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ABSTRACT

Parasitic protozoans of the Trypanosoma and Leishmania species have a uniquely organized mitochondrial genome, the
kinetoplast.Most kinetoplast-transcribedmRNAs are cryptic and encodemultiple subunits for the electron transport chain
following maturation through a uridine insertion/deletion process called RNA editing. This process is achieved through an
enzyme cascade by an RNA editing catalytic complex (RECC), where the final ligation step is catalyzed by the kinetoplastid
RNA editing ligases, KREL1 and KREL2. While the amino-terminal domain (NTD) of these proteins is highly conserved with
other DNA ligases and mRNA capping enzymes, with five recognizable motifs, the functional role of their diverged car-
boxy-terminal domain (CTD) has remained elusive. In this manuscript, we assayed recombinant KREL1 in vitro to unveil crit-
ical residues from its CTD to be involved in protein–protein interaction and dsRNA ligation activity. Our data show that the
α-helix (H)3 of KREL1 CTD interacts with the αH1 of its editosome protein partner KREPA2. Intriguingly, the OB-fold
domain and the zinc fingers on KREPA2 do not appear to influence the RNA ligation activity of KREL1.Moreover, a specific
KWKEmotif on the αH4 of KREL1 CTD is found to be implicated in ligase auto-adenylylation analogous to motif VI in DNA
ligases. In summary, we present in the KREL1 CTD a motif VI for auto-adenylylation and a KREPA2 binding motif for RECC
integration.
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INTRODUCTION

The kinetoplastid parasites Trypanosoma brucei,
Trypanosomacruzi, andLeishmania spp. causeendemicdis-
eases worldwide, namely human African trypanosomiasis,
Chagas disease, and leishmaniases (Stuart et al. 2008;
Alalaiweetal. 2018).Theseearlydivergedeukaryotesharbor
within their mitochondria, a uniquely organized genome of
interlocked dsDNA in the form of mini and maxicircles,
known as the kinetoplast (Jensen and Englund 2012). The
maxicirclesencodeseveral subunitsof theelectron transport
chain and two subunits of themitochondrial ribosome,while
minicircles transcribe short trans-acting templateguideRNA
(gRNA) for use in post-transcriptionalmaturation of themax-
icircle transcripts (Aphasizhev and Aphasizheva 2014;
Ramrath et al. 2018).Catalyzedbyan∼800 kDamultiprotein
RNAeditingcatalyticcomplex (RECC), thisprocessentails in-
sertions and/or deletions of uridine (U) residues to varying
degrees in the premature transcripts (Kable et al. 1996;

Stuart et al. 2005). Among the catalytic RECC components,
the kinetoplastidRNAediting ligase 1 (KREL1) and the kinet-
oplastid RNA editing protein A2 (KREPA2) are specific for li-
gation post-U-deletion and are paralogous to KREL2 and
KREPA1 that are specific for ligation post-U-insertion
(Schnaufer et al. 2003). KREL1 is the essential ligase for par-
asite survival and functional editing in vivo, while its interact-
ing partner, KREPA2, is critical for RECC stability and KREL1
integration into the complex (Schnaufer et al. 2001; Huang
et al. 2002; Guo et al. 2008).

KREL1’s ligationmechanismisanalogousto theextensive-
ly characterized DNA and RNA ligases (Subramanya et al.
1996; Sriskanda and Shuman 1998; Doherty and Suh 2000;
Ho et al. 2004; Martins and Shuman 2004). Catalysis can be
broken down into three key steps: (i) KREL1 auto-adenylyla-
tion, where the ligase catalyzes a covalent linkage between
a conserved lysine of motif I with the α-phosphate of ATP
to form a KREL1–AMP intermediate while releasing
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pyrophosphate; (ii)RNAadenylylation, transferofAMPtothe
5′ PO4 termini of thenickedRNAduplex; (iii) phosphodiester
bond formation, a nucleophilic attack by the 3′ OH group
enables the deadenylylated ligase to covalently bind the
nicked ends of the RNAwhile releasing AMP.
Several studies outline the structural domains of KREL1

and KREPA2 and their potential role in the ligation mecha-
nism (Schnaufer et al. 2003;Wortheyet al. 2003;Denget al.
2004; Mehta et al. 2015). The crystallized amino-terminal
domain of KREL1 (PDB code 1XDN) reveals the ATP bind-
ing site, formed by β-strands containing residues from five
key motifs (I, III, IIIa, IV, and V). These functional motifs are
highly conserved in nucleotidyl transferase enzymes such
as DNA/RNA ligases and mRNA capping enzymes
(Supplemental Fig. S1; Subramanya et al. 1996; Deng
et al. 2004). Sequence alignments and experimental muta-
tion analysis revealed a conserved sixthmotif (VI) in DNA li-
gases critical for step 1, ligase auto-adenylylation, located
outside the binding pocket and in the CTD adjacent to its
oligonucleotide binding fold (OB-fold) domain (Sriskanda
and Shuman 1998; Samai and Shuman 2012). This motif
has been elusive in the KRELs, due to its highly diverged
CTD lacking the OB-fold, unlike DNA ligase and mRNA
capping enzymes (Ellenberger and Tomkinson 2008;
Flynn and Zou 2010). Sequence alignment-based search
tools identify bacteriophage T4 RNA ligase 2 (T4Rnl2) as
the closest ortholog for the KRELs (Ho and Shuman 2002;
Nandakumar et al. 2006). Although the CTD of T4Rnl2 is
dispensable in RNA ligation, the deletion of this domain
in KREL1 appears detrimental to its activity (Ho et al.
2004; Mehta et al. 2015) implicating a potential motif VI-
like region in its CTD. The KREL1 CTD is mainly known for
its interaction with KREPA2 as established through yeast-
2-hybrid and mutational studies (Schnaufer et al. 2010;
Mehta et al. 2015). The current hypothesis for KREPA2’s in-
volvement in ligation focuses on its OB-fold domain being
provided in trans for RNA recognition and binding in a
mechanism analogous to the fused OB-fold domain in
DNA ligases that interacts with nicked DNA during ligation
(Subramanya et al. 1996; Håkansson et al. 1997). While this
involvement has not beenprovenexperimentally, the theo-
ry hasbeen supportedbyKREPA2-mediatedenhancement
of KREL1 activity in vitro (Mehta et al. 2015). Moreover, en-
hancement of KREL1 auto-adenylylation indicated a likely
motif VI also tobeprovided in trans,albeit KREL1 still exhib-
its robust activity in vitro without its interaction partner.
In this study,we aimed to further characterize the ligation

mechanism of kinetoplastid RNA editing ligase. We per-
formed an extensive mutational analysis involving terminal
truncations, internal truncations, point mutations and
group mutations of the recombinant (r) KREL1 and
KREPA2 proteins of T. brucei. We narrowed down the
KREL1–KREPA2 regions of contact and further tested the
effect of this interaction in ligation in vitro. We also identi-
fied a diverged motif VI region on KREL1 critical for step

1 activity, ligase auto-adenylylation, which validates the
functional role of its CTD. Our results implicate a crucial
role for the motif VI in ATP hydrolysis, enhanced by
KREPA2 interaction.

RESULTS

KREL1 CTD α-helix 3 interacts with KREPA2 α-helix 1

To narrow the region on KREL1 that interacts with KREPA2,
we generated a panel of recombinant KREL1 proteins—
full-length and truncated (Fig. 1) and performed pull-
down experiments with recombinant KREPA2. We ex-
pressed the NTD and CTD of KREL1 independently and
showed that its CTD (aa 354–469) can interact with
KREPA2 (Fig. 2A), as anticipated from published data
(Schnaufer et al. 2010; Mehta et al. 2015). In fact,
KREPA2 interaction was completely absent with KREL1
CTD truncates: NTD (aa 51–324) and NTD_VLR (NTD
with the variable loop; aa 51–354) (Fig. 2A). We then ex-
pressed a series of carboxy-terminal truncations of
KREL1 dictated by recognizable conserved regions that
structurally resolve into the four α-helices (Fig. 1A;
Supplemental Fig. S2). In the KREPA2 pull-down assay,
we noticed a loss of binding with the KREL1 384 truncation
(aa 51–384) that was subsequently present with the KREL1
410 truncation (aa 51–410) (Fig. 2A), suggesting that the
region of KREPA2 contact is between residues 384–410
of KREL1, with the αΗ3 of its CTD. Hence, we next con-
firmed the loss of KREPA2 binding with an αH3 internal
deletion variant of KREL1 (Δ αH3) (Fig. 2B).
Next, to identify the region on KREPA2 that interacts

with KREL1, several versions of rKREPA2 were generated
corresponding to the full-length protein, with internal trun-
cations of (Δ)αH1 or the (Δ)OB-fold domain, and mutated
ZnFs (Fig. 1B). This experiment shows that KREPA2 Δ ΟΒ-
fold (aa 1–484) or KREPA2 with cysteine to alanine substi-
tutions in the ZnF domains, have no impact on KREL1 bind-
ing activity (Fig. 2B), ruling out these domains in mediating
protein–protein interactions with KREL1. Previous yeast-2
hybrid data indicate the binding region on KREPA2 for
KREL1 to be between residues 121–192 (Schnaufer et al.
2010). This region contains a predicted αH1 from con-
served residues 146–166 (Supplemental Fig. S3). A pull-
down test confirmed this region is the KREL1 binding
site, as rKREPA2 with an internal deletion of this αH1 (Δ
αH1) abolished the interaction (Fig. 2B).
The interaction between the αH3 of KREL1 CTD and αH1

ofKREPA2was further investigated through substitutionmu-
tation analyses where the hydrophobic, positively charged
and negatively charged residues on both helices were sub-
stituted for alanine as separate groupmutations. Groupmu-
tations of the positively charged lysine residues on KREL1
CTD αH3 led to a ∼70% decrease in the binding efficiency
toKREPA2 (Fig. 2C). Similarly, groupmutationsofnegatively
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chargedglutamic and aspartic acid residues of KREPA2αH1
led to a ∼75% decrease in binding efficiency (Fig. 2C), re-
vealing an electrostatic nature of KREL1–KREPA2 interac-
tion. Mutations of the hydrophobic leucine residues of
KREPA2 αH1 also resulted in a similar effect, although the
latter was not seen in αH3 of KREL1 CTD. This suggests hy-
drophobic interactions with adjacent helices of KREL1 CTD
for further stability, but not directly with αH3 (Fig. 2C).

In summary, we located the region of contact between
KREL1 and KREPA2 to be between αH3 of KREL1 CTD
and αH1 of KREPA2. The αH3 region of KREL1 is defined
as a LAKD repeat motif that is completely absent in
T4Rnl2, but highly conserved between trypanosomatid
KRELs (Supplemental Fig. S1). Mutational analyses further
confirm this to be driven through electrostatic interactions;
the lysine residues of KREL1 αH3 formpotential interactions
with theglutamic and aspartic acid residuesofKREPA2αH1.

KREL1 CTD is required for ligase auto-adenylylation

To investigate the essentiality of KREL1’s CTD in ligation,
functional activities of KREL1 full-length (FL) and the truncat-
ed NTD (aa 51–324) were compared in vitro (Fig. 3A). The
deletion of the CTD renders KREL1 inactive in the 3-step li-
gation assay aswell as in the step 1 auto-adenylylation assay
(Fig. 3B,C), as observed previously (Deng et al. 2004). The
addition of KREPA2 enhances KREL1 FL auto-adenylylation
activity, as shownearlier (Mehtaet al. 2015), although it does
not recover the lost activity of the KREL1NTD construct, po-
tentially due to the loss of its binding site (Fig. 3C). We also

attempted salvaging KREL1NTD’s repressed auto-adenyly-
lation activity by providing the purified CTD in trans, with
and without KREPA2; however, no improvement was ob-
served (Fig. 3C). It was not possible to experimentally test
for KREL1 step 2 activity (RNA adenylylation) when the
step 1 activity is abolished as a KREL1–AMP intermediate
is required. However, step 3 (phospho-diester bond forma-
tion) activity can still be assessed with preadenylated RNA
substrates. In the preadenylated ligation assay, KREL1’s
NTD (aa 51–324) is equally active as the KREL1 FL (Fig.
3D), suggesting that the CTD is not required for phosphor-
diester formation. Point mutations of amino residues in the
ATP binding pocket, including the conserved K87 of motif
I, showed the essentiality of the residues from motifs I–V
for steps 1 and 3 (data not shown) explaining that the li-
gase-ATP/AMP interaction occurs throughout the three-
step ligation mechanism.

In summary, we show that the CTD of KREL1 is required
for ligation activity, specifically for step 1. We also con-
clude that the NTD of KREL1 alone is required for the
last step, by providing the AMP binding pocket interac-
tions to catalyze the phosphor-diester bond formation.

KREL1 CTD harbors a diverged motif VI

As KREL1 NTD (aa 51–324) is inactive in adenylylation ac-
tivity, we aimed to narrow the region of the CTD that is re-
sponsible for its essentiality in ATP hydrolysis. First, we
tested the activity of the rKREL1 CTD truncations in our
in vitro functional assays (Fig. 4A). While the truncations

A B

FIGURE 1. Full-length predicted structures of KREL1 and KREPA2. (A) Full-length Alphafold structure prediction of KREL1. The structure has two
domains: NTD and CTD, which are connected by a variable loop region (VLR). The four-α helices of the CTD are labeled. A schematic of the mu-
tations made on KREL1 is shown below the structure. The black arrows represent the site of the truncations and the Δ represents the internal helix
deletion. (B) Full-length Alphafold structure prediction of KREPA2. The structure has an OB-fold domain, two ZnF domains and one α helix. A
schematic of themutationsmade on KREPA2 is shown below the structure. The black arrow at 484 represents the truncationmade for the deletion
of the OB-fold, the gray arrows represent the alanine substitutions of the cysteine residues of both ZnFs and Δ represents the internal deletion of
the αH1.
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at residues 454 and 446 were functional in ligation and
auto-adenylylation activities in vitro, truncation at residue
440 significantly impacted both processes (Fig. 4A,B).
These truncations were also tested in the preadenylated li-
gation assay for which all truncated mutants were active,
confirming the specific role of the CTD for step 1
(Supplemental Fig. S4). The region between residues
440–446 is located on αH4 of KREL1 CTD. A multiple se-
quence alignment of this region highlights four highly con-
served residues, KWKE (441-444) between KREL1 and
KREL2 of the kinetoplastid parasites (Supplemental Fig.
1). Single point mutations K441A, W442A, K443A, and
K444A individually result in a reduction of KREL1–AMP for-
mation by ∼50%, ∼75%, ∼25% and ∼30%, respectively
(Fig. 4C). The 75% reduction in activity fromW442A is sal-
vageable with a synonymous mutationW442F, suggesting
a primary role for W442 in pi-stacking interactions (Fig.

4C). Although point mutations partial-
ly affect KREL1 auto-adenylylation,
group mutations of KWKE to AAAA
and AWAA almost completely abol-
ished activity (Fig. 4C–E). Moreover,
we tested the KWKE group mutants
in the presence of KREPA2 which
was unable to rescue the loss of activ-
ity of these mutants (Fig. 4D,E).

These data narrow the region of
KREL1 CTD important for ligase
auto-adenylylation at the conserved
KWKE motif. The essentiality of the
KWKE residues in ATP hydrolysis is
synonymous with the findings of mu-
tational studies implemented in locat-
ing motif VI (RxDK) on DNA ligases
(Sriskanda and Shuman 1998), sug-
gesting the role of the CTD of KREL1
in providing a diverged motif VI-like
region during the adenylylation step.

KREPA2 primes KREL1 for
auto-adenylylation

While rKREL1 alone is sufficient for li-
gation activity in vitro, we examined
the effect of KREPA2 on KREL1 activ-
ity to determine the functional impact
of its interaction during the ligation
mechanism. We performed several
time-point experiments to measure
the rate of KREL1 activity at each
step of ligation and compared it with
the addition of its interacting partner
KREPA2 (Fig. 5). In the three-step liga-
tion mechanism, KREL1 only ligates
40% of the input RNA in the first

hour. Upon addition of KREPA2, efficiency increases by
30% (Fig. 5A). Using the KREPA2 ΔαH1mutant, we showed
that the deletion of the KREL1 binding site on KREPA2 re-
sults in baseline ligation efficiency, abolishing the en-
hancement effect (Fig. 5A). However, the deletion of the
OB-fold domain or alanine substitutions of the cysteine
residues in the ZnF domains on KREPA2, does not affect
the increase in the rate of KREL1 ligation activity (Fig.
5B). A similarly designed experiment used radiolabeled
ATP [α-32P] to measure KREL1–AMP formation in the
step 1 ligase auto-adenylylation assay. In the presence of
KREPA2, there was an increase in KREL1 adenylylation ac-
tivity and in the overall yield of this ligase intermediate; ex-
hibited by the increased maximal binding capacity (Bmax)
of the curve (Fig. 5C), with no improvement in the apparent
dissociation constant, Kd (data not shown). Step 2, ligase
deadenylylation (RNA adenylylation) activity, was assessed

A

C

B

FIGURE 2. Pull-down assay of KREL1 with KREPA2. (A) Pull-down of KREPA2 wild-type (WT)
with KREL1 full-length (FL), amino- and carboxy-terminal domains (NTD and CTD), and CTD
truncations. (B) Pull-down of KREL1 WT and KREL1 ΔαΗ3 of the CTD with KREPA2 WT and
domain mutants; deletion of αΗ1 (ΔαΗ1), deletion of OB-fold (ΔOB-fold) and ZnF mutant
which substitutes four cysteine residues to alanine (ZnFC/A). (C ) Pull-down assay of group mu-
tations (GM) of αΗ3 of KREL1 and αΗ1 of KREPA2. The light gray illustrates the KREL1 αH3mu-
tants with the addition of KREPA2 WT, and the dark gray illustrates the KREPA2 αH1 group
mutants with KREL1 WT. GMs are detailed next to the graph, including alanine substitutions
of positively charged residues, negatively charged residues, and hydrophobic residues on
each helix. Error bars represent SD obtained from three replicate experiments. (∗∗∗∗) P<
0.0001, (∗∗∗) P<0.001, (∗∗) P<0.01, (∗) P<0.05.
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by observing the decrease in the radiolabeled KREL1–
AMP in the presence of ligatable RNA substrates.
Although no significant change in the rate of ligase dead-
enylylation was observed with the addition of KREPA2,
represented by the curve slope, an increased percentage
of KREL1–AMP intermediate remained in the presence of
KREPA2 (Fig. 5D). In the isolated step 3 ligase activity assay
(preadenylated ligation), the ligation rate was slower in the
presence of KREPA2 in vitro (Fig. 5E); suggesting either the
need for KREPA2 to dissociate from KREL1 in the final step
(3) of ligation or this is a rate-limiting step specific to the
KRELs assuming KREPA2 dissociation does not occur.

In summary, the interaction between KREL1 and
KREPA2 increases the efficiency of KREL1 ligation, specif-
ically for auto-adenylylation. We also show that the OB-
fold and ZnF domains of KREPA2 do not directly impact
the RNA ligation mechanism of KREL1 in vitro.

DISCUSSION

The major findings of this study can be summarized as fol-
lows. First, KREL1 possesses an α-helix (αH3) on its CTD,
forming a physical interaction with αH1 of its binding part-
ner KREPA2. Second, the CTD of KREL1 is essential in the
auto-adenylylation reaction by providing a functional motif

VI, KWKE, which interacts with ATP
during hydrolysis. Third, KREPA2 in-
creases the efficiency of KREL1
adenylylation activity in vitro mediat-
ed by its interaction with no apparent
role of its OB-fold or ZnFs in ligation.
Our analysis of KREL1 and KREPA2

initiates from sequence alignments
and predicted structures from
Alphafold Colab database (Fig. 1;
Jumper et al. 2021; Varadi et al.
2022). The full-length KREL1 protein,
without its mitochondrial import sig-
nal, harbors a ∼34 kDa ATP-hydrolysis
amino-terminal domain (51–324). The
ATP-binding pocket is composed of
Motifs (I, III, IIIa, IV, V) that are con-
served in the family of nucleotidyl
transferases (Doherty and Suh 2000).
The multiple sequence alignment of
the KRELs from the three major kinet-
oplastid parasites and their closest
known ortholog, bacteriophage T4
RNA ligase 2 (T4Rnl2), highlight these
conserved motifs (Supplemental Fig.
S1; Ho and Shuman 2002). As the pre-
dicted KREL1 structure shows, the
NTD is linked to a ∼13 kDa carboxy-
terminal domain (CTD) through a var-

iable loop region (VLR) that likely provides flexibility in en-
gaging/disengaging the interactions between the two
domains supported by our inability to obtain KREL1 activ-
ity with the domains provided in trans (Fig. 3C). The CTD is
comprised of four α-helices: αH1 (aa 357–367), αH2 (aa
370–380), αH3 (aa 392–410), and αH4 (aa 419–456).
Through our mutational analysis of KREL1 in protein–pro-
tein interaction and in vitro ligation activity, we identified
two critical regions of interest on the CTD: αH3 (aa 392–
410) as the KREPA2 binding site and KWKE motif (aa
441–444) as the diverged motif VI (Supplemental Fig. S1).

Previous work investigated the CTD of KREL1 through
LAMA analysis and MEME motif database search and
found aa 381–383 region similar to a motif found in micro-
tubule-associated tau proteins (IPB0011084D) (Worthey
et al. 2003). Protein Tau binds microtubules through short
sequence motif repeats, with a KxGS signature (Avila et al.
2019). This region of KREL1, KIG (aa 381–383), noted as
microtubule-associated tau was, however, ruled out to
be involved in the KREPA2 interaction with our pull-
down assay as KREL1 384 truncation (aa 51–384) was un-
able to bind to KREPA2 (Fig. 2). Interestingly, the stretch
of residues before the KXGSmotif of Tau shares similarities
to the αΗ3 of KRELs (Avila et al. 2019). Within this region of
Tau, mutational analysis of the tau protein revealed the im-
portance of the lysine residues for this interaction (Goode

A B

C D

FIGURE 3. In vitro functional assays of KREL1 full-length and domain truncated mutants with
and without KREPA2. (A) Structural representation of the KREL1 constructs used including full-
length (FL), NTD, NTD_VLR and the CTD provided in trans. (B) Three-step ligation assay of
KREL1 FL vs. NTD, with and without KREPA2 WT. T4Rnl2 was used as a positive control,
and KREL1 K87A was used as a negative control. Identities of RNA species are depicted to
the left of the gels. The RNA being visualized contains a CY5 label. (C ) Ligase auto-adenylyla-
tion assay, representative of step 1 of ligation, of KREL1 FL and domain, truncatedmutants with
and without KREPA2. A “+” symbol represents reactions with domains provided in trans. The
KREL1–AMP product is radiolabeled with α-32P represented by an asterisk. (D) Preadenylated
ligation assay, representative of step 3 of ligation, of KREL1 FL vs. NTD with and without
KREPA2. T4Rnl2 was used as a positive control. The RNAbeing visualized contains a CY5 label.
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et al. 1997, 2000). Consistent with this conclusion, our
work supports the essentiality of the positively charged ly-
sine residues of αH3 of KREL1 CTD in the interaction with
KREPA2.
The essentiality of the CTD in KREL1 auto-adenylylation

suggests a region of critical residues that are required for
the proper hydrolysis of ATP. The region, KWKE (aa 441–
444) is synonymous with the RxDK motif previously de-
scribed in DNA ligases andmRNA capping enzymes that in-
teract with ATP in the binding pocket prior to adenylylation

(Subramanya et al. 1996; Håkansson et al. 1997; Sriskanda
and Shuman 1998). Specifically, the arginine and lysine res-
idues of RxDK motif VI in DNA ligases interact with the β-
and γ-phosphates for the proper orientation of theATPmol-
ecule for the covalent bond to form between the K ofmotif I
and AMP. We suggest a similar interaction between the ly-
sine residues of KWKE and the β- and γ-phosphates to en-
able the hydrolysis of ATP and the release of
pyrophosphate. Highlighted in a multiple sequence align-
ment, these residues are highly conserved in the KRELs
while loosely conserved in T4Rnl2 (Supplemental Fig. S1).
Although the NTD of T4Rnl2 is functionally independent
of its CTD in adenylylation (Ho et al. 2004), the author notes
an increase in the ideal pH condition to be more alkaline,
likely aiding in the de-protonation of the lysine residue of
motif I for covalent bond formation. We have shown that
pH 8.0 is the optimal condition of KREL1 adenylylation
(Supplemental Fig. S5), although the KREL1 NTD alone
was inactive in all pH conditions. We believe the motif VI
of KRELs is provided to the binding pocket to aid in ATP hy-
drolysis and potentially maintain the pH of the microenvi-
ronment required for covalent bond formation.
KREL1’s ∼63 kDa interacting partner, KREPA2, contains

two recognizable zinc-finger domains (ZnF1 and ZnF2)
flanking a 20-residue α-helix (αH1) and a carboxy-terminal
OB-fold domain (Fig. 1). The OB-fold domains conserved
in all the six RECC KREPA proteins are essential for the in-
tegrity of the complex as they are potentially involved in
protein–protein interactions that make up the scaffolding
of the RECC (Schnaufer et al. 2010). Of the six KREPA pro-
teins, KREPA1–3 each share two classical C2H2 zinc fingers
(Cys2–His2) of 24 aa comprised of a left-handed ββα struc-
ture, involved in nucleic acid binding and protein–protein
binding (Supplemental Fig. S3B; Matthews and Sunde
2002; Brayer and Segal 2008; Fedotova et al. 2017). For
example, KREPA3 ZnFs seem to play a role in RNA editing
efficiency, likely by mediating RECC–RNA interactions
(Guo et al. 2010), while the KREPA2 ZnF1 was shown to
be involved in complex assembly, potentially by integrat-
ing the deletion subcomplex into the RECC core similar
to theOB-fold. Our mutational analysis of KREPA2 showed
no significant change with the deletion of the OB-fold or
mutations of the ZnFs, in both KREL1 interaction and
KREL1 ligation and auto-adenylylation activities (Figs. 2,
5). While these domains may not play a role in KREL1
RNA ligation directly, the question remains if these do-
mains have a role in RNA interaction, possibly downstream
from the editing site in conjunction with the other KREPA
proteins of the complex.
Unlike KREPA3, KREPA1, and KREPA2 harbor a highly

conserved α-helix between the ZnF domains, containing
several exposed charged residues (Supplemental Fig.
S3C). This region was narrowed to be the binding site of
KREL1 αH3. The conservation of αH1 in both KREPA2
and KREPA1 proteins may indicate an analogous

A B

C

D E

FIGURE 4. Locating motif VI on KREL1 carboxy-terminal domain. (A)
Three-step ligation assay with KREL1 FL and CTD truncations. (B)
Adenylylation assay with KREL1 FL and CTD truncations. (C )
Adenylylation assay of KREL1 WT and group mutants (alanine substi-
tutions for residues 441–444, KWKE) with and without the addition of
KREPA2. (D) Adenylylation of point mutants and group mutants of
KREL1, compared to adenylylation activity of KREL1 WT. Group mu-
tants (GM) include KWKE substituted for AWAA and AAAA. (E)
Adenylylation assay of KREL1 WT and group mutants with the addi-
tion of KREPA2 WT. Error bars on each graph represent SD obtained
from three replicate experiments. (∗∗∗∗) P<0.0001, (∗∗∗) P<0.001, (∗∗)
P<0.01, (∗) P<0.05.
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interaction between the paralogs KREL2–KREPA1. The
high degree of similarity between these binding sites
may be a possible explanation for the ability of KREL1 to
rescue RNA editing and cell viability in KREL2 knockdown
mutants (Schnaufer et al. 2001) through binding to
KREPA1 to take part in the U-insertion subcomplex.
However, no data have been shown to support this to date.

The effect of KREPA2 on KREL1 ligation activity is an in-
crease in the efficiency of KREL1 auto-adenylylation medi-
ated by the αH3–αH1 interaction between KREL1 CTD and
KREPA2. In our in vitro functional analysis of the adenylyla-
tion step, the overall yield of KREL1–AMP formation in-
creases in the presence of KREPA2. KREPA2’s role
appears to be specific to step 1 as there was no significant

A B

C D

E

FIGURE 5. In vitro functional assays of KREL1 with and without KREPA2 over time. (A) Three-step ligation activity over time of KREL1WTwith and
without the addition of KREPA2 WT and KREPA2 ΔαΗ1 mutant. (B) Two other conditions, KREL1 WT with KREPA2 ΔOBmutant and KREPA2 ZnF
mutant (alanine substitutions of cysteine residues), were extracted from the graph of panel A for easier visualization. (C ) KREL1 adenylylation ac-
tivity over time with and without the addition of KREPA2 WT. (D) KREL1 deadenylylation activity over time with and without the addition of
KREPA2WT. (E) KREL1 preadenylated ligation activity over timewith and without the addition of KREPA2WT. Error bars on each graph represent
SD obtained from three replicate experiments.
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improvement in KREL1 activity in steps 2 and 3 in our in vi-
tro functional assays. KREL1 NTD is active independent of
its CTD in step 3, suggesting that KREPA2 interaction
is not required and may be unfavorable. As KREPA2
interacts with the CTD of KREL1, the domain that is essen-
tial for ATP-hydrolysis, and further increases the efficiency
of KREL1 adenylylation activity, we suggest that KREPA2’s
role mediates the conformational change necessary
for this step and regulates the accessibility of these
domains.
Based on the results from this work, a model of the li-

gase-adenylate formation is compatible with the open-
closed conformational changes observed with structurally
resolved GTPase capping enzymes and DNA ligases
(Fig. 6; Håkansson et al. 1997; Unciuleac et al. 2019). The
uniqueness of KREL1 is that the conformational change re-
quired for auto-adenylylation is improved with KREPA2 in-
teraction. Initially, the KREL1 enzyme is required in an
open conformation to accept ATP for adenylylation.
Critical residues of motif I–VI form interactions with ATP.
For a covalent bond to form between the K87 of motif I
and AMP, residues in motif VI (KWKE) are required to
interact and orient the β- and γ-phosphates of the ATP
molecule. Such interaction is provided in a closed confor-
mation, mediated by KREPA2’s interaction. This is consis-
tent with the unprocessed ATP in the crystalized NTD of
KREL1 (PDB code 1XDN) that was missing the motif VI

from the CTD for proper orientation and hydrolysis with
K87 of motif I. An open conformation at the final stage of
ligation, phospho-diester bond formation, is suggested
to interact with the dsRNA whereby motif VI or KREPA2
are not required for activity. KREL1 CTD is always to be
imagined with KREPA2 αH1 for RECC integration and for
optimal movement in assisting KREL1’s conformational
change for ligase auto-adenylylation via involvement of a
motif VI-like region (KWKE), critical for adenylylation.

Concluding comments

Using biochemical and structural data, we report two dis-
tinct structural motifs of T. brucei KREL1 CTD; motif VI ex-
plicitly recognizes ATP to form the ligase-adenylate and
the αH3 region that interacts with the KREPA2 binding
partner. The interaction of KREPA2 through its αH1 modu-
lates ligation in the first step, likely by promoting the clo-
sure of the KREL1 motif VI onto the ATP binding pocket.
Whereas other characterized ligases such as T7 DNA li-

gase have a catalytic domain and an OB-fold domain
along with motif VI, KREL1 contains only the catalytic
domain with a motif VI in its CTD, with the OB-fold domain
provided in trans by KREPA2 for ligation. Our results indi-
cate a diverged version of this motif VI, specific to kineto-
plastid RNA editing ligases, located on the CTD similar to
other ligases, albeit without an adjacent OB-fold domain.

FIGURE 6. Model for ligase auto-adenylylation. Mechanism of KREL1 adenylylation, representative of step 1 of ligation, in the presence of
KREPA2. (Left) KREL1 (in blue) is shown with its amino terminus with five β sheets that make up the ATP binding pocket. The VLR connects
the NTD to a four-helix domain at the carboxyl terminus. KREL1 begins in the open conformation with KREPA2 (in orange) αH1 bound to
KREL1 αH3 CTD. (Center) In the presence of ATP in the binding pocket, the CTD is shown to fold onto its NTD in the closed conformation.
The ligase catalyzes a covalent linkage between a lysine of motif I (depicted as the “K” protruding from β sheet 1) with the α-phosphate of
ATP. Motif VI, KWKE, on αH4 is involved in adenylylation to form the KREL1–AMP intermediate. (Right) The ligase opens to release pyrophos-
phate and proceed in the ligation reaction. KREPA2’s interaction mediates the conformational changes.

The carboxy-terminal domain of RNA editing ligase

www.rnajournal.org 195



In the KREL1 ligation mechanism, our data indicate no ap-
parent role for the OB-fold.

MATERIALS AND METHODS

Sequence alignment and structure predictions

Amino acid sequences of KREL1 and KREPA2 from T. brucei and
related species were extracted from the TriTryp database (https
://tritrypdb.org/tritrypdb/app) and aligned to related proteins us-
ing Clustal Omega (Sievers et al. 2011). We excluded the 50 ami-
no acid mitochondrial import signal of kinetoplastid RNA ligases.
Structural predictions of KREL1 and KREPA2 were achieved using
the AlphaFold Colab database developed by DeepMind and
EMBL’s European Bioinformatics Institute (Jumper et al. 2021;
Varadi et al. 2022) and used in the analysis of the structural do-
mains (Fig. 1; Supplemental Fig. S3).

Cloning of full-length KREL1 and KREPA2

KREL1 FL (51–469) of T. bruceiwas cloned in pET30b as previous-
ly described (Mehta et al. 2015) to express rKREL1 with an amino-
terminal 6× his-tag. T. brucei KREPA2 (1–587) was excised from a
pSG1-KREPA2 construct and cloned into a pLEXSY_invitro-2 plas-
mid (www.jenabioscience.com) then outsourced for -TAP-tag fu-
sion plasmid by GenScript Corporation. The expressed
rKREPA2 contains a carboxy-terminal affinity purification tag,
with a calmodulin tag—TEV protease site—6× his-tag. The ad-
vantages of using this plasmid were efficient affinity chromatogra-
phy purification and western blot analysis for quantification.

Cloning of KREL1 and KREPA2 truncations and
mutants

A summary of the truncations, point mutations, and group muta-
tions performed on KREL1 and KREPA2 are listed in
Supplemental Table S1. For KREL1, DNA fragments were generat-
ed by PCR between restriction enzymes KpnI and XhoI using the
wild-type KREL1 construct. For KREPA2, DNA fragments were gen-
erated by PCR between restriction enzymes NcoI and XbaI using
the wild-type KREPA2 construct. Plasmid preparation of KREL1
and KREPA2 mutants was prepared by GenScript Corporation.
Mutations on KREL1 are marked in the multiple sequence align-
ment (Supplemental Fig.S1), andmutationsonKREPA2aremarked
in the multiple sequence alignment (Supplemental Fig. S3).

Expression and purification of recombinant KREL1
and KREPA2

The rKREL1 and rKREPA2 wild-type and mutant proteins were ex-
pressed in vitro with a reticulocyte lysate-based cell-free coupled
transcription and translation system (TnT) (Cat. # L1170,
Promega). Proteins were expressed with [35S] methionine
(NEG709A500UC, PerkinElmer), and used directly for the pull-
down assay. An aliquot of the expressed protein was resolved in
an SDS-PAGE gel (Supplemental Fig. S2). For in vitro functional
assays, proteins were expressed with TnT and purified.

For rKREL1 purification, TnT reactions post incubation were
added to magnetic nickel beads (Dynabeads; 00972814,
Invitrogen) in binding buffer (25 mM NaPO4 [pH 8.0], 200 mM
NaCl and 0.01% Tween 20) and rotated at 4°C for 1 h. Using a
magnetic rack, the supernatant was removed, and the beads
were subsequently washed three times with binding buffer. The
beads were then added to an elution buffer (50 mM NaPO4
[pH 8.0], 300 mM NaCl, 0.01% Tween 20, and 300 mM
Imidazole) and rotated at 4°C for 45 min.

For rKREPA2 purification, TnT reactions post incubation were
added to calmodulin resin beads (CRB) in binding buffer (10
mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1%NP40, 2 mM β-ME, 1
mM Mg Acetate, 1 mM imidazole, and 2 mM CaCl2) and rotated
at 4°C for 2 h. The beads were briefly spun down to remove the
supernatant and washed with a binding buffer three times. CRB
were then suspended in elution buffer (10 mM Tris-HCl [pH
8.0], 150 mM NaCl, 0.1%NP40, 10 mM β-ME, 1 mM Mg-acetate,
1 mM imidazole, and 2 mM EGTA) and rotated at 4°C for 1 h.

The eluates containing either rKREL1 or rKREPA2were buffer ex-
changed in 1× HHE (25 mM HEPES, 10 mM Mg(OAc)2, 1 mM
EDTA, 50 mM KCl) and further concentrated using 10K Amicon
Ultra centrifugal filters (R1CB94236, Sigma Aldrich). Recombinant
proteins were examined by western blotting using an anti-His-tag
antibody (631212, Clontech) and visualized with ChemiDoc (Bio-
Rad) (Supplemental Fig. S2). A His-taggedprotein ladderwas load-
ed in increasing amounts of 20, 40, 80, and 120 ng to calculate a
standard curve for the quantification of recombinant proteins.

KREPA2 pull-down assay

Recombinant proteins were radiolabeled with [35S] methionine
using the TnT expression system. An aliquot of the reactions
was loaded on an SDS-PAGE gel to visualize expression
(Supplemental Fig. S2). Equal volumes of rKREL1 TnT reaction
and rKREPA2 TnT reaction were mixed on ice for 15 min.
KREPA2, with its calmodulin tag, would bind to the CRB and
pull-down KREL1. The mixed reactions were suspended in bind-
ing buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.1%NP40,
2 mM β-ME, 1 mM Mg Acetate, 1 mM imidazole, and 2 mM
CaCl2) and rotated at 4°C for 2 h with CRB. Supernatants were re-
moved, and CRB was subsequently washed three times with a
binding buffer. The supernatants were removed using ZEBA mi-
cro spin 10 kD columns (Cat No: P189879), and the CRB was sub-
sequently washed three more times, each time spun through the
column. CRB were then suspended in elution buffer (10 mM Tris-
HCl [pH 8.0], 150 mMNaCl, 0.1% NP40, 10 mM β -ME, 1 mMMg
Acetate, 1 mM imidazole, and 10 mM EGTA). Eluted proteins
were denatured with SDS loading dye, migrated in a 10% SDS-
PAGE gel, exposed to an X-ray film, and visualized using a
PhosphoImager (Bio-Rad). Analysis was conducted using
Quantity-one software (Bio-Rad).

Three-step ligation assay

KREL1 ligation activity was studied in vitro using annealed
dsRNA. 2 µM of 5′ labeled CY5 5′RNA fragment (5′-GGA
AAGUUGUGACUGA-3′) and 2 µM of 3’RNA fragment (5′-pUG
AGUCCGUGAGGACGAAACAAUAGAUCAAAUGUp-3′) were
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annealed to a 4 µM guide RNA (5′-GUUUUGUUCUUAUGGA
CUCAUCAGUCAUAAUUUUCCUU-3′) in 2x HHE buffer.

The RNA fragments were placed in a water bath at 70°C and
cooled to RT. The dsRNA was then added to a ligation reaction
(2× HHE [pH 8.0], CaCl2, Tx-100, ATP, RNAase inhibitor) with
1 pmol of rKREL1± rKREPA2 proteins. The reactions were incu-
bated overnight and at various time points, at 28°C in the dark,
shaking at 50 rpm. The reactions were quenched by adding 20
µM guide RNA competitor (DNA) (5′-AAAAAAAAAAGGAAAAT
TATGACTGAGTGAGTCCATAAGAACAAAAC-3′) and equal vol-
ume of 10 M Urea in TBE and heated at 95°C for 90 sec. The
RNA was resolved on a 20% acrylamide gel (37:1) and visualized
at ∼650 nm for CY5 using a ChemiDoc (Bio-Rad) machine.
Analysis was conducted using ImageLab software (Bio-Rad).

Step 1, ligase adenylylation assay

KREL1 auto-adenylylation activity was studied in vitro with [α-32P]
ATP. Reactions were set up with 0.2 pmol of KREL1±KREPA2
along with 1 µCi [α-32P] ATP in a solution containing 25 mM Tris-
HCl [pH 8.0], 10 mM Mg(OAc)2, 0.5 mM DTT, 1% BSA, and 10%
DMSO at RT. Reactions were optimized at pH 8.0 (Supplemental
Fig. S5). The reactions were incubated for 10 min and at various
time points, at RT. Reactions were quenched with SDS-loading
dye, migrated on a 10% SDS-PAGE gel, exposed to an X-ray
film, and visualized using a PhosphorImager (Bio-Rad). Analysis
was conducted using Quantity One software (Bio-Rad).

Step 2, RNA adenylylation assay

KREL1 deadenylylation activity was studied in vitro in the pres-
ence of nicked dsRNA as described in the ligation assay.
Adenylylated KREL1 with [α-32P] ATP, as described in the adeny-
lylation assay, was added to dsRNAmixtures detailed in the three-
step ligation assay. The rate of reaction was examined in the pres-
ence of KREPA2 and compared to the rate of KREL1 deadenyly-
lation. Reactions were quenched at different time points with
the denaturing SDS-loading dye and visualized with methods of
all radioactive assays.

Step 3, preadenylated ligation assay

KREL1 phosphodiester bond formation activity was studied in vi-
tro using a preadenylated dsRNA. For this assay, the 3′ RNA frag-
ment was first adenylylated using a 5′ DNA adenylation kit (NEB,
catalog # E2610S). It contains a Methanobacterium thermoauto-
trophicum ligase that adenylates a nucleic acid strand at the 5′

end. The RNA was purified through ethanol precipitation and mi-
grated through an acrylamide gel for verification (Supplemental
Fig. S6). Next, 2 µM of 5′ labeled CY5 RNA fragment and 2 µM
of preadenylated 3′ RNA fragment were annealed to 4 µM guide
RNA in 2× HHE. The RNA fragments were placed in a water bath
at 70°C and cooled to RT. The RNA mix was then added to a re-
action (2× HHE [pH 8.0], CaCl2, Tx-100, and RNase inhibitor) with
1 pmol of KREL1±KREPA2 protein. It should be noted that this
assay lacked the addition of ATP.

The reactions were incubated overnight and at various time
points; at 28°C in the dark while shaking at 50 rpm. The reactions

were quenched by adding 20 µM guide RNA competitor (DNA)
and an equal volume of 10 M Urea in TBE and heated at 95°C
for 90 sec. The RNA was resolved on a 20% acrylamide gel
(37:1) and visualized at ∼650 nm for CY5 using a ChemiDoc
(Bio-Rad) machine. Analysis was conducted using ImageLab soft-
ware (Bio-Rad).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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