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15 Abstract 

Abstract 

Deoxyribonucleic acid (DNA) is an information storage molecule that contains the 

instructions needed for a cell to sustain. The genetic blueprints stored in the sequence of the 

DNA exhibits the well-established Mendelian inheritance however, epigenetic processes 

cause cells with same genetic information to follow a different development pathway. In 

other words, epigenetic modifications can cause changes in the phenotype without altering 

the genotype. Epigenetic processes are natural and essential for various functions in an 

organism however if they occur improperly there can be majorly adverse health and 

behaviour effects.  

In mammals, DNA methylation is an epigenetic signal occurring predominantly at the 

carbon-5-position of cytosine (C) nucleobase existing in a symmetrical CpG (cytosine and 

guanine separated by a phosphate) dinucleotides. This process gives rise to the most widely 

characterized epigenetic nucleobase called 5-methylcytosine (5mC) [1]. When located in 

gene promoters, 5mC causes downregulation of gene transcription [2]. Recent studies have 

illuminated the essential role of 5mC in cellular events like genomic imprinting, X-

chromosome inactivation and repression of transposable elements [3]. Further, aberrant gene 

regulation due to differences in their epigenetic make-up is associated with pathological 

states and causes of underlying diseases  [4]. DNA methylation was first confirmed to occur 

in human cancer in 1983. Since then several studies have shown a direct link between the 

presence of 5mC in promoters of tumour suppressor genes and various cancers [5][6]. 

Additionally, other studies suggest  a  role of 5mC in autoimmune diseases, metabolic 

disorders and neurodegenerative ailments such as Schizophrenia, Fragile X and Prader-Willi 

syndrome  [7–9]. Hence the detection of epigenetic modifications not only plays a crucial 

role in diagnosis and treatment of several chronic diseases [10,11] but may also provide 

insights in understanding the role of different epigenetic modifications in regulating various 

cellular mechanisms. Available methods for the detection of 5mC are either costly, time 

consuming or inefficient making new tools for efficient detection of different epigenetic 

modifications highly desirable. 

This thesis was focussed on the development of a novel approach for sequence specific 

detection of epigenetic C modifications in genomic DNA (gDNA) using Transcription 

Activator-Like Effector (TALE) proteins. TALEs are DNA binding proteins composed of 

repeats containing conserved amino acid sequences. The 12th and the 13th amino acid of 
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each repeat denoted as Repeat Variable Di-residue (RVD) however differ depending on the 

nucleobase targeted. Earlier studies have established the ability of TALE RVD HD (histidine 

aspartate) to discriminate between DNA sequences differing in harbouring a C or 5mC at a 

single position [12–14]. Identification of engineered RVDs capable of selectively 

recognizing other C modifications like hydroxymethyl-, formyl- and carboxylcytosine 

(5hmC, 5fC and 5caC) have also been reported [15,16].  

TALEs were employed in an affinity enrichment assay for modification sensitive binding 

and isolation of user-defined DNA sequence directly from gDNA samples. This method 

featuring the use of TALEs as selective sensor for detecting different epigenetic C 

modifications in gDNA was first of its kind. It enabled quantitation of methylation and 

detection of hemi-methylation in cancer biomarker loci. In combination with chemical 

reduction of 5fC to 5hmC, TALEs with a size-reduced RVDs were shown to successfully 

detect and discriminate between genomic sequence containing a 5hmC or 5fC [17].  

N4-methylcytosine (4mC) is a rare epigenetic modification that co-exists with 5mC in some 

prokaryotic organism. Similar to another epigenetic modification called 6-methyladenine 

(6mA), 4mC may play a role in host defence and transcription regulation in the bacterial 

genome [18]. Successful discrimination of C, 5mC and 4mC using the established affinity 

enrichment assay further highlighted the use of TALEs as tool for studying the individual 

roles of various epigenetically modified nucleobases found in a genome [19]. 

Off-target binding exhibited by TALEs can negatively affect their widespread use. Positively 

charged amino acids in the N-terminal region (NTR) or Central Repeat Domain (CRD) of 

TALEs are known to bind non-specifically to the negatively charged phosphate backbone of 

DNA. [20]. To enhance TALE binding sensitivity, these positively charged amino acids were 

exchanged with alanine. Compared to non-modified TALEs, those with alanine mutations 

exhibited significantly increased 5mC sensitivity in affinity enrichment assay and in C 

selective transcription activation in HEK293T cells as demonstrated by the luciferase assay. 

The results of this study indicated the possibility of developing modified TALEs for 

enhanced precision and sensitivity in detection of epigenetic modifications [21]. 

 

 

  



 
17 Zusammenfassung 

Zusammenfassung 

Die Zelle speichert die genetische Information in Form von DNA (engl. desoxyribonucleic 

acid). Dieses Molekül liefert somit den genetischen Bauplan für RNA und Proteine, die für 

die Zellfunktion benötigt werden. Die Information auf der DNA ist erblich und folgt den 

klassischen Vererbungsregeln nach Mendel.  Epigenetische Prozesse können bewirken, dass 

Zellen mit dem gleichen genetischen Material einen anderen Phänotyp entwickeln. Diese 

Änderung basiert jedoch nicht auf einer Veränderung des Genotyps. Epigenetische Prozesse 

sind ein natürliches Event und essentiell für zahlreiche Funktionen im Organismus. 

Fehlerhafte epigenetische Modifikationen können jedoch zu Entwicklungen von 

Krankheiten und Verhaltensänderungen führen. 

In Säugetieren bestimmt die Methylierung von DNA überwiegend an der C5-Position von 

Cytosin-Nukleobasen, (C) innerhalb von symmetrischen CpG (Cytosin und Guanin getrennt 

durch ein Phosphat), das epigenetische Signal. In Prozess der Methylierung entsteht die 

epigenetische Base 5-Methylcytosin (5mC) [1]. Wenn 5mC jedoch in Promotorregionen der 

DNA präsent ist, führt diese Modifikation zu einer reduzierten Gentranskription [2]. Studien 

beleuchten die essentielle Rolle von 5mC in zellulären Prozessen wie zum Beispiel X-

Chromosom Inaktivierung und Repression von Transposons [3]. Die fehlerhafte 

Regulierung von Genen basierend auf abweichenden epigenetischen Modifikationen ist 

oftmals mit pathologischen Symptomen verbunden und kann als direkte Krankheitsursache 

identifiziert werden [4]. In 1983 wurde erstmals die aberrante Methylierung in menschlichen 

Krebszellen festgestellt. Seitdem zeigten Studien eine direkte Verbindung zwischen 5mC 

positioniert innerhalb von Promotorregionen von Tumorsupressorgenen und zahlreichen 

Krebsarten [5,6]. Weitere Studien suggerieren die Rolle von 5mC in Autoimmunkrankreiten, 

Stoffwechselstörungen und neurodegenerative Krankheiten wie zum Beispiel 

Schizophrenie, fragiles X- und Prader-Wili-Syndrome [7-9]. Die Detektion von 

epigenetischen Modifikationen spielt nicht nur eine Rolle in Diagnose und Behandlung von 

zahlreichen chronischen Krankheiten [10,11], sondern könnte auch wichtige Einblicke über 

epigenetische Modifikationen und ihre regulierende Rolle in zellulären Mechanismen 

liefern. Gängige Methoden für die Detektion von 5mC sind bisher kostspielig, zeitaufwendig 

oder ineffizient. Daher besteht weiterhin ein Bedarf an neuen Methoden, welche die 

verschiedenen epigenetischen Modifikationen effizient detektieren können. 
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Die vorliegende Arbeit befasst sich mit der Entwicklung eines neuen Ansatzes zur 

sequenzspezifischen Detektion von epigenetischen C-Modifikationen in genomischer DNA 

(gDNA) mit Hilfe von TALE Proteinen (Transcription-activator-like effectors). TALEs sind 

DNA bindende Proteine welche aus sogenannten Repeats bestehen. Diese Repeats 

beinhalten konservierte Aminosäuren mit Ausnahme von Position 12 und 13. Diese 

Positionen werden als Repeat Variable Di-residue (RVD) bezeichnet und sind variabel 

abhängig von ihrer gegenüberliegenden DNA Base. Aktuelle Publikationen zeigten, dass 

TALE Proteine, die ein Histidin-Aspartate (HD) als RVD tragen, zwischen DNA-Sequenzen 

mit C oder 5mC an einer einzelnen Position diskriminieren können [12-14]. Es wurde 

weiterhin über die Identifizierung von modifizierten RVDs, welche weitere Cytosin 

Modifikationen wie Hydroxymethyl-, Formyl-, und Carboxycytosin (5hmC, 5fC und 5caC) 

selektiv erkennen können, berichtet [15,16]. 

In dieser Arbeit wurden TALE Proteine für einen Affinitäts-Anreicherungs-Assay für die 

Modifikations-sensitive Bindung und Isolierung von spezifischen genomischer DNA-

Sequenzen eingesetzt. Diese Methode nutzt erstmals TALE Proteine als selektive Sensoren 

für die Detektion von epigenetischen Cytosin Modifikationen innerhalb von gDNA. Dieser 

Assay ermöglicht die Quantifizierung von epigenetischen Methylgruppen sowie die 

Detektion von hemi-methylierten DNA-Sequenzen in Krebsrelevanten Loci. In 

Kombination mit chemischen Modifikationen konnte gezeigt werden, dass TALE Proteine 

mit Größen-reduzierten RVDS zwischen 5hmC und 5fC innerhalb von genomischer DNA 

Sequenzen unterscheiden können [17]. 

Neben der epigenetischen Modifikation 5mC gibt es auch die weniger häufig vorkommende 

DNA Base N4-Methylcytosin (4mC). Beide Modifikationen koexistieren in zahlreichen 

prokaryotischen Organismen. Ähnlich zu 6-Methyladenine (6mA), welches ebenso in diesen 

Organismen vorkommt, könnte 4mC eine Rolle in der Genomstabilität und 

Transkriptionsregulation einnehmen [18]. Die erfolgreiche Diskriminierung zwischen C, 

5mC und 4mC mit Hilfe des Affinitäts-Anreicherungs-Assays bestätigt TALE Proteine 

weiterhin als nützliche Werkzeuge für die Erforschung der individuellen Funktionen 

zahlreicher epigenetisch modifizierter Nukleinbasen innerhalb des Genoms [19]. 

Die mögliche unspezifische Bindung durch TALE Proteine könnte ihren weitverbreiteten 

Einsatz negativ beeinflussen. Positiv geladene Aminosäuren im N-terminalen Bereich oder 

in der zentralen Repeat-Domäne können unspezifisch an das negativ geladene 
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Phosphatrückgrad der DNA binden [20]. Um die TALE Bindungssensitivität zu verbessern, 

wurden diese positiv geladenen Aminosäuren durch neutral geladene Alanin Aminosäuren 

ersetzt. Diese modifizierten TALE Proteine zeigten eine erhöhte 5mC-Sensitivität im 

Vergleich zu nicht-modifizierten TALEs. Diese konnte innerhalb des Affinitäts-

Anreichungs-Assay und einem Luciferase-Assay für C-selektive Transkriptionsaktivierung 

in HEK293T Zellen gezeigt werden. Die Ergebnisse dieser Arbeit beleuchten die 

Möglichkeit, TALE Proteine weiterhin zu modifizieren, um eine erhöhte Präzision und 

Sensitivität für die verbesserte Detektion von Epigenetischen Basen zu erzielen [21].  
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I.INTRODUCTION 

A. The eukaryotic genome 

The most fundamental property of all living things is their ability to reproduce [22]. The cell, 

discovered by Robert Hooke in 1665 is the basic structural, functional and biological unit of 

all living organisms [23]. Each eukaryotic cell consists of an external cytoskeleton and a 

variety of internal membrane-bound structures called organelles [24]. (Figure I-1). A parent 

cell replicates to form new `daughter´ cells in a process called cell division [25]. The genetic 

information of a cell is contained in the linear order of the nucleotides in its DNA which is 

sequestered in the nucleus of a eukaryotic cell. DNA is organized in chromosomes, each 

representing one double stranded DNA molecule and the total genetic information stored in 

the chromosomes of an organism is said to constitute its genome. A genome comprises of 

all the instructions needed to build, grow and develop any organism [26]. The DNA of all 

chromosomes is packaged into a compact structure to fit into a cell´s nucleus with the aid of 

specialized proteins. DNA-binding proteins in eukaryotes are classified into two general 

classes: histones and non-histone chromosomal proteins. The complex of these two classes 

of proteins with the nuclear DNA of eukaryotic cells is known as chromatin. The nucleosome 

is the fundamental repeating unit of chromatin. Histones are small, highly basic proteins that 

are segregated into two main groups – the nucleosomal histones and the H1 histones. The 

four nucleosomal histones: H2A, H2B, H3 and H4 are responsible for coiling DNA into 

nulceosomes and histone H1 molecules are thought to be responsible for pulling 

nucleosomes together into a regular repeating array. The basic chromatin unit consists of a 

protein octamer containing two molecules of each nucleosomal histones around which is 147 

bp of DNA is wrapped [27,28,28].     

DNA, an unbranched, linear polymer comprises of two coiled helical strands running in 

direction opposite to each other. It consists of alternating phosphate and sugar residues on 

the exterior of the helix with the antiparallel strands joined internally by nucleobase pairing. 

Externally, the five-carbon sugar (2-deoxyribose) molecules are joined together by 

phosphodiester bonds, formed between the intermediate phosphate and the third and fifth 

carbons respectively of the alternate sugars. The hydroxyl group on the first carbon of the 

sugar on the other hand, is replaced by the internally placed nucleobases [29]. The four 

nucleobases found in the naturally occurring DNA are classified as purines or pyrimidines. 



 
21 INTRODUCTION 

Purines are formed by fusion of five and six membered heterocycles while the pyrimidines 

are six-membered heterocycles. Within a DNA all base pairing occurs between a purine and 

a pyrimidine. Adenine (A) and guanine (G) (purines) on either strand binds respectively to 

thymine (T) and C (pyrimidines) on the other strand [27]. The nucleobases are joined 

together by hydrogen bond with double bonds between A and T and triple bonds between G 

and C. Together with the hydrogen bonds between opposite bases, the base-stacking between 

the adjacent aromatic bases and the hydrogen bond formed between the bases and the 

surrounding water molecules plays a key role in stabilizing the DNA double helix [30,31].   

 

 

Figure I-1: Eukaryotic Cell. Packaging, structure & composition of nucleic DNA [32]. 

 

The two strands of DNA are not in a simple side-by-side arrangement but are instead coiled 

around the same axis and intertwined with themselves. DNA exists in A, B or Z-forms 

(Figure I-2). Numerous factors contribute to these different configurations. Amongst them 

lies the level of hydration, DNA sequence, amount and degree of supercoiling, chemical 

modification of the nucleobases, presence and concentration of polyamines and metal ions 

[33]. The A-form is the least abundant and occur in non-physiological, extremely dehydrated 



 
22 INTRODUCTION 

DNA samples or those produced by hybridization of DNA with RNA. The Z-DNA has a left 

handed helical structure and is formed by stretches of alternating purines and pyrimidines 

e.g. GCGCGC, especially in negatively supercoiled DNA. Some studies suggest exclusive 

recognition of the Z-DNA by special proteins like the ones involved in transcription 

regulation, however conclusive evidence for or against this proposal is not yet available. The 

B-form is the most common conformation at a neutral pH and in the physiological conditions 

found in a cell [34]. The B-form of the DNA double helix has about 10 bp per turn with the 

major groove being wider than the minor groove. As a result, some DNA binding proteins 

such as transcription factors find bases on the major groove more accessible [35].  

 

 

Figure I-2: Different conformations of naturally occurring DNA [36]. 

 

The two different nucleic acids found in eukaryotic cells i.e., DNA and RNA differ not only 

in the type of sugar found on the backbone (the deoxyribose is replaced by a less stable 

ribose molecule) and the replacement of the pyrimidine base T by uracil in RNA but also in 

their functions, reactivity and stability. While DNA is responsible for long-term stable 

storage and transmission of genetic information, the various forms RNA, which exists 
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mostly as single strands enables the translation of the code stored in DNA into functional 

proteins that provides the various genotypic and phenotypic traits.  

1) Replication of DNA is essentially the process by which it makes a copy of itself. The 

replication begins with the Initiation step wherein the initiator proteins target certain A-T 

rich regions in the DNA called ‘origins’ [37] and fuse together with other recruited proteins 

to form the pre-replication complex [38]. This complex contains helicases which unzips the 

double stranded DNA by breaking the intermediate hydrogen bonds starting at the ‘origin’ 

to yield branching fork like structure [39,40]. The two single strands hence generated have 

opposite directionality and each act as a template on which the new strands are created by 

DNA polymerase; an enzyme capable of adding complementary nucleobases to partially 

single stranded DNA. Depending on which carbon atom in the deoxyribose attaches itself to 

the next phosphate, the two DNA strands have 5’ to 3’ or 3’ to 5’ direction. During the 

elongation step, a single RNA primer attaches itself to the 3’ end of the leading strand (5’ to 

3’) and the new strand is synthesized continuously in 5’ to 3’ direction, while the lagging 

strand receives more than one short RNA primer attachments at different sites which are 

individually extended by the polymerase giving rise to Okazaki fragments that are then 

joined together by DNA ligase. Termination of DNA extension occurs at various sites in 

eukaryotic DNA as the different replication forks cannot meet at a site owing to the non-

circular arrangement of DNA in the chromosome. Replication generally aborts close to the 

telomere region for repetitive DNA due to blocking or stopping of the replication fork.  

 

B. The central dogma   

The central dogma encapsulates the processes involved in maintaining and translating the 

genetic template required for life. The three essential stages are 1) the self-propagation of 

DNA by semi-conservative replication; 2) unidirectional transcription templated by the 

genetic code (DNA) for generation of an intermediary messenger RNA (mRNA); 3) 

translation of the mRNA to produce strings of amino acids colinear with the 5´to 3´order of 

DNA (Figure I-3).  

2) The transcription bubble separates the two strands of the DNA double helix providing 

RNA polymerases the chance to scan and copy certain segments of antisense DNA strand 

into complementary RNA strands (generated in 5’ to 3’ direction). Particular parts of the 
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DNA called the transcription units encode for one or more genes. A gene that encodes for a 

protein produces mRNA alternatively, others encode for different forms of RNA i.e. Transfer 

RNA (tRNA), Ribosomal RNA (rRNA) or microRNA (miRNA) [41]. For the mRNA to 

proceed to translation, it must leave the nucleus and travel to the cytoplasm where the 

ribosomes are located. 3) Ribosomes are organelles composed of two subunits which detach 

initially and close after attachment of the small subunit to mRNA strand with the help of 

Initiation factors (IFs). The ribosomal subunit consists of specialized proteins and RNA 

molecules which together manufacture proteins from the sequence information of mRNA. 

The ribonucleotide sequence is always read in group of three bases called codons. tRNAs 

acts as an adaptor molecule which has anticodons on their base that recognises 

complementary codon sequences. Once, specific tRNA attaches to the matching site on the 

mRNA, tRNA aminoacyl synthetase catalyses the addition of the respective amino acid to 

the top of the tRNA molecule. This new amino acid is attached to the C-terminus of the 

previously generated peptide. As tRNAs scan all the codons on the mRNA, respective amino 

acids keep getting added on the other end till some specific codons called the stop codons 

are encountered. The combinations of various peptides create complex and functional 

proteins essential for all living organisms. All possible combinations of ribonucleotides give 

rise to 64 different codons, of which three are stop codons which terminates the peptide chain 

extension by recruiting the release factor protein to the ribosome and the releasing the 

polypeptide chain. The remaining 61 codons can encode for twenty amino acids called 

standard or canonical amino acids. Other classes of amino acids include those that are not 

coded by DNA directly but can be incorporated into proteins during translation. These are 

known as the non-standard proteinogenic amino acids. Selenocysteine found both in 

prokaryotes and eukaryotes and pyrrolysine found only in some archaea and bacterium are 

examples of such amino acids. These amino acids are coded via variant codons. Yet another 

group of non-proteogenic amino acids exists, those that are produced directly isolated from 

the usual cellular machinery and are incorporated into proteins during post-translational 

modification. Some examples include carboxy glutamate, 2-aminoisobutyric acid, ornithine 

etc. [40]. In the past decade 40 non-natural amino acids have been incorporated into proteins 

using unique codons and corresponding tRNA aminoacyl synthetases [41] (Figure I-3). 
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Figure I-3: Translation: method of protein generation in cell [42]. 

 

C. Genetics and epigenetics 

The fundamental laws of inheritance were established in the 18th century through the work 

of Johann Gregor Mendel on pea plants. The genetic information stored in DNA is 

propagated through the germ line to the next generation. Since then the known role of 

genetics have extended from being responsible for physical resemblance to imparting 

identical make-up of the DNA sequences that controls almost all the attributes of an 

individual organism including susceptibility and defence against diseases. Genetics provide 

the blueprint for manufacture of all functional proteins. The complex process of DNA 

replication may occasionally bear errors. Often these aberrations are corrected by the 

standard cellular machinery but sometimes the alterations are permanent and gets 

incorporated and stored in the gene sequences. Such changes are known as the genetic 

mutations and can vary drastically in size, regions and extent of influence on the organism. 

Mutations can cause changes in the nucleotide sequences by insertion, deletion exchange or 

translocation of bases. Likelihood for many chronic and life-threatening diseases has been 

linked to a single or combination of genetic mutations.  

The term “Epigenetics” was coined in the year 1942 by a British born developmental 

biologist, Conrad Hal Waddington. Its idea originated due to long-standing studies of 
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seemingly anomalous (i.e., non-Mendelian) and disparate patterns of inheritance in many 

organisms. Since then, in the given light of new discoveries, there have been several accepted 

definitions. Today it can be categorised as stable, heritable changes in the chromosomes that 

do not change the sequence of nucleotides, instead affect the expression of their genes. 

Although the genetic make-up of all cells is identical, epigenetics control how, when and 

where the genetic information should be used or turned off if not required. The greek prefix 

epi mean “on top of” hence, epigenetic features are an addition to the pre-existing genetic 

basis of inheritance [43]. These changes require unique mechanism for introduction, 

recognition, removal and enables different regulation of the same genetic region depending 

on the cell type or physiological and environmental conditions. DNA methylation, small 

non-coding RNAs, histone modifications and nucleosome positioning, belong to the group 

of epigenetic modifications since they cause chromatin modification and affect gene 

transcription. Co-ordinated functioning of epigenetic mechanisms is essential to regulate the 

epigenetic landscape. Different groups of enzymes capable of either creating  (writers), 

deciphering (readers), changing (editors) or deleting (erasers) the epigenetic marks are 

crucial members of the family of epigenetic regulators [44]. 

 

1. Epigenetic modifications 

DNA methylation is yet the most abundantly observed and well characterized epigenetic 

modification. While 5mC constitutes the earliest found and most frequently occurring 

nucleobase methylation in eukaryotes, 6-methyladenine (6mA) is additionally known to 

exist. Recently, oxidized forms of 5mC that is 5hmC, 5fC and 5caC have been discovered 

(Figure I-4).  

DNA methylation along with other epigenetic mechanisms including histone modifications 

and non-coding RNAs provide a set of interrelated pathways that all create variation in the 

chromatin polymer. Marks on the chromatin template may be heritable through cell division 

and collectively contribute to determining cellular phenotype.   
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Figure I-4: Epigenetic variants of C nucleobase found in eukaryotes [17]. 

 

2. Writers of methylation: DNA methyltrasferases (DNMTs) 

Methylation of DNA has been known since its discovery as a genetic material in 1944. The 

family of DNMTs are enzymes capable of catalysing the transfer of a methyl group from the 

co-factor S-adenosylmethionine to the fifth carbon of C (Figure I-5).  

 

 

 

Figure I-5: Formation of 5mC. DNMT catalysed transfer of a methyl group from the cofactor SAM 

to the 5th position of the C nucleobase [21]. 

 

DNMT 1, 2, 3a, 3b and 3L are members reported to exist in mammalian genomes. 

Structurally DNMTs comprises of a N-terminal regulatory and a C-terminal catalytic domain 

[45].  Highly conserved regions within their structure carry out catalytic functions (Figure 

I-6). DNMT1 was the first discovered member and occurs most abundantly in somatic cells 
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[46]. This enzyme preferentially methylate hemi-methylated DNA  [47,48] and is localized 

via several independent domains to the replication fork where it copies methylation patterns 

to newly synthesized non-methylated strands after DNA replication [49]. DNMT1 

propagates methylation pattern to the next generation and is referred to as the maintenance 

methyltransferase [50]. In contrast DNMT3a and DNMT3b are known as the de-novo 

methyltransferase owing to their capability to methylate both native and synthetic DNA and 

the lack of preference for hemi-methylated DNA [51]. The DNMT3 members lack the 

nuclear localization signal present in DNMT1 but contains cysteine rich plant homeodomain 

(PHD) [52]. DNMT3a is produced ubiquitously while DNMT3b is seldom found in 

differentiated cells with exceptions to thyroid, testes and bone marrow [53]. Knockout 

studies in mice indicated critical role of DNMT3b in early development and that of DNMT3a 

in normal cell differentiation. A specific function of DNMT3b is maintenance of methylation 

of minor satellite repeat adjacent to centromere which is evident by the finding of mutation 

in their catalytic domain in patients suffering from Immunodeficiency Centromeric 

instability, Facial anomalies (ICF) syndrome [54,55].  DNMT3a may be involved in 

methylation of non-CpG Cs [48]. Another member of this family is the DNMT3L which 

lacks the catalytic domain is expressed mainly during early development and is restricted to 

germ cells in adults [56,57]. It is hypothesized to assist DNMT3a and DNMT3b methylation 

and has implicated functions in paternal and maternal imprinting, methylation of re-

transposons and compaction of X chromosome [58–62]. The structure of DNMT2 consists 

of all conserved motifs but exhibits no methyltransferase activity in vitro and knocking them 

out showed no defects in cellular methylation patterns (Figure I-6) [63]. 
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Figure I-6: Eukaryotic DNMTs: Model depicting the features and functions of different DNMTs 

found in Eukaryotes [64]. 

 

CpG islands (CGI) as the name suggests are stretches of DNA sequence with a higher than 

average CG sequence content. Amongst other characteristics of CpG islands their occurrence 

in majority gene promoters and highly conserved sequences are some. Lower nucleosome 

density and less intact histone association due to the presence of CGIs in promoters ensures 

exposure to transcription factor and hence gene expression. CGIs are generically equipped 

to influence local chromatin structure and simplify regulation of gene activity. Depending 

on the location of the CpG, their hypermethylation can either repress or promote gene 

expression [65–67]. 70% to 80% of the mammalian CpGs are methylated with the non-

methylated CpGs being a part of promoter of active genes [68]. Other related and recently 

discovered region are sequences occurring within approximately 2 kb of the CGIs called 

CpG shores. Methylation in these regions have been connected to tissue and cancer related 

methylation as well as age related hypomethylation [69,70].  
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Methylation of C in mammals is predominant primarily in CpG dyads but they exist 

additionally in CpA, CpT and CpC contexts. The relevance of non-CpG site methylation is 

yet inconclusive but they may either be by products of non-specific de novo methylation or 

play a role in tissue specific gene expression [71–73]. Although rare in most differentiated 

cells, they are comparatively enriched in ES cells, oocytes, neurons and glial cells [74,75]. 

 

3. Readers of methylation: Interplay of different epigenetic mechanisms for 

transcriptional silencing 

The relationship between histone DNA modification and transcription regulation is complex 

and rather incompletely understood. Hypermethylated DNA packaged into a chromatin 

structure are resistant to nucleases and enriched in hypoacetylated core histones providing a 

direct link between DNA methylation and transcriptional silencing [76,77]. C methylation 

of a gene sequence may interfere with transcription factor binding however most 

transcription factors do not have a CpG dinucleotide within their binding sites. Further, cases 

of global silencing of large domains or whole chromosomes like in the case of X 

chromosome inactivation suggest the interplay of other mechanisms. Methylated DNA 

binding proteins consists of a methyl binding domain (MBD) and a transcriptional repression 

domain (TRD). MBD binds to methylated CpG on the major groove of the DNA and the 

TRD is capable of contacting several regulatory protein and block the access of 

transcriptional factor binding [78,79]. In the family of methyl CpG binding proteins 

(MBD´s) that consists of MBD1, 2, 3 and 4, MeCP2 was the earliest to be identified (Figure 

I-7) [80]. All the MBD have been linked to Histone deacetylase (HDAC) for chromatin re-

modelling [81,82]. HDAC causes a local loss of acetylation of core histone tails which result 

in tighter packaging of DNA and hence reduced access of transcription factors [83]. 

Additionally MeCP2 can bind to DNMT1 and recruits it to hemi-methylated DNA [84]. 

Interestingly, DNMT1 can interact with HDACs however the relevance of the combination 

is unclear. Other families recognizing 5mC are Ubiquitin-like, containing PHD and RING 

finger domains, 1 (UHRF) proteins and zinc finger proteins (ZFP). Overall, DNA 

methylation and histone modifications work together to regulate gene expression. Another 

epigenetic mediator with probable intervening functions is mature miRNA-induced 

silencing complex (miRISC) that can inhibit expression by binding and degradation of 

mRNA [85]. The presence and interactions of so many interdependent functional entities 
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indicate the existence of very complicated and well-orchestrated regulation machinery which 

is yet not completely decoded.  

 

 

 

Figure I-7: Link between DNA methylation and transcription: Cartoon depicting the interdependent 

nature of DNA methylation and other epigenetic effectors causing disruption of gene transcription 

[14]. 

 

4. Erasers of methylation 

5mC is both chemically and genetically stable and its formation involves addition of a 

methyl group on the 5th carbon position of C via a strong covalent carbon-carbon bond 

making its direct removal energetically unfavourable. There is no known mechanism for 

direct removal of the methyl group from C.  

Demethylation process can progress through passive or active pathway. Occurring in the 

dividing cells, passive demethylation involves dilution of methylation content due 

dysfunction or absence of maintenance methylation by DNMT1 inhibiting methylation of 

the newly generated strand after each DNA replication cycle [86–88]. Active demethylation 

pathway is more complicated, occurs in both dividing and non-dividing cells and includes 

involvement of enzymatic reactions to catalyse conversion of 5mC to C. The active pathway 

for removal of methylation can follow either of the two mechanism both concluding in 

excision by the Base Excision Repair (BER) machinery. The first mechanism includes 

converting the amine group on C to carbonyl by Activation Induced cytosine Deaminase/ 
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Apolipoprotein B mRNA editing Enzyme Complex (AID/APOBEC) and thus transforming 

the base C to T. This causes a G/T mismatch at the site which is recognized and repaired by 

the BER machinery [89]. Although it reduces demethylation, knockout of APOBEC does 

not prove to be lethal in mice suggesting an alternate active demethylation process [90–92]. 

The other hypothesized pathway includes a more elaborate oxidation of 5mC by the family 

of Ten Eleven Translocation dioxygenases (TET) prior its replacement. TET enzymes are α 

ketoglutarate and Ferrous (II) dependent enzymes composed of double stranded beta helix 

(DSBH) and a cysteine rich domain. The DSBH brings the Ferrous (II), α ketoglutarate and 

5mC group together while the cysteine rich region domain wraps around the DSBH domain 

to stabilize the overall structure of TET-DNA interaction [93]. This contact does not involve 

a methyl group which allows accommodation of different C modifications evident by its 

activity on 5hmC and 5fC [94]. The C terminal of the enzyme alone can localize to the 

nucleus and oxidize 5mC [95–97]. 5mC is oxidized to 5hmC, which can either act as a 

substrate for further TET oxidation forming 5fC and 5caC [98] or alternatively, its 

deamination by AID/APOBEC results in formation of hmU creating a base-pairing error 

[99]. Thymine DNA glycosylase (TDG) can recognize and cleave hmU, 5fC and 5caC 

creating abasic sites that are repaired by BER machinery (Figure I-8). One other enzyme 

belonging to the same family as TET, known as Single strand selective monofunctional 

uracil DNA glycosylase 1 (SMUG1) may also be involved in active demethylation [100–

102].  
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Figure I-8: The active pathway for C demethylation. All the intermediate products and enzymes are 

mentioned. 

 

5. Occurrence of C variants in cells 

Although chemical substitutions on C does not affect DNA base pairing with G, there is 

change in the steric demand and they provide unique chemical information in the major 

groove of the DNA (Figure I-9). The size of the chemical group plays a role. A variation in 

conformational flexibilities has been observed as in the case of 5hmC and 5fC. 5caC bears 

the disadvantage of harbouring the bulkiest group and being the less studied so far. 

Compared to 5mC, these oxidation products occur less frequently and their exact roles 

remain unclear.  

All C variants occur at varying abundance depending on the cell type and conditions, with 

the general trend of occurrence being 5mC>5hmC>5fC>5caC. For example, a rough 

estimation suggests that 5hmC marks are as low as 5% of total C in cells of heart, breast and 
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placenta and as high as upto 65% in that of brain, liver and kidney. In general, it is also less 

abundant in cancerous cells. Along with fact that 5hmC is not a substrate for TDG, its high 

presence in promoters of transcriptionally active genes and its stability in DNA places a very 

compelling argument of it having a distinct regulatory function [72]. Some studies have also 

revealed unique protein readers specific to 5hmC and 5fC further strengthening their 

functional significance to more than demethylation intermediates [103]. Techniques for 

selective and individual detection of each of these variants preferably with sequence 

specificity and high efficiency is the need of the hour.  

 

 

 

Figure I-9: DNA base pairing between nucleobase G and epigenetic variants of C nucleobase [16]. 
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6. 4mC: An epigenetic C nucleobase found in prokaryotes.  

In additional to the well-known 5mC, another epigenetic C base exists in the bacterial 

genome carrying a methyl group at the fourth amine group of C (4mC) (Figure I-10). This 

base has been reported to exist only in mitochondrial RNA of some eukaryotes [104]. Like 

the other epigenetic modifications found in bacteria: 5mC and 6mA (methylation at the 6th 

amino group of adenine) 4mC is also thought to be a part of the restriction modification 

system which plays a role in host defence and transcription regulation [18] [105]. These 

modifications render the bacterial genome safe from restriction by endonucleases which are 

sensitive to modification on their recognition site. 4mC occurs at significantly lower levels 

than 5mC and is catalysed by the enzyme S-adenocyl-L-methionine: DNA cytosine N4-

methyltransferase. Unlike methylation at the fifth position, in vitro methylation at the N4 

amino group of C does not occur homogeneously on all CG sequences but is rather sequence 

specific. For example, BamHI methyltransferase is used to methylate the fourth C of the 

sequence: 5´GGATCC 3´. Investigating the genomes of various mesophilic bacteria 

indicated the presence of 4mC. Given that most of the restriction endonucleases come from 

these bacteria and some of them are not affected by 5mC or 6mA, the base 4mC seems to be 

a sole member of another restriction modification system [106]. It is of interest to understand 

the individual roles of the two methylated C nucleobases in the genome of prokaryotes.  

 

 

 

Figure I-10: Methylated C found in prokaryotes. DNMTs are responsible for transfer of a methyl 

group from the cofactor SAM to either the 4th amine or the 5th carbon position of C [19]. 
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D. DNA methylation in oncology 

Cancer encloses a group of diseases marked by uncontrolled, abnormal growth of cells in 

any part of the body capable of spreading to and invading other parts. Viewed earlier solely 

as a genetic disease, epigenetic alterations are now being considered as the responsible 

member for their regulation. Study involving Restriction Landmark Genomic Scanning 

(RLGS) approach for analysis of 1184 random CGIs of individual tumour types and patients 

have established aberrant DNA methylation as the hallmark of cancer type [107]. DNA 

methylation maps (methylomes) of cancer genomes revealed hypermethylation in CGIs of 

promoters of tumour suppressor genes as well as those involved in cell-cell adhesion and 

DNA repair [108]. Some cases exhibit loss of one copy of suppressor gene by mutation and 

transcriptional silencing of the other WT copy (Figure I-11) [109]. Hence, information about 

DNA methylation serves not only as a diagnostic or prognosis biomarker but also provides 

insights into the treatment response and so can be put to therapeutic use. These examples 

may help in elaborating this theory [110].  

 

 

 

Figure I-11: Cartoon depicting the difference in methylation pattern in normal and tumor cells. Red 

and white beads indicate methylated and non-methlyted CpGs respectively. Green and red arrow 

indicates transcription activation and inhibition respectively [1]. 
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1) BReast CAncer gene 1 (BRCA1) located in chromosome 17, responsible for production 

of proteins that play a key role in DNA single strand break repair, is rendered non-functional 

by hypermethylation of CpG near the transcription start site. This effect is observed in 

hereditary breast cancer but its mutation is not detected in sporadic breast cancers. Here, 

DNA methylation could act as a diagnosis biomarker as well as a factor determining the sub 

type of cancer [111,112].  

2) CDKN2A or Cyclin-Dependent KiNase inhibitor 2A gene codes for proteins responsible 

for tumour suppression. Loss of function due to promoter hypermethylation is associated 

with familial melanoma, glioblastoma and pancreatic cancers. Location and type of mutation 

in the CDKN2A gene are deciding factors of the type and intensity of the disease [113] .  

3) Transcriptional silencing of the O6 MethylGuanine DNA MethylTransferases (MGMT) 

gene causes accumulation of G to A transition and hence mutations in the K-ras and p53 

tumour suppressor genes. Demethylation of histone H3 lysine and binding of methyl-CpG 

binding proteins are observed in MGMT silenced cells. Although MGMT silencing is a poor 

prognostic factor, it plays a vital role as predictive marker of alkylating agent based 

chemotherapy [114].  

4) Chronic Lymphocytic Leukaemia (CLL) is the most prevalent leukaemia in adults and 

occurs in two major forms that differ mainly in the average survival rate of patients. 

Expression of zeta chain-associated protein (ZAP-70) is a crucial factor in determining the 

type of CLL and predicts remission following chemoimmunotherapy. Methylation at a single 

CpG present 223 bases downstream of the transcription start site highly regulates gene 

expression.  

The association of mutation in the epigenetic machinery and cancer is now vastly accepted. 

Methylome studies continue to provide interesting insights into mechanisms of cancer 

development. However, to fully understand its interplay, and gain further in-depth 

knowledge, tools for precisely detecting methylation in genomes is highly desirable 

[115,116].  
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E. Techniques for detection of epigenetic nucleobases  

Since the discovery and characterization of epigenetic modifications, a lot of research has 

been focused on understanding their role in cellular mechanism. Studies in this field have 

unravelled the crucial, regulatory roles of certain modifications and it continues to add 

previously unknown modifications to the list of epigenetic marks. Given the enormity of 

types of organisms and their different genetic make-up, the possibility of finding novel 

modifications or precise function of existing ones are very high. The past decade has yielded 

the proof of existence of several non-canonical C bases and spurred the requirement for tools 

discriminating them not only from their canonical counterpart but additionally from each 

other. This means that selective detection of C, 5mC, 5hmC, 5fC, 5caC and 4mC is of very 

high interest. Although with some shortcomings, previously established methods have 

proven to be indispensable to detect, measure, and elucidate C derivatives techniques [117].  

 

1. Methods involving chemical modification of the target  

Established as one of the earliest techniques for detection of methylated C, sodium bisulphite 

mediated selective deamination of C but not 5mC to Uracil (U) and subsequent sequencing 

(BS-seq) continues to be by far the most frequently and widely used method [118]. Though 

reaction with hmC leads to the formation of Cytosine-5-methylsulfonate (CMS) (no 

deamination to U), both 5fC and 5caC are deaminated to U when heated with sodium 

bisulphite. Therefore, sequencing following deamination of C 5fC and 5caC yields T while 

5mC and 5hmC are read as C. Since being used for the first time, this method has been 

combined with additional prior chemical conversions or tagging reactions to facilitate 

parallel detection of all C variants. For detection of 5hmC, TET assisted BS-seq (TAB-seq) 

can be employed. Samples are first treated with T4 β-glucosyltransferase (T4 BGT) for 

selective glycosylation and hence protection of only 5hmC molecules followed by overall 

TET 1 based oxidation that converts all non-protected C, 5mC and 5fC members to 5caC. 

Standard BS-seq reads all C variants except 5hmC as T. Comparison with untreated samples 

can highlight positions of 5hmC in the sample [119–121]. An extension of this technique 

has been used for detection of 4mC (4mC-TAB-seq). 4mC is a rare epigenetic base found in 

some bacteria to protect the recognition system of the host. Given the dominance of 5mC in 

genomes of many organisms, BS-seq is not suitable for accurate mapping of 4mC/5mC in a 
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population containing both modifications. Conducting and comparing BS-seq and TAB-BS-

seq simultaneously however, reveals 4mC containing positions which are unaffected by TET 

1 dioxygenases mediated oxidation and relatively tolerant towards sodium bisulphite and 

hence always read as a mix of C and T both before and after the treatment while C containing 

samples are oxidized to 5caC and are read as T after treatment  [122].  BS-seq following 

oxidation (oxBS-seq) using potassium perrunthenate (KRuO4) can reliably be used for 

detecting 5hmC in a sample containing both 5mC and 5hmC. While 5hmC gets oxidized to 

5fC, 5mC remains unaltered providing different readouts in sequencing [123,124]. Further, 

to detect 5fC sodium borohydride (NaBH4) mediated reduction of 5fC to 5hmC before BS-

seq (redBS-seq) is highly preferred [125]. Detection of fC is additionally possible by using 

5fC Assisted Bisulphite sequencing (fCAB-seq) wherein, the formyl group of 5fC is first 

labelled using O-ethylhydroxylamine (EtONH2), which imparts resistance to deamination 

by sodium bisulfite. The difference between the number of C readout from BS-Seq and 

fCABSeq can distinguish the position and number of 5fC molecules present [126]. A similar 

strategy exists for detection of 5caC, known as the Chemical-modification Assisted 

Bisulphite sequencing (CAB-seq). 5caC can be converted to an amide by reaction with 1-

ethyl-3-[3-(dimethylamino) propyl]-carbodiimide hydrochloride (EDC). Subsequent 

treatment with bisulphite does not cause deamination of the pre-treated 5caC base thus 

providing different sequencing read-out between EDC treated and not treated 5caC [127]. 

The summary of different BS-seq is shown below (Figure I-12). 
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Figure I-12: Table summarising different forms of Bisulphite sequencing techniques. C, 5mC, 5hmC. 

5fC, 5caC and 4mC are mentioned in black, red, blue, green, yellow and purple respectively. 

 

The simplicity of design and easy availability of the reagents marks the advantages of these 

techniques; however, often the DNA is degraded to an extent that makes its subsequent use 

in PCR or sequencing troublesome. On the contrary incomplete conversions have often been 

observed leading to unreliable results. High amount of T nucleobases in the DNA reduces 

its complexity and makes their downstream processing extremely tedious. Further achieving 

single nucleotide resolution for large samples can be very expensive.  
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2. Methods involving targeting the modification  

Immunoprecipitation assay 

One of the simplest and most common approaches for large scale enrichment of methylated 

DNA sequences is using Methylated DNA Immunoprecipitation (MeDIP). Established first 

by Weber et. al., in 2005, this method puts to use a monoclonal antibody that specifically 

recognizes 5mC and enriches DNA sequences containing them [128]. Pre-isolation and 

sonication of DNA is recommended as the size of DNA fragments affect the overall 

enrichment efficiency (Figure I-13). The simplicity in the assay principle has encouraged 

many companies to design products for commercial use. Rabbit polyclonal antibodies for 

enrichment of 5hmC have been established and use of anti-CMS antibodies for CMS adduct 

formed upon BS treatment of 5hmC is also known [129]. Another protein capable of 

specifically recognising the product of T4 BGT mediated glycosylation of 5hmC is the J 

binding protein 1 (JBP1) used an alternate for detection of genome wide 5hmC content [130]. 

Antibodies for the other two C5 variants have also been raised. This assay can be coupled 

with Next Generation Sequencing (NGS) for detailed analysis of the fetched DNA. 

Following the discovery, naturally occurring MBDs have been utilized to enrich DNA 

sequences with methylated CGIs. MeCP2 binding is restricted to only the CpG dyad, but has 

shown to provide better coverage. Some MBD are selective 5mC binders while there are 

others that bind also to 5hmC [131]. This method provides one of the simplest and most cost-

effective approaches for genome wide detection of epigenetic bases and can be utilized for 

detection of modification inside cells using immunostaining. However, being sequence and 

strand non-specific it fails to provide the sensitivity of the aforementioned chemical 

modification techniques.  
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Figure I-13: Schematic representation of the MeDIP technique. The methylation specific monoclonal 

antibodies are shown to bind to methylated C on both the strands (Diagenode).   

 

3. Methods involving sequence specific DNA Binding Domain (DBD)  

Zinc Finger Proteins (ZFP) 

ZFP belongs to a very diverse family of proteins with wide variety of functions. They are 

amongst the most abundant proteins in eukaryotes and are involved in several regulatory 

functions in the organism [132]. A general requirement for all the members of this massive 

family of small functional domains is the presence of at least one zinc ion for their structural 

coordination. Finger indicates the secondary structure formed by α-helix and β-sheet held 

together by the Zn ion. The domain that contains the Zn finger also acts as the interacting 

region capable of binding DNA, RNA, proteins or small molecules [133].  They were first 

observed as repeating domain in the transcription factor of Xenopus laevis. The protein uses 
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a combination of cysteine and histidine residues to coordinate the zinc ion. The method used 

to classify the ZFP is based on the overall shape of the protein backbone. Cys2His2 consisting 

of nine repeats of thirty amino acids is the most common domain [134]. Each domain forms 

a left handed ββα secondary structure and coordinates a Zn ion between two cysteines on the 

β-sheet hairpin and two histidines in the α-helix. The residues on α-helices make specific 

contact with the major groove of DNA. Cys2His2 that bind DNA tend to have 2-4 tandem 

domains as part of the protein. It recognizes specific DNA triplet depending on the residues 

on their α-helix [135,136]. Methylated DNA precipitation combined Luciferase-fused Zinc 

finger Assay (MELZA) uses MBD and luciferase-fused ZFP to first isolate and amplify 

methylated DNA and detecting the quantity of specific sequence using luciferase fused to 

ZF is an example elaborating the application of ZFP for detection of epigenetic marks 

(Figure I-14) [137].    

 

 

 

Figure I-14: A model of Zinc finger protein Zif268 binding to its DNA site. DNA is represented in 

orange, alpha helices in blue, beta sheets in red and the zinc molecule in green. The 2 cysteine and 2 

histidine interaction with the zinc ion are shown as purple lines [138].    
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CRISPR/Cas 9 

Genome engineering using Clustered Regularly Interspaced Short Palindromic Repeats 

(CRISPR)/Cas (CRISPR associated protein) was awarded the Science breakthrough of the 

year 2015. They are naturally occurring segments of prokaryotic DNA, belonging to the type 

II immune system, providing a defence mechanism to a wide range of bacteria [139] . The 

two main components of this system are guide RNA (gRNA) and Cas9 nuclease. The gRNA 

which is a short synthetic sequence hosts 1) a scaffold sequence that is necessary for Cas9 

binding, 2) a user defined spacer/targeting sequence that inherits the genomic sequence to 

be targeted [140]. The genomic target is usually 18-25 nucleotides long and is placed 

upstream to PAM (Protospacer Adjacent Motif). The PAM is an absolute necessity for 

binding of gRNA and its sequence varies depending on the Cas9 (For example for a Cas9 

derived from Streptococcus Pyrogens, which is the most commonly used Cas9 for genome 

studies, the PAM sequence is 5’ NGG 3’) [141]. Upon expression, the Cas9 binds with 

gRNA forming a riboprotein complex the changes its conformation and can bind to any PAM 

sequence but cleavage by Cas9 is executed only when sufficient homology with the target 

sequence is met [142]. The nuclease can be rendered partially or completely inactive due to 

mutations in either one or both the two functional endonuclease domains (RuvC and HNH) 

of Cas9. The partially inactive nuclease is called Cas9 nickase and generates only single 

stranded break or “nick” The deactivated/dead nuclease is termed as dCas9. The effect of 

dCas9 on the gene function is reversible as it does not permanently modify the gDNA 

[143,144]. As a tool for epigenome editing, dCas9 fused to the catalytic Histone 

AcetylTransferase (HAT) core of p300 was shown to be highly effective in transactivation 

of genes from proximal and distal enhancers (Figure I-15) [145] .  

Both ZFP and CRISPR/Cas systems are capable of binding DNA in a sequence specific 

manner and when coupled with appropriate effector molecules, they can identify, edit or 

extract specific genomic sequences or manipulate their transcriptional status. A lot of studies 

have successfully combined DBD with transcriptional activator domains such as VP64 (a 

tetramer of VP16, which in turn is a viral activation domain and recruits Pol II transcriptional 

machinery) or p65 (a subunit of the human NF-κB) and silencing domains such as KRAB 

(KRüppel-Associated Box, a naturally occurring motif in mammalian zinc finger 

transcription factors) for gene transcription regulation. Some systems such as the SunTag 

(co-expression of epitope-tagged dCas9 and antibody-activator effector proteins) or VPR 

(several different activator domains in series) are often used for greater activation.   
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Figure I-15: Different ways of employing Crispr-dCas9 machinery for epigenome engineering [146]. 

 

The most commonly used methods have been listed, however other tools for identifying C 

variants are also present. Most of them rely on advanced sequencing techniques and are 

usually aimed for detection of C modifications. Use of Maxam and Gilbert sequencing, MRE 

(methylated Restriction Endonuclease), Teethered Oligonucleotide-Primed sequencing 

(TOP), Nanopore sequencing and Single Molecule Real Time (SMRT) have additionally 

been employed.  
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F. Transcription Activator Like (TAL) Effectors (TALEs)   

1. Origin 

TALEs are a family of DNA binding proteins found pre-dominantly in the gram negative 

bacterial species of Xanthomonas (Figure I-16). These species are known plant pathogens, 

causing virulence in more than 200 different plant families. The infection site on plants 

varies among the various strains but the transmission mode is in general facilitated by the 

Hrp-type III secretion system (T3S) [147–149]. A hollow conduit called the Hrp-pilus 

extends from the bacterial membrane to the plant cell wall. The effector protein secreted by 

the T3S is translocated into the cell cytoplasm via a bacterial translocon complex that inserts 

into the plant plasma membrane. The avrBs3 isolated from Xanthomonas Campestris (Xcv) 

was the first type III effector protein found [150]. It’s a 122-kDa protein (1164 a.a.) [151]. 

  

        

Figure I-16: Crystal structure of TAL PthXo1 binding to its target DNA (Pdb entry: 3UGM) 

 

2. Structure 

Structural insights of TALEs revealed a 5’ N-terminal region (NTR) that contains the type 

III translocation signal. The central part is called the Central Repeat Domain (CRD) and is 

composed of blocks of about 33-35 amino acid sequences termed as the repeats. Each repeat 

targets one nucleotide on the ds DNA and apart from the beginning (zero repeat and before), 

the sequence of each repeat is highly repetitive. The number of repeats found in naturally 
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occurring TALEs range from 1.5 to 33.5. Within the set of mostly conserved amino acids, 

the duo existing at the 12th and the 13th position, called the Repeat di Variable Residue (RVD) 

vary between each repeat depending on the nucleobase targeted. A Nuclear Localisation 

Signal (NLS) and an acidic transcriptional Activation domain (AD) constitute the 3’/C 

terminal region (CTR) [152]. The crystal structure of a TALE PthXo1 (23.5 repeat) bound 

to a 36 bp long DNA duplex revealed that this protein wrap helically around the DNA 

encompassing it and making direct contact to its major groove (Figure I-16). Each repeat 

forms two helices using amino acids from 3 to 11 and 15 to 33. The RVD is present in a loop 

between these helices. More than one pair of RVDs has been found targeting each DNA base 

in nature, however for TALEs expressed for experimental use, the most abundantly used 

RVDs are NN, NI, NG, HD to target the nucleotides G/A, A, T and C respectively.  

 

 

 

Figure I-17: Model depicting various features of all the TALE proteins used in this study [19] 

 

3. Function  

The presence of a NLS and the AD in the C terminal region was intriguing as these were 

typical eukaryotic motifs. The protein did not lose its function when the whole NLS was 

replaced by a heterologous NLS (from the SV40 large T-antigen) suggesting its role was 

driving the protein to the nucleus of a eukaryotic host [147]. Inactivation of AD rendered the 

protein inactive and function could be partially restored by replacing the inactivated AD by 

heterologous AD called VP16 (Herpes simplex virus) [153]. This suggested that this protein 

was transported to the nucleus and was taking part in host transcription regulation.  
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4. Interactions between different RVDs and bases 

The second amino acid in TALE RVD makes direct contact with the nucleobase while the 

first amino acid (His or Asn) forms a H-bond with carbonyl oxygen of the 8th amino acid in 

the same repeat. While the RVDs NN and NI are known to be relaxed in their binding 

specificities, recognition of a base by RVD NG and HD is rather specific [154]. The 

carboxylate oxygen of aspartate in RVD HD accepts a H-bond from the amine group of C 

and exhibits van der Waals interaction with the edges of the base (Figure I-18). A non-polar 

interaction forms between the α-carbon of glycine in NG and the methyl group of the T 

nucleobase. A similar interaction is observed when T is replaced by 5mC. Comparatively 

less sensitive recognition of both purines by RVD NN is facilitated by the N7 nitrogen of 

the bases. The aliphatic side chain of isoleucine in RVD NI can interact with the either the 

carbon 8 position in adenine or the carbon 5 in C via van der Waals contact [155].  

 

 

 

Figure I-18 Interaction of TALE RVD HD with nucleobase C as depicted in the crystal structure of 

TALE bound to DNA (pdb entry 3V6T). Green dashed line represents the Hydrogen bond between 

the carboxyl group of aspartate and the amine group of C [156].  

 

5. Non-specific interactions between the TALE protein and DNA 

The critical requirement of the nucleobase T 5´ to the target sequence (-1) in a DNA is 

observed in most natural TALEs and recommended for the design of experimental ones. 

However, TALEs bearing mutation in the NTR prior to the CRD have been designed to 

recognize other DNA bases at position -1 [20,157]. N-terminal repeats, constituting the 

amino acid sequence before the CRD, folds similar to the first helices (amino acids 3 to 11) 
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formed by each repeat. This region converges very close to the start of the DNA.  A highly 

conserved tryptophan (W232) is found on the loop between the helices formed by repeat -1 

and 0 and its indole ring is known to extend a van der Waals interaction with the methyl 

group of T (T -1). A proline at 27th position (second helix) of every repeat was crucial for the 

overall structure and contacting the DNA. Additionally, non-specific contacts to the DNA 

are made by electrostatic positive charges on the glycine at the 14th, lysine at 16th and 

glutamine at 17th position of each repeat and the negative phosphate of DNA. 

 

6. Mechanism of action 

Many of the DNA binding proteins, search target DNA by employing micro-dissociation/ 

re-association events termed as hopping [158]. They track the major groove while traversing 

through a DNA by rotating around it via a sliding mechanism [159]. The fundamental 

mechanism governing the search process for TALE proteins is not fully understood. The 

single repeat for single base behaviour distinguishes them from other proteins with similar 

functions. 

Study using single molecule techniques suggests that TALEs remain in constant contact with 

its target while still being able to dissociate efficiently in case the ionic strength is broken. It 

utilizes a two-state model comprising of a search mode and a recognition mode. The NTR 

containing positively charged amino acids binds to DNA and exhibits no nucleotide 

specificity.  It facilitates exploratory search via sliding over the DNA and the CRD is capable 

of halting and searching the DNA sequence and cause longer duration binding with varying 

frequency (hopping) which is influenced by the affinity of the protein. Another factor hugely 

affecting the electrostatic interaction and hence the frequency of dissociation is the ionic 

strength [160,161]. During transiting to a recognition mode with non-target DNA, the steric 

electrostatic clashes and destabilizes the complex. Upon encountering the correct target 

sequence, energetically favourable molecular contacts form between the CRD and the DNA 

base and the TALE undergoes a change in conformation to a more compact form [162].  
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7. Factors affecting TALE function 

Since the successful use of TALE protein for genome engineering, numerous studies have 

been dedicated to identifying the plausible factors and the extent to which they may alter 

their binding efficiency and specificity [163]. Different RVDs bind to their respective DNA 

bases with varying strength where targeting T and C by RVDs NG and HD respectively are 

robust compared to G and A by NN and NI meaning that the composition of target sequence 

affects the strength and specificity with which a TALE protein binds to its target sequence. 

Each position and content contributes differently to the specificity of the protein [164]. The 

battle between binding strength and specificity has drawn a lot of attention to come up with 

an optimum size and composition for effective TALE targeting [165]. Some studies have 

also proposed that the neighbouring RVDs can influence their binding [166] while others 

indicate reducing the non-specific electrostatic interactions could improve the selective 

recognition of the TALEs. Interplay of various affecting component meant that there is no 

one rule for their optimal design, nevertheless these studies help in anticipating their function 

and provides insight for possible improvement in TALE design.  

 

8. Applications 

Naturally occurring TALEs are capable of controlling transcription in the host genome 

however their use as tools for genome engineering is more diversified.  

One of the most popular use of TALEs was in combination with nucleases. TALENs are 

restriction enzymes employed to achieve restriction of DNA at specific locations. When used 

with DNA cleavage domain of FokI endonuclease, non-specific DNA cleavage can be 

achieved. FokI domain functions as a dimer that require two constructs with unique DNA 

binding domain for sites in the target genome with proper orientation and spacing. (Figure 

I-19). Such TALENs induces Double-Strand Break (DSB) which are repaired by either Non-

Homologous End Joining (NHEJ) or homology directed repair. This creates either indels or 

when used with ds template can be used to introduce foreign DNA at the DSB. 

More recent approaches include combining these proteins with other effector domains such 

as VP64, p65 or KRAB for transcription regulation. Recent research has also seen their use 

in vivo for epigenome engineering by fusing them with DNMT or TET domains to obtain 
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methylation or demethylation of sequences occurring in the target vicinity. In addition, 

coupling them with appropriate fluorophores and employing microscopy has been 

successfully utilised for tracking DNA inside cells. 

 

 

 

Figure I-19: Schematic representation of TALEN functioning. TALE domain fused with DNA 

cleavage domain of FokI nuclease causes sequence specific DSB [167]. 

 

In the presented study, another unique capability of TALEs to detect chemical modifications 

on the major groove DNA sequences has been exploited. As described earlier the strong 

bond between RVD HD and the base C can be perturbed due to presence of a chemical 

moiety making it a selective sensor of C (Figure I-18). Engineered TALE RVDs have 

displayed the potential to function as positive and selective binders for many known 

epigenetic nucleobases. Use of this property of TALEs for sequence specific detection of 

epigenetic marks on gDNA in an optimized assay could prove to be a strong tool in the field 

of genome engineering for gaining in-depth knowledge about the function and relevance of 

different epigenetic mechanisms. 
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II. AIM 

The past decade saw an expanse in the span of epigenetic nucleobases identified in various 

organisms. To understand how different epigenetic modifications affect genomic processes, 

information on their location in the genome is important. It is also critical to identify and 

discriminate between different epigenetic modifications. The main objective of this project 

was detection of modified C nucleobases at single nucleotide resolution occurring on user-

defined gDNA sequences using TALEs. 

TALEs have been used to bind chosen DNA sequences [12–18]. TALE RVD recognizes a 

nucleobase in the major groove of a bound DNA molecule. Hence, they can interact directly 

with the epigenetic modifications occurring on the nucleobases. Earlier studies have 

conjointly identified and employed natural and engineered TALE RVDs as selective sensors 

for the canonical nucleobases as well as for different epigenetic modifications [15,16].  

A new affinity enrichment assay was developed for detection of epigenetic modifications in 

gDNA samples. The rationale was to employ TALEs as programmable affinity probes for 

isolation of user defined DNA sequences from gDNA samples with selectivity for epigenetic 

C modification at a single nucleotide resolution. The affinity enrichment assay was first used 

for detection of 5mC in Zf gDNA and human cancer biomarker sequences. Additional 

experiments were designed for detection of hemi-methylation and quantitative analysis of 

5mC levels in disease-relevant loci of the human genome. To further expand the potential of 

this method a TALE with size reduced repeat was used in the affinity enrichment assay for 

selective detection of C, 5mC, 5hmC, 5fC and 5caC and discrimination between 5hmC or 

5fC containing sequences. 

To obtain TALEs with enhanced epigenetic nucleobase selectivity we aimed at decreasing 

the non-selective binding energy of TALEs. We hypothesized that a more sensitive 

discrimination between C and 5mC could be achieved by increasing the relative difference 

in binding energy between TALEs and C or 5mC containing target sequences. To obtain this 

positively charged amino acids that interact non-specifically with negatively charged 

phosphate backbone of DNA were substituted with alanine. To verify improved activity, 

TALEs bearing alanine mutations were employed for detection of 5mC in target DNA 

sequences using affinity enrichment assay and for selective recognition and transcription 

activation in vivo using a luciferase assay. 
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Depending on the site of methylation two different methylated C bases i.e., 5mC and 4mC 

are known to co-exist in prokaryotic genome. Another part of the work was aimed at 

identification of a selective 4mC binder to achieve programmable decoding of all C 

nucleobases present in the bacterial genome. TALEs with size reduced RVDs were screened 

in a fluorescence based competitive assay to obtain a selective 4mC sensor which was then 

employed for detection of C, 5mC and 4mC in gDNA sequences using the affinity 

enrichment assay. 
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III. MATERIALS AND METHODS 

A. Materials 

1. Consumables 

Item Supplier 

0.2 µM syringe filter Sarstedt 

3 mm Whatman paper Whatman 

0.1-10 µL Milipore Ziptips Sigma 

10 µL, 200 µL, 1 mL pipette tips  Sarstedt 

10 µL, 200 µL, 1 mL pipette tips for enrichment assay Sorenson 

10 µL, 200 µL, 1 mL pipette tips for qPCR Brand 

200 µL tubes Sarstedt 

1.5 mL, 2 mL tubes Sarstedt 

1.5 mL, 2 mL tubes for enrichment Eppendorf 

2 mL spin columns Thermo Fischer 

5 mL columns for protein purification Qiagen 

6 tube Magnetic racks GE Healthcare 

12-tube magnetic rack Qiagen 

10 mL, 25 mL serological pipettes Sarstedt 

15 mL, 50 mL falcon tubes Sarstedt 

96 deep well plates Sarstedt 

96 well plates, transparent for BCA Carl Roth 

96 well plates, transparent with lid for cell culture Sarstedt 

96 well plates, white, flat bottom for Luciferase assay Sarstedt 

384 well plate, black for FRET assay Greiner Bio One 

384 well plate, white for qPCR reactions Bio-rad 

Adhesive PCR seal for qPCR plates Biozym 

Amicon Ultra MWCO 3, 50, 100 kDa Millipore 

Cannulas Sterican 0.60 X 80 mm, 0.80 X 120 mm, 0.90 X 40 mm  Braun 

Cuvettes semi-micro for OD600 measurement VWR 

Dynabeads His-Tag Isolation and pulldown Thermo Fischer 
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Gas Carl Roth 

Glass bead for transformation Carl Roth 

Illustra microspin G-25 columns GE Healthcare 

Ni-NTA Magnetic agarose beads Qiagen 

Ni-NTA Agarose Qiagen 

Nitrile Gloves  VWR 

Nuclease free water Qiagen 

Parafilm M VWR 

Petri dishes Sarstedt 

Scalpel Mediwar 

Self-adhesive cover film for plates. Ratiolab 

Syringes Henke Sass Wolf 

UV-transparent disposable Cuvettes for DNA concentration Sarstedt 

ZelluTrans protein dialysis membrane MWCO 3500 Carl Roth 

Table III-1: Consumables 

 

2. Non-electronic equipments 

Equipment Specifications Supplier 

MALDI sample plate MTP 384 target plate ground steel  Bruker 

Imaging Plate BAS-IP2040 Fuji 

Pipette 0.5-10 µL Research Plus Eppendorf 

Pipette 2-20 µL Research Plus Eppendorf 

Pipette 10-100 µL Research Plus Eppendorf 

Pipette 20-200 µL Research Eppendorf 

Pipette 100-1000 µL Research Eppendorf 

Pipette 0.5-10 µL multichannel (8) Research Eppendorf 

Pipette 10-100 µL multichannel (8) Research Eppendorf 

Pipette  Multipipette plus Eppendorf 

Table III-2: Non-electronic equipments 
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3. Electronic devices 

Device Specifications Supplier 

Agarose gel chamber SGU 020T-02 C.B.S.Scientific 

Agarose gel chamber Midicell Primo EC-330  Thermo EC 

Agarose gel chamber Sub-cell GT Cell Bio-rad 

Agarose gel chamber Flat Bed Electrophoresis unit Roth 

Agarose gel visualization 

system 

UV star with powershot G10 Biometra 

Autoclave V-series Systec 

Balance  ABT 220-4M Kem 

Balance PCJ 3500_2NM Kem 

Balance SE622 VWR 

Centrifuge 5415 R Eppendorf 

Centrifuge 5702 R Eppendorf 

Centrifuge 5810 R Eppendorf 

Centrifuge 5424 Eppendorf 

Centrifuge Sorvall Evolution RC Thermo Scientific 

Electrophoresis power supply  EV233 Consort 

Electrophoresis power supply  EV 243 Consort 

Electrophoresis power supply  EV 245 Consort 

Electrophoresis power supply PowerPac Bio-rad 

Electroporation device Eporator Eppendorf 

Heating block AccuBlock Labnet 

Ice machine AF20 Scotsman 

Incubator  1000 Heidolph 

Incubator  Incu-Line VWR 

Incubator In450 Memmert  

Magnetic stirrer Stir CB161 Stuart 

Magnetic stirrer MR Hei-Standard Heidolph 

Magnetic stirrer RCT classic IKA 

MALDI-TOF Ultraflex III Bruker 

Nano Drop 2000 Thermo Scientific  
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Orbital shaker STD 1000 shaker VWR 

PAGE gel chamber and unit Sequi-Gen GT Bio-rad 

PAGE gel chamber and unit PerfectBlue Peqlab 

Plate reader infinite M1000 TECAN 

PAGE gel drying unit MGD-4534 VWR 

PCR cycler MyCycler Bio-Rad 

PCR cycler Peqlab 25 wells  Peqlab 

PCR cycler SimpliAmp Life technologies 

PCR cycler  T1 Thermoblock Biometra 

pH meter FE20-Basic FiveEasy Mettler Toledo 

pH meter FE20-Basic SevenEasy Mettler Toledo 

Phospho imager Molecular imager Chemi-Doc Bio-rad 

Phospho imager Typhoon FLA9500 GE Healthcare 

Photometer BioPhotometer Plus Eppendorf 

Pipette boy Rotafiller 3000 Heathrow Scientific 

Pipette boy Easypet 4421 Eppendorf 

Pipette boy Acu Green Integra Biosciences 

qPCR cycler iCycler Bio-Rad 

qPCR cycler CFX384 Touch Bio-Rad 

qPCR cycler Biometra- TOptical Analytik Jena 

qPCR cycler PikoReal 96 Thermo Scientific 

qPCR cycler LightCycler Roche 

Radioactivity measuring device Contamat FHT 11M Thermo Scientific 

Refrigerator  Proline 4°C Liebherr 

Refrigerator  Proline -20°C Liebherr 

Refrigerator Ultra low U725 Innova New Brunswick 

Scientific 

SDS gel system Mini Protean Tetra Cell Bio-rad 

Shaking Incubator Ecotron Infors HT 

Shaking Incubator I26 New Brunswick  Eppendorf 

Sonicator Digital Sonifier Branson 

Sterile hood PCR Workstation Pro Peqlab 

Thermomixer Thermostat Plus Eppendorf 
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Thermomixer Thermomixer comfort Eppendorf 

Thermomixer PocketBloc BioEr 

UV-lamp VL-6.LC VILBER 

UV-chamber UV star (312 nm) Biometra 

Vacuum evaporator Concentrator plus 5305 Eppendorf 

Vortexer Vortex-Genie 2 Scientific industries 

Water bath JB Aqua 12 Plus Grant 

Water purifier Millipore filter system  ELGA 

Table III-3: Electronic devices 

 

 

4. Chemicals 

Name Supplier 

γ P32ATP Hartmann analytic 

2-Mercaptoethanol Merck 

2X qPCR master mix  Qiagen 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid ) (HEPES) Roth 

2-log ladder NEB 

2-(N-morpholino) ethanesulfonic acid monohydrate (MES) Thermo Fischer 

Acetic acid Roth 

Acetonitril Sigma Aldrich 

Agar-Agar (Cobe I) Roth 

Ammonium persulfate (APS) Roth 

Ammonium sulfate Merck 

Boric acid Roth 

Bovine serum albumin (BSA) Cell signalling 

Bright-Glo  Promega 

Bromophenol blue Roth 

Calcium chloride (CaCl2) Fisher 

Color plus pre-stained ladder NEB 
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Coomassie brilliant blue G250 Roth 

Disodiumhydrogen phosphate Sigma Aldrich 

Dithiothreitol (DTT) Roth 

Dulbecco´s modified eagle´s medium (DMEM) PAN biotech 

Dulbecco´s phosphate (DPBS) PAN biotech 

Ethanol (EtOH) p.a. Sigma Aldrich 

Ethanol (EtOH) 99.9% Thermo Fischer  

Ethidium bromide (EtBr) Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Fetal bovine serum (FBS) PAN biotech 

Form amide  Acros 

Formaldehyde aqueous solution (HCHO) Roth 

Glucose Roth 

Glycerol Roth 

Glycine Roth 

Hydrochloric acid (HCl) VWR 

Imidazole ABCR 

Isopropanol Fisher 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Roth 

L-Glutamine  PAN biotch 

Lipofectamine 2000 Thermo Fischer 

Lysogeny broth agar (LB-agar) Roth 

Lysogeny broth medium (LB-medium) Roth 

LE Agarose Roth 

Magnesium chloride hexahydrate (MgCl2.6H2O) Acros 

Magnesium sulphate-heptahydrate (MgSO4.7H2O) Merck 

Manganese chloride tetrahydrate (MnCl2.4H2O) Riedel-de Häen 

Methanol aqueous solution (MeOH) Sigma Aldrich 

Monosodium phosphate (NaH2PO4) Sigma Aldrich 

Opti MEM Gibco 

Phenylmethanesulphonylfluoride (PMSF) Roth 

Polyoxyethylenesorbitan monolaurate (Tween-20) Sigma Aldrich 
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Potassium chloride (KCl) Roth 

Potassium dihydrogenphosphate-monohydrate (KH2PO4) Sigma Aldrich 

Protein marker, broad range (2-212 kDa) NEB 

Rotipherese Gel 40 Roth 

S-adenosylmethionine (SAM) NEB 

Salmon sperm DNA Ambion 

Sodium borohydride (NaBH4) Roth 

Sodium chloride (NaCl) Roth 

Sodium dodecyl sulphate (SDS) Roth 

Sodium hydroxide (NaOH) Thermo fischer 

Tetramethylethylenediamine (TEMED) Roth 

Trifluoroacetic acid (TFA) Sigma Aldrich 

Tris (hydroxymethyl) aminomethane Sigma Aldrich 

Trinton X-100 Fluka 

Tryptone Roth 

Urea Roth 

Xylene cyanol Roth 

Yeast Extract Roth 

Table III-4: Chemicals 

 

5. Enzymes 

Name Function / Application Supplier 

ApaLI Restriction Zf qPCR amplicon New England Biolabs 

AatII Restriction final TALE plasmid New England Biolabs 

BsaI Restriction (GG1) New England Biolabs 

BsmBI Restriction (GG2) New England Biolabs 

DnaseI Restriction in FRET based screening Thermo Scientific  

DpnI Restriction (Quikchange mutagenesis) New England Biolabs 

KF (exo-) Extension of partial dsDNA (PEX) New England Biolabs 
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Lyzozyme Cell lysis Fluka 

MSssI Methylation New England Biolabs 

NcoI Restriction (N-terminal His 

Tag_pPrR_773) 

New England Biolabs 

NdeI Restriction Zf qPCR amplicon New England Biolabs 

Pfu Polymerase New England Biolabs 

Phusion  Polymerase   New England Biolabs 

Plasmid safe nuclease Digestion of non-circular DNA Biozym 

SacI-HF Restriction BRCA1_a qPCR amplicon  New England Biolabs 

SalI Restriction ligation for p814synC/mC New England Biolabs 

SpeI Restriction ligation for p814synC/mC New England Biolabs 

StuI Restriction final TALE plasmid New England Biolabs 

T4 DNA ligase Ligation New England Biolabs 

T4 

polynucleotidekinase 

32P labeling Fermentas 

Taq polymerase Polymerase New England Biolabs 

XhoI Restriction (N-terminal His 

Tag_pPrR_773) 

New England Biolabs 

Table III-5: Enzymes 

 

 

6. Antibiotics 

Name/Abbreviation Solvent Stock 

Concentration 

Supplier 

Carbenicillin (Carb) 50 % Ethanol 50 mg/ mL Roth 

Chloramphenicol (Cam) Ethanol 34 mg/ mL Roth 

Kanamycin (Kan) MilliQ Water 50 mg/ mL Roth 

Spectinomycin (Spec)  MilliQ Water 100 mg/ mL Alpha Aesar 

Tetracycline (Tet) Ethanol 12.5 mg/ mL Sigma 

Table III-6: Antibiotics 
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7. Kits 

Name Purpose Supplier 

GeneJET Plasmid Miniprep 

kit 

Isolation of plasmid from cell cultures Thermo 

Scientific 

GeneJET Gel Extraction kit DNA purification and agarose gel 

extraction 

Thermo 

Scientific 

BCA Protein Assay (DTT) Quantification of proteins  Thermo 

Scientific 

QIAamp DNA Mini kit Extraction and purification of DNA  Qiagen 

EpiTect Bisulphite kit Deamination of DNA Qiagen 

REPLI-g Amplification kit Whole genome amplification Qiagen 

EpiTect MSP kit PCR of bisulphite converted DNA Qiagen 

MeDIP kit Immunoprecipitation of methylated 

DNA 

Diagenode 

Table III-7: Kits 

 

 

8. Buffers 

Name and 

Conditions 

Content Application 

Luciferase lysis buffer 

Stored at RT 

NaH2PO4                                                            100 mM 

Trinton X-100                            0.2 % (v/v) 

 Mammalian 

HEK293T cell 

lysis 

Agarose gel loading 

dye (6X) 

Stored at -20°C 

FicollR-400                                  15% (v/v) 

EDTA                                               66 mM 

Tris                                                19.8 mM 

SDS                                        0.102% (w/v) 

Bromophenol blue                   0.09% (w/v) 

Agarose gel 

sample 

preparation 

SDS gel running 

buffer 

Tris                                                 30.3 g/L 

Glycerol                                          144 g/L 

SDS gel sample 

preparation 
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Stored at RT SDS                                                   10 g/L 

SDS gel loading 

buffer (4X) 

(pH = 6.8) 

Stored at -20°C 

Tris                                                 200 mM 

Glycerol                                       40% (v/v) 

2- Mercaptoethanol                       1% (v/v) 

SDS                                               8% (v/v) 

Bromophenol blue                 0.008% (w/v) 

SDS gel running 

Coomassie staining 

solution  

MilliQ water                                40% (v/v) 

Acetic acid                                  10% (v/v) 

Methanol                          50% (v/v)  Brilliant 

Blue G250                   0.1% (w/v) 

SDS gel staining  

Coomassie de-staining 

solution 

MilliQ water                                70% (v/v) 

Acetic acid                                  10% (v/v) 

Methanol                                     20% (v/v) 

SDS gel de-

staining 

Hybridization buffer 

A 5XBGrK2 

(pH = 8) 

Stored at -20°C 

Tris                                                 100 mM 

NaCl                                               250 mM 

MgCl2                                                                      25 mM 

Salmon sperm DNA                   250 ng/µL 

BSA                                           0.5 mg/mL 

Glycerol                                       25% (v/v) 

Hybridization 

Hybridization buffer 

B 5BGrK2 w/o BSA 

(pH = 8)  

 

Tris-HCl                                         100 mM 

NaCl                                               250 mM 

MgCl2                                              25 mM 

Glycerol                                       25% (v/v) 

EMSA 

Hybridization C 

buffer 

5BGrK1 

(pH = 8) 

 

Tris                                                 100 mM  

NaCl                                               250 mM 

MgCl2                                              25 mM 

BSA                                           0.5 mg/mL 

Glycerol                                       25% (v/v) 

PEX/FRET 

reactions 

10 X buffer X 

(pH = 7.9) 

Stored at -20°C 

NaCl                                                   1.5 M 

Tris-HCl                                         300 mM  

MgCl2                                                                        50mM 

BSA                                              5 mg/mL 

Filtration using 0.2 µm pore size membrane 

Affinity 

Enrichment assay 
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Sterilize and store under UV 

Taq lysis buffer 

(pH = 9) 

Stored at 4°C 

Tris-HCl                                           10 mM 

NaCl                                               300 mM  

MgCl2                                                                      2.5mM 

Trinton X-100                             0.1% (v/v) 

Protein 

purification 

4 X PBS 

(pH = 8) 

Stored at 4°C 

NaCl                                               548 mM 

KCl                                                   43 mM 

Na2HPO4.2H2O                               69 mM 

KH2PO4                                            24 mM  

Protein 

purification 

5 X TALE storage 

buffer 

(pH = 7.5)   

stored at 20°C 

NaCl                                                       1M 

Tris-HCl                                         100 mM 

Glycerol                                       50% (v/v) 

TALE protein 

storage and 

dialysis 

10 X TBE 

(pH = 8) 

stored at RT 

Tris                                                 890 mM 

Boric acid                                       890 mM 

EDTA                                               20 mM 

PEX gel running 

10 X TBE  

9M Urea 

(pH = 8) 

stored at RT 

Tris                                                 890 mM 

Boric acid                                       890 mM 

EDTA                                               20 mM 

Urea                                                       9 M 

PEX gel running 

PEX gel loading 

buffer 

Stored at -20°C 

Formamide                                  80% (v/v) 

EDTA                                                 2 mM 

Bromophenol blue                               1 g/L 

PEX sample 

preparation  

Qiagen lysis buffer 

(pH = 8) 

Stored at 4°C 

NaH2PO4.2H2O                               50 mM 

NaCl                                               300 mM 

pH adjusted using HCl  

Protein 

purification 

Qiagen lysis buffer 

500 mM Imidazole 

(pH = 8) 

Stored at 4°C 

NaH2PO4.2H2O                              50 mM 

NaCl                                               300 mM 

Imidazole                                       500 mM 

pH adjusted using HCl 

Protein 

purification 

KFexo- storage buffer 

(pH = 7.4) 

Stored at -20°C 

Tris                                                   25 mM 

DTT                                                    1 mM 

EDTA                                              0.1 mM 

PEX reaction 
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Glycerol                                       50% (v/v) 

pH adjusted using HCl  

10 X TE DNA storage 

buffer  

(pH= 7.4)  

stored at RT 

Tris                                                 100 mM 

EDTA                                               10 mM 

pH adjusted using HCl 

Filtration using 0.2 µm pore size membrane 

Long term 

plasmid storage 

buffer Z  

(pH = 8) 

Stored at -20°C 

Urea                                                       8 M 

NaCl                                               100 mM 

Hepes                                               20 mM 

Imidazole                                       500 mM 

Protein 

purification 

10 X MES Buffer 

(pH = 5) 

Stored at RT 

MES                                               200 mM 

NaCl                                                      1 M 

pH adjusted using HCl 

Ni-NTA bead 

recycling 

10 X TAE buffer 

(pH = 7.8)  

stored at RT  

Tris                                                 400 mM 

EDTA                                               25 mM 

pH adjusted using acetic acid 

EMSA gel 

running 

Table III-8 : Buffers 

 

 

9. Media 

Name Content Application 

LB-medium  

(pH = 7.0) 

Tryptone                                           10 g/L 

Yeast extract                                      5 g/L 

NaCl                                                   5 g/L 

Bacterial culture 

LB-Agar 

(pH = 7.0) 

Tryptone                                           10 g/L 

Yeast extract                                      5 g/L 

NaCl                                                   5 g/L 

Agar-Agar                                        15 g/L 

Bacterial colonies 

Super Optimal broth 

with Catabolite 

Tryptone                                      2% (w/v) 

Yeast extract                             0.5% (w/v) 

NaCl                                                10 mM 

Bacterial 

Transformation 
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repression (SOC) 

medium (pH = 7.0) 

KCl                                                 2.5 mM 

MgCl2                                                                 10 mM 

MgSO4                                                                   10 mM 

Glucose                                           20 mM 

Dulbecco´s modified 

Eagle´s medium 

(DMEM) 

FBS                                             10% (v/v)  

Penicillin/Streptomycin               1% (w/v)  

L-Glutamine                                1% (w/v)  

HEK293T cell 

maintainance 

Table III-9: Media 

 

 

10. Bacterial (E. coli) cell strains 

Name and Lab Code Purpose Resistance Supplier 

BL21 DE3 sMoS_308 Protein expression none Stratagene 

BL21 (DE3) Gold 

sMoS_308 

Protein expression Tetracycline Agilent 

GH371 sDaS_58 Plasmid isolation none iGEM 

K12 ER 2738  sSaF_375 gDNA extraction none NEB 

Table III-10: Bacterial (E. coli) cell strains 

 

 

11. Mammalian cell strains 

Name and Lab Code Purpose Resistance Supplier 

HEK293T Transfection none  

Table III-11: Mammalian cell strain 

12. Software 

Name Function Supplier 

Serial cloner Sequence analysis SerialBasics 
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Snap gene Sequence analysis GSL Biotech 

Quantity one Gel picture analysis Bio-Rad 

Image J Gel picture analysis Nat. Institute of 

Health 

Finch TV Sequencing data  Geospiza 

Corel Draw Graphic Suite X6 Figures Softronic  

Origin 8.6 Pro Data analysis and quantification OriginLab 

MS Office Word/ Xcel/ Paint Microsoft 

BioDoc Analyse 

Geldokumentation 

Agarose gel image Analytic Jena 

iCycler software qPCR data analysis Bio-Rad 

CFX-384 software qPCR data analysis Bio-Rad 

Table III-12: Softwares 

 

 

13. Oligonucleotides 

Non-canonical C nucleobases are marked as following: 

V: 5mC  W: 5hmC  X: 5fC  Y: 5caC  Z: 4mC  

Code Type Description Sequence Supplier 

oDas_247 Sequencing GG2 

plasmid rv 

GGG TTA TGC TAG TTA 

TTG CTC AG 

Sigma 

oDas_315 Sequencing GG2 

plasmid fw 

CGT AGA GGA TCG AGA 

TC 

Sigma 

oGrK_465 PCR/PEX Hey2_b C6 

to 5mC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC VGT TTC CAC 

ATC C 

Sigma 
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oGrK_466 PEX  Hey2_b rv GGA TGT GGA AAC GGA 

AGA 

Sigma 

oGrK_476 PCR/PEX Hey2_b C 

fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC CGT TTC CAC 

ATC C 

Sigma 

oGrK_ 520 PCR Hey2_b C6 

to 5hmC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC WGT TTC CAC 

ATC C 

Metabion 

oDas_734 Sequencing GG1 

plasmid fw 

TTG ATG CCT GGC AGT 

TCC CT 

Sigma 

oDas_735 Sequencing GG1 

plasmid rv 

CGA ACC GAA CAG GCT 

TAT GT 

Sigma 

oSaB_890 Sequencing GG2 

plasmid fw 

AGA TAT GAT TGC GGC 

CCT G 

Sigma 

oDas_903 qPCR Hey2 fw GGA ACT GAA GTG GGA 

GCG T  

Sigma 

oDas_904 qPCR Hey2 rv GAT GAT ATC AAA GCA 

TAC ATC TCA 

Sigma 

oGrK_1056 PCR Hey2_b 

C2/C6/C11 

to 5mC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTV TTC VGT TTV CAC 

ATC C 

Sigma 

oGrK_1057 PCR Hey2_b 

C6/C11 to 

5mC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

Sigma 
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TTC TTC CAC CGT GAG 

CTV TTC CGT TTV CAC 

ATC C 

oPrR_1060 qPCR BRCA1 fw GGG GAT TGG GAC CTC Sigma 

oPrR_1064 qPCR CDKN2A 

fw 

TCG AAG CGC TAC CTG 

AT 

Sigma 

oPrR_1065 qPCR CDKN2A 

rv 

TAG AGG AGG TGC GGG Sigma 

oPrR_1076 PEX BRCA1(26) 

C13/C20 to 

5mC fw 

AAA CTC AGG TAG AAT 

TCT TCC TCT TCC GTC 

TCT TTC CTT TTA VGT 

CAT CVG GGG GCA GA 

Sigma 

oPrR_1077 PEX BRCA1(26) 

C fw 

AAA CTC AGG TAG AAT 

TCT TCC TCT TCC GTC 

TCT TTC CTT TTA CGT 

CAT CCG GGG GCA GA 

Sigma 

oPrR_1078 PEX BRCA1(26) 

rv 

CTG CCC CCG GAT GAC 

GTA AAA GGA AAG AGA 

Sigma 

oPrR_1079 PEX CDKN2A 

(26) C6 to 

5mC fw 

ACC CGA CCC CGG GCC 

GCG GCC GTG GCC AGC 

CAG TCA GCV GAA GGC 

TCC ATG CTG CTC CC 

Sigma 

oPrR_1080 PEX CDKN2A 

(26) C fw 

ACC CGA CCC CGG GCC 

GCG GCC GTG GCC AGC 

CAG TCA GCC GAA GGC 

TCC ATG CTG CTC CC 

Sigma 

oPrR_1081 PEX CDKN2A 

(30) rv 

GCA TGG AGC CTT CGG 

CTG ACT GGC TGG CCA 

Sigma 

oPrR_1082 PEX CDKN2A 

(26) rv 

GGG AGC AGC ATG GAG 

CCT TCG GCT GA 

Sigma 

oPrR_1083 PEX MGMT C11 

to 5mC fw 

CTT CGG CCG GTA CAA 

GCC GGG CGG CGC CTT 

Sigma 
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CCC AGC TTC VGC CTG 

AGG CTC TGT GCC TT 

oPrR_1084 PEX MGMT C 

fw 

CTT CGG CCG GTA CAA 

GCC GGG CGG CGC CTT 

CCC AGC TTC CGC CTG 

AGG CTC TGT GCC TT 

Sigma 

oPrR_1085 PEX MGMT rv AAG GCA CAG AGC CTC 

AGG CGG AAG CTG GG 

A 

Sigma 

oPrR_1086 sequencing BRCA1 fw AGA GCA GAG GGT GAA 

G 

Sigma 

oPrR_1087 sequencing CDKN2A 

fw 

TTC AGG GGT GCC ACA Sigma 

oPrR_1088 sequencing MGMT fw AAA CTA AGG CAC AGA 

GC 

Sigma 

oPrR_1114 qPCR BRCA1 rv AAA GTG CCT GCC CTC 

TA 

Sigma 

oGrK_1152 PCR Hey2_b C 

rv 

GGA TGT GGA AAC GGA 

AGA GCT CAC GGT GGA 

AGA AGC CAC TGA AGA 

TGC TGT AAC GCT GGG 

GCT GAA GAG TGG GAA 

TCC A 

Sigma 

PrR_1184 PEX BRCA1(26) 

C13 to 5mC 

fw 

AAA CTC AGG TAG AAT 

TCT TCC TCT TCC GTC 

TCT TTC CTT TTA CGT 

CAT CVG GGG GCA GA 

Sigma 

oPrR_1185 PEX BRCA1(26) 

C20 to 5mC 

fw 

AAA CTC AGG TAG AAT 

TCT TCC TCT TCC GTC 

TCT TTC CTT TTA VGT 

CAT CCG GGG GCA GA 

Sigma 



 
71 MATERIALS AND METHODS 

oGrK_1236 PEX/FRET/

EMSA/PCR 

Hey2_b fw TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC ZGT TTC CAC 

ATC C 

Iba 

lifescience

s 

oPrR_1256 Bisulphite BRCA1 fw 

1 

TGG GGG ATT GGG ATT 

TTT TTT 

Sigma 

oPrR_1257 Bisulphite BRCA1 rv 1 TTA ACC ACC CAA TCT 

ACC CCC 

Sigma 

oPrR_1307 Bisulphite BRCA1 fw 

2 

GAA ATT GGA GAT TTT 

TAT TAG GG 

Sigma 

oPrR_1308 Bisulphite BRCA1 rv 2 TAT CTA AAA AAC CCC 

ACA ACC TAT C 

Sigma 

oGrK_1422 PCR Hey2_b C6 

to 5caC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC YGT TTC CAC 

ATC C 

Metabion 

oGrK_1423 PCR Hey2_b C6 

to 5fC fw 

TGG ATT CCC ACT CTT 

CAG CCC CAG CGT TAC 

AGC ATC TTC AGT GGC 

TTC TTC CAC CGT GAG 

CTC TTC XGT TTC CAC 

ATC C 

Metabion 

oPrR_1457 qPCR MGMT fw GAA AAG GTA CGG GCC 

A 

Sigma 

oPrR_1459 qPCR MGMT rv GCC TGA CCC GGA TG Sigma 

oPrR_1514 Sequencing pAnI521 

fw1 

GGA ACA ACA CTC AAC 

CCT 

Sigma 

oPrR_1515 Sequencing pAnI521 

rv1 

CCC GGA AGA GAG TCA 

AT 

Sigma 
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oGrK_1516 PCR BRCA1 C 

fw 

CTT CCT CTT CCG TCT 

CTT TCC TTT TAC GTC 

ATC CGG GGG CAG ACT 

Sigma 

oGrK_1518 PCR BRCA1 

C13 to 5mC 

fw 

CTT CCT CTT CCG TCT 

CTT TCC TTT TAV GTC 

ATC CGG GGG CAG ACT 

Sigma 

oGrK_1529 PCR BRCA1 rv AGT CTG CCC CCG GAT 

GAC GTA AAA GGA AAG 

AGA CGG AAG AGG AAG 

Sigma 

oPrR_1559 Sequencing pAnI521 fw 

2 

TCA GGC AAC TAT GGA 

TGA A 

Sigma 

oPrR_1560 Sequencing pAnI521 rv 

2 

CCG ATT CAT TAA TGC 

AGC T 

Sigma 

oPrR_1561 Sequencing pAnI521 fw 

3 

TTG AGT GAG CTG ATA 

CCG 

Sigma 

oPrR_1562 Sequencing pAnI521 rv 

3 

TGT GAA TCG CTT CAC 

GAC 

Sigma 

oGrK_1570 qPCR BRCA1_ant

i fw 

CAA TCC AGA GCC CCG Sigma 

oGrK_1577 qPCR BRCA1_ant

i rv 

GGA CTC TAC TAC CTT 

TAC C 

Sigma 

oGrK_1591 PCR/ 

EMSA  

CDKN2A C 

fw 

GGC CAG CCA GTC AGC 

CGA AGG CTC CAT GCT 

GCT CCC CGC CGC CGG 

C 

Sigma 

oGrK_1592 PCR/ 

EMSA 

CDKN2A 

C6 to 5mC 

GGC CAG CCA GTC AGC 

VGA AGG CTC CAT GCT 

GCT CCC CGC CGC CGG 

C 

Sigma 

oGrK_1597 PCR Hey2_b rv TTG TAT AAA TCG GAG 

AAG ATC CTG TCT CCC 

CCC AAA CAA ACA GTA 

G 

Sigma 



 
73 MATERIALS AND METHODS 

oGrK_1599 PCR BRCA1_ant

i fw 

GCA CAG GTC TCC AAT 

CTA TCC ACT GGA TTT 

CCG TGA GAA TTG TGC 

CCG 

Sigma 

oGrK_1600 PCR BRCA1_ant

i C2 to 5mC 

rv 

AGT CTG CCC CCG GAT 

GAV GTA AAA GGA AAG 

AGA CGG AAG AGG AAG 

Sigma 

oGrK_1601 PCR BRCA1_ant

i rv 

GTC AAA GAA TAC CCA 

TCT GTC AGC TTC GGA 

AAT CCA CTC TCC CAC 

Sigma 

oGrK_1617 PCR/ 

EMSA 

CDKN2A 

rv 

GCC GGC GGC GGG GAG 

CAG CAT GGA  GCC TTC 

GGC TGA CTG GCT GGC 

C 

Sigma 

oPrR_1748 qPCR ZCH3H13 

fw 

TCT CGG TCC ACT CGT 

GAT G 

Sigma 

oPrR_1749 qPCR ZCH3H13 

rv 

CCG GGA TTC TTC TGG 

ATA TG 

Sigma 

oPrR_1759 qPCR ZAP-70 fw GCT CTG GGA GAC CTG Sigma 

oPrR_1764 qPCR ZAP-70 rv CGG TTC TGG GTG AGG Sigma 

oPrR_1803 PEX ZAP-70 

(26) rv 

ATG TCA CAC CCC GCC 

AGG GTT TCT CA 

Sigma 

oPrR_1805 PEX ZAP-70 

(23) C fw 

GAG GAT GAA CCC CCC 

CCA TCC ATG AGT GAG 

AAA CCC TGG CGG GGT 

GTG ACA TCCTCC CC 

Sigma 

oPrR_1826 PEX ZAP-70 

(26) C14 to 

5mC  

TTC AGC CCC AGC GTT 

ACA GCA TCT TCA GTG 

GCT TCT TCC ACC GTG 

AGC TCT TCV GTT TCC 

ACA TCC ACC ACA TCC 

CAA C 

Sigma 
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oPrR_1827 PEX ZAP-70 

(26) C fw 

TTC AGC CCC AGC GTT 

ACA GCA TCT TCA GTG 

GCT TCT TCC ACC GTG 

AGC TCT TCC GTT TCC 

ACA TCC ACC ACA TCC 

CAA C 

Sigma 

oPrR_1828 PEX ZAP-70 

(23) rv 

GTT GGG ATG TGG TGG 

ATG TGG AAA CGG 

Sigma 

oPrR_1835 PEX ZAP-70 

(23) C4 to 

5mC 

GAG GAT GAA CCC CCC 

CCA TCC ATG AGT GAG 

AAA CCC TGG VGG GGT 

GTG ACA TCC TCC CC 

Sigma 

oSaM_1892 FRET Hey2_b rv Cy5 GGA TGT GGA AAC 

GGA AGA Cy3 

Metabion 

oPrR_1916 Restriction/

digestion 

pAnI521 N-

terminal His 

tag fw 

TTT TCA TAT GGG CCA 

TCA CCA TCA CCA TCA 

CAG CAA GGG CGA GGA 

GCT GTT CAC CG 

Sigma 

oPrR_1917 Restriction/

digestion 

pAnI521 N-

terminal His 

tag rv 

AAA AGC GGC CGC TCA 

TTC CAG CAG ATG GTC 

GTT GGA GAC GAC C 

Sigma 

oPrR_1918 Mutation 

quikchange 

N-terminal 

K171A fw 

GCA ACA GGA GAA AAT 

CAA GCC TGC CGT CAG 

GAG CAC CGT CGC GCA 

AC 

Sigma 

oPrR_1919 Mutation 

quikchange 

N-terminal 

K171A rv 

GTG TTG CGC GAC GGT 

GCT CCT GAC GGC AGG 

CTT GAT TTT CTC CTG 

TTG 

Sigma 

oPrR_1920 Mutation 

quikchange 

N-terminal 

R173A fw 

GGA GAA AAT CAA GCC 

TAA GGT CGC CAG CAC 

CGT CGC GCA ACA CCA 

C 

Sigma 
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oPrR_1921 Mutation 

quikchange 

N-terminal 

R173A rv 

CGT GGT GTT GCG CGA 

CGG TGC TGG CGA CCT 

TAG GCT TGA TTT TCT 

C 

Sigma 

oPrR_1922 Mutation 

quikchange 

N-terminal 

R236A fw 

GTA AAC AGT GGT CGG 

GAG CGG CCG CAC TTG 

AGG CGC TGC TGA CTG 

Sigma 

oPrR_1923 Mutation 

quikchange 

N-terminal 

R236A rv 

GTC AGC AGC GCC TCA 

AGT GCG GCC GCT CCC 

GAC CAC TGT TTA CC 

Sigma 

oPrR_1924 Mutation 

quikchange 

N-terminal 

R266A fw 

CAG CTG CTG AAG ATC 

GCG AAG GCC GGG GGA 

GTA ACA GCG GTA G 

Sigma 

oPrR_1925 Mutation 

quikchange 

N-terminal 

R266A rv 

CTC TAC CGC TGT TAC 

TCC CCC GGC CTT CGC 

GAT CTT CAG CAG C 

Sigma 

oPrR_1926 Mutation 

quikchange 

N-terminal 

K171A/R17

3A fw 

AGG AGA AAA TCA AGC 

CTG CCG TCG CCA GCA 

CCG TCG CGC AAC ACC 

A 

Sigma 

oPrR_1927 Mutation 

quikchange 

N-terminal 

K171A/R17

3A rv 

GTG TTG CGC GAC GGT 

GCT GGC GAC GGC AGG 

CTT GAT TTT CTC CTG 

TTG 

Sigma 

oPrR_1928 Mutation 

quikchange 

N-terminal 

K262A fw 

CAC CGG GCA GCT GCT 

GGC CAT CGC GAA GAG 

AGG GGG AG 

Sigma 

oPrR_1929 Mutation 

quikchange 

N-terminal 

K262A rv 

CCC CTC TCT TCG CGA 

TGG CCA GCA GCT GCC 

CGG TGT CG 

Sigma 

oPrR_1930 Mutation 

quikchange 

N-terminal 

K262A/K26

5A/R266A 

fw 

CAG CTG CTG GCC ATC 

GCG GCC GCC GGG GGA 

GTA ACA GCG GT 

Sigma 
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oPrR_1931 Mutation 

quikchange 

N-terminal 

K262A/K26

5A/R266A 

rv 

CGC TGT TAC TCC CCC 

GGC GGC CGC GAT GGC 

CAG CAG CTG C 

Sigma 

oPrR_1932 Mutation 

quikchange 

pNN3 

K16A/Q17

A fw 

CGC CAG CAA CAA TGG 

CGG CGC CGC CGC GCT 

CGA AAC GGT GCA GCG 

Sigma 

oPrR_1933 Mutation 

quikchange 

pNN3 

K16A/Q17

A rv 

GCT GCA CCG TTT CGA 

GCG CGG CGG CGC CGC 

CAT TGT TGC TGG CGA 

TAG 

Sigma 

oPrR_1934 Mutation 

quikchange 

pNN7 

K16A/Q17

A fw 

CGC CAG CAA CAA TGG 

CGG CGC CGC CGC GCT 

CGA AAC GAG ACC CTC 

Sigma 

oPrR_1935 Mutation 

quikchange 

pNN7 

K16A/Q17

A rv 

GGG TCT CGT TTC GAG 

CGC GGC GGC GCC GCC 

ATT GTT GCT GGC GAT 

AG 

Sigma 

oPrR_1936 Mutation 

quikchange 

pHD3 

K16A/Q17

A fw 

CGC CAG CCA CGA TGG 

CGG CGC CGC CGC GCT 

CGA AAC GGT GCA GC 

Sigma 

oPrR_1937 Mutation 

quikchange 

pHD3 

K16A/Q17

A rv 

CTG CAC CGT TTC GAG 

CGC GGC GGC GCC GCC 

ATC GTG GCT GGC GAT 

AG 

Sigma 

oPrR_1938 Mutation 

quikchange 

pHD5 

K16A/Q17

A fw 

CGC CAG CCA CGA TGG 

CGG CGC CGC CGC GCT 

CGA AAC GGT GCA GG 

Sigma 

oPrR_1939 Mutation 

quikchange 

pHD5 

K16A/Q17

A rv 

CTG CAC CGT TTC GAG 

CGC GGC GGC GCC GCC 

ATC GTG GCT GGC GAT 

AG 

Sigma 
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oPrR_1963 Sequencing pAnI521 N 

terminal His 

tag fw 

AGA CCC CAA CGA GAA 

GCG CGA 

Sigma 

oPrR_1964 Sequencing pAnI521 N 

terminal His 

tag rv 

GAC CAT GAT TAC GCC 

AAG CGC 

Sigma 

oAnW_2016 Luciferase 

assay  

CDKN2A 

insert C fw 

TTT TGT CGA CTC AGC 

CGA AGG CTC CAT GCT 

GCT CCC ACT AGT TTT 

T 

Sigma 

oAnW_2017 Luciferase 

assay 

CDKN2A 

insert rv 

AAA AAC TAG TGG GAG 

CAG CAT GGA GCC TTC 

GGC TGA GTC GAC AAA 

A 

Sigma 

oPrR_2053 qPCR CDKN2A 

fw 

GGC TCC TCA TTC CTC 

TTC CTT G 

Sigma 

oPrR_2054 qPCR CDKN2A 

rv 

GTC GGG TAG AGG AGG 

TGC G 

Sigma 

oPrR_2121 EMSA ZAP-70 C 

fw 

CAT CCA TGA GTG AGA 

AAC CCT GGC GGG GTG 

TGA CAT CCT CCC CCG 

G 

Sigma 

oPrR_2122 EMSA ZAP-70 rv CCG GGG GAG GAT GTC 

ACA CCC CGC CAG GGT 

TTC TCA CTC ATG GAT 

G 

Sigma 

oPrR_2123 EMSA ZAP-70 

C14 to 5mC 

fw 

CAT CCA TGA GTG AGA 

AAC CCT GGV GGG GTG 

TGA CAT CCT CCC CCG 

G 

Sigma 

oSaM_2170 EMSA Hey2_b rv Cy5 GGA TGT GGA AAC 

GGA AGA GCT CAC GGT 

GGA AGA AGC CAC TGA 

Metabion 
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AGA TGC TGT AAC GCT 

GGG GCT GAA GAG TGG 

GAA TCC A 

oPrR_2248 Luciferase 

assay 

CDKN2A 

insert C6 to 

5mC fw 

TTT TGT CGA CTC AGC 

VGA AGG CTC CAT GCT 

GCT CCC ACT AGT TTT 

T 

Sigma 

oPrR_2278 FRET ZAP-70 C 

fw 

CCC CAG GGG GCT CTG 

GGA GAC CTG GCA GAG 

GAT GAA CCC CCC CCA 

TCC ATG AGT GAG AAA 

CCC TGG CGG GGT GTG 

ACA T 

Sigma 

oPrR_2279 FRET ZAP-70 rv Cy5 ATG TCA CAC CCC 

GCC AGG GTT TCT CA 

Cy3 

Metabion 

oPrR_2280 FRET CDKN2A C 

fw 

GCA GCG CCC GCA CCT 

CCT CTA CCC GAC CCC 

GGG CCG CGG CCG TGG 

CCA GCC AGT CAG CCG 

AAG GCT CCA TGC TGC 

TCC C 

Sigma 

oPrR_2281 FRET CDKN2A 

rv 

Cy5 GGG AGC AGC ATG 

GAG CCT TCG GCT GA 

Cy3 

Metabion 

oPrR_2282 FRET ZAP-70 

C14 to 5mC 

CCC CAG GGG GCT CTG 

GGA GAC CTG GCA GAG 

GAT GAA CCC CCC CCA 

TCC ATG AGT GAG AAA 

CCC TGG VGG GGT GTG 

ACA T 

Sigma 

oPrR_2283 FRET CDKN2A 

C6 to 5mC 

GCA GCG CCC GCA CCT 

CCT CTA CCC GAC CCC 

GGG CCG CGG CCG TGG 

Sigma 
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CCA GCC AGT CAG CVG 

AAG GCT CCA TGC TGC 

TCC C 

oPrR_2284 Mutation 

quikchange 

pAnW750 

K262A fw 

CAC AGG CCA ACT TGT 

GGC CAT TGC AAA ACG 

TGG CGG CG 

Sigma 

oPrR_2285 Mutation 

quikchange 

pAnW750 

K262A rv 

CGC CAC GTT TTG CAA 

TGG CCA CAA GTT GGC 

CTG TGT CC 

Sigma 

oPrR_2423 Bisulphite pAnW814 

fw 1 

ATA TTT TGG ATT ATT 

AGT TTT ATA GG 

Sigma 

oPrR_2424 Bisulphite pAnW814 

rv 1  

AAC ATC TTC CAT AAT 

AAA TAC CTC CT 

Sigma 

oPrR_2425 Bisulphite pAnW814 

fw 2 

TAG TGG TTA TAA TAG 

TAG TTT TAG TT 

Sigma 

oPrR_2426 Bisulphite pAnW814 

rv 2 

ATA ATT TAT ATT CAA 

CCC ATA A 

Sigma 

oPrR_2427 Bisulphite pAnW814 

fw 3 

GAG GTT TTA AGG GGT 

TAT GTT ATT AAT 

Sigma 

oPrR_2428 Bisulphite pAnW814 

rv 3 

ACT AAT ACC CAT ACT 

ATT CAA CAA CT 

Sigma 

oPrR_2503 FRET  CDKN2A 

(18) rv 

Cy5 GGG AGC AGC ATG 

GAG CCT TCG GCT GA 

Cy3 

 

oPrR_2534 FRET CDKN2A 

fw  

GCA GCG CCC GCA CCT 

CCT CTA CCC GAC CCC 

GGG CCG CGG CCG TGG 

CCA GCC AGT CAG CZG 

AAG GCT CCA TGC TGC 

TCC C  

 

Table III-13: Oligonucleotides 
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14. Plasmids 

Code Backbone Description 

pSaB_339 pET-TRX-6His GG2 final entry vector 

pGrK_430 pET-TRX-TALE TALE Hey2_a (20) 

pIrT_446 pET-TRX-TALE TALE Hey2_b (18) 

pGrK_471 pET-TRX-TALE TALE Hey2_c (18) 

pPrR_515 pET-TRX-TALE-6His TALE BRCA1_(30) 

pPrR_516 pET-TRX-TALE-6His TALE BRCA1_(26) 

pPrR_517 pET-TRX-TALE-6His TALE CDKN2A_(30) 

pPrR_518 pET-TRX-TALE-6His TALE CDKN2A_(26) 

pPrR_519 pET-TRX-TALE-6His TALE MGMT_(30) 

pAnI_520 pET-TRX-TALE-6His TALE MGMT_(26) 

pPrR_521 pET-GFP-6His GG2 final entry vector 

pSaM_586 pET-GFP-TALE-6His TALE Hey2_b HD5  

pPrR_651 pET-GFP-TALE-6His TALE Hey2_b HD5 to N* 

pPrR_652 pET-GFP-TALE-6His TALE BRCA1_anti_(26) 

pPrR_673 pET-GFP-TALE-6His TALE_Hey2_b N*(2) HD(6) N*(11)_(26) 

pPrR_674 pET-GFP-TALE-6His TALE_Hey2_b N*(2) HD(6) N*(11)_(21) 

pPrR_675 pET-GFP-TALE-6His TALE_CDKN2A_N*(2) N*(19)_(26) 

pPrR_676 pET-GFP-TALE-6His TALE ZAP-70_(23) 

pPrR_677 pET-GFP-TALE-6His TALE ZAP-70_(26) 

pSaM_738 pET-GFP-TALE-6His TALE Hey2_b HD5 to A* 

pSaM_739 pET-GFP-TALE-6His TALE Hey2_b HD5 to C* 

pSaM_740 pET-GFP-TALE-6His TALE Hey2_b HD5 to D* 

pSaM_741 pET-GFP-TALE-6His TALE Hey2_b HD5 to E* 

pSaM_742 pET-GFP-TALE-6His TALE Hey2_b HD5 to F* 

pSaM_743 pET-GFP-TALE-6His TALE Hey2_b HD5 to G* 

pSaM_744 pET-GFP-TALE-6His TALE Hey2_b HD5 to H* 

pSaM_745 pET-GFP-TALE-6His TALE Hey2_b HD5 to I* 

pSaM_746 pET-GFP-TALE-6His TALE Hey2_b HD5 to K* 

pSaM_747 pET-GFP-TALE-6His TALE Hey2_b HD5 to L* 

pSaM_748 pET-GFP-TALE-6His TALE Hey2_b HD5 to M* 
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pSaM_749 pET-GFP-TALE-6His TALE Hey2_b HD5 to P* 

pAnW_750 pcDNA3.1-VP64 Mammalian GG2 final entry vector  

pAnW_751 pcDNA3.1  pAnW 750 without VP64 

pAnW_755 pBS-MinCMV-luc Mammalian reporter plasmid 

pPrR_762 RVD pNN3 Mutation K16A&Q17A 

pPrR_763 RVD pNN7 Mutation K16A&Q17A 

pPrR_764 RVD pHD3 Mutation K16A&Q17A 

pPrR_765 RVD pHD7 Mutation K16A&Q17A 

pPrR_766 pET-GFP-6His Mutation K171A 

pPrR_767 pET-GFP-6His Mutation R173A 

pPrR_768 pET-GFP-6His Mutation R236A 

pPrR_769 pET-GFP-6His Mutation R266A 

pPrR_770 pET-GFP-6His Mutation K171A&R173A 

pPrR_771 pET-GFP-6His Mutation K262A 

pPrR_772 pET-GFP-6His Mutation K262A&K265A&R266A 

pPrR_773 pET-6His-GFP GG2 entry vector with N-terminal His tag 

pSaM_774 pET-GFP-TALE-6His TALE Hey2_b HD5 to Q* 

pSaM_775 pET-GFP-TALE-6His TALE Hey2_b HD5 to R* 

pSaM_776 pET-GFP-TALE-6His TALE Hey2_b HD5 to S* 

pSaM_777 pET-GFP-TALE-6His TALE Hey2_b HD5 to T* 

pSaM_778 pET-GFP-TALE-6His TALE Hey2_b HD5 to V* 

pSaM_779 pET-GFP-TALE-6His TALE Hey2_b HD5 to X* 

pSaM_780 pET-GFP-TALE-6His TALE Hey2_b HD5 to Y* 

pPrR_788 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR766 entry 

vector 

pPrR_789 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR767 entry 

vector 

pPrR_790 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR768 entry 

vector 

pPrR_791 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR769 entry 

vector 

pPrR_792 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR770 entry 

vector 
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pPrR_793 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR771 entry 

vector 

pPrR_794 pET-GFP-TALE-6His TALE_CDKN2A_(26) in pPrR772 entry 

vector 

pPrR_795 pET-6His-GFP-TALE TALE_CDKN2A_(26) in pPrR773 

pPrR_796 pET-6His-GFP-TALE TALE_ZAP-70_(26) in pPrR773 

pAnW_814 pBS-MinCMV-luc pAnW_755 with CDKN2A (26) binding site 

pPrR_814s

ynC 

pBS-MinCMV-luc pAnW_755 with CDKN2A_(26) binding 

site restriction/ligation C 

pPrR_814s

ynmC 

pBS-MinCMV-luc pAnW_755 with CDKN2a_(26) binding site 

restriction/ligation C6 to 5mC 

pAnW_818 pcDNA3.1-TALE-VP64 TALE_CDKN2A_(26) 

pAnW_820 pcDNA3.1-TALE TALE_CDKN2A_(26) 

pAnW_893 pcDNA3.1-TALE-VP64 TALE_CDKN2A_(26) HD6 to G* 

pPrR_897 pET-GFP-TALE-6His TALE_CDKN2A_(26) NN4 with 

K16A&Q17A 

pPrR_898 pET-GFP-TALE-6His TALE_CDKN2A_(26) HD6 with 

K16A&Q17A 

pPrR_899 pET-GFP-TALE-6His TALE_CDKN2A_(26) NN18 with 

K16A&Q17A 

pPrR_900 pET-GFP-TALE-6His TALE_CDKN2A_(26) HD24 with 

K16A&Q17A 

pPrR_901 pET-GFP-TALE-6His TALE_CDKN2A_(26) HD6&NN8 with 

K16A&Q17A 

pPrR_902 pET-GFP-TALE-6His TALE_CDKN2A_(26) NN4&HD6 with 

K16A&Q17A 

pPrR_903 pET-GFP-TALE-6His TALE_CDKN2A_(26) 

NN4&HD6&NN18&HD24 with 

K16A&Q17A 

pPrR_904 pET-GFP-TALE-6His TALE_ZAP-70_(26) NN4 with 

K16A&Q17A 

pPrR_905 pET-GFP-TALE-6His TALE_ZAP-70_(26)  HD14 with 

K16A&Q17A 
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pPrR_906 pET-GFP-TALE-6His TALE_ZAP-70_(26) NN18 with 

K16A&Q17A 

pPrR_907 pET-GFP-TALE-6His TALE_ZAP-70_(26) HD24 with 

K16A&Q17A 

pPrR_908 pET-GFP-TALE-6His TALE_ZAP-70_(26) NN4&HD14 with 

K16A&Q17A 

pPrR_909 pET-GFP-TALE-6His TALE_ZAP-70_(26) NN4&HD14&NN18 

with K16A&Q17A 

pPrR_910 pET-GFP-TALE-6His TALE_ZAP-70_(26) 

NN4&HD14&NN18&HD24 with 

K16A&Q17A 

PrR_944 pET-GFP-TALE-6His TALE_ZAP-70_(26) in pPrR766 entry 

vector 

pPrR_945 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR767 entry 

vector 

pPrR_946 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR768 entry 

vector 

pPrR_947 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR769 entry 

vector 

pPrR_948 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR770 entry 

vector 

pPrR_949 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR771 entry 

vector 

pPrR_950 pET-GFP-TALE-6His TALE_ ZAP-70_(26) in pPrR772 entry 

vector 

pPrR_951 pET-GFP-TALE-6His CDKN2A_(26) in pPrR_770 NN4 with 

K16A&Q17A 

pPrR_952 pET-GFP-TALE-6His CDKN2A_(26) in pPrR_771 HD6 with 

K16A&Q17A 

pPrR_953 pET-GFP-TALE-6His CDKN2A_(26) in pPrR_770 NN4 with 

K16A&Q17A 

pPrR_954 pET-GFP-TALE-6His CDKN2A_(26) in pPrR_771 HD6 with 

K16A&Q17A 
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pPrR_955 pET-GFP-TALE-6His ZAP-70_(26) in pPrR_770 NN4 with 

K16A&Q17A 

pPrR_956  pET-GFP-TALE-6His ZAP-70_(26) in pPrR_770 HD14 with 

K16A&Q17A 

pPrR_957 pET-GFP-TALE-6His ZAP-70_(26) in pPrR_771 NN4 with 

K16A&Q17A 

pPrR_958 pET-GFP-TALE-6His ZAP-70_(26) in pPrR_770 HD14 with 

K16A&Q17A 

pPrR_1134 pcDNA3.1- VP64  pAnW_750 with N-terminal K262A 

mutation 

pPrR_1149 pcDNA3.1-TALE-VP64 CDKN2A_(26)_in pPrR_1134 

pPrR_1198 pET-GFP-TALE-6His BRCA1_(26) 

pPrR_1199 pET-GFP-TALE-6His CDKN2A_(26) 

pPrR_1200 pET-GFP-TALE-6His MGMT_(26) 

Table III-14: Plasmids 

 

 

15. TALE proteins 

Number Target Target sequence Plasmid  

064 BRCA1 (26) TCTTTCCTTTTACGTCATCCGGGGGC pPrR_515 

065 BRCA1 (30) TCTCTTTCCTTTTACGTCATCCGGGGG

CAG 

pPrR_516 

066 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_517 

067 CDKN2A (30) TGGCCAGCCAGTCAGCCGAAGGCTCC

ATGC 

pPrR_518 

068 MGMT (26) TCCCAGCTTCCGCCTGAGGCTCTGTG pPrR_519 

069 MGMT (30) TCCCAGCTTCCGCCTGAGGCTCTGTG

CCTT 

pPrR_520 

137 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_651 
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138 BRCA1_anti TGCCCCCGGATGACGTAAAAGGAAA

G 

pPrR_652 

143 Hey2_b (30) TCTTCCGTTTCCACATCCACCACATCC

CAA 

pPrR_673 

144 Hey2_b (25) TCTTCCGTTTCCACATCCACCACAT pPrR_674 

145 Hey2_b (21) TCTTCCGTTTCCACATCCACC pPrR_675 

146 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_676 

147 ZAP-70 (23) TGGCGGGGTGTGACATCCTCCCC pPrR_677 

148 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_678 

171 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_738 

172 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_739 

173 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_740 

174 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_741 

175 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_742 

176 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_743 

177 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_744 

178 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_745 

179 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_746 

180 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_747 

181 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_748 

182 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_749 

183 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_774 

184 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_775 

185 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_776 

186 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_777 

187 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_778 

188 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_779 

189 Hey2_b (18) TCTTCCGTTTCCACATCC pPrR_780 

190 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_788 

191 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_789 

192 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_790 

193 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_791 

194 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_792 
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195 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_793 

196 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_794 

197 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_795 

198 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_796 

242 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_944 

243 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_945 

244 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_946 

245 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_947 

246 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_948 

247 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_949 

248 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_950 

249 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_951 

250 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_952 

251 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_953 

252 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_954 

253 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_955 

254 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_956 

255 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_957 

256 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_958 

257 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_897 

258 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_898 

259 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_899 

260 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_900 

261 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR5_901 

262 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_902 

263 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_903 

264 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_904 

265 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_905 

266 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_906 

267 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_907 

268 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_908 

269 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_909 
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270 ZAP-70 (26) TGAGAAACCCTGGCGGGGTGTGACAT pPrR_910 

477 BRCA1 (26) TCTTTCCTTTTACGTCATCCGGGGGC pPrR_1198 

478 CDKN2A (26) TCAGCCGAAGGCTCCATGCTGCTCCC pPrR_1199 

479 MGMT (26) TCCCAGCTTCCGCCTGAGGCTCTGTG pPrR_1200 

Table III-15: TALEs 
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B. Methods 

1. Preparation of gels 

Denaturing PAGE gel  

For all Primer extension reactions, denaturing PAGE gel was prepared by adding 8 mL 

acrylamide solution (25%), 2 mL of 10 X TBE with 9 M urea, 10 mL of 9 M urea, 160 µL 

of 10 % APS and 8 µL of TEMED together and pouring the solution between the glass plates. 

The required combs were inserted and the set-up was left undisturbed till the gel 

polymerized. The combs were carefully removed and the set-up was immersed in PAGE 

running buffer and pre-run for 30 min at 120 V before use. 

Agarose gel 

Depending on the purpose, gels with different percentages of agarose were prepared. 

Agarose was weighed in a glass bottle and dissolved in 0.5 X TBE buffer (For a 1% gel, 1 g 

agarose gel is dissolved with 100 ml of buffer) by heating using microwave till the liquid 

was clear. Molten agarose was cooled and poured on a horizontal gel casting chamber with 

appropriate combs placed prior to adding the agarose solution.  

SDS gel 

SDS gels were prepared consisting of a lower resolving region (8%) and an upper stacking 

region (5%). After assembly of the gel casting apparatus, a solution was prepared by adding 

3808 µL milliQ water, 1092 µL of 40 % acrylamide concentrate, 420 µL of Tris-HCl (pH 

8.8), 66.7 µL of 10 % SDS solution, 66.7 µL of 10% APS and 6.67 µL of TEMED. The 

solution was mixed by shaking and poured in between the two glass plates and layered with 

isopropanol. After polymerization of the resolving gel, isopropanol was drained out and a 

solution containing 1000 µL milliQ water, 208 µL of 40 % acrylamide concentrate, 420 µL 

of Tris-HCl (pH 6.8), 16.7 µL of 10 % SDS solution, 16.7 µL of 10% APS and 1.67 µL of 

TEMED was prepared and poured on top. The combs were carefully inserted and the set-up 

was left undisturbed. 

EMSA gel 

Prepared using the same casting apparatus as the SDS gel, one EMSA gel (10 mL) was 

prepared by adding 7.4 mL water, 500 µL of 10 X buffer TAE, 2 mL of 40% acrylamide gel, 
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100 µL of 10% APS and 10 µL of TEMED. The solution was slightly shaken and poured 

between the glass plates. Appropriate combs were inserted and the set-up was left 

undisturbed till the gel polymerized following which the combs were removed.  

 

2. Preparation of antibiotic stocks 

A 1000X stock of antibiotics were prepared by dissolving them in appropriate solvents (see 

antibiotics table) and passing the solution through a sterile filter using syringes. They were 

distributed in 1.5 mL tubes and stored at -20°C.  

 

3. Preparation of LB-Agar plates 

Sterile LB-Agar was heated in a microwave till it melted completely. It was then cooled 

down till RT and the required antibiotic/antibiotics at correct concentration (see list of 

chemicals) was added. Additionally, when required, 50 µg/mL solution of X-gal () was also 

added. After thorough mixing, the liquid agar was poured into plastic petri dishes next to a 

flame. The plates were kept partly closed till the agar solidified. These plates were then 

immediately used for plating a culture or closed and stored at 4°C until further use. 

 

4. Preparation of GH371 chemical competent cells 

Overnight cultures prepared from single colony of the bacterial cell were diluted 100 times 

with fresh LB medium and incubated at 37°C, 200 rpm till the O.D. at 600 nm reached 0.5. 

The culture was cooled on ice centrifuged at 4°C at 4000 rpm for 10 min and hereafter the 

culture is always kept cold on ice. The supernatant was discarded and the pellet was 

resuspended in (1/10 volume of the culture) cold 100 mM MgCl2 solution followed by 

another centrifugation at 4°C for 15 min. After discarding the supernatant, the pellet was 

resuspended in same volume of cold 50 mM CaCl2 solution and centrifuged at 4°C for 15 

min. After final centrifugation at similar conditions, the pellet was dissolved in (1/20 of the 

volume of the resuspension solutions) 50 mM CaCl2 containing 15% glycerol. The entire 
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volume was distributed into 50 µL aliquots, snap frozen in liquid nitrogen and stored at -

80°C.    

 

5. Preparation of BL21 (DE3) Gold chemical competent cells 

Overnight cultures prepared from single colony of the bacterial cell were diluted 160 times 

with fresh LB medium containing 100 µg/ mL of tetracycline and incubated at 28°C, 200 

rpm till the O.D. at 600 nm reaches 0.5. The culture was cooled on ice and centrifuged at 

4°C at 4000 rpm for 10 min and hereafter the culture is always kept cold on ice. The 

supernatant was discarded and the pellet was re-suspended in (1/4 volume of the culture) 

cold TB buffer and incubated for 10 min on ice followed by another centrifugation at 4°C 

for 10 min. After discarding the supernatant, the pellet was resuspended in (1/27 volume of 

the culture) cold TB buffer and (1/257 volume of the culture) DMSO and incubated for 10 

min on ice. The entire volume was distributed into 100 µL aliquots, snap frozen in liquid 

nitrogen and stored at -80°C. 

 

6. Transformation  

In chemical competent cells by heat shock: 

Cells stored at -80°C were thawed on ice and plasmids were mixed by careful pipetting. The 

samples were incubated on ice for 30 min following which it was exposed for 40 s to 42°C 

in a thermo mixer. The samples were immediately transferred back to ice for another 2-min 

following which 1 mL pre-warmed SOC was added to each tube. The tubes were kept at 

37°C, shaking at 700 rpm in a thermo-mixer for 1 h. LB-Agar plates containing the required 

antibiotic were prepared in advance and desired volume of the culture was plated on them 

and spread using glass beads next to a flame. The plates were left open in an incubator till 

the liquid soaked in. The beads were removed; the plates were inverted and incubated 

overnight at 37°C.  

In electrocompetent cells by electroporation: 

Cells stored at -80°C were thawed on ice and plasmids were mixed by careful pipetting. The 

sample was transferred to a pre-cooled cuvette, placed in the electroporation device and the 
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cells were exposed to a 5 ms pulse of 1800 V. 1 ml of pre-warmed SOC was immediately 

added to the samples and from there it was handled in the same way as mentioned above.  

 

7. Plasmid Isolation  

5 mL overnight cultures were spinned down at 4000 rpm for 15 min and the remnant media 

was discarded. Plasmid isolation was performed using a kit as per manufacturer´s protocol. 

The pellet was completely dissolved in 250 µL re-suspension buffer and transferred to a 1.5 

mL tube. 250 µL of lysis solution was added and mixed by inverting the tubes 5-6 times. 

350 µL of neutralization solution was added and mixed by inverting the tubes. Samples were 

centrifuged for 5 min at 12000 rpm. The clear solution was carefully transferred to columns 

provided in the kit and the columns were spinned in the same condition for 1 min. The 

columns were washed two times using 500 µL of wash buffer and centrifugation following 

which the columns were spinned additionally to get rid of any trace liquid residue. DNA was 

eluted in a total of 50 µL pre-heated water in two steps.   

 

8. Agarose gel electrophoresis 

Polymerised gel was transferred to the running chamber and samples containing 1 X loading 

dye was pipetted into the wells. 2 log ladders was loaded alongside as control to estimate the 

size of DNA in the sample and the gel was run on a horizontal agarose gel chamber at 70 V 

for 1.5 h. Gel was stained externally by immersing in ethidium bromide solution for 15 min 

and then destained in water for another 15 min. Chambers illuminated with UV light was 

used to analyse the gel (SI Figure VI-3). For extraction of DNA from agarose gels, UV 

protection helmets were used and correct size bands were cut out using scalpel and stored at 

-20°C until further processing. 
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9. DNA purification 

Using a kit: 

For purification of DNA from a reaction, binding buffer was added 1:1 (v/v) to the samples. 

If the desired DNA was smaller than 500 bp or bigger than 10 kb, equal volume (1:1:1) of 

100% isopropanol or water was also added. Solution was then transferred to the provided 

columns and spinned down at 12000 rpm for 1 min. The columns were emptied and if the 

samples were to be sent for sequencing, 100 µL of binding buffer was carefully added on 

the column bed and centrifuged for another minute. The columns were washed twice with 

500 µL wash buffer and after its removal another step of centrifugation was performed to 

get rid of any remnant liquid. DNA was eluted in 50 µL of pre-warmed water in two steps. 

Samples sliced from the gels were dissolved in equal volume (100 µL for 100 mg gel) of 

binding buffer with or without isopropanol or water and treated as mentioned above. 

Using Isoamyl alchohol chloroform phenol:  

To each sample, equal volume of solution containing Phenol chloroform isoamylalcohol in 

a ratio of 25:24:1 was added and mixed by vortexing for 15 s. The samples were then 

centrifuged for 5 min at RT at 16000 rpm. Out of the two different phases obtained, the 

aqueous phase was collected in a separate tube and twice the volume of pre-chilled ethanol, 

10% volume of 3 M sodium acetate was added and the samples were kept overnight at -

20°C. The following day, samples were stored at -80°C for 1 h then centrifuged at 16000 

rpm and 4°C for 30 min. Supernatant was removed without disturbing the pellet and 150 µL 

of 70% ethanol was added. Following another centrifugation step at same conditions for 2 

min and removing the supernatant, the dried pellets were diluted in water and stored at -20°C 

until further use. 

 

10. DNA quantification 

The concentration of DNA in any sample was measured using a spectrophotometer or a 

nano-drop. Cuvettes containing water was used as blank and consecutive measurement for 

the samples were carried out using fresh cuvettes. For measurement of samples with limited 

volume, 1 µL of water was first added to the loading point in the nano-drop and the machine 
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was blanked. All the samples were then quantified with intermediate cleaning of the loading 

point.  

 

11. DNA Sequencing 

All sequencing samples were prepared according to the stated requirement of GATC. 

Approximately, 800 ng of the DNA to be sequenced was mixed with 2.5 nM of the respective 

primer in a total volume of 10 µL and sent in a 1.5 mL tube with the barcode stuck on the 

tubes. The results were downloaded from the GATC website and viewed on Finch TV or 

snap gene.  

 

12. Golden Gate (GG) assembly protocol. 

TALE proteins used in this study was assembled using the GG assembly protocol described 

by Cermark et al [168]. This protocol involves systematic cloning of individual module 

plasmids to achieve TALEs of desired sequences and sizes in two steps. The first step 

involves designing sub-plasmids which are all combined in the next step in the final 

construct containing the complete sequence. Once the target DNA sequence is chosen, care 

has to be taken to avoid including the first T (T0) and the last base in the design of the first 

and the last sub-plasmid. While the repeat for T0 is pre-included in the plasmid containing 

the final sequence, the repeat for the last base is always added as an individual plasmid in 

the second step. Assembly of 12-31repeats containing TALE is possible using this protocol, 

however there is slight variance depending on the desired length. Sequences containing 12-

21 repeats use two sub-plasmids in the first step, FusA and FusB(n) (where n= total number 

of repeats - 11). The first ten repeats are included in a FusA vector and the remaining repeats 

(excluding the last repeat) are combined in respective FusB. For TALEs targeting DNA 

sequences >21 bases, three sub-plasmids are used in the first step. The first 10 repeats are 

included in plasmid FusA30A, the next ten in FusA30B and the remaining in FusB(n) (where 

n= total number of repeats - 21). In the next step, the sub-plasmids and the plasmid with the 

respective last repeat (pLr) are combined in the final plasmid to obtain the final construct 

used for expression of the designed TALEs.  
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Figure III-1: Photographic depiction of the golden gate assembly protocol. Restriction ligation for 

creation of plasmids; using GG1 assembly/intermediate vectors (Step 1) and GG2 assembly/Final 

TALE containing vector (Step 2) [168]. 

 

The first step was selection of a target DNA sequence and size. Using the accepted 

recognition pairs of RVD and bases (NN for G, NI for A, NG for T and HD for C) and taking 

into account the above-mentioned rules, 0.5 µL of 150 ng/µL of each repeat modules and 

respective array plasmids were first combined in a single restriction/ligation step containing 

units of restriction endonuclease BsaI and units of T4 DNA ligase in 1 X T4 DNA ligase 

buffer. This was called the Golden gate 1 (GG1) reaction (Figure III-1, Step 1) and was 

performed in a thermocycler using the following program: 10 cycles of 37°C for 5 min and 

16°C for 10 min followed by 1 cycle each of 50°C for 5 min and 80°C for 5 min. The reaction 

was then stored at 4°C until further use. The generated plasmids were called the GG1 

plasmids. 0.5µL of plasmid safe containing 5 mM ATP was added to each GG1  
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reaction and incubated at 37°C for 1 h and at 70°C for 20 min. 5 µL of the reaction was then 

transformed into GH371 cells and 400 µL of the culture was plated on LB-Agar plates 

containing 100 mg/L Spectinomycin and 50 mg/L X-gal. The plates were inverted and 

incubated overnight at 37°C. Colony PCR was performed for white colonies by first 

suspending the colonies in water and performing PCR using the suspension along with 0.1 

mM of each primer o734 and o735, 1 X ThermoPol buffer, 0.2 mM of dNTPs and Taq DNA 

polymerase using the program: one cycle of 94°C for 2 min, 35 cycles of 94°C for 30 s, 55°C 

for 20 s and 68°C for 2 min followed by one cycle of 68°C for 2 min. The reaction was 

loaded on 1% Agarose gel and the gel was run at 70 V for 1.5 h following which it was 

stained with Ethidium Bromide solution and analysed using UV light (Figure III-2). For the 

colonies showing the correct length on the gel, the suspension was inoculated with 5 ml LB 

cultures containing 100 mg/L Spectinomycin and the culture were incubated at 37°C, 

shaking at 180 rpm overnight. The correct colonies were also saved by spotting it on a fresh 

LB-Agar plate called the safe plate containing the correct antibiotic and storing the plate at 

4°C. Plasmids were isolated the following day using the mentioned protocol and their 

concentrations were set at 150 ng/µL.  Respective GG1 plasmids were pooled together along 

with the correct last repeat plasmid and the entry vector (pSaB_339 or pAnI_521) to perform 

the second step called the Golden Gate 2 (Figure III-1, Step 2). Reaction was performed like 

GG1 but with BsmBI (Esp3l) restriction enzyme in the thermocycler as follows: 1 cycle each 

of 37°C for 10 min, 16°C for 15 min, 37°C for 15 min and 80°C for 5 min. For 

transformation, 5 µL of the reaction volume was used along with 50 µL of GH371 chemical 

competent cells and 400 µL of the LB culture was plated on LB-Agar plates containing 50 

mg/L Carb. The next day colony PCR was performed as described above but with extension 

time of 4 min instead of 2 min. Colonies showing the correct size on Agarose gel (Figure 

III-3) was saved on a safe plate and overnight cultures was started with their suspension. 

Test digest was performed with GG2 final vector using AatII and StuI endonuclease to 

generate two fragments each bigger than 10 kbp (Figure III-4). Following isolation, 

approximately 500 to 1000 ng of the plasmids were sent for sequencing using 2.5 mM of 

primers o247, o890, and o315 as three different samples. 100 ng of plasmids displaying 

correct sequences were transformed in 50 µL of chemical competent BL21DE3 Gold cells 

and 100 µL of the inoculum was plated on a Carb containing LB-Agar plate and kept at 37°C 

overnight. 
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All the TALEs used in this study were assembled according to the GG assembly protocol 

based on Xanthomonas axonopodis scaffold and possesses a N-terminal TRX or GFP tag, a 

shortened AvrBs3-type sequence (136 amino acid preceding the first canonical repeat) and 

a C-terminus His6 tag (Figure I-17).  

 

 

 

 

Figure III-2: Agarose gel showing the result of colony PCR of GG1 plasmids. Wells 1&2: Plasmid 

containing 8 RVDs. Well 3: 2-log ladder. Wells 4 and 5 Plasmid containing 10 RVDs 

 

 

 

Figure III-3: Agarose gel showing the result of colony PCR of GG2 final vectors. Wells 1&2: TALE 

plasmid containing 30 RVDs. Well 3: 2-log ladder. Wells 4 and 5 TALE plasmids containing 26 

RVDs 

1000 bp 
1200 bp

3200 bp 3000 bp
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Figure III-4: Agarose gel showing the result of restriction digestion of GG2 final vector using 

retrsiction enzymes AflII and XbaI 

 

13. Expression of TALE proteins 

Overnight cultures from a single colony of plasmid transformed in E. coli BL21DE3 Gold 

cells were dissolved 50 times with fresh LB media containing 50 µg/mL of carbenicilin in 

an Erlenmeyer flask and the culture was grown at 37°C shaking till the OD at 600 nm reached 

0.4. Expression was induced with 0.2 mM IPTG and incubated for additional 5 h. The culture 

was centrifuged at 4°C, 4000 rpm for 20 min. The pellets were either stored at -20°C until 

further purification.  

 

14. Purification of TALE proteins  

Freshly centrifuged or frozen pellets from expression cultures were dissolved in taq lysis 

buffer containing 50 µg/mL lysozyme and 1 mM PMSF. The solution was kept shaking at 

100 rpm and RT for atleast 30 min following which it was sonicated using the following 

cycle: The culture was then centrifuged for 30 min at 4°C and 9000 rpm.  

- For TALEs with a TRX tags, the resultant supernatant was discarded and 

buffer Z was added to the pellet and mixed vigorously. Ni-NTA beads were 

then added and the solution was shaken for additional 3 h at RT. The solution 

was then loaded on purification column and the flow through was discarded. 

The resin was washed twice with 4XPBS containing 8 mM urea, 4 times with 

3000 bp 

10000 bp 
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buffer Z containing 20 mM imidazole and once with the buffer Z containing 

50 mM imidazole. Finally the protein was eluted thrice in buffer containing 

500 mM imidazole. 

 

- For TALEs with a GFP tag, the supernatant was collected in a fresh falcon 

and mixed with Ni-NTA beads for atleast 3 h at 4°C. The solution was then 

loaded onto a purification column and washed twice with cold 4XPBS buffer 

containing 1 mM DTT, 4 times with Qiagen lysis buffer containing 20 mM 

imidazole and 1 mM DTT and once with Qiagen lysis buffer containing 50 

mM imidazole and 1 mM DTT. The protein was finally eluted in Qiagen lysis 

buffer containing 500 mM imidazole and 1 mM DTT thrice.  

Combined elution was packed in a dialysis membrane (10kDa molecular weight threshold) 

and dialysed in 1 X TALE storage buffer containing 1 mM DTT at 4°C. The dialysis buffer 

was changed till imidazole amount in the sample was reduced to picomolar range. The 

proteins were then collected, distributed in aliquots, snap frozen in liquid nitrogen and stored 

at -80°C until further use.  

 

15. Quantification of TALE proteins 

Bicinchoninic acid assay (BCA) was used to estimate the concentration of the proteins. The 

procedure was carried out according to manufacturer’s protocol wherein a series of known 

concentration of a standard protein is plotted against the readout from the TECAN and the 

equation generated by the linear regression curve is used to calculate the concentration of 

unknown proteins. 

 

16. SDS electrophoresis 

For analysis of protein size and quality 1 X SDS-PAGE loading dye was added to each 

protein samples and they were heated at 95°C for 5 min. The samples were loaded on the 

SDS gel which was run in a mini protean vertical electrophoresis cell unit at 70 V and 30 

mA for 1.5 h. The gel was carefully taken out from between the plates, stained in brilliant 

blue solution for 1 h and destained in destaining solution for 1 h (Figure III-5).   
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Figure III-5: SDS showing purified TALEs. Wells 1&2: Second and first elution of a TALE 

containing 30 RVDs. Well 3: Protein marker. Wells 4&5 Second and first elution of a TALE 

containing 26 RVDs. 

 

17. Mutagenesis using quikchanges (Agilent)  

For insertion deletion or change of upto 6 continuous bases in any DNA sequence, primers 

were designed according to supplier´s protocol. Essentially, both the forward and reverse 

primers targeted the same region and were shifted only by 2 to 3 base pairs. The region in 

which the mutation was to be introduced was designed to be approximately at the centre of 

each primer. C/G was always selected as the beginning and end bases of the primers and 

their size ranged from 30 to 40 base pairs. Care was taken to have the melting temperature 

above 72°C. 10 ng of template, 0.4 µM of each primer, 1 X Pfu polymerase buffer and 2 

units of Pfu polymerase were mixed in a final volume of 25 µL. The samples were run in a 

cycler using the program: 95°C for 30 s followed by 20 cycles of 95°C for 30 s, 55°C for 30 

s, 68°C for 8 min and a final extension at 72°C for 10 min. After addition of 1 µL of DpnI 

endonuclease, the reaction was incubated at 37°C for 1 h and at 80°C for 20 min. The 

samples were then transformed into GH371 cells. Next day 3 colonies were picked for o/v 

cultures and sent for sequencing as described.  

66.4  kDa

 

212 kDa

 

130 kDa
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18. Restriction ligation 

For creating longer or discontinuous mutations in any vector, primers with restriction sites 

of particular endonucleases were used in a PCR reaction to introduce these sites on the sides 

of the region where the changed sequence was to be inserted. In the same time, 

complementary oligonucleotide bearing the desired mutation and sites for the same 

restriction enzyme as the vector were ordered. Oligonucleotides were hybridized in 1 X of 

buffer compatible with the endonucleases by heating at 95°C and incubating for 30 min at 

RT. Both the plasmid and the oligonucleotides were restricted in parallel using the respective 

endonucleases and were ligated o/v at 4°C using 10 units of T4 DNA ligase. The ligation 

product was transformed into GH371 cells and plated on agar plates containing the correct 

antibiotics. Next day 3 colonies were picked for o/v cultures and sent for sequencing as 

described.    

 

19. Whole genome amplification (WGA) 

Human gDNA (Yoruban male individual, encode entry NA18507) was obtained from 

Coriell Institute whereas the gDNA of Zebrafish (Zf) and bacteria was extracted from either 

the tissue of a single individual (Konstanz wildtype) or from the single clone of E. coli strain 

K12 ER2738. To obtain modification free gDNA, the WGA kit was used as per the supplier’s 

protocol. buffer DLB was prepared in advance and buffers D1, N1 were prepared according 

to the sample size. To each 5 µL DNA sample (~100ng) in TE buffer, 5 µL of buffer D1 was 

added and mixed by vortexing and short centrifugation. The samples were incubated for 3 

min at RT following which 10 µL of buffer N1 was added and mixed well. 30 µL of a master 

mix containing nuclease free water, REPLI-g mini reaction buffer and REPLI-g mini DNA 

polymerase was then added and after mixing the samples were incubated for 16 h at 30°C. 

For inactivation of the polymerase, the samples were heated at 65°C for 3 min and the 

samples were purified using QIAmp DNA mini kit (see Methods DNA extraction and 

cleaning using QIAmp DNA mini kit). 
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20. DNA extraction and/or purification, QIAmp mini DNA kit 

For extraction and purification of DNA, 200 µL of the samples were mixed with 20 µL of 

proteinase K solution and 200 µL of buffer AL and mixed by pulse-vortexing for 15 s 

followed by incubation at 56°C for 10 min. 200 µL of 100 % ethanol was added and mixed 

thoroughly and the entire volume was transferred to the column provided in the kit. 

Centrifugation was performed at RT, 8000 rpm for 1 min and the flow-through was 

discarded. The columns were washed using 500 µL of each buffer AW1 and AW2 by 

centrifugation at 8000 rpm for 1 or 3 min respectively. DNA samples were eluted in 50 µL 

of pre-warmed water in two steps.  

 

21. Random shearing gDNA 

To obtain gDNA sample containing different size distribution, the WGA samples were 

addressed to random shearing by sonication. Samples contained in a 2-ml tube were placed 

in a flask contining ice to avoid over heating of the samples. To avoid splashing of the 

samples, the tube opening was covered by paraffin film. Probe was introduced into the tube 

by making a small hole on the film. 20 cycles of 30 s on/ 30 s off pulse at 20 % power 

resulted in a broad fragment size range of 100 – 1000 bp as evident by visualization on 1 % 

agarose gel (SI Figure VI-2).  

 

22. Enzymatic methylation using CpG methyltransferase 

To perform enrichment with genomic samples containing uniformly methylated CpGs, a part 

of the randomly sheared gDNA was treated with 20 units of M. SssI in a 200 µL reaction 

volume containing 1 X NEB buffer 2 and 640 µM of the S-adenosylmethionine. Control 

samples (non-methylated) were treated in parallel without the enzyme. The samples were 

incubated at 37°C for 14 h in total including replenishment with 4 µL of 32 µM SAM after 

4 h. To verify the efficiency of methylation, both non-methylated and methylated samples 

were treated with sodium bisulphite as described below.  
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23. Bisulphite conversion and PCR   

Deamination of DNA samples using sodium bisulphite was performed as per manufacturer´s 

protocol. In short, DNA (100ng) in 20 µL of water was mixed with 35 µL of DNA protect 

buffer and 85 µL of freshly dissolved sodium bisulphite solution. The tubes containing the 

reaction were then placed in a PCR cycler and the following program was performed: 

(Denaturation at 95°C for 5 min, incubation at 60°C for 25 min, 95°C for 5 min, 60°C for 

85 min, 95°C for 5 min, 60°C for 175 min and 20°C overnight).  The reaction was 

immediately cleaned using the buffers and instructions provided in the kit. 560 µL of freshly 

prepared buffer BL was added and mixed by vortexing. The samples were briefly centrifuged 

followed by transferring the entire volume to a column provided in the kit and spinned at 

14000 rpm for 1 min. The columns were washed once with 500 µL of buffer BW incubated 

for 15 min with buffer BD followed by washing twice with 500 µL of buffer BW and 

centrifuged empty to get rid of any liquid. DNA was eluted in 50 µL elution buffer and stored 

at -20°C until further use. Bisulphite specific primers were often used in nested PCR 

reactions where the first PCR reaction is performed using the converted DNA while the 

following reactions used the product generated in prior PCR reactions as templates. For 

higher sensitivity in primer binding, the master mix from the EpiTect MSP kit containing 

HotStar Taq d-Tect Polymerase was used with template and primers. The PCR reaction were 

performed as follows: (Activation at 9°5C for 10 min followed by 40 cycles of denaturing 

at 95°C for 15 s, annealing at 55°C for 30 s and extension at 72°C for 30 s. A final extension 

step was performed at 72°C for 10 min after which the samples were stored at 4°C). The 

final reaction product was cleaned and sent for sequencing. 

 

24. Sodium borohydride mediated reduction of fC to hmC 

For discriminating between sequences containing a single hmC or fC, 50 µL samples were 

treated by addition of 150 µL freshly prepared 1 M solution of the reducing agent; sodium 

borohydride while continuous shaking for 1 h at RT in dark with mixing, briefly centrifuging 

and opening the tubes for release of hydrogen every 15 min. The reaction was quenched 

using 600 µL of 1 M sodium acetate (pH 5) for 10 min at RT followed by purification using 

DNA purification kit. Both treated samples and untreated samples were used in parallel in 

an enrichment assay using TALEs bearing N* RVD targeting the modified C.  
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25. Primer Extension (PEX) 

PEX assay was developed and established in our group by Dr. Grzegorz Kubik [12]  

5´γ-32P-ATP labelling   

Prior to all PEX reactions, the reverse primers were labelled at the 5´with 32P by incubating 

10 pmol of the primer with 1 µL of γ-32P-ATP and 1 µL of T4 polynucleotide kinase in 1 X 

kinase buffer at 37°C for 1 h and then heat inactivating the enzyme at 75°C for 10 min. The 

samples were cleaned using G-25 columns that were prepared in advance by vortexing the 

resin, removing the bottom closure, opening the column cap slightly and centrifuging at 3200 

rpm for 1 min. Samples were loaded at the centre of the resin bed and centrifuged. The 

collected 50 µL samples were diluted with 20 µL of respective unlabelled primer (10 µM) 

to obtain 70 µL of 3 µM solution. Handling of 32P containing samples were always 

undertaken behind radiation protective glass and wearing appropriate lab coat, gloves, eye 

protection gear and a measuring device which was investigated and refreshed monthly. 

Reaction 

Pair consisting of a longer forward and a shorter reverse oligonucleotide were hybridized in 

2 X hybridization buffer A by heating at 95°C for 5 min and cooling for 30 min at RT to 

obtain a final concentration of 33.3 nM ds DNA sequence consisting the respective TALE 

target sequence. 3 µL of this template was incubated with 3 µL of TALEs in 1 X Tale storage 

buffer for 30 min at RT. 6 µL of a mix containing 1 X buffer hybridization buffer B, 200 

µM of dNTP mix and different units of Klenow Fragment was added to these samples and 

incubated further for 15 min following which 12 µL of PAGE loading buffer was added to 

each sample and heated for 5 min at 95°.  The samples were cooled on ice and loaded on a 

pre-run gel with. The gel was run in 1 X TBE at 120 V for 1 h and was transferred to a 

Wattmann paper which was dried for atleast 1 h at 80°C. Later the gels were placed overnight 

on Phospho Imaging screen (IP) and after the gel was removed, the IP was read on a 

phosphor imager (Figure III-7) and analysed using software quantity one. 
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Figure III-6: Schematic representation of the PEX assay. TALE binding is inhibited by presence of 

5mC but not C in the target sequence. Extension by polymerase is disrupted in TALE bound samples 

[19]. 

 

 

 

Figure III-7: Example of a PAGE gel containing samples from a PEX assay. The first well contains 

sample with no TALE and the last well contains sample with no polymerase. DNA, TALE samples 

and their ratios are mentioned below. PEX was conducted using fw oligos o1077 (C13 C20), o1184 

(C13 mC20), o1185 (mC13 C20) and o1076 (mC13 mC20) and the common radiolabeled rv primer 

o1078.  

.  
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26. Affinity enrichment using TALEs 

Using Ni-NTA magnetic beads 

In a 1.5 mL tube, desired gDNA was mixed with calculated quantity of respective TALE 

protein, 1.2 µL of 10 X buffer X with 5mM DTT added freshly and nuclease free water in a 

final volume of 12 µL. The samples were kept for 30 min at 25°C and on ice for 30 min. 

Meanwhile Ni-NTA magnetic beads were prepared by pipetting the required amount of 

beads in a fresh 1.5 mL tube and placing it on a magnetic stand. Entire volume of the storage 

liquid was removed and the same volume of buffer X without DTT was added. The beads 

were also stored on ice until further use. After incubation, 5 µL of the beads and 483 µL of 

pre-cooled buffer X with fresh 0.5 mM DTT were added to each tube and the tubes were 

incubated at 4°C and 700 rpm shaking for 1 h. All the tubes were placed on the magnetic 

stand and after 2 min the liquid was removed carefully without disturbing the beads. 500 µL 

of cold buffer X was added and the beads were washed carefully by pipetting up and down. 

The beads were allowed to settle for additional 2 min. Buffer X was completely removed 

and 500 µL of nuclease free water was added and the samples were heated and shaked at 

95°C and 1400 rpm for 5 min. The tubes were allowed to cool and placed on the magnetic 

rack. Liquid from each tube was collected carefully in a fresh 1.5 mL tube and were dried 

using a vacuum drier at RT for 3 h. 50 µL of nuclease free water was added to each tube, 

mixed and centrifuged briefly. 7.5 µL of these samples were then used in a qPCR reaction.    

Spike-ins were prepared in advance (see list of oligonucleotides) via PCR with respective 

primers and purified via agarose gel extraction. Background gDNA to be used was also 

restricted using appropriate restriction endonuclease (see results) and cleaned using PCR 

purification.  

Using non-magnetic Ni-NTA resin 

Experiments using non-magnetic beads were conducted like the above described method, 

however instead of 5µL of magnetic beads, 50 µL of Ni-NTA resin (diluted 20 times with 

buffer X) was added to the samples and the samples were loaded on a spin column and 

spinned for 1 min at 1000 rpm. The beads in the column were washed as described earlier 

and for the final step, the beads were eluted in 500 µL of water and the tube was heated at 

95°C for 5 min at 1400 rpm and cooled down at RT. The bead solution was re-loaded into 

the same columns and the spinning step was repeated. Hereafter samples were treated in the 
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same way as described earlier. For crosslinking experiments, following the incubation of 

TALE and DNA for 1 h and addition of 353 µL of buffer X, 5µL of formaldehyde (0.37%) 

was added to the samples and they were shaked at RT for 10 min. 125 µL of 1M glycine 

solution was added to each tube and the sample was shaken for another 5 min. Samples were 

then treated the same way as described earlier.  

 

27. MeDIP 

MeDIP assay was performed parallel to enrichment assay using TALEs for samples bearing 

varying levels of 5mC. Protocol was followed as per provider´s instructions. In short, 

samples to be enriched were prepared and separately mixed with antibody mix which 

contained positive (methylated) and negative (non-methylated) DNA controls. After 

treatment and washing in the recommended condition, samples were used for conducting 

qPCR using the control primers provided in the kit as well as the primers designed for the 

samples. The controls indicated the immunoprecipitation efficiency and the quantity of the 

target samples enriched were calculated similar to the enrichment assay as described below. 

 

28. qPCR 

All reaction components were collected under the sterile air-flow hood. The reactions 

contained 12.5 µL (1 X) of qPCR master mix from Promega and 7.5 µL of the template. 

Primers were added to a final concentration of 0.2 µM (5 µL). All the components were 

added in a 384 well plate and RT-PCR was performed on CFX-384 TOUCH 1000 cycler. 

For each primer pair (p.p.), a linear curve was obtained upon plotting Ct value obtained v/s 

concentration of template. The equations generated were then used to determine the 

concentration of the target in experimental samples. The curves generated by templates 

differing only in C modifications (C, 5mC, 5hmC, 5fC, 5CaC and 4mC) were similar. 
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29. Electromobility Shift Assay 

The oligonucleotide pairs consisting of a forward primer bearing the target sequence and the 

reverse primer with or without a Cy5 fluorescence tag were hybridized in 2 X hybridization 

buffer A by heating at 95°C for 5 min and kept at RT for 30 min. 500 nM of the hybrid was 

then incubated with 100 nM of respective TALEs in 1 X TALE storage buffer in a final 

volume of 10 µL. The reaction was kept for 30 min at RT followed by incubation on ice for 

another 30 min.  The EMSA gel was pre-run at 70 V and 4°C for 30 min in a Mini Protean 

vertical electrophoresis cell unit. Following addition of 5 µL of sample into each well, the 

gel was run for another 90 min in the same conditions. The intact glass plates were placed 

in a Typhoon FLA-9500 and the fluorescence for samples containing the Cy5 tag, emission 

was read using 647 nm band filters and for those containing no additional tag was read at 

525 nm. Results were analysed using the software Image J. TALE-DNA complex formation 

was calculated by building the ratios of the shifted band (TALE-DNA complex) and the 

complete area of the same lane.  

 

30. Fluorescence Resonance Energy Transfer 

FRET assay was first applied in our group by Sara Maurer. It was optimized and used for 

determination of inhibition constant (Ki) for TALEs as mentioned in the publications [19]. 

Templates containing the TALE binding site and differing only on the modifications on the 

targeted C were hybridized with a common reverse primer covering the target sequence and 

containing a 5´Cy5 and a 3´Cy3 fluorescent tags were hybridized in hybridization buffer A 

by heating the mix at 95°C for 5 min and incubating at RT for 30 min. In a 384 well plate 3 

µL of the hybridized DNA (200 nM) was mixed with different concentrations of respective 

TALE proteins in 3 µL of 1 X TALE storage buffer and the mixture was allowed to stand at 

RT for 30 min. 6 µL of a solution containing 2 X Dnase I buffer and 1 U of Dnase I was 

added to each well and the plate was shortly spinned and immediately placed in a TECAN 

M1000 plate reader which was pre-heated at 37°C. Fluorescence by Cy5 emission was 

measured at 665 nm for every 5 min. Cy5 fluorescence values of a control containing no 

TALE was subtracted from the data and the ratio of Cy5 fluorescence of samples with 

TALEs to that of control without Dnase I was plotted as relative Cy5 fluorescence. In Ki 

measurements, data were analysed on the software Origin using Hill fit.  
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Figure III-8: Pictorial representation of the set-up used for screening library of engineered TALEs 

using FRET with DNA containing samples bearing either C. 5mC or 4mC. The fluorophore Cy5 is 

excited (552 nm) by emission of Cy3 only when they lie in close proximity uncut by DnaseI.  

Emission by Cy5 at 665 nm was recorded [19].  

 

31. MALDI 

Detection of modified bases on oligonucleotides was first established in our group by Mario 

Giess. 

Oligonucleotides o476, o465 and o1236 each containing the Hey2_b binding site and either 

a C, 5mC or 4mC on the C of the CG respectively, were hybridized with o1152 in separate 

reactions in 1 X NEB CutSmart buffer by heating at 95°C for 5 min followed by incubation 

at RT for 30 min. Each hybrid was then restricted by addition of 10 units of SacI-HF and 

incubating at 37°C for 4 h followed by heat deactivation of the enzyme for 20 min at 65°C. 

DNA was purified using Phenol/Chloroform extraction followed by ethanol precipitation 

with 10% v/v of 3 M NaOAc (pH=5.2). The pellets were dissolved in 10 µL of aqueous 

solution containing 1% v/v Acetonitrile and 0.1% v/v TFAaq. Zip-tips were wetted with 

Acetonitrile and equilibrated with 0.1% v/v TFAaq. After equilibration, the sample was 

bound to the tip resin by repeatedly pipetting up and down. The bound DNA was washed 

twice with 0.1% v/v TFAaq and then co-eluted with the matrix solution containing 50 mg/mL 
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HPA and 10 mg/mL D-amonium citrate in 50% v/v acetonitrileaq. The samples were spotted 

on the MALDI measuring plate and left to dry. Masses were measured on MALDI-TOF 

(Bruker) using linear positive mode and analysed using the flexAnalysis software.  

 

32. Luciferase assay 

Luciferase assay was first established in our group by Anna Witte. It was optimized and 

adapted for conducting methylation sensitive in vivo transcription activation by TALEs as 

mentioned in the publication [21].     

Plasmids pPrR814synC and pPrR814synmC bearing a single C or mC in the TALE binding 

site were constructed as follows: Oligo pairs oAnW2016/oAnW2017 and 

oPrR2248/oAnW2017 were hybridized (4 µM each) in 1 X CutSmart buffer by heating at 

95 °C for 5 min and incubating at RT for 30 min. Plasmid pAnW755 and the hybridized 

oligonucleotide duplexes containing or not containing the single mC position were digested 

with each 10 units of SalI HF and SpeI and purified using a PCR purification kit. Plasmids 

p814synC and p814synmC were constructed by ligation of the digested pAnW755 with the 

digested oligonucleotide duplexes using T4 DNA ligase.  Ligation reactions were purified 

via PCR purification and quantified by UV absorption measurement at 260 nm on nano-drop 

2000. HEK293T cells were maintained in DMEM media supplemented with 1 % 

penicillin/streptomycin, 10 % FBS and 1% L-Glutamine. 104 cells were cultured in a 96 well 

plate overnight prior transfection. Opti MEM and lipofectamin 2000 were mixed according 

to the manufacturer’s protocol. 25 ng of plasmid from group A (encoding a TALE binding 

site and a minCMV promoter upstream of a firefly luciferase gene) and 175 ng of plasmid 

from group B (encoding the TALE-VP64 fusion constructs; for plasmid maps, see the SI 

Figure VI-20) were pipetted in pairs as follows: pAnW755/pAnW818, 

pAnW814/pAnW818, pAnW814/pAnW893, pPrR814synC/p818, 

pPrR814synmC/pAnW818, pPrR814synC/pAnW893, pPrR814synmC/pAnW893, 

pPrR814synC/pPrR1149 and pPrR814synmC/pPrR1149. Transfection mix was added to 

each plasmid pair and incubated for 20 min at RT. The solution was added to wells of the 96 

well plate and incubated at 37 °C and 5% CO2 for 48 hr. Each well was then washed with 

20 µl of DPBS and the supernatant removed. 40 µl of lysis buffer was added to each well 

and mixed vigorously. The plate was then incubated on ice for 20 min. After incubation, 20 

µL of the lysis solution from each well was combined with each 90 µL of Bright-Glo in a 
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second 96 well plate. The plate was quickly spinned down and the luminescence was 

immediately measured on a TECAN M1000 plate reader (wavelength 380-600 nM). Ratio 

of luminescence from each sample to that of a sample transfected with TALE_CDKN2A 

(WT) and a nonmethylated luciferase reporter plasmid pAnW814 (that had not been ligated 

with a synthetic DNA oligonucleotide duplex) was plotted as relative luminescence. The 

error bars represent standard errors from triplicate experiments. For analysing the integrity 

of the synthetically introduced 5mC position in plasmids over the duration of the experiment, 

the samples were collected after 48 h of incubation. DNA was extracted with a QiaAmp 

DNA mini kit and converted with bisulphite. Nested PCR was performed on these samples 

with p.p. oPrR2425/oPrR2426 followed by oPrR2424/oPrR2427 using the Epitect MSP kit. 

The PCR product was purified by agarose gel electrophoresis, extracted with a PCR 

purification kit and sequenced with primer oPrR2427 (SI Figure VI-21). 
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IV. RESULTS AND DISCUSSION 

The ability of TALE repeats to bind differently to its target sequence containing either 

canonical nucleobases or their epigenetic counterparts is already established [12–15]. The 

otherwise strong hydrogen bond between TALE RVD HD and DNA nucleobase C can be 

perturbed to varying extent depending on the epigenetic modification present (5mC, 5hmC, 

5fC, 5caC or 4mC) (Figure I-18). This effect is evident by lower binding or reduced 

preference towards sequences bearing these marks. Although methylation of C has been 

observed to occur universally, in eukaryotic mature cells it is found almost exclusively in 

CpG context. To test various factors that could affect the overall binding strength, sequence 

specificity and sensitivity towards epigenetic modifications, TALEs containing RVD HD 

targeting canonical or modified C were designed for sequences occurring in different 

genomes, of different lengths or bearing different number of CGIs and their function for 

detection of different epigenetic C nucleobase was observed in various assays.   

All the TALEs designed and used in this study were first tested for specific binding and 

sensitivity using the primer extension experiments previously established and described by 

Dr. Grzegorz Kubik (Figure III-6) [12]. Degree of TALEs binding to synthetic 

oligonucleotides bearing either no, one or more 5mC on one strand and hybridized to 32P 

labelled shorter reverse primer was observed based on the amount of completely extended 

ds oligonucleotide generated due to the action of KF (polymerase) on TALE bound/unbound, 

partially dsDNA sequence. A ratio of extended to non-extended product was indicative of 

the extent to which TALEs could compete with KF to bind to a sequence. All the ratios were 

normalized to control samples containing no TALE and showing complete extension 

(assigned a value 1). A clear band of high intensity with samples containing one or more 

5mC and a comparatively faint or no band in ones with no 5mC indicated that TALE RVD 

HD bound stronger to target sequence with C compared to those with any modification 

(Figure III-7, SI Figure VI-1).      

For affinity enrichment assay, qPCR reactions for Zf loci Hey2_a. Hey2_b, Hey2_c was 

conducted using p.p. o903/o904 while those for human genomic loci BRCA1, BRCA1_a, 

CDKN2A, MGMT, ZAP-70 were conducted using the p.p. o1060/o1114, o1570/o1577, 

o1064/o1065, o1457/o1459 and o1759/o1764 respectively.  
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A. Isolation of specific gDNA sequences using TALEs 

Establishment of successful TALE based affinity enrichment of desired genomic sequences 

required various optimization. Experiments were conducted with different Ni-NTA beads, 

buffers, TALE and DNA concentrations, position of His6 tag in TALE protein, different size 

of TALE protein and in combination with cross-linking using Formaldehyde (HCHO) (SI 

Figure VI-4).  

The first step in designing of an assay using solid phase bound TALEs to enrich specific 

sequences from a pool of gDNA was to test for off-target sequence binding by TALEs. 

TALE proteins targeting sequences in Zf genome (Hey2_a, Hey2_b and Hey2_c) (Figure 

IV-1) were expressed and used individually with 200 ng of randomly sheared, non-

methylated gDNA (SI Figure VI-2). The TALE-DNA complex was then immobilized by 

magnetic Ni-NTA beads binding of the TALE His6 tag. Following washing and separation 

from the protein, the enriched gDNA sequence was quantified using data from qPCR with 

respective p.p. that recognized regions close to the target sequence.  

As off-target gDNA controls, these TALEs were used with randomly sheared human gDNA 

(SI Figure VI-3) and enrichment of promoter sequence of two unrelated loci (BRCA1 and 

MGMT) (Figure IV-2) was observed. TALEs targeting the mentioned human loci were also 

tested for enrichment of Hey2_b sequence from Zf gDNA.  

While on-target sequences were enriched in a range of 600 to 1000 copies, isolation of only 

negligible quantities of off-target sequences were observed by all TALEs. TALE_MGMT 

was seen to enrich slightly higher copies of Hey2 sequences. This was considered an artefact 

owing to similarity between the two target sequences (Figure IV-5). To ensure that 

sequences were enriched solely bound to TALE protein, control with no TALE was used in 

parallel. qPCR based quantification indicated non-significant amounts of target DNA 

sequences in samples without TALE proteins (Figure IV-4).   
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Figure IV-1: TALE target sequences in Zf Hey2 loci as mentioned on the left. Sequences are always 

displayed from 5´to 3´direction. CpG sites are indicated in bold and underlined. The scale under the 

sequence indicates the length of the target sequence in bp [17]. 

 

 

 

 

Figure IV-2: TALE target sequences in human genome. Loci are mentioned on the left. Sequences 

are always displayed from 5´to 3´direction. CpG sites are indicated in bold and underlined. The scale 

under the sequence indicates the length of the target sequence in bp [17]. 
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Figure IV-3: Pictorial representation of TALE based affinity enrichment assay [17]. 
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Figure IV-4: Result indicating enrichment of Zf (dark grey) and human gDNA sequences (light grey) 

using one target and several off-target TALEs. Y-axis depicts the quantity of gDNA enriched being 

bound to TALEs mentioned below, calculated as per data from qPCR performed using p.p. for loci 

mentioned above. Error bars indicate standard error from experimental and qPCR duplicates [17]. 

 

 

TALE_MGMT     -----------------------------TCCCAGCTTCCGCCTGAGGCTCTGTG----- 

                                               |||| |  |   ||||| | ||     

HEY2          TTCCTGCAGCAGAGCGGACTTCCCTCCTCAGAGAGCTCCTCCGGCAGGCTGTCTGAGGCT   

 

 

 

Figure IV-5: Similarity between TALE target sequence in human MGMT and Zf Hey2 loci [17].  

 

B. Sequence specific detection of 5mC in gDNA using TALEs 

Following isolation of specific target sequences from gDNA with little or no non-specific 

binding activity, the next focus was to use affinity enrichment assay for detection of 5mC in 

gDNA samples. This meant using TALEs to target specific sequence and RVD HD in 

TALEs to differentiate between C and 5mC. To achieve this, WGA and randomly sheared 

Zf gDNA was treated with CpG methyltransferase (M. SssI) to homogeneously add methyl 

groups on all C of CGIs. Both methylated and non-methylated gDNA was then used 

separately but simultaneously with the same TALEs targeting sequences harbouring the CpG 

site of interest and affinity enrichment was conducted as described earlier (Figure I-6). 
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Isolation of significantly higher quantities of non-methylated target sequence was observed 

using three TALEs targeting three distinct sequences in Zf Hey2 locus (Figure IV-1). Before 

being used for the assay, qPCR was performed with dilution series of both non-methylated 

and M. SssI treated WGA gDNA samples. Both type of samples generated similar threshold 

cycle (Ct values) and linear regression curves. Although all TALEs bound better to non-

methylated DNA, TALE_Hey2_a exhibited the highest difference in binding between 

C/5mC containing target sequence (Figure IV-7).  

 

 

 

Figure IV-6: Schematic representation of principle behind differential binding of TALEs to C or 

5mC containing samples. Comparatively lower binding to 5mC containing samples in affinity 

enrichment is evident by a higher Ct value or lower amount of DNA enriched [17]. 
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Figure IV-7: Result indicating enrichment of target sequence from M. SssI treated (red) or untreated 

(black) Zf gDNA sample using TALEs mentioned below. Each target sequence contained one CpG 

(Figure IV-1). Error bars indicate standard error from experimental and qPCR duplicates [17]. 

 

An Analogous assay was conducted to observe the isolation of C or 5mC containing target 

sequence in four different cancer biomarkers (Figure IV-2). Despite differing in extent to 

distinguish between C/5mC, all the candidates displayed direct sequence isolation in 

combination with 5mC selectivity. TALE_CDKN2A exhibited both highest enrichment and 

sensitivity while TALE_MGMT distinguished least between C/5mC owing probably to an  

overall lower enrichment efficiency (Figure IV-8). While all these proteins targeted 26 bp 

sequences, the placement of the target CpG was different. Also, unlike the other three, 

BRCA1 target sequence had 2 CpG sites in the target sequence (Figure IV-2).  

To ensure the stability of the 5mC in the target sequence, sodium bisulphite based 

deamination was performed for both M. SssI treated and non-treated human gDNA samples. 

Sequencing with a reverse primer specific for BRCA1 target site showed replacement of G 

with A only in the non-treated samples which is consistent with 5mC being unaffected by 

deamination (SI Figure VI-8). 
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Figure IV-8: Result indicating enrichment of target sequence from M. SssI treated (red) or untreated 

(black) WGA human gDNA sample using TALEs mentioned below. Target sequences contained one 

or two CpG sites (Figure IV-2). qPCR was performed for amplifying loci mentioned above the 

colums. Break in the X-axis indicates experiments conducted using the same set-up at separate 

occasions. Error bars indicate standard error from experimental and qPCR duplicates [17]. 

 

The possibility of using TALEs in an enrichment assay to detect sequence specific, single 

nucleotide methylation in genomic sequences, tested using various sequences prompted their 

possible use as a sensitive technique for detecting methylation in a gene relevant for 

diagnosis of certain diseases in humans. Methylation at a single CG in the ZAP-70 locus 

(occurring 223 bp downstream of the transcription start site) in human genome serves as a 

clinical biomarker for prognosis of the type of chronic lymphocytic leukaemia in adults. A 

TALE targeting a 26 bp sequence containing the mentioned CG was designed and an affinity 

enrichment assay was performed with C or 5mC containing human gDNA. A clear 

preference for binding and isolating samples with no modification was observed also for this 

medically relevant and important target sequence (Figure IV-8). These results also paved the 

way to conduct more advanced experiments requiring higher sensitivity and selectivity 

including detection of C modifications other than 5mC.    
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C. Quantitative detection of 5mC in gDNA samples 

It was evident from the experiments so far, that TALEs containing RVD HD enriched higher 

copies of non-modified C containing sequence compared to those bearing 5mC. However, 

gDNA samples typically do not exhibit a homologous pattern or content of 5mC occurrence. 

To reveal if this experimental set up was sensitive enough to be able to detect the extent of 

methylation present, a levelling assay was designed with samples containing varying 

percentages of 5mC. Enrichment was performed with a total of 200 ng of randomly sheared 

DNA as described earlier. M. SssI treated and non-treated gDNA were mixed to yield 

experimental sample carrying varying percentage of methylation (from 0% to 100%). Based 

on prior observation, the most promising candidate i.e., TALE_CDKN2A was chosen for 

the experiment. Quantification of the amount of target DNA isolated from different samples 

using qPCR showed a near linear, inversely proportional relation between the level of 5mC 

present in the target sequence and their binding by the target TALE protein (Figure IV-9).  

 

 

 

Figure IV-9: Affinity enrichment using TALE_CDKN2A and samples of human gDNA containing 

varying percentage of the targeted CpG methylated as mentioned below. Error bars indicate standard 

error from experimental and qPCR duplicates. ** indicate significance difference as calculated by 

student t-test with p ≤ 0.01 [17]. 
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To be able to verify the universality of this approach, an analogous experiment was 

performed with the TALE_Hey2_b and Zf gDNA in a similar set-up. Although less drastic, 

similar effect of methylation on TALE binding and isolation was observed (Figure IV-10). 

 

 

 

Figure IV-10: Affinity enrichment using TALE_Hey2_b and samples of Zf gDNA containing 

varying percentage of the targeted CpG methylated as mentioned below. Error bars indicate standard 

error from experimental and qPCR duplicates.  

  

D. Simultaneous detection of 5mC in different loci of human genome 

The complete protocol for enrichment of desired sequences using TALEs requires one day 

and a few preparations in advance. It would be highly beneficial and reasonable if a 

customized mix of different TALEs could be used together for simultaneous detection of 

methylation at more than one target sequence in one genome (Figure IV-11).  

A multiplexing experiment was designed for detection of 5mC in human gDNA using 

TALEs BRCA1, CDKN2A and MGMT. Samples containing one, two or all the three TALEs 

in equal amounts with 200 ng of human gDNA were used in an enrichment assay. The 

isolated DNA sample were quantified in a qPCR reaction to reveal the number of DNA 

copies enriched for each individual target sequence. Discrimination in enrichment of 
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samples containing C and 5mC containing gDNA was observed in every single combination, 

irrespective of the number of TALEs used together and without the need to increase the 

DNA concentration (Figure IV-12). The results for control samples containing no TALE 

were also in agreement with the previously observed effect and exhibited negligible non-

specific binding by the TALEs in this assay (result not displayed). The conditions employed 

are well suited for the sample size of laboratory purposes but since the process does not 

require expensive reagents or instruments, it can be scaled up and customized according to 

requirement.  

This experiment specially highlighted the potential of TALEs for application as a diagnosis 

tool in the medicine industry.   

 

 

 

Figure IV-11: Pictorial representation of the multiplexing affinity enrichment assay. TALEs targeting 

sequences in different loci of the same genome are used together for parallel detection of methylation 

in more than one desired sequence. Ni-NTA bead shown in grey in the centre is bound to the His6 

tag of different TALEs. Randomly sheared dsDNA with different target sequence depicted as white, 

grey or black bars. Grey and red spheres on the target sequence represent non-methylated and 

methylated CpG respectively. Please note that each gDNA sample contained either C or 5mC in the 

target sequence and not both [17]. 

 

 



 
122 RESULTS AND DISCUSSION 

 

 

 

Figure IV-12: Result of multiplexing affinity enrichment assay using TALEs targeting three different 

human genomic loci as mentioned below. Quantification of DNA enriched in qPCR using p.p. for 

loci mentioned above the columns. Error bars indicate standard error from experimental and qPCR 

duplicates [17].   

 

E. Strand specific detection of methylated CpG using TALEs 

The level and pattern of CpG methylation in DNA does not always remain constant. At any 

given time, DNA in a cell can consist of methylated or non-methylated C. Due to the 

replication mechanism that uses a single strand as templates and extends DNA by pairing 

both C and 5mC with G, the methylation is diluted and DNA can therefore exist in a third 

state called a hemi-methylated state where only one of the strand bears a methylated C on 

the CpG while the C of the CpG on the complementary strand remains free of methylation. 

To understand different mechanisms occurring at various time points, the ability to detect 

5mC in a strand specific manner is of high biological interest. Since TALE protein modules 

contact the DNA nucleobases only on the target strand that too strictly in the 5´ to 3´ 

directions, simultaneous detection of methylation on CG of both the strand using the same 

TALE was not possible. To find out if TALEs could detect methylation exclusively on only 

one strand using our approach, two different TALEs targeting opposite strands of the same 

sequence would be required. TALE_BRCA1 and TALE_BRCA1_a (BRCA1 antiparallel) 
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targeting the sense and the antisense strand respectively of BRCA1 locus were therefore 

expressed. To ensure methylation only at the required position, PCR products were prepared 

with single C or 5mC containing target sequences on both strands (SI Sequence 1). P.p. 

o1516/01601 or o1518/o1601 was used to generate C or 5mC containing BRCA1 PCR 

product and p.p. o1599/o1529 or o1600/o1529 was used C or 5mC containing BRCA1_a 

PCR product. To keep the complexity of the samples is unaffected, the amplicons were used 

along with randomly sheared human gDNA restricted additionally with SacI restriction 

endonuclease (with recognition sequence within the BRCA1_a target sequence). Input 

templates with or without the PCR products spiked-in were first tested in qPCR reaction 

with appropriate p.p. and significantly low amplification of samples containing only the 

background gDNA was observed. Obtained results depicted successful discrimination by 

TALE_BRCA1_a between C and 5mC occurring within its target sequence but not when it 

occurred on the complementary strand (Figure IV-13). It was hence concluded that strand 

specific detection of methylation was possible using TALEs. From earlier observations, it 

was clear that TALE_BRCA1 could detect 5mC on its target, therefore results of only 

TALE_BRCA1_a is shown here.  

 

 

 

Figure IV-13: Pictorial representation of DNA and TALE samples used (left) and result of strand 

specific detection of 5mC by TALE_BRCA1_a (right). Red and gray beads represent 5mC and C 

respectively occurring on the target sequence. The amplified locus is mentioned on the right. Error 

bars indicate standard error from experimental triplicates and qPCR duplicates [17].  
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F. Comparison of TALEs and MeDIP for detection of 5mC in gDNA  

Previously conducted experiment established that TALE binding was sensitive to a single 

5mC in the target sequence and could be used as a tool for successful discrimination between 

modified and non-modified samples. The next idea was to compare the efficiency and 

sensitivity of this approach with the most commonly employed MeDIP (Methylation 

Dependent Immunoprecipitation) technique (Figure IV-14) for quantitative detection of 

epigenetic modification on DNA.  

 

 

 

Figure IV-14: Schematic representation showing the working principle of MeDIP assay using 

monoclonal antibodies. The gray bar represents a target sequence occuring on the sense strand of Zf 

Hey2b locus locus and the gray and red beads represent non-methlyted and methylated CpG 

respectively [17].  

 

Amplification products were obtained by conducting PCR on the Zf Hey2 gene with p.p. 

o476/o1597, o465/o1597, o1057/o1597 and o1056/o1597 to incorporate none, one, two or 

three 5mC in the target site of TALE_Hey2_b (Figure IV-15) and used with the monoclonal 

5mC-antibody supplied in the MeDIP kit. The sample mix was supplemented with non-

methylated and methylated control DNA and their primers were provided to track and verify 

the overall efficiency of immunoprecipitation by the antibodies in the MeDIP kit. After the 

assay, the isolated product was tested and quantified in a qPCR reaction using primers 
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provided in the kit as well as those designed specifically for Zf Hey2 sequence. While the 

quantity of enriched control DNA (positive and negative) were consistent with the values 

mentioned in the kit manual, (SI Figure VI-7) only negligible amounts of Hey2 sequence 

was recovered for all different type samples containing varying number of 5mC in the target 

sequence (SI Sequence 2). To verify that this result was precisely due to low level of 

methylation on the target sequence, this experiment was repeated with an additional sample 

carrying 30 5mCs (Figure IV-15). The sample was prepared by treating the PCR product 

with M.SssI which would methylate the 15 CGs occurring in each strand of the amplicon. 

Like earlier, amplification of the controls sequences was obtained in an expected range while 

Hey2 sequences with upto 3 5mCs in the TALE target sequence were isolated in negligible 

amounts. Samples containing all methylated CGs in the Hey2 locus were however enriched 

in reasonable amounts (~7% of the input) (Figure IV-16). This indicated that in addition to 

lacking sequence selectivity and strand specificity, this method also suffers bias due to DNA 

fragment size and methylation levels.  

 

 

 

Figure IV-15: Pictorial representation of PCR amplicons containing 0, 1, 2, 3 or 30 methylated CpGs 

used in the experiment. Gray solid bars represent the TALE target sequence on Zf Hey2_b locus. 

Gray and red beads indicate C and 5mC respectively.  

 



 
126 RESULTS AND DISCUSSION 

 

 

Figure IV-16: Results obtained from conducting the immuniprecipitation assay (Figure IV-14) using 

DNA samples containing the same target sequence but varying in the number of 5mC present which 

is denoted under the columns (Figure IV-15). The Y-axis indicates the quantity of amplicon enriched 

using the protocol. Error bars indicate standard error from experimental and qPCR replicates [17]. 

 

For comparison, a TALE_Hey2_b HD1, HD10 to N* was designed and expressed. It 

contained RVD HD targeting Con two positions, one on the left and other on right of the 

targeted CG, replaced by N*.  Here, N represents the amino acid arginine and * indicates 

deletion of an amino acid at position 13th of the repeat. Due to reduction in size, the RVD 

N* can accommodate the methyl group of C and hence binds with similar affinity to C and 

5mC (Figure IV-18). When used with the PCR products containing 0 to 3 5mCs the TALE 

showed highest enrichment for samples containing no 5mC, lowest for the sample containing 

a single 5mC at the CG and intermediate for the other samples containing methylation at 

either the non-CG C or at all the three C (Figure IV-19). Overall, PCR products treated with 

M.SssI was enriched the least. Additional advantage of the enrichment assay was the 

possibility to conduct a complete experiment in 7.5 h whereas the MeDIP protocol required 

24 h and more hostile conditions to be completely executed. These data therefore suggested 

superior sensitivity of TALEs over antibodies for detection of 5mC.   
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Figure IV-17: Model of the engineered TALE Hey2_b used in the experiment with two HD repeats 

at position 1 and 10 replaced by N* repeats. The N* repeat is known to bind to both C and 5mC with 

similar affinity and hence denoted as an universal sensor [17].  

 

 

 

Figure IV-18: Crystal structure of TALE repeat with RVD N* binding to 5mC (pdb entry: 3V6T for 

N* binding to C and 4GJP for structure of 5mC). Reduction in size due to deletion of the 13th amino 

acid allows the accomodation of the methyl group, the presence of which disrupts binding by the 

RVD HD to 5mC [17]. 
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Figure IV-19: Results obtained from affinity enrichment using engineered TALE_Hey2_b (Figure 

IV-17) and DNA samples containing different amount of 5mC (Figure IV-15) as mentioned below 

the columns. Y-axis indicates the percentage of input DNA sample recovered by enrichment. Error 

bars indicate standard error from experimental triplicates and qPCR duplicates. 

 

G. Using size reduced RVD for detection of oxidative methyl C bases. 

After observation of successful 5mC discrimination in various experiments, the obvious 

question raised was if this technique could be extended for detection of oxidative methyl C 

epigenetic modifications. Parallel work in our group by Sara Maurer included screening of 

TALEs with engineered RVDs for discovery of selective sensors for each of the C 

modifications reported in eukaryotes. While all different C variants exhibit base pairing with 

a nucleobase G in DNA (Figure I-9), the chemical substitutions on C affect the contact 

between DNA nucleobases and TALE RVDs due to their intrinsic capability to accept or 

donate a hydrogen atom. Moreover, they display a difference in steric demand and 

conformational flexibility.  

Earlier work in our group has established discrimination between 5mC and 5hmC using 

TALE with RVD N* but a positive sensor for selective detection of epigenetic nucleobases 

5fC and 5caC has not yet been achieved. RVD HD binds to C but not to 5mC due to 

perturbation of the hydrogen bond by the presence of a methyl group (Figure I-18). 

Similarly, RVD NG that is found in natural TALEs targeting DNA nucleobase T is known 
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to bear affinity to 5mC but not to C due to similar chemistry of the methyl groups in T and 

5mC. Another naturally occurring TALE RVD N* (Figure IV-18) has been reported to bind 

both C and 5mC but not 5hmC thus serving as a discriminatory sensor for 5hmC. Amplicons 

containing a single C, 5mC, 5hmC, 5fC and 5caC were generated by performing PCR on Zf 

genome using p.p o476/o1597, o465/o1597, o465/o1597, o465/o1597 and o465/o1597. 

TALE based affinity enrichment assay using TALE_Hey2_b with RVD HD targeting the 5th 

C changed to N* and PCR products containing the Hey2_b binding site (SI Sequence 2) 

bearing a single C, 5mC or 5hmC on the CpG opposite RVD N* confirmed the previously 

observed effect [15]. While DNA containing C or 5mC was enriched in similar amounts, 

significantly lower amounts of samples containing a single 5hmC was obtained (Figure 

IV-20). Next the experiment was repeated and samples containing 5fC or 5caC were also 

included. It was observed that in addition to 5hmC, 5caC containing samples were also 

bound less by N* containing TALEs. 5fC containing samples were enriched in quantities 

comparable to 5mC (Figure IV-24) perhaps owing to the similarity in structure of these 

modified nucleobases facing the RVD (Figure IV-21). The result was consistent with the 

previously seen effect in primer extension experiments using synthetic oligonucleotides 

[16]. 

 

 

 

Figure IV-20: Result of affinity enrichment experiment conducted using engineered TALE_ Hey2_b 

with original RVD HD5 replaced by N*. The DNA samples used contained a single C or 5mC or 

5hmC opposite RVD N*. Y-axis denotes the quantity of DNA samples enriched. Error bars indicate 

standard error from experimental triplicates and qPCR duplicates. ** represents significant 

difference when calculated using Student t-test with p ≤ 0.01 [17]. 
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Figure IV-21: Epigenetic modifications of C nucleobase. 5mC, 5hmC, 5fC and 5caC as found in 

crystal structure of DNA duplexes. (pdb entry: 4GJP, 4I9V, 4QC7 and 4PWM respectively) [17]. 

 

 

Figure IV-22: Result of affinity enrichment assay conducted using engineered TALE_Hey2_b with 

N* targeting a single C, 5mC, 5hmC, 5fC or 5caC containing samples. Y-axis denotes the quantity 

of DNA enriched. Error bars indicate standard error from experimental triplicates and qPCR 

duplicates [17]. 

 

To further verify that the difference in enrichment is solely due to the single modifications, 

prior enrichment, the spike-in containing 5fC was reduced using sodium borohydride 

(NaBH4). Both NaBH4 treated and non-treated samples were used along with 5hmC 

containing amplicons in the experiment. While enrichment of 5hmC containing samples 

were similar in both cases, isolation of NaBH4 treated 5fC samples reduced significantly 

and reached values like that of 5hmC containing samples. This showed that a combination 

of chemical reduction and affinity enrichment using TALEs with engineered RVDs could 

be used for selective detection of 5fC in gDNA samples (Figure IV-24).  
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Figure IV-23: Reaction showing NaBH4 mediated reduction of 5fC to 5hmC [17]. 

 

 

 

Figure IV-24: Result of affinity enrichment assay conducted using engineered TALE_Hey2_b with 

N* targeting samples containing a single 5hmC or 5fC. Results before (left) and after (right) the 

NaBH4 mediated reduction (Figure IV-23) are shown. Y-axis denotes the quantity of DNA enriched. 

Error bars indicate standard error from experimental triplicates and qPCR duplicates [17]. 

 

H. Selective binder for a prokaryotic epigenetic C nucleobase; 4mC 

In some bacteria methylation of C nucleobase is more versatile than in eukaryotes and their 

genome consists of both 5mC and 4mC (Figure I-10). Unlike 5mC, 4mC is a less abundant 

base and not much is known about its exact role in the bacterial genome. Approaches like 

SMRT-Seq, TAB-Seq and use of selective restriction enzymes provide option for detection 
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of modified bases throughout the bacterial genome. However, they are expensive, time 

consuming and require special machinery. The existence of 4mC in the commercially 

purchased synthetic oligonucleotides was confirmed using mass spectrometry. Because the 

spectrum indicated an increase in weight equivalent to a methyl group for both 5mC and 

4mC containing samples, differential detection of the two methylated C nucleobases could 

not be achieved using this technique.  

To provide a complementary method, we decided to use TALEs for selective detection of 

4mC. A library of modified TALEs targeting the Hey2_b sequence in Zf genome was 

prepared [16]. Repeat 5 originally carrying RVD HD was replaced by X* where X denotes 

all 20 naturally occurring amino acids and * denotes a deletion. This TALE library was 

scanned in different competitive or binding assays for selective binding to target sequence 

carrying either a C, 5mC or 4mC against the engineered RVD X* (Figure IV-27) 

The deletion of the 13th amino acid was thought to provide some flexibility to accommodate 

the N4 methyl group similar to the binding observed between RVD N* and 5mC nucleobase 

(Figure IV-25, Figure IV-18).  

 

 

Figure IV-25: Crystal structure of a TALE-DNA complex showing RVD N* binding to the 

nucleobase C (pdb entry 3V6T) [19]. 
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Figure IV-26: Crystal structure showing base pairing in Z-DNA between nucleobases G and 4mC 

(pdb entry: 133D) [19]. 

 

 

 

Figure IV-27: TALE target sequence Hey2_b containing a C, 5mC or 4mC at the fifth position 

targeted by the library of TALEs bearing the engineered RVD X* where X denotes all naturally 

occurring amino acids and * denotes deletion of the 13th amino acid in the TALE repeat [19]. 

 

I. Identification of RVD T* as a selective 4mC binder 

Primer extension assay as described before was conducted using TALEs from the X* library 

with synthetic oligonucleotides o476, o465 or o1236 bearing the Hey2_b TALE target 

sequence with the C, 5mC or 4mC positioned opposite the engineered RVD and the common 

32P labelled rv primer o466. Result produced from evaluation of the assay indicated a few 

mutants that displayed preferred binding to 4mC compared to C or 5mC containing 

oligonuleotides (Figure IV-28). What was also evident was that the WT TALE with RVD 

HD which did not bind 5mC in all the previously conducted experiments, exhibited poor 

binding also towards 4mC (SI Figure VI-9). Amongst the most promising candidates binding 

exclusively to 4mC was TALEs with RVD T* (Figure IV-28).  
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Using two mutants that both did not bind 5mC and bound either C or 4mC, discrimination 

of 4mC from 5mC was possible. 

 

 

 

Figure IV-28: Result of PEX assay conducted as shown in Figure III-6 using engineered 

TALE_Hey2_b with RVD HD replaced by T*. The Y axis represents the percentage of completely 

extended ds product. Error bars indicate standard error from experimental replicates [19]. 

 

Considering that the observation could be assay dependent it was necessary to use the same 

TALE in another method to judge the universality of the effect. Hence electromobility shift 

assay was conducted also with the whole library (SI Figure VI-10) as described for the PEX 

assay. dsDNA containing C, 5mC or 4mC were produced by hybridizing oligonucleotides 

o465, o476 and o1236 respectively with the common Cy5 labelled primer o2170. 

Assessment of the result from this method produced conclusions consistent with the 

previously observed effect. While a clear shift band of DNA-TALE hybrid was seen when 

TALE containing HD was used with C containing template only a faint or none was observed 

for 5mC or 4mC containing DNA (Figure IV-29). Quantification and plotting of the result 

also conveyed T* as a selective binder of 4mC (Figure IV-29). 
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Figure IV-29: Pictures of EMSA gels showing binding by TALE_Hey2_b with RVD HD (left) or 

RVD T* (right) at the 5th position to DNA containing a single C, 5mC or 4mC in the target sequence 

[19].  

 

J. Determination of Ki for TALEs Hey2_b (WT) and (T*) using FRET 

A new homogeneous fluorescence assay based on competitive binding between TALEs and 

DnaseI to a synthetic ds oligonucleotide was optimised and used [19]. The duplex contained 

a donor/acceptor dye pair (Cy3/Cy5) capable of undergoing fluorescence resonance energy 

transfer (FRET) (Figure III-8) such that restriction by DnaseI due to low binding of TALEs 

lead to increase in the distance between the donor/acceptor dye and hence reduced 

fluorescence by emission of the acceptor Cy5.  

Partially double stranded oligos containing a single C, 5mC or 4mC were obtained by 

hybridizing oligos o476, o465 or o1236 respectively with a common 5´Cy5 and 3´ Cy3 

labelled rv primer o1892. When incubated with TALE_Hey2_b (WT) with RVD HD in 

repeat 5, fluorescence for C containing oligonucleotide were reduced due to restriction by 

DnaseI only after 50 min of incubation while 5mC or 4mC containing templates exhibited 

extremely low values of fluorescence starting 10 min after addition of DnaseI (Figure 

IV-30). This indicated that TALE binding protected the DNA from digestion by DnaseI and 

this effect was quantifiable using this FRET assay.  

Screening of the entire mutant library in this assay was performed for various time points 

(SI Figure VI-12). Controls without DnaseI for C, 5mC or 4mC containing samples were 

similar and were used for normalization of fluorescence from each of the respective samples 

(SI Figure VI-11).  

Unbound TALE 

TALE-DNA 

 complex 
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Figure IV-30: Results from the FRET assay conducted using TALE_Hey2_b with RVD HD at 

position 5 targeting either a C or 5mC containing sequence. Y-axis indicates the normalized 

fluorescence values at different time points mentioned on the X-axis. Error bars indicate standard 

error from experimental duplicates [19]. 

 

To summarize the whole scan, engineered TALEs with aromatic amino acids H*, F* and 

W* exhibited an overall weak binding with an exception of Y* showing high affinity and 

slight selectivity towards 5mC. P* also showed general weak binding. Mutants bearing the 

polar RVDs N* and Q* as well as G*, M*, V*, L*, I* and C* bound to all the three C 

variants in a similar fashion. The A* and K* showed weakest binding to C. Acidic amino 

acids D* and E* showed slight selectivity for 4mC. The basic repeat R* displayed strong 

binding to C. TALEs with hydroxyl bearing S* and T* bound strongly to all C variants but 

only T* showed positive selectivity to 4mC. However, both HD and T* containing TALEs, 

exhibited reduced fluorescence for oligonucleotide containing 5mC (Figure IV-31). Hence, 

RVD HD and T* were recognized as positive, selective sensors respectively for C and 4mC 

that both did not bind to 5mC.  
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Figure IV-31: Result from scanning the TALE_Hey2_b X* library using FRET values after 60 min 

of DnaseI addition. TALEs containing RVD HD or T* at position 5 are marked by arrow. The Y-

axis indicates the normalized fluorescence values. Error bars indicate standard error from 

experimental duplicates [19].  

 

To further characterize the selectivity of RVDs HD and T* a FRET assay was conducted 

with different concentrations of TALEs containing these RVDs while the DNA amount was 

kept constant to get different TALE/DNA ratios. The Cy5 emission fluorescence values were 

plotted against the TALE concentrations in Origin and Ki values for each TALE with each 

C variant were obtained using the Hill fit (Figure IV-32 a, b). The maximal Cy5 fluorescence 

and inhibition constant for each modification with both TALEs Hey2_(HD) and Hey2_(T*) 

are shown (Figure IV-32 c).   
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Figure IV-32: Fits generated using a FRET assay for TALE_Hey2_b with HD (a) or T* (b) at the 

fifth position with C, 5mC or 4mC containing sequence. Both TALEs show least binding to 5mC 

with TALE_HD and T* binding strongly to C and 4mC containing samples respectively. Error bars 

indicate standard error from experimental duplicates. The highest fluorescence value and inhibition 

constant for each combination is listed in the table (c) [19].   

a 

b 

c 
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Although the values of Ki and highest fluorescence recorded were not very different for 

different modifications using either TALE_Hey2_b HD or TALE_Hey2_b T*, the values 

were lowest for 5mC in both cases. Further the curves indicate preferential binding of C or 

4mC by TALE HD or TALE T* respectively.  

 

K. Use of RVD HD and T* for discrimination between 5mC and 4mC 

After establishing TALE RVD T* as selective 4mC binder using in vitro binding and 

competition assays, we wanted to observe if the effect was also produced in a more complex, 

whole gDNA samples containing a single C, 5mC or 4mC in the target sequence. Zf spike-

ins were generated using p.p o476/o1597, o465/o1597 and o1236/o1597 respectively (SI 

Sequence 2). These were then added in a concentration representing a single genomic locus 

to WGA and randomly sheared Zf gDNA. The background gDNA was additionally restricted 

using NdeI and ApaLI restriction endonucleases which cleave in the middle of the product 

amplified by the qPCR primers. Both TALEs Hey2_b HD and T* enriched extremely low 

quantities of samples containing the 5mC spike-in and clearly favoured the enrichment of C 

and 4mC containing samples respectively (Figure IV-33). Based on this result it was evident 

that simultaneous use of TALEs containing RVD HD or RVD T* targeting C, 5mC or 4mC 

containing target sequence could be successfully used for discrimination between 5mC and 

4mC, the two methylated C nucleobases occurring in certain prokaryote genomes. It further 

strengthens the efficient use of TALEs for detection of rare epigenetic modifications for 

which a lot is not yet known.  

All the above discussed experiments for selective detection of 4mC were conducted for the 

same, 18 bp long, Zf Hey2_b target sequence. To eliminate the observed effect being 

sequence or target length specific, another 26 bp long CDKN2A target sequence having a 

single C, 5mC or 4mC was designed to be used with TALE_CDKN2A (26) HD and 

TALE_CDKN2A (26) T*. A FRET assay with different TALE concentrations was 

conducted for determination of Ki. T* containing TALE was seen to exhibit preferential 

binding to 4mC while HD containing TALE continued to show preference to C evident by 

the respective fits, Ki and FRET saturation values (SI Figure VI-13).    
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Figure IV-33: Result of affinity enrichment assay conducted using C, 5mC or 4mC containing DNA 

with TALE_Hey2_b HD (a) or T*5 (b). Y-axis indicates the enriched target sequence quantified by 

qPCR. Error bars indicate standard error from experimental triplicates and qPCR duplicates [19].  

 

L. Reduced non-specific interaction improves TALE selectivity  

TALE protein interacts with dsDNA such that each repeat of the TALE CRD contacts one 

nucleobase in the DNA major groove; the site where all the epigenetic DNA modifications 

exists. This makes TALEs a useful tool for detection of epigenetic C modifications in a 

a 

b 



 
141 RESULTS AND DISCUSSION 

chosen sequence. Several studies have recognized different plausible factors affecting the 

stringency with which TALEs recognize their specific targets. The non-specific interactions 

extended by all regions of TALEs may account for their binding strength. However, it could 

also sometimes be the source for off target binding by these proteins. One such example is 

the cloud of well conserved, positively charged amino acids in the N-terminal region (repeats 

-3, -2, -1 and 0) of the TALEs whose position suggest non-selective interaction with the 

backbone of a negatively charged DNA (Figure IV-34) [20].  

 

 

 

Figure IV-34: Crystal structure of DNA unbound TALE complex (left) (pdb entry 4HPZ) showing 

repeats on N-terminal relative to T0 (-3, -2 and -1) in light and CRD repeats (1-8) in dark grey. The 

same structure is shown in a DNA (orange) bound state on the right (pdb entry 3V6T). Amino acids 

contributing to non-specific interaction are shown as sticks [21].  
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Figure IV-35: Model of TALE bearing electrostatic mutation at the N-terminal. The position of the 

amino acids relative to the start site is mentioned and they are shown in bold and underlined. On the 

top the targeted amino acids of the CRD; K16 and Q17 of one of the repeat is underlined [21]. 

 

One of the ideas for improving selectivity and hence sensitivity of TALEs for detection of 

epigenetic modified nucleobases included reducing these non-specific interactions between 

the protein and DNA sequences. Several studies have proved that TALE NTR contributes 

the most to its binding strength and a mutation within this part could render them non-

functional. TALEs with no CRD or CTR and only 140 amino acids in the NTR were capable 

to binding to dsDNA in a non-specific manner [154]. Changes on the CTR however were 

highly tolerated without any loss of function.  

To characterize the effect of reduction in non-specific interactions on TALE function, 

individual basic amino acids in the NTR were exchanged with alanine. The chosen amino 

acid and position from the NTR start site were lysine at positions 171, 262 and arginine at 

173, 236, 266 denoted as K171A, K262A, R173A, R236A and R266A. In addition, TALEs 

with more than one mutation i.e., K171A&R173A and K262A&K265A&R266A were also 

created (Figure IV-36). 
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Figure IV-36: Crystal structure of a TALE zoomed in at the N-terminal region (pdb entry 4HPZ) to 

show the position of amino acids chosen to be exchanged with alanine. TALE NTR repeats are shown 

in light grey and those in the CRD in dark grey [21]. 

 

TALE CDKN2A was already tested to function successfully in various in vitro assays for 

detection of 5mC hence seven TALEs all targeting the CDKN2A site but bearing the above 

described NTR mutation/s were expressed (SI Sequence 7). For comparison, these proteins 

were always used alongside WT CDKN2A TALE (with no modifications).   

EMSA assay was performed as described previously, where the TALEs bearing RVD HD 

targeted a C or 5mC within the target sequence and the hybrid was tracked via the 

fluorescence readout of the TALE-GFP domain in an EMSA gel. The TALE-DNA complex 

formed a single defined band which exhibited higher mobility compared to protein without 

DNA (Figure VI-14 a). Analysis of data revealed that WT CDKN2A TALE showed 2.0 fold 

greater binding to sequence that contained a C as opposed to that which contained a 5mC. 

In comparison to other assays (PEX, Enrichment) differentiation between C and 5mC 

seemed to be diminished in this case probably because the absence of any non-specific DNA 

caused the TALEs to remain bound to the DNA longer than usual. However, in comparison 

to the WT every modified TALE bearing alanine mutation/s displayed better discrimination 

between C and 5mC containing oligonuleotides (Figure IV-37). Starting from the farthest 

from the CRD,TALEs with mutations K171A and R173A (located in the -3 repeat showed 

a 1.4 and 1.5-time better discrimination between C from 5mC as compared to the WT. When 

both the mutations were present together, the number increased to 2.9-folds. The mutation 
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R236A located in the -1-repeat caused a decrease in overall binding strength, yet increased 

selectivity by 1.4 folds. The next three mutations were present in the 0 repeat of which the 

basic amino acids at positions K265 and R266 are shown to interact with the DNA phosphate 

backbone in the crystal structure [156]. TALEs containing either one of these amino acids 

exchanged with alanine showed an approximately 3 folds increased selectivity for C over 

5mC. A triple mutation of K262A&K265A&R266A in a TALE reduced DNA binding 

drastically while still exhibiting C/5mC selectivity (SI Figure VI-14 d) (Figure IV-37).  

To see if the same effect could be seen in another sequence context, TALEs bearing the same 

set of mutations were expressed to target the ZAP-70 locus. The sequence contains the 

variable C or 5mC site at position 13 as opposed to CDKN2A sequence where the C/5mC 

position of interest occurs at the 5th position. Since the triple mutation caused extremely low 

binding, this mutation was left out of the set. Conduction and analysis of EMSA (SI Figure 

VI-15 a) exhibited a similar trend of improved specificity compared to the WT TALE. 

K171A, R173A containing ZAP-70 TALEs showed 1.1 and 1.3 folds increase respectively 

for C/5mC discrimination compared to the WT TALE while a combination of these 

mutations (K171A&R173A) did not grant more benefit. The highest difference was 

observed for TALE bearing the R266A mutation (Figure IV-38). These observations led to 

the conclusion that reduced binding to 5mC can be achieved by reducing the non-specific 

interaction extended by basic amino acids in the TALE NTR repeats.  
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Figure IV-37: Quantification of binding by TALE_CDKN2A carrying different mutation (mentioned 

below). The Y-axis denotes the percentage of DNA bound by each TALE. Error bars indicate 

standard error from experimental replicates [21].  

 

 

 

Figure IV-38: Quantification of binding by TALE_ZAP-70 carrying different mutation (mentioned 

below). The Y-axis denotes the percentage of DNA bound by each TALE. Error bars indicate 

standard error from experimental replicates. TALEs with triple mutation that showed extremely 

reduced binding earlier was not used [21]. 
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M. K16A & Q17A mutation TALE CRD repeat reduces binding to 5mC 

Charge based non-specific interactions between TALE and DNA are not solely exhibited by 

the NTR repeats. All repeats in the CRD additionally consists of basic amino acids lysine 

and glutamine at position 16 and 17 which are also known to bind independent of the 

sequence context to the DNA backbone directly and via water mediated bond respectively 

(Figure IV-39).  

To extend the analysis of the mutation studies, K16 and Q17 in one, two or three repeats in 

the CRD of TALE_CDKN2A were changed to alanine. Repeats harbouring these mutations 

were randomly distributed over the length of the protein including the one opposite the 

C/5mC variable position (5* for CDKN2A and 13* for ZAP-70) (Figure IV-2). Other 

selected repeats bearing K16A&Q17A mutations included 3rd, 17th and 23rd. 

 

 

 

Figure IV-39: Crystal structure of TALE-DNA complex (pdb entry 3V6T) showing the interaction 

between K16 & Q17 of each repeat with DNA backbone (left). On the right is shown a closer image 

from the crystal structure for a repeat harbouring RVD HD displaying H-bond between TALE repeat 

amino acid D13 and DNA nucleobase C in red dashed lines and water molecules as red spheres [21].  

 

In addition, TALEs with K16A&Q17A mutation in two (5th and 17th) and three repeats (3rd, 

5th and 17th) were also created. Mutations in single repeats closer to the NTR (positions 3 
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and 5) enhanced C/5mC discrimination by 5.7 and 7.2 folds compared to WT while those 

more towards the C-terminal (positions 17 and 23) showed an increase of 1.2 and 2.2 folds 

over WT respectively (Figure IV-40, SI Figure VI-14 b). This difference was expected given 

that TALEs wound around the DNA starting from 5´and extended till the 3´ ends. Changing 

K16 and Q17 in two or three repeats simultaneously caused extremely reduced binding by 

the TALEs.  

Once again TALEs bearing K16A&Q17A mutations in repeats 3, 13, 17 and 23 were 

designed for the ZAP-70 sequence context. Due to abolished activity observed in presence 

of more than one repeat bearing K16A&Q17A mutation, double and triple repeats bearing 

the modifications were left out. A similar trend of increase in improvement of C/5mC 

selectivity was observed such that alteration in the 3rd position showed the highest (2.5 folds) 

and that on the 23rd position showed the lowest increase in selectivity over the WT TALEs 

(Figure IV-41, SI Figure VI-15 b).  

Hence elimination of basic amino acids occurring not only in NTR but also in CRD of 

TALEs had a positive outcome for detection of 5mC. Between the two regions, mutations in 

CRD close to the NTR led to a higher increase in selectivity as compared to the NTR 

mutations. Moreover, an overall increased discriminatory effect was observed for 

TALE_CDKN2A probably due the C/5mC variable position being situated more towards 

the start of the CRD. This difference has also previously been observed in enrichment assay 

where amongst TALEs targeting four different human loci, TALE_CDKN2A performed the 

best (Figure IV-8).  
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Figure IV-40: Quantification of binding by TALE_CDKN2A carrying K16A&Q17A mutations at 

different repeats (mentioned below). The Y-axis denotes the percentage of DNA bound by each 

TALE. Error bars indicate standard error from experimental replicates [21].  

 

 

 

Figure IV-41: Quantification of binding by TALE_ZAP-70 carrying K16A&Q17A mutations at 

different repeats (mentioned below). The Y-axis denotes the percentage of DNA bound by each 

TALE. Error bars indicate standard error from experimental replicates. TALEs with K16A&Q17A 

mutation in multiple repeats that earlier displayed extremely reduced binding were not used [21]. 
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N. Combined mutation in NTR and CRD exhibit highest 5mC sensitivity 

The next obvious step to further understand the role of basic amino acid interactions in TALE 

functionality was to use a TALE with simultaneous mutations in the NTR and CRD. 

Conditions that performed best in each category were selected and TALEs CDKN2A and 

ZAP-70 carrying the combinations of mutations in the NTR i.e., K171A&R173A or K262A 

and the CRD i.e., K16A&Q17A changes in either repeat 3 or 5 of CDKN2A and repeat 3 or 

13 of ZAP-70 were respectively created.  The selectivity displayed by these combination 

mutants was higher than those with mutation in either the NTR or CRD of TALEs. However, 

in comparison to the WT TALE there was a drastic improvement in C/5mC selectivity. The 

four CDKN2A TALEs with mutation in both NTR and CRD showed an increase in selective 

binding to C from 11.0 folds for TALEs with NTR K171A&R173A and K16A&Q17A 

mutations in the 5th repeat to 18.8 folds for TALEs with NTR K262A and K16A&Q17A 

mutations in the 3rd repeat (Figure IV-42 a, SI Figure VI-14 c). The increase in C/5mC 

selectivity for ZAP-70 TALEs with mutations in only either TALE NTR or CRD compared 

to its WT was not as pronounced as those for the CDKN2A context but combined mutations 

in both regions showed an improvement ranging from 4.0 folds for TALEs with NTR 

K171A&R173A and K16A&Q17A mutations in the 13th repeat to 50.6 folds for TALEs with 

NTR K262A and K16A&Q17A mutations in the 3rd repeat (Figure IV-42 b, SI Figure 

VI-15). It was interesting to note that while mutation in more than one repeat of the CRD 

inhibits function, a combination of NTR and CRD mutations displayed drastically improved 

selectivity. Further, since the effect was observed in different repeat positions and sequences, 

it cannot be considered restricted to a single region, position or sequence context.  
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Figure IV-42: Quantification of binding by TALE_CDKN2A (a) and TALE_ZAP-70 (b) carrying 

mutations at both TALE NTR and CRD repeats (mentioned below). The Y-axis denotes the 

percentage of DNA bound by each TALE. * next to the number represent the repeat targeting the C 

site of interest. Error bars indicate standard error from experimental replicates. TALEs with multiple 

repeats bearing mutation that showed extremely reduced binding earlier was not used in (b) [21]. 

 

Detection of 5mC in genomic population at single nucleotide resolution and in the sequence 

of choice was already shown using the enrichment assay. To test whether the identified 

electrostatic mutants could also enhance epigenetic base detection in this assay, candidates 

bearing mutation both in TALE NTR (K262A) and CRD (K16A&Q17A) of the repeat 

b 

a 
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targeting the C/5mC variable position in the sequence were chosen for both CDKN2A and 

ZAP-70 TALEs. When used in an enrichment assay with 200 ng of either unmodified or 

CpG methylated human gDNA, CDKN2A_TALE_K262A and K16A&Q17A (repeat 5) and 

ZAP-70_TALE_K262A and K16A&Q17A (repeat 13) enriched amount of target DNA 

containing no methylation comparable with that enriched by their respective WT TALEs. 

However, the mutant TALEs CDKN2A and ZAP-70 enriched lower amount of methylated 

DNA resulting in 2 folds or 4.6 folds better C/5mC discrimination respectively than 

exhibited by their WT counterparts (Figure IV-43). This led to the conclusion that the 

increased selectivity displayed by the electrostatically mutated TALEs was not confined to 

one assay and can be used to achieve better detection of methylation in genomic samples 

using affinity enrichment assay as well.  
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Figure IV-43: Result of affinity enrichment assay using WT TALEs or with mutation (mentioned 

below) exhibiting the highest C/5mC selectivity for CDKN2A (a) and ZAP-70 (b) target sequence. 

Error bars indicate standard error from experimental triplicates and qPCR duplicates. ** denotes 

significant difference calculated using Student t-test with p ≤ 0.01. n.s. = not significant [21].  

 

One of the most desired goals for developing epigenome engineering tools is to extend their 

application for detection of epigenetic modifications inside cells. TALEs have been utilized 

for transcription regulation [169,170], chromatin viewing [171] and combined with 

nucleases (TALENs) for site specific genomic editing. All the experiments conducted in this 

a 

b 
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work previously were aimed for in vitro detection of 5mC using TALEs hence the next 

experiment was designed to test if electrostatic mutations in TALEs had a beneficial effect 

on sensing 5mC inside cells. TALE_CDKN2A WT and modified TALE_CDKN2A_K262A 

and K16A&Q17A at position 5 were employed in a reporter gene activation assay where 

two plasmids were co-transfected in HEK293T cells. Plasmids of group A carried the TALE 

binding site between an upstream mini-CMV promoter and a firefly luciferase gene and that 

of group B contained the TALE sequence fused to VP64 transcriptional activation domain 

(SI Figure VI-20).  

 

 

 

Figure IV-44: Pictorial representation demonstrating the principle behind TALE based in vivo 

transcription activation assay. Grey bar represents the target site and a single grey or red bead 

represents non-methylated or methylated C of interest. TALE binding and placement of the activator 

domain VP64 facilitates transcription of the luciferase gene (above). On the other hand, inhibition of 

TALE binding due to the presence of 5mC, inhibits transcription (below) [21].   

 

Control experiment with group A plasmid containing all CpGs methylated by in vitro Dnmt 

treatment resulted in complete inhibition of luciferase activity probably due to promoter 

methylation prohibiting any transcriptional factor binding.  

To perform unbiased comparative experiments plasmid of group A were created by 

restriction ligation to contain a single C or 5mC in the binding site and was not transformed 
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into bacterial cell prior transfection to avoid any uncontrolled methylation or demethylation. 

Experimental design prompted luminescence because of a VP64 fused TALE binding to the 

target site bringing about transcription and production of luciferase gene product. Relative 

luminescence for all samples was calculated in comparison to a positive control (plasmids 

pAnW814 & pAnW818) displaying highest luminescence. The result showed a selective 

binding based transcription activation with samples containing no binding site exhibiting the 

lowest values (Figure IV-45). Evaluation of different controls and experimental samples 

revealed that samples containing a single 5mC base showed reduced luciferase activity with 

TALEs bearing RVD HD at repeat 5 but not for those carrying a G*at the same position. 

Since RVD G* has been earlier shown to bind C or 5mC with equal affinity [16], this meant 

that the reduced binding by the two HD containing TALEs were solely due to 5mC 

selectivity. The WT CDKN2A TALE exhibited a difference in luminescence of 1.8 times 

between C and 5mC containing target site. While luminescence value for C containing 

samples were similar for WT or mutant CDKN2A TALEs, those for 5mC containing 

samples were significantly reduced for the mutant TALE increasing the C/5mC selectivity 

difference to 6.3 folds. Upon subtraction of background the mutant TALE displayed a 

difference of 102 folds (Figure IV-46).  

Sequencing data collected for bisulphite converted samples post transfection confirmed that 

the inserted 5mC was not removed by transfection into the HEK293T cells and that the 

observed decrease in luminescence was solely due to the presence of a single 5mC on the 

target sequence (SI Figure VI-21). 

To further characterize binding by the WT TALEs and those bearing alanine mutations, 

FRET assay was conducted with different TALE concentrations while keeping the DNA 

concentration constant to determine their Ki. The Cy5 emission fluorescence values were 

plotted against the TALE concentrations in Origin and Ki values were obtained using the 

dose response curve with hill fit. Although the Ki values do not indicate a significant 

difference, the curves show clear difference in saturations establishing clear superiority of 

selectivity exhibited by the electrostatic mutation for both CDKN2A and ZAP-70 sequence 

context (SI Figure VI-17, SI Figure VI-18 ).   
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Figure IV-45: Controls used for in vivo activation of transcription by TALEs. Samples with no 

binding site and WT TALE and those with HD containing binding site and WT TALE showed lowest 

(negative control) and highest (positive control) luminescence respectively. Relative luminescence 

was calculated relative to the positive control [16]. 

 

 

 

Figure IV-46: Result from TALE based in vivo transcription activation assay. Y-axis represents the 

relative luminescence values. Error bars represent standard error from experimental triplicates. 

significant difference was calculated using Student t-test with * = p ≤ 0.05, *** = p ≤ 0.005 and **** 

= p ≤ 0.001 [16]. 
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V. SUMMARY AND OUTLOOK 

Various epigenetic processes are critical to regulate normal cellular development and 

differentiation. This fact is supported by the observation of abnormal epigenetic regulatory 

controls in disease states. Understanding how different epigenetic processes are 

synchronized will likely have important and far-reaching implications for human biology 

and diseases in this post-genomic era. Epigenomic data can be useful in the clinical 

management of human diseases and the potential applications of epigenetic biomarkers in 

optimizing customized drug and therapies.   

The past decade has experienced a huge boost in the development of methods and techniques 

for genome engineering. Amongst other tools, the use of TALE proteins has been a popular 

choice due to their ability to target a DNA sequence of choice and direct access to epigenetic 

modifications on DNA nucleobases. Ease in design and production and successful in vivo 

applications strengthened their position as a technique of choice for sequence specific 

detection or editing in genomes. Moreover, discovery of naturally occurring and engineered 

TALE RVDs as discriminatory sensors for various epigenetic C modifications further 

supported the idea of utilizing TALEs for detection of epigenetically modified DNA 

nucleobases. 

A novel method was designed and optimized to isolate sequences of user-defined loci 

directly from whole genomic sample while exhibiting sensitivity towards epigenetic 

modification occurring on a single nucleotide resolution. This affinity enrichment assay was 

shown to perform better than state-of-the-art immunoprecipitation assays for detection of 

hemi-methylation or in samples bearing extremely low percentage of 5mC. Successful 

detection of a single methylated CpG in the ZAP-70 target sequence that is indicative of the 

type of CLL in adults serves as an excellent example to highlight the potential of TALEs as 

a sensitive diagnostic tool in diseases linked to epigenetic modifications [17].  

TALEs bearing alanine mutations displayed drastic improvement in C/5mC selectivity in 

various competitive, binding assays, genomic enrichment assay as well as in activation of 

transcription in mammalian cells. Enhanced TALE function obtained by controlled amino 

acid mutations highlight the potential of improvement in TALE design to reduce non-

specific interaction and hence decrease off-target binding [21].  
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Additionally, TALEs with engineered RVDs were shown to successfully detect and 

discriminate between prokaryotic epigenetic C modification. 4mC is an extremely rare 

epigenetic modification and its detection in the prokaryotic genome is troublesome. BS-seq 

used for to differentiate 5mC and 4mC is not very efficient and the use of SMRT is extremely 

expensive. In comparison use of TALEs for detection of low abundant epigenetic 

nucleobases in user-defined genomic sequence provides a more efficient and simpler 

solution.   

Certain aspects of TALE functioning have been extensively studied like those pertaining to 

selectivity extended by naturally occurring TALE RVDs to different canonical nucleobases, 

effect of length or nucleotide composition of target site on TALE binding and influence of 

different regions of TALE protein on the strength and sensitivity with which TALEs bind to 

their target sequence. However, research on their binding mechanism remains very limited. 

Yet there are no studies that establish clear rules followed by TALEs for recognition and 

binding to their target sequences. Getting in depth knowledge of their mechanism of action 

will surely shed light on the way these proteins work and the numerous factors and 

conditions that affect their function [19].  

TALEs have proven to be a powerful tool and have the potential for improvement in various 

aspects. Recent advances in research combine the use of DNA binding domain such as 

TALEs with various effectors such as VP64 or enzymes such as DNMTs for site specific 

engineering of genomes. This suggests continued use of TALEs in future alongside other 

techniques such as CRISPR-Cas9 system for detection of epigenetic modifications. While 

discovery of modification specific antibodies for every epigenetic base provides a simplified 

way of isolation and detection, revolutionary Next Generation Sequencing (NGS) techniques 

mark the logical method of choice for unravelling genome wide genetic and epigenetic 

landscape of complex genomes. Understanding the reason behind their existence and roles 

played by the epigenetic machinery is now the key factor to solve the mystery behind most 

critical diseases. Hence, these powerful tools mark their position in our lives and in the world 

of medical research.  
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VI. SUPPLEMENTARY 

A. Primer Extension gel photos 

 

 

Figure VI-1: PAGE gels with PEX reactions for the mentioned loci. The oligonucleotides used for 

BRCA1 has been mentioned before (Figure III-7). Oligo pairs o1080 (C6)/o1082, o1079 

(mC6)/o1082f or CDKN2A, o1084 (C11)/o1085, o1083 (mC11)/o1085 for MGMT, o1805 

(C14)/o1803, o1835 (mC14)/o1803 for ZAP-70 and o1826 (C6)/o1828, o1827 (C6)/o1828 for 

Hey2_b was used.  
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B. Ethidium bromide stained agarose gel images 

 

Figure VI-2: 1% Agarose gels showing randomly sheared Zf gDNA. Well 1: 2-log ladder, Well 2: 

Whole genomic amplified Zf DNA, Well 3: empty and Well 4 Zf DNA sheared randomly by 

sonication.    

  

 

Figure VI-3: 1% Agarose gels showing randomly sheared human gDNA. Well 1: 2-log ladder, well 

2: empty, Well 3: WGA human gDNA sheared randomly by sonication, Well 4: 100 bp ladder and 

Well 5: WGA human gDNA. 
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C. Optimization of affinity enrichment using TALEs 

 

a 

 

 

  

b 
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c 

 

  

  

  

d 
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e  
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g 

 

 

 

Figure VI-4: Adjusting various factors to optimize efficiency and selectivity of affinity enrichment 

assay using TALEs. Enrichment assay performed with BRCA1 TALE using one non-magnetic and 

two magnetic Ni-NTA beads. Results displaying highest enrichment and 5mC selectivity by Ni-NTA 

agarose magnetic beads for TALE_BRCA1 (a, b, c). Result displaying the effect of position of His6 

tag on enrichment (d) using TALE_CDKN2A (Sequence 5, Sequence 6). Experiment conducted 

using different TALE_BRCA1 concentration displayed increase in DNA sample enriched upon 

increasing the concentration of TALEs only for non-methylated samples (e, f). Using HCHO to 

crosslink DNA to TALE protein negatively affected the efficiency and 5mC selectivity by 

TALE_BRCA1 (g) (Sequence 5). Error bars represent standard error from experimental and qPCR 

duplicates. Input DNA concentration for each experiment was 200 ng.   
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D. Sequences of amplicons used in spike-in enrichment assay 

 

BRCA1 

 
CTTCCTCTTCCGTCTCTTTCCTTTTACGTCATCCGGGGGCAGACTGGGTGGCCAATCCAGA

GCCCCGAGAGACGCTTGGCTCTTTCTGTCCCTCCCATCCTCTGATTGTACCTTGATTTCGT

ATTCTGAGAGGCTGCTGCTTAGCGGTAGCCCCTTGGTTTCCGTGGCAACGGAAAAGCGCGG

GAATTACAGATAAATTAAAACTGCGACTGCGCGGCGTGAGCTCGCTGAGACTTCCTGGACG

GGGGACAGGCTGTGGGGTTTCTCAGATAACTGGGCCCCTGCGCTCAGGAGGCCTTCACCCT

CTGCTCTGGGTAAAGGTAGTAGAGTCCCGGGAAAGGGACAGGGGGCCCAAGTGATGCTCTG

GGGTACTGGCGTGGGAGAGTGGATTTCCGAAGCTGACAGATGGGTATTCTTTGAC 

 

 

BRCA1_a 

 
GTCAAAGAATACCCATCTGTCAGCTTCGGAAATCCACTCTCCCACGCCAGTACCCCAGAGC

ATCACTTGGGCCCCCTGTCCCTTTCCCGGGACTCTACTACCTTTACCCAGAGCAGAGGGTG

AAGGCCTCCTGAGCGCAGGGGCCCAGTTATCTGAGAAACCCCACAGCCTGTCCCCCGTCCA

GGAAGTCTCAGCGAGCTCACGCCGCGCAGTCGCAGTTTTAATTTATCTGTAATTCCCGCGC

TTTTCCGTTGCCACGGAAACCAAGGGGCTACCGCTAAGCAGCAGCCTCTCAGAATACGAAA

TCAAGGTACAATCAGAGGATGGGAGGGACAGAAAGAGCCAAGCGTCTCTCGGGGCTCTGGA

TTGGCCACCCAGTCTGCCCCCGGATGACGTAAAAGGAAAGAGACGGAAGAGGAAG 

 

 

Sequence 1: PCR amplicons from reaction on human gDNA generated for experiment showing 

strand specific detection of 5mC using TALEs BRCA1, BRCA1_a. The TALE target sequences are 

highlighted in gray and the CpG of interest is underlined and shown in bold.  
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Zf Hey2_b PCR product  

TGGATTCCCACTCTTCAGCCCCAGCGTTACAGCATCTTCAGTGGCTTCTTCCACCGTGAGC

TCTTCCGTTTCCACATCCACCACATCCCAACAGAGCAGCGGGAGCAGCAGTAAACCATACC

GACCGTGGGGAACTGAAGTGGGAGCGTTTTAAATGTTGGATTTAAATGTTGGACGTCTTCC

ATGCTTTGTACATAAAGGAAAGCAGCGGCTATTGTGCCTGCTTCGGTCAGCAGCATGGGCT

TTTGTCTTCCTCTACACTTGTGCACATATGCAGCGTCAAACTTAAGCCAACATTCTGGGAA

GAAAAGAAAGAGTTTTTACACGTCGCACTGTGTTGGAAACCGTAAAGGAAGTTTGTTTCTG

TTTTAACAGTGCCTGCATAAACACTGCTAACATGCTGCATTTGAGATGTATGCTTTGATAT

CATCTGACTTCCACAAACACCCAACAGCAGCTTTAGAGTGAACAGCTTGTTCTGAAACAAA

CCAAAGTTTTGCAGATAATCACTAAAGTGAGGTGTTTGTTTTTTTATCTCTGATTTAACAA

TCCAGTTTGTAAATCTGTACATGTGTAAGATTGTAACTAGAGTTTATATTGAAATTAGTTC

ATTGGTATGATGCACTTCAATCACTACTGTTTGTTTGGGGGGAGACAGGATCTTCTCCGAT

TTATACAA 

 

 

Sequence 2: Amplicon obtained from PCR on Zf DNA generated for conducting all spike-in affinity 

enrichment assays. Zf Hey2_b target sequence is highlighted in yellow. For MeDIP comparison assay 

all relevant C/5mC positions occurring in the target sequence are shown in bold and highlighted. M. 

SssI treated samples bearing 15 C/5mC on each stand are highlighted in green. The relevant CpG for 

experiments with TALE_Hey2_b T*5 or TALE_Hey2_b N*5 bearing a C, 5mC, 5hmC, 5fC, 5caC 

or 4mC within the target sequence is shown in red and underlined. 
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E. Plasmid map and sequences of TRX_TALEs 

 

 

Figure VI-5: Plasmid map showing all the features of the final TALE entry plasmid with TRX tag. 

The complete TALE sequence is cloned between the two BsmBI sites.   
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TRX_TALE_Hey2_a (Molecular weight: 97430 Da) 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNI

DQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGERQHMDSP

DLGTVDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVK

YQDMIAALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVT

AVEAVHAWRNALTGAPLNLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLSRPDPALAALTNDHL

LEHHHHHH* 

 

 

 

 

TRX_TALE_Hey2_b (Molecular weight: 90150 Da) 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNI

DQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGERQHMDSP

DLGTVDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVK

YQDMIAALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVT

AVEAVHAWRNALTGAPLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLSRPDPALAALTNDHLLEHHHHH

H* 
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TRX_TALE_Hey2_c (Molecular weight: 90130 Da) 

MSDKIIHLTDDSFDTDVLKADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNI

DQNPGTAPKYGIRGIPTLLLFKNGEVAATKVGALSKGQLKEFLDANLAGSGSGERQHMDSP

DLGTVDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVK

YQDMIAALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVT

AVEAVHAWRNALTGAPLNLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNGGGKQALESIVAQLSRPDPALAALTNDHLLEHHHHH

H* 

 

 

Sequence 3: Amino acid sequences and molecular weights of TRX-TALE_Hey2_a, b and c used in 

enrichment assay for different target sequences in the Zf Hey2 gene. N-terminal TRX sequence and 

all RVDs are highlighted in green with the RVD targeting the CpG of interest marked in red and 

underlined. C-terminal His6 tag is highlighted in blue.   
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F. Plasmid map and sequences of GFP_TALEs 

 

Figure VI-6: Plasmid map showing all the features of the final TALE entry plasmid with TRX tag. 

The complete TALE sequence is cloned between the two BsmBI sites.   

 

 

GFP_TALE_Hey2_b (Molecular weight: 102880 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQ
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RLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNGGGKQALESIVAQLSRPDPALAALTNDHLLEHHHHHH* 

 

Sequence 4: Amino acid sequences and molecular weights of GFP-TALE_Hey2_HD used in various 

assays. N-terminal GFP sequence and all RVDs are highlighted in green with RVD HD5 targeting 

the CpG of interest shown in red and underlined. Amino acids H and D at this position is replaced 

by any of the 20 natural amino acids to obtain the X* TALEs. The weights of TALE_Hey2_b N*5 

and TALE_Hey2_b T*5 are 102740 Da and 102730 Da respectively. C-terminal His6 tag is 

highlighted in blue.   
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GFP_TALE_BRCA1 (26) (Molecular weight: 131350 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

GFP_TALE_BRCA1 (30) (Molecular weight: 145590 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNG
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GKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHG

LTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLP

VLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALE

SIVAQLSRPDPALAALTNDHLLEHHHHHH* 

 

 

GFP_TALE_CDKN2A (Molecular weight: 131700 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

 

GFP_TALE_MGMT (Molecular weight: 131560 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQ
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RLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

 

GFP_TALE_ZAP-70 (Molecular weight: 131550 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 
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GFP_TALE_BRCA1_a (Molecular weight: 131690 Da) 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

Sequence 5: Amino acid sequences and molecular weights of GFP-TALEs targeting human genomic 

sequnces. N-terminal GFP sequence and all RVDs are highlighted in green with RVD HD targeting 

the CpG of interest shown in red and underlined. C-terminal His6 tag is highlighted in blue.   

 

GFP_TALE_CDKN2A_N-terminal His-Tag (Molecular weight: 131760 Da) 

MGHHHHHHSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLP

VPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFE

GDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSV

QLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELY

KTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAA

LPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHA

WRNALTGAPLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG
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KQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHG

LTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLS

RPDPALAALTNDHLLE* 

 

Sequence 6: Amino acid sequences and molecular weights of GFP-TALE_CDKN2A. N-terminal 

GFP sequence and all RVDs are highlighted in green with RVD HD targeting the CpG of interest 

shown in red and underlined. N-terminal His6 tag is highlighted in blue.   

 

G. Elaborate result of the MeDIP assay with internal controls  

 

 

 

Figure VI-7: Quantification of enriched DNA using MeDIP kit with positive (red), negative (black) 

controls from the kit and experimental samples with Zf Hey2_b target sequence with varying number 

and position of C/5mC (grey). Y-axis denotes the % of input DNA sample enriched. Error bars 

represent standard error from experimental and qPCR replicates.   
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H. Bisulphite sequencing result for BRCA1 target site  

 

 

 

Figure VI-8: Sequencing trace for bisulphite treated sample using primers amplifying the antisense 

strand of BRCA1 locus. The TALE target sequence is highlighted in yellow and the CpG of interest 

is highlighted in blue. Comparison of M. SssI treated (above) and untreated samples (below) 

indicated replacement of A (due to presence of C) by G (due to presence of 5mC) in methylated 

samples. 
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I. Complete scan of TALE_Hey2_b X* library using PEX 
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Figure VI-9: Complete scan of Hey2_b X* TALEs (mentioned below) using PEX to find a candidate 

that binds selectively to 4mC. TALE_Hey2_b T* showed selective binding to 4mC.   
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J. Complete scan of TALE_Hey2_b X* library EMSA 
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Figure VI-10: Complete scan of Hey2_b X* TALEs (mentioned below) using EMSA to confirm that 

4mC shows preferential binding to 4mC whereas TALE Hey2_b HD binds strongly to C.  

K. Result of FRET measurement at different time points. 

 

 
 

 

 
Figure VI-11: FRET control showing highest fluorescence by samples containing  

C, 5mC or 4mC measured at different time points. 
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Figure VI-12: Complete scan of Hey2_b X* TALEs (mentioned below) using FRET. Measurements 

at four different time points after Dnase I addition are shown. The earlier observed effect in PEX 

assay as well as EMSA assay was confirmed and TALEs Hey2_b HD5 and T*5 were established as 

selective binders of C and 4mC respectively.   
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L. Determination of Ki for CDKN2A WT and T* TALEs using FRET 
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Figure VI-13: Fits generated using FRET for TALE_CDKN2A (26) with HD (a) or T* (b) at the fifth 

position targeting C, 5mC or 4mC containing sequence. Both TALEs show least binding to 5mC 

with TALE_HD and T* binding strongly to C and 4mC containing samples respectively. Error bars 

indicate standard error from experimental duplicates. The highest fluorescence value and inhibition 

constant for each combination is listed in the table (c).   
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M. TALE sequences with regions bearing alanine mutations 

GFP_TALE_CDKN2A (26) used for Electrostatic mutation studies 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGL

TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

GFP_TALE_ZAP-70 (26) used for Electrostatic mutation studies 

MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV

TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNR

IELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKANFKIRHNIEDGSVQLADHYQ

QNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKTLGYSQ

QQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAALPEATHE

AIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVHAWRNALTG

APLNLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQ

RLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIGGK

QALETVQRLLPVLCQDHGLTPDQVVAIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAI

ASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLT

PDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVL

CQDHGLTPDQVVAIASNGGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETV

QRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGG

KQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVA

IASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGL
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TPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALETVQRLLPV

LCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALET

VQRLLPVLCQDHGLTPDQVVAIASNNGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNIG

GKQALETVQRLLPVLCQDHGLTPDQVVAIASHDGGKQALETVQRLLPVLCQDHGLTPDQVV

AIASNIGGKQALETVQRLLPVLCQDHGLTPDQVVAIASNGGGKQALESIVAQLSRPDPALA

ALTNDHLLEHHHHHH* 

 

Color code:  

K171, R173, R236, K262, K265, R266, K16A, Q17A 

 

Sequence 7: Amino acid sequences of TALE_CDKN2A and TALE_ZAP-70 used in electrostatic 

mutation studies. All the N-terminal and the CRD amino acids in the repeat targeting the CpG of 

interest that were changed to alanine are colour coded. In case of TALE_ZAP-70, the best performing 

candidate had K16A and Q17A mutation on the third repeat as shown in bold and underlined.   

 

 

 

 

 

 

 

 

 

 

 



 
187 SUPPLEMENTARY 

N. EMSA gel photos for TALEs bearing electrostatic mutations  

 

 

 

 

 

 

 

Figure VI-14: Images of EMSA gels showing binding by CDKN2A TALEs to C or 5mC containing 

target sequence used in the assay. Amino acids replaced by alanine in the N-terminal (a), K16A and 

Q17A mutations within the repeats (b) and combination of mutation is mentioned below. Samples 

with mutations that adversely affects binding are also mentioned (d). 

a 

b 

c 
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Figure VI-15: Images of EMSA gels showing binding by ZAP-70 TALEs to C or 5mC containing 

target sequence used in the assay. Amino acids replaced by alanine in the N-terminal (a), K16A and 

Q17A mutations within the repeats (b) and combination of mutation as mentioned below.  

 

 

 

a 

b 
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O. Summary of binding by mutated CDKN2A TALEs  

 

 

Figure VI-16: Summary of results obtained from quantifying binding by various CDKN2A TALEs 

in an EMSA assay categorized based on the number of mutation present on each.  
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P. Determination of Ki for CDKN2A and ZAP-70 WT and mutated TALE 

using FRET 
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Figure VI-17: Fits generated using FRET for WT (a) and mutated (b) TALEs CDKN2A targeting 

sequence containing C or 5mC. In comparison to the WT TALE, one bearing alanine mutations 

(K262A and repeat 5 K16A Q17A) clearly shows a bigger difference in binding between C and 5mC 

containing samples. The values generated using Hill equation is shown in the box.  Error bars indicate 

standard error from experimental duplicates. The highest fluorescence value and inhibition constant 

for each combination is listed in the table.   
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Figure VI-18: Fits generated using FRET for WT (a) and mut (b) TALEs ZAP-70 targeting sequence 

containing C or 5mC. In comparison to the WT TALE, one bearing alanine mutations (K262A and 

repeat 3 K16A Q17A) clearly shows a bigger difference in binding between C and 5mC containing 

samples. The values generated using Hill equation is shown in the box.  Error bars indicate standard 

error from experimental duplicates. The highest fluorescence value and inhibition constant for each 

combination is listed in the table.   

 

Q. Measurement of in vivo activation assay at different time points  

 

 

 

Figure VI-19: Measurement of luminescence by controls used in in vivo transcription assay at 

different time points indicated degradation of the luminescence substrate over time but did not show 

any change in the observed effect.  

 



 
193 SUPPLEMENTARY 

R. Maps of plasmids of group A and B used in luciferase assay 

 

 

Group A plasmid 
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Group B plasmid 

 

Figure VI-20: Maps showing all the features of plasmids of group A (above) and group B (below) 

used in in vivo transcription activation assay. In the target sequence carrying (plasmid group A), 

CDKN2A TALE binding site is highlighted in red and the TALE sequence in the expression plasmid 

(group B) is highlighted in green.    
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S. Bisulphite sequencing result for CDKN2A target site 

 

 

 

 

Figure VI-21: Sequencing trace of samples extracted from HEK293T cells following in vivo 

transcription activation assay. The samples were treated with sodium bisulphite and sequencing was 

performed using primers amplifying the sense strand of CDKN2A locus. The TALE target sequence 

is highlighted in yellow and the CpG of interest is highlighted in blue. Comparison of C (above) or 

5mC (below) bearing samples indicated replacement of C by T at the CpG of interest. 
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