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ABSTRACT

Uridine insertion and deletion RNA editing generates functional mitochondrial mRNAs in Trypanosoma brucei, and
several transcripts are differentially edited in bloodstream (BF) and procyclic form (PF) cells correlating with changes in
mitochondrial function. Editing is catalyzed by three ∼20S editosomes that have a common set of 12 proteins, but are typified
by mutually exclusive RNase III KREN1, N2, and N3 endonucleases with distinct cleavage specificities. KREPB4 is a common
editosome protein that has a degenerate RNase III domain lacking conserved catalytic residues, in addition to zinc-finger and
Pumilio/fem-3 mRNA binding factor (PUF) motifs. Here we show that KREPB4 is essential for BF and PF growth, in vivo RNA
editing, and editosome integrity, but that loss of KREPB4 has differential effects on editosome components and complexes
between BF and PF cells. We used targeted mutagenesis to investigate the functions of the conserved PUF and RNase III
domains in both life-cycle stages and show that the PUF motif is not essential for function in BF or PF. In contrast, specific
mutations in the RNase III domain severely inhibit BF and PF growth and editing, and disrupt ∼20S editosomes, while others
indicate that the RNase III domain is noncatalytic. We further show that KREPB4, specifically the noncatalytic RNase III
domain, is required for the association of KREN1, N2, and N3 with PF editosomes. These results, combined with previous
studies, support a model in which KREPB4 acts as a pseudoenzyme to form the noncatalytic half of an RNase III heterodimer
with the editing endonucleases.
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INTRODUCTION

Trypanosoma brucei is a kinetoplastid protozoan parasite that
causes human African trypanosomiasis (HAT) in humans
and nagana in animals. It is transmitted by the tsetse fly
and is a health and economic threat to millions of people
and animals in sub-Saharan Africa. Kinetoplastids are named
for their mitochondrial “kinetoplast”DNA network, which is
composed of interlocked maxicircle and minicircle DNA
molecules (Stuart and Feagin 1992; Shapiro and Englund
1995). Several identical maxicircles encode two ribosomal
RNAs (rRNAs) and messenger RNAs (mRNAs) for 18 mito-
chondrial proteins. Twelve of these mRNAs undergo post-
transcriptional RNA editing, a phenomenon that was first
described in kinetoplastids (Benne et al. 1986; Feagin et al.
1987; Shaw et al. 1988; Bhat et al. 1990; Koslowsky et al.
1990; Souza et al. 1992, 1993). Kinetoplastid RNA editing
is essential (Schnaufer et al. 2001) and involves the precise
insertion and deletion of uridylylates (Us) at hundreds and

tens of editing sites (ESs), respectively, to generate translat-
able mitochondrial transcripts. ESs and edited sequences
are specified by guide RNAs (gRNAs) that are encoded in
thousands of heterogeneous minicircles (Blum and Simpson
1990; Blum et al. 1990; Pollard et al. 1990; Sturm and Simp-
son 1990; Pollard and Hajduk 1991; Stuart et al. 2005; Apha-
sizhev and Aphasizheva 2011). Each gRNA typically contains
information for multiple ESs, and editing of most mRNAs
requires several gRNAs. Editing occurs by rounds of co-
ordinated catalytic steps: mRNA cleavage by endonucleases,
U addition by terminal uridylyl-transferase (TUTase),
U removal by U-specific exoribonuclease (exoUase), and
RNA rejoining by ligases. The enzymes required for editing,
in addition to proteins that have no known catalytic func-
tions, form multiprotein ∼20S complexes called editosomes
or RNA editing core complexes (RECCs) (Panigrahi et al.
2001a,b, 2003a,b, 2006; Ernst et al. 2003; Carnes et al.
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2005, 2008, 2011; Stuart et al. 2005; Trotter et al. 2005; Lerch
et al. 2012).
There are three similar, but compositionally and function-

ally distinct versions of these ∼20S editosomes. In addition
to a common set of 12 proteins, each contains a different
endonuclease along with a uniquely associated specific
partner protein and has different ES cleavage specificity
(Carnes et al. 2005, 2008, 2011; Trotter et al. 2005; Panigrahi
et al. 2006; Guo et al. 2012). One complex contains the
KREN1/KREPB8 protein pair plus the KREX1 exonuclease
and cleaves deletion ESs. The other two complexes contain
the KREN2/KREPB7 or KREN3/KREPB6 protein pairs and
cleave insertion sites, albeit with different preferences (Carnes
et al. 2005, 2008, 2011, 2017; Trotter et al. 2005; Panigrahi
et al. 2006; Guo et al. 2012). KREN1, KREN2, and KREN3
each have a single RNase III domain that contains conserved
catalytic residues found in all characterized RNase III endo-
nucleases. Loss of any one of these endonucleases, or muta-
tion of these residues eliminates in vivo editing and in vitro
cleavage of editing sites (Carnes et al. 2005, 2008; Trotter
et al. 2005; Panigrahi et al. 2006).
The common set of proteins contains two related proteins,

KREPB4 and KREPB5, that each have a degenerate RNase III
domain that lacks universally conserved catalytic residues, in
addition to a U1-like zinc-finger motif, and a Pumilio/fem-3
mRNA binding factor (PUF) motif (Worthey et al. 2003;
Carnes et al. 2012; McDermott et al. 2015b, 2016). Because
all characterized RNase III endonucleases function as dimers
to cleave double-stranded RNA (dsRNA) (MacRae and
Doudna 2007; Nicholson 2014), and because the endonucle-
ases are each present as a single copy per editosome (Carnes
et al. 2011), we have hypothesized that the RNase III domain
of KREPB4 and/or KREPB5 forms a heterodimeric RNase III
active site with the editing endonucleases (Carnes et al. 2012;
Nicholson 2014; McDermott et al. 2015a,b). Recent cross-
linking and mass spectrometry (CXMS) analyses of edito-
somes revealed proximity between KREPB4 and all three
endonucleases and the endonuclease partner proteins
KREPB6 and KREPB7 (Supplemental Fig. S1; McDermott
et al. 2016), providing evidence that KREPB4 is a major inter-
action partner of the editing endonucleases.
RNAi knockdown has previously shown that KREPB4 is

essential for growth of procyclic form (PF) cells where it
disrupts the structural integrity of ∼20S editosomes, leading
to accumulation of ∼5–10S subcomplexes and loss of endo-
nuclease activity in vitro (Babbarwal et al. 2007). Previous
studies also showed that expression of the T. cruzi ortholog
following RNAi silencing can complement KREPB4 knock-
down, but that point mutations in the zinc-finger motif
prevent complementation and incorporation into ∼20S edi-
tosomes (Carnes et al. 2012). The KREPB4 RNase III domain
has not yet been subject to mutational analysis, and its
function is yet to be studied (Carnes et al. 2012). The role
of KREPB4 in bloodstream form (BF) cells is also unknown.
We hypothesize that the function of KREPB4 in BF differs

from that in PF, as a growing body of evidence shows that
elimination or mutation of specific editosome proteins,
including KREPB5, differentially affects cell viability, RNA
editing and editosomes in BF and PF, and similar results
have been also observed with other mitochondrial RNA
processing protein complexes (Aphasizheva et al. 2015;
McDermott et al. 2015a,b). Editosome complexes and com-
ponents, including the related KREPB5, are therefore impli-
cated in the processes that control differential editing of
several mitochondrial transcripts between BF and PF cells,
that in turn reflect changes in the mitochondrion and energy
generation between the different life-cycle stages (Feagin et al.
1987; Feagin and Stuart 1988; Bhat et al. 1990; Koslowsky
et al. 1990, 1992; Souza et al. 1992, 1993; Riley et al. 1995).
In this work, we generated BF and PF KREPB4 conditional

null (CN) cell lines to fully analyze the function of this pro-
tein in both BF and PF life-cycle stages. We demonstrate that
KREPB4 is essential in PF and BF for growth, in vivo RNA
editing, and for ∼20S editosome, but not GAP2-containing
mitochondrial RNA binding 1 (MRB1) complex integrity.
Furthermore, we show that loss of KREPB4 has differential
effects on the editosome component and complex integrity
between BF and PF cells. We investigated the functions of
specific KREPB4 domains in both life-cycle stages by exclu-
sive expression of mutant alleles, and showed that the con-
served PUF motif is not essential for function in BF or PF.
Similarly, mutation of a potentially conserved catalytic resi-
due in the KREPB4 RNase III domain produced no defect
in function, providing experimental evidence that KREPB4
is noncatalytic. In contrast, substitution of a highly conserved
glycine in the RNase III domain severely inhibits growth, in
vivo editing and disrupts∼20S editosomes to the same extent
as loss of KREPB4 in both BF and PF. We finally show that
KREPB4, and specifically the RNase III domain, is required
for the association of the editing endonucleases KREN1,
KREN2, and KREN3 with PF editosome complexes, validat-
ing protein proximities and thus interactions from cross-
linking and mass spectrometry analyses. Together these
results are fully consistent with the hypothesis that KREPB4
forms the noncatalytic half of an RNase III enzyme–pseu-
doenzyme heterodimer with the editing endonucleases.

RESULTS

KREPB4 is essential and is required for RNA editing
in both BF and PF T. brucei

To examine KREPB4 function in both BF and PF life-cycle
stages, we prepared BF and PF KREPB4 CN cells. These are
cells in which both endogenous KREPB4 alleles were deleted,
and in which a tetracycline (tet)-regulatable wild-type (WT)
KREPB4 allele was inserted into the rRNA locus. Depletion
of KREPB4 by tet withdrawal resulted in severe growth
inhibition in both BF and PF CN cells (Table 1; Fig. 1A).
RT-qPCR analysis showed that mRNA coding for KREPB4
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was reduced by >98% upon withdrawal of tet from these CN
cells (Fig. 1B). The knockdown in both BF and PF also result-
ed in a reduction in the relative levels of multiple edited
mRNAs, but had little effect on the never-edited mRNAs
COI and ND4. All edited mRNAs that were assayed in
BF were reduced by 98% or more, and the levels of edited
CYb and COIII were below detection. In PF, edited mRNAs
were reduced by between 66% (COII) and 90% (CYb). As
is commonly observed upon depletion of ∼20S editosome
components (Carnes et al. 2005, 2008, 2017; Trotter et al.
2005; Salavati et al. 2006; Guo et al. 2008, 2012; Ernst et al.
2009; McDermott et al. 2015b), the levels of pre-edited
mRNAs were generally increased by various amounts or
were unchanged (Fig. 1B) in both BF and PF.

Loss of KREPB4 has different effects on BF and PF
editosomes

Knockdown of KREPB4 had differential effects on editosome
component and complex integrity between BF and PF cells.
Western analysis was performed on total BF CN cell lysates
that were grown in the presence or absence of tet for 2
and 4 d, and on PF CN cell lysates that were grown in the
presence or absence of tet for 4 and 8 d. These time-points
were chosen to allow comparison of BF and PF cells at
approximately equivalent generation times following tet
withdrawal (Table 1). Blots were probed using a mixture of
monoclonal antibodies for four ∼20S editosome proteins
(KREPA1, KREPA2, KREL1, and KREPA3) in addition to
GAP2 (Acestor et al. 2009), which is a component of the
Core (also known as the gRNA-binding, or GRBC) subcom-
plex of MRB1 (which is also known as the RNA editing
substrate binding complex, RESC) (Hashimi et al. 2008;
Panigrahi et al. 2008; Weng et al. 2008; Ammerman et al.
2012; Aphasizheva et al. 2014; Read et al. 2016), and mito-
chondrial Hsp70 (mtHsp70), which is not involved in
editing. Repression of KREPB4 expression resulted in a loss
of ∼20S editosome components, particularly KREPA1,
KREPA2, and KREL1, after 2 d in BF (Fig. 2A). GAP2 and
mtHsp70 were unchanged in the absence of tet, indicating
that protein loss at this stage is specific to editosome proteins.
After 4 d of tet withdrawal in BF, editosome proteins were

undetectable, while levels of GAP2 and
mtHsp70 remained unchanged (Fig. 2A).
In contrast, editosome components were
retained in PF cells following 4 and 8 d of
tet withdrawal (Fig. 2A). Western analysis
of glycerol-gradient fractions from the
same BF lysates revealed a dramatic loss of
∼20S editosome complexes that mirrored
the loss of editosome components following
KREPB4 depletion (Fig. 2B). Complexes
were retained in PF, even after 8 d of tet
withdrawal. However, complex integrity

was disrupted as KREPA1, KREPA2, KREL1, and KREPA3
all shifted to smaller S values (Fig. 2B). KREPB4 mRNA
was dramatically depleted in both PF and BF cells grown in
the absence of tet (99.5% in PF, 98.3% in BF), indicating
that the greater retention of editosome components and
complexes in PF was not due to a greater KREPB4 knock-
down in BF than in PF. The differential effects of KREPB4

TABLE 1. BF and PF KREPB4 CN cell doubling times (in hours) were monitored in vitro
over 48 (BF) or 96 (PF) h in the presence (tet-regulatable copy expressed; E) or absence
(tet-regulatable copy repressed; R) of tet

BF mean doubling time ± SD
(number of generations in 48 h)

PF mean doubling time ± SD
(number of generations in 96 h)

+tet (E) −tet (R) +tet (E) −tet (R)
7.40 ± 0.12 (6.5) 7.41 ± 0.17 (6.5) 14.16 ± 0.22 (6.8) 15.35 ± 0.18 (6.3)

The table reports mean values ± SD from three independent experiments, and the calcu-
lated numbers of cell generations within the time-frames are given in parentheses.
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FIGURE 1. (A) Cumulative growth of BF and PF CN cells in which the
tet-regulatable WT KREPB4 allele was expressed (E) or repressed (R).
(B) RT-qPCR analysis of BF and PF CN cells in which the tet-regulatable
WT KREPB4 allele was expressed (E) or repressed (R) for 2 and 4 d, re-
spectively. The abundances of KREPB4, and never-edited (COI and
ND4), pre-edited, and edited mitochondrial mRNAs in repressed cells
were calculated relative to cells expressing WT KREPB4, and plotted
on a log scale. For each target amplicon, relative abundance was deter-
mined using TERT as an internal control. Data represent mean of three
experiments, and error bars indicate mean ± SEM. Asterisks indicate
that the target amplicon was not detected in the repressed cells.
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loss on BF and PF editosome complexes and components
have previously been observed upon loss of KREPB5
(McDermott et al. 2015b), and provide further evidence
for intrinsic differences between BF and PF editosomes.
Consistent with previous analyses (Babbarwal et al. 2007;
Acestor et al. 2009), this work additionally shows that loss
or disruption of editosomes, with consequent depletion of
edited mRNAs, does not affect sedimentation of the MRB1
core complex component GAP2.
The evidence presented here therefore shows that loss of

KREPB4 generally has similar effects on editing and on edi-
tosome components and complexes in each life-cycle stage

as the loss of KREPB5 (McDermott
et al. 2015b). We also previously showed
that alanine substitution of the conserved
histidine H233, or a “PUF-triple” substi-
tution of C232, H233, and E236, within
the KREPB5 PUF motif differentially af-
fects editing and editosomes in PF but
not BF (McDermott et al. 2015b).
Based on alignment with PUF motif
sequences from a diverse range of
organisms, these residues were predicted
to make specific contacts with RNA
via stacking interactions or hydrogen
bonds and van der Waals contacts
(McDermott et al. 2015b). Thus, we
sought to test whether equivalent substi-
tutions within the KREPB4 PUF motif
also have differential effects on editing
between life-cycle stages. We individually
substituted H281, T280, and E284 with
alanine, and also prepared a combined
“PUF-triple” T280A/H281A/E284A mu-
tant (McDermott et al. 2015b). WT or
mutant KREPB4 alleles were tagged
with a V5-epitope tag and constitutively
expressed from the β-tubulin locus of
BF and PF KREPB4 CN cells (Fig. 3A).
Western blotting confirmed that the V5-
tagged alleles were expressed in the pres-
ence and absence of tet (Supplemental
Fig. S2A). Exclusive expression of the
V5-tagged WT allele in the absence of tet
permitted normal BF and PF growth, as
did expression of the PUF motif mutant
alleles (Fig. 3B). Parallel to the effects on
cell growth, exclusive expression of V5-
tagged WT KREPB4 rescued in vivo
editing defects observed in the parental
BF and PF CN cells as did exclusive ex-
pression of the PUF-triple mutant allele
(Supplemental Fig. S2B,C). These results
show that PUFmotif substitutions do not
affect KREPB4 function in either BF or

PF, and indicate that the PUF motifs in KREPB4 and
KREPB5 do not have equivalent functions.

The KREPB4 RNase III domain is essential
for function in BF and PF

BF loss and PF disruption of editosomes upon repression
of KREPB4 indicate an important structural role within
∼20S complexes in both life-cycle stages. This is consistent
with cross-linking and mass spectrometry analyses of PF
editosomes that revealed extensive cross-linking between
KREPB4 and other editosome proteins (Supplemental Fig. S1;

FIGURE 2. (A) Western analysis of total lysates (equivalent of 1 × 107 BF cells/lane, and 5 × 106

PF cells/lane) from BF and PF CN cells in which the tet-regulatable WT KREPB4 allele was ex-
pressed (E) or repressed (R) for 2 and 4 d (BF), and 4 and 8 d (PF). TheWestern blots were probed
with monoclonal antibodies against editosome proteins KREPA1, KREPA2, KREL1, and
KREPA3, the MRB1 complex component GAP2, and mitochondrial Hsp70. (B) Western analysis
of 5 h 10%–30% glycerol-gradient fractions of lysates from BF and PF CN cells in which KREPB4
was expressed or repressed as in A.
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McDermott et al. 2016). Notably, KREPB4 was in proximity
to all three editing endonucleases and the endonuclease part-
ner proteins KREPB6 and KREPB7. This was intriguing given
the presence of the degenerate RNase III domain in KREPB4
which lacks a conserved catalytic center, but contains a highly
conserved glycine residue, G163, previously shown to be es-
sential for KREPB5 function in both BF and PF (Fig. 4A,B;
Carnes et al. 2012; McDermott et al. 2015a,b, 2016). To assess
the role of the KREPB4 RNase III domain, we substituted

G163 with either arginine, or more
conservatively, valine. We also generated
an alanine substitution at glutamic acid
E164, which corresponds to a conserved
aspartic acid residue in catalytic RNase
III endonucleases (Fig. 4A). RNase III
mutant KREPB4 alleles were tagged
with a V5-epitope tag and inserted into
the β-tubulin locus of BF and PF
KREPB4 CN cells. Western blotting con-
firmed that the V5-tagged alleles were
expressed in the presence and absence
of tet (Fig. 4C). Exclusive expression of
G163R or G163V mutant alleles resulted
in severe growth inhibition of both BF
and PF cells (Fig. 4D). In contrast, exclu-
sive expression of the E164A mutant al-
lele did not affect BF or PF growth (Fig.
4E). Together, these results show that
the conserved glycine in the KREPB4
RNase III domain is essential for func-
tion in both BF and PF. However, E164,
which aligns with a conserved catalytic
residue, is not required for function, pro-
viding experimental evidence that the
degenerate RNase III domain lacks direct
catalytic activity.
In addition, mutations were made at

KREPB4 RNase III residues S153, S218,
S219, and S224 (Fig. 4A; Supplemental
Fig. S3). S153 aligns with an RNase III
serine residue whose phosphorylation in
E. coli increases catalytic activity (Fig.
4A; Gone et al. 2016), and S218, S219,
and S224 were each predicted to be phos-
phorylated using the PhosTryp method
(Supplemental Table S1; Palmeri et al.
2011). To study these putatively modified
residues, we substituted them individual-
ly, and in combination for S218, S219,
and S224, with alanine or glutamic acid,
which would be inhibitory or mimetic
for phosphorylation, respectively. None
of these substitutions had any effect
on the growth of BF or PF upon exclusive
expression (Supplemental Fig. S3). Thus,

the predictions may have been incorrect and these residues
are not phosphorylated. Alternatively, they could be phos-
phorylated in combination withmodifications to other edito-
some proteins, and substitutions to several modified residues
in multiple proteins might be required to see functional
effects in editing.
The effects of RNase III domain glycine substitution on

editing and editosomes in BF and PF were evaluated by
RT-qPCR and glycerol-gradient sedimentation of lysates
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from BF and PF CN cells containing V5-tagged WT, G163R
or G163V mutant alleles grown in the presence or absence of
tet. These analyses revealed that exclusive expression of
G163R and G163V generally had the same effects on in
vivo editing and editosomes as the loss of KREPB4 in BF
and PF. Edited mRNAs were reduced by 98% or more in
BF upon exclusive expression of G163V and G163R alleles,
while in PF the reduction in edited mRNAs ranged from
49% (ND7) to 91% (CYb) (Fig. 5). Editosome complexes
were essentially undetectable in BFs that exclusively ex-
pressed either mutant (Fig. 6A). Upon exclusive expression
of the mutant alleles in PFs, complexes containing editosome
proteins were present, but shifted to smaller S values (Fig.
6B), as observed in the CN cells upon loss of KREPB4. The
V5-tagged G163V and G163R proteins generally cosedi-
mented with editosome proteins in the presence of tet in
both BF and PF, but were also shifted to smaller S values in
the absence of tet (Fig. 6A,B). Thus, G163V and G163R
were fully incorporated into ∼20S complexes only in the
presence of tet-regulatable WT KREPB4 in both BF and PF.
This dependency of RNase III mutant KREPB4 on WT
KREPB4 for incorporation into ∼20S complexes suggests
that there may be multiple copies of KREPB4 per editosome.
Together these results show that exclusive expression of ei-
ther G163R or G163V had the same effect on in vivo editing
and editosome integrity as the loss of KREPB4 in BF and PF,
and that the highly conserved glycine in the KREPB4 RNase
III domain is essential for the proper homo- and heteromeric
interactions of KREPB4 with other editosome proteins.

KREPB4 is required for endonuclease association
with editosomes

To assess the effects of KREPB4 loss and substitution on the
editing endonucleases, we used in situ tagging to generate
PF B4 CN cell lines carrying C-terminally myc-tagged
(Oberholzer et al. 2006) endogenous KREN1, KREN2, or
KREN3. Lysates were prepared from tagged cells that were
grown in the presence or absence of tet for 4 d, and fraction-
ated on glycerol gradients. Western analysis revealed that
upon repression in the absence of tet, each of the endonucle-
ases shifted to smaller S values in the gradients, mirroring the
shifts in KREPA1, KREPA2, KREL1, and KREPA3 upon
loss of KREPB4 (Fig. 7A). Unlike KREPA1, KREPA2,
KREL1, and KREPA3, we also observed decreases in the total
abundances of each of the endonucleases following KREPB4
repression (Fig. 7A,B). The effect of KREPB4 loss on endonu-
clease association with editosomes in the gradients was exam-
ined further by KREPA2 immunoprecipitation from pooled
∼20S glycerol-gradient fractions 8–11. Input fractions from
cells in which KREPB4 was repressed contained reduced
amounts of editosome components and complexes compared
to those from cells in which KREPB4 was expressed (Fig. 7C).
Despite this, we observed some coimmunoprecipitation of
KREPA1, KREL1, and KREPA3 with KREPA2 in the absence

FIGURE 4. (A) Alignment of RNase III domain sequences from
KREPB4-B5, KREN1-N3, and Campylobacter jejuni (accession
Q9PM40; PDB ID 3O2R). A total of 172 sequences from 35 kinetoplas-
tid species and strains were aligned using MUSCLE (Edgar 2004), and
only T. brucei sequences are shown for clarity. Closed circles denote res-
idues required for metal ion coordination and RNase III catalysis
(Nicholson 2014). These residues are conserved in KREN1-N3, but
degenerate in KREPB4-B5. Open circle indicates a universally conserved
glycine. Substitution of this glycine in KREPB5 prevents function in
both BF and PF (Carnes et al. 2012; McDermott et al. 2015b).
Phosphorylation of a residue equivalent to C. jejuni S34, denoted by
the open square, in E. coli increases RNase III catalytic activity (Gone
et al. 2016). (B) Comparative model of the KREPB4 RNase III domain
generated using theC. jejuni RNase III nuclease domain (PDB ID 3O2R)
as a template (McDermott et al. 2016). Modeled KREPB4 structure is
shown in dark gray, while template RNase III domain dimer is shown
in light gray. RNase III residues required for metal ion coordination
and catalysis, and aligned KREPB4 residues, are shown in cyan. The uni-
versally conserved glycine G163, and aspartic acid E164 in the KREPB4
RNase III domain that were subject to mutagenesis are highlighted in
magenta. (C) Western analysis with anti-V5 tag monoclonal antibody
showing constitutive expression of V5-tagged mutant or WT KREPB4
proteins from the β-tubulin locus in BF and PF CN cells (equivalent
of 4 × 106 and 2 × 106 cells/lane, respectively) in the presence and ab-
sence of tet. (D,E) Cumulative growth of BF and PF CN cells that con-
stitutively express V5-taggedWT, G163R/V (D), or E164A (E) RNase III
mutant versions of KREPB4, and in which the tet-regulatable WT
KREPB4 allele was expressed (E) or repressed (R).
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of KREPB4. In contrast, KREN1, KREN2, and KREN3 did
not coimmunoprecipitate following the loss of KREPB4
(Fig. 7C). We cannot discount that lack of endonuclease in-
teractions could be due to general disruption of editosome
structure upon loss of KREPB4. However, these complexes
were isolated from ∼20S peak glycerol-gradient fractions.
Furthermore, the immunoprecipitation of the insertion sub-
complex component KREPA1, in addition to KREPA3, by
the deletion subcomplex component KREPA2 shows that

the complexes do not fully disintegrate in the absence of
KREPB4. Thus, these data indicate that KREPB4 is required
for the association of the endonucleases with editosome
complexes.
To investigate the effect of KREPB4 RNase III mutation on

endonuclease association with editosome complexes, we in-
serted the V5-tagged WT or mutant G163V and G163R
KREPB4 mutant alleles into the β-tubulin locus of our CN
cell lines that also contained the myc-tagged endonucleases.
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FIGURE 5. (A) RT-qPCR analysis of BF and PF CN cells that constitutively express V5-tagged WT, G163R, or G163V mutant versions of KREPB4,
and in which the tet-regulatable WT KREPB4 allele was expressed (E) or repressed (R) for 2 and 4 d, respectively. The abundances of transcripts from
KREPB4 alleles (B4 reg = tet-regulatable WT allele; B4 EE = exclusively expressed V5-tagged WT or mutant allele; B4 ORF = B4 open reading frame),
and never-edited (COI and ND4), pre-edited, and edited mitochondrial mRNAs in repressed cells were calculated relative to cells expressing tet-reg-
ulatable WT KREPB4. For each target amplicon, relative abundance was determined using TERT as an internal control. Heat map shows the log10-
transformed relative abundances of RNAs from BF cells (left) and PF cells (right), as indicated by the scale bar (bottom). Data represent mean of three
experiments. (B) Data from A, presented as means ± SEM, plotted on a log10 scale. Asterisks indicate that the target amplicon was not detected in the
repressed cells.
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We then performed immunoprecipitation of KREPA2 and of
the V5-epitope tag from total cell lysates. To specifically que-
ry the effects of themutant proteins, we prepared lysates from
cells that were grown in the absence of tet for 4 d, and were
therefore exclusively expressing V5-tagged WT or mutant al-
leles. We observed coimmunoprecipitation of KREPB4-V5,
KREPA1, KREL1, KREPA3, and each of the endonucleases
with KREPA2 from cells that were exclusively expressing
WT-KREPB4. In comparison, we observed decreased coim-
munoprecipitation of KREPA2, KREPA1, KREL1, KREPA3,
and no coimmunoprecipitation of KREN1, KREN2, or
KREN3 from cells conditionally lacking KREPB4, or cells
that were exclusively expressing KREPB4 G163V or G163R
(Fig. 7D). We also observed decreased coimmunoprecipita-
tion of KREPB4-V5 with KREPA2 upon exclusive expression
of the mutant alleles. Similarly, upon immunoprecipitation
of the V5-tagged KREPB4 G163V or G163R proteins with
anti-V5 antibody, we observed a decrease in coimmunopre-
cipitation of editosome proteins and loss of the endonucleas-
es compared to V5-tagged WT KREPB4 (Fig. 7E). It is
interesting to note that while loss of KREPB4 leads to reduc-
tions in total abundances of each of the endonucleases (Fig.
7A–E), the G163V and G163R substitutions result in a signif-
icant reduction in the abundance of only KREN1 in total cell
lysates (Fig. 7D,E), indicating that KREN1 may be particular-

ly sensitive to changes in the function,
conformation, or interactions of
KREPB4. Together these results are con-
sistent with those of gradient sedimenta-
tion displayed in Figure 6 and
immunoprecipitation in Figure 7C, indi-
cating that the loss or G163V and G163R
substitution of KREPB4 results in loss of
the endonucleases from editosome com-
plexes and disruption of editosome integ-
rity. Furthermore, the G163V and G163R
substitutions decrease the incorporation
of KREPB4 into editosomes, consistent
with the requirement of the RNase III
domain for the proper interactions of
KREPB4 with other editosome proteins.

DISCUSSION

Here we show that KREPB4 is essential
for growth, RNA editing, and editosome
integrity in both BF and PF cells. The loss
of KREPB4 has comparable effects on
editosome components and complexes
in each life-cycle stage as the loss of
KREPB5 (McDermott et al. 2015b), in
that we observed a dramatic and specific
loss of editosomes and editosome com-
ponents in BF cells, but retention of com-
ponents and of complexes with smaller S

values in PF cells. Loss of KREPB4 therefore has differential
effects on editosome component and complex integrity
between life-cycle stages, providing further evidence for
intrinsic differences between BF and PF editosomes. These
life-cycle stage differences could be based in editosome pro-
tein/complex conformation or stability, interactions with
other proteins, complexes, or RNAs, and/or post-translation-
al modifications, with consequent effects on assembly and
interactions among proteins within the editosomes.
BF loss and PF disruption of editosomes upon knockdown

of KREPB4 indicate an important structural role within
∼20S complexes in both life-cycle stages. This is consistent
with previous studies that used RNAi to knock down
KREPB4 expression in PF (Babbarwal et al. 2007), and with
extensive cross-linking between KREPB4 and other core edi-
tosome proteins (Supplemental Fig. S1; McDermott et al.
2016) in CXMS. Within the set of proteins common to all
types of editosome, KREPB4 cross-linkedwith both the inser-
tion (KRET2, KREPA1, and KREL2) and deletion (KREPA2)
heterotrimeric subcomplexes, and with KREPA4, A5, and A6,
that likewise bridged the heterotrimeric subcomplexes.
Moreover, KREPB4 also cross-linked to KREPB5, which is
similarly essential for the integrity or stability of editosomes.
In addition to ∼20S editosomes, we also analyzed the effect
of KREPB4 loss on GAP2-containing complexes. This work

FIGURE 6. Western analysis of 5 h 10%–30% glycerol-gradient fractions of lysates from (A) BF
and (B) PF CN cells constitutively expressing V5-tagged WT, G163R or G163V KREPB4 alleles,
and in which the tet-regulatable WT KREPB4 allele was expressed (E) or repressed (R) for 2 (BF)
or 4 (PF) days. Western blots were probed with monoclonal antibodies against editosome pro-
teins KREPA1, KREPA2, KREL1, and KREPA3, and with anti-V5-tag antibody to detect the con-
stitutively expressed V5-tagged WT or mutant KREPB4 proteins.
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shows that loss of KREPB4, with subsequent disruption of
∼20S editosomes and of edited mRNAs in BF and PF, does
not alter levels or sedimentation of GAP2. GAP2 is essential
for RNA editing in BF and PF, and is required for binding
and stabilization of guide RNAs within the MRB1 complex,
which is thought to functionally cooperate with ∼20S edito-
somes to achieve fully processive RNA editing. This work is

consistent with evidence to date indicat-
ing that GAP2 and other components of
MRB1 may interact with ∼20S edito-
somes, but do so in an indirect, e.g.,
mediated by RNA, or transitory manner,
such that the integrities or stabilities of
the complexes do not depend upon one
another (Panigrahi et al. 2003a; Fisk et al.
2008; Weng et al. 2008; Acestor et al.
2009; Kafková et al. 2012; Aphasizheva
et al. 2014).
Previous studies have shown that sin-

gle amino substitutions in KREPB5
have differential effects on growth, edit-
ing, and complexes in BF and PF life-
cycle stages (McDermott et al. 2015b).
Substitution of key residues predicted to
contact RNA within the KREPB5 PUF
motif differentially affect editing and edi-
tosomes in PF but not BF. The PUFmotif
and these critical residues are conserved
in KREPB4, and we hypothesized that
they also have stage-specific functions.
However, we show here that their substi-
tution with alanine does not affect
growth, editing, or editosomes in either
BF or PF. PUF proteins typically bind
specific RNA sequences via multiple
tandem motifs (Zamore et al. 1997;
Wang et al. 2002; Cheong and Hall
2006; Koh et al. 2011). KREPB4 and
KREPB5 each have a single PUF motif
as do KREN1, KREN2, and KREN3
(Carnes et al. 2012; McDermott et al.
2015b), and we had previously hypothe-
sized that these proteins function togeth-
er to interact with editing substrates in a
fashion that is preferential for specific
nucleotide sequences. Our results here
indicate that this may not be the case, at
least for KREPB4, and that the KREPB5
PUF motif has a specific function, per-
haps in the recognition of differentially
edited substrates in PF, or in its interac-
tions with other editosome proteins. It
is possible that the KREPB4 PUF motif
has a specific function in other unassayed
life-cycle stages, or a nonspecific or re-

dundant role that can be performed by other PUF-motif con-
taining proteins in the complex. Thus, even though KREPB4
and KREPB5 share equivalent protein domains, the functions
of these proteins and their domains are not necessarily equiv-
alent. This is further supported by previous mutational anal-
yses showing that the U1-like zinc finger domain is essential
for KREPB4, but not KREPB5 function (Carnes et al. 2012),

FIGURE 7. (A) Western analysis of 5 h 10%–30% glycerol-gradient fractions 5–13 of lysates
from PF CN cells with myc-tagged endogenous KREN1, KREN2, or KREN3, and in which the
tet-regulatable WT KREPB4 allele was expressed (E) or repressed (R) for 4 d. Western blots
were probed with monoclonal antibodies against the myc-epitiope tag to detect the endonucle-
ases, and against editosome proteins KREPA1, KREPA2, KREL1, and KREPA3. (B) Western
analysis of input lysates for glycerol-gradient fractionation described in A. (C) anti-KREPA2
IP of editosomes from pooled ∼20S glycerol-gradient fractions 8–11 shown in A.
Immunoprecipitates and input pooled fractions were probed with antibodies as in A. Asterisk in-
dicates the heavy chain of the IP antibody. (D) Anti-KREPA2 IP and (E) anti-V5 IP of editosomes
from total lysates of PF CN cells with myc-tagged endogenous KREN1, KREN2, or KREN. Cells
were either not expressing KREPB4 (CN), or were exclusively expressing V5-tagged WT, G163V,
or G163R KREPB4 alleles. Immunoprecipitates and input lysates were probed with antibodies as
in A and with anti-V5-tag antibody to detect the V5-tagged WT or mutant KREPB4 proteins.
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although further investigation of this domain is required in
both BF and PF life-cycle stages. KREPB4 and KREPB5 also
have different patterns of cross-linking within PF editosomes
in CXMS (Supplemental Fig. S1; McDermott et al. 2016),
suggesting that they are in proximity to different proteins
and are functionally distinct.
In contrast to the PUFmotifs, the degenerate RNase III do-

mains in KREPB4 and KREPB5 are critical for the functions
of both proteins in maintaining the structural integrity of edi-
tosomes. A highly conserved glycine, G163, in the KREPB4
RNase III domain is essential for growth, editing, association
with editosome proteins, and editosome integrity in both BF
and PF, but E164, which aligns with a conserved catalytic
RNase III residue, is not. Substitutions in the equivalent res-
idues in KREPB5 have similar effects, providing evidence that
the RNase III domains in both proteins are noncatalytic but
essential for function. Homology modeling of the KREPB4
and B5 RNase III domains places the conserved glycine in
the α-helical region important for dimerization, which in
turn creates the functional catalytic center in other RNase
III endonucleases (MacRae and Doudna 2007; Carnes et al.
2012; Nicholson 2014; McDermott et al. 2015a, 2016).
Substitution of this glycine is thus predicted to result in steric
interference that prevents normal RNase III dimerization,
supporting the hypothesis that noncatalytic RNase III
domains in KREPB4 and KREPB5 form heterodimeric
structures with the catalytic RNase III domain-containing
endonucleases. We cannot discount that the glycine substitu-
tions generally disrupt protein folding, although this seems
unlikely given the more conservative nature of G163V. We
have also previously identified several editosome proteins,
in addition to KREPB4 and KREPB5, with RNase III domains
that lack key conserved catalytic residues (McDermott et al.
2016). These include the uniquely associated endonuclease
partner proteins KREPB6, KREPB7, and KREPB8 (Carnes
et al. 2011; Guo et al. 2012), as well as KREPB9 and
KREPB10 (Lerch et al. 2012). It is possible that all different
RNase III domain-containing proteins within editosomes,
potentially including multiple copies of the same protein as
suggested here for KREPB4, form different heterodimers at
different times during cycles of editing, or in different life-
cycle stages. This organization would be unprecedented
among known RNase III proteins, and we hypothesize that
it would allow for the recognition of a range of RNA sub-
strates, and for the specific cleavage of numerous different in-
sertion and deletion sites by different editosomes.
This work with previous knockdown and CXMS analyses

together indicate that KREPB4 particularly interacts with
the catalytic endonucleases. Here we show for the first time
that KREPB4, specifically its noncatalytic RNase III domain,
is required for the association of the editing endonucleases
with ∼20S editosomes, and loss of KREPB4 reduces the
steady-state abundances of the endonucleases without
significantly affecting the levels of other editosome proteins.
In CXMS, the C-terminal domain, and a region flanking the

RNase III domain of KREPB4 were in proximity to the RNase
III domains of each of the endonucleases, and to the C-termi-
nal domains of KREPB6 and KREPB7 (Supplemental Fig.
S1E). Altogether, these data suggest that the heteromeric in-
teractions of the catalytically active RNase III endonucleases
with KREPB4 are examples of enzyme–pseudoenzyme inter-
actions. Inactive pseudoenzymes in complex with active
enymes have previously been observed in trypanosomes
where they influence catalysis of polyamine synthesis
(Willert et al. 2007; Nguyen et al. 2013) and protein arginine
methylation (Kafková et al. 2017). Such RNase III hetero-
dimers in editosomes could cleave mRNA, and leave gRNA
intact, and an analogous RNase III mechanism for nicking
one strand of dsRNA has been described, albeit in an artificial
system (Conrad et al. 2002; Meng and Nicholson 2008).
Detailed biochemical and structural analysis is now required
to confirm the nature of heteromeric RNase III interactions
within editosomes. The enzymatic cleavage of RNA by
RNase III is key to eukaryotic, bacterial, and viral gene
expression and regulation (Nicholson 2014). Thus, under-
standing the different paradigms for how RNA is processed
by RNase III enzymes, and how these enzymes can be
regulated, including within editosomes, is of fundamental
importance.

MATERIALS AND METHODS

Growth of cells in vitro

BF cells were grown in HMI-9 (Hirumi and Hirumi 1989) with 10%
FBS at 37°C, 5% CO2. PF cells were grown in SDM-79 (Brun and
Schönenberger 1979) with 10% FBS at 27°C. For growth curve anal-
ysis, cell density was measured using a Coulter Counter. BF were re-
seeded at 2 × 105 cells/mL in 10 mL every day, while PF were
reseeded at 2 × 106 cells/mL in 10 mL every 2 d. Transfections
of BF cell lines with the Amaxa Nucleofector (Lonza), and of PF
cell lines with the BTX transfection device (Harvard Apparatus,
Inc.), were carried out as previously described (Merritt and Stuart
2013). Concentrations of drugs used for selection and tet-regulated
expression of transgenes are as follows. For BF: 2.5 µg/mL G418, 5
µg/mL hygromycin, 2.5 µg/mL phleomycin, 0.5 µg/mL tet, 0.1 µg/
mL puromycin. For PF: 15 µg/mL G418, 25 µg/mL hygromycin,
2.5 µg/mL phleomycin, 0.5 µg/mL tet, 1 µg/mL puromycin, 10 µg/
mL blasticidin, 25 µg/mL ganciclovir.

Generation of conditional null cell lines

WT KREPB4, including the stop codon and flanked in frame with
attB Gateway recombination sites, was PCR amplified using primers
described in Supplemental Table S2. BP Clonase II (Thermo
Fisher Scientific) was used to transfer the PCR product into the
Gateway entry vector pDONR221. LR Clonase II (Thermo Fisher
Scientific) was then used to transfer the KREPB4 sequence into
the Gateway destination vector pLEW100v5(BLE)GW (Merritt
and Stuart 2013), which allows for tet-regulatable expression of
WT KREPB4 from the rRNA locus. The resulting pLEW100v5

KREPB4 function in T. brucei

www.rnajournal.org 1681

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062786.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062786.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062786.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062786.117/-/DC1


(BLE)-KREPB4 plasmid was linearized with NotI, transfected into
PF 29.13, or BF SM427 cells, and transgenic lines were selected by
phleomycin resistance. Preparation of DNA constructs and transfec-
tions for endogenous KREPB4 allele knockouts in the regulatable PF
cell line were generated and carried out as previously described for
the generation of the PF KREPB5 CN cell line (McDermott et al.
2015b), using primers described in Supplemental Table S2. The
drug selection cassettes in the resulting PF CN cell line were excised
using transient expression of Cre recombinase and selection with
ganciclovir (Invivogen) as previously described (McDermott et al.
2015b). DNA constructs for KREPB4 allele knockouts in the
regulatable BF cell line were generated by PCR amplification of
hygromycin and blasticidin drug cassettes from pyrFEKO-HYG
(Addgene plasmid #24020; George Cross) and SM06 (Merritt and
Stuart 2013). Targeting sequences were also amplified using se-
quences described in Supplemental Table S2, and combined with
drug cassettes in fusion PCR reactions (Merritt and Stuart 2013).
The resulting constructs were transfected stepwise into the regulat-
able BF cell line, transgenic lines selected by hygromycin and blasti-
cidin resistance, and correct insertion of knockout cassettes assessed
by PCR.

Epitope tagging

PF KREPB4 CN cell lines carrying myc-tagged versions of either
KREN1, KREN2, or KREN3, were generated by in situ tagging
with a 3x c-myc epitope tag. Constructs for transfection were gener-
ated by a single round of PCR as previously described (Oberholzer
et al. 2006), using the pMOTag43M-crelox-PUR plasmid (Addgene
plasmid #24032; George Cross), a forward primer containing se-
quence preceding the stop codon of the target endonuclease, and
a reverse primer containing the reverse complement of the 3′UTR
of the target endonuclease. Transgenic lines were selected by puro-
mycin resistance. Primers are described in Supplemental Table S2.
Transient expression of pLEW100Cre_del_tetO (Addgene plasmid
#24019; George Cross) and ganciclovir (Invivogen) selection were
used as previously described (McDermott et al. 2015b) to excise
and allow reuse of the puromycin drug resistance cassette.

Generation of exclusive expression cell lines

WT KREPB4, lacking the stop codon and flanked in frame with
attB Gateway recombination sites, was PCR amplified using
primers described in Supplemental Table S2 and transferred
into pDONR221. pENTR-KREPB4 (-stop) was used in a LR
reaction with the destination vector pHD1344tub(PAC)GW-
Cterm3V5, which allows for constitutive expression of C-terminal
3xV5 tagged KREPB4 in the β-tubulin locus. The resulting
pHD1344tub(PAC)-KREPB4-Cterm3V5 plasmid was used as
a template for site-directed mutagenesis (QuikChange II kit;
Agilent) using forward and reverse primers listed in
Supplemental Table S2. NotI digested plasmids were transfected
into the BF and PF KREPB4 CN cell lines. Transgenic lines
were selected by puromycin resistance and constitutive expression
of KREPB4-3xV5 was confirmed by Western blot. BF and PF B5
cell lines exclusively expressing mutant alleles were prepared as
previously described (McDermott et al. 2015b) using primers in
Supplemental Table S2.

Fractionation on glycerol gradients

Glycerol-gradient fractionation was carried out on total cell lysates
from 2 × 109 PF or BF cells in the presence or absence of 0.5 µg/
mL tet. Cell cultures were counted using a haemocytometer to en-
sure that only living cells were harvested for fractionation.
Following lysis in 650 µL lysis buffer (10 mM Tris–HCl pH 7.2,
10 mMMgCl2, 100 mM KCl, 1% Triton X-100) and centrifugation
(12000 rpm, 10 min, 4°C), cleared lysates were loaded onto 11 mL
10%–30% glycerol gradients and centrifuged at 38,000 rpm for
5 h at 4°C in a SW40Ti rotor (Beckman). Twenty-four fractions
of 500 µL were collected from top to bottom, flash frozen in liquid
nitrogen and stored at −80°C.

Immunoprecipitation

Cleared lysate was prepared by lysis of 2 × 108 cells in 1 mL IPP150
(10 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.1% Nonidet P-40,
Roche Complete protease inhibitors) with 1% Triton X-100,
followed by centrifugation at 12,000 rpm at 4°C. For each
immunoprecipitation, 0.5 mL cleared lysate (1 × 108 cells) was incu-
bated overnight with 1 μL of rabbit antibody (Rockland
Immunochemicals; Supplemental Table S3) specific for the V5 epi-
tope tag. Of note, 12.5 μL of Protein G Mag Sepharose Xtra (GE
Healthcare) were washed twice with 1 mL of 1× PBS, 0.1% BSA
and once with 1 mL IPP150. Beads were then incubated for 4 h
rotating at 4°C with cleared lysate/antibody. Anti-KREPA2 immu-
noprecipitations were alternatively carried out by incubation of
0.5 mL cleared lysate (1 × 108 cells) with goat anti-mouse IgG dyna-
beads (Therno Fisher Scientific) that had been coated in mAb
P1H3-D7 (Supplemental Table S3; Panigrahi et al. 2001a) as previ-
ously described (Panigrahi et al. 2001a,b; Ernst et al. 2003). After in-
cubation, the supernatant was removed, and beads were washed four
times with 1 mL IPP150. Complexes bound to beads were eluted
with 100 μL of 2 × SDS sample buffer, heated for 5 min at 95°C.
Immunoprecipitations from pooled ∼20S peak glycerol-gradient
fractions were carried out as above, except inputs were 100 μL
each of fractions 8–11 combined and brought to a total volume of
500 μL with IPP150 plus protease inhibitors.

SDS-PAGE and Western blotting

SDS-PAGE loading buffer was added to cleared whole cell lysates, or
to samples containing purified protein complexes and resolved on
10% SDS-PAGE gels (Criterion Tris–HCl, Bio-Rad). For Western
analysis, resolved proteins were transferred to Immobilon-P
PVDF membranes (Millipore) and probed using antibodies
described in Supplemental Table S3. Blots were developed with an
enhanced chemiluminescence kit (Thermo Scientific) according
to the manufacturer’s instructions, and imaged using the
FluorChem E system (ProteinSimple) or X-ray film (Kodak).

RNA isolation and RT-qPCR analysis

Total RNA was harvested using TRIzol and treated with TURBO
DNase (Life Technologies) according to manufacturer’s instruc-
tions. RNA integrity was confirmed using a RNA nanochip on a
BioAnalyzer (Agilent Technologies). Two micrograms of total
RNA was reverse-transcribed using TaqMan Reverse Transcription
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Reagents and MultiScribe Reverse Transcriptase (Life Technologies),
preamplified in multiplex specific target amplification (STA) reac-
tions using TaqMan PreAmp Master Mix (Life Technologies), and
treated with Exonuclease I (NEB). The abundance of reference,
never-edited, pre-edited, and edited transcript cDNAs were then
analyzed by high-throughput real-time PCR on the BioMark HD
system as previously described (McDermott et al. 2015b). Primers
are described in Supplemental Table S2. Calculations of RNA levels
in samples following tet withdrawal, relative to the presence of tet,
were done using the 2 [−ΔΔC(T)] method (Livak and Schmittgen
2001) using TERT as an internal reference. Technical duplicates of
each cDNA sample were assayed for each target and internal refer-
ence per experiment and C(T) data averaged before performing
the 2 [−ΔΔC(T)] calculation. Experiments were repeated using
two or three biological replicates.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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