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Abstract

Uridine insertion/deletion editing of mitochondrial messenger RNAs (mRNAs) in kinetoplastids entails the coordinated action of three complexes.
RNA Editing Catalytic Complexes (RECCs) catalyze the enzymatic reactions, while the RNA Editing Substrate Binding Complex (RESC) and RNA
Editing Helicase 2 Complex (REH2C) coordinate interactions between RECCs, mRNAs and hundreds of guide RNAs that direct edited sequences.
Additionally, numerous auxiliary factors are required for productive editing of specific mRNAs. Here, we elucidate the role of KRBP72, an editing
auxiliary factor of the ABC adenosine triphosphatase (ATPase) family that exhibits RNA-binding activity. In procyclic form Trypanosoma brucei,
KRBP72 knockdown leads to a pause in editing at the base of a predicted stem loop structure in adenosine triphosphate synthase subunit 6
(A6) mRNA. Enhanced cross-linking and affinity purification revealed KRBP72 binding sites both within and upstream of this stem loop. KRBP72
ATPase activity is essential for its A6 mRNA editing function; however, its RNA-binding activity is dispensable. KRBP72 interacts with most
RESC proteins in an RNase-sensitive manner. By contrast, RESC12A associates with KRBP72 in an RNase-insensitive fashion, and RESC12A
promotes KRBP72's interaction with RNA. Hence, KRBP72 ATPase activity facilitates progression of editing through a challenging secondary
structure, highlighting this protein’s crucial role in A6 mRNA editing.
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Introduction

Uridine insertion/deletion (U-indel) RNA editing entails ex-
tensive post-transcriptional modification of mitochondrial
messenger RNAs (mRNAs) and is unique to kinetoplastid
organisms, such as the human and livestock parasite, Try-
panosoma brucei. During this process, uridine residues are
added to and, less frequently, deleted from mRNAs to cor-
rect frameshifts and create entire open reading frames, thereby
generating translatable mRNAs and sometimes doubling the
size of a transcript. U-indel editing is directed by mitochon-
drially encoded guide RNAs (gRNAs) (1,2). For the nine T.
brucei mitochondrial mRNAs that are edited throughout their
lengths, termed pan-edited, dozens of gRNAs act sequentially
to facilitate correct editing of one mRNA. Editing occurs in a
general 3’ to 5’ direction along the mRNA because the edit-
ing directed by a given gRNA produces the edited sequence
required for anchoring the subsequent gRNA. Most edited
mRNA populations primarily consist of partially edited tran-
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scripts undergoing the editing process, as verified by numer-
ous high-throughput studies (3-6). In addition, while editing
proceeds generally from 3’ to 5/, partially edited mRNAs of-
ten contain ‘junctions’ at the leading edge of editing. Many of
these junctions, which are not pre-edited or canonically edited,
are likely regions of ongoing editing (3,5,7).

Over 50 proteins with a role in U-indel editing have been
described, the majority of which are components of three com-
plexes that together comprise the editing holoenzyme (8). Of
these, 21 have been ascribed to the RNA Editing Catalytic
Complexes (RECCs), three related complexes that contain en-
zymes for endonuclease cleavage, U insertion/deletion and
RNA ligation (9-11). RECCs edit multiple mRNA sites non-
processively during RNA editing (12). An additional 19 pro-
teins are considered components of the RNA Editing Sub-
strate binding Complex (RESC; previously MRB1 complex)
that serves as the platform for RNA editing and facilitates
interactions between RECC, mRNA and gRNA. RESC itself
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comprises distinct modules, and recent studies have identified
RESC components that regulate RESC organization, thereby
promoting editing initiation and/or 3’ to 5’ editing progres-
sion (5,13-16). A recent cryo-electron microscopy (cryo-EM)
study supports the dynamic nature of RESC, as it identified
three RESC forms that likely exchange proteins and undergo
rearrangement during editing (17). The third component of
the editing holoenzyme, REH2C, consists of three different
proteins, including the KREH2 adenosine triphosphate (ATP)-
dependent RNA helicase, which influences the accuracy of
RNA editing in a site-specific and substrate-specific manner
for RESC-associated transcripts (6,18) and which exerts de-
velopmental control over programmed non-canonical editing
events (19,20).

Several additional proteins known as auxiliary factors as-
sociate with RESC, often in an RNase-sensitive manner (8).
These proteins tend to impact the editing of specific mR-
NAs, although their mechanisms of action are not well un-
derstood (7,21-26). For example, RNA interference (RNAi)-
mediated depletion of either KMRP1/2 or KRBP16 results
in the loss of edited apocytochrome b (CYb) mRNA in pro-
cyclic form (PCF) T. brucei (7,21,22). Both proteins possess
RNA annealing activities that may contribute to their abil-
ities to facilitate CYb mRNA editing (27,28). However, ge-
netic studies demonstrated that they function through distinct
mechanisms, and KMRP1/2 likely functions at least partially
through modulation of edited CYb mRNA stability (7,29).
KRGGT1 is an RNA-binding protein for which conditional
knock out in bloodstream form (BSF) T. brucei established its
essentiality in the 3’ to 5’ progression of adenosine triphos-
phatase (ATPase) subunit 6 (A6) mRNA editing through a
specific region of the transcript (26,30). Interestingly, KRGG1
also repressed editing of the NADH dehydrogenase subunit 8
mRNA. Mutational studies showed that ARM/HEAT repeats
in KRGG1 are critical to its association with RESC and its
ability to support normal growth and edited A6 mRNA lev-
els. Studies in PCF T. brucei demonstrated that the DEAD box
RNA helicase, KREHI, is essential for editing of A6 mRNA,
and overexpression studies suggest that it can impact editing
of additional transcripts in a manner redundant with an un-
known factor (31). KREHT1 likely acts by modulation of RNA
structure, particularly with regard to initiator gRNAs. An-
other auxiliary factor, which apparently lacks RNA-binding
activity, is the homotrimeric P22 (25). P22 dramatically and
specifically affects editing of the cytochrome oxidase subunit
II (COII) mRNA in PCE and is essential for the developmen-
tal induction of COIl mRNA editing (25,32). Thus, U-indel
mRNA editing auxiliary factors appear to utilize diverse ac-
tivities to promote editing of distinct transcripts.

In this manuscript, we investigate the mechanism of ac-
tion of the auxiliary factor, KRBP72 (Tb927.3.1590; previ-
ously MRB1590) (23). KRBP72 was first described in associ-
ation with the RESC component, RESC1, by mass spectrom-
etry of both immunoprecipitates and tandem affinity purifi-
cations (TAP) (33). Subsequently, its association with RESCS,
RESC12, RESC12A and KREH2 were reported (34-36), fur-
ther suggesting a function in U-indel editing. Indeed, Shaw et
al. demonstrated the involvement of KRBP72 specifically in
the editing of the mitochondrial A6 transcript (23). In this
same study, the KRBP72 crystal structure was solved revealing
that the protein is dimeric, featuring a central ABC ATPase
fold embedded between unique N- and C-terminal regions
(23). The N-terminal domains collectively form a basic pore
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implicated in RNA binding, as supported by biochemical stud-
ies. Structural investigations captured distinct KRBP72 con-
formations, showcasing a dynamic RNA-binding pore that al-
ternates between closed and open states; the latter is capable of
accommodating RNA (23). The existence of ATPase activity
was also demonstrated. Here, we combine transcriptomic and
biochemical studies to elucidate KRBP72 function in U-indel
editing in PCF T. brucei. We identify a specific roadblock, com-
prising a putative stable stem loop structure in A6 mRNA, that
requires KRBP72 for its transversal and show that the protein
binds pre-edited A6 sequence near this site. KRBP72 ATPase
activity is needed for editing to progress past this site, while its
own RNA-binding activity is largely dispensable. Instead, an
RNase-insensitive interaction between KRBP72 and the RNA-
binding protein, RESC12A, is necessary for the KRBP72-A6
mRNA interaction. Together, our studies lead to a model
for the action of the auxiliary factor, KRBP72, in U-indel
editing.

Material and methods

T. brucei cell line generation

T. brucei strain 29-13 and derivatives thereof were used
for all PCF experiments. Cells were grown in at 27°C in
SDM-79 medium supplemented with 10% fetal bovine
serum (FBS). Cells harboring KRBP72-ProteinA-Tev-
ProteinC (PTP) were previously reported (23). To generate a
KRBP72-PTP/KRBP72 RNAI cell lines, the forward primer
KRBP72_5'-F and reverse primer KRBP72_3'-R containing
BamHI and HindIIT sites, respectively, were used to amplify
a 1021 bp amplicon, which was ligated into pJET1.2/Blunt
(Thermo Scientific) plasmids (Supplementary Table S1).
The resulting plasmids were digested with BamHI and
HindIII and the resulting ~1 kb fragment was ligated into
p2T7-177 (37) between opposing tetracycline/doxycycline
(doxy)-regulated T7 RNA polymerase promoters to give
KRBP72_p2T7-177. The plasmid was Notl digested, purified
and transfected into KRBP72-PTP cells. Cells were selected
with phleomycin (2.5 pg/ml) and puromycin (1 pg/ml) and
clones obtained by limited dilution. KRBP72-PTP/KRBP72
RNAI cell line was used for the experiments in Figures 1-3.

Monomorphic Lister 427 BSF single-marker parasites were
cultured at 37°C with 5% CO, in modified HMI-9 medium
supplemented with 10% heat-inactivated FBS, 2.5 pg/ml
G418 and 2.5 pg/ml hygromycin B. For KRBP72 RNAi BSF
cell lines generation in this study, we used the p2T7-177 con-
struct described above. Approximately 4 x 107 BSF parasites
were used for transfection. Transfected parasites were allowed
to rest for 12-16 h. at 37°C with 5% CO,. The transfectant
culture was then diluted 1:2, 1:5, 1:10 and 1:100 with fresh
modified HMI-9 medium containing phleomycin (2.5 pg/ml)
and aliquoted into 24-well plates. KRBP72 RNAI cell lines
were maintained in phleomycin. To generate BSF KRBP72-
10XTy and KRBP72 RNAI cell lines, the KRBP72 RNAI cell
line described above was transfected with a 10XTy-tagging
cassette obtained by amplification of the pPOTv4-MHT (Myc-
His-TAP)-blasticidin vector with PCR primers (KRBP72_SD-
F and KRBP72_SD-R) as described earlier (31,38). Cells were
selected with phleomycin (2.5 pg/ml) and blasticidin (20
pg/ml), and clones obtained by limiting dilution.

To check the levels of KRBP72 depletion in RNAI lines,
whole cell lysates of PCF and BSF trypanosomes were im-
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munoblotted with anti-ProteinC antibody for PCF cells to de-
tect the level of KRBP72-PTP or anti-Ty antibody for BSF
cells to detect the level of KRBP72-10XTy; P22 (25) served
as a control. Growth rates were analyzed for three biologi-
cal replicates of each cell line. If error bars are not visible in
growth curves, it is due to their small size compared to the
symbol. To determine the abundance of KRBP72 in PCF ver-
sus BSF, equal number of whole cell lysates (5 x 10°) from PCF
and BSF trypanosomes were loaded onto an sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel,
and a western blot was performed. Anti-KRBP72 antibody
(see below) was used to detect the level of KRBP72, while
EIF1« and P22 served as loading controls.

To generate a cell line for enhanced cross-linking and affin-
ity purification (eCLAP), we established a KRBP72-MHT
cell line in the 29-13 background. Cells were transfected
with an MHT-tagging cassette obtained by amplification
of the pPOTv4-MHT-Puromycin vector with PCR primers
(KRBP72_SD-F and KRBP72 _SD-R). Transfectants were se-
lected with puromycin (1 ug/ml) and clones obtained by lim-
ited dilution.

To generate the KRBP72 WT, RR-AA and K-A overex-
pression cell lines, we first used the online tool Recode-
Tryps (https://www.acsu.buffalo.edu/~Iread/tools.html) to re-
code T. brucei KRBP72 protein-coding sequence for opti-
mal codon usage. All the constructs were synthesized by
GenScript and contained an in-frame C-terminal 5X-TY tag.
These constructs were ligated into pLEW100, resulting in in-
tegration into the rDNA spacer region (39). The resulting
pLEW100_KRBP72(WT), pLEW100_KRBP72(RR-AA) and
pLEW100_KRBP72(K-A) plasmids were NotI digested, puri-
fied and transfected into PCF T. brucei 29-13 cells. To gen-
erate cells with KRBP72 RNAi and complemented with the
KRBP72 wild-type or mutant proteins, we first generated a
PCF KRBP72 RNAI cells in the 29-13 background line gener-
ated using the KRBP72_p2T7-177 construct described above.
The pLEW100_KRBP72 (WT), pLEW100_KRBP72(RR-AA)
and pLEW100_KRBP72(K-A) plasmids described above were
Notl digested, purified and transfected into the KRBP72 RNAi
cell line in the 29-13 background. For all cells harboring
pLEW100-based plasmids, cells were selected with puromycin
(1 ug/ml) and clones obtained by limiting dilution. Growth
rates were analyzed for three biological replicates of each cell
line.

To generate a cell line with both RESC12A-MHT and
KRBP72 RNAI, the PCF KRBP72 RNAI cell line in the 29—
13 background was transfected with a MHT-tagging cassette
obtained by amplification of the pPOTv4-MHT-Puromycin
vector with PCR primers (RESC12_SD-F and RESC12_SD-
R) as described (31,38). To generate the KRBP72-10XTY
cell line used for co-immunoprecipitations, PCF strain 29—
13 was transfected with a 10XTY-tagging cassette ob-
tained by amplification of the pPOTv4-MHT-blasticidin vec-
tor with PCR primers (KRBP72_SD-F and KRBP72_SD-R).
The RESC12/12A RNAi and RESC6 RNAI lines are previ-
ously published (34,40).

Full gene RT-PCR analysis of A6 transcripts

PCF KRBP72-PTP/KRBP72 RNA:I cell lines were grown in
the presence or absence of 4 ug/ml doxy for 3 days and BSF T
brucei KRBP72-10X-Ty tagged KRBP72 RNAI cell lines were
grown in the presence or absence of 4 pg/ml doxy for 2 days.

Complementing cell lines were also grown for 3 days in pres-
ence and absence of doxy. RNA was extracted and full gene
RT-PCR analysis was performed as described earlier (23).

Anti-KRBP72 antibody generation

The amplification of the KRBP72 gene from genomic DNA in-
volved the use of pET28a_KRBP72-F and pET28a_KRBP72-
R primers (Supplementary Table S1 primers), incorporating
BamHI and EcoRI restriction overhangs in their 5’ ends,
respectively. The amplified gene was then cloned into the
pET28a expression vector (Novagen). Following sequence
confirmation, the resulting plasmid was introduced into BL21
Escherichia coli. The recombinant KRBP72-6His protein was
purified using Ni-NTA resin (GE Healthcare) according to the
manufacturer’s recommendations and subsequently dialyzed
in 1x phosphate-buffered saline (PBS) overnight.

Antibodies against KRBP72 were generated in rabbits at
Bethyl Laboratories (Montgomery, TX, USA). For the affinity
purification of anti-KRBP72 antibodies, KRBP72-6His (500
pg) was mixed with 2X sodium dodecyl sulphate (SDS) load-
ing dye, transferred to nitrocellulose and the membrane was
stained with Ponceau (Sigma). The KRBP72-6His band was
excised and incubated overnight with «-KRBP72-containing
rabbit serum at 4°C. After removal of the serum, the mem-
brane was washed with 1X PBS with Tween-20 (PBST), and
antibodies were eluted with 0.1 mM glycine (pH 2.5), fol-
lowed by neutralization with 1 mM Tris-HCI (pH 8.0). The
specificity of the antibody was confirmed by probing an RNAi
cell line targeting KRBP72 and harboring one KRBP72-PTP
allele as shown in Supplementary Figure S1.

gRT-PCR analysis

KRBP72 RNAI cells were exposed to 4 pg/ml doxy for a
3-day period to induce RNAi, while a control group re-
mained untreated. An equal number of cells were harvested
from both conditions, and RNA extraction was carried out
using Trizol (Ambion). Subsequently, the RNA underwent
DNase treatment (Ambion) for 1 h, followed by purification
through phenol/chloroform extraction and ethanol precipita-
tion. RNA purity was assessed using a Nanodrop 1000, with
a 260/280 ratio of approximately 2. RNA quality was veri-
fied ona 1.0% TBE (Tris/Borate/EDTA) agarose gel. Comple-
mentary DNA (cDNA) synthesis was performed using random
hexamer primers and the iScript reverse transcriptase (RT)
kit (Bio-Rad). Western blot analysis, employing PTP or TY
antibody, or a KRBP72-specific antibody, was conducted to
determine the levels of KRBP72 protein. qRT-PCR was car-
ried out using established primers (14,15,41) to quantify total,
pre-edited and edited mitochondrial transcripts from T. bru-
cei. The data were normalized to 18S rRNA (41,42). Analysis
of qRT-PCR results was performed using Bio-Rad iQ35 soft-
ware. All the results reflect three biological replicates, except
for Figure 5C, in which four biological replicates were per-
formed, each with three technical replicates of the qRT-PCR
reaction.

High-throughput sequence analysis

PCF T. brucei KRBP72-PTP/KRBP72 RNAi cell lines
were grown in the presence or absence of 4 pg/ml
doxy for 3 days. RNA was isolated using Trizol fol-
lowed by phenol/chloroform extraction and ethanol pre-
cipitation. RNA samples were treated with DNase and
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phenol/chloroform extracted and ethanol precipitated. Two
biological replicate experiments were performed, and western
blot was used to validate the level of KRBP72 knockdown.
c¢DNA was generated from DNase-treated RNA using gene-
specific primers (4). These cDNA samples were PCR amplified
within the linear range of PCR to maintain the relative abun-
dance of unique fragments. PCR amplicons were resolved on
the Agilent 5200 Fragment Analyzer using the Agilent High
Sensitivity NGS gel assay prior to sequencing. Paired-end Il-
lumina Mi-Seq was used for high-throughput sequencing of
amplicons as described previously (4). All reads were aligned
to the published pre-edited and fully edited mRNA sequences
(43). Reads with non-T SNPs or insertions/deletions relative
to the published canonical sequence were excluded from the
analysis (Supplementary Table S2). All remaining reads in
each sample were normalized to 100 000 counts in order to
compare relative abundances of specific sequences between
samples. Exacerbated Junction End Sites (EJES) were calcu-
lated as described (5) (Supplementary Table S3). The sequenc-
ing data used in this study have been deposited in the Sequence
Read Archive, PRJNA1133815.

Immunoprecipitation

RESC12A-MHT tagged PCF cells harboring KRBP72 RNAi
constructs were grown for 3 days following induction with
4 ug/ml doxy. Cells (1 x 10'%) were collected and washed
with 1x PBS. The cell pellet was lysed in N150 buffer [50
mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1% NP-40, 1 mM
MgCl, and 5 mM B-ME)] with 1% (v/v) Triton X-100 and 1
ng/ml DNase 1 by incubation for 30 min. The cell suspension
was centrifuged at 18 000 rpm for 30 min. Supernatants from
RESC12A-MHT were incubated in 20 ml Bio-Rad columns
with 200 pl of IgG beads (GE Healthcare) for 3 h at 4°C.
The beads were washed with 10 ml N150 buffer and followed
by 10 ml tobacco etch virus (TEV) cleavage buffer [10 mM
Tris-Cl (pH 7.5),150 mM NaCl, 0.5 mM ethylenediaminete-
traacetic acid (EDTA)] and incubated in 1ml of TEV cleav-
age buffer with 10 ul of TEV protease (Thermo Scientific)
overnight at 4°C. KRBP72 immunoprecipitation was carried
out employing a similar approach, utilizing 2 x10'° PCF T.
brucei 29-13 cells. The cell lysate was incubated with Protein
A fast flow beads (GE Healthcare) pre-bound to «-TY anti-
bodies. Before incubation, the lysate was divided into two 20
ml fractions. One fraction was treated with 60 U of RNase
inhibitor (Applied Biosystems) and DNase 1 (1 pg/ml), while
the other fraction, in addition to DNasel, was subjected to
a nuclease cocktail comprising 8 pg RNase A (Thermo Sci-
entific), 2500 U RNase T1 (Ambion), 28 U RNase H (Invit-
rogen) and 2040 U micrococcal nuclease (Thermo Scientific)
for 1 h on ice. Following washing with N150 buffer, KRBP72
containing complexes were eluted with 0.1 mM glycine (pH
2.5) and neutralized with 1 mM Tris-HCI (pH 8.0). Target
protein levels were normalized by western blot analysis prior
to probing with specific antibodies against the respective pro-
teins: RESC6 (35), RESC13 (42), RESC11A (5), RESC12A
(34), RESCS8 (15), RESC14 (14), RESC10 (13), P22 (25) and
RESC2 (40).

Enhanced cross-linking and affinity purification
Cell collection and sample preparation

KRBP72-MHT tagged PCF cells were grown to ~1 x 107
cells/ml, and 3 x 10° cells were collected per experiment.
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Cells were pelleted at 5000 g for 10 min, washed with ice-
cold PBS containing 6 mM sucrose, and resuspended in 32
ml of the same buffer and centrifuged again. Cells were resus-
pended in in 50 ml SM media without FBS, distributed into
two prechilled 10 cm Petri dishes, and crosslinked by irradi-
ation at 800 mJ/cm? twice using a Stratalinker Crosslinker.
Crosslinked cells were centrifuged at 6000 g for 10 min at
4°C, resuspended in DTE buffer (1 mM Tris (pH 8), 1 mM
EDTA, complete protease inhibitor cocktail, RNaseOUT), ho-
mogenized on ice and mixed with 60% sucrose before cen-
trifuging at 15 800 g for 10 min. The pellet was resuspended
in 7.5 ml STM buffer [250 mM sucrose, 20 mM Tris (pH
8), 2 mM MgCl,, 0.2 mM CaCl;] with DNase I and incu-
bated on ice for 1 h, followed by the addition of 7.5 ml STE
buffer [250 mM sucrose, 20 mM Tris (pH 8), 10 mM EDTA]
and centrifugation at 13 000 rpm. The pellet was flash-frozen
in liquid nitrogen and stored at —80°C. For lysis, the pellet
was resuspended in lysis buffer [50 mM Tris (pH 8), 150 mM
NaCl, 0.5% NP-40, 1% Triton X-100, Complete protease in-
hibitor cocktail, RNase Inhibitor], rotated at room tempera-
ture for 20 min, centrifuged at 13 000 rpm and the super-
natant was collected. For RNase treatment, reactions in 1
ml volume included DNase TURBO, 1M CaCl2 and RNase
I at specified dilutions, incubated at 37°C in a thermomixer
at 1500 rpm for 5 min, followed by termination with EDTA
and RNase inhibitor. For immunoprecipitation, either nickel-
NTA agarose beads (Invitrogen) or HisPur™ Ni-NTA Mag-
netic (Thermofisher Scientific) were equilibrated in binding
buffer, added to the lysate, rocked at 4°C for 2 h, washed with
N150 buffer and incubated with denaturation buffer (50 mM
Tris (pH 8), 150 mM NaCl, 0.5% NP-40, 8 M urea with com-
plete protease inhibitor cocktail). Beads were washed with ly-
sis buffer, then resuspended in Calf Intestinal Alkaline Phos-
phatase (CIAP) buffer with CIAP for 20 min at 37°C, washed
with polynucleotide kinase (PNK) buffer and resuspended in
T4 PNK buffer with 32P-[y-ATP] and T4 PNK for 30 min at
37°C. After adding 1 mM ATP and incubating, beads were
washed, resuspended in SDS loading buffer, boiled and the
supernatant was loaded onto an SDS-PAGE gel for Western
blotting, with the membrane exposed to a phosphor screen
before antibody blotting against the myc tag.

Sequencing alignment to finished peak matrix

eCLAP libraries were prepared according to the RBP-eCLIP
kit v1.01R (Eclipse Bioinnovations) protocol with modifi-
cations. Library quality was assessed using an Agilent Bio-
analyzer, followed by single-end sequencing on an Illumina
NextSeq High Output Single End 75 cycles at the CWRU Ge-
nomics Core. Specifically, all samples were crosslinked on ice
with ultraviolet light in a Stratalinker. Cells were then har-
vested and lysed by sonication. The lysates were then treated
with DNase and RNase followed by affinity purification of the
MHT-tagged protein via anti-HIS Dynabeads. After washing
the bead bound samples, the 3’ end adapter was ligated to
the RNA and then the RNA-protein complex was purified by
SDS-PAGE and transferred to nitrocellulose membrane. RNA
liberated from the nitrocellulose was subject to first strand
synthesis, ligation of second adapter and amplified by PCR.
Size-matched input processing and final cDNA library gel pu-
rification steps were omitted while adding an additional round
of AMPure PCR cleanup to purify the final libraries.

FASTQ files were processed using CLIPittyClip pipeline
as described before (44). Briefly, demultiplexed FASTQ files
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were sequentially processed using fastx_toolkit (https:/www.
hannonlab.org/resources/) and CLIP Tool Kit (CTK) (45). The
reads were first quality filtered and identical reads were col-
lapsed to reduce redundancy and increase computational ef-
ficiency. Then, barcode and adapter sequences were trimmed
from 5" and 3’ end of the reads. Processed reads at least 16nt
long were kept for alignment. Processed reads were mapped
to a curated T. brucei mitochondrial genome containing pub-
lished fully edited, pre-edited and never edited sequences as
well as to a nuclear encoded gene file comprising the TriT-
rypv46 gene annotation file modified to extend each transcript
at its 3’ end to the annotated 5’ end of the downstream gene
(46) using Bowtie2 (47) allowing up to one mismatch. The
alignment results in SAM format were converted to BAM for-
mat using Samtools (48), which were then used as inputs for
BEDTools (49) to generate mapped read files in BED format
and mapped read coverage files in BEDGraph format.

Tentative crosslink site analysis

Using mapped reads, tentative crosslink sites were identified
as 1 nucleotide upstream of the 5’-end of the reads. Peak call-
ing was performed using HOMER (50) using a compiled BED
file containing all crosslink sites. Using HOMER, a tag direc-
tory was first generated, and peak calling was performed with
the following parameters: -style factor -L 2 -local Size 10 000
-strand separate -minDist 20 -size 15 -fraglLength 25. Lastly,
a stringent filter based on the biological complexity (i.e. repli-
cate counts) and read densities were applied to the peak out-
put file to exclude any peaks that were not present in at least
two replicates.

RNA immunoprecipitation

PCF cells expressing KRBP72 WT, RR-AA or K-A in the
KRBP72 RNAIi background (see above) were grown in the
presence of 4 ug/ml of doxy for 3 days. Cells (1 x 10'°) were
collected, mitochondria were enriched and RNA immunopre-
cipitation (RIP) was performed as described previously using
o-TY antibody crosslinked to Protein A beads (13,14,51,52).
RIP of RESC12/12A and RESC6 cells grown in the absence
or presence of 4 pg/ml of doxy for 3 days was performed
similarly using a«-KRBP72 antibody crosslinked to Protein A
beads. Five percent of the beads was taken from each sample,
and a western blot was performed to confirm the pulldown
of KRBP72 proteins. The supernatant was removed after
DNasel (Sigma) treatment followed by proteinase K (Roche)
treatment. RNA was extracted with phenol/chloroform fol-
lowed by ethanol precipitation. RNA was DNase-treated and
500 ng of RNA converted to cDNA with established gene spe-
cific primers targeting total mRNA A6 and 18S rRNA (14,53)
using the iScript cDNA synthesis kit (Bio-Rad). cDNA was
amplified using SsoAdvanced PreAmp Supermix (Bio-Rad),
and then used for gqRT-PCR, with 18S rRNA used for nor-
malization. The AACt method was used to determine the fold
change as described previously (14).

Vienna RNA structure prediction

Partially edited A6 mRNA structure prediction was performed
with Vienna RNA version 2.4. The A6 mRNA sequence, fully
edited to ES 124 and pre-edited 5’ of that point, was analyzed
with the RNAfold program under a temperature setting of
27°C.

Results

Life cycle specific effects of KRBP72 on A6 mRNA
editing

We previously reported that KRBP72 depletion affects the
editing of A6 mRNA in PCF cells due to pausing at a specific
region, while other transcripts remained essentially unaffected
(23). Our present study aims to investigate the specific mech-
anism by which KRBP72 affects U-indel editing. To begin to
address this question, we generated a new PCF KRBP72 RNAi
cell line in which one allele of KRBP72 is PTP tagged, and con-
firmed >95% knockdown through western blot analysis us-
ing a Protein C antibody (Figure 1A). We note that this level of
KRBP72 depletion exceeds that of the previous study in which
50% depletion at the mRNA level was achieved. Neverthe-
less, we observed little effect of KRBP72 depletion on PCF cell
growth (Figure 1B). To determine if KRBP72 function is con-
served during the T. brucei life cycle, we established a similar
RNAI cell line harboring endogenously TY-tagged KRBP72 in
BSF (Figure 1C). Again, only a modest effect of KRBP72 RNAi
on cell growth was observed, albeit slightly more pronounced
than that in PCF (Figure 1D). We next analyzed the effect of
KRBP72 depletion on mRNA editing and abundance in both
life cycle stages using established primer sets (14,15,41,53).
With regard to A6 mRNA, both PCF and BSF exhibited signif-
icantly decreased edited mRNA upon KRBP72 RNAi induc-
tion, with edited A6 mRNA levels in PCF at ~25% and BSF
at ~50% of edited A6 mRNA levels in uninduced cells (Figure
1E). The corresponding total and pre-edited mRNAs were also
very modestly decreased (Figure 1E). While the small decrease
in total mRNA levels suggests an effect of KRBP72 on A6
mRNA stability, the substantially larger decrease in edited A6
mRNA levels suggests that KRBP72 also promotes A6 mRNA
editing in both life cycle stages (Figure 1E). In BSF, no other
effects were observed (Supplementary Figure S2). In PCE, the
levels of both total and edited RPS12, CYb and COIIl mRNAs
were modestly decreased (Supplementary Figure S2). Because
total mMRNAs were decreased to similar levels as edited mR-
NAs, this result is more consistent with KRBP72 having an
impact on the stability of these RNAs that secondarily leads
to decreased edited mRNA levels. Together, these data demon-
strate that the effects of KRBP72 on U-indel editing are re-
stricted to A6 mRNA, and these effects are manifest in both
PCF and BSF life cycle stages.

We next asked if KRBP72 is involved in progression
through the same pause site in A6 mRNA in PCF and BSE
To this end, we conducted a full gene PCR assay, utilizing
primers corresponding to the never-edited regions of A6 tran-
scripts (Figure 1F) (23,26). Because U insertion is much more
frequent than U deletion, increased editing can be visualized
by electrophoresis as larger products in the full gene PCR. In
PCEF cells, depletion of KRBP72 resulted in the accumulation
of a prominent band just under 600 bp, indicating an accumu-
lation of distinct partially edited transcripts and an effect on
editing progression as previously observed (Figure 1G) (23).
The absence of pre-edited mRNA accumulation confirms that
A6 mRNA editing initiation remains unaffected. When we
compared the PCF and BSF RNAI cell lines, we found that the
most prominent band in uninduced BSF cells corresponded to
that induced by KRBP72 knockdown in PCE and the inten-
sity of this band was not substantially affected by KRBP72
knockdown in BSE. Rather, we noted a decrease in fully edited
transcripts and modest accumulation of other partially edited
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Figure 1. Effect of KRBP72 depletion and relative abundance of KRBP72 in two life cycle stages. (A) One allele of KRBP72 was PTP tagged in PCF T.
brucei; western blot showing the degree of KRBP72 knockdown by immunoblot against the PTP tag. (B) KRBP72 was repressed using doxy-inducible
RNAIi in PCF T brucei, and cell growth was monitored for 10 days in triplicate for both uninduced (—doxy) and induced cells (+doxy). We note that the
uninduced cells grew somewhat more slowly than is typical for PCF cells. (C) One allele of KRBP72 was 10XTY tagged in BSF T. brucei; western blot
showing the degree of KRBP72 knockdown by immunoblot against the TY tag. (D) KRBP72 was repressed using doxy-inducible RNAi in BSF T. brucei,
and growth was monitored for 5 days in triplicate for uninduced (—doxy) and induced cells (+doxy). (E) RNA was isolated from both PCF and BSF forms
of T bruceion day 3 and day 2 post-induction, respectively. A6 mRNA levels were quantified by quantitative reverse transcription-polymerase chain
reaction (QRT-PCR) using primer sets specific for total, pre-edited and fully edited RNAs. Relative RNA abundance represents levels in induced (+doxy)
cells compared to levels in uninduced (—doxy) cells, normalized to 18S ribosomal RNA (rRNA) levels. Three biological replicates were performed, each
with three technical replicates. Statistical significance of effects in induced cells compared to uninduced controls was evaluated was evaluated using
Student’s t-test. **<0.01; ***P < 0.001; ****P < 0.0001. (F) Schematic representation of the full gene polymerase chain reaction (PCR) primers used to
detect the largest pool of A6 mRNAs including pre-edited, fully edited and heterogenous partially edited RNAs. (G) Agarose gel analysis of A6 reverse
transcriptase-polymerase chain reactions (RT-PCRs) using RNAs isolated from KRBP72-PTP/KRBP72 PCF RNAI cells and KRBP72-TY/KRBP72 BSF RNAi
cells grown in the absence or presence of doxy for 3 days (PCF) or 2 days (BSF). Reverse transcription was carried out with an oligo(dT) primer, and PCR
was performed with primers specific to the 5" and 3’ ends of the A6 mRNA to amplify the entire population of MRNAs, including pre-edited, partially
edited and fully edited. L, size ladder. (H) Western blot showing the relative abundance of KRBP72 in PCF and BSF cells. EF1ocand P22 are controls.
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products in induced BSF cells (Figure 1G). These differences
led us to hypothesize that KRBP72 abundance might differ be-
tween these cell lines. To investigate this, we generated an an-
tibody against KRBP72 and performed western blots, which
showed that the levels of KRBP72 were consistent between
PCF and BSF cells (Figure 1H and Supplementary Figure S1).
Therefore, we conclude that KRBP72 levels do not play a role
in the observed life cycle specific differences in A6 mRNA pat-
terns. Overall, our findings indicate the presence of two dis-
tinct patterns of A6 mRNA editing between PCF and BSF cells,
with the knockdown of KRBP72 in PCF cells yielding more
pronounced effects on A6 editing compared to BSF cells. As a
result, we decided to focus our subsequent investigations on
the PCF life cycle stage.

KRBP72 promotes the progression of A6 RNA
editing past a predicted stem loop element

To confirm that KRBP72 affects editing progression, but not
initiation, and to identify the region within A6 mRNA that
requires this factor for its transversal, we employed Illumina
MiSeq sequencing and applied the Trypanosome RNA Edit-
ing Alignment Tool (TREAT) for analysis. TREAT enables us
to quantify the ratios of pre-edited, partially edited, and fully
edited mRNAs while also allowing for the examination of sin-
gle nucleotide level details within partially edited mRNA se-
quences (5). Due to the impracticality of sequencing the entire
edited domain of the A6 mRNA using MiSeq, we begin by am-

plifying, within the linear range, its 3’ edited region using a for-
ward primer designed to target the pre-edited sequence near
the middle of the transcript and a reverse primer located in the
3’ never-edited region (Figure 2A, Supplementary Figure S3
(green) and Supplementary Table S1) (53). In the context of
this primer placement, the term "fully edited” mRNA refers
to mRNA intermediates that have been fully edited up to the
pre-edited forward primer. High resolution fragment analy-
sis of 3’ region PCR products revealed no differences between
uninduced and induced samples (Figure 2B), indicating that
neither A6 mRNA editing initiation nor progression of edit-
ing within the 3’ region of the transcript is affected by KRBP72
depletion. TREAT analysis of 3’ region reads confirmed that
the levels of pre-edited transcripts, and thus editing initiation,
were unaffected by KRBP72 knockdown (Figure 2C).

The above results indicated that the region of pausing in
KRBP72 knockdown cells lies 5 of ES 114 (Supplementary
Figure S3). Based on these results, we a designed a new primer
set for amplification of the A6 mRNA central region (Figure
2D, Supplementary Figure S3 (purple) and Supplementary
Table S1). Fragment analysis of central region amplicons iden-
tified a prominent product of approximately 300 base pairs in
KRBP72 depleted cells (Figure 2E), indicating that the pause
site lies between the regions covered by this primer pair. We,
thus, subjected these amplicons to high-throughput TREAT
analysis to define the pause region at single nucleotide reso-
lution. As depicted in Figure 2A and D, the 5" most boundary
of editing may be either the 5’ most correctly edited site or
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it may be the 5" end of a junction region (Figure 2A and D,
green). Junctions are frequently observed at the boundaries
of correctly edited and pre-edited sequences, and many junc-
tions are thought to represent regions of active editing (3). To
analyze the exact location at which the editing process termi-
nates upon KRBP72 depletion, we identified EJES in duplicate
KRBP72 RNAI cells, comparing these to the duplicate unin-
duced cells, as previously described (5). The TREAT platform
defines the Junction Start Site as the initial ES that, moving
3’ to §, fails to correctly match the canonical fully edited se-
quence (it can match pre-edited or non-canonically edited se-
quences) (4). The JES is characterized as the 5’ most ES with
any editing action, whether canonical or non-canonical. Using
this approach, we identified 10 EJES in the KRBP72 knock-
downs compared to their uninduced counterparts (Figure 3A,
Supplementary Figure S4 and Supplementary Table S3). Fig-
ure 3A shows the number of normalized reads at each ES
across the A6 transcript in duplicate uninduced and doxy-
induced KRBP72 RNAI cells. This EJES analysis revealed that
a major region of pausing in the editing process occurs in
KRBP72 depleted cells at a region spanning ES121-126, with
sequences having a JES at ES121 and ES124 making up the
bulk of these sequences (Figure 3A, Supplementary Figure S4
and Supplementary Table S3). From these analyses we con-
clude that a region between ES121-126 of A6 mRNA relies
upon KRBP72 for efficient editing progression.

To further define the precise nature of the editing defect in
KRBP72 depleted cells, we next analyzed our high-throughput
data at the single nucleotide level. We identified those se-
quences having JES between ES121-126, with at least a 3-fold
difference between KRBP72 replete and depleted cells and a
minimum of 100 reads in the KRBP72 knockdown. Fifteen se-
quences met these criteria (Figure 3B). We noted that nine of
these sequences contained a non-canonical sequence at ES111,
for which the canonical sequence is 12 U insertions; however,
in all but one case, these were correctly edited for five ES 5’
of this site. Thus, ES111 appears to present a substantial chal-
lenge to the editing machinery, beyond which editing can con-
tinue accurately until it is again interrupted in the KRBP72
knockdown between ES121-126. In addition, a large num-
ber of reads stall between ES121-126 after continuous cor-
rect editing throughout the transcript. In all, the percentage of
cells with JES between ES121-126 increased from 12.1% in
uninduced cells to 25.7% upon knockdown of KRBP72 (Fig-
ure 3C), with individual JES contributing differently to this
increase (Supplementary Figure S4). Overall, these data con-
firm that the depletion of KRBP72 results in a roadblock in
A6 mRNA editing between ES121-126, with many, but not
all, transcripts containing a few sites of non-canonical editing
within this region.

We next asked if the structural context of this region of
the A6 transcript contributes to its need for an auxiliary fac-
tor for editing progression. Leeder et al. previously published
structures of pre-edited mRNAs determined by selective 2'-
hydroxyl acylation analyzed by primer extension (SHAPE) in
combination with RT stop assays to identify G-quadruplexes
(54,55). Because the A6 mRNA sequence 5 of the identified
pause sites is pre-edited, we reasoned that analysis of editing
pauses in the context of the pre-edited A6 mRNA structure
would be informative. Figure 3D shows the predicted pre-
edited A6 mRNA structure in this region, including an exper-
imentally verified G-quadruplex, near the region of pausing.
Moving in the 3’ to 5’ direction of editing, the G-quadruplex is
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preceded by a stem loop structure, containing four contiguous
G-C base pairs. ES121, which constitutes a major pause site in
KRBP72 depleted cells, lies at the base of this stem. In many
sequences with JES121, editing proceeds correctly through
ES121 and then stops; in others, an alternative non-canonical
editing pattern is observed at ES120/121, after which edit-
ing does not proceed (Figure 3B). For those sequences with
JES124 or JES125, some U insertion proceeds within the stem,
near the site of a bulged A, after which editing terminates.
Overall, our high-throughput sequence data analyzed in the
context of A6 mRNA structure suggests that KRBP72 is crit-
ical for editing progression through a series of G-C basepairs
at the base of a stable stem loop structure in the pre-edited
region of A6 mRNA.

eCLAP reveals KRBP72 binding sites on A6
pre-edited mRNA

Having provided evidence that editing pauses at the base of
the stem loop at ES 121-126, we next investigated where
KRBP72 binds on A6 mRNA relative to the pause sites. To
facilitate this, we endogenously tagged KRBP72 with a MHT
tag, creating the KRBP72-MHT cell line. To identify high-
confidence binding sites for KRBP72 across the transcriptome,
we performed single-nucleotide resolution eCLAP. To this end,
we excised the region of gel up to ~100 nucleotides above
the cross-linked KRBP72 band (Supplementary Figure S5) in
triplicate samples, and subjected the eluted fragments to high-
throughput sequencing. We obtained quantitative estimates of
KRBP72 binding intensity using HOMER software, which re-
vealed log2 fold intensity in all the replicates. This resulted in
40 and 61 025 high-confidence peaks in mitochondrial and
nuclear encoded transcriptomes, respectively (Supplementary
Tables S4 and S5). Despite the clear mitochondrial function
and protein-protein interactions of KRBP72, binding to non-
mitochondrial RNAs was not unexpected. TrypTag indicates
KRBP72 localization in cytoplasm (patchy) and nucleoplasm
(pointed) (56), strongly suggesting multiple localizations and
functions for this protein. In this study, we focused our anal-
ysis on the mitochondrial transcriptome; analysis of non-
mitochondrial eCLAP hits will be reported elsewhere.
Mapping the location of KRBP72 binding sites across
the mitochondrial transcriptome revealed no high confi-
dence peaks in never edited or minimally edited mRNAs
(Supplementary Figure S6). In pan-edited mRNAs, the ma-
jority of high confidence peaks (14/17) were in pre-edited
sequences, with few peaks in the corresponding fully edited
sequences (Supplementary Figure S6). We also found a large
number of binding sites for 9S and 12S ribosomal RNA, which
we hypothesize is due to the high abundance of these RNAs
(Supplementary Figure S6). We were particularly interested in
whether the sites of editing pausing in A6 mRNA in KRBP72
RNAI cells are related to KRBP72 binding. Again, no peaks
were observed in fully edited A6 mRNA. However, two high
confidence peaks were observed in pre-edited A6 mRNA. A
prominent peak was found near the region at which we ob-
served the pausing upon KRBP72 RNAi knockdown, and a
smaller peak was found at the 5" end of the transcript (Figure
4A and B, red lines). Alignment of pausing-proximal binding
sites with the A6 pre-edited structure showed that the promi-
nent high confidence peak aligns to G-quadruplex and stem
loop structures 5’ of the pausing site. In addition, two binding
sites represented by relatively high numbers of reads were ob-
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Figure 3. Editing profiles of A6 mRNA intermediates in uninduced and induced KRBP72 RNAI cells. (A) Junction End Site (JES) profiles for uninduced
(—doxy) and induced (+doxy) cells for A6 mRNA intermediates. The X axes represent editing sites (ES). The Y axes represent the number of normalized
read counts for mRNAs having a JES at a given ES. Top, ES 87-165; Bottom, expanded view of ES 119-131. Blue and black lines represent the two
uninduced (—doxy) replicates; green and orange lines represent the two in induced (+doxy) replicates. (B) Sequences having the following
characteristics are shown: a JES between ES121-126, at least a 3-fold difference between KRBP72 replete and depleted cells, and a minimum of 100
reads in the KRBP72 knockdown. These sequences are aligned with pre-edited (PRE) and fully edited (EDIT) A6 sequences. Editing Site; ES. Averaged
normalized counts for induced (KRBP72) and uninduced (AvgUn) KRBP72 RNAi samples and fold change in induced relative to uninduced (fold
change; FC) are shown to the right of each sequence. Black text, pre-edited sequence; red text, fully edited sequence; blue text, partially edited
sequence. (C) Graph representing the percentage of reads at JES 121-126 in —doxy- and +doxy-treated cells. Statistical significance was determined
using Student’s t-test, with * indicating P < 0.05. (D) Portion of A6 pre-edited mRNA structure showing locations of prominent JES. Structure adapted
from (54) and published under a Creative Commons License (https://creativecommons.org/licenses/by/4.0/). G residues are in red to highlight the G
quadruplex and G-C basepairs at base of 3'-most stem loop. Red line represents fully edited sequence and black line represents pre-edited sequence
similar to sequences shown in Figure 3B.
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Figure 4. eCLAP analysis of KRBP72 on A6 mRNA. (A) KRBP72 binding sites are shown by blue bars. Two high confidence peaks are indicated by the
red bars; two binding sites within the stem loop at which editing pauses in the KRBP72 knockdown are denoted by blue dots. Three biological replicates
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served in the predicted stem loop that causes pausing of edit-
ing in the KRBP72 RNAI cells (Figure 4A and B, blue dots).
These data suggest that the modest direct KRBP72 binding
on the stem loop that contains the pause sites ES121-126 per-
mits editing progression through this structure. Alternatively,
KRBP72 bound to the G-quadruplex is in a 3D position that
allows it to transiently bind and impact editing in the ES121-
126 containing stem loop. As in A6 pre-edited mRNA (Figure
4B), high confidence KRBP72 binding sites across other pre-
edited mRNAs included numerous features, with selected G-
quadruplexes, stem loops and single stranded regions demon-
strating KRBP72 binding.

Functional significance of KRBP72 RNA-binding
and ATPase domains in A6 mRNA editing

KRBP72 harbors both a central ABC ATPase domain and an
N-terminal region in which arginines 198 and 199 are criti-
cal for RNA binding (23). To better understand the mecha-
nism by which KRBP72 impacts A6 mRNA editing, we in-
vestigated the contributions of both RNA-binding and AT-
Pase activities to the progression of editing across the ES121-
126 region. We began by overexpressing TY-tagged wild
type (WT OE) and two mutant variants of KRBP72: an
RNA-binding mutant with arginine to alanine substitutions
at amino acids 198/199 (RR-AA OE) and an ATPase do-
main mutant with a lysine to alanine mutation at amino
acid 267 (K-A OE) that is predicted to abolish ATPase ac-
tivity (23,57,58) (Supplementary Figure S7A). We reasoned
that overexpression of non-functional mutants might cause a
dominant negative effect on A6 mRNA editing if either RNA-
binding or ATPase activities were essential for this KRBP72
function. Cell lines in which wild-type or mutant KRBP72
was expressed to a similar extent as endogenous protein (i.e.
2-fold overexpressed) were generated (Supplementary Figure
S7A). We then monitored A6 mRNA levels and cell prolifer-
ation (Supplementary Figure S7B and C). However, we ob-
served no effects of overexpression on editing of A6 mR-
NAs (Supplementary Figure S7B), nor were there any observed
growth defects (Supplementary Figure S7C). The absence of
editing and growth defects upon KRBP72 mutant overexpres-
sion could be due to the homodimeric nature of KRBP72, in
which inclusion of one mutant subunit may not substantially
affect function.

Thus, to further probe RNA-binding and ATPase contri-
bution to KRBP72 function, we complemented the KRBP72
knockdown with endogenously TY-tagged wild type, RNA-
binding mutant (RR-AA), or ATPase mutant (K-A) KRBP72,
resulting in cells expressing primarily wild-type or mu-
tant proteins at levels approximating those of endogenous
KRBP72 (Figure 5A). We first confirmed that the RR to
AA substitutions at amino acids 198/199 decreased KRBP72
binding to A6 mRNA i vivo, as previous RNA-binding assays
were performed in vitro on GC-rich oligos and oligos cor-
responding to short regions of some mitochondrial mRNAs
(23). To test this, we performed RIPs from cells complemented
with wild type (WT) or either of the mutant KRBP72 pro-
teins and measured enrichment of total A6 mRNA in KRBP72
pulldowns compared to control beads. As shown in Figure
5B, the RR-AA mutant exhibited diminished A6 mRNA bind-
ing as expected, whereas RNA binding in the K-A mutant
exhibited significantly greater binding than the RR-AA mu-
tant in this assay. We next tested the effects of KRBP72 muta-

"

tions on A6 mRNA editing. Complementation with TY-tagged
wild-type protein restored edited A6 mRNA levels to 75%
of levels in wild-type cells as measured by qRT-PCR (Figure
5C). Surprisingly, complementation with the RNA-binding
mutant similarly restored edited A6 mRNA levels. By con-
trast, cells complemented with the ATPase mutant failed to
restore edited A6 mRNA levels above those seen in KRBP72
knockdown cells. To confirm these results, we performed full
gene PCRs to visualize pausing in the ES121-126 region (Fig-
ure 5D). Consistent with qRT-PCR results, WT and RNA-
binding mutant KRBP72 partially restored the wild-type edit-
ing pattern and decreased pausing at ES121-126, while the
ATPase mutant failed to do so. From these data, we conclude
that KRBP72’s ATPase activity is critical in facilitating A6
mRNA editing iz vivo, while its stable RNA-binding activity is
dispensable.

KRBP72 exhibits RNase-sensitive and
RNase-insensitive interactions with RESC proteins

KRBP72 was previously reported to exhibit RNase-sensitive
interactions with several RESC components (23). In light of
our increased understanding of RESC organization (17) and
expanded antibody panel (13), we wanted to further probe the
KRBP72-RESC interaction to gain insight into KRBP72 func-
tion. To this end, we endogenously tagged KRBP72 with a TY
tag at the C-terminus and conducted immunoprecipitation us-
ing anti-TY antibodies in the presence and absence of RNase
(Figure 6A). Our findings align with those of Shaw et al. (23),
confirming that KRBP72 interacts with RESC2, RESC6 and
RESC13 in an RNase-sensitive manner. We also identified
RNase-sensitive interactions between KRBP72 and RESCS,
RESC10, RESC11A and RESC14. Remarkably, however, as-
sociation of KRPB72 with RESC12A was entirely unper-
turbed by RNase treatment, suggesting an RNA-independent
KRBP72-RESC12A interaction.

RESC12/12A facilitate interaction of KRBP72 with
A6 RNA

To understand the functional significance of the KRBP72-
RESC12A interaction, we first verified that RESC12A as-
sociation with other RESC components is not impacted by
KRBP72 knockdown (Supplementary Figure S8). Next, we
asked how RESC12A might influence KRBP72 function.
Given that KRBP72’s stable RNA-binding activity is not re-
quired for A6 mRNA editing (Figure 5C) and RESC12A itself
is an RNA-binding protein (34), we asked whether RESC12A
might contribute to KRBP72’s interaction with A6 mRNA.
To do this, we used a published cell line in which RESC12A
and the paralogous RESC12 were subjected to doxy-induced
RNAI for 3 days (34). After confirming the knockdown and
establishing that total A6 mRNA was enriched compared to
control beads in these cells (Supplementary Figure S9A and
B), we compared KRBP72 association with total A6 mRNA
in the presence and absence of RESC12/12A by RIP using
anti-KRBP72 antibodies. Following immunoprecipitation, we
isolated RNA from anti-KRBP72 and control beads and quan-
tified total A6 mRNA by qRT-PCR (13,14). Figure 6B shows
that depletion of RESC12/12A leads to more than 2-fold re-
duction in the ability of KRBP72 to stably associate with to-
tal A6 mRNA compared to uninduced cells. To determine
if this effect is specific to RESC12/12A or extends to other
RESC factors, we performed the analogous experiment with
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Figure 5. Complementation of KRBP72 RNAI cells with wild-type and mutant proteins. (A) Western blot with «-KRBP72 antibody showing the
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performed with primers specific to the 5" and 3" ends of the A6 mRNA to amplify the entire population of A6 mRNAs, including pre-edited, partially

edited and fully edited RNA. L, size ladder.

RESC6 RNA:I cells uninduced or doxy-induced for 3 days (40)
(Supplementary Figure S9 and Figure 6B). RESCé6 depletion
had no effect on the ability of KRBP72 to associate with A6
mRNA. Thus, we conclude that RESC12/12A plays a cru-
cial role in facilitating the interaction between A6 mRNA and
KRBP72.

Discussion

In this study, we elucidated the pivotal role of KRBP72 in
the editing of A6 mRNA in T. brucei. We observed distinct
effects of KRBP72 knockdown in PCF and BSF life cycle
stages. While fully edited A6 mRNA levels are decreased in
both knockdowns, accumulation of a specific partially edited
mRNA species was observed only in PCF. Even in uninduced
cells, the accumulating partially edited A6 mRNAs differed
between the two life cycle stages, despite the presence of
constant KRBP72 protein levels. The distinctions in partially
edited mRNA populations may be attributed to the different
environmental conditions, as PCF cells grow at 27°C while
BSF cells grow at 37°C, potentially leading to differences in
the A6 RNA structure at these temperatures.

Indeed, our single nucleotide level analysis of paused A6
mRNAs in PCF KRBP72 knockdowns implicated mRNA

structure as a critical factor in KRBP72 function. KRBP72 de-
pletion disrupts the progression, rather than the initiation, of
RNA editing, resulting in a major pause at a stem-loop struc-
ture within the pre-edited region of A6 mRNA as determined
by SHAPE and RT-stop analysis under differing ionic condi-
tions (54,55) (Figure 7). We also considered that pausing actu-
ally occurs, not in a completely pre-edited RNA, but rather in a
partially edited molecule with a sequence somewhat different
from that shown in Figures 3D and 4B. Structure prediction
of an RNA that is fully edited 3’ of ES 124 and pre-edited
5" of this site using Vienna RNA suggests a different struc-
ture in which three of the G-C basepairs located at the base
of the stem in the pre-edited mRNA now interrupt a large sin-
gle stranded region (Supplementary Figure S10). Biochemical
validation of this structure may be useful in the future. How-
ever, the predicted sequence presumes that this mRNA is cre-
ated de novo with this partially edited sequence, which is fully
available for folding. Rather, the mRNA is transcribed as a
pre-edited mRNA that presumably folds similarly to the struc-
ture determined by Leeder et al. (54,55) (Figure 4B). Progres-
sive editing from 3’ to 5’ may lead to local structure changes;
however, U-rich edited sequences at the 3’ end of the mRNA
may not disrupt the stable stem loops and G-quadruplexes
further 5’ that are already formed in the pre-edited region of
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the molecule (19). Thus, we find it most likely that KRBP72
facilitates progression through a stem loop as shown in Fig-
ures 3D and 4B. Regardless of the precise structure, however,
KRBP72 clearly promotes editing through a structural element
comprised of a series of G-C basepairs. These findings add to
a growing body of data that implicate mRNA structure as an
important determinant in U-indel editing progression, includ-

ing creation of elements that regulate editing during T. brucei
development (19,20).

KRBP72 occupies one of the basal branches of the ABC
superfamily of ATPases, a ubiquitous protein family, one
function of which is modulating the dynamics of nucleic
acids and nucleoprotein complexes (23,59). For example,
Rad50, a component of the MRE11/Rad50 complex, un-
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dergoes an ATP hydrolysis-dependent conformational change
that leads to DNA melting during DNA stranded break repair
in Methanococcus jannaschii (60). MutS2 in Bacillus subtillis
binds stalled ribosomes and acts in ribosomal rescue by me-
diating ATP-driven ribosomal subunit splitting (61). In yeast,
eukaryotic elongation factor 3 facilitates late stages in tRNA
translocation during translation by favoring the transition to-
ward the non-rotated conformation of the ribosome and by
influencing the conformation of the L1 stalk (62). Here, we
established that the ATPase activity of KRBP72 is indispens-
able for its role in A6 mRNA editing, as a KRBP72 protein
with mutations in the ATPase domain fails to rescue editing in
the knockdown. Because editing pauses at the base of a stem
loop (ES121-126) in these cells, the simplest explanation is
that KRBP72 ATPase activity is used to unwind the stem loop
to allow editing to progress through this region of the tran-
script (Figure 7). However, we cannot rule out other functions
of its ATPase activity such reorganization of the editing ma-
chinery in a manner that allows progression through the stem
loop or removal of stalled editing complexes. Futures studies
to distinguish these possibilities will be of interest.

The N-terminal domain of KRBP72 reveals the RAGNYA
fold, a fold observed in several other nucleic acid-binding con-
texts (59). The KRBP72 dimer harbors a unique pore formed
by its dimeric N-terminal domains, two arginine residues
of which are critical for its RNA-binding activity in vitro
(23). Our mutational study confirms that these two arginine
residues are crucial for binding A6 mRNA in vivo, as RR-
AA mutants exhibited a greater than 2-fold decrease RNA-
binding activity compared to WT KRBP72 in RIP experi-
ments. eCLAP confirmed the interaction of KRBP72 with pre-
edited regions of A6 mRNA i vivo, with some binding to the
stem loop that confers pausing and a much stronger binding
peak 5 of this region around the nearby G-quadruplex and
an upstream stem loop. These binding characteristics suggest
two possibilities. KRBP72 may directly bind to the stem loop,
as indicated by the two eCLAP sites within the stem, to main-
tain the proper RNA structure for editing to proceed through
this region. Alternatively, KRBP72 may initially bind to the
G-quadruplex, which in turn is configured in 3D space so as
to allow the protein to access the stem loop (Figure 7). Edit-
ing at the pause sites between A6 mRNA ES121-126 is di-
rected by the middle of the guiding region of A6 gRNA12
(43). KRBP72-mediated stem loop disruption presumably al-
lows this gRNA to access ES121-126 in A6 mRNA. However,
we cannot rule out a direct effect of KRBP72 on the structure
of A6 gRNA12, which in turn facilitates editing in this region.

Surprisingly, the intrinsic KRBP72 RNA-binding activity
was not required for its action in progression of A6 mRNA
editing, as the RR-AA mutant was able to restore edited A6
mRNA levels to the same extent as did wild-type KRBP72.
To address this apparent paradox, we sought KRBP72 part-
ners that might contribute to its iz vivo RNA-binding activ-
ity. Of numerous RESC proteins tested, we found that only
the RNA-binding protein, RESC12A, interacts with KRBP72
in an RNase-insensitive manner. RNAi-mediated depletion of
RESC12A, but not that of another RESC protein, RESC6,
led to a substantial decrease in the KRBP72-RNA interac-
tion. Thus, RESC12A appears to facilitate binding of KRBP72
to A6 mRNA and/or stabilize its binding there. These find-
ings provide insight not only into KRBP72 function, but also
into the role of RESC12A in editing. RESC12A is consid-
ered a component of the REMC (RNA Editing Mediator
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Complex) submodule of RESC, along with RESC12, RESC13
and RESC11 (5). However, single nucleotide level analysis of
edited mRNA populations indicates that, while RESC13 and
RESC11 generally share the same role in editing, the specific
function of RESC12A differs markedly from that of the other
two proteins (5). In addition, RESC12A was not visible on
recent cryo-EM images of RESC, whereas the positions of
RESC13 and RESC11 at the pre-edited mRNA end of the
complex were clear (17). Thus, the function(s) of RESC12A
in editing appear distinct from those of other REMC pro-
teins. In eCLAP experiments, RESC12A showed promiscu-
ous RNA binding in terms of both the range of transcripts
bound and binding along the entire lengths of many pan-
edited mRNAs, leading the authors to suggest that it flags
regions that need to be edited on these mRNAs (63). On
minimally edited mRNAs, including CYb, RESC12A bind-
ing correlated to that of the auxiliary factor, MRP1/2, which
promotes CYb mRNA editing (64). Interestingly, biochemi-
cal experiments showed that knockdown of RESC12A leads
to a decrease in RNA binding of auxiliary factors MRP1 and
KRGG1, suggesting that RESC12A recruits these proteins to
pre-edited mRNAs (63,64). Together with our data showing
that RESC12A is required for maximal KRBP72 RNA bind-
ing, these data suggests that a conserved function of RESC12A
is recruitment of auxiliary editing factors. Overall, with re-
gard to KRBP72, we show that both its intrinsic RNA-binding
activity and RESC12A-mediated RNA-binding activity con-
tribute to its association with A6 mRNA in vivo. However,
only the RESC12A-mediated binding is critical for A6 editing
progression (Figure 7). This distinction suggests differences in
the two modes of KRBP72 mRNA binding potentially involv-
ing stability, specificity, or resultant modulation of RNA struc-
ture.

It is of interest that KRBP72 depletion specifically impacts
editing of the A6 transcript. A6 is the only mitochondrially
encoded component of the Fy-F;-ATP synthase, which synthe-
sizes ATP in the PCF stage of the T. brucei life cycle. In BSF,
this complex operates in reverse mode, hydrolyzing ATP to
maintain mitochondrial membrane potential (65). Due to the
constant need for a functional ATP synthase/ATPase complex,
the A6 transcript undergoes extensive and continuous editing
throughout the entire life cycle of the parasite (66). Mounting
evidence suggests that editing of this transcript is particularly
dependent on auxiliary factors, which may act in concert to
ensure the production of translatable A6 mRNA. In addition
to the requirement for KRBP72 reported here, Carnes et al.
(26) showed that KRGGT1 is essential for A6 mRNA editing
in BSF T. brucei as conditional knockout caused pausing at a
site distinct from that observed here in PCF KRBP72, with no
detrimental effects on other transcripts. A6 mRNA is also the
only transcript whose editing in PCF depends on the KREH1
RNA helicase (31). KREH1 knockout in the PCF led to the
inability to properly utilize the initiator gRNA as well as nu-
merous pauses throughout the A6 mRNA, likely also due to
impaired RNA structural rearrangements (31). Another heli-
case, KREH2, which is considered part of the editing holoen-
zyme, was reported to differentially control non-canonical
editing and putative repressive structures in A6 mRNA via
a novel proposed ‘bifunctional’ gRNA in A6 mRNA (19),
highlighting an additional mechanism for control of editing
of this transcript. Additionally, three of the above-mentioned
factors, KRBP72, KREH1 and KREH2, are ATP-binding pro-
teins, suggesting they could serve as sensors of the ATP/ADP
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(adenosine diphosphate) ratio in the mitochondria to regulate
levels of A6 mRNA editing in one or both life cycle stage. Such
a function would be analogous to that of the ABC family AT-
Pase, EttA, which stalls peptide bond formation and causes
termination when it is predominantly bound to ADP; it al-
lows peptide bond formation only when ATP concentrations
are sufficient to occupy its active site (67,68). KRBP72 exhibits
distinct conformational states influenced by nucleotide bind-
ing. The open state, which is stabilized by ADP binding, allows
RNA to bind within the pore (23,59), which may be a prereq-
uisite for promoting editing through the inhibitory stem loop
in the A6 transcript.

In summary, this study provides valuable insights into the
role of the KRBP72 ATPase in A6 RNA editing, and increases
our understanding of editing auxiliary factors and their func-
tional interactions with the RESC component of the edit-
ing holoenzyme. The widespread KRBP72 RNA-binding sites
identified our eCLAP analysis suggest that KRBP72 has addi-
tional roles in both the mitochondria and cytoplasm. Future
studies will likely clarify KRBP72 function beyond U-indel
RNA editing and may reveal links between editing and other
cellular processes.
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