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Thesis abstract 

Nucleic acids and proteins are the most important biomolecules essential to all known life 

forms on Earth. Understanding the interactions between nucleic acids and proteins is of 

crucial importance, as they play a central role in a wide range of fundamental cellular 

processes such as DNA replication, DNA recombination, DNA repair, RNA transcription, 

RNA processing and translation. Chemical modifications of nucleic acids (e.g. post- 

transcriptional RNA modifications) in conjunction with chemical modifications of 

proteins (post-translational modifications) enable the cell to regulate these interactions 

and therefore control a range of important biological phenomena. 

Mass spectrometry based methods are powerful tools that can be utilised to analyse 

biomolecules including their chemical modifications. In this thesis I have developed and 

optimised mass spectrometry based methods to study the effects of chemical 

modifications of both nucleic acids and proteins and provide further insight into a number 

of important biological systems. 

To study the effect of DNA modifications on CRISPR/Cas systems, a range of DNA 

substrates with different chemical modifications were synthesised and subsequently 

validated using liquid chromatography in conjunction with mass spectrometry. Prepared 

DNA were tested by collaborators and results showed that DNA glucosylation can 

interfere with type I-E and type II-A CRISPR-Cas systems activities but not type V-A. 

In addition, quantitative proteomic approaches were used to study the effects of protein 

post-translational modifications on both the mRNA interactome in vivo and the proteins 

that bind to GGGGCC RNA repeats in vitro. Stable isotope labelling with amino acids in 

cell culture (SILAC) in conjunction with mass spectrometry based approaches were 

successfully used to identify candidate proteins that interact with mRNA in vivo, or with 

RNA GGGGCC repeats in vitro, are altered upon the addition of the global demethylase 

AdOx.  

Lastly, a new mass spectrometry based absolute quantification method (AQUA) was 

developed and applied to determine the concentration of PA/rPA in anthrax vaccine 

products. 
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Chapter 1: Introduction  
 

1.1 Nucleic acid-protein interactions 

Nucleic acids, including deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), 

together with proteins, are essential to all known life forms on Earth. Nucleic acids are 

the carriers of genetic information, while proteins are the regulators involved in all 

biological processes. Their interactions underpin most cellular processes including DNA 

replication, DNA recombination, DNA repair, transcription of RNA, RNA processing 

and translation. Understanding of these nucleic acid-protein interactions has become a 

major goal for biologists, as such interactions play a central role in a wide range of 

fundamental cellular processes. 

 

1.2 Principles of nucleic acid protein interactions 

1.2.1 Physical forces for nucleic acid protein interactions 

Proteins can interact with nucleic acids through a number of physical forces, including 

hydrogen bonding interactions (or dipolar interactions), salt bridges (or electrostatic 

interactions), hydrophobic effects (or entropic effects), and van der Waals interactions 

(including stacking interactions) (Figure 1.1). These forces contribute to different types 

of nucleic acid protein interactions, either specific or non-specific. More details regarding 

these forces are described below. 

Hydrogen bonding interactions are caused by an electrostatic field formed between a 

hydrogen atom and a highly electronegative atom such as oxygen, fluorine and nitrogen. 

Although energetically weak, hydrogen bonds are the main cause for sequence-specific 

interactions. Sequence-specific interactions are non-covalent interactions between 

nucleic acids and proteins where a specific nucleic acid sequence motif or a specific 

nucleotide composition such as GC-rich sites are involved. Hydrogen bonding between 

nucleic acids and proteins are usually formed between nucleic acid bases and polar amino 

acid side chains (Figure 1.1A), or between nucleic acid bases and aromatic rings of amino 

acids (π-hydrogen bonds, weaker and less favoured). Apart from amino acid side chains, 

protein amide backbone groups (C=O or N-H) can also form hydrogen bonds. For amino 
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acids, both the oxygen atoms of nucleic acid phosphate backbones and those from the 

ribose sugar rings are also common hydrogen bonding acceptors. 

Salt bridge refers to non-covalent electrostatic interactions between opposite charged 

groups, and usually represents the combination force of hydrogen bonding and ionic 

bonding. As in nucleic acid protein interactions, salt bridges are usually formed between 

oxygen atoms of nucleic acid backbones and the guanidinium moiety of arginine (Figure 

1.1B), or other charged moieties such as the ε-amino group of lysine and the imidazole 

ring of histidine (Donald et al., 2011). Salt bridges may contribute to the stability of 

protein-nucleic acid complexes (Hendsch and Tidor, 1994; Sindelar, Hendsch and Tidor, 

1998). Compared to hydrogen bonding activities where alignment of groups are required 

to obtain optimal strength, salt bridges are not directional. The strength of salt bridges 

depends on the distance between charged groups and dielectric constant (Barril et al., 

1998). 

The hydrophobic effect is a short-range entropic effect caused by the disruption of 

dynamic hydrogen bonds between water molecules at a non-polar surface (Silverstein, 

1998). When this effect is applied to proteins and nucleic acids, they tend to interact with 

others in a way that non-polar parts of their external surface exposed to the aqueous 

medium are kept to a minimum (Figure 1.1C). 

Van der Waals interactions arise owing to the electronic charge distribution variations 

over time. The transient asymmetry of the charge distribution at any instant of an atom 

interacts electrostatically with neighbouring atoms, resulting a complementary 

asymmetry electron distribution (Figure 1.1D). Van der Waals interactions are weak (2-

4 kJ/mol) compared to other interactions described previously, and sensitive to structural 

fluctuations. The force (attraction) is increased when atoms get closer until they reach the 

van der Waals contact distance, after which the repulsive force grows. Considering the 

size of a typical biomolecule interfaces, the cumulative contribution of van der Waals 

interactions can be significant. Stacking interactions are one form of van der Waals 

interactions that take place between aromatic rings containing π-bonds. In nucleic acid-

protein interactions, stacking interactions can take place between, for example, the side 

chain of phenylalanine and nucleic acid bases. 
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Figure 1.1 | Summary of physical forces used in nucleic acid-protein interactions. (A) 
Hydrogen bonding example showing the interactions between amino acid side chains (arginine) 

and nucleic acid base (guanine). Hydrogen bonds are indicated by dashed red lines. (B) Salt bridge 

between amino acid residue and nucleic acid backbone. (C) Hydrophobic effect between non-

polar groups, arrows show the force directions. (D) Van der Waals Interactions. 

 

1.2.2 Protein-DNA interactions 

Double stranded DNA (dsDNA) is composed of a negatively charged sugar-phosphate 

backbone on the outside and stacked base pairs on the inside. The double helix structure 

of DNA contains grooves (major and minor). In the grooves, the outer edges of the 

nitrogenous bases are exposed with atoms available for hydrogen bonding, making them 

the binding sites for proteins. The chemical distinction between A-T and G-C pair 

surfaces of DNA is an important feature for proteins to recognise and bind to specific 

sequences. In B-DNA (Figure 1.2A), the biologically predominant form in cells 

(Richmond and Davey, 2003), the major grooves are deep and wide, which facilitate the 

access of secondary protein structures such as α-helices and β-sheets (Figure 1.2B). With 

the base pairs of certain sequences exposed in the grooves as “signatures”, particular 

sequence can be recognized by proteins (Rohs et al., 2010). Physical forces including 

hydrogen bonds and salt bridges contribute to the specific base sequence recognition and 

interaction. This nucleic acid-protein interaction can also be enhanced by oligomerisation 
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and multi-complex formation of proteins, for example, the general control protein GCN4 

(Figure 1.2B right panel). A number of different DNA binding domains found in proteins 

are discussed in the following section. 

 

 

 

 

 

 

 

Figure 1.2 | The structure of DNA and protein-DNA interactions. (A) Structure of B-DNA 

showing the major and minor grooves. (B) Examples of DNA binding to protein motifs. From left 

to right showing: helix-turn-helix, engrailed, and helix zipper. Image reproduced from Garvie and 

Wolberger, 2001, with permission. 
 

Among the structural elements used as DNA-binding domains, the most frequent form is 

the α-helix, which in most cases, interacts with major grooves of DNA (Rohs et al., 2010). 

The helix-turn-helix is a widely occurring DNA-binding motif structure that found in 

most type of life forms (Alberts et al., 2002). The helix-turn-helix is composed of two α-

helices and an amino acid strand in between (Figure 1.2B left panel). The two α-helices 

are for DNA recognition and binding, although it is suggested that in some cases only one 

of the helices is included in the recognition, while the other is mainly to stabilize the 

interaction (Matthews et al., 1982). This structure is often found in gene expression 

regulation proteins such as the engrailed homeodomain of Drosophila melanogaster and 

the lambda repressor of phage lambda. Another similar structural motif is the helix-loop-

helix, where two α-helices are connected by a loop. It is a DNA-binding motif found in 

transcriptional regulatory proteins (Massari and Murre, 2000). The leucine zipper (or 

leucine scissors) is another transcription regulator with the α-helices (Figure 1.2B right 

panel). The zipper protein can interact with DNA by inserting two α-helices into the major 

grove of DNA. It is named leucine zipper because within the dimerization domain of 60-

80 amino acids, leucine occurs repeatedly every seven amino acids, and these leucines 

intermesh along the helical pair axis like a zipper. One typical example of this domain is 
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the transcription factor bZIP (Vinson et al., 1989). It can recognize and bind to various 

sequences such as ACGT motifs, GCN4 motifs and palindromic sequences (Juhász et al., 

2011; Nijhawan et al., 2008; Shimizu et al., 2005). 

Zinc fingers refer to secondary protein structure (α-helix and β-sheet) with one or more 

coordinated zinc ions (Zn2+) that hold them together (usually by the coordination of zinc 

ion and the hydrophobic core, including the participation of cysteine sulphur atoms and 

histidine imidazole nitrogen atoms) (Miller et al., 2001). Zinc fingers are usually in 

tandem repeats when interact with target molecules. In eukaryotes, although zinc finger 

domains are small motifs in size, they contribute to the largest groups of DNA-binding 

proteins. Zinc fingers can interact with DNA, RNA, proteins and other small molecules 

(Laity et al., 2001).  

 

1.2.3 Protein-RNA interactions 

Compared to DNA, RNA structures are more complex, thus the protein motifs for RNA 

reorganization are also likely to be complicated. With the secondary and tertiary structure 

of RNA, additional mechanisms are used for sequence specific bindings. In general, 

proteins bind to RNA either using a groove binding mode, or a β-sheet binding mode. In 

the groove binding mode, similar to DNA-protein interactions, α-helix is the main 

structure for binding; while in the β-sheet binding mode, a sheet that targeting unpaired 

RNA bases is often included (Draper, 1999). Sequence-specific binding of RNA with 

proteins relies largely on aromatic residues, which stack on unpaired bases. 

For single-stranded RNA, a common binding domain is RNA recognition motif (RRM), 

which is composed of approximately 90 amino acids (Dreyfuss et al., 1988). RRMs have 

a large structural versatility with numerous biological functions. A typical RRM structure 

is composed of 4 anti-parallel β-sheets and 2 or 3 α-helices (Birney et al., 1993). These 

structures are arranged in a certain manner where side chains can stack with RNA bases 

(Figure 1.3).  
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Figure 1.3 | Interactions between RRM and RNA. The model shows the binding of a single 

stranded nucleic acid to RRM β-sheets. The aromatic side-chains (shown in green, position shown 

as circled numbers 2, 3 and 5) of RRM β-sheets (β1 and β3) stack on the bases of nucleotides 

(shown in yellow). RRM is shown in grey. N: amino terminus; C: carboxyl terminus; α: α-helices; 

β: β-sheets. Image reproduced from (Cléry et al., 2008) with permission. 

 

For double-stranded RNA, zinc-fingers are involved in recognition and binding, similar 

to DNA-protein interactions. An example for this is the zinc finger motif in transcription 

factor TFIIIA which interacts with ribosomal 5S RNA. Double stranded RNA binding 

motif (dsRBM) is another RNA-binding domain found to be of important roles including 

RNA processing, localization and translational repression (Tian et al., 2004; Chang and 

Ramos, 2005). 

 

Protein/nucleic acid complexes are formed by proteins binding to either DNA or RNA. 

Some proteins such as transcription factors and histones have DNA-binding domains 

which can interact with the groove structure of DNA (Pabo and Sauer, 1984; Leblanc and 

Rodrigue, 2015). DNA-protein interactions can be either non-specific (structural proteins 

such as histones) or sequence dependent (such as transcription factors). As for RNA 

binding proteins, or RBPs, refer to proteins that bind to either single or double stranded 

RNA to form ribonucleoprotein (RNP) complexes. RBPs exist in both the cytoplasm and 

the nucleus, and have various structural motifs including zinc finger, dsRNA binding 

domain (dsRBD), RNA recognition motif (RRM), S1 domain and others (Lunde et al., 

2007). RBPs have several crucial functions, such as RNA processing, transport and 

localization (Dreyfuss et al., 2002).  
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When RBPs bind to messenger RNA (mRNA), the complexes are named messenger 

ribonucleoprotein particles (mRNPs). RBPs bind to mRNA throughout the entire mRNA 

life cycle, which serve as structural elements and modify gene expression output (Müller-

Mcnicoll and Neugebauer, 2013). Specifically, for RBPs that bind to pre-mRNA in 

nucleus, the formed complexes are known as heterogeneous nuclear ribonucleoproteins 

(hnRNPs) particles. In human cells (HeLa), the hnRNP family is composed of at least 20 

major (abundant) hnRNPs, named from hnRNP A1 to hnRNP U, together with some 

minor (less abundant) hnRNPs such as Aly/REF, which bind to RNA in a less stable 

manner, or associated with only specific RNA (Piñol-Roma and Dreyfuss, 1993) 

(Chaudhury et al., 2010). hnRNP contains unique RNA binding domains (RBDs), 

including RRM (the most common type of RBD), quasi-RRM, arginine/glycine-rich box 

(or RGG box) and KH-K homology domain (or KH domain) (Geuens et al., 2016). With 

different domains, hnRNPs show diverse functions, depending on their location in cells 

(Piñol-Roma and Dreyfuss, 1993). In order to regulate hnRNP shuttle between nucleus 

and the cytoplasm, most hnRNP proteins contain a nuclear localization signal (NLS), a 

conventional short amino acid sequence used as a tag for nuclear import (Han et al., 

2010). NLS are typically composed of exposed, positively charged arginine and lysine, 

making NLS prone to post-translational modifications including methylation, 

ubiquitination, phosphorylation and sumoylation (Chaudhury et al., 2010). These 

modifications lead to subcellular localisation and biological activity changes (Geuens et 

al., 2016).  

 

1.3 Chemical modifications of nucleic acids and proteins 

The known biological living systems on Earth are exclusively composed of 

macromolecules including proteins and nucleic acids. Modifications of these molecules, 

which fundamentally change their composition and structure, play key roles of regulation 

in biological systems. Understanding these modifications is of crucial importance in 

Biology. In this section, modifications that are generally associated with DNA, RNA and 

proteins will be described.  

1.3.1 DNA modifications and prokaryotic defence systems 

The selective pressures on prokaryotes mainly come from viruses. Bacteria need to 

protect themselves against intense threat of phage attack. For this purpose, diverse 
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defence systems that target different stages of a phage life cycle have been developed in 

bacteria. Chemical modifications are usually involved in these defending strategies. 

Restriction modification (RM) system, for example, is a well-known bacteria defence 

system that utilises DNA modifications.  

 

Phage, on the other hand, also chemically modify their DNA. The chemical modification 

of bacteriophage DNA can be found described in the 1950s (Luria and Human, 1952). 

There are over 10 known types of modification in different phage DNA (Warren, 1980), 

some examples are shown in Figure 1.4. Predominantly these modifications are employed 

by phage to protect their DNA from host enzymes that aim to degrade them. There are 

also some DNA modifications with functions yet to be discovered. For T4 phage (a phage 

with double-stranded DNA that infects Escherichia coli), all cytosine residues are 

replaced by 5-hydroxymethyl-cytosine (hmC), which can further be glucosylated into 

glucosyl hmC (ghmC) (Josse and Kornberg, 1962). Other covalent modifications in phage 

DNA include cytosine methylation (mC), thymine replaced by uracil (U) and 

hydroxymethyluridine (hmU) (Warren, 1980). Phosphorothioate modification of DNA 

(phosphate backbone variants with non-bridging oxygen atom replaced by sulphur) exists 

in a wide range of bacteria and archaea that have dnd genes (Wang et al., 2007) and was 

suggested as a potential host defence strategy. These variants are of interest as they can 

be delivered (as therapeutic oligonucleotides) by passing lipid bilayer barrier, and with 

prolonged lifetime in the exonuclease environment (Gryaznov, 2010). 
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Figure 1.4 | Examples of modified bases in phage DNA. (1) 5-methylcytosine (mC); 2) 5-

hydroxymethylcytosine (hmC); (3) uracil (U); (4) 5-hydroxymethyluracil (hmU); (5) α-

putrescinylthymine (putT); (6) 5-dihydroxypentyluracil (dhpU); (7) 2-aminoadenine (nA). 
 

 

In the long period of evolution competition against their host, bacteriophage have 

developed mechanisms to survive the host nuclease activity by modifying their own 

DNA. There are different types of modified bases observed in phage DNA, depending on 

the phage species. For example, cytosine bases are replaced by 5-hydroxymethylcytosine 

in some T4 phage that infect Escherichia coli, while thymine bases are replaced by 5- 

hydroxymethyluracil or uracil in some phage that infect Bacillus subtilis. Phage DNA 

bases can be modified fully or partially. In T4 phage DNA, cytosine bases are 100% 

replaced by 5-hydroxymethylcytosine, and thymine bases are 41% replaced by 5-

dihydroxypentyluracil (Warren, 1980). The modification of bases changes the DNA 

structure, thus changes the DNA physical properties such as thermal transition 

temperature, which is a consequence of charge status alteration caused by modified group 

interacting with phosphate group of DNA (Warren, 1980). The biogenesis of modified 

bases is complicated and involves a series of enzymes such as dCMP hydroxymethylase 

and dCMP deaminase (Weigele and Raleigh, 2016). 
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1.3.2 CRISPR systems 

 

The CRISPR systems (clustered regularly interspaced short palindromic repeats) are 

inheritable immune system recently discovered in about half of bacteria and most archaea 

genomes (Grissa et al., 2007). Unlike the restriction modification system (RM), another 

bacteria defend system that uses endonuclease to destroy invasive DNA with incorrect 

modifications, CRISPR systems deal with viral predation in a way analogous to RNAi in 

eukaryotes. CRISPR systems generally include three process stages (Figure 1.5), which 

will also be discussed in more details later in this section. CRISPR systems are adaptive 

immune systems. Foreign DNA sequences are incorporated into the host chromosome, so 

the invasion can be recorded inherited to younger generations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 | Overview of the CRISPR system. A three stage process is described. In stage 

one/adaption, an invasive DNA fragment is incorporated into the host gene from the leader side, 

which is used for phage DNA recognition. In stage two/crRNA biogenesis, CRISPR locus is 

transcribed and processed into CRISPR RNAs (crRNAs) composed of repeat sequence (black) 

and spacer sequence (multiple colours). crRNA then associates with proteins to become crRNP, 

and silences the invader (stage three). Figure reprinted from Terns and Terns, 2014, with 

permission. 
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The DNA loci of CRISPR consist of cas (CRISPR-associated) genes, a leader sequence 

and a series of repeat-spacer array (Sorek et al., 2013). Cas genes are usually located 

adjacent to the repeat-spacer arrays, encoding functional proteins such as DNA helicase, 

nuclease and polymerase. Over 45 different genes are discovered related to or functioning 

as cas genes (Haft et al., 2005). Among these genes, six are considered crucial, which are 

named from cas1 to cas6, and only cas1 and cas2 are universally existed (Haft et al., 

2005). The adenine and thymine rich leader sequence is believed critical for CRISPR 

RNA (crRNA) expression and spacer acquisition, as it contains promoter elements and 

regulatory protein binding sites (Pul et al., 2010; Yosef et al., 2012). The acquisition of 

new sequences as spacers is believed to take place at the leader end of the CRISPR array, 

because of the diversity of leader-end (Pourcel et al., 2005). The repeat-spacer structure 

is the feature part of CRISPR system. Both the repeat sequences and the spacer sequences 

are of the similar sizes, normally 20-50bp in length (Sorek et al., 2013). Although the 

repeat sequences are conservative, they can vary in different CRISPR loci, and the 

palindromic sequences gave these repeats the second structure of hairpins (Kunin et al., 

2007). 

 

The diversity of CRISPR-Cas systems is likely a consequence of fast evolution caused by 

severe competence against invasive mobile genetic elements (Stern and Sorek, 2011). The 

differences in CRISPR systems lie mainly in three aspects: 1) repeat sequences, 2) cas 

gene sequences and 3) cas operon architectures (Van Der Oost et al., 2014). Based on 

these differences, CRISPR-Cas systems are classified into 3 main types: type I, II and III. 

Each main type include different subtypes, referred to as for example: I-A, I-B and so 

forth. Cas proteins, coded by cas genes, have four major functions: 1) to serve as 

nuclease/recombinases for acquiring new spacers, 2) as riboncleases to guide the process 

of crRNA, 3) as part of CRISPR ribonucleoprotein (crRNP) complexes for target 

surveillance, and 4) as nucleases to degrade target nucleic acids (Van Der Oost et al., 

2014). Major types of CRISPR-Cas system is usually recognized by their featured cas 

proteins.  

 

Type I CRISPR systems are commonly existed in bacteria and archaea. All 6 subtypes of 

type I systems from A to F include a cas3 (in some cases known as cas6e or casE) gene 

as a hallmark (Sorek et al., 2013). Cas3 is a protein with a conserved phosphohydrolase 

domain and a helicase domain to cleave and unwind double stranded DNA targets 

(Makarova et al., 2011). However, cas3 on its own cannot provide immunity, as it does 
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not identify invasive nucleic acids. The surveillance is provided by crRNA-guided crRNP 

complexes. In case of type I systems, this crRNP complex is known as Cascade (CRISPR-

associated complex for antiviral defence). Cascade in Escherichia coli K12 (type I-E) is 

a sea-horse-shaped crRNP complex composed of cas protein subunits and a crRNA (see 

Figure 1.6). The 3D structure of Cascade was determined using cryo-electron microscopy 

(Wiedenheft et al., 2011), which was further confirmed by mass spectrometry analysis 

(van Duijn et al., 2012).  

 

 

Figure 1.6 | The structure of crRNP complex (Cascade) from E.coli. The complex is composed 

of a helical backbone formed by six casC proteins (C1-C6). The crRNA lies in the groove of casC 

helix marked as green. casE (or cas3/cas6e) binds to the stem-loop of the crRNA as the head of 

the sea-horse (magenta). A dimer of two casB lies in the crRNA-CasC spine, connecting casA 

and casE (yellow). casA at the tail of the complex (purple) is hooked by crRNA, while casD 

(orange) lies adjacent to casA and interacts with casC at the tail side. Figure reprinted from 

Wiedenheft et al., 2011 with permission. 

 

 

Cas3 not only cleaves target DNA, as described previously, but also processes the long 

crRNA into small mature crRNAs, a process known as crRNA biogenesis, which will be 

discussed in a later section.  

 

Type II systems are different in both phylogeny and structure compared to Type I and III 

systems, and are only found in bacteria (Fonfara et al., 2014). Type II systems feature a 

cas9 gene, which encodes multifunctional proteins actively involved in different stages 

of this system. There are 3 subtypes: II-A, II-B and II-C. The crRNP of this type is named 

cas9 complex (Konermann et al., 2015). The process of crRNA for type II systems is 
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unique. It requires the binding of trans-activating crRNA (tracrRNA) to the repeat section 

of pre-crRNA, so the complex can be recognized and processed into mature crRNA by 

enzymes such as RNase III (Sorek et al., 2013). It is suggested that both the existences of 

crRNA and tracrRNA are required for target DNA cleavage (Karvelis et al., 2013). Cas9 

is known as an endonuclease guided by crRNA. The cleavage of target DNA in type II 

systems is believed due to the HNH domain and the RuvC-like domain of cas9 (Jinek et 

al., 2014a).  

 

Type III systems have some similarity compared to type I systems, and can be found in 

both bacteria and archaea. There are two subtypes: type III-A and III-B. The crRNP of 

type III-A is known as the csm complexes, and for type III-B is the cmr complexes (Staals 

et al., 2014). In type III systems, cas10 is suggested related to target interference, while 

cas6, a type of endoribonuclease, exists in all type III systems (reviewed in Sorek et al., 

2013). Type III-A targets DNA (Marraffini and Sontheimer, 2008), and Type III-B targets 

RNA (Hale et al., 2009; Cocozaki et al., 2012). 

 

Mechanism of CRISPR interference 

 

CRISPR-Cas systems use a three-step interference mechanism to protect themselves 

against invasive nucleic acids. 

 

Stage 1: spacer acquisition  

When invaded by foreign DNA, the host cells use CRISPR systems for target DNA 

recognition and fragmentation. It is suggested that the fragmentation process is firstly 

done by RM systems, and the fragmented DNA is subsequently used for spacer 

acquisition by CRISPR systems (Dupuis et al., 2013). The spacers are chosen by the 

recognition of protospacer adjacent motif (PAM), which is a sequence of 2-5 nucleotides 

flanked the protospacer of invading DNA (Bolotin et al., 2005). When recognized, 

fragmented DNA is integrated into the leader end of the CRISPR locus. Cas1 and cas2 

are required for spacer acquisition (Figure 1.7). Cas1 catalyses the cleavage of DNA, 

while cas2 functions either as endoribonuclease or deoxyribonuclease (Babu et al., 2011; 

Beloglazova et al., 2008). Cas1 and cas2 form a complex proved essential for in vivo 

spacer acquisition in E. coli (Nuñez et al., 2014). Spacer acquisition also requires other 

cas proteins such as csn2, cas3, as well as some housekeeping proteins (Van Der Oost et 

al., 2014; Babu et al., 2011b). Detailed mechanism is still unclear.  
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Figure 1.7 | Hypothetical mechanism of spacer sequence acquisition. The structures of cas1 

and cas2 are shown on top. Selected foreign DNA for integration is known as a protospacer (red).  

Protospacers are flanked by PAM. Red arrows show the cleavage of the foreign DNA, which is 

integrated into the leader end of the CRISPR locus. The precise mechanism of this process is 

unknown. It is suggested that the leader-proximal repeat sequence is duplicated during the 

process, and cellular DNA repair proteins (green ovals) are required. Figure reprinted from Sorek 

et al., 2013, with permission.  

 

Stage 2: CRISPR RNA biogenesis 

After spacer acquisition, the CRISPR locus is transcribed into precursor CRISPR RNA 

(pre-crRNA), which is then processed into mature crRNA by the cleavage at the repeat 

sequences (Sorek et al., 2013), a step known as crRNA biogenesis. The 

endoribonucleolytic cleavage is done by cas6 homologues in type I and type III CRISPR 

systems, or by RNase III in type II systems (Brouns et al., 1993, Deltcheva et al., 2011). 

Cas6-like nucleases feature two RAMP domains, where pre-crRNAs are processed by 

breaking the phosphodiester bonds of the repeat regions (Wang and Li, 2012). The cas6 
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processed crRNA contains a 5′ handle and a 3′ hairpin structure. For type II systems, the 

initial stage of the crRNA biogenesis process include a tracrRNA binding to the repeat 

region of the pre-crRNA to form a double stranded structure - a complex can be 

recognized and processed by RNase III (Deltcheva et al., 2011). In this process, cas9 is 

also required to help the positioning for binding. The crRNA-tracrRNA complex is then 

trimmed by unknown enzymes to form the mature crRNA (as a hybrid) (Jinek et al., 

2012). Mature crRNAs then associate with cas proteins to form complexes named crRNPs 

(Sorek et al., 2013). In type I and III CRISPR systems, crRNPs are composed of multiple 

cas proteins, whereas in type II CRISPR systems, only one cas protein (cas9) is involved. 

As discussed previously, the crRNP complex in type I CRISPR systems (Cascade) is 

composed of multiple cas protein subunits and a crRNA. Type III crRNP complex is 

similar to type I, and structure studies have shown homology between the two types (Van 

Der Oost et al., 2014). For type II systems, the studies have shown that there are two lobs 

in cas9: an alpha helical recognition lobe and a nuclease lobe. The former is for the 

coordination of guide RNA, while the latter is for PAM recognition and DNA cleavage 

(Jinek et al., 2014b).  

 

Stage 3: target surveillance and interference  

When invaded by non-self mobile genetic elements, crRNP complexes bind to the 

invasive DNA which has a protospacer sequence complementary to its own crRNA 

sequence. The recognition of non-self DNA sequences is possibly done through a PAM-

based mechanism (Sashital et al., 2012; Gasiunas et al., 2012). When an invasion is 

detected, the crRNP complex base pairs with the protospacer (the 7-8 nucleotides seed 

region of the crRNA is exactly complementary to the target sequence) and extends, so the 

crRNP firmly binds to the invasive DNA (Semenova et al., 2011). This hybridization also 

triggers the conformational change of crRNP complex, which is thought to be a signal for 

nucleases to take action (Wiedenheft et al., 2011). In type I systems, the surveillance is 

largely done by nonspecific interactions at early stages. As long as PAM are recognized, 

cas proteins such as cse1 destabilize target DNA and facilitate the crRNA binding. The 

binding which is close to PAM is essential for CRISPR systems. Cas3 nuclease-helicase 

is recruited when signals from crRNP-target DNA complex are received (Gong et al., 

2014).  

 

For type III systems, detailed mechanism for target surveillance and interference remains 

largely unknown, but is expected of some similarities to type I systems based on structural 
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information (Van Der Oost et al., 2014). For type II systems, the interference mechanism 

are unique, which involve a complex composed of a cas9 protein, a crRNA and a 

tracrRNA. The mechanism of PAM-based DNA recognition in type II systems is similar 

to that of type I. The cleavage of target DNA is done by nuclease lobe located in cas9 

protein, as discussed previously.  

 

CRISPR-Cas system is of great interests to researchers and has been widely studied over 

the past decade. The understanding and application of CRISPR systems are of particular 

interests to both industry and academia, including: (a) to help protect bacteria used in 

industry. Industries that based on bacteria fermentation such as yogurt and cheese 

production suffer greatly on phage caused losses (Brüssow, 2001). Understanding the 

defend systems of bacteria and using phage resistant lactic acid bacteria in starter cultures 

can save money; (b) to use phage as antibacterial drugs. As the resistance of bacteria to 

antibiotics becomes more common, phage therapies can potentially be used as an 

alternative; (c) applications as genetic tools. CRISPR-Cas systems can be used as novel 

tools for gene editing and gene expression regulation (Wiedenheft et al., 2012). CRISPR-

Cas systems can be manipulated to incorporate the required specific sequences as spacers, 

and edit precisely at the point of interest (Sternberg et al., 2014). This feature makes the 

CRISPR-Cas systems very attractive. In fact, Type II CRISPR/Cas9 systems related tools 

are already commercially available, which have revolutionised genetic engineering 

approaches in mammalian cells (Cong et al., 2013; Mali et al., 2013).   

 

DNA modifications 

DNA methylation in prokaryotes is generally associated with DNA-protein interaction 

regulation. For bacteria and archaea, DNA methylation has been discovered on different 

sites of cytosine to form 4-methylcytosine (m4C), 5-methylcytosine (m5C) or 6-

methyladenosine (m6A) (Korlach and Turner, 2012). One known function of nucleic acid 

modification in prokaryotes is to protect themselves against foreign DNA. Restriction-

modification (RM) is a well-studied defend system that can be found in prokaryotic 

organisms. In RM, a restriction endonuclease and a DNA methyltransferase work 

together. Restriction endonuclease degrades invasive DNA, and methyltransferase 

modifies and protects the host DNA, which otherwise can be targeted and cleaved by the 

endonuclease. Another important function of methylation in prokaryotes is for genome 

regulation (Casadesús and Low, 2006). For example, the timing of DNA replication and 

gene expression in Gammaproteobacteria is regulated by N6-methyladenine on GATC 
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sequence by Dam methyltransferase (Marinus and Casadesus, 2009), and the cell cycle 

progression of Alphaproteobacteria is regulated by CcrM methyltransferase (Collier et 

al., 2007). 

1.3.3 RNA modifications 

RNA modifications are changes to the chemical composition of ribonucleic acid (RNA) 

after RNA been synthesised (post-transcriptional). RNA modifications are highly 

conserved across all known organisms (Li and Mason, 2014). Also, RNA modifications 

occur pervasively in almost all types of RNA, namely, messenger RNA (mRNA), 

ribosomal RNA (rRNA), transfer RNA (tRNA), non-coding RNA (ncRNA), sometimes 

micro RNA (miRNA) and small nuclear RNA (snRNA) (Sun et al., 2016). Over 110 types 

of RNA modifications have been discovered, which can take place on all 4 regular 

ribonucleotides: A, U, G and C. In ribosomes, 60% of yeast and 95% of E. coli rRNA 

modifications occur in functionally important areas (Decatur and Fournier, 2002). In 

general, the changes to the chemical composition can alter the function and stability of 

RNA. The functions of RNA modifications remain largely uncharted and novel function 

are continuing to be revealed.  

 

RNA modifications can be categorized into reversible and non-reversible (Li and Mason, 

2014). Non-reversible modifications include mRNA post-transcriptional modifications 

such as 5′ and 3′ processing, splicing, and intron retention, while reversible modifications 

are usually associated with regulation, such as ribose methylation.  

 

For mRNA modifications, six types of base modified nucleosides have been discovered 

so far (Figure 1.8), including N6-methyladenosine (m6A), N1-methyladenosine (m1A), 

inosine, 5-methylcytidine (m5C), 5-hydroxymethylcytidine (hm5C), inosine and 

pseudouridine, as reviewed in (Harcourt et al., 2017).  

 

m6A 

m6A is an abundant type of mRNA modification that has been discovered in most 

eukaryotes and some viruses (Niu et al., 2013; Aloni et al., 1979). This modification is 

catalysed by methyltransferase complex (METTL3, METTL14, WTAP) and may have 

important function as a gene expression regulator (Niu et al., 2013). More details 

regarding to m6A are reviewed in chapter 5.2.  
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m1A 

m1A is a reversible modification with a positively charged base and the structure fully 

blocks the formation of Watson-Crick base pairs, but enhances the RNA-protein 

interactions and the formation of RNA secondary structures. This feature makes m1A a 

common modification in tRNA and rRNA. For mRNA, m1A is likely involved in 

translation initiation  (Harcourt et al., 2017).  

 

m5C 

For m5C, the role remains largely unknown. It is suggested that NSUN2 or TRDMT1 is 

involved in the conversion of cytosine to m5C (Zhang et al., 2012; Thiagarajan et al., 

2011).  

 

hm5C 

Although the discovery of hm5C in mRNA is relatively new, their existences are not 

uncommon. hm5C is converted from m5C by TET dioxygenases (Fu et al., 2014), and 

may be related to basic cellular process and development (Delatte et al., 2016).  

 

Inosine 

Inosine modification includes the conversion of adenine to inosine, which results in the 

alteration of base-pairing properties. Inosine can form base pairs with adenine, cytosine, 

and uracil (wobble base pairs). Adenosine deaminases ADAR1 and ADAR2 are 

responsible for mRNA inosine modification (Lehmann and Bass, 2000). As inosine 

modification alters base pairing preference, this modification is related to the change of 

encoded amino acids (Sommer et al., 1991).  

 

Pseudouridine 

As an isomer of uridine, pseudouridine is the most prevalent form of modified nucleosides 

in RNA. The conversion of uridine to pseudouridine is through PUS enzymes (Hamma 

and Ferré-D'Amaré, 2006). The function of pseudouridine is not clear. Possible roles 

include the regulation of gene expression and mRNA stability (Wang et al., 2013; 

Schwartz et al., 2014). 
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Figure 1.8 | Nucleoside base modifications in mRNA. Modification sites are coloured in red. 

Figure taken form Harcourt et al., 2017, with permission. 

 

Post-transcriptional RNA modifications can be dynamic and might have functions beyond 

fine-tuning the structure and function of RNA. Understanding these RNA modification 

pathways and their functions may allow researchers to identify new layers of gene 

regulation at the RNA level.  

1.3.4 Protein post-translational modifications   

Post-translational modifications (PTMs) are the chemical modification of proteins on 

amino acid residues, which lead to the increase of diversity on proteome level. PTMs 

serve as a mechanism for cells to react to both internal and external changes. Over 200 

types of PTMs have been identified (Mann and Jensen, 2003), and can be categorised into 

a) protein subunit proteolytic cleavage, b) the addition/removal of chemical groups with 

specific functions by covalent bonds and c) whole protein degradation. Based on the 

nature of modifications, some PTMs are reversible, such as methylation, ubiquitination, 

and glycosylation, while some are irreversible, such as deamidation and proteolysis 

(Beck-Sickinger and Mörl, 2006). PTMs usually lead to protein structure changes, which 

subsequently affect protein functions, such as mediating protein-protein interactions, or, 

in some cases, modified residues are specifically recognized for binding (Felder et al., 

1993). PTMs are known to have important roles in a wide range of cellular processes 

including DNA repair, RNA processing, protein activity regulation, cellular localization, 

and signalling pathways (Walsh et al., 2005). These modifications occur almost at any 
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point of a protein’s life cycle. In some cases, PTMs are consequences of oxidative stress 

and are related to protein aggregation, thus PTMs are also believed to have roles in ageing 

and age-related disease, including arthritis, cardiovascular complications, respiratory 

disease, kidney disorders, neurodegenerative disorders (eg., Parkinson’s and Alzheimer’s 

disease) and cancer (Baraibar et al., 2012; Gaki and Papavassiliou, 2014; Santos and 

Lindner, 2017). The knowledge of PTMs can benefit the finding of therapies for these 

diseases, and have the potential to uncover more details about aging so the life expectancy 

can be extended. 

 

PTMs are performed by modifying enzymes such as proteases, transferases, phosphatases, 

kinases and lipids, which count approximately 5% of the proteome (Beck-Sickinger and 

Mörl, 2006). Some widely studied PTMs are summarised in Table 1.1. More details will 

be discussed regarding arginine methylation and citrullination. 

 

 

 
Table 1.1 | Summary of common protein PTMs. 

PTM Residue modified Associated enzymes  Example functions 

Phosphorylation Ser, Thr, Tyr Kinase and 

Phosphatase 

Cellular process and 

signal transduction 

pathway regulation  

Glycosylation Asn (N-linked) 

Ser/Thr (O-

linked) 

Glycosyltransferase, 

Glycosidase 

Protein folding, 

signal transduction, 

protein solubility 

Ubiquitination Lys E1s, E2s and E3s Signal destruction 

Acetylation Ala/Gly/Met/ 

Ser/Thr/Val (N-

terminal), Lys 

NATs (N-terminal) Protein nucleic acid 

interactions, 

stability  

Methylation Arg, Lys Methyltransferase Gene expression 

regulation 

Deamidation Asn, Gln Non-enzymatic 

process 

Regulating 

interaction between 

protein-protein and 

protein-ligand 

Hydroxylation Lys, Pro Hydroxylase Regulating 

interaction between 

protein and ligand, 

protein stability 

Citrullination Arg Protein-arginine 

deiminase 

Affect protein 

hydrophobicity, 

folding and 

structure 
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Arginine methylation  

Arginine methylation is prominent post-translational modification that can take place in 

both nuclear and cytoplasm. This modification is involved in many important biological 

processes including signal transduction, transcription regulation, subcellular localization, 

nucleus RNA/protein transportation and protein-protein interactions (McBride and Silver, 

2001). Also, arginine methylation has been identified on histones affecting gene 

expression, and on hnRNPs affecting pre-mRNA processing and transportation (Fronz et 

al., 2008; Martin et al., 2010). 

 

Arginine is positively charged with 5 interactive hydrogen bond donors, thus can be 

methylated in different ways. In eukaryotes, arginine residues are usually methylated into 

three forms: NG-monomethylarginine (MMA), NGN′G (symmetric) dimethylarginine 

(sDMA) and NGNG-(asymmetric) dimethylarginine (aDMA) (Figure 1.9A). Here G 

indicates that modifications take place at guanidino nitrogen atoms. Arginine methylation 

is carried out by a group of enzymes called protein arginine N-methyltransferase, or 

PRMTs, which use S-adensoyl-L-methionine (AdoMet) as methyl group donor. During 

the methylation process, arginine is first converted into MMA, which can be further 

converted into dimethylarginine with either asymmetric structure (by type I PRMTs, 

including PRMT1, 2, 3, 4, 6 and 8), or symmetric (by type II PRMTs, including PRMT5 

and 9) (Yang et al., 2015; Blanc and Richard, 2017). Type III PRMT (PRMT7) only 

converts arginine to the form of MMA, and is known to use only histones as substrates 

(Feng et al., 2013). 

 

PRMTs predominantly recognize glycine and arginine rich motifs, or GAR, which 

contain RGG/RG motifs (Thandapani et al., 2013). RGG/RG motifs are found in over 

1000 proteins in humans, and are often involved in mediating protein-nucleic acid 

interactions. There are also PRMTs that recognize arginine neighbouring PGM (proline 

glycine methionine) rich motifs, such as PRMT4 (Yang and Bedford, 2013), or RxR sites 

in lysine/arginine rich regions, such as PRMT7 (Feng et al., 2013). 
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Figure 1.9 | Illustration of chemical modifications of arginine. (A) Arginine methylation (B) 

Arginine citrullination. 

 

 

Citrullination 

Citrullination, or deamination, is a post-translational modification where arginine residue 

is converted to the non-coded amino acid citrulline (Vossenaar et al., 2003). This 

modification is carried out by a family of enzymes called peptidylarginine deiminases 

(PADIs) (Wang and Wang, 2013). In this modification, ketamine group is replaced by 

ketone group (Figure 1.9B). Compared to arginine, citrulline has one less positively 

charge site (the site becomes neutral), which alters the pattern of interaction with other 

chemical groups. The function of citrullination remains largely unclear. Evidence has 

shown that citrullination may cause autoimmune diseases like rheumatoid arthritis 

(Coenen et al., 2007), as citrullinated proteins can be the target of immune systems 
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(Trouw et al., 2013). Citrullination related diseases may also include neurodegenerative 

disorders (e.g. Alzheimer’s disease), prion diseases, thrombosis and cancer (Martinod et 

al., 2013; Wang and Wang, 2013). Citrullination on histones is related to DNA damage 

response and transcriptional regulation (Cuthbert et al., 2004; Wang et al., 2004). 

 

Among the family of PADIs, PADI4 is the only subtype with nuclear localisation signals 

and localized mainly in the nucleus (Asaga et al., 2001). PADI4 can usually be found in 

white blood cells (Vossenaar et al., 2004). In cancer cells PADI4 tends to be 

overexpressed, suggesting that it may be tumour related (Chang and Han, 2006). PADI4 

plays an important role in nuclear functions, as it can citrullinate arginine (or 

monomethylated arginine) in various nuclear proteins, including histone 2A, 3 and 4. 

Upon citrullination, the effects of arginine methylation are turned off (Kouzarides, 2007; 

Wang and Wang, 2013).  

 

Histone modifications 

Histones are chromosomal proteins involved in gene expression regulations. A diverse 

array of PTMs can take place on histones include methylation, phosphorylation, 

acetylation, ubiquitination, crotonylation, sumoylation and more (Tan et al., 2011; 

Cubeñas-Potts and Matunis, 2013). The 4 core histones (H2A, H2B, H3 and H4) feature 

a long, highly conserved N-terminal tail, where most histone modifications take place 

(Davie, 1998). Residues such as arginine, lysine and serine are the common sites for 

histone PTMs. The modifications of histones have impacts on gene expression not only 

by altering chromatin structures, but also by recruiting effector proteins. The “histone 

code” hypothesis describes the combination of various histone PTMs through which 

different functions can apply accordingly. Some known functions of histone 

modifications include transcription regulation, chromosome condensation (Wilkins et al., 

2014) and DNA repair (Li et al., 2013). 

 

Given the importance of chemical modifications of nucleic acids and proteins, there are 

significant demands for high throughput, sensitive analytical methods that enable the 

identification and characterisation of chemical modifications of DNA/RNA and protein 

PTMs. The development of analytical methods to study protein-nucleic acids is also of 

significant interest in biology due to the importance of such interactions in a wide range 

of important cellular processes. Mass spectrometry is a powerful analytical tool that can 

identify, characterise and quantify chemical modifications of both nucleic acids 
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(DNA/RNA) and proteins. Furthermore, there are a number of applications of MS used 

to study protein-nucleic acids interactions, which will be discussed. 

 

1.4 Mass spectrometry 

1.4.1 Principle of mass spectrometry 

Mass spectrometers measure the mass-to-charge ratio (m/z) of ions in the gas phase and 

have been widely used to analyse biomolecules including proteins and nucleic acids. A 

typical MS process would normally include the following steps. First, a MS instrument 

needs to generate gas phase ions from samples, a process known as sample ionization. 

Ionized molecules are then fragmented to smaller ions, which enter the analyser and are 

separated based on their m/z. Differentiated ions are then detected, with the signal 

intensity in proportion with abundance. The signals are then recoded, sorted by computer 

software and mass spectra are generated. The general scheme of a mass spectrometer is 

shown in Figure 1.10.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.10 | General components and work flow of a mass spectrometer. 

 

 

Sample introduction 

Ionization is important, as the efficiency of ionization directly affects the sensitivity of 

MS. For biomolecules, two ionization techniques are commonly used: electrospray 

ionization (ESI) and matrix assisted laser desorption ionization (MALDI).  
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In ESI, sample (in solution) goes through a spray capillary, and ions are created by placing 

a high voltage (2-6 kV) between the capillary tip and the MS inlet (Figure 1.11A). Under 

this strong electric field, liquid sample that come out of the capillary sprayer is nebulized 

into fine mist of charged droplets (Figure 1.11B). Sample for MS analysis usually 

contains buffer with salt and detergent, which are introduced during sample preparation. 

Although ESI is tolerant to certain level of impurities, ionization results can be affected. 

This issue can be improved by using a tandem separation device (usually an HPLC), 

which is an advantage of the ESI technique (Bruins et al., 1987).  

 

MALDI is ideal for the analysis of large biomolecules due to the minimal fragmentation 

of analytes and a high tolerance of contaminants (Jackson et al., 2005). In MALDI, 

samples are firstly mixed with matrix materials (e.g., 3, 5-dimethoxy-4-hydroxycinnamic 

acid) to be co-crystalized. Then a laser is applied to irradiate the matrix/sample which 

subsequently enters into gas phase through vaporization (Lewis et al., 2000). Most ions 

created by MALDI are singly charged, so clear mass spectra corresponding to the 

molecular weight of analytes can be generated (Hillenkamp et al., 1991).  
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Figure 1.11 | Schematic of ionization process of an ESI instrument. (A) General composition 

of an ESI ion source. (B) Enlarged section (dash line area of A) showing the formation of gas 

phase ions.  

 

 

Types of mass analysers  

Mass analyser is a key component which determines the performance and resolution of a 

mass spectrometer. Different mass analysers can also be combined for improved 

performance. Here, three commonly used analyser types of mass spectrometer: 

quadrupole ion trap, time-of-flight, and orbitrap, are introduced. 

 

Quadrupole ion trap mass analyser is composed of 4 parallel cylindrical rods, which are 

used for sample ion filtering based on m/z. When sample ions travel down the electric 

field created by the quadrupole, only those with certain m/z can pass (depend on voltage 

applied), while others with unstable trajectories will collide (Figure 1.12). By 

continuously altering the voltage, a range of m/z can be scanned (Hoffmann and 

Stroobant, 2007). 
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Figure 1.12 | Schematic of quadrupole ion trap mass analyser. Depend on the voltage applied 

to 2 parallel electrodes, resonant ions can pass and be detected (shown as blue), while non-

resonance ions will not be detected (shown as red). 

 

Time-of-flight analyser (TOF) is another widely used type of mass analyser. In TOF, 

desorbed and ionized sample molecules are accelerated to the same kinetic energy by the 

electrostatic filed applied, and forced to travel through a vacuum flight tube (Figure 1.13). 

As the accelerating voltage is constant, the time used for ions to travel to detector depends 

on their m/z. With the ions separated, a spectrum is recorded. In TOF, a reflectron (mirror 

used to reflect ions) is often used, which can increase the length of flight path without 

increasing the dimension of the analyser. More importantly, the use of reflectron can 

make the analyse results considerable more accurate, because a) reflectron focuses ions 

with the same m/z values, so the time ions used to reach the reflectron is fine tuned to 

assure the ions with the same m/z reach the detector at the same time, and b) kinetic 

energy is adjusted during the decelerate and re-accelerate processes on the reflectron 

(Bonk and Humeny, 2001; Wieser et al., 2012). Theoretically, TOF can analyse unlimited 

range of mass, but it is actually limited by the ion acceleration stage (Lee et al., 2011).  
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Figure 1.13 | Schematic of time-of-flight (TOF) mass analyser. Selected ions are fragmented 

and accelerated before entering the TOF analyser. A reflectron is usually used to increase the 

length of flight path. The travelling time of ions is measured and spectra are generated. 

 

 

An Orbitrap mass analyser is a small electrostatic device with a spindle-shaped electrode 

in the centre (Figure 1.14). When ions of high energy are injected into this device, they 

orbit around the electrode, and form an axial motion current image which can be picked 

up by detector and then Fourier transformed (FT) into a mass spectrum (Makarov, 2000; 

Hardman and Makarov, 2003). In this type of mass analyser, m/z is determined by 

cyclotron frequency of ions. For Orbitrap systems, an external ion storage device is 

required prior to the analyser (Demartini, 2013). For this reason, a C-trap is often used as 

an external injection device (Makarov and Scigelova, 2010). Compared to other mass 

analysers, the Orbitrap has many advantages in terms of mass accuracy, linear dynamic 

range and resolution (Zubarev and Makarov, 2013). More recently, MS instruments with 

Orbitrap analyser in combination of a quadrupole mass filter (Q Exactive) have been 

developed, as shown in Figure 1.14. 
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Figure 1.14 | Schematic of Q-Exactive HF mass spectrometer. This Exactive platform based 

instrument incorporates a selective multipole (e.g., quadruple or octapole) and an optional higher 

energy collision dissociation (HCD) collision cell interfaced to the C-trap. The drawing is not to 

scale. Red line shows the pathway of ions to the Orbitrap mass analyser. 
 

 

 

1.4.2 Tandem mass spectrometry and peptide sequencing 

Tandem MS (MS/MS, or MSn), is a technique used to fragment selected precursor ions 

into smaller products ions. In case of protein analysis, selected peptides are fragmented 

(Figure 1.15). With the detailed information from MS/MS, peptide sequences, as well as 

post-translational modification sites can be identified. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 | Schematic of tandem MS. Sample ions are analysed in MS1, then selected ions (as 

precursor ions, shown as red in this figure) from MS1 are fragmented and analysed (MS2). 



30 

 

Precursor ion fragmentation is an important step for proteomic analysis. Here, two 

commonly used fragmentation methods: collision induced dissociation (CID) and 

electron transfer dissociation (ETD) are discussed.  

 

In CID, inert gas such as nitrogen, helium or argon, is used to break apart precursor ions 

by energetic collisions (Palzs and Suhal, 2005). For peptide analysis, amide bonds of 

peptide backbones are usually cleaved and protonated with CID fragmentation (Palzs and 

Suhal, 2005; Sleno and Volmer, 2004). As a result, complementary b ions and y ions are 

created (Palumbo et al., 2011). For ion type definitions, see Figure 1.16. In general, CID 

is effective for peptides with less than 20 amino acid residues and with no more than 4 

charges (Mikesh et al., 2006). Different levels of collision energy can be applied for CID. 

High-energy collisional dissociation (HCD) is performed with collision energy of keV 

range, which is usually used in the C-trap of Orbitrap MS systems (Olsen et al., 2007), 

while low-energy CID can be performed with collision energy less than 100eV. Different 

collision energy gives different spectra. Appropriate collision energy level should be 

carefully determined for different applications. 

 

ETD is a fragmentation method widely used in polymer analysis, peptide sequencing, and 

protein post-translational modification analysis (Brodbelt, 2016; Coon et al., 2005). In 

ETD, a radical anion extracted from a negative chemical ionization source is added to 

protonated peptides (charged with 2+ or greater) where peptide backbone is disturbed, and 

cleavages take place at the N-Cα bonds (Cα is the carbon where the side chain is attached) 

(Kim and Pandey, 2012). Because of the position where cleavages take place, post-

translational modifications of peptides can be preserved (Wiesner et al., 2008). Unlike 

CID, from which b ions and y ions are produced, in ETD c ions and z ions are produced. 

Compared to CID, ETD has no selectivity over the range of m/z. However, multiply 

charged ions are preferred for greater speed of react. For this reason, longer peptides with 

the potential of gaining more charges give better results when fragmented with ETD. 

Fragmentation results from ETD are predominantly generated based on the precursor ions 

with the highest charge status. 

 

To use the information from fragmented peptides by tandem MS to interpret the precursor 

peptide sequences, a peptide sequencing nomenclature is required. A widely used 

nomenclature is the Roepstorff and Fohlman nomenclature (Roepstorff and Fohlman, 

1984), as shown in Figure 1.16. The a, b and c represent the product ions with charge 
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retained by the amino-terminal (or N-terminus) after fragmentation, while the x, y and z 

represent the product ions with charge retained by the carboxy-terminal (or C-terminus). 

The numbers after abc or xyz indicate how many amino acid R groups the product ions 

have, which are labelled from the original N-terminus of the precursor peptide (for abc), 

or from the C-terminus of the precursor peptide (for xyz). With this peptide sequencing 

information, proteins can be identified with different approaches such as using the 

Sequest algorithm, which features a score based autocorrelation technique with overlaps 

between theoretical spectra and experimental spectra mathematically determined (Eng et 

al., 1994), or the Mascot search engine, a probability based matching algorithm which 

uses a top-down method to match the predicted fragments with the experimental 

fragments (Perkins et al., 1999; Steen and Mann, 2004). 

 

 

 

 

 

 

 

 

 

Figure 1.16 | Roepstorff and Fohlman nomenclature for peptide fragmentation.  
 

 

 

 

 

1.4.3 Mass spectrometry for quantitative proteomics 

 

In addition to the identification of peptides and PTMs, MS offers a powerful approach to 

generate quantitative data. In general there are two applications for MS based protein 

quantification: to determine the amount of proteins in individual samples (absolute 

quantification), and to compare protein amounts between multiple samples (relative 

quantification). Absolute quantification is to determine the amount of unknown proteins 

in samples based on the same proteins which amounts are known. Usually 3 or more 

peptides are to be compared in order to obtain justifiable quantification results. A more 

accurate way to do absolute quantification is to use isotope labelled peptides as internal 
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standards. To do this, isotope labelled peptides are mixed with the unknown peptides and 

processed together prior to MS analysis, in which way the peptides can be directly related 

and compared. For relative quantification on the other hand, as no standard is required, 

the process is usually more cost-efficient and less time consuming. A number of 

quantitative proteomic workflows are discussed below. 

 

Label-free quantification  

Label-free quantification (LFQ) is a technique used to determine protein amount by 

comparing two or more samples directly without using any type of labelling. This 

technique requires samples prepared and analysed separately but with the same protocol. 

Protein amounts are estimated based on either the intensity of feature peptide spectra from 

the target proteins, or the count of peptide MS/MS spectra (Ciborowski and Silberring, 

2016). In most cases, LFQ is only reliable when measuring samples with a large 

difference. However, compared to other quantification approaches, LFQ has advantages 

that a) samples are not interfered by tags or labels, and b) low costs for sample 

preparation. Also, with the improvement of instrument performance and data analysis 

software, LFQ is becoming more reliable. 

 

Stable isotope labelling  

Stable isotope labelling techniques track the passage of isotopes. For protein 

quantifications two labelling methods are often involved: in vivo metabolic labelling and 

in vitro chemical labelling.  

 

For in vivo metabolic labelling, stable isotopes are added to the culture media so the 

microorganisms or cells can incorporate while they grow. For mammalian cell studies, a 

widely used labelling strategy is the stable isotope labelling by amino acids in cell culture 

(SILAC) developed by Mann and colleagues (Ong et al., 2002). SILAC is effective and 

accurate for MS based proteome quantification studies. In SILAC, amino acid of heavy 

labelled isotopes in cell culture media were incorporated metabolically into the whole cell 

proteome during protein synthesis. Compared to cells grown in non-labelled media (or 

light media), peptides digested from heavy isotope show a mass shift when analysed by 

MS. Based on the corresponding peak areas or intensities of the pair of heavy and light 

isotopes, relative peptide and protein quantification can be achieved (Figure 1.17). 

Commonly used isotopes for SILAC labelling include 2H, 13C and 15N, or the combination 

of these. Advantages with SILAC quantification include a) the labelling process is 
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relatively easy compared to other labelling methods, as the isotopic incorporation usually 

takes only 5-8 passages of cells to complete (Ong et al., 2002), b) no tags are added which 

may affect MS sensitivity, and c) quantification results are not prone to process errors, as 

samples are mixed beforehand and treated as one during the sample processing steps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17 | A schematic representation of SILAC. Cells are grown in either normal medium 

or heavy isotope-containing medium, with one of which treated with the required experimental 

condition. After harvest, cells are lysed and mixed (usually with 1:1 protein amount), and then 

digested. When analysed by LC-MS, both the light and heavy versions of the peptides with the 

same sequence will co-elute, and quantifications can be made based on the ratio of the relative 

abundance of peptides.  
 

For in vitro chemical labelling, post-harvest protein samples are labelled before or after 

proteolysis. Different labelling techniques can be used, for example, by targeting the thiol 

groups of cysteine residues using isotope coded affinity tags (ICAT) (Gygi et al., 1999),  

or by directly targeting the amino acid termini of peptides using isobaric tags for relative 

and absolute quantification (iTRAQ) (Ross, 2004), or using tandem mass tags (TMT) 

(Thompson et al., 2003). iTRAQ can be used to investigate multiple experimental 

conditions within a single experiment – usually four (4-plex) or eight (8-plex) conditions. 
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The principle of iTRAQ is the addition of isobaric mass labels at the amino termini or the 

lysine side chains of tryptic peptides in a digest mixture. The reagents are labelled in such 

a way that all labelled peptides are isobaric (hence the name) and have the same chemical 

properties, therefore indistinguishable during liquid chromatography separations (Ross, 

2004). Labelled peptides yield so-called ‘reporter ions’ when fragmented (usually by 

CID) and can be used to quantify individual proteins within different experimental 

conditions. Similarly to iTRAQ, TMT labelling also uses isobaric mass tags. The reagents 

for TMT are comprised of the following regions: an amino acid tag linked to protein 

reactive groups, a mass normalizer, a cleavable linker and a mass reporter. The tags are 

designed in such a way that following fragmentation, TMT fragments are released to give 

rise to an ion with specific mass-to-charge ratio (Thompson et al., 2003). The advantage 

of using amino acid group targeting approaches such as iTRAQ or TMT over ICAT is 

that, in theory, every observable peptide can be labelled.  

 

1.5 Aims 

 

Chemical modifications of nucleic acids and proteins play important roles in regulating 

their interactions in the cell. In this Thesis I have developed and optimised mass 

spectrometry based methods to study the effect of chemical modifications of both nucleic 

acids and proteins in a number of important biological systems including: 

 

1) Studying the effect of DNA modifications on CRISPR/Cas systems 

 

2) Studying the effect of protein arginine methylation and citrullination on 

ribonucleoprotein complexes using quantitative proteomics. 

 

In Chapter 3, the aim was to develop and optimise methods using PCR in conjunction 

with modified dNTPs to synthesise a range of target dsDNAs with various modifications. 

With these modified dsDNAs, in vitro assays were to be performed in collaboration with 

partners in Wageningen University in order to study the effects of DNA modifications on 

different types of CRISPR-Cas systems. 

 

In Chapter 4, the aim was to develop analytical methods for the analysis of nucleoside 

modifications. Reverse phase HPLC coupled with either ultraviolet detection (UV) or 
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mass spectrometry analysis (LC-MS) were to be used for nucleoside separation and 

identification. The method was to be applied on the validation of in vitro synthesised 

DNA in Chapter 3, as well as to characterise the modifications in other types of DNA 

including phage DNA and E. coli plasmid DNA. 

 

In Chapter 5, the aim was to study the effects of protein methylation and RNA 

methylation on the function of mRNA interactome using in vivo mRNP capture assays. 

Stable isotope labelling with amino acids in cell culture (SILAC) in conjunction with 

mass spectrometry based quantification strategy was to be used to study the protein 

abundance differences under different experimental conditions. In addition, the 

optimisation of both the mRNP capture assay and the SILAC labelling were planned for 

this chapter. 

 

In Chapter 6, the effects of protein methylation and arginine citrullination on proteins 

binding to the disease related expansion of GGGGCC repeats were to be studied. Large 

scale in vitro pulldown assays in conjunction with SILAC were to be used to determine 

the effects of different modification conditions on RNA GGGGCC repeat binding.  

 

In Chapter 7 (additional chapter), the aim was to develop a mass spectrometry based 

absolute quantification method (AQUA) for anthrax vaccine products. 
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Chapter 2: Materials and Methods  
 

2.1 Design and synthesis of dsDNA with modifications  

 

Target dsDNAs containing a 98 bp spacer 8 (sp8) sequence with one of the following 

type of modifications: mC, hmC, U, hmU and phosphorothioate bonds, as well as the 

unmodified, were synthesised using PCR. The sp8 target sequence is underlined: 

 

5'-TTCATTTGATGCTCGATGAGTTTTTCTAAAAGCTGACGACCGGGTCTCC 

GCAAGTGGCACTTTTCCATGACCAAAATCCCTTAACGTGAGTTTTCGTT-3' 

 

Primers are highlighted in bold. The primer sequences designed for this work are: 

 

Forward 5'-TTCATTTGATGCTCGATGAG-3' (BG8415), and 

Reverse 5'-AACGAAAACTCACGTTAAGGGA-3' (BG8416). 

 

Primers were synthesized by Eurofins Genomics. DNA oligos (both unmodified and 

modified) were synthesised using either Taq DNA polymerase or Q5 high-fidelity DNA 

polymerase (New England Biolabs, NEB), with specified reaction buffer included. 

dNTPs (A, T, C and G) were purchased from Promega, mdCTP from NEB, hmdCTP 

from Bioline, dUTP from INTEGRA biosciences, hmUTP and thio-dNTPs from TriLink 

Biotechnologies. DNA template used for the first round of PCR to synthesis unmodified 

dsDNA was the 937 bp plasmid with the sp8 sequence. The product dsDNA was then 

diluted 1 in 100, and used as the template for the subsequent PCR. Taq polymerase was 

used to incorporate dUTP, Q5 high-fidelity polymerase was used for the synthesis of 

dsDNA oligos with other modifications (including the unmodified one). Different 

reaction conditions for PCR were attempted to increase product yields, as described in 

Chapter 3. Optimised conditions for PCR in this study were as follows: total reaction 

volume of 50 µl with final concentration of dNTPs (or modified dNTPs) 200 µM, primers 

0.5 µM, and 100 ng of DNA template. For Taq polymerase (used 1.25 U per 50 µl 

reaction), the following parameters were used: denaturation at 95 °C for 30 s followed by 

30 cycles of reaction at 95 °C for 30 s, 46 °C for 60 s, 68 °C for 60 s, and the final 

extension at 68 °C for 3 min. For Q5 high-fidelity DNA polymerase (used 1 U per 50 µl 

reaction), the following parameters were used: denaturation at 98 °C for 30 s, followed 

by 30 cycles of reaction at 98 °C for 30 s, 61 °C for 30 s, 72 °C for 20 s, and the final 
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extension at 72 °C for 2 min. DNA products were further concentrated by Concentrator 

Plus (Eppendorf) at 30 °C. Unmodified dsDNA was concentrated from 200 µl 

concentrated to 50 µl; dsDNA with mC from 250 µl concentrated to 50 µl; dsDNA with 

hmC from 300 µl concentrated to 50 µl; dsDNA with U from 500 µl concentrated to 50 

µl; dsDNA with hmU from 600 µl concentrated to 50 µl; dsDNA with thio dNTPs from 

600 µl concentrated to 50 µl. Concentrated dsDNA oligos were purified using QIAprep 

Spin Miniprep Kit (Qiagen), according to the manufacturer’s protocol. The concentration 

of the purified samples was determined using NanoDrop 2000C (Thermo Scientific), then 

samples were analysed by native PAGE (see section 2.2).  

 

dsDNA oligos with glucosylated hydroxymethylcytosine (ghmC) were enzymatically 

prepared by glucosylating the purified hmC dsDNA oligos as follows: T4 Phage β-

glucosyltransferase (NEB) was incubated with 1 µg of 5-hmC dsDNA and 40 µM UDP-

glucose in 1 × NEBuffer 4 (DTT 1mM, potassium 50 mM, magnesium acetate 10mM and 

Tris acetate 20mM, pH 7.9) at 37 °C for 16 h. The DNA products were subsequently 

purified and analysed by native PAGE in the same way as the other dsDNA oligos. 

 

2.2 Native PAGE for DNA analysis 

Native polyacrylamide gel electrophoresis (PAGE) was performed using a Mini-

PROTEAN gel casting system (BioRad). A 10% gel was prepared by mixing 5 ml 

Acrylamide/Bis 19:1, 40% (w/v) solution (Thermo Fisher Scientific), 2 ml 10 × TBE and 

13 ml dH2O. 1 ml 10% ammonium persulfate (APS) and 40 µl 

Tetramethylethylenediamine (TEMED) were added to the prepared solution and mixed 

just before pouring the gel. 10 × TBE (1 L, pH 8.4) was prepared using 108g Tris base 

(Fisher Scientific), 55 g Boric acid (Sigma-Aldrich) and 9.31g Na2EDTA (Thermo Fisher 

Scientific). APS and TEMED were purchased from Sigma-Aldrich. Electrophoretic 

buffer used was 1 × TBE. DNA loading buffer was purchased from NEB. The 

electrophoresis was operated using constant voltage of 180 V for approximately 30 min 

until loading dye reached the end of the gel. After running, the gel was rinsed in dH2O 

and stained by up to 5 µl (10 mg/ml) of ethidium bromide (Sigma-Aldrich). 

 



Chapter 2 

39 

 

2.3 DNA digestion and dephosphorylation 

DNA samples for HPLC or LC-MS analysis were first digested into nucleosides by 

adding 1 µl (5 units) DNA degradase (Zymo Research) into 44 µl DNA sample and 5 µl 

10 × DNA degradase reaction buffer, mixed well and incubated at 37°C for 120 minutes. 

After incubation, 3 µl (3 units) shrimp alkaline phosphatase (NEB) was added and 

incubated at 37°C for another 60 minutes. The samples were then purified using a 

Nanosep Centrifugal Devices with Omega Membrane 3K, gray (Pall Corporation), and 

centrifuged at 5000g for 15 min and flow-through was collected.  Nucleosides (A, T, G 

and C) were prepared by dNTP dephosphorylation and used as standards, described as 

follows: 50 µl reaction were prepared by adding 1µl 1mM dNTP (Bioline), 1 µl (1 unit) 

shrimp alkaline phosphatase (NEB), 5 µl 10 × NEBuffer 4 (NEB) and 43 µl water, mixed 

well and incubated at 37°C for 60 minutes. After incubation, samples were purified the 

same way as for the digested DNA samples. 

 

2.4 HPLC analysis of nucleosides 

Nucleoside analysis was performed on a Dionex UltiMate 3000 HPLC system (Thermo 

Scientific). For Accucore C30 column (50 × 2.1 mm, 2.6 µm particle size; Thermo 

Scientific). 5 µl samples were injected using a 20 µl sample loop. A 4 min gradient from 

1% to 5% buffer B (40% acetonitrile, Fisher Scientific), then 9 min gradient to 50% buffer 

B, and then 1 min to 90% buffer B, and a 1 min gradient back to 99% buffer A (5 mM 

ammonium acetate, Sigma-Aldrich), was used. The flow rate was set at 0.2 ml/min. For 

Hypercarb porous graphitic carbon column (100 × 2.1 mm, 3 µm particle size; Thermo 

Scientific), a flow rate of 0.2 ml/min was used. 5 µl sample was loaded for each injection 

mixed with buffer A (10 mM ammonium acetate, pH 4.5, Sigma) and buffer B (40% 

acetonitrile, Fisher Scientific, with 10 mM ammonium acetate, pH 4.5, Sigma), with 

linear gradient of buffer B from 20% to 80% in 15 minutes, then switched to 100% buffer 

C (95% methanol, Fisher Scientific) for 3 minutes, then back to 20% B and 80% A in 1.1 

minutes. For both columns, the temperature of column compartment was set at 30°C, and 

UV detector was set for 260 nm absorbance. All buffer percentages are v/v. 

 



40 

 

2.5 LC-MS analysis of nucleosides 

The online LC coupled to MS was an UltiMate 3000 capillary LC system (Dionex), with 

different columns used for nucleoside separations. For Accucore C30 column (50 × 2.1 

mm, 2.6 µm particle size, Thermo Scientific), buffer A (5 mM ammonium acetate, pH 

4.5, Sigma) and buffer B (40% acetonitrile, Fisher Scientific) were used, with a linear 

gradient of buffer B from 3% to 20% in 17 minutes, then to 80% in 1 minute, at a constant 

flow rate of 100 µl/min. For Hypercarb porous graphitic carbon column (100 × 2.1 mm, 

3 µm particle size, Thermo Scientific), a gradient elution was performed using buffer A 

(10 mM ammonium acetate, pH 4.5, Sigma) and buffer B (40% acetonitrile, Fisher 

Scientific, and 10 mM ammonium acetate, pH 4.5, Sigma), with a linear gradient of buffer 

B increase form 20% to 80% in 15 minutes, then switched to 100% buffer C (95% 

methanol, Fisher Scientific) for 3 minutes, then back to 20% B and 80% A in 1.1 minutes, 

at a constant flow rate of 100 µl/min. MS analysis was conducted on a maXis UHR TOF 

mass spectrometer (Bruker) equipped with an ESI nano sprayer source, Electrospray 

needle voltage was set to 4500V. Scan range of MS1 profile was set to m/z 100-800 in 

positive ion mode. Spectra data were analysed using Compass DataAnalysis software 

(version 4.1.359.0).  All buffer percentages are v/v. 

 

2.6 Hela cell nuclear extracts 

Hela cell nuclear extract was obtained from Cilbiotech (CC-01-20-50) and was treated 

with Complete protease inhibitor cocktail (Roche). Extract was stored at -80 °C in 

aliquots before use. 

 

2.7 Cell lines and culture conditions 

SILAC culture media for HEK 293T cells were prepared using the SILAC Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific), supplied with 10% (v/v) 

dialyzed fetal bovine serum (dFBS) purchased from Gibco, Thermo Fisher Scientific. For 

light media, 0.46 mM L-Lysine and 0.47 mM L-Arginine (both from Sigma-Aldrich) 

were added. For heavy media (heavy isotope labelled), 0.46 mM 13C6 
15N2 L-Lysine-2HCl 

(Lys8) and 0.47 mM 13C6 
15N4 L-Arginine-HCl (Arg10) (both from Cambridge Isotope 

Laboratories, Inc.) were added. For both light and heavy media, 1.7 mM L-Proline 

(Sigma-Aldrich) was added as an option to reduce the conversion of arginine to proline. 
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All media were sterile-filtered using a 0.22 µm vacuum filtration unit (Rapid-Flow filters 

MF 75, Nalgene). 

 

HEK 293T cells were cultured in 10 cm culture plates, with estimated 10 × 106 cells per 

plate. For mRNP capture assays, 8 × 10 cm plates of cells were used for each assay. For 

the SILAC mRNP capture assays, 8 × light plus 8 × heavy (a total of 16 × 10 cm plates) 

were used. For in vitro oligo RNA (GGGGCC)5 pulldown assays, 4 × 10 cm plates of 

cells were used for each assay. For the SILAC in vitro oligo RNA (GGGGCC)5 pulldown 

assays, 4 × light plus 4 × heavy (a total of 8 × 10 cm plates) were used. HEK 293T cells 

were cultured in collaboration with Sheffield Institute for Translational Neuroscience 

(SITraN). 

 

2.8 Isolation of mRNA-binding proteins 

After cell culture, media were removed from plates and cells were washed with 10 ml ice 

cold 0.1% DEPC treated PBS per plate. After wash, cells were crosslinked directly in 

plates at UV 254 nm (0.3 J/cm2) on ice using a TL-2000 Ultraviolet Translinker (UVP). 

After, cells were lysed by adding 500 µl ice cold lysis buffer per plate. Lysis buffer was 

composed of 50 mM Tris HCl (pH7.5), 100 mM NaCl, 2 mM MgCl2, 1 mM EDTA 

(pH8.0), 0.5% Igepal Ca-630, 0.5% Na-deoxycholate, RiboSafe RNase inhibitor 

(Bioline), 2 mM PMSF (Sigma-Aldrich), 1 × Complete protease inhibitor cocktail 

(Roche). All solutions were filter-sterilized (0.22 μm filter, Sigma-Aldrich) prior to use. 

After lysis, cells were collected using a rubber policeman into 1.5 ml tubes, and went 

through 10 × shear force on ice using a thin syringe needle. Cell debris was removed by 

centrifuging at 4°C, 13200 rpm for 5 min, and the supernatant was collected. Protein 

concentration was measured using the Bradford assay (Bio-Rad), as per manufacturer's 

instructions. Supernatant containing 1-2 mg proteins was used for each mRNP capture 

assay. Protein samples were denatured by adding an equal volume of 2 × binding buffer 

(20 mM Tris HCl pH 7.5, 1.0 M NaCl, 1% (w/v) SDS and 0.2 mM EDTA pH8.0), and 

then oligo d(T)25 magnetic beads (100 μl packed-bed volume for each precipitation, NEB) 

were added into samples. Beads were equilibrated in 1 × binding buffer before use. The 

mixture with beads was then incubated at room temperature for 2 h on a rotating wheel. 

After binding, beads were collected on a magnetic rack and washed three times with 1 × 

binding buffer, while the supernatant was saved for a second and a third round of oligo 

(dT) precipitation.  Complexes were then eluted using 65 µl elution buffer (10 mM Tris 
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HCl pH 7.5 and 1 mM EDTA pH8.0) for each pulldown, and treated with 10 µg RNase 

A at room temperature for 30 min with gentle agitation. Different batch of eluates were 

pooled together and subjected to SDS-PAGE, MS, or western blotting analysis. For 

SILAC experiments, heavy and light whole cell lysate were mixed 1:1 (estimated based 

on Bradford assay) before affinity purification. 

 

2.9 Isolation of RNA repeat (GGGGCC)5 binding proteins 

After cell culture, cells were washed as previously described. After washing, cells were 

lysed with 500 µl lysis buffer per plate. Lysis buffer was composed of 1 × PBS, 0.1% 

Triton, 2 mM PMSF (Sigma-Aldrich) and 1 × Complete protease inhibitor cocktail 

(Roche). After lysis, cells were collected using a rubber policeman into 1.5 ml tubes, and 

went through 10 × shear force on ice using a thin syringe needle. Cell debris was then 

removed by centrifuging at 4°C, 13200 rpm for 5 min, and the supernatant was collected. 

Protein concentration was measured using the Bradford assay (Bio-Rad), as per 

manufacturer’s instructions. Supernatant containing 1-2 mg proteins was used for each 

pulldown assay, which was mixed with 10 µl (1 µg/µl) (GGGGCC)5 RNA oligos with 3' 

biotin modification, 1 × PBS with 0.1% Triton, 1 µl RiboSafe RNase inhibitor (Bioline), 

2 mM PMSF, and 1 × Complete protease inhibitor cocktail (Roche) in a 1 ml reaction, 

then incubated at room temperature for 15 min, and on ice for another 15 min. Mixture 

was then transferred to a 6 cm petridish and crosslinked on ice at UV 254 nm (0.3 J/cm2) 

using a TL-2000 Ultraviolet Translinker (UVP). Mixtures were then applied to 50 µl 

streptavidin sepharose beads (GE healthcare) which were blocked overnight in solution 

containing 1 × PBS, 0.1% Triton and 1% bovine serum albumin (BSA) on a rotating 

wheel at 4°C. For the binding process, the mixture with beads was incubated at 4 °C for 

2 h on a rotating wheel. After binding, beads were washed three times with 1 × PBS plus 

0.1% Triton, and then washed twice with 1 × PBS. For the elution process, 65 µl 1 × PBS 

for each pulldown was used, with 10 µg RNase A added and incubated at room 

temperature for 30 min with gentle agitation. Eluates were analysed by SDS-PAGE, 

followed by MS or western blotting analysis. 

 

For the SILAC experiments, the same amount of cell lysates for heavy and light went 

through the pulldown process individually, and mixed together prior to analysis using 

SDS-PAGE. 
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2.10 Cell treatment for different modification status 

Adenosine, periodate oxidized (AdOx) was purchased from Sigma-Aldrich. For AdOx 

treatment, AdOx was added to media with concentration of 20 µM for HEK 293T cell 

growth 48h prior to harvest. AdOx (20 µM) was also added to lysis buffer and binding 

buffer to maintain the desired modification environment.  

 

For N6-methyladenosine (m6A) study, an m6A deficient HEK 293T cell line was obtained 

from the laboratory of Prof. S Wilson, University of Sheffield. The cell line was generated 

with the knockdown of Wilms tumour 1 associated protein (WTAP) using RNAi, aiming 

to reduce the level of RNA m6A methylation.  

 

For induced PADI4 overexpression, HEK 293T cells were transfected with HA-PADI4 

48 hours prior to harvest. 

 

2.11 Photoactivatable ribonucleoside-enhanced crosslinking and 

immunoprecipitation  

The procedure for photoactivatable ribonucleoside-enhanced crosslinking and 

immunoprecipitation (PAR-CLIP) is the same as regular crosslinking and 

immunoprecipitation (CLIP), except the following: 4-Thiouridine (4-SU) (Sigma-

Aldrich) was added to cell culture 16 h prior to harvest, at a final concentration of 100 

µM. 4-SU treated cells were crosslinked at UV 365 nm (0.2 J/cm2) on ice using a TL-

2000 Ultraviolet Translinker (UVP). 

 

2.12 Total RNA extraction 

Whole cell lysate used for RNA extraction was obtained as described in previous 

materials and methods section. RNA extractions were performed using TRIzol reagent 

(Invitrogen) as per manufacturer’s instructions. Briefly, TRIzol reagent was added (3 

times to the volume of the cell lysate) and left at room temperature for 10 minutes, then 

chloroform was added 1/5 the total volume of the sample and TRIzol mixture, and shook 

for 20 seconds before left setting down at room temperature for 3 minutes. The sample 

was subsequently centrifuged at 11000 rpm for 10 minutes at 4°C, the upper layer 

containing RNA was transferred into a fresh tube, and 1 µl glycogen added. An equal 
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volume of isopropanol (equal to sample volume) was added and 3 M sodium acetate (1/10 

sample volume) added, incubated at -20 °C overnight. After incubation, pellet was 

washed with 150 µl 70% ethanol in DEPC treated water, vortexed and centrifuged at 

13000 rpm for 5 minutes at 4 °C, then air dried for 15 minute at room temperature. RNA 

was stored at -20 °C. For further analysis, RNA was re-suspended in 20 µl nuclease free 

water and the concentration was determined using NanoDrop 2000C (Thermo Scientific). 

 

2.13 SDS-PAGE for protein analysis 

Protein separation with 1D sodium dodecyl sulphate – polyacrylamide gel electrophoresis 

(SDS-PAGE) was carried out using the Mini-PROTEAN Tetra Vertical Electrophoresis 

Cell (Bio-Rad) gel casting system. 12% gels were used in this work and showed good 

resolution. The gel preparation steps are as follows: For the resolving part of the gel, 3.5 

ml deionized water, 2.5 ml 4 × lower buffer (1.5 M Tris base, 0.4% SDS, adjusted pH to 

8.8 with HCl, filter sterilised), 4 ml 30% acrylamide, 50 µl freshly prepared ammonium 

persulfate (APS), and 20 µl tetramethylethylenediamine (TEMED) were mixed and 

poured into a Bio-Rad gel apparatus. APS and TEMED were purchased from Sigma-

Aldrich. Gels were layered with 100 µl isopropanol on top and allowed 15-30 minutes for 

settling (polymerisation). Then the isopropanol on top of the gel was discarded prior to 

pouring the stacking gel mixture to the top of the settled resolving gel. The stacking gel 

mixture was composed of 5.8 ml deionized water, 2.5 ml 4 × upper buffer (0.5 M Tris 

base, 0.4% SDS, adjusted pH to 6.8 with HCl, filter sterilised), 1.7 ml 30% acrylamide, 

50 µl freshly prepared APS and 20 µl TEMED. A comb was inserted to form the loading 

wells, and let settle for another 15-30 minutes. When settled, gel was assembled into the 

gel casting system filled with 1 × SDS running buffer (15 mM Tris, pH 8.3, 1.5 M glycine, 

0.1% SDS). Before loading to the gel, protein samples were mixed with 4× loading buffer 

(200 mM Tri-HCl pH 6.8, 8% SDS, 0.08% bromophenol blue, 50mM EDTA, 4% β-

mercaptoethanol, 40% glycerol) and denatured at 94 °C for 5 min. In general cases, 16 

µg sample were loaded to each well of the gel, together with 5 µl protein marker. Gels 

were run with voltage 80 V for stacking (10-15 min), and 180 V for resolving (until 

loading dye reach the bottom of the gel). After running, gels were rinsed and stained with 

InstantBlue (Expedeon) overnight, and distained for 4 hours using distilled water.   
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2.14 Western blotting 

The concentration of protein in samples was determined using Bradford assay prior to 

SDS-PAGE analysis. The proteins on the gel were then transferred to a nitrocellulose 

membrane (Whatman) using an electroelution (or electrophoretic) method, described 

briefly as follows: filter papers, nitrocellulose membrane and gel were soaked with 

transfer buffer (40 mM glycine, 50 mM Tris, 0.04% SDS and 20% methanol) and a 

sandwich was made from top to bottom: filter paper layers, gel, nitrocellulose membrane, 

filter paper layers. Proteins were transferred from gel to nitrocellulose membrane using a 

Biometra Fastblot device (Analytikjena) at 15 mAMPS per gel. After transfer, 

membranes were blocked at room temperature for 1 hour in blocking buffer containing 

Tris-buffered saline (TBS), 0.1% Tween-20 and 5% fat-free milk (Marvel). Membranes 

were then incubated in blocking buffer with primary antibodies for 1 h at room 

temperature or overnight at 4°C. After, membranes were washed 3 times (10 minutes 

each) in TBS with 0.1% Tween-20 before incubation with secondary antibodies in block 

buffer for 1 hour at room temperature. After incubation, membranes were washed and 

prepared for chemiluminescent signal detection with SuperSignal West Pico 

Chemiluminescent substrate (Thermo Fisher Scientific) following manufacturer’s 

instructions. Signals were detected with a Gbox imaging system (SynGene). Antibodies 

and dilutions used were: CHTOP antibody 1/2500, HA antibody 1/2500, α-tubulin 

1/10000, anti-mouse-HRP 1/4000. 

 

2.15 Dot blotting for total RNA 

The concentration of extracted total RNA of wild type HEK 293T cells and the WTAP 

gene knockdown HEK 293T cells were measured by NanoDrop 2000C (Thermo 

Scientific) before dot blotting. For each dot, 2 µl (approximately 180 ng) of total RNA 

extract were dropped on an Immobilon-P PVDF Membrane (0.45 µm pore size, Sigma-

Aldrich), and dots were left air dried at room temperature for 15 min, followed by another 

2 µl (approximately 180 ng) of the same sample dropped to the same position. Dots were 

then left at room temperature and air dried for another 1 hour. After, the membrane was 

blocked in Tris-buffered saline (TBS) with 5% fat-free milk (Marvel) and 0.1% Tween-

20 for 1 hour. The membrane was then incubated with a primary antibody (rabbit anti α-

m6A 1:500) in blocking buffer at room temperature for 1 hour. After incubation, the 

membrane was washed 3 times (10 min each) in TBS with 0.1% Tween-20, then 
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incubated with a secondary antibody (anti rabbit 1:10000) in blocking buffer overnight at 

4°C. After washing, SuperSignal West Pico Chemiluminescent substrate (Thermo 

Scientific) was used for the membrane signal detection, following manufacturer’s 

instructions. Signals were detected using a G:BOX imaging system (Syngene). 

 

2.16 Trypsin digestion 

In-gel protein digestion 

Gel lanes with proteins were sliced into 1 × 1 mm pieces, which were collected into 6-8 

tubes and de-stained in 200 mM ammonium bicarbonate (ABC, Sigma-Aldrich) with 40% 

acetonitrile (ACN, Fisher Scientific) for 30 minutes at 37 °C twice, then dried using 

centrifugal evaporator (Eppendorf). After, gel pieces were reduced with 10 mM 

dithiothreitol (DTT, Sigma-Aldrich) in 50 mM ABC for one hour at 56 °C, and then 

alkylated with 55 mM iodoacetamide (IAA, Sigma-Aldrich) in 50 mM ABC in the dark 

for 30 minutes. Then gel pieces were washed with 50 mM ABC at room temperature for 

15 minutes, twice, and then washed a third time with 50 mM ABC in 50% ACN at 37 °C 

for 15 minutes. Afterward, gel pieces were dried using Concentrator Plus (Eppendorf), 

and then digested with 0.4 µg trypsin (Sigma-Aldrich) per reaction in 40 mM ABC, 9% 

ACN overnight at 37 °C. Supernatants containing digested peptides were collected, 

additional extraction of peptides was performed by the addition of acetonitrile and 

incubated at 37 °C for 15 minutes, prior to the addition of 5% formic acid (FA, Fisher 

Scientific), incubated at 37 °C for 15 minutes, supernatants were collected. A third 

recovery step was performed with 50% ACN in 5% FA, incubated at 37 °C for 30 

minutes, supernatants were collected. Supernatant collected from the three-step recovery 

were pooled together and concentrated to dryness using Concentrator Plus (Eppendorf) 

at 30 °C, vacuum-aqueous (V-AQ) mode, and stored at -20 °C. For LC-MS/MS analysis, 

samples were re-suspended in 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich) in HPLC 

grade H2O (Fisher Scientific). 

 

In solution protein digestion 

For 50 µl reactions, protein samples were added to 50 mM ammonium bicarbonate 

(Sigma-Aldrich), 200 ng (final concentration 4ng/µl) of trypsin (Sigma-Aldrich) together 

with 15 µg (1.5 µl, 10 µg/µl ) ProteaseMAX Surfactant, Trypsin Enhancer (Promega). 

Samples were incubated at 37 °C overnight. Reaction were stopped by adding 5 µl 1% 

(v/v) trifluoroacetic acid (TFA) (Sigma-Aldrich). Samples were then concentrated to 
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dryness using Concentrator Plus (Eppendorf) at 30 °C, vacuum-aqueous (V-AQ) mode. 

Dried samples were either stored at -20 °C, or re-suspended in 10 µl of 0.1% (v/v) TFA 

for LC-MS analysis. 

 

2.17 Protein LC-MS analysis 

For experiments using HEK293 cell cultured in non-SILAC media or SILAC media, 

digested protein samples (in-gel digested or in-solution digested) were analysed using an 

online liquid chromatography tandem mass spectrometry (LC-MS/MS). A nano-flow 

UltiMate 3000 ultra-high performance liquid chromatography (UHPLC) (Thermo Fisher 

Scientific) and a Q Exactive HF hybrid Quadrupole Orbitrap mass spectrometer (Thermo 

Fisher Scientific) were used. Samples were first re-suspended in 0.1% TFA and eluted 

from a 50 cm × 75 µm Easy-spray PepMap C18 analytical column (Thermo Fisher 

Scientific), with the column temperature maintained at 40 °C. Mobile phase A used was 

water with 3% acetonitrile (ACN) plus 0.1% formic acid (FA), and mobile phase B was 

water with 80% ACN plus 0.1% formic acid FA. Loading buffer was 0.1% TFA and 3% 

ACN. All mobile phase components were HPLC grade and were purchased from Fisher 

Scientific. All buffer percentages are v/v. Flow rate for peptide elution was set at 300 

nL/min with a gradient of 3% to 40% buffer B over 60 minutes. For peptide ionisation, a 

spray voltage of 2.1 kV was used, with S-lens RF level set at 60, and heated capillary at 

250 °C. For scanning, MS1 resolution of 120,000 at m/z 200 and MS2 resolution of 

15,000 at m/z 200 were used. Full scan target was set at 3E6 with maximum fill time of 

100 ms. A mass range of 375-1500 was chosen. A value of 5E4 was set as target value 

for fragment scans, with intensity threshold kept at 5E4. Isolation width was set at 1.2. 

Fixed first mass was set 100, and a value of 28 was set for the normalized collision energy. 

The ‘preferred’ option was used for peptide match, with isotope exclusion mode on. 

Positive mode (profile) was used for data acquisition. 

 

For samples analysed using the amaZon or the maXis mass spectrometer, see section 2.20. 

 

2.18 MS data processing and analysis 

For data generated from the amaZon or the maXis mass spectrometer (data file type .d), 

data were processed using Compass DataAnalysis software (Version 4.1, build 359, 

Bruker Daltonik GmbH) and Mascot generic format (MGF) files were generated using 
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the default ion trap processing method. MGF files were then processed using Mascot 

Daemon software and searched against the SwissProt database with the Homo sapiens 

(human) taxonomy selected. Carbamidomethyl (C) was set as fixed modification and 

oxidation (M) as variable modification. Decoy database was selected, and max missed 

cleavage was set to 1. The option of peptide charge 2+, 3+ and 4+ was selected, with 

peptide tolerance of ±0.6 Da. 

  

MS data acquired from the Q Exactive HF (data file type .raw) were processed by 

MaxQuant (version 1.5.3.30) with built-in Andromeda search engine, and searched 

against the Uniprot human database containing 159615 protein sequence entries 

(downloaded from www.uniprot.org on 12/08/2017). In MaxQuant, trypsin/P (cleaves 

after c-terminuses after lysine and arginine, including which proline follows) was selected 

as the digestion enzyme option, with a max missed cleavages of two. 

Carbamidomethylcysteine was set as fixed modification, while methionine oxidation and 

N-terminal acetylation were set as variable modification. A minimum of one unique 

peptide was required for protein identification, or a non-unique peptide can be assigned 

to the protein group of the highest peptide number (known as Occam’s razor peptide) for 

identification. Peptides with less than 7 amino acids, or with mass over 4600 Da, were 

not considered for protein identification or quantification. The peptide tolerance was set 

at 4.5 ppm, and threshold was set at 500. 

 

For samples prepared from in-gel digestion, the “match between run” option was selected 

for a combined search/identification between different gel bands of the same gel lane for 

the non-sequenced or non-identified peptides.  

 

For the SILAC samples, multiplicity was set as 2, with the heavy label Arg10 and Lys8 

option selected. A maximum of three arginine or lysine labelled amino acids per peptide 

were allowed. Pro6 (Proline 6) was added as a variable modification for the arginine to 

proline conversion. Up to five modifications per peptide were allowed. Unmodified 

unique or razor peptides were used for quantification, taking consideration of peptides 

with modifications including methionine oxidation, N-terminal acetylation and proline 6. 

The re-quantify option was selected for the missing SILAC pair identifications. For other 

settings the default options were used. SILAC ratios were normalized to the median of 

peptide levels where the log2 ratios equal to zero. 
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For data type generated from the Q Exactive HF system (.raw) to be analysed by Mascot, 

the files were firstly converted to file type (.mgf) using software ProteoWizard 

(http://proteowizard.sourceforge.net/downloads.shtml) and then loaded to Mascot. 

 

2.19 Further MS data processing and bioinformatics analysis 

Further proteomics data processing (post-MaxQuant) and bioinformatics analysis were 

carried out using Perseus software (www.perseus-framework.org, version 1.5.2.6). 

MaxQuant generated data files “proteinGroups.txt” were loaded to Perseus.  In Perseus, 

protein groups were firstly filtered, with irrelevant groups including “only identified by 

site”, “reverse” and “potential contaminants” removed. For the rows matching, gene name 

was used. Gene ontology analysis was performed using the Panther classification system 

(pantherdb.org). 

 

For data from SILAC experiments, data were automatically normalised to adjust shifts of 

protein ratio (H/L or L/H) distribution. Unless stated otherwise, SILAC data of ratios 

presented in this work are all normalised. One-sample t-tests were performed within 

Perseus. The P-value threshold was set as 0.05, and the P-values were given as –log10. 

Significantly changed protein groups were then filtered based on t-test difference ≤ -0.585 

or ≥ 0.585 (1.5 fold change). 

 

 

2.20 Absolute quantification for anthrax vaccine 

The preparation of stable isotope labelled standard peptides 

Stable isotope labelled standard peptides (SIS peptides) with sequence of DLNLVER, 

NNIAVGADESVVK and NQTLATIK were synthesised by Abingdon Health. SIS 

peptides (powder) were weighted, dissolved in distilled water with additional guanidine 

hydrochloride. The concentration of the SIS peptides was determined by amino acid 

analysis (AAA).  AAA was performed by Protein and Nucleic Acid Chemistry Facility, 

University of Cambridge. 
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Anthrax vaccine sample preparation 

Anthrax vaccine samples (including two types of samples: rPA and filtrate) received from 

Porton Biopharma were either diluted with distilled water, or concentrated using a 3K 

Nanosep Centrifugal Devices with Omega Membrane (PALL Corporation). The 

concentration was performed as per manufacturer's instructions, briefly, 500 µl sample 

was added to the filter and centrifuge at 13000 × g for 12.5 minutes, flow through was 

discarded and sample retained on the membrane was collected by pipetting. After 

dilution/concentration, anthrax vaccine samples were mixed with the required amount of 

SIS peptides and digested with trypsin. For each 50 µl reaction in 50 mM ammonium 

bicarbonate (Sigma-Aldrich), 200 ng (final concentration 4 ng/µl) trypsin (Sigma-

Aldrich) together with 15 µg (1.5 µl, 10 µg/µl ) ProteaseMAX Surfactant, Trypsin 

Enhancer (Promega) were added. Samples were incubated at 37 °C for a desired length 

of time. Digestion was stopped by adding 5 µl 1% trifluoroacetic acid (TFA) (Sigma-

Aldrich). Samples were then concentrated to dryness using a speedvac (Concentrator 

Plus, Eppendorf) at 30 °C, in vacuum-aqueous (V-AQ) mode. Dried samples were either 

stored at -20 °C, or re-suspended in 10 µl of 0.1% TFA for LC-MS analysis. 

 

LC-MS analysis 

Prepared samples were loaded to a U3000 HPLC (Thermo Fisher Scientific) online with 

the amaZon ETD Ion Trap or the maXis UHR-TOF mass spectrometer (both from Bruker 

Daltonics) with 5 µl injection amount. Mobile phase A was water with 3% Acetonitrile 

(ACN) plus 0.1% formic acid (FA), and mobile phage B was water with 97% ACN plus 

0.1% FA. Components of mobile phase were all HPLC grade and were purchased from 

Fisher Scientific. All buffer percentages are v/v. For the amaZon system, samples were 

loaded on a LC Packings µ-precolumn holder with 2 × connecting tubing 30 µm I.D. × 

15 cm at a flow rate of 30 µl/min of 97% mobile phase A for 5 minutes, and eluted from 

a C18 column (Acclaim PepMap 100 C18, 3 µm, 100Å, 75 µm × 15 cm, Thermo Fisher 

Scientific) with gradient of 35 minutes from 3% to 40% mobile phase B at a flow rate of 

30 µl/min. The temperature was set at 35 °C. Electrospray ionisation was used to 

introduce peptides into the mass spectrometer, with ion polarity set to positive. Capillary 

voltage was set to 4200 V, with end plate offset voltage 500 V. Dry gas flow rate was 4.0 

L/min, dry temperature was 250 °C. MS data were acquired in enhanced resolution mode, 

with a scan range of 300-1350 m/z. For the maXis system, samples were loaded on a 

Dionex Nano-Trap Column with Dionex nanoViper Fingertight Fittings, 30µm I.D. × 

100mm (Thermo Fisher Scientific) at a flow rate of 30 µl/min, 97% mobile phase A for 
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2 minutes, and eluted from a C18 column (Acclaim PepMap RSLC C18, 2 µm, 100Å, 75 

µm × 15 cm, nanoViper, Thermo Fisher Scientific) with a gradient of 20 minutes, from 

3% to 40% mobile phase B at a flow rate of 0.3 µl/min. The column temperature was set 

at 35 °C. Electrospray ionisation (captive spray) was used to introduce peptides into the 

mass spectrometer, with ion polarity set to positive. Capillary voltage was set to 1400 V, 

with end plate offset voltage 500 V. Dry gas flow rate was 3.0 L/min, dry temperature 

was 150 °C. Mass scan range was set as 50-2200 m/z. 

 

Data processing 

Data were processed using Compass DataAnalysis software (Version 4.1, build 359, 

Bruker Daltonik GmbH). amaZon or maXis generated PA/rPA data (data file type .d) 

were processed using the default ion trap processing method to generate Mascot generic 

format (MGF) files, which were searched against SwissProt database with bacteria 

taxonomy selected. Peptide abundance was calculated based on area under curve (AUC) 

of the extracted ion chromatogram (EIC) with the correct m/z of each SIS peptide. The 

sum of AUC based on the EIC representing the correct m/z of peptide was used for peptide 

quantification. As a general rule, for data generated from the amaZon system, a precision 

range (width) of ±0.2 was used, while for data generated from the maXis system, the 

precision range (width) was set as ±0.01. The peaks were smoothed for 2 cycles using a 

Gaussian algorithm. Based on AUC, the concentration of PA/rPA in the anthrax vaccine 

was calculated. Numerical data were processed using Microsoft Excel 2013 software. 
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Chapter 3: Studying the Effects of DNA Modifications on the 

Interference of CRISPR-Cas Systems  

 

3.1 Abstract 

CRISPR-Cas systems and restriction modifications (RM) are two host defence systems 

used by prokaryotes to provide protection against mobile genetic elements (MGEs). RM 

and CRISPR-Cas systems work by targeting specific sequences of invading DNA. One 

known strategy that phage use to counter-attack these defence systems of their host is to 

modify their own DNA. In this study, I developed and optimised methods using PCR in 

conjunction with modified dNTPs, to synthesise a range of target dsDNAs with various 

DNA modifications, including hydroxymethylcytosine and glucosylated 

hydroxymethylcytosine. Synthesised modified dsDNA were further tested using in vitro 

assays by collaborators at Wageningen University. Results showed that glucosylated 

target DNA can interfere with the activities of type I-E and type II-A CRISPR-Cas 

systems by lowering targeting DNA binding affinity. In contrast, for type V-A systems 

where Cas12a is employed, glucosylation of DNA does not interfere with binding and 

cleavage. For target DNA with 5-hydroxymethylated cytosine, none of the 3 types of 

CRISPR-Cas systems are impaired. Specifically for type I-E CRISPR-Cas systems, 

results also show that Cascade/Cas3 is not impeded by deoxyuridine or 5-

hydroxymethyluridine containing DNA, but impeded by 5-methylcytosine and 

phosphorothioate linkage containing DNA.  
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3.2 Introduction 

Bacteriophage, or phage, are the most abundant biological entities on Earth, estimated 

over 1030 (Chibani-Chennoufi et al., 2004). These viruses usually largely outnumber their 

host by up to 150 fold (Wigington et al., 2016), and infect bacteria 1025 times per second 

(Lima-Mendez et al., 2007). To survive under this type of pressure, bacteria have 

developed several defence strategies on different levels, such as entrance block, which 

prevents phage adsorption or phage DNA injection (Samson et al., 2013; Stern and Sorek, 

2011), and abortive infection (Abi), which triggers a suicide mechanism of infected 

bacteria (Forde and Fitzgerald, 1999). A further strategy used is restriction modification 

systems (RM). RM systems are used by bacteria to protect their own DNA by using 

chemical modifications (e.g., cytosine methylation). Invading DNA without the same 

modification will be cleaved and destroyed by endonucleases (Luria, 1953; Luria and 

Human, 1952). Another DNA level defence system is clustered regularly interspaced 

short palindromic repeat with CRISPR-associated proteins, or CRISPR-Cas systems. 

These are adaptive immune systems, which include the integration of nucleic acid 

sequences (known as spacers) from invaders into the host chromosome. These sequences 

are subsequently  transcribed and processed into small CRISPR RNAs (crRNAs), and 

assembled into functional RNA-nuclease complexes (Terns and Terns, 2014). CRISPR-

Cas systems have been characterized into different types. In E. coli K12 (type I-E system), 

a ribonucleoprotein complex named Cascade (CRISPR-associated complex for antiviral 

defence) is described (Brouns et al., 1993; Jore et al., 2011). This type of CRISPR-Cas 

systems uses the nuclease Cas3 to bind target DNA and mediate cleavage. For type II 

CRISPR-Cas systems, CRISPR/Cas9 systems are the most studied. Cas9 not only serves 

as an endonuclease but also facilitates crRNA mediated DNA binding (Makarova et al., 

2015). CRISPR/Cas9 systems have been wildly used in gene editing. Similar to type II 

systems, a more recently characterized CRISPR-Cas system, type V-A also uses single 

effector protein, Cas12a (Zetsche et al., 2015). This feature of type V-A systems makes 

them potential alternatives to CRISPR/Cas9 as gene-editing tools (see Chapter 1.3.2 for 

more information regarding gene-editing using CRISPR). 

 

Phage, on the other hand, also developed a number of strategies to cope with the 

prokaryotic defence systems as part of the long biological arms race between the two. For 

example, for bacterial defence strategies that target specific DNA sequences (including 

CRISPR-Cas systems), phage can either mutate target sequences to escape restriction 



Chapter 3 

55 

 

endonuclease activities (McGrath et al., 1999; Deveau et al., 2008), or nullify the 

surveillance of defending systems by recombining their own genomes (Andersson and 

Banfield, 2008; Paez-Espino et al., 2015). Phage can also express inhibitory proteins that 

target cofactors and restriction sites of RM systems (Samson et al., 2013). For CRISPR-

Cas systems, similar types of inhibitory proteins coded by phage, named anti-CRISPR 

proteins (ACR), have been discovered recently (Pawluk et al., 2016). These ACRs can 

bind to Cas proteins and interfere with their functions. 

 

Another strategy phage have developed to survive the host defense systems is to modify 

their own DNA, which has been described in T-even phage (Weigele and Raleigh, 2016). 

Depending on species, phage have different types of DNA modifications (Figure 3.1A-

D). For T4 phage that infect E. coli, cytosine is replaced by 5-hydroxymethylcytosine 

(hmC). For some phage that infect Bacillus subtilis, thymine is replaced by 5- 

hydroxymethyluracil (hmU) or uracil. The percentage of modification also varies. In T4 

phage, 100% of cytosine bases are replaced by hmC, and 41% of thymine bases are 

replaced by 5'-dihydroxypentyluracil (Warren, 1980). Base modifications can alter the 

structure of DNA, leading to changes of DNA physical properties such as thermal 

transition temperature (Warren, 1980). The biogenesis of modified bases involves a series 

of enzymes such as dCMP hydroxymethylase and dCMP deaminase (Mathews et al., 

1979). For T4 phage to bypass RM systems of E. coli, the modification of hmC in their 

DNA is not enough, as E. coli can specifically target DNA with hmC with McrBC systems 

(Raleigh and Wilson, 1986). Thus for phage to survive, they further glucosylate their 

DNA with hmC converted into glucosyl-5-hydroxymethylcytosine (ghmC) (Figure 3.1E) 

through phage-coded glucosyl transferases, in conjunction with uridine diphosphate 

glucose (UDPG) as a source of glucose (Lehman and Pratt, 1960). GhmC modification is 

believed an effective strategy against most RM systems. 
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Figure 3.1 | Examples of phage DNA modifications. (a) 5-methylcytosine (mC). (b) 5-

hydroxymethylcytosine (hmC). (c) 2'-deoxyuridine (dU). (d) 5-hydroxymethyl-2'-deoxyuridine 

(hmU). (e) Glucosyl-5-hydroxymethylcytosine (ghmC). (f) Phosphorothioate linkages.  

 

As the defence mechanisms of CRISPR-Cas systems are different compared to RM 

systems, the way they act on modified target DNA is also likely to be different. In order 

to find out how CRISPR-Cas systems interact with modified target DNA, in this chapter, 

a series of modified DNA, including 5-methylcytosine (mC); 5-hydroxymethylcytosine 

(hmC); 2'-deoxyuridine (dU); (d) 5-hydroxymethyl-2'-deoxyuridine (hmU); (e) Glucosyl-

5-hydroxymethylcytosine (ghmC); and (f) Phosphorothioate linkages (Thio) (see Figure 

3.1) were synthesised, followed by in vitro CRISPR-Cas interaction studies carried out 

by collaborators at Wageningen University.  
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3.3 Design and synthesis of modified dsDNA 

3.3.1 PCR template preparation for substrate dsDNA synthesis  

To study the effect of modifications on CRISPR-Cas defence systems, target dsDNA (98 

bp) with spacer 8 sequence (sp8) were required for subsequent in vitro Cascade analysis. 

Initial work was therefore focussed on the optimisation of the synthesis of modified DNA 

templates using PCR. Templates used for first round of PCR were 937 bp plasmids 

containing the sp8 sequence. PCR products (98 bp dsDNA) were synthesised using Q5 

high-fidelity polymerase, with BG8415 and BG8416 as forward and reverse primers, 

respectively. Results are shown in Figure 3.2 (lane 1). Product dsDNA were then 1:100 

and 1:1000 diluted with nuclease free water. Diluted dsDNA products were used as 

templates for a second round of PCR. Synthesised dsDNA are shown in Figure 3.2 (lanes 

2 and 3). For best results, the 1:100 diluted first round 98 bp PCR products were chosen 

as templates for future dsDNA synthesis in this study. 

 

 

 

 

 

 

 

Figure 3.2 | PAGE result of PCR template preparation. A pUC 18 DNA Hae III digest (Sigma 

Aldrich) was used as marker (M). Lane 1: PCR synthesised dsDNA using 937 bp plasmid DNA 

as template. Lane 2:  PCR synthesised dsDNA using 1:100 diluted product from lane 1, as 

template. Lane 3: PCR synthesised dsDNA using 1:1000 diluted product from lane 1, as template.  

 

3.3.2 Optimisation of incorporation of modified dNTPs using PCR 

The incorporation efficiency of modified dNTPs is often lower than unmodified dNTPs 

during PCR. Therefore, to successfully synthesise sufficient amounts of target DNA using 

PCR, a suitable DNA polymerase needs to be determined. In this study, 2 different types 

of DNA polymerases were tested: Taq DNA polymerase and Q5 high-fidelity DNA 

polymerase (with processivity-enhancing Sso7d DNA binding domain fused novel 

polymerase, ultra-low error rates). 
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For Taq polymerase, a range of different PCR reactions were performed, using 1) 

unmodified dNTPs (A, T, G and C), 2) dmCTP replacing dCTP, 3) dhmCTP replacing 

dCTP, 4) dUTP replacing dCTP and 5) α-thio-dNTPs. A summary of the modified dNTPs 

used in this study are shown in Figure 3.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 | Molecular structure of modified dNTPs used in this study. 

 

 

Results from the PCRs are shown in Figure 3.4. The results show that 5mdC, 5hmdC and 

dU were successfully incorporated into DNA (lanes 1-3), with slightly reduced efficiency 

compared to unmodified dNTP incorporation (lane 6). In general, the efficiency of Taq 

polymerase is relatively low even for incorporating unmodified dNTPs (comparing lane 

6 to the marker bands, where approximately 61 ng was loaded). Practically a yield of 500 

ng/µl dsDNA product is achievable after 35 cycles of amplification using 100 bp 
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templates. PCR reactions using  thio-dNTPs  (all 4 dNTPs replaced by α-thio-dNTPs), no 

product was detected (lane 4).  

 

 

 

 

 

 

 

 

Figure 3.4 | PAGE results of modified dNTPs incorporation by PCR using Taq polymerase. 
The approximate loading amount of marker (M) is 61 ng. Lane 1-4 are PCR products with 

incorporated mdC, hmdC, dU, and thio-dNTPs, respectively. Lane 5 is no template control (NTC). 

Lane 6 is PCR product with normal dNTPs. 

 

Since full replacement of dNTPs with α-thio-dNTPs leads to unsuccessful PCR 

incorporation, the next attempt was to partially replace dNTPs with α-thio-dNTPs. α-thio-

dNTPs were mixed with normal dNTPs at a range of different ratios and the results are 

shown in Figure 3.5 (A). From lanes 1-6, with the proportion of α-thio-dNTPs increased, 

product yields decreased. When the amount of α-thio-dNTPs increases to above 90%, 

almost no product is detected (Figure 3.5A, lanes 4-6). It is worth noting that shifts of 

migration were observed in gel electrophoresis for DNA products using α-thio-dNTPs 

(Figure 3.5A, lanes 1-4). The higher percentage of thio-dNTP replacement, the shorter 

distance migrated on the gel. This alteration in migration is likely caused by the 

replacement of phosphodiesters with the phosphorothioates, consistent with α-thio-

dNTPs incorporation. To further study the incorporation of α-thio-dNTPs, an experiment 

was performed using up to three types of α-thio-dNTPs but with full replacement of the 

corresponding unmodified dNTPs. Results are shown in Figure 3.5A (lanes 7-8) and 

Figure 3.5B (lanes 2-5). These results show that using Taq polymerase enabled 

incorporation of one or two out of the four dNTPs replaced by α-thio-dNTPs. However, 

even with the replacement of one type of the unmodified dNTP with the corresponding 

α-thio-dNTP, the incorporation efficiency was greatly reduced (compare lane 7 to lane 1 

in Figure 3.5A). In experiments with any combination of three α-thio-dNTPs, PCR is 

unsuccessful as no product was detected (Figure 3.5B, lane 2-5.).  
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(A)  

 

 

 

 

 

(B) 

 

 

 

 

 

Figure 3.5 | Optimisation of α-thio-dNTP incorporation by PCR using Taq polymerase. (A) 
Using an increasing proportion of α-thio-dNTP mixtures (A, T, G and C) to replace normal dNTP 

mixtures (A, T, G and C) in PCR. From lane 1 to lane 6: 0%, 75%, 82.5%, 90% and 97.5% of α-

thio-dNTP mixture, respectively. Lane 7: dCTP fully replaced by α-thio-dCTP in PCR (dA, dT 

and dG not replaced); lane 8: dCTP and dGTP fully replaced by α-thio-dCTP and α-tho-dGTP in 

PCR (dA and dT not replaced). (B) Lane 1: control with unmodified dNTPs; lanes 2-5: full 

replacement of three α-thio-dNTPs with one normal dNTP (normal dC, dG, dT, dA for lanes 2-5, 

respectively). 

 

 

Following analysis of incorporation efficiency of modified dNTPs using Taq polyermase, 

further studies were performed using Q5 high-fidelity DNA polymerase for modified 

dNTP incorporations. Results are shown in Figure 3.6. Q5 high-fidelity DNA polymerase 

show good efficiency incorporating mdC and hmdC (compared to the incorporation 

efficiency with normal dNTPs). For dU incorporation using Q5 high-fidelity DNA 

polymerase, no product was observed. This is due to the high-fidelity feature of this 

enzyme, which recognizes the dU incorporation as an error, a proof reading ability 

provided by its 3'-5' exonuclease activity. However, hydroxymethyluridine (hmdU) can 

be incorporated by this polymerase with reduced efficiency. For α-thio-dNTP 

incorporations, full replacement of two out of four α-thio-dNTPs (dC and dG in this case) 

was proven successful, but not possible with all four dNTPs, similar to Taq polymerase. 

 

 

 

 

 

 



Chapter 3 

61 

 

  

 

 

 

 

 

 

Figure 3.6 | PAGE results of modified dNTPs incorporation by PCR using Q5 high-fidelity 

DNA polymerase.  

 

3.3.3 Optimisation of PCR product yield using modified dNTPs 

Although both Taq and Q5 high-fidelity DNA polymerase were shown to be able to 

incorporate modified dNTPs, the yields (including unmodified dNTPs incorporation) 

were relatively low. For this reason, further optimizations were carried out. Different 

reaction conditions including the denaturing and annealing temperature, the reaction time 

and the concentration of reagents used (including Mg2+, primers, DNA polymerases and 

dNTPs) were tested. Mg2+ as a cofactor is already supplied in the reaction buffer that 

comes with the kit. For Taq polymerase, the concentration of Mg2+ in 1× standard reaction 

buffer is 1.5 mM. For Taq polymerase incorporating unmodified dNTPs, the results show 

that increased amounts of additional Mg2+ up to 2.5 mM have positive effect on product 

yields (Figure 3.7A). Other conditions tested including the increased amount of dNTPs 

(from 0.1 mM to 0.5 mM), the increased amount of primers (0.1 µM to 1 µM), or 

prolonged denaturing time (from 30 seconds to 45 seconds), do not have significant 

impact on product yields (see Figure 3.7 B, C and D).  

 

 

 

Figure 3.7 | Optimisation of unmodified dNTPs incorporation using Taq polymerase. 

Different conditions were tested for product yields optimisation purposes. (A) Additional amount 

of Mg2+, (B) dNTPs concentration, (C) primer amount (forward and reverse, each), and (D) 

denaturation time length for each cycle.   
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Annealing temperature is a critical factor for PCR that may affect product yield. Here, 

different annealing temperatures were tested for Taq polymerase incorporating modified 

and unmodified dNTPs. Of the two annealing temperatures tested, 46 °C is the 

recommend annealing temperature calculated based on primer sequences. Results show 

no significant differences between the two annealing temperature conditions (Figure 3.8).  

 

 

Figure 3.8 | Effect of annealing temperature on product yield using Taq polymerase. 

Incorporation of both modified and unmodified dNTPs were tested.  

 

 

Hot start strategy in PCR can reduce nonspecific formation of primer dimers and increase 

product yields (D’aquila et al., 1991). Here, a PCR reaction was performed where Taq 

polymerase and primers were added to a preheated (to reaction temperature) mixture. As 

shown in Figure 3.9, using the hot start strategy with Taq polymerase had a small effect 

on product yield. For modified dNTP incorporations with lower efficiency (i.e., dU, hmU 

and α-thio dNTPs), hot start strategy was proved of limited beneficial effect for this study 

(lane 3 to lane 5). 

 

 

 

 

 
Figure 3.9 | Efficiency test of hot start PCR strategy with Taq polymerase. Lane 1 used hot 

start PCR procedure, lane 2 used normal PCR procedure, both for unmodified dNTP 

incorporations. Lanes 3-5 used hot start PCR for the incorporation of dU, hmU and α-thio-dG/dT, 

respectively. 

 

Similar optimization was also applied to Q5 high-fidelity DNA polymerase. First, the 

effect of Mg2+ was tested, with the results shown in Figure 3.10. Unlike Taq polymerase, 

for both modified and unmodified dNTPs incorporation tested, additional Mg2+ (3 mM) 
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reduced yields. These results suggest that the reaction buffer for Q5 high-fidelity DNA 

polymerase is already optimized for the amount of Mg2+ required.  

 

 

 

 

 

 

Figure 3.10 | Effect of additional Mg2+ on Q5 high-fidelity DNA polymerase. Tests were 

performed incorporating unmodified dNTPs, hmdC, hmdU and α-thio-dG/dT, with 3 mM Mg2+ 

(shown as “+”) or without additional Mg2+ (shown as “-”). 

  

 

Next, the effect of denaturing temperature, annealing temperature and numbers of thermo 

cycle on Q5 high-fidelity DNA polymerase performance were tested for the incorporation 

of unmodified dNTPs, hmdU and α-thio-dG/dT, results are shown in Figure 3.11. With 

additional 10 thermocycles of synthesis, neither the increase in denaturing temperature 

(98 °C to 99.9 °C) nor the increase of annealing temperature (61 °C to 63 °C) showed 

beneficial effect on product yields. On the contrary, the incorporation efficiency of α-

thio-dG/dT was decreased under these conditions.  However, it is worth noting that higher 

annealing temperatures (61 °C or 63 °C) showed improved yields compared to 50 °C for 

Q5 high-fidelity DNA polymerase (see Figure 3.5, where 50 °C annealing temperature 

was used).   

 

 

 

 

 

 

 
Figure 3.11 | Effect of denaturing temperature (DT), annealing temperature (AT) and 

thermo cycles on the incorporation of hmC, hmU and α-Thio-dG/dT using Q5 high-fidelity 

DNA polymerase. As controls, samples were run on default conditions (DT 98 °C, AT 61 °C, 35 

cycles) marked as “-”.  
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3.3.4 Preparation of modified dsDNA substrates for interference of CRISPR-

Cas Systems 

Based on the PCR yield optimization results, Q5 high-fidelity DNA polymerase was 

chosen to synthesise dsDNA targets, except for dU, which was performed using Taq 

polymerase. The dsDNA substrates with sp8 spacer sequence (for sp8 sequence see 

section 2.1) were subsequently used for downstream studies of CRISPR-Cas systems (see 

section 3.4). The optimised final conditions used for PCR with both polymerases, are 

described in Chapter 2.1. For Taq polymerase, additional Mg2+ (2.5 mM) was used. Due 

to the fact that optimization attempts did not significantly increase product yields, 

reactions were carried out on a larger scale, and products were purified and concentrated 

to obtain the titre required for the downstream application. This is especially necessary 

for low efficiency incorporations such as hmU and α-thio-dNTPs. Concentrated and 

purified dsDNA with different modifications were then analysed on native PAGE, the 

final products are shown in Figure 3.12. The yields of the DNA products were determined 

using UV spectrophotometry (NanoDrop 2000C) and are summarised in Table 3.1, which 

are sufficient for further in vitro CRISPR-Cas studies. A number of the non-specific 

products including primer dimers were also generated in the purified products (Figure 

3.12). It is interesting to note that the profiles of non-specific products are different for 

different dNTP incorporations. For example, the double bands for dU incorporation at 

approximately 180 bp, significant amount of small (possibly similar size as primers) non-

specific products for hmC and hmU incorporations. The reasons for this are not yet 

understood. 

 

 

 

 

 

 

 

 

 

 
Figure 3.12 | PAGE analysis of oligo sp8 dsDNA products with various modifications. All 

samples were concentrated and purified before loading to the gel. 
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Table 3.1 | Concentration of final PCR products given by NanoDrop. Modified bases are in 

bold. Phosphorothioate linkages are shown as “ps”. 

 

DNA Products Conc. (ng/µl)* 

d(AGCT) (control) 61.0 

d(AGCU)  94.0 

d(AGmCT) 102.7 

d(AGhmCT) 60.1 

d(AGChmU) 53.9 

d(AGpsCpsT) 48.2 

* Note: Concentration of DNA products are based on QIAGEN kit purified samples. Actual 

concentration of dsDNA products are lower, as values shown include non-specific products. 

3.3.5 Synthesis of glucosylated 5-hydroxymethylcytosine DNA 

Purified DNA substrates with hmC incorporated (see Figure 3.12) were then 

enzymatically glucosylated using T4 beta-glucosyltransferase. Glucosylated dsDNA 

substrates were then concentrated to approximately 50 µl and analysed on PAGE (Figure 

3.13). Compared to dsDNA with hmC, a small shift in migration of the glucosylated DNA 

on PAGE is observed, indicating the glucosylation process was successful. 

  

 

 

 

 

 

Figure 3.13 | Glucosylated hmC DNA (+) and hmC DNA (-). 

3.3.6 Preparation of phosphate labelled dsDNA  

Downstream CRISPR-Cas studies required the use of 5'-end and 3'-end 32P labelled 

dsDNA. To enable selective 32P phosphorylation of the dsDNA strands, in this work 

samples were prepared using phosphate-labelled primers. Either 5'-phosphate-labelled 

forward primers or reverse primers were used to label one of the two strands of dsDNA. 

PCR reactions were performed as described in the previous section and the results are 

shown in Figure 3.14. Incorporation efficiency is not affected in a significant way when 

phosphate-labelled primers are used (Figure 3.14A). The final dsDNA products (after 
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concentration and purification) are shown in Figure 3.14 (B) and (C). The product 

concentrations were determined by NanoDrop and are listed in Table 3.2 and 3.3. 

 

   

   

 

 

 

 

 

 

 

 

Figure 3.14 | PAGE analysis of phosphate-labelled dsDNA. (A) Incorporation efficiency of 

using phosphate-labelled primers compared to regular primers (control). FWD: forward primers, 

REV: reverse primers. (B) Oligo sp8 dsDNA products with various modifications using 

phosphate-labelled forward primers. (C) Oligo sp8 dsDNA products with various modifications 

using phosphate-labelled reverse primers. Marker used in (B) and (C) are pUC DNA Hae III 

digests. 

 

 

Table 3.2 | Concentration of PCR products (with 5'-phosphate-labelled forward primers) 

by NanoDrop test. Modified bases are in bold. Phosphorothioate linkages are shown as “ps”. 

 

Products Conc. (ng/ µl)* 

d(AGCT) (control) 66.7 

d(AGCU) 69.2 

d(AGmCT) 120.9 

d(AGhmCT) 83.6 

d(AGghmCT) 69.1 

d(AGChmU) 57.6 

d(AGpsCpsT) 37.9 

* Note: Concentration of DNA products are based on QIAGEN kit purified samples. Actual 

concentration of dsDNA products are lower, as values shown include non-specific products 
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Table 3.3 | Concentration of PCR products (with 5'-phosphate-labelled reverse primers) 

by NanoDrop test. Modified bases are in bold. Phosphorothioate linkages are shown as “ps”. 

 

Products Conc. (ng/ µl)* 

d(AGCT) (control) 33.3 

d(AGCU) 59.2 

d(AGmCT) 105.0 

d(AGhmCT) 68.8 

d(AGghmCT) 80.3 

d(AGChmU) 77.3 

d(AGpsCpsT) 62.4 

* Note: Concentration of DNA products are based on QIAGEN kit purified samples. Actual 

concentration of dsDNA products are lower, as values shown include non-specific products 
 

To further verify the successful incorporations of various modifications into the dsDNA, 

samples were digested into nucleosides and analysed by HPLC-UV and LC-MS, which 

are discussed in chapter 4. 
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3.4 Studying the Effects of DNA Modifications on the Interference of 

CRISPR-Cas Systems 

3.4.1 In vitro Cascade interaction 

Following the synthesis and validation (for validation see Chapter 4) of the 98 bp dsDNA 

(containing the sp8 spacer sequence) with various DNA modifications, in vitro 

binding/cleavage reactions of the type I-E CRISPR system from E. coli was performed. 

The in vitro binding and cleavage analysis was performed by Marnix Vlot in collaboration 

with Wageningen University. Cascade complex was overexpressed in E. coli in 

conjunction with a crRNA complimentary to the sequence of target dsDNA substrate. The 

enzyme responsible for cleaving the target dsDNA (Cas3) was also expressed. Complexes 

containing a crRNA with non-matching spacer eGFP was used as negative control. In 

vitro cleavage assays were carried out under different conditions (with or without 

Cascade/Cas3) on DNA targets containing the modified nucleosides. For target dsDNA 

with unmodified cytosine, hmC and ghmC, the in vitro Cascade interaction results are 

shown in Figure 3.15. The results show that the Cascade/Cas3 RNP complex successfully 

degrades target dsDNA with unmodified cytosine and hmC, but not DNA containing 

ghmC (Figure 3.15B). To determine whether the above results were caused by the 

inhibition Cascade binding or inhibition of Cas3 cleavage, electrophoretic mobility shift 

assay (EMSA) was performed (Figure 3.15C). The results show that for dsDNA with 

hmC, sequence-specific binding is reduced compared to dsDNA with unmodified 

cytosine. For ghmC containing dsDNA, no binding is observed, indicating that the bulky 

structure of glucosylated DNA may prevent Cascade from binding, and could be one of 

the reasons ghmC containing DNA escape the CRISPR-Cas systems. 
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Figure 3.15 | In vitro Cascade interaction with modified oligo T4 phage dsDNA (hmC and 

ghmC). (A) Schematic diagram of DNA targeting by Cascade and the formation of R-loop. 

Cytosine residue modifications are indicated in red. (B) Cleavage assay of Cas3 in conjunction 

with Cascade on 98 bp dsDNA targets with different modifications (black arrow). Marker (bp) is 

shown with white arrows. T crRNA indicates targeting crRNA, while NT crRNA indicates non-

targeting crRNA, either of which are loaded with Cascade effector complex. Restrictions product 

length (bp) are undefined. (C) Electrophoretic Mobility Shift Assay (EMSA) of Cascade 

performed on unmodified dsDNA, dsDNA with hmC, or ghmC (black arrows) at increasing 

Cascade concentrations (nM). White arrows indicate bound target fractions. Different gels are 

separated by dotted lines. Figure taken from Vlot et al., 2017, with permission. 

 

 

Following identification that hmC does not interfere with Cas3 cleavage in contrast to 

ghmC, a number of other DNA modifications were evaluated in DNA cleavage assays. 

In vitro Cascade/Cas3 cleavage assays were performed by Marnix Vlot in collaboration 

with Wageningen University on target DNA containing mC, dU, hmU and DNA 

containing phosphorothioate linkages (see Figure 3.16). The results show that target 

dsDNA with dU or hmU are cleaved, while target dsDNA with mC or phosphorothioate 

containing DNA (C/G) are not cleaved. Since EMSA was not performed for DNA with 

these modifications, it is not clear whether the surviving mechanism of mC or 

phosphorothioate containing target dsDNA are due to Cas3 inhibition or Cascade binding 

inhibition. Either way, it is unexpected the modification of mC granted resistance to 
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Cascade/Cas3 systems in vitro, where hmC did not. Further experiments are required to 

confirm this. In the case of phosphorothioate containing target dsDNA it is proposed that 

Cas3 inhibition is the likely mechanism here as phosphorothioate bonds are typically 

more resistant to nucleases compared to phosphodiester bonds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16 | In vitro Cascade interaction with modified dsDNA (mC, U, hmU and Thio-C/G 

= phosphorothioate containing). (A) Cleavage assay of Cas3 in conjunction with Cascade on 

98 bp dsDNA target with mC (black arrow). Marker (bp) is shown as numbers. T crRNA indicates 

targeting crRNA, while NT crRNA indicates non-targeting crRNA, either of which are loaded 

with Cascade effector complex. (B) Cleavage assay of Cas3 in conjunction with Cascade on 98 

bp dsDNA targets with U, hmU and Thio-C/G (black arrow). Marker (bp) is shown as numbers. 

T crRNA indicates targeting crRNA, which is loaded with Cascade effector complex. Different 

gels are separated by dotted lines. 

 

3.4.2 In vitro Cas9 interaction 

Further analysis of the effects of DNA modifications on a different CRISPR-Cas system 

was studied. In vitro binding/cleavage analysis of the type II-A CRISPR was performed 

by Marnix Vlot in collaboration with Wageningen University. Target dsDNA with 

different modifications (hmC and ghmC) were incubated with reconstituted complex 

containing Cas9 and single guide RNA (sgRNA). The results are shown in Figure 3.17. 

Similar to Casade/Cas3 systems, Cas9 with sgRNA can degrade target dsDNA with 

unmodified cytosine and hmC, but not ghmC (Figure 3.17B). The binding status for target 

DNA with different modifications were tested using EMSAs, where catalytically inactive 

Cas9 (dCas9) were used (Figure 3.17C). Interestingly, for hmC, sequencing specific 
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binding is increased compared to unmodified target DNA, in contrast to previous binding 

studies of hmC and unmodified cytosine with Cascade/Cas3 systems. For ghmC, the 

binding of target DNA is observed (unlike Cascade/Cas3, where the binding is almost 

abolished), but with reduced affinity compared to unmodified target DNA. These results 

indicate that glucosylation can protect target DNA from Cas9-sgRNA systems by 

reducing the binding affinity. Also, glucosylation may provide scissile bond protections 

and lowering the interference effect even further. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 | In vitro Cas9-sgRNA interaction with modified dsDNA (hmC and ghmC). (A) 

Schematic diagram of DNA targeting by Cas9. Cytosine residue modifications are indicated in 

red, and black arrows indicated cleavage sites. (B) Cleavage assay of Cas9 on 98 bp dsDNA 

targets with different modifications (black arrow). Marker (bp) is shown with white arrows. T 

sgRNA indicates targeting sgRNA, while NT sgRNA indicates non-targeting sgRNA, either of 

which are loaded with Cas9. Black arrows at 61 bp and 37 bp indicate restriction products (C) 

EMSA of Cas9 performed on unmodified dsDNA, dsDNA with hmC, or ghmC (black arrows) at 

increasing Cas9 concentrations (nM). White arrows indicate bound target fractions. Different gels 

are separated by dotted lines. Figure taken from Vlot et al., 2017, with permission. 
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3.4.3 In vitro Cas12a interaction 

To study the effects of the DNA modifications, another CRISPR-Cas system, type V-A 

Cas12a, which was derived from Francisella novicida, was studied. In vitro 

binding/cleavage analysis was performed by Marnix Vlot in collaboration with 

Wageningen University. Target dsDNA with different modifications were incubated with 

Cas12a and crRNA. The results are shown in Figure 3.18. Unlike type I-E and type II-A 

CRISPR-Cas systems discussed previously, in type V-A Cas12a systems, together with 

unmodified cytosine and hmC, ghmC also cannot protect target DNA from cleavage 

(Figure 3.18B). EMSAs conducted with catalytically inactive Cas12a (or dCas12a, 

mutation E1006A and R1218A) (Swarts et al., 2017) further confirmed that, binding 

affinity of ghmC containing target DNA were similar to unmodified and hmC DNA 

(Figure 3.18C). These results indicate that Cas12a-crRNA complex activities against 

target DNA are not impeded by DNA modifications including hmC or ghmC. 
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Figure 3.18 | In vitro type V-A CRISPR-Cas-sgRNA interaction with modified dsDNA (hmC 

and ghmC). (A) Schematic diagram of DNA targeting by Cas12a. Cytosine residue modifications 

are indicated in red, and black arrows indicated cleavage sites. (B) Cleavage assay of Cas12a on 

98 bp dsDNA targets with different modifications (black arrow). Marker (bp) is shown with white 

arrows. T crRNA indicates targeting crRNA, while NT crRNA indicates non-targeting crRNA, 

either of which are loaded with Cas12a. Black arrows at 49 bp and 44 bp indicate restriction 

products (C) EMSA of Cas12a performed on unmodified dsDNA, dsDNA with hmC, or ghmC 

(black arrows) at increasing Cas12a concentrations (nM). White arrows indicate bound target 

fractions. Different gels are separated by dotted lines. Figure taken from Vlot et al., 2017, with 

permission. 

 

Multiple strategies are used for phage to survive against CRISPR-Cas systems, and phage 

DNA modifications could be one of them. The in vitro assays performed in this study 

show that certain types of CRISPR-Cas systems can indeed, be affected by DNA 

modifications. Here, the results show glucosylated DNA severely impairs type I-E and 

II-A CRISPR-Cas systems in vitro (largely by reducing target DNA binding affinity), but 

have no effect on type V-A CRISPR-Cas systems. Apart from the results shown in this 

study, Dupuis et al., (2013) have proved that in S. thermophiles (type II CRISPR-Cas 

system), adenine methylations of phage DNA in 5'-GATC-3' sequences do not impair 

CRISPR interference or spacer acquisition. Yaung et al., (2014) combined bioinformatics 
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search and experimental evidence, and demonstrated that the CRISPR-Cas system of 

Streptococcus pyogenes (type II) is not impeded when phage modify their DNA by 

adenine/cytosine methylation, cytosine hydroxymethylation or hmC glucosylation. These 

results indicate different CRISPR-Cas systems can have different interference outcome 

when dealing with modified DNA. Also, it is suggested that the degree of inhibition by 

CRISPR-Cas systems depends to target DNA sequence, or the positions of modifications, 

phage life style, as well as the state of phage DNA (Strotskaya et al., 2017).  

 

Among the types of modifications, glucosylation is of great interests, as it is commonly 

used in phage DNA. Inhibition caused by glucosylation can be explained as steric 

hindrance effect, meaning the glucose group hinder the effector complexes from 

interacting. In addition, glucosylation can change DNA structure and stability, and can 

form hydrogen bonds between glucosyl moiety of side groups and neighbouring bases 

(Hunter, 1996). As a consequence, properties such as base pair angles are altered and 

specific structure build for effector actions are changed (El Hassan and Calladine, 1996). 

Further studies can be carried out regarding to the difference of α-glucosylated DNA and 

β-glucosylated DNA. In this study all DNA templates were prepared via enzymatic 

glucosylation using T4 β-glucosylase resulting in β-glucosylated DNA, whereas in Phage 

DNA a mixture of α -glucosylated DNA and β-glucosylated DNA are present.  As for 

methylated cytosine, the inhibition of Cascade/Cas3 activity is unexpected, and can yet 

be explained. Further replicate experiments are needed to confirm this observation. In 

addition, In vivo studies may be used in conjunction with mutant phage DNA with mC to 

further confirm these results. For DNA containing phosphorothioates, the initial results 

of cleavage resistance are promising, as they are expected to be strong against nuclease 

activity, which made them popular candidates for therapeutic oligonucleotides (since they 

can remain intact when delivered). 

 

The co-operation of RM and CRISPR-Cas systems can increase the survival rate of 

bacteria against phage invasion. However, the defence system is still far from perfect. 

Both phage and bacteria use multiple attack/counterattack strategies, in order to survive 

the strong and continuous selective pressure imposed by nature. Practically, CRISPR-Cas 

systems are already used as powerful gene-editing tools, and can be further manipulated/ 

engineered for their efficiency and accuracy. Designate DNA site modifications can be a 

tool to help achieve this. Specifically, the unique resistance of type V-A CRISPR-Cas 

systems against glucosylated DNA could prove useful in gene editing. 
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3.5 Conclusions 

Chemical modifications of DNA are one possible strategy used by phage to evade 

CRISPR-Cas systems. In this study, the effect of DNA modifications on 3 different types 

of CRISPR-Cas systems were studied: a) type I-E (Cascade/Cas3) of E. coli; b) type II-

A with Cas9; and c) type V-A with Cas12a from Francisella novicida.  

 

Initial work focused on the optimisation of the synthesis of modified dsDNA substrates 

using PCR. DNA substrates were synthesised containing the following modifications: 5-

methylcytosine, 5-hydroxymethylcytosine, 5-glucosylhydroxymethylcytosine, 2'-

deoxyuridine, 5-hydroxymethyl-2'-deoxyuridine and phosphorothioate linkages. The 

efficiency incorporating modified dNTPs using PCR depends on the type of modified 

dNTP used. It is particularly challenging for the synthesis of hmU and phosphorothioate 

containing dsDNA. For α-thio-dNTPs, up to 2 types of α-thio-dNTPs can be incorporated 

to generate the required yield of DNA. Following the synthesis of 5-

hydroxymethylcytosine modified DNA, glucosylated dsDNA was enzymatically 

synthesised using T4 beta glucosyltransferase.  

 

In vitro binding/cleavage reactions of range of different CRISPR-Cas systems were 

performed by Marnix Vlot in collaboration with Wageningen University using the 

synthesised DNA substrates. Glucosyl modification of 5-hydroxymethylated cytosines in 

DNA interferes with type I-E and type II-A CRISPR–Cas systems. In contrast, 

the CRISPR–Cas type V-A system cleaves glucosyl-5-hydroxymethylated cytosine bases 

in DNA. Glucosylation of DNA, specifically, was found to prevent target DNA from 

cleavage by lowing the binding affinity in both type I-E and type II-A CRISPR-Cas 

systems, but not prevent from cleavage in type V-A CRISPR-Cas systems, where binding 

affinity remains unaffected. In general, these results offer some exciting prospects that 

DNA modifications used by phage to overcome restriction modification system of 

bacteria, can indeed affect interference of the CRISPR/Cas systems. These findings have 

important implications that could be exploited for genome engineering applications. 
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Statement   

In Chapter 3, the preparation of DNA oligos with various modifications was carried out 

by myself (the author of this thesis), and the In vitro binding/cleavage reactions of 

CRISPR-Cas systems were performed by Marnix Vlot in collaboration with Wageningen 

University. 
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Chapter 4: Development and application of HPLC and LC-

MS methods for the analysis of nucleic acid modifications 

 

4.1 Abstract 

In this Chapter I have developed and applied analytical methods for the analysis of 

nucleoside modifications. Analytical methods using reverse phase HPLC coupled with 

either ultraviolet detection (UV) or mass spectrometry analysis (LC-MS) were developed 

and optimised to separate and identify nucleosides (dA, dT, dG, dC and dU) as well as 

additional modifications including: 5-Methyl-2'-deoxycytidine (mC), 5-Hydroxymethyl-

2'-deoxycytidine (hmC), 5-Hydroxymethyl-2'-deoxyuridine (hmU) and glucosyl-5-

hydroxymethylation of cytosine (ghmC). For HPLC separation, two types of columns 

were employed: a) Superficially porous particles in conjunction with a C30 stationary 

phase (Accucore) and b) Porous graphitic carbon stationary phase (Hypercarb). 

 

Following optimisation of the HPLC and LC-MS methods, I applied these approaches to 

identify and quantify DNA modifications in a range of biological systems including DNA 

generated in vitro using PCR, DNA extracted from different strains of T4 phage and DNA 

extracted from E. coli engineered to incorporate modified nucleosides. With HPLC-UV, 

in vitro synthesised DNA molecules were successfully varified with the incorporation of 

mC, hmC, U and hmU. For phage DNA modifications, HPLC-UV identification results 

are inconclusive, as dC in phage DNA tends to be glucosylated, and I was unable to detect 

dC in these samples. For engineered E. coli plasmid DNA, hmC was identified and 

quantified. In addition, LC-MS was also used, and good sensitivity was shown for the 

identification of nucleosides, specifically for ghmC, which could not be detected using 

HPLC-UV alone. Using LC-MS, ghmC was identified in all types of DNA samples. 
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4.2 Introduction 

High performance liquid chromatography (HPLC) is a reliable and sensitive analytical 

technique used in compound identification, separation and quantification. For nucleic 

acid analysis, reversed phase liquid chromatography (RPLC) and ion-exchange 

chromatography are the most commonly used techniques (Tomiya et al., 2001; Meynial 

et al., 1995). RPLC is a technique that separates according to reversible adsorption of 

analytes to the stationary phase based on their hydrophobicity. Non-polar solvents (such 

as acetonitrile, methanol and isopropanol) that decrease the polarity of the mobile phase 

are used for elution. During elution, nucleosides that are more hydrophilic are weakly 

retained on the stationary phase, while more hydrophilic nucleosides exhibit stronger 

binding to the stationary phase, and therefore elute later in a gradient when increased 

amounts of an organic solvent are used. Being flexible with high ligand density and high 

peak capacity, RPLC is widely used as a separation method for small molecules such as 

nucleosides. However, nucleoside analysis with RPLC can be challenging, as these 

molecules are relatively hydrophilic, hence poorly retained on, for example, a traditional 

C18 column. The use of ion-pairing reagents is one way to increase retention, but will 

also add complexity, increase column equilibration time and are not always compatible 

with MS. By using lower organic content in the mobile phase can increase the retention 

of more hydrophilic nucleosides, but can sacrifice the separation of more hydrophobic 

analytes. 

 

In typical RPLC columns, stationary phases usually consist of hydrophobic alkyl chains 

such as octyl (C8), octadecyl (C18) and phenyl as ligands, which are covalently attached 

to inert non-polar particles (usually silica) (Figure 4.1). Increased hydrophobicity of the 

functional groups on the stationary phase means better retention ability for non-polar 

analytes. Commercially available columns include Accucore C18 and C30 from Thermo 

Scientific.  
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Figure 4.1 | Examples of commonly used surface groups as stationary phases in reversed 

phase chromatography.  

 

 

Accucore C30 is a commercially available reversed phase column with superficially 

porous particles (or Core Enhanced Technology particles), which is composed of a solid 

silica core coated by a porous silica shell (Figure 4.2A). The particle size of Accucore 

C30 columns is 2.6 µm in diameter, with a pore of 150 Å. The superficially porous phases 

give several benefits, including high efficiency with reduced resistance to mass transfer 

and minimised eddy diffusion (Figure 4.2). Also, the back pressure generated by 

superficially porous columns is significantly lower compared to alternative ultra-high 

performance liquid chromatography (UHPLC) columns.  

 

 

             (A)                                                     (B) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 | Accucore C30 with Core Enhanced Technology. (A) Uniform packed Accucore 

C30 superficially porous particles, compared to (B) random packed totally porous particles. In 

Accucore C30, mass transfer resistance is reduced, with limited analyte diffusional path due to 

porous layer depth. Also, Eddy diffusion is minimized (lower panel). 
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Another type of RPLC column that been widely used in nucleotide/nucleoside analysis is 

porous graphitic carbon (PGC), which utilizes a special form of carbon introduced in 1979 

by Knox and Gilbert (Gilbert et al., 1982). Similar to alkyl chain based columns, PGC 

columns are effective for the retention of non-polar analytes, but using a completely 

different mechanism. PGC is composed of large flat carbon atom layers, where carbon 

atoms are trigonal hybridized (sp2) and hexagonally arranged with covalent bonds. 

Compared to true three-dimensional graphite (Figure 4.3A), in which successive layers 

are regularly oriented, PGC is actually two-dimensional graphite structured (or so called 

“turbostratic graphite”) with a greater d-spacing value (>0.34 nm, Figure 4.3B). These 

layers are kept intact through Van der Waals forces, which provides mechanical stability 

and rigidity (West et al., 2010). The retention mechanism of PGC is due to the extensive 

layers of carbon atoms with π electrons (delocalized) and high polarizability. More planar 

analytes can align closer to the surface of graphite because of more interaction points, 

resulting in increased retention ability. At the moment, commercially available PGC 

particles used in HPLC columns are usually 5-7 µm in diameter, with a specific surface 

area of 120 m2g-1. Pore structure of these particles are sized around 25 nm, with a porosity 

of 75%. In this study, the PGC column used is a Hypercarb column, manufactured by 

Thermo Scientific. This column is stable in a wide range of solvents, with a working range 

of pH from 0 to 14. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 | Atomic structures of graphite. (A) 3D graphite structure with ABAB layer 

registration. (B) 2D turbostratic graphite structure in PGC, without layer registration.  
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Mass spectrometry (MS) is widely used for the characterization of nucleic acid 

components including nucleotides, nucleosides and nucleobases (Dudley and Bond, 

2014). MS provides accurate mass-to-charge ratio (m/z) of the analytes, which often 

enables unambiguously identification of the corresponding analyte. For nucleoside 

analysis, positive ionization is often used, due to the proton accepting ability of nitrogen 

in nucleobase (Yen et al., 1996). Electrospray ionization (ESI) is generally used, as this 

soft ionization method gives less fragmentation and more compound adduct information, 

for example, [M+H]+, [M+Na]+ and [M+K]+, which are useful for compound 

interpretation. Further fragmentation data can be generated using tandem MS (MSn).  

 

In this study, a HPLC based assay in conjunction with MS was developed in order to 

identify and quantify modifications in nucleic acids. For sample preparation, nucleic acids 

were enzymatically hydrolysed to release nucleosides including the modified ones. For 

nucleoside separation, both superficially porous silica particles (C30) and porous 

graphitic carbon were used on modified DNA samples including PCR synthesised 

dsDNA, phage DNA and E. coli plasmid DNA. Detection of the nucleosides was 

performed using both a UV detector and in conjunction with MS. The workflow is 

described in Figure 4.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 | Workflow of nucleic acid analysis using HPLC-UV and LC-MS. Nucleic acids 

samples are digested into nucleosides, which are then separated using HPLC with different types 

of columns, and analysed by UV detector or mass spectrometer. 
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4.3 Results and discussion 

4.3.1 Assay validation for nucleoside analysis 

Initial work focussed on the optimisation of HPLC methods for the analysis of 

nucleosides using two types of stationary phase: superficially porous particles in 

conjunction with a C30 stationary phase (Accucore), and porous graphitic carbon column 

(PGC) (Hypercarb), both from Thermo Fisher Scientific. A schematic workflow used in 

this study is shown in Figure 4.4. A mixture of dephosphorylated dNTPs (A, T, G and C) 

was used as the standard for assay optimisation and validation. For Accucore C30 

columns, 5 mM ammonium acetate, pH 4.5 was used as buffer A, and 40% acetonitrile 

(v/v) was used as buffer B. For PGC Hypercarb columns, a three buffer system was used: 

buffer A with 10 mM ammonium acetate (pH 4.5), buffer B with 40% acetonitrile (v/v) 

with 10 mM ammonium acetate, pH 4.5, and buffer C with 95% methanol (v/v). The 

gradients used are shown in Figure 4.5 and Figure 4.7 for Accucore C30 and PGC 

Hypercarb (for detailed information see Materials and Methods, section 2.4). Both UV 

detection and MS analysis were used for peak identification. For C30 Accucore (Figure 

4.5), with 5 µl sample loaded (approximately 200 pmol of each nucleoside), nucleoside 

dC, dG, dT and dA were eluted at 1.7 min, 5.5 min, 6.1 min and 11.3 min, respectively. 

Under these conditions, dC shows relatively weak retention as it was eluted at an early 

stage. However, since it was separated from other solvents/salts, the early elution is 

deemed acceptable. With this method, all four nucleosides were successfully separated 

from each other. The 4 individual nucleoside peaks were further confirmed in conjunction 

with MS analysis (see Figure 4.6). The majority of the nucleosides were observed as the 

[M+H]+, [M+Na]+ or [M+K]+ ions.  
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Figure 4.5 | Accucore C30 chromatogram of dephosphorylated dNTP mixture. The 

corresponding nucleosides are highlighted. Gradient is shown as the percentage of buffer B 

(dotted line).  
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Figure 4.6 | LC-MS analysis of a dephosphorylated dNTP mixture using Accucore C30 

column. (A) Extracted ion chromatograms of dA dT dG and dC (in colour) overlaid to base peak 

chromatogram (BPC) (black). (B) MS1 spectrums as evidence for individual dA, dT, dG, and dC 

nucleosides.  
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Following the analysis using the C30 Accucore column I also investigated an alternative 

stationary phase (porous graphitic) for the analysis of nucleosides. The validation 

approach for this Hypercarb column is similar to that performed on C30 Accucore 

column, the results are shown in Figure 4.7. Nucleoside dC, dT, dG and dA were eluted 

at 3.5 min, 7.6 min, 8.6 min and 10.2 min, respectively. The peaks were further confirmed 

by LC-MS (see Figure 4.8). The majority of nucleosides were observed as the [M+H]+ 

and [M+Na]+ ions. 

 

In this comparison, the PGC Hypercarb column shows better retention for dC, as well as 

better separation of dT/dG using the gradients employed. Note that for PGC Hypercarb, 

dT elutes before dG. In contrast, on the Accucore C30 column dT elutes after dG. In 

general, PGC as stationary phase has better retaining ability for nucleosides, as all four 

nucleosides were eluted at approximately 50% buffer B, whilst for Accucore C30 the last 

nucleoside peak was observed at about 30% buffer B (buffer B for both column systems 

were similar). As for LC-MS analysis, Accucore C30 identified a large number of ions in 

[M+Na]+ and [M+K]+ forms, compared to PGC Hypercarb, where [M+H]+ and [M+Na]+ 

were the dominant forms. In this test, despite the good separation of dT and dG using the 

PGC Hypercarb column in conjunction with UV detection, dT and dG co-eluted using the 

gradient for the LC-MS analysis in the example shown (see Figure 4.8A). Despite the 

performance differences of the two columns, both the Accucore C30 and the PGC 

Hypercarb demonstrate the ability to separate nucleosides successfully under the 

conditions used. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 | PGC Hypercarb chromatogram of dephosphorylated dNTP mixture.  Gradient 

is shown as the percentage of buffer B and C (dotted lines).  
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Figure 4.8 | LC-MS analysis of dephosphorylated dNTP mixture using PGC Hypercarb 

column. (A) Extracted ion chromatograms of dA, dT, dG and dC (in colour) overlaid to base peak 

chromatogram (BPC) (black). (B) MS1 spectrums as evidence for individual dA, dT, dG, and dC 

nucleosides.  
 

4.3.2 Detection of nucleoside modifications in dsDNA generated using PCR 

Following the validation of HPLC-UV/MS methods for nucleoside analysis, these 

approaches were then applied to identify modified nucleosides present in dsDNA 

generated by PCR (see Chapter 3.3). A wide range of dsDNA products were synthesised 

in conjunction with chemically modified nucleoside triphosphates to generate dsDNA 

products containing different chemical modifications including mC, hmC, dU, hmU and 

ghmC (see Figure 3.1). The aim is to determine if the modified dNTPs were successfully 

incorporated into the DNA by PCR, or successfully enzymatically synthesised (ghmC 

containing dsDNA). Prior to analysis, all dsDNA samples were purified using a DNA 

binding silica membrane to remove excess nucleoside triphosphates. The purified dsDNA 

substrates (containing mC, hmC, U or hmU) were then digested and dephosphorylated 

into nucleosides, and analysed using HPLC with UV detection at 260 nm. PCR 

synthesised dsDNA with unmodified dC was used as control. Samples were analysed on 
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the Accucore C30, (see Figure 4.9 and 4.10). 9. The results show that, for mC containing 

DNA, a peak at 3.7 min was observed (Figure 4.9, line b), compared to unmodified dC at 

1.6 min (Figure 4.9 line a). The shift in retention time reflects the more hydrophobic 

properties of mC, due to the additional methyl group. Note that a small peak for 

unmodified dC still exists in sample with mC, which is due to the presence of small 

amounts of dC in the primer sequences used in PCR to generate the dsDNA. For samples 

containing hmC, a peak was observed at 1.9 min (Figure 4.9, line c). The retention time 

shift compared to dC peak was due to the increase in hydrophobicity of hmC. Similarly, 

a small peak for dC was detected due to the presence of small amounts of dC in the primer 

sequences. A peak at 4.3 min was detected in all digested samples using DNA degradase 

but not standard dephosphorylated dNTPs (Figure 4.9 compared to Figure 4.5), indicating 

the peak was a contaminant from the DNA degradase buffer. In summary, the HPLC 

analysis demonstrates that mC and hmC were successfully incorporated into dsDNA 

products by PCR and therefore validate the presence of the modified nucleosides in these 

samples.  

 

For the characterization of nucleosides dU and hmU, the same assay was used. Results 

are shown in Figure 4.10. A new peak for dU appeared at 2.4 min, and the peak for dT 

was reduced (remaining dT peak is due to the presence of dT in primers). For hmU, the 

retention time shifted to 2.6 min, indicating the hydrophobicity change caused by the 

additional hydroxymethyl group compared to dU. Again, these results suggest that dU 

and hmU were successfully incorporated into the dsDNA products generated by PCR.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

87 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 4.9 | HPLC-UV characterization of dsDNA (synthesised by PCR) containing 

nucleoside modifications. Chromatograms of digested dsDNA synthesised using unmodified dC 

(a), mC (b) and hmC (c). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.10 | HPLC-UV characterization of dsDNA (synthesised by PCR) containing 

nucleoside modifications. Chromatograms of digested dsDNA synthesised using unmodified dC 

(a), dU (b) and hmU (c).   

 

 

4.3.3 Detection and verification of glucosylated dsDNA using LC-MS 

Following the synthesis of hmC containing DNA using PCR and subsequent enzymatic 

glucosylation using T4 Phage β-glucosyltransferase (see Figure 3.13), verification of the 

glucosylated DNA was performed using HPLC and LC-MS methods. To do this, 

glucosylated product dsDNA was digested and dephosphorylated into nucleosides prior 
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to analysis using the PGC Hypercarb column (Figure 4.11). From the UV chromatogram 

a new peak at approximately 7.1 min was detected (shown by the arrow) which possibly 

corresponds to ghmC.  

 

In order to confirm the new peak identified in Figure 4.11 is actually ghmC, further 

characterisation using mass spectrometry was performed. The same sample was analysed 

using HPLC (with PGC Hypercarb column) in conjunction with a maXis (UHR-TOF) 

instrument. The results are shown in Figure 4.12. Previous LC-MS studies have shown 

that for ghmC, diagnostic ions at m/z 420 and m/z 304 representing [M+H]+ and losses 

of deoxyribose are observed for ghmC  (Liu et al., 2014) (see Figure 4.12C). In this study, 

the analysis of the sample of ghmC showed abundant ions with m/z 420/304 at 4.9 min, 

confirming the presence of ghmC (the ions of m/z 420.16 and m/z 304.12 are for 

[ghmC+H]+ and ghmC without the 2'-deoxyribose group, respectively).  

 

From these results, it is also worth noting that a lack of evidence for hmC (m/z 258.11) 

was observed in the glucosylated DNA sample, indicating the PCR products with hmC 

were largely converted by T4 Phage β-glucosyltransferase. In addition, a dC peak 

(approximately 3.6 min, Figure 4.11, also see Figure 4.7 for comparison) was detected 

using both LC-UV and LC-MS, due to the presence of small amounts of dC in the primer 

sequences used in PCR to generate the dsDNA. 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 | HPLC-UV characterization of dsDNA containing ghmC. DNA digest was 

analysed using PGC Hypercarb column. The peak at approximately 7.1 min (highlighted with an 

arrow) possibly belongs to ghmC. 

 

 

 

 



Chapter 4 

89 

 

 

 

Figure 4.12 | Identification of ghmC containing dsDNA using PGC Hypercarb 

chromatography. (A) MS chromatogram of DNA digest containing ghmC. Extracted ion 

chromatograms of dA, dT, dG, dC and ghmC (in colour) are overlaid to base peak chromatogram 

(BPC) (black). ghmC feature peak was observed at 4.9 min. (B) Spectrum showing m/z evidence 

for ghmC. (C) Typical fragment ions observed for ghmC using LC-MS. For ghmC expected m/z 

is 420 in conjunction with fragmentation across the glycosidic bond resulting in the fragment ion 

of m/z 304. Fragment ions of m/z 142 and 124 are also generated in MS2.  
 

 

In comparison, the same dsDNA product with ghmC was also analysed using the 

Accucore C30 column. The results are shown in Figure 4.13. The UV chromatogram, 

however, is inconclusive for the identification of the ghmC peak, so further 

characterisation was carried out using HPLC in conjunction with a maXis (UHR-TOF) 

instrument. The extracted ion chromatogram for each of the ions corresponding to dC, 

dA, dT, dG and ghmC are shown in Figure 4.14. Using the diagnostic ions for [ghmC+H]+ 

(m/z 420.16 and 304.12), a peak was observed at 11 min confirming the presence of 

ghmC, as discussed previously.  
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Similar to analysis using PGC Hypercarb, no evidence for hmC was observed with UV 

detector (compare Figure 4.13 to Figure 4.9) or MS (m/z 258.11) in the glucosylated DNA 

sample, indicating the full conversion of hmC to ghmC. A small dC peak was detected in 

both LC-UV and LC-MS, showing the existence of dC in primers used for PCR synthesis 

of dsDNA. In general, for ghmC characterisation, the results are consistent using both the 

PGC Hypercarb column and the Accucore C30 column. LC-MS was used for all 

subsequent analysis of ghmC due to difficulties in analysis via LC-UV. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.13 | HPLC-UV characterization of dsDNA presumably have ghmC. DNA digest 

was analysed using the Accucore C30 column. Unknown peaks which may belong to ghmC are 

to be determined using MS. 
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Figure 4.14 | Identification of ghmC containing dsDNA using Accucore C30 column. (A) MS 

chromatogram of DNA digest presumably have ghmC. Extracted ion chromatograms of dA, dT, 

dG, dC and ghmC (in colour) are overlaid to base peak chromatogram (BPC) (black). ghmC 

feature peak was observed at 4.9 min. (B) Spectrum showing m/z evidence for ghmC. 
 

 

In summary, I have used LC-UV and LC-MS methods to validate the presence of a range 

of chemical modifications in PCR synthesised dsDNA. For the DNA digestion during the 

sample preparation, DNA degradase showed similar activity on the modified dsDNA 

including mC, hmC, U and hmU, compared to unmodified dsDNA (comparing the 

relative peak intensities in Figure 4.9 and 4.10, taking consideration of dsDNA 

concentration in samples). However, for the digest of ghmC containing DNA, the 

efficiency is reduced (comparing the relative peak intensities in Figure 4.9c and Figure 

4.13, where similar copies of dsDNA with hmC or ghmC were digested, respectively). 
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This is expected, as glucosylation is one strategy living systems use to protect against the 

activity of nucleases. In this study, the nucleoside modifications mC, hmC, U, hmU were 

successfully detected with distinguishable retention times using an Accucore C30 column 

via UV 260 nm absorbance. For glucosylated samples, LC-MS was used and confirmed 

the existence of ghmC. Thus, HPLC-UV combined with LC-MS is a powerful technique 

for the analysis of modifications in DNA. These approaches were successfully used to 

validate a range of modifications in the DNA substrates used for CRISPR-Cas studies in 

Chapter 3.  

 

4.3.4 Identification of DNA modifications present in T4 phage DNA 

As a countermeasure to block endonucleases, T4 phage contain ghmC in their 169 kbp 

dsDNA genome. Here, the assays developed for the identification of nucleoside 

modifications were applied to analyse DNA extracted from three different strains of T4 

phage, in order to identify and confirm the cytosine modifications present. The resulting 

modified T4 phage strains were to be utilised in downstream studies to study the effects 

of chemical modifications on CRISPR-Cas systems. Three types of T4 phage DNA 

samples acquired from collaborators of Wageningen University are described in Table 

4.1. 

 

Table 4.1 | Phage DNA samples acquired from collaborators of Wageningen University for 

modification identification 

 

Strain Description Modification predicted Concentration 

(ng/µl) 

Phage B T4c phage grown in E. coli B834 Normal dC 20 

Phage CR T4c phage grown in E. coli CR63 

(amber suppressor) 

ghmC 20 

Phage WT Wild type phage grown in B834 ghmC 120 

 

 

Phage DNA samples were digested and dephosphorylated into nucleosides and analysed 

by HPLC using an Accucore C30 column. The results are shown in Figure 4.15. Since 

wild type phage DNA contains ghmC, the digest of enzymatically synthesised dsDNA 

with ghmC were used as standard (see previous section, Figure 4.13). From the UV 

chromatograms (Figure 4.15), the peaks corresponding to dG, dT and dA are observed. 

For dC, no peak at the expected retention time is observed, possibly due to the low 

retention of this hydrophilic nucleoside. Under these conditions the dC was likely to have 
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eluted in the non-retained fraction at the injection peak, therefore making conclusions on 

the presence or absence of dC difficult. Therefore I focused on analysing the presence of 

hmC and ghmC in the phage DNA samples. The peaks marked with “*” at 1.5 min on 

phage B (c) and ghmC DNA(d), but not on phage WT (a) and phage CR (b), may belong 

to dC, as the retention time is in accordance with previous dC standards. However LC-

MS analysis did not detect dC and therefore was possibly below the limit of detection. 

For ghmC, the MS analysis confirmed the identification of ghmC in all three types of 

phage DNA with the identification of the diagnostic ions for ghmC (m/z 420 and 304, see 

Figure 4.16). The ghmC peak intensities for phage WT and phage CR are high, consistent 

with the expectation they have ghmC in their DNA. For phage B, the peak intensity for 

ghmC is significantly lower, suggesting a smaller relative percentage of ghmC in their 

DNA. The LC-MS results confirm that DNA extracted from both WT phage and phage 

CR contain ghmC in their DNA. For phage B, which presumably has dC in its DNA, is 

likely composed of a mix of dC and ghmC.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 | Characterization of modifications in phage DNA with HPLC-UV. 

Chromatogram of (a) digested phage WT DNA, (b) digested phage CR DNA, (c) digested phage 

B DNA and (d) digested enzymatically synthesised dsDNA with ghmC from PCR product as 

standard. The peaks marked with “*” are potential peaks for dC. 
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Figure 4.16 | LC-MS identification of ghmC in different phage DNA. The presence of ghmC 

was observed in all three types of phage DNA. The diagnostic ions for ghmC (m/z 420.16 and 

m/z 304.12) are shown. The peak intensities of m/z 420.16 indicate the amount of ghmC in phage 

B is significantly lower (1.3×104) compared to phage WT and CR (6.8×104). 

 

 

4.3.5 Identification of DNA modifications in E. coli engineered to synthesise 

and incorporate modified nucleosides 

The analysis of modified nucleosides was further applied to identify DNA modifications 

in E. coli (cloni 10G, Lucigen, relevant genotype: endA1 recA1 mcrA Δ(mrr-hsdRMS-

mcrBC) galU galK) that was engineered to synthesise and incorporate modified 

nucleosides. E. coli plasmid DNA was obtained from the Laboratory of Microbiology, 

Department of Agrotechnology and Food Sciences, Wageningen University. Work 

performed at Wageningen University aimed to engineer biosynthetic pathways in E coli, 

aiming to replace a large fraction of cytosine with modifications including 5hmC and 

ghmC representing the known modifications present in T4 phage DNA. Such approaches 

will be useful to further examine the roles of these modifications and exploit the ability 

of E. coli to generate DNA with a variety of DNA modifications. Recent research using 

a similar approach already achieved approximately 75% of thymidine replacement by 

5hmU, 63% cytidine replacement by 5hmC and about 20% cytidine replacement by 

ghmC, respectively (Mehta et al., 2016). In this study, attempts were made to verify and 

quantify the incorporation 5hmC and ghmC in E. coli using HPLC and LC-MS methods. 

 

For modification identification, two batches of samples, each with three types of E. coli 

plasmid DNA, namely, pMK0 (control with dC), pHmC (engineered to incorporate hmC) 

and pGhmC (engineered to incorporate ghmC) were acquired from collaborators at 

Wageningen University. Samples were digested into nucleosides as described previously 
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(see Figure 4.4), and analysed using HPLC-UV. Analysis was performed using both the 

Accucore C30 and the Hypercarb columns.  

 

The results of the analysis on the Accucore C30 column are shown in Figure 4.17, with 

all 4 unmodified nucleosides clearly present. Analysis of the plasmid digest samples 

revealed a number of peaks that are not present in the analysis of the PCR synthesised 

dsDNA digest (see Figure 4.9 and 4.10 for comparison), which therefore complicated the 

analysis. Although differences can be observed, there is a lack of evidence showing the 

existence of hmC and ghmC based solely on the LC-UV results. Further analysis was 

carried out using LC-MS. For the MS analysis of plasmid pHmC, no peak for hmC (m/z 

258.1) was detected, possibly due to the very low amount of hmC incorporated in plasmid 

pHmC, or it was completely absent. For the characterization of ghmC in plasmid pGhmC, 

the LC-MS results are shown in Figure 4.18. Identification of the corresponding 

diagnostic ions (m/z 420.16 and m/z 304.12 for ghmC at 11.4 min) are shown, confirming 

the presence of ghmC (Figure 4.18). This peak for ghmC is only observed in plasmid 

pGhmC.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.17 | Characterization of modifications in E. coli plasmid DNA with HPLC-UV. 

Accucore C30 chromatogram of nucleosides from E. coli plasmid DNA (batch 1) digestion: (a) 

PCR synthesised dsDNA digest (as control), (b) plasmid pMK0 digest, (c) plasmid pHmC digest, 

and (d) plasmid pGhmC digest. 
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Figure 4.18 | LC-MS characterization of ghmC in E. coli plasmid pGhmC. (A) Based on the 

Accucore C30 column results (plasmid batch 1), extracted ion chromatogram shows the peak for 

ghmC (green peak at 11.4 min). (B) MS spectrum showing the evidence for ghmC with m/z 420.2 

and 304.1.  

 

 

Alternatively, analysis of replicate plasmid samples was performed using a PGC 

Hypercarb column. The results are shown in Figure 4.19. The Hypercarb column 

demonstrates increased retention of dC and dC analogues, as previously discussed. The 

HPLC-UV analysis in conjunction with the hmC standard (of which retention time at 

approximately 4.6 min, Figure 4.19a) was used to confirm the presence of hmC in plasmid 

pHmC (Figure 4.19c).  

 

For plasmid pGhmC (Figure 4.19d), the peak at 3.7 min corresponding to dC is reduced 

compared to plasmid pMK0 and pHmC, indicating the amount of unmodified dC in 

plasmid ghmC is lower. For ghmC characterization, by comparing to the digest of the 

dsDNA with ghmC (Figure 4.19e), peaks at the same retention time (7.1 min) may belong 
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to ghmC. Further evidence was obtained using LC-MS analysis of the dsDNA containing 

ghmC, where ghmC was confirmed eluting prior to dT and dG (see Figure 4.12). A 

number of unassigned peaks from the HPLC-UV analysis are also highlighted with “*” 

(Figure 4.19) in which were observed in the plasmid DNA digests which are possibly dC 

analogues. 

 

Based on the HPLC-UV results, all three E. coli plasmid DNA contain unmodified 

cytosine base, the relative amount is high in plasmid pMK0 and pHmC, and low in 

plasmid pGhmC. The analysis of plasmid pHmC enabled the verification of the presence 

of peak corresponding to hmC, therefore indicating the successful incorporation of the 

modification into the E. coli plasmid DNA. For ghmC, HPLC-UV characterization is 

more difficult, as peak intensities are generally low. However LC-MS analysis confirmed 

the presence of ghmC in plasmid pGhmC. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 4.19 | Characterization of modifications in E. coli plasmid DNA with HPLC-UV.  
Hypercarb chromatogram of nucleosides from E. coli plasmid (batch 2) DNA digestion. (a) Equal 

amount of dephosphorylated dNTPs (unmodified) and hmC mixture as standard, (b) plasmid 

pMK0 digest, (c) plasmid pHmC digest, (d) plasmid pGhmC digest, and (e) oligo sp8 dsDNA 

digest with ghmC. Peaks marked as “*”in (d) and (e) at 7.1 min are potential ghmC peaks. Other 

“*” marked peaks are uncharacterized peaks which are unique in the sample. 
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4.3.6 Quantification of DNA modifications in E. coli plasmid DNA 

Following the validation of hmC and ghmC incorporation into the DNA of engineered E. 

coli strains, further work was performed aiming to determine the incorporation rates, i.e., 

the percentage of modified bases in plasmid DNA. Initial work focussed on using the 

relative peak areas from the HPLC-UV chromatogram. Analysis was performed on the 

Hypercarb column, as the hmC peak is well separated from other peaks (Figure 4.19c). 

The chromatogram also shows the presence of multiple peaks that are not yet assigned or 

identified. Further work is required to analyse the unidentified peaks using LC-MS. To 

use the UV chromatogram for accurate quantification it is important to take into account 

differences in the extinction coefficients of the different nucleosides when measuring the 

area under the peaks (or area under curve, AUC), therefore equal amounts of hmC and 

dC standards were analysed. Results show the AUC of hmC and dC are slightly different 

(AUC of dC 3.1596 compared to AUC of hmC 3.3207, peaks shown in Figure 4.19a). For 

unbiased and accurate quantification, a normalisation factor of 0.95 was used when 

calculating the AUC of hmC peak. The relative quantification of hmC (as percentage) in 

the engineered E. coli plasmid DNA (pHmC) is calculated using the following equation 

in conjunction with the data obtained in Figure 4.19. 

 

 

%ℎ𝑚𝐶 = [
ℎ𝑚𝐶(𝐴𝑈𝐶) × 0.95

𝑑𝐶(𝐴𝑈𝐶) + ℎ𝑚𝐶(𝐴𝑈𝐶) × 0.95
] × 100 

 

Using this approach, the calculated incorporation rate of hmC in plasmid pHmC is 13.8%. 

Replicate analysis using increased loadings on the HPLC was also performed, resulting 

in an incorporation of hmC at 13.4%. 
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4.4 Conclusions 

In this Chapter I have developed and applied HPLC-UV in conjunction with LC-MS 

methods for the analysis of nucleoside modifications in DNA. Two types of reverse phase 

columns were predominantly used: superficially porous particles (C30) and porous 

graphitic carbon. Following optimisation of the HPLC approaches, these methods were 

applied to analyse DNA containing nucleoside modifications in a range of different 

biological systems, including PCR synthesised dsDNA, phage DNA and E. coli 

engineered to incorporate modified nucleosides. 

 

Initial work focussed on using superficially porous particles in conjunction with a 

hydrophobic C30 stationary phase (Accucore C30) and a porous graphitic carbon 

Hypercarb. Results showed that high resolution separations of the nucleosides were 

obtained with increased retention of dC and dC analogues observed on the Hypercarb 

column. HPLC-UV was successfully used to verify the presence of the mC, hmC, U and 

hmU in dsDNA synthesised in vitro using PCR in conjunction with nucleotide 

triphosphate analogues which were prepared for further CRISPR-Cas studies. However, 

the HPLC-UV was not conclusive in the verification of the presence of ghmC. 

Unambiguous identification of glucosylation in dsDNA was achieved using LC-MS 

resulting in the detection of ghmC by virtue of the diagnostic ions (m/z 304.1 and 420.2).  

 

The LC-MS methods were also used to examine DNA modifications of T4 phage and T4 

phage mutants. The LC-MS results demonstrated that ghmC was present in all three 

different types of phage (WT, CR and B), with the relative amount of ghmC lowest in 

phage B.  

 

In addition, I analysed DNA extracted from E. coli engineered to incorporate modified 

nucleosides to both identify and quantify the abundance of modified nucleosides hmC 

and ghmC in DNA. The results confirmed the presence of hmC and ghmC in in these 

plasmid DNA extracted from E. coli engineered to incorporate these modifications. The 

percentage incorporation rate of hmC was further determined by analysing the peak areas 

of dC/hmdC from the HPLC-UV chromatograms.  
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In summary, the HPLC-UV in conjunction with LC-MS assays developed in this chapter 

are proved accurate and reliable, which can be applied to study the modifications in 

nucleic acids. 
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Chapter 5: Studying the effect of arginine methylation and 

RNA methylation on the mRNA interactome  

5.1 Abstract 

In this study I have optimised in vivo mRNP capture assays to study the effects of both 

protein methylation and RNA methylation on mRNA binding. Large scale messenger 

ribonucleoprotein (mRNP) capture assays were performed using UV crosslinking to 

capture RNA-protein interactions in a human embryonic kidney 293T cell line prior to 

purification of the mRNA using oligo-d(T) and in-gel digestion coupled with mass 

spectrometry analysis (GeLC-MS). This approach identified approximately 900 proteins, 

the majority of which are recognized as nucleic acid binding proteins.    

 

Further quantitative proteomic analysis was performed using mRNP capture assays in 

conjunction with stable isotope labelling with amino acids in cell culture (SILAC) to 

determine the effects of the global methylation inhibitor adenosine dialdehyde (AdOx) 

and the effects of RNA methylation (N6-methyladenosine) on mRNA binding. The results 

of the mRNP capture assay performed on cells grown with and without N6-

methyladenosine RNA identified approximately 500 proteins, of which approximately 

400 were quantified. However, no differences in the mRNA interactome were observed. 

Further analysis revealed that the RNAi knockdown of the pre-mRNA-splicing regulator 

gene (WTAP) was not efficient in the cell line used, resulting in no significant alterations 

of RNA methylation and therefore the mRNA binding was not altered. 

  

The analysis of the effects of the global methylation inhibitor AdOx identified over 600 

proteins of which over 500 were quantified in the SILAC label-swap experiment. 24 

proteins showed increased mRNA binding and 50 showed decreased mRNA binding (> 

1.5 fold change in protein abundance). A wide number of identified proteins contain sites 

of arginine methylation which are of particular interest. These results are the first global 

quantitative analysis of the methylation effects on mRNA binding and highlight a number 

of interesting RNA binding proteins as candidates for further studies to examine the role 

of arginine methylation and RNA binding.   
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5.2 Introduction 

RNA biology is largely determined by the interplay of RNAs with RNA binding proteins 

(RBPs) within dynamic ribonucleoproteins (RNPs) (Glisovic et al., 2008). Both the RBP 

repertoire and RBP activities of cells respond to external stimuli and events within the 

cell. Many RBPs interact with messenger RNAs (mRNAs) via a limited set of modular 

RNA-binding domains (RBDs), including the RNA recognition motif (RRM), K-

homology domain (KH), zinc fingers (Znf), etc. (Lunde et al., 2007). Based on the 

analysis of RNA interaction domains, over 600 RBPs in mammalian genomes have been 

annotated (Müller-Mcnicoll and Neugebauer, 2013).  

 

To study the mRNA-bound proteome, or mRNA interactome, many research groups have 

used UV crosslinking in conjunction with oligo-d(T) for mRNA-binding protein 

isolation, taking advantage of the polyadenylation of mRNA (Castello et al., 2012; Baltz 

et al., 2012). With this approach, hundreds of potential mRNA interacting proteins were 

identified. With the proteins identified, further bioinformatics analysis of RBDs can be 

performed to describe the relationships between proteins and RNA in biological 

processes. 

   

Arginine is an amino acid with a guanidine group, which is protonated and positively 

charged under physiological environment. The positive charge can be easily delocalized 

due to the conjugated nitrogen lone pairs and the double bond. As a result, arginine can 

be altered into different forms when interacting with other molecules, and is also involved 

in post-translational modifications (PTM). Arginine modifications have been known to 

affect key biological functions including transcriptional regulation and RNA processing 

(Pahlich et al., 2006; Paik et al., 2007). Arginine methylation alters its overall 

hydrophobicity and can cause steric hindrance, which in turns affects protein-protein, as 

well as protein-nucleic acid interactions (McBride and Silver, 2001; Liu and Dreyfuss, 

1995). Specifically, arginine and glycine rich motifs of proteins, often referred to as GAR 

domains or RGG boxes, are the second most common RBD in human genome 

(Gerstberger et al., 2014; Rajyaguru and Parker, 2012; Ozdilek et al., 2017). Moreover, 

GAR domains are also the sites for arginine methylation (Thandapani et al., 2013). 

However, the binding properties of GAR domains remain poorly understood. The 

conformational plasticity and adaptability of GAR domains make them capable of 

targeting a range of different RNAs (Järvelin et al., 2016). For proteins such as HNRNPU, 
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GAR domains are the only identified form of RBD (Kiledjian and Dreyfuss, 1992). GAR 

domains are found associated with neurodegenerative diseases, such as amyotrophic 

lateral sclerosis (ALS), fragile X mental retardation syndrome, and cancer (Thandapani 

et al., 2013). 

 

N6-mehyladenosine (m6A) is an abundant type of mRNA modification, with multi-protein 

complexes involved (Figure 5.1). The modification is reversible, the forward process 

(methylation) is catalysed by WTAP, METTL3 and METTL14, and its reverse 

(demethylation) involves FTO and ALKBH5. The modification m6A often takes place 

near stop codons and in 3' untranslated regions (UTRs), and is involved in mRNA 

splicing, degradation and protein expression regulation (Harcourt et al., 2017). The 

mechanism of m6A modification is still not fully understood. The addition of the methyl 

group has a structural effect blocking base pairing, and the base stacking effect is 

enhanced (Roost et al., 2015). RNA with m6A are known to bind to YTH domain proteins 

(such as YTHDC1 and YTHDF2) with high affinity, due to the aromatic hydrophobic 

pockets in the YTH domains (Dominissini et al., 2012). In the nucleus of cells, the m6A 

modification can act as a protein binding switch by altering the RNA structure. As shown 

in Figure 5.1, the m6A modification facilitates the reorganisation and binding of 

heterogeneous nuclear ribonucleoprotein C (HNRNPC, an abundant nuclear protein 

mediating alternative pre-mRNA splicing) to RNA (Liu et al., 2015). In the cytoplasm, 

several proteins (e.g., YTHDF1, YTHDF2 and eIF3) can recognize and bind to the m6A 

for different purposes, including the regulation of RNA translation and stability (Wang et 

al., 2015).  

 

In this study, an m6A deficient HEK-293T cell line (with WTAP gene knockdown) was 

used to study the effect of mRNA m6A modification on mRNA-protein interactions. 
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Figure 5.1 | m6A modification of mRNA and its functions. For details see text. 

 

 

For the alteration of protein arginine methylation in this work, a HEK-293T cell line was 

treated with adenosine-2', 3'- dialdehyde (also known as Adenosine periodate oxidized, 

or AdOx). AdOx is a global indirect methyltransferase inhibitor widely used in cell 

culture for in vivo and in vitro protein methylation studies. When AdOx is present, activity 

of S-adenosyl-L-homocysteine hydrolase is inhibited (Hoffman, 1979), which leads to 

increased amounts of S-adenosyl-L-homocysteine (AdoHcy) (Bartel and Borchardt, 

1984). AdoHcy acts as a product inhibitor of those methyltransferases (such as protein 

arginine methyltransferases, or PRMTs) which use S-adenosyl-L-methionine (AdoMet) 

as the methyl donor (Johnson et al., 1993) (Figure 5.2). In cell culture, the addition of 

AdOx keeps proteins and nucleic acids in a hypomethylated state (Chen et al., 2004).  

 

 

 

 

 

 

 

 

 

 

 
 



Chapter 5 

105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 | Metabolism of adenosine, showing the role of AdOx as inhibitor of S-adenosyl-

L-homocysteine hydrolase. Since the conversion of S-adenosyl-L-homocysteine (AdoHcy) to 

adenosine and homocysteine is restricted, the accumulation of AdoHcy, which is a general S-

adenosylmethionine (AdoMet) based methyltransferase inhibitor, leads to decreased methylation 

of products. 

 

 

Although studies have been carried out on how different modifications affect mRNA and 

protein interaction, few are focused on the effect of arginine methylation/ citrullination 

or mRNA with N6-methyladenosine (m6A) on the global scale mRNA-bound proteome. 

The aim of this work is to use a SILAC labelling strategy in conjunction with UV 

crosslinking, oligo-d(T) enrichments of the mRNA bound proteome in conjunction with 

mass spectrometry to quantify as much mRNA-binding proteins as possible. More 

importantly, this work aims to identify those mRNA-binding proteins of which the 

binding activities are significant affected by different modification status. These proteins 

may potentially have key functions in certain biology pathways, and the knowledge can 

help in understanding the mechanisms involved in, for example, a certain disease. 

 

It is proposed that protein post-translational modifications and chemical modifications of 

RNA affect RNA-protein interactions. Therefore the work designed in this Chapter aims 

to study the effect(s) of protein methylation and RNA methylation (N6-methyladenosine) 

on the mRNA interactome using mass spectrometry methods in conjunction with SILAC. 
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5.3 Results and Discussion 

5.3.1 Development and optimisation of the mRNP capture assay in 

conjunction with mass spectrometry analysis 

In order to study the effects of chemical modifications on the mRNA interactome, mRNP 

capture assays were performed on a human embryonic kidney 293T cell line (HEK 293T) 

in this study. For in vivo mRNA capture assays, a UV crosslinking strategy was used. 

During the crosslinking process, irreversible covalent bonds can form between nucleic 

acids and proteins in close proximity (Chodosh, 2001). After the crosslinking, the cells 

were lysed and mRNA and binding proteins were isolated using oligo-(dT) beads to base-

pair with the mRNA poly (A) tails. The beads were then washed under denaturing 

conditions and the unbound proteins were removed. Finally the mRNA-binding proteins 

were eluted after the digestion of mRNA using RNase (see Figure 5.3).   

 

Generally there are two ways to do the UV crosslinking. For regular crosslinking and 

immunoprecipitation (CLIP), cells are crosslinked under short-wavelength UV light (254 

nm) (Figure 5.3A left panel). While for an improved mRNP capture assay termed as 

photoactivatable ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-

CLIP) (Hafner et al., 2010), a photo-reactive nucleoside analogue, such as 4-thiouridine 

(4SU) or 6-thioguanosine (6SG), was added to media and metabolically incorporated by 

cells into their RNA during culturing. Living cells are then crosslinked at a longer 

wavelength (UV 365 nm) with increased efficiency (Figure 5.3A right panel). 4SU is 

predicted to crosslink with aromatic amino acids, and the predicted site for crosslinking 

is shown in Figure 5.3B. 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3 | Schematic of mRNP capture assay using CLIP and PAR-CLIP. (A) A 

comparison between the experimental setups of CLIP and PAR-CLIP. WCE: whole cell extract. 

(B)  Predicted site for the crosslinking of 4SU to an aromatic amino acid side chain when 

irradiated at UV 365 nm.  
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5.3.2 Optimization of crosslinking efficiency  

Initial work focussed on optimising the mRNP capture assay in conjunction with MS 

analysis to identify the mRNA interactome. The chemistries of crosslinking using CLIP 

and PAR-CLIP are distinct (Wetzel and Soöll, 1977; Greenberg, 1979). Under PAR-CLIP 

conditions, only 4SU containing mRNA can crosslink to proteins (Ascano et al., 2012). 

In order to compare the crosslinking efficiency, HEK 293T cells were cultured with or 

without 4SU treatment. For 4SU treated cells, crosslinking was performed at UV 365 nm, 

0.2 J/cm2, or at a mix of UV 365 nm and UV 254 nm at the same time (using two different 

UV light sources), 0.25 J/cm2. For non-4SU treated cells, crosslinking was performed at 

UV 254nm, 0.3 J/cm2. Roughly 10 mg of protein lysate were used for the precipitation of 

mRNA-binding proteins using oligo-d(T) beads. Both protein from input lysates and 

isolated mRNA-binding protein in eluates were resolved by SDS-PAGE (see Figure 

5.3A). The results (Figure 5.4) show the use of 4SU does not increase the recovery of 

proteins. Instead, cells grown in normal conditions with irradiation at UV 254 nm show 

better mRNP capture yield in this work. Interestingly, cells treated with 4SU but 

crosslinked at a mixed source of UV 254 nm and UV 365 nm show a good amount of 

mRNA-binding proteins captured. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.4 | Comparison of mRNP capture assay using CLIP and PAR-CLIP. Non 4SU 

treated cells were crosslinked at 254 nm, 0.3 J/cm2, while 4SU treated cells were crosslinked at 

either a mixed UV source (2 × 254 nm bulbs and 3 × 365 nm bulbs), 0.25 J/cm2, or at 365 nm 

only, 0.2 J/cm2. Proteins were visualised by Coomassie blue staining. For inputs, equal amount 

of protein (based on Bio-Rad assay) were loaded. M: protein marker. 
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To further examine the mRNP interactome in the eluates of different crosslinking 

conditions, GeLC-MS analysis was used in conjunction with the Q Exactive HF mass 

spectrometer (see Chapter 2.17). For PAR-CLIP eluate (4SU treated cells crosslinked at 

UV 365 nm, 0.2 J/cm2), 691 protein groups (proteins that cannot be identified by unique 

peptides but with shared peptides are grouped as one group) were identified, compared to 

909 protein groups identified in regular CLIP (UV 254nm, 0.3 J/cm2) (Figure 5.5A). Gene 

Ontology (GO) annotations of these protein groups identified show similarity based on 

molecular function and protein class categorisation (Figure 5.5, B and C), indicating that 

regardless of the crosslinking chemistries, similar mRNA-protein binding profiles are 

seen using either CLIP or PAR-CLIP. However, regular CLIP did show better 

crosslinking outcome in this work, which is in contradiction to the claim that PAR-CLIP 

can significantly increase mRNA-protein binding activity. This may be due to the cell 

lines used in this work cannot incorporate 4SU effectively. Since with long-wavelength 

UV (above 310 nm) natural nucleotides do not crosslink as efficiently, the amount of 4SU 

containing mRNAs were limited for protein binding. This also explains why 4SU treated 

cells crosslinked under both short-wavelength and long-wavelength UV resulted in 

increased protein crosslinking. Another possibility for reduced crosslink efficiency is the 

reduced energy for PAR-CLIP crosslinking (0.2 J/cm2) compared to non-4SU 

crosslinking at 0.3 J/cm2, or mixed UV wavelength crosslinking at 0.25 J/cm2. However, 

according to PAR-CLIP described in other groups work, a low crosslinking energy (either 

0.2 J/cm2 or 0.15 J/cm2) was suggested for best results (Spitzer et al., 2014; Baltz et al., 

2012). Indeed, PAR-CLIP was also carried out in this experiment with crosslinking 

energy of 0.3 J/cm2, no significant increase of protein amount was observed based on 

SDS-PAGE (data not shown). In summary, since PAR-CLIP resulted in decreased 

crosslinking efficiency, normal CLIP strategy was used for crosslinking in the following 

experiments. 

 

Further validation of the mRNP interactome generated in the above experiments was 

performed by comparison with recent studies by Baltz et al., 2012. They detected 797 

proteins using PAR-CLIP and oligo-(dT) precipitation with HEK 293T cells. These 

proteins were identified in 3 biological replicates thus with good confidence. Here a 

combined search of four mRNP capture replicates in this work identified over 900 protein 

groups (protein groups were counted if identified in at least one assay). These protein 

groups were compared with Baltz et al., 2012, and results are shown in Figure 5.6. The 

results show approximately 65% of proteins identified by Baltz’s group were also 
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identified in this work. Moreover, from GO annotation analysis (Figure 5.6B and C), the 

type of proteins identified are consistent. Specifically, for protein categorisation based on 

molecular function, the two most abundant categories are binding and catalytic activity; 

for protein class classification, nucleic acid binding proteins are the most abundant type, 

which are as expected. In general, more proteins were identified with the mRNP capture 

assay in this work compared to Baltz’s group. This may partly due to the more stringent 

criteria they used. In summary the results show that mRNP capture was optimised using 

standard UV crosslinking resulting in the identification of over 1000 proteins in the 

mRNA interactome. The resulting GO ontology analysis revealed nucleic acid binding 

was the most abundant category, consistent with previous mRNA interactome studies  

(Baltz et al., 2012). 
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Figure 5.5 | Comparison of CLIP and PAR-CLIP based on mass spectrometry identification 

results. (A) Venn diagram comparing the number of protein groups identified using CLIP and 

PAR-CLIP. (B) Distribution of protein groups identified by the two crosslinking methods based 

on GO molecular function classification. (C) Categorisation (by class) of protein identified by the 

two methods. GO annotations were performed using the PANTHER classification system. 
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Figure 5.6 | Cross reference of protein groups identified in this work to Baltz et al., 2012. 

(A) Venn diagram comparing the number of proteins or protein groups identified in this work and 

in the work of Baltz’s group. (B) GO molecular function distribution of protein or protein groups 

identified in this work and from Baltz’s group. (C) Categorisation (by class) of protein identified 

in this work and from Baltz’s group. GO annotations were performed using the PANTHER 

classification system. 
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5.3.3 Optimisation of SILAC for quantitative proteomic analysis of the 

mRNA interactome 

Following optimisation and validation of the mRNA capture assay, quantitative MS 

analysis of the mRNA interactome is required to demonstrate that protein binding to 

mRNA is perturbed under different conditions. To perform quantitative proteomic 

analysis, stable isotope labelling by amino acids in cell culture (SILAC) was used. Initial 

studies were performed using HEK 293T cells in conjunction with SILAC labelling to 

determine the labelling efficiency, as well as to optimise the cell growth in SILAC media. 

 

First, the incorporation rate of heavy isotope was assessed. In this work, heavy labelled 

arginine (13C6 
15N4 L-Arginine-HCl, or Arg10) and lysine (13C6 

15N2 L-Lysine-2HCl, or 

Lys8) were used. Initial SILAC tests were performed in heavy medium only using HEK 

293T cells. Cells were cultured for 4 passages, harvested on day 14, then lysed and 

fractionated by SDS-PAGE. A single fraction (gel band) was selected and in-gel digested, 

then analysed using MS (maXis). To assess the labelling efficiency, two peptide 

sequences (containing either lysine or arginine) were examined (Figure 5.7). For both 

peptide sequences MS data show low levels of light peptide signals (similar to noise 

level), compared to the isotope cluster corresponding to heavy peptides. Incorporation 

rate is calculated using equation: 

 

𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 (%) =
𝑟𝑎𝑡𝑖𝑜 (

𝐻
𝐿 )

𝑟𝑎𝑡𝑖𝑜 (
𝐻
𝐿 ) + 1

× 100 

 

For lysine containing peptide ETVSEESNVLCLSK, the incorporation rate is 97.3%, and 

for arginine containing peptide DAGTIAGLNVLR, the corporation rate is 97.7%. With 

this approach, the overall isotope incorporation rate (average) was checked for all SILAC 

experiments performed in this work. 
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Figure 5.7 | Incorporation of 10R and 8K in heavy medium. MS data of the tryptic lysine 

containing peptide (A) ETVSEESNVLCLSK and arginine containing peptide (B) 

DAGTIAGLNVLR from HEK 293T cells cultured using heavy labelled SILAC medium (8K10R) 

reveal limited signals corresponding to the light version of peptides. 

 

 

Despite being a widely used mass spectrometry-based quantitative method for proteomic 

studies, the accuracy of SILAC can be compromised due to arginine to proline metabolic 

conversion, where arginine is used as a precursor for proline synthesis (Bendall et al., 

2008) (Figure 5.8A). The formation of heavy proline (Pro6) can reduce the signal 

intensity of proline containing heavy peptide at the expected m/z (Figure 5.8B, green), 

the proportion of which shifts to higher m/z corresponding to the heavy peptide plus 

proline 6 (Figure 5.8B, red). This results in an underestimation when quantifying proline 

containing peptides based on relative abundance. 
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Figure 5.8 | The arginine to proline conversion issue for SILAC quantification. (A) Metabolic 

conversion of arginine to proline in eukaryotes. (B) Conceptual mass spectra show a non-proline 

containing peptide (upper panel) and a proline containing peptide (lower panel). The signal 

intensities of heavy and light peptide are expected to be equivalent, however, the conversion to 

heavy proline split the expected heavy peptide signal (green) into two (green and red).  
 

 

Following initial optimisation, the MS analysis revealed that arginine to proline 

conversions were present in proteins extracted from HEK 293T cells cultured in heavy 

SILAC labelled media (8K10R). In Figure 5.9, two tryptic peptides (containing either a 

proline and an arginine, Figure 5.9A, or a proline and a lysine, Figure 5.9B) are shown as 

examples. The MS spectra show clear evidence of the additional isotope clusters 

corresponding to heavy proline. The proline conversion rate is 36.9% for peptide 

GVVDSEDLPLNISR, and 38.3% for peptide TWNDPSVQQDIK. 
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Figure 5.9 | MS spectra showing the arginine to proline conversion. Tryptic proline-containing 

peptides (A) GVVDSEDLPLNISR and (B) TWNDPSVQQDIK from HEK 293T cells grown on 

heavy labelled SILAC media (10R8K) reveal clear signals corresponding to heavy proline, 

indicating the existence of arginine-proline conversion. 
 

 

This arginine to proline conversion issue can be solved in a post-quantification correction 

approach, for example, by normalising all proline-containing peptides, either manually or 

using dedicated algorithms (Gruhler et al., 2005), or by using 4R in light media as an 

experimental correction (Van Hoof et al., 2007). Alternatively, the arginine to proline 

conversion can be prevented or reduced in the first place. A straightforward way to do 

this is to limit the amount of arginine in the media. However, arginine deficiency can 

affect cell behaviour and growth (Ong et al., 2003; Scott et al., 2000). Another commonly 

used strategy is to add unlabelled proline in both heavy and light media (Lößner et al., 

2011). To use this approach, the amount of additional proline needs be carefully 
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determined experimentally, as excessive amount of proline can lead to the conversion of 

proline to arginine in a reverse metabolic procedure. 

 

To overcome the arginine to proline conversion issue in this study, additional unlabelled 

proline was added to the SILAC media. A final concentration of 1.7 mM proline was 

determined, and cells were cultured and processed following the same procedure as 

previously described, prior to analysis by MS (Q Exactive HF). Two proline containing 

peptides with either arginine or lysine are shown as examples in Figure 5.10. Compared 

to non-proline treated cells, the intensities of heavy labelled proline isotope peaks are 

significantly reduced. The proline conversion rate for peptide DNPGVVTCLDEAR is 

approximately 8.0%, and for peptide NPDDITNEEYGEFYK is below 7.1%. Although 

the conversion was not fully prevented, a significant reduction was achieved. In 

conjunction with post-quantification normalization approaches and SILAC label-swap 

strategies, the conversion issue that could affect downstream protein quantitation can be 

prevented.  
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Figure 5.10 | MS spectra showing the effect of using additional proline during cell culture 

on the arginine to proline conversion. Tryptic proline-containing peptides (A) 

DNPGVVTCLDEAR and (B) NPDDITNEEYGEFYK grown on heavy labelled SILAC media 

(10R8K) reveal significant reduction of signals corresponding to the heavy proline. 
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In this study, I chose to use SILAC experiments in conjunction with label-swap strategy 

for the biological replicates. This strategy can effectively determine false positives (where 

changes are found in only one labelling of data), and more importantly, attenuate the 

inaccuracies caused by common issues associated with SILAC experiments including 

incomplete isotope incorporation and arginine-proline conversion, by averaging the ratios 

of individual replicate quantification data (Park et al., 2012). As a result, more reliable 

quantification of protein expression ratios can be achieved. An example of typical label-

swap SILAC data set interpretation is shown in Figure 5.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.11 | Schematic of SILAC label-swap data set interpretation.  
 

 

5.3.4 Studying the effect of methylation on the mRNA interactome 

To study the effect of global methylation on mRNA-protein interactions, cells were grown 

in the presence and absence of the global methylation inhibitor, AdOx, in conjunction 

with mRNP capture assays and SILAC MS analysis. To limit the issue of arginine to 

proline conversion, all cells were cultured in SILAC media (both heavy and light) with 

additional L-proline (1.7 mM). As for crosslinking, since no improvement of efficiency 

was observed with the 4SU treatment to cells, normal CILP was used.   

 

Initial work focussed on verifying of protein demethylation with the addition of AdOx. 

HEK 293T cells were treated with 20 µM AdOx for 48 hours for methylation inhibition. 

Protein extracts were then analysed by SDS PAGE and western blot using a CHTOP 

antibody. CHTOP is a protein with known arginine methylation (Chang et al., 2013). The 
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results (Figure 5.12) show the existence of a hypo-methylated CHTOP band for AdOx 

treated cell extract, confirming methylation inhibition. 

 

 

 

 

 

 

 

Figure 5.12 | Western blotting of AdOx treated cells and control cells. Whole cell extract 

(WCE) of both cell lines were analysed with CHTOP antibody. α-tubulin was shown as input 

control. 
 

 

After the confirmation of cell methylation alteration with AdOx treatment, mRNP capture 

assays were performed to study the effect of methylation on the global mRNA 

interactome. Cells were cultured in SILAC heavy and light media with label-swap for 

biological replicates (using the optimised SILAC growths as previously described). The 

mRNP capture assays were performed as previously optimised using equal amounts of 

heavy and light cell lysates (10 mg each) mixed together prior to oligo-d(T) purification. 

Three consecutive pulldowns were performed using the same lysates. The reason for 

doing this is that multiple pulldowns not only increase the mRNP recover rate, but also 

essential to capture certain proteins such as crosslinked AGO (Baltz et al., 2012). After, 

three pulldowns, eluates were pooled together prior to analysis using SDS-PAGE. The 

results are shown in Figure 5.13. 
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Figure 5.13 | SDS-PAGE analysis of inputs (WCE) and eluates (mRNP capture assay) from 

AdOx treated cell lines (AdOx) and control cell lines (ctrl). For both inputs and eluates, equal 

amount of heavy and light proteins were mixed prior to gel analysis. Eluates from three 

consecutive pulldowns were pooled together as one. 

 

 

 

Quantitative analysis of the whole cell protein expression 

 

Following SDS-PAGE analysis, input proteins were in-gel digested and analysed by LC-

MS (Q Exactive HF). It is important to analyse and compare the proteomes from cells 

grown in the presence and absence of AdOx as this is likely to affect protein expression 

over a range of different proteins. For MS data analysis, raw data were processed using 

MaxQuant (Cox and Mann, 2008), and statistical analysis was performed in Perseus 

(perseus-framework.org). Results show close to 3000 protein groups (see Section 5.3.2 

for protein group definition) were identified in each replicate of input, of which over 80% 

were quantified (Figure 5.14). The log2 fold change values of protein groups distribute 

evenly around 0 (Figure 5.14B), indicating good consistency of the label-swap replicates. 

Quantitative proteomic analysis revealed that 46 protein groups were identified with over 

1.5 fold increase (log2 value > 0.585) on expression level, of which 22 are t-test significant 

(p value 0.05). On the other hand, the expression of 91 protein groups were decreased 

over 1.5 fold (log2 value < -0.585), of which 39 are t-test significant (Figure 5.14A and 

C). These results demonstrate the successful application of the SILAC workflow to 

identify a number of differentially expressed proteins upon the addition of the methylation 

inhibitor AdOx. These results will be used in conjunction with quantitative mRNP capture 

assays described in the following section. 
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Figure 5.14 | Identification of WCE (input) proteome by quantitative mass spectrometry. 

(A) Scatter plot comparing the normalised log2 fold change upon AdOx treatment with label-swap 

biological replicates (two data sets). Each dot represents one protein group. (B) Histogram 

showing the normalised ratio distribution, with the count of each bin representing the number of 

protein groups. (C) Volcano plot showing log-fold changes in peptide intensities on the x axis 

and p values on the y axis. In (A) and (C), protein groups with over 1.5 fold increase are coloured 

orange, of which t-test significant coloured pink; protein groups with over 1.5 fold decrease are 

coloured blue, of which t-test significant coloured purple. 
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Quantitative analysis of the mRNP capture assay 

 

Similar to input proteins, in order to compare mRNP capture assays performed in the 

presence and absence of AdOx, proteins from mRNP capture assay eluates were in-gel 

digested and analysed using LC-MS (Q Exactive HF) following SDS-PAGE analysis. 

Approximately 650 protein groups were identified in each SILAC label-swap replicate, 

of which 80% were quantified, as summarised in Figure 5.15. Again, good consistency is 

seen for the two sets of data (label-swap replicates) from mRNP capture assays, as protein 

group log2 fold change values distribute evenly around 0 (Figure 5.15B). Quantitative 

proteomic analysis revealed that 37 protein groups were identified with over 1.5 fold 

increase (log2 value > 0.585), of which 5 are t-test significant (p value 0.05). For 

decreased proteins, 51 protein groups were identified over 1.5 fold change, of which 24 

are t-test significant (Figure 5.15A and C). 
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Figure 5.15 | Effects of AdOx on mRNA interactome analysis by quantitative mass 

spectrometry. (A) Scatter plot comparing the normalised log2 fold change of AdOx treatment 

with label-swap biological replicates (two sets of data). Each dot represents one protein group. 

(B) Histogram showing the normalised ratio distribution, with the count of each bin representing 

the number of protein groups. (C) Volcano plot showing log-fold changes in peptide intensities 

on the x axis and p values on the y axis. In (A) and (C), protein groups with over 1.5 fold increase 

are coloured orange, of which t-test significant coloured pink; protein groups with over 1.5 fold 

decrease are coloured blue, of which t-test significant coloured purple. 
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From the SILAC MS analysis, the results show that AdOx treatment not only changes 

protein abundance in the mRNA interactome, but also the whole cell protein expression. 

Thus it is necessary to confirm difference in abundance in the mRNA interactome is a 

consequence of alterations in the interaction with mRNA and not simply a change in the 

amount of protein in the cell extract used in the mRNP capture assay. To do this, the ratios 

(AdOx treatment over control) of proteins from the mRNP capture assay were normalised 

to those of WCE. However, not all proteins identified in the mRNA interactome were 

identified in the WCE, in which case, no normalisation was applied. The post-

normalisation to WCE results are shown in Figure 5.16. In summary, the results do not 

alter the majority of proteins that were shown to differentially binding to mRNA with the 

addition of AdOx following normalisation to protein expression changes in the WCE. 

 

Table 5.1 summarises those proteins whose mRNA binding increased with the addition 

of AdOx. These proteins are not necessarily t-test significant, but are generally with over 

1.5 fold increase based on two label-swap replicates. Further analysis of the proteins 

identified was also performed based on network connections, where many proteins listed 

are involved in multiple connections and key functions (Figure 5.17). 
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Figure 5.16 | Effects of AdOx on mRNA interactome including normalisation to expression 

changes observed in the cells. (A) Scatter plot comparing the normalised log2 fold change of 

AdOx treatment with label-swap biological replicates (2 sets of data). Each dot represents one 

protein group. (B) Volcano plot showing log-fold changes in peptide intensities on the x axis and 

p values on the y axis. Protein groups with over 1.5 fold increase are coloured orange, of which 

t-test significant coloured pink; protein groups with over 1.5 fold decrease are coloured blue, of 

which t-test significant coloured purple. 
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Table 5.1 | Proteins that showed increased mRNA binding upon treatment with AdOx. 

Proteins Log2 Ratio 
AdOx/Ctrl 
(Average) 

Log2 Ratio 
normalised 
to WCE 
(Average) 

Known 
methylation 

sites* 

Methylation 
sites 
(UniProt) 

RGG/RG 
sites 

Cross 
reference 
** 

C11orf68 0.89 0.89 R × 1    RG Y 

EEF1A1 0.74 0.52 R × 6 K × 14 G1, K165 RG Y 

LARP4B 0.74 0.64 R × 9 K × 1 R404, R419 RG Y 

NSUN2 0.86 0.59 R × 2    RG   

NYNRIN 1.11 1.11  K × 1   RG   

PABPC4 2.69 2.77 R × 13 K × 3 R419, R432, 
R436, R454, 
R530 

GR Y 

PRMT1 0.41 1.03 R × 2        

PRRC2B 1.25 1.25 R × 14    RGG, RG 
repeats 

Y 

RBM33 0.75 0.75 R × 17  R470, R1028 RGG/RG Y 

SART3 0.74 0.74 R × 6 K × 1 R906 RG Y 

SNRP70 0.6 0.87 R × 4 K × 2   RGG/RG   

STAU1 0.74 0.51 R × 3    RGG/RG Y 

TRNAU1AP 1.17 1.17 R × 1    RGG   

TRUB1 0.8 1.15 R × 1    RG   

TUBB2C 0.7 0.6 R × 4 K × 1   RG   

*Based on iPTMnet database. R: arginine methylation sites; K: lysine methylation sites. 

**Cross reference to the list of unique identified proteins with methylations by Geoghegan et 

al., 2015. Y: the protein is on the list. 

 

From Table 5.1, all proteins identified with log2 fold change over 1.5 have known 

methylation sites, and most of them have potential RGG/RG motifs for methylations. 

Also, over half of the listed proteins are also recognised by other research groups 

including (Geoghegan et al., 2015) (cross reference shown in the list) and (Guo et al., 

2014) (main source of UniProt methylation database). 

 

Among the listed proteins, PABPC4 is identified with the largest fold increase upon 

AdOx treatment. In eukaryotes, PABPC4 binds to mRNA poly (A) tails, and have four 

RNA-binding domains (NCBI report). There are several known methylation sites in this 

protein. PRRC2B is also detected with large fold change. PRRC2B has multiple 

RGG/GRG sites, and is known involved in RNA binding and cell differentiation. 

However more detailed functions of this protein are not well characterised. Other 

interesting proteins include LARP4B (translation regulation), SART3 (mRNA processing 

and splicing), and NSUN2 (RNA methyltransferase). 
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Previous work (Hung et al., 2010) shows that the methylation of ALYREF (a mammalian 

mRNA export factor) reduces its RNA binding capacity. With the treatment of AdOx, a 

methylation inhibitor, the binding of ALYREF to mRNA is expected to increase. Indeed, 

in this study, ALYREF is identified with a significant increase in one set of the label-

swap biological replicates (log2 fold change 0.42, 1.85 after normalisation to WCE), 

which is consistent with the previous results. However, no significant change is observed 

for this protein in the other replicate (log2 fold change -0.01, and -0.1 after WCE 

normalisation). 
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Figure 5.17 | Networks involved in proteins listed in Table 5.1. Data searched using 

GeneMANIA (genemania.org). Proteins listed in Table 5.1 are shown as cross-hatched circles, 

while solid circles are relevant proteins predicted by software. Lines represent interactions. Line 

thickness indicates interaction strength, and line colour indicates interaction type. 
 



130 

 

Similarly, proteins that show decreased binding to mRNA with the additional of AdOx 

are listed in Table 5.2, and the network connections involved in these proteins are shown 

in Figure 5.18. 

 

 
Table 5.2 | Proteins that showed decreased mRNA binding upon treatment with AdOx. 

Proteins Log2 Ratio 
AdOx/Ctrl 
(Average) 

Log2 Ratio 
normalised 
to WCE 
(Average) 

Known 
methylation 

sites* 

Methylation 
sites 
(UniProt) 

RGG/RG 
sites 

Cross 
reference 
** 

ALG13 -1.05 -1.05       GRG/RG   

APOBEC3F -0.7 -0.7 R × 1     RG   

ASCC3 -0.81 -0.88 R × 1 K × 3   RG   

CIRBP -0.67 -0.36 R × 11     Multiple 
RGG/RG 

Y 

CPSF7 -0.63 -0.1 R × 1     RGG Y 

DDX21 -0.85 -0.21 R × 5 K × 1   Multiple 
RG 

  

DHX8 -0.79 -0.79 K × 1     RG   

DZIP3 -2.19 -2.19 K × 1     GRG, RG   

ESRP2 -2.38 -2.38 R × 1     RGG/RG   

FAM120C -1.23 -1.23 R × 3     Y Y 

FUS -0.47 -0.66 R × 28 K × 1 22 × R 
methylation 
sites 

Multiple 
RGG, RG 
repeats  

Y 

HELZ2 -0.78 -0.78 K × 2     RG   

HNRNPLL -0.86 -0.86 R × 1     RGG/RG   

LARP1 -0.93 -1.27 R × 6 K × 2   RGG, RG 
repeats 

Y 

LARP1B -1.53 -1.53 R × 5     RG repeats,  
multiple RG 

LSM14B -0.59 -0.29 R × 8     RGG, 
multiple 
RG 

Y 

NCL -0.62 -0.72 R × 16 K × 4   Mutiple 
RGG/RG 

Y 

PPIL4 -0.92 -0.87 R × 5 K × 1   RGG Y 

PRKDC -0.68 -0.3 R × 11 K × 6   RG   

PRPF8 -0.88 -0.4 R × 8 K × 5 K1425 RG Y 

PTBP2 -1.64 -0.92       RG   

RBM10 -1.17 -1.06 R × 5 K × 1 R902 RGG/RG Y 

RBM15B -0.83 -0.83 R × 4     RGG, 
multiple 
RG 

Y 

RBM22 -0.68 -0.84 R × 1 K × 3   RG   

RBM27 -0.53 -0.68 R × 9 K × 4 R455 RG 
repeats, 
RG 

Y 

RBM4 -0.14 -0.74 R × 2     RG Y 
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RBM4B -0.77 -1.23 R × 1     RG   

RBM5 -0.98 -0.98 R × 1 K × 2   RG Y 

RC3H2 -0.82 -0.82 R × 1 K × 1   RG   

SF3A3 -0.7 -0.56 R × 3 K × 1   RG   

SF3B1 -0.7 -0.71 R × 6 K × 1   RGG/RG   

SF3B4 -0.54 -0.76 R × 5     Multiple 
RG 

Y 

SNW1 -0.78 -0.73 R × 4     RGG/GRG Y 

SRRT -0.6 -0.95 R × 10   R833, R840, 
R850 

GRG/RG Y 

XRCC6 -0.6 -0.37 R × 6 K × 4       

XRN1 -0.66 -0.66 R × 1     RG/GRG   

YTHDC2 -1.15 -1.15 R × 5 K × 3   RGG/RG Y 

ZC3H18 -0.77 -1.06 R × 3 K × 3   RGG/RG Y 

ZC3H8 -1 -1 K × 1     RG   

ZFC3H1 -0.61 -0.61 R × 9 K × 2   Multiple 
RGG/RG 

  

*Based on iPTMnet database. R: arginine methylation sites; K: lysine methylation sites. 

**Cross reference to the list of unique identified proteins with methylations by Geoghegan et 

al., 2015. Y: the protein is on the list. 

 

 

Compared to the number of protein groups that increase upon AdOx treatment, more 

proteins are seen with over 1.5 fold decrease. The majority of proteins listed in table 5.2 

have potential RGG/RG motifs and recognised methylation sites from the iPTMnet 

database. Specifically, proteins of particular interests are described below. 

 

HNRNPLL is an RNA-binding protein required for alternative splicing (Oberdoerffer et 

al., 2008). One known arginine site is recognised for this protein, together with a RGG 

motif. FUS is a protein with various methylation sites. This protein contains a tri-RGG 

motif: RGG(X0-4)RGG(X0-4)RGG, a feature also seen in HNRNPA1 and HNRNPU 

(Thandapani et al., 2013). LARP1 is a RNA binding protein which possibly involved in 

the regulation of cell division, migration and apoptosis (Burrows et al., 2010). Six 

arginine methylation sites together with a few RGG motifs are recognised in this protein. 

LARP1 features a RG repeats (8 × RG) from the position 338. This study suggests 

methylation may facilitate the binding of LARP1 to mRNA. YTHDC2 is a protein with 

multiple methylation sites and RGG/RG motifs. This protein specifically recognises and 

binds to RNA with N6-methyladenosine (m6A), and is proved to enhance translation 

efficiency and reduce target mRNA abundance (Hsu et al., 2017). ESRP2 is an mRNA 

splicing factor which regulates the formation of epithelial cell-specific isoforms 

(Warzecha et al., 2009). This protein sees the highest level of decrease upon AdOx 
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treatment in this study. However, the number of possible methylation sites for this protein 

is limited. RBM10 also shows a significant decrease upon AdOx treatment. With multiple 

methylation sites and RGG/RG motifs, this protein is possibly involved in post-

transcriptional processing.  
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Figure 5.18 | Networks involved in proteins listed in Table 5.2.  Data searched using 

GeneMANIA (genemania.org). Proteins listed in Table 5.2 are shown as cross-hatched circles, 

while solid circles are relevant proteins predicted by software. Lines represent interactions. Line 

thickness indicates interaction strength, and line colour indicates interaction type. 
 

 

Apart from AdOx, the citrullination of arginine is another purposed experimental factor 

that can affect the interactions between proteins and nucleic acids. However, for the study 

of citrullination effect on the mRNA-binding proteome, experiments subject to further 

planning, due to the fact that induced PADI4 expression did not affect protein expression 

of both input and binding proteins (oligo GC in vitro pulldown assay, see Chapter 6). 
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5.3.5 Studying the effect of m6A on the mRNA interactome 

To study the effect of N6-methyladenosine (m6A) of mRNA on mRNA-protein 

interactions, mRNP capture assays were carried out comparing a wild type cell line and 

an m6A deficient cell line. The m6A deficient cell line was generated using RNAi 

knockdown of Wilms tumour 1 associated protein (WTAP), a protein that recruits the 

m6A methyltransferase complex (see Figure 5.1). Therefore knockdown results in 

reduced m6A RNA methylation. Cells (HEK 293T) were obtained from the laboratory of 

Prof S Wilson, University of Sheffield. For simplification purpose, m6A deficient cell 

lines are described as m6A, and wild type cell lines as ctrl. Both the cell lines were 

cultured in heavy and light media for SILAC label-swap biological replicates using the 

optimised SILAC growth conditions as previously described. After, mRNP capture assays 

were performed as previously optimised, using a mix of light and heavy cell lysate (10 

mg each) prior to three consecutive enrichments using oligo-d(T) beads. Isolated mRNA-

binding proteins were resolved by SDS-PAGE (Figure 5.19). Here, the eluates from the 

first and second mRNP enrichments were loaded separately for comparison. It is clear 

that considerable amount of proteins can be isolated after the first round of pulldown 

assay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.19 | SDS-PAGE analysis of inputs (WCE) and eluates (mRNP capture assay) from 

m6A deficient cell lines (m6A) and wild type cell lines (ctrl). Both cell lines were grown in 

SILAC media with label-swap biological replicates, then crosslinked at UV 254 nm upon harvest. 

Three consecutive pulldowns were performed, with the first two shown on gel. Proteins were 

visualised by Coomassie blue staining. M: protein marker. 
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Quantitative analysis of the whole cell protein expression 

 

After the SDS-PAGE visualisation of mRNA-binding proteins captured, mass 

spectrometry based analysis was carried out to study the protein expression in the WCE 

under m6A deficient condition, as the WTAP gene knock down may affect protein 

expression over a range of different proteins. To do this, input proteins were in-gel 

digested and analysed on a Q Exactive HF mass spectrometer. For MS data analysis, raw 

data were processed using MaxQuant, and statistical analysis was performed in Perseus. 

Results show approximately 2500 protein groups were identified in each replicate of 

input, of which 75% were quantified (Figure 5.20). The log2 fold change values of protein 

groups distribute evenly around 0 (Figure 5.20B), indicating good consistency of the 

label-swap replicates. However, quantitative proteomic analysis showed no significant 

changes (either increase or decrease) on expression level (Figure 5.20C, one-sample t-

test shows that no protein falls into t-test significant area with over 1.5 fold change, or 

log2 value 0.585) except GSTP1 (pink dot, Figure 5.20A and C), which has no direct 

association known with m6A. The results indicate the growth and protein expression of 

the expected WTAP gene knock down cell line (-m6A) were not significantly affected. 

This is not expected, as the alteration of m6A status is a major biological event for cell 

behaviour, and theoretically a list of proteins should have significant fold changes in 

expression level.  
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Figure 5.20 | Identification of WCE (input) proteome by quantitative mass spectrometry. 

(A) Scatter plot comparing the normalised log2 fold change of m6A deficient cell line (m6A) and 

wild type (ctrl) with label-swap biological replicates (two data sets). Each dot represents one 

protein group. (B) Histogram showing the normalised ratio distribution, with the count of each 

bin representing the number of protein groups. (C) Volcano plot showing log-fold changes in 

peptide intensities on the x axis and p values on the y axis. Dotted lines (blue) mark the boundaries 

of t-test significance and 1.5 fold change. 
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Quantitative analysis of the mRNP capture assay 

 

Following the analysis of the WCE proteome, quantitative analysis was performed on the 

enriched mRNA-binding proteins to determine if protein binding ability to mRNA has 

been altered due to m6A deficiency. Proteins from mRNP capture assay eluates were in-

gel digested and analysed using LC-MS (Q Exactive HF). Approximately 500 protein 

groups were identified in each SILAC label-swap replicate, of which 400 were quantified, 

as summarised in Figure 5.21. Quantified heavy and light protein groups distribute evenly 

around 0 (Figure 5.21B), indicating good consistency of label-swap. However, 

quantitative proteomic analysis showed no significant increase or decrease in protein 

amounts (Figure 5.21C, one-sample t-test shows that no protein falls into t-test significant 

area with over 1.5 fold change, or log2 value 0.585). Due to the fact that a number of 

mRNA-binding proteins are proved sensitive to m6A such as HNRNPC (see Chapter 5.2), 

no changes of mRNA-binding proteins in this work suggests the invalidation of 

experiment. Table 5.3 lists a number of proteins that are closely related to mRNA m6A 

modification. These proteins were identified and quantified in this work, but showed no 

change of amounts in m6A deficient cell lines. Furthermore, GO annotation analysis of 

proteins recovered from mRNP capture assay based on molecular function gives correct 

protein type classifications compared to previous experiments (Figure 5.21D), suggesting 

the mRNP capture assay was performed successfully. These evidences strongly suggest 

the m6A deficient cells may not have WTAP gene properly knocked down. 

 

 

Table 5.3 | list of mRNA-binding proteins quantified in this experiment with known relation 

to m6A modification. 

Gene names Protein names 

log2 ratio 

m6A(H)/ 

ctrl (L)  

log2 ratio 

m6A (L)/ 

ctrl (H)  
HNRNPC Heterogeneous nuclear ribonucleoproteins C1/C2 -0.02 0.12 
YTHDF2 YTH domain-containing family protein 2 -0.05 0.13 
HNRNPA2B1 Heterogeneous nuclear ribonucleoproteins A2/B1 0.01 0.22 
YTHDF1 YTH domain-containing family protein 1 -0.29 -0.10 
YTHDF2 YTH domain-containing family protein 2 -0.05 0.13 
EIF3A Eukaryotic translation initiation factor 3 subunit A 0.26 0.06 
 

 

 

 

 



138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.21 | Effect of m6A deficient on mRNA-bound proteome analysis by quantitative 

mass spectrometry. (A) Scatter plot comparing the normalised log2 fold change of m6A deficient 

cell line (m6A) and wild type (ctrl) with label-swap biological replicates (two data sets). Each dot 

represents one protein group. (B) Histogram showing the normalised ratio distribution, with the 

count of each bin representing the number of protein groups. (C) Volcano plot showing log-fold 

changes in peptide intensities on the x axis and p values on the y axis. Dotted lines (blue) mark 

the boundaries of t-test significance and 1.5 fold change. (D) GO annotation of quantified proteins 

in eluates based on molecular function. GO annotation was performed using PANTHER 

classification system (pantherdb.org). 
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To test this hypothesis, immunoblotting experiments were performed on both the m6A 

deficient cell line and the wild type cell line for comparison. For WCE, western blot was 

performed using a WTAP antibody. Also, total RNA extraction was performed on both 

cell lines, and extracted total RNA was analysed in a dot blot experiment using a N6-

methyladenosine antibody. Indeed, results show no significant difference in either test 

between the two cell lines (Figure 5.22). Similar amount of WTAP protein is present in 

the WTAP gene knockdown cell line compared to the wild type cell line, and the amount 

of N6-methyladenosine present on RNA was the same in the WTAP gene knockdown cell 

line compared to the wild type cell line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.22 | Immunoblot tests of m6A deficient cell line. (A) WCE of the m6A deficient cell 

line (m6A) and the wild type cell line (ctrl) were analysed by western blotting (WB) with a WTAP 

antibody. (B) Total RNA of both the m6A and the wild type cell line was analysed by dot blotting 

with a N6-methyladenosine antibody. 

 

 

 

These results demonstrate that the RNAi knockdown was not efficient in the cell line 

used, resulting in no significant alteration of RNA methylation. These results are 

consistent with the previous proteomic analysis, which showed no significant changes in 

protein expression in the m6A deficient cell line or the mRNA bound proteome when 

compared to the wild type.  
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5.4 Conclusions 

RNA biology is largely determined by the interplay of RNAs with RNA binding proteins 

within dynamic ribonucleoprotein complexes in the cell. Recent studies have provided 

insights into the repertoire of different RNA binding proteins that bind mRNA, termed 

the mRNA interactome (Baltz et al., 2012; Castello et al., 2012). Protein post-translational 

modifications and chemical modifications of RNA can affect RNA-protein interactions. 

In this Chapter, I have studied the effects of both protein methylation and RNA 

methylation on mRNA interactome. 

 

Initial work focussed on the optimisation of in vivo mRNP capture assays. Large scale 

mRNP capture assays were performed using CLIP and PAR-CLIP approaches to capture 

RNA-protein interactions in the cell prior to purification of the mRNA using oligo-d(T) 

and GeLC-MS analysis. Standard UV crosslinking at 254 nm proved to be the most 

efficient for crosslinking proteins to mRNA. The MS analysis identified over 900 

proteins, the majority of which are nucleic acid binding proteins as expected.    

 

Further quantitative proteomic analysis was performed using mRNP capture assays in 

conjunction with stable isotope labelling with amino acids in cell culture to determine the 

effects of the global methylation inhibitor AdOx and the effects of RNA methylation (N6-

methyladenosine) on mRNA binding. For the mRNP capture assays performed on wild 

type cells and N6-methyladenosine RNA deficient cells, approximately 500 proteins were 

identified, of which 400 were quantified. However, no difference in the mRNA 

interactome was observed. Further analysis revealed that the RNAi knockdown was not 

efficient in the cell line used, resulting in no significant alteration of RNA methylation 

and therefore the mRNA binding was not altered. 

 

The analysis of the effects of the global methylation inhibitor AdOx identified over 600 

proteins of which over 500 were quantified in the SILAC label-swap experiment. 24 

proteins showed increased mRNA binding and 50 showed decreased mRNA binding 

(with over 1.5 fold change in protein abundance). A wide number of identified proteins 

contain sites of arginine methylation which are of particular interest. These results are the 

first global quantitative analysis of the effect of methylation on mRNA binding, with a 

number of interesting RNA binding proteins highlighted as candidates for further studies 

to examine the role of arginine methylation on RNA binding. Identified proteins of 
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particular interests include PABPC4, PRRC2B, LARP4B, SART3, NSUN2 (with 

increased mRNA binding upon AdOx treatment), and HNRNPLL, FUS, LARP1, 

YTHDC2, ESRP2, RBM10 (with decreased mRNA binding upon AdOx treatment). 

Further insight into these proteins may contribute to the understanding of mRNP cellular 

functions and the regulation of post-translational modifications that are included in 

certain biological pathways. 
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Chapter 6: Studying the effect of protein methylation and 

citrullination on the binding to (GGGGCC)5 repeats 

6.1 Abstract 

The expansion of GGGGCC repeats in the C9orf72 gene is believed to be the cause of 

both amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). The 

molecular pathogenesis however, is unclear. A number of proteins that interact with 

GGGGCC repeats have been reported. In this study, an in vitro pulldown assay was used 

to study the effects of both protein methylation and arginine citrullination on the proteins 

that bind to RNA GGGGCC repeats. 

 

Quantitative proteomic analysis was performed using in vitro pulldown assays in 

conjunction with stable isotope labelling with amino acids in cell culture (SILAC) to 

determine the effects of the protein methylation and citrullination on the binding to 

GGGGCC repeats. The analysis of the effects of the global methylation inhibitor AdOx 

identified over 700 proteins of which over 600 were quantified in the SILAC label swap 

experiment. 73 proteins showed increased RNA binding and 57 showed decreased RNA 

binding to the GGGGCC repeats (> 1.5 fold change in protein abundance). To study the 

effects of arginine citrullination, a cell line with induced overexpression of PADI4 was 

used. Over 700 proteins were identified, of which close to 600 were quantified in the 

SILAC label swap experiment, similar to the AdOx experiments. However, only 9 

proteins showed increased (GGGGCC)5 oligo RNA binding and 2 showed decreased 

(GGGGCC)5 oligo RNA binding (> 1.5 fold change in protein abundance). 

 

These results are the first global quantitative analysis of the effects of 

methylation/citrullination on GGGGCC repeat binding and highlight a number of 

interesting GGGGCC repeat binding proteins as candidates for further studies to examine 

the role of protein PTMs in amyotrophic lateral sclerosis and frontotemporal dementia. 
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6.2 Introduction 

(GGGGCC)n is a hexanucleotide repeat expansion (HRE) discovered recently in the non-

coding region (the first intron or the promoter region) of the C9orf72 gene, and is 

commonly believed to be the cause of two neurodegenerative disorders known as 

amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Mori et al., 

2013; DeJesus-Hernandez et al., 2011; Renton et al., 2011). Both diseases are related to 

devastating symptoms including dementia, language ability deficiency, progressive 

muscle size decreasing and change of personalities (Josephs et al., 2011; Mackenzie et 

al., 2010). Apart from ALS and FTD, evidence suggests HRE of C9orf72 is also related 

to other neurodegenerative diseases such as Alzheimer’s and Huntington’s (Rollinson et 

al., 2012; Hensman et al., 2014).  

 

Compared to normal human C9orf72 gene with GGGGCC repeat units of less than 25, 

gene sequencing results show several hundreds to thousands of this repeat pattern in 

patients with ALS or FTD (van der Zee et al., 2013). The pathology of ALS and FTD 

related GGGGCC repeats, as well as the correlation between the number of repeats and 

the progression of disease remain largely unknown (Haeusler et al., 2014). Hypothesis of 

the disease mechanisms are described in Figure 6.1. One theory is that the mutation 

interferes with the normal expression of the C9orf72 gene, as evidence showed decreased 

amount of transcribed mRNA from C9orf72 in ALS/FTD carriers (DeJesus-Hernandez et 

al., 2011; Gijselinck et al., 2012). However, the function of the protein encoded by 

C9orf72 is unknown. The second possibility is RNA mediated toxicity. Evidence showed 

accumulation of RNA transcripts containing GGGGCC repeats in the spinal cord material 

and the frontal cortex of the patients, which could lead to toxicity (DeJesus-Hernandez et 

al., 2011). The expansion of GGGGCC repeats can cause sequestration and affect the 

protein-RNA interactions (Renoux and Todd, 2012). In fact, a number of GGGGCC 

repeat binding proteins were already identified, such as ribonucleoproteins hnRNPA1 and 

hnRNPA2B1, both of which are thought to be ALS/FTD related (Kim et al., 2013). The 

third hypothesis is described as repeat-associated non-ATG (RAN) translation. Unlike 

conventional translations, RAN-translation requires no ATG codon to initiate the 

translation process. This was first discovered in the expanded CAG repeats in 

spinocerebellar ataxia type 8 (SCA8) and myotonic dystrophy type 1 (DM1), which lead 

to the formation of toxic homopolymeric peptides (Zu et al., 2010). Similarly, GGGGCC 

repeats were also revealed to have this type of translation mode (Cleary and Ranum, 



Chapter 6 

145 

 

2013), through which homopolymeric dipeptide repeat proteins (DPRs) including poly 

Gly-Ala, poly Gly-Pro and poly Gly-Arg, can be produced across the reading frames of 

the repeats and accumulated in neurons of patients (Mori et al., 2013; Callister et al., 

2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 | Illustration of the proposed mechanisms of how GGGGCC repeats in C9orf72 

are associated with ALS and FTD. Figure reprinted with permission from Orr, 2013. 

 

 

RNA pulldowns in conjunction with mass spectrometry have been widely used to study 

the GGGGCC repeat binding proteome. Several proteins have been identified to 

recognize and interact with GGGGCC repeats, which can be categorized based on their 

functions, including for example, pre-mRNA slicing factors HNRNPA1, HNRNPA2B1, 

FUS, EWSR1, SRSF (1-3), TAF15, heterogeneous nuclear ribonucleoproteins HNRNPK 

and HNRNPH/F (Cooper-Knock et al., 2015), helicase DDX21, DHX15 and DHX30, 

interleukins ILF2 (Mori et al., 2013), stability SAFB2, and others including PCBP2 
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(Haeusler et al., 2014), ALYREF (Cooper-Knock et al., 2015) and ADARB2 (Donnelly 

et al., 2013).  

 

G-quadruplexes are unusual secondary structures which can be formed in G-rich DNAs 

and RNAs both in vitro and in vivo (Neidle, 2009; Biffi et al., 2013; Bugaut and 

Balasubramanian, 2012) (Figure 6.2). This structural change can affect multiple 

biological processes such as gene regulation and RNA processing (Lipps and Rhodes, 

2009; Melko and Bardoni, 2010). Studies have shown that G-quadruplex structures can 

also form within the GGGGCC repeats in the C9orf72 gene (Reddy et al., 2013). The 

formation of this structure not only affects RNA-RNA interactions, but is also likely to 

affect protein binding patterns. Some proteins preferentially bind to a G-quadruplex, such 

as HNRNPU and NCL, whereas other proteins including HNRNPF and RPL7 are not 

sensitive to structural differences (Haeusler et al., 2014). 

 

Protein post-translational modifications can change the chemical structure and the 

property of proteins, which in turn affect protein-RNA interactions. In this study, protein 

methylation and arginine citrullination were studied for their effects on binding to 

GGGGCC repeats, using quantitative mass spectrometry methods in conjunction with 

SILAC. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 | Schematic represent the formation of G-quadruplex with GGGGCC repeats. 

(A) Interactions between four guanine residues, which are stabilized by ions such as K+ and Na+ 

in the centre.  (B) The formation of G-quadruplex in the form where guanines interact with each 

other within one molecule. (C) The formation of G-quadruplex in the form where guanines 

interact with guanines from different molecules. Figure reprinted with permission from  Reddy et 

al., 2013. 
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6.3 Results and Discussion 

6.3.1 Optimisation of an in vitro binding assay to study the proteins binding 

to GGGGCC repeats 

For the identification of proteins that interact with RNA GGGGCC repeats, an in vitro 

assay was optimised in this study. A 3' biotinylated RNA oligo (GGGGCC)5 with the 

sequence of 5'-(GGGGCC)5-Bio-3' was used as a probe representing the (GGGGCC)n 

HRE in the C9orf72 gene. Biotinylation is the most widely used affinity tag for 

oligonucleotides due to its high specific affinity to streptavidin, fast binding and high 

stability in various experimental conditions (Jazurek et al., 2016). For GGGGCC repeats, 

repeats of five were used because a minimum of four repeats for the GGGGCC repeat 

expansion are required to form the correct G-quadruplex structure in vitro (Figure 6.2), 

and have similar binding ability and specificity to associated proteins compared to longer 

ones (Mori et al., 2013).  

 

Initial work was performed to optimise the in vitro RNA pulldowns using HeLa nuclear 

extracts. 3' biotinylated RNA oligos (GGGGCC)5 were added to the protein extracts (up 

to 2 mg was used for each pulldown experiment) and crosslinked at UV 254 nm, 0.3 J/cm2 

prior to affinity purification with streptavidin beads . Proteins were eluted from the RNA 

oligos with the addition of RNase A and analysed using SDS-PAGE (Figure 6.3). The 

results show the successful enrichment of proteins binding to the GGGGCC repeats.  
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Figure 6.3 | SDS-PAGE results of input (HeLa nuclear extracts) and pulldown (eluates). 
Proteins were visualised by Coomassie blue staining. 

 

Further analysis was performed using mass spectrometry (amaZon) for protein 

identification. In-gel digestion was performed on the pulldown lane of Figure 6.3, and 

data was searched against the SwissProt data base with Homo sapiens (human) taxonomy 

using Mascot Daemon. 155 proteins were identified (see Chapter 6 Appendices). Gene 

ontology (GO) annotation results based on molecular function show most protein groups 

are with binding functions (53%) and catalytic activity (28%) (Figure 6.4), indicating the 

in vitro pulldown assay was effective. 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 | In vitro pulldown assay validation based on gene ontology (GO) annotation. In 

vitro pulldown assay was performed using HeLa nuclear extracts. Identified protein groups were 

categorized based on molecular function.  
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Following optimisation and validation of in vitro RNA pulldowns, quantitative MS 

analysis of the (GGGGCC)5 binding proteome is required to demonstrate that binding to 

RNA (GGGGCC)5 sequence is perturbed under different conditions. To perform 

quantitative proteomic analysis, stable isotope labelling by amino acids in cell culture 

(SILAC) with label-swap strategy for biological replicates was used (as previously 

described in Chapter 5). The experimental procedure is designed as shown in Figure 6.5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5 | Schematic of in vitro RNA pulldown assay for quantitative studies of proteins 

binding to GGGGCC repeats. Key steps include SILAC swap-labelling, in vitro UV 

crosslinking, streptavidin-biotin affinity precipitation and RNA-binding protein recovery. 

 

 

6.3.2 Studying the effect of methylation on the GGGGCC repeat interactome 

To study the effect of protein methylation on GGGGCC repeat binding, cells were grown 

in the presence and absence of the global methylation inhibitor AdOx in conjunction with 

in vitro RNA pulldown assays and SILAC MS analysis.  For protein demethylation with 

the addition of AdOx, HEK 293T cells were treated with 20 µM AdOx for 48 hours for 

methylation inhibition. Protein demethylation in the presence of AdOx were verified by 

SDS PAGE and western blotting using CHTOP antibody (see Chapter 5).  

 

 

For the SILAC experiments, cells were cultured in heavy and light media with the label-

swap strategy for biological replicates (optimised SILAC growth conditions were used as 

previously described in Chapter 5). In vitro RNA pulldown assays were performed 
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separately using up to 2 mg of light and heavy cell lysate each for the (GGGGCC)5 oligo 

RNA crosslinking and affinity purification. The recovered eluates of both heavy and light 

were mixed (1:1 protein amount) prior to analysis on SDS-PAGE. The results shown in 

Figure 6.6 demonstrate the successful enrichment of proteins binding to the GGGGCC 

repeat oligos in the presence and absence of AdOx. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.6 | SDS-PAGE results of whole cell extracts (WCE) and in vitro pulldown eluates 

from AdOx treated cells (AdOx) and control cells (ctrl). HEK 293T cells were grown in 

SILAC media with label-swap biological replicates, and crosslinked at UV 254 nm. For both 

WCE and pulldowns, samples were mixed with estimated protein amount of 1:1 heavy to light 

prior to loading on the gel. 
 

 

 

Quantitative analysis of the whole cell protein expression 

 

In addition to the analysis of the proteins binding to the GGGGCC repeats, it is important 

to analyse the whole cell protein lysates (WCE) in the presence and absence of AdOx to 

determine the effect of AdOx on protein expression levels (as previously described in 

Chapter 5). SILAC labelled WCE samples were therefore in-gel digested and analysed 

on the Q Exactive HF. Raw data were processed using MaxQuant, and statistical analysis 

was performed in Perseus.  

 

The MS analysis identified over 3000 protein groups (see Section 5.3.2 for protein group 

definition) in each replicate and over 85% of which were quantified. The quantitative MS 
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analysis is summarised in Figure 6.7. The log2 fold values of protein groups distribute 

evenly around 0 (Figure 6.7B), indicating good consistency of the label-swap replicates. 

Quantitative proteomic analysis revealed 193 proteins which were identified with over 

1.5 fold change (log2 value > 0.585). Among these proteins 42 are t-test significant (p 

value 0.05). Another 193 proteins showed decreased expression with over 1.5 fold change 

(log2 value < -0.585), of which 43 were t-test significant (Figure 6.7A and C). The results 

demonstrate the successful application of the SILAC workflow to identify a number of 

differentially expressed proteins upon the addition of the methylation inhibitor AdOx. 

These results will be used in conjunction with the in vitro RNA binding assays described 

in the following section. 
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Figure 6.7 | Analysis of the effects of AdOx on the proteome by quantitative mass 

spectrometry. (A) Scatter plot comparing the normalised log2 fold change upon AdOx treatment 

with label-swap biological replicates (two data sets). Each dot represents one protein group. (B) 

Histogram showing the normalised ratio distribution, with the count of each bin representing the 

number of protein groups. (C) Volcano plot showing log-fold changes in peptide intensities on 

the x axis and p values on the y axis. In (A) and (C), protein groups with over 1.5 fold increase 

are coloured orange, of which t-test significant coloured pink; protein groups with over 1.5 fold 

decrease are coloured blue, of which t-test significant coloured red. 
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Quantitative proteomic analysis of the in vitro binding to RNA GGGGCC repeats 

 

Following SDS-PAGE analysis of the RNase eluted fraction from the in vitro RNA  

pulldown assays performed in the presence and absence of AdOx, the MS analysis 

identified close to 800 protein groups in each SILAC label-swap replicate, and roughly 

85% of which were quantified (566 protein groups were quantified in both forward and 

reverse labelled samples). The results are summarised in Figure 6.8. Protein groups log2 

fold values distribute evenly around 0 (Figure 6.8B), indicating good consistency of the 

label-swap replicates and the in vitro RNA pulldown assays. The SILAC label swap 

experiment shows a number of proteins were either enriched or depleted in the RNA 

GGGGCC repeat interactome upon the addition of the methylation inhibitor AdOx 

(Figure 6.8A). 73 protein groups were identified with increased (GGGGCC)5 binding 

(over 1.5 fold change in protein abundance, log2 value > 0.585), and 22 of which are t-

test significant (p value 0.05). The MS analysis identified 57 protein groups with 

decreased mRNA binding (with over 1.5 fold change in protein abundance, log2 value < 

-0.585), and 13 of which are t-test significant (Figure 6.8A and C). 
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Figure 6.8 | Effects of AdOx on in vitro GGGGCC repeat interactome analysis by 

quantitative mass spectrometry. (A) Scatter plot comparing the normalised log2 fold change of 

AdOx treatment with label-swap biological replicates (two sets of data). Each dot represents one 

protein group. (B) Histogram showing the normalised ratio distribution, with the count of each 

bin representing the number of protein groups. (C) Volcano plot showing log-fold changes in 

peptide intensities on the x axis and p values on the y axis. In (A) and (C), protein groups with 

over 1.5 fold increase are coloured orange, of which t-test significant coloured pink; protein 

groups with over 1.5 fold decrease are coloured blue, of which t-test significant coloured purple.  
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In addition to the above GeLC-MS analysis, I performed in-solution digestion of the 

eluted proteins prior to MS analysis and compared to the previous in-gel digestions (see 

Figure 6.9). The results show that the number of protein groups quantified by in-gel 

digestion almost doubled compared to those quantified by in-solution digestion (both the 

results from heavy and light labelling were considered). This may partly due to the protein 

degradation for samples used for the in-solution digest. Despite the number of protein 

groups quantified, results from both the in-gel digestion and the in-solution digestion 

show similarities regarding to the protein abundance changes (i.e., increase or decrease 

under the effect of AdOx). Full protein lists with fold changes can be found in Chapter 6 

Appendices. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 | Comparison of the number of protein groups quantified in both label-swap 

replicates by in-gel digestion and in-solution digestion. 
 

 

From the SILAC MS analysis results, AdOx treatment not only changes protein 

abundance in the RNA pulldowns, but also the whole cell protein expression. Thus it is 

necessary to confirm difference in abundance in binding to GGGGCC repeat is a 

consequence of alterations in the interaction with (GGGGCC)5 RNA oligos and not 

simply a change in the amount of protein in the cell extract used in the in vitro RNA 

pulldown assay. To do this, the ratios (AdOx treatment over control) of proteins from the 

RNA pulldown eluates were normalised to those of the WCE. However, not all proteins 

identified in the mRNA interactome were identified in the WCE, in which case, no 

normalisation was applied. The post-normalisation to WCE results are shown in Figure 

6.10. In summary, the results do not alter the majority of proteins that were shown to 
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differentially bind to RNA oligo (GGGGCC)5 with the addition of AdOx following 

normalisation to protein expression changes in the WCE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 | Effects of AdOx on GGGGCC repeat interactome including normalisation to 

expression changes observed in the cells. (A) Scatter plot comparing the normalised log2 fold 

change of AdOx treatment with label-swap biological replicates (2 sets of data). Each dot 

represents one protein group. (B) Volcano plot showing log-fold changes in peptide intensities on 

the x axis and p values on the y axis. Protein groups with over 1.5 fold increase are coloured 

orange, of which t-test significant coloured pink; protein groups with over 1.5 fold decrease are 

coloured blue, of which t-test significant coloured purple. 
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Table 6.1 summarises those proteins with RNA (GGGGCC)5 binding increased upon the 

AdOx treatment. Results from in-gel and in-solution digestion were taken into 

consideration at this stage. These proteins are not necessarily t-test significant, but are 

generally of over 1.5 fold increase based on two label-swap replicates.  

 

 

 
Table 6.1 | Proteins that showed increased binding to GGGGCC repeats upon treatment 

with AdOx. 

Proteins Log2 Ratio 
AdOx/Ctrl 
(Average) 

Log2 Ratio 
normalised 
to WCE 
(Average) 

Known 
methylation 

sites* 

Methylation 
sites  
(UniProt) 

RGG/RG 
sites 

Cross 
ref. 
** 

ALKBH2 0.87 0.87       RG   

BCCIP 1.05 0.99 R × 2         

C14orf166 0.64 0.7 R × 1 K × 1   RG   

CAPRIN1 0.89 0.9 R × 12 K × 3 R626, R633, 
R640, R698  

RGG, 
multiple RG 

Y 

CCAR1 1.05 <0.585 R × 1     RG   

CPSF6 1.06 1.08 R × 5     GR repeats, 
RG 

Y 

CRNKL1 1.96 1.04 R × 1 K × 1   RG   

DDX1 0.68 0.7 R × 2 K × 2   RG Y 

DDX17 1.17 <0.585 R × 17 K × 2 R684 Multiple 
RGG/RG 

Y 

DDX39B/A 1.25 1.22 R × 4     GRG   

EPB41 0.87 0.92 R × 2 K × 2   RG   

EWSR1 0.7 <0.585 R × 35   29 R 
methylation 
sites 

Multiple 
RGG/RG 

Y 

FAM98B 0.61 0.81       RG Y 

FXR1 0.95 0.93 R × 9 K × 1   RGG, GRG, 
GR repeats 

Y 

FXR2 0.64 0.76 R × 8     GR repeats, 
RG 

Y 

G3BP1 1.06 0.83 R × 9 K × 2   RGG/RG Y 

GNB2L1 0.77 0.8 R × 4 K × 4   RG Y 

HEXIM1 1.21 <0.585 R × 4 K × 1       

HNRNPA2B1 0.75 1 R × 13 K × 1 R203, R213, 
R228, R238, 
R266, R325, 
R350 

Multiple 
RGG/RG 

Y 
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HNRNPC 1.53 1.87 R × 5 K × 3   RG Y 

HNRNPDL 0.99 1.09 R × 7 K × 2 R25 RG repeats Y 

HNRNPK 0.77 0.68 R × 26 K × 3 R316 Multiple 
RGG/RG 

Y 

HNRNPL 0.71 0.83 R × 8     RG Y 

HNRNPM 1.08 1.02 R × 13 K × 1 R496 RGG/RG Y 

HPSE 1.04 1.04       RG   

HSD17B4 1.75 1.62       RGG/RG   

KHSRP 0.98 0.88 R × 11 K × 3 R411, R413, 
R415, R442 

Multiple 
RGG, GR 
repeats 

Y 

KIFC1 0.96 0.74 R × 2 K × 1   RG   

LUC7L2 1.59 1.45 R × 1     GR   

LUC7L3 1.79 1.58 R × 1     RG   

METTL3 2.32 1.79 R × 1     RG   

MPLKIP 2.05 2.05 R × 11   R57, R59, 
R68, R77, 
R117 

RG Y 

NIP7 1.55 1.55 R × 2         

NOP2 1.02 <0.585 R × 1 K × 1   RG Y 

NUDT21 0.6 0.82 R × 2 K × 1 R15 RG Y 

OTUD4 0.7 0.66 R × 5 K × 4   RGG/RG Y 

PABPN1 0.82 0.87 R × 19   R259, R263 GRG/RG Y 

PAK1IP1 1.36 1.36       RG   

PRMT5 1.41 1.31 R × 1     RG   

PRPF4 1.25 0.86 R × 1         

RBM16 0.78 <0.585 R × 14   R917, R927, 
R938 

RG   

RBM26 0.77 1.08 R × 3 K × 1   Multiple RG 
repeats 

  

RBM39 0.98 0.85 R × 7 K × 1   RG Y 

RBM4 0.88 <0.585 R × 2     RG Y 

RCC1 1.37 1.41 R × 1     RGG/RG Y 

RRP9 1.18 1.18 R × 1   R10 RG Y 

SAFB 1.74 1.73 R × 16 K × 3 R811, R868, 
R874, R884 

RGG, 
GRG,RG 

Y 

SART1 0.6 0.96 R × 2 K × 2   RG   

SART3 2.01 1.87 R × 6 K × 1 R906 RG Y 

SCAF11 0.76 0.76 R × 10 K × 3 R1151 RG repeats Y 

SF3B1 0.91 0.99 R × 6 K × 1   RGG/RG   

SRSF10 0.81 0.81 R × 4     RG Y 

SRSF7 0.68 1.13 R × 3     RG   

SSRP1 0.94 0.79 R × 4 K × 2   RG Y 
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TRA2A 0.96 0.96 R × 3     RG   

TRA2B 1.14 1.38 R × 10   R241 RGG/RG Y 

U2AF2 1.01 1 R × 2 K × 1   RG   

UBAP2L 2.21 2 R × 8 K × 1 R187, R190 GRG, RGG, 
RG repeats 

Y 

USP10 0.99 0.78       RG   

ZFP91 1.35 1.9 R × 3 K × 1   RGG/RG   

*Based on iPTMnet database. R: arginine methylation sites; K: lysine methylation sites. 

**Cross reference to the list of unique identified proteins with methylations by Geoghegan et 

al., 2015. Y: the protein is on the list. 

 

 

From Table 6.1, most proteins with over 1.5 fold increase (log2 > 0.585) were identified 

with RGG/RG motifs that can be potentially modified, and/or have known methylation 

sites based on the iPTMnet database. Proteins identified with a large fold increase from 

the enrichment of GGGGCC repeat binding assay upon AdOx treatment are described in 

the section below. 

 

METTL3 is an essential member of the N6-methyltransferase complex, although not 

likely to be self-methylated, but it is involved in the internal adenosine residue post-

transcriptional methylations in eukaryotic mRNA (Yue et al., 2015). UBAP2L has an 

RGG/RG motif in the N terminus which can be directly methylated by PRMT1, and is 

required for the accurate distribution of chromosomes (Maeda et al., 2016). CRNKL1 is 

known involved in pre-mRNA splicing (Chung et al., 2002), but lacking methylation sites 

on itself. SAFB is a protein with c-terminal RG rich region and have multiple sites for 

methylation. Apart from the proteins discussed above, a number of heterogeneous nuclear 

ribonucleoproteins (hnRNPs) were also identified enriched in elutes of GGGGCC binding 

assay under demethylation environment, including HNRNPC, HNRNPK, HNRNPDL, 

HNRNPM and HNRNPA2B. Other proteins such as MPLKIP, SART3, LUC7L3 and 

PRMT5 may also be proved interesting. 

 

Similarly, a number of proteins that were decreased in abundance in the oligo RNA 

(GGGGCC)5 interactome when treated with AdOx are listed in Table 6.2. 
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Table 6.2 | Proteins that showed decreased binding to GGGGCC repeats upon treatment 

with AdOx. 

Proteins Log2 Ratio 
AdOx/Ctrl 
(Average) 

Log2 Ratio 
normalised 
to WCE 
(Average) 

Known 
methylation 

sites* 

Methylation 
sites 
(UniProt) 

RGG/RG 
sites 

Cross 
ref.** 

ACAD11 -1.17 >-0.585 R × 2 K × 1   RG   

ACTL6A -1.98 -1.41 K × 1         

AGAP3 -0.95 -0.95 K × 1     RG Y 

ALYREF -1.86 -1.86 R × 15 K × 1 R38, R58, 
R63, R71, 
R204, K235 

Multiple 
RGG, RG 
repeats 

Y 

ANGEL2 -0.86 -0.86 R × 4 K × 1   GRG/RG Y 

BCKDK -0.85 -0.85 K × 1     RGG   

CDKN2AIPNL -1.58 -1.58           

CKAP4 -1.41 -0.98 R × 1 K × 1   RG   

CKMT1A -0.62 -0.8 R × 3     RG   

CLP1 -1.27 -1.27       RG   

CMAS -0.84 -0.84 R × 4 K × 1   RGG/RG Y 

DIMT1 -0.99 -0.99 K × 1     RG   

DISC1 -1.08 -1.22 R × 2 K × 2   RGG/RG Y 

DKC1 -0.7 -1.12           

EED -1.48 -1.48 K × 4   K66, K197, 
K268, K284 

RG   

EEF1G -0.63 -0.72 R × 2 K × 1   RG   

HMMR -1.48 -1.48       RG   

HNRNPR -0.76 >-0.585 R × 12 K × 5   Multiple 
RGG, RG 
repeats 

Y 

HNRNPU -0.68 >-0.585 R × 22 K × 5 R702, R733, 
R739, R755, 
R762 

Mutiple 
RGG/RG 

Y 

HSPA1B -1.06 -1.03 R × 1 K × 1   RG   

HSPA8 -1.3 -1.21 R × 2 K × 7 R469, K561 RG Y 

KCTD12 -1.05 -0.71 R × 1     RG   

LSM14A -1 -1.03 R × 6 K × 1   Multiple 
RGG/RG 
repeats 

Y 

MAZ -0.81 -0.81 R × 2     RG   

MPG -1.23 -1.23       RGG/RG   

NARS -1.21 -1.25           

NSUN2 -2.65 -2.97 R × 2     RG   

PA2G4 -2.38 -2.34 R × 3 K × 3       
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PCF11 -1.3 -1.3 R × 31   R805, R820, 
etc, 11 R 
sites  

RG Y 

POLDIP3 -0.73 -0.9 R × 3 K × 4 R33 RG   

PSIP1 -1.19 -0.61 K × 1     RG   

PUS1 -1.39 -1.08           

PUS7 -2.73 -1.53 R × 4     RG Y 

PXDN -0.96 -0.96 R × 1     RG   

RCC2 -0.63 -0.82 R × 4 K × 3   RGG, GRG Y 

RPL12 -1.09 -0.8 R × 2         

SMARCA1 -1.54 -1.54       RG   

SNRPD1 -1.2 -1.21 R × 10     RGG, GR 
repeats 

  

SNRPN -0.91 >-0.585 R × 8   R172 GRG/RG Y 

SRP14 -0.79 -0.92 K × 2         

SSB -0.92 -1.01 R × 1 K × 1   RG   

TRMT2B -1.53 -1.53       RG   

TRMT6 -2.7 -3.09 R × 1 K × 1   RGG/RG   

TRMT61A -2.51 -2.94 R × 2     GRG, RG   

TROVE2 -1.05 -1.02 R × 1 K × 2   GRG/RG   

TSN -0.93 -0.95 R × 1     RG   

XRN2 -1.22 -1.22 R × 18 K × 2 R824, R847, 
R851, R883, 
R895, R946 

RGG/RG Y 

YTHDC2 -0.96 >-0.585 R × 5 K × 3   RGG/GRG/RG Y 

*Based on iPTMnet database. R: arginine methylation sites; K: lysine methylation sites. 

**Cross reference to the list of unique identified proteins with methylations by Geoghegan et 

al., 2015. Y: the protein is on the list. 

 

As shown in Table 6.2, most proteins with a decrease of over 1.5 fold (log2 < -0.585) were 

identified with RGG/RG motifs as well as known methylation sites based on the iPTMnet 

database. Proteins identified with a large fold change decrease from the enrichment of 

GGGGCC repeat binding assay under AdOx treatment are described in the section below. 

 

Two tRNA adenine methyltransferase subunits, TRMT6, and TRMT61A, were identified 

amongst the largest fold decrease proteins. TRMT6 catalyses the methylation of m1A of 

initiator methionyl-tRNA at position 58 (Finer-Moore et al., 2015), while TRMT61A, as 

part of the mRNA N1-methyltransferase complex, mediates N1 adenosine methylation of 

a subset of mRNAs (Safra et al., 2017). Also, a tRNA uracil methyltransferase homolog, 

TRMT2B was identified, which is known to catalyse the 5mU modification in tRNA, and 

may also play roles in tRNA stabilisation and maturation (UniProt resource). NSUN2 is 

another tRNA methyltransferase identified, which catalyses the m5C methylation 

(Brzezicha et al., 2006). Two pseudouridylate synthase (PUS1 and PUS7) were identified 
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among the proteins with fold decrease. These proteins convert uridine in RNA to 

pseudouridine, and may contribute the stabilisation of RNA secondary and tertiary 

structures (see chapter 1.3.3). The lack of potential methylation sites in PUS1 suggests 

this protein may not respond to demethylation environment directly. Two hnRNPs were 

identified with decreased amount, HNRNPU and HNRNPR, but the fold changes were 

not significant, especially after the normalisation to WCE. 

    

Other proteins such as PA2G4, YTHDC2, PCF11, LSM14A, SNRPD1 and XRN2 may 

also be proved interesting. It is also worth noting that ALYREF was found amongst the 

decrease group of proteins (log2 fold change -1.86), which is opposite to the mRNA 

binding results (see chapter 5.3.4).  

 

Following quantitative MS analysis, additional western blotting experiments were carried 

out on three proteins known to bind to RNA GGGGCC repeats (see Figure 6.11). Results 

show AdOx treatment decreased the amount of ALYREF binding to the GGGGCC, 

which is in line with the MS data (log2 AdOx/Ctrl -1.86). For HNRNPA1, no significant 

change was seen in the elutes from western blotting, which is consistent with the MS 

quantification where the fold change of HNRNPA1 was less than 1.5. For HNRNPK, 

however, no signal was detected using western blotting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 6.11 | Western blotting results of known GGGGCC repeat binding proteins in cell 

lysate (input) and RNA pulldown (eluate). Three proteins that known to bind to RNA 

GGGGCC repeats were tested, with tubulin used as input control. Proteins were from cells either 

treated with AdOx or without. See text for details. 
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6.3.3 Studying the effect of citrullination on the GGGGCC repeat 

interactome 

To study the effect of protein citrullination on the binding to RNA GGGGCC repeats, 

cells were transfected with HA-PADI4, the enzyme catalyses citrullination of arginine 

(simplified as PADI4 treatment hereafter). Induced expression of PADI4 were verified 

by SDS PAGE and western blotting (see Figure 6.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.12 | Western blotting of the HA-PADI4 transfected cells and the control cells. WCEs 

of both the cell lines were analysed with CHTOP and HA antibody. A reduced level of hyper-

methylated CHTOP was observed, indicating the inhibition of CHTOP methylation in the HA-

PADI4 transfected cells. A significant amount of HA-PADI4 was observed in the HA-PADI4 

transfected cells, which was absent in the control cells, indicating the success of the HA-PADI4 

transfection. α-tubulin was used as input control. 
 

 

For the SILAC experiments, cells were cultured in heavy and light media with a label-

swap strategy for biological replicates (using the optimised SILAC growths as previously 

described). In vitro RNA pulldown assays were performed separately using up to 2 mg 

(each) of light and heavy cell lysate, prior to binding to (GGGGCC)5, in conjunction with 

UV crosslinking and affinity purification using streptavidin beads. The recovered eluates 

of both heavy and light were mixed (1:1 protein amount) prior to analysis on SDS-PAGE. 

The results are shown in Figure 6.13, demonstrating the successful enrichment of proteins 

binding to the GGGGCC repeat oligos. 
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Figure 6.13 | SDS-PAGE analysis of whole cell extracts (WCE) and in vitro RNA pulldown 

eluates for the PADI4 transfected cells (PADI4) and the wild type cells (ctrl). HEK 293T cells 

were grown in SILAC media with label-swap biological replicates, and crosslinked at UV 254 

nm. For both WCE and pulldowns, samples were mixed with estimated 1:1 protein amount heavy 

to light prior to loading on the gel. 
 

 

Quantitative analysis of the whole cell protein expression 

 

Following SDS-PAGE analysis, WCE were in-gel digested and analysed on a Q Exactive 

HF MS system to determine the effect of PADI4 on the expression of a range of different 

proteins (as described in previously). Raw data were processed using MaxQuant, and 

statistical analysis was performed in Perseus. For WCE, over 3600 protein groups were 

identified in each replicate and over 3200 of which were quantified. Results are shown in 

Figure 6.14. Protein groups log2 fold values distribute evenly around 0 (Figure 6.14B), 

indicating good consistency of the label-swap replicates. Quantitative proteomic analysis 

revealed that the majority of proteins were not affected by the PADI4 overexpression 

(fold change of less than 1.5, Figure 6.14A and C). These results are in contrast to the 

effects of AdOx on the proteome, likely due to that PADI4 is an isotype of PADs family 

and have limited biological roles, or limited substrates in vivo. Moreover, the SILAC 

proteomic analysis demonstrated the successful overexpression of PADI4 (>10 fold 

increased expression, Figure 6.14A and C). Other protein groups that are increased with 

the overexpression of PADI4 include SUN2, SRSF11 and PRPF3. These results will be 

used in conjunction with quantitative in vitro (GGGGCC)5 pulldown assays described in 

the section below. 



Chapter 6 

165 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.14 | Analysis of the effects of PADI4 overexpression on the proteome by 

quantitative mass spectrometry. (A) Scatter plot comparing the normalised log2 fold change 

upon PADI4 overexpression with label-swap biological replicates (two data sets). Each dot 

represents one protein group. (B) Histogram showing the normalised ratio distribution, with the 

count of each bin representing the number of protein groups. (C) Volcano plot showing log-fold 

changes in peptide intensities on the x axis and p values on the y axis. In (A) and (C), protein 

groups with over 1.5 fold increase are coloured orange, of which t-test significant coloured pink 

(PRPF3); protein groups with over 1.5 fold decrease are coloured blue. 
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Quantitative proteomic analysis of the in vitro binding to RNA GGGGCC repeats 

 

Following SDS-PAGE analysis of the eluted fraction from the in vitro (GGGGCC)5 

pulldown assays performed in both wild type and PADI4 overexpression cells, the MS 

analysis identified over 700 protein groups in each SILAC label-swap replicate, over 80% 

of which were quantified. The results are summarised in Figure 6.15. Good consistency 

is seen for the two sets of data (label-swap replicates) from the in vitro (GGGGCC)5 

pulldown assays, as protein group log2 fold change values distribute evenly around 0 

(Figure 6.15B). The SILAC label-swap experiment showed that upon the overexpression 

of PADI4, the abundance of most proteins in the (GGGGCC)5 pulldown were not 

significantly affected (Figure 6.15A and C). However, there are a small number of 

proteins of potential interest identified with over 1.5 fold increase in abundance (log2 

value > 0.585) for (GGGGCC)5 binding, which are listed in Table 6.3. 

 
Table 6.3 | Proteins that showed increased binding to GGGGCC repeats upon the PADI4 

overexpression. 

Proteins Log2 

PADI4/Ctrl 

average 

Normalized 

to WCE 

average 

SMARCA4 0.68 0.91 

MATR3 0.67 0.54 

HNRNPC 0.64 0.52 

EIF3C 1.00 1.13 

SF3B1 0.99 1.05 

MTA2 0.60 0.73 

TBL3 0.76 0.76 

PADI4 4.21 0.74 

 

 
From table 6.3, PADI4 is of the largest fold change before normalised to WCE. When 

taking the amount of PADI4 in the input (WCE), the fold change is largely reduced, 

indicating the increase of PADI4 in pulldown is mainly due to the increase in input. All 

other proteins that showed increased binding to GGGGCC repeats are not specifically 

recognized as PADI4 substrates, thus further verifications and studies are required. 
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Figure 6.15 | Effects of PADI4 on in vitro GGGGCC repeat interactome analysis by 

quantitative mass spectrometry. (A) Scatter plot comparing the normalised log2 fold change 

upon PADI4 overexpression with label-swap biological replicates (two data sets). Each dot 

represents one protein group. (B) Histogram showing the normalised ratio distribution, with the 

count of each bin representing the number of protein groups. (C) Volcano plot showing log-fold 

changes in peptide intensities on the x axis and p values on the y axis. In (A) and (C), protein 

groups with over 1.5 fold increase are coloured orange, of which t-test significant coloured pink 

(PRPF3); protein groups with over 1.5 fold decrease are coloured blue.  
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As described in previous sections, the protein abundance change in the RNA pulldown 

eluates may due to the amount changed in input. The amount of PADI4 for example, is 

largely in excess in the WCE of PADI4 induced cells compared to wild type, which may 

result in the fold difference observed in the RNA pulldowns. Taking this into 

consideration, the ratios (PADI4 treatment over control) of proteins from the in vitro 

pulldown assay were normalised to those of WCE. In case of proteins which were not 

identified in the WCE, no normalisation was applied. The post-normalisation results are 

shown in Figure 6.16, and proteins with increase over 1.5 fold (log2 value > 0.585) are 

shown in Table 6.3. 
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Figure 6.16 | Effects of PADI4 on GGGGCC repeat interactome including normalisation to 

expression changes observed in the cells. (A) Scatter plot comparing the normalised log2 fold 

change upon PADI4 overexpression with label-swap biological replicates (two data sets). Each 

dot represents one protein group. (B) Volcano plot showing log-fold changes in peptide intensities 

on the x axis and p values on the y axis. Protein groups with over 1.5 fold increase are coloured 

orange, of which t-test significant coloured pink; protein groups with over 1.5 fold decrease are 

coloured blue. 
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Following MS analysis, additional western blotting experiments were performed to 

validate the quantitative MS results (see Figure 6.17). The results show that for ALYREF, 

a small decrease in abundance in the eluate from the binding to GGGGCC repeats was 

observed upon PADI4 treatment, which is in line with the MS data (log2 ratio -0.23). 

Western blotting results also show a small increase in HNRNPA1 in the eluate from the 

binding to GGGGCC repeats with PADI4 treatment. This is in contrast to the MS analysis 

where no significant fold change was observed. No difference in abundance is observed 

for HNPNPK from both the western blotting and the MS results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.17 | Western blotting analysis of selected proteins of known binding to GGGGCC 

repeats. The data are shown for using antibodies to analyse ALYREF, HNRNPA1 and HNRNPK 

in both cell lysates (input) and RNA pulldowns (eluate). Tubulin was used as input control. Table 

shows the quantitate MS results (two sets of data from the label-swap biological replicates) for 

comparison. 
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6.4 Conclusions 

To understand the mechanism of the GGGGCC expansion repeats in amyotrophic lateral 

sclerosis and familial frontotemporal degeneration, quantitative proteomic experiments 

have previously been used to identify the binding partners to the repeats in a number of 

different studies. In this study the aim was to further understand how the interactions 

between these RNA binding proteins and GGGGCC repeats are affected by protein post- 

translational modifications, in particular arginine methylation and citrullination.  

 

Large scale in vitro pulldown assays were performed using a 3'-biotinylated RNA 

(GGGGCC)5 oligo, which was UV crosslinked to protein extracts from human embryonic 

kidney cells and affinity purified using streptavidin beads. Binding proteins were then 

recovered by the addition of RNase prior to GeLC-MS analysis. Further quantitative 

proteomic analysis was performed using in vitro pulldown assays in conjunction with 

stable isotope labelling with amino acids in cell culture to determine the effects of the 

global methylation inhibitor AdOx and the effects of PADI4 (arginine citrullination) on 

RNA oligo (GGGGCC)5 binding.  

 

To study the effects of protein methylation on (GGGGCC)5 binding, GeLC-MS analysis 

identified over 700 proteins, of which over 600 were quantified in the SILAC label swap 

experiment. 73 proteins showed increased RNA binding and 57 showed decreased RNA 

binding (with > 1.5 fold change in protein abundance). These results are the first global 

study to demonstrate that protein methylation of a wide range of RNA binding proteins 

affects the interaction with (GGGGCC)5 repeats. Moreover, further analysis revealed a 

wide number of identified proteins contain potential sites of arginine methylation which 

are of particular interest and consistent with the global quantitative analysis. Proteins with 

fold change increase include METTL3, UBAP2L, SAFB, MPLKIP, SART3, as well as 

several hnRNPs, while proteins with fold change decrease include some tRNA 

methyltransferase, pseudouridylate synthase, ALYREF, YTHDC2, PCF11, LSM14A, 

SNRPD1 and XRN2. Western blotting is required for further validation of these proteins. 

Meanwhile, further MS data interpretation is to be carried out to verify arginine 

methylation/demethylation sites of the proteins identified. 

 

The quantitative analysis of the effects of citrullination was performed using the cell line 

overexpressing the enzyme PADI4. In contrast to the experiments performed in the 



172 

 

presence of AdOx, only limited changes were observed on the proteome. In addition, only 

a small number of proteins were identified that altered their binding to (GGGGCC)5 

repeats. Potentially interesting proteins include SMARCA4, SF3B1, EIF3C and TBL3 

should be further validated by western blotting. Although the overexpression of PADI4 

was verified from both western blotting and SILAC MS analysis, the limited perturbation 

on the proteome in conjunction with only small changes in the protein binding to 

GGGGCC repeats might be due to inactivity of the enzyme and only limited protein 

citrullination in this cell line. Further work needs to be performed to verify citrullination 

of proteins in the cells expressing PADI4 and in particular citrullination of the above 

identified proteins. 

 

These results are the first global quantitative analysis of the effect of methylation and 

citrullination on RNA GGGGCC repeat binding, and highlight a number of interesting 

proteins as candidates for further studies to examine the role of methylation/citrullination 

on GGGGCC binding in vitro. This study provides an opportunity for more detailed 

downstream analysis of the identified proteins which will provide further insight into the 

role that protein post-translational modifications play in binding to GGGGCC repeat in 

amyotrophic lateral sclerosis and frontotemporal dementia.  
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Chapter 7: Absolute quantification of recombinant protective 

antigen (rPA) in anthrax vaccine using stable isotope dilution 

LC ESI MS  

7.1 Abstract 

Anthrax vaccine is currently manufactured by Porton Biopharma who are the sole 

manufacturer of the UK’s licensed anthrax vaccine. The active ingredient in the vaccine 

is a sterile filtrate of an alum precipitated anthrax antigen (recombinant protective antigen, 

rPA) in a solution for injection. The concentration of rPA in anthrax vaccine products 

needs to be accurately quantified, which is currently performed using ELISA based 

methods. However, there are a number of caveats to ELISA based quantification 

especially in complex mixtures which may interfere with the ELISA. Therefore, it was 

proposed to develop an alternative quantitative mass spectrometry method in conjunction 

with stable isotope dilution approaches as an alternative to ELISA analysis. In this 

Chapter I developed an MS based absolute quantification method (AQUA) to determine 

the absolute concentration of anthrax vaccine products. Absolute quantification was 

performed on 2 different MS instruments (Ion trap and UHR-TOF) and compared to 

previous quantitative analysis performed using ELISA. 
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7.2 Introduction 

Anthrax is a serious infectious disease caused by a rod-shaped gram-positive bacterium 

named Bacillus anthracis (Dixon et al., 1999). Anthrax spores are usually found in soil, 

and can survive tough conditions including extreme temperature, drought, ultraviolet 

light, gamma radiation and many antimicrobial agents (Watson and Keir, 1994). Anthrax 

is spread mainly by contact with spores from soil, water and plants. Once spores reach 

the living environment, they develop into new organisms which cause infection. Most 

mammals are susceptible to this disease, especially grazing herbivores (Dixon et al., 

1999). Similarly, humans who come into contact with the source of spores, e.g., infected 

animal products, can be infected. Human anthrax can develop in 3 forms: cutaneous (skin) 

anthrax, gastrointestinal anthrax and inhalation anthrax (Kamal et al., 2011). Although 

human infection by anthrax is relatively uncommon, systemic infection can lead to severe 

syndromes including death (Meselson et al., 1994). Thus prevention for this disease is 

necessary especially for people who are likely to be exposed to Bacillus anthracis 

bacteria. 

Protective antigen (PA), a receptor-binding moiety, together with 2 effector moieties 

oedema factor (OF) and lethal factor (LF), are the 3 protein components of anthrax toxin 

secreted by Bacillus anthracis (Bradley et al., 2001). This tripartite toxin allows the 

bacterium to bypass the host immune system and cause infection. Briefly, PA can bind to 

cell-surface receptor (type I membrane protein), which mediates the entry of OF and LF 

into target cells (Milne et al., 1994; Molloy et al., 1992). To protect against this disease, 

vaccines are usually used. Human anthrax vaccines were first developed in the late 1930s 

in the Soviet Union (Shlyakhov and Rubinstein, 1994). Anthrax vaccines used currently 

are screened free of live Bacillus anthracis cells thus do not cause anthrax. The most 

promising vaccine for anthrax are subunit vaccines composed of purified recombinant 

protective antigen (rPA) (Keitel, 2006), which stimulates the immune system to produce 

relevant antibodies and block the toxin cell-entering pathway. In Britain, anthrax vaccines 

(alum precipitated sterile filtrate) containing active ingredient anthrax antigen are 

manufactured by Porton Biopharma Limited on behalf of the government. 

Quantification of active ingredients in vaccines, as part of product quality control, is 

important in the vaccine manufacturing process. Available methods for analyte 

measurements include using either immunoassays (IAs) or mass spectrometry. For 

immunoassays, specific antibodies are used to recognize and bind to antigens that need 
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to be analysed (or less commonly, use antigen to detect antibodies), meanwhile 

measurable signal, such as radiation, fluorescence or change of colour, are produced as a 

result of binding for quantification. IAs have been extensively used as diagnostic 

approaches for several decades. A typical IA that been widely used is enzyme-linked 

immunosorbent assay (ELISA). The key of an ELISA is the antibody-antigen interaction. 

Antigens are immobilised on a solid surface, and antibodies with linked enzyme can bind. 

Detection is through the measureable products produced from the activity of the 

conjugated enzyme. Mass spectrometric methods, on the other hand, often work together 

with chromatography for separation purposes, measure the amount of analytes based on 

mass-to-charge ratio of ionized peptides. LC-MS based quantification methods have been 

developed rapidly over the past decade, and can serve as golden standard for protein 

qualification and quantification analysis (Botelho et al., 2013). Unlike IAs which are 

limited by the availability of specific antibodies, mass spectrometric methods can be 

applied to any target protein. To get good reliability IAs need the consistent antibody 

properties, which is difficult. Even in commercial platform IAs from the same supplier, 

slight differences may occur for different batches of products. Another issue for IAs is 

sensitivity. When sample concentration is low, mass spectrometry is often the method of 

choice due to better sensitivity and accuracy (Ohlsson et al., 2013) and therefore less 

sample consumption. Furthermore, mass spectrometry methods can identify protein post-

translational modifications, which generally are not detectable using IAs.  

Here, an LC-MS based absolute quantification method (AQUA) using stable isotope 

labelling (Kirkpatrick et al., 2005) was developed to determine the concentration of 

anthrax vaccine products. A schematic illustration of the process is shown in Figure 7.1. 

In this method, synthetic peptides with stable isotopes incorporated (i.e., 13C, 15N, 18O, 

2H) are spiked into the samples as internal standards, also termed as stable isotope-

labelled standards (SIS) (Sturm et al., 2012). 13C and 15N are more commonly used as 

they do not alter peptide (not deuterated) chromatographic retention time (Kettenbach et 

al., 2011). Because SIS and their counterparts (proteolytic digested peptides from 

samples) are chemically indistinguishable with only molecular weight differences, the 

ratio of heavy and light peptides (H/L) given by mass spectrometry equals to ratio of 

amount. With the SIS amount already known, sample peptide as well as protein amount 

can thus be determined. 
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Figure 7.1 | A schematic illustration of the protein-AQUA method. In step 1, an optimal tryptic 

peptide featured in protein of interest was chosen and synthesised using heavy isotopes, then 

analytical method (LC-MS) was optimized to resolve and monitor both native and AQUA 

peptides. In step 2, a known amount of AQUA peptides were added to native protein sample, and 

digested together with trypsin. Digested sample was then analysed by LC-MS, based on which 

native peptides can be quantified. 

 

 

7.3 Results and Discussion 

7.3.1 Preparation of proteotypic stable isotope-labelled standards  

First, peptide sequences were selected for chemical synthesis of the internal standards 

(SIS). Rules apply for peptide selection (Kettenbach et al., 2011). Briefly, these tryptic 

peptides were designed in a way that they are unique to rPA, no overlapping m/z signal 

from peptide isoforms or modification forms, free from trypsin cleavage pattern change 

(avoid proline at carboxylic side or phosphorylation at amino-terminal side, avoid repeat 

arginine or lysine site that may cause ragged ends), no methionine, cysteine or tryptophan 

containing peptides which may be oxidized differently during sample preparation, and 

peptides chosen should be generally stable under sample preparation conditions and the 

mass spectrometry analysis environment. Initial studies were performed on tryptic 

digestion of rPA in conjunction with LC ESI MS analysis to determine potential 

proteotypic peptides. Based on the above parameters and the LS ESI MS data, 3 peptides 

(peptide A, B and C) were chosen for synthesis as stable isotope labelled peptides (see 

Figure 7.2 and Table 7.1). 
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Table 7.1 | List of peptides chosen for rPA quantification.  

Peptides Sequence Light 

MW (Da) * 

Heavy 

MW (Da) ** 

A DLNLVER 857.96 863.96 

B NNIAVGADESVVK 1315.44  1321.44 

C NQTLATIK 888.02 895.02 

The heavy isotope labelled amino acids are in bold. 

*Molecular weights of light peptides were calculated based on sequences using GenScript website 

(www.genscript.com/tools/peptide-molecular-weight-calculator). **Molecular weights of heavy 

peptides are the theoretical value based on isotope labelling. 

 

 

 
 

Figure 7.2 | Amino acid sequence of PA. Sequence Length: 764 amino acids, molecular mass: 

85811 Da. Selected peptides as SIS for AQUA were highlighted in underlined red. Sequence data 

sourced from SwissProt when rPA sample was searched against Bacteria (Bacillus anthracis) 

database (accessed on December 2015).  

 

 

Following chemical synthesis, SIS were verified by LC-MS for chromatographic 

behaviour and spectra verifications. For SIS analysis, two types of instrumentation 

platforms were used in this study: amaZon (ion trap) and maXis (quadrupole-TOF). First, 

a mixture of approximately 500 fmol of each SIS peptide (calculated based on weight) 

was injected and mass spectrometric analysis was performed on the amaZon. The results 

are shown in Figure 7.3. The chromatographic behaviours of the peptide A, B and C are 

good, as they were well separated and eluted in sharp peaks at 30.1, 28.9 and 27.3 minutes, 

respectively. MS1 spectra of SIS peptides show correct m/z signals, representing 

[M+2H]2+, as calculated for the heavy labelled peptides. 
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Figure 7.3 | Validation of SIS peptides, part I. (A) Base peak chromatogram (BPC) of the SIS 

peptides A, B and C.  (B) to (D) MS1 spectrum of SIS peptides A, B and C, respectively, 

confirming the molecular weight of the heavy labelled peptides. 

 

 

MS performances may cause departure in linearity, especially for low concentrations of 

analyte, when sample preparation process such as digestion and purification, as well as 

sample lost to tubes/tips due to adsorption, tend to have larger effects on quantification. 

Therefore further experiments were performed to determine the limit of detection (LOD) 

and assess quantification linearity using a serial dilution of each peptide on both the 

amaZon and the maXis MS systems. Each SIS peptide was diluted and injected with the 

amount of 0.04 pmol, 0.20 pmol, 0.40 pmol and 1.00 pmol. Results of calibration curves 

are shown in Figure 7.4. Abundance are based on area under curve (AUC) of extracted 

ion chromatograms (EIC) of the SIS [M+2H]2+ m/z, which is 432.7, 661.3 and 448.2 for 
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SIS peptide A, B and C, respectively. All 3 SIS peptides show good linearity within the 

concentration range used in this experiment (R2 ≥ 0.99), for both MS instruments. Note 

that the accuracy of these results may also be affected by sample injection consistency of 

instruments (autosampler of HPLC), as slight different inject volumes may occur for each 

run. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 7.4 | Validation of SIS peptides, part II. Linear calibration curve for all three SIS 

peptides were spanning 25 fold range based on four dilutions. Serial dilutions were tested on both 

the amZon and the maXis MS systems. The dotted line represents the linear regression with its 

formula and R-squared value showed on the bottom right corner of each plot. 
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7.3.2 Accurate quantification of SIS peptides using amino acid analysis 

Using internal standards for unknown peptide quantification, it is important that SIS 

peptides are accurately quantified. A straightforward quantification method would be to 

weight the samples directly. However, the accuracy of weighing relies heavily on 

personal skills and analytical balance working conditions. Also, sample loss is inevitable 

when handling powdered samples and making solutions. In order to determine the SIS 

peptide more accurately, amino acid analysis (AAA) was usually used. Briefly, peptides 

to be quantified are first hydrolysed (typically under acid conditions) into amino acids, 

which are then derivatized and separated by HPLC, and quantification performed based 

on internal and external standards. Practically, all 20 natural amino acids can be analysed, 

which gives detailed data for accurate and reliable quantifications. In general, AAA for 

peptide quantification has low microgram sensitivity. 

 

In this study, synthesised SIS peptides were accurately quantified by AAA following 

validation. First, SIS pepitdes A, B and C (powder) were weighted and dissolved in 

ddH2O, with additional aqueous guanidine hydrochloride (4M solution) as chaotropic 

agent for better solubility. Final guanidine hydrochloride concentration and approximate 

peptide concentration based on weighing is shown as below: 

 

A) DLNLVER ~0.6mg/ml, Guanidine hydrochloride 2M 

B) NNIAVGADESVVK ~0.5 mg/ml, Guanidine hydrochloride 1.92M 

C) NQTLATIK ~0.8 mg/ml, Guanidine hydrochloride 0.8M 

 

For AAA, all three synthesised peptides were sent to Protein and Nucleic Acid Chemistry 

Facility, University of Cambridge. Each analysis was performed in duplicate. The results 

were shown in Table 7.2 (details of AAA results are shown in Chapter 7 Appendices). 

Based on these concentrations, SIS were diluted to 1 pmole/µl with ddH2O and ready for 

AQUA spike-in analysis. 

 

 
Table 7.2 | Concentration of SIS peptides determined by amino acid analysis (AAA). 

Peptides Sequence Conc.I 

(pmol/µl) 

Conc. II 

(pmol/µl) 

Average 

(pmol/µl) 

A DLNLVER 585.07 573.42 579.24 

B NNIAVGADESVVK 310.86 309.45 310.15 

C NQTLATIK 711.10 706.38 708.74 
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7.3.3 Optimization of rPA digestion time  

For accurate quantification of rPA in conjunction with SIS peptides, it is important to 

ensure the rPA samples were fully digested but avoid nonspecific hydrolysis. Therefore, 

trypsin digestion time was carefully determined by the experiment described as follows: 

rPA sample (1 pmol approximately, estimated based on ELISA quantification) with SIS 

peptides spiked in (0.5~1 pmol) were trypsin digested for different lengths of time (2, 4, 

8, or 16 hours respectively) prior to LC-MS analysis (maXis). SIS peptides were used as 

internal standards, with spiked amount ranging from 0.5~1 pmol. EIC of both the light 

and heavy version of peptides were processed, and the resulting AUC calculated as a 

measure of peptide abundance. An example is shown in figure 7.5 (A). Digest rate is 

defined as the ratio of endogenous rPA peptides (light) over spiked-in SIS peptides 

(heavy). Results are shown in Figure 7.5 (B). For SIS peptide A (top chart), digest was 

completed between 4-8 hours, where the rPA digest rate remains largely constant. After 

8 hours, further non-specific digestion or potential loss of peptides occurs, causing the 

rPA digest rate to drop. In SIS peptide B spike-in scenario (middle chart), complete digest 

occurs after 8 hours of digestion, followed by a reduction in digest rate at 16 hours. 

However, digest rate from 4-8 hours is only marginally increased (from 3.1 to 3.5). For 

SIS peptide C (bottom chart), the complete digest time occurs between 4-8 hours, similar 

to SIS peptide A scenario. Based on these results, a digest time of 6.5 hours was used for 

the following rPA AQUA analysis. rPA digests were also checked on SDS-PAGE to 

ensure the completion of digestion after 6.5 hours (Figure 7.6). 
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Figure 7.5 | Optimization of trypsin digestion time. rPA samples were trypsin digested for 

different lengths of time. SIS peptides were spiked in as internal standards. (A) An example 

showing the EIC of 2 hour rPA digest with SIS peptide A (left), AUC were calculated as 

abundance. Spectrum on the right shows the evidence of m/z of light and heavy versions of 

peptide A (DLNLVER). (B) rPA digest with spiked in SIS peptide, from top chart to bottom, 

SIS peptide A, B and C, respectively. Abundance is shown as orange bar (H). rPA digest peptide 

abundance is shown as blue bar (L). Black line on secondary axis shows the ratio of digested rPA 

peptide abundance over SIS peptide abundance (L/H), indicating relative rPA digest rate. 
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Figure 7.6 | SDS-PAGE results for rPA trypsin digest. rPA samples (1.3µg approximately) 

were trypsin degested for 6.5 hours before loaded on gel (lane 3). Lane 1 and 2 were non-digested 

rPA samples as negative controls. 

 

 

7.3.4 Quantification of anthrax vaccine rPA 

Following optimisation of the trypsin digest conditions and accurate quantification of the 

SIS peptides using AAA, LC-MS AQUA analysis of anthrax vaccine rPA was performed. 

The quantification was initially performed on purified rPA standard in PBS solution from 

Porton Biopharma with a given concentration of 6.9 µg/µl based on ELISA analysis 

(batch number 1C13, described as rPA hereafter). This rPA served as a standard which 

will further validate the AQUA assay developed in this study. To start with, rPA from 

stock was diluted to 30 ng/µl (approximately 0.35 pmol/µl, assuming rPA MW = 85811 

Da). Analysis was performed using two different rPA amount group tests for the 

quantification: 1) 2.7 µl (1 pmol) with SIS peptides spiked-in at 0.25 pmol, 1.00 pmol or 

4.00 pmol of each; 2) 5.4 µl (2 pmol) with SIS peptides spiked-in of 0.5 pmol, 2.00 pmol 

or 8.00 pmol of each. For both groups, SIS were spiked in as a mixture of 3 different 

peptides prior to trypsin digest. Sample preparation steps include digestion, speedvac 

concentration and re-suspension. No purification/desalting steps were applied to these 

samples. Both the amaZon and the maXis were used for AQUA analysis. Figure 7.7 

shows a comparison of chromatograms from two instruments (rPA digest with 0.25 pmol 

SIS spiked in was chosen as an example). The results showed both consistent order of 

retention times and H/L ratios across the 2 instruments. Figure 7.8 shows the rPA 

quantification results using the amaZon. Abundances were calculated based on AUC of 

smoothed EIC peak, as described in previous section. 
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Based on L/H ratio for each SIS peptide, calculated results of rPA concentration are 

summarized in table 7.3 (amaZon section). Results based on SIS peptide A and B show 

excellent agreement with each other (85 pmol/µl, 86 pmol/µl respectively for the 2.7 µl 

rPA digest group, and 73 pmol/µl, 80 pmol/µl respectively for the 5.4 µl rPA digest 

group). SIS peptide C however, gave relatively greater quantification values with greater 

SD (103 pmol/µl for the 2.7 µl rPA digest group and 118 pmol/µl for the 5.4 µl rPA digest 

group). The total average of the two digest groups of all 3 SIS peptides was 90.8±9.3 

pmol/µl (SD here represents the average SD of calculation based on three SIS peptides), 

compares to the expected concentration of 80.41 pmol/µl based on ELISA measurements 

(assuming rPA MW = 85,811 Da). Similarly, rPA quantification obtained on the maXis 

are shown in Figure 7.9. rPA concentration determined by SIS peptides A, B and C are 

summarized in table 7.3 (maXis section). Results from the maXis also show good 

agreement for SIS peptide A and B (71 pmol/µl, 79 pmol/µl respectively for the 2.7 µl 

rPA digest group, and 72 pmol/µl, 77 pmol/µl respectively for the 5.4 µl rPA digest group) 

but greater values for SIS peptides C (98 pmol/µl for 2.7 µl rPA digest group and 108 

pmol/µl for 5.4 µl rPA digest group). The total average of the two digest groups of all 3 

SIS peptides was 84.0±5.8 pmol/µl (SD here represents the average SD of calculation 

based on three SIS peptides). This is compared to the expected concentration of 80.41 

pmol/µl based on ELISA measurements (assuming rPA MW = 85,811 Da). 
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Figure 7.7 | Quantification of anthrax vaccine rPA. (A) and (B) An example of the AQUA 

workflow, showing 2.7 µl (~1 pmol) rPA digest with 0.25 pmol SIS spiked in. (A) Base peak 

chromatogram generated by amaZon ETD (top) and the extracted ion chromatograms of the 

light peptides from rPA digest and spiked-in heavy SIS (bottom). (B) Base peak chromatograms 

and extracted ion chromatograms of the same sample generated by maXis. RT: retention time; 

AUC: area under curve; L: light version of peptide; H: heavy version of peptide. 
 

 

 

 



186 

 

(A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

(B) 

 

 

 

 

 

 

 

 

 
Figure 7.8 | Absolute quantification of rPA using LC ESI MS (amaZon). (A) AUC abundance 

of 2.7 µl (approximately 1 pmol estimated from ELISA) rPA digest (left panel) or 5.4 µl 

(approximately 2 pmol estimated from ELISA) rPA digest (right panel), with different SIS peptide 

spiked-in of different amount. (B) rPA concentration calculated based on three different SIS 

peptides. Left panel: results for 2.7 µl rPA digest; right panel: results for 5.4 µl rPA digest. Each 

experiment was performed in triplicates, the error bars represent the standard deviation. 
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Figure 7.9 | Absolute quantification of rPA using LC ESI MS (maXis). (A) AUC abundance 

of 2.7 µl (approximately 1 pmol estimated from ELISA) rPA digest (left panel) or 5.4 µl 

(approximately 2 pmol estimated from ELISA) rPA digest (right panel), with different SIS 

peptides spiked-in of different amounts. (B) rPA concentration calculated based on three different 

SIS peptides. Left panel: results for 2.7 µl rPA digest; right panel: results for 5.4 µl rPA digest. 
Each experiment was performed in triplicates, the error bars represent the standard deviation. 
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Table 7.3 | Summary of rPA quantification using LC-MS. Calculations are based on L/H ratios 

of AUC generated from EIC of different amount of rPA digest and SIS peptides. Results from 

amaZon and maXis are compared. Quantification results are converted to original rPA stock 

before dilution (pmol/µl). SD: standard deviation. 

 

 

 

 

 

 

Results 

from 

amaZon 

 

2.7µl 

(~1 

pmol) 

rPA 

digest 

       SIS amount 

 

SIS name 

0.25 

pmol  

1 pmol  4 pmol  average SD 

A 81.34 91.94 80.96 84.74 6.23 

B 81.17 94.86 82.46 86.16 7.56 

C 114.30 100.67 94.19 103.05 10.27 

average 92.27 95.82 85.87 91.32 8.02 

 

5.4µl 

(~2 

pmol) 

rPA 

digest 

       SIS amount 

 

SIS name 

0.5 

pmol  

2 pmol  8 pmol  average SD 

A 70.30 74.71 74.85 73.28 2.59 

B 82.59 83.78 73.02 79.80 5.90 

C 126.86 91.29 134.91 117.69 23.21 

average 93.25 83.26 94.26 90.26 10.57 

 

 

 

 

 

 

Results 

from 

maXis 

 

2.7µl 

(~1 

pmol) 

rPA 

digest 

       SIS amount 

 

SIS name 

0.25 

pmol  

1 pmol  4 pmol  average SD 

A 76.81 73.58 62.66 71.02 7.42 

B 82.35 81.23 74.36 79.31 4.33 

C 98.26 105.02 90.15 97.81 7.45 

average 85.80 86.61 75.72 82.71 6.40 

 

5.4µl 

(~2 

pmol) 

rPA 

digest 

       SIS amount 

 

SIS name 

0.5 

pmol  

2 pmol 8 pmol  average SD 

A 78.33 72.11 64.21 71.55 7.08 

B 81.61 78.40 69.81 76.60 6.10 

C 106.87 110.26 105.90 107.68 2.29 

average 88.94 86.92 79.97 85.28 5.16 

 

 

 
In this section, three different SIS peptides were used for the absolute quantification of 

rPA. From the results, the sample concentration values varied between different SIS 

peptides used. Generally speaking, peptide DLNLVER and NNIAVGADESVVK gave 

results in good agreement (relatively small differences and low SD). Calculation based 

on the peptide NQTLATIK resulted in higher values. Although this may affect the 

accuracy of quantification, the variation between calculated results based on three SIS 

peptides falls between 10%-30%. Within the same standard peptide (same amount of rPA 

digest, different amount of SIS peptides spiked-in, or different amount rPA digest groups, 

i.e., 2.7 µl and 5.4 µl used), the results are consistent. Comparing the two MS instruments, 

for the same sample, similar quantification results were obtained (differences less than 

10% with few exceptions). Values calculated based on the amaZon tend to be slightly 

higher than those based on the maXis, in general. Further validation can be made by 
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comparing the quantification results from the same SIS peptide of different stocks. 

Instrument resolution can also have influence on results. Here, results obtained on the 

maXis are more consistent with smaller SD compared to those obtained on the amaZon. 

 

7.3.5 Quantification of anthrax vaccine filtrate 

Data from previous section showed the ability to accurately quantify the amount of rPA 

using stable isotope labelling in conjunction with LC ESI MS. Data obtained were 

consistent with previous ELISA data using a purified recombinant protective antigen 

sample. Further studies were performed to use the developed LC-MS assay for the 

absolute quantification of the anthrax vaccine sample, which was sterile-filtered Bacillus 

anthracis Sterne strain harvest filtrate BHN 130/14/05 (filtrate for short hereafter). This 

Sterne strain is not virulent due to the natural loss of pXO2 plasmid thus lacking the 

ability to produce capsules, which this bacterium uses to protect itself from phagocytosis 

(Fasanella, 2013). Sterne strains are currently widely used for anthrax vaccine 

manufacturing because they are able to stimulate the immune response without causing 

infection. Compared to artificially produced rPA samples, native antigen produced and 

extracted from natural organisms are usually present in low concentrations and in 

complex compositions, which could affect the immunoassays and make the accuracy of 

ELISA based quantification compromised. LC-MS methods on the other hand, do not 

have this issue. 

 

In this study, a vial of filtrate sample contains native PA (approximate concentration of 5 

µg/ml based on ELISA quantification) was first concentrated to approximately 343 

fmol/µl (sample concentrated from 500 µl to 85 µl, assuming PA MW=85811). Sample 

preparation steps and data analysis were exactly the same as those applied to rPA, as 

described in section 7.3.3. A summary of the results is shown in Figure 7.10, Figure 7.11 

and Table 7.4. From both the amaZon and the maXis generated data, quantification results 

based on SIS peptide A are relatively low (62.7 pmol/µl on average), compared to results 

based on SIS peptide B and C (average of 82.9 pmol/µl and 88.6 pmol/µl, respectively, 

which are in good agreement with each other). Total average values of the two digest 

groups generated from all 3 SIS peptides with two instruments show good consistency, 

giving 79.9±10.3 pmol/µl from the amaZon data and 76.3±3.5 pmol/µl from the maXis 

data (SD represent the average SD of calculation based on three SIS peptides). This is 
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compared to the expected concentration of 58.3 pmol/µl based on ELISA measurements 

(assuming rPA MW=85,811). 
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Figure 7.10 | Absolute quantification of anthrax vaccine filtrate using LC ESI MS (amaZon). 
(A) AUC abundance of 2.7 µl (approximately 1 pmol estimated from ELISA) rPA digest (left 

panel) or 5.4 µl (approximately 2 pmol estimated from ELISA) rPA digest (right panel), with 

different SIS peptides spiked-in of different amounts. (B) rPA concentration calculated based on 

three different SIS peptides. Left panel: results for 2.7 µl rPA digest; right panel: results for 5.4 

µl rPA digest. Each experiment was performed in triplicates, the error bars represent the standard 

deviation. 
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Figure 7.11 | Absolute quantification of anthrax vaccine filtrate using LC ESI MS (maXis). 
(A) AUC abundance of 2.7 µl (approximately 1 pmol estimated from ELISA) rPA digest (left 

panel) or 5.4 µl (approximately 2 pmol estimated from ELISA) rPA digest (right panel), with 

different SIS peptides spiked-in of different amounts. (B) rPA concentration calculated based on 

three different SIS peptides. Left panel: results for 2.7 µl rPA digest; right panel: results for 5.4 

µl rPA digest. Each experiment was performed in triplicates, the error bars represent the standard 

deviation. 
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Table 7.4 | Summary of filtrate quantification using LC-MS. Calculations are based on L/H 

ratio of AUC generated from EIC of different amount of filtrate digest and SIS peptides. Results 

from amaZon and maXis are compared. Quantification results are converted equal to original 

filtrate stock before concentration (pmol/µl). SD: standard deviation. 

 

 

 

 

 

 

Results 

from 

amaZon 

 

2.7µl 

(~1 

pmol) 

filtrate 

digest 

SIS amount 

 

SIS name 

0.25 

pmol  

1 pmol  4 pmol  average SD 

A 70.09 71.13 62.93 68.05 4.47 

B 68.60 78.50 82.49 76.53 7.15 

C 101.09 77.19 97.65 91.98 12.92 

average 79.93 75.60 81.02 78.85 8.18 

 

5.4µl 

(~2 

pmol) 

filtrate 

digest 

SIS amount 

 

SIS name 

0.5 

pmol 

2 pmol 8 pmol average SD 

A 48.80 62.97 64.10 58.62 8.53 

B 113.30 89.57 78.78 93.88 17.66 

C 102.81 84.54 82.90 90.08 11.05 

average 88.30 79.03 75.26 80.86 12.41 

 

 

 

 

 

 

Results 

from 

maXis 

 

2.7µl 

(~1 

pmol) 

filtrate 

digest 

SIS amount 

 

SIS name 

0.25 

pmol 

1 pmol 4 pmol average SD 

A 61.20 66.26 69.28 65.58 4.08 

B 73.10 84.96 86.34 81.47 7.28 

C 80.60 88.71 89.48 86.26 4.92 

average 71.63 79.98 81.70 77.77 5.43 

 

5.4µl 

(~2 

pmol) 

filtrate 

digest 

SIS amount 

 

SIS name 

0.5 

pmol 

2 pmol 8 pmol average SD 

A 58.17 59.42 58.18 58.59 0.72 

B 81.45 78.93 78.59 79.66 1.56 

C 87.85 87.15 83.47 86.16 2.35 

average 75.82 75.17 73.41 74.80 1.55 

 

 

7.4 Conclusions 

The aim of this chapter was to develop a robust, rapid and accurate mass spectrometry 

based approach for the absolute quantification of PA/rPA in anthrax vaccine. Mass 

spectrometry has been used as an alternative to immunoassays for many protein 

quantifications because of its high sensitivity, direct measurement and high-throughput. 

For the LC ESI MS assay development, three peptide sequences unique to PA/rPA were 

selected and chemically synthesised with heavy isotopes to be used as internal standards. 

These standards were then validated by MS (with correct m/z signals, good sensitivity 

and linearity), and the accurate concentration of these standard peptides was determined 

by amino acid analysis. For the preparation, anthrax vaccine samples were either diluted 

or concentrated to approximately 350 fmol/µl for efficient digestion, recovery and 

instrument analysis. To ensure samples were fully digested, a digestion time course 
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experiment was carried out for rPA samples with heavy isotope labelled peptide standards 

spiked in. An optimized 6.5 hour digest time was determined for trypsin digestion. 

 

LC ESI MS assays were first applied to rPA samples. Quantifications were based on ratios 

between native digested peptides (light) and standard peptides (heavy) using area under 

curve from extracted ion chromatograms. Although quantitation results based on different 

standard peptides varied, they are relatively consistent within individual standards. For 

different MS instruments, the amaZon gives comparable but slightly higher values and 

greater SD for rPA quantifications (90.8 ± 9.3, average value based on two rPA sample 

amount group tests, with three spiked SIS peptides each) compared to data obtained on 

the maXis (84.0 ± 5.8, average value based on two rPA sample amount group tests, with 

three spiked SIS peptides each). It is expected that results from the maXis are more 

accurate, due to its higher resolution. These results are in good consistency with the 

ELISA based quantification (80.4 fmol/µl, assuming rPA MW = 85811 Da), indicating 

the MS based quantification method developed here is reliable.  

 

LC-MS analysis in conjunction with SIS was also used for absolute quantification of an 

anthrax vaccine filtrate sample. ELISA based methods are not ideal for the analysis of 

such samples, as the complex composition can affect the immunoassay performance. For 

quantification, although variations were observed using different peptide standards, the 

average values are comparable between different runs and instruments. The average value 

from the amaZon based on two filtrate sample amount group tests with three SIS peptides 

spiked each was 79.9 ± 10.3 fmol/µl, while from the maXis was 76.3 ± 3.5 fmol/µl. These 

results are comparable to the ELISA quantification result (58.3 fmol/µl, assuming PA 

MW = 85811 Da), the total average from this study is similar.  

 

These results demonstrate the successful development and application of an LC ESI MS 

method in conjunction with SIS for the absolute quantification of anthrax vaccine 

PA/rPA. 
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Chapter 8: Final conclusions and future work 
 

8.1 Thesis conclusions 

Chemical modifications of nucleic acids and proteins play important roles in regulating 

their interactions in the cell. In this Thesis I have developed and optimised mass 

spectrometry based methods to study the effect of chemical modifications of both nucleic 

acids and proteins in a number of important biological systems including: 

 

1) Studying the effect of DNA modifications on CRISPR/Cas systems (project in 

collaboration with Wageningen University) 

 

2) Studying the effect of protein arginine methylation and citrullination on 

ribonucleoprotein complexes using quantitative proteomics 

 

In chapter 3, I studied the effects of DNA modifications on the interference of CRISPR-

Cas systems. CRISPR-Cas systems and restriction modifications (RM) are two known 

host defence system used by prokaryotes to provide protection against mobile genetic 

elements. RM and CRISPR-Cas systems work by targeting DNA specific sequences of 

invading DNA. One known strategy that phage use to counter-attack these defence 

systems of their host is to chemically modify their own DNA. However the potential role 

of DNA modifications in CRISPR-Cas systems is unknown.  Initial work focussed on the 

synthesis of DNA substrates for CRISPR-Cas systems. dsDNA substrates were generated 

with a wide range of modifications, including 5-methylcytosine, 5-

hydroxymethylcytosine, 2'-deoxyuridine, 5-hydroxymethyl-2'-deoxyuridine and 

phosphorothioate linkages. The polymerase chain reaction (PCR) was used to incorporate 

modified dNTPs. Due to the fact that modified dNTPs decrease PCR efficiency, 

optimisation was required. In addition to the above modifications, glucosylated dsDNA 

was enzymatically synthesised using dsDNA with 5-hydroxymethylcytosine in 

conjunction with T4 beta glucosyltransferase. Following the synthesis of modified DNA, 

in vitro binding/cleavage reactions of a range of different CRISPR-Cas systems was 

performed in collaboration with Wageningen University. The results showed that 

glucosylation can protect DNA from the action of type I-E and type II-A CRISPR-Cas 

systems, but not type V-A systems. In addition, the results also provided further insight 
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into the mechanism of the inhibition in type I-E and type II-A CRISPR-Cas systems and 

demonstrated that the binding affinity of the protein complex was reduced, therefore 

inhibiting the ability to cleave the target DNA. These results highlight the effect of DNA 

modifications (glucosylation in particular) and their important impact on regulating 

protein-nucleic interactions as exemplified in the CRISPR-Cas systems. Furthermore, 

these results offer some exciting prospects that DNA modifications used by phage to 

overcome restriction modification system of bacteria, can indeed affect interference of 

the CRISPR/Cas systems. These findings have important implications that could be 

exploited for genome engineering applications.  

 

Alongside the work performed in Chapter 3, I also developed and optimised HPLC-UV 

and LC-MS methods for the analysis of nucleic acid modifications. Using RP HPLC in 

conjunction with UV detection, different types of modifications including 5-

methylcytosine, 5-hydroxymethylcytosine, 2'-deoxyuridine and 5-hydroxymethyl-2'-

deoxyuridine, were confirmed in dsDNA synthesised previously using PCR in Chapter 3. 

Two types of reverse phase columns were evaluated including, superficially porous 

particles in conjunction with a C30 stationary phase (Accucore) and a porous graphitic 

carbon stationary phase (Hypercarb). The results showed good performances in 

nucleoside separation and identification using HPLC-UV. Moreover, the HPLC analysis 

enabled us to rapidly characterise and validate the DNA substrates used in Chapter 3 to 

study the effects of DNA modifications on CRISPR/Cas systems. However, the HPLC-

UV analysis did not readily detect glucosylation of DNA. Therefore an LC-MS method 

was employed. This analytical method was also successfully applied for other biological 

systems including DNA from different strains of T4 phage and an engineered E. coli strain 

capable of synthesising DNA with various modifications. The method developed showed 

good sensitivity for the identification of glucosylated 5-hydroxymethyl-2'-deoxycytosine. 

In addition, quantitative analysis was also employed to determine the percentage 

incorporation of 5-hydroxymethyl-2'-deoxycytosine in DNA by analysing the peak areas 

of 2'-deoxycytosine and 5-hydroxymethyl-2'-deoxycytosine from HPLC-UV 

chromatograms.  

 

In addition to the work described in Chapters 3 and 4 studying the effects of DNA 

modifications, research performed in Chapters 5 and 6 focused on studying the effects of 

protein post-translational modifications on RNA binding using quantitative proteomics. 

Quantitative proteomic experiments were performed using stable isotope labelling with 
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amino acids in cell culture (SILAC). Label-swap strategies were used for the biological 

replicates. In chapter 5, the effects of the global methylation inhibitor AdOx and the 

effects of RNA methylation (N6-methyladenosine) on global mRNA binding were 

studied. To do this, large scale mRNP capture assays were optimised, using UV 

crosslinking of cells to form the mRNP complex, oligo-d(T) affinity purification and  

RNase treatment for mRNA-binding protein recovery. Standard crosslinking and 

immunoprecipitation (CLIP) was compared to photoactivatable ribonucleoside-enhanced 

crosslinking and immunoprecipitation (PAR-CLIP), and the results showed the former 

was a preferred method for crosslinking in HEK293T cells. However, the results also 

highlighted the problem of arginine to proline conversion in the SILAC experiments, and 

required the use of additional proline in cell culture media to reduce the conversion to an 

acceptable level for accurate quantitative mass spectrometry analysis (which was further 

corrected by post-quantification normalisation based on label-swap replicates).  

 

To study the effects of protein methylation on mRNA binding, cells were grown in the 

presence and absence of the global methylation inhibitor AdOx. SILAC label-swap 

experiments were performed in conjunction with mRNP capture assays to quantitatively 

analyse changes in mRNA binding on a global scale. The results identified over 600 

proteins of which over 500 were quantified in the SILAC label-swap experiment. 24 

proteins showed increased mRNA binding and 50 showed decreased mRNA binding (> 

1.5 fold change in protein abundance). A wide number of identified proteins contain sites 

of arginine methylation which are of particular interest. These results are the first global 

quantitative analysis of the effect of methylation on mRNA binding and highlight a 

number of interesting RNA binding proteins as candidates for further studies to examine 

the role of arginine methylation and RNA binding.   

 

To study the effect of N6-methyladenosine (m6A) of mRNA on mRNA-protein 

interactions, mRNP capture assays were carried out comparing wild type cell line and 

m6A deficient cell line. The m6A deficient cell line used was an RNAi knockdown of 

Wilms tumour 1 associated protein (WTAP), a protein that recruits the m6A 

methyltransferase complex. The results of the mRNP capture assay from cells grown with 

and without m6A RNA identified approximately 500 proteins of which 400 were 

quantified. However, no significant difference in the mRNA interactome was observed. 

Further analysis revealed that the RNAi knockdown was not efficient in the cell line used, 
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resulting in no significant alteration of RNA methylation, therefore the mRNA binding 

was not altered. 

 

In chapter 6, similar SILAC and quantitate MS approaches were applied to study the 

effects of protein methylation and citrullination binding to an RNA oligonucleotide 

(GGGGCC)5 in vitro. Large scale in vitro RNA pulldown assays were used in conjunction 

with cells grown in the presence and absence of AdOx. The results identified more than 

100 proteins which are with over 1.5 fold change either increased or decreased in RNA 

binding. To study the effects of citrullination, a cell line overexpressing the enzyme 

PADI4 was used in conjunction with in vitro RNA binding assays and SILAC MS 

analysis. The results identified over 700 proteins of which close to 600 were quantified 

in the SILAC label swap experiment, similar to the AdOx experiments. However, only 9 

proteins showed increased (GGGGCC)5 oligo RNA binding and 2 showed decreased 

(GGGGCC)5 oligo RNA binding (> 1.5 fold change in protein abundance). These results 

are the first global quantitative analysis of the effects of methylation/citrullination on 

GGGGCC repeat binding and highlight a number of interesting GGGGCC repeat binding 

proteins as candidates for further studies to examine the role of arginine modifications 

and RNA binding protein PTMs in amyotrophic lateral sclerosis and frontotemporal 

dementia.   

 

The final Chapter 7 focussed on the application of quantitative MS analysis for absolute 

quantification of protective antigen or recombinant protective antigen in anthrax 

vaccines. Stable isotope dilution mass spectrometry was used in conjunction with stable 

isotope-labelled peptide standards. Quantitative MS analysis was performed using 2 

different MS instruments (maXis and amaZon) and the results compared. The quantitative 

MS results were consistent across the two different instruments. Moreover the absolute 

quantification based on all three standard peptides was in agreement with the ELISA 

based quantification of rPA, demonstrating the MS based method for absolute 

quantification is robust, rapid and accurate. In addition, LC-MS analysis in conjunction 

with stable isotope-labelled peptide standards was also used for the absolute 

quantification of an anthrax vaccine filtrate sample. ELISA based methods are not ideal 

for the analysis of such samples, as the complex composition can affect the immunoassay 

performance. These results demonstrate the successful development and application of an 

LC ESI MS method in conjunction with stable isotope-labelled peptide standards for the 

absolute quantification of anthrax vaccine PA/rPA. 
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8.2 Future work 

Further studies on the effects of chemical modifications of DNA in CRISPR-Cas systems 

could be extended to include additional modifications. In vitro CRISPR-Cas interference 

analysis focused mainly on 5-hydroxymethylcytosine and 5-

glucosylhydroxymethylcytosine. DNA with phosphorothioate linkages in particular is of 

great interests, as preliminary results showed resistance to type I-E CRISPR-Cas systems, 

and it is believed a good candidate that can potentially be used as non-cleavable DNA 

templates in applications such as homology directed repair (HDR). The challenge 

remains, however, is the biological synthesis of DNA with phosphorothioate linkages. 

This study demonstrated that little or no PCR products with phosphorothioate linkages 

were synthesised when 3 or 4 thio-dNTPs were used, which means it is impossible to 

achieve dsDNA with fully phosphorothioated backbones using PCR. To further optimise 

the synthesis of fully phosphorothioated DNA, alternative DNA polymerases should be 

tested in conjunction with protein engineering approaches that will enable effective 

incorporation of thio-dNTPs during PCR. In addition, the ability of E. coli to generate 

DNA with phosphorothioate backbones is of particular interest. Further work could be 

aimed at engineering E. coli to incorporate thiophosphate or chemically modify its 

phosphate backbone of DNA post synthesis in the cell.   

 

Although an analytical method was developed using HPLC-UV and LC-MS and 

successfully applied for modified nucleoside analysis, a few issues remain. In particular, 

improved methods for nucleoside quantification remain a challenge. Further studies could 

be aimed at utilising stable isotope labelling methods in conjunction with MS based 

quantification. Compared to HPLC-UV based quantifications, LC-MS with isotope 

labelling gives strong evidence of m/z confirmation of target compounds, unbiased 

signals, and can be applied for the quantification of two or more samples by mixing them 

together. Isotopes such as 13C and 15N can be used for labelling. With a known amount of 

standard, the unknown sample amount can be calculated based on the ratio of heavy and 

light signal of corresponding nucleoside.  

 

The result presented in Chapters 5 and 6 are the first global quantitative analysis of the 

effect of protein methylation and citrullination on RNA binding. The results identify a 

number of interesting RNA binding proteins as candidates for further studies to examine 

the role of arginine methylation on RNA binding both in vitro and in vivo. Further studies 
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need to be performed to validate the quantitative analysis. Due to time constraints it was 

not possible to perform western blotting on a number of proteins of interest, the binding 

of which to RNA were altered upon the addition of AdOx. In addition, further MS analysis 

could be performed to demonstrate reduced arginine methylation in these proteins. 

Further work is necessary to also validate that upon overexpression of PADI4, enzyme 

activity results in citrullination of substrate proteins. Again analysis of the current MS 

data could be used to show increased citrullination in the proteome. However, global 

analysis of citrullination is difficult, as the resulting mass difference is the same as 

deamidation of N/Q residues, therefore it is difficult to distinguish citrullination (R) from 

deamidation (N/Q).  

 

Due to the issue of ineffective RNAi knockdown of WTAP in the cell line used, further 

experiments need to be performed. To achieve the cell line with the required feature, an 

alternative WTAP knockdown technique can be used in conjunction with CRISPR/Cas9 

editing. CRISPR/Cas9 WTAP knockdown cell lines are commercially available, or can 

be obtained from other labs, which can be used to study the effects of N6 methyladenosine 

on mRNA binding. 
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Appendices 
 

Chapter 4 Appendices 

 

Plasmid sequences 

>Operon_minus_B-gt_(PvuI/PacI)_in_pMK-RQ Confirmed by sequencing 
CTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACC

AATAGGCCGAAATCGGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGC

TACAGGGCGCTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGTTTCGGTGCGGGCCTCTT

CGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTT

TCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAGCGCGACGTAATACGACTCACTATAGGGCGAAT

TGAAGGAAGGCCGTCAAGGCCGCATATGCATGCATGAATTCGATGCATCCAGGCATCAAATAAAACGA

AAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCTACTAGAGTC

ACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATAGAATTCAACCATGGAAGATCTTTTAAGAAG

GAGATATACATATGGCTCACTTTAATGAATGTGCTCATTTGATCGAAGGTGTTGATAAAGCTCAAAATG

AATACTGGGATATTCTCGGTGATGAAAAAGATCCGCTGCAAGTTATGCTTGATATGCAGCGGTTTTTAC

AGATTCGTTTGGCTAATGTCCGCGAATACTGCTATCATCCAGATAAATTAGAAACTGCCGGTGATGTTG

TTTCTTGGATGCGTGAACAAAAAGACTGTATTGATGATGAATTTCGCGAACTTCTGACTTCTCTTGGTGA

AATGTCACGTGGTGAAAAAGAAGCTTCTGCTGTATGGAAAAAATGGAAAGCACGTTATATTGAAGCGC

AAGAAAAACGCATTGATGAAATGTCCCCCGAAGACCAGCTCGAAATTAAATTTGAGCTTGTGGATATA

TTTCATTTCGTATTAAATATGTTTGTTGGCCTTGGAATGAATGCGGAAGAAATCTTTAAACTTTATTATC

TGAAGAACAAACATAATTTTGAACGTCAAGATAATGGATATTAACAATTGGTCGACAAATAATAAAAA

AGCCGGATTAATAATCTGGCTTTTTATATTCTCTCGTACGCGATTAAGGCGCGCCTTATAGTACCTTTAG

TGTATTTTTAATTTTAGAAAAAAGTTCTTCAAGAGAACCATCGTTTGTAATTACTAAATCGCCATCACGA

ATTGGCAATCCAGCTTCTGTAATATGTGTATCATTGGATTTTTGACCAGGACGAACTACATGAATTACTG

TAGCACCCATCGCCCTAGCCGCATCCATTTCATGATCTTGACGGGTATCAGGAACGATATAATAATCAT

AACCTGAGTTAAATTTATCAAGATAATCTAAAGCAAATAATTTTACCCAGTACATGCGGTCGAAGTTAT

TAACAATCAAATCCGTACCTAGGGCTTGCATCAGACGACGGACTGACCATTGATCTTCAATATTATTTA

TAACGTCAGTAATCTTATTAAATGCTACGAAATTAACTGATTCTTTTCCTTCGTCATCAAAAACAAACAC

ACCTTTAATTGGGCTTTTACCATTAAGATAACAAAATGCTTGTTCCATAATCGTGATTACTTCTAATTTA

GTCAGATTTAAATTAGTCTCACGATCATAGTCAATTCCTTCAAACTCTTTACGAGTTAAGCAAGGATAG

TCAGTGTTTGCTGCAAATACTCCCCATGCATAAGCCAATGCATCCTTAATGGGACCAGCAAGTTGGTAT

TTAACTGCAGAATAATTGCTCATGATAAAATCAGCAGTAGTATCTTTTCCACTACGCTTTACACCGCTTA

AAAAGATTAGTTTCATATGTATATCTCCTTCTACGCGTCCCGGGTTAAGCGTATTTTCCTACATAATCTT

TTTTCGAAATATGTGTTTCGCCAGTTTTCCACCAATGATCAACCAAATAAAAATGACGAGAATACACAT

GTAGGCTTCCAACATTCCATATAATGGAACCTGCTTTATACTGGCGAGTTGAATCACCTGCATTCAAAT

CAGATACTAATTTATCTAATACGTATTTTTGCCATGCATAATCATTACGGAATCCGAAGACCACGTCATT

TGAGCGCATGTTAACAACCGCATTGATTTTCTTGTCACGAATCAGGTATTGTACTGTATTCGTGCACATG

AAATCTGACATACCATCTTTATTATAGTCAAACTGCATAGATGGACGAGTATAAATCATGATACCACGT

CGAGAATCAGGATTTTGACCAAGTTCAGCTAAACACATGTCATACTGAGCATAGTTATCTTCTGACCAG

ATAGCCCAACCATAATTCGAGTTAATTTCACCTTTAGAAGATGCTACTTGTTGCCAAATCTTCGGTGTTT

CACCCGGAATATCTTTAACGAACAAGCTTTTAGATTTATACCATTCAAGTTCACGCTGAATGTATTCATC

ATTAAGAGCGCCAAAAATAAACGGTTCATCTGCTACAAATGATGCGCCAATAATTTCAATAGTTTTAAC

ACCTGTTTTATCAACTACGAAATCTTTTTCTTTTAATGCAAGCCCCAAATGAAGACGGATTTCTTCAACT

GTCATAGAGTCACTAATCATATGTATATCTCCTTCTTCCGGAGAACTTTTCAATTCGCGTTAAACAAAAT

TATTACTAGAGGGAAACCGCCAGGGTCTCCCTACGACCAGTCTAAAAAGCGCCTCAATTCGCGACCTTC

TCGTTACTGACAGGAAAATGGGCCATTGGCAACCAGGGAAAGATGAACGTGATGATGTTCACAATTTG

CTGAATTGTGGTGGACGAATTTGGATCCCTGGGCCTCATGGGCCTTCCTTTCACTGCCCGCTTTCCAGTC

GGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAGCTGTTTCCTTGCGTATTGGGCGCTCTCCGCT

TCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTAAAGCCTGGGGTGCCTAATGAGCAAAAGGCC

AGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGAC

GAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGG

CGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGC

CTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTC

GTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAAC

TATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATT

AGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAG

AAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTG

ATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAA

AAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACG

TTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAG

TTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTATTAGAAAAATTCATCCAGCAG

ACGATAAAACGCAATACGCTGGCTATCCGGTGCCGCAATGCCATACAGCACCAGAAAACGATCCGCCC

ATTCGCCGCCCAGTTCTTCCGCAATATCACGGGTGGCCAGCGCAATATCCTGATAACGATCCGCCACGC
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CCAGACGGCCGCAATCAATAAAGCCGCTAAAACGGCCATTTTCCACCATAATGTTCGGCAGGCACGCA

TCACCATGGGTCACCACCAGATCTTCGCCATCCGGCATGCTCGCTTTCAGACGCGCAAACAGCTCTGCC

GGTGCCAGGCCCTGATGTTCTTCATCCAGATCATCCTGATCCACCAGGCCCGCTTCCATACGGGTACGC

GCACGTTCAATACGATGTTTCGCCTGATGATCAAACGGACAGGTCGCCGGGTCCAGGGTATGCAGACG

ACGCATGGCATCCGCCATAATGCTCACTTTTTCTGCCGGCGCCAGATGGCTAGACAGCAGATCCTGACC

CGGCACTTCGCCCAGCAGCAGCCAATCACGGCCCGCTTCGGTCACCACATCCAGCACCGCCGCACACG

GAACACCGGTGGTGGCCAGCCAGCTCAGACGCGCCGCTTCATCCTGCAGCTCGTTCAGCGCACCGCTCA

GATCGGTTTTCACAAACAGCACCGGACGACCCTGCGCGCTCAGACGAAACACCGCCGCATCAGAGCAG

CCAATGGTCTGCTGCGCCCAATCATAGCCAAACAGACGTTCCACCCACGCTGCCGGGCTACCCGCATGC

AGGCCATCCTGTTCAATCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCAT

GAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAA

AAGTGCCAC 

 

>pMK-0_SfiI_2 null (Circularized) 
GGGCCTTCCTTTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAACATGGTCATAG

CTGTTTCCTTGCGTATTGGGCGCTCTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGGTA

AAGCCTGGGGTGCCTAATGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCT

GGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCG

AAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCC

GACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCA

CGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTT

CAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCG

CCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTT

GAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGT

TACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTT

TGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGG

GTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTT

CACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTC

TGACAGTTATTAGAAAAATTCATCCAGCAGACGATAAAACGCAATACGCTGGCTATCCGGTGCCGCAA

TGCCATACAGCACCAGAAAACGATCCGCCCATTCGCCGCCCAGTTCTTCCGCAATATCACGGGTGGCCA

GCGCAATATCCTGATAACGATCCGCCACGCCCAGACGGCCGCAATCAATAAAGCCGCTAAAACGGCCA

TTTTCCACCATAATGTTCGGCAGGCACGCATCACCATGGGTCACCACCAGATCTTCGCCATCCGGCATG

CTCGCTTTCAGACGCGCAAACAGCTCTGCCGGTGCCAGGCCCTGATGTTCTTCATCCAGATCATCCTGAT

CCACCAGGCCCGCTTCCATACGGGTACGCGCACGTTCAATACGATGTTTCGCCTGATGATCAAACGGAC

AGGTCGCCGGGTCCAGGGTATGCAGACGACGCATGGCATCCGCCATAATGCTCACTTTTTCTGCCGGCG

CCAGATGGCTAGACAGCAGATCCTGACCCGGCACTTCGCCCAGCAGCAGCCAATCACGGCCCGCTTCG

GTCACCACATCCAGCACCGCCGCACACGGAACACCGGTGGTGGCCAGCCAGCTCAGACGCGCCGCTTC

ATCCTGCAGCTCGTTCAGCGCACCGCTCAGATCGGTTTTCACAAACAGCACCGGACGACCCTGCGCGCT

CAGACGAAACACCGCCGCATCAGAGCAGCCAATGGTCTGCTGCGCCCAATCATAGCCAAACAGACGTT

CCACCCACGCTGCCGGGCTACCCGCATGCAGGCCATCCTGTTCAATCATACTCTTCCTTTTTCAATATTA

TTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACA

AATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTAAAA

TTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTATA

AATCAAAAGAATAGACCGAGATAGGGTTGAGTGGCCGCTACAGGGCGCTCCCATTCGCCATTCAGGCT

GCGCAACTGTTGGGAAGGGCGTTTCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGA

TGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCC

A G T G A G C G C G A C G T A A T A C G A C T C A C T A T A G G G C G A A T T G A A G G A A G G C C G 
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Original data for the calculation of pHmC hmC incorporation (peaks for hmC and dC 

are highlighted) 

 

Data set 1 
 

No.  Ret.Time Area Amount Type Height Rel.Area Resolution 

 min mAU*min n.a.  mAU %  

75 3.631 5.5952 n.a. BM  50.779 10.41 n.a. 

76 3.912 0.0017 n.a.  M  0.114 0 n.a. 

77 4.056 0.7039 n.a.  M  7.43 1.31 n.a. 

78 4.171 1.3833 n.a.  MB 10.577 2.57 n.a. 

79 4.391 0 n.a. BMB 0.013 0 4.72 

80 4.406 0 n.a. BMB 0.011 0 1.87 

81 4.585 0.9404 n.a. BMB 7.843 1.75 n.a. 

82 4.85 0.0005 n.a. BM  0.051 0 n.a. 

83 4.858 0.0001 n.a. Ru 0.011 0 n.a. 
 

 

Data set 2 
 

 

No.  Ret.Time Area Amount Type Height Rel.Area Resolution 

 min mAU*min n.a.  mAU %  

53 3.583 14.5705 n.a.  M  93.835 11.54 1.92 

54 3.751 0.8113 n.a. Rd 11.068 0.64 n.a. 

55 4.013 3.8038 n.a.  M  27.827 3.01 n.a. 

56 4.173 0.0088 n.a.  M  1.477 0.01 n.a. 

57 4.361 2.3697 n.a.  M  18.274 1.88 n.a. 

58 4.578 0.0004 n.a.  M  0.067 0 n.a. 

59 4.585 0.0007 n.a.  MB 0.05 0 n.a. 
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Chapter 5 Appendices 

 

Digital version of this thesis includes the protein group lists below (Excel files): 

  5-1: pulldowns mRNP capture (PAR-CLIP) 

  5-2: pulldowns mRNP capture (CLIP) 

  5-3: mRNA binding pulldown with AdOx treatment (AdOx heavy/ Ctrl light) 

  5-4: mRNA binding pulldown with AdOx treatment (AdOx light/ Ctrl heavy) 

  5-5: WCE with AdOx treatment (AdOx heavy/ Ctrl light)  

  5-6: WCE with AdOx treatment (Ctrl heavy/ AdOx light)  

  5-7: mRNA binding pulldown with m6A treatment (m6A heavy/ Ctrl light)  

  5-8: mRNA binding pulldown with m6A treatment (m6A light/ Ctrl heavy) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



228 

 

Chapter 6 Appendices 

 

Mascot identified proteins in HeLa nuclear extracts 

 

NUCL_HUMAN TBB8_HUMAN THUM1_HUMAN ZNF35_HUMAN PLOD1_HUMAN 

HNRH1_HUMAN K22E_HUMAN SMCA4_HUMAN PCDB5_HUMAN HNRH3_HUMAN 

HNRH2_HUMAN CHD3_HUMAN MBD2_HUMAN K2C4_HUMAN GLTP_HUMAN 

HNRPF_HUMAN SF3A1_HUMAN EF1A2_HUMAN GFAP_HUMAN EFCB5_HUMAN 

K2C1_HUMAN TBB1_HUMAN IF2GL_HUMAN K2C8_HUMAN SMCA2_HUMAN 

HSP7C_HUMAN MTA2_HUMAN HNRPM_HUMAN K2C80_HUMAN RPA1_HUMAN 

PARP1_HUMAN P66A_HUMAN RTCB_HUMAN K2C7_HUMAN ABCF1_HUMAN 

TBB5_HUMAN K2C6B_HUMAN RCC1_HUMAN SFPQ_HUMAN HNRL1_HUMAN 

TBA1C_HUMAN FUS_HUMAN TIF1B_HUMAN RPA49_HUMAN SF3A3_HUMAN 

HNRPU_HUMAN U2AF2_HUMAN DDX21_HUMAN FAKD3_HUMAN IF16_HUMAN 

RBBP4_HUMAN HNRL2_HUMAN CSRP1_HUMAN DDX23_HUMAN RPA2_HUMAN 

TBB4B_HUMAN RUVB2_HUMAN RCC2_HUMAN NSUN2_HUMAN ZN207_HUMAN 

TBB4A_HUMAN K2C1B_HUMAN TF3C3_HUMAN SF3B2_HUMAN CTSRG_HUMAN 

RBBP7_HUMAN NOLC1_HUMAN SMCA5_HUMAN TF3C2_HUMAN HCFC1_HUMAN 

CCAR1_HUMAN EF1A1_HUMAN SMCA1_HUMAN K1C14_HUMAN OBSCN_HUMAN 

HSP72_HUMAN TF3C4_HUMAN DHX36_HUMAN K1C17_HUMAN ADDG_HUMAN 

YBOX1_HUMAN GRSF1_HUMAN RBP56_HUMAN XRCC5_HUMAN SETD4_HUMAN 

HS71L_HUMAN RUVB1_HUMAN IQGA1_HUMAN DX39B_HUMAN UIMC1_HUMAN 

K1C10_HUMAN CHD5_HUMAN XRCC6_HUMAN SNUT1_HUMAN BAIP2_HUMAN 

ACL6A_HUMAN HNRPK_HUMAN SRSF6_HUMAN PRP19_HUMAN PIGP_HUMAN 

TBA4B_HUMAN P66B_HUMAN DDX5_HUMAN K1C27_HUMAN TRHDE_HUMAN 

HS71A_HUMAN SF3B1_HUMAN ANXA3_HUMAN K1C25_HUMAN G3BP2_HUMAN 

LA_HUMAN K1C9_HUMAN SMRC2_HUMAN K1C28_HUMAN KRA53_HUMAN 

CHD4_HUMAN TF3C1_HUMAN XRN2_HUMAN SMRC1_HUMAN ANKZ1_HUMAN 

TBB6_HUMAN HDAC2_HUMAN MTA1_HUMAN G3ST4_HUMAN HIRA_HUMAN 

HSP76_HUMAN ALBU_HUMAN MTA3_HUMAN MMS22_HUMAN KI21B_HUMAN 

YBOX3_HUMAN DDX1_HUMAN LMNA_HUMAN AT11C_HUMAN WDR78_HUMAN 

YBOX2_HUMAN SUZ12_HUMAN ASPM_HUMAN AT11A_HUMAN O11A1_HUMAN 

GRP78_HUMAN HDAC1_HUMAN SRSF4_HUMAN LARP1_HUMAN DYH8_HUMAN 

PUF60_HUMAN SF3B3_HUMAN CDC5L_HUMAN EWS_HUMAN SH3R1_HUMAN 

RN213_HUMAN     

RYR2_HUMAN     

IMDH2_HUMAN      

RBM47_HUMAN      

E2F8_HUMAN      
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Digital version of this thesis includes protein group lists (Excel files): 

6-1 : GGGGCC repeat binding pulldown with AdOx treatment (AdOx heavy/ Ctrl 

light)  

6-2 : GGGGCC repeat binding pulldown with AdOx treatment (AdOx light /Ctrl 

heavy) 

6-3 : WCE (input for in vitro pulldown) with AdOx  treatment (AdOx heavy/ Ctrl 

light)  

6-4 : WCE (input for in vitro pulldown) with AdOx  treatment (Ctrl heavy/ AdOx 

light)  

6-5 : GGGGCC repeat binding pulldown with PADI4 treatment (PADI4 heavy/ 

Ctrl light)  

6-6 : GGGGCC repeat binding pulldown with PADI4 treatment (PADI4 light /Ctrl 

heavy) 

6-7 : WCE (input for in vitro pulldown) with PADI4  treatment (PADI4 heavy/ 

Ctrl light)  

6-8 : WCE (input for in vitro pulldown) with PADI4  treatment (PADI4 heavy/ 

AdOx light)  

6-9 : In-solution digest, GGGGCC repeat binding pulldown with AdOx treatment 

(AdOx heavy/ Ctrl light) 

6-10 : In-solution digest, GGGGCC repeat binding pulldown with AdOx 

treatment (AdOx light /Ctrl heavy) 
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Chapter 7 Appendices 

Amino acid analysis results of SIS peptides. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AAA  Results AAA  Results 
Sample: Ai Sample: Aii

Integer fit of measured mole ratios to expected values Integer fit of measured mole ratios to expected values

Expected Closeness of fit Expected Closeness of fit

Amino acid value Observed value to expected value Amino acid value Observed value to expected value

Cys 0 not determined - Cys 0 not determined -

Asp 2 2.01 better than 5% Asp 2 1.97 better than 5%

Thr 0 0.00 - Thr 0 0.00 -

Ser 0 0.00 - Ser 0 0.00 -

Glu 1 0.96 better than 5% Glu 1 0.94 within 5-10%

Gly 0 0.00 - Gly 0 0.00 -

Ala 0 0.00 - Ala 0 0.00 -

Val 1 1.04 better than 5% Val 1 1.04 better than 5%

Met 0 0.00 - Met 0 0.00 -

Ile 0 0.00 - Ile 0 0.00 -

Leu 2 1.98 better than 5% Leu 2 2.01 better than 5%

Norleu std Norleu std

Tyr 0 0.00 - Tyr 0 0.00 -

Phe 0 0.00 - Phe 0 0.00 -

His 0 0.00 - His 0 0.00 -

Lys 0 0.00 - Lys 0 0.00 -

Arg 1 1.01 better than 5% Arg 1 1.05 better than 5%

Pro 0 0.00 - Pro 0 0.00 -

Trp 0 (not determined) Trp 0 (not determined)

Total  (used) 7 residues Total  (used) 7 residues

Average

Total sample 58.507 nmoles 57.9 Total sample 57.342 nmoles

50.25 ug 49.8 49.25 ug

Concentration 585.07 nmoles/ml 579 Concentration 573.42 nmoles/ml

502.54 ug/ml 498 492.53 ug/ml

AAA  Results AAA  Results 
Sample: Ci Sample: Cii

Integer fit of measured mole ratios to expected values Integer fit of measured mole ratios to expected values

Expected Closeness of fit Expected Closeness of fit

Amino acid value Observed value to expected value Amino acid value Observed value to expected value

Cys 0 not determined - Cys 0 not determined -

Asp 3 3.09 better than 5% Asp 3 3.09 better than 5%

Thr 0 0.00 - Thr 0 0.00 -

Ser 1 0.94 within 5-10% Ser 1 0.97 better than 5%

Glu 1 0.99 better than 5% Glu 1 1.00 better than 5%

Gly 1 1.01 better than 5% Gly 1 1.01 better than 5%

Ala 2 1.95 better than 5% Ala 2 1.94 better than 5%

Val 3 2.97 better than 5% Val 3 2.95 better than 5%

Met 0 0.00 - Met 0 0.00 -

Ile 1 1.05 better than 5% Ile 1 1.05 better than 5%

Leu 0 0.00 - Leu 0 0.00 -

Norleu std Norleu std

Tyr 0 0.00 - Tyr 0 0.00 -

Phe 0 0.00 - Phe 0 0.00 -

His 0 0.00 - His 0 0.00 -

Lys 0 excluded - Lys 0 excluded -

Arg 0 0.00 - Arg 0 0.00 -

Pro 0 0.00 - Pro 0 0.00 -

Trp 0 (not determined) Trp 0 (not determined)

Total  (used) 12 residues Total  (used) 12 residues

Average

Total sample 31.086 nmoles 31.0 Total sample 30.945 nmoles

40.89 ug 40.8 40.70 ug

Concentration 310.86 nmoles/ml 310 Concentration 309.45 nmoles/ml

408.90 ug/ml 408 407.05 ug/ml
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AAA  Results AAA  Results 
Sample: Di Sample: Dii

Integer fit of measured mole ratios to expected values Integer fit of measured mole ratios to expected values

Expected Closeness of fit Expected Closeness of fit

Amino acid value Observed value to expected value Amino acid value Observed value to expected value

Cys 0 not determined - Cys 0 not determined -

Asp 0 excluded - Asp 0 excluded -

Thr 2 1.93 better than 5% Thr 2 1.92 better than 5%

Ser 0 0.00 - Ser 0 0.00 -

Glu 0 excluded - Glu 0 excluded -

Gly 0 0.00 - Gly 0 0.00 -

Ala 1 0.94 within 5-10% Ala 1 0.95 within 5-10%

Val 0 0.00 - Val 0 0.00 -

Met 0 0.00 - Met 0 0.00 -

Ile 1 1.02 better than 5% Ile 1 1.02 better than 5%

Leu 1 1.04 better than 5% Leu 1 1.04 better than 5%

Norleu std Norleu std

Tyr 0 0.00 - Tyr 0 0.00 -

Phe 0 0.00 - Phe 0 0.00 -

His 0 0.00 - His 0 0.00 -

Lys 1 1.07 within 5-10% Lys 1 1.08 within 5-10%

Arg 0 0.00 - Arg 0 0.00 -

Pro 0 0.00 - Pro 0 0.00 -

Trp 0 (not determined) Trp 0 (not determined)

Total  (used) 6 residues Total  (used) 6 residues

Average

Total sample 71.110 nmoles 70.9 Total sample 70.638 nmoles

63.15 ug 62.9 62.73 ug

Concentration 711.10 nmoles/ml 709 Concentration 706.38 nmoles/ml

631.46 ug/ml 629 627.27 ug/ml
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AUC raw data for anthrax vaccine AQUA 

 

rPA, amaZon 

  

2.7 µl rPA from: 5ul diluted to 1150ul(6.9mg/ml to 30ng/ul)  

Abundance data Area under curve 

  0.25 pmol SIS 1 pmol SIS 4 pmol SIS 

DLNLVER (L) 260970464 110919864 86823921 

DLNLVER  68328922 102773052 365438016 

NNIAVGADESVVK (L) 216167200 117704212 129995502 

NNIAVGADESVVK (H) 56717988 105704103 537164224 

NQTLATIK (L) 223245664 145230288 143049696 

NQTLATIK (H) 41594568 122894056 517512000 

 

5.4 µl rPA from: 5ul diluted to 1150ul(6.9mg/ml to 30ng/ul)  

Abundance data Area under curve 

  0.5 pmol SIS 2 pmol SIS 8 pmol SIS 

DLNLVER (L) 172146976 204548848 106481012 

DLNLVER (H) 52151768 233225936 484754994 

NNIAVGADESVVK (L) 174924192 152491424 128980650 

NNIAVGADESVVK (H) 45107324 155042672 601835984 

NQTLATIK (L) 324284240 202689755 271940832 

NQTLATIK (H) 54437650 189143928 686841664 

 

Filtrate (PA) amaZon 

 

2.7 µl Filtrate concentrated from 500ul to 85ul using PALL 3k 

filter  

Abundance data Area under curve 

  0.25 pmol SIS 1 pmol SIS 4 pmol SIS 

DLNLVER (L) 313689056 319812224 284551972 

DLNLVER (H) 70443072 283095584 1138871680 

NNIAVGADESVVK (L) 465213280 498458656 337467641 

NNIAVGADESVVK (H) 106745542 399826848 1030283444 

NQTLATIK (L) 218976656 263639936 317464128 

NQTLATIK (H) 34097064 215055200 818770560 

 

5.4 µl Filtrate concentrated from 500ul to 85ul using PALL 3k 

filter  

Abudnance data Area under curve 

  0.5 pmol SIS 2 pmol SIS 8 pmol SIS 

DLNLVER (L) 450720800 418667232 497555996 

DLNLVER(H) 145381872 418633824 1954779136 

NNIAVGADESVVK (L) 852881344 942887232 575489326 

NNIAVGADESVVK (H) 118491810 662767616 1839847528 

NQTLATIK (L) 447634240 435566016 591700036 

NQTLATIK (H) 68536880 324383616 1797512832 
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rPA maXis 

2.7 µl rPA from: 5ul diluted to 1150ul(6.9mg/ml to 30ng/ul)  

Abundance data Area under curve 

  0.25 pmol SIS 1 pmol SIS 4 pmol SIS 

DLNLVER (L) 62297404 64407388 50606272 

DLNLVER (H) 17273158 74564160 275207040 

NNIAVGADESVVK (L) 66965860 68473712 52264348 

NNIAVGADESVVK (H) 17317730 71810488 239496656 

NQTLATIK (L) 82199920 95108272 83088576 

NQTLATIK (H) 17816412 77143936 314065664 

 

 

5.4 µl rPA from: 5ul diluted to 1150ul(6.9mg/ml to 30ng/ul)  

Abundance data Area under curve 

  0.5 pmol SIS 2 pmol SIS 8 pmol SIS 

DLNLVER (L) 117993800 105856048 80590176 

DLNLVER (H) 32080354 125053368 427692544 

NNIAVGADESVVK (L) 113911384 98483912 79610304 

nNIAVGADESVVK (H) 29727072 107010688 388597696 

NQTLATIK (L) 164430144 183730464 157040560 

NQTLATIK (H) 32766274 141948432 505276768 

 

 

Filtrate (PA) maXis 

 

2.7 µl Filtrate concentrated from 500ul to 85ul using PALL 3k 

filter  

Abundance data Area under curve 

  0.25 pmol SIS 1 pmol SIS 4 pmol SIS 

DLNLVER (L) 23889822 25430236 23407346 

DLNLVER (H) 6144884 24164500 85093976 

NNIAVGADESVVK (L) 32139584 33098752 30012660 

NNIAVGADESVVK (H) 6920506 24528512 87549024 

NQTLATIK (L) 37942648 36595188 35249180 

NQTLATIK (H) 7410402 25973960 99214960 

 

5.4 µl Filtrate concentrated from 500ul to 85ul using PALL 3k 

filter  

Abundance data Area under curve 

  0.5 pmol SIS 2 pmol SIS 8 pmol SIS 

DLNLVER (L) 33171210 31455618 29469278 

DLNLVER (H) 8976668 33333534 127578440 

NNIAVGADESVVK (L) 54218596 48863892 43149284 

NNIAVGADESVVK (H) 10477907 38978396 138282256 

NQTLATIK (L) 60270208 58774952 55762612 

NQTLATIK (H) 10798835 42460904 168244144 

 


