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ABSTRACT

Epigenetic modification at the 5-position of cytosine is an important regulatory element
of mammalian gene expression with essential roles in genome stability, development
and disease.’ The range of cytosine modifications, long narrowed to only
5-methylcytosine (5mC), has been recently extended by the discovery of
5-hydroxymethyl-, 5-formyl- and 5-carboxylcytosine (hmC, fC and caC). These are key
intermediates of the active demethylation pathway, but may also represent new
epigenetic marks with individual biological roles.“8 This increase in chemical complexity
has created a pressing need for analytical approaches that enable unraveling of their
functions, and shaped new challenges for already established methods with respect to
their sensitivity and selectivity. The crucial step of any such approach is the method used
for the differentiation of the cytosine 5-modifications from one another.!”! In this study a
new strategy is reported that bears the potential to simplify detection of those epigenetic
marks and could be used for diagnostics. This approach employs Transcription Activator
Like Effector (TALE) proteins as molecular sensors. TALESs have recently emerged as a
new platform for the design of programmable DNA binding domains offering a simple
one to one recognition code for any user defined DNA sequence.®2 This study reports
direct differentiation between single genomic cytosine (C) and 5mC in vitro™®l based on
the 5mC sensitivity of Repeat Variable Diresidue (RVD) HD.4%! Furthermore, 5mC
levels at single positions and little dependence on the sequence context or the position
in the target sequence can be quantitatively detected.'® In addition, differentiation
between C, 5mC and hmC has been achieved by additional employment of RVDs NG
and N*, that means, an expanded programmability of nucleobase recognition.*”
Moreover, combination of the, within this study developed, assay with selective reduction
of fC to hmC has also enabled the detection of fC, and the ability of RvD HD to
discriminate between C, 5mC and N-4-methylcytosine (N4mC) has been discovered.
This provides a strong basis for further reengineering of TALES towards discrimination

ability of all known DNA modifications.
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ZUSAMMENFASSUNG

Epigenetische Modifizierungen von Cytosin an der 5-Position sind ein wichtiges
regulatorisches Element in der Genexpression in Saugetieren und spielen eine zentrale
Rolle bei der Genomstabilitat, in der Entwicklungsbiologie und bei der Ausbildung von
Krankheiten.'¥1 Die Palette an Cytosin-Modifizierungen war lange nur auf 5-
Methylcytosin (5mC) beschrénkt, wurde jedoch kirzlich durch die Entdeckung von 5-
Hydroxymethyl-, 5-Formyl- und 5-Carboxylcytosin (hmC, fC und caC) erweitert. Diese
stellen wichtige Zwischenprodukte in der aktiven DNS-Demethylierung dar, kdnnen aber
auch neue epigenetische Marker mit individuellen biologischen Funktionen sein.?-®
Diese Erweiterung der chemischen Komplexitat von Cytosin-Modifizierungen fuhrte zu
der Notwendigkeit neue analytische Ansatze, zur Erforschung ihrer Funktionen, zu
entwickeln, aber auch bereits etablierte Verfahren im Hinblick auf ihre Empfindlichkeit
und Selektivitat weiterzuentwickeln. Der entscheidende Schritt eines jeden solchen
Verfahrens ist die Strategie, die fir die Unterscheidung der Cytosin-5-Modifikationen
voneinander verwendet wird.[7 Diese Studie stellt eine neue Strategie vor, die das
Potenzial hat die Detektion dieser epigenetischen Marker zu vereinfachen und in der
Diagnostik verschiedenster Krankheiten eingesetzt werden kann. Dieser Ansatz basiert
auf Transcription Activator Like Effector (TALE) Proteinen als molekulare Sensoren.
TALEs wurden kirzlich als neue Plattform fir programmierbare DNS-Bindungsdoménen
etabliert und bieten einen einfachen 1:1 DNS-Erkennungsmodus, der es erlaubt auf jede
beliebige DNS-Sequenz zu zielen. ¥ Diese Studie zeigt, dass TALEs zwischen
einzelnen genomischen Cytosinen (C) und 5mCs in vitro unterscheiden kénnen.*® Dies
basiert auf der 5mC Sensitivitat des HD RVD (Repeat Variable Diresidue).2* Weiterhin
kénnen Modifizierungsniveaus an einzelnen Positionen ohne signifikante Abhangigkeit
vom Sequenzkontext oder der Position in der Zielsequenz quantitativ ermittelt werden. ¢!
Zusétzlich wurde die Unterscheidung zwischen C, 5mC und hmC durch den zusatzlichen
Einsatz der RVDs NG und N* ermdglicht, was eine erweiterte Programmierbarkeit der
Nukleobasen-Erkennung bedeutet.!”) Weiterhin konnte der Nachweis von fC durch
Kombination der, im Rahmen dieser Studie entwickelten, Methode mit selektiver
Reduktion von fC zu hmC erreicht werden. Aulzerdem wurde gezeigt, dass RVD HD nicht
nur zwischen C und 5mC unterscheiden kann, sondern zusatzlich eine individuelle
Selektivitdt fur NAmC aufweist, welche sich deutlich von der fiur C und 5mC
unterscheidet. Somit stellt diese Studie eine solide Grundlage fir die Weiterentwicklung
von TALE Proteinen dar, um in Zukunft alle bekannten DNS-Madifizierungen erkennen

und unterscheiden zu kénnen.
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Abbreviation

Meaning

*

Amino acid deletion

5mC

5-methyl cytosine

A

Adenine

A

Alanine

aaRS

Aminoacyl tRNA synthetase
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M
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Methyl CpG binding Protein 2
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MRNA
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muU
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1. INTRODUCTION

Parts of the following subchapters:

1.2 Epigenetics
1.2.1 Detection of epigenetic cytosine modification
1.2.1.1 Reactivity based approaches
1.2.1.2 Binding based approaches

1.2.1.3 Processive Readers

have been adapted with permission

from my publication:

ACS Chem. Biol., 2015, 10 (7), pp 1580-1589.
Copyright © 2015 American Chemical Society



1.1 The genetic Code

The genetic information of an organism is stored on the deoxyribonucleic acid (DNA),
coded by the sequence of the four canonical nucleobases cytosine (C), thymine (T),
guanine (G) and adenine (A). (See Fig. 1A) These nucleobases are linked to deoxyribose
which is phosphorylated at the 5’ position, forming the monomeric units of DNA, called
nucleotides. In cell, DNA is present as a dimer of a sense strand and its reverse
antiparallel cognate. In this dimer, C always pairs with G, and T with A, via hydrogen
bonds, so called Watson-Crick base pairing, leading to a right handed double helical
structure of the DNA.!8 (See Fig. 1B) Within this helix, neighboring base pairs interact
via stacking interactions of the n-orbitals of the nucleobases, forming the inside part of
the DNA. The backbone of the DNA is formed by the sugar and phosphate moieties of
each nucleotide, leading to an overall negatively charged surface of the dimer with two

grooves, different in size, enabling access to the nucleobases.!*”!

A NH, O B
N A
N NH
4 |
<N |N/) N/&o
H H
0 NH,
N SN < T
< /)N\H | /§ | ,A
” N~ “NH, ” O &
o)
Cy
NAO
H

Figure 1: DNA structure and composition. A: Canonical nucleobases adenine (A), guanine (G), thymine (T),
cytosine (C) and uracil (U) B: Crystal structure of DNA duplex forming a double helix. In the box, A forming
Watson-Crick base pair with T, via hydrogen bonds and C with G, respectively (PDB entry: 3UGM).[2

The, compared to covalent bonds, weak manner of hydrogen bonds is crucial for
switching DNA from its resting state to the active state by dissociation of the two strands,
thus enabling biochemical processes, such as replication of the DNA prior to proliferation
or transcription, to take place.%

To process the information that is stored on the DNA, and bring the phenotype into being,
it is first transcribed to a messenger ribonucleic acid (MRNA). RNAs are also composed
of nucleotides, with the main differences of bearing ribose as carbohydrate moiety and

uracil (U) replacing T. The mRNA is then transported to the ribosomes in the cytoplasm
-2-



where it is translated into a defined sequence consisting of an alphabet of in total 20
canonical amino acids. Thereby, a set of three nucleotides, the so called codon, encodes
for one specific amino acid or a stop signal. In most organisms three stop codons are
present and the remaining ones are coding for amino acids with different frequencies.
For example only one codon out of 64 possibilities is coding for methionine (M) but each,
arginine (R), leucine (L) and serine (S) are encoded by six codons. The amino acids are
delivered to the aminoacyl recognition site (A site) of the ribosome by so called transfer
ribonucleic acids (tRNA), which are specifically loaded with the respective amino acid by
aminoacyl tRNA synthetases (aaRS), and are incorporated into the growing peptide
chain.

To overcome the limitations of this 20 letters amino acid alphabet and for example to
enable the addition of new chemistries to proteins, various techniques have been
developed to (site specifically) introduce unnatural amino acids. One of those is the use
of orthogonal aaRS/tRNA pairs like the tyrosyl system that derived from archaea
methanocaldococcus jannaschii. This aaRS/tRNA pair was engineered to encode
selectively a large variety of structurally to tyrosine related unnatural amino acids by
suppressing the so called amber codon (CUA), which is a stop signal in most other

organisms.??



1.2 Epigenetics

Since nearly all cells within an organism have the same genome and, therefore, are
carrying the same information, the question arose how it is regulated that different types
of cells can develop out of one stem cell, creating a highly complex organism, and how
this information is stored and provided to the next generation of cells. In 1939
WADDINGTON introduced the term “epigenetics” as “the causal interactions between
genes and their products, which bring the phenotype into being”.[?®! Later on, it has been
defined as reversible, heritable regulation mechanism in gene expression without any
alterations in the DNA sequence.?*?! Today, it is evident that those additional
information, that allow cells to differentiate and to respond to influences by the
environment, are stored on the DNA itself in the form of epigenetic modifications of the
canonical nucleobases.>” Methylation of cytosine at the 5 position is by now the best
studied epigenetic mechanism. In mammals it predominantly occurs in CpG
dinucleotides. It is estimated that 70 — 80 % of them are methylated throughout the
genome. Non-methylated CpGs are mainly found in dense areas, so called CpG islands,
close to gene promoter regions. Hence, 5-methylcytosine (5mC) is a major regulator of
gene expression and plays a crucial role in developmental processes, cell differentiation
and in a variety of diseases as for example different cancer types and mental diseases.
Therefore, its specific distribution patterns can be used as biomarkers for
diagnostics.[37:24-26.27] The vital part of methylation as dynamic and reversible regulatory
mechanism is its introduction and removal. DNA-methyl transferases (DNMT), thereby,
catalyze the methylation of C using S-adenosylmethionine (SAM) as methyl donor. SAM
is consumed to S-adenosylhomocysteine (SAH) which is subsequently hydrolyzed to
homocysteine and adenosine.?®! DNMTs are responsible for the de novo methylation of
cytosine, as well as for maintenance methylation after replication, making 5mC a
relatively stable and inheritable nucleobase.” After a long time, passive dilution (PD)
being the only known 5mC demethylation pathway by replication and absence of
maintenance methylation, amongst other proposed mechanisms, one active
demethylation pathway has been proven to take place in mammalians.

The uncovering of this pathway has been spurred by the discovery of oxidized 5mC
variants (5-hydroxymethylcytosine, hmC; 5-formylcytosine, fC; 5-carboxylcytosine, caC)
in mammalian DNA as key intermediates of this mechanism. First 5mC is oxidized by
ten-eleven translocation dioxygenase 1 (TET1) to hmC.?% In this reaction the enzyme
transfers a dioxygen molecule on a-ketoglutarate (a-KG) and 5mC via highly reactive
Fe(IV)/Fe(lll) oxo species. a-ketoglutarate is converted to succinate via oxidative
decarboxylation within this reaction.% Iterative oxidation of hmC by TET dioxygenases
leads to fC and caC which can be excised by thymine-DNA-glycosylase (TDG) forming

abasic sites that can be restored to C by base excision repair (BER).[*83132 (See Fig. 2)
-4 -



adenosine
THF or dimethylglycine

Pi + PPi
H,O
5-methyl-THF or trimethylglycine
ATP

c SAM
NH,
SAH
BER )\
o~ N DNMT
NH»
Abasic VT
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041\,}‘ 5mC
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TET
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NI oA NH2
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Figure 2: Active methylation and demethylation cycle of cytosine with cycle for regeneration of methyl donor.
DNMT: DNA-methyl transferase; TET: ten-eleven translocation dioxygenase; TDG: Thymine-DNA-
glycosylase; BER: Base Excision Repair; SAM: S-adenosylmethionine; SAH: S-adenosylhomocystein;
THF: tetrahydrofolate; a-KG: a-ketoglutarate; ATP: adenosintriphosphate; Pi: phosphate; PPi: diphosphate;
C:cytosine; 5mC:  5-methylcytosine; hmC:  5-hydroxymethylcytosine;  fC:  5-formylcytosine:

caC: 5-carboxylcytosine.[]

The genomic content of the three oxidized 5mC derivatives has been shown to be
variable in different cell types, whereas hmC is the most stable and most abundant one.
In several mammalian cell types it occurs in the lower double-digit percent range relative
to 5mC. The occurrence of fC and caC is at a lower frequency, for fC often being one to
three orders of magnitude lower than hmC, and caC occurring approximately one
additional order of magnitude lower than fC.57:3138 Despite their role in active
demethylation it is elusive if oxidized C derivatives play some other roles in biochemical
processes. For example, it has been shown that brain cells exhibit very high contents of
hmC, whereas in several types of cancer cells the contents are low. This difference in
occurrence frequency may be explained by differences in the kinetics of maintenance

methylation and subsequent oxidation, depending on the cell proliferation rate. However,

-5-



profiling studies regarding the spatial distribution of oxidized C derivatives in embryonic
stem cells have shown specific distribution patterns at different promoter types,
transcription start sites and gene bodies.l"-34-39

On the one hand modifications of C at 5 position show no pronounced effect on Watson-
Crick base pairing or base pair geometry, except for the case of dense occurrence of fC,
but may have an impact on DNA duplex stability. caC causes an increased melting
temperature, whereas the effects exhibited by the other modifications are subtle.#04142]
On the other hand, the fact that each of the five C variants provides unique properties,
like their ability to accept or donate hydrogen bonds and their steric demand, which are
displayed to the major groove of the DNA, provides the potential for selective recognition
of those modifications by former and/or so far uncharacterized reader proteins and,
therefore, to serve as potential sites for protein recruitment or repulsion. Even fC and
hmC, which are similar in size, exhibit differences in their conformational flexibility.
Whereas the C=0 of the aldehyde moiety of fC is fixed in the same plane as the
heterocycle by an intramolecular hydrogen bond to the N4 amino function, hmC is found
in two different conformations, providing noticeable structural differences bearing the
potential for selective recognition.*®! Indeed recent fishing studies already provided first
candidate proteins that are capable of recognizing oxidized 5mC variants and may be
involved in biochemical processes.["41:42:44:45]

However, also post-translational modifications on histones, e.g. ubiquitination,
methylation and acetylation, have been shown to have a regulatory role and can be
linked to disease. These findings have led to a more wide definition of the term
epigenetics, meaning any molecular signature on chromosomes to register, signal or
perpetuate altered activity states, leading to stably heritable phenotype without changes
in the DNA sequence. 2641

1.2.1 Detection of epigenetic cytosine modifications

X ?ﬁy &q . [gTC TMCGTAFCGCAT
o ° 9 A~

chemo selective chemo selective
Figure 3: Overview of current approaches for the detection of epigenetic cytosine modifications.

conversion tagging
reactivity based binding based

The finding of 5mC being a valuable mark for different diseases has spurred the
development of various techniques to detect this modification in genomic DNA samples.

The later discovery of oxidized C derivatives has given an impulse to further develop
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these methods towards full selectivity to all C variants, but it has also caused inventions
of completely new approaches. In general this approaches can be divided into three
categories. First, reactivity based methods, second, binding based approaches by direct
molecular recognition and third, processive readers. (See Fig. 3) In addition,
combinations of this methods have been used to achieve full selectivity as well. In the
following sections the most important of those methods will be shortly introduced.

1.2.1.1 Reactivity based approaches

In general two different ideas have been pursued, one being the chemo selective
conversion of nucleobases in one another, doing so exploiting their difference in
reactivity and second the chemo selective tagging of modified C based on the difference
in reactivity of the modifications towards electrophiles and nucleophiles. The chemo
selective conversion approach Bisulfite Sequencing (BS-Seq) is by far the most impactful
approach for the detection of 5mC. This method takes advantage of difference in
deamination ability of C and 5mC, when heated with sodium bisulfite (BS). Within the
reaction, C is converted to U but 5mC not to T.[*”l This way an epigenetic information is
converted into a canonical nucleobase mutation and can be easily detected by common
sequence analysis techniques, as polymerase chain reaction (PCR), Sanger sequencing
or next-generation sequencing (NGS), with C being read as T and 5mC as C.

CAB-Seq
u u
BS
pos fCAB-Seq
H,N-R L u

BS

it (e ) o8

[smg| fc | fc KRUOs ‘ HaBH, EIE [hmd) cac
\BS ‘BS BS

oxBS-Seq BS-Seq redBS-Seq

Figure 4: Strategies for achieving full selectivity with BS-Seq regarding cytosine modifications. First step:
chemical modification of epigenetic nucleobase of interest. Reagents and catalysts stated at the arrows.
Second step: bisulfite conversion of DNA sample leading to unaltered Watson-Crick base pairing or to
altered base pairing (indicated as C in black box or U in grey box, respectively). C: cytosine;
5mC: 5-methylcytosine, hmC: 5-hydroxymethylcytosine; fC: 5-formylcytosine; caC: 5-carboxylcytosine;
aC: 5-amidecytosine; oC: 5-oximecytosine; gmC: glucosylated 5-hydroxymethylcytosine; U: uracil.
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With upcoming of oxidizes C derivatives this methodology has been studied according
its selectivity towards this new epigenetic bases. It turned out that under this conditions
hmC forms a cytosine-5-methylsulfonate that exhibits unaltered base pairing and is
therefore read as C.[*8l Whereas fC and caC are read as T, due to deformylation and
decarboxylation, respectively, followed by deamination to U.[** To overcome this lack
in selectivity different tactics have been developed. One approach is to selectively
interconvert hmC and fC into each other by reduction with sodium borohydride (NaBH4)
in case of reducing bisulfite sequencing (redBS-Seq)® or oxidation with potassium
perruthenate (KRuO.) in case of oxidative bisulfite sequencing (0xBS-Seq).64%
Comparing BS-Seq, redBS-Seq and oxBS-Seq results allows to distinguish between C,
5mC, hmC and fC. Alternatively tagging supported approaches can be used. In TET-
assisted bisulfite sequencing (TAB-Seq) hmC is protected by enzymatic glucosylation
using T4 S-glucosyltransferase (T4 BGT).5 In a second step 5mC and fC are oxidized
to caC by TET1 while the protected hmC stays unaffected by the enzyme. In subsequent
BS-Seq only hmC is read as a C.PY Similar approaches are 5fC-assisted bisulfite
sequencing (fCAB-Seq) where fC is protected from deamination by converting it with a
substituted hydroxylamine into an oxime®” and chemical modification-assisted bisulfite
sequencing (CAB-Seq) where amidation of the carboxy function with EDC and a primary
amine results in a slower deamination enabling the detection of caC.5? (See Fig. 4) The
data of the latter two techniques can be compared with standard BS-Seq data to
differentiate between C, fC and caC. BS-Seq-based approaches bear pivotal
advantages, as single nucleotide resolution, strand specificity and the quantitative level
analysis of the target modification. But intrinsic drawbacks are harsh reaction conditions
that lead to sample destruction of up to 99% and the comparably complicated and costly
downstream analysis due to the reduction in sequence complexity. !

The above described tagging approaches that have been used to provide more
selectivity to BS-Seq can also be exploited for mapping studies. For this a moiety (e.g.
biotin) is attached to the tag that can be selectively pulled out of the sample and the
attached DNA is subsequently analyzed by next generation sequencing. This provides
information about the distribution of the modification of interest in the genome. This
method benefits from its technical ease and, therefore, low costs and the high sensitivity
of the downstream analysis. However, the major drawback is its low resolution that is
limited by the fragment size of the DNA, being normally in the range of several hundreds

of base pairs.[37:38:54.55.56]



1.2.1.2 Binding based approaches

These approaches take advantage of the sensitivity of DNA binding molecules towards
epigenetic modifications. Till now only DNA binders with or without fixed sequence
selectivity have been reported to be used for this kind of assay. Antibodies are
established for a long time for the typing and profiling of 5mC and can be employed for
genome-wide affinity enrichment of 5mC-containing DNA and subsequent analysis by
e.g. quantitative polymerase chain reaction (qPCR) or next generation sequencing in
methylated DNA immunoprecipitation assays (MeDIP). (See Fig. 5) The benefits of
MeDIP assays are their simplicity and cost-effectivity, but they suffer from the inherent
drawbacks of any non-sequence-selective affinity enrichment approach. One of those
drawbacks is poor resolution, which is defined by the fragment size of the genomic DNA
library, others are non-quantitative results, lacking of strand selectivity and density bias
in 5mC rich sequences. Consequently it only provides information about the potentially
biased relative abundance of 5mC in large genomic windows. Nevertheless, its benefits
make MeDIP a widely used assay, and therefore antibodies for the full set of cytosine

modifications have been developed and employed for genomic profiling.%57]
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Figure 5: Principle of antibody based analysis of epigenetic nucleobase detection. First DNA sample is
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fragmented and next treated with antibodies, selective for modification of interest, followed by subsequent

isolation of bound DNA fragments and downstream analysis. "]

Alternatively the methyl-CpG-binding domain (MBD) of MeCP2 and others can be used
for affinity enrichment of fragments containing 5mC. This domain provides a fixed
sequence selectivity towards CpG dinucleotides.® It has been shown that some MBD
bind selectively 5mC and others bind both, 5mC and hmC, but by now it is unknown if
MBDs can be further evolved to provide full selectivity for all five cytosine
nucleobases.>%° Furthermore J-binding protein 1 (JBP1) from Trypanosomes has been
employed for hmC analysis. In nature it binds glucosylated 5-hydroxymethyluracil but
has been shown to also accommodate glucosylated hmC. This enables affinity
enrichment of hmC containing DNA after glucosylation with T4 BGT.% One of the major
benefits of DNA binding molecules is that they are not limited to in vitro analysis but can

also be used for in vivo visualization of the respective cytosine modification.®”!



Another approach is the use of modification sensitive restriction enzymes combined with
downstream analysis, those endonucleases allow for detection of epigenetic
modifications in a more or less fixed sequence context. Combination with glucosylation

has also been performed to gain more selectivity.6

1.2.1.3 Processive Readers

Processive readers bear the big advantage that, compared to approaches based on
chemical conversion and affinity enrichment, they do not depend on further downstream
analysis. They directly convert the DNA Sequence and the modification status into a
specific output signal. One kind of processive readers is based on nanopores, either
formed by proteins or introduced into solid materials. In this set up a single pore is
connecting two chambers that are separated by an insulating barrier and filled with
electrolyte. Therefore, an applied electric current flows only through the pore. Charged
macromolecules such as DNA can also migrate through the pore and cause a modulation
of the ionic current..62 Thereby, the different structures of the four canonical
nucleobases and the epigenetic nucleobases can be distinguished by the difference in
the ionic current modulation they cause.l®® Especially protein nanopores have been
successfully employed for this approach, because they can be expressed with structural
homogeneity and can be easily engineered with high precision on the basis of crystal
structures.[”®¥ Furthermore nanopores have been improved by combining them with a
phi29 DNA polymerase at the entrance to control the kinetic of DNA translocation through
the pore.® Till now it has been proved that nanopores provide enough selectivity to
directly distinguish between the four canonical nucleobases and 5mC and hmC and also
the detection of fC and caC has been reported,®® but this approach suffers from its high
technical demand and relatively low accuracy of 92 — 98 % which could be improved by
multiple reads.[":¢7]

Another approach is based on the use of DNA polymerases that offer very high read
lengths. In the so called single-molecule real time (SMRT) DNA sequencing single
engineered phi29 polymerases are immobilized in a so called zero-mode waveguide in
zeptoliter-sized nanostructures.®® This makes the detection of fluorescence signals
possible with very low background. During the processive synthesis of a single DNA
molecule the fluorescence signals, which are generated during nucleotide binding until
the labeled pentaphosphate is released, can be continuously monitored. Therefore, four
phospholinked deoxynucleotides, which are individually labeled with fluorophores, are
used. Dependent on the bypassed, templating nucleobase and the epigenetic
modification, unique kinetic signatures of the fluorescence signals can be observed
during DNA synthesis. In particular differences in the duration between two fluorescence

pulses (interpuls duration, IPD) can be exploited to detect epigenetic modification.® |t
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has been shown that 5mC and hmC lead to moderate IPD increases compared to C.
Thereby, the difference between 5mC and hmC is very small and also the relatively small
difference to C makes this analysis challenging. On the other hand fC and especially caC
cause a much stronger IPD increase.[”® To gain more selectivity and more bigger effects
it has been shown, that the IPD can be more prominent increased by prior tagging of the
modified cytosine nucleobases using selective chemistries, indicating a size-
dependence of this effect.>7:365471 Fyll selectivity towards all epigenetic nucleobases
without chemical tagging or chemical conversion may be some day achieved by further
engineering of the used polymerase.l’? However, this method till now suffers from its
high technical demand and its restriction to in vitro application.

Hence, the development of a new strategy that combines benefits and avoids drawbacks
of the reported methods is highly favorable and may simplify diagnostics and enable

highly specific applications in vivo.
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1.3 Programmable Sequence Selective DNA binding

Proteins

1.3.1 Zinc Finger Proteins

For a long time zinc fingers have been the only proteins that can bind DNA in a sequence
selective manner, providing the possibility for being designed to target user defined
sequences. Indeed Zinc finger proteins (ZFP) are probably the most frequent DNA-
binding domains in human transcription factors. Each finger recognizes 3-4 DNA
nucleotides and consists of an anti-parallel B-sheet that contains two conserved
cysteines (C) and an a-helix that contains two conserved histidines (H). Those four
conserved amino acids of each finger recruit a zinc ion that causes the peptide to fold
into its tertiary structure. (See Fig. 6) The a-helix of each finger can bind to the DNA

specifically via the major groove.l’3-757€]

Figure 6: Crystal structure of the 10th C2H2 zinc finger of human Zinc finger protein 406 (PDB entry:
2ELM)I""! a-helix and S-sheet shown as grey cartoon, cysteines and histidines responsible for recruitment of

zinc ion (magenta sphere) shown as colored sticks.

Virtually any desired DNA sequence could be targeted by the combination of multiple
fingers, each of those engineered to bind a specific triplet DNA codon, but by 2014 not
for every codon a specific finger was available.l’® Furthermore, context effects, in
especially through interactions of neighboring fingers, make the design of ZFPs
challenging. In addition ZFPs fused to nuclease domains which have been validated in
vitro often fail in in vivo genome editing. One of the reasons for this is the lack of enough
specificity in case that many similar DNA sequences are present in the genome.[3-7578]
The approach of programmable and sequence selective DNA binding by modular
proteins has been revolutionized by the discovery of Transcription Activator Like Effector
(TALE) proteins that can overcome the drawbacks of ZFPs.["® This scaffold for DNA
binding domains provides the basis for this work and will be introduced in detail in the

following.
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1.3.2 Transcription Activator Like Effector Proteins

Transcription activator like effector proteins have been discovered in the plant
pathogenic Xanthomonas bacteria. Those bacteria infect their hosts’ cells with this type
of effector proteins, where they are localized to the nucleolus and upregulate expression
of beneficious genes for bacterial virulence or downregulate defense systems. (See
Fig. 7A)

1.3.2.1 Structure
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Figure 7: A: Mechanism of pathogenety of Xanthomonas bacteria 1: Expression TALE-proteins.
2: Translocation of TALEs into host cell. 3: Localization of TALESs into nucleolus. 4: Binding of TALEs to DNA
target and upregulation of gene expression. B: Crystal structure of TALE (grey) bound to DNA. (PDB entry:
3UGM)RY C: Schematic structure of TALEs with N-terminal secretion signal (T3S), C-terminal activation
domain (AD) and nuclear localization signal (NLS) and DNA binding domain including N-terminal cryptic
repeats and exemplary amino acid sequence of one monomeric unit with Repeat Variable Diresidue (RVD)
depicted in red letters. D: RVD selectivities of the four most common RVDs and the N* RVD (* means amino

acid deletion).

In general TALEs consist of three major parts, the N-terminal region, the C-terminal
region and the central DNA Binding domain. Plant cells are often infected with a mix of
effector proteins via the hypersensitive response and pathogenicity type Il secretion
(Hrp-T3S) system, but also other secretion systems have been found.® The signals
necessary for the secretion and translocation into the plant cell are normally localized in
the N-terminus of the proteins. The C-terminus bears the nuclear localization signal
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(NLS), which makes the host cell to transport TALESs into the nucleolus where they can
bind to their target site and cause effects on gene expression via the C-terminal
activation domain (AD).°*% (See Fig. 7C)

The DNA binding domain consists of concatenated highly conserved repeat units which
are formed by predominantly 33-35 amino acids bundled in two a-helices and loop
regions. The first, short a-helix spans amino acids 3 to 11 and is connected via a loop to
the longer and bent a-helix, spanning amino acids 14 to 33. The amino acids in the loop
at position 12 and 13 (so called Repeat-Variable Diresidue; RVD) are hyper variable and
are responsible for nucleotide specific DNA binding via the DNA major groove, making
TALESs strand specific binders winding along the DNA.®2079 (See Fig. 7B) The length of
the DNA binding domain varies, being in nature normally found between 1.5 and 33.5
repeat units, the last one normally being a truncated one and therefore referred to as half
repeat. However a minimum number of 6.5 repeats has been shown to be necessary for
induction of targeted gene expression.®! The described so called canonical repeats are
preceded by cryptic repeats showing structural similarity to the canonical repeats. This
extended N-terminal DNA binding region is involved in specific and nonspecific DNA

binding and is considered as the “nucleation site” for DNA binding.[2%8%

1.3.2.2 TALE-DNA Binding Mode

The N-terminus of TALE proteins binds an initial T (referred to as position 0) of the target
DNA sequence via a non-polar Van der Waals interaction of a tryptophan (W) located in
the cryptic -1 repeat and the methyl group of T. In order to overcome this restriction to
target sequences starting with a T, TALEs have been designed and evolved to being
able to bind any of the four nucleobases at position 0. Having a closer look on the
binding mode of the canonical repeat units, the amino acid at position 12 of each repeat
contacts to the first short a-helix within the repeat unit, stabilizing the loop geometry.
Whereas the amino acid at position 13 is exclusively responsible for sequence-specific
DNA contacts. Other amino acids within a repeat unit are involved in sequence-
unspecific interactions with the DNA backbone. The most abundant RVDs in nature are
NI, NN (NH), NG and HD, thereby recognizing A, G, T and C respectively,[”:920.7
whereas the degree of specificity varies from RVD to RVD.[112208] Byt also target
sequence context dependent effects on selectivity have been reported,®384 as well as
variability of amino acids 4 and 32 within a repeat unit has been reported to influence
efficiency of TALE nucleases (TALEN) in vivo, suggesting an impact on DNA binding
affinity. [
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Figure 8: Crystal structure of TALE monomeric units bound to their target nucleobase. Left: RVD HD bound
to cytosine. Hydrogen bond indicated as red dotted line. Right: RVD NG bound to thymine. Van der Waals
interaction between 5-methyl group and glycine methylene group indicated as red dotted line. (PDB entry:
3UGM)R0]

Studies have also revealed that the N-terminal repeat units contribute more to affinity
than C-terminal repeats.[®® Repeat units with RVD HD bind cytosine via a hydrogen bond
of the aspartates carboxylate and the cytosine’s N4 and Van der Waals interaction of
aspartates methylene group and the C5 of cytosine.?®’ (See Fig. 8) Studies have
shown that RVD HD is sensitive towards methylation at 5 position of cytosine. This
methylation disturbs the hydrogen bond between HD and C by its steric demand, and
therefore lowers the affinity.!#1587 |n vitro assays using fluorescence polarization
measurements have shown a maximum 2-3 fold reduced signal for TALEs binding to
single methylated DNA than to non-methylated. This sensitivity has been overcome by
the use of size reduced RVD N*, in which the amino acid at position 13 is deleted, and
has been shown to bind C and 5mC with similar affinity.[*588l

Due to the structural similarity to thymine RVD NG is supposed to also recognize 5mC
by Van der Waals interaction between the glycine methylene moiety and the
5-methylgroup. Indeed studies have shown, that the affinity to 5mC is similar to the
affinity to T.[67

1.3.2.3 TALE Manufacturing

Due to their modularity, expression plasmids for TALEs can be easily created. For this,
a large variety of methods has been developed based on either standard cloning®® or
Golden Gate cloning,®®%? but also methods combining a solid phase and standard
cloning like Fast Ligation-based Automatable Solid-phase High-throughput (FLASH)
Assembly® and Iterative Capped Assembly (ICA)®4 have been developed.
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Figure 9: Principle of Golden Gate assembly of TALE expression plasmids: Bsal and Esp3l: Type IIS
restriction enzymes; tet: tetracycline resistance; spec: spectinomycine resistance; amp: ampicillin
resistance; TAL-N’: TALE N-terminus; TAL-C’: TALE C-terminus; LacZ: Reporter gene for blue/white
screening; red box: optional catalytic domain.!?l

One method that will be described in detail is based on Golden Gate (GG) cloning and
was developed in the VOYTAS laboratory.® In this method up to ten monomer units are
assembled into an array plasmid in one pot. By restriction of the starting plasmids with
type IS restriction enzymes fragments with unique single stranded overhangs are
created that assemble directly in the correct order into the array backbone and are ligated
by ligase enzymes. In a second step several fragments from the array plasmids from
GG1 as well as a fragment coding for the last repeat are cloned into the expression
vector using the same procedure but different restriction enzyme. (See Fig. 9) In addition
to the N- and C-terminal regions of TALE proteins the expression vector also encodes
for additional protein domains fused to the TALE DNA binding domain. TALEs can be
then directly expressed in target cells, e.g. for gene editing, or be recombinantly

expressed, e.g. in Escherichia coli (E. coli).[t:%

1.3.2.4 TALE Applications

In addition to the natural upregulation of genes, TALEs can be exploited for many other
purposes. The main application for TALEs is by now the use for gene editing. For this,
TALE DNA binding domains are fused to nuclease domains, providing so called TALE
nucleases (TALENS), to introduce in vivo double strand breaks that can be repaired by
non-homologous end joining or homologous recombination, introducing deletions,
insertions and/or mutations.!838%9291 Byt also fusions to recombinases have been

developed for this use.[®
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Figure 10: General overview of exploited chimeric Proteins consisting of TALE DNA Binding Domain and
Functional Domain (FD).

In addition modifications on the epigenome of living cells have been performed with
TALE fusion proteins.®’l Using TET catalytic domains a site specific removal of cytosine
methylation has been achieved on the one hand® and on the other hand site specific
methylation has been reported using fusions to DNMTs.®® Moreover, the alteration of
histone methylation has been achieved e.g. by the use of chimeric TALE LSD1 histone
demethylase proteins.[*%%

Furthermore, studies have shown that TALE DNA binding domains can also be used for
suppression of reporter genes, but also fusions to repressor domains such as the
Kruppel-associated box (KRAB)™Y domain and the EAR-repression domain (SRDX)102
have been used in mammalian cells.

Recently fusions to fluorescent protein domains, such as Green Fluorescent Protein
(GFP), have been reported for in vivo tracking of satellite DNA.% This makes TALEs a

platform for very versatile use for both in vitro and in vivo applications.
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2. AIM OF THE WORK
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As described above fusions of TALEs to other protein domains can be exploited for a
large variety of in vivo applications, such as gene editing, erasing or introducing of
epigenetic modifications, histone modification, gene suppression and in vivo
visualization of genetic loci. Together with the reported sensitivity of the TALE DNA
binding domain they bear the high potential for being used for such in vivo purposes
dependent on the epigenetic status of the target locus.

The aim of this work is to take the first step towards those epigenetic modification
dependent in vivo applications by investigation of the modification sensitivity in more
detail. Since 5mC is by now the best known and investigated epigenetic mark that has
been correlated to a variety of disease and biological functions, this work will focus on

the sensitivity of TALE DNA binding domains towards cytosine madifications in vitro.
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Figure 11: Investigation of discriminatory ability of TALE repeat units.

First, the reported effect of cytosine methylation at 5 position will be revalidated and
investigated in more detail according to its maximum discriminatory ability, sequence
context effects and effects on TALE DNA binding with respect to the position in the TALE
DNA binding domain that faces the modified cytosine. Furthermore, an assay will be
developed that allows the combination of TALE DNA binding with downstream analysis
techniques with high throughput potential to detect cytosine madifications in real
biological samples, and overcomes many of the drawbacks of up to date methods for
epigenetic analysis. This assay would also provide the basis for TALEs being exploited
for diagnostics of epigenetic related disease. Next, the discriminatory ability of TALEs for
the differentiation between 5mC and the less abundant oxidized 5-methylcytosine
nucleobases hmC, fC and caC will be investigated. Since fC and caC occur at very low
levels, compared to hmC, the main focus of this work will be on the discrimination of C,
5mC and hmC, but also some attempts towards the other two cytosine variants will be
made. In addition, the effect of methylation of the amino function at 4 position of cytosine

will be investigated.
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3. RESULTS AND DISCUSSION
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3.1 Detection of 5-methylcytosine with TALEsS

3.1.1 TALE scaffold and expression

The TALE proteins used in this work are defined by a shortened N-terminal and C-
terminal region compared to the AvrBs3 scaffold found in Xanthomonas bacteria, missing
the translocation signal, as well as the nuclear localization signal and the transcriptional
activation domain. Furthermore, they bear an N-terminal thioredoxin (TRX) tag, and a C-

terminal 6His affinity tag (His-tag) for purification. (See Fig. 12A)

&= 11l 000 O P 6
B C Source of
Name Target Sequence TALE Domain non RVD variability
S-drh1 TCTTCCGTTTCCACATCC purchased repetitive DD EA DA AD pattern
S-drh2 TTTACTGCTGCTCCCGCT assembled fixed to DD in each repeat

S-drg1 TCGTCCAATAGCTTCT

Figure 12: lllustration of TALE scaffold. A: General architecture of used TALEs with N-terminal thioredoxin
(TRX) and C-terminal 6 histidine (6His) tag. B: Target sequences of the first three investigated TALEs. C:
Amino acid pattern in the repeat units at positions 4 (first letter) and 32 (second letter) dependent on the
source of the TALE DNA-binding domain.

For investigation of 5mC discriminatory ability of TALES, three sequences in the genes
hey2 and gria3a, respectively, of zebrafish (danio rerio) were chosen (See figure 12B),
and have already been described in literature.®® TALE expression plasmids were
created by amplifying each of the DNA binding domains and a part of the TALE N- and
C-termini by polymerase chain reaction (PCR) from a commercially available mammalian
shuttle plasmid. The His-tag was introduced by the reverse primer. Furthermore, two
restriction sites have been introduced that were used to clone the fragment into the
bacterial expression vector, providing the N-terminal TRX-tag, as well as a T7 promotor,
an inducible lacO repressor sequence and ampicillin resistance. The proteins have been
expressed in E. coli and purified via Ni-NTA immobilization. TALE T-drh101 that is
targeting Sequence S-drhl bears a NG last repeat unit, which means that there is a
misbhinding at the last position of the target sequence.

In contrast to all later on with the VOYTAS assembly tool box created TALEs, the TALEs
T-drh101, T-drh201 and T-drg101 provide non RVD variability at the amino acid positions
4 and 32 within the repeat units. (See figure 12C)
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3.1.2 Revalidation of methylation sensitivity of TALEsS
To revalidate the cytosine methylation sensitivity of RVDs HD and NG, TALE-drh101

was incubated with four different synthetic double stranded (ds) *2P-labelled DNA
fragments bearing variations in the TALE target sequence S-drhl and the binding was
monitored by electro mobility shift assay (EMSA). Binding to its unmodified target
(Et-drh101) was observed for TALE-drh101 at a 10:1 Protein to DNA ratio, but no binding
has been detected when six Cs in this sequence have been replaced by 5mC (Et-
drh102), proving the reported sensitivity of HD to cytosine methylation. To investigate
the performance of RVD NG in discrimination between C and 5mC, six Ts of the target
sequence have been exchanged by either cytosine (Et-drh103) or 5-methylcytosine
(Et-drh104). For both, no binding of TALE-drh101 was observed in the range of Protein
to DNA ratios at which binding to Et-drh101 was observed, suggesting a lower affinity of
RVD NG to 5mC than to T. (See figure 13) This lower affinity is not in agreement with
literature data, but in this case six instead of three positions have been changed to 5mC
and also sequence context dependent effects cannot be ruled out.

A Target Sequence

Et-drh101  TCTTCCGTTTCCACATCC
Et-drh102 ~ TCTTCCGTTTCCACATCC
Et-drh103 ~ TCCCCCGCCCCCACACCC

Et-drh104 ~ TCCCCCGCCCCCACACCC

nt "1 's 10 'is

Wb bt wile) Wded

10 6 10 6 10 6 10 6

T-drh101
DNA

Et-drh101 o -

Et-drh102 L I
Et-drh103 R S
Et-drh104 T

Figure 13: EMSA to validate 5mC sensitivity of RVDs HD and NG. A: Target sequences in oligo nucleotides
used for EMSA. 5mC depicted in red in bold and underlined. B: EMSA with different TALE to DNA ratios.

TALE-DNA complex marked with an arrow. 3!

After proving the ability of RVD HD to distinguish between C and 5mC, the maximum
discriminatory potential of TALEs had to be explored. Since EMSAs are not a suitable
analysis method with respect to real genomic samples, further investigations have been
carried out using an assay set up that can be coupled with powerful downstream analysis

techniques.
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3.1.3 5mC Dependent in vitro Inhibition of DNA Synthesis by
TALEs

The aim was to develop a biochemical assay that produces a signal or not dependent on
the binding of TALEs to DNA. This signal could then be detected by downstream analysis
techniques. Since DNA can be easily analyzed by a variety of long established methods
like e.g. quantitative polymerase chain reaction or next generation sequencing, it was

investigated if TALE binding can be coupled to in vitro DNA synthesis.
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Pt-drh101 BT CTT CECTMTTECCACATEE
Pt-drh102 IS CCCIINNCCACIIIECE
nt | 65 | 70 | ¥

g -,—6-?-992-

KF (exo-) [mU] 1250 500 250 125 50 25 1251.25 0.13 O
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Figure 14: Primer extension assay for 5mC detection. A: General principle of Polymerase (grey protein
surface) inhibition by TALEs (colored cartoon) in case of non-methylated cytosine opposite of RVD HD but
not in case of 5mC. B: Target sequences in Primer extension templates, 5mC depicted in bold red and

underlined. C: Screening for optimal KF(exo-) amount in primer extension reaction for T-drh101.03!

The general idea was to inhibit a DNA polymerase dependent on the methylation status
of the DNA. The newly synthesized DNA strand could then serve as signal in
downstream analysis. (See Fig. 14A) For this, a 18 nt long reverse complement
5’-32P-labelled primer (p-drh101) was hybridized to synthetic 79 nt DNA fragments of

zebrafish hey2 gene bearing the target sequence S-drhl at the 3’ end, with or without
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single cytosine methylation and was incubated with a 149 fold excess of T-drh101. Next
the large fragment of DNA polymerase | (Klenow (exo-); KF(exo-)) at varying amounts
and dNTPs were added and Primer extension was performed for 15 minutes at ambient
temperature. Afterwards, the reaction was stopped and the samples were denatured and
analyzed by denaturing polyacrylamide gel electrophoresis (PAGE). No extension
product was observed at 125 mU KF(exo-) for non-methylated DNA but significant primer
extension was observed for methylated DNA. (See Fig. 14C) This proved that TALEs are
able to inhibit a DNA polymerase, when bound to a primer-template duplex and remain
their discriminatory ability. In Addition no inhibition of KF(exo-) was observed when
T-drh101 was absent (See S-Fig. S1), showing that primer extension is not influenced

by cytosine methylation itself.

Oligo Sequence o
Pt-drh101 ... TCTTCCGTTTCCACATCC R
Pt-drh102 .. .TCTTCCGTTTCCACATCC  gyorcion | T\
Pt-drh103 .. .TCTTCCGTTTCCACATCC (%] 5
Pt-drh104 ...TCTTCCGTTTCCACATCC \
Pt-drh105 .. .TCTTCCGTTTCCACATCC N
Pt-drh106 .. .TCTTCCGTTTCCACATCC , -
| | | 1 10 100
nt 6 70 7 T-drh101/DNA .
C D E mwmm=--
100
— | - - - - .
- wwee ..
Extension S
%] 3
2 *
0 Pt-drh101/Pt-drh102 [%]—> 100
— @ -5 = ST T =
Tamior < 4+ kot Pamiol - 4 - + -+ 100 90 80 70 60 50 40 30 20 10 0
Ei'g””m Pt-drh102 + - + - + - Pt-drh101/Pt-drh102 [%]
-drh106 - - 4+ - - - -
Ptdh105 - - - 4 = - - T-drhiol + % = = -
Ptdrh104 - - - - 4 - - T-drh20 == 4+ - -
Ptdrh103 = - - - = + - Tdrg101 = = - -
Ptdrh102 - - - - - - +

Figure 15: In detail investigation of 5mC detection with T-drh101. A: Target sequences in Primer extension
templates, 5mC depicted in bold red and underlined. B: Dependence of KF(exo-) inhibition on TALE
concentration. Experiments with varying T-drh101/target DNA ratios. Extension product/total lane ratios
were plotted against T-drh101 concentration. Pt-drh101: black triangles, Pt-drh102: red squares. C:
Dependence of KF(exo-) inhibition on the number and position of 5mC. PAGE analysis of primer extension
reactions containing 125 mU KF(exo-), 8.3 nM primer-template with 5mC at different positions in presence
or absence of 833 nM T-drh101. Extended/not extended primers are marked with a grey and black arrow.
D: Sequence selectivity of KF(exo-) inhibition. Experiments were conducted with three different TALES
targeting sequences present (T-drh101) or absent (T-drh201, T-drg101) from Pt-drh101, comparing
methylated and non-methylated DNA. E: Analysis of 5mC level at a single position. Experiments were
performed with mixes of Pt-drh101 and Pt-drh102. Insert shows linear regression of extension product

plotted against Pt-drh101 to Pt-drh102 ratio.[*3]
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Next, this inhibitory effect was investigated in more detail. For this, T-drh101
concentration was varied in the primer extension (PEX) and ICso value for non-
methylated DNA was determined (ICso=83+8nM @ 125 mU KF(exo-)) by dose
response curve fit. Since no significant effect of TALE-drh101 on DNA synthesis in case
of methylated DNA has been observed no ICso value has been determined. (See Fig.
15B) Next the effect of multiple methylations and of the position of methylation within the
target sequence was investigated. For this, templates with different methylation patterns
have been hybridized with primer p-drh101 and PEX assay has been performed as
described above with T-drh101 to DNA ratio of 100:1. In templates Pt-drh103 and
Pt-drh104 cytosines at position 1 and 13, respectively, have been exchanged by 5mC.
Templates Pt-drh105 and Pt-drh106 were bearing two or three 5mC at positions 1, 5 and
1, 5, 13, respectively. As expected inhibition of KF(exo-) was not observed in case of
multiple methylations, so TALE binding was inhibited. Interestingly the position of the
methylation in the target sequence has been shown to have an impact on TALE binding.
When it is opposite the C-terminal repeat units the binding is much less disturbed than
in case of methylation opposite repeat units in the central or N-terminal part of the DNA
binding domain, indicating a polarity of TALE-binding, in which the N-terminus
contributes more than the C-terminus, as it was already reported by MECKLER et al.[®
(See Fig. 15C) But also a reflection of the large distance to the KF(exo-)-binding site
cannot be ruled out.*¥

To investigate the specificity of TALES to their desired target sequence, cross selectivity
has been tested by conducting PEX assay as above on templates Pt-drh101 and
Pt-drh102 using TALEs T-drh101, T-drh201 and T-drg101. Only T-drh101 inhibited
primer extension in case of non-methylated target sequence (See Fig. 15D), indicating
high specificity of TALESs to their target in agreement with literature data.®!

An ideal method for the detection of 5mC should not only provide information about the
modification status, but also about the modification level. This is necessary due to the
fact that biological samples in general consist of a mixture of cells, e.g. blood samples.
For validation of this method to being able to also provide level information PEX as above
has been conducted on mixtures of Pt-drh101 and Pt-drh102 with varying ratios,
simulating methylation levels from 0 % to 100 %. As shown in figure 15E differences in
methylation level of just 10 % can be sufficiently detected and correlate in a strictly linear
manner.

Discrimination ability for 5mC detection has also been tested for TALEs T-drh201 and
T-drg101 in sequences S-drh2 and S-drgl, respectively, to investigate the application
scope of this method. For this, primer extensions as above have been performed on the
cognate templates without 5mC or with single 5mC at seven and four scattered positions,

respectively. Only one single methylation opposite a HD RVD very close to the
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C-terminus of T-drh201 did not cause significant inhibition of TALE binding. Even though
some sequence context dependent effects can be observed regarding the perturbation
ability of methylation on TALE-binding, 100 % of the investigated methylations opposite
of N-terminal or central repeat units have been shown to significantly disrupt polymerase
inhibition. (See Fig. 16B/C) This indicates a broad applicability of TALEs for 5mC
detection. It should be mentioned that PEX conditions have not been optimized for the
single investigated methylation positions, providing some potential for further

improvement in this sequence contexts.

A Oligo Sequence B C
Pt-drh201  ...... TTTACTGCTGCTCCCGCT = e
Pt-drh202  ...... TTTACTGCTGCTCCCGCT
Pt-drh203  ...... TTTACTGCTGCTCCCGCT
Pt-drh204  ...... TTTACTGCTGCTCCCGCT
Pt-drh205  ...... TTTACTGCTGCTCCCGCT o
Pt-drh206  ...... TTTACTGCTGCTCCCGCT -
Pt-drh207  ...... TTTACTGCTGCTCCCGCT ; e ==
Pt-drh208  ...... TTTACTGCTGCTCCCGCT w
Pt-drg101 .. .TCGTCCAATAGCTTCT e Ee WErew
Pt-drg102 .. .TCGTCCAATAGCTTCT PLdrh201 + - - - - — - - Ptdrglol + - - - -
Pt-drg103 . ..TCGTCCAATAGCTTCT Ptdrh202 - + - - - - - - Pt-drg102 - + - - -
p Pt-drh203 - - + - - - - - Pt-drg103 - - + - -
Pt-drg104 .. .TCGTCCAATAGCTTCT PLAM204 - - - + - - - - Prdglod - - - + -
Pt-drg105 ...TCGTCCAATAGCTTCT Ptdrh205 - - - - + - - -  Ptdrg105 - - - - +
| | I~ | Pt-drh206 - - - - - + - -
55 60 65 70 nt Pt-drh207 - - - - - - + -
Pt-drh208 - - - - - - - +

Figure 16: Investigation of 5mC detection ability of TALEs T-drh201 and T-drg101. A: Target sequences in
Primer extension templates, 5mC depicted in bold red and underlined. B/C: Dependence of KF(exo-)
inhibition on the position of 5mC. PAGE analysis of primer extension reactions containing 500 mU (B) or
25 mU (C) KF(exo-), 8.3 nM primer-template with 5mC at different positions in presence of 416 nM T-drh201
(B) or 833 nM T-drg101 (C).[*3

Furthermore, ICso values for T-drh201 and T-drg101 and the cognate non-methylated
DNA templates have been determined, being 24 + 7nM @ 500 mU KF(exo-) and
67 + 4 nM @ 25 mU KF(exo-), respectively. This difference in affinity of the three TALEs
could be correlated to the length of the bound target sequence. T-drh201 binds an 18 nt
sequence and provides the highest inhibitory effect on KF(exo-), T-drh101, designed to
bind also an 18 nt sequence, but due to the above mentioned mismatch at the last repeat
(LR) is the effective target sequence length of 17 nt possibly reflected by the medium
affinity. T-drg101, the shortest TALE, provides also the lowest inhibitory ability. But also
an influence by the sequence context, in especially by the composition of the Target
sequence, cannot be ruled out and should be considered due to the different modes
RVDs bind their cognate nucleobase.

Finally, to test if the chosen signaling strategy would provide high sensitivity, reading out
primer extension products by gPCR was investigated. Primer extension reactions were

repeated with templates Pt-drh101 and Pt-drh102 as above using a 5 -biotin labeled
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primer (p-drh102). Subsequent incubation of the reaction mixtures with an excess of
streptavidin-agarose beads and removal of non-biotinylated template by extensive
washing with 20 mM NaOH was performed to isolate the single stranded signal
DNA. 1041051 Then 1/10° of the beads were used in a gPCR experiment using generic
fluorescence signaling with primers targeting the hey2 sequence that was expected to
be present in the primer extension products. For reactions conducted with Pt-drh102 and
Pt-drh101, fluorescence threshold cycles (Cr) of 23.9 £ 0.9 and Crof 30.7 £ 1.3 were
obtained, respectively. (See S-Fig. S4) This corresponds to a 71-fold difference in
template copy number. In comparison, a 78-fold difference in full-length primer extension
product was obtained by PAGE and phosphorimager quantification as above. This shows
that the 5mC-discrimination by T-drh101 in primer extensions can be quantitatively
reflected by qPCR, which offers to significantly increase the sensitivity of the method.
Furthermore it is a prerequisite for the possibility to apply this method to real genomic
DNA samples, since this is normally much more diluted and no extension product of a

definite length will be formed, making analysis by PAGE unsuitable.

3.1.4 In vitro 5mC detection in total DNA by TALEs

The analysis of a single locus of interest in a genomic DNA (gDNA) context is much more
challenging since the off-target to target ratio is very high. For this reason a 5mC-
detection method without target sequence enrichment should offer high robustness

towards the presence of excess gDNA.

M‘ e a ..d.l-b«-.- ’

Pt-drh101 = + = + - + - + + -+ -+ -+ - -+ -+ -+ =+ -+

Pt-drh102 + - + - + - + - + - + - + - + - + - + - + -+ -+ - + -
KF(exo-) [mU] 125 250 500 1250 2500 5000 7500 10k 125

t(ext) [min] 15 30 60 120 180 300 600

Figure 17: 5mC detection in presence of large amount off target DNA. Restoration of discrimination by
increased amount of KF(exo-) or increased extension time.l*3 PAGE analysis of primer extension reactions

containing 8.3 nM primer-template in presence of 833 nM T-drh101.

First, the ability of TALEs to inhibit KF(exo-) and to discriminate between C and 5mC
under this challenging conditions has been tested using the above established PEX

assay and PAGE analysis, by titrating random off-target DNA from salmon sperm into
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the reaction mixtures up to a viscosity limit of a 3 x 10%fold mass excess over primer
during the hybridization step. Above 3 x 102, no full-length primer extension product was
obtained, suggesting masking of KF(exo-) activity. The experiment was repeated with a
3 x 10*fold excess of salmon sperm DNA and increasing amounts of KF(exo-). From an
amount of 5 units per reaction, both primer extension and high 5mC-discrimination were
fully restored. A similar result was achieved by increasing the primer extension time.
(See Fig. 17)

This high robustness towards the presence of off target DNA offered promising
perspectives for a direct application to complex biological samples. Next, total DNA from
zebrafish (danio rerio) was extracted and the TALE target sequences and their
surrounding have been determined to be completely non-methylated by bisulfite
sequencing (See S-Fig. S7) and identity of the hey2 locus has been verified by
amplification of a 541 bp fragment and Sanger-sequencing. (See S-Fig. S9) The
sequence matched Genbank entry NM_131622.2 with a single point mutation at position
1168, outside of the relevant region of later experiments. A part of this gDNA was then
enzymatically methylated with CpG methyltransferase and methylation levels at
positions of interest were confirmed to be 100 %. (See S-Fig. S4)1% Next, the denaturing
washing conditions of streptavidin bound DNA were optimized because the initial
approach with sodium hydroxide led to a dramatic loss of DNA which is unsuitable for
the application with real genomic DNA (gDNA) due to much lower concentration and

therefor lower amounts.

90K

n
]
‘s 50k -
Q
o

0, T I
p-drh103 - - + + - - + + - - + + - - + + o
p-drh104 + o+ - -+ o+ - -+ o+ - -+ o+ - §
KF(exo-) + - + + -+ + - + - + - o+
T[°C] 45°C 65°C 80°C 85°C

Figure 18: Optimization of bead washing conditions with heat denaturation of DNA hybrids.

It was tested to remove the template strand by incubation at increased temperature in a
non-denaturing buffer. Furthermore two different primer lengths have been tested to

avoid effects of the tetra ethylene glycol linked biotin moiety on the TALE binding but
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remaining ability of denaturation of the DNA duplex by increased temperature. The first
primer (p-drh103) was 18 nt long with the same sequence as p-drh102, just with a tetra
ethylene glycol linker between the 5’ end and the biotin moiety. The second (p-drh104)
one was extended at the 5’ end by 12 nucleotides to provide higher selectivity and
sequence uniqueness. Primers have been hybridized with 200 ng of genomic DNA and
either primer extension has been performed by the addition of KF(exo-) or not. Then
samples have been immobilized on streptavidin beads and different washing conditions
have been applied. After washing, the beads were dried and analyzed by qPCR. Since
for both primers removal of template DNA was quantitative at 85 °C, the primer with
extended length was chosen in further experiments, due to its probable higher selectivity,

even though both investigated primer showed similar results. (See Fig. 18)

A

Oligo Sequence

Pt-drh301 ... TACTGCTGCTCCCGCTGCTC
Pt-drh302 .. .TACTGCTGCTCCCGCTGCTC
nt lso  les 170 75

plaBabalalal. .0 § § ¢

Fasn
T-drh301

DNA 0 01 025 05 075 1 25 5 75 15 25

Pt-drh301 B T T S S A A LR JUE N
Pt-drh301 T T T S e S A L. S

KF(exo-) 500 mU each
ICs9 =194 nM

Figure 19: Determination of ICso value for T-drh301. A: Target sequences in Primer extension templates,
5mC depicted in bold red and underlined. B: PAGE analysis of primer extension reactions containing 500 mU

KF(exo-), 8.3 nM primer-template in presence of various amounts of T-drh301.[3!

Next, TALE T-drh301 was assembled, targeting a 20 nt sequence (S-drh3) in the hey2
gene in close proximity to sequences S-drhl and S-drh2. Synthetic oligonucleotides
Pt-drh301 and Pt-drh302 were hybridized with primer p-drh301 and Primer extension
was conducted as above with varying TALE to DNA ratios and analyzed by denaturing
PAGE, resulting that amongst high sequence uniqueness T-drh301 provides high affinity
(ICs0 =19+ 4 nM @ 500 mU KF(exo-). (See Fig. 19B)
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Finally non-methylated and methylated genomic DNA were independently hybridized to,
via tetra ethylene glycol linker 5’ biotinylated, primer p-drh302. Then, primer extension
was conducted as above and stopped by addition of ethylene diamine tetra acetate
(EDTA) solution. Biotinylated DNA was immobilized on streptavidin beads and non-
biotinylated DNA was removed using the above described optimized washing conditions
and dried beads were analyzed by qPCR using primers that bind upstream of the S-drh3
target sequence in the desired extension product.

1. gDNA Extraction

2. Biotin-Primer Hybridzation o CCIBC_ >
1. CREII o)
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gDNA: - - + + = 4 o g
methylated gDNA : - + - - + - + ®
T-drh301: - - - - - + +
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Figure 20: Detection of single 5mC in eukaryotic total DNA. A: Workflow for 5mC detection using TALESs.
Biotin is shown as black dot, streptavidin-bead as grey sphere, other elements as before. B: 5mC-
dependent, TALE-controlled primer extension. Reactions contained 100 ng non-methylated or methylated
total DNA and 0.8 nM p-drh302 in presence or absence of 25 mU KF(exo-) and/or 1160 nM TALE T-drh301.
Washed streptavidin beads were used in gPCR for quantification of extension product. *p <0.05 from Student

t test.[13]

Again amplification was only observed when KF(exo-) was present, meaning selective
removal of the non-biotinylated template DNA and indicating effective primer extension
under this conditions. Furthermore, in absence of T-drh301 no significant difference in
primer extension was observed for the two different DNAs, indicating similar quality.
Even though some impact on primer extension of T-drh301 was observed in case of
methylated DNA, in case of non-methylated DNA a significant, approximately two fold

decrease in primer extension product formation was observed, when compared to
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methylated DNA. (See Fig. 20) This shows that T-drh301 is able to detect its target
sequence in a large and complex eukaryotic genome and to distinguish between
methylated and non-methylated cytosines. Furthermore it proves the method to being
able to be coupled with a selective, sensitive and scalable assay read-out.

3.1.55mC detection at single nucleotide resolution with TALES

The above described method enables the investigation of the methylation status of a
user defined DNA sequence. A single methylation is sufficient to disturb the binding of a
given TALE protein to its target sequence. As it has been shown above, many positions,
except those at the very 3’ end, are able to be detected, but they cannot be distinguished.
This causes the resolution to be the size of the bound target sequence and therefore
being in the range of 16 to 20 nt. Even though the provided resolution is one order of
magnitude better than provided by antibody based approaches, by now this method
cannot keep up with the single nucleotide resolution offered by bisulfite sequencing.

To overcome this lack in resolution all cytosines that are not of interest should be faced
with universal repeat units binding C and 5mC with same affinity. The reported N* RVD
is known to bind both C and 5mC with similar affinity.[** So, to investigate if this RVD
could be used for single nucleotide resolution detection of 5mC, TALE T-drh102 was
assembled bearing RVD N* in repeats 1 and 10 instead of HD. Template
oligonucleotides with different methylation patterns, regarding positions 1, 5 and 10 (See
Fig. 21B) were hybridized to 5-*2P-labelled p-drh101 and primer extensions were
conducted as above and analyzed by denaturing PAGE.

First, primer extension was performed on template Pt-drh101 to validate that T-drh102
is able to bind to the target region and inhibit primer extension. An ICso value of 58 + 8 nM
@ 25 mU KF(exo-) was determined, being much lower than for T-drh101, possibly
reflecting the reported impact of amino acids at position 4 and 32 within the repeat units.
According to the reported lowered efficiency of TALENs without variability at positions 4
and 32, this data indicate lower affinity of non-variably assembled TALES to their target.
To verify this lower affinity being caused by the lacking non RVD variability, TALE
T-drh103 was assembled, providing the same architecture and RVD sequence as
T-drh101 just lacking the non RVD variability. The ICso value of T-drh103 was determined
to 50 £ 7 nM @ 25 mU KF(exo-) being in the same range as the 1Cso value of T-drh102
and considering the errors being identical. This proves the impact of the non RVD
variability on the affinity of TALES to their target.

Next, PEX on Pt-drh102 was conducted and it was shown that the discriminatory ability
at position 5 remained. (See Fig. 21C bars 1 and 2) Further on, the remaining methylation
patterns were investigated in PEX conducted as above. Always when methylation was

present at position 5 of the target sequence TALE binding was perturbed and primer was
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extended independent on the methylation status at positions 1 and 10. Was methylation
absent at position 5, T-drh102 was always able to bind the target sequence and inhibit
primer extension by KF(exo-), again independent on the methylation status at positions
1 and 10. Concluding that the methylation status at positions facing a universal RVD has
no impact on TALE binding to DNA. (See Fig. 21C)

A B Oligo Sequence
CJ l D D U Pt-drh101 .. .TCTTCCGTTTCCACATCC
- Pt-drh102 .. .TCTTCCGTTTCCACATCC
A G T C (CmC) Pt-drh103 .. .TCTTCCGTTTCCACATCC
rd Pt-drh107 .. .TCTTCCGTTTCCACATCC
. - Pt-drh108 ... TCTTCCGTTTCCACATCC
L "ll .l'll'll. Pt-drh109 .. .TCTTCCGTTTCCACATCC
‘ Pt-drh110 .. .TCTTCCGTTTCCACATCC
I65 |70 |75 nt
5’- mmmm C/mCu ? = C/mC -3
C D
IC5q values [nM]
T I Oligo | T-drh102  T-drh103
=05 Pt-drh101 58+8 5017
z Pt-drh102 n.d. n.d.
5 Pt-drh109 47 £ 4
g Pt-drh110 n.d.
i n.d. = no value determined
--- = not conducted
0

Pt-drh101
Pt-drh102
Pt-drh103
Pt-drh105
Pt-drh107
Pt-drh108
Pt-drh109
Pt-drh110

Figure 21: Single nucleotide resolution with TALEs A: TALE design strategy for single nucleotide resolution
of mC detection. A single discriminatory TALE repeat (red) is used to recognize the C-position of interest
(red question mark), the modification status of other C positions in the target sequence is ignored by using
universal TALE repeats (orange) for their recognition. B: Target sequences in Primer extension templates,
5mC depicted in bold red and underlined. C: Analysis of TALE T-drh102 bearing RVD HD at position 5 and
RVDs N* at positions 1 and 10 for its ability to detect mC with single nucleotide resolution. Primer extension
reactions containing 8.325 nM primer-template complex in presence of 416 nM TALE and 25 mU KF(exo-)
were analyzed by denaturing PAGE. Full length extension product was quantified and shown in column

diagram. AU = Arbitrary Unit. D: ICso values determined in primer extension assay with 25 mU KF(exo-).[*8

To validate this more accurately, measurements of ICso values for at position 5
methylated and non-methylated templates in case of full methylation and full non-
methylation at position 1 and 10 were conducted. In case of methylation at position 5 no
values have been determined due to the too low impact of T-drh102 on primer extension.

For templates lacking methylation at this position, very similar values have been
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determined with slightly stronger binding of T-drh102 to DNA methylated opposite of the
non-discriminatory N* RVD. (See Fig. 21D)

In addition it was investigated if the methylation level can be analyzed independent of
the methylation status opposite of universal RVDs. For this, Mixtures of Pt-drh101 and
Pt-drh102, Pt-drh109 and Pt-drh110 and Pt-drh101 and Pt-drh109, respectively, were
applied to analysis by T-drh102 inhibited primer extension. As before increasing of the
methylation level at position of interest leads to a linear increase in primer extension
product formation. The methylation status at positions 1 and 10 opposite the universal
RVDs did not show an impact on primer extension. Also no impact was observed when
methylation was kept at 0 % at position 5 opposite the discriminatory HD RVD and varied
at positions 1 and 10. (See Fig. 22).

A C/C/C vs. C/mC/C
10 B mC/C/mC vs. mC/mC/mC "
€ C/C/C vs. mC/C/mC
5 0.8 L
8 0.6 [ ]
c A
O]
X 04 =
A
0.2 "
[ | * * * * *
0 20 40 60 80 100

[%]

Figure 22: Analysis of the 5mC modification level at position 5 by TALE T-drh102 using template mixtures
as follows: triangles: Pt-drh101 and Pt-drh102, squares: Pt-drh109 and Pt-dth110, diamonds: Pt-drh101
and Pt-drh109. Lines were obtained from linear regression. €l

In conclusion it has been shown that with intelligent design, this TALE based approach
can be used to analyze the cytosine methylation status and level at a user defined single
nucleotide position, employing a universal RVD. Since N* has not been tested in the
context of the other cytosine modifications, there may remain a need for the development

of a truly universal repeat unit as N* may not bind to hmC, fC and caC.
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3.2 Detection of 5-hydroxymethylcytosine with TALES

Since an ideal method for detection of epigenetic marks should not only be able to detect
5mC but also to distinguish between the oxidized derivatives of 5-methylcytosine, next,
TALEs were employed for the programmable detection of 5-hydroxymethylcytosine,
because this modification is much more abundant than fC and cacC.

First, the ability of RVD HD to discriminate between C, 5mC and hmC was tested. Primer
extensions on templates containing either single C, 5mC or hmC at position 5 in the
target sequence with T-drh103 at varying concentrations were performed as above and
analyzed by denaturing PAGE and phosphor imaging. No difference was observed for
methylated and hydroxymethylated DNA. In both cases, even at high TALE to DNA
ratios, no significant inhibition of primer extension by KF(exo-) was detectable. This
shows that the developed method lacks selectivity between 5mC and hmC, meaning that

both modifications would cause the same signal.

Bc B~ Bhmc
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HD HE HQ NG N*
polar RVDs non-polar RVDs

Figure 23: Sensitivity of RVDs to cytosine variants. TALEs bearing RVD HD and polar RVDs HE and HQ
and nonpolar RVDs NG and N* for the differentiation between C (black), mC (red), and hmC (blue) in the
template, analyzed in primer extension assays. Variable RVD was present in TALE repeat 5. Error bars are

from duplicate experiments. Data are normalized for hmC to facilitate comparison of selectivities.[1]

To overcome this lack of selectivity, TALEs T-drh104 and T-drh105 were assembled
bearing polar RVDs HE and HQ, respectively, in repeat unit 5. In case of HE this means
an increase in the conformational flexibility of the sidechain due to the additional
methylene moiety, potentially facilitating hydrogen bonding. However, in primer
extension analysis this RVD change resulted in a significantly reduced binding to C
without promoting the binding to 5mC or hmC, thus being unable to differentiate between
any of the three epigenetic nucleobases. In case of an installed amide group instead of
the carboxylate and with the extended sidechain length (RVD HQ) a similar result was

obtained.
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A Oligo Sequence
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Figure 24: Quantitative analysis of affinity and selectivity of TALEs with nonpolar TALE repeats. A:
templates bearing a single C, mC (red), or hmC (blue) at position 5 B: KF(exo’) inhibition profiles by
T-drh103, T-drh106, and T-drh107 with primer template complex. Data were normalized for hmC and fitted
using a dose response function (fits are shown as line). Error bars are from duplicate experiments. C:
Inhibition constants Ki of T-drh103, T-drh106, and T-drh107 with primer template complexes of Fig. 24B. D:
Inhibition experiments with T-drh103, T-drh106, and T-drh107 with primer template complexes of Fig. 24B
employed in mixtures as indicated by arrows (left and right end of x-axis corresponds to 100 % of respective
nucleobase). Y-axis as in Fig. 24B. Error bars are from duplicate experiments.[*]
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These data suggest that TALE repeats bearing RVDs HE or HQ may be prevented to
form selective hydrogen bonding to C, 5mC or hmC due to unfavorable steric interactions
of the enlarged side chains. (See Fig. 23)

A second approach to solve this lack in selectivity was to employ size reduced RVDs.
TALEs bearing RVD NG (T-drh106), N* (T-drh107) and S* (T-drh108), respectively in
repeat unit 5 instead of HD were assembled. NG has been reported to bind T and 5mC
with similar affinity, being able to accommodate the 5-methylgroup via Van Der Waals
interaction due to the lower steric demand, because of the lacking sidechain of glycine.
Furthermore it has been reported that NG provides no significant affinity to C due to the
large distance of cytosine’s C5 and glycine’s methylene. Considering the increased steric
demand and polarity of hmC, NG is expected to not bind to hmC and thus enabling the
detection of hmC by comparison with data collected using HD. In detail, binding of HD
correlates to C at the investigated position, not binding correlates to 5mC or hmC,
whereas binding of NG correlates to 5mC (or T in case of point mutation) and not binding
correlates to C or hmC. Indicating the presence of hmC when both RVDs do not bind.
Primer extensions were conducted as above and indeed inhibition of the extension
product formation was observed when NG was facing 5mC and reduced binding was
observed when facing C or hmC, making NG a selective sensor for 5mC. Primer
extension reactions for determination of the 1Cso values for T-drh106 revealed that
binding to hmC (ICsp =~2 uM @ 25 mU KF(exo-)) is stronger inhibited than to C
(ICs0 =357 £ 33nM @ 25 mU KF(exo-)), indicating unfavorable steric effects of the
hydroxyl group. RVD NG provides an approximately 2 fold selectivity between 5mC
(ICs0=163+£5nM @ 25 mU KF(exo-)) and C and approximately 12 fold selectivity
between 5mC and hmC. Next, discrimination ability of RVD N* was tested. Primer
extension reactions with varying amounts of T-drh107 revealed that the above observed
similar affinity to C (ICso = 60 £ 4 nM @ 25 mU KF(exo-)) and 5mC (ICso =50+ 7 nM @
25 mU KF(exo-)) of N* can also be observed when placed in repeat unit 5. Strongly
reduced inhibition of primer extension, and thus lower affinity, was observed when hmC
(ICso=~1.5uyM @ 25 mU KF(exo-)) was opposite N*. Even though N* is, due to the
deletion of amino acid 13, smaller than NG, accommodation of hmC is highly unfavored,
but the estimated inhibitory constant is approximately 25 % lower than for NG, indicating
higher affinity of N* to hmC than NG. This results show a 25 and 30 fold selectivity of N*
for C and 5mC, respectively, than to hmC, providing a selective sensor for hmC. (See
Fig. 24B/C) Using T-drh108 with the S* RVD, provided very similar results as observed
for N*. Additionally unpolar RVD NV was tested and as expected, due to the steric
demand of the unpolar sidechain, no binding to any of the three cytosine variants was
observed. (See S-Fig. S14)
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Furthermore, different modification level profiles for this target sequence have been
recorded using TALEs T-drh103, T-drh106 and T-drh107, showing strictly linear behavior
of primer extension product formation when modification levels change. The effects were
all in agreement with the prior determined selectivities. Showing that already low levels
of the modification of interest can be detected reliably. (See Fig. 24D)

In addition, selectivity of RVDs HD, NG and N* to the canonical nucleobases T, G and A
was investigated, showing that under this conditions G and A are not bound by any of
the three RVDs, whereas T is bound by NG and N* but not by HD. This shows that the
method may be biased by point mutations, but should be considered as very robust,
since the probability for such a mutation in a large eukaryotic genome at the locus of
interest is very low. However Sanger sequencing of the region of interest would provide

evidence about the sample identity and reveal the presence of mutations.

1,4 -

1,2 4 T

Extension [AU]

NG
mC EmC shmC T mG mEA

Figure 25: Selectivity profile of RvDs HD, NG and N* for the four canonical nucleobases and epigenetic
nucleobases 5mC and hmC. Primer extension reactions containing 8.3 nM primer-template complex in
presence of 416 nM TALE and 25 mU KF(exo-) were analyzed by denaturing PAGE. Full length extension

product was quantified and shown in column diagram. AU = arbitrary units.[*”]

For validation, the observed discriminatory effects have been tested in the second
sequence context S-drh2, to prove that no specific sequence context effects have been
observed. For this reason, TALEs T-drh202, T-drh203 and T-drh204 were assembled
with RVDs HD, NG and N*, respectively, in repeat 10. The discriminatory effects that
have been observed in this sequence context were in agreement with above
observations, (See S-Fig. S22) even though N* shows significant affinity to hmC in this

context, but remaining a clearly higher affinity to C and 5mC. This higher affinity to hmC
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may either simply reflect the position more close to the C-terminus of the TALE protein
or be caused by some sequence context effects, as it has been reported that hmC is
found in two different conformations in DNA.*Y So one explanation for sequence context
effects might be that the surrounding of the hmC causes either the one or the other
conformation to be more favored. This two conformations may have a different steric
demand to the major groove, one providing a face more similar to 5mC and being bound
better and the other being bound worse by RVD N*. However, this data show that this
approach can be easily transferred to other sequences, showing a high robustness since
there was only little optimization conducted for the second context. Also, in this sequence
RVD S* showed similar results to that collected with N*.

In summary for each of the three most abundant cytosine variants C, 5mC and hmC, one
selective sensing RVD has been found. C can be directly detected using RVD HD, 5mC
can be directly distinguished from C and hmC when using NG and hmC can be detected
using N* or S* RVD. To distinguish all three modifications from each other two, separate
analysis, e. g. using N* and HD as sensing RVD need to be compared.

Since N* has been shown not to bind to hmC with high affinity, for reliable single
nucleotide resolution a new universal RVD, in best case binding to all known cytosine
variants, will have to be developed, since any hmC in the target sequence will have an
impact on TALE binding and may cause false results, but the principle for gaining single
nucleotide resolution stays unaffected.
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3.3 Molecular Recognition of fC and caC

Next, the sensitivity of TALES to the two remaining oxidized cytosine variants fC and caC
was investigated. For this TALEs T-drh103, T-drh106, T-drh107 and T-drh108 bearing
RVDs HD, NG, N* and S*, respectively, in repeat 5, were incubated with target DNA
bearing fC or caC opposite the investigated RVD. Then, primer extension reactions were
performed as above and analyzed by denaturing PAGE. The same was performed for
Sequence context S-drh2 using TALEs T-drh204 and T-drh205 bearing RVDs N* and
S*, respectively. (See S-Fig. S23 and S24)

A NH, |O NH, OH
N7 | Ngf
NaBH,
r—]
O)\lTl o}\rﬂ
fC hmC
0.8
2
g 0.4 Reduction
ooI
fc + - + -
hmC - + - +
NaBH, - - * *

Figure 26: A: Selective reduction of fC to hmC by NaBHa4. B: Selectivity of TALE repeat N* for hmC and fC.
DNA-binding before and after reduction of fC to hmC by NaBH4 was analyzed in primer extension assay
containing 8.3 nM primer-template complex in presence of 416 nM TALE T-drh107 and 25 mU KF(exo-)
were analyzed by denaturing PAGE. Full length extension product was quantified and shown in column

diagram. AU = arbitrary units.

The results revealed that fC is bound by RVDs N* and S* efficiently, leading to inhibition
of primer extension. This results are in agreement with reported structural data where fC
forms intramolecular hydrogen bonds with the amine function at 4 position of cytosine,
with the aldehyde oxygen being fixed to point into the direction of the amino moiety,

providing a similar face to the major groove as 5mC. On the other hand caC is not bound
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by any of the RVDs, interestingly in S-drh2 where some binding to hmC was observed a
clear decreased affinity to caC has been observed, when compared to hmC. This may
be caused by an overall higher steric demand of caC or by the difference in polarity. This
data mean, that hmC and caC and fC, 5mC and C cannot be reliably distinguished by
RVDs N* and S*. Due to the different sensitivity of N* and S* to fC and caC, this approach
was coupled to selective chemical reduction of fC to hmC using sodium borohydride.
When comparing the primer extension assay results of untreated and reduced DNA fC
can be distinguished from 5mC. As shown in figure 26 after treatment of fC containing
DNA with sodium borohydride an increased primer extension product formation, similar
to hmC containing DNA, can be observed. This shows a decreased binding affinity of
TALE protein, bearing RVD N* opposite the investigated cytosine. This indicates
successful and selective reduction but evidence should be gained from mass
spectrometry analysis. Coupling of the method to reported selective oxidation of hmC to
fC with potassium perruthenate is not suitable due to the denaturing reaction conditions,
making the application to genomic DNA inconvenient.

In conclusion, employing a simple chemical conversion of fC to hmC makes it possible
to differentiate between C, 5mC, hmC/caC and fC using TALE proteins. Differentiation
ability between hmC and caC has still to be achieved, but due to the much lesser
occurrence of caC, compared to hmC, the applicability of a purely binding based assay
may be challenging.

3.4 Sensitivity of TALE RVDs to N4-methylcytosine

An epigenetic variant of cytosine that is found in bacteria is N4-methylcytosine (N4mC).
Its role is still elusive but being presumably part of the host protection system, blocking
endogenous restriction enzymes and thus allowing them only to digest invading DNA.
However in mammalians this modification is either absent or extremely rare.!20¢!

To have a more complete view on the sensitivity of TALEs to cytosine modifications
RVDs HD, NG and N* were tested opposite of NAmC in primer extension assay as above
and results were compared to those obtained with C, 5mC and hmC containing DNA.
First results have shown that N* and NG binds NAmC with similar affinity as 5mC and
HD was indicated to bind NAmC stronger than 5mC. (See S-Fig. S23) For a closer look
ICs0 value of T-drh103 was determined for a synthetic DNA template with an NAmC
moiety at position 5 (Pt-drh114).
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Figure 27: Comparison of ICso values of TALE T-drh103 for hmC, 5mC, N4mC and C containing DNA.

The determined value of ICso = 1202 + 40 nM @ 25 mU KF(exo-) means dramatically
reduced binding of HD to NAmC than to C by a factor of approximately 24 but significantly
increased affinity compared to 5mC of at least 7 fold. (See Fig. 27) The weaker binding,
compared to C, can be explained by the perturbation of the hydrogen bond between the
aspartates carboxylate and the cytosine’s amino group, since the N4-methyl group is
expected to point into the major groove so that the remaining hydrogen of the methylated
amine can be employed for Watson-Crick base pairing. The higher affinity compared to
5mC may be due to the difference in steric demand of methylation at 4 or 5 position of
Cytosine and the possibility of Van der Waals interaction of the aspartates methylene
moiety with C5 of Cytosine. However even without employment of new RVDs N4AmC can
be distinguished from 5mC and C by RVD HD due to the strong difference in binding
affinity.
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4. SUMMARY AND OUTLOOK
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In summary, TALE proteins have been demonstrated to be able to detect 5mC and
oxidized variants in a complex, eukaryotic genome. This methodology offers direct,
programmable and conversion-free detection of cytosine modifications at 5 position with
high resolution. The, within this study, observed discrimination is significantly stronger
than previously reported for in vitro assays and provides robustness to a broad scope of
target sequences and modification positions within the complex.™*?!

Furthermore a new strategy for TALE design with increased resolution of 5mC detection
by TALEs with single nucleotide resolution was described. This has been achieved by
combining a single discriminatory TALE repeat for investigation of the modification status
and level of a C position of interest with universal TALE repeats not considering cytosine
modifications at other positions. This concept has been proven for the discrimination of
C and 5mC with high sensitivity and robustness regarding multiple positions in the target
to be ignored, using HD as sensing RVD and N* as universal RVD.!6

In addition sensing ability of TALEs was expanded to selectively recognize C, 5mC, and
hmC, respectively, in user-defined, canonical DNA sequences by the use of RVDs HD,
NG and N*, respectively. This defines a toolbox of TALE repeats, each providing high
selectivity for its cognate nucleobase in the presence of the other two non-cognate
nucleobases.” Furthermore it has been shown that by application of selective reduction,
also fC can be distinguished from 5mC and C with N* as sensing RVD, and NAmC can
be distinguished from 5mC and C with sensing RVD HD by the difference in affinity.
The former reported sensitivity of TALEs to Cytosine methylation has thus been
investigated in more detail and turned into a powerful assay for the detection of a variety
of epigenetic Cytosine modifications that either already are or may raise as bio markers
for different diseases such as different cancer types, providing a tool for future application
in diagnostics.["

Based on this first studies further engineering of TALESs promises to gain full selectivity
to all cytosine modifications by the development of repeat units with unique selectivities
to one special cognate epigenetic nucleobase. In addition a universal repeat may be
found enabling unbiased single nucleotide resolution in epigenetic modification analysis
with TALEs.

Thus TALEs, as fully programmable and genetically encoded sensors for epigenetic
modifications, applicable in both in vitro and in vivo, offer a platform for diverse epigenetic
technologies by combination with functional domains such as fluorescent proteins,

transcriptional activators and repressors, nucleases, DNMTs and TET proteins.
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5. MATERIALS AND METHODS

The methods of this section have been partly published in supplementary information

of the following publications

Angew. Chem. Int. Ed. 2014, 53, 6002—6006.
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and

ChemBioChem 2015, 16, 228-231.
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and

J. Am. Chem. Soc., 2015, 137 (1), pp 2-5.
Copyright © 2015 American Chemical Society

All adaptations and reprints have been made with permission.
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5.1 Materials

5.1.1 Lab equipment

Type Model Manufacturer
Agarose Gel System SGU 020T-02 C.B.S. Scientific
Balance PCJ 3500 2NM Kern
Balance SE622 VWR
Balance ABT 220-4M Kern
Centrifuge 5417R Eppendorf
Centrifuge 5424 Eppendorf
Centrifuge 5810R Eppendorf
Centrifuge Universal 320R Hettich
Centrifuge iFuge MO8VT Neuation
Concentrator Plus 5305 Eppendorf
Electroporator Eporator Eppendorf
Gel dryer MGD-4534 VWR
Gel visualization System UV star with Powershot G10 Biometra
Heating block AccuBlock LabNet
Imaging Plate BAS-1P2040 Fuji
Incubator Incu-Line VWR
Magnetic Stirrer Stir CB161 Stuart
Magnetic Stirrer MR Hei-Standard Heidolph
Magnetic Stirrer RCT classic IKA
Orbital shaker STD 1000 shaker VWR
PCR Cycler PeqglLab PeglLab
PCR Cycler MyCycler BioRAD
pH meter Fire Easy FE20 Metter Toledo
Molecular Imager FX Pro BioRAD
Photometer BioPhotometer Plus Eppendorf
Pipette 0.1-2.5 pl Research Eppendorf
Pipette 0.1-2.5 pl Research Plus Eppendorf
Pipette 0.5-10 uyl Research Plus Eppendorf
Pipette 2-20 ul Research Plus Eppendorf
Pipette 10-100 ul Research Plus Eppendorf
Pipette 20-200 ul Research Eppendorf
Pipette 100-1000 pl Research Plus Eppendorf
Pipette 0.5-10 ul Research Plus 8 Chanel Eppendorf
Pipette 10-100 pl Research 8 Chanel Eppendorf
Pipette Rotafiller 3000 HS
Pipette Pipetboy Integra
Pipette Easypet Eppendorf
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Pipette

Plate Reader
Power supply
Power supply
Power supply
gPCR Cycler
SDS Gel System
Sequencing Gel System
Shaking incubator
Software
Software
Software
Software
Software
Software
Software
Software
Thermomixer
Thermomixer
Thermomixer
UV-Lamp
Vortexer

Water sterilizer

Multipette plus
Infinite M200
EV233

EV243

EV245

iCycler

Mini Protean Tetra Cell
Sequi-Gen
Ecotron

Origin 8.6 Pro
BioDoc Analyze
iCycler

MS Office
ChemBioDraw
SerialCloner
Finch TV
Quantity One
Comfort
Compact
PocketBloc
VL-6.LC
Vortex-Genie 2
Synthesis A10

Eppendorf
TECAN
Consort
Consort
Consort
BioRAD
BioRAD
BioRAD

Infors HT
OriginLab
Analytik Jena AG
BioRAD
Microsoft
Cambridgesoft
SerialBasics
Geospiza
BioRAD
Eppendorf
Eppendorf
BioEr

VILBER
Scientific Industries

Millipore
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5.1.2 Consumables

Type Model Supplier
Pipette 86.1254.001 Sarstedt
Pipette 86.1685.001 Sarstedt
Pipette Pasteur 230 mm WU Mainz
Syringe 20 ml (24 ml) NORM-JECT Luer Henke Sass Wolf

Syringe needle
Syringe needle
Syringe needle
Micro centrifuge tube
Micro centrifuge tube
Micro centrifuge tube
Cuvette

Cuvette

Cuvette

Dialysis tube

Dialysis device

Micro titter plate
Column

Column

Column
Concentrator
Concentrator
Concentrator

Pipette Tips

Pipette Tips

Pipette Tips

Cover films

Column

Tube

Tube

Gas

Petri dishes

Sterile filter

Sterican 0.90x40 mm
Sterican 0.60x80 mm
Sterican 0.80x120 mm
72.695.500

72.706

72.737.002

67.758

67.742

Electroporation cuvettes 1 mm

Visking Cellulose

Slide-A-Lyzer Mini Dialysis unit

96 PCR Plate non-skirted
PP collumn 1 ml

PP collumn 5 ml

Centrifuge Columns, 0.8 mL
Amicon Ultra 0.5 mL — 3K
Amicon Ultra 0.5 mL — 50K
Amicon Ultra 0.5 mL — 100K
70.1130

70.760.002

70.762

Self-adhesive, soft PVC
lllustra G-25 Micro Spin
62.547.254

62.554.512

C 206 GLS

82.1473.001

83.1826.001

Braun
Braun
Braun
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Roth
Roth
Thermo Scientific
VWR
Qiagen
Qiagen
Pierce
Millipore
Millipore
Millipore
Sarstedt
Sarstedt
Sarstedt
Ratiolab
GE Healthcare
Sarstedt
Sarstedt
Roth
Sarstedt
Sarstedt
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5.1.3 Chemicals, Reagents, Formulations

Name Grade Abbreviation  Supplier
2-Log DNA Ladder NEB
4-(2-hydroxyethyl)-1-piperazineethanesulfonic
(4-(2-hy yethy)-1-pip ] 299.5 % HEPES Roth
acid )
Hartmann
[gamma-P32]ATP .
Analytic
2-(N-morpholino)ethanesulfonic .
_ 298 % MES Fisher
acid-monohydrate
Ammonium persulfate 298 % APS Roth
Ammonium sulfate  =99.5 % Merck
Boric acid 299.8 % Roth
Cell
Bovine Serum Albumin o
Signaling
Brilliant blue G250 Roth
Bromophenol blue Roth
Calcium chloride Fisher
Carbenicilin 298 % Roth
Chloramphenicol 298.5 % Roth
ColorPlus Prestained Protein Ladder NEB
o Sigma
Disodiumhydrogen phosphate  298.5 % .
Aldrich
Dithiothreitol 299 % DTT Roth
Sigma
Ethanol 299.8 % _
Aldrich
- . Sigma
Ethidium bromide .
Aldrich
Ethylenediaminetetraacetic acid =99 % EDTA Roth
Form amide 299.5 % Acros
Glycerol Roth
Hydrochloric acid VWR
Imidazol 99 % ABCR
Isopropanol 299.9 % Fisher
Isopropyl B-D-1-thiogalactopyranoside 299 % IPTG Roth
LB-Agar Roth
LB-Medium Roth
LE Agarose Roth
Magnesium chloride-hexahydrate =99 % Acros
Magnesium sulfate-heptahydrate  299.5 % Merck
) Riedel-de
Manganese chloride-tetrahydrate 299 % .
Haén
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Nickel Nitrilotriacetic acid

Phenylmethanesulfonylfluoride

Potassium chloride
Potassium dihydrogenphosphate-monohydrate

Protein Marker, Broad Range (2-212 kDa)
Rotiphorese Gel40

S-adenosylmethionine

Salmon Sperm DNA

Sequencing gel concentrate

Sodium chloride

Sodium dodecyl sulfate

Sodium Hydroxide

Spectinomycin
Streptavidin-Agarose

Tetracycline

Tetramethylethylenediamine
Tris(hydroxymethyl)aminomethane

Triton X-100
Tryptone
Urea

Xylene cyanol

Yeast Extract

Ni-NTA
299 % PMSF
299.5 % KCI
299.5 %
299.5 % NacCl
299 % SDS
NaOH
Spec
Tet
299 % TMEDA
299.9 % Tris
299.5 %

Thermo
Scientific
Roth
Roth
Sigma
Aldrich
NEB
Roth
NEB
Ambion
Roth
Roth
Roth
Fisher
Alfa Aeser
Sigma
Aldrich
Roth
Roth
Sigma
Aldrich
Fluka
Roth
Roth
Roth
Roth
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5.1.4 Enzymes

Application Name Supplier
Restriction Bsal NEB
Restriction BsmBlI NEB/Thermo
Restriction Xhol NEB
Restriction Ncol NEB
Restriction Plasmid Safe Biozym
Restriction Dpnl NEB
Restriction Haelll NEB
Primer extension KF(exo-) NEB
PCR Phusion NEB
PCR Taq NEB/Self-made
Lysis Lysozyme Fluka
Ligation T4-DNA ligase NEB
Labeling T4 Polynucleotidekinase Fermentas
Methylation M.Sssl NEB

5.1.5 Kits
Type Name Supplier

PCR Purification

Gel extraction

Plasmid isolation

Bisulfite conversion
Total DNA Extraction

DNA Purification

gPCR master mix

BCA

GenelJet PCR purification
GenelJet Gel extraction

GeneJet Plasmid miniprep

Epitect

DNeasy Blood & Tissue

QiaAmp
GoTaq

Pierce BCA Protein Assay Kit
- Reducing Agent Compatible

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Qiagen

Qiagen

Qiagen

Promega

Thermo Fisher Scientific
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5.1.6 Buffers and Media

SOB**:

O O O O O O O O

20 g/l tryptone

5 g/l yeast extract
0.5 g/l NaCl
0.186 g/l KCI
Dissolve in water

Heat sterilize the medium and add

10 mmol/l MgCl2
10 mmol/l MgSO4

TB Buffer

o 0 0 O O

SOC:

O 0 O O O O O

10 mM HEPES
15 mM CaClz
250 mM KCI

adjust pH to 6.7 and autoclave

Add 55 mM MnCl2

0.58 g/l NaCl
2.03 g/l MgClz - 6H20

2.46 g/l MgSOs - 7H20

5 g/l Yeast Extract
20 g/l Trypton

Dissolve in MilliQ-water and adjust pH to 7-7.5
Add 20 ml of 1M sterile glucose solution after autoclaving

TBE buffer

©]
©]
©]

ThermoPol® Reaction Buffer (NEB formula)

O O O O O O

89 mM Tris
89 mM Boric acid
2 mM EDTA

20 mM Tris-HCI

10 mM (NH4)2S04
10 mM KCI

2 mM MgS04:7H20
0.1% Triton® X-100
Adjust pH to 8.8

Taq Lysis Buffer

O O O O O

10 mM Tris-HCI
300 mM NaCl

2,5 mM MgCl2

0.1 % Triton X-100
adjust pHto 9

Buffer-Z

o O O O

8 M Urea

0.1 M NaCl

20 mM HEPES
AdjustpH to 8

(diluted from 0.5 M solution, pH = 8)
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4x PBS

548 mM NaCl

43 mM KClI

69 mM Na2HPO4-2H20
3.2 g KH2POq4

adjust pH to 8

o O O O O

TALE storage Buffer:

o 200 mM NaCl
o 20 mM Tris
o 50% Glycerol

Hybridization Buffer (2xBGrK1):

40 mM Tris-HCI (pH = 8)
100 mM NaCl

10 mM MgCl:

0,2 mg/ml BSA

25% glycerol

Vortex

o 0O O 0O O O

Binding buffer

30 mM Tris-HCI (pH = 8.0)
150 mM NaCl

5 mM MgCI2

0.1 mg/ml BSA
0.5mMDTT

7.5 % glycerol

o O O O O O

CutSmart Buffer

50 mM KOAc

20 mM Tris-acetate
10 mM Mg(OAc):
100 pg/mL BSA
pH=7.9

O O O O O

NEB2 Buffer

50 mM NaCl

10 mM Tris-HCI
10 mM MgClz
1mMDTT
pH=7.9

O O O O O

B&W

1 M NaCl

5 mM Tris

0.5 mM EDTA
Adjust pH to 7.5

O O O O

PCR reconstitution buffer

o 5mMTris
o 50 mM NaCl
o pH=75
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5.1.7 Oligonucleotides

Name Lab Code

Sequence

Supplier

Et-drh101 AGA
ATC
GAG
AGA
ATC
GAG
AGA
ACC
GAG
AGA
ACC
GAG
GCT
GCT
GGA
GCT
GCT
GGG
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT
TGG
TAC
CGT

oGrK_415
Et-drh102 oGrK 416
Et-drh103 oGrK 418
Et-drh104 oGrK_419
Er-drh101 oGrK 417
Er-drh103 oGrK 420
Pt-drh101 oGrK_476
Pt-drh102 oGrK_465
Pt-drh103 oGrK_515
Pt-drh104 oGrK_516
Pt-drh105 oGrk_517
Pt-drh106 oGrK_518
Pt-drh107 oGrK_712
Pt-drh108 oGrK_1055
Pt-drh109 oGrK_1057
Pt-drh110 oGrK_1056
Pt-drh111 oGrK_520

Pt-drh112 0GrK1423

CGG
CAC
CAG
CGG
CAC
CAG
CGG
CAC
CAG
CGG
CAC
CAG
CTT
GCT
AAC
CTT
GCT
GGC
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG
ATT
AGC
GAG

CAT
CAC
CAG
CAT
CAC
CAG
CAT
CAC
CAG
CAT
CAC
CAG
CCG
CTG
GGA
CCG
CTG
GGG
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC
cce
ATC
CTC

ACG ATC TTC CGT TTC CAC
ATC CCA ACA GAG CAG CGG
TAA AGA TCG GAA GAG C
ACG ATC TTC CGT TTC CAC
ATC CCA ACA GAG CAG CGG
TAA AGA TCG GAA GAG C
ACG ATC CCC CGC CCC CAC
ATC CCA ACA GAG CAG CGG
TAA AGA TCG GAA GAG C
ACG ATC CCC CGC CCC CAC
ATC CCA ACA GAG CAG CGG
TAAR AGA TCG GAA GAG C
ATC TTT ACT GCT GCT CCC
TTG GGA TGT GGT GGA TGT
AGA TCG TAT GCC GTC T
ATC TTT ACT GCT GCT CCC
TTG GGA TGT GGT GGG TGT
GGA TCG TAT GCC GTC T
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C
ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC
TTC CGT TTC CAC ATC C

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

metabion

metabion
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Pt-drh113

Pt-drh114

Pt-drh115

Pt-drh116

Pt-drh117

p-drh101
p-drh102
p-drh103

p-drh104

p-drh105
p-drh106
p-drh107

Pt-drh201

Pt-drh202

Pt-drh203

Pt-drh204

Pt-drh205

Pt-drh206

Pt-drh207

Pt-drh208

Pt-drh209

Pt-drh210

oGrK1422

0GrK_1236

0GrK_1170

0GrK_1171

0GrK_1172

oGrK_466
oGrK_467
oDaS_892

oDaS_887

oGrk_1181
0oGrK_1182
oGrK_1183

oGrK_702

oGrK_703

oGrK_790

oGrK_791

oGrK_792

oGrK_793

oGrK_794

oGrK_795

0GrK1393

0GrkK1481

TGG
TAC
CGT
TGG
TAC
CGT
TGG
AGC
cnc
TGG
AGC
CTC
TGG
AGC
Che

ATT
AGC
GAG
ATT
AGC
GAG

ATT
ATC
TTC
ATT
ATC
TTC
ATT
ATC
TTC

CCC
ATC
CrC
CccC
ATC
CTC

CCC ACT
TTC AGT
TGT TTC
CCC ACT
TTC AGT
GGT TTC
CCC ACT
TTC AGT
AGT TTC

ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC

TTC CGT TTC CAC ATC C

ACT CTT CAG CCC CAG CGT
TTC AGT GGC TTC TTC CAC

TTC

GT TTC CAC ATC C
CTT CAG CCC CAG
GGC TTC TTC CAC
CAC ATC C

CTT CAG CCC CAG
GGC TTC TTC CAC
CAC ATC C

CTT CAG CCC CAG
GGC TTC TTC CAC
CAC ATC C

GGA TGT GGA AAC GGA AGA

CGT
CGT

CGT
CGT

CGT
CGT

Biotin-GGA TGT GGA AAC GGA AGA

TAC
GAG

TAC
GAG

TAC
GAG

Biotin-TEG-GGA TGT GGA AAC GGA AGA

Biotin-TEG-TTG GGA TGT GGT GGA TGT

GGA
GGA

GGA

GGA

ACA
CCC
GGT
ACA
CCccC
GGT
ACA
CEE
GGT
ACA
CccC
GGT
ACA
CCC
GGT
ACA
CccC
GGT
ACA
CEE
GGT
ACA
CccC
GGT
ACA
CEE@
GGT
ACA
CcccC
GGT

AAC
TGT

TGT

TGT

TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA
TTT
ACT
TTA

GGA
GGA

GGA
GGA

ARA
TCA
CTG
AAA
TCA
CTG
ARA
TCA
CTG
ARA
TCA
CTG
ARA
TCA
CTG
AAA
TCA
CTG
ARA
TCA
CTG
ARA
TCA
CTG
ARA
TCA
CTG
AAA
TCA
CTG

AGA
AAC

AAC
AAC

TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG
TCC
GTT
CTG

AGA AGA
CGA AGA
TGA AGA

AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
CTC CCG CT
AAC ATT TAA
CCC CAC GGT
TC CCG CT

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

AAC
CGG

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

GCT
TAT

metabion

IBA

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

metabion

metabion
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Pt-drh211

p-drh201

Pt-drg101

Pt-drg102

Pt-drg103

Pt-drg104

Pt-drg105

p-drg101

Pt-drh301

Pt-drh302

p-drh301
p-drh302

dHax_hom_
Notl_
His6_rev
pET-24a

dHax_hom_

Kpnl_

fwd

pET32_befo

re_T7

HEY2_Bis_a
r

HEY2_Bis_b
f

HEY2_Bis_b
r

HEY2_Bis_d
r

hey2_PCR_f
wd

qp_drh3_
fwd

qp_drh3_
rev

gp-drh1_fwd

oGrK1480

oGrK_787

oGrkK_704

oGrK_705

oGrK_706

oGrK_707

oGrK_708

oGrK_788

0Grk_1030

0GrKk_1031

0GrK_1029

0GrK_1004

oDaS_231

oDaS_247
oDaS_308

oDaS_315
oDaS_751
oDaS 754
oDaS_ 756
oDaS_757
oDaS_760
oDaS_762
oDaS_763
oDaS 903
oDaS 904

oGrK_621

ACA
CEE@
GGT
GCA

GAA
CAA
GTC
GAA
CAA
GTC
GAA
CAA
GTC
GAA
CAA
GTC
GAA
CAA
GTC
TGA

AAC
TCC
TGG
AAC
TCC
TGG
GAG

TTT
ACT
TTA
GCG

CAT
TTA
CAA
CAT
TTA
CAA
CAT
TTA
CAA
CAT
TTA

CAA

CAT
TTA
CAA
CTG

ATT
CAC
TTT
ATT
CAC
TTT
CAG

AAA
TCA
CTG
GGA

CAC
CAA
TAG
CAC
CAA
TAG
CAC
CAA
TAG
CAC
CAA
TAG
CAC
CAA
TAG
AGA

TAA
TTC
ACT
TAA
TTC
ACT
CGG

TCC AAC ATT TAA
GTT CCC CAC GGT
CIG CIC CCG €T
GCA GCA GTA AA

TGA
CGT
CTT
TGA
CGT
CTT
TGA
CGT
CTT
TGA
CGT
CTT
TGA
CGT
CTT
AGC

ATC
AGT
GCT
ATC
AGT
GCT
GAG

GAA
GGA
CuC
GAA
GGA
CTC
GAA
GGA
GIE@
GAA
GGA
CTC
GAA
GGA
CuC

ACC
CAA

ACC
CAA

ACC
CAA

ACC
CAA

ACC
CAA

TTT
TCT

TTT
TCT

TTT
TCT

TTT
TCT

TTT
TCT

AAC
CGG

CCA
GGA

CCA
GGA

CCA
GGA

CCA
GGA

CCA
GGA

TAT TGG ACG A

GCT
TAT

TCT
GTC

TCT
GTC

TCT
GTC

TCT
GTC

TCT
GTC

CAA CAT TTA AAA CGC
TCC CCA CGG TCG GTA

GCT CCC GCT GCT C

CAA CAT TTA AAA CGC
TCC CCA CGG TCG GTA

GCT CCC GCT GCT C

CAG CAG TA

Biotin-TEG-CAA CAG AGC AGC GGG AGC

AGC
TTT
GTG

GGG

TTT
TCG

CGT
CEE

GTT

TAG
TTT
CTA
AAA
TGC

TCC

AGA

GGA

GAT

CccC

AGT
TGC
ATG

TTA

TTG
GTT

AGA
ARAA

TGA

TAG

CTT

CAC

ACT

AGC

ACT

GAT

ACT

A
GGC
TTC

TGC

GTA
ATT

GGA
ATA

GGT

TTG

TCC

CGC

TCT

CAC

GAA

ATC

CTT

CGC TCA GTG ATG GTG ATG
CAG CAG ATG GTC ATT CG

TTA TTG CTC AG

TGG ACT TGA GGA CAC
AAC AGC

TAG

CCG
CGC

TCG
TTA

TTT

TTG

TTT

TGT

CTG

TGA

GTG

AAA

CAG

AGA

ACT TAA ATT TAA C

TC

TTA AAG AGG T

TAG TTG TAG TTT AAA

ATA TAC AAA ACA TAA

CCA

CTT

AGA

GGA

GCA

CCcC

CT

TCG

TGC

GCG T

TAC ATC TCA

CA

metabion

Sigma
Aldrich
Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich
Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich
Sigma
Aldrich
metabion

metabion
metabion

metabion

Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
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gp-drhl_rev

Hey2_ PCR_
rev

C=5mC

oGrk_622  GGT GGA AGA
oGrKk_796  TTT GIG GAA
0GrKk_1272 TTT TCC ATG
TGG TGG CTA

AGC AAG
oGrk_1273 TTT TCT CGA
CGA GCG CTT

CGA TAG
oGrk_1274 TTT TCC ATG
TGG TGG CTA

GCA AGC
0GrKk_1275 TTT TCT CGA
CGA GCG CTT

TGG CGA
0GrK1472 TTT TCC ATG
TGG TGG CTA
GAC CCT CGA
oGrk1473  TTT TCT CGA
GGC GAT AGC
CAG GCC ATG
oJoP_410 GAG TAA CAG
0SaB_734 TTG ATG CCT
0SaB_735 CGA ACC GAA
0SaB_890 AGA TAT GAT

C=hmC =fC

5.1.8 Plasmids

AGA

GTC

GCC
TCG

GGG
GCT

GCC
TCG

GGG
GCT

GCC
TCG
GAA
GGG
CAC
GAA
CGG

GGC

CAG

TGC

GCT CAC G

AGA TGA TAT C

TGA
CCA

TCT
TGC

TGA
CCA

TCT
TGC

TGA
CCA
AA
TCT
CAC
AA
TAG

AGT

GCT

GGC

C=caC

GR©
GCA

CCT
CGC

GIE@
GCA

CCT
CGC

GR©
GCA

CCC
TTG

AG

CGG
GCG

GCA
CGC

CGG
ACG

GCA
CAA

CGG
GCG

GCC
GTC

TCC CT

TAT GT

CCT G

ACC AAG
GCG GCA

CCG TTT
TGC TGG

ACC AAG
TTG GCG

CCG TTT
CGT TGC

ACC AAG
GCG GGA

GCT GCT
CGG AGT

= N4mC

Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich

Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich
Sigma
Aldrich

Lab Code Lab internal Name Resistance Supplier
Golden Gate TALEN and TAL Effector various Addgene
Kit 2.0
pDaS128 pTALEN1297 Amp Addgene
pDaS129 pTALEN1257 Amp Addgene
pDaS158 pET32a-TRXtag Amp Addgene
pDaS170 PET_TRX_TAL1297_short Amp D. Summerer
PET_TRX_TAL1297_short Amp J. Penner
pDaS232 pPTALEN1258 Amp Addgene
pDaS237 PET_TRX_TAL1258_short Amp D. Summerer
pSaB325 pHD5_D13E Tet S. Batke
pSaB326 pHD5_D13Q Tet S. Batke
pVaS334 pNI1_[13* Tet V. Schoop
pVvaS336 pNIS_[13* Tet V. Schoop
pVaS338 pNI10_113* Tet V. Schoop
pSaB339 PET-TRX-FINAL_ENTRY(-)BsmBI Amp S. Batke
pVaS348 hey2 1297 N*1,10 in pSaB339 Amp V. Schoop
pVaS350 hey2_ 1297 HES5 in pSaB339 Amp V. Schoop
pDaS362 hey2_1297_ HQ5 in pSaB339 Amp V. Schoop
pGrk430 pET_TRX_TALE_28_short Amp
pGrK441 pET_TRX_TALE_GrK037 Amp
pGrK442 PET_TRX_TALE_GrK038 Amp
plrT446 PET_TRX_TALE_1297 Amp I. Trussina
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pGrk471 pET_TRX_TALE-054(1257)_6His Amp

pGrK484 pS*5 Tet

pGrkK485 pNV5 Tet

pGrk501 pPET_TRX_TALE-056_6His Amp

pGrk506 PET_TRX_TALE-055_6His Amp

pGrk507 pPET_TRX_TALE-058_6His Amp

pGrK582 pET_TRX_TALE-094_6His Amp

pGrKk585 PET_TRX_TALE-095_6His Amp

pGrkK624 pS*10 Tet

pGrk631 pET_TRX_TALE-116_6His Amp

5.1.9 Bacterial Strains

E. coli Strain Lab Code Endogenous Supplier

Resistance

BL21 DE3 sMoS308 Marx Group

BL21 (DE3) GOLD sMoS309 Tet Hartig Group

DH5 alpha or DH10B sSaB193- Addgene TALE Tool

sSaB277 Box

GH371 sDaS58 iIGEM

Topl0 sDaS46 Lemke Group

5.1.10 TALE Proteins

TALE Lab Code Plasmid RVD Sequence Assembly

T-drh101 TALE 002 pDaS170 HD NG NG HD HD NN NG NG NG HD No
HD NI HD NI NG HD NG

T-drh102 TALE 016 pVaS348 N* NG NG HD HD NN NG NG NG HD Yes
N* NI HD NI NG HD NG

T-drh103  TALE 041 plrT446 HD NG NG HD HD NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh104 TALE 018 pVaS350 HD NG NG HD HE NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh105 TALE 021 pDaS362 HD NG NG HD HQ NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh106 TALE 038 pGrk442 HD NG NG HD NG NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh107 TALE 037 pGrk441 HD NG NG HD N* NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh108 TALE 055 pGrk506 HD NG NG HD S* NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh109 TALE 056 pGrk501 HD NG NG HD NV NN NG NG NG HD Yes
HD NI HD NI NG HD NG

T-drh201  TALE_002 --- NG NG NI HD NG NN HD NG NN HD No
NG HD HD HD NN HD NG

T-drh202 TALE_054 pGrk471 NG NG NI HD NG NN HD NG NN HD Yes
NG HD HD HD NN HD NG

T-drh203 TALE 095 pGrk585 NG NG NI HD NG NN HD NG NN NG Yes
NG HD HD HD NN HD NG

T-drh204 TALE_ 094 pGrK582 NG NG NI HD NG NN HD NG NN N* Yes
NG HD HD HD NN HD NG

T-drh205 TALE 116 pGrk631 NG NG NI HD NG NN HD NG NN S* Yes
NG HD HD HD NN HD NG

T-drh301 TALE 028 pGrk430 NI HD NG NN HD NG NN HD NG HD Yes
HD HD NN HD NG NN HD NG HD

T-drgl01 TALE_003 pDaS237 HD NN NG HD HD NI NI NG NI NN No
HD NG NG HD NG
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5.2 Methods

5.2.1 General Methods

5.2.1.1 Liquid culture

Liguid cultures were handled in glass Erlenmeyer flasks or conical plastic tubes. Sterile
LB medium was supplemented with 50 ug/mL carbenicillin, 34 pg/mL chloramphenicol,
12.5 yg/mL tetracycline and 100 pg/mL spectinomycine, respectively. Medium was
inoculated with a single bacterial clone and incubated at 37 °C at 200 rpm shaking for
overnight.

5.2.1.2 Plate culture

Sterile LB-Agar was molten supplemented with the respective antibiotic (50 pg/mL
carbenicillin, 34 pg/mL chloramphenicol, 12.5 pg/mL tetracycline and 100 pg/mL
spectinomycine, respectively) and poured into a plastic petri dish. When solid, bacterial

culture was plated close to a flame using glass beads.

5.2.1.3 Preparation of electro competent bacteria

800 ml of LB medium were inoculated with 8 ml of bacterial overnight culture and
incubated at 200 rpm shaking and 37 °C till an ODsgo = 0.4 was reached. The culture was
cooled on ice. In the further procedure the cultures were kept on ice as much as possible.
Culture was centrifuged at 4 °C (Eppendorf 5804R) for 10 min at 4000 rpm. Supernatant
was discarded and the pellet was resuspended in 320 ml of cold sterile MilliQ-Water with
a Pipette on Ice. Culture was centrifuged at 4 °C (Eppendorf 5804R) for 15 min at
4000 rpm and the supernatant was discarded and the pellet was resuspended in 160 ml
of cold sterile MilliQ-Water supplemented with 10 % glycerol. Then culture was
centrifuged at 4 °C (Eppendorf 5804R) for 15 min at 4000 rpm and the supernatant was
discarded and the pellet was resuspended in 2.4 ml cold sterile MilliQ-Water
supplemented with 10 % glycerol. A volume of 25 puL was transferred to 0.2 ml PCR
tubes on ice and immediately frozen in liquid Nitrogen. Storage was performed at -80 °C.
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5.2.1.4. Preparation of chemical competent bacteria

5.2.1.4.1 Standard procedure

800 ml of LB medium were inoculated with 8 ml of bacterial overnight culture and
incubated at 200 rpm shaking and 37 °C till an ODeoo = 0.5 was reached. The culture was
cooled on ice. In the further procedure the cultures were kept on ice as much as possible.
Culture was centrifuged at 4 °C (Eppendorf 5804R) for 10 min at 4000 rpm. Supernatant
was discarded and the pellet was resuspended in 80 ml of cold 100 mM MgCl, with a
Pipette on Ice. Culture was centrifuged at 4 °C (Eppendorf 5804R) for 15 min at
4000 rpm and the supernatant was discarded and the pellet was resuspended in 80 ml
of cold 50 mM CaCl, and incubated on Ice. Then culture was centrifuged at 4 °C
(Eppendorf 5804R) for 15 min at 4000 rpm and the supernatant was discarded and the
pellet was resuspended in 4 ml 50 mM CaCl; supplemented with 15 % glycerol. A volume
of 50 yL was transferred to 0.2 ml PCR tubes on ice and immediately frozen in liquid

Nitrogen. Storage was performed at -80 °C.

5.2.1.4.2 Procedure for BL21(DE3) and BL21(DE3)Gold strain

800 ml of SOB™ medium were inoculated with 5 ml of bacterial overnight culture and
incubated at 200 rpm shaking and 25-30 °C till an ODeoo = 0.5 was reached. The culture
was chilled on ice for at least 10 min. In the further procedure the cultures were kept on
ice as much as possible. Culture was centrifuged at 4 °C (Eppendorf 5804R) for 10min
at 4000 rpm. Supernatant was discarded and the pellet was resuspended in 200 ml of
cold TB-Buffer with a Pipette on Ice and incubated on ice for 10 min. After centrifugation
at 4 °C (Eppendorf 5804R) for 10 min at 4000 rpm the supernatant was discarded and
the pellet was resuspended in 30 ml of cold TB-Buffer and 2.24 ml cold DMSO were
added and incubated for 10 min on ice. A volume of 200 pL was transferred to 0.2 ml
PCR tubes on ice and immediately frozen in liquid Nitrogen. Storage was performed
at -80 °C.
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5.2.1.5 Transformation

5.2.1.5.1 By Heat shock

Up to 5 pL Plasmid solution or crude reaction mixture are placed in a 1.5 mL micro
centrifuge tube and cooled on ice. 25-200 pl bacterial cells suspension (thawed on ice)
are added and mixed gently by pipetting and incubated on ice for 30 min. Next heat
shock at 42 °C is performed for 30-45 sec and the tube is subsequently placed on ice for
another 2 min. 1 ml pre-warmed SOC medium (37 °C) is then added and suspension is
incubated at 37 °C and shaking at 600 rpm for 1h. Finally a part of the suspension is

plated on LB-Agar plates with corresponding antibiotic using glass beads.

5.2.1.5.2 By electroporation

Up to 1 pL Plasmid solution is placed in a 1.5 mL micro centrifuge tube and cooled on
ice 25 pl bacterial cells suspension (thawed on ice) are added and mixed gently by
pipetting and transferred to a precooled 1 mm Electroporation Cuvette and pulsed with
1800 V for approximately 5ms. 1 ml pre-warmed SOC medium (37 °C) is added
immediately and suspension is incubated at 37 °C and shaking at 600 rpm for 1h. Finally
a part of the suspension is plated on LB-Agar plates with corresponding antibiotic using
glass beads.

5.2.1.6 PCR Purification

For PCR purification, the GeneJET PCR Purification Kit was used according to the
manufacturer’'s protocol. Specifically, the crude reaction mix, binding buffer and
isopropanol were mixed in a 1:1:1 ratio and loaded on a PCR purification column. After
centrifugation for 1 min at 14000 rpm, 700 pl wash buffer were loaded on the column
followed by centrifugation at 14000 rpm for 1 min. After an additional centrifugation at
14000 rpm for 1 min, the DNA was eluted by loading nuclease-free water on the column
followed by incubation at ambient temperature for 1 min and centrifugation for 1 min at
14000 rpm. 1!

5.2.1.7 Agarose-Gel Electrophoresis

Agarose is suspended in 0.5XxTBE Buffer at 0.75 to 3 % and is molten in the microwave.
When cold enough it is poured in to the gel casting chamber and when solidified placed
into the running chamber filled with 0.5XTBE buffer. Sample is mixed with 1/5 volume of
6x loading dye (50% glycerol supplemented with bromophenol blue and xylenecyanol)
and loaded on the agarose gel. Running was performed at 120 V, and 30 mA for 1 to

2.5 h. Afterwards the gel was stained with ethidium bromide and visualized by UV light.
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5.2.1.8 SDS-Gel Electrophoresis

Proteins were analyzed on 8% SDS-gels by PAGE. The resolving gel was prepared from
3808 pl MilliQ-water, 1092 uyl Acrylamide concentrate (40 %), 420 ul Tris (pH = 8.8),
66.7 yl SDS solution (10 %), 66.7 pl APS solution (10 %) and 6.67 yl TMEDA. It was
directly poured into between two glass plates and covered with isopropanol, after 30 min
the isopropanol was removed and the resolving gel was covered with stacking gel
prepared from 1000 ul MilliQ-water, 208 ul Acrylamide concentrate (40 %), 420 pl Tris
(pH =6.8), 16.7 yl SDS solution (10 %), 16.7 pl APS solution (10 %) and 1.67 pl
TMEDA.

Samples were mixed with a 1/3 volume of SDS-PAGE Loading buffer, incubated at 95 °C
for 5 min and subsequently loaded on the gel and running was performed at 120 V, and

30 mA for 1 to 1.5 hours. Afterwards the gel was stained with brilliant blue.

5.2.1.9 Plasmid Isolation

For plasmid isolation, the GeneJET Plasmid Miniprep Kit was used according to the
manufacturer’'s protocol. Specifically, 5 ml overnight culture were pelleted and the
supernatant was removed. The pellet was resuspended in 250 pl resuspension buffer
and transferred to a 1.5 ml micro centrifuge tube. Next 250 pl Lysis solution were added
and tubes were inverted 6 times. Latest after 5 min 350 pl Neutralization buffer were
added and the tubes were inverted 6 times. Centrifugation was performed for 5 min at
14000 rpm and the supernatant was subsequently loaded on the supplied columns and
vacuum was applied from below and washing was performed twice by addition of 750 pl
Wash buffer. Next the columns were placed in a collecting tube and centrifuged at
14000 rpm for 1 min. Finally the columns were placed in a 1.5 ml micro centrifugation
tube and 60 pl MilliQ-water were applied and incubated for 1 min. The plasmids were

then eluted by centrifugation at 14000 rpm for 1 min.

5.2.1.10 DNA Sequencing

For sequencing 10 ul of a 30-75 ng DNA solution supplemented with 2.5 yM primer were
put into a 1.5 ml micro centrifuge tube and sent to GATC. Sequence traces were
analyzed with Finch TV software.
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5.2.2 Construction of TALE expression plasmids

5.2.2.1 With Non-RVD variability

Fragments containing the N- and C-terminal sequences of a Xanthomonas axonopodis
pathovar citri TALER7! with variable numbers of internal repeats were amplified from
plasmids TALEN1297, TALEN1257 and TALEN12581° (Addgene plasmids 32279,
32280, 32281) with primers oDaS308 and oDaS231 and cloned into the Kpnl and Eagl
sites of plasmid pET32a-TRX (Addgene plasmid 11516). This resulted in plasmids
PET_TRX_TAL1257_short, pET_TRX_TAL1258_short and pET_TRX_TAL1297_short
coding for the respective TALE proteins T-drh101, T-drh201 and T-drg101, respectively
with N-terminal thioredoxin (TRX) tag and S-tag, and a C-terminal His6 tag.

5.2.2.2 Without Non-RVD variability by TALE assembly

TALEs were assembled according to a previously published protocol® with slight
adjustments using pTRX_ENTRY in golden gate 2 reactions. The respective repeat units
from the module vectors were cloned into the respective pFUS array vector by repetitive
digestion at 37 °C for 5 min with 5 U Bsal restriction enzyme and ligation at 16 °C for
10 min with 200 U T4 DNA ligase in a 10 ul total volume of T4 DNA ligase buffer for
10 cycles with final digestion step for 5 min at 50 °C and enzyme heat inactivation at
80 °C for 5 min. Next 0.5 ul of a 10 mM ATP solution and 0.5 ul of Plasmid-Safe nuclease
were added and the reaction mixture was incubated at 37 °C for 1 h to digest all
non-circular DNA. After heat inactivation of the nuclease for 20 min at 70 °C GH371
bacteria were transformed with 2.5 ul of the reaction mixture. Next day for each construct
4 single clones were picked and each suspended in 20 yl MilliQ-water and a bit of this
suspension was saved by spotting on a LB-Agar plate supplemented with
spectinomycine. Each of the bacterial suspensions was used for colony PCR to identify
correctly assembled variants. For this 1 pl of the respective bacterial suspension was
diluted into a 25 pl total volume of Thermopol buffer supplemented with dNTPs at 250 uM
each, 100 nM of primer 0SaB_734 and 0SAB_735 and 40 mU Taq polymerase. The
reactions mixture was applied to following conditions: 2 min 94 °C, then 35 cycles of
30 sec 94 °C, 30 sec 55 °C, 1:45 min 68 °C and final extension step at 68 °C for 2 min
and infinite hold at 4 °C at the end. Results were monitored on agarose gel and
overnights cultures were prepared for each array plasmid from one correct colony of the
safe plate. Next day plasmids were isolated and array plasmids and last repeat sequence
were cloned into the expression vector pTRX_ENTRY using the same technique as
above but using Bsmbl restriction enzyme and only one digestion and restriction cycle
and final digestion step at 37 °C for 15 min. No plasmid safe digest was performed.
Bacterial strain BL21(DE3) or BL21(DE3)Gold were transformed with 2.5 ul of the
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reaction mixture and plated on LB-Agar plates supplemented with carbenicilin. Next day
colonies were picked and saved as above and colony PCR was performed as above
using primers 0SaB_890 and oDaS_247 and extension time of 3 min. Overnight cultures
from clones with correct insert size have been prepared and next day plasmids were
isolated and sequence identity has been verified by sanger sequencing using primers
oDaS_315, 0SaB_890, 0JoP_410 and oDaS_247.1'"

5.2.3 Creation of monomer plasmids with non-canonical RVDs

Module plasmids pS*5, pNV5, pS*10 were created by a standard cloning approach.
Oligonucleotides oGrK_1272 / oGrK_1273, oGrK_1274 / oGrK_1275 or oGrK_1472 /
0GrK_1473 were hybridized and the overhangs were filled up using Klenow fragment of
E. coli DNA polymerase | (3"-5"-exo-). After PCR purification, the DNA fragments were
digested using Ncol and Xhol, purified and cloned into the backbone of pHD5 using T4
DNA Ligase.l"

5.2.4 Protein expression and Purification
E. coli BL21(DE3)Gold or BL21(DE3) was transformed with the respective TALE

expression plasmid and a single clone was picked and was grown overnight in LB media
supplemented with 50 pg/ml carbenicilin (and 12.5 pg/ml tetracycline) at 37 °C and
200 rpm shaking. This culture was diluted 50-fold into LB medium supplemented with
50 pg/ml carbenicilin and the culture was incubated at 37 °C and 200 rpm shaking until
an ODego Of ~0.4 was reached. Protein expression was induced with 0.2 mM IPTG and
the culture was harvested after 5 h of incubation by centrifugation (10 min, 3320 x g,
room temperature). The pellet was lysed with Tag-lysis-buffer containing 1 mM PMSF
and 50 ug/ml lysozyme and shaking at room temperature at 1400 rpm for 30 min. The
suspension was pelleted by centrifugation (20 min, 7690 x g, room temperature) and the
supernatant was discarded. Protein was extracted by strong shaking at room
temperature for 2 h from pellet under denaturing conditions using Buffer Z and bound to
Ni-NTA according to the manufacturer’s protocol. Ni-NTA was washed 2 times with
4 x PBS-Buffer containing 8 M urea, 4 times with Buffer Z containing 20 mM imidazole,
1 time Buffer Z containing 50 mM imidazole and eluted 3 times with Buffer Z containing
500 mM imidazole. Pooled elution fractions were added to a dialysis tube and dialyzed
against TALE Storage Buffer supplemented with 1 mM DTT. Purity and quantity of TALE
proteins was analyzed by SDS PAGE and staining with Brilliant blue and a BCA assay

and proteins were stored in aliquots at -80 °C in TALE storage buffer.[”
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5.2.5 Electromobility Shift Assays
Oligonucleotides Er-drh101 and Er-drh103 were 5°-*2P-end labeled using y-*’P-ATP and

T4 polynucleotide kinase and purified using a G-25 gel filtration column. Oligonucleotides
were hybridized pairwise (Et-drh101/Er-drh101; Et-drh102/Er-drh101; Et-drh103/Er-
drh103; Et-drh104/Er-drh103) at a concentration of 12.5 nM, respectively, by incubating
at 95 °C for 5 min and subsequently at room temperature for 30 min in Hybridization
buffer supplemented with 100 ng/pl salmon sperm DNA. For TALE-binding, to 6 pL of the
hybridized DNA duplexes, 6 pL of TALE storage buffer supplemented with 1 mM DTT
with varying concentrations of TALE proteins were added and mixtures were incubated
at room temperature for 30 min. Mixtures were loaded onto an analytical, non-denaturing
PAGE-gel (0.5 mm, 50 cm length) that was run in 0.25 x TB buffer at 12 W and room
temperature. Gel was dried and data recorded on a phosphorimager.©*®

5.2.6 Primer Extension Reactions

Templates as shown in figures and primer p-drh101, p-drh105, p-drh106, p-drh107,
p-drh201 or p-drgl01 (5°-32P-end labeled as above) were diluted from 5x stocks
(500 nM and 166.5 nM, respectively) into 6 uL Hybridization buffer supplemented with or
without 100 ng/pl salmon sperm DNA. to final concentrations of 100 nM and 33.3 nM and
hybridized by incubating at 95 °C for 5 min and subsequently at room temperature for
30 min. TALE proteins were added in 6 pL TALE storage buffer supplemented with 1 mM
DTT at varying concentrations as shown in figures and mixtures were incubated at room
temperature for 30 min. 12 uL of a mixture of 25-500 mU Klenow fragment of E. coli DNA
polymerase | (3"-5"-ex0-) and 200 uM of each dNTP in binding buffer supplemented with
or without 50 ng/ul salmon sperm DNA and 0.5 mM DTT were added, resulting in final
concentrations of 8.325 nM and 25 nM for primer and template, respectively. These
mixtures were incubated at room temperature for additional 15 min. 12 yL of PAGE
loading buffer (80 % formamide, 2 mM EDTA) were added, the mixtures were incubated
at 95 °C for 5 min and cooled to 4 °C. Mixtures were loaded onto a pre-run, analytical
denaturing PAGE gel (9 M urea, 0.5 mm, 50 cm length) and gel was run in 1 x TBE at
120 W and 40 — 50 °C. Gel was dried and data recorded on a phosphorimager. For ICso
determination, fitting was performed in Origin 8.6.0G (Originlab) using the Dose
Response function without initial parameters.
To investigate the influence of additional, complex off-target DNA on TALE binding (See
Fig. 17), the hybridization of templates and primer p-drh101 were conducted as above
using hybridization buffer containing 0.1 — 10 pg/ul salmon sperm DNA in a 6 pl total
volume. This corresponds to a mass ratio of 2.89 x 102 - 2.89 x 10%, calculated with the
molecular weight of double stranded target sequence S-drhl (10379.9 g/mol). 10 pg/ul
was thereby a saturating amount in terms of solubility. 6 pl of a 1.665 pM T-drh101
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solution in TALE storage buffer were added, resulting in a TALE/target DNA ratio of 50:1.
Mixtures were incubated at room temperature for 30 min. 12 pL of binding buffer
containing 0.125 to 10.0 U Klenow Fragment of E. coli DNA polymerase | (3"-5"-exo-)
and 200 puM of each dNTP were added and the resulting mixtures were incubated at
room temperature for additional 15 to 720 min. 12 uL of PAGE loading buffer were added,
the mixtures were incubated at 95 °C for 5 min and cooled to 4 °C. Mixtures were loaded
onto a pre-run, analytical denaturing PAGE gel (9 M urea, 0.5 mm, 50 cm length) and
gelwas runin 1 x TBE at 120 W and 40 — 50 °C. Gel was dried and data recorded on a
phosphorimager.!*®!

5.2.7 gPCR Experiments on synthetic oligonucleotides

For gPCR experiments, primer extension reactions were conducted as above with primer
p-drh102 replacing 5 -32P-radiolabelled primer p-drh101. Reactions were quenched with
12 pL of 20 mM EDTA. Mixtures were diluted with water to 500 puL and 10 pL of
streptavidin-agarose beads (pre-incubated 4 h in 20 mM NaOH) were added.
Suspensions were shaken for 30 min and agarose beads were washed 4 times with
20 mM NaOH, 2 times with water and 2 times with PBS buffer (each 100 pL). To not
introduce bias into copy numbers of primer extension products, streptavidin agarose was
used in a 400-fold excess of biotin binding sites over molecules of added primer. For
PCR reactions, agarose beads were diluted in PBS to contain 1/10° of above primer
extension reactions in 10 yL of bead suspension. PCR reactions (50 L) were conducted
with using 25 yL GoTag gPCR Master Mix containing BRYT Green dye, 200 nM of each
primer gp-drhl_fwd and primer gqp-drhl_rev and 10 pL of above diluted bead suspension
in a BioRad i-Cycler with filters FAM-490 using the following program: 2 min 95 °C, then
60 cycles of 0:15 min 95 °C, 1:00 min 60 °C. Reproduction experiment to obtain standard
deviations of Cr values included the complete experimental procedure starting from
primer extension reactions. For quantification of copy numbers present in agarose bead
PCR reactions, a calibration curve was generated using the same PCR conditions and
dilutions of Pt-drh101. Copy numbers were obtained by linear regression. PCR products
were additionally analyzed by agarose gel electrophoresis and staining with ethidium

bromide.
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5.2.8 Extraction of total DNA

The tale fin of a male individual of Zebrafish (Danio rerio, Konstanz wild type) was used
for extraction of total DNA. To the tissue, 20 pl proteinase K and 180 ul Buffer ATL were
added and it was dissolved at 56 °C and 1400 rpm shaking. Next, 200 pl buffer AL and
200 ul ethanol were added and the mixture was loaded on a DNeasy Mini spin column
and centrifuged for 1 min at 8000 rpm. The column was washed with 500 ul of buffer
AW1 and 500 pl of buffer AW2 and DNA was eluted using 2 x 200 pl nuclease-free water.
DNA was left unfragmented and was quantified by UV measurement (260 nm). To
analyze the sequence of the hey2 locus, a 541 bp part was amplified with primers
oDaS760 and oGrK796 (S-Fig. S8). The sequence matched Genbank entry
NM_131622.2 with a single point mutation at position 1168, outside of the relevant region
of later experiments (S-Fig. S9).1*%!

5.2.9 Genomic 5mC-Detection Procedure using Bisulfite

Sequencing

95.4 ug of total DNA were enzymatically fragmented by digestion with 250 U Haelll in
CutSmart Buffer for 2 h at 37 °C in a 500 pl total volume and purified following the PCR
Purification protocol. 25 ug of the fragmented total DNA were enzymatically methylated
using 20 U M.Sssl CpG methyltransferase in 200 yl NEB2 Buffer supplemented with
640 uM S-adenosylmethionine by incubation at 37 °C for 14 h (after 4 h of reaction time,
additional 4 ul S-adenosylmethionine (32 mM) were added) and purified following the
PCR Purification protocol. Fractions of both original and enzymatically methylated total
DNA were bisulfite converted according to the manufacturer’'s instructions. For this
purpose, 85 ul bisulfite mix and 35 yl DNA protect buffer were added to 50 ng DNA in
20 yl nuclease-free water and the mixture was incubated according to the following
protocol: 95 °C, 5 min; 60 °C, 25 min; 95 °C, 5 min; 60 °C, 85 min; 95 °C, 5 min; 60 °C,
175 min; 20 °C, overnight. The reaction mix was supplemented with 560 pl freshly
prepared buffer BL (containing 10 ug/ml carrier RNA) and loaded on an EpiTect spin
column. After centrifugation for 1 min at 14000 rpm the column was washed with 500 pl
BW buffer and then incubated for 15 min at ambient temperature with 500 ul BD buffer
and subsequently centrifuged for 1 min at 14000 rpm. The column was washed twice
with 500 pl BW buffer subsequently centrifuged at 14000 rpm for 1 min and dried at 56 °C
for 5 min. After elution of the converted DNA with 20 pl nuclease-free water the same
region as above was amplified via a nested, repeated PCR approach using 5 pl of
converted DNA solution as template and primer pair oDaS754 / 751 for first PCR in a
100 pl total volume and 10 pl of first PCR mix as template and primer pair oDaS756 /
757 for second PCR in a 100 pl total volume (S-Fig. S6). The PCR reactions were

performed using Tag-Polymerase in 1x NEB ThermoPol Buffer and following cycling
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parameters: 95 °C, 1 min then 45 cycles 95 °C, 20 sec; 55 °C, 30 sec; 68 °C, 60 sec,
followed by a final extension step at 68 °C for 5 min. After the second PCR the mixture
was purified according to the PCR purification protocol. The forward strand of these PCR
products was sequenced by Sanger sequencing using primer oDaS757.

These sequencings confirmed the absence of CpG methylation at the target sequence
S-drh3 in original total DNA and quantitative methylation at the S-drh3 target sequence
in enzymatically methylated DNA (S-Fig. S7).1%%!

5.2.10 Streptavidin-Agarose bead preparation

1 ml Streptavidin-Agarose beads (Suspension in 0.01 M sodium phosphate, 0.15 M
NaCl, 0.02 % sodium azide, pH = 7.2, Sigma Aldrich) were centrifuged (14000 rpm,
2 min) and 500 pl of the supernatant were removed. 500 pl 1 x B&W Buffer were added,
vortexed, centrifuged (14000 rpm, 2 min) and 500 pl of the supernatant were removed.
This washing step was repeated two times and beads were incubated after addition of
1mL 1 x B&W Buffer supplemented with 100 ng/pl salmon sperm DNA at room
temperature and 900 rpm shaking for 30 min, subsequently centrifuged (14000 rpm,
2 min) and 1 mL of the supernatant was removed. After washing with 500 pl 1 x B&W
Buffer the beads were resuspended by addition of 1.5 ml 1 x B&W Buffer yielding 2 ml

of 0.5 x bead suspension.*®

5.2.11 Genomic 5mC-Detection Procedure using TAL-Effectors

100 ng fragmented total zebrafish DNA and Primer p-drh302 (20 fmol) were hybridized
in 6 UL hybridization buffer by incubating at 95 °C for 10 min and subsequently allowing
to cool down to room temperature with an initial temperature decrease of 1 °C/min. TALE
proteins were added in 6 pL TALE storage buffer supplemented with 1 mM DTT at
varying concentrations and mixtures were incubated at 25 °C for 60 min. 12 uL of a
mixture of 25 mU Klenow Fragment of E. coli DNA polymerase | (3"-5"-ex0-) and 83 uM
of each dNTP in binding buffer supplemented with 0.5 mM DTT were added. These
mixtures were incubated at room temperature for additional 15 min. 36 pl of 20 mM
EDTA, 450 ul 1 x B&W buffer supplemented with 100 ng/ul salmon sperm DNA and 10 pl
of 0.5 x streptavidin-agarose beads were added and mixtures were incubated at 25 °C
and 900 rpm shaking for 90 min. The mixtures were transferred to centrifugal columns
and buffer was removed by centrifugation (5000 rpm, 10 sec). Beads were washed one
time with 500 pl 1 x B&W buffer. Beads were transferred to a micro tube with 500 pl
1 x B&W buffer and incubated at 85 °C and 900 rpm shaking for 15 min. Subsequently,
beads were transferred to a preheated centrifugal column and the buffer was removed
by centrifugation (5000 rpm, 10 sec). Subsequently, beads were washed with 500 pl

PCR-reconstitution buffer and resuspended in 40 ul water.

-67 -



PCR reactions (25 pL) were conducted using 12.5 puL GoTaq gPCR Master Mix
containing BRYT Green dye, 5 pL of primer mixture containing each primer gp-drh3_fwd
and primer gp-drh3_rev at 1 uM and 7.5 pL of above bead suspension in a BioRad
i-Cycler with filters FAM-490 using the following program: 2 min 95 °C, then 80 cycles of
0:15 min 95 °C, 1:00 min 60 °C. gPCR was validated in terms of product homogeneity
and selectivity by test reactions on zebrafish total DNA and salmon sperm blocking DNA
and analysis by recording of melting curves and agarose gel electrophoresis. Results
were reproduced in multiple independent experiments including the complete
experimental procedure starting from primer extension reactions and employing two
independently expressed and purified lots of T-drh301. For quantification of copy
numbers present in agarose bead PCR reactions, a calibration curve was generated
using the identical PCR conditions and dilutions of original and methylated fragmented
total Zebrafish DNA (S-Fig. S28, no significant impact of methylation on gPCR efficiency
was observed). Copy numbers were obtained by linear regression. gPCR data were
subjected to a Student t-test for analysis of statistical significance. For gPCRs shown in
Figure 20 in presence of KF(exo-), four replicate experiments conducted under identical
conditions but fully independent (including the complete experimental procedure starting
with primer extension reactions) were used. P-values were p = 0.02 for columns 6/7 and
p = 0.0062 for columns 4/6. Differences of comparisons between other experimental sets
were not significant (p = 0.74 for columns 4/5, and p = 0.14 for columns 5/7).1*%!

5.2.12 Reduction of fC containing DNA
4 ul of 100 uM Oligonucleotide were diluted by the addition of 26 ul MilliQ-water and

10 pl of a freshly prepared 1 M sodium borohydride solution were added. The mixture
was vortexed and centrifuged briefly and kept at ambient temperature in the dark for 1 h
at 1000 rpm shaking. Pressure was released every 15 min by opening and closing the
cap, vortexing and brief centrifugation. Afterwards 20 pl of a 750 mM sodium acetate
solution at pH = 5 were added and reaction mixture was kept at ambient temperature for

at least 10 min and subsequently purified via illustra G-25 microspin column.sl
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6. SUPPORTING FIGURES

The Supporting Figure of this section have been partly published in supplementary
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S-Figure S1: Primer Extension Gel with T-drh101 for ICso
determination
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S-Figure S2: Primer Extension Gel with T-drh201 for ICso

determination
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S-Figure S3: Primer Extension Gel with T-drgl01 for ICso

determination
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S-Figure S4: Example reaction curves of qPCR analysis of mC-

dependent primer extensions
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S-Figure S5: Reaction curves of gPCR analysis for concentration
calibration on Pt-drh101

1.00E+08

1.00E+07

1.00E+06

y = 5E+10g0634

R?=0.9848
1.00E+05

1.00E+04

Copy number/ pyL

1.00E+03
1.00E+02

1.00E+01

9 14 19 24 29 34
Threshold Cycle (CT)

Cr values of calibration PCR reactions using Pt-drh101 (oGrK_476) are shown as blue squares
and of PCR reaction using agarose bead-immobilized primer extension products as red circles,
respectively. An average Cr value for non-methylated template of 23.9 +0.9 and for methylated
template of 30.7 +1.3 was obtained, correlating to 1.31 x 10* + 4.9 x 102 and 1.76 x 102 + 7.5

molecules, i.e. a 71-fold higher formation of extension product for non-methylated DNA.
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S-Figure S6: Agarose Gel of nested, repeated PCRs on bisulfite
converted total DNA D. rerio for amplification of hey2 locus

Lane 1: First PCR on bisulfite converted DNA
Lane 2: Ladder
Lane 3: PCR on 5 % of first PCR Mix of bisulfite converted DNA
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S-Figure S7: Sanger Sequence traces of Bisulfite converted total
DNA before and after enzymatic CpG methylation (Antisense

strand)




S-Figure S8: Agarose Gel of PCR on D. rerio hey2 locus
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Lane 2: PCR Product
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S-Figure S9: Alignment of sequenced hey2 locus of D. rerio
individual used in this study with Genbank entry NM_131622.2.
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TGCAGCTCAAACCTTCCCTCTATCATTTCCCGCTGGATTCCCACTCTTCAGCCCCAGCGT
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TACAGCATCTTCAGTGGCTTCTTCCACCGTGAGCTCTTCCGTTTCCACATCCACCACATC
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CCAACAGAGCAGCGGGAGCAGCAGTAAACCATACCGACCGTGGGGAACTGAAGTGGGAGC
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Sequence 1: D. rerio individual (S-drh3 target sequence highlighted in blue)
Sequence 2: Genbank entry NM_131622.2
A single A->T point mutation was identified (highlighted in red)
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S-Figure S10: Primer Extension Gel with T-drh102 With Different
Methylation Patterns
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S-Figure S11: Primer Extension Gel with T-drh102 for ICso

determination
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S-Figure S12: Primer Extension Gel with T-drh102 for ICso

determination
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S-Figure S13: Modification Level measurements for T-drh102
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S-Figure S14: Primer Extension Gel for RVD comparison
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S-Figure S15:
determination

Primer Extension Gels with T-drh103 for ICso
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S-Figure S16: Primer Extension Gel with T-drh106 for ICso

determination
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S-Figure S17: Primer Extension Gel with T-drh107 for ICso

determination
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S-Figure S18: Modification Level measurement for T-drh103

Pt-drh111 [%]
Pt-drh102 [%]

Pt-drh111 [%]
Pt-drh101 [%]

Pt-drh102 [%]
Pt-drh101 [%]

badei bbbt

o REE s 08 L5 B8

100 80
0O 20 40 60 80 100

60 40 20 O

n ” Py o

= ESER

100 80 60 40 20 O

20 40 60 80 100

~-=323

100 80 60 40 20 O

0

20 40 60 80 100

-87-



S-Figure S19: Modification Level measurement for T-drh106
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S-Figure S20: Modification Level measurement for T-drh107
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S-Figure S21: Full selectivity profiles of T-drh103, T-drh106 and

T-drh107

Pt-drh111(hmC)
Pt-drh102(5mC)
Pt-drh101
Pt-drh115(T)
Pt-drh116(G)
Pt-drh117(A)
RVD

T-drhxxx

Amount of respective TALE: 416 nM each
Amount of Klenow Fragment: 25 mU each

0

R

HD

103

N*

107

NG
106

-90 -



S-Figure S22: Primer Extension Gel for RVD comparison in

Sequence context S-drh2
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S-Figure S23: Primer Extension Gel for RVD selectivity
comparison to all C modifications in Sequence context S-drhl

TALE | T-drhl03 | T-drh1l07 | T-drhl06 |

L RS — - .. -

Pt-drh113 + - - - - - - A i
Pt-drhll2 - + - - - = - 4+ - = = = - 4+ - - - -
Pt-drhlll =- = + = = = = = # = = = = = 4 = = =
Pt-drhl02 - - - + - = - - = + - = - - - 4+ - -
Pt-drhlld - - - - + = - - = = + = - - - - 4+ -
Pt-drh101 - - - - - + = === = + = === = +
TALE/DNA = 50:1

KF (exo-) = 25 mU

-92-



S-Figure S24: Primer Extension Gel for N* and S* selectivity
comparison in Sequence context S-drhl and S-drh2
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S-Figure S25: Primer Extension Gel for reduction experiment

TALE T-drh107

t -..n.--

Pt-drhll2 + - + -
Pt-drhlll - + - +
NaBH, - +
TALE/DNA = 50:1

KF (exo-) = 25 mU

-94 -



S-Figure S26: Primer Extension Gel with T-drh103 for ICso

determination to NAmC
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S-Figure S27. SDS PAGE Analysis of exemplary TALE
expression and Ni-NTA-Purification for T-drh104
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S-Figure S28: gPCR concentration
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S-Figure S29: Amino acid sequence of used TALE proteins
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