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Abstract

Adaptation and survival of Trypanosoma brucei requires editing of mitochondrial mRNA by
uridylate (U) insertion and deletion. Hundreds of small guide RNAs (gRNAs) direct the
mRNA editing at over 3,000 sites. RNA editing is controlled during the life cycle but the regu-
lation of substrate and stage specificity remains unknown. Editing progresses in the 3’ to 5’
direction along the pre-mRNA in blocks, each targeted by a unique gRNA. A critical editing
factor is the mitochondrial RNA binding complex 1 (MRB1) that binds gRNA and transiently
interacts with the catalytic RNA editing core complex (RECC). MRB1 is a large and dynamic
complex that appears to be comprised of distinct but related subcomplexes (termed here
MRBs). MRBs seem to share a ‘core’ complex of proteins but differ in the composition of the
‘variable’ proteins. Since some proteins associate transiently the MRBs remain imprecisely
defined. MRB1 controls editing by unknown mechanisms, and the functional relevance of
the different MRBs is unclear. We previously identified two distinct MRBs, and showed

that they carry mRNAs that undergo editing. We proposed that editing takes place in the
MRBs because MRBs stably associate with mRNA and gRNA but only transiently interact
with RECC, which is RNA free. Here, we identify the first specialized functions in MRBs:

1) 3010-MRB is a major scaffold for RNA editing, and 2) REH2-MRB contains a critical
trans-acting RNA helicase (REH2) that affects multiple steps of editing function in 3010-
MRB. These trans effects of the REH2 include loading of unedited mRNA and editing in the
first block and in subsequent blocks as editing progresses. REH2 binds its own MRB via
RNA, and conserved domains in REH2 were critical for REH2 to associate with the RNA
and protein components of its MRB. Importantly, REH2 associates with a ~30 kDa RNA-
binding protein in a novel ~15S subcomplex in RNA-depleted mitochondria. We use these
new results to update our model of MRB function and organization.
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Introduction

Trypanosoma brucei and other kinetoplastid protozoa have a single mitochondrion with an un-
usual mitochondrial genome (kDNA) consisting of many copies of an identical “maxicircle
DNA” (~23 kb) and several hundred different types of “minicircle DNAs” (~1 kb). Maxicircle
DNA encode 18 mRNAs, most of which require maturation through a remarkable form of
RNA editing that changes the length of the mRNA by insertion or deletion of uridylate (U) nu-
cleotides. In contrast, each minicircle DNA encodes 3-4 genes for small guide RNAs (gRNAs)
that bind the pre-mRNA in trans and direct editing at more than 3000 sites [1,2]. gRNAs
(~45-60 nt) are primary transcripts with a 3’ tail of ~10-15 Us added post-transcriptionally.
Each gRNA has base-sequence complementary to the fully edited mRNA sequence [3]. RNA
editing progresses from 3’ to 5’ along the mRNA through sets of overlapping sequence blocks;
the editing of each block is directed by a different gRNA. This process also exhibits substrate
specificity during the life cycle, but the mechanisms involved remain unknown [4]. Most
mRNAs are extensively edited, while a few require limited editing or are never edited [5]. This
process often creates start or stop codons, and often generates most of the open reading frame.
A mistaken insertion or deletion of a single U creates a frameshift in the mRNA and could cre-
ate a nonfunctional protein during translation. Surprisingly, mitochondria contain many par-
tially edited mRNA transcripts. Partial editing is always located in a junction in the RNA
between the 5" unedited and 3’ fully edited sections [6,7].

The editing enzyme, known as the RNA editing core complexes “RECC” or editosomes, has
been extensively studied [4,8,9], but many central questions remain unanswered. For example,
how are the substrates recruited, and how are editing initiation and progression controlled?
This is particularly puzzling because the purified RECC enzyme lacks the editing processivity
found in vivo [10-12] and early studies showed that it does not contain endogenous gRNA or
mRNA [13]. A substantial number of non-RECC proteins that control editing have been re-
ported [4,14,15]. Several of these latter proteins are components of a large accessory complex,
MRBI, which binds and stabilizes gRNA, and transiently interacts with the RECC [16,17].
Most proposed MRB1 subunits lack recognizable sequence motifs, reflecting the early phyloge-
netic divergence of kinetoplastids [18]. Some proteins may be part of a putative core in MRBI1,
while others appear to be variable components. The functional relevance of the variation in the
composition of the MRBs remains unclear [19,20]. Inducible RNAi of select MRB1 proteins
have suggested effects in editing at an early stage or during progression [19-21]. Certain pro-
teins primarily affect specific mRNAs, while others have broader effects [17,22], implying sub-
strate preferences. We have reported two native MRB1 variants (termed here “MRBs”),
REH2-MRB and 3010-MRB, with clear differences in protein and RNA composition. Impor-
tantly, these MRBs carry unedited and fully edited mRNAs, in addition to gRNA. Our findings
suggested that these complexes assemble mRNA-gRNA hybrids and raised the possibility that
different MRBs exhibit specialized functions [23]. A more recent report from another lab con-
firmed that MRB1 contains mRNAs [24]. REH2-MRB and 3010-MRB have a differential parti-
tion of several initiating gRNAs and of the RNA helicase REH2 and MRB3010. RNAi
knockdown of either protein inhibits editing and the latter was proposed to be important in
early editing [19,20]. Notably, deep sequencing studies in total mtRNA in the Koslowsky’s lab
and in purified MRBs in our lab found that most initiating gRNAs are rare [23,25]. These re-
sults suggest that the initiation of editing may be regulated.

In our model of MRB1 function and organization [23], that we further test here, MRBI vari-
ants serve as scaffolds for the assembly of mRNA-gRNA hybrids and the RECC enzyme, and
these variants can be linked to specific roles in RNA editing. Specifically, we hypothesized that
3010-MRB supports efficient editing initiation and that REH?2 is a trans-acting factor of
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3010-MRB. Our findings indicate that 3010-MRB is relatively enriched with mRNAs that are
edited at the first block directed by the initiating gRNA and that REH2 affects multiple editing
steps in mRNAs associated with 3010-MRB. Furthermore, REH2 binds its native MRB via
RNA, and point mutations in conserved motifs of the helicase inhibit its association with RNA
and protein components of the REH2-MRB. Finding functionally distinct MRBs that include
regulatory proteins and all mRNAs involved in editing, i.e., unedited, partially edited and fully
edited transcripts, raises a number of important mechanistic questions that can now be directly
addressed in the RNA editing of early-branched kinetoplastids.

Materials and Methods

Cell culture

T. brucei Lister strain 427 29-13 procyclic “PF” (tryps.rockefeller.edu) was grown axenically in
log phase in SDM79 medium [26] and harvested at a cell density of 1-3x10” cells/ml. Cell lines
expressing TAP-REH?2 variants or a construct for REH2 down-regulation were induced with
tetracycline at 1 pg/ml.

REH2 plasmid constructs

We introduced point mutations K1078A and A1086D in the double-stranded RNA binding
domain (dsRBD) of REH2 by PCR-based site-directed mutagenesis of a pLew79 TAP-REH2
construct [19] using a proofreading thermostable polymerase mix (AccuTag, Sigma) and oligo-
nucleotides described in S1 Table. We made an RNAi construct by PCR amplification of a
344-bp fragment from the REH2 3’UTR region using oligonucleotides described in S1 Table,
and we cloned this fragment into the Xhol and BamHI sites of p2T7-177 [27]. All constructs
were confirmed by DNA sequencing, linearized with Notl, and transfected in procyclic 29-13
trypanosomes [26].

Protein and RNA purification from the pulldowns

We performed immunoprecipitation of REH2, MRB3010, and cytochrome oxidase 2 (mock)
using affinity-purified peptide antibodies as described [23]. Briefly, specific antibodies were
conjugated to Dynabeads Protein A (Life Technologies) that were pre-treated with 5% BSA.
Approximately 2 mg of mitochondrial extract was supplemented with 1X Complete Protease
Inhibitor cocktail (Roche) and SUPERase-In RNase inhibitor (Life Technologies). The extract
was pre-cleared by passage over Protein A-Sepharose beads (GE Healthcare) before it was load-
ed onto antibody-conjugated beads. Ectopically expressed TAP-REH2 was specifically immu-
nopurified using Dynabeads IgG (Life Technologies), as reported elsewhere [19]. All washes
were performed with 200 mM NaCl, 1 mM EDTA, 10 mM MgCl,, and 25 mM Tris, pH 8. Pro-
tein was extracted with 1X SDS loading buffer at 95°C for 2 min. RNA was extracted by treating
the beads with 0.8U proteinase K (NEB) for 30 min at 55°C, followed by phenol extraction and
ethanol precipitation.

Glycerol gradients, western and northern blots, and radioactive assays

Sedimentation fractions were obtained from freshly made mitochondrial extracts in 10-30%
glycerol gradients [19]. Western blots of REH2, MRB3010 (3010), GAP1, and MP63 (a RECC
subunit used as a ~20S marker) were performed as reported [19,28]. Crosslinking assays used
gRNA gA6 Bl.alt [23] as a model initiating gRNA bearing a photo-reactive 4thio-U and >*P
that was mixed with immunopurified MRBs and subjected to 365 nm UV irradiation on ice as
previously described [29,30]. The photo-reactive gRNA was prepared by a splint ligation with
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the oligonucleotides described in Table SI [30]. Radioactive capping of gRNA used RNA ex-
tracted from the Dynabeads protein A pulldowns [19]. Northern blots of total mitochondrial
RNA or IPs from mitochondrial lysate, extracted using TRizol LS reagent (Life Technologies)
and proteinase K (NEB), respectively, used 5’ labeled probes for the initiating gRNAs gND7 3’
domain B1, gCyB B1 [23,31], and for tRNA-Cys (S1 Table). These procedures were performed
in ULTRAhyb solution (Life Technologies) with 2X SSC washes at 40°C.

Quantitative RT-qPCR and endpoint RT-PCR of mRNAs

RNA from pulldowns was treated with RNase-free DNase (Thermo) and used in the prepara-
tion of cDNA as described elsewhere [23]. RT-qPCR assays normalized using the delta delta
CT “ddCT” (Livak) method [8,32] were performed in 20 microliter reactions with the primers
reported to be specific for unedited mRNAs, edited at a 5 distal block, and reference transcripts
[8], or primers designed by us in the present study to analyze early 3’ editing (S1 Table) in a
SYBR Green PCR Master Mix (Bio-Rad). RT-PCR of RPS12, A6, and ND7 fragments was per-
formed using PerfeCTa SYBR Green FastMix (Quanta) with specific oligonucleotides with un-
edited or never-edited sequences (S1 Table), and analyzed on 8% native acrylamide gels. All
amplicons in this study were verified by cloning and manual sequencing. cDNA at different di-
lutions and no-RT controls were tested to confirm the linearity and specificity of

the amplifications.

Cloning and sequencing of mRNA block 1 sequence

RNA extracted from REH2 and 3010 antibody pulldowns was C-tailed with Poly A Polymerase
(NEB) and CTP. The C-tailed RNAs were used for cDNA synthesis with Superscript III reverse
transcriptase (Invitrogen) and a 3’ polyG-ended RT primer (S1 Table). This cDNA was amplified
with the RT primer and a transcript-specific oligonucleotide using Taq polymerase (NEB). PCR
products were isolated from a 10% native PAGE and re-amplified by nested PCR (S1 Table). The
final amplicons were analyzed on 10% native acrylamide gel or were gel isolated, cloned (Strata-
Clone PCR Cloning Kit, Agilent), and sequenced.

Structural analyses of REH2

Domain annotations in REH2 including the previously unidentified OB-fold domain were per-
formed using the Conserved Domain Search tool (CD-Search) at NCBI [33]. The mot I muta-
tions were modeled using a homology model of the helicase portion (residues 1308 to 1846) of
T. brucei REH2. The coordinates of the ADP were from the crystal structure of a yeast Prp43p/
ADP complex (2XAU) [27] after superposition of the crystal structure of the complex onto the
homology model of REH2 which had been made with Phyre2 [34]. The mutations were made
using the backbone dependent rotamer library [35] in PyMOL. The selected glutamine rotamer
was the only rotamer that lacked steric clashes and that had favorable interactions with the sur-
rounding atoms. The distances are in dngstroms.

Results

3010-MRB associates with mRNAs that exhibit efficient editing at block 1
directed by the initiating gRNA

We tested whether or not 3010-MRB and REH2-MRB are functionally different because they
have distinct protein compositions and carry unedited and fully edited RNAs, and because
3010-MRB is enriched in initiating gRNAs [23]. We began by comparing the efficiency of edit-
ing directed by the initiating gRNA in mRNAs associated with 3010 and REH2 MRBs. To this
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end, we established quantitative RT-PCR (RT-qPCR) assays for block 1 in mRNAs A6 (ATPase
subunit 6) and ND7 (NADH dehydrogenase subunit 7) or the first few blocks in mRNA RPS12
(ribosomal protein subunit 12) (Fig 1). Our assays were based on confirmed 3’ edited sequence
described below (Fig 2 and S1 Fig, and additional data not shown) and the recently identified
gRNAs [23,25].

The results from these assays showed a greater concentration of block 1 edited mRNA in
3010-MRB than in REH2-MRB (Fig 1A). We also scored unedited transcripts and found that
the three tested mRNAs were enriched in 3010-MRB (Fig 1B), consistent with our previous
study [23]. Interestingly, the A6 edited pattern in block 1, which is located in the mRNA 3’
UTR, matched nearly the entire initiating gRNA that was recently identified in two strains of
procyclic trypanosomes (Fig 1C) [23,25]. Both edited block 1 and the initiating gRNA differed
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Fig 1. Quantitative analysis of early 3’ edited and unedited mRNAs. (A) Enrichment of edited block 1 in mMRNAs A6 and ND7, or the first few blocks in
RPS12,in 3010 and REH2 IPs relative to a mock IP set at 1. RT-gPCR values of test IPs were normalized to input values and to a low nuclear 18S rRNA
carryover in the beads as loading control. [Fold = 2999, in which ddCq = IP dCq - Input dCq, and dCq = test Cq — 18S Cq. Cq is the quantification cycle.].
Standard deviation of the average value of Cq duplicates is shown. All end-point amplicons were single products during linear amplification, and sequenced.
(B) Relative fold enrichment of unedited pre-mRNA calculated as in panel B. (C) Amplified edited sequence in panel A. Edited 3’ sequence in mMRNAs A6,
ND7, and RPS12 is aligned with a major initiating gRNA (in 3'—5’ orientation) [23,25]. Regions of interest are identified as follows: mMRNA editing domain
(bold), never-edited sequence (underlined), gRNA guide domain (gray box), and length of the 3’ U tail (subscript). PCR primers (arrows) were designed
based on the sequenced 3’ end of cloned cDNA fragments (Fig 2 and S1 Fig, and data not shown). The U-insertions (“t”) and deletions (not shown) allow
high-quality duplexes with the guide domain of initiating gRNAs. All amplicons were cloned and sequenced. A previously annotated encoded T at position
1269 in block 1 of MRNA ND7 is not included because it was missing in the sequenced unedited transcripts from the Lister strain in this study (S1 Fig).

doi:10.1371/journal.pone.0123441.g001
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substantially from those originally reported in the 1990s [3], indicating a rapid evolution of the
responsible minicircle(s). The sequence of the 3’ edited mRNA ND7 was as reported earlier, ex-
cept for one residue (S1 Fig). The first few blocks in mRNA RPS12 that we examined were also
as originally reported. The edited sequence for block 2 in mRNA RPS12 was surprising because
the guiding potential of a major gRNA in the Lister strain predicted an alternative editing pat-
tern [23]. Thus, the tested block 1 edited mRNAs and their unedited substrates are relatively
more abundant in 3010-MRB than in REH2-MRB.

To determine if 3010 and REH2 MRB complexes carry mRNA intermediates with partial ed-
iting directed by the initiating gRNA, we sequenced the editing block 1 in A6 and ND7 mRNAs
isolated from the complexes or from total mitochondrial mRNA (mtRNA) (Fig 2A-2C, and
S1 Fig). Briefly, we amplified the cDNAs with primers containing unedited sequences just 5" of
block 1 and never-edited sequences just 3’ of the first editing site. This sequencing strategy al-
lowed us to survey the first few editing sites for editing efficiency. Although we analyzed only a
few clones, it was clear that both 3010 and REH2 MRBs carry RNAs with partial editing at block
1. Interestingly, the examined transcripts from 3010-MRB exhibited more complete editing in
the first sites than transcripts from REH2-MRB and the mtRNA population. A count of the ed-
ited sites in the clones analyzed above is shown in Fig 2D. Interestingly, editing in ND7 was not
as extensive as it was in mRNA A6, suggesting a substrate preference. In fact, the sequenced
ND?7 transcripts from the REH2-MRB complex were unedited, consistent with the reported
ratio of unedited to edited mRNA ND?7 in this complex [23]. Importantly, purified 3010 and
REH2 MRBs in our experiments associate with comparable amounts of RECC (Fig 2E). Thus,
both MRB complexes associate with the editing enzyme and contain all mRNAs involved in ed-
iting, i.e., substrates, intermediates and products, indicating that both 3010 and REH2 MRB
complexes are competent editing scaffolds. However, the above data together with our previous
report [23] also indicate that the 3010-MRB complex is enriched in mRNAs with efficient edit-
ing at block 1 and the corresponding initiating gRNAs and pre-mRNA substrates.

REH2 affects the level of unedited pre-mRNA, and editing at block 1 and
at upstream blocks in 3010-MRB

Although REH2 and 3010 are subunits of different MRBs, we asked if the REH2 helicase affects
in trans the function or composition of the 3010-MRB complex. For example, REH2 may im-
pact the initiation or progression stage of editing in 3010-MRB, or REH2 may impact the asso-
ciation of the substrate pre-mRNAs with this complex. Inducible RNAi of REH2 inhibited
editing at early 3’ sites on pre-mRNA substrates in total mtRNA (Fig 3A and 3B), but this
REH2 depletion did not affect the cellular level of 3010 or the copurification of 3010 with the
core GAP1 subunit, with RGG2 (another common protein in MRB purifications), total gRNA,
or the RECC enzyme (Fig 3C). Northern blot analyses showed that the level of initiating gRNA
gND?7 in the total mtRNA and in the 3010-MRB complex was not substantially affected by de-
pletion of REH2 (Fig 3D). A somewhat decreased level of the initiating gRNA (gCYb B1) in the
complex is puzzling. A recent study suggested that gRNA recycling during editing leads to ac-
cumulation of gRNAs upon editing inhibition [24]. In summary, these results indicate that the
editing directed by the initiating gRNA requires REH2.

Further analyses in mtRNA compared editing at early 3’ sites and at a distal block sequence
(late 5’ sites) and showed greater inhibition of editing at the late sites (Fig 4). This suggests that
editing progression across multiple blocks also requires REH2. In contrast, the levels of the un-
edited and never-edited mRNAs, and mitochondrial rRNA 9S remained relatively constant.
Thus, REH2 depletion did not significantly affect unedited pre-mRNA at steady state. REH2
could, however, affect the level of unedited pre-mRNA in the 3010-MRB complex. To assess
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(C) total mtRNA from the mitochondrial extract loaded in the IPs. PCR primers (arrows) target 5’ unedited and 3’ never-edited sequence. The sequencesin a
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REL1 and 2 in the RECC enzyme detected in REH2 and 3010 IPs. An asterisk marks a contaminant cytosolic ligase in mitochondrial extract input (IN). Pre-
charged REL2 with endogenous ATP is poorly radiolabeled [45].

doi:10.1371/journal.pone.0123441.9002
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Fig 3. REH2 knockdown affects editing by the initiating gRNA in 3010-MRB but not 3010 association
with common MRB1 proteins, gRNA or RECC. (A) Western blots of REH2 and 3010 in lysates of induced
cells with tetracycline (Tet). Full length and proteolytic fragments of REH2 are detected in all Figs in this
study. (B) Relative level of early 3’ editing in block 1 of MRNAs A6, ND7, and the first few blocks in RPS12
(RPS). RT-gPCR assays were performed in cell lysates using tubulin as the reference. Uninduced samples
are set at 1. (C) 3010-IPs of mitochondrial extracts at 0 or 4 days post-induction in western blots of 3010 and
GAP1, or radiolabeled capping (QRNA) and autoadenylation (editing ligases REL1/2). (D) Northern blots of
initiating gRNAs for block 1 (B1), gND7 (1269-1319), and gCYb gCYb (54—91) in total mtRNA and 3010-IPs
at multiple time points of RNAi induction. The blots were stripped and reprobed for tRNA-Cys, showing that
the pulldowns are specific for gRNA.

doi:10.1371/journal.pone.0123441.g003

RNA association with the complex, we determined the ratio of mRNA in the 3010-IP and mi-
tochondrial lysate input, i.e., IP/input (Fig 5). That is, regardless of the steady state level of pre-
mRNA substrate (rather stable) and edited transcripts (decreased) upon REH2 depletion, we
asked whether or not the proportion of molecules in the 3010-MRB complex and in the total
mtRNA population is maintained. Notably, REH2 ablation decreased the ratio of unedited sub-
strates in the 3010-MRB complex between 7 and over 10 fold at different time points of induc-
tion, particularly with RPS12. This change in the level of unedited pre-mRNA in the complex
was confirmed by gel analysis of semi-quantitative RT-PCR amplicons (data not shown). In
contrast, the ratio of edited RNA in the complex that we scored at early 3’ sites or at a distal 5’
block was maintained during the REH2 knockdown (Fig 5). Thus, while REH2 depletion de-
creased significantly the total amount of edited mRNA in the parasite, it did not significantly
affect the ratio of associated edited molecules with the complex. This effect was consistently ob-
served at multiple time points of the REH2 RNAi induction. Moreover, all observations can be
made at the shortest time point (day 3) when the growth phenotype is first detected (not
shown). We controlled for secondary effects by showing normal steady state levels of MRB1
markers (e.g., 3010 and gRNA) and several mitochondrial transcripts in the total mtRNA pool
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Fig 4. REH2 knockdown affects editing progression. (A) RT-qPCR of steady-state edited mRNA at block
1in mRNAs A6 and ND7, and the first few blocks in RPS12 (3’ sites) or a distal block (5’ sites), unedited or
never-edted RNAs at days 3, 4, and 5 of REH2 RNAIi. Uninduced samples are setat 1.

doi:10.1371/journal.pone.0123441.g004

(unedited and never edited mRNA, gRNAs, tRNA and 9S rRNA) at all time points of induction
in these studies (Figs 3 and 4).

Interestingly, REH2 depletion also caused a substantial loss of never-edited mRNA and 9S
rRNA in the 3010 pulldowns indicating a decreased association of the purified 3010-MRB with

3010-MRB
EDITED UNEDITED NEVER-ED
A6 ND7 RPS A o O &
O
3,35 35 35 A S R° O 98
1 _...... : 3 .I_.' o el = —f==JF==: ' . . B ——
- H H
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o001 _—

IP/INPUT RATIO OF RNA

Fig 5. REH2 knockdown decreases the content of unedited pre-mRNAs in 3010-MRB. The ratio of
select transcripts in IP samples and mitochondrial extract input (IP/input) was determined. Each RNA
transcript was scored by RT-gPCR at days 3, 4 and 5 of REH2 RNAI. Uninduced ratios are set at 1. Standard
deviation of the average value of Cq duplicates is shown. All amplicons were validated by cloning and
sequencing. 18S rRNA in lysates and beads was used as reference.

doi:10.1371/journal.pone.0123441.g005
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mitoribosomes [23]. Never-edited mRNA is thought to directly bind ribosomes [36]. Thus, de-
pletion of REH2 helicase appears to affect the substrate content of the 3010-MRB as well as the
association of this complex with mitoribosomes.

The pool of transcripts in the mitochondrion includes unedited, fully edited, and partially ed-
ited RNAs of different sizes. To further analyze the REH?2 effects, we amplified the entire ~200 nt
mRNA RPS12 using primers targeting never-edited sequences at the termini of the transcript,
and we visualized the products in a gel (Fig 6A and 6B). In total mtRNA from REH2 knockdown
cells, the amount of fully edited RNA decreased, while the amount of unedited RNA remained
fairly constant (Fig 6A). However, in the purified 3010-MRB, the amount of unedited RNA de-
creased (Fig 6B). Furthermore, the complex accumulated partially edited molecules of various
sizes in a pattern suggesting preferential sites for pausing. These findings support the idea that
REH2 acts at multiple editing steps in pre-mRNAs associated with 3010-MRB. Analysis of
mRNAs ND7 and A6 yielded similar results (Fig 6C, 6D, and 6E, 6F, respectively, and additional
data not shown). However, these effects were particularly clear with RPS12 consistent with our
data in Fig 5. Also, because the ND7 and A6 substrates are much longer, we only examined a 3’
fragment (~200 nt), including the first editing blocks, to analyze unedited and partially edited
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Fig 6. REH2 knockdown decreased substrate loading and increased pausing during editing in
3010-MRB. Endpoint RT-PCR products in total mtRNA and 3010-IPs at 0, 3, and 4 days of REH2 RNA..
mRNAs RPS12 (A and B), ND7 (C and D) or A6 (E and F). The full editing domain in RPS12 or a 3’ fragment
of similar size in ND7 and A6 was amplified. Products of varying sizes are unedited (UE), partially edited
(PE), or fully edited (FE), in the case of RPS12. Arrows point to regions of apparent major pausing induced by
REH2 depletion. The primers target 5’ unedited (UE) or 3’ never-edited (NE) sequences, as depicted in

the cartoons.

doi:10.1371/journal.pone.0123441.9g006
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sequences. In summary, our data indicate that REH2 has multiple editing roles including in sub-
strate loading, editing by the initiating gRNA and editing progression in upstream blocks.

REH2 binds its native MRB via RNA, and can be purified in a novel ~15S
RNA-free subcomplex

Although native REH2 and 3010 are found in large ribonucleoprotein MRBs, the nature of the
stable association of REH2 with other MRB1 proteins is unclear. A previous purification of
REH2 contained core GAP subunits (GAP1/2), 3010, and other known MRBI1 proteins [19].
Conversely, purifications of GAP subunits contained REH2 [16,19]. Some of these purifica-
tions included an extensive RNase treatment in attempts to remove RNA-mediated associa-
tions in the complexes. Interestingly, a yeast two-hybrid screen of several MRB1 proteins did
not detect interactions with a REH2 fusion [37]. We further examined the REH2 interaction
with GAP1I in the native REH2-MRB. Because RNA-mediated associations in MRBs may par-
tially resist RNase attack, we stopped RNA production in mitochondria by knocking down its
single RNA polymerase (RNAP) in a procyclic cell line [38].

Native MRBs are heterodispersed in sedimentation gradients (Fig 7A). However, depletion
of most mitochondrial RNA (not shown) [38] significantly reduced the sedimentation peak of
REH2 and 3010 to fractions slightly lighter than RECC at ~20S [13], which we estimate to be
near 15S (Fig 7B). The unaffected migration of RECC, which seems largely RNA-free in its pu-
rified form [13], served as a cell quality control. REH2 and 3010 IPs from mitochondrial lysates
of the RNAP knockdown cells were examined for the presence of the GAP1 core protein. Nota-
bly, REH2 copurification with GAP1 was nearly lost (Fig 8), and RNase-treatment of the IP
sample rendered the interaction undetectable. In contrast, 3010 copurified with GAP1 in all
tested conditions. Thus, REH2 binds GAP1 via RNA.

We previously showed that REH2 and other presumed components of REH2-MRB in nor-
mal cells were able to photocrosslink with a 3’ fragment of A6 mRNA [19]. In the present study,
we compared IP samples from the peak sedimentation fractions 4-6 (Fig 7B) from RNAP

A ToP _208 BOTTOM
i CE— S S
REH2 S —

30104
*

RECC

3010~
*

IVNY dVNY

RECC]|

1 2 3 4 5 6 7 8 9 10 11 12 13

Fig 7. Sedimentation of MRBs. REH2 and 3010 MRBs in 10-30% glycerol gradients of mitochondrial
extract from (A) wild-type (WT) or (B) RNAP knockdown cells at day 3 post-induction. The RECC complex
(MB63 subunit) is at ~20S in panels A and B. Some proteolysis (*) occurs in the top fractions. Bars mark
major peaks of REH2, 3010, and RECC examined in western blots.

doi:10.1371/journal.pone.0123441.g007
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Fig 8. REH2 associates with GAP1 via RNA. Western blots of REH2, 3010, and GAP1 in IPs from RNAP

knockdown cells, with or without a cocktail of nucleases (NUase): RNases A, and T1 and micrococcal

nuclease. Untreated mitochondrial extract was used as a control.

doi:10.1371/journal.pone.0123441.g008

knockdown extracts in a photocrosslinking assay with a model initiating A6 gRNA (Fig 9A).
Notably, we detected distinct crosslinks in the isolated REH2 and 3010 MRBs, which were ab-
sent in a mock purification. The REH2-associated crosslinks included a crosslink at ~30 kDa
and weaker crosslinks at ~250 kDa, most likely involving REH2 itself because these crosslinks
comigrate with REH?2 in western blots (Fig 9B). Also, all other known protein subunits of MRB1
are much smaller than REH2. Recombinant GAP1 is known to bind a synthetic gRNA [16] but
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Fig 9. Photo-crosslinks in REH2 and 3010 pulldowns with an initiating gRNA. Antibody pulldowns of
sedimentation fractions 4-to-6 in mitochondrial extracts from RNAP knockdown cells (Fig 7B) analyzed by (A)
Site-specific crosslinking (365-nm UV) with a model initiating gRNA for mRNA A6 that includes a photo-
reactive thio-U and 2P in a single phosphodiester bond, or (B) Western blots of REH2 or GAP1 with size
markers in the REH2 IP or the 15S input fractions 4-to-6. (C) Mfold prediction [46] of the secondary structure
of the gRNA in panel A. The photo-reactive base is circled and guide sequence is inclosed in the gray box.
Arrows in A indicate crosslinks in the REH2 or 3010 IP, including at ~30 kDa and, apparently, REH2 itself in
the REH2 IP. A mock control (Mk) used an irrelevant affinity-purified antibody.

doi:10.1371/journal.pone.0123441.g009
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it is unclear if it photocrosslinks with our RNA probes. The crosslinks that we detected were sta-
bly bound because the samples in the beads had been treated with RNases and washed with 200
mM KCI. Together, our previous studies [23] and these new data indicate that native REH2 sta-
bly associates with its MRB via RNA, binds to both model mRNA and gRNA transcripts, and
can be further purified together with a ~30 kDa RNA-binding cofactor in a novel ~15S “RNA-
free” particle.

Site-directed mutagenesis of conserved REH2 domains prevents the
association of REH2 with GAP1 and editing substrates

Because REH2 binds its native MRB via RNA, we examined the importance of the REH2 struc-
ture in these interactions. REH2 is a large (2,167 residues), non-ring-forming helicase (Fig 10A)
that belongs to the RHA subfamily of the superfamily 2 (SF2) DEAH/RHA RNA helicases
[39,40]. SF1 and SF2 helicases have a catalytic core of tandem RecA-like domains with character-
istic motifs (I-VI) that participate in ATP-binding (S2 Fig) and hydrolysis and in RNA binding
and unwinding. Accessory domains flanking the catalytic core determine their diverse functions
by interacting with specific RNAs and proteins that modulate their activity [41,42]. RHA sub-
family members, including REH2, have a unique conserved C-terminal region following the heli-
case core that contains an oligonucleotide-binding domain (OB-fold domain). A few subfamily
members, including REH2, contain a ~70 residue double-stranded RNA-binding domain
(dsRBD). The REH2 domain organization is conserved in kinetoplastids, including species of
Trypanosoma and Leishmania (data not shown). Using expressed tagged constructs, we had
shown that mutant REH2 proteins with either the dsRBD domain deleted or with two residue
changes, G1365A/K1366Q, in the helicase motif I (mot I) were unable to copurify with
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Fig 10. Association of REH2 with components of its MRB requires normal conserved domains. (A) REH2 (2,167 amino acids) includes the double-
stranded RNA binding (dsRBD) and DExH-helicase domains, and an OB-fold domain not previously identified. Expressed TAP-tagged REH2 variants in
Dynabead IgG pulldowns were tested for (B) gRNA in radiolabeled capping assays of the 5’ triphosphate, (C) fold enrichment of edited mRNA at block 1 or at
a distal block, and unedited pre-mRNA. RT-qPCR assays were normalized to values in the untagged REH2 pulldown set at 1. Tubulin and 18S rRNA
carryover were used as reference, (D) GAP1 and REH2 in western blots. Cells-/+ Tet induction of wild-type (WT), mutants, or untagged REH2 (no-Tag) were
compared. Standard deviation of the average value in Cq duplicates is shown.

doi:10.1371/journal.pone.0123441.9010
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gRNA [19]. We then tested the effect of mot I, and alanine substitutions of two highly conserved
residues (K1078, D1086) [43] in the dsRBD on the normal interactions of REH2 (cis effects) in
its MRB. The mot I and dsRBD point mutations inhibited REH2 copurification with editing sub-
strates (gRNA and unedited mRNAs) and edited mRNAs at block 1 or at 5 distal blocks (Fig
10B and 10C), and GAP1 (Fig 10D). Notably, homology modeling of the motif I or P loop using
for the template the closest RHA subfamily member that has a published crystal structure with
ADP bound [42] indicates that the mot I mutation removed a salt bridge (a H-bond plus ion-ion
interaction) between the beta phosphate of the adenosine nucleotide and K1366 of REH2

(S2 Fig). This mutation would weaken the binding energy of ADP with the motifI through the
loss of the counter ion and add the large energetic penalty of burying a negative charge without a
counter ion. The beta phosphate would be left with four H-bonds. The alpha phosphate lacks a
stabilizing salt bridge with a positively charged side-chain, so the protein will have difficulty com-
pensating for the loss of the positive charge at site 1366 while continuing to counter the two neg-
ative charges of the ADP. The alpha phosphate may form two H-bonds (one with the backbone
amide of T1386 and one with the side-chain hydroxyl of T1386), so the alpha phosphate contrib-
utes much less to the binding by ADP.

Overall, the above observations indicate that the integrity of native REH2-MRB, which in-
cludes GAP1 but not 3010, requires functional catalytic and RNA binding domains of REH2.
These findings further suggest that the “RNA linkers” in REH2-MRB are in fact mRNA,
gRNA, or mRNA-gRNA complexes.

Discussion

MRBI is a large and dynamic ribonucleoprotein complex that binds gRNA and is critical in the
control of kinetoplastid RNA editing. However, MRB1’s specific molecular mechanisms of ac-
tion and the rationale for MRB1’s dynamic composition are unclear. Our previous report [23]
supported by the current study offer a novel conceptual framework proposing that editing is
controlled and regulated in the context of at least two substrate-loaded MRB1 variants with
specialized functions: 3010-MRB and REH2-MRB complexes. So far, the dissection of the func-
tion of specific editing proteins almost exclusively relied on RNAi knockdowns of the protein,
followed by the analyses of several editing substrates. Also, early studies showed that RECC en-
zyme does not contain editing substrates [13]. So, long-standing questions in the field include:
how does RECC access the editing substrates and how is this enzyme controlled? Our studies
offer a path to systematically address the physical and functional interplay between the RECC
editing enzyme, editing substrates and accessory MRB1 complexes.

We previously showed that the MRB1 variants 3010-MRB and REH2-MRB, with differing
protein and gRNA composition, bind the mRNA substrates and products of editing [23]. In
that study, we also proposed that these complexes serve as scaffolds for the assembly of gRNA-
mRNA hybrids and transient but productive contacts with the RECC enzyme. The current
studies showed that: (i) these MRB1 variants are tied to distinct editing functions, and (if) spe-
cific cis and trans effects by the regulatory RNA helicase REH2 on substrate loading, complex
integrity, and editing can be directly studied in the context of MRB1 complexes. Based on our
previous report and current new data, we propose an updated model of MRBI organization
and function (Fig 11).

Both 3010-MRB and REH2 MRB complexes contain all types of mRNA molecules expected
to be present during editing, including intermediate transcripts, gRNA and critical subunits
such as GAP1/2 proteins, indicating that both complexes are competent editing scaffolds.
However, the 3010-MRB complex that we originally purified by immunoprecipitation of native
MRB3010 [23] appears particularly active in editing. Interestingly, inducible knockdown of
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Fig 11. Model of MRB1 function and organization. MRB1 complexes carry editing substrates (pre-mRNA
and gRNA), partially-edited intermediates and fully-edited mRNA, core GAP1/GAP2 proteins (GAPs), and
other common and variable proteins. Addition of the RECC enzyme to MRB1 scaffolds forms the editing
holoenzyme. Two MRB1 variants, REH2-MRB and 3010-MRB are structurally and functionally distinct.
3010-MRB appears to be a more active editing scaffold than REH2-MRB. REH2-MRB includes the regulatory
REH2 helicase that affects 3010-MRB at multiple steps: mMRNA substrate loading, and maturation at block 1
and subsequent blocks during editing progression. REH2 binds RNA and REH2’s association with other
MRB1 components is mediated by bridging RNA and the helicase catalytic and RNA-binding domains. REH2
can be further isolated in a “RNA-free” ~15S subcomplex with a ~30 kDA RNA binding cofactor and,
potentially, with other associated cofactors (AFs). The editing domain in mRNAs typically spans multiple
blocks (e.g., B1-to-B4), each directed by a gRNA. Transient contacts between RECC and MRB complexes
imply that catalysis involves multiple rounds of enzyme association and dissociation with the MRB scaffolds.
MRB complexes may also control passage of the edited mRNAs to the mitoribosomes.

doi:10.1371/journal.pone.0123441.9011

MRB3010 was proposed to inhibit early editing [20]. The hypothesis that the 3010-purified
MRB is a major scaffold of the editing machinery is based on our observations that this com-
plex contains increased levels of both initiating gRNAs and mRNAs with increased editing di-
rected by the initiation gRNA. The observed REH2 effects on the RNA profile in 3010-MRB
and the integrity of REH2-MRB illustrate how other regulatory proteins may contribute to the
editing process. Overall, these data represent the first examples of specific cis and trans effects
by a regulatory helicase on the higher-order RNA editing holoenzyme or “editosome”. REH2,
the lone confirmed subunit of MRB1 with a conserved helicase domain, may be a chaperon or
remodeling factor that impacts multiple aspects of RNA editing.

We anticipate the characterization of additional MRB1 variants that carry gRNA, GAP pro-
teins, and mRNAs that require editing. Distinct MRB1 variants may control substrate specifici-
ty (either loading or stability), and may control different steps during editing or post-editing,
including the association of mitoribosomes with the editosome (e.g., as in Fig 5). Specialized or
preferential roles of distinct MRB1 variants may depend on the associated “variable” protein
subunits, such as REH2, specific protein-RNA interactions, stoichiometric differences of “core”
proteins, or combinations of some of these differences. The stoichiometric differences of “core”
proteins most likely include MRB3010 (“30107), which was found to interact with GAP1, but
not GAP2, in a yeast two-hybrid screen [37]. Thus, it is possible that 3010 is underrepresented,
if not missing, in the protein core of the REH2-MRB. We expect (1) that MRBI1 variants that
carry gRNA will also contain GAP proteins and (2) that 3010 is necessary for the efficient edit-
ing of the associated mRNAs.

PLOS ONE | DOI:10.1371/journal.pone.0123441  April 30,2015 15/19



@'PLOS ‘ ONE

MRB1 Subcomplexes with Specialized Functions

Some of the ancillary proteins of the editosome may include known MRB1 components, but
not gRNA or GAP proteins. An example is the proposed ~15S REH2 subcomplex including a
30 kDa RNA-binding protein that we described (Figs 7-9). TbBRGG2, and the paralogs
MRB4160 and MRB8170, that have been detected in most purifications of MRB1, were also
found in a separate subcomplex [44]. Interestingly, MRB4160 and MRB8170 interacted with
each other in a yeast two-hybrid screen. However, their association with each other in vivo is
critically dependent on RNA [22,37]. This underscores the importance of stabilizing RNA-
protein interactions in the function and regulation of MRBI.

The association of REH2 with an MRB1 variant that contains reduced or no 3010 is puz-
zling. The stable association of REH2 with GAP proteins and, presumably, other common
components of its MRB likely occur via mRNA, gRNA, or both. In addition, the observed tran-
sient functional contacts of the REH2 helicase with 3010-MRB may be bridged by mRNA-
gRNA hybrids. Both types of REH2 interaction may rely on a coordinated action of the catalyt-
ic and accessory domains in this protein. Notably, although depletion of REH2 decreases the
loading of the mRNA substrate, it does not dissociate the mRNA already engaged in editing.
Nevertheless, additional transient REH2 interactions with 3010-MRB occur during block 1 ed-
iting and editing progression through upstream blocks. Putative cofactors of REH2 in the pro-
posed ~15S REH2 subcomplex may influence the interaction and function of conserved
domains in REH2 with both the RNA and proteins partners during editing. Interestingly, a pu-
tative helicase (Tb927.4.3020) with the same domain organization as REH2 was previously
identified among several RNase-sensitive proteins that copurified with REH2 [19,40]. Howev-
er, a knockdown construct of this protein did not induce an evident editing phenotype, sug-
gesting at least a partial functional redundancy with REH2 (data not shown). A recent study by
the Aphasizhev lab confirmed our report that MRB1 complexes contain mRNA editing sub-
strates and products, and also proposed the interesting concept that the subunits of MRB1
complexes, related to 3010-MRB in our studies, may be functionally partitioned in subgroups
based on their role in editing or polyadenylation [24]. Several central aspects of RNA editing in
kinetoplastids need to be studied including the control of gRNA loading and the transient as-
sembly and activity of RECC complexes in the MRB scaffolds. It seems that editing progression
may involve multiple rounds of transient contacts of the RECC enzyme with the MRBI scaf-
fods, rather than a stable processive interaction. Also, the presence of fully edited mRNA in
MRBI complexes suggests that these complexes mediate the handoff of translatable mRNA
into mitoribosomes. Overall, our current observations offer a conceptual framework to under-
take systematic studies of the regulation of RNA editing by MRB1 complexes.

Supporting Information

S1 Fig. Editing initiation of mRNA ND?7 in native 3010-MRB and REH2-MRB. cDNA se-
quence of block 1 in mRNA ND7 3’ domain amplified from (A) 3010 and (B) REH2 IPs. PCR
primers (arrows) flanking the first block target 5" unedited and 3’ never-edited sequence. Precur-
sor unedited or edited mRNA (boxed) with editing sites 1-to-8: unedited (gray) or with deletions
‘% and insertions ‘t". Miss-edits (in number or site) are also shown in gray. Edited sequence in
block 1 is consistent with the guide domain of gRNA gND7 B1 [gND7(1269-1319)] identified
in recent reports in procyclic strains Lister 427 and EATRO 164. A previously annotated en-
coded T in the ND7 gene (arrow) was missing in all 10 cDNA clones examined here from the
Lister 427 strain.

(TIF)

$2 Fig. Homology model of motif I mutations. The mutated sites G1365A/K1366Q are
shown with the carbons colored white. These mutations in the P loop or motif I (atoms of
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motif I are shown as sticks) remove one H-bond between beta phosphate of the ADP and
REH2. Four H-bonds remain after the mutations.
(TIF)

S1 Table. Oligonucleotide primers designed in this study. We designed the indicated primers
to perform RT-qPCR of 3’ early editing sites, manual sequencing of block 1 sites, RT-PCR of
the first ~200 bp of editing domain (A6 and ND7), RNA interference (RNA1), point mutations
and generation of photo-reactive gA6 Bl.alt. RT-PCR primers to amplify the entire RPS12
were as in [20].

(TTF)

Acknowledgments

We want to thank Kathy Kyler for editing this manuscript, Ken Stuart for supplying monoclo-
nal antisera against RECC subunits, and Laurie K. Read for her gift of polyclonal antisera
against GAP1 and RGG2. Funding: National Science Foundation Grant No. NSF1122109

(PIL: J.Cruz-Reyes.). NIH/National Institute of Allergies and Infectious Diseases R0O1 AI088011
(PL Blaine Mooers). Institutional Development Award (IDeA) from the National Institute of
General Medical Sciences of the National Institutes of Health under grant number P20
GM103640. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Author Contributions

Conceived and designed the experiments: JC-R. Performed the experiments: BRM VK. Ana-
lyzed the data: JC-R BRM VK. Contributed reagents/materials/analysis tools: BHMM. Wrote
the paper: JC-R. Performed the structure modeling: BHMM.

References

1. Simpson L, Thieman OH, Savill NJ, Alfonzo JD, Maslov DA (2000) Evolution of RNA editing in trypano-
some mitochondria. Proc Natl Acad SciU S A 97: 6986—-6993. PMID: 10860961

2. Ochsenreiter T, Cipriano M, Hajduk SL (2007) KISS: the kinetoplastid RNA editing sequence search
tool. RNA 13: 1—4. PMID: 17123956

3. Koslowsky DJ, Riley GR, Feagin JE, Stuart K (1992) Guide RNAs for transcripts with developmentally
regulated RNA editing are present in both life cycle stages of Trypanosoma brucei. Mol Cell Biol 12:
2043-2049. PMID: 1373804

4. Cruz-Reyes J, Read LK (2013) Coordination of RNA Editing with Other RNA Processes in Kinetoplastid
Mitochondria. In: Maas S, editor. RNA Editing: Current Research and Future Trends: Caister Academic
Press, Norfolk, UK. pp. 65-90.

5. StuartK, Allen TE, Heidmann S, Seiwert SD (1997) RNA editing in kinetoplastid protozoa. Microbiol
Mol Biol Rev 61: 105—120. PMID: 9106367

6. Cruz-Reyes J, Sollner-Webb B (1996) Trypanosome U-deletional RNA editing involves guide RNA-
directed endonuclease cleavage, terminal U exonuclease, and RNA ligase activities. Proc Natl Acad
SciU S A 93:8901-8906. PMID: 8799125

7. Koslowsky DJ, Bhat GJ, Read LK, Stuart K (1991) Cycles of progressive realignment of gRNA with
mRNA in RNA editing. Cell 67: 537-546. PMID: 1718605

8. Carnes J, Stuart KD (2007) Uridine insertion/deletion editing activities. Methods Enzymol 424: 25-54.
PMID: 17662835

9. Simpson L, Aphasizhev R, Gao G, Kang X (2004) Mitochondrial proteins and complexes in Leishmania
and Trypanosoma involved in U-insertion/deletion RNA editing. RNA 10: 159—170. PMID: 14730014

10. Cifuentes-Rojas C, Halbig K, Sacharidou A, De Nova-Ocampo M, Cruz-Reyes J (2005) Minimal pre-
mRNA substrates with natural and converted sites for full-round U insertion and U deletion RNA editing
in trypanosomes. Nucleic Acids Res 33: 6610-6620. PMID: 16306234

PLOS ONE | DOI:10.1371/journal.pone.0123441  April 30,2015 17/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0123441.s003
http://www.ncbi.nlm.nih.gov/pubmed/10860961
http://www.ncbi.nlm.nih.gov/pubmed/17123956
http://www.ncbi.nlm.nih.gov/pubmed/1373804
http://www.ncbi.nlm.nih.gov/pubmed/9106367
http://www.ncbi.nlm.nih.gov/pubmed/8799125
http://www.ncbi.nlm.nih.gov/pubmed/1718605
http://www.ncbi.nlm.nih.gov/pubmed/17662835
http://www.ncbi.nlm.nih.gov/pubmed/14730014
http://www.ncbi.nlm.nih.gov/pubmed/16306234

@ PLOS | one

MRB1 Subcomplexes with Specialized Functions

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Cruz-Reyes J, Zhelonkina A, Rusche L, Sollner-Webb B (2001) Trypanosome RNA editing: simple
guide RNA features enhance U deletion 100-fold. Mol Cell Biol 21: 884—892. PMID: 11154275

Alatortsev VS, Cruz-Reyes J, Zhelonkina AG, Sollner-Webb B (2008) Trypanosoma brucei RNA edit-
ing: coupled cycles of U deletion reveal processive activity of the editing complex. Mol Cell Biol 28:
2437-2445. doi: 10.1128/MCB.01886-07 PMID: 18227152

Rusche LN, Cruz-Reyes J, Piller KJ, Sollner-Webb B (1997) Purification of a functional enzymatic edit-
ing complex from Trypanosoma brucei mitochondria. EMBO J 16: 4069-4081. PMID: 9233816

Hashimi H, Zimmer SL, Ammerman ML, Read LK, Lukes J (2013) Dual core processing: MRB1 is an
emerging kinetoplast RNA editing complex. Trends Parasitol 29: 91-99. doi: 10.1016/j.pt.2012.11.005
PMID: 23305619

Aphasizhev R, Aphasizheva | (2011) Mitochondrial RNA processing in trypanosomes. Res Microbiol
162: 655—663. doi: 10.1016/j.resmic.2011.04.015 PMID: 21596134

Weng J, Aphasizheva |, Etheridge RD, Huang L, Wang X, et al. (2008) Guide RNA-binding complex
from mitochondria of trypanosomatids. Mol Cell 32: 198-209. doi: 10.1016/j.molcel.2008.08.023
PMID: 18951088

Fisk JC, Ammerman ML, Presnyak V, Read LK (2008) TbRGG2, an essential RNA editing accessory
factor in two Trypanosoma brucei life cycle stages. J Biol Chem 283: 23016-23025. doi: 10.1074/jbc.
M801021200 PMID: 18583347

Simpson AG, Stevens JR, Lukes J (2006) The evolution and diversity of kinetoplastid flagellates.
Trends Parasitol 22: 168-174. PMID: 16504583

Hernandez A, Madina BR, Ro K, Wohlischlegel JA, Willard B, et al. (2010) REH2 RNA helicase in kine-
toplastid mitochondria: ribonucleoprotein complexes and essential motifs for unwinding and guide RNA
(gRNA) binding. J Biol Chem 285: 1220—-1228. doi: 10.1074/jbc.M109.051862 PMID: 19850921

Ammerman ML, Hashimi H, Novotna L, Cicova Z, McEvoy SM, et al. (2011) MRB3010 is a core compo-
nent of the MRB1 complex that facilitates an early step of the kinetoplastid RNA editing process. RNA
17:865-877. doi: 10.1261/ma.2446311 PMID: 21451155

Ammerman ML, Presnyak V, Fisk JC, Foda BM, Read LK (2010) TbRGG2 facilitates kinetoplastid RNA
editing initiation and progression past intrinsic pause sites. RNA 16:2239-2251. doi: 10.1261/ma.
2285510 PMID: 20855539

Kafkova L, Ammerman ML, Faktorova D, Fisk JC, Zimmer SL, et al. (2012) Functional characterization
of two paralogs that are novel RNA binding proteins influencing mitochondrial transcripts of Trypano-
soma brucei. RNA 18: 1846-1861. doi: 10.1261/rma.033852.112 PMID: 22898985

Madina BR, Kumar V, Metz R, Mooers BH, Bundschuh R, et al. (2014) Native mitochondrial RNA-bind-
ing complexes in kinetoplastid RNA editing differ in guide RNA composition. RNA 20: 1142—1152. doi:
10.1261/rna.044495.114 PMID: 24865612

Aphasizheva |, Zhang L, Wang X, Kaake RM, Huang L, et al. (2014) RNA binding and core complexes
constitute the U-insertion/deletion editosome. Mol Cell Biol 34: 4329-4342. doi: 10.1128/MCB.01075-
14 PMID: 25225332

Koslowsky D, Sun Y, Hindenach J, Theisen T, Lucas J (2013) The insect-phase gRNA transcriptome in
Trypanosoma brucei. Nucleic Acids Res.

Wirtz E, Leal S, Ochatt C, Cross GA (1999) A tightly regulated inducible expression system for condi-
tional gene knock-outs and dominant-negative genetics in Trypanosoma brucei. Mol Biochem Parasitol
99: 89—-101. PMID: 10215027

Wickstead B, Ersfeld K, Gull K (2002) Targeting of a tetracycline-inducible expression system to the tran-
scriptionally silent minichromosomes of Trypanosoma brucei. Mol Biochem Parasitol 125:211-216.
PMID: 12467990

Panigrahi AK, Schnaufer A, Carmean N, Igo RP Jr, Gygi SP, et al. (2001) Four related proteins of the
Trypanosoma brucei RNA editing complex. Mol Cell Biol 21: 6833-6840. PMID: 11564867

Cruz-Reyes J (2007) RNA-protein interactions in assembled editing complexes in trypanosomes. Meth-
ods Enzymol 424:107-125. PMID: 17662838

Sacharidou A, Cifuentes-Rojas C, Halbig K, Hernandez A, Dangott LJ, et al. (2006) RNA editing com-
plex interactions with a site for full-round U deletion in Trypanosoma brucei. RNA 12: 1219-1228.
PMID: 16690999

Blum B, Simpson L (1990) Guide RNAs in kinetoplastid mitochondria have a nonencoded 3' oligo(U) tail
involved in recognition of the preedited region. Cell 62: 391-397. PMID: 1695552

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using real-time quantitative
PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402—408. PMID: 11846609

PLOS ONE | DOI:10.1371/journal.pone.0123441

April 30,2015 18/19


http://www.ncbi.nlm.nih.gov/pubmed/11154275
http://dx.doi.org/10.1128/MCB.01886-07
http://www.ncbi.nlm.nih.gov/pubmed/18227152
http://www.ncbi.nlm.nih.gov/pubmed/9233816
http://dx.doi.org/10.1016/j.pt.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23305619
http://dx.doi.org/10.1016/j.resmic.2011.04.015
http://www.ncbi.nlm.nih.gov/pubmed/21596134
http://dx.doi.org/10.1016/j.molcel.2008.08.023
http://www.ncbi.nlm.nih.gov/pubmed/18951088
http://dx.doi.org/10.1074/jbc.M801021200
http://dx.doi.org/10.1074/jbc.M801021200
http://www.ncbi.nlm.nih.gov/pubmed/18583347
http://www.ncbi.nlm.nih.gov/pubmed/16504583
http://dx.doi.org/10.1074/jbc.M109.051862
http://www.ncbi.nlm.nih.gov/pubmed/19850921
http://dx.doi.org/10.1261/rna.2446311
http://www.ncbi.nlm.nih.gov/pubmed/21451155
http://dx.doi.org/10.1261/rna.2285510
http://dx.doi.org/10.1261/rna.2285510
http://www.ncbi.nlm.nih.gov/pubmed/20855539
http://dx.doi.org/10.1261/rna.033852.112
http://www.ncbi.nlm.nih.gov/pubmed/22898985
http://dx.doi.org/10.1261/rna.044495.114
http://www.ncbi.nlm.nih.gov/pubmed/24865612
http://dx.doi.org/10.1128/MCB.01075-14
http://dx.doi.org/10.1128/MCB.01075-14
http://www.ncbi.nlm.nih.gov/pubmed/25225332
http://www.ncbi.nlm.nih.gov/pubmed/10215027
http://www.ncbi.nlm.nih.gov/pubmed/12467990
http://www.ncbi.nlm.nih.gov/pubmed/11564867
http://www.ncbi.nlm.nih.gov/pubmed/17662838
http://www.ncbi.nlm.nih.gov/pubmed/16690999
http://www.ncbi.nlm.nih.gov/pubmed/1695552
http://www.ncbi.nlm.nih.gov/pubmed/11846609

@ PLOS | one

MRB1 Subcomplexes with Specialized Functions

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

44,

45.

46.

Marchler-Bauer A, Bryant SH (2004) CD-Search: protein domain annotations on the fly. Nucleic Acids
Res 32: W327-331. PMID: 15215404

Kelley LA, Sternberg MJ (2009) Protein structure prediction on the Web: a case study using the Phyre
server. Nat Protoc 4: 363-371. doi: 10.1038/nprot.2009.2 PMID: 19247286

Dunbrack RL Jr., Cohen FE (1997) Bayesian statistical analysis of protein side-chain rotamer prefer-
ences. Protein Sci 6: 1661-1681. PMID: 9260279

Aphasizheva |, Maslov D, Wang X, Huang L, Aphasizhev R (2011) Pentatricopeptide repeat proteins
stimulate mMRNA adenylation/uridylation to activate mitochondrial translation in trypanosomes. Mol Cell
42:106-117. doi: 10.1016/j.molcel.2011.02.021 PMID: 21474072

Ammerman ML, Downey KM, Hashimi H, Fisk JC, Tomasello DL, et al. (2012) Architecture of the try-
panosome RNA editing accessory complex, MRB1. Nucleic Acids Res 40: 5637-5650. doi: 10.1093/
nar/gks211 PMID: 22396527

Grams J, Morris JC, Drew ME, Wang Z, Englund PT, et al. (2002) A trypanosome mitochondrial RNA
polymerase is required for transcription and replication. J Biol Chem 277: 16952—-16959. PMID:
11859084

Jarmoskaite I, Russell R (2014) RNA helicase proteins as chaperones and remodelers. Annu Rev Bio-
chem 83:697-725. doi: 10.1146/annurev-biochem-060713-035546 PMID: 24635478

Kruse E, Voigt C, Leeder WM, Goringer HU (2013) RNA helicases involved in U-insertion/deletion-type
RNA editing. Biochim Biophys Acta 1829: 835—841. doi: 10.1016/j.bbagrm.2013.04.003 PMID:
23587716

Dhote V, Sweeney TR, Kim N, Hellen CU, Pestova TV (2012) Roles of individual domains in the func-
tion of DHX29, an essential factor required for translation of structured mammalian mRNAs. Proc Natl
Acad SciU S A 109: E3150-3159. doi: 10.1073/pnas.1208014109 PMID: 23047696

Walbott H, Mouffok S, Capeyrou R, Lebaron S, Humbert O, et al. (2010) Prp43p contains a processive
helicase structural architecture with a specific regulatory domain. EMBO J 29: 2194-2204. doi: 10.
1038/emboj.2010.102 PMID: 20512115

Patel RC, Stanton P, Sen GC (1996) Specific mutations near the amino terminus of double-stranded
RNA-dependent protein kinase (PKR) differentially affect its double-stranded RNA binding and dimer-
ization properties. J Biol Chem 271: 25657-25663. PMID: 8810342

Madina BR, Kuppan G, Vashisht AA, Liang YH, Downey KM, et al. (2011) Guide RNA biogenesis in-
volves a novel RNase Ill family endoribonuclease in Trypanosoma brucei. RNA 17: 1821-1830. doi:
10.1261/rna.2815911 PMID: 21810935

Cruz-Reyes J, Zhelonkina AG, Huang CE, Sollner-Webb B (2002) Distinct functions of two RNA ligases
in active Trypanosoma brucei RNA editing complexes. Mol Cell Biol 22: 4652—-4660. PMID: 12052873

Zuker M (2003) Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids
Res 31:3406-3415. PMID: 12824337

PLOS ONE | DOI:10.1371/journal.pone.0123441

April 30,2015 19/19


http://www.ncbi.nlm.nih.gov/pubmed/15215404
http://dx.doi.org/10.1038/nprot.2009.2
http://www.ncbi.nlm.nih.gov/pubmed/19247286
http://www.ncbi.nlm.nih.gov/pubmed/9260279
http://dx.doi.org/10.1016/j.molcel.2011.02.021
http://www.ncbi.nlm.nih.gov/pubmed/21474072
http://dx.doi.org/10.1093/nar/gks211
http://dx.doi.org/10.1093/nar/gks211
http://www.ncbi.nlm.nih.gov/pubmed/22396527
http://www.ncbi.nlm.nih.gov/pubmed/11859084
http://dx.doi.org/10.1146/annurev-biochem-060713-035546
http://www.ncbi.nlm.nih.gov/pubmed/24635478
http://dx.doi.org/10.1016/j.bbagrm.2013.04.003
http://www.ncbi.nlm.nih.gov/pubmed/23587716
http://dx.doi.org/10.1073/pnas.1208014109
http://www.ncbi.nlm.nih.gov/pubmed/23047696
http://dx.doi.org/10.1038/emboj.2010.102
http://dx.doi.org/10.1038/emboj.2010.102
http://www.ncbi.nlm.nih.gov/pubmed/20512115
http://www.ncbi.nlm.nih.gov/pubmed/8810342
http://dx.doi.org/10.1261/rna.2815911
http://www.ncbi.nlm.nih.gov/pubmed/21810935
http://www.ncbi.nlm.nih.gov/pubmed/12052873
http://www.ncbi.nlm.nih.gov/pubmed/12824337

