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ABSTRACT

The gRNA directed U-insertion and deletion editing of mitochondrial mRNAs that is essential in different life-cycle stages
for the protozoan parasite Trypanosoma brucei is performed by three similar multiprotein catalytic complexes (CCs) that
contain the requisite enzymes. These CCs also contain a common set of eight proteins that have no apparent direct cata-
lytic function, including six that have an OB-fold domain. We show here that one of these OB-fold proteins, KREPA3 (A3),
has structural homology to other editing proteins, is essential for editing, and is multifunctional. We investigated A3 func-
tion by analyzing the effects of single amino acid loss of function mutations, most of which were identified by screening
bloodstream form (BF) parasites for loss of growth following random mutagenesis. Mutations in the zinc fingers (ZFs),
an intrinsically disordered region (IDR), and several within or near the carboxy-terminal OB-fold domain variably impacted
CC structural integrity and editing. Some mutations resulted in almost complete loss of CCs and its proteins and editing,
whereas others retained CCs but had aberrant editing. All but a mutation which is near the OB-fold affected growth and
editing in BF but not procyclic form (PF) parasites. These data indicate thatmultiple positionswithin A3 have essential func-
tions that contribute to the structural integrity of CCs, the precision of editing and the developmental differences in ed-
iting between BF and PF stages.
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INTRODUCTION

Mitochondrial mRNAs in Trypanosoma brucei, the causal
agent of Human African Trypanosomiasis (aka sleeping
sickness), the related T. cruzi and Leishmania spp. patho-
gens, and other kinetoplastids undergo post-transcription-
almaturation byRNAediting (Readet al. 2016). The editing
generatesmature functionalmRNAs from transcripts by the
insertion and deletion of U-nucleotides as specified by
small guide RNAs (gRNAs) (Koslowsky et al. 1990; Pollard
et al. 1990; Riley et al. 1994). Some mRNAs undergo quite
limited editing, for example, the insertion of four or 34Us in
COII andCYbmRNAs, respectively,whereaseditingessen-
tially recodes the sequences of other mRNAs by exten-
sive U-insertion/deletion for example, of +447/−28 and
+547/−41 Us, respectively, in mRNAs for ATPase 6 and
COIII oxidation-phosphorylation complex proteins and

+132/−28 in RPS12 mitoribosomal protein mRNA (Benne
et al. 1986; Feagin et al. 1987; Feagin et al. 1988; Bhat
et al. 1990; Read et al. 1992). In addition, the editing of sev-
eral transcripts differs between the life-cycle stages of
T. brucei in parallel with its metabolic and developmental
differences. Edited cytochrome subunit mRNAs are abun-
dant in the insectmidgut stageprocyclic form (PF) parasites
which generate energy via oxidative phosphorylation,
whereas these edited mRNAs are dramatically reduced in
the mammalian bloodstream form (BF) parasites that pro-
duce energy via glycolysis (Panigrahi et al. 2008). Thus,
this differential editing adapts this pathogen to the dispa-
rate environments of the midgut of its tsetse fly vector ver-
sus the mammalian bloodstream (Feagin et al. 1987). The
mechanisms responsible for this developmental difference
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are unknown but do not appear to be due to differential
gRNAabundances (Koslowskyet al. 1992; Rileyet al. 1995).

RNA editing is catalyzed by three similar multiprotein
catalytic complexes (CCs) that have different editing site
(ES) specificities (Carnes et al. 2017). Each round of editing
is initiated by cleavage of an ES by an endonuclease. Fol-
lowing cleavage, Us are either inserted by a terminal uri-
dylyl transferase (TUTase) (Ernst et al. 2003; Deng et al.
2005) or removed by a U-specific 3′–5′ exonuclease
(ExoUase) (Ernst et al. 2009; Carnes et al. 2012). Lastly,
the ES is religated by an RNA ligase (McManus et al.
2001; Schnaufer et al. 2001; Stuart et al. 2002; Palazzo
et al. 2003). Each CC contains a common set of 12 proteins
including TUTase, ExoUase, and RNA ligase enzymes, as
well as eight proteins (KREPB4, KREPB5, and KREPA1–6)
that have no apparent catalytic function (Aphasizheva
et al. 2020). Mutually exclusive pairs of endonucleases
(KREN1–3 [N1–3]) and partner proteins (KREPB6–8 [B6–
8]) functionally delineate each of the three CCs, one of
which also contains an additional ExoUase (Schnaufer
et al. 2003; Worthey et al. 2003; Carnes et al. 2017).
KREPA3 (A3) is one of the noncatalytic proteins that is com-
mon to all threeCCs. It contains twoC2H2 zinc fingermotifs
(ZFs), a carboxy-terminal OB-foldmotif, several intrinsically
disordered regions (IDRs) but no other motifs that are relat-
ed to known protein domains or predicted structures (Pan-
igrahi et al. 2001; Schnaufer et al. 2010).

A3 is essential for cell growth and functions in RNA edit-
ing inbothBFandPF life-cycle stagesashasbeen shownby
the loss of parasite viability and RNA editing upon A3 ex-
pression knockdown by RNAi or in conditional null (CN)
cell lines (Guo et al. 2008, 2010; Law et al. 2008;
McDermott et al. 2015b). Loss of A3 expression also affects
CC structural integrity, albeit to a greater extent in BFs than
in PFs, as shown by the retention of CCs in PF but not BFA3
CN cells (Brecht et al. 2005; Guo et al. 2008; McDermott
et al. 2015b).Mutationanalyses showed that the amino-ter-
minal ZF (NTZF) and the more carboxy-terminal ZF (CTZF)
domains are both required for parasite viability and RNA
editing in BFs, whereas the latter ZF is not required in PF
(Guo et al. 2008, 2010; McDermott et al. 2015b). Thus,
the twoA3ZFs impactCC structure and function somewhat
differently between these two life-cycle stages.

The carboxy-terminal region of A3 contains a prominent
OB-fold domain with a β-barrel comprised of five strands
(β1–β5). Like other OB-fold proteins, β1 and β2, β2 and β3,
and β4 and β5 are connected by loops L12, L23, and L45,
respectively, while strands β3 and β4 are connected by an
α-helix, C34 (Theobald et al. 2003; Horvath 2011). The re-
gion adjacent to the amino-terminal strand of the OB-fold
is distinct from the corresponding region of the OB-folds
of the other five CC proteins (A1,2, 4–6) (Park and Hol
2012). Previous studies have described the structure of
the A3 OB-fold and its proximity to other proteins in the
CC complex (Schnaufer et al. 2010; Park and Hol 2012;

McDermott et al. 2016). Yeast two-hybrid and cross-link-
ing-MS studies have shown that the A3 OB-fold interacts
with KREPB5 (B5), another noncatalytic CC protein and is
proximal to several other proteins in CCs, including the
N1 deletion endonuclease (Schnaufer et al. 2010; McDer-
mott et al. 2016), N2 insertion endonuclease and the five
other OB-fold containing proteins (Schnaufer et al. 2010;
McDermott et al. 2016). Previous studies have shown that
the OB-fold can interact with RNA in vitro and has RNA
chaperone activity (Brecht et al. 2005; Voigt et al. 2018).
Structuredetermination of recombinant A3 andA6 co-crys-
tals identified interactions between A3 and A6 OB-folds
within the crystal lattice (Park and Hol 2012; Park et al.
2012b). Thus, the A3 OB-fold likely plays a structural role
in CCs via its interactions with other CC proteins, including
close interactions with A1–A6 as shown by cross-linking
studies (Schnauferet al. 2010;McDermott et al. 2016; Voigt
et al. 2018). However, the specific functional roles of A3 in
vivo inCCstructureandeditingandhow theymaydiffer be-
tween BF and PF stages are unknown (Schnaufer et al.
2002; McDermott et al. 2015b).

We report here the identification of multiple single ami-
no acid (saa) mutations that result in loss of function (LOF)
in BFs and in one case in PFs. Most of these substitutions
mapped to the two ZFs, an IDR in a region with no predict-
ed structure, or adjacent to the OB-fold. Exclusive expres-
sion of some of these mutant alleles resulted in loss of all
three CCs and editing in BFs but not in PFs, except in
one case where CCs and editing were reduced but not
eliminated in PFs. Other mutations had lesser effects on
CCstructure andalteredbut did not eliminateRNAediting,
and some of these mutations had differential effects on
CCs and editing that were generally more impactful in
BFs than in PFs. These results indicate that A3 interacts
with multiple proteins in the three CCs and contributes to
their structural organization and integrity, and that various
A3 domains identified by these mutations have specific
functions among the numerous events that occur during
editing. These functions likely occur via specific molecular
interactions that may differ among the three CCs which
possess different ES specificities. The differential effects
of the mutations between BF and PF cells imply that
some of these A3 domains function differently between
these stages despite the indistinguishable protein compo-
sitions of CCs (Carnes et al. 2011).

RESULTS

Mutations that affect growth of BFs are in multiple
protein domains

To elucidate the role of A3 in editing, we tested 634 BF CN
cell lines that had been cloned in wells by dilution after
transfection with a library that contained ∼10,000 unique
full length randomly mutated A3 alleles. We identified
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136wells with growth defects by replica plating in the pres-
ence or absence of tet as previously described
(Supplemental Table S1; McDermott et al. 2015a). PCR
and sequencing ofA3 from59wells that had strong growth
defects identified 14 mutations of interest from sequences
that (i) had a single amino acid substitution, the same sub-
stitution inmultiple clones that hadmultiplemutations, or a
substitution that likely would have a functional conse-
quence based on structural analyses, and (ii) which repro-
duced the growth defect upon exclusive expression in
cells in which themutation was independently reconstruct-
ed by site-directed mutagenesis (Fig. 1A; Supplemental
Fig. S1). Three single substitutions (Q299H, L262P, and
T315A) did not reproduce the growth defects upon recon-
struction and thus these residues are not critical for A3 func-
tion in BFs. These may have either originated from wells in

which the screened cells were not clonal (Q299H) or not be
the mutation responsible for the growth defect in clones
withmultiple substitutions (L262PandT315A). Thenumber
(14) of confirmed single amino acid substitutions that affect
A3 function is similar to that identified in B5 (9), B6 (12), B7
(10), andB8 (9) by similarmethods (McDermott et al. 2015a;
Carnes et al. 2022).We also constructed cell lines with dou-
ble amino acid substitutions in the more amino- and car-
boxy-terminal ZFs (NTZF and CTZF) with an amino-
terminal V5 tag for comparison with previous constructs
carrying the same mutations but with different epitope
tags (Supplemental Table S2; Guo et al. 2008, 2010).
The confirmedLOFmutations localized to the twoZFdo-

mains and to various positions near or within the OB-fold
(Fig. 1A). They were mapped to the partial A3 structure
that had been determined by X-ray crystallography and a

A

B C

FIGURE 1. Loss of function mutations in A3 and their effects on growth. (A) Locations of single and double (bracketed) amino acid substitutions
that resulted in loss of growth in BF T. brucei when exclusively expressed. Substitutions are mapped against a sequence alignment of three
Trypanosoma species. Sequences were obtained from TriTrypDB and analyzed using Geneious (see Materials and Methods for gene IDs).
MUSCLE alignment was highlighted using the Blosum 62 matrix, threshold 1. Black indicates amino acid similarity in all three species, and
gray indicates similarity in two out of the three. The locations of the NTZF and CTZF (yellow); the OB-fold (blue) and the regions adjacent to these
(green) are indicated as are three IDRs (tan). (B) Location of the substitutions in a composite A3 structure of a high confidence AlphaFold structural
prediction (veb8-A) and crystal structure of the OB-fold (PDBID: 4DNI, Park and Hol 2012). Single amino acid substitutions are in orange and dou-
ble C→A substitutions are in magenta. (C ) Effect on growth after A3 repression (CN) or of exclusive expression of A3 (i.e., −tet) with substitutions
in or near the ZFs (left) or in or near the OB-fold (right) over 6 d in BFs and 12 d PFs (see Materials and Methods for details). “eWT” indicates
exclusive expression of the V5-WT allele from the tubulin locus under −tet conditions. Heat maps shown represent one biological replicate.
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full-lengthA3 structure thatwas predicted usingAlphaFold
(Fig. 1B; Park and Hol 2012; Jumper et al. 2021). The dou-
blemutations in the ZFsmap to regions that are adjacent to
ahelix that is in eachZF, the single substitutionsmap to sim-
ilar positionswithin these small helices in eachZF,which ex-
cept for L66S are likely to impact coordination of one or
both Zn2+ ions coordinated by C2H2 ZF domains similar
to the two double mutations. The region adjacent to the
NTZF has predicted β-strands that contain many charged
lysine and glutamate residues. The features of these ZF do-
mains imply that they participate in RNA and/or protein in-
teractions. The other single mutations mapped to a region
adjacent to the amino-terminal side of the OB-fold which
includes one of the predicted IDR inter-domains and a
small helical region and to multiple positions within the
highly structured OB-fold (Fig. 1B). The single and double
mutations in the ZFs had substantial impacts on growth of
the BFs (Fig. 1C); the single ZF mutations were not tested
in PFs, but double mutations in the NTZF but not the
CTZF substantially inhibit growth in PFs (McDermott et al.
2015b). Themutations thatmapped to the region that is ad-
jacent to or in the first strandof theOB-fold (V282G,C288Y,
and N290K) or the nearby disordered region (L270R) that
was previously predicted (Park and Hol 2012) also had sub-
stantial impacts on growth (Fig. 1C). The mutations that
mapped to the core of the OB-fold β-barrel structure or in
or near loops L12 and L45 (F305L, F307S, V311F, Q349P,
H377Y, and P379T) had lesser effects on growth. All muta-
tions throughout the OB-fold and the nearby region, ex-
cept C288Y and C53A/C56A mutations in the NTZF,
resulted in growth defects in BFs but not in PFs, indicating
that these domains may function in the differential editing
that occurs between these life-cycle stages (Fig. 1C;
McDermott et al. 2015b).

Mutations of A3 affect CC abundance and integrity

Blue Native (BN) or SDS-PAGE and western analysis of ly-
sates from the reconstructed A3mutant BF and PF cell lines
with LOF mutations of A3 revealed various effects on CC
structural integrity and abundance of CCs and their proteins
(Fig. 2). The ∼1 MDa complexes, four CC proteins and
tagged A3 protein were evident in cells that exclusively ex-
press WT A3 (eWT) from the tubulin locus using mAbs for
A1, A2, A3, and KREL1 (L1) CC proteins, the V5 tag on A3
andmtHSP70 thatwasusedas a loadingcontrol. Theparen-
tal CN cells, which do not have the tagged A3 allele, lacked
CCs and the four CC proteins when A3 expression from the
rDNA locus was repressed (−tet). This shows both the strin-
gent loss of A3 protein during exclusive expression, that is,
−tet, and that A3 is required for the presence of CCs and
these CC proteins. A3 consistently runs with a slightly small-
er apparent size in the L270Rmutant in bothBFand PF cells.
Genomic DNA sequencing confirmed that the L270R allele
is full length, indicating that the mutation itself alters its ap-

parent size, perhapsdue to anadded charge fromArg.Con-
versely, A3 has a slightly larger apparent size in CTZF single
H199Y and H204Y and double C183A/C186A mutants in
BFs, perhaps due to disruption of Zn2+ ion coordination.
We cannot exclude the possibility that these differences
may be due to other processes such as post-translational
modifications (PTMs). V5-tagged A3 mutants were present
in similar cellular amounts, except in C288Y in which there
was CC loss. The A3 mutant proteins detected with the V5
mAb were ∼50 kDa in size, as expected, whereas the mu-
tants detected with the A3 mAb were ∼42 kDa in size. This
size difference is consistent with the amino-terminal V5 tag
being cleaved off upon import into the mitochondrion,
whichwouldbeconsistentwithanunidentifiedmitochondri-
al targeting sequence (MTS) cleavage site within A3. A3 de-
tected with the A3mAb appeared more variable in amount
which correlated with the abundance of CCs and the other
three CC proteins.

The abundance and integrityof CCs and the fourCCpro-
teins (A1, A2, A3, and L1) differed between the variousmu-
tant cell lines (Fig. 2). The ∼1 MDa CCs and the four CC
proteins are abundant in all BF cell lines containing muta-
tions in the ZFs, but a smear below the ∼1 MDa band sug-
gests some impact onCC structural integrity, which ismore
apparent with mutations in the NTZF with parallel effects
on the levels of the four CC proteins assayed. Mutations
that are in or near the OB-fold had various effects on the
CCs and their proteins (Fig. 2). The V282G, C288Y, and
N290K mutants, and to a lesser extent the F305L mutant,
had lostmost of the∼1MDaCCs and the four CC proteins.
There were somewhat lower CC and protein losses in the
F307S and P379T mutants. However, these mutants also
contained an ∼800 kDa complex that was also prevalent
in V311F and P379Tmutants, reminiscent of previously ob-
served subcomplexes (Carnes et al. 2022). There was a
general correlation between CC abundance and severity
of growth defect for BF cell lines with mutations in or near
the OB-fold, as cell lines with fewer intact CCs had greater
growth defects (Figs. 1, 2). This was not the case for the ZF
or disordered region (L270R) mutants, which have abundant
∼1 MDa CCs but substantial growth defects (Figs. 1, 2).

Together, these data suggest that although the ZFs are
important for CC integrity in BFs, they likely play additional
functional roles, for example, RNA binding that contrib-
utes to the substantial growth defects associated with their
mutation. Mutations in or near the OB-fold were also test-
ed in PFs, for which only C288Y has any notable impact on
the CCs (Fig. 2). In these cells, a smeared band can be ob-
served on the BN-PAGE gel with sizes ranging from ∼800
kDa to 1MDa, indicating CC fragmentation (Fig. 2). V282G
and N290K, which have normal growth in PFs, have CCs
that might also be fragmented, although the extent of
fragmentation is less than in C288Y (Fig. 2). Previous stud-
ies have shown that the CTZF is not necessary for growth or
CC integrity in PFs, but the NTZF is required for PF growth
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(McDermott et al. 2015b). Together, these results suggest
that different parts of A3, including the OB-fold, disor-
dered region, and at least one ZF, contribute differently
to CC structure between life-cycle stages.
The effects on CCs which were retained in the BF L66S,

L270R, V311F, H377Y, and P379T mutants were examined
in more detail by glycerol gradient fractionation. Fractions
were analyzed by BN-PAGE and SDS-PAGE followed by
western blotting (Fig. 3). The CCs from eWT, L66S,
L270R, and H377Y sedimented with a peak at ∼20S (frac-
tions 13–17) as detected by mAbs for four CC proteins
(Fig. 3A,B). The blots were also probed with a mAb for
RESC1, acomponentof theRNAediting substrate complex
(SC)withwhichCCs functionally interact (Aphasizheva et al.
2014), and with a mAb for HSP70 as a loading control (Fig.
3B). The mutations resulted in various reductions in the
amounts of CCs per cell, as shown by western analyses of
lysates prepared using equivalent cell numbers. Mutations
in the NTZF (L66S) and the IDR (L270R) cause minimal, if
any, loss of CCs, whereas mutations in strands β5 (H377Y

and P379T) and β2 (V311F) of the
OB-fold had greater CC loss but all re-
tained some ∼20S CCs. The V311F
and P379T mutants had visible ∼800
kDa bands in fractions 9–11 in the
BN-PAGE westerns and preferential
loss of the A1 CC protein in the SDS-
PAGE blots. In addition, the bulk of
the complexes in these mutants are
shifted to lower S value regions of
the gradient where the preferential
loss of A1 and A2 is evident in the di-
rect comparisons (Fig. 3C). These re-
sults are consistent with the loss of
the∼186 kDaA1-containing heterotri-
meric insertion subcomplex and re-
tention of an ∼800 kDa subcomplex
comprised of the L1-containing heter-
otrimeric deletion subcomplex and
other CC proteins (Carnes et al.
2022). ThedetectionofA3at lowSval-
ue regions of the gradient with anti-V5
antibody but not anti-A3 antibody
likely is due to a combination of the ef-
fects of the greater sensitivity of the V5
antibody and of the amino-terminal
V5 tag which may have affected
incorporation into CCs, and/or MTS
processing and transit into the mito-
chondrion. Some tagged A3 might
also be unincorporated due to its pos-
sible relative overexpression. The mu-
tations had no appreciable effect on
the abundance or distribution of the
RESC1 component that binds gRNAs

(Weng et al. 2008; Hashimi et al. 2009; Aphasizheva et al.
2020) and functionally interacts with CCs (Aphasizheva
et al. 2020). Overall, these results illustrate the role of A3
in the structural organization of CCs, and the disruption
caused by the V311F mutation signifies the importance of
a hydrophobic pocket in A3 that includes V311 (Park and
Hol 2012) for CC structural integrity.

Effects of A3 mutations on RNA editing

The effects of selected BF and PF A3 mutations on RNA
editing in vivo were assessed by high-throughput RT-
qPCR using the Fluidigm BioMark system (McDermott
et al. 2015b). The abundances of amplicons from pre-edit-
ed, edited, and never-edited mitochondrial mRNAs in BF
and PF cells that were exclusively expressingWT or mutant
A3 alleles were assayed prior to the effect on cell growth
relative to those in the corresponding cells in which the
tet-regulatable WT A3 allele was expressed (Fig. 4A;
Supplemental Table S2). The abundances of most edited

FIGURE 2. Effects of A3 mutations on catalytic complexes. Western analyses of blots analyz-
ing cleared cell lysates after either 48 h (BF) or 96 h (PF) of exclusive expression of either mu-
tated, wild-type, or no A3 (CN) using BN-PAGE (upper panel) and denaturing PAGE (lower
panels). The BN-PAGE blots were probed with a mAb for A2 which is present in all CCs; the
denaturing PAGE blots were probed with a mAb mixture for four CC proteins or mAbs for
the V5 tag on A3, or the HSP70 loading control. Note the greater effect on the CCs in BF (up-
per) versus the PF (lower). Western blots shown represent at least two biological replicates.
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transcripts were reduced upon exclusive expression of mu-
tant relative toWTA3 in BFs. The lack of detectable edited
CYb mRNA in BFs or 3′ domain edited ND7 mRNA in PFs
reflects their known developmental regulation (Schnaufer
et al. 2002; McDermott et al. 2015a). The reductions in
edited transcript levels in BF mutant samples generally
correlated with the severity of growth defect and CC abun-
dance, for example, V282G, C288Y, or N290K mutations
had the greatest decreases in editing. An exception to
this is that the L270R mutation did not impact CC abun-
dance in BFs but had a substantial reduction in edited
mRNAs and a moderate growth defect (Fig. 4 compared
with Figs. 1 and 2). Strikingly, the effects of these muta-
tions on the abundances of the edited PCR products dif-
fered between BF and PF life-cycle stages and mirrored
the impacts on growth and CC abundance. Only one
OB-fold mutation (C288Y) impacted edited mRNA levels
in PFs, which is consistent with the growth defect caused
by this substitution in PFs (Fig. 4A). Thus, A3 functions dif-
ferently in editing between the life-cycle stages.

These qPCR analyses provide an overview of targeted
pre-edited and edited mRNA amplicon abundances but
do not measure partial or anomalous editing resulting
from the mutations. We therefore generated profiles of
all these RNAs from BF and PF cells by performing RT-

PCR using primers that anneal to the mRNA 5′ and 3′ ter-
minal regions of the mRNAs that do not get edited, result-
ing in amplification of all products regardless of howmuch
editing occurred. We analyzed ATPase 6 (A6), RPS12, and
MURF2 mRNAs which are edited in both life-cycle stages
and used never-edited ND4 mRNA as a control (Fig. 4B).
We resolved the resultant products on an agarose gel to
visualize the editing products associated with each exclu-
sive expression cell line (Fig. 4B). Because edited mRNAs
contain more insertion sites than deletion sites, larger
products result from more editing, and thus more editing
occurred in cell lines with larger products. The A3 CN
cell line in both the presence and absence of tet was in-
cluded as a control. The different mutations resulted in dis-
tinct RT-PCR product profiles (Fig. 4B). In BFs, the single
L66S, H69R, H199Y, and H204Ymutations in the helical re-
gions of either ZF and the double C183A/C186A mutation
in the CTZF resulted in A6 profiles that were distinct from
the conditional null in the presence or absence of tet,
which suggests that some editing occurred but was likely
anomalous or incomplete, similar to what has been previ-
ously described for double mutation in the ZFs (Guo et al.
2010). A similar result was observed for RPS12 except the
single mutants had more pre-edited size product in com-
parison to the CN +tet. The double C53A/C56A mutation

A

B C

FIGURE 3. Glycerol gradient analysis of the effects of A3 mutations on catalytic complexes. Western analysis of 10%–30% glycerol gradient frac-
tions from lysates of the indicated cell lines probedwith indicatedmAbs as in Figure 2. The gradients shown represent two biological replicates for
eWT and P379T and one biological replicate for L270R, L66S, V311F, andH377Y. (A) Blots of BN-PAGE of input cleared lysates (CLs) and gradient
fractions. (B) SDS-PAGE followed by western blotting of input CL and of glycerol gradient fractions probed as in A. The P379T∗ blot used super-
signal ECL and was exposed longer. (C ) Selected gradient fractions for direct comparisons among eWT, V311F, and P379T.

Davidge et al.

1596 RNA (2023) Vol. 29, No. 10



A

B

FIGURE 4. Impacts of A3 mutations on RNA editing. (A) qPCR measurements of pre-edited and edited mRNAs as indicted in samples from BF
and PF cells grown in the presence or absence of tet for 48 and 96 h, respectively. The levels of RNAs were normalized to the TERT control.
Relative abundances of mRNAs (−tet vs. +tet) were then determined for each sample, transformed by log10, and represented by a heat map.
The measurements are representative of up to three biological replicates with two technical replicates for each; see Materials and Methods
for details. (B) Gel profiles of RT-PCR products with pre-edited (Pre) and fully edited (Ed.) sizes as indicted are from cells grown for 48 h (BF)
or 96 h (BF with an MGA allele or PF) following tet removal. Only minus tet samples are shown unless indicated otherwise. (Box) Selected PF
cell lines that represent different regions of the OB-fold; most mutations do not result in growth defects in PF. The profiles shown represent
two biological replicates for the CN-background cell lines and one replicate for the MGA cell lines.
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of the NTZF alone or together with the double mutation of
the CTZF resulted in greater amounts of pre-edited sized
product, which is indicative of reduced editing. These re-
sults and those with the double mutation in the NTZF
and/or CTZF in BF and PF CN cells that exclusively express
a carboxy-terminal TAP-tagged (BF) or untagged (PF) A3
reinforce the role for the A3 ZFs in editing (Guo et al.
2008, 2010; McDermott et al. 2015b).

Mutations in or near the OB-fold had more variable ef-
fects on editing which were parallel to their effects on
CC structure. The V282G, C288Y, andN290K substitutions
which resulted in substantial loss of CCs and their proteins
(Fig. 2) had predominant RT-PCR products consistent with
pre-edited mRNAs or short partially edited products (Fig.
4B). The F305L mutant that had reduced, but not eliminat-
ed CC abundance had larger RT-PCR products consistent
with partially edited sizes. Similar partially edited products
were also observed with F307S, V311F, Q349P, H377Y,
and P379T mutants that broadly retained CC proteins.
Interestingly, the L270R mutant that retained CCs had a
similar A6 RT-PCR profile to that of these five other mu-
tants but had a unique, prominent RPS12 product that
was slightly larger than the pre-edited size (Fig. 4B).

Analysis of the effects of a subset of the OB-fold muta-
tions on editing in PFs by gel analysis of the RT-PCR prod-
ucts of the A6, RPS12, and MURF2 mRNA showed more
products that are larger than pre-edited than in BFs which
reflect the presence of CCs in PFs. The sizes of the RNAs
are similar to those in the eWT with the exception of the
C288Y mutants where smaller products are seen (Fig. 4B).
Thus, mutations in the OB-fold that were assayed in PFs re-
sulted in different effects onediting than in BFs and indicat-
ed functional differences of the A3OB-fold between these
developmental stages.

We transfected amutant gamma ATP synthase (MGA) al-
lele into theBFA3CNcell line and then reproducedsomeof
themutant cell linesandeWT toenable the survival andcon-
tinuousgrowthofBFs in theabsenceofRNAediting (Fig. 4B;
Supplemental Fig. S2; Dean et al. 2013; Carnes et al. 2017,
2023). This allowed us to assess possible incomplete devel-
opment of the effects of the mutations or secondary effects
of the mutations, for example, physiological consequences
due to loss of products encodedbyeditedmRNAs.Because
the MGA cells can survive without RNA editing, we were
able to assessediting in these cell lines 96h after tet removal
instead of the 48 h used for the CN cells. This resulted in a
shift to a greater proportion of products with sizes at or
near that of pre-edited mRNA (Fig. 4B). This was especially
evident for the V282G and C288Y mutations that lack most
CCmaterial (Fig. 2; Supplemental Fig. S2) and with the lon-
ger A6 and RPS12 mRNAs. The other mutations had prod-
ucts that were larger than pre-edited but generally smaller
than the largest product in wild-type. The L270R mutant re-
tained ample ∼1 MDa CCs but the RT-PCR product ap-
peared slightly longer than pre-edited (Fig. 2). Overall,

these results suggest that editing occurred in mutants that
retainedCCsalbeit insufficient in amountoraccuracy to sup-
port growth.

To determine the characteristics of the RT-PCR products,
we sequenced multiple RPS12 PCR products that range in
size from ∼221 bp (pre-edited) to 325 bp (fully edited) that
we cloned from cell lines that retained various proportions
of ∼1 MDa and ∼800 kDa CCs following 48 h of growth in
the absence of tet. As shown in the diagram (Fig. 5), these
sequences indicated that editing had occurred in all four
cell lines, although it was incomplete compared to fully ed-
ited RNA. However, a two-tailed t-test indicates that in the
L270R mutant the extent of editing (defined as number of
sites with any editing, that is, the number of Us do notmatch
pre-edited RPS12) is significantly less compared toWT (Fig.
5; Supplemental Fig. S3; Supplemental Table S3). Addition-
ally, the proportion of fully edited insertion ESs were re-
duced and the proportions of deletion ESs that were not
fully edited and of editing in nonedited ESs were increased,
an effect that seemed tomanifest near ES 25, which is within
the region spanned by either gRPS12 (288–302) or gRPS12
(269–308) (Fig. 5; Supplemental Fig. S3; Kirby et al. 2016). A
previous studyof RPS12 sequences fromcell lineswith com-
ponents of the RNA-binding SC knockeddownobserved al-
tered editing in this region of the transcript; however, the
sequenceswe showhere differ from those in the other study
(Dubey et al. 2021). In the F307S and P379Tmutants the ex-
tent of editingwasgreater than in L270R, andnot statistically
different than theWT (Supplemental Fig. S3; Supplemental
Table S3). These results show that these mutants perform
editing but do so with reduced accuracy and/or efficiency
that is insufficient for cell viability.

Structural comparisons and functional context
of the effects of A3 mutations

A Dali search (Holm 2022) for T. brucei structural homologs
of A3 identified the A1, A2, and A4–6 OB-fold containing
CC proteins as expected (z-scores of 14.7, 12.6, 10.6, 13.7,
13.4, respectively). It also identified Tb927.9.4810 MPSS5
(z-score 10.0) and Tb927.6.2190MPSS6 (z-score 11.1) com-
ponents of the MPsome complex that has TUTase and exo-
nuclease activities and gRNA processing functions
(Aphasizheva et al. 2020), and Tb927.10.8220 (z-score
11.1) an uncharacterized protein that has been observed in
isolations via KRET1, DSS1, and MPSS2 pull-downs and
whose gene is adjacent to A2 (Fig. 6A; Penschow et al.
2004; Aphasizheva and Aphasizhev 2016; Suematsu et al.
2016; Aphasizheva et al. 2020). All these proteins have pre-
dicted OB-folds similar to A3, with amino acids that align
with those identified as critical for A3 function (Supplemen-
tal Tables S4, S5; Supplemental Fig. S4). Additionally,
MPSS5 has a C2H2 ZF similar to A3, while MPSS5 and
MPSS6 have predicted helical domains and regions with
no predicted structures that may contain IDRs, all features
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that imply functional interactions with RNA and/or protein
(Fig. 6A). In the structural overlays, a Val is present in eight
of the nine OB-folds at the position that is equivalent to
V311 in A3, and a Pro is present in seven out of the nine at
the position that is equivalent to P379 indicating their func-
tional importance in these OB-folds (Supplemental Table
S5; Supplemental Fig. S4). A summary of findings showing

relationships between CC structure and RNA editing is
shown in Figure 7.

DISCUSSION

We show here thatmultiple functional domains of A3 are es-
sential for structural integrity and accurate functioning of the

FIGURE 5. Impacts of A3 mutations in BF cell lines on cloned RPS12 sequences. A summary of the editing of cloned and sequenced RPS12
mRNAs (Supplemental Fig. S3) is summarized by the bar graph that shows the percent of the type of editing at each ES classified as (I-Ed.) fully
edited insertion ES (yellow), (I-Part. Ed.) partially edited insertion ES (orange), (D-Ed.) fully edited deletion ES (light blue), (D-Part. Ed.) partially
edited deletion ES (dark blue), (N-Part. Ed.) partially edited ES that is not edited in fully edited mRNA (dark gray). ESs where no editing was ob-
served (light gray) and ESs impacted by a non-U mismatch (medium gray) are shown. Each type of editing event is shown as a percent of the total
for each sample in the pie chart inserts. The colors of the small circles beneath each bar indicate the type of editing at each ES in fully edited
mRNA. The approximate locations of gRNAs that can specify the edited sequences are shown by black bars (Kirby et al. 2016) and ES 25 is
indicated.
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CCs that perform U-insertion and deletion editing. Multiple
single amino acid (saa)-LOFmutations were identified in the
two ZFs, carboxy-terminal OB-fold, adjacent region do-
mains and in a nearby IDR. Saa-LOF mutations that disrupt
CC integrity show that A3 is critical to CC structure (Figs.
2–5), and previous structural studies indicate that its interac-
tion with A6 may be especially important for this (Fig. 7A;
Park andHol 2012; Park et al. 2012b). These results comple-
ment our previous results of A3 cross-linking to seven other
CC proteins (summarized in Fig. 7; Supplemental Fig. S5;
Supplemental TableS6;McDermott etal. 2016). Thecharac-
teristics of theOB-fold and the results ofmutations which al-
ter but do not eliminate editing suggest interactions
between A3 and substrate RNA. These may normally be as-
sociated with the accuracy and/or efficiency of editing, per-
haps by affecting one ormore of itsmany steps. The greater
effects of A3 mutations on CC structure and editing in BFs
than PFsmirror other studies which show that CCs are inher-
ently different between life-cycle stages despite containing
the same inventory of proteins (Carnes et al. 2011, 2022;
McDermott et al. 2015b). Our identification of structural ho-
mologs of A3 (Fig. 6; Supplemental Fig. S4; Supplemental
Tables S4, S5)mayhelp illuminate the rolesof theseproteins
that have functions associated with RNA.

Multiple domains of A3 are critical for the structure
and functions of the three different CCs

Eachdomain of A3 contributes to its overall function as is ev-
ident from the diverse effects of the mutations which range
from the alteration but not loss of editing to the complete
loss of CCs, their proteins and editing (summarized in Fig.
7). The C2H2 ZFs contribute to CC structural organization

via their interactions with other CC proteins as shown by
the effects of their mutation on CC integrity, that is, less
than ∼1 MDa CCmaterial and reduced amounts of A1 pro-
tein (Fig. 2), and the cross-linking of the ZFs with A2 and B5
(Schnaufer et al. 2010; McDermott et al. 2016). The greater
effect of mutations of the NTZF than the CTZF on CC struc-
ture suggests that this ZF and its adjacent fold participate in
the protein interactions perhaps including proteins other
than those found by cross-linking. That mutations of the
ZFs alter but do not eliminate editing (Fig. 4) implies that
they may also interact with RNA, perhaps transiently. The
greatest impacts of ZF mutations that result from substitu-
tions of the four C residues that coordinate the Zn2+ in
both ZFs (Fig. 4) indicates that the A3 ZFs contribute to the
network of functional protein and perhaps RNA interactions
within CCs.

The A3OB-fold contributes to CC structure and function
via a variety of interactions with other CC proteins. Themu-
tational analyses complement our previous cross-linking
results which showed that the A3 OB-fold interacts with
N1 and N2 in CC1 and CC2, respectively, and with A1,
A6, and B5 that are in all CCs (Fig. 7; Supplemental Fig.
S5; Supplemental Table S6; McDermott et al. 2016).
They extend understanding of the OB-fold interactions
with A1 and A6 as V311F and P379T mutations resulted
in loss of A1, and likely T2 and L2, other parts of the heter-
otrimeric insertion subcomplex (Schnaufer et al. 2003), and
reduced CC abundance. The V311 residue that is present
in most of the nine analyzed editing OB-fold proteins
(Supplemental Fig. S4; Supplemental Table S5; Park and
Hol 2012) contributes to a proposed hydrophobic pocket
on the surface of A3 (Park and Hol 2012) which may have
been disrupted by the substitution to a bulky Phe suggest-
ing that it participates in protein–protein interactions (Fig.
3). Most substitutions in or near β1 strand of the OB-fold
(residues 282–305), part of which maps to the structural in-
terface with A6 (Fig. 7; Park and Hol 2012; Park et al.
2012b), result in the absence of all CCs and their proteins
(Figs. 2, 3) indicating that the interaction between the A3
OB-fold and A6 is critical for CC structure. Thus, our results
and those of others (Schnaufer et al. 2010; Park and Hol
2012; Park et al. 2012b; McDermott et al. 2016) indicate
that the OB-fold contributes to a network of protein–pro-
tein interactions within the CCs.

A3 contains three predicted IDR regions (Park and Hol
2012), but only the L270R mutation which is near an IDR
was obtained in our random mutagenesis screen (Figs. 1,
7). This may be because the mutagenesis was not exten-
sive or due to the practical limitation on the number of
cell lines characterized. The substantial impact of the
L270R mutation on editing without an overall impact on
CC structure suggests that it may have affected protein
or RNA interactions and/or conformations within the CCs
which are critical for editing. This implies that the other
IDRs in A3 also have important functions in editing,

FIGURE 6. Structural similarities between A3 and other OB-fold pro-
teins: AlphaFold predicted structures of A3, the predicted product
from Tb927.10.8220, MPSS5, and MPSS6 showing the higher- (blue)
and lower- (orange) -confidence (pLDDT<70) structures. OB-folds
and the ZFs are noted.
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perhaps by interacting with proteins or with RNA as sug-
gested by the characteristics of these protein sequences
which have been shown in other proteins to facilitate inter-
actions with RNA (Zaharias et al. 2021; Zeke et al. 2022;
Luo et al. 2023). The IDRs may provide the CCs with flexi-
bility to accommodate many diverse substrate sequences
and conformational changes during editing, like what has
been shown for flexible regions in mammalian LIN28A
(Nam et al. 2011; Wang et al. 2017).

RNA interactions and effects on editing

Previous results have shown that recombinant A3 can bind
RNA (Brecht et al. 2005; Voigt et al. 2018) as can the OB-
folds of A1–6 (Voigt et al. 2018). The characteristics of the
A3OB-foldhave structural similarities to theOB-folds ofoth-
er proteins that bind RNA or DNA via a combination of base
stacking and electrostatic interactions involving planar and
charged amino acids (Theobald et al. 2003; Horvath 2011;
Wang et al. 2017). Notably, previous mutational analysis of
the related OB-fold of A1 showed that the basic charges
of three Arg residues facilitate interactions between A1

and RNA in vitro (Park et al. 2012a). A3 has conserved Arg
residues (R336 and R363) at two of these three positions
that could also interact with RNA (Supplemental Fig. S4A).
The location of these residues near the groove formed by
L12 and L45, which contains many planar residues including
F305, F307, and H377, suggests that the OB-fold of A3
binds RNA via both planar and charged interactions.
That several A3 OB-fold mutations caused lesser effects

on CC structure but resulted in anomalous editing (Figs.
1–5) suggests that some of these mutations might have af-
fected interactions between A3 and RNA. Given the inter-
action between A3 and A6, two or more OB-folds may
cooperatively bind RNA, possibly via a mechanism analo-
gous to SSB tetramer binding ssDNA (Antony et al.
2012). The available information does not indicate which
strand of RNA may interact with each OB-fold, but an at-
tractive possibility is that one binds mRNA while another
binds gRNA. Alternatively, the OB-folds might work to-
gether to resolve secondary structures in the mRNA as
has been previously suggested (Voigt et al. 2018). The ed-
iting substrate may also interact with other domains of A3
including its ZFs and IDRs, both of which have been

A

C

B

FIGURE 7. Summary of A3 protein characteristics, interactions, and effects of mutations. (A) Location of OB-fold domains and residues with pla-
nar side chains of the A3 OB-fold (blue) in complex with A6 (tan). (B) Location of cross-linked Lys residues (orange) in the predicted AlphaFold
model of A3 (McDermott et al. 2016) showing the OB-fold (blue), ZFs (yellow) and ZF, and OB-fold adjacent regions (teal). (C ) Summary diagram
showing cross-links of A3 Lys residues with other CC proteins, domain locations, and effects of themutations on cell line growth, CCs, and editing.
Heat map indicates increasing strength of observed defects in CC abundance, association, and editing of A6, RPS12, and MURF2, as increasing
intensity of blue shades (see legend).
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implicated in RNA binding in other systems (Tompa and
Csermely 2004; Dyson 2012; Corley et al. 2020; Zaharias
et al. 2021; Luo et al. 2023).

Developmental differences in editing

Differences in phenotypes resulting from the same substitu-
tions inBFversusPF indicate thatA3 functionsdifferentlybe-
tween the life-cycle stages (Figs. 3–6). There are several
nonmutually exclusive possibilities that may explain the dif-
ferent BF versus PF phenotypes: (i) A3 may undergo PTMs
that are life-cycle stage specific, (ii) A3 may interact with ac-
cessory factors that are present or function in editing in spe-
cific life-cycle stages, and (iii) there may be conformational
differences in BF versus PFCCs, that result in different A3 in-
teractions with other CC proteins in BF versus PF. Any of
these possibilities may also be influenced by factors such
as temperature, which differs between the life-cycle stages
and may impact RNA modification pathways (McDermott
etal. 2015b;Chikneetal. 2016;Rajanetal. 2019).The results
reported heremirror our previous results that show that CCs
appear physically and functionally different between life-cy-
cle stages despite having the same set of proteins (Carnes
et al. 2011, 2022; Guo et al. 2012; McDermott et al.
2015a,b; McDermott and Stuart 2017). The stabilities of
CCs and CC proteins are more sensitive in BF relative to
PF to most mutations or loss of CC proteins andmost muta-
tions of B5–B8 have greater effects on CC stability in BFs
than PFs (Fig. 2; Carnes et al. 2011, 2022; Guo et al. 2012;
McDermott et al. 2015a,b; McDermott and Stuart 2017).
This implies that domain interactions may have lower affini-
ties in BFs than PFs. Nevertheless, some mutations of CC
proteins have the reciprocal life-cycle stage specific effects,
that is, detrimental in PF but not BF. These include the
H233Amutation in the RAMmotif of B5 that resulted in dis-
ruption of CCs and editing, and multiple mutations identi-
fied by deep mutational scanning of the RNase III domain
of B4 (SMMcDermott and KD Stuart, unpubl.). The mecha-
nisms underlying the differential editing are unknown
(Schnaufer et al. 2002; McDermott et al. 2015b), but they
likely involve interactions within CCs and between CCs,
SCs and accessory factors (Aphasizheva et al. 2020; Carnes
et al. 2023) that impact substrate specificities and kinetic
characteristics of the multiple editing steps.

The proximity of A3 to other proteins within the CCs
(McDermott et al. 2016) and the impact of mutations to A3
on CC integrity and RNA editing suggests that A3 functions
in the structural organization and intramolecular positioning
of proteins and substrate RNAwithin the three different CCs
during editing. A3may interact differently in CC1, CC2, and
CC3 and affect ES binding and cleavage by their different
endonucleaseswhich initiates theeditingof eachESanddif-
ferentially affect the post-cleavage steps in editing. The im-
pacts of single aminoacid substitutionsnear theA3 interface
withA6 (V282G,C288Y, andN290K)onCC integrity anded-

iting show that this region is critical to CC stability (Fig. 7A;
Wu et al. 2011; Park and Hol 2012; Park et al. 2012b). Muta-
tions of A3 might affect its interactions with RNA and other
complexes, but further detailed analyses will be necessary
to elucidate the specific effects of these mutations on each
of the threedistinctCCsandonother componentsof theed-
iting machinery, for example, SCs. The structural homology
between A3 and other proteins involved with mt RNA pro-
cessing for example, MPsome proteins (Fig. 6; Supplemen-
tal Fig. S4; Supplemental Tables S4, S5) suggests that they
have some similar functional characteristics which may aid
elucidating their specific functions. Variants of the ZF, IDR,
and OB-fold domains of A3 function in a wide range of crit-
ical processes that entail protein and nucleic acid interac-
tions which span DNA replication, repair and telomere
maintenance as well as transcription, tRNA and microRNA
processing, translation, and others (Allison et al. 1998; Bre-
vet et al. 2003; Theobald et al. 2003; Horvath 2011; Nam
et al. 2011; Kapps et al. 2016; Wang et al. 2017; Amir et al.
2018; Gao et al. 2018). Results from this study may contrib-
ute the understanding of the roles of these domains in RNA
editing and other processes.

MATERIALS AND METHODS

Preparation of pHD1344tub(PAC)-Nterm3V5-A3
and library construction

The A3 coding sequence minus the 20-codon predicted MTS
(MitoFates) (Fukasawa et al. 2015) was amplified from the
pHD1344-A3-myc plasmid (Guo et al. 2010) using primers that
added AttB sites (Supplemental Table S2). The resulting PCR
product was first transferred into pDONR-221 via a BP clonase II
reaction and then via an LR clonase II reaction into pHD1344tub
(PAC)-Nterm3V5, which provides an exogenous dihydrolipoyl de-
hydrogenase LipDH MTS (Carnes et al. 2018). BF and PF A3 CN
cells were transfected with pHD1344tub(PAC)-Nterm3V5-A3
and grown without tet to confirm expression and functional sup-
port of growth (Fig. 1). A mutagenized A3 library was produced
and screened as previously described (Gray et al. 2007; McDer-
mott et al. 2015a). Briefly, the A3 sequence specifying amino ac-
ids 21–393 was amplified from pHD1344tub(PAC)-Nterm3V5-A3
by error prone PCR, using the GeneMorphII Random Mutagene-
sis kit (Agilent, Cat #200523) and primers that add AttB sites (Sup-
plemental Table S2) from 1.4 µg of plasmid which had been
determined to provide an optimal mutation rate. The mutated li-
brary was cloned into the pENTR-Express donor vector via aGate-
way BP Clonase II reaction (Thermo Fisher), transformed into
Escherichia coli and plated on LB-agar containing 1 mM IPTG
and 40 µg/mL kanamycin to eliminate frameshift and truncation
mutants. The A3 stop codon that would interfere with the Kana-
mycin screening was eliminated during PCR amplification prior
to library preparation.

The equivalent of ∼10,000 Kanamycin-resistant clones were
transferred into pHD1433tub(PAC)-Nterm3V5 via a Gateway LR
Clonase II reaction resulting in the pHD1344tub(PAC)-
Nterm3V5-A3 mutagenesis library. The Gateway cloning of the
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mutated A3 sequence lacking a stop codon into pHD1344tub
(PAC)-Nterm3V5-A3 resulted in an additional nine amino acids
at the carboxyl terminus of A3 that are absent in exclusively ex-
pressedWTA3 used in the A3CNeWT cell line. The nine residues
are present in the eWT allele used in the A3 CN+MGA eWT cell
line. To assess the nature of the mutated A3 cloned library, 48 li-
brary clones were sequenced with primers 9571 and 11,512, from
which we estimate that 48.9% of the clones in the library have one
or two amino acid changes, 25.5% have three or more changes,
and the remaining 25.6% have no changes.

Library screening

Themutated library was screened as previously described (McDer-
mott et al. 2015a). The pHD1344tub(PAC)-Nterm3V5-A3 library
was linearized with Not1, transfected into 1.5×108 BF A3 CN cells
(Guo et al. 2008), selected with 0.1 µg/mL puromycin, and the cells
were maintained in HMI-9 with penicillin–streptomycin, 10% FBS,
and 5 ng/mL tetracycline, which is theminimumamount that allows
normalcellgrowth.Cellswereplated in24-well plates at adensityof
approximately one transfected cell per well, which resulted in 634
puromycin-resistant cell lines. These potential cell cloneswere con-
solidated intoseven96-well plates, replicaplatedat a1:100dilution
into media plus or minus tetracycline. The cells were grown for 3 d,
then passaged into another set of 96-well plates with plus or minus
tetmedia for another 3 d. Following a total of 6 d of growth ±tet, 20
µL of alamarBlue Cell Viability Reagent (Thermo Fisher) was added
to each well and the plates were incubated for 4 h. Fluorescence
was measured using a SpectraMaxM2microplate reader (Molecu-
lar Devices) with an excitation wavelength of 544 nm and an emis-
sion wavelength of 590 nm to identify wells with viable (pink) and
nonviable cells (blue). Plates were also photographed at 24 h and
checked by eye for color change. Wells that were dark blue in the
−tet plate but pink in the +tet plate were considered to have a
strong growth defect, whereas those that were purple had a lesser
growth defect or contained some viable cells (McDermott et al.
2015a). Comparison of the tet plus and minus replica plates was
used to identify 117 cell lines with a strong growth defect (blue in
minus tetracycline) and 19with a lesser growth defect (purple inmi-
nus tetracycline). These clones were consolidated into new 96-well
plates, and 10 µL of confluent cells were lysed for gDNA extraction
as previously described (McDermott et al. 2015a).

PCR and sequencing of mutants

A total of 59 out of the 117 full growth defect clones were se-
quenced using primers 9571 and 5356 or 10,150 (Supplemental
Tables S1, S2). Forward and reverse sequence pairs were assem-
bled using Geneious and aligned to the wild-type T. brucei 427
Lister A3 sequence to allow for identification of mutations and re-
sulting amino acid substitutions (Supplemental Table S1). No
samples with a partial (purple) growth defect were sequenced.

Reconstruction of mutations and generation of
exclusive expression cell lines

Mutations of interest, either single substitutions that disrupted
function, substitutions found in more than one cell line, or substi-

tutions at residues mentioned in the literature, were reconstruct-
ed in new cell lines as single amino acid substitutions using site-
directed mutagenesis (Supplemental Table S1). For positions
where more than one type of amino acid substitution was identi-
fied (i.e., mutations encoding different substitutions at the
same position were found in multiple clones), only one type of
amino acid substitution was reconstructed in new cell
lines. Reconstructed substitutions were selected to provide cover-
age throughout the length of A3. The pHD1344tub(PAC)-
Nterm3V5-A3 plasmid was mutagenized using the QuikChange
Lightning Site-Directed Mutagenesis kit (Agilent, product
#210518) and primers listed in Supplemental Table S2. All muta-
tions were confirmed by Sanger sequencing using primers 9571
and 5356 or 10,150 (Supplemental Table S2). Substitutions of
the C residues in both ZF domains were made using site-directed
mutagenesis and the primers listed in Supplemental Table S2.
The NTZF contains both C53A and C56A substitutions,
while the CTZF contains C183A and C186A, and the
NTZF&CTZF plasmid contains all four C→A, mutations as previ-
ously described (Guo et al. 2008, 2010). Our new V5-tagged ZF
constructs were used for our study as no protein could be detect-
ed from a previous construct, NTZF-myc, as previously described
(Supplemental Fig. S6; Guo et al. 2010). Plasmids were linearized
using Not1 and transfected into the BF A3 CN cell line and select-
ed with 0.1 µg/mL puromycin, as previously described (Guo et al.
2008; Merritt and Stuart 2013). The resulting puromycin-resistant
cell lines were screened using PCR with primers 5355 and 10,150
to verify integration of the plasmid into the tubulin locus, and
western blot to check for expression of V5-tagged A3. Plasmids
encoding mutations resulting in BF growth defects were also
transfected into PF A3 CN cells as previously described, except
for H377Y and mutations in the ZFs (Guo et al. 2008, 2010;
McDermott et al. 2015b). PF transfectants were genotyped with
PCR as above using primers 5355 and 10,150, and cell lysates
and expression of the V5-tagged A3 were confirmed by western
blot (data not shown).

Generation of A3 mutants in the BF A3 CN+MGA
cell line background

The BF A3 CN+MGA cell line was made by transfecting the A3
CN cells (Guo et al. 2008) with pEnT6+ATPaseGammaWT+
3UTR that carries the L262P mutation in gamma ATPase, and se-
lected with blasticidin (Dean et al. 2013; Carnes et al. 2017). The
resulting cell line, A3 CN+MGA, was genotyped by PCR and se-
quenced using primers 9530 and 9531 (Supplemental Table S2)
to confirm the presence of the MGA mutation, and rescue of
the A3 CN growth defect in the absence of tetracycline was con-
firmed. The same pHD1344tub(PAC)-Nterm3V5-A3 plasmids
were transfected into the A3CN+MGA cell line, as previously de-
scribed (Guo et al. 2010; Merritt and Stuart 2013).

Cell culture and transfections

BF cells were grown in HMI-9 with 10% FBS at 37°C, 5% CO2. PF
cells were grown in SDM-79 with 10% FBS at 27°C. The PF A3 CN
cell line used contained an untagged tet-regulated A3 construct
expressed from the rDNA locus and was produced as previously
described (McDermott et al. 2015b). Unless otherwise stated,
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the concentrations of drugs used for selection and tet-regulated
expression of transgenes in this study were as follows: for BFs,
2.5 µg/mL G418, 5 µg/mL hygromycin, 2.5 µg/mL phleomycin,
0.5 µg/mL Tet, and 0.1 µg/mL puromycin; for PFs, 15 µg/mL
G418, 25 µg/mL hygromycin, 2.5 µg/mL phleomycin, 0.5 µg/mL
Tet, 1 µg/mL puromycin, and 10 µg/mL blasticidin. For BF trans-
fections, cells were washed in PBS plus 6mMglucose, resuspend-
ed in 0.2 M sodium phosphate, 2 M KCl, 0.1 M CaCl2, and 2 M
HEPES, and transfected using the Amaxa Nucleofector (Lonza)
program X-001 as previously described (Merritt and Stuart
2013). For PF transfections, cells were washed and resuspended
in 0.5mL cytomix buffer (25 mM HEPES pH 7.6, 120 mM KCl,
0.15 mM CaCl2, 10 mM K2HPO4/KH2PO4 pH 7.6, 2 mM EDTA,
6 mMglucose, 5 mMMgCl2). Washed cells were then transfected
using a BTX nucleofector at 1600 V, 25 Ω, 16 µF, and plated as
previously described (Merritt and Stuart 2013).

Growth rate analyses

BF cells were seeded at an initial density of 2×105 cells/mL and
PF cells at 2 ×106 cells/mL, unless noted otherwise. Cells were
counted using a Z1 Coulter Particle Counter each day. BFs were
reseeded at 2×105 cells/mL in 10mL every day, while PF were re-
seeded at 2× 106 cells/mL in 10 mL every 2 d. The ratio of cumu-
lative cell numbers in −tet to +tet cultures for each cell line was
calculated (Carnes et al. 2022). Log2 of the ratio is displayed on
a blue-orange heat map created using Microsoft Excel. Growth
rate analyses in Figure 1 are from one biological replicate. One
clone from each cell line was used for this and other experiments.

Glycerol gradient fractionation

Glycerol gradients were run as previously described (McDermott
et al. 2015a). Briefly, 3 ×109 BFs were grown in the absence of tet
for 72 h, collected by centrifugation and washed with PBS plus 6
mM glucose. Cell pellets were flash frozen in liquid nitrogen and
stored at −80°C until use. Pellets were lysed in 500–1000 µL of ly-
sis buffer containing 10 mM Tris pH 7.2, 10 mM MgCl2, and 100
mM KCl supplemented with cOmplete Mini Protease-Inhibitor
Tablets (Roche), pepstatin A, leupeptin, Pefabloc (Roche), and
1 mM DTT. Triton-X100 was then added to a final concentration
of 1%. Cells were incubated on ice for 10 min followed by centri-
fugation at 13,000 rpm in amicrocentrifuge to clear. An amount of
50–100 µL of the cleared lysate was taken for a western blot and
the remainder was loaded onto 11 mL 10%–30% glycerol
gradients and centrifuged in a Beckman Optima XPN-80
Ultracentrifuge for 9 h at 38,000 rpm using an SW40 rotor. A total
of 500 µL fractions were collected from the top and 100 µL sam-
ples were taken for analysis by both native and SDS-PAGE west-
ern blots. The remaining fractions were flash frozen in liquid
nitrogen and stored at −80°C. Western blots from gradients
were developed using either ECL (Pierce) or SuperSignal West
PICO Plus ECL (Pierce) and imaged using X-ray film (McKesson).

SDS-PAGE, BN-PAGE, and western blotting

Western blots were conducted as previously described (Carnes
et al. 2022). Briefly, cell pellets containing 5×107–2×108 cells

were resuspended on ice in IPP150 buffer (10 mM Tris-HCL pH
8.0, 150 mM NaCl, and 0.1% NP-40) with cOmplete Protease-
Inhibitor Cocktail Mini Tablets (Roche). Triton-X100 was added
to a final concentration of 1% and the samples were incubated
on ice for 10–20min to lyse the cells. Lysates were cleared by cen-
trifugation at 13,000 rpm in a microcentrifuge for 10 min, diluted
1:1 in Tricine sample buffer (Bio-Rad) with β-mercaptoethanol,
and up to ∼6×106 cell equivalents were loaded onto each lane
of 10% TGX-acrylamide Criterion gels (Bio-Rad). Gels were run
at 100V for ∼2 h or until the dye front ran off the gel. Protein
was transferred to a PVDF Membrane (Millipore) using a Tris/gly-
cine transfer buffer with 20%methanol.Membraneswere blocked
in PBS-Tween with 5% milk for 15 min before the addition of pri-
mary antibody. Antibodies and dilutions are listed in
Supplemental Table S7. Western blots were exposed to ECL
(Pierce) and visualized using X-ray film (McKesson). For BN-
PAGE, cleared lysates were prepared the same as for the denatur-
ing western blots. A total of 5 × 106 cell equivalents were loaded
into wells on a 3%–12% Bis-Tris gradient gel with unstained
NativePage protein standards in the first well (Thermo Fisher)
and run according to manufacturer’s instructions. Protein was
then transferred to a PVDF Membrane (Millipore) overnight with
NuPAGE Transfer Buffer (Thermo Fisher) without methanol at
22–24 V at 4°C. Following transfer, gels were stained with
Ponceau SP to visualize the protein standards, fixed in 10% acetic
acid, and probed with antibodies (Supplemental Table S7). All
western blots were imaged using X-ray film (McKesson) and are
thus semiquantitative. Western blots shown in Figure 2 are repre-
sentative of at least two biological replicates.

RNA extraction, RT-PCR, and qPCR

All procedures for RNA extraction, quantification, cDNA synthe-
sis, and qPCR were designed to follow the MIQE guidelines.
Briefly, 1 ×108 cells were harvested by centrifugation, washed
with PBS and 6 mM glucose, resuspended in TRIzol, and stored
at −80°C until use. Total RNA was extracted from the TRIzol sam-
ples; quality was checked using a BioAnalyzer (Agilent) and quan-
tified using the NanoDrop One Spectrophotometer (Thermo
Fisher). RNAs were treated with DNase I, and cDNA was generat-
ed using random hexamer primers with TaqMan Reverse
Transcription Reagents and MultiScribe Reverse Transcriptase
(Thermo Fisher). Prior to qPCR, cDNAs were preamplified using
Taqman PreAmp Master Mix (Thermo Fisher), treated with
Exonuclease I to remove excess primers, and diluted as previously
described (McDermott et al. 2015a). High-throughput BioMark
qPCR was performed as previously described using SsoFast
EvaGreen with low ROX (Bio-Rad) and the Fluidigm BioMark
HD system (McDermott et al. 2015b). Data were analyzed using
the Fluidigm Real-Time PCR Analysis software and Microsoft
Excel. In most cases, heat maps were generated using the aver-
age of two or three biological replicates with two technical repli-
cates each. However, there is only one ND7 3′ ed and ND8 ed
biological replicate for V311F, H377Y, and P379T. Primers used
for this assay are listed in Supplemental Table S2. For RT-PCR
(Fig. 4), cDNA was synthesized from 1 µg of RNA using
MultiScribe Reverse Transcriptase (Invitrogen) and a gene-specif-
ic reverse primer (4394 [MURF2], 5380 [A6], 3620 [RPS12], or 3707
[ND4]) (Supplemental Table S2). The entire amount of cDNA was
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used in a PCR reaction to amplifyMURF2, RPS12, A6, or ND4 tran-
scripts using primer pairs 6204/4934 (MURF2), 3704/3580 (A6),
3619/3620 (RPS12), and 3706/3707 (ND4) (Supplemental Table
S2; Carnes et al. 2022). PCR products were resolved on a 3% aga-
rose gel containing ethidium bromide and visualized. RT-PCR
products shown in Figure 4 are representative of at least two bio-
logical replicates for the CN-background cell lines and one repli-
cate for the MGA background cell lines.

Cloning and Sanger sequencing of RT-PCR products

The remaining RT-PCR products from Figure 4 were resolved on
an 1.5% agarose gel, and all RPS12 products spanning pre-edited
through edited sizes (∼200–350 bp) were excised for each sample
(BF L270R, BF eWT, and BF CN), purified, and cloned into pGEM-
T-Easy (Promega), according to manufacturer’s instructions.
Ligations were transformed into 5α E. coli (NEB) and plated on
Amp/IPTG/X-gal plates for blue/white screening. White colonies
were selected for Sanger sequenced using T7 and M13R primers
and assembled using Geneious. Eleven clones for eWT, 24 clones
for L270R, 13 clones for F307S, and 16 clones for P379T were an-
alyzed. Four clones from the CN were also obtained. Editing
events were determined and sequences aligned by hand.
Editing sites were defined as each position between two non-U
nucleotides, beginning with the most 3′ deletion site in RPS12,
as this region was not spanned by primer 3620 used for RT-
PCR. Editing at each site was then tabulated for each set of sam-
ples and recorded as follows: I-Ed. = expected insertion sites that
are edited (the number of Us matches the fully edited [F.E.] RPS12
sequence), I-Part. Ed. =partially edited insertion sites (do not
match F.E. or Pre-edited [P.E.] RPS12), D-Ed. = edited deletion
sites, D-Part. Ed. =partially edited deletion sites, N-Part. Ed. =
partial editing at a site that is nonedited in F.E. RPS12, not edited,
and N/A=a clone contained an A, C, or G mismatch so it could
not be analyzed at one or more ESs. Graphs, which show the
type of editing at each site as a percent of total transcripts,
were generated using Microsoft Excel. Graphs include all poten-
tial ESs (positions between non-U nucleotides). The type of edit-
ing (insertion, deletion, or no editing) expected at each site based
on the fully edited RPS12 sequence is indicated beneath each bar
by a yellow (insertion), blue (deletion), or black (no editing) dot.
The approximate locations of the most abundant gRNAs (Kirby
et al. 2016) are shown. Aligned sequences from each set of sam-
ples are shown in Supplemental Figure S3. Statistical analysis: The
total number of sites with any editing (i.e., do not match a pre-ed-
ited sequence), were counted for each clone from each set of
samples excluding clones with non-U mismatches. The T-tests
shown in Supplemental Table S3 determined in Excel compare
the mean number of edited sites for each mutant compared to
eWT. The raw data showing the number of edited sites per clone
are in Supplemental Table S3.

Protein structure modeling

The predicted structure of the T. brucei A3, MPSS5, MPSS6, and
the protein product encoded by Tb927.10.8220 (Uniprot IDs
D6XMN0, Q38F66, Q584T7, and Q38AE2, respectively) shown
in Figures 1, 6 as well as the cross-linking partners of A3 and
the other OB-fold proteins shown in Supplemental Figures S4,

S5 (N1=Q4GZ50, N2=Q38B60, B8=Q57X13, A1=Q586L9,
A2=Q38AE3, B5=Q387F6, A4=Q83B91, A5=Q57YG2),
were obtained from the AlphaFold Protein Structure Database
version 2022-11-01, created with the AlphaFold Monomer v2.0
pipeline (https://alphafold.ebi.ac.uk/) (Jumper et al. 2021;
Varadi et al. 2022). A Dali structural homology search was con-
ducted using A3 (D6XMN0) (http://ekhidna2.biocenter.helsinki
.fi/dali/) (Holm 2022). Only proteins that may localize to the mito-
chondrion are listed in Supplemental Table S4. Potential cognate
residues in proteins with structural similarity to A3 (Supplemental
Table S5; Supplemental Fig. S4) were visually identified using the
AlphaFold structures of each protein in comparison to A3. The
structural overlays shown in Supplemental Figure S4 were pro-
duced using the matchmaker function in Chimera and residues
that are comparable to those mutated in A3 are indicated.

Multiple sequence alignments

Sequence alignments in Figure 1 and Supplemental Figure S1
were constructed using the MUSCLE alignment tool in Geneious.
The alignment was highlighted using the Blosum 62 matrix,
threshold 1 in Geneious. The gene IDs for T. brucei, T. cruzi, and
T. congolense A3 used for the alignment are Tb427.08.620,
TcCLB.509611.110, and TcIL3000_8_100.1, respectively.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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What are the major results described in your paper and how
do they impact this branch of the field?

U-insertion and deletion RNA editing in T. brucei is catalyzed by
multisubunit protein complexes. KREPA3 (A3) is a noncatalytic
but essential protein found in the complexes. First, we identified
single loss of function amino acid substitutions throughout A3
that impact parasite growth, RNA editing, and the protein com-
plexes that perform RNA editing, of which A3 is a part. Notably,
these mutations were located throughout A3, which consists of

two zinc-finger domains, anOB-fold, and several intrinsically disor-
dered regions. That these mutations were located throughout the
protein and caused different degrees of complex disruptions and
changes to RNA-editing, indicates that A3 plays a multifunctional
role during editing. Second, we identified eight other editing pro-
teins with structural homology to A3, three of which were not pre-
viously known to be related to A3. Thus, our findings might also
shed some light on the roles of these other proteins.

What led you to study RNA or this aspect of RNA science?
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molecular biology but I was also interested in working with a uni-
cellular organism. I was happy to join the Stuart lab as a postdoc
where I study U-insertion and deletion RNA editing in the protozo-
an pathogen T. brucei. This type of editing, which involves inser-
tions and deletions of U nucleotides throughout the coding
region of mRNAs, occurs within the mitochondrion of T. brucei
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fascinated by this process and enjoy learning more about it.

If you were able to give one piece of advice to your younger
self, what would that be?
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impacts on my approach to science. Dr. Jeffrey Singer, my gradu-
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