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Abstract 

Targeted cytidine to uridine RNA editing is a widespread phenomenon throughout the 

land plant lineage. Members of the pentatricopeptide repeat (PPR) protein family are 

implicated as the specificity factors in this process. These proteins contain of a scaffold 

of helix-turn-helix PPR domains, which recognise RNA in a single domain to single base 

manner following a well-elucidated code. A cytidine deaminase-like domain at the C-

terminus of some PPR editing factors is the catalytic domain in the process. The 

expansion of the PPR superfamily in land plants has provided the sequence variation 

required for design of novel consensus-based RNA-binding proteins, which in turn has 

empowered a structural understanding of PPR proteins and their functions. However, 

structural characterisation of the PPR editing factors, and of the catalytic domain involved 

in RNA editing, is lacking. Furthermore, the design and evaluation of novel PPR proteins 

capable of performing RNA editing has not been performed. In this study, the structural 

and functional characterisation of two novel, designer editing factors that differ based on 

the presence/absence of the catalytic domain is described. Transcriptome data from 

throughout the plant kingdom was used to produce the first structural model of this 

catalytic domain, which was supported by biophysical characterisation. Utilising a 

combination of structural modelling and small angle X-ray scattering data, the first 

high-resolution models of designer plant editing factors and their complexes were 

produced and refined, consistent with the existing structural information on other 

members of this protein superfamily. Finally, site specific C to U RNA editing was 

demonstrated using these novel editing factors in both the model plant Arabidopsis 

thaliana and in the bacterium E. coli. This study provides novel insights into the process 

of organellar RNA editing in the plant kingdom and serves as a successful pilot into the 

design and application of programmable RNA editing factors. 
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1. General introduction 

1.1: RNA editing 

RNA editing is a term denoting a type of post-transcriptional modification of a 

transcribed RNA such that it differs from the sequence predicted from the genomic DNA 

(Gott and Emeson, 2000; Benne et al., 1986). This process occurs in diverse forms across 

all kingdoms of life and can be broadly classified into two categories - insertion/deletion 

and single base modification.  

Kinetoplastid mitochondria exhibit the first form of RNA editing discovered, 

referred to as pan-editing, which represents the insertion or deletion of uridine residues 

in the primary transcripts of kinetoplastid mitochondria (Benne et al., 1986; Hajduk and 

Ochsenreiter, 2010). This type of editing was first discovered through study of the 

Trypansoma brucei and Crithidia fasiculata coxII transcript, which contains an insertion 

of four nucleotides in the coding region, correcting a -1 frame shift in the respective gene 

(Benne et al., 1986). Guide RNAs (gRNA), which are critical for specificity of this editing 

event, are 30 – 50 nucleotide long with an 8-12 nucleotide region at the 5ʹ end for binding 

to the target unedited mRNA, and an approx. 20 nucleotide poly-uridine tail, which is 

thought to stabilise the interaction between the gRNA and its target mRNA at the 3ʹ end 

(Hajduk and Ochsenreiter, 2010). Mismatches between the gRNA and its mRNA act as 

target sites for endonuclease-catalysed cleavage of the mRNA. Uridines are either added 

to the 3ʹ end of the 5ʹ cleavage product by a terminal uridyl transferase or removed by an 

exonuclease. A ligase uses ATP hydrolysis to join the cleavage products in both addition 

and deletion edition reactions, completing a full editing round.  
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In contrast, base modification events are when the RNA base itself undergoes a 

chemical modification (Li and Mason, 2014). These chemical modifications can include 

events such as methylation, hydroxymethylation and pseudouridylation, which have 

diverse roles in RNA stabilisation, and regulation of translation, resulting in biological 

influences on pathology which are only beginning to be understood (Roundtree et al., 

2017). The base modification events referred to as RNA editing are targeted modifications 

of specific bases such that they are read as a different base to that encoded in the genome 

(Figure 1.1). Examples of this include the deamination of adenosines to the non-

canonical base inosine by the ADAR/ADAT system, which base pairs with cytosine and 

is then read as a guanine in the mRNA; the deamination of cytidines to the canonical base 

uridine in the APOBEC/AID system and in the PPR-DYW system in plants; and the 

unknown mechanism of uridine modification to cytidine in an as yet unelucidated 

pathway present in hornworts, lycophytes and some ferns. Site-specific RNA editing by 

single base modification has been thought of as a desirable alternative to genetic 

modification by DNA editing, as it can correct for errors and avoid the production of 

undesirable gene products in a reversible manner, reducing the impact of off-target editing 

(Gulei et al., 2019). The development and analysis of programmable tools for single base 

modification, based on a system archetypal in plants, forms the basis of this thesis.  
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Figure 1.1. The chemical structures of relatively well-studied modifications, 

noncanonical nucleotides, and RNA editing events, reproduced and adapted from 

Zhang et al. (2016). 
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1.1.1: APOBEC and AID 

A mammalian editing system that performs single base modifications is the C to 

U editing through the APOBEC family of proteins (Smith et al., 2012). Long and short 

forms of the human apolipoprotein B (ApoB) protein are produced in the liver and 

intestine though a single nucleotide difference that is due to post-transcriptional RNA 

editing. This editing event at C6666 of the apoB mRNA is highly specific due to the 

11 nucleotide (nt) mooring sequence 3ʹ of the edited C, and is performed by a 27 S 

editosome, converting a CAA glutamine codon into a UAA stop codon. This complex 

also edits C6802 of apoB mRNA, however as both editing events are associated, editing 

of C6802 is unlikely to impact the biology of ApoB protein. The minimal composition of 

this editosome is a dimer of ‘Apolipoprotein B editing catalytic subunit 1’ (APOBEC1), 

which binds to RNA with low affinity and performs the catalytic deamination of the target 

C, and a dimer of the RNA-binding protein ‘APOBEC1 complementation factor’ (ACF), 

which recognises the mooring sequence of apoB mRNA and directs the complex to the 

target C.  

The APOBEC1 protein is part of an 11 protein APOBEC family, all of which 

contain one or two zinc-dependent deaminase domains (ZDDs) (H/C)-x-E-x25-30-P-C-x-

x-C. Other members of the APOBEC family include the activation induced deaminase 

(AID), APOBEC2, APOBEC3 proteins, and APOBEC4 (Figure 1.2). AID is part of the 

germinal centre B cell response to foreign antigens, causing C to U DNA mutations 

leading to immunoglobulin diversification. APOBEC3 proteins are involved in immunity 

to  viruses (Stavrou and Ross, 2015) and have a role in cancer pathology (Rebhandl et al., 

2015), while the physiological relevance of APOBEC2 and APOBEC4 is largely 

unknown.  
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Figure 1.2. Members of the human APOBEC family, adapted from Salter, Bennett, 

and Smith (2016). 

The eight APOBEC proteins expressed in humans are AID, A2, A1, A3A through A3H, 

and A4. Cartoons of the proteins are shown emphasizing gene duplication and likely 

divergence from the perspective of cytidine deaminase domain paralogs [Z1 (green), Z2 

(orange) and Z3 (blue)] of the zinc-dependent deaminase (ZDD) motif. APOBEC protein 

lengths (amino acids) are depicted to scale with the total length shown at the C-terminus 

and with proteins aligned to the (first) ZDD motif. The canonical amino acid motif of the 

ZDD and of Z1-, Z2-, and Z3-type cytidine deaminase domains are shown at the bottom 

of the panel. 
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1.1.2: ADARs and ADATs 

The ADAR system targets double-stranded RNA (dsRNA), converting 

adenosines to inosines (A to I) in a deamination reaction mediated by ‘adenosine 

deaminase acting on RNA’ (ADAR) enzymes (Nishikura, 2010).  The ADAR system has 

been found in most metazoa, and is absent in all protozoa, yeast and plants (Jin, Zhang, 

and Li, 2009; Nishikura, 2010). The ADAR enzyme family is believed to have evolved 

from ‘adenosine deaminases acting on tRNA’ (ADATs), with both enzymes containing a 

deaminase domain with conserved His, Cys, Cys (H,C,C) residues involved in zinc 

coordination, and a Glu (E) residue responsible for transition-state stabilisation and 

proton shuffling (Figure 1.3) (Gerber and Keller, 2001; Bass, 2002; Jin, Zhang, and Li, 

2009). Editing by ADARs is highly specific in short dsRNA regions (~20-30 bp), but can 

occur at multiple widespread sites in  longer dsRNA regions (>100 bp) (Nishikura, 2010).  

There are two catalytically-active members of the ADAR family in metazoans, 

ADAR1 and ADAR2, which arose early in metazoan evolution (Jin, Zhang, and Li, 2009; 

Nishikura, 2010). A third enzyme in mammals, ADAR3, is believed to have emerged 

later in evolutionary history and has not had its catalytic activity confirmed. RNA editing 

through the ADAR system in mammals is currently known to contribute to diversification 

of protein-coding gene functions, for example in the editing of mRNA transcribed from 

several GluR ion channel subunit genes, and to interact and compete with RNAi 

(interfering RNA) mechanisms (Nishikura, 2010). Deficiencies in this system cause 

human diseases and pathophysiology, and this system could be responsible for the control 

of retrotransposon-derived esiRNA (endogenous short interfering RNA) synthesis. 

Studies of human ADAR2 (hADAR2) reveal that the enzyme is catalytically active 

in vitro, retaining a large portion of its in vitro editing capability as just the catalytic 

deaminase domain, and a critical inositol hexakisphosphate (IP6) molecule was found to 
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be buried in the active site of the hADAR2 catalytic domain (O'Connell, Gerber, and 

Keller, 1997; Macbeth, Lingam, and Bass, 2004; Macbeth et al., 2005). 

 

Figure 1.3. ADAR and ADAT family members, adapted from Nishikura (2010).   

A: The ADAR family, which targets dsnRNA. Three vertebrate family members 

(ADAR1-3), with two ADAR1 isoforms (ADAR1p150 & ADAR1p110), squid ADAR 

isoforms SqADAR2a and SqADAR2b, Drosophila melanogaster dADAR, and two C. 

elegans ADAR family members CeADR1 and CeADR2 share common functional 

domains: two–three dsRNA binding domain repeats (dsRBD), and a catalytic deaminase 

domain. Unique structural features, such as Z-DNA binding domains and the arginine-

rich R domain are distinct to particular members. ADAR1 and ADAR2 are homodimeric. 
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B: The ADAT family, which targets tRNA. One mammalian ADAT member (ADAT1), 

with its yeast orthologue (ScADAT1) and heterodimeric paralogues (ScADAT2 and 

ScADAT3), and the bacterial ADAT EcTadA all only share the deaminase domain. The 

mammalian ADAT1 contains a unique sequence within the deaminase domain (grey bar).  

 

1.1.3: The zinc-dependent deaminase domain 

While the APOBEC and ADAR families catalyse different base conversion 

events, they contain an equivalent conserved core of a zinc-dependant deaminase, with 

three zinc binding residues, and a proton shuttle glutamate for activity (Figure 1.4), which 

has been proposed to have derived from an ancestral deaminase fold by divergent 

evolution (Iyer et al., 2011).  

This fold, best characterised in bacterial cytidine deaminases, such as the dimeric 

E. coli cytidine deaminase (EcCDA) and the tetrameric B. subtilis cytidine deaminase 

(BsCDA), shown in Figure 1.5, consists of a core five-stranded β-sheet, flanked on one 

side by a perpendicular α-helix, and on the other by two parallel helices. The N-termini 

of the parallel helices contains two halves of the zinc-dependent deaminase motif, with a 

cysteine or histidine residue from the first helix, and two cysteines on the second helix 

forming coordination points for a zinc ion, and a glutamate one residue away from the 

C/H on the first helix as a crucial component of the catalytic mechanism.  

Studies into the catalytic mechanism of EcCDA reveal that the fourth zinc 

coordination point is filled with a water molecule that acts as the nucleophile in this 

reaction (Manta, Raushel, and Himo, 2014; Kazemi, Himo, and Åqvist, 2016), as shown 

in Figure 1.6. The glutamate residue fulfils the role of shuttling protons, between the 

water and the nucleotide base, and helps stabilise critical transition state intermediates. Is 

has been proposed that all members of the deaminase fold function in a similar manner, 

including the APOBEC and ADAR families (Iyer et al., 2011).  
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Figure 1.4. The deaminase fold within human RNA editing systems. 

A: Crystal structure of human APOBEC3G monomer (PDB ID: 3E1U), with deaminase 

fold shown in cartoon representation, while the remainder of the protein is shown in 

ribbon diagram (Holden et al., 2008). Inset: Active site, with zinc binding residues 

labelled in black, while proton shuttle glutamate labelled in red. B: Crystal structure of 

human ADAR2 monomer mutant E488Q bound to human GLI1 derived dsRNA (PDB 

ID: 5ED2), with deaminase fold shown in cartoon representation, while the remainder of 

the protein is shown in ribbon diagram (Matthews et al., 2016). Inset: Active site, with 

zinc binding residues labelled in yellow, while proton shuttle glutamate labelled in red. 

The modified residue 8-aza-nebularine-5'-monophosphate (8AZ) is present in the centre 

of the GLI1 dsRNA substrate, but only this nucleotide analogue is shown in this depiction. 
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Figure 1.5. Structural similarities in bacterial cytidine deaminases. 

A: Monomer of E. coli cytidine deaminase, with substrate analogue 3-deazacytidine 

(CTD) bound within the active site (PDB ID: 1ALN), with insets to active deaminase fold 

and active site below (Xiang et al., 1996). B: Tetramer of B. subtilis cytidine deaminase 

R56Q mutant, with substrate analogue tetrahydrouridine (THU) bound within the active 

site (PDB ID: 1UX0), with insets to monomer and active site below (Johansson et al., 
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2004). In both active sites, the zinc coordinating residues are labelled in yellow, while the 

proton shuttle glutamate residue labelled in red. 

 

 

 

 

Figure 1.6. Schematic representation of the E. coli cytidine deamination reaction 

mechanism, adapted from Kazemi, Himo, and Åqvist (2016). 

The reaction mechanism is based on calculations with the density functional theory 

cluster model and molecular dynamics or empirical valence bond simulations. Zinc 

binding residues and proton shuttle glutamate are labelled according to the 3-letter code. 
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1.1.4: Current tools for programmable RNA editing 

Since 2015, several tools have developed that are aimed at performing single base 

manipulation of mRNA to correct single base mutations restoring functional protein in 

disease scenarios, where RNA editing is more desirable than DNA editing due to the 

impermanence of altering the transient mRNA, which reduces the impact of off-target 

effects (Montiel-Gonzalez, Diaz Quiroz, and Rosenthal, 2019). These tools utilise the 

ADAR deaminase domain as the base modification tool, with specificity encoded in a 

programmable guide RNA.  

Some of these tools fused the ADAR deaminase domain with two small phage 

derived RNA hairpin binding proteins, the lambda N (λN) (Montiel-González et al., 2013; 

Montiel-González, Vallecillo-Viejo, and Rosenthal, 2016) and the MS2 hairpin binding 

proteins (Sinnamon et al., 2017; Azad, Bhakta, and Tsukahara, 2017). Other more 

promising tools utilise the type IV ‘clustered regularly interspaced short palindromic 

repeat’ (CRISPR) – ‘CRISPR associated’ (Cas) system (Cox et al., 2017; Abudayyeh et 

al., 2019), which are related to the type II CRISPR-Cas systems that have revolutionised 

genetic manipulation over the past decade (Hsu et al., 2013; Kim and Kim, 2014; Pickar-

Oliver and Gersbach, 2019).  

Derived from bacterial and archaeal immune defence pathways, they utilise the 

ability of short guide RNA (sgRNA) to target a Cas family nuclease, such as Cas9, or 

Cas12 to a target double stranded DNA molecule (Figure 1.7). The nuclease then 

introduces a double stranded break near a short DNA region unique to each Cas variant, 

referred to as the ‘protospacer adjacent motif’ (PAM), which is repaired by the error-

prone ‘non-homologous end joining’ (NHEJ) mechanism, introducing deletions, or by 

‘homology directed repair’ (HDR) with a donor target to introduce targeted insertions.  
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Komor et al. (2016) developed the first tool to introduce single base changes at 

the DNA level without double-stranded breaks, utilising a deactivated version of Cas9 

fused to APOBEC for C to U editing. Gaudelli et al. (2017) updated this system to replace 

the APOBEC domain with a TadA domain for A to I editing. Similar systems have been 

developed for RNA editing, including the ‘RNA editing for programmable A to I 

replacement’ (REPAIR) system, using a deactivated RNA targeting Cas variant Cas13, 

fused to the deaminase ADAR2 (Cox et al., 2017), and its successor, the ‘RNA editing 

for specific C to U exchange’ (RESCUE) system (Abudayyeh et al., 2019). In the 

RESCUE system, directed evolution was used to alter base specificity of the ADAR2 

domain, producing a system that can perform both A to I and C to U conversions.  

As a whole, CRISPR-Cas systems are limited by their requirement of a viral 

carrier, the size of the CRISPR construct, and their propensity for off-target effects, which 

can be within the region complementary to the gRNA, outside this region complementary 

to the gRNA, within the gRNA and throughout the transcriptome (Montiel-Gonzalez, 

Diaz Quiroz, and Rosenthal, 2019). In the REPAIR system, the Cas13-ADAR2 fusion 

has a size of approx. 150 kDa, and produced 18 835 observable transcriptome-wide 

off-target editing events, which was reduced to 20 by mutations to the ADAR2 domain 

that destabilise its RNA binding capacity (Cox et al., 2017).  

Following on from these systems, recent attempts have been made to utilise 

targeted sgRNAs to directly recruit endogenous ADAR proteins from within a 

mammalian system, which avoids the need to express recombinant Cas13-ADAR fusions 

that may evoke an immune response, but does not significantly improve the off-target 

effects (Qu et al., 2019). Unfortunately, a demonstration of programmable RNA editing 

with either of these tools outside of a mammalian context, or within an organelle, has not 

yet been achieved. Based on this, there is significant need for the development of new 

RNA editing tools that can overcome the issues of off-target editing, and are applicable 
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to organelles and non-mammalian hosts. Such tools might be developed from alternative 

RNA editing systems, such as those observed in plants. 

 

 

Figure 1.7. Programmable editing tools using a CRISPR-Cas based system, adapted 

from Matsoukas (2018). 

A: The conventional CRISPR DNA editor, which relies on the ability of sgRNAs to target 

the Cas9 endonuclease to precise genomic locations, where Cas9 introduces double 

stranded breaks. B: A DNA base editing system, borrowing sgRNAs and Cas9 or other 

nucleases from CRISPR, and chemically altering single bases with deaminase enzymes 

such as TadA instead of performing double stranded breaks. C: RNA base editing systems 

which uses an ADAR derived base editor, named REPAIR for A to I editing, and 

RESCUE for C to U editing. 
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1.2: RNA editing in plants 

In plants, mitochondrial RNA editing was first discovered through the study of 

wheat (Triticum aestivum) and evening primrose (Oenothera berteriana), where CGG 

codons that specify for Trp residues were found in positions where conserved Arg 

residues were found in other organisms (Covello and Gray, 1989; Gualberto et al., 1989; 

Hiesel et al., 1989). Subsequently, RNA editing in maize (Zea mays), and tobacco 

(Nicotiana tabacum) were discovered, where cytidine to uridine editing converted ACG 

(Thr) codons into AUG translation initiation codons (Hoch et al., 1991; Kudla et al., 

1992). RNA editing events were found to be present in the mitochondria and chloroplasts 

of all land plants except marchantiid liverworts, and no editing of this kind has been found 

in green algae (Hiesel, Combettes, and Brennicke, 1994; Malek et al., 1996; Sper-Whitis, 

Moody, and Vaughn, 1996; Freyer, Kiefer-Meyer, and Kössel, 1997; Groth-Malonek et 

al., 2007). In addition, the mitochondria and chloroplasts of hornworts, lycophytes and 

some ferns exhibit extensive U to C editing, referred to as “reverse editing”, that occurs 

concurrently with C to U editing events in these genera (Yoshinaga et al., 1996; 

Yoshinaga et al., 1997; Malek et al., 1996; Kugita et al., 2003).  

The mechanism of plant RNA editing in the C to U context has been strongly 

suggested to be either hydrolytic deamination or transamination of the base. Experiments 

which showed retention of radiolabelled 32[α-P] and 3[H] on the phosphate backbone and 

edited base of the editing site (Yu et al., 1995; Blanc, Litvak, and Araya, 1995) were able 

to  exclude the alternative mechanisms of transglycosylation or terminal-transferase 

reactions. As hydrolytic deamination reactions by cytidine deaminases are irreversible 

under physiological conditions (requiring [NH3] > 2.0 M, which results in a pH > 9) 

(Cohen and Wolfenden, 1971), they lack the ability to explain editing in the U to C 

context, and so a transamination reaction would be the simplest explanation for RNA 

editing occurring in both contexts (Chateigner-Boutin and Small, 2010). Involvement of 
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a transaminase has been tested by addition of several potential amino-group acceptors to 

an in vitro pea extract editing experiment (Takenaka and Brennicke, 2003). Neither 

glutamate, α-ketoglutarate nor aspartate altered the editing reaction efficiency under these 

conditions.  

Efforts to identify the specificity and catalytic factors for chloroplast RNA editing 

in tobacco had been underway from the early 1990s, with difficulty in identifying guide 

RNAs to confer specificity for the target RNA (Bock and Maliga, 1995), or conserved 

regions in the primary sequence and secondary structure of the target RNA, in spite of 

successful efforts to produce in vivo and in vitro RNA editing systems from tobacco 

chloroplasts (Chaudhuri, Carrer, and Maliga, 1995; Hirose and Sugiura, 2001). Finally, 

in 2005 a nucleus-encoded pentatricopeptide repeat protein was discovered to be essential 

for the editing of a Thr codon (ACG) in Arabidopsis thaliana (A. thaliana) chloroplastic 

ndhD transcripts to produce the functional translational initiation site (Kotera, Tasaka, 

and Shikanai, 2005).  

 

1.2.1: Pentatricopeptide repeat proteins 

Pentatricopeptide repeat (PPR) proteins are eukaryotic RNA binding proteins first 

discovered in the model plant A. thaliana (Small and Peeters, 2000; Barkan and Small, 

2014). These proteins are characterised by 35 amino acid (aa) modular repeats related to 

the 34-amino acid tetratricopeptide repeat (TPR). The TPR repeat is known to mediate 

protein-protein interactions, and is present throughout prokaryotes and eukaryotes (Blatch 

and Lässle, 1999). Each TPR motif is known to fold into a pair of antiparallel helices 

separated by a turn, and contain consensus sequences at positions 4 (W/L/F), 7 (L/I/M), 

8 (G/A/S), 11 (Y/L/F), 20 (A/S/E), 24 (F/Y/L), 27 (A/S/L), and 32 (P/K/E). The PPR 

motif was structurally characterised to be similar to the TPR motif, forming antiparallel 
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helix-turn-helix tertiary structure, and contacts RNA with one PPR motif per base, using 

two crucial amino acid residues at positions 5 and 35 (Figure 1.8) (Fujii and Small, 2011; 

Barkan et al., 2012; Yin et al., 2013; Shen et al., 2016; Yan et al., 2019). 

 

 

Figure 1.8. Schematic of pentatricopeptide repeat proteins, adapted from Manna 

(2015). 

Pentatricopeptide repeat proteins comprise multiple tandem helix-turn-helix repeat 

motifs, which collectively form a superhelical structure contacting RNA in a single motif 

to single base fashion, with interactions facilitated by the 5th and last residue of each 

repeat. 
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1.2.2: Classification of PPR proteins 

The PPR protein family can be divided into two main groups, the P-subfamily and 

the PLS-subfamily, which are further subdivided based on their C-terminal domains, as 

illustrated in Figure 1.9 (Lurin et al., 2004; Cheng et al., 2016). P-subfamily PPR proteins 

are composed primarily of multiple canonical 35 aa repeats, and are involved in organellar 

RNA-processing activities, including stabilisation of 5ʹ and 3ʹ termini, RNA splicing and 

translational initiation throughout eukaryotic lineages (Barkan and Small, 2014).  

PLS-subfamily PPR proteins contain groups of three different types of PPR 

motifs, namely the canonical ~35 amino acid P1 repeat, with related ~35 amino acid P2 

motif, the distinct 35 amino acid L1 motif, with related 36 aa L2 motif, and the 31 aa S1 

motif with related 32 aa S2 motif (Figure 1.10). The modular repeats in all PLS-subfamily 

PPR proteins are arranged in a linear manner, comprising a P1 motif, followed by an L1 

motif, and then an S1 motif, in this order. Following the P1L1S1 repeats in all PLS-

subfamily PPR proteins are a linear module of a variant 35 aa P2 motif, followed by a 

variant 36 aa L2 motif, and a variant 32 aa S2 motif. To summarise, the arrangement of 

PPR motifs in PLS-subfamily proteins are, in general, (P1-L1-S1)n-P2-L2-S2, although an 

additional variant 31 aa motif, designated SS, is often found in PLS-subfamily proteins, 

with a string of two or more SS motifs in the P1-L1-S1  section (Rivals et al., 2006; Cheng 

et al., 2016).  

In addition, PLS-subfamily PPR proteins of the E1, E2, E+, and DYW subgroup 

contain one or both of two additional 34 aa PPR-related C-terminal domains in a row, 

named E1 and E2, which extend the characteristic repeating structure. Following the E 

domain in DYW subgroup PLS-subfamily PPR proteins is a 136 aa domain (named the 

DYW domain) with a conserved C-terminal D, Y, W tripeptide. The E+ subgroup 

contains a degenerate or truncated DYW domain. PLS-subfamily PPR proteins of the E1, 
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E2, E+, and DYW subgroups are predominantly involved in post-transcriptional editing 

in mitochondria and chloroplasts (Barkan and Small, 2014; Cheng et al., 2016).  

PLS-subfamily PPR protein mediated editing has been characterised in A. 

thaliana, maize (Zea mays), rice (Oryza sativa) and Physcomitrella patens (Fujii and 

Small, 2011; Shikanai, 2015; Kobayashi, Yagi, and Nakamura, 2019). P. patens, with 11 

mitochondrial editing sites and 2 chloroplastic editing sites, is the first plant to have all 

of its editing sites mapped to the corresponding PPR protein editing factors (Rüdinger et 

al., 2009; Ohtani et al., 2010; Tasaki, Hattori, and Sugita, 2010; Uchida et al., 2011; 

Ichinose et al., 2013; Miyata and Sugita, 2004; Ichinose, Uchida, and Sugita, 2014).  

 

 

Figure 1.9. Architecture of P- and PLS-subfamily PPR proteins, adapted from 

Cheng et al. (2016).  
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Schematic structures of the PPR proteins in the different PPR subfamilies and subgroups 

are shown. The number of motifs in each protein can vary from 2 to 35, and the first motif 

can be any of P, P1, L1, S1 or SS. The E+ subgroup consists of proteins with a degenerate 

or truncated DYW domain. 

 

 

 
Figure 1.10. Alignment of helix-turn-helix motif consensus sequences in PPR 

proteins from 41 representative genomes, adapted from Cheng et al. (2016).  

Highly conserved residues are indicated with capital letters. Identical residues between 

P1 and P2, L1 and L2, S1 and S2, and SS and S1 motifs are indicated with a single underline. 

Identical residues between SS and P1 motifs are indicated with a double underline. Grey 

boxes are used to shade the two α-helices in each motif, based on contact-site prediction 

derived structural modelling. Residues at the 5th and last positions for PPR motifs are 

indicated in red boxes. 
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1.2.3: RNA editing and the PPR code 

The first studies identified 523 organellar C to U RNA editing sites within the 

model plant A. thaliana, 441 in the mitochondria, and 34 within the chloroplast (Giegé 

and Brennicke, 1999; Bentolila, Elliott, and Hanson, 2008; Chateigner-Boutin and Small, 

2007), while more recent studies using RNAseq have expanded that number to a total 665 

editing sites (Bentolila et al., 2013; Ruwe et al., 2013). Mapping of these editing sites to 

the 5th and last residues of A. thaliana PLS proteins has produced a two amino acid and 

three amino acid combinatorial code for identifying interactions of PPR motifs to a target 

base (Barkan et al., 2012; Yagi et al., 2013a).  

Initially, this code identified the most common residues at the 5th and last positions 

to bind to each base, such as asparagine and aspartate (‘ND’) for a uridine, asparagine 

and serine (‘NS’) for a cytidine, serine and asparagine (‘SN’) for a an adenine, and 

threonine and aspartate (‘TD’) for a guanine, which was confirmed structurally by  Shen 

et al. (2016) using designer PPR proteins, as displayed in Figure 1.11. More recently, it 

has been proposed that while these are common in P and S motifs, L1, L2, and S2 motifs 

have different proportions of common residues, producing distinct codes for each of the 

motifs (Takenaka et al., 2013).  

The elucidation of this code has been instrumental in allowing identification of 

many of the PPR RNA editing factors in A. thaliana via a reverse genetics approach, 

rather than a forward genetic approach (Takenaka et al., 2013; Yap et al., 2015; 

Kobayashi, Yagi, and Nakamura, 2019; Brehme et al., 2015). The currently validated 

RNA editing factors from A. thaliana and P. patens are listed in Table 1.1, provided in 

supplementary, which is based on the lists of Fujii and Small (2011) and Kobayashi, Yagi, 

and Nakamura (2019). 
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Figure 1.11. Structural insights into RNA recognition with designer PPR proteins, 

adapted from Shen et al. (2016). 

A: An N at position 5 and a D at position 35 interact with a U base (PDB ID: 5I9F).          

B: An N at position 5 and an S at position 35 interact with a C base (PDB ID: 5I9G).          

C: An S at position 5 and an N at position 35 interact with an A base (PDB ID: 5I9D).     

D: A T at position 5 and a D at position 35 interact with a G base (PDB ID: 5I9H). 
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1.2.4: Designer PPR proteins 

The modular nature of PPR proteins, large diversity in sequence variation and 

predictability of the PPR code has allowed for the production of designer PPR proteins, 

as first performed by (Coquille et al., 2014). This approach has previously been used to 

design other types of α-helical repeat proteins (Main et al., 2003; Main, Jackson, and 

Regan, 2003; Kajander, Cortajarena, and Regan, 2006), using alignments of a large 

number of sequences to derive the consensus, or most over-represented residue at each 

position, with multiple designed repeats in a row, and a solvating helix at one terminus. 

Since then, several designer P-subfamily proteins have been produced by different labs, 

proving them to be useful tools for both understanding the nature of PPR proteins and 

demonstrating their potential as programmable RNA binding proteins (Gully et al., 

2015b; Shen et al., 2016; Miranda, McDermott, and Barkan, 2018; Spåhr et al., 2018; 

Yan et al., 2019).  

These designer proteins have proven to be significantly more structurally 

informative than native plant PPR proteins, of which only five examples currently exist 

in the Protein Data Bank (PDB). First, the structure of PPR10 from Zea mays (Yin et al., 

2013), which contains dimers within the unit cell. Next, the structures of THA8 from 

Brachypodium distachyon (Ke et al., 2013), and THA8-like from A. thaliana (Ban et al., 

2013), which contains RNA not in contact with the 5th and last residues of the repeats in 

contradiction to the PPR code. Finally, structures of two of the PPR-containing 

proteinaceous RNase P (PRORP) proteins from A. thaliana (Howard et al., 2012; Karasik 

et al., 2016), including unpublished structures of PRORP1 soaked with juglone (Wu et 

al., to be published; PDB ID: 6BV5, 6BV6, 6BV8, and 6BV9) and PRORP2 (Pinker et 

al., to be published; PDB ID: 5FT9) that are present in the PDB.  
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In contrast, the designer PPR proteins exhibit enhanced solubility and stability 

compared to native proteins (Coquille et al., 2014), and so have had more success in 

structural determination. Structures of designer PPR proteins have confirmed the 

monomeric nature of PPR proteins and have allowed an understanding of contraction of 

superhelical pitch upon RNA binding, as illustrated in Figure 1.12 (Shen et al., 2016). 

Furthermore, designer PPR proteins have served to demonstrate the potential of a PPR 

protein binding to ssDNA (Spåhr et al., 2018).  

Recently, the first crystal structure of a designer PLS protein based on the 

consensus from genomic PLS sequences has revealed the similar formation of pairs of 

antiparallel α-helices, just like in P-subfamily proteins (Figure 1.13) (Yan et al., 2017). 

This paper suggests that the L-motif of this designer protein is slightly misaligned with a 

normal P-motif, and this misalignment is rescued by the formation of a complex with 

Arabidopsis MORF9 to allow for contact with an RNA target. MORF9 is a member of a 

10 protein family in Arabidopsis that has been identified as a supplementary editing factor 

in seed plants (Takenaka et al., 2012; Bentolila et al., 2012), and until this paper by Yan 

et al., it was unclear how these proteins influence the process of RNA editing in plants. 

MORFs are discussed in more detail in Section 1.2.6.  

To sum up, the design of PPR proteins is a crucial technique for not only 

demonstrating the potential biotechnological applications of PPR proteins, but also for 

obtaining a structural understanding of this protein superfamily.  
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Figure 1.12. Structure of a designer P subgroup PPR protein bound to RNA, 

adapted from Shen et al. (2016). 

A-B: Two orthogonal views of the designer protein dPPR-U10, bound to a poly-uridine 

RNA strand (PDB ID: 5I9F). C: Sequence of the designer protein dPPR-U10, with 

corresponding bound RNA oligonucleotide sequence on the left. Protein domains are 

labelled on the left, with N- and C-terminal domains from ZmPPR10, while PPR domains 

are based on a consensus sequence. Numbering for amino acid sequence is listed, and 

starts after the first 159 residues, which are part of the ZmPPR10 NTD but are not present 

in the solved crystal structure. 
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Figure 1.13. Structure of a designer PLS subgroup PPR protein, adapted from Yan 

et al. (2017).  

A: The designer protein (PLS)3-PPR, with three molecules of the supplementary 

Arabidopsis editing factor MORF9 (white) [PDB ID: 5IWW]. B: A single designer PLS 

triplet, with P1, L1, and S1 motifs indicated [PDB ID: 5IZW]. C: Sequence of the designer 

(PLS)3-PPR protein. Protein domains are labelled on the left, with N-terminal cap and 

C-terminal solvating helix originating from ZmPPR10, while P1, L1 and S1 PPR domains 

based on a consensus sequence. 
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1.2.5: The DYW domain 

The DYW domain, present at the C-terminus of known PPR protein editing 

factors (refer to Figure 1.9 above), is proposed to contribute the catalytic activity in RNA 

editing (Salone et al., 2007; Hayes et al., 2013; Cheng et al., 2016). Initially classified as 

approximately 100 amino acids (Lurin et al., 2004), it has recently been revised to 136 aa 

long (Figure 1.14), with a revision in the sequence classification extending it to 

incorporate the “PG box”, a 16 aa sequence that formerly spanned the boundary of the E 

and E+ motif (Cheng et al., 2016; Salone et al., 2007).  

The DYW domain contains the same zinc binding deaminase motif HxExnCxxC 

as APOBEC and ADAR family members (Salone et al., 2007; Boussardon et al., 2014), 

suggesting a similar catalytic mechanism, and has been proposed to be part of a larger 

deaminase fold (Iyer et al., 2011). Consistent with this, mutations to the conserved 

glutamate residue (E70) or zinc binding residues within the deaminase motif (H68, C96 

and C99) abolish editing by A. thaliana editing factors (Boussardon et al., 2012; Wagoner 

et al., 2015; Hayes et al., 2015). More recently, these experiments have been repeated 

with P. patens editing factors in a bacterial system, to the same effect (Oldenkott et al., 

2019).  

Curiously, in contrast to other deaminase domains, the DYW domain has been 

suggested to contain a second zinc binding motif of unknown function (Hayes et al., 2013; 

Wagoner et al., 2015). A conserved histidine (H123) and a pair of conserved cysteines 

(C130 and C132) close to the C-terminus of the domain sequence have been proposed to 

be part of this second zinc binding motif, and the two terminal cysteines C130 and C132 

have been demonstrated to be required for editing activity in the A. thaliana editing factor 

QED1 (Wagoner et al., 2015). 
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RNA editing using recombinant DYW subgroup proteins for an in vitro system 

without chloroplast or mitochondria extract has not been successfully demonstrated, 

raising questions about a larger editing complex, and the requirements of the DYW 

domain to catalyse the deamination event (Nakamura and Sugita, 2008; Okuda et al., 

2009). In addition, there are currently a handful of PLS-subfamily PPR proteins of the 

E1, E2, E+, and DYW subgroups that are known to be involved in transcript stabilisation, 

and not post-transcriptional editing, as detailed in Table 1.2 (Section 1.4). 

 
Figure 1.14. Weblogo of DYW domain sequence variation within genomic 

sequences, adapted from Cheng et al. (2016). 

Catalytic zinc coordinating residues are indicated with yellow arrows, while the proton 

shuttle glutamate is indicated with a red arrow, and putative second zinc binding residues 

are indicated with green arrows. 



Page | 29  

 

1.2.6: The plant ‘editosome’ hypothesis 

Evolutionary studies have shown a strong correlation between the presence of the 

DYW subgroup PPR proteins and RNA editing in plant chloroplasts and mitochondria 

(Schallenberg-Rüdinger and Knoop, 2016). The DYW domain was historically thought 

to be present only in PLS-subfamily PPR proteins of land plants (Salone et al., 2007; Fujii 

and Small, 2011). However, ten DYW subgroup proteins were found in the genome of 

the protist Naegleria gruberi, associated with two mitochondrial C to U editing events 

(Knoop and Rüdinger, 2010; Rüdinger et al., 2011). A further study discovered 

DYW subgroup proteins in the protists Acanthamoeba castelanii and Malawimonas 

jakobiformis, the slime mold Physarum polycephalum, the bdelloid rotifers Adineta 

ricciae and Philodina roseola, and the charophyte alga Nitella hyalina (Schallenberg-

Rüdinger et al., 2013). In this paper, the authors speculate a horizontal gene transfer 

mechanism from plant derived species to explain their findings for all species except for 

Nitella, as well as those for Naegleria found previously.  

Unfortunately, the proteins responsible for RNA editing in A. thaliana are more 

diverse than a simple one factor system of DYW subgroup PLS proteins. E+ and E2 

subfamily editing factors present in A. thaliana and other seed plants are truncated at the 

DYW domain, and lack these catalytic residues, yet are required for editing to occur at 

their target sites (Boussardon et al., 2012; Cheng et al., 2016). In these cases, as is in the 

case of editing factors where removal of the DYW domain has, in some instances, not led 

to loss of RNA editing events, the catalytic activity is proposed to be supplied by another 

DYW domain acting as a donor, which is listed in Table 1.3 in supplementary. This is 

the case for the E+ protein CRR4, which interacts specifically with the deaminase donor 

DYW1 (Boussardon et al., 2012; Boussardon et al., 2014). It is also the case for the 

chloroplastid E+ protein CLB19, and the mitochondrial E+ protein SLO2, which 

independently interact with the deaminase donor DYW2, as well as the P-subfamily 
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protein NUWA (Andrés-Colás et al., 2017; Guillaumot et al., 2017). In A. thaliana, the 

short DYW-containing protein DYW2 has been proposed to act as a deaminase donor for 

complementing E+ proteins in A. thaliana, while another short DYW-containing protein 

MEF8 has been proposed to act as the deaminase donor for complementing E2 proteins 

(Diaz et al., 2017). 

Adding to this complexity, four additional groups of Arabidopsis proteins were 

suggested to contribute to the process of RNA editing. These groups are the family of 

RIP/MORF/DAL proteins, the family of ORRM proteins, OZ1 and PPO1 (Takenaka et 

al., 2012; Bentolila et al., 2012; Sun et al., 2013; Shi, Hanson, and Bentolila, 2015; Shi, 

Bentolila, and Hanson, 2016; Sun et al., 2015; Sandoval et al., 2019). In the light of this 

discovery, the hypothesis of the formation of an ‘editosome’ has been proposed to explain 

the complexity of RNA editing in seed plants (Shikanai, 2015; Shi, Bentolila, and Hanson, 

2016; Yan, Zhang, and Yin, 2018). The current understanding of each of the 

supplementary editing factors is limited but will be discussed below. 

Starting with the first group, the Multiple Organellar RNA editing Factor (MORF) 

family (Takenaka et al., 2012), also known as the RARE1-Interacting protein (RIP) 

family (Bentolila et al., 2012), or the differentiation and greening-like (DAL) protein 

family, is the best characterised group of supplementary RNA editing factors in 

Arabidopsis (Chatterjee et al., 1996; Babiychuk et al., 1997; Bisanz et al., 2003; Luo et 

al., 2017).  This gene family (hereafter referred to only as the MORF family) consists of 

10 members in Arabidopsis, one of which is an inactive pseudogene (Bentolila et al., 

2013; Yan et al., 2017). They are suggested to be absent in non-seed plants such as mosses 

or ferns (Luo et al., 2017). Crystal structures of MORF1 (Haag et al., 2017), MORF2 

(Yang, Zhang, and Wang, 2018) and MORF9 (Haag et al., 2017; Yan et al., 2017) from 

A. thaliana have been solved and indicate conserved structural features, including a 100 

amino acid conserved region referred to as the MORF box.  
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However, recent evidence into the function of MORF proteins in RNA editing is 

conflicting. On one hand, there is evidence of MORF9 interaction with L domains to 

facilitate RNA binding on a designer PLS protein (Yan et al., 2017), while on the other 

hand there is evidence of interactions with the E-domains of native PLS proteins and with 

a P-subfamily protein NUWA (Bayer-Császár et al., 2017; He et al., 2017). NUWA has 

also recently been discovered to interact with DYW2 to supply the DYW-domain to 

CLB19 and SLO2 (Guillaumot et al., 2017; Andrés-Colás et al., 2017). This supports the 

formation of E and E+ protein complexes with a DYW donor, but also raises questions 

about the nature of the editosome complex if a P-subfamily protein is involved.  

The second group, comprising of  a small family proteins containing an organellar 

RNA recognition motif (ORRM), have been hypothesised to be involved in presentation 

of the editing site to the catalytic domain based on the presence of RRMs within the 

mooring protein ACF in the the APOBEC system, but this has not yet been demonstrated 

in the plant editosome (Yan, Zhang, and Yin, 2018). Thirdly, organellar zinc finger 

protein 1 (OZ1) belongs to a four-membered RanBP2 zinc finger protein family in A. 

thaliana, and has been implicated by Yeast-2-hybrid analysis to interact with some PPR 

RNA editing factors, such as OTP82 and CRR28, and with the supplementary factor 

ORRM1 (Sun et al., 2015). More recently, large functional chloroplast RNA editing 

complexes containing the PPR RNA editing factor OTP86 were isolated, containing the 

supplementary factors ORRM1, MORF9 (RIP9) and OZ1 (Sandoval et al., 2019). The 

last group consists of the singular protein Porphyrinogen Oxidase 1 (PPO1), a plastid 

heme biosynthesis enzyme, which has been suggested to interact with members of the 

MORF family. Unfortunately, no structural data is available on the Arabidopsis ORRM 

family, OZ1, or PPO1 to validate a mode of action in the context of PPR RNA editing 

factors. 
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In summary, to explain the complex process of RNA editing in plants, the 

hypothesis of the formation of an ‘editosome’ has been proposed (Shikanai, 2015; Shi, 

Bentolila, and Hanson, 2016; Yan, Zhang, and Yin, 2018), as illustrated in  Figure 1.15. 

In this theory, a PLS-PPR RNA editing factor specifically and predictably recognises an 

editing site. Additional proteins form around it, providing various functions, most notable 

of which is supplementing the RNA binding ability of the PLS-PPR section. The DYW 

domain of the PLS-PPR protein, or the DYW domain of another protein, supplies the 

catalytic function to perform cytidine deamination in a zinc-dependant manner. To 

confound this theory, a recent study demonstrated functional editing using two P. patens 

PLS-DYW RNA editing factors by expression in the bacterium Escherichia coli (E. coli) 

(Oldenkott et al., 2019). This raises significant questions about the necessity of these 

supplementary editing factors for the process of PPR RNA editing and is a promising 

development on the road of utilising PPR RNA editing factors as programmable 

biotechnological tools. 

 

Figure 1.15. Schematic representation of Arabidopsis ‘editosome’ complexity. 

RNA editing by CLB19, an E+ type editing factor, requires donation of the catalytic 

DYW domain by DYW2 and interaction with NUWA, a P-subfamily PPR protein. Four 

supplementary RNA editing factor groups are also involved, namely MORFs, ORRMs, 
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PPO1 and OZ1. Only interactions between MORFs and PLS triplets have been 

structurally validated. 

 

1.3: Conclusion and thesis rationale 

RNA editing in plants is a highly interesting process, with implications for the 

development of novel biotechnological tools to compete with current CRISPR-Cas 

systems fused to an ADAR derived Base Editor deaminase domain (Figure 1.16). 

Intimate knowledge of the mechanisms of this process is still required, and there is a 

distinct gap in the literature surrounding the structural and functional characterisation of 

complete PPR RNA editing factors, especially with regards to the crucial catalytic 

component, the DYW domain. 

 

As such, this project was conceptualised with the following goals: 

1.  To design novel, functional editing factors with the conserved domain 

architecture of native A. thaliana editing factors, but with unique specificity, 

enhanced solubility and improved stability.  

 

2. To structurally characterise PPR RNA editing factors and their domains, in 

particular the DYW domain. 

 

3. To functionally characterise the RNA editing capability of designed PPR RNA 

editing factors. 
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Figure 1.16. Schematic representation of programmable RNA editing systems 

A: The current RESCUE and REPAIR targeted RNA editing systems utilise an ADAR 

derived deaminase base editor domain fused to a deactivated CAS13 system. Specificity 

is conferred by the sgRNA. Based on the figure from Matsoukas (2018). 

B: A novel designer PPR RNA editing factor system, based on the single factor plant 

RNA editing PPR-DYW proteins. Specificity is encoded in the RNA binding PPR 

domains, whilst catalytic function is supplied by the DYW deaminase domain. 
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1.4: Supplementary tables 

Table 1.1. RNA editing events in model plants and their corresponding PPR editing 

factors, updated from Fujii and Small (2011); Kobayashi, Yagi, and Nakamura 

(2019). 

Organelle  Species GenInfo 

Identifier (GI) 

Sub 

group 

Name Edited 

gene 

Reference 

Chloroplast A. thaliana At1g08070 DYW OTP82 ndhG-50, 

ndhB-836 

(Hammani 

et al., 

2009) 

Chloroplast A. thaliana At1g11290 DYW CRR22 ndhB-746, 

ndhD-887, 

rpoB-551 

(Okuda et 

al., 2009) 

Chloroplast A. thaliana At1g15510 DYW AtECB2/ 

VAC1 

accD-794, 

ndhF-290 

(Yu et al., 

2009) 

(Tseng et 

al., 2010) 

Chloroplast A. thaliana At1g59720 DYW CRR28 ndhB-467, 

ndhD-878 

(Okuda et 

al., 2009) 

Chloroplast A. thaliana At2g02980 DYW OTP85 ndhD-674 (Hammani 

et al., 

2009) 

Chloroplast A. thaliana At2g29760 DYW OTP81/QE

D1 

accD-1568, 

matK-640, 

ndhB-872, 

rpoB-2432, 

rps12 i1-58 

(Hammani 

et al., 

2009; 

Wagoner et 

al., 2015) 

Chloroplast A. thaliana At3g22690 DYW YS1 rpoB-338 (Zhou et 

al., 2009) 

Chloroplast A. thaliana At3g57430 DYW OTP84 ndhF-290, 

psbZ-50, 

ndhB-1481 

(Hammani 

et al., 

2009) 

Chloroplast A. thaliana At3g63370 DYW OTP86 rps14-80 (Hammani 

et al., 

2009) 

Chloroplast A. thaliana At5g13270 DYW RARE1 accD-794 (Robbins, 

Heller, and 

Hanson, 

2009) 

Chloroplast A. thaliana At5g48910 DYW LPA66 psbF-77 (Cai et al., 

2009) 

Chloroplast A. thaliana At1g47580 DYW DYW1 ndhD-2 (Boussardo

n et al., 

2012) 

Chloroplast A. thaliana At3g14330 DYW CREF3 psbE-214 (Yagi et 

al., 2013b) 
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Organelle  Species GenInfo 

Identifier (GI) 

Sub 

group 

Name Edited 

gene 

Reference 

Chloroplast A. thaliana At5g66520 DYW CREF7 ndhB-1255 (Yagi et 

al., 2013b) 

Chloroplast A. thaliana At5g66520 DYW ELI1 ndhB-830 (Hayes et 

al., 2013) 

Chloroplast A. thaliana At4g18750 DYW DOT4/FLV rpoC1-488 (Hayes et 

al., 2013) 

Chloroplast A. thaliana At2g45350 E+ CRR4 ndhD-2 (Kotera, 

Tasaka, 

and 

Shikanai, 

2005) 

Chloroplast A. thaliana At5g59200 E+ OTP80 rpl23-89 (Hammani 

et al., 

2009) 

Chloroplast A. thaliana At1g05750 E+ CLB19 rpoA-200, 

clpP1-559 

(Chateigne

r-Boutin et 

al., 2008) 

Chloroplast A. thaliana At5g55740 E+ CRR21 ndhD-383 (Okuda et 

al., 2007) 

Chloroplast A. thaliana At1g64310 E2 OTP71 ccmFn2-

176 

(Chateigne

r-Boutin et 

al., 2013) 

Chloroplast A. thaliana At3g13880 E2 OTP72 rpl16-440 (Chateigne

r-Boutin et 

al., 2013) 

Chloroplast P. patens Pp1s543_6 

V6.1a 

DYW PpPPR_45 rps14-2, 

rps14-

leader-(-1) 

(Ichinose, 

Uchida, 

and Sugita, 

2014) 

Chloroplast; 

Mitochondria 

A. thaliana At3g22150 E+ AEF1/ 

MPR25 

atpF-92 

(C); 

nad5-1580 

(M) 

(Yap et al., 

2015) 

Mitochondria A. thaliana At4g30700 DYW MEF29 nad5-1550, 

cob-908 

(Sosso et 

al., 2012) 

Mitochondria A. thaliana At2g03880 DYW REME1 nad2-558, 

orfX-552 

(Bentolila, 

Knight, 

and 

Hanson, 

2010) 

Mitochondria A. thaliana At2g25580 DYW MEF8 nad5-676, 

nad6-95 

(Takenaka 

et al., 

2010; 

Verbitskiy 

et al., 

2012b) 
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Organelle  Species GenInfo 

Identifier (GI) 

Sub 

group 

Name Edited 

gene 

Reference 

Mitochondria A. thaliana At3g12770 DYW MEF22 nad3-149 (Takenaka 

et al., 

2010) 

Mitochondria A. thaliana At4g14850 DYW LOI1/ 

MEF11 

cox3-422, 

nad4-124, 

ccmFN2 

(ccb203)-

344, 

matR-1730, 

ccmC-568, 

ccmFc-378 

(Tang et 

al., 2010; 

Verbitskiy 

et al., 

2010; 

Takenaka 

et al., 

2013) 

Mitochondria A. thaliana At5g52630 DYW MEF1 rps4-956, 

nad7-963, 

nad2-1160 

(Zehrmann 

et al., 

2009) 

Mitochondria A. thaliana At3g26780 DYW MEF14 matR-1895 (Verbitskiy 

et al., 

2011) 

Mitochondria A. thaliana At4g14050 DYW MEF35 rpl16-209, 

nad4-1373, 

cob-286 

(Brehme et 

al., 2015) 

Mitochondria A. thaliana At3g11460 DYW MEF10 nad2-842 (Härtel et 

al., 2013a) 

Mitochondria A. thaliana At4g32450 DYW MEF8S nad5-676 

nad6-95 

(Verbitskiy 

et al., 

2012b) 

Mitochondria A. thaliana At5g09950 DYW MEF7 ccb206-28, 

cob-325, 

nad2-1433, 

nad4L-41 

(Zehrmann 

et al., 

2012) 

Mitochondria A. thaliana At4g32430 DYW GRS1 nad1-265, 

nad4L-55, 

nad6-103, 

rps4-377 

(Xie et al., 

2016) 

Mitochondria A. thaliana At3g03580 DYW MEF26 nad4-166, 

cox3-311 

(Arenas-M 

et al., 

2014) 

Mitochondria A. thaliana At2g22410 E+ SLO1 nad4-449,  

nad9-328 

(Sung, 

Tseng, and 

Hsieh, 

2010) 

Mitochondria A. thaliana At2g20540 E+ MEF21 cox3-257 (Takenaka 

et al., 

2010) 

Mitochondria A. thaliana At3g09040 E+ MEF12 nad5-374 (Härtel et 

al., 2013b) 

Mitochondria A. thaliana At2g13600 E+ SLO2 nad4L-110, 

nad7-739, 

(Zhu et al., 

2012) 
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Organelle  Species GenInfo 

Identifier (GI) 

Sub 

group 

Name Edited 

gene 

Reference 

mttB-144, 

mttB-145, 

nad1-2, 

nad1-40 

Mitochondria A. thaliana At3g02330 E+ MEF13 nad7-213, 

ccmFC-50, 

ccmFC-415, 

cox3-314, 

nad4-158, 

nad5-1665, 

nad5-1916 

(Glass et 

al., 2015)  

Mitochondria A. thaliana At5g08490 E+ SLG1 nad3-250 (Yuan and 

Liu, 2012) 

Mitochondria A. thaliana At3g25060 E+ MEF25 nad1-308 (Arenas-M 

et al., 

2013) 

Mitochondria A. thaliana At2g44880 E+ AHG11 nad4-376 (Murayam

a et al., 

2012) 

Mitochondria A. thaliana At4g32430 E+ AtEMP9 rps4-335 

ccmB-43 

(Yang et 

al., 2017) 

Mitochondria A. thaliana At1g17630 E+ CWM1 nad5-598 

ccmB-428 

ccmC-463 

(Hu et al., 

2016) 

Mitochondria A. thaliana At1g32415 E+ CWM2 ccmC-575 (Hu et al., 

2016) 

Mitochondria A. thaliana At2g35030 E+ COD1 cox2-253 

cox2-698 

nad4-1129 

(Dahan et 

al., 2014) 

Mitochondria A. thaliana At4g04370 E+ PGN cox-742 

nad6_leade

r-(-73) 

(Laluk, 

AbuQamar

, and 

Mengiste, 

2011; 

Kobayashi, 

Yagi, and 

Nakamura, 

2019) 

Mitochondria A. thaliana At1g62260 E2 MEF9 nad7-200 (Takenaka, 

2010) 

Mitochondria A. thaliana At3g05240 E2 MEF19 ccb206-566 (Takenaka 

et al., 

2010) 

Mitochondria A. thaliana At3g18970 E2 MEF20 rps4-226 (Takenaka 

et al., 

2010) 
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Organelle  Species GenInfo 

Identifier (GI) 

Sub 

group 

Name Edited 

gene 

Reference 

Mitochondria A. thaliana At5g19020 E2 MEF18 nad4-1355 (Takenaka 

et al., 

2010) 

Mitochondria A. thaliana At1g74600 E2 OTP87 nad7-24 

atp1-1178 

(Hammani 

et al., 

2011) 

Mitochondria A. thaliana At1g06140 E2 MEF3 atp4-89 (Verbitskiy 

et al., 

2012a) 

Mitochondria A. thaliana At4g14170 E2 MEF32 cox2-27, 

ccmB-569, 

nad1-571 

(Takenaka 

et al., 

2013) 

Mitochondria A. thaliana At4g38010 E2 SLO4 nad4-1033 (Weißenbe

rger, Soll, 

and Carrie, 

2016) 

Mitochondria P. patens Pp1s208_104 

V6.1 

DYW PpPPR_56 nad3-230, 

nad4-272 

(Ohtani et 

al., 2010) 

Mitochondria P. patens Pp1s48_253 

V6.1 

DYW PpPPR_71 ccmFc-122 (Tasaki, 

Hattori, 

and Sugita, 

2010) 

Mitochondria P. patens Pp1s169_110 

V6.1 

DYW PpPPR_77 cox2-370, 

cox3-733 

(Ohtani et 

al., 2010) 

Mitochondria P. patens Pp1s68_207 

V6.1 

DYW PpPPR_91 nad5-730 (Ohtani et 

al., 2010) 

Mitochondria P. patens Pp1s183_52 

V6.1 

DYW PpPPR_78 rps14-137, 

cox1-755 

(Uchida et 

al., 2011) 

Mitochondria P. patens Pp1s276_42 

V6.1 

DYW PpPPR_98 atp9-92 (Ichinose 

et al., 

2013) 

Mitochondria P. patens Pp1s13_264 

V6.1 

DYW PpPPR_65 ccmFC-103 (Ichinose 

et al., 

2013) 

Mitochondria P. patens Pp1s186_64 

V6.1 

DYW PpPPR_79 nad5-598 (Uchida et 

al., 2011) 
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Table 1.2: DYW subclass PPR proteins that do not perform RNA editing. 

Organelle  Species GI Sub 

class 

Name Transcript 

processing 

event 

Reference 

Chloroplast A. thaliana At3g46790 DYW CRR2 rps7-ndhB (Hashimoto 

et al., 2003) 

Chloroplast A. thaliana At5g03800 DYW EMB175 rpl16 5’end 

stabilisation 

(Hammani 

et al., 2016) 

Mitochondria P. patens Pp1s446_7 

V6.1 

DYW PpPPR_

43 

cox1 intron 

3 processing 

(Ichinose et 

al., 2012) 

 

Table 1.3: Short DYW subclass PPR proteins that act as DYW donors 

Organelle  Species GI Name Interacti

on 

partners
† 

Transcript 

processing 

event 

Reference 

Chloroplast A. thaliana At1g47580 DYW

1 

CRR4 ndhD-2 (Boussardo

n et al., 

2012) 

Chloroplast A. thaliana At5g03800 DYW

2 

SLO2, 

CLB19 

 

nad4L-110, 

nad7-739, 

mttB-144, 

mttB-145, 

nad1-2, 

nad1-40; 

rpoA-200, 

clpP1-559 

(Andrés-

Colás et al., 

2017; 

Guillaumot 

et al., 2017) 

Mitochondria A. thaliana At2g25580 MEF8 None 

currently 

confirme

d 

nad5-676, 

nad6-95 

(Takenaka 

et al., 2010; 

Verbitskiy 

et al., 

2012b; 

Diaz et al., 

2017) 
†: Only experimentally validated interactions and processing events listed  
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2. Materials and methods 

 

2.1: Materials 

 

2.1.1: Access to sequences from the OneKP dataset 

Sequences from over 1000 plant transcriptome sequences from the OneKP project 

(Leebens-Mack et al., 2019), as well as the corresponding gene annotation datasets were 

downloaded from the OneKP project web page 

(https://sites.google.com/a/ualberta.ca/onekp/) (Matasci et al., 2014; Carpenter et al., 

2019). Data was stored on an internal SQL server, and accessed using MySQL 

Workbench version 6.3.4 (Oracle Corporation). 

 

2.1.2: Plant material 

All plant genetics experiments performed in this study were undertaken on 

Arabidopsis thaliana (A. thaliana). Mutant clb19-3 T-DNA insertion seeds in a Col-0 

ecotype background (SALK_123752) (Chateigner-Boutin et al., 2008; Alonso et al., 

2003) were available in the lab. Plants were grown in long day cycles of 16 hours in the 

light (120 µE m-2 s-1), 8 hours in the dark at 25°C with 45% humidity.  

 

https://sites.google.com/a/ualberta.ca/onekp/
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2.1.3: Bacterial strains 

Escherichia coli (E. coli) strains used in this study are detailed in Table 2.1 below. 

DH5α (Thermo Fisher Scientific; Waltham, MA, USA), NEBTurbo [New England 

Biolabs® Inc. (NEB); Ipswich, MA, USA], Top10 (Thermo Fisher Scientific), BL21 

(DE3) [Novagen, now part of Merck KGaA; Darmstadt, Germany], and Rosetta 2 (DE3) 

[Novagen] strains were available in the lab, prepared as chemically competent stocks.  

 

Table 2.1. Escherichia coli (E. coli) strains used in this study. 

Strain Use Genotype Description 

DH5α Molecular 

cloning and 

plasmid 

propagation 

F– endA1 glnV44 thi-1 recA1 

relA1 gyrA96 deoR nupG pur

B20 φ80d lacZΔM15 

Δ(lacZYA-argF)U169, 

hsdR17(rK
–mK

+), λ– 

Gold standard E. coli strain for 

routine cloning and plasmid 

propagation. No antibiotic 

resistance. 

Contains endA1 nuclease 

mutations for reduced plasmid 

degradation and recA1 DNA-

dependant ATPase mutation for 

reduced plasmid recombination. 

Top10 Molecular 

cloning and 

plasmid 

propagation 

F- mcrA Δ(mrr-hsdRMS-

mcrBC) φ80lacZΔM15 

ΔlacX74 nupG recA1 

araD139 Δ(ara-leu)7697 

galE15 galK16 rpsL(StrR) 

endA1 λ- 

Standard E. coli strain for cloning 

and propagation of large (>10 kb) 

plasmids. Resistance to 

streptomycin to 100 µg·mL-1. 

Contains mutations in the hsd and 

mcr gene complexes that enhance 

the efficiency of transformations 
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Strain Use Genotype Description 

of unmethylated PCR products 

and methylated DNA from 

bacterial minipreps respectively. 

Also contains endA1 nuclease 

mutations for reduced plasmid 

degradation and recA1 DNA-

dependent ATPase mutation for 

reduced plasmid recombination.  

NEB 

Turbo 

Molecular 

cloning and 

plasmid 

propagation 

glnV44 thi-1 Δ(lac-

proAB) galE15 galK16 R(zgb

-

210::Tn10)TetS endA1 fhuA2 

Δ(mcrB-hsdSM)5, (rK
–mK

–) 

F′[traD36 proAB+ lacIq lacZΔ

M15] 

Rapid growth strain of E. coli for 

time-saving steps of general 

cloning and plasmid propagation. 

No antibiotic resistance. Contains 

endA1 nuclease mutations for 

reduced plasmid degradation and 

recA1 DNA-dependent ATPase 

mutation for reduced plasmid 

recombination. 

BL21 

(DE3) 

Recombina

nt protein 

expression 

F– ompT gal dcm lon hsdSB(rB

–mB
–) λ(DE3 [lacI lacUV5-

T7p07 ind1 sam7 nin5]) 

[malB+]K-12(λ
S) 

Gold standard E. coli strain for 

recombinant protein expression. 

No antibiotic resistance. Protease 

deficient B strain background 

which is also deficient of lon and 

ompT proteases for enhanced 

protein stability. DE3 lysogen 

contains T7 RNA polymerase for 
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Strain Use Genotype Description 

expression of genes controlled by 

the T7 promoter through induction 

with IPTG. 

Rosetta 

2 (DE3) 

Recombina

nt protein 

expression 

and ex vivo 

RNA 

editing 

system  

F– ompT gal dcm lon hsdSB(rB

–mB
–) λ(DE3 [lacI lacUV5-

T7p07 ind1 sam7 nin5]) 

[malB+]K-12(λ
S) 

pRARE2[ileX argU thrU tyr

U glyT thrT argW metT leuW 

proL](CmR) 

Standard E. coli strain for 

recombinant expression of 

Eukaryotic proteins. Resistant to 

Chloramphenicol to 34 µg mL-1. 

Contains a pRARE2 plasmid to 

express 7 tRNA genes for codons 

that are rare in bacteria. BL21 

(DE3) background provides equal 

protease deficiency and 

expression of T7 promoter 

controlled genes. 

The Agrobacterium tumefaciens (A. tumefaciens) strain used in this study for plant 

transformation was GV3101 RifR GentR. This strain was available in the lab, prepared 

chemically competent.  

 

2.1.4: Plasmids  

The DNA plasmids received and used in this study for further cloning are detailed 

in Table 2.2, while DNA plasmids constructed in this study by either standard restriction 

ligation cloning, Gibson Assembly®, DNA Assembly or Gateway™ cloning are listed in 

Table 2.3. Bacterial expression vectors pETM11 and pETM20 (Dümmler, Lawrence, and 

de Marco, 2005) were a gift from Dr. Gunter Stier (EMBL, Heidelberg), while the plant 
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expression vector pCAMBIA (www.cambia.org) was a gift from Dr. Cathie Colas des 

Francs-Small (The University of Western Australia, Crawley, AUS). Cloning to generate 

the plasmids is described across Sections 2.3.5, 2.3.6, 2.3.7 and 2.3.8. Cloning of pBG18, 

pBG19, and pBG26 was performed by Dr. Bernard Gutmann (ARC Center for Plant 

Energy Biology, The University of Western Australia, Crawley, AUS; now at Editforce 

Inc, Fukuoka, JAP). 

Table 2.2. DNA plasmids employed in this study for cloning purposes. 

Name Tag(s)/Gene(s) Antibiotic 

resistance 

Origin of 

replication 

Plasmid type 

pETM11 

(EMBL-Gunter 

Stier, 

Heidelburg) 

N-His6-TEV 

protease site 

C- His6 

(optional) 

Kanamycin, 50 

µg·mL-1 

ColE1/ 

pMB1/ 

pBR322/ 

pUC 

Bacterial 

expression 

plasmid with 

T7 promoter 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

N-Trx-His6-

TEV protease 

site  

C- His6 

(optional) 

Carbenicillin, 50 

µg·mL-1 

ColE1/ 

pMB1/ 

pBR322/ 

pUC 

Bacterial 

expression 

plasmid with 

T7 promoter 

pCAMBIA1390 

(Cambia, 

Canberra) 

C-His6 

(optional)  

Kanamycin 

(bacterial 

selection), 

50 µg·mL-1; 

Hygromycin B 

(plant selection), 

30 µg·mL-1 

ColE1/ 

pMB1/ 

pBR322/ 

pUC 

Agrobacterium 

binary plasmid 

for plant 

transformation 

and expression 
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Figure 2.1. T7 bacterial expression vector pETM11.  

A: Plasmid map. Features are labelled on the outside of the map, while important single 

site restriction enzyme sites are indicated on the inside of the map. B: Region for cloning. 

Grey bars indicate primer binding sites for introducing Gibson homology in inserts. 

Restriction enzyme sites used for linearisation are indicated in red.  
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Figure 2.2. T7 bacterial expression vector pETM20.  

A: Plasmid map. Features are labelled on the outside of the map, while important single 

site restriction enzyme sites are indicated on the inside of the map. B: Region for cloning. 

Grey bars indicate primer binding sites for introducing Gibson homology in inserts. 

Restriction enzyme sites used for linearisation are indicated in red. 
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Figure 2.3. Binary plant expression vector pCAMBIA1390.  

A: Plasmid map. MCS: Multiple Cloning Site. His6: Hexahistidine tag. HygR: Plant 

hygromycin resistance gene. KanR: Bacterial kanamycin resistance gene. B: Region for 

cloning. Grey bars indicate primer binding sites for introducing Gibson homology in 

inserts. Restriction enzyme sites used for linearisation are indicated in red. 
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Table 2.3. DNA plasmids constructed in this study. 

Name Gene Backbone Cloning 

method 

Purpose 

pETM11-

MORF9 (75-

196; C85S, 

C187S) 

MORF9 (75-

196; C85S, 

C187S) from A. 

thaliana 

(At1g11720) 

pETM11 

(EMBL-Gunter 

Stier, 

Heidelburg) 

Standard 

restriction 

ligation 

Protein 

expression & 

purification, 

supplementing 

editing in E. coli 

pETM20-

dsn3PLS-

DYW 

 

dsn3PLS-DYW 

(1-614) 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

Gibson 

Assembly 

Protein 

expression & 

purification 

pETM20-

dsn3PLS-E2 

 

dsn3PLS-E2 (1-

487) 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

Gibson 

Assembly 

Protein 

expression & 

purification 

pETM20-

dsnDYW 

dsn3PLS-DYW 

(475-614) 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

Gibson 

Assembly 

Protein 

expression & 

purification 

pETM20-

dsn3PLS-

DYW_clpP1 

 

dsn3PLS-DYW 

(1-614) 

pETM20 

((EMBL-

Gunter Stier, 

Heidelburg) 

High 

Fidelity 

DNA 

Assembly 

E. coli RNA 

editing 

experiments 
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Name Gene Backbone Cloning 

method 

Purpose 

pETM20-

dsn3PLS-

DYW_rpoA 

 

dsn3PLS-DYW 

(1-614) 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

High 

Fidelity 

DNA 

Assembly 

E. coli RNA 

editing 

experiments 

pETM20-

dsn3PLS-

DYW 

(E70A)_rpoA 

dsn3PLS-DYW 

(1-614, E70A 

mutation in 

DYW domain) 

pETM20 

(EMBL-Gunter 

Stier, 

Heidelburg) 

Primer 

directed 

mutagenesis 

E. coli RNA 

editing 

experiments 

pBG18 

(Bernard 

Gutmann) 

CLB19 (p)- 

4myc (tag)- 

RbcS (cTP)-

dsn3PLS-DYW 

pCAMBIA1390 

(Cambia, 

Canberra)  

Restriction 

ligation and 

Gibson 

Assembly 

A. thaliana  

transformation 

and expression 

pBG19 

(Bernard 

Gutmann) 

CLB19 (p)- 

4myc (tag)- 

RbcS (cTP)-

dsn3PLS-DYW 

E70A 

pCAMBIA1390 

(Cambia, 

Canberra) 

Restriction 

ligation and 

Gibson 

Assembly 

A. thaliana  

transformation 

and expression 

pBG26 

(Bernard 

Gutmann) 

CLB19 (p)- 

4myc (tag)- 

RbcS (cTP)-

CLB19 

pCAMBIA1390 

(Cambia, 

Canberra) 

Restriction 

ligation and 

Gibson 

Assembly 

A. thaliana  

transformation 

and expression 
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2.1.5: Oligonucleotides and primers 

Short RNA oligonucleotides used in this study are described in Table 2.4, while 

the deoxynucleotide primers designed and used in this study are described in Table 2.5. 

Primers and unlabelled oligonucleotides were obtained from Integrated DNA 

Technologies (IDT; Singapore), while labelled oligonucleotides were obtained from 

Integrated DNA Technologies (IDT, USA). 

 

Table 2.4. Oligonucleotides used in this study. 

Oligonucleotide 

name 

Sequence (5′ - 3′) Modificat

ion 

Purpose 

rpoA_L UAUUACACGUGCAAAAUCU

G 

None SEC-SAXS and 

crystallisation 

experiments 

rpoA_REMSA /5Cy5/AUGUAUUACACGUGC

AAAAUCUGAGA 

 

5′-Cy5 

labelled 

REMSA 

experiments 

clpP1_REMSA /5Cy5/CAGCAACAGAAGCCC

AAGCUCAUGGA 

5′-Cy5 

labelled 

REMSA 

experiments 
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Table 2.5. Deoxynucleotide primers generated in this study (IDT). 

Primer name Sequence (5’ – 3’) Purpose 

SynthPLS.FOR GAGAATCTTTATTTTCA

GGGCGCCATGGGTAAT

TCTGTTTTCTC 

Cloning designed PPR proteins from 

first PLS triplet 

SynthDYW.REV TCAGTGGTGGTGGTGG

TGGTGCTCGAGTTACCA

ATAATCTCCACAAG 

Cloning designed DYW-type PPR 

proteins 

SynthE2.REV TCAGTGGTGGTGGTGG

TGGTGCTCGAGTTATTT

CTTGATACCTCTTTCCT

TC 

Cloning designed E2-type PPR 

proteins 

DYW_E70A.FOR GTTGTCTTACCATTCTG

CGAAACTTGCTATCGCT

TTC 

Mutagenesis of catalytic E70 in the 

designer DYW domain 

DYW_E70A.REV GAAAGCGATAGCAAGT

TTCGCAGAATGGTAAG

ACAAC 

Mutagenesis of catalytic E70 in the 

designer DYW domain 

SynthSeq.FOR ACTGTTGTTTCTTGGAC

AG 

Sequencing designed PPR proteins 

SynthSEQ2.FOR GGTAGACTTGATGAGG

CTTATGAG 

Sequencing designed PPR protein 

cDNA from the S2 motif 

SynthSEQ3.FOR CTGGATATGTTCCTGAT

ACTTC 

Sequencing editing site in dsn3PLS-

DYW 
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Primer name Sequence (5’ – 3’) Purpose 

SynthSeq.REV TCCGTAATGCTCAACTC

TTG 

Sequencing designed PPR proteins 

T7short TATGCTAGTTATTGCTC

AG 

Sequencing cDNA from the T7 

terminator 

rpoA_GA.FOR AGGAACATGTATTACA

CGTGCAAAATCTGAGA

GCTGAGCAATAACTAG

CATAACCCCTTG 

Insertion of rpoA editing site cassette 

rpoA_GA.REV GATTTTGCACGTGTAAT

ACATGTTCCTTCTATTT

CTCGAGTTACCAATAAT

CTCCACAAG 

Insertion of rpoA editing site cassette 

clpP1_GA.FOR TTATGTCAGCAACAGA

AGCCCAAGCTCATGGA

GCTGAGCAATAACTAG

CATAACCCCTTG 

Insertion of clpP1 editing site cassette 

clpP1_GA.REV GAGCTTGGGCTTCTGTT

GCTGACATAAAAACAT

CCTCGAGTTACCAATA

ATCTCCACAAG 

Insertion of clpP1 editing site cassette 

clb19-3_RP TTGATTTCTTGGACGGC

TATG 

Genotyping clb19-3 mutants 

clb19-3_LP GAGGAAGCGACAATGG

TTATG 

Genotyping clb19-3 mutants 
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Primer name Sequence (5’ – 3’) Purpose 

LBb1.3 ATTTTGCCGATTTCGGA

AC 

Genotyping SALK T-DNA lines 

MORF9_75.FOR GGTGGTCCATGGAGCA

GAGAGAGACGATTATG

CTTCCTGGTTCCGATTA

C 

Cloning MORF9 75-196, introducing 

C85S mutation 

MORF9_196.REV GGTGGTCTCGAGTCACT

GCTTTGGTTGGTATGTT

GGGTATGTGGACGGGA

TAATCTC 

Cloning MORF9 75-196, introducing 

C187S mutation 

rpoA_ES.FOR ATGGTTCGAGAGAAAG

TC 

Amplifying A. thaliana rpoA cDNA 

rpoA_ES.REV GATAAGGTCTTCTTGAC

TG 

Amplifying A. thaliana rpoA cDNA 

rpoA_PS.FOR CAGTGGAAGTGTGTTG

AATC 

Sequencing A. thaliana rpoA editing 

site 

clpP1_ES.FOR TGCCTATTGGCGTTCCA

AAAG 

Amplifying A. thaliana clpP1 cDNA 

clpP1_ES.REV TGAACCGCTACAAGAT

CAAC 

Amplifying A. thaliana clpP1 cDNA 

clpP1_PS.FOR GTATAGCATTCCCTCAC

GCTAG 

Sequencing A. thaliana clpP1 editing 

site 
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Primer name Sequence (5’ – 3’) Purpose 

MORF2_73.FOR GGTGGTCCATGGCGAC

GGAGATGGCTCCTTTGT

TTCCGGGATCCGATTAT

G 

Cloning MORF2 73-193, introducing 

C82S mutation 

MORF2_193.REV GGTGGTCTCGAGTCACT

CAACCCGCCTCTGCCTC

TCTGGTGATCGTTGGAC

TATC 

Cloning MORF2 73-193 

 

 

 

2.1.6: Media, buffers, and reagents 

All reagents and consumables used in this study were obtained from Sigma-

Aldrich Corp (Sigma-Aldrich; St. Louis, MO, USA) unless otherwise stated. Media used 

for bacterial growth and expression are described in Table 2.6, while buffers and reagents 

used in this study are described in Table 2.7.  
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Table 2.6. Growth media used in this study. 

Media name Components Purpose 

Lysogeny Broth (LB) 10 g·L-1 Tryptone 

(Amresco),  

5 g·L-1 Yeast Extract 

(Amresco),  

10 g·L-1 NaCl (Amresco) 

Precultures for bacterial 

minipreps, precultures 

and large cultures for 

protein expression, 

precultures and large 

cultures for RNA editing 

assays. 

Lysogeny Broth + agar 

(LB agar) 

10 g·L-1 Tryptone,  

5 g·L-1 Yeast Extract,  

10 g·L-1 NaCl,  

20 g·L-1 Bacterial Agar 

(Amresco) 

Growth of transformants 

for selection of clones, 

plasmid propagation, 

protein expression, and 

RNA editing assays. 

Super Optimal Broth + 

catabolic repressor 

(SOC) 

20 g·L-1 Tryptone,  

5 g·L -1 Yeast extract,  

0.5 g·L-1 NaCl,  

10 mM MgCl2¸ 

20 mM D-glucose 

Transformation 

outgrowth. 

M9 minimal media 1 × M9 salts, 

0.004% (w/v) D-glucose,  

1 mM MgSO4,  

0.3 mM CaCl2,  

1 mg·L-1 Biotin,  

1 mg·L-1 Thiamine HCl,  

Large cultures for protein 

expression with 

downstream NMR 

applications, 15N 

labelling of recombinant 

proteins. 
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10 mM NH4Cl or (15N)-

NH4Cl,  

1 × Trace element solution 

M9 salts (10 ×) 60 g·L-1 Na2HPO4 (420 

mM), 

30 g·L-1 KH2PO4 (220 mM), 

5 g·L-1 NaCl (85.6 mM) 

Stocks for making M9 

minimal media, washing 

large culture pellets for 

resuspension in M9 

minimal media. 

Trace element solution 

(1000 ×) 

8.3 g·L-1 FeCl3·6H2O (30.7 

mM) 

16 mg·L-1 MnCl2·6H2O (81 

µM) 

0.1 g·L-1 CoCl2·6H2O (0.42 

mM) 

0.84 g·L-1 ZnCl2 (6.16 mM) 

0.13 g·L-1 CuCl2·2H2O 

(0.76mM) 

0.1 g·L-1 H3BO3 (1.62 mM) 

5 g·L-1 EDTA (17 mM) 

Supplementing trace 

elements in M9 minimal 

media. 

0.5 x MS Media 4.4 g·L-1 Murashinge & 

Skoog basal salt mixture 

30 g·L-1 sucrose 

0.5 g·L-1 MES pH 5.7 

1.5% (w/v) phyto agar 

A. thaliana seed growth 

and selection. 
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Table 2.7. Buffers and reagents used in this study. 

Buffer name Components Use 

Protein purification buffers 

Binding Buffer A 50 mM Tris pH 8.0 

150 mM NaCl 

1 mM dithiothreitol (DTT) 

Bacterial lysis and binding of 

samples containing 

dsn3PLS-DYW, 

dsn3PLS-E2 and dsnDYW. 

Elution Buffer B 50 mM Tris pH 8.0 

150 mM NaCl 

500 mM imidazole 

1 mM DTT 

Elution of dsn3PLS-DYW, 

dsn3PLS-E2 and dsnDYW 

from NAC. 

Dialysis Buffer C 50 mM Tris pH 8.0 

50 mM NaCl 

1 mM DTT 

Dialysis of dsn3PLS-DYW, 

dsn3PLS-E2 and dsnDYW. 

SEC Buffer D 25 mM Tris pH 8.0 

50 mM NaCl 

2 mM DTT 

Analytical and preparative 

SEC of dsn3PLS-DYW, 

dsn3PLS-E2 and dsnDYW. 

RNA Binding Buffer E 25 mM Tris pH 8.0 

100 mM KCl 

2 mM DTT 

SEC of dsn3PLS-

DYW:MORF9:rpoA_L 

complex, SEC-SAXS 

experiments. 

Phosphate Buffer F 8.24 mM Na2HPO4 

1.76 mM KH2PO4 

5 mM NaCl 

5 mM DTT 

SEC of dsnDYW for 

downstream CD and NMR 

experiments. 

Binding Buffer G 50 mM Tris pH 8.0 

150 mM NaCl 

10% (v/v) glycerol 

Bacterial lysis and binding of 

samples containing MORF9 

(75-196; C85S, C187S). 

Elution Buffer H 50 mM Tris pH 8.0 

150 mM NaCl 

500 mM imidazole 

10% (v/v) glycerol 

Elution of MORF9 (75-196; 

C85S, C187S) from NAC. 

Dialysis Buffer I 50 mM Tris pH 8.0 

50 mM NaCl 

Dialysis of MORF9 (75-196; 

C85S, C187S). 
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Buffer name Components Use 

1 mM DTT 

10% (v/v) glycerol 

General Electrophoresis Buffers and Stains 

1 × TBE Buffer 90 mM Tris-borate 

2 mM EDTA 

Agarose gel electrophoresis 

5 × THE Buffer 170 mM Tris 

330 mM HEPES 

0.5 mM EDTA pH 8.0 

REMSA experiments 

4 × SDS Running Buffer 25 mM Tris pH 8.3,  

192 mM Glycine 

0.1% (v/v) SDS 

SDS-PAGE 

1 × SDS-PAGE Sample 

buffer 

50 mM Tris pH 6.8, 

100 mM DTT, 

2% (v/v) SDS 

0.1% (w/v) bromophenol 

blue 

10% (v/v) glycerol 

Sample preparation for  

SDS-PAGE 

2 × REMSA Binding Buffer 2.5 x THE 

40 ug mL-1 Bovine Serum 

Albumin (BSA) 

5 mM DTT 

0.5 mg mL-1 Heparin 

200 mM NaCl 

Sample preparation for 

REMSA experiments 

Coomassie Blue Stain  2.5 g·L-1 Coomassie Brilliant 

Blue R250 

10% (v/v) acetic acid 

30% (v/v) ethanol 

Staining of SDS 

polyacrylamide gel 

Coomassie Blue Destain 10% (v/v) acetic acid 

30% (v/v) ethanol 

Removal of stain from SDS 

polyacrylamide gel 

 

Polyacrylamide gel 
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Buffer name Components Use 

5% Native polyacrylamide 

gel 

5% (v/v) Acrylamide-

bisacrylamide, 29:1 

(Bio-Rad) 

1 x THE Buffer 

0.1% (w/v) Ammonium 

persulfate (APS) 

0.1% (v/v) Tetramethyl-

ethylenediamine (TEMED) 

REMSA experiments 

Plant transformation 

Transfection solution 5% (w/v) sucrose  

0.02% (v/v) Silwet L-77 

Floral dipping mediated 

transformation of A. thaliana 

 

 

2.2: Bioinformatics methods 

 

2.2.1: Sequence alignment and phylogenetic tree analysis 

To generate all sequence data, a list of translated amino acid sequences was 

extracted from the OneKP PPR database, available at 

https://ppr.plantenergy.uwa.edu.au/onekp/ (Gutmann et al., 2020) and clustered using the 

program CDhit (Huang et al., 2010) using a threshold of 90% sequence identity to reduce 

sequence redundancy. The reduced sequence list was then aligned with the program 

MAFFT-linsi, version 7.273 (Katoh and Standley, 2013; Katoh and Standley, 2016) and 

trimmed with trimal version 1.2 revision 57 (Capella-Gutiérrez, Silla-Martínez, and 

Gabaldón, 2009) using parameters with a gap threshold fraction of 0.2 and a minimum 

conservation threshold of 20% to produce the final alignment. 

 

https://ppr.plantenergy.uwa.edu.au/onekp/
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2.2.2: Structural modelling 

Template-based homology modelling was performed using Swiss-Model web 

server, available at https://swissmodel.expasy.org/ (Waterhouse et al., 2018). Ab initio 

modelling was performed using the RaptorX Contact web server, available at 

http://raptorx.uchicago.edu/ContactMap/ (Ma et al., 2015; Wang et al., 2017; Xu, 2019). 

The DYW domain trimmed alignment was submitted to RaptorX Contact as a multiple 

sequence alignment with the consensus sequence of the DYW from Cheng et al. (2016) 

as the subject for modelling, to generate the predicted contact map directly from the 

alignment. Models were visualised using the PyMOL Molecular Graphics System, 

Version 2.3 (Schrödinger, LLC). 

 

2.3: General biochemistry and molecular biology  

 

All general molecular biological techniques were performed as described by 

Sambrook (2001), unless otherwise stated. 

 

2.3.1: Plasmid transformation into E. coli 

E. coli transformations were carried out by incubating 50 ng of purified plasmid 

DNA with 50 µL chemically competent E. coli for 30 minutes. The transformation 

reaction was then heat shocked for 40 seconds in a 42°C water bath before further 

incubation on ice for 5 minutes. The transformation was then supplemented with 950 µL 

Super Optimal broth + catabolic repressor (SOC) and incubated for 60 minutes at 

37°C/200 rpm. Cells were pelleted by centrifugation at 5,000 × relative centrifugal force 

(rcf, or g) for 2 minutes. The supernatant was discarded and the bacterial pellet 

https://swissmodel.expasy.org/
http://raptorx.uchicago.edu/ContactMap/
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resuspended in 100 µL SOC media before plating on LB-agar plates supplemented with 

the appropriate antibiotics. The plates were incubated at 37°C for 16 hours before colonies 

were harvested. 

 

2.3.2: Plasmid transformation into A. tumefaciens 

A. tumefaciens transformations were carried out by incubating 100 ng of purified 

plasmid DNA with 50 µL chemically competent A. tumefaciens on ice for 30 minutes. 

The transformation reaction was then flash frozen in liquid nitrogen for 5 seconds, and 

then heat shocked for 30 seconds in a 37°C water bath before further incubation on ice 

for 5 minutes. The transformation was then supplemented with 950 µL Lysogeny broth 

(LB) and incubated for 60 minutes at 37°C/200 rpm. Cells were pelleted by centrifugation 

at 5,000 × g for 2 minutes. The supernatant was discarded and the bacterial pellet 

resuspended in 100 µL LB before plating on LB-agar plates supplemented with the 

appropriate antibiotics. The plates were incubated at 28°C for 72 hours before colonies 

were harvested. 

 

2.3.3: Plasmid propagation and purification 

Colonies harvested from LB agar plates were transferred to 5 mL LB 

supplemented with the appropriate antibiotics before incubation overnight at 37°C, 180 

rpm. Cells were pelleted at 4,000 × g for 15 minutes and the supernatant removed. 

Plasmid DNA was extracted using a FavorPrep™ Plasmid DNA Extraction Mini Kit 

[FAVORGEN® Biotech Corp (FAVORGEN; Ping-Tung, Taiwan)] according to the 

manufacturer’s instructions.  
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2.3.4: Polymerase chain reaction 

Polymerase chain reaction (PCR) amplifications for cloning were carried out on 

1 ng of plasmid template using 1 × PrimeSTAR Reaction Buffer (Takara Bio Inc), 

0.2 mM deoxynucleotide triphosphates (Takara Bio Inc), 2.5 pmol forward and reverse 

primer [Integrated DNA Technologies (IDT; Singapore)] (Table 2.5 in Section 2.1.5); 

catalysed by 1.25 units of PrimeSTAR HS DNA Polymerase [Takara Bio Inc (Takara; 

Kusatsu, Shiga, Japan)]. Amplification was carried out using a Mastercycler EP S 

(Eppendorf; Hamburg, Germany) according to the 3-step thermal cycle conditions 

outlined by the manufacturer. Amplifications of cDNA for sequencing were carried out 

on 50 ng of cDNA using 1 × Q5 Reaction Buffer (NEB), 0.2 mM deoxynucleotide 

triphosphates (NEB), 2.5 pmol forward and reverse primer [Integrated DNA 

Technologies (IDT; Singapore)] (Table 2.5); catalysed by 1 unit of Q5 High Fidelity 

DNA polymerase (NEB). Amplification was carried out using a T-100 thermocycler [Bio-

Rad Laboratories® Inc. (Bio-Rad; Hercules (California), USA)] according to the 3-step 

thermal cycle conditions outlined by the manufacturer, with annealing temperatures 

calculated using the Tm Calculator program v1.10.2 (NEB). Post-reaction cleanup was 

carried out using FavorPrep™ PCR Clean-UP Kits (FAVORGEN) in accordance with 

the manufacturer’s instructions and concentrations determined using a NanoDrop ND-

1000 spectrophotometer (Thermo Fisher Scientific).   

 

2.3.5: Restriction enzyme digestion 

PCR amplicons and destination expression vectors were double digested with 

restriction enzymes from New England Biolabs (NEB). A quantity of 2 µg of either PCR 

products or destination expression vector were digested in 1 × CutSmart buffer (NEB), 

0.1 mg mL -1 bovine serum albumin (BSA), catalysed by 40 units of each restriction 



Page | 64  

 

enzyme for two hours at 37°C. Digested PCR products were cleaned using QIAquick™ 

PCR-Cleanup Kits (Qiagen), in accordance with the manufacturer’s instructions. 

Digested expression vector was treated with 1 unit of calf intestinal alkaline phosphatase 

(Invitrogen) for one hour at 37°C. Phosphatase treated vectors were visualised by agarose 

gel electrophoresis before gel extraction using the Ultrafree-DA Centrifugal Filter Unit 

(Merck Millipore) according to the manufacturer’s instructions. 

 

2.3.6: DNA ligation 

Ligation reactions were performed with 100 ng of digested gel extracted vector 

and three molar equivalents of digested cleaned PCR product in 1 × T4 DNA Ligase 

buffer (NEB) catalysed by 20 units of T4 DNA ligase (NEB). Ligations were carried out 

at 25°C for one hour, then 16°C for 16 hours before 2 µL of reaction product was 

transformed into competent DH5α, Top10, or NEBTurbo (Section 2.1.3). Transformants 

were selected from LB agar plates and cultured for plasmid propagation and extraction 

(Section 2.3.3). Plasmid DNA was sequenced by Sanger Sequencing (Section 2.3.9) to 

confirm successful assembly of the desired vector. 

 

2.3.7: Gibson assembly and DNA assembly 

Gibson assembly and DNA assembly reactions were performed as described by 

(Gibson et al., 2009), with 100 ng of digested gel extracted vector and three molar 

equivalents of cleaned PCR product using 1 × Gibson Assembly Mastermix (NEB). DNA 

Assembly reactions of amplified plasmids was performed with 100 ng of amplified linear 

plasmid using 1 × NEBuilder HiFi DNA Assembly Mastermix (NEB). Both types of 

assemblies were performed at 50°C for one hour before 2 µL of reaction product was 
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transformed into competent DH5α, Top10, or NEBTurbo E. coli (Section 2.1.3). 

Transformants were selected from LB agar plates and cultured for plasmid propagation 

and purification (Section 2.3.3). Plasmid DNA was sequenced (Section 2.3.9) to confirm 

successful assembly of the desired vector. 

 

2.3.8: Agarose gel electrophoresis 

Agarose gels were prepared as 1% or 1.5% (w/v) agarose (Amresco) in 1 × TBE 

buffer, supplemented with 0.5 µg mL-1 ethidium bromide for assessment of purified 

plasmids or PCR products, as well as for gel extraction of desired DNA fragments. DNA 

fragments were diluted with 6 × Purple DNA loading dye (NEB) and separated for 

40 minutes at 120 V in a Mini-Sub® Cell GT or a Wide Mini-Sub® Cell GT 

electrophoresis unit (Bio-Rad). Gels were visualised on a ChemiDoc XRS+ imager 

(BioRad) and images were exported for analysis using the ImageLab software package 

(BioRad).  

 

2.3.9: DNA sequencing 

Plasmid DNA containing a cloned insert and amplified cDNA were sequenced 

using automated Sanger DNA sequencing by Macrogen Inc. (Macrogen; Seoul, South 

Korea). Sequencing was primed from the T7 promoter and terminator (Macrogen), as 

well as from sequence specific internal primers (IDT, see Table 2.5) and the results 

analysed using the Geneious® software package version 9.1.5 (Biomatters Ltd.). 
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2.3.10: Bacterial expression of recombinant proteins 

Recombinant expression of dsn3PLS-DYW, dsn3PLS-E2, and dsnDYW was 

performed in chemically competent BL21 (DE3) E. coli strains, while recombinant 

expression of MORF9 (75-196; C85S, C187S) was performed in chemically competent 

Rosetta 2 (DE3) E. coli cells. The cells were transformed with relevant expression 

plasmids as described in Section 2.3.1. Single colonies were used to inoculate 5 mL LB 

media preculture supplemented with the appropriate antibiotics, before incubation for 16 

hours at 37°C, 200 rpm. 1.4 mL of the preculture was used to seed a 700 mL LB media 

culture supplemented with the appropriate antibiotics in a 2.8 L Fernbach flask incubated 

at 37°C, 200 rpm. When the culture reached an optical density (600 nm) of 0.8, cultures 

were cooled on ice prior to supplementation with 20 µM ZnSO4, and induction with 

0.1 mM IPTG, for 16 hours incubation at 16°C, 200 rpm. Cells were harvested by 

centrifugation at 5000 × g (4°C) for 15 minutes. Pellets were resuspended in 50 mL of 

LB, transferred to 50 mL Nunc tubes (Thermo Fisher Scientific) and centrifuged at 3 200 

× g (4°C) for 30 minutes, before pouring off the LB media. Pellets were frozen in liquid 

N2 and stored at -80°C until needed. For 15N-labelling of dsnDYW, the large culture was 

grown as previously described using LB media, however when the culture reached an 

optical density (600 nm) of 0.6, the cells were harvested by centrifugation at 5 000 × g 

(4°C) for 15 minutes, washed with 10 mL of 1 × M9 salts and resuspended in 700 mL of 

M9 minimal media, supplemented with appropriate antibiotics, and containing 

5 mM (15N)-NH4Cl (Novachem; Collingwood, VIC, AUS) as the nitrogen source. This 

culture was grown for a further 1 hour at 37°C, 200 rpm, before cooling on ice. The 

cultures were supplemented with 20 µM ZnSO4, and protein expression was induced with 

the addition of 0.1 mM IPTG. The culture was then incubated at 16°C, 200 rpm for 20 h, 

before the bacteria was harvested and the pellet frozen as described above. 
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2.3.11: High-pressure homogenisation of E. coli 

Frozen pellets of bacteria containing recombinantly-expressed proteins were 

gently resuspended on ice with 40 mL of Binding Buffer A or G (Section 2.1.6) 

supplemented with 125 units of Benzonase Nuclease (Sigma). Cells were lysed on ice 

using an Emulsiflex C5 high-pressure homogeniser (Avestin) to a maximum operational 

pressure of 16 000 psi until the lysate was clarified. The soluble fraction was separated 

from the insoluble fraction by centrifugation at 24 000 × g for 45 minutes at 4°C and 

passed through a 0.22 µm syringe filter (Merck Millipore) before purification. 

 

2.3.12: Recombinant protein purification 

All protein purification was carried out using buffers described in Section 2.1.6 

on an NGC Quest Plus (Bio-Rad) FPLC system at ambient temperature, while monitoring 

absorbances at 215 nm, 255 nm, 280 nm and 320 nm. Fractions of interest were assessed 

by SDS-PAGE (Section 2.3.14). Filtered bacterial lysate in Binding Buffer containing 

recombinantly-expressed proteins was loaded onto a 5 mL His-Trap HP column (GE 

Healthcare) and the protein was eluted with Elution Buffer B or H using a gradient of 

imidazole (20 – 500 mM) on an NGC Quest Plus (Bio Rad Laboratories) FPLC. Fractions 

of interest were pooled and supplemented with 10 mM DTT and in-house produced 

recombinant His-tagged TEV protease. The sample was transferred to a dialysis sac and 

dialysed against Dialysis Buffer C or I at 4°C for 16 hours. The digest was then applied 

to a 5 mL HisTrap HP column (GE Healthcare) to remove the tagged protease and residual 

uncleaved protein. Purified protein was then concentrated using either a Vivaspin 3 kDa 

MWCO concentrator (GE Healthcare) for dsnDYW or MORF9 (75-196; C85S, C187S) 

or a Vivaspin 10 kDa MWCO concentrator (GE healthcare) for dsn3PLS-DYW and 

dsn3PLS-E2. Concentrated protein was then subjected to further purification by size 
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exclusion chromatography, or frozen in liquid N2 and stored at -80°C for use in REMSA 

or SAXS experiments. 

 

2.3.13: Preparative size exclusion chromatography for 

crystallisation and NMR experiments 

Preparative size exclusion chromatography (SEC) purification was also carried 

out using buffers described in Section 2.1.6 on an NGC Quest Plus (Bio-Rad) FPLC 

system at ambient temperature, while monitoring absorbances at 215 nm, 255 nm, 280 

nm and 320 nm. Fractions of interest were again assessed by SDS-PAGE (Section 

2.3.14). Cleaved protein was concentrated to a volume of 5 mL before centrifugation at 

20 000 × g (4°C) for 10 minutes. For dsnDYW, sample was loaded directly onto a HiLoad 

16/60 Superdex S75 preparative-grade column (GE Healthcare) equilibrated with SEC 

Buffer D or Phosphate Buffer F (Section 2.1.6). Purified dsnDYW was concentrated to 

20 mg mL-1 for NMR experiments or 45 mg mL-1 for crystallisation experiments using a 

Vivaspin 3 kDa MWCO concentrator (GE Healthcare) according to the manufacturer’s 

instructions, before immediate use in NMR or crystallisation experiments. For dsn3PLS-

DYW, the sample was loaded directly onto a HiLoad 16/60 Superdex S200 preparative-

grade column (GE Healthcare) equilibrated with SEC Buffer D (Section 2.1.6). Purified 

dsn3PLS-DYW was concentrated to 12 mg mL-1 using a Vivaspin 3 kDa MWCO 

concentrator (GE Healthcare) according to the manufacturer’s instructions, before 

immediate use in crystallisation experiments. For the dsn3PLS-DYW:MORF9 complex, 

5 molar ratio of purified MORF9 (75-196; C85S, C187S) at 34 mg mL-1 was added to the 

concentrated sample of purified dsn3PLS-DYW, to a final volume of 5 mL, and incubated 

at room temperature for 30 minutes. This sample was then centrifugated at 20 000 × g 

(4°C) for 10 minutes before loading onto a HiLoad 16/60 Superdex S200 preparative-
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grade column (GE Healthcare) equilibrated with RNA Binding Buffer E (Section 2.1.6). 

The purified complex was then concentrated to 30 mg mL-1 using a Vivaspin 10 kDa 

MWCO concentrator (GE Healthcare) and used immediately in crystallisation 

experiments, either directly as the dsn3PLS-DYW:MORF9 complex, or combined with 

1.2 molar equivalences of rpoA_L RNA. For SAXS experiments, cleaved dsn3PLS-DYW 

was concentrated to 11 mg mL-1 using a Vivaspin 10 kDa MWCO concentrator (GE 

Healthcare) and flash frozen in liquid N2 for storage at -80°C. Concentrated protein was 

evaluated by SDS-PAGE and analytical SEC. 

 

2.3.14: Sodium dodecyl sulfate polyacrylamide gel electrophoresis   

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was 

used to assess the purity and stability of protein samples at every stage of purification, as 

well as to assess the expression and solubility of target recombinant proteins. Proteins 

were prepared with 4 × SDS loading buffer (Section 2.1.6) heated at 95°C for 5 min. An 

8 µL sample was loaded to a precast 5-10% bisacrylamide-acrylamide (v/v) tris-glycine 

gel (Mini-PROTEAN TGX Any kD, Bio-Rad). Electrophoresis was carried out in a Mini-

PROTEAN® Tetra Vertical Electrophoresis Cell (Bio-Rad) at ambient temperature with 

1 × SDS running buffer (Section 2.1.6) at 250 V until the dye front approached the base 

of the gel (approximately 21 minutes). Proteins were visualised by Ultra-Violet light 

exposure for 5 minutes using the Stain-Free Imaging software on an EZ-doc gel doc 

system (Bio-Rad), as well as by staining with Coomassie Brilliant Blue R-250 staining 

solution for 30 minutes and destaining with Coomassie destaining solution for 30 

minutes, imaging with a visible light tray on EZ-doc gel doc system (Bio-Rad). Gels were 

run with a 10 – 200 kDa molecular weight marker (Unstained Protein Standard, Broad 
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Range; NEB) to determine the size of the protein of interest. Theoretical protein 

molecular masses are indicated in Table 2.8.   

 

2.3.15: Analytical size exclusion chromatography 

Analytical SEC experiments on protein samples were performed on a Superdex 

S200 5/150 Increase (GE Healthcare) column attached to an NGC Quest Plus (Bio-Rad). 

The column was equilibrated with RNA Binding Buffer E over one column volume at 

room temperature at a flowrate of 0.3 mL·min-1. Samples of protein alone, protein:protein 

and protein:protein:RNA were prepared in 50 uL aliquots, and equilibrated on ice for 30 

minutes. 20 µL of sample was then loaded onto the column via a sample injection loop, 

for resolution across the column. Molecular weights of resolved peaks were estimated by 

comparison to a gel filtration standard (Bio-Rad). 

 

2.3.16: Determination of sample concentration 

Concentrations for DNA, RNA and protein samples were determined using 

absorbances measured using an ND-1000 NanoDrop spectrophotometer (Thermo Fisher 

Scientific). Concentrations of DNA and RNA were estimated based on the absorbance at 

260 nm (A260nm), assuming a concentration of 50 µg mL-1 gave an A260nm = 1.0.  

Concentrations of proteins were estimated based on the absorbance at 280 nm, using 

theoretical molar extinction coefficients and absorbance of a 1% (w/v) solution calculated 

using the ProtParam Web Service (https://web.expasy.org/protparam/) that are indicated 

in Table 2.8 (Gasteiger et al., 2005).  

 

 

https://web.expasy.org/protparam/
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Table 2.8. Estimated molecular mass and extinction coefficients for proteins used in 

this study. 

Protein Estimated 

Molecular 

Mass (kDa) 

Molar extinction 

coefficient, 

ε (M-1·cm-1) 

Absorbance of 1% 

(w/v) solution 

Trx-His6-

TEV protease site-

dsn3PLS-DYW 

82.88 93250 11.25 

dsn3PLS-DYW 68.64 77655 11.31 

Trx-His6-

TEV protease site-

dsn3PLS-E2 

68.39 80050 11.71 

dsn3PLS-E2 54.14 64455  11.91 

Trx-His6-

TEV protease site-

dsnDYW 

30.42 32805 10.78 

dsnDYW 16.17 17210 10.64 

His6-

TEV protease site-

MORF9 (75-196; 

C85S, C187S) 

17.22 27390 

 

15.91 

MORF9 (75-196; 

C85S, C187S) 

14.22 24410 17.16 

dsn3PLS-

DYW:MORF9 (75-

196; C85S, C187S) 

[1:3]† 

111.25 151135  13.59 

†: dsn3PLS-DYW:MORF9 complex ratio estimated based on SAXS experimental data 

described in Chapter 4. 
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2.3.17: Circular dichroism 

All dsnDYW protein samples were resolved into Phosphate Buffer F (Section 

2.1.6) through preparative SEC on a HiLoad Superdex S75 16/60 (GE Healthcare), as 

described in Section 2.3.15. Circular dichroism (CD) spectra were recorded in a Jasco J-

810 spectropolarimeter equipped with a Peltier controlled sample holder at 25°C. CD 

spectra were collected using protein at a concentration of 0.3 mg mL-1 in 1 mm pathlength 

cells. Data was collected across a wavelength of 190–250 nm, at a speed of 20 nm·min-1, 

with a step resolution of 1 nm, a bandwidth of 1 nm and a response time of 1 s. Final 

spectra were baseline corrected against Phosphate Buffer F and smoothed using nine-

point adjacent averaging in the Spectra Manager program (MicroCal; Northampton, MA, 

USA). Raw data was converted to mean residue ellipticity ([θ] deg·cm2·dmol-1) using 

Equation 2.1. Estimates of secondary structure were made using the BeStSel web server, 

available at http://bestsel.elte.hu (Micsonai et al., 2015; Micsonai et al., 2018), and using 

the CDSSTR method (Johnson, 1999) against the SP175 reference dataset (Lees et al., 

2006) on the on the DichroWeb web server, available at 

http://www.cryst.bbk.ac.uk/cdweb (Lobley, Whitmore, and Wallace, 2002; Whitmore 

and Wallace, 2004). 

 

[𝜃] = 100(𝑠𝑖𝑔𝑛𝑎𝑙)/𝐶𝑛𝑙  

  

Where:  

θ is the mean residue ellipticity 

C is the protein concentration in mM 

n is the number of amino acid residues 

l is the path length of the cuvette in cm 

 
Equation 2.1. Conversion of signal as ellipticity to mean residue ellipticity (Myers, 

Pace and Scholtz, 1997). 

http://bestsel.elte.hu/
http://www.cryst.bbk.ac.uk/cdweb
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2.3.18: Nuclear magnetic resonance spectroscopy 

Purified dsnDYW protein samples expressed under standard LB conditions or 

minimal media conditions (Section 2.3.12) were resolved into Phosphate Buffer F 

(Section 2.1.6) through preparative SEC on a HiLoad Superdex S75 16/60 (GE 

Healthcare), as described in Section 2.3.13. Deuterium oxide (D2O) and 2,2-

dimethlysilapentane-5-sulfonic acid (DSS) were added to the protein sample to final 

concentrations of 10% (v/v) and 2 µM, respectively. One dimensional 1H nuclear 

magnetic resonance (NMR) spectra and two dimensional 15N-1H heteronuclear single 

quantum coherence (HSQC) spectra of the protein sample were recorded at 25 ˚C on a 

Bruker UltraShield 600 MHz spectrometer (Bruker BioSpin; Alexandria, NSW, AUS) 

equipped with a 5-mm triple resonance inverse probehead. Water suppression was 

achieved by pulsed-field gradients. Spectra were processed using the TopSpin program 

version 4.0.6 (Bruker BioSpin), referenced to DSS. 

 

2.3.19: Inductively coupled plasma-optical emissions spectroscopy  

Purified dsnDYW protein samples analysed by inductively coupled plasma-

optical emissions spectroscopy (ICP-OES) were expressed under minimal media 

conditions (Section 2.3.12) and resolved into Phosphate Buffer F (Section 2.1.6) through 

preparative SEC on a HiLoad Superdex S75 16/60 (GE Healthcare), as described in 

Section 2.3.13. The sample was diluted down to 1 mg·mL-1 and submitted to Oscar Del 

Borrello (The University of Western Australia, Crawley, WA) for analysis on an Agilent 

Technologies 5100 ICP-OES instrument, alongside an equivalent Phosphate Buffer F 

blank. Results were corrected for using a Y, Sc, Eu 5 ppm multielement internal standard.  
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2.3.20: RNA electrophoretic mobility shift assay 

RNA electrophoretic mobility shift assay (REMSA) experiments were employed 

to validate the interaction between designed proteins and their RNA targets. All REMSA 

experiments were carried out using 5% Native polyacrylamide gels (Section 2.1.6) in a 

Mini-Protean Electrophoresis (Bio-Rad) set up at 4°C and visualised using an Amersham 

Typhoon system (GE Healthcare). Briefly, proteins purified were prepared on ice in a 

dilution series from 0.05-0.2 µM dsn3PLS-DYW or dsn3PLS-E2, or at a constant 

concentration of 0.1 µM dsn3PLS-DYW or dsn3PLS-E2 with a gradient of 0.1-0.5 µM 

MORF9 (75-196; C85S, C187S) in 2 × REMSA Binding buffer. 1 nM of pre-heated 

diluted RNA oligonucleotide (listed in Section 2.1.5) was added to the sample and 

incubated for 30 minutes at ambient temperature before loading onto the native 

polyacrylamide gel, running at 100 V. After 30 minutes, the fluorescence of the gel was 

visualised on an Amersham Typhoon system (GE Healthcare), with an excitation 

wavelength of 488 nm and an emission wavelength of 520 nm. Gel images obtained were 

analysed using ImageJ2 (Rueden et al., 2017). 
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2.3.21: X-ray crystallography 

X-ray crystallography is a technique for elucidating the three dimensional atomic 

structure of molecules that form an ordered lattice, or crystal (Giacovazzo et al., 2002). 

This technique, when applied to crystals of a protein or another biological 

macromolecule, is one of the premier techniques in structural biology. Briefly, a 

biological macromolecule is crystallised under a specific condition and illuminated with 

X-rays, which produces a diffraction pattern to a high resolution. This diffraction pattern 

can then be used to generate an electron density map, into which a model of the 

macromolecule can be built.  

Crystallisation can be achieved by taking a sample of a high-quality, homogenous 

and soluble macromolecule to a high concentration, then forcing it to come out of solution 

in a controlled manner using a precipitant that allows it to form an ordered lattice. This 

process is often thought of as the rate-limiting step in X-ray crystallography, and is 

achieved by brute-force experimentation, varying many different parameters within the 

crystallisation experiment. Next, the crystal is required to diffract X-rays, either provided 

by a home-source X-ray generator or a synchrotron high energy X-ray source. Home 

source generators have the advantage of ease of access, while synchrotron sources provide 

higher intensity X-rays allowing better resolution of diffraction. In addition, synchrotron 

sources have a tuneable wavelength, and are able to accommodate smaller crystals, with 

the disadvantage of limited access, which can result in wait times of several weeks 

between access periods.  

Diffraction of X-rays by a macromolecular crystal can be explained by Bragg’s 

law, stated below as Equation 2.2, where a reflection occurs when neighbouring planes 

of atoms within a crystal are a particular distance (d) apart, and 2d sin θ is equal to a 

whole number of wavelengths (λ). The crystal itself can be divided into multiple unit 
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cells, which carry an identical arrangement of atoms responsible for scattering the X-rays 

and causing the reflection. The reflections can be described as a set of three integers, (h, 

k, l), with the intensity, I(h, k, l), which is obtained in three dimensional space by 

collecting a dataset of X-ray diffraction from the crystal over a rotational range. In 

addition to intensity, the phase of the diffracted X-rays is required to generate the electron 

density map. Unfortunately, due to the nature of the diffraction experiment, the phase 

information is lost during data collection. Various computational and experimental 

techniques can be applied to recover the phase information and, once obtained, the phase 

and intensity of each reflection can be combined to generate the structure factors, (Fhkl) 

(Equation 2.3 A). Performing a Fourier transform of the structure factors Fhkl allows an 

estimation of the electron density within a volume, V, of the atoms within the unit cell 

(Equation 2.3 B), which provides the information required for modelling and refinement 

to produce a three dimensional structure of the macromolecule within the unit cell.  

 

 

 

 

 

 

 

𝑛𝜆 = 2𝑑 ∙ 𝑠𝑖𝑛𝜃 

Where n = an integer 

             λ = wavelength 

             d = distance between planes 

   and   θ = scattering angle 

Equation 2.2. Bragg’s law of crystal diffraction 
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𝐹ℎ,𝑘,𝑙 =  ∑ 𝑓𝑗 exp[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]

𝑁

𝑗=1

 

=  |𝐹ℎ,𝑘,𝑙|exp (𝑖𝜑ℎ,𝑘,𝑙) 

 

𝜌𝑥,𝑦,𝑧 =
1

𝑉
∑ |𝐹ℎ,𝑘,𝑙| cos[2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) − 𝜑ℎ,𝑘,𝑙]

ℎ,𝑘,𝑙

 

 

Where     Fh,k,l = structure factor for indices (h, k, l) 

                     fj = scattering of atom j in the direction of the reflection (h, k, l) 

                      i = intensity of reflection  

             x, y, z = fractional coordinates 

            |Fh,k,l| = structure amplitude 

               φh,k,l  = phase of reflection  

and         ρx,y,z = electron density at coordinates x, y, z of the unit cell 

 

A 

B 

Equation 2.3: Structure factor and electron density within a unit cell 
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2.3.22: Protein crystallisation 

Crystallisation experiments were carried out employing vapour diffusion 

techniques at 20 +/- 0.5°C. Sparse matrix screens were carried out in 96-well format using 

the Hampton Research Screens Index, Crystal 1 and 2, Natrix 1 and 2, PEG/Ion, and 

PEGRx, as well as the Molecular Dimension Screens JCSGplus, PACTpremier, MIDAS, 

MIDASplus, LMB and Pro-Plex, prepared by a Phoenix liquid handling robot (Art 

Robbins Scientific, USA) in Intelli-Plate 96-3 LVR sitting drop plates (Hampton 

Research). 100-200 nL of concentrated protein was mixed with 100-200 nL of reservoir 

solution in each drop, equilibrated against 60 µL of reservoirs solution in each well. 

Crystallisation hits were optimised by varying combinations of precipitant concentration, 

buffer pH and protein concentration in 0.5 – 2 µL drop sizes. Optimisations were carried 

out in 24-well hanging drop VDX plates (Hampton Research). Crystallisation 

experiments of dsnDYW, dsn3PLS-DYW, dsn3PLS-E2, dsn3PLS-DYW:MORF9 and 

dsn3PLS-DYW:MORF9:rpoA are described in Chapter 4.  

 

2.3.23: X-ray diffraction data collection and processing  

All diffraction data presented in this thesis were collected on the MX2 beamline 

of the Australian Synchrotron, part of ANSTO, by remote access using the beam-line 

software BluIce (McPhillips et al., 2002), making use of the Australian Cancer Research 

Foundation (ACRF) detector, or on a homesource XtaLAB Synergy-S X-ray generator 

(Rigaku Oxford Diffraction), using the software CrysAlisPro version 1.171.40_64.14a 

(Rigaku Oxford Diffraction). 
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2.3.24: Small angle X-ray scattering 

Small angle X-ray scattering (SAXS) is a technique used in structural biology to 

understand the size, shape, conformation and oligomeric state of proteins and complexes 

(Svergun et al., 2013). Conceptually, the scattering intensity of a particle in solution can 

be thought of as a function of the momentum transfer equation, as displayed in Equation 

2.4 below, which is related to the excess electron density by a Fourier transform from the 

scattering amplitude. For monodisperse samples in solution, the experimental scattering 

pattern can be used to derive characteristic parameters including the radius of particle 

gyration (Rg), the maximum particle dimension (Dmax), the excluded particle volume (Vp), 

and the particle molecular weight (MW). To obtain this information, the scattering pattern 

can be divided into three regions, the Guinier region at low q which provides Rg and I(0), 

the central region, which gives shape information through the use of a Fourier 

Transformation, and the Porod region at high q, which provides surface and volume 

information, as illustrated in Figure 2.4.  

The Guinier approximation looks at regions of small angles where the intensity 

depends only on two parameters, as displayed in Equation 2.5. From this, the scattering 

intensity graphed as ln I(s) vs. s2 becomes a linear regression, where the slope can be used 

to determine Rg, and the intercept displays the forward scattering I(0), which is 

proportional to the molecular weight and protein concentration. Plotting this graphically, 

this is displayed as ln I(q) vs q2.  

The distance distribution function, p(r) of the particles in solution can be 

determined by the scattering intensity of those particles, related to an integral limited to 

the maximal dimension, Dmax in the particles (Equation 2.6). This distribution function, 

and the Dmax contain crucial information regarding the overall shape of the particle, and 
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allows for overall shape reconstruction of the particle, and is plotted as P(r) vs r. At low 

q in the Porod region, calculation of the Porod invariant Q allows estimation of the surface 

to volume ratio. Kratky plots, where the scattering intensity I(q) is multiplied by q2
 and 

plotted against q, provides information regarding the flexibility of a particle. 

Transforming this plot into a dimensionless Kratky plot by normalisation of I(q) into 

I(q)/I(0), and q into qRg, results in a better indicator of flexibility between different 

proteins, and is plotted as I(q)/I(0)·(qRg
2) vs qRg.  

The ability to use SAXS as a tool for understanding size, shape and conformation 

is a powerful one, as shown in Figure 2.5, where in a simulated experiment, three 60 kDa 

proteins with different degrees of folding have different scattering curves (A), distance 

distribution functions (B), Kratky plots (C), and dimensionless Kratky plots (D). The 

highly folded protein has a higher order Guinier region, more peaks and troughs in the 

Fourier region, and a higher order Porod region than the partially unfolded or completely 

unfolded proteins. The P(r) function for the well-folded protein is also less distributed 

and more symmetrical than the other two proteins. In the Kratky plot, the well-folded 

protein has a higher peak than the other two, which in the dimensionless Kratky plot 

approximates qRg = √3. The completely unfolded protein displays a sigmoidal curve that 

does not return to baseline in the dimensionless Kratky plot, with a maximum shifted to 

the right of qRg = √3. Using the information across all three regions of the scattering 

curve, as well as with the distance distribution function, models derived from the size and 

shape parameters can be produced and evaluated. Dummy atom models are a type of low 

resolution model produced from scattering data, where spheres of a given size are 

removed from a large collection of such spheres to produce a model with the Rg, Dmax, 

and shape equivalent to a particle which would produce the scattering pattern observed.  

Dummy residue models are another type of low-resolution model where a set 

number of spheres with an average size approximating the size of an amino acid are 
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adjusted to produce a model with the same parameters as the dummy atom model, and 

attributes excess space to water molecules. The experimentally observed scattering data 

can also be compared to existing high-resolution structures, such as those obtained by 

X-ray crystallography, NMR, or tertiary structure modelling. Incorporation of 

experimentally derived SAXS data to the modelling of multi-subunit proteins or 

complexes can be performed in a similar way, where high-resolution structures of 

individual domains or components are available, and their placement can be adjusted 

according to the SAXS data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑞 =
4𝜋 sin 𝜃

𝜆
 

Where     q = scattering vector (can also be s) 

                θ  = Scattering angle 

And         λ  = wavelength 

 

𝐼(𝑞) ≅ 𝐼(0)exp (−
1

3
𝑅𝑔

2𝑞2) 

Where I(q) = Scattering intensity of particle 

             I(0) = Intensity of scattering at origin 

And        Rg =  radius of gyration 

  

𝐼(𝑞) = 4 𝜋 ∫ 𝑝(𝑟)
sin(𝑞𝑟)

𝑞𝑟
𝑑𝑟

𝐷max

0

 

Where Dmax = Maximum dimension 

                   r = radius 

and       p(r) = distance distribution function 

 

 

 

Equation 2.4. Scattering vector function 

 

Equation 2.5. Guinier Law 

Equation 2.6. Pair-distance distribution function 
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Figure 2.4. Overview of scattering data from a SAXS experiment, adapted from 

Boldon, Laliberte, and Liu (2015) 

 

 

Figure 2.5. Simulated SAXS data from three 60 kDa proteins: globular (dark blue), 

50% unfolded (light blue), and fully disordered (grey), adapted from Kikhney and 

Svergun (2015). 

Scattering vector referred to as s, instead of q. A: Logarithmic plot of the scattering 

intensity I(s) (in arbitrary units) vs. s (in inverse nanometres). B: Distance distribution 

function p(r) (in arbitrary units) vs. r (in nanometres). C: Kratky plot s 2·I(s) vs. s. 
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D: Normalized (or “dimensionless”) Kratky plot (sRg)
2·I(s)/I(0)vs. sRg, with sRg = √3 

indicated. 

 

2.3.25: SAXS data collection 

All SAXS data were collected on the SAXS/WAXS beamline of the Australian 

Synchrotron using inline gel filtration chromatography setup. Protein and RNA were 

prepared as described in 2.2.12 and shipped on dry ice to the Australian Synchrotron, 

along with 2 mM rpoA_L RNA. 60 µL samples of purified recombinant dsn3PLS-DYW, 

dsn3PLS-E2, dsnDYW, MORF9 and rpoA_L RNA, as well as the dsn3PLS-

DYW:MORF9, dsn3PLS-DYW:MORF9:rpoA_L, dsn3PLS-E2:MORF9 and dsn3PLS-

E2:MORF9:rpoA_L complexes were prepared from the purified proteins as detailed in 

Table 2.9 below. 50 µL of prepared sample was injected onto an inline Superdex S200 

Increase 5/150 column attached to a Shimadzu HPLC system, and eluted at a flow rate of 

0.5 mL/min via sheath flow onto a 1.5-mm glass capillary positioned in the X-ray beam 

in 25 mM Tris-HCl (pH 8.0), 100 mM KCl, 5% (v/v) glycerol, and 1 mM DTT at 25°C 

(Ryan et al., 2018). Samples were analysed on size exclusion chromatography-coupled 

synchrotron small angle X-ray scattering (SEC-SAXS) using a Superdex S200 5/150 

Increase column (GE Healthcare) attached to a Shimadzu HPLC system, with diffraction 

data collected in 1 s exposures on a 1 M Pilatus detector (Kirby et al., 2013). Data 

reduction and background correction were carried out in SCATTERBRAIN2 (Stephen 

Mundie, Australian Synchrotron) and primary data processing was carried out using the 

Chromixs program in the ATSAS software package version 2.8.4 (Panjkovich and 

Svergun, 2018).   
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Table 2.9. SEC-SAXS sample preparation parameters. 

Sample Sample  

composition   

(in 60 µL) 

Loading 

volume, 

µL 

Loading 

concentration,  

mg·mL-1 

dsnDYW 30 µL of dsnDYW at 17 mg·mL-1 50 8.5 

MORF9 10 µL of MORF9 at 34 mg·mL-1 50 5.7 

rpoA_L RNA 5 µL of rpoA_L at 12.89 mg·mL-1 (2 

mM) 

50 1.074 

(167 µM) 

dsn3PLS-DYW 30 µL of dsn3PLS-DYW at 13.38 

mg·mL-1 

50 
6.7 

dsn3PLS-DYW: 

MORF9 

45 µL of dsn3PLS-DYW at 7.06 

mg·mL-1
,
 10 µL of MORF9 at 34 

mg·mL-1 

50 10.96 

dsn3PLS-DYW: 

MORF9: 

rpoA_L RNA 

45 µL of dsn3PLS-DYW at 7.06 

mg·mL-1, 10 µL of MORF9 at 34 

mg·mL-1, 5 µL of rpoA_L at 2 mM 

50 10.96 

dsn3PLS-E2 30 µL of dsn3PLS-E2 at 11.9 

mg·mL-1 

50 5.95 

dsn3PLS-

DYW:MORF9 

30 µL of dsn3PLS-E2 at 11.9 

mg·mL-1, 10 µL of MORF9 at 34 

mg·mL-1 

50 11.62 

dsn3PLS-DYW: 

MORF9: 

rpoA_L RNA 

30 µL of dsn3PLS-E2 at 11.9 

mg·mL-1, 10 µL of MORF9 at 34 

mg·mL-1, 5 µL rpoA_L at 2 mM 

50 11.62 
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2.3.26: SAXS data analysis and modelling 

All SAXS Data Analysis and Modelling was carried out using either the ATSAS 

software package version 2.8.4 or the ATSAS online service, available at 

https://www.embl-hamburg.de/biosaxs/atsas-online/ (Franke et al., 2017). The Guinier 

region, incident scattering intensity, and radius of gyration (Rg) were calculated using 

PRIMUS QT (Konarev et al., 2003). The P(r) distribution plot, Porod volume, and 

maximum dimension (Dmax) were calculated using GNOM (Svergun, 1992). The 

agreement between theoretical scattering curves and amplitudes for X-ray crystal 

structures and predicted 3D models were calculated in CRYSOL (Svergun, Barberato, 

and Koch, 1995), and modelling of additional loops was performed using CORAL 

(Petoukhov et al., 2012). The structural neighbours of observed solution scattering data 

were retrieved using the DARA web server (Kikhney et al., 2015). Accurate estimates 

for molecular weights were calculated by Bayesian inference from four concentration 

independent methods (Hajizadeh et al., 2018). Ab initio dummy atom models were 

generated (high-q cut-off of 0.2) using DAMMIN (Svergun, 1999), superimposed and 

averaged with DAMAVER (Volkov and Svergun, 2003) before further refinement in 

DAMMIN (Svergun, 1999). Rigid-body modelling of complexes was carried out using 

SASREF (Petoukhov and Svergun, 2005), while modelling of ideal RNA strands was 

performed using the RNAComposer Web Server (Biesiada et al., 2016), available at: 

http://rnacomposer.cs.put.poznan.pl/. Models were superimposed with SUPALM 

(Konarev, Petoukhov, and Svergun, 2016), visualised using the PyMOL Molecular 

Graphics System, Version 2.3 (Schrödinger, LLC). Prediction of RNA duplex formation 

was performed in the DuplexFold algorithm of the RNAstructure Web Server version 

6.0.1 (Mathews, 2006; Reuter and Mathews, 2010), available at 

https://rna.urmc.rochester.edu/RNAstructureWeb/, using default parameters.  

  

https://www.embl-hamburg.de/biosaxs/atsas-online/
http://rnacomposer.cs.put.poznan.pl/
https://rna.urmc.rochester.edu/RNAstructureWeb/


Page | 86  

 

2.3.27: A. thaliana growth and selection 

A. thaliana seeds from the clb19-3 mutant line (SALK_123752) were surface 

sterilised using 6.1% (v/v) chlorine gas for 1 h, before being sown on 0.5 x Murashinge 

and Skoog media agar plates supplemented with the appropriate antibiotics and stratified 

in the dark at 4°C for 2 days to promote germination, as described by Lindsey et al. 

(2017). Mutants were selected for using 50 µg·mL-1 Kanamycin, and were grown under 

16 hours light, 8 hours dark at 25°C and 45% humidity conditions, before healthy 

seedlings were transferred to soil and grown under the same conditions. Five-week-old 

plants were transformed with the desired plant expression plasmids by Agrobacterium-

mediated floral dipping, and the seeds collected. Transformants containing the desired 

vectors were selected for using a combination of 50 µg·mL-1 Kanamycin and 30 µg·mL-

1 Hygromycin B, by growth at 25°C in the light for 6 hours, followed by 5 days growth 

in the dark at 25°C. Healthy two-week-old seedlings that displayed elongated hypocotyls 

were then transferred to soil, and grown under 16 hours light, 8 hours dark at 25°C and 

45% humidity. Leaves from 6-week-old plants were collected and frozen in liquid N2 for 

genotyping and RNA editing analysis. Seeds were then collected and stored at ambient 

temperature.  
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2.3.28: Transformation of A. thaliana plants 

3-week-old A. thaliana plants were transformed by floral dipping, as described by 

Zhang et al. (2006).  Agrobacterium tumefaciens strain GV3101 containing the desired 

plant transformation vector (detailed in Section 2.1.4) was transformed as outlined in 

Section 2.3.2. Single colonies were used to inoculate 5 mL of LB containing the 

appropriate antibiotics, grown at 28°C, 200 rpm for 48 h. This culture was used to 

inoculate a larger culture of 500 mL LB containing the appropriate antibiotics, and grown 

at 28°C, 200 rpm for 16 h. The Agrobacterium cells were harvested at 3 220 × g for 10 

min at ambient temperature and resuspended in 500 mL of 5% (w/v) sucrose + 0.02% 

(v/v) Silwet L-77. 3-week-old A. thaliana plants were dipped in this solution, and grown 

to set seeds for selection, as described in Section 2.3.27 and Section 2.3.28. 

 

2.3.29: Analysis of RNA editing in A. thaliana 

Total RNA was isolated from 3-week-old A. thaliana plants using Trizol 

(Invitrogen). RNA was treated twice with DNase I (1 U·µL-1; NEB) for 30 minutes at 

37°C, and cDNA was synthesized using Superscript™ III Reverse Transcriptase 

(Invitrogen) using random hexamer primers, according to the manufacturer’s instructions. 

Reverse transcription polymerase chain reaction (RT-PCR) was performed with Q5 DNA 

Polymerase (NEB) according to the manufacturer’s instructions, using rpoA_ES.FOR and 

rpoA_ES.REV primers surrounding the rpoA-200 editing site, and clpP1_ES.FOR and 

clpP1_ES.REV primers surrounding the clpP1-559 editing site. Sanger Sequencing of the 

RT-PCR products using the rpoA_seq.FOR and clpP1_seq.FOR primers were performed 

by Macrogen Inc. (Seoul, South Korea). Editing efficiency was determined from the raw 

sequencing chromatograms using the EditR webserver (Kluesner et al., 2018), available 

at http://baseeditr.com/.  

http://baseeditr.com/
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2.2.30: E. coli RNA editing system 

E. coli RNA editing systems were set up based on the methods described by 

Oldenkott et al. (2019). Sequences of the rpoA-200 and clpP1-596 editing sites from 33 

bp upstream to 5 bp downstream were introduced to the pETM20-dsn3PLS-DYW 

expression plasmid by PCR, as illustrated in Figure 5.4 in Section 5.2.3 of Chapter 5. 

The plasmids were re-assembled using NEBuilder HiFi DNA Assembly Master Mix 

(NEB) according to the manufacturer’s instructions. For protein expression, editing site 

plasmids were transformed into Rosetta 2 (DE3) cells, or co-transformed with pETM11-

MORF9 (75-195; C85S, C187S) into Rosetta 2 (DE3) cells. Single colonies were used to 

inoculate 5 mL LB starter cultures with the appropriate antibiotics, grown at 37°C, 200 

rpm for 16 hours. 250 µL of the starter culture was then used to inoculate 50 mL LB 

expression cultures with the same antibiotics. The cultures were grown at 37°C, 200 rpm 

to an OD600 of 0.5-0.6. Cultures were then cooled on ice for 10 minutes prior to 

supplementation with 0.4 mM ZnSO4, and induction with 0.4 mM IPTG. Cultures were 

incubated at 16°C, 200 rpm for 18 h before harvesting. 
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2.3.31: Analysis of RNA editing in E. coli 

Total RNA was extracted from 1 mL of E. coli bacterial pellet using the Direct-

Zol RNA extraction kit (Zymo Research; Irvine, CAL, USA) according to the 

manufacturer’s instructions. Reverse transcription was performed on 2 µg of total RNA 

extract using Superscript™ III Reverse Transcriptase (Invitrogen) through random 

hexamer primers, according to the manufacturer’s instructions. Reverse transcription 

polymerase chain reaction (RT-PCR) was performed with Q5 DNA Polymerase (NEB) 

according to the manufacturer’s instructions, using the SynthSEQ.FOR and T7short 

primers. Sanger Sequencing of the RT-PCR products using the SynthSeq3.FOR primer 

was performed by Macrogen Inc. (Seoul, South Korea). Editing efficiency was 

determined from the raw sequencing chromatograms using the EditR webserver 

(Kluesner et al., 2018), available at http://baseeditr.com/.  

  

http://baseeditr.com/
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3. Expression, purification and 

solubility of designer editing 

factors 

 

3.1: Introduction 

Structural and biophysical characterisation of any protein necessitates the 

expression and purification of stable and well-behaved protein. Unfortunately, native PPR 

proteins from Arabidopsis thaliana are notoriously prone to insolubility, aggregation and 

instability (Ban et al., 2013; Ke et al., 2013; Coquille et al., 2014). Designing novel PPR 

proteins has not only furthered exploration of the PPR code and the use of PPR proteins 

as programmable RNA editing factors, but has enabled structural characterisation of these 

highly interesting proteins.  

Protein expression is commonly performed using recombinant DNA, employing 

the Gram negative bacterium E. coli as the expression host, since it is fast growing, easy 

to work with, and amenable to high levels of recombinant protein expression. This is 

especially useful for proteins like PPR editing factors, which have a very low level of 

expression in their native organism under their endogenous promoter, and can be toxic to 

plants when expressed under the control of a strong constitutive promoter. Various E. coli 

strains have been developed for the specific purpose of recombinant protein expression, 

and in particular the BL21 strain, which is deficient in two endogenous proteases, has 

become the gold-standard strain for protein expression (Studier and Moffatt, 1986). 
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Recombinant expression in E. coli BL21 is routinely regulated using the T7 promoter 

system in a DE3 lysogenic strain, which allows for tighter levels of control on expression 

of the protein of interest through the lac operon derived regulation of both the gene of 

interest and the T7 RNA polymerase that specifically expresses the gene.  

Recombinant proteins expressed in a non-native host such as E. coli commonly 

have issues with protein folding and solubility, and so various solubility tags have been 

developed to address these issues (Kosobokova, Skrypnik, and Kosorukov, 2016). 

Popular protein solubility tags include maltose binding protein (MBP), thioredoxin 

(TrxA), glutathione-S-transferase (GST), and small ubiquitin-like modifier (SUMO).  

Structural analysis of proteins requires extremely high level of protein purity, and 

so several levels of purification are often required. Routinely, one or two rounds of 

affinity chromatography is used as an initial purification step, while a secondary 

technique such as ion-exchange chromatography or size-exclusion chromatography is 

used as a polishing step to remove unwanted contaminants and ensure homogeneity in 

the protein sample (Asenjo and Andrews, 2009). The addition of a hexahistidine tag (His6) 

to the protein is a common method that allows for easy primary purification of the target 

protein using nickel affinity chromatography. Inclusion of a specific endoprotease site 

such as that of the tobacco etch virus (TEV) protease, the Human Rhinovirus 3C 

(HRV 3C) protease, or thrombin, allows for efficient removal of the solubility and 

purification tags; when combined with a reverse affinity purification step the cleaved tag 

will interact with the affinity column, while the cleaved target protein will elute in the 

flow through (Waugh, 2011).  

The pETM system is a series of modular bacterial expression plasmids that is often 

used in protein expression for structural analysis, since they typically contain a His6-tag, 

a solubility tag, and an endoprotease site (Dümmler, Lawrence, and de Marco, 2005). In 
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this chapter, the design, recombinant expression and purification of three novel designer 

PPR proteins is described, expressed in BL21 (DE3) E. coli as N-terminal TrxA-His6-

TEV protease site fusion proteins, through the expression vector pETM20. 

 

3.2: Results 

 

3.2.1: Conceptualisation of designer editing factors 

Empowered by previous research in our lab into the recognition code of target 

RNAs by PPR motifs, Dr. Bernard Gutmann designed a novel full-length DYW subgroup 

editing factor named dsn3PLS-DYW, and an E2 subgroup PPR-RNA recognition factor 

lacking a functional catalytic DYW domain, named dsn3PLS-E2 (Figures 3.1-3.2). This 

design was based on the most representative amino acids at each position in the P1, L1, 

S1, P2, L2, S2, E1, E2, and DYW motif sequences from the genomic sequences of a list of 

38 different species, largely seed plant species, but also including Physcomitrella patens, 

Selaginella moellendorffii, and Picea abies. The dsn3PLS-DYW and dsn3PLS-E2 

proteins were designed to start with a four amino acid cap, followed by 12 PPR motifs 

and two PPR-like motifs, E1 and E2. The PPR segment can be broken down into three 

repeating modules of P1-L1-S1 triplets, followed by a P2-L2-S2 triplet. Individually, the 

P1-L1-S1 triplets were designed to be position-specific, which means that the first P1 motif 

is slightly different to the second or the third P1 motif, and likewise for the L1 and S1 

motifs. Furthermore, the P2-L2-S2 triplets and the E1 and E2 domains after the PPR array 

for dsn3PLS-E2 and dsn3PLS-DYW were designed based on separate pools of P2-L2-S2 

modules and E1 and E2 motifs of E2 and DYW subgroup proteins respectively. The four 

amino acid cap at the N-terminus of dsn3PLS-DYW and dsn3PLS-E2, comprised of a 

starting methionine, followed by a glycine, asparagine and serine prior to the first P1 
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motif, based on work by Main et al. (2003), who used the same cap in front of designed 

TPR motifs to stabilize α-helices. At the C-terminus of the proteins, dsn3PLS-DYW had 

a full-length consensus DYW domain sequence, while dsn3PLS-E2 had a DYW domain 

truncated after 9 amino acids, as is commonly observed in E2 subgroup editing factors 

(Cheng et al. 2016).  

 

Figure 3.1. Amino acid sequence of designer editing factor dsn3PLS-DYW.  
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Domains are labelled on the left, with their sequences colour coded based on the PPR 

domain architecture figure from Cheng et al. (2016), included previously as Figure 1.9. 

 

 

Figure 3.2. Amino acid sequence of designer RNA recognition factor dsn3PLS-E2.  

Domains are labelled on the left, with their sequences colour coded based on the PPR 

domain architecture figure from Cheng et al. (2016), included previously as Figure 1.9. 
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To isolate the DYW domain for structural characterisation, a truncated version of 

dsn3PLS-DYW lacking the PLS scaffold, and most of the E domains, was created. This 

protein, named dsnDYW, corresponds to dsn3PLS-DYW from residues 475-614, which 

is from the last four amino acids of the E2 motif to the end of the consensus DYW domain 

(Figure 3.3). The extra four amino acids from the E2 motif were introduced to provide a 

sufficient linker between the TEV protease site and the DYW domain to ensure proper 

folding and is in the random coil region after the predicted second alpha helix of the E2 

motif. 

 

 

Figure 3.3. Amino acid sequence of the novel protein dsnDYW.  

Domains are labelled on the left, with their sequences colour coded based on the PPR 

domain architecture figure from Cheng et al. (2016), included previously as Figure 1.9. 

 

Comparing the design of these proteins with the designer protein (PLS)3-PPR 

from Yan et al. (2017), which represents the only available structure of a PLS protein to 

date (See Figure 1.13 in Section 1.2.4), these novel RNA editing factors described above 

have additional domains at the C-terminus, but lack the extensive cap and solvating helix 

present in (PLS)3-PPR that are derived from the N- and C-termini of ZmPPR10 (Yin et 

al., 2013; Shen et al., 2016). In terms of the three P1L1S1 domains present in (PLS)3-PPR, 
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dsn3PLS-DYW and dsn3PLS-E2, they are 64.4% identical and 80.9% similar with no 

gaps. The majority of these differences are in all three P1 motifs, especially in the first α-

helix, while the L1 and S1 motifs of dsn3PLS-DYW and dsn3PLS-E2 are largely identical 

or similar to those in (PLS)3-PPR (Figure 3.4). A key difference is also the residues at 

the 5th and last positions in these motifs, which are programmed according to the PPR 

code to be similar to the targeting of CLB19, as described below.   

CLB19 is an E+ type editing factor that targets the rpoA-C200 and the clpP1-

C559 sites in the Arabidopsis chloroplast (Chateigner-Boutin et al., 2008), in accordance 

with the PPR code (Barkan et al., 2012; Takenaka et al., 2013). Previous work by 

Kindgren et al. (2015) successfully modified the targeting preference of this editing 

factor, but exclusive specificity for either target was not achieved. Therefore, in order to 

test the potential of utilising the PPR code for programming PPR RNA editing factors, 

the novel proteins dsn3PLS-DYW and dsn3PLS-E2 were designed to be specific for the 

sequence upstream of the rpoA-C200 editing site, and not to the sequence upstream of the 

clpP1-C559. To do this, the 5th and last residues on each of the P, L, S, and E motifs were 

designed as illustrated in Figure 3.5, based on the predicted two amino acid code for 

PPR-RNA interactions in P, L and S motifs (Barkan et al., 2012; Takenaka et al., 2013). 

Since the code for L2, S2, E1 and E2 has not yet been elucidated, the fifth and last positions 

in these motifs were taken from the sequence of AtCLB19. 
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Figure 3.4. Alignment of P1L1S1 domains in (PLS)3-PPR and dsn3PLS-DYW. 

(PLS)3-PPR sequence from Yan et al. (2017). Alignment performed by the EMBOSS-Water algorithm (Madeira et al., 2019). Punctuation marks between 

aligned residues used to demonstrate degree of similarity, where straight lines [ | ] indicate identical matches, colons [ : ] indicate highly similar matches, 

and full stops [ . ] indicate dissimilar matches.
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Figure 3.5. Schematic comparison of native editing factor AtCLB19 with novel 

proteins dsn3PLS-DYW, dsn3PLS-E2 and dsnDYW 

A: Domain architecture of AtCLB19, with amino acid residues at the 5th and last position 

of each PPR-domain indicated, mapped to the predicted RNA binding specificity for the 

upstream region of the rpoA-C200 and clpP1-C559 editing sites. B: Domain architecture 

of dsn3PLS-DYW, dsn3PLS-E2 and dsnDYW, with amino acid residues at the 5th and 

last position of each PPR-domain indicated, mapped to the predicted RNA binding 

specificity for the upstream region of the rpoA-C200 and clpP1-C559 editing sites. Green 

squares around an RNA base indicate strongly predicted matches based on the PPR code, 

yellow squares indicate moderate matches, red squares indicate poor matches, white 

squares indicate uncharacterised matches, and dark blue squares indicate the editing site 

cytidine. 
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3.2.2: Expression and purification of dsn3PLS-DYW 

The designer editing factor dsn3PLS-DYW tagged with an N-terminal 

thioredoxin-hexahistidine-TEV protease site was highly expressed in BL21 (DE3) E. coli 

under routine expression with 0.1 mM IPTG. Cells were lysed by high pressure 

homogenisation, and soluble protein purified by nickel affinity purification (NAC) in a 

standard purification buffer consisting of 50 mM Tris pH 8.0, 150 mM NaCl and 1 mM 

DTT (Figure 3.6 A and B), showed high solubility, eluting in the second peak on the 

chromatograph, after a peak of contaminant E. coli proteins was washed off at an 

imidazole concentration of 20 mM. This second peak appeared bimodal, with the first 

half-peak eluting at an imidazole concentration of approximately 50 mM, while the 

second peak eluted at an imidazole concentration of approximately 70 mM. Both halves 

of the second peak appeared to be dsn3PLS-DYW when analysed by SDS-PAGE (Figure 

3.6 B).  

In order to remove the triple tag, as well as to remove the imidazole from the 

sample for further purification, the first peak fraction was incubated with 1/50 v/v TEV 

protease and dialysed overnight in  a low salt buffer consisting of 50 mM Tris pH 8.0, 50 

mM NaCl, and 1 mM DTT. This resulted in stable dsn3PLS-DYW that could be further 

purified by reverse nickel affinity purification (R-NAC), where the sample after 18 h 

incubation with TEV protease was loaded onto a pre-equilibrated HisTrap HP column, 

washed with 25 mL of dialysis buffer to elute the cleaved protein, and then washed with 

10 mL of elution buffer containing 500 mM imidazole to elute the uncleaved protein, 

TEV protease, and other impurities binding to the HisTrap HP column (Figure 3.6 C).  

Secondary purification by preparative size exclusion chromatography (SEC) 

produced a large single peak at the predicted elution point for monomeric protein with a 

small shoulder of dsn3PLS-DYW at a higher oligomeric state, but did not result in an 
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increase in protein purity by SDS-PAGE analysis (Figure 3.7). The soluble dsn3PLS-

DYW protein obtained from the primary purification protocol of NAC and subsequent R-

NAC was estimated to be 85% pure by SDS-PAGE, and the dsn3PLS-DYW protein 

obtained after secondary purification with SEC had a similar level of purity by SDS-

PAGE. 

 

 

Figure 3.6. Primary purification of dsn3PLS-DYW by NAC and subsequent R-NAC.  

A: Purification chromatogram of dsn3PLS-DYW NAC. Measured absorbances at 255 nm 

and 280 nm are indicated in orange and purple respectively, and are plotted on the left-

hand axis, while the imidazole concentration is indicated in blue, and plotted on the right-

hand axis. Elution fractions sampled and analysed by stain-free SDS-PAGE are labelled 

5-15. B: Stain-free SDS-PAGE analysis of dsn3PLS-DYW NAC purification fractions. 

Lane 1: Molecular weight ladder, with molecular weights recorded on the left of the 

figure. Lane 2: Total lysate. Lane 3: Filtered soluble fraction loaded onto the column. 

Lane 4: Unbound column flow-through. Lanes 5-15: sampled elution fractions as 

indicated on the chromatogram. C: Stain-free SDS-PAGE analysis of dsn3PLS-DYW R-
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NAC purification fractions. Lane 1: Molecular weight ladder, with molecular weights 

recorded on the left of the figure. Lane 2: pooled dsn3PLS-DYW before incubation with 

TEV protease. Lane 3: pooled dsn3PLS-DYW after 18 h incubation with TEV protease. 

Lane 4-13: Wash fractions 1-10. Lane 14-15: 500 mM imidazole elution fractions 1-2. 

 

 

Figure 3.7. Secondary purification of dsn3PLS-DYW by preparative SEC.  

A: Purification chromatogram of dsn3PLS-DYW SEC. Measured absorbances at 255 nm 

and 280 nm are indicated in orange and purple respectively, while elution fractions 

sampled and analysed by stain-free and Coomassie-stained SDS-PAGE are labelled 3-15. 

B: Stain-free SDS-PAGE analysis of dsn3PLS-DYW SEC purification fractions. C: 

Coomassie-stained SDS-PAGE analysis of dsn3PLS-DYW SEC purification fractions. 

Lane 1: Molecular weight ladder, with molecular weights recorded on the left of the 

figure. Lane 2: Total lysate. Lanes 3-15: Sampled elution fractions as indicated on the 

chromatogram. 
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3.2.3: Expression and purification of dsn3PLS-E2 

Based on success with dsn3PLS-DYW, an equivalent RNA recognition factor 

lacking the putative catalytic DYW domain, dsn3PLS-E2, was also cloned into pETM20, 

and expressed following the procedure outlined above using BL21 (DE3) E. coli. Lysis 

and purification were also performed under the same conditions, with the same buffer 

(Figure 3.8 A). The recombinant TrxA-His6-TEV protease site-tagged dsn3PLS-E2 was 

better expressed than dsn3PLS-DYW, and equally as soluble with this lysis buffer 

(Figure 3.8 B). As was observed in the primary purification of dsn3PLS-DYW, dsn3PLS-

E2 eluted from the His-Trap HP column as a bimodal peak after the first peak of 

contaminant E. coli proteins. Removal of the thioredoxin tag from a dialysed sample of 

the dsn3PLS-E2 peak also produced a stable protein sample, which could be further 

purified by R-NAC (Figure 3.8 C). Further purification by preparative SEC produced a 

single large peak at the predicted elution point for monomeric dsn3PLS-E2 with a small 

shoulder of the same protein at a higher oligomeric state (Figure 3.9). In this way, soluble 

dsn3PLS-E2 protein obtained from the primary purification protocol of NAC and 

subsequent R-NAC was estimated to be 90% pure by SDS-PAGE, and the dsn3PLS-E2 

protein obtained after secondary purification with preparative SEC also had a similar level 

of purity by SDS-PAGE, as was observed for dsn3PLS-DYW. 
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Figure 3.8. Primary purification of dsn3PLS-E2 by NAC and subsequent R-NAC. 

A: Purification chromatogram of dsn3PLS-E2 NAC. Measured absorbances at 255 nm 

and 280 nm are indicated in orange and purple respectively, and are plotted on the left-

hand axis, while the imidazole concentration is indicated in blue, and plotted on the right-

hand axis. Elution fractions sampled and analysed by stain-free SDS-PAGE are labelled 

5-15. B: Stain-free SDS-PAGE analysis of dsn3PLS-E2 NAC purification fractions. Lane 

1: Molecular weight ladder, with molecular weights recorded on the left of the figure. 

Lane 2: Total lysate. Lane 3: Filtered soluble fraction loaded onto the column. Lane 4: 

Unbound column flow-through. Lanes 5-15: sampled elution fractions as indicated on the 

chromatogram. C: Stain-free SDS-PAGE analysis of dsn3PLS-E2 R-NAC purification 

fractions. Lane 1: Molecular weight ladder, with molecular weights recorded on the left 

of the figure. Lane 2: pooled dsn3PLS-E2 before incubation with TEV protease. Lane 3: 

pooled dsn3PLS-E2 after 18 h incubation with TEV protease. Lanes 4-9: Wash fractions 

1-6. Lane 10: 500 mM imidazole elution fraction 1. 
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Figure 3.9.  Secondary purification of dsn3PLS-E2 by preparative SEC. 

A: Purification chromatogram, of dsn3PLS-E2 SEC. Measured absorbances at 255 nm 

and 280 nm are indicated in orange and purple respectively, while elution fractions 

sampled and analysed by stain-free SDS-PAGE are labelled 3-15. B: Stain-free SDS-

PAGE analysis of dsn3PLS-E2 SEC purification fractions. Lane 1: Molecular weight 

ladder, with molecular weights recorded on the left of the figure. Lanes 2-15: sampled 

elution fractions as indicated on the chromatogram.   
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3.2.4: Formation of PPR:MORF9 and PPR:MORF9:RNA 

complexes 

After Yan et al. (2017) demonstrated that MORF9 interacts with L1 motifs in a 

designer PLS protein to promote the interaction of the designer PLS protein with its target 

RNA, attempts were made to demonstrate the same phenomenon with these designer 

PLS-containing RNA editing factors, and obtain structural information about the 

complex. Firstly, MORF9 (residues 75-196; C85S, C187S; henceforth referred to simply 

as MORF9) was cloned into pETM11, in order to express and purify the protein by NAC 

followed by TEV protease digestion, and R-NAC (Figure 3.10). In order to assess 

formation of a complex between MORF9 and dsn3PLS-DYW or dsn3PLS-E2, as well as 

to obtain preliminary data on the formation of an RNA-bound complex, analytical SEC 

was performed, as shown in Figure 3.11 and Figure 3.12. Incubating five molar 

equivalences of MORF9 with dsn3PLS-DYW or dsn3PLS-E2 resulted in the complete 

shift of peak retention volume from 1.88 and 1.98 mL for the PPR alone to 1.74 and 1.82 

mL respectively, corresponding to an increase in molecular weight consistent with the 

formation of a complex of PPR and MORF9. A second peak was also observed in the 

mixed samples, suggesting that MORF9 is in excess and some of it elutes as a monomer. 

Addition of 1.1 molar equivalences of rpoA_L RNA oligo (see Table 2.4 in Section 2.1.5 

of Chapter 2 for details of the sequence) to the sample did not result in a further shift of 

the peak retention volume for the complex, but did shift the A260/A280 ratio of the peak 

from 0.6 to approximately 0.8 and 1.0 for the dsn3PLS-DYW and dsn3PLS-E2 containing 

samples respectively. In the RNA containing complexes, the MORF9 monomer peak had 

a higher A260/A280 ratio than for the PPR:MORF9:RNA complex, suggesting that the 20 

nucleotide RNA strand and the MORF9 monomer co-elute.  



Page | 106  

 

 

Figure 3.10. Purification of MORF9 (75-196; C85S, C187S) by NAC and subsequent 

R-NAC. 

A: Purification chromatogram of MORF9 (75-196; C85S, C187S) NAC. Measured 

absorbances at 255 nm and 280 nm are indicated in orange and purple respectively, and 

are plotted on the left-hand axis, while the imidazole concentration is indicated in blue, 

and plotted on the right-hand axis. Elution fractions sampled and analysed by stain-free 

SDS-PAGE are labelled 5-15. B: Stain-free SDS-PAGE analysis of MORF9 (75-196; 

C85S, C187S) NAC purification fractions. Lane 1: Molecular weight ladder, with 

molecular weights recorded on the left of the figure. Lane 2: Total lysate. Lane 3: Filtered 

soluble fraction loaded onto the column. Lane 4: Unbound column flow-through. Lanes 

5-15: sampled elution fractions as indicated on the chromatogram. C: Stain-free SDS-

PAGE analysis of MORF9 (75-196; C85S, C187S) R-NAC purification fractions. Lane 

1: Molecular weight ladder, with molecular weights recorded on the left of the figure. 

Lane 2: pooled dsn3PLS-DYW before incubation with TEV protease. Lane 3: pooled 

MORF9 (75-196; C85S, C187S) after 18 h incubation with TEV protease. Lanes 4-8: 

Wash fractions 1-5. Lanes 9-10: 500 mM imidazole elution fractions 1 and 2. 
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Figure 3.11. Analytical SEC of dsn3PLS-DYW containing complexes.  

A: dsn3PLS-DYW alone. B: dsn3PLS-DYW + MORF9. C: dsn3PLS-DYW + MORF9 + 

rpoA_L RNA. Measured absorbances at 255 nm and 280 nm are indicated in yellow and 

purple respectively. 
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Figure 3.12. Analytical SEC of dsn3PLS-E2 containing complexes.  

A: dsn3PLS-E2 alone. B: dsn3PLS-E2 + MORF9. C: dsn3PLS-E2 + MORF9 + rpoA_L 

RNA. Measured absorbances at 255 nm and 280 nm are indicated in yellow and purple 

respectively.  
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3.2.5: Preparative scale purification of dsn3PLS-DYW:MORF9 

and dsn3PLS-DYW:MORF9:rpoA_L 

With the ability to demonstrate the formation of the dsn3PLS-DYW:MORF9 and 

dsn3PLS-DYW:MORF9:rpoA_L complexes, attempts were made to prepare the complex 

for crystallisation experiments. Firstly, dsn3PLS-DYW was expressed and purified by by 

NAC and subsequent R-NAC as described in Section 3.2.2. The purified designer protein 

was then combined with four molar equivalences of MORF9 alone for the protein:protein 

complex, or four molar equivalents of MORF9 and 1.1 molar equivalences of rpoA_L for 

the protein:protein:RNA complex. These complexes were selected for by preparative 

scale SEC on an S200 16/60 column (GE Healthcare), as shown in Figure 3.13 and 

Figure 3.14. The protein complex and protein:protein:RNA complexes separate at a 

similar retention volume, one that is higher than the monomeric dsn3PLS-DYW, and 

contains a similar difference in the A260/A280 ratio to that observed in the analytical SEC 

experiments. The RNA bound complex was demonstrably highly stable by SEC and was 

not affected by flash freezing and thawing on ice (Figure 3.15).  
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Figure 3.13. Preparative purification of dsn3PLS-DYW:MORF9 complex by 

preparative SEC.  

A: Purification chromatogram of dsn3PLS-DYW:MORF9 SEC. Measured absorbances 

at 255 nm and 280 nm are indicated in yellow and purple respectively, while elution 

fractions sampled and analysed by stain-free and Coomassie-stained SDS-PAGE are 

labelled 3-15. B: Stain-free SDS-PAGE analysis of dsn3PLS-DYW:MORF9 SEC 

purification fractions. C: Coomassie-stained SDS-PAGE analysis of dsn3PLS-

DYW:MORF9 SEC purification fractions. Lane 1: Molecular weight ladder, with 

molecular weights recorded on the left of the figure. Lane 2: Total lysate. Lanes 3-15: 

Sampled elution fractions as indicated on the chromatogram. 
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Figure 3.14. Preparative purification of dsn3PLS-DYW:MORF9 complex by 

preparative SEC.  

A: Purification chromatogram of dsn3PLS-DYW:MORF9 SEC. Measured absorbances 

at 255 nm and 280 nm are indicated in orange and purple respectively, while elution 

fractions sampled and analysed by stain-free and Coomassie-stained SDS-PAGE are 

labelled 3-15. B: Stain-free SDS-PAGE analysis of dsn3PLS-DYW:MORF9 SEC 

purification fractions. C: Coomassie-stained SDS-PAGE analysis of dsn3PLS-

DYW:MORF9 SEC purification fractions. Lane 1: Molecular weight ladder, with 

molecular weights recorded on the left of the figure. Lane 2: Total lysate. Lanes 3-15: 

Sampled elution fractions as indicated on the chromatogram. 
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Figure 3.15. Analytical SEC of dsn3PLS-DYW:MORF9:rpoA_L complex before (A) 

and after (B) freezing.  

Measured absorbances at 255 nm and 280 nm are indicated in yellow and purple 

respectively. 
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3.2.6: Expression and purification of dsnDYW 

To perform further analysis on the DYW domain, a truncated version of dsn3PLS-

DYW comprising residues 475-614 was cloned into pETM20. This truncation consisted 

of the DYW domain and, in order to provide a linker before the DYW domain, the last 

four amino acids of the E2 motif. This protein was expressed in BL21 (DE3) E. coli, as 

performed for both dsn3PLS-DYW and dsn3PLS-E2; purified in the same manner. The 

recombinant dsnDYW was highly expressed and highly soluble in this simple lysis buffer 

(Figure 3.16). Two peaks are observed in the NAC purification, the first of which is the 

elution of contaminant E. coli proteins at an imidazole concentration of 20 mM. The 

dsnDYW protein eluted from the HisTrap HP column as a trimodal second peak, with a 

broad elution peak starting at an imidazole concentration of 20 mM, and with a sharper 

peak starting at an imidazole concentration of 50 mM, and a slight trailing shoulder at 70 

mM. Removal of the thioredoxin tag from a dialysed sample of the first two peaks resulted 

in stable untagged dsnDYW, which was also further purified by R-NAC. Further 

purification of the protein by preparative SEC resulted in monomeric dsnDYW, at a purity 

of approximately 98% by SDS-PAGE, which elutes in a single large peak over the S75 

column (Figure 3.17).  
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Figure 3.16. Primary purification of dsnDYW by NAC and subsequent R-NAC. 

A: Purification chromatogram of dsnDYW NAC purification. Measured absorbances at 

255 nm and 280 nm are indicated in orange and purple respectively, and are plotted on 

the left-hand axis, while the imidazole concentration is indicated in blue, and plotted on 

the right-hand axis. Elution fractions sampled and analysed by stain-free SDS-PAGE are 

labelled 5-15. B: Stain-free SDS-PAGE analysis of dsnDYW NAC purification fractions. 

Lane 1: Molecular weight ladder, with molecular weights recorded on the left of the 

figure. Lane 2: Total lysate. Lane 3: Filtered soluble fraction loaded onto the column. 

Lane 4: Unbound column flow-through. Lanes 5-15: sampled elution fractions as 

indicated on the chromatogram. C: Stain-free SDS-PAGE analysis of dsnDYW R-NAC 

purification fractions. Lane 1: Molecular weight ladder, with molecular weights recorded 

on the left of the figure. Lane 2: pooled dsnDYW before incubation with TEV protease. 

Lane 3: pooled dsnDYW after 18 h incubation with TEV protease. Lane 4-9: Wash 

fractions 1-6. Lane 10: 500 mM imidazole elution fractions. 
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Figure 3.17. Secondary purification of dsnDYW by preparative SEC. 

A: Purification chromatogram of dsnDYW SEC. Measured absorbances at 255 nm and 

280 nm are indicated in orange and purple respectively, while elution fractions sampled 

and analysed by stain-free and Coomassie-stained SDS-PAGE are labelled 3-15. B: Stain-

free SDS-PAGE analysis of dsnDYW SEC purification fractions. C: Coomassie-stained 

SDS-PAGE analysis of dsnDYW SEC purification fractions. Lane 1: Molecular weight 

ladder, with molecular weights recorded on the left of the figure. Lane 2: Total lysate. 

Lanes 3-15: Sampled elution fractions as indicated on the chromatogram. 
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For expression of dsnDYW in M9 minimal media, the bacteria were first grown 

in a 700 mL LB culture to an OD600 of 0.6, so as to ensure sufficient production of healthy 

ribosomes, then pelleted and resuspended in M9 minimal media, supplying glucose and 

NH4Cl as the carbon and nitrogen source respectively. This culture was allowed to grow 

at 37°C to an OD600 of 0.8, then induced with 0.1 mM IPTG for protein expression at 

16°C for 18 h. Expression under these conditions produced equivalent yields to the 

standard LB expression, and the protein purified by this method was equally pure to 98% 

by SDS-PAGE (Figure 3.18 and Figure 3.19).  

Expression of 15N-labelled dsnDYW was performed in this same way, utilising 

15N-NH4Cl as the source of 15N. Protein expressed in this way could be produced to an 

equivalent yield to both the LB and unlabelled M9 minimal media. Protein could also be 

purified by the standard protocol of NAC, R-NAC and SEC to a purity of 98% by SDS-

PAGE (Figure 3.20 and Figure 3.21). 
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Figure 3.18. Primary purification of dsnDYW expressed under M9 minimal media 

conditions by NAC and subsequent R-NAC. 

A: Purification chromatogram of dsnDYW NAC purification. Measured absorbances at 

255 nm and 280 nm are indicated in orange and purple respectively, and are plotted on 

the left-hand axis, while the imidazole concentration is indicated in blue, and plotted on 

the right-hand axis. Elution fractions sampled and analysed by stain-free SDS-PAGE are 

labelled 5-15. B: Stain-free SDS-PAGE analysis of dsnDYW NAC purification fractions. 

Lane 1: Molecular weight ladder, with molecular weights recorded on the left of the 

figure. Lane 2: Total lysate. Lane 3: Filtered soluble fraction loaded onto the column. 

Lane 4: Unbound column flow-through. Lanes 5-15: sampled elution fractions as 

indicated on the chromatogram. C: Stain-free SDS-PAGE analysis of dsnDYW R-NAC 

purification fractions. Lane 1: Molecular weight ladder, with molecular weights recorded 

on the left of the figure. Lane 2: pooled dsnDYW before incubation with TEV protease. 

Lane 3: pooled dsnDYW after 18 h incubation with TEV protease. Lane 4-9: Wash 

fractions 1-6. Lane 10: 500 mM imidazole elution fractions. 
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Figure 3.19. Secondary purification of dsnDYW expressed under M9 minimal media 

conditions by preparative SEC.  

A: Purification chromatogram of dsnDYW SEC purification. Measured absorbances at 

255 nm and 280 nm are indicated in orange and purple respectively, while elution 

fractions sampled and analysed by stain-free SDS-PAGE are labelled 3-15. B: Stain-free 

SDS-PAGE analysis of dsnDYW SEC purification fractions. Lane 1: Molecular weight 

ladder, with molecular weights recorded on the left of the figure. Lane 2: Total lysate. 

Lanes 3-15: Sampled elution fractions as indicated on the chromatogram. 
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Figure 3.20. Primary purification of 15N-labelled dsnDYW expressed under M9 

minimal media conditions by NAC and subsequent R-NAC. 

A: Purification chromatogram of 15N dsnDYW NAC purification. Measured absorbances 

at 255 nm and 280 nm are indicated in orange and purple respectively, and are plotted on 

the left-hand axis, while the imidazole concentration is indicated in blue, and plotted on 

the right-hand axis. Elution fractions sampled and analysed by stain-free SDS-PAGE are 

labelled 5-15. B: Stain-free SDS-PAGE analysis of 15N dsnDYW NAC purification 

fractions. Lane 1: Molecular weight ladder, with molecular weights recorded on the left 

of the figure. Lane 2: Total lysate. Lane 3: Filtered soluble fraction loaded onto the 

column. Lane 4: Unbound column flow-through. Lanes 5-15: sampled elution fractions 

as indicated on the chromatogram. C: Stain-free SDS-PAGE analysis of 15N dsnDYW R-

NAC purification fractions. Lane 1: Molecular weight ladder, with molecular weights 

recorded on the left of the figure. Lane 2: pooled dsnDYW after 18 h incubation with 

TEV protease. Lane 3: pooled dsnDYW before incubation with TEV protease. Lane 4-9: 

Wash fractions 1-6. Lane 10: 500 mM imidazole elution fractions. 
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Figure 3.21. Secondary purification of 15N-labelled dsnDYW expressed under M9 

minimal media conditions by preparative SEC.  

A: Purification chromatogram of 15N dsnDYW SEC purification. Measured absorbances 

at 255 nm and 280 nm are indicated in orange and purple respectively, while elution 

fractions sampled and analysed by stain-free SDS-PAGE are labelled 3-15. B: Stain-free 

SDS-PAGE analysis of 15N dsnDYW SEC purification fractions. Lane 1: Molecular 

weight ladder, with molecular weights recorded on the left of the figure. Lane 2: Total 

lysate. Lanes 3-15: Sampled elution fractions as indicated on the chromatogram. 
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3.3: Discussion 

Expression and purification of recombinant proteins to a high purity and suitable 

yield are critical to successful structural characterisation. In this study, three designer 

editing factors tagged with an N-terminal TrxA solubility tag, a His6 purification tag, and 

a TEV protease site. TrxA was decided upon as the solubility tag of choice based on 

previous success with PLS-subfamily RNA editing factors (Okuda et al., 2014). These 

factors were expressed using a routine T7 expression system in E. coli, and were purified 

using a sequential combination of NAC, R-NAC and SEC to result in pure protein 

samples, suitable for structural characterisation. As detailed subsequently in Section 4.2.5 

of Chapter 4, these proteins were assessed by SEC-SAXS to further demonstrate their 

monomeric and monodisperse nature following SEC.  

This is not an insignificant outcome, since native Arabidopsis PPR proteins are 

notoriously instable, insoluble and prone to aggregation, which typically impedes 

structural characterisation of these proteins (Coquille et al., 2014). This poor purification 

outcome has also been observed for Arabidopsis editing factors, including personal 

observations for the native DYW subgroup editing factors CREF3, DYW2, and DYW1 

(Royan, unpublished). As such, this study validates the use of protein engineering to 

design editing factors to enhance the potential for structural and functional 

characterisation, without even taking into consideration the implications of designing a 

completely novel editing factor that has different specificities that its equivalent native 

counterpart.  

The novel proteins dsn3PLS-DYW and dsn3PLS-E2 represent canonical 

DYW subgroup and E2 subgroup PLS editing factors respectively, designed by 

Dr. Bernard Gutmann to bind to the region upstream of an A. thaliana chloroplast editing 

site recognised by the E+ subgroup factor CLB19, rpoA-C200, and not another site 
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recognised by the same protein, the clpP1-C559 site. To represent the typical architecture 

of these subgroups, these designed proteins have shied away from two common traits of 

designer PPR proteins so far, namely the use of identical repeats, and the incorporation 

of a solvating helix, typically at the C-terminus. These proteins were designed for both 

maximum stability and modularity. The use of different repeat consensuses avoids 

repeated nucleotide sequences and thus facilitates gene synthesis and cloning. It remains 

to be observed if the helical packing of these proteins can be improved by removing 

variation in the individual PPR motifs of the same type, or the incorporation of an N-

terminal solvating helix, since the domain architecture at the C-terminus is so crucial for 

editing factors. The lack of these traits does not appear to have impacted the solubility of 

both the designer DYW subgroup and the designer E2 subgroup editing factors.  

Stable complexes of these editing factors bound to MORF9, and together with 

MORF9 in complex with its target RNA were also isolated by SEC. It has previously 

been noted that a contraction does occur within the PPR domains upon RNA binding, 

which would subsequently result in an overall compression of the PPR protein (Shen et 

al., 2016). It is likely that this is responsible for this lack of an increase in retention volume 

upon RNA binding, despite the increase in mass contributed by the RNA. Nevertheless, 

these stable proteins and their complexes display significant potential towards 

understanding the molecular mechanisms behind RNA editing.  

The third novel protein, dsnDYW, represents a truncation of the larger full-length 

editing factor dsn3PLS-DYW to isolate the putative catalytic DYW domain from the 

RNA binding PPR scaffold. It is highly promising that this protein is highly 

overexpressed, even under minimal media and 15N-labelling conditions, and can be 

purified to a high level of purity with an extremely high yield to result in a stable, 

monomeric sample. The production of this small, single domain protein opens up avenues 

for structural characterisation of the DYW domain that was not previously feasible for 
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the larger full-length DYW subgroup editing factors, including NMR spectroscopy, and 

could allow for the analysis of catalytic function in the absence of RNA binding.  
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4. Structural characterisation of 

designer editing factors 

 

4.1: Introduction 

The three dimensional structure and conformation of a biological macromolecule 

directly influences its function, and the discipline of structural biology is interested in this 

highly important relationship (Garrett, 2010). Structural biology has several techniques 

to obtain information regarding the structure of a macromolecule, among which are X-ray 

crystallography, cryo-electron microscopy (Cryo-EM), nuclear magnetic tesonance 

(NMR) spectroscopy, and small angle X-ray scattering (SAXS).  

X-ray crystallography is by far the gold standard for structural analysis of 

proteins, and protein-complexes, since it is the only technique that is not limited by size 

or molecular weight and allows for interpretation of precise atomic coordinates for NMR-

insensitive metal ions such as zinc. Briefly, it relies on the crystallisation of a 

macromolecule, diffraction of X-rays by the crystal, and interpretation of the diffraction 

pattern to solve the structure of the macromolecule (Wright, 2016). The first major hurdle 

in X-ray crystallography is crystallisation of the macromolecule, which in the case of 

proteins and protein containing complexes, requires the generation of a supersaturated 

solution of the protein to drive the formation of a crystal (McPherson, 2017). NMR 

spectroscopy on biomolecules allows identification of the distinct chemical environment 

of each amino acid residue and can be a powerful tool for a wide range of structural 

characterisation, including folding state and interaction with a ligand.  
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SAXS represents an increasingly popular structural biology technique that can 

provide information on the size and shape of a macromolecule or macromolecular 

complex in solution, thus removing the necessity of producing a well diffracting 

macromolecular crystal. The combination of size exclusion chromatography with 

dedicated SAXS beamlines at a high energy synchrotron light source allows easy data 

collection in a manner of minutes per experiment, with low background and the separation 

of monodisperse components of the sample. The size and shape parameters for a protein 

computable from SAXS data includes radius of gyration (Rg) using both real space and 

reciprocal space estimations, volume, molecular mass using concentration independent 

or concentration dependent measurements, and folding or disordered state according to 

the dimensionless Kratky analysis. For example, a well-folded, globular protein in the 

shape of an ideal sphere is expected to have a symmetrical P(r) function and a 

dimensionless Kratky plot with a peak at qRg = √3 that returns to baseline (Boldon, 

Laliberte, and Liu, 2015).  

In Chapter 3, the design, expression and purification of the designer editing 

factors dsn3PLS-DYW, dsn3PLS-E2, and dsnDYW was described. The dsn3PLS-DYW 

protein is an editing factor with an RNA recognising PPR tract comprised of three P1L1S1 

triplets and a P2L2S2 triplet, followed by an E1E2 doublet and a catalytic DYW deaminase 

domain. The dsn3PLS-E2 protein has the same domain architecture, but lacks the 

catalytic DYW deaminase domain, while the dsnDYW protein contains the DYW domain 

and a short N-terminal linker from the E2 domain.  

In this chapter, the structural characterisation of these proteins is described, as 

well as the structural characterisation of complexes that dsn3PLS-DYW and dsn3PLS-

E2 form with the supplementary editing factor MORF9 from A. thaliana, and together 

with a target RNA oligonucleotide.  
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4.2: Results 

 

4.2.1: Crystallisation of designer editing factors 

To address the lack of structural information about PPR editing factors and the 

catalytic DYW domain using X-ray crystallography, crystallisation of the dsn3PLS-

DYW, dsn3PLS-E2, and dsnDYW proteins was attempted, having been expressed in 

E. coli and purified by a sequential process of NAC, tag removal, R-NAC, and SEC, as 

detailed in Chapter 3. Crystallisation attempts were also made for the 

dsn3PLS-DYW:MORF9 complex, and the dsn3PLS-DYW:MORF9:rpoA_L RNA 

complex, isolated by SEC as also detailed in Section 3.2.5 of Chapter 3. The outcomes 

of these crystallisation experiments are summarised in Table 4.1 below. 

Table 4.1. Summary of crystallisation experiments. 

Crystallisation hits are classified as obvious events of crystal formation, while leads are 

classified as events of phase separation and microcrystalline precipitation. 

Sample Numbe

r of 96-

well 

coarse 

screens 

Number 

of hits + 

leads 

Number 

of fine 

screens 

Crystals Reprod

ucible 

Protein 

diffractio

n 

dsn3PLS-DYW 10 6 hits 4 Yes No No 

dsn3PLS-E2 3 5 leads 0 No - - 

dsnDYW 13 4 leads 4 Yes No No 

dsn3PLS-DYW: 

MORF9 

complex 

5 2 leads 0 

 

No - - 

dsn3PLS-DYW: 

MORF9:rpoA_

L complex 

4 2 leads 0 No - - 
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Initial crystallisation screening of dsn3PLS-DYW was performed using protein at 

11 mg·mL-1, utilising commercially available sparse-matrix screens from Hampton 

Research in a 96-well format, using three different drop ratios of protein to crystallant, 

namely 1:1, 1:2, and 2:1. The first screen produced several crystallisation hits within 

two weeks, however these hits were shown to either be salt or to have no diffraction on 

the Australian Synchrotron MX2 beamline (Figure 4.1). Additionally, these crystals 

could not be reproduced, and subsequent attempts to fine screen around these conditions 

did not result in the formation of any subsequent crystals.  

 

Coarse screening of dsn3PLS-E2 was performed at a protein concentration of 

20 mg·mL-1 using commercially available sparse-matrix screens from Molecular 

Dimensions in the same 96-well format, with different crystallisation drops containing 

dilutions of trypsin and chymotrypsin included in the experiment for in situ proteolysis. 

Within one month, while no crystals were obtained in these screens for dsn3PLS-E2, 

some phase separation and microcrystalline precipitation events were observed, which 

could serve as potential crystallisation leads for optimisation (Figure 4.2).  

 

 

 



Page | 128  

 

 

Figure 4.1. Crystals from the first Natrix screen of dsn3PLS-DYW.  

A: Single crystals formed on a fibre from well H2 (0.08 M Sodium chloride, 0.02 M 

Magnesium chloride hexahydrate, 0.04 M Sodium cacodylate trihydrate pH 7.0, 40% v/v 

(+/-)-2-Methyl-2,4-pentanediol, 0.012 M Spermine tetrahydrochloride). B: Large single 

crystal from well C9 (0.2 M Ammonium chloride, 0.01 M Magnesium chloride 

hexahydrate, 0.05 M HEPES sodium pH 7.0, 2.5 M 1,6-Hexanediol). C: Large crystal 

from well D2 (0.2 M Ammonium acetate, 0.15 M Magnesium acetate tetrahydrate, 0.05 

M HEPES sodium pH 7.0, 5% w/v Polyethylene glycol 4,000). D: Large crystals from 

well D9 (0.025 M Magnesium sulfate hydrate, 0.05 M TRIS hydrochloride pH 8.5, 1.8 M 

Ammonium sulfate). Scale bar, 100 µm. 



Page | 129  

 

 

Figure 4.2. Crystallisation leads from the first JCSGplus Screen of dsn3PLS-E2 at 

20 mg·mL-1.  

A: Phase separation in Condition A11 (0.1 M Potassium thiocyanate, 30% w/v 

Polyethylene glycol 2000 monomethly ether). B: Phase separation in Condition B2 (0.2 

M Potassium formate, 20% w/v Polyethylene glycol 3350). C: Microcrystalline 

precipitation in Condition B10 (0.02 M Magnesium chloride hexahydrate, 0.1 M HEPES 

pH 7.5 22% w/v Poly(acrylic acid sodium salt) 5100). D: Microcrystalline precipitation 

in Conditon F3 (0.2 M Magnesium chloride hexahydrate, 0.1 M Sodium cacodylate pH 

6.5, 50% v/v Polyethylene glycol 200). Scale bar, 200 µm.  
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Initial screening of dsnDYW was performed at 70 mg·mL-1 using commercially 

available sparse-matrix screens from Hampton Research and Molecular Dimensions. 

Further screening was performed using the same screens at protein concentrations ranging 

from 15 mg·mL-1 to 98 mg·mL-1, including with combinations of lysozyme seed stock 

dilutions, as well as with trypsin dilutions for in situ proteolysis. A recurring event of 

microcrystalline precipitation in the same well conditions (0.1 M Sodium HEPES pH 7.5, 

0.2 M magnesium chloride, 30% (v/v) polyethylene glycol 400; Crystal Screen 1 

condition D11, Hampton Research, & JCSGplus condition D1, Molecular Dimensions) 

were observed in screens of various dsnDYW concentrations (Figure 4.3 A). 

Optimisation from this original condition, using protein at 47 mg·mL-1 resulted in the 

formation of prolate spheroid crystals with a non-symmetrical central groove across three 

drop ratios of one specific condition, 0.1 M Bis-Tris Propane pH 7.5, 0.2 M magnesium 

acetate, 25% (v/v) polyethylene glycol 400 (Figure 4.3 B). These crystals unfortunately 

displayed diffraction typical of salt (Figure 4.3 C). 
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Figure 4.3. Optimisation of a crystallisation lead for dsnDYW.  

A: Initial microcrystalline precipitate lead observed in Crystal Screen 1 well B11 (0.2 M 

Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30% v/v Polyethylene 

glycol 400). B: Crystals  observed in a third generation fine screening optimisation of the 

condition to 0.1 M Bis-Tris Propane pH 7.5, 0.2 M Magnesium chloride hexahydrate, 

25% (v/v) Polyethylene glycol 400. Scale bar, 200 µm. C: Diffraction observed on a home 

source XtaLAB Synergy-S X-ray generator (Rigaku Oxford Diffraction) for the crystals 

in B. 
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Initial coarse screening of the dsn3PLS-DYW:MORF9 complex was performed 

using protein isolated from preparative SEC, as detailed in Section 3.2.5 of Chapter 3, 

at a concentration of 15 mg·mL-1 according to a molar ratio of three molecules of MORF9 

to one molecule of dsn3PLS-DYW determined using the SAXS experiments described in 

Section 4.2.5 later in this chapter. Commercially available sparse-matrix screens from 

Hampton Research were utilised in a 96-well, 3 drop ratio format, as was performed for 

the dsn3PLS-DYW crystallisation screening. To attempt crystallisation of the dsn3PLS-

DYW:MORF:rpoA_L protein:RNA complex, the dsn3PLS-DYW:MORF9:rpoA_L 

complex was first isolated by preparative SEC, as detailed in Section 3.2.5 of Chapter 

3, and performed initial coarse screening using commercially available sparse-matrix 

screens from Hampton Research in a 96-well, 3 drop ratio format, using the complex at 

15 mg·mL-1 according to a molar ratio of three molecules of MORF9 to one molecule of 

dsn3PLS-DYW and one molecule or rpoA_L RNA, as described in Section 3.2.5 of 

Chapter 3. As for the complex without RNA, few precipitation or phase separation events 

were observed even after six months. Rescreening under the same procedure was 

performed for the dsn3PLS-DYW:MORF9 complex with freshly prepared protein 

complex at 30 mg·mL-1 post-SEC, and for the dsn3PLS-DYW:MORF9:rpoA_L complex 

by adding the protein complex with 1.03 molar equivalences of 2 mM RNA, to produce 

the dsn3PLS-DYW:MORF9:RNA complex containing a final protein concentration of 

27 mg·mL-1 (0.242 mM), and a final RNA concentration of 0.25 mM. Within one month, 

a lead in the form of microcrystalline precipitate was observed in the LMB screen 

(Molecular Dimensions) condition F12 (0.9 M Sodium potassium tartrate tetrahydrate, 

20% (w/v) glycerol, 0.05 M HEPES pH 7.4) for both complexes, as illustrated in Figure 

4.4. These leads displayed minor absorbance under UV light, but could not be optimised 

within the timeframe of this study. 
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Figure 4.4. Crystallisation lead of dsn3PLS-DYW containing complexes in LMB 

Screen condition F12.  

A-B: Lead for dsn3PLS-DYW:MORF9 complex at 30 mg·mL-1, under visible light and 

ultraviolet light microscopy, respectively. C-D: Lead for dsn3PLS-

DYW:MORF9:rpoA_L complex at 27 mg·mL-1, under visible light and ultraviolet light 

microscopy, respectively. Lead condition: 0.9 M Sodium potassium tartrate tetrahydrate, 

20% (w/v) glycerol, 0.05 M HEPES pH 7.4. Scale bar, 200 µm.   
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4.2.2: Three-dimensional modelling of the DYW domain reveals 

insights into a cytidine deaminase-like fold 

Given the difficulties encountered in crystallisation, three-dimensional modelling 

of the DYW domain by tertiary structure prediction was attempted. Previous attempts had 

already been performed to utilise template-derived modelling using the Robetta 

webserver to model the DYW containing protein, DYW1 (Boussardon et al., 2014). Here, 

Robetta predicted an alignment to the CDA from the bacterium Vibrio cholerae (PDB ID: 

4EG2), and used this structure CDA as a template, however the sequence of DYW1 

contains a degenerate N-terminus. Reproduction of the Robetta method was attempted 

twice with the newly redefined 136 aa DYW domain consensus, however it produced 

highly unfavourable models in both cases from alignment-derived templates of two 

separate 3’ RNA cyclases, one from the bacterium  E. coli (PDB ID: 3KGD) and the other 

from the archaeon Pyrococcus horikoshii (PDB ID:  4O89).  

Direct template-derived modelling of the consensus DYW domain sequence 

against the VcCDA or EcCDA using the program SwissModel was only successful in 

modelling residues 68-111 or 68-117, which contain the zinc binding CDA signature 

(Figure 4.5). Furthermore, in the model built from the EcCDA template, the three zinc 

binding residues and catalytic glutamate were not all arranged in a configuration that 

would allow for the binding of a zinc ion, which is necessary for its predicted catalytic 

function. The poor modelling outcome is largely due to the low level of overall sequence 

identity between the DYW domain consensus and these bacterial CDA, which is at 13.5% 

and 16.6% for the VcCDA and EcCDA active deaminase domain respectively. 

Comparatively, the sequence identity across the zinc binding CDA signature region that 

was modelled is higher, with 26.2% identity for both CDAs to CDA signature of the 

DYW domain.     
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Figure 4.5. Template derived modelling results for the DYW consensus. 

A: Model of the DYW domain consensus built by Swiss Model using EcCDA (PDB ID: 

1ALN) as the template. B: Model of the DYW domain consensus built by Swiss Model 

using VcCDA (PDB ID: 4EG2) as the template. Residues modelled from the consensus 

are indicated below the models in bold, coloured green or cyan to match the models. Zinc 

binding residues H68, C96 and C99, as well as catalytic residue E70 are indicated in the 

models, and underlined in the consensus sequence. 

 

Therefore, an ab initio approach was required to model the entire DYW domain. 

In the most recent Critical Assessment of Protein Structure Prediction (CASP) reviews, 

CASP 12 and 13, programs that utilised a Contact-site map prediction algorithm achieved 

promising results for novel proteins lacking similar structures in the PDB (Schaarschmidt 

et al., 2018; Senior et al., 2019). Therefore, RaptorX Contact was chosen to perform the 

modelling of the DYW domain, since it allowed user-submission of a multiple sequence 

alignment for the generation of the contact-site map and was relatively user-friendly, in 

addition to achieving a top-ranking performance in both CASP12 and CASP13. The 

ability to submit a user-derived multiple-sequence alignment was especially of interest, 
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since this allowed modelling to be guided by the variation present in the amino acid 

sequences of the DYW domain across the entire plant kingdom, which was available 

within the 1KP dataset of transcriptomes, rather than simply the genomic angiosperm 

sequences present in the annotated databases available at this point. 

A list of 15,177 DYW amino acid sequences was extracted from the OneKP 

dataset (Matasci et al., 2014; Carpenter et al., 2019), which contains the translated 

transcriptome of over a thousand species across the entire plant kingdom (Leebens-Mack 

et al., 2019), and the sequences were filtered to contain a length of between 128 and 138 

amino acids, including the putative zinc binding triad H68, C96 and C99, as well as the 

putative catalytic residue E70. The alignment program MAFFT-LINSI produced an 

alignment from this sequence list that is closely similar to the alignment in Cheng et al. 

2016, derived from a smaller set of genomic sequences, with slight variations in 

distribution for positions with high variability, which was used in the design of dsn3PLS-

DYW and dsnDYW (Figure 4.6).  

 

Figure 4.6. Sequence variation of the DYW domain within the OneKP dataset.  
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Weblogo of an alignment of 15,177 DYW domain sequences across the plant kingdom, 

showing amino acid probabilities at each residue position from 1-136. Residues are 

coloured by amino acid chemistry. 

 

 

This sequence alignment was trimmed using the alignment-trimming program 

trimAl (Capella-Gutiérrez, Silla-Martínez, and Gabaldón, 2009) to remove gaps in the 

alignment, then submitted to the RaptorX Contact webserver for prediction of the tertiary 

structure, utilising two layers of deep learning methods to predict the protein contact map 

and secondary structure for use as restraints in the modelling (Figure 4.7). The predicted 

contact site map suggests four antiparallel β-strand contacts, one parallel β-strand contact, 

and three α-helical regions. The first two strands are suggested to be adjacent to each 

other in an antiparallel fashion, while the third strand is in contact with the first in an 

antiparallel fashion, with the fourth in a parallel fashion. The fourth strand is predicted to 

touch the fifth strand in an antiparallel fashion, while the fifth also contacts the eight C-

terminal residues, including the highly conserved second pair of cysteines and the 

terminal aspartate tyrosine tryptophan triplet, in a pattern reminiscent of another 

antiparallel β-strand contact. The first half of the first helix contacts the second half of 

helix two, as well as the whole of helix three. The second half of helix two is also 

predicted to contact the first three helices, while helix three is predicted to contact helices 

four and five. In terms of predicted helix-strand contacts, helix one does not contact any 

of the β-strands, while the second half of helix two contacts strands one, two, and three, 

and helix three contacts strands three, four, and five. 
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Figure 4.7. Predicted contact map of the DYW domain.  

RaptorX Contact derived heatmap of the DYW domain showing the probability of any 

two residues in the DYW domain being less than 8 Å apart. Secondary structure elements 

predicted by RaptorX are indicated beside the map, with α-helices as red rectangles, β-

strands as blue arrows, and coils as grey lines. Examples of key contact types are labelled 

on the left, and a probability scale for the predicted contacts is indicated on the right. 

 

The five best models of the DYW domain predicted by the RaptorX Contact 

webserver are all highly similar, proposing a structure with 3-4 α-helices and 5 β-strands 

in the form of a β-α-α fold topology, with average distance violation to the restraints from 

the predicted contact map of between 1.1684 and 1.1728 Å. As shown in the best model 

(Figure 4.8), The β-strands form a single β-sheet at one end of the molecule, with three 

antiparallel connections and one parallel connection. Two of the α-helices run parallel to 

each other in the centre of the molecule, adjacent to the β-sheet. The other major helix 
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wraps around the two central helices on the opposite end to the β-sheet, with a minor helix 

and coil capping the N-terminus of the central helical space.  

 

Figure 4.8. Tertiary model of the DYW domain, predicted by RaptorX Contact.  

A: Cartoon representation, coloured by secondary structure, with blue indicating β-

strands, while red indicates α-helices. B: Surface representation, coloured by electrostatic 

potential using the APBS electrostatics PyMol plugin, with inset cartoon representation 

(cyan). The scale for electrostatic potential is indicated below the model, in kcal/mol/e. 

Both representations are shown in wall-eye stereo. 
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Figure 4.9. Structural comparison between the BsCDA monomer and the RaptorX 

Contact DYW domain model. 

A: BsCDA monomer (PDB ID: 1UX0) on the left, the best RaptorX Contact DYW 

domain model on the right, and the superposition of the two structures in the center.  
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B: Alignment of BsCDA protein sequence to DYW domain consensus, using the 

EMBOSS-Water algorithm (Madeira et al., 2019), where gaps in the alignment are 

indicated with a dash [ - ]. Secondary structure elements are shown within the alignment 

in A, coloured and annotated as in the structures shown in B. Punctuation marks between 

aligned residues used to demonstrate degree of similarity, where straight lines [ | ] indicate 

identical matches, colons [ : ] indicate highly similar matches, and full stops [ . ] indicate 

dissimilar matches. Catalytic zinc binding residues are indicated with yellow arrows, the 

proton shuttle glutamate is indicated with a red arrow, and the conserved residues in the 

putative DYW domain second zinc binding site are indicated with green arrows. 

Alignment parameters are detailed within the grey box. 

 

 

Comparing the RaptorX Contact DYW model to a monomer of the B. subtilis 

cytidine deaminase (CDA) crystal structure, PDB ID: 1UX0, as a model of the deaminase 

fold, it is evident why the homology modelling was not successful (Figure 4.9). The two 

structures overlay very poorly, as shown in Figure 4.9 A, as a result of large gaps in the 

sequence alignment at the N- and the C-termini of the two sequences (Figure 4.9 B). 

However, a similarity in fold can be observed between the RaptorX Contact DYW model 

and the BsCDA structure (Figure 4.10). Both structures have five β-strands forming a 

single sheet, and two central parallel helices (Figure 4.10 B-C). In BsCDA, these helices 

contain the zinc binding triad C53, C86, and C89, as well as the catalytic residue E55, 

with an active site formed in the space between the β-sheet and the N-terminus of the 

central helices (Figure 4.10 D). The RaptorX contact model contains the putative primary 

DYW zinc binding triad of H68, C96, and C99, as well as the putative catalytic residue 

E70, positioned in a highly similar manner to BsCDA (Figure 4.10 E). As such, it is 

possible to model the catalytic zinc and CDA inhibitor from BsCDA bound to it, as well 

as a CDA inhibitor tetrahydrouridine bound in the putative active site (Figure 4.10 F).  
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Figure 4.10. Evaluation of the RaptorX Contact DYW model against a bacterial 

cytidine deaminase.  
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A: Crystal structure of tetrameric B. subtilis cytidine deaminase (R56Q) co-crystallised 

with tetrahydrouridine (THU) (PDB ID: 1UX0). B: Monomer of B. subtilis cytidine 

deaminase. C: The best DYW domain model predicted by RaptorX Contact, with key 

residues indicated in stick form. D: The active site of a B. subtilis cytidine deaminase 

monomer, showing zinc binding and catalytic residues in stick form, as well as THU and 

zinc bound to the active site. E: The putative active site of the DYW domain. F: Model 

of the DYW domain active site, with zinc and THU overlayed based on the B. subtilis 

cytidine deaminase crystal structure. 

 

4.2.3: Biophysical characterisation of dsnDYW 

To experimentally determine the folded secondary structure state of the purified 

dsnDYW compared to the RaptorX Contact tertiary prediction, dsnDYW expressed and 

purified as detailed in Section 3.2.6 of Chapter 3 was subjected to far-UV circular 

dichroism spectropolarimetry (CD) (Figure 4.11 A). The averaged CD curve for 

dsnDYW contains a peak at 199 nm, and a dip at 212 nm, consistent with the presence of 

both alpha helices and beta sheets in the protein. Estimates of secondary structure from 

the CD data were performed using two different programs, the Single Spectrum Analysis 

and Fold Recognition platform on the BeStSel web program 

(http://bestsel.elte.hu/index.php), and the DichroWeb CDSSTR method, which 

incorporates the reference dataset SP175. These analyses suggest that dsnDYW contains 

a high proportion of alpha helices and beta sheets, with some degree of difference in the 

proportions of the three types of secondary structure between the methods, and compared 

to the predicted secondary structure in the 3D model of the DYW domain predicted by 

RaptorX Contact (Figure 4.11 B).  

Since the DYW is hypothesised to be part of the zinc-dependant deaminase fold 

(Iyer et al., 2011), it is expected to contain at least one zinc atom per protein. Using 

inductively coupled plasma-optical emission spectroscopy (ICP-OES) on the spectrum of 

http://bestsel.elte.hu/index.php
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zinc, approximately 1.7 zinc molecules were detected per molecule of protein, when 

scaled to internal reference standards (Figure 4.11 C). 

 

Figure 4.11. Biophysical characterisation of dsnDYW by far-UV circular dichroism 

and ICP-OES.  

A: Averaged far-UV circular dichroism of dsnDYW, with standard error over three 

technical replicates. B: Comparison of predicted DYW domain secondary structure, based 

on bioinformatics analysis using RaptorX Contact, against interpretation of the circular 

dichroism data for dsnDYW using BeStSel and the DichroWeb CDSSTR method. C: 

Molar ratio of zinc per molecule of dsnDYW, measured by zinc ICP-OES, with standard 

error over three technical replicates. 
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4.2.4: NMR spectroscopy of dsnDYW reveals the potential for 

structural determination of the DYW domain and characterisation 

of zinc binding residues 

To further explore structural characterisation of the DYW domain in dsnDYW, 

protein nuclear magnetic resonance experiments were performed on this protein. A one 

dimensional 1H NMR spectrum was initially recorded over three days for dsnDYW at 

17 mg·mL-1 (1.05 mM), with the protein expressed in E. coli under standard LB media 

conditions (Figure 4.12), having been purified by NAC, R-NAC and preparative SEC as 

detailed in Section 3.2.6 of Chapter 3. The protein spectra show distinct, well-dispersed 

peaks in both the amide and upfield regions, which were stable over the three days. They 

possessed chemical shift peaks at high ppm, suggesting a well folded tertiary structure 

for the protein. To investigate the presence of one or more zinc cofactors within the active 

site of the protein, titration of EDTA up to 10 mM was performed, resulting in the shifting 

of 5 peaks within the amide region of the 1D spectrum, but an overall maintenance of 

peaks at other positions (Figure 4.13). An additional four peaks rapidly appeared after 

EDTA addition, which were confirmed to be the zinc-EDTA complex by reduction in 

intensity of free EDTA and comparison with a control sample of the zinc-EDTA complex 

in the absence of protein (Figure 4.36 in Supplementary Data). 1D spectra were 

collected on dsnDYW expressed under three conditions, standard LB expression, minimal 

media expression, and minimal media expression with 15N-labelling, using protein 

expressed and purified as described in Section 3.2.6 of Chapter 3. Comparing these 

spectra (Figure 4.14), some differences were observed in the amide region, but overall 

the spectra were highly similar. This can largely be attributed to slight differences in the 

pH of the buffer, which was made by dilution from the same 10 × stock, and to the isotopic 

ratio of nitrogen within the protein (Platzer, Okon, and McIntosh, 2014).  
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Figure 4.12. 1D NMR spectroscopy of dsnDYW over a timecourse (t) of three days.  

A: Amide region alone (9.8 to 6.1 ppm). B: Upfield region alone (4.7 to -0.8 ppm). The 

spectra were recorded at a protein concentration of approx. 1 mM in 10 mM phosphate 

(pH 7.4), 5 mM NaCl, 5 mM DTT, 10% (v/v) D2O, and at 600 MHz. High ppm peaks are 

highlighted. 
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Figure 4.13. 1D NMR spectroscopy of dsnDYW with addition of EDTA.  

A: Amide region alone (9.4 to 6.2 ppm). B: Upfield region alone (4.6 to -0.6 ppm). The 

spectra were recorded at a protein concentration of approx. 1 mM in 10 mM phosphate 

(pH 7.4), 5 mM NaCl, 5 mM DTT, 10% (v/v) D2O, 200 μM DSS, and at 600 MHz. 
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Figure 4.14. 1D NMR spectroscopy of dsnDYW expressed under different media 

conditions.  

A: Amide region (10.1 to 6.2 ppm). B: Upfield region (4.5 to -0.2 ppm). The spectra were 

recorded at a protein concentration of approx. 1 mM in 10 mM phosphate (pH 7.4), 5 mM 

NaCl, 5 mM DTT, 10% (v/v) D2O, 200 μM 2,2-dimethyl-2-silapentane-5-sulfonate 

(DSS), and at 600 MHz.  
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Two dimensional 1H, 15N heteronuclear single quantum coherence (HSQC) 

spectroscopy was performed on 15N-labelled dsnDYW, which produced clear, well-

defined signals in the amide region with low levels of background noise, suggesting a 

high level of 15N incorporation into the stably folded protein (Figure 4.15). After one day 

after the addition of 10 mM EDTA, notable shifts were observed in the spectrum at 

approximately 18 peaks, while most of the peaks remained the same. In order to quantify 

the number of metal ions bound to the protein, replacement of the NMR-silent zinc atoms 

with NMR-visible cadmium atom was attempted by adding 10 mM cadmium chloride to 

the sample at one day post addition of 10 mM EDTA (Armitage, Drakenberg, and Reilly, 

2013). Unfortunately, a complete collapse of the HSQC spectrum and formation of a 

white precipitate within the NMR tube was then observed, suggesting that the cadmium 

caused the protein to precipitate. 

Figure 4.15. 2-dimensional HSQC of dsnDYW before (green) and 1 day after (red) 

the addition of 10 mM EDTA.  

The spectra were recorded at a protein concentration of ~ 1 mM in 10 mM phosphate (pH 

7.4), 5 mM NaCl, 5 mM DTT, 10% (v/v) D2O, 200 μM 2,2-dimethyl-2-silapentane-5-

sulfonate (DSS), and at 600 MHz.
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4.2.5: SEC-SAXS experiments on designer editing factors and their 

complexes provides both biophysical characterisation and allows 

for model refinement 

To assess the shape and size of the truncated DYW protein dsnDYW, the novel 

editing factors dsn3PLS-DYW and dsn3PLS-E2, and their respective complexes, SEC-

SAXS experiments were performed at the Australian Synchrotron SAXS/WAXS 

beamline, with a Dectris Pilatus 1M detector (Kirby et. al, 2013). Samples were prepared 

in 60 µL aliquots as detailed in Table 2.9 of Section 2.3.25, in 50 µL injections onto a 

Superdex S200 Increase 5 × 150 column (GE Healthcare), run at 0.5 mL·min-1. Data 

collection and structural parameters are described in the subsequent sections, with some 

data provided in Supplementary Data (Section 4.4), including SEC traces in 

Figures 4.37  - 4.39, as well as particle volume parameters and additional concentration-

independent molecular weight estimations in Table 4.5.   
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4.2.5.1: dsnDYW and MORF9 are globular, monomeric proteins in solution, while 

rpoA_L self-dimerises 

The dsnDYW protein had a real space Rg of 16.55 Å, which is within experimental 

error of the reciprocal space Rg of 16.48 Å, and had a P(r) function resembling a Gaussian 

function with an extension at a Dmax of 53 Å (Table 4.2). The normalised Kratky plot has 

a peak at about √3 qRg, before returning to baseline, suggesting that dsnDYW is a well-

folded globular protein in solution (Figure 4.16). The predicted molecular weight based 

on Bayesian Inference from the scattering data was 12.03 kDa, which is significantly less 

than the calculated molecular weight from the sequence of 16.17 kDa. This difference 

could be due to misinterpretation of the data due to the compactness of the molecule or 

slight truncation of dsnDYW. DAMMIN derived dummy atom models and GASBOR 

derived dummy residue models of dsnDYW show a globular protein with a flexible 

extension at one end, and with the RaptorX Contact derived model of the DYW domain 

fitting well within the globular protein envelope (χ2=0.62) (Figure 4.17). Since dsnDYW 

has an extra seven amino acids at the N-terminus in addition to the 136 amino acid DYW 

domain, this flexible extension is probably N-terminal to the DYW domain. The addition 

of seven dummy atoms to the N-terminus of the RaptorX Contact DYW model improves 

the fit considerably (χ2=0.41). 

The MORF9 (75-196; C85S, C187S) protein alone had a real space Rg of 17.21 

Å, which was similar to the reciprocal space Rg of 17.49 Å, and had a P(r) function 

resembling a Gaussian function with an extension to a Dmax of 60 Å (Table 4.2). The 

normalised Kratky plot which has a peak just past √3 qRg, before returning to baseline, 

suggests that MORF9 is an extended globular protein in solution (Figure 4.16). The fit 

of available crystal structure of the globular monomer (PDB ID: 5GI0) to the 

experimental data is reasonable (χ2=1.469), and has a predicted molecular mass of 13.45 

kDa, which is slightly less than the theoretical molecular weight for the monomer at 14.22 
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kDa.  Dummy atom and dummy residue models suggest an extended protrusion away 

from a globular core, which can be explained by an extra seven amino acids at both the 

N- and C-termini present in the version of MORF9 used in this experiment compared to 

the crystal structure, where these residues are not resolved (Figure 4.18).  

The rpoA_L probe is a 20-nucleotide piece of RNA with no characterised 

structure, with a sequence from 17 nucleotides upstream of the A. thaliana rpoA C200 

editing site to 2 nucleotides downstream, and is expected to bind to dsn3PLS-DYW and 

dsn3PLS-E2 (Figure 4.19 A). It had a reciprocal space radius of gyration (Rg) of 21.06 

Å, compared to a real space Rg of 20.12 Å, and an extended unimodal P(r) function with 

a trailing edge extending to a maximal dimension (Dmax) of 80 Å (Table 4.2). The 

normalised Kratky plot shows a partially hyperbolic curve with significant noise at high 

qRg and a rightward shift in the maximum away from √3 (Figure 4.16). Collectively, this 

suggests that rpoA_L is a flexible molecule in solution. Molecular weight estimation from 

the scattering data using Bayesian Inference suggests a molecular weight of 13.45 kDa, 

which is just above double that of the predicted molecular weight from the sequence, 

6.02 kDa. Searching the Protein Data Bank for structural neighbours using DARA 

suggested that both the scattering data and the size and shape information from rpoA_L 

was most similar to that of the extended 23 nt duplexed Dimer Initiation Sequence of 

HIV-1 Lai Genomic RNA (χ2= 0.70) (PDB ID: 1JU1). This 46 nt RNA dimer identified 

as a close structural neighbour is a better fit to the experimental scattering data than a 20 

nt monomeric ssRNA strand modelled using RNAComposer (Biesiada et al., 2016) using 

the sequence of the rpoA_L (Figure 4.19 B). The molecular mass calculated from the 

scattering data and identification of structurally similar molecules suggests that rpoA_L 

may exist as a duplex in solution, and secondary structure prediction using the 

DuplexFold algorithm on the RNAstructure web server (Mathews, 2006; Reuter and 
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Mathews, 2010) suggests a tight dimer with a 12 base pair interaction comprised of a 

strong 6 base pair core, and 3 weaker base pair flanking interactions (Figure 4.19 C-D). 

Table 4.2. SEC-SAXS structural parameters and molecular mass estimation for 

dsnDYW, MORF9 and rpoA_L RNA 

Sample dsnDYW MORF9 rpoA_L 

Data Collection Parameters 

Instrument Australian Synchrotron SAXS/WAXS beamline 

q range, Å-1 0.0057-0.3630 0.0053-0.3356 0.0057-0.3630 

Structural Parameters 

I(0), cm-1, from Guinier 0.010±0.0000056 0.0093±0.000020 0.076±0.0000058 

Rg, Å, from Guinier 16.55±0.15 17.21±0.12 20.12±0.25 

I(0), cm-1, from P(r)  0.010±0.00049 0.094±0.000040 0.077±0.00049 

Rg, Å, from P(r)  16.48±0.00013 17.49±0.13 21.06±0.17 

Dmax, Å 53 60 80 

P(r) Quality estimate 0.85 0.81 0.71 

Molecular Mass Estimation by Bayesian Probability (Hajizadeh et al., 2018) 

Estimated Molecular 

mass, Mr, kDa 
12.03 13.45 13.45 

MW Probability, % 65.19 56.67 49.4 

Credibility Interval, kDa 10.85, 12.40 13.10, 14.50 11.65, 13.80 

Credibility Interval 

Probability, % 
91.99 95.03 97.48 

Calculated Mr from 

sequence, kDa 
16.17 14.22 6.02 

Stoichiometry Monomer Monomer Duplex 
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Figure 4.16. SEC-SAXS results for dsnDYW (blue), MORF9 alone (red), and 

rpoA_L RNA alone (green).  

A: Plots showing I(0) (squares) and Rg (circles) as a function of time for the SEC-SAXS 

run. Data frames with filled Rg triangles were selected for averaging to obtain I(q) versus 

q. B: I(q) versus q as log-linear plots, scaled on the y-axis. C: Guinier fits of the data in 

B for qRg < 1.3 (closed symbols) with open symbols for data outside of the Guinier region. 

D: Dimensionless Kratky plots for the data in B, with qRg = √3 indicated. E: P(r) versus 

r profiles for the data in B. 
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Figure 4.17. SAXS evaluation of the RaptorX Contact DYW domain tertiary model.  

A-B: Two alternative views of the RaptorX Contact model of the DYW domain shown 

in cartoon (blue), fitted into the dummy atom model envelope of dsnDYW, with an extra 

seven amino acids modelled at the N-terminus using CORAL (yellow). Views differ by 

a 90° rotation in the plane of the page. C: Dummy residue model for dsnDYW using 143 

dummy residues. D: Fits of RaptorX Contact model (black; χ2 = 0.62), CORAL addition 

model (green; χ2 = 0.41), GASBOR dummy residue model (pink; χ2 = 0.35), and dummy 

atom model (orange, χ2 = 0.32).  
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Figure 4.18. SAXS modelling of MORF9 (75-196; C85S, C187S).  

A. Model of MORF9, with the crystal structure of MORF9 (PDB ID: 5GI0) fitted into 

the dummy atom model envelope, with an extra 7 residues that are lacking in the crystal 

structure modelled at the N-terminus and C-terminus using CORAL (yellow). B. Dummy 

residue model of MORF9 from 125 amino acids using GASBOR C. Scattering data of 

MORF9 (red), with the theoretical scattering from the MORF9 crystal structure (PDB ID: 

5GI0) fitted in black, with an extra 7 residues modelled at the N-terminus and C-terminus 

using CORAL (green), and the 125 amino acid dummy atom GASBOR model (grey) 

fitted to the data. 
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Figure 4.19. The rpoA_L RNA oligonucleotide is a dimer in solution.  

A. Nucleotide sequence of rpoA_L, with dsn3PLS-E2/DYW binding site (blue), C200 

editing site (red), and flanking sequence (grey) indicated. B. The NMR structure of the 

duplexed dimer initiation sequence of HIV-1 Lai genomic RNA (PDB ID: 1JU1), 

identified as the closest structural neighbour to rpoA_L within the PDB based on 

scattering data. C. Scattering data of rpoA_L (blue), with the theoretical scattering from 

a 20 nt single stranded RNA oligonucleotide fitted in black, and the NMR structure of the 

dimer initiation sequence of HIV-1 Lai genomic RNA (PDB ID: 1JU1; green) fitted to 

the data. D. Secondary structure prediction for duplexed rpoA_L using RNAcomposer.  
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4.2.5.2: Building and refining initial models of the designer proteins and their 

complexes  

To model the designer PPR proteins and their complexes using the SAXS 

experimental data, initial models were first built from the available crystal structures of 

(PLS)3-PPR (PDB ID: 5IWW) and dPPR-U10, a designer P-subfamily PPR bound to its 

RNA (PDB ID: 5I9F). For dsn3PLS-DYW or dsn3PLS-E2, a combination of homology 

models was used for both the three P1-L1-S1 domains and the P2L2S2E1E2 tract using the 

three P1L1S1 triplets in the 5IWW structure, while for the DYW domain, the best RaptorX 

Contact model from Section 4.2.2 was used (Figure 4.20). These three sections were 

combined into one molecule by extrapolating the superhelical pitch from the (PLS)3-PPR 

in 5IWW across from the three P1L1S1 triplets to the P2L2S2E1E2 tract. In the absence of 

any structural information about the E2-DYW contact, the DYW domain was oriented to 

connect the first β-strand in the DYW with the end of the E2 domain, and the exposed 

surface of the β-sheet facing the helix-turn-helix motif of the E2 domain. In dsn3PLS-E2, 

the first β-stand in the DYW domain was used as the C-terminal end of the initial model. 

The three molecules of MORF9 from the crystal structure of (PLS)3-PPR bound to 

MORF9 (PDB ID: 5IWW) were then incorporated into the initial model of dsn3PLS-

DYW by alignment of the two structures in Pymol to produce the initial model of the 

dsn3PLS-DYW:MORF9 complex (Figure 4.21). Finally, to build the initial complexes 

bound to RNA, each of the PLS triplets with MORF9 bound, the P2L2S2 triplet and the 

E1E2 doublet were aligned to the PPR scaffold of dPPR-U10 bound to its target RNA 

(PDB ID: 5I9F) as a template to obtain both the overall PPR superhelical pitch when 

bound to RNA, as well as the target RNA once bound by a PPR molecule (Figure 4.22). 

To refine the structure according to the corresponding experimental data, the molecules 

were divided into 6 parts for dsn3PLS-DYW or dsn3PLS-DYW containing complexes, 

or 5 parts for dsn3PLS-E2 or dsn3PLS-E2 containing complexes with variation between 
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them only for the C-terminal component. The first three parts consisted of either P1L1S1 

triplets, P1L1S1 triplets with MORF9 bound, or P1L1S1 triplets with MORF9 bound on one 

end, and contacting a three-nucleotide string of RNA. The fourth part was the P2L2S2 

triplet, the P2L2S2 triplet with MORF9 bound, or the P2L2S2 triplet with MORF9 bound, 

and contacting a three-nucleotide string of RNA. In dsn3PLS-DYW and its complexes, 

part five was either the E1E2 doublet or the E1E2 doublet bound to a two nucleotide string 

of RNA, and part six was the DYW domain model alone, or the DYW domain with a 

three-nucleotide string of RNA, bound across the putative active site. For dsn3PLS-E2 

and its complexes, the final part, part five, was the E1E2 doublet with the first β-strand of 

the DYW domain model linked as a single rigid-body model, or the E1E2 doublet with the 

first β-strand of the DYW domain model bound to a five nucleotide string or RNA as a 

single rigid-body model. Refinement constraints were set between the P1L1S1 triplets, the 

P2L2S2 triplet and the E1E2 doublet according to known contact points between L and S 

motifs of the 5IWW crystal structure, or between P motifs in the 5I9F crystal structure 

(Figure 4.23), in a similar manner to how the solution structure of the Zea mays 

P-subfamily protein PPR10, and the solution structure of a designer P-subfamily protein 

SynPPR5.5, were solved (Gully et al., 2015a; Gully et al., 2015b). The MORF9 and 

MORF9, RNA bound complexes were also refined using these constraints, i.e. refining 

the complex by constraining the inter-PPR movement, treating the RNA and MORF9 in 

each component as a rigid body attached to the PPR component. In the absence of known 

contacts between other residues in the E2 and DYW domain, an additional restraint was 

included to link the last residue of the E2 domain to the first residue of the DYW domain 

for dsn3PLS-DYW and its complexes based on sequential connection.  
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Figure 4.20. Strategy for assembly of initial model.  

A: Crystal structure of (PLS)3-PPR bound to 3 molecules of MORF9 (PDB ID: 5IWW) 

used as the template for homology modelling. B: Direct homology models of the PLS 

tracts of dsn3PLS-DYW C: Homology models of P2L2S2 and E1E2 tracts. D: RaptorX 

Contact derived model of the DYW domain used for dsn3PLS-DYW. E: Initial model of 

dsn3PLS-DYW, with the first 7 amino acids of the DYW domain inset as the C-terminus 

for dsn3PLS-E2. 
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Figure 4.21. Assembly of the initial models of dsn3PLS-DYW/dsn3PLS-E2 with 

MORF9 bound 

Structures used: The initial dsn3PLS-DYW model from Figure 4.18, 

(PLS)3-PPR:3MORF9 (PDB ID: 5IWW) for MORF9 bound to the PLS domains. 
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Figure 4.22. Assembly of the initial model of the dsn3PLS-DYW/dsn3PLS-E2 

complex with MORF9 and RNA.  

A: Initial model of the dsn3PLS-DYW:MORF9:RNA complex, with inset on the right of 

the first 7 amino acids of the DYW domain as the C-terminus for dsn3PLS-E2. B: A 

single PLS triplet, recognising RNA based on alignment with the crystal structure of 

dPPR-U10 bound to RNA (PDB ID: 5I9F). C: The RaptorX Contact model of the DYW 

domain, with the edited C (magenta) within the active site, based on the position of THU 

within the active site of the BsCDA crystal structure (PDB ID: 1UX0)   



Page | 163  

 

 

Figure 4.23. Contact points between PPR domains used as constraints in modelling 

of designer editing factors and their complexes. 

Contacts shown between an S domain and a P domain in the structure of (PLS)3-PPR 

(PDB ID: 5IWW), or between P domains in the structure of dPPR-U10 bound to its target 

RNA. Residues are labelled according to their domains. 
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4.2.5.3: SAXS modelling of dsn3PLS-DYW and its complexes 

In solution, dsn3PLS-DYW had a real space radius of gyration of 32.84 Å, which 

was within experimental error of the reciprocal space Rg at 32.80 Å, and P(r) function 

exhibiting a unimodal Gaussian function extending to a Dmax of 105 Å (Table 4.3). Kratky 

analysis of dsn3PLS-DYW shows a peak shifted to the right, away from the value of √3 

expected for a globular protein (Figure 4.24), and interestingly did not return to baseline, 

but plateaued at a midpoint between the peak and baseline, suggesting that dsn3PLS-

DYW is a multi-domain protein, with a globular component and a more flexible 

component. The estimate of molecular mass for dsn3PLS-DYW using Bayesian Inference 

from four concentration independent methods is 68.78 kDa, which is 0.2 kDa away from 

the expected molecular mass, and within the credibility interval (Table 4.3). As such, 

interpretation of the SAXS data suggests that dsn3PLS-DYW is a monomeric, multi-

domain protein in solution with flexible regions. Modelling of the protein in Figure 4.25 

using the monomeric initial model from Figure 4.20 suggests a poor fit of the original 

model to the data (χ2 = 4.27), but a good fit with a refined model (χ2 = 0.33) that 

superimposes reasonably within the dummy atom model of the protein, made to a better 

fit of the experimental data (χ2 = 0.28).  
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The MORF9 bound complex of this protein displayed an increase in both the real 

space and reciprocal space Rg to 35.94 and 35.92 Å, respectively, compared to the 

dsn3PLS-DYW protein alone (Table 4.3). These values once again agree with each other 

within experimental error The P(r) function for this complex shows an increase in the 

relative peak height of the P(r) function, suggesting a larger molecule, as well as 

rightward shift in the distribution of the peak, as well as a change in the shape of the peak 

to a bimodal peak with a leading shoulder, and a slightly larger Dmax of 110 Å (Figure 

4.24). Dimensionless Kratky analysis shows a peak at qRg just right of √3, before 

descending and forming a second peak with a maximum at qRg = 5. This suggests that the 

dsn3PLS-DYW:MORF9 complex is a highly ordered multi-domain complex in solution. 

The estimate of molecular mass for dsn3PLS-DYW using Bayesian Inference from four 

concentration independent methods is 113.65 kDa, suggesting that the complex contains 

three molecules of MORF9 bound to one dsn3PLS-DYW molecule. Since MORF9 has 

been shown to contact P1L1S1 triplets, the models used operate under the assumption that 

the three MORF9 molecules are bound to the three P1L1S1 triplets, as described in Section 

4.2.7. The initial model of dsn3PLS-DYW with 3 molecules of MORF9 bound to the 3 

P1L1S1 triplets (Figure 4.21) had an extremely poor fit to the data (χ2 = 51.11), but with 

refinement that resulted in contraction of the P1L1S1 triplets improved the fit greatly 

(χ2 = 0.37; Figure 4.26). This model did not superimpose particularly well within the 

dummy atom model, which itself had a slightly worse fit to the data than the refined model 

(χ2 = 0.41).  
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The RNA bound complex of dsn3PLS-DYW and MORF9 displayed a slight 

decrease in both real space and reciprocal space Rg compared to the complex without 

RNA, down to 35.78 and 35.70 Å, respectively (Table 4.3). The area under the curve for 

the Pr function of this complex was less than the complex without RNA and had a more 

symmetrical unimodal distribution with a Dmax extended out to 116 Å (Figure 4.24). 

Dimensionless Kratky analysis shows a highly similar double peak as for the complex 

without RNA, with peak maxima at the same positions, but a decrease in both peak 

heights. Collectively, this suggests that the dsn3PLS-DYW:MORF9:RNA complex is an 

equally highly ordered  but more compact multidomain, complex in solution. The 

estimate of molecular mass for dsn3PLS-DYW using Bayesian Inference from four 

concentration independent methods is 101.05 kDa, which is both less than the estimate 

for the dsn3PLS-DYW:MORF9 complex and the expected molecular mass of a complex 

of three molecules of MORF9, one molecule of dsn3PLS-DYW and one molecule of a 

20 nt RNA strand. The molecular mass estimate is more in line with a complex that is 

contains just under two molecules of MORF9 bound to one molecule of dsn3PLS-DYW 

and one molecule of a 20 nt RNA strand. Since no other data is available to suggest that 

RNA binding changes the composition of the PLS-MORF9 complex, and which PLS 

triplet is losing the MORF9 molecule upon RNA binding, the initial of three MORF9 

molecules bound to one dsn3PLS-DYW molecule and one 20 nt RNA molecule was fitted 

to and refined against the experimental data, as described in Section 4.2.5.2. This initial 

model (Figure 4.22) had a moderate fit to the experimental data (χ2 = 1.20), and with 

refinement fit the experimental data quite well (χ2 = 0.39). The refined model did not 

superimpose well onto the dummy atom model, which itself had a better fit (χ2 = 0.38) to 

the experimental data that the refined model (Figure 4.27).  
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Table 4.3.  SEC-SAXS structural parameters and molecular mass estimation for 

dsn3PLS-DYW, dsn3PLS-DYW:MORF9 and dsn3PLS-DYW:MORF9:rpoA_L 

RNA.  

Sample 
dsn3PLS-

DYW 

dsn3PLS-

DYW: 

MORF9 

dsn3PLS-DYW: 

MORF9:rpoA_L 

Data Collection Parameters 

Instrument Australian Synchrotron SAXS/WAXS beamline 

q range, Å-1 0.0053-0.3356 0.0057-0.3630 0.0057-0.3630 

Structural Parameters 

I(0), cm-1, from Guinier 0.025±0.00013 0.14±0.00019 0.12±0.00016 

Rg, Å, from Guinier 32.80±0.26 35.92±0.080 35.70±0.080 

I(0), cm-1, from P(r)  0.025±0.00011 0.14±0.00015 0.12±0.00014 

Rg, Å, from P(r)  32.84±0.20 35.94±0.041 35.78±0.058 

Dmax, Å 105 110 116 

P(r) Quality estimate 0.83 0.90 0.92 

Molecular Mass Estimation by Bayesian Probability (Hajizadeh et al., 2018) 

Estimated Molecular  

Mass, Mr, kDa 
68.78 113.65 101.05 

MW Probability, % 30.97 51.69 44.13 

Credibility Interval, kDa 64.65, 73.35 106.90, 121.45 95.80, 111.25 

Credibility Interval 

Probability, % 
91.39 95.67 95.98 

Calculated Mr from 

sequence (kDa) † 
68.60 

97.04 for 1:2, 

111.27 for 1:3, 

125.49 for 1:4 

103.06 for 1:2:1,                 

117.28 for 1:3:1, 

131.50 for 1:4:1 

Estimated Ratio/state† Monomer 1:3 1:2:1 

†: Listed as molecular ratio of dsn3PLS-DYW:MORF9 or dsn3PLS-

DYW:MORF9:rpoA_L RNA 
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Figure 4.24. SEC-SAXS results for dsn3PLS-DYW alone (blue), dsn3PLS-

DYW:MORF9 (red), and dsn3PLS-DYW:MORF9:rpoA_L RNA (green).  

A: Plots showing I(0) squares and Rg (circles) as a function of time for the SEC-SAXS 

run. Data frames with filled Rg triangles were selected for averaging to obtain I(q) versus 

q. B: I(q) versus q as log-linear plots, scaled on the y-axis. C: Guinier fits of the data in 

B for qRg < 1.3 (closed symbols) with open symbols for data outside of the Guinier region. 
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D: Dimensionless Kratky plots for the data in B, with qRg = √3 indicated. E: P(r) versus 

r profiles for the data in B. 

 

Figure 4.25. SAXS model of dsn3PLS-DYW.  

A-B: Refined model of dsn3PLS-DYW showing two orthogonal views of the protein 

within the dummy atom model envelope. C: Fits of initial model (grey; χ2 = 4.27), refined 

model (black; χ2 = 0.33), and dummy atom model (orange; χ2 = 0.284) to experimental 

data (blue). 
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Figure 4.26. SAXS model of the dsn3PLS-DYW:MORF9 complex.  

A-B: Refined model of dsn3PLS-DYW with 3 molecules of MORF9 bound, showing two 

orthogonal views of the protein within the dummy atom model envelope. C: Fits of initial 

model (grey; χ2 = 51.11), refined model (black; χ2 = 0.37), and dummy atom model (pink; 

χ2 = 0.41) to experimental data (red). 
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Figure 4.27. SAXS model of the dsn3PLS-DYW:MORF9 complex bound to RNA.  

A: Refined model of the dsn3PLS-DYW:MORF9:RNA complex showing two orthogonal 

views of the protein within the dummy atom model envelope. B: Fits of initial model 

(grey; χ2 = 1.20), refined model (black; χ2 = 0.39), and dummy atom model (brown; 

χ2 = 0.38) to experimental data (green). 
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4.2.5.4: SAXS modelling of dsn3PLS-E2 and its complexes 

The dsn3PLS-E2 protein in solution had a highly similar real space and reciprocal 

space Rg of 32.18 and 32.19 Å, respectively (Table 4.4), while the P(r) function displayed 

a bimodal peak with an even distribution towards the left side of the peak, but a higher 

second peak before trailing off to a Dmax of 104 Å (Figure 4.28). Normalised Kratky 

analysis shows two peaks, with the first shifted to the right of √3, and the second returning 

to baseline. This suggests that dsn3PLS-E2 is an extended protein with multiple ordered 

domains. The estimate of molecular mass from Bayesian Inference was 53.15 kDa, which 

is highly similar to the predicted molecular mass from the sequence of 54.14 kDa, 

indicating that dsn3PLS-E2 is also monomeric in solution. Modelling of dsn3PLS-E2 

using the same initial model as dsn3PLS-DYW except with a truncation ending 9 amino 

acids into the DYW domain resulted in a model with a poor fit to the data (χ2 = 1.18), 

which improved upon refinement (χ2 = 0.58), but was still not a great fit with 

superimposition into the dummy atom model (χ2 = 0.29) (Figure 4.29).  
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The MORF9 bound complex of dsn3PLS-E2 displayed an increase in real space 

and reciprocal space Rg to 35.26 Å and 35.42 Å, respectively, compared to the 

dsn3PLS-E2 monomer alone (Table 4.4). This also resulted in a shift in the P(r) function 

to increase the peak height at shift the dimensions of the two overlapping peaks 

rightwards, increasing the Dmax to 107 Å (Figure 4.28). Looking at the flexibility in the 

system, normalised Kratky analysis shows an overall leftward shift in the first peak of the 

plot compared to dsn3PLS-E2 alone, causing it to approximate √3 and decrease in peak 

height slightly. The second peak also decreased in height and shifted to the left, displaying 

less noise in the signal of the second peak. This suggests that dsn3PLS-E2 is more 

globular and well folded upon MORF9 binding, with less flexibility observed in the 

complex than in the monomer alone. Bayesian inference of molecular mass puts the 

complex at 94.23 kDa, equating to a complex of approximately three molecules of 

MORF9 bound to one dsn3PLS-E2 molecule, equivalent to the ratio observed in the 

dsn3PLS-DYW:MORF9 complex. Modelling of the dsn3PLS-E2:MORF9 complex was 

done in the same way as for the dsn3PLS-DYW:MORF9 complex, with one MORF9 

molecule bound to each P1L1S1 triplet. The initial model (from Figure 4.21) had a poor 

fit to the data (χ2 = 1.71), and refinement improved this fit to a χ2 of 0.53, which did not 

superimpose well into the dummy atom model of the complex, which had a χ2 value of 

0.34 (Figure 4.30).  
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Finally, the complex of dsn3PLS-E2, MORF9 and RNA showed an overall 

decrease compared to the dsn3PLS-E2:MORF9 complex in both real space and reciprocal 

space Rg from ~35 Å to 34.06 and 33.59 Å (Table 4.4), which cannot be accounted for 

by experimental error. The P(r) function for this complex had a larger peak height and a 

significantly more symmetrical peak with barely a noticeable leading shoulder compared 

to the complex without RNA, ending at a Dmax of 100 Å, which suggests a more compact 

species than both the complex without RNA and dsn3PLS-E2 alone (Figure 4.28). In the 

normalised Kratky plot, the first peak was virtually identical to the first peak in the 

dsn3PLS-E2:MORF9 complex, with the same peak height and position at a qRg of √3. 

The second peak, however, was at the same qRg  ̧ but had a lower peak height. This 

analysis points to a similar highly ordered globular complex with less flexibility in the 

RNA bound complex compared to the complex without RNA. Molecular mass estimation 

inferred a mass of 94.23 kDa, which was equal to that inferred for the complex without 

RNA. Since the Bayesian Inference is performed using a combination of four techniques 

that utilise the estimate of particle volume to infer the molecular mass, and three of these 

utilise the Porod Invariant, it is possible that a low contribution of the RNA to the overall 

particle volume could suggest a lower molecular mass than what could be determined 

using other techniques, such as gel shift assays. As it is, this inferred molecular weight 

suggests that the complex contains between two and three molecules of MORF9. 

Therefore, modelling was performed using an RNA bound initial model of dsn3PLS-E2 

with three molecules of MORF9 bound, combining the domains from homology 

modelling with the positioning and RNA strand from another PPR crystal structure. This 

initial model (Figure 4.22) had a moderate fit to the experimental data (χ2 = 0.57), which 

improved upon refinement (χ2 = 0.47). This model did not superimpose well onto the 

dummy atom model, which had a worse fit to the experimental data than the refined model 

(χ2 = 0.54) (Figure 4.31). 
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Table 4.4. SEC-SAXS structural parameters and molecular mass estimation for 

dsn3PLS-E2, dsn3PLS-E2:MORF9 and dsn3PLS-E2:MORF9:rpoA_L RNA. 

Sample dsn3PLS-E2 
dsn3PLS-E2 

:MORF9 

dsn3PLS-E2: 

MORF9:rpoA_L 

RNA 

Data Collection Parameters 

Instrument Australian Synchrotron SAXS/WAXS beamline 

q range, Å-1 0.0057-0.3630 0.0057-0.3630 0.0057-0.3630 

Structural Parameters 

I(0), cm-1, from Guinier 0.025±0.00010 0.07±0.00020 0.091±0.00017 

Rg, Å, from Guinier 32.19±0.22 35.26±0.16 33.59±0.10 

I(0), cm-1, from P(r)  0.024±0.00010 0.070±0.00016 0.092±0.00012 

Rg, Å, from P(r)  32.18±0.16 35.42±0.085 34.06±0.037 

Dmax, Å 104 107 100 

P(r) Quality estimate 0.83 0.94 0.74 

Molecular Mass Estimation by Bayesian Probability (Hajizadeh et al., 2018) 

Estimated Molecular mass, 

Mr, kDa 
53.15 94.23 94.23 

MW Probability, % 40.80 57.29 57.29 

Credibility Interval, kDa 51.45, 57.50 86.95, 95.80 89.70. 99.20 

Credibility Interval 

Probability, % 
94.03 91.09 94.74 

Calculated Mr from 

sequence, kDa † 
54.14 

82.58 for 1:2, 

96.80 for 1:3, 

111.02 for 1:4  

88.60 for 1:2:1, 

102.82 for 1:3:1, 

117.04 for 1:4:1 

Stoichiometry† Monomer 1:3 1:2:1 

†: Listed as a molecular ratio of dsn3PLS-E2:MORF9: or dsn3PLS-E2: MORF9:rpoA_L 

RNA 
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Figure 4.28. SEC-SAXS results for dsn3PLS-E2 (blue), dsn3PLS-E2:MORF9 (red), 

and dsn3PLS-E2:MORF9:rpoA_L RNA (green). 

A: Plots showing I(0) (squares) and Rg (circles) as a function of time for the SEC-SAXS 

run. Data frames with filled Rg triangles were selected for averaging to obtain I(q) versus 

q. B: I(q) versus q as log-linear plots, scaled on the y-axis. C: Guinier fits of the data in 

B for qRg < 1.3 (closed symbols) with open symbols for data outside of the Guinier region. 

D: Dimensionless Kratky plots for the data in B, with qRg = √3 indicated. E: P(r) versus 

r profiles for the data in B. 
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Figure 4.29. SAXS model of dsn3PLS-E2. 

A: Refined model of dsn3PLS-E2 showing two orthogonal views of the protein within 

the dummy atom model envelope. B: Fits of initial model (grey; χ2 = 1.18), refined model 

(black; χ2 = 0.58), and dummy atom model (brown; χ2 = 0.33) to experimental data (blue). 
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Figure 4.30. SAXS model of the dsn3PLS-E2:MORF9 complex. 

A: Refined model of dsn3PLS-DYW with 3 molecules of MORF9 bound, showing two 

orthogonal views of the protein within the dummy atom model envelope. B: Fits of initial 

model (grey; χ2 = 1.71), refined model (black; χ2 = 0.53), and dummy atom model (green; 

χ2 = 0.34) to experimental data (red). 
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Figure 4.31. SAXS model of the dsn3PLS-E2:MORF9 complex bound to RNA. 

A: Refined model of the dsn3PLS-E2:MORF9:RNA complex showing two orthogonal 

views of the protein within the dummy atom modelling predicted envelope. B: Fits of 

initial model (grey; χ2 = 0.57), refined model (black; χ2 = 0.47), and dummy atom model 

(brown; χ2 = 0.55) to experimental data (green). 
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4.2.5.5: Comparison between the SAXS models of dsn3PLS-E2 and dsn3PLS-DYW 

The P(r) functions for the two designer editing factors were very similar, except 

dsn3PLS-DYW had a notably smaller leading shoulder at 22 Å to the peak at 40 Å, while 

dsn3PLS-E2 had a larger leading shoulder at 22 Å before the peak at 45 Å. The DYW 

domain containing editing factor also had a 1 Å larger Dmax, at 105 Å, compared to 

dsn3PLS-E2 with a Dmax of 104 Å. The dummy atom models were highly similar between 

the two proteins, and the notable patch of difference between the models is also around 

the spot where the DYW is localised in the superimposition of the refined dsn3PLS-DYW 

structure onto the dummy atom model (Figure 4.32). The contraction between the PPR 

domains is greater in the refined dsn3PLS-DYW model than in the refined dsn3PLS-E2 

model, despite the same starting positions for these domains and the same restraints 

applied for both proteins in the refinement process. It does appear that the dsn3PLS-E2 

refined model has not had sufficient contraction of the PPR domains to best fit the 

envelope of the dummy atom model, and further refinement may be possible with a better 

set of restraints. In both dummy atom models, there is an extended protrusion close to the 

C-terminus of both refined models that lacks a corresponding domain in the refined 

model. It is not yet clear what part of the protein would be able to fill this component of 

the dummy atom model, based on our current understanding of PPR protein 

conformations and the number of residues present in these designer proteins. This 

protrusion could reveal novel insights into the conformational changes in designer PPR 

RNA editing factors. 
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Figure 4.32. Comparison of SAXS models of dsn3PLS-E2 (A) and dsn3PLS-DYW 

(B). 

Refined models of dsn3PLS-E2 or dsn3PLS-DYW are shown in an equivalent view of 

the protein within the dummy atom envelope. 
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4.2.5.6: Comparison between the SAXS models of dsn3PLS-E2 and dsn3PLS-DYW 

complexes 

While the complexes of both designer editing factors with three molecules of 

MORF9 bound had decent fits to the experimental data (dsn3PLS-E2:3MORF9 χ2 = 0.53, 

dsn3PLS-DYW:3MORF9 χ2 = 0.37), there was notably poor superimposition of both 

refined models onto their corresponding dummy atom models (Figure 4.33). The dummy 

atom models themselves are highly similar in shape, with a notable difference that is a 

distance away from where the DYW domain is positioned in the refined model, and is 

instead filled with part of the third P1L1S1 triplet in the dsn3PLS-DYW:MORF9 refined 

model. Since the molecular mass estimations suggest a ratio of three MORF9 molecules 

per designer protein, the assumption was made that the MORF9 molecules would bind to 

each of the three P1L1S1 triplets. However, the dummy atom models display a lack of 

filled space in the region where the third MORF9 molecule is bound to the third P1L1S1 

triplet in both complexes.  

The complexes of dsn3PLS-E2 and dsn3PLS-DYW bound to MORF9 and RNA 

were less reliably modelled, since the molecular mass estimates for both complexes was 

smaller than expected for an equivalent complex of three MORF9 molecules and one 

designer editing factor bound to a 20 nt RNA. Models that were built assuming the direct 

extrapolation of the addition of RNA to the MORF9 bound complex did refine to a good 

fit to the experimental data (dsn3PLS-E2:3MORF9:RNA χ2 = 0.47; 

dsn3PLS-DYW:MORF9:RNA χ2 = 0.39). The overall contraction observed in the PPR 

segment of the dsn3PLS-E2 containing complex was notably greater than that of the 

dsn3PLS-DYW containing complex, and there are some obvious differences between the 

dummy atom models and the refined models, especially around the placement of MORF9 

molecules, and extension in the RNA (Figure 4.34). 
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Figure 4.33. Comparison of SAXS models of the MORF9-bound complex of 

dsn3PLS-E2 (A) and dsn3PLS-DYW (B). 

Refined models of dsn3PLS-E2:MORF9 or dsn3PLS-DYW:MORF9 are shown in an 

equivalent view of the protein within the dummy atom model envelope. 
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Figure 4.34. Comparison of SAXS models of the MORF9 and RNA-bound complex 

of dsn3PLS-E2 (A) and dsn3PLS-DYW (B). 

Refined models of dsn3PLS-E2:MORF9:RNA (A) or dsn3PLS-DYW:MORF9:RNA (B) 

are shown in an equivalent view of the protein within the dummy atom model envelope.  
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4.3: Discussion 

In this study, structural characterisation of PPR editing factors and the putative 

catalytic DYW domain was performed, on their own and in complex with a target RNA 

and a supplementary editing factor. While this study has not produced an atomistic model, 

it has made significant strides towards it by producing a tertiary prediction model of the 

DYW domain, evaluating the fold and zinc content of the domain, and demonstrating the 

potential to obtain a structure of this domain by NMR or X-ray crystallography. Through 

SAXS experiments, current hypotheses have been tested, and new ones produced 

regarding these proteins and their complexes.  

 

4.3.1: Producing a high-resolution structure of DYW 

domain-containing proteins 

Designer PPR editing factors represent a potential new tool that could 

revolutionise the field, and there is significant interest in developing these tools. Given 

the notable absence of high-resolution structures of the crucial catalytic domain in this 

system, the DYW domain, obtaining a structure of this domain is imperative for 

understanding the mechanism of activity and allow optimal development of designer PPR 

editing factors as a biotechnological tool. The novel protein dsnDYW represents a 

promising lead into the structural characterisation of the DYW domain. It is unfortunate 

that no diffracting crystals of dsnDYW have been able to be produced in this study, but 

there remains hope with further refinement of the crystallisation conditions used to obtain 

the crystals seen in Figure 4.4. The conventional wisdom of crystallising individual 

domains rather than attempting crystallisation of an entire multi-domain protein 

(McPherson, 2017) suggests that pursuing an optimal crystallisation condition for 

dsnDYW is the most obvious next step, however further attempts at crystallising the 
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dsn3PLS-DYW:MORF9 or the dsn3PLS-DYW:MORF9:rpoA_L complex could yield 

some valuable outcomes, since the SAXS analysis suggests that they are highly ordered 

in solution. Another option would be to attempt crystallisation on a further truncated 

version of dsnDYW by removing the N-terminal 4 amino acid linker derived from the E2 

domain that was introduced to ensure proper domain folding. This truncated version of 

dsnDYW can be further used to optimise the incorporation of TrxA as a crystallisation 

chaperone using a reordered His6-TrxA N-terminal tag, with a 5 amino acid linker 

between the TrxA domain and dsnDYW (Corsini et al., 2008). The promising initial 

results on dsnDYW with both one and two-dimensional NMR suggest that this could be 

an alternative avenue for solving the structure of the DYW domain. A further dimension 

will probably be required through the incorporation of 13C-labelling, which will allow not 

only backbone assignment, but also residue side chain assignment. 

 

4.3.2: Insights into the DYW domain mechanism of activity 

In this study, a putative tertiary model of the DYW domain has been proposed, 

produced using RaptorX Contact by incorporating sequence conservation in the 

prediction of contacts. It is remarkable how the model of the DYW domain produced ab 

initio by RaptorX contact agrees with the hypothesis of the DYW domain being part of 

the deaminase fold (Iyer et al., 2011), and that the putative residues responsible for zinc 

binding and catalysis are similar between the RaptorX contact model and the BsCDA 

crystal structure. Looking closer at the differences between the two structures (Figure 

4.11), the BsCDA monomer possesses an additional N-terminal helix on the opposite side 

of the β-sheet to the catalytic central helices, which is not present in the DYW domain 

model. This helix appears to shield the β-strand from the surrounding environment, since 

it is solvent facing in the entire tetramer. While DYW-type proteins would have the E2 
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domain with a predicted helix-turn-helix structure at the N-terminus of the DYW domain, 

it is not clear if the last helix in this domain would be arranged in the same position to 

perform the same role as this N-terminal BsCDA helix. The additional helix in the DYW 

model wrapped around the catalytic helices is not present in the BsCDA monomer, 

however the BsCDA tetramer has this space shielded by another monomer. Thus, this can 

be explained as compensating for a lack of tetramerisation. Similarly, the minor helix 

(Helix 1a) and loop in the DYW model are longer than in BsCDA. This is another 

phenomenon explainable by a lack of tetramerisation, since the corresponding space in 

BsCDA is largely filled by the minor helix and loop from another monomer in the 

tetramer, resulting in a cap for the active site. Based on the similarities between the model 

produced in this study and the BsCDA crystal structure, the hypothesis that the DYW 

domain performs catalytic deamination using a highly similar mechanism as a cytidine 

deaminase is supported structurally. Further work is required to flesh out the subtleties of 

this mechanism, in particular if there is an amine acceptor involved in this process, which 

would be highly unusual for a cytidine deaminase. 

 

4.3.3: Structural implications for RNA editing factors 

In this study, models of designer PPR RNA editing factors were produced by 

homology to existing crystal structures and evaluated against the experimentally derived 

SAXS data. This has confirmed that these models are a good fit to the data, when refined 

based on the structural knowledge of the dynamic movement between PPR domains. It is 

interesting to note that the superhelical pitch of the PPR domains once refined against the 

SAXS data results in a conformationally tighter protein than is initially predicted by the 

crystal structure of (PLS)3-PPR. This is especially notable in the MORF9 bound 

complexes of dsn3PLS-E2 and dsn3PLS-DYW, which had a very poor fit to the initial 



Page | 188  

 

model, extrapolated from the crystal structure of the (PLS)3-PPR protein bound to three 

molecules of MORF9. While the fit to the experimental data of the initial RNA-bound 

complex was much better, a better fit was observed for an even more contracted form of 

the protein, which had a similar superhelical pitch to the MORF9 bound complexes in the 

absence of RNA. This suggests that the conformational change to the PPR domains 

caused by MORF binding is greater than anticipated based on the crystal structure of Yan 

et al. (2017).  

The refinement of structures using SAXS experiments is markedly an a posteriori 

process, and as such relies on prior knowledge. To model the designer PLS proteins, a list 

of four assumptions was relied on. 1: The P1L1S1 triplets are similar to those in the crystal 

structure of the designer (PLS)3-PPR protein (PDB ID: 5IWW), with 64.4% identity and 

80.9% similarity (Yan et al., 2017). 2: The P2L2S2 and E1E2 domains are helix-turn-helix 

domains and can be modelled by homology modelling onto the (PLS)3-PPR crystal 

structure (Cheng et al., 2016). 3: The PPR segments can be broken down into groups of 

three or four, which provide the optimal flexibility for refinement while maintaining some 

level of rigidity in the molecule (Gully et al., 2015a). 4: Movement of the PPR segments 

can be refined by equal constraints in each group of helix-turn-helix proteins, which 

causes conformational changes in the longitudinal axis, but not in the other two axes. For 

the complexes, these additional assumptions were applied. 5: MORF9 interacts only with 

P1L1S1 triplets. 6: Conformational changes in the complex can be modelled with tethering 

according to the constraints between groups of PPR domains, keeping molecules of 

MORF9 and RNA as rigid bodies. 

It is possible that uncharacterised differences in flexibility exist between P2L2S2 

and E1E2 domains, and structural evidence for this would allow for better restraints that 

would improve the modelling of these proteins. Förster resonance energy transfer (FRET) 

experiments could be performed to better characterise the flexibility in the editing factor 
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by looking at distance-based conformational changes between different helix-turn-helix 

motifs as a result of MORF or RNA binding. Additionally, there is currently no structural 

evidence for MORF binding to P2, L2, S2, E1 or E2 domains, in spite of genetic evidence 

for MORF binding to E domains (Bayer-Császár et al., 2017). There is also no evidence 

for or against the dissociation of MORF proteins upon RNA binding.   

The model building and refinement process presented here is hardly the only 

approach to take, and there is additional information to be gained from the experimental 

data that could be derived from further modelling experiments. New models could be 

built and refined against the experimental data collected here to test hypotheses of MORF 

binding to other domains, and for different ratios of MORF proteins, especially in the 

RNA bound complexes. Additionally, alternative modelling approaches could provide 

better models for these designer proteins, such as utilising the Ensemble Optimisation 

Method (EOM) in the ATSAS package, which incorporates sequence information in the 

modelling (Tria et al., 2015).  

Overall, however, the conformations proposed in this study can be used to expand 

our understanding of the role of PPR RNA editing factors and their complexes within the 

process of RNA editing in A. thaliana (Figure 4.34). In the absence of MORFs or RNA, 

the PPR RNA editing factor is in a partially contracted state, extended at the ends and 

contracted in the middle. Binding of MORFs to the P1L1S1 triplets causes the editing 

factor to further contract, enhancing its ability to recognise an RNA target. Upon 

recognition of the correct RNA target, the PPR RNA editing factor further contracts, 

bringing the editing site into the active site of the DYW domain for catalytic deamination 

of the cytidine into a uridine. 
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Figure 4.35. Schematic diagram of PPR RNA editing factor structural dynamics.  

A: Schematic diagram of a PPR RNA editing factor in the absence of MORFs or RNA. 

B: The PPR RNA editing factor contracts upon interaction with A. thaliana MORF 

proteins, and when this complex is bound to the target RNA. 
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4.4: Supplementary data 

 

Figure 4.36. 1D NMR spectrum of (A) Phosphate Buffer F alone, (B) 10 mM EDTA 

in Phosphate Buffer F, and (C) dsnDYW in Phosphate Buffer F pre-, 10 mins post- 

and 1 day post-addition of 10 mM EDTA.  
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Data in C is also presented in Figure 4.13 B. 

 

 

Figure 4.37. SEC-SAXS chromatography data for dsnDYW (blue), MORF9 alone 

(red) and rpoA_L RNA alone (green) samples. 

A280 data is shown as circles, while A260 is shown as inverted triangles.  
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Figure 4.38. SEC-SAXS chromatography data for dsn3PLS-DYW (blue), dsn3PLS-

DYW:MORF9 (red) and dsn3PLS-DYW:MORF9:rpoA_L RNA (green) samples. 

A280 data is shown as circles, while A260 is shown as inverted triangles.  
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Figure 4.39. SEC-SAXS chromatography data for dsn3PLS-E2 (blue), 

dsn3PLS-E2:MORF9 (red) and dsn3PLS-E2:MORF9:rpoA_L RNA (green) 

samples. 

A280 data is shown as circles, while A260 is shown as inverted triangles.  
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Table 4.5. SAXS-derived particle volume parameters and additional molecular weight parameters calculated using four concentration-

independent methods through the PRIMUS program of ATSAS 2.8.4. 

Sample dsnDYW MORF9 rpoA_L 
dsn3PLS-

DYW 

dsn3PLS-

DYW: 

MORF9 

dsn3PLS-DYW: 

MORF9:rpoA_L 

dsn3PLS-

E2 

dsn3PLS-

E2:MORF9 

dsn3PLS-E2: 

MORF9:rpoA_L 

Particle volume parameters from Porod estimation 

Dry volume from 

sequence (Å3) 

19674.1 17245.5 6047.6 83475.8 135212.3 141259.9 65724.6 117461.1 123508.7 

Porod volume 

estimate (Å3) 

29000 19800 20800 112000 156000 154000 89400 138000 138000 

1. Molecular weight calculation from Porod invariant, Qp (Hajizadeh et al., 2018) 

Qmax (A-1) 
0.36268 0.3356 0.34791 0.21341 0.19488 0.19608 0.21746 0.19796 0.20821 

Molecular mass, Mr, 

from Qp 

8.17 13.07 9.94 64.89 111.784 104.704 50.476 92.586 95.73 

2. Molecular weight calculation from MoW (Fischer et al., 2010) 

Qmax (A-1) 
0.30006 0.30022 0.30006 0.30022 0.30006 0.30006 0.30006 0.30006 0.30006 

V (Å3) 
15032 15352 16038 88953 142619 135521 68839 118060 124602 

Molecular mass, Mr, 

from MoW 

12.40 12.67 13.23 73.39 117.67 111.81 56.80 97.40 102.80 

3. Molecular weight calculation from Volume of correlation, Vc (Rambo and Tainer, 2013) 

Vc 
161 167 184 516 711 675 463 641 631 

Molecular mass, Mr, 

from Vc 

12.78 13.14 13.67 66.00 114.33 103.71 54.12 94.46 96.33 

4. Molecular weight calculation from size & shape (Franke, Jeffries, and Svergun, 2018) 

Molecular mass, 

Mr, from size & 

shape 

12.76 13.58 14.76 75.45 130.90 98.94 61.69 97.84 106.52 
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5. Functional characterisation of 

designer editing factors 

 

5.1: Introduction 

CLB19 (Chloroplast biogenesis 19) is an E+ class A. thaliana protein targeted to 

the chloroplast, where it is implicated in the editing of three sites, rpoA-C200, clpP1-

C559, and ycf3-i2-C1246, through a complex with the DYW donor protein DYW2 and 

P-subfamily PPR protein NUWA (Chateigner-Boutin et al., 2008; Kindgren et al., 2015; 

Guillaumot et al., 2017). In Chapter 3, a pair of novel PPR RNA editing factors are 

described, designed by Bernard Gutmann to target the rpoA-C200 site preferentially. 

They were expressed in E. coli and purified by sequential NAC, R-NAC and SEC. The 

first protein was dsn3PLS-DYW, a DYW subgroup protein containing three P1L1S1 

triplets, and a P2L2S2 triplet as the RNA binding PPR scaffold, followed by an E1E2 

extension pair of helix-turn-helix repeats, and ending a putative catalytic DYW 

deaminase domain. The second protein was dsn3PLS-E2, an E2 subgroup protein 

containing the same PPR scaffold and E1E2 pair, ending with a truncation nine amino 

acids into the DYW domain. In Chapter 4, a high-resolution tertiary model of these PPR 

RNA editing factors was produced, along with a model of their complexes with MORF9, 

an Arabidopsis thaliana supplementary editing factor that interacts with P1L1S1 triplets 

in PLS-subfamily proteins to enhance their RNA binding capabilities. The formation of 

a complex between these editing factors, MORF9 and a target RNA oligonucleotide 

containing the CLB19 binding site was also achieved, allowing for a structural model of 
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this protein:protein:RNA complex. In this Chapter, the functional characterisation and the 

specificity of these editing factors was assessed by their ability to preferentially bind to 

their target RNA in vitro, and to edit the rpoA-C200 site in A. thaliana is described. 

Additionally, reproduction of the bacterial RNA editing system developed by Oldenkott 

et al. (2019) was performed to assess RNA editing of these designer factors in a system 

lacking the A. thaliana supplemental editing factors, and to determine the extent of their 

influence. 

 

5.2: Results 

 

5.2.1: MORF9 enhances the preferential binding of dsn3PLS-

DYW and dsn3PLS-E2 to the rpoA target 

To further probe the RNA binding capabilities of the designer proteins, RNA 

Electrophoretic Mobility Shift Assays (REMSAs) were performed on dsn3PLS-DYW 

and dsn3PLS-E2, with and without MORF9, against Cy5 labelled oligonucleotides for 

the rpoA and clpP1 binding sites of AtCLB19 (Figure 5.1). In the absence of MORF9, 

dsn3PLS-E2 displays a moderate capacity to bind the rpoA target at all concentrations 

tested, while dsn3PLS-DYW shows a slight binding of this target at the two highest 

concentrations. This enhanced RNA binding ability of dsn3PLS-E2 over dsn3PLS-DYW 

is also seen in the presence of an increasing amount of MORF9. When the ratio of 

MORF9 to designer protein is 1:1, there is a small amount of binding, and this binding 

increases at a ratio of 2 MORF9 to 1 designer protein, then plateaus as the ratio increases 

up to 6 MORF9 molecules per molecule of designer protein. This results in a difference 

in migration distance for the different complexes of protein-RNA, especially notable in 
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the dsn3PLS-E2 experiment. The dsn3PLS-E2:rpoA complex in the absence of MORF 

displays the smallest shift in migration distance, suggestive of a small protein-RNA 

complex, while the RNA bound complex with a molar ratio of one MORF to one editing 

factor had a slightly larger shift in migration distance, and RNA bound complexes with 

two or more MORF9 molecules per editing factor had a similar shift in migration distance, 

larger than both the previous RNA bound complexes. MORF9 on its own displays no 

binding of the rpoA target, and no binding of the clpP1 target was observed at any 

combination of designer protein and MORF9.  

 

 

Figure 5.1. REMSA of dsn3PLS-DYW and dsn3PLS-E2 binding to rpoA and clpP1 

targets. 

Each probe at 1 nM was incubated with increasing designer protein concentrations (0, 

0.05, 0.1, 0.2, 0.4 µM), increasing MORF9 concentrations (0.1, 0.2, 0.3, 1.0 µM), or a 

constant concentration of designer protein (0.1 µM) and increasing concentrations of 

MORF9 (0.1, 0.2, 0.3, 0.4, 0.5, 1.0 µM). 
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5.2.2: The designer editing factor edits the rpoA-C200 site and not 

the clpP1-C559 site in clb19-3 mutant Arabidopsis thaliana 

In order to test the RNA editing capacity of the designer editing factor in an in 

planta context, attempts were made to introduce the editing factor into Arabidopsis 

thaliana in a clb19-3 mutant background and assess the phenotypic influence of this 

editing factor, particularly on the rpoA-C200 and clpP1-C559 sites (Figure 5.2). 

Although the clb19-3 homozygote line is extremely slow growing and prone to early plant 

death, this line was successfully grown and transformed with the binary plant vector 

pCAMBIA-1390 containing two modified versions of dsn3PLS-DYW via 

Agrobacterium mediated floral dipping. Both modified versions contained the 60 amino 

acid Rubisco Small Subunit (RbcS) transit peptide from pea (Pisum sativum) and a 4× c-

Myc tag at the N-terminus of the protein, prior to the dsn3PLS-DYW sequence, in order 

to facilitate chloroplast localisation and identification of the protein (Becker et al., 2004; 

Lee et al., 2009). The difference between the two versions was that one contained a 

potentially catalytically active DYW domain, while the other was potentially inactive, 

with an E70A mutation in the DYW domain, which removes the conserved glutamate 

implicated as the catalytic residue in the deamination mechanism (Hayes et al., 2015; 

Kazemi, Himo, and Åqvist, 2016). The Arabidopsis CLB19 promoter, consisting of the 

DNA sequence from 1000 bp to 1 bp upstream of the start ATG was used to drive 

expression of these genes. As a positive control, a vector containing the native CLB19 

sequence without the putative localisation signal (aa 34-500) under the control of the 

CLB19 promoter was also transformed in the same mutant background. After three 

generations of hygromycin selection and growth, plants from the dsn3PLS-DYW line 

displayed a greener phenotype than the clb19-3 mutant line or the dsn3PLS-DYW (E70A) 

line, but this phenotype was less healthy than those complemented with WT CLB19 

(Figure 5.3 A). To directly assess RNA editing, leaves from the third generation of 
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transformants, grown under long day conditions with reduced light to overcome the 

defects in chloroplast biogenesis observed in clb19-3 lines, were harvested and RNA was 

extracted via Trizol, with DNA removed using DNase I. The total RNA was reverse 

transcribed using Superscript™ III Reverse Transcriptase primed with random hexamers, 

and the transcripts of rpoA and clpP1 were amplified using specific primers for evaluation 

using by commercial Sanger Sequencing (Figure 5.3 B). Full editing of both the rpoA-

C200 and clpP1-C559 editing sites was observed in three biological replicates of the 

CLB19 expressing control line, suggesting that the transformants could reconstitute 

editing at these sites. Partial editing of the rpoA-C200 and no editing of clpP1-C559 was 

observed in three biological replicates of the dsn3PLS-DYW plant line. This editing was 

not observed in three biological replicates of the dsn3PLS-DYW (E70A) expressing line, 

suggesting that this editing is caused by the catalytically functional designer editing 

factor, and the inactive dsn3PLS-DYW (E70A) protein is incapable of editing this site on 

its own or by recruiting another functional DYW domain from another editing factor.  
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Figure 5.2. Complementation of clb19-3 A. thaliana with dsn3PLS-DYW, dsn3PLS-

DYW E70A or CLB19 (34-500). 

A: Schematic diagram of transformed A. thaliana clb19-3 expression systems, not to 

scale. CLB19 promoter: A. thaliana genomic sequence from 1000 bp upstream of to 

immediately prior to the CLB19 start codon. cTP: Pea (P. sativum) Small Subunit of 

Rubisco chloroplast transit peptide [PsRbcS (1-60)]. 4Myc: 4× c-Myc epitope tag. B: 

Sequence of A. thaliana rpoA and clpP1 RNA transcript where the CLB19 or dsn3PLS-

DYW binding and editing sites is indicated in green, blue, and red respectively. 

 



Page | 202  

 

 

Figure 5.3. Editing phenotype of complemented T3 clb19-3 mutant A. thaliana plants 

A. Plants complemented with constructs expressing CLB19 (34-500), dsn3PLS-DYW, or 

dsn3PLS-DYW E70A under the control of the CLB19 promoter, as illustrated in Figure 

5.2. The black scale bar in the plant images represents 1.0 cm. B. Sequencing results of 

rpoA and clpP1 cDNA from three biological replicates complemented with CLB19 (34-

500), dsn3PLS-DYW and dsn3PLS-DYW (E70A). Sequences in a 5 nt window around 

the rpoA-C200 and clpP1-C559 editing sites are compared to the corresponding genomic 

DNA sequence and translation on the left of each panel. Asterisks are used to highlight 

editing events and relative efficiencies. 
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5.2.3: The designer editing factor edits the rpoA-C200 site and not 

the clpP1-C599 site in an E. coli editing system 

Based on the work by Oldenkott et al (2019), the T7 bacterial expression vector 

containing the dsn3PLS-DYW gene used in recombinant protein production for structural 

analysis to develop an E. coli RNA editing system was modified, as shown in Figure 5.4. 

These modifications were to insert a 39 bp region from either the A. thaliana rpoA 

(AtCg00740) or clpP1 (AtCg00670) gene corresponding to the region that was from 33 

bp upstream of the rpoA-C200 or clpP1-C559 editing site to 5 bp downstream of this site, 

ie the rpoA coding sequence from 167 to 205, or the clpP1 coding sequence from 526 to 

564. The bacterial strain Rosetta 2 (DE3) E. coli was selected as the strain of choice for 

this system since it is a gold standard expression system for eukaryotic proteins, derived 

from the protease deficient B strain BL21, with a DE3 lysogen for expression of T7 

promoter driven genes through the specific T7 RNA polymerase, and containing a 

plasmid encoding 7 rare tRNA codons for overcoming differences in codon bias between 

bacteria and eukaryotes.  

Single transformation of the modified vector containing both editing sites was 

successful in this strain, although the rpoA-site-containing vector had smaller, slower-

growing colonies that the clpP1-site-containing vector, despite the same protein coding 

sequence. Co-transformation of pETM20-dsn3PLS-DYW_rpoA with the MORF9 

expression vector did not produce colony growth after 18 h incubation at 37°C in three 

independent experiments, even though co-transformation of pETM20-dsn3PLS-

DYW_clpP1 with the same MORF9 vector was successful in all three experiments. To 

ensure the effects of MORFs are accounted for in this experiment, a pETM11 expression 

vector was constructed for expression of A. thaliana MORF2, another chloroplast 

localised member of the MORF family, from amino acids 73-193 with a C82S mutation. 
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Successful co-transformation was obtained for both editing site containing vectors with 

this pETM11- MORF2 (73-193; C82S).  

Expression of the modified dsn3PLS-DYW transcript with the downstream 

editing site was induced with 0.4 mM IPTG and supplemented with 0.4 µM ZnCl2 for 

optimal protein expression of dsn3PLS-DYW when the bacterium had reached an OD600 

of 0.4-0.6 growing at 37°C. RNA editing was assessed by commercial Sanger Sequencing 

of cDNA derived from total RNA of 1 mL aliquots of bacterial culture after 18 h growth 

post-induction at 16°C. Total RNA was extracted using a commercially available kit 

utilising a Trizol-based reagent, while reverse-transcription was performed using 

Superscript™ III Reverse Transcriptase primed with random hexamers. The editing site 

in this system was amplified for sequencing using primers from within the dsn3PLS-

DYW gene to the T7 terminator.  

Approximately 21% editing of the rpoA-C200 site but no editing of the clpP1-

C559 site was observed in the absence of MORF proteins, with an improvement of editing 

efficiency to 35% observed in the system co-expressing MORF2 (Figure 5.5). This 

editing of the rpoA-C200 site is abolished by the DYW mutation E70A, regardless of 

MORF co-expression (Figure 5.6). In order to identify if the designer protein was capable 

of uridine to cytidine ‘reverse’ editing, the rpoA-C200 base was mutated at the DNA level 

in the plasmid to a thymidine (T200), which would produce a uridine at this position in 

the transcribed RNA. No conversion of this rpoA-U200 site to a cytidine was observed in 

the sequenced cDNA for dsn3PLS-DYW co-expressed with MORF (Figure 5.6). 

Therefore, dsn3PLS-DYW is not demonstrated to be capable of performing the unusual 

U to C editing observed in hornworts, lycophytes and ferns, for which no editing factors 

have been successfully identified so far.  
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Figure 5.4. Vector modification for E. coli RNA editing system. 

The T7 expression cassette is displayed, comprising of the T7 promoter, lac operator, 

Ribosome Binding Site (RBS), N-terminal TrxA-His6 tag prior to a TEV protease site, 

inserted dsn3PLS-DYW gene (with domains coloured as in Figure 3.1), downstream 

modification site and T7 terminator. The sequence in the modification site from after the 

dsn3PLS-DYW stop codon to the start of the T7 terminator is detailed in the original 

pETM20-dsn3PLS-DYW vector, as well as in the modified vectors with the inserted 

editing sites from rpoA and clpP1, highlighted in yellow. Binding sites on the transcribed 

RNA of the rpoA and clpP1 insertions for CLB19 and dsn3PLS-DYW are highlighted in 

green and blue respectively, along with the corresponding editing sites in red. 



Page | 206  

 

 

Figure 5.5. RNA editing phenotype of rpoA-C200 and clpP1-C559 by dsn3PLS-

DYW. 

Sequencing chromatograms of cDNA from three separate expression cultures of E. coli 

are shown stacked in each panel, without and with co-expression of MORF2. Sequences 

in a 5 nt window are compared to the corresponding plasmid DNA sequence and 

translation of the editing site on the left of each panel. Asterisks are used to highlight 

editing events and estimates of efficiencies are listed as mean ± SEM for three biological 

replicates. A: Phenotype of rpoA C200 editing by dsn3PLS-DYW expressed in LB media 

without and with MORF2. B: Phenotype of clpP1 C559 editing by dsn3PLS-DYW 

expressed in LB media without and with MORF. C: Expression of dsn3PLS-DYW and 

MORF in the Rosetta 2 (DE3) E. coli RNA editing system. Pre: Pre-induction. Post: Post-

IPTG induction. Sol: Soluble lysate fraction. 
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Figure 5.6. RNA editing phenotype of dsn3PLS-DYW (E70A) for rpoA-C200, and of 

dsn3PLS-DYW for rpoA-U200. 

Sequencing chromatograms of cDNA from three separate expression cultures of E. coli 

are shown stacked in each panel, without and with co-expression of MORF2. Sequences 

in a 5 nt window are compared to the corresponding plasmid DNA sequence and 

translation of the editing site on the left of each panel. Asterisks are used to highlight 

editing events and estimates of efficiencies are listed as mean ± SEM for three biological 

replicates. A: Phenotype of rpoA-C200 editing by dsn3PLS-DYW E70A expressed in LB 

media without and with MORF9. B: Phenotype of rpoA-U200 editing by dsn3PLS-DYW 

expressed in LB media with MORF. C: Expression of dsn3PLS-DYW and MORF in the 

Rosetta 2 (DE3) E. coli RNA editing system. Pre: Pre-induction. Post: Post-IPTG 

induction. Sol: Soluble lysate fraction.  
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5.3: Discussion 

 

5.3.1: Designer editing factor specificity 

The designer protein dsn3PLS-DYW has been targeted to the rpoA-C200 site and 

has been demonstrated to edit this site in Arabidopsis and in E. coli. Oldenkott et al. 

(2019) observed that their Physcomitrella derived PPR65 cause seven off-target editing 

events, while another P. patens editing factor, PPR56, caused 79. An evaluation of off-

target editing events and their efficiency therefore needs to be undertaken for dsn3PLS-

DYW in both A. thaliana and E. coli. Analysis of dsn3PLS-DYW’s in vitro binding 

specificity by another quantitative biophysical technique such Microscale 

Thermophoresis (MST), Isothermal Calorimetry (ITC) or Surface Plasmon Resonance 

(SPR) would not be remiss. These techniques would be used to estimate binding affinities 

to compare with the available binding affinities for (PLS)3-PPR or other designer PPR 

proteins, as well as between dsn3PLS-DYW and dsn3PLS-E2. Further evidence of off-

target editing events using dsn3PLS-DYW would be highly useful to the PPR field, since 

they can help reveal and refine nuances of PPR-RNA binding that are not currently 

understood or captured in the PPR code. In particular, this can help elucidate the rules 

concerning L-motif binding, since this domain has different proportions of common 

residues at the 5th and last position, and is currently poorly understood (Yagi et al., 2013a; 

Kobayashi, Yagi, and Nakamura, 2019), as is the influence of MORF proteins on these 

interactions.  
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5.3.2: Mechanistic implications for RNA editing factors 

The development of the bacterial editing system by Oldenkott et al. (2019) has 

changed the landscape of how experimentation into PPR-mediated RNA editing is carried 

out. In this study, we have demonstrated the potential of the system to test a designer 

editing factor and shown that the editing observed in planta can be reproduced in 

bacterium. Having both the editing site and editing factor present together in this system 

was observed to have a deleterious effect on the bacterial growth and survival. While the 

possibility that the designed editing factor is causing deleterious ‘off-target’ editing 

events cannot be ruled out, this observation could be hinting at some penalty to the 

bacteria related to the process of editing the targeted site. To study the mechanism of 

RNA editing using designer editing factors, attempts should be made to reconstitute the 

same editing in vitro, which could allow for elucidation of an accurate understanding of 

the components and mechanisms involved in the PPR mediated RNA editing. If RNA 

editing can be reconstituted in vitro using these designer editing factors, the hypothesis 

that the PPR editing factor contains all the machinery capable for editing is supported. If 

it cannot be reconstituted in vitro, it is likely that, barring issues with recombinant protein 

solubility, aggregation and stability, it is likely that there are additional factors common 

or similar between A. thaliana and E. coli. Since E. coli has no discernible C to U RNA 

editing events, a fast growth time and low associated cost, it has immense potential for 

the investigation of PPR mediated RNA editing. Further work is required to probe the 

mechanism of this activity, and to determine how applicable PPR RNA editing factors 

are to non-plant hosts.  
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Figure 5.7. Mechanism of PPR RNA editing factors. 

A: Schematic of a PPR RNA editing factor. B: In vitro interactions of a PPR RNA editing 

factor with A. thaliana MORF proteins and the target RNA. C: RNA editing in A. thaliana 

using a PPR RNA editing factor. D: RNA editing in E. coli using a PPR RNA editing 

factor.  



Page | 211  

 

6. General discussion and 

conclusions 

 

6.1: Structural insights into interactions between MORF 

proteins and PPR domains 

 

In Chapter 4, structural models of the designer editing factors dsn3PLS-DYW and 

dsn3PLS-E2 in complex with MORF9 were built and compared against the SAXS 

experimental data. One of the assumptions used in the modelling was that MORF9 

interacts only with P1L1S1 triplets. According to Yan et al. (2017), the binding of MORF9 

to the PLS triplets appeared to improve the RNA binding ability of PLS proteins by 

affecting the packing between P, L and S domains in the triplet, resulting in a shift in the 

superhelical pitch of the protein towards the pitch observed in a P-subfamily PPR protein.  

Similarly, in this study,  MORF9 addition improved the RNA binding ability of 

these designer PPR RNA editing factors, and co-expression of MORF2 in a bacterial 

system improved the editing efficiency of dsn3PLS-DYW for the rpoA-C200 editing site. 

Although there are currently two available structures of MORF1 (PDB ID: 5MPW & 

5MPX) (Haag et al., 2017) and one structure of MORF2 (PDB ID: 5YDG) (Yang, Zhang, 

and Wang, 2018) in addition to the four structures containing MORF9 in the RSCB PDB 

database (Haag et al., 2017; Yan et al., 2017), it is not clear if the other 8 full-length 

members of the MORF/RIP/DAG family in Arabidopsis interact with PPR RNA editing 

factors in the same manner. It is also not currently clear if members of the MORF family 
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can interact with any of the other domains in this molecule, such as the P2L2S2 triplet or 

the E1-E2 domain, or if these domains require an interaction with MORF9 to obtain the 

correct superhelical pitch. 

Based on the crystal structures of MORF9 bound to the designer PLS proteins 

from Yan et al. (2017; PDB ID: 5IWW and 5IWB) , there are three crucial contact points 

between MORF9 and the PLS triplet, as illustrated in Figure 6.1 A-B. The first contact 

point consists of two residues in the first β-strand of MORF9, I80 and L82, alongside 

I167 and V169, locking into the P-L junction of the PLS triplet, mediated by hydrophobic 

residues in this junction. The second contact point serves to stabilise K29 on the second 

helix of the L domain, where D164 of MORF9 forms a charged interaction with this 

residue, while the hydroxyl of S165 and the backbone carbonyl oxygen of Y174 provide 

hydrogen bonds to K29. The third contact point serves to lock into the L-S junction of the 

PLS triplet, with L91, W160, and L162 interacting with hydrophobic residues in the L-S 

junction. While all the residues involved in the second contact point are conserved 

between the nine full-length members of the Arabidopsis RIP/MORF/DAL family, there 

is some variability in the residues involved in the other two contact points which largely 

keep the pattern of hydrophobicity observed in these residues within MORF9 (Figure 6.1 

C).  
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In a recent study I contributed to, we analysed the transcriptomic data across the 

plant kingdom within the OneKP project to better understand the evolution of plant RNA 

editing (Gutmann et al. 2020, supplied as a journal pre-proof in Appendix 2). We 

confirmed the absence of members of the MORF family in non-seed plants and 

demonstrate a correlation between the frequency of a lysine at position 29 in L1 motifs in 

seed plants which contain MORF proteins, compared to non-seed plants without MORF 

proteins. Furthermore, we uncovered a decrease in the number of L1 motifs in seed plants, 

and differences in the frequencies of residues at positions 5 and 35 of this motif, which 

are the contact points with the RNA base according to the PPR code.  

Incorporating all this information, we propose that editing factors have coevolved 

in land plants with MORF proteins to improve the RNA binding capabilities of the editing 

factors through the ability of L1 motifs with bound MORFs to contact a target RNA base. 

Based on this evidence, it is possible that all members of the MORF family act in the 

same way, supplementing RNA editing by structural enhancement of the superhelical 

pitch of PPR RNA editing factors, and have distinct preferences for PPR RNA editing 

factors encoded in the residues responsible for the P-L and L-S junction interactions.  
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Figure 6.1: Interactions between MORF proteins and PLS triplets.  

A-B: Crystal structure of MORF9 bound to a designer PLS triplet (PDB ID: 5IWB) 

showing interacting residues between MORF9 and the designer PLS triplet at the P-L 

junction (red square), L1-K29 (green square), and L-S junction (blue square). C: 

Alignment of the nine complete members of the MORF family from A. thaliana  ̧showing 

interacting residues for the P-L junction (red triangles), L1-K29 (green triangles), and the 

L-S junction (blue triangle) above the alignment, and average secondary structure from 

the available crystal structures of MORF1 (PDB IDs: 5MPW & 5MPX), MORF9 (PDB 

IDs: 5MPY, 5GI0, 5IWW, 5IWB), and MORF2 (PDB ID: 5YDG) below the alignment 

(Haag et al., 2017; Yan et al., 2017; Yang, Zhang, and Wang, 2018). Inspired by Figure 

4 from Yan et al. (2017) and Figure 3 of Haag et al. (2017). 
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6.2. Support for the DYW domain model from A. thaliana RNA 

editing complexes 

 

Although the DYW domain has been implicated as the catalytic domain in C to U 

RNA editing, other members of the PLS-PPR superfamily lacking the complete DYW 

domain are known to be involved in RNA editing in a variety of land plants. The current 

hypothesis we have proposed is that these proteins are complemented with the DYW 

domain from a short ‘DYW-donor’ protein as a complex of editing factors  (Gutmann, 

Royan, and Small, 2017; supplied as Appendix 1). Briefly, there are six of these proteins 

in A. thaliana, four characterised proteins named DYW1 (At1g47580), DYW2 

(At2g15690), MEF8 (At2g25580), and MEF8S (At4g32450), and two unnamed proteins, 

tentatively referred to as DYW5 (At1g29710) and DYW6 (At2g34370). These proteins 

contain a DYW domain and at the most five or six PPR domains, which would be too few 

for specific recognition of a target RNA sequence.  

DYW1 has been characterised to exclusively complement the E+ class protein 

CRR4 (Boussardon et al., 2012; Boussardon et al., 2014). In conjunction with NUWA, a 

P-subfamily PPR protein, DYW2 has been characterised to complement the E+ class 

proteins SLO2 (Andrés-Colás et al., 2017) and CLB19 (Guillaumot et al., 2017). As such 

it has been hypothesised as the ‘DYW donor’ for all other E+ subgroup editing factors in 

Arabidopsis (Gutmann, Royan, and Small, 2017). MEF8 and potentially MEF8S as well 

have been hypothesised as the ‘DYW donors’ for E2 subgroup editing factors in 

Arabidopsis (Diaz et al., 2017). The current interaction partners of DYW5 and DYW6 

have not been hypothesised or tested at this stage. Extrapolating the tertiary model of the 

DYW we produced using RaptorX Contact, and the models of the designer editing factor 

dsn3PLS-DYW, it may be possible to obtain structural insights into the interaction 
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between these ‘DYW donors’ and their respective PPR RNA recognition factors, as 

shown in Figure 6.2 below.  

 

Figure 6.2: Structural model of complementarity in A. thaliana PPR RNA editing 

complexes. 

A: Structural model of the E1-E2-DYW domains in the initial model of dsn3PLS-DYW. 

B: Alignment of PPR RNA editing complexes to the consensus (cons) E1-E2-DYW 
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sequence. Secondary structure is displayed as a cartoon above the alignment, coloured by 

domain, while residues involved catalytic in zinc binding  

(yellow arrows) and proton shuttle glutamate (red arrow), as well as putative second zinc 

binding site (green arrows) are indicated below the alignment.  Grey boxes indicate the 

complementation points between the respective RNA editing complex partners. 

 

In the CRR4-DYW1 pairing, CRR4 continues past the E2 domain into the DYW 

domain, encompassing the first two β-strands of the DYW domain and terminating before 

the first α-helix that wraps around the catalytic helices. DYW1 contains degenerate E1 

and E2 domains, but the conserved portions of the DYW domain begin at this first α-helix, 

meaning that DYW1 potentially lacks the first two β-strands of the DYW domain.   

In the CLB19-DYW2 pairing, CLB19 terminates after the first α-helix, containing 

the first two β-strands as well. The conserved portions of the DYW domain in DYW2 

begin after the first α-helix, over the loop before the first catalytic helix, helix 2.  

MEF8 or MEF8S could putatively pair with an E2 subgroup editing factor such 

as MEF3, which ends 10 amino acids into the DYW domain (ie most of the ‘PG’ box), 

including a complete β-strand 1. On the other hand, MEF8 and MEF8S lack conserved 

residues across this 10 amino acid stretch, suggesting that MEF8 and MEF8S require the 

first β-strand of the DYW domain from the E2-type editing factors. This interaction is 

supported by the reduction in editing at the MEF3 editing site atp4-89 (Verbitskiy et al., 

2012a) in mef8-1 mutants (Diaz et al., 2017).  

It is also possible, therefore, to put forward hypotheses regarding the function of 

DYW5 and DYW6 based on their complementarity to the editing factor complex model. 

The DYW domains in DYW5 and DYW6 are highly similar in sequence to MEF8 and 

MEF8S, only lacking the conserved ‘PG’ box, or first β-strand in the DYW domain, 

although DYW6 lacks the key residues for catalysis (E70) and both lack some of the 
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residues in the first zinc binding site (H68, C96, C99). These mutations should render 

these proteins catalytically inactive in RNA editing, and they could function as 

competitive inhibitors with MEF8 and MEF8S for E-type editing factors. 

The structural complementarity between these ‘DYW donor-acceptor’ pairs 

provide strong support for the putative model of the DYW domain we have postulated in 

Chapter 4, since the junctions in each pair agree with the coil regions between secondary 

structure elements. This structural complementarity also suggests a crucial relevance to 

the domain architecture of PPR RNA editing factors, and that the DYW domain is not 

capable of catalytic function unless in complex with a PPR protein. Finally, the structural 

complementarity of MEF8 and MEF8S for E2 subgroup editing factors suggests that the 

indispensable role of the ‘PG’-box is largely to facilitate complementation between an 

editing factor and this DYW donor. As noted by (Hayes et al., 2015), functional 

truncations are possible for a DYW-type editing factor in A. thaliana down to the ‘PG’ 

box. Our model suggests this is possible since DYW2 is capable of complementing 

truncations down to the end of the first α-helix, DYW1 would complement truncations to 

the start of the first α-helix, and MEF8 or MEF8S would complement truncations down 

to the ‘PG’ box. Without the ‘PG’ box, there is no interaction point possible with an A. 

thaliana DYW donor, rendering the truncation catalytically inactive. Importantly, this 

model does not rule out the possibility of the ‘PG’ box having a crucial role in the active 

site pocket, however evidence of this is required. 
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6.3: Implications for the mechanism DYW domain activity 

The DYW domain model produced in this study using a contact-site-based 

modelling method has significant structural similarity to a monomer of the tetrameric B. 

subtilis cytidine deaminase, and to the active deaminase domain of the dimeric E. coli 

cytidine deaminase, in support of a common evolutionary origin of this domain as 

proposed by Iyer et al. (2011).While the confidence in the DYW domain model may not 

be sufficient on its own to validate a catalytic mechanism by molecular dynamics, it is 

possible to speculate a similar mechanism to that of the archetypal deaminases BsCDA 

and EcCDA based on the high similarity in the position of key residues within their 

respective active sites (Figure 6.3).  

This mechanism would be of hydrolytic deamination, where three residues of the 

conserved cytidine deaminase region coordinate a zinc ion, and a glutamate residue acts 

as a proton shuttle. A water molecule coordinated to the fourth position on the zinc ion 

nucleophilically attacks the carbon at position 4 of the substrate cytosine base, and the 

amide at this position leaves as an ammonia molecule. In EcCDA, this process is only 

reversible at an ammonia concentration of 2 M, raising questions about the mechanism 

of activity of the yet-unidentified factors responsible for uridine to cytidine RNA editing 

that occurs within hornworts, liverworts and some ferns.  

The study of the OneKP data previously mentioned (Gutmann et al. 2020, 

supplied as Appendix 2) provided the large number and variation of DYW sequences 

required to produce a model using RaptorX Contact with significantly more reliability 

than utilising genomic sequences alone, which are more limited in number and variability. 

In this study, we traced scattered DYW-like domains back to members of the chlorophyte 

algae, and uncovered a variant of the DYW domain, named KP:DYW due to a conserved 

Lysine Proline residue sequence at the extreme N-terminus of this domain, within 
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members of the hornwort, lycophyte and fern clades that are known to perform U to C 

RNA editing. We speculate that the PLS proteins containing the KP:DYW variant at the 

C-terminus are candidates for ‘reverse’ or U to C RNA editing, since no other unique 

catalytic factor could be identified within the species performing U to C editing, while 

the KP:DYW domain is highly correlated with the presence and number of U to C editing 

events in the hornworts, lycophytes and ferns clades.  

The variation observed in the KP:DYW domain type is with the first β-strand of 

the RaptorX Contact DYW domain model, around the active site and at the C-terminus 

(Figure 6.4). Within the active site of BsCDA, the N-terminal section of the first β-strand 

of the monomer serves as a point of contact with the ribose backbone and 3′ hydroxyl of 

the substrate. This could also be equivalent in the DYW domain, where the first 5 amino 

acids of the first β-strand could be contributing to the formation of a pocket within the 

putative active site, and potentially contacting the ribose backbone of the editing site 

cytidine, or holding the nucleotide prior to the editing site. Another possible hypothesis 

is that this region represents an expanded pocket within the active site for the binding of 

a small cofactor molecule that would allow the activity of the DYW domain to proceed 

via transamination, or non-hydrolytic deamination. Within a canonical DYW domain, 

this cofactor would act as a nitrogen acceptor, resulting in the amine leaving group being 

released not as freely diffusing ammonia, but attached to this cofactor. The reverse of this 

process, using a different cofactor acting as a nitrogen donor, could provide an 

energetically favourable mechanism of uridine to cytidine amination. While this 

hypothesis is a significant leap given the knowledge of deamination mechanism in 

EcCDA, no current evidence exists within the literature on the DYW domain to directly 

rule out the possibility of a transamination mechanism. If the KP:DYW domains are 

performing this type of activity, it makes sense for an evolutionary difference to have 
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emerged within the active site pocket of this domain to allow for a nitrogen donor rather 

than a nitrogen acceptor.  

 

Figure 6.3. Comparison of active site residues between deaminase domains. 

A: EcCDA active site, with zinc coordinated to residues in bold, and 3-deazacytidine 

(CTD) within the active site pocket, representing the first proposed transition state in the 

deamination reaction (PDB ID: 1ALN). B: BsCDA active site, with zinc coordinated to 

residues in bold, and tetrahydrouridine (THU) within the active site pocket, representing 

the second proposed transition state of the deamination reaction (PDB ID: 1UX0). C: 

RaptorX Contact DYW model putative active site, with zinc, CTD and THU from the 

EcCDA and BsCDA structures positioned by alignment. D: Overlay of active sites from 
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all three structures. In A, B, and C, the zinc binding residues are labelled in yellow, while 

the proton shuttle glutamate is labelled in red. Figure based on Figure 7 of Kazemi, Himo, 

and Åqvist (2016). 

 

Figure 6.4. Regions of variation in the KP:DYW type based on the RaptorX Contact 

DYW domain model. 
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A: The RaptorX contact DYW domain model, shown in cartoon and surface 

representation, with the regions of sequence difference within the ‘PG’ box (blue), active 

site (green) and C-terminus (red) between the KP:DYW type and the consensus DYW 

domain alignment are coloured in the cartoon representation. Surface representation 

coloured by electrostatic potential using the APBS PyMol plugin. B: Weblogo of 

KP:DYW type domains within the OneKP transcriptome data, using 1670 KP:DYW type 

sequences. Regions of variation in the ‘PG’ box (blue), active site (green), and C-terminus 

(red) are indicated with coloured boxes. 

 

6.4: The putative second zinc binding site in the DYW domain 

 Previous work by Hayes et al. (2013) using ICP-MS on two different Arabidopsis 

DYW containing proteins, DYW1 and the truncated DYW domain of ELI1, suggested 

strong evidence of a second zinc binding site. In contrast, ICP-OES experiments by 

Boussardon et al. (2014) suggested that there was only one zinc bound to DYW1. To 

clarify this disagreement in the literature, the ICP-OES result obtained in this study from 

the consensus-derived DYW domain protein dsnDYW, which is demonstrated to be 

monomeric by SEC-SAXS, agrees with the presence of the second zinc binding site 

proposed by Hayes et al. (2013). Since EcCDA and BsCDA only contain one zinc per 

catalytic domain, the function and molecular contacts of the proposed second zinc 

molecule is a novel and highly interesting avenue of study. 

Looking at the position of the residues proposed by Hayes et al. (2013) to be the 

second zinc binding site in the RaptorX Contact model of the DYW domain generated in 

this study, H123, C130 and C132 are all facing each other (Figure 6.5). In addition, a 

fourth highly conserved residue, H100, is also facing these three highly conserved 

residues to act as a fourth coordination point for the second zinc ion. Therefore, rather 

remarkably the RaptorX Contact model suggests that these four residues could be in close 

enough proximity to be capable of contacting a metal ion similar to that of a C2H2 zinc 

finger, with the second zinc ion n acting as a structural anchor for the DYW domain.  
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Figure 6.5. The putative zinc binding residues of the first and second zinc sites 

within the RaptorX Contact DYW domain model. 

RaptorX Contact DYW domain model shown as cartoon and surface representation. 

Cartoon representation coloured by secondary structure (red = α-helix, blue = β-sheet), 

surface representation coloured by electrostatic potential using the APBS PyMol plugin. 

Zinc binding residues for the first and second sites are indicated and labelled in yellow 

and green respectively, while proton shuttle glutamate is indicated and labelled in red. 

 

The structural nature of the second zinc could have could serve as an explanation 

for the importance of the conserved aspartate, tyrosine, tryptophan C-terminal triplet the 

DYW domain is named after (Figure 6.6). In the RaptorX Contact DYW domain model, 

this triplet resides at the end of a possible 6th β-strand, which caps one end of the core β-

sheet and contains three of the four highly conserved residues of the putative second zinc 

binding site. Due to the bulky, hydrophobic nature of the terminal two residues, it is 

unlikely that this motif would be facing an aqueous solvent. It is more likely that this 

terminus forms a cap over the second zinc binding site, potentially with a π-stacking 

interaction with another large hydrophobic residue, such as F125, a highly conserved 



Page | 225  

 

phenylalanine at the end of the nearby Strand 5. An alternative hypothesis to explain the 

conservation of this terminal residue triplet could be its involvement in an intra-protein 

or inter-protein interaction motif. Since mutagenesis of these residues abolished editing 

in a bacterial system (Oldenkott et al., 2019), which lacks any known editing cofactors, 

it seems unlikely that this triplet acts as a recruitment point for other components of the 

editosome.  

 

 

Figure 6.6. The conserved DYW terminus within the RaptorX Contact DYW 

domain model.  

RaptorX Contact DYW domain model is shown as cartoon surrounded by surface 

representation. Cartoon representation coloured by secondary structure (red = α-helix, 

blue = β-sheet), surface representation coloured by electrostatic potential using the APBS 

PyMol plugin. DYW C-terminal triplet is highlighted, with residues labelled.  
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6.5: Insights into the specificity of the DYW domain 

In terms of the specificity surrounding the catalytic domain, it may be possible to 

examine the initial and refined models of the dsn3PLS-DYW:MORF9:RNA complex 

produced in this study for clues (Figure 6.7).  

Within the initial model, each base is recognised by a corresponding PPR domain, 

with the E1 and E2 domains spaced to be capable of recognising the bases at positions -3 

and -2, respectively, using the amino acids at the 5th and last positions of these domains. 

In this model, there would be at least three bases in contact with the DYW domain, from 

the base at -1, the editing site C, and then at least one base after the editing site. The 

editing site C itself would sit within the active site pocket of the DYW domain, as 

modelled by comparison with the position of the analogue tetrahydrouridine (THU) 

within the active site of the BsCDA crystal structure (PDB ID: 1UX0).  

With refinement of this model against the SAXS experimental data according to 

conventional constraints for the movement of PPR domains to conserve their superhelical 

pitch, a large gap appears between the base contacting the E2 domain and the next base, 

while the nucleotide base contacting the E1 domain overlaps with the base contacting the 

S2 domain. To avoid the clash between the base recognised by the S2 domain and the base 

that should be recognised by the E1 domain, and to bridge the gap to the bases contacting 

the DYW domain, it is possible that the RNA would be stretched across this gap in a rigid 

manner as the PPR and E domains contract. This contraction would create a torsion within 

the E domains that would hold the DYW domain at a particular position to recognise the 

editing site C. The DYW domain also contains several highly conserved basic lysine and 

arginine residues that could be involved in recognition of the RNA phosphate backbone. 

Collectively, the combination of conformational linkage between the E and DYW 

domains, and RNA recognition residues at the C-terminus of the protein can be proposed 
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to be the mechanism of conferring selectivity on PPR RNA editing factors for their editing 

sites.  

 
Figure 6.7: The edited C within the DYW domain of the initial (A) and refined (B) 

models of the dsn3PLS-DYW:MORF:RNA complex. 

Editing site cytidine coloured in magenta, all other RNA bases in white. The gap between 

base at -2 and -1 upstream of the editing site is circled. 
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6.6: The next generation of designer editing factors 

The current biotechnological tools for RNA editing are the REPAIR and RESCUE 

systems, comprised of a base editor coupled to a deactivated Cas13 (Cox et al., 2017; 

Abudayyeh et al., 2019). These systems achieve a relatively high degree of specificity via 

the short guide RNA complementary to the target RNA, and have been designed to reduce 

the undesirable off-target editing of any adenosines and/or cytidines within a target 

window of up to four nucleotides on either side of the editing site that is observed in 

CRISPR-based DNA editing tools (Moon et al., 2019). In this study, we have 

demonstrated the potential of a new type of designer editing factor that can edit with high 

specificity in an expected host, the plant A. thaliana, as well as an unexpected host, the 

bacterium E. coli. In E. coli, it is apparent that this activity is enhanced by a MORF 

protein, resulting in a two-component system, which places an increased load on the 

bacterial expression system, and in the case of MORF9, was incompatible with cell 

survival. It is therefore necessary to improve upon the design of these editing factors, to 

produce a more efficient biotechnological tool.  

As discussed in Section 6.4, it may be possible to design an editing factor that 

cannot interact with a MORF protein, but it is far more useful to design an editing factor 

that does not need a MORF protein. That is to say, a protein that has an optimal RNA 

binding ability, and therefore a better RNA editing efficiency. This can be achieved within 

the context of PPR proteins by attempting to dispense of P1L1S1 triplets entirely, and 

utilise other types of editing factor scaffolds, such as the 93 amino acid SS type scaffold, 

which was found predominantly in lycophytes, and contains triplets of 31 amino acid SS 

motifs instead of P1L1S1 triplets (Cheng et al., 2016; Gutmann et al., 2020). These 

proteins still contain a P2L2S2 triplet between the array of SS domains and the E1-E2 

domains, and it is unclear if the P2L2S2 triplet is dispensable within the context of a PPR 

RNA editing factor.  
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Figure 6.8. Strategies for designing new PPR RNA editing factors. 

A: Retargeting the current designer PPR RNA editing factor dsn3PLS-DYW for a new 

target, such as the alternative CLB19 editing site clpP1-C559. 

B: Replacing the suboptimal PLS domains with SS domains, which may have improved 

RNA binding capabilities. 

C: Replacing the DYW domain with a mutant DYW domain, which may have alternative 

base editing capabilities. This could include a consensus KP:DYW to evaluate a potential 

U to C RNA editing tool, or mutations in the active site pocket to facilitate A to I editing. 
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6.7: Conclusions 

Designer PPR proteins represent a highly significant multipurpose scaffold for 

programmable RNA binding, especially for use in transcriptional regulation. Collectively, 

the insights detailed in this study expand both the understanding and the utilisation of the 

PPR proteins responsible for RNA editing in plant organelles. Furthermore, this work 

significantly progresses our potential to use programmable PPR proteins for RNA editing 

outside of a plant cell, as it represents highly successful initial use of programmable PPR 

proteins as RNA editing factors, and lays the foundation for future work into detailed 

structural and mechanistic studies into the process of RNA editing, as well as a new 

generation of programmable RNA editing factors.  
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