and never-edited
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mRNAs, while its preferred partner for the binding of pan-edited mRNAs is
TbRGG2.

Perhaps the most striking observation of our study is that the enrichment ratio
of MRP1 with respect to MRB8170 showed a huge variability exclusively for pan-
edited mRNAs, where TbRGG?2 is supposed to compete. This sharply contrasts with
almost no variability in the enrichment ratio of MRP1 versus MRB8170 on
minimally- and never-edited mRNAs, likely because of the absence of competing
TbRGG2. To further test the hypothesized competition between these proteins over
the binding of pan-edited mRNAs, we built a model based on the role of MRB8170 in
the initiation of editing, while TbRGG2 is required for its progression (23). This
means that a higher ratio of bound MRP1 with respect to MRB8170 on a given
mRNA will inversely affect the TbDRGG2 versus MRB8170 ratio, halting editing at
the pause sites, while lower binding of MRP1 on an mRNA molecule will impact its
stability (34). This way, MRP1 may tweak editing in either positive or negative way,
depending upon its enrichment ratio on the pre-edited mRNAs (Figure 4B).
Simulations conducted to test this “competition” model faithfully recapitulated such
dynamics. We found further support for this model by measuring the amount of RNA
bound by MRP1 in cells depleted of either TODRGG2 or Atm]1. Indeed, we observed a
significant increase in mRNAs immunoprecipitated by MRP1 solely in the
background of depleted TODRGG2, strongly advocating for the above-described model.

Our study puts several unexplained observations from previous studies on a
firmer ground. The observed unimpeded editing of minimally-edited mRNAs in the
TbRGG2-depleted cells correlates with its lack of binding to this category of
transcripts (22, 33). At the same time, the highly correlated binding of MRP1 and

MRB8170 of minimally-edited mRNAs sheds light on their role in editing of
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minimally-edited Murf2 and Cyb transcripts (24, 34). Moreover, previously implied
role of MRP1/2 in mRNA stability of never-edited mRNAs (34, 35) is supported by
MRP1 highly enriched binding on them. Finally, pan-edited transcripts emerged as
the only category where MRP1 competes with TODRGG2, which is essential for their
editing.

The RNA binding protein, RBP16, adds another layer of complexity by having
a similar function in RNA stability and annealing as that of MRP1 (34).
Consequently, such functional redundancy between MRP1/2 and RBP16 was used to
explain the somewhat limited effects of their individual depletion, while when
depleted simultaneously; the effect is dramatic (34). A strong support for our
“competition” model of fine-tuning the levels of mRNAs proposed here explains the
complex positive and negative effects of RBP16 on mRNA levels in the MRP1/2-
depleted cells (34). Furthermore, it also explains the increased levels of pre-edited
form of pan-edited mRNAs and the parallel decrease of their fully-edited counterparts
in TbRGG2-depleted cells (32, 36). Consequently, the lack of TODRGG2 will cause an
enrichment of MRP1 on pre-edited mRNAs, while the absence of TODRGG2 will halt
editing at pause sites leading to diminished levels of fully-edited mRNA. Intriguingly,
both MRP1/2 and TbRGG2 exhibit gRNA/mRNA annealing activity and share
similar RNA modulated interactions with the GRBC sub-complex of MRB1 (14, 15,
36). Therefore, we speculate that MRP1/2 can replace TbRGG?2 during editing by
binding to MRB8170, while narrowing the indispensability of TbRGG2 exclusively to
the editing pause sites. If correct, it further explains why TbRGG2 mostly affects
editing of pan-edited mRNAs and much less that of minimally-edited ones (22), as the
former category harbors more editing pause sites by having larger editing regions.

The same reasoning might explain the recently observed lack of overlap in positions
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where editing gets stalled on mRNAs in the MRB8170 and TbRGG2-depleted cells
(20). Reflecting its role in the initiation of editing, the process indeed gets stalled at
the initial editing sites in the MRB8170-depleted cells, while TbRGG2-depletion halts
editing at the editing pause sites.

In conclusion, we provide a mechanistic framework based on the
combinatorial interplay among several RBPs (Figure 4B), which likely allows a fine-
tuned control of the levels of fully-edited mRNAs in response to the life cycle stage
and/or environmental signals. Only recently, we started to appreciate the complex
regulatory roles exercised by RBPs from several studies related to alternative splicing
(37, 38). Here we show that the same category of proteins participates in the complex

regulation of mitochondrial RNA editing in trypanosomes.
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FIGURE LEGENDS
Figure 1. MRP1 iCLIP and its efficient binding to minimally- and never-edited
mRNAs

(A) Schematic depiction of the MRP1 iCLIP workflow to purify UV-crosslinked
RNA-MRP1 complexes.

(B) Illustration of a strategy used to map MRP1 iCLIP data. Pre-processed iCLIP
reads were mapped against maxicircle mRNAs to its pre- and fully-edited
forms. The uniquely mapped iCLIP tags from both forms were combined and
named as total iCLIP tags. Never-edited mRNAs contributed only to pre-
edited iCLIP tags since they lack editing. Pan-, minimally and never-edited
mRNAs are marked in blue, grey and black, respectively.

(C) Percentage of total MRP1 iCLIP tags contribution over three different
categories of mRNAs.

(D) The fold enrichment of iCLIP tags density on dividing the number of iCLIP
tags by their length of each RNA feature.

(E) Comparison of fold enrichment of iCLIP tags over three different classes of
mRNAs from MRB8170, MRB4160 and MRP1 iCLIP libraries. The data is

expressed relative to mapped mRNA-seq read counts.
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(F) Genomic browser snapshots of protein binding by MRP1 and MRB8170 on
pre-edited form of ND§ (pan-edited), CYB (minimally-edited) and ND4
(never-edited) mRNA. White lines show the approximate distribution of
editing sites on ND8 and CYB.

See also Figures S1, S2, and S4-6.

Figure 2. Quantitative comparison of MRP1 and MRB8170 binding on different
class of mRNAs

(A) Schematic representation of intrinsic bias in iCLIP mapping due to the
progression of 3" to 5° editing. We used prolong RNAse treatment to get rid
of bound non-specific RNA and generate small RNA fragments for
sequencing. This results in ~ 30 to 50 nt-long iCLIP tags after the removal of
adaptors. However, mapping short iCLIP tags create a drawback as it
becomes difficult to decipher the origin of uniquely mapped iCLIP tags on
pre- and fully-edited forms which might be contributed by their partially-
edited forms. This creates a bias in interpreting the quantitative data. In
response, we combined uniquely mapped iCLIP tags on pre-edited and fully-
edited regions and called them total and use them for later analysis.

(B) Plots comparing the total number of mapped iCLIP tags on nine pan-edited
mRNAs from MRB8170, MRB4160 and mRNA-seq data. Pearson correlation
coefficient are (r) indicated

(C) As in B, from MRP1, MRB8170 and mRNA-seq data.

(D) Plot displaying the correlation between total mapped iCLIP tags (y-axis) on
pan-edited transcripts and the respective number of U insertions/deletions

required by them (x-axis). Pearson correlation coefficients (r) are indicated.
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(E) Plots comparing the total number of mapped iCLIP tags on three minimally-
edited mRNAs from MRB8170 and MRP1. Pearson correlation coefficients
(r) are indicated.

(F) Plots comparing the total number of mapped iCLIP tags on six never-edited
mRNAs from MRB8170 and MRP1. Pearson correlation coefficients (r) are
indicated.

(G) MRP1 RIP-qPCR. Bar-plots show the relative amount of pre- and never-
edited mRNAs bound by MRP1. Data is presented relative to the RNA
recovered from 10% of input lysate. One representative set of measurement is
shown.

See also Figure S3
Figure 3. MRP1 and TbRGG2 competes with one another to bind MRB8170

(A) TbRGG2 RIP-qPCR. Bar-plots show the relative amount of pre-and never-
edited mRNAs bound by TbRGG2. Data is presented relative to the RNA
recovered from 10% of input lysate. One representative set of measurement is
shown.

(B) Comparing variability in the enrichment ratio of bound MRB8170 with
respect to MRP1 (y-axis) over individual mRNAs. Transcripts were separated
into two categories based on their levels in TbDRGG2 depleted cells. First
category contains nine pan-edited mRNAs, which are affected by TbRGG2
depletion (TbRGG2 affected mRNAs), while the other nine mRNAs consist
of minimally- and never-edited mRNAs that are marked as TbRGG2
unaffected mRNAs (Mann-Whitney test, **P <0.005).

(C) As in C, for comparing MRB8170 with respect to MRB4160. TbRGG2

unaffected mRNAs were not shown since MRB4160 lacks binding over
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never-edited mRNAs.

(D) Bar-plot displays the relative amount of immunoprecipitated mRNAs by
MRP1 in three different conditions using RIP-qPCR (Tukey’s multiple
comparison test, *P <0.05, ***P <0.001, ****P< 0.0001, n=2-3). Data was
presented relative to the RNA recovered from 10% of input.

(E) In parental cells, MRB8170 is bound to mRNAs, thereby initiated editing.
Meanwhile, TbRGG2 and MRP1 are competing with one another to bind
MRB8170 on pan-edited mRNAs, while MRP1 alone is its preferred binding
partner on other mRNA classes. The situation differs in TORGG2-depleted
cells, as lack of TbDRGG2 halts editing of pan-edited mRNAs, while there is
no effect on other mRNA classes due to MRP1 availability. Moreover,
TbRGG2-depletion releases more MRB8170 that was previously bound to it

by RNAse-independent interaction.

Figure 4. “Competition” model involving three RNA-binding proteins

(A) Plot displays enrichment ratio of bound proteins MRB8170 vs. MRP1 on each
pan-edited mRNAs (x-axis), against their respective total mapped read-counts
(y-axis). Data was fitted using nonlinear model for Gaussian function.

(B) Schematized competition between TbRGG2 and MRP1 for MRB8170, over
pan-edited mRNAs. TbDRGG2 is essential for the progression of editing at the
pause sites, whereas MRP1 provides RNA stability. Therefore, on a given
pre-edited mRNA higher amount of bound MRP1 will cease editing. On the
contrary, mRNA will be destabilized if TbDRGG2 outcompetes MRP1.
Consequently, the combinatorial interplay among these RBPs by deploying

their different ratios on a pre-edited mRNA will allow the fine-tuning of fully-
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edited mRNA levels.

SUPPLEMENTARY FIGURES
Figure S1. MRP1 iCLIP library verification
(A) Co-purification of UV crosslinked RNA-MRP1 complexes. The **P-labelled
complexes were monitored by autoradiography. Mock IP (lanel) and Non-UV
crosslinked parental cell line (lane 2) yielded no signal. The low RNAse
treated (boxed region in lane 3) was used to prepare the iCLIP libraries. Two
independent replicates were sequenced. Western blot confirmed the presence
of MRP1 (21 kDa).
(B) TBE-6% urea gel showing amplified MRP1 iCLIP libraries. The cDNAs were
size fractionated and amplified separately to reduce any size biases during
PCR. Three sizes were cut out and PCR amplified, which are indicated as
high (H) (150-300 nt), medium (M) (80-150 nt) and low (L) (60-80 nt). The H
and M nucleotide long libraries were submitted for sequencing. RT —ve,

represent reverse transcriptase controls.

Figure S2. Correlation-plots
(A) Plots comparing the total number of mapped iCLIP tag on mRNAs from
different replicates for MRB4160 and MRP1. Pearson correlation coefficients
(r) are indicated.
(B) As in A, for MRB8170 and MRB4160
(C) Plots comparing the total number of mapped iCLIP tag on mRNAs between
MRB8170, MRB4160 and MRP1. Pearson correlation coefficients (r) are

indicated.
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Figure S3. MRP1 iCLIP tags distribution on different categories of mRNAs

(A) Bar-plot shows the MRP1 iCLIP tags distribution over individual pan-edited
mRNAs. The percentage is calculated separately for pre- fully- and total-
mapped iCLIP tags in their respective regions.

(B) Asin A, for minimally edited mRNAs.

(C) As in A, for never-edited mRNAs

(D) Plots comparing the total number of mapped iCLIP tag on minimally-edited
mRNAs between MRP1 and mRNA-seq. Pearson correlation coefficients (r)
are indicated.

(E) Asin D, for never-edited mRNAs

Figure S4. Genomic browser snapshots for 9 pan-edited transcripts
The unique cDNA count is depicted on the y-axis and the mapped tag position along a

given transcript is on the x-axis.

Figure S5. Genomic browser snapshots for 3 minimally-edited transcripts
The unique cDNA count is depicted on the y-axis and the mapped tag position along a

given transcript is on the x-axis.

Figure S6. Genomic browser snapshots for 6 never-edited transcripts
The unique cDNA count is depicted on the y-axis and the mapped tag position along a

given transcript is on the x-axis.
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Abstract

The importance of mitochondria for a typical aerobic eukaryotic cell is undeniable, as
the list of necessary mitochondrial processes is steadily growing. Here, we summarize
the current knowledge of mitochondrial biology of an early-branching parasitic protist,
Trypanosoma brucei, a causative agent of serious human and cattle diseases. We present
a comprehensive survey of its mitochondrial pathways including kinetoplast DNA repli-
cation and maintenance, gene expression, protein and metabolite import, major meta-
bolic pathways, Fe-S cluster synthesis, ion homeostasis, organellar dynamics, and other
processes. As we describe in this chapter, the single mitochondrion of T. brucei is every-
thing but simple and as such rivals mitochondria of multicellular organisms.

1. INTRODUCTION

The importance of mitochondria for a typical eukaryotic cell cannot
be exaggerated, as the list of processes in which they are involved is steadily
growing (Scheffler, 2007). In this chapter, we demonstrate that this is also
true for the mitochondrion of a well-studied parasitic protist, and that in
terms of complexity, its organelle matches that of multicellular organisms.
It is clear that all extant mitochondria are of singular origin. Although
numerous protist lineages harbor organelles such as mitosomes and hydroge-
nosomes that were thought to have emerged independently of the mito-
chondrion, the available evidence points to all of them being derived
from it (Tachezy, 2008). Some mitosomes were reduced to a mere shadow
of the organelle from which they evolved, and currently the only function
shared by all known mitochondria and mitochondrion-derived organelles
(sometimes also labeled mitochondrion-related organelles (MR Os)) is the
synthesis of iron-sulfur (Fe-S) clusters (Lill, 2009; Tachezy, 2008).

Out of the six to seven currently recognized eukaryotic supergroups, the
exclusively unicellular Excavata brings together protists with a groove-shaped
central cytostome (Adl et al., 2012). They carry the most diverse forms of aer-
obic and anaerobic mitochondria, as well as MR Os. However, with more ex-
cavates being examined, it appears that there are no strict boundaries defining
these categories, but rather a continuum of organelles, ranging from a conven-
tional mitochondrion to a massively reduced MRO (Jedelsky et al., 2011).
Indeed, excavates arguably evolved higher diversity of their mitochondrial
(mt) genomes than all the other eukaryotes combined (Flegontov etal., 2011).
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et al., 2008). The processing of pre-edited RINAs that have to undergo
RNA editing to decrypt a translatable sequence also undergoes short and
long 3’-tail additions as in the case of never-edited mRNAs. However,
the latter processing step is intertwined with RNA editing (Section 2.2.3).

The polyadenylation complex plays a critical role in the 3’ tailing process
in mRNA. The kinetoplastid poly(A) polymerase 1 (KPAP1) is involved in
the synthesis of both short and long 3’ tails (Etheridge et al., 2008). RET1
has been experimentally proved to be involved in the generation of long
3’ tails as well (Aphasizheva and Aphasizhev, 2010; Ryan and Read,
2005). Pentatricopeptide repeat (PPR) proteins called kinetoplast polyade-
nylation/uridylation factors 1 and 2 (KPAF1 and KPAF2) coordinate long
3’ A/U tail synthesis (Aphasizheva et al., 2011). The 3’ poly A/U tails
play an important role in the regulation of RINA stability and diverse effects
on these mRNAs at various stages of processing. The pre-edited, partially
edited, and fully edited transcripts are stabilized by the addition of a short
3 tail (Etheridge et al., 2008; Kao and Read, 2007, 2005), although only
never-edited and fully edited mRNAs bearing long 3’ A/U tails are trans-
lated (Aphasizheva et al., 2011). These long-tailed mRNAs interact with
the small ribosomal subunit (SSU) (Section 2.3). After assembly of the
SSU and large ribosomal subunit (LSU), tRINAs are recruited to the
mRNA and protein synthesis can begin.

2.2.3 RNA editing

RNA editing refers to any posttranscriptional processing step introducing
changes in a transcript sequence relative to the corresponding gene, thus
changing the information content of the RNA, except for splicing and ter-
minal processing (Gott and Emeson, 2000). This process occurs throughout
eukaryotes in different forms, such as the substitution adenosine-to-inosine
editing that is prevalent in mammals. Yet RNA editing was originally
discovered as four U residues inserted posttranscriptionally into cytochrome
¢ oxidase subunit 2 (cox2) mRINA of T. brucei (Benne et al., 1986). Tran-
scripts of several maxicircle genes were revealed to undergo more extensive
pan-editing, in which hundreds of Us are inserted and tens of Us are deleted
(Feagin et al., 1988). In general, RNA editing in trypanosomes generates
open reading frames in edited mRINAs that serve as templates for translation.
The role of this process remains poorly defined, although some transcripts
are difterentially edited between the BSF and PCF, suggesting its additional
regulatory role in controlling the expression of maxicircle genes (Feagin and
Stuart, 1988; Souza et al., 1992). The limited phylogenetic distribution of
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U-insertion/deletion editing indicates that it evolved after the kinetoplastid
clade of the Excavata branched off the eukaryotic tree.

U-insertion/deletion editing has been recapitulated at a single editing
site with synthetic mRINA, gRINA, and crude mt extract, providing all
necessary cofactors (Seiwert and Stuart, 1994). An editing site on a pre-
edited mRINA is defined by the so-called anchor domain of a gRINA,
8—12 nt of sequence on the 5'-end that anneals to its cognate transcript.
This hybridization between gRINA and mRNA also employs noncanonical
G:U base pairs. The mRINA editing site starts at the first base pair mismatch
within the RNA duplex, which also defines the beginning of the informa-
tion domain of the gRINA. It is this part of the gRINA that actually specifies
U-insertions and deletions in a small region of mRINA until this molecule is
complementary with the information domain. The 3’-oligo(U) tail that is
adjacent to the gRINA information domain has been proposed to interact
with the downstream purine-rich sequence of the mRINA that remains to
be edited (McManus et al., 2000).

In the case of pan-edited mRNAs, several gRNAs are needed for their
editing, which proceeds in the 3’ to 5’ direction (Maslov and Simpson,
1992). This polarity eliminates the co-occurrence of editing and translation.
There is a higher number of gRNAs encoded in the minicircles than is
required for the decoding of all mRNAs, as gRINAs with slightly varied se-
quences seem to be able to decode part of an edited mRINA (Koslowsky
et al., 2014). Thus, a large and redundant population of gRNAs is encoded
by minicircle kDNA. The cox2 transcript was the first example of RNA
editing, although it does not utilize the aforementioned gRNAs for its
sole four U-insertions. Its editing is mediated by a cis-acting gRINA-like
element located in its 3’ untranslated region, making it a unique substrate
for the editing machinery that performs the enzymatic steps of this process
(Golden and Hajduk, 2005).

Numerous protein complexes coordinating the highly complex editing
process have been described. The well-studied heterotetrameric complex
consisting of mt RNA-binding proteins 1 and 2 (MRP1 and MRP2) (Schu-
macher et al., 2006) has been proposed to act in gRNA-mRNA annealing, a
necessary association for the initiation of editing (Muller et al., 2001; Zikova
et al., 20082). This complex has an electropositive face that facilitates the
nonspecific binding of RNAs via their negatively charged sugar-
phosphate backbone, exposing their base moieties to potential hybridizing
transcripts (Schumacher et al., 2006).
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The multiprotein complex, called RECC or the 20S editosome, pro-
vides the core enzymatic activities needed to achieve a single round of
RNA editing (Panigrahi et al., 2001; Seiwert and Stuart, 1994), and also
contains proteins with just a structural role. There are at least three
RECC isoforms bearing different endonucleases, each partnered with a
unique protein that selectively cleaves U-insertion (by RINA-editing endo-
nuclease 2 (REN2)), deletion (RENT1), and cox2 mRNA (REN3) editing
sites (Carnes et al., 2011, 2008). After cleavage of an mRINA at an insertion
site into 5'- and 3’-cleavage products, Us are added to the 3’-end of the
former by terminal uridylyl transferase 2 (RET2), a less processive enzyme
than RET1 (Ermnst et al., 2003). When a deletion site is cleaved by
RENT1, excess Us on the 5'-cleavage fragment are removed by
RNA-editing exonuclease 1 (REX1) (Carnes et al., 2012; Ernst et al.,
2009). Interestingly, REX1 exclusively associates with RENT1 in this
RECC isoform (Carnes et al., 2011). Once the appropriate number of Us
has been added or deleted from the 5'-cleavage fragment as dictated by
the gRNA, the two mRNA fragments are resealed by RNA-editing ligase
1 (REL1) to complete a single round of editing. All RECC isoforms also
contain less-dominant REL2 and RINA-editing exonuclease 2 (REX2),
whose roles in the process remain unclear (Carnes et al., 2012; Ernst
et al., 2009; Gao and Simpson, 2003).

The mt RNA-binding complex 1 (MRB1) has emerged as another key
player in RNA editing. Thirty one proteins have been found in various
preparations of MRB1, many of which bear motifs or domains that have
been associated with RINA binding and processing, giving the complex its
name. In addition, several of these proteins have known protein—protein
interaction motives, further evidence that MRB1 represents a macromolec-
ular assembly (Etheridge et al., 2008; Hashimi et al., 2008; Hernandez et al.,
2010; Panigrahi et al., 2008; Weng et al., 2008). The architecture of this
complex appears to be made up of a core of six proteins that is present in
all MRB1 purifications (Ammerman et al., 2012). It contains the aforemen-
tioned GAP1/2 heterotetramer that binds and stabilizes gRNAs (Hashimi
et al.,, 2009; Weng et al., 2008), MRB3010, and MRB11870, which are
involved in early steps of RNA editing (Ammerman et al., 2013, 2011),
and MRB8620 and MRB5390, whose role in the process remains
undefined.

This core interacts with the TbDR GG2 subcomplex, which is named after
aresiding RNA-binding protein (Ammerman et al., 2012). TDRGG2 has an
N-terminal region with an annealing activity, and a C-terminal part, which
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confers double-stranded RNNA unwinding activity (Foda et al., 2012). This
protein interacts with MRB8180 as well as two novel RNA-binding pro-
teins, MRB8170 and MRB4160, in a mutually exclusive manner (Ammer-
man et al., 2012; Kafkova et al., 2012). The downregulation of TbRGG2,
MRB8170, and MRB4160 leads to a preferential decrease in pan-editing
(Fisk et al., 2008; Kafkova et al., 2012), which along with the biochemical
properties of TbRGG2 seems to indicate that this subcomplex mediates
multiround editing (Hashimi et al., 2013b).

The MRB complex also associates with RNA-editing helicase 2
(REH2), which has been found to interact with RECC in an
RNA-dependent fashion (Hemandez et al.,, 2010). This protein has
double-stranded RNA unwinding activity and appears to play a role in dis-
lodging gRNA from an edited mRINA. Another RNA helicase dubbed
REH1, which does not interact with MRB1 but has been found to associate
with RECC, has been proposed to play a role in this process, too (Li et al.,
2011; Missel et al., 1997). MRBI1 subunits interact with the PPR protein
KPAF1, which is involved in the addition of long 3’-tails on mRINAs
(Ammerman et al., 2010). Due to this association with proteins in other
mt RNA processing steps, MRB1 may be involved in integrating the
RNA-editing process with the general mt RNA metabolism from transcrip-
tion to translation (Hashimi et al., 2013b).

2.2.4 RNA turnover

RNA maturation pathways are not the only elements in the regulation of
expression of mt-encoded genes. Directed RINA degradation also contrib-
utes to this process by controlling the abundance of a given RNA, and
also serves in quality control, as aberrant transcripts are eliminated. As pre-
viously discussed, various RNAs are appended with 3’-extensions that affect
their stability (Section 2.2.2). Several proteins involved in RNA turnover
have been characterized. A degradosome-like complex (containing TbSUV
and TbDSS-1) has been described in the T. brucei mitochondrion, the first
detection of this complex outside of the yeast Saccharomyces cerevisiae, where
it has 3’ to 5" exoribonuclease and RNA helicase activities (Mattiacio and
Read, 2009). Indeed, the T. brucei ortholog TbDSS-1 appears to affect
the stability of a subset of mt mRNAs (Penschow et al., 2004) and process
the 3’-end of 12’ S rRNA (Mattiacio and Read, 2008). However, it still re-
mains to be seen whether this endonuclease is truly involved in the bulk
turnover of mt RNAs, indirectly or in conjunction with other factors.
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Another mt 3’ to 5’ exonuclease bearing an RNase D domain has been
shown to preferentially act on poly(U) (Zimmer et al., 2011). Consistent
with this finding, the enzyme trims 3’'-oligo(U) tails of small gRNAs. The
biological relevance of this activity is still a mystery, although it seems that
the enzyme does not act on bulk gRINA turnover, a process that would pre-
sumably also be beneficial in maintaining this pool of RINA species. Further-
more, the 3'-oligo(U) tails are not essential for the stability of gRNAs
(Aphasizheva and Aphasizhev, 2010).

2.2.5 Mitochondrial tRNA import and modifications

In contrast to protein-coding genes, mitochondria generally encode all
structural RNAs (rRNAs and tRNAs) that are needed for organellar trans-
lation (Adams and Palmer, 2003). However, the loss of mt-encoded tRINA
genes apparently occurred multiple times during eukaryotic evolution. In
such cases, the corresponding nuclear-encoded tRINAs have to be imported
into the mitochondrion to sustain organellar translation (Rubio and Hopper,
2011). Most, perhaps even all, organisms are able to import tRINAs from the
cytosol into mitochondria regardless of whether a complete set of tRINAs is
encoded by the organellar genome or not (Rubio et al., 2008). The most
extreme situation evolved in two groups of parasitic protozoa, namely the
apicomplexan and kinetoplastid parasites, as both groups lost their full com-
plement of mt tRINA genes, and as a consequence must import them from
the cytosol (Esseiva et al., 2004; Hancock and Hajduk, 1990; Tan et al.,
2002).

A number of studies have investigated necessary factors or mechanisms
that perform and control tRINA import. In general, there are two tRINA
import pathways. One utilizes the protein import pathway, requiring the
mt membrane potential for tRNA translocation. The other process, which
is present in T. brucei, is not dependent on the protein import pathway and
does not require mt membrane potential (Paris et al., 2009). The only com-
mon feature for both import pathways is a need for ATP. Despite laudable
efforts, both mechanisms remain poorly understood.

Transfer RNA molecules are of course crucial for protein synthesis. A
typical tRINA does not represent a nude structure as it carries a high number
of modified nucleotides. Over 100 naturally occurring chemical modifica-
tions have been described in tRNAs, with each tRINA molecule containing
an average of 12 of them (Grosjean, 2009), and it is hypothesized that these
modifications carry more information than tRINA genes themselves (Bjork
et al., 2001). The comprehensive distribution and roles of tRINA
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(Niemann et al., 2013; Wideman et al., 2013). However, neither Mdm12
nor Mdm34 localizes to the T. brucei mitochondrion or mitochondrion-
ER contact sites, indicating that a functional ERMES-like complex is
most probably not formed in the parasite (Schnarwiler et al., 2014). In the
same study, a novel B-barrel protein functionally homologous to Mdm10
was 1dentified; this protein localizes to the TAC and is not essential for mt
division but instead required for kDNA segregation (Schnarwiler et al.,
2014). Thus far, trypanosome Geml, the yeast Miro GTPase regulating
mt morphology, has not been functionally analyzed but was found to asso-
ciate with the OM (Niemann et al., 2013).

Opwerall, despite conservation of parts of the mt fission machinery, the
trypanosome must have evolved unique regulatory mechanisms to ensure
proper segregation of this single-copy organelle during cytokinesis and to
effect morphological changes during its life cycle. Several unique and
trypanosome-specific proteins with functions in mt morphology regulation
are indeed beginning to emerge, for example, the POMP proteins (present
in outer membrane proteome) POMP9, POMP14, and POMP40 (Nie-
mann et al., 2013), as well as TbLOK1 (Loss of kDINA), initially identified
in a screen for loss of KDNA as the name implies (Povelones et al., 2013).
Silencing of the POMPs caused specific morphological changes to the mito-
chondrion. While RNAi-mediated ablation of POMP40 creates a BSF-like
mitochondrion in PCF cells, ablation of POMP9 and POMP14 causes
collapse of the mt network (Niemann et al., 2013). Similarly, depletion of
OM protein TbLOK1 in PCF cells results in mt morphology that resembles
that of the BSF flagellates (Povelones et al., 2013).

§ 6. CONCLUDING REMARKS

In this chapter we provide a comparison between T. brucei and the
more established eukaryotic model systems and reveal numerous similarities
and differences in mt processes at the DNA, RNA, and protein levels. Try-
panosomes contain surprisingly complex machineries for many of the
classical biological mt features including energy metabolism via oxidative
phosphorylation, RNA editing, Fe-S cluster biogenesis, and mt fission
machinery. Apart from highly conserved mechanisms, these processes also
contain differences, which is not surprising given that 1. brucei is one of
the earliest known diverging eukaryotes. Consequently, these conserved
features between diverse eukaryotic clades, and the presence of a single



0
Maﬁeable Mitochondrion of Trypanosoma brucei 127

mitochondrion make T. brucei an attractive model to further enhance our
general understanding of both evolution and cellular biology of the mito-
chondrion. It is also important to explore the differences in the mt proteome
and processes between this parasite and mammalian host. An essential aspect
of drug development is the ability to target diverse or novel proteins, which
include those found in kDNA replication and FA biosynthesis, in addition to
a substantial repertoire of kinetoplastid genes that currently have no known
function.
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New tool for the peak calling in iCLIP data of RBPs involved in U-
insertion/deletion RNA editing

The advent of various crosslinking and immunoprecipitation (CLIP) protocols
allowed characterizing the genome-wide RNA crosslinking positions of RBPs, as
evident by the recent surge in published CLIP data. However, the complexity of mt
transcriptome and limitations in the mapping of iCLIP reads, primarily in
trypanosomes due to their extensive RNA editing, makes identification of protein

crosslink positions challenging (Gerasimov et al., 2017).

An initial versions of high-throughput sequencing of RNA isolated by
crosslinking immunoprecipitation (HITS-CLIP) (Ule et al., 2003) and
photoactivatable ribonucleoside-enhanced CLIP (PAR-CLIP) protocols rely on a
higher probability of base transitions, deletions, and truncations during the reverse
transcription step to detect the crosslink positions. However, the above protocols had
a major drawback since they employ the 5 end adapter to immunoprecipitated RNAs
and, therefore, capture only limited cDNAs that were entirely read by the reverse
transcriptase. This failure to capture truncated cDNAs may amount to ~80% from the
total immunoprecipitated RNA, due to halted reverse transcriptase at crosslink
positions. An improved version of CLIP termed iCLIP uses the 3" end adaptor to the
immunoprecipitated RNAs and an additional circularization step, thus allowing the
majority of the cDNA molecules to be captured (Huppertz et al., 2014; Konig et al.,
2010).

The technical improvements of the initial CLIP protocols accompanied the
simultaneous advancement in bioinformatic tools allowing deciphering crosslink
positions of RBPs. In contrast, to analyze HITS-CLIP and PAR-CLIP data, far fewer
tools are available (De and Gorospe, 2017). The most commonly used bioinformatics
tools for the iCLIP data include iCLIPpro, Piranha and CLIPper (Hauer et al., 2015;
Van Nostrand et al., 2016; Uren et al., 2012). The published Piranha peak-calling tool
performs strand-specific peak searches by segregating bin-wise read counts and then
uses an arbitrary threshold value to call peaks, without normalizing for non-specific
background noise. When analyzing the iCLIP data one needs to take into account

several biases in order to identify the correct crosslink positions, namely the
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differential abundance of transcripts, the sequence preference for crosslinking,
background noise from sticky RNA fragments, non-specific crosslinking within
crosslinking motifs, and the binding of background proteins. Most of the above-
mentioned tools have various limits and suffers from identifying low-affinity binding

regions.

Including the above bottlenecks, mapping and peak-calling in the generated
iCLIP data of RBPs involved in U insertion/deletion RNA editing poses an extra
challenge, hence demanding new bioinformatics tools. The 3" to 5° progression of
editing creates three different states of mRNA at a time; 1) pre-edited mRNAs
awaiting the initiation of editing; 2) a diverse set of partially-edited mRNAs that
reflect different degree of editing progression; moreover, the majority of partially-
edited sequences contains also some non-canonical modifications; 3) fully-edited

mRNAs with the correct ORF, ready to be translated.

These three states of mRNA have different abundance. In general, the
intermediate mRNAs are most abundant and more than 90% of these sequences
contain junction regions with some non-canonical modifications, while the fully-
edited mRNAs are rare. Consequently, any peak-calling tool requires taking into
account the differential abundance of pre-, partially- and fully-edited mRNAs, which
is currently not available among the existing tools. The other problem arises due to
the necessary step of RNase treatment during the iCLIP protocol that results in shorter
iCLIP reads. The resulting short iCLIP reads might map to the pre-, partially-, and
fully-edited portions of the mRNA, or be unmappable if they contain non-canonical
modifications. As a consequence, locating the origin of the mapped iCLIP reads
becomes difficult. Taken together, RNA editing related RBPs iCLIP data requires a

new tool that can meaningfully resolve the above issues.

Recently published Trypanosome RNA editing alignment tool (TREAT)
aligns the full-length RNA sequences to identify the extent of editing across the
population of pre-, partially- and fully-edited transcripts (Simpson et al., 2016).
TREAT successfully captured the stalled editing positions in the
MRB8170/MRB4160 depleted cells (Simpson et al., 2017). Therefore, to develop a

new peak-calling tool, we want to start from an already published
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MRB8170/MRB4160 TREAT and iCLIP data (Dixit et al., 2017). The plan includes
creating an additional reference library encapsulating complex mt transcriptome using
parental-cell line TREAT data to map the MRB8170/MRB4160 iCLIP data. This will
be followed by the restricted peak-calling search to editing stalled regions derived
from MRB8170/MRB4160 RNAi TREAT data. In conclusion, the proposed tool
utilizes expanded mt transcriptome for mapping and refined the peak-calling search to
the edited regions impacted by protein depletion. In the process, we hope to broaden
the scope of the powerful iCLIP methodology to better understand the role of RBPs
role in RNA editing.
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INTRODUCTION

The Nudix family of proteins is widespread in all three domains of life, mostly
engaged in hydrolyzing nucleoside diphosphate linked to another moiety X (NDP-X)
into nucleoside monophosphate (NMP) and P-X (Bessman et al., 1996). The 23 amino
acids-long conserved motif (GxsExs[UA]XREx;EExGU), where U is either an
aliphatic or a hydrophobic residue and x can represents any amino acid, constitute the
catalytic domain of the Nudix proteins (Mildvan et al., 2005). The metal ion
coordination maintenance requires two glutamic acid residues that are present in the
core of the conserved motif (REx;EE). Generally, the Nudix hydrolases are small size
(16-21 kDa) proteins; if large, they mostly carry other functional domains. The Nudix
hydrolase family genes are proposed to play housecleaning roles by either eliminating
toxic metabolites or maintaining intermediates to be available for metabolic pathways
(Bessman et al., 1996). Additional roles include participation in RNA processing,
activation of alcohol dehydrogenase, extracellular signal-regulated kinase signaling,
and Ca®" ion channel gates (McLennan, 2006). Overall, however, the capacities of
Nudix proteins to bind a wide range of substrates make it challenging to define all

their roles.

In mammals, 22 genes and at least five pseudogenes have been identified to
contain the Nudix hydrolase domain (Song et al., 2013). Among them, only Dcp2 and
Nudt16 are involved in mRNA decapping in vivo (Li et al., 2011b; Song et al., 2010).
Several studies in yeast and mammals indicate that the mRNA decapping is a highly
regulated process that maintains RNA abundance suitable for proper translation,
especially under stress conditions. In case of 7. brucei, the bioinformatic analyses
suggested five proteins to carry Nudix hydrolase domain: TbNudix1 (GenBank
accession: EU711412.1), TbNudix2 (Tb927.5.4350), TbNudix3 (Tb11.01.11570),
TbNudix4 (Tb927.6.2670), TbNudix5 (Tb10.70.2530) (Ignatochkina et al., 2015).
Among them, TbNudix1 is exclusively located in the mitochondrion and suggested to
function as the mt edited mRNA stability factor MERS1 (Weng et al., 2008). The
other two Nudix hydrolases, TbNudix2 and TbNudix3, were localized into the
glycosomes but their catalytic activity remains undefined (Giither et al., 2014). A
study carried out on four Nudix proteins (excluding MERS1), showed that TbNudix4
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is the only member that possesses the RNA decapping activity, and was therefore

named TbDcp2 (Ignatochkina et al., 2015).

In the trypanosome mitochondria, MERS1 interacts stably with guide RNA
binding complex GRBC via RNA-mediated interaction (Aphasizheva and
Aphasizhev, 2016). The MERSI ablation causes downregulation of edited mRNAs,
while gRNAs population remains unaffected (Hashimi et al., 2009; Weng et al.,
2008). To learn more about the role of MERS1, we carried out in vivo RNA binding
studies that were followed up by oligo (dT) pull-down studies in MERS1-depleted

cells.

AIM
1) To find the in vivo RNA binding partner of MERS]1 using iCLIP.
2) To characterize the effect of MERSI depletion on the mRNA binding
capability of proteins involved in RNA editing.

RESULTS

We wanted to test if MERS1 binds RNA as a substrate in vivo. For that purpose, we
applied UV-crosslinking to 29-13 cells (UV254 nm and 800 J/cm?). The MERS1-
RNA complex was immunopurified from UV and non-UV crosslinked 29-13 cells.
Next, the immunopurified RNA was 5" radiolabelled and verified using SDS-PAGE.
Our analysis shows that the radiolabelled RNA smear is present exclusively in the
UV-crosslinked cells, while it is absent from the non-UV crosslinked cells. Next, we
wanted to characterize RNA binding partner of putative MERS1, however, in several
experiments the amount of immunopurified RNA from MERSI IP was very low, and

hence we failed to make a successful iCLIP library.

Next, we applied the previously optimized oligo (dT) pull-down protocol to
capture UV-crosslinked RBPs in MERS1 and Atm1-depleted cells (Dixit et al., 2017).
The cells in which Atm1 was down regulated served as a negative control as this

protein does not affect mitochondrial gene expression. The oligo (dT) captured RBPs
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from both MERS1 and Atm1-depleted cells were resolved using SDS PAGE and then
probed for the presence of MRP1, TbDRGG1, KPAP1, MRB8170, MRB3010 and
TbRGQG2 using corresponding antibodies. When comparing the pull-down ratio
between MERSI and Atm1 captured RBPs, we observed a more than 50% decrease
of TbRGG1 and KPAP, while the other probed proteins displayed a negligible

decrease.

DISCUSSION

Our study demonstrates that MERS1 binds RNA in vivo. Our oligo (dT) pull-down
studies show MERS1 depletion affects TbLRGG1 and KPAP1 mRNA binding ability,
while the MRP1, MRB8170 and TbDRGG2 mRNA binding capability remains
unaltered. The immediate goals require probing of MERS1 for an RNA decapping
activity, and to successfully apply the iCLIP protocol to capture MERS1-bound
RNAs. In conclusion, a considerable amount of future work is required to define the

exact role of MERSI in the regulation of mitochondrial RNA metabolism.

Figure 1. MERS1 iCLIP library

Co-purification of UV crosslinked RNA-MERS1 complexes. The **P-labelled
complexes were monitored by autoradiography. Non-UV crosslinked parental cell

line (lane 2) yielded no signal. The low RNAse treated (lanel) was used to prepare
the iCLIP libraries. Western blot confirmed the presence of MERS1 (~54 kDa).

Figure 2. The mRNA binding efficiency of associated proteins following MERS1
depletion.

Western blot analysis of total extracts (lanes 1 and 2) and oligo (dT) eluates (lanes 3
and 4) from Atm1 and MERS1 knockdown cells displaying levels of proteins
indicated in left. Bar-plot indicates the ratio of pull down proteins from MERSI

versus Atm1 knockdown cells.
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INTRODUCTION

The central dogma of molecular biology states that DNA gets transcribed to mRNA,
which is eventually translated into proteins. The scheme requires a set of tRNAs
enabling decoding of mRNA codons (triplets of nucleotides) into corresponding
amino acids. The Universal genetic code includes 64 codons of which 61 code for 20
canonical amino acid and the remaining three are used as termination codons (UAA,
UAG, UGA) to signal the end of translation (Grosjean et al., 2010). The genetic code
is "degenerated" as multiple synonymous codons codes for similar amino acid. In all
three domains of life, there exists a far less diverse set of tRNAs with anticodons
complementary to 61 sense codons as required for their translation. For example, E.
coli contains only 39 tRNAs with distinct anticodons to decode the entire genetic code
(Agris, 2004; Schimmel, 2017). To resolve this perplexing situation the cell allows a
certain flexibility in the base pairing between tRNA anticodons and mRNA codons, as
initially proposed by Crick and better known as the “wobble rules” (Crick, 1966). The
"wobble rules" postulate that a standard Watson-Crick base pairing of A-U or G-C is
permissible at first two positions of the codon, while at the third positions “wobbling”
is allowed through stable non-Watson-Crick base pairing (e.g. G-U) without
compromising translational fidelity.

The wobble rules manifest themselves in several ways, both in the case of
standard nucleotides (G: U or U: G base pairing), as well as with modified nucleotides
(Agris, 2004). Interestingly, maximum relaxation in the base pairing can only be
achieved through the use of guanosine nucleotide analog called inosine, as it can base
pair with A, C or U. That is why tRNAs carrying inosine at the first anticodon
position (I**) can decode three different codons (Agris, 1991; Fabret et al., 2011).
Hence, both bacteria and eukaryotes rely heavily on inosine-forming enzymes to
circumvent the need for greater diversity of their tRNAs (Curran, 1995). The tRNA
with adenosine at the wobble base (I**) decodes every U-ending codon but not the C-
ending codons. Therefore, to expand the tRNAs capability in decrypting C-ending
codons as well, the eukaryotes use A-to-I editing at the wobble base (Sprinzl, 1998),
while the archaea employ genomically encoded G**-containing tRNA. The essential
A-to-I editing at the wobble base in eukaryotes and bacteria (but not in archaea)
perform by an enzyme deaminating polynucleotides (Gerber, 1999; Sprinzl and

Vassilenko, 2005).



92

Based on the deaminating polynucleotide enzyme’s metal-binding pocket,
they are divided into two major families. The first one includes adenosine deaminases
acting on RNAs, so-called ADARs (Sprinzl, 1998). The second family brings together
the polynucleotide cytidine deaminases, or CDAs, which are further sub-divided into
the APOBEC enzymes that act on RNA, and the activation-induced deaminases
(AID) that bind to DNA (Auxilien et al., 1996; Gerber, 1999; Grosjean et al., 1996;
Kuratani et al., 2005; Wolf, 2002). The adenosine deaminase acting on tRNAs
(ADATS) structurally resembles CDAs, but functionally modifies adenosines (Gaston
et al., 2007; Rubio et al., 2006). In trypanosomes, the ablations of TbADAT?2/3
impacts A-to-I editing at the wobble bases and C-to-U editing at the position 32 of
tRNA™ Acu. A recent study provides a mechanistic model to interpret a surprising
involvement of TbADAT?2/3 in both the A-to-I and C-to-U editing, which argues that
cytosine 32 in tRNA™ is methylated (m’C) as a precondition for C-to-U editing. It is
the initial step of methylation for which TbDADAT2/3 along with methyltransferase
TRM 140 are critical for the deamination of 3-methylcytosine (m’C) into 3-
methyluridine (m’U). Additionally, the complex between TRM140 and ADAT2/3
was suggested to safeguard the genome from wholesale deamination (Rubio et al.,

2017).
AIM

We wanted to characterize the genome-wide TbADAT2/3-bound RNAs. The main
aim was to search for the bound RNA substrates other than tRNAs with the hope to

explain the functional relevance of such binding.
RESULTS

We applied similar UV-conditions as used in MRB8170 iCLAP (UV254 nm and 800
J/em?2) to UV-crosslink TbDADAT?2 with the bound RNA molecules in procyclic T.
brucei. Next, the immunopurified TODADAT2-RNA complex from the UV- and non-
UV crosslinked (control) trypanosomes were verified using the SDS-PAGE. In the
UV-crosslinked cells the radiolabelled RNA migrated at the expected size, while it

was absent from the control cells. Next, the size-selected RNAs were used to prepare
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CLIP libraries, which were subsequently sequenced using the Illumina platform

(single-end, 75 bp).

Next, the TDADAT2 CLIP libraries were pre-processed and then mapped
against the 7. brucei nuclear genome. The TDADAT2/3 CLIP data show the target
protein binds 18 transcripts (Figure 1). The highest amount of the CLIP tag counts
belonged to the THT1-hexose transporter transcript (Tb11.v5.0333). Unexpectedly,
the data showed that TDADAT2/3 binds to two variant surface glycoprotein
transcripts (Tb11.v5.0380, Tb11.v5.0595) and one noncoding RNA (Tb3.NT.36).
Since about 60% of all 7. brucei genes share no similarity with other eukaryotes the

other bound transcripts represent hypothetical proteins.

Finally, we wanted to examine the crosslink position of TODADAT2/3 on the
bound mRNAs. Unlike the MRB8170, MRB4160 or MRP1 binding over the whole
transcripts, our analyses clearly demonstrate that ThDADAT2/3 binds exclusively at the
3" end of the transcripts (Figures 1A, B, and C). Finally, we clustered all the bound
transcripts in our mapped iCLIP data in order to perform gene ontology (GO) term
analysis using TriTrypDB site. Our GO term analysis found mostly energy-related
metabolic pathways (Table 1).

DISCUSSION

The presented analysis reveals that the TDADAT?2 protein binds a small binds a small
subset of 17 mRNAs and a single non-coding RNA in the procyclic stage of 7. brucei.
In the non-normalized iCLIP data, we found highest binding to the hexose transporter
(THT1) mRNA. The very interesting preferential binding of THT1 by TbADAT?2
needs further functional validation, more so in the bloodstream stage, as the glucose

metabolism is essential for this life cycle stage (Azema et al., 2004).

The DNA deaminating activity of TODADAT?2 as well as its structure puts the
enzyme relatively close to the activation-induced cytidine deaminase (AID). The AID
deaminates immunoglobin receptors and hence functions in the immune system.
Drawing a parallel, we hypothesize that the TDADAT’s plays a role in either the

regulation or maintenance of variants surface glycoproteins (VSGs) in trypanosomes.
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Indeed, even after performing CLIP in the procyclic stage where VSGs are repressed,
two-bound VSG mRNAs were recovered during the analysis. The deaminase family
proteins preferentially bind 3" UTR region of the RNA (Bahn et al., 2015; Rosenberg
et al., 2011). Similarly, Th)ADAT2 CLIP showed its pronounced preference for the 3
UTR region. Next, GO term enrichment analysis revealed a significant over-
representation of the metabolic pathways centered around the carbohydrate, energy
and lipid metabolism pathways. Interestingly, one of the two bound VSGs is an

atypical form and in our GO term analysis is implicated with purine metabolism.

The GO term analysis results assume additional significance, since VSGs
anchoring in cell membrane requires glycosylphosphatidylinositol (GPI).
Remarkably, the bloodstream trypanosomes represent the only organism known to
date that differentiates between the de novo synthesized and extracellular myo-
inositol (Martin and Smith, 2006). Hence, its de novo synthesis is essential for
survival. The rate-limiting step in the de novo synthesis is the isomerization of
glucose-6-phosphate to 1-myo-inositol-3-phosphate (Martin and Smith, 2006).
Therefore, the observed 3° UTR binding of mRNAs implicated in carbohydrate
metabolism by TbADAT?2/3 possibly allows post-transcriptional regulation of the GPI
production through a feedback mechanism. If so, ThDADAT2/3 might regulate VSGs
by limiting the GPI production through the de novo synthesis of inositol.

In conclusion, while this study demands further validation of the stated
hypothesis, the obtained results are unexpected and quite exciting. They will be even
more exciting if the ongoing experiments show that TODADAT?2 has the anticipated

function in the bloodstream 7. brucei.
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Figure 1. TbADAT2/3 iCLIP
(A) Plot comparing the total number of mapped iCLIP tags on various transcripts.

(B) Genomic browser snapshots of protein binding by TDADAT2/3 on THT1-
hexose transporter (gene id: Tb11.v5.0333); VSG, atypical, (gene _id:

Tb11.v5.0380); variant surface glycoprotein (VSG, gene id: Tb11.v5.0595)

Figure 2. TbADAT2/3 iCLIP
Gene ontology (GO) term analysis of TbADAT?2/3 bound transcripts in iCLIP
data.
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Pathway Id

ec00010
ec00020
ec00230
ec00540
ec00561
ec00620
ec00680
ec00710
ec00900
GLUCONEO-PWY
PWY3IU-0
PWY3IU-99
SPHINGOLIPID-SYN-PWY
TRIGLSYN-PWY
GLUCONEO-PWY
LIPA-CORESYN-PWY
LPSSYN-PWY
PWY-5129
PWY-561
PWY-6322
PWY-6369
PWY-6371
PWY-6577
PWY-6626
PWY-6682
PWY-7077
PWY-7117
PWY-7321
PWY-7548
PWY-7769
PWYO0-1517
SPHINGOLIPID-SYN-PWY
TRIGLSYN-PWY
GLUCONEO-PWY
PWY1V8-4
PWY1V8-9
TRIGLSYN-PWY

Pathway
Glycolysis / Gluconeogenesis
Citrate cycle (TCA cycle)

Purine metabolism
Lipopolysaccharide biosynthesis
Glycerolipid metabolism
Pyruvate metabolism
Methane metabolism
Carbon fixation in photosynthetic organisms
Terpenoid backbone biosynthesis
gluconeogenesis |
succinic fermentation pathway
superpathway of central carbon metabolism
sphingolipid metabolism
triacylglycerol biosynthesis
gluconeogenesis |
Lipid A-core biosynthesis
superpathway of lipopolysaccharide biosynthesis
sphingolipid biosynthesis (plants)
superpathway of glyoxylate cycle and fatty acid degradation
phosphinothricin tripeptide biosynthesis
inositol pyrophosphates biosynthesis
superpathway of inositol phosphate compounds
farnesylcysteine salvage pathway
cytidine-5'-diphosphate-glycerol biosynthesis
dehydrophos biosynthesis
<i>N</i>-acetyl-D-galactosamine degradation
C4 photosynthetic carbon assimilation cycle, PEPCK type
ecdysteroid metabolism (arthropods)
methylthiolincosamide biosynthesis
phosalacine biosynthesis
sedoheptulose bisphosphate bypass
sphingolipid biosynthesis (yeast)
diacylglycerol and triacylglycerol biosynthesis
gluconeogenesis |
Succinate shunt
Succinate and Acetate/Acetyl CoA metabolism

triacylglycerol biosynthesis

Figure 2.

Genes ID
Tb927.2.4210
Tb927.2.4210
Tb11.v5.0380
Tb927.6.1780
Tb927.11.2210
Tb927.2.4210
Tb927.6.1780
Tb927.2.4210
Tb927.6.1780
Tb927.2.4210
Tbh927.2.4210
Tb927.2.4210
Tb927.6.1780
Tb927.11.2210
Tbh927.2.4210
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tbh927.2.4210
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.2.4210
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.6.1780
Tb927.11.2210
Tb927.2.4210
Tb927.2.4210
Tb927.2.4210
Tb927.11.2210
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