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Abstract 

Leishmania is a kinetoplastid parasitic protozoa that causes leishmaniasis in humans. Leishmania 

parasites represent a significant global burden that lacks adequate drug treatments or a suitable 

vaccine. Gene regulation in Leishmania predominantly occurs post-transcription with an important 

role played by proteins that bind to and regulate translation of messenger RNA. The activity of RNA-

binding proteins (RBPs) can be regulated by arginine methylation, which is catalysed by protein 

arginine methyltransferases (PRMTs). Kinetoplastids have PRMTs (1, 3, 5, 6 and 7) with differences in 

sequence and activity between Leishmania and Trypanosomes. The goal of this thesis was to better 

understand the activity and self-assembly properties of Leishmania PRMTs with particular focus on 

Leishmania braziliensis. In addition, a panel of small molecule compounds developed to inhibit 

PRMTs in humans were evaluated for their activity towards Leishmania PRMTs.  

 

Protein production, biophysical, biochemical and compound inhibition experiments were optimised 

using FL L. major PRMT7 and these protocols adapted to allow characterisation of PRMT1, 3, 5 and 7 

from L. braziliensis. These studies revealed that LbrPRMT6 forms a homodimer in solution while 

LbrPRMT7 potentially adopts multiple oligomeric states. LbrPRMT1 and 3 interact to form a hetero-

tetramer together. Using two peptide substrates derived from Leishmania RBPs, LbrPRMT5 was 

shown to methylate RBP16102-119 but not Alba3181-195, while LbrPRMT7 methylated both peptides. 

LbrPRMT1 and 3 must form a complex to show methyltransferase activity with only LbrPRMT1 

needing to be functional for modification to happen. LbrPRMT1:3 and 7 showed much higher affinity 

for the RBP16102-119 over Alba3181-195. No activity was observed for LbrPRMT6 against RBP-derived 

peptide or peptides derived from three human histone peptides. LbrPRMT1:3 could be inhibited by 

sinefungin and the compound MS023; LbrPRMT5 was inhibited by LLY-283 and GSK591; and 

LbrPRMT7 was only inhibited by sinefungin. 

 

The assays and protocols developed here provide a foundation for future functional and structural 

studies of Leishmania PRMTs. The characterisation of a small panel of PRMT inhibitors shows that 

much of what is known about molecules that inhibit human PRMTs can be used as starting points for 

the development of molecules that target Leishmania enzymes. Such molecules could serve as 

valuable chemical probes to study of the biological roles of PRMTs and arginine methylation in 

parasites biology and host interactions.  
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1. Structure and Function of the PRMTs in the Leishmania Parasite 

1.1 The kinetoplastids 

Kinetoplastids are a eukaryotic class of flagellated protozoans. They are distinguished from other 

protozoa by the presence of a DNA-containing kinetoplast inside a single large mitochondrion2. 

Kinetoplast DNA (kDNA) is an enormous network of DNA found in two forms: maxicircles and 

minicircles3. Maxicircles, approximately 20-40 kb, encode mitochondrial genes, though some are 

encrypted. For most mitochondrial-encoded genes, functional mRNAs can only be produced once 

RNA edited by insertion or deletion of uridine residues. Editing information comes from guide RNAs 

(gRNAs) that are encoded in minicircles, approximately 0.5-10 kb3. 

 

Kinetoplastids include a number of different obligate and free-living organisms. For example, Bodo 

saltans is a free-living, non-parasitic kinetoplastid organism, found predominantly in aquatic 

environments and consumes bacteria4. Kinetoplastids also comprise a number of uniflagellate 

parasitic organisms including 22 Leishmania species, Trypanosoma brucei and Trypanosoma cruzi2,5,6. 

Each has a complex dixenous lifecycle alternating between insect and human with distinct 

morphological forms to survive each environment2,6,7 (Figure 1.1A). These kinetoplastids can cause 

human diseases with great socioeconomic consequences. Each disease has a different presentation 

and is spread by a distinct insect vector2,6 (Figure 1.1B). Estimates indicate half a billion people are at 

risk of contracting these parasites, particularly Leishmania species2,6,8ς10. 
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Figure 1.1: The human disease-causing kinetoplastids. 

A) Outline of the main parasite morphotypes of T. brucei, T. cruzi and Leishmania species. This is not 

an exhaustive list of all morphologies identified at each infection stage. Some key cell components 

are also indicated. B) Summary of the disease caused by each trypanosomatid. Death and infection 

data for T. cruzi are sparse and so are only approximate estimates. Data was obtained from WHO8,9 

and PAHO 202010 estimates. DALYs ς daily adjusted life years. 

 

1.2 Leishmaniasis is a great global burden  

Leishmaniasis is classed as a neglected tropical disease, predominantly affecting the lowest 

socioeconomic individuals in Africa, Asia and Latin America. Globally the disease affects 
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approximately 12 million people with a total of 350 million at risk of contracting the disease11. Most 

recent WHO estimates indicate 1.5-2 million new infections and 70,000 deaths per year8.    

 

The disease itself has three major presentations: cutaneous (CL), mucocutaneous (MCL) and visceral 

(VL). Disease presentation depends on the species of Leishmania (Table 1.1)12,13. CL is characterised 

by development of skin lesions at the site of a sandfly bite. Localised infections tend to 

spontaneously heal, however if the patient lacks a proper immune response to parasite antigens, a 

diffuse form of CL can develop12. This form results in cutaneous lesions developing throughout the 

body and is often associated with L. mexicana parasites12. Diffuse CL does not spontaneously heal 

and can remain up to 20 years12. Although the localised CL appears milder, relapses can occur after 

spontaneous healing12. In South America, MCL can develop from an L. braziliensis infection, where 

the parasite invades and destroys the nasopharyngeal mucosa12. The result of this is severe 

disfigurement and, in extreme cases, can be fatal12. VL causes the most severe disease that 

progresses rapidly. Immunocompromised and malnourished individuals are particularly at risk12. 

 

 

Table 1.1: Outline of Leishmania species that infect humans. 

Species are split by subgenus with disease caused and geographical distribution indicated12,13. CL ς 

cutaneous leishmaniasis; DCL ς diffuse cutaneous leishmaniasis; ML ς mucocutaneous leishmaniasis; 

VL ς visceral leishmaniasis.  
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A number of drug treatments are available, each with their own benefits and drawbacks. These 

include pentavalent antimonials, pentamidine, amphotericin B and miltefosine14. The mechanism of 

action of pentavalent antimonials is poorly understood with controversy regarding the actual active 

form of the drug; the reduced Sb(III) form could induce apoptosis15 and the non-reduced form Sb(V) 

could inhibit type I topoisomerase16. A number of studies indicated pentamidine is a competitive 

inhibitor of arginine transport and non-competitive inhibitor of putrescine and spermidine transport 

in Leishmania parasites17. Amphotericin B appears to primarily increase membrane permeability by 

formation of pores18. Miltefosine appears to inhibit the Akt/PKB signalling pathway that is linked to 

cell survival and induction of cellular apoptosis19. Growing drug resistance in Leishmania parasites is 

severely limiting effectiveness of these drugs. Multi-Drug Administration (MDA) reduces the rate of 

drug resistance arising, but does not completely halt it14. Current drug treatments incur significant 

side effects including cardiac arrhythmia, hepatitis and renal disfunction14.  

 

Currently, there are no available vaccines against leishmaniasis. A number of candidate vaccines are 

undergoing clinical trials including genetically attenuated live vaccines, protein or peptide based 

vaccines and DNA-based vaccines20. One adenovirus-based vaccine, ChAd63-KH has been reported 

to be safe and immunogenic in ongoing human clinical trials21. Results from a larger trial assessing 

therapeutic benefit are expected during 202220. With rising drug resistance, drug toxicity and current 

lack of vaccine availability, there is real need for more research into new drugs and vaccine antigen 

targets. 

 

1.3 The Leishmania lifecycle 

The Leishmania lifecycle is characterised by two distinct animal hosts: mammalian and 

phlebotomine (Figure 1.2). Between and within each host, the parasites encounter significant 

environmental shifts and undergo distinct morphological, metabolic and proteomic changes in 

response to survive7. The lifecycle involves three main, distinct forms of the parasite: sandfly-

infective procyclic promastigotes and human-infective metacyclic promastigotes and amastigotes. 

Procyclic promastigotes are primarily adapted to survive different sandfly environments, metacyclic 

promastigotes are primarily adapted for infection of the human host, and amastigotes are primarily 

adapted for survival inside mammalian leukocytes7. 
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Figure 1.2: The Leishmania parasitic lifecycle. 

Starting from the top, an infected sandfly bites a human and injects the metacyclics during a 

bloodmeal. Metacyclics are phagocytosed by a macrophage (Mø). Lower pH of the parasitophorous 

vacuole (PV) triggers amastigogenesis; metacyclics differentiate into amastigotes in order to survive. 

The amastigotes then are able to proliferate inside the PV until they lyse the Mø and are dispersed 

into the surrounding environment. Amastigotes can then infect other Mø. Infected Møs are taken up 

in a subsequent sandfly bloodmeal, lysed in the midgut and amastigotes are released where the 

environmental conditions (26 °C, pH 7.4) induce differentiation into procyclics. Procyclics replicate in 

the abdominal midgut and then differentiate into non-diving nectomonads. The nectomonads then 

migrate to the anterior midgut where they differentiate into replicating forms called leptomonads. 

Leptomonads proliferate and differentiate into human-infective metacyclics. Metacyclics then 

migrate through the proboscis and can infect another human host. The figure was made based on 

7,22. 

 

Parasite differentiation is triggered directly in response to detected changes in environmental 

conditions such as pH, nutrient availability and temperature7. The differentiation of procyclic 

promastigotes into metacyclics, termed metacyclogenesis, is triggered in vitro by a change in pH 

from Ғ 7.4 to Ғ 5.5, nutrient starvation and depletion of purine and tetrahydrobiopterin levels7,23ς26. 

Leishmania parasites are both purine auxotrophs and pteridine auxotrophs (precursor to 

tetrahydrobiopterin) and thus are only able to synthesise purines and tetrahydrobiopterin by 
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scavenging from local environments25,26. Once metacyclic parasites been phagocytosed by a 

macrophage, differentiation to amastigotes occurs, termed amastigogenesis. Similarly, a pH 

decrease to 4.0-5.5 and nutrient depletion can trigger amastigogenesis7. Unlike metacyclogenesis, 

amastigogenesis requires an increase in temperature to 36 °C27. The differentiation of amastigotes 

taken up in a bloodmeal back into procyclics, termed promastigogenesis, appears to be induced by 

an increase in pH to Ғ 7.4 and decrease in temperature to 26 °C7,22. 

 

The Leishmania parasite undergoes a number of significant morphological and physiological changes 

during its lifecycle in order to survive stressful environmental conditions7. For the parasites to 

properly sense environmental changes and undergo differentiation, careful regulation of gene 

expression is required. ²Ƙƛƭǎǘ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘƛŎ ƻǊƎŀƴƛǎƳǎ contain numerous transcriptional, post-

transcriptional, translational and post-translational regulation mechanisms, kinetoplastids were 

traditionally thought to lack most forms of transcriptional regulation7,28,29. However, more recent 

studies in T. brucei and L. mexicana have identified proteins that can regulate modification of 

histones30,31.  

 

1.4 Control of Leishmania lifecycle progression 

1.4.1 Common mechanisms of gene regulation in άƘƛƎƘŜǊέ eukaryotes 

Traditional eukaryotic gene expression is regulated by numerous different factors and numerous 

levels of control, however primary control comes at the DNA transcriptional level32 (Figure 1.3). RNA 

polymerase II (RNA Pol II) specifically transcribes protein-coding genes, assembling as a complex at 

the transcription promoter start site. Transcription rate of the complex can then be regulated by 

various transcription factors that bind at the promoter and enhancer binding sites32 (Figure 1.3A). 

Additionally, transcription factors can also bind at alternative DNA binding sites that can either 

activate or repress transcription32 (Figure 1.3B-C). 
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Figure 1.3: Outline of transcriptional regulation of gene expression in eukaryotes. 

This is not an exhaustive list of all forms of transcriptional regulation. A) Transcription of a gene in 

this example is driven by RNA polymerase II. The RNA Pol II complex binds a promoter containing a 

TATA box sequence to begin transcribing the gene. Enhancers can bind in close proximity (Enhancer 

1) or at a distal site (Enhancer 2) whereby each can enhance rates of transcription. The distal 

Enhancer 2 interacts with the RNA Pol II complex by the looping round of DNA. B) Transcriptional 

activators activate transcription. Transcriptional activators contain DBDs to bind similar promoter 

and enhancer sequences. Interaction of the activator domain and RNA Pol II complex induces gene 

transcription. C) Transcriptional repressors inhibit transcription. Repressors can block transcription 

either by blocking binding of transcription-related proteins or direct interaction of its repressor 

domain with the RNA Pol II complex. The figure was compiled based on 32,33. DBD ς DNA binding 

domain; TF ς transcription factor.  

 

On top of this, transcriptional regulation also occurs at the chromatin level. Eukaryotic DNA is never 

fully exposed in the nucleus; instead the DNA is always bound around histone proteins to form 

chromatin32. Each DNA-histone subunit in chromatin is called a nucleosome. 146 bp of DNA are 

wrapped around two molecules of each histone H2A, H2B, H3 and H4. A single molecule of H1 is also 

bound in a nucleosome. Chromatin is also condensed further into higher order coiled structures. 

Ultimately, this affects the accessibility of each gene to be transcribed and so chromatin structure 

serves as a key level of regulation. Before a gene sequence is available for transcription, chromatin 

must first be decondensed and then released from bound nucleosomes. Release of nucleosomes is 

primarily facilitated by the binding of two non-histone chromosomal high mobility group proteins 14 

and 17, binding of nucleosome remodelling factors (Figure 1.4A) and acetylation of histones (Figure 
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1.4B)32. Although acetylation primarily alters histone binding affinity to DNA, acetylation has also 

been shown to increase the binding affinity of specific DNA-binding proteins32. For example DPF3 

was identified to be a putative transcription factor that can bind acetylated lysine residues of histone 

H3 and H4 to facilitate chromatin remodelling34.  

 

 

Figure 1.4: Outline of transcriptional regulation of gene expression in eukaryotes at the histone 

level. 

This is not an exhaustive list of all forms of transcriptional regulation. A) Nucleosome remodelling 

allows access to genes to be transcribed. Exact mechanisms remain unclear however the remodelling 

factors are thought to bind and increase spatial access to genes without removing histones. B) 

Histone acetylation promotes gene transcription. Acetylation by HATs of histone N-terminal lysine 

residues reduces the overall positive charge of histones. This decreases histone binding affinity to 

DNA to allow access to genes. HDACs reverse this process resulting in tighter binding between 

histones and DNA. C) Histone methylation can activate or repress transcription of different genes. 

Methylation can occur at arginine and lysine residues, catalysed by protein arginine 

methyltransferases (PRMTs) and protein lysine methyltransferases (PKMTs) respectively. The figure 

was compiled based on 32,33. HAT ς histone acetyltransferase; HDAC ς histone deacetylase; HMT ς 

histone methyltransferase; HDM ς histone demethylase.  

 

Methylation serves as another mechanism of transcriptional regulation. Methylation of histones has 

been associated with both transcriptional activation and repression (Figure 1.4C)33. Methylation of 

DNA can also regulate gene expression. DNA methyltransferases can methylate residues of cytosine 
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adjacent to guanine. Such methylation is often associated with transcriptional repression by either 

blocking the binding of transcriptional activators or allowing binding of methyl-binding proteins that 

go on to recruit a co-repressor complex32,33.  

 

Although much regulation occurs at the transcriptional level, eukaryotes (and prokaryotes) also have 

numerous post-transcriptional mechanisms to regulate gene expression by altering mRNA content, 

stability, translation and protein function (Figure 1.5). Prior to translation, transcribed mRNAs are 

regulated by editing mechanisms (Figure 1.5A). This includes alternative splicing that can generate 

numerous isoforms of the same gene. For example, protein arginine methyltransferase 1 has been 

shown to have 8 splicing variants generated by different combinations of exon skipping across the 12 

exons that make up the gene. Each isoform has different tissue expression patterns, substrate 

specificities and enzymatic activities35ς37. Modification ōȅ ŀŘŘƛǘƛƻƴ ƻŦ ŀ рΩ ŎŀǇ ŀƴŘ оΩ Ǉƻƭȅό!ύ ǘŀƛƭ 

regulates degradation, facilitates nuclear export and regulates translation of the mRNA38,39. Finally, 

another major form of mRNA-level regulation involves the miRNA-RISCs (Figure 1.5B). mRNAs bound 

by miRNA-RISCs are either inhibited from being translated or degraded40,41. Thus, RNA editing and 

miRNAs can alter mRNA stability, translation and the translated protein sequence. 

 

Final mature mRNA transcript levels are often used as a proxy to indicate protein expression levels in 

a cell. However, recent studies have indicated mRNA transcript levels do not necessarily correlate to 

protein levels42. The lack of correlation ensues from additional translational and post-translational 

regulatory mechanisms that ultimately affect gene expression42. 

 

Translation can be regulated by a number of mechanisms including phosphorylation of eIF2, which 

prevents the assembly of the ribosome complex41 (Figure 1.5C). Translation can also be regulated by 

RNA-binding proteins (RBPs) that bind the рΩ ŀƴŘ оΩ untranslated regions (UTRs) of mRNAs to 

prevent assembly of the 43S pre-initiation complex or stabilise inhibitory RNA secondary structures. 

Poly(A) binding proteins (PABPs) are an exception that bind to the poly(A) tail and stimulate 

translation41. Beyond translation, protein function can also be regulated by post-translational 

modifications (PTMs) (Figure 1.5D). PTMs can alter protein-protein interactions, folding, stability and 

half-life43. For example, phosphorylation of eIF2 S51 inhibits translation of mRNAs41. Proteins often 

have multiple modification sites resulting in vast arrays of differentially modified populations43. 

Thus, whilst a gene can be expressed, translation and post-translational mechanisms of regulation 

can alter protein function and, ultimately, physiological effects on the cell.   
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Figure 1.5: Outline of regulation of post-transcriptional gene expression in eukaryotes. 

This is not an exhaustive list of all forms of post-transcriptional regulation. A) RNA editing alters 

protein isoforms and expression levels. Alternative splicing can create different isoforms of the same 

gene through use of different splice sites, including exon skipping, alternate splice sites and intron 

ǊŜǘŜƴǘƛƻƴΦ !ŘŘƛǘƛƻƴ ƻŦ рΩ ŎŀǇǎ ŀƴŘ оΩ Ǉƻƭȅό!ύ ǘŀƛƭǎ ŀƭǘŜǊ Ƴwb! Ƙŀƭf-life and thus the extent to which a 

transcript can be translated into protein. B) miRNA silencing of mRNA translation. Transcribed 

miRNAs bound in the RISC complex can either inhibit translation (mismatch in miRNA-mRNA base-

pairing) or degrade target mRNAs (full complementary miRNA-mRNA base-pairing). C) Translation 

initiation regulation alters overall protein levels. eIF2 is a key translation initiation factor that 

facilitates the assembly of the 43S initiation complex (40S ribosome subunit and other eIFs), scanning 

along an mRNA for a start codon, and eventual formation of the full ribosome 80S complex. 

However, if eIF2 is phosphorylated, the 43S initiation complex fails to form and no translation occurs. 

D) Summary of PTMs that can regulate protein functions. Each PTM is catalysed by different enzymes 

and their general effects are indicated in the figure. PTMs are also heavily linked to biological 

processes in the bottom left box of D). The figure was compiled based on 40,41,43,44. UTR ς untranslated 

region; RISC ς RNA-induced silencing complex.  
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1.4.2 Gene regulation in kinetoplastids is predominantly post-transcriptional 

Eukaryotes have a vast array of gene expression regulatory mechanisms from DNA through to 

proteins. Kinetoplastids, however, are traditionally understood to mostly regulate gene expression 

through post-transcriptional mechanisms28,29. This is a direct consequence of their genome 

organisation whereby protein-coding genes are arranged in long tandem arrays that are transcribed 

as polycistronic mRNAs comprising 10-100 genes (Figure 1.6A). Intergenic regions are generally only 

small and so lack the extensive regulatory elements of other eukaryotes28,29. Unsurprisingly, the lack 

of transcriptional regulation results in an underrepresentation of histone-modifying enzymes, which 

nevertheless still play important roles45. Although functions of most histone modifications are yet to 

be understood, they have been implicated in acting as transcription start and stop sites in the 

absence of an RNA Pol II promoter28,29. LƴŘŜŜŘΣ ŀ ƴǳƳōŜǊ ƻŦ ƘƛǎǘƻƴŜ άǊŜŀŘŜǊέΣ άǿǊƛǘŜǊέ ŀƴŘ άŜǊŀǎŜǊέ 

proteins have been identified30,31. One such reader of acetyl-lysine residues, bromodomain factor 5 

(BDF5), has been implicated in maintaining acetylation of histones for efficient transcription30,31. 

Moreover, BDF5 was shown to be essential for L. mexicana promastigote survival and murine 

infection31. In addition, such epigenetic changes have also been suggested to be involved in 

differentiation, however evidence is still lacking to confirm this claim28,45. The discovery and 

characterisation of BDF5 suggests kinetoplastids may have more mechanisms of transcriptional 

regulation than previously thought. Further studies will shed light on this area. 

 

Beyond transcription, ƪƛƴŜǘƻǇƭŀǎǘƛŘǎ ǎƘŀǊŜ ǎƻƳŜ ǎƛƳƛƭŀǊƛǘƛŜǎ ǿƛǘƘ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎΦ YƛƴŜǘƻǇƭŀǎǘƛŘǎ 

have both alternative splicing and RNA editing mechanisms that regulate gene expression, although 

the exact mechanisms are different (Figure 1.6A). Kinetoplastids contain very few introns, meaning 

exon skipping and intron retention cannot occur28. Transcription of genes into polycistronic pre-

mRNAs also requires a different processing mechanism. Individual mRNAs are generated by a trans-

splicing mechanism whereby a splice leader ό{[ύ wb! ƛƴǎŜǊǘǎ ƛǘǎŜƭŦ ŀǘ ǘƘŜ рΩ ŜƴŘ ƻŦ ŜŀŎƘ ƎŜƴŜ ŀƴŘ 

thus acts ŀǎ ǘƘŜ рΩ ŜȄƻƴΦ Insertion of the SL RNA excises genes from the polycistronic pre-mRNA and 

ŀŘŘǎ ǘƘŜ рΩ Ƴ7G cap. Depending where the SL RNA inserts in a gene, intergenic regions can be 

included, new start sites created, signal peptide sequences added or removed, or an alternative 

open reading frame generated28,29,46. Polycistronic pre-mRNAs are further processed by 

polyadenylation coupled to the trans-splicing reaction. Once these splicing and polyadenylation 

reactions are complete, the mature mRNA is generated28,29,46. 
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Figure 1.6Υ hǾŜǊǾƛŜǿ ƻŦ ƪƛƴŜǘƻǇƭŀǎǘƛŘ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǊŜƎǳƭŀǘƛƻƴ ŀƴŘ ŘƛŦŦŜǊŜƴŎŜǎ ǿƛǘƘ άƘƛƎƘŜǊέ 

eukaryotes. 

A) Schematic of the gene expression pathway of kinetoplastids. B) Summary of the main differences 

ƛƴ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ ǊŜƎǳƭŀǘƛƻƴ ƳŜŎƘŀƴƛǎƳǎ ōŜǘǿŜŜƴ ƪƛƴŜǘƻǇƭŀǎǘƛŘ ŀƴŘ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎΦ CƛƎǳǊŜ 

was compiled based on 28,29. 
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Whilst kinetoplastid also utilise RBPs to regulate mRNAs, the lack of transcriptional control results in 

RBPs playing a much greater role in overall gene expression (Figure 1.6A). Mature mRNAs in the 

nucleus can interact with RBPs to form a messenger ribonucleoprotein particle (mRNP) to facilitate 

export to the cytoplasm29. Once in the cytoplasm, RBPs can regulate mRNA decay, localisation, 

sequestration to stress granules and translation29. Translation rates are often mediated by changes 

ƛƴ ǘƘŜ оΩ ¦¢wΦ оΩ¦¢wǎ ƛƴ T. brucei have median lengths of about 300 nucleotides with the potential to 

bind at least 15 RBPs simultaneously28,29. Studies in T. brucei identified about 300 proteins that could 

affect RNA abundance47. Over 1400 RBPs were also identified in the proteome of L. mexicana48. T. 

cruzi also similarly expresses a vast array of RBPs to regulate mRNAs49. Thus, RBPs play an essential 

and central role in regulation of gene expression. The vast variety of RBPs will be outlined later in 

this Chapter.   

 

YƛƴŜǘƻǇƭŀǎǘƛŘǎΣ ǘƘŜǊŜŦƻǊŜΣ ǿƘƛƭǎǘ ƭŀŎƪƛƴƎ ƳǳŎƘ ƻŦ ǘƘŜ άƘƛƎƘŜǊέ Ŝǳƪaryotic mechanisms of 

transcriptional regulation, utilise similar post-transcriptional mechanisms (Figure 1.6B). The exact 

mechanisms contain a number of differences, particularly in alternative splicing and RNA editing due 

to the nature of genomic organisation. Although RNAi has been identified in kinetoplastids, its 

importance in development is not well understood and transcriptome studies have yet to identify 

miRNAs28,29,45. 

 

1.5 RBP-RNA interactions 

.ƻǘƘ άƘƛƎƘŜǊέ eukaryote and kinetoplastid RBPs have key roles in regulation of gene expression. 

RBPs exert their regulatory effects by direct interactions with mRNAs. RBPs interact with RNAs 

through one or more RNA-binding domains (RBDs). As a result, RBP-RNA interactions are determined 

by three central characteristics: RNA structure, RBDs and PTMs. 

 

1.5.1 RNA structure 

Much like polypeptide sequences, RNAs do not just exist as a disordered stretch of nucleic acids. 

RNAs form secondary structures through Watson-Crick base pairing which can then fold into 3D 

tertiary structures. Some RNA structures can then exert specific functions, for example ribozymes 

that catalyse biochemical reactions50. Additionally, riōƻǎǿƛǘŎƘŜǎ Ŏŀƴ άǎŜƴǎŜέ ƭƻŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ōȅ ŀ 

specific non-coding mRNA sequence binding a small molecule. Binding induces a conformational 

change in the RNA secondary structure that can regulate alternative splicing, transcription or 

translation. Thus, riboswitches can serve as an additional means of regulation of gene expression50. 
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Mature mRNAs structures are relatively similar ōŜǘǿŜŜƴ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ ŀƴŘ ƪƛƴŜǘƻǇƭŀǎǘƛŘǎ50ς52. 

Generally, mRNAs are made up of a central protein-coding sequence flanked ōȅ рΩ ŀƴŘ оΩ ¦¢wǎ and 

ŎŀǇǇŜŘ ōȅ ŀ рΩ Ƴ7D ŎŀǇ ŀƴŘ оΩ Ǉƻƭȅό!ύ ǘŀƛƭ (Figure 1.7). Each UTR contains distinct sequence elements 

and secondary structures. TƘŜ рΩ Ƴ7D ŎŀǇ ŀƴŘ ¦¢w ŎƻƴǘǊƛōǳǘŜ ǘƻ ǘǊŀƴǎƭŀǘƛƻƴŀƭ ŎƻƴǘǊƻƭΦ ¢ƘŜ оΩ ¦¢w 

and poly(A) tail similarly contribute to translational control but also regulate mRNA localisation and 

stability50,51. Whilst overall structure is similar, a number of distinct differences have begun to be 

identified in the UTRs ƻŦ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ ŀƴŘ ƪƛƴŜǘƻǇƭŀǎǘƛŘǎ50ς55. 

 

1.5.1.1 άIƛƎƘŜǊέ eukaryotic RNA structure 

άIƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ Ŏƻƴǘŀƛƴ ǎŜŎƻƴŘŀǊȅ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǎŜǉǳŜƴŎŜ Ƴƻtifs in both UTRs (Figure 1.7A). 

Pseudoknots, hairpins and other RNA secondary structures, such as RNA G-quadruplexes, mainly act 

to inhibit translation50. Such secondary structures inhibiting translation can be overcome by 

increased eIF4A expression to promote greater RNA unwinding51,56. In addition, the upstream open 

reading frame (uORF) also generally inhibits translation50,57. The internal ribosome entry site (IRES) 

enables translation of the protein-ŎƻŘƛƴƎ ǎŜǉǳŜƴŎŜ ƛƴŘŜǇŜƴŘŜƴǘ ƻŦ ǘƘŜ рΩ Ƴ7G cap. RNP complexes, 

RNA modifications and RBP/lncRNA binding sites all also can act to regulate translation initiation50. 

Methylation of an adenosine N6 (m6A) has been shown to promote efficiency of translation by 

unfolding RNA structures50.   

 

Depending where an RBP binds, translation can be promoted or suppressed. CNBP, a human zinc 

finger protein, can enhance translation by destabilising RNA tertiary structures58. Activation of some 

IRESs involves a structural change in an RNA motif facilitated by RBPs. For example, YB-1 and PTB-1 

can bind the IRES of the MYC transcript and stimulate translation59. Ribosome access to the RNA m7G 

cap can also be sterically blocked by the IRE-IRP ribonucleoprotein complex50. 

 

¢ƘŜ оΩ ¦¢w ƎŜƴŜǊŀƭƭȅ Ŏƻƴǘŀƛƴǎ ƳƻǊŜ ǎŜǉǳŜƴŎŜ ŜƭŜƳŜƴǘǎΦ ¢ƘŜ ȊƛǇ ŎƻŘŜ ǎŜǉǳŜƴŎŜ is bound by zip-

code-binding proteins and mediates subcellular localisation. These sequences contain a variety of 

primary, secondary and tertiary structures51. The cytoplasmic polyadenylation element (CPE) and 

AU-rich elements (AREs) are related to polyadenylation and stability of mRNAs51. In addition, miRNAs 

often target the оΩ ¦¢w ǎŜǉǳŜƴŎŜǎ of mRNAs to induce translational repression and mRNA decay40. 

Interestingly, a few studies have also indicated miRNAs can up-regulate some genes under certain 

conditions, such as during serum starvation40. However, there are also exceptions where miRNAs can 
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ōƛƴŘ ǘƘŜ рΩ ¦¢wΣ protein-coding sequence and even gene promoters. Binding of miRNAs to рΩ ¦¢w 

and protein-coding sequences can induce translational repression whereas binding to gene 

promoters has been reported to induce transcription40.    

 

 

Figure 1.7: Comparison of the general mRNA structure, elements and RBP binding sites. 

!ύ {ŎƘŜƳŀǘƛŎ ƻŦ ŀ ƎŜƴŜǊŀƭ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜ Ƴwb!Φ .ύ {ŎƘŜƳŀǘƛŎ ƻŦ ŀ ƎŜƴŜǊŀƭ ƪƛƴŜǘƻǇƭŀǎǘƛŘ Ƴwb!Φ 

Note the m7G cap of the kinetoplastid mRNA is ŀ ŘƛŦŦŜǊŜƴǘ ŎƻƭƻǳǊ ǘƻ ǘƘŜ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜ Ƴwb! 

due to presence of hypermethylation. Faded elements indicate its presence currently remains 

unknown. Question marks also indicate possible, but not proven, binding sites for lncRNAs. RBPs in 

both A) and B) are indicated able to bind at hairpins and specific UTR sequences to regulate 

translation initiation, subcellular localisation and mRNA stability. RBPs in light blue represent 

various/unknown RBPs. Figure compiled based on 50ς52. uORF ς upstream open reading frame; IRES ς 

internal ribosome entry site; CPE ς cytoplasmic polyadenylation element; CPEB ς CPE-binding protein; 

PABP ς polyadenylation binding protein; SIDERs ς short interspersed degenerated retrotransposons; 

ARE ς AU-rich elements; RTs ς retrotransposons. 

 

Various RBPs have also been identified to bind the оΩ ¦¢wǎ of mRNAs. RBPs can bind AREs that can 

either stabilise the mRNA, such as Hu proteins, or promote decay, such as heterogeneous nuclear 

ribonucleoprotein D60. CPE-binding protein is able to bind the CPE to regulate polyadenylation, 
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deadenylation and translation61. PABPs interact with the poly(A) tail. eIF4G has been suggested to 

interact with PABP and ultimately facilitate recycling of terminating ribosomes to re-translate an 

mRNA transcript62. Other RBPs can ōƛƴŘ ǘƘŜ оΩ ¦¢w ǘƻ promote intermolecular interactions between 

mRNAs to form densely packed RNP particles that are inaccessible to translation machinery. 

Formation of RNP particles may also facilitate transport and localisation of transcripts63. 

 

1.5.1.2 Kinetoplastid RNA structure 

²Ƙƛƭǎǘ ƴǳƳŜǊƻǳǎ ǎƛƳƛƭŀǊƛǘƛŜǎ ōŜǘǿŜŜƴ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜ ŀƴŘ ƪƛƴŜǘƻǇƭŀǎǘƛŘ Ƴwb! ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ 

evident, some differences have been discovered (Figure 1.7B). Kinetoplastid mRNAs also ƘŀǾŜ ŀ рΩ 

ŎŀǇ ŀƴŘ оΩ Ǉƻƭȅό!ύ ǘŀƛƭ. However, rather than an m7G cap, kinetoplastid mRNAs appear also to be 

methylateŘ ŀǘ ǘƘŜ нΩ-O-ribose of adjacent nucleotides and the base of the fourth nucleotide residue, 

known as a cap-4 structure. This difference has led to an evolutionary functional divergence in the 

cap-binding proteins52. 

 

рΩ ¦¢wǎ of kinetoplastid mRNAs similarly regulate translation and appear to be of similar length to 

ƻǘƘŜǊ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ52. Kinetoplastid mRNAs similarly contain uORFs to inhibit translation. 

Indeed, uORFs have been suggested to be an important contributor of gene regulation in T. 

brucei52,64. Aside from this, other elements are different or not well understood. The unique cap 

structure and divergent cap-binding proteins indicate a functional difference in cap-dependent 

translation initiation52. Secondary RNA structures are thought to be present but are likely different 

to άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ52. Whilst RBP/lncRNA binding sites are unknown, non-coding RNAs have been 

identified in T. brucei and Leishmania65. Thus far, IRES-mediated translation sites are only 

speculated52.   

 

оΩ ¦¢wǎ of kinetoplastid mRNAs also ǎŜǊǾŜ ǎƛƳƛƭŀǊ ŦǳƴŎǘƛƻƴǎ ǘƻ ǘƘƻǎŜ ƛƴ άƘƛƎƘŜǊέ eukaryotes. 

Similarities include AREs and a polyadenylation signal sequence (although likely a slightly different 

consensus sequence)52. miRNA binding sites, RNA secondary structures and other RBP/lncRNA 

binding sites have been suggested to be present but are not well understood52. Indeed, miRNAs have 

yet to be identified and RNAi machinery is lacking from kinetoplastid genomes28,29,45,52.  

 

Kinetoplastids also contain a significant number of transposable elements that make up 5% of their 

genomes66. Each kinetoplastid contains different sets of either long-terminal repeat (LTR) or non-LTR 

retrotransposons (known as retroposons) of varying lengths. Leishmania species contain a class of 
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short interspersed degenerated retroposons (SIDERs). Analysis of the L. major genome identified 

around 2000 copies of SIDERs, split into two subfamilies SIDER1 and SIDER266. SIDERs in Leishmania 

are thought to post-transcriptionally regulate gene expression, possibly by modulating mRNA 

decay66. SIDERs are also present in the T. brucei genome, though only around 20 copies have been 

identified. SIDERs in T. brucei do not appear to have any role in regulation of gene expression66,67. 

Thus, whilst kinetoplastids mRNAs uniquely contain transposable elements, there is significant 

diversity in type, frequency and function. 

 

RBP functions remain relatively similar in kinetoplastids. RBPs have been identified to form RNP 

complexes such as TbZFP3 interaction with the оΩ ¦¢w ƻŦ ǘƘŜ EP1 procyclin transcript 68,69. TcRBP19 

has been reported to down-regulate its own transcript by binding to ǘƘŜ оΩ ¦¢w70. RBPs can also bind 

AREs, such as TcUBP-171, and the poly(A) tail, such as L. major PABP1Σ н ŀƴŘ о όƘƻƳƻƭƻƎǎ ƻŦ άƘƛƎƘŜǊέ 

eukaryotic PABP)72. Some RBPs also retain similar functions ǘƻ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ. For example, 

ŜLCнʰ ǇƘƻǎǇƘƻǊȅƭŀǘƛƻƴ ŘƻǿƴǊŜƎǳƭŀǘŜǎ Ƴwb! ǘǊŀƴǎƭŀǘƛƻƴ29,73. However, few RBPs have thus far been 

characterised in detail52. Given how many kinetoplastid RBPs have been identified to interact with 

mRNAs47,48, many more key regulators will likely be elucidated.  

 

1.5.2 RBDs and their interactions 

As outlined above, mRNAs contain various sequence and structural elements that regulate gene 

expression. Often regulation of gene expression occurs through RBPs binding these RNA sequence 

and structural motifs. Alongside RNA sequence and structure, binding of RBPs is also determined by 

its RBDs that interact with an mRNA. 

 

1.5.2.1 RBDs 

RBPs are generally composed of a limited set of RBDs that cooperate to bind a target RNA (or DNA) 

molecule. Binding of RBD-RNA can occur through multiple different interaction interfaces74,75 (Figure 

1.8A). RBDs can topologically rearrange to bind a particular RNA structure outlined in the previous 

section. RBDs can also cause topological rearrangement of RNA (RNA looping). Other interactions 

involve conformational changes in the flexible linker between two RBDs. Two RBDs can bind 

independently, form inter-domain contacts, fold the linker into a different conformation or each be 

positioned for binding by an auxiliary protein. RBD interaction with an RNA molecule can also be 

facilitated by dimerisation of identical RBDs. RBDs linked to enzymatic domains can also induce 

catalytic activity when bound to a target RNA74,75. 
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Figure 1.8: RBP-RNA interactions and functions. 

A) Outline of different modes of RBD interactions with RNA. Interactions are split into whether two 

RBDs (left) or one RBD linked to another domain (right) are involved. B) Summary of different RBD 

interactions. Figure compiled based on 74,75. CSD ς cold shock domain; ZnF ς zinc finger; KH ς K 

homology; RRM ς RNA recognition motif. 

 

Different RBDs have different topologies and binding surfaces in order to target specific DNA or RNA 

sequences74,75 (Figure 1.8B). Alone, RBDs bind RNA with a low specificity and weak affinity. However, 

in multiple copies, RBPs gain enhanced specificity and affinity for target RNAs. Multiple domains 

with linker regions allow longer stretches of RNA to be recognised or a separate RNA molecule to be 

recognised altogether. Short linkers generally only allow multiple RBDs to bind a stretch of nucleic 

acids whereas longer flexible linkers enable more diversity in target RNA sequences bound74,75.  
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Given RBDs have different consensus sequences and topologies, unsurprisingly each has a unique 

structure. Alba domains have been identified in both prokaryotes and eukaryotes (Figure 1.8C). Alba 

proteins can bind both DNA and RNA through homo- or hetero-dimeric forms. On binding DNA or 

RNA, higher order oligomers can also form76. For example, the hyperthermophile Sulfolobus shibatae 

Ssh10b binds double-stranded RNA through a tetrameric interface of a pair of dimers77. 

 

 

Figure 1.9: Examples of different RBDs. 

A) the Alba domain from S. shibatae Ssh10b protein (PDB: 3WBM), B) the CCCH ZnF domain from H. 

sapiens zinc-finger CCCH-type domain containing protein 7A (PDB: 2D9M), C) the CCHH ZnF domain 

from S. cerevisiae SGF73 protein (PDB: 2LO3), D) The CSD from S. typhimurium cold shock protein E 

(PDB: 3I2Z), E) the KH domain from H. sapiens Nova-1 protein (PDB: 1DT4), F) the pumilio domain 

from D. melanogaster Pumilio protein (PDB: 5KL1), G) the RRM domain from S. cerevisiae Nab3 

protein (PDB: 2L41). The ZnFs both have residues labelled to indicate amino acid side chains that 

coordinate a metal Zn2+ ion. Figure compiled based on 74,75. CSD ς cold shock domain; ZnF ς zinc 

finger; KH ς K homology; RRM ς RNA recognition motif. 

 

Zinc fingers are defined as a structure where four residues coordinate a zinc ion (Figure 1.9B-C). Zinc 

fingers are subdivided by the residues that coordinate the zinc ion, including CCCH, CCHH and CCHC. 

Like the Alba domain, zinc finger domains can also bind both DNA and RNA74. Human TIS11d 
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contains two CCCH zinc fingers that have been shown to directly bind AREs of the TNF-ʰ Ƴwb! 

transcript to promote mRNA decay78. 

 

Cold-shock domains (CSDs) adopt an oligonucleotide/oligosaccharide-binding fold composed of five 

anti-ǇŀǊŀƭƭŜƭ ʲ-strands, such as in the Salmonella typhimurium CspE protein74,79 (Figure 1.9D). All 

CSDs are approximately 70 amino acids in length and appear highly conserved between bacteria and 

eukaryotes. CSDs are also able to bind DNA and RNA, however binding is relatively non-specific80. 

 

K-homology (KH) domains are found in prokaryotes and eukaryotes and can bind both single-

stranded DNA and single-stranded RNA, such as the KH domains of human Nova-1 protein74,81 

(Figure 1.9E). Similar to CSDs, KH domains are approximately 70 amino acids in length, formed of a 

-̡ǎƘŜŜǘ ǇŀŎƪŜŘ ŀƎŀƛƴǎǘ ǘƘǊŜŜ ʰ-helices. Interaction with DNA/RNA involves hydrogen bonding and 

electrostatic interactions74. 

 

Pumilio (PUF) proteins are a large family of significantly larger domains (Figure 1.9F). They are found 

in all eukaryotes and have been linked to RNA decay and translation repression. The domain is made 

up ƻŦ ʰ-helical PUF repeats that adopt an overall crescent structure to bind a target RNA. Each 

repeat generally binds a single nucleic acid residue74,82. Drosophila melanogaster Pum protein binds 

its target mRNA in this manner to repress protein expression. Repression here is also supported by 

another RBP, Nos, that contains a tandem CCHC zinc finger and clamps Pum to its mRNA target. Thus 

repression is achieved by dual activity of two different RBPs83. 

 

The RNA recognition motif (RRM) domain is by far the most commonly employed domain used by 

RBPs to interact with RNAs (Figure 1.9G). In fact, RRMs are so common that they are present in 

approximately 0.5-1% of all human genes. RRMs are generally 80-90 amino acids in length and 

normally interact with RNA moleculeǎ Ǿƛŀ ƛǘǎ ʲ-sheet. The interaction involves a conserved R or K 

residue forming a salt bridge with the phosphodiester backbone, and two aromatic residues that 

form stacking interactions with an RNA. Multiple domains are often required to define specificity74. 

Saccharomyces cerevisiae Nab3 protein contains an RRM that was shown to bind a single-stranded 

UCUU RNA. Dimerisation with the RRM-containing Nrd1 protein also enhanced the affinity of Nab3 

for the RNA84.   
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1.5.2.2 Distributions of RBDs 

Recent analysis of human RBPs using computational and large scale RBP proteomic (RBPome) data 

was compiled together on EuRBPDB85. As expected RRM were by far the most common RBD 

predicted. Other common domains included: GTPase, zinc fingers, DEAD-box helicase and an 

endonuclease related domain. KH domains were not particularly common whereas Alba, CSD and 

Pumilio domains were relatively uncommon85. A very similar pattern was also observed for C. 

elegans85. 

 

Unfortunately, the study did not carry out the same analysis for kinetoplastids. However, other 

studies have begun to elucidate their RBPomes. Analysis of proteins in T. brucei indicated a similar 

proportion of proteins containing the RRM domain as in humans86. T. cruzi and L. major were also 

shown to have similar sets of orthologs86. TcRBPs characterised so far have mostly contained the 

RRM domain, however zinc finger, CSD, Pumilio and other non-canonical domains have also been 

identified49. Apart from splicing and translation machinery, the RBPome of L. mexicana indicated 

RRMs were the most common domain. DEAD-box, Pumilio, zinc fingers, KH, CSDs, Alba and Tudor 

domains were all also identified48. It was noted however zinc fingers were significantly 

underrepresented due to the difficulty of identifying zinc finger proteins with mass spectrometry48. 

In addition, only 31% of predicted RBPs were identified, likely due to lifecycle stage-dependent 

expression of numerous RBPs. Comparisons of procyclics, metacyclics and amastigotes indicated 

some significant differences in association with mRNA48. Thus, whilst domain distributions remain 

relatively similar overall, the RBPome of L. mexicana suggests there could be some distinct 

differences between lifecycle stages. 

 

1.5.3 PTMs can alter RBP-RNA interactions 

The two previous sections have outlined the importance of RNA structure and RBDs in whether a 

particular RBP and RNA can interact and how strongly. The final factor in determining RBP-RNA 

interactions are PTMs. Although PTMs serve various functions, PTMs can have significant effects on 

protein-protein and protein-nucleic acid interactions. 

 

1.5.3.1 Types of PTMs 

Proteins are modified with PTMs by the transfer of a modifying group from a donor molecule in an 

enzymatic reaction. The modification can either be reversible or irreversible and may affect the 

properties of a protein (Figure 1.5D). A vast array of different PTMs have been studied, however 
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some are more common than others43 (Figure 1.10A). Eukaryotic PTM data from the dbPTM 

indicates a huge majority (almost 64%) of known modifications are phosphorylation events87. The 

second most common is ubiquitylation making up just over 16% of known modifications. This is likely 

not a truly accurate reflection of PTMs across a whole cell proteome. Apart from likely different 

frequencies across cell types and under different environmental conditions, the dbPTM is also biased 

towards wherever most research is focused87. For example, phosphorylation has been identified as 

an essential regulator in many cellular events through protein synthesis, signal transduction and cell 

division. The human genome alone encodes 568 protein kinases and 156 phosphatases88. Therefore, 

given the prevalence and essentiality of phosphorylation, it has been studied more significantly. 

  

 

Figure 1.10: PTMs and their effects on RBP functions. 

!ύ /ƻƳǇŀǊƛǎƻƴ ƻŦ t¢a ŘƛǎǘǊƛōǳǘƛƻƴ ƛƴ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ ŀƴŘ ƪƛƴŜǘƻǇƭŀǎǘƛŘǎΦ ϝ{ƻǳǊŎŜŘ ŦǊƻƳ 

dbPTM87Τ ϞǎƻǳǊŎŜŘ ŦǊƻƳ 89Φ ϟhƴƭȅ ŀƴŀƭȅǎŜŘ ǘǊƛƳŜǘƘȅƭŀǘƛƻƴΦ b5 ς no data. Examples of the effect of 

arginine methylation are indicated for RBPs: B) RBP16, C) (Tb)DRBD18 and D) (Lmj)Alba3 function. E) 

PUF2, ZFP3 and DRBD2 are also methylated but have yet to be closely examined in a PRMT study. 

Figure compiled based on 69,90ς93. 
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No such PTM database exist for kinetoplastids however some studies have sought to establish more 

of a global understanding (Figure 1.10A). One study in T. brucei identified crotonylation and 2-

hydroxyisobutyrylation as the most common PTMs, followed by phosphorylation and acetylation89. 

Direct comparisons are not appropriate as this is a single study whereas the dbPTM is made up of 

thousands of separate studies. Nevertheless, it is interesting that relatively rare crotonylation in 

eukaryotes is the predominant PTM in T. brucei. Although methylation appears relatively rare, the 

study only quantified trimethylated residues89. Thus, including monomethylation and dimethylation 

would likely increase the proportion of this PTM.  

 

The same study also aligned PTM sites with orthologs of other species. Conservation of the residue 

was then suggested to be a possible PTM site in the other species. Interestingly, L. major only 

showed 25-50% conservation across the PTM data89. Therefore, this suggests PTMs across the 

kinetoplastids could be more variable. More extensive global PTM analysis in Leishmania is required 

to confirm this. 

 

1.5.3.2 PTMs and RBPs 

PTMs can alter RBPs in a number of different ways including their subcellular localisation, turnover 

and degradation, protein-protein interactions and protein-RNA interactions. A change in RBP 

localisation can have dramatic effects on RNA metabolism due to spatial separation from its target 

RNA94. For example, phosphorylation at Ser284 or methylation by protein arginine 

methyltransferase 1 (PRMT1) in the disordered RGG-box region both result in nuclear accumulation 

of hnRNP K95,96. Turnover and degradation not only replaces old and defective protein, but also 

allows the proteome to respond to different cellular contexts and stimuli94. For example, expression 

levels of KH-type splicing regulatory protein, an RBP that binds AREs and promotes degradation of 

mRNAs, are regulated by ubiquitylation94,97.  

 

PTMs also have been shown to either promote or hinder interaction of RBPs with target transcripts 

and other proteins94. As mentioned, Hu proteins can bind AREs to stabilise mRNAs60. One of the Hu 

proteins, HuR, can stabilise and/or enhance translation of target transcripts, but binding to target 

AREs is modulated by phosphorylation. Phosphorylation of HuR occurs within or near the three 

RRMs98. A number of studies have suggested S88 and S100 phosphorylation can promote binding to 

certain transcripts and inhibit binding to other transcripts94. HuR arginine methylation by PRMT4 and 

ubiquitylation by a complex has also been identified to promote transcript association and induce 
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dissociation from mRNPs, respectively94,99,100. Taken together, each phosphorylation, arginine 

methylation and ubiquitylation can differentially modulate HuR specificity, affinity and associations 

to target transcripts.  

 

It is worth noting that PTMs can also alter many behaviours of other proteins in a similar manner, 

including the enzymes that catalyse PTMs. For example, N-terminal myristoylation of PRMT8, an 

enzyme that catalyses arginine methylation, results in localisation to the plasma membrane101. E4B 

ubiquitin ligase polyubiquitination of PRMT1 also promotes proteasomal degradation102,103. PRMT4 

methylation of PRMT5 at R505 is not only important for PRMT5 methyltransferase activity, but also 

modulates its oligomeric state104.  

 

Functions and effects of PTMs on protein properties are also very similar in kinetoplastids. A number 

of RBP-PTMs have been characterised (Figure 1.10B-E). Arginine methylation of RBPs has been a 

particular focus given, unlike other unicellular organisms, kinetoplastids uniquely possess at least 

one of each type of PRMT (explained in the next section). For example, L. major (Lmj)PRMT7 

methylation of LmjRBP16 increases protein stability, preventing its degradation before translocation 

to the mitochondrion90,105 (Figure 1.10B). 

Arginine methylation appears to have a variety of effects on different kinetoplastid RBPs. T. brucei 

(Tb)PRMT1 methylation of TbRBP16 alters RNA specificity. Unmethylated RBP16 was shown to have 

a higher affinity for guide RNA (gRNA), a component of the RNA editing complex in the T. brucei 

mitochondrion. However, methylated RBP16 (RBP16me) had a higher affinity for mRNA 

transcripts1,106,107 (Figure 1.10B). Arginine methylation of LmjAlba3 alters the binding affinity 

depending on the mRNA transcript (Figure 1.10D). Whilst Alba3me had a higher binding affinity than 

unmethylated Alba3 for the ɻ -amastin transcript, only Alba3me could bind the p1/s1 nuclease 

transcript. Binding of Alba3me to the ɻ-amastin transcript was shown to increase transcript stability. 

On the other hand, methylation had no effect on binding to the nmt transcript90,105. Methylation of 

TbDRBD18 instead alters RNA metabolism and turnover (Figure 1.10C). Whilst DRBD18 generally 

promotes destabilisation of RNAs, DRBD18me had a stabilising effect91. 

 

Other RBPs have also been reported to be methylated in L. major, including PUF2, ZFP3 and DRBD290 

(Figure 1.10E). The effects of arginine methylation have yet to be studied on these RBPs, however 

both PUF2 and ZFP3 have roles in mRNA stability68,69,92. Studies of DRBD2 in T. brucei and T. cruzi 

identified Alba1 and Alba3 in co-immunoprecipitation experiments. In addition, PABP2 and 3 were 
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also identified suggesting possible translation regulatory effects93,108. Taken together, arginine 

methylation clearly has a central role in regulating RBP-RNA interactions in kinetoplastids. 

 

1.6 Arginine methylation 

As outlined above, arginine methylation is a key PTM that can alter various protein-protein 

interactions, protein-RNA interactions, localisation and stability. Arginine methylation has the 

potential to regulate many biological processes including splicing, DNA repair, transcription, 

translation, protein trafficking, cell cycle control and cell signalling109,110.  Dysfunction of arginine 

methylation has also been linked to a number of diseases in humans including cancer, cardiovascular 

disease, viral pathogenesis and spinal muscular atrophy111,112. 

 

1.6.1 PRMTs catalyse arginine methylation 

Methylation of an arginine residue occurs in the guanidino group of its side chain. Addition of a 

methyl group to an arginine side chain alters its chemical properties. Up to two methyl groups can 

be added to the guanidino group, altering the steric shape and charge distribution across the side 

chain. Hydrophobicity is also increased and addition of each methyl group reduces the number of 

hydrogen bonds that can be formed to electronegative groups of other amino acid residues by one. 

This clearly could impact interactions with different targets113,114. 

 

Methylation of the arginine side chain is catalysed by the protein arginine methyltransferase (PRMT) 

enzyme family (Figure 1.11). PRMTs are classified by the methylation pattern they catalyse on the 

side chain. PRMTs can catalyse formation of ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ǘȅǇŜǎ ƻŦ ƳŜǘƘȅƭŀǊƎƛƴƛƴŜǎ ƻƴ ǘƘŜ ˖-

nitrogens: asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) and 

monomethylarginine (MMA). Type I, II and III PRMTs catalyse formation of ADMA, SDMA and MMA, 

respectively. A type IV PRMT has also been reported that Ŏŀƴ ƳŜǘƘȅƭŀǘŜ ǘƘŜ ʵ-nitrogen, however no 

homologs yet have been identified outside of yeast109,115.  

 

Nine mammalian PRMTs have been identified that are subdivided into type I (PRMT1, 2, 3, 4, 6 and 

8), II (PRMT5 and 9) and III (PRMT7)109. Kinetoplastids are unique among unicellular organisms to 

have at least one homolog for the three types of PRMT1. Other parasitic protozoa have 2-8 PRMT 

genes but are generally only homologs of H. sapiens (Hs)PRMT1 and 5116. Kinetoplastids encode five 

PRMTs including PRMT1, 3, 5, 6 and 71,116,117. 
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Figure 1.11: Outline of type I, II and III PRMT methylation of arginine residue side chains. 

All three types of PRMT monomethylate the terminal amino group of the arginine side chain. Type I 

can then further dimethylate the nitrogen and type II can methylate the adjacent nitrogen. Note the 

positive charge on the double bonded amino group is stabilised by resonance. The I, II, III represent 

ǘƘŜ twa¢ ǘȅǇŜǎ ŀƴŘ ǘƘŜ ōǊƻǿƴ ΨaŜΩ ŎƛǊŎƭŜǎ ƛƴŘƛŎŀǘŜ ŀŘŘŜŘ ƳŜǘƘȅƭ ƎǊƻǳǇǎΦ CƛƎǳǊŜ adapted from 109,116. 

 

The existence of arginine demethylases remains somewhat controversial. Jumonji domain-

containing (JMJD) 6 has been suggested to have arginine demethylase activity, however conflicting 

reports have suggested JMJD6 instead is a lysine hydroxylase118. More recently, three lysine 

demethylases have been shown to possess some arginine demethylase activity in vitro. However, 

further investigation is required to ascertain the presence of arginine demethylases and if arginine 

methylation is a dynamic PTM109,119. 

 

1.7 Mammalian PRMTs 

Nine mammalian PRMTs have been characterised; each has overlapping and distinct functions, 

substrate targets and subcellular localisations, summarised in Table 1.2. PRMTs are linked to a 

number of biological processes, including transcription, RNA metabolism and translation1,109,120. 

Generally, mammalian PRMTs localise to the cytoplasm, apart from PRMT4 and 6 that appear 

predominantly nuclear and PRMT8 that localises to the plasma membrane101,121.  
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Type PRMT Biological roles Localisation Substrate targets Ref 

I 

1 
Implicated in embryo development, neuronal 

differentiation and splicing 
Cytoplasm RBM15, TOP3B, STAT1, Histone H4 120,122ς128 

2 
Enhances transcription and acts as coactivator of 

hormone receptors 
Cytoplasm and nucleus  120,129,130 

3 
Involved in ribosome maturation, dendritic spine 
formation and hormone receptor transcription 

Cytoplasm rpS2, PABPN1, TOP3B 120,123,131ς133 

4 
Enhances transcription of several nuclear 

hormone receptors and involved in chromatin 
remodelling and gene activation 

Nucleus 
Histone H3, PABP1, HuR, HuD, 

SAP49, SmB, CA150 
120,134ς138 

6 
Regulates transcription, DNA excision repair and 

cell cycle progression 
Nucleus 

TOP3B, HMGA1, DNA Pol,̡ p16, 
histones, Sm proteins, PIWI proteins 

120,123,139ς141 

8 Expressed only in brain tissue Plasma membrane EWS, NIFK 101,120 

II 
5 Involved in snRNP maturation Cytoplasm and nucleus 

Histone H4 and H2A, myelin basic 
protein 

120,142ς145 

9 Involved in snRNP maturation  Cytoplasm SF3B2 120,146 

III 7*  
Involved in Sm protein methylation, snRNP 

biogenesis and expression of DNA repair genes 
Cytoplasm Histone H4 and H2B, HSP70, eIF2 h 120,147ς150 

Table 1.2: Summary of the biological roles, localisation and substrate targets of each PRMT. 

This is not an exhaustive list of biological roles and substrate targets. Localisation also appears to 

vary depending on the cell and tissue type121. *Caution is required when evaluating past PRMT7 

substrate literature; anti-FLAG M2-agarose affinity purifications were contaminated with PRMT5 and 

led to misassignment of PRMT7 as a type II PRMT151. 

 

1.7.1 The nine PRMTs have both distinct and overlapping functions 

Mammalian PRMT1 is the most active type I PRMT, making up around 85% of all cellular PRMT 

activity. As a result of making up such a large proportion of PRMT activity, PRMT1 has a very wide 

substrate specificity112,152. The remainder of the type I PRMTs have relatively minor but more context 

specific activities. This is generally determined by their N-terminal domains. PRMT2 coactivates 

genes and appears to be able to interact with PRMT8 via its SH3 domain153. PRMT3 has an N-

terminal zinc finger domain that interacts with ribosomal proteins133. PRMT4 is strongly linked to 

transcriptional coactivation134. PRMT6 has a narrow substrate range targeting nuclear proteins154. 

PRMT8 uniquely localises to the plasma membrane due to its N-terminal myristoylation and appears 

mainly limited to expression in the brain101.     

 

Mammalian PRMT5 makes up the majority of type II PRMT activity. PRMT5 appears to act in complex 

with a number of other proteins that alter its substrate specificity. As a result, PRMT5 can act as a 

regulator of transcription and splicing112,155,156. The other type II PRMT, PRMT9, has relatively minor 

activity. Thus far, known substrates of PRMT9 appear confined to splicing factors146,157. PRMT7 is the 
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sole type III PRMT with a relatively broad substrate range, including both histone and non-histone 

substrates158.  

 

1.7.2 The PRMT substrate targets 

Most commonly, PRMTs methylate arginine residues within an RGG/RG (or glycine-arginine-rich; 

GAR) motif109. Glycine residues have the highest conformational flexibility of any amino acid in a 

peptide159. The glycine residue adjacent to an arginine is thought to enhance conformational 

flexibility of the peptide to facilitate the arginine side chain binding to the active site of a PRMT. 

However, preference for the GAR motif is not always the case; PRMT4 was shown to have a 

preference for proline glycine methionine-rich (PGM) motifs and PRMT7 targeted RxR motifs 

surrounded by lysine residues109. Indeed, a recent global interactome study highlighted other 

possible target motifs (Table 1.3). In particular, PRMT2 and 6 appeared to target a number of 

different motifs. Many of these motifs were also in low complexity non-structured regions160. 

 

 

Table 1.3: Summary of target motifs methylated by each PRMT. 

Ticks indicate the motif can be targeted whereas blank boxes indicate no consensus motif was 

identified in the study. Data obtained from 160. GAR ς glycine-arginine rich; SR ς serine-arginine rich; 

DR ς aspartate-arginine rich; ER ς glutamate-arginine rich; PR ς proline-arginine rich. 

 

PRMT substrates are sub-divided into histone and non-histone targets. Targeting of histones can 

have significant effects on gene expression as the epigenetic PTM is associated with chromatin 

remodelling and transcriptional regulation161. The arginine residues methylated on a histone 

substrate depends both on the PRMT catalysing the transfer of a methyl group and other PTMs in 
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close proximity, such as phosphorylation, acetylation and glycosylation. The total PTMs make up the 

άƘƛǎǘƻƴŜ ŎƻŘŜέ ǘƘŀǘ ŘŜǘŜǊƳƛƴŜǎ ƻǾŜǊŀƭƭ ƎŜƴŜ ŜȄǇǊŜǎǎƛƻƴ161. MMA, ADMA or SDMA at either the same 

or different residues can have different effects on transcription. For example, methylation of 

H4R3me2a (ADMA) by PRMT1 and 6 promotes transcription whereas methylation of H4R3me2s 

(SDMA) by PRMT5 represses transcription162. Methylation of H3R2me2a by PRMT6 also represses 

transcription162. Thus, functional effects of methylated histone arginine residues are context specific. 

 

PRMTs also have a vast array of non-histone substrates. Transcription factors are one such substrate 

that can be targeted and thus regulate their activities during transcription109,163. For example, PRMT1 

can methylate the R30 residue of RelA (p65) to prevent binding to DNA164. PRMT5 can also target the 

same residue to activate NFˁB which promotes transcription of pro-inflammatory cytokines165. 

Signalling pathway proteins can also be targeted by PRMTs, such as the B-cell antigen receptor 

pathway163. PRMT1 can methylate the B-cell antigen receptor at R198 which ultimately stimulates B 

cell differentiation. The authors of the study also noted that methylation by PRMT1 appeared to 

dynamically change with time, hinting at possible cellular arginine demethylase activity166. PRMTs 

have also been linked to control of the cell cycle and DNA repair163. For example, PRMT1 methylates 

meiotic recombination 11 (MRE11) within a GAR motif that promotes its nuclease activity crucial to 

homologous recombination DNA repair167Φ twa¢мΣ р ŀƴŘ с ŀƭƭ Ŏŀƴ ŀƭǎƻ ƳŜǘƘȅƭŀǘŜ tƻƭʲ ŀǘ wуо ŀƴŘ 

R152 to promote DNA binding and polymerase activity168. 

 

RBPs are also a major non-histone substrate that affect RNA processing and transcriptional activities 

when methylated163. Numerous examples of altered RBP-RNA interactions have already been 

outlined of the effects of different PTMs (section 1.5.3), such as PRMT4 methylation of HuR99. 

However, RBPs associated with splicing are often targeted in mammals. PRMT5 methylation of 

proteins involved in the small nuclear RNP (snRNP) complex facilitates assembly of the complex169. 

PRMT5 can also methylate R698 in elongation factor SPT5. SPT5 R698me2s decreases its association 

with RNA Pol II, possibly regulating transcription elongation170.  

 

1.8 Structural biology of the mammalian PRMTs 

1.8.1 The canonical PRMT 

1.8.1.1 Domains and structure 

Each of the nine mammalian PRMTs have the same canonical domain structure: N-terminus, S-

adenosylmethionine (SAM) ōƛƴŘƛƴƎ ŘƻƳŀƛƴ όƻǊ wƻǎǎƳŀƴƴ ŦƻƭŘύ ŀƴŘ ʲ-barrel domain (Figure 1.12A). 
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! ŘƛƳŜǊƛǎŀǘƛƻƴ ŀǊƳ ŘƻƳŀƛƴ ƛǎ ŀƭǎƻ ŦƻǳƴŘ ǿƛǘƘƛƴ ǘƘŜ ʲ-barrel domain. ¢ƘŜ ŎƻƭƭŜŎǘƛǾŜ {!a ōƛƴŘƛƴƎΣ ʲ-

barrel and dimerisation arm domains are termed the catalytic module. All PRMTs studied thus far 

require at least a core dimeric interface for methyltransferase activity120,171,172. Dimerisation creates 

a doughnut-like shape with a central cavity for SAM and arginine peptide substrates to enter and 

bind the active site120 (Figure 1.12B). 

 

Each domain contains sequence and structural features that contribute to methyltransferase 

activity. Depending on the PRMT, the N-terminus may contribute a motif whereas the SAM binding 

ŀƴŘ ʲ-barrel domains always contain five and one conserved motif respectively (Figure 1.12C). 

Although no 3D electron density is often visible in X-ray structures due to the flexibility, the N-

ǘŜǊƳƛƴǳǎ Ŏƻƴǘŀƛƴǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ƳƻǘƛŦΦ ¢ȅǇŜ L twa¢ǎ ƘŀǾŜ ŀ ŎƻƴǎŜǊǾŜŘ ʰ· ƘŜƭƛȄ ǿƛǘƘ ŀ ¸CȄȄ¸ ƳƻǘƛŦ 

that facilitates binding of SAM by forming hydrophobic interactions with the SAM adenine ring. 

PRMT5 instead contains a PLxxN motif in a loop region that can interact with SAM whereas the 

corresponding sequence in PRMT7 appears not to interact with SAM120,171,173ς175. Conserved SAM 

binding domain motifs I, post-I, II and III (Figure 1.12C) either contribute residues to interact with 

SAM or are required to stabilise the domain fold120. The double E and THW loops (Figure 1.12C) are 

critical for methyltransferase activity. The double E loop contains two highly conserved glutamate 

residues that form hydrogen bonds with the bound arginine substrate side chain120. Indeed, even a 

conservative substitution to aspartate results in significant loss of activity172,176. Importantly, the ̡ -

barrel THW (THWxQ motif) loop also forms hydrogen bonds with the incoming arginine substrate in 

type I PRMTs. The equivalent THW loop has a slightly different sequence in PRMT5 and 7. Instead of 

THWxQ, PRMT5 and 7 have FSWxP and DHWxQ motifs respectively. Nevertheless, the THW loop still 

appears important for type II and III PRMT methyltransferase activities and may also have a role in 

governing type of PRMT methylation120.  
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Figure 1.12: The general structure of a PRMT. 

A) Domain schematic of the domains found in all PRMTs. Key motifs I, post-I (pI), II, double E loop, III 

and THW loop are indicated and highlighted in purple. B) Example cartoon structure of a PRMT core 

dimer (RnPRMT1, PDB: 1OR8). Domains are highlighted as according to domains in A. The dotted 

black box highlights the area where conserved motifs are found. C) Zoomed in structures of each 

motif: I, pI, II, double E loop, III and THW loop. Domain colours are retained but with each motif 

highlighted in purple. The majority of the motifs are located close to the SAM and arginine peptide 

binding sites indicated. Co-substrate SAM and the arginine peptide (Arg) substrate are highlighted in 

yellow stick structures. Images were processed in PyMOL.   

 

1.8.1.2 A proposed methyltransferase mechanism 

The double E loop is highly conserved and critical to the methyltransferase mechanism across all 

PRMTs of mammals and kinetoplastids1,120. Rust et al examined the Rattus norgevicus (Rn) PRMT1-S-

adenosylhomocysteine (SAH) crystal structure to propose a mechanism for the transfer of a methyl 

group from a SAM molecule to the guanidino group -̟nitrogen of an arginine substrate side chain177 

(Figure 1.13). The two double E loop E144 and E155 residues alongside R54 were proposed to be 

important to the methyltransferase reaction. R54 hydrogen bonds both SAM and E144, orientating 

the E144 ɹ -carboxylate for optimal electrostatic interaction and hydrogen bonding to the arginine 

substrate Ń 2Φ ¢ƘŜ 9мро ʴ-carboxylate also likely forms electrostatic interactions and hydrogen 
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bonds with Ń 1 and Nɻ. E153 likely also ƛƴŘǳŎŜǎ ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ŘƛǎǘǊƛōǳǘƛƻƴ ǘƻǿŀǊŘǎ bʹ2 and Nɻ to 

enhance nucleophilicity of the guanidinium group177.  

 

 

Figure 1.13: A proposed PRMT reaction mechanism based on RnPRMT1. 

1) The methyltransferase reaction starts by a SAM (coloured red) and arginine peptide (coloured 

blue) entering the active site of RnPRMT1, forming hydrogen bonds to amino acid residues E144 and 

E153 of the double E loop and R54 as indicated. SAM sits in close proximity to the arginine peptide. 2) 

The guanidinium moiety of the arginine peptide acts as a nucleophile, donating electrons to form a 

bond with the methyl group in a SN2-type nucleophilic attack. Either simultaneously or rapidly after 

formation of a NH2(CH3)+ intermediate, the nitrogen donates a proton to the E144 carboxylate 

oxyanion resulting in the final ADMA peptide. 3) The ADMA peptide, SAH product and proton 

(deprotonated from E144) then leave the active site in order to allow a fresh reaction to begin. 

Dashed bonds indicate hydrogen bonds and curly arrows the movement of electrons in bond 

formations. Other residues that interact with SAM and arginine peptide are not indicated for clarity. 

Figure adapted from 177. 

 

Previous studies have proposed that M155 provides a steric hinderance to allow formation of ADMA 

but prohibit formation of SDMA175. The equivalent residue in PRMT5 is a serine and thus was 
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thought to allow more space for transfer of a methyl group to the other ̟ -nitrogen of the guanidino 

group to generate SDMA178. However, mutational analysis indicated M155 was not primarily 

responsible for determining formation of ADMA, but was important for binding of a SAM molecule 

and enzyme processivity177. 

 

Other residues have also been proposed as important to the methyltransferase reaction. The N-

terminal Y39 residue is unresolved in the crystal structure; mutational analysis suggested it 

important for SAM binding and rate enhancement171,177. Indeed, the equivalent Y154 side chain 

phenol group in PRMT4 forms the top of the SAM binding pocket179. THW loop residue H293 was 

also identified to be crucial to the methyltransferase reaction due to formation of a salt bridge with 

D51. Salt bridge formation stabilised two N-terminal h -helices important for binding of SAM and 

arginine substrates177. Taken together, residues of the double E loop, THW loop and N-terminal 

domain appear crucial for the methyltransferase reaction. 

 

1.8.2 Each PRMT also has unique structural features 

As outlined, each of the nine PRMTs have a similar domain structure and highly conserved catalytic 

module. This is particularly evident within the conserved double E and THW loops (Figure 1.14B-C) 

However, significant variation is seen with the N- and C-termini (Figure 1.14A). The N-terminus 

shows little conservation between each of the PRMTs. Apart from PRMT1, 6, 7 and 8, each N-

terminus contains a conserved known domain fold. As mentioned, the PRMT2 SH3 and PRMT3 zinc 

finger domains play important roles in interactions and function133,153. PRMT4 targets PGM-rich 

substrates which may be facilitated by its N-terminal PH domain. In particular, the domain resembles 

the EVH1 sub-class of PH domains which bind proline-rich sequences. Indeed, deletion of this 

domain dramatically reduced methylation of target substrates indicating an important role in 

substrate recognition and binding180. PRMT5 contains a triosephosphate isomerase (TIM) barrel 

domain that has a different function to the SH3, zinc finger and PH domains of the other PRMTs. 

Instead, the TIM-barrel appears crucial for PRMT5 interaction with the MEP50 cofactor and 

oligomerisation173. Moreover, PRMT5:MEP50 showed far greater activity than PRMT5 alone, 

indicating the importance of the TIM-barrel:MEP50 interaction173. Less is known about PRMT9, 

however three tetratricopeptide repeat domains (Tri-TPRs) are present in its N-terminus. Tri-TPRs 

mediate protein-protein interactions; deletion from PRMT9 ablates all methyltransferase activity 

suggesting they may facilitate methylation of target substrates157. PRMT6 and 8 each contain a 
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nuclear localisation signal and myristoylation sequence respectively that alter subcellular 

localisation101,154.    

 

 

Figure 1.14: Overview of the mammalian PRMTs. 

A) Domain structure of each PRMT. Each are aligned to give approximate lengths of each PRMT 

domain, except for PRMT9 which is yet to be published. WebLogo181 representations of B) the 

conservation of the double E loop residues across the HsPRMTs and C) the conservation of THW loop 

residues across HsPRMTs. D-F) Representative PRMT type core dimer structures of D) RnPRMT1 (PDB: 

1OR8), E) HsPRMT5:MEP50 (PDB: 4GQB) and F) MmPRMT7 (PDB: 4C4A). N-terminal regions are 

coloured grey, SAM-binding (Rossman-fold) domain in orange, ̡-barrel domain in red and 

dimerization arm in blue. The second subunit is represented as a surface structure. Note MmPRMT7 

is a single polypeptide folded into a pseudo-dimer and so has no second subunit. D-F) images were 

processed in PyMOL. SH3 ς Src homology domain 3; ZnF ς zinc finger domain; PH ς pleckstrin 

homology domain; NLS ς nuclear localisation signal; Myr ς myristoylation domain; Tri-TPR ς three 

tetratricopeptide repeats domain.  
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Some C-terminal variation is also observed. Most of the PRMTs have a C-ǘŜǊƳƛƴŀƭ ʲ-barrel domain, 

however PRMT4, 7 and 9 have additional elements. PRMT4 contains an amino acid extension with 

ŀƴ ŀŘŘƛǘƛƻƴŀƭ ʲ-strand. The rest of the C-terminus appears disordered but has been linked to the 

transcriptional coactivation functions of PRMT4179. PRMT7 and 9 are unique amongst the PRMTs in 

that both contain two catalytic modules in tandem120,157,182. The crystal structure of PRMT7 indicated 

a zinc ion occupied the active site of the second catalytic module and thus was catalytically 

inactive182Φ wŀǘƘŜǊΣ ǘƘŜ ǎŜŎƻƴŘ ŎŀǘŀƭȅǘƛŎ ƳƻŘǳƭŜ Ƙŀǎ ƛƳǇƻǊǘŀƴǘ ŦǳƴŎǘƛƻƴǎ ƛƴ ǘƘŜ άŘƛƳŜǊƛǎŀǘƛƻƴέ of 

PRMT7120, as explained later. Therefore, whilst the core catalytic module is highly conserved across 

the PRMTs, variable N- and C-termini significantly contribute to substrate specificity, 

methyltransferase activity and/or subcellular localisation. 

 

1.8.3 Oligomeric states 

All PRMTs studied thus far require dimerisation or higher order oligomeric states for 

methyltransferase activity120,171,173,175,179,183,184. The HsPRMT1 homo-dimer is enzymatically active 

(Figure 1.14D) however gel filtration experiments indicated higher order oligomers could form in 

solution. Moreover, in the presence of SAH, the oligomeric state of HsPRMT1 appeared to change 

suggesting a role of substrate binding in determining complex oligomerisation171. Apart from 

interacting with MEP50, the TIM-barrel domain of PRMT5 also facilitates oligomerisation into a 

hetero-octamer, i.e., four subunits of each PRMT5 and MEP50173 (Figure 1.14E). PRMT5 was also 

shown to form dimers and tetramers alone without MEP50185. One study crystallised PRMT8 as a 

dimer but indicated it behaved as a tetramer in solution186. However, another study also suggested 

PRMT8 formed an octameric complex187. Although different expression systems and constructs were 

utilised, both identify oligomerisation of PRMT8. As outlined earlier, PRMT7 and 9 contain an 

unusual, likely inactive, second catalytic module. The polypeptide of PRMT7 folds into a dimer-like 

ǎǘǊǳŎǘǳǊŜΣ ƻǊ άǇǎŜǳŘƻ-ŘƛƳŜǊέ. The pseudo-dimer fold is crucial for methyltransferase activity182,188 

(Figure 1.14F). Both Mus musculus (Mm) and Caenorhabditis elegans (Ce) PRMT7 demonstrate a 

pseudo-dimer structure, though no higher oligomers were present182,188. However, as explained 

later, this is not the case in kinetoplastids.     

 

1.9 Kinetoplastid PRMTs 

More recently, a number of kinetoplastid PRMTs and their targets have been characterised (Table 

1.4). Much like the mammalian PRMTs, kinetoplastid PRMTs are heavily linked to RNA metabolism 

and translation. The heavier reliance on RBPs to regulate gene expression, due to lack of 
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transcriptional regulation, also means PRMT methylation of RBPs can have significant effects on 

parasite physiology1,28,29. Mammalian PRMTs showed predominant cytoplasmic subcellular 

localisation, with the caveat that this is dependent on cell and tissue type121. Indeed, subcellular 

localisation of kinetoplastid PRMTs also depends on the organism. For example, TbPRMT6 is 

predominantly cytoplasmic189 whereas L. braziliensis (Lbr) PRMT6 is found in the intranuclear 

space190.  

 

Type PRMT Biological roles 
Localisation Validated substrate targets Interacting proteins 

Ref 
T. brucei Leishmania T. brucei Leishmania T. brucei Leishmania 

I 

1 & 3 

Implicated in RNA 
regulation, 

metabolism, 
nutritional stress and 

parasite virulence 

Cytoplasm 
Cytoplasm 

and nucleus 
RBP16, RGG1, 

DRBD18 
 DED1, SCD6, 

Alba3, PUF6 
RBP43, ADE3 91,190ς192 

6 
Involved in parasite 

cell growth and 
development 

Cytoplasm; 
minimal in 

nucleus 

Intranuclear 
space 

   

Histones, 
Nucleoporins, 

flagellar 
proteins, 

DRBD3, HEL67 

ADE3 189,190 

II 5 
Possibly RNA 

processing and/or 
translation 

Cytoplasm 
Cytoplasm 

and nucleus 
RBP16  TRYP1, HEL67 

eIF2h , ruvb-like 
1 DNA helicase, 

ADE3 

190,193 

III 7 
Attenuates parasite 

virulence, involved in 
lifecycle  

Cytoplasm Cytoplasm 
RGG1, RGG2, 

RBP16 

RBP16, Alba3, 
SCD6, ZFP3, 

DRBD2, RGG2, 
PUF6 

 eIF2h  90,105,190,194 

Table 1.4: Summary of the biological roles, localisation and substrate targets of each PRMT. 

This is not an exhaustive list of biological roles, substrate targets and interacting proteins. 

Localisation also appears to vary depending on lifecycle stage of the parasite. 

 

TbPRMT1 was the first PRMT discovered in kinetoplastids1,195. Similar to HsPRMT1, TbPRMT1 

catalyses the majority of in vivo ADMA, however a number of significant divergences were also 

observed195. TbPRMT1 in vitro assays demonstrated significantly less activity than RnPRMT1. Lack of 

activity hinted that TbPRMT1 required a cofactor for activity195. Indeed, another type I PRMT, a 

homolog of PRMT3, was later discovered196. Knockout (KO) experiments showed an 

interdependence on each other196. Unlike their mammalian counterparts, TbPRMT1 and TbPRMT3 

form a heteromeric complex and are generally both required to methylate target substrates171,175,192. 

Thus, the two enzymes were renamed to TbPRMT1ENZ and TbPRMT1PRO respectively192,197. Moreover, 

KO of one or both PRMT1 and 3 in T. brucei and L. braziliensis resulted in significant decreases in 

ADMA and increases in MMA due to PRMT7 substrate scavenging190,196. Interestingly, SDMA in L. 

braziliensis also increased indicating possible scavenging by LbrPRMT5190. KOs of LbrPRMT1 and 3 

also showed impaired human macrophage infection and amastigote proliferation190. 
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Analysis of annotated PRMT genes in the kinetoplastid genomes have led to identification of a third 

type I PRMT, a homolog of HsPRMT61,189,190. Accordingly called PRMT6, its KO caused mild in vitro 

growth defects of T. brucei procyclic and bloodstream forms, but little effect on L. braziliensis 

infection of human macrophages and amastigote proliferation189,190. Substrate specificity was very 

narrow with no visible effect on overall cellular methylation profiles189,190,196. Unlike HsPRMT6, 

TbPRMT6 is predominantly cytoplasmic but appeared to interact with histones and proteins 

associated with nuclear transport and RNA processing189. DNA damage of parasites also results in 

significant downregulation of TbPRMT6 transcription198. Interestingly, LbrPRMT6 showed a 

subcellular localisation in procyclics within the intranuclear space190. Thus, PRMT6 may have distinct 

functional differences between kinetoplastid organisms. 

 

PRMT5 is the only type II PRMT and the least studied of all the five PRMT homologs1. In vitro assays 

of TbPRMT5 indicated broad substrate specificity, however immunoprecipitation experiments failed 

to identify any homolog components of the mammalian PRMT5 methylosome, such as MEP50193. 

Although KO of LbrPRMT5 had little effect on global cellular SDMA, human macrophage infection 

and amastigote proliferation were significantly impaired190. More research is required to identify the 

importance of PRMT5 in parasite infection. 

 

The final kinetoplastid PRMT, PRMT7, is also the sole type III, as in mammals1,109. PRMT7 

demonstrated very broad substrate specificity in vitro, including various substrates targeted by 

TbPRMT1 and TbPRMT590,105,190,194. Curiously, KO of TbPRMT7 had little effect on global cellular MMA 

profiles196. However, simultaneous KO of TbPRMT1 and 7 resulted in dramatic reductions in MMA 

and ADMA196. Taken together with a significant increase in MMA observed on TbPRMT1 KO196, this 

suggests that TbPRMT7 monomethylates substrates of other PRMTs and TbPRMT1 can compensate 

for lack of TbPRMT7 activity1. Again, this effect was also seen in LbrPRMT7 studies likely due to other 

PRMTs compensating for loss of MMA190. In addition, both kinetoplastid PRMT5 and 7 have some 

strikingly distinct sequence and structural features1 that will be outlined below. 

 

1.9.1 Differential expression and biological roles of the kinetoplastid PRMTs 

As outlined in section 1.3, kinetoplastids differentiate into various morphological forms throughout 

their lifecycle7. Differentiation involves various changes in gene expression levels, including the 

PRMTs1 (Table 1.5). Indeed, apart from TbPRMT7, TbPRMTs are expressed relatively 
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constitutively189,192ς196. On the other hand, LbrPRMTs show some significant expression level changes 

across the lifecycle190. Expression in amastigotes is consistently downregulated, likely due to their 

smaller size and thus smaller metabolic requirements190. Note that some expression data is based on 

transcript levels rather than protein levels, which do not necessarily have a directly proportional 

relationship42. Nevertheless, as mammalian PRMT expression is dependent on cell and tissue type121, 

expression levels depend both on the kinetoplastid organism and lifecycle stage. 

 

 

Table 1.5: Outline of PRMT expression levels at different life cycle stages relative to procyclics. 

Dashes indicate no change, green up arrows an increase in expression and down red arrows a 

decrease in expression. *Data based on transcript levels, which may not necessarily correlate to 

protein levels42. Data was obtained from 1,189,190,192ς196. 

 

KO experiments on kinetoplastid PRMTs have also indicated differential importance to growth and 

virulence depending both on parasite and lifecycle stage. KO of TbPRMT1ENZ (bloodstream) and 6 

(procyclics and bloodstream) resulted in slower growth phenotypes whereas KO of TbPRMT5 and 7 

had little effect189,191,193,194. Parasites with KO of TbPRMT1ENZ also presented an attenuated virulence 

phenotype and KO of TbPRMT6 caused aberrant morphologies189,191. Dual KO of TbPRMT6 and 7 

resulted in much greater retardation of procyclic growth than TbPRMT6 alone, indicating both 

ADMA and MMA are crucial for parasite growth196.  
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Figure 1.15: Biological roles in parasite infectivity of Leishmania PRMTs. 

A) Diagram of the effect of ɲPRMT1 and ɲPRMT5 on the human infection stage of the Leishmania 

parasites lifecycle. Black arrows represent wildtype/unimpaired infection steps whereas thin red 

dashed arrows represent impaired steps of the lifecycle.  B) Diagram of the effect of ɲPRMT7 in the 

human infection stage using mouse models. Inset dashed boxes indicate key details affected in the 

KO studies; both are also simplified for clarity. Figure was compiled based on 1,190,199.    
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KOs of L. braziliensis PRMTs produced slightly different phenotypes. Indeed, promastigote KOs 

indicated none of the PRMTs alone were essential for parasite growth and virulence. However, 

impaired human infection phenotypes were observed; PRMT1 and 5 showed impaired 

amastigogenesis and proliferation in macrophages in vitro190 (Figure 1.15A). PRMT3 only showed 

impaired amastigote proliferation in human macrophages190. Moreover, KO of LmjPRMT7 was shown 

to enhance parasite virulence in mouse models105. Further investigation in mice revealed parasites 

lacking LmjPRMT7 promote an excessive neutrophil recruitment and cause a more extreme disease 

phenotype199 (Figure 1.15B). Excessive recruitment could be due to parasite surface changes that 

promote the recruitment of neutrophils, though further research is required to support this 

hypothesis199.     

 

1.9.2 Substrates of kinetoplastid PRMTs  

Whilst mammalian PRMTs can extensively methylate histone substrates, thus far it remains unclear 

if kinetoplastid PRMTs can methylate kinetoplastid histones45. TbPRMT1, 5, 6 and 7 have been 

shown to methylate bovine histones. Moreover, TbPRMT6 was crystallised bound to a bovine 

histone H4 peptide200. However, trypanosome histone arginine methylation has yet to be 

identified45,189,193ς195. Co-purification analysis identified TbPRMT6 could interact with H2A, H2B, H3 

and H4 histones, suggesting these may be substrates189. Surprisingly, when TbPRMT6 was incubated 

with trypanosome N-terminal histone peptides, mass spectrometry analysis failed to identify any 

arginine methylation200. Trypanosome histone amino acid sequences have significantly diverged 

ŦǊƻƳ άƘƛƎƘŜǊέ ŜǳƪŀǊȅƻǘŜǎ ŀƴŘ ǘƘǳǎ Ƴŀȅ explain the inactivity200. Global analysis of the arginine 

methylome in T. brucei also failed to identify any histones, however the authors suggested this was 

likely due to sample preparation201. A recent study to determine the T. cruzi arginine methylome also 

failed to identify any significant histone targets202. Co-immunoprecipitations of LbrPRMTs also failed 

to identify any bound histones190. Therefore, whether kinetoplastid PRMTs can methylate putative 

histones remains unclear and warrants further investigation. 

 

Whilst histone substrates remain unclear, arginine methylation of non-histones has been identified. 

Global arginine methylome analysis of T. brucei indicated cytoskeletal and locomotion related 

proteins were most enriched, likely due to the higher number of kinesins and dyneins in the 

genome201. RNA metabolism followed by DNA binding proteins were the next two most enriched201. 

Interestingly, the arginine methylome of T. cruzi appeared to be most enriched with oxidation-

reduction, biosynthetic and carbohydrate metabolism process related proteins202. 
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However, common to all kinetoplastids are the enrichment for RNA processing and translation 

substrates with numerous RBPs targeted1,90,190,201ς203. As outlined, cytoplasmic TbDRBD18me 

stabilises mRNA target transcripts91 (see back to Figure 1.10C). Methylation was identified at R199, 

R202 and R204 within an unstructured region. KO of TbPRMT1 resulted in destabilisation of RNAs 

normally stabilised by DRBD18me91. Indeed, TbPRMT1 has very broad and complex effects in the 

cell. Analysis of procyclic KOs of TbPRMT1 impacted the abundance of various metabolic enzymes, 

stress granule formation and RBP-mRNA associations1,191. KO of LmjPRMT7 resulted in numerous 

hypermethylated and hypomethylated RBPs. For example, PUF11, DRBD18 and DRBD4 were 

significantly hypermethylated whereas ZFP3, DRBD2 and Alba3 were significantly hypomethylated90. 

!ƭōŀоƳŜ ǿŀǎ ŦǳǊǘƘŜǊ ǎƘƻǿƴ ǘƻ ōŜ ǊŜǉǳƛǊŜŘ ǘƻ ǎǘŀōƛƭƛǎŜ ǘƘŜ ǾƛǊǳƭŜƴŎŜ ŦŀŎǘƻǊ ʵ-amastin transcript, 

however the effect on other mRNAs was transcript-specific90,105 (see back to Figure 1.10D). 

Immunoprecipitations of kinetoplastid PRMTs have also identified a vast array of potential 

substrates to investigate in greater detail190,201.  

 

RBP16 is a particularly common target of the PRMTs including PRMT1, 5 and 71,106,193ς195. TbRBP16 is 

a protein involved in mitochondrial RNA processing204,205; Leishmania RBP16 likely has similar 

function given its mitochondrial subcellular localisation90. As described, methylation alters RNA 

target specificity from gRNAs to mRNAs1,106,107 (see back to Figure 1.10B).  TbRBP16 from procyclics 

was shown to be methylated at R78, R85 and R93 within its disordered RGG-rich C-terminal 

region106. KO experiments identified TbPRMT1ENZ targets R78 and R85 whereas R93 appears to be 

targeted by another PRMT206. Interestingly, retention of the MBP tag allowed TbPRMT1ENZ, in the 

absence of the TbPRMT1PRO, to methylate TbRBP16192. Given TbPRMT1PRO stabilises and facilitates 

oligomerisation of TbPRMT1ENZ to allow methyltransferase activity197, MBP tag retention could 

stabilise the enzyme in a similar manner. Both TbPRMT5 and 7 could methylate TbRBP16 in 

vitro193,194 and therefore could be responsible for R93 methylation observed in procyclics1. 

Leishmania PRMT1 and 7 have also been shown to target and stabilise RBP161,90,105,190.  

 

RBPs clearly have crucial roles in regulating gene expression in kinetoplastids (and mammals). Only 

recently has the vast array of potential kinetoplastid PRMT RBP-substrates begun to be 

uncovered1,190. However, the examples of DRBD18, Alba3 and RBP16 demonstrate the importance of 

arginine methylation in regulating their function. 
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1.9.3 Moonlighting functions 

Primarily, PRMTs methylate target substrates. However, emerging evidence suggests PRMTs may 

also have other functional roles independent of their enzymatic activities (moonlighting functions)1. 

Though few studies have reported such activities in mammalian PRMTs, HsPRMT8 has been reported 

to have phospholipase activity207. HsPRMT1 has seven known alternatively spliced isoforms with 

different subcellular localisations, substrate specificities and enzymatic activities35. In fact, isoform 7 

is completely inactive but still binds substrates. The authors suggest therefore this isoform may 

modulate PRMT1 activity37.  

 

TbPRMT1ENZ:TbPRMT1PRO investigations suggest the subunits may have moonlighting functions. KO in 

procyclics had significantly impaired stress granule formation, hinting at possible RNA 

associations191. Indeed, purification from parasites and in vitro cross-linking and EMSA experiments 

all showed association of mRNAs with TbPRMT1PRO in a specific manner and independent of hetero-

tetramer formation191. Nucleic acid binding was also observed for TbPRMT7, but not TbPRMT6 

indicating this may be a feature of specific PRMTs191.  

 

Previously outlined KO profiles of LbrPRMTs indicated different amastigogenesis phenotypes of 

PRMT1 and 3. Whilst KO of PRMT1 impaired amastigogenesis, KO of PRMT3 had no effect. This 

distinction suggests LbrPRMT1 could have an important moonlighting function that affects 

amastigogenesis190. Therefore, whilst evidence is emerging of various moonlighting functions of 

PRMTs, more research is required to understand their biological relevance.  

 

1.10 Structural biology of kinetoplastid PRMTs 

Kinetoplastid PRMTs retain the same canonical structure of an N-terminal domain and catalytic 

module (Figure 1.16A). Consistent with mammalian PRMTs, all require at least a core dimer 

structure for activity1,174,197,200. Moreover, the crucial double E and THW loops of active PRMTs are 

also highly conserved (Figure 1.16B-C). Outside these regions, sequences have diverged from 

mammals resulting in a number of significant differences.  

 

1.10.1 Divergent N-termini 

Whilst mammalian PRMTs have variable N-termini seemingly linked to their substrate targets and 

function, the role of kinetoplastid PRMT N-termini is less clear. Although highly variable, no known 

conserved domains are predicted1. Generally, N-termini of PRMT1, 3, 6 and 7 are less than 100 
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amino acids in length. However, PRMT5 contains a significant N-terminal extension over its 

mammalian counterpart. TbPRMT5 and TcPRMT5 have an approximate extension of 50 amino acid 

whereas Leishmania species have an extension greater than 250 amino acids1,193,208. Currently, the 

reason for this extension remains unknown however structural characterisation would lend insight 

into its potential functional role. 

 

 

 

Figure 1.16: Overview of kinetoplastid PRMTs. 

A) Domain structure of each PRMT. Each are aligned to give approximate lengths of each PRMT 

domain, except for PRMT5 which is yet to be structurally determined. WebLogo181 representations of 

B) the conservation of the double E loop residues across the kinetoplastid PRMTs and C) the 

conservation of THW loop residues across kinetoplastid PRMTs. D-F) Kinetoplastid sequences include 

T. brucei, T. cruzi and L. braziliensis. Crystal structures are indicated for D) TbPRMT1ENZ:TbPRMT1PRO 

(PDB: 6DNZ), E) TbPRMT6 (PDB: 4LWP) and F) TbPRMT7 (PDB: 4M38). N-terminal regions are 

coloured grey and each domain is indicated. The second subunit is represented as a surface structure. 

D-F) images were processed in PyMOL. 
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Despite no known domains, the N-termini have an important functional role in methyltransferase 

activity. Although removal of the first 40 TbPRMT1PRO amino acids had no effect on activity, removal 

of amino acids 41-52 resulted in loss of SAM binding and methyltransferase activity of the 

TbPRMT1ENZ:TbPRMT1PRO complex197. A similar phenomenon was also observed for TbPRMT7 and 

other mammalian PRMTs174,209. Therefore, whatever the functional roles of each kinetoplastid N-

terminal domain, each is likely to be involved in substrate recognition and catalysis. 

 

1.10.2 Dimeric and oligomeric interactions 

3D crystal structures of the TbPRMTs revealed a number of differences in core dimer and higher 

order oligomer formation. As outlined, TbPRMT1ENZ is stabilised by TbPRMT1PRO, required for 

methyltransferase activity191, unlike separately active mammalian PRMT1 and PRMT3171,175. The 

crystal structure showed a hetero-dimeric interaction across a hydrophobic surface (Figure 1.16D). 

Two dimers then interact to form the overall hetero-tetramer in solution197. Mutations that 

prevented dimer-dimer interactions resulted in significant loss of activity. Thus the hetero-tetramer 

is crucial for methyltransferase activity197. Interestingly, only TbPRMT1PRO was able to homo-

dimerise, albeit minimally192. Modelling of TbPRMT1PRO supported this observation and indicated 

TbPRMT1ENZ failed to homo-dimerise due to one subunit Y190 sterically clashing with another 

subunits Q90, E93 and I94 residues197. Interestingly, immunoprecipitation western blot data of 

LbrPRMT1, 5, 6 and 7 indicated the presence of LbrPRMT3190. Although not definitive, the data 

suggests that LbrPRMT3 may have more promiscuous PRMT-oligomerisation partners. Further 

biophysical experiments could confirm this interaction.  

 

TbPRMT6 appeared to form the typical dimers in solution through hydrophobic interaction of the 

dimerisation arm of one subunit with the SAM binding domain of another subunit200 (Figure 1.14E). 

TbPRMT5 could form a dimer and a number of unstable larger multimeric complexes up to 700 

kDa193. Three co-purifying proteins were identified in this complex, including an RNA helicase. 

However, no obvious homologs of the HsPRMT5 methylosome were identified, indicating novel 

complexes193. 

 

Kinetoplastid PRMT7 lacks the additional inactive catalytic module of its mammalian ortholog1 

(Figure 1.16A). Instead, TbPRMT7 homo-dimerises through hydrophobic surface interactions 

between two subunits174 (Figure 1.16F). Indeed, this dimerisation is essential to activity; mutational 

disruption leaves only residual methyltransferase activity172. Interestingly, whilst recombinant 



61 
 
 

 

TbPRMT7 was observed as a dimer, procyclic cytoplasmic extract TbPRMT7 complexes were larger 

than a dimer, likely due to interactions with other subcellular components194. This data also 

highlights oligomeric states may differ in vivo due to interaction with other native kinetoplastid 

proteins.  

 

1.10.3 Catalytic module features 

Although relatively well conserved, some sequence and structural differences are evident within the 

{!a ōƛƴŘƛƴƎΣ ʲ-barrel and dimerisation arm domains. Thus far only the 3D structures of TbPRMTs 

have been solved and so these will be the focus of this section1. 

 

Although TbPRMT1PRO retains the canonical catalytic module domains, many of the SAM-binding 

residues are not conserved. Cross-linking experiments reported that SAM binds TbPRMT1ENZ but not 

TbPRMT1PRO 192. The 3D crystal structure showed a molecule of SAH only bound to TbPRMT1ENZ. 

Unlike TbPRMT1PRO, the TbPRMT1ENZ binding site is highly conserved with a more open site around 

the double E loop and more restricted site around the THW loop. This is consistent with mammalian 

type I PRMTs171,197. Overall TbPRMT1ENZ and TbPRMT1PRO structures are similar with an RMSD of 2.4 

Å. However, TbPRMT1PRO lacks a crucial 310 h -ƘŜƭƛȄ ƛƴ ǘƘŜ {!a ōƛƴŘƛƴƎ ŘƻƳŀƛƴΦ !ǎ ŀ ǊŜǎǳƭǘΣ ǎŜǾŜǊŀƭ ʰ-

helices in the SAM-binding domain are shifted 10-нлϲΤ ǘƘŜ ʲ-barrel domain is unaffected. 

Dimerisation interface is thus altered, in turn appearing to be a major contributor to preclusion of 

the binding of SAM197.  

 

Whether this is the case for Leishmania PRMT3 homologs remains to be seen. Whilst sequence 

alignments show LbrPRMT3 (and other species) also lack the canonical type I PRMT THWxQ motif in 

the THW loop, the second glutamate is conserved in the double E loop1,190. Conservation of the 

second glutamate raises the tantalising possibility that Leishmania PRMT3 may be an active 

enzyme1,190. This thesis will seek to address this exciting possibility. 

 

TbPRMT6, similar to TbPRMT1ENZ, interacts with SAH via several highly conserved type I PRMT amino 

acid residues200. Solving of the apo-TbPRMT6 crystal structure also revealed substrate binding 

induces conformational changes of highly conserved H318 of the THW loop and E142 of the double E 

loop200. This would suggest TbPRMT6 catalysis is highly similar to many mammalian type I PRMTs. 

However, secondary structure analysis compared to a number of different mammalian type I PRMTs 

indicated TbPRMT6 has four insert regions and a truncated C-terminus. These insertions extend or 
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ƛƴǘǊƻŘǳŎŜ ŀŘŘƛǘƛƻƴŀƭ ʰ-helices200. Taken together, these regions could have an importance to 

methyltransferase activity and substrate targets200, however exact functional role has yet to be 

determined. 

 

Mammalian and kinetoplastid PRMT7 has some significant differences as already outlined1. Notably, 

whilst the mammalian pseudo-dimer contains only one active site, the TbPRMT7 homo-dimer 

contains two active sites174. This likely explains the significantly more robust methyltransferase 

activity of TbPRMT7194. The solved crystal structure indicated SAH interactions are very similar to 

other PRMTs. In addition, an electron density for a bound arginine residue chain was also present. 

This showed the importance of double E loop E172 and E181 forming two hydrogen bonds to the 

guanidino group of the arginine substrate174. Moreover, arginine substrate binding induced 

ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ twa¢ άŎƭƻǎŜŘέ ǎǘŀǘŜ ŎƻƴŦƻǊƳŀǘƛƻn for catalysis. The active site was also significantly 

narrower than type I and II PRMTs, consistent with its MMA-generating type III activity174. 

 

The importance of the TbPRMT7 double E loop glutamate residues have been investigated in further 

detail. Debler et al found double E loop mutant E181D could catalyse ADMA on a methylated H41-21 

peptide. However, greater than 85% methyltransferase activity was lost172. Jain et al found the 

E181D/Q329A double mutant could also instead catalyse SDMA176. Separate studies also showed the 

F71I mutant converted TbPRMT7 from a type III to a type I/II PRMT210,211. Quantum and molecular 

mechanical simulations also suggested that E172 from the double E loop and Q329 from the THW 

loop are the key residues that orient arginine substrates, enhance nucleophilicity of the arginine 

guanidino group, and lower the free energy for binding of methylated substrates210. Taken together, 

double E loop and glutamate residues are crucial for both methyltransferase activity and help 

determine the type of methylation catalysed. 

 

1.11 Small molecule compound inhibition of PRMTs 

1.11.1 PRMTs are heavily linked to cancer 

Each of the HsPRMTs have been strongly linked to at least one cancer, whereby overexpression is 

correlated with tumorigenesis and poor prognosis111,212. The previous sections have outlined PRMT 

links to biological processes that regulate gene expression such as histone epigenetic modifications, 

mRNA editing and splicing, and translation. Many of these gene expression regulatory pathways are 

crucial to cancer cell maintenance111,212. Histone modifications can be deposited that promote or 

suppress transcription of tumour-related genes213. For example, H3R2me2s catalysed by 
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PRMT5:MEP50 promotes expression of Vimentin, Snail and Slug (SNAI1/2), proteins that promote 

epithelial to mesenchymal transition metastasis214. H3R17me2a catalysed by PRMT4 also promotes 

expression of E2F1, a cell cycle regulator, and ultimately breast cancer cell growth215.  

 

Transcription factors are another major target linked to cancer progression111. For example, PRMT1 

can methylate the BRCA1 tumour suppressor, altering its ability to bind promoters and other 

proteins in breast cancer cell lines216. As already noted, PRMT1 and PRMT5 can target RelA164,165. 

Methylation by PRMT5 promoting NF- Bˁ induced gene expression has been suggested to also 

promote tumorigenesis165.  

 

Proteins involved in mRNA editing and splicing targeted by PRMTs and linked to cancer include 

RBM15 and Sm proteins217. PRMT5 was shown to be required for proper spliceosome assembly and 

proper alternative splicing mechanisms. Deletion of the prmt5 gene resulted in erroneous MDM4 

isoforms linked to p53-related cancers218. RBM15 is an RBP that regulates RNA export and splicing, 

however methylation by PRMT1 results in its degradation. Reduced RBM15 levels causes aberrant 

splicing of target mRNAs, linked to acute megakaryoblastic leukaemia122. 

 

Cancer-linked PRMT methylation also extends beyond the directly related transcriptional, RNA 

editing splicing and translational proteins. For example, PRMT6 methylation of p21 at R156 switches 

its subcellular localisation from the nucleus to the cytoplasm. This results in cell cycle and apoptosis 

dysregulation as well as enhanced chemoresistance219. PRMT3 methylation of ribosomal protein S2 

(rpS2) was shown to reduce ubiquitylation and thus increase its stability. rpS2 has been shown 

overexpressed in a number of cancers. Thus, it has been suggested PRMT3 methylation may 

facilitate the increased expression levels of rpS2220. Taken together, PRMTs target numerous 

proteins that promote cancer cell metastasis, growth and maintenance. Given this link, inhibition of 

PRMTs by small molecule inhibitors has been the focus of much research. 

 

1.11.2 Small molecule inhibitors 

Numerous small molecule compounds have been identified and developed by structure-activity 

relationship (SAR) analysis (Table 1.6). Small molecule inhibitors developed thus far to inhibit the 

PRMTs generally sub-divide into four main types based on their binding mechanism: SAM binding 

site, peptide binding site, both SAM and peptide binding sites, and allosteric sites120. These four 

types each involve binding of a small molecule to a specific binding pocket by non-covalent 
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interactions. The first three types tend to show either competitive (binds with free enzyme), non-

competitive (binds both free enzyme or enzyme-substrate complex) or uncompetitive (binds only 

enzyme-substrate complex) inhibition patterns221. Allosteric inhibition involves a compound binding 

to a pocket distinct to the active site and thus is independent of substrate concentrations222. As 

interactions are non-covalent, inhibitors in these four categories tend to reversibly bind. However, 

depending on binding kinetics, inhibitors can be tight binding and/or slow binding. Tight binding is 

defined by a Ki similar to the enzyme concentration whereas slow binding is defined by a very slow 

dissociation rate from the enzyme221.  

 

In addition, compounds can also either be covalent inhibitors or degraders. These generally bind 

somewhere within the active sites. Covalent inhibitors can be reversible or irreversible and target 

amino acid residues dependent on the compound covalent reactive grouǇ όƻǊ άǿŀǊƘŜŀŘέύ223. Most 

frequently, cysteine side chains are targeted due to the highly nucleophilic thiol group. Lysine 

residues are also a relatively common target223. Covalent inhibitors are advantageous in higher 

efficacy but tend also to have poorer selectivity224. Unlike any of the other types of compounds that 

simply inhibit protein activities, degraders bind and target proteins for degradation. Thus, the 

inhibitory effect comes from reduced protein levels225. Degraders generally employ the 

ubiquitylation and proteasomal degradation system. The degrader compound contains two small 

molecules separated by a linker; one that binds the protein target and another that binds E3 ligase 

with high affinity225. 

 

Although not considered in detail in this thesis, another emerging inhibitor of PRMTs are a class of 

peptoid compounds. Peptoids are polymers of N-substituted glycine residues less susceptible to 

hydrolytic degradation. Peptoid side chains are attached to the amide nitrogen rather than /ʰ ƛƴ ǘƘŜ 

backbone226. Examples include peptoid P2 that can inhibit PRMT1 and induce autophagy and 

apoptosis in cancer cells226. PRMT1 was also shown to be inhibited by histone H4-based peptoids227. 

As peptoids are based on substrates, these compounds could be highly specific for PRMTs. However, 

more research is required to confirm efficacy and indicate clinical relevance226.   

 

As outlined in Table 1.6, various compounds can inhibit the PRMTs by the six different mechanisms. 

Examples of each are outlined below. 
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Inhibitor binding type Compound PRMT targets Site competition Ref 

SAM binding site 

SAH All C 228 

SFG All C 228 

LLY-283 5 NC 229 

DS-437 5 & 7 C 230 

K313 1, 3 & 8 NC 231 

II757 All C 232 

Peptide binding site 

AMI-1 1  233 

MS023 1, 3, 4, 6 & 8 NC 234 

EPZ020411 1, 6 & 8  235 

MS049 4 & 6 NC 236 

TP-064 4 NC 237 

GSK591 5  238 

ZL-28-6 1, 3, 4, 6 & 8  239 

SAM & peptide 
binding sites 

SGC8158 7 C 149 

Fragment 10 4 C 240 

AH237 4 & 5 C 241 

Allosteric 
SGC707 3 NC 242 

SGC6870 6 NC 243 

Covalent 

MS117 6  244 

Compound 10 5  245 

BRD0639 5  246 

Degraders MS4322 5  247 

Table 1.6: Non-exhaustive list of different compounds that target different HsPRMTs. 

Compounds are divided up depending on their binding site within each PRMT. C ς competitive; NC ς 

non-competitive. 

 

HsPRMT5:MEP50 was shown to be inhibited by the SAM-analog LLY-283 compound229. Potent 

inhibition was observed with IC50 values of 22 nM and 25 nM for in vitro and cell-based assays 

respectively. LLY-283 occupies the SAM binding site (Figure 1.17A-B) where the adenine ring forms 

hydrogen bonds with D419 and M420, and the ribose moiety forms hydrogen bonds with E392 and 

Y324229. 
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Figure 1.17: Different types of PRMT inhibition at the substrate binding sites. 

The following modes of binding and examples are represented: A-B) SAM-binding site using LLY-283 

with HsPRMT5:MEP50 (PDB: 6CKC), C-D) peptide binding site using MS023 with HsPRMT6 (PDB: 

5E8R), E-F) both SAM and peptide binding sites using SGC8158 with MmPRMT7 (PDB: 6OGN). A, C 

and E each indicate key residue interactions and B, D and F indicate electrostatic surface bound by 

the compound. The SAH molecule in yellow is also overlaid in each structure. PRMT-SAH structures 

overlaid were all for the same PRMT indicated: A-B) PDB: 4GQB, C-D) PDB: 5HZM and E-F) PDB: 4C4A. 

Cartoon secondary structure elements in cyan indicate the PRMT subunit of each dimer bound by the 

compound whereas those in a semi-transparent purple indicate the opposite PRMT subunit. 

Electrostatic potential bar is indicated at the bottom from more acidic (red) to more basic (blue). All 

images were processed using PyMOL.   
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MS023 alternatively occupies the HsPRMT6 peptide binding site234 (Figure 1.17C-D). MS023 inhibits 

all type I PRMTs with IC50 of 4-119 nM and < 100 nM in in vitro assays and cells respectively. The 

MS023 compound was synthesised based on previously characterised CMPD-1 and EPZ020411 

compounds that inhibited PRMT4 and PRMT6 respectively234,235,248. The ethylenediamino terminal 

amino group forms a hydrogen bond with E155 and a water mediated hydrogen bond to E164 

(double E loop residues) and to M157. The tertiary amino group forms a hydrogen bond with H317 

of the THW loop. In addition, the MS023 isopropoxy oxygen makes a hydrogen bond interaction with 

H163 and its phenyl group forms ̄-ˉ ǎǘŀŎƪƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎ ǿƛǘƘ ¸мрф234. 

 

SGC8158 occupies both SAM and arginine substrate binding sites149 (Figure 1.17E-F). SGC8158 

inhibited HsPRMT7 with an IC50 < 2.5 nM, but was inactive in cell-based assays due to low cell 

permeability149. Addition of a quinonebutanoic acid group to a secondary amine (SGC3027) gave 

increased lipophilicity for cell entry. Once in the cell, SGC3027 undergoes reduction followed by 

lactonization to release active SGC8158. The result of this gave an IC50 ŀǊƻǳƴŘ нΦп ˃a for inhibition 

of HSP70 methylation in cells149. The crystal structure of MmPRMT7-SGC8158 indicated SGC8158 

only bound the active catalytic module of the pseudo-dimer. The ribosyl moiety sits in the SAM 

binding site whereas the biphenylmethylamine moiety extends into the substrate arginine binding 

site, displacing W314 to occupy a W282, F146, Y48, M296, R44 and R311 hydrophobic pocket149. 

 

SGC707 does not bind the active site of HsPRMT3, but instead binds an allosteric site242 (Figure 

1.18A-B). SGC707 inhibited HsPRMT3 with an IC50 of 31 nM in substrate methylation in vitro assays. 

An IC50 of 91 nM was obtained for inhibition of H4R3 methylation in cell-based assays242. Due to 

SGC707 binding an allosteric site, a non-competitive inhibition with both SAM and substrate arginine 

peptide was demonstrated242. {D/тлт ōƛƴŘǎ ŀ ʲ-barrel site at the base of the dimerisation arm of 

HsPRMT3. The isoquinoline moiety forms a hydrogen bond to T466 and the urea moiety forms 

hydrogen bonds with E422 and R396. Moreover, the SGC707 pyrrolidine amide ǎƛǘǎ ŀŘƧŀŎŜƴǘ ǘƻ ŀƴ ʰ-

ƘŜƭƛȄ ƻŦ ǘƘŜ ƻǘƘŜǊ twa¢о ǎǳōǳƴƛǘΦ ¢ƘŜ ŀǳǘƘƻǊǎ ƘȅǇƻǘƘŜǎƛǎŜŘ ǘƘŜ ʰ-helix becomes conformationally 

constrained that formation of a catalytically competent conformation of PRMT3 is prohibited242. 

 

Unlike the above non-covalent inhibitors, MS117 forms a covalent bond within the active site of 

HsPRMT6244 (Figure 1.18C-D). The MS117 compound was designed by SAR analysis based on the 

MS023 compound scaffold. MS117 inhibited HsPRMT6 with an IC50 of 18 nM in vitro. Methylation of 

H3R2 by HsPRMT6 in cell-based assays was inhibited by MS117 with an IC50 of мΦо ˃aΦ L/50s also 
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showed a time-dependence consistent with irreversible inhibition244. The crystal structure indicated 

MS117 forming a covalent bond with C50. MS117 binds with a very similar binding mode to MS023 

in the peptide binding site. Hydrogen bonding patterns are identical, apart from the H163 hydrogen 

bond which is lost due to the removal of the isopropoxy group in MS117244.  

 

 

Figure 1.18: Allosteric and covalent inhibition of PRMTs 

The following examples are represented: G-H) allosteric site using SGC707 with HsPRMT3 (PDB: 4RYL) 

and I-J) covalent inhibition using MS117 with HsPRMT6 (PDB: 6P7I). G and I each indicate key residue 

interactions and H and J indicate electrostatic surface bound by the compound. The SAH molecule in 

yellow is also overlaid in each structure. PRMT-SAH structures overlaid were all for the same PRMT 

indicated: G-H) PDB: 1F3L and I-J) PDB: 5HZM. Cartoon secondary structure elements in cyan indicate 

the PRMT subunit of each dimer bound by the compound whereas those in a semi-transparent purple 

indicate the opposite PRMT subunit. Electrostatic potential bar is indicated at the bottom from more 

acidic (red) to more basic (blue). All images were processed using PyMOL. 
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Clearly there are numerous compounds that target HsPRMTs. Thus far, no compound has been 

tested and developed to target kinetoplastid PRMTs. The structural, biochemical and biophysical 

data of kinetoplastid PRMTs, though limited in areas, suggests the large inhibitor arsenal already 

available could be re-purposed to enable development of novel anti-parasitic therapeutics1. 

 

1.12 Summary 

Leishmania is part of the kinetoplastids, unicellular protozoa, that causes leishmaniasis in humans, 

causing around 1.5-2 million new infections and 70,000 deaths per year. Currently, lack of adequate 

drug treatments and vaccine are hindering efforts to combat the disease. The parasite undergoes a 

two-stage life cycle in sandflies and humans, differentiating into various morphological forms 

including sandfly-adapted procyclics, human-infective metacyclics and lysosomal acidification-

resistant amastigotes. Survival requires careful and sensitive detection of environmental stimuli to 

induce significant changes in gene expression.  

 

Whilst eukaryotes have significant transcriptional regulation mechanisms, kinetoplastids almost 

entirely lack transcriptional regulation. Instead, genes are transcribed as polycistronic pre-mRNAs 

that are spliced and edited, such as by polyadenylation, to produce mature mRNAs. Lack of 

transcriptional regulation also results in heavier reliance on RBPs to regulate mRNA levels and 

stability. RBP-RNA interactions are determined by three factors: RNA structure, RBP RBDs and PTMs. 

RNAs contain various sequence motifs and secondary structures that are recognised by specific 

RBPs. RBDs also recognise specific motifs and undergo topological rearrangements to recognise 

RNAs. PTMs can directly alter protein-nucleic acid and protein-protein interactions and thus change 

RBP-RNA interactions. 

 

Vast arrays of different PTMs have been studied, including phosphorylation, acetylation and arginine 

methylation. The latter has been particularly shown to alter RBP specificities, targets and 

protein/RNA stabilities in kinetoplastids. Arginine methylation is catalysed by PRMTs subdivided by 

the methylated ̟ -nitrogens of the arginine side chain guanidino group. Type I, II and III catalyse 

formation of ADMA, SDMA and MMA products respectively. Mammals contain nine PRMTs whereas 

kinetoplastids contain five homologs: PRMT1, 3, 5, 6 and 7. PRMTs have a canonical N-terminus and 

catalytic module ό{!a ōƛƴŘƛƴƎΣ ʲ-barrel and dimerisation arm domains) structure. Conserved motifs 

such as the double E loop and THW loop are crucial for SAM and substrate arginine binding, 

orientation of the substrates and the methyltransferase reaction. In addition, both double E loop 
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and THW loop appear to have important roles in determining ADMA, SDMA or MMA product. 

Despite relatively well conserved catalytic modules, PRMTs have significant diversity within their N-

termini. Various known conserved domain folds have been identified that have roles in PRMT 

biological functions and substrate specificity.  

 

However, kinetoplastid PRMTs lack any identifiable domain within their N-termini but are implicated 

in methyltransferase activity. Thus, questions are raised as to the functions of the N-termini. In 

addition, TbPRMT1ENZ:TbPRMT1PRO and TbPRMT7 significantly diverge from their mammalian 

homologs. TbPRMT1ENZ:TbPRMT1PRO forms a hetero-tetramer rather than separately active homo-

oligomers. Moreover, TbPRMT1PRO appears completely inactive, containing a number of mutations 

throughout the catalytic module. This includes the second glutamate of the double E loop, mutated 

to an aspartate, and much of the THW loop. TbPRMT7 also does not contain a second inactive 

catalytic module, instead homo-dimerising with two active subunits. 

 

Finally, human PRMT links to cancer has propelled research into small molecule inhibitors. 

Numerous compounds have been shown to reversibly bind either the SAM binding site, arginine 

substrate binding site or both. Compounds can also reversibly bind allosteric sites. Irreversible 

covalent inhibition has also been demonstrated. Degrader compounds target PRMTs for 

proteasomal degradation. With such an array of compounds available, this raises the question of 

whether this large compound arsenal could be re-purposed for inhibition of kinetoplastid PRMTs. 

This presents as an exciting and promising avenue to investigate in this thesis and for future 

research. 

 

1.13 Aims of this thesis 

Although fewer studies have been conducted on Leishmania PRMTs, a number of differences are 

already evident. Conservation of the second glutamate of the double E loop of the PRMT3 homolog 

raises the exciting possibility of an active catalytic module. The homolog of PRMT5 contains a 

significantly longer N-terminus than both homologs of mammalian and TbPRMT5, the function of 

which remains unknown. LbrPRMT6 in procyclics is localised to the intranuclear space rather than 

the cytoplasm for TbPRMT6, hinting at distinct functions and substrate targets. Indeed, whilst 

TbPRMT7 and Leishmania PRMT7 are relatively well conserved without any obvious biological 

distinctions, both significantly diverge from their mammalian pseudo-dimeric ortholog.  
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Therefore, this thesis seeks to address three major aims: 

1. Establish protocols for the production and biochemical and biophysical characterisation of 

recombinant LbrPRMTs 

2. Characterise the biophysical and biochemical properties of LbrPRMT5, 6 and 7 and their 

inhibition by small molecules  

3. Evaluate the structural and functional properties of the interaction between LbrPRMT1 

and 3 
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2. Methods 

2.1 Protein production methods 

2.1.1 E. coli protein expression 

2.1.1.1 Plasmid sub-cloning  

Work on LmjPRMT7 was a continuation from the work of Dr Jim Brannigan who cloned the enzyme 

into a pSKB2 vector, a pET28a vector derivative with Kanamycin resistance (KanR), a His-tag and H3C 

cleavage site (plasmid sourced by Dr Jim Brannigan from Professor Stephen Burley at The 

Rockefeller, New York). The pSKB2 vector was used as the template for subsequent cloning 

procedures. pET28a plasmids of LbrPRMT1, 3, 5, 6 and 7 (KanR, N-terminal His-tag and thrombin 

cleavage site) were each kindly provided by Professor Angela Cruz at the University of Sao Paulo in 

Brazil. Each of these pET28a plasmids were used as templates for subsequent cloning experiments. 

Each template was sequenced to ensure any non-silent mutations were not propagated further. 

Sequencing of the pET28a-LbrPRMT5 plasmid identified a point mutation at base-pair 910 (CGT to 

TGT) that caused an amino acid substitution (Arg to Cys). Single-site mutagenesis was used to correct 

this (see site-directed mutagenesis). 

 

All the protein genomic sequences were sub-cloned into the pETFPP vectors249, a series of vectors 

developed by the University of York Technology Facility (Figure 2.1). All contain a H3C cleavage site 

(GLEVLFQ|GPAM), a 6xHis (His) tag (MGSSHHHHHHSS) and a solubility tag. Available solubility tags 

included Maltose Binding Protein (MBP), Glutathione-S-transferase (GST), E. coli immunity protein 9 

(Im9) and Green Fluorescent Protein (GFP) or no tag (His). The plasmid ORF contains a T7 promoter 

ǊŜƎƛƻƴ ŀƴŘ ƭŀŎ ƻǇŜǊŀǘƻǊ ǎǳŎƘ ǘƘŀǘ ŜŀŎƘ ǇǊƻǘŜƛƴ Ŏŀƴ ƻƴƭȅ ōŜ ŜȄǇǊŜǎǎŜŘ ǳǇƻƴ ƛǎƻǇǊƻǇȅƭ ʲ-D-1-

thiogalactopyranoside (IPTG) induction. 

 

CloƴƛƴƎ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ǘƘŜ LƴCǳǎƛƻƴϯ ŎƭƻƴƛƴƎ ƪƛǘ ǎǘŀƴŘŀǊŘ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ ό/ƭƻƴǘŜŎƘΣ 

Takara). Cloning products were then transformed into E. coli DHрʰ ŎŜƭƭǎ ǘƘŀǘ ǇǊƻŘǳŎŜ ƘƛƎƘŜǊ ŎƻǇȅ 

numbers of the transformed plasmids. Plasmids were purified from overnight cultures by the Qiagen 

miniprep kit standard protocol. All plasmid products were then sequenced to ensure no errors were 

introduced during the cloning procedure. 
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Figure 2.1: pETFPP expression vector series and translated protein constructs schematic. 

PRMT represents the protein of interest where any desired gene can be inserted by InFusion® cloning. 

Plasmid numbering corresponds to the solubility tag encoded in the plasmid. However, note that 

pETFPP1 lacks a solubility tag altogether, instead just containing the His tag.    

 

2.1.1.2 E. coli Rosetta (DE3) transformations 

Plasmids were transformed into Rosetta (DE3) cells, a derivative of the E. coli BL21 cell line, because 

these cells express a T7 polymerase under the control of a lac operator, required to transcribe the 

plasmid DNA into mRNA for translation into an amino acid sequence. Additionally, Rosetta (DE3) 

cells encode rarely used codons that are found more commonly in eukaryotic organisms. These 

tRNAs are encoded on plasmids in the cells selected for chloramphenicol-resistance (CmpR). 

 

¢ȅǇƛŎŀƭƭȅΣ рл ˃[ ƻŦ wƻǎŜǘǘŀ ό59оύ ŎŜƭƭǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ǿƛǘƘ м ˃[ ǇƭŀǎƳƛŘ ŦƻǊ ол ƳƛƴǳǘŜǎ ƻƴ ƛŎŜ ƛƴ ŀ мΦр 

mL sterile tube. The mixture was then incubated at 42°C for 45 seconds to induce the heat shock and 

transferred ōŀŎƪ ǘƻ ƛŎŜ ŦƻǊ ŀƴƻǘƘŜǊ р ƳƛƴǳǘŜǎΦ прл ˃[ ǎǘŜǊƛƭŜ [. ǿŀǎ ƴŜȄǘ ŀŘŘŜŘ ŀƴŘ ŜŀŎƘ ǘǳōŜ ǘƘŜƴ 

placed at 37°/ ƻƴ ŀ ǎƘŀƪŜǊ ŦƻǊ сл ƳƛƴǳǘŜǎΦ ул ˃[ ƻŦ ǘƘƛǎ ƳƛȄǘǳǊŜ Ŧƛƴŀƭƭȅ ǿŀǎ ǎǇǊŜŀŘ ƻƴ ŀ [.κŀƎŀǊ ǇƭŀǘŜ 

ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ōƻǘƘ рл ˃Ǝκ˃[ ƪŀƴŀƳȅŎƛƴ ŀƴŘ оп ˃Ǝκ˃[ ŎƘƭƻǊŀƳǇƘŜnicol. Plates were left 

overnight at 37°C to allow colony growth and then transferred for storage at 4°C for up to 2 weeks. 

 

2.1.1.3 Site-directed mutagenesis 

Mutagenesis primers were designed using the Agilent QuikChange Primer Design Tool 

(https://www.agilent.com/store/primerDesignProgram.jsp) which aims to produce suitable primers 

within the parameters: 25-45 nucleotides long, Tm җ туϲ/Σ  ŀt least 10-15 nucleotides flanking the 

https://www.agilent.com/store/primerDesignProgram.jsp
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point mutation to introduce either side, a GC content minimum of 40% and at least one terminating 

G or C base. Site-directed mutagenesis was then carried out using the Agilent QuikChange Lightning 

Site-Directed Mutagenesis kit as per the manufacturers protocol. Mutagenesis reactions of 

LbrPRMT1 and 3 were set with an extension time of 4 minutes. All mutated vectors were then 

treated with DpnI to remove the original methylated template and transformed into XL-10 Gold 

Supercompetent cells. Overnights of individual colonies were pelleted and plasmids purified from 

cells according to the Qiagen miniprep kit standard protocol. Mutated gene plasmid sequences were 

verified by sequencing. 

 

2.1.1.4 LB protein expression cultures 

Overnights were set up either in 5 mL or 50 mL LB/kanamycin/chloramphenicol depending on 

whether protein expression would be carried out in a 50 mL or 1 L LB/kanamycin/chloramphenicol 

volume. Overnights were left at 37°C shaking at 220 rpm for around 18-20 hours. Optical densities at 

600 nm (OD600) of the overnights (OD600ON) were then measured on a spectrophotometer, and a 

volume calculated to add (Vadd) to the 50 mL or 1 L culture (Vexp) that gave a starting OD600 of 0.05.  

 

ὠ  άὰ
πȢπυὠ άὰ

ὕὈφππ
 

 

Inoculated cultures were then left to grow at 37°C, shaking at 120 rpm, and taking regular OD600 

readings until the OD600 reached 0.6-0.8. Once this OD600 range was reached, a pre-induction sample 

was taken for protein expression and solubility analysis, with the volume taken (Vculture) calculated as 

per the equation below. The sample was then pelleted at 4000 r.c.f. for 15 minutes at 4°C and stored 

at -20°C until required. IPTG was added to the remaining culture to give a final concentration of 1 

mM. Cultures were left to induce at 18°C at 180 rpm for 18-20 hours. A post-induction sample was 

next taken to go with the pre-induction sample using the same equation. Cells were then pelleted at 

4000 r.c.f. for 30 mins at 4°C and then either immediately lysed for expression tests or purification, 

or stored at -20°C until required. 

 

ὠ άὰ
ὠ άὰ ςπ

ὕὈφππ
 

 

Protein expression and solubility were determined through an SDS-PAGE gel analysis. Culture 

volumes were taken to resuspend in 0.5 mL lysis buffer (Vlysis) to give a final OD600 of 20. The lysis 
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ōǳŦŦŜǊ ǿŀǎ ŀƭǎƻ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ ŀ ŎhƳǇƭŜǘŜ Ƴƛƴƛ ǇǊƻǘŜŀǎŜ ƛƴƘƛōƛǘƻǊ ǘŀōƭŜǘ όwƻŎƘŜύΣ нл ˃ƎκƳ[ ƻŦ 

5bŀǎŜ L ό{ƛƎƳŀύ ŀƴŘ нл ˃ƎκƳ[ ƻŦ wbŀǎŜ ! ό{ƛƎƳŀύΦ лΦр Ƴ[ ƻŦ ŜŀŎƘ sample was then sonicated for 30 

seconds using the Model 505 Sonic Dismembrator sonicator (Fischer Scientific) with pulse setting 3 

ǎŜŎƻƴŘǎ ƻƴΣ т ǎŜŎƻƴŘǎ ƻŦŦ ŀƴŘ ŀ ǇƻǿŜǊ ŀƳǇƭƛǘǳŘŜ ƻŦ нл ҈Φ [ŜŀǾƛƴƎ млл ˃[ ŦƻǊ ŀ ǘƻǘŀƭ ƎŜƭ ǎŀƳǇƭŜΣ ǘƘŜ 

remainder of the post-induction sample was centrifuged at 20,000 r.c.f. for 10 minutes at 4°C. 

Supernatant was set aside in a separate tube as the soluble sample. The remaining pellet was then 

resuspended in identical supplemented lysis buffer to the same initial centrifugation volume as the 

insoluble sample. Samples of pre-induction, total, soluble and insoluble were then analysed by SDS-

PAGE. 

 

2.1.1.5 Autoinduction media protein expression cultures 

Autoinduction medium (AIM) was developed to allow higher throughput screening of clones and 

avoid unintended protein expression prior to induction by IPTG250. AIM provides a source of glucose 

for cells to initially use to promote growth (which suppresses transcription of plasmids with the 

T7lac promoter). Once glucose is depleted, cells will start to use lactose in the media (and thus 

induce transcription of T7lac promoter plasmids). This results in cells growing to much higher 

densities and, typically, higher yields of protein250. The AIM protein expression protocol was very 

similar to the LB protein expression outlined above. Only the main differences will be outlined in 

detail here.  

 

5 mL or 50 mL overnight cultures of LB/kanamycin/chloramphenicol were set up identically. Culture 

volumes to transfer to either 50 mL or 1 L were calculated as for LB expression. AIM (ZYM-5052) was 

prepared prior to transfer of overnight cell culture into the media, ŀǎ ƻǳǘƭƛƴŜŘ ǳƴŘŜǊ άaŜŘƛŀǎ ŀƴŘ 

.ǳŦŦŜǊǎέΦ hƴce overnight culture was added to AIM, growth was incubated as for LB protein 

expression. Due to the nature of AIM, no IPTG addition was required, therefore culture OD600s were 

recorded at regular intervals before being placed at 18°C at 180 rpm for 18-20 hours overnight. 

Following this, pelleting of cultures and SDS-PAGE analyses were carried out identically to LB protein 

expression. 

 

2.1.2 Protein purification 

1 L culture pellets were resuspended in lysis buffer supplemented with protease inhibitors, DNase 

and RNase as for the protein expression samples. 1 L generally produced insufficient quantities of 

the MBP-tagged PRMTs once purification was complete and so 3-4 L was generally resuspended and 
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pooled together. Resuspended culture volumes were then sonicated using the Model 505 Sonic 

Dismembrator sonicator (Fischer Scientific) for 16 minutes with pulse settings 3 seconds on, 7 

seconds and power amplitude at 35 %. Lysate was then centrifuged at 40,000 r.c.f. for 45 minutes at 

4°C with the resulting supernatant set aside for a Ni-IMAC purification. Two 5 mL HisTrap nickel 

columns were equilibrated with Ni-IMAC binding buffer prior to applying the supernatant. Lysate 

was run over the columns at 2 mL/min, bound proteins washed with Ni-IMAC detergent buffer and 

then eluted off the columns with Ni-IMAC elution buffer that contained imidazole. Fractions were 

taken of the collected lysate flow-through, detergent wash and elution fractions. All fractions were 

analysed on an SDS-PAGE gel. Fractions collected containing target protein were pooled and protein 

concentration calculated by A280 spectrophotometry. Theoretical extinction coefficients for each 

protein were obtained from running the amino acid sequence through ExPasy ProtParam (Table 2.1). 

 

Organism Protein Molecular weight (kDa) 2ʁ80 (cm-1 M-1) 

L. major 
MBP-PRMT7 91.7 122730 

PRMT7 48.7 56380 

L. braziliensis 

MBP-PRMT1 82.4 119180 

MBP-PRMT3 87.5 112190 

MBP-PRMT5 155.4 224490 

MBP-PRMT6 83.7 114250 

MBP-PRMT7 89.7 110240 

PRMT1 39.4 52830 

PRMT3 44.6 45840 

PRMT6 40.7 47900 

Table 2.1: Theoretical ExPasy ProtParam extinction coefficients of different PRMT constructs. 

 

If removed, the MBP solubility tag was cleaved from the expressed recombinant protein by HRV 3C 

protease added in ratio of 1 mg protease to 50 mg protein. Whether incubated with or without HRV 

3C protease, all proteins were equilibrated overnight into dialysis buffer for 16-18 hours at 4°C using 

a 6-8 kDa cut-off dialysis membrane. At this point, purification protocols diverged for cleaved and 

uncleaved recombinant proteins. Those cleaved with HRV 3C protease were next purified by an MBP 

affinity column. These columns were equilibrated with an identical binding buffer to the Ni-IMAC 

step. The cleaved protein was run over the columns at 2 mL/min and then collected in the flow-

through and the cleaved MBP tag bound to the column. Bound MBP and contaminants were eluted 

from the column in a maltose elution wash. Collected fractions were then run on an SDS-PAGE gel. In 

the case of uncleaved recombinant proteins, this purification step was skipped. 
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To further remove impurities from samples, all recombinant proteins, except LbrPRMT7, were 

purified by an anion exchange 15Q column. Recombinant protein samples were diluted in 15Q 

binding buffer to a volume that had final NaCl concentration of 150 mM. The large volume sample 

was then applied to the column at a varying flow rate to maintain stable pressure but no more than 

a maximum of 8 mL/min. Constructs of LbrPRMT1, LbrPRMT3 and LmjPRMT7 were collected in the 

flow-through whereas constructs of LbrPRMT5 and LbrPRMT6 bound the 15Q column. The 15Q 

column was then washed with 5 CVs of 85% 15Q binding buffer and 15% 15Q elution buffer, and 

proteins subsequently eluted by a gradient elution of 15Q elution buffer (Table 2.2). Proteins were 

subsequently analysed by SDS-PAGE. Depending whether the PRMT could bind the column, either 

fractions were pooled or flow-through taken. Whether fractions or flow-through was used, both 

were concentrated down in 30K (LbrPRMT1, 3, 6, 7 and LmjPRMT7) or 50K (LbrPRMT5) MWCO 

Vivapsin 20 concentrators to approximately 5 mL.  

 

Protein construct Anion exchange gradient range (% 15Q elution buffer) 

LmjPRMT7 Protein in flow-through 

LbrPRMT1 Protein in flow-through 

LbrPRMT3 Protein in flow-through 

MBP-LbrPRMT5 22.5-40.0 

LbrPRMT6 20.0-42.5 

MBP-LbrPRMT7 - 

Table 2.2: Gradients used to elute proteins off the 15Q anion exchange column. 

 

All recombinant proteins were next purified further in a final size exclusion chromatography (SEC) 

step using the HiLoad 16/600 Superdex 200 pg column (Cytiva), equilibrated in SEC buffer. This step 

was also performed on the AKTA Pure system (Cytiva). Recombinant protein samples were loaded 

onto a 5 mL loop, equilibrated in SEC buffer, to be injected and run over the column at 1 mL/min. 2 

mL fractions were collected and run on an SDS-PAGE gel. The relevant fractions containing the 

protein of interest were pooled together. Samples were then concentrated down in MWCO Vivaspin 

20 concentrators, as following the 15Q column, with final protein concentrations calculated by A280 

spectrophotometry. Final concentrated samples were split into aliquots, flash frozen with liquid 

nitrogen and stored at -70°C until required. 
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2.1.3 Medias and buffers 

2.1.3.1 Protein expression media 

LB media cultures 

Component Concentration (g L-1) 

Tryptone 10 

Yeast extract 5 

NaCl 10 

Agar (if plate format is used) 15 

Kanamycin 0.05 

Chloramphenicol 0.034 

 

AIM cultures 

1M MgSO4 

Component Concentration (g L-1) 

MgSO4·7H2O 246.5 

 

50X 5052 

Component Concentration (g L-1) 

Glycerol 250 

Glucose 25 

-hlactose 100 

  

25X M 

Component Concentration (g L-1) 

Na2SO4 18 

NH4Cl 67 

KH2PO4 85 

Na2HPO4 88.5 

 

ZY 

Component Concentration (g L-1) 

Tryptone 10 

Yeast extract 5 

 

1000X metals 

Component Concentration (mM) 

FeCl3·6H2O 50 

CaCl2 20 

MnCl2·4H2O 10 

ZnSO4·7H2O 10 

CoCl2·6H2O 2 



79 
 
 

 

CuCl2·2H2O 2 

NiCl2·6H2O 2 

Na2MoO4·5H2O 2 

Na2SeO3·5H2O 2 

H3BO3 2 

 

AIM (ZYM-5052) 

Component Concentration 

1M MgSO4 1 mM 

50X 5052 1 X 

25X M 1 X 

ZY Make up to final culture volume 

1000X metals 1X 

Kanamycin 0.1 g L-1 

Chloramphenicol 0.034 g L-1 

Note: kanamycin is double the usual concentration as higher phosphate concentration in the media 

promotes kanamycin resistance250 

 

2.1.3.2 Purification buffers 

Lysis buffer 

Component Concentration 

Tris 50 mM 

NaCl 500 mM 

Glycerol 5 % 

Imidazole 10 mM 

DNase нл ˃ƎκƳ[ 

RNase нл ˃ƎκƳ[ 

Protease inhibitor tablet 1 per L cell culture 

Buffer is also adjusted to pH 8.0 and filter ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

Ni-IMAC buffers 

Component Binding buffer Detergent wash buffer Elution buffer 

Tris 50 mM 50 mM 50 mM 

NaCl 500 mM 500 mM 500 mM 

Glycerol 5 % 5 % 5 % 

Imidazole 10 mM 10 mM 500 mM 

Triton X-100 - 1 % - 

All buffers ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ǇI уΦл ŀƴŘ ŦƛƭǘŜǊ ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

Dialysis buffer 

Component Concentration 

Tris 50 mM 
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NaCl 500 mM 

Glycerol 5 % 

DTT 1 mM 

Dialysis buffer was adjusted to pH 8.0 

 

MBP column buffers 

Component Binding buffer Elution buffer 

Tris 50 mM 50 mM 

NaCl 500 mM 500 mM 

Glycerol 5 % 5 % 

Imidazole 10 mM - 

Maltose - 50 mM 

!ƭƭ ōǳŦŦŜǊǎ ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ǇI уΦл ŀƴŘ ŦƛƭǘŜǊ ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

15Q anion exchange buffers 

Component Binding buffer Elution buffer 

Tris 50 mM 50 mM 

NaCl - 1 M 

Glycerol 5 % 5 % 

DTT 1 mM 1 mM 

.ƻǘƘ ōǳŦŦŜǊǎ ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ǇI уΦл ŀƴŘ ŦƛƭǘŜǊ ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

Size exclusion column buffers 

Component Concentration 

Tris 50 mM 

NaCl 200 mM 

Glycerol 5 % 

DTT 1 mM 

.ƻǘƘ ōǳŦŦŜǊǎ ǿŜǊŜ ŀŘƧǳǎǘŜŘ ǘƻ ǇI уΦл ŀƴŘ ŦƛƭǘŜǊ ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

2.1.4 Gels 

2.1.4.1 SDS-PAGE 

Gel components 

Component 12% resolving gel 4% stacking gel 

30% acrylamide (37.5:1) 4 mL 0.65 mL 

1.5 M Tris pH 8.8 2.5 mL - 

0.5 M Tris pH 6.8 - 1.25 mL 

10 % SDS млл ˃[ рл ˃[ 

Distilled H2O 3.4 mL 3.05 mL 

10 % APS млл ˃[ рл ˃[ 

TEMED мл ˃[ р ˃[ 
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Running buffer 

Component Concentration 

Tris 3 g/L 

Glycine  14 g/L 

SDS 1 g/L 

 

Sample loading dye 

Component Concentration 

1.0 M Tris pH 7.2 1 mL 

10% SDS 10 mL 

Bromophenol blue 0.06 g 

Glycerol 12 g 

Distilled H2O 3 mL 

 

NR/CBBR stain 

Component Concentration 

0.5% Coomassie Brilliant Blue R 10 mL 

Anhydrous Methanol 400 mL 

Glacial Acetic acid 70 mL 

0.1% Natural Red 5 mL 

 

2.2 Biophysical methods 

2.2.1 Analytical SEC 

Analytical SEC is an experiment identical to size exclusion chromatography but instead uses a smaller 

non-preparative SEC column. Molecules are separated according to their hydrodynamic radius, 

eluting off the column at different volumes. Once eluted, molecules are observed by their 

absorbance at 280 nm and 220 nm. Fractions can also be collected for analysis by SDS-PAGE. 

 

млл ˃[ ƻŦ ŜŀŎƘ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ ǿŀǎ ƛƴƧŜŎǘŜŘ ŀƴŘ Ǌǳƴ ƻǾŜǊ ŀ {нлл млκолл D[ LƴŎǊŜŀǎŜ ŎƻƭǳƳƴ όDΦ9Φ 

Healthcare), pre-equilibrated with SEC buffer and samples, at a flow rate of 0.5 mL/min. The column 

was attached to an AKTA Pure system and pre-set methods run, controlled by Unicorn software. 

 

2.2.2 SEC-MALLS 

SEC-MALLS is a technique derived from size exclusion chromatography but with the addition of a 

multi-angle light scattering measurement (Figure 2.2). It is used to determine sizes of protein 

molecules to indicate whether they are monomeric or in larger complexes. Analytes in solution 
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scatter light at multiple angles from an initial light beam which is then detected by a MALLS 

detector. Light scattered is proportional to molecular weight and mass concentration of a molecule. 

 

 

Figure 2.2: Diagram of the MALLS based on the Wyatt Dawn HELEOS-II light scattering detector. 

The SEC column, UV detector and refractive index (RI) detector are also indicated to give an outline of 

where protein sample passes through. The MALLS detector, drawn in 3D, contains a glass cell (light 

blue) through which the sample flows (direction indicated by the cyan arrow). Detectors are placed 

around the glass cell to detect laser light scattered from the initial laser light beam. The Wyatt 

HELEOS-II MALLS detector contains 18 such detectors placed at a series of fixed angles. The diagram 

is simplified for clarity. 

 

All SEC-a![[{ ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ǿƛǘƘ 5Ǌ !ƴŘǊŜǿ [ŜŜŎƘΦ млл ˃[ ƻŦ ŜŀŎƘ ǇǊƻǘŜƛƴ ǎŀƳǇƭŜ 

were prepared at various different concentrations due to solubility limitations, as outlined in Table 

2.3. Samples were injected and run over a S200 10/300 GL column (G.E. Healthcare). The column 

was pre-equilibrated with SEC-MALLS buffer and samples were run at a flow rate of 0.5 mL/min. The 

Shimadzu HPLC system comprised a Wyatt HELEOS-II multi-angle light scattering detector and a 
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Wyatt rEX refractive index detector to collect the data. Data was then analysed using the Astra 7 

software.   

 

PRMT sample Wildtype/mutant  Concentration (mg/mL) 

LmjPRMT7 Wildtype 2.00 

LbrPRMT1 
Wildtype 0.86 

E135Q 0.86 

LbrPRMT3 
Wildtype 0.86 

E154Q 0.86 

LbrPRMT1 & 3 

Wildtype 0.86 

LbrPRMT1: E135Q; LbrPRMT3 
E154Q 

0.86 

LbrPRMT1: E135Q; LbrPRMT3 
wildtype 

0.86 

LbrPRMT1: wildtype; 
LbrPRMT3 E154Q 

0.86 

LbrPRMT6 Wildtype 2.00 

LbrPRMT7 Wildtype 1.20 

Table 2.3: PRMT sample concentrations injected onto the SEC-MALLS column. 

Concentrations used depended on solubility of samples after purification and thawing from -70°C. 

Wildtype and mutant mixture combinations are also indicated. 

 

SEC-MALLS buffer 

Component Concentration 

Tris 50 mM 

NaCl 200 mM 

Glycerol 5 % 

DTT 1 mM 

¢ƘŜ ōǳŦŦŜǊ ǿŀǎ ŀŘƧǳǎǘŜŘ ǘƻ ǇI уΦл ŀƴŘ ŦƛƭǘŜǊ ŘŜƎŀǎǎŜŘ ǘƘǊƻǳƎƘ ŀ лΦн ˃Ƴ ŦƛƭǘŜǊ 

 

2.2.3 Nanoscale differential scanning fluorimetry 

Nanoscale differential scanning fluorimetry (nanoDSF) is an experimental technique that measures 

protein stability by means of changes in the spectral properties of a fluorophore induced by chemical 

or thermal unfolding251. Unfolding can either be measured by extrinsic (commercial dyes, such as 

SYPRO Orange) or intrinsic fluorescence (tryptophan and tyrosine residues)252. Tryptophan and 

tyrosine residues can be excited at 280 nm to produce detectable fluorescent signals at 330 to 350 

nm. Fluorescence at 330 nm is associated with the folded state of the protein whereas fluorescence 

at 350 nm is associated with the unfolded state of the protein (Figure 2.3). Increasing temperature 

gradually unfolds the protein, exposing tryptophan and tyrosine residues previously in the 
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hydrophobic core. The change in location of these residues result in a shift in fluorescent signal 

emitted by 10-20 nm251.  

 

Figure 2.3: The change in tryptophan fluorescence at different wavelengths in a folded and 

unfolded protein. 

Protein unfolding induces an overall decrease in tryptophan residue fluorescence and a shift to a 

higher wavelength between 300-400 nm for an unfolded protein. This shift in fluorescence results in a 

change in the 330 to 350 nm ratio, which is measured by NanoDSF (Figure 2.4). Lines are indicated on 

the plot to highlight fluorescence at 330 nm and 350 nm, and how the ratio is calculated. Folded and 

unfolded protein are indicated in red and blue respectively. Figure was made based on 251,253.  

 

NanoDSF follows this change in fluorescence by continuously measuring fluorescence at 330 nm and 

350 nm (Figure 2.4). A fluorescent ratio of each can then be calculated in the form of 350/330 nm 

and plotted against chemical denaturant concentration or temperature. For a simple folded to 

unfolded state transition, the half-maximal point of the 350/330 nm fluorescence ratio is the 

chemical denaturing concentration (Cm) or melting temperature (Tm). The calculated Cm or Tm values 

are used with the assumption that an increase in Cm or Tm indicates a protein is more stable under 

the specified conditions, and vice versa251.  
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Figure 2.4: Outline of a NanoDSF experiment. 

The capillary array set up on the left is based on the Prometheus NT.48 instrument (NanoTemper) 

where up to 48 capillaries can be placed in the holder during a single run. When the experiment 

begins, a laser fires a 280 nm excitation laser beam at each capillary and fluorescent signals at 330 

nm and 350 nm are immediately detected. Samples are continuously excited and fluorescent signals 

are detected throughout the temperature gradient, set anywhere across 15-98 °C. The graph on the 

right shows a readout of the 350/330 nm ratio detected with increasing temperature. The dotted 

lines indicate the half-maximal point of the ratio corresponding to the Tm of a protein, or where 50% 

of the protein particles are now unfolded. The grey circles represent a hypothetical protein globular 

structure where cyan circles represent tryptophan residues. At lower temperatures, the protein 

remains in its folded state with most tryptophan residues buried in its hydrophobic core. However, as 

temperature increases to the Tm, the protein begins to unfold as weaker interactions begin to be 

broken, such as van der Waals interactions and hydrogen bonds. More tryptophan residues begin to 

be exposed to the solvent causing changes in fluorescence intensity at 330 nm and 350 nm. Once the 

peak point of the ratio is reached, the protein particles will all be almost completely unfolded with all 

tryptophan residues exposed to the solvent. 

 

NanoDSF was used to assess protein stability in different buffer conditions. A design-of-experiment 

(DOE) was used to viably test a number of different buffer components simultaneously. DOE 

establishes a matrix of conditions to test across a given reaction space rather than testing every 

possible combination (Figure 2.5)254. Thus, DOEs can show the contributions of each component in 

the buffer to the overall stability of the protein and also indicate any interactions between 
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components that ultimately affect protein stability. DOEs can be used in two steps: first a wider 

screen involving various different conditions to determine the contribution of each to a system. 

Once the most important conditions are identified, another DOE can be set up to optimise the 

smaller subset of conditions254. In this thesis, only the first step DOE is used as NanoDSF was utilised 

to identify whether certain components could be reduced or removed prior to crystallisation 

screens. 

 

 

Figure 2.5Υ /ƻƳǇŀǊƛǎƻƴ ƻŦ ǘƘŜ άƻƴŜ ǾŀǊƛŀōƭŜ ŀǘ ŀ ǘƛƳŜέ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ 5h9 ŀǇǇǊƻŀŎƘŜǎΦ 

Plots are indicated for two variables: a and b. A) The one variable at a time approach involves a 

series of experiments first varying variable a and then varying variable b. Only a small sample space 

is tested, as indiŎŀǘŜŘΣ ǘƘǳǎ ŀ ŦŀƭǎŜ άƻǇǘƛƳǳƳέ ƛǎ ŘŜǘŜǊƳƛƴŜŘ όǊŜŘ ŎƛǊŎƭŜύΦ .ύ ¢ƘŜ 5h9 ŀǇǇǊƻŀŎƘ ǘŜǎǘǎ 

each variable over a wider range in a single experiment. Each data point can be compared to at least 

one other to determine the effect of that variable. C) Once the effect of each variable is understood, 

another DOE experiment can be set up with a narrower range. This enables the true optimum to be 

more precisely determined. The pink cross indicates the original variable values of the sample seeking 

to be optimised. Grey crosses indicate a value of variable a and b tested. Red parts of the plot 

indicate the optimum of each variable for the sample. Colours expanding from this point to the blue 

background indicating decreasing optimal sample conditions. Figure re-created and modified from 

254. 

 

{ŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ƻŦ ǘƘŜ пу 5h9 ŎƻƴŘƛǘƛƻƴǎ ό¢ŀōƭŜ нΦпύ ƛƴ t/w ǘǳōŜǎ ƳŀŘŜ ǳǇ ǘƻ мн ˃[ ŦƻǊ ŜŀŎƘ 

sample replicate. The Prometheus NT.48 nanoDSF system (NanoTemper Technologies) was used to 

generate the thermal isotherms. Each sample was loaded into standard capillaries (NanoTemper 

Technologies), placed in the capillary holder and left to incubate with a temperature ramp from 20-

95 °C increasing at 1 °C/min.  
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Data was analysed using the PR.ThermControl software (NanoTemper Technologies) that was 

directly linked to the instrument. The Tm thermal stability parameter was calculated in the software. 

Data and calculated Tm values were then exported into an excel spreadsheet for processing and data 

plotting with a custom R script. Calculated Tm values were plotted as a bar chart in Excel. 

 

 

Table 2.4: Protein stability optimisation of full-length (FL) LmjPRMT7. 

A summary of all the 48 buffer conditions tested in the DOE to compare buffer molecule, buffer 

concentration, pH, concentration of NaCl/KCl and concentration of glycerol.  

 

2.3 Biochemical methods 

2.3.1 Peptide substrates 

To assess methyltransferase activities, two synthetic peptides derived from the RGG-rich disordered 

regions of LmjRBP16 and LmjAlba3 were purchased (Alta Bioscience). Each peptide was termed 

based on the amino acid residues: RBP16102-119 and Alba3181-195 (Table 2.5). Peptides were delivered 

lypophilized and so were resuspended in distilled water to a concentration indicated in Table 2.5. 

Peptides were then aliquoted out and stored at -20 °C until required. 
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Peptide Sequence 
Mw 
(Da) 

Yield 
(mg) 

Purity 
(%) 

Resuspended 
concentration (mM) 

RBP16102-119 SGRGGFGGGRGRGRGGRN 1718 1.5 98.5 2 

Alba3181-195 SRGGRGGSRGGRGVA 1386 4.5 87.0 4 

Table 2.5: Synthetic peptide sequences purchased. 

Peptide sequences and molecular weight are indicated alongside yield and purity information from 

their purification, provided by Alta Bioscience.  

 

2.3.2 Methyltransferase assays 

2.3.2.1 Methyltransferase kit 

To assess methyltransferase activity of each of the recombinantly expressed and purified PRMTs, the 

Promega® MTase-Gloϰ assay kit was utilised. Methyltransferase activity is detected on the premise 

of detecting the amount of SAH by-product produced255. SAH is cleaved by an SAH hydrolase into 

adenosine which is then converted to adenosine triphosphate (ATP) in a series of enzyme-coupled 

ǊŜŀŎǘƛƻƴǎ όŀƭƭ ŀŘŘŜŘ ƛƴ ǘƘŜ άǊŜŀƎŜƴǘέΤ CƛƎǳǊŜ нΦсύΦ ¢ƘŜ !¢t ǘƘŜƴ ǎŜǊǾŜǎ ŀǎ ŀ ǎǳōǎǘǊŀǘŜ ŦƻǊ ǘƘŜ 

Luciferase reaction (added in thŜ άŘŜǘŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴέύΣ ƎŜƴŜǊŀǘƛƴƎ ŀ ōƛƻƭǳƳƛƴŜǎŎŜƴǘ ǎƛƎƴŀƭ 

detectable on a luminometer. The light produced is directly proportional to SAH produced from a 

methyltransferase reaction255. The assay is reported to be sensitive enough to detect 20-30 nM SAH 

produced in a reaction and it also gives a stable luminescent signal with a half-life greater than four 

hours255. 

 

All reaction components and relevant buffer stocks were first prepared in stocks as indicated in the 

manufacturerΩs protocol. All PRMT reactions used the buffer optimised for the assay kit (20 mM Tris 

pH 8.0, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 0.1 mg/mL BSA, 1 mM DTT), unless otherwise 

specified. Assays were set up initially in V-bottom clear 96 well plates (Starlab) and reaction 

components were all mixed together in a white, low volume, high base, non-binding 384-well 

microplates (Greiner). During each step of addition of reagents, the 384-well microplates were 

centrifuged at 200 r.c.f. for 60 seconds. hƴŎŜ ǘƘŜ ǊŜŀŎǘƛƻƴΣ άǊŜŀƎŜƴǘέ ŀƴŘ άŘŜǘŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴέ ƘŀŘ 

all been incubated for its specified time, luminescent signals were recorded on a BMG CLARIOstar 

plate reader with the gain of the detector set on what was expected to be the highest luminescent 

well. The 384-ǿŜƭƭ ŀǇŜǊǘǳǊŜ ǎǇƻƻƴ ǿŀǎ ŀǘǘŀŎƘŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ǊŜŘǳŎŜ ƭǳƳƛƴŜǎŎŜƴǘ άŎƻƴǘŀƳƛƴŀǘƛƻƴέ 

from neighbouring wells. All 384-well microplates were read with a focal height of 9.5 mm.   
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Figure 2.6: Outline of the Promega® MTase-Gloϰ kit reactions. 

The initial PRMT step in the grey box represents any methyltransferase reaction performed and SAH 

generated. The remainder of the reactions in pale green are part of the MTase-Glo enzyme-coupled 

assay. SAHH, Adk, PAP and PyK enzymes are all added as componŜƴǘǎ ƻŦ ǘƘŜ άǊŜŀƎŜƴǘέ ŀƴŘ ǎƻ ōŜƎƛƴ 

ŎŀǘŀƭȅǎƛƴƎ {!I ƎŜƴŜǊŀǘŜŘ ƛƴǘƻ !¢tΦ [ǳŎƛŦŜǊŀǎŜ ŀƴŘ ƭǳŎƛŦŜǊƛƴ ŀǊŜ ŀŘŘŜŘ ƛƴ ǘƘŜ άŘŜǘŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴέ ǘƘŀǘ 

ƎŜƴŜǊŀǘŜ ǘƘŜ Ŧƛƴŀƭ ƭǳƳƛƴŜǎŎŜƴǘ ǎƛƎƴŀƭΦ bƻǘŜΣ ǘƘŜ άǊŜŀƎŜƴǘέ ŘƻŜǎ ƴƻǘ ƛƴǘŜǊŦŜǊŜ ǿƛǘƘ ŀ 

methyltransferase reaction whereaǎ άŘŜǘŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴέ ŎƻƳǇƭŜǘŜƭȅ ƛƴƘƛōƛǘǎ ŀƴȅ ŦǳǊǘƘŜǊ 

methyltransferase reactions. Substrate and product molecules are indicated for each reaction. SAHH 

ς SAH hydrolase, AdK ς adenosine kinase, PAP ς phosphatidate phosphatase, PyK ς pyruvate kinase. 

Figure adapted from 255. 

 

2.3.1.2 Enzyme titrations 

Enzyme titrations were carried out using the MTase-Glo assay as specified by the manufacturerΩs 

ά5ŜǘŜǊƳƛƴƛƴƎ ǘƘŜ hǇǘƛƳŀƭ 9ƴȊȅƳŜ /ƻƴŎŜƴǘǊŀǘƛƻƴέ ǇǊƻǘƻŎƻƭΦ Briefly, reagents were prepared as 2.5X 

stock solutions in 1X reaction buffer. SAM and peptide substrates were prepared as one stock and 

the PRMT recombinant protein as another. The PRMT titration was prepared with the enzyme stock 

serially diluted in 1X reaction buffeǊΦ bŜȄǘΣ н ˃[ ƻŦ нΦр· ǎǳōǎǘǊŀǘŜ ǎǘƻŎƪ ǿŀǎ ǇƛǇŜǘǘŜŘ ƛƴǘƻ ǘƘŜ оуп-

ǿŜƭƭ ƳƛŎǊƻǇƭŀǘŜΣ ŦƻƭƭƻǿŜŘ ōȅ м ˃[ ƻŦ р· a¢ŀǎŜ-Dƭƻ ǊŜŀƎŜƴǘ ŀƴŘ н ˃[ ƻŦ ǘƘŜ twa¢ ǘƛǘǊŀǘƛƻƴ ǘƻ ǎǘŀǊǘ 

the reaction. This gave final concentrations of мл ˃a {!a ŀƴŘ нл ˃a ǇŜǇǘƛŘŜ. Reactions were 

inŎǳōŀǘŜŘ ŦƻǊ ол ƳƛƴǳǘŜǎ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΦ !ǎ ǘƘŜ άǊŜŀƎŜƴǘέ Ƙŀǎ ƴƻ ŜŦŦŜŎǘ ƻƴ ƳŜǘƘȅƭǘǊŀƴǎŦŜǊŀǎŜ 

activity255, this component was not added when the manufacturerΩs protocol specifies but instead 

added immediately prior to the enzyme being mixed with substrate step. Therefore once 30 minutes 
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ƘŀŘ ŜƭŀǇǎŜŘΣ ǘƘŜ άŘŜǘŜŎǘƛƻƴ ǎƻƭǳǘƛƻƴέ ǿŀǎ ŀŘŘŜŘ to inhibit each reaction and left at room 

temperature for a further 30 minutes.  

 

2.3.1.3 Substrate Km reactions 

SAM and peptide substrate Km values were determined using the manufacturerΩǎ ά5ŜǘŜǊƳƛƴƛƴƎ Ym 

±ŀƭǳŜǎ ŦƻǊ ŀ aŜǘƘȅƭǘǊŀƴǎŦŜǊŀǎŜ {ǳōǎǘǊŀǘŜέ ǇǊƻǘƻŎƻƭΦ Reaction components were prepared as 2X 

stock solutions with the 2X substrate stock containing both substrates and the dilution buffer stock 

containing the substrate not being titrated. The 2X substrate stock was then serially diluted in the 

dilution buffer stock. A 2X PRMT stock was also prepared seperately. Reactions were initiated by 

ƳƛȄƛƴƎ н ˃[ ƻŦ н· ǎŜǊƛŀƭƭȅ Řiluted substrates with н ˃[ ƻŦ twa¢ ǎǘƻŎƪ ƛƴ ǘƘŜ оуп-well microplate. 

PRMT concentrations were under initial velocity conditions, i.e. no substantial substrate depletion 

(Table 2.6). Peptide titrations were carried out with final concentrations of мл ˃a {!M whilst SAM 

ǘƛǘǊŀǘƛƻƴǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǿƛǘƘ нл ˃a ǇŜǇǘƛŘŜΦ wŜŀŎǘƛƻƴǎ ǿŜǊŜ ǘƘŜƴ ƭŜŦǘ ŦƻǊ сл ƳƛƴǳǘŜǎ ōŜŦƻǊŜ ōŜƛƴƎ 

inhibited with 0.1% trifluoroacetic acid (TFA) and left at room temperature for 10 minutes. Next, 6X 

MTase-Glo reagent was added and incubated at room temperature for 30 minutes. Finally, MTase-

Glo detection solution was added and incubated at room temperature for 30 minutes.   

 

PRMT Concentration (nM) 

LmjPRMT7 2 

LbrPRMT1 & 3 20 

LbrPRMT5 40 

LbrPRMT7 2 

Table 2.6: PRMT concentrations used to determine SAM and peptide Km values. 

 

2.3.1.4 Compound IC50 reactions 

Compound titrations to determine a possible IC50 value against each PRMT were determined using 

the manufacturerΩǎ ά5ŜǘŜǊƳƛƴƛƴƎ IC50 ±ŀƭǳŜǎέ ǇǊƻǘƻŎƻƭΦ Reaction stocks were prepared differently to 

those described above. Instead, a 2.5X PRMT-peptide substrate stock, a 2.5X SAM stock and 5X 

compound stock were prepared. The dilution buffer was prepared with 1X reaction buffer and 5% 

DMSO such that reaction initiation with all reagents mixed would give a final concentration of 1% 

DMSO. The 5X compound stock was serially diluted in the dilution buffer. Next, reactions were 

ƛƴƛǘƛŀǘŜŘ ōȅ ƳƛȄƛƴƎ ƻŦ н ˃[ ƻŦ нΦр· twa¢-peptide stock, followed by 5X titration of the compound 

ŀƴŘ ǘƘŜƴ н ˃[ ƻŦ нΦр· {!aΦ Final reactions contained concentrations of мл ˃a {!a ŀƴŘ нл ˃a 

RBP16102-119 peptide and allowed to proceed for 60 minutes. PRMT concentrations used were all 
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under initial velocity conditions (Table 2.7). wŜŀŎǘƛƻƴǎ ǿŜǊŜ ƛƴƘƛōƛǘŜŘ ōȅ ŀŘŘƛǘƛƻƴ ƻŦ р ˃[ ƻŦ a¢ŀǎŜ-

Glo detection solution. 

 

PRMT Concentration (nM) 

LmjPRMT7 2 

LbrPRMT1 & 3 2 

LbrPRMT5 40 

LbrPRMT7 2 

Table 2.7: PRMT concentrations used in compound titration IC50 reactions. 

 

2.3.3 Data analysis and statistics 

Each Excel file output of raw luminescent data was processed and isotherms plotted using a custom 

R script. Each data point had blank control luminescence values deducted to account for background 

and standard deviations of replicates calculated. Data was fitted to a non-linear least squares model 

(Table 2.8) and plots generated using the ggplot2 R package.  

 

The enzyme titration data was plotted by activity against log PRMT concentration rather than the 

more conventional activity against PRMT concentration because the reactions were set up to directly 

compare different substrates under identical experimental conditions. The activity against log PRMT 

concentration visually distinguishes more clearly between smaller differences in observed EC50 

values. 

 

Model Reaction Non-linear least squares equation 

1 Enzyme titration ὒ
ὒ

ρ
Ὁὅ
Ὁ

 

2 Substrate Km ὒ
ὒ

ρ
ὑ
Ὓ

 

3 Compound IC50 
ὒ

ὒ

ρ
Ὅ
Ὅὅ

 

Table 2.8: Non-linear least square equations used to fit data depending on the experiment. 

The predict R package was used to generate the model curve for plotting based on the data. L ς 

luminescence; Lmax ς maximum luminescence; EC50 ς half maximal activity enzyme concentration; E ς 

enzyme concentration; S ς substrate concentration; Km ς half maximal activity substrate 

concentration; I ς inhibitor concentration; IC50 ς half inhibited maximal activity inhibitor 

concentration.  
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Where indicated, statistical analysis was carried out using a custom R script. Statistical analysis was 

carried out using the ANOVA test to compare to the null hypothesis of two modelled Michaelis-

Menten parameters. The anova function from the stats R package was used. A reported p-value of 

less than 0.05 indicated a significant difference.    

 

2.4 Mass spectrometry 

2.4.1 Mass spectrometry 

Mass spectrometry (MS) is an experimental technique that measures the mass of ionised molecules 

(Figure 2.7). Ionisation converts molecules from the liquid to gas phase which are focused into a 

beam and directed into a mass analyser. Several ionisation techniques have been developed to 

enable protein analysis by MS, such as electrospray ionisation (ESI) or matrix-assisted laser 

desorption/ionisation (MALDI). In the case of MALDI, molecules are imbedded in a matrix of small 

organic molecules that co-desorb upon laser excitation256. The resulting ions are then sorted by the 

mass analyser based on their mass-to-charge (m/z) ratio257,258. A number of mass analysers have 

been developed, each with different characteristics and overall performances. Time-of-flight (TOF) 

analysers are one of the most commonly used analysers. TOF analysers essentially measures m/z 

ratios of an ion based on the time it takes for the ion to travel the length of the tube. Some TOF 

analysers also incorporate an ion mirror at the end of the TOF tube to reflect ions back towards a 

detector. This increases the length the ion travels to the detector and corrects for small differences 

in energy across ions259. Tandem mass spectrometers (MS/MS) also enable individual ions to be 

fragmented in order to glean structural information258.  
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Figure 2.7: Overview of the MALDI-TOF/TOF mass spectrometry process. 

The top zoomed in box outlines the MALDI desorption and ionisation process to produce the [M+H]+ 

ions to be detected by the mass analyser detectors. An example layout of a MALDI-TOF/TOF 

instrument, i.e. the Bruker Ultraflex III. Ion A and B are representations of different parent ions that 

would give different m/z value peaks after a MALDI-TOF analysis. The collision-induced dissociation 

(CID) chamber fragments the ions in gas phase prior to acceleration down the first TOF mass analyser 

(TOF1). The smaller circles and triangles represent fragments derived from the parent ion of A and B 

respectively. The precursor ion selector (PCIS) is a form of mass filter that separates ion A and B here 

so each can be analysed by MS/MS. The LIFT chamber is a specific Bruker design that sits in the flight 

ǘǳōŜ ŀƴŘ ǊŀƛǎŜǎ ǘƘŜ ƪƛƴŜǘƛŎ ŜƴŜǊƎƛŜǎ ƻŦ ƛƻƴ ! ƻǊ .Ωǎ ǇŀǊŜƴǘ ŀƴŘ fragments so that the difference is 

small enough to all be detected simultaneously in MS/MS. The post lift metastable suppressor 

(PLMS), if turned on, acts on the raised kinetic energy ions to remove the parent ion and only analyse 

fragments of the original parent. Ions are then deflected by an ion mirror (if switched on) towards the 

reflectron detector where fragments are detected.  

 

2.4.2 Protein identification 

MS can be used to identify unknown proteins separated on an SDS-PAGE gel. This analysis was 

provided as a service by the University of York Metabolomics and Proteomics laboratory at the 

Bioscience Technology Facility. Protein bands once separated on an SDS-PAGE gel, were carefully 

excised and placed into an Eppendorf LoBind 0.5 mL tube. Samples were then delivered to the 

Bioscience Technology Facility, stored at -20 °C until prepared.  
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When ready, each gel piece was reduced with DTE and S-carbamidomethylation with iodoacetamide. 

Gel pieces were then washed twice with 50% aqueous acetonitrile and 25 mM ammonium 

bicarbonate, washed once with acetonitrile and dried in a vacuum concentrator for 20 minutes. 0.02 

˃Ǝκ˃[ trypsin (Promega) was next added to the gel pieces to re-hydrate them, submerged in a 25 

mM ammonium bicarbonate solution and left to digest overnight at 37 °C.  Analysis by MALDI-

TOF/TOF was prepared by applying 1 ˃[ peptide mixture to the ground steel MALDI target plate 

followed by an equal volume of 5 mg/mL 4-hydroxy- -hcyano-cinnamic (Sigma) in 50% aqueous 

acetonitrile and 0.1% TFA.  

 

Acquisition of mass spectra and instrument set-up conditions are outlined in Table 2.9. Once data 

was acquired, the ten strongest peaks were selected for MS/MS fragmentation. Data acquired was 

analysed in the Bruker flexAnalysis software. Peptides identified from the fragmentation were then 

searched against the NCBI database using the Mascot search program in order to identify the protein 

meeting the minimum score of -log10(0.05) (0.05 is the probability threshold). 

 

 Protein ID 
Peptide arginine methylation 

analysis 

Instrument Bruker ultraflex III Waters Synapt G2-Si qTOF 

Ionisation type MALDI positive ion MALDI positive ion 

Mode Reflectron Sensitivity 

Laser beam Nd:YAG Solid state 

Mass spectra acquisition 800-5000 m/z 50-2000 m/z 

External calibration 6 known peptides Red phosphorous 

Table 2.9: Instrument set up and mass spectra acquisition settings. 

 

2.4.3 Peptide arginine methylation analysis 

MS can also be used to identify sites of PTMs on a protein or peptide target258. Experiments 

investigating peptide methylation by different PRMTs were prepared under conditions to approach 

peptide methylation saturation (Table 2.10). A reaction time course was carried out with reactions 

inhibited by addition of 0.1% TFA at the following time points in minutes: 0, 0.5, 1, 2, 5, 10, 20, 30, 

пр ŀƴŘ слΦ hƴŎŜ ŀƭƭ ǘƘŜ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ ǉǳŜƴŎƘŜŘ ǿƛǘƘ лΦм҈ ¢C!Σ р ˃[ ŦǊƻƳ Ŝach was dispensed into 

0.5 mL Eppendorf LoBind tubes and stored in the Biosciences Technology Facility -20 °C freezer. 

Remaining volumes from the time course reaction then followed the Promega® MTase-Gloϰ 

ά5ŜǘŜǊƳƛƴƛƴƎ Ym Values for a Methyltransferase SubsǘǊŀǘŜέ ǇǊƻǘƻŎƻƭ, after the point of adding TFA to 

final concentration of 0.1%. This protocol was used to check if methylation of the peptide had 

sufficiently occurred.  



95 
 
 

 

 

 RBP16102-119 ό˃aύ {!a ό˃aύ PRMT (nM) 

LmjPRMT7 20 40 50 

LbrPRMT1:3 20 40 500 

Table 2.10: Concentrations of each component in the methyltransferase reaction. 

 

Samples were delivered in liquid form as the RBP16102-119 peptide is too small to realistically separate 

from the other proteins in the reaction on an SDS-PAGE gel. The Metabolomics and Proteomics 

laboratory therefore processed the samples differently to the protein band identification. Both р ˃[ 

samples of methylated and unmethylated peptide were purified from the PRMT enzyme and any 

other proteins using ZipTipping. With samples already in 0.1% TFA, each was drawn up into ZipTips 

C18 resin equilibrated with 0.1% TFA. The ZipTips were then washed with 0.1% TFA in order to 

ǊŜƳƻǾŜ ǘƘŜ ǎŀƭǘΦ tŜǇǘƛŘŜ ǿŀǎ ŜƭǳǘŜŘ ƻŦŦ ǿƛǘƘ о ˃[ solution of 50% acetonitrile and 0.1% TFA into a 

fresh tube, ready for loading onto a MALDI plate.  

 

The peptide mixture was then prepared on the MALDI target plate as for protein identification 

(section 2.4.2). Spectra acquisition and set up conditions are outlined in Table 2.8. Data driven 

acquisition methodology (selection of the most intense peaks) was used to select peptide ions for 

MS/MS fragmentation, with a manual list of theoretical m/z values for increasing number of methyl 

groups added to arginine residue side chains (with a mass tolerance of 20 mDa). All instrument 

control, data acquisition and processing were all carried out using the Waters MassLynx software. 

Obtained tandem mass spectral data was then searched against the NCBI database using Mascot. 

Matches were only identified if the score exceeded -log10(0.05) where 0.05 is the probability 

threshold.  

  

2.5 Structural characterisation 

2.5.1 X-ray crystallography 

X-ray crystallography is a technique that determines 3D protein structure by X-ray diffraction 

patterns from protein crystals. Crystal diffraction patterns reveal packing symmetry and size of the 

repeating units. Spot intensities enable calculation of structure factors, mapping of electron 

densities and fitting of the 3D structure260. 
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Figure 2.8: Phase diagram of protein crystallisation. 

Crystallisation begins initially with protein sample in the undersaturated state. Alteration of these 

starting conditions by increasing the concentration of a precipitant (or other parameter such as pH, 

temperature and additive concentration) can force the protein concentration into a supersaturated 

state resulting in either precipitation, nucleation or crystallisation (metastable zone). Purple circles 

represent nucleation events and the light blue cubes represent crystals. 

 

Before any of this can be carried out, proteins must first be purified to a high purity, remain soluble 

and homogenous. Once a sufficient quality sample is obtained, it is then necessary to perform 

significant buffer screens in order to find the ideal precipitant and conditions to form diffracting 

quality crystals. This step is often the rate-limiting point ς a fine balance is required between the 

protein coming out of solution too fast and precipitating, and being under the correct conditions for 

a crystal to form260. Crystallisation of a protein requires both nucleation and growth to occur. 

Nucleation is least well understood but likely involves formation of a small partially ordered 

intermediate, possibly a concentrated protein liquid phase261,262. Once nucleation is achieved, crystal 

growth can begin, however both are ultimately dependent on the supersaturation of the mother 

liquor (Figure 2.8). Supersaturation refers to a non-equilibrium state of a macromolecule in excess of 

its solubility limit. The supersaturated state can be reached by alteration of either the solute or 

macromolecule. Altering the ability of the solute to solubilise the macromolecule or the solubility of 

the macromolecule itself can promote supersaturation261ς263. However, spontaneous development 

of a crystal or precipitate does not necessarily occur once the saturation limit is exceeded. An energy 

barrier exists that needs to be overcome for a crystal or precipitate to form. Thus, until sufficient 
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energy from non-equilibrium forces overcomes the energy barrier, conditions are driven further 

away from equilibrium and further into the supersaturated state. Once the energy barrier is 

overcome, equilibrium is re-established by formation of a solid-state crystal or precipitate261ς263.  

 

Due to insufficient understanding of the crystallisation process and the large complexity between 

macromolecules, there is no overall guiding theory for producing protein crystals. As a result, 

ŎǊȅǎǘŀƭƭƛǎŀǘƛƻƴ ǊŜǉǳƛǊŜǎ ŀ ǎŜǊƛŜǎ ƻŦ άǘǊƛŀƭ-and-ŜǊǊƻǊέ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴ ŀƴ ŀǘǘŜƳǇǘ ǘƻ ŦƛƴŘ ŀ ǎǳƛǘŀōƭŜ 

mother liquor condition260ς262. Crystal screens often begin using commercially available plates that 

use a wide variety of buffer, precipitant, salt and pH conditions. Once a potential condition is 

identified in which protein crystals form, optimisation screens can then be set up with gradually 

increasing increments of precipitant to identify the final optimal condition that enables 

supersaturation to be reached and the protein forced out of solution in the form of a crystal260. 

 

Crystal conditions set up for each PRMT were set up either incubating with or without a ligand or, in 

the case of LbrPRMT1 and 3, together in equal concentration. Samples were then concentrated in 

10kDa MWCO Vivaspin 500 concentrators. Final concentrations were calculated by measuring 

absorbance at 280 nm. Each sample was then aliquoted into subwells of 96 deep-well block plates by 

the Mosquito robot (150 nL/well). Each deep-well plate contains 1 mL of pre-aliquoted commercial 

buffer screens in the reservoirs. Once each subwell contained the 150 nL of protein, the Mosquito 

robot was then programmed to pipette and mix 150 nL of each mother liquor from the reservoirs to 

the adjacent associated subwell with protein sample. Plates were then sealed with ClearVueϰ 

sealing sheets (Molecular Dimensions) and placed at 18°C. 300 nL droplets in each subwell were 

observed under a light microscope and any possible crystal-like objects noted. 
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3. Production, biophysical and biochemical characterisation of FL 

LmjPRMT7 

3.1 Introduction 

At the beginning of this project, most previous research on PRMTs in Leishmania had been carried 

out on LmjPRMT7, characterising its role in parasite lifecycle stages, virulence and substrate 

targets90,105. The roles and targets of the LbrPRMTs have been investigated more recently190. The 

major aims of this project are to characterise the biophysical, biochemical and compound inhibition 

properties of the LbrPRMTs in vitro. Given the greater understanding of LmjPRMT7 at the start of the 

project and the fact that substrate targets had been validated, it was first sought to express, purify 

and optimise relevant experiments with known substrate target peptides using LmjPRMT7 (Figure 

3.1). This will establish an expression and purification pipeline that could be used to produce 

sufficient quantities of properly folded and enzymatically active LmjPRMT7. The purified enzyme 

could then be used to test methylation assays using known substrates. 

 

 

Figure 3.1: Schematic of the optimisation pipeline. 

The question each stage seeks to answer is outlined below each heading. Although crystallisation is 

indicated at the end of the pipeline, this was not necessarily dependent on identification of an 

inhibitory compound. However, such compounds could aid crystallisation by stabilising a particular 

PRMT-compound complex conformatiƻƴΦ LŦ ŀƴȅ ƻŦ ǘƘŜ ǉǳŜǎǘƛƻƴǎ ǿŜǊŜ ŀƴǎǿŜǊŜŘ ǿƛǘƘ ŀ άƴƻέΣ ǘƘŜƴ ŀǎ 

indicated optimisation was carried out. 
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Each type of assay that was conducted required optimisation to produce results with optimal signal-

to-noise and a relatively large signal window of bioluminescence detection. It also needs to be 

established whether an experiment contains artifacts that may bias the results, for example if the 

experimental buffer induced aggregation of the enzyme or whether the solubility of compounds was 

affected when added to the methyltransferase reaction. The benefit of using LmjPRMT7 is that all of 

these issues can be identified and optimised prior to experiments with the LbrPRMTs. 

 

3.2 Production of recombinant full-length LmjPRMT7  

3.2.1 Introduction 

Biochemical, biophysical and structural studies type require that the protein of interest be 

overexpressed and purified to a high purity (particularly for structural studies). Recombinant 

proteins can be expressed by various methods including E. coli, insect cell, mammalian cells and cell 

free systems. More recently, L. tarentolae has also been developed for recombinant protein 

expression, as an alternative to mammalian cells264. Each expression system has its own benefits and 

drawbacks ς biologically, practically and financially (Table 3.1).  

 

Expression system Advantages Disadvantages 

E. coli 

- Rapid growth 

- Inexpensive media and facilities 

- Potential for high yields 

- Large selection of vectors  

- No PTMs 

- Proteins can misfold 

- Inclusion body build up 

Yeast cells 

- Rapid growth 

- Inexpensive media and facilities 

- Potential for high yields 

- Provides some PTMs 

- Proteins can misfold 

- Missing and incorrect PTMs 

Insect cells 

- Closer to mammalian environment 

- Some PTMs 

- Higher yield than mammalian cells 

- Less protein misfolding 

- Slower growth 

- Lower yields than E. coli 

- Some missing and incorrect PTMs 

- Expensive media and facilities 

Mammalian cells 
- Native environment promotes 

proper folding 

- Native PTMs 

- Slower growth 

- Lower yields than E. coli 

- Expensive media and facilities 

- Risk of viral contamination  

L. tarentolae 

- Rapid growth 

- Potential for high yields 

- Some PTMs 

- Inexpensive culture media 

- Long screening time required after 
transfection 

- Promastigote to amastigote 
differentiation 

Cell-free 
- Can add unnatural or modified 

amino acids 

- Fewer impurities 

- Expensive raw materials 

- Difficult to set up 
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Table 3.1: The advantages and disadvantages of different expression systems. 

 

 
With His-MBP tag Without tag 

Amino acid 
length 

Predicted molecular 
weight (kDa) 

Amino acid 
length 

Predicted molecular 
weight (kDa) 

LmjPRMT7 FL 831 91.7 441 48.7 

Table 3.2: Summary of the FL LmjPRMT7 construct. 

Tagged and untagged amino acid length and predicted molecular weights are indicated. 

 

In order to have sufficient sample for biophysical, biochemical and structural studies, milligram 

quantities of protein at high purity are required. Given the advantages of rapid growth, inexpensive 

media and potential for high milligram yields of protein, E. coli was used to produce full-length (FL) 

LmjPRMT7. A construct of the FL protein was chosen over smaller constructs to wholistically 

understand the biophysical and biochemical properties of the enzyme. Moreover, removal of too 

much of the N-terminal region of TbPRMT7 has been shown to cause a loss of methyltransferase 

activity174. The FL LmjPRMT7 construct was expressed either with a N-terminal His or His-MBP tag. 

The His-tag is made up of six histidine residues that can form coordination bonds to Ni2+ in a Ni-IMAC 

purification265. Addition of a maltose binding protein (MBP) tag aids both protein solubility and 

facilitates amylose-resin based purification265,266. The His-MBP tag therefore can enhance solubility 

and allow recombinant protein purification by Ni-IMAC and amylose-resin (MBP affinity) 

purifications. Constructs are indicated in Table 3.2.  

 

3.2.2 FL LmjPRMT7 is soluble in both AIM and LB expression medias 

Solubility of the recombinant FL LmjPRMT7 construct was determined by setting up 50 mL cultures 

of E. coli Rosetta (DE3) cells as outlined in Chapter 2. The 50 mL cultures were set up either with LB 

media or autoinduction media (AIM). Following centrifugation, pellets were resuspended in lysis 

buffer and sonicated. Lysed cells were centrifuged again to separate soluble and insoluble material, 

and prepared for an SDS-PAGE analysis (Figure 3.2). 
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Figure 3.2: Expression of the FL LmjPRMT7 construct. 

12% SDS-PAGE expression gels were run of the His tagged FL LmjPRMT7 (His-Lmj7) and His-MBP 

tagged FL LmjPRMT7 (His-MBP-Lmj7) constructs, expressed in A) AIM and B) LB. The molecular 

weight markers are indicated on the left of each gel (note the His-tagged construct in B was run 

across two gels so markers are indicated for each). Pre represents the cells prior to IPTG-induction, T 

the total lysate of IPTG-induced cells, S the soluble fraction of the total sample, and P the insoluble 

fraction of the total sample. His-Lmj7 and His-MBP-Lmj7 appear at the indicated overexpression 

bands around the 50 kDa and just above the 75 kDa markers respectively. 

 

The gels show high expression in the total fractions of FL LmjPRMT7 in both AIM and LB cultures 

(Figure 3.2). The constructs with only a His-tag, however, appear at least 90% insoluble in both types 

of media. On the other hand, His-MBP-tagged constructs showed a more significant band in the 

soluble fraction. About 50% of His-MBP tagged construct is soluble in AIM whereas only about 30% 

of the same construct is soluble in LB media. Given the solubility advantage of AIM and the fact 

bacteria can grow to much higher cell densities in equivalent volumes, His-MBP-tagged FL LmjPRMT7 

was first expressed and purified from AIM-cultured bacteria. 

 

3.2.3 Large scale expression and purification 

Following successful small scale (50 mL) expression, 1 L cultures of the His-MBP-tagged FL LmjPRMT7 

construct were grown in AIM. Cultures were then centrifuged, pellets lysed by sonication and an 

attempt was made to purify the recombinantly expressed FL LmjPRMT7 construct. However, 

purification did not prove straightforward and required significant optimisation (Figure 3.3). 
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Figure 3.3: Summary of the FL LmjPRMT7 purification optimisation. 

A) Outline of the previous four purifications steps attempted. Crosses on arrows indicate this 

purification proceeded no further due to an issue. Steps with an arrow indicate this step was skipped 

(purification steps are named 1-5 based on the final optimised purification). B) Summary of issues 

identified in each purification, milligram yields and approximate final purities. *AIM-expressed FL 

LmjPRMT7 Purification 1 protein yields have been scaled up to 1 L. Recorded yields are much higher 

as bacteria grow to much higher densities in AIM. ϞPurification step 1 absorbance values are 

inaccurate due to the presence of imidazole in the sample. Dashes alone indicate this step was not 

carried out during the purification. C) Graphical representation of the final optimised purification 

pipeline and final sample storage temperature. MBP ς MBP affinity chromatography; 15Q ς 15Q 

anion exchange chromatography; ND ς no data recorded; N/A ς not applicable as no final sample 

obtained. 

 

The AIM-expressed FL LmjPRMT7 construct in Purification 1 encountered two main issues. Firstly, 

both of the H3C cleavage products bound to Ni-IMAC resin and appeared to elute together as the 

imidazole concentration was increased. Secondly, the final purified sample appeared relatively 

impure, possibly due to the richer AIM promoting much denser bacterial growth. Therefore, 

subsequent purifications used an MBP affinity column and LB media to circumvent these issues. 

Additionally, a 15Q anion exchange chromatography step was included following the MBP affinity 

column in order to improve final sample purity.  

 

Throughout each purification, yield remained a significant issue (Figure 3.3B). Although A280 readings 

were inaccurate prior to dialysis due to the presence of imidazole, the estimated milligram amounts 
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of protein appear relatively low. Indeed, Ni-IMAC SDS-PAGE gels indicated significant loss of protein 

in the flow-through, likely due to sonication-induced aggregation (Figure 3.4B). To obtain sufficient 

yields, FL LmjPRMT7 required 3 L of cell culture to be resuspended for sonication. 

 

The final optimised pipeline first involved lysis by sonication followed by a nickel immobilised metal 

affinity chromatography (Ni-IMAC) purification to separate endogenous E. coli proteins from the 

overexpressed recombinant His-MBP tagged FL LmjPRMT7 construct (Figure 3.4). Fractions eluted 

off the Ni-IMAC column were then incubated with H3C to cleave the His-MBP tag from the FL 

LmjPRMT7 construct (Figure 3.5B), and dialysed to remove imidazole. His-MBP tag and other 

remaining contaminants were removed from the sample by a MBP affinity column purification 

(Figure 3.5).  

 

 

Figure 3.4: Ni-IMAC purification of FL LmjPRMT7. 

A) The A280 chromatogram for each stage of the purification with elution fractions taken for a gel 

indicated. B) 12% SDS-PAGE gel run of samples taken based on the Ni-IMAC A280 chromatogram. A ς 

applied sample; F ς flow-through; D ς detergent wash; BC ς before H3C cleavage; AC ς after H3C 

cleavage; E ς maltose elution. Ladder molecular weights are indicated in kDa to the left of the gel 

image. 
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Figure 3.5: MBP affinity column purification of FL LmjPRMT7. 

A) The A280 chromatogram of the MBP affinity column. Fractions taken and the maltose elution peak 

are indicated. B) 12% SDS-PAGE gel samples run of different MBP column retention volumes. In 

addition, H3C cleavage performed during overnight dialysis was checked on the same gel. The His-

MBP-LmjPRMT7, His-MBP and LmjPRMT7 construct bands are indicated on the gel, just below 100 

kDa, just above 37 kDa and just below 50 kDa respectively. A ς applied sample; F ς flow-through; D ς 

detergent wash; BC ς before H3C cleavage; AC ς after H3C cleavage; E ς maltose elution. Ladder 

molecular weights are indicated in kDa to the left of each gel image. 

 

Flow-through fractions were next further purified by a 15Q anion exchange column (Figure 3.6). 

Here, the FL LmjPRMT7 construct passed in the flow-through. Addition of this purification step 

removed a number of higher molecular weight contaminants; as indicated by the asterisks on the gel 

(Figure 3.6B). Following the SEC purification in run 3, two higher molecular weight bands around 

approximately 75 kDa and 70 kDa remained (data not shown), very similar to the red and blue 

asterisk bands in the 15Q elution peak (Figure 3.6B). The bands from previous purification 3 were cut 

out of the gel and identified by MS (Table 3.3; data not shown). The DnaK chaperone protein 

contains an ATPase domain which could interfere with the enzymes in the enzyme-coupled 

methyltransferase assay. The 15Q anion exchange purification step presented here shows both 

these contaminants were separated from FL LmjPRMT7. The third green asterisk contaminant was 

not identified by MS as SEC successfully removed this band in purification run 3 (data not shown). 
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Figure 3.6: 15Q anion exchange column purification of FL LmjPRMT7. 

A) The A280 chromatogram of the FL LmjPRMT7 construct when run over an 8 mL 15Q anion exchange 

column. Flow-through and elution peaks are indicated. B) Samples from each chromatogram peak 

were run on a 12% SDS-PAGE gel. The red, blue and green asterisk symbols indicate major 

contaminants that bind the column. The FL LmjPRMT7 band is indicated just below the 50 kDa 

marker. A ς applied sample; F ς flow-through; E ς elution.   

 

Purification 
3 SEC gel 
approx. 
band 

weight 
(kDa) 

Figure 3.6B 
band 

(asterisk 
colour) 

Mass spectrometry identification 

Uniprot 
accession 

Protein name Size (kDa) 

Peptide 
matches 
with p < 

0.05 

75 Red P0A6Y8 E. coli DnaK chaperone 69 3 

70 Blue Q8FBT4 
E. coli glutamine-fructose-6-
phosphate aminotransferase 

67 1 

Table 3.3: MS identified contaminants. 

Contaminants were excised from the SEC 12% SDS-PAGE gel run following FL LmjPRMT7 purification 

run 3. 

 

Finally, as a polishing step, the sample was concentrated to 5 mL and purified by SEC to remove 

some of the remaining contaminants (Figure 3.7). Most of the remaining contaminants appear to 

have been removed, eluting in minor peaks P1 and P2. The blue asterisk contaminant band runs at 

weight consistent with E. coli glutamine-fructose-6-phosphate aminotransferase, minimally 
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contaminating the FL LmjPRMT7 fractions. However, as this enzyme does not turn over ATP or GTP; 

its presence should not affect the enzyme-coupled methyltransferase assay. 

 

 

Figure 3.7: Size exclusion chromatography purification of FL LmjPRMT7. 

A) The SEC profile of LmjPRMT7. Fractions of the main LmjPRMT7-containing peak are indicated as 

well as secondary peaks P1 and P2. B) The 12% SDS-PAGE gel run with fractions selected based on 

the SEC profile. Samples of secondary peaks P1 and P2 were also analysed on the gel. The black 

asterisks indicate major unknown contaminants removed by SEC. The blue asterisk at 70 kDa appears 

to correspond to the E. coli glutamine-fructose-6-phosphate aminotransferase contaminant. A ς 

applied sample; F ς flow-through; E ς elution; P1 ς secondary peak 1; P2 ς secondary peak 2. 

 

Following SEC, fractions containing FL LmjPRMT7 were concentrated to approximately 2 mg/mL (41 

˃aύΣ ŦƭŀǎƘ ŦǊƻȊŜƴ ǿƛǘƘ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ŀƴŘ ǎǘƻǊŜŘ ƛƴ ŀƭƛǉǳƻǘǎ ŀǘ -70 °C. An SDS-PAGE gel was run to 

assess final purity of the sample (Figure 3.8). The gel indicated a relatively homogeneous sample of 

high purity. Moreover, there appears to be almost no bands present corresponding to the DnaK 

chaperone and glutamine-fructose-6-phosphate aminotransferase E. coli proteins. 



107 
 
 

 

 

Figure 3.8: The final purified product of FL LmjPRMT7. 

The 12% SDS-PAGE gel was run with 8 pmoles of sample. FL LmjPRMT7 is 

indicated on the gel running around the 50 kDa marker. The ladder is 

indicated on the left in kDa. 

 

3.3 Characterisation of the solution properties of FL LmjPRMT7 

3.3.1 Introduction 

PRMTs need to oligomerise to display methyltransferase activity171,172,174,175,182. To explore the 

solution properties of LmjPRMT7 and to determine whether it shows similar behaviour to TbPRMT7 

and other PRMTs, a series of analytical SEC experiments were carried out. These experiments can 

also give indirect evidence that an expressed recombinant protein is properly folded as opposed to 

unfolded aggregates.  

 

3.3.2 FL LmjPRMT7 forms a homodimer in solution 

First, FL LmjPRMT7 was analysed by SEC-MALLS. A protein sample was injected over the column, 

producing a chromatogram with a single major peak (Figure 3.9). The peak eluted at approximately 

12.6 mL with a calculated molecular weight of 97.8 kDa. Subunits of FL LmjPRMT7 have a predicted 

molecular weight of 48.7 kDa (Table 3.2). Thus, this result is consistent with the protein forming a 

homodimer in solution.  
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Figure 3.9: SEC-MALLS analysis of the FL LmjPRMT7 construct. 

The relative absorbances of protein eluting from the S200 10/300 GL column are indicated by the 

black line. The calculated molecular weight based on light scattering is indicated in red. 

 

3.3.3 FL LmjPRMT7 dimerises with a high affinity 

Given FL LmjPRMT7 forms a homodimer in solution, the protein was next analysed by analytical SEC 

at two different concentrations in order to see if the elution profile shows concentration dependent 

changes. FL LmjPRMT7 was injected over the columƴ ŀǘ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ пл ˃a ŀƴŘ п ˃a όCƛƎǳǊŜ 

оΦмлύΦ .ƻǘƘ ǘƘŜ пл ˃a ŀƴŘ п ˃a ǎŀƳǇƭŜǎ ŜƭǳǘŜŘ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ моΦр Ƴ[ ǿƛǘƘ ŀ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘΣ 

ōŀǎŜŘ ƻƴ ǘƘŜ ŎŀƭƛōǊŀǘƛƻƴ ŘŀǘŀΣ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ ŀ ŘƛƳŜǊΦ ¢ƘŜ п ˃a {9/ ǇǊƻŦƛƭŜ ŀǇǇŜŀǊǎ ƴƻƛǎƛŜǊ ōǳǘ ǘƘƛǎ 

is due to approaching the concentration limit for UV detection. The data indicates little change in 

analytical SEC profile between the two concentrations, indicating the equilibrium dissociation 

constant of the homodimer is in the nanomolar range.  
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Figure 3.10: Analytical SEC analysis of FL LmjPRMT7 at 1X and 0.1X concentrations. 

Each trace indicates the relative absorbance of each concentration of LmjPRMT7 at 220 nm. Elution 

volume was calculated based on the time of elution and flow rate. The 200, 66 and 29 kDa values 

indicated at the top represent ̡-amylase (Sigma), albumin (Sigma) and carbonic anhydrase (Sigma) 

molecular weight standards respectively. Each were run over the same S200 10/300 GL Increase 

column at identical flow rate and identical SEC buffer.  

 

3.4 Biochemical characterisation of FL LmjPRMT7 

3.4.1 Introduction 

In order to evaluate the methyltransferase activity of FL LmjPRMT7, the performance of the 

Promega® MTase-Gloϰ enzyme-coupled assay was tested. The kit enabled the identification of 

substrates and estimation of their affinities for LmjPRMT7 under specified reaction conditions. MS 

was also utilised to confirm methylation on RBP16102-119 and to identify which arginine residues were 

targeted for methylation. 

 

3.4.2 Raw bioluminescence data is normalised relative to maximal activity  

MTase-Glo enzyme-coupled bioluminescent assay data presented here and in following chapters has 

been normalised, in terms of percentage activity (Figure 3.11). Normalisation has been carried out 

for several reasons. Firstly, presenting data in terms of activity provides more information of how 



110 
 
 

 

different substrate arginine or inhibitor concentrations relate to maximal observed activity. 

Michaelis-Menten end-point assay equation parameters, i.e. Lmax and EC50 or Lmax and Km, are 

modelled by non-linear least squares regression models in R to fit the recorded bioluminescence 

data. However, a bioluminescence y-axis indicates little about maximal PRMT activity. By dividing all 

values by maximum observed bioluminescence (Lmax) and expressing as a percentage, each data 

point in relation to the maximum is significantly clearer. 

 

 

Figure 3.11: Outline of raw bioluminescent data processing. 

Using the next figure FL LmjPRMT7 activity on human histone peptides data as an example, once an 

experiment has been incubated with detection solution for the specified time, the microplate is 

placed in a plate reader and bioluminescence data recorded. The data is then exported into an Excel 

file which is then processed through a custom R script to plot the bioluminescent data. The Michaelis-

Menten enzyme equation used for this data is indicated. The Lmax and EC50 values are modelled from 

the bioluminescent data by non-linear least squares fit. Bioluminescent data is then normalised by 

dividing each replicate value by the Lmax from the original equation (indicated in between the plots). 

Normalised values are then replotted with a percentage activity y-axis. The Lmax is approximately 

indicated on the luminescence data plot. Additional red axis values and the dotted red curve are 

added to give an idea of the model beyond the data that fits the Michaelis-Menten EC50 equation. 
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Secondly, whilst reactions on the same 384-well microplate are directly comparable, 

bioluminescence recorded between microplates will have inevitable variation. Pipetting errors may 

contribute to this. However, inevitable minor variation comes from different MTase-Glo kit reagent 

aliquots, new kit batches and day-to-day plate reader instrument use. Normalising to the maximum 

bioluminescence corrects for this, providing comparable experimental data where appropriate.  

 

3.4.3 A human histone H4 peptide is methylated by FL LmjPRMT7 

PRMTs have a number of known substrates. Many human PRMTs have been shown to methylate 

histones, such as H2A, H3 and H4161,162. Moreover, TbPRMT7 has been shown to methylate a peptide 

derived from human histone H4 in vitro172,176. Whether kinetoplastid PRMTs can methylate their own 

histones remains unclear. TbPRMT6 was shown to co-purify with T. brucei histones, however 

arginine methylation of the histones has yet to be shown45,189. Therefore, FL LmjPRMT7 was 

incubated with three different synthetic human histone peptides across a range of concentrations 

(Figure 3.12). The data indicates little to no activity against H2B21-41 and only minimal activity against 

H41-7 ŀǘ м ˃a C[ LmjPRMT7. FL LmjPRMT7 shows more activity against H41-20 but the EC50 is relatively 

low compared to values reported for PRMT7 enzymes from other species against histone derived 

substrates.  

 

Figure 3.12: Activity of FL LmjPRMT7 

FL on human histone peptides H41-7, 

H41-21 and H2B21-41. 

Reactions were set up with 10 M˃ 

SAM, 20 ˃M peptide and the indicated 

enzyme concentration on the plot. 

Reactions were incubated for 30 

minutes before being inhibited with 

MTase-Glo detection solution. Data 

were normalised against the modelled 

Lmax for H41-20. An EC50 value was only 

calculable for H41-20. The EC50 value is 

only an estimate as saturating activity was not reached in these experiments. Sequences of each 

histone peptide are also indicated. Reactions were repeated N=3. 

 






















































































































































































































































































