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Summary

In the cell nucleus, the DNA together with several other factors is packaged into chromatin which

is organized into active and inactive compartments called euchromatin and heterochromatin. The

maintenance of the silenced and compacted heterochromatin state is highly important for the

genome stability and spatial organization of nuclear compartments and its misfunction can cause

severe de�cits in cellular processes.

Heterochromatin is comprised of facultative heterochromatin that becomes active in speci�c

situations and constitutive heterochromatin that is mostly silenced and constantly compacted.

Constitutive heterochromatin from (peri)centromeric regions of several chromosomes fuses dur-

ing interphase in mouse cells making up heterochromatin clusters. As the mechanism of the

formation of constitutive heterochromatin and the factors involved in the process are not fully

understood, we investigated the composition of constitutive heterochromatin in mouse tissues.

Therefore, we optimized a protocol for native and unbiased isolation of heterochromatin clus-

ters from mouse tissues and combined it with a quantitative mass spectrometry approach. We

identi�ed and validated previously unknown proteins along with proteins known to be involved

in constitutive heterochromatin cluster formation and function. We observed di�ering hete-

rochromatin organization between tissues and identi�ed heterochromatin proteins with distinct

abundance between mouse brain and liver tissue. Especially MeCP2, ATRX, and histone H1

might play a role in the distinct heterochromatin organization between tissues, but also newly

identi�ed candidate heterochromatin proteins could be involved.

We found the methyl-CpG binding protein (MeCP2) enriched in the mouse brain. It binds

to methylated cytosines on the DNA, recruits numerous chromatin-associated factors, and was

shown to induce dose-dependent heterochromatin reorganization during terminal di�erentiation.

Mutations in theMECP2 gene were associated with the neurological disorder Rett syndrome and

altered protein levels were reported to cause disease phenotypes. Thus, we quanti�ed MeCP2

levels in mouse brain nuclei and a cellular system upon exogenous expression of Mecp2-GFP.

We showed that the level of MeCP2 in mouse brains is similar to its level in low transfected cells

in our cellular system. In addition, we estimated the MeCP2 protein concentrations in the cell

nucleus and heterochromatin compartments. We established a system that enables us to adjust

the MeCP2 level of in cellulo and in vitro experiments to the in vivo protein level, thus ensuring

comparability of experimental results to the physiological situation.

Heterochromatin organization and its function are not only regulated by the proteins involved

and their levels, but also by post-translational modi�cations of chromatin proteins. Hence, we

isolated MeCP2 from the adult mouse brain and analyzed its modi�cations by mass spectrome-

try. We identi�ed various post-translational modi�cations on MeCP2 and con�rmed the in�uence

of arginine methylation and to a lesser extent serine phosphorylation on MeCP2-mediated hete-

rochromatin organization in a cellular system. Coexpression of arginine methyltransferases 1 and

6 lead to a decrease in heterochromatin clustering. Interestingly, we identi�ed the Rett syndrome

mutation R106 as a possible dimethylation site, implicating a role of MeCP2 post-translational

modi�cations in the pathology of Rett syndrome.

In summary, our data contribute to a better understanding of the constitutive heterochromatin

organization in cells and its role in disease development.
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Summary / Zusammenfassung

Zusammenfassung

Im Zellkern ist die DNA zusammen mit verschiedenen anderen Faktoren zu Chromatin gepackt,

das in aktive und inaktive Kompartimente unterteilt wird, die Euchromatin und Heterochro-

matin genannt werden. Die Aufrechterhaltung des stillgelegten und dicht gepackten Zustandes

des Heterochromatins ist äuÿerst wichtig, da es für die Genomstabilität und die räumliche Or-

ganisation der Kernkompartimente von wesentlicher Bedeutung ist und eine Fehlfunktion zu

schwerwiegenden Beeinträchtigungen zellulärer Prozesse führen kann.

Heterochromatin besteht aus fakultativem Heterochromatin, das in bestimmten Situationen ak-

tiv wird, und konstitutivem Heterochromatin, das meist stillgelegt und dauerhaft verdichtet

ist. Konstitutives Heterochromatin aus (peri)zentromerischen Regionen verschiedener Chromo-

somen lagert sich in der Interphase in Mauszellen zu Heterochromatinclustern zusammen. Da

der Mechanismus der Bildung von konstitutivem Heterochromatin und die an diesem Prozess

beteiligten Faktoren noch nicht vollständig geklärt sind, untersuchten wir die Zusammensetzung

des konstitutiven Heterochromatins in Mausgeweben. Dazu optimierten wir ein Protokoll zur

nativen und unvoreingenommenen Isolierung von Heterochromatinclustern aus Mausgeweben

und kombinierten es mit einer quantitativen Massenspektrometriemethode. Wir identi�zierten

und validierten bisher unbekannte und bekannte an der Bildung und Funktion von Heterochro-

matinclustern beteiligte Proteine. Wir beobachteten eine variierende Organisation des Hete-

rochromatins in verschiedenen Geweben und identi�zierten Heterochromatinproteine mit unter-

schiedlicher Abundanz im Gehirn- und Lebergewebe der Maus. Insbesondere MeCP2, ATRX

and Histon H1 könnten eine Rolle bei der gewebespezi�sch unterschiedlichen Organisation des

Heterochromatins spielen, aber auch neu identi�zierte Kandidaten für Heterochromatinproteine

sind möglicherweise beteiligt.

Wir identi�zierten das Methyl-CpG-bindende Protein 2 (MeCP2) als angereichert im Gehirn

der Maus. Es bindet an methylierte Cytosine auf der DNA, rekrutiert zahlreiche Chromatin-

assoziierte Faktoren und es wurde gezeigt, dass es während der terminalen Di�erenzierung dosis-

abhängig Heterochromatin-Clusterbildung induziert. Mutationen im MECP2-Gen wurden mit

der neurologischen Erkrankung Rett-Syndrom in Verbindung gebracht und es wurde beschrieben,

dass auch Veränderungen der Proteinkonzentration Krankheitssymptome verursachen können.

Daher haben wir die MeCP2-Konzentration in Zellkernen aus dem Mausgehirn sowie in einem

zellulären System nach Expression von Mecp2-GFP quanti�ziert. Wir konnten zeigen, dass die

MeCP2-Konzentration im Mäusegehirn der Konzentration in niedrig trans�zierten Zellen in un-

serem zellulären System ähnelt. Darüber hinaus haben wir die MeCP2-Proteinkonzentrationen

im Zellkern und in Heterochromatin-Kompartimenten bestimmt. Wir haben ein System entwi-

ckelt, das es ermöglicht, das MeCP2-Level von in cellulo und in vitro Experimenten an die in vivo

Proteinkonzentration anzupassen und so die Vergleichbarkeit der experimentellen Ergebnisse mit

der physiologischen Situation sicherzustellen.

Die Organisation des Heterochromatins und seine Funktion werden nicht nur durch die beteiligten

Proteine und ihre Konzentration, sondern auch durch posttranslationale Modi�kationen von

Chromatinproteinen reguliert. Daher isolierten wir MeCP2 aus dem Gehirn erwachsener Mäuse
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und analysierten seine Modi�kationen mittels Massenspektrometrie. Wir identi�zierten ver-

schiedene posttranslationale Modi�kationen und bestätigten den Ein�uss von Argininmethy-

lierung und Serinphosphorylierung auf die MeCP2-vermittelte Heterochromatinorganisation in

einem zellulären System. Die Koexpression der Arginin-Methyltransferasen 1 und 6 führte zu

einer Abnahme der Heterochromatin-Clusterbildung. Interessanterweise identi�zierten wir die

Rett-Syndrom Mutation R106 als mögliche Dimethylierungsstelle, was auf eine Rolle der post-

translationalen Modi�kationen von MeCP2 bei der Pathologie des Rett-Syndroms hindeutet.

Zusammenfassend lässt sich festhalten, dass unsere Daten zu einem besseren Verständnis der

Organisation des konstitutiven Heterochromatins in Zellen und seiner Rolle bei der Entstehung

von Krankheiten beitragen.
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Preface

Preface

This thesis addresses constitutive heterochromatin organization and composition as well as the

role of the Methyl-CpG binding protein 2 (MeCP2) and its post-translational modi�cations in

heterochromatin organization. The thesis is organized in three chapters. The �rst chapter deals

with the proteomic composition of constitutive heterochromatin in mouse tissues, the second one

focusses on the quanti�cation of MeCP2 in the cell nucleus and heterochromatin compartments

(parts thereof based upon Zhang & Romero, Schmidt et al. 2022 [1]) and the third chapter de-

scribes the role of MeCP2 post-translational modi�cations in MeCP2-mediated heterochromatin

organization (based upon Schmidt et al., 2022 [2]).

First, a general introduction gives an overview about heterochromatin organization and MeCP2

function (based upon Schmidt, Zhang et al. 2020 [3]). Then, each chapter comprises an individual

introduction, material and methods, results and discussion as well as supporting material. At

the end, all chapters are summarized in a general conclusion and outlook.
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1 Introduction

1.1 Chromatin organization in the nucleus

To �t the 2m long genomic DNA into the restricted space in the cell nucleus, the DNA is

wrapped around a complex of histones and then further folded over several levels reaching its

highest compaction in the metaphase chromosome. The hierarchical folding of the DNA and its

organization in the 3D space involves several steps: First, the DNA double helix and histones

build up the smallest unit of organization, the nucleosome. Then, several nucleosomes can form

�bers and loop structures mediated by architectural chromatin proteins and further cluster to

shape topologically associated domains. These can be organized into A/B chromatin compart-

ments, which are roughly equivalent to active (A) and inactive (B) chromatin states. Finally,

the DNA is compacted into individual chromosomes, that occupy distinct territories in the cell

nucleus [4].

On the �rst level of DNA packaging, 146 base pairs of DNA sequence forming a double-stranded

helix are wrapped around an octamer of core histones in about 1.7 turns, thus shaping a left-

handed superhelix. The histone core octamer is assembled from a tetramer of two H3-H4 dimers

which is �anked by two H2A-H2B dimers building up the nucleosome core particle [5�8]. To

stabilize and further compact the DNA, the linker histone H1 binds at the entry-exit site of

the DNA winded around the histone core [7], resulting in the formation of a nucleosome. This

�Beads on a string� structure is the basis for further DNA folding into higher order structure and

determines DNA accessibility for other factors [7, 9].

The expression of the canonical core histones is replication coupled to allow their direct incorpo-

ration into the nucleosomes of the newly synthesized DNA. The histones are synthesized during

S-phase, transcription and translation are tightly regulated, and the genes are localized in in-

tronless gene clusters containing several copies of the histone genes [10, 11]. From the structural

point of view, canonical histones contain a common histone-fold domain consisting of three al-

pha helices separated by two loops [12] and an N-terminal domain [7]. Especially the N-terminal

domain is extensively post-translationally modi�ed and the modi�cations on the protruding hi-

stone tails were considered to build up the �histone code� modulating the regulation of DNA

compaction and transcription [13, 14]. The post-translational modi�cations (PTMs) observed

on histone tails were proposed to induce interaction a�nities or create new binding sites for

chromatin-associated proteins, to act in concert in the regulation of speci�c processes, and to be

important to establish di�erent chromatin states [13].

In addition to the cell-cycle dependent histones, several histone subtypes were described. They

originate from genes outside of the clustered histone genes and can replace the canonical histones

in speci�c situations independent of the cell cycle, thus contributing to the diversity of nucleo-

some function (reviewed in [11, 15]). As the histone subtypes di�er from the canonical histones

in sequence, they can change the nucleosome structure and stability and might recruit distinct

interaction partners and chromatin complexes. For example, the histone variant H3.3 which dif-

fers from H3 by substitution of alanine to serine on position 31 in the N-terminal tail and 4 � 5

substitutions in the histone fold domain, was reported to decrease nucleosome stability [11, 16].

1



1 Introduction

This e�ect was enhanced in nucleosomes carrying both H3.3 and H2A.Z, and they were reported

to occur mainly on promotors and enhancers of transcriptionally active genes [16]. Moreover,

histone subtypes can be enriched with speci�c post-translational modi�cations, thus creating

distinct binding sites for interaction partners [11]. The H3.3 speci�c serine 31 carries a phospho-

rylation site [17], which was described to recruit or repel chromatin complexes [18] and to be

involved in development and gene regulation [18�20]. Although H3.3 was found associated with

gene activation and chromatin opening, other studies found it localizing at repetitive sequences

and centromeres [21, 22]. Concluding, the types of histone variants and their combination within

the nucleosome, their modi�cations, their localization in di�erent cell types, and their interaction

partners altogether contribute to nucleosome function and thus to chromatin organization.

Cytologically, chromatin can occur in two di�erent types: The more open structured euchromatin

and the highly compacted heterochromatin [23, 24]. Their di�erences in packaging density al-

low their visualization by microscopy upon DNA staining (see �gure 1.1), where dense regions

appear darker [23]. In mouse cells, (peri)centromeric heterochromatin regions from di�erent

chromosomes cluster during interphase forming densely stained regions, called chromocenters

(see 1.2) ([25], reviewed in [26]). The open structure of euchromatin allows access of the repli-

cation machinery to the DNA more easily and comprises mainly actively transcribed genes. In

contrast, heterochromatin occurs in regions of silenced genes and is characterized by high 5-

methylcytosine levels and methyl-binding proteins [27]. Furthermore, both types carry di�erent

histone PTMs. In general, mainly acetylation and methylation marks are responsible for the

Figure 1.1: Chromatin organization in the nucleus. (A) Electron microscopy image of a mouse liver
cell nucleus shows the electron dense heterochromatin in contrast to the more open state of euchromatin
(taken from Jost et al., 2012 [24]). Scale bar 0.5 μm. (B) Heterochromatin is densely packed and, together
with many other factors, histone H1 is involved in its compaction. Euchromatin is the more open and
transcriptionally active form of chromatin. (C) During interphase in mouse cells, the DNA dye DAPI dark
stained heterochromatin regions of di�erent chromosomes assemble to form heterochromatin clusters, also
called chromocenters. This �gure was adapted from Jost et al., 2012 [24].

2



1.2 Heterochromatin

regulation of chromatin compaction. The acetylation of lysine neutralizes its positive charge,

which might weaken histone DNA interactions resulting in a less compacted chromatin state

[24]. Histone deacetylases are involved in transcriptional repression, deacetylate histones and

often act as a part of corepressor complexes which mediate heterochromatin compaction [28�31].

Distinct methylation marks can be used to distinguish chromatin types, as heterochromatin is

characterized by H3K9 methylation and euchromatin is commonly methylated on H3K4 [32�34].

Nevertheless, due to the many di�erent PTMs occurring at the same time and all dynamically

changeable, chromatin is mainly regulated by their interplay and their speci�c recruitment of

protein complexes.

1.2 Heterochromatin

Heterochromatin, the condensed and transcriptionally inactive form of chromatin, can be further

subdivided into facultative and constitutive heterochromatin [35]. Facultative heterochromatin

can become active in speci�c situations as upon cell di�erentiation or during development [27,

36]. An example of its formation is the inactivated X chromosome in females [27, 36]. In contrast,

constitutive heterochromatin is consistently silenced among cell types and localized at repetitive

sequences occurring at pericentromeric regions and telomeres [27, 37]. Both heterochromatin

types share the high DNA methylation levels and hypoacetylation of histones characteristic for

heterochromatin but can be distinguished based on speci�c modi�cations on histone H3. While

constitutive heterochromatin commonly carries H3K9 trimethylation sites recognized by hete-

rochromatin protein 1 (HP1), facultative heterochromatin is typically trimethylated on H3K27,

a binding site for polycomb proteins [24, 27, 36, 37].

In mouse cells, minor satellite sequences are located at the centromeric region and major satel-

lite repeats at the pericentromeric region of metaphase chromosomes (�gure 1.2) [38�40]. Cen-

tromeric and pericentromeric regions are AT-rich and evolutionary conserved, but the DNA

tandem repeats vary in sequence and length between species [41]. Mouse minor satellite repeats

consist of 120 bp long tandem repeats occupying 1-2% of the genome [39, 41], while the mouse

major satellite repeats have a sequence of 234 bp which is constituted of four di�erent 58-60 bp

simple repeats and comprise 10% of the genome (�gure 1.2) [41�43]. In addition to minor and

major satellites, other satellite sequences with lower occurrence were identi�ed and might localize

at centromeric regions [41, 43�45].

As mentioned earlier, (peri)centromeric satellite DNA from di�erent chromosomes clusters during

interphase in mouse cells forming DNA dense regions called chromocenters [25, 26] (�gure 1.2).

It is still controversial whether the centromeric minor satellite sequences are part of the chromo-

centers or should be considered as associated sequences [26, 38, 45�49]. Chromocenter numbers

were addressed in several studies revealing di�erences between cell types [50�53], changes dur-

ing development [54] or upon cell di�erentiation [53, 55�57]. Interestingly, overexpression of a

plasmid coding for the methyl-CpG binding protein 2 lead to decreased chromocenter numbers

[55]. The most studied function of constitutive heterochromatin is the chromatin compaction

and maintenance of the silent state of the genes and aberrant gene expression was linked to

disease phenotypes [27, 58, 59]. Although the cytological properties and molecular architecture

3



1 Introduction

Figure 1.2: Satellite repeats in mouse constitutive heterochromatin. The 120 bp long minor
satellite repeats are located at the centromeric region (depicted in dark gray), the 234 bp long major
satellite repeats at the pericentromeric region (depicted in light gray) of the chromosomes in mice. Dur-
ing interphase, (peri)centromeric regions of di�erent chromosomes cluster to form chromocenters. The
pericentromeric regions build up the chromocenter core and the minor satellite regions are attached on
its surface. It is still discussed whether the minor satellite repeats are part of the chromocenters.

of constitutive heterochromatin are studied extensively (reviewed in [26, 37]), its functions be-

yond transcriptional repression remain vague. Pericentromeric heterochromatin was described

to ensure genome stability by preventing the activity of transposons and contributing to proper

chromosome segregation [58, 60]. In addition, several studies highlight the involvement of chro-

mocenters in chromatin organization during cell cycle [47], development [54] and di�erentiation

[55�57] and disease [61�63]. In the cell nucleus, chromocenters tend to localize in the nuclear

periphery or close to nucleoli [51, 53, 64, 65]. Interactions of heterochromatin regions with com-

ponents of the nuclear lamina and nucleosomes were reported [66�68], suggesting a connection

between heterochromatin positioning and gene expression regulation [69]. Furthermore, a role

of heterochromatin in the nuclear spatial organization of compartments was proposed [26]. The

rod photoreceptor cells of nocturnal animals show an inverted heterochromatin organization,

characterized by localization of the heterochromatin in a big chromocenter in the nuclear cen-

ter surrounded by euchromatin [70]. This inverted organization is established during postnatal

development, caused by a loss of expression of lamin B receptor and lamin A/C genes [71] and

thought to improve the transmission of light and thereby the vision of nocturnal animals [70].

Recently, Falk et al. analyzed these inverted nuclei in comparison to cells with conventional

organization and found that attractions between heterochromatic regions are crucial for the es-

tablishment of compartmentalization [72]. The conventional nuclear organization additionally

required interactions of heterochromatin with the lamina [72].

Although the DNA satellite repeat sequences were long considered nonfunctional, transcripts

of repeats sequences were described in various contexts by now [37]. It was proposed that

non-coding small RNAs are involved in proliferation during cell cycle [73], development and
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di�erentiation [74�78], cellular senescence [79], cellular stress [80�84] and diseases like cancer

[79, 85�87]. But, compared to the number of satellite repeats, the abundance of satellite RNAs

is quite low, indicating either very little transcription rates or labile transcripts [37]. Thus, there

are still many open questions concerning chromocenter function.

1.3 Heterochromatin isolation methods

On a very basic level, chromatin can be described as a complex of DNA wrapped around core

histones, but in addition, there are various other proteins involved in building up a highly dy-

namic network of interactions. Thus, it is practically not possible to perfectly mimic the in

vivo conditions of pH and ionic strength in vitro, as they show di�erences among individual

chromatin components [88]. To elucidate the proteome of speci�c chromatin fractions, there are

two basic concepts to retain as much as possible the in vivo interactions. On the one side, some

methods aim to enrich the chromatin fraction in its native state and another option is using a

crosslinking reagent to �x interactions before applying often harsh conditions for the enrichment.

In addition, there are methods to isolate total chromatin (as well as euchromatin/ heterochro-

matin fractions) and methods to enrich for one speci�c locus. Table 1.1 shows an overview of

chromatin enrichment methods previously applied to heterochromatin. Of note, many of the

heterochromatin enrichment techniques listed are not applicable to tissues as they require live

cells or genetic engineering of cells [89].

Table 1.1: Systems for chromatin isolation.

Principle Method
Biological
system

Target
Crosslinking
necessary

Applicable
to tissues

Referen-
ces

Total chromatin isolation techniques

di�erential
MNase
digestion

Di�erential
MNase

euchromatin/
heterochro-

matin
no no [90, 91]

di�erential salt
extraction

CHESS-DIA
euchromatin/
heterochro-

matin
no no [92]

di�erential
centrifugation
in sucrose
gradient

Gradient-Seq
euchromatin/
heterochro-

matin
yes yes [93]

centrifugation
with sucrose
gradient

mouse
constitutive
heterochro-

matin
no yes [94, 95]

Locus-speci�c puri�cation methods

DNA-based
hybridisation

PICh,
HyCCAPP

mouse,
human,

drosophila,
yeast

telomeres,
MaSat, MiSat,
alpha satellites

yes yes [96�102]

immunopuri�-
cation

QTIP human telomeres yes yes [103, 104]

immunoprecipi-
tation + TALE
system

enChIP mouse telomeres yes no [105]
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immunoprecipi-
tation +
CRISPR-dCas

CAPTURE,
CLASP
(in vitro)

human,
drosophila

telomeres yes no [106, 107]

proximity
biotinylation

TRF1-BioID human telomeres no no [108]

proximity
biotinylation +
CRISPR-dCas

CasID,
C-BERST,
CAPLOCUS

mouse,
human

telomeres,
MaSat, MiSat,
alpha satellites

no no [109�111]

*modi�ed from Gauchier et al., 2020 [88] and van Mierlo & Vermeulen, 2021 [89]. Abbreviations: CHESS-DIA
- chromatin enriching salt separation coupled to data independent acquisition; PICh - Proteomics of isolated
chromatin segments; HyCCAPP - hybridisation capture of chromatin-associated proteins for proteomics; QTIP -
quantitative telomeric chromatin isolation protocol; enChIP - engineered DNA-binding molecule-mediated chro-
matin immunoprecipitation; CAPTURE - CRISPR a�nity puri�cation in situ of regulatory elements; CLASP -
Cas9-locus-associated proteome; C-BERST - dCas9-APEX biotinylation at genomic elements by restricted spatial
tagging.

In many studies, heterochromatin enrichment is followed by the analysis of the proteins by

mass spectrometry which allows protein identi�cation with high throughput and high sensitivity.

Although mass spectrometry is a qualitative analysis method, the implementation of chemi-

cal labels, metabolic labeling systems, and external mass standards like AQUA peptides allow

quanti�cation of the results by comparison to a standard. In addition, label-free quanti�cation

methods were developed (reviewed in [112]).

1.4 Methyl-CpG binding protein 2

This section dealing with the Methyl-CpG binding protein 2 was modi�ed from Schmidt & Zhang

et al., 2020 [3].

As a hallmark of heterochromatin, 5-methylcytosine marks block the access of several factors

to the DNA and serve as a binding site for epigenetic readers. Methyl binding domain (MBD)

proteins bind to 5-methylcytosine on the DNA via their MBD domains and recruit additional

chromatin binding factors, thus contributing to transcriptional regulation [113, 114]. The methyl-

CpG binding protein 2 (MeCP2) is the founding member of the methyl binding domain (MBD)

protein family [115] and as well the most studied one.

The MECP2 gene is highly conserved between species, located on the X chromosome, and muta-

tions in the MECP2 gene were linked to the neurological disorder Rett syndrome [116]. MeCP2

has two isoforms generated by alternative splicing that start either in exon 1 (MeCP2 e1) or exon

2 (MeCP2 e2) and, thus, result in di�ering N-terminal protein sequences [117, 118]. Both isoforms

are considered functionally equivalent, although di�erent expression patterns in developing and

postnatal mouse brains were described [119, 120]. Nevertheless, MeCP2 e1 is the predominant

isoform in brain [120] and was proposed to be more relevant in Rett syndrome [121�123]. As

MeCP2 e2 was the �rst isoform identi�ed and most studies are based on this isoform, we use the

amino acid coordinates from MeCP2 e2 throughout this thesis.

Trypsin digestion of MeCP2 revealed at least six functionally di�erent MeCP2 domains, namely

N-terminal domain (NTD), MBD, intervening domain (ID), transcriptional repression domain
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(TRD), C-terminal domain (CTD) alpha and beta [124] (see �gure 1.4). Functionally character-

ized are the MBD, that is required for 5-methylcytosine binding, and the TRD, which was shown

to interact with multiple proteins involved in transcriptional repression (see �gure 1.3) [125�

128]. Recently, the N-CoR/SMRT interacting domain (NID) was mapped additionally [129].

The MeCP2 domain structure is shown in �gure 1.3.

1.4.1 MeCP2 DNA binding

Early studies on MeCP2 characterized it as a protein capable to bind to a single, symmetrically

methylated CpG dinucleotide via the MBD domain spanning amino acids 89 � 162 and thereby

overlapping approximately twelve base pairs of DNA [115, 130, 131]. Later studies indicated

that the N-terminal domain (NTD) enhanced DNA binding a�nity via the MBD [132], while

the intervening domain (ID), TRD, and C-terminal domain (CTD) alpha showed methylation-

independent DNA binding capabilities and CTD beta was proposed to bind to chromatin, but not

to naked DNA [132, 133]. Furthermore, three AT-hook-like domains were identi�ed within the

ID, TRD, and CTD alpha domains (AT-hook 1, aa 184�195; AT-hook 2, aa 264�273; AT-hook 3,

aa 341�364). The AT-hook motif is a short motif binding to the minor groove of AT-rich DNA

via the core consensus amino acid sequence RGRP [134]. These methylation-independent DNA

binding capabilities allow MeCP2 to bind to di�erent sites on the DNA at the same time, thus,

possibly contributing to genome-wide chromatin organization. Except for the MBD, MeCP2

was shown to be mostly an intrinsically disordered protein. Upon binding to DNA, though,

increased secondary structure in the ID and TRD domains was observed [132]. The MBD is

the only domain showing structurally conserved motifs, as it contains four beta-sheets and one

alpha-helix building up a wedge shape with a beta-sheet face presenting positively charged amino

acids for interaction with the DNA as determined by nuclear magnetic resonance analysis [135].

Accordingly, this domain showed only minor conformational changes as a result of DNA binding

[132, 135]. The subsequent crystal structure of the MBD bound to the Bdnf gene promotor

revealed that MBD mCpG interaction might involve �ve water molecules, leaving only three

amino acids with direct contact with the DNA: D121, R111, and R133 [136]. In line with this

study, these amino acids were found mutated in Rett syndrome patients and MECP2 carrying

these mutations showed signi�cantly reduced MeCP2 DNA binding [62, 63, 136].

Dynamic structural analysis of MeCP2 using hydrogen/ deuterium exchange mass spectrome-

try (H/DX-MS), led to the proposal that the intrinsically disordered MeCP2 samples multiple

conformational states, also during non-speci�c interaction with the DNA [137].

Using genome-wide chromatin immunoprecipitation-sequencing (ChIP-seq) analysis, MeCP2 was

found to bind globally across the genome tracking mCpG density [138]. Furthermore, in puri�ed

nuclei from mouse brains, MeCP2 was shown to be expressed at near histone octamer levels [138].

These �ndings suggest that MeCP2 binds globally across the genome reducing transcriptional

noise.

Nevertheless, MeCP2 was also described to bind to actively transcribed unmethylated DNA in

vivo [139, 140] with only a minor portion of MeCP2-bound promoters being highly methylated

[140]. A possible explanation would be that MeCP2 folds upon binding to DNA and scans
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the DNA for suitable binding sites making use of its non-speci�c DNA binding sites [124, 132].

Thus, it would only bind non-speci�cally to active genes to scan the DNA for mCpG binding sites.

Recently, MeCP2 was reported to bind not only mCpG but also mCpApC [141]. The patterns of

mCpApC di�er between neuronal cell types and may, thus, contribute to cell type-speci�c e�ects

of MeCP2 [142, 143].

In addition to binding DNA and methylated cytosines, MeCP2 was proposed to bind to 5-

hydroxymethylcytosine (5hmC) in mouse brain [144] and embryonic stem cells [145]. 5hmC

is an oxidation product of 5mC and can be further oxidized to 5-formylcytosine (5fC) and 5-

carboxylcytosine (5caC) by TET (Ten-eleven-translocation) proteins, which might enable active

DNA demethylation by di�erent pathways (reviewed in [113]). In addition, 5hmC levels were

reported to be di�erentially distributed between di�erent tissues, about ten times lower than 5mC

levels [146] and associated with actively expressed and developmentally regulated genes [147].

Nevertheless, these �ndings are highly debated, as the results are tissue and cell type dependent

[144, 145], the recognition mechanism of 5hmC by MeCP2 is unclear and other studies hint at a

binding a�nity similar to binding unmethylated DNA [148�150].

A more indirect way for MeCP2 to repress transcription by DNA binding is the protection of

MeCP2 bound 5mC against oxidation to 5hmC by TET enzymes by restricting their access to the

methylated cytosine [151]. This was proposed to contribute to restricting transcriptional noise

[138] and, in particular, repressing tandem repeat DNA expression [151] and L1 retrotransposition

[152�154]. TET-mediated L1 activation was shown to be prevented by binding of MeCP2 to 5mC

[154].

Summarizing, methylation-speci�c and unspeci�c MeCP2 DNA binding are both essential for

its function in transcriptional repression and chromatin organization, and its multifunctional

domain structure allows the protein to simultaneously bind to DNA and interact with other

proteins.

1.4.2 MeCP2 protein-protein interactions

Interactions of MeCP2 with several proteins mediate and regulate its multiple functions in tran-

scriptional regulation, chromatin organization and RNA splicing. An overview of interacting

proteins, the interacting MeCP2 regions and the function of these interactions is presented in

Figure 1.3 and Table 1.2.

One major mechanism by which MeCP2 represses transcription is by recruiting corepressor

complexes to methylated DNA. One such complex contains mSin3A and histone deacetylases

(HDACs), suggesting that transcriptional repression may in part rely on histone deacetylation

[125, 126], e.g., by removing active chromatin marks. mSin3A was shown to be the direct MeCP2

binding partner, whereas HDAC showed a weaker binding a�nity to MeCP2 and, thus, might

bind via mSin3A [125]. Another corepressor complex reported to interact with MeCP2 is the

N-CoR/SMRT interacting with a small region within the TRD domain, which was thus called

NID. The data suggested that MeCP2 recruits N-CoR/SMRT to methylated DNA and that this

MeCP2 bridge function is disturbed in Rett syndrome [129]. Interestingly, binding of Sin3A was

not disrupted by NID mutations [129].
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Figure 1.3: Overview of MeCP2 interaction partners. MeCP2 interaction partners, group by
main function and ordered by where they interact within MeCP2, if known. References are given in Table
1.2. Rectangles indicate proteins with no mapped interaction region within MeCP2. NTD: N-terminal
domain; MBD: methyl binding domain; ID: intervening domain; NID: N-CoR interacting domain; CTD:-
C-terminal domain; TRD: transcriptional repression domain. Amino acid labeling according to mouse
MeCP2 isoform e2. Protein domain structure generated using DOG 1.0 software [155]. This �gure was
taken from Schmidt & Zhang et al., 2020 [3].
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In addition to transcriptional repression, MeCP2 might also work as an activator, as it was

found associated with the transcriptional activator CREB1 (cyclic AMP-responsive element-

binding protein 1) at the promoter of an activated gene [139]. In gene expression analysis from

mouse hypothalamus the gain of MeCP2 was shown to result in more transcriptional activation

than repression, whereas MeCP2 loss lead to reverse e�ects [139]. These results are in line with

a previous study, where only a minor portion of MeCP2 was found bound to methylated CpGs,

but 63% of MeCP2 were bound to actively expressed promoters [140]. In other studies though,

MeCP2 was found to track methylated CpGs genome wide [138], as described above.

As transcriptional activity is in�uenced by chromatin organization, these MeCP2 functions can

hardly be separated. By interacting with the histone methyltransferase acting on histone H3

lysine 9, MeCP2 was reported to target histone methylation to methylated regions on the DNA

[156]. As mentioned above, MeCP2 transcriptional repression involves recruitment of histone

deacetylases and deacetylation of histones is likely followed by histone methylation [156], thus

switching chromatin from an active to a repressive state. Histone methylation may result in

recruitment of other proteins like heterochromatin protein 1 (HP1), thus reinforcing the repressed

chromatin state [157, 158]. MeCP2 and HP1 were shown to interact [159] and both were reported

to associate with SUV39H1 (suppressor of variegation 3-9 homolog 1) histone methyltransferase

[128, 160], which methylates histone H3 lysine 9. In addition, MeCP2 might be involved in

regulation of maintenance DNA methylation by DNMT1 (DNA methyltransferase 1), as the

interaction of both proteins was also described [161]. DNMT1 interacts with HDAC1 and 2 [162,

163], and was shown to replace the mSin3A-HDAC complex upon MeCP2 binding [161].

Another mechanism by which MeCP2 modulates chromatin architecture could be oligomeriza-

tion. In that regard, MeCP2 was shown to associate with itself and the methyl-CpG binding

domain protein 2 (MBD2) [164]. Furthermore, MeCP2 associates with the chromatin remod-

eling protein ATRX (alpha-thalassemia/ mental retardation syndrome X-linked). Analysis of

Mecp2 null mouse brains showed delocalization of ATRX from heterochromatic foci, suggesting

a MeCP2-dependent ATRX targeting to heterochromatic regions in mature neurons [165]. As the

MeCP2 mediated ATRX targeting to heterochromatin took place only in mature neurons where

MeCP2 is very abundant [165], this underscores the relevance of MeCP2 level for its function.

MeCP2 might also play a functional role in RNA splicing, as it binds to WW domains of the

splicing factors FBP (formin-binding protein) 11 and HYPC (Huntington yeast partner C) via

a proline-rich domain in the MeCP2 C-terminus [166, 167]. Genotype-phenotype studies on

Rett syndrome frameshift mutations support the hypothesis that disruption of the proline-rich

region in the MeCP2 C-terminus, thus abolishing its binding to FBP11 and HYPC, contributes

to Rett phenotype [167]. In addition, association of MeCP2 with the Y box-binding protein

1 (YB-1), a conserved DNA and RNA binding protein [168], promotes exon inclusion in YB-1

responsive CD44-splicing reporter assays [168]. This leads to the proposal that misregulation of

transcription as well as splicing might contribute to Rett syndrome [168].
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Table 1.2: MeCP2 interaction partners and function upon interaction.

Interactor MeCP2 function upon interaction References

T
ra
n
sc
ri
p
ti
o
n
a
l
re
p
re
ss
io
n

HP.1 repression, formation of subcellular silencing compartments Agarwal et al., 2007 [159]

PU.1
formation of repression complex, possibly recruitment of
mSin3A-HDAC

Suzuki et al., 2003 [169]

Dnmt1
association with MeCP2 contributes to maintenance methy-
lation

Kimura & Shiota 2003
[161]

LANA
MeCP2 directs LANA to chromocenters, might contribute to
LANA-mediated repression

Matsumura et al., 2010
[170], Krithivas et al.,
2002 [171]

ATRX
targeting to heterochromatic regions in mature neurons, si-
lencing of imprinted genes; possibly control of nucleosome
positioning

Nan et al., 2007 [165],
Kernohan et al., 2010
[172]

Sin3A
transcriptional repression, corepression complex with HDAC
and MeCP2

Nan et al., 1998 [125],
Jones et al., 1998 [126]

YY1 cooperation in repression Forlani et al., 2010 [173]

c-Ski transcriptional repression Kokura et al., 2001 [127]

MBD2 heterointeractions, might increase heterochromatin clustering Becker et al., 2013 [164]

MeCP2 homointeractions, might increase heterochromatin clustering Becker et al., 2013 [164]

N-CoR
recruitment of N-CoR/SMRT to methylated DNA, bridge
function of MeCP2

Kokura et al., 2001 [127],
Lyst et al., 2013 [129]

Brahma transcriptional repression
Harikrishnan et al., 2005
[174]

CoREST
transcriptional repression possibly involving REST, CoR-
EST, MeCP2, SUV39H1 and HP1

Lunyak et al., 2002 [128]

CREB transcriptional activation Chahrour et al., 2008 [139]

LEDGF/p75 might di�erentially in�uence gene activation Leoh et al., 2012 [175]

SMC1,
SMC3

interaction with MeCP2, ATRX, might promote repression
by loop formation

Kernohan et al., 2010
[172],
Gonzales et al., 2012 [176]

R
N
A
in
te
ra
ct
io
n

Prpf3 RNA binding, possibly involved in splicing Long et al., 2011 [177]

mRNA,
siRNA

not known Je�rey et al., 2004 [178]

YB-1 RNA-dependent complex, regulation of splicing Young et al., 2005 [168]

Sdccag1 not known Long et al., 2011 [177]

FBP11 not known
Buschdorf & Stratling
2004 [167], Bedford et al.,
1997 [166]

HYPC not known
Buschdorf & Stratling
2004 [167]

p
o
st
-t
ra
n
sl
a
ti
o
n
a
l
m
o
d
i�
ca
ti
o
n
s H3K9 MT targeting of histone methylation to methylated DNA

Fuks et al., 2003 [156],
Lunyak et al., 2002 [128]

SUV39H1
association with MeCP2 might contribute to silencing by
methylation of H3K9, creating HP1 binding sites

Lunyak et al., 2002 [128]

HDAC 1/2
histone deacetylases form corepression complex with MeCP2
and Sin3A

Nan et al., 1998 [125],
Jones et al., 1998 [126]

HIPK2,
HIPK1

kinases might phosphorylate MeCP2 on S80 and S216
Bracaglia et al., 2009
[179],
Lombardi et al., 2017 [180]

PARP
poly(ADP-ribosyl)ation reduces MeCP2 heterochromatin
clustering ability

Becker et al., 2016 [181]

CDKL5
association in vitro, phosphorylation of MeCP2 by CDKL5
unclear (opposing results in the two publications)

Mari et al., 2005 [182],
Lin et al., 2005 [183]

This table was taken from Schmidt & Zhang et al., 2020 [3].
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Although several MeCP2 interaction partners were identi�ed so far, the whole network of protein-

protein interactions, their interplay and the entire composition of MeCP2 silencing compartments

require further investigation. Importantly, MeCP2 DNA binding and protein-protein interactions

need to be studied in the context of post-translational modi�cations as these can abolish or

enhance DNA and protein binding, thus, ultimately in�uencing chromatin organization.

1.4.3 MeCP2 post-translational modi�cations

Recently, several MeCP2 post-translational modi�cations (PTMs) were reported, mostly in large-

scale proteomic studies focusing on mapping one speci�c PTM in the whole proteome. In Table

1.3, experimentally determined MeCP2 modi�cations are summarized, together with the species

in which they were identi�ed, the methods used for identi�cation along with references. A more

detailed list can be found on PhosphoSitePlus.org [184], including additional sites only available

as curated datasets.

Table 1.3: Summary of MeCP2 post-translational modi�cations.

Residue Modi�cation Species
MS / other
methods

References

N
T
D

K12 ubi human x / - Gonzales et al., 2012 [176]

S13 phos human, mouse x / -
Gonzales et al., 2012 [176], Humphrey et

al., 2013 [185], Shiromizu et al., 2013 [186]

S53 phos human x / -
Shiromizu et al., 2013 [186], Bian et al.,
2014 [187], Sharma et al., 2014 [188]

S68 phos mouse x / - Huttlin et al., 2010 [189]

S70 phos mouse, human x / -
Huttlin et al., 2010 [189], Mertins et al.,
2016 [190]

S78 phos
human,

mouse, rat
x / -

Dephoure et al., 2008 [191], Zanivan et

al., 2008 [192], Tweedie-Cullen et al., 2009
[193]

S80 phos
human,

mouse, rat
x / x

Zhou et al., 2006 [194], Tao et al., 2009
[195], Bracaglia et al., 2009 [179]

K82 ubi human x / - Gonzales et al., 2012 [176]

S86 phos mouse, human x / x
Ebert et al., 2013 [196], Mertins et al.,
2014 [197]

M
B
D

R115 met human x / - Geoghegan et al., 2015 [198]

S116 phos human x / -
Dephoure et al., 2008 [191], Kettenbach et

al., 2011 [199], Sharma et al., 2014 [188]

K119 ubi, dimet human x / -
Gonzales et al., 2012 [176], Jung et al.,
2008 [200]

Y120 phos human, mouse x / x
Dephoure et al., 2008 [191], Bergo et al.,
2015 [201], D'Annessa et al., 2018 [202]

K130 ubi human x / -
Wagner et al., 2011 [203], Gonzales et al.

2012 [176]

K135 ubi human x / - Gonzales et al., 2012 [176]

T148 phos mouse x / - Tao et al., 2009 [195]

S149 phos mouse, human x / -
Tao et al., 2009 [195], Olsen et al., 2010
[204], Kettenbach et al., 2011 [199]

T160 phos mouse x / - Tweedie-Cullen et al., 2009 [193]

R162 met mouse, human x / -
Guo et al., 2014 [205], Larsen et al., 2016
[206]
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163 - 206 PAR
human,

mouse, rat
x / x

Jungmichel et al., 2013 [207], Becker et al.,
2016 [181]

ID

S164 phos mouse x / x
Tao et al., 2009 [195], Tweedie-Cullen et

al., 2009 [193], Stefanelli et al., 2016 [208]

S166 phos mouse, human x / -
Huttlin et al., 2010 [189], Yi et al., 2014
[209], Mertins et al., 2014 [197]

S178 phos human x / - Shiromizu et al., 2013 [186]

T184 phos human, mouse x / - Mertins et al., 2014 [197]

T203 phos human x / - Carrier et al., 2016 [210]

S204 phos human x / - Carrier et al., 2016 [210]

K210 dimet human x / - Jung et al., 2008 [200]

S216 phos
human

(mouse, rat)
x / x

Olsen et al., 2010 [204], Kettenbach et al.,
2011 [199], Lombardi et al., 2017 [180]

K219 acet rat x / - Lundby et al., 2012 [211]

K223 ubi human x / - Akimov et al., 2018 [212]

K223 SUMO mouse - / x Cheng et al., 2014 [213]

T228*** phos human x / - Mertins et al., 2014 [197]

S229 phos
human, rat
(mouse)

x / x
Zhou et al., 2006 [194], Chen et al., 2009
[214], Gonzales et al., 2012 [176]

K233 ubi human x / - Gonzales et al., 2012 [176]

244 - 275 PAR
human,

mouse, rat
x / x

Jungmichel et al., 2013 [207], Becker et al.,
2016 [181]

K249 ubi human x / - Gonzales et al., 2012 [176]

K256 ubi human x / - Gonzales et al., 2012 [176]

K267 met human x / - Wu et al., 2015 [215]

N
ID

K271 ubi human x / - Gonzales et al., 2012 [176]

S274 phos
mouse
(human)

x / x
Tweedie-Cullen et al., 2009 [193],
Humphrey et al., 2013 [185], Ebert
et al., 2013 [196]

S292 phos mouse, rat x / x
Humphrey et al., 2013 [185], Liu et al.,
2015 [216]

S295 phos mouse x / - Humphrey et al., 2013 [185]

K305 ubi human x / - Gonzales et al., 2012 [176]

K307 ubi, acet human x / - Gonzales et al., 2012 [176]

T308 phos mouse - / x Ebert et al., 2013 [196]

C
ID

T311 phos mouse, human x / -
Huttlin et al., 2010 [189], Mertins et al.,
2014 [197], Parker et al., 2015 [217]

S313 phos human, mouse x / -
Bian et al., 2014 [187], Sharma et al., 2014
[188], Parker et al., 2015 [217]

K321 acet, ubi human, mouse x / -
Gonzales et al., 2012 [176], Beli et al., 2012
[218], Weinert et al., 2013 [219]

T327 phos human x / - Shiromizu et al., 2013 [186]

S341 phos mouse x / - Humphrey et al., 2013 [185]

K347 met human x / x
Dhayalan et al., 2011 [220], Wu et al., 2015
[221]

S357 phos human x / - Yang et al., 2006 [222]

S359 phos human x / -
Yang et al., 2006 [222], Bian et al., 2014
[187]

S360 phos human, mouse x / -
Yang et al., 2006 [222], Grimsrud et al.,
2012 [223], Humphrey et al., 2013 [185]

S393 phos human x / - Bian et al., 2014 [187]

S399 phos
mouse, rat,
human

x / -
Tao et al., 2009 [195], Gonzales et al., 2012
[176]

S421 phos
mouse, rat
(human)

x / x
Zhou et al., 2006 [194], Tao et al., 2009
[195], Deng et al., 2010 [224]
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S424 phos
human, rat,

mouse
x / x

Dephoure et al., 2008 [191], Tao et al.,
2009 [195], Li et al., 2011 [225]

T434 gl rat, mouse x / -
Wang et al., 2010 [226], Alfaro et al., 2012
[227], Trinidad et al., 2012 [228]

T441 gl mouse x / - Alfaro et al., 2012 [227]

T443/
T444***

gl rat x / - Wang et al., 2010 [226]

K447 acet human x / -
Choudhary et al., 2009 [229], Beli et al.,
2012 [218], Wu et al., 2015 [215]

T477 phos human x / - Sharma et al., 2014 [188]

S484 phos human, mouse x / -
Kettenbach et al., 2011 [199], Schweppe et
al., 2013 [230], Mertins et al., 2014 [197]

Modi�cations identi�ed by mass spectrometry might have unclear localization. *modi�cation numbering according
to mouse MeCP2 isoform starting in exon 2 (mouse: 484 aa, human: 486 aa, rat: 492 aa) **references only
exemplary (for more information see PhosphositePlus.org) ***residue numbering according to species mentioned
as it di�ers from mouse. This table was taken from Schmidt & Zhang et al., 2020 [3].

Most of the modi�cations were identi�ed in large-scale studies and not further validated by any

other assay. Furthermore, in most cases no additional information is available regarding their

in�uence on MeCP2 function (e.g. [185�188, 198, 199, 203]). Many of these PTMs were mapped

using a single cell line (e.g. [185, 188, 199]), and their existence in vivo has not been demon-

strated. For these reasons, we will focus here on the more detailed studies providing validation

and functional relevance of MeCP2 PTMs, in particular, within the context of chromatin.

The �rst phosphorylation (phos) site identi�ed on MeCP2 was mapped to the CTD on serine

421. S421phos was found as an upshifted band on Western blot analysis upon membrane depo-

larization [194, 231, 232] and occurred exclusively in the brain, although MeCP2 was detected in

many other tissues [233]. S421A/S424A double mutant mice showed better performance in hip-

pocampal memory tests, enhanced long-term potentiation [224] and increased locomotor activity

[195]. Analysis of MeCP2 S421A mice revealed an increased dendritic complexity, and defects

in the response to novel experiences [234]. As global S421phos was observed upon membrane

depolarization, this modi�cation might not regulate the expression of speci�c genes, but rather

be involved in modulating global response to membrane depolarization [234].

Together with S421phos, S80phos within the NTD is one of the most studied MeCP2 phosphory-

lation sites with functional characterization. In contrast to S421 phosphorylation, serine 80 was

reported to be dephosphorylated upon membrane depolarization and S80A mutant mice show

decreased locomotor activity [195]. The modi�cation is highly enriched in the brain and ubiqui-

tously distributed similarly to total MeCP2 [195]. S80A mutation decreased MeCP2 chromatin

binding a�nity, although the MeCP2 S80A protein levels and subcellular distribution did not

di�er relative to the wildtype MeCP2. Thus, it was suggested that the phosphorylation possibly

�ne-tunes chromatin association [195]. The homeodomain-interacting protein kinases 1 (HIPK1)

and 2 (HIPK2) were proposed to be responsible for MeCP2 phosphorylation at serine 80 [179,

180].

Another MeCP2 phosphorylation site in�uencing chromatin binding a�nity was identi�ed on

tyrosine 120 within the MBD domain of MeCP2. This tyrosine residue is substituted in a Rett

syndrome patient by aspartic acid [235], which could mimic the phosphorylated state. Mecp2
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Y120D mutation was found to cause a decrease in binding a�nity of MeCP2 to heterochromatin

[62]. This could be explained at the structural level by computational modeling indicating that

MeCP2 Y120D drastically reduces MeCP2 a�nity for DNA as compared to wildtype MeCP2

[202].

A conserved serine (S164) located at the beginning of ID just after the MBD, was shown to be

abundantly phosphorylated in the brain in a developmentally regulated manner [208]. While

the phospho-mimicking version S164D showed minor binding to chromatin in live-cell kinetic

studies, the phospho-defective mutation S164A had the opposite e�ect [208]. These results could

be explained by in silico modeling of the 3D structure of this phosphorylation site, revealing

the addition of negative charge to the protein surface as a consequence of S164 phosphorylation,

hence, decreasing DNA binding. Immuno�uorescence analysis of wild type neurons versusMecp2

S164 mutants revealed that temporal regulation of S164 phosphorylation is required for proper

nuclear size and neuronal dendritic branching [208].

In addition to phosphorylation, poly(ADP-ribosyl)ation (PAR) of MeCP2 at the ID and TRD

domains was reported to occur in vivo in the mouse brain and to in�uence heterochromatin

structure. The addition of this anionic modi�cation within the two highly cationic MeCP2

protein domains responsible to bind DNA was proposed to lead to a general decrease in DNA

binding a�nity [181]. Concomitantly, poly(ADP-ribosyl)ation of MeCP2 was shown to reduce

binding and clustering of pericentromeric heterochromatin in cell-based assays, suggesting a role

of this PTM in MeCP2 chromatin architecture regulation [181].

Altogether, MeCP2 modi�cations have been shown to regulate its ability to bind and organize

DNA/chromatin, as they change the molecular properties of the respective amino acids, which

can be critical depending on the position of the residue within the MeCP2 domains. Yet, as

mentioned above, most of the modi�cations identi�ed in MeCP2 have not been functionally

characterized and their role in Rett syndrome is unclear.

1.4.4 MECP2 Rett mutations

Mutations in the MECP2 gene were reported to cause Rett syndrome, a neurodevelopmental

disorder a�ecting mainly girls and one of the most common causes of intellectual disability in

females [116]. The disorder is characterized by normal development of the patients until the age of

7 to 18 months, when their development stagnates followed by a decline of higher brain functions

and loss of acquired developmental skills [236, 237]. Common symptoms include communicative

disfunction, social withdrawal, mental de�ciency, loss of speech and purposeful hand movements,

and breathing irregularities [237]. MECP2 Rett mutations were identi�ed in all protein domains

(see RettBASE), but the severity of e�ects varies depending on the location (see [3]). While

missense mutations are mostly found within the MBD domain, nonsense mutations frequently

occur in the TRD (�gure 1.4).

The most frequent MECP2 missense mutation localized in the MBD is T158 which can be

changed to T158M and T158A. On the level of protein function, it results in decreased protein

stability and methyl-DNA binding ability [238, 239]. Also, R133C and R106W are common Rett

syndrome mutations located in the MBD and were shown to reduce DNA binding [239, 240].
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Figure 1.4: MECP2 mutation spectrum in Rett syndrome patients. The frequency of missense
mutations is shown in dark gray, of nonsense mutations in black and of frameshift mutations in light
gray. The location of the mutations is indicated in a schematic representation of the domain structure of
MeCP2. NTD: N-terminal domain, MBD: Methyl binding domain, ID: Intervening domain, NID: N-CoR
interacting domain, TRD: Transcriptional repression domain, CTD: C-terminal domain.

While R133 is one of the three amino acids directly contacting the DNA, T158 and R106 are

involved in the stabilization of MeCP2 DNA binding via the Asx-ST motif [136].

The frequent Rett mutations in ID and NID are nonsense mutations resulting in truncated

protein versions. For instance, MeCP2 R168X (ID) and R270X (NID) both showed de�cits

in the compaction of nucleosomal arrays and reduced DNA binding [241�243], underscoring

the importance of the ID and NID for methylation independent DNA binding and chromatin

compaction. A more detailed summary of high frequency Rett syndrome related MECP2 point

mutations and their phenotypes are given in [3].

Moreover, di�erences in MeCP2 protein levels can cause disease phenotypes. Abnormal neuro-

logical phenotypes were reported for Mecp2-de�cient mice [244, 245] but also for mice with mild

Mecp2 overexpression [246] or humans with MECP2 duplications [247]. Of note, phenotypes

caused by reduced MeCP2 levels could be rescued by expression of Mecp2 [248�252].

1.4.5 MeCP2 in heterochromatin organization

MeCP2 is an epigenetic reader, accumulates at constitutive heterochromatic regions, and inter-

acts with many corepressors as described above. In addition, MeCP2 might act as a histone H1

like chromatin linker. MeCP2 and H1 bind to the linker DNA entry-exit site of nucleosomes [7,

133] and MeCP2 binding to nucleosomes was described to produce a similar architectural motif

as H1 on nucleosomes [253]. Furthermore, MeCP2 was able to replace histone H1 from chromatin
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in vitro [253]. Both proteins showed similar mobility and competed for binding to nucleosomes

in vivo [253]. A study of H1 levels in wild type and Mecp2-de�cient neurons revealed that the

H1 level increases in the absence of MeCP2, indicating that the proteins replace each other on

the nucleosome binding site [138]. As MeCP2 in neurons was reported to be nearly as abun-

dant as histone octamers, it was proposed that MeCP2 acts as a global repressor dampening

transcriptional noise genome-wide rather than as a repressor of speci�c genes [138].

In addition, MeCP2 was shown to compact nucleosomal arrays in vitro [241]. This observation

was independent of methyl DNA binding and mediated by ID, TRD, and CTD, as MeCP2 Rett

mutants with truncations missing TRD and CTD could not compact and oligomerize nucleosomal

arrays [132, 241, 242, 254]. This observation might at least in part explain the severe phenotypes

of Rett syndrome patients caused by the nonsense mutations R168X and R270X.

Another important role of MeCP2 in heterochromatin organization was described by Brero et al.,

who observed increasing MeCP2 levels upon myogenic di�erentiation in parallel with increased

clustering of pericentromeric heterochromatin, visualized by lower heterochromatin cluster num-

bers [55]. Moreover, even ectopic expression of a construct coding for MeCP2-YFP could pro-

mote pericentromeric heterochromatin clustering in a dose-dependent manner in a cellular system

[55]. While wild type embryonic stem cells showed increasing MeCP2 levels and heterochromatin

clustering with ongoing di�erentiation, Mecp2-de�cient embryonic stem cells were impaired in

heterochromatin organization [57]. In addition, ectopic expression of MeCP2 fusion protein con-

structs with Rett mutations showed impaired heterochromatin clustering function and decreased

heterochromatin accumulation [62]. Of note, retargeting of the MeCP2 Rett mutants with im-

paired chromatin binding ability to heterochromatic regions restored their clustering function

[63].

Interestingly, MeCP2 was recently shown to undergo liquid-liquid phase separation in di�erent

conditions [1, 255, 256] and this mechanism was proposed to be involved in heterochromatin

cluster formation [257�259].
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2 Aims of the study

In the eukaryotic nucleus, inactive genes are packed into highly compacted heterochromatin.

There are two types of heterochromatin, the facultative heterochromatin which becomes active

in speci�c situations, and the constitutive heterochromatin which is constantly silenced. During

the interphase in mouse cells, constitutive heterochromatin from (peri)centromeric regions of

several chromosomes clusters to form chromocenters. The organization of these clusters can di�er

between cell types, during development or di�erentiation. Aberrant changes in heterochromatin

structure and partial activation of silenced regions were associated with diseases. Thus, it is

important to unravel the mechanisms and regulation of heterochromatin organization. Here we

studied the proteomic composition of mouse chromocenters from brain and liver (�gure 2.1A) to

address the following questions:

Ia Which proteins are essential for constitutive heterochromatin formation and common among

tissues?

Ib Which proteins shape the di�ering organization of constitutive heterochromatin in tissues?

Heterochromatin is characterized by high cytosine methylation levels and methyl-CpG binding

proteins. The methyl-CpG binding protein 2 (MeCP2) is an epigenetic reader binding to 5-

methylcytosine and is involved in transcriptional regulation and chromatin organization. It was

found highly abundant in the brain and was shown to induce heterochromatin clustering in a

dose-dependent manner. Mutations in the MECP2 gene, either a�ecting its function or altering

its level, were associated with the neurological disorder Rett syndrome. For these reasons, we

aimed to analyze the MeCP2 function in chromatin organization in a level-dependent manner

(�gure 2.1B, C) addressing the following questions:

II What is the absolute concentration of MeCP2 in the nucleus and heterochromatin com-

partments in the mouse brain in comparison to cells?

III In addition to the MeCP2 level, how do post-translational modi�cations regulate MeCP2

function in chromatin organization?
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Figure 2.1: Scheme illustrating the aims of the study. (A) Analysis of the proteomic composition
of constitutive heterochromatin in mouse tissues: Essential chromocenter proteins and tissue speci�c
di�erences in abundance. (B) Quanti�cation of MeCP2 in the cell nucleus and in heterochromatin
compartments. (C) Identi�cation of MeCP2 post-translational modi�cations and characterization of
their functional consequences on heterochromatin organization.
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3 The proteomic composition of constitutive heterochromatin in

mouse tissues

3.1 Introduction

The DNA in the cell nucleus is not packed uniformly and chromatin can be broadly subdivided

into two cytologically di�erent types, the more open euchromatin and the highly compacted het-

erochromatin [23, 24]. Euchromatin contains the majority of actively expressed genes, whereas

heterochromatin comprises mainly inactive genes and various repeat elements. The latter is

further characterized by high cytosine methylation levels and methyl-CpG binding proteins, as

well as speci�c histone modi�cations like H3K9 trimethylation and proteins recognizing these

modi�cations [27]. Heterochromatin can be subdivided into facultative and constitutive hete-

rochromatin [260]. Facultative heterochromatin can become transcriptionally active in di�erent

settings as upon cell di�erentiation or during development [27, 36]. Constitutive heterochro-

matin is considered more stable occurring at the same genetic regions in di�erent cell types

[37] and it forms mainly at repetitive sequences at (peri)centromeric regions and telomeres [27,

37]. In mouse cells, major satellite repeats are located at the pericentromeric, minor satellite

sequences in the centromeric region of metaphase chromosomes [38�40]. In the interphase, the

(peri)centromeric satellite DNA from di�erent chromosomes clusters to form so-called chromo-

centers ([25], reviewed in [26]). Several studies highlight the involvement of chromocenters in

chromatin organization [72] during cell cycle [47], development [54] and di�erentiation [55�57] and

disease [61�63]. Although pericentromeric DNA satellite repeat sequences were �rst considered

to be non-functional, several studies reported possible functions of transcription of constitu-

tive heterochromatin (reviewed in [37, 84]). Its transcription was described in various contexts,

including during cell cycle in proliferating cells [73], development and di�erentiation [74�78],

cellular senescence [79], cellular stress [80�84] and diseases like cancer [79, 85�87]. Although

pericentromeric regions are evolutionary conserved, the DNA tandem repeats showed variations

in sequence and length between species (reviewed in [41]). The chromocenter number was dif-

fering between cell types [50�52], changing during development [54], upon cell di�erentiation

[55�57] or upon overexpression of certain proteins [55].

To elucidate the heterochromatin organization in mouse tissues, we performed a microscopic

analysis on mouse tissue sections and found di�erences between brain and liver tissue. We

hypothesized that the distinct heterochromatin organization might originate from a di�ering

quantitative proteomic composition. Thus, we analyzed the heterochromatin proteome in an

unbiased manner and from tissues (in vivo) by adapting a protocol for chromocenter isolation

based on a series of sucrose gradient centrifugations from Prusov & Zatsepina [94, 95]. The

quantitative mass spectrometry analysis of pericentromeric heterochromatin fractions and whole

nuclei resulted in the identi�cation of common chromocenter proteins, but also quantitative

di�erences in chromocenter protein abundance between the tissues. Validation of the protein

hits by immuno�uorescence staining and Western blots revealed di�erences in heterochromatin

accumulation between the tissues.
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3.2 Material & methods

3.2.1 Organ preparation

For nuclei and subsequent chromocenter isolation, 3-month-old C57BL/6 mice (Charles River

Laboratories, Inc.) were sacri�ced according to the animal care and use regulations (Government

of Hessen, Germany) and the organs of interest were collected, washed with PBS, and frozen in

liquid nitrogen.

The organs used for tissue sections and subsequent immuno�uorescence staining were isolated

as described above and �xed in 10% bu�ered formalin solution (#HT501128, Sigma-Aldrich) for

24 h. Tissues were sequentially dehydrated in 70% ethanol for 30min, 70% ethanol for 45min,

96% ethanol for 60min and 96% ethanol for 45min, twice in absolute ethanol for 45min followed

by xylol for 60min and 30min. The organs were embedded in para�n (#CN49.2, Carl Roth),

transferred to embedding cassettes, cooled down slowly, and sliced using a microtome into 6 μm

slices.

3.2.2 Isolation of chromocenters from mouse organs

All steps for nuclei and chromocenter isolation were performed with solutions precooled on ice.

For nuclei isolation the frozen mouse brains were crushed to powder and homogenized in 15ml

0.25M sucrose solution in bu�er A (20mM triethanolamine-HCl (pH7.6), 30mM KCl, 10mM

MgCl2, 1mM Dithiothreitol (DTT), 1mM phenylmethylsulfonyl �uoride (PMSF) (#6367.1, Carl

Roth)). After centrifugation for 10min at 1000 xg, the supernatant was discarded and the pellet

was resuspended in 2.5M sucrose bu�er (2.5M sucrose in bu�er A) to a �nal sucrose concentration

of 2.1M. The raw nuclei fraction was obtained by centrifugation for 30min at 50000 xg using an

SW28 rotor (Swinging-bucket rotor SW28, Beckman Coulter). The pellet was resuspended in

0.25M sucrose bu�er (0.25M sucrose in bu�er A) and centrifuged at 1000 xg.

The nuclei were counted and de�ned numbers (7.1 x 107 nuclei/ml in 5ml per tube) were used for

chromocenter isolation modi�ed from a protocol from Prusov and Zatsepina [94, 95]. First, the

nuclei were resuspended in 20ml bu�er B (50mM triethanolamine-HCl (pH7.6), 5mM MgCl2,

0.2% Triton X-100), incubated for 5min on ice and centrifuged at 1000 xg for 10min. For wash-

ing, the pellet was resuspended in 20ml bu�er C (2mM triethanolamine-HCl (pH7.6), 0.5mM

MgCl2) and centrifuged at 1000 xg for 10min. The pellet was resuspended in 5ml bu�er D (2mM

triethanolamine-HCl (pH7.6), 0.2mM MgCl2) to a concentration of 7.1 x 107 nuclei/ml and son-

icated two times for 20 s at 20% power (250-450 Soni�er, BRANSON ultrasonic corporation).

Each step was controlled on a light microscope. The sonicated fraction was diluted in bu�er D

to a volume of 10ml, RNAseA was added to a �nal concentration of 1mg/ml (#10109169001,

Roche Life science products) and the samples were incubated rotating at 4 °C overnight. The

suspension was layered on 5ml of 0.5M sucrose in bu�er D and centrifuged at 400 xg for 10min.

Then, the supernatant was layered on 5ml 1M sucrose in bu�er D and centrifuged at 2500 xg

(without deceleration using the break function of the centrifuge) to sediment nucleoli. Then, the

supernatant was transferred to a centrifugation tube for the SW28 rotor, layered on 5ml 1M

sucrose in bu�er D, and overlayed with 10 � 15 ml bu�er D for centrifugation at 27000 xg for
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25min to obtain the crude chromocenter fraction. Subsequently, the chromocenter pellet was

resuspended in 8ml 0.5M sucrose in bu�er E (2 mM triethanolamine-HCl (pH7.4), 0.05mM

MgCl2) to be loaded on a sucrose gradient. For the gradient, 1.8M sucrose (E3), 1.4M sucrose

(E2), and 1M sucrose (E1) in bu�er E were layered on top of each other in an SW28 centrifuga-

tion tube using 8ml each, the sample was loaded on top and the tube was �lled up with bu�er E.

Centrifugation at 32000 xg for 40min without deceleration resulted in two chromocenter bands

between the di�erent sucrose concentrations (see scheme in �gure 3.2). The chromocenter bands

were extracted, diluted in bu�er E in a new centrifugation tube, and centrifuged at 82000 xg for

25min. The resulting chromocenter pellet was diluted in bu�er E and stored at -80 °C.

3.2.3 Quantitative mass spectrometry

The sample preparation and mass spectrometry measurements described here were carried out

by our cooperation partners Oliver Popp and Gunnar Dittmar (MDC Berlin), and the samples

analyzed by mass spectrometry were prepared by Stephanie Meyer.

Brie�y, the proteins from nuclei and chromocenter fractions were precipitated using methanol-

chloroform precipitation (adapted from [261]). The pellet containing the proteins was dried and

subsequently resuspended in denaturation bu�er (6M urea, 2M thiourea, 10mM HEPES-KOH

pH8) by sonication. 50 μg of each sample were reduced using 1mM tris(2-carboxyethyl) phos-

phine (TCEP) and carbamidomethylated using 5.5mM chloroacetamide. The digestion was per-

formed with 0.5 μg sequencing grade endopeptidase Lys-C (Wako) for 3 h at room temperature,

followed by dilution with four volumes of 50mM ammonium-bicarbonate bu�er and overnight

incubation with 1 μg sequencing grade trypsin (#V5111, Promega Corporation). The reaction

was stopped by adding tri�uoracetic acid (TFA) to a �nal concentration of 1% and the pep-

tides were puri�ed on C18 stage tips. For dimethyl labeling 1/4 of each sample was pooled for

medium-heavy labeling while 3/4 of each sample was individually labeled with a light labeling

reagent (see �gure 3.15). The peptides were dried using a vacuum concentrator, reconstituted

in 100mM triethylammonium bicarbonate (TEAB) and dimethyl-labeled in an automatic setup

(see [262, 263]). Then, each light sample was pooled with 1/4 of the medium-heavy labeled

master mix and desalted using C18 stage tips.

The samples were measured on a QExactive Plus Orbitrap mass spectrometer (Thermo Fisher

Scienti�c) connected to a Proxeon nano-LC system (Thermo Fisher Scienti�c) using a high

performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) method with

data-dependent acquisition selecting the TOP 10 peaks for high-energy collisional dissociation

(HCD) fragmentation. 5 μl sample were injected, loaded on a nano-LC column (0.074mm x

250mm, 3 μm Reprosil C18, Dr Maisch GmbH) and eluted using a 4 h gradient from 4% to

76% acetonitrile (solvent A: 5% acetonitrile, 0.1% formic acid; solvent B: 80% acetonitrile, 0.1%

formic acid).
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3.2.4 Mass spectrometry data analysis

The database search for protein identi�cation described here was performed by our cooperation

partner Jiaxuan Chen (Proteomics core facility, IMB Mainz) using MaxQuant software version

1.6.5.0 [264, 265]. The search was done using the Uniprot database [266] for Mus musculus

(02/2019) and without matching between runs. Carbamidomethylation was set as a �xed mod-

i�cation, and methionine oxidation and lysine acetylation on the protein N-terminus were set

as variable modi�cations. The multiplicity for quanti�cation was set to two and a false discov-

ery rate (FDR) of 0.01 was applied. The MaxQuant output protein groups table was �ltered

removing contaminants, false positive, and reverse hits.

From this protein groups table obtained from our cooperation partners, we considered only

peptides with heavy/light ratio count of two or higher. The ratios were normalized to the most

frequent value of the ratios according to Geiger et al., 2011 [267]. Only the proteins reliably

identi�ed in all three replicates were selected for analysis and further �ltered as described in the

results. All calculations and plots were generated using the R software package [268].

The gene ontology analysis was performed using the Gene Ontology enrichment analysis and

visualization tool (GOrilla, last database update in March 2021) [269]. The genes of interest were

added as the unranked target list, the list of all identi�ed genes was added as the background

list and Mus musculus was selected as the organism of the input gene list. Gene ontology terms

with a p-value lower than 5 x 10−5 were considered and the terms were grouped according to

the common gene ontology term within the diagram of the GOrilla output. Redundant gene

ontology terms were removed manually.

3.2.5 (Immuno)�uorescence staining

Samples taken in each step of the nuclei and chromocenter isolation procedure were �xed in

solution using 3.7% formaldehyde. Subsequently, a few drops of each sample were transferred to

microscopy slides and dried at 80 °C. For demasking they were incubated for 3 � 5min in 100 °C

sodium citrate bu�er (10mM sodium citrate, pH 6), washed with PBS, stained with 1 μg/ml 4',6-

diamidino-2-phenylindole (DAPI) for 10min in the dark, washed and mounted with Mowiol 4-88

(#81381, Sigma-Aldrich; 4.3M Mowiol 4-88 in 0.2M Tris-HCl pH8.5 with 30% glycerol) supple-

mented with 2.5% DABCO antifade (1,4-diazabicyclo[2.2.2]octan, #D27802, Sigma-Aldrich).

For immuno�uorescence staining, the tissue slices were incubated at 60 °C for 2 h to melt the

para�n. Subsequently, they were incubated three times for 5min in xylol for para�n removal.

Then, the tissue slices were rehydrated by sequential incubation for 5min each in 96% ethanol,

90% ethanol, 80% ethanol, 70% ethanol, and three times in water. Antigen demasking was

performed by treating the tissue slices with sodium citrate bu�er at 100 °C or 30min in an

autoclave. The tissue slices were equilibrated for 15min in PBS, permeabilized with 0.7% Triton

X-100 in PBS two times for 15min, and washed three times with PBS. The tissue slices were

circled with a liquid-blocking pen and blocked with 4% BSA for 30min. Incubation with primary

antibodies (table 3.1) was performed overnight at 4 °C, followed by three times washing with

PBST (0.1% Tween 20 in PBS) for 10min and secondary antibody incubation for 1 h at room
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temperature. The tissue slices were washed three times with PBST for 10min, counterstained

with 1 μg/ml DAPI, washed with PBS, and water, and mounted using Mowiol as described above.

3.2.6 Fluorescence microscopy & image analysis

All characteristics of the microscopy systems used including lasers/lamps, �lters, objectives, and

detection systems are listed in table 3.2.

3.2.6.1 Microscopic analysis of chromocenter organization, subcellular localization, and het-

erochromatin accumulation

The confocal z-stack imaging of tissue slices was carried out on an UltraView VoX spinning disk

microscopy system. Z-stacks of 0.3 μm were taken using a 60x objective.

For the analysis of heterochromatin organization and heterochromatin accumulation the nuclei

and chromocenters were segmented based on the DAPI channel using Volocity software (Perkin

Elmer). The detailed segmentation work�ow is described in �gure 3.16. The chromocenter

number per nucleus and the individual chromocenter volumes were determined by the Volocity

software. The heterochromatin accumulation was calculated as the ratio of the mean chromocen-

ter intensity per nucleus versus the nucleoplasm intensity. The violin plots and the signi�cance

tests were created using the R software package [268]. The data visualization in a violin plot

compared to a box plot is depicted in �gure 3.17.

For the analysis of the subcellular localization of the proteins of interest, �uorescence intensities

were measured and the images were processed using ImageJ software [270, 271].

3.2.6.2 Microscopic examination of the chromocenter isolation procedure

Fluorescence images of nuclear fractions collected during the chromocenter isolation procedure

were imaged on a Zeiss Axiovert 200 or a Zeiss Axioplan microscope with a 40x objective. The

images were processed using ImageJ software [270, 271].

3.2.7 Cell culture

C2C12 mouse myoblast cells (see table 3.3) were grown in Dulbecco's modi�ed Eagle Medium

(DMEM) with high glucose (#D6429, Sigma-Aldrich) supplemented with 20% fetal bovine

serum (#F7524, Sigma-Aldrich), 1x glutamine (#G7513, Sigma-Aldrich) and 1 μM gentamicin

(#G1397, Sigma-Aldrich) at 37 °C and 5% CO2 in a humidi�ed incubator. Tests to check for

potential mycoplasma contamination were performed regularly.

3.2.8 Western blot analysis

Mouse brain and liver nuclei as well as C2C12 mouse myoblast cells were lysed in lysis bu�er

(0.025M Tris HCl (pH8), 1M NaCl, 0.05M glucose, 0.01M EDTA, 0.2% Tween 20, 0.2% Nonidet

P40 Substitute (#74385, Sigma-Aldrich) supplemented with protease inhibitors (1mM phenyl-

methylsulfonyl �uoride (PMSF) (#6367.1, Carl Roth), 10 μM E64 (#E3132, Sigma-Aldrich),
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3.2 Material & methods

1 μM pepstatin A (#P5318, Sigma-Aldrich)) and mechanically disrupted. The protein concen-

tration was determined by Pierce assay (PierceTM 660 nm Protein-Assay-Kit, #22662, Thermo

Fisher Scienti�c) using a plate reader (In�nite M200 PRO, Tecan). Subsequently, all samples

were diluted in Laemmli bu�er (2% SDS, 50mM Tris (pH6.8), 10% glycerol, 0.01% bromophenol

blue, 100mM DTT) and incubated at 95 °C for 10min. 30 μg of each sample were analyzed by

SDS-PAGE and transferred to a nitrocellulose membrane using a semi-dry blotting system at

25V for 35 - 90min. The membranes were stained with Ponceau S solution (#P7170, Sigma-

Aldrich) to check for successful transfer. Then, they were blocked with 5% low-fat milk in PBS

for 30min and incubated with primary antibodies (antibodies and dilutions are listed in table

3.1) in 3% low-fat milk in PBS overnight. The membranes were washed three times with 0.1%

PBST (0.1% Tween 20 in PBS), incubated with secondary antibodies in 3% low-fat milk for

1 h, and washed again three times with PBST. The membranes were covered with ECL solution

(Clarity Western ECL substrate, #1705061, Bio-Rad) and the chemiluminescence signal was

detected using an Amersham AI600 imager (table 3.2).
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3 Constitutive heterochromatin composition

3.3 Results

3.3.1 Pericentromeric heterochromatin characteristics di�er between mouse brain and liver

First, we analyzed the heterochromatin organization in mouse brain and liver tissue. As de-

scribed before, pericentromeric heterochromatin from several chromosomes forms heterochro-

matin clusters in the interphase in mouse cells, also called chromocenters [25]. Thus, we stained

the DNA using the DNA dye DAPI on tissue slices from the mouse brain and liver. After con-

focal microscopy z-stack imaging, we segmented nuclei and chromocenters and compared the

chromocenter numbers and volumes between tissues (�gure 3.1).

Figure 3.1: Pericentromeric heterochromatin organization in mouse brain and liver tissue.
(A) Mouse brain and liver tissue stained with the DNA dye DAPI. The zoomed images on the right show
an exemplary single nucleus for each tissue. Scale bars 5 μm. The violin plots depict the chromocenter
number per nucleus (B) and the individual chromocenter volumes in μm3 (C). The p-values were calculated
using the Wilcoxon-Rank test. ***p<0.001. The statistics are summarized in table 3.4.

Mouse liver nuclei showed about 2-fold higher chromocenter numbers than mouse brain nuclei

and respectively, smaller chromocenter volumes. The results indicate signi�cant di�erences in

heterochromatin organization between mouse brain and liver tissue and, thus, represent a good

system to analyze tissue-speci�c di�erences in chromocenter composition.

3.3.2 Isolation of the heterochromatin fraction from mouse tissues and mass spectrometry

analysis work�ow

As the DNA staining of the mouse brain and liver tissue showed highly signi�cant di�erences

in heterochromatin organization, we hypothesized that these changes can be due to quantitative

di�erences in the heterochromatin proteome. To analyze the pericentromeric heterochromatin

fractions by mass spectrometry, we �rst needed to isolate these fractions from the tissues. There-

fore, we adapted and modi�ed a protocol from Prusov and Zatsepina [94, 95] to be used not only

for the liver but also for brain tissue. Therefore, we added an RNaseA treatment and adjusted

the number of nuclei used in the di�erent steps. In comparison to previously used methods for
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3.3 Results

Figure 3.2: Nuclei and chromocenter isolation from mouse brain and liver tissue. Scheme
of the work�ow for nuclei (A) and chromocenter isolation (B) from mouse tissue with the corresponding
images showing DNA (DAPI) staining of all steps for brain and liver. Scale bar 5 μm.
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3 Constitutive heterochromatin composition

heterochromatin isolation (see table 1.1), this protocol is based on a series of sucrose gradient

centrifugation steps and, thus, unbiased albeit at the cost of some possible contaminants from

other subnuclear structures. The individual steps of the protocol and DNA-stained �uorescence

microscopy images of all isolation steps are depicted in �gure 3.2.

Brie�y, nuclei isolation was performed by homogenizing the tissue and centrifugation in a high

magnesium sucrose bu�er. For chromocenter isolation, the nuclei were treated with Triton X-100

to permeabilize the nuclear membrane. Then, the magnesium concentration was reduced, keeping

the chromocenters in a condensed state while other chromatin fractions dispersed. A sonication

step and RNaseA treatment led to the disruption of other subnuclear structures. Unbroken nuclei

and nucleoli were removed by centrifugation to obtain the crude chromocenter fraction. Finally,

the chromocenters were loaded on a sucrose gradient for further puri�cation. The nuclei and

chromocenter fractions were processed for quantitative mass spectrometry by our cooperation

partners as described in �gure 3.15. After methanol chloroform precipitation, the proteins were

denatured, reduced, alkylated, and digested with Lys-C and trypsin before they were subjected

to dimethyl labeling and HPLC-MS/MS measurement. The following �gures displaying mass

spectrometry data are based on the nuclei and chromocenter isolation performed by Stephanie

Meyer and subsequent mass spectrometry measurements performed by Oliver Popp and Gunnar

Dittmar.

A detailed work�ow of the data analysis including data �ltering and selection of hits is described

in �gure 3.3. The data was �ltered by removing contaminants, false positives, reverse hits, and

proteins with low H/L ratio count (�gure 3.3A). Then the H/L ratios were normalized to the

most frequent value according to Geiger et al. [267] (�gure 3.3B).

To identify proteins enriched in heterochromatin, we followed di�erent selection strategies (�gure

3.3C). Initially, we selected proteins that were identi�ed reproducibly in all three biological

replicates and enriched in chromocenters in comparison to the nuclei (log2(ratio chromocenter/

nuclei) > 0). To obtain the quantitative di�erences between brain and liver chromocenters,

the proteins enriched in chromocenters of both tissues were plotted against each other. In a

subsequent step, we applied a validation-based cut-o� which will be detailed below. Lastly, we

were interested in the low abundant proteins identi�ed in the chromocenters which were not

reproducibly identi�ed in the nuclei (see �gure 3.3C). The results of the di�erent hit selection

steps will be described in detail below.

28



3.3 Results

Figure 3.3: Work�ow for the data analysis of the quantitative mass spectrometry exper-
iment. The data was analyzed using MaxQuant software by mapping the identi�ed peptides against
the UniProt mouse proteome. (A) The data was �ltered by removing contaminants, false positives, and
reverse hits identi�ed by MaxQuant. Proteins with a heavy/light (H/L) ratio count ≥ 2 were considered
for further analysis. (B) The H/L ratios were normalized against the most frequent value and the di�erent
fractions were compared to each other by dividing one heavy/light ratio by the other (H/L1 / H/L2 =
H/L1 xL2/H = L2/L1). (C) The proteins identi�ed in all three biological replicates (n= 3) were consid-
ered for analysis and several �ltering steps were applied. (I) The proteins identi�ed in chromocenters
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3 Constitutive heterochromatin composition

Figure 3.3 (previous page): were plotted against the nucleus proteins for the brain and liver, then
the common proteins enriched in chromocenters were compared between the tissues. (II) A validation-
based cut-o� was applied to the proteins from (I). (III) Proteins identi�ed in three replicates in the
chromocenters (n= 3) and two or less (n ≤ 2) replicates in nuclei were plotted for brain versus liver. BC:
brain chromocenter, BN: brain nuclei, LC: liver chromocenter, LN: liver nuclei.

3.3.3 Proteomic analysis of heterochromatin enriched proteins

First, we plotted the chromocenter proteins versus the nucleus proteins identi�ed reproducibly

in three biological replicates for each tissue to determine those proteins enriched in the chromo-

centers (�gure 3.3C).

To identify quantitative di�erences of proteins enriched in heterochromatin between brain and

liver, we plotted the log2 ratios of brain chromocenter proteins over liver chromocenter proteins

against the log10 intensities (�gure 3.4). The upper and lower 10% of the proteins were considered

as up- or downregulated in brain or liver chromocenters (�gure 3.4 and 3.18).
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3.3 Results

Figure 3.4: Heterochromatin enriched proteins in mouse tissues identi�ed by quantitative
mass spectrometry. All proteins identi�ed in three biological replicates and enriched in the chromo-
centers compared to the nuclei (see table 3.5) were used as input (�gure 3.3 C.I). (A) The dot plot shows
the log10 intensity plotted against the log2 ratio of brain chromocenter (BC) versus liver chromocenter
(LC) proteins. Proteins with equal abundance are depicted in gray, and proteins enriched in the brain
or liver (upper or lower 10%) are labeled and color-coded. The color code indicates the protein func-
tion manually assigned based on the UniProt webpage functional information. Histones are labeled in
orange, chromatin proteins in green, proteins involved in transcriptional regulation in purple, membrane
associated proteins in cyan, proteins involved in RNA processing or RNA-binding proteins in dark gray,
and proteins not �tting into the categories in light gray. (B) Rescaled version of the dotplot shown in
(A) focusing on the heterochromatin enriched proteins with similar abundance between brain and liver.
Color coding is described in (A).
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3 Constitutive heterochromatin composition

The proteins enriched in heterochromatin and upregulated in the brain comprised the chromatin

proteins MeCP2, ATRX, and CHD5, as well as several transcriptional regulators. The histones

H2A.Z and H1.4 were enriched in the liver. In addition, the chromatin proteins DEK, RCC1,

and SMARCD2, and ZNF281 which plays a role in transcriptional regulation were upregulated

in the liver. Proteins involved in RNA processing and translation or those which did not match

any of the functional categories were found in both tissues.

The proteins enriched in chromocenters with equal abundance in the brain and liver comprised

histones, chromatin proteins, and proteins involved in the regulation of transcription, but also

various membrane and RNA associated ones. Of note, many components of the nuclear pore

complex were identi�ed. In addition, RNA associated proteins with functions in RNA process-

ing, spliceosome and ribosome formation were found in the fraction of conserved chromocenter

proteins.

Next, we performed a gene ontology analysis of all the proteins that we found enriched in chro-

mocenters using the GOrilla tool [269]. The results for biological process, molecular function,

and cellular component are shown in �gure 3.5 and resemble those of the manually categorized

proteins from �gure 3.4.

The GO analysis of the biological processes revealed that many genes on our input list were asso-

ciated with metabolic processes, including the regulation of gene expression and DNA-templated

transcription. The biological processes with the highest enrichment values were nucleosome and

nucleus organization, chromosome segregation, but also nuclear pore organization, protein-DNA

complex disassembly, and nuclear export. For the category of molecular function, the GO terms

chromatin and nucleosome binding as well as structural molecule activity, and constituent of the

ribosome and of the nuclear pore showed the highest enrichments. Cellular components with the

highest enrichment values were the cohesin complex, THO complex, nucleosome, nuclear pore,

and ribosomal subunit.

Summarizing the results of the GO analysis, we found many proteins associated with typical GO

terms for heterochromatin proteins like nucleosome organization, gene expression, and nucleic

acid binding. In addition, many proteins associated with nuclear pores, the ribosome, and RNA

were identi�ed, indicating that we copuri�ed several membrane associated and nucleolar proteins.
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3.3 Results

Figure 3.5: Gene ontology (GO) analysis of the identi�ed heterochromatin enriched proteins.
All proteins identi�ed in three biological replicates and enriched in the chromocenters compared to the
nuclei were used as input (�gure 3.3C.I). The protein list was subjected to the GOrilla tool [269] for gene
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3 Constitutive heterochromatin composition

Figure 3.5 (previous page): ontology analysis in the categories biological process, molecular function,
and cellular component. The proteins enriched in heterochromatin were added as the target list, all
identi�ed proteins (without cut-o� or �ltering) as the background list. GO terms with a p-value lower
than 5 x 10−5 were considered. The GO terms were grouped according to a common gene ontology term
within the diagram of the GOrilla output and redundant terms were removed manually. Plotted is the
number of genes in the GO term (b) as % of total genes in the target list (n) and the enrichment calculated
by the GOrilla tool as (b/n)/(B/N) with b: number of genes in the target list associated with speci�c GO
term; n: total number of genes in the target list; B: number of genes in the background list associated
with speci�c GO term; N: total number of genes in the background list. The �ve proteins with the highest
enrichment in each category are highlighted in dark gray.

3.3.4 Validation of heterochromatin enriched protein hits

The quantitative mass spectrometry analysis of heterochromatin fractions revealed several pro-

teins associated with the nuclear membrane, especially nuclear pore proteins, but also many

ribosomal proteins and those involved in RNA processing. Thus, we validated the mass spec-

trometry results by immuno�uorescence staining on tissue slices to distinguish between hete-

rochromatin proteins and potential contaminants. We made use of speci�c antibodies directed

against selected protein hits representing all functional categories de�ned in previous sections

and tested for colocalization of the chromocenters stained with DAPI and the antibody signal.

In parallel, we performed Western blot analysis to con�rm the speci�city of the antibodies and

the presence of the proteins in the nuclei isolated from the tissues. The validations of proteins

found upregulated in the brain or liver are shown in �gure 3.6. The results of the protein hits

with similar abundance in the brain and liver with localization at the chromocenters are shown

in �gure 3.7, whereas the ones not localizing at chromocenters are shown in �gure 3.8 and 3.9.

Among the proteins upregulated in the brain, we validated the chromatin proteins ATRX and

MeCP2 as well as GATAD2B which is involved in transcriptional regulation. While ATRX

and MeCP2 colocalized with the DAPI signal at the chromocenters, GATAD2B showed nuclear

localization in the brain, but chromocenter localization in liver tissue (�gure 3.6A). The Western

blots showed much stronger signals for brain nuclei than for liver nuclei, thus con�rming the

quantitative di�erences determined by mass spectrometry (�gure 3.6B). The antibody testing

on the Western blots was performed using C2C12 cell lysate in addition to the mouse brain and

liver nuclei, as the lysate contains the cytoplasmic proteins in addition to the nuclear ones.

From the proteins upregulated in the liver, we selected histone H1, SMARCD2, and ZNF281 for

validation. Histone H1 localized at the chromocenters. The chromatin protein SMARCD2 did

not show any signal on brain tissue and gave a di�use nucleus staining on the liver tissue. The zinc

�nger protein ZNF281 localized in the nucleus in the brain and liver (�gure 3.6A). The Western

blot of histone H1 showed a larger smear for liver nuclei, possibly caused by post-translational

modi�cations of histone H1 occurring speci�cally in the liver. The blots for SMARCD2 and

ZNF281 showed weak signals for the liver and hardly any signal for the brain (�gure 3.6B),

mimicking the quantitative di�erences observed in the immuno�uorescence stainings and the

quantitative mass spectrometry analysis.
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3.3 Results

Figure 3.6: Validation of candidate heterochromatin enriched proteins with di�erent abun-
dance in brain and liver tissue. (A) Immuno�uorescence staining on mouse brain and liver tissue
slices using antibodies speci�c to the identi�ed proteins. The nuclear outlines are marked in white on the
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3 Constitutive heterochromatin composition

Figure 3.6 (previous page): merged channel image. Line plots of the �uorescence intensity in arbitrary
units (A.U.) plotted against the distance depict the colocalization of the antibody staining (red) with the
DNA counterstain (DAPI, blue). Scale bar 5 μm. (B) Western blots of brain nuclei lysate (B), liver nuclei
lysate (L), and whole mouse myoblast cell lysate (C) using the same antibodies as in A. The protein
transfer is shown by Ponceau S staining on the left, and the antibody signals with chemiluminescence
detection are shown on the right. The molecular weight marker indicates the protein weight in kDa and
the black boxes mark the bands of interest. Overview images are shown in �gure 3.19.

To validate the protein hits with similar abundance in chromocenters between tissues, we selected

proteins of all the functional groups de�ned previously. The histones H4, H3.3, macroH2A.1,

and H2AX as well as the topoisomerase I and II immuno�uorescence stainings colocalized with

the DAPI staining at the chromocenters in the brain and liver tissue (�gure 3.7A). While the

Western blot signal for histone H4 was weak for the nuclei, the Western blots tested for histone

H3.3, macroH2A.1, histone H2AX and topoisomerase I and II showed intense bands for the nuclei

isolated from tissues (�gure 3.7B).

SMARCB1 and SMARCA2 are components of the mating-type switching (SWI)/sucrose non-

fermenting (SNF) ATP-dependent chromatin remodeling complex. This complex was reported

to mediate epigenetic regulation, as it is actively involved in chromatin remodeling, and roles in

transcriptional regulation were described (reviewed in [272]). Interestingly, we identi�ed several

SMARC and ARID1 and 2 proteins, all components of these complexes [272], indicating their

association with chromocenters. SIN3A was shown to associate with known heterochromatin

proteins [125, 126], but the association might not be stable [273]. Nevertheless, only Smarca2

showed a weak localization at the chromocenters in liver tissue, while SMARCA2 in the brain,

SMARCB1, and SIN3A did not localize at chromocenters (�gure 3.8A).

As we found many nuclear pore proteins in our analysis, we stained for NUP153 in addition to

Lamin B and Lamin A/C as membrane associated proteins. All of them are localized at the

nuclear membrane and partly to the nucleoplasm. For the group of RNA associated proteins,

we analyzed the spliceosome component SNRNP70 and the splicing factor MBNL2. SNRNP70

localized in the nucleus and MBNL2 in the nucleus and in brain tissue additionally in the cyto-

plasm (�gure 3.8B, �gure 3.21). Both proteins show accumulations outside of the chromocenters,

possibly at nuclear speckles.

All Western blots of the proteins with similar abundance in the brain and liver that are not

localizing at chromocenters showed clear signals for the tissue nuclei. Anti-NUP153 was an

exception, as it was not suited for the use on Western blots according to the manufacturer's

information (�gure 3.9).
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3.3 Results

Figure 3.7: Validation of heterochromatin enriched proteins with similar abundance in brain
and liver tissue showing chromocenter localization. (A) Immuno�uorescence staining on mouse
brain and liver tissue slices using antibodies speci�c to the identi�ed proteins. The nuclear outlines are
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3 Constitutive heterochromatin composition

Figure 3.7 (previous page): shown in white on the merged channel image. Line plots of the �uorescence
intensity in arbitrary units (A.U.) plotted against the distance depict the colocalization of the antibody
staining (red) with the DNA counterstain (DAPI, blue). Scale bar 5 μm. (B) Western blots of brain nuclei
lysate (B), liver nuclei lysate (L), and whole mouse myoblast cell lysate (C) using the same antibodies
as in A. The protein transfer is shown by Ponceau S staining on the left, and the antibody signals with
chemiluminescence detection are shown on the right. The molecular weight marker indicates the protein
weight in kDa and the black boxes mark the bands of interest. Overview images are shown in �gure 3.20.
The TOPII staining and the histone H2AX staining were performed by Stephanie Meyer, and the TOPI
staining and imaging were performed by Katalina Gagova.
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3.3 Results

Figure 3.8: Validation of candidate heterochromatin interacting proteins with similar abun-
dance in brain and liver tissue not localizing at the chromocenters. (A) Immuno�uorescence
staining on mouse brain and liver tissue slices using speci�c antibodies to the identi�ed proteins. The
nuclear outlines are marked in white on the merged channel image. Line plots of the �uorescence intensity
in arbitrary units (A.U.) plotted against the distance depict the colocalization of the antibody staining
(red) with the DNA counterstain (DAPI, blue). Scale bar 5 μm. Overview images are shown in �gure
3.21.
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3 Constitutive heterochromatin composition

Figure 3.9: Validation of candidate heterochromatin interacting proteins with similar abun-
dance in brain and liver byWestern blot analysis. Shown are Western blots of chromatin associated
proteins (A), nuclear membrane associated proteins (B) and splicing proteins (C). Western blots of brain
nuclei lysate (B), liver nuclei lysate (L), and whole mouse myoblast cell lysate (C) using the same anti-
bodies as in �gure 3.8. The protein transfer is shown by Ponceau S staining on the left, and the antibody
signals with chemiluminescence detection are shown on the right. The molecular weight marker indicates
the protein weight in kDa and the black boxes mark the bands of interest. *The antibody for NUP153 is
not suitable for Western blot detection according to the manufacturer's instructions.

Next, we measured the heterochromatin accumulation of the validated proteins which localized

at the chromocenters. Therefore, we segmented nuclei and chromocenters (see �gure 3.16) and

calculated the accumulation as ratio of the average chromocenter intensity per nucleus and the

nucleus intensity (�gure 3.10).
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3.3 Results

Figure 3.10: Chromocenter accumulation analysis of heterochromatin proteins identi�ed in
brain and liver. Violin plots depict the average chromocenter accumulation per nucleus calculated
as the ratio of chromocenter intensity versus nucleoplasm intensity after nucleus and chromocenter seg-
mentation using Volocity software (see �gure 3.16). The chromocenter accumulation was determined for
all validated protein hits localizing at the chromocenters, the heterochromatin proteins with equal abun-
dance in the brain and liver (A), and the proteins upregulated in the brain or liver (B). The p-values were
calculated using the Wilcoxon-Rank test. ***p<0.001, ** p<0.05, n.s.: not signi�cant. The statistics are
summarized in table 3.4.
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3 Constitutive heterochromatin composition

The heterochromatin accumulation analysis showed similar values for histone H3.3 in both tissues

but revealed quantitative di�erences in the accumulation in the brain and liver for the histones

H4, macroH2A.1, and H2AX and the topoisomerases I and II (�gure 3.10A). Histone H4 and

topoisomerase I accumulation at chromocenters was higher in the liver, whereas macroH2A.1,

histone H2AX, and topoisomerase II accumulation was higher in the brain. Of note, the ratios

obtained from the quantitative mass spectrometry were not the same for all proteins within the

group of similar abundance in both tissues (�gure 3.4). Topoisomerase I and histone H4 showed

a tendency for a higher abundance in the liver, whereas the histone variant H2AX showed a

tendency for a higher abundance in the brain, all in line with the results from the accumulation

analysis. The histone variant macroH2A.1 showed a higher chromocenter accumulation in the

brain, while the mass spectrometry results indicated a similar protein amount in brain and liver

tissue. Thus, further analysis is necessary to evaluate the abundance of macroH2A.1 in mouse

tissues. In addition, the chromocenter accumulation analysis showed higher values for topoiso-

merase II in the brain compared to the liver, although the mass spectrometry analysis did not

show this tendency. In the case of topoisomerase II, the results of both methods are not directly

comparable, as the mass spectrometry analysis speci�cally identi�ed the isoform topoisomerase II

beta whereas the antibody used for detection via immunological methods is directed against both

topoisomerase IIa and IIb (see table 3.1). Thus, higher chromocenter accumulation measured

for topoisomerase II might be based on signals for both isoforms, topoisomerase IIa and IIb. Of

note, we measured the accumulation of the proteins by comparing chromocenter intensity versus

nucleoplasm intensity so that proteins with higher abundance in the nucleoplasm show lower

values. Furthermore, we cannot rule out that we lose proteins during the chromocenter isolation

procedure so the results from mass spectrometry analysis and immuno�uorescence staining do

not show the same protein amounts. In addition, our analysis approach does not account for

cell-type speci�c di�erences within the tissues, as we used whole tissues for the experiments.

The validated proteins MeCP2 and ATRX upregulated in the isolated chromocenters from brain

tissue showed also a higher chromocenter accumulation in brain tissue examined by immuno�uo-

rescence staining (�gure 3.10B). Histone H1, whose isoform H1.4 was upregulated in liver tissue,

revealed similar chromocenter accumulation between the tissues in immuno�uorescence staining.

As other isoforms of histone H1 were identi�ed with similar abundance in the brain and liver by

quantitative mass spectrometry, the measured accumulation represents the average accumulation

of all isoforms present in the chromocenters and detected by the histone H1 speci�c antibody.

Isoform-speci�c antibodies would be necessary to quantify the heterochromatin accumulation of

individual isoforms.

We conclude that histones, the topoisomerases I and II, MeCP2, and ATRX localized at the

chromocenters, whereas other tested proteins localized in the nucleus. The membrane-associated

proteins and splicing proteins did not speci�cally localize at chromocenters in mouse brain and

liver tissue. They might interact with the chromocenters, especially as many chromocenters are

localized close to the nuclear membrane and nucleoli, but they are not heterochromatin-speci�c

proteins.
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3.3 Results

3.3.5 Proteomic analysis of heterochromatin proteins

Our approach for chromocenter isolation is advantageous in comparison to other enrichment

procedures, as it does not introduce any bias towards a speci�c protein. Nevertheless, it does

not allow for stringent washing steps to remove loosely bound proteins. We identi�ed many

known heterochromatin proteins in the isolated chromocenter fractions, but the analysis also

revealed proteins of other functional groups like membrane-associated proteins and proteins

involved in RNA processing and translation. The immuno�uorescence stainings con�rmed that

these proteins did not show subcellular localization at the chromocenters. Thus, they represent

potential contaminants copuri�ed with the chromocenters or associated with them due to the

proximity in the cell nucleus. For this reason, we decided to apply a validation-based cut-o� to the

results to �lter out possible contaminants and yield a more robust selection of heterochromatin

proteins. Therefore, we �ltered the list of chromocenter enriched proteins from �gure 3.4 keeping

all validated proteins with chromocenter localization and removing all proteins with a lower log2

ratio of brain chromocenters versus liver chromocenters. The plot based on the �ltered protein

list is shown in �gure 3.11. In total, we identi�ed 271 proteins enriched in the chromocenters

of the brain and liver (see �gure 3.3C). Applying the validation-based cut-o� resulted in a list

of 58 proteins enriched in the chromocenters that represent candidates for new constitutive

heterochromatin proteins (�gure 3.11).

The color coding based on the functional annotation of the identi�ed proteins revealed several

histones, many chromatin proteins as well as some proteins involved in transcriptional regulation.

Although some membrane associated and RNA associated proteins were still present, the big

group of nucleoporins and ribosomal and splicing proteins were excluded by the validation-based

�ltering. The �ltering resulted in explicit changes in the GO analysis output (�gure 3.12).

Within the category of biological process, chromatin organization was the GO term with the

highest number of associated genes from our target list, and nucleosome positioning, chromatin

assembly or disassembly, and negative regulation of DNA recombination were the GO terms

with the highest enrichment. Most of the proteins were associated with nucleic acid binding

and DNA binding. The highest enrichment for molecular function was observed for the GO

terms nucleosomal DNA binding, nucleosome binding, and chromatin DNA binding. All proteins

present in the �ltered list belonged to the intracellular organelle part, most of them localizing in

the nucleus, non-membrane bound organelles, and chromosomal parts. The top �ve enriched GO

terms for cellular components were DNA packaging complex, nucleosome, protein-DNA complex,

nuclear chromosome, and heterochromatin.

Summarizing, all GO terms resemble protein functions related to chromatin packaging in nucle-

osomes and heterochromatin fractions. We conclude that our unbiased approach for heterochro-

matin isolation in combination with a rigorous validation-based cut-o� represents a system for

reliable identi�cation of heterochromatin proteins.
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3 Constitutive heterochromatin composition

Figure 3.11: Heterochromatin proteins identi�ed by mass spectrometry after the validation-
based cut-o�. This plot contains the proteins that localized at the chromocenters in the validation
stainings and all other proteins with similar or higher chromocenter enrichment. The dot plot shows the
log10 intensity plotted against the log2 ratio of brain chromocenter (BC) versus liver chromocenter (LC)
proteins. Vertical lines indicate the three categories: proteins enriched in the liver, proteins with similar
abundance in the brain and liver chromocenters, and proteins enriched in the brain. The color code
indicates the protein function manually assigned based on the UniProt webpage functional information.
Histones are labeled in orange, chromatin proteins in green, proteins involved in transcriptional regulation
in purple, membrane associated proteins in cyan, proteins involved in RNA processing or RNA-binding
proteins in dark gray, and proteins not �tting into the categories in light gray.
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Figure 3.12: Gene ontology (GO) analysis of heterochromatin proteins selected after
validation-based cut-o�. The protein list was subjected to GOrilla tool [269] for gene ontology analysis
in the categories biological process, molecular function, and cellular component. The proteins enriched in
heterochromatin were added as the target list and all identi�ed proteins (without cut-o� or �ltering) as
the background list. GO terms with a p-value lower than 5 x 10−5 were considered. The GO terms were
grouped according to the highest common gene ontology term within the diagram of the GOrilla output
and redundant terms were removed manually. Plotted is the number of genes in the GO term (b) as %
of total genes in the target list (n) and the enrichment calculated by the GOrilla tool as (b/n)/(B/N)
with b: number of genes in the target list associated with speci�c GO term; n: total number of genes
in the target list; B: number of genes in the background list associated with speci�c GO term; N: total
number of genes in the background list. The �ve proteins (biological function, cellular component) or
three proteins (molecular function) with the highest enrichment in the categories are highlighted in dark
gray.
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3.3.6 Proteomic analysis of low abundant heterochromatin proteins

Initially, we decided to �lter out all protein hits that were not reproducibly identi�ed in all three

biological replicates of the nuclei and chromocenter fractions. Of note, we might have lost low

abundance heterochromatin proteins with this approach, as they could have been enriched in the

chromocenter fractions due to the isolation procedure but might not be reproducibly identi�ed

in the less enriched nuclei fraction. For this reason, we decided to plot also the reproducibly

identi�ed (in the three biological replicates) heterochromatin proteins, which were though not

identi�ed in all three replicates of the nuclei (�gure 3.13). Within the group of low abundant

heterochromatin proteins, only a few histones and chromatin proteins were identi�ed. Instead,

many proteins involved in transcriptional regulation and many proteins with very speci�c func-

tions not �tting into the applied functional categories were identi�ed. RNA processing and

translation-related proteins were present with low abundance.
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Figure 3.13: Heterochromatin proteins exclusively identi�ed in the chromocenters by quan-
titative mass spectrometry. This plot contains the proteins identi�ed in the chromocenter fraction of
all three replicates, but not reproducibly identi�ed in the nucleus fractions (in two or fewer replicates).
The dot plot shows the log10 intensity plotted against the log2 ratio of brain chromocenter (BC) versus
liver chromocenter (LC) proteins. Vertical lines indicate the three categories: proteins enriched in the
liver, proteins with similar abundance in the brain and liver chromocenters, and proteins enriched in the
brain. The color code indicates the protein function manually assigned based on the UniProt webpage
functional information. Histones are labeled in orange, chromatin proteins in green, proteins involved
in transcriptional regulation in purple, membrane associated proteins in cyan, proteins involved in RNA
processing or RNA-binding proteins in dark gray, and proteins not �tting into the categories in light gray.
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3.4 Discussion

Constitutive heterochromatin is involved in the maintenance of genome stability [58, 60] and is

required for the nuclear spatial organization in compartments [72]. Disfunction of heterochro-

matin was associated with cancer progression [58]. Recently, constitutive heterochromatin was

reported to constitute membraneless liquid-like compartments concentrating factors within and

excluding others, thus regulating nuclear DNA metabolism [257�259, 274]. In mouse cells, consti-

tutive heterochromatin can be found at pericentromeric regions, which cluster during interphase

forming chromocenters [25, 26]. The organization of heterochromatin in chromocenters di�ers

between cell types [50�53] and changes upon di�erentiation [55�57]. Thus, we wanted to address

whether the observed changes in chromocenter organization are related to the proteomic com-

position. We aimed to identify conserved chromocenter proteins, on the one hand, and speci�c

di�erences in protein abundance between cells with di�ering heterochromatin organization, on

the other hand.

Mouse brain tissue showed higher heterochromatin clustering represented by lower chromocenter

numbers and larger volumes in comparison to liver tissue upon staining of tissue sections using

the DNA dye DAPI (�gure 3.1). Thus, the question was raised whether there are di�erences in

the proteomic composition of chromocenters from these tissues.

To isolate the chromocenter proteins, we adapted a protocol for the isolation of chromocenters

from mouse liver published by Prusov and Zatsepina [94, 95] and adjusted it to be used with

liver and brain tissue. In contrast to other heterochromatin enrichment methods relying on im-

munoprecipitation of a speci�c heterochromatin protein or a speci�c gene locus (see 1.1), our

approach is not biased towards a speci�c previously identi�ed heterochromatin component. In

addition, our protocol does not rely on protein crosslinking prior to the isolation procedure,

thus yielding native heterochromatin. Of note, the heterochromatin protein 1 (HP1), which

was used for heterochromatin enrichment in previous studies (e.g., [275]), was not found repro-

ducibly enriched in chromocenters in our study. It was partially enriched in nuclei, partially in

chromocenters, and thus �ltered out during the analysis procedure. In line with these results,

HP1 isoforms were reported to show di�erent localization dependent on the species, cell type,

cell cycle, and the di�erentiation status [159, 276�280]. In mouse cells, HP1α and β colocalized

with heterochromatin, whereas HP1γ was mainly distributed in the cell nucleus and predomi-

nantly associated with euchromatin [276, 278, 280]. Nevertheless, di�erent HP1 isoforms were

found associated with active genes and involved in transcriptional activation and development

[281], indicating that the protein acts as an adaptor with diverging functions depending on the

context. In addition, HP1α and β were not found in several di�erentiated cells, e.g. terminally

di�erentiated nucleated erythrocytes of non-mammalian vertebrates, on a subset of neurons, and

in liver parenchyma [278, 279]. Thus, as we analyzed the whole cell population of brain and liver

tissue, the reduced accumulation of HP1 at chromocenters might be explained by cell type and

di�erentiation-speci�c di�erences in protein distribution.

For the mass spectrometry analysis, we used a dimethyl labeling approach which allowed quan-

titative comparison of di�erent samples. To base our analysis only on the most reliable protein
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hits, we considered only proteins reproducibly identi�ed in all three biological replicates and en-

riched in chromocenters in comparison to the full nucleus proteome for further analysis. Thus, we

cannot rule out that we lost heterochromatin interacting proteins which were not exclusively lo-

calized at the chromocenters, bound dynamically to heterochromatin, or were separated from the

chromocenters during the isolation procedure. The proteomic analysis led to the identi�cation

of several histones, chromatin proteins, and proteins involved in transcriptional regulation. Fur-

thermore, membrane associated proteins, proteins involved in ribosome or spliceosome formation,

and proteins not �tting into any of the categories were identi�ed. Chromocenters were described

to localize close to nucleoli and the nuclear membrane [51, 64, 65], indicating heterochromatin

association with these regions and explaining the copuri�cation. In addition, nucleoporins and

lamins were described to interact with heterochromatin and proposed to be involved in hete-

rochromatin organization [71, 282�285]. Previous proteomic studies of heterochromatin yielded

similar proteins, including histones, proteins involved in transcription and RNA processing, chro-

matin remodelers, RNA binding proteins, and nuclear pore proteins [90, 275, 286]. Furthermore,

gene ontology analysis revealed proteins with the GO classi�cations like nucleic acid binding,

chromosome, chromatin, DNA packaging, and chromatin assembly [90].

To validate the mass spectrometry analysis results, we determined the subcellular localization

of representative protein hits by immuno�uorescence stainings on tissue sections. Based on the

protein hits with con�rmed chromocenter accumulation in situ, we applied a validation-based

cut-o� to the proteins identi�ed by mass spectrometry to obtain a list of heterochromatin-

speci�c proteins. The subsequent GO analysis con�rmed successful data �ltering, as terms like

chromatin assembly and nucleosome positioning were highly enriched, while terms associated

with nucleoporins and nucleoli were absent.

Using this method, we identi�ed chromocenter proteins conserved between species and tissue-

speci�c di�erences in chromocenter protein abundance. We identi�ed a list of 58 proteins that

might be involved in chromocenter-speci�c functions and additional 213 potential heterochro-

matin interacting proteins. A graphic summary of the subcellular localization of the validated

hits is shown in �gure 3.14.

Besides the core histones, we identi�ed the topoisomerases I (TOP I) and IIb (TOP IIb) as well as

the histone variants macroH2A.1, H2AX, and H3.3 as being upregulated in the chromocenters.

DNA topoisomerases are essential enzymes catalyzing the transient cleavage and subsequent

resealing of DNA to induce or remove coils of the DNA helix either by inducing a single-strand

break (TOP I) or a double-strand break (TOP II) [287]. On the one hand, topoisomerases are

involved in opening chromatin making it accessible for processes like transcription [288, 289],

on the other hand, they were described to be required for gene silencing of heterochromatic

regions and chromosome condensation [290�293]. Further studies are necessary to elucidate the

role of the topoisomerases in pericentromeric heterochromatin in mammals, as most studies were

performed in Drosophila and Arabidopsis and the functions might be species, cell type, and

di�erentiation-speci�c.

Comparing the structure of histone variants to the canonical histone H2A, macroH2A contains an

additional large macro domain at its C-terminus and H2A.X contains a C-terminal Ser-Gln-Glu-
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Figure 3.14: Schematic summary of the heterochromatin proteins validated. The cell schemes
mimic the di�ering heterochromatin organization in mouse brain and liver tissue. From the proteins
upregulated in the liver, Histone H1.4 localized at the chromocenters and SMARCD2, and ZNF281
localized in the nucleus. From the proteins upregulated in the brain, ATRX and MeCP2 localized
are at the chromocenters and GATAD2B is localized in the nucleus. For the proteins with similar
abundance in both tissues, all histones, histone variants, and the topoisomerases I and II localized at the
chromocenters, SMARCB1, SIN3A in the nuclei, and SMARCA2 localized at the chromocenters or in the
nucleus depending on the tissue.

Tyr motif critical for its function [11]. MacroH2A.1 is considered to be involved in gene silencing,

and higher-order chromatin compaction and associated with heterochromatin repeats [11, 294�

296], in line with our results. The histone variant H2AX plays an important role in DNA damage

response as its phosphorylation on serine 139, resulting in γH2AX, occurs upon DNA damage

[297], recruits DNA repair proteins and is commonly used as a marker for DNA double-strand

breaks [298]. Although H2AX was described to distribute randomly on chromatin [297], another

study found H2AX overrepresented at heterochromatin due to a higher frequency of H2AX in

heterochromatin than in euchromatin [299]. In addition, H2AX might be involved in maintaining

genome stability [300] and in chromatin remodeling and inactivation of sex chromosomes in male

mice [301]. Thus, we propose that H2AX accumulates at chromocenters in mouse brain and

liver tissue, possibly playing a role in chromatin organization. Histone H3.3 di�ers from the

canonical H3 proteins by a few amino acid substitutions, one localized in the N-terminal tail,

the others in the histone-fold domain [11]. The variant replaces the canonical H3 at active genes

and promotors but was also found at repetitive heterochromatin regions such as telomeres and

pericentromeric heterochromatin [21]. The death domain-associated protein (DAXX) was shown

to speci�cally interact with H3.3 via the unique motif of the histone variant. In addition, it was

reported to build a complex with ATRX which is involved in H3.3 deposition at pericentromeric

heterochromatin [21, 302�304]. Due to the many factors involved in H3.3 deposition, its function

in biological processes is still vague [305].

Among the proteins enriched in chromocenters and displaying a tissue-speci�c di�erence in abun-

dance, we identi�ed ATRX as enriched in the brain. ATRX was reported to bind to tandem repeat

sequences and to be involved in chromatin organization and gene silencing [306�311]. Interest-

ingly, coimmunoprecipitation experiments indicated an interaction of ATRX with the epigenetic
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reader MeCP2 [165, 172], which localized at heterochromatin and was enriched in brain tissue

in our experiments. MeCP2 binds to methylcytosine on the DNA and modulates transcriptional

regulation [126, 131, 139, 312] and chromatin organization (reviewed in [3]). MeCP2 levels di�er

between cell types [233, 313] and increase upon di�erentiation [55, 233, 313, 314] which results in

higher heterochromatin clustering [55, 57, 159]. Interestingly, ATRX and MeCP2 were proposed

to regulate the expression of certain genes by chromatin structure organization [315] and ATRX

might contribute to MeCP2-mediated heterochromatin organization during neural di�erentiation

[316].

In mouse liver, we identi�ed histone H1.4 as upregulated and enriched in chromocenters. His-

tone H1.4 is one of �ve main type histones H1 including H1.1-H1.5, which are expressed in a

replication-dependent manner in somatic cells during S-phase [15]. H1.2-5 are present in most

somatic tissues [317, 318] while H1.1 expression was described in several mouse tissues, including

liver and brain [317, 319, 320]. The deletion of either H1.2, H1.3, or H1.4 suggested that the

di�erent variants can compensate for the lack of each other [321], but the di�ering distribution

of the variants points toward variant-speci�c functions [15, 322]. Sequential inactivation of all

three variants resulted in a lower H1 to nucleosome ratio, reduced DNA packaging, and changes

in gene expression [323, 324]. Interestingly, it was proposed that histone H1 and MeCP2 compete

for binding to a common chromatin binding site, as MeCP2 accelerated H1 exchange and both

showed similar nucleosome binding motifs [253]. This idea was supported by reports describing

the amount of H1 and MeCP2 in the nucleus of di�erent cells. While the amount of H1 in neu-

ronal nuclei was 0.45 molecules per nucleosome, glia cells had one H1 molecule per nucleosome

[325]. On the contrary, neuronal cells showed very high MeCP2 levels with 0.5 MeCP2 molecules

per nucleosome in comparison to low MeCP2 amounts in glia cells (ca. 0.06 molecules/ nucle-

osome) [138]. In addition, Skene et al. found a 2-fold increase in histone H1 levels in MeCP2

de�cient neuronal nuclei, suggesting that MeCP2 replaces histone H1 in neurons [138]. Thus, the

interplay of histone H1 and MeCP2 might contribute to the di�ering chromocenter organization

observed between the brain and liver in our study, especially as both proteins were found to be

involved in heterochromatin organization.

In addition to the validated chromocenter proteins, we identi�ed many other candidate chromo-

center proteins. This list of protein candidates possibly involved in chromocenter formation and

function can serve as a basis for further studies aiming to identify novel heterochromatin compo-

nents. The generation of �uorescently tagged fusion proteins could complement immuno�uores-

cence stainings for in situ analysis of protein localization, as antibodies are not available for all

proteins of interest. Moreover, the expression of plasmids coding for fusion proteins in a cellular

system would allow a protein-level dependent analysis of chromocenter clustering, as described

before for MeCP2 [55].

In this study, we showed that an unbiased heterochromatin isolation procedure with subsequent

quantitative mass spectrometry analysis in combination with antibody-based validation experi-

ments can be used to elucidate the mouse heterochromatin proteome. We identi�ed 58 candidate

chromocenter proteins that might be involved in chromocenter formation and function. Further-

more, we showed that the heterochromatin organization di�ers between mouse brain and liver
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tissue, and we identi�ed candidate proteins that might mediate the di�ering organization. We

propose that MeCP2, ATRX, and histone H1 play important roles in the distinct pericentromeric

heterochromatin organization in these tissues.
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3.5 Supplementary material

Supplementary tables

Table 3.1: Primary and secondary antibody characteristics.

Reactivity Host Dilution Application
Catalog /
clone

Company /
reference

Anti-ATRX (D-5) mouse 1:50 IF / WB sc-55584
Santa Cruz

Biotechnology

Anti-Gatad2b rabbit 1:200 IF / WB AB-2641884 invitrogen

Anti-Histone H1
(EPR6536)

rabbit 1:200 / 1:1000 IF / WB ab134914 abcam

Anti-Histone macro
H2A.1

rabbit 1:200 / 1:500 IF / WB 07-219 upstate

Anti-Histone H2AX rabbit 1:200 IF A300-083A Bethyl

Anti-Histone H2AX rabbit 1:1000 WB ab20669 abcam

Anti-Histone H3.3
(EPR17899)

rabbit 1:1000 IF / WB ab176840 abcam

Anti-Histone H4 rabbit 1:200 IF / WB ab7311 abcam

Anti-Lamin A/C
(XB 10)

mouse
Undiluted
TCSN

IF / WB -
gift from Brian

Burke

Anti-Lamin B (X223) mouse
Undiluted
TCSN

IF / WB 65147C Progen

Anti-Mbnl2 (3B4) mouse 1:50 IF / WB sc-136167
Santa Cruz

Biotechnology

Anti-MeCP2 (4H7) rat
undiluted
TCSN

IF / WB -
Jost et al., 2011

[326]

Anti-mSin3A (K20) rabbit 1:50 IF / WB sc-994
Santa Cruz

Biotechnology

Anti-Nup153 (QE5) mouse 1:100 IF / WB ab24700 abcam

Anti-SMARCA2 /
BRM

rabbit 1:100 / 1:1000 IF / WB ab15597 abcam

Anti-SMARCB1 /
BAF47 (D8M1)

rabbit 1:250 / 1:1000 IF / WB 91735S
Cell Signaling
Technology

Anti-Smarcd2
(EPR20860-251)

rabbit 1:100 / 1:1000 IF / WB ab220164 abcam

Anti-Topoisomerase I
(EPR5375)

rabbit 1:100 IF / WB ab109374 abcam

Anti-Topoisomerase II
alpha + beta

(TOP2B) (EPR5377)
rabbit 1:100 / 1:1000 IF / WB ab109524 abcam

Anti-U1 snRNP70
(C-3)

mouse 1:50 / 1:100 IF / WB sc-390899
Santa Cruz

Biotechnology

Anti-Znf281 (D-8) mouse 1:50 / 1:100 IF / WB sc-166933
Santa Cruz

Biotechnology

Anti-mouse IgG Cy3 donkey 1:500 IF 715-166-151
Jackson

ImmunoResearch
Laboratories, inc.

anti-mouse IgG Cy5 donkey 1:250 IF 715-175-150
Jackson

ImmunoResearch
Laboratories, inc.

Anti-mouse IgG HRP sheep 1:5000 WB NA 931
Amersham

Pharmacia Biotech
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anti-rabbit IgG Cy3 donkey 1:500 IF 711-165-152
Jackson

ImmunoResearch
Laboratories, inc.

anti-rabbit IgG Cy5 donkey 1:400 IF 711-175-152
Jackson

ImmunoResearch
Laboratories, inc.

Anti-rabbit IgG HRP goat 1:10000 WB A0545 Sigma-Aldrich, Inc.

Anti-rat IgG Cy5 donkey 1:250 IF 712-175-153
Jackson

ImmunoResearch
Laboratories, inc.

IF: Immuno�uorescence; WB: Western blot; HRP: horseradish peroxidase; TCSN: Tissue culture supernatant.

Table 3.2: Imaging and �ow cytometer characteristics.

System /
Company

Lasers / Lamps
Filters (ex.
& em. (nm))

Objectives /
lenses

Detection
system

Application

Wide�eld
Axiovert 200 /

Zeiss

HBO100 mercury
lamp

DAPI (300-400
& 410-510)

40x
Plan-Neo�uar
NA 1.4 Oil

Ph3

12-bit
AxioCam mRM

Fluorescence
imaging

chromocenter
isolation steps

Wide�eld
Axioplan /

Zeiss

HBO100 mercury
lamp

DAPI (450-490
& 515-565)

40x
Plan-Neo�uar
NA 1.3 Oil

Ph3

12-bit
AxioCam mRM

Fluorescence
imaging

chromocenter
isolation steps

UltraView VoX
spinning disk
on an inverted
Nikon Ti-E
microscope /
Perkin Elmer

Solid state diode
lasers (405 nm,
561 nm, 640 nm)

405/568/640
405: 415�475
561: 580�650
640: 664�754

60x Plan-
Apochromat
NA 1.45 Oil

cooled 14-bit
Hamamatsu®

C9100-50
EMCCD

Confocal
z-stack

imaging of
tissue slices

Amersham
AI600 imager /
GE Healthcare

Chemiluminescence - -
16-bit Peltier
cooled Fuji�lm
Super CCD

Western blot
imaging

ex.: excitation; em.: emission.

Table 3.3: Cell line characteristics.

Name Species Type Genotype References

C2C12 Mus musculus myoblast wild type
Ya�e & Saxel, 1977

[327]
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Table 3.4: Plot statistics.

Figure Sample n Median Mean StDev 95% CI p-value

3.1B
brain 223 5 5.46 2.06 0.01

liver 224 9 9.16 2.86 0.01
<2.2e-16

brain 223 4.12 6.30 6.21 0.01
3.1C

liver 224 3.1 4.48 4.31 0.01
1.01e-09

3.10A

Histone H4 brain 33 1.21 1.21 0.10 -
8.706e-10

Histone H4 liver 32 1.43 1.43 0.15 -

Histone H3.3 brain 31 1.24 1.26 0.14 -
0.8102

Histone H3.3 liver 33 1.27 1.26 1.10 -

macro H2A.1 brain 35 1.33 1.32 0.12 -
8.099e-11

macro H2A.1 liver 32 1.15 1.15 0.05 -

Histone H2AX brain 34 1.27 1.29 0.15 -
1.809e-07

Histone H2AX liver 31 1.13 1.14 0.05 -

TopII brain 35 1.40 1.42 0.28 -
2.346e-07

TopII liver 32 1.09 1.09 0.02 -

TopI brain 30 1.21 1.26 0.12 -
3.962e-07

TopI liver 31 1.42 1.42 0.07 -

ATRX brain 30 1.20 1,22 0.11 -

ATRX liver 32 1.05 1.06 0.03 -
1.106e-11

MeCP2 brain 30 1.68 1.69 0.26 -

MeCP2 liver 32 1.02 1.02 0.01 -
< 2.2e-16

Histone H1 brain 30 1.52 1.66 0.47 0.01

3.10B

Histone H1 liver 31 1.47 1.52 0.28 -
0.3934

n: number of cells; StDev: standard deviation; CI: con�dence interval; p-value: comparison brain to liver.

Table 3.5: Proteins enriched in heterochromatin identi�ed by mass spectrometry.

protein

name
Protein ID

log10

intensity

log2 ratio

BC/LC
protein function

enrichment

category

ACTA2 P62737 10.57 1.07 others common

ACTR5 Q80US4 9.67 0.47 chromatin common

ACTR6 A0A0R4J009 9.23 0.06 chromatin common

ACTR8 Q8R2S9 9.52 0.09 chromatin common

AHCTF1 Q8CJF7 10.43 -0.25 others common

AKAP8L Q9R0L7 10.64 0.86 transcription regulation common

ALYREF O08583 11.10 -0.15 RNA processing & translation common

ARID1A A2BH40 10.32 1.03 chromatin common

ARID2 E9Q7E2 9.87 0.17 chromatin common

ARNTL Q9WTL8 9.79 -1.22 transcription regulation common

BANF1 O54962 11.19 0.38 chromatin common

BAP18 Q9DCT6 9.66 0.72 chromatin common

BRD4 Q9ESU6 10.61 -0.03 chromatin common

BRD9 A0A0R4J175 9.84 1.08 chromatin common

CCDC47 Q9D024 10.02 1.18 others common

CD2BP2 Q9CWK3 9.93 0.40 RNA processing & translation common

CDC5L Q6A068 11.07 -0.73 transcription regulation common

CENPV Q9CXS4 11.32 -0.94 chromatin common
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protein

name
Protein ID

log10

intensity

log2 ratio

BC/LC
protein function

enrichment

category

CHD4 Q6PDQ2 11.09 0.69 chromatin common

CHTOP Q9CY57 10.68 0.85 transcription regulation common

CLOCK O08785 9.75 -0.82 transcription regulation common

CMAS Q99KK2 10.92 -0.47 others common

CPSF4 E0CXT7 9.79 -0.31 RNA processing & translation common

CREB1 Q01147 10.24 -0.27 transcription regulation common

CSTF3 Q99LI7 10.68 -0.26 RNA processing & translation common

DDOST O54734 10.43 0.77 membrane common

DDX17 Q501J6 11.53 0.42 RNA processing & translation common

DDX23 D3Z0M9 11.13 -1.24 RNA processing & translation common

DDX5 Q61656 12.05 -0.13 RNA processing & translation common

DDX50 Q99MJ9 10.24 0.43 RNA processing & translation common

DNAJA1 P63037 10.57 -0.68 others common

DNAJA2 Q9QYJ0 10.61 0.37 others common

DNAJB4 Q9D832 9.69 -1.22 others common

EED Q921E6 9.46 -0.95 transcription regulation common

FARSA Q8C0C7 9.81 0.27 RNA processing & translation common

GLE1 Q8R322 9.65 0.30 others common

GLYR1 Q922P9 10.85 1.24 transcription regulation common

GNL3L Q6PGG6 9.89 0.48 others common

GTF2H2 Q9JIB4 9.19 -0.19 transcription regulation common

GTF3C1 Q8K284 9.88 0.04 transcription regulation common

GTF3C3 Q3TMP1 9.60 0.70 transcription regulation common

GTF3C4 Q8BMQ2 9.86 -0.16 transcription regulation common

H1F0 P10922 11.53 -0.49 histones common

H2AFX P27661 11.99 1.00 histones common

H2AFY Q9QZQ8 11.59 -0.43 histones common

H3F3C P02301 12.43 -0.46 histones common

HDGFL2 Q3UMU9 10.09 -0.83 chromatin common

HIST1H1B P43276 11.09 1.32 histones common

HIST1H1C P15864 11.88 -0.63 histones common

HIST2H2BB Q64525 12.39 -0.77 histones common

HIST2H3C2 P84228 10.88 -0.45 histones common

HIST4H4 P62806 12.32 -0.72 histones common

HP1BP3 Q3TEA8 11.40 1.35 chromatin common

HSD17B12 O70503 9.64 0.08 others common

INTS1 Q6P4S8 10.19 -0.54 transcription regulation common

INTS10 Q8K2A7 9.73 -0.34 RNA processing & translation common

INTS14 Q8R3P6 9.98 -0.50 RNA processing & translation common

INTS3 Q7TPD0 10.24 -0.01 transcription regulation common

INTS6 Q6PCM2 9.95 -0.67 RNA processing & translation common

ISY1 Q69ZQ2 10.21 -0.89 RNA processing & translation common

KHDRBS1 Q60749 11.52 1.12 RNA processing & translation common
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protein

name
Protein ID

log10

intensity

log2 ratio

BC/LC
protein function

enrichment

category

LAS1L A2BE28 10.00 0.19 RNA processing & translation common

LMNA P48678 12.44 -0.76 membrane associated common

LMNB1 P14733 12.26 0.99 membrane associated common

LMNB2 P21619 12.20 1.01 membrane associated common

LRRC59 Q922Q8 10.50 1.02 others common

MBNL2 Q8C181-4 10.17 0.47 RNA processing & translation common

MCM3AP Q9WUU9 9.95 -0.14 others common

MED1 Q925J9 9.84 -0.11 transcription regulation common

MED10 Q9CXU0 9.37 0.49 transcription regulation common

MED14 A2ABV5 9.76 0.38 transcription regulation common

MED17 Q8VCD5 9.78 -0.30 transcription regulation common

MED24 Q99K74 9.71 0.08 transcription regulation common

MED8 Q9D7W5 9.59 -0.09 transcription regulation common

MOGS Q80UM7 9.73 0.33 membrane associated common

MYL12B Q3THE2 9.70 0.03 others common

MYL6 Q60605 10.24 0.45 others common

NCOA5 Q91W39 11.01 0.96 transcription regulation common

NONO Q99K48 12.09 0.13 transcription regulation common

NOSIP Q9D6T0 10.22 -0.92 others common

NR3C1 P06537 9.62 -0.74 transcription regulation common

NRF1 Q3UXF4 9.81 -0.34 transcription regulation common

NSUN2 Q1HFZ0 9.83 -0.21 RNA processing & translation common

NUP107 Q8BH74 10.71 0.29 membrane associated common

NUP133 Q8R0G9 10.99 0.28 membrane associated common

NUP153 E9Q3G8 10.59 -0.38 membrane associated common

NUP155 Q99P88 10.94 0.05 membrane associated common

NUP160 Q9Z0W3 10.76 0.20 membrane associated common

NUP205 B9EJ54 10.86 0.31 membrane associated common

NUP210 Q9QY81 11.10 -0.26 membrane associated common

NUP214 Q80U93 10.70 0.24 membrane associated common

NUP35 Q8R4R6 10.72 0.05 membrane associated common

NUP37 Q9CWU9 10.63 0.23 membrane associated common

NUP43 P59235 10.50 0.22 membrane associated common

NUP54 Q8BTS4 10.94 0.63 membrane associated common

NUP58 Q8R332 10.35 0.14 membrane associated common

NUP62 Q63850 10.80 0.46 membrane associated common

NUP85 Q8R480 10.46 0.17 membrane associated common

NUP88 Q8CEC0 10.55 -0.05 membrane associated common

NUP93 Q8BJ71 11.11 0.30 membrane associated common

NUP98 Q6PFD9 11.15 0.33 membrane associated common

NXF1 Q99JX7 10.78 -0.71 others common

PBRM1 Q8BSQ9 10.53 -0.01 chromatin common

PDS5A Q6A026 10.26 -0.80 chromatin common

57



3 Constitutive heterochromatin composition

protein

name
Protein ID

log10

intensity

log2 ratio

BC/LC
protein function

enrichment

category

PDS5B Q4VA53 10.84 -0.22 chromatin common

PELP1 Q9DBD5 9.99 0.62 transcription regulation common

PHF3 B2RQG2 9.83 -0.24 transcription regulation common

PPIL2 Q9D787 10.12 -0.92 others common

PRPF3 Q922U1 10.68 -0.65 RNA processing & translation common

PRPF6 Q91YR7 10.98 -1.25 RNA processing & translation common

PRPF8 Q99PV0 11.77 -1.18 RNA processing & translation common

RAD21 Q61550 10.71 -0.67 chromatin common

RAE1 Q8C570 10.79 0.31 RNA processing & translation common

RANBP2 Q9ERU9 11.38 0.18 others common

RBM15 Q0VBL3 10.59 -0.76 RNA processing & translation common

RBM39 Q8VH51-2 11.16 -0.69 RNA processing & translation common

RBMXL1 Q91VM5 11.79 0.67 RNA processing & translation common

RNPC3 Q3UZ01 9.61 -0.19 RNA processing & translation common

RPL10A A0A3B2WBL1 10.60 0.61 RNA processing & translation common

RPL11 Q9CXW4 10.87 0.54 RNA processing & translation common

RPL12 P35979 10.65 0.17 RNA processing & translation common

RPL21 O09167 10.74 1.20 RNA processing & translation common

RPL22 P67984 10.28 0.68 RNA processing & translation common

RPL23 P62830 10.97 0.56 RNA processing & translation common

RPL23A P62751 10.96 0.84 RNA processing & translation common

RPL27 P61358 10.82 0.77 RNA processing & translation common

RPL30 P62889 10.51 0.53 RNA processing & translation common

RPL31 P62900 10.84 0.80 RNA processing & translation common

RPL35A O55142 10.65 1.15 RNA processing & translation common

RPL5 P47962 11.06 0.78 RNA processing & translation common

RPL9 P51410 10.70 0.60 RNA processing & translation common

RPN1 Q91YQ5 10.65 1.03 others common

RPN2 Q9DBG6 10.40 0.80 others common

RPS11 P62281 10.87 0.80 RNA processing & translation common

RPS13 P62301 10.63 1.06 RNA processing & translation common

RPS14 P62264 10.64 0.68 RNA processing & translation common

RPS15 P62843 10.61 0.75 RNA processing & translation common

RPS15A P62245 10.49 0.53 RNA processing & translation common

RPS16 P14131 10.83 1.25 RNA processing & translation common

RPS19 Q9CZX8 10.89 1.07 RNA processing & translation common

RPS2 P25444 10.95 0.99 RNA processing & translation common

RPS20 P60867 10.59 1.21 RNA processing & translation common

RPS23 P62267 10.54 0.97 RNA processing & translation common

RPS25 P62852 10.75 1.31 RNA processing & translation common

RPS27A P62983 11.71 -0.39 RNA processing & translation common

RPS3 P62908 11.11 0.72 RNA processing & translation common

RPS3A P97351 11.14 0.69 RNA processing & translation common
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RPS5 Q91V55 10.48 0.36 RNA processing & translation common

RPS6 P62754 10.71 1.15 RNA processing & translation common

RPS7 P62082 11.02 0.66 RNA processing & translation common

RTRAF Q9CQE8 10.38 1.10 transcription regulation common

RUVBL1 P60122 11.04 0.03 transcription regulation common

RUVBL2 Q9WTM5 11.12 0.42 transcription regulation common

SAFB2 Q80YR5 10.63 -0.84 transcription regulation common

SART1 Q9Z315 10.87 -0.62 RNA processing & translation common

SEH1L Q8R2U0 10.52 0.33 membrane associated common

SENP3 Q9EP97 9.72 0.71 others common

SF3B5 Q923D4 10.69 -0.84 RNA processing & translation common

SFPQ Q8VIJ6 12.22 0.22 RNA processing & translation common

SIN3A Q60520 10.32 0.85 transcription regulation common

SLTM Q8CH25-2 10.79 0.80 transcription regulation common

SMARCA2 Q6DIC0 10.32 0.91 chromatin common

SMARCA4 Q3TKT4 10.57 0.88 chromatin common

SMARCA5 Q91ZW3 10.86 -0.18 chromatin common

SMARCB1 Q9Z0H3 10.22 0.36 chromatin common

SMARCC1 P97496 9.86 0.31 chromatin common

SMARCC2 Q3UID0 11.22 0.90 chromatin common

SMARCE1 O54941 10.69 0.80 chromatin common

SMC1A Q9CU62 11.37 -0.88 chromatin common

SMC3 Q9CW03 11.36 -0.92 chromatin common

SMCHD1 Q6P5D8 10.60 1.21 chromatin common

SMPD4 Q6ZPR5 9.99 0.39 membrane associated common

SNRNP70 Q62376 11.66 -0.99 RNA processing & translation common

SNRPB P27048 11.47 -0.77 RNA processing & translation common

SNRPB2 Q9CQI7 10.83 -0.86 RNA processing & translation common

SNRPD1 P62315 11.13 0.06 RNA processing & translation common

SNRPD2 P62317 11.55 -0.62 RNA processing & translation common

SNRPD3 P62320 11.14 -0.74 RNA processing & translation common

SNRPF P62307 10.93 -0.61 RNA processing & translation common

SNRPG P62309 11.49 -0.90 RNA processing & translation common

SNU13 Q9D0T1 11.05 -1.04 RNA processing & translation common

SNW1 A0A0B4J1E2 10.80 -0.82 transcription regulation common

SPIN1 Q61142 9.97 0.49 chromatin common

SSB P32067 11.44 0.20 others common

SSR1 A0A286YCT4 10.10 0.46 membrane associated common

SSRP1 Q08943 10.90 -0.26 chromatin common

STAG1 Q9D3E6 10.12 -0.72 chromatin common

STAG2 O35638 10.56 -0.84 chromatin common

SUB1 P11031 10.41 0.64 transcription regulation common

SUPT16 G3X956 10.87 -0.23 chromatin common
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TAF1 Q80UV9 9.53 -0.46 transcription regulation common

TAF6 Q62311 9.76 -0.81 transcription regulation common

TAF9 Q8VI33 9.75 -0.19 transcription regulation common

TCERG1 Q8CGF7 11.02 -0.60 transcription regulation common

TECR Q9CY27 10.26 0.43 others common

TERF2 O35144 9.70 1.30 others common

THOC1 Q8R3N6 10.63 -0.82 RNA processing & translation common

THOC2 B1AZI6 10.58 -0.90 RNA processing & translation common

THOC5 A0A0R4J0J6 10.39 -0.68 RNA processing & translation common

THOC6 Q5U4D9 10.45 -0.58 RNA processing & translation common

THOC7 Q7TMY4 10.67 -0.38 RNA processing & translation common

TMPO Q61033 10.77 0.82 membrane associated common

TOP1 Q04750 11.05 -0.87 chromatin common

TOP2B Q64511 11.15 -0.27 chromatin common

TRIP12 G5E870 9.98 0.09 others common

TRRAP A0A1D5RLL4 10.48 0.35 chromatin common

UBP1 Q811S7 9.70 0.30 transcription regulation common

USP39 Q3TIX9 10.66 -0.99 RNA processing & translation common

WDR18 Q4VBE8 10.38 0.35 others common

WDR5 P61965 10.33 0.26 chromatin common

WRNIP1 Q91XU0 10.62 -0.32 others common

YEATS4 Q9CR11 9.92 0.21 chromatin common

YTHDC1 E9Q5K9 10.42 0.12 RNA processing & translation common

ZFP638 A0A0N4SV80 10.76 1.00 transcription regulation common

ZMYND8 A2A483 10.36 0.23 chromatin common

ADAR Q99MU3 10.31 3.82 RNA processing & translation brain

ADARB1 Q91ZS8-2 10.19 1.76 RNA processing & translation brain

ADNP Q9Z103 10.40 1.37 transcription regulation brain

ATRX Q61687 10.73 2.10 chromatin brain

CDK2AP1 O35207 9.84 1.94 others brain

CHD5 E9PYL1 10.22 3.46 chromatin brain

ERGIC1 Q9DC16 9.44 2.43 others brain

FYTTD1 Q91Z49 10.19 1.58 others brain

GATAD2B Q8VHR5 10.27 2.27 transcription regulation brain

GTF2I Q9ESZ8 10.37 1.67 transcription regulation brain

HDGFL3 Q9JMG7 10.64 3.46 others brain

KHDRBS3 Q9R226 11.08 2.15 RNA processing & translation brain

MECP2 Q9Z2D6-2 11.36 2.97 chromatin brain

MLF2 Q99KX1 10.41 1.57 transcription regulation brain

MTDH Q80WJ7 9.93 2.77 transcription regulation brain

NACC1 Q7TSZ8 10.04 1.57 transcription regulation brain

NOMO1 Q6GQT9 10.34 2.13 membrane associated brain

PSIP1 Q99JF8 11.26 2.77 transcription regulation brain
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PSPC1 Q8R326 11.56 3.22 transcription regulation brain

RNF14 Q9JI90 10.04 2.05 others brain

RPL10 Q6ZWV3 10.87 1.61 RNA processing & translation brain

RPL13 P47963 10.81 1.63 translation regulation brain

RPS4X P62702 11.07 1.42 RNA processing & translation brain

SERBP1 Q9CY58-2 10.47 1.37 RNA processing & translation brain

SUGP2 Q8CH09 10.95 4.79 RNA processing & translation brain

SUN1 Q9D666-3 10.18 2.81 membrane associated brain

VAPA Q9WV55 10.34 3.11 membrane associated brain

ZMYM3 Q9JLM4 9.35 2.03 transcription regulation brain

ARGLU1 Q3UL36 11.01 -1.57 others liver

CACTIN Q9CS00 9.77 -1.83 others liver

DDX21 Q9JIK5 10.86 -3.08 transcription regulation liver

DEK Q7TNV0 11.05 -2.12 chromatin liver

DKC1 Q9ESX5 10.57 -2.33 RNA processing & translation liver

H1.4 P43274 11.12 -1.64 histones liver

H2A.Z P0C0S6 11.49 -1.38 histones liver

IK Q9Z1M8 10.86 -1.35 RNA processing & translation liver

LENG8 D3YWS8 9.27 -2.15 others liver

LIG3 P97386 9.98 -1.49 others liver

MYBBP1A Q7TPV4 11.16 -1.83 transcription regulation liver

MYH9 Q8VDD5 10.18 -1.75 others liver

NFIX E9PUH7 10.48 -1.37 transcription repression liver

NMNAT1 Q9EPA7 10.00 -2.20 others liver

NOP56 Q9D6Z1 10.90 -1.79 RNA processing & translation liver

NOP58 Q6DFW4 10.80 -1.74 RNA processing & translation liver

PCMTD2 B0R0C7 10.26 -2.45 others liver

PNKP G5E8N7 10.15 -1.85 others liver

PUM3 Q8BKS9 10.25 -1.87 others liver

RCC1 Q8VE37 10.59 -1.32 chromatin liver

RRP12 Q6P5B0 10.02 -1.34 RNA processing & translation liver

RSL1D1 Q8BVY0 10.40 -1.62 RNA processing & translation liver

SMARCD2 Q99JR8 10.01 -2.24 chromatin liver

SNRPA1 P57784 11.14 -1.38 RNA processing & translation liver

SON H9KV00 11.47 -1.36 RNA processing & translation liver

TFIP11 Q9ERA6 10.60 -1.32 RNA processing & translation liver

TOR1AIP1 Q921T2 10.52 -2.19 membrane associated liver

ZNF281 Q99LI5 9.95 -1.30 transcription regulation liver

Filtered protein list obtained from the MaxQuant search against the UniProt database for Mus musculus. BC:

brain chromocenter; LC: Liver chromocenter. Protein function and enrichment category according to the classi-

�cation in �gure 3.4.
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Supplementary �gures

Figure 3.15: Work�ow of the sample preparation and dimethyl labeling for quantitative
mass spectrometry analysis. All steps described here were performed by our cooperation partners at
MDC Berlin (Oliver Popp, Gunnar Dittmar). (A) Sample preparation for mass spectrometry comprising
protein precipitation, denaturation, reduction & alkylation, digestion with Lys-C and trypsin, and C18
StageTip puri�cation. (B) Scheme of the dimethyl labeling procedure. One-fourth of each sample was
pooled into a master mix and the proteins were chemically labeled with a heavy label. The remaining
proteins of the individual samples were separately labeled with a light label. One-fourth of the master
mix was spiked into each of the light-labeled samples as a reference. BC: brain chromocenters, BN: brain
nuclei, LC: liver chromocenters, LN: liver nuclei. Then, all samples were subjected to HPLC-MS/MS
measurement.
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Figure 3.16: Image analysis work�ow for nuclei and chromocenter segmentation on confocal
z-stack images. The confocal z-stacks were obtained on an Ultra-Vox spinning disk system automati-
cally saving the images in the Volocity software (Perkin Elmer). Based on the DAPI channel, individual
cells were cropped, nuclei and chromocenters were segmented with the parameters described and a mea-
surement item was created for each cell. The results were exported as tables for further analysis using
the R software package.
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Figure 3.17: Data visualization in a violin plot. A violin plot is a combination of a density plot
and a box plot. The density plot depicts the frequency of the observations and the boxplot shows the
median, upper and lower quantile, upper and lower adjacent value, and outliers. The adjacent values
represent the minimum and maximum values excluding outliers.
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Figure 3.18: Heterochromatin interacting proteins upregulated in brain or liver identi�ed by
quantitative mass spectrometry analysis without cut-o�. (see �gure 3.4) Bar diagram showing
the log2 ratio of brain chromocenter (BC) versus liver chromocenter (LC) proteins ordered according
to descending log10 intensity. The color code indicates the protein function manually assigned based
on the UniProt webpage functional information. Histones are labeled in orange, chromatin proteins in
green, proteins involved in transcriptional regulation in purple, membrane associated proteins in cyan,
proteins involved in RNA processing or RNA-binding proteins in dark gray, and proteins not �tting into
the categories in light gray.
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Figure 3.19: Overview images of the validation stainings of heterochromatin enriched pro-
teins with di�erent abundance in brain and liver tissue. The montages show the subcellular
localization of the proteins in mouse brain and liver tissue with the DAPI DNA staining in blue, and
the antibody staining in red. The schemes represent the subcellular localization described in the legend.
Scale bar 5 μm.
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Figure 3.20: Overview images of the validation stainings of heterochromatin enriched pro-
teins with similar abundance in brain and liver tissue showing chromocenter localization.
The montages show the subcellular localization of the proteins in mouse brain and liver tissue with the
DAPI DNA staining in blue and the antibody staining in red. The schemes represent the subcellular
localization described in the legend. Scale bar 5 μm.
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Figure 3.21: Overview images of the validation stainings of candidate heterochromatin
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Figure 3.21 (previous page): interacting proteins with similar abundance in brain and liver
tissue not localizing at the chromocenters. The montages show the subcellular localization of the
proteins in mouse brain and liver tissue with the DAPI DNA staining in blue, and the antibody staining
in red. The schemes represent the subcellular localization described in the legend. Scale bar 5 μm.

69



4 Quanti�cation of MeCP2

4 Quanti�cation of MeCP2 in the cell nucleus and

heterochromatin compartments

The validation and calibration of a cellular system mimicking MeCP2 in vivo levels described in

this chapter is modi�ed from Zhang & Romero, Schmidt et al., 2022 [1].

4.1 Introduction

Heterochromatin, the more silent and transcriptionally inactive form of chromatin, is charac-

terized by high DNA compaction and cytosine methylation levels. Methylated cytosines are

recognized by a family of methyl-CpG binding proteins such as the Methyl-CpG binding protein

2 (MeCP2). MeCP2 was shown to bind to a single symmetrically methylated CpG pair [115, 130]

and to be involved in transcriptional regulation [125, 126, 131, 139] and chromatin organization

(reviewed in [3]).

Ectopic expression of MeCP2 was reported to induce dose-dependent heterochromatin clustering

[55] and MeCP2 protein levels were shown to increase during di�erentiation [55, 233, 313, 314].

Immuno�uorescence stainings revealed tissue- and cell type-speci�c di�erences in MeCP2 protein

levels [233, 313], but no correlation between protein and RNA levels was observed [313]. MeCP2

was found to be present in high levels in most neurons, but absent from microglial cells [233, 313].

The absolute quanti�cation of MeCP2 in neuronal and glial cell nuclei separated by �uorescence-

activated cell sorting (FACS) revealed that MeCP2 molecules in neurons are nearly as abundant

as nucleosomes [138]. Thus, the authors proposed that MeCP2 might rather act as a global

chromatin regulator dampening transcription in a genome-wide manner than acting as a regulator

of speci�c genes [138].

Mutations on the MECP2 gene located on the X chromosome were identi�ed as the main cause

of Rett syndrome, a human neurological disorder [116]. In addition, abnormal levels of MeCP2

were linked to Rett syndrome-like phenotypes. In fact, abnormal neurological phenotypes were

reported for Mecp2 de�cient mice [244, 245], mice with a 50% Mecp2 de�ciency [328], in mice

with mild overexpression of Mecp2 [246] and for duplication of MECP2 in male humans [247].

Interestingly, phenotypes originated from reduced MeCP2 levels could be rescued by targeted

expression of MECP2 [248�252].

As already small changes in MeCP2 levels can cause neurological symptoms in mice and humans,

it is important to carefully adjust the MeCP2 level in experiments performed in vitro or in cellulo.

Only the tight control of all experimental conditions allows a comparison to the physiological

situation and thus, meaningful results. For this reason, we aimed to develop a system to compare

protein levels between di�erent experimental setups. We developed a method to quantify MeCP2

in mouse brain tissue (in vivo) and in (transfected) mouse myoblast cells (in cellulo). Then, we

utilized our method to compare the levels between the two systems and calculated the protein

concentration in the nucleus and its subcompartment heterochromatin to be applied in in vitro

experiments. This method can be extrapolated and applied to any other system combinations.
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4.2 Material & methods

4.2.1 Protein puri�cation from insect cells

The protein production and puri�cation from SF9 cells (Invitrogen) was performed as described

before [164]. In brief, Sf9 cells (table 4.2) were cultivated in EX-CELL 420 Serum-Free Medium

(#24420G, Sigma-Aldrich) supplemented with 10% fetal calf serum under shaking at 27 °C. For

the recombinant baculovirus production, the SF9 cells were transfected using polyethylenimine

(#23966, Polysciences) following the manufacturer's instructions. Baculovirus (P1 stock) in

the medium was collected by centrifugation and the supernatant containing the virus was used

to infect new SF9 cells to get higher titers of baculovirus (P2). This step was repeated once

(P3) before new SF9 cells were infected with the virus (P3) and incubated at 27 °C for 4 days

for protein production. Cell pellets containing MeCP2-GFP were collected by centrifugation

at 1200 rpm for 5min and stored at -80 °C. The cells were thawed on ice, resuspended in cold

lysis bu�er (0.025M Tris HCl (pH8), 1M NaCl, 0.05M glucose, 0.01M EDTA, 0.2% Tween 20,

0.2% NP-40 substitutive and protease inhibitors (1mM phenylmethylsulfonyl �uoride (PMSF)

(#6367.1, Carl Roth), 10 μm E64 (#E3132, Sigma-Aldrich), 1 μM pepstatin A (#P5318, Sigma-

Aldrich)) and sheared by syringe treatment. The lysate was cleared by centrifugation and loaded

onto GFP-binding protein coupled to beads [329]. After binding, the beads were washed with

lysis bu�er and the proteins were eluted using 4M MgCl2. The bu�er was exchanged to PBS

and the proteins were stored frozen until use.

4.2.2 Nuclei isolation from mouse brain tissue

Three-month-old C57BL/6 mice (Charles River Laboratories, Inc.) were sacri�ced and dissected

and the organs were collected, washed with PBS, and frozen in liquid nitrogen. For nuclei

isolation the frozen mouse brains were crushed to powder and homogenized in 0.25M sucrose

solution (20mM triethanolamine-HCl (pH7.6), 30mM KCl, 10mM MgCl2, 1mM DTT, 1mM

PMSF). After centrifugation for 10min at 1000 xg, the supernatant was discarded and the pellet

resuspended in sucrose bu�er to a �nal sucrose concentration of 2.1M. The raw nuclei fraction

was obtained by centrifugation for 30min at 50000 xg. The pellet was resuspended in 0.25M

sucrose solution and centrifuged at 1000 xg. Nuclei were resuspended in PBS and counted using

a microscope. Subsequently, the nuclei were lysed by resuspension in Laemmli bu�er (2% SDS,

50mM Tris (pH6.8), 10% glycerol, 0.01% bromophenol blue, 100mM DTT) and incubated at

95 °C for 10min.

4.2.3 Mammalian cell culture and transfection

All cell lines were free of mycoplasma contamination and are listed in table 4.2. C2C12 mouse my-

oblast cells were cultured in Dulbecco's modi�ed Eagle Medium (DMEM) high glucose (#D6429,

Sigma-Aldrich) supplemented with 20% fetal bovine serum (FCS) (#F7524, Sigma-Aldrich), 1x

L-glutamine (#G7513, Sigma-Aldrich), and 1 μM gentamicin (#G1397, Sigma-Aldrich). The

transfection was performed using Neon Transfection System (Thermo Fisher Scienti�c) accord-
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ing to the manufacturer's instructions. Cells were harvested for Western blot / FACS sorting or

�xed for immuno�uorescence staining 20 h after transfection if not stated di�erently.

4.2.4 Flow cytometry

C2C12 myoblasts transiently transfected with pMeCP2G (pc1121) were harvested 20 h after

transfection, resuspended in PBS, and separated according to their transfection level by �uores-

cence-activated cell sorting (FACS) on the S3 Cell Sorter (Bio-Rad Laboratories) with a 488 nm

laser and a 525± 30 nm emission �lter. Cells were plotted for log10 GFP sum intensity and divided

into 40 bins. The �rst 11 bins were de�ned as negative cells (background auto�uorescence) by

comparison to the untransfected C2C12 control cells. Cells in bins 13 to 21 were de�ned as low

expressing, cells in bins 24 to 32 as high expressing (plots with the gates for negative, low, and

high transfected cells are shown in �gure 4.1). Low and high MeCP2 expressing cells were sorted

and collected as pellets for Western blot.

4.2.5 Western blot

Cell pellets collected from FACS (for low and high Mecp2 expressing cells) or directly from cul-

ture (for untransfected cells) were lysed in lysis bu�er (see 4.2.1), mechanically disrupted, and

boiled at 95 °C in Laemmli bu�er (see 4.2.2). Samples were run on 8% SDS-PAGE and trans-

ferred to a nitrocellulose membrane. After blocking with 5% low-fat milk in PBS the membranes

were incubated with anti-MeCP2 rat monoclonal antibodies 4H7 and 4G10 cell culture super-

natants from hybridoma cell lines overnight followed by anti-rat IgG Cy3 secondary antibody

diluted 1:1000 for 1 h (Table 4.3). Fluorescent signals were detected using an Amersham Imager

(Table 4.4). The bands on the Western blots were quanti�ed using the software ImageJ [270]

(https://imagej.nih.gov/ij/) by selecting single lanes, plotting intensities along the lanes, select-

ing the peaks corresponding to the bands of interest and measuring the bands' relative intensity

(area under the peak minus background signal).

4.2.6 Immuno�uorescence staining on cells

For immunostaining, cells were grown on gelatin-coated coverslips and �xed with ice-cold methanol

for 6min. After washing, cells were permeabilized with 0.5% Triton X-100, washed with PBST

(0.01% Tween 20), blocked with 0.1% �sh skin gelatin for 20min and incubated with primary

antibody anti-MeCP2 rabbit polyclonal (Table 4.3) 1:250 for 2 h. After washing with PBST

(0.1% Tween 20), cells were incubated 1 h with secondary antibody anti-rabbit IgG Cy5 (Ta-

ble 4.3) 1:400, followed by another washing step with PBST (0.1% Tween 20). Samples were

counterstained with 1 μg/ml DAPI and mounted in Mowiol.

4.2.7 Immuno�uorescence staining on tissues

Three-month-old C57BL/6 mice (Charles River Laboratories, Inc.) were sacri�ced and dissected

and the organs were collected. After washing with PBS, tissues were �xed in 10% bu�ered
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formalin solution (#HT501128, Sigma-Aldrich) for 24 h. Afterwards, they were sequentially

dehydrated in 70% ethanol for 30min, 70% ethanol for 45min, 96% ethanol for 60min, and 96%

ethanol for 45min, twice in absolute ethanol for 45min followed by xylol for 60min and 30min.

Organs were embedded in para�n, transferred to embedding cassettes, cooled down, and sliced

on a microtome into 6 μm slices.

For para�n removal, the slides were incubated 2 h at 60 °C and subsequently incubated three

times 5min in xylol. The tissue slices were rehydrated by sequential incubation for 5min each

in 96% ethanol, 90% ethanol, 80% ethanol, 70% ethanol, and three times in water. For antigen

unmasking the slides were treated with sodium citrate bu�er (10mM sodium citrate, pH 6) at

100 °C or 30min in an autoclave. The samples were equilibrated for 15min in PBS, permeabilized

with 0.7% Triton X-100 in PBS two times for 15min and washed three times with PBS. The

tissue slices were surrounded with a liquid-blocking pen and blocked with 4% BSA for 30min.

Incubation with primary antibodies (Table 4.3) was performed overnight at 4 °C, followed by

three times washing with PBST (0.1% Tween 20 in PBS) for 10min and secondary antibody

incubation for 1 h at room temperature. Samples were washed three times with PBST for 10min,

counterstained with 1 μg/ml DAPI, washed with PBS, and water, and mounted using Mowiol.

4.2.8 Imaging and image analysis

The immuno�uorescence stainings of �xed C2C12 cells were imaged using an Axiovert 200 mi-

croscope (Table 4.4) with 63x Plan-Apochromat 1.4NA oil immersion objective. Segmentation

of nuclei, heterochromatin, and intensity measurements were performed in the software ImageJ

2.0 [270] (https://imagej.nih.gov/ij/). Heterochromatin segmentation was based on the normal-

ization of pixel intensities to a local maximum intensity. First, individual pixel intensities were

calculated in squares of 30 x 30 pixels, being the maximum of these 900 pixels the local max-

imum. To avoid �dark squares� becoming thresholded, only the pixels with intensities higher

than 8/42 of the cell maximum (higher local maximum on the cell) were considered for further

steps. Thresholding was applied by giving a value of 1 (white) to pixels with intensities higher

than 21/42 (for heterochromatin compartments) or 37/42 (for heterochromatin core) of the local

maximum intensity. These thresholded images were used to generate individual and total het-

erochromatin (core) ROIs, that were subsequently subtracted to generate the nucleoplasm ROI

for each nucleus (script published in [1]). To categorize the cells equivalently to the cells used in

Western blot, we measured the total intensity of the nucleus and applied an equivalent binning

system for the FACS sorting.

Additional imaging of the same samples was performed on a confocal microscope Leica TCS

SPE-II equipped with a 63x/1.30 ACS APO Oil CS objective (Table 4.4) as z-stacks with 0.2 μm

interval. For this subset of images, 3D segmentation of nuclei and heterochromatin compartments

was performed using the Volocity software. Brie�y, nuclei segmentation was done based on the

DAPI channel by �nding objects, dilating three times, �lling holes, eroding three times, and

choosing objects by size.

The stained tissue slices for quanti�cation of MeCP2 in vivo were imaged on an Ultra-View VoX

spinning disk on an inverted Nikon Ti-E microscope in 3 μm z-stacks. The nuclear volumes were
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obtained by 3D segmentation with manual thresholding using the Volocity software. Brie�y,

nuclei were segmented based on the DAPI channel including the following steps: �nd objects,

close 10x, dilate 10x, erode 10x, �ll holes, remove noise with a �ne �lter and exclude objects

< 200 μm3. To obtain the ratios of nuclear subcompartments to the nucleus intensities, the mean

intensity values for MeCP2 were measured in the nucleus and three manually selected ROIs in

the heterochromatin and the nucleoplasm on 2D confocal images.

4.2.9 Quanti�cation of MeCP2 concentrations

To calculate the MeCP2 nuclear concentration, we used the number of molecules obtained from

Western blot and the volumes of the nuclei obtained from the confocal images (see �gure 4.3A).

These concentration values together with the ratios of mean intensity in the compartments in

comparison to the whole nucleus were used to calculate the local MeCP2 concentrations in

the nuclear subcompartments (see �gure 4.3B). Although the intensity ratios for the mouse

myoblast cells obtained from compartment volumes and compartment areas were comparable,

the information used here derives from the areas as the sample number was larger. For the

quanti�cation in mouse brain tissue, the ratios obtained by manual ROI selection on confocal

images were used.
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4.3 Results

As abnormal MeCP2 levels were reported to cause neuronal disfunction and Rett syndrome-like

phenotypes [244�247, 328], we aimed to develop a procedure to calibrate the MeCP2 level in

individual cells and subcellular compartments. Applying the same MeCP2 protein amount in

di�erent experimental systems would allow a comparison of in cellulo and in vitro results to

physiological conditions in vivo.

For the quanti�cation of MeCP2 in a cellular system, mouse myoblast cells were transfected

with a plasmid coding for MeCP2-GFP and sorted according to their nuclear GFP intensity

20 h after transfection. The cells were separated into three levels: negative (untransfected),

low and high MeCP2 (�gure 4.1A, D). As myoblast cells have very low endogenous MeCP2

protein levels, they are a suitable system to manipulate the levels of MeCP2 and analyze the

e�ects [55]. For absolute MeCP2 quanti�cation, the sorted cells were collected for Western

blot. The concentration of MeCP2-GFP puri�ed from insect cells was determined in comparison

to a BSA standard calibration series on an SDS-PAGE stained with Coomassie (�gure 4.1C).

Subsequently, the MeCP2-GFP standard was used to quantify the protein level of the sorted cells

by Western blot using MeCP2-speci�c antibodies and �uorescence-coupled secondary antibodies

(�gure 4.1D). The number of MeCP2 molecules per nucleus in low-level expressing cells was �ve

times higher than in untransfected cells, while the number of MeCP2 molecules per nucleus in

high-expressing cells was ten times higher than in low-expressing cells.

Next, we wanted to compare the absolute MeCP2 levels obtained from FACS sorting and Western

blot quanti�cation to MeCP2 in cells observed by microscopy (�gure 4.1D). Therefore, mouse

myoblast cells transfected with MeCP2-GFP were �xed 20 h after transfection, stained against

MeCP2, and counterstained with the DNA dye DAPI. The cells were imaged by wide�eld �uores-

cence microscopy and nuclei, heterochromatin fractions as well as its core regions were segmented

based on the DAPI channel. The same binning system as for the FACS sorting was applied using

the full histogram of nuclear GFP intensity of the cells (�gure 4.1D). The MeCP2 mean hete-

rochromatin intensity per area correlated with the classi�cation bins (�gure 4.1B). In addition,

the average heterochromatin cluster area per nucleus increased with higher MeCP2 levels (�gure

4.1B), in line with previous studies [55].
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Figure 4.1: Validation and calibration of a cellular system mimicking in vivo MeCP2 phys-
iological behavior. (A) Scheme of the experiment: C2C12 myoblast (mb-) were transfected with a
plasmid encoding for MeCP2-GFP. After 20 h, transfected cells (mb+) were sorted into two categories,
low and high expressing, according to the GFP intensity using �uorescence-activated cell sorting (FACS).
(B) Immuno�uorescence staining showing MeCP2 levels in mouse myoblasts before and after transfection
of MeCP2-GFP. Cells were counterstained with DAPI. Scale bars 5 μm. Boxplots show the MeCP2 het-
erochromatin mean intensity and the mean heterochromatin cluster area of untransfected, low, and high
MeCP2 expressing myoblasts of three independent replicates (***p<0.001, Wilcoxon test). Statistics
can be found in Table 4.5. (C) Quanti�cation of total MeCP2 in mouse myoblasts. The concentration
of the MeCP2-GFP standard was determined by SDS-PAGE and Coomassie staining in comparison to
a BSA standard series. The MeCP2 standard was used to quantify the number of MeCP2 proteins in
untransfected, low and high expressing FACS sorted mouse myoblasts by Western blot against MeCP2
for three independent replicates (average values ± standard deviation). Full gels and blots are shown in
�gure 4.4. (D) Instrument-independent calibration of the quanti�cation of MeCP2. To allow compari-
son of intensities between instruments, we classi�ed the cells using a population curve after transfection
plotting counts versus the log of the GFP intensity, considering three windows: negative, de�ned from
the measurements obtained from untransfected cells, and then dividing the positively transfected cells in
29 bins, in which 2-10 correspond to low MeCP2 levels and 13-21 to high MeCP2 levels. The �gure was
modi�ed from Zhang & Romero, Schmidt et al., 2022 [1].
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The quanti�cation of MeCP2 in mouse brain tissue was performed in a similar way as the

quanti�cation in mouse myoblast cells. First, nuclei were isolated from mouse brain tissue and

lysed in Laemmli bu�er. The MeCP2-GFP standard row and three biological replicates of mouse

brain nuclei lysates were analyzed by SDS-PAGE and transferred to a membrane. MeCP2 protein

levels were detected using MeCP2 speci�c antibodies in combination with �uorescently tagged

secondary antibodies (�gure 4.2B). The number of MeCP2 molecules per cell was within the

same range of low-level MeCP2 expressing myoblast cells (�gure 4.2C). The MeCP2 staining on

mouse brain tissue revealed intense MeCP2 staining at the heterochromatin clusters and showed

a tendency for less and bigger heterochromatin clusters compared to low expressing myoblast

cells (�gure 4.2A). The absolute quanti�cation on Western blot was performed using full brain

protein lysates, thus considering all brain regions and cell types, whereas the staining shows only

one exemplary cell.

Figure 4.2: Quanti�cation of MeCP2 levels in mouse brain (in vivo). (A) Immuno�uorescence
staining of MeCP2 on mouse brain tissue, the DNA was counterstained with DAPI. The dotted line
indicates the nuclear outline. (B) Quanti�cation of total MeCP2 in mouse brain. The concentration of
the MeCP2-GFP standard was determined by SDS-PAGE and Coomassie staining in comparison to a
BSA standard series before (see �gure 4.2C). The plots show the relative intensities of the Western blot
bands of the MeCP2-GFP standard row and three biological replicates of mouse brain nuclei used for
quanti�cation. The protein amount in ng is indicated under the Western blot images. Full Western blots
are shown in �gure 4.5. (C) The number of MeCP2 molecules per nucleus in mouse brain tissue was
plotted as an average of the three biological replicates with standard deviation.

To compare the MeCP2 amount determined for cells and brain tissue to levels used in in vitro ex-

periments, it was necessary to calculate MeCP2 concentrations. Therefore z-stack images of �xed

cells were taken, and the nuclear volumes were calculated based on nucleus segmentation on the

DAPI channel (�gure 4.3A). The nucleus MeCP2 concentration was calculated from the number

of molecules and the nuclear volume. We obtained a concentration of 0.39 μM in untransfected

myoblast cells, 11.76 μM in low and 131.20 μM in high-expressing cells, and 16.4 μM in mouse

brain nuclei. Thus, the MeCP2 concentration in mouse brain nuclei was only slightly higher

than in low-expressing myoblast cells. The protein concentrations in the nuclear subcompart-

ments heterochromatin and nucleoplasm were calculated from the nucleus MeCP2 concentration

and the mean intensity ratios of subcompartments per nucleus (�gure 4.3B-D). As MeCP2 ac-
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cumulates at heterochromatin, its concentration at heterochromatin clusters was higher than in

the nucleus. While untransfected myoblasts showed a heterochromatin MeCP2 concentration of

0.49 μM, low expressing cells and mouse brain nuclei showed a higher concentration of 23.24 μM

and 31.3 μM, whereas high expressing myoblasts had a concentration of 237.21 μM.

In vivo, the MeCP2 concentration in heterochromatin was two times higher than the nucleus

concentration using the imaging conditions described. Thus, it should be considered for every

experiment whether the nucleus or the heterochromatin protein concentration mimics the physio-

logical conditions. Concluding, we showed that our method can be used to ensure similar protein

level conditions across di�erent experimental systems, thus making them comparable between

each other and to the physiological conditions.

Figure 4.3: Absolute MeCP2 quanti�cation in cellulo (mouse myoblasts) and in vivo (mouse
brain tissue). (A) Scheme of the calculation of the nuclear volume based on thresholded z-stacks. (B)
Scheme of the cell segmentation and the calculations of the MeCP2 concentration in the nucleus and
its subcompartments heterochromatin and nucleoplasm. Nucleus concentration (concnuc) was obtained
from the total protein amount per nucleus obtained from Western blot analysis (Figure 4.1C and 4.2BC)
divided by the nucleus volume. Subcompartment concentrations (conchc or concnucleop) were calculated
from the intensity ratios between the correspondent subcompartments (heterochromatin core region for
conchc, nucleoplasm for concnucleop) versus nucleus multiplied by the nucleus concentration. (C) Average
MeCP2 concentrations in the nucleus and its subcompartments heterochromatin and nucleoplasm in un-
transfected, low, high expressing mouse myoblasts and in mouse brain (average ± standard deviation).
(D) Table showing the results of total MeCP2 quanti�cation (as average ± standard deviation) in un-
transfected, low, high expressing myoblasts and mouse brain tissue. The calculated values of the number
of molecules, nucleus volume (μm3), and MeCP2 concentration (μM) for each condition are listed. The
�gure was modi�ed from Zhang & Romero, Schmidt et al., 2022 [1].
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4.4 Discussion

Abnormal MeCP2 levels, evoked by overexpression as well as loss of expression, were reported to

cause neuronal disfunction and Rett syndrome-like phenotypes [244�247, 328]. For this reason, it

is important to carefully adjust the MeCP2 concentrations used for in cellulo and in vitro exper-

iments to a range comparable to physiological protein levels. Thus, we developed a procedure to

calibrate the MeCP2 level in single cells and subcellular compartments. The method was applied

to di�erent experimental platforms to compare the MeCP2 levels across various systems.

As immuno�uorescence staining and the absolute quanti�cation of MeCP2 in mouse myoblast

cells con�rmed their low MeCP2 levels, they were used as the cellular model system to manipulate

MeCP2 levels by ectopic expression of a plasmid coding for MeCP2-GFP. Expression of Mecp2-

GFP in mouse myoblast cells at low levels yielded a MeCP2 level comparable to the protein

amount determined for mouse brain nuclei and can, thus, be used to mimic in vivo physiological

conditions. The numbers of MeCP2 molecules per nucleus obtained from our experiments are in

line with the levels reported in previous studies for transfected mouse myoblast cells [181] and

mouse brain nuclei [138]. The high level expressing myoblast cells in our study showed about

eight times higher MeCP2 levels than mouse brain nuclei. Skene et al. performed �uorescence-

activated cell sorting (FACS) of mouse brain nuclei based on NeuN staining. The number of

MeCP2 molecules per nucleus in unsorted brain nuclei (6 x 106) was 2.6-fold lower than in FACS-

sorted neurons (15.5 x 106) and 2.4-fold higher than in FACS-sorted glia cells [138]. As the

MeCP2 amount was reported to be cell type, tissue type and di�erentiation level speci�c [55,

233, 313, 314], high Mecp2 expressing myoblasts might still be in the physiological range of the

MeCP2 amount in highly di�erentiated cells in speci�c brain regions.

In addition to the absolute protein quanti�cation in vivo and in cellulo by Western blot, we

applied the cell sorting gates to microscopy images. The cells showed a level-dependent increase

of the MeCP2 signal in heterochromatin and dose-dependent heterochromatin clustering, as

reported before [55]. Thus, these results con�rmed the compatibility of our FACS-sorting-based

protein quanti�cation method with microscopic data. We used the same binning system to

classify MeCP2 levels in living cells [1].

In comparison to previous studies [138, 181], we did not only determine the number of MeCP2

molecules per nucleus, but also the protein concentrations in the nucleus and its subcompartments

heterochromatin and nucleoplasm. Especially the MeCP2 concentration in heterochromatin is

of importance for in vitro experiments, as MeCP2 highly accumulates at heterochromatin in a

level-dependent manner and induces dose-dependent heterochromatin clustering [55].

Recently, it was proposed that the mechanism of heterochromatin clustering might be based on

liquid-liquid phase separation events [257�259]. Of note, also MeCP2 was reported to undergo

phase separation, initially shown only in the presence of DNA, nucleosomal arrays, or crowding

agents [255, 256]. The systematic analysis of the phase separation properties of MeCP2 revealed

that it is dependent on many parameters including protein concentration, salt concentration,

crowding agents, and (methyl)DNA [1]. We could show that MeCP2 was able to form liquid-like
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droplets in physiological protein concentrations either with low salt or in presence of crowders

[1], underscoring the importance of protein level calibration for in vitro experiments.

Concluding, our calibration system can serve as a basis for further MeCP2-related studies carried

out under physiological conditions either mimicking MeCP2 concentration in the full nucleus or

the heterochromatin. In addition, it enables the comparison of di�erent experimental setups

including Western blot results, �xed and live cell microscopy as well as in vitro systems.
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4.5 Supplementary material

Supplementary tables

Table 4.1: Plasmid characteristics.

Name
pc

number*
Fluorescent
protein

Gene species Promotor References

pFB-
MeCP2G

pc1571 GFP Rattus norvegicus polyhedrin
Jost et al., 2011 [326];
Becker et al., 2013 [164]

pMeCP2G pc1121 EGFP Rattus norvegicus CMV Brero et al., 2005 [55]

*pc number: Plasmid collection number.

Table 4.2: Eukaryotic cell line characteristics.

Name Species Type Genotype References

SF9 Spodoptera frugiperda ovarian tissue wild type Vaughn et al., 1977 [330]

C2C12 Mus musculus myoblast wild type
Ya�e & Saxel., 1977

[327]

Table 4.3: Primary and secondary antibody characteristics.

Reactivity Host Dilution Application Catalog / clone
Company /
reference

Anti-MeCP2 rabbit 1:250 IF -
Jost et al., 2011

[326]

Anti-MeCP2 rat
Undiluted
TCSN

WB, IF Clones 4H7 & 4G10
Jost et al., 2011

[326]

Anti-rabbit IgG
Cy5

donkey 1:400 IF #711-175-152
Jackson

ImmunoResearch

Anti-rat IgG Cy5 donkey 1:250 IF #712-175-153
Jackson

ImmunoResearch

Anti-rat IgG Cy3 donkey 1:1000 WB #712-165-153
Jackson

ImmunoResearch

WB: Western blot; IF: Immuno�uorescence; TCSN: Tissue culture supernatant.

Table 4.4: Imaging and �ow cytometer characteristics.

System /
Company

Lasers /
Lamps

Filters (ex. &
em. (nm))

Objectives
/ lenses

Detection
system

Application

S3e Cell Sorter
/ Bio Rad

Laboratories,
Herkules, CA,

USA

488 nm
GFP (em.:
525/30)

-

FSC with
PMT; SSC
with PMT;
Fluorescence
detectors with

PMTs

Quanti�cation
of MeCP2

concentration
in cells
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Wide�eld
microscope

Axiovert 200 /
Zeiss, Germany

HBO100
mercury lamp

DAPI (300-400 &
410-510);

GFP (473-491 &
506-534);

Cy5 (590-650 &
663-738)

oil immersion
63X Plan-
Apochromat
(1.4 NA)

12-bit
AxioCam mRM

Quanti�cation
heterochro-

matin
intensities and

areas

Confocal
microscope
Leica TCS
SPE-II /
Wetzlar,
Germany

Multicolor
solid-state Laser
module RYBV
405 nm / 25 mW
488 nm / 10 mW
635 nm / 18 mW

em.: DAPI:
410-600;

GFP: 493-540;
Cy5: 640-783

oil immersion
63X ACS
APO CS
(1.3 NA)

Leica
SP-Detector
adjustable in
the range of
430 - 750 nm

Quanti�cation
heterochro-

matin
intensities,
volume and

areas

Ultra-View
VoX spinning

disk
microscope/
PerkinElmer,

UK

Solid state diode
lasers (405 nm,
561 nm, 640 nm)

405/568/640**
405: 415�475
561: 580�650
640: 664�754

oil immersion
60x

PlanApoc-
hromat

(NA 1.45)

cooled 14-bit
Hamamatsu®

C9100-50
EMCCD

Confocal
z-stack

imaging of
tissue slices

Amersham
AI600 imager/
GE Healthcare,
Chicago, IL,

USA

White light
(trans) Chemilu-
minescence,
�uorescence

Cy2: 525BP20,
Cy3: 605BP40,
Cy5: 705BP40

-
16-bit Peltier
cooled Fuji�lm
Super CCD

Western blot,
SDS-PAGE
imaging

*ex.: Excitation; em.: Emission.; FCS: Forward Scatter; PMT: Photomultiplier tube(s); SSC: Side scatter;
**dichroic speci�cation.

Table 4.5: Plot statistics (main �gures).

Figure Sample na nb Median Mean StDev
95%
CI

p-value

4.1B.1

Myoblasts 3 786 216.56 213.51AU 75.49 5.29 -

Myoblasts + MeCP2-GFP (low) 3 210 1197.81 1305.00AU 856.84 116.56 <2.2e-16

Myoblasts + MeCP2-GFP (high) 3 91 1915.16 1871.52AU 1024.32 213.32 5.94e-06

Myoblasts 3 786 0.77 0.80 μm2 0.15 0.01 -

Myoblasts + MeCP2-GFP (low) 3 210 1.06 1.11 μm2 0.28 0.04 <2.2e-164.1B.2

Myoblasts + MeCP2-GFP (high) 3 91 1.17 1.22 μm2 0.24 0.05 <2.2e-16

na: number of replicates; nb: number of cells; StDev: standard deviation; CI: con�dence interval; p-value: in
comparison to wild type MeCP2.
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Supplementary �gures

Figure 4.4: SDS-PAGE and Western blot for MeCP2 quanti�cation in cells. (A) Full
Coomassie-stained gels were used for quanti�cation of the MeCP2 standard against the BSA standard
curve (three replicates). Rectangles highlight the bands used for quanti�cation. The 80 kDa and 100 kDa
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Figure 4.4 (previous page): bands of the molecular weight marker are labelled. (B) Full membranes
were stained for total protein with Ponceau S stain and incubated with MeCP2-speci�c antibodies for
MeCP2 quanti�cation in myoblasts (di�erentiated myoblasts (C2C12 di�) as control, three replicates).
Rectangles highlight the bands used for quanti�cation. The 80 kDa and 100 kDa bands of the molec-
ular weight marker are labelled. C2C12 + low/high: C2C12 myoblast cells with low/high levels of
MeCP2-GFP. (C) Full membranes were stained for total protein with Ponceau S stain and incubated
with MeCP2-speci�c antibodies for MeCP2 quanti�cation in transfected and FACS-sorted MeCP2-GFP
positive myoblasts (three replicates). Rectangles highlight the bands used for quanti�cation. The 80 kDa
and 100 kDa bands of the molecular weight marker are labelled. The �gure was taken from Zhang &
Romero, Schmidt et al., 2022 [1].

Figure 4.5: Western blot for MeCP2 quanti�cation in mouse brain tissue. Full membrane
stained for total protein with Ponceau S stain and incubated with MeCP2 speci�c antibodies for MeCP2
quanti�cation in mouse brain nuclei (three biological replicates). Rectangles highlight the bands used for
quanti�cation. The 80 kDa and 100 kDa bands of the molecular weight marker are labelled.
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methylation and serine phosphorylation

This chapter is modi�ed from Schmidt et al., 2022 [2].

5.1 Introduction

The methyl-CpG-binding protein 2 (MeCP2) is the founding member of the methyl-CpG bind-

ing domain (MBD) protein family and speci�cally binds to methylated CpGs via its MBD. As

DNA methylation is mainly found on the less transcriptionally active heterochromatin, MeCP2 is

prominently localized in vivo at pericentromeric chromatin regions, which contain highly methy-

lated major satellite DNA repeats [115]. In addition to the MBD, MeCP2 contains a tran-

scriptional repression domain (TRD) [312], the interdomain region (ID), and, more recently, the

N-CoR/SMRT interacting domain (NID) has also been mapped [129]. MeCP2 binds to multiple

interaction partners via these regions (reviewed in [3]). Several of the interacting partners are

components of transcriptional repression complexes, for example Sin3A, HDAC and N-CoR [125�

129]. MeCP2 might also be involved in transcriptional activation as it associates with CREB1

[139]. Aside from the MBD, which shows structurally conserved motifs, MeCP2 was reported to

be an intrinsically disordered protein [124].

In mouse cells, pericentromeric heterochromatin from di�erent chromosomes forms densely packed

chromatin clusters in interphase called chromocenters ([25], see review [24]). Increased MeCP2

levels, either occurring during cell di�erentiation or upon exogenous expression of fusion protein

constructs, cause large-scale reorganization of heterochromatin, which can be visualized as fusion

events of heterochromatin clusters in mouse cells [55, 57, 159]. As constitutive heterochromatin

has been shown to organize chromosomes within the cell nucleus [72], its reorganization has a

potential impact on the general chromosome distribution. Recently, we and others proposed that

heterochromatin cluster fusion events might be mediated by liquid-liquid phase separation [257,

258], as MeCP2 was shown to undergo phase separation under physiological conditions [1, 255,

256]. MeCP2 shows characteristic properties of phase separating proteins including intrinsically

disordered regions and multivalency, and it was reported to interact with itself and several other

interaction partners via regions outside of the MBD [164].

Mutations in the MECP2 gene were linked to Rett syndrome, a human neurological disorder

a�ecting mainly females, that is associated with intellectual disability among other symptoms

[116]. MECP2 mutations in males can lead to a wide spectrum of phenotypes ranging from mild

intellectual impairment to severe neonatal encephalopathy and premature death [331]. Missense

mutations in the MBD domain of MECP2 a�ect heterochromatin accumulation due to reduced

DNA binding ability, but also heterochromatin clustering [62]. The clustering function of some

mutations could be rescued by retargeting MeCP2 to heterochromatin [63].

Importantly, MeCP2 is post-translationally modi�ed and although many modi�cations have

been identi�ed, only a few were validated and functionally characterized (reviewed in [3, 332]).

The phosphorylation of serine 421 in the C-terminal domain of MeCP2 was identi�ed upon

neuronal activity and stress exclusively in the brain, indicating a speci�c function under this
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condition [194, 195]. Serine 80 phosphorylation in the N-terminal domain of MeCP2 was found

in mouse and rat brains [195]. Serine to alanine mutated knock-in mice of both modi�cation

sites were reported to display opposing phenotypes, as S421A mice show increased, whereas S80A

mice show decreased locomotor activity. In line with these results, membrane depolarization in

cortical neurons results in dephosphorylation of serine 80 and phosphorylation of serine 421.

Interestingly, the S80A mutation results in a decrease of MeCP2 chromatin binding a�nity to

Pomc and Gtl2 promoters evaluated by ChIP-qPCR but did not lead to signi�cant changes in

gene transcription [195]. Besides, MeCP2 was found to be poly(ADP-ribosyl)ated in mouse brain

tissue at ID and TRD, and this led to decreased DNA binding and heterochromatin clustering

[181].

In this study, we aimed to identify post-translational modi�cations of MeCP2 from mouse brain

(in vivo) and determine whether these modi�cations are involved in MeCP2 chromatin binding

and clustering. 23% of the MeCP2 protein is composed of positively charged amino acids and we

found only a few modi�ed arginines compared to many modi�ed lysines. In addition, we identi�ed

several phosphorylated serine and threonine residues, including the previously reported S80 and

S421. We show that arginine methylation and to a much lesser extent also serine phosphorylation

a�ect heterochromatin accumulation and binding kinetics and MeCP2 heterochromatin clustering

function. In addition, coexpression of MeCP2 variants and the protein arginine methyltransferase

6 (PRMT6) reveals di�erences in heterochromatin clustering.
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5.2 Material & methods

5.2.1 Nuclei isolation from mouse brains

3-month-old C57BL/6 mice (Charles River Laboratories, Inc.) were sacri�ced according to the

animal care and use regulations (Government of Hessen, Germany), and the organs were collected

from the sacri�ced animals, washed with PBS, and frozen in liquid nitrogen. For nuclei isolation

the frozen mouse brains were crushed to powder and homogenized in 0.25M sucrose solution

(20mM triethanolamine-HCl (pH7.6), 30mM KCl, 10mM MgCl2, 1mM DTT, 1mM PMSF).

After centrifugation for 10min at 1000 xg, the supernatant was discarded and the pellet resus-

pended in sucrose bu�er to a �nal sucrose concentration of 2.1M. The raw nuclei fraction was

obtained by centrifugation for 30min at 50000 xg. The pellet was resuspended in 0.25M sucrose

solution and centrifuged at 1000 xg. During the procedure, samples were taken after resuspension

of the tissue, after homogenization and after nuclei isolation, �xed with 3.7% formaldehyde in so-

lution for 15min, dropped on slides, dried, and counterstained with 4',6-diamidino-2-phenylindole

(DAPI) for microscopic examination of the individual steps.

5.2.2 Protein enrichment

For the MeCP2 enrichment from mouse brain tissue, we made use of its natural hepta-histidine

tag for protein pull-down with Ni-IDA beads (His60 Ni Super�ow resin, Clontech Laborato-

ries, Inc.). First, 107 mouse brain nuclei in PBS were pelleted by centrifugation at 1000 xg for

10min. The nuclei were resuspended in bu�er B (0.2% Triton X-100, 50mM triethanolamine-

HCl (pH7.6), 5mM MgCl2), incubated on ice for 10min and centrifuged at 1000 xg for 10min.

The supernatant was discarded and the pellet was washed three times by resuspension in 100 μl

bu�er C (2mM triethanolamine-HCl (pH7.6), 0.5mM MgCl2) and centrifugation for 10min at

1000 xg. The pellet was resuspended in 500 μl 1M NaCl equilibration bu�er (50mM sodium

phosphate, 20mM imidazole, pH 7.4), followed by sonication 3 x 20 s (250-450 Sonicator, BRAN-

SON ultrasonic corporation) with microscopic control after each step. Subsequently, the lysate

was diluted using 500 μl equilibration bu�er without NaCl and added to the Nickel-Iminodiacetic

acid (Ni-IDA) beads for incubation overnight at 4 °C with rotation. The beads were washed with

300mM NaCl equilibration bu�er, then with wash bu�er (50mM sodium phosphate, 300mM

NaCl, 40mM imidazole, pH 7.4). The Ni-IDA beads were then resuspended in Laemmli bu�er

(2% SDS, 50mM Tris (pH6.8), 10% glycerol, 0.01% bromophenol blue, 100mM DTT), incubated

at 95 °C for 10min and separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE).

5.2.3 Mass spectrometry

The samples to be analyzed by mass spectrometry were analyzed by SDS-PAGE and the gel was

stained with Coomassie staining solution (5% aluminium sulfate-(14)-(18)-hydrate, 10% ethanol

p.a., 0.02% CBB-G250 (Coomassie brilliant blue), 2% orthophosphoric acid; [333]) overnight.

The in-gel tryptic digestion was performed as described before [334]. Brie�y, the gel was destained
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using Coomassie destaining solution (10% ethanol p.a., 2% orthophosphoric acid, LC-MS grade)

two times for 10min, equilibrated in water (MS grade), the bands of interest were excised, cut to

small cubes and dried using a vacuum concentrator. For destaining the gel pieces were covered

with destaining solution (40mM ammonium bicarbonate, 50% acetonitrile, LC-MS grade), incu-

bated at 37 °C for 30min with shaking, and the solution was removed. Destaining was repeated at

least two times and the gel pieces were dried using a vacuum concentrator. For trypsin digestion

the gel pieces were covered with 12.5 ng/μl trypsin (sequencing grade modi�ed trypsin, #V5111,

Promega Corporation) in 40mM ammonium bicarbonate and incubated at 37 °C with shaking

overnight. The peptides were eluted by adding elution solution (50% acetonitrile, 0.5% tri�uo-

roacetic acid, LC-MS grade), incubation for 20min in an ultrasonic bath, transfer of the peptide

solution to a new tube, and drying using a vacuum concentrator. Samples were resuspended

in 20 μl bu�er (0.1% formic acid in 2% acetonitrile, LC-MS grade), incubated in an ultrasonic

bath for 5min, and transferred to HPLC vials. Subsequent drying of the samples in a vacuum

concentrator allowed storage at room temperature in the dark until the measurement.

The HPLC-MS/MS measurement was performed with the setup described before [334]. Brie�y,

an UPLC HSS T3 column and an UPLC Symmetry C18 trapping column for LC were used in

combination with the nanoACQUITY gradient UPLC pump system (Waters) coupled to an LTQ

Orbitrap Elite mass spectrometer (Thermo Fisher Scienti�c). The LTQ Orbitrap Elite was op-

erated in a data-dependent mode using Xcalibur software either in collision-induced dissociation

(CID) TOP20 or in TOP10 with high-energy collisional dissociation (HCD) and CID fragmen-

tation for every precursor ion. For elution of the peptides a linear gradient from 5 � 30% for

60min (CID TOP20) or 150min (TOP10 HCD, CID) of bu�er B (0.1 formic acid in acetonitrile,

UPLC/MS grade) was applied, followed by a step gradient from 30 � 85% acetonitrile for 5min

at a �ow rate of 400 nl/min.

Data analysis was performed using Proteome discoverer 1.3 (Thermo Fisher Scienti�c) with

SEQUEST [335] and MaxQuant (version 2.0.3.0) with Andromeda [265] algorithms searching

against the complete UniProt database (UniProt Consortium, 2021) for Mus musculus. A maxi-

mum of two missed tryptic cleavages was accepted and methionine oxidation, N-terminal acety-

lation, N-terminal pyroglutamate, lysine acetylation, lysine ubiquitination, lysine and arginine

mono-methylation or di-methylation and serine/ threonine/ tyrosine phosphorylation were set

as variable modi�cations. To identify all methylation and dimethylation sites, the search was

repeated including either only lysine/ arginine methylation or dimethylation. The MaxQuant

search was run with default parameters having matching between runs enabled.

5.2.4 Plasmids

All plasmids used in this study are listed in table 5.1. The plasmids coding for MeCP2-GFP

and MeCP2-GFP mutants were kindly provided by Jana Frei. The PRMT plasmids were kindly

provided by Chris Aÿmann and Uta-Maria Bauer.

88



5.2 Material & methods

5.2.5 Cell culture and transfection

C2C12 mouse myoblast cells (female) and MTF mouse tail �broblast (male) MeCP2 -/y cells

were grown in Dulbecco's modi�ed Eagle Medium (DMEM) with high glucose (#D6429, Sigma-

Aldrich) supplemented with 20% (C2C12) or 10% (MTF -/y) fetal bovine serum (#F7524, Sigma-

Aldrich), 1x glutamine (#G7513, Sigma-Aldrich) and 1 μM gentamicin (#G1397, Sigma-Aldrich)

at 37 °C and 5% CO2 in a humidi�ed incubator. Mycoplasma tests were performed regularly and

all cell lines are listed in table 5.2. C2C12 cells were tested for the ability to di�erentiate

to myotubes, and MTF -/y cells were proven to be MeCP2 negative by immuno�uorescence

staining.

Transient transfections were performed using the Neon transfection System (Thermo Fisher

Scienti�c) according to the manufacturer's instructions. For cotransfections of MeCP2 mutants

and PRMTs, a plasmid amount ratio of 1:5 (2 μg, 10 μg) was used. After transfection, cells were

seeded on gelatin-coated coverslips and grown at 37 °C and 5% CO2 in a humidi�ed incubator.

7 h after transfection, cells were washed with PBS, and transcription was induced by adding

medium supplemented with 2 μM tetracycline. 20 h after induction, cells were washed with PBS

and �xed either with ice-cold methanol for 6min (MTF �/y) or with 3.7% formaldehyde (C2C12)

for 15min.

5.2.6 Western blot analysis

Mouse brain nuclei were lysed in Laemmli bu�er (see above), mechanically disrupted, and in-

cubated for 5min at 95 °C. The samples were analyzed by SDS-PAGE and transferred to a

nitrocellulose membrane using a semi-dry blotting system at 25V for 35min. For detection of

post-translational modi�cations, membranes were blocked with 5% BSA in TBST (0.1% Tween

20 in TBS) for 1 h and incubated with anti-PTM antibodies diluted in TBST (antibodies and

dilutions are listed in table 5.3) at 4 °C with shaking overnight. Membranes were washed three

times with TBS, blocked for 30min with 5% low-fat milk in PBS, and incubated overnight

with anti-MeCP2 monoclonal rat antibody mix (4H7, 4G10, 4E1 undiluted, [326]). After three

washing steps with 0.1% PBST (0.1% Tween 20 in PBS), membranes were incubated with Cy3-

conjugated anti-rat IgG secondary antibodies diluted 1:1000 in 3% milk in PBS for 1 h, washed

three times with PBST and the �uorescent signal for MeCP2 was detected using Amersham

AI600 imager (see table 5.4). Subsequently, membranes were incubated with HRP-coupled sec-

ondary antibodies (either rabbit or mouse IgG) diluted in 3% milk for 1 h, washed three times

with PBST, stained with ECL solution (Clarity Western ECL substrate, #1705061, Bio-Rad)

and the chemiluminescence signal for the PTMs detected using an Amersham AI600 imager.

All other Western blots were performed similarly to MeCP2 detection. Brie�y, membranes were

blocked for 30min with 5% low-fat milk in PBS, incubated with primary antibody diluted in 5%

low-fat milk overnight at 4 °C shaking, washed three times with PBST, incubated 1 h at room

temperature with secondary antibody diluted in 3% low-fat milk, washed three times with PBST

and signals were detected using an Amersham imager.
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5.2.7 Immuno�uorescence staining

After �xation either with ice-cold methanol for 6min (MTF �/y) or with 3.7% formaldehyde

(C2C12) for 15min and washing with PBS, cells were permeabilized with 0.7% Triton X-100 in

PBS for 20min and washed three times with 0.01% PBST. Cells were either directly stained with

DAPI or blocked with 2% BSA in PBST for 20min and incubated with primary antibodies diluted

in 2% BSA in PBST for 2 h (primary and secondary antibodies with their respective dilutions are

listed in table 5.3). After washing three times with 0.1% PBST, secondary antibodies in 2% BSA

were applied for 1 h in the dark, followed by three times washing with 0.1% PBST, 12min DAPI

staining in the dark, washing with PBST and water and mounting in Mowiol 4-88 (#81381,

Sigma-Aldrich; 4.3M Mowiol 4-88 in 0.2M Tris-HCl pH8.5 with 30% glycerol) supplemented

with 2.5% DABCO antifade (1,4-diazabicyclo[2.2.2]octan, #D27802, Sigma-Aldrich).

5.2.8 Fluorescence microscopy & image analysis

All characteristics of the microscopy systems used including lasers/lamps, �lters, objectives,

detection, and incubation systems are listed in table 5.4.

5.2.8.1 Microscopic analysis of subcellular localization

Fluorescence and DIC images of transfected C2C12 cells were taken using a Nikon Eclipse TiE2

system with a 40x air Plan Apo λ DIC objective. Fluorescence images of transfected MTF -/y

cells were acquired using a confocal microscope Leica TCS SPEII and intensities were measured

using ImageJ [270, 271].

5.2.8.2 Microscopic analysis of heterochromatin accumulation

Fluorescence images of transfected C2C12 cells for calculation of heterochromatin accumulation

were acquired on a Zeiss Axiovert 200 microscope. Image segmentation was performed using

an ImageJ macro described previously [1]. First, the cell nuclei were segmented semi-manually

based on the DAPI intensity and a di�erence of gaussian blur �lter was applied. For heterochro-

matin segmentation individual pixel intensities were calculated, local maxima were determined

in squares of 30 x 30 pixels and pixel intensities were binned into 42 bins with the local maxi-

mum de�ning the intensity of the highest bin per square. Heterochromatin masks were obtained

by thresholding the pixel intensities based on their respective bins, taking all pixels with bins

≥21 for total and bins ≥37 for core heterochromatin cluster regions. The nucleoplasm area was

calculated by subtracting the total heterochromatin cluster areas from the nucleus area. The

heterochromatin accumulation of MeCP2 mutants for each individual heterochromatin cluster

was calculated by dividing the mean intensity of the heterochromatin cluster core by the mean

intensity of the nucleoplasm (modi�ed from [1], see �gure 5.9). To analyze the protein level-

dependency of accumulation di�erences, the cells were divided into low and high protein levels

based on their GFP intensity as described before [1]. Brie�y, the log10 GFP sum intensity of the

cells was plotted and divided into 40 bins. In comparison to the GFP intensity of untransfected
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cells, bins 1 to 11 were de�ned as negative, while cells in bins 13 to 21 were considered as low

and cells in bins 24 to 32 as high expressing.

5.2.8.3 Microscopic analysis of heterochromatin clustering

High-content screening microscopy of transfected C2C12 cells was performed using a Perkin

Elmer Operetta imaging system and analyzed using the supplier's software Harmony (Version

3.5.1, Perkin Elmer Life Sciences, UK). Brie�y, cell nuclei were segmented based on the DAPI

channel image considering nuclei with a size of 110 to 250 μm2 and roundness coe�cient > 0.8

that are not touching the edges of the image. Heterochromatin segmentation was also performed

using the DAPI channel image, identifying high-intensity spots within the nuclei. Spots with

a spot-to-region intensity ratio of at least 0.35, an area of at least 5 px2, and a relative spot

intensity of 0.0253 were considered. The nucleus and heterochromatin masks generated based

on the DAPI channel image were used to segment the images of the other channels and the

intensity and morphology properties of nuclei and heterochromatin clusters were measured (see

�gure 5.10). MeCP2 intensity bins based on GFP intensity were de�ned as described for the

Axiovert images. Not all images obtained were considered for analysis, as the cell numbers

per replicate and condition were di�erent caused by di�ering transfection e�ciencies. Thus,

either the number of images (three biological replicates) was reduced to achieve comparable cell

numbers, or the number of cells (two biological replicates) was adjusted to achieve exactly the

same number of cells per condition and replicate.

For the cell cycle analysis, the frequencies of the DAPI sum intensities per nucleus were plotted as

histograms. The DAPI intensities of the di�erent samples were normalized to the corresponding

G1 peak as described before [336]. The intervals for the G1, S and G2/ M phase were set manually

based on the histogram and the percentages of the cells within each interval were plotted as bar

diagrams.

5.2.8.4 Fluorescence recovery after photobleaching analysis of heterochromatin binding ki-

netics

Live cell imaging for �uorescence recovery after photobleaching (FRAP) experiments was carried

out on a confocal microscope Leica SP5 II with an HCX PL APO 63x oil lambda blue objective

equipped with an ACU live cell chamber at 37 °C, 5% CO2 and 60% humidity. MTF -/y cells were

transfected with MeCP2 mutation constructs, seeded on gelatin-coated glass bottom p35 plates

followed by induction with 2 μM tetracycline 7 h later and DNA staining with 100 nM SiR-DNA

(SiR-Hoechst) (#SC007, Spirochrome) in presence of 5 μM verapamil (included in #SC007). 16 h

later heterochromatin clusters were bleached with a 488 nm argon laser at 100% intensity for 2 s,

and confocal images were taken with a frame size of 256 x 256 with 200Hz and a pinhole of 1AU

in time intervals of 1.5 s. For analysis, the image series were registration corrected using Im-

ageJ plugin StackReg (correction based on GFP channel) or HyperStackReg (correction based

on DNA staining). The mean �uorescence intensities of the (pre- and post-bleach) bleached

and unbleached region were background subtracted for each time point. For single normaliza-

tion, intensities were normalized to the mean of the prebleach intensities. Fluorescence recovery

91



5 MeCP2 post-translational modi�cations

curves were �tted in ImageJ and t-half values and mobile fractions were obtained from the �tted

curves. At least ten cells were analyzed for each construct and the means of the �tted curves,

t-half values, and mobile fractions were plotted.
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5.3 Results

5.3.1 MeCP2 is post-translationally modi�ed in mouse brain

To identify post-translational modi�cations (PTMs) of MeCP2, we �rst isolated nuclei from

mouse brain tissue using a sucrose bu�er in combination with centrifugation. Then, we enriched

MeCP2 from mouse brain nuclei using its natural hepta-histidine sequence localized in its C-

terminal domain (see �gure 5.1A, B) for protein pull down with Ni-IDA beads (�gure 5.11).

Subsequently, the enriched proteins were separated by SDS-PAGE, in-gel digested using trypsin,

and subjected to mass spectrometry analysis using a TOP10 shotgun method with a combination

of HCD and CID fragmentation for improved sequence coverage and modi�cation identi�cation.

The mass spectrometry analysis of MeCP2 from the mouse brain yielded a sequence coverage of

60.1% and a series of PTMs, including lysine methylation and acetylation, arginine methylation,

and phosphorylation on serines and threonines. Figure 5.1B depicts the MeCP2 protein sequence

with the modi�cations identi�ed.

The peptides on which the modi�cations were identi�ed and the number of identi�cations ob-

tained from automated data analysis using either Proteome Discoverer or MaxQuant software

are listed in table 5.6. We decided to functionally characterize especially arginine methylation

sites, as 7% of the MeCP2 amino acids are arginines, but we found only 11.4% of the arginines

modi�ed. In addition, a large number of MECP2 mutations identi�ed in Rett syndrome patients

a�ect arginine residues. The arginine methylation sites identi�ed on MeCP2-E2 isoform (starting

in exon 2) namely R91, R106, R162, R167 were selected for further analysis and were validated

by manual inspection of the spectra (see �gures 5.12, 5.13, 5.14). The arginines R162 and R167

are located on the same peptide and were both identi�ed as monomethylated and R162 also as

dimethylated in the automated analysis. It was not possible to unambiguously determine the

localization of the methylation sites on this peptide from the spectra (see �gures 5.13, 5.14).

As the MeCP2 sequence comprises 13.2% of lysines and 7% of arginines, it is likely that some

regions could not be covered in our measurements due to the generation of very short peptides

by trypsin which cuts after lysine and arginine. In addition, there is a long sequence without any

lysines and arginines in the C-terminus of MeCP2, containing the hepta-histidine sequence and

a proline-rich region (see �gure 5.1B) that was, thus, not accessible. Of note, it was reported

that post-translational modi�cations like methylation lower the e�ciency of trypsin-mediated

cleavage. Therefore, we tried to increase sequence coverage using other enzymes for digestion

but were unable to cover the missing regions (data not shown).

The results were validated by Western blot detection of mono and dimethyl arginine, serine

/ threonine / tyrosine phosphorylation as well as serine 80 and serine 421 phosphorylation on

mouse brain nuclei extracts (�gure 5.1C, 5.15). The same membranes were incubated with anti-

MeCP2 antibodies to validate that the PTM signal was speci�c to MeCP2. We could show

that MeCP2 is monomethylated as well as symmetrically and asymmetrically dimethylated on

arginines. In addition, it is phosphorylated on serines, but not on tyrosines. The published

MeCP2 phosphorylation sites S80 and S421 [194, 195] were also detected on MeCP2 isolated

from mouse brains (�gure 5.1C). Figure 5.1D shows a scheme of the arginine methylation
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Figure 5.1: Post-translational modi�cations of MeCP2 from mouse brain identi�ed by mass
spectrometry analysis. (A) MeCP2 domain structure comprising N-terminal domain (NTD), methyl-
CpG binding domain (MBD), intervening domain (ID), N-CoR/SMRT interacting domain (NID), tran-
scriptional repression domain (TRD), and C-terminal domain (CTD). (B) MeCP2 protein sequence with
modi�cations identi�ed by mass spectrometry. MBD and NID, sequence coverage, sequence motifs,
PTMs (acetylation, phosphorylation, methylation, dimethylation), and the number of biological replicates
from independent experiments are marked as indicated. Modi�cations selected for further validation are
marked in red. The software-based annotation of spectra and modi�cation sites shown was obtained from
Proteome Discoverer and MaxQuant. The arginine methylation sites selected for further validation were
additionally manually inspected (see �gures 5.12, 5.13, 5.14). The location of modi�cations identi�ed on
the same peptide might be uncertain. (C) Western blot analysis of mouse brain nuclei extracts tested
for monomethyl arginine (MMA), symmetric dimethyl arginine (SDMA), asymmetric dimethyl arginine
(ADMA), tyrosine phosphorylation (phosTyr), S80 and S421 phosphorylation (phos) and reprobed with
MeCP2 speci�c antibodies. The Ponceau S stain visualizes the total proteins on the membrane and the
full membranes of the Western blots are shown in �gure 5.15. (D) Scheme of the arginine methylation
reaction: protein arginine methyltransferases (PRMTs) can catalyze the monomethylation of arginine
and subsequently the dimethylation, which can occur either on the same nitrogen (ADMA, catalyzed by
type I PRMTs) or on the unmodi�ed nitrogen (SDMA, catalyzed by type II PRMTs). The �gure was
modi�ed from Schmidt et al., 2022 [2].
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reaction catalyzed by protein arginine methyltransferases (PRMTs). First, arginine residues can

be monomethylated by PRMT enzymes of class I and II, subsequent asymmetric dimethylation

is catalyzed by PRMT enzymes type I, and symmetric dimethylation by PRMT enzymes of type

II. Of note, the arginine keeps its charge in the methylated state but shows a di�erent charge

distribution due to the bulky methylation groups.

5.3.2 Arginine methylation and serine phosphorylation site mutations do not in�uence

MeCP2 subcellular localization with exception of MeCP2 R106 mutations

To investigate the functional consequences of MeCP2 PTMs, we generated recombinant MeCP2

proteins tagged with GFP and altered at PTM sites. While most published work utilizes the

amino acid substitutes aspartate (D) to mimic phosphorylation or alanine (A) to prevent phos-

phorylation, there are no commonly used substitutions for methylated arginines. Thus, we

decided to mutate the arginines identi�ed to be methylated to lysine (K) to retain the positive

charge, to glutamine (Q) to sterically mimic a methylated arginine, and to leucine (L) to obtain

methyl groups similar to a methylated arginine (�gure 5.16C, D). In addition, arginine substitu-

tions to glutamine and leucine were identi�ed in Rett syndrome patients. Of note, none of these

mutations is an ideal mimic for methylated or unmethylated arginine. In methylated arginine,

the positive charge of the arginine is kept with the addition of the sterically hindering additional

methyl group(s). These amino acid substitutions can, thus, only partially mimic these changes,

either the positive charge (K), the methyl group (L), or a polar and sterically larger side chain

(Q). MeCP2 arginine R106 was detected as methylated in our proteomic screen (�gure 5.1B) and

is found mutated to tryptophan (R106W) or glutamine (R106Q), with very low frequency also

to glycine (R106G) and leucine (R106L) in Rett syndrome patients (online RettBASE, [337]).

We, therefore, generated recombinant MeCP2 with the R106 mutated to produce lysine, glu-

tamine, leucine, tryptophan, and glycine, thus including the previously explained substitutions

for arginine methylated sites (K, Q, L) and all reported R106 Rett syndrome mutations (W, Q,

G, L).

The MeCP2-GFP plasmids point mutated for modi�ed sites (�gure 5.2A) were transfected into

male mouse tail �broblasts MTF-/y (�gure 5.16A, B), which are MeCP2 null cells, and C2C12

female myoblast cells (�gure 5.2B-D), which have a very low to undetectable level of MeCP2 [1]

and, thus, can be used as a functional MeCP2 null system. In the following, the constructs are

abbreviated as 3K (triple R91K R162K R167K), 3Q (triple R91Q R162Q R167Q), and 3L (triple

R91L R162L R167L).

First, we analyzed the subcellular localization of the altered MeCP2 proteins and compared them

with the wild type MeCP2 protein. Like wild type MeCP2, the MeCP2 proteins with 3K, 3Q, 3L

substitutions (�gure 5.2B, �gure 5.16A) as well as all the phosphorylation site altered proteins

(�gure 5.2C, �gure 5.16B) were enriched at heterochromatin, visualized as dense DAPI stained

DNA regions in the images. All R106 altered MeCP2 proteins, as reported earlier for MeCP2

R106W and R106Q [240, 338], tend to lose their heterochromatin enrichment and mislocalize

to the negatively charged RNA-enriched nucleolar compartment (�gure 5.2D). The nucleolar

compartment is visualized in the DIC images where it appears as prominent large structures
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Figure 5.2: Subcellular localization of MeCP2-GFP mutant constructs transfected in C2C12
mouse myoblast cells. (A) MeCP2 domain structure and MBD amino acid sequence with the modi�-
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Figure 5.2 (previous page): cation sites selected for functional validation are indicated in red (S80phos,
R106dimet) or green (R91, R162, R167, referred to as 3x). (B, C, D) MeCP2 wild type and 3K, 3Q,
3L mutations (B) as well as S80 and S421 mutations (C) colocalized with DAPI dense heterochromatic
regions, whereas R106 mutations lose their DAPI colocalization and mislocalized to the nucleoli (D). Scale
bar 5 μm. (E) X-ray structure of the MeCP2 methyl-binding domain (MBD, shown in gray) in complex
with methylated DNA (shown in blue) with the methylated arginine sites R91, R106, R162 highlighted in
red (structure information from [136]; PDB accession code 3C2I). The enlarged image shows the Asx-ST
motif stabilizing the MBD binding to methylated DNA. The Asx turn composed of D156, F157, and
T158 is stabilized by a hydrogen bond between the carboxylate side chain of D156 and T158 main chain
nitrogen. The ST motif of the amino acids 158 to 161 comprises two hydrogen bonds, one between the
side chain hydroxyl group of T158 and the main chain nitrogens of G161 and R162, the second one
between the main chain carbonyl group of T158 and G161 main chain nitrogen [136]. The structural data
was generated and color-coded using PyMOL software. The �gure was taken from Schmidt et al., 2022
[2].

within the cell nucleus. Interestingly, it was described that peptides with a high occurrence

of arginines tend to localize at the negatively charged nucleoli [339]. While MeCP2 R106K

still shows some heterochromatin localization, the other R106 mutant proteins localized nearly

exclusively within the nucleoli and showed higher intensities in the nucleoplasm compared to the

wild type (�gure 5.2D). These results might be explained by the role of R106 in MBD binding to

the DNA. It was reported that MeCP2 binding to methyl-CpG on the DNA is mediated by direct

contact of the three amino acids D121, R111, and R133 and might involve �ve water molecules

[136]. Arginine 106 stabilizes the Asx-ST motif, a motif stabilizing MeCP2 DNA interaction

([136], see �gure 5.2E). Interestingly, also the frequent Rett syndrome missense mutation T158M

is localized in this motif. Both missense mutations occur very frequently and reduce DNA

binding, emphasizing the importance of this motif for proper methyl-CpG binding and MeCP2

function.

5.3.3 MeCP2 arginine methylation and serine phosphorylation site mutants accumulate

di�erently in heterochromatin

To quantitatively analyze the heterochromatin accumulation of the MeCP2 mutant constructs,

we performed a cellular DNA/chromatin binding assay. C2C12 cells were transfected with the

mutant constructs, �xed, and counterstained with the DNA dye DAPI. After imaging the cells,

the nuclei were segmented semi-manually and heterochromatin compartments were segmented

using a self-developed macro in ImageJ/Fiji ([1], �gure 5.9). By calculating the ratio of the

mean GFP intensity in the heterochromatin to the mean GFP intensity in the nucleoplasm, we

obtained heterochromatin accumulation values (�gure 5.3A). As MeCP2 levels might have an

in�uence on its degree of heterochromatin accumulation, the cells were classi�ed into low and

high MeCP2 levels according to their mean nuclear �uorescence intensity as described before [1].

The quantitative analysis of heterochromatin accumulation revealed a slightly higher accumula-

tion of MeCP2 3K than MeCP2 wild type. MeCP2 3Q showed a lower accumulation than wild

type MeCP2 and MeCP2 3L an even lower accumulation compared to the MeCP2 3Q (�gure

5.3B). The heterochromatin accumulation values of the phosphorylation site mutants were all

very similar, with only the phospho mimic mutants S80D showing a slightly lower accumulation
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Figure 5.3: Comparative analysis of heterochromatin accumulation of MeCP2 mutant con-
structs transfected in C2C12 mouse myoblast cells. (A) Heterochromatin accumulation was
calculated as the ratio of GFP mean intensity at heterochromatin versus nucleoplasm. The boxplots de-
pict the heterochromatin accumulation of mutant MeCP2 including R91, R162, R167 (B), S80 and S421
(C), and R106 (D) constructs for low and high MeCP2 levels in the cells. Three biological replicates,
statistical signi�cance calculated using Wilcoxon-Rank test. * p < 0.05, ** p < 0.005, *** p < 0.001.
P-values and n-values are summarized in table 5.5. The �gure was taken from Schmidt et al., 2022 [2].

at low levels and S421D a lower accumulation at high levels (�gure 5.3C). In line with the subcel-

lular localization, the heterochromatin accumulation was drastically reduced in all R106 mutants

(�gure 5.3D). Only R106K still showed some heterochromatin accumulation with a ratio clearly

above one. Overall, all constructs show a lower accumulation in case of high protein levels, which

might hint at a saturation e�ect of MeCP2 binding to chromatin at high protein levels.

5.3.4 MeCP2 arginine methylation and serine phosphorylation site mutations a�ect its

heterochromatin binding kinetics

Next, we wanted to know whether the MeCP2 modi�cation site mutants show di�erences in

heterochromatin binding kinetics. Therefore, MTF-/y cells were transfected with the di�erent

constructs, and heterochromatin compartments were photobleached using a focused laser mi-

crobeam on a confocal microscope. The �uorescence recovery was measured by taking images
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before and every 1.5 s after photobleaching (�gure 5.4A). Curve �tting of the intensity values

over time allowed for calculation of �uorescence recovery half times and mobile fractions (�gure

5.4, �gure 5.17).

Figure 5.4: Analysis of the dynamics of MeCP2 mutants in cells. (A) Exemplary MTF Mecp2
-/y cell transfected with wild type MeCP2 expression construct stained with the cell-permeable DNA dye
SIR Hoechst and GFP signal is shown pre-bleaching, post-bleaching, and during �uorescence recovery.
Scale bar 5 μm. (B) Fitted time curves for �uorescence recovery after photobleaching and bar diagrams
showing the recovery half times (t 1/2) and mobile fractions for MeCP2 wild type (wt) and 3K, 3Q, 3L
mutations including R91, R162, R167 (B) as well as for S80 and S421 mutations (C). P-values calculated
by Wilcoxon-Rank test. ** p < 0.05, *** p < 0.001. P-values and n-values are summarized in table 5.5,
single recovery curves with standard deviation are plotted in �gure 5.17. The �gure was modi�ed from
Schmidt et al., 2022 [2].

The comparison of the recovery half times of wild type MeCP2 with those of the triple mutants

revealed that the MeCP2 3Q and 3L mutants recover much faster than the wild type (�gure
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5.4B). The MeCP2 3K mutant, retaining the positive charge, showed similar kinetics as wild

type MeCP2, emphasizing the importance of the positive charge for chromatin binding. These

results are in line with the heterochromatin accumulation results, which depicted a slightly higher

accumulation for 3K, but a lower one for 3Q and 3L constructs compared to the wild type (�gure

5.3B). For the phosphorylation mutants only S80D showed faster recovery kinetics compared to

wild type MeCP2, but no signi�cant changes in the mobile fraction (�gure 5.4C). This result

also agrees with the heterochromatin accumulation data (�gure 5.3C). As the R106 mutants were

shown to hardly localize or accumulate at heterochromatin, their recovery times were too fast to

be measured under similar conditions as wild type MeCP2 and were, thus, not analyzed.

5.3.5 Arginine methylation and serine phosphorylation site mutations of MeCP2 in�uence

its heterochromatin clustering

To investigate the in�uence of MeCP2 modi�cations on chromatin organization, we performed

a cellular chromatin clustering assay. As reported before, many small heterochromatin clusters

tend to fuse to build fewer bigger clusters with increasing MeCP2 protein levels and cellular

di�erentiation [55]. Thus, we aimed to analyze the cellular heterochromatin clustering in two

ways, by observing the heterochromatin cluster number and the corresponding area (�gure 5.5A),

which should develop in an inverse manner. The transfected C2C12 cells were imaged on a high-

content screening microscope and nuclei and heterochromatin clusters were segmented (�gure

5.10). Depending on the GFP mean nuclear intensity, cells were classi�ed into low and high

MeCP2 levels and heterochromatin cluster numbers and areas were plotted (�gure 5.5).

In comparison to wild type MeCP2, MeCP2 3K showed a higher heterochromatin clustering func-

tion represented by lower cluster numbers and larger cluster areas. MeCP2 3L showed a tendency

to reduce heterochromatin clustering, while the results with MeCP2 3Q were not signi�cantly

di�erent (�gure 5.5B). These �ndings correlate well with those obtained for heterochromatin

accumulation and heterochromatin binding kinetics. 3K showed higher heterochromatin ac-

cumulation, while 3Q and 3L showed lower accumulation and faster heterochromatin binding

kinetics (�gures 5.3B, 5.4B).

Regarding the phosphorylation site mutants, S421D showed the most striking clustering func-

tion di�erence to wild type MeCP2 represented by lower cluster numbers and larger cluster areas

(�gure 5.5C). In the other functional assays, though, MeCP2 S421D showed lower accumulation

than wild type at high protein levels but did not show any signi�cant di�erences in the bind-

ing kinetics (�gures 5.3C, 5.4C). Hence, it is unclear how this amino acid substitution a�ects

heterochromatin binding in relation to heterochromatin organization.

For MeCP2 arginine 106, all mutant constructs tested were associated with higher heterochro-

matin cluster numbers and smaller cluster areas than wild type MeCP2 (�gure 5.5D), possibly

because of their lack of heterochromatin accumulation.
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Figure 5.5: Heterochromatin clustering and cluster size of cells transfected with MeCP2
mutant constructs. Shown are the heterochromatin cluster numbers and areas (scheme in A) obtained
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Figure 5.5 (previous page): for the arginine mutants including R91, R162, R167 (B), arginine R106
(D), and S80, S421 phosphorylation (C) mutant constructs in C2C12 cells from high-content screening
microscopy after segmentation of nuclei and heterochromatin clusters. Cells were divided into low and
high MeCP2 levels based on their nuclear GFP signal. Three biological replicates, statistical signi�cance
calculated using Wilcoxon-Rank test. * p < 0.05, ** p < 0.005, *** p < 0.001, n.s. not signi�cant.
P-values and n-values are summarized in table 5.5. The �gure was taken from Schmidt et al., 2022 [2].

5.3.6 Protein arginine methyltransferases a�ect MeCP2 induced heterochromatin

remodeling

As we observed changes in MeCP2 heterochromatin accumulation, clustering, and binding kinet-

ics for the constructs mutated for arginine methylation sites, we tested whether these changes

are due to the mutations inserted or a consequence of arginine methylation. Therefore, we per-

formed coexpression experiments of protein arginine methyltransferases (PRMTs) withMecp2 to

test whether the PRMTs a�ect the MeCP2 heterochromatin clustering function. We con�rmed

transfected cell viability by cell cycle pro�ling (�gure 5.18). We made use of recombinant PRMTs

with a Myc-tag that could be used for detection. The PRMTs tested comprised three enzymes

that catalyze mono- and asymmetric dimethylation on arginines namely PRMT1, 4, 6, as well as

PRMT5 which catalyzes mono- and symmetric arginine dimethylation. We chose PRMT1, as it

is the most common arginine methyltransferase responsible for about 85% of all arginine methy-

lations [340]. In addition, PRMT1 and PRMT6 preferentially methylate arginines in glycine and

arginine-rich (GAR) motifs [340, 341] and two of the sites identi�ed, R91 and R162, are localized

adjacent to lysines. PRMT4 and PRMT1 can cooperate in gene regulation [342] but cannot

substitute each other in all contexts [343]. PRMT5 is the predominant type II PRMT catalyzing

symmetric arginine methylation and was associated with transcriptional repression [344]. It was

reported before that the subcellular localization of the PRMT enzymes is highly dependent on

the cell type and the target proteins [343]. Thus, to test for their subcellular localization, C2C12

cells were transfected with the PRMTs, �xed, and stained using an antibody against the Myc

tag. Of the four PRMTs tested, PRMT1 localized in the nucleus and to a lesser extent in the

cytoplasm, while PRMT6 localized exclusively in the nucleus (�gure 5.6A, B), which is in line

with previous studies [343, 345]. PRMT4 and PRMT5 were localized in the cytoplasm and, thus,

not considered in further experiments (�gure 5.19A, B). None of the PRMTs had an in�uence

on MeCP2 localization (�gure 5.6A, B, �gure 5.19A, B).

First, we tested whether the PRMTs alone have an in�uence on heterochromatin clustering in

C2C12 cells by plotting heterochromatin cluster numbers and areas (�gure 5.6C, D). The values

for heterochromatin cluster numbers and areas were obtained from high-content microscopy

data after segmentation of nuclei and heterochromatin clusters (�gure 5.10) and binning of

the cells into low and high protein levels based on their nucleus mean �uorescence intensities.

The presence of PRMT1 and PRMT6 resulted in higher heterochromatin cluster numbers and

smaller heterochromatin cluster areas compared to untransfected cells, meaning they counteract

the clustering of heterochromatin compartments. This e�ect was observed independent of the
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Figure 5.6: Subcellular localization of PRMT1 and 6 constructs transfected in C2C12 mouse
myoblast cells in the absence (A) and presence (B) of MeCP2. Scale bar 5 μm. Boxplots depict
the heterochromatin clustering in C2C12 cells without and with low and high levels of nuclear PRMT1 (C)
and 6 (D) represented by the number and size of the heterochromatin clusters obtained from high-content
screening microscopy. Two biological replicates, statistical signi�cance calculated using Wilcoxon-Rank
test. * p < 0.05, ** p < 0.005, *** p < 0.001, n.s. not signi�cant. P-values and n-values are summarized
in tables 5.5, 5.7. The �gure was taken from Schmidt et al., 2022 [2].

PRMT level, as there was no di�erence in heterochromatin cluster numbers and areas between

low and high PRMT levels (�gure 5.6C, D)

Next, C2C12 cells were cotransfected with PRMT1 and PRMT6 together with Mecp2 wild type

or mutant constructs, cells were �xed and stained for the Myc tag and subsequently imaged on

a high-content microscope (�gure 5.10). The heterochromatin cluster numbers (�gure 5.7) and

areas (�gure 5.20) were plotted as heatmaps for each PRMT in combination with the MeCP2

triple mutants.

Introduction of PRMT1 and PRMT6 together with MeCP2 wild type into cells resulted in

a signi�cantly decreased MeCP2 heterochromatin clustering shown by higher heterochromatin

cluster numbers and smaller cluster areas (�gure 5.7, �gure 5.20). While MeCP2 at high levels

could still cluster heterochromatin in the presence of PRMT1, there was nearly no clustering in

the presence of PRMT6.

The cotransfection experiments of MeCP2 and PRMTs revealed di�erences in heterochromatin

clustering between MeCP2 modi�cation site mutants and MeCP2 wild type. Comparing the

triple mutations to MeCP2 wild type in presence of PRMT1, MeCP2 3Q showed a similar het-

erochromatin cluster number distribution as the wild type, while the heatmaps of 3K and 3L

di�ered (�gure 5.7A). MeCP2 3K and 3L in presence of PRMT1 showed lower heterochromatin

numbers in high levels compared to wild type, but the changes observed were not statistically
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signi�cant. The presence of PRMT6 blocked the ability of MeCP2 wild type to induce hete-

rochromatin clustering, and the same was observed for MeCP2 3Q (�gure 5.7B, �gure 5.20B).

MeCP2 3K, though, showed lower heterochromatin cluster numbers than wild type MeCP2 when

cotransfected with PRMT6 and, thus, shows higher heterochromatin clustering. Thus, MeCP2

3K was able to reverse the negative e�ect of PRMT6 on heterochromatin clustering and the

R to K substitution prevents its methylation by PRMTs. MeCP2 3L at high levels increased

heterochromatin clustering (shown by lower heterochromatin cluster numbers and larger areas)

in presence of PRMT6, but its clustering function was still impaired compared to its expression

without PRMT6 (�gure 5.7B, �gure 5.20B). Thus, we conclude that the presence of PRMTs in�u-

ences the heterochromatin clustering function of MeCP2 and its triple mutants. The di�erences

in clustering are speci�cally pronounced comparing the positively charged lysine mutation with

the uncharged but still polar glutamine and the non-polar leucine, emphasizing the importance

of the positive charge for the MeCP2 heterochromatin clustering function.

The cotransfection experiments of MeCP2 R106 mutants and PRMT1 and PRMT6 revealed that

the mutation of R106 decreases the MeCP2 heterochromatin clustering function showing higher

cluster numbers and smaller areas (�gure 5.7C, D, �gure 5.20C, D). The R106 mutants could

not counteract the reduced clustering function in the presence of PRMT1 and there was no clear

di�erence in heterochromatin clustering between R106K, Q, and L mutants. In the presence

of PRMT6 MeCP2 R106Q showed no signi�cant heterochromatin clustering, while the presence

of R106K and R106L increased heterochromatin clustering when cotransfected with PRMT6.

Thus, the in�uence of PRMT6 on the R106 mutant heterochromatin clustering shows similar

tendencies as for the 3x mutants but is less pronounced.
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Figure 5.7: Heterochromatin clustering of cells transfected with MeCP2 mutant constructs
in the presence of PRMT 1 and 6. Heatmaps show the heterochromatin cluster numbers obtained by
high-content screening microscopy of C2C12 cells cotransfected with MeCP2 wild type or triple mutants
and PRMT1 (A), wild type or triple mutants and PRMT6 (B), wild type or R106 mutants and PRMT1
(C) and wild type or R106 mutants and PRMT6 (D). Cells were binned for low and high �uorescence
intensity according to their MeCP2 and PRMT levels. Heterochromatin cluster numbers are shown as
means of at least 26 cells from at least two biological replicates. The p-values representing the statistical
signi�cance calculated using the Wilcoxon-Rank test are listed in table 5.5. Red boxes mark the most
important observations. The �gure was taken from Schmidt et al., 2022 [2].
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5.4 Discussion

MeCP2 is post-translationally modi�ed and some of these modi�cations might in�uence its tran-

scriptional regulation and protein-protein interactions [332], as well as its chromatin clustering

abilities [181]. Although many modi�cations have been reported, only a few of them were func-

tionally characterized or identi�ed in vivo. In this study, we show that MeCP2 isolated from

adult mouse brains is post-translationally phosphorylated on serines and threonines, methylated

and acetylated on lysines, and methylated on arginines. Although MeCP2 is rich in arginines

(comprising 7.2% of the amino acids), we identi�ed only a few of them as modi�ed by methy-

lation. One possible explanation is the removal of the modi�cation during the experimental

procedure. Although arginine methylation is considered a rather stable and permanent modi�-

cation, recent reports argue for the existence of arginine demethylation enzymes [346, 347]. On

the one hand, studies involving drug treatments revealed rapid changes in arginine methylation

[348�350]. On the other hand, candidate proteins catalyzing active arginine demethylation are

discussed, among them, several lysine demethylases [347, 351, 352]. Thus, although we might

not have identi�ed all possible arginine methylation sites, we conclude that arginine methylation

on MeCP2 occurs mostly on a few speci�c sites and should be tightly regulated.

As MeCP2 serine 80 and 421 phosphorylation sites are well validated but not functionally char-

acterized in the context of heterochromatin organization, we also analyzed their heterochro-

matin accumulation, clustering properties, and binding kinetics (see �gure 5.8). The phospho-

mimicking mutant S80D showed faster heterochromatin binding kinetics than wild type MeCP2,

indicating reduced heterochromatin binding. By contrast, Tao et al. observed a decrease in

MeCP2 chromatin binding a�nity of the phospho-null MeCP2 S80A mutant to Pomc and Gtl2

promoters by ChIP-qPCR [195]. As with this method, the authors measured MeCP2 binding to

selected genomic regions and not the overall MeCP2 heterochromatin binding kinetics, we used a

di�erent method to elucidate overall (hetero)chromatin association. Thus, our results contribute

to understanding the function of MeCP2 S80 phosphorylation in global heterochromatin binding.

MeCP2 S80 plays a role in heterochromatin association, but not in its clustering. In contrast,

the serine 421 phosphorylation mimicking mutant S421D showed increased heterochromatin clus-

tering (with lower heterochromatin cluster numbers and larger cluster areas) compared to wild

type MeCP2. As S421 phosphorylation was found exclusively in the brain upon neuronal stim-

ulation [194, 195], we propose that clustering of heterochromatin compartments plays a role in

this process.

To observe the consequences of PRMT1 and PRMT6, we introduced plasmids coding for PRMT1

and 6 alone as well as together with MeCP2 in mouse myoblast cells. Solely the expression of

PRMT1 and PRMT6 reduced the overall heterochromatin cluster size concomitantly increasing

their numbers. PRMT1 mostly acts as a coactivator of transcription [340, 353], whereas PRMT6

mostly acts as transcriptional repressor [354�357], but it was also reported to contribute to gene

activation [358]. Interestingly, cells from cancer patients showed higher PRMT1 and PRMT6

expression than cells from healthy tissue, which seemed to be bene�cial for tumor growth [359].

Furthermore, PRMT6 upregulation was found to correlate with DNA hypomethylation in mESCs
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Figure 5.8: Summary of the functional characterization of MeCP2-induced heterochromatin
organization. Functional di�erences of the MeCP2 PTM mutants in comparison to the wild type
protein are represented as arrows showing an increase (pointing up) and decrease (pointing down), if not
statistically signi�cant (n.s.) in gray, and no di�erence is marked by a line. Triple mutations stand for
R91/R162/R167 mutations. Heterochromatin accumulation and clustering are MeCP2 dose-dependent.
For the heterochromatin clustering in presence of PRMT1 and 6, only high PRMT levels were considered.
The �gure was taken from Schmidt et al., 2022 [2].

and MCF7 cells [360], providing a possible explanation for the reduced heterochromatin cluster-

ing we observed upon PRMT6 overexpression. Coexpression of Mecp2 wild type and PRMT1

and PRMT6 lead to signi�cantly decreased MeCP2-mediated heterochromatin clustering (indi-

cated by higher cluster numbers and smaller areas), suggesting that a high degree of arginine

methylation in the cells drastically impairs MeCP2 clustering function. This e�ect was more
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pronounced for PRMT6 than for PRMT1, although PRMT1 is considered responsible for the

majority of cellular arginine methylation [361]. Thus, PRMT6 might have a higher a�nity for

MeCP2 than PRMT1. Moreover, PRMT1 and PRMT6 expression was reported to depend on the

MeCP2 level in a neuroblastoma cell line, thus suggesting a positive gene regulatory interaction

between MeCP2 and these two genes [362].

The overall changes in heterochromatin clustering upon PRMT overexpression could be explained

either by overall higher arginine methylation levels or by increased arginine methylation levels

of MeCP2. To distinguish between these possibilities we made use of the MeCP2 arginine point

mutations, which are not modi�able by the PRMTs. For this purpose, we generated MeCP2

constructs mutated for the modi�cation sites identi�ed (R91, R162, R167) substituting the argi-

nine with lysine (3K), glutamine (3Q), or leucine (3L). Although none of these substitutions

can truly mimic the di�erent arginine (modi�cation) states, lysine retains the positive charge as

(methylated) arginine, the polar glutamine should sterically mimic a methylated arginine and

the unpolar leucine should mimic the methyl groups of methylated arginine (�gure 5.16C, D).

Furthermore, arginine substitutions by glutamine and leucine were also found in Rett syndrome

patients. Arginine substitution with the positively charged lysine increased heterochromatin ac-

cumulation and clustering in comparison to wild type MeCP2. In contrast, substitutions with

glutamine and leucine reduced heterochromatin accumulation and lead to faster heterochromatin

binding kinetics e�ectively reducing the t 1/2 to half of the one obtained with wild type MeCP2.

These results indicate the importance of the positive charge on R91, R162, and R167 for MeCP2

heterochromatin accumulation and clustering but especially for heterochromatin binding kinetics.

Of note, MeCP2 3Q seems to be the best MeCP2 mimic for heterochromatin clustering empha-

sizing that its polarity and steric properties are more similar to those of wild type MeCP2. The

absence of charge and polarity clearly impacts all functional properties of MeCP2 tested here as

seen with the MeCP2 3L mutant. Thus, we hypothesize that MeCP2 is methylated in the brain

at any given time at least at one of the arginine methylation sites identi�ed and that this modi�-

cation partially changes the positive charge distribution. Thus, methylated arginines might show

similar properties as polar amino acids. In fact, it was described that arginine methylation alters

the charge distribution to more di�use (especially in the case of dimethylation) but still positive

electrostatic properties [363, 364]. In addition, methylation changes arginine shape and reduces

the number of possible hydrogen bonds [346, 365]. Cotransfection experiments of MeCP2 triple

mutants and various PRMTs revealed di�erences in heterochromatin clustering between the mu-

tants and the wild type protein, further strengthening the evidence for arginine methylation on

one or more of the identi�ed modi�cation sites. In the presence of PRMT6, MeCP2 3K and 3L

showed signi�cantly higher heterochromatin clustering function represented by lower heterochro-

matin cluster numbers and larger areas than wild type MeCP2. MeCP2 3Q hardly induced any

clustering, similar to MeCP2 wild type. MeCP2 3K showed higher clustering abilities (lower

heterochromatin numbers and larger areas) than wild type MeCP2 and was able to reverse the

e�ect of PRMT6 alone, which induced reduced clustering of heterochromatin. This e�ect might

not be a direct result of the positive charge on heterochromatin clustering, but rather an indirect

one as MeCP2 3K cannot be methylated by PRMTs on the mutated arginines. In comparison
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to the wild type protein, the MeCP2 3L mutant showed higher clustering when PRMT6 was

introduced, although it showed decreased clustering without PRMT6. These results suggest a

very high arginine methylation level of wild type MeCP2 in the coexpression experiment, which

decreases its clustering ability to such an extent that even the MeCP2 3L mutant clusters more

than the methylated wild type protein. From the increased heterochromatin clustering functions

of the 3K and 3L mutant, which cannot be methylated on the substituted arginines, we con-

clude that MeCP2 gets methylated by PRMT6 on these sites. Of note, arginine methylation

catalyzed by the PRMTs 1 and 6 often takes place on arginines �anked by one or more glycines

in so-called glycine and arginine-rich (GAR) motifs [364] and MeCP2 R91 and R162 are localized

adjacent to glycines. Although our results emphasize that MeCP2 gets methylated on arginines

and in consequence shows reduced heterochromatin clustering abilities, we cannot exclude that

consequences of high arginine methylation levels also indirectly impact MeCP2 heterochromatin

clustering. Examples could be the modi�cation of MeCP2 interacting proteins or other proteins

involved in heterochromatin clustering, e.g. histones. Interestingly, MBD2, another member

of the methyl-CpG binding protein family, was shown to undergo arginine methylation, which

resulted in reduced DNA binding and reduced functionality in transcriptional repression [366].

MeCP2 R106 was identi�ed as dimethylated in our mass spectrometry analysis and is commonly

mutated in Rett syndrome patients to tryptophan (W) and glutamine (Q), in very few cases also

to glycine (G) and leucine (L). MeCP2 R106W is a frequent Rett syndrome mutation causing

severe phenotypes [367] and the less common R106Q mutation was described to cause �classic�

Rett syndrome [368�370], but there is insu�cient clinical information reported for individuals

with R106Q, R106G and R106L for a comparison of phenotypes (see RettBASE,[337]). R106W

was reported to abolish DNA binding, while R106Q reduced it [240, 338]. Accordingly, our exper-

iments showed that all R106 mutants mainly lost heterochromatin accumulation and mislocalized

to the negatively charged nucleoli due to the high amount of positively charged amino acids in

MeCP2 [339]. The reduced DNA binding and accumulation can be explained by the location

of R106 close to the Asx-ST motif, which stabilizes MeCP2 DNA binding ([136], �gure 5.3E).

H/DX experiments revealed similar dynamic protein behavior of MeCP2 R106W and wild type

protein [137] and circular dichroism spectra of R106W/Q showed no major changes in secondary

structure compared to wild type MeCP2 [240, 338]. Instead, molecular modeling of the MeCP2

R106W/Q structures pointed towards local changes of hydrogen bonds and salt bridges [338, 371,

372], which might cause changes in DNA binding as R106 is part of a ÿ-strand in the MBD struc-

ture, stabilizes the Asx-ST motif and is buried and not exposed to the surrounding [371, 372].

Thus, MeCP2 R106W/Q mutations have not been found to induce changes in overall MeCP2

structure but rather result in smaller local changes in amino acid interactions. The heterochro-

matin clustering was highly impaired in the MeCP2 R106 mutants as well. The reason might be

the lack of binding to pericentromeric heterochromatin regions as the clustering abilities of some

Rett mutants could be rescued by repositioning of the proteins to the heterochromatin regions

[63]. In addition, we recently showed that heterochromatin clustering in vivo can be modeled

by in vitro phase separation [1]. The minimal basis for MeCP2 liquid-liquid phase separation

was electrostatic self-interaction, but also DNA promoted de novo phase separation of MeCP2
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in physiological salt conditions [1]. Thus, DNA binding, as well as oligomerization via its ID and

TRD domain [164] is involved in MeCP2 heterochromatin clustering. From the cotransfection

experiments of PRMTs and MeCP2 R106 mutants, it could be hypothesized that R106 is more

likely to be methylated by PRMT6 than by PRMT1, as PRMT6 presence a�ected the clustering

by MeCP2 R106 mutants. Altogether, our results demonstrate that post-translational modi�ca-

tions of MeCP2, in particular arginine methylation and to a lesser extent serine phosphorylation,

play an essential role in modulating MeCP2 function in heterochromatin organization.
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5.5 Supplementary material

Supplementary tables

Table 5.1: Plasmid characteristics.

Name
pc

number*
Fluorescent
protein

(Gene)
species

Promoter References

pmMeCP2G wt 4701 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R91K
R162K R167K (3K)

4702 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R91Q
R162Q R167Q (3Q)

4703 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R91L
R162L R167L (3L)

4704 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G S80A 4705 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G S80D 4706 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G S421A 4707 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G S421D 4708 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R106K 4718 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R106Q 4719 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R106L 4724 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R106W 4721 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

pmMeCP2G R106G 4722 EGFP
Mus musculus

synthetic
CAG

TRE3G
Schmidt et al., 2022 [2]

phPRMT1-pcDNA3.1** 4795 - Homo sapiens CMV Schmidt et al., 2022 [2]

pmPRMT4-pcDNA3.1** 4796 - Mus musculus CMV Schmidt et al., 2022 [2]

phPRMT5-pcDNA3.1** 4797 - Homo sapiens CMV Schmidt et al., 2022 [2]

phPRMT6-pcDNA3.1*** 4798 - Homo sapiens CMV Stein et al., 2012 [354]

*pc number: plasmid collection number. **plasmid naming according to Cardoso lab plasmid collection. ***orig-
inally published as pcDNA3.1 hPRMT6.

Table 5.2: Cell line characteristics.

Name Species Type Genotype References

C2C12 Mus musculus myoblast wild type Ya�e & Saxel, 1977 [327]

MTF -/y Mus musculus tail �broblast Mecp2 -/y Guy 2001 [244]
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Table 5.3: Primary and secondary antibody characteristics.

Reactivity Host Dilution Application
Catalog /
clone

Company /
reference

Anti-MeCP2 rabbit 1:500 WB -
Jost et al., 2011

[326]

Anti-MeCP2 rat
Undiluted
TCSN

IF / WB 4H7, 4G10, 4E1
Jost et al., 2011

[326]

Anti-mono methyl
arginine (MMA)

rabbit 1:1000 WB #8015
Cell Signaling
Technology

Anti-symmetric
dimethyl arginine

(SDMA)
rabbit 1:1000 WB #13222

Cell Signaling
Technology

Anti-asymmetric
dimethyl arginine

(ADMA)
rabbit 1:1000 WB #13522

Cell Signaling
Technology

Anti-phospho MECP2
Ser80

rabbit 1:1000 WB #P21953
Molecular Probes,

Inc.

Anti-phospho MECP2
Ser421

rabbit 1:1000 WB #PA5-35396
Thermo Fisher

Scienti�c

Anti-phospho tyrosine mouse 1:500 WB #3630
Clontech

Laboratories, Inc.

Anti-Myc tag mouse 1:1000 IF #ab32 / 9E10 abcam

Anti-rat IgG Cy3 donkey
1:300 /
1:1000

IF / WB #712-165-153
Jackson

ImmunoResearch
Laboratories, inc.

Anti-mouse IgG Cy5 donkey 1:250 IF #715-175-150
Jackson

ImmunoResearch
Laboratories, inc.

Anti-rabbit IgG HRP goat 1:10000 WB #A0545 Sigma-Aldrich, Inc.

Anti-mouse IgG HRP sheep 1:5000 WB #NA 931
Amersham

Pharmacia Biotech

IF: Immuno�uorescence; WB: Western blot; HRP: horseradish peroxidase; TCSN: Tissue culture supernatant.

112



5.5 Supplementary material

Table 5.4: Imaging system characteristics.

Microscope/
Company

Lasers/
lamps

Filters (ex.
& em.
(nm))

Objectives/
lenses

Detection
system

Incubation
system

Application

Nikon
CREST
Eclipse
TiE2,
Nikon,
Tokyo,
Japan

SPECTRA X
LED

470/24 nm
(196mW),
550/15 nm
(260mW),
640/30 nm
(231mW)

em.: Quad-
bandpass

(432/25 nm;
515/25 nm;
595/25 nm;
730/70 nm)

40x air Plan
Apo λ DIC
(0.95 NA,
250 μm
WD)

Nikon Qi2
751600

16.25 MPx
-

Fluorescence
imaging +

DIC

Confocal
microscope
Leica TCS
SPEII,
Wetzlar,
Germany

Multicolor
solid-state laser
module RYBV

405 nm /
25mW 488 nm

/ 10mW

em.: DAPI:
ex. 360/40,
em. LP 425
GFP: ex.

470/40, em.:
LP515

oil
immersion
63X ACS
APO CS
(1.3 NA)

Leica
SP-Detector
adjustable
in the range
of 430 -
750 nm

-

Fluorescence
imaging of
MTF -/y
cells

Wide�eld
Axiovert
200 /Zeiss,
Germany

HBO100
mercury lamp

DAPI
(300-400 &
410-510);

GFP (473-491
& 506-534);

oil
immersion
63x Plan-

Apochromat
(1.4 NA)

12-bit
AxioCam
mRM

-

Fluorescence
imaging for
calculation
of hete-

rochromatin
accumula-

tion

Operetta
high content
screening

microscopy/
PerkinElmer

Life
Sciences,

UK

Xenon
�ber-optic light
source, 300 W,
360 � 640 nm
continuous
spectrum

DAPI:
360-400 &

410�480 GFP:
460-490 &

500�550 Cy5:
620-640 &
650-760

40x air
(0.95 NA)
long WD

14-bit
Jenoptik
CMOS

-
high content
screening
microscopy

Confocal
microscope
Leica SP5
II, Wetzlar,
Germany

488 nm Argon
ion laser,

633 nm HeNe
gas laser
20mW

AOBS beam
splitter

HCX PL
APO 63x /
1.4-0.6 oil
lambda blue

2 HyD
Hybrid
Detectors

ACU live
cell

chamber
(Olym-
pus),
inverse
DMI 600
stand

FRAP

Amersham
AI600

imager/GE
Healthcare,
Chicago, IL,

USA

White light
(trans) Chemi-
luminescence,
�uorescence

Cy2:
525BP20,
Cy3/ EtBr:
605BP40,

Cy5: 705BP40

-

16-bit
Peltier
cooled
Fuji�lm

Super CCD

-

Western
blot,

SDS-PAGE
imaging

ex.: excitation; em.: emission; WD: working distance; LP: long pass; BP: band pass.
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5 MeCP2 post-translational modi�cations

Table 5.5: Plot statistics (main �gures).

Figure Sample n Median Mean StDev 95% CI p-value

5.3B

C2C12 untransfected 200 1.00 1.00 0.03 - -

MeCP2 wt (low) 78 1.82 1.48 0.79 0.01 -

MeCP2 wt (high) 100 1.68 1.46 0.70 - -

MeCP2 3K (low) 94 1.94 1.61 1.03 0.01 4.17e-05

MeCP2 3K (high) 81 1.72 1.66 0.76 0.01 1.06e-03

MeCP2 3Q (low) 92 1.67 1.43 0.65 - 7.55e-07

MeCP2 3Q (high) 75 1.50 1.37 0.61 - 5.35e-06

MeCP2 3L (low) 112 1.46 1.22 0.53 - < 2.2e-16

MeCP2 3L (high) 97 1.45 1.22 0.46 - < 2.2e-16

MeCP2 S80A (low) 91 1.76 1.47 0.84 0.01 0.04144

MeCP2 S80A (high) 64 1.66 1.45 0.73 0.01 0.4674

MeCP2 S80D (low) 82 1.66 1.38 0.76 0.01 3.66e-07

MeCP2 S80D (high) 69 1.63 1.36 0.72 0.01 0.487

MeCP2 S421A (low) 132 1.82 1.51 0.77 - 0.9957

MeCP2 S421A (high) 88 1.58 1.41 0.71 - 0.06161

MeCP2 S421D (low) 112 1.89 1.37 0.71 - 0.1606

5.3C

MeCP2 S421D (high) 73 1.50 1.35 0.71 0.01 2.37e-06

5.3D

MeCP2 R106K (low) 49 1.17 0.87 0.26 - < 2.2e-16

MeCP2 R106K (high) 61 1.15 1.00 0.29 - < 2.2e-16

MeCP2 R106Q (low) 64 1.05 0.80 0.16 - < 2.2e-16

MeCP2 R106Q (high) 55 1.02 0.82 0.12 - < 2.2e-16

MeCP2 R106L (low) 63 1.02 0.80 0.18 - < 2.2e-16

MeCP2 R106L (high) 74 1.01 0.79 0.15 - < 2.2e-16

MeCP2 R106W (low) 86 1.05 0.80 0.19 - < 2.2e-16

MeCP2 R106W (high) 55 1.04 0.83 0.18 - < 2.2e-16

MeCP2 R106G (low) 53 1.05 0.86 0.19 - < 2.2e-16

MeCP2 R106G (high) 54 1.04 0.83 0.19 - < 2.2e-16

MeCP2 wt 17 26.97 27.40 5.83 0.90 -

MeCP2 3K 11 31.52 31.13 5.79 0.11 0.1003

MeCP2 3Q 16 14.28 14.33 6.50 0.10 3.56e-06

5.4B
T 1/2

MeCP2 3L 17 15.19 14.80 3.92 0.06 5.742e-08

5.4B
mobile
fraction

MeCP2 wt 17 0.69 0.72 0.16 - -

MeCP2 3K 11 0.69 0.70 0.17 - 0.8691

MeCP2 3Q 16 0.81 0.85 0.13 - 0.01422

MeCP2 3L 17 0.91 0.94 0.17 - 0.001197

MeCP2 S80A 10 27.26 29.86 9.17 0.19 0.7486

MeCP2 S80D 16 16.36 15.56 4.59 0.07 2.383e-07

MeCP2 S421A 13 28.19 27.61 7.63 0.14 0.8047

5.4C
T 1/2

MeCP2 S421D 12 23.83 27.82 11.04 0.20 0.7438

5.4C
mobile
fraction

MeCP2 S80A 10 0.69 0.73 0.15 - 0.615

MeCP2 S80D 16 0.625 0.65 0.13 - 0.1708

MeCP2 S421A 13 0.72 0.74 0.20 - 0.7534

MeCP2 S421D 12 0.785 0.81 0.13 - 0.07998

C2C12 untransfected 6787 22 22.68 8.12 0.01 -

MeCP2 wt (low) 951 22 22.59 7.83 0.02 -

MeCP2 wt (high) 704 20 20.32 7.21 0.02 -

MeCP2 3K (low) 851 21 21.74 7.89 0.02 0.01342

MeCP2 3K (high) 549 19 19.12 7.24 0.02 0.002595

MeCP2 3Q (low) 493 22 22.44 6.96 0.02 0.9712

5.5B
number

MeCP2 3Q (high) 310 19 19.72 6.42 0.02 0.2815

MeCP2 3L (low) 983 23 23.31 8.09 0.02 0.02703
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Figure Sample n Median Mean StDev 95% CI p-value

MeCP2 3L (high) 604 21 21.03 7.30 0.02 0.05115

5.5B
area

C2C12 untransfected 6787 2.10 2.37 1.16 - -

MeCP2 wt (low) 951 2.16 2.39 1.19 - -

MeCP2 wt (high) 704 2.28 2.57 1.26 - -

MeCP2 3K (low) 851 2.16 2.41 1.21 - 0.1795

MeCP2 3K (high) 549 2.40 2.69 1.35 - 1.33e-12

MeCP2 3Q (low) 493 2.16 2.40 1.14 - 0.2373

MeCP2 3Q (high) 310 2.34 2.59 1.22 - 0.01024

MeCP2 3L (low) 983 2.10 2.35 1.11 - 0.2251

MeCP2 3L (high) 604 2.22 2.51 1.21 - 0.004491

MeCP2 S80A (low) 1271 21 21.51 7.72 0.01 0002977

MeCP2 S80A (high) 793 19 19.52 7.64 0.02 0.02728

MeCP2 S80D (low) 1414 22 22.71 8.26 0.01 0.6859

MeCP2 S80D (high) 886 21 20.98 8.14 0.02 0.1388

MeCP2 S421A (low) 2403 22 22.59 8.06 0.01 0.7858

MeCP2 S421A (high) 1440 20 20.23 7.53 0.01 0.5655

MeCP2 S421D (low) 1105 20 20.83 8.12 0.02 1.22e-07

5.5C
number

MeCP2 S421D (high) 840 17 18.31 7.54 0.02 3.86e-10

5.5C
area

MeCP2 S80A (low) 1271 2.16 2.38 1.15 - 0.815

MeCP2 S80A (high) 793 2.28 2.56 1.27 - 0.4688

MeCP2 S80D (low) 1414 2.10 2.33 1.13 - 2.02e-10

MeCP2 S80D (high) 886 2.16 2.49 1.31 - 7.54e-14

MeCP2 S421A (low) 2403 2.10 2.40 1.16 - 0.5981

MeCP2 S421A (high) 1440 2.34 2.63 1.30 - 4.46e-06

MeCP2 S421D (low) 1105 2.22 2.53 1.29 - < 2.2e-16

MeCP2 S421D (high) 840 2.40 2.78 1.49 - < 2.2e-16

MeCP2 R106K (low) 1368 23 23.46 7.62 0.01 0.004146

MeCP2 R106K (high) 567 22 22.71 7.20 0.02 1.41e-09

MeCP2 R106Q (low) 1434 23 23.09 8.75 0.01 0.2508

MeCP2 R106Q (high) 375 22 22.15 7.80 0.03 2.59e-05

MeCP2 R106L (low) 1050 24 24.24 8.26 0.02 1.72e-06

MeCP2 R106L (high) 167 23 23.10 8.00 0.04 5.29e-06

MeCP2 R106W (low) 1450 23 22.90 8.46 0.01 0.3898

MeCP2 R106W (high) 738 22 21.83 7.75 0.02 4.07e-05

MeCP2 R106G (low) 1106 22 22.04 7.66 0.01 0.08368

5.5D
number

MeCP2 R106G (high) 334 20 20.57 6.88 0.02 0.398

5.5D
area

MeCP2 R106K (low) 1368 2.10 2.32 1.09 - 2.54e-10

MeCP2 R106K (high) 567 2.10 2.37 1.11 - < 2.2e-16

MeCP2 R106Q (low) 1434 2.03 2.32 1.14 - 4.29e-16

MeCP2 R106Q (high) 375 2.10 2.37 1.15 - < 2.2e-16

MeCP2 R106L (low) 1050 1.97 2.21 1.02 - < 2.2e-16

MeCP2 R106L (high) 167 1.97 2.22 1.08 - < 2.2e-16

MeCP2 R106W (low) 1450 2.10 2.41 1.22 - 0.4714

MeCP2 R106W (high) 738 2.16 2.42 1.21 - < 2.2e-16

MeCP2 R106G (low) 1106 2.10 2.36 1.13 - 0.005653

MeCP2 R106G (high) 334 2.16 2.44 1.19 - 2.98e-12

PRMT1 (low) 126 26 26.71 8.91 0.05 1.09e-075.6C
number PRMT1 (high) 21 28 27.62 5.71 0.08 0.001045

5.6C
area

PRMT1 (low) 126 1.97 2.24 1.11 - 1.2e-14

PRMT1 (high) 21 2.00 2.20 1.07 - 0.01079

PRMT6 (low) 3146 26 26.33 8.19 0.01 <2.2e-165.6D
number PRMT6 (high) 682 26 26.57 8.10 0.02 <2.2e-16

5.6D
area

PRMT6 (low) 3146 1.91 2.15 0.99 - < 2.2e-16
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Figure Sample n Median Mean StDev 95% CI p-value

PRMT6 (high) 682 1.91 2.13 0.98 - < 2.2e-16

PRMT1 (high), MeCP2 wt (low) 29 27 27.93 7.63 0.09 -

PRMT1 (high), MeCP2 wt (high) 232 20 22.12 8.93 0.04 -

PRMT1 (low), MeCP2 wt (low) 52 27.5 26.98 9.5 0.08 -

PRMT1 (low), MeCP2 wt (high) 282 22 22.75 8.74 0.03 -

PRMT1 (high), MeCP2 3K (low) 26 24.5 23.58 8.83 0.11 0.0806

PRMT1 (high), MeCP2 3K (high) 144 21 22.18 9.08 0.05 0.7324

PRMT1 (low), MeCP2 3K (low) 40 26 24.63 9.9 0.1 0.3401

PRMT1 (low), MeCP2 3K (high) 178 20 21.31 8.33 0.04 0.07061

PRMT1 (high), MeCP2 3Q (low) 36 22.5 22.75 6.58 0.07 0.004312

PRMT1 (high), MeCP2 3Q (high) 226 19 20.83 7.3 0.03 0.25

PRMT1 (low), MeCP2 3Q (low) 96 25 25.27 8.73 0.06 0.2347

PRMT1 (low), MeCP2 3Q (high) 276 22 23 8.38 0.03 0.8832

PRMT1 (high), MeCP2 3L (low) 34 24.5 25.71 8.97 0.1 0.2112

PRMT1 (high), MeCP2 3L (high) 114 23 22.68 8.73 0.05 0.2948

PRMT1 (low), MeCP2 3L (low) 110 26.5 25.55 9.27 0.06 0.4059

5.7A

PRMT1 (low), MeCP2 3L (high) 156 23 22.97 9.09 0.05 0.7617

5.7B

PRMT6 (high), MeCP2 wt (low) 142 27.5 27.99 7.71 0.04 -

PRMT6 (high), MeCP2 wt (high) 318 25 25.33 8.45 0.03 -

PRMT6 (low), MeCP2 wt (low) 818 27 27.62 7.9 0.02 -

PRMT6 (low), MeCP2 wt (high) 92 24 24.16 7.72 0.05 -

PRMT6 (high), MeCP2 3K (low) 102 24 24.44 9.31 0.06 0.0005301

PRMT6 (high), MeCP2 3K (high) 162 18 18.94 8.3 0.04 6.87e-15

PRMT6 (low), MeCP2 3K (low) 528 25 25.44 8.88 0.02 3.08e-06

PRMT6 (low), MeCP2 3K (high) 22 22 22.14 5.72 0.08 0.2956

PRMT6 (high), MeCP2 3Q (low) 76 27 25.93 9.09 0.07 0.1689

PRMT6 (high), MeCP2 3Q (high) 320 25 26.07 8.99 0.03 0.3974

PRMT6 (low), MeCP2 3Q (low) 718 26 26.93 8.28 0.02 0.04095

PRMT6 (low), MeCP2 3Q (high) 76 28 27.84 9.88 0.07 0.01197

PRMT6 (high), MeCP2 3L (low) 68 25 24.84 9.77 0.07 0.04254

PRMT6 (high), MeCP2 3L (high) 240 24 23.58 8.42 0.03 0.0241

PRMT6 (low), MeCP2 3L (low) 470 26.5 26.44 8.77 0.03 0.01003

PRMT6 (low), MeCP2 3L (high) 268 23 24.03 8.81 0.03 0.7235

PRMT1 (high), MeCP2 R106K (low) 50 24 24.26 8.66 0.08 0.03505

PRMT1 (high), MeCP2 R106K (high) 248 24 24.32 8.38 0.03 0.002063

PRMT1 (low), MeCP2 R106K (low) 260 25.5 25.19 7.97 0.03 0.1909

PRMT1 (low), MeCP2 R106K (high) 440 24 24.77 8.74 0.03 0.002416

PRMT1 (high), MeCP2 R106Q (low) 42 22 22.50 5.86 0.06 0.001865

PRMT1 (high), MeCP2 R106Q (high) 64 23.5 23.55 7.73 0.06 0.09642

PRMT1 (low), MeCP2 R106Q (low) 106 23.5 23.68 8.70 0.05 0.03174

PRMT1 (low), MeCP2 R106Q (high) 60 25 25.48 7.95 0.06 0.01825

PRMT1 (high), MeCP2 R106L (low) 86 24 24.60 6.95 0.05 0.03178

PRMT1 (high), MeCP2 R106L (high) 152 24 25.10 7.80 0.04 0.0001461

PRMT1 (low), MeCP2 R106L (low) 250 26.5 26.36 8.23 0.03 0.6033

5.7C

PRMT1 (low), MeCP2 R106L (high) 144 26 26.63 7.81 0.04 7.10e-06

5.7D

PRMT6 (high), MeCP2 R106K (low) 82 21.5 22.89 10.05 0.07 3.54e-05

PRMT6 (high), MeCP2 R106K (high) 168 22 21.22 9.11 0.04 5.71e-06

PRMT6 (low), MeCP2 R106K (low) 542 23.5 23.90 9.32 0.03 7.25e-16

PRMT6 (low), MeCP2 R106K (high) 68 23 23.25 9.31 0.07 0.4788

PRMT6 (high), MeCP2 R106Q (low) 90 25.5 25.53 9.17 0.06 0.02262

PRMT6 (high), MeCP2 R106Q (high) 18 28 27.17 11.09 0.17 0.3492

PRMT6 (low), MeCP2 R106Q (low) 24 28 29.42 13.89 0.18 0.8737

PRMT6 (low), MeCP2 R106Q (high) 16 26.5 25.50 8.02 0.13 0.4435
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Figure Sample n Median Mean StDev 95% CI p-value

PRMT6 (high), MeCP2 R106L (low) 384 24 23.70 8.80 0.03 4.07e-07

PRMT6 (high), MeCP2 R106L (high) 174 24 23.89 7.44 0.04 0.09972

PRMT6 (low), MeCP2 R106L (low) 610 24 23.66 8.36 0.02 <2.2e-16

5.7D

PRMT6 (low), MeCP2 R106L (high) 30 24.5 24.37 8.45 0.10 0.7843

n: number of cells, StDev: standard deviation, CI: con�dence interval; p-value: in comparison to wild type
MeCP2.
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Table 5.6: Post-translational modi�cations of MeCP2 identi�ed by mass spectrometry analysis.

Amino
acid*

Modi�-
cation

Peptide sequence***

Number
of

biological
replicates
(total)

Proteome
Discov-
erer

Max
Quant

N
T
D

R9/
K12**

met AAAAATAAAAAAPSGGGGGGEEErLEEk 5 0 5

R9** dimet AAAAATAAAAAAPSGGGGGGEEEr 5 0 5

S13** phos LEEKsEDQDLQGLR 6 2 6

K42 ac EGkHEPLQPSAHHSAEPAEAGK 2 0 2

K61
met /
dimet

HEPLQPSAHHSAEPAEAGk 2 / 5 1 / 4 2 / 4

S68 phos AETSESsGSAPAVPEASASPK 2 0 2

S70 phos AETSESSGsAPAVPEASASPK 1 1 0

S78 phos AETSESSGSAPAVPEAsASPK 4 3 4

S80 phos AETSESSGSAPAVPEASAsPK 7 7 7

K82
met /
dimet

AETSESSGSAPAVPEASASPk 2 / 4 1 / 4 2 / 4

R91 met DrGPMYDDPTLPEGWTR 1 1 1

R106 dimet GPMYDDPTLPEGWTr 4 1 4

T148 phos VGDtSLDPNDFDFTVTGR 1 1 0

S149 phos VGDTsLDPNDFDFTVTGR 1 1 1

T160 phos VGDTSLDPNDFDFTVtGRGSPSR 3 0 3

M
B
D

R162
met /
dimet

VGDTSLDPNDFDFTVTGr(GSPSR) 7 / 4 6 / 2 7 / 4

ID

S164 phos VGDTSLDPNDFDFTVTGRGsPSR 2 2 0

S166 phos VGDTSLDPNDFDFTVTGRGSPsR 1 1 0

R167 met VGDTSLDPNDFDFTVTGRGSPSr 5 2 5

S216 phos VLEKsPGK 1 1 1

S229 phos MPFQAsPGGK 5 2 5

T240 phos MPFQASPGGKGEGGGAtTSAQVMVIK 1 1 0

K271 ac kPGSVVAAAAAEAK 2 0 2

S274 phos KPGsVVAAAAAEAK 5 3 5

N
ID

K284
met /
dimet

KPGSVVAAAAAEAk 1 / 4 1 / 3 1 / 4

C
T
D

K321 ac EVVkPLLVSTLGEK 5 4 1

K331
met /
dimet

EVVKPLLVSTLGEk 2 / 4 1 / 4 2 / 4

NTD: N-terminal domain, MBD: Methyl-binding domain, ID: Intervening domain, NID: N-CoR interacting do-
main; CTD: C-terminal domain; met: methylation; dimet: dimethylation; phos: phosphorylation; ac: acetylation;
*numbering according to mouse MeCP2 exon2 isoform (484 aa, uniprot Q9Z2D6-1) **only identi�ed in mouse
MeCP2 exon1 isoform (501 aa, uniprot Q9Z2D6-2) ***A peptide may bear more than one amino acid candidate
for a post-translational modi�cation. MaxQuant provides probability scores for the localization of each PTM site
that can be retrieved from the data repository. Lower case indicates the modi�ed amino acid. This table was
taken from Schmidt et al., 2022 [2].
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Table 5.7: Plot statistics (Figure 5.20.)

Figure Sample n Median Mean StDev 95% CI p-value

5.20A

PRMT1 (high), MeCP2 wt (low) 29 1.91 2.16 1.00 - -

PRMT1 (high), MeCP2 wt (high) 232 2.10 2.36 1.16 - -

PRMT1 (low), MeCP2 wt (low) 52 2.03 2.24 1.08 - -

PRMT1 (low), MeCP2 wt (high) 282 2.10 2.37 1.14 - -

PRMT1 (high), MeCP2 3K (low) 26 1.91 2.21 1.13 - 0.7383

PRMT1 (high), MeCP2 3K (high) 144 2.10 2.35 1.10 - 0.9675

PRMT1 (low), MeCP2 3K (low) 40 1.91 2.19 1.03 - 0.2078

PRMT1 (low), MeCP2 3K (high) 178 2.16 2.42 1.11 - 0.005726

PRMT1 (high), MeCP2 3Q (low) 36 1.91 2.21 1.02 - 0.373

PRMT1 (high), MeCP2 3Q (high) 226 2.28 2.51 1.17 - 7.70e-14

PRMT1 (low), MeCP2 3Q (low) 96 2.03 2.27 1.07 - 0.4513

PRMT1 (low), MeCP2 3Q (high) 276 2.22 2.48 1.18 - 8.05e-10

PRMT1 (high), MeCP2 3L (low) 34 1.97 2.16 1.03 - 0.7695

PRMT1 (high), MeCP2 3L (high) 114 2.10 2.38 1.13 - 0.4875

PRMT1 (low), MeCP2 3L (low) 110 1.91 2.22 1.17 - 0.09646

PRMT1 (low), MeCP2 3L (high) 156 2.03 2.30 1.29 - 5.46e-05

PRMT6 (high), MeCP2 wt (low) 142 1.91 2.11 0.96 - -

PRMT6 (high), MeCP2 wt (high) 318 1.97 2.23 1.04 - -

PRMT6 (low), MeCP2 wt (low) 818 1.91 2.11 0.96 - -

PRMT6 (low), MeCP2 wt (high) 92 2.03 2.29 1.07 - -

PRMT6 (high), MeCP2 3K (low) 102 2.10 2.38 1.24 - < 2.2e-16

PRMT6 (high), MeCP2 3K (high) 162 2.40 2.76 1.43 - < 2.2e-16

PRMT6 (low), MeCP2 3K (low) 528 2.03 2.28 1.08 - < 2.2e-16

PRMT6 (low), MeCP2 3K (high) 22 2.10 2.34 1.06 - 0.3049

PRMT6 (high), MeCP2 3Q (low) 76 1.97 2.23 1.12 - 0.002288

PRMT6 (high), MeCP2 3Q (high) 320 1.97 2.23 1.09 - 0.9272

PRMT6 (low), MeCP2 3Q (low) 718 1.97 2.19 1.03 - 9.54e-15

PRMT6 (low), MeCP2 3Q (high) 76 1.97 2.17 0.99 - 0.001012

PRMT6 (high), MeCP2 3L (low) 68 2.03 2.29 1.19 - 9.98e-06

PRMT6 (high), MeCP2 3L (high) 240 2.10 2.36 1.17 - 1.18e-11

PRMT6 (low), MeCP2 3L (low) 470 1.97 2.19 1.00 - 6.59e-12

5.20B

PRMT6 (low), MeCP2 3L (high) 268 2.10 2.35 1.11 - 0.02225

5.20C

PRMT1 (high), MeCP2 R106K (low) 50 1.97 2.15 0.94 - 0.7171

PRMT1 (high), MeCP2 R106K (high) 248 2.03 2.24 1.03 - 4.82e-08

PRMT1 (low), MeCP2 R106K (low) 260 1.97 2.21 0.99 - 0.7667

PRMT1 (low), MeCP2 R106K (high) 440 2.03 2.24 1.05 - 1.23e-12

PRMT1 (high), MeCP2 R106Q (low) 42 2.10 2.36 1.21 - 0.000767

PRMT1 (high), MeCP2 R106Q (high) 64 1.97 2.18 1.01 - 5.72e-09

PRMT1 (low), MeCP2 R106Q (low) 106 2.03 2.28 1.13 - 0.5803

PRMT1 (low), MeCP2 R106Q (high) 60 1.91 2.15 1.05 - 1.16e-14

PRMT1 (high), MeCP2 R106L (low) 86 1.97 2.16 0.99 - 0.8981

PRMT1 (high), MeCP2 R106L (high) 152 1.91 2.07 0.92 - < 2.2e-16

PRMT1 (low), MeCP2 R106L (low) 250 1.91 2.13 0.99 - 0.0002114

PRMT1 (low), MeCP2 R106L (high) 144 1.91 2.11 0.96 - < 2.2e-16

PRMT6 (high), MeCP2 R106K (low) 82 2.10 2.37 1.17 - 8.70e-13

PRMT6 (high), MeCP2 R106K (high) 168 2.16 2.48 1.33 - < 2.2e-16

PRMT6 (low), MeCP2 R106K (low) 542 2.10 2.35 1.16 - < 2.2e-16

PRMT6 (low), MeCP2 R106K (high) 68 2.03 2.31 1.18 - 0.9811

PRMT6 (high), MeCP2 R106Q (low) 90 1.91 2.13 1.03 - 0.4898

PRMT6 (high), MeCP2 R106Q (high) 18 1.97 2.12 0.78 - 0.7577

5.20D

PRMT6 (low), MeCP2 R106Q (low) 24 1.94 2.20 1.21 - 0.1254

PRMT6 (low), MeCP2 R106Q (high) 16 1.79 2.15 1.01 0.01 0.2926
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5 MeCP2 post-translational modi�cations

Figure Sample n Median Mean StDev 95% CI p-value

PRMT6 (high), MeCP2 R106L (low) 384 1.97 2.20 1.13 - 0.005139

PRMT6 (high), MeCP2 R106L (high) 174 1.91 2.16 0.99 - 0.002118

PRMT6 (low), MeCP2 R106L (low) 610 1.97 2.25 1.10 - < 2.2e-16

5.20D

PRMT6 (low), MeCP2 R106L (high) 30 2.00 2.23 1.04 - 0.2227

n: number of cells, StDev: standard deviation, CI: con�dence interval; p-value: in comparison to wild type
MeCP2.
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5.5 Supplementary material

Supplementary �gures

Figure 5.9: Image analysis pipeline using imageJ. Images were taken on a wide-�eld �uorescence
microscope (Axiovert 200, Zeiss). Nuclei and heterochromatin segmentation were carried out based on
the DAPI channel and subsequently used for �uorescent intensity measurements on the GFP channel.
Nuclei segmentation was performed manually and images were �ltered using a di�erence of gaussian blur
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5 MeCP2 post-translational modi�cations

Figure 5.9 (previous page): �lter for heterochromatin segmentation. Each image was divided into
squares, and the local maximum of each square was determined, set as the maximum for pixel intensity
binning and heterochromatin clusters as well as the heterochromatin cluster cores were de�ned by taking
a speci�c number of bins for the mask. The heterochromatin segmentation procedure was carried out
using a self-made ImageJ macro published in [1]. The �gure was taken from Schmidt et al., 2022 [2].
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5.5 Supplementary material

Figure 5.10: High content screening microscopy analysis pipeline. The analysis of high con-
tent screening microscopy images was done using the PerkinElmer Harmony software. Based on the
DAPI channel, nuclei were segmented, those on edges were excluded and nuclei were �ltered by size and
roundness. For heterochromatin cluster segmentation in the DAPI channel, spots were found inside the
nuclei and �ltered by area and total DAPI intensity. The nuclei and heterochromatin mask were used to
calculate �uorescent intensities in all channels. The �gure was taken from Schmidt et al., 2022 [2].
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5 MeCP2 post-translational modi�cations

Figure 5.11: MeCP2 enrichment from mouse brain tissue and mass spectrometry analysis.
(A) Images of DNA stained with DAPI from mouse brain tissue, tissue after douncing and isolated nuclei.
Scale bar 5 μm. (B) Scheme of the binding of MeCP2 hepta-histidine tag to Ni-IDA agarose beads. It is not
clear whether two or three histidines are involved in the interaction [373]. The protein backbone is shown
simpli�ed as described before [373]. (C) Coomassie (CBB) stained SDS-PAGE and Western blot with
antibodies speci�c to MeCP2 showing the input and elution fraction of the MeCP2 enrichment procedure.
(D) Work�ow of sample preparation and subsequent HPLC-MS/MS analysis involving SDS-PAGE and
Coomassie staining, gel band extraction, trypsin digestion, and HPLC-coupled mass spectrometry. The
�gure was modi�ed from Schmidt et al., 2022 [2].
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5.5 Supplementary material

Figure 5.12: Manual validation of the arginine methylation sites R91 and R106 identi�ed
by mass spectrometry. Exemplary MS/MS spectra for the identi�cation of MeCP2 R91 methylation
(me) (A), MeCP2 R106 dimethylation (dm) (B), and an exemplary spectrum of the same peptide without
modi�cations (C). The spectra were exported from the MaxQuant software [265] visualization tool, and
fragments of interest were labeled. The identi�ed y- and b-ions are indicated on the peptide sequence
and the details of the spectra are given in the black box. The �gure was taken from Schmidt et al., 2022
[2].
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5 MeCP2 post-translational modi�cations

Figure 5.13: Manual validation of the arginine methylation site R162 identi�ed by mass
spectrometry. Exemplary MS/MS spectra for the identi�cation of MeCP2 R162 methylation (me) (A),
MeCP2 R162 dimethylation (dm) (B), and an exemplary spectrum of a peptide without the missed-
cleavage and without modi�cations (C). The spectra were exported from the MaxQuant software [265]
visualization tool, and fragments of interest were labeled. The identi�ed y- and b-ions are indicated on
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5.5 Supplementary material

Figure 5.13 (previous page): the peptide sequence and the details of the spectra are given in the
black box. The �gure was taken from Schmidt et al., 2022 [2].

Figure 5.14: Manual validation of the arginine methylation site R167 identi�ed by mass
spectrometry. Exemplary MS/MS spectra for the identi�cation of MeCP2 R167 methylation (me) (A)
and an exemplary spectrum of a peptide without the missed cleavage and without modi�cations (B). The
localization of R167 methylation cannot be determined from the spectrum shown in A, as it could also
be a dimethylation on R162. The spectra were exported from the MaxQuant software [265] visualization
tool, and fragments of interest were labeled. The identi�ed y- and b-ions are indicated on the peptide
sequence and the details of the spectra are given in the black box. The �gure was taken from Schmidt et
al., 2022 [2].
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5 MeCP2 post-translational modi�cations

Figure 5.15: Western blots for detection of MeCP2 post-translational modi�cations on
mouse brain nuclei. Western blot analysis of mouse brain nuclei extracts from 106 nuclei per lane
tested for (A) monomethyl arginine (MMA), symmetric dimethylarginine (SDMA), asymmetric dimethyl
arginine (ADMA), (B) tyrosine phosphorylation, MeCP2 S80 phosphorylation, MeCP2 S421 phospho-
rylation and reprobed with an antibody speci�c for MeCP2. Shown are the full membranes stained for
total protein with Ponceau S stain, incubated with PTM-speci�c antibodies, and with MeCP2-speci�c
antibodies. Boxes mark the lanes of interest shown in �gure 5.1. The �gure was modi�ed from Schmidt
et al., 2022 [2].
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5.5 Supplementary material

Figure 5.16: MeCP2-GFP mutated for modi�ed sites. Subcellular localization of MeCP2-GFP
mutated for arginine methylated (A) and phosphorylated (B) sites in MTF Mecp2 -/y cells. (C) Structure
of amino acids used as substitutes for methylated arginine sites. (D) DNA staining of a C2C12 mouse
myoblast cell. Scale bars 5 μm. The �gure was modi�ed from Schmidt et al., 2022 [2].
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5 MeCP2 post-translational modi�cations

Figure 5.17: Fluorescence recovery after photobleaching curves of 3x arginine methylation
(A) and single serine phosphorylation mutants (B) for each individual sample with respec-
tive standard deviation. Plotted was the mean of all individual �tted curves per timepoint with the
standard deviation for each individual timepoint (gray shading). The �gure was taken from Schmidt et
al., 2022 [2].
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5.5 Supplementary material

Figure 5.18: Cell cycle distribution analysis of mouse myoblast cells. (A) Exemplary cell cycle
distribution plotted as the count of cells per DAPI sum intensity in the nucleus. The di�erent intervals
for cell cycle phases G1, S, and G2/ M phase are indicated. (B) Bar diagrams depicting the percentage of
cells per cell cycle phase as indicated in (A). Mock transfected cells (MeCP2 -), wild type (wt) MeCP2,
and MeCP2 mutant transfected cells are shown in (B), and transfections of the PRMTs 1 and 6 alone
(MeCP2 -) and together with MeCP2 wild type and MeCP2 mutants are shown in (C). The �gure was
taken from Schmidt et al., 2022 [2].
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Figure 5.19: Subcellular localization of protein arginine methyltransferases (PRMTs) 4 and
5. Subcellular localization of PRMT4 and 5 in C2C12 mouse myoblast cells in the absence (A) and
presence (B) of MeCP2. Scale bar 5 μm. The �gure was taken from Schmidt et al., 2022 [2].
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5.5 Supplementary material

Figure 5.20: Heterochromatin clustering represented by heterochromatin cluster areas of
MeCP2 mutants in the presence of protein arginine methyltransferases (PRMTs) 1 and
6. Heatmaps show the heterochromatin cluster areas obtained by high-content screening microscopy of
C2C12 cells cotransfected with MeCP2 3x mutants and PRMT1 (A) or PRMT6 (B) and with MeCP2
R106 mutants and PRMT1 (B) and PRMT6 (D). Cells were binned for low and high �uorescence intensity
of both MeCP2 (GFP channel) and PRMT (Cy5). Heterochromatin cluster areas are shown as means of
at least 26 cells from at least two biological replicates. The �gure was taken from Schmidt et al., 2022
[2].
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6 Conclusion & Outlook

Constitutive heterochromatin is comprised of repetitive DNA sequences and is consistently si-

lenced between cell types. In mouse cells, it is localized at pericentromeric regions which cluster

during the interphase to form chromocenters. About half of the mammalian genome is com-

posed of mostly silenced repeat elements and transposons [374] that form a basic foundation for

regulating networks and genome formatting and are hence crucial for genome function. More-

over, the importance of gene silencing is underscored by many studies describing various disease

phenotypes upon derepression of heterochromatic regions (reviewed in [59]). Thus, it is of great

importance to study heterochromatin organization and function to understand how its com-

paction is achieved and maintained in the cell.

A crucial step to understanding heterochromatin organization is to identify the factors involved

in the process. In this study, we analyzed the proteomic composition of pericentromeric hete-

rochromatin in mouse tissues. In comparison to previous reports spanning methods based on

hybridization, immunoprecipitation, or requiring cell line engineering (see table 1.1), we adapted

a protocol for unbiased isolation of chromocenters in the native state from tissues (see Prusov &

Zatsepina [94, 95]). More importantly, we aimed to quantitatively analyze the pericentromeric

heterochromatin proteome in vivo in mouse brain and liver, as these tissues showed di�erences

in heterochromatin organization upon DNA staining. The comparison of di�erent tissues allows

the identi�cation of conserved heterochromatin proteins between tissues on the one hand and

tissue-speci�c di�erences in protein abundance on the other hand. In addition to the core hi-

stones, we found several histone variants enriched in the chromocenters. Histone macroH2A.1

and H3.3 were described to occur at heterochromatic regions before [21, 295], but the �nding

of H2AX bound to chromocenters in mouse tissues indicates a possible function of the histone

variant in pericentromeric heterochromatin in addition to its role in DNA repair. Furthermore,

the chromatin proteins MeCP2 and ATRX were upregulated in the brain and histone H1.4 was

upregulated in the liver. All of them were shown to be involved in heterochromatin organiza-

tion and are thus interesting candidates for tissue-speci�c chromocenter organizers. Histone H1

subtypes di�er in their amino acid composition, and their chromatin binding a�nities and were

proposed to be involved in di�erential packing of speci�c regions of chromatin [15, 375]. Of note,

it was proposed that histone H1 and MeCP2 can substitute each other, as they compete for a

common chromatin binding site [253] and MeCP2 de�cient cells showed an increase of H1 [138,

325]. The opposing tendencies in levels between brain and liver we obtained from the quanti-

tative mass spectrometry analysis strengthen the evidence for a correlation of the levels of H1

and MeCP2 and their competition for chromatin binding sites. Another interesting point is the

interaction of MeCP2 and ATRX [172, 315], as we identi�ed both upregulated in the brain. They

regulate gene expression by remodeling chromatin structure [315] and ATRX might contribute

to MeCP2-mediated heterochromatin organization during terminal di�erentiation [316]. Still, as

we analyzed chromocenters from whole tissues, we cannot rule out that the abundance of some

proteins was underestimated, especially in cases of proteins with cell type-speci�c chromocen-

ter accumulation. Our �ndings show that heterochromatin organization is maintained by the
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interplay of many tightly regulated factors and only unraveling all these interactions will allow

a complete understanding of the complex. Our study can serve as a basis for future studies of

chromocenter organization, as we identi�ed many protein candidates that might be involved in

chromocenter formation and function. Nevertheless, more experiments are required to con�rm

the proteins with a functional role in chromocenter organization. In addition, future studies

should focus on the analysis of additional mouse tissues to con�rm the results of this study and

to get a more comprehensive list of conserved chromocenter proteins.

As described above, the epigenetic reader MeCP2 is enriched in mouse brain chromocenters and

was previously shown to induce dose-dependent heterochromatin clustering upon overexpression

in cells [55]. MeCP2 protein levels were shown to increase during di�erentiation [55, 233, 313,

314]. In addition, mutations in the MECP2 gene are the main cause of Rett syndrome, a

neurological disorder, [116] and deviations in MeCP2 protein levels caused disease phenotypes

[244�247, 328]. These results prove that MeCP2 is an important component of heterochromatin,

and its level is tightly regulated in vivo. Therefore, we focused on the quanti�cation of MeCP2 in

di�erent systems in the second part of this study. Estimation of the MeCP2 amount in the mouse

brain and in (transfected) mouse myoblast cells allowed us to compare the protein levels from

both systems. Using �uorescence microscopy, we estimated the absolute protein concentration

in the nucleus and heterochromatin compartments. The MeCP2 protein level in untransfected

C2C12 mouse myoblast cells was almost not detectable so the cells can be used as a functional

Mecp2-null system. The MeCP2 amount in low-level transfected myoblast cells was within the

same range as the MeCP2 level in the mouse brain, indicating that the cellular system can be

used to study MeCP2 function in the range of physiological protein levels. In addition, the

concentration values can be applied to in vitro experiments enabling comparison to the in vivo

physiological situation.

MeCP2 is an intrinsically disordered protein with a high amount of positively charged amino

acids [124] and was shown to be post-translationally modi�ed [3, 332]. Of note, many of the

described modi�cations were identi�ed in big proteomic screens on cell lines, and only a few of

them were validated or further characterized [3, 332]. Thus, we performed a proteomics analysis

of post-translational modi�cations of MeCP2 in mouse brains. As overexpression of a plasmid

coding for MeCP2 in cellular systems can mimic the in vivo dose-dependent heterochromatin

clustering observed during di�erentiation, we used this system to study MeCP2-dependent hete-

rochromatin organization in cells. By mass spectrometry analysis we showed that MeCP2 carries

various post-translational modi�cations, among them phosphorylations on S80 and S421, which

lead to minor changes in either heterochromatin binding kinetics or clustering in the cellular sys-

tem. In addition, we found that MeCP2 is monomethylated, symmetrically and asymmetrically

dimethylated on several arginines and that these modi�cations alter heterochromatin organiza-

tion. Interestingly, we identi�ed the Rett syndrome mutation site R106 as a dimethylation site.

Thus, we showed that MeCP2 carries various post-translational modi�cations in mouse brains

and that MeCP2-mediated heterochromatin organization is modulated by arginine methylation

and to a lesser extent also by serine phosphorylation. The results prove, that PTMs play an

important role in the regulation of protein function and further studies of modi�cations of other
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chromatin proteins will be necessary to unravel the mysteries of heterochromatin organization

in cells.

Heterochromatin is characterized by high levels of cytosine methylation, methyl-binding proteins,

repressive histone marks like H3K9me3, and proteins binding to these marks. Nevertheless, the

mechanism of how heterochromatin clustering and chromocenter formation take place is still

the focus of discussion. An increase in transcription of major satellite repeats observed upon

chromocenter formation during early mouse development suggests a role of major satellite tran-

scripts in heterochromatin organization [75]. In addition, DNA and chromatin binding proteins

are involved in chromocenter organization. HP1, which binds to H3K9me via its chromodomain,

was shown to be dispensable for chromocenter formation [376] and did not induce chromocen-

ter clustering [55]. On the contrary, MeCP2 was shown to induce chromatin reorganization

during terminal development and dose-dependent chromocenter clustering upon overexpression

of Mecp2-GFP in cells [55]. Still, Mecp2 knockout mice maintain their heterochromatin or-

ganization in chromocenters, indicating that MeCP2 is not required for chromocenter forma-

tion. Instead, the functional redundancy of MeCP2 might explain this observation, as other

MBD proteins like MBD2 were shown to have similar properties [55]. Also, the involvement of

sequence-speci�c DNA binding proteins like HMGA1 in chromocenter organization was reported

[377, 378]. Recently, liquid-liquid phase separation was proposed as a mechanism that might be

responsible for heterochromatin cluster formation, as chromocenters display liquid-like proper-

ties [257�259, 274]. Indeed, several heterochromatin proteins were shown to undergo or promote

phase separation under di�ering conditions, e.g. MeCP2, HP1 and histone H1 [1, 255�258, 274,

379, 380]. Many chromocenter associated proteins show characteristics of phase separating pro-

teins such as intrinsically disordered regions and the capacity to form multivalent interactions

[26, 381, 382]. Phase separation depends on factors like protein concentration, salt concentration,

crowding agents and the presence of (methylated) DNA [1]. Due to the many factors in�uencing

the process, adjusting the conditions for in vitro phase separation experiments is crucial to allow

comparison to physiological conditions. Thus, we recently used our results from MeCP2 protein

concentration determination to prove MeCP2 phase separation under physiological protein levels

[1]. Liquid-liquid phase separation may also play a role in neurodegenerative diseases [383, 384].

Interestingly, studies on inverted nuclei from rod photoreceptor cells of nocturnal animals indi-

cate that heterochromatin interactions are required for nuclear compartmentalization, whereas

euchromatin interactions are dispensable, and an association of heterochromatin with lamina is

required for the formation of the conventional nuclear architecture [72].

Summarizing, we contributed to the unraveling of the mechanisms of heterochromatin organiza-

tion and more speci�cally the role of the chromatin protein MeCP2 in this process. We identi�ed

candidate heterochromatin proteins that might contribute to tissue speci�c heterochromatin or-

ganization. Furthermore, we established a calibration system for MeCP2 levels, allowing the

comparison of in cellulo and in vitro experiments with physiological protein levels in vivo. Fi-

nally, we identi�ed and validated modi�cations of MeCP2 in the brain and show that these can

modulate its ability to bind as well as reorganize heterochromatin, which may play a role in the

pathology of the Rett syndrome.
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Altogether, future studies should focus not only on the identi�cation of proteins involved in het-

erochromatin organization, but as well on their levels in vivo, their post-translational modi�ca-

tions, and their phase separation properties. The regulation of chromatin organization mediated

by PTMs on histone tails reinforces the importance of modi�cations for the regulation of protein

function. There might be common factors required for proper heterochromatin organization as

well as redundant factors which can be substituted by others in a cell type speci�c manner. For

this reason, future studies will also need to elucidate di�erences in heterochromatin composition

between tissues and cell types. In this study, we present experimental concepts to address these

questions and our results set a basis for further studies. The better we comprehend heterochro-

matin organization, the greater our chances of understanding and preventing diseases associated

with heterochromatin misfunction.
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8 Annex

8.1 Abbreviations

ADMA asymmetric dimethyl arginine

ChIP chromatin immunoprecipitation

CID collision-induced dissociation

CTD C-terminal domain

DAPI 4',6-diamidino-2-phenylindole

FACS �uorescence activated cell sorting

FRAP �uorescence recovery after photobleaching

GAR glycine and arginine rich

GFP green �uorescent protein

HCD high-energy collisional dissociation

HP1 heterochromatin protein 1

ID intervening domain

MBD methyl binding domain

MeCP2 Methyl-CpG binding protein 2

MMA monomethyl arginine

MS mass spectrometry

NID N-CoR interacting domain

NTD N-terminal domain

PCR polymerase chain reaction

phos phosphorylation

PRMT protein arginine methyltransferase

PTM post-translational modi�cation

ROI region of interest

SDMA symmetric dimethyl arginine

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

TRD transcriptional repression domain

(U)HPLC ultra high performance liquid chromatography

WB Western blot
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