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Combinatorial interplay of RNA-binding proteins tunes
levels of mitochondrial mRNA in trypanosomes
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Budéjovice (Budweis), Czech Republic

ABSTRACT

MRP1/2 is a heteromeric protein complex that functions in the trypanosomatid mitochondrion as part of the RNA editing
machinery, which facilitates multiple targeted insertions and deletions of uridines. MRP1/2 was shown to interact with
MRB8170, which initiates RNA editing by marking pre-edited mRNAs, while TbRGG2 is required for its efficient progres-
sion on pan-edited mRNAs. Both MRP1/2 and TbRGG2 are capable of modulating RNA-RNA interactions in vitro. As de-
termined by using iCLIP and RIP-gPCR, RNAs bound to MRP1/2 are characterized and compared with those associated with
MRB8170 and TbRGG2. We provide evidence that MRP1 and MRB8170 have correlated binding and similar RNA crosslink-
ing peak profiles over minimally and never-edited mRNAs. Our results suggest that MRP1 assists MRB8170 in RNA editing

on minimally edited mRNAs.
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INTRODUCTION

The trypanosomatid flagellates belong to excavate protists
and constitute a major clade within the Kinetoplastea
group. Their best-studied representative is Trypanosoma
brucei, the causative agent of African sleeping sickness
in humans and livestock. In the single mitochondrion of try-
panosomatids, complex molecular machinery executes a
unique type of RNA editing: insertions and deletions of uri-
dines (Us) into most of the mitochondrial mRNA transcripts
that are essential for the generation of a correct open read-
ing frame. The unusually organized mitochondrial DNA on
which these “cryptogenes” are encoded, termed kineto-
plast (KIDNA, is composed of dozens of large maxicircles
and thousands of small minicircles, mutually catenated
into a single densely packed network (Jensen and Englund
2012; Verner et al. 2015).

The ~27-kb-long maxicircle carries 18 protein-coding
genes and/or cryptogenes, most of which constitute sub-
units of the respiratory complexes (Verner et al. 2015;
Read et al. 2016). The ~1-kb-long minicircles encode 50-
to 70-bp-long noncoding RNAs termed guide (g) RNAs,
which represent trans-acting templates to specify the pre-
cise insertions/deletions of Us. In T. brucei, nine out of 12
mRNAs, edited throughout their entire length and using
multiple gRNAs, are classified as “pan-edited” transcripts.
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The remaining three mRNAs are subject to limited inser-
tions and/or deletions requiring only one or two gRNAs
and are termed “minimally edited.” The multi-round edit-
ing is carried out from 3 to 5’ in pre-edited mRNAs. Finally,
the six mRNAs that do not undergo editing constitute
“never-edited” transcripts.

Editing enzymatic activities are provided by the RNA
editing core complex (RECC or editosome) (Schnaufer
et al. 2001, 2003), which lacks RNAs and processivity
in vitro. Therefore, the RECC requires several additional
protein complexes for execution of editing (Rusché et al.
1997:; Li etal. 2009; Suematsu et al. 2016). Two of these ex-
tensively characterized factors are RBP16 and the mito-
chondrial RNA binding protein (RBP) complex (MRP1/2).
RBP16 carries an RNA binding domain and belongs
to the Y-box protein family (Hayman and Read 1999),
and its depletion affects editing of CYb mRNA and de-
creases the levels of two never-edited transcripts (ND4
and COX1) (Pelletier and Read 2003). MRP1/2 is a hetero-
tetrametric complex consisting of two molecules each of
MRP1 and MRP2 proteins (Allen et al. 1998; Miiller and
Goringer 2002; Aphasizhev et al. 2003; Vondruskova
et al. 2005). RNAi-mediated ablation of MRP1/2 results in
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a phenotype that has a limited overlap with that of RBP16
(Fisk et al. 2009). Interestingly, both RBP16 and MRP1/2
promote the annealing of gRNAs to respective cognate
pre-mRNAs (Vondruskové et al. 2005; Miller et al. 2006;
Schumacher et al. 2006; Zikova et al. 2008). Simultaneous
depletion of both proteins leads to the destabilization
and/or decrease of 3’ to 5’ editing progression of several
mRNAs and results in a strong growth phenotype (Fisk
et al. 2009). However, the exact function of MRP1/2 in
RNA editing and processing remains elusive and is thus
often ignored in current models of trypanosome RNA
editing (Aphasizhev and Aphasizheva 2011; Aphasizheva
and Aphasizhev 2016; Read et al. 2016).

Both RECC and MRP1/2 associate with mitochondrial
RNA binding protein complex 1 (MRB1) (Weng et al.
2008) that itself comprises of two subcomplexes. The first,
termed gRNA-binding complex (GRBC), is composed of
six proteins involved in gRNA stability and availability,
while the other, RNA editing mediator complex (REMC)
(Aphasizheva and Aphasizhev 2016), is more loosely de-
fined, likely due to many transient interactions (see Read
et al. 2016 for a guide to MRB1-associated proteins
alternative nomenclature). REMC functions have been
largely defined by investigating the activities of individual
protein subunits (Hashimi et al. 2013; Simpson et al. 2017).
For instance, the functionally redundant MRB8170 and
MRB4160 subunits of REMC (Kafkova et al. 2012) act
as editing initiators by selectively marking pre-edited
mRNAs (Dixit et al. 2017; Simpson et al. 2017). However,
for editing to progress, another REMC subunit, TbRGG2,
is needed, which exhibits both RNA melting and anneal-
ing properties (Fisk et al. 2008; Ammerman et al. 2010).

MRB8170 is involved in editing of both pan- and mini-
mally edited mRNAs (Kafkovéd et al. 2012; Dixit et al.
2017), while TbRGG2 is nonessential for editing of the
latter category (Fisk et al. 2008; Acestor et al. 2009;
Aphasizheva et al. 2014). Hence, it is plausible that an
unidentified TbRGG2-like protein assists MRB8170 over
minimally edited mRNAs. Previous biochemical analyses
showed that MRP1/2 and TbRGG2 possess similar func-
tional attributes, such as the ability to modulate RNA-
RNA interactions (Mdller et al. 2001; Miller and Goringer
2002; Schumacher et al. 2006; Ammerman et al. 2010).
However, despite these functional similarities, the abla-
tions of TORGG2 and MRP1/2 affect different sets of tran-
scripts (Vondruskova et al. 2005; Fisk et al. 2008, 2009;
Acestor et al. 2009).

This study aims to characterize in vivo transcriptome-
wide binding of MRP1/2 and compare it with RNA mole-
cules bound by MRB8170 and TbRGG2. For this we have
used individual nucleotide resolution UV cross-linking
and immuno- or affinity-precipitation (iCLIP/iCLAP). Our
results demonstrate higher binding of MRP1 to minimally
and never-edited mRNAs than to pan-edited mRNAs.
We observed a strong correlation and similar peak profile

of minimally and never-edited mRNAs crosslinked to
MRP1 and MRB8170.

RESULTS

MRP1 binds more to minimally and never-edited,
and less to pan-edited mRNAs

The abundances and identities of RNAs bound to an RNA
editing factor can provide clues to its function. Therefore,
we aimed to identify and quantify relative populations of
RNAs bound by MRP1 in vivo with the highly stringent
iCLIP protocol (Fig. 1A; Huppertz et al. 2014). Immunopre-
cipitated ribonucleoprotein complexes from UV-cross-
linked cells showed a strong signal of radiolabeled RNAs
at the expected size of ~21-50 kDa (Supplemental Fig.
STA, lane 3). As expected, a mock immunoprecipitation
(IP) and a non-UV-crosslink control experiment yielded no
radiolabeled signal (Supplemental Fig. ST1A, lanes 1 and
2). The high RNase-treated UV-crosslinked parental cell ly-
sate was used to control for possible presence of contami-
nating RBPs (Supplemental Fig. S1B, lanes 1 and 2). Hence,
if another RBP was presentin the eluate, due to high RNase
treatment a sharp radiolabeled band would appear in the
autoradiogram as compared to a smear that is usually pres-
ent in the low RNase-treated cell lysates. In our iCLIP pull-
down, we found three additional RBPs migrating at ~55,
75 and 150 kDa (Supplemental Fig. S1B, lanes 1 and 2).
To avoid contaminating RBPs and to co-IP exclusively the
MRP1-bound RNAs, the labeled ~21-50 kDa smears from
the non-UV and UV-crosslinked cells were excised and
used to generate iCLIP libraries (Supplemental Fig. STA,
lanes 2 and 3). Finally, the size-selected iCLIP libraries
have been verified by gel electrophoresis (Supplemental
Fig. S1C).

It would be very informative to know exactly at what time
during the editing process MRP1 is present on the edited
mRNAs. The current iCLIP protocol generates ~30- to 50-
nt-long iCLIP tags that represent only a short segment of
the transcript from which they are derived. The editing pro-
cess proceeds in a 3'-5" direction and generates a high
number of editing intermediates (Fig. 1B; David et al.
2015; Simpson et al. 2016, 2017; Gerasimov et al. 2018).
However, with the available iCLIP technology, it is impos-
sible to unambiguously determine whether an iCLIP tag
arose from a partially or fully edited transcript. As this am-
biguity could lead to incorrect or inaccurate conclusions,
we used alternative approaches to define the set of
mRNAs bound by MRP1.

iCLIP libraries were mapped to both genomic and,
where relevant, fully edited maxicircle sequences (Fig.
1C). The uniquely mapped reads from two biological
replicates of this experiment, termed iCLIP tags, were
compared. A strong correlation (r=0.99) between them
(Supplemental Fig. S2A) allowed their unification into a
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FIGURE 1. MRP1 iCLIP analysis. (A) Schematic depiction of the MRP1 iCLIP workflow to purify UV-crosslinked RNA-MRP1 complexes and se-
quence the mRNAs. (B) Schematic representation of the problem of iCLIP mapping assignment ambiguity due to the presence of editing inter-
mediates in the transcriptome. Many of the approximately 30 to 50 nt iCLIP tags can be attributed to a partially edited or to a pre/fully edited
version of a transcript. Therefore, the editing state of a transcript from which an iCLIP tag was derived cannot be unambiguously defined.
Small blue boxes depict editing events. (C) lllustration of the MRP1 iCLIP read mapping strategy. Preprocessed iCLIP reads were mapped against
maxicircle-encoded mRNAs. (Top) iCLIP reads mapped to reference sequences existing on the maxicircle; namely, never-edited and pre-edited
mRNA sequences. (Bottom) iCLIP reads mapped to fully edited sequences of edited mRNAs. Pan-, minimally, and never-edited mRNAs are

marked in blue, gray, and black, respectively.

single data set. The MRP1 replicates yielded a total of
6,137,846 iCLIP tags, compared to 12,856 acquired from
the non-UV-crosslink experiments. Due to the ~500-fold
difference in iCLIP tags, it is highly unlikely that the
MRP1-IP RNAs were nonspecific. To further verify strin-
gency of the protocol, we generated correlation plots be-
tween MRP1, MRB8170, and MRB4160 (Dixit et al. 2017).
The three iCLIP libraries varied considerably in total

1596 RNA, Vol. 24, No. 11

amount of iCLIP tags, which might be due to the two-
step affinity purification in the case of MRB8170 and
MRB4160 (iICLAP), and the single-step IP in the case of
MRP1 (iCLIP), yet it may also reflect different in vivo fea-
tures of these proteins. The iCLIP libraries were normalized
using the DEseq2 package and used in subsequent analy-
sis (Love et al. 2014). As expected, a high correlation is ob-
served between the two functional paralogs MRB8170 and
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MRB4160 (r=0.94) (Supplemental Fig. S2B; Kafkova et al.
2012), while MRP1 demonstrated no such correlation with
MRB8170 or MRB4160 (r=0.19) (Supplemental Fig. S2B).
Therefore, the differences between the MRP1 iCLIP library
and the MRB8170 and MRB4160 iCLIP libraries appear
legitimate.

To examine MRP1 binding across mRNAs, we organized
the iCLIP tags from the UV-crosslinked data set into three
categories: nine pan-edited, three minimally edited, and
six never-edited mRNAs (Fig. 1C). Including both pre-edit-
ed and fully edited mapped reads, 31.6% and 51.1% of
iCLIP tags belonged to the pan- and minimally edited cat-
egories, respectively. The remaining 17.1% belonged to
the never-edited category (Fig. 2A). In pan-edited
mRNAs, the majority of mapped MRP1 iCLIP tags arise
from the fully edited region (79.64%) as compared to the
pre-edited one (20.35%) (Fig. 2A). For the minimally edited
mRNAs, the similar breakdown resulted in 48.36% and
51.63% iCLIP tags mapped to pre- and fully edited re-
gions, respectively. In MRB8170 the similar analysis mainly
differed with MRP1only in the case of pan-edited mRNAs
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with the majority of iCLIP tags mapped to pre-edited
mRNAs (Dixit et al. 2017). After normalization to account
for varied gene lengths, these numbers were 43.5%,
50.5%, and 5.85% in the pan-, minimally, and never-edited
categories, respectively (Fig. 2B).

Both normalized and non-normalized percentages of
MRP1 IP-derived iCLIP tags show that binding of MRP1
to minimally and never-edited mRNAs is increased com-
pared to its interacting partner MRB8170, for which
~90% of iCLIP tags originate from pan-edited mRNAs
(Dixit et al. 2017). To quantify and compare MRPT,
MRB4160, and MRB8170 binding across the three mRNA
categories, we plotted the mapped normalized iCLIP
tags of these proteins relative to the published mRNA-
seq mapped read counts (Lott et al. 2015) and compared
the plots (Fig. 2C).

In the case of MRP1, iCLIP tags were enriched approxi-
mately fivefold in the never-edited category and approxi-
mately twofold for the minimally edited category relative
to what is observed in the transcriptome steady-state
population. In contrast, pan-edited mRNAs were slightly
underrepresented (Fig. 2C). The sit-
uation appears to be reversed in
MRB8170 and MRB4160, where
iCLIP tags are most enriched in the
pan-edited category compared to
the other two categories. As expect-
ed, the iCLIP pre-edited mRNAs ge-
nomic browser snapshots when
visualized with the same cDNA count
cutoff on individual mMRNAs revealed
an enrichment of MRP1 iCLIP tags rel-
ative to those of MRB8170 on mini-
mally and never-edited mRNAs (Fig.
Supplemental  Figs. S3-S5).
Combined, these results reveal that
e MRP1 binds more minimally and nev-
er-edited mMRNAs, and less pan-edit-
ed mRNAs compared to the same
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FIGURE 2. MRP1iCLIP results. (A) Percentage of total MRP1 iCLIP tags obtained from each of

the three mRNA categories. (B) Transcript length-normalized percentage of total MRB1 iCLIP
tags obtained from each of the three mRNA categories. (C) Fold enrichment of MRB8170,
MRB4160, and MRP1 iCLIP tags relative to mapped mRNA-seq read counts for three mRNA
categories. (D) Genomic browser snapshots of MRP1 and MRB8170 presence on the pre-ed-
ited forms of ND8 (pan-edited) and CYB (minimally edited), and never-edited ND4 mRNAs.
White lines show the approximate distribution of editing sites on ND8 and CYB. See also

Supplemental Figures S1-S5.

We wanted to further dissect the bind-
ing of MRP1 to pan-edited mRNAs rel-
ative to those of its interacting partner
MRB8170 (or MRB4160; the subse-
quentresultand discussion will be lim-
ited to the functionally more active
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paralog MRB8170). For this comparison, mapped MRP1
iCLIP tags on pre- and fully edited sequences of individual
pan-edited mMRNA were merged as a single “total” catego-
ry for each examined mRNA (Supplemental Fig. S6A-C).
To indirectly analyze the binding relationship between
the fraction of MRP1 and MRB8170 associated with pan-
edited mRNAs, we calculated Pearson'’s correlation coeffi-
cient of iCLIP tag counts for each of the nine pan-edited
mRNAs between the MRP1 and MRB8170 (Fig. 3A,B).
As expected for functional paralogs (Kafkova et al. 2012),
there was a strong correlation (r=0.99) between
MRB8170 and MRB4160 distribution of iCLIP tags among

pan-edited transcripts and this served as a positive control
(Fig. 3A). MRB8170 is essential for the editing of pan-edit-
ed mRNAs (Kafkova et al. 2012), so we additionally expect-
ed the abundance of each bound RNA to be correlated
with that of mMRNA'’s relative abundance as determined in
RNA-seq analysis. In our data, we found this correlation
to be strong (r=0.98) (Fig. 3A). In contrast, the amount
of bound MRP1 and MRB8170 among individual pan-
edited transcripts was uncorrelated (r=0.30) (Fig. 3B).
Similarly, no such correlation was seen when examining
pan-edited mRNA read and tag abundances from MRP1
iCLIP and mRNA-seq data (r=0.261).
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FIGURE 3. Comparison of MRP1 and MRB8170 association with mRNAs. (A) Plots comparing the total number of iCLIP tags of each of nine pan-
edited mRNAs from MRB8170 IPs to those of MRB4160 IPs, and MRB8170 iCLIP tags to total mRNA-seq data. Pearson correlation coefficients
are () indicated. (B) As in B, from MRP1 iCLIP, MRB8170 iCLIP, and total mRNA-seq data. (C) Correlation between total MRP1 iCLIP tags (y-axis)
of each pan-edited transcript and its respective number of U insertions and deletions required to generate the fully edited, translatable se-
quence (x-axis). Pearson correlation coefficients (r) are indicated. (D) Plots comparing the total number of iCLIP tags of the combined minimally
and never-edited mRNAs from MRB8170 and MRP1 iCLIP data. The Pearson correlation coefficient (r) is indicated. See also Supplemental

Figure Sé.

1598 RNA, Vol. 24, No. 11


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.066233.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.066233.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.066233.118/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on October 16, 2018 - Published by Cold Spring Harbor Laboratory Press

RNA binding protein influencing RNA editing

MRP1 binding on pan-edited mRNAs appears unrelated
to that of MRB8170, so we asked whether MRP1 binding
instead correlates with the number of U insertions/dele-
tions in a given transcript. In contrast to the previously ob-
served high correlation of this parameter and iCLIP tags
per transcript for MRB8170 and MRB4160 (r=0.72, r=
0.75, respectively) (Dixit et al. 2017), MRP1 iCLIP data
showed no correlation (r=—-0.001) (Fig. 3C). Taken togeth-
er, these analyses indicate that the extent of MRP1 binding
to each pan-edited mMRNA is neither governed by the de-
gree of editing required for that transcript, nor its binding
or association with MRB8170.

MRP1 association with minimally and never-edited
mRNAs correlates with MRB8170

Since the binding of MRP1 to pan-edited mRNAs appears
unrelated to MRB8170 binding, we explored another
potential associative relationship for these proteins by ex-
amining their footprints on the three minimally edited and
six never-edited mMRNAs. We used the above approaches
to assess MRP1 binding on minimally and never-edited
mRNAs, and generated bar-plots of the results, which
showed highly variable binding of MRP1 to the various
minimally and never-edited mRNAs (Supplemental Fig.
S6B,C).

Interestingly, unlike the case with pan-edited mRNAs,
the iCLIP data revealed a high correlation of relative bind-
ing between MRP1 and MRB8170 to each of the minimally
edited mRNAs (r=0.99) (Supplemental Fig. S6D). When
we performed the same MRP1 and MRB8170 binding cor-
relations on the never-edited mRNAs, the outcome was
again a high correlation (r=0.99) (Supplemental Fig.
S6E). Of course, these values are obtained with only three
and six data points, respectively. To overcome this limita-
tion, we combined minimally and never-edited mRNAs
that revealed a high correlation of greater confidence be-
tween MRB8170 and MRP1 (Fig. 3D).

The ability of iCLIP to mark the RNA cross-linking
sites allowed us to analyze whether the observed cDNA
count-based correlation analyses between MRP1 and
MRB8170 also translate into their similar mRNA binding
sites. To overcome the difficulty in resolving the RNA
cross-linking sites at nucleotide resolution for proteins in-
volved in RNA editing, we relied on comparing the peak
characteristics at similar nucleotide positions in two iCLIP
data sets. Both MRP1 and MRB8170 iCLIP libraries vary
considerably in the total amount of sequenced iCLIP
tags (Dixit et al. 2017). To ensure that the highest cDNA
count peaks in both MRP1 and MRB8170 data sets are vis-
ible in the genomic browser snapshots, we used different
cDNA count cutoffs.

As expected from the correlation analyses, MRP1 and
MRB8170 have similar peak profiles at corresponding
nucleotide positions over minimally and never-edited

mRNAs (Fig. 4A), whereas in the case of most pan-
edited mRNAs, peak profiles differ considerably. In all
three mRNA classes the iCLIP and mRNA-seq peak profiles
differ markedly at the same nucleotide positions. Hence,
the iCLIP peaks likely correspond to the cross-linked
RNA and do not merely reflect the transcript’s steady-state
abundance. The MRB8170 and MRB4160 peak profiles
that are highly similar over pan-edited mRNAs (Fig. 4B)
served as a positive control. Altogether, the iCLIP data re-
flect a substantial similarity between MRB8170 and MRP1
when binding to minimally and never-edited mRNAs is
concerned.

We performed RNA immunoprecipitation (RIP) followed
by reverse transcription and quantitative (gq) PCR on the
MRP1-tagged cells to validate these results (Fig. 5A).
This revealed a strong association of MRP1 with never-ed-
ited mRNAs, as these coprecipitated with MRP1 in high
amounts. When comparing MRP1 binding of representa-
tive mRNAs of minimally and pan-edited categories, the
binding to minimally edited Murf2 mRNAs was higher,
while CYb and Cox2 showed similar enrichment for pan-
edited mRNAs (Fig. 5A). Taken together, both the MRP1
gPCRand iCLIP data shows its enrichment on never-edited
mRNAs relative to pan-edited ones. The discrepancy in the
enrichment of minimally edited mRNAs between the
MRP1 iCLIP and RIP-gPCR experiments might be due to
UV-crosslinking and RNAse-| treatment in the former tech-
nique, which allow higher accuracy in quantifying the pro-
tein-bound RNA footprints as compared to RIP-gPCR. In
summary, in the never-edited and minimally edited cate-
gories, MRB8170 and MRP1 mRNA binding exhibit a cor-
relative relationship that is not present when analyzed
within the pan-edited mRNA category.

Differential recruitment of TORGG2, MRP1,
and MRB8170

MRB8170 interacts with both MRP1 and the editing pro-
cessivity factor TORGG2 vital for pan-editing (Fisk et al.
2008; Ammerman et al. 2010; Kafkovd et al. 2012;
Aphasizheva et al. 2014; Dixit et al. 2017). Therefore, after
probing mRNA binding preferences of MRB8170 and
MRP1, we also explored those of TbRGG2. The latter pro-
tein was suspected to preferentially bind pan-edited
mRNAs, since its depletion does not impact minimally
and never-edited transcripts (Fisk et al. 2008; Acestor
et al. 2009; Aphasizheva et al. 2014). Indeed, TbRGG2
binds almost exclusively pan-edited mRNAs (Fig. 5B).

In the iCLIP peak profile analysis, RNA cross-linked
peaks between MRP1 and MRB8170 over certain pan-ed-
ited mRNAs raised a prospect of a sub-fraction of the
MRP1/2 complex being associated with MRB8170 on
pan-edited mRNAs, which would not appear in the analy-
sis of the entire bound pan-edited mRNA populations. To
explore this indirectly, we separately tested the variability
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of the protein enrichment ratios over nine pan-edited
mRNAs (TbRGG2-affected mRNAs) and minimally and
never-edited mRNAs (TbRGG2-unaffected mRNAs).

The collective enrichment ratios of transcripts associated
with MRB8170 versus MRP1 significantly differ, as assessed
by iCLIP tag abundances (Fig. 6A). This was expected since
MRB8170 is predominantly associated with pan-edited
mRNAs and MRP1 with the other classes. Individual tran-
scripts affected by the depletion of TbRGG2 show a large
variation in the enrichment ratio. However, the same pan-
edited transcript analysis comparing MRB8170 to its func-
tional homolog MRB4160 instead of MRP1 revealed negli-
gible variability and served as a negative control (Fig. 6B).
This result is consistent with MRP1 being associated with
MRB8170-bound transcripts to a different degree for

1600 RNA, Vol. 24, No. 11

each pan-edited mRNA, presumably allowing TbRGG2 dif-
ferential access to MRB8170 on these transcripts.

Next, we measured the relative abundances of mRNAs
coimmunoprecipitated by MRP1 in cells with down-regu-
lated TbRGG2 and compared them to abundances when
TbRGG2 was present (Fig. 6C). Cells depleted for Atm1,
an inner mitochondrial membrane protein that neither af-
fects gene expression (Horékova et al. 2015), nor presum-
ably competes with MRP1, were used as a control. In the
Atm1-depleted cells, MRP1 coimmunoprecipitated similar
levels of mitochondrial mRNAs as in the parental cells. In
the absence of TbRGG2, we found an increased coimmu-
noprecipitation of RPS12, COX3, ND7, MURF5, and COX1
with MRP1 (Fig. 6C). The increase was modest for minimal-
ly edited transcripts (CYb and MURF2), while pan-edited
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CR4 and never-edited ND5 mRNAs showed no significant
increase. Taken together, our results favor a scenario, in
which MRP1 and TbRGG2 exhibit complimentary behavior
with each other to bind with MRB8170 in a transcript-spe-
cific manner (Fig. 6D).

DISCUSSION

The functional paralogs MRB8170 and MRB4160 from the
REMC act as initiation factors and their depletion impacts
RNA editing of both pan- and minimally edited mRNAs
(Kafkové et al. 2012; Dixit et al. 2017; Simpson et al.
2017). Another REMC-associated protein, ToORGG2, assists
in the progression of editing past intrinsic pause sites, yet it
is not essential for minimally and never-edited mRNAs
(Fisk et al. 2008; Acestor et al. 2009; Aphasizheva et al.
2014). Hence, it is plausible that an as yet unidentified pro-
tein acting in a way reminiscent of ToRGG2 assists the
MRB1 complex in editing of minimally edited mRNAs.
MRP1/2 exhibit similar functional capabilities to modu-
late RNA-RNA interactions as TbRGG2 (Muller et al.
2001; Mdller and Géringer 2002; Schumacher et al. 2006;

Ammerman et al. 2010), although dif-
ferent subsets of MRNAs are affected
following depletion of these pro-
teins (Vondrudkova et al. 2005; Fisk
et al. 2008, 2009; Acestor et al.
2009), which makes it an ideal protein
complex to assist MRB8170 over min-
imally edited mRNAs. Therefore, this
study aims to identify and quantify
transcripts associated with MRP1 and
compare them with those bound to
MRB8170 and ToRGG2. A tight mutu-
al dependence between MRP1 and
MRP2 makes their phenotypic effects
highly similar (Vondruskova et al.
2005; Zikové et al. 2008), so we have
extrapolated MRP1-specific results to
be true for the entire MRP1/2 com-
plex. However, this should eventually
be confirmed by performing MRP2
iCLIP analysis.

We report efficient binding of
MRP1 to minimally and never-edited
mRNAs. The lower levels of MRP1
associated with pan-edited mRNAs
suggest the possibility that TORGG2
binds a substantial fraction of MRB8
170 on this category of transcripts. In
support of this conclusion, we showed
an almost exclusive association of
TbRGG2 with pan-edited mRNAs.
Furthermore, in spite of both MRB8
170 and MRP1 being associated with
pan-edited mRNAs, there is no apparent correlation be-
tween the two proteins in the binding of individual
mRNAs to greater or lesser extent from the pan-edited cat-
egory. If we assume that most MRB8170 on pan-edited
mRNAs binds either MRP1/2 or TbRGG2 but not both at
the same time, then the most reasonable explanation for
this lack of MRB8170-MRP1 correlation is that a substantial
fraction of the former protein is bound to ToRGG2. The
iCLIP data support this interpretation, since they revealed
just a few RNA cross-linked peaks shared between
MRB8170 and MRP1 over pan-edited mRNAs. However,
the COX3transcriptis an outlier in this respect, as both pro-
teins exhibit a similar RNA cross-linking peak profile, sug-
gesting their involvement in COX3 editing. The iCLIP
data derived from COX3 fits nicely with the previously de-
scribed effect of MRP1/2 depletion on the editing and/or
stability of COX3 (Fisk et al. 2009).

In contrast to pan-edited mRNAs, we detected a
strong correlation between MRP1 and MRB8170 binding
of minimally and never-edited mRNAs. It seems that
MRB8170 is associated with MRP1 on minimally and
never-edited mRNAs, while TbRGG2, a protein essential
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FIGURE 6. MRP1 and TbRGG2 recruited to 8170 on mRNAs in a class-specific manner. (A) Enrichment ratios of bound MRB8170 relative to
bound MRP1 (y-axis) of each pan-edited, minimally edited, and never-edited mRNA. The first column includes all pan-edited mRNAs; these
are affected by ToRGG2 depletion. The second column includes minimally and never-edited mRNAs; these are unaffected by ToRGG2 depletion
(Mann-Whitney test; [**] P<0.005; SD, standard deviation; CV, coefficient of variation). (B) As in A, except that the enrichment ratio compares
bound MRB8170 relative to bound MRB4160. MRB4160 does not bind to never-edited mRNAs. (C) Relative amounts of MRP1 coimmunopreci-
pitated mRNAs in three different conditions using RIP-gqPCR (Tukey's multiple comparison test, [*] P<0.05, [***] P<0.001, [****] P<0.0001, bi-
ological replicates n = 2-3). Each mRNA abundance is presented relative to the abundance of the same mRNA recovered from 1% of input lysate.
(D) Combinatorial interplay involving three RNA-binding proteins. In pan-edited transcripts, MRB8170 marks the pre-edited mRNAs and is fol-
lowed by TbRGG2 to allow efficient progression of editing. Since TbRGG2 is nonessential for minimally and never-edited mRNAs, MRP1 with
similar functional capabilities to modulate RNA-RNA interactions operates on these transcripts.

for the progression of editing of pan-edited mRNAs
(Ammerman et al. 2010; Simpson et al. 2017), is a major
binding partner of MRB8170 on this class of transcripts
(Foda et al. 2012). Moreover, MRB8170 and MRP1 have
very similar peak profiles over minimally and never-edited
mRNAs as compared to pan-edited ones, nicely support-
ing the above assumption. Similar to COX3, we observed
coordinated clustering of cross-linked RNA peaks by
MRB8170 and MRP1 over CYb, which is another transcript

1602 RNA, Vol. 24, No. 11

with its editing disrupted in cells depleted for these two
proteins (Vondruskové et al. 2005; Fisk et al. 2009).
Overall, the iCLIP data suggest that a similar cross-linked
peak profile of MRB8170 and MRP1 over specific mRNAs
may reflect their function in editing. Moreover, binding
of both proteins beyond the regions undergoing editing
is likely associated with their involvement in other post-
transcriptional events such as gRNA-mRNA annealing
and RNA stability.
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Since the enrichment ratios of MRP1 with respect to
MRB8170 varies greatly among pan-edited mRNAs, it is
possible that a high ratio of bound MRP1/2 with respect
to MRB8170 on an mRNA will inversely affect the
TbRGG2 versus MRB8170 ratio, interfering with efficient
processing. Conversely, a low MRP1/2 to MRB8170 ratio
on a given transcript likely means higher ToRGG2 pres-
ence, in return positively impacting editing processing ef-
ficiency. Therefore, MRP1 may influence editing in either a
positive or negative way for pan-edited transcripts in re-
gions where MRB8170 and MRP1 share just a few RNA
cross-linking peaks. The MRP1/2 knockdown phenotypes
in both the procyclic and bloodstream stages of T. brucei
support this assertion. In the former stage, the depletion
of MRP1/2 substantially reduced the level of edited
RPS12, while edited ND7 increased approximately five-
fold. In the bloodstream stage, editing of Aé was de-
creased, yet the efficiency of ND7 editing was increased
(Vondrugkova et al. 2005). To test, we measured the
amount of RNA bound by MRP1 in cells depleted of
TbRGG2. TbRGG2 silencing resulted in a significant in-
crease in abundance of the majority of tested pan-edited
mRNAs, consistent with this model.

Interestingly, we have also found a higher amount of
bound minimally and never-edited mRNAs to MRP1 in
TbRGG2-depleted cells. The iCLIP data is not informative
as to the abundance of non-RNA-containing protein com-
plexes, some of which likely contain MRB8170 and
TbRGG2 (Kafkové et al. 2012; Aphasizheva et al. 2014).
MRB8170 shares an RNA-enhanced interaction with both
TbRGG2 and MRP1 (Kafkova et al. 2012; Aphasizheva
et al. 2014; Dixit et al. 2017). Therefore, the RNase-resis-
tant reservoir of these proteins or TORGG2 effects on other
proteins could explain the increased abundance of never-
and minimally edited mRNAs coimmunoprecipitated with
MRP1.

An alternative explanation of the obtained results is that
the role of MRB8170 bound to MRP1/2 is to stabilize most
of the translation-competent mRNAs, while the fraction
bound to TbRGG2 is essential for editing. Most minimally
and never-edited mRNAs are likely translationally compe-
tent, while in the case of pan-edited mRNAs, their fully
edited versions represent, in a transcript-dependent fash-
ion, different fractions of the total reads (Zimmer et al.
2018). Therefore, a smaller fraction of TORGG2 would
along with MRB8170 occupy minimally and never-edited
RNAs, while a bigger fraction of this protein would bind
pan-edited mRNAs. In contrast, we predict that most
MRP1 associated with MRB8170 binds minimally and nev-
er-edited mRNAs.

Results from our study are consistent with or add clarity
to observations from previous studies, such as ToRGG2
depletion resulting in dramatic decreases in pan-edited
mRNAs and a moderate increase of never-, minimally,
and pre-edited mRNAs (Fisk et al. 2008; Acestor et al.

2009). According to MRP1 RIP-qPCR in ToRGG2 depleted
cells, the lack of TbRGG2 will cause an increase in majority
of MRP1 associated mRNAs. MRP1/2's implied role in
mRNA stability (Vondruskova et al. 2005; Zikova et al.
2008) may provide a rationale for the observed moderate
stabilization of never-, minimally and pre-edited mRNAs
in TORGG2-depleted cells (Fisk et al. 2008; Acestor et al.
2009). Simultaneously, the absence of TbRGG2 will halt
editing at pause sites leading to diminished levels of
fully edited pan-edited mRNAs observed in the same
studies (Fisk et al. 2008; Ammerman et al. 2010; Simpson
et al. 2017). The unimpeded editing of minimally edited
mRNAs observed in ToRGG2-depleted cells (Fisk et al.
2008; Foda et al. 2012) is to be expected considering
that we found almost no TbRGG2 associated with this cat-
egory of transcripts; thus, TORGG2 plays no role in their
editing.

Intriguingly, both MRP1/2 and TbRGG2 exhibit gRNA/
mRNA annealing activity and share similar RNA modu-
lated interactions with the GRBC sub-complex of MRB1
(Schumacher et al. 2006; Zikova et al. 2008; Aphasizheva
et al. 2014). Therefore, we speculate that MRP1/2 can re-
place TORGG2 bound to MRB8170 as editing progresses,
narrowing the indispensability of TORGG2 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 (Fisk et al. 2008),
as pan-edited mMRNAs harbor more editing sites. Addition-
ally, the highly correlated binding of MRP1 and MRB8170
on minimally edited transcripts might be important for
some yet unidentified aspect of their proper editing, as in-
volvement of both MRP1/2 and MRB8170 in Murf2 and
CYb has previously been identified (Vondruskova et al.
2005; Fisk et al. 2009; Kafkova et al. 2012). The same rea-
soning might explain the observed lack of overlap in posi-
tions where editing gets stalled on mRNAs in MRB8170-
compared to TbRGG2-depleted cells (Simpson et al.
2017). MRB8170 is present throughout editing (Dixit et al.
2017), although bound to different partners, while the
TbRGG2 essential role might be limited to editing pause
sites. Future TbRGG2 iCLIP analysis would be highly useful
to test thismodel, particularly if performed in both the pres-
ence and absence of MRP1/2. Similarly, analysis of MRP1
iCLIP tags from a TbRGG2-depleted environment could
be compared to results obtained here. Such experiments
would allow higher resolution in tracking and quantitating
the amount of cross-linked RNA to the protein of investiga-
tion in absence of the other.

The RBP16 similar function in RNA stability and anneal-
ing as that of MRP1/2 adds another layer of complexity
to these factors overlapping roles (Fisk et al. 2009).
Functional redundancy between MRP1/2 and RBP16 was
invoked to explain the limited effects of their individual de-
pletions and dramatic effects of co-depletion that leads to
destabilization of several transcripts from all three mRNA
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classes (Fisk et al. 2009). Specifically, two of the three
strongly down-regulated never-edited mRNAs (ND4,
ND5) in the MRP1/2-depleted cells (Vondruskové et al.
2005) showed significant enrichment in the MRP1 iCLIP
data (Supplemental Fig. S6B). A future study involving
RBP16 iCLIP could help in better understanding of
RBP16 and MRP1/2 unique and shared roles over individ-
ual mRNAs. Additionally, we will pursue MRP1/2 role(s) in
RNA stability of all three classes of mRNAs in future stud-
ies. In conclusion, we provide evidence supporting the dif-
ferential recruitment of MRP1 and TbRGG2 to MRB8170 in
a transcript-specific manner aided by an RNA-enhanced
interaction (Fig. 6D).

MATERIALS AND METHODS

T. brucei culture conditions and generation
of cell lines

Previously constructed procyclic form (PF) T. brucei strain 29-13
cell lines harboring MRB8170/MRB4160 (Kafkova et al. 2012),
MRP1 with TAP tags (Zikova et al. 2008), plus those for simultane-
ous inducible RNA: silencing of MRB8170 and MRB4160 (Kafkova
et al. 2012), Atm1 (Hordkové et al. 2015), or TORGG2 (Fisk et al.
2008) were used as previously described. RNAi was induced by
the addition of 1 ug/mL tetracycline to culture media. Cell densi-
ties were measured with a Z2 cell counter (Beckman Coulter)
and were maintained in the exponential mid-log growth phase
at 27°C with constant shaking.

In vivo UV-cross linking and immunoprecipitation
(iCLIP)

Parental 29-13 cell line was irradiated once with 800 J/cm? UV
light (254 nm) to covalently crosslink protein—RNA in vivo (Dixit
et al. 2017). The UV-crosslinked cell lysates treated with low con-
centration of RNase | were used to immunopurify RNA bound
to MRP1 using protein G Dynabeads coupled with anti-MRP1 an-
tibodies (Vondruskova et al. 2005). Two replicates of IPs, one each
for MRP1 (UV-crosslinked 29-13 cells) and negative control (non-
UV crosslinked 29-13 cells), were performed. Immunoblots con-
firmed the specificity and efficiency of IP. Crosslinked immuno-
purified RNA was digested to size range of 60-150 nt and
reverse transcribed to generate iCLIP libraries. All the buffers,
reagents, adapter oligonucleotides, and reverse transcription
primers for amplification were as described elsewhere (Huppertz
et al. 2014). The iCLIP libraries were sequenced using lllumina
Hi-Seq 2000 (single-end sequencing, 75 nt length). The MRP1
and MRB8170/MRB4160 iCLIP protocol differed at the step
of protein-RNA complex purification. In the case of MRB8170/
MRB4160, two-step purification was used, which involves IgG
sepharose and His-tag isolation Dynabeads to purify the TAP-
his-MRB8170 or MRB4160-RNA complex (Dixit et al. 2017), while
anti-MRP1 coated protein-G Dynabeads were used to isolate
MRP1-bound RNA. The downstream iCLIP library preparation
steps were the same in both protocols.

1604 RNA, Vol. 24, No. 11

Computational analysis of next-generation
sequencing data

The processing of iCLIP tags was done as previously described
(Dixit et al. 2017). For all subsequent analyses, replicates were
merged into one iCLIP data set. In total, we obtained 6,137,846
uniquely aligned iCLIP tags for MRP1 (1,238,207 and 5,899,639
for the individual replicates). The control library from non-UV-
crosslinked parental cells contained 12,856 uniquely mapping
iCLIP tags (7588 and 5268 for the individual replicates). Already
published MRB8170, MRB4160, and mRNA-seq libraries were
used in this study (Lott et al. 2015; Dixit et al. 2017). Mapping
of iCLIP data was done using Bowtie 2 (Langmead et al.
2009). For normalization and comparison of different iCLIP librar-
ies, the Bioconductor package DESeq2 was used (Love et al.
2014), which provides a statistical method based on negative
binomial linear model testing differential expression (for a de-
tailed workflow see: http://bioconductor.org/packages/devel/
bioc/vignettes/DESeq2/inst/doc/DESeq2.html). The visualization
of iCLIP and RNA-seq data was performed with the Integrative
Genomics Viewer (https://www.broadinstitute.org/igv/) (Thor-
valdsdottir et al. 2013).

RNA immunoprecipitation and reverse transcription-
quantitative PCR

TbRGG2 and Atm1 knockdown cells harvested after 24 h of RNAI
induction were resuspended in RIP lysis buffer (50 mM Tris pH 7.5,
250 mM NaCl, 1 mM DTT, 10% glycerol, 0.5% NP-40) containing
cOmplete EDTA-free Protease Inhibitor Cocktail (Roche) and
RNaseOUT (100 units; Life Technologies). The supernatant was
Turbo DNase treated (Life Technologies) and subjected to IP us-
ing Protein G Dynabeads coated with anti-MRP1 antibodies
(Vondrusgkova et al. 2005) for 2 h at 4°C. Ten percent of the super-
natant was reserved as input to generate cDNA for normalizing
the respective IP samples. After IP, 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 ob-
tained from the supernatant (input) and eluate (output) was tran-
scribed into ¢cDNA using the QuantiTect Reverse Transcription
Kit (Qiagen) and further analyzed by gPCR (Light Cycler,
Roche). We used primers described previously (Carnes et al.
2005) that anneal to the specified mRNAs. The PCR conditions
were 95°C for 10 min, followed by 40 cycles (95°C for 15 sec,
60°C for 1 min). Relative ratios were calculated for each mRNA
from the immunoprecipitated samples normalized against its re-
spective input. A separate IP strategy was used for MRP1 TAP
tag RIP-gPCR by using 1gG-Sepharose beads (GE Healthcare)
with the downstream steps as described above. The TbRGG2
RIP-qPCR was performed as above except that TORGG2 antibod-
ies coated the Protein G Dynabeads. The relative abundances
were determined using LightCycler480 instrumentation and soft-
ware version 1.5.1.62 (Roche) with relative quantification settings.

Statistical analysis

All plots, graphs and statistical analyses were done using
GraphPad Prism 5.00 (GraphPad).
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