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Abstract

Mitochondrial transcripts in Trypanosoma brucei require extensive uridine insertion/deletion RNA editing to generate translatable open reading
frames. The RNA editing substrate binding complex (RESC) serves as the scaffold that coordinates the protein—protein and protein—-RNA interac-
tions during editing. RESC broadly contains two modules termed the guide RNA binding complex (GRBC) and the RNA editing mediator complex
(REMC), as well as organizer proteins. How the protein and RNA components of RESC dynamically interact to facilitate editing is not well un-
derstood. Here, we examine the roles of organizer proteins, RESC8 and RESC14, in facilitating RESC dynamics. High-throughput sequencing
of editing intermediates reveals an overlapping RESC8 and RESC14 function during editing progression across multiple transcripts. Blue native
PAGE analysis demonstrates that RESC14 is essential for incorporation of RESC8 into a large RNA-containing complex, while RESC8 is impor
tant in recruiting a smaller ribonucleoprotein complex (RNP) to this large complex. Proximity labeling shows that RESC14 is important for stable
RESC protein—protein interactions, as well as RESC-RECC associations. Together, our data support a model in which RESC14 is necessary for
assembly of editing competent RESC through recruitment of an RNP containing RESC8, GRBC and gRNA to REMC and mRNA.
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Introduction and mitochondrial ribosome, as well as two mitochondrial

Kinetoplastids are a group of flagellated protozoans that are
distinguished by the presence of a unique mitochondrial DNA
structure called the kinetoplast. In Trypanosoma brucei, the
causative agent of Human African Trypanosomiasis, the kine-
toplast is comprised of a concatenated network of approxi-
mately 50 maxicircles (~23 kb) and thousands of minicircles
(~1 kb) (1). Maxicircles contain 18 protein-coding genes that
encode for components of the mitochondrial respiratory chain

rRNAs. Twelve of these 18 mRNAs require extensive post-
transcriptional modification, during which uridines (Us) are
inserted and less frequently deleted by RNA editing to gen-
erate translatable open reading frames (2,3). This process is
essential to the survival of both the procyclic form (PF) and
mammalian bloodstream form of T. brucei (4,5). Trans-acting
guide RNAs (gRNAs) are primarily encoded in minicircles and
direct the precise location of U insertion and deletion through
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gRNA-mRNA base pairing interactions (6-8). Nine out of the
12 edited mRNAs are called ‘pan-edited’ and require dozens
of gRNAs to edit throughout the entire length of the mRNAs.
Three transcripts are considered ‘moderately edited” and re-
quire only one or two gRNAs to edit a small region (2).

The process of U insertion/deletion (U-indel) RNA editing
requires the 3’ to 5’ sequential use of gRNAs to fully edit a
pan-edited transcript. Editing is initiated when the 5" anchor
region of the first gRNA hybridizes to the complementary 3’
end of a pre-edited mRNA. The central region of the gRNA
then serves as the template that directs U insertion and dele-
tion, where the gRNA and mRNA interact through Watson—
Crick and wobble G-U base pairing. Editing is completed
through the length of the initiating gRNA when the gRNA-
mRNA are completely complementary. The gRNA-mRNA
duplex is then separated by an unknown mechanism, allow-
ing the subsequent gRNA to anchor (9,10). Although editing
proceeds in the general 3’ to 5’ direction along an mRNA,
many partially edited mRNAs (mRNAs in the process of being
edited) contain mis-edited sequences at the leading 5" edge of
editing called junctions. Junctions are edited sequences that do
not match the canonically fully edited or pre-edited sequences
and are thought to represent both areas of active editing and
dead-end products (10-13).

The RNA editing holoenzyme contains three dynamically
acting, multiprotein complexes that are responsible for carry-
ing out U-indel RNA editing: the RNA Editing Catalytic Com-
plexes (RECCs), the RNA Editing Substrate Binding Complex
(RESC), and the RNA Editing Helicase 2 Complex (REH2C)
(2). The RECCs contain 19 stably-bound proteins that are re-
sponsible for the enzymatic reactions of RNA editing, includ-
ing endonuclease cleavage, addition/deletion of uridines, and
RNA ligation. Despite containing the enzymes for catalysis,
the RECCs contain little RNA and lack processivity in vivo
(14,15). RESC and REH2C stably bind mRNA and interact
transiently with the RECCs via RNA interactions (2,15-17).
REH2C includes the DEAH/RHA type helicase, KREH2, as
well as two associated cofactors and affects total editing and
accuracy of editing on transcripts bound to RESC (18,19).
Another RNA helicase, KREH1, is one of many editing ac-
cessory factors. KREH1 promotes initiator gRNA utilization
on numerous mRNAs (20). Current models envision RESC as
a scaffold that coordinates interactions between the gRNAs,
mRNAs, RECCs and REH2C, as well as with other RNA pro-
cessing complexes and accessory factors; however, the mech-
anisms by which RESC coordinates these interactions are not
well understood (2).

RESC consists of ~20 proteins organized into dynami-
cally interacting modules: the Guide RNA Binding Complex
(GRBC; a.k.a. RESC-A (21) and MRB1 core (22)) and the
RNA Editing Mediator Complex (REMC) (15,22). In addi-
tion to these subcomplexes, at least three proteins act as RESC
organizers (RESC8, RESC10 and RESC14) and are needed
for complete GRBC-REMC protein interactions and proper
gRNA/mRNA interactions with RESC (23-25). When either
RESC8 or RESC14 are knocked down by RNAi, GRBC and
REMC disassociate, but the protein components of each mod-
ule stay together (24,25). The phenotype of RESC10 RNAi
cells is unique among RESC organizers in that, in addition to
GRBC-REMC dissociation, the integrity of GRBC is also lost
as the RESC5 and RESC6 interaction is compromised (23).

Supporting the idea that RESC itself is a dynamic complex,
a recent cryogenic electron microscopy (cryo-EM) study de-
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fined different RESC complexes whose composition indicates
that RESC protein and RNA rearrangements must occur dur-
ing editing (21). The study showed gRNA-bound GRBC (com-
prised of RESC1-6) must interact with mRNA-bound RESC
organizers and REMC (comprising RESC9, RESC11-13, and
potentially RESC7), forming the editing-competent substrate
(RESC5-14, a.k.a. RESC-B) that is presumably capable of pro-
ductive interaction with the RECCs (21). The composition of
the cryo-EM defined complexes necessitates an RNA /protein
remodeling step that includes expulsion of RESC1-4 prior
to the start of active editing. There must also be a complex
disassembly during gRNA removal, possibly resulting in the
cryo-EM-defined RESC-C subcomplex comprised of RESCS5-
8, RESC10 and RESC14. How this protein/RNA remodeling
occurs and the precise roles of RESC organizers during the
progression of the editing are not understood. The cryo-EM
data show that RESC8, RESC10 and RESC14 are positioned
in-between GRBC and REMC, supporting the findings that
these organizers facilitate proper interactions between these
subcomplexes (23-25). RESC10 is also positioned between
GRBC components RESC5 and RESC6 post-rearrangement,
supporting its role in stabilizing their interaction (23). The fo-
cus of this study is to better understand the functions of RESC
organizers, RESC8 and RESC14, and their roles in modulating
RESC protein/RNA dynamics. Our data is consistent with a
model in which mRNA-bound RESC14 signals RESCS to as-
semble GRBC and a gRNA with mRNA-bound REMC, form-
ing the editing competent version of RESC.

Materials and methods

Generation of T. brucei cell lines

All cell lines used in this study were derived from PF T. bru-
cei 29-13 cells. Cells were grown at 27°C in standard me-
dia supplemented with 10% fetal bovine serum as previ-
ously described (26,27). To generate endogenous, C-terminal
Myc-His-TAP (MHT)-tagged RESC14 cells, a PCR product
produced through long primer PCR of pPOTv4 containing
the MHT tag, and protein-specific primers (Supplemental
Table S1) was transfected into 29-13 cells (28). Transfor-
mants were selected using 1 pg/ml puromycin, and clones
were obtained using limiting dilution. To generate cell lines
harboring both RESC14 RNAi and C-terminal MHT-tagged
RESCS8, RESC11A, RESC12A, RESC13, KREH2, KREH1
or KREPBS, the pPOTv4-MHT-puromycin cassette was am-
plified using gene-specific primers (Supplemental Table S1)
and transfected into previously generated RESC14 RNAIi
cells (25,28). Transformants were selected using 1 pg/ml
puromycin and 2.5 pg/ml phleomycin, and clones were ob-
tained using limiting dilution. To generate a cell line con-
taining Protein A-TEV-Protein C (PTP)-tagged RESC2 in the
RESC14 RNAIi background, the RESC2 open reading frame
(ORF) was PCR-amplified with the addition of 5" Apal and 3’
BamHI restriction sites (Supplemental Table S1). The Apal-
and BamHI-digested PCR product was then cloned into a
similarly digested pC-PTP plasmid (29). The plasmid was
linearized with Xhol and transfected into previously gener-
ated RESC14 RNAI cells (25) and selected with 1 pg/ml
puromycin. RESC6-PTP in the RESC14 RNAi background
were previously generated (25). For all cell lines harboring
RESC14 RNAIi, RNAi was induced by adding 4 ug/ml doxy-
cycline to cell cultures for three days.
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A cell line containing both MHT-tagged RESC14 and
RESC8 RNAIi was also generated in this study using the same
long primer PCR method mentioned above, and previously
generated RESC8 RNAI cells (24). RESC6-PTP in the RESC8
RNAIi background was previously generated (24). Knock-
down of RESC8 was induced using 4 pg/ml doxycycline for 2
days. The RESC13 RNAI cell line used in this study was pre-
viously generated (22). RESC13 RNAIi was induced using 4
ng/ml doxycycline for two days.

To generate TurbolD-tagged RESC6 and RESCS8, the ORF
of TurboID with an HA tag and puromycin resistance cassette
were PCR-amplified using the plasmid pJB1231, a deriva-
tive of pXS6 (30), as a template with our long primer PCR
method. This PCR product was transfected into the RESC14
RNAI cells (25). Transformants were selected using 1 pug/ml
puromycin and 2.5 pg/ml phleomycin, and clones were ob-
tained using limiting dilution. All primers used in this study
are listed in Supplemental Table S1, and all cell lines used in
this study are listed in Supplemental Table S2.

High-throughput sequencing and bioinformatic
analysis

PF T. brucei RESC8 RNAI cells were grown in the presence or
absence of 4 pg/ml doxycycline for two days (24). RNA was
isolated using Trizol (Invitrogen) and phenol:chloroform ex-
traction and ethanol precipitation, followed by DNase treat-
ment with a DNA-free DNase Kit (Ambion). Two biological
replicates were performed, and qRT-PCR was used to vali-
date the level of RESC8 knockdown (~30% remaining). The
DNase-treated RNA was converted to cDNA with the Su-
perscript III Reverse Transcription Kit (Invitrogen) and gene-
specific primers for the 3’ region of cytochrome oxidase sub-
unit III (COIII) and ATPase subunit 6 (A6) mRNAs were used
for amplification of these cDNAs as previously described (31).
Due to sequencing discrepancies at the 5" end of the amplified
COIII section, we have designated the transcript end five edit-
ing sites (ES) 3’ of the true 5’ end. This means that ‘fully edited’
COIII refers to where the canonical edited sequence matches
up to ES 109 as previously described (32). The gene-specific
c¢DNAs were PCR-amplified in the linear range to ensure the
relative abundance of unique fragments was maintained. Li-
brary preparation and paired-end Illumina MiSeq sequencing
was then performed as previously described (32). Two repli-
cates of induced RESC8 RNAIi were compared to two repli-
cates of uninduced RESC8 RNAi samples combined with five
PF 29-13 cells from another study (31). Sample preparation
and controls were previously described for COIIl and A6 mR-
NAs from RESC13 and RESC14 RNAI lines (32), and for
Ribosomal Protein S12 (RPS12) mRNA from RESCS8 (24),
RESC13 (11) and RESC14 RNAI lines (235).

The number of standard reads (sequences with no non-T
mismatches) and nonstandard reads (sequences with non-T
mismatches) are listed in Supplemental Table S3. To compare
relative abundances of specific sequences between samples,
reads in each sample were normalized to 100 000 counts (33).
The nonstandard reads were excluded from the analysis and
the normalized reads were aligned to the published pre-edited
and fully edited A6 and COIIl mRNA sequences (31) using
the Trypanosome Editing Alignment Tool (TREAT), which al-
lows us to analyze large populations of mitochondrial mR-
NAs at single nucleotide resolution. The new sequencing data
for A6 and COIIl, RESC8 RNAIi samples has been deposited
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in the Sequence Read Archive under accession number PR-
JNA986128. Previously published sequencing data is under
PRJNA862535 for the A6 and COIIl, RESC13 and RESC14
RNAIi samples, PRJNA597932 for the A6 and COIII PF 29-
13 samples, PRJNA431762 for the RPS12 RESC8 RNAi sam-
ples, PRINA390283 for the RPS12 RESC14 RNAi samples,
and PRJNA363102 for the RPS12 RESC13 RNAi and RPS12
control samples.

Determining RESC8 Exacerbated Pause Sites (EPS) and cal-
culating the significance of EPS overlap between the RNAi
of different proteins on A6 and COIIl mRNAs were both
previously described (11) (Supplemental Tables S4 and S35).
For junction length analysis, we determined the percent of se-
quences generated at each editing stop site for A6, COIIIl and
RPS12 mRNAs with a junction length of 0, 1-10, 11-20 and
>20 ES long. The average number of sequences for the unin-
duced and induced RESC8, RESC13 and RESC14 RNAi sam-
ples was calculated and plotted in RStudio. Student’s ¢-tests in
RStudio were performed to calculate editing stop sites where
sequences with junction lengths of 0 or >20 were significantly
different in the induced RNAi samples compared to the unin-
duced controls.

Isolation of crude mitochondria and blue native
PAGE analysis

Crude mitochondria were isolated using hypotonic lysis as
described previously (34). Briefly, 2.5 x 10 cells were har-
vested and washed in NET buffer (150 mM NaCl, 100 mM
EDTA, 10 mM Tris pH 8.0). Pellets were resuspended in DTE
buffer (1 mM Tris pH 8.0, 1 mM EDTA) and homogenized
by passing the sample through a 25 G needle three times. A
60% sucrose solution was added immediately after to a fi-
nal concentration of 250 mM and lysates were cleared by
spinning at 15 000xg for 10 min at 4°C. Pellets were resus-
pended in STM buffer (250 mM sucrose, 20 mM Tris pH 8.0,
2 mM MgCl,) and extra MgCl, and CaCl, were added to
final concentrations of 3 and 0.3 mM, respectively. Samples
were then DNase-treated for 1 h using a final concentration
of 14 ug/ml DNase I (Sigma). An equal volume of STE buffer
(250 mM sucrose, 20 mM Tris pH 8.0, 10 mM EDTA) was
added to the sample to stop DNase I digestion, and samples
were centrifuged at 15 000 x g for 10 min at 4°C. The final pel-
let was washed with STE buffer, split equally into four tubes
(~6.3 x 107 cell equivalents each), and stored at —80°C until
use.

The crude mitochondrial pellets were analyzed by blue na-
tive PAGE, as similarly described (35). Pellets (~6.3 x 107
cell equivalents) were resuspended in Solubilization Buffer (50
mM NaCl, 50 mM Bis-Tris pH 7.0, 2 mM e-aminocaproic
acid (ACA), 1 mM EDTA, cOmplete EDTA-free protease
inhibitor cocktail (Sigma)) with 1% digitonin and 0.32 U
SUPERase-In™ RNase inhibitor (Invitrogen). For RNase-
treated samples, a nuclease cocktail containing 0.05 pg RNase
A, 2U RNase T1 (Ambion) and 0.02U RNase H (Invitrogen)
was added without RNase inhibitor. Samples were incubated
on ice for 1 hr and centrifuged at 16 000x g for 20 min at 4°C.
Portions of the supernatants were mixed with glycerol to a fi-
nal concentration of 5% w/v and native loading dye (500 mM
ACA, 5% (w/v) Coomassie Brilliant Blue G250) and run on
3-12% Bis—Tris NativePAGE™ gels (Invitrogen). After elec-
trophoresis (30 min, 160 V, 4°C; 2.5 h, 120 V, 4°C; 30 min,
160 V, 4°C), gels were incubated in a 2.5% SDS denaturing
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buffer for 15 min, and proteins were transferred to a nitrocel-
lulose membrane. The membrane was probed with peroxidase
anti-peroxidase (PAP), which recognizes the Protein A region
of the MHT or PTP tag.

TurbolD proximity labeling

TurboID-tagged RESC6 and RESC8 in the RESC14 RNAi
background and parental 29-13 cells were harvested at
3 x 107 cells. RESC14 RNAi was induced by adding 4 pg/ml
doxycycline to cell cultures for three days. Prior to harvest,
cells were incubated with 100 uM of biotin for 20 min. Hy-
potonic mitochondrial isolation and streptavidin pulldown
were performed as previously described (36) with some mod-
ifications. Briefly, mitochondrial-enriched pellets were resus-
pended in 500 pul of Boiling Buffer (1% SDS, 1 mM EDTA, 50
mM Tris pH 7.5) and placed at 80°C for 10 min. Samples were
spun at 16 000xg for 10 min at room temperature, and su-
pernatants were mixed with 700 ul of Incubation Buffer (150
mM NaCl, 5 mM EDTA, 1% Triton X-100, 50 mM Tris pH
7.5). 0.5 mg of washed MyOne™ Streptavidin Dynabeads C1
(Invitrogen) were added to samples, rocked at room tempera-
ture for 1 h, and moved to a rocker at 4°C overnight. The Dyn-
abeads were stringently washed as previously described (37).
Briefly, samples were washed twice with Wash Buffer 1 (2%
SDS), once with Wash Buffer 2 (0.1% deoxycholate, 1% Tri-
ton X-100, 500 mM NaCl, 1 mM EDTA, 50 mM HEPES pH
7.5), once with Wash Buffer 3 (250 mM LiCl, 0.5% NP-40,
0.5% deoxycholate, 1 mM EDTA) and twice with Wash Buffer
4 (50 mM Tris pH 7.5, 50 mM NaCl). Dynabeads were stored
at—80°C until further mass spectrometry analysis. Three repli-
cates of each condition were performed.

Interactome analysis of TurbolD samples

On-beads protein digestion

A surfactant-aided precipitation/on-pellet digestion protocol
was adopted using our previously published method with
slight modification (38). 5% SDS was spiked into each sample
to a final concentration of 0.5%. Proteins on the beads were
sequentially reduced by 10 mM dithiothreitol (DTT) at 56°C
for 30 min and alkylated by 25 mM iodoacetamide (IAM) at
37°C in darkness for 30 min. Both steps were performed in
a thermomixer (Eppendorf) with rigorous shaking. The beads
with proteins were then precipitated by addition of 6 volumes
of chilled acetone with vortexing, and the mixture was incu-
bated at —20°C for 3 h. Samples were then centrifuged at 20
000xg at 4°C for 30 min, and supernatant was removed. The
bead pellet was gently rinsed by adding 500 pl methanol, cen-
trifuged again at 20 000xg at 4°C for 30 min, methanol was
carefully removed, and air-dried for 1 min. The bead pellet was
re-suspended in 46 ul 50 mM pH 8.4 Tris-formic acid (FA). A
total volume of 4 ul trypsin (Sigma Aldrich) re-constituted in
50 mM pH 8.4 Tris-FA to a final concentration of 0.25 ug/ul
was added for 6 h tryptic digestion at 37°C with constant
shaking in a thermomixer. Digestion was terminated by addi-
tion of 0.5 ul FA, and samples were centrifuged at 20 000 xg
at 4°C for 30 min. Supernatant was carefully transferred to
liquid chromatography (LC) vials for analysis.

LC-MS analysis

The LC-MS system consists of a Dionex Ultimate 3000 nano
LC system, a Dinoex Ultimate 3000 micro LC system with a
WPS-3000 autosampler, and an Orbitrap Fusion Lumos mass
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spectrometer. A large-inner diameter (i.d.) trapping column
(300 um i.d. x 5§ mm) was implemented before the separa-
tion column (75 pm i.d. x 65 cm, packed with 2.5 um Xselect
CSH C18 material) for high-capacity sample loading, cleanup
and delivery. For each sample, 10 ul derived peptides was in-
jected for LC-MS analysis. Mobile phase A and B were 0.1%
FA in 2% ACN and 0.1% FA in 88% ACN. The 90-min LC
gradient profile was: 4% B for 3 min, 4-9% B for 2 min, 9—
38% B for 70 min, 90% B for 5 min, and then equilibrated to
4% B for 10 min. The mass spectrometer was operated under
data-dependent acquisition (DDA) mode with a maximal duty
cycle of 3 s. MS1 spectra was acquired by Orbitrap (OT) under
120k resolution for ions within the m/z range of 400-1500.
Automatic Gain Control (AGC) and maximal injection time
was set at 175% and 50 ms, and dynamic exclusion was set
at 60 s, =10 ppm. Precursor ions were isolated by quadrupole
using a 71/z window of 1.6 Th and were fragmented by high-
energy collision dissociation (HCD). MS2 spectra of a pre-
cursor ion fragmented were acquired by Ion Trap (IT), which
was operated under Rapid scan rate with a Standard AGC tar-
get and a maximal injection time of 150 ms. Detailed LC-MS
settings and relevant information can be found in a previous
publication by Shen et al. (39).

Data processing

LC-MS files were searched against Trypanosoma brucei bru-
cei TREU927 TriTryp database containing 10 642 gene en-
tries (ver February 2021) using Sequest HT embedded in Pro-
teome Discoverer 1.4 (Thermo Fisher Scientific). Target-decoy
approach using a concatenated forward and reverse protein
sequence database was applied for FDR estimation and con-
trol. Searching parameters include: (i) precursor ion mass tol-
erance: 20 ppm; (ii) product ion mass tolerance: 0.8 Da; (iii)
maximal missed cleavages per peptide: 2; (iv) fixed modifica-
tions: cysteine (C) carbamidomethylation; (v) dynamic modifi-
cations: methionine (M) oxidation, peptide N-terminal acety-
lation. Search result merging, protein inference/grouping, and
FDR control were performed in Scaffold 5 (Proteome Soft-
ware, Inc.). For identification, global protein/peptide FDR
was set to 1.0% and at least two unique peptides were re-
quired for each protein. For quantification, protein abundance
was determined by total spectrum counts and total MS2 ion
intensities. Results were exported and manually curated in Mi-
crosoft Excel.

Immunoprecipitation experiments

Cell lines harboring either endogenously tagged RESC14-
MHT or RESC8-MHT were harvested at 9.6 x 10°—
1.4 x 10'0 cells, then washed in 1x PBS. Immunoprecipita-
tion was performed as described previously (235). Briefly, cell
pellets were lysed in N150 buffer (50 mM Tris pH 8.0, 150
mM NaCl, 0.1% (v/v) NP-40, S mM B-ME, cOmplete EDTA-
free protease inhibitor cocktail (Sigma)) supplemented with
1% (v/v) Triton X-100 and 1 mM CaCl,. Lysate was divided
into two fractions: one was incubated with 200 U SUPERase-
In™ RNAse inhibitor (Invitrogen) and 0.5 pg/ml DNase I,
while the other was incubated with DNase I and a nuclease
cocktail containing 60 pg RNase A, 2500 U RNase T1 (Am-
bion), 28 U RNase H (Invitrogen), and 2040 U micrococcal
nuclease for 1 h on ice. The two samples were then incubated
with IgG Sepharose 6 Fast Flow beads (GE Healthcare) for
2 h at 4°C. Beads were washed with N150 buffer and then



Nucleic Acids Research, 2024, Vol. 52, No. 16

incubated in TEV Cleavage Buffer (10 mM Tris pH 8.0, 150
mM NaCl, 0.1% (v/v) NP-40, 0.5 mM EDTA, 1 mM DTT)
with 100 U AcTEV™ Protease (Invitrogen) at 4°C overnight.
TEV elutions were subjected to western blot analysis to detect
the target protein (either RESC14 or RESC8) using anti-Myc
(Invitrogen) and interacting proteins using antibodies specific
for RESC6 (40), RESC8 (24), RESC10 (23) and RESC14 (25).

Results

RESC14 has an overlapping function with RESC8
during editing progression on large pan-edited
transcripts

Two separate reports from our lab showed that editing de-
fects across the RPS12 mRNA that arise upon RESC14 de-
pletion are similar to those that occur when RESCS8 is de-
pleted, but largely distinct from those in RESC13-depleted
cells, highlighting the functional differences between organiz-
ers and non-organizers (24,25). Here, we collate these data
into a single figure (Figure 1A) to clearly compare the editing
defects that occur in RPS12 mRNA editing when RESC14,
RESCS8 or RESC13 are depleted. While the overlapping phe-
notype between RESC14 and RESCS is striking, it was only
observed on one small, pan-edited mRNA (RPS12; 325 nu-
cleotides (nt) fully edited) (Figure 1A) and one small editing
domain (CYDb) (24,25). Thus, we wanted to determine if the
functional overlap between RESC14 and RESCS is conserved
across the longer pan-edited transcripts, A6 (820 nt fully
edited) and COIII (969 nt fully edited) and whether RESC14
and RESC8 RNAI phenotypes consistently differ from those
in RESC13 RNAI cells. To do so, we used high-throughput
sequencing (HTS) and analysis of the output with the TREAT
algorithm (11,33).

HTS/TREAT analysis allows us to identify pauses in edit-
ing of specific mRNAs after knockdown of specific editing
factors to help reveal their role in editing and determine if
two proteins function similarly. In this procedure, a library
of pre-edited, partially edited, and fully edited sequences are
obtained by Illumina MiSeq and then aligned by their edit-
ing sites (ES) using TREAT. An ES is any site between two
non-U nucleotides. ESs are numbered 3’ to 5, the general di-
rection in which editing progresses. We can further analyze
editing progression by defining the editing stop site, which is
the 5" most ES after contiguous canonical editing. To com-
pare mRNA populations, we determine editing stop sites that
are significantly overrepresented in a given knockdown cell
line compared to uninduced controls (P4 < 0.05), which
are termed exacerbated pause sites (EPS) if they are signifi-
cant in both biological replicates (11). Thus, an EPS is where
correct editing pauses more often in cells depleted of a spe-
cific editing factor, allowing us to evaluate the step in editing
progression in which that protein functions. Figure 1A illus-
trates the statistically significant overlap between RPS12 EPSs
in RESC14 and RESC8 knockdown cells (P = 7.7 x 107¢) and
suggests functional cooperation between these factors during
editing progression. This significance is not observed when
RESC14 and RESC13 RNAi EPSs are compared (P = 0.12),
nor when RESC8 and RESC13 RNAi EPSs are compared
(P = 0.12), indicative of somewhat distinct functions be-
tween RESC14/8 and RESC13. Comparison of these data
with published EPS overlap data further inform the overlap of
RESC factor functions. Previous studies reported the EPSs that
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arise on RPS12 mRNA after RESC2, RESC10, RESC11A and
RESC12A RNAI (11,23), and Dubey et al. calculated the sig-
nificance of pairwise EPS overlaps between these seven RESC
factors (23). RESC10 EPSs significantly overlap with all RESC
factors tested except RESC12A, consistent with an upstream
function of RESC10, while RESC12A EPSs did not signifi-
cantly overlap those of any other RESC proteins. Apart from
RESC10, the only other factor with which RESC14 RNAi
overlapped was RESC11A RNAI (p = 0.01), albeit this over-
lap is not as significant as the RESC14-RESC8 EPS over-
lap. RESC8 EPSs only overlapped those in the RESC14 and
RESC10 knockdowns. Thus, the comparison of EPSs that
arise on RPS12 mRNA after numerous RESC factor knock-
downs further supports the specificity and functional cooper-
ation between RESC14 and RESCS.

Using the strategy described above, we analyzed EPSs in A6
and COIIl mRNAs that occur in response to RESC8 RNAI
for comparison to previously reported EPSs in the same tran-
scripts from RESC14 and RESC13 RNAI cells (32). Since the
editing domains of A6 and COIIl mRNAs are too large to
be sequenced by MiSeq, only the 300 nt 3’ region of each
transcript was sequenced. This means that ‘fully’ edited A6
refers to mRNA intermediates that are fully edited up to
the forward primer (31). Due to sequencing discrepancies,
“fully’ edited COIII refers to sequences where the canonical
edited sequence matches up to ES 109, which is five edit-
ing sites 3 of the true 5’ end of the amplicon (32). Libraries
were generated for two induced RESC8 RNAI cell replicates,
and these were compared to the two corresponding unin-
duced samples as well as to five PF 29-13 cells from an-
other study (thus, compared to seven control samples total)
(31). RESC8 EPSs were calculated and compared to the pre-
viously published EPSs that arise on A6 and COIIl mRNAs
upon RESC13 and RESC14 knockdown (Figure 1B and C)
(32). Here, we find that RESC14 and RESCS8 EPSs significantly
overlap on A6 mRNA (P = 2.9 x 107?), whereas RESC14
and RESC13 EPSs (P = 0.35) and RESC8 and RESC13 EPSs
(P = 0.25) do not (Figure 1B). When analyzing the EPSs on
COIIIl mRNA, we again calculate a significant overlap be-
tween the RESC14 and RESC8 EPSs (P = 5.9 x 107%). We
also observe a significant overlap between the RESC14 and
RESC13 EPSs (P = 2.3 x 10~%), and RESC8 and RESC13
EPSs (P = 1.6 x 107%) on COIIl mRNA, which may in part
reflect the overall large number of EPSs observed in the gRNA-
1 and gRNA-2 directed regions of COIIl mRNA (31) (Fig-
ure 1C). From these data, we conclude that there are con-
served overlapping RESC14-RESC8 phenotypes on multiple
pan-edited transcripts.

Because COIIl mRNA differed slightly from RPS12 and A6
mRNAs in that EPSs arising from RESC14/8 and RESC13
RNAi showed significant overlap, we wanted to compare edit-
ing defects in RESC14, RESC8 and RESC13 RNAI cells using
junction length analysis. Sequences 5’ of an EPS can either be
pre-edited or comprise a mis-edited sequence, called a junc-
tion. Junction analysis provides insight into specific editing
defects that arise after editing factor knockdown. TREAT can
define the lengths and sequences of junctions and scores a se-
quence with completely pre-edited sequence 5’ of an EPS hav-
ing a junction length (JL) of 0. We analyzed the COIIl mRNA
population in RESC14, RESC8 and RESC13 RNAi samples,
as well as in their uninduced counterparts and 29-13 controls,
and characterized sequences at each editing stop site as having
JL of 0,1-10, 11-20 and > 20 (Figure 2). Many junctions are
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Figure 1. Comparison of editing defects in RESC14, RESC8, and RESC13 knockdown cell lines. RPS12 (A), A6 (B) and COIIl (C) edited mMRNA sequences
with the exacerbated pause sites (EPSs; diamonds) that arise upon RESC14 (pink), RESC8 (yellow) and RESC13 (green) depletion. RPS12 data (A) was
previously published for RESC13 (11), RESC14 (25) and RESC8 (24) RNAi cells. A6 (B) and COlIl (C) EPSs for RESC14 and RESC13 RNAi were previously
published (32). Black bars below the sequences represent previously reported gRNAs (6), which are numbered in the 3’ to 5" direction along the mRNA.
gRNA anchors are depicted as the black bold lines, and grey regions denote range of variation of gRNA lengths across members of the same gRNA
class. Uppercase U's are encoded in the mitochondrial genome; lowercase U's represent inserted uridines during the editing process. Asterisks (¥*)
denote sites where encoded uridines were deleted during the editing process. Underscores are shown for clarity in stretches of unedited sequence to
align editing site numbers with the correct editing site. The start and stop codons for RPS12 and only the stop codons for A6 and COlll are underlined.
Significance of the overlaps between EPSs in different cells lines as determined using a Fisher's exact test (11) are shown in boxes below each transcript.

between 1-20 ESs long, as that is the approximately span of
one gRNA. Junctions that are longer than 20 ESs likely arise
through mRNA misfolding, which would direct editing more
5’ than expected based on gRNA sequence, or through exten-
sive use of non-cognate and/or multiple gRNAs. Sequences
that have a junction length of 0 represent a block in the 3’
to 5 progression of canonical editing and a lack of junction
formation.

When comparing RESC14 RNAI cells to control samples,
we identified many sites where JL > 20 (blue bars) sequences
significantly decrease (Figure 2A; red ovals) and JL =
sequences (black bars) significantly increase in the knock-
down (Figure 2A; green triangles). This finding suggests that
RESC14 is needed for the mis-editing progression that charac-
terizes junctions. When comparing the phenotype of RESC14
RNAI to that of RESC8 RNAi, we observe a similar pat-

tern: JL > 20 sequences decrease (Figure 2B; red ovals), while
JL = 0 sequences increase with RNAI (Figure 2B; green tri-
angles). Thus, RESC14 and RESCS8 have a similar phenotype
regarding junction formation. In contrast, in RESC13 RNAi
cells, JL > 20 sequences increase (Figure 2C; yellow ovals),
whereas JL = 0 sequences are relatively unchanged (Figure
2C; equal presence of green and purple triangles) when com-
pared to uninduced samples. This junction length analysis
shows that even though RESC13, RESC14 and RESC8 pause
at similar sites on COIIl mRNA (Figure 1C), the nature of
the sequences 5 of the pauses differ between RESC14/8 and
RESC13. Similar junction length patterns were observed on
A6 and RPS12 mRNAs (Supplemental Figures S1 and S2).
Together, these data indicate that RESC14 and RESC8 have
a related function during editing progression that is distinct
from that of RESC13.
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Figure 2. Effect of RESC14, RESC8, or RESC13 knockdown on junction lengths. The percent of sequences with junction lengths (JL) of O (black bars),
1-10 (light grey bars), 11-20 (dark grey bars), and greater than 20 (blue bars) at each editing site across COIlll mRNA for RESC14 (A), RESC8 (B) and
RESC13 (C) RNAI cells, compared to control samples. Triangles represent editing sites where there is a significant change in JL 0 sequences (black bars)
between uninduced and induced cells (P,q; < 0.05); green triangles: RNAI is greater than uninduced cells, purple triangles: uninduced is greater than
RNAI cells. Ovals represent editing sites where there is a significant change in JL greater than 20 editing sites (blue bars) between uninduced and
induced cells (P,g; < 0.05); yellow ovals: RNAI is greater than uninduced cells, red ovals: uninduced is greater than RNAI cells.

RESC14 is needed for incorporation of a subset of
RESC factors into large complexes

To probe the mechanism by which RESC14 acts as an orga-
nizer during editing progression and begin to understand how
its function overlaps that of RESC8, we analyzed the impact
of RESC14 on the incorporation of editing holoenzyme com-
ponents and accessory factors into multiprotein complexes.
To this end, we generated numerous cell lines with editing
factors tagged at a chromosomal locus with Protein A (ei-
ther MHT or PTP tags), allowing us to visualize all pro-
tein complexes separated on the same blue native PAGE gel
with the PAP reagent. We also made the corresponding cell
lines with doxycycline-inducible RESC14 RNAI to investigate
RESC14 function. We validated the cell lines by western blot
(Supplemental Figure S3) and confirmed that the tags caused
little or no growth defect (Supplemental Figure S4). To first un-
derstand the functional overlap between RESC14 and RESCS,
we analyzed whether RESC14 and RESC8 form similar sized
complexes and determined if RESC14 impacts the incorpo-
ration of RESC8 into multiprotein complexes. On blue na-

tive PAGE, RESC14 formed a single complex ranging from
~1050 to 1250 kDa (Figure 3A). For RESC8 in the presence of
RESC14, we also observed a complex of a similar size, as well
as three smaller complexes of approximately 800, 750 and
300 kDa (note that the 750-800 kDa complexes were some-
times not well resolved, and so are denoted with one sym-
bol, F; see Figure 5A). When RESC14 was depleted by RNAI,
the large RESCS8 complex disappeared, while the three smaller
complexes accumulated (Figure 3A). Thus, we conclude that
RESC14 is needed for the incorporation of RESC8 into a large
complex, highlighting a mechanism for their functional inter-
dependence.

We next asked how RESC14 affects the ability of other
RESC factors to assemble into large multiprotein complexes,
including components of both the REMC and GRBC mod-
ules. We looked at the complex formation of three well charac-
terized REMC proteins (RESC11A, RESC12A and RESC13).
RESC13, RESC12A and RESC11A also formed a large com-
plex centering between 1050 and 1250 kDa in the presence of
RESC14. However, unlike what was observed with RESCS,
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Figure 3. RESC14 RNAI results in impaired incorporation of specific RESC factors into large complexes. Blue native PAGE analysis of mitochondrial
extract from cell lines containing Protein A-tagged proteins in the presence and absence of RESC14. (A) Blue native PAGE of MHT-tagged RESC14,
RESC8, RESC13, RESC12A, RESC11A and PTP-tagged RESC6 and RESC2. (¥) represents the complex containing the editing-competent form of RESC
(EC-RESC). (o) represents the complex containing an intermediate form of RESC, prior to it becoming editing-competent (I-RESC). All RESC proteins
tested, except for RESC2, predominately contain EC-RESC as part of the 1050-1250 kDa complex, but this complex also contains a small population of
I-RESC (* and small ). Note that the vertical positioning of the * and small @ symbols does not indicate their distinct sizes, but rather depicts that they
are both components of the heterogenous large complex. The 10560-1250 kDa complex for RESC2 only contains I-RESC (large o). The bottom of (A)
depicts the predicted proteins/RNA found in the large complexes denoted with a (*) and/or a (e). AF, accessory factors. The protein/RNA depiction of
the complexes denoted with a (f) are found in Figure 6B. The space between the RESC2 and RESC11A gels indicate different exposures from the same
gel. (B) Blue native PAGE of non-RESC holoenzyme components MHT-tagged KREPB5, KREH1 and KREH2. PAP was used in western blotting to detect
the Protein A region of each tagged protein. Blots are representative of three biological replicates.
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Figure 4. RESC8 RNAi has a minimal effect on RESC14 and RESC6
incorporation into large complexes. Blue native PAGE analysis of
MHT-tagged RESC14 and PTP-tagged RESC6 from mitochondrial extracts
in the presence and absence of RESC8. PAP was used in western
blotting to detect the protein A region of the tag. Blots are representative
of three biological replicates.

after RESC14 depletion we observed no reproducible change
in the formation of these large REMC component contain-
ing complexes (Figure 3A), demonstrating that RESC14 is not
needed for these proteins to assemble into large complexes.
We also analyzed complex formation of GRBC components,
RESC6 and RESC2, which again formed large complexes be-
tween 1050 and 1250 kDa. When RESC14 was depleted, these
large complexes decreased in abundance, while smaller com-
plexes accumulated for both tagged proteins (Figure 3A). Of
the smaller accumulating complexes, some appeared to mi-
grate similarly to the $ complex observed with RESC8. We
also note that the decrease in RESC6 complexes of about 250
and 300 kDa after RESC14 RNAIi was reproducible, suggest-
ing these small complexes rearrange into 200,400 and/or 700
kDa complexes when RESC14 is depleted. We observed that
the vast majority of RESC2 is not in a large complex but is
rather in smaller complexes, consistent with a previous re-
port (21). The reduction in the largest RESC6- and RESC2-
containing complexes and concomitant increases in smaller
complexes is similar to, although not as dramatic as, what
was observed for RESC8 when RESC14 is depleted. Thus,
RESC14 also facilitates incorporation RESC6 and RESC2
into large multiprotein complexes.

To better understand how RESC14 affects holoenzyme dy-
namics, we determined whether RESC14 is needed for in-
corporation of non-RESC protein into complexes. Cell lines
harboring tagged holoenzyme components KREPBS (a RECC
component) or KREH2 (an REH2C component), or the ac-
cessory factor KREH1 in the RESC14 RNAi background were
generated (Supplemental Figures S3 and S4). For all three pro-
teins, there was no visible change in complex formation af-
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ter RESC14 RNAI, indicating that RESC14 is dispensable for
RECC, KREH2 and KREH1 incorporation into large com-
plexes (Figure 3B). We consistently observed that the KREH1-
containing complexes formed more of a smear than com-
plexes formed with other proteins analyzed, suggesting that
KREHT1 complexes are relatively less stable and causes them
to disassociate in the gel. In conclusion, these analyses demon-
strate that RESC14 is needed for incorporation of RESCS,
RESC6 and RESC2 into multiprotein complexes. Based on our
currently understanding of RESC composition and structure
(2,21), RESC6 and RESC2 are most likely joining the large
complex as components of GRBC. By contrast, RESC14 is dis-
pensable for the incorporation of REMC (RESC13,RESC12A
and RESC11A) and those non-RESC components tested, into
large complexes.

We next attempted to perform tandem affinity purification
of RESC protein-containing complexes to determine their pro-
tein compositions; however, the complexes were unstable and
disassociated prior to or during native PAGE analysis, render-
ing us unable to elucidate their precise protein compositions.
This further informs the idea that RESC is dynamic and not all
proteins are stably associated 72 vivo. Nevertheless, considera-
tion of RESC structures determined through cryo-EM, as well
as our general understanding of editing proteins’ functions, is
highly informative regarding the probable composition of the
large complexes observed by native gel analysis. When first
considering the RESC factor constituents of the large com-
plexes, we observe that for each RESC factor tested, except
for RESC2, the large 1050 to 1250 kDa complex is the most
abundant complex (Figure 3A, complex *). Thus, we specu-
late that this complex contains of RESC5-14, as these proteins
serve as the editing-competent form of RESC, here termed EC-
RESC (a.k.a. RESC-B (21)), which might be expected to be
the most abundant form of RESC. A small fraction of the
total RESC2 population also migrates at a similar size, and
RESC2 is not a component of EC-RESC. Thus, we envision
the 1050 to 1250 kDa RESC2-containing complex as an in-
termediate complex, termed here I-RESC (Figure 3A, complex
o), that forms following the joining of GRBC, REMC, and or-
ganizer proteins but before RESC1-4 dissociate. [-RESC then
likely makes a minor contribution to the signal between 1050
to 1250 kDa observed with the other RESC proteins as well
(Figure 3A, large complex denoted with both * and e). The
limitations of resolution of blue native PAGE, as well as the
contributions of both size and shape to complex mobility in
these gels, likely contribute to the inability to clearly distin-
guish EC-RESC from I-RESC containing complexes by size.
Thus, with regard to RESC composition, we hypothesize that
all the large 1050 to 1250 kDa complexes formed with each
RESC protein except for RESC2, contain primarily EC-RESC,
with a small fraction being I-RESC (Figure 3A, large complex
denoted with both * and e). For the RESC2 containing com-
plex, we envision it as only comprising I-RESC (Figure 3A,
complex o).

As aforementioned, when RESC14 is depleted, the abun-
dance and mobility of the large REMC protein complexes do
not change (Figure 3A). However, if we hypothesize that this
large complex comprises similar complexes for each RESC
factor tested, we would expect to see the 1050 to 1250
kDa complexes formed with REMC proteins decrease in
abundance upon RESC14 RNAI as observed with RESC14,
RESCS8, RESC6 and RESC2. The REMC proteins are com-
ponents of EC-RESC and I-RESC, but since a shift in the
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Figure 5. Large RESC complexes contain RNA. Blue native PAGE analysis of mitochondrial extract from cell lines containing Protein A-tagged editing
factors in the presence and absence of RNase treatment for RESC14-replete cells. (A) Blue native PAGE of MHT-tagged RESC14 and RESC8, and
PTP-tagged RESC6 and RESC2. (B) Blue native PAGE of MHT-tagged RESC11A, RESC12A and RESC13. (C) Blue native PAGE of MHTtagged KREPBS5,
KREH1 and KREH2. Complexes 1-3 in (A) likely represent the same RESC assembly or disassembly intermediates between RESC14, RESC8 and
RESCB6. The (¥, EC-RESC) and (e, I-RESC) complex components are described in Figure 3A. Note that the vertical positioning of the * and small e
symbols does not indicate their distinct sizes, but rather depicts that they are both components of the heterogenous large complex. The (¥) complex
components are described in Figure 6B. PAP was used in western blotting to detect the Protein A region of each tagged protein. The spaces between
gels in (A) and (B) indicate different exposures from the same gel, where the spaces between gels in (C) represent excised lanes from the same gels.
The left panel of KREPB5 in (C) is the same blot depicted in Figure 3B. Blots in (A) and (B) are representative of three biological replicates; blots in (C) are

representative of two biological replicates.

large complex formation is not observed, this suggests that
the 1050-1250 kDa complexes contain multiple additional
factors (Figure 3A, bottom), such that loss of the one GRBC
module upon RESC14 RNAIi only results in a small shift in
size that is not resolved well by blue native PAGE. Candi-
dates for additional factors include the association of multi-
ple REMC proteins on pre-edited portions of mRNAs, which
would be consistent with the association of REMC proteins
primarily with pre-edited mRNA by i1 vivo UV cross-linking
studies (21). We also observe no visible change in complex
formation for RECC, KREH2 and accessory factor, KREH1
containing complexes when RESC14 is knocked down (Fig-

ure 3B). As RECC runs at ~1100 kDa, in blue native PAGE
(41), the large complex visualized for KREPBS is most likely
RECC itself. By contrast, given their known associations with
RESC (2), it is likely that KREH2 and other editing accessory
factors, including KREH1, are components of the same large
complexes, or assembly of heterogeneous complexes, in which
the RESC proteins are found (Figure 3A, bottom). Overall,
the data in Figure 3 support a model in which complexes of
approximately 1050 to 1250 kDa contain a large portion of
EC-RESC and a small proportion of the I-RESC intermediate.
Additionally, a mix of multiple REMCs, KREH2, and editing
accessory factors including KREHT1 likely contribute to the
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large size of these complexes. In summary, Figure 3 demon-
strates the critical role of RESC14 in assembly of heteroge-
neous RESC-containing 1050-1250 kDa complexes.

RESC8 is not essential for incorporation of RESC6
and RESC14 into large complexes

As shown in Figure 3A, when RESC14 is depleted, RESC8 and
RESC6 are not efficiently incorporated into large complexes.
We next wanted to test whether RESC14 and RESC8 are mu-
tually necessary for large complex formation and whether
changes in RESC6-containing complexes are due to lack of
RESC14 and/or lack of RESCS. To answer these questions, we
generated cell lines containing tagged RESC14 and RESC6 in
the RESC8 RNAI background (24) (Supplemental Figures S3
and S4) and performed blue native PAGE analysis followed
by detection of complexes with the PAP reagent. We observe
that when RESCS is depleted, there is no change in RESC14
complex formation (Figure 4). In the case of RESC6, we ob-
served a reduction in the large 1050-1250 kDa complex when
RESC8 is depleted and a smear below the large complex,
suggesting destabilization, but not complete dissociation, of
the large complex upon RESC8 RNA.. (Figure 4). This pat-
tern is distinct from that observed upon RESC14 depletion,
where there clear decrease in large complex formation indi-
cated dissociation of RESC6-containing large complexes (Fig-
ure 3A). These experiments show that RESCS is dispensable
for RESC14 complex formation. Moreover, the absence of
RESCS8 only modestly affects RESC6 incorporation into the
large complex. Thus, the dramatic effects of RESC14 on com-
plex formation (Figure 3A) cannot be entirely attributed to
downstream effects on RESCS.

RESC14 is required for efficient association of
RESC8 and GRBC with a large RNA-containing
complex

To further assess the content of the large complexes described
above, we determined which complexes contain RNA by com-
paring their gel migration patterns in the presence and ab-
sence of RNase treatment. We harvested lysates of cells har-
boring the tagged RESC factors described above either in
the presence of RNA (lysate treated with RNase inhibitor)
or absence of RNA (lysate treated with an RNase cocktail).
These lysates were subjected to blue native PAGE analysis
followed by detection with the PAP reagent. When analyz-
ing the complexes containing RESC14, RESC8 and GRBC
(RESC6 and RESC2), we observed that all the large com-
plexes disappear, while smaller complexes accumulate after
RNase treatment (Figure 5A). Thus, large complexes formed
with RESC14, RESC8, RESC6 and RESC2 contain RNA (Fig-
ure 5A, complexes * and e). Under RNase-treated conditions,
RESC14, RESCS8 and RESC6 form three similar sized, smaller
complexes around 720, 600 and 450 kDa (Figure SA, com-
plexes 1-3), suggesting that these three proteins can be found
together in non-RNA containing complexes. We next ana-
lyzed complexes containing REMC components. Figure 5B
shows the effects of RNase treatment on complexes harbor-
ing tagged RESC13, RESC12A and RESC11A. In each case,
RNase treatment leads to disappearance of the large 1050-
1250 kDa complexes, while no clear smaller complexes ac-
cumulate, with the exception of RESC11A for which some
complexes of similar sizes to complexes 1-3 and smaller were
observed within the smear. As a control, we analyzed tagged
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RESC14 untreated or treated with RNase on the same gel and,
as expected, distinct smaller complexes 1-3 accumulated in
RNase-treated samples (Figure 5B). The pattern observed with
RNase-treated REMC proteins is unlike what was observed
for RESC14, RESC8 and GRBC (Figure 5A) and indicates
that, in general, the REMC proteins are unable to form sta-
ble complexes in the absence of RNA. We next analyzed how
RNase treatment impacts the formation of complexes con-
taining KREPBS, KREH1 and KREH2 (Figure 5C). Similar
to what we observed with the REMC proteins, RNase treat-
ment of KREH1 and KREH2 resulted in the disappearance
of the large 1050-1250 kDa complexes with little to no ac-
cumulation of smaller complexes. By contrast, the large com-
plex formed with RECC component, KREPBS, is still present
after RNase treatment (Figure 5C), consistent with this large
complex comprising solely RECC. The similar RNase sensi-
tivity of KREH1- and KREH2-containing complexes (Figure
5C) to those containing RESC factors (Figure 5B) further sup-
ports our model in which the large 1050-1250 kDa complexes
are heterogeneous and likely contain EC-RESC and mixtures
of multiple REMC modules, KREH2 and accessory factors
(with the exception of RESC2-containing complexes, which
comprise I-RESC) (Figure 3A, bottom). Together, the data pre-
sented in Figures 3 and 5 establish that RESC14 is needed for
efficient association of RESC8 and GRBC with a large, RNA-
containing complex.

Figure 5 shows that the large complex contains RNA; thus,
we speculate the large complex contains gRNA and mRNA
(Figure 3A, bottom). Since we do not know the editing ex-
tent of the mRNA in this complex, its relative size would
be ~1050-1250 kDa, with the low end representing a pre-
edited mRNA component and the high end representing a
fully edited mRNA component. The three similarly sized,
smaller complexes around 720, 600 and 450 kDa that con-
tain RESC14, RESC8 and RESC6 after RNase treatment likely
represent intermediates of RESC protein remodeling, possi-
bly during removal of a fully utilized gRNA (Figure SA, com-
plexes 1-3). Since RESC14, RESC8 and RESC6 are compo-
nents of complexes 1-3, these complexes may comprise or be
related to the previously described RESC-C (which contains
RESCS5-8, 10 and 14) determined through cryo-EM (21).

Having shown that the large 1050-1250 kDa complex con-
tains RNA, we next asked whether any smaller RESC com-
plexes contain RNA. As shown in Figures 3A and 5A with
the F symbol, in cells replete for both RESC14 and RNA,
tagged RESC8, RESC6, and RESC2 all consistently formed
a complex of between 720-750 kDa (sometimes appearing
as a doublet, referred to here as a single complex for sim-
plicity). Given that proteins run in native PAGE as a func-
tion of both size and shape, and tagging different proteins in
a complex might differentially alter complex mobility, these
720-750 kDa bands could represent the same or similar com-
plexes. When RESC14 is depleted by RNAI, the abundance
of this 720-750 kDa complex increases (Figure 3A). To bet-
ter define the 720-750 kDa complex, we first depleted cells
harboring tagged RESC8, RESC6 or RESC2 of RESC14 by
RNAI to increase the abundance of this complex (Figure 6).
Next, we subjected lysates from these cells either to an RNase
inhibitor or an RNase cocktail and monitored RESC protein
migration by blue native PAGE with the PAP reagent. When
treated with RNase, each of these complexes disappears, while
even smaller complexes accumulate (Figure 6A, complex f).
These findings, thus, suggest that RESC8, RESC6, and RESC2
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Table 1. RNA editing proteins identified from TurbolD with RESC6 and RESC8 and how RESC14 impacts their interactions
6-TurbolD minus 6-TurbolD plus 8-TurbolD minus 8-TurbolD plus Log2Ratio* Log2Ratio* pValt pValt
Gene Proteins Peptide Count Peptide Count Peptide Count Peptide Count 6-TurbolD Plus/ | 8-TurbolD Plus/ | 6-TurbolD Plus/ | 8-TurbolD Plus/

1 2 3 1 2 3 1 2 3 1 2 3 Minus Minus Minus Minus

Tb927.4.1500 KREH2 16 13 15 7 5 3 13 6 2 1 1 1 -1.567 -2.446 0.094 0.089
Tb927.6.1680 KH2F1 4 3 3 3 2 2 2 2 1 1 1 1 -0.765 -1.383 0.148 0.062
Tb927.11.1710 KMRP1 1 1 3 1 1 2 1 1 2 1 0.719 -0.040 0.131 0.804
Tb927.11.13280 KMRP2 4 2 1 -1.533 C.N.D. C.N.D. C.N.D
Tb927.3.1590 KRBP72 20 1 C.N.D. C.N.D. C.N.D. C.N.D.
Tb927.11.8870 KREH1 3 3 1 4 3 2 2 1 1 2 0.424 0.635 0.444 0.681
Tb927.11.7218 MERS2 3 2 3 4 2 5 2 3 2 2 1 1 0.721 -1.101 0.284 0.070
Tb927.7.3950 KRET1 7 4 3 7 4 5 1 1 2 2 1 1 0.117 -0.233 0.780 0.958
Tb927.8.8180 RESC11A 5 4 4 14 8 7 1 1 2 1.391 1.054 0.013 C.N.D
Tb927.4.4160 RESC12 3 3 2 5 3 4 1.005 N.B. 0.039 N.B.
Tb927.8.8170 RESC12A 7 9 5 16 7 9 2 1 1 1 1.095 0.739 0.110 N.B.
Tb927.10.10830 RESC13 1 2 1 1 2 1 2 1 0.020 -0.802 0.918 CN.D
Tb927.2.3800 RESC2 4 5 4 4 3 5 1 1 -0.048 1.059 0.789 C.N.D
Tb927.10.11870 RESC5 1 1 1 1 1 1 2 2 1 1 1 1 0.071 -1.719 0.712 0.101
Tb927.5.3010 RESC6 43 33 30 40 28 28 2 1 0.143 C.N.D. 0.535 C.N.D.
Tb927.10.10130 RESC8 35 31 27 44 31 30 N.B. -0.165 N.B. 0.541
Tb927.9.4360 KREL1 3 3 3 1 1 1 1 -1.322 -0.253 C.N.D. CN.D
Tb927.1.3030 KREL2 3 2 2 1 2 1 1 -0.634 C.N.D. 0.211 C.N.D
Tb927.1.1690 KREN1 10 5 7 3 2 1 5 7 3 4 1 1 -2.347 -1.719 0.020 0.048
Tb927.10.5320 KREN3 2 1 1 4 3 1 2 1 1 C.N.D. -1.422 C.N.D. 0.270
Tb927.2.2470 KREPA1 5 3 3 2 1 1 2 6 2 3 -2.251 -0.256 0.028 C.N.D
Tb927.10.8210 KREPA2 17 14 12 9 8 7 " 10 7 4 4 3 -1.095 -1.661 0.032 0.013
Tb927.9.5630 KREPB7 1 2 1 C.N.D. C.N.D. C.N.D. C.N.D
Tb927.8.5690 KREPB8 7 6 4 2 1 1 1 1 1 1 -2.422 -0.841 0.009 0.086
Tb927.9.4440 KREPB9 12 7 8 10 7 8 12 7 7 10 7 6 -0.237 -0.052 0.538 0.750
Tb927.7.1070 KREX1 2 2 1 1 C.N.D. C.N.D. C.N.D. C.N.D.

1 REH2C (green), other editing auxiliary factors (orange), the pyrophosphohydrolase complex (PPsome) (blue), the mitochondrial 3’ processome (MPsome) (purple),

RESC (red), and RECC (black)
+ Log2 Ratio = 1, shaded in red and < -1, shaded in green
1 Significance is p < 0.05, shaded in yellow
C.N.D: Cannot determine a value because missing all three replicates of one condition
N.B: No binding in plus or minus samples
Plus means addition of doxycycline and minus means without doxycycline

form a small complex with one another that does not con-
tain RESC14 but does include RNA. Based on the relatively
small size of the complex (GRBC plus RESCS8 is ~430 kDa)
and the presence of gRNA-stabilizing protein RESC2 (42,43),
we hypothesize that the RNA component of these small com-
plexes is gRNA. We note that a complex containing GRBC,
RESC8 and a gRNA would only be expected at ~460 kDa,
but the complex observed by blue native PAGE is ~720-750
kDa. This could mean that the size, shape or tag component
of the complex leading to slower migration than expected in
the native gel. Another likely explanation is that additional
RESC proteins that were not tagged and tested here, such as
RESC7,RESC9 and RESC10 are components of this complex.
We also note a previous report that REH2C may be associ-
ated with a similar complex (21), bringing the expected size
to ~790 kDa. We do observe a KREH2-containing complex of
~750 kDa by blue native PAGE (Figures 3B and 5C); however,
this complex does not increase in abundance after RESC14
RNAI, so this is not likely the 720-750 kDa complex under
analysis here. Overall, to this point, our data support a model
in which RESC14 recruits a smaller ribonucleoprotein com-
plex (RNP) containing RESC8, GRBC and a gRNA (Figure
6B, complex ) to a larger complex that contains RNA. We en-
vision that this recruitment ultimately leads to the formation
of EC-RESC associated with mRNA, gRNA, and additional
mRNA-associated factors as described above (Figures 3 and
5, complex *).

RESC14 is needed for stable RESC assembly and
RESC-RECC interactions

Experiments described to this point focus on distinct edit-
ing factors and their respective complex formation in cell
lysates. To both get a broader view of protein—protein inter-
actions modulated by RESC14 and to evaluate these interac-
tions in vivo, we turned to TurbolD proximity labeling fol-

lowed by mass spectrometry. We TurboID-tagged RESC6 and
RESCS at their endogenous loci in the RESC14 RNAIi back-
ground (Supplemental Figure S5) to gain insight into how
RESC14 impacts specific protein interactions with a GRBC
component (RESC6) and a RESC organizer (RESC8). Parental
strain 29-13 cells were used as a negative control. We iso-
lated biotinylated proteins from mitochondrial extracts us-
ing streptavidin beads followed by mass spectrometry anal-
ysis. We identified 791 proteins in at least one replicate from
all conditions, with 495 proteins enriched at least 2-fold with
RESC6 or RESC8, when normalized to parental 29-13 cells
(Supplemental Tables S6-8).

First, we asked which mitochondrial RNA editing and pro-
cessing proteins were in proximity to RESC6 and RESCS
and how their proximity changed after RESC14 depletion.
We identified 26 proteins within the RESC6-TurboID and
RESC8-TurbolD samples (Table 1). Of these 26 proteins, six
proteins exhibited significant proximity changes with RESC6
and two proteins with RESC8 after RESC14 depletion (Ta-
ble 1, pVal columns; yellow). RECC constituents KREN1,
KREPA1, KREPA2, and KREPBS decreased in proximity to
RESC6 (Table 1, Log, ratio columns; green), while KREN1
and KREPA?2 significantly decreased in proximity to RESC8
as well. A Log, ratio value could not be determined for
other RECC components, KREX1 and KREN3, in the RESC6-
TurboID samples, since no peptides were identified in any
replicate of the plus doxycycline (RESC14-depleted) sam-
ples. However, we observe peptides in all three replicates
of the minus doxycycline (control) samples, indicating that
the proximity of KREX1 and KREN3 to RESCé6 also de-
creased when RESC14 was depleted. These data indicate
that depletion of RESC14 and the subsequent RESC disso-
ciation negatively impacts RECC-RESC interactions. By con-
trast, biotin labeling of RESC11A and RESC12 (REMC pro-
teins) by RESC6-TurbolD increased when RESC14 was de-
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Figure 6. Identification of RESC assembly intermediates. (A) Blue native
PAGE analysis of cell lines expressing MHT-tagged RESC8, RESC6 and
RESC2 with RESC14 depleted in the presence and absence of RNase
treatment. (B) Depicted are the predicted protein/RNA components of
the (¥) complexes. PAP was used in western blotting to detect the
Protein A region of each tagged protein. The space between gels
represents different exposures from the same gel. Blots are
representative of three biological replicates.

pleted. Based on these data and native gel analysis in Fig-
ure 3A, we hypothesize that, without RESC14, GRBC un-
dergoes continuous interactions with mRNA-bound REMC
proteins but fails to maintain a stable association. Re-
peated transient GRBC-REMC interactions then lead to in-
creased biotinylation of RESC11A and RESC12 by RESCé-
TurbolD.

To identify other protein interactions controlled by
RESC14 outside of our expected RNA editing and process-
ing factors, we analyzed the proteins that had at least 2-
fold enrichment with either RESC6 or RESC8 compared to
parental 29-13 cells and exhibited a significant proximity
change after RESC14 depletion. We identified 13 proteins
with such properties (Table 2). Uncharacterized mitochondrial
proteins Tb927.3.4210, Tb927.10.9280 and Tb927.4.3070
were highly enriched with RESC6 and RESCS, but only their
interaction with RESC8 significantly changed after RESC14
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depletion (Table 2). Interestingly, these three proteins were
more enriched with RESC6 and RESCS8 than was any RNA
editing or processing protein (Table 1); thus, future studies in-
vestigating their functions could help reveal a potential role
in the editing process. Together, TurboID biotinylation results
demonstrate that RESC14 impacts numerous mitochondrial
protein—protein interactions either directly or through its im-
pact on proper RESC assembly. These data further support a
model in which RESC14 impacts EC-RESC assembly and, in
turn, EC-RESC assembly is needed for RESC-RECC associa-
tion.

RNA modulates RESC14 and RESCS8 interactions
with each other and other RESC proteins

RESC14 and RESCS8 are components of multiple RNPs (Fig-
ures 3-6) (21,24,25). We previously reported that association
of RESC14 and a subset of RESC proteins, including RESCS8,
is inhibited by RNA to varying degrees; however, these stud-
ies were performed with overexpressed RESC14 (25). To bet-
ter define the protein—protein and protein-RNA interactions
within RESC RNPs consisting of RESC14, RESC8, RESC6
and RESC10, we isolated RESC14 that was endogenously
MHT-tagged from lysates either treated with RNase cocktail
or RNase inhibitor and performed western blots using anti-
bodies against RESC8, RESC6 and RESC10. We reproduced
the previously reported RNA inhibition of RESC14 interac-
tions with RESC6 and RESCS, and we further showed that
the RESC14-RESC10 interaction is also RNA-inhibited (Fig-
ure 7A and C). Since we are interested in understanding how
RESC14 and RESC8 functions depend on each other during
RESC dynamics, we next wanted to identify how RNA im-
pacts RESC8’s interaction with these same RESC components.
To do so, we performed an affinity purification with our en-
dogenously MHT-tagged RESCS cells in the presence and ab-
sence of RNase treatment. As expected, the RESC8-RESC14
interaction detected in this manner is RNA-inhibited (Figure
7B and D). Moreover, RESC6 and RESC10 also had RNA-
inhibited interactions with RESCS, as these interactions in-
crease with RNase treatment (Figure 7B and D). The similarity
between RESC14 and RESCS regarding RNA-dependent and
RNA-inhibited interactions further supports their cooperative
effect on RESC dynamics.

Discussion

RESC is a dynamic complex, composed of multiple modules
and organizer proteins, that serves as the scaffold for U-indel
RNA editing (15,22-25). It is responsible for coordinating in-
teractions between the gRNAs, mRNAs and RECCs (2). A re-
cent study using cryo-EM identified three RESC protein/RNA
complexes whose compositions confirm that RESC’s function
in editing requires multiple rearrangements (21), but how this
remodeling from complex to complex is facilitated during
editing progression and gRNA exchange is not known. In this
study, we further characterize the functions of RESC organizer
proteins, RESC14 and RESCS, in facilitating RESC dynamics.
Previous studies showed that depleting either of these proteins
leads to the disassociation of the REMC and GRBC modules
of RESC, but no loss in integrity of either subcomplex (24,25).
gRNA and mRNA interactions with RESC proteins were also
disrupted with RESC14 and RESC8 RNA, albeit in different
ways (24,25). Here, we combine HTS and bioinformatic anal-
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Table 2. Non-editing proteins that significantly change in proximity to RESC6 and RESC8 after RESC14 depletion
6-TurbolD 8-TurbolD
Minus Peptide | 6-TurbolD Plus | Minus Peptide | 8-TurbolD Plus | Log2Ratio* Log2Ratio* pVvalt pvalt
Gene Proteins Count Peptide Count Count Peptide Count | 6-TurbolD Plus/ | 8-TurbolD Plus/ | 6-TurbolID Plus/ | 8-TurbolD Plus/
Minus Minus Minus Minus
1 2 3/1 2 3,1 2 3|1 2 3

Tb927.3.4210 hypothetical protein, conserved 3118 |16 | 18 | 12 |12 |33 | 26 |17 |13 | 7 | 5 -0.776 -2.295 0.119 0.037
Tb927.10.9280 protein, conserved 22 |13 |14 |18 |12 |14 | 9 | 9 | 8 | 6 | 3 |3 -0.391 -1.594 0.086 0.015
Tb927.4.3070 protein, conserved 6|1 | 8 | 11| 9|5 15|14 |8 |6 | 4]|6 -0.851 -1.723 0.228 0.022
Tb927.5.2550 protein, conserved 1 1 1 2 2 2 2.700 N.B. 0.007 N.B.
Tb927.10.10300 protein, conserved 10112 2 | 2 2 1)1 1.504 0.195 0.005 0.867
Tb927.5.920 rhodanese-like domain containing protein, putative 5| 4| 4|43 |2 |4|3|2]|2 2 -1.012 -0.644 0.043 0.152
Tb927.6.4030 superoxide putative 3| 4| 4] 4|4 |43 2 1)1 0.276 -1.524 0.079 0.025
Tb927.11.5050 fumarate hydratase, class | 1 1022 1|2 1.467 C.N.D. 0.012 CN.D.
Tb927.7.2390 TAC102 6 | 7|5 3|4 ,3|1]|4 -1.397 C.N.D. 0.047 CN.D.
Tb927.3.5240 KRIPPS 4| 4|48 |7 |7 |4|3|5|3|2]3 1.246 -0.504 0.002 0.342
Tb927.8.5280 ms34 101 3|32 ]4]3 4123 1.007 -0.319 0.003 0.410
Tb927.7.4550 mL7/L12 22211111 ]1]1]1 -1.468 -0.055 0.003 0.991
Tb927.8.4650 protein, conserved 443 1)1 1 -1.704 C.N.D. 0.028 C.N.D.

1 Uncharacterized mitochondrial proteins (green), mitochondrial enzymes (orange
and uncharacterized cytoplasmic protein (red)

+ Log2 Ratio > 1, shaded in red and < -1, shaded in green

1 Significance is p < 0.05, shaded in yellow

C.N.D: Cannot determine a value because missing all three replicates of one condition

N.B: No binding in plus or minus samples

Plus means addition of doxycycline and minus means without doxycycline
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Figure 7. RESC14 and RESC8 interact more strongly with each other and with other RESC factors in the absence of RNA. Endogenously tagged
RESC14-MHT (A) or RESC8-MHT (B) were affinity purified from cell extracts that were either RNase inhibited or RNase treated. Tagged proteins were
pulled down using IgG beads and eluted off the beads using TEV protease cleavage. Input samples and TEV elutions were subjected to western analysis
using antibodies to myc (to detect the pulled down protein) and other editing proteins. Arrows indicate the change in protein association with RNase
treatment. (C) Is a quantification of (A), and (D) is a quantification of (B). These are representative blots of three biological replicates.

ysis with blue native PAGE analysis of RESC subcomplexes
and TurboID based proteomics to develop a model of RESC
dynamics, and the roles of RESC14 and RESCS in this process
(Figure 8).

In Step 1 (Figure 8), we envision that RESCS8 associates with
GRBC and gRNA, while RESC14 associates with REMC pro-
teins on the mRNA. Using native PAGE, we identified small
RNA-containing complexes of approximately 720-750 kDa,
for RESC8, RESC6, and RESC2, that do not contain RESC14,

as they accumulate upon RESC14 knockdown (Figures 3A,
5A and 6A, complex 1). As these complexes migrate at a simi-
lar size between RESC8, RESC6 and RESC2, we envision that
they are same, or similar, to each other. Due to the presence of
the gRNA stabilizing protein, RESC2 (42,43), and the small
size of the complex, a gRNA component seems likely. In sup-
port of this, cryo-EM also identified a structure containing
GRBC proteins and gRNA (a.k.a. RESC-A) (21). The absence
of RESC8 in this cryo-EM complex suggests that the RESCS-
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Figure 8. Working model for RESC14 and RESC8 function. See text for detailed description. Black arrows denote protein movement. Blue arrow
denotes RNA movement. The red portion of the mRNA is fully edited, where the navy portion is pre-edited. Light blue ends of the mRNA designate the

neveredited regions. AF, editing accessory factors.

GRBC association is transient, and occurs just prior to assem-
bly of GRBC into a larger complex. Since RESC14 is necessary
for RESC8, RESC6 and RESC2 to assemble into large com-
plexes (Figure 3A), we hypothesize that RESC14 is positioned
on a larger complex, poised for association with RESC8. Sup-
porting this model, RESC8 is not necessary for RESC14 to
associate with a large complex.

Native PAGE shows that all tested RESC proteins are found
in large RNA containing complexes between 1050 to 1250
kDa (Figures 3A and 5A). We speculate that this large com-
plex forms when RESC8 and RESC14 are properly positioned
with GRBC/gRNA and REMC/mRNA, respectively. Subse-
quently, GRBC and REMC associate, likely through the di-
rect RESC8/RESC14 interaction that is observed by cryo-EM
(21) (Figure 8, Step 1 to Step 2). Previous studies showed that
GRBC and REMC are separate modules that interact in an
RNA-dependent manner (15,22), and RESC14 is important
for productive GRBC-REMC interactions (25), together sup-
porting the model that these modules start out separate and
are brought together via mRNA. Two lines of evidence re-
ported here indicate that in the absence of either RESC14 or
RESCS8, GRBC and REMC attempt to interact, but the result-
ing complex is unstable. First, we observed by native PAGE
that in RESC8 knockdowns, RESC6 struggles to form a large
complex and instead forms a smear (Figure 4). Moreover, Tur-
bolD studies showed that in the absence of RESC14, interac-
tions between RESC6-TurbolD and REMC proteins, RESC12
and RESC11A, actually increase (Table 1). We interpret these
data to mean that when RESC14 is depleted, the putative
small GRBC/RESC8/gRNA complex consistently tries, but
fails, to join REMC on the mRNA, causing more frequent
RESC6-REMC interactions and resulting in increased biotiny-
lation of RESC12 and RESC11A. HTS/bioinformatic analysis
of editing intermediates supports an overlapping function for
RESC8 and RESC14 during RNA editing (Figures 1 and 2),
namely their possible shared roles in assembling GRBC and
REMC into the editing competent complex, EC-RESC (Figure
8, Step 1 to Step 2). Both RESC8 and RESC14 knockdowns
lead to numerous EPSs across pan-edited mRNAs and a dra-
matic increase in mRNAs lacking junctions, highlighting their
functions in the 3’ to 5" progression of both canonical and
non-canonical editing. These data establish the critical impor-

tance of RESC8/RESC14’s facilitation of large RESC complex
assembly, ultimately resulting in the formation of EC-RESC.

Initially, we envision that the entirety of GRBC (RESC1-
6) will join REMC, forming I-RESC. This allows for the de-
livery of the gRNA to the mRNA. This intermediate com-
plex may change quickly, since it was not identified by
cryo-EM (21). Moreover, we find that a large complex con-
taining tagged-RESC2 comprises a small percentage of to-
tal RESC2 (Figure 3A and SA, complex o). After RESC14
helps bring the putative GRBC/RESC8/gRNA complex to
REMC and the mRNA we hypothesize that, rather quickly,
RESC1-4 leave the large complex and RESC10 enters, form-
ing the editing-competent version of RESC, EC-RESC (Fig-
ure 8, Step 2). A rearrangement entailing RESC1-4 dissocia-
tion is consistent with a stable structure comprised of RESCS5-
14, gRNA and mRNA (RESC-B) that was identified by cryo-
EM (21). As RESC10 is important for the interaction of
RESCS5/6 (23), it is likely that this protein joins to stabilize this
protein interaction. Since tagged RESC10 is non-functional
(23), we could not perform experiments to analyze RESC10-
containing complexes. RESC10 may be a component of the
predicted GRBC/RESC8/gRNA small complex, or join EC-
RESC during or just after RESC1-4 dissociation. It is unlikely
that RESC10 would be positioned initially with the REMCs,
because RESC10 is the only RESC factor that exhibits mini-
mal interaction with RESC13 (23). As each RESC factor tested
by native PAGE, other than RESC2, forms the large 1050
to 1250 kDa complex abundantly, we hypothesize that the
large complex contains EC-RESC, along with an mRNA and
gRNA, plus additional proteins described below.

Within the heterogenous 1050-1250 complex, in addition
to EC-RESC, we also speculate that there may be multiple
REMC modules assembled on an mRNA (Figure 8). In this
study, we tagged and followed REMC proteins RESC11A,
RESC12A and RESC13, and thus we only indicate these spe-
cific proteins in our model (Figure 8). We note, however,
that RESC9 has also been described as a REMC component
(15), and that cryo-EM structures could be consistent with
RESC?7 being associated with REMC as well (21); the roles
of RESC9 and RESC7 in RESC dynamics await future exper-
iments. Native PAGE shows that when RESC14 is depleted,
there is no apparent change in the mobility or abundance
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of large complexes formed with the REMC proteins tested
(Figure 3A). Given that the 1050-1250 kDa RESCS8, RESC6
and RESC2-containing complexes are reduced or absent in
RESC14-depleted cells, we might also expect to see REMC
protein-containing large complexes reorganize into smaller
complexes on the native gel upon RESC14 depletion, as we
hypothesize that the large RESC complexes visualized are sim-
ilar to each other (Figure 3A). One explanation for the lack
of such a shift is that there are multiple REMC modules in
this complex, so that when one GRBC module is absent af-
ter RESC14 depletion, there is little to no apparent change
in the size of the large complex, given the combined size of
multiple REMCs/mRNA and the resolution of the native gel.
We speculate that these multiple REMC modules are posi-
tioned upstream of active editing, on the 5" pre-edited region
of the mRNA (Figure 8). HTS/TREAT analysis of mRNAs in
RESC13 RNAI cells revealed an increase in abnormally large
junctions on multiple transcripts (Figures 2C, S1C and S2C)
(11,32). Additionally, we previously reported that knockdown
of either of the REMC proteins, RESC13 or RESC12/12A,
leads to disjoined editing on RPS12 mRNA in which patches
of edited sequence are observed far 5’ of the region being ac-
tively editing (11). Thus, when REMC proteins are depleted,
some editing action is permitted further 5’ than expected. This
finding indicates that REMC is important for constraining the
region of active editing, which it may do through its position-
ing at multiple points on the pre-edited mRNA, 5’ of the ac-
tive editing region (Figure 8) (11,32). In vivo UV cross-linking
analysis demonstrated that RESC13 and RESC12/12A dis-
play a strong preference for pre-edited mRNA over fully
edited mRNA (21), again supporting a model in which multi-
ple REMC modules are positioned on the 5" pre-edited mRNA
region. In addition to multiple REMCs being constituents of
the heterogeneous, large complex, we speculate that KREH2
and editing accessory factors (2), including KREHT1, are also
components of the 1050-1250 kDa complex. Native PAGE
analysis shows that both KREH2 and KREH1 form a large
complex that contains RNA, and this complex is unaffected
after RESC14 depletion (Figures 3B and 5C). Because KREH2
and KREH1 exhibit a phenotype similar to that of the REMC
proteins, we posit that these factors are positioned with the
multiple REMC modules on the RNA, thus contributing to
the heterogeneous large complex (Figure 8).

Once EC-RESC is formed and properly positioned on the
mRNA, this presumably permits the RECCs to associate and
catalyze U-indel editing (Figure 8, step 3). The gRNA-mRNA
duplex is fed through RESC, protruding from RESCS5/6,
which allows the RECCs to bind the RNA and catalyze U in-
sertion and deletion (Figure 8, step 3, blue arrow) (21). Tur-
bolD studies reported here show that RESC14 is important
for allowing the RECCs to come in close proximity to RESC6
and RESC8 (Table 1). Thus, when RESC14 is not present, the
RESC/mRNA is not in a permissive conformation for pro-
ductive RECC association. This non-permissive conformation
could be due to the initial improper joining of REMC and
GRBC, or the disassembly of an unstable RESC complex lack-
ing RESC14. Impairment of the RECC-RESC association in
RESC14-depleted cells is consistent with bioinformatic analy-
sis showing that RESC14 is needed for editing progression in
general, whether for canonical editing or junction formation
(Figures 1, 2A, S1A and S2A).

After the RECCs have generated a fully edited sequence
throughout the length of a gRNA-directed block, it is likely
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that RESC disassembles and leaves the mRNA. This disas-
sembly would be needed for recruitment of a new GRBC
(RESC1-6)/gRNA complex. We envision that RESCS, RESCé,
RESC14, RESC10, RESCS dissociate from the mRNA along
with the previously utilized gRNA (Figure 8, step 4). Con-
sistent with such a disassembly intermediate, cryo-EM stud-
ies identified a complex containing RESC5-8, RESC10 and
RESC14 (a.k.a. RESC-C) (21) and gRNA. We showed that
RESC14 and RESC8 have RNA-inhibited interactions with
each other, as well as RESC6 and RESC10 (Figure 7) (25).
Thus, the protein components of this dissociated complex
may interact more strongly with one another either after rear-
rangement or degradation of the gRNA. It is likely that the
gRNA component of this complex is destined for destruc-
tion since a previous report showed that gRNAs are degraded
after their use (15). Editing then continues with the subse-
quent gRNA, positioned within a GRBC module, recruited
to the next REMC module already positioned on the mRNA
through the combined actions of RESC14 and RESCS (Figure
8, step 4).

The dynamic nature of RESC assembly is reminiscent of
other facets of RNA biology such as pre-mRNA splicing. Dur-
ing spliceosome assembly, dynamic rearrangements allow for
quality control and modulation of alternative splicing (44).
Analogous functions can be envisioned during U-indel edit-
ing, where correct mRNA-gRNA pairing and positioning of
RNA for productive RECC association must occur hundreds
of times for complete editing of a single pan-edited mRNA. In
addition, alternative editing of some transcripts has also been
proposed and is likely to be regulated (45,46). Thus, check-
points during RESC assembly may monitor and impact these
aspects of the editing process. KREH2 interaction could be
important during these steps, as this helicase has been im-
plicated in both proofreading (19) and control of alternative
editing (46). That RESC8 plays a critical role in RESC dy-
namics, as shown here, is likely related to its being comprised
entirely of helical repeats that resemble ARM or HEAT re-
peats. Both ARM and HEAT containing proteins have been
shown to organize protein complexes, while some bind RNA
(47,48). Moreover, HEAT domain containing proteins have
structural plasticity that allows them to bind to multiple in-
teraction partners, and undergo cargo-induced conformation
changes (49,50). For example, ARM repeat containing pro-
tein B-catenin is an important organizer for the wnt path-
way through its ability to bind multiple proteins at distinct
times during the pathway (51). HEAT repeat-containing splic-
ing factor SF3b1535 is thought to permit conformational re-
arrangements of the SF3b complex during the splicing cycle
(52). The reported mechanistic functions of ARM/HEAT re-
peat containing proteins support our proposed protein com-
plex interactions that were not identified by cryo-EM and
whose structures may appear to clash with published cryo-
EM RESC structures (i.e. the GRBC/RESC8 small complex
and I-RESC) (21). Cryo-EM provides informative snapshots
of distinct RESC complexes; however, it does not inform the
nature of transitions such as how GRBC (RESC-A) becomes
EC-RESC (RESC-B). The structural plasticity of ARM/HEAT
repeat protein, RESCS, likely plays a role in rearranging the
spatial conformations of RESC factors, allowing for alterna-
tive interaction profiles not observed by cryo-EM. The known
functions of ARM/HEAT repeats are consistent with a role for
RESCS in facilitating complex rearrangements leading to the
stable interaction between GRBC/gRNA and REMC/RNA.
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Dynamic complex assembly is also advantageous in that it can
allow regulation by intrinsic or extrinsic factors (44). Post-
translational modifications of RESC8 and/or RESC14 could
impact the timing of RESC assembly and allow regulatory fac-
tors or other complexes such as those involved in RNA degra-
dation to associate. Interestingly, RESCS is reportedly arginine
methylated (53), although the role of this modification in edit-
ing awaits study.

Overall, our data are consistent with a model in which
RESC14 and RESCS are critical to the formation and stabil-
ity of the editing-competent RESC form, allowing for proper
RECC association and editing progression. Numerous ques-
tions remain, for example, the specific roles of those poten-
tial REMC proteins not examined here (RESC7, RESC9), as
well as the composition of REMC modules on the pre-edited
mRNA. We previously showed that some REMC proteins
vary greatly in their abundances, suggesting that REMC mod-
ules may not all be equivalent (11). Moreover, the crystal
structure of RESC13 indicates that this protein forms a dimer
(54) which, although not evident in cryo-EM RESC structures
(21), could be the form of the protein on pre-edited mRNA
prior to GRBC/REMC association. Finally, we identified by
TurboID three hypothetical proteins associating with RESC6
and RESCS iz vivo, and whose association with RESCS is
RESC14-dependent. Future studies on the roles of these pro-
teins in U-indel editing or mitochondrial RNA processing will
be of great interest.
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