Il living beings must choose to enact those genetic instructions from their compre-

hensive set of genes which are relevant to their survival and repress unneeded infor-

mation of other genes. For multicellular organisms this implies coordination of gene
expression in a cell-specific manner to realize tissue and organ function despite each cell car-
rying the same genetic material. One way to achieve such stable differentiation is to modify the
nucleobases of DNA, the carrier of the genetic information.

In mammals like human and mice, the methylation of the DNA nucleobase cytosine at car-
bon C5 of the pyrimidine ring exerts this function in a special way. The methylation takes
place on both strands of the DNA double-helix in the short palindromic sequence CpG and
often decisively changes the molecular interactions required to access the genetic informa-
tion at these sites. Since the product 5-methylcytosine can be further oxidized enzymatically
into 5-hydroxy methylcytosine, 5-formylcytosine and 5-carboxycytosine, different combinations
of the cytosine derivatives can coexist in the DNA double-strand at such modified CpG dyads,
each representing a unique chemical interaction interface. To date, their significance for gene
regulation has escaped closer scrutiny because technological innovation to examine such com-
binations in native chromatin is missing. Here, | investigate the possibility to probe and decode
strand-symmetric and strand-asymmetric combinations of modified cytosine derivatives in CpG
dyads at the molecular level in the double-stranded DNA double-helix.

Starting from a set of homologous methyl-CpG-binding domain (MBD) proteins that interact with
strand-symmetrically methylated CpG dyads, degenerated protein libraries were created based
on structural contemplation and functional studies of MBD—DNA binding. A high-throughput
screening assay specifically set up for this goal, recovered MBD variants with higher binding se-
lectivity for one out of fifteen modified CpG dyads and allowed to draft first substitution profiles to
accommodate some of these combinations. Specifically, several MBD variants were discovered
that had novel binding selectivity not present in wildtype domains for 5-hydroxy methylcytosine-
and 5-carboxycytosine-containing combinations. Further biochemical and structural analyses
with respect to the basis of the binding specificity allowed for insights into the molecular recog-
nition of strand-asymmetrically modified CpG dyads which will be key to unravel the epigenetic
role of cytosine modifications in the human genome with such carefully tailored probes.
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“All appearances to the contrary, the only watchmaker in
nature is the blind forces of physics, albeit deployed in a

very special way.”

— Richard Dawkins, The Blind Watchmaker (1986)



Abstract

Allliving beings must choose to enact those genetic instructions from their comprehensive set of
genes which are relevant to their survival and repress unneeded information of other genes. For
multicellular organisms this implies coordination of gene expression in a cell-specific manner
to realize tissue and organ function despite each cell carrying the same genetic material. One
way to achieve such stable differentiation is to modify the nucleobases of DNA, the carrier of

the genetic information.

In mammals like human and mice, the methylation of the DNA nucleobase cytosine at car-
bon C5 of the pyrimidine ring exerts this function in a special way. The methylation takes
place on both strands of the DNA double-helix in the short palindromic sequence CpG and
often decisively changes the molecular interactions required to access the genetic information
at these sites. Since the product 5-methylcytosine can be further oxidized enzymatically into
5-hydroxymethylcytosine, 5-formylcytosine and 5-carboxycytosine, different combinations of
the cytosine derivatives can coexist in the DNA double-strand at such modified CpG dyads,
each representing a unique chemical interaction interface. To date, their significance for gene
regulation has escaped closer scrutiny because technological innovation to examine such com-
binations in native chromatin is missing. Here, I investigate the possibility to probe and de-
code strand-symmetric and strand-asymmetric combinations of modified cytosine derivatives
in CpG dyads at the molecular level in the double-stranded DNA double-helix.

Starting from a set of homologous methyl-CpG-binding domain (MBD) proteins that inter-
act with strand-symmetrically methylated CpG dyads, degenerated protein libraries were cre-
ated based on structural contemplation and functional studies of MBD-DNA binding. A high-
throughput screening assay specifically set up for this goal, recovered MBD variants with higher
binding selectivity for one out of fifteen modified CpG dyads and allowed to draft first substi-
tution profiles to accommodate some of these combinations. Specifically, several MBD vari-
ants were discovered that had novel binding selectivity not present in wildtype domains for
5-hydroxymethylcytosine- and 5-carboxycytosine-containing combinations. Further biochem-
ical and structural analyses with respect to the basis of the binding specificity allowed for in-
sights into the molecular recognition of strand-asymmetrically modified CpG dyads which will
be key to unravel the epigenetic role of cytosine modifications in the human genome with such

carefully tailored probes.
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Zusammenfassung

Alle Lebewesen miissen dafiir Sorge tragen, in ihrem umfangreichen Erbgut die gerade fiir sie
tiberlebensnotwendigen Gene von denen zu unterscheiden, die nicht gebraucht werden. Ins-
besondere mehrzellige Organismen miissen diesen Prozess zellspezifisch koordinieren, trotz
dessen, dass hier dieselbe Erbinformation in allen Zellen des Individuums vorliegt. Ein Mecha-
nismus, welcher diesem Zwecke dient, ist die Modifikation von DNA-Nukleobasen, den Bau-

steinen des Trdgers der Erbinformation.

In Saugetieren wie Mensch und Maus kommt hierbei der Methylierung der DNA-Nukleobase
Cytosin am Kohlenstoffatom C5 des Pyrimidinrings eine besondere Rolle zu. Sie findet auf bei-
den Strangen der DNA-Doppelhelix innerhalb des kurzen Sequenzpalindroms CpG statt und
tragt entscheidend dazu bei, dass hier ortsspezifisch andere molekulare Interaktionen fiir die
Expression der Erbinformationen notwendig werden. Da das Produkt 5-Methylcytosin fiir wei-
tere enzymatische Modifikationen wie der Oxidation zu 5-Hydroxymethylcytosin, 5-Formylcy-
tosin oder 5-Carboxycytosin zur Verfiigung steht, konnen unterschiedliche Kombinationen die-
ser Cytosinderivate mit gdnzlich einzigartigen chemischen Eigenschaften an den komplemen-
taren CpG-Paaren im DNA-Doppelstrang vorliegen. Ein Aspekt, der unter dem Gesichtspunkt
der epigenetischen Funktion dieser Derivate in Ermangelung technologischer Innovation sie in
nattirlichem Chromatin zu untersuchen, bislang kaum erschlossen werden konnte. Inwiefern
es nun moglich ist, solche Strang-symmetrischen oder Strang-asymmetrischen Kombinationen
von Cytosinderivaten in diesen CpG-Paaren auf molekularer Ebene in der DNA-Doppelhelix zu

erkennen und somit gegebenenfalls zu entschliisseln, ist Gegenstand der vorliegenden Arbeit.

Ausgehend von verschiedenen Homologen einer Proteindoméne, welche symmetrisch methy-
lierte CpG-Paare erkennen, den Methyl-CpG-bindenden Domédnen (MBD), wurden aufgrund
struktureller Erwdgungen und funktionaler Studien der MBD-DNA-Binding, degenerierte Pro-
teinvariantenbibliotheken erstellt. Mithilfe eines hierfiir eigens entwickelten Hochdurchsatz-
verfahrens gelang es, Varianten zu identifizieren, die nahezu selektiv eine aus fiinfzehn Paa-
rungen obiger Cytosinderivate im DNA-Doppelstrang erkennen. Neben allgemeinen Substi-
tutionsprofilen fiir verschiedene Paarungen wurden im Speziellen mehrere MBD-Varianten
entdeckt, die eine neue, natiirlicherweise nicht vorhandene Selektivitét fiir 5-Hydroxymethyl-
und 5-Carboxymethylcytosin-haltige CpG-Paarungen aufwiesen. Aus der weiteren biochemi-
schen und strukturellen Charakterisierung der Bindespezifitit konnten einige Erkenntnisse
tiber die molekulare Erkennung Strang-asymmetrisch modifizierter CpG-Paarungen gewon-
nen werden, welche in Zukunft als Schliissel dienen konnen, die epigentische Funktion der
Cytosinmodifizierung im humanen Genom mithilfe solcher speziell auf sie zugeschnittenen

Sonden zu entschliisseln.
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Chapter 1
Epigenetic cytosine modifications in genomic DNA

Every individual life form must carry a comprehensive set of instructions that warrants the
organism to survive, respond and adapt to its environment and that can be passed down from
one generation to the next. In abstract terms, these instructions are referred to as genes and the
entirety of the genetic information is the organism's genome (Brown, 2007). In virtually all recent
life forms, the genetic information is stored in form of deoxyribonucleic acid (DNA). DNA
is a linear polymer whose monomeric building blocks contain the nucleobases adenine (A),
cytosine (C), guanine (G) and thymine (T ; Kossel, 1884; Kossel & Neumann, 1893; 1894). The
information is thereby conveyed in the arrangement of the nucleobases which, for example,
translates in the sequence of other biological macromolecules during gene expression (Crick,
etal., 1961) or determines the placement of factors that initiate, terminate or modulate this and
other vital processes (Jacob & Monod, 1961; Maston, et al., 2006).

As a matter of fact, not every gene's information is needed at all times. Especially in multicellu-
lar organisms like ourselves, different cells carry out specialized functions that require different
genes to be active. Itis easy to imagine that this differentiation into more than 200 cell types and
their layout into over 70 organs in the human body requires strict orchestration of gene expres-
sion and repression. Since all cells in an individual organism share (with a few exceptions) the
same DNA sequence (Gurdon, et al., 1975; Wilmut, et al., 1997; Yizhak, et al., 2019), regulatory
mechanisms are necessary that collectively determine which part of the genetic information is
accessible (Jaenisch & Bird, 2003). Collectively, epigenetic information embraces all “structural
adaptation of chromosomal regions so as to register, signal or perpetuate altered activity states”
(Bird, 2007). Interestingly, some of these activity states perpetuate—like genes—after cell divi-
sion to ensure cellular identity and can even transgress the germ line from parent to offspring
(Moran, et al., 2021; Morgan & Whitelaw, 2008).2 The underlying molecular mechanisms are

plentiful and involve different biological macromolecules (Allis, et al., 2015).

Among them, modified DNA nucleobases hold an inimitable position because of their physical
coupling to the carriers of the genes. In particular the biochemical modification of cytosine is
deployed in many species across all domains of life not only to protect the integrity of their ge-
nomic DNA, but also to exert sustained control over gene expression (Casadests & Low, 2006;
Martienssen & Colot, 2001). To date, four carbon C5-substituted cytosine derivatives have been
discovered in the genomic DNA of humans and mice (Figure 1.1). These are 5-methylcytosine
(5mC; Hotchkiss, 1948) and the oxidized analogs 5-hydroxymethylcytosine (5hmC; Kriaucio-
nis & Heintz, 2009), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC; Ito, et al., 2011).
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Figure 1.1 Biochemical derivatives of cytosine. Unmodified cytosine (C) and the four modified cytosine derivatives with
substitutions at carbon C5 in the pyrimidine ring, 5-methylcytosine (5mC), 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC) and 5-carboxycytosine (5caC). Naming and color conventions as applied throughout this work.

Of course, being a constituent (Section 1.1) is not per se equivalent to fulfilling a regulatory
role. Yet a body of evidence has accumulated which supports an epigenetic function of cyto-
sine modifications of which some even serve as transmissible marks that are passed along with
the genomic DNA. This case is made namely by the presence of enzymes that ‘write” and ‘erase’
these cytosine derivatives (Section 1.2) in a non-random, cell type-specific and long-lived man-
ner (Section 1.3) at important sites in the genome where they promote distinct outcomes by

various molecular mechanisms (Section 1.4) in still unexplored ways (Section 1.5).

In the ensuing chapters, their detection by technological means ‘in the test tube” (Chapter 2)
and by DNA-binding proteins in the nuclear proteome (Chapter 3) is summarized with a focus

on their manifestation in the biologically relevant genomic DNA double-stand.

Abundance of modified cytosines

Like other non-canonical DNA nucleobases (Sood, et al., 2019), modified cytosines are a minor
constituent of genomic DNA and account for less then 1% of all genomic cytosines in different

species from all domains of life (Figure 1.2a and Supplementary Table A.1).

In Mus musculus. The most comprehensive data for modified cytosines in mammalian genomes
has been collected from murine organs and cell lines (Figure 1.2b). The fraction of 5mC within
all cytosines, modified or not, is 30 — 45 ppt (parts per thousand) which corresponds to 35 to
50 million 5mC sites across the haploid genome. The levels vary only little by cell type. 5hmC is
one order of magnitude rarer than 5mC and most abundant in neuronal tissue such as the brain
cortex with 6 — 7 ppt (6.5 to 7.5 million sites) and amounts to merely 0.6 — 0.8 ppt in other organs
such as the liver. Embryonic stem cells (ESCs) have 5ShmC levels around 1.2 — 1.6 ppt that tend
to further decrease with replicative aging (Booth, et al., 2012). The level of the higher oxidized
derivative 5fC is about 15 ppm (parts per million) in the brain (17,000 sites) and 6 ppm in the

liver. This is two orders or one order of magnitude lower than 5hmC respectively. The total
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number of 5fC sites across different single ESCs at a time surmounts the number of common
5£C sites in the long-run which suggests a highly dynamic processes. 5caC is the rarest of the
modifications with 3.5 ppm (3,800 sites) in ESCs and not rigorously observed in other somatic
cell types (Carell, et al., 2018).
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Figure 1.2 Content of modified cytosines in various genomes. (a) Abundance of 5-methylcytosine (5mC) in plant leaves
Arabidopsis thaliana, calf thymus (Bos taurus), rat liver and brain Rattus norvegicus, the fruit fly Drosophila melanogaster, and
a bacterium (Escherichia coli) harboring the DNA cytosine methyltransferase gene dcm or not. (b) Abundance of modified
cytosines in different tissues and cell lines of the mouse (Mus musculus) as established by liquid chromatography—mass
spectrometry (LC-MS) and by selected next-generation sequencing (NGS) protocols. (¢) Abundance of modified cytosine in
different human tissues, embryonic and cancer cell lines. Fraction of modified cytosines per guanine content; Absolute number
N of sites in the haploid genome; Circles scaled with abundance; Raw data in Table A.1.

In Homo sapiens. The 5mC content in the human genome is relatively stable (40 — 45 ppt; 50 to
55 million sites; Figure 1.2c¢) even between unrelated individuals of different age (Eckhardt,
et al.,, 2006). Similar to mice, the human brain contains slightly more 5mC than other tissues.
Surprisingly little unbiased estimates for the oxidized 5-methylcytosines in human tissues and
cell lines have been reported. One study (Liu, et al., 2013) finds 7.0 ppt ShmC (8.5 million sites)
in the brain, comparable to the levels observed in mice, while 5fC is about three order of mag-

nitudes rarer (7.7 ppm, 9,300 sites) and 5caC nearly absent in this organ (0.8 ppm, 950 sites).

As compared to undifferentiated human ESCs, the content of oxidized cytosines varies between
different cancer cell lines. The colorectal cancer cell line HCT116 has the lowest 5hmC content
(48,000 sites) whereas the cervical cancer cell line HeLa has the highest 5fC content (3,800 sites).

Origin and turnover of cytosine modifications

Information emerges in absence of randomness (Hartley, 1928). Therefore it would be mislead-
ing to define the significance of modified DNA nucleobases only by their abundance (Breiling

& Lyko, 2015). While the spontaneous deamination of cytosine into uracil, another rare, non-
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canonical DNA nucleobase, bears little information due to the randomness of this pervasive,
naturally occurring, promutagenic DNA damage event, a locally confined enzymatic activity
can signal specific states. A number of enzymes convert unmodified cytosine locally into 5mC,
5hmC, 5£C or 5caC and restore unmodified cytosine if need be. Thereby they act as ‘writers’

and ‘erasers’ of the potential epigenetic marks (Figure 1.3a).
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Figure 1.3 Natural processes modifying cytosine in mammalian genomes. (a) Cytosine (C) is converted by DNA
methyltransferases (DNMTs) into 5-methylcytosine (5mC); Both, C and 5mC can spontaneously deaminate into uracil (U) or
thymine (T), which calls for base excision and/or mismatch repair (not shown). The methyl group of 5mC is stepwise oxidized
by ten-eleven translocation methylcytosine dioxygenases (TETs) into 5-hydroxy methylcytosine (5hmC), 5-formylcytosine (5fC)
and 5-carboxycytosine (5caC), both of which are substrates for base excision repair (BER) mediated by thymine DNA
glycosylase (TDG) or other processes (see main text) which finally restore C (Maiti & Drohat, 2011). (b) In the catalytic
cycle of DNA methyltransferases (DNMTs), the methyl group of S-adenosyl methionine (SAM) is transferred onto cytosine in
a three-step process. (i) Nucleophilic attack of a cysteine yields a protein—-DNA conjugate as intermediate to which (ii) the
methyl group of SAM is transferred, generating S-adenosyl homocysteine (SAH). (iii) Finally, aromaticity is restored by B-elim-
ination and the next catalytic cycle can be initiated by deprotonation of cysteine (Du, et al., 2016; Song, et al., 2012). (¢) The
proposed catalytic cycle of ten-eleven translocation methylcytosine dioxygenase (TET) dioxygenases begins with (i) binding
of the substrate (e. g., 5hmC), the cosubstrate a-ketoglutarate (a-KG) and molecular oxygen which oxidizes the Fe(ll) center
to Fe(lll). (ii) Decarboxylation of the cosubstrate restores Fe(ll) whilst generating a peroxy acid that (iii) undergoes heterolysis
to yield succinate (Suc) and the active Fe(lV) center. (iv, v) The substrate is oxidized by sequential hydrogen abstraction and
the next catalytic cycle is initiated after products and by-products are released (Hu, et al., 2015; Tarhonskaya, et al., 2019).
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DNA methylation by DNMTs. 5mC is the product of three conserved enzymes, DNA methyl-
transferase 1 (DNMT1), DNMT3a and DNMT3b which use S-adenosyl methionine (SAM) as
methyl donor to transfer a methyl group to position C5 of cytosine (Figure 1.3b; Du, et al,,
2016; Song, et al., 2012). DNMTs act on cytosines in the short sequence palindrome CpG so
that both cytosines in the double-stranded DNA duplex are modified in a strand-symmetric
manner (Roy & Weissbach, 1975). These ‘fully methylated” CpG dyads are the biochemical
basis for the heredity of DNA methylation patterns after semiconservative DNA replication.
The maintenance tandem DNMT1/UHRF1 is targeted to hemimethylated C/5mC dyads (re-
viewed in Bronner, et al., 2019) and is restored in a biphasic process, partly during S phase,
partly post-replicative (Charlton, et al., 2018). The de novo DNA methyltransferases DNMT3a
and DNMT3b can establish 5mC at non-methylated CpG dyads (Arand, et al., 2012; Ziller, et
al., 2013) or the non-CpG sequences CpNpG (Clark, et al., 1995), CpA and CpT (Woodcock, et

al., 1997), albeit to a much lesser degree.

Modification by TETs. 5hmC, 5fC, and 5caC are the product of stepwise oxidation by ten-eleven
translocation methylcytosine dioxygenases (TETs; Ito, et al., 2011; Tahiliani, et al., 2009). The
catalysis requires molecular oxygen and a-ketoglutarate (2-oxoglutarate) as cosubstrates and
iron Fe(II) as cofactor (Figure 1.3¢; Hu, etal., 2015). In vitro, TET enzymes oxidize modified and
hemimodified CpG dyads in a non-processive manner (Hashimoto, et al., 2014; Tamanaha, et
al., 2016; Xu, et al., 2014) independent of the modification on the complementary DNA strand
(Crawford, et al., 2016; Hu, et al., 2013). However, TET1 and TET2 are about fourfold more
active on 5mC-containing substrates than on 5hmC or 5fC (Hu, et al., 2015) because the pre-
organization of the C5 substituents (see Chapter 3) elevates the energy barrier for hydrogen
abstraction (Lu, et al., 2016). To date, there is no mechanism known to reconsolidate oxidized
5-methylcytosines after DNA replication in the newly synthesized strand. However, the modi-

fications themselves are propagated with the DNA to the daughter cells (see Section 1.3).

Removal of modified cytosine bases. When maintenance methylation is missing or retarded,
the number of fully modified CpG dyads will decrease from cell cycle to cell cycle, a process
referred to as “passive dilution’. Indeed, active modification can boost passive dilution as main-
tenance methylation by DNMT1 is slower at hemimodified C/5hmC, C/5{C or C/5caC dyads.
This not often affects not only a single CpG dyad, but also of the ones in immediate neighbor-
hood (Ji, et al., 2014; Valinluck & Sowers, 2007). The effect bears more on fast dividing cell.

Beyond this, 5fC and 5caC are subject to base excision repair (BER) by thymine DNA glycosylase
(TDG; He, etal., 2011; Maiti & Drohat, 2011). The abasic sites are repaired according to the com-

plementary DNA strand which reconstitutes cytosine, presenting an overall active demethyla-
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tion pathway. The selectivity of TDG for 5fC and 5caC is due to the lower energy barrier for
deglycosylation (Jeong, et al., 2020). Whether TDG is able to act on these substrates is deter-
mined by chromatin structure. At less accessible sites, their removal is impeded (Deckard 111, et
al., 2019). TDG is not the only “eraser” of cytosine modifications. An additional pathway must
be active particularly to erase cytosine modifications from pronuclear DNA after fertilization
(Guo, et al., 2014; Song, et al., 2013). It may involve the SOS response-associated peptidase
domain of Srapl (Kweon, et al., 2017). Also DNMT1 could mediate decarboxylation of 5caC
in absence of SAM by nucleophilic attack similar to the methylation mechanism (Liutkeviciute,
et al., 2014). As intracellular levels of SAM are high, doubts have been raised whether this
pathway is physiologically relevant in vivo (Carell, et al., 2018). Direct decarboxylation of 5caC
(Schiesser, et al., 2012) and deformylation of 5fC (Iwan, et al., 2018) with other nucleophiles
must also take place in cells as shown by stable isotope tracing (Carell, et al., 2018). The re-

sponsible enzymes are still to be identified (Kaminska, et al., 2021; Korytiakova, et al., 2021).

Taken together, writing and erasure of cytosine modifications is a dynamic process involving
multiple biochemical reactions. This interplay may be crucial to establish not only the desired

methylation pattern (Zhu, 2009) but also the desired pattern of other cytosine modifications.

Distribution of modified cytosines in the mammalian genome

Since DNMTs methylate cytosine almost exclusively in CpG dinucleotides and 5hmC, 5fC, and
5caC originate from 5mC, most modified cytosines are found in CpGs. 4 — 5% of all cytosines
in the murine or human genome are part of CpGs, which amounts to 44 — 58 million sites (Ta-
ble1.1). In conjunction with the reported modification levels, 80 — 95% of all CpGs are modified

on average, agreeing with earliest studies of dinucleotide digests (Sinsheimer, 1954; 1955).

Table 1.1 Distribution of cytosine in CpG and non-CpG contexts. Statistics on the double-stranded (dsDNA) haploid
primary human and murine genome assemblies excluding unplaced contigs and mitochondrial DNA; H=A, C, T.

Organism Base pairs C CHH CHG CpG CpG dyads
H. sapiens™ 3.09 x 10° 1.20 x 10° 8.88 x 10° 2.54 x 10° 5.80 x 107 2.94 x 107
100. mol% 38.9 mol% 28.7 mol% 8.22 mol% 1.90 mol% 0.95 mol%
100. mol% 74.0 mol% 21.1 mol% 4.89 mol% 4.89 mol%
M. musculust 2.72 x 10° 1.10 x 10° 8.27 x 10° 2.32x 10° 4.37 x 107 219 x 107
100. mol% 40.5 mol% 30.4 mol% 8.51 mol% 0.80 mol% 0.40 mol%
100. mol% 75.0 mol% 21.0mol% 3.96 mol% 3.96 mol%

* Primary genome assembly for Homo sapiens, UCSC version hg38, with masked assembly gaps and intra-contig ambiguities;
Bioconductor release 3.10, BSgenome . Hsapiens.UCSC.hg38.masked.

T As above, for Mus musculus; Bioconductor release 3.10, BSgenome . Mmusculus.UCSC.mm10 .masked.
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Overall however, the mammalian genome is depleted in CpG dinucleotides which is linked
to deamination of 5mCpG which yields TpG dinucleotides that can persist unnoticed during
DNA replication (Bird, 1980). The exception are CpG islands (CGls), regions with significantly
higher CpG levels than typical for the genome as whole (Gardiner-Garden & Frommer, 1987).
Roughly 23,000 — 25,000 CGIs exist in the human and mouse genome that have a CpG every
10 - 15bp (Illingworth, et al., 2010). Depending on the species, 10 — 20% of CpGs are found in
CGIs or the adjacent ‘shores” and ‘shelves’ (Table 1.2).

Table 1.2 Distribution of CpG dinucleotides. Number of CpG dinucleotides in CpG islands (CGls) according to UCSC,
the immediate flanking 2 kb (CGI shores), the next 2 kb (CGl shelves), and the remainder genomic segments (the ‘open sea’).

Organism CpG islands™ CGl shores CGil shelves ‘Open sea’

H. sapiens 212 x 10° 2.03 x 10° 1.20 x 10° 2.40 x 107
7.22mol% 6.91 mol% 4.08 mol% 81.6 mol%

M. musculus 1.05 x 10° 9.41 x 10° 577 x 10° 1.93 x 107
4.82 mol% 4.30 mol% 2.64 mol% 88.1 mol%

* Including potential CpG islands in repeat regions, i. e. the repeat unmasked version of the genome assemblies.

Various sequence elements of the genome—gene bodies, promoters, enhancers, transposons,
and intergenic regions—can overlap with CpGs and therefore possibly contain a modified cy-

tosine that may or may not modulate the physiological function of the element.

For example, the observation that more than 60% of all human gene promoters and more than
50% of all promoters in the mouse contain a CGI (see Data Source, page 190) which are ac-
tive in most tissues (Saxonov, et al., 2006), has stimulated interest in the functional role CGIs
since such coincidence is rather unlikely given that gene promoters hold only a small share
of the total genomic sequences (Deaton & Bird, 2011). With the availability of whole-genome
sequencing and methods that allow the mapping of cytosine modification at single-base res-
olution, differentially methylated regions (DMRs) have gained increasing importance. DMRs
are genomic sites for which the DNA methylation state differs between cell types or changes
dynamically during development and differentiation. 20% of DMRs in human fall into CGIs
or CGI shores (Schultz, et al., 2015), leaving a vastly unexplored landscape of differentially
methylated CpGs in the ‘open sea’. In turn, non-CGI promoters constitute a large fraction of
DMRs in various human tissues (Eckhardt, et al., 2006). The concept of DMRs can be extended

to other modified cytosines as “differentially modified regions.”

5-Methylcytosine. The evaluation of 5mC marks across the genome is complicated by the fact
that bisulfite sequencing, the frequently employed ‘gold standard” to evaluate DNA methyla-
tion on a genomic scale also detects ShmC (Chapter 2.1). Given the lower abundance of 5hmC,

the general trends might still hold true, though contradictory observations have been reported.

9
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In general, all categories of sequence elements can be methylated (reviewed in Suzuki & Bird,
2008) and only CGIs remain largely unmethylated. Especially at transcription start sites CGIs
bear less than 10% 5mC as well as low 5hmC. 5mC levels are inversely correlated with CpG den-
sity (Booth, et al., 2012). Since CGIs contain only 5 —10% of all CpGs, mammalian genomes
appear to be ‘globally’ methylated (Suzuki & Bird, 2008). In the mouse genome, varying levels
of methylation (10 — 50%) are observed at distal regulatory regions coinciding with the repres-
sive epigenetic marker histone H3K9me3 and protein p300 (Stadler, et al., 2011). Many of these
regions are differentially methylated in different tissues (Hon, et al., 2013). DNA methylation

can also coexist with the active H3K27ac marker in enhancers (Charlet, et al., 2016).

During development, about 6 — 8% of CGIs eventually become methylated in the course of dif-
ferentiation, e. g., into blood, brain or muscle tissue (Illingworth & Bird, 2009; Illingworth, et
al., 2008). In embryonic stem cells, a considerable 15 — 20% of 5mC (or 5hmC; my annotation)
exists in non-CpG contexts, particularly at CpA dinucleotides (Chen, et al., 2011), suggesting
that embryonic stem cells may use different methylation mechanisms to regulate gene expres-
sion (Lister, et al., 2009). Likewise, both modified cytosines accumulate at specific CpG and
CpH sites (H = A, C, T) in the fetal cortex during brain development in neurons independent
of the examined individual, but are absent in the supporting glia (Lister, et al., 2013). The
most prominent sequence motifs of CpH methylation is TNCACN (N = A, C, G, T), specifi-
cally TACAC in neuronal cells and TACAG in embryonic stem cell and induced pluripotent
stem cells (Schultz, et al., 2015).

5-Hydroxymethylcytosine. ShmC is enriched at gene bodies, promoters, and transcription fac-
tor binding sites varying with cell type and developmental stage (reviewed in Shi, et al., 2017).
Also during embryonic development, the distribution of 5hmC is highly dynamic and corre-
lates with lineage-commitment and tissue-specific processes (reviewed in Zhu, et al., 2018). In
mice, 5hmC accumulates during postnatal aging in gene bodies related to neurodegenerative
disorders (Song, et al., 2011; Szulwach, et al., 2011).

5-Formylcytosine and 5-carboxycytosine. Not only the total amount of 5{C varies depending on
the tissue (Bachman, et al., 2015), but also its genomic distribution is tissue-specific (Iurlaro,
et al.,, 2016). Although global 5fC levels are lower than 5hmC, modification levels can rise
comparably to 5hmC levels at specific genomic loci (Booth, et al., 2014). At the single-base
level, 5fC and its precursor 5ShmC overlap in only 20% of the cases, indicating that they may
have different biological roles (Xia, et al., 2015).

In mouse embryonic stem cell (ESC), 5fC was relatively enriched around the transcriptional

start sites of CGI promoters (along with 5hmC), but not at non-CGI promoters, especially when
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marked with H3K4me3 (Neri, et al., 2015). 5fC is found also at distinct long terminal repeats
and satellite repeats (Raiber, et al., 2012). By single-cell sequencing along embryonal develop-
ment, earlier stages (oocytes, sperm, pronuclei, and 2-cell) had more 5{C sites in common than
later stages (4-cell, inner cell mass, trophectoderm). Further, intragenic 5fC sites seem more
conserved than intergenic sites (Zhu, et al., 2017), confirming the higher intragenic 5fC levels

observed in bulk measurements (Booth, et al., 2014).

5{C and 5caC are found in H3K4mel marked regions associated with active or poised gene
transcription (Shen, et al., 2013; Song, et al., 2013; Wu & Zhang, 2014), at active enhancers and
in gene bodies (Lu, et al., 2015). Herein, 5fC is present in exons and promoters, whereas 5caC
is found in introns. Also, 5fC has been found at gene promoters critical for development and

metabolism prior to their expression during embryonic development (Zhu, et al., 2017).

5caC is enriched at promoters before their transcription in the course of lineage specification
and differentiation (Lewis, et al., 2017).

Longevity at specific genomic sites. It may be argued that the observed genomic distributions
could be but a snapshot of an active demethylation process rather than an active modification
pathway. However at some loci, 5mC, 5hmC, and 5fC are stable (or semistable) modifications in
ESCs in vivo as revealed by stable isotope labeling (Bachman, et al., 2015; Bachman, et al., 2014)
and by hairpin bisulfite sequencing (Guo, et al., 2014). Also in human early preimplantation
embryos, 5mC and 5hmC seem to be stable over several developmental stages; However, neither

5fC nor 5caC have been detected, potentially due their low abundance (Okamoto, et al., 2016).

Biological consequences of DNA cytosine modification

If modified cytosines represent meaningful biological information, their presence or absence
will have specific consequences. Indeed, specific cytosine modifications are essential at certain

loci and associated with imbalanced levels observed in disease.

(1.4.1) Correlative evidence

DNA methylation is required during major developmental transitions in mammals (reviewed
in Smith & Meissner, 2013) for example in embryonic stem cells (ESCs) to suppress gene expres-
sion at germ line imprint control regions (Morgan, et al., 2005), transposable elements as well as
pericentromeric repeats to allow proper chromosome alignment (Lehnertz, et al., 2003). Also
in the adult, DNA methylation is tied with pluripotency and terminal differentiation, including

de novo silencing of repetitive elements or dampening of transcriptional noise from intragenic
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regions (Bird, 1995; Huh, et al., 2013). Whereas DNA methylation in promoter regions leads to
stable gene silencing (Korthauer & Irizarry, 2018), methylation of exons and introns can coexist

with active transcription. So, 5mC is often but not exclusively a repressive epigenetic mark.

However, development cannot be thought without change. The oxidized 5-methylcytosines
5hmC and 5fC are specifically present during two waves of epigenetic reprogramming at early
embryonic stages in mammals (reviewed by Zhu, et al., 2018). After fertilization, the maternal
and especially the paternal genome of mice undergo active DNA demethylation by Tet3 and
at later stages by Tetl and Tet2 (Guo, et al., 2014; Wang, et al., 2014). Indeed, 5mC and 5hmC
have been found to oscillate in circadian rhythms in mouse liver and lung at distinct genomic
sites that may be lost during aging (Oh, et al., 2018). At certain genomic loci, fast methylation/
demethylation cycles are observed in response to external stimuli (Kallenberger, et al., 2019;
Kangaspeska, et al., 2008; Zhang, et al., 2020).

5hmC is found near active (Ficz, etal., 2011; Stroud, et al., 2011) and repressed genes (Williams,
et al.,, 2011; Wu & Zhang, 2011a; Zhang, et al., 2016). Its relationship with activation or repres-
sion of gene activity may therefore be contextual during development and dependent on the
cell type, incorporating chromatin state, histone modification, and other epigenetic marks (Shi,
et al., 2017). When present in gene bodies, 5hmC is typically correlated with gene activation
(Lin, et al., 2017; Ponnaluri, et al., 2017; Wu & Zhang, 2011a). Also 5fC and 5caC are more

frequent around transcription start sites of actively transcribed genes (Neri, et al., 2015).

Epigenetic aberrations in DNA methylation can overwrite physiological cell behavior in cancer
(reviewed by Ortiz-Barahona, et al., 2020) and other diseases (reviewed by Wu, et al., 2020).
For example, DNA methylation within a CpG island encompassing the bidirectional promoter
of BRCA1 and NBR2 contributes to repression of BRCAI, a tumor suppressor gene relevant to
non-hereditary, sporadic breast cancer (Rice, et al., 2000). Similarly, DNA hypermethylation of
the CDKN2A promoter or its first exon has consequences for cell-cycle dysregulation in various

cancers (Ran, et al., 2016) very similar to those mutational inactivation of this gene would have.

Reduced levels of 5hmC are associated with tumorigenesis in acute myeloid leukemia, multiple
myeloma, and melanoma (Bonvin, et al., 2019; Chatonnet, et al., 2019; Han, et al., 2016; Jin, et
al., 2011; Lian, et al., 2012), but not in glioma (Kraus, et al., 2015), and has therefore recently
been proposed as tumor marker in liquid biopsies (Xu & Gao, 2020). In contrast, increased
levels of 5ShmC are found at genes involved of hippocampal cells upon exposure to early-life
stress with a link to anxiety-related behavior (Papale, et al., 2017) and after exposure to acute
stress situations (Li, et al., 2016). Further, aberrant 5ShmC levels are linked to neurological and
psychiatric disorders, including Rett syndrome (Szulwach, et al., 2011), Alzheimer’s disease
(Chouliaras, et al., 2013; Condliffe, et al., 2014; L6pez, et al., 2017), Huntington’s disease (Villar-
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Menéndez, et al., 2013), Fragile X-associated tremor/ataxia syndrome (Yao, et al., 2014), and
Ataxia-telangiectasia (Jiang, et al., 2015). All of these highlight the role of oxidized 5-methyl-

cytosines in neuronal tissue, where highest abundances are observed.

(1.4.2) Mechanistic linkage

Modified DNA nucleobases can alter the interaction interface for DNA-biding proteins (re-
viewed in Zhu, et al., 2016), which will be examined in Chapter 3 for the case of modified

cytosines. But which cellular events link those alterations to the observed biological effects?

PEY @@

CpG Gene

Expression

—

Expression

—

Repression

—

d i
( ,e_pr:assmn

Remodeller  Silencing

Figure 1.4 Biological effects of DNA methylation in the context of DNA-binding proteins. (a) Some genetic and epige-
netic elements in genomic DNA. (b) Different effects of DNA methylation (red circles) on DNA recognition for an agnostic (TF1)
and sensitive (TF2) transcription factor. (c) Local protection, reversal and reinforcement of epigenetic transcriptional states
mediated via sequence-dependent factors and secondary effectors. (d) Sequence-independent recruitment of chromatin re-
modelers by methyl-CpG-binding domain (MBD) proteins, for example at highly methylated regions. Panel c after Blattler and
Farnham (2013), CC BY 4.0 (full license in Appendix A.4).

Gene expression starts with local transcriptional activation. Out of 500 human transcription
factors, less than 10% were found indifferent towards the presence of methylated CpGs in
their consensus binding sequence while only 25% were repelled and 35% even preferred DNA
methylation for binding (Yin, et al., 2017). A subset of these factors can elicit drastic chromatin
changes, allowing for cell fate decisions during development or their reversal in cellular repro-
gramming (Iwafuchi-Doi & Zaret, 2014). Of these, K1f4 (Hu, et al., 2013; Wan, et al., 2017) and
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Oct4 (Yin, et al., 2017) were found to have additional secondary or tertiary binding sites that
appear only when these DNA sequences are methylated. Other factors important for cellular
differentiation such as the GATA family are recruited indirectly, but through methylation-de-
pendent transcription factors such as FOXA (Zhu, et al., 2016).

Indeed, there is extensive cross-talk between DNA methylation and factors recruited to pro-
tect, reverse or reinforce the DNA methylation status of neighboring sequences (Krebs, et al.,
2014), often affecting the local chromatin state, i. e., how compact the genomic DNA is packed
to restrict access to the genetic information. This involves DNA-binding proteins that have rare
genomic recognition sequences (reviewed in Blattler & Farnham, 2013) as well as proteins that
interact with modified cytosines in sequences that can be as short as a single CpG dinucleotide.
Some members of the methyl-CpG-binding domain protein family, for example, recruit nu-
cleosome remodeling complexes (Fuks, et al., 2003; Leighton & Williams Jr, 2019) and other
modifiers of structural chromatin proteins to genomic regions that are heavily methylated in a

sequence-independent manner (Baubec, et al., 2013; Menafra, et al., 2014).

Beyond 5mC, the oxidized cytosine derivatives 5fC and 5caC did perpetuate or even enhance
transcriptional repression at a single gene promoter in a TDG-dependent manner (Kitsera, et
al.,, 2017). In this regard, these modifications are not only passive intermediates of an active

demethylation pathway but possess regulatory function by themselves.

1.5 Strand-symmetric and -asymmetric cytosine C5 modifications in CpG dyads

The intriguingly diverse biological roles of the five modified cytosine derivatives in the mam-
malian genome have been discussed so far almost exclusively as if each modified cytosine nu-
cleobase would exist in isolation of other derivatives at a distinct genomic locus—not only for
the sake of clarity in this introductory chapter, but also in the cited literature. However, cytosine
modification takes place in CpG dinucleotides in the double-stranded DNA of the mammalian
genomes where the short sequence palindrome CpG is present also on the reverse-complemen-
tary strand forming a CpG dyad (Wu & Zhang, 2017), i.e., a (CpG) - (CpG) pair [C/C for short]
composed of two C -G base pairs (Figure 1.5a).P Since all “writers’ of modified cytosines in
mammals can act on both cytosines present in a CpG dyad independent of the cytosine mod-
ification on the complementary strand (Section 1.2), several combinations of strand-symmetri-
cally or strand-asymmetrically modified and/or unmodified cytosines in CpG dyads can exist,

depending on whether the two C5 substituents in the dyad are identical or not (Figure 1.5b).

For the biological role of modified cytosines this means that in the context of the DNA dou-
ble-helix ‘signal hybrids’ could exist or that several of these combinations exert a regulatory

function by themselves—two vastly underexplored hypotheses.
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Figure 1.5 CpG dinucleotide dyads in double-stranded DNA. (a) In the two reverse-complementary strands of double-
stranded DNA, the palindromic CpG dinucleotide is present on both, the Watson and the Crick strand, designated a ‘CpG
dyad’. (b) The enzymatic processes of Figure 1.3 in combination with DNA replication can potentially give rise to several
distinct combinations of unmodified and modified cytosines in CpG dyads. ‘Hemimodified’ dyads bear one unmodified cytosine.
Likewise, ‘fully modified’ dyads bear two C5 substituents.

The technological difficulties and recent advances in the simultaneous discrimination between
two or more different cytosine C5 modifications will be addressed in Chapter 2 and their po-
tential to elicit different biological outcomes through the proteins that interact with double-

stranded genomic DNA in Chapter 3.

1.6 Synopsis
1. Some cytosine modifications are actively introduced into the double-stranded DNA of the
mammalian genome, predominantly at CpG dinucleotides.

2. 5mC, 5hmC and 5fC can be stable or semistable modifications beyond cell cycle progression.

In the case of 5mC, the modification is hereditable with a known biochemical basis.

3. Content and genomic distribution of the modified cytosines vary between tissue, cell type,
degree of differentiation, and aging. This gives rise to ‘differentially modified regions” and

is characteristic for a carrier of biological information.

4. Modified cytosines are found at key regulatory regions for gene expression, namely pro-
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moters, enhancers, introns, and exons. Many examples illustrate the regulatory capacity of

these modifications by correlative and mechanistic analyses.

5. Modified cytosines integrate with other layers of epigenetic regulation.

6. Cytosine modification in CpG dyads gives rise to strand-symmetric and strand-asymmetric
combinations of C5-modified cytosines. Their biological role is largely unexplored.

Endnotes

 The term ‘epigenetics’ has taken a change in meaning since its first introduction by Conrad Waddington in 1942 (re-

viewed in Deichmann, 2016). Some authors require the effect on the genotype—phenotype relation to be hereditable,

but not by virtue of the canonical DNA sequence.

b This usage is distinct from the term ‘dyad symmetry” which is used in molecular biology to designate the presence

of a sequence and its reverse complement on the same DNA strand (Adhya, 2001) as well as the term ‘(dyad)

asymmetry’ used in genetics to designate allelic differences in the sequence constitution or modification between

sister chromatids, the dyads, i. e., paternally and maternally inherited genetic material (Vu, et al., 2000).
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Chapter 2
Technologies to detect modified cytosines in DNA

Our ability to understand the function of cytosine modifications in their genomic context vastly
depends on the performance of the technologies available for their detection. They can be
grouped roughly into four categories (Figure 2.1a-d): (1) Methods that use physical sepa-
ration or detection as technology to identify the different nucleobases such as two-dimensional
thin-layer, gas or liquid chromatography (Breter, et al., 1976; Razin & Sedat, 1977, Wu & Zhang,
2011b), mass spectrometry (Carell, et al., 2018), redox- and electrochemical sensors or similar
readouts (Korlach & Turner, 2012; Wescoe, et al., 2014); (2) Methods that promote C to T tran-
sitions by chemical or enzymatic means in order to reveal the modified nucleobases by DNA
sequencing at nucleotide-resolution (reviewed in Raiber, et al., 2017; Zhao, et al., 2020); (3)
Methods that exploit the unique chemical reactivity of the DNA modification (Giefs, et al., 2019;
Okamoto, et al., 2006; Tanaka, et al., 2007) or selective enzymes (Robertson, et al., 2011; Song,
et al., 2016) to conjugate for example affinity tags for the purification of modified DNA frag-
ments; And (4) methods that use protein-based affinity reagents to directly detect the modified
positions in the DNA strands (Nair, et al., 2011) with or without sequence context-specificity
(further reading in Buchmuller, et al., 2021; Kubik & Summerer, 2015).
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Figure 2.1 Technologies to detect modified cytosines. (a) Physical separation of DNA nucleobases, e. g., by enzymatic
digest and resolution, e. g., by two-dimensional thin-layer chromatography (2D-TLC) and identification, e. g., by mass spec-
trometry (MS). (b) Chemical conversion of unmodified cytosine and identification by DNA sequencing. (¢) Chemoenzymatic
labeling of methylated cytosine to introduce, e. g., an affinity tag for enrichment of DNA fragments followed by short-read map-
ping or a fluorescence probe for imaging. (d) Direct detection of modified cytosines, e.g., using an antibody, which can be
applied in similar ways as in c.
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Chapter 2 Technologies to detect modified cytosines in DNA

All these methods differ in sensitivity, specificity, resolution and scope of spacial, temporal or
other contextual information that they can provide. They have been applied to reveal global,
genome-wide modification landscapes (Igbal, et al., 2011; Susan, et al., 1994) down to the res-
olution of epigenetic marks at defined genomic loci in individual cells (Mufioz-Lépez, et al.,
2020; Zhu, et al., 2017) and thereby allowed to study the dynamics of modified cytosines dur-

ing development and in disease in various genomes (reviewed recently by Parry, et al., 2021).

Relevant to the problem addressed in this work are experimental strategies to determine the
combination of modified cytosines concurrently present at individual CpG dyads. To aid the
understanding of some catches in DNA sequencing-based approaches, the chemical conver-
sion of modified cytosines is briefly explained in Section 2.1 before the relevant literature is

presented in Section 2.2.

Detection of modified cytosines in the genomic sequence context

DNA sequencing technologies provide indispensable information about the arrangement in
which the individual DNA nucleotides are linked together if a sufficient number of identical
DNA strands can be analyzed (Liu, et al., 2012). The great fidelity and single-nucleotide resolu-
tion results from the unique base pairing between A - T and C - G during in vitro amplification of
DNA by polymerase chain reaction (PCR; Saiki, et al., 1985) in presence of synthetic nucleobase
analogs chosen according to the sequencing method (Fahnestock, et al., 1991; Ronaghi, et al.,
1996; Sanger, et al., 1977). Since cytosine C5 substituents do not participate in base pairing, they
are ‘invisible’ for this process. Therefore, preparatory chemical and/or enzymatic conversion
is required to change the base pairing pattern according to the nature of the C5 substituent. For
example, the treatment with bisulfite followed by a strong base can promote deamination of
cytosine, but not 5-methylcytosine or 5-hydroxymethylcytosine. This yields uracil which pairs
like thymine during PCR and DNA sequencing (Figure 2.2a; Frommer, et al., 1992). As milder
alternatives, Friedlander synthesis (Zhu, et al., 2017), borane reduction (Liu, et al., 2019) and

enzymes (Li, et al., 2018; Schutsky, et al., 2018) can be used for conversion.

To differentiate other sets of modified cytosines, additional chemical or enzymatic treatments

must precede the bisulfite conversion step (Figure 2.2b; reviewed by Zhao, et al., 2020).
Detection of concurrently modified cytosines in CpG dyads

Various attempts have been made to elucidate the prevalence of concurrently modified cy-

tosines in single CpG dyads (compare Figure 1.5 in Chapter 1.5) by different technologies:
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Figure 2.2 Bisulfite conversion of C5-modified cytosines. (a) Reaction of bisulfite with unmodified cytosine (C) and
5-methylcytosine; The addition at C6 is used to bring about deamination of the intermediate at C4, but the attack is slowed
down by +l substituents such as a methyl or hydroxymethyl group at C5. (b) Examples of single-nucleotide resolution methods
for mapping modified cytosines in genomic DNA; bisulfite sequencing (BS-Seq; Adey & Shendure, 2012); Chemical oxidation
or reduction in oxidative BS-Seq (0xBS-Seq; Booth, et al., 2012) or reductive BS-Seq (redBS-Seq; Booth, et al., 2014);
Enzymatic modification in TET-assisted BS-Seq (TAB-Seq; Yu, et al., 2012) or M.Sssl-assisted BS-Seq (MAB-Seq; Wu, et al.,
2014); Chemical protection using a carbodiimide (EDC; CAB-Seq; Lu, et al., 2013).

Using conversion-based DNA sequencing. The readout in conversion-based DNA sequenc-
ing approaches is binary. One or several modified cytosines are sequenced either as C or as T.
In other terms, these approaches provide evidence about the presence or absence of an entire
set of modifications, e. g., about the presence of 5mC or 5hmC when ‘C’ is detected in bisulfite
sequencing, and C, 5hmC, 5fC or 5caC when “T” appears in the sequencing trace. So, the ‘true’
modification at a genomic position cannot be resolved other than in combination with com-
plementary information from an appropriate second conversion-based sequencing experiment
that uses a different treatment (Figure 2.3a; Booth, et al., 2014; Liu, et al., 2021).

A complication to achieve DNA duplex-resolution in these experiments is the diploidy of so-
matic mammalian cells, i.e., the presence of a paternal and a maternal copy with almost the
same DNA sequence. Each copy can be modified differently at the same genomic positions
what is known as ‘symmetric” or ‘asymmetric’ modification and has been observed for all four

cytosine derivatives at imprinted genes (Vu, et al., 2000; Zeng, et al., 2019). So, an ‘asymmetric’
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modification of the paternal and maternal genome is often indistinguishable from a strand-
asymmetric modification present in both copies. To discriminate ‘(a-)symmetry” and ‘strand-
(a-)symmetry’, hairpin adapters have been introduced to covalently link the complementary
strands of each DNA duplex (Burden, et al., 2005; Giehr, et al., 2018; Laird, et al., 2004). In fact

a probably indispensable improvement for the correct interpretation of such experiments.

No matter if or how the duplex information is preserved, a single DNA strand cannot be con-
verted more than once neither in practical terms (Grunau, et al., 2001) nor in chemical terms
due to the terminal defunctionalization of certain C5 substituents.? This implies that the fre-
quency of each C5 modification at a single genomic position must be inferred from averages of
many hundreds of genomes using probabilistic models (Xu & Corces, 2018; Aijo, et al., 2016).
However, only if the modification levels within a CpG are fully penetrant, e. g., 100% for one of
the cytosines and 0% (or 100%) for the cytosine in the complementary strand at the same CpG,

then the ‘true’ combination can be unambiguously inferred (Figure 2.3b).
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Figure 2.3 Inferring strand-(a-)symmetry from conversion-based DNA sequencing methods. (a) A combination of bisul-
fite sequencing (BS-Seq) and oxidative BS-Seq (0xBS-Seq) can identify 5hmC, but the identity for other cytosines remains
elusive. (b) With intermediate cytosine modification levels in the bulk population for at a single CpG dyad, also the specific
combination in the individual double-stranded DNA molecules is ambiguous. (c) Probabilistic models can integrate information
from multiple sequencing experiment; Ternary plot of the likeliest cytosine modification present at a genomic position (dots) in
30 CpG dyads (connected with a line) at different stages during mouse T cell differentiation; Re-analysis of Aijé et al. (2016).

Nevertheless, also for intermediate modification levels said models allow some insights: For
example, based on the likeliest C, 5mC and 5hmC frequencies across 30 CpG dyads during
T cell differentiation, the number of 5hmC/5mC dyads tend to steadily regress whereas the
number of C/5mC dyads increases before almost all dyads become either C/C or 5mC/5mC in

thenaive (i. e., more differentiated ) T cells (Aijo, etal., 2016; Figure 2.3c [my own evaluation]) b

On a genome-wide scale, Neri et al. (2015) combined MAB-Seq with previously published TAB-
Seq data for mouse embryonic stem cell (Habibi, et al., 2013) to find that—rather expectedly—
5mC levels in CpG dyads on one strand correlated strongly (Pearson correlation r = 0.82)

with 5mC levels on the complementary strand, arguing for predominant ‘strand-symmetric’
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fully methylated 5mC/5mC dyads. Similarly, an analysis of human embryonic stem cell by
TAB-Seq found 92% of all CpG dyads being strand-symmetrically methylated (Yu, et al., 2012).
In contrast, 5hmC and 5fC or 5caC (the latter being indistinguishable in MAB-Seq) showed
weak correlation (r = 0.15 and r = 0.01 respectively) hence strand-asymmetric CpG dyad
modification (Neri, et al., 2015). Likewise, Yu et al. (2012) reported only 20% of all 5hmC-
containing CpG dyads to be strand-symmetric 5hmC/5hmC dyads.

Similar conclusions were drawn from oxidative and reductive bisulfite sequencing (oxBS-Seq
and redBS-Seq) of CpG islands in mouse embryonic stem cell. Booth et al. (2014) found that
methylation levels within a CpG dyad differed by only 18% on average, whereas modification
levels of 5hmC or 5fC differed by 43 — 46% on average. Yet even in these highly asymmetric
dyads, 5mC levels differed but by only 20%, suggesting that 5mC oxidation by TET dioxyge-

nases rather than reconstitution of 5mC by Dnmt1 would possibly drive this imbalance.

This idea has been revisited by Tamara L. Davis' lab focussing on CpG dyads at important
differentially methylated regions (DMRs) during development in the mouse. By adopting a
hairpin bisulfite protocol to disentangle the DNA duplexes from the different parental genomes,
they found DNA hydroxymethylation in one DMR to correlate with hemimethylated C/5mC
dyads in other DMRs in a parent-dependent manner (Guntrum, et al., 2017; Nechin, et al.,
2019). Using a similar approach, Patifio-Parrado et al. (2017) found hemimethylated C/5mC
and differentially modified 5mC/5fC dyads in DMRs of murine neuronal nuclei.

Considering that with conversion-based DNA sequencing approaches one must combine multi-
ple data sets in silico, it is intriguing that similar patterns of strand-(a-)symmetrically modified
CpG dyads can be detected at the same genomic positions across hundreds or thousands of

genomes, despite some remaining ambiguity.

Using chemoselective labeling. More direct evidence comes from labeling modified cytosines
in situ. Song et al. (2016) detected strand-asymmetrically modified CpG dyads in the double-
strands of native genomic DNA using fluorescent probes that would specifically react either
with 5mC or 5hmC, the two most prevalent modified cytosines in the mammalian genome (Ito,
et al.,, 2011). The authors estimated that 60% of all 5hmC were present in strand-asymmetric
5hmC/5mC dyads in various murine tissues with different global 5hmC content. Fluorescent
labeling of 5fC using a pyrene-hydrazine probe demonstrated that strand-symmetric 5fC/5fC
dyads are formed more frequently during in vitro TET oxidation than hemimodified 5fC dyads

(Xu, et al., 2014), yet their prevalence in genomic DNA still remains to be determined.¢

Despite the irrefutable evidence in support of different combinations of cytosine C5 modifica-

tions at CpG dyads, these methods have not been applied to date to purify or these sites.
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Using protein-based affinity reagents. In contrast to technologies that convert or modify DNA
nucleobases, proteins allow to non-covalently probe the chromatin in its almost unperturbed,
native state. Some of these proteins can even be transfected or expressed in cells to monitor
or modulate the biological processes that contribute to or rely on DNA modification in vivo.
Antibodies (Jin, et al., 2010; Mohn, et al., 2009), transcription activator-like effectors (TALEs;
Rathi, et al., 2016; Zhang, et al., 2017), and methyl-CpG-binding domains (MBDs; Aberg, et al.,
2017) are widely used to capture, purify, and analyze DNA fragments that contain modified
cytosine nucleobases but have also been used to visualize their genomic distribution in situ.
Alas, TALEs interact with the nucleobases on one of the DNA strands only and there is no

antibody specific for a combinations of modified cytosines in CpG dyads to date (Table 2.1).

Table 2.1 Reactivity and specificity of commercially available affinity agents.

Clone Epitope Cat. No. ssDNA* dsDNA* CpG dyad-specificity Other reactivity

RM231 Anti-5mC  ab214727 yes yes no none with C or 5hmC

33D3 Anti-5mC  ab10805 n/d n/d n/d n/d

5MC-CD  Anti-5mC  ab73938 n/d n/d n/d n/d

D3S27 Anti-5mC  cst28692 yes yes no none with C, 5hmC, 5fC, 5caC
RM236 Anti-5hmC  ab214728 yes yes no none with C or 5mC

AB3/63.3  Anti-5hmC ab106918 n/d n/d n/d none with C or 5mC

HMC31 Anti-5hmC  cst51660 yes yes no none with C, 5mC, 5fC, 5caC
Polyclonal  Anti-5fC ab231898 n/d n/d n/d n/d

D5D4K Anti-5fC cst74178 yes yes no none with C, 5mC; weak 5hmC, 5caC
Polyclonal Anti-5caC  ab231801 n/d n/d n/d none with C, 5hmC, 5fC, 5caC
D7S8U Anti-5caC  ¢st36836 yes yes no none with C, 5mC, 5hmC; weak 5fC

* Reactivity observed in single-stranded (ssDNA) and/or double-stranded DNA (dsDNA); n/d = not determined.

Although sequential affinity-enrichment with a combination of these reagents could in theory
retrieve double-stranded DNA fragments that contain both modifications, the presence of mul-
tiple CpGs would often be detrimental to the accurate determination of the dyad modifications.

There is no literature pertinent to this idea.

As an alternative to antibodies and TALEs, MBD protein family members have been used
to enrich DNA fragments that contain fully methylated 5mC/5mC CpG dyads (Bock, et al.,
2010; Brinkman, et al., 2010; Rauch & Pfeifer, 2005). The only engineered MBD2 variant for
hemimethylated C/5mC CpG dyads (Heimer, et al., 2015) has not found application to date,
maybe because of the small difference in binding affinity between C/5mC and 5mC/5mC CpG
dyads and a weak, but noticeable affinity towards unmethylated C/C dyads.
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Synopsis

2.3 Synopsis

1. Genome-wide and targeted conversion-based DNA sequencing indicates that unmodified
and methylated cytosine occur most frequently in strand-symmetrical C/C and 5mC/5mC
CpG dyads. Oxidized 5-methylcytosines are part of strand-asymmetrically modified dyads.

The resolution of their exact constitution is limited by intrinsic analytical shortcomings.

2. Chemoselective labeling of genomic DNA finds 5ShmC to face 5mC in 60% of all 5hmC-

containing CpG dyads. The method has not been adapted to closer examine these sites.

3. No suitable biochemical reagent exists to date to examine specific combinations of cytosine

C5 modifications in CpG dyads.

Endnotes

% One exception being that theoretically the presence of, e. g., 5hmC could be probed after bisulfite conversion using

chemoenzymatic labeling. This has not been reported to the best of my knowledge.

b The original data set was reduced to CpG dyads with information available on the modification levels for both

cytosines to connect these data points in Figure 2.3c.

¢ Given a detection limit of 10 nM for symmetric 5{C/5{C dyads in this method (Xu, et al., 2014) and a concentration of
2.5pM for one copy of the genome in a mammalian nucleus (1,320 fL, Purkinje cell, BNID 103181), as little as 4,000
5fC/5fC dyads could theoretically be detected if the experiment were conducted at genomic DNA concentrations.
This is just at the edge of total 5{C sites in the brain (9,300, Table A.1).
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Chapter 3
Recognition of modified cytosines in DNA

The recognition of nucleic acids by proteins is a fundamental molecular process in biology. Of
particular importance are the interactions with double-stranded DNA, the carrier of the genetic
information (Chapter 1). This information is conveyed in the arrangement of the four canonical

deoxyribonucleotides and to our current knowledge interpreted in two ways:

In the first embodiment, the linear sequence instructs the making of other biological macro-
molecules including the replication of DNA itself. The information is transmitted through the
unique pairing between a purine and a pyrimidine nucleobase; the same principles that hold
together the complementary strands in the DNA double-helix (Watson & Crick, 1953). In conse-
quence, transcribing or copying this layer of information requires separating the DNA strands.
Proteins that participate in these processes interact with the nucleic acids in a mostly sequence-

independent manner.

In the second embodiment, it is the subtle, sequence-dependent changes in the shape of the
DNA double-helix and the spacial arrangement of the nucleobases with their unique physico-
chemical properties which expose this information along the DNA grooves. Readily accessible
without dismantling the double-strand, this superficial interface can be used as a scaffold to
coordinate the assembly of defined protein complexes or to regulate the access to specific parts

of the genetic information prior to their expression.

How different C5 modifications of cytosine alter this latter interface in double-stranded DNA
is summarized in the first part of this chapter (Section 3.1) and the second part highlights some
examples how these alterations are recognized by naturally evolved proteins (Section 3.2). The

methyl-CpG-binding domain protein family is examined in detail (Section 3.3).

DNA base and shape readout by DNA-binding proteins

The sequence-specificity of the protein-DNA interaction on the part of the DNA double-strand
is determined by ‘direct” (base-related) and ‘indirect” (shape-related) factors. Proteins exploit

both in order to create a tight, complementary protein-DNA interface (Gromiha, et al., 2004).

Base-specific factors include all physicochemical properties of the nucleobases that are exposed
at the grooves of the DNA double-strand (Seeman, et al., 1976). The pattern of non-polar
groups, hydrogen bond donors and acceptors are predominantly examined in the DNA ma-
jor groove where they prove most different to each other (Figure 3.1a—c). At the minor groove,
these patterns differ but in their electrostatic potential when seen in sequence context, thereby

warranting sequence-specific minor groove recognition (Chiu, et al., 2017).
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Figure 3.1 Base and shape readout of methylated DNA. (a) Van der Waals surface and helix skeleton in a fibre model of a

24 base pair double-stranded DNA in B-form conformation. The complementary single strands are colored and the position of a
major (M) and minor (m) groove is exemplified. (b) Watson-Crick base pairing of deoxycytdidine (dC) with deoxyguanosine (dG)
and deoxythymidine (dT) with deoxyadenosine (dA) via hydrogen bonds (dashed lines). The surface-exposed grooves in B-
form DNA are indicated. Note the three-dimensional position of the 5'-phosphate an 3'-hydroxyl groups of the deoxyribose as
well as the absence of functional groups at the C5 position in dC. (c) Skeletal formula of the base pairing in b with the pattern
of hydrogen bond donors (blue) or acceptors (red) and non-polar groups (black) for each pyrimidine/purine nucleobase pair
in either grooves. (d) Schematic diagrams of the rigid body transformations implied by the base pair parameter propeller twist
(rotation along y) and the base step parameters slide (displacement along y), roll (rotation around y), and helix twist (rotation
around z) that describe most base shape effects (Lu & Olson, 2003).

Such direct readout can involve tightly bound water molecules (Fuxreiter, et al., 2005; Joachim-
iak, et al., 1994) which originate from ‘spine hydration’ of either the major or the minor groove
in B-form DNA (Dickerson, 1992).

Indirect readout of the DNA shape is based on the sequence-dependent structural non-unifor-
mities of the double-helix. These are deviations from B-form DNA mostly in terms of groove
width, roll, helix and propeller twist as shown in Figure 3.1d (Lawson & Berman, 2008). Also
the flexibility of the DNA double-strand varies with sequence. Generally, purine-pyrimidine
steps (RpY, i.e., GpC, GpT, ApC, ApT) are more rigid than the corresponding pyrimidine-
purine steps (YpR, i.e., CpG, TpG, CpA, TpA) and facilitate bending of the helix (Gorin, et
al., 1995; Olson, et al., 1998). As a consequence, a contiguous series of three or more ApA di-
nucleotides in the context of a YpR step can give rise to anomalously high curvatures towards
the major groove (Beveridge, et al., 2004). Intriguingly, the relative affinities for different bind-
ing sequences of many DNA-binding proteins can be accurately described using a linear com-

bination of the shape parameters associated with the dinucleotides, but not by the averaged
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mononucleotide properties (Rube, et al., 2018). It is therefore probably more appropriate to
state DNA to be composed of ten dinucleotides rather than four monomers when it comes to

DNA shape recognition.

(3.1.1) Effect of cytosine modifications on shape readout

In the literature various accounts on cytosine C5 modifications altering the conformation of the
DNA duplex are documented, including a B-Z transition for 5-methylcytosine (5mC) (Béhé &
Felsenfeld, 1981; Fujii, et al., 1982; Mooers, et al., 1995) and helical under-winding for 5-formyl-
cytosine similar to A-form DNA (Raiber, et al., 2015). However, in none of these cases had the
conformational changes been different from an (often omitted) unmodified analogue (Hard-
wick, et al., 2017; Hodges-Garcia & Hagerman, 1995) and they are hence assumed to be crys-
tallization artifacts. Therefore, the notion has been probably overstressed that cytosine modifi-

cations operate not by altering DNA shape readout; yet, some effects are noticeable.

Effect of 5-methylcytosine. Owing to the close proximity of the methyl groups in fully methy-
lated 5mC/5mC dinucleotides, the roll angle at this YpR step tends to increase (Tippin & Sun-
daralingam, 1997), leads to widening of the major groove.? Although these structural changes
are minimal, they are sufficient to bias the rate of deoxyribonuclease I (DNase I) cleavage at
methylated CpGs 10- to 20-fold (Dantas Machado, et al., 2015; Lazarovici, et al., 2013).

Effect of oxidized 5-methylcytosine. Whereas methylated DNA stretches are stiffer because
the bulky methyl groups counteract DNA bending, 5ShmC and 5{C significantly increase DNA
flexibility (Ngo, et al., 2016). This is linked to the increased hydrophilicity of the oxidized vari-
ants and ensuing alteration of the DNA solvent shell (reviewed in Rausch, et al., 2019). The
effect of 5mC oxidation has also been revisited by Fu et al. (2019), eliminating potential flaws
from sequence context or crystallization conditions. The authors confirm that the overall con-
formation remains B-form DNA and any of the cytosine modifications (5mC, 5hmC, 5fC, and
5caC) have similar effects on the DNA double-helix with few exceptions. The roll angle widens
along C, 5fC, 5hmC, 5mC and increases up to almost +5° for 5caC, leading to more bended
structures. Also, major grooves containing 5mC or 5hmC are more open than the unmodified
ones while those containing 5fC or 5caC are slightly more narrow. Both, the minor grooves at

5mC and even more at 5caC are significantly larger by about 0.5 A and 1.0 A respectively.

In summary, cytosine modifications affect DNA flexibility and DNA shape but moderately, po-
tentially with the exception of 5caC which shows stronger distortion. These altered physical
properties can be sensed by some DNA repair enzymes, including thymine DNA glycosylase
(Fu, et al.,, 2019) and may affect other proteins that interact with double-stranded DNA.
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(3.1.2) Effect of cytosine modifications on base readout

Modifications at position 4, 5 (or 6) in the pyrimidine ring of cytosine can alter the interaction
interface at the DNA major groove in B-form DNA. Modifications at other positions disrupt
the Watson-Crick base pairing and have only been described in the context of DNA damaging
nucleobase adducts (Delaney & Essigmann, 2004; Saparbaev & Laval, 1998).

Effect of 5-methylcytosine. 5-Methylcytosine creates the opportunity for non-polar interactions
to take place at the DNA major groove. It has therefore been argued that it would prevent the
binding of water molecules and hence disrupt spine hydration (Frederick, et al., 1987; Tippin,
et al., 1997). Later studies by Mayer-Jung et al. (1998) have shown that water can still be co-
ordinated through non-conventional C-H:--O hydrogen bonds, leading to a rearrangement of
water molecules at the inner hydration shell. So, the methyl group can be either recognized

directly by non-polar or directly by polar amino acid residues.

Effect of oxidized 5-methylcytosine. Clearly, the presence of other functional groups at car-
bon C5 installs specific physicochemical properties in the major groove: The hydroxymethyl
group of 5hmC adds a hydrogen bond donor, a formyl group an additional hydrogen bond
acceptor, and the carboxyl group of 5caC, which is deprotonated at physiological pH, creates a
negative electrostatic surface potential. Steric effects and the presence of partial charges in the
oxidized 5-methylcytosine derivatives dictate the stereochemical conformation of these groups.
The C4-C5-Cbu axis takes distinct dihedral conformations for different substituents. Whereas
the methyl group of 5mC is configured anti-periplanar or synclinal, the hydroxyl group of
5hmC is most favorably placed synclinal, but has rotational freedom. As the carbonyl groups
of 5fC and 5caC allow for hydrogen bonding with the N4 amino group, they prefer a syn-peri-
planar conformation. However, in context of the DNA double-strand, the repulsive forces pro-
duced by the negative charge of the carboxyl group of 5caC with the phosphodiester backbone

will ‘squeeze’ the nucleobase away (see above; Fu, et al., 2019).

In addition, cytosine C5 modifications affect the strength of the base pairing within the DNA
double-strand. Although the presence of an oxidized 5-methylcytosine modification is not fol-
lowed by imino tautomerization of the exocyclic N4 amino group and therefore does not reverse
the hydrogen bonding pattern at the major groove (Szulik, et al., 2015), 5fC and 5caC increase
the acidity of N3 and thereby weaken the base pairing with guanine albeit not to the point of
wobble base pairing (Dai, et al., 2016).

How these distinct physicochemical fingerprints at the DNA major groove are recognized on

the molecular level, is best illustrated by their protein interaction partners.
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3.2 Protein domains that recognize C5-modified cytosines

Proteins that replicate, erase or interpret the genetic or epigenetic information contained in
DNA need necessarily to interact with the DNA double-strand. They do so using various struc-
tural motifs (Figure 3.2a) to engage with different parts of the double-helix (Figure 3.2b). Kind
and number of these non-covalent contacts differ, but involve direct interactions between the
two macromolecules such as electrostatic forces, van der Waals forces, hydrogen bonding, and
cation—Tt interactions as well as indirect interactions mediated or driven by solvent or solutes.
Herein, recognition will imply a tolerance or in best case a preference of the protein domain for
interacting with a specific DNA nucleobase, although some biological effects, for example of

modified cytosines, are also due to hinderance of protein engagement (see Chapter 1.4).

a
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Figure 3.2 Double-stranded DNA-binding domains and contact statistics. (a) The basic leucine zipper of the Jun/Jun
AP-1 complex (PDB 5t01), one of three zinc fingers of Kaiso (PDB 4f6n), the helix-turn-helix motif in PBX1 (PDB 1b72), and the
B-sheet-dependent DNA-binding domain of Tn 916 integrase (PDB 1tn9). (b) Average protein—DNA contacts at the effective
atomic interface for selected transcription factors, structural DNA-binding proteins and enzymes (mean + SEM) as reported
by Norambuena and Melo (2010).

A review of different protein domains that bind modified cytosines has been published by Ren
et al. (2018) and is decently supplemented by Mufioz-Lépez and Summerer (2018). My focus

is on domains which simultaneously bind both strands of the DNA double-helix.
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(3.2.1) Secondary structural elements to probe the DNA double-strand

An «-helix fits snugly into the major groove of B-form DNA (Zubay & Doty, 1959) and a variety
of placements are observed (Suzuki, et al., 1995). This allows choosing the interacting residues
more independently from another, which may facilitate structural diversification (Connolly, et
al., 2000). Indeed, many eukaryotic transcription factors classify as either leucine zipper, helix-
turn-helix, or zinc fingers protein (Lambert, et al., 2018) that recognize up to four nucleobases
of their DNA target per a-helix (Suzuki & Gerstein, 1995). They form more contacts with the
DNA major groove than those domains that harness B-strands (Norambuena & Melo, 2010).

Examples of proteins that use B-strands are indeed rare, maybe because multiple distant sites
must be fitted to match the curvature of the DNA double-strand (Tateno, et al., 1997). With
respect to the thermodynamics of the interaction, Connolly et al. (2000) pointed out that “the
p-sheet as well as B-from DNA are rather rigid structures, which makes it harder to release ions
and water molecules from the contact surface to drive the binding entropically.” Base-specific
interactions with the grooves alone are therefore often insufficient for high-affinity binding and
the number of unspecific backbone contacts increases. However, this may allow for shorter
DNA binding motifs. Many p-sheet domains bind to the narrow minor groove of B-DNA where
a B-strand is just thin enough to fit (Church, et al., 1977; Tateno, et al., 1997). A prominent
example of this sort is the TATA-box binding protein (TBP; PDB 1ytb, PDB 1tgh). However,
in order to interact with C5 substituents of modified cytosine nucleobases directly, the p-sheet

would have to face the DNA major groove.

Neither of these two secondary structural elements is employed by transcription activator-like
effectors (TALEs) that probe the DNA major groove—although on one of the strands only—via

two amino acid residues on a sharp pointed loop that is fixed between an array of x-helices.

(3.2.2) Leucine zippers

Some eukaryotic transcription factors of the basic leucine zipper (bZIP) and the helix-loop-helix
(bHLH) superfamilies recognize modified cytosine bases via residues on at least one of the
leucine zipper's a-helices that project into the DNA major groove on two diametrically opposed
faces of the double-helix.

5-Methylcytosine. The bZIP Jun/Jun complex of AP-1binds a 7 bp sequence starting either with
thymine or 5-methylcytosine (5mC) while the ATF4/Jun (or ATF4/Fos) complex of AP-1 has
even higher affinity when its target sequence starts with 5mC rather than thymine (reviewed in
Ren, et al., 2018). The interaction takes place via a non-polar van der Waals contact of alanine
(PDB5t01). Methyl-SELEX (Yin, etal., 2017) did not reveal any of these proteins, but suggested
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to include the bZIP domains of MYF6, HLF, C/EBPe, C/EBP+y, and C/EBPp (PDB 6mg2). The
latter was also identified by CpG-methylated DNA microarrays (Mann, et al., 2013) and con-
tacts four methyl groups, two in each strand, of which one resides in a hemimethylated 5mCpG
dyad and is recognized via an methyl-arginine-guanine triad and the other one in a 5mCpA via

a non-polar van der Waals contact of a valine side chain (Yang, et al., 2018).

5-Formylcytosine. The bZIP transcription factor NRF1 binds DNA only if its target sequence
is non-methylated (Domcke, et al., 2015) and some data suggested that it would preferentially
interact with 5fC (Spruijt, et al., 2013). A structure of this complex has not been reported; the

molecular basis for this interaction is therefore still unknown.

5-Carboxycytosine. The bHLH MAX tolerates a 5caC modification of the CpG within its tar-
get sequence (Wang, et al., 2017). The interaction is mediated by hydrogen bonding with an
arginine side chain (PDB 5eyo). Similarly, bPHLH TCF4 adopts a conformation (PDB 60d5) in
which Arg-576 contacts 5caC, which is relevant for the Pitt-Hopkins syndrome (Yang, et al.,
2019).

(3.2.3) Zinc fingers

Members of the ‘reader’ (MBD1), ‘writer’ (DNMT1) and ‘erasers’ (TET1 and TET3) of 5mC in
mammalian genomes contain a CXXC zinc finger domain in their full-length protein sequence.

These domains, if functional, allow to recruit the protein to specific genomic loci.

5-Methylcytosine. At least 40 or 50 different zinc-finger containing transcription factors have
been shown or are suspected by various experimental techniques to bind an 5mC-containing
DNA (Hu, et al., 2013; Spruijt, et al., 2013; Yin, et al., 2017; Zhu, et al., 2016). Some recognize

the target in a strand-asymmetric and sequence context-dependent manner.

The C2H2 class proteins Kaiso (ZBTB33), ZBTB38 and ZBTB4 contain three consecutive zinc
fingers of which the first two target the DNA major groove and the third interacts with the
minor groove. These zinc fingers bind fully methylated CpG dyads, but also hemimethylated
C/5mC CpGs and TpGs (summarized in Sasai, et al., 2010). In the structures solved for Kaiso,
5mC (PDB 4f6n) or T (PDB 4f6m) are contacted via a methyl-arginine-guanine triad (Liu, etal.,
2013). Another well-studied C2H2 zinc finger is the murine Zfp57 which is expressed during
early embryogenesis. The second of its two consecutive zinc fingers contacts the fully methy-
lated 5mC/5mC CpG dyad strand-asymmetrically (PDB 4gzn): One 5mC is contacted via a
methyl-arginine-guanine triad, whereas the other one via a structured water network (Patel,

2016). A CpA upstream of this CpG, i.e., the opposite strand's TpG, is also recognized via a
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methyl-arginine-guanine triad (Ren, et al., 2018). YY1 (PDB 1ubd) contains multiple methyl-
arginine-guanine triads: The initial CpG can be methylated, greatly reducing binding affinity.
Further C2H2 examples are the pioneering transcription factor Klf4 (PDB 4m9e) and the tran-
scriptional regulators WT1 (PDB 4r2e) and EGR1 (PDB 4r2a; murine Egrl, PDB 1lalg) which re-
spond differentially to 5mC oxidation (see the following sections) and contain multiple methyl-

arginine-guanine triads (Rooman, et al., 2002).

Like zinc fingers, p53 uses a zinc ion to coordinate to its DNA binding site and was found
to bind stronger to a methylated target sequence containing T or 5mC by means of Arg-280
(Kribelbauer, et al., 2017). This Arg-280-TpG complex (PDB 1tsr) has been shown to form a

methyl-arginine-guanine triad (Rooman, et al., 2002).

5-Hydroxymethylcytosine. The C2H2 class zinc finger of SALL4 prefers 5hmC over 5mC. The

structural basis of this interaction has not yet been elucidated (Xiong, et al., 2016).

5-Formylcytosine. The C2H2 zinc finger EGR1 has been crystallized in complex with its target
sequence containing a single 5fC (PDB 4r2d). The interaction is tolerated, but clearly destabi-
lized as compared to the methylated target (Hashimoto, et al., 2014). Likewise for p53 which
has been implicated in 5fC-recognition (Spruijt, et al., 2013).

5-Carboxycytosine. The CXXC class zinc finger of TET3 binds 5caC/5caC with threefold higher
affinity than C/C in a CpG dyad (Jin, et al., 2016). A lysine side chain amino group and a
backbone amide of an isoleucine contact the carboxyl group of one 5caC. The opposing 5caC is

contacted by serine, threonine and glutamine side chains (PDB 5exh).

WT1 (PDB 4r2r) can recognize 5caC, while other C2H2 fingers cannot. This is because they have
a negatively charged glutamate residue where WT1 interacts favorably with 5caC via GIn-369
(Hashimoto, et al., 2014). Indeed, the Zfp57[E182Q] mutant (PDB 4m9v) allows binding of
5caC (Liu, et al., 2013). CTCF, an eleven C2H2 zinc finger DNA-binding protein that plays
a key role in the chromosomal architecture of mammalian genomes, was found to bind al-
ternative 5caC-containing targets (Nanan, et al., 2019) which may be linked to its binding of
5mC-depleted regions and protection of unmethylated CpG islands from gaining methylation
(Feldmann, et al., 2013).
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Protein domains that recognize C5-modified cytosines

(3.2.4) Helix-turn-helix motifs

5-Methylcytosine. The homeobox factors PBX1 and POU1F1 were predicted to bind a DNA
target containing a methylated CpG (Yin, et al., 2017). In the available crystal structures with
unmethylated DNA targets (PDB 1b72 and PDB 5wc9), the fold proofs to be able to recognize
an (unrelated) TpG using a methyl-arginine-guanine triad (Rooman, et al., 2002). PBX1 and
a couple of further homeobox and forkhead factors were also identified by quantitative mass-

spectrometry (Spruijt, et al., 2013).

5-Hydroxymethylcytosine. The thymocyte nuclear protein 1 (Thy28) has been suggested to
act as a specific ‘reader” of 5ShmC (Spruijt, et al., 2013). In the crystal structure of the human
ortholog (PDB 5j3e, SGC), a 5mC-containing DNA double-strand is contacted via the minor

groove with no base-specific contacts.

(3.2.5) Base-flippers

Base-flipping is operated during the enzymatic ‘writing” of 5mC by DNMTs and the ‘writing” of
oxidized 5-methylcytosines by TETs as well as in a number of other eukaryotic and prokaryotic
proteins that act on modified DNA nucleobases (Hong & Cheng, 2016). A structurally distinct,
non-enzymatic base flipper is the SET and RING finger associated (SRA) domain (Arita, et
al., 2008; Hashimoto, et al., 2008) which recognizes hemimodified CpG dyads. However, the
plant protein SUVHS5 (PDB 3q0b; Rajakumara, et al., 2011) and the structurally related bacterial
McrBC (PDB 3ssc; Sukackaite, et al., 2012) can form homodimers to flip-out both 5mC in a fully
methylated CpG dyad simultaneously (reviewed in Patel, 2016).

5-Methylcytosine. In the narrow binding pocket of the SRA domain of UHRF1 (PDB 2zo1), the
modified cytosine is recognized via 7t stacking with the aromatic side chains of a phenylalanine
and a tyrosine. The nitrogens N3 and N4 of the pyrimidine ring which were formerly engaged
in base pairing, are now contacted by an aspartate side chain. Specificity for the methyl group

of 5mC comes from a van der Waals contact with Cp of a serine.

5-Hydroxymethylcytosine. The SRA of UHRF2 (PDB 4pwb5) features a slightly larger binding
pocket that accommodates 5ShmC with somewhat higher preference than 5mC (Zhou, et al,,
2014). The hydroxyl group of 5ShmC is recognized by the backbone carbonyl of a threonine-

glycine diresidue.
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(3.2.6) PB-sheet-dependent DNA-binding domains

Remarkably, all of these DNA-binding domains fold into a three- or four-stranded p-sheet that
is supported by an x-helix despite none of them sharing any primary sequence homology (Con-
nolly, et al., 2000). They all make base-specific contacts at the DNA major groove and contact
the phosphodiester backbone of each of the DNA strands at two sites using a common mech-
anism: One of the unspecific anchors is formed around a glycine on a loop that connects two
B-strands, while another basic residue at the opposing end of the p-sheet forms the second
anchoring site (Connolly, et al., 2000). For example, Gly-53 and Arg-61 in the homing endonu-
clease I-Ppol of Physarum polycephalum (PDB 1a74; Flick, et al., 1998), Gly-148 and Lys-156 in the
ethylene-responsive transcription factor 4 of A. thaliana (PDB 1gcc; Allen, et al., 1998), Gly-16
and Arg-24 in the DNA-binding domain of Tn916 integrase (PDB 1tn9; Connolly, et al., 2000).
Also, the more distantly related methyl-CpG-binding domain (MBD) makes similar contacts,
such as Gly-25 and Lys-46 in MBD1 (see the following).

The MBD is the only known B-sheet-dependent DNA-binding domain to recognize modified
cytosines, in particular strand-symmetrically methylated CpG dyads. The molecular basis of

which is detailed in the following Section 3.3.

3.3 The methyl-CpG-binding domain

The MBD folds into an x-helix and a four-stranded, twisted, antiparallel p-sheet with protrud-
ing strands and has a compact, wedge-shaped three-dimensional appearance (Figure 3.3a-b).
In contrast to other B-sheet-dependent binders, the p-sheet of the MBD is twisted rather than
laying flat in the DNA major groove (Galvdo & Thomas, 2005) and the x-helix is no longer
oriented parallel at the back of the p-sheet, but slanting towards the DNA double-strand con-

tributing mainly unspecific backbone interactions.

The strands p2 and B3 are longer than p1 and P4, and stretch over the major groove of the
DNA where they form the ‘thin end” of the MBD. B2 and B3 are connected by the highly mobile
loop L1 which becomes well structured upon DNA binding (Ohki, et al., 1999) as per NMR
studies of MBD1 (Supplementary Figure A.1). At the opposing ‘thick end’, the hydrophobic
face of the pB-sheet is tightly packed against the amphipathic x-helix, which is oriented roughly
antiparallel to 1 and critical for the structural integrity of the domain. Non-conservative amino
acid replacements in this region lead to partial or complete disruption of the MBD structure and
loss of DNA binding (Ballestar, et al., 2000; Ohki, et al., 1999; Wakefield, et al., 1999).

A hydrophobic patch and a number of positively charged residues face the DNA (Figure 3.3c).
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Molecular determinants of MBD-DNA binding
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Figure 3.3 Three-dimensional structure of the MBD. Schematic ribbon drawings of methyl-CpG-binding domain (MBD)
structures in complex with a 13bp double-stranded DNA containing a fully methylated CpG. The arginine residues of the
MBD interacting with the guanine nucleobases and the CpG nucleotides are shown as sticks; the sp® carbon of each
5-methylcytosine (5mC) is shown as van der Waals sphere. (a) The MBD of MeCP2 (residues 90-181; PDB 3c2i, Ho, et
al., 2008) with the a-helix a1, the B-sheet B1-B4, and loop L1 in side view, and (b) in top view. (c) Molecular lipophilicity
potential (Laguerre, et al., 1997) and Coulomb electrostatic potential (Luty, et al., 1995) projected onto the the linear sequence
and the van der Waals surface of the MBD.

Molecular determinants of MBD-DNA binding

The MBD interacts as a monomer (Nan, et al., 1993; Wade, et al., 1999)b with the major groove
of double-stranded DNA via residues on B2 and B3, the nearby part of the x-helix, and the
loop L1. Although the MBD protects 12 — 14 nt in a DNase I footprinting assay (Klose, et al.,
2005), its surface contact with the DNA measures only 550 — 640 A2 The aforementioned struc-
tural difference to other B-sheet-dependent DNA-binding domains allow for this small inter-
action surface which is almost exclusively limited to the CpG dyad itself. In contrast, AtERF4
contacts eight, the DNA-binding domain of Tn916 integrase seven, and I-Ppol five base pairs.

Both, specific and unspecific DNA-protein interactions contribute to the MBD's high affinity
towards methylated CpG dyads.
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Unspecific DNA-MBD interactions. The sequence-independent interactions comprise the elec-
trostatic contacts and the hydrogen bonding of conserved basic and polar residues with the
negatively charged phosphate groups of the DNA backbone and several hydrophobic interac-
tions of less conserved side chains with the deoxyribose. The electrostatic interactions with the
backbone phosphates contribute with unusually high magnitude to the formation of the MBD-
DNA complex and therefore specific binding is observed only at higher salt concentrations or

in presence of an unspecific competitor (Khrapunov, et al., 2014).

Specific DNA-MBD interactions. The specificity for CpG dyads in double-stranded DNA has

been suggested to involve several mechanisms (Figure 3.4a):

a

G Hbonding Arg

Figure 3.4 CpG dyad-specific MBD-DNA interactions. Binding principles in the prototype MBD of human MeCP2 (PDB 3c2i,
Ho, et al., 2008) (a) The two cation—m/H-bond stair motifs in the MBD arise from hydrogen bonding (between guanine and
arginine), nucleobase stacking (between the pyrimidine and guanine), and the cation—m interaction (between the pyrimidine
and arginine). The non-polar interaction between the aliphatic side chain of the arginine and the methylated pyrimidine en-
hances the cation— interaction (Zou, et al., 2012). (b) The hydrogen bonding network at each of the C - G base pairs in the
CpG. Solvent molecules are shown as small spheres; structured water that forms tetrahedral hydrogen bonds in the DNA
binding site is shown as van der Waals spheres; Hydrogen atoms were omitted for clarity.

1. Two highly conserved arginines form bidentate hydrogen bonds with each of the guanines
in the CpG dyad (first shown by Ho, et al., 2008). However, the two arginines contribute
unequally to DNA binding (Free, et al., 2001; Liu, et al., 2019). The more critical arginine is
anchored and oriented by a nearby aspartate side chain and makes the initial and persistent
contact with a guanine, while the other one is more flexible. The steric confinement of the
conformational space in case of methylated DNA finally ‘locks’” this residue in the DNA
binding site (Mezei & Csonka, 2016; Otani, et al., 2013; Sperlazza, et al., 2017).

2. Each arginine engages in a methyl-arginine-guanine triad or another cation—7t interaction

with a pyrimidine neighboring the bonded guanine. So, they form a sequence of cation—
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Synopsis

1t/H-bond stair motifs (Rooman, et al., 2002). This interaction is strengthened through an
increased van der Waals interface (compare Figure 5.3), namely through cytosine methyla-
tion (Zou, et al., 2012).

3. Further, the aliphatic portion of the arginine side chains adds to the non-polar environment
in direct vicinity to the methylated pyrimidine (Liu, et al., 2013). Though this dispersion is
more important on the side of the more flexible arginine, its overall contribution to binding

specificity remains small (Mezei & Csonka, 2016).€

4. The hydroxyl group of a conserved tyrosine can hydrogen bond with the structured water
surrounding one of the methyl groups, allowing for a 10- to 20-fold increase in binding
selectivity per 5mC in a CpG (Cramer, et al., 2014; Hashimoto, et al., 2012; Walavalkar, et
al., 2014). These water molecules are coordinated through CH:--O hydrogen bonding with
the sp3 methyl carbon in addition to the pyrimidine's conventional hydrogen bond at N4
(Figure 3.4b; Ho, et al., 2008; Mayer-Jung, et al., 1998).

How structural differences between the MBDs of the different MBD protein family members
affect the recognition of modified CpG dyads is dissected in Chapter 5 and Chapter 6.

Synopsis

1. Cytosine C5 modifications can affect the shape of the DNA double-helix and constitute a

unique physicochemical signal in the DNA major groove.

2. Protein x-helices, B-sheets and loops can probe the DNA major groove. B-sheets are rare in
DNA nucleobase recognition and tend to employ more unspecific backbone interactions for
high-affinity binding.

3. 5mC is recognized by a variety of proteins using methyl-arginine-guanine triads, non-polar

van der Waals or polar interactions via structured water.

4. 5hmC can be recognized via hydrogen bonding with carbonyls, 5caC via arginine or lysine
side chains. 5hmC and 5fC may be tolerated by 5mC- and 5caC-binders but usually desta-

bilize the interaction.

5. Molecular recognition of fully methylated 5mC/5mC CpG dyads with distinct interactions
at each 5mC exists in different structural classes of DNA-binding proteins, e. g., leucine zip-

pers, zinc fingers and methyl-CpG-binding domains.

6. Some eukaryotic transcription factors require modified cytosine nucleobases for DNA bind-

ing, which hints of the regulatory importance of 5mC and its oxidized derivatives.

37



Chapter 3  Recognition of modified cytosines in DNA

Endnotes

It has been shown that the increased flexibility in the presence of a methyl group (5mC or T) facilitates DNA-DNA
attraction (Yoo, et al., 2016). It is noteworthy that long-range contacts in nuclear organization, frequently involve

AT-rich or methylated regions.

Although homo- and heterodimer formation has been reported for full-length MBD2 and MBD3 (Tatematsu, et al.,
2000), there is no evidence for the MBD itself undergoing dimerization. Also, the MBD MeCP2 has been shown to
bind as a monomer (Nan, et al., 1993; Wade, et al., 1999). This is consistent with a study by Valinluck et al. (2004) as
the binding curves show a single inflection point only. However, Khrapunov et al. (2014) report that the MBD itself

may form a dimer when the protein is provided in excess. The dimerization is not linked to 5mC recognition.

It has been noted in the early literature that the conserved tyrosine and a conserved phenylalanine form a superficial
hydrophobic patch in the center of the DNA binding site of the MBD (Ohki, et al., 1999; Wakefield, et al., 1999).
Thus, methylation would increase the buried hydrophobic surface and contribute to the stability of the protein—
DNA complex (Zou, et al., 2012). However, the difference in the Gibbs energy of —6.3 kJ/mol due to the increased
hydrophobic surface is presumably too small to explain the preferred binding of methylated over non-methylated
DNA (Mezei & Csonka, 2016).
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Chapter 4
Protein engineering and directed evolution platforms

The natural process of evolution continuously yields biological macromolecules such as pro-
teins that are able to adequately fulfill a function for the organism or system they are part of.
In directed evolution, the fundamental principles of this process—variation, fitness and sur-
vival—are put to work in the laboratory to create proteins with new or improved properties
that may or may not be required in nature. This approach has proven a fruitful addition to tra-
ditional protein engineering strategies (reviewed in Packer & Liu, 2015). In contrast to rational
design, directed evolution can be adopted also when explicit understanding of the principles

that govern a specific function is still missing or scarce (Figure 4.1).
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Figure 4.1 Rational design and directed evolution. Two strategies to ‘making a flying object’ as an analogy for protein
engineering: Rational design based on established laws and principles and directed evolution of existing objects that might
not (yet) be able to perform the desired task. Photographs in the Public Domain CCO (full license in Appendix A.4).

Variation in the amino acid sequence and hence the phenotypic properties of the protein parent
is created by manipulating the genetic information of the DNA sequence that encodes the pro-
tein. This can be achieved in a number of ways: At random positions, e. g., via error-prone PCR
(Cadwell & Joyce, 1992; Wilson & Keefe, 2000), and at specific positions, e. g., via site-saturation
mutagenesis (Miyazaki & Arnold, 1999; Wells, et al., 1985) or through the exchange, insertion,
deletion or permutation of any number of subsequences (some examples in Gillam, 2014). Af-
ter the protein variants are produced according to the diversified instructions, a specifically
designed assay identifies members of this library that perform the desired function (fitness).
The partition into desired and undesired phenotypes can be done serially (screening; manual
or in high-throughput) or in a single step in parallel (selection by linking separation to survival).
In particular during pooled screenings or selections it is crucial to stably propagate the genetic
information along with the protein, i.e., to maintain the genotype—phenotype linkage, since this
allows the successfully recovered variants (survival) to serve as the starting point for another

cycle of directed evolution.
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Ex vivo surface display platforms

Depending on the property to be evolved, the screening or selection assay can be performed in
vitro, in vivo or ex vivo (examples in Tizei, et al., 2016). Protein-ligand interactions are typically
evolved on in vitro (Hanes & Pliickthun, 1997; Liu, et al., 2000) or on ex vivo display platforms
(Boder & Wittrup, 1997; McCafferty, et al., 1990; Smith, 1985). Both platforms bypass the chal-
lenge of bringing the ligand into a compartment and allow to define and control the binding

conditions.

In ex vivo display platforms such as phage display, bacterial, yeast or mammalian cell surface
display, the protein of interest, the so-called passenger, is linked to a host protein that is natu-
rally exposed to the environment. This allows to streamline the evolution process as the live
(or infective) host can readily (be used to) amplify the desired genetic material for subsequent
re-analysis, screening or selection. Further, the protein is expressed in the context of cellular
factors that might be helpful or even required to assist its proper folding or post-translational
modification. Also insoluble or otherwise hard to obtain proteins are often accessible (Kaefler,
etal.,, 2011). However, platform-specific restraints apply particularly in terms of size and fold-

ing of the passenger.

For example, the number of proteins that can be displayed on filamentous phage particle is lim-
ited to 5 copies via plll in Ff bacteriophages (Hay & Lithgow, 2019) and the procedure requires
an interim reinfection of a bacterial host. However, due to the lytic release of the phage parti-
cles, protein size is typically less problematic. In contrast, 10,000 to 70,000 proteins, sometimes
even five- to tenfold more molecules, can be displayed on bacterial cells via autotransporters
(Kaefdler, et al., 2011) or via intimin fusions (Salema, et al., 2013; Wentzel, et al., 2001). Similar
levels can be displayed on yeast cells via Agalp:Aga2p (Boder & Wittrup, 1997) despite the
tenfold larger cell surface area of Saccharomyces cerevisine as compared to Escherichia coli. Yet,

these platforms are limited by the size of proteins that can be displayed.

The autotransporters of Gram-negative bacteria naturally expose protein domains with a size
of 50 — 100 kDa on the bacterial cell surface (Henderson, et al., 2004). By replacing the pas-
senger of the autotransporter used in this work (Figure 4.2), the adhesin involved in diffuse
adherence (AIDA-I) of enteropathogenic Escherichia coli strain O126:H27 has been harnessed to
display heterologous passengers of up to 50 — 70 kDa (Jose, et al., 2009; Schultheiss, et al., 2008)
including a functional Klenow fragment of E. coli DNA polymerase I (Chung, et al., 2020).
AIDA-I autotransport requires the passenger to remain unfolded during translocation to the
outer membrane. In particular passage through the oxidizing environment of the periplasmic
space is a major impediment to the successful display of various protein payloads prone to

cysteine-cysteine disulfide bond formation (de Marco, 2009).
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Figure 4.2 Surface-display with the adhesin involved in diffuse adherence (AIDA-I) autotransporter. (a) The wild-
type autotransporter of Escherichia coli O126:H27 with N-terminal AIDA-1 passenger (84 kDa) and C-terminal transporter unit
AIDAC. The autochaperone 1 has autoproteolytic activity via Asp-787 and cleaves AIDAC off the mature AIDA-I which how-
ever remains tightly associated with the cell surface (Charbonneau, et al., 2009). (b) The AIDA-I can be replaced with different
proteins of interest (POI), in this work the methyl-CpG-binding domain (MBD). (¢) The autotransporter is cotranslationally se-
creted through the inner membrane (IM) into the periplasm (PP) where the signal peptide is removed and the autotransporter
folds into the outer membrane (OM), bringing the passenger onto the cell surface if it remains unfolded; Structure of MBD of
MeCP2 from PDB 3c2i and B2 from PDB 4mee; B1-a was modeled with RaptorX (Xu, et al., 2021).

Fluorescence-activated high-throughput screening platforms

The use of cells (rather than phages) as display platform permits high-throughput fluorescence-
activated cell sorting (FACS) to screen (rather than to select) the individual library members
(Figure 4.3). Here, the stringency of the screen can be controlled not only, e.g., by different
washing conditions, but also by varying the fluorescence threshold that triggers the cell isola-
tion (VanAntwerp & Wittrup, 2000). If multiple fluorescence channels and multiple collection
lines are available, different parameters can be assessed for each single clone at one time and

instruct the separation into different subpopulations in a single round.

For affinity maturation of protein-ligand interactions, in particular peptide and antibody frag-
ment libraries (Boder & Wittrup, 1997; Daugherty, et al., 1998), fluorescently labeled ligands
are used and high-affinity variants retrieved either in a kinetic or thermodynamic equilibrium
binding assay (reviewed in Cherf & Cochran, 2015). In the kinetic setup (Figure 4.4a), sam-
ples are incubated with a single fluorescently labeled probe which is removed from less affine

binding sites by extensive washing and/or addition of an excess of dark (unlabeled and cheap)
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Figure 4.3 Fluorescence-activated cell sorting. (a) In modern fluorescence-activated cell sorting (FACS) instruments,
a microfluidics device (‘chip’, e.g., 70 — 100 um channel diameter) lines up cells in a sample stream to analyze thousands
of individual cells per second using (multi-color) fluorescence intensity optics. At the nozzle, the sample stream is broken
down into droplets embedding one cell per single droplet. (b) The charged droplets can be deflected such that the sample is
separated physically into individual subpopulations based on the recorded fluorescence measurements.
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Figure 4.4 Kinetic and thermodynamic DNA binding assays. (a) Kinetic screening of surface-displayed proteins, e.g.,
an MBD, with a fluorescently-labeled DNA, here showing a single fully methylated CpG dyad; A dark, unlabeled competitor
is used to remove unspecific binding. (b) Thermodynamic screening with two different labeled probes. Unbound probes are
removed shortly before the samples are assayed on a multi-color flow cytometer.

competitor. Differences in the dissociation kinetics can then be monitored by monochromatic
flow cytometry. In the thermodynamic setup (Figure 4.4b), samples are simultaneously ex-
posed to different DNA probes. Both, association and dissociation kinetics determine the rela-
tive amounts of bound probes on the surface-displayed proteins when equilibrium is reached.
However, in contrast to the kinetic setup, a five- to tenfold excess of ligand must be provided to

saturate all ligand binding sites and to avoid ligand depletion during the binding reaction.
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After the desired cell population has been sorted on the FACS instrument, the cells can either be
amplified in culture and screened again to purify the highest affine phenotypes or their geno-
types can be subjected to another round of diversification by random or targeted mutagenesis

which starts another cycle of directed evolution to potentially improve the protein candidates.

4.3 Synopsis

1. Directed evolution is a powerful strategy to create or enhance specific properties of proteins.

Out of a large number of protein variants, only the “fittest” variants are taken forward.

2. In combination, surface display systems and fluorescence-activated cell sorting allow to as-

sess millions of protein variants in high-throughput for probing protein-ligand interactions.
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Aim

Problem. Deciphering distinct combinations of modified cytosine nucleobases such as 5mC,
5hmC, 5fC, and 5caC simultaneously in both strands of the DNA double-helix at a single CpG
dyad without irreversibly destroying these sites is an unmet challenge to date. Yet, such com-
binations occur naturally in the genomic DNA of human, mice and other mammalian species
as a result of an active DNA modification pathway. They constitute a unique physicochemical
interaction interface at the DNA major groove which could be interpreted as distinct regulatory,

potentially even epigenetic marks by cellular factors.

Although the recognition of strand-symmetrically modified 5mC/5mC CpG dyads by different
nuclear proteins is well described in the literature, the molecular basis for the recognition of

strand-asymmetrically modified CpG dyads is unexplored.

Objective. With this work I seek to create proteins that can recognize or ideally discriminate

specific combinations of C5-modified cytosines in a single CpG dyad in the DNA double-helix.

Impact. The proteins proposed in this work would be first-of-their-kind DNA-binding proteins
demonstrating the possibility of strand-asymmetric molecular recognition of modified cytosine
combinations in the DNA double-helix and provide valuable insights into the requirements and
limitations that such recognition might face. Beyond this, the proteins can serve as molecular
probes to examine combinatorial marks of cytosine modifications at CpG dyads in genomic
DNA at the level of the biologically relevant, single DNA duplex.
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Chapter 5
Promise and prospect of the methyl-CpG-binding domain

Protein sequence, protein structure and protein function are intimately related. Therefore, pro-
teins that exert a function similar to the function one desires to obtain can serve as a starting

point or parent for protein engineering (Arnold, 1996).

To obtain a protein-based reagent that would specifically recognize distinct combinations of
modified cytosines at CpG dyads in the DNA double-strand, several structural classes of DNA-
binding proteins were considered (Chapter 3). Those scaffolds however that required or would
likely require to arrange two independent monomers in order to simultaneously recognize both
C5 substituents, such as leucine zippers and base-flippers, were not followed up in this work.
Of the remaining choices, zinc finger (ZNF) had undoubtedly demonstrated that they could be
engineered for the recognition of different, albeit unmodified DNA nucleobase combinations
(Rebar & Pabo, 1994). Yet, ZNF binding is sequence context-dependent and their cooperative
binding mode requires sophisticated engineering approaches due to the low affinity of a single
ZNF (Chou, etal., 2017; Dutta, etal., 2016). So, the MBD which is far less explored in terms of its
evolvability, but naturally had the required geometry to interact with two modified cytosines on
the DNA double-helix, namely fully methylated 5mC/5mC CpG dyads, was chosen as parent

for protein engineering.

Of course, the protein fold exists only as an abstract model which generalizes some common
properties of structurally and often functionally related three-dimensional folds found within
a set of proteins, be they evolutionarily related or not. However, if available, a structural and
functional understanding of its particular members can rationally guide the choice both of the
members to start with as parents and of candidate positions in the parent sequences to con-
sider for alteration. This can be valuable since mutations that benefit the desired function are
generally much more rare than deleterious or neutral ones in highly specialized proteins and

the search for fitter variants in large sequence spaces is more resource-intensive.

As regards content, this first chapter contrasts the structural particularities of five MBDs (Sec-
tion 5.1) and their consequences for the binding of DNA duplexes with modified CpG dyads
(Section 5.2). Beyond a literature survey, I systematically add quantitative measures that guide
further evaluation. Finally, this comparison will suggest candidate members and candidate
sites within each domain that either are of such critical structural importance as they probably
must be preserved during the engineering or that function as key for a specific ligand selectiv-
ity such that they could be critical for the protein engineer to degenerate in order to obtain the

desired new function (Section 5.3).



5.1

Chapter 5 Promise and prospect of the methyl-CpG-binding domain

Sequence and structural conservation in the MBD

Five mammalian proteins contain a 70 to 80 amino acid MBD which was identified in the full-
length sequences based on the hidden Markov model of the MBD family (PF01429, Methods).
In the human proteome these are MBD1[2-81], MBD2[146-225], MBD3[2-81], MBD4[76-167]
and MeCP2[90-181] (Figure 5.1). For the sake of clarity, I refer to the respective domains in
the full-length proteins simply by the name of the full-length proteins and shall write of the

‘full-length’ proteins otherwise.

hMBD1 1 (P [ ) 605 hMBD2 1 411 hMBD4 1 ([ ) 580

| NLS (CXXC),CXXC TRD MBD A B MBD Endo3c
MBD hMBD3 1 (@ T) 291 hMeCP2 1O I ) 486
MBD A B MBD TRD
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
hMBD1 2 AEDWLDCPALGPGWKRREVFRKSGATCGRSDTYYQSPTGDRIRSKVELTRYLGPACDLTL----FDFKQGILCYPAPKAHPVAV
149 154 159 164 169 174 179 184 189 194 199 204 209 214 219 224
hMBD2 146 SGKRMDCPALPPGWKKEEVIRKSGLSAGKSDVYYFSPSGKKFRSKPQLARYLGNTVDLSS----FDFRTGKMMPSKLQKNKQRL
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
hMBD3 2 ERKRWECPALPQGWEREEVPRRSGLSAGHRDVFYYSPSGKKFRSKPQLARYLGGSMDLST----FDFRTGKMLMSKMNKSRQRV
80 85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165
hMBD4 76 ATAGTECRKSVPCGWERVVKQRLFGKTAGRFDVYFISPQGLKFRSKSSLANYLHKNGETSLKPEDFDFTVLSKRGIKSRYKDCSMAALTSHL
94 99 104 109 114 119 124 129 134 139 144 149 154 159 164 169 174 179

hMeCP2 90 DRGPMYDDPTLPEGWTRKLKQRKSGRSAGKYDVYLINPQGKAFRSKVELIAYFEKVGDTSLDPNDFDFTVTGRGSPSRREQKPPKKPKSPKA
Figure 5.1 MBDs in MBD protein family members. Position within the full-length proteins and enumeration of human and
mouse methyl-CpG-binding domains (MBDs).

The superimposition of the available crystal structures choosing one of the methylated 5mC - G
base pairs of the CpG dyad as arbitrary reference point (Figure 5.2a) showed noticeable struc-
tural variation among the domains. Whereas the positional deviations at the ‘thin end” of the
MBD (with loop L1 near the reference point) was expectedly small (Table 5.1), the positioning
of helix a1 at the ‘thick end” varied more drastically than the placement of the second 5mC -G
base pair in the dyad did. This was most pronounced for the MBD of MBD4 and MeCP2 and
could be understood either as different solutions in a continuous structural space towards the
tulfillment of an (almost) identical function, or as a consequence of specific evolutionary adap-

tations towards more specialized roles for each of the MBDs.

Table 5.1 Root-mean-square distances between superimposed MBD structures. As shown in Figure 5.2a; RMSDs with
respect to the MBD1 protein—-DNA complex and backbone atoms if not otherwise declared.

MBD Registry Res.” ‘Upper C-G Arg-44 ‘Lower C-G Arg-22 Protein Loop L1 Helix a1

MBD1 PDB6dit 2.25A 0.00A 0.00A 0.00A 0.00A 0.00A 0.00A 0.00A
MBD2 PDB6cng 2.15A 0.89A 1.67A 1.42A 1.14A 3.32A 2.32A 3.76 A
MBD3 PDBé6ccg 1.90A 0.90A 1.46 A 1.39A 1.64A 2.66 A 2.27A 3.40A
MBD4 PDB4lg7 2.50A 0.47A 1.88A 1.02A 0.40A 3.96 A 0.61A 4.45A
MeCP2 PDB3c2i 250A 0.88A 2.02A 2.03A 1.90A 4.99A 1.88A 5.20A

* For differences in resolution larger than 0.15 A, the RMSD differences were corrected according to Carugo (2003).
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C. elegans EAMLRLPLQ! RRQTCVIISTASAGVKGRVSYFAIZCEKKLSI{Y SEYVRMLTKNSIHYITRD TKLVIGEFIVP

Figure 5.2 Conservation of sequence and structure in the MBD. (a) Best-fit superimposition of the five human MBDs
of MBD1 (residues 2-81; PDB 6d1t, SGC?), MBD2 (residues 146—225; PDB 6¢nq, Liu, et al., 2018), MBD3 (residues 2-81;
PDB 6ccg, Liu, et al., 2019), MBD4 (residues 76—167; PDB 4lg7, SGC?), and MeCP2 (residues 90-181; PDB 3c2i, Ho, et al.,
2008). The nucleobases of one C - G base pair were superimposed; only the sp3 carbon of each 5mC (Me) is shown for clarity.
(b) Spacial organization of the conserved residues in the MBD; the enumeration follows MBD1 but MeCP2 is shown. (¢) Amino
acid sequence alignment and cladogram (Clustal Omega) of the five human MBDs, their murine homologs and phylogenetically
more distantly related examples (UniProt identifiers Q66HB8, H2QNC3, Q2T2T7, H2SUB2, Q9YGC6, Q5EFL0, W4YH51,
F5HM38, Q23590, and AtMBDS5) of the MBD protein family; full chart in Supplementary Figure A.2. Identical residues in
human and mouse shown in dark gray, residues with similar physicochemical properties in light gray.

On the primary sequence level, mouse and human MBDs share 40 — 55% sequence identity with
16 identical positions and mainly highly conservative substitutions between p2 to x1. Most of
the conserved residues are part of the hydrophobic core at the ‘thick end” (Figure 5.2b). Pro-
tein domains with highly similar sequence also exist in other vertebrates, invertebrates and
in plants (Figure 5.2c, Supplementary Figure A.2). An evolutionary relationship has been
proposed for invertebrate and vertebrate MBDs (Hendrich & Tweedie, 2003), suggesting that
this MBD fold is at least 570 million years old. Plant MBDs in contrast must have followed a
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separate evolutionary trajectory, either emerging independently or succumbing a distinct selec-
tive pressure that accelerated its diversification as compared to the concurrently evolving DNA
methyltransferases (Springer & Kaeppler, 2005). Whether all of these domains bind methylated

CpGs or serve other purposes is not known.

Like in the structural superimposition, MBD1, MBD2 and MBD3 were also more similar to each
other on the primary sequence level than MBD4 and MeCP2. The latter group has an insertion
of four amino acids between a1 and a hairpin loop at the C-terminus as well as a cluster of
more hydrophobic residues on the ‘thin end” of 32, where MBD1, MBD2 and MBD3 have a
glutamate residue instead (Wakefield, et al., 1999). Both alterations are thought to increase the
hydrophobicity of the core and appear to stabilize the isolated MBD (Ho, et al., 2008; Otani,
et al., 2013; Walavalkar, et al., 2014). Indeed, most of the highly conserved residues contribute
to the core (Figure 5.2c) whereas only four (Arg-22, Asp-32, Ser-45 and Arg-44) participate
in DNA binding. Judging from their importance for the structural integrity, substitutions at
one or more positions in the hydrophobic core could be problematic, whereas replacing even

conserved residues in the DNA binding site might be required to reengineer the domain.

5.2 Specific differences in mammalian MBD binding

In general, the specificity of the MBD for the recognition of CpG dyads critically depends on
the two highly conserved arginine residues (Chapter 3.3). However, the observed structural
variations link different MBDs to a particular ligand spectrum. To get a closer view onto the
individual DNA binding sites, Figure 5.3 presents the surface-contacts of the MBD with each
of the DNA strands and Figure 5.4 the organization of the individual DNA binding sites.

MBD1. The ‘thick” end of this MBD is rotated slightly towards the binding site with p1 and 2
approaching the DNA more closely. This allows for Arg-18 and the amide of Ala-26 in L1 to
bond with the phosphodiester backbone of one DNA strand and a tighter packing of the Val-47
in a1 against the deoxyribose of the other strand (Scarsdale, etal., 2011). In consequence, Val-20
is more prone to contact one CpG dinucleotide than in other MBDs (Figure 5.3). Further, the
hydroxyl group of Tyr-34 is able to directly form a hydrogen bond with the N4 of the methylated
cytosine (Figure 5.4b—c, Ohki, et al., 2001) whereas molecular dynamics simulations favor the
bonding with N4 of an adjacent pyrimidine (Rauch, et al., 2005).P A state in which Asp-32
directly bridges the two methylated cytosines via their N4 amino groups has been observed
in molecular dynamics simulations (Figure 5.4d). In this state, the hydroxyl group of Tyr-34
also engages in a hydrogen bond between the carboxyl group and Asp-32. The contribution of
Tyr-34 to a local hydrophobic environment as suggested by Ohki et al. (2001) is questioned in
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Figure 5.3 Protein—DNA contact surface of MBD proteins. Interatomic contact surface area by amino acid residue re-
solved for the ‘lower’ 5mC - G base pair (left, yellow in other figures) and the strand with the ‘upper’ 5mC - G base pair (right,
purple in other figures). The contacts involving the (modified) nucleotides at the CpG are framed; residues with a particularly
high (or differential) contact surface are indicated. Calculated according to Ribeiro et al. (2019) based on the refined crystal
structures (Joosten, et al., 2011) of MBD1 (residues 2—-81; PDB 6d1t, SGC?), MBD2 (residues 146—225; PDB 6cnq, Liu, et al.,
2018) MBD3 (residues 2-81; PDB 6ccg, Liu, et al., 2019) MBD4 (residues 76-167; PDB 4lg7, SGC?), and MeCP2 (residues
90-181; PDB 3c2i, Ho, et al., 2008). Source code available.

favor of the aliphatic groups in Asp-32 (Rauch, et al., 2005), though Tyr-34 makes the highest
surface contact of all human MBDs. There is no evidence for a stabilizing salt bridge between
Glu-48 and Arg-44 in MBD1 as observed in MeCP2, neither in the solution structure of the free
protein (PDB 1d9n, Ohki, et al., 1999) nor in the solution structure (PDB 1ig4, Ohki, et al., 2001)
or in the crystal structure of the protein-DNA complex (PDB 6d1t, SGC?).

MBD2. Although the majority of structural differences in this MBD involve residues outside
DNA the binding site, the most notable is the interaction of Arg-209 (Lys-65 in MBD1) with the
phosphate backbone of the DNA (Scarsdale, et al., 2011) that takes place via the (secondary)
e-nitrogen of the guanidinium group while the n-nitrogens are engaged in hydrogen bonding
with Ser-175 (Figure 5.4f) similar to Lys-65 and Ser-31 in MBD1. The analogous residue in

MeCP2, Thr-158, plays a role in stabilizing two consecutive turns of the protein backbone.
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Figure 5.4 Protein—DNA interactions in five human MBDs. Details in the main text. The methyl-CpG-binding domains of
a—d MBD1[2-81] (PDB 6d1t, SGCa)b, e—-h MBD2[146-225] (PDB 6cnq, Liu, et al., 2018), i-/ MBD3[2—-81] (PDB 6ccg, Liu, et
al., 2019), m—p MBD4[76—167] (PDB 4lg7, SGC?), and o—t MeCP2[90-181] (PDB 3c2i, Ho, et al., 2008) were superimposed
on the ‘upper’ 5mC - G base pair (5-methylcytosine, 5mC, DNA strand in purple) and are shown from the same angle. (a,
e, i, m, q) Van der Waals surface colored by residue conservation as in Figure 5.2. The sp3 carbon of the 5-methylcytosine
(5mC) is shown as van der Waals sphere. (b, f, j, n, r) London dispersion (brown), hydrogen bonding (pink), and electrostatic
interactions (blue) between the MBD and the DNA double-strand as reported and extended in the literature. (c, g, k, o,
s) ‘Upper’ 5mC - G base pair, the flexible arginine, interacting residues and structured water if annotated in the crystal structure
in blue, spheres if closer than 4.4 A to the sp3 carbon of 5mC. (d, h, I, p, t) ‘Lower’ 5mC - G base pair and anchored arginine.
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Low-affinity binding of MBD2 to methylated and unmethylated 5mCpApC/GpTpG trinucleoti-
des is due to a more flexible Arg-188 that interacts with the GpT preceding the guanine bonded
by Arg-166. Other methylated 5mCpApD/GpTpH trinucleotides are weakly bound similar to
5mCpG/5mCpG dyads but with thymine taking the role of 5-methylcytosine (Liu, et al., 2018).

MBD3. The human and murine isoforms of this MBD bind to methylated DNA very weakly
and with less specificity, reflecting a rapid exchange between 5mC-specific and unspecific CpG
binding modes (Cramer, et al.,, 2014). The main substitutions in the DNA binding site are
histidine-30 (instead of lysine) and phenylalanine-34 (instead of tyrosine). However, the in-
teractions of Arg-22 and Arg-44 with the CpG during methylation-specific binding are still
observed (Figure 5.4j-1) and residues of L1 (Gly-25 and Ala-28) show chemical-shift differ-
ences consistent with DNA binding in NMR structures, albeit less well structured since they

are averaged over an ensemble of conformations (Cramer, et al., 2014).

Phenylalanine-34 can not form hydrogen bonds and therefore prevents the MBD from engaging
in additional solvent-mediated DNA contacts. The reconstitution MBD3[F34Y | is sufficient to
recover methylation selectivity (Fraga, et al., 2003; Liu, et al., 2019; Saito & Ishikawa, 2002)
but with lower affinity as compared to the MBD3[H30K,F34Y | mutant (Cramer, et al., 2014;
Fraga, et al., 2003; Saito & Ishikawa, 2002). In contrast, the MBD3[H30K] mutant engages in
unspecific DNA binding (Saito & Ishikawa, 2002). This demonstrates that selective recognition

of 5mC/5mC depends necessarily, but not sufficiently on the conserved tyrosine.

MBDA4. Full-length MBD4 participates in DNA repair of mismatched thymine bases in CpG
dyads (Du, et al., 2015). Its MBD has a flipped Tyr-109 side chain that points away from the
DNA major groove (Figure 5.40) and contributes to the hydrophobic core. The hydroxyl group
engages in solvent-mediated hydrogen bonding with the DNA backbone which allows for an
extensive water network to finely tune the binding of CpG dyads with 5mC/5mC or 5mC/5hmC
modification as well as with 5mCpA /TpG and mismatched 5mCpG/TpG dinucleotides (Otani,
et al., 2013). With exception of 5mC/5hmC, each of these sequences has two symmetrically

positioned methyl groups that can engage in binding.

The interactions around Arg-97 which is anchored by Asp-107 are similar to the ones observed
in MBD1, MBD2 and MeCP2 (Figure 5.4p). Interestingly, the unique flexibility of Arg-119
created by the absence of a negatively charged side chain with Ser-123 (the analogous positions
being Glu-137 in MeCP2) as well as the additional space left by the flipped Tyr-96 facilitates
unspecific DNA interaction in ‘sliding mode” prior to target recognition (Otani, et al., 2013;
Walavalkar, et al., 2014). The contact surface at both 5mC-arginine contacts is almost equal in
this MBD and highest of all MBDs (Figure 5.3).
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In the MBD4 complex with a 5mC/5hmC dyad (PDB 3vyb), the hydroxyl group is found in
its preferred synclinal orientation and participates in water-mediated hydrogen bonding with
Asp-94 and Arg-84. Whereas 5mC/5fC is tolerated, yet with lower affinity than 5mC/5mC,
5mC/5caC dyads are not effectively bound, probably because of the vicinity of the negatively
charged 5caC to Asp-94 (Otani, et al., 2013).

MeCP2. Structurally, the x-helix of this MBD has an additional turn and in consequence a more
oblique angle onto the DNA, presumably contributing to the stability of the domain (Scarsdale,
et al., 2011). Both arginines make almost equal contact with the respective 5mC. However,
especially the contact at Arg-133, the more flexible arginine, is lowest of all MBDs, whereas the
contribution of Val-136 is highest (Figure 5.3). In the DNA-bound complex, Glu-137 is involved
in a unique salt bridge with the more flexible Arg-133 (Figure 5.4r).

The binding of 5mCpApC/GpTpG and 5ShmCpApC/GpTpG trinucleotides has been reported
by Lagger et al. (2017) albeit with lower affinity. Also unmethylated CpApC/GpTpG are rec-
ognized very weakly (Lei, et al., 2019) but the interaction irrelevant to the localization of the
domain or the full-length protein in vivo (Connelly, et al., 2020). While the hydrogen bonding
around the arginine anchored to Asp-121 (Arg-111, Figure 5.4s) remains largely unaffected in
these scenarios, the more flexible Arg-133 forms hydrogen bonds with the GpT preceding the
guanine that is bonded by Arg-111.

MBDS5 and MBD6. The domains of these human MBD protein family members essentially lack
L1 and do not bind methylated DNA (Laget, et al., 2010).

(5.2.1) Context-dependence of MBD binding

The CpG dyad is sequence-symmetric (palindromic) in double-stranded DNA which allows
the MBD to bind theoretically in two possible orientations. However, the orientation and affin-

ity can be affected by the sequence context in which the CpG dinucleotide appears.

MBD1. A TXGCA or TGXGCA context (X = 5mC) favors high-affinity binding as determined
by SELEX, but other contexts are only four- to fivefold lower (Clouaire, et al., 2010).

MBD?2. It has been noted that Lys-174 (Lys-32 in MBD2, PDB 2ky8) makes a base-specific con-
tact to a guanine following a CpG contributing to the preferred orientation on a 5SmCpGpG
trinucleotide (Scarsdale, et al., 2011). This is in accordance with targets enriched by SELEX
sharing a XGG consensus (Klose, et al., 2005).
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MBD3. No binding preference has been observed (Liu, et al., 2019).

MBDA4. It has been noted by Walavalkar et al. (2014) that Arg-105 in MBD4 makes a base-
specific contact to a guanine preceding the 5mCpG on the opposite strand and one base apart,
i.e., CpNp5mCpG, via the DNA major groove. However, MBD4 has not been reported to show
any context-dependence of DNA binding (Buck-Koehntop & Defossez, 2014).

MeCP2. MeCP2 selects for targets with an A/T stretch adjacent to the 5mC site. This is inde-
pendent of an AT hook C-terminal of the MBD in the full-length protein (Klose, et al., 2005).
Indeed, the C-terminal region of its MBD itself comprises an unusual tandem ‘Asx-ST motif’
which consists of an Asx turn (°°DFT'%8) followed by an ST motif (18TVTG!®!) that is sta-
bilized through hydrogen bonding at Thr-158. If the DNA contains a (dA,dT)4 ¢ run which
causes narrowing of the minor groove and bending of the B-DNA, the Asx-ST motif may sta-
bilize the DNA-MBD contact. Two mutants implicated in Rett syndrome, which break the
hydrogen bonding in the Asx-ST motif, MeCP2[T158M] and MeCP2[T158A ], reduce affinity
to methylated DNA twofold while retaining selectivity (Ballestar, et al., 2000; Free, et al., 2001).
When the bonding is preserved by a conservative substitution MeCP2[T158S], the affinity for
methylated DNA is retained (Ho, et al., 2008).

5.3 Candidates for protein engineering

Comparison of the primary sequence and the three-dimensional structure of the five human
MBDs suggested that despite all similarity, these domains interact with modified cytosines in
CpG dyads in slightly different ways as supported by biochemical characterizations in the liter-
ature. All five scaffolds were therefore taken forward, including the non-binder MBD3, which

might offer the possibility to explore a distinct evolutionary trajectory to engineer the domain.

Of minor concern at this initial stage was the possible sequence context-dependence for the
engagement with a CpG dyad since all five MBDs show some, often weak preferences. Among
them, MBD4 would probably be the preferred choice, irrespective of its comparably promis-
cuous interaction with other (un-)modified dinucleotide combinations similar to 5mC/5mC

dyads.

With respect to the choice of candidate residues that contribute to the recognition of the C5
methyl groups, but not to the selectivity for the CpG dyad or the overall structural integrity
of the domain, it seemed reasonable not to degenerate conserved residues of the hydrophobic
core or the two arginines that bidentate the guanine nucleobases in the CpG. At least not in the

first trials. The tyrosine which contacts directly or indirectly one of the C5 methyl substituents,
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i.e., Tyr-52 in MBD1 (Tyr-123 in MeCP2), was an apparent candidate to degenerate. Beyond
this, one finds among the less conserved residues in immediate vicinity to the DNA binding site
some residues C-terminal at B2, e. g., Val-20 (Lys-109), some residues in loop L1, e.g., Thr-27
and Arg-30 (Lys-119, Lys-119). The highly conserved Asp-32 (Asp-121) which is critical for

the pre-organization of one of the arginines, and Lys-46 (Ser-134) at the N-terminal end of «1.

Beyond these residues in close proximity of the CpG dyad, remote, in particular ‘second-contact

shell’ mutations (Wilding, et al., 2019) could be taken into consideration.

5.4 Synopsis

1. Although many amino acid positions are highly conserved between five mammalian wild-
type MBDs, their three-dimensional arrangement around the CpG dyad varies noticeably
with specific consequences for the molecular recognition of methylated cytosines and struc-

turally similar nucleobases.

2. Based on rationalizations of sequence conservation and binding mode, candidate residues

could be proposed as starting points for protein engineering.

Endnotes

? Unpublished structure released by The Structural Genomics Consortium (Jones, et al., 2014).

b In the original solution structure published by Ohki et al. (2001), water molecules were not considered. The crys-
tallographic structure deposited under PDB 6d1t has no explicitly annotated water molecules either, although it
contains ‘unknown’ atoms that may be structural water similar to the ones observed MBD2 or MeCP2. Unclassified
atoms are removed by default during model optimization with PDB_REDO (Joosten, et al., 2011) and therefore not

shown in Figure 5.4.
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6.1

Chapter 6
Decoding of modified CpG dyads by natural MBDs

In this chapter the recognition of symmetrically and asymmetrically modified cytosines in CpG
dyads by the five human wildtype methyl-CpG-binding domains (MBDs) is investigated on a
purely biochemical basis using electrophoretic mobility shift assays (Section 6.1) and further
extended to some recurrent mutations in the MBD of MeCP2 which have been associated with

the Rett syndrome, a neurodevelopmental disorder in children (Section 6.2).
The results of this chapter were published in

Buchmuller, B. C., Kosel, B., & Summerer, D. (2020). Complete profiling of methyl-CpG-
binding domains for combinations of cytosine modifications at CpG dinucleotides reveals

differential read-out in normal and Rett-associated states. Sci. Rep., 10(1), 4053-9.

I thank Brinja Kosel for helping me carrying out the EMSAs for this study.

Interaction of wildtype MBDs with modified CpG dyads

MBDs are the central readers of methylated CpG dyads in the mammalian genome. Their in-
teraction with modified cytosines in CpG dyads has therefore been characterized partially by
different researchers using different biochemical assays, but also different MBD proteins, un-
specific binding traps and, critically, different DNA duplexes (Supplementary Table A.2). This
has produced considerable data (Figure 6.1, Supplementary Tables A.3—-A.7), but hampered

comparisons between different members of the family.

So, in order to understand to which degree differences in the sequence and structure of each
MBD affect their interaction with modified CpG dyads, a systematic, well defined and ideally
utmost reductionistic approach was needed. To this end, the ‘core” MBD of the five human
MBD protein family members MBD1, MBD2, MBD3, MBD4 and MeCP2 was identified by ho-
mology in the sequence alignments (see Figure 5.1) and the domains expressed as fusion pro-
teins with a solubilizing protein tag that could be removed in situ prior to the experiment. The
DNA probes to characterize the binding interactions were 24-mer oligodeoxynucleotide du-
plexes that contained a single central CpG in an oligo(A) - oligo(T) context with the cognate
duplex thatlacked the CpG serving as well-defined unspecific binding traps. The fraction of the
bound DNA probe was determined for the ten strand-asymmetric and five strand-symmetric

combinations of cytosine modifications at CpG dyads.

The binding selectivity of each MBD for the differentially modified CpG dyads was evaluated

on electrophoretic mobility shift assays (EMSAs) at two protein concentrations (Figure 6.2a).
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DNA probe MBD4 MeCP2
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Figure 6.1 Binding affinity of wildtype MBDs reported in the literature. The DNA-MBD binding among the members
of the MBD protein family has only been characterized in part using different DNA probes and analytical methods; (Reverse-
phase) capillary shift assay (RCSA; CSA), electrophoretic mobility shift assay (EMSA), isothermal calorimetry (ITC); fluores-
cence polarization (FP); surface plasmon resonance (SPR). References in Supplementary Tables A.3— A.7.

MBDI1. In agreement with previous studies (Hashimoto, et al., 2012; Otani, et al., 2013), the
MBD of MBD1 (Figure 6.2b) strongly bound 5mC/5mC and 5mC/5hmC even at low protein
concentrations. C/5mC was bound with markedly reduced affinity and also 5mC/5fC, but not
5mC/5caC, were recognized. Strikingly, none of the other combinations was bound, indicat-
ing a strict dependence of MBD1 on the presence of at least one 5mC. Any combination of an

oxidized 5mC at both positions or in combination with C or 5caC abolished CpG binding.

MBD2. In contrast to MBD1, the MBD of MBD2 interacted with multiple combinations con-
taining one or even two modified cytosines (including 5caC; Figure 6.2c). Again, if one of
these modifications was 5mC, the binding was stronger (with the exception of 5mC/5caC) and
strongest for 5mC/5mC. These observations agree with a study on murine Mbd2 in complex
with the transcriptional repressor p66x which reported that affinity decreased along 5mC/5mC
> C/5mC ~ C/5hmC > 5hmC/5hmC (Hashimoto, et al., 2012).

MBD3. The MBD of MBD3 shares 70% amino acid sequence similarity with MBD2, but con-
tains the mutations K30H and Y34F that reduce the binding to methylated CpGs. The murine
ortholog has been shown to interact with 5mC/5mC and other combinations involving C, 5mC
and 5hmC only very weakly (Hashimoto, et al., 2012). For the human MBD, we neither ob-

served binding to these combinations, including other previously not evaluated combinations.
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Interaction of wildtype MBDs with modified CpG dyads
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Figure 6.2 Binding selectivity of wildtype MBDs for different modified CpG dyads. (a) Representative electrophoretic
mobility shift assay (EMSA) with fluorescently-labeled DNA duplexes and MBD2[145-225]. (b) Bar diagram of the fraction of
MBD-bound DNA duplex for a sequence with a single modified CpG (as indicated) for MBD1[2-81], (c¢) for MBD2[146-225],
(d) for MBD3[2—-81], (e) for MBD4[76—167] and (f) for MeCP2[90-181]. Mean + SEM of three independent experiments. Full
data in Supplementary Figures A.3 and A.4. Modified from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).

However in our assay, binding was slightly less impaired in presence of a 5caC nucleobases in

the CpG, preferentially when paired with a second 5caC or an 5fC (Figure 6.2d).

MBD4. The MBD of MBD4 which is part of a protein that exerts DNA glycosylase activity
during base excision repair (Du, et al., 2015), is known to preferentially bind 5mC/5mC but
with comparably low selectivity. The combinations 5mC/5hmC and 5mC/5fC were reported
to be bound with similar affinity and higher affinity than 5hmC/5hmC or 5mC/5caC (Otani, et
al.,, 2013). Our binding data were in agreement with these findings (Figure 6.2e), except that
we observed higher binding to 5mC/5fC than to 5mC/5hmC. Moreover, our extended interac-
tion profiles revealed 5hmC/5fC as a new preferential combination. Also C/5fC, 5fC/5fC and
5caC/5caC were recognized albeit with lower affinity.

The decreased binding to 5caC could be explained by vicinity of the negatively charged carboxyl
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Chapter 6 Decoding of modified CpG dyads by natural MBDs

group to Asp-107 (Asp-94 in the murine homolog, PDB 3vxx) where nonpolar nucleobases
such as 5fC might be better accommodated (Mufoz-Lépez & Summerer, 2018).

MeCP2. MeCP2 showed the highest affinity of the tested MBDs and a pronounced 5mC/5mC
selectivity at lower protein concentrations (Figure 6.2f). The second highest affinities were ob-
served for 5mC-containing combinations, including 5mC/5caC in contrast to MBD1 or MBD2.
The presence of an unmodified cytosine diminished binding affinity in general, stronger than

other modified cytosines did, confirming an earlier study by Yang et al. (2016).

Also, the asymmetric 5mC/5hmC was bound more tightly than 5hmC/5hmC, and our mea-
surements at low protein concentrations further confirmed the earlier observation that symmet-
ric 5hmC/5hmC and hemimodified C/5hmC are bound equally weakly, arguing for a potential

modulating epigenetic role of these combinations (Khrapunov, et al., 2014).

Effect of MeCP2 Rett mutations on interactions with modified CpG dyads
a b
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Figure 6.3 Protein architecture and positions of MeCP2 Rett mutants. (a) Protein architecture of full-length MeCP2 and
frequency of Rett-associated missense mutations (RettBASE, Krishnaraj, et al., 2017). (b) Position of amino acid residues
mutated in selected Rett genotypes highlighted in the wildtype MBD crystal structure in complex with a DNA duplex containing
a 5mC/5mC CpG (PDB 3c2i, left) and artistic illustration of mutated residues based on the Dunbrack rotamer library (right);
The methyl groups both 5mC are shown as van der Waals spheres; Models created and visualized with ChimeraX.

MeCP2 plays an important role in neurons, where it is nearly as abundant as histone octamers
(Skene, et al., 2010) and therefore their selectivity at high concentrations might be physiolog-
ically more relevant.? Various mutations in the MBD of MeCP2 have been linked to the severe
neurodevelopmental disorder Rett syndrome (reviewed by Ip, et al., 2018, Figure 6.3a). For
some of these mutations, their effect on the recognition of fully methylated CpG dyads has
been characterized (Ballestar, et al., 2000; Franklin, 2019; Yang, et al., 2016) and more recently
a similar loss in binding affinity hypothesized for the interaction with methylated or hydroxy-
methylated CpA dinucleotides (Ibrahim, et al., 2021). Specifically, mutations in the DNA-con-
tacting residues Arg-111, Tyr-120, Arg-133, Ser-134, Lys-135, Glu-137, Ala-140, and Thr-158 are
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Effect of MeCP2 Rett mutations on interactions with modified CpG dyads

some of the most frequently observed ones in Rett syndrome (Agarwal, et al., 2011). Their ef-
fect on the interaction with oxidized 5-methylcytosines in CpGs is however unexplored despite
their high abundance in the brain (Wen & Tang, 2014) and a putative connection between Rett
syndrome, MeCP2 and 5hmC binding (Kinde, et al., 2015).

To shed some light into this direction, we evaluated the four Rett mutants MeCP2[L124F],
MeCP2[T158M ], MeCP2[R133C] and MeCP2[S134C] (Figure 6.3b; Figure 6.4a—d).
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Figure 6.4 Selectivity and affinity of MeCP2 Rett mutants. Bar diagrams of the fraction of MBD-bound DNA duplex
in an EMSA at 1,024nM MBD concentration for different Rett mutants (gray) underlaid with wildtype MeCP2. (a) For the
MeCP2[90-181] mutant L124F, (b) T158M, (¢) R133C, and (d) S134C. Means + SEM from three independent experiments;
Student's t-test of mean differences between wildtype and mutant, n.s. indicates statistically not significant different means.
Full data in Supplementary Figure A.5. Modified from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).

Overall, the mutants exhibited lower binding affinity than wildtype MeCP2 except for 5mC/5mC
although a similar trend was appreciable. Especially L124F showed only very weak binding of
5mC-containing combinations other than 5mC/5mC. The mutants T158M, R133C and S134C,
bound to CpGs that contained an 5mC still stronger than to other combinations but showed dif-
terences in their individual binding selectivities. Particularly, 5mC/5caC was bound with much

lower affinity by the R133C and S134C mutants as compared to wildtype MeCP2 or T158M.

Moreover, whereas T158M, R133C and S134C exhibited selectivity profiles comparable to the
wildtype for the five C-containing combinations (with C/5mC as the preferred combination),
L124F slightly preferred C/5caC over C/5mC. Similarly, L124F and R133C preferentially re-

tained the interaction with 5caC/5caC as compared to other higher oxidized combinations.

A particularly noteworthy difference was the seemingly higher loss in affinity for a CpG with
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a 5ShmC/5hmC dyad in the case of the S134C mutant as compared to its loss in affinity for
5mC/5mC or 5mC/5hmC. Since lower oxidized combinations are more frequent in neurons
(Wen & Tang, 2014), we determined the apparent dissociation constants K for four the interac-
tion with four representative combinations of modified cytosines of TET oxidation, 5mC/5hmC,
5hmC/5hmC, 5mC/5fC and 5hmC/5{C, and C/5hmC as an expected product of the “active
modification-passive dilution” demethylation pathway (Wu & Zhang, 2017).
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Figure 6.5 Affinity of MeCP2 Rett mutants R133C and S134C. (a) Ky-log diagrams of wildtype and Rett mutants; The
wildtype binding with 5mC/5mC could also be modeled by a two-site binding isotherm (dashed line) as suggested by Khrapunov
etal. (2014). (b) Fold-loss in affinity on basis of K, for wildtype MeCP2 and Rett mutants for different oxidized 5-methylcytosine
with respect to affinity for the 5SmC/5mC CpG; Mean + SEM, p-value from Student's t-test with Bonferroni correction. Modified
from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).

Table 6.1 Dissociation constants for MeCP2 Rett mutants R133C and S134C. Estimates extracted from the models fitted
in Figure 6.5. Details in Supplementary Table A.8.

Combination Wildtype R133C $134C

5mC/5mC 27+ 4nM 118+ 12nM 117+ 9nM
5mC/5hmC 224 + 25nM 660 + 70nM 1,150+ 70nM
5mC/5fC 197 + 24nM 540+ 50nM 790+ 50nM
5hmC/5hmC 970 + 90nM 2,600 + 300 nM 7,600 + 600 nM
5hmC/5fC 540 + 60nM 1,630+ 90nM 4,600 + 400 nM
C/5hmC 1,100 + 100nM 8,100 + 500 nM 7,600 + 700 nM

The R133C and the S134C mutant of MeCP2 lost about fourfold in affinity for the 5mC/5mC
combination and about threefold for 5mC/5hmC and 5mC/5fC (Figure 6.5a, Table 6.1). Ex-
pectedly, the fold-loss difference in affinity against 5mC/5mC, a measure which is essentially
unaffected by any potential differences in protein concentration estimates between the two
specimen (Figure 6.5b), confirmed that there was no significant difference between the loss
in binding of 5mC/5hmC or 5mC/5fC. The difference for the loss in binding affinity towards
the higher oxidized combinations 5hmC/5hmC and 5hmC/5fC however was striking: While
the 5134C mutant lost affinity to a much greater extent than the wildtype, the R133C mutant
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seemed to even reverse this effect. For the non-5mC combination C/5hmC, the deficit between

the mutants was again higher, but indifferent for the mutants.

Indeed, R133C and S134C belong to two different clusters in terms of folding stability observed
across a panel of 13 Rett mutants with respect to the binding of unmethylated and methy-
lated DNA (Yang, et al., 2016). R133C, the second most frequent Rett syndrome mutation, like
T158M belong to a cluster that have folding stabilities similar to the wildtype, but disrupt cer-
tain interactions between the domain with the CpG (Arg-133 is part of the cation—t/H-bond
stair motif) or within the domain (Thr-158 is part of the Asx-ST motif). S134C on the con-
trary belongs to a cluster with the less stable mutants and has a particularly decreased stability
in loop L2 (upstream of position 134, Figure ?7) due to a loss of two intra-protein hydrogen
bonds. Apparently, this had important consequences for the ability of the domain to interact
with some combinations of higher oxidized CpGs such as 5hmC/5hmC and 5hmC/5fC which
probably needs a less flexible loop L2 which was lost in the S134C mutant. Combinations with

methylated or unmethylated cytosines seemed not affected.

In summary, the presence of modified cytosines in CpG dyads affects their interaction with
specific members of the MBD protein family in an MBD-specific manner. Therefore these mod-
ified CpG sites could potentially act in the genome as attenuated recruitment signals and the
MBD family proteins as decoders that not only differ in their loading with additional effector
domains or proteins but also in their propensity to recruit to the same modified CpG. This re-
cruitment seems further dependent on their tissue expression level with higher concentrations
potentially increasing the recruitment to CpGs with oxidized 5-methylcytosines. In addition, it
must be taken into consideration that CpG sequence context preferences have been described
for MeCP2 and several other MBDs (Chapter ?7) which may further influence their binding

behavior (Chapter ??) and genomic localization.

6.3 Synopsis

1. The four human MBDs of MBD1, MBD2, MBD4 and MeCP2 preferentially interact with
fully methylated 5mC/5mC CpG dyads. The MBD of MBD3 interacts weakly with 5caC-
containing CpG dyads, but not with 5mC/5mC CpG dyads.

2. Each MBD has specific binding preferences for different combinations of oxidized 5-methyl-
cytosines at CpG dyads including previously uncharacterized interactions. These become

relevant at high MBD concentrations as encountered for MeCP2 in neuronal tissue.

3. Mutations in the MBD that associated with Rett syndrome can specifically affect the inter-
action with distinct groups of these modified CpG dyads.
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Endnote
? The number of MeCP2 was estimated to be 16 x 10° molecules (26.5amol). Given an average nuclear volume of

about 1,320 fL for a Purkinje neuron (BNID 103181), this corresponds to a nominal concentration of 20 pM. The

nominal molar concentration of 40 x 10° methylated CpGs in a diploid murine genome in such nuclei is 50 LM.
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Chapter 7
High-throughput screening for MBD variants with novel modified
CpG dyad specificity

One strategy to tailor a protein for a specific, often novel purpose is to alter some part of its se-
quence either systematically or at random. In both cases, hundreds, thousands or even millions
of protein variants must be tested for the desired property and conforming mutants retrieved.
In this chapter, I present a platform that allowed to characterize the DNA-binding properties
of wildtype and mutant methyl-CpG-binding domains (MBD) in a fast assay based on multi-
color flow cytometry. Specifically, this assay was optimized to screen libraries with millions of
MBD mutants for sequence alterations that lead to DNA binding selectivities not observed in
wildtype MBDs, namely towards modified CpG dyads other than 5mC/5mC CpG dyads.

A set of candidate sites within the MBD sequence are identified in Section 7.1 based on the
structural and functional considerations of Chapter 5 and Chapter 6. Section 7.2 describes how
the sequence space at these sites was thoroughly randomized technically and how the respec-
tive combinatorial libraries were created as abstract genetic instructions. In Section 7.3, I put
a method into praxis to translate these instructions into pooled collections of ‘tangible” pro-
teins by using bacteria that express the MBD and physically attach the protein on the outside
of their cell surface. The testing procedure to screen the individual MBD variants was estab-
lished based on well-defined mixtures of such surface-displayed wildtype MBDs in form of a
fluorescence-activated DNA binding assay (Section 7.4). Some of the library screenings and
post-screening analyses are presented in Section 7.5, culminating in the discovery of MBD mu-
tants with altered binding selectivity. I conclude with a summary of additional screening and

diversification efforts.

Candidate MBD residues to target for altered DNA binding selectivity

The inspection of the DNA binding sites of the five human MBDs revealed several residues
in immediate proximity of the 5mC nucleobases that could be reasonable targets to address
in a protein engineering effort (Chapter 5.3). As discussed there, Arg-22, Asp-32 and Arg-44
(Arg-111, Asp-121 and Arg-133 in MeCP2) are essential residues for the recognition of the
CpG dyad, independent of cytosine modification and evolutionary highly conserved across all
domains of life. Therefore, other residues with more specialized role in the recognition of the

methyl group were sought out for the libraries discussed in this work (Figure 7.1).
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MBD1 MBD2

MBD4

Figure 7.1 Positions of the degenerated amino acid residues in five MBD libraries. (a) In MBD1[2-81] (PDB 6d1t,
SGC), (b) MBD2[146—225] (PDB 6c¢cnq, Liu, et al., 2018), (¢) MBD3[2-81] (PDB 6ccg, Liu, et al., 2019), (d) MBD4[76-167]
(PDB 4lg7, SGC), and (e) MeCP2[90-181] (PDB 3¢2i, Ho, et al., 2008). a-helix a1 and loop L1 of the MBD; Only the sp®
carbon of each 5mC (Me) is indicated for clarity.

— Tyrosine-34 (Tyr-123 in MeCP2) participates in the recognition of the methyl group through
interaction with structured water in the binding site of many MBDs and its unique disloca-
tion in MBD4 allows other modified and unmodified DNA nucleobases to engage with the
MBD. Although a non-conservative replacement with a purely aromatic phenylalanine in
MBD3 abolishes binding to methylated CpGs, weak binding towards 5caC/5caC CpGs was
observed. It was therefore assumed that substitutions at this position could be critical for

novel DNA binding selectivity.
In MBD3, Tyr-35 was targeted instead of Phe-34 to probe a slightly different sequence space.

— Valine-20 contributes to the hydrophobic patch in the DNA binding pocket nearby the “up-
per’ 5mC - G base pair in MBD1, MBD2 and MBD3. Likewise, the analogous lysine-109
in MeCP2 (and MBD4) interacts with the negatively charged phosphodiester backbone at
this site, maybe contributing to the readout of changes in DNA shape. Thus, if the methyl
group of 5mC was replaced with another functional group, breaking these interactions or

even creating other more favorable interactions at this site could be required.

— Threonine-/Valine-33 (Val-122 in MeCP2) is located on the far side of the p-sheet so that its
side chain is not engaged in DNA binding. However, it was speculated that the increasing
steric demands of 5hmC, 5fC, and 5caC could be addressed with a possibly better suited

residue at this position.
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Creation of site-saturated codon-degenerated MBD libraries

— Serine-45 (Ser-134 in MeCP2) participates in nonspecific DNA backbone interactions around
the ‘lower” 5mC - G base pair in all five MBDs. From our structure-function analysis of the
Rett syndrome-associated MeCP2[S134C] mutant, which reduced affinity for higher oxi-

dized CpGs, in particular ShmC/5hmC, it's role for nucleobase selectivity seemed apparent.

Within this set, two residues, Tyr-34 and Val-20 (Lys-109 and Tyr-123) were located in vicinity of
the “upper’ 5mC - G base pair in the DNA binding site, whereas Thr-/Val-33 and Ser-45 (Ser-134
and Val-122) were in vicinity of the ‘lower” 5mC - G base pair. If the DNA interactions at these
sites were mutually independent of each other, this could provide a means to also engineer

selective interactions for strand-asymmetrically modified CpG dyads.

Libraries with alternative degeneration schemes are available (Supplementary Figure A.6).

7.2 Creation of site-saturated codon-degenerated MBD libraries

In the language of the standard genetic code, all 20 canonical amino acids are encoded by the
degenerated triplet codon NNK (N = A, C, T, G; and K = G, T). In the physical world how-
ever, there is no such thing as degeneracy of a single DNA molecule: Degeneracy is a property
of mixtures. Such mixtures are accessible to the synthetic chemist using appropriately mixed
monomer building blocks during DNA synthesis and nowadays available commercially. The
concern of the protein engineer hence is to maintain the mixtures degenerated throughout all
preparatory steps until the library is screened for the first time. With four degenerated NNK
sites in the MBD library design (Section 7.1), a complexity of one million different genotypes
that encoded more than 194,000 phenotypes?® had to be maintained. This required more than

3 million transformants for a statistical coverage at 95% completeness (Reetz, et al., 2008).

To get hold of such high numbers of transformants in the least time-consuming and labor-
intensive way, two cloning strategies to propagate the complexity of the degenerated DNA
oligonucleotide mixtures into vectors that encode the wildtype MBD (Figure 7.2a) were tested:
(1) Amplification of the entry vector by polymerase chain reaction (PCR) with oligonucleotide
primers that each contain a number of NNK degenerated sites and a type IIS restriction en-
zyme recognition sequence for traceless religation of the amplicon (Beck & Burtscher, 1994).
(2) Isothermal enzymatic assembly (Gibson, et al., 2009) of the PCR-linearized entry vector

with a short, degenerated double-stranded oligonucleotide.

Both strategies yielded degenerated mixtures of entry vectors (data not shown). Yet, only the
modified Gibson assembly strategy (Methods)? afforded sufficiently high numbers of trans-
formants to create the five MBD libraries in 10 to 15 transformations each (Figure 7.2c). In

contrast, the traceless restriction-ligation strategy yielded 10-times less colony-forming units
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Figure 7.2 Strategies to create site-saturated codon-degenerated MBD libraries. (a) Schematic representation of the
introduction of four NNK degenerated codons in the coding sequence of the MBD using either the type IIS cutter BsmBI (top) or
Gibson assembly (lower panel). (b) PCR-linearized entry vectors (lane 1, type IIS cloning; lane 2, Gibson assembly) and the
degenerated primer after Klenow fragment primer extension (lane 3, Gibson assembly); 1% agarose gel electrophoresis, 1 kb
Plus DNA Ladder (New England Biolabs; lane M). (c) Yield in colony-forming units (CFU) per microgram of DNA transformed
into high-density electrocompetent E. coli DH10B.

per reaction, impeding effective scaling of library construction. Further, the requirement to di-
lute the BsmBI-digested amplicons for self-circularization and to concentrate the material again,
added another day to complete the procedure. The isothermal assembly protocol however was
ready for transformation within four hours. So, it was still economic to generate 8 to 10 million
clones per library using the Gibson strategy which raised the oversampling factor to 8- to 9-fold

and the nominal completeness above 99% (Reetz, et al., 2008).

Empirically, the degeneracy was assessed by DNA sequencing. All MBD libraries showed the
expected nucleobase degeneration in the Sanger sequencing chromatograms (Figure 7.3a). For
the MeCP2 library, the underlying genotype composition was gauged from two non-exhaustive
next-generation sequencing (NGS) runs at 0.5% sequencing depth (Figure 7.3b—d): 89% of the
identified genotypes (35,000) accounted for 65% of the sequenced clones (48,000); the 20 most
abundant genotypes together for 6.8% including 3.6% wildtype sequences. Considering that
11% of the genotypes were frequent enough to be detected in both samples, a 4- to 5-fold over-

sampling should suffice to recover the genotypes almost completely.

The presence of wildtype was likely the result of an undesired yet inevitable carryover of some
side-products of the PCR linearization, or, due to incomplete removal of the plasmid tem-
plate by Dpnl treatment. In reverse conclusion, the low frequency of 3.6% suggested that both
processes must have completed at an average 98.5% success rate. For the throughput of the
screening, encountering one wildtype in every 30 clones analyzed imposed little burden if a
high-throughput platform could be used. Quite the contrary, this might ensure the wildtype is

not missed if it met the screening criteria to an equal degree.
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Figure 7.3 Degeneracy of the MBD libraries. (a) Sanger sequencing chromatograms of the codon-degenerated MBD
libraries created via the modified Gibson assembly strategy. (b) Fraction of genotypes in MeCP2 library by clonal abundance
based on short-read next-generation sequencing and unique molecular identifier (UMI) counting in 48,000 reads per replicate.
(c) Number of shared and disjoint genotypes sampled in b. (d) Cumulative distribution of phenotypes (combined samples of b)
ranked by clonal abundance; Observed and expected trends for an ideal NNK degenerated library with four sites and a trimer-
based combinatorial library (uniform abundance of all amino acid combinations); The dotted section in the observed trend are
phenotypes with 1 UMI. (e) Observed frequency of encoded amino acids by degenerated position, expected abundance for an
NNK degenerated library (crosses), major deviations in flushed colors. (f) Phenotype representation based on 6,000 recurrent
genotypes in c¢; 88.5% missense mutants (expected: 88.1%), 7.8% nonsense mutants (expected: 11.9%), 3.7% wildtype
MeCP2 (expected: <0.01%), disallowed stop codons (TAA, TGA) <0.09%; Pearson correlation p = 0.7 (p-value < 0.001).

In terms of codon frequency per degenerated position (excluding exact matches to the wildtype
genotype; Figure 7.3e—f), the glycine (GGG, GGT), asparagine (AAT) and phenylalanine (TTT)
codons occurred almost twice as often as expected for an ideal NNK library. In about 12% of

all genotypes more than two of such codons were present simultaneously. The origin of this
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overrepresentation remained however unclear. The relative overrepresentation of the lysine
wildtype AAG at the first position and the wildtype serine AGT codon at the last position were a
consequence of the slower exonucleic resection rate in presence of the aforementioned wildtype

sequences for isothermal assembly. Nonsense codons were as frequent as expected.

In summary, the NGS analysis suggested that more than 80% of the clones created with the
modified Gibson assembly strategy contained a unique genotype. Relying on a simple primer
extension with no subsequent cycling to amplify the degenerated DNA, the initial degeneracy
of the oligonucleotide mixture was supposedly maintained with only minor deviations. When
screened with appropriate oversampling, these libraries were deemed representative for a mix-

ture expected after NNK codon degeneration.®

Bacterial AIDA-I-mediated MBD cell surface display

To assess the phenotypic consequences within the created sequence space for the MBD-DNA
interaction, an ex vivo screening platform was established that could be used to partition MBD
mutants with desired DNA binding properties. Hadley D. Sikes has used a yeast-based cell-sur-
face platform to display the MBDs of MBD1, MBD2, MBD4, and MeCP2 and to select variants
generated by error-prone PCR with improved binding affinity for fully methylated 5mC/5mC
CpGs (Heimer, et al., 2015) and hemimethylated C/5mC CpGs (Tam, et al., 2016). Here, we
opted for a bacterial platform which in general has similar properties to the yeast surface dis-
play platform but unlike yeast does not glycosylate the surface-displayed payload (Boder &
Wittrup, 1997). Therefore, the state of the screened protein would be more similar to a re-
combinantly expressed MBD used in future diagnostic procedures.‘]l In the adhesin involved in
diffuse adherence AIDA-I autotransporter cassette designed for this work (compare Figure 4.2)
the wildtype signal peptide was replaced with the more effective one of cholera toxin B (Vib-
rio cholereae O1) bearing a I2V mutation (Maurer, et al., 1997) and featured an in-frame c-Myc
epitope downstream of the N-terminal passenger to verify the transport of the payload to the

outer membrane via antibody staining (Supplementary Figure A.7).

The gene to express such MBD-AIDA® autotransporters was brought under control of one of
two inducible promoters, namely the B-p-1-thiogalactopyranoside (IPTG)-inducible T7lac pro-
moter (pET vectors) or the L-arabinose-inducible araBAD promoter (pBAD vectors). Both of the
realized expression systems resulted in functionally displayed MBD passengers (Figure 7.4).
Surface-display was highest for MBD2, MBD3 and MBD4, whereas MBD1 and MeCP2 showed
little or no exposed or accessible c-Myc epitope. However, low levels of DNA binding for these

two constructs was still detectable, arguing for low display levels rather than dysfunctional
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protein states. MBD3 in contrast showed, as expected, negligible levels of DNA binding in

comparison to its high surface display level.

a
Level of surface-displayed AIDAC
PET-AIDAC MBD1-AIDA® MBD2-AIDAC MBD3-AIDAC MBD4-AIDAC MeCP2-AIDAC
- 1.0 i ) i X i X Induction
@ ! \ f ! 1h
I I I I
é | | | | | J 3h
o 05 i l ! I | [ 24h
2 | I i | i i
8 1 | | ]
(%) 1 | | |
0.0 == T — T 1 T T~ 1 f T T 1 T T T f T T T
1e2 1e3 1e4 1e5 1e2 1e3 1ed4 1e5 1e2 1e3 1ed4d 1e5 1e2 1e3 1ed4 1e5 1e2 1e3 1e4 195 1e2 1e3 1e4 1eb
e i M e
Allophycocyanin fluorescence intensity (a. u.)
Level of surface-bound mC/mC DNA probe
PET-AIDAC MBD1-AIDA® MBD2-AIDAC MBD3-AIDAC MBD4-AIDAC® MeCP2-AIDAC
>10q p | | | |
| | fi | |
I I I I I
% 05 : : VAR 1 :
E [} | | I
o ! 1 4 1 |
(] |
0.0 } T T 1 f f T T 1 T — 1 f T T T f T T
1e2 1e3 1e4 1e5 1e2 1e3 1ed4d 1e5 1e2 1e3 1ed4d 1e5 1e2 1e3 1ed4 1e5 1e2 1e3 1e4 195 1e2 1e3 1e4 1eb5
. e e e e R |
Phycoerythrin fluorescence intensity (a. u.)
b
Level of surface-displayed AIDAC
pBAD-AIDAC MBD1-AIDAC MBD2-AIDA® MBD3-AIDAC MBD4-AIDAC® MeCP2-AIDAC
- 1.0 i X i X i X Induction
o i | i i O 3h
8 | | | | W2
- 0.5 | | |
% | | | |
o | | I
w | |
0.0 1 T T~ T f T T T
1e2 1e3 1e4 1e5 1e2 1e3 1ed4 1e5 1e2 1e3 1e4 195 192 3 1e4 195 192 193 1e4 195 1e2 1e3 1e4 1eb
e e
Allophycocyanin fluorescence intensity (a. u,)
Level of surface-bound mC/mC DNA probe
pBAD-AIDAC MBD1-AIDA® MBD2-AIDA® MBD3-AIDA® MBD4-AIDAC® MeCP2-AIDAC
> 10 | | | | |
2 i i | i l
(0] I I I |
© | | | |
o 05 | | | | |
% | | | | | |
o [} [} I [} } [}
(%) 1 (Y | |
0.0 f T T 1 P T~ T f T T 1 T T T T T
1e2 1e3 1e4 1e5 1e2 1e3 1ed4d 1e5 1e2 1e3 1ed4d 1e5 1e2 1e3 1ed4 1e5 1e2 1e3 1e4 195 1e2 1e3 1e4 165

e el ] | el |
Phycoerythrin fluorescence intensity (a. u.)

Figure 7.4 Surface-display of various MBDs using pET- and pBAD-based expression system. Display levels and MBD-
DNA binding with B strain Tuner™(DES3) cells. After induction, the cells were probed for the presence of a surface-exposed c-
Myc epitope using an allophycocyanin-coupled antibody and for binding of a DNA probe containing a fully methylated 5mC/5mC
CpG that was labeled with phycoerythrin. MBDS3 is a non-binding MBD. (a) Induction of T7/ac promoter-based pET vectors with
50 uM IPTG for 1 hour, 3 hours or overnight. (b) Induction of araBAD promoter-based pBAD vectors with 0.1% L-arabinose for
3 hours or overnight. For MBD1 -AIDAC, 10mM 2-mercaptoethanol (ME) was added to the growth medium where indicated.

For MBD1-AIDA® which carried the only MBD with three cysteines, display and DNA binding
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levels increased after 2-mercaptoethanol was added to the expression medium, potentially re-
lieving a prematurely folded protein state from the periplasmic space. Further, its outer-mem-

brane localization and full-length expression were confirmed (Supplementary Figure A.8).

For the cysteine-free MeCP2-AIDAS, surface display levels could vary drastically between ex-
periments (as will become apparent in this chapter). Despite several attempts, no growth or
induction conditions could be identified that would promote reproducibly high levels of a sur-
face-exposed MBD. Since MeCP2 could also bind to CpA dinucleotides, it was possible that the
MBD became trapped inside the cells when exposed to the bacterial nucleoid. In support of
this hypothesis, a non-binding double-arginine mutant (R111A, R133A) of MeCP2 displayed
as high as MBD2 with no affinity towards CpA dinucleotides (Supplementary Figure A.9).

Besides high and ideally constant surface display levels, a successful screening campaign of a
randomized protein library also must prevent the library's diversity from perishing of cytotoxic
stress so that the mutants of interest alive can be recovered alive. Such optimization could be
carried out only with the vector-host combination pET and B strain Tuner™ (DE3)® but neither
with pBAD and K-12 strain DH10B (no functional MBD display; Supplementary Figure A.10)
nor with pBAD and B strain cells (no control by inducer ’ci’cra’cion).f Therefore, I focused on

working with pET vectors in a B strain host.

(7.3.1) Maximizing MBD-AIDAC surface display levels and survival

Contrary to induction of the empty pET—AIDAC vector, surface display with an MBD passen-
ger stagnated after one hour of induction (see again Figure 7.4a), suggesting the system had
reached its capacity of producing or displaying the payload. To possibly maximize the yield of

active surface-expressed MBDs, cultivation and induction conditions were varied.

Optimization of inducer concentration. The genetic constitution of the chosen expression host
for the pET-AIDA® system allowed to control the production of payload via the inducer concen-
tration in the growth medium, thereby providing a means to tune display level and survival.
Indeed, surface display levels of MBD2, MBD4 and MeCP2 increased steadily over a range of
IPTG concentrations up to 100 puM (Figure 7.5). Higher concentrations reduced the levels of
surface-exposed MBD-AIDAC. Importantly, no increased toxicity was observed even at higher
IPTG regimes up to 500 uM, suggesting that another pathway must have brought down the

number of displayed MBDs such as intracellular aggregation.
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Figure 7.5 Inducer concentration and survival in the pET-MBD-AIDAC system. Expression of recombinant proteins was
induced with IPTG in BL21 Tuner™(DES3) for 1 hour. (a) With pET—AIDAC vectors; Presence of a surface-exposed c-Myc
epitope was probed with a Brilliant Violet™ 711 (BV711)-coupled antibody as proxy for surface display of a passenger. (b) As
in a with pET-maltose-binding protein (MBP), an intracellular protein. (¢) Survival and plasmid loss after sorting from the
upper 50% quantile of induced cells using a flow cytometer and spread-plating onto LB agar plates. Survival in the population
transformed with pET-MBP in a similar procedure resulted in 70% survival upon treatment with 1,000 uM IPTG.

In contrast, the display of the the empty AIDAC autotransporter did not increase much with
IPTG levels and higher concentrations drastically diminished survival, possibly because of the
disintegration of the bacterial envelope (Chung, et al., 2020). In turn, a population that had
escaped cell surface display became apparent, probably the only recovered viable fraction at

the highest IPTG concentrations tested.

Whether or not an MBD was present, expression of the AIDA-I autotransporter from the pET
vectors was leaky raising basal levels of surface-exposed c-Myc epitope significantly above back-
ground. Since this made little difference for the survival in MBD-AIDAC strains, no further opti-
mization was undertaken with the exception that pre-cultures were supplemented with 20 mM
glucose to further subdue lacO derepression. However, the almost 70% reduction of surviving
clones with an empty AIDA-I cassette at as little as 10 uM IPTG for one hour accentuated that
for protein payloads other than MBDs tighter expression systems might be required to prevent
demise of library diversity prior to screening or selection. For the pET-MBD-AIDA® system, an
acceptable balance of display level and survival was 50 uM IPTG for one hour at 30 °C.
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Optimization of maturation time. Maturation of the cells in absence of inducer slightly in-
creased the level of functional MBDs displayed on the cell surface (Supplementary Figure A.11).

Therefore, maturation was carried out for one hour on ice or longer if the schedule permitted.

(7.3.2) Handling cultures during and after the screening assay

As important as the preservation of library diversity prior to a screening is the proper sepa-
ration of a target population from the heterogenous starting material and its preservation for

rescreening or post-screening assays.

Cells displaying the autotransporter had a propensity to flocculate (‘diffuse adherence”) by
which false positive ‘parasites’ might be carried along the screen. Besides thorough resuspen-
sion of the cells, treating the samples with 0.1% ultrapure bovine serum albumin (BSA) was
found to mitigate this phenomenon. The simultaneous detection of the c-Myc epitope as a
proxy for surface display and the bound DNA probes had no benefit to rejecting false positive
events (Supplementary Figure A.12).

Various recovery conditions including outgrowth in LB medium or on solid LB agar plates
had no apparent effect on library composition. Neither had inoculation from glycerol stocks a

significant effect on the fraction of surface-displayed cells.

Fluorescence-activated MBD-DNA binding assay

Fluorescence-activated cell sorting (FACS) is a convenient means to separate mixtures of small
particles or cells if the biochemical properties of interest can be probed with fluorescent sub-
strates or fluorescently-labeled ligands. Here, the opportunity of a multi-color instrument was
taken advantage of to assay the binding selectivity of surface-displayed MBDs, i.e., to probe
the presence of specific ratios of different DNA probes on the cell surface. Two assays were set
up (Figure 7.6): One in which the binding of each target was measured in a separate reaction
using the same fluorophore (‘one-color assay’) and one in which this assessment was carried
out simultaneously using mixtures of fluorescently-labeled DNA probes (‘two-color assay’).
The two-color assay would be used for the screening of binders with altered binding selectiv-
ity, the one-color assay could be used to preliminarily characterize candidates without the need

to recombinantly express and purify the protein.
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Figure 7.6 Fluorescence-based assays to assess DNA binding affinity and selectivity. The relative binding affinities
of surface-displayed methyl-CpG-binding domains (MBDs) can be determined in (a) an ‘one-color assay’ after splitting the
population in separate samples that are treated each with different DNA probes but labeled with the same fluorophore, or (b) a
‘two-color assay’ using one sample treated with a mixture of DNA probes in which different probes are labeled with a different
fluorophores; Binary fluorophore combination shown.

In contrast to the kinetic screening of Heimer et al. (2015), an equilibrium screening for MBD-
DNA binding was established to effectuate ligand competition (see Figure 4.4). Although it
is possible to carry out such assays labeling only one of the competing ligands, all ligands in
the mixture were fluorescently labeled. This allowed to distinguish between surface-displayed

proteins with generally low display level and those with low binding selectivity.

(7.4.1) Establishing a competitive single-cell equilibrium binding assay

Within the limits of MBD surface display tolerated by the host cells, conditions had to be estab-
lished under which an MBD-DNA binding assay could be conducted on the surface of a single

bacterial cell so that the signal would still be strong enough to differentiate binding strengths.

Signal amplification: Choice of fluorophores and staining procedure. Covalently labeled DNA
probes with a single fluorophore (fluorescein, tetramethylrhodamine, Pacific Blue) did not
emit sufficient light to detect MBD-DNA binding on the FACS instrument (data not shown).
Therefore, signal amplification with a secondary fluorochrome-conjugated reagent was consid-
ered. Since multiple fluorochromes can be attached to such reagents, e. g., a single streptavidin
tetramer can carry 20 to 21 fluorescein molecules on average, they offer a higher brightness and
hence lower the limit of detection. Further, a biotinylated probe could be used with different

fluorophores, lowering material costs and increasing versatility.

Although it was possible to choose a staining procedure in which the biotinylated DNA probes
were first bound to the surface-displayed MBDs and later labeled with a streptavidin-fluo-

rochrome conjugate (data not shown), such proceeding was not compatible with the differ-
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entially labeling of multiple ligands to probe binding selectivity. Therefore, a staining proto-
col was conceived (Supplementary Figure A.13) in which the different ligands were labeled
separately, excess reagents quenched and the labeled ligands mixed at the desired molar ratios

before being applied at once to the surface-displayed proteins to compete for the binding sites.

Two biotin tags per DNA probe were found to suffice the detection on the FACS instrument.
Although a probe with a single biotin which was labeled with a streptavidin conjugated to a
fluorochrome of high quantum yield such as phycoerythrin (Johnson, 2010) was sufficient to
detect the binding of MBD2 to a fully methylated 5mC/5mC CpG (Figure 7.7a), it merely out-
shined the background for a hemimethylated 5mC/C target, even less so with MeCP2 as an
MBD that generally achieved lower surface display levels. With fluorochromes of lower quan-
tum yield (Figure 7.7b) such interactions were detectable only when two or three biotin tags per
DNA probe were installed. Such probes adequately reflected the differential binding affinity
of the surface-displayed MBDs and on the account of costs and benefits, the doubly biotiny-
lated probes were taken forward, i. e., those with one biotin tag per modified DNA strand. An
appropriate excess of the streptavidin reagent ensured a homogeneously labeled DNA probe
using these twofold multivalent reagents, the tetravalent streptavidin on the one hand and the
bivalent DNA on the other hand (Supplementary Figure A.14; Methods).

Equilibrium considerations and reagent economy. To meet the requirements for an equilib-
rium binding assay, a concentration 5- to 10-fold above the expected equilibrium dissociation
constant K; of the highest binding interaction is required (Boder & Wittrup, 1998). Further, all
DNA probes must be supplied in at least tenfold excess over the number of displayed proteins
to avoid ligand depletion (Cherf & Cochran, 2015). Between 10,000 to 300,000 AIDA-I auto-
transporters can be present on the outer membrane of a single cell (Kaefler, et al., 2011). With
a balanced estimate of 50,000 displayed molecules per cell and 20 million cells to be screened
per library (to assert tenfold oversampling), 1.7 pmol of surface-displayed MBD proteins are

present per staining reaction if all of the MBD mutants were functional.

In order to experimentally verify this number, the minimum amount of DNA probe required to
homogeneously stain a sample of 2 million cells displaying MBD2 under optimal conditions was
determined (Supplementary Figure A.15). This minimum was about 0.2 pmol, thus in good
agreement with the estimate. If only a small fraction of the MBD mutants would be functional
DNA binders, which seemed to be a reasonable assumption, this amount would also sulffice for
the excess required in equilibrium binding. The final concentration of the DNA probe hence
was set to 64 nM, which was about five to tenfold above the K; reported for most MBDs towards
fully methylated 5mC/5mC CpGs.
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Figure 7.7 Choice of fluorophore amount for MBD-DNA binding detection on FACS. Surface-displayed MBDs (20 mil-
lion BL21 Tuner™(DES3) cells, pET—AIDAC, 50 uM IPTG) were stained with 7.5 pmol labeled DNA probes containing a single
5mC/5mC or 5mC/C CpG and 1, 2 or 3 biotin tags. The DNA probe was labeled with a fluorochrome-streptavidin conju-
gate before staining, stained cells extensively washed and analyzed on a multi-color flow cytometer (10,000 events shown).
(a) Labeling with 3-fold excess phycoerythrin (PE)-streptavidin (1.2:1 conjugation ratio). (b) Labeling with 3-fold excess
6-carboxyfluorescein isothiocyanate (FITC)-streptavidin (20.6:1).

Assay performance. Since two or more DNA probes labeled with different fluorophores were
present simultaneously in the binding reaction of the two-color assay, any inadvertently blend-
ing of active streptavidin agents was effectively subdued by quenching with a high molar excess

of biotin (Figure 7.8; fully optimized conditions).
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Figure 7.8 Suppressing DNA probe relabeling in multi-color FACS stains. Surface-displayed MBD2 (2 million BL21
Tuner™(DES3) cells, pET—AIDAC, 50 uM IPTG) stained with 2 pmol labeled DNA probes containing a single C/C or 5mC/5mC
CpG and two biotin tags. The DNA probes were labeled with 6 pmol fluorochrome-streptavidin conjugate and quenched with
120 pm biotin. The stained cells were extensively washed and analyzed on a multi-color flow cytometer (10,000 events shown).
(a) Staining with 1 of dsDNA probes labeld with a single fluorophore. (b) Staining with a mixture of 0.5 of each dsDNA probe
labeld with streptavidin conjugated to either phycoerythrin (PE) or the fluorescein derivative Alexa Fluor 488 (AF488). The
sparsest 0.1% of the events are shown as dots.
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Chapter 7 High-throughput screening for MBD variants with novel modified CpG dyad specificity

From the evaluation of this probably most extreme case in terms of MBD binding selectivity,
discriminating an unmodified C/C from a fully methylated 5mC/5mC CpG, the sensitivity and
specificity of the two-color assay was established (Figure 7.9). When the fluorescence intensity
thresholds (‘gates’) were set such that the fraction of double-positive events was as high as
1% and the phycoerythrin-labeled probe was the desired 5mC/5mC ‘on-target’, the specificity
(rejection of true negative events) for the costaining was 99.9% and the sensitivity (detection
of true positive events) was 99.9%. For the Alexa Fluor 488-based labeling, the specificity and
sensitivity were 99.1% and 97.9% respectively. The false discovery rate was 0.12% with the red
fluorophore and 0.91% with the green fluorophore. This suggested a high performance of the

optimized two-color assay to reliably discriminate binding events from non-binding events.
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Figure 7.9 Sensitivity and specificity by fluorophore in the two-color assay. Same data as in Figrue 7.8 b. (a) Overlay
of two separate staining reactions with reciprocal DNA probe—fluorophore combination for surface-displayed MBD2 with an
equimolar mixture of C/C or 5mC/5mC DNA probes (green: 5mC/5mC-AF488-streptavidin and C/C-phycoerythrin (PE)-strep-
tavidin; magenta: C/C-AF488-streptavidin and 5mC/5mC-PE-streptavidin). (b) Quantitation of the fraction of double-positive
cells in dependence of the fluorescence intensity thresholds in a. (c) True positive and false positive rate in dependence of the
fluorescence intensity thresholds in a. 50,000 events analyzed, the sparsest 0.2% are shown as dots. Source code available.

A more difficult scenario was met with less extreme cases. To assess the assay's power to dis-
criminate binders of different selectivity from each other, e. g., a binder with 20-fold selectivity
from a binder with 10-fold selectivity or no selectivity, cells were stained with mixtures reflect-
ing the expected fluorophore fractions of 5%, 10% and 50% on the cell surface. To ensure that
in this experiment the differences in probe affinity could be neglected when interpreting the
result, the same 5mC/5mC DNA probe was used in for both labeling reactions, i. e., once with
a red fluorophore and once with a green fluorophore. Further, the assessment was carried out

for pure and dilute mixtures of a binder population in a non-binder population (Figure 7.10).

Independent of the binder dilution, the distinct populations of different selectivity ratios were
discernible. Whereas the highly selective populations resided almost exclusively in the lower-
right quadrant when phycoerythrin was used to label the ‘on-target” probe, the 10- and 20-fold
selective populations labeled with a Alexa Fluor 488 fluorophore occupied rather the top-right
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Figure 7.10 Discrimination of surface-displayed DNA binders by their binding selectivity in the two-color assay.
Surface-displayed MBD2 or MeCP2 (50 uM IPTG) were stained with mixtures made from the same DNA probe, yet different
amounts of the labeling reagents AF488-streptavidin (SAv) or phycoerythrin (PE)-SAv to simulate a defined binding selectivity.
The MBD2 population was further diluted in a population displaying the empty AIDA-I; Percentages indicate the fraction of
double-negative events, gates not shown. 50,000 events per condition are displayed.

quadrant, suggesting that this area would have to be screened in such a screening stratagem.

Another apparent consequence of the lower brightness of the fluorescein-like fluorophore was
that when used as an ‘off-target” label in an ‘on-target” screen with phycoerythrin, fully, 10-
and 20-fold selective binders could not be discriminated from each other very well. In contrast,
the reverse labeling scheme provided excellent resolution in the upper-left and upper-right
quadrants. So, an initial screen of a library should use phycoerythrin as label for the ‘on-target’
probe to enrich binders with acceptable selectivity. In a later stage, Alexa Fluor 488 could be

useful as ‘on-target” probe to better stratify the population according to binder selectivity.

If however the MBD lacked high binding activity on the cell surface either because display
levels were not sufficiently high or the displayed payload was inactive, discriminating the more
selective binders from the less selective ones became increasingly difficult as illustrated by the

example of surface-displayed MeCP2.

Overall, the collected data suggested that the established conditions for the fluorescence-acti-
vated DNA binding assay were suitable to identify selective binders with high specificity and
sensitivity with potentially nano-molar affinity even if present in low number in a mixed pop-

ulation of binding and non-binding entities.
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(7.4.2) Validating the FACS binding assay with surface-displayed wildtype MBD

To better inform the screening of the degenerated MBD libraries, the behavior of surface-dis-

played wildtype MBD was examined in the one-color and the two-color assay.

One-color assay. The binding of surface-displayed MBDs to DNA probes with different modi-
fied CpG dyads was investigated using the optimized FACS DNA binding assay (Figure 7.11).
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Figure 7.11 One-color FACS binding assay with wildtype MBD. Surface display of MBDs was induced with 50 uM IPTG
and display levels confirmed by Anti-c-Myc epitope staining (Figure A.16). (a) Fluorescence intensity retained on surface-
displayed MBD2 and MBD3 after staining with the selected modified DNA probes. (b) Full profile of two biological duplicates
for surface-displayed MBD2 (data for MBD3 in Figure A.16) against 15 combinations of modified CpG dyads and comparison
with the selectivity profile observed on an electrophoretic mobility shift assay for recombinantly expressed MBD2 at 128 nM.

The binding profile of surface-displayed MBD2 recapitulated the selectivity observed for re-
combinantly expressed MBD2 at a concentration of 128 nM. Surface-displayed MBD3 expect-
edly did not bind any of the modified DNA probes (Figure A.16). This suggested that the
one-color assay could indeed be used like an ‘TEMSA on FACS’ for MBDs that would show sim-
ilar display levels and binding activity on the cell-surface as MBD2. This condition seemed
to be met for binding interactions that were strong enough to prevail at nanomolar concentra-
tions, hence for high affinity binders. If no such interaction would exist in the sequence space
investigated, the screening conditions would have likely to be adjusted, e. g., by increasing the

concentration of the DNA probe to reveal also less affine interactions.

Two-color assay. A binary competitive staining with two differentially labeled DNA probes for
wildtype MBD2 indicated similar trends (Figure 7.12). The fully methylated 5mC/5mC probe
effectively competed the strongest against all of the tested modified CpG dyads independent
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Figure 7.12 Two-color FACS binding assay with wildtype MBD2. (a) Cell surface display was induced with 50 uM IPTG
and the displayed MBD2 stained in a binary combination of two DNA probes that had a single modified CpG and were la-
beled differentially for the analysis on the flow cytometer; Fraction of events per quadrant gate and scaled event density of
50,000 gated events per condition indicated. (b) Fraction of events per quadrant gate and DNA probe combination.
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of whether Alexa Fluor488 or phycoerythrin were used.

The second most effective competitor was 5{C/5mC, which was visible quite clearly with the
brighter phycoerythrin labeling, but hardly detected using Alexa Fluor 488. Although the one-
color assay had indicated this trend too, the magnitude in the competitive setting was probably
unexpected. Certainly, one must not over-interpret such an observation, but it emphasized
that binding selectivity was read out differently in each of the assays. Whereas in the one-
color setting, isolated binding reaction converged toward their equilibrium, the competition
between the ligands in the two-color assay could be dominated over shorter or longer periods
by the kinetic differences in the respective association and dissociation rates of each ligand.
Notwithstanding the necessity that such hypotheses would need to be evaluated in a more
controlled setup than a protein cell surface display assay, it seemed evident that screening in
a competitive setup would be ultimately relevant to any future application of the MBD binder

that involves the retrieval of modified DNA from complex mixtures.

Full library screening for MBDs with novel binding selectivity

A two-color screening of all five degenerated MBD libraries against 5ShmC/C, 5{C/C, 5caC/C
and 5hmC/5mC, 5fC/5mC, 5caC/5mC in which the given ‘on-target” DNA duplex with the
desired modified CpG dyad was labeled with the bright red phycoerythrin fluorophore and all
other DNA probes with the fluorescein-like green Alexa Fluor 488 (not shown) indicated that
the degenerated MeCP2 library had a particularly high potential to yield MBD variants with
altered binding selectivity. Indeed, an exhaustive screening with this library against 15 dif-
ferent modified CpG dyads (Figure 7.13, controls in Supplementary Figure A.17) showed a
particularly high enrichment for the 5mC/5mC, 5hmC/5mC, 5caC/5mC and 5caC/5caC dyads.
For other modified CpG dyads, no binders with sufficient surface display level or sufficient ‘on-
target’ affinity could be detected or only some binders retrieved that appeared promiscuous to

a sizable degree.

The post-screening analyses presented in the following therefore will focus on MBD subpopu-

lations that appeared to be selective binders of 5ShmC- or 5caC-containing CpG dyads.

(7.5.1) Assessing global phenotype enrichments in the MBD of MeCP2

To assess the complexity in the enriched subpopulations from the screening of the degenerated
MeCP2 library, the underlying genotypes were determined by next-generation sequencing and
the fold-enrichment with respect to the initial library was calculated for each phenotype (Fig-

ure 7.14). Since the initial library had been sequenced shallowly (Section 7.2), it was assumed
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Figure 7.13 Screening the degenerated MeCP2 library against 15 modified CpG dyads. Two-color screen after the first
and after the second screening round with the ‘on-target’ DNA probe labeled with phycoerythrin and the other DNA probes
labeled with Alexa Fluor (AF) 488. Each probe, independent of its label, had the same molar concentration.
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that genotypes that were enriched but not detected in the sequencing of the library were ‘just

missed by one read” which was a worst-case assumption.
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Figure 7.14 Post-screening phenotype enrichment. Subpopulations retrieved after two consecutive rounds of screening
and enrichment of the MeCP2 NNK codon-degenerated library were analyzed by next-generation sequencing and the relative
prevalence of amino acid substitutions per degenerated position and full-length phenotypes compared to the original library.
(a) Screening for 5hmC/5mC-selective, (b) for 5caC/5mC-selective and (c) for 5caC/5caC-selective MBD mutants. Source
code available.

After two consecutive screening and purification rounds for 5hmC/5mC, the first two degener-
ated sites in the MeCP2 sequence, lysine-109 and valine-122, were substituted predominantly
to threonine. Substitutions of tyrosine-123 seemed to be at random. Serine-134 was typi-
cally replaced with lysine or asparagine. K109T/V122T/Y123Q/S134K (T/T/Q/K for short)
and T/T/T/K were the strongest enriched phenotypes in this screen. T/T/T/K and T/T/I/K
followed the same pattern. A second substitution pattern seemed to be K109X/V122C/S134N
with examples such as V/C/Y/N and T/C/Y/N. Intriguingly, the latter substitution pattern was

also found in an alternative screening strategy (Supplementary Figure A.18).

For 5caC/5mC the fold-enrichment was not as strong as in the previously analyzed subpopula-
tion, maybe because of two dominant nonsense mutants. They could have been carried along

the pre-purification procedure as parasites that easily overgrew one of the selected subpopu-
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lations. Since they harbor a plasmid conferring resistance to the selective growth medium, but
carry no burden of expressing a protein, they can be hard to remove from the bulk. Nonetheless,
a common substitution pattern for accommodating a 5caC interaction could be recognized as
K109X/V122L/Y123X/S134R (confirmed in absence of nonsense mutants). The most prevalent
phenotypes were A/L/M/R, V/L/I/Rand S/L/V/R.

The 5caC/5caC screen recovered three MBD variants that dominated the enriched subpopula-
tion: G/L/R/N, K/Y/A/S and K/M/R/N with K109X/V122X/Y123R/S134N as the presumed

substitution profile to accommodate two 5caC interactions in MeCP2.

From the ensemble of enriched phenotypes, this analysis seemed to reveal meaningful instruc-
tions for at least some of the substitutions required in a MBD wildtype sequence to bring about
new interactions with certain oxidized CpGs. These predictions were assessed on the level of

the individual phenotypes.

(7.5.2) Characterizing mutant MBD candidates on the surface display platform

The binding selectivity of isolated single clones and predicted candidates from the NGS analysis

was assessed on the ‘one-color” DNA binding assay for a panel of relevant CpG dyads.

Three randomly picked clones after the 5caC/5mC screen of the MeCP2 library shared the sub-
stitution of serine-134 to arginine. Although none of the picked clones was among the top ten of
the enriched phenotypes in the NGS analysis, the common serine-to-arginine substitution was
also the predominant feature in the prediction. Reassuringly, the three clones bound 5caC/5mC
CpGs the strongest in the surface display DNA binding assay, followed by 5caC/5caC CpGs and
the canonical 5mC/5mC CpG modification.
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Figure 7.15 Single-color assay of candidate 5caC/5mC CpG-selective MBDs. Surface-displayed MBD2 as staining con-
trol with candidates from the NNK codon-degenerated MeCP2 library. Surface-display was confirmed by staining with an
allophycocyanin-coupled Anti-c-Myc epitope antibody; All cells induced at 50 uM IPTG, 10,000 events shown.

Two candidates form the 5hmC/5mC screen that followed the K109T/V122T/Y123X/S134K
substitution pattern showed a higher affinity towards the ‘on-target’ probe 5hmC/5mC than
an MBD wildtype, but bound 5mC/5mC equally well in this assay. Although one of the picked
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clones, S/I/T/N, almost conformed the second substitution pattern K109X/V122X/S134N, no
DNA binding was observed. The two other MeCP2 mutants, T/C/Y/N and T/A/Y/N showed
the expected increase in affinity towards 5hmC/5mC CpGs at a decreased affinity for 5mC/5mC,

hence reversing the MBD's natural binding selectivity.

MeCP2[K109X/V122X/Y123X/S134X]-AIDAC
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Figure 7.16 Single-color assay of candidate 5hmC/5mC CpG-selective MBDs. Surface-displayed MBD2 as staining
control with candidates from the NNK codon-degenerated MeCP2 library. Surface-display was confirmed by staining with an
allophycocyanin-coupled Anti-c-Myc epitope antibody; All cells induced at 50 uM IPTG, 10,000 events shown.

For the MeCP2[K109T/V122A/S134N | MBD, 5hmC/5mC was confirmed as the modified CpG

dyad that was bound the strongest out of a panel of 15 different CpG dyads with different
modified cytosines against which the initial library had been screened (Figure 7.17).

Overall, these validations indicated that the established surface display of MBDs and the con-
ditions of the two-color DNA binding assay could identify a number of candidates from the

MeCP2 library with the desired binding properties.

(7.5.3) Tweaking MeCP2[K109T/V122A/S134N] performance

To test if some of the binding properties could still be improved, for example selectivity of
the MeCP2[K109T/V122A/S134N| mutant (T/A/Y/N hereafter), a small randomized library
MeCP2[K109X/V122X/S134N| was generated. In contrast to the original screen with equimo-
lar mixtures of the DNA probes, a fourfold excess of 5mC/5mC over 5ShmC/5mC was chosen
using the a fluorescein-like fluorophore as ‘on-target” probe according because of the probably
higher sensitivity of this combination to discriminate binding selectivity (page 81). However,
no enrichment was observed (data not shown), suggesting that the substitution of these posi-

tions would not allow for a higher selectivity.
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Synopsis
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Figure 7.17 One-color FACS binding assay with MeCP2[K109T/V122A/S134N]. Surface display of wildtype and mutant
MeCP2 was induced with 50 uM IPTG. (a) Fluorescence intensity retained on surface-displayed MBDs after staining with the
selected modified DNA probes; averages of modes from three independent experiments. (b) Surface-display level over the
course of the one-color fluorescence-activated DNA binding assay.

In the work of Katrin Bigler (Bigler, 2020), T/A/Y/N and similar mutants were subjected to
error-prone PCR in several rounds to identify additional sites in the sequence that could af-
ford a more selective MBD. However, besides some modest improvement by the inactivation of

aspartic acid-90 to glycine, none of the candidates could further increase the selectivity so far.

Synopsis

Technologies to imitate the processes of variation and selection akin to natural evolution en-
able the creation of novel function in biological macromolecules. To probe the functional con-
sequence of the alterations in the sequence space of the methyl-CpG-binding domain (MBD),

the work presented in this chapter has resulted in the following platforms:

1. Anefficientisothermal library assembly protocol to simultaneously degenerate multiple key
residues in the DNA-protein interface of the MBD.

2. The inducible cell surface display of human MBDs in a functional form on a bacterial host.

3. A DNA binding assay conducted on a the surface of a single bacterium with multiple fluo-
rescently-labeled DNA probes under thermodynamically controlled conditions to measure

and screen MBD binding selectivity for modified CpG dyads on a flow cytometer.

This has enabled to find:
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4. The primary sequence of MeCP2 can be substituted such that the domain selectively or

promiscuously binds CpG dyads with different combinations of cytosine modifications.

5. Based on bulk sequencing and the characterization of individual mutants, the most critical
substitutions involved Ser-134 and Val-122.

6. MeCP2[K109T/V122A/S134N]-AIDAC is a surface-displayed MBD which specifically binds
5hmC/5mC CpG dyads.

Endnotes

In addition to the 20 canonical amino acids, NNK also encodes the amber stop codon TAG.

The assembly of oligonucleotides shorter than 200 bp in Gibson-like methods is inherently difficult (Birla & Chou,
2015). In the modification of the manufacturer's protocol presented here, the reaction temperature is lowered to 45 °C

which probably reduces the activity of the 5'-3" exonuclease and slows down the erosion of the oligonucleotides.

It may be doubted that the alternative type IIS strategy could have yielded a more uniform library: As the PCR
linearization for type IIS cloning strategy uses the degenerated oligonucleotides as primers, the cycling introduces
and amplifies bias in the clonal representation of the individual genotypes similar to classical saturation mutagenesis
where ‘complementary’ degenerated primer pairs are used (Acevedo-Rocha, et al., 2015). In contrast, preparing the

backbone for Gibson assembly via PCR yields an essentially homogenous product, depleting the wildtype genotype.

Of course, the higher bacterial growth rate is another advantage over yeast-based surface display systems in terms of
screening throughput. In addition, many laboratories are well experienced and equipped to culture the bacterium

Escherichia coli whereas the culture of the yeast Saccharomyces cerevisiae requires some additional provisions.

The E. coli B strain Tuner™ (DE3) lacks a functional lactose symporter lacY, breaking the positive feedback loop that
would lead to intracellular accumulation of lactose or its analogs. Thus, the amount of protein produced under lacO

control increases proportional with the concentration of the lactose analog IPTG. (Turner, et al., 2005)

Titration of expression levels with r-arabinose requires an araBADC™ araEFGH* genotype which lets the cells take

up L-arabinose but not metabolize it such as K-12 DH10B; B strains are araBADC™.
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8.1

Chapter 8
An artificial MBD with novel CpG binding selectivity

The screening of the degenerated MeCP2 MBD library has produced several candidates with
putative 5hmC/5mC binding selectivity. The biochemical (Section 8.1) and structural charac-

terization (Section 8.2) of the recombinantly expressed proteins is presented in this chapter.

Some important insights about the putative molecular recognition could not have been made
without the know-how and support of our cooperation partners; their contribution to the con-

tent of this chapter is clearly indicated.

MeCP2[K109T/V122A/S134N] is an artificial 5hmC/5mC-selective MBD

A survey of MBD selectivity at low nanomolar concentration of the recombinantly expressed
proteins (Figure 8.1) confirmed in good agreement with the observations in the one-color
fluorescence-activated DNA binding assay on FACS (Chapter 7.5.2) that within the group of
5hmC/5mC candidates those binders that followed the K109T/V122T/Y123X/S134K substitu-
tion scheme did not preferentially bind 5hmC/5mC CpGs whereas K109T/V122X/S134N pre-
ferred those sites over 5mC/5mC CpGs.

a b c
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Figure 8.1 Electrophoretic mobility shift assay of MeCP2-derived 5hmC/5mC binders. (a) Wildtype MeCP2, (b) Mutants
of the K109T/V122T/Y123X/S134K group and (c) of the K109T/V122X/S134N group. Assays at 10 nM protein concentration.

The biochemical characterization of the interactions in terms of their apparent dissociation
constant K; using the electrophoretic mobility shift assay (EMSA) framework (Chapter 6)
revealed a tenfold higher affinity of MeCP2[K109T/V122A/S134N] (T/A/Y/N hereafter) for
5hmC/5mC (8 + 2nM) than for 5mC/5mC (80 + 15nM; Figure 8.2a). This was, quite unex-
pectedly, the reversed binding selectivity of wildtype MeCP2 (47 + 12nM for 5hmC/5mC, 4 +
1nM for 5mC/5mC; not shown?).
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Figure 8.2 Binding affinity of T/A/Y/N and T/C/Y/N towards modified CpG dyads. The apparent dissociation constants
Ky were determined using electrophoretic mobility shift assays with artificial 24-mer DNA probes that contained a central CpG
with the indicated modified cytosine combinations for (a) MeCP2[K109T/V122A/S134N] (T/A/Y/N) and (b) T/C/Y/N.

The T/C/Y/N mutant had a twofold binding selectivity of ShmC/5mC over 5mC/5mC (Fig-
ure 8.2b) with nanomolar binding affinity again successfully cross-validating the conditions of
the screening campaign and the results obtained from the one-color FACS binding assay. In
contrast to wildtype MeCP2 neither T/A/Y/N nor T/C/Y/N showed a propensity to interact
with unmodified CpA dyads and the interaction with methylated 5mCpA dyads was markedly
decreased (Supplementary Figure A.19).

A comprehensive characterization of the fraction of bound DNA duplex selectivity of T/A/Y/N
with all 25 combinations of modified and unmodified cytosines in the CpG dyad, confirmed
that 5mC/5mC and 5hmC/5mC were the two combinations that were bound the strongest (Fig-
ure 8.3). Also 5caC/5caC was bound albeit weakly. This was in line with T/A/Y/N partially
fulfilling the substitution profile found of the 5caC/5caC screen (compare Figure 7.14).

Rather unexpected, whereas 5ShmC/5mC was bound the strongest by T/A/Y/N, the identical
combination of modified cytosines appearing in the reversed sequence context 5mC/5hmC was
not bound as strongly. Indeed, 5hmC/5mC was the context of the probe in which the mutant
was identified during the screen. A similar preference was observable for wildtype MeCP2
while MBD2 did not discriminate between 5hmC/5mC and 5mC/5hmC. One could speculate

that an additional, maybe sequence-specific interaction, could lock MeCP2 in a preferred ori-
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Figure 8.3 Full binding selectivity of MeCP2[K109T/V122A/S134N]. Fraction of bound DNA duplexes containing a single
CpG dyad in the context of the indicated strands for wildtype MBD2, MeCP2 and MeCP2[K109T/V122A/S134N] at 53 nM;
5mC/5hmC and 5hmC/5mC dyads framed.

entation on the DNA double-strand or a that the artificial oligo(A) context in which the 5ShmC-
modified CpG appeared caused a (compare Section 3.1).

Indeed, MeCP2 has an additional interface with one of the DNA strands around the Asx-ST mo-
tif with Thr-158 (compare Figure 5.3). However, a T158M mutation did not alleviate directional
binding. The deletion of the entire A(PBTVTG!Y) or of the preceding A(P'LDPND!®%) which
is only present in MBD4 and MeCP2, but not in the other MBDs (compare Figure 5.2), abro-
gated DNA binding entirely (data not shown). Whether alleviation of the observed binding
preference is desired at all or not, likely depends on the intended application of the protein and

whether or not comparisons to the wildtype are desired.

(8.1.1) Binding selectivity in genomic sequence contexts

The binding affinity of MeCP2[K109T/V122A/S134N] for 5mC/5mC- and 5ShmC/5mC-modi-
tied CpG dyads was assessed in more complex sequence contexts derived from genomic regions
in presence of a competitor with low sequence complexity to reveal additional interactions of
the MBD with the DNA duplex. This experimental setup which can generate multiple shifts
on the EMSA requires specific computational analysis to discriminate the contributions of each
binding site (implemented in Chapter 9). Although the shifts observed in the following often
argued for third or fourth order interactions, i. e., the MBD interacted with two or three addi-
tional sites on the duplex in addition to the modified CpG dyad, only a second order polynomial
was evaluated since not enough data points could be collected at higher protein concentrations.
It was further assumed that any additional binding interactions on a duplex would occur with
the same affinity independent of the modification state allowing to evaluate the model simul-

taneously for both combinations of cytosine modifications.
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Figure 8.4 Binding affinity of T/A/Y/N towards modified CpG dyads in two gene promoters. Electrophoretic mobility shift
assays with fluorescently-labeled probes in presence of a homopolymeric oligo(A) - oligo(T) competitor and the multiple shifts
assessed as described in Chapter 9. First (dotted), second (solid; estimates reported) and third (dashed) order polynomial fits,
macroscopic binding constants, one shared estimate (light-faced). (a) With a single modified CpG in the sequence context
of the first exon of CDKN2A (chr9:21,974,777-822; hg38). (b, ¢) With one out of three CpGs present in the sequence of the
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bidirectional promoter of BRCA1 and NBR2 (chr17:43,125,546-590; hg38). Source code available.

94



MeCP2[K109T/V122A/S134N] is an artificial 5hmC /5mC-selective MBD

For a single modified CpG dyad in the sequence context of CDKN2A, the wildtype MeCP2
showed an about threefold selectivity of binding 5mC/5mC over 5hmC/5mC and the T/A/Y/N
mutant a reversed fivefold selectivity (Figure 8.4a; Supplementary Table A.9). The two pre-
ferred interactions had an apparent dissociation constant of about 15nM. The predicted addi-
tional interaction was about twofold weaker for the T/A/Y /N mutant than for the wildtype as

evaluated in the binding model.

Next, the differences in binding selectivity was assessed if one of several CpG dyads in a DNA
double-strand was modified while the others remained unmodified. A sequence from the hu-
man BRCA1/NBR2 locus that contained three CpG dyads served as model (Figure 8.4b—c). If
the CpG dyad in b was modified, all interactions had low nanomolar dissociation constants.
While the mutant had an about twofold preference for the 5ShmC/5mC dyad, there was no
measurable preference for wildtype since both binding isotherms were almost indistinguish-
able. As before, the wildtype but not the T/A/Y/N mutant showed a number of additional,
defined interactions with the DNA duplex. If the CpG dyad in c was modified, the wildtype
showed a threefold binding preference for the fully methylated dyad over the 5hmC/5mC dyad
similar to CDKN2A. However, no difference in the binding isotherms could be detected for the
mutant. A potential reason could be that in contrast to all previous examples, the second bind-
ing site on the DNA was occupied almost immediately after the first one, hence violating some
important assumptions to disentangle the individual contributions of each binding site to the
macroscopic isotherm in the underlying binding model (see Chapter 9). In other words, as
soon as equally appropriate solutions would fit the observed data, the correct one cannot be
determined. An additional biochemical reason could be that the second determinant in the
MeCP2 scaffold did not align with the determinant of the engineered binding site, i. e., the ori-
entation of the 5hmC/5mC dyad in the duplex did not align with a secondary property of the
duplex, e. g., a sequence motif, to selectively engage which could be why the unspecific interac-
tion dominated. In any case, both examples illustrate that sequences exist in which differential

modification of a CpG dyad can be difficult to discriminate, at least in a non-competitive setting.

The impact of additional sequence context is further illustrated by a single modified CpG dyad
presented in an intronic sequence of the Hey2 ortholog in the zebrafish Danio rerio on the one
hand and in a limited double-stranded sequence context at the same position on the other
hand (Figure 8.5a-b). Whereas the individual microscopic binding affinities of wildtype and
T/A/Y/N mutant are obscured in the fully double-stranded duplex, i. e, they cannot be deter-
mined on the basis of the macroscopic binding isotherm (see above), a reduction to the 12-mer
context reveals a twofold preference of the wildtype and an almost tenfold, but reversed, pref-
erence of 5hmC/5mC over 5mC/5mC for the T/A/Y/N mutant.
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Figure 8.5 Dependency of binding affinity of T/A/Y/N towards modified CpG dyads. Same experimental conditions as
in Figure 8.4. With a single modified CpG in the fully double-stranded sequence of a Hey2 ortholog in the zebrafish Danio
rerio (chr:20:39,589,641-719; danRer11) using (a) the full complement or (b) a short complement. Source code available.

Of course, the stringency under which the EMSAs were conducted was, within limits, an ar-
bitrary choice. However, whether or not the conditions can be optimized for a particular se-

quence, it seems unlikely to satisfy all possible sequence contexts or duplex lengths at once.

In summary, the evaluation of wildtype MeCP2 and the MeCP2[K109T/V122A /S134N | mutant
suggested that complex mixtures of DNA sequences can pose a challenge for the detection of
their binding selectivity for a single modified CpG dyad. The absence of evidence however is
not evidence for absence. While in some contexts binding selectivity may be absent, in other

cases it may be more challenging to reveal, and in other cases readily demonstrated.

Structural characterization

To shed light onto the structural principles that underlie the recognition of 5hmC/5mC CpG
dyads by the MeCP2[K109T/V122A/S134N | mutant, mutational studies were carried out and

several spectroscopic measurements were initiated to resolve the engagement at different levels.
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(8.2.1) Mutational analyses
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Figure 8.6 Mutational analysis on Ala-122. (a) Position of the cognate wildtype Val-122 in a crystal structure of MeCP2
(PDB 3c2i; Ho, et al., 2008) with important residues shown as van der Waals spheres, including the methyl group of one of the
modified cytosines in the CpG dyad. (b) Sequence context around position 122. (¢) Representative electrophoretic mobility
shift assays using DNA duplexes with 5hmC/5mC or 5mC/5mC CpG dyads. (d) Apparent dissociation constants determined
from the EMSAs of c.

While the substituted residues Thr-109 and Asn-134 in the MeCP2[K109T/V122A/S134N | mu-
tant faced the DNA-binding interface of the MBD, the role of the substituted Ala-122 was less
clear as this residue lies on the other face of p3 and engages with the ST motif 1®*TVTG!6! of
the Asx-ST motif in MeCP2. At the same time, it is placed between two critical residues for

the recognition of fully methylated CpG dyads in the wildtype protein, Asp-121 and Tyr-123
(a-b8.6). The K109T/V122C/S134N mutant retrieved from the screen had a cysteine residue
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at this position and showed reduced binding selectivity. To understand whether indeed an
alanine was required at this position or, e. g., the wildtype valine was sufficient, a mutational

screening with other aliphatic amino acids was carried out (Figure 8.6¢).

Only the Ala-122 variant had tenfold binding selectivity followed by twofold selectivity of the
Cys-122 variant (Figure 8.6d; Supplementary Table A.10). Neither the wildtype Val-122 nor
smaller (Gly-122) or bulkier substituents (leucine, isoleucine) showed such significant speci-
ficity for 5ShmC/5mC over 5mC/5mC CpG dyads. Possibly Ala-22 played a role for positioning
other parts of the domain in an appropriate geometry to selectively engage with the 5hmC

modification.

The cognate MBD2[V164T/V177A/S189N] was unable to bind DNA (data not shown), sug-
gesting that additional sequence features of the MeCP2 domain were also necessary for a pro-

ductive binding interaction.

(8.2.2) Spectroscopic analyses

Structural alterations upon DNA binding. Specific alterations in the secondary structure of
MeCP2 are concomitant with binding of fully methylated 5mC/5mC dyads, but not for the
MBD-DNA complex with unmethylated DNA; in particular an increase in the a-helical fraction
as revealed by circular dichroism (CD) spectroscopy (Ghosh, et al., 2008). Indeed, wildtype
and T/A/Y/N mutant MeCP2 showed the expected changes in the spectra around 195 nm (Fig-
ure 8.7a) in presence of a DNA duplex that contained the 12-mer sequence context of a BRCA1
promoter CpG (the one of Figure 8.4b). However, while the wildtype showed such changes but
moderately and also seemed to form a complex with an unmodified DNA duplex, the T/A/Y/N
mutant spectra only peaked with a duplex containing a single 5mC/5mC or 5hmC/5mC CpG
dyad. The fact that both modified duplexes seemed to evoke similar alterations in both pro-
teins whether or no 5mC/5mC or 5hmC/5mC dyads were present could be a consequence of

the high protein and DNA concentrations required for the CD measurement.

In fact, both proteins assumed a more defined, globular structure when a modified CpG dyad
was present in this duplex based on comparison with other structured and unstructured pro-
teins (Figure 8.7b) with an increase in the x-helical fraction (Figure 8.7c) which seemed to be

more drastic in the T/A/Y/N mutant than in the wildtype.
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Figure 8.7 Circular dichroism spectroscopy of wildtype MeCP2 and MeCP2[K109T/V122A/S134N]. (a) Far UV circular
dichroism (CD) protein spectra at 22 °C of the wildtype and T/A/Y/N mutant of MeCP2 with and without a BRCA1 DNA duplex
that contains a single CpG bearing the indicated cytosines; Average of three measurements; Contributions of buffer and DNA
corrected. (b) Double wavelength plot of the mean molar ellipticity [6] at 222 nm and 200 nm obtained from each spectrum
in a in comparison with reference protein structures from Uversky (2003) and Whitmore et al. (2017) as reported by CAPITO
(Methods). (c) Deconvolution of secondary structural elements from the spectra in a using DichroWeb (Miles, et al., 2021).

Overall, the CD measurements suggested that the sequence alterations in the T/A/Y/N mutant
rendered the domain much less structured in absence of DNA. However, in presence of a DNA
duplex with specifically modified CpG dyads such as 5hmC/5mC, the domain assumed a more

structured fold of similar composition to the wildtype.

Binding orientation in the MBD-DNA complex. The MBD is a single, asymmetric protein
domain with an x-helix flanking one side of the DNA binding site and a loop flanking the other
site. Therefore, the binding of a strand-asymmetrically modified CpG dyad must take place in a
specific orientation which can be revealed by measuring distances between two sites in the two
macromolecules that would be differ depending on the binding orientation (Figure 8.8a-b) and
do not affect the binding selectivity of the proteins (Supplementary Figure A.20). These were
Ala-117 in the loop L1 of MeCP2 (to be substituted with a cysteine) and the phosphodiester
five linkage upstream the CpG dyad (to be substituted with a phosphorothioate).

The spin labeling and double electron-electron resonance (DEER) measurements were per-
formed by Jesscia Droden (Prof. Dr. Malte Drescher, University of Konstanz) and will be pre-
sented and discussed in a place other than this work. In brief, the T/A/Y/N mutant in com-
bination with a 5hmC/5mC duplex strongly preferred orientation of Figure 8.8b which places
the 5hmC substituent in vicinity to the helix a1, hence the S134N substitution. This orienta-
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Figure 8.8 DNA duplex orientation in the MBD of MeCP2. Model based on PDB 3c2i (Ho, et al., 2008) indicating the
placement of two MTSL electron spin labels, one in one strand of the DNA duplex and one in the protein domain that result in
two distinct distance measures depending on the orientation of the DNA duplex in the DNA binding site. (a) Orientation with
short distance which places the 5hmC modification on the unlabeled strand in the vicinity of loop L1. (b) Orientation with long
distance which places the 5hmC modification in vicinity to the helix a1.

tion could suggest that the Asn-134 engages in hydrogen bonding with the hydroxyl group of
5hmC, while 5mC is recognized as in the wildtype MeCP2 via Tyr-123 which was rarely found

substituted in the screen.

Another insightful observation that was made is that also wildtype MeCP2 with a fully methy-
lated 5mC/5mC duplex (which theoretically could be bound in either orientation) showed a
preference that placed the unlabeled strand in the same orientation as for the T/A /Y /N mutant.
This corroborates the hypothesis of a second binding determinant must present at least in such

homopolymeric sequence contexts as the oligo(A) one.

Overall the EPRspectroscopy contributed a highly valuable hypothesis about the possible recog-
nition of strand-asymmetrically modified CpG dyads. To gain further insights at the atomic
level and to elucidate the role of the required V122A mutation however much higher resolu-

tion is required which can be obtained, e. g., by nuclear magnetic resonance spectroscopy.

8.3 Synopsis

1. MeCP2[K109T/V122A/S134N] is an artificial MBD that preferentially binds to 5hmC/5mC

CpG dyads with low nanomolar affinity in different sequence contexts.

2. In other sequence contexts, different modified CpG dyads cannot be well discriminated us-

ing wildtype or mutant MeCP2 for inherent structural or methodological reasons.
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Synopsis

3. In contrast to wildtype MeCP2, spurious interactions with other dinucleotides, e.g., CpA

dinucleotides, are weakened in the engineered domain.

4. In contrast to wildtype MeCP2, the engineered domain has a smaller x-helical contribution

to the secondary structure but acquires wildtype-like levels upon DNA binding.
5. Ala-122 substitutions is essential for the binding selectivity of the engineered domain.

6. Asn-134 is located nearby the 5hmC nucleobase in the engineered DNA-MBD complex.

Endnote

2 Compare also Table 6.1 for the N-terminal SpA(Z) fusion proteins. In the experiments referred to in this chapter,

the protein solubility tag was removed in situ by proteolytic digest.
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Chapter 9
Fitting binding isotherms to electrophoretic mobility shift data

A DNA molecule can present multiple binding sites to a DNA-binding protein in form of any
recognizable biophysical quality of the biopolymer, such as its conformation, curvature or strand-
edness, as well as in form of different or repeated DNA sequence motifs. If the binding sites are
well defined and the protein-DNA complexes sufficiently stable, the number of bound proteins
can be experimentally revealed as discrete bands upon separation of the free and protein-bound

states in an electrophoretic mobility shift assay.

a b
Total protein concentration [R]g Total protein concentration [R]g
S 0nM S 0nM
L4_ i [
WwWw ===
o -L, (bound) o | Nl Nl Nl ot
u Li- WV W) ] W ) -L4
o e e el - e o\ i el |- Lo
5-AAAAAAAAAAACGAAAAAAAAAAAS' 5'-CTTCCTCTTCCGTCTCTTTCCTTTTACGTCATCCGGGGGCAGACT-3'
3-TTTTTTTTTTTGCTTTTTTTTTTT-5' 3'-GAAGGAGAAGGCAGAGAAAGGAAAATGCAGTAGGCCCCCGTCTGA-S'
24 nt 45 nt

Figure 9.1 Typical DNA—protein EMSAs. Titration of an MBD R against 2nM of a labeled DNA L. (a) Fractional binding
observed for a DNA with a single modified CpG binding site. (b) Fractional binding observed for a DNA with three CpGs (one
modified CpG) provoking multiple band shifts. Both assays in presence of poly(dA)-poly(dT) competitor.

Although such observations are particularly rewarding to the experimentalist—they are direct
prove of additional binding interactions—more sophisticated experimentation is needed to de-
termine the intrinsic binding affinities of each site (Brenowitz, et al., 1986). However, under
certain assumptions a guess may be made based on the observed binding isotherm. This chap-
ter addresses this challenge by introducing a computational framework that models the step-
wise equilibrium constants as well as the underlying microscopic binding constants on a linear
DNA molecule. I will start with the analysis of a single binding interaction (Section 9.1). Then,
I recapitulate a model that describes the binding at multiple different sites conceived by Adair
et al. (1925) and generalized by Wyman (1948; 1964). For a review in terms of statistical me-
chanics, I refer to Ben-Naim (2001a). The outline here is limited to the general concepts. which

I will apply to the band shifts observed in an electrophoretic mobility shift assay in Section 9.2.

Since a convenient means to fit such models to the experimental data is missing to my knowl-
edge, I will also outline the relevant code for the computational implementation in R. A package
has been publicly released as ‘summerrband’ on GitHub (doi:10.5281/zenodo.5348399).1

! The package also provides other amenities such as importing from ImageQuant TL and adding column data.
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Binding to a single site

The bimolecular association of a protein R and a ligand L to form the complex RL is a reversible

reaction with the equilibrium constant K according to

[RL] _ [RL]

R+L=RL: K= =
* / [RI[L] ~ ([R]o — [RLD)([L, — [RL])

(9.1)

where [R] and [L] refer to the concentration of the free, unbound protein and ligand in equi-
librium.? They are inferred from the known initial total concentrations as [L]; and [R]y. The

experimentally accessible measure of protein-bound fraction over total ligand thus becomes

[RL]  [R]o+[L]p+1/K - \/([R]o +[L]p + 1/K)? — 4[R]o[L]o
[Llo 2[L]o

(9.2)

Note that the assignment of L and R is interchangeable. In practice, one relates to the labeled

entity that is held constant, here L, while the other entity, R, is titrated.

As a quadratic term, 1/K in Equation 9.2 must be fitted using non-linear models. In R, the fol-
lowing function is fed with the tabular data object x that has column variables that represent the
recorded [RL]/[L], for the various [R],. The variables are specified, e. g. similar to formula =
bound_fraction ~ titrated_conc. One mustalso provide the total constant concentration
of [L]y, Lo.b Further, the starting parameters and limits for the estimates K, upper and lower

as well as the function FUN that implements the fitting algorithm are provided.*

fit_K <- function(x, formula, LO = NaN, ..., FUN = nls) {

RL <- formula.tools::lhs(formula)
LO <- formula.tools: :rhs(formula)

if (is.finite(L0)) { # formula for quadratic model

FML <- substitute(RL ~ I(lower + (upper - lower) * ((RO + LO + 1 / K) - sqrt(
(RO+ L0+ 1 /K72 -4=%R0Ox*UL0)) / (2 *L0)), 1list(RL = RL, RO = RO, LO = LO))

}

eval(rlang::call2(FUN, x, formula = stats::as.formula(FML), ...))

}

Two additional estimates, lower and upper - lower, account for any background and satu-

ration offsets present in the quantitated signals (Altschuler, et al., 2012).

If a computer is not at hand, Equation 9.2 cannot be fitted easily to the experimental data. How-

ever, if (1) the total concentration of L was held constant at concentrations below 1/K at a still
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reasonable signal-to-noise ratio for accurate quantitation,d and (2) R is titrated over a concen-

tration range well above and below 1/K, then [R] = [R]; holds and one may simplify

(9.3)

[RL] _  [RJo ( _ K[R]g )
(Ll [R]lp+1/K K[R]p+1

This relationship becomes linear upon double-logarithmic transformation so that 1/K is the in-
tersection with the abscissa and a linear regression could extract —log K. It must be warned
however that the variance in the measured quantities becomes heteroskedastic during the trans-
form and although the estimate of —log K is unaffected, the estimate of its variance is biased.

As a consequence, | implement Equation 9.3 using again the non-linear least square approach:

if (lis.finite(LO)) { # formula for infinite receptor pool

FML <- substitute(RL ~ I(lower + (upper - lower) * (RO / (RO + 1 / K))),
list(RL = RL, RO = RO))

Binding to multiple sites

On the molecular level, the association of two molecular entities is fully described by the above
models. Any deviating macroscopic observation must thus be interpreted in terms of additional
interactions between more than two entities even if they seem uniform at first glance: A body
of theorems can describe such binding cooperativity of identical binding sites (Adair, et al., 1925;
Hill, 1910). Here, I follow a similarly simple, combinatorial approach to examine the non-

identical binding sites on a DNA molecule presented to a homogenous protein binding partner.

. K4 Kz ® Ks ®
Macroscopic { @ + — %;' —2 ‘ — .
TA / /
Iég K, R Kab R
GC — 7/ pa— R ,
TA p 7
. ) cG Ky g ,é/ Kpe /{/ % Kabe ‘R
Microscopic AT — R — R — R
TA R} U R’
® CG ke /7/]; 7 Kac /7~ /R /7
CG b —_ /] pra— ;¢
GC R R
GC /7 /7

Figure 9.2 Macroscopic and microscopic descriptors of multistep binding. A DNA molecule with three binding sites for
a DNA-binding protein can be present in one of four macroscopic, or eight microscopic, complexes. The respective equilibrium
constants K and k take the name from the complex they form. Note that, e. g., complex ab can form via two processes.

This association can be dissected step by step, e. g., for three distinct binding sites a, b, ¢ (Fig-

ure 9.2): The first binding equilibria are described by the intrinsic microscopic equilibrium con-
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stants k,, k;, k., the second equilibria by k,;,, k;, k,. and the last one by k.. The values of these
constants may be identical or dissimilar within or between the steps, but they are connected
to each other: For example, k;;, is connected through an interaction term g, to k, and k; etc.
so that g; = 1 when independent. Experimentally however, only the sequential macroscopic
binding constants K1, K5, K3 etc. are accessible. They describe the association of one, two, three
etc. proteins given that no, one, two etc. proteins are already bound. The configuration of the

binding sites remains unspecified.

Macroscopic apparent equilibrium constants

Let's designate the adsorbent DNA molecule with no proteins bound L, the complex RL (con-
taining one R) be L, the complex with two R be L, etc. Then, the association of another R to

the existing complex L;_; is, akin to Equation 9.1,

[L;]

Li—1+R‘ﬁLi; Klzm
i—

(9.4)

From the law of mass conservation, one obtains the total concentration of DNA molecules L
in terms of x = [R] (Equation 9.5) and the average concentration of engaged DNA-protein
complexes (Equation 9.6) as proposed by Wyman (1964). The term ¢, (x) is called the binding

polynomial and reflects the grand partition function in R relative to the reference state L.
n
Z[LZ] = [Lo](]. + le + K1K2x2 + K1K2K3x3 + -+ Kl"'Knxn)
i=0

= [Lol X img (ITig (K)) - x7) = [Lo1g(x) (9.5)
Z i[L;] = [Lol(Kyx + 2K Kpx? + 3K Ky K3x® + -+ + nKy-+-K,x™) (9.6)
i=0

Hence, the average number of bound proteins per DNA molecule becomes

YLl Kyx + 2K Kpx? + 3K KpKax® + - + 1Ky -+ K, x"

0, (x) = —% = 5 (9.7)
Zi [Ll] 1+ le + K1K2x + K1K2K3x3 + -+ Kl---Knx”
a9, (x) x
= —CA ) (9.8)

and is a function solely of the concentration of the unbound protein x for which x = [R] = [R]j
(page 105). This measure is called the binding isotherm ¥, (x) with 0 < 8, (x) < n. Forn =1,

one obtains the bracketed term in Equation 9.3.
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Macroscopic apparent equilibrium constants

Thus the macroscopic Adair-Klotz constants K; can be determined by fitting the observed av-
erage occupancy per DNA molecule to Equation 9.7. For an EMSA with n discrete bands, this
is the sum over all bands in a lane multiplied each with the number of associated proteins

(starting at i = 0) and weighted by their relative intensities s;:
n
0,(x) =) s (9.9)
i=0

First, I implement in R a function to generate the verbose expression for the grand partition

function ¢ (x) using the stepwise equilibrium constants K; as coefficients.

gpf_macro <- function(degree = 2, params = as.character(seq(degree)), xname = "x",
kname = "K_") {

parse(text = pasteO("1 + ", pasteO(sapply(seq_along(params), function(m) pasteO(
pasteO(kname, params[l:m], collapse = " * "), " * "  xname, """, m)),
collapse = " + ")))

b

Then, the following function will evaluate a suitable é‘;;(x) for all concentrations x given a
(named) vector binding_constants with the values of all K;. For the macroscopic case, the

degree n of the polynomial is determined from the length of this vector.

gpf_fraction_bound <- function(x, binding_constants, type = "macro") {
if (type == "macro") {

binding_constants <- sort(binding_constants[which(binding_constants > 0)],
decreasing = TRUE, na.last = NA)

bd <- length(binding_constants) # degree of the polynomial

if (is.null(names(binding_constants))) {

kname <- "K_"; bn <- pasteO(kname, as.character(seq_along(binding_constants)))
} else {

names (binding_constants) [which(names (binding_constants) == "x")] <- "..x"

kname <- " "; bn <- names(binding_ constants)

} # omitted code is on page 110
names (binding_constants) <- bn

gpf <- do.call(pasteO("gpf_", type), list(xname = "x", kname = kname, params = sub(

pattern = kname, replacement = "", names(binding_constants) [1:bd], fixed = TRUE)))
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dpf <- stats::D(gpf, "x")
env <- c(list(x = x), as.list(binding_constants))
eval(dpf, envir = env) * x / eval(gpf, envir = env)

}

Now, the properties of the macroscopic binding isotherm can be explored in R (Figure 9.3).

a
107 pKy=0 207 pKy =0
8 g pK2 =0

pK1 =1 pKq1 =2 pKq1 =4

0 } o= = ==4} ===
6 -4 2 0 +2 6 -4 2 0 +2
log(x) log(x)
e true isotherms

n=2 n=3/

n=1 : i :
o eaae | Y
AN i A
= ] AN N\ A4
% 4 2 0 42 20 4244 2 0 1244 2 0 42 44
log) log) simulate 20 measurements
9 (2 X 13 data points + noise)
truth model estimates true isotherm . + .7 t
2nd st 2nd 3rd 20—t true+10%noise , . 4en” recall of parameters
pK1 1 04308 112 1.12) DJtrue + 30% nose
pK2 0 - -0.1(1) -0.02(1) [Ctrue + 20% noise
pK3 — — — -3.2(5) [ true + 10% noise ke
o
1.0 4 I
model quality 7 2
1st 2nd 3rd L
) pK2
deviance 0.165 0.117 0.109 1st degree fitted E
AIC "22 6 '26 4 '25 6 — 2nd degree fitted . 9‘_
BIC _19'2 _22'2 _20.6 04 — - 3rd degree fitted PK1 .
TiTe Tees T T T T .o
-2 0 +2 .
log(x)

Figure 9.3 Modeling and fitting binding isotherms based on macroscopic descriptors of multistep binding. (a) Mod-
eling the binding isotherm 3 for a single-step process, i. €., one binding site; (b) Modeling of a two-step process with identical
or different macroscopic equilibrium constants K according to Equation 9.7; dashed lines are the (scaled) single-step binding
isotherms of a; gray lines indicate the first derivative of the modeled binding isotherms. (¢) Same as b for the three-step
process. (d) Fitting models of different degree to simulated noisy data for a two-step process with close-by macroscopic
binding constants. The fitted estimates (last digit standard errors), deviance, as well as each model's Akaike and Bayesian
information criterion (AIC, BIC) are tabulated. All K and x normalized to the units of concentration of the titrated species and
given as their negative decadic logarithm. (e) Recall as in d for noisy data under difficult parameter combinations. Source
code available.

As compared to the single-step binding reaction, the isotherm of the multistep binding process

has a somewhat increased steepness if all secondary associations take place with the same ap-
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parent ‘affinity” as the first ones. The more dissimilar they become, the more ligand is required

to saturate all sites simultaneously as seen from the plateaus where K;_; = 100 K;.

To test whether the implemented non-linear least square fitting was able to pick up the correct
underlying model, isotherms were constructed that had K; ~ 10K, (Figure 9.3d).® Indeed, a
simple model with n = 1 (first degree) underestimated K; about fourfold. Models of second
and third degree estimated K; and K, accurately within the limits of error. The third degree
model had the lowest deviance, proposing an additional association with a K3 around 1,000-fold
weaker than K,. Although this is theoretically possible, such a claim remains unsupported
by the data. Based on the three models' relative information content (Akaike and Bayesian

information criterion), one would have however correctly selected the second degree model.

From a larger cohort of simulated binding isotherms in which but part of the plateaux were
‘measured” (Figure 9.3 e), the estimates of the macroscopic binding constants were still fairly
accurate even if the level of noise amounted to 20% of the fractional binding. Further, in about
60 — 80% of the simulated cases, the underlying binding model among three alternatives was
correctly identified based on AIC and 70 — 90% by BIC. However, the more the shape of the
isotherms is blurred by random noise, the higher the propensity to favor the simpler models
(data not shown). Experimentally however, the degree of the underlying model can often be

clearly identified if the titration spans a suitable range of ligand concentrations.

So, by implementing a framework in R, the macroscopic binding isotherms of molecular asso-
ciations at multiple binding sites can be adequately evaluated, offering a valuable alternative
to fitting simple single-site binding models. Despite ‘similar shape of the isotherms’ the value
of these parameters can often be accurately estimated even from noisy data given the degree of

the binding polynomial is known by experiment.

Microscopic equilibrium constants

The macroscopic binding constants K; are averages over all ways to add a single protein R to a
DNA L; that has i — 1 proteins bound. So, the binding polynomial ¢;(x) for three individual
sites a, b, c is expressed as summation over the microscopic intrinsic binding constants k,, k;,

kes Kaps kies Kacr kape (Figure 9.2). For n sites, one generalizes ¢ (x):

Ea(x) =14 (kg +ky + k)x + (kgp + kpe + kpe)x? + kgpex® (9.10)

G0 = Yo ( 2y i (kj) - x) (9.11)

The binding isotherm for one specific of three binding sites, e. g. 4, is
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kox + (ki + ,kaC)xz + kape® (9.12)
Gz (%)

ﬂmg(X)iz

and the isotherm for the entire macromolecule becomes

O3(x) = 9, 3(x) + 8 3(x) + F.3(x)
(kg + ki + kDX + 2(Kkap + Ko + kgo) 72 + Bk (9.13)

- 1+ (ka + kb + kc)x + (kab + kbc + kac)xz + kabcx3

Again, I implement Equation 9.11 for any degree n in R

gpf_micro <- function(degree = 2, params = letters[seq(degree)], xname = "x",

kname = "k_") {

parse(text = pasteO("1 + ", pasteO(sapply(seq_along(params), function(m) pasteO("(",

pasteO(kname, utils::combn(params, m, FUN = paste0, collapse = ""),
collapse = " + "), ") *x " xname, """, m)), collapse = " + ")))

}

and expand gpf_fraction_bound(...) to calculate the binding isotherm.

# code to be inserted on page 107
if (type == "micro") {

bd <- which(sapply(1:10, function(i) sum(choose(i, 1:i))) == length(
binding_constants)) # user provides less than 1000 parameters

if (length(bd) == 0) stop("Some binding constants are missing (or superfluous).")

kname <- "k_"
bn <- unlist(sapply(seq(bd), function(m) pasteO(kname, utils::combn(letters[1:bd],
m, FUN = pasteO, collapse = ""))))

(9.4.1) Modeling microscopic binding constants from the binding isotherm

Ideally, one would like to extract the intrinsic binding constants k,, k;, k. etc. for the individual
binding sites from the observed binding isotherm. From Equation 9.7 and Equation 9.13, one

identifies for a macromolecule with three binding sites:

Ky =k, +ky+k.
KiK; = kab + kac + kbc = gabkakb + gackakc + gbckbkc (9-14>

K1K2K3 = kabc = gabckakbkc
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So, the macroscopic binding constants K are determined by the intrinsic constants k. It is com-
monly assumed that the microscopic constants for the second and further associations, i. e. k,

etc., are derived from k,, k;, etc. through correlation factors g, etc.

Clearly though, it is not possible to derive an analytical expression for the seven microscopic
unknowns from the three macroscopic ones.f To determine these values, one must obtain the
individual binding isotherms @, 5(x), ¢}, 3(x), 9, 3(x) according to Equation 9.12 under the same
experimental conditions as ¢5(x). This means to follow the fractional binding at each site while
the other sites are unrestrained to becoming occupied or not (Ben-Naim, 2001b). This is exper-
imentally difficult in particular when some associations are weak. In such cases, the identifica-
tion of the occupied binding sites themselves, e. g., by DNase footprinting titration (Brenowitz,

et al., 1986), significantly interferes with the ligand binding.

In absence of access to such empirical data, one must come to reasonable assumptions about
the studied system in order to simplify the Equation System 9.14 and derive a model with less

unknowns to determine the intrinsic binding constants k,, k;, k.

In terms of statistical mechanics g,;, describes the free energy change W (a, b) for any process
that is equivalent to the following transformation: Starting with two systems of which one has
all sites a and the other one all sites b occupied; ending with two systems, one has both sites

fully occupied, the other has empty binding sites (Ben-Naim, 2001b). For this process
W(a,b) = Weoner (@, b) + Weoner (@, b) + Wi (a,b) + Wi (a,b) = =kgTIng,,  (9.15)

One must hence consider the following contributions to this change in free energy in the context
of MBD-DNA binding:

Assumptions about conformational changes in the adsorbent DNA. W,y (, 5y Teflects the
impact of occupying a on the binding site b through conformational changes in the DNA itself.
For DNA-binding proteins, one may consider short- and long-range effects, depending on the
protein. As extremum, one includes the possibility of physical obstruction when a and b are

neighboring or overlapping motifs.

For the MBD, the small conformational changes in the DNA duplex are essentially limited to
the 12 — 14 bp covered by the domain (Ho, et al., 2008) and probably negligible. Considering
also the winding and rise of the B-form DNA double-helix, one can assume that MBD binding

at a site will not obstruct another site that is more than 4 — 5bp apart.
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Assumptions about the configurations of the adsorbed protein. Generally, it is assumed that
the ligand binds in a single orientation to the macromolecule. In the case of DNA-binding
proteins, especially the MBDs as non-self symmetric single-domain binders, this may not al-
ways be the case. Whereas the association with a symmetrically modified CpG, 5mC/5mC,
5hmC/5hmC, etc. can take place in one of two possible configurations, the binding of asym-
metrically modified CpG dyads is strictly directional. It may thus be that a specific arrangement
of binding sites demands a specific orientation of the MBD or not so that the number of config-

urations of such a system may be larger or smaller than the number of binding sites.

However, one would have W, ¢r(a,b) # 0 only for neighboring binding sites through pair

cooperativity (Ben-Naim, 2001b).

Assumptions about mass ratios and inertia effects. For large macromolecules, the total com-
plex L; is significantly larger than L;_; and thereby contributes not only to nonadditivity of the
correlation functions g, but also to negative cooperativity between the binding sites (Ben-Naim,
2001b). The effect is of the magnitude

3 1+2
Wi (a,b) = W (a,¢) = W (b,¢) = —5kgT In [LR/mLz]
2 (1 + mg /my) 016
1 .
Wtr(ﬂ,b,c) = —ngTln [M]
2 (1 + mR/mL)3

which for an MBD (mp ~ 10kDa) and a 45 nt DNA duplex (m; ~ 30kDa) gives a hypothetical,
purely translational cooperativity factor of g, = 0.91 for the L; — L, reactions and g, = 0.78

to the L, — L process.

Besides the translational partition function, also the rotational partition function is affected
by the non-negligible mass differences. For a linear macromolecule with three approximately

equally distributed binding sites, of which b lies between a and ¢, this is

W,ot(a,b) = W, (b,c) =0

W, (a,¢) = W,op(a,b,c) = —kgT'1
rot(a C) t(a C) B n[(2+3mR/mL)3

One calculates a hypothetical, purely rotational contribution to cooperativity for the processes

with non-zero free energy change of g, = 0.89.
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Combination. Overall, if the three binding sites do not overlap or situate next to each other,
one can estimate for an MBD-DNA system with three binding sites based on the assumptions

above

8ab = 8be 091
Qac ~ 0.81 (9.18)

8abe 0.68

which are small effects as compared to the binding of the A operator where some g; > 10 reflect

the strong positive cooperation between the adjacent binding sites (Ben-Naim, 2001b).

What does such a simplified model with most g; ~ 1 means for k, etc. and the derived macro-
scopic constants K; etc. mean for MBD interaction? Again, different parameters of the system

can be explored using the R implementation (Figure 9.4).

The isotherms of the microscopic models with g,;, = 1 (independence) follow the macroscopic
models of Figure 9.3 very closely when K; = k, and K, = k;,, which is also expected from
Equation 9.14. Also, for small negative or positive cooperativity, 0.5 < g,;, < 2.0, one expectedly

tinds only small deviations at higher x, i. e., for the weaker secondary associations.

b
07 pka=0 207 pka=0 pka =1 pka =2 pka = 4
8 8 pkp =0 pkp =0 pkp = O pkp =0
05 gab=05 — 10
gab=1.0 — J / J /
0 ) gab=2.0 — | } A 24"y 2y

a

[}
I_'_'_'_| r T T T 1 l T r T T T 1 T 1
-6 -4 -2 +2 6 4 2 0 42 -6 -4 0 +2 6 4 2 0 42 -6 -4 2 0 42
Iog(x) log(x) Iog(x log(x) log(x)

gab =05
gab = 1.0
gab=2.0

log(x)

Figure 9.4 Modeling and fitting binding isotherms based on microscopic descriptors of multistep binding. (a) Mod-
eling the binding isotherm & for binding a single binding site; (b) Modeling binding of identical or different binding sites with
intrinsic binding constants k according to Equation 9.13 given the correlations g; dashed lines are the (scaled) single-step
binding isotherms of Figure 9.3 a; light lines indicate the first derivative of the modeled binding isotherms. (c) Same as b with
more extreme values for g.

Hence, given a binding isotherm, the larger the differences between k, and k;,, the better
Ky =k, (9.19)

for small correlation factors. Even if k, and k;, differ only five- to tenfold, this seems reasonable.
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If the correlation factors become larger, here g, « 0.5 for negative interactions and g, > 2 for

positive interactions, approximation 9.19 holds only if k, and k;, differ at least 100-fold or more.

Note that in all cases, one may certainly not state K, = k;,.

Implementation in R and additional features

Similar to fit_K(...) (on page 104), one feeds the function fit_binding_isotherm(...)
in R with a tabular data object x. This table has side-by-side the measured (fractional) band
intensities for each R along with other variables that identify the measurement. One provides a
formula to calculate the observed binding isotherm (Equation 9.9) in dependence of the titrated
Rpsuchas formula = 1 * band_1 + 2 * band_2 ~ titrated_conc. From this formula,

the degree of the binding polynomial (Equation 9.5 or 9.11) is established if unstated.
For the fitting, there are several options:

— Fitting of the macroscopic stepwise binding constants K or the microscopic intrinsic binding
constants k. For the latter, the correlation coefficients ¢ must be provided as named vector
correlation = c(...).

— Fitting the constants for two groups specified in a column with the name declared with
INDEX = under the premise that k, (or Ky if reasonable) is group-specific, but binding to b
(and c where applicable) should be the same for both groups.

This is particularly useful when one fits data from experiments, in which only the DNA is
locally modified at site 4, e. g. by DNA methylation, but the sequence context and hence the

correlation functions are unlikely to change.

To minimize the chance of getting trapped in non-global minima across all combinations of
variables to estimate, one uses a grid-start approach for a non-linear least square fitting imple-
mented by the nls.multstart package (Padfield, et al., 2021). To evenly sample this space,

the binding constants are log-transformed.

NOTE: The binding constants are log-transformed dissociation constants K; = 1/K or K; = 1/k.

fit_binding_isotherm <- function(x, formula, degree = NULL, type = "macro", correlation,
INDEX = NULL, ..., start_ K d = c(-1, 4)) {

# required helper functions are on page 116

RL_isotherm <- function(...)
RL_isotherm_shared <- function(...)

# generate observed binding isotherm according to formula virtually

x <- dplyr::mutate(.data = x, .RL = !!formula.tools::lhs(formula))
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Implementation in R and additional features

# determine degree of binding polynomial to fit

if (is.null(degree)) degree <- length(formula.tools::lhs.vars(formula))
degree <- as.integer(degree); stopifnot(all(is.finite(degree), degree <= 3))
# further parameter parsing

LO <- formula.tools::rhs(formula); INDEX <- rlang::enquo (INDEX)

# construct formula according to shared/grouped or ungrouped evaluation

if (rlang::quo_is_null(INDEX)) {

FML <- substitute(.RL ~ RL_isotherm(conc_L = LO, pK_dl, pK_d2, pK_d3, upper, lower,

type = TO), 1list(LO = LO, TO = type))

# setup of start ranges, grid ranges and parameters not shown
starts <- list(...); iters <- list(...); params <- list(...)

} else {
INDEX <- rlang::as_name (INDEX); stopifnot(INDEX %inJ colnames(x))
FML <- substitute(.RL ~ RL_isotherm_shared(conc_L = LO, INDEX = IO,
pK_dl.x, pK_dl.y, pK_d2, pK_d3, upper.x, lower.x, upper.y, lower.y,

type = TO), 1list(LO = LO, IO = x[[INDEX]], TO = type))

# setup of start ranges, grid ranges and parameters not shown
starts <- list(...); iters <- list(...); params <- list(...)

# further parameter removal/expansion
if (degree < 3) {

iters$pK_d3 <- starts$pK_d3 <- params$pK_d3 <- NULL
FML <- do.call("substitute", list(FML, 1list(pK_d3 = Inf)))

if (degree < 2) {

iters$pK_d2 <- starts$pK_d2 <- params$pK_d2 <- NULL

FML <- do.call("substitute", list(FML, list(pK_d2 = Inf)))
}
11 <- sapply(params, min, na.rm = TRUE, USE.NAMES = TRUE)
ul <- sapply(params, max, na.rm = TRUE, USE.NAMES = TRUE)
1li <- sapply(starts, min, na.rm = TRUE, USE.NAMES = TRUE)
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ui <- sapply(starts, max, na.rm = TRUE, USE.NAMES = TRUE)

eval(rlang::call2(.fn = "nls_multstart", .ns = "nls.multstart", data = x,
formula = stats::as.formula(FML), iter = unlist(iters),
lower = 11, upper = ul, start_lower = 1li, start_upper = ui))

}

In terms of the programming technique to implement the broad set of model specifications,
nls.multstart requires a formula argument in which the variables to estimate must appear
as unassigned arguments of a function call (lines 40—42). In order to avoid creating three inde-
pendent functions to fit ¢; (x), ¢, (x), #5(x) etc., one can reduce the effort to a single function for
the highest degree, RL_isotherm(. . .), and create the required formula (lines 15,16 or 21-23)

from which one later removes any unwanted parts (lines 28-35).

RL_isotherm(...) allows to calculate binding isotherms up to n = 3. As for the single-site
binding models, I include two additional variables, lower and upper - lower, to account for
background and saturation offsets present in the quantitated signals. The realization of the

function is straightforward.

RL_isotherm <- function(conc_L, pK_dl, pK_d2, pK_d3, upper, lower, type = "macro") {
if (type == "micro") {

correlation <- c(correlation, c(ab = 0, bc = 0, ac = 0, abc = 0) [setdiff(
c("ab", "bc", "ac", "abc"), names(correlation))])

a <= 107(-pK_d1); b <- 107 (-pK_d2); c <- 107 (-pK_d3)
* b)
*x c)
*

c)

ab <- unname(correlation["ab"] * a
ac <- unname(correlation["ac"] * a
bc <- unname(correlation["bc"] * b

abc <- unname(correlation["abc'"] * b * ¢)

*
)

params <- c(a =a, b =b, ¢c =c, ab = ab, ac = ac, bc = bc, abc = abc)
} else {

params <- c(K1 = 107 (-pK_d1), K2 = 107 (-pK_d2), K3 = 107 (-pK_d3))
}

lower + (upper - lower) * gpf_ fraction_bound(x = conc_L, binding_constants = params,
type = type)

}

Moreover, one can resort to this function, when one requires to share some of the estimates

between two groups.
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RL_isotherm_shared <- function(conc_L, INDEX = NULL,
pK_dl.x, pK_dl.y = pK_dl.x, pK_d2, pK_d3,
upper.x, lower.x, upper.y = upper.x,
lower.y = lower.y, type = "macro") {
5 INDEX <- as.factor (INDEX)
if (length(levels(INDEX)) == 2) {
conc_L <- split(conc_L, INDEX, drop = FALSE)

rlx <- RL_isotherm(conc_L[[1]], pK_dl.x, pK_d2, pK_d3, upper.x, lower.x, type)
rly <- RL_isotherm(conc_L[[2]], pK_dl.y, pK_d2, pK_d3, upper.y, lower.y, type)

10 res <- list(rlx, rly); names(res) <- names(conc_L)
res <- unsplit(res, INDEX, drop = TRUE)

} else {

if (length(levels (INDEX)) > 2) warning("Data splits into more than 2 groups;
not grouping at all now.")

15 res <- RL_isotherm(conc_L, pK_dl.x, pK_d2, pK_d3, upper.x, lower.x, type = type)

res

9.6 Synopsis

Binding of ligands to multiple binding sites on a macromolecule such as proteins binding to

DNA makes the analysis of binding isotherms more complex.

1. Macroscopic stepwise equilibrium constants can be derived from Wyman's a generalized

binding polynomial for which I present here an implementation in R.

2. The exact modeling of the complete set of underlying microscopic equilibrium constants

requires experimentation in addition to band shift or filter binding assays.

3. However, if the differences in the microscopic association constants are large and the bind-
ing reactions almost independent of each other, K; of the macroscopic binding model is a

good predictor for the most affine intrinsic association constant k, in the microscopic model.

4. For the binding of a MBD to DNA with a single modified CpG and other non-modified CpG
dyads or further DNA binding motifs, this assumption may hold true.
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Endnotes

Strictly speaking, one assumes that the activity of both entities is proportional to their concentration; which appro-

priate for sufficiently dilute solutions.

The parameter and function names used in ‘summerrband” differ from the shown ones: The dissociation constant
K; = 1/K with fit_Kd(...) is fitted and in practice the concentration of the ligand under the name RO = ...
provided. The argument names were chosen such that it is generally more intuitive to titrate a ligand than a receptor.

Only a part of the function implementation is shown.

This setup gives the user full control the fitting algorithm. The default choice is the Levenberg-Marquat algorithm

implemented in minpack.1lm: :n1sLM rather than the shown Gauss-Newton algorithm of base: :nls.

Altschuler et al. (2012) notes that “using a nucleic acid concentration that is too high is one of the most commonly

made mistakes in EMSA and filter binding experiments”.

Note that during model fitting, one introduces a saturation factor such that the isotherm 9, (x) may be scaled and

its absolute maximum value, i. e. the number of bound ligands , be freely chosen.

One solution of the system of equations are the harmonic means for K, = (k,;, + k,o + kp.) /Ky with k,;, = 2k,ky,
k,e = 2k;k., ky. = 2kpk. and for K3 = ky./(KiKy) with k. = 6k kyk.; suggesting for no reason high positive

cooperativity.
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Chapter 10
Conclusions

With the work presented in this thesis, I have contributed (1) a platform to screen millions of
protein-DNA interactions for the specific recognition of modified cytosines on the bacterial cell
surface, (2) a systematic biochemical characterization and compilation of available reports on
the binding specificity of different methyl-CpG-binding domains towards specific combinations
of modified cytosines in CpG dyads, and (3) several engineered proteins based on this domain
which, for the first time, allow to probe the presence of specific combinations of modified cy-
tosines in CpG dyads as well as to gain further knowledge about the rules that can govern such
interactions. These contributions will aid our further understanding of the role and relevance
of strand-symmetrically and strand-asymmetrically modified CpG dyads in the genome where

they may serve as distinct, probably epigenetic signals for the organism.

Monitoring protein—~DNA interactions on the bacterial cell-surface

An enabling technology for the discovery of MBDs with novel DNA binding selectivity was an
assay by which the DNA—protein interactions could be probed for surface-displayed protein

passengers. Particularly successful was the screening of a degenerated MeCP2 library.

AIDA-I-mediated MBD cell surface display. With the bacterial cell surface display platform
established for this work, I was able to display all five human MBDs in a functional state and in-
ducible manner on the bacterial cell surface with minor adjustments to the specific passenger. In
the best case encountered with MBD2, an average cell displayed about 50,000 functional MBD
molecules. Yet the usage of bacterial cell surface display platforms to probe protein-DNA inter-
actions is rare in the literature. In the present case, this choice had very likely an unexpected
advantage over yeast and other eukaryotic cell surface display platforms for the screening of
interactions with non-canonical DNA nucleobases. Surprisingly, all candidate MeCP2 variants
tested to date showed significantly reduced binding to CpA dinucleotides whereas wildtype
MeCP2, capable of engaging with this combination, remained but poorly displayed. If this was
not out of intrinsic biophysical necessity or pure coincidence, it could be hypothesized that
the temporary exposure to the bacterial nucleoid could have served as a counterselection to
sequester passengers with binding affinity towards undesired combinations of canonical DNA
nucleobases such as to CpA dinucleotides in the cell. Mechanistically, the passenger must re-
main unfolded during the autotransport. However, this applies only to the passage of the outer
membrane; The translocation of the inner membrane is mediated by the Sec translocon for which
co- and post-translational pathways have been described during which a folded protein can be
unfolded again (Denks, et al., 2014). By whichever means, counterselections that precede the
display of the protein variant are extremely valuable for directed evolution as they increase lig-

and (or substrate) specificity as well as activity of the retrieved candidates. Therefore they are
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often purposefully engineered into the displaying host (Yi, etal., 2013). An important corollary
is though that general or sequence-specific binders of DNA could be difficult to display on the

bacterial platform.

Fluorescence-activated MBD-DNA binding assay. In contrast to the kinetic screening of pro-
tein-ligand interactions commonly used in conjunction with surface display platforms, a ther-
modynamically controlled, competitive screening assay was established in this work. This as-
say could be sufficiently optimized to conform with the display levels and requirements of
MBD proteins. Importantly, DNA concentrations were chosen such that relevant low nanomo-
lar binding selectivities could be determined both in a “one-color” and a ‘two-color” setup with
high specificity and high sensitivity. Indeed, this screening setup has afforded a MeCP2 variant
with nanomolar binding affinity comparable to the wildtype protein but with reversed binding
selectivity for 5mC/5mC and 5hmC/5mC dyads. In the future, these protocols could serve as

a blueprint for characterizing other protein-DNA interactions.

Providing a framework to characterize MBD-DNA binding specificities

Although the first member of the MBD protein family was discovered more than 30 years ago
(Meehan, et al., 1989) and many studies have characterized the various members of the fam-
ily using different techniques and probes, a systematic compilation of this data and a unified

approach that comprehensively characterized the different domains has been missing.

With this work, I provide a summary on the current knowledge about the common and distinct
properties of individual MBDs as reported in the literature and along with this a compendium
of biochemical parameters such as their binding affinity towards different modified and un-
modified DNA duplexes. This motivated to close some gaps for missing or ambiguous pieces
of data. In particular, I have contributed a comprehensive study on five human MBDs for their
binding specificity towards different combinations of modified and unmodified cytosines in
CpG dyads (Buchmuller, et al., 2020). This study has revealed remarkable differences between
the different members of this overall conserved domain. Also, a previously overlooked interac-
tion of MBD3 with 5caC/5caC CpG dyads could be identified which might be of some biological

relevance.

Engineering MBDs with novel DNA binding selectivity

This work presents the first man-made proteins that simultaneously recognize strand-asym-
metrically modified cytosines in single CpG dyads in double-stranded DNA. Importantly, they

are not only the first proteins that engage with two different modified cytosines in a DNA duplex,
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but also some of the rare examples for an engineered protein that employs a “positive mode’ of
recognition towards modified DNA nucleobases (Liu, et al., 2020; Maurer, et al., 2018; Zhang,
et al., 2017) while ‘negative’ (Kubik, et al., 2015; Maier, et al., 2017) or ‘neutral modes’ (Gief,
et al., 2018; Maurer, et al., 2016; Tam, et al., 2016) are more commonly found, probably because

it is easier to obliterate an interaction than to create one.

All engineered proteins in this work could be derived from the MBD of MeCP2 and were
retrieved from a screen of degenerated MeCP2 variants, a natural protein that engages with
strand-symmetrically modified 5mC/5mC CpG dyads. Of course, there is no guarantee that an
(artificial) evolutionary trajectory from the wildtype to a protein with the desired function ex-
ists. In light of the sequence conservation and variation observed within the five human MBDs
and related homologs, this might have seemed as improbable as possible. Many positions in the
primary sequence of the MBD are highly conserved and of structural importance for the domain
or its specific engagement with CpG dyads. Our analysis of disease-associated (MeCP2-)MBD
mutants confirmed that single amino acid substitutions at these sites had detrimental effects es-
pecially for their engagement with oxidized 5-methylcytosines (Buchmuller, et al., 2020). For
example, MeCP2[S134C] replaces a single oxygen atom with a sulfur atom and lost more than
50-fold in relative affinity for 5ShmC/5hmC and CpG dyads with higher oxidized cytosines. On
the other hand, the present substitutions at less conserved positions in the primary sequence
did not affect the binding preference for fully methylated 5mC/5mC CpG dyads over any other
combination of oxidized 5-methylcytosine or unmodified cytosines (with a single non-binding
exception). However, the ensuing subtle three-dimensional structural differences in the five
domains lead to remarkably different affinities towards non-5mC/5mC CpG dyads, suggesting

that trajectories exist to ‘tune’ the binding selectivity of the domain.

On the basis of the data presented from the high-throughput screening of the degenerated
MeCP2 domain at four positions in close vicinity to the CpG dyad in the DNA binding site, sev-
eral (short) trajectories towards the accommodation of 5hmC/5mC, 5caC/5mC and 5caC/5caC
existed for which common substitution patterns could be determined. These often involved
serine-134, a residue which was also replaced in the more closely characterized 5hmC/5mC-se-
lective mutant MeCP2[K109T/V122A/S134N | and found in vicinity of the 5ShmC nucleobase in
the CpG dyad (DEER measurements in collaboration with J. Dréden and Prof. Dr. M. Drescher,
University of Konstanz). The same position was substituted with arginine in 5caC/5mC-selec-
tive MeCP2 mutants, offering in both cases the possibility for direct molecular interactions via

hydrogen bonding or electrostatic interactions.

In the MeCP2[K109T/V122A/S134N | mutant, two known mechanisms to engage with 5hmC
and 5mC nucleobases are likely deployed based on the currently available data. The methyl
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group of 5mC could take place like in the wildtype via CH---O hydrogen bonding involving
potentially a structured water, while the hydroxyl group of 5hmC might be engaged via a car-
bonyl hydrogen bonding as reported for the base-flipper UHRF2. Further, the Ala-122 substi-
tution was critical for the selective interaction with 5hmC/5mC over 5mC/5mC CpG dyads.
Although the structural basis remains to be elucidated, one can already indulge in speculation.
Since the residue resides at some distance to the dyad, it could be involved in shape recogni-
tion of the altered DNA double-helix or it could involve the correct positioning of the strand B3
relative to the Asx-ST motif and the helix a1. Probably, interactions around this Asx-ST motif
with the backbone DNA double-strand contributed in addition to the determinants at the DNA
binding site to a preferred orientation of wildtype and mutant MeCP2 as revealed by DEER.
Only if both requirements were sufficiently satisfied in a given DNA sequence context, modifi-
cation-specific low nanomolar binding affinities could be observed. In some sequence contexts,
modified cytosines in a single CpG dyad could therefore contribute more or less strongly to the

overall affinity with which a single DNA duplex is occupied.

This finding has probably important implications for the detection and discrimination of indi-
vidual modified CpG dyads in a DNA duplex, both for the biological role of wildtype MeCP2
in an organism and for the technological application of MeCP2 mutants to reveal genomic sites.
In the latter case, it might be necessary to carry out such assays under stringent binding con-
ditions and/or at a limiting concentration of the MBD to preferentially engage with those CpG
dyads that contain the desired modified cytosines. Although a differential enrichment using
wildtype and MeCP2[K109T/V122A/S134N] in separate reactions would need particular ana-
lytical focus on correcting (McCarthy, et al., 2016) the wildtype's binding of CpA dinucleotides
which is almost absent in the reported mutants, a venue to control spurious binding in non-
CpG contexts could be to simultaneously apply the wildtype and mutant MBD in a mixture in
which only the mutant carries a second affinity tag to purify the DNA-MBD complexes that
contain the desired CpG dyads. If in the future a higher binding affinity was needed for one of
the variants, then a concatemeric MBD could be used (Jorgensen, et al., 2006). Given that the
presented MeCP2[K109T/V122A /S134N | mutant has similar but reversed binding affinity as
the successfully commercialized wildtype MeCP2 in kits for the genomic enrichment of fully

methylated CpGs (Kangaspeska, et al., 2008), a biotechnological application seems possible.

Irrespective of additional improvements that potentially benefit the performance of the binders,
the creation of MBD variants with novel selectivity towards individual combinations of mod-
ified cytosines in particular to strand-asymmetrically modified CpG dyads provided already
exciting insights into the requirements for implementing such interactions on the confined in-
teraction surface on the DNA major groove. Similarly exciting discoveries for other combina-

tions lay ahead in the future.
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The examination of the MeCP2[K109T/V122A /S134N |-DNA complex at the biochemical and
molecular level fostered our understanding of principles that guide such recognitions by means
of different molecular interactions in a single CpG dyad on the DNA double-strand. Addi-
tional MBD variants with other binding specificities would therefore add valuable informa-
tion to complete our understanding of strand-symmetric and strand-asymmetric recognition.
Whether or not an MBD variant exists with binding specificity for any arbitrary combination
of modified cytosines, e. g., one that involves 5fC, can only be determined by experimentation.
Potentially, a more gradual directed evolutionary engineering approach with less substitutions
as have been tested here could be helpful. In such an approach promiscuous variants could be
considered as intermediates of an evolutionary trajectory towards more selective variants. The
site-saturated screening of additional sites in the secondary shell of the DNA binding site could
also be essential towards this goal (such as Val-122 was an essential substitution for 5hmC/5mC
specificity). To identify these sites in the first place however, probably a random search in the
sequence space using error-prone PCR could be necessary. Motivated by this initial work, such

screenings are a logical next step.

By similar means to different ends, more selective variants or variants that are less dependent
on additional sequence contexts could be screened for. Also an MeCP2 domain that retained
5mC/5mC CpG-selectivity but had significantly reduced affinity for CpA, 5mCpA and 5hm-
CpA dinucleotides would be an invaluable asset to investigate the molecular underpinnings of
Rett syndrome (Tillotson, et al., 2021) and its contribution to physiological function in neurons
(Ibrahim, et al., 2021). Even the use of the cell surface display system for proteins other than

the MBD seems possible and could reveal maybe even natural binders of modified CpG dyads.

In general, binders that selectively recognize specific combinations of modified cytosines in
CpG dyads would enable us for the first time to directly examine the distribution of these sites
in the genomic DNA and thereby contribute largely to the elucidation of their biological role.
Very likely, they could be involved in transcription and chromatin regulation (Iurlaro, et al.,
2013; Spruijt, et al., 2013), serving either as distinct regulatory signals or creating “poised” sites
which can recruit cellular factors that engage with one of both modifications. However, such
undertaking must also be guided by the fact that modified cytosines are rare constituents of
genomic DNA even in neural tissue and certain combinations hence even rarer. It would there-
fore not come as a surprise to see such engineered binders first being used in a targeted manner
(Lungu, et al., 2017) or in combination with ultra-sensitive chromatin enrichment strategies
(Kaya-Okur, et al., 2019). As an alternative to these physiological systems, one could consider

transient TET overexpression in vivo or the examination of TET oxidation in vitro where distinct

125



Chapter 11  Future development and outlook

combinations could be more frequent (Kizaki & Sugiyama, 2014). In these experiments, the
engineered MBDs with different binding specificity would block a CpG dyad that has acquired
a certain combination of modified cytosines from further modification and thereby reveal the
processivity of the enzyme for an individual target. In contrast to chemical labeling strategies
this protein-based detection could be carried out simultaneously to the oxidation reaction un-

der physiologically relevant conditions.

Since modified cytosine nucleobases have been linked to a number of diseases including neuro-
developmental disorders and cancer, also a biomedical, diagnostic application of engineered
MBD variants is conceivable. Particularly, of course, in cases in which distinct combinations of
modified cytosines at a genomic locus would be relevant. An area that is still underexplored. In
this context it is noteworthy that MBDs have been part of procedures with purified or pre-en-
riched genomic DNA in real-time single-molecule detection systems for epigenomics (Cipriany,
etal., 2012; Yu, et al., 2010).

In summary, this work presents the first MBDs with a strand-asymmetric DNA binding mode
and offers valuable insights into the molecular recognition of distinct combinations of modi-
fied cytosines in CpG dyads. It also serves as a methodological blueprint for the screening of
further MBD variants or other DNA-binding proteins with respect to the recognition of modi-
tied DNA nucleobases. Beyond this, the engineered MBDs presented in this work can be used
as molecular probes to decipher previously hardly accessible information about combinations
of DNA modification in the single DNA double-helix in native chromatin and thus open an

exciting way to study their epigenetic role in the future.

o

®

126



Resources
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Chapter 12
Materials

Hosts and vectors

All bacterial strains used in this work are non-enteropathogenic Escherichia coli (Castellani and
Chalmers, 1919) B or K-12 isolates (Table 12.1). The genetic materials transformed into the

recipient hosts conformed with biosafety level 1 regulations.

Table 12.1 Bacterial strains.

Strain Genotype, Origin and Notes

BL21-Gold(DE3) F~ hsdSg (rg mg) gal dem* endA1 ompT A\(DE3) Tet" Hte
Agilent Technologies (Waldbronn, Germany), cat. no. 230132
NOTES: Bisolate engineered for high transformation efficiency and high protein yields with T7 RNA
polymerase; Lacks the Lon and the OmpT protease; Resistant to tetracycline. The Dcm methylase,
naturally missing in E. coli B, is inserted.

Tuner™(DE3) F~ hsdSg (rg mg) gal dcm ompT lacY1(DE3)
Novagen™ Merck (Darmstadt, Germany), cat. no. 70623.
NOTES: BL21 derivate for titratable exogenous expression of proteins due to lacZY deletion break-
ing the positive feedback regulation within the /ac operon.

DH5a F~ hsdR17 (rx my) ¢80/acZAM15 A(lacZYA-argF)U169 recA1 endA1 relA1 phoA supE44 thi-1
gyrA96 A~

Invitrogen™ Thermo Fisher Scientific (Schwerte, Germany), cat. no. 18265017.

NOTES: K-12 isolate that prevents unwanted recombination of transformed DNA due to recAT;
Cells are sensitive to UV irradiation; gyrA96 confers resistance to CcdB colicin.

DH10B (TOP10™) F~ mcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15 A(lac)X74 recA1 endA1 araD139 A(araA-leu)7697
galU galK rpsL(Str") nupG
Invitrogen™ Thermo Fisher Scientific (Schwerte, Germany), cat. no. C404003.
NOTES: K-12 isolate for uptake of large plasmids since deoxyribose is constantly synthesized;
Used with recombinant mammalian and plant DNA and during library construction of such. Titratable
araBCD™ phenotype since araBA deleted and araC and araD have inactivating point mutation.

GH371 F~ mcrA A(mrr-hsdRMS-mcrBC) ©80lacZAM15 A(lac)X74 recA1 endA1 araD139 A(araA-leu)7697
galU galK rpsL(Str") nupG fhuA::1S2 upp™

Obtained from J. W. Chin.
NOTES: Derived from DH10B; Resistant to 5-fluorouracil, allows negative genetic selection.

Table 12.2a Plasmids.

Identifier Purpose Gene* Backbone Marker
p1680  Template pBAD33.1 cm'
p1733 Template pBluescript SK(+)  Amp'
p2606 Other Hisg—~MBP-TEV pOPIN Amp’
p1379 Entry (expression) MBP—-Hisg pET21d(+) Amp’
p1380 Entry (expression) SpA(Z)—Hisg pET21d(+) Amp’

p1705 Entry (expression) SP-AIDAC pBAD33.1 cm'
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Table 12.2b Plasmids.

Identifier Purpose Gene” Backbone Marker
p1780 Entry (expression) SpA(Z)-Hisg pET21d(+) cm'
p1785 Entry (expression) MBP—Hisg pET21d(+) cm'
p2720 Entry (expression) GST—Hisg pGEX-6P-1 Amp'
p1383 Entry (surface display) SP-AIDAC pET21d(+) Amp'
p1384 Expression MBP-MBD1-Hisg pET21d(+) Amp'
p1385 Expression MBP-MBD2-Hisg pET21d(+) Amp'
p1386 Expression MBP-MBD3—-Hisg pET21d(+) Amp'
p1387 Expression MBP-MBD4-Hisg pET21d(+) Amp'
p1388 Expression MBP-MeCP2-Hisg pET21d(+) Amp'
p1389 Expression SpA(Z)-MBD1-Hisg pET21d(+) Amp'
p1390 Expression SpA(Z)-MBD2-Hisg pET21d(+) Amp'
p1391 Expression SpA(Z)-MBD3-Hisg pET21d(+) Amp'
p1392 Expression SpA(Z)-MBD4-Hisg pET21d(+) Amp'
p1393 Expression SpA(Z)-MeCP2-Hisg pET21d(+) Amp'
p1781 Expression hit SpA(Z)-MeCP2[K109S/V1221/Y123T/S134N]-Hisg pET21d(+) Amp'
p1782 Expression hit SpA(Z)-MeCP2[K109T/V122T/Y123T/S134K]-Hisg pET21d(+) Amp'
p1783 Expression hit SpA(Z)-MeCP2[K109T/V122A/S134N]-Hisg pET21d(+) Amp'
p1856 Expression hit MBP-MeCP2[K109T/V122T/Y123T/S134K]-Hisg pET21d(+) Amp'
p1857 Expression hit SpA(Z)-MeCP2[K109T/V122A/S134N]-Hisg pET21d(+) Cm'
p1859 Expression hit MBP-MeCP2[K109T/V122A/S134N]-Hisg pET21d(+) Ccm'
p2080 Expression hit MBP-MeCP2[V122C/Y123S/S134Q]-Hisg pET21d(+) Amp'
p2081 Expression hit MBP-MeCP2[K109A/V122C/Y123F/S134R]-Hisg pET21d(+) Amp'
p2082 Expression hit MBP-MeCP2[V122L/Y123T/S134R]-Hisg pET21d(+) Amp'
p2083 Expression hit MBP-MeCP2[K109V/Y123D/S134R]-Hisg pET21d(+) Amp'
p2084 Expression hit MBP-MBD2[V164R/S183V]-Hisg pET21d(+) Amp'
p2526 Expression hit MBP-MeCP2[K109T/V122C/S134N]-Hisg pET21d(+) Amp'
p2527 Expression hit MBP-MeCP2[K109T/V122T/Y123Q/S134K]-Hisg pET21d(+) Amp'
p2528 Expression hit MBP-MeCP2[K109A/V122L/Y123M/S134R]-Hisg pET21d(+) Amp'
p1642 Expression mutant SpA(Z)-MeCP2[S134C]-His- pET21d(+) Amp'
p1643 Expression mutant SpA(Z)-MeCP2[L124F]-His~ pET21d(+) Amp'
p1644 Expression mutant SpA(Z)-MeCP2[R133C]-His, pET21d(+) Amp'
p1645 Expression mutant SpA(Z)-MeCP2[T158M]-His- pET21d(+) Amp'
p2090 Expression mutant MBP-MeCP2[R133A]-Hisg pET21d(+) Amp'
p2091 Expression mutant MBP-MeCP2[R111A/R133A]-Hisg pET21d(+) Amp'
p2469 Expression mutant MBP-MBD2[R22A/R44A]-Hisg pET21d(+) Amp'
p2470 Expression mutant MBP-MBD2[R44A]-Hisg pET21d(+) Amp'
p2525 Expression mutant MBP-MeCP2[K109T/V122C/S134T]-Hisg pET21d(+) Amp'
p2529 Expression mutant MBP-MeCP2[Y123M]-Hisg pET21d(+) Amp'
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Table 12.2¢ Plasmids.

Identifier Purpose Gene”* Backbone Marker
p2603 Expression mutant MBP-MBD2[V164T/V177A/S189N]-Hisg pET21d(+) Amp'
p2623 Expression mutant MBP-MBD2[V164T]-Hisg pET21d(+) Amp'
p2635 Expression mutant MBP-MBD2[V164T/V177A/S189N]-Hisg pET21d(+) Amp'
p2636 Expression mutant MBP-MBD2[S189N]-Hisg pET21d(+) Amp'
p2653 Expression mutant MBP-MeCP2[K109T/V122A/S134N/T158M]-Hisg pET21d(+) cm'
p2654 Expression mutant MBP-MeCP2[T158M]-Hisg pET21d(+) Amp'
p2657 Expression mutant MBP-MeCP2[K109T/V122A/S134N/ATVTG]-Hisg pET21d(+) Cm'
p2658 Expression mutant MBP-MeCP2[ATVTG]-Hisg pET21d(+) Amp'
p2668 Expression mutant MBP-MeCP2[K109T/V122A/S134N/ALDPND]-Hisg pET21d(+) Cm'
p2669 Expression mutant MBP-MeCP2[ALDPND]-Hisg pET21d(+) Amp'
p2687 Expression mutant MBP-MeCP2[K109T/V1221/S134N]-Hisg pET21d(+) Ccm"
p2688 Expression mutant MBP-MeCP2[K109T/V122L/S134N]-Hisg pET21d(+) Amp'
p2689 Expression mutant MBP-MeCP2[K109T/V122G/S134N]-Hisg pET21d(+) cm'
p2706 Expression mutant MBP-MeCP2[K109T/S134N]-Hisg pET21d(+) Ccm'
p2573 Expression variant MBP-MeCP2[A117C]-Hisg pET21d(+) Amp'
p2574 Expression variant MBP-MeCP2[A140C]-Hisg pET21d(+) Amp'
p2575 Expression variant MBP-MeCP2[G161C]-Hisg pET21d(+) Amp'
p2576 Expression variant MBP-MeCP2[G146C]-Hisg pET21d(+) Amp'
p2577 Expression variant MBP-MeCP2[K109T/V122A/S134N/A117C]-Hisg pET21d(+) Amp'
p2578 Expression variant MBP-MeCP2[K109T/V122A/S134N/A140C]-Hisg pET21d(+) Amp’
p2579 Expression variant MBP-MeCP2[K109T/V122A/S134N/G161C]-Hisg pET21d(+) Amp’
p2580 Expression variant MBP-MeCP2[K109T/V122A/S134N/G146C]-Hisg pET21d(+) Amp'
p1727 Library SP-MeCP2[K109X/V122X/Y123X/S134X]-AIDAC pET21d(+) Amp'
p1728 Library SP-MBD2[V164X/V177X/Y178X/S189X]-AIDAC pET21d(+) Amp'
p1938 Library SP-MBD1[V20X/T33X/Y34X/S45X]-AIDAC pET21d(+) Amp'
p1941 Library SP-MBD3[V20X/V33X/Y35X/S45X]-AIDAC pET21d(+) Amp’
p1944 Library SP-MBD4[K82X/K108X/K109X/K120X]-AIDAC pET21d(+) Amp'
p2594 Library SP-MeCP2[K109X/Q110X/S113X/S116X]-AIDAC pET21d(+) Amp'
p2596 Library SP-MeCP2[Y120X/V122X/Y1234/F132X/S134X]-AIDAC  pET21d(+) Amp'
p2598 Library SP-MeCP2[S116X/G118X/K119X/Y120X]-AIDAC pET21d(+) Amp'
p1566 Surface display SP-MBD1-AIDAC pET21d(+) Amp’
p1567 Surface display SP-MBD2-AIDAC pET21d(+) Amp’
p1568 Surface display SP-MBD3-AIDAC pET21d(+) Amp’
p1569 Surface display SP-MBD4-AIDAC pET21d(+) Amp’
p1570 Surface display SP-MeCP2-AIDA® pET21d(+) Amp’
p1706 Surface display SP-MBD1-AIDAC pBAD33.1 Ccm'
p1707 Surface display SP-MBD2-AIDAC pBAD33.1 cm'
p1708 Surface display SP-MBD3-AIDAC pBAD33.1 cm'
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Table 12.2d Plasmids.

Identifier Purpose Gene” Backbone Marker
p1709 Surface display SP-MBD4-AIDA® pBAD33.1 Cm'
p1710 Surface display SP-MeCP2-AIDA® pBAD33.1 Cm'
p2370 Surface display SP-MeCP2[R11 1A/Fi133A]—AIDAC pET21d(+) Amp'
p1777 Surface display hit SP-MeCP2[K1 098/V122I/Y123T/S134N]—AIDAC pET21d(+) Amp'
p1778 Surface display hit SP-MeCP2[K1 09T/V122T/Y123T/S134K]—AIDAC pET21d(+) Amp'
p1779 Surface display hit SP-MeCP2[K1 09T/V122A/S134N]—AIDAC pET21d(+) Amp'
p2060 Surface display hit SP-MeCP2[K1 09D/V1220/S134N]—AIDAC pET21d(+) Amp'
p2061 Surface display hit SP-MeCP2[K1 09R/V122Y/Y123V/S134H]—AIDAC pET21d(+) Amp'
p2062 Surface display hit SP-MBD2[V164R/V1 77F/S183V]—AIDAC pET21d(+) Amp'
p2064 Surface display hit SP-MeCP2[V122C/Y1235/S134Q]-AIDAC pET21d(+) Amp'
p2065 Surface display hit SP-MeCP2[K109A/V122C/Y123F/S134R]-AIDAC pET21d(+) Amp'
p2066 Surface display hit SP-MeCP2[V122L/Y123T/S134R]-AIDAC pET21d(+) Amp'
p2073 Surface display hit SP-MeCP2[K109V/Y123D/S134R]-AIDAC pET21d(+) Amp'
p2644 Surface display hit SP-MeCP2[K109T/V122T/Y123Q/S134K]-AIDAC pET21d(+) Amp'
p2621 Surface display mutant SP—MBD2[V164T]—AIDAC pET21d(+) Amp'
p2633 Surface display mutant SP—MBD2[V164T/V177A/S189N]—AIDAC pET21d(+) Amp'
p2634 Surface display mutant SP—MBD2[8189N]—AIDAC pET21d(+) Amp'
p2637 Surface display mutant SP-MeCP2[K109T/V122I/S1 34N]—AIDAC pET21d(+) Amp'
p2638 Surface display mutant SP—MeCP2[K109T/V122L/S134N]—AIDAC pET21d(+) Amp'
p2639 Surface display mutant SP—MeCP2[K109T/V122G/S134N]—AIDAC pET21d(+) Amp'
p2462 Application SpA(Z)-MBD2-MNase—Hisg pET21d(+) Amp'
p2483 Application MBP-MBD2-MNase-Hisg pET21d(+) Amp'
p2729 Application GST-MeCP2-Hisg pGEX-6P-1 Amp'
p2730 Application GST-MeCP2[K109T/V122A/S134N]-Hisg pGEX-6P-1 Amp'
p2731 Application GST-MeCP2[R111A/R133A]-Hisg pGEX-6P-1 Amp'
p2774 Application MBP-MeCP2-GST-Hisg pET21d(+) Amp'
p2775 Application MBP-MeCP2[K109T/V122A/S134N]-GST-Hisg pET21d(+) Cm'
p2776 Application MBP-MeCP2[R111A/R133A]-GST-Hisg pET21d(+) Amp'

* SP = signal peptide

Oligonucleotides and probes

Oligonucleotides were synthesized by Merck KGaA (Darmstadt, Germany) or by metabion

GmbH (Planegg/Steinkirchen, Germany) if they contained oxidized 5-methylcytosines. The

desalted or for spectroscopic measurements HPLC-purified oligonucleotides were stocked at

100 uM in ultrapure water. Gene fragments were purchased from Integrated DNA Technolo-

gies (Leuven, Belgium) or GENEWIZ Germany GmbH (Leipzig, Germany).
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Table 12.3a Oligonucleotides for DNA duplex probes.

Identifier Sequence

Modifications

02968
02969
03416
03417
02906
02967
03115
03116
03117
02907
02904
02909
03112
03113
03114
02905
02908
03082
03083
03244
03081
03211
03212
03213
03245
03214
03215
03216
03217
02903
04345
04277
04278
04279
04839
04850
04328
04329

AAAAAAAAAAAAAAAAAAAAAAAA
TTTTTTTTTITTTTTITTITTTITT
AAAAAAAAAAADHAAAAAAAAAAA
ITTTTTTTTTTTIDHTTITTTITTTITT
AAAAAAAAAAACGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
TTTTTTTTTTTCGTTTTTTTTTTT

TTTTTTTTTTTCGTTTTTTTTTTT

ITTTTTTTTTTTXGTTTITTITTTTT

TTTTTTTTTTITXGTTITTITTTTT

TTTTTTTTTTTXGTTTITTITTTTT

TTTTTTTTTTTXGTTTTTTTTTTT
AAAAAAAAAAACGAAAAAAAAAAA
AAAAAAAAAAACGAAAAAAAAAAA
TTTTTTTTTTTXGTTTTTTTTTZT

TZTTTTTTTTITXGTTTTTITTTZT
AAAAAAAAAAACGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
TTTTTTTTTTTCGTTTTTTTTTTT

ITTTTTTTTTTTXGTTTTTTITTTITT

TTTTTTTTTTTXGTTTTTTITTTTT

ITTTTTTTTTTTXGTTTTTITTTTT

ITTTTTTTTTTTXGTTTTTITTTTT
AAAAAAAAAAACGAAAAAAAAAAA
AAAAAAAAAAAXGAAAAAAAAAAA
AAAAAAAAAAATGAAAAAAAAAAA
TTTTTTTTTTTXATTTTTTTTTTT

TTTTTTTTTTTCATTTTTTTTTTT

TTTTTTTTTTTXATTTTTTTTTTT
AAAAAAAAAAAXAAAAAAAAAAAA
TTTTTTTTTTTCGTTTT*TTTTTTT
AAAAAAAAAAACGAAAAXAAAAAAA

5'-FAM

5'-FAM; X = 5mC
5'-FAM; X = 5hmC
5'-FAM; X = 5fC
5'-FAM; X = 5caC
5'-FAM

X=5mC

X =5hmC

X =5fC

X =5caC

5'-Pacific Blue

5'-TAMRA

5'-Btn-TEG; X = 5mC, Z = Btn-dT
5'-Btn-TEG; X = 5mC, Z = Btn-dT
5'-Btn

5-Btn-TEG; X = 5mC
5'-Btn; X = 5hmC

5'-Btn; X = 5fC

5'-Btn; X = 5caC

5'-Btn-TEG

5'-Btn; X = 5mC
5'-Btn; X = 5hmC

5'-Btn; X = 5fC

5'-Btn; X = 5caC

X =5hmC
5'-FAM
X =5mC

X =5hmC
X =5hmC
5'-FAM; * = 3'-5' phosphorothioate
5'-FAM; * = 3'-5' phosphorothioate
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Table 12.3b Oligonucleotides for DNA duplex probes.

Identifier Sequence

Modifications

01516
01529
04497
01517
01520
04498
01518
01521
01591
01617
04499
01592
01593
0476

01152

04379
0517

0520

04823

04524
04687
04552

CTTCCTCTTCCGTCTCTTTCCTTTTACGTCATCCGGGGGCAGACT
AGTCTGCCCCCGGATGACGTAAAAGGAAAGAGACGGAAGAGGAAG
AGTCTGCCCCCGGATGACGTAAAAGGAAAGAGAXGGAAGAGGAAG
CTTCCTCTTCXGTCTCTTTCCTTTTACGTCATCCGGGGGCAGACT
CTTCCTCTTCXGTCTCTTTCCTTTTACGTCATCCGGGGGCAGACT
AGTCTGCCCCCGGATGAXGTAAAAGGAAAGAGACGGAAGAGGAAG
CTTCCTCTTCCGTCTCTTTCCTTTTAXGTCATCCGGGGGCAGACT
CTTCCTCTTCCGTCTCTTTCCTTTTAXGTCATCCGGGGGCAGACT
GGCCAGCCAGTCAGCCGAAGGCTCCATGCTGCTCCCCGCCGCCGGC
GCCGGCGGCGGGGAGCAGCATGGAGCCTTCGGCTGACTGGCTGGCC
GCCGGCGGCGGGGAGCAGCATGGAGCCTTXGGCTGACTGGCTGGCC
GGCCAGCCAGTCAGCXGAAGGCTCCATGCTGCTCCCCGCCGCCGGC
GGCCAGCCAGTCAGCXGAAGGCTCCATGCTGCTCCCCGCCGCCGGC

5'-FAM; X = 5mC
X'=5mC

X =5hmC
5'-FAM; X = 5mC
X'=5mC

X =5hmC

5'-FAM; X = 5mC
X =5mC
X =5hmC

TGGATTCCCACTCTTCAGCCCCAGCGTTACAGCATCTTCAGTGGCTTCTTCCACC

TGAGCTCTTCCGTTTCCACATCC

GGATGTGGAAACGGAAGAGCTCACGGTGGAAGAAGCCACTGAAGATGCTGTAACG

TGGGGCTGAAGAGTGGGAATCCA
GGAAAXGGAAGA

5'-FAM; X = 5mC

TGGATTCCCACTCTTCAGCCCCAGCGTTACAGCATCTTCAGTGGCTTCTTCCACC X =5mC

TGAGCTXTTCXGTTTCCACATCC

TGGATTCCCACTCTTCAGCCCCAGCGTTACAGCATCTTCAGTGGCTTCTTCCACC X =5hmC

TGAGCTCTTCXGTTTCCACATCC

GGATGTGGAAAXGGAAGAGCTCACGGTGGAAGAAGCCACTGAAGATGCTGTAACG 5'-FAM; X = 5mC

TGGGGCTGAAGAGTGGGAATCCA

GATGAXGTAAAGTTTTCTTTAZGTCATC
GATGAXGTAAAGTTTTCTTTAZGTCATC
GATGACGTAAAGTTTTCTTTACGTCATC

X =5mC, Z =5hmC
X =5mC, Z=5mC

Table 12.4a Oligonucleotides for DNA sequencing.

Identifier Sequence

Purpose

0315
01590
03177
01412
040
03861
03862
02363
02364
02365

134

CGTAGAGGATCGAGATC

CTAGTTATTGCTCAGCGG
CCAAGTCCTCTTCAGAAATGAGC
TCCATAAGATTAGCGGATC

TAATCTGTATCAGGCTG
CTTCCTGGCACGAGNNNNNNAGGGCTGGACCCGTA
GAAACAGCTATGACNNNNNNTATGCGATCAACTCCACC
ATCACGCTTCCTGGCACGAG
CGATGTCTTCCTGGCACGAG
TTAGGCCTTCCTGGCACGAG

Sanger sequencing: pET T7 promoter
Sanger sequencing: pET T7 terminator
Sanger sequencing: c-Myc epitope

Sanger sequencing: pBAD araBAD promoter
Sanger sequencing: pBAD T1 terminator
NGS UMI: adapter

NGS UMI: adapter

NGS barcoding: forward barcode JO1

NGS barcoding: forward barcode J02

NGS barcoding: forward barcode JO3



Oligonucleotides and probes

Table 12.4b Oligonucleotides for DNA sequencing.

Identifier Sequence

Purpose

02366 TGACCACTTCCTGGCACGAG NGS barcoding: forward barcode J04
02367 ACAGTGCTTCCTGGCACGAG NGS barcoding: forward barcode J05
02368 GCCAATCTTCCTGGCACGAG NGS barcoding: forward barcode J06
02369 CAGATCCTTCCTGGCACGAG NGS barcoding: forward barcode J07
02370 ACTTGACTTCCTGGCACGAG NGS barcoding: forward barcode J08
03033 ATCACGGAAACAGCTATGAC NGS barcoding: reverse barcode JO1
03034 CGATGTGAAACAGCTATGAC NGS barcoding: reverse barcode J02
03035 TTAGGCGAAACAGCTATGAC NGS barcoding: reverse barcode J03
03036 TGACCAGAAACAGCTATGAC NGS barcoding: reverse barcode J04
03037 ACAGTGGAAACAGCTATGAC NGS barcoding: reverse barcode J05
03038 GCCAATGAAACAGCTATGAC NGS barcoding: reverse barcode J06
03039 CAGATCGAAACAGCTATGAC NGS barcoding: reverse barcode J07
03040 ACTTGAGAAACAGCTATGAC NGS barcoding: reverse barcode J08

Table 12.5a Oligonucleotides for cloning.

Identifier Sequence Purpose

02872 CTTTAAGAAGGAGATATACATATGGACAACAAATTCAACAAAGAAC Gibson: Z domain of SpA into pET
ACAAAACGC
02873 AGTGGTGGTGGTGGTGGTGCTCGAGAGACTGAAAATAAAGATTTTC Gibson: Z domain of SpA into pET
AGCCTTCCCTCGATAGAACCACTGCCAGATCCCGCGTC

02879 AAATCTTTATTTTCAGTCTCTCGAGGCAGAAGACTGGTTGGACTG  Gibson: MBD1 into pET
02880 GTGGTGGTGGTGGTGGTGACTAGTCACTGCTACGGGATGCG Gibson: MBD1 into pET
02882 AAATCTTTATTTTCAGTCTCTCGAGTCAGGCAAACGTATGGATTG  Gibson: MBD2 into pET
02883 GTGGTGGTGGTGGTGGTGACTAGTCAAGCGTTGCTTATTCTTC Gibson: MBD2 into pET
02885 AAATCTTTATTTTCAGTCTCTCGAGGAACGCAAACGCTGGGAATG  Gibson: MBD3 into pET
02886 GTGGTGGTGGTGGTGGTGACTAGTCACGCGTTGACGAGATTTATTC Gibson: MBD3 into pET
02888 AAATCTTTATTTTCAGTCTCTCGAGGCGACCGCAGGTACAGAG Gibson: MBD4 into pET
02889 GTGGTGGTGGTGGTGGTGACTAGTGAGATGGGATGTTAATGCTGCC Gibson: MBD4 into pET
02891 AAATCTTTATTTTCAGTCTCTCGAGGATCGTGGTCCTATGTATG Gibson: MeCP2 into pET
02892 GTGGTGGTGGTGGTGGTGACTAGTAGCTTTGGGTGATTTTGG Gibson: MeCP2 into pET
02893 CTCACGGCGTTTCCAACCTG PCR: MBD1 linearization
02894 AAGGTAGAATTGACCCGCTATC PCR: MBD1 linearization
02896 CTCCTCCTTTTTCCATCCGG PCR: MBD2 linearization
02897 GGCAAGAAGTTTCGCTCAAAAC PCR: MBD?2 linearization
04440 AAACCACAGTTAGCACGTTATTTGG PCR: MBD2 linearization
02899 CAATTTACGGGTCCAGCCCTC PCR: MeCP2 linearization
02900 AAGGTGGAGTTGATCGCATAC PCR: MeCP2 linearization
03004 GGATGCATATGGTTAAATTAAAATTTGGTGTTTTTTTTAC Gibson: AIDA-I into pET
03005 CGATCGTCGACAAGCTTCAGAAGCTGTATTTTATCC Gibson: AIDA-I into pET
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Table 12.5b Oligonucleotides for cloning.

Identifier Sequence

Purpose

03110
03111
03118
03119
03120
03121
03122
03123
03124
03125
03173
03174
03175
03176
03178
03179
03180
03006
03894
03895
04254
04255
04256
04257
04258
04259
04260
04261
04280
04281
04282
04283
04402
04403
04443
04444
04442
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AGGGCTGGACCCGTA
TATGCGATCAACTCCACC

AAGGGAAGGCATTTCGCTGTAAGGTGGAGTTGATC
GATCAACTCCACCTTACAGCGAAATGCCTTCCCTT
CGGCAAGTATGATGTGTATTTTATCAATCCCCAAGGGAA
TTCCCTTGGGGATTGATAAAATACACATCATACTTGCCG
CCCCAAGGGAAGGCATTTTGCAGTAAGGTGG
CCACCTTACTGCAAAATGCCTTCCCTTGGGG
CCTAATGACTTCGATTTTACCGTAATGGGGCGTGGAAGCC
GGCTTCCACGCCCCATTACGGTAAAATCGAAGTCATTAGG
CTCCTCGCGTTCCCATCCTTG
AAACCACAGTTAGCGCGTTACC
GACAACGCGCTCCCACCCAC
AAGTCATCACTTGCTAACTAT
TTTGAGCGAAACTTCTTGCC

GGTAACGCGCTAACTGTG
AAATAGTTAGCAAGTGATG

GCCCAAGATAGCGGGTCAATTCTAC
GGTGAGCGTCGACGCAACATCCACGAAAAAACTTCATAAAG
CGTGAGCCTCGAGTTGCCCACTATCCGCGTTG
CAAATCCGGTCGCAGCTGCGGCAAGTATGATGTG
CACATCATACTTGCCGCAGCTGCGACCGGATTTG
CGCAGTAAGGTGGAGTTGATCTGCTACTTCGAGAAAGTGGGTGAT
ATCACCCACTTTCTCGAAGTAGCAGATCAACTCCACCTTACTGCG
TAATGACTTCGATTTTACCGTAACTTGCCGTGGAAGCCCTTC
AAGGGCTTCCACGGCAAGTTACGGTAAAATCGAAGTCATTAG
GCATACTTCGAGAAAGTGTGTGATACATCTCTGGACC
GGTCCAGAGATGTATCACACACTTTCTCGAAGTATGC
CAAATCCGGTCGCAGCTGCGGCAAGTATGATGCG
CGCATCATACTTGCCGCAGCTGCGACCGGATTTG
CGCAATAAGGTGGAGTTGATCTGCTACTTCGAGAAAGTGGGTGAT
ATCACCCACTTTCTCGAAGTAGCAGATCAACTCCACCTTATTGCG
GGAAAAAGGAGGAGGACCTTCGCAAGTCAGGCCTTAGTG
CACTAAGGCCTGACTTGCGAAGGTCCTCCTCCTTTTTCC
GTGGCAAGAAGTTTCGCAACAAACCACAGTTAGCACGT
ACGTGCTAACTGTGGTTTGTTGCGAAACTTCTTGCCAC

CCGGATGGAAAAAGGAGGAGACCATTCGCAAGTCAGGCCTTAGTGC
GGCAAATCCGATGCGTATTATTTCTCACCTAGTGGCAAGAAGTTTC
CAACAAACCACAGTTAGCACGTTATT

PCR: MeCP2 ampilfiication
PCR: MeCP2 ampilfiication

QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:

Rett variant MeCP2[S134C]
Rett variant MeCP2[S134C]
Rett variant MeCP2[L124F]
Rett variant MeCP2[L124F]
Rett variant MeCP2[R133C]
Rett variant MeCP2[R133C]
Rett variant MeCP2[T158M]
Rett variant MeCP2[T158M]

PCR: MBD3 linearization

PCR: MBD3 linearization

PCR: MBD4 linearization

PCR: MBD4 linearization

PCR: MBD2 amplification

PCR: MBD3 amplification

PCR: MBD4 amplification

PCR: MBD1 amplfication

PCR: MNase with downstream Sall
PCR: MNase with upstream Xhol

QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:
QuikChange:

MeCP2[A117C]
MeCP2[A117C]
MeCP2[A140C]
MeCP2[A140C]
MeCP2/mutants[G146C]
MeCP2/mutants[G146C]
MeCP2/mutants[G161C]
MeCP2/mutants[G161C]
MeCP2(V122A)[A117C]
MeCP2(V122A)[A117C]
MeCP2(S134N)[A140C]
MeCP2(S134N)[A140C]
MBD2[V164T]
MBD2[V164T]
MBD2[S189N]
MBD2[S189N]

Gibson: MBD2[V164T/V177A/S189N]



Oligonucleotides and probes

Table 12.5¢ Oligonucleotides for cloning.

Identifier Sequence Purpose

04619 GGGGATTGATAAGATACCCATCATACTTGCCGGCG QuikChange: MeCP2[A122G]

04620 CGCCGGCAAGTATGATGGGTATCTTATCAATCCCC QuikChange: MeCP2[A122G]

04621 GGGGATTGATAAGATACACATCATACTTGCCGGCG QuikChange: MeCP2[A122V]

04622 CGCCGGCAAGTATGATGTGTATCTTATCAATCCCC QuikChange: MeCP2[A122V]

04623 CCCTTGGGGATTGATAAGATATATATCATACTTGCCGGCGCTGCG  QuikChange: MeCP2[A122l]

04624 CGCAGCGCCGGCAAGTATGATATATATCTTATCAATCCCCAAGGG  QuikChange: MeCP2[A122]]

04625 CCTTGGGGATTGATAAGATATAGATCATACTTGCCGGCGCTGC QuikChange: MeCP2[A122L]

04626 GCAGCGCCGGCAAGTATGATCTATATCTTATCAATCCCCAAGG QuikChange: MeCP2[A122L]

04649 CCCTGGGATCCCCGGAATTCGAAGCTTCTGCCTCCCCCAAACAGCG PCR: MeCP2 in pGEX-6P-1
CGCTCCATCATCCGTGATCGTGGTCCTATGTATGATGATC

04670 GTCAGTCACGATGCGGCCGCTGGTGGTGGTGGTGGTGGTGACTAGT PCR: MeCP2 in pGEX-6P-1
GCTTTGGGTGATTTTGGC

04763 GCCAAAATCACCCAAAGCTAGCTCCCCTATACTAGGTTATTG PCR: C-terminal GST

04764 GGTGGTGGTGGTGGTGGTGAGCCGATTTTGGAGGATGGTC PCR: C-terminal GST

Table 12.6a Gene fragments.

Identifier Sequence

Gene

02878

02881

02884

02887

02890

GCAGAAGACTGGTTGGACTGTCCAGCTTTAGGTCCAGGTTGGAAACGCCGTGAGG
GTTTCGTAAGTCTGGTGCAACGTGCGGTCGCTCCGATACCTACTACCAGTCACCT
CCGGTGACCGCATTCGCTCTAAGGTAGAATTGACCCGCTATCTTGGGCCGGCCTG
GATCTGACCTTATTCGATTTCAAACAGGGTATCTTGTGTTACCCCGCGCCCAAAG
GCATCCCGTAGCAGTG

TCAGGCAAACGTATGGATTGCCCCGCACTGCCTCCCGGATGGAAAAAGGAGGAGG
AATTCGCAAGTCAGGCCTTAGTGCCGGCAAATCCGATGTATATTATTTCTCACCT
GTGGCAAGAAGTTTCGCTCAAAACCACAGTTAGCACGTTATTTGGGTAATACGGT
GACTTGTCCTCGTTCGATTTCCGTACCGGTAAAATGATGCCATCGAAATTACAGA
GAATAAGCAACGCTTG

GAACGCAAACGCTGGGAATGCCCAGCTTTACCTCAAGGATGGGAACGCGAGGAGG
TCCTCGCCGCTCAGGCCTTTCCGCCGGCCATCGTGACGTATTTTACTACTCGCCT
CGGGAAAGAAATTCCGCTCAAAACCACAGTTAGCGCGTTACCTGGGAGGATCTAT
GATTTGTCTACCTTCGACTTTCGCACCGGTAAAATGCTGATGAGCAAGATGAATA
ATCTCGTCAACGCGTG

GCGACCGCAGGTACAGAGTGCCGTAAGTCAGTTCCCTGTGGGTGGGAGCGCGTTG
CAAGCAACGCTTGTTTGGTAAAACAGCCGGCCGTTTCGATGTTTACTTTATCTCG
CGCAAGGCCTAAAGTTCCGTTCCAAGTCATCACTTGCTAACTATTTACACAAAAA
GGTGAAACCTCCCTTAAACCGGAAGACTTTGACTTCACTGTGTTAAGCAAGCGTG
TATCAAAAGCCGCTACAAGGACTGCTCAATGGCAGCATTAACATCCCATCTC

GATCGTGGTCCTATGTATGATGATCCAACACTTCCTGAGGGCTGGACCCGTAAAT
GAAGCAACGCAAATCCGGTCGCAGCGCCGGCAAGTATGATGTGTATCTTATCAAT
CCCAAGGGAAGGCATTTCGCAGTAAGGTGGAGTTGATCGCATACTTCGAGAAAGT
GGTGATACATCTCTGGACCCTAATGACTTCGATTTTACCGTAACTGGGCGTGGAA
CCCTTCGCGTCGCGAGCAGAAACCCCCTAAAAAGCCAAAATCACCCAAAGCT

MBD1[2-81], CCDS59318.1;
codon-optimized for E. coli

MBD2[145-225], CCDS11953.1;
codon-optimized for E. coli

MBD3[2-83], CCDS12072.1;
codon-optimized for E. coli

MBD4[76-167], CCDS3058.1;
codon-optimized for E. coli

MeCP2[92-169], CCDS14741.1;
codon-optimized for E. coli
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Table 12.6b Gene fragments.

Identifier Sequence

Gene

02912

03893

02895

02898

04441

03181

138

ATGGTTAAATTAAAATTTGGTGTTTTTTTTACAGTTTTACTATCTTCAGCCTATG
ACATGGAACACTCGAGGTAGCAGTGACTAGTGCGGAGGAGCAAAAGCTCATTTCT
AAGAGGACTTGGGTACCCTTAATCCTACAAAAGAAAGTGCAGGTAATACTCTTAC
GTGTCAAATTATACTGGGACACCGGGAAGTGTTATTTCTCTTGGTGGTGTGCTTG
AGGAGATAATTCACTTACGGACCGTCTGGTGGTGAAAGGTAATACCTCTGGTCAA
GTGACATCGTTTACGTCAATGAAGATGGCAGTGGTGGTCAGACGAGAGATGGTAT
AACATTATTTCTGTAGAGGGAAATTCTGATGCAGAATTTTCTCTGAAGAACCGCG
AGTTGCCGGAGCTTATGATTACACACTGCAGAAAGGAAACGAGAGTGGGACAGAT
ATAAGGGATGGTATTTAACCAGTCATCTTCCCACATCTGATACCCGGCAATACAG
CCGGAGAACGGAAGTTATGCTACCAATATGACACTGGCTAACTCACTGTTCCTCA
GGATTTGAATGAGCGTAAGCAATTCAGGGCAATGAGTGATAATACACAGCCTGAA
CTGCATCCGTGTGGATGAGGATTACTGGAGGAAGAAGCTCTGGTAAACTTAATGA
GGGCAAAATAAAACAACAACCAATCAGTTTATCAATCAGCTCGGGGGGGATATTT
CAAATTCCATGCTGAACAACTGGGTGATTTTACCTTAGGGATTATGGGAGGATAC
CGAATGCAAAAGGTAAAACGATAAATTACACGAGCAACAAAGCTGCCAGAAACAC
CTGGATGGTTATTCTGTCGGGGTATATGGTACGTGGTATCAGAATGGGGAAAATG
AACAGGGCTCTTTGCTGAAACTTGGATGCAATATAACTGGTTTAATGCCTCGGTG
AAGGTGACGGACTGGAAGAAGAAAAATATAATCTGAATGGTTTAACCGCTTCTGC
GGTGGGGGATATAACCTGAATGTGCACACATGGACATCACCTGAAGGAATAACAG
TGAATTTTGGTTGCAGCCTCATTTGCAGGCTGTCTGGATGGGGGTTACACCGGAT
CACACCAGGAGGATAACGGAACGGTGGTGCAGGGAGCAGGGAAAAATAACATTCA
ACAAAAGCAGGTATTCGTGCATCCTGGAAGGTGAAAAGCACCCTGGATAAGGATA
CGGGCGGGAGTTCAGTCCGTATATAGAGGCAAACTGGATTCATAACACGCATGAA
TTGGTGTTAAAATGAGTGATGACAGCCAGTTGTTGTCAGGTAGCCGAAATCAGGG
GAGATAAAGACAGGTATTGAAGGGGTGATTACTCAAAACTTGTCAGTGAATGGCG
AGTCGCATATCAGGCAGGAGGTCACGGGAGCAATGCCATCTCGGGAGCACTGGGG
TAAAATACAGCTTCTGA

GCAACATCCACGAAAAAACTTCATAAAGAACCTGCCACTCTTATTAAAGCTATTG
TGGAGACACCGTTAAGTTAATGTACAAGGGCCAGCCCATGACGTTCCGCTTACTT
TGGTGGACACCCCGGAAACAAAGCACCCAAAAAAAGGCGTAGAGAAGTACGGACC
GAGGCGAGCGCGTTTACAAAAAAAATGGTGGAGAATGCAAAAAAAATCGAGGTTG
GTTCGACAAAGGCCAACGCACGGACAAATATGGCCGTGGACTGGCCTACATCTAT
CGGATGGTAAGATGGTTAATGAGGCTCTTGTACGTCAGGGGTTAGCGAAGGTGGC
TATGTTTACAAACCCAACAACACGCACGAACAACATTTACGCAAGTCTGAAGCCC
AGCTAAGAAAGAGAAATTGAACATTTGGAGCGAAGACAACGCGGATAGTGGGCAA

CAGGTTGGAAACGCCGTGAGNNKTTTCGTAAGTCTGGTGCAACGTGCGGTCGCTC
GATNNKNNKTACCAGTCACCTACCGGTGACCGCATTCGCNNKAAGGTAGAATTGA
CCGCTA

CCGGATGGAAAAAGGAGGAGNNKATTCGCAAGTCAGGCCTTAGTGCCGGCAAATC
GATNNKNNKTATTTCTCACCTNNKGGCAAGAAGTTTCGCTCAAA

CCGGATGGAAAAAGGAGGAGNNKATTCGCAAGTCAGGCCTTAGTGCCGGCAAATC
GATNNKNNKTATTTCTCACCTAGTGGCAAGAAGTTTCGCNNKAAACCACAGTTAG
ACGTTATT

AAGGATGGGAACGCGAGGAGNNKCCTCGCCGCTCAGGCCTTTCCGCCGGCCATCG
GACNNKTTTNNKTACTCGCCTTCGGGAAAGAAATTCCGCNNKAAACCACAGTTAG
GCGTTA

AIDA-| surface display cassette
with c-Myc epitope

MNase of Staphylococcus
aureus; codon-optimized for E.
coli

MBD1[V20X/T33X/Y34X/S45X]

MBD2[V164X/V177X/Y178X/
S183X]

MBD2[V164X/V177X/Y178X/
S189X]

MBD3[V20X]



12.3

Instruments and consumables

Table 12.6c Gene fragments.

Identifier Sequence

Gene

03182 GTGGGTGGGAGCGCGTTGTCNNKCAACGCTTGTTTGGTAAAACAGCCGGCCGTTT MBD4[K95X/V108X/Y109X/
GATNNKNNKTTTATCTCGCCGCAAGGCCTAAAGTTCCGTNNKAAGTCATCACTTG S120X]
TAACTA

02901 AGGGCTGGACCCGTAAATTGNNKCAACGCAAATCCGGTCGCAGCGCCGGCAAGTA MeCP2[K109X/V122X/Y123X/
GATNNKNNKCTTATCAATCCCCAAGGGAAGGCATTTCGCNNKAAGGTGGAGTTGA S134X]
CGCATA

03966 AGGGCTGGACCCGTAAATTGNNKNNKCGCAAANNKGGTCGCNNKGCCGGCAAGTA MeCP2[K109X/Q110X/S113X/
GATGTGTATCTTATCAATCCCCAAGGGAAGGCATTTCGCAGTAAGGTGGAGTTGA S116X]
CGCATA

03967 AGGGCTGGACCCGTAAATTGAAGCAACGCAAATCCGGTCGCAGCGCCGGCAAGNN MeCP2[Y120X/V122X/Y123¢/
GATNNKTDKCTTATCAATCCCCAAGGGAAGGCANNKCGCNNKAAGGTGGAGTTGA F132X/S134X]
CGCATA

03968 AGGGCTGGACCCGTAAATTGAAGCAACGCAAATCCGGTCGCNNKGCCNNKNNKNN MeCP2[S116X/G118X/K119X/
GATGTGTATCTTATCAATCCCCAAGGGAAGGCATTTCGCAGTAAGGTGGAGTTGA Y120X]
CGCATA

04425 CGTAGTCGTCTCTCCGGCGCTGCGACCGGATTTGCGTTGMNNCAATTTACGGGTC MeCP2[K109X]
AGCCCT

04427 CGTAGTCGTCTCACCGGCAAGTATGATNNKTATCTTATCAATCCCCAAGGGAAGG MeCP2[V122X]
ATTTCGCAATAAGGTGGAGTTGATCGCATA

Instruments and consumables

Table 12.7a Laboratory instruments.

Part Model Company

Balance PM400 Mettler-Toledo (GieBen, Germany)

Balance, analytical M-Pact AX224 Sartorius (Gottingen, Germany)

Bunsen burner 1040/1 Carl Friedrich Usbeck KG (Radevormwald,

Germany)
Camera PowerShot G10 Canon (Krefeld, Germany)
Centrifuge Mini centrigure ROTILABO® Carl Roth (Karlsruhe, Germany)

Centrifuge, benchtop with cooling
Centrifuge, benchtop with cooling

Chromatography system

Concentrator

Electrophoresis system, horizontal
Electrophoresis system, horizontal
Electrophoresis system, vertical
Electroporator
Fluorescence-activated cell sorter

Freezer, —20 °C

5810 R
5424 R

AKTA FPLC™ Fast Protein Liquid
Chromatograph

Concentrator plus

EC-330 Primo™ Midicell™
kuroGEL Mini Plus 10
Mini-PROTEAN® Tetra Cell
Eporator®

SH800 SGP

Premium GGU 1500

Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)
GE Healthcare (Solingen, Germany)

Eppendorf (Hamburg, Germany)
Thermo Fisher (Schwerte, Germany)
VWR (Darmstadt, Germany)

Bio-Rad (Munich, Germany)
Eppendorf (Hamburg, Germany)

Sony Biotechnology (Weybridge, U.K.)
Liebherr (Biberach, Germany)
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Table 12.7b Laboratory instruments.

Part

Model

Company

Freezer, —20 °C
Freezer, —86 °C
Heating block
Ice flake maker
Incubator

Incubator shaker

Laser scanner, variable mode

Magnetic stand

Magnetic stirrer

Magnetic stirrer
Micropipette, 0.1-2.5 pL
Micropipette, 0.5-10 pL
Micropipette, 10-100 pL
Micropipette, 100—1,000 pL

Micropipette, 12-channel, 0.5-10 pL

Microplate reader
Microwave oven
Multistep pipette

PCR workstation enclosure
Real-time PCR system
PH electrode

PH meter

Photometer

Pipetting aid

Power supply
Refrigerator, 2-8 °C
Scanner

Shaker, orbital

Shaker, overhead
Shaker, overhead
Size-exclusion column
Sonicator
Spectrophotometer, UV-Vis
Thermocycler
Thermocycler
Thermomixer
Thermomixer

Ultracentrifuge

140

ProfiLine GG 4010

New Brunswick™ HEF® U410

ThermoStat™ plus
Scotsman AF20

INE 600

New Brundwick™ 126
Typhoon™ FLA 9500
MagRack 6

RCT classic

MR Hei-Standard, -Mix
Research plus
Research plus
Research plus
Research plus
Xplorer

Infinite® M1000
Tecnolux ED 8525 exquisit
Multipette® plus

PCR Workstation Pro
CFX384 Touch™
LE410

FiveEasy™ F20
BioPhotometer® plus
accu-jet® pro
PowerPac™ Basic
ProfiLine FKU 1800
CanonScan 9000F
Unimax 1010
Loopster Digital

Tube Revolver

HiPrep™ 26/60 Sephacryl® S-200HR

Bioruptor® Plus
NanoDrop™ 2000
T-Personal
SimpliAmp™
ThermoMixer® F
ThermoMixer® C
Sorvall™ LYNX™ 6000

Liebherr (Biberach, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Fisher Scientific (Loughborough, U.K.)
Memmert GmbH (Schwabach, Germany)
Eppendorf (Hamburg, Germany)

GE Healthcare (Solingen, Germany)

GE Healthcare (Solingen, Germany)
IKA-Werke (Staufen, Germany)

Heidolph (Schwabach, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany

(

(

Eppendorf (Hamburg, Germany

Eppendorf (Hamburg, Germany
(

)

)

)
Eppendorf (Hamburg, Germany)
Tecan (Méannedorf, Switzerland)
Verbeken & Fils (Drogenbos, Belgium)
Eppendorf (Hamburg, Germany)
PEQLAB (Erlangen, Germany)
Bio-Rad (Munich, Germany)
Mettler-Toledo (GieBen, Germany)
Mettler-Toledo (GieBen, Germany)
Eppendorf (Hamburg, Germany)
Brand GmbH (Wertheim, Germany)
Bio-Rad (Munich, Germany)
Liebherr (Biberach, Germany)
Canon (Krefeld, Germany)

Heidolph (Schwabach, Germany)
IKA-Werke (Staufen, Germany)
Thermo Fisher (Schwerte, Germany)
Merck (Darmstadt, Germany)
Diagenode (Seraing, Belgium)
Thermo Fisher (Schwerte, Germany)
Biometra (Géttingen, Germany)
Thermo Fisher (Schwerte, Germany)
Eppendorf (Hamburg, Germany)
Eppendorf (Hamburg, Germany)

Thermo Fisher (Schwerte, Germany)



Instruments and consumables

Table 12.7c Laboratory instruments.

Part Model Company
Transilluminator, UV UVstar Plus Biometra (Géttingen, Germany)
Vacuum pump VNC 2 Vacuubrand (Wertheim, Germany)

Vortex-Genie 2
JB Aqua 12 Plus

Vortex mixer

Water bath, unstirred

Scientific Industries (Bohemia, NY, U.S.)
Grant Instruments (Shepreth, U.K.)

Table 12.8a Consumables and disposable labware.

Product (Brand) Cat. No. Company

384-well lightcycler plate, PP 72.1985.202 Sarstedt (NUmbrecht, Germany)
96-well plate for PCR, skirted 732-2387 VWR (Darmstadt, Germany)

96-well plate, clear, flat, for BCA 15045 Thermo Fisher (Schwerte, Germany)
Bottle-top filter, 500 mL (Filtropur) 83.1823.101 Sarstedt (NUmbrecht, Germany)
Centrifugal filter device, MWCO 3.5 kDa (Amicon®) UFC9003 Merck (Darmstadt, Germany)
Column with frit, PP, 1.0 mL 34924 Qiagen (Hilden, Germany)

Column with frit, PP, 5.0 mL 34964 Qiagen (Hilden, Germany)

Cuvettes, standard 67.742 Sarstedt (NUmbrecht, Germany)
Cuvettes, UV-transparent 67.758 Sarstedt (NUmbrecht, Germany)

Dialysis unit, MWCO 10 kDa (Slide-A-Lyzer™ Cassettes) 66381

Dialysis unit, MWCO 10 kDa (Slide-A-Lyzer™ MINI)
Electroporation cuvettes, 1 mm

Filter paper, qualitative, folded

Filter paper, qualitative, folded

Filter tips, 100—1,000 pL, low retention (Sorenson Multi)
Filter tips, low retention, 0.1-10 pL (Sorenson Multi)
Filter tips, low retention, 1-200 L (Sorenson Multi)
Glass beads, 5 mm

Gloves, nitrile

Injection needle, 18 G (Sterican®)

Injection needle, 20 G (Sterican®)

Microcentrifuge tubes, 1.5 mL

Microcentrifuge tubes, 1.5 mL, low retention (Protein
LoBind™)

Microcentrifuge tubes, 1.5 mL, low retention nucleic
acids

Microcentrifuge tubes, 2.0 mL

Microfluidic sorting chip, 100 um
Microfluidic sorting chip, 70 pm
Microtubes for Bioruptor Pico, 1.5 mL
One-well plate, clear, PS, 127.8 x 85.5 mm
Paper boxes (9 x 9)

88041
PP38.1

no. 301

no. 305
732-3254
732-3249
732-3253
MARI4901005
816781635
4665120
4667093
72.695.500
30108116

72.695.700

76.706
LE-C3610
LE-C3207
C30010016
670190
95.64.981

Thermo Fisher (Schwerte, Germany)
Thermo Fisher (Schwerte, Germany)
Carl Roth (Karlsruhe, Germany)
VWR (Darmstadt, Germany
VWR (Darmstadt, Germany
VWR (Darmstadt, Germany
VWR (Darmstadt, Germany
VWR (Darmstadt, Germany
(

VWR (Darmstadt, Germany

I . S .

Semperit (Vienna, Austria)

B. Braun (Melsungen, Germany)

(
B. Braun (Melsungen, Germany)
Sarstedt (Nimbrecht, Germany)

Eppendorf (Hamburg, Germany)
Sarstedt (Nimbrecht, Germany)

Sarstedt (Nimbrecht, Germany)

Sony Biotechnology (Weybridge, U.K.)
Sony Biotechnology (Weybridge, U.K.)
Diagenode (Seraing, Belgium)

Greiner Bio-one

Sarstedt (Nimbrecht, Germany)
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Table 12.8b Consumables and disposable labware.

Product (Brand) Cat. No. Company

Paper towels, lint-free, 213 x 114 mm (Kimtech) AA64.2 Carl Roth (Karlsruhe, Germany)
Parafim® M PM-996 Bemis (Oshkosh, WI, U.S.)

PCR tube, thick-walled, 0.2 mL (Multiply Pro) 72.737.002 Sarstedt (NUmbrecht, Germany)
PCR tube, thin-walled, 0.2 mL 72.737.005 Sarstedt (Nimbrecht, Germany)
Petri dishes for agar plates, 92 x 16 mm 82.1473.001 Sarstedt (Nimbrecht, Germany)
Petri dishes for agar plates, 150 x 20 mm 82.1184 Sarstedt (Nimbrecht, Germany)
Pipette tips, 0.1-10 pL 70.1130 Sarstedt (Nimbrecht, Germany)
Pipette tips, 10-200 pL 70.760 Sarstedt (Nimbrecht, Germany)
Pipette tips, 100-1,000 pL 70.762 Sarstedt (Nimbrecht, Germany)
Plate seals, adhesive, clear 600238 Biozym Scientific (Hessisch Oldendorf)
Scalpel 5518075 B. Braun (Melsungen, Germany)
Serological pipette, 10 mL 86.1254.001 Sarstedt (Nimbrecht, Germany)
Serological pipette, 25 mL 86.1685.001 Sarstedt (Nimbrecht, Germany)
Syringe filter, 0.2 um, PES 16532-K Sartorius (Géttingen, Germany)
Syringe filters, CA, 30 mm, sterile (Schleicher & Schuell 10462240 GE Healthcare (Solingen, Germany)
Puradisc™ FP 30)

Syringes, single-use (Omnifix 10 mL, Luer Lock) 4617100V B. Braun (Melsungen, Germany)
Syringes, single-use (Omnifix 50 mL, Luer Lock) 4617509F B. Braun (Melsungen, Germany)
Syringes, single-use (Omnifix-F 1 mL, Luer Lock) 9166017V B. Braun (Melsungen, Germany)
Transfer pipets, PP, 3.5 mL 86.1171 Sarstedt (NUmbrecht, Germany)
Tubes, conical, 15 mL, PP 62.547.254 Sarstedt (NUmbrecht, Germany)
Tubes, conical, 50 mL, PP 62.554.502 Sarstedt (NUmbrecht, Germany)
Tubes, round-bottom, 5 mL 10100151 Thermo Fisher (Schwerte, Germany)
Tubes, round-bottom, with sieve, 5mL 10585801 Thermo Fisher (Schwerte, Germany)
Waste bags, 200 x 300 mm E706.1 Carl Roth (Karlsruhe, Germany)
Waste bags, 700 x 1120 mm 86.1204 Sarstedt (Nimbrecht, Germany)
Weigh boats, 41 x 41 mm 1-1124 Neolab (Heidelberg, Germany)
Weigh boats, 89 x 89 mm 1-1125 Neolab (Heidelberg, Germany)

12.4 Buffers, reagents and kits

Table 12.9a Commercial kits and ready-to-use mixtures.

Product (Brand) Cat. No. Company

Acrylamide/bisacrylamide 37.5:1, 40% T802 Carl Roth (Karlsruhe, Germany)
(Rotiphorese® Gel 40)

Automatic set-up beads for FACS LE-B3001 Sony Biotechnology (Weybridge, U.K.)
DNA marker, 2-log DNA Ladder N3200S New England Biolabs (Frankfurt am Main)
DNTP Mix, 10 mM each NO0447L New England Biolabs (Frankfurt am Main)
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Table 12.9b Commercial kits and ready-to-use mixtures.

Product (Brand) Cat. No. Company

lllustra Ready-To-Go GenomiPhi V3 25-6601-24 GE Healthcare (Solingen, Germany)

LB agar (Lennox) X965 Carl Roth (Karlsruhe, Germany)

LB broth (Lennox) X964 Carl Roth (Karlsruhe, Germany)
NucleoSpin® Gel and PCR Clean-Up 740609.250 Macherey-Nagel (Duren, Germany)
NucleoSpin® Plasmid EasyPure 740727.250 Macherey-Nagel (Duren, Germany)
Pierce™ BCA Protein Assay Kit 23227 Thermo Fisher (Schwerte, Germany)
Protein ladder, pre-stained (PageRuler™) 26616 Thermo Fisher (Schwerte, Germany)
ThermoPol Reaction Buffer B9004S New England Biolabs (Frankfurt am Main)

Table 12.10 Commercially available enzymes. Enzymes provided in storage buffer; Pure enzymes in Table 12.12.

Product (Brand) Cat. No. Company
Alkaline phosphatase, calf intestine (CIP) M0525S New England Biolabs (Frankfurt am Main)
Alkaline phosphatase, shrimp (rSAP) M0371S New England Biolabs (Frankfurt am Main)
DNase | MO303L New England Biolabs (Frankfurt am Main)
Dpnl R0O176L New England Biolabs (Frankfurt am Main)
EcoRI-HF R3101S New England Biolabs (Frankfurt am Main)
Klenow Fragment, exo— EP0421 Thermo Fisher (Schwerte, Germany)
KOD Hot Start DNA Polymerase 71086-3 Merck (Darmstadt, Germany)
Mung Bean Nuclease M0250S New England Biolabs (Frankfurt am Main)
Ndel R0111S New England Biolabs (Frankfurt am Main)
NEBuilder HiFi DNA Assembly Master Mix E2621S New England Biolabs (Frankfurt am Main)
Notl-HF R3189S New England Biolabs (Frankfurt am Main)
Pfu DNA Polymerase M7741 Promega (Walldorf, Germany)
Phusion DNA Polymerase M0530S New England Biolabs (Frankfurt am Main)
Plasmid-Safe™ ATP-dependent DNase E3101K Biozym Scientific (Hessisch Oldendorf,
Germany)
Q5 High-Fidelity DNA Polymerase M0491S New England Biolabs (Frankfurt am Main)
Sall R0138S New England Biolabs (Frankfurt am Main)
Spel-HF R3133S New England Biolabs (Frankfurt am Main)
T4 DNA Ligase MO0202L New England Biolabs (Frankfurt am Main)
T4 Polynucleotide Kinase EK0031 Thermo Fisher (Schwerte, Germany)
T5 Exonuclease M0363S New England Biolabs (Frankfurt am Main)
Tag DNA Ligase M0208S New England Biolabs (Frankfurt am Main)
Xbal R0145S New England Biolabs (Frankfurt am Main)
Xhol R0146S New England Biolabs (Frankfurt am Main)
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Table 12.11 Commercially available antibodies and affinity reagents.

Product (Brand) Cat. No. Company

Anti-c-Myc epitope (9E10) APC SureLight, mouse ab72580 Abcam (Cambridge, U.K.)
monoclonal antibody

Anti-c-Myc epitope (9E10), biotinylated, mouse MA5-12077 Thermo Fisher (Schwerte, Germany)
monoclonal antibody

Alexa Fluor® 488-streptavidin BLD-405235 Biozol (Eching, Germany)

Brilliant Violet 711™-streptavidin BLD-405241 Biozol (Eching, Germany)
FITC-strepatavidin BLD-405201 Biozol (Eching, Germany)
R-phycoerythrin (PE)-strepatvidin BLD-405204 Biozol (Eching, Germany)

Table 12.12a Chemicals.

CAS No. Compound Cat. No. Company
64-19-7 acetic acid 6755 Carl Roth (Karlsruhe, Germany)
9012-36-6  agarose LE, molecular biology grade 840006 Biozym Scientific (Hessisch Oldendorf)
7727-54-0  ammonium persulfate (APS) 9592 Carl Roth (Karlsruhe, Germany)
5328-37-0  L(+)-arabinose 5118 Carl Roth (Karlsruhe, Germany)
58-85-5 D(+)-biotin 3822 Carl Roth (Karlsruhe, Germany)
34725-61-6 bromophenol blue, sodium salt B8026 Merck (Darmstadt, Germany)
9048-46-8  bovine serum albumine (BSA) 9998 Cell Signaling Technology (Danvers, MA, U.S.)
10043-52-4 calcium chloride 10043-52-4 Fisher Scientific (Nidderau, Germany)
4800-94-6  carbenicillin, disodium salt 6344 Carl Roth (Karlsruhe, Germany)
56-75-7 chloramphenicol 3886 Carl Roth (Karlsruhe, Germany)
67-66-3 chloroform C2432 Merck (Darmstadt, Germany)
6104-58-1  Coomassie Birilliant Blue G 250 9598 Carl Roth (Karlsruhe, Germany)
3483-12-3  1,4-dithiothreitol (DTT) 6908 Carl Roth (Karlsruhe, Germany)
64-17-5 ethanol, absolute, p. a. 32221 Merck (Darmstadt, Germany)
ethanol, denatured with 1% methylethyl ketone 15835054  Fisher Scientific (Nidderau, Germany)
1239-45-8  ethidium bromide, 1% solution 2218 Carl Roth (Karlsruhe, Germany)
6381-92-6  ethylenediaminetetraacetate (EDTA) E5134 Alfa Aeser (Landau, Germany)
50-99-7 D(+)-glucose, molecular biology grade 6887 Carl Roth (Karlsruhe, Germany)
56-81-5 glycerol, anhydrous, p.a. (Rotipuran®) 6962 Carl Roth (Karlsruhe, Germany)
56-40-6 glycine HNO7 Carl Roth (Karlsruhe, Germany)
7365-45-9  2-(4-(2-hydroxyethyl-) 9105 Carl Roth (Karlsruhe, Germany)
piperazin-1-yl)ethanesulfonic acid (HEPES)
7647-01-0  hydrochloric acid, 37% 30721 Merck (Darmstadt, Germany)
288-32-4 imidazole 109053 aber (Karlsruhe, Germany)
67-63-0 isopropanol 10315720  Fisher Scientific (Nidderau, Germany)
367-93-1 isopropyl-B-b-thiogalactopyranosid 2316 Carl Roth (Karlsruhe, Germany)
12650-88-3 lysozyme, from chicken egg white 11384029  Fisher Scientific (Nidderau, Germany)
7791-18-6  magnesium chloride, hexahydrate 197530010 Fisher Scientific (Nidderau, Germany)
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Table 12.12b Chemicals.

CAS No. Compound Cat. No. Company
67-56-1 methanol 34860 Merck (Darmstadt, Germany)
60-24-2 2-mercaptoethanol M7154 Merck (Darmstadt, Germany)
108-95-2 phenol 328111 Merck (Darmstadt, Germany)
329-98-6 phneylmethanesufonyl fluoride (PMSF) 6367 Carl Roth (Karlsruhe, Germany)
7447-40-7  potassium chloride A137 Carl Roth (Karlsruhe, Germany)
7778-77-0  potassium dihydrogen phosphate 3904 Carl Roth (Karlsruhe, Germany)
7647-14-5  sodium chloride 31434 Merck (Darmstadt, Germany)
151-21-3 sodium dodecyl sulfate, for biochemistry CN30 Carl Roth (Karlsruhe, Germany)
1310-73-2  sodium hydroxide 30620 Merck (Darmstadt, Germany)
51805-45-9 Tris(2-carboxyethyl)-phosphine (TCEP), HN95 Carl Roth (Karlsruhe, Germany)
hydrochloride
110-18-9 N,N,N',N'-tetramethylethane-1,2-diamine 2367 Carl Roth (Karlsruhe, Germany)
(TEMED)
77-86-1 2-amino-2-(hydroxymethyl)propane-1,3-diol AE15 Carl Roth (Karlsruhe, Germany)
(Tris, Trizma base), buffer grade
9002-93-1  Triton® X-100 A1388 Applichem (Darmstadt, Germany)
91079-40-2 tryptone (peptone ex casein) 8952 Carl Roth (Karlsruhe, Germany)
9005-64-5 Tween® 20 P9416 Merck (Darmstadt, Germany)
57-13-6 urea, p. a. 3941 Carl Roth (Karlsruhe, Germany)
7732-18-5  water, nuclease-free P1193 Promega (Walldorf, Germany)
8013-01-2  yeast extract 2363 Carl Roth (Karlsruhe, Germany)
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(12.4.1) Stock solutions

Carbenicillin

50mg/mL in ethanol

Chloramphenicol
34mg/mL in ethanol

DTT (dithiothreitol), 1M

155 mg/mL in water, filter sterilized, stored frozen

EDTA, 0.5M
186.1 mg/mL

Glucose, 1M

180 mg/mL in water, filter sterilized

Glycerol, 50% (v/v)

0.5mL/mL in water

PMSF (phneylmethanesufonyl fluoride), 100 mM

17.4mg/mL in ethanol or isopropanol, stored frozen

SDS (sodium dodecyl sulfate), 20% (w/v)

20mg/mL in water

Sodium acetate (NaOAc), 3M
408 mg/mL sodium acetate trihydrate, adjusted to pH = 5.0 with acetic acid

Triton X-100, 10% (w/v)
100 mg/mL

(12.4.2) Buffer and media compositions
CutSmart® buffer, New England Biolabs, 1 x
20 mM Tris-acetate, 50 mM KOAc, 10 mM Mg (OAc),, 0.1 mg/mL BSA, pH =7.9

Dialysis buffer for recombinant MBD expression, 1 x
20mM HEPES, 100 mM NacCl, 10% glycerol, 0.1% Triton X-100, pH = 7.3

EMSA buffer, 10 x
200 mM HEPES, 300 mM KCl, 10 mM EDTA, 10 mM (NH,4),SO4, pH =7.3
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Extraction buffer for recombinant MBD expression, 1 x
20mM Tris-HCI, 250 mM NaCl, 10% glycerol, 10 mM 2-mercaptoethanol, 5mM imidazole,
1 mM PMSE, 0.1% Triton X-100, pH = 8.0

LB broth (Miller)
10g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH = 7.0

NEBuffer3.1™ buffer, New England Biolabs, 1 x
50 mM Tris-HCI, 100 mM NaCl, 10 mM magnesium acetate, 0.1 mg/mL BSA, pH =7.9

Outer membrane extraction buffer, 1 x
200 mM Tris-HCl, 20 mM glucose, 0.2 mM EDTA, pH = 8.0

Phosphate-buffered saline (PBS), 1 x
10 mM Nap;HPOy, 1.8 mM KyHPOy, 137 mM NaCl, 2.7 mM KCl, adjust to pH = 7.2

SDS-glycine PAGE running buffer, 1 x
3 g/L Tris base, 14 g/L glycine, 1% (w/v) SDS, pH = 8.3 when stock is diluted

SDS PAGE sample buffer, 1 x
62.5mM Tris-HCl, 2% (w/v) SDS, 10% (v/v) glycerole, 0.02% bromophenol blue, 100 mM
DIT, pH = 6.8

S.0.C. medium
20g/L tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 20 mM glucose

Spectroscopy buffer for CD spectroscopy, 1 x
50 mM NaH»PO4/Na,HPO,4, 50 mM NaF, pH = 7.2

Spectroscopy buffer for NMR spectroscopy, 1 x
50 mM NaH,PO,4/Na,HPO,4, 50 mM NaCl, 10 mM KCI, pH = 7.2

T4 DNA ligase buffer, New England Biolabs, 1 x
50mM Tris-HCl, 10mM MgCl,, 10mM dithioerythritol, 1 mM adenosine triphosphate,
pH=75

Tris-acetate EDTA (TAE), 1 x
40 mM Tris base, 20 mM acetic acid, 1 mM EDTA, pH = 7.8

Tris-borate EDTA (TBE), 1 x
89 mM Tris base, 8 mM boric acid, 2mM EDTA, pH = 8.3

Tris-EDTA (TE), 1x
10 mM Tris-HCl, 1 mM EDTA, pH = 8.0
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Software and online tools

Non-exhaustive list. Additional resources are mentioned as applied.

Molecular cloning
SnapGene® v4.3 (GSL Biotech, LLC, Chicago, IL, U.S.); IDT Codon Optimization Tool as of
12/2017 (Integrated DNA Technologies Inc., Coralville, IA, U.S.); OligoCalc v3.19 (Kibbe,
2007); Tm Calculator v1.13 (New England Biolabs, Inc., Ipswich, MA, U.S.); NEBuilder®
Assembly Tool v1.12 and v2.5 (New England Biolabs)

Instrument control
Cell Sorter Software v2.1 (Sony Biotechnology, Inc., San Jose, CA, U.S.); i-control v1.10
(Tecan Schweiz AG, Médnnedorf, Switzerland); NanoDrop 2000 v1.6 (Thermo Fisher Sci-
entific, Waltham, MA, U.S.)

Image acquisition
BioDoc Analyze v2.1 (Biometra, Gottingen, Germany); Typhoon FLA 9500 Control Soft-
ware v1.21 (Cytiva Europe GmbH, Freiburg, Germany)

Image processing and image analysis
ImageQuant TL v8.1 (Cytiva Europe); Image] v2.1/1.53c (Fiji distribution; Schindelin, et
al., 2012);

Data management and data analysis
Github (GitHub, Inc., San Fransisco, CA, U.S.); Microsoft® Excel for Mac v16.52 (Mi-
crosoft Corporation, Redmond, WA, U.S.); R (R Core Team, 2021); RStudio v1.4 (Rstudio,
PBC, Boston, MA, U.S.)

Visualization and graphics
Inkscape v1.1 (Inkscape Developers); UCSF ChimeraX v1.2 (Pettersen, et al., 2021)

Manuscript preparation
Papers v4.25 (Digital Science & Research Solutions, Inc., London, U. K.); LuaMetaTgX v2.09
(PRAGMA Advanced Document Engineering, Hasselt, The Netherlands)
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General procedures and routines

(13.1.1) Cell culture and transgenesis

Bacterial cultivation. If not otherwise indicated, bacterial cultures were cultivated in LB broth
or on LB agar (Lennox) at 37 °C. Liquid cultures were grown aerobically at 220 rpm in a tem-

perature-controlled shaker so that the culture volume was one fifth of the vessel.

Transformed bacteria were maintained on selective growth media with 50 pg/mL carbenicillin

(an ampicillin substitute) or 30 pg/mL chloramphenicol depending on the resistance marker.

Competent bacterial cells for chemically transformation. Bacterial strains (see Table 12.1)
were streaked to single clones on LB agar and expanded in 1L LB broth from a fresh overnight
culture until the ODgg had reached 0.5cm™. Then, the culture was cooled on ice for 10 min
and the cells harvested at 4 °C, 3,000 x g for 10 min. The pellet was washed once with 100 mL
ice-cold sterilized 100 mM MgCl, and once with 50 mM CaCl,. After resuspension in 5mL
sterile-filtered 50 mM CaCl; 15% (v/v) glycerol, the suspension was aliquoted into fractions of

50 pL, snap-frozen in liquid nitrogen and stored at —80 °C until further use.

Routinely, 1 -100ng DNA were transferred in a maximum of 10 uL to one aliquot of 50 pL
(thawed on ice) and gently mixed by flicking the tube (do not pipet up and down). The mixture
was incubated on ice for 20min and placed at 42 °C for exactly 30s without shaking before
putting back on ice for 2 min. The cells were rescued with 1 mL pre-warmed S. O. C. medium for
30 — 60 min at 37 °C. 20 pL and 200 pL of the transformation was plated onto LB agar containing

antibiotics, the plates allowed to air-dry and were incubated inverted at 37 °C overnight.

Competent bacterial cells for electroporation. For the preparation of competent cells, strains
were expanded and harvested as above, but resuspended once in 400 mL ice-cold sterile water
then again once in 200 mL before the pellet was finally resuspended in 100 m 10% (v/v) glycerol,
the supernatant discarded and the pellet resuspended in 5mL 10% (v/v) glycerol. Aliquots of

25 pL were snap-frozen and stored at —80 °C.

Routinely, 0.1 - 10ng plasmid (or 10 — 100 ng linearized, purified PCR products) in maximal
5 nL were added to one 25 pL aliquot of competent cells and transferred to a pre-chilled electro-
poration cuvette (Carl Roth, Karlsruhe, Germany), electroporated at 1.8kV, and immediately

rescued with 1mL pre-warmed S. O.C. medium for 30 — 60 min depending on the resistance
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marker at 37 °C. Per transformation, spread-plating 10 pL yield enough colonies for routines.

Electroporation cuvettes could be reused up to five times after thoroughly rinsing with 70%

ethanol and distilled water.

(13.1.2) Analytical biochemistry

Isolation of plasmids from bacterial strains. Plasmids were isolated using silica column-pu-
rification with a commercially available kit (NucleoSpin® Plasmid EasyPure; Macherey-Nagel,

Diiren, Germany) according to the manufacturer's instruction.

Sanger sequencing of plasmids. The identity of all plasmids was routinely checked by restric-
tion digest where possible and ultimately confirmed by Sanger sequencing by Microsynth Se-
qlab GmbH (Géttingen, Germany) or Eurofins Genomics Germany GmbH (Munich, Germany;
formerly GATC Biotech AG, Konstanz, Germany).

Purification of PCR products. PCR products and other double-stranded DNA were purified
using NucleoSpin® Gel and PCR Clean-Up (Machery-Nagel).

Agarose gel electrophoresis and gel extraction. Preparative and analytical agarose gels of 0.8
—-2.0% (w/v) agarose in 0.5 x TBE buffer were used to resolve DNA samples at 6 —12V/cm.
The gels were stained in 0.5 pg/mL ethidium bromide, destained with water and the DNA was
visualized by UV fluorescence, documented with a camera. For extracting DNA from the gel,
the NucleoSpin® Gel and PCR Clean-Up kit was used.

Glycine-SDS polyacrylamide gel electrophoresis. Analytical glycine-SDS PAGE gels of 12 —
15% (v/v) acrylamide were used to resolve MBD or MBD-fusion proteins. Samples were sepa-
rated at36 mA (240 V) for 40 min and stained with Coomassie brilliant blue for 20 min, destained
with 45% (v/v) methanol in 10% (v/v) acetic aced until protein bands were clearly visible. Gels

were documented using an image scanner.

Recombinant MBD expression and protein purification

The vectors for expression of recombinant methyl-CpG-binding domains (MBDs) are based on
pET-21d(+) and allow shuffling the MBD insert between the expression vectors and/or the cell
surface display constructs (Section ) using Xhol and Spel (Figure 13.1).
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a —— 1k — b oo \
f1 ori ampR ori bom rop lacl [_ MBP_ J' f1 ori ampR ori bom rop lacl [_ M@P_I\AB_DJ'
Xbal Ndel Xhol F——— 50bp Xhol  NgoMIV Spel
llacO RBS FLAG MBP (1kb) / \ 6xHis T7 term. MBP | TEVsite MBD 7xHis  T7 term.
T7 promoter Factor Xa site TEV site Factor Xa site
c Coo d -
f1 ori ampR ori bom rop lacl SEA_(ZI) f1 ori ampR ori bom rop lacl [_IVLBI_DJ'
Xbal Ndel Xhol Xhol  NgoMIV Spel
llacORBS SpA@Z) | \ 6xHis T7 term. SpA@®) | TEVsite MBD 7xHis  T7 term.
T7 promoter Factor Xa site TEV site Factor Xa site
e ——————— | f ———————— 1
f1 ori ampR ori bom rop lacl :MgD_B_—b_ar_reE f1 ori cmR p15A ori araC._l\ﬂBP_B—_t@'r_el_:
Xbal Ndel Xhol NgoMIV Spel Kpnl Hindlll
|IacO RBS signal peptide MBD c-myc linker (500bp) B-barrel (800bp) T7 term.
T7 promoter
Xbal Ndel Xhol NgoMIV Spel Kpnl Hindlll
| RBS  signal peptide MBD c-myc linker (500bp) B-barrel (800bp) rrnB T1 term. rrB T2 term.

araBAD promoter

Figure 13.1 Overview of plasmid vectors. (a) Entry vector for recombinant expression with N-terminal MBP tag p1379
with amp" (p1780 with cm"). (b) Recombinant vector for MBP-MBD expression, e.g., p1388. (c) Entry vector for re-
combinant expression with N-terminal SpA(Z) tag p1380 (p1785). (d) Recombinant vector for SpA(Z)-MBD expression,
e.g., p1393. (e) pET21d(+)-based, B-b-1-thiogalactopyranoside-inducible recombinant vector for surface display of MBD.
(f) pPBAD33.1-based, arabinose-inducible recombinant vector for surface display of MBD. (g) Detail of e (top) and f (bottom).

(13.2.1) Cloning of expression vectors

Entry vectors. pET-21d(+) (Merck KGaA, Darmstadt, Germany) was digested with Xhol and
Ncol (New England Biolabs GmbH, Frankfurt am Main, Germany; ‘NEB” hereafter) to replace
the T7 tag by Gibson assembly (Gibson, et al., 2009) with a maltose-binding protein (MBP) tag
or the synthetic Z domain of staphylococcal protein A (SpA) (Nilsson, etal., 1987). SpA(Z) was
amplified from an accessory plasmid (gift from P. Bieling, MPI Dortmund) using the primers
02872/02873. The resulting vectors were p1379 and p1380 respectively, in which the N-terminal
tag is followed by a factor Xa and a TEV recognition and cleavage site and the target protein by

a non-cleavable C-terminal Hisg tag.
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Entry vectors with alternative selection markers. To enable stringent shuffling, a second pair of
vectors was created by exchanging the ampicillin resistance marker (amp") of p1379 and p1380
for the chloramphenicol resistance marker (cm") of pBAD33.1 (Chung & Raetz, 2010). The
plasmids were linearized by PCR (KOD Hot Start DNA Polymerase, Merck) using 01260/03539
on pBAD33.1 or 01260/03540 on the pET derivates, digested with Dpnl and BamHI (NEB) and
ligated with T4 DNA ligase (NEB). Only the antisense orientation of the marker cassette was
retrieved. The resulting plasmids were p1780 and p1785.

Subcloning of MBDs. The consensus coding sequences (CCDS) of the human MBD proteins
were obtained form the CCDS project (Farrell, et al., 2013). The MBD domain within the coding
sequences was identified by alignment to Pfam PF01429 and flanked with about 5 to 15 addi-
tional amino acids at the N- and C-terminus of the domain respectively. This sequence was
codon-optimized for bacterial expression using the IDT Codon Optimization Tool. Unwanted
restriction sites were removed. All MBD coding sequences contained a NgoMIV restriction site,

and the coding sequence of MBD3 contained an BglI site in addition.

p1379 and p1380 were linearized with Xhol, and the codon-optimized sequences of the human
MBDs obtained as gBlocks (Integrated DNA Technologies, IDT, Leuven, Belgium) were am-
plified by PCR (Phusion® High-fidelity DNA Polymerase, NEB) and introduced by Gibson
assembly (NEBuilder®, NEB) following the manufacturer's protocol (Table 13.1). Due to the

repetitive sequence encoding the Hisg tag, assembling resulted in His; tagged fusion proteins.

Table 13.1 Consensus coding sequences and cloning of MBD wildtype domains.

MBD CCDS* gBlock PCR primer pair PCR 3, MBP-MBD SpA(Z)-MBD
MBD1[2-81] 59318.1 02878 02879/02880 65°C p1384 p1389
MBD2[146-225] 11953.1 02881 02882/02883 60°C p1385 p1390
MBD3[2-81] 12072.1 02884 02885/02886 65°C p1386 p1391
MBD4[76-167] 03058.1 02887 02888/02889 65°C p1387 p1392
MeCP2[90-181] 147411 02890 02891/02892 60°C p1388 p1393

* Consensus CDS Database Release 22, https://www.ncbi.nlm.nih.gov/projects/CCDS/, retrieved on December 18, 2018.

Rett mutants. Rett-associated MeCP2 mutations were introduced using a modified QuikChange
site-directed mutagenesis (Agilent) protocol on p1393. Using 10ng template, a KOD PCR
(KOD Hot Start DNA Polymerase, Merck) was carried out following the manufacturer's proto-
col in presence of 300 nM of each primer (Table 13.2) over 30 cycles allowing 4 min for elonga-

tion. 5 uL were transformed into chemically competent DH5x without purification.
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Table 13.2 Missense mutations and cloning of MeCP2 Rett mutants.

MBD Rett mutant RettBASE* RettBASE PCR primer pair PCRS8, MBP-MBD SpA(Z)-MBD
Frequency Percentage

MeCP2[T158M] 420 8.74% 03124/03125 71°C n/a p1645

MeCP2[R133C] 217 4.52% 03122/03123 71°C n/a p1644

MeCP2[S134C] 21 0.44% 03118/03119 71°C n/a p1642

MeCP2[L124F] 3 0.06% 03120/03121 71°C n/a p1643

* RettBASE: RettSyndrome.org Variation Database, http://mecp2.chw.edu.au/, retrieved on July 9, 2018.

Variants compatible with MTSL labeling. MBP-MeCP2 are a cysteine-free fusion proteins.
To introduce a cysteine residue for labeling the protein, e. g., with a MTSL spin label, the 50 ng
expression vectors was subjected to the following QuikChange site-directed mutagenesis pro-
tocol using 2U Pfu DNA polymerase (Promega, Walldorf, Germany) in a total reaction vol-
ume of 50 pL (20 mM Tris-HCl, 50 mM KCl, pH = 8.4, 0.3 mM dNTP mix, 500 nM each primer,
Table 13.3): Following an initial denaturation at 95 °C for 2 min, 20 cycles of 95 °C for 0.5 min,
58 °C for 1 min, 68 °C for 15min. 5 pL of each reaction were transformed into chemically com-

petent DH5a without purification.

Table 13.3 Cloning of MeCP2 cysteine variants.

MeCP2 Cys variant Template PCR primer pair PCR 3, MBP-MBD SpA(Z)-MBD
MeCP2[A117C] p1388 04254/04255 58°C p2573 n/a
MeCP2[A140C] p1388 04256/04257 58°C p2574 n/a
MeCP2[G161C] p1388 04260/04261 58°C p2575 n/a
MeCP2[G146C] p1388 04258/04259 58°C p2576 n/a
MeCP2[K109T/V122A/S134N/A117C] p1859 04280/04281 58°C p2577 n/a
MeCP2[K109T/V122A/S134N/A140C] p1859 04282/04283 58°C p2578 n/a
MeCP2[K109T/V122A/S134N/G161C] p1859 04260/04261 58°C p2579 n/a
MeCP2[K109T/V122A/S134N/G146C] p1859 04258/04259 58°C p2580 n/a

(13.2.2) Expression and purification

A protocol of Free et al. (2001) and Valinluck et al. (2004) was used with modifications for

recombinant expression and purification of MBD fusion proteins.

Expression and harvest. E. coli BL21-Gold(DE3) (Agilent) were transformed with plasmids
for protein expression and fresh overnight cultures of single clones diluted the next morning
to an optical density (ODgg) of 0.05 in 30 mL LB broth (Miller) supplemented with 50 pg/mL
carbenicillin, 1 mM MgCl; and 1 mM ZnSO, (Hashimoto, et al., 2012). Cultures were grown at
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37°C (220rpm) to an ODg of 0.5 — 0.6, briefly chilled on ice, and then induced by supplying
1 pM B-p-1-thiogalactopyranoside (IPTG). Cultures were incubated at 25°C (150 rpm) for at
least 6 h or overnight, and cells were harvested and washed once by resuspension in 0.25 vol
ice-cold 20 mM Tris-HCl (pH = 8.0).

Extraction. Pellets were resuspended in 2 mL extraction buffer (20 mM Tris-HCI, 250 mM NaCl,
10% glycerol, adjusted to pH = 8.0, then supplemented with 10 mM 2-mercaptoethanol, 5mM
imidazole, 1 mM PMSF and 0.1% Triton X-100) and the proteins extracted by pulse-sonication.
Suspensions were treated with 0.1 mg/mL lysozyme (Merck) and 10 U/mL DNase I (NEB)
overnight. Insoluble debris was collected by centrifugation at 14,000 x g for 20 min at 4 °C.

Small-scale purification. The cleared supernatants were retained, diluted with 1 vol (2mL) ex-
traction buffer, mixed with 450 p.L 50% Ni-nitriloacetic acid (NTA) HisPur™ Superflow Agarose
(Thermo Fisher) and incubated at 4 °C for 2 h. The resins were washed twice with 1 mL extrac-
tion buffer containing 90 mM imidazole (20 min at 4 °C) and the fusion proteins were eluted by
gravity flow in 2 x 0.2mL and 1 x 0.4 mL extraction buffer with 500 mM imidazole after 10 min

incubation at 4 °C.

Large-scale purification. When starting with a 2L expression culture, the pellet was resus-
pended in 30 mL extraction buffer and treated with lysozyme in presence of PMSF for 60 min
on a wheel-shaker at 4 °C. The suspension was extracted by pulse-sonication or on a high-shear

microfluidizer homogenizer. Insoluble debris was removed at 30,000 x g for 45 min at 4 °C.

The cleared supernatant was sterile-filtered (0.2 pm syringe filter) and loaded on a self-packed
10 mL column HisPur™ Ni-NTA Resin (Thermo Fisher) connected to an AKTA FPLC™ Fast
Protein Liquid Chromatograph (GE Healthcare, Solingen, Germany). The mixture was sep-
arated at 1 mL/min flow rate of binding buffer containing 5 - 90 mM imidazole (0 —100%) in

80 min. Fractions containing the MBP-MBD fusion protein were combined for dialysis.

Dialysis. Fractions judged to be more than 90% pure by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) were combined and dialyzed against 3 x 15 mL 20 mM HEPES,
100 mM NaCl, 10% glycerol, adjusted to pH = 7.3, and 0.1% Triton X-100 (volumes for small-
scale expression) in Slide-A-Lyzer MINI devices (3.5kDa MWCO, Thermo Fisher Scientific,
Schwerte, Germany). An additional 1:2-1:5 dilution was found beneficial when scaling up

this procedure to avoid precipitation during dialysis.
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Protein quantification and storage. The protein concentration was determined with a bicin-
choninic acid (BCA) assay (Thermo Fisher) and the proteins stocked at 15 pM after snap-freez-
ing in liquid nitrogen, at (stable for several months). Typically, 1 pmol MBP-MBD fusion pro-
tein or 3 — 4 pmol SpA(Z)-MBD fusion protein were obtained per milliliter culture.

The SpA(Z) tag can be efficiently removed with 0.25 uM TEV protease at 4 °C overnight in situ.
Uncleaved or cleaved SpA(Z) tag and/or the TEV protease do not interfere with DNA binding;
Further purification is not necessary. However, it has been noted that prolonged storage of the

tag-free MBDs can result in spontaneous precipitation.

Table 13.4 Physicochemical properties of MBD fusion proteins. Calculated values.

MBD domain
N-/C-terminal tag  Property none MBD1 MBD2 MBD3 MBD4 MeCP2
MBP/Hisg_7 expressed from p1380 p1384 p1385 p1386 p1387 p1388
molecular weight 45.2kDa 53.9kDa 54.0kDa 54.4kDa 55.5kDa 56.4kDa
isoelectric point 4.83 5.23 6.63 6.41 6.29 5.96
SpA(Z)/His, expressed from p1381 p1389 p1390 p1391 p1392 p1393
molecular weight 10.1kDa 18.8kDa 18.9kDa 19.3kDa 20.4kDa 20.3kDa
isoelectric point 6.22 6.66 9.89 9.73 8.56 9.40
tag-free expressed from n/a n/a n/a n/a n/a n/a
molecular weight n/a 8.9kDa 9.0kDa 9.4kDa 10.3kDa  10.4kDa
isoelectric point n/a 7.24 10.74 10.93 10.35 10.33
E€80nm (MM cm™) n/a 16.96 9.97 9.73 9.97 11.56

Removal of solubility tags for spectroscopic analyses. For spectroscopic CD and NMR analy-
ses (large-scale expressions) the solubility tag was cleaved by adding His-free TEV protease to
the combined eluates of the column purification after a first dialysis (3.5 kDa MWCO) against
binding buffer without imidazole (20 mL eluate against 2L buffer). The dialysis buffer was
exchanged once. Then, the His-free TEV and the solubility tag were removed over the same
Ni-NTA column as before using a gradient of 0 —30% over 150 min. The MBDs were eluted

with 100% 90 mM imidazole in binding buffer and again the desired fractions combined.

The combined fractions were concentrated over an Amicon® centrifugal filter device (3.5kDa
MWCO; Merck) to 1 -2mL for size-exclusion chromatography and loaded onto a HiPrep™
26/60 Sephacryl® S-200HR dextran (Merck) column. The MBD domain was polished at a flow

rate of 1 mL/min of the final buffer; the desired fractions combined and concentrated as before.
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Determination of protein concentration. Purity of was assessed by SDS-PAGE and protein
concentrations were determined with the Pierce™ BCA Protein Assay Kit (Thermo Fisher). For
spectroscopic analyses, the protein concentration could be reliably determined by absorbance

measurements at 280 nm.

Electrophoretic mobility shift assays

Annealing of probes. 24-mer oligodeoxynucleotide (ODN) pairs (Table 13.5 and Table 13.6)
were combined at 1.5 uM of the labeled strand and 1.8 uM of the unlabeled strand to ensure
complete assimilation of the labeled strand in the duplex. The concentration of the ODNs and
the annealed DNA probes must be determined spectrophotometrically and adjusted where
needed. For the 24-mers, an extinction coefficient of 307 mM~'cm™ was used for the FAM-
labeled oligo(A) context and 197 mM~' ecm™ for the unlabeled oligo(T) context.

The ODNs were annealed in 100 pL 2 x EMSA buffer (10 x stock is 200 mM HEPES, 300 mM
KCl, 10mM EDTA, 10 mM (NH,4),SOy4, pH = 7.3) in boiling water and slowly brought to room
temperature. The duplex was diluted to 300 nM (A260 = 0.09 cm™ for the A /T 24-mers) and the

concentration confirmed again. A final dilution to 30 nM was aliquoted and stocked at —20 °C.

The unspecific binding traps were prepared by annealing a 24-mer oligo(A) with a 24-mer

oligo(T) or unmodified complementary strands at equimolar ratios at 50 M.

Assay. To determine the binding affinity of MBDs, a well-established protocol (Free, et al., 2001;
Khrapunov, et al., 2014; Valinluck, et al., 2004; Yang, et al., 2016) was followed with minor
modifications. Typically, the purified MBDs were diluted 1,024nM 512nM, 256 nM, 128 nM,
64nM, 32nM, 16 nM, 8nM, 4nM, 2nM and 0nM in at least 20 pnLL. MBD dialysis and storage
buffer with 0.1 mg/mL BSA to minimize loss due to surface adsorption. The dilution series was
incubated with 2nM labeled duplex and 50ng/uL of the oligo(A) - oligo(T) binding trap in a
final volume of 15 pL EMSA buffer (20 mM HEPES, 30 mM KCl, 1 mM EDTA, 1 mM (NH4),SOy,
pH = 7.3) containing 1 mM dithioerythritol or tris(2-carboxyethyl) phosphin as reducing agent
and 0.2% Tween 20. If several different duplexes were compared, the procedure was carried

out at a single concentration.

The binding reaction was allowed to equilibrate for 20 min at room temperature before 3 pL of
a 6x loading dye (1.5x TBE buffer, pH = 7.5, 40% glycerol, 70 pg/mL bromophenol blue) were
added on ice. These samples (10 nL) were loaded on 0.25x, TBE 12% polyacrylamide gels (gels
must be pre-run at 70 V overnight or 200 for 120 min, 4 °C) and the electrophoresis carried out
at240V for 35 min (24-mers) or 40 min (longer DNA probes) at 4 °C in Mini-PROTEAN vertical
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Table 13.5 Combinations of ODNs to create homopolymeric DNA probes for EMSA. Hybridization of the Watson and
the Crick strand gives fluorescently-labeled 24-mer DNA duplexes.

Combination* Context’ Sequence source Watson strand Crick strand Other modifications
AT AAAAAAAAAAAA artificial 02968 02969 dark competitor
D/D AAAAADHAAAAA artificial 03416 03417 dark competitor
C/IC AAAAACGAAAAA artificial 02906 02904 1 x FAM
C/5mC AAAAACGAAAAA artificial 02906 02909 1 x FAM
5mC/C AAAAACGAAAAA artificial 02967 02904 1 x FAM
C/5hmC AAAAACGAAAAA artificial 02906 03112 1 x FAM
5hmC/C AAAAACGAAAAA artificial 03115 02904 1x FAM
C/5fC AAAAACGAAAAA artificial 02906 03113 1 x FAM
5fC/C AAAAACGAAAAA artificial 03116 02904 1 x FAM
C/5caC AAAAACGAAAAA artificial 02906 03114 1 x FAM
5caC/C AAAAACGAAAAA artificial 03117 02904 1x FAM
5mC/5mC AAAAACGAAAAA artificial 02967 02909 1 x FAM
5mC/5hmC AAAAACGAAAAA artificial 02967 03112 1x FAM
5hmC/5mC AAAAACGAAAAA artificial 03115 02909 1 x FAM
5mC/5fC AAAAACGAAAAA artificial 02967 03113 1 x FAM
5fC/5mC AAAAACGAAAAA artificial 03116 02909 1 x FAM
5mC/5caC AAAAACGAAAAA artificial 02967 03114 1x FAM
5fC/5mC AAAAACGAAAAA artificial 03117 02909 1 x FAM
5hmC/5hmC AAAAACGAAAAA artificial 03115 03112 1x FAM
5hmC/5fC AAAAACGAAAAA artificial 03115 03113 1 x FAM
5fC/5hmC AAAAACGAAAAA artificial 03116 03112 1 x FAM
5hmC/5caC AAAAACGAAAAA artificial 03115 03114 1 x FAM
5caC/5hmC AAAAACGAAAAA artificial 03117 03112 1x FAM
5fC/5fC AAAAACGAAAAA artificial 03116 03113 1 x FAM
5fC/5caC AAAAACGAAAAA artificial 03116 03114 1x FAM
5caC/5fC AAAAACGAAAAA artificial 03117 03113 1 x FAM
5caC/5caC AAAAACGAAAAA artificial 03117 03114 1 x FAM
C/T AAAAACAAAAAA artificial 04277 04279 1 x FAM
5mC/T AAAAACAAAAAA artificial 04278 04279 1 x FAM
5hmC/T TTTTTCATTTTT artificial 04839 04277 2x FAM
5hmC/T AAAAACAAAAAA artificial 04840 04279 1x FAM

* Strand-diametral cytosines X/Y in a XpY - YpX dyad, i.e., C/T = CpA - TpG and C/C = CpG - CpG.

T Refers to the Watson strand.

electrophoresis cells (Bio-Rad, Munich, Germany). Gels were recorded on a Typhoon FLA-9500
laser scanner (GE Healthcare, Solingen, Germany) equipped with a 473 nm laser and a 510 LP
filter at 700 V photomultiplier tube (PMT) gain.
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Table 13.6 Combinations of ODNs to create genomic DNA probes for EMSA. The 79-mer Hey2 sequence is located at
chr20:39,589,641-39,589,719 (danRer11) in an intronic region. The 45-mer BRCA1 at chr17:43,125,546-43,125,590 (hg38)
in the first exon of NBR2 which is part of the bidirectional promoter of BRCA1. The 45-mer CDKN2A sequence is located at
chr9:21,974,777-21,974,822 (hg38) in the gene promoter (or first exon of an alternative start site).

Combination* Context! Sequence source Watson strand Crick strand Other modifications
C/C (multiple) Hey2 (Danio rerio) 0476 01152 dark competitor
5mC/5mC TCTTCCGTTTCC Hey2 (Danio rerio) 04379 0517 1 x FAM
5hmC/5mC TCTTCCGTTTCC Hey2 (Danio rerio) 04379 0520 1 x FAM
C/C (multiple) BRCAT1 (H. sapiens) 01516 01529 dark competitor
5mC/5mC TCTTCCGTCTCT BRCAT1 (H. sapiens) 04497 01517 1 x FAM
5hmC/5mC TCTTCCGTCTCT BRCAT1 (H. sapiens) 04497 01520 1 x FAM
5mC/5mC TTTTACGTCATC BRCAT1 (H. sapiens) 04498 01518 1 x FAM
5mC/5mC TTTTACGTCATC BRCAT1 (H. sapiens) 04497 01521 1 x FAM
C/C (multiple) CDKNZ2A (H. sapiens) 01591 01617 dark competitor
5mC/5mC TCAGCCGAAGGC CDKNZ2A (H. sapiens) 04499 01592 1 x FAM
5hmC/5mC TCAGCCGAAGGC CDKNZ2A (H. sapiens) 04499 01593 1 x FAM

* Strand-diametral cytosines X/Y in a XpY - YpX dyad, i.e., C/T = CpA - TpG and C/C = CpG - CpG.

T Refers to the Watson strand.

Quantification. The fraction of bound duplex was determined using ImageQuant TL v8.1 1D
Gel Analysis (GE Healthcare) applying rubber band background subtraction and manual peak
detection with approximately equal peak areas across all lanes. The fraction of bound duplex
was established with R using the ‘summerrband” package (written for this work) and the disso-
ciation constant K; = 1/K determined by non-linear curve fitting using an exact binding model
and the Levenberg-Marquardt algorithm if not otherwise specified as detailed in Section 9. The
package is available under doi:10.5281/zenod0.5348399.

Creation of NNK codon-degenerated MBD libraries

(13.4.1) Library creation via type IIS cloning

This is a working protocol to create NNK codon-degenerated libraries. However, the yield of
transformants is unsatisfactory to create highly diverse libraries (Chapter 7.2). The procedure

is exemplified for NNK codon degeneration of MBD2.
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Backbone linearization and degeneration. The backbone p1567 was linearized in 30 PCR cycles
using 0.04 ng /L template and 0.3 M of each primer (03280 and 03281; annealing temperature:
64 °C) in a KOD Hot Start DNA Polymerase PCR (Toyobo, Osaka, Japan; distributed by Merck
Millipore, Darmstadt, Germany) according to the manufacturer’s instructions. The template
was digested in situ with Dpnl at 37 °C for 15min. A single reaction purified by silica column-
chromatography (Machery-Nagel, Diiren, Germany) yielded about 1.2 ug. The reaction was
digested withBsmB at 0.2U/pL in NEBuffer™ 3.1 (50 mM Tris-HCI, 100 mM NaCl, 10 mM
MgCl,, 0.1 mg/m BSA, pH = 7.9; NEB) at 55 °C for 60 min and purified as before.

Self-circularization and plasmid pool creation. The digested product was diluted to 2.5ng/pL
in T4 DNA ligase buffer (50 mM Tris-HCl, 10 mM MgCl,, 1mM ATP, 10 mM dithiothreitol,
pH =7.5; NEB) and T4 DNA ligase (NEB) was added to a final concentration of 0.4 U/pL. The
ligation was allowed to proceed at 16 °C for 6 h before the circularized DNA was recovered by
ice-cold ethanol precipitation. Transformation of 0.10 vol of the reaction in DH10B (TOP10™,
Thermo Fisher Scientific) at a target voltage of 1.8 kV over 4 ms in 100 pL (25 ODg(g) competent
cells yielded about 21,000 colonies.

(13.4.2) Library creation via Gibson assembly

This is an adaptation of the ‘NEBuilder HiFi DNA Assembly Reaction (E2621) V.1" protocol
(doi:10.17504 /protocols.io.cwaxad) to meet the demands for NNK library creation with short
oligodeoxynucleotides (ODN). A plasmid library is obtained via Gibson assembly of a NNK
codon-degenerated 118-mer ODN and the linearized plasmid backbone, e. g., an AIDA-Isurface
display entry vector. The procedure is exemplified for NNK codon degeneration of MeCP2.

Primer extension and backbone linearization. About 25 pug of the ODN was readily obtained
in a 100 pL reaction by primer extension of the freshly annealed complex of 02901 (2.5 uM) and
03111 (2.0 pM) in T4 DNA ligase buffer (50 mM Tris-HCI, 10 mM MgCl,, 1 mM ATP, 10 mM
dithiothreitol, pH = 7.5; NEB) using 100 uM dNTP Mix (NEB) and 5U Klenow Fragment
(3'=5'exo”; NEB) over 60 min at 37 °C. The reaction was quenched with 10 mM EDTA, concen-
trated by ice-cold ethanol precipitation and the unincorporated nucleotides removed by silica

column-chromatography (Machery-Nagel, Diiren, Germany).

The backbone p1570 was linearized in 30 PCR cycles using 0.04ng/pL template and 0.3 pM
of each primer (02899 and 02900; annealing temperature: 66°C) in a KOD Hot Start DNA
Polymerase PCR (Toyobo, Osaka, Japan; distributed by Merck Millipore, Darmstadt, Germany)

according to the manufacturer’s instructions. For some backbones, the addition of 2% (v/v)
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DMSO was beneficial. The reaction was purified by silica column-chromatography and eluted
in 5mM Tris-HCl (pH = 8.5) pre-heated to 56 °C. Two 50 pL reactions typically yielded 8 pg of

the linearized backbone.

Fragment assembly, plasmid pool and library creation. 440 ng of the linearized backbone were
assembled with 72 ng of the insert in a 20 uL. NEBuilder HiFi DNA Assembly (NEB) reaction
at 45 °C for 40 min. Any remainder PCR template was afterwards digested at 37 °C for 60 min
with 1U/pL Dpnl. The degenerated library was recovered by ethanol precipitation and trans-
formed in electrocompetent DH10B (TOP10™, Thermo Fisher Scientific) at a target voltage of
1.8 kV over 4 ms. Transformation of 0.15 vol of the reaction in 100 pL (25 ODg) competent cells
yielded about 400,000 — 800,000 colonies. A total of 9,000,000 clones was collected in total.

The plasmid pool (p1727) was purified from the spread-plated colonies using a commercial
plasmid DNA purification protocol (Machery-Nagel). Degeneracy of the targeted sites was
confirmed by Sanger sequencing before the library was transformed into electrocompetent

Tuner™(DE3) (Merck Millipore) at sufficiently low multiplicity.

Table 13.7 Degenerated MBD libraries created in this work.

MBD Degenerated sites™ Primer extension Backbone Linearization Plasmid pool
MBD1[2-81] V20X, T33X, Y34X, S45X 02895/03006 p1566 02893/02894 p1938-40
MBD2[146-225] V164X, V177X, Y178X, S189X 04441/03178 p1567 02896/04440 p1728-32
MBD3[2-81] V20X, V33X, Y35X, S45X 03181/03179 p1568 03173/03174 p1941-3
MBDA4[76-167]  K95X, V108X, Y109X, S120X 03182/03180 p1569 03175/03176 p1944-6
MeCP2[90-181] K109X, V122X, Y123X, S134X 02901/03111 p1570 02899/02900 p1727
MeCP2[90-181] K109X, Q110X, S113X, S116X 03966/03111 p1570 02899/02900 p2594-5
MeCP2[90-181] Y120X, V122X, Y123¢, F132X, S134X 03967/03111 p1570 02899/02900 p2596-7
MeCP2[90-181] S116X, G118X, K119X, Y120X 03968/03111 p1570 02899/02900 p2598

* X = any canonical amino acid or amber stop (TAG); ¢ = Cys, Phe, Leu, Trp, Tyr or amber stop.

13.5 Cell surface display of MBDs

Cloning of entry vectors and subcloning for MBD cell surface display. The entry vector for
p-p-1-thiogalactopyranoside (IPTG)-inducible cell surface display p1383 was obtained from
p1380, a pET-21d(+) (Merck, Darmstadt, Germany) derivate, by replacing the N-terminal
SpA(Z)-tag with the AIDA-I surface display cassette (02912, FragmentGene, GENEWIZ, Leipzig,
Germany; amplified with 03004 and 03005) using T4 DNA ligation after Ndel/Xhol restriction
of the plasmid backbone and Ndel/Sall restriction of the amplified cassette (all enzymes from

New England Biolabs, Frankfurt am Main, Germany ). The entry vector for arabinose-inducible
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cell surface display p1705 was based on pBAD33.1 (Chung & Raetz, 2010) using Ndel/HindIII
restriction on both, plasmid backbone and the previously amplified cassette. All vectors had
a N-terminal signal peptide from Vibrio cholerae enterotoxin binding subunit CtxB followed by
an in-frame Spel/Xhol cloning site, a human c-Myc epitope encoding sequence and the AIDA-I

autotransporter (linker and B-barrel domain) from Escherichia coli.

Wildtype MBDs were subcloned from the respective expression vectors using Spel/ Xhol restric-
tion-ligation cloning. The degenerated libraries were obtained by plasmid linearization and a

modified Gibson assembly protocol (see elsewhere).

Outer-membrane extraction. To verify the translocation of the AIDA-I payload to the outer
membrane, a protocol of Park et al. (2015) was followed. In brief, an ODggg of 0.8cm™ of
the induced bacteria was treated in 100 pL 200 mM Tris-HCl, 20 mM glucose, 0.2 mM EDTA
(pH = 8.0) with 2 pg lysozyme for 10 min at room temperature before PMSF was added to a
final concentration of 1 mM. The outer membranes were disrupted by adding 100 pL 50 mM
Tris-HCl, 10mM MgCly, 2% Triton X-100 and 1 U DNase I (NEB), 30 min on ice and recov-
ered as supernatant after centrifugation at 1500 x ¢ for 5minss. This fraction was washed twice
with phosphate-buffered saline (PBS), recovering the membrane-associated protein fractions
at 20,000 x g, 15 min.

MBD-DNA binding assays and MBD library screening

Bacterial cell surface display of MBDs with pET-AIDA-I. From a single clone of a freshly
transformed strain of E. coli Tuner™(DE3) (Novagen, Merck Millipore) an overnight culture
was prepared in LB medium supplemented with antibiotics and 20 mM glucose (0.36% w/v).
The next morning, 1.5 mL LB medium with antibiotic were inoculated at an ODg of 0.05cm™
for the monoclonal strains. Glycerol stocks of the pooled libraries were inoculated directly from
aliquots of suitable density. The cultures were grown to exponential phase at 220 rpm, 37 °C
for 2 h until the ODg( reached 0.4 — 0.6 cm™'. Overgrown cultures and clones kept at 4 °C for
more than 2 weeks may give unsatisfactory results. After placing the cultures briefly on ice,
the expression of the AIDA-I cassette was induced with 50 uM p-p-1-thiogalactopyranoside.
Higher inducer concentrations lead to higher display levels, but decreased survival of the cells.

Expression was allowed to proceed with the cultures shaking at 150 rpm, 30 °C for 1 - 2h.

The ODgqg to collect from these cultures was chosen according to the type of downstream as-
say, the number of staining reactions and the events required: Per 10 reactions that yield about
600,000 to 800,000 cells each on the FACS instrument, an ODg( of 0.4 cm™! was harvested, pel-

letized at 8,000 x ¢ for 2 min and washed twice with the same volume phosphate-buffered saline
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(PBS). The pellet was resuspended in 200 pL PBS with 0.1% bovine serum albumin (ultra pure
grade, else omit; Cell Signaling Technology, Danvers, MA, U.S.) and incubated for 30 — 60 min

on ice. Required volumes:

— Per binding or selectivity measurement, 1.0 vol corresponded to 20 pL, but as little as 5 -
10 uL could be handled with experience.

— For the initial screening of a pooled library, the volume was scaled to oversample the nom-
inal degeneracy at least tenfold, typically, 400 pL of the suspension were used.

— In the subsequent screenings, 20 nL were sufficient.

General staining and DNA labeling procedure. Per staining, 1.0 vol of the cell suspension
(described above) and 0.5vol of the staining reagent (described below) were combined and
incubated for 20 — 60 min at 21 °C, 700 rpm to keep the cells in suspension. Then, the bacteria
were pelletized at 8,000 x g for 2 min, washed with 2.0 vol, but at least 80 p.L, ice-cold PBS and
resuspended in 6.5 vol PBS (minimum 60 pL) and kept on ice for flow cytometry or FACS. In a
typical staining reaction, the labeled DNA probe had a concentration of 64 nM and was carried

out in presence of 500 nM competitor DNA.

The staining reagents were prepared as follows: Two complementary oligodeoxynucleotides
(ODN; Table 13.8), typically 5'-biotinylated including a triethyleneglycol spacer, were hybridized
to give the unlabeled DNA probe. It was crucial for the accurate assessment of binding selec-
tivity to confirm the concentration of all stocks spectrophotometrically and to adjust the stocks
at the indicated stages if needed. For the 24-mers, an extinction coefficient of 286 mM ™' cm™

was used for the oligo(A) context and 197 mM ™ cm™ for the oligo(T) context.

First, the ODN were brought to a concentration of 50 uM in water and 1nmol (20 pL) of the
complementary single-strands annealed in 100 pL 2 x EMSA buffer by immersion in boiling wa-
ter slowly brought to room temperature. These stocks were adjusted to 5 uM (A260 = 1.5cm™
for the 24-mers) with water (ideally, 100 pL), aliquoted and stored at —20 °C.

For the labeling of the DNA probe, two reaction components (A and B) were prepared. Per
10 labeling reactions (with 20 pL for 1 vol), component A was 30 pL 10 x EMSA buffer and 6 pL
50m A /T competitor (03416 and 03417) supplemented with 3.84 L of the 5 uM stocks brought
to 50 pL with water. Component B contains the fluorochrome-streptavidin conjugate (all from
Biozol, Eching, Germany) at a final concentration of the streptavidin component of 1.15 pM in
0.4g/L BSA, 6 mM tris(2-carboxyethyl)phosphin. This component must not be frozen and is
stable for up to two months when stored at 4 °C shielded from light. Equal volumes of A and B
are combined on ice to label the DNA probe by adding A slowly into B to effect that the diluted

DNA probe with multiple biotin sites is saturated in the concentrated solution of excess labeling
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Table 13.8 Combinations of ODNs to create DNA probes for FACS binding assays.

Combination* Context! Sequence source Watson strand Crick strand Other modifications
C/C AAAAACGAAAAA artificial 03244 03245 2 x biotin
C/5mC AAAAACGAAAAA artificial 02905 02909 1 x Pacific Blue
C/5mC AAAAACGAAAAA artificial 02906 02909 1 x FAM
C/5mC AAAAACGAAAAA artificial 02908 02909 1 x TAMRA
C/5mC AAAAACGAAAAA artificial 02906 03081 1 x biotin
C/5mC AAAAACGAAAAA artificial 02906 03082 2 x biotin, 1 x FAM
C/5mC AAAAACGAAAAA artificial 02906 03083 3 x biotin, 1 x FAM
5mC/C AAAAACGAAAAA artificial 03081 03245 2 x biotin
5hmC/C AAAAACGAAAAA artificial 03211 03245 2 x biotin
5fC/C AAAAACGAAAAA artificial 03212 03245 2 X biotin
5caC/C AAAAACGAAAAA artificial 03213 03245 2 x biotin
5mC/5mC AAAAACGAAAAA artificial 02967 03081 1 x biotin
5mC/5mC AAAAACGAAAAA artificial 02967 03082 2 x biotin, 1 x FAM
5mC/5mC AAAAACGAAAAA artificial 03081 03214 2 x biotin
5mC/5mC AAAAACGAAAAA artificial 02967 03083 3 x biotin, 1 x FAM
5hmC/5mC AAAAACGAAAAA artificial 03211 03214 2 x biotin
5fC/5mC AAAAACGAAAAA artificial 03212 03214 2 X biotin
5fC/5mC AAAAACGAAAAA artificial 03213 03214 2 X biotin
5hmC/5hmC AAAAACGAAAAA artificial 03211 03215 2 x biotin
5fC/5hmC AAAAACGAAAAA artificial 03212 03215 2 x biotin
5caC/5hmC AAAAACGAAAAA artificial 03213 03215 2 x biotin
5fC/5fC AAAAACGAAAAA artificial 03212 03216 2 X biotin
5caC/5fC AAAAACGAAAAA artificial 03213 03216 2 X biotin
5caC/5caC AAAAACGAAAAA artificial 03213 03217 2 x biotin

* Strand-diametral cytosines X/Y in a XpY - YpX dyad, i.e., C/T = CpA- TpG and C/C = CpG - CpG.

T Refers to the Watson strand.

agent in order to prevent the formation of alternating DNA-streptavidin chains. Labeling was
allowed to proceed for 60 min. The labeling reaction was 192nM DNA probe, 576 nM strepta-
vidin conjugate, 1.5 uM competitor DNA, 0.2 g/L BSA, 3mM tris(2-carboxyethyl) phosphin in
1 x EMSA buffer.

One-color DNA binding assay. Labeling and staining was carried out as described above with
20 pL bacterial cell suspension and 10 pL of the staining reagent. No quenching was required.

The cells were washed and analyzed on the flow cytometer to assess relative binding affinities.
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Two-color DNA binding assay. According to the screening goal, staining mixes were prepared
as described above using different streptavidin conjugates. It was convenient to prepare the
drop-out mix with equal volumes of the DNA stocks diluted in component A before labeling
with component B. The labeled mixtures were quenched with a total of 0.1 vol 120 uM biotin
before combining at the desired molar ratios. Typically, if a single ‘on-target” labeled with strep-
tavidin-phycoerythrin was screened against 14 ‘off-target’s labeled with streptavidin-FITC, 1/15
parts of the first was combined with 14/15 parts of the latter. The combined mixes were imme-

diately added to the cell suspension.

Determination of surface display levels by antibody staining. To determine the surface dis-
play level of full-length payloads, the entry vector p1383 contained an in-frame c-Myc epitope
sequence C-terminal of the Xhol/Spel cloning site. Detection of the Myc epitope was carried out
either in a single step with an allophycocyanin (APC)-coupled Anti-c-Myc epitope antibody
(Abcam, Cambridge, U.K.; 1:15) or sequentially by staining with a biotinylated Anti-c-Myc
epitope antibody (Thermo Fisher Scientific, Schwerte, Germany) first and then labeling with a
fluorochrome-streptavidin conjugate, e. g., Brilliant Violet™ 711-streptavidin (Biozol, Eching,

Germany). After each staining, the cells were washed twice with 6.5 vol PBS.

Flow cytometry and fluorescence-activated cell sorting. The bacteria were processed on a
SHB800SFP Cell Sorter (Sony Biotechnology, Weybridge, U.K.) using a 70 pm (for analysis) or
100 wm (for sorting) microfluidic sorting chip (Sony Biotechnology). The flow cytometer was
equipped with a 405nm, 488 nm, 561 nm and 638 nm laser. The “Filter Pattern 2” was used
to split the collinear fluorescence beam. Fluorescence of fluorescein or AF488 was acquired in
detector “FL2” at 65% photomultiplier tube (PMT) voltage, and the optimized setups for phy-
coerythrin (“FL3”, 45% PMT voltage), allophycocyanin (“FL4”, 45% PMT voltage), Brilliant
Violet™ 711 (“FL5”, 40% PMT voltage). Regular cells from a control population were gated at
a forward scatter intensity of 16 a. u. and a backward scatter 40% PMT voltage. Before loading,
samples were resuspended by pipetting up and down and analyzed at about 10,000 events per

second or sorted at about 100 events per second.

Cells were sorted in single-cell mode either directly onto one-well plates with selective LB agar
or using the sorting mode indicated in the text in 1.5 mL reaction tubes pre-filled with 5. O. C.
medium and later preferably spread-plated onto LB agar plates, scraped and stocked. Out-
growth in liquid LB medium at 37 °C and 150 rpm overnight with immediate proceeding the
following morning did not have adverse effects if the population size is small. Glycerol stocks
were prepared after the first outgrowth by combining 300 L 50% sterile-filtered glycerol with
700 pL liquid culture or the scraped material.

164
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Optimization of the number of biotin sites. A modified, unoptimized single-color DNA bind-
ing assay was performed using probes with a hemimethylated 5mC/C or fully methylated
5mC/5mC CpG based on 03081, 03082 and 03083 (Table 13.8).

Determination of assay specificity and sensitivity. To determine the false-positive and true-
negative rate two-color DNA binding assay was carried out as described above using bacteria
displaying MBD2 (p1567) of an empty pET-

AIDA (p1383) and an equimolar mixture of a DNA probe containing an unmodified C/C CpG
(03244, 03245) or a fully methylated 5mC/5mC CpG (03801, 03214) labeled as indicated in
Figure 7.9. A total of 15,000 regular cells was sampled from the recorded data and the fraction
of double-positive events was determined in dependence of the threshold levels in R. Typically,

a random sample of 10,000 gated events was analyzed per condition.

General analysis of flow cytometric data. Gating was carried out using the instrument's Cell
Sorter Software v2.1.5 (Sony Biotechnology). The data was exported for processing and analy-
sis using R. The flowCore v1.11.20 package (Hahne, et al., 2009) was used for extracting and
reprocessing Flow Cytometry Standard (FCS) files. A particular gating strategy was rebuilt if
needed computationally using openCyto v2.0.0 (Finak, Greg, et al., 2014). Typically, 60 — 70%
of all events acquired under the above acquisition settings were ‘cells’, so that also for rebuild-
ing an ellipsoid gate based on forward and sideward scatter data, the 70% quantile was used.
The ggplot2 v3.3.5 (Wickham, 2016) extensions ggCyto v1.16.0 (Van, et al., 2018) and ggridges
v0.5.3 produced the data visualizations presented in this work. Where monochromatic color
scales were used, the scaled event densities in 2-dimensional FACS dot plots were based on the

square root of the event count per bin to improve the visibility of low-density regions.

Next-generation sequencing data after FACS. For plasmid extraction, glycerol stocks of the
selected populations were inoculated in LB medium with antibiotic and grown at 30 °C, 150 rpm
to an ODgp of 4.0cm™.
Phusion® PCR (NEB) with 03861 and 03862 which introduced random hexamers (NNNNNN)

as unique molecular identifiers (UMIs) in 2 cycles with an annealing temperature of 60 °C and

The degenerated region of all plasmids (50 ng) was flanked ina 25 pL

20s elongation. 2 pL of this reaction were transferred to a fresh 25 pL Phusion PCR to barcode
the samples in 25 cycles using 02363/03033, 02364/03034, etc. The reactions were purified and

pooled according to their clone number.

[Nlumina NGS was carried out by an external service provider (GENEWIZ Germany, Leipzig,
Germany). The paired-end reads were merged using PANDAseq (v2.11 Masella, et al., 2012)
and aligned with bbmap (v36.86; Bushnell, 2019) in semiperfect mode to the reference sequence

which contained “NNN" at the positions of the degenerated codons, the position of the UMIs
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and the position of the barcodes of the second PCR amplification. The bam files were filtered,
imported, and the sequences at the degenerated sites extracted using packages from the R Bio-
conductor suite (Lawrence, et al., 2013; Pages, et al., 2016). Only reads that had a mapping
quality of 13 or higher and which showed the expected barcode pairs on both ends of their
ends (which applied to roughly 70% of all reads) were kept. Distinct sequences were estab-

lished based on UMIs and the codons present at the degenerated sites.

To calculate the abundance of a genotype or the respective phenotype shown in Figure 7.14,
the fraction of UMI counts within the number of distinct sequences was used. For genotypes
or phenotypes not present in the sequencing of the initial library (due to under sampling of
more than 1 million clones with 2 x 50,000 reads), a missed-by-one assumption was made. The
amino acid enrichment per position was determined from the total of distinct codon-UMI com-

binations. Source code at page 193.
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A.1 Supplementary Figures

[0 MBD1 apo
0 MBD1-DNA

Supplementary Figure A.1 Free and DNA-bound form of MBD1. Superimpositions of NMR structures of MBD1 deter-
mined in presence (PDB 1ig4, Ohki, et al., 1999) or absence of a methylated double-stranded DNA duplex (PDB 1d9n, ibid).
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MeCP2-type MBDs

2 40 55 60 70 75
hMBD1* 2 AEDWLDCPALGP KRREV GPACDLTL----[@)3KQGILCYPAPKAHPVAV
hMBD2*146 SGKRMDCPALPP&IKKEEV] GNTVDLSS---—|@)aRTGKMMPSKLOKNKQRL
hMBD3' 2 ERKRWECPALPQ&UEREEV] GGSMDLST- - ——|#JARTGKMLMSKMNKSRQRV
hMBD4* 76 ATAGTECRKSVPCEI/ERVVK} HKNGETSLKPED@NJTVLSKRGIKSRYKDCSM
hMeCP2* 90 DRGPMYDDPTLPE#| TRKLK| EKVGDTSLDPND/@3TVTGRGSPSRREQKPPK
mMbd1* 92 MAESWQDCPALGP &I KRRESF GPACDLTL--——|#J4RQOGTLCHP I PKTHPLAV
mMbd2*148 ESGKRMDCPALPP&IKKEEV] GNAVDLSS - - ——|#)JARTGKMMP SKLOKNKQRL
mMbd3' 1 MERKRWECPALPQEIEREEV] GGSMDLST- - ——|#JARTGKMLMNKMNKSRQRV
mMbd4*112 STTATEGHKPVPCE)/ERVVK] LKNGETFLKPED@JITVLPKGSINPGYKH
mMecp2* 89 RDGPMYDDPTLPEETRKLK EKVGDTSLDPNDI@3TVTGRGSPSRREQKPPK
R. norvegicus
Q66HB8  EAWQDCPALGPEJKRREAFT sC IYYRS EKISEAIERTRILGPACDLTL - - - —[@)3ROG I LCHPVPKT
D4A986  GKRMDCPALPPEUKKEEVIL LS VYYFS)5SEKKFIESP LGNAVDLSS - - - —1303RTGKMMPSKLQOK
UPI-01830DE  RKRWECPALPQEEREEVP RS LS VFYYS KKFIS 4P LGGSMDLST---—130)3RTGKMLMNKMNK
P, troglodytes
H2QNC3 GTECRKSVPCEIERVVKQELFEKTACRFIVYFISEQELKFEGASS! LHKNGETSLKPED@NITVLSKRGIKSRY
K7CR55  EDWLDCPALGPEUKRREVFEKSEATCERSTYYQS|ZT DRI' EMTRMLGPACDLTL-~---1303KQGILCYPAPKA
AOA2I3SLX7  GPMYDDPTLPE®ITRKLKQIKSERSAEKYVYLINZQEKA B FEKVGDTSLDPNDI@NITVTGRGSPSRRE
AOA2J8INA6  GPMYDDPTLPES&)TRKLKQKSERSAEK YR VYLINIZOEKA E FEKVGDTSLDPND@)JTVTGRGSPSRRE
D. rerio
Q2T2T7  GPMYEDPSLPQEJTRKLKORKS VYLI FQKVGDTITDPN TVTGRGSPSRRE
Q6TGX7 RKRWECSALPNEIKMEEVTEKS KS VYYFS| KKF LGKSMDLSS---- TGKMLMSKLNK
T. rubripes
H2SUB2  KKRWDCTALPKELKMEEVTHKSELSAEKSHVYYFSESEKKFIIPOMARFLGNQMDLSS - — ——ANFRTGKMLMSKLNK
X. laevis
QY9YGC6 GPMYEDPTLPE®[TRKLKQEKSERSAEKFVYLINEN FQKVGDTSLDPNDIZNITVTGRGSPSRRE
Q8AYP2  KKRWECSALPQEIKKEEVTRRSELS KSVYYYSS LGNSMDLST---—1303RTGKMLMSKINK
Q8AYT1 KRRLECPALPAGUKKEEVIEKSELS KSVYYYSN LGNSVDLNS - - - —J303RTGKMMPSKLQK
Q7ZYD4 EGWEDWPLLGPEUKRRNVVIIKSEATCEHSTYYRSIZA LGSAVDLSF----1303RNGVIVDKTPTS
UPI-84D2E70  GPMYEDPTLPE@#JTRKLKQIKSERS KYVYLIHN FQKVGDTSLDPNDIJTVTGRGSPSRRE
G. gallus
Q5EFL0  QGRTDCPALPPEIKKEEVIRKSELSAEKSHVY YFSESEKKFGAPQI#ARFLGNAVDLSC -~ - -@NIRTGKMMPSKLOK
S. purpartus
UPI-5EE466F  KGLQDCPGLPAGIKREEVIEKSELSACKTHVYYYSECEKKLE FIGDAIDLSA--—-| TGKLLSSGVRK
W4YH51  ERAVRWPLANEJRROTIIFQLEPGDRIKGEVIYYAZCEKKLI YPE RI{IERRGITSVAREH|SYSAKMRIGEFLNP
A. gambiae
F5HM38 RKRTDCAALPKE[OREEVLEKTELSAEKVEVYYYSETEKKIEFIPOIFARALGDTIDLST-—~-@)YQAGRIIAPPSVA
C. elegans
Q23590 EAMLRLPLQLEIRRQTCVEISIASAGVKGRVSYFAECEKKLSIY SEfVRELTKNS IHY ITRDNFLIINTKLVIGEFIVP
A. thaliana
AtMBD5* TPGDDNWLPPD) RTEIRVETSITKAETVEKFYYEEITERKF FLEHGTPKKKSVKTAENGDSHSEHSEGR
AtMBD4" IDKPGLPKTPKEFKRSLVLEKDYS———KMDTYYFTE KKLIE EAAFVEANPEFRNAPLGDENETVPKVMEDTV
HAT MBD-like
hBAZ2A 549 PEEVRLPLOHEJRREVR I{IKES - HRWQGETWY YGE CEKRMIQF PE I KFL.SRNVVHSVRREHJSHS PRMPVGDFFEE
hBAZ2B 742 ERELRIPLEY&JORETRIEINFE-GRLQGZVAY YAIZCEKKLIHOYPEYIKMLSRNGIMDI SRDNIFSIFSAKIRVGDFYEA
mBaz2a 539 PEEVRLPLOHEIRREVR I{KES -HRWQGIZTWY YGI5CEKRMYQF PEY I KMLSRNVVHSVRREHSIGS PRMPVGDFFEE
G. gallus
AOA1D5NW81 PEEVRFPLQHEIRREVR IGREN-HRWQGETWY YGECEKRMIQF PEIKFLNRNVVQDVRREHEGSEHS PRMPVGDFYEE
R. norvegicus
UPI-15526AD PEEVRLPLQHEIRREVR IHKES-HRWQGETWY YGECEKRMIQF PE I KFLSRNVVHSVRREHEGSES PRMPVGDFFEE
C .
HMT MBD-like
hSETDB1 597 KNPLLVPLLYDBRRMTARERVN-RKMGFHVIYKTECELCLE LFETGCDFLFLEM3CLDPYVLVDRKFQP
hSETDB2 163 NPLQOLPIKCHORRHAKTNSH--SSALHVSYKTiZC! RSL'NVEE LLETECNFLFTDNESENTYV
mSetdb1 615 KNPLLVPLLYDIZRRMTARERVN-RKMGFHVI YKT)5CELCLI QEE LFETGCDFLFLEMJCLDPYVLVDRKFQP
mSetdb2 148 KGENPLQLPIRCHIJORRHAKTNSH--SSALHVNYKTIZCERNLNMEEFHYLLETECNFLFTDNZSENTYVQLTR
T. rubripes
H2UKE2 ~ RNPLLTPLLYDFRRMTGREKVN-RKMSFHVIYKAECELCLANMS EHQHLFQTNCDF IFLEMECLDPYVLVDRPFQP
X. laevis
xSETB1 KNPLLVPLLYDFRRMTARERVN-RKMGFHV I YKSECELSLEMPENERNLFETQCKMLFLEMECLDPYVLVDRKFQP
G. gallus
HIL3I9 KNPLLIPLLYDFRRMTARERVN-RKMGFHV I YKTECELCLEMAENERNLFETDCDFLFLEMECLDPYVLVDRKFQP
R. norvegicus
rSETDB1 KNPLLVPLLYDFRRMTARERVN-RKMGFHV I YKTECELCLEMMOENRERHLFETGCDFLY LEMECLDPYVLVDRKFQP

Supplementary Figure A.2 Sequence alignment of the MBDs. Sequence alignment of (a) MeCP2-like MBDs, (b) HAT
MBD-type MBDs and (¢) HMT MBD-type MBDs. Note the presence of vertebrate human (h), mouse (m), invertebrate and
plant proteins in the MeCP2-like MBD group. Not all sequences retrieved under Pfam PF01429 included, highly similar ones
omitted in favor of displaying more dissimilar ones. Sequences with proven (*) or disproven () ability to bind methylated CpGs

are indicated.
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Supplementary Figure A.3 Compilation of primary EMSA data evaluated for MBD1, MBD2 and MBD3. Representative
gel images of an electrophoretic mobility shift assay at 1,024 nM MBD concentration is shown in the top panel, all other
measurements as heat maps in the middle (dagger indicates the gel image shown); The fractions of bound DNA duplex
were averaged and summarized as bar graphs in the lower panels. Error bars indicate standard error of the mean (SEM)
with a two-sides Student's t-test against the fraction of bound 5mC/5mC duplex; False-discovery rate was controlled using
the Benjamini-Hochberg procedure to correct the p-values for multiple comparisons; ns: p-value in (0.1, 1], . (0.05, 1], *
(0.01, 0.05], ** (0.001, 0.01], *** (0, 0.001]. Reprinted from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).
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Supplementary Figure A.4 Compilation of primary EMSA data evaluated for MBD4 and MeCP2. Details see Supple-
mentary Figure A.3. Reprinted from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).
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Supplementary Figure A.5 Compilation of primary EMSA data evaluated for MeCP2 Rett mutants. Representative
gel images of an electrophoretic mobility shift assay at 1,024 nM MBD concentration is shown in the top panel, all other
measurements as heat maps in the middle (dagger indicates the gel image shown); The fractions of bound DNA duplex
were averaged and summarized as bar graphs in the lower panels. Error bars indicate standard error of the mean (SEM)
with a two-sides Student's t-test against the fraction of bound 5mC/5mC duplex; False-discovery rate was controlled using
the Benjamini-Hochberg procedure to correct the p-values for multiple comparisons; ns: p-value in (0.1, 1], . (0.05, 1], *
(0.01, 0.05], ** (0.001, 0.01], *** (0, 0.001]. Reprinted from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).
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a b c

Supplementary Figure A.6 Positions of the degenerated amino acid residues in additional MeCP2 libraries. Three
libraries based on MeCP2[90-181] (PDB 3c2i, Ho, et al., 2008) in (a—c) with a-helix a1 and loop L1 of the MBD; Only the sp3
carbon of each 5mC (Me) is indicated for clarity.
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Supplementary Figure A.7 Specificity of Anti-c-Myc epitope detection of AIDA-I surface display. E. coli B strain
Tuner™(DEB3) cells expressing either maltose-binding protein (MBP) or the empty c-Myc epitope-containing AIDAC autotrans-
porter were stained with Brilliant Violet™ 711-labeled streptavidin (SAv) after treatment with a biotinylated Anti-c-Myc epitope
antibody or not.

PET-MBD1-AIDAC pET-MBD2-AIDA®
M whole cell lysate outer membrane M whole cell lysate outer membrane

IPTG (mM) 0.4 0.2 0.1 0.01 0 0.4 0.2 0.1 0.01 O 0.4 0.2 0.1 0.010 04 0.2 0.10.010

130 kDa —]
70 kDa—|w . <~ MBD-AIDA®
55 kDa —|w - (62 kDa)
35 kDa—| %« ’ <~ OmpA
25 kDa—| * (37 kDa)
15 kDa—| %

<—lysozyme

10 kDa—{ = - (14 kDa)

Supplementary Figure A.8 Whole cell lysate and outer membrane analysis of surface-displayed MBD1 and MBD2.
Surface-display of MBDs was induced for 60 min at 30°C and cells harvested for outer-membrane extraction which uses
lysozyme to digest the bacterial cell wall; Not all extractions were successful. Separation on 12% glycine-SDS PAGE;
PageRuler™ Plus Prestained Protein Ladder (Lane M).
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Supplementary Figure A.9 Binding of MeCP2 to methylated and unmethylated CpA dinucleotides. (a) Electrophoretic
mobility shift assay with recombinantly expressed MBDs and fluorescently-labeled DNA probes containing a single modified or
unmodified CpA. (b) Cell surface display levels of MBD-AIDA® proteins and binding of a probe with the same DNA sequence
as in a labeled with phycoerythrin using a one-color fluorescence-activated DNA binding assay. The MeCP2-AIDAC double-
arginine mutant was cloned by Jankowski (2020).
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Supplementary Figure A.10 Surface-display of various MBDs using a pBAD-based expression system. Display levels
and MBD-DNA binding in K-12 derivate DH10B E. coli and araBAD promoter-based vectors induced with 0.1% L-arabinose for
3 hours or overnight. The cells were probed for the presence of a surface-exposed c-Myc epitope using an allophycocyanin-
coupled antibody and for binding of a DNA probe containing a fully methylated 5mC/5mC CpG that was labeled with phyco-
erythrin. Although DH10B is a suitable host to titrate protein expression levels with increasing L-arabinose concentration in the
medium, it is not ompT which meant that surface-displayed payloads could be cleaved by the outer membrane-associated
omptin OmpT at dibasic residues as present in the N-terminus of the MBD.
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Supplementary Figure A.11
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Effect of maturation time on surface display levels of active MBD. Cells were induced

with 50 uM IPTG for one hour, the inducer removed and the cell incubated for 1 h or 24 h at 4 °C. Surface-display of functional

MBDs was determined by staining with fluorescently-labeled DNA probes varying the amount of fluorophore as detailed in

Section 7.4.
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Supplementary Figure A.12 Co-detection of surface display level and DNA binding. Cells were induced with 50 uM
IPTG for the indicated period of time and stained with a allophycocyanin-labeled Anti-c-Myc epitope antibody and phycoery-
thrin-labeled DNA probes that contained a single fully methylated 5mC/5mC CpG. MBD3 is a non-binding MBD.
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Supplementary Figure A.13 Preparation of staining mixes for fluorescence-activated DNA binding assays. (a) Sequen-
tial staining protocol (not used) in which the biotinylated DNA probe is first bound to the surface-displayed methyl-CpG-binding
domain (MBD), excess probe removed by washing and then labeled with a fluorochrome (FC)-conjugated streptavidin (SAv)
reagent. (b) Differentially labeled DNA probes are prepared separately using two (or more) fluorochrome-conjugated strepta-
vidin reagents; excess streptavidin is quenched with biotin, then the mixture is applied to the cells and excess stain removed
by washing.
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Supplementary Figure A.14 Saturation of the FACS DNA probe labeling reactions. (a) Possible labeling outcomes at
different molar ratios with multivalent reagents; Entities drawn to scale; Bracketed terms denote the concentration of an entity.
(b) Labeling and staining as in Figure 7.7 b followed by washing and relabeling with 0.4 pmol PE-streptavidin to probe saturation
of the first labeling reaction. DNA probes with a single biotin were completely reluctant to relabeling and almost 85% of the
biotin in the bivalent DNA probes were saturated even at a low molar excess of the fluorophore over all biotin tags. At the
same concentration, the trivalent DNA probes showed the expected relabeling for 50% of the unsaturated tags, confirming
that a high excess of the fluorochrome-conjugated streptavidin was required.
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Supplementary Figure A.15 Amount of DNA probe required for surface-displayed MBD staining. Surface-displayed
MBD2 (2 million BL21 Tuner™(DE3) cells, pET—AIDAC, 50 uM IPTG) stained with the indicated amounts of labeled DNA probes
containing a single 5mC/5mC CpG and two biotin tags. The DNA probes were labeled with 6 pmol fluorochrome-streptavidin
(SAv) conjugate and quenched with 120 pmol biotin, washed and analyzed on a multi-color flow cytometer (10,000 events

shown).
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Supplementary Figure A.16 One-color FACS binding assay controls and surface-displayed wildtype MBD3. Same
conditions as in Figure 7.11. (a) Confirmation of surface display with an allophycocyanin-labeled Anti-c-Myc epitope antibody
for MBD2 and MBD3. (b) Full selectivity profile of surface-displayed MBD3.
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Supplementary Figure A.17 Screening the degenerated MeCP2 library against 15 modified CpG dyads. (a) Wildtype
controls on the day of the first screen. (b) Display levels of the library. The same instrument settings were used in Figure 7.13.
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Supplementary Figure A.18 Phenotype enrichment with different screening strategies. (a) The same MeCP2-based
NNK codon-degenerated library was screened for 5mC/5hmC-selective MBDs with the ‘on-target’ DNA probe labeled with
phycoerythrin and the drop-out mix of 14 other probes labeled with Alexa Fluor (AF) 488. (b) Enriched amino-acid substi-
tutions after the final screening round indicated in a per degenerated position (left) and in combination for distinct full-length
phenotypes (right). The top panel is shown in Figure 7.14.
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Supplementary Figure A.19 Binding affinity of T/A/Y/N and T/C/Y/N towards modified CpA - TpG dyads. Electrophoretic
mobility shift assays with artificial 24-mer DNA probes that contained a central CpA with the indicated modified cytosine com-
binations at two different MBD concentrations.
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Supplementary Figure A.20 Binding selectivity of A117C and other mutants for MTSL labeling. (a) Recombinant
expression of four cysteine mutants of MeCP2 wildtype or MeCP2[K109T/V122A/S134N]; Flow-through (FT), wash (W1+2)
and eluate 1 (E1) as reference, only eluate 2 were used; Proteins expressed as maltose-binding protein-fusion. (b) Binding

selectivity at 256 nM for MeCP2 wildtype cysteine mutants. (¢) Binding selectivity at 256 nM for MeCP2[K109T/V122A/S134N]
cysteine mutants.
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MBD1 MBD2 MBD3  control MBD4  MeCP2  control
MBD + + + + + + + + - - - + + + + + - - -
TEV -+ - - 4+ - - + - - + -+ = - 4+ - - 4+ -
FactorXa - - + - - + - - + - - + - -+ - -+ - - +
mC/mC + + + + + + + + + + + + + + + +

N TNTIN [t

Supplementary Figure A.21 Effect of TEV cleavage on SpA(Z)-MBD fusion proteins. Electrophoretic mobility shift assay
(EMSA) at 4 nM labeled DNA duplex (with excess labeled strand, lowest immobile band) containing an mC/mC modified CpG
with the indicated SpA(Z)-MBD fusion proteins at 1 uM MBD (except for MBD1, which was re-expressed for all other assays
in this study). Reprinted from Buchmuller et al. (2020), CC BY 4.0 (full license in Appendix A.4).

Supplementary Tables

Supplementary Table A.1a Content of modified cytosines in various genomes.

Organism Tissue/Organ X X/G* N sites (ds)f  Method Reference
B. taurus Calf thymus 5mC 58 + 5 ppt 7.0x 107 Gravimetry [Wya51]
B. taurus Calf thymus 5mC 75 + 4 ppt 9.1 x 10’ UV-Vis [Sin54]

A. thaliana Leaves 5mC 145+ 15ppt 7.0x10° LC-SRM¥ [CMK+14]
D. melanogaster Whole fly 5mC  0.30+0.13ppt 1.8 x 10* LC-SRM¥ [CMK+14]
E. coli (dem™) Whole cell 5mC  0.16+0.02ppt 3.8x10° LC-SRM¥ [CMK+14]
E. coli (dem™*) Whole cell 5mC 23+ 1 ppt 5.4 x10* LC-SRM¥ [CMK+14]
M. musculus Liver 5mC 76 + 8 ppt 8.4 x10’ LC-SRM¥ [CMK+14]
M. musculus Brain cortex 5mC 45 + 2 ppt 49 x10’ LC-MS [MGB+10]
M. musculus Liver 5mC 41 +7 ppt 45x10’ LC-MS [GMM+10]
M. musculus Brain 5mC 31+ 2ppt 3.4x10’ Hhal + Hpall [SRL+79]
M. musculus Liver 5mC 27 + 4 ppt 3.0x 10’ Hhal + Hpall [SRL+79]
M. musculus Brain 5mC 31 ppt 3.4x10’ LC-MS [ISD+11]
M. musculus Liver 5mC 28 ppt 3.1 x10’ LC-MS [ISD+11]
M. musculus ESC 5mC 14 ppt 1.5x 10’ LC-MS [BUY+14]
M. musculus ESC E14 5mC 29 ppt 3.2x10’ LC-MS [ISD+11]
M. musculus ESC E14 5mC n/d 3.2x10° MAB-Seq [NIK+15]
M. musculus ESC BL/6 5mC n/d 25x10° redBS/oxBS-Seq [BMB+14]
R. norvegicus Brain 5mC 44 + 8 ppt 55x 10’ UV-Vis [VMV+73]
R. norvegicus Liver 5mC 43 + 2 ppt 5.4x10’ UV-Vis [VMV+73]
H. sapiens Brain 5mC 45 + 1 ppt 5.4 x10’ RP-HPLC [EGH+82]
H. sapiens Liver 5mC 40 + 1 ppt 4.8 x 10’ RP-HPLC [EGH+82]
H. sapiens Brain 5mC 53 + 1 ppt 6.4 x 107 LC-MS [LWS+13]
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Supplementary Table A.1b Content of modified cytosines in various genomes.

Organism Tissue/Organ X X/G* N sites (ds)T Method Reference
H. sapiens HEK293T** 5mC 36 + 3 ppt 43 x 10 LC-MS [LWS+13]
H. sapiens HelLa™™ 5mC 28 + 2 ppt 3.4 x 10’ LC-MS [LWS+13]
H. sapiens HCT116** 5mC 44 ppt 5.3 x 10’ LC-MS [BUY+14]
H. sapiens MCF-7** 5mC 39 ppt 4.7 x 10’ LC-MS [BUY+14]
Bacteriophage T4, (T2, T6) 5hmC fully modified 4.6 x 10 UV-Vis [WC52]
M. musculus Granule cells 5hmC  2.3+0.1ppt 2.5x 10° NNATt [KH09]

M. musculus Purkinje cells 5hmC  5.9+0.5ppt 6.5 x 10° NNATT [KHO09]

M. musculus Brain cortex 5hmC  6.5+0.4ppt 7.2x10° LC-MS [MGB+10]
M. musculus Liver 5hmC 0.6 +0.1ppt 6.6 x 10° LC-MS [GMM+10]
M. musculus Brain 5hmC  6.8ppt 7.5x10° LC-MS [ISD+11]
M. musculus Liver 5hmC 0.8 ppt 8.8 x 10° LC-MS [ISD+11]
M. musculus ESC 5hmC  0.68+ 0.05ppt 7.5x10° LC-MS [LWS+13]
M. musculus ESC 5hmC 0.4 ppt 4.4 x10° LC-MS [BUY+14]
M. musculus ESC J1 5hmC 1.6 ppt 1.8 x 10° LC-MS [BBF+12]
M. musculus ESC E14 5hmC  1.2ppt 1.4 x10° LC-MS [ISD+11]
M. musculus ESC E14Tg2a 5hmC n/d 2.0x10° TAB-Seq [YHS+12]
M. musculus ESC BL/6 5hmC n/d 7.3x10° redBS/oxBS-Seq [BMB+14]
H. sapiens Brain 5hmC  7.0+0.9ppt 8.5 x 10° LC-MS [LWS+13]
H. sapiens HEK293T** 5hmC 0.14 +0.01 ppt 1.7 x10° LC-MS [LWS+13]
H. sapiens HelLa*™* 5hmC  0.15+0.02ppt 1.8x10° LC-MS [LWS+13]
H. sapiens HCT116** 5hmC  0.05ppt 4.8 x10* LC-MS [BUY+14]
H. sapiens MCF-7** 5hmC  0.16ppt 1.9x10° LC-MS [BUY+14]
H. sapiens ESC H1 5hmC n/d 6.9 x10* TAB-Seq [YHS+12]
M. musculus Brain 5fC 15ppm 1.7 x 10* LC-MS [ISD+11]
M. musculus Liver 5fC 6 ppm 6.5x10° LC-MS [ISD+11]
M. musculus ESC E14 5C 18 = 1 ppm 2.0 x 10° LC-MS [ISD+11]
M. musculus ESC 5fC 3+1ppm 3.2x10° LC-MS [PHT+11]
M. musculus ESC 5fC 14.5+2.9ppm 1.6 x 10* LC-MS [LWS+13]
M. musculus ESC E14 5fC n/d 2.9x10* MAB-Seq [NIK+15]
M. musculus ESC BL/6 5fC n/d 1.3x10° redBS/oxBS-Seq [BMB+14]
M. musculus ESC (inhib.) 5fC 32ppm 3.6 x 10 CLEVER-SeqH [ZGG+17]
M. musculus ESC (serum) 5(C  n/d 1.2x 10 CLEVER-SeqH [ZGG+17]
H. sapiens Brain 5fC 7.7 £1.5ppm 9.3x10° LC-MS [LWS+13]
H. sapiens HEK293T** 5fC 1.1 0.1 ppm 1.2x10° LC-MS [LWS+13]
H. sapiens HelLa** 5fC 3.9+ 0.3ppm 3.8x10° LC-MS [LWS+13]
H. sapiens ESC 5(C  n/d 4.1 x10* CLEVER-SeqH [ZGG+17]
M. musculus ESC E14 5caC 3.6 £ 0.3ppm 3.9x10° LC-MS [ISD+11]
M. musculus ESC 5caC 3.4+0.3ppm 3.7x10° LC-MS [LWS+13]
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Supplementary Table A.1c Content of modified cytosines in various genomes.

Organism Tissue/Organ X X/G* N sites (ds)’r Method Reference
H. sapiens Brain 5caC 0.68+0.05ppm 820 LC-MS [LWS+13]
H. sapiens HEK293T** 5caC  0.79+0.14ppm 950 LC-MS [LWS+13]
H. sapiens HelLa™™* 5caC  0.81+0.17ppm 970 LC-MS [LWS+13]

* Relative frequency f= X/ G or f =X/ (X + C), the more conservative estimate is used if possible; For sequencing-based
approaches within the covered genomic regions; n/d = not determined. A study on 5hmC in rodent brain by Penn et al. (1972)

was excluded since 5mC was not detectable and the result not reproducible by others (Kothari & Shankar, 1976).

T Calculated as N(bp) x %(G + C) x for N(C, ds) x f based on the reference genome assemblies; For sequence-based

approaches N(sites) or N(sites) x median modification level if provided by the authors.
* Liquid chromatography selective reaction monitoring.

** Cancer cell line.

Tt Nearest-neighbor analysis (Ramsahoye, 2002).

# Total number of uniquely covered sites from eight to twelve single cells.

Supplementary Table A.2 Sequences of DNA probes used in the literature.

Source CpG CpA Sequence References
(mod.)
‘GAM1’ 12 (1) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93] and others
‘GAM3’ 12 (3) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93]
‘GAM4’ 12 (4) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93]
‘GAM5’ 12 (5) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93]
‘GAM6’ 12 (6) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93]
‘GAM12’ 12 (12) 0 GATCCGACGACGACGACGACGACGACGACGACGACGACGATC [NMB93] and others
artificial 4(1) 2 AGCTTATCGCAGCCGGCGCGAATCTGA [VTR+04]
artificial 3(1) 1 GAGGCGCTCGGCGGCAG [CSW+14; WCB+14]
artificial 1(1) 2 GCCAACGTTGGC [LLW+19]
artificial 1(1) 0  AAAAAAAAAACGAAAAAAAAAA [BKS20] (this work)
BDNF1 1(1) 2 GCCCTGGAACGGAACTCTTCTGGCC [YKL+16]
BRCA1 6 (1) 2  AAAACTGCGACTGCGCGGCGTGAGCTCGCTGAGACTTCCTGGACGGGGGA [FBM+03]
BRCA1 6 (2) 2  AAAACTGCGACTGCGCGGCGTGAGCTCGCTGAGACTTCCTGGACGGGGGA [FBM+03]
BRCA1 6 (2) 2  AAAACTGCGACTGCGCGGCGTGAGCTCGCTGAGACTTCCTGGACGGGGGA [FBM+03]
GSTP1 6 (6) 3  CCCTCCAGAAGAGCGGCCGGCGCCGTGACTCAGCACTGGGGCGGAGCGGG [FBM+03]
MLH1 3(3) 4 GAACGTGAGCACGAGGCACTGAGGTGATTGGCTGAAGGCACTTCCGTTGA [FBM+03]
CDKN2A 7(7) 2  GCGCTCGGCGGCTGCGGAGAGGGGGAGAGCAGGCAGCGGGCGGCGGGGAG [FBM+03]
p-globin 1(1) 0  GGATCGGCTIC [SWG+11]
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Supplementary Table A.3 Reported binding affinities of MBD1. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
C/IC CCATGCGCTGAC 1-105 (H. sapiens) 1,400 + 300nM 150mM NaCl  FP [HLU+12]
C/IC GGGCTCGAAGTG 1-75 (H. sapiens) 33,000 + 6,900 nM 100mM NaCl ITC [OAK+13]
5mC/C CCATGCGCTGAC 1-105 (H. sapiens) 250+ 90nM 150mM NaCl  FP [HLU+12]
C/5mC GGGCTCGAAGTG 1-75 (H. sapiens) 3,080+ 830nM 100mM NaCl ITC [OAK+13]
5hmC/C CCATGCGCTGAC 1-105 (H. sapiens) 640 + 100nM 150mM NaCl  FP [HLU+12]
5mC/5mC CCATGCGCTGAC 1-105 (H. sapiens) 5+ 1nM 150mM NaCl  FP [HLU+12]
5mC/5mC GGGCTCGAAGTG 1-75 (H. sapiens) 72+  11nM 100mM NaCl ITC  [OAK+13]
5hmC/5mC CCATGCGCTGAC 1-105 (H. sapiens) 90+ 10nM 150mM NaCl  FP [HLU+12]
5hmC/5mC  GGGCTCGAAGTG 1-75 (H. sapiens) 1,040+ 422nM 100mM NaCl ITC  [OAK+13]
5hmC/5hmC  CCATGCGCTGAC 1-105 (H. sapiens) 1,000+ 100nM 150mM NaCl  FP [HLU+12]

Supplementary Table A.4 Reported binding affinities of MBD2. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
C/C CCATGCGCTGAC 153-414/p66ar (M. m.) 6,500 + 3,000nM 150mM NaCl  FP [HLU+12]
C/C GACGACGACGAC full length (M. musculus) 189 + 47 nM 50mM NaCl RCSA [FBM+03]
C/C CTGCGCGGCGTG full length (M. musculus) 200 = 54 nM 50mM NaCl RCSA [FBM+03]
5mC/C CCATGCGCTGAC 153—414/p66a (M. m.) 700+ 100nM 150mMNaCl FP  [HLU+12]
5hmC/C CCATGCGCTGAC 153—414/p66a (M. m.) 4,900 + 1,300nM 150mMNaCl FP  [HLU+12]
5mC/5mC  CCATGCGCTGAC 153-414/p66ax (M. m.) 60+  20nM 150mMNaCl FP  [HLU+12]
5mC/5mC GACGACGACGAC full length (M. musculus) 3+ 1nM 50mM NaCl RCSA [FBM+03]
5mC/5mC CTGCGCGGCGTG full length (M. musculus) 4+ 2nM 50mM NaCl RCSA [FBM+03]
5mC/5mC -GGATCGGCTC- 2-72 (G. gallus) 2+ 0nM 50mM NaCl SPR [SWG+11]
5mC/5mC GCGCTCGGCGGC 1-70 (G. gallus) 110 + 1nM 50mM NaCl SPR [CSW+14]
5hmC/5mC  CCATGCGCTGAC 153-414/p66a (M. m.) 600+ 100nM 150mM NaCl  FP [HLU+12]
5hmC/5hmC  CCATGCGCTGAC 153-414/p66a (M. m.) 2,800+ 700nM 150mM NaCl  FP [HLU+12]
5hmC/5hmC  GCGCTCGGCGGC 1-70 (G. gallus) 54,000 + 8,000nM 50mM NaCl SPR [CSW+14]

Supplementary Table A.5a Reported binding affinities of MBD3. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
C/C CCATGCGCTGAC 1-265AE/p66B (M. m.) 6,600 + 1,600 nM 150mM NaCl  FP [HLU+12]
C/C GACGACGACGAC full length (X. laevis) 779+  257nM 50mM NaCl RCSA [FBM+03]
C/C CTGCGCGGCGTG full length (X. laevis) 555+ 128nM 50mM NaCl RCSA [FBM+03]
C/C GACGACGACGAC full length (M. musculus) 684+ 124nM 50mM NaCl RCSA [FBM+03]
C/C GACGACGACGAC full length, F34Y (M. m.) 751+ 146nM 50mM NaCl RCSA [FBM+03]
C/C GACGACGACGAC full length, H30K (M. m.) 682+ 126nM 50mM NaCl RCSA [FBM+03]
5mC/C CCATGCGCTGAC 1-265AE/p66B (M. m.) 2,900+ 900nM 150mM NaCl  FP [HLU+12]
5hmC/C CCATGCGCTGAC 1-265AE/p66B (M. m.) 3,000+ 500nM 150mM NaCl  FP [HLU+12]
5mC/5mC CCATGCGCTGAC 1-265AE/p66B (M. m.) 1,300+ 100nM 150mM NaCl  FP [HLU+12]
5mC/5mC GACGACGACGAC full length (X. laevis) 186 + 42nM 50mM NaCl RCSA [FBM+03]

182



Supplementary Tables

Supplementary Table A.5b Reported binding affinities of MBD3. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
5mC/5mC CTGCGCGGCGTG full length (X. laevis) 63 + 16nM 50mM NaCl RCSA [FBM+03]
5mC/5mC GACGACGACGAC full length (M. musculus) 580+ 105nM 50mM NaCl RCSA [FBM+03]
5mC/5mC GACGACGACGAC full length, F34Y (M. m.) 81+ 12nM 50mM NaCl RCSA [FBM+03]
5mC/5mC GACGACGACGAC full length, H30K (M. m.) 132 + 20nM 50mM NaCl RCSA [FBM+03]
5mC/5mC GCGCTCGGCGGC 1-70 (H. sapiens) 54,000 + 7,000nM 50mM NaCl SPR [CSW+14]
5mC/5mC GCGCTCGGCGGC 1-70, F34Y,H30K (H. s.) 130 + 10nM 50mM NaCl SPR [CSW+14]
5mC/5mC  GCCAACGTTGGC 1-71 (H. sapiens) 5,400+ 1,200nM  150mMNaCl ITC  [LLW+19]
5hmC/5mC  CCATGCGCTGAC 1—265AE/p66B (M. m.) 2,900+ 800nM  150mMNaCl FP  [HLU+12]
5hmC/5hmC  CCATGCGCTGAC 1—265AE/p66B (M. m.) 4,700+ 1,000nM  150mMNaCl FP  [HLU+12]
5hmC/5hmC  GCGCTCGGCGGC 1-70 (H. sapiens) not detected 50mM NaCl SPR [CSW+14]
5mC/5mC GCCAACGTTGGC 1-71 (H. sapiens) not detected 150mM NaCl ITC [LLW+19]

Supplementary Table A.6 Reported binding affinities of MBD4. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
c/C CCATGCGCTGAC 49-187 (M. musculus) 1,070+ 110nM  150mMNaCl FP  [HLU+12]
C/C -GGATCGGCTC- 69-136 (H. sapiens) not detected 100mM NaCl ITC [OAK+13]
c/C GCGCTCGGCGGC 80—148 (H. sapiens) 17,200 + 2,000 nM 50mM NaCl SPR  [WCB+14]
5mC/C CCATGCGCTGAC 49-187 (M. musculus) 520 + 60 nM 150mM NaCl FP [HLU+12]
C/5mC -GGATCGGCTC- 69-136 (H. sapiens) not detected 100mM NaCl ITC [OAK+13]
5hmC/C CCATGCGCTGAC 49-187 (M. musculus) 840 + 70 nM 150mM NaCl FP [HLU+12]
5mC/5mC CCATGCGCTGAC 49-187 (M. musculus) 220 + 10nM 150mM NaCl FP [HLU+12]
5mC/5mC -GGATCGGCTC- 69-136 (H. sapiens) 98 + 76 nM 100mM NaCl ITC [OAK+13]
5mC/5mC GCGCTCGGCGGC 80-148 (H. sapiens) 6,400 + 1,500nM 50mM NaCl SPR [WCB+14]
5hmC/5mC  CCATGCGCTGAC 49-187 (M. musculus) 560+ 100nM 150mM NaCl FP [HLU+12]
5hmC/5mC -GGATCGGCTC- 69-136 (H. sapiens) 162 + 58 nM 100mM NaCl ITC [OAK+13]
5hmC/5hmC  CCATGCGCTGAC 49-187 (M. musculus) 950 + 40nM 150mM NaCl FP [HLU+12]
5hmC/5hmC  GCGCTCGGCGGC 80-148 (H. sapiens) 14,200 + 1,900 nM 50mM NaCl SPR [WCB+14]
T/5mC -GGATTGGCTC- 69-136 (H. sapiens) 99+  42nM  100mMNaCl ITC  [OAK+13]
C/T -GGATCAGCTC- 69-136 (H. sapiens) 213 58 nM 100mM NaCl ITC [OAK+13]

Supplementary Table A.7a Reported binding affinities of MeCP2. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
C/C CCATGCGCTGAC 77-205 (H. sapiens) 500+ 100nM 150mM NaCl  FP [HLU+12]
C/C GACGACGACGAC full length (M. musculus) 458 + 88nM 50mM NaCl CSA [FBM+03]
C/C CTGCGCGGCGTG full length (M. musculus) 441+ 138nM 50mM NaCl CSA [FBM+03]
C/C GACGACGACGAC full length (X. laevis) 556 + 77nM 50mM NaCl CSA [FBM+03]
C/C CTGCGCGGCGTG full length (X. laevis) 395+ 100nM 50mM NaCl CSA [FBM+03]
C/C GCAGCCGGCGCG 77-165 (M. musculus) 1,030 + 20nM 30mM KCI EMSA  [VTR+04]
C/C TGGAACGGAACT 77-167 (H. sapiens) 398 + 49nM 30mM KCI EMSA  [YKL+16]
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Supplementary Table A.7b Reported binding affinities of MeCP2. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
C/C TGGAACGGAACT 77-167, R133C (H. s.) 1,203+ 392nM 30mM KCl EMSA  [YKL+16]
c/C TGGAACGGAACT 77-167, S134C (H. s.) 759+  184nM 30mM KClI EMSA  [YKL+16]
C/IC TGGAACGGAACT 77-167, T158M (H. s.) 351 + 54 nM 30mM KCI EMSA [YKL+16]
C/IC TGGAACGGAACT 76-167 (H. sapiens) 11+ 4nM 25mM KCI  FP [KWC+14]
C/C TGGAACGGAACT 76-167 (H. sapiens) 1,000nM 100mM KCI  FP [KWC+14]
c/C TGGAACGGAACT 76-167 (H. sapiens) 10,300 nM 150mM KCI  FP  [KWC+14]
5mC/C CCATGCGCTGAC 77-205 (H. sapiens) 130 + 20nM 150mM NaCl  FP [HLU+12]
5mC/C GCAGCCGGCGCG  77-165 (M. musculus) 127 + 3nM 30mMKCI EMSA [VTR+04]
C/5mC GCAGCCGGCGCG  77-165 (M. musculus) 152 & 4nM 30mMKCI EMSA [VTR+04]
C/5mC TGGAACGGAACT 77-167 (H. sapiens) 40 £ 1nM 30mMKCI EMSA [YKL+16]
5mC/C TGGAACGGAACT 77-167 (H. sapiens) 37 + 1nM 30mM KCI EMSA  [YKL+16]
5hmC/C CCATGCGCTGAC 77-205 (H. sapiens) 190 + 20nM 150mM NaCl  FP [HLU+12]
5hmC/C GCAGCCGGCGCG  77—165 (M. musculus) 950+  10nM 30mM KCI EMSA [VTR+04]
C/5hmC GCAGCCGGCGCG 77-165 (M. musculus) 1,100+  10nM 30mMKCI EMSA [VTR+04]
C/5hmC TGGAACGGAACT 77-167 (H. sapiens) 185+  25nM 30mMKCI EMSA [YKL+16]
5hmC/C TGGAACGGAACT 77-167 (H. sapiens) 185 + 20nM 30mM KCI EMSA  [YKL+16]
C/5hmC TGGAACGGAACT 76-167 (H. sapiens) 700 nM 100mMKCI  FP  [KWC+14]
C/5fC TGGAACGGAACT 77-167 (H. sapiens) 110 5nM 30mM KCI EMSA [YKL+16]
5fC/C TGGAACGGAACT 77-167 (H. sapiens) 120 5nM 30mM KCI EMSA [YKL+16]
C/5caC TGGAACGGAACT 77-167 (H. sapiens) 180 + 50 nM 30mM KCI EMSA [YKL+16]
5caC/C TGGAACGGAACT 77-167 (H. sapiens) 175 + 35nM 30mM KCI EMSA [YKL+16]
5mC/5mC CCATGCGCTGAC 77-205 (H. sapiens) 10+ 1nM 150mM NaCl  FP [HLU+12]
5mC/5mC GACGACGACGAC full length (X. laevis) 48 + 9nM 50mM NaCl CSA [FBM+03]
5mC/5mC CTGCGCGGCGTG full length (X. laevis) 22 + 8nM 50mM NaCl CSA [FBM+03]
5mC/5mC GACGACGACGAC full length (M. musculus) 172 + 23nM 50mM NaCl CSA [FBM+03]
5mC/5mC CTGCGCGGCGTG full length (M. musculus) 161 + 40nM 50mM NaCl CSA [FBM+03]
5mC/5mC GCAGCCGGCGCG 77-165 (M. musculus) 15+ 1nM 30mM KCI EMSA  [VTR+04]
5mC/5mC TGGAACGGAACT 77-167 (H. sapiens) 6+ 1nM 30mM KCI EMSA [YKL+16]
5mC/5mC TGGAACGGAACT 77-167, R133C (H. s.) 100 + 12nM 30mM KCI EMSA [YKL+16]
5mC/5mC TGGAACGGAACT 77-167,S134C (H. s.) 28 + 1nM 30mM KCI EMSA [YKL+16]
5mC/5mC TGGAACGGAACT 77-167, T158M (H. s.) 14 + 2nM 30mM KCI EMSA  [YKL+16]
5mC/5mC TGGAACGGAACT 76-167 (H. sapiens) 7+ 3nM 25mM KCI  FP [KWC+14]
5mC/5mC TGGAACGGAACT 76-167 (H. sapiens) 5nM 100mM KCI  FP [KWC+14]
5mC/5mC TGGAACGGAACT 76-167 (H. sapiens) 75 + 1nM 150mM KCI  FP [KWC+14]
5mC/5mC GCAGCCGGCGCG 77-165 (M. musculus) 15nM 30mM KCI EMSA [FWS+01]
5mC/5mC GACGACGACGAC 1-467 (X. laevis) 40nM 50mM NaCl EMSA  [BYWOO]
5hmC/5mC  CCATGCGCTGAC 77-205 (H. sapiens) 46 + 9nM 150mM NaCl  FP [HLU+12]
5hmC/5mC  GCAGCCGGCGCG 77-165 (M. musculus) 151 + 7nM 30mM KCI EMSA [VTR+04]
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Supplementary Table A.7c Reported binding affinities of MeCP2. Only probes with a single modified CpG dyad reported.

Combination Context Protein sequence Affinity lon strength Method Reference
5mC/5hmC  GCAGCCGGCGCG 77-165 (M. musculus) 157 + 8nM 30mM KCI EMSA  [VTR+04]
5mC/5hmC  TGGAACGGAACT 77-167 (H. sapiens) 26 + 1nM 30mM KCI EMSA [YKL+16]
5hmC/5mC  TGGAACGGAACT 77-167 (H. sapiens) 28 + 1nM 30mM KCI EMSA  [YKL+16]
5hmC/5mC  TGGAACGGAACT 76-167 (H. sapiens) 290 nM 100mM KCI  FP [KWC+14]
5mC/51C TGGAACGGAACT 77-167 (H. sapiens) 40 + 1nM 30mM KCl EMSA  [YKL+16]
5fC/5mC TGGAACGGAACT 77-167 (H. sapiens) 45 + 1nM 30mM KCI EMSA  [YKL+16]
5mC/5caC TGGAACGGAACT 77-167 (H. sapiens) 50 + 5nM 30mM KCI EMSA  [YKL+16]
5caC/5mC TGGAACGGAACT 77-167 (H. sapiens) 55+ 5nM 30mM KCI EMSA  [YKL+16]
5hmC/5hmC  CCATGCGCTGAC 77-205 (H. sapiens) 260 + 20nM 150mM NaCl  FP [HLU+12]
5hmC/5hmC  GCAGCCGGCGCG 77-165 (M. musculus) 777 £ 15nM 30mM KCI EMSA  [VTR+04]
5hmC/5hmC  TGGAACGGAACT 77-167 (H. sapiens) 250 + 44 nM 30mM KCI EMSA  [YKL+16]
5hmC/5hmC  TGGAACGGAACT 76-167 (H. sapiens) 700nM 100mM KCI  FP [KWC+14]
5hmC/5hmC  TGGAACGGAACT 76-167 (H. sapiens) 2,100 = 1,500 nM 150mM KCI  FP [KWC+14]
5hmC/5fC  TGGAACGGAACT 77-167 (H. sapiens) 170 + 5nM 30mMKCI EMSA [YKL+16]
5(C/5hmC ~ TGGAACGGAACT 77-167 (H. sapiens) 175 + 5nM 30mMKCI EMSA [YKL+16]
5hmC/5caC  TGGAACGGAACT 77-167 (H. sapiens) 180 + 25nM 30mM KCI EMSA  [YKL+16]
5caC/5hmC  TGGAACGGAACT 77-167 (H. sapiens) 180 + 25nM 30mM KCI EMSA  [YKL+16]
5fC/5fC TGGAACGGAACT 77-167 (H. sapiens) 110 = 30nM 30mM KCI EMSA  [YKL+16]
5fC/5caC TGGAACGGAACT 77-167 (H. sapiens) 115 + 20nM 30mM KCI EMSA  [YKL+16]
5caC/5fC TGGAACGGAACT 77-167 (H. sapiens) 117 + 15nM 30mM KCI EMSA  [YKL+16]
5caC/5caC TGGAACGGAACT 77-167 (H. sapiens) 165 + 30nM 30mM KCI EMSA  [YKL+16]
5mC/T GCAGCCAGCGCG 77-165 (M. musculus) 18 + 2nM 30mM KCI EMSA  [VTR+04]

Supplementary Table A.8a Model estimates for one-site MeCP2 wildtype and Rett mutant binding. Fitted estimates
for macroscopic descriptors of the binding isotherms in Figure 6.4a.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
1 wildtype artificial C/5hmC Ky1 1,078 nM 100 nM 2.00x 107"
1 wildtype artificial 5mC/5mC Kyy 26nM 4nM 2.23 x 10
2 wildtype artificial 5mC/5mC Kyy 29nM 2nM 5.20 x 107"
1 wildtype artificial 5mC/5hmC Kyy 224nM 24nM 210x10™"
1 wildtype artificial 5mC/5fC Kyy 197 nM 24nM 3.57 x 107"
1 wildtype artificial 5hmC/5hmC Kyy 967 nM 89nM 1.51x 107"
1 wildtype artificial 5hmC/5fC Ky1 541 nM 62 nM 9.21 x10™"
1 R133C artificial C/5hmC Ky1 8,113nM 526 nM 1.18 x 107"®
1 R133C artificial 5mC/5mC Ky1 117nM 11nM 1.43 x 107"
1 R133C artificial 5mC/5hmC Ky1 660 nM 72nM 2.47 x 107"
1 R133C artificial 5mC/5fC Ky1 543 nM 47 nM 3.40x 107"
1 R133C artificial 5hmC/5hmC Ky1 2,555nM 261 nM 2.76 x 107"
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Supplementary Table A.8b Model estimates for one-site MeCP2 wildtype and Rett mutant binding. Fitted estimates
for macroscopic descriptors of the binding isotherms in Figure 6.4a.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
1 R133C artificial 5hmC/5fC K1 1,627 nM 93nM 1.48 x 107
1 S134C artificial C/5hmC K1 7,569 nM 660 nM 2.33x10™
1 S134C artificial 5mC/5mC Ky1 116nM 18nM 1.70 x 107”7
1 S134C artificial 5mC/5hmC Kyy 1,149nM 71nM 2.81x 107"
1 S134C artificial 5mC/5fC Ky 790 nM 74nM 3.05x107"°
1 S134C artificial 5hmC/5hmC Ky 7,627 nM 568nM 1.37 x 107'°
1 S134C artificial 5hmC/5fC Kyy 4,644 1M 354nM 3.11x 107

Supplementary Table A.9a Model estimates for multi-site MBD-DNA binding. Fitted estimates for macroscopic descrip-
tors of the binding isotherms with shared estimates as shown in Figure 8.4 and Figure 8.5.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
1 wildtype CDKN2A 5hmC/5mC —p(K7 / nM) 1.642 0.056 1.48 x 107'®
1 wildtype CDKN2A 5mC/5mC —p(K7 / nM) 2.012 0.073 513 x 107"®
1 wildtype ~ BRCAT (b) 5hmC/5mC  —p(K; / nM) 0.783 0.169 1.76 x 107
1 wildtype BRCA1 (b) 5mC/5mC —p(K7 / nM) 1.275 0.138 7.26 x 107
1 wildtype ~ BRCAT (c) 5hmC/5mC  —p(K; / nM) 1.503 0.097 1.21x 107"
1 wildtype BRCA1 (c) 5mC/5mC —p(K7 / nM) 1.794 0.068 1.57 x 1077
1 wildtype Hey?2 (short) 5hmC/5mC —p(K7 / nM) 2.387 0.243 1.15x 107
1 wildtype Hey?2 (short) 5mC/5mC —p(K7 / nM) 2.036 0.155 5.44 x 107"
1 wildtype Hey?2 (long) 5hmC/5mC —p(K7 / nM) 0.784 0.066 8.04 x 107
1 wildtype Hey?2 (long) 5mC/5mC —p(K7 / nM) 1.006 0.081 5.98 x 10
1 T/A/Y/N CDKNZ2A 5hmC/5mC —p(Ky / nM) 2.223 0.042 6.82 x 107
1 T/A/Y/N CDKNZ2A 5mC/5mC —p(Ky / nM) 1.804 0.108 1.42x 107®
1 TIAY/IN BRCA1 (b) 5hmC/5mC  —p(K; / nM) 0.875 0.153 1.08 x 107
1 TIAY/IN BRCA1 (b) 5mC/5mC  —p(K / nM) 0.493 0.138 1.83x 10
1 TIAYIN BRCAT1 (c) 5hmC/5mC  —p(K; / nM) 1.754 0.109 2.95x 107
1 TIAYIN BRCAT (c) 5mC/5mC  —p(K / nM) 1.690 0.093 228 x 107
1 TIAYIN Hey2 (short) 5hmC/5mC  —p(K; / nM) 1.920 0.132 3.95 x 10"
1 TIAY/IN Hey2 (short) 5mC/5mC  —p(K /nM) 0.840 0.118 6.83 x 10
1 T/A/YIN Hey2 (long) 5hmC/5mC —p(K7 / nM) 1.417 0.058 1.65 x 107
1 T/A/Y/IN Hey?2 (long) 5mC/5mC —p(Ky / nM) 1.547 0.078 9.62 x 107
2 wildtype ~ CDKN2A 5hmC/5mC  —p(K; / nM) 1.662 0.081 298 x 102
2 wildtype ~ CDKNZ2A 5mC/5MC  —p(K; /nM) 1.166 0.082 1.80x 1077
2 wildtype ~ CDKN2A n/a —p(Ky / M) 2.458 0.175 273 %107
2 wildtype ~ BRCAT (b) 5hmC/5mC  —p(K; / nM) 2.424 0.258 150 x 107"
2 wildtype ~ BRCAT (b) 5mC/5mC  —p(Ky /nM) 2775 0.238 2.66 x 107
2 wildtype ~ BRCAT (b) n/a —p(Ky / M) 0.452 0.100 5.44 x 107
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Supplementary Table A.9b Model estimates for multi-site MBD-DNA binding. Fitted estimates for macroscopic descrip-
tors of the binding isotherms with shared estimates as shown in Figure 8.4 and Figure 8.5.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
2 wildtype BRCAT1 (c) 5hmC/5mC —p(Kq / nM) 1.314 0.070 2.09x 107
2 wildtype BRCAT (c) 5mC/5mC —p(Kq / nM) 0.853 0.091 1.15x 107"
2 wildtype BRCAT1 (c) n/a —p(Ks / nM) 2.583 0.205 1.54 x 107"®
2 wildtype Hey?2 (short) 5hmC/5mC —p(Kq / nM) 0.939 0.250 6.05 x 10
2 wildtype Hey?2 (short) 5mC/5mC —p(Kq / nM) 0.595 0.274 3.65 x 10
2 wildtype Hey?2 (short) n/a —p(Ks / nM) 2.665 0.516 9.04 x 10
2 wildtype Heyz2 (long) 5hmC/5mC —p(Kq / nM) 1.500 0.141 6.26 x 10
2 wildtype Heyz2 (long) 5mC/5mC —p(Kq / nM) 1.009 0.133 7.48 x 107
2 wildtype Heyz2 (long) n/a —p(Ky / nM) 0.572 0.112 9.05 x 10™®
2 T/A/Y/N CDKN2A 5hmC/5mC —p(Kq / nM) 1.219 0.118 6.33x 107"
2 T/A/Y/N CDKNZ2A 5mC/5mC —p(Kq / nM) 1.868 0.079 1.64 x 107
2 T/A/Y/N CDKN2A n/a —p(Ks / nM) 2.699 0.312 8.35x 107"
2 T/A/Y/N BRCAT1 (b) 5hmC/5mC —p(K1 / nM) 0.189 0.098 6.04 x 107
2 TIAYIN BRCAT (b) 5mC/5mC  —p(K; / nM) 0.435 0.095 4.62 x 10
2 TIAYIN BRCAT (b) n/a —p(K, / nM) 2.787 0.142 212 x10°%
2 T/A/Y/N BRCAT1 (c) 5hmC/5mC —p(K1 / nM) 2.627 0.451 7.83 x 10"
2 T/A/Y/N BRCAT1 (c) 5mC/5mC —p(K1 / nM) 2.728 0.412 5.64 x 107
2 T/A/Y/N BRCAT1 (c) n/a —p(Ks / nM) 1.106 0.119 1.13x 107"
2 T/A/Y/N Hey?2 (short) 5hmC/5mC —p(K1 / nM) 0.362 0.119 4.26 x 107
2 T/A/YIN Hey2 (short) 5mC/AMC  —p(Ky / nM) 1.352 0.151 5.06 x 10"
2 T/A/Y/N Hey?2 (short) n/a —p(Ks / nM) 2.485 0.231 3.13x 10"
2 T/A/Y/N Hey?2 (long) 5hmC/5mC —p(K7 / nM) 2.096 0.155 1.53 x 107°
2 T/A/YIN Hey2 (long) 5mC/5mC —p(Kq / nM) 1.757 0.128 1.27 x107°
2 T/A/YIN Hey2 (long) n/a —p(Ks / nM) 1.037 0.082 4.28 x 107"
3 wildtype CDKN2A 5hmC/AMC  —p(K; / nM) 1.629 0.103 9.06 x 10"
3 wildtype CDKNZ2A 5mC/5mC —p(K1 / nM) 1.073 0.192 1.82x 107
3 wildtype CDKN2A n/a —p(Ky / nM) 2.217 0.496 6.22 x 10
3 wildtype CDKN2A n/a —p(K3 / nM) 3.621 1.293 7.82x 10
3 wildtype  BRCAT (b) 5hmC/5mC  —p(K; / nM) 2.269 0.142 2,07 x 10
3 wildtype  BRCAT (b) 5mC/5mC  —p(Ky /nM) 3.062 0.157 2.15x 102
3 wildtype  BRCAT (b) n/a —p(Ky / nM) 0.358 0.069 6.73x 10
3 wildtype  BRCAT (b) n/a —p(K3 / nM) 3.072 0.143 6.58 x 102
3 wildtype  BRCAT (c) 5hmC/5mC  —p(Ky / nM) 1.035 0.093 1.08 x 107
3 wildtype  BRCAT (c) 5mC/5mC  —p(Ky /nM) 0.506 0.111 527 x 10
3 wildtype  BRCAT (c) n/a —p(K, / nM) 2.082 0.106 7.33x 102
3 wildtype  BRCAT (c) n/a —p(K3 / nM) 2.850 0.234 7.55x 10
3 wildtype  Hey2 (short) 5hmC/AMC  —p(K; / nM) 2.497 0.214 1.25x 107"
3 wildtype Hey?2 (short) 5mC/5mC —p(Ky / nM) 2.833 0.335 5.76 x 107"
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Supplementary Table A.9c Model estimates for multi-site MBD-DNA binding. Fitted estimates for macroscopic descrip-
tors of the binding isotherms with shared estimates as shown in Figure 8.4 and Figure 8.5.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
3 wildtype Hey2 (short) n/a —p(Ks / nM) 0.500 0.129 4.34x10™
3 wildtype Hey2 (short) n/a —p(K3 / nM) 2.833 0.269 224 x 107"
3 wildtype Hey2 (long) 5hmC/5mC —p(Ky / nM) 2.179 0.292 1.38x 107
3 wildtype Hey2 (long) 5mC/5mC —p(Ky / nM) 3.481 0.277 1.04 x 107
3 wildtype Hey?2 (long) n/a —p(Ky / nM) n/d n/d 1.00 x 10
3 wildtype Hey?2 (long) n/a —p(K3 / nM) n/d n/d 1.00 x 10
3 T/A/Y/N CDKN2A 5hmC/5mC —p(K1 / nM) 0.684 0.135 9.18 x 107
3 TIAYIN CDKN2A 5mC/AMC  —p(K; / nM) 1.473 0.120 414 x 107
3 TIAYIN CDKN2A n/a —p(Ky/ nM) n/d n/d 6.74 x 10"
3 T/A/Y/N CDKNZ2A n/a —p(K3 / nM) n/d n/d 6.72 x 107
3 TIAYIN BRCAT (b) 5hmC/5mC  —p(K; / nM) 0.217 0.064 1.55 x 10
3 T/AYN BRCAT1 (b) 5mC/5mC —p(Ky / M) 0.449 0.062 7.50 x 10
3 T/A/YIN BRCAT1 (b) n/a —p(Ks / nM) n/d n/d 9.96 x 107
3 T/A/YIN BRCAT1 (b) n/a —p(K3 / nM) n/d n/d 9.96 x 107
3 TIAYIN BRCAT1 (c) 5hnmC/5mC  —p(Ky / nM) 2.166 0.144 421 x 10
3 T/AIYN BRCAT (c) 5mC/5mC  —p(K / nM) 2.582 0.145 1.42 x 1072
3 T/A/Y/N BRCAT1 (c) n/a —p(Ks / nM) 0.765 0.081 1.16 x 107"
3 TIAYN BRCAT1 (c) n/a —p(K3/ nM) 2.900 0.147 2.97 x 102
3 T/A/YIN Hey2 (short) 5hmC/5mC —p(K7 / nM) 0.320 0.115 8.17 x 107
3 T/A/Y/N Hey2 (short) 5mC/5mC —p(Ky / nM) 1.195 0.174 3.63 x 107
3 T/A/YIN Hey2 (short) n/a —p(Ks / nM) 2.482 0.196 3.41x 10"
3 T/A/Y/N Hey2 (short) n/a —p(K3 / nM) 3.344 0.257 1.50 x 107"®
3 T/A/YIN Hey2 (long) 5hmC/5mC —p(K7 / nM) 2.049 0.192 1.12x 107
3 T/A/YIN Hey2 (long) 5mC/5mC —p(Ky / nM) 1.644 0.117 2.03x 107"
3 T/A/YIN Hey2 (long) n/a —p(Ks / nM) 1.701 0.107 3.33x 107"
3 TIAYIN Hey2 (long) n/a —p(Ks / M) 0.612 0.112 5.46 x 10

Supplementary Table A.10a Model estimates for MeCP2 Ala-122 variants. Fitted estimates as shown in Figure 8.6.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
1 T/G/YIN artificial 5mC/5mC Ky1 786 nM 260nM 6.80 x 107
1 T/G/YIN artificial 5hmC/5mC Ky1 630 nM 188 nM 2.62x10*®
1 T/A/Y/N artificial 5mC/5mC Ky1 92nM 13nM 2.40 x 107
1 T/A/Y/N artificial 5hmC/5mC Ky1 9nM 2nM 5.94 x 107
1 T/VIYIN artificial 5mC/5mC Ky1 109 nM 48 nM 3.82x 10™*
1 T/V/YIN artificial 5hmC/5mC Ky1 72nM 20nM 3.44 x 10*®
1 T/L/Y/IN artificial 5mC/5mC Ky1 253nM 24nM 291 x10™*
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Supplementary Table A.10b Model estimates for MeCP2 Ala-122 variants. Fitted estimates as shown in Figure 8.6.

Degree  Protein Probe Combination Term Estimate  Std. Error p-value
1 T/L/YIN artificial 5hmC/5mC Ky 133nM 14nM 1.08 x 107
1 TA/YIN artificial 5mC/5mC Kyy 166 nM 38nM 529 x 10™
1 TN/YIN artificial 5hmC/5mC Ky 221nM 39nM 8.37 x 10
1 T/C/YIN artificial 5mC/5mC Ky 77nM 11 nM 1.20 x 107
1 T/C/YIN artificial 5hmC/5mC Ky 26nM 4nM 1.82 x 107
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A.3 Source code

10

Data source to page 9. The definition of a CpG island may vary. I relate to the terms implicit in

the latest release of the UCSC genome annotation.

library(annotatr)
ref_genomes <- c("hg38", "mm10")
genes_with_promoter_CGI <- function(g) {

promoters <- annotatr::build_annotations(pasteO(g, "_genes_promoters"), genome = g)
annot_cgi <- annotatr::build_annotations(pasteO(g, "_cpg_islands"), genome = g)

ol <- findOverlaps(query = promoters, subject = annot_cgi)

all_genes <- length(unique(mcols(promoters)$symbol))
cgi_proms <- length(unique(mcols(promoters[queryHits(ol)])$symbol))

cgi_proms / all_genes

}

sapply(ref_genomes, genes_with_promoter_CGI)

The result obtained for the human reference genome "hg38" of 60% is close to the 56% esti-

mated from experimental data (Antequera & Bird, 1993).

Source code to create Figure 5.3.

The surface-contact areas between the protein and nucleic acid objects in a . pdb structure file
were determined using a local version of dr _dasa. In addition to the specifications of the van
der Waals radii for each atom in the canonical amino acids and DNA nucleobase, the following

non-standard residues were included.

RESIDUE ATOM MSE 8
ATOM N 1.65 1
ATOM CA 1.87 0
ATOM CB 1.87 0
ATOM CG 1.76 0
ATOM SE 1.85 0
ATOM CE 1.87 0
ATOM C 1.76 0
ATOM O 1.40 1
RESIDUE NUCL  5CM 20
ATOM P 1.90 0
ATOM OP1 1.40 1
ATOM  0OP2 1.40 1
ATOM 05 1.40 1
ATOM C&5' 1.80 0
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ATOM C4' 1.80 0
ATOM 04' 1.40 1
ATOM C3' 1.80 O
ATOM 03! 1.40 1
ATOM C2' 1.80 O
ATOM C1! 1.80 0
ATOM N1 1.60 1
ATOM C2 1.80 0
ATOM 02 1.40 1
ATOM N3 1.60 1
ATOM C4 1.80 O
ATOM N4 1.60 1
ATOM C5 1.80 O
ATOM C6 1.80 0
ATOM CBA 1.80 0

In the . pdb files, the protein was chain A and the DNA strands were chain B and chain C.

#!/bin/bash

mkdir -p results

cd results

find ../*.pdb | xargs -L1 -I {} dr_sasa —-m 1 -i {} -v vdw.radii.pdb -chain A -chain BC
&> error_contact.log > analysis_contact.log

The total buried surface on chain A by B and C is designated A<---BC in the log file. The

visualization of the calculated data was done with R.

#!/usr/bin/env R
library(tidyverse)

read_csa <- function(file) {

readr: :read_tsv(file) %>%
tidyr::pivot_longer(-1) %>%

magrittr::set_colnames(c("target", "buried_by", "value")) %>%
dplyr: :mutate(
tar = stringr::str_extract(target, "~.+(7=/.+/)"),
tar_chain = stringr::str_extract(target, "(7<=/)[A-Z]+(?=/)"),
tar_pos = as.integer(stringr::str_extract(target, "[0-9]+$")),
bur = stringr::str_extract(buried_by, "~.+(?=/.+/)"),
bur_chain = stringr::str_extract(buried_by, "(7<=/)[A-Z]+(?=/)"),
bur_pos = as.integer(stringr::str_extract(buried_by, "[0-9]+$"))
)

csa_by_res <- sapply(list.files(pattern = "A_vs_BC.by_res.tsv"), read_csa,
simplify = FALSE, USE.NAMES = TRUE) %>% bind_rows(.id = "file") %>%
mutate(protein = substr(file, 1, 4))

To keep track of the amino acid positions (aa_pos) of interest for each structure, the following

object was created.
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included_aa <- list(

“6ditT = 2:81,

“6cnq” = 146:225,

“6cecgT = 2:81,

“41g7" = 76:167,

“3c2i” = 90:181) %>% enframe() %>% unnest(cols = "value") %>%
rename (protein = "name", aa_pos = "value") U>%

mutate(chain = "A") %>% mutate(include_aa = TRUE)

Likewise, an object included_nt for each nt_pos and chain (not shown).

The output format was dependent on whether the protein or the nucleic acid was the buried

object, but in either case, the protein should always be plotted along the horizontal axis.

# assuming these residues are part of the sequence; else NULL

if ("GLY" %inJ, csa_by_res$bur) aa_match <- c("bur_pos" = "aa_pos", "bur_chain" =
"chain", "protein" = "protein")

if ("GLY" %inJ, csa_by_res$tar) aa_match <- c("tar_pos" = "aa_pos", "tar_chain" =
"chain", "protein" = "protein")

if ("DT" %in’, csa_by_res$bur) nt_match <- c("bur_pos" = "nt_pos", "bur_chain" =
"chain", "protein" = "protein")

if ("DT" %in), csa_by_res$tar) nt_match <- c("tar_pos" = "nt_pos", "tar_chain" =
"chain", "protein" = "protein")

csa_by_res <- csa_by_res %>%
left_join(included_aa, by = aa_match) %>%
left_join(included_nt, by = nt_match) %>%
filter(include_aa == TRUE & include_nt == TRUE) ’>%
# renumber to increase legibility
rename (aa_pos = names(aa_match) [[1]], aa_chain = names(aa_match) [[2]],
nt_pos = names(nt_match) [[1]], nt_chain = names(nt_match) [[2]]) %>%
# consider relative offset for the nucleotides
group_by(protein, nt_chain) %>%
mutate(rel_nt_pos = nt_pos - min(nt_pos))

ggplot(cas_by_res, aes(x = aa_pos, y = rel_nt_pos, fill = value)) +
geom_tile() +
scale_fill _distiller(type = "div", palette = "RdGy") +
coord_fixed() +
facet_grid(vars(protein), vars(nt_chain))

Source code to create Figure 7.9. For calculating the values of panel c, use:

library(tidyverse)

df # grouped data frame with fluorescence intensities for each event as rows and
# each fluorescence channel as column variables ("channel G" and "channel R")

events_by_threshold <- function(threshold = 0, x = df, cols = c("FSC-A"), ...) {
x %>
drop_na(any_of (cols)) %>%
summarize (across(any_of (cols), list(pos = ~ sum(. >= threshold),
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neg = ~ sum(. < threshold))),
.groups = "keep")

df_roc <- tibble(threshold = unique(c(seq(3.0, 3.5, le-2), seq(3.5, 4.5, 1e-3)))) %>%
mutate(tmp = pmap(., events_by_threshold, cols = c('"channel G", "channel R"))) %>%
unnest (tmp)

df _roc <- df_roc %>%

mutate (TP = case_when(type == "MM_G_CC_R" ~ channel_G_pos,
type == "MM_R_CC_G" ~ channel_R_pos),
TN = case_when(type == "MM_G_CC_R" ~ channel_R_neg,
type == "MM_R_CC_G" ~ channel_G_neg),
FP = case_when(type == "MM_G_CC_R" ~ channel_R_pos,
type == "MM_R_CC_G" ~ channel_G_pos),
FN = case_when(type == "MM_G_CC_R" ~ channel_G_neg,
type == "MM_R_CC_G" ~ channel_R_neg),
)

df_roc %>
filter (threshold == 3.5) %>%
transmute (sensitivity = TP / (TP + FN) x 100,
specificity = TN / (TN + FP) * 100,

FDR = FP / (FP + TP) * 100)

Source code to create Figure 7.14.

library(tidyverse)

df # data frame with sequences of reads per position (posl, pos2, pos3, pos4d)
# per UMI (umil, umi2) and the demultiplexed barcode (bcl -> bc_assigned)

rearrange_gen_fen <- function(x) {
# fast helper to convert X_ABC/Y_DEF/Z_GHI (provided as X_ABC_Y_DEF_Z_GHI)

# into X/Y/Z_ABC/DEF/GHI; although column names have to be specified, i.e.
# only works here with 4 degenerate positions

data.table::data.table(x) [, data.table::tstrsplit(x, split = "_")][, . (paste(
paste(V1, V3, V5, V7, sep = "/"),
paste(V2, V4, V6, V8, sep = "/"), sep = "_"))1$V1
}
compare_after_before <- function(x, barcode_after, barcode_before, by = "site") {

res <- x %>% select(lany_of ("pos")) %>%
# subset and associate A -> "after screen"; B -> "before screen"
filter(bc_assigned %inJ, c(barcode_after, barcode_before)) %>%
left_join(tibble(bc_assigned = c(barcode_after, barcode_before),
bc_function = c("after", "before")), by = "bc_assigned") %>%
# translate and keep record of genotype
mutate(across(starts_with("pos") ~ str_c(Biostrings::GENETIC_CODE[.], "_", .)))
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if (by == "site") {
res <- res %>%
group_by(bc_function, pos, value)
} else {
res <- res >
unite(value, starts_with("pos"), sep = "_") %>%

mutate (across(value, ~ rearrange_gen_fen)) %>’
group_by (bc_function, value)

}

res <- res %>
summarize(n = n_distinct(umil, umi2, na.rm = TRUE), .groups = "keep") %>’
# number of genotypes that support the phenotype
separate(value, into = c("value", "codon"), sep = "_", remove = FALSE) 7>
summarize(n = sum(n), n_gen = n_distinct(codon), .groups = "keep") %>%

# fractional composition
ungroup (value) %>, mutate(pc = n / sum(n)) %>%
# arrange nicely in wide format

pivot_wider(id_cols = c(group_vars(.), any_of(c("value", "codon"))),
values_from = c("n", "n_gen", "pc"), names_from = "bc_function",
values_fn = list, names_sep = ".") %>%

unnest (where(is.list)) %>%
# ignore disappearing phenotypes
filter(!is.na(n.after)) %>%

# lost (NA) when calculating the enrichment factor
# enrichment between fractions
mutate(fold_enrichment = pc.after / pc.before) 7>

arrange (desc(fold_enrichment))

attr(res, "barcode_before") <- barcode_before
attr(res, "barcode_after") <- barcode_after

res

pivot_longer (starts_with("pos"), names_to = "pos", values_to = "value") %>%

# make sure observations below the limit of detection in initial pool are not

mutate(pc.before = replace_na(pc.before, min(pc.before, na.rm = TRUE))) %>%

Source code to create Figure 8.4.

library (summerrband)
library(magrittr)

# data preparation
aff_gels_context <- list(

# gels with two or more bands quantified in ImageQuant TL
list(file = "gel XXX.txt",
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protein = "p1388",
probe = "Ah", # shorthand
conc c(2°(10:0), 0),
exclude = c("lane_1")),
# (etc. for all quantitated gels)
NULL

aff_gels_context <- summerrband::iqtl_import_all(aff_gels_context, path = ".")

aff_gels_for_fit <- aff_gels_context 7>V
group_by(protein, probe) 7>% filter(!is.na(vol_frac)) %>%
pivot_wider (names_from = band_id, values_from = vol_frac,
id_cols = c(conc, group_vars(.)), values_fn = list) %>%
unnest(cols = where(is.list)) %>%
mutate (probe_major = substr(probe, 1, 1), probe_minor = substr(probe, 2, 2)) %>%
group_by(protein, probe_major) 7.>%
replace_na(list(band_0 = O, band_1 = 0, band_2 = 0, band_3 = 0))

aff_gels_for_fit %>V
ggplot(aes(x = conc, y = band_1 + 2 * band_2 + 3 * band_3, color = protein)) +
geom_line(stat = "summary", fun.data = mean_se) +
scale_x_logl0() + facet_wrap(vars(probe))

# test different combinations of parameters for fitting

aff_gels_models <- tibble(expand.grid(shared = c(TRUE, FALSE), degree = 2:3,
type = c("micro", "macro"))) %>%
bind_rows(tibble(shared = FALSE, degree = 1, type = "macro")) %>%
group_by(shared, degree, type)

aff_gels_models$x <- list(aff_gels_for_fit)
# helper function to pass the parameters accordingly
fit_x <- function(x, shared = FALSE, type = "macro", degree = 3, ...) {
ARGS <- 1ist(FUN = fit_binding_isotherm,
formula = band_1 + 2 * band_2 + 3 * band_3 ~ conc,
limits_K_d = c(1e0, 1e6), start_K_d = c(le-1, 1e6),
correlation = c(ab = 0.91, ac = 0.81, abc = 0.68),
newdata = data.frame(conc = 107seq(-3, 3, length.out = 100)))
if (shared == TRUE) {
EXPR <- substitute(do.call(model_cleanly_groupwise, args = c(list(

x, type = TO, degree = DO, INDEX = IO), ARGS)),
1list(TO = type, DO = degree, IO = "probe_minor"))

} else {
x <- group_by(x, probe_minor, .add = TRUE)

EXPR <- substitute(do.call(model_cleanly_groupwise, args = c(list(
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x, type = TO, degree = DO, INDEX = NULL), ARGS)), 1list(TO = type, DO = degree))

res <- eval(EXPR)
if (shared == TRUE) {
res$augment_new[which(lengths(res$model) > 0)] <- map(
res$model [which(lengths(res$model) > 0)], augment_shared_isotherms,

newdata = data.frame(ARGS$newdata, probe_minor = rep(c("m", "h"), each = nrow(
ARGS$newdata))), INDEX = probe_minor)

res

aff_gels_models$model <- pmap(aff_gels_models, fit_x); aff_gels_models # fitted

Source code to create Figure 9.3.

library(tidyverse)
library (summerrband)

# ---- panel a ———-
summerrband: : :gpf_fraction_plot(binding_constants = c(K1 = 1e0), type = "macro")
# --—-- panel b ———-

op <- par(no.readonly = TRUE); par(mfrow = c(2, 4))

lapply(c(1e0, lel, 1le2, le4), function(K2) summerrband:::gpf_fraction_plot(
binding_constants = c(K1 = 1e0, K2 = K2), type = "macro"))

lapply(c(le2, 1e3, 1leb5, 1le7), function(K3) summerrband:::gpf_fraction_plot(
binding_constants = c(K1 = 1e0, K2 = le4, K3 = K3), type = "macro"))

par (op)

# --——— panel ¢ ———-

set.seed(113917)

df <- data.frame(x = 27 (seq(-8, 8)))

df$y_real <- summerrband::gpf_fraction_bound(df$x, c(K1 = 1, K2 = 10), type = "macro"

df$y_noise <- df$y_real + rnorm(length(df$y_real), sd = 0.1)

plot(df$x, df$y_real, log = "x", col = "gray"); points(df$x, df$y_noise, pch = 3)

mf <- lapply(1:3, function(d) summerrband::fit_binding_isotherm(df,
formula = y_noise ~ x, degree = d)) # fitting to different polynom degrees
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lapply (mf, broom::glance) # goodness of fit measueres

mapply (function(x, col) points(broom::augment(x, newdata = data.frame(
x = 107seq(-6, 3, length.out = 100))), col = col, type = "1"), mf, c("red", "blue",

ngreenu) )
# -———- panel d ----—-
m_truth = c(pK_dl = 0, pK_d2 = 1, pK_d3 = 3)
noisy_data <- function(x = df$x, degree, noise, ..., truth = unname(m_truth™-1)) {

data.frame(x = x, y = summerrband::gpf_fraction_bound(x, truth[l:degree],
type = "macro") + rnorm(x, sd = noise))

df2 <- tibble(expand.grid(noise = c(0.1, 0.2, 0.3), degree = 1:3, run = 1:100)) %>%
mutate(df = pmap(., .f = noisy_data),

mf_1 = map(df, summerrband::fit_binding_isotherm, formula = y ~ x, degree = 1),
mf_2 = map(df, summerrband::fit_binding_isotherm, formula = y ~ x, degree = 2),
mf_3 = map(df, summerrband::fit_binding_isotherm, formula = y ~ x, degree = 3))
pf2 <- pivot_longer(df2, starts_with("mf_"), names_prefix = "mf_", names_to = "m_degree"
values_to = "m_fit") %> group_by(noise, degree, run) %>%
mutate(glance = map(m_fit, broom::glance), tidy = map(m_fit, broom::tidy)) %>%
unnest(glance) 7>} mutate(m_selected = min(AIC) == AIC)

# number of "correct" model choices based on AIC/BIC

ggplot (pf2, aes(x = paste(degree, m_degree), fill = m_degree, alpha = m_selected)) +
geom_bar(position = "stack") + facet_grid(rows = vars(noise))

# recall accuracy
assign_closest_permutation <- function(x, truth) {
length(x) <- length(truth)

per <- map(l:length(truth), ~ names(truth)) %>%
cross() %>% keep(~ length(unique(.x)) == length(truth)) %>} map(unlist)

res <- per[which.min(sapply(per, function(y) sum((x - truth[y])~2, na.rm = TRUE)))]

res[[1]][1:1length(na.omit(x))]

pf2 7>% filter(m_degree == degree) %>, # alternatively, check: m_selected == TRUE
unnest (tidy) %>% filter(startsWith(term, "pK_")) %>%
mutate(closest_term = assign_closest_permutation(estimate, truth = m_truth[1l:unique(
m_degree)])) %>
ggplot(aes(x = paste(m_degree, noise), y = estimate, color = closest_term)) +
geom_hline(yintercept = m_truth) + geom_boxplot()
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Source code to create Figure 9.4.

library(tidyverse)
library (summerrband)

# ---- panel a -—--
summerrband: : :gpf_fraction_plot(binding_constants = c(a = 1e0), type = "micro")
5 # -——— panel b, ¢ ———-

op <- par(no.readonly = TRUE); par(mfrow = c(2, 4))
for (g_ab in c(0.5, 2.0, 0.05, 20, 1.0)) {

lapply(c(1e0, lel, 1le2, le4), function(b) summerrband:::gpf_fraction_plot(
10 binding_constants = c(a = 1e0, b = b, ab = 1e0 * b * g_ab), type = "micro"))

}

par (op)

A.4 Credits and license information
The author is grateful to the following for permission to reproduce copyright material:
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License of Figure A.21, page 179. Figure A.21 appeared as Supplementary Figure 14 in Buchmuller et al. (2020). The
image is licensed under the Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

License of Supplementary Figure A.3, page 169. Supplementary Figure A.3 appeared as Supplementary Figures 1-3
in Buchmuller et al. (2020): Redundant axis labels were removed and the label texts adapted. The images are licensed
like the originals under the Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

License of Supplementary Figure A.4, page 170. Supplementary Figure A.4 appeared as Supplementary Figures 4-5
in Buchmuller et al. (2020): Redundant axis labels were removed and the label texts adapted. The images are licensed
like the originals under the Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

License of Supplementary Figure A.5, page 171. Supplementary Figure A.5 appeared as Supplementary Figures 6-9
in Buchmuller et al. (2020): Redundant axis labels were removed and the label texts adapted. The images are licensed
like the originals under the Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
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