
1 
 

 

Structure and Function Analysis of  

Kinetoplastid RNA Editing Ligase 
 

 

  

Daniel Moses 

 

Institute of Parasitology 

Faculty of Agricultural and Environmental Sciences 

McGill University 

Montreal, Quebec 

December 2022 

 

  

 

 

A thesis submitted to McGill University in partial fulfillment of the requirements of the degree 

of Master of Science 

 

© Daniel Moses (2022) 

 



2 
 

Table of Contents 

Abstract ------------------------------------------------------------------------------------------------------ 4 

Résumé ------------------------------------------------------------------------------------------------------- 5 

Acknowledgements ----------------------------------------------------------------------------------------- 6 

Contribution to original knowledge --------------------------------------------------------------------- 7 

Contribution of authors ----------------------------------------------------------------------------------- 8 

Abbreviations ------------------------------------------------------------------------------------------------ 9 

List of Figures ---------------------------------------------------------------------------------------------- 11 

List of Tables ----------------------------------------------------------------------------------------------- 13 

Introduction ------------------------------------------------------------------------------------------------ 14 

Comprehensive literature review ----------------------------------------------------------------------- 16 

Trypanosomes and their diseases ----------------------------------------------------------------------------- 16 

The kinetoplast and post-transcriptional RNA editing ----------------------------------------------------- 19 

The RNA editing core complex (RECC) ---------------------------------------------------------------------- 20 

Kinetoplastid RNA Editing Ligases --------------------------------------------------------------------------- 21 

Kinetoplastid RNA Editing Proteins A1-6 --------------------------------------------------------------------- 23 

Methodology ------------------------------------------------------------------------------------------------ 25 

Sequence alignment and structure predictions -------------------------------------------------------------- 25 

Expression and purification of recombinant KREL1 and KREPA2 -------------------------------------- 29 

KREPA2 pulldown assay --------------------------------------------------------------------------------------- 30 

Three-step ligation assay --------------------------------------------------------------------------------------- 31 

Step 1, ligase adenylylation assay ----------------------------------------------------------------------------- 31 

Step 2, RNA adenylylation assay ------------------------------------------------------------------------------ 32 

Step 3, pre-adenylylated ligation assay ---------------------------------------------------------------------- 32 

Research findings ------------------------------------------------------------------------------------------ 34 



3 
 

Structural analysis of KREL1 and KREPA2 ----------------------------------------------------------------- 34 

KREL1 and KREPA2 protein-protein interaction studies ------------------------------------------------- 38 

Functional role of KREL1 domains in ligation -------------------------------------------------------------- 41 

Mutational analysis of KREL1 NTD and VLR --------------------------------------------------------------- 42 

Location motif VI on KREL1’s CTD -------------------------------------------------------------------------- 45 

Effect of KREPA2 interaction on KREL1 ligation activity ------------------------------------------------- 47 

Comprehensive discussion ------------------------------------------------------------------------------- 50 

Conclusion and summary -------------------------------------------------------------------------------- 56 

Future directions ------------------------------------------------------------------------------------------ 57 

Appendix ---------------------------------------------------------------------------------------------------- 58 

References --------------------------------------------------------------------------------------------------- 64 

  



4 
 

Abstract 

Parasitic protozoans of the Trypanosoma and Leishmania species have a uniquely 

organized mitochondrial genome, the kinetoplast. Most kinetoplast-transcribed mRNAs are 

cryptic and encode multiple 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 N-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 C-terminal domain 

(CTD) has remained elusive. This work investigates the role of KREL1’s CTD in protein 

interaction and ligation activity. We assayed recombinant KREL1 in vitro to unveil critical 

residues from its CTD. The 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 

KWKE motif on the αH4 of KREL1 CTD is found to be implicated in ligase auto-adenylylation 

analogous to motif VI in DNA ligases. These findings detail the mode of action of KREL1 CTD 

in ligation and the functional role of KREPA2’s interaction. We further propose a model for 

KREL1’s “open-close” conformational change to provide motif VI to the adenylylation domain 

for ATP hydrolysis that KREPA2 mediates. These findings of the KREL1/KREPA2 RNA ligation 

mechanism are unique to kinetoplastids.    
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Résumé  

Les protozoaires parasites des espèces Trypanosoma et Leishmania possèdent un génome 

mitochondrial organisé de manière unique, le kinétoplaste. La plupart des ARNm transcrits dans 

le kinétoplaste sont cryptiques et codent pour de multiples sous-unités de la chaîne de transport 

des électrons après maturation par un processus d'insertion/délétion d'uridine appelé édition de 

l'ARN. Ce processus est réalisé par une cascade d'enzymes par un complexe catalytique d'édition 

de l'ARN (RECC), où l'étape finale de ligature est catalysée par les ligases d'édition de l'ARN des 

kinétoplastides, KREL1 et KREL2. Alors que le domaine N-terminal (NTD) de ces protéines est 

hautement conservé avec d'autres ADN ligases et enzymes de coiffage d'ARNm, avec cinq motifs 

reconnaissables, le rôle fonctionnel de leur domaine C-terminal (CTD) divergent est resté 

insaisissable. Ce travail étudie le rôle du CTD de KREL1 dans l'interaction des protéines et 

l'activité de ligature. Nous avons testé KREL1 recombinant in vitro pour dévoiler les résidus 

critiques de son CTD. Les données montrent que l'hélice α (H)3 de la CTD de KREL1 interagit 

avec l'αH1 de son partenaire protéique d'éditosome KREPA2. De manière intrigante, le domaine 

OB-fold et les doigts de zinc de KREPA2 ne semblent pas influencer l'activité de ligature de l'ARN 

de KREL1. De plus, un motif KWKE spécifique sur l'αH4 de la CTD de KREL1 est impliqué dans 

l'auto-adénylylation de la ligase, analogue au motif VI des ADN ligases. Ces résultats détaillent le 

mode d'action de KREL1 CTD dans la ligation et le rôle fonctionnel de l'interaction de KREPA2. 

Nous proposons en outre un modèle pour le changement de conformation " ouvert-fermé " de 

KREL1 afin de fournir le motif VI au domaine d'adénylylation pour l'hydrolyse de l'ATP qui est 

médiée par KREPA2. Ces résultats du mécanisme de ligature de l'ARN KREL1/KREPA2 sont 

uniques aux kinétoplastides.    
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Contribution to original knowledge 

My thesis investigates the ligation mechanism of editosome proteins KREL1 and 

KREPA2. I conduct a detailed structural, functional, and mutational analysis of these proteins to 

understand their mechanism of action and identify critical regions of interest. To date, the role of 

KREL1 and KREPA2 domains has yet to be described and understood entirely in the ligation 

mechanism.   

This thesis describes five optimized and efficient in vitro assays to test recombinant 

KREL1 and KREPA2; a pulldown assay for protein-protein interaction, fluorescent-based dsRNA 

ligation assays for the three-step mechanism and step 3 of ligation, and radiolabelled assays for 

steps 1 and 2 of ligation. Collectively, I expressed 100 mutants of KREL1 and KREPA2 to test 

these assays and uncover the unknowns of these proteins. 

My thesis work has been published in the RNA journal, titled “The discovery and 

characterization of two novel structural motifs on the C-terminal domain of kinetoplastid RNA 

editing ligases.” My findings detail the role of the diverged CTD of KREL1 in relation to 

adenylylation activity and KREPA2 interaction. I have identified specific motifs as critical regions 

that appear as novel inhibition targets as well as provide insight into the mechanism of dsRNA 

ligation in kinetoplastid parasites.  

First, I narrowed the specific interaction site between KREL1 CTD αH3 and KREPA2 αΗ1 

and further identified the electrostatic interaction that takes place. I as well ruled out the 

involvement of the OB-fold and ZnF domains of KREPA2 in this interaction. The activity of 

KREL1 was further examined in each step of the three-step ligation reaction in the presence and 

absence of its interacting partner, KREPA2. For the first time, I show that KREL1 NTD is active 

independently of its CTD in the final step of ligation, contrary to ATP hydrolysis (step 1), whereby 

the CTD is essential. In the presence of KREPA2, I show that its ability to enhance KREL1 activity 

is only in step 1 and not in the subsequent ligation steps. I further focused on uncovering the 

mechanism of step 1 and the role of the CTD. Through mutational studies, I discovered a functional 

KWKE motif VI (aa 441-444) on KREL1 CTD that is crucial for auto-adenylylation, synonymous 

with the motif VI of DNA ligase. I also bring evidence that the OB-fold and ZnFs of KREPA2 do 

not have a role in KREL1 RNA ligation directly. In summary, my work has functionally annotated 

the domains of KREL1 and KREPA2 during the ligation mechanism.  
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Abbreviations 

%SID Percent sequence identity 

aa Amino acid 

AMP Adenosine monophosphate 

ATP Adenosine triphosphate 

BSF Bloodstream form 

CRB Calmodulin resin beads 

CTD C-terminal domain 

dsRNA Double-stranded ribonucleic acid 

ETC Electron transport chain 

FL Full length  

gRNA Guide RNA 

HAT Human African Trypanosomiasis 

KREL1 Kinetoplastid RNA Editing Ligase 1 

KREPA2 Kinetoplastid RNA Editing Protein A2 

L.m. Leishmania major 

NTD N-terminal domain 

OB-fold Oligonucleotide binding fold 

PAL Pre-adenylylated ligation 

PPI Protein-protein interaction 

RECC RNA editing core complex 

T.b. Trypanosoma brucei 

T.c. Trypanosoma cruzi 

T4Rnl2 Bacteriophage T4 RNA ligase 2 
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VLR Variable loop region 

WT  Wild type 

ZnF Zinc finger 

αH# Refers to the alpha helix number 
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Introduction   

The kinetoplastid parasites Trypanosoma brucei, Trypanosoma cruzi, and Leishmania spp. 

cause endemic diseases worldwide, namely human African trypanosomiasis, Chagas disease, and 

leishmaniases (Alalaiwe et al. 2018; Stuart et al. 2008). These early diverged eukaryotes harbour 

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 maxicircles encode 

several subunits of the electron transport chain and one subunit of the mitochondrial ribosome, 

while minicircles transcribe short trans-acting template guide RNA (gRNA) for use in post-

transcriptional maturation of the maxicircle transcripts (Aphasizhev and Aphasizheva 2014). 

Catalyzed by an ~800 kDa multi-protein RNA editing catalytic complex (RECC), this process 

entails insertions 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 

kinetoplastid RNA editing ligase 1 (KREL1) and the kinetoplastid RNA editing protein A2 

(KREPA2) are specific for ligation 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 parasite survival and functional editing in vivo, while its interacting partner, KREPA2, is 

critical for RECC stability and KREL1 integration into the complex (Huang et al. 2002; Guo et al. 

2008; Schnaufer et al. 2001a). 

KREL1’s ligation mechanism is analogous to the extensively characterized DNA and RNA 

ligases (Doherty and Suh 2000; Sriskanda and Shuman 1998; Subramanya et al. 1996; Martins and 

Shuman 2004; Ho et al. 2004). Catalysis can be broken down into three key steps: (1) KREL1 

auto-adenylylation, 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 

pyrophosphate; (2) RNA adenylylation, transfer of AMP to the 5′ PO4 termini of the nicked RNA 

duplex; (3) phosphodiester bond formation, a nucleophilic attack by the 3′ OH group enables the 

de-adenylylated ligase to covalently bind the nicked ends of the RNA while releasing AMP.  

Several studies outline the structural domains of KREL1 and KREPA2 and their potential 

role in the ligation mechanism (Deng et al. 2004a; Mehta et al. 2015; Worthey et al. 2003; 

Schnaufer et al. 2003). The crystallized N-terminal domain of KREL1 (PDB code 1XDN) reveals 

the ATP binding site, formed by beta-strands containing residues from five key motifs (I, III, IIIa, 
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IV and V). These functional motifs are highly conserved in nucleotidyl transferase enzymes such 

as DNA/RNA ligases and mRNA capping enzymes (Deng et al. 2004; Subramanya et al. 1996). 

Sequence alignments and experimental mutation analysis revealed a conserved sixth motif (VI) in 

DNA ligases critical for step 1, ligase auto-adenylylation, located outside the binding pocket. The 

motif is found on 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 (Flynn and Zou 2010; Ellenberger and Tomkinson 2008). Sequence alignment-

based search tools identify bacteriophage T4 RNA ligase 2 (T4Rnl2) as the closest ortholog for 

the KRELs (Nandakumar et al. 2006; Ho and Shuman 2002). Although the CTD of T4Rnl2 is 

dispensable in RNA adenylylation, 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 involvement 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 (Håkansson et al. 1997; 

Subramanya et al. 1996). While this involvement has not been proven experimentally, the theory 

has been supported by KREPA2-mediated enhancement of KREL1 activity in vitro (Mehta et al. 

2015). Moreover, enhancement of KREL1 auto-adenylylation indicated a likely motif VI also to 

be provided in trans, albeit KREL1 still exhibits robust activity in vitro without its interaction 

partner. 

In this study, we aimed to further characterize the ligation mechanism of kinetoplastid 

RNA editing ligases. We performed 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 identified a 

diverged motif VI 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. 
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Comprehensive literature review 

Trypanosomes and their diseases 

Kinetoplastid parasites are unicellular eukaryotes with two intermediate hosts and three 

developmental stages. The flagellated pathogens, measuring 10-30 μm, reside in an invertebrate 

vector and further transmit to a vertebrate host, including humans (Van Den Abbeele et al. 1999). 

Transmission to the bloodstream acts as a highway for the parasites to migrate to a preferred 

location of the body, including the cephalic, cardiac, and gastrointestinal systems etc. and cause 

morbidity (Stuart et al. 2008). Below I discuss the parasites and the diseases they cause.  

Human African trypanosomiasis (HAT), also known as sleeping sickness, is caused by two 

subspecies of the protozoan Trypanosoma brucei: T. b. gambiense, causing the endemic disease in 

Central and West Africa and T .b. rhodesiense, causing east African trypanosomiasis (WHO 2022). 

A zoonotic subspecies, T .b. brucei, threatens agriculture and increases the challenge of containing 

eradication (Büscher et al. 2017). Tsetse flies of the genus Glossina transmit the parasite. Over 30 

species have been identified, six of which act as vectors for the disease, and the two most common 

are G. palpalis and G. fuscipes (Wamwiri and Changasi 2016).  During a blood meal of an infected 

tsetse fly, the metacyclic trypomastigotes are released and differentiate into its long slender 

bloodstream form (BSF) through extracellular signals that induce signal transduction pathways 

(Macleod et al. 2007; Walsh and Hill 2021). This results in the hemolymphatic stage of the disease 

with symptoms of headache, joint pain, and fever (Büscher et al. 2017). The parasite successfully 

evades the immune system through antigenic variation, causing parasitemia to persist for years 

(Malvy and Chappuis 2011). The BSF form can invade organs such as the central nervous system 

by crossing the blood-brain barrier causing chronic encephalopathy (Schultzberg et al. 1988). The 

second stage of the disease can result in mental disorders, sleep abnormalities and if left untreated, 

death (Malvy and Chappuis 2011). In the 1990s, the seemingly eradicated disease re-emerged, 

becoming endemic in 36 Sub-Saharan African countries with 35,000 cases yearly (Franco et al. 

2022). With increased control efforts by the World Health Organization (WHO), as of 2009, the 

number of cases has reached below 10,000 for the first time in 50 years and continues to decrease, 

as described in Figure 1 (Franco et al. 2022). Today there are reports of 2000 new cases a year, 

with still 500,000 currently infected and at risk of death as HAT remains a unsolved health problem 

(Büscher et al. 2017).  
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Figure 1. Number of HAT cases in the past 20 years recorded by WHO. 
Figure reproduced from PLOS Neglected Tropical Diseases by Franco et al. 2022.  

Chagas disease is the persistent infection of Trypanosoma cruzi that is endemic to 21 

countries in Latin America with prevalence in North America and Europe, causing 50,000 deaths 

per year (WHO, 2019). The parasite is transmitted by contact with the triatomine bug. Excreted 

products of the bug contain trypomastigotes that can invade cells around the bite wound. These 

are released into the bloodstream, where they can infect cells of the heart, gastrointestinal tract, 

central nervous system, smooth muscle and adipose tissue (Stuart et al. 2008). It can also be 

transmitted congenitally, from a blood transfusion or organ transplantation, whereby screening 

assays aid in reducing incidence (Pérez-Molina and Molina 2018; Lidani et al. 2019).  

The disease can be treated with benznidazole and nifurtimox, which have proven effective 

in curing the disease when administered during the acute phase (Field et al. 2017). The drugs 

strongly inhibit dehydrogenase activity, reducing the mitochondrial membrane potential (Boiani 

et al. 2010). However, the efficacy diminishes with a longer interval between infection onset and 

initiation of treatment. Moreover, current detection methods, such as enzyme-linked 

immunosorbent assay (ELISA) and hemagglutination, are inadequate in the early stages (Tarleton 

et al. 2007). Moreover, the initial phase may be asymptomatic, where less than 50% of individuals 

experience swelling at the bite location, headaches, and fever. In the chronic phase, two months 

post-infection, the parasites harbour within the heart and digestive tract, causing cardiac disorders 
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and an enlarged intestine and colon. If untreated, it may lead to death, such as heart failure in 30% 

of infected individuals (Stuart et al. 2008).  

Leishmaniasis can be caused by 21 species of Leishmania transmitted to humans by a bite 

from an infected female phlebotomine sandfly (WHO, 2019). The disease, characterized by 

location, takes on three forms: cutaneous (CL), visceral (VL) and mucocutaneous (ML). According 

to reports from WHO, Afghanistan and the Syrian Arab Republic suffer the most from CL, while 

Ethiopia and Kenya are affected mainly by VL. The most common form of the disease, CL, leads 

to more than five million cases annually. The condition in this form is not fatal, however, it can 

leave permanent scars and disability from an excessive number of ulcers (Reithinger et al. 2007). 

ML targets mucous membranes of the nose, mouth, and throat, causing lesions and/or destruction 

of the affected area. VL caused by L. infantum and L. donovani is characterized by fever, weight 

loss, splenomegaly and anemia, which can be fatal if left untreated (Stuart et al. 2008). Leishmania 

spp., in all cases, shares a similar life cycle that results in the infection of macrophages (Handman 

and Bullen 2002). While in the case of CL, the parasite infects macrophages within the skin, L. 

infantum and L. donovani will target macrophages of the lymphoid tissues rendering the host 

immunocompromised and susceptible to secondary infection (Denkers and Butcher 2005).  

Table 1. Summary of Kinetoplastid causing disease: HAT, Chagas disease and Leishmaniasis   
(Field et al. 2017; Stuart et al. 2008; De Koning 2020)                                 

 Human African 
Trypanosomiasis Chagas disease Leishmaniasis 

Causative parasite T. brucei gambiense  
T. brucei rhodiense T. cruzi 

Leishmania spp. 
i.e. L. donovani &  
L. infantum causing VL 

Vector Tsetse fly  
(Glossina spp.) 

Kissing bug 
(Triatominae spp.) Phlebotomine sandfly 

Location Sub-Saharan Africa South and Central 
America 

Afghanistan, Syria, Kenya, 
Ethiopia, S & C america 

Deaths/year >2,000 >7,000 ∼50,000 

DALY 203,497 252,204 1,068,537 

Treatment 
Suramin, Pentamidine, 
Melarsoprol, Elornithine & 
Fexinidazole 

Benznidazole, 
Nifurtimox 

Amphotericin, Miltefosine, 
Paromomycin & 
Pentavalent antomonials 
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The kinetoplast and post-transcriptional RNA editing 

The parasitic protozoans T. brucei spp., T. cruzi and Leishmania spp. belong to a group 

referred to as kinetoplastids. They share a unique structure within the mitochondria called the 

kinetoplast, a dense mass of DNA (kDNA) that encodes subunits of the ETC (Jensen and Englund 

2012). While cellular ATP is generated using the oxidative phosphorylation system in the insect 

stage, the bloodstream form in the mammalian host produces ATP through aerobic glycolysis 

(Zíková 2022). Although oxidative phosphorylation is repressed in the bloodstream form, the ETC 

undergoes remodelling for the reverse activity of the F0F1-ATP synthase to maintain a proper 

mitochondrial membrane potential, further emphasizing the importance of kDNA in all stages 

(Schnaufer et al. 2005).  

 

Figure 2. The kinetoplastid DNA network made of mini and maxi circles. 
Electron microscopy of isolated kDNA network. Figure reproduced from Frontiers in Cellular and Infection 
microbiology, Maldonado et al. 2012. 

The kinetoplast comprises a large, interconnected network of circular kDNA, maxicircles 

and minicircles (Figure 2). Maxicircle genes encode ribosomal RNA and subunits of the ETC 

embedded into the mitochondrial membrane (Hajduk and Ochsenreiter 2010). Among the 18 

transcripts encoded by maxicircles, 12 require a post-transcriptional modification termed RNA 
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editing (Read et al. 2016). This was first described in the mRNA of cytochrome-c oxidase subunit 

II (COII) (Benne et al. 1986). The minicircles are transcribed into short antisense RNAs with a 

3′poly-uridine tail, termed guide RNA (gRNA), that directs the site-specific editing (Hajduk and 

Ochsenreiter 2010; Blum and Simpson 1990).   

RNA editing has been observed in all kinetoplastids, while it varies in extensiveness 

between species and life stages (Simpson et al. 2000; Read et al. 2016). It is a post-transcriptional 

modification comprised of insertions and deletions of uridylates (Read et al. 2016). The gRNAs 

hybridize to regions of the maxicircle transcripts through complementary base pairing, forming a 

double-stranded RNA segment with a mismatch that dictates the editing of the pre-mRNA (Stuart 

et al. 1997). The insertion and deletion of uridines are catalyzed by a multiprotein complex termed 

the editosome (McDermott et al. 2016).  

The RNA editing core complex (RECC) 

The post-transcriptional RNA editing mechanism in kinetoplastids is catalyzed by the ~20S 

(~800 kDa) RNA editing core complex (RECC) described in (Aphasizheva et al. 2020). The RECC 

components are nuclear-encoded and contain a mitochondrial import signal. The complex requires 

the proper assembly of subcomplexes directed by protein-protein interactions to maintain its 

integrity (Figure 3) (Schnaufer et al. 2010; McDermott et al. 2016; Huang et al. 2002). The 

purification and detection of the composition of the RECC have been detailed in (Aphasizheva et 

al. 2014) among other complexes of the editosome, including those of accessory proteins that 

mediate editing fidelity and efficiency (Mehta et al. 2020). At the editing site, 

exonuclease/endonuclease activity cleaves the phosphodiester bond on the pre-mRNA 

(Aphasizheva et al. 2020). This allows for either the U-addition from 3' terminal uridylyl 

transferase (TUTase) or U-deletion from ExoUase activity (Ringpis et al. 2010; Stagno et al. 2010). 

In both cases, the nicked dsRNA is ligated by an RNA editing ligase (Salavati et al. 2012). KREPA 

and B proteins form the inner core of the complex essential for its integrity and the assembly of 

subcomplexes.     
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Figure 3. RNA Editing Core Complex 
Diagram depicts the RNA editing core complex made of three subcomplexes, insertion, deletion, and 
endonuclease, around an inner core of A and B proteins. Protein-protein interaction is represented with a 
connected line. X1,2 (exonucleases2), B1-8 (KREPB proteins), N1-3 (endonucleases), T1,2 (TUTases), A1-6 
(KREPA proteins), L1,2 (ligases) (Aphasizheva et al. 2020). 

Kinetoplastid RNA Editing Ligases 

Kinetoplastids have two ATP-dependent RNA editing ligases that function in the U-

insertion/deletion post-transcriptional editing: KREL1 and KREL2. RNA editing ligases are part 

of an early lineage of nucleotidyl transferases such as T4 RNA ligase 2 (T4Rnl2), DNA ligase and 

mRNA capping enzymes (Ho et al. 2004; Doherty and Suh 2000; Håkansson et al. 1997). They 

became of particular interest in kinetoplastids for their essential enzymatic role in RNA editing. 

The kinetoplastid RNA ligases share a three-step ligation mechanism highly conserved with other 

nucleotide transferases (Figure 4). The hydrolysis of ATP forms a ligase-AMP intermediate that 

further adenylyates the  5’ PO4 of the pre-mRNA that drives a nucleophilic attack from the 3’OH. 

The phosphodiesterase bond completes the ligation of the mRNA fragments. In vitro and in vivo 

KREL1 knock-out studies have denoted abolished RNA editing of ETC subunits and detrimental 

effects on parasite viability and parasitemia in mice (Schnaufer et al. 2001). However, RNAi 

silencing of the homologous enzyme KREL2 of the insertion subcomplex did not result in a similar 

phenotype. The presence of KREL1 was sufficient to maintain cell growth and in vivo editing, thus 
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proposing a dual role of KREL1 in both insertion and deletion editing (Drozdz et al. 2002; 

Aphasizheva et al. 2020).  

In 2004, a 1.2 Å crystallized structure was published of the adenylylation domain of 

KREL1 T. brucei (PDB code 1XDN), which confirmed its annotation (Deng et al. 2004a). The 

ATP binding pocket is formed by five functional motifs (I, IIIa, IIIb, VI, and V) essential for ATP 

catalysis in all nucleotide transferases (Mehta et al. 2015; Unciuleac and Shuman 2015; Gu et al. 

2016; Sriskanda and Shuman 1998). Furthermore, in vitro screening of compounds has shown 

potential in finding KREL1 competitive inhibitors (Zimmermann et al. 2016; Salavati et al. 2012). 

However, to date, no compound has been developed to successfully inhibit KREL1 in vivo and 

remains an area for further investigation. Interestingly, the adenylylation domain of KREL1 is not 

functional when independent of its CTD (Mehta et al. 2015). Although CTD has not been 

crystalized (Deng et al. 2004), sequence analysis to date records bacteriophage T4Rnl2 as its 

closest homologue (Ho and Shuman 2002) . The crystallized structure of this enzyme (PDB code 

2HVR) shows the domain comprised of four alpha helices (Ho et al. 2004). Contrary to KREL1, 

the NTD of T4Rnl2 is functionally independent in in-vitro dsRNA ligation (Ho et al. 2004). 

 

Figure 4. RNA ligation of KREL1 
Schematic of the 3-step ligation mechanism. L1 depicted in blue has an ATPase domain and a CTD attached 
via a variable loop region. KREL1 is adenylyated in step 1 to form the KREL1-AMP intermediate. The 
AMP is then transferred to the 5’ end of the 3’ RNA fragment of the nicked dsRNA in step 2. The final step 
is formation of the phosphodiester bond. The result of the ligated mechanism is a sealed dsRNA.   
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Mutational studies of Chlorella virus DNA ligase had narrowed an RxDK motif VI 

conserved in DNA ligases and mRNA capping enzymes (Sriskanda and Shuman 1998). The RxDK 

motif VI, located downstream (following the OB-fold domain) from the other five motifs, is 

essential for enzyme adenylylation. While RxDK is not conserved to KRELs, the shared phenotype 

of CTD truncated KREL1 mutant suggests the possibility of finding a cryptic motif VI (Mehta et 

al. 2015).  

KRELs do not have a structure similar to the OB-fold domain of DNA ligases. It has been 

shown that KREL1 interacts with KREPA2, and KREL2 interacts with KREPA1 in separate 

subcomplexes of the RECC (Schnaufer et al. 2010). Interestingly, the KREPA proteins have an 

OB-fold domain and in theory, can provide this to KRELs in trans. RNAi has supported the role 

of KREPA proteins in complex assembly and integrity; however, the functional role of providing 

this domain in ligation has yet to be proven analogous to that of DNA ligases (Huang et al. 2002).  

Kinetoplastid RNA Editing Proteins A1-6 

The interacting partner of KREL1 is the RNA editing protein KREPA2. The enzyme is one 

of six A proteins (KREPA1-6) of trypanosomes that are part of the RECC (Figure 3). The catalytic 

complex is divided into subcomplexes formed through PPI; KREPA1 interacts with ligase 

(KREL2) and exonuclease (KREX2) to form the U-insertion subcomplex, KREPA2 protein 

interacts with ligase (KREL1) and TUTase (KRET2) to form the U-deletion subcomplex 

(Aphasizheva et al. 2020). The remaining three KREPA proteins (KREPA3-6) form the inner core 

that interacts with each other and aid in the assembly of the subcomplexes (Aphasizheva et al. 

2020). Previous studies have investigated the structure and function of these enzymes, summarized 

in Table 2.  

The KREPA proteins share a structurally homologous oligonucleotide binding fold 

domain. The domain consists of six beta sheets arranged into a barrel with a winged helix, 

previously described (Park and Hol 2012) (PDB code 4DNI). KREPA1, 2 and 3 also have two 

C2H2 zinc fingers (Worthey et al. 2003).  Both domains have been implicated in forming the core 

of the RECC (Aphasizheva et al. 2020; Schnaufer et al. 2010). This is supported by studies on all 

KREPAs, except for KREPA5, that provide evidence on the essentiality for the stability and 

integrity of the RECC that is detrimental to in vivo editing and the parasite viability (Drozdz et al. 
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2002; Huang et al. 2002; Salavati et al. 2006; Kala and Salavati 2010; Guo et al. 2008; Tarun et 

al. 2008; Guo et al. 2010; Kala et al. 2012). Apart from PPI, KREPA proteins have been shown to 

possess other functions such as endo-exoribonuclease activity from KREPA3 both in vitro and in 

vivo (Brecht et al. 2005) as well as enhanced KREL1 ligation activity in vitro (Mehta et al. 2015). 

 

Table 2. Group A proteins of the RNA editing core complex 

Enzyme Domains Function 

KREPA1 ZnF1 & ZnF2 
OB-fold 

Part of the stability and integrity of the RECC.  
Essential for RNA editing associated with U-insertion. 
(Drozdz et al. 2002) 

KREPA2 ZnF1 & ZnF2 
OB-fold 
 

Part of the stability and integrity of the RECC.  
Essential for KREL1 integration and ligase activity. 
(Huang et al. 2002) 

KREPA3 ZnF1 & ZnF2 
OB-fold 

Essential for the integrity of the RECC and RNA editing. 
(Guo et al. 2008) 

KREPA4 OB-fold Essential for editosome stability and U-insertion/deletion 
activity. (Kala et al. 2012; Salavati et al. 2006) 

KREPA5 OB-fold - 

KREPA6 OB-fold Essential for RNA editing and structural integrity of the 
editosome. (Tarun et al. 2008) 
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Methodology 

My thesis is comprised of a structural, functional, and mutational analysis of KREL1 and 

KREPA2 proteins. First, using AlphaFold2, the full-length structures of KREL1 and KREPA2 

were predicted. Next, these structures were further analyzed through pairwise structural alignments 

with related proteins along with multiple sequence alignments to highlight conserved 

residues/regions. The full-length genes were then cloned into their respective plasmids and 

recombinantly expressed and purified. The rKREL1 and rKREPA2 were then tested for protein-

protein interaction and ligation activity using five in vitro assays including a pulldown assay, 

ligation assay, adenylylation assay, RNA adenylylation assay and pre-adenylylated ligation assay. 

Alongside these experiments, a series of constructs including truncations, internal deletions, group 

mutations and point mutations were made to both KREL1 and KREPA2 and tested in vitro to 

identify critical regions for activity.  

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 using Clustal Omega (Sievers et al. 2011). We excluded the 50 amino acid mitochondrial 

import signal of kinetoplastid RNA ligases (Appendix Figure 24).  

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 domains (Figure 5, Figure 6). 

We then used RCSB Protein Data Bank PDB (https://www.rcsb.org/alignment) to perform a 

pairwise structural alignment of KREL1 and KREPA2 domains to related proteins. 

https://tritrypdb.org/tritrypdb/app
https://www.rcsb.org/alignment
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Figure 5. Full-length predicted structures of KREL1 and KREPA2.  
(A) Full-length Alphafold structure prediction of KREL1 T. brucei. The structure has two domains: NTD 
and CTD that are connected by a variable loop region (VLR). The four-alpha helices of the CTD are 
labelled. A schematic of the mutations made on KREL1 is shown below the structure. The black arrows 
represent the site of the truncations and the ∆ represents the internal helix deletion. (B) Full-length 
Alphafold structure prediction of KREPA2 T. brucei. The structure has an OB-fold domain, two ZnF 
domains and one alpha helix. A schematic of the mutations made on KREPA2 is shown below the structure. 
The black arrow at 484 represents the truncation made for the deletion of the OB-fold, and the grey arrows 
represent the alanine substitutions of the cysteine residues.  
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Figure 6. Sequence alignment of KREPA2 structural domains.  

(A) Amino acid multiple sequence alignment of the oligonucleotide binding fold (OB-fold) domain of 
KREPA1-6 of Trypanosoma brucei (Tb), with predicted Alphafold structure beside it. (B) Amino acid 
multiple sequence alignment of the zinc finger (ZnF) domains of KREPA1-3 of Trypanosoma brucei (Tb), 
Trypanosoma cruzi (Tc) and Leishmania infantum (Li), with predicted Alphafold structure beside it. The 
sequence alignment shades five conserved residues, C2FH2, which are specific to this ZnF domain family. 
(C) Amino acid sequence alignment of the αH1 of KREPA1 and KREPA2 of Tb, Tc and Li, with predicted 
Alphafold structure below it. Each residue mutated for analysis is represented by an asterisk.  

Cloning of full-length KREL1 and KREPA2 

KREL1 FL (51-469) of T. brucei was cloned in pET30b as previously described (Mehta et 

al. 2015) to express rKREL1 with an N-terminal 6x his-tag. T. brucei KREPA2 (1-587) was 

excised from a pSG1-KREPA2 construct and cloned into a pLEXSY_invitro-2 plasmid 

(www.jenabioscience.com), then outsourced for -TAP-tag fusion plasmid by GenScript Corporation 

(Piscataway, NJ) (Appendix Figure 25). The expressed rKREPA2 contains a C-terminal affinity 

purification tag, with a calmodulin tag – TEV protease site – 6x his-tag. The advantages of using 

this plasmid were efficient affinity chromatography purification and western blot analysis for 

quantification. 

  

http://www.jenabioscience.com/


28 
 

Cloning of KREL1 and KREPA2 truncations and mutants  

A summary of the truncations, point mutations, and group mutations performed on KREL1 

and KREPA2 is listed in Table 3. For KREL1, DNA fragments were generated by PCR between 

restriction enzymes KpnI and XhoI using the wild-type KREL1 construct (Appendix Figure 25). 

For KREPA2, DNA fragments were generated 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 (Piscataway, NJ). Mutations on KREL1 are 

marked in the multiple sequence alignment (Appendix Figure 24), and mutations on KREPA2 are 

marked in the multiple sequence alignment (Figure 6). 

 

Table 3. List of KREL1 and KREPA2 mutations.  
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Expression and purification of recombinant KREL1 and KREPA2 

The rKREL1 and rKREPA2 wild-type and mutant proteins were expressed 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, Perkin 

Elmer), and used directly for the pull-down assay. An aliquot of the expressed protein was resolved 

in an SDS-PAGE gel (Figure 7).  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 hour. 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 minutes.  

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 hours. 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 hour.  

The eluates containing either rKREL1 or rKREPA2 were buffer exchanged in 1xHHE (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) (Figure 7). A His-tagged protein ladder was loaded in increasing 

amounts of 20 ng, 40 ng, 80 ng and 120 ng to calculate a standard curve for quantifying 

recombinant proteins.  
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Figure 7. Expression of KREL1 and KREPA2 recombinant proteins.  
(A) Western blots using an anti-his-tagged antibody against KREL1 FL, independent domains, CTD 
truncations, point mutants, and group mutants. (B) SDS-PAGE gels showing expression of the radiolabeled 
recombinant proteins expressed with S35 methionine and visualized using the PhosphorImager. 

KREPA2 pulldown assay 

Recombinant proteins were radiolabelled with [35S] methionine using the TnT expression 

system. An aliquot of the reactions was loaded on an SDS-PAGE gel to visualize expression 

(Figure 7). 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 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 hours with CRB. Supernatants were removed, and CRB was subsequently washed three 

times with a binding buffer. The supernatants were removed using ZEBA micro spin 10 kD 
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columns (Cat No: P189879), and the CRB was subsequently 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 mM NaCl, 0.1% NP40, 10 mM β -ME, 1 mM Mg 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 (Biorad). Analysis was 

conducted using Quantity-one software (Biorad). 

Three-step ligation assay 

KREL1 ligation activity was studied in vitro using annealed dsRNA. 2 μM of 5' labelled 

CY5 5'RNA fragment (5′- GGAAAGUUGUGACUGA-3′) and 2 μM of 3'RNA fragment (5′- 

pUGAGUCCGUGAGGACGAAACAAUAGAUCAAAUGUp-3′,) were annealed to a 4 μM 

guide RNA (5'- GUUUUGUUCUUAUGGACUCAUCAGUCAUAAUUUUCCUU-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 (2x HHE [pH 8.0], CaCl2, Tx-100, ATP, RNAase inhibitor) 

with 1 pmol of rKREL1 +/- rKREPA2 proteins. The reactions were incubated overnight and at 

various time points, at 28°C in the dark, shaking at 50rpm.  

The reactions were quenched by adding 20 μM guide RNA competitor (DNA) (5’-

AAAAAAAAAAGGAAAATTATGACTGAGTGAGTCCATAAGAACAAAAC-3’) and an 

equal volume of 10M Urea in TBE and heated at 95°C for 90 seconds. The RNA was resolved on 

a 20% Acrylamide gel (37:1) and visualized at ~650nm for CY5 using a ChemiDoc (Biorad) 

machine. Analysis was conducted using ImageLab software (Biorad).  

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 1μCi [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 (Figure 8). 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% 
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SDS-PAGE gel, exposed to an X-ray film, and visualized using a PhosphorImager (Biorad). 

Analysis was conducted using Quantity One software (Biorad).  

 

 

Figure 8. KREL1 adenylylation activity in pH 5-10.  
Reactions include 25 mM Tris-HCl of pH 5-8 or 25-mM Tris-Acetate pH 9-10.  

Step 2, RNA adenylylation assay 

KREL1 de-adenylylation activity was studied in vitro in the presence of nicked dsRNA as 

described in the ligation assay. Adenylylated KREL1 with [α-32P] ATP, as described in the 

adenylylation assay, was added to dsRNA mixtures detailed in the three-step ligation assay. The 

reaction rate was examined in the presence of KREPA2 and compared to the rate of KREL1 de-

adenylylation. Reactions were quenched at different time points with the denaturing SDS-loading 

dye and visualized with methods of all radioactive assays.     

Step 3, pre-adenylylated ligation assay 

KREL1 phosphodiester bond formation activity was studied in vitro using a pre-

adenylylated dsRNA. For this assay, the 3' RNA fragment was first adenylylated using a 5' DNA 

adenylylation kit (NEB, catalogue # E2610S). It contains a Methanobacterium 

thermoautotrophicum ligase that adenylates a nucleic acid strand at the 5' end. The RNA was 

purified through ethanol precipitation and migrated through an acrylamide gel for verification 
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using a CY3 label (Figure 9). Next, 2 μM of 5' labelled CY5 RNA fragment and 2 μM of pre-

adenylylated 3' RNA fragment were annealed to 4 μM guide RNA in 2x 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 reaction 

(2x 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 (Figure 9).  

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 10M Urea in TBE and heated at 95°C for 90 seconds. The RNA 

was resolved on a 20% Acrylamide gel (37:1) and visualized at ~650 nm for CY5 using a 

ChemiDoc (Biorad) machine. Analysis was conducted using ImageLab software (Biorad). 

 

Figure 9. Control experiments for ligation assays.  
(A) 3’ RNA fragment migrated alongside the adenylylated 3’ RNA fragment in a 20% acrylamide gel. (B) 
Ligation of unadenylated RNA with ATP alongside ligation of pre-adenylylated RNA in the pre-
adenylylated ligation (P.A.L.) assay in the absence of ATP. (C) Three-step ligation assay of T4 RNA ligase 
2 (T4Rnl2), the whole editosome, and KREL1 with and without KREPA2, in the presence and absence of 
ATP.  
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Research findings 

Structural analysis of KREL1 and KREPA2 

KREL1 has two domains connected by a flexible coil (Figure 5); the NTD (aa 51-324) is 

the ATP binding pocket, and the CTD (aa 354-469) is made of four alpha-helices. As both domains 

are essential for the complete ligation mechanism, I performed a structural analysis on each. In 

this structural analysis of KREL1, both domains are compared to KREL1 of related species, to its 

paralogous enzyme KREL2, to its closest analogue T4Rnl2, and a significantly diverged Human 

DNA ligase 1.  

The ATP binding pocket at KREL1’s N-terminus (PDB: 1XDN) is formed by five beta 

sheets representing motifs I-V (Deng et al. 2004). Amino acid residues of these motifs form critical 

interactions with the ATP molecule for proper catalysis (Mehta et al. 2015). Other nucleotide 

transferases share the five conserved motifs, such as human DNA ligase 1, although they form a 

significantly different adenylylation domain with an RMSD value over 3.0 when superimposed 

(Figure 10). This contrasts with an RMSD range of 0.2-1.7 with superimpositions of the predicted 

Alphafold structure of the NTD from KREL’s of related species (T. cruzi and L. major) (Appendix 

Table 7). To date, the closest analog of KREL1 is T4Rnl2, a bacteriophage RNA ligase (PDB: 

2HVR) (Ho and Shuman 2002), which reveals a higher degree of similarity between 1XDN with 

an RMSD of 2.1-2.4, and a domain sequence identity of less than 30%. Interestingly, its paralog, 

KREL2, shares a sequence identity of only 40% (Appendix Table 5). Using PyMol, I examined 

the superimposition of the ATP pocket of 1XDN and 2HVR that show aligned interactions 

between residues of motifs I-V and ATP/AMP, with an RMSD of 0.56 (Figure 11). These included 

E85, R111, F209, R288, K307 and K309 of KREL1, which are conserved in T4Rnl2 previously 

shown to abolish the ligation activity with alanine substitutions (Yin et al. 2003). One defining 

difference between structures 2HVR and 1XDN is the absence of a covalent bond between AMP 

and K87 in KREL1.  
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Figure 10. KREL1 shares a conserved adenylylation domain with Human DNA ligase. 
(A) Multiple sequence alignment between KREL1 of T. brucei with human DNA ligases 1-4 as well as other 
DNA ligases from S. cerevisiae (Sce), Schizosaccharomyces pombe (Spo) and E. coli (Eco). Alignment 
adapted from Shuman, 1999. (B) Pairwise structural alignment using RCSB PDB of Human DNA ligase 1 
(1X9N) in green and KREL1 NTD (1XDN in cyan. RMSD of 3.07, TM-score of 0.23 and coverage of 1XDN 
of 62%. 

The CTD of KREL1 is a four-alpha helix domain that is structurally similar to T4Rnl2, 

although T4Rnl2 does not retain these essential roles (Figure 11) (Ho et al. 2004). The CTD of 

KREL1 was not successful in being crystallized, and its structure prediction is entirely based on 

T4Rnl2, resulting in an RMSD score equal to that of KREL1 between related species (Appendix 

Table 7). This is likely inaccurate when comparing percent sequence identities (%SID) of 25% to 

40-80%, respectively (Appendix Table 6). However, residues essential for the structure of T4Rnl2, 

such as R266 and D292 (Nandakumar et al. 2004), are conserved in KREL1 (R372/D402). These 

residues interact between overlapping alpha-helices (αH2 and αH3), and preliminary data suggests 

they play a role in the integrity of the domain (Figure 12). In summary, while the CTD of T4Rnl2 

and KREL1 have functionally diverged, their structures appear very similar when using Alphafold 

predictions.   

180o 

A. 

B. 
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Figure 11. Sequence alignment of RNA ligases conserved motifs of the catalytic ATP binding domains 
(A) Multiple sequence alignment of the ATP catalytic site motifs between KREL1 and KREL2 of T. brucei, 
T. cruzi and L. major against an RNA ligase from the archaeon, Thermoccocus Kodakarensis, KOD1Rnl1 
and a bacterial ligase T4Rnl2. (B) Pairwise structural alignment using RCSB PDB of T4 Rnl2 (2HVR in 
magenta) and KREL1 NTD (1XDN in mauve). RMSD of 3.05, TM-score of 0.6 and coverage of 1XDN of 
82%. (C) Pairwise structural alignment using RCSB PDB of T4 Rnl2 (2HVR in magenta) and KREL1 CTD 
predicted through Alphafold colab server (mauve). Pairwise structural alignment reveals an RMSD of 2.71, 
TM-score of 0.61 and coverage of KREL1 of 73%. (D) Superimposition of residues in the binding pocket 
of T4Rnl2 in magenta and KREL1 in cyan with calculated interactions using PyMol. Distance ranges from 
1.2-2.2 and RMSD of 0.56.  

 

Figure 12. αH2-αΗ3 superimposition of KREL1 and T4Rnl2. 
Alignment of KREL1 (cyan) and T4Rnl2 (magenta) highlighting interacting residues R372/D406 and 
K379/D402 of KREL1 conserved with R266/D292 and K303/D288 of T4Rnl2. 

Kinetoplastid RNA editing protein KREPA2 is among six Group A proteins of the RECC. 

They can be further categorized based on their domains; for example, KREPA4-6 possesses the 

OB-fold domain, while KREPA1-3 has the OB-fold domain and two C2H2 zinc finger domains. 

In my analysis of the Alphafold-predicted structures of the KREPA proteins, it was apparent that 

KREPA 1-2 shared an alpha helix structure between the two ZnFs, absent in KREPA3 (Figure 13). 

My PPI studies revealed that the αΗelix 1 of KREPA2 is the KREL1 binding site and therefore 

possibly the site of interaction between KREL2-KREPA1.  

The OB-fold of the KREPA proteins is structurally conserved with five beta strands 

forming a barrel, with a short alpha helix superior to it, termed a “winged helix” (Fanning et al. 

2006). Based on amino acid sequence comparison, they differ by ∼80%  while their predicted 

structures share an RMSD of 3.0-6.0, a similar RMSD of homologous KREPA proteins of related 

species (Appendix Table 9, Table 10). As previously discussed, all KREPA proteins, except for 
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KREPA5, have been experimentally shown to be essential for the integrity of the RECC and RNA 

editing due to the deletion of their OB-fold domain (Aphasizheva et al. 2020). KREPA1-3 harbours 

two ZnFs with a critical characteristic of C2H2 residues that are essential for its structure (Figure 

6) (Guo et al. 2008, 2010).  

 

Figure 13. The predicted structure of KREPA2 includes an OB-fold domain and two zinc finger 
domains.  
Alphafold2 w/mmseqs2 Google colab predicted the structure of RNA editing protein KREPA2 with an 
associated heat map.   

KREL1 and KREPA2 protein-protein interaction studies 

To narrow the region on KREL1 that interacts with KREPA2, we generated a panel of 

recombinant KREL1 proteins - full-length and truncated (Figure 5) and performed pulldown 

experiments with recombinant KREPA2. We expressed the NTD and CTD of KREL1 

independently and showed that its CTD (aa 354-469) could interact with KREPA2 (Figure 14) 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). We then expressed a series of C-terminal truncations of 

KREL1 dictated by recognizable conserved regions that structurally resolve into the four α-helices. 

In the KREPA2 pulldown 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), suggesting 
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that the region of KREPA2 contact is between residues 384-410 of KREL1, with the αΗ3 of its 

CTD. Hence, we next confirmed the loss of KREPA2 binding with an αH3 internal deletion variant 

of KREL1 (Δ αH3). 

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 truncations of 

(Δ)αH1 or the (Δ)OB-fold domain, and mutated ZnFs (Figure 5). This experiment shows that 

KREPA2 Δ ΟΒ-fold (aa 1-484) or KREPA2 with cysteine to alanine substitutions in the ZnF 

domains, have no impact on KREL1 binding activity (Figure 14), 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 conserved residues 146-166 (Figure 6). 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.  

The interaction between the αH3 of KREL1 CTD and αH1 of KREPA2 was further 

investigated through substitution mutation analyses where the hydrophobic, positively charged, 

and negatively charged residues on both helices were substituted for alanine as separate group 

mutations. Group mutations of the positively charged lysine residues on KREL1 CTD αH3 led to 

a ~70% decrease in the binding efficiency to KREPA2 (Figure 14). Similarly, group mutations of 

negatively charged glutamic and aspartic acid residues of KREPA2 αH1 led to a ~75% decrease 

in binding efficiency, revealing an electrostatic nature of KREL1-KREPA2 interaction. 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 hydrophobic interactions with adjacent 

helices of KREL1 CTD for further stability, but not directly with αH3. 

In summary, we located the region of contact between KREL1 and KREPA2 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 

(Appendix Figure 24). Mutational analyses further confirm this to be driven through electrostatic 

interactions; the lysine residues of KREL1 αH3 form potential interactions with the glutamic and 

aspartic acid residues of KREPA2 αH1. 
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Figure 14. Pulldown assay of KREL1 with KREPA2.  
(A) Pull-down of KREPA2 wild-type (WT) with KREL1 full-length (FL), N and C-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 mutations (GM) of 
αΗ3 of KREL1 and αΗ1 of KREPA2. 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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Functional role of KREL1 domains in ligation  

To investigate the essentiality of KREL1’s CTD in ligation, functional activities of KREL1 

full-length (FL) and the truncated NTD (aa 51-324) were compared in vitro. The deletion of the 

CTD renders KREL1 inactive in the 3-step ligation assay as well as in step 1 auto-adenylylation 

assay (Figure 15), as observed previously (Deng et al. 2004). While the addition of KREPA2 

enhances  KREL1 FL activity, as shown earlier (Mehta et al. 2015), it does not salvage the lost 

activity of the KREL1 NTD construct, potentially due to the loss of its binding site. 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 formation) activity can still be assessed with pre-adenylated RNA substrates. In the pre-

adenylylated ligation assay, KREL1’s NTD (aa 51-324) is equally active as the KREL1 FL, 

suggesting that the CTD domain 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 (Figure 16), explaining that the ligase-

ATP/AMP interaction occurs throughout the three-step ligation mechanism. We also attempted 

salvaging KREL1 NTD's repressed auto-adenylylation activity by providing the purified CTD in 

trans, with and without KREPA2, however, no improvement was observed. In summary, we show 

that the CTD of KREL1 is required for ligation activity, specifically for step 1. We also conclude 

that the NTD of KREL1 alone is required for the last step, by providing the AMP binding pocket 

interactions to catalyze the phosphor-diester bond formation. 
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Figure 15. 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, 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. (C) Ligase 
auto-adenylylation assay, representative of step 1 of ligation, of KREL1 FL and domain, truncated mutants 
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) Pre-adenylylated ligation assay, 
representative of step 3 of ligation, of KREL1 FL vs. NTD with and without KREPA2.  

Mutational analysis of KREL1 NTD and VLR 

A series of point mutations were made at the N-terminal domain to further investigate 

critical residues for ligation. Alanine substitutions within the ATP binding pocket belonging to 

motifs I-V, as well as control mutations, Q300A, S309A, and S303A, outside the pocket were 

recombinantly expressed and tested in vitro in the four functional assays (Figure 16). K87, of motif 

I, forms a covalent bond with the α-phosphate of AMP, indicative of the loss of function with the 

K87A mutant. Mutants E60A, V88A, R111A, F209A, R288A, K307A, and R309A of the ATP 

binding pocket, previously shown to abolish activity in step 1 (adenylylation), remain essential for 
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step 3, suggesting that interactions with the molecule are critical throughout the entire ligation 

mechanism (Figure 22). K87 is also required for step 3, even though the AMP molecule is 

covalently linked to the RNA substrate. Control mutants Q300A, S309A, and S303A located 

outside the binding pocket were active in all the in vitro functional assays.  

 
Figure 16. KREL1 ATP binding pocket mutants. 
(A) Western blot of recombinant protein expression of KREL1 WT and adenylylation domain point mutants. 
(B) Three-step ligation assay of KREL1 WT and point mutants. Reaction separated through 20% 
acrylamide gel, visualized using chemidoc. (C) Radiolabelled P32 adenylylation assay of KREL1 WT and 
point mutants. Protein separated on SDS-PAGE gel and visualized using PhosphorImager.(D) Pre-
adenylylated ligation assay of KREL1 WT and point mutants. Reaction separated through 20% acrylamide 
gel, visualized using chemidoc. 

B. 

A. 

D. 

C. 
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Single point mutations were also made along the variable loop region of KREL1. The 30-

residue coil connects the NTD and CTD according to the Alphafold predicted structures. All five 

mutants; D331A, R334A, R339A, R340A, and R342A have no significant effect on KREL1 

activity.  

  

 
Figure 17. KREL1 Variable loop region 
(A) Clustal Omega sequence alignment of the variable loop region of KREL1 of kinetoplastids with the loop 
region of T4Rnl2. (B) Functional activity of point mutants of the variable loop region. The panel includes 
expression, followed by the ligation activity, followed by the adenylylation activity. (C) Graphical 
representation of the adenylylation activity of the VLR mutants.   

A. 

B. C. 
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Location motif VI on KREL1’s CTD  

As KREL1 NTD (aa 51-324) is inactive in adenylylation activity, we aimed to narrow the 

CTD region responsible for its essentiality in ATP hydrolysis. First, we tested the activity of the 

rKREL1 CTD truncations in our in vitro functional assays (Figure 18). While the truncations at 

residues 454 and 446 were functional in ligation and auto-adenylylation activities in vitro, 

truncation at residue 440 significantly impacted both processes. These truncations were also tested 

in the pre-adenylylated ligation assay, for which all truncated mutants were active, confirming the 

specific role of the CTD for step 1 (Figure 19). The region between residues 440-446 is located on 

αH4 of KREL1 CTD. A multiple sequence alignment of this region highlights four highly 

conserved residues, KWKE (441-444) between KREL1 and KREL2 of the kinetoplastid parasites. 

Single point mutations K441A, W442A, K443A and K444A individually result in a reduction of 

KREL1-AMP formation by ∼50%, ∼75%, ∼25% and ∼30%, respectively. The 75% reduction in 

activity from W442A is salvageable with a synonymous mutation W442F, suggesting a primary 

role for W442 in pi-stacking interactions. Although point mutations partially affect KREL1 auto-

adenylylation, group mutations of KWKE to AAAA and AWAA  almost completely abolished 

activity. Moreover, we tested the KWKE group mutants in the presence of KREPA2, which was 

unable to rescue the loss of activity of these mutants.  

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 mutational studies implemented in locating motif VI (RxDK) on 

DNA ligases (Sriskanda and Shuman 1998), suggesting the role of the CTD of KREL1 in 

providing a diverged motif VI-like region during the adenylylation step.  
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Figure 18. Locating motif VI on KREL1 C-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 substitutions 
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 mutants (GM) 
include KWKE substituted for AWAA and AAAA. (E) Adenylylation assay of KREL1 WT and group mutants 
with the addition 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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Figure 19. Activity of motif VI mutants in ligation and pre-adenylylated ligation assays.  
(A) Three-step ligation assay of T4Rnl2, KREL1 WT and W442 mutants. (B) Pre-adenylylated ligation 
assay of the editosome, KREL1 WT and W442 mutants. (C) Pre-adenylylated ligation assay of the KREL1 
FL (51-469) and CTD truncations.  

Effect of KREPA2 interaction on KREL1 ligation activity  

While rKREL1 alone is sufficient for ligation activity in vitro, we examined the effect of 

KREPA2 on KREL1 activity 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 

(Figure 21).  In the 3-step ligation mechanism, KREL1 only ligates 40% of the input RNA in the 

first hour. Upon the addition of KREPA2, efficiency increases by 30%. Using the KREPA2 ∆αH1 

mutant, we showed that the deletion of the KREL1 binding site on KREPA2 results in baseline 

ligation efficiency, abolishing the enhancement effect. 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. A similarly designed experiment used 

radiolabelled 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 

activity and the overall yield of this ligase intermediate; exhibited by the increased maximal 

binding capacity (Bmax) of the curve, with no improvement in the apparent dissociation constant, 
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Kd (Figure 20). With Kd ranges of ∼11-13nM for KREL1 and ∼13-17nM in the presence of 

KREPA2, the affinity for ATP is assumed not to be significantly improved. Step 2, ligase de-

adenylylation (RNA adenylylation) activity, was assessed 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 de-adenylylation 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 (Figure 21). In the isolated step 3 ligase activity assay (pre-adenylated 

ligation), the ligation rate was slower in the presence of KREPA2 in vitro; 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, specifically 

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.  

 

 

Figure 20. KREL1 adenylylation kinetics 
KREL1 adenylylation activity with increasing ATP concentration. Reactions were quenched after 10 
minutes, separated through SDS-PAGE, visualized through PhosphorImager and quantified through 
Chemidoc.  
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Figure 21. In vitro functional assays of KREL1 with and without KREPA2 over time.  
(A) Three-step ligation activity over time of KREL1 WT with and without the addition of KREPA2 WT and 
KREPA2 ΔαΗ1 mutant. (B) Two other conditions, KREL1 WT with KREPA2 ΔOB mutant and KREPA2 
ZnF mutant (alanine substitutions of cysteine residues), were extracted from the graph of panel A for easier 
visualization. (C) KREL1 adenylylation activity over time with and without the addition of KREPA2 WT. 
(D) KREL1 de-adenylylation activity over time with and without the addition of KREPA2 WT. (E) KREL1 
pre-adenylylated ligation activity over time with and without the addition of KREPA2 WT. Error bars on 
each graph represent SD obtained from three replicate experiments. 
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 Comprehensive discussion 

KREL1 and KREPA2 are two proteins of the RNA editing catalytic complex, essential for 

dsRNA ligation post-U-insertion/deletion. These interacting proteins share a three-step ligation 

mechanism with other widely studied nucleotidyl transferases, including DNA ligases and mRNA 

capping enzymes. However, KREL1 and KREPA2 have structurally diverged, and their domains' 

specific roles have remained unknown. My thesis characterizes the interaction and function of 

KREL1 and KREPA2, to propose novel insights into their ligation mechanism. This work is 

comprised of a structural, functional, and mutational analysis of these proteins.  

Our analysis of KREL1 and KREPA2 initiated from sequence alignments and predicted 

structures from the Alphafold Colab database (Jumper et al. 2021; Varadi et al. 2022) (Figure 5, 

Figure 6, Figure 24). The full-length KREL1 protein, without its mitochondrial import signal, 

harbours a ~34 kDa ATP-hydrolysis N-terminal domain (51-324). The ATP-binding pocket is 

composed of Motifs (I, III, IIIa, IV, V) that are conserved in the family of nucleotidyl transferases 

(Doherty and Suh 2000). The multiple sequence alignment of the KRELs from the three major 

kinetoplastid parasites and their closest known ortholog, bacteriophage T4 RNA ligase 2 (T4Rnl2), 

highlight these conserved motifs (Ho and Shuman 2002). As the predicted KREL1 structure shows, 

the NTD is linked to a ~13 kDa C-terminal domain (CTD) through a variable loop region (VLR) 

that likely provides flexibility in engaging/disengaging the interactions between the two domains 

supported by our inability to obtain KREL1 activity with the domains provided in trans (Figure 

15). The CTD is comprised of four alpha-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 PPI 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.  

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 microtubule-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 pulldown assay as KREL1 384 truncation (aa 51-384) was unable 

to bind to KREPA2 (Figure 14). Interestingly, the stretch of residues before the KXGS motif of 
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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 importance of the lysine residues for this 

interaction (Goode et al. 1997, 2000). Consistent with this conclusion, our work supports the 

essentiality of the positively charged lysine residues of αH3 of KREL1 CTD in the interaction with 

KREPA2.  

 

Figure 22. KREL1-KREPA2 prediction model of interacting residues. 
(A) Electrostatic interactions predicted by Cluspro protein docking server. For comparison, we included 
the predicted interaction between KREPA1 αH1 and KREL2 αH3. (C) Docking of W156 of KREPA2 to 
KREL1 CTD conserved with W323 of KREPA1 to KREL2 CTD.  

KREL1-KREPA2 interaction of the U-deletion subcomplex is paralogous to the KREL2-

KREPA1 interaction of the U-insertion subcomplex of the RECC. In a pulldown assay, I narrowed 

KREPA2 αΗ1 to be the interaction site of KREL1 CTD αH3, while ruling out the OB-fold domain 

and ZnFs to be involved. Group mutants along the alpha-helices further characterized the 

electrostatic interaction between the helices. This finding was corroborated with ClusPro protein 

docking revealing this interaction between KREL1-KREPA2 and showing how a similar 

interaction might occur between KREL2-KREPA1 (Figure 22) (Desta et al. 2020; Vajda et al. 

A. 

B. C. 
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2017; Kozakov et al. 2017, 2013).  In both cases, the negatively charged residues (E/D) interact 

with the positively charged lysines. The conservation of the lysine residues between ligases may 

explain the ability of KREL1 to rescue RNA editing and cell viability in RNAi silencing of KREL2 

by mimicking the electrostatic interaction to partake in both subcomplexes. The difference 

between the negatively charged residues of KREPA1/KREPA2 of D/E may be KRELs way of 

differentiating between KREPA proteins of separate subcomplexes (Schnaufer et al. 2001). One 

residue of high conservation posing a particular interest is W323/W156 of KREPA1 / KREPA2. 

The residue appears structurally relevant for pi-stacking interactions with the ligase, similar to that 

of W442 of KREL1.  

The essentiality of the CTD in KREL1 auto-adenylylation suggests a region of critical 

residues required for the proper hydrolysis of ATP. The region, KWKE (aa 441-444) is 

synonymous with the RxDK motif previously described in DNA ligases and mRNA capping 

enzymes that interact with ATP in the binding pocket prior to adenylylation (Sriskanda and 

Shuman 1998; Håkansson et al. 1997; Subramanya et al. 1996). Specifically, the arginine and 

lysine residues of RxDK motif VI in DNA ligases interact with the β- and γ-phosphates for the 

proper orientation of the ATP molecule for the covalent bond to form between the K of motif I 

and AMP. We suggest a similar interaction between the lysine residues of KWKE and the β- and 

γ-phosphates to enable the hydrolysis of ATP and the release of pyrophosphate. Highlighted in a 

multiple sequence alignment, these residues are highly conserved in the KRELs while loosely 

conserved in T4Rnl2. 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, 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 hydrolysis and potentially maintain the pH of the 

microenvironment required for covalent bond formation.  

My optimized pre-adenylylated ligation assay and preliminary data of binding pocket 

mutants, set up a platform for future experiments related to finding competitive ATP inhibitors. 

As previously discussed in the structural analysis of the binding pocket, residues of motifs I-V are 

conserved in the analogous T4Rnl2. For example, F209, K307 and R309 of KREL1 are conserved 

with F119, K225 and K227 of T4Rnl2. The two lysine residues in T4Rnl2 interact with the alpha 
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phosphate and 5'PO4 during the ligation and were also shown to be functional when mutated to 

arginine (Yin et al. 2003; Nandakumar et al. 2006). 

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 C-terminal OB-fold domain. 

The OB-fold domains conserved in all the six RECC KREPA proteins are essential for the integrity 

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 proteins, KREPA1-3 each 

share two classical C2H2 zinc fingers (Cys2-His2) of 24 aa comprised of a left-handed ββα 

structure, involved in nucleic acid binding and protein-protein binding (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 integrating the 

deletion subcomplex into the RECC core similar to the OB-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 (Figure 21). 

While these domains may not directly play a role in KREL1 RNA ligation, the question remains 

if these domains have a role in RNA interaction, possibly downstream of the editing site in 

conjunction with the other KREPA proteins of the complex. 

A class of single-stranded DNA binding proteins, Replication Protein A (RPAs), may 

reveal overlaps with the assembly of the KREPA proteins of the RECC and their role in RNA 

editing.  RPAs harbour an OB-fold domain fused with a ZnF domain (Bochkareva et al. 2002). 

The assembly of RPAs is through the interaction of the OB-folds at their winged helix allowing 

the beta-sheet barrels to act as a track for ssDNA during the human DNA replication (PDB: 1L1O, 

6I52) (Yates et al. 2018; Fan and Pavletich 2012). This may propose a model for ssRNA integration 

into the RECC downstream/upstream of the sites of U-insertion/deletion. While both the OB-fold 

domain and the ZnF domains were ruled out for KREL1 interaction and KREL1 RNA ligation in 

vitro, future work allocated to RNA-protein interaction studies can reveal the role of these domains 

in ssRNA binding as in the proposed assembly of RPAs. 

Unlike KREPA3, KREPA1 and KREPA2 harbour a highly conserved alpha-helix between 

the ZnF domains, containing several exposed charged residues. This region was narrowed to be 
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the binding site of KREL1 αH3. The conservation of αH1 in both KREPA2 and KREPA1 proteins 

may indicate an analogous 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 twofold, it increases the efficiency 

of KREL1 auto-adenylylation, and it requires the interaction between αH3 of KREL1 CTD and 

αH1 of KREPA2. In our in vitro functional analysis of the adenylylation step, the overall yield of 

KREL1-AMP formation increases in the presence of KREPA2. KREPA2’s role appears to be 

specific to step 1 as there was no significant improvement in KREL1 activity in steps 2 and 3 in 

our in vitro functional assays. KREL1 NTD is active independent of its CTD in step 3, suggesting 

that KREPA2 interaction is not required and may be unfavourable. As KREPA2 interacts with the 

CTD of KREL1, the domain that is essential 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 ligase-adenylate formation is 

compatible with the open-closed conformational changes observed with structurally resolved 

GTPase capping enzymes and DNA ligases (Figure 23) (Unciuleac et al. 2019; Håkansson et al. 

1997). The uniqueness of KREL1 is that the conformational change required for auto-

adenylylation is improved with KREPA2 interaction. 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 conformation, mediated by KREPA2’s 

interaction.  This is consistent 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 
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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.  

 

 

Figure 23. 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 N-terminus with five β sheets that make up the ATP binding pocket. The 
VLR connects the NTD to a four-helix domain at the C-terminus. KREL1 begins in the open conformation 
with KREPA2 (in orange) αH1 bound to KREL1 αH3 CTD. (Middle) 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 pyrophosphate and proceed in the ligation reaction. KREPA2’s interaction 
mediates the conformational changes. 
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Conclusion and summary 

RNA ligation is a three-step mechanism catalyzed by an RNA editing ligase. This thesis 

characterizes the structure and function of KREL1 and interacting partner KREPA2 to better 

understand this process in kinetoplastids. A summary of the findings is demonstrated in a model 

(Figure 23). KREL1 αH3 of the CTD is the site of interaction with KREPA2 αH1, which mediates 

the open-closed conformational change providing motif VI to the adenylylation domain. The in 

vitro analysis of KREL1-KREPA2 interaction and catalytic activity has provided several novel 

findings about the ligation mechanism of kinetoplastids. 

What is the role of KREL1’s NTD? 

The domain of residues 51-324, is the binding pocket for ATP hydrolysis. Contacts 

between residues of motifs I-V  are formed throughout the three-step mechanism.  

What is the role of KREL1’s CTD? 

The four-α-helix domain of residues 354-469 provides the sixth additional motif, KWKE, 

required for orientation of the ATP β and γ phosphates for adenylylation. Interaction likely 

involves the folding of the enzyme bringing the NTD and CTD together. The VLR (324-354) is 

directly involved in the conformational change. The CTD of KREL1 is also the site of KREPA2 

interaction, specifically with αH3 (aa 384-410). The physical contact supports KREPA2’s role in 

KREL1 integration into the U-deletion subcomplex. However, we cannot ignore the enhancement 

of KREL1 in the presence of KREPA2, thus making this an area of investigation.  

What is the role of KREPA2 interaction? 

The region of KREPA2 that interacts with KREL1 is aa 142-166, an alpha-helix. The helix-

helix interaction is necessary for efficient adenylylation activity (step 1); however, it has no effect 

on RNA adenylylation (step 2) or phosphodiester bond formation (step 3). We hypothesize that 

the connection of KREL1 CTD between the interaction with KREL1 and the essentiality of the 

domain is through mediating the conformational change of KREL1 in providing the motif VI. 
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What is the role of KREPA2 OB-fold and ZnF domains? 

KREPA1-3 has two structural zinc finger domains, while all KREPA proteins of the RECC 

have a structural oligonucleotide binding fold domain. These domains are located on biological 

proteins involved in protein-protein interaction and protein-nucleotide interactions, of both RNA 

and DNA. These works have provided no evidence of the effect of KREPA2’s OB-fold and ZnF 

domains in KREL1 interaction and KREL1 ligation activity. Therefore, their detailed function 

remains a direction for further investigations.  

Future directions 

The future direction of this research can be with both in vivo experiments and further in 

vitro analysis. Two essential motifs were discovered on KREL1 CTD for KREPA2 interaction and 

ATP hydrolysis. KREL1 mutants of these motifs should be used in future in vivo experiments to 

monitor cell viability and RNA editing. Moreover, further investigating the ability of KREL1 to 

partake in both subcomplexes through its CTD. This may further advance drug inhibition 

discovery against the CTD of KREL1.  

Future in vitro analysis should be devoted to investigating the proteins of the editosome, 

particularly the RNA editing catalytic complex, including how RNA integration and protein 

assembly occur. We must further understand the involvement of the OB-folds and ZnFs of all six 

KREPA proteins. To locate the regions of contact between the OB-fold domains of KREPA 

proteins. To assess the interaction of KREPA proteins with dsRNA/ssRNA. This work would add 

to our understanding of the RECC assembly and function in RNA editing.    
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Appendix  

 

Figure 24. Multiple sequence alignment of RNA ligases.  
Amino acid sequences of kinetoplastid RNA ligase 1 (KREL1) and kinetoplastid RNA ligase 2 (KREL2) 
from Trypanosoma brucei (Tb), Trypanosoma cruzi (Tc), and Leishmania major (Lm) were retrieved from 
the TriTryp database. Amino acid sequence T4 RNA ligase 2 (T4Rnl2) was retrieved from the UniProt 
database. Amino acids 1-50 of kinetoplastid ligases, representative of the mitochondrial import signal, 
were removed for this alignment. Within the alignment, motifs (I, III, IIIa, IV, V) are highlighted in grey, 
with the newly characterized binding site motif and motif VI outlined in red. The above asterisk represents 
each residue mutated for analysis. 
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Figure 25. Plasmid designs of pET30b with KREL1 insert and pLEXSY with KREPA2 insert.  
(A) Plasmid map of KREL1 insert in pET30b plasmid with NTD 6xhistag. (B) Plasmid map of KREPA2 
insert in pLEXSY plasmid with NTD 6xhistag and CTD calmodulin binding peptide.  

 

B. 
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Figure 26. Full-length amino acid sequence of KREL1 and KREPA2 from strain Tb927  

 

Table 4. Percent identity matrix of full-length RNA ligases 

 

Table 5. Percent identity matrix of the catalytic domain of RNA ligases 
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Table 6. Percent identity matrix of the helical C-terminal domain of RNA ligases 

 

 

Table 7. Root-mean squared deviation matrix of the domains of RNA ligases 
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Table 8. Percent identity matrix of full-length Kinetoplastid A1 and A2 proteins  

 

 

Table 9. Percent identity matrix of full-length Kinetoplastid A proteins of Trypanosoma brucei 

 

 

Table 10. Root-mean squared deviation matrix of full-length Kinetoplastid A proteins of 
Trypanosoma brucei 
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