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Summary

Challenging chromatin assembly in vitro: Leveraging and expanding the use of the Drosophila
embryonic extract system to study chromatin structure and function

In eukaryotes, the genome is packaged into chromatin to compact but also regulate the genome.
Chromatin consists of the DNA, histones, and non-histone proteins that interact with the chromatin
fiber. The structure of chromatin fiber is highly dynamic and depends on multiple modulators. The
question what factors influence the protein association with chromatin is therefore of critical
importance. The influencing factors range from the binding modes that contribute to fiber association
to the question whether the chromatome is regulated by its metabolic environment. The challenge in
studying these questions is the requirement of sufficiently complex systems that allow the detection of
transferable and physiologically relevant effects while still being easy-to-manipulate and well-
characterized to allow deconvolution of the factors. The preblastoderm Drosophila embryo extract
(DREX) chromatin assembly system is currently the best-characterized method to investigate the
assembling chromatin fiber. However, it still lacks thorough characterization regarding total protein
composition and metabolic state and activity.

This study characterizes previously unknown key aspects of the DREX in vitro system including a full
proteome analysis with a hitherto unreached depth and the first metabolomics profiling of the extract.
Notably, this study also proves that the extract is metabolically active and able to degrade proteins and
replenish metabolites. These finding significantly advance the understanding of the extracts protein
composition and metabolic state. The obtained data provide a crucial baseline reference that can be
used as a tool for future research and facilitates the adaption of the DREX as a model with significant
potential for advancing the understanding of metabolic processes.

Secondly, the metabolic processes detected within the DREX extract are leveraged to study the link
between metabolism and chromatin structure. The DREX chromatin assembly model is challenged
using the supplementation of isotopically labeled metabolites. Subsequent mass spectrometry analysis
reveals changes in histone modifications, suggesting a strong coupling of metabolism and histone
modifications in the extract.

Thirdly, this study addresses the effect of synthetic DNA mimic foldamers that mimic DNA shape on
the composition of chromatin. Changes in protein composition revealed insights into the partial
contributions of different binding modes to the chromatin association of selected proteins. By using
flow cytometry and fractionation coupled with proteomics, similar effects and disruption cell cycle
progression in vivo were observed. In addition to the mechanistic insights, this provides a proof-of-
concept for the DREX assembly system to be used as a method to screen small molecules for
pharmacological intervention with chromatin assembly in the future.

In conclusion, in this study the in vitro chromatin assembly system DREX is characterized in depth,
proteomically and metabolomically, to facilitate future research and findings are leveraged to challenge
the system using DNA mimic foldamers, metabolite depletion, and supplementation. Novel insights
into the contribution of chromatin protein binding modes and coupling of metabolism and histone
modifications during chromatin assembly are gained. This research characterizes and leverages the in
vitro system DREX chromatin assembly, expanding the model for adaptation in metabolomics
research and establishes it as a pharmacological screening assay with good transferability to in vivo
setting.



Zusammenfassung

Erforschung des Chromatinaufbaus in vitro durch molekulare Herausforderungen:
Charakterisierung, Nutzung und Ausweitung der Verwendung des Drosophila-
Embryonenextraktsystems zur Untersuchung von Chromatinstruktur und —funktion

In Eukaryoten ist das Genom in Chromatin verpackt, um es zu verdichten, aber auch um es zu
regulieren. Chromatin besteht aus der DNA, Histonen und Nicht-Histon-Proteinen, welche mit der
Chromatinfaser interagieren. Die Struktur der Chromatinfasern ist hochdynamisch und hingt von
zahlreichen Modulatoren ab. Daher ist die Frage, welche Faktoren die Assoziation von Proteinen mit
Chromatin beeinflussen, von entscheidender Bedeutung. Die Einflussfaktoren reichen von den
verschiedenen Bindungsmodi, die zur Faserassoziation beitragen, bis hin zu der Frage, ob das
Chromatom durch seine metabolische Umgebung reguliert wird. Die Herausforderung bei der
Untersuchung dieser Fragen besteht darin, dass hinreichend komplexe Systeme benétigt werden, die
den Nachweis tibertragbarer und physiologisch relevanter Effekte ermdglichen, aber dennoch leicht
zu manipulieren und gut charakterisiert sind, um eine Entschliisselung der Faktoren zu ermdglichen.
Der Chromatinaufbau im priblastoderme Drosophila-Embryoextrakt (DREX)-System ist derzeit die am
besten charakterisierte Methode zur Untersuchung der sich zusammensetzenden Chromatinfaser.
Dennoch  fehlt es bisher an einer grindlichen Charakterisierung der gesamten
Proteinzusammensetzung sowie des Stoffwechselzustandes des Extrakts.

Diese Studie charakterisiert bisher unbekannte Schlisselaspekte des DREX in vitro Systems,
einschlief3lich einer vollstindigen Proteomanalyse, in bisher nicht erreichten Tiefe, und der ersten
Metabolomik-Profilierung des Extrakts. Zudem beweist diese Arbeit auch, dass der Extrakt
metabolisch aktiv ist und in der Lage ist, Proteine abzubauen und Metaboliten zu erzeugen. Diese
Erkenntnisse tragen wesentlich zum Verstindnis der Proteinzusammensetzung und des
Stoffwechselzustands bei. Die gewonnenen Daten stellen eine wichtige Basisreferenz dar, die als
Werkzeug fir kiinftige Forschungen genutzt werden kann und die Etablierung des DREX als Modell
fir das Verstindnis von Stoffwechselprozessen erméglicht.

Des Weiteren werden die im DREX-Extrakt nachgewiesenen Stoffwechselprozesse genutzt, um den
Zusammenhang zwischen Stoffwechsel und Chromatinstruktur zu untersuchen. Das Modell des
DREX-Chromatinaufbaus wird durch die Zugabe von isotopisch markierten Metaboliten moduliert.
Die anschlieBende  massenspektrometrische  Analyse  zeigt  Verdnderungen in  den
Histonmodifikationen, was auf eine starke Kopplung von Stoffwechsel und Histonmodifikationen in
dem Extrakt hindeutet.

Dartber hinaus befasst sich diese Studie mit den Auswirkungen von synthetischen, DNA Mimikri
Foldameren, welche die DNA-Form nachahmen, auf die Zusammensetzung des Chromatins.
Verinderungen in der Proteinzusammensetzung geben Aufschluss tiber die Teilbeitrige verschiedener
Bindungsarten zur Chromatinassoziation ausgewihlter Proteine. Durch den Einsatz von
Durchflusszytometrie und Fraktionierung in Verbindung mit Proteomik werden dhnliche Effekte und
eine Unterbrechung der Zellzyklusprogression in vivo beobachtet. Zusitzlich zu den mechanistischen
Erkenntnissen liefert dies einen konzeptionellen Beweis dafiir, dass das DREX-Assemblierungssystem
als Methode zum Screening kleiner Molekiile fiir pharmakologische Intervention in der
Chromatinassemblierung geeignet ist.

Zusammenfassend ldsst sich sagen, dass in dieser Studie das in vitro Chromatinaufbausystem DREX

eingehend proteomisch und metabolomisch charakterisiert wird und dass die Ergebnisse genutzt

9



werden, um das System mit Hilfe von DNA-nachahmenden Foldamern, Metabolitenentfernung und
-erginzung zu testen. Es werden neue Erkenntnisse tber den Beitrag der Chromatin-
Proteinbindungsmodi und die Kopplung von Metabolismus und Histonmodifikationen wahrend des
Chromatinaufbaus gewonnen. Diese Arbeit charakterisiert und nutzt das in vitro System fiir
Chromatinaufbau in DREX erweitert das Modell fiir die Anpassung in der Metabolomforschung und
etabliert es als pharmakologischen Screening-Assay mit guter Ubertragbarkeit auf in vivo Szenarien.
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Introduction

1 Introduction
1.1 Chromatin

In eukaryotic cells, nuclear genomic DNA is packaged in a dynamic complex with RNA, histones, and
non-histone proteins (Figure 1). This dynamic complex called chromatin not only enables compaction
of the ca. 2 m long DNA molecule to fit in a cell nucleus of approximately 10 uM diameter but also
plays a fundamental role in gene expression and maintaining genomic stability.

Chromatin structure is pivotal to allow for the functionality and control of all DNA-templated
processes. Therefore, different levels of organization and regulation exist in chromatin. The basic unit
of chromatin is the nucleosome, comprised of 146bp of DNA wrapped left-handed around an octamer
of core histones (2 histones of each H2A, H2B, H3, and H4 histones) (1). In line, these units form a
beads-on-a-string structure, the chromatin fiber. The accessibility of the DNA for factors involved in
DNA-templated processes like transcription or DNA repair is crucial in fine-tuning and controlling
gene expression and maintenance. Chromatin structure is shaped on multiple levels, by incorporation
of histone variants, nucleosome positioning, and chemical modifications of chromatin components.

DNA methylation Q) () Epigenetic factor

DNA

chromatin

Histones

i‘\\

~
»

Nucleosome

Open chromatin

Histone tails ] 23 pairs of
. chromosomes packed
into the nucleus

Figure 1 Chromatin basic structure

DNA is packed into chromatin. DNA double helix wraps around nucleosomes, which consist of histones. DNA and
histones can be modified by epigenetic modifications to influence packaging and regulate accessibility and readout
(modified from Marx et al. (2), with permission from SNCSC).

The chemical modifications that alter chromatin structure can be on either DNA or histone proteins.
DNA itself can be methylated on cytosines leading to 5-methylcytosines in most eukaryotes excluding
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Introduction

low eukaryotes like the yeast species. DNA methylation regulates gene expression by serving as a
recruiter platform for proteins involved in gene repression. DNA methylation is therefore seen as a
repressive chromatin modification (3). Additionally, posttranslational modification (PTM) of histones
is a major mediator for chromatin structure and function (Figure 2). One option is the integration of
histone variants, e.g. integration of H2A.v instead of H2A into nucleosomes close to transcription
origins, thereby altering DNA accessibility (4). More importantly for this work, posttranslational
modifications are set on the N-terminal tails of histones. Histone tails are posttranslationally modified
in all organisms that possess histones. Some of the modifications can be posttranslationally set before
nucleosome assembly. An example of this is H4 K5 and K12 acetylation, which are present on free
histones but erased upon integration of the histone into nucleosomes (5). The majority of
modifications are set after the integration of histones into nucleosomes. The two main modifications
are methylation and acetylation. Depending on the nature of the modification, the position of the
modified amino acid on the histone tail as well as the presence of other modifications in proximity,
the histone modifications alter chromatin structure and DNA accessibility. This theory is called the
“histone code” hypothesis (6,7).
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Figure 2 Potential mechanisms and functions of combinatorial histone PTMs as outlined in

the original ‘histone code’ hypothesis

(A) Key elements of the language. (B, C) Examples of readout include where sequential histone PTMs facilitate gene
activation (B), or combinatorial histone PTMs regulate gene activation (C). Figure created with BioRender. Figure and
legend reproduced from Weinzapfel et al. (8) under open access Creative Commons Attribution License 4.0 (CC BY).

The chemical modulation of chromatin structure is mediated by enzymes whose functions can be
y enzy
categorized into “readers”, “writers” and ‘“erasers”, alternatively as “modifiers” and “binders”
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depending on preferred nomenclature (Figure 2) (6,8). “Readers”, “reader domains” or “binders” can
bind certain domains or modifications on the chromatin fiber. An example would be the reader
domains on proteins involved in gene repression that bind 5-methylcytosine on DNA. “Writers”,
“writer domains” as well as “erasers” are “modifiers” that can set or remove chromatin marks. For
example, the histone methyltransferase Pr-Set7 can methylate the lysine in position 20 of the histone
tail of H4 using the small metabolite SAM as a cofactor while histone demethylases remove methyl
groups from histones. It is important to note that one enzyme can often carry and combine different
functions. This is to say that a molecule can e.g. be a “binder” and a “modifier”.

1.2 Chromatin assembly

An essential element and process shaping chromatin structure and function is chromatin (re-)
assembly. To understand chromatin structure, the understanding of the process of chromatin assembly
is crucial. It is when the structure is at its most vulnerable and most important determinants are set.
The process is highly dynamic. Chromatin assembly is part of replication but also non-replication-
dependent processes like DNA repair and transcription (Figure 3). This requires high fidelity and
control. While the basics of e.g. DNA replication and DNA repair are fairly well understood, the bigger
picture of these cellular processes, especially the (re-)assembly of chromatin still lacks understanding
regarding e.g. chaperone recycling and correct histone modification setting behind replication forks
for epigenetic stability (9-11). Identification and in-depth understanding of all factors involved in these
complex processes as well as their crosstalk to cellular and metabolic environments remains
understudied.

< 4

Replication

DNA Repair

Uy UL Transcription

Figure 3 Cellular processes involving chromatin assembly
Replication, DNA Repair, and Transcription happen in the context of chromatin and can only be completed successfully
if chromatin (re-)assembly is achieved.

It has been shown that understanding these basic DNA-templated processes without their context of
chromatin highly underestimates complexity and overlooks or even negates physiologically crucial
steps and factors (8). Since all these processes are essential for cell survival and cell cycle progression,
further investigation regarding what proteins associate with the chromatin fiber when during
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chromatin assembly, how they recognize the structure, and how they respond to environmental
challenges is necessary.

1.2.1 Methods to investigate chromatin assembly

Chromatin assembly is a highly complex process that is tightly regulated and subject to many quality
control mechanisms. It is essential to the proliferation and survival of cells, making it an interesting
subject to investigate the many engaged mechanisms for control that guide the process. Additionally,
chromatin assembly is an exceptional target for pharmacological interference. To understand the
influence of complex changes in the chromatin environment either by changes in metabolome or by
interference with small molecules, different experimental approaches have been developed in vitro and
in vivo.

1.2.1.1 Invivo

Multiple methods have been developed to track chromatin assembly and the associated changes on
the nascent chromatin fiber in vivo, each with its advantages and limitations. These methods have
increasingly focused on dynamics, investigating the changes in proteome on the fiber concerning
replication or DNA damage control timing. However, these methods could also be applied to look at
changes to the proteome provoked by other agents disrupting processes involved in chromatin
assembly, e.g. small molecule interference or metabolic changes.

Most early in vivo methods relied on immunofluorescence imaging to e.g. detect protein presence or
accumulation at DNA damage sites or replication forks in cells (12). The limitations here are resolution
as well as antibody availability, specificity, and sensitivity. New methods like AMPL-MS (Antibody-
mediated proximity labeling mass spectrometry) overcome imaging limitations (13). Additionally, other
techniques allow for spatial and temporal resolution while circumventing antibody limitations. These
methods use the incorporation of tagged nuclear bases for the isolation of chromatin and interactors,
which are subsequently analyzed by mass spectrometry. Examples of these are nascent chromatin
capture (NCC), which uses biotin-deoxyuridine triphosphate (dUTP) to label and isolate replicative
chromatin (9) as well as other systems —called iIPOND and Dm-ChP - based on labeling DNA with 5-
ethynyl-2’-deoxyuridine (EdU) that biotin can be attached to via “click chemistry” (14-17). All in vivo
methods share the inherent limitation; if the effect of manipulation affects multiple processes or the
addition of any intrinsic or external factor is cytotoxic, no mechanistic investigation is possible. Cell or
organism death, too many confounding factors, and failure to separate effects on different processes
often hinder pinpointing and studying any local or specific role or mechanism.

1.2.1.2 Invitro

In vitro systems have the power to allow for increased control of the experimenter over the
environment, isolating specific factors and processes while at the same time reaching near-
physiological complexity if chosen. Additionally, major limitations accounted for in cell-based assays
including delivery/membrane permeability and cell toxicity are overcome in vitro assays. Chromatin
assembly systems in vitro are mainly based on 2 approaches, either buffer-based with only purified
components or embryo-extract-based assembly.
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Buffer-based chromatin assembly happens in a 100% defined, precise to anatomic-level, environment.
Histones are either recombinantly expressed in bacteria or isolated from organisms like yeast or flies
(18,19). In salt-gradient dialysis (SGD) chromatin assembly, the salt concentration in a buffer
containing DNA with a sequence and purified histones is gradually decreased, thereby favoring
nucleosome formation. During this process and afterward, the system can then be manipulated in a
highly controlled manner. Conditions like temperature and buffer salinity can be tweaked but also
addition specific inhibitors, other molecules, recombinant or purified proteins, or isolated metabolites
can be added to the system to investigate their effect on the system. This system has mostly been used
to investigate the effect of remodeling factors in chromatin on nucleosomal spacing (20,21). Recently,
a complete chromatin replication system has been reconstituted with only highly purified factors,
demonstrating mechanistic insights into the progression of the replisome through chromatin (22,23).
While these systems with their great transparency allow eliminating many confounding factors and
features for mechanistic studies, they also carry the inherent drawback of being far away from the
physiological reality of a highly complex and crowded environment as present in vivo.

Embryo extract-based chromatin assembly is established for extracts from Xenopus laevis and
Drosophila melanogaster (24,25). Here, the eggs of the species contain sufficient maternally deposited
proteins and factors to undergo cell cycles before the transcriptional activation (26,27). Embryo
extracts are obtained from homogenized embryos of these specific stages of embryonic development,
before the start of genome activation. These extracts were discovered to be competent to assemble
chromatin in vitro, making them a model system ever since. In contrast to SGD, extract-based
chromatin assembly offers a complex environment much closer to physiological conditions than fully
recombinant systems. These cell-free systems mimic many key aspects of chromatin assembly in vivo
(24,28). In vitro systems shine with their susceptibility for manipulation, where changing conditions,
e.g. by inhibitors or reagents, do not risk unspecific side effects leading to systemic failures that make
readout impossible.

DREX-assisted chromatin assembly

In this thesis, chromatin assembly with DREX takes a central role. The knowledge and characterization
of the central component of the method, DREX, is significantly expanded. Additionally, the method
is applied to investigate mechanisms and sensitivities of chromatin assembly while in vivo cell
experiments and reductionist in vitro assays in collaboration with the Kurat lab orthogonally
complement the method and demonstrate the transferability of findings.

Drosophila melanogaster, commonly known as the fruit fly, has played a pivotal role in genetic research,
particulatly in advancing our understanding of chromatin and epigenetics. Modern historical Drosophila
research dates back to the early 20th century, led by Thomas Hunt Morgan and colleagues, and laid
the foundation for fundamental concepts in chromosomal inheritance, including sex-linked traits and
genetic linkage (29). Leveraging its well-characterized genome, advanced genetic tools, well-established
cell culture models, and various mutant strains, Drosophila remains a primary model organism for
studying conserved chromatin-related processes shared with mammals, such as histone modifications
and transcriptional regulation. It is a particularly valuable model organism, not only due to its striking
similarity to mammals in terms of chromatin organization and gene, but also because of its short
generation time, ease of manipulation, and cost-effectiveness (30). This makes it an ideal system for
investigating chromatin structure and epigenetic modifications conserved across evolutionary lineages
(31).
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The preparation of DREX was first described by Becker et al and DREX is still prepared following
the basic principles of the first protocol with minor adjustments (Figure 4 A) (24). Embryos of wild-
type Drosophila melanogaster fruit flies are collected in 90 min intervals and separated from
contaminations. The collection time point is chosen so all embryos collected are in stages 1-4, having
undergone a maximum of 9 syncytial divisions and before cellularization of the embryo and major
wave of zygotic genome activation (ZGA) around nuclear cycle (NC) 14 (32). These preblastoderm
embryos have a particularly high prevalence of histone chaperones and other factors necessary for
chromatin assembly because the embryos of these stage cycle very fast, replicating their genome every
8 min (in cycles 1-10 and then progressively slower), only passing through S-Phase and mitosis (20).
The collected embryos are subjected to dechoronation, homogenization, and multiple
ultracentrifugation steps to remove lipids and cell debris, leaving a pale yellow, clear, soluble protein-
rich extract -DREX- that is flash frozen for storage. Due to the nature of the preblastoderm embryos
and the preparation protocol, the extract is neither a cytoplasmic nor a nuclear extract. Most intact
nuclei are removed by centrifugation and no measurable amount of DNA is present in DREX.
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Figure 4 Chromatin assembly in preblastoderm Drosophila embryo extract (DREX)

A Scheme of prepatation steps for DREX extract. Fly husbandry in custom-made Plexiglas “cages” in a controlled 26 °C
environment. Collection of embryos every 90 min, Washing, dechoronation with Hypochlorite, and homogenization. Initial
ultracentrifugation at 12.000g for 20min, then subsequent ultracentrifugation of resulting supernatant at 45.00g for 2h.
Finally, extraction of supernatant by syringe from plastic centrifugation tubes and snap freeze, storage at -80 °C until usage.
B Scheme of chromatin assembly in DREX extract with immobilized DNA. DNA is incubated in DREX for a defined
time. DNA is packaged into chromatin, chromatin assembly factors associated with the fiber. Beads allow for the pulldown
of chromatin fiber. Subsequent Elution and digest can be chosen based on readout assay e.g. Mnase digest for DNA
analysis Agarose gel or Mnase-ChIP-Seq, or trypsin digest for mass spectrometry read-out. Figure created using
Biorender.com, photos by Vera Kleene.

Since its establishment, the DREX chromatin assembly system has been used to study numerous
processes including DNA repair, replication, transcription factor binding on chromatin, and histone
modification dependencies (5,28,33-35). For this, its unique properties, including the lack of some
factors, e.g. CLAMP and the thereby resulting opportunity to titrate them in, and the ubiquitous
presence of others e.g. histone chaperones allowing for the assembly, were leveraged. While the system
does not reach in vivo complexity, it is not as reductionist as other in vitro systems, making it ideal for
the observation of factors in complex environments and systemic responses to challenges while staying
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in a controlled environment compared to in vivo. For chromatin assembly, DNA, e.g. immobilized on
beads, is incubated in DREX and then isolated and analyzed (Figure 4 B). Many techniques including
protein detection via western blot but also dynamic proteomics of the assembled chromatin fiber,
ChIP-Seq, and histone modification mass spectrometry have been established in the extract. This
provides an extensive toolkit for the system. Nevertheless, the nature of the extract remained vastly
understudied in terms of a comprehensive overview of the proteins present and completely
uncharacterized regarding its metabolome until this study.

1.2.2 Proteome and Protein binding modes in chromatin assembly

Chromatin structure, maintenance, and assembly are determined and fine-tuned by different features
like the spatial segmentation into nuclear compartments, the incorporation of histone variants, the
presence and activity of nucleosome remodeling factors, and the association of non-histone chromatin
proteins — like histone modification modifiers- with the chromatin fiber (36,37). Especially the
chromatin-associated proteome — chromatome- gives particular insight into the processes happening
on the fiber, their dynamics, regulation, and capacity to react to molecular challenges or physiological
metabolic fluctuations.

The chromatin-bound proteome consists of a plethora of proteins associated with the DNA fiber. The
nature of their interaction is manifold and yet to be fully understood, ranging from strong, highly
specific protein-protein or DNA-protein interactions (38) to weaker and more indirect interactions
(39,40). The association of proteins with DNA in the cell can happen directly, by amino acid side
chains of proteins interacting directly with DNA bases but also indirectly by proteins associating with
the DNA shape and being fine-tuned by its alterations (41). Additionally, proteins can associate with
the fiber by interacting with other protein-binding proteins. A distinction and decoupling of features
is important to distinguish the influence of the different contributions to protein binding.

In DREX assembled chromatin, proteomic studies have revealed that DNA replication factors, DNA
repair factors but also all proteasomal subunits reproducibly bind assembling chromatin fibers (28,35).
The studies also showed dynamics over the observed time, with different factors, like PCNA,
associating with early (15 min assembly) chromatin and others, like Ku80, binding more mature (4 h
assembly) chromatin. These findings highly correlated to NCC in vivo data, confirming the DREX
assembly system as a good proxy for in vivo observations. This has established the DREX chromatin
assembly method as a stellar candidate to investigate the response of the chromatin assembly proteome
to molecular challenges like small molecule inhibition and metabolic challenges like nutrient shortage.

1.2.2.1 Methods to investigate the proteins on the fiber

Different methods are available to study proteins binding to the chromatin fiber. Different systems, in
vitro and in vivo can be used to assemble chromatin. Then, antibody detection, antibody-based
proximity labeling, or nuclear base tagging allow for readout via immunofluorescence, sequencing for
ChIP-Seq experiments, or mass spectrometry to detect and identify proteins on the fiber as well as
their dynamics.
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1.2.3 Histone modifications and chromatin assembly

1.2.3.1 Methods to investigate histone modification

Historically, histone modifications have been detected and analyzed by antibodies. However, this still
widely used method has extensive limitations. These include a high prevalence of cross-reactivity
caused by the similar chemical structure of modifications (e.g. mono- or di-methylation of an amino
acid) or strongly resembling flanking sequences (42). Additionally, proximity to other modifications in
combinatorial histone modifications can influence antibody recognition and binding (43). As many
methods, like Chromatin immunoprecipitation + sequencing (ChIP-Seq), CUT&RUN, and CUT&Tag
rely strongly on antibodies for analytic readout, these limitations need to be kept in mind when
interpreting results, especially in complex environments (44,45).

As an orthogonal technique to analyze histone modifications, mass spectrometry has emerged.
Detection and quantification of specific peptides allows for detection as well as relative or even
absolute, when combined with isotopically labeled spike-in controls, quantification of histone
modifications (5,46). Nevertheless, this method has its limitations including its inability to determine
the position of the modification of DNA sequence but also to other modifications. Mass spectrometry
has led to the discovery of many new histone modifications.

1.2.3.2 The diversity of histone methylations

Histone methylation and acetylation are the most common modifications and occur mostly on defined
lysine sites of the histone tails (Figure 5). Phosphorylation of serines (§), threonines (T), and tyrosines
(Y) and Ubiquitination of lysines (K) are also well established as modifications (47). Additional
modifications including citrullination (48,49), biotinylation (50,51), sumoylation (52,53), ADP-
ribosylation (54,55), isomerization (56), lactylation (57), propionylation (58), butyrylation (59) and
crotonylation (60) have been suggested more recently, enriching the diversity of histone modifications.
The list of histone modifications is constantly growing and knowledge about the structural and
functional impact of the modifications is expanding, even suggesting further modifications (61).
Several amino acid sites can be modified with two or more different modifications.
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Figure 5 Histone modification overview
Schematic overview of histone modifications on canonical and histone variants. Various modifications can occur on the

N-terminal tails of the histones. This figure is reprinted from Yang et al. (47) under the terms of the Creative Commons
Attribution-Noncommercial-No Detivatives License (CC BY NC ND).

To sum it up, different methods to investigate histone modifications have been established most
prominently antibody-based techniques and proteomics. Combined with different methods for
chromatin assembly and other analysis methods like Next-Generation Sequencing (NGS), the readout
can e.g. be done in a time, interaction, and condition-based manner. Histone modifications exhibit a
great diversity, underlining their multifaceted and fine-tuning roles as well as their close link to
metabolism.

1.2.4 Bottlenecks of further investigation of protein binding modes during
chromatin assembly

Historically, it has proven difficult to decouple the influences of sequence binding from the recognition
of shape for DNA-protein interactions experimentally (62,63). The association with DNA is mediated
by sequence-specific binding in the major groove and by less specific interaction via the minor groove,
recognizing the overall shape and electrostatic surface of B-DNA (64). Sequence-specific binding is
mediated by hydrogen bonding between the side chains of the amino acids of proteins and the base
pairs, as each base pair combination has a unique pattern of hydrogen donors and acceptors exposed
in the major groove (65). Interestingly, the binding of protein in the major groove is primarily enthalpy
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driven, favored by the formation of hydrogen bonds, while the binding of proteins to the minor grove
is not favored with regards to enthalpy, however energetically overall favored due to the compensation
by entropic forces resulting from the displacement of water (66). Very often, both modes, sequence,
and shape-dependent, have a contribution to the final binding of a protein. To overcome the main
bottleneck to study the influence of different features on a protein’s chromatin binding, the
deconvolution of the effects of features, we used foldamer, a DNA mimic that mimics only the shape
of DNA without sequence information to investigate binding modes of different proteins on the
chromatin fiber.

1.2.4.1 Foldamer, a stable DNA mimic

Due to the unique feature of the synthetic mimic foldamer, mimicking only shape but not carrying any
sequence information were able to selectively investigate and interfere with only one binding mode.
This allows us to broaden the knowledge base to decipher the contribution different binding modes
have for specific proteins, unraveling how they might bind to the chromatin fiber. Additionally,
foldamer is highly stable and insensitive to DNases, RNases, and proteinases.

The DNA mimic “foldamer” is a novel compound mimicking the shape of B-DNA while not carrying
any sequence information. It was designed, synthesized, and previously described by the Huc group
(67). The molecule is an oligoamide, based on alternating monomers Q™ and Q"™ (Figure 6 A). The
size of the foldamer used in this project is a 16x repeat of the "Q"™-Q"* dimer, corresponding to a
16bp DNA molecule. The polymer adopts a B-DNA-like double helical structure (Figure 6 B) with an
electronegative charge surface resembling that of double-stranded DNA. Due to their structure, the
foldamer has been proposed to bind and interfere with the function of DNA-binding proteins,
specifically those that recognize the DNA shape.
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Figure 6 Chemical structures of DNA mimic foldamers

(A) Formulae of amino acid monomers QPP (blue) and mQP (red) used to produce the foldamer sequences 1 and 2.
Foldamer 2 is functionalized at the N-terminus with biotin (green) for pull-down experiments. (B) Crystal structure of the
side chain protected ("QPhe QPho);s DNA mimic overlaid with the 16 bp B-DNA duplex d(ACTGAACGGCTACGTA)2
shown in grey (67). Figure by Dr. Valentina Corvaglia, reprinted with permission.

The foldamer DNA mimics combine the idea of synthetically mimicking DNA shape with an
orthogonal synthetic molecule and interfering with DNA-based processes using oligoamides. On the
one hand, naturally occurring DNA mimic proteins, that also mimic the DNA shape, are known to
bind and thereby interfere with DNA binding proteins (68,69). Additionally, certain oligoamides, that
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do not mimic DNA shape, have been proposed to bind to DNA and to interfere with gene expression
in vivo (70-72).

Promising preliminary findings support the hypothesis for the DNA mimic foldamer functioning as a
process-interfering agent: binding and interference with purified HIV-1 and Top1 proteins were shown
in vitro (67,73). None of the foldamers have been studied in a complex yet systematic approach.

1.3 Metabolism and its link to chromatin assembly

1.3.1 Metabolism and histone modifications

Metabolism is linked to chromatin structure and function in many ways, most prominently via histone
modification. Many of the recently discovered histone modifications have the structure of products
and intermediate products of metabolic pathways (47). This displays the tight connection between
metabolism and the modification of histones. The impact of metabolite availability on the rate of
chromatin modification depends on the kinetic and thermodynamic parameters of the corresponding
modifying enzyme, e.g. K, value (74). The influence appears to be reciprocal with not only metabolite
availability having a major impact on histone modification states but also histone modifications serving
as landing platforms for metabolic enzymes like methylases but also the proteasome, facilitating the
formation of metabolic microenvironments (75,76). Additionally, chromatin with its size and high
mass of histones in the cell has been proposed to serve as a methyl sink and acetate reservoir (77).

Often, the effect of metabolic changes to chromatin is investigated by treatment with inhibitors and
subsequent readout of the system's response by studying the impact on histone modifications, protein
binding, or transcription, e.g. by MS, ChIP-Seq, and RNA-Seq (78,79). To determine metabolite levels
and flux, thereby properly grasping the metabolic state of a system, MS and less frequently NMR are
employed (80-82).

1.3.2 Acetylation

Histone acetylations are set on lysine residues of the N-terminal histone tail. They are the result of a
dynamic equilibrium facilitated by acetylation, catalyzed by enzymes called histone acetyltransferases
(HATS), and deacetylation by histone deacetylases (HDACs). Acetylation marks are considered highly
dynamic with HATs and HDAC:s facilitating constant turnover. The acetylation reaction requires the
cofactor acetyl-CoA. Acetylation of lysines neutralizes their positive charge, thereby weakening the
interaction of the corresponding histone with the negatively charged DNA and making the chromatin
more accessible (83-85). Histone acetylation mainly is involved in opening chromatin to set a
background for transcriptional regulation in bulk, as well as setting local, targeted activating marks at
enhancer and promotor elements (86,87).

HATS are often discovered for their ability to acetylate histones but are also able to acetylate a plethora
of non-histone proteins. Thousands of proteins are acetylated in the cell with acetylation being a major
regulatory and signaling modification in metabolism. Therefore, it is not surprising that histone
acetylation and metabolism are intimately linked. Additionally, acetyl-CoA has a dual role as a central
metabolite and substrate for histone modification. It has been proposed that acetyl-CoA might act as
a rheostat for nutrient availability, partially by affecting histone acetylation (88,89).
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1.3.3 Methylation

Histone methylation can happen at lysine and arginine residues and does not change the charge of the
histone. Lysines can be mono-, di- and tri-methylated on the free amino group while arginine can be
mono or symmetrically or asymmetrically di-methylated at its side chain amino groups (90,91). The
methyl groups are added enzymatically in the cell by histone methyltransferases (HMTs) which use
their cofactor S-adenosylmethionine (SAM) as a methyl donor, yielding SAH as a byproduct of the
methylation reaction. While methylations are considered a stable mark, another group of specialized
enzymes, demethylases, can remove methylation from histones (92).

Histone methylation changes chromatin accessibility and gene expression. Which amino acid site on
the histone is methylated and to what degree is critical for its effect. While methylation of H3 at K4,
K36, and K79 is associated with active chromatin, H3 K9 and K27 are generally associated with
repressed chromatin. H4 K20 methylation is even ambiguous in its effect on gene expression
depending on context (93,94). Thereby, histone methylation greatly influences different stages of
transcription, thereby strongly influencing cell physiology and development (95,96).

1.3.3.1 The Methionine Cycle

While histone methylation is a well-known modification with extensively studied influence on
chromatin accessibility and gene expression, its link to metabolism and role as an indicator of metabolic
states of a cell or organism has only been studied more thoroughly in the last decade (93). Methylations
happen in all cell compartments and histone methylation is a subclass of all methylation reactions,
sharing their common essential cofactor, SAM. Due to SAM’s involvement in numerous metabolic
pathways, likely, histone methylation is tightly connected to a system’s metabolic state.

All histone methylases use SAM as a cofactor. SAM is produced and regulated by the one-carbon
metabolic pathway, which uses nutrients as substrates (Figure 7). Therefore, in cells, SAM levels are
influenced by dietary intake or other means of nutrient availability. SAM generation from methionine
and ATP is conserved across all species and catalyzed by methionine adenosyltransferase enzymes
(MATSs) (97). In Drosophila, only one MAT exists, called S-Adenosyl methionine synthetase (SAM-S)
(98). HMT but also other methylation transferases use SAM as the donor for the activated methyl
group. During this, SAM is hydrolyzed, yielding the methylated species and SAH.
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Figure 7 Scheme of methionine cycle in Drosopbhila

Methionine is mainly supplied by the degradation of methionine-containing proteins in Drosgphila. S-adenosyl methionine
(SAM) is catalyzed by SAM-S (S-Adenosyl methionine synthetase) from Adenosine triphosphate (ATP) and Methionine
(Met). SAM is a Cofactor and methyl donor for Methyltransferases. Methyltransferase reactions yield a methylated species
and S-Adenosyl homocysteine (SAH). SAH is degraded by Adenosyl homocysteine lyase (AHCY) into adenosine and
Homocysteine (H-Cy). H-Cy might be recycled by a methionine synthase in Drosophila to generate methionine. Figure
created with biorender.com

SAH is an inhibitor of the methylation reaction. It binds to the SAM binding pockets of MTases with
similar affinity as SAM, creating a negative feedback loop. Due to this competition, the SAM/SAH
ratio is considered an indicator of the methylation capacity of an environment or cell (99,100). SAH is
removed from the cycle by being converted to homocysteine and adenosine by the enzyme
Adenosylhomocysteinase (AHCY), this reaction requires NAD (101,102). In some species, methionine
can be recycled from SAH. Other species lack these pathways. In Drosgphila, these pathways are so far
under investigated, revealing potential candidates by homology but not any definitive proof that these
pathways exist in the species (103,104).

Intracellular concentrations of SAM are estimated at around 10 uM but fluctuate greatly (10-100 fold)
under normal physiological conditions (77). Furthermore, a significant nuclear heterogeneity in
methylation capacity is expected due to increased local fluxes of SAH caused by methylations e.g.
DNA methylation at replication sites and co-transcriptional mRNA cap methylation (105-107).
Additionally, the prevalence of liquid-liquid phase separated, membrane-less compartments
contributes to heterogeneity in metabolite levels (75). AHCY is recruited to specific sites on chromatin,
potentially to regulate SAH levels and thereby sustain methylation efficiency but still lacks mechanistic
ot protein-protein interaction-based insights (108-110).
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2 Aims of this Study

General Aim: Challenging chromatin assembly in vitro to investigate chromatin
structure and function.

Sub Aims:

G.1 Dissection of the impact of changes in the molecular environment on the different levels of
chromatin assembly in the preblastoderm Drosophila embryo extract (DREX) system.

G.2 Investigation of the effect on chromatin structure and function on multiple levels using mass
spectrometry, including the incorporation of nucleosomes, chromatin-bound proteome,
histone modification, and metabolite concentrations and dynamics.

G.3 Establishment and benchmarking of new methods and protocols necessary for the further
characterization of the extract and observation of the changes caused by the challenges.

G.4 Establishment of in vivo controls to further validate in vitro data.

Specific Aim Project 1 (Chromatin assembly and protein binding):

Challenging protein binding dynamics during chromatin assembly with a small molecule
DNA mimic.

Sub Aims:

1.1. Investigation of the potential of foldamers to interfere with chromatin-bound proteome in
vitro using DREX extract.

1.2. Identification of specific proteins affected by foldamer treatment in vitro.

1.3. Identification of foldamer interactome in the complex in vitro.

1.4. Validation of effect of foldamer on chromatin-bound proteome by in vivo study using
subcellular fractionation.

1.5. Investigation of physiological implications of protein binding interference by foldamer via
flow cytometry-based cell cycle analysis in vivo.

Specific Aim Project 2 (Chromatin assembly and metabolism):
Investigation and challenging of metabolic coupling of histone 4 lysine 20
monomethylation (H4K20mel) during chromatin assembly in vitro

Sub Aims:

2.1. Determination of the DREX proteome.

2.2. Establishment of mass spectrometry-based metabolome analysis in DREX and determination
of DREX metabolome.

2.3. Identification of metabolic proteins present on assembled chromatin fibers in vitro.

2.4. Proof of metabolic activity in DREX extract using isotopic labeling and histone modification
analysis.

2.5. Identification of changes in histone modifications upon change in metabolite levels in DREX.

2.6. Identification of changes in chromatin-bound metabolic proteome upon changes in
metabolite levels in DREX.
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3 Project 1: Chromatin assembly and protein binding
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Figure 8 Graphical abstract of project 1
DNA mimic foldamers interfere with chromatin assembly and reveal insights into protein binding modes. Graphical
abstract from Kleene et al. (111) by permission of Oxford University Press.

“The use of synthetic chemicals to selectively interfere with chromatin and the chromatin-bound proteome
represents a great opportunity for pharmacological intervention. Recently, synthetic foldamers that mimic the
charge surface of double-stranded DNA have been shown to interfere with selected protein-DNA interactions.
Howewer, to better understand their pharmacological potential and to improve their specificity and selectivity,
the effect of these molecules on complex chromatin needs to be investigated. We therefore systematically studied
the influence of the DNA mimic foldamers on the chromatin-bound proteome using an in vitro chromatin
assembly extract. Our studies show that the foldamer efficiently interferes with the chromatin association of the
origin recognition complex in vitro and in vivo, which leads to a disturbance of the cell cycle in cells treated with
foldamers (Figure 8). This effect is mediated by a strong direct interaction between the foldamers and the origin
recognition complex and results in a failure of the complex to organize chromatin around replication origins.
Foldamers that mimic double-stranded nucleic acids thus emerge as a powerful tool with designable features to
alter chromatin assembly and selectively interfere with biological mechanisms.”

- Direct citation of the Abstract of Kleene et al (111) that is based on the findings described in this chapter
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3.2 Results

3.2.1 Foldamer interferes with in vitro chromatin-bound proteome

We aimed to investigate whether the foldamer can interfere with chromatin formation using the in
vitro DREX-mediated chromatin assembly. First, we tested whether the addition of foldamer
interferes with the generation of nucleosomal ladders, which indicates the integration of histones and
regular spacing of nucleosomes during the DREX chromatin assembly reaction. As visible in the
Agarose gel of Mnase-digested chromatin, we detected mostly no change in array formation upon
foldamer presence (Figure 9). Only for high foldamer concentrations, we observed a slight reduction
in array regularity. Based on the findings we assumed that general aspects of chromatin assembly were
not disturbed by foldamer, allowing us to proceed to look at potential changes on the assembling
chromatin fiber in more detail.

[oldamet _—--

Mnase digest
time [sec] 30 60 120 30 60 120 30 60 120 30 60 120 30 60 120

4n
3n

2n

1n
foldamer

Figure 9 In vitro chromatin assemblies in the presence of foldamer

Agarose gel of Mnase digested chromatin assemblies in the absence of foldamer or the presence of one, two, four, or eight
equivalents of foldamer compared to DNA. Labeling reflects a nucleosomal ladder containing a regular array of
nucleosomes (1n/2n/3n/4n...) as well as a band of residual free foldamer.

Next, we wanted to look at the process in more detail, leveraging our ability to quantify the chromatin-
bound proteome using mass spectrometry. Therefore, we investigated whether increasing
concentrations of foldamer would differentially interfere with the proteome associated with the fiber
during in vitro chromatin assembly. Hence, we incubated linearized and immobilized DNA with a
chromatin assembly extract made from early Drosophila embryos in the absence of or presence of
different concentrations of foldamer, ranging from a 1:1 to 1:8 ratio of DNA: free foldamer (Figure
10).
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Figure 10 Schematic diagram of experimental design for Drosophila embryo extract assisted
in vitro chromatin assembly.

Immobilized DNA on streptavidin beads, ATP generating system, and foldamer were added to DREX extract, incubated
for 4 h at 26 °C, and assembled chromatin was isolated, washed, and prepared for mass spectrometry measurement.
Modified from Kleene et al (111) by permission of Oxford University Press.

LC-MS proteome

To differentially assess the effect of foldamer on specific proteins, we first leveraged our ability to
identify and quantify the proteins bound to chromatin. After rigorous filtering, requiring at least 2 out
of 3 valid values for the LFQ protein intensities per condition (each DNA: foldamer ratio is one
condition), we observed 1993 proteins total. We then defined the 168 proteins significantly enriched
(FDR=0.05) on the isolated chromatin fiber over a beads-only control in the absence of foldamer
condition as “chromatin binders” (Figure 11 left). This is a novel approach, introducing a threshold
when most analyses before looked at the proteins bound to chromatin without a strict cutoff ((28) and
analysis of chromatin-bound proteome upon proteasomal inhibition (4.2.6) in this thesis). The
approach used here allowed us to reduce the complexity of the dataset and follow a discrete set of
proteins downstream, to identify the specific proteins majorly affected by foldamer.

After the definition of the “chromatin binder” protein set, we performed a chromatin assembly
experiment in DREX, where we could quantify the foldamers' effects on chromatin composition.
Here, we added increasing amounts of foldamer, ranging from a 1:1 to a 1:8 mass ratio of immobilized
DNA to foldamer to the standard DREX assembly reaction. Intensities of all proteins were normalized
to their intensities in the 1:1 DNA: foldamer ratio condition. We focused our analysis on the relevant
“chromatin binders” subset. By unsupervised clustering based on Pearson correlation, we identified 2
main clusters, separated by their susceptibility to the presence of foldamer (Figure 11, heatmap on the
right, Cluster 1 and Cluster 2).

Cluster 1 contains 33 proteins that were not affected in their chromatin binding in the presence of the
foldamer. Proteins found in this cluster include, as expected, the core histones, and a protein that can
substitute for the absent linker histone H1 in preblastoderm embryos in Drosophila, the HMG-D
protein (112,113). Additionally, the histone chaperone Caf-1 and all subunits of the MRN DNA
damage repair complex (mrell, rad50, and nbs (114)) and the complete heterotrimeric RPA complex
(RPA3/Rpal4, RPA2/Rpa32, and RPA1/RpA-70) remained stably bound to the chromatin fiber,
independent of foldamer concentration. Intriguingly, two major Drosophila topoisomerases (Top3a and
Top2) were also identified to be unaffected in their chromatin binding behavior by the addition of
foldamer. The protein intensities for Topl suggest an inhibited binding of Topl. However, in our
dataset, Top1 does not appear in the cluster as it was not defined as a “chromatin binder” initially due
to abundant missing values and thereby eliminated by filtering. In conclusion, Cluster 1 demonstrates
that not all proteins are affected by foldamer at the concentrations tested in this assay.
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Cluster 2 contains the 136 proteins affected in their binding to chromatin in a foldamer-concentration-
dependent manner. The higher the concentration of foldamer, the lower the intensity of those proteins
on the chromatin fiber. To differentiate the effect further, we built sub-clusters via the Euclidian
method using unsupervised clustering. This yielded 2 distinct clusters, separating the proteins by the
intensity of the effect of foldamer on their binding. The Clusters contain either proteins that were
mildly (Cluster 2a) or strongly (Cluster 2b) affected by the increasing concentration of foldamer (Figure
11). The 113 proteins in Cluster 2a that were mildly affected by foldamer contain numerous known
chromatin-associated interactors, ranging from structural maintenance of chromosomes proteins,
including SMC1 and SMC2, to subunits of the condensin and cohesion complex and multiple other
specialized proteins involved in different forms of DNA repair (35,115). Intriguingly, the 23 proteins
found in Cluster 2b, strongly affected by foldamer, included transcription and DNA repair factors,
several subunits of the Sin3a transcriptional repressor complex, and, importantly, all subunits of the
ORC.
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Figure 11 “Chromatin binders” and their susceptibility to interference in binding by foldamer
(Left) Volcano plot for proteins on biotinylated DNA against beads only control after 4 h incubation in DREX extract in
the absence of foldamer 1. Proteins significantly enriched on DNA over beads were defined as “chromatin binders” in the
assay. N=3 FDR=0.05. (Right) Heatmap of proteins binding to DNA fiber during chromatin assembly (rows) against their
mean intensities at different concentrations of free foldamer present (columns). Unbiased Pearson clustering results in 2
groups: proteins whose binding is not interfered with by foldamer 1: “No interference (Cluster1)” (blue) and interfered by
foldamer 1 “Interference (Cluster2)”. Subsequent Euclidian clustering separates Cluster 2 into Cluster 2a “weak
interference” (dark purple) and Cluster 2b “strong interference” (pink).” The DNA: foldamer 1 weight ratio ranged from
1:1 to 1:8. N=3. Modified from Kleene et al (111) by permission of Oxford University Press. Data based on Datasets 2
and 3.

While the foldamer mimics double-stranded DNA, we also wanted to investigate the difference in
interference potential between the two molecules, foldamer, and DNA, in a complex biological setting.
To compare the effects, we performed the same assembly reactions while using a 16bp control DNA
as a free competitor instead of a foldamer. We found no effect on chromatin binding for all proteins
when the 16bp control DNA is used as a competitor to chromatin binding. The difference in the
foldamer effect is most striking for those proteins being strongly affected by the foldamer, like the
ORC complex (Figure 12).
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Figure 12 Susceptibility to interference in the binding of ORC1-5 proteins to foldamer or DNA

control

Boxplot of chromatin binding of proteins belonging to the origin recognition complex ORC 1-5, all located in Cluster 2b
“strong interference”. Titration of chromatin binding using the competitor's foldamer 1 (dark green) or free 16 bp DNA
control (lime green). Each box consists of the N=3 technical replicates of all 5 proteins. Modified from Kleene et al (111)
by permission of Oxford University Press. Data based on Dataset 3.

To sum it up, we tested the sensitivity of the chromatin-bound proteome to foldamer during assembly
in the DREX system. Here, we identified differential effects on the proteins that can be clustered
according to their susceptibility to foldamer interference. Additionally, we report a control experiment
showing that a double-stranded DNA control of similar length does not affect protein binding as
observed for the foldamer. Overall, this allows for interesting insights into the protein binding modes
to chromatin during assembly in a complex system by an initial categorization and characterization of
proteins based on their sensitivity to foldamer.

3.2.2 The foldamer interactome

To identify the proteins and proteins complexes binding to the foldamer in complex mixtures, we
performed a pull-down with biotinylated foldamer immobilized on magnetic beads in DREX and
analyzed the bound proteins using LC-MS (Figure 13 A). We revealed 640 significant proteins binding
to the biotinylated foldamer when compared to a background control of a beads-only pulldown (Figure
13 B). This number is higher than the amount of different proteins enriched on immobilized DNA in
our previous experiment (Figure 11).
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Figure 13 Foldamer interactome experiment

(A) Schematic diagram of the experimental flow of foldamer pulldown from preblastoderm Drosophila embryo extract
(DREX). (B) Volcano plot for Pulldown of proteins with 1 pg biotinylated foldamer from DREX. N=3 FDR=0.05.
Modified from Kleene et al (111) by permission of Oxford University Press. Data based on Dataset 4.

To characterize our set of foldamer-bound proteins, we performed network as well as GO term
analysis. First, network analysis was executed using the String Plugin in the Cytoscape software with
the following settings for easier visualization: only experimental evidence as input for interaction
analysis, only protein links with the highest confidence interaction score of at least 0.9 and filtering out
of all proteins with no interaction. (Figure 14 A). The obtained subset of the foldamer interactome
included rRNA-associated complexes and processes, comprised of proteins from the ribosome
complex itself to proteins involved in rfRNA processing. Furthermore, we detected numerous proteins
associated with mRNA, including the spliceosome and other networks of proteins involved in mRNA
splicing and mRNA surveillance. Finally, we found many proteins involved DNA associated processes.
Here, topoisomerase 1 and the entite ORC complex are among the specific binders. Additionally,
proteins of transcription regulation, including the basal transcription machinery as well as transcription
factors containing Zn-finger domains and replication factors are among the interactors.
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Figure 14 Foldamer interactome analysis
(A) Cytoscape network plot after string analysis (only experimental links, highest confidence interaction score 0.9) for
proteins binding to biotinylated foldamer in DREX. (B) Top 8 GO Terms by p-value for all 640 proteins specifically

binding to biotinylated foldamer in DREX. Modified from Kleene et al (111) by permission of Oxford University Press.
Data based on Dataset 4.

Next, the GO term analysis of all foldamer binders against a whole genome Drosophila background was
performed with R Studio using the Cluster profiler package. Enriched GO terms were corrected for
semantic redundancy using the integrated algorithm with a cutoff of 0.6. Finally, only the top eight
GO terms were plotted here with corresponding p-adjusted values (Figure 14 B). This analysis also
showed a significant GO term enrichment of processes involving RNA and DNA molecules. Overall,
we were able to conclude that the foldamer interactome contains a lot of proteins and protein
complexes that bind or are associated with nucleic acids.

3.2.3 The protein subset competed off chromatin fiber by binding to
foldamers includes ORC

Having investigated the binding of proteins to foldamer as well as foldamer interference with the
binding of proteins to chromatin, we were interested in the overlap of these two sets of proteins (Figure
15). The identified set contained 15 proteins which interference with binding to the chromatin is
potentially mediated by binding of the proteins to foldamer.

The proteins in the overlap set were primarily involved in transcriptional regulation, DNA repair, and
replication. They include the members of the Sin3a histone deacetylase complex that is involved in
response to cell stress (116) and haywire/TFIIIH and mtn, two proteins involved in DNA repair
pathways (117,118). Importantly, all subunits of the ORC were present in the subset.
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Figure 15 Subsetting for chromatin proteins affected by foldamer

Venn diagram of proteins in the overlap of Foldamer binders set and strong interference Cluster 2b with a box depicting
Cytoscape network plot after string analysis (only experimental links, highest confidence interaction score 0.9) for proteins
in subset defined by overlap. Modified from Kleene et al (111) by permission of Oxford University Press. Data based on
Datasets 3 and 4.

3.2.4 Foldamers also disturb the chromatin-bound proteome in
Drosophila S2 cells

The promising results for the effect of foldamers across different setups in vitro prompted us to extend
our tests to Drosophila cells to validate and thereby expand the results in vivo. Not only had we shown
the interference of foldamer with chromatin binding for a specific subgroup, but also confirmed the
disturbance of Orc function in an in vitro remodeling assay in collaboration with Erica Chacin and
Christoph Kurat (111). For our first vivo experiments, to validate the displacement of defined clusters
of proteins from chromatin upon foldamer treatment, S2 Drosophila cells were treated with 10 uM
foldamer in the medium for 48h to confirm the differential effect on distinct clusters of chromatin
binding proteins. After harvest, the cells were subjected to subcellular fractionation, using the
Subcellular Protein Fractionation Kit for Cultured Cells (Thermo), resulting in 6 fractions as depicted
in Figure 16. We observed that all fractions collected appeared yellow in color, indicating that foldamer
(vellow) reached all fractions. All fraction samples were prepared using the Preomics IST kit and then
subjected to proteomic measurement and analysis, allowing us to follow protein distribution over
fractions upon treatment.
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Figure 16 Subcellular fractionation experiment
Schematic diagram of the experimental flow of subcellular fractionation experiment. Modified from Kleene et al (111) by
permission of Oxford University Press.

To assess general changes in protein distribution across subcellular fractions by foldamer treatment,
the intensities of proteins across all fractions were determined via LC-MS and analyzed. First, we
filtered the data to select only proteins with at least 2/3 valid values in at least one fraction across both
conditions (treated or untreated) before standard imputation. The subsequent normalization of each
protein intensity to the overall mean protein intensity in the condition (control/foldamer) allowed us
to compare protein distribution across fractions upon foldamer treatment (Figure 17). We observed
no drastic overall change. However, we detected an upshift trend in total protein intensities of the
cytoplasmic fraction (CE) as well as of the final pellet (FP) and a slight downshift in the other fractions,
most strongly in the chromatin-bound fraction (CBE).
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Figure 17 Protein distribution in all subcellular fractions

Violin plot of mean protein intensities in the subcellular fractions in control and upon treatment with 10 uM foldamer 1.
Number of proteins = 3765. N=3. Modified from Kleene et al (111) by permission of Oxford University Press. Data based
on Dataset 5.

To specifically address the impact of foldamer treatment on the chromatin-bound proteome (CBE
fraction) in vivo, we analyzed the changes in protein intensity for the same proteins we had defined as
chromatin binders before in vitro (3.2.1 Figure 11) and followed in the in vitro analysis. Not all proteins
detected in vitro could be detected with sufficient consistency across replicates in vivo and were
therefore not included in the analysis of the in vivo experiment. Filtering was performed to only keep
proteins with 2/3 valid values in at least one condition (control/foldamer) in the chromatin-bound
fraction (CBE) to prevent false confidence by imputation. We then grouped the “chromatin binding”
proteins according to their clustering in vitro. Next, we compared the shift in intensity of the proteins
of each predefined cluster in the fraction upon foldamer treatment (Figure 18 A). Cluster 1 proteins,
maintaining their chromatin binding upon foldamer treatment in vitro, did the same in vivo. Not only
looking at the delta mean of the whole cluster but also at single proteins in the cluster, this trend is
confirmed, e.g. by the histone proteins, where no significant change in protein intensity was measured
upon foldamer treatment in cells (Figure 18 B). Just as Cluster 1, so too Cluster 2a being mildly and
Cluster 2b being strongly affected by foldamer in vitro, showed the same susceptibility in vivo. Again,
looking at specific proteins, the members of the ORC complex confidently detected in vivo showed a
significant decrease in the chromatin-bound proteome upon treatment. Cluster 2b significantly
separated itself from the other clusters when comparing their change in mean between treated and
untreated samples (Figure 18 A). This validates that the cluster assignments of the proteins we yielded
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from our in vitro analysis also categorize the chromatin binding proteins’ susceptibility to foldamer
well in vivo. Altogether, we were able to confirm and validate the cluster-specific effect of foldamer
treatment on chromatin-binding proteins in vivo.
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Figure 18 Change in protein intensities of chromatin binders in a chromatin-bound fraction
(A) Violin plot of means of protein intensities in chromatin-bound fraction (CBE) of the proteins appearing in clusters
1,2a, and 2b as defined by their sensitivity to foldamer in vitro. Cross marks indicate the mean value. Statistics describe the
comparison of the mean differences of all proteins in each group with N=3 replicates *= p <0.05, lway ANOVA + Tukey’s
test. (B) Bar graph of foldamer effect on protein intensity of selected proteins in chromatin-bound Fraction (CBE).
Statistics describe the comparison of normalized mean LFQs upon foldamer treatment in comparison to control N=3
replicates **= p<0.01, ¥**=p<0.001, t-test. Modified from Kleene et al (111) by permission of Oxford University Press.
Data based on Dataset 5.

3.2.5 Foldamer treatment interferes with cell cycle progression in
Drosophila S2 cells

Next, we wanted to investigate whether foldamer has an impact on cell cycle progression. Before, we
had already shown that Orc binding to chromatin as well as its function of setting up regular
nucleosomal arrays is interfered with by foldamer treatment in vitro (111). The Orc complex is essential
for successful replication and thereby cell cycle progression. Hence, we tested whether foldamer would
interfere with cell cycle progression in vivo.

For this in vivo study, we treated Drosophila S2 cells with different concentrations of foldamer in
medium (0, 0.01 uM, 0.1 uM, 1 uM, 10 uM) for 4 h, 24 h, or 48 h (Figure 19 A). We subsequently
performed Flow Cytometry after propidium iodide staining to identify the cell cycle stages in the
population of living cells in a time and concentration-dependent manner (Figure 19 B). Through
quantification of the populations by further gating, we determined the percentage of cells in the S-
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Phase (Figure 19 C). Interestingly, upon treatment with 10 uM foldamer, the proportion of cells in the
S-Phase increased to 15% compared to 10% in the untreated control after 24h. For longer incubation,
we saw an even more drastic and significant increase to 33% of cells in the S-Phase (11% in untreated
control). A similar but weaker trend was observed for treatment with 1 uM foldamer. Altogether, we
were able to successfully show a cell cycle physiological response to foldamer treatment in cells.
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Figure 19 Effect of foldamer treatment on cell cycle progression

(A) Schematic diagram of the experimental flow of cell cycle analysis experiments. (B) Representative cell cycle profiles
determined by flow cytometry with PI stain. Time points: 4 h, 24 h, and 48 h of treatment and Foldamer concentrations:
0 (control), 0.01 uM, 0.1 uM, 1 uM, 10 uM of foldamer 1 in medium, (C) Bar graph representing the percentage of cells in
S-Phase after foldamer treatment with indicated concentration after the indicated time. Error bars represent standard
deviation, N=3 replicates***= p <0.001 against all other values in the group, lway ANOVA + Tukey’s test. Modified from

Kleene et al (111) by permission of Oxford University Press. Flow cytometry measurement, gating, quantification, and cell
eycle profile visualization by Pardis Khosravani, Flow Cytometry Core Facility.
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To sum it up, in this project we were able to show that foldamers can interfere with the complex
chromatin composition in vitro and in vivo in a specific, differential, and concentration-dependent
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manner. The DNA mimic foldamer that mimics the shape, but not the sequence of double-stranded
nucleic acids, allowed us to investigate the binding modes of proteins to chromatin and revealed
potential for interference with basic processes resulting in physiological changes. Not only do we show
the differential disturbance protein of binding to chromatin in a complex in vitro assay, but we also
present a comprehensive foldamer interactome confirming the oligomer's affinity to double nucleic
acid binders. Furthermore, we show that the foldamers’ interference with specific proteins translates
to in vivo experiments in Drosophila S2 cells. This beautifully resulted in cell cycle disturbance. Overall,
the synthetic mimic’s potential was thoroughly investigated and analyzed using a myriad of techniques,
yielding promising results that allow for exciting conclusions in this proof-of-concept and future-
directing study.
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3.3 Discussion

This project allowed us to explore the impact of a synthetic mimic of a small biological molecule,
foldamer, on the chromatin proteome. Studies on in vitro assembled chromatin were followed up by
cell culture experiments to validate the data in vivo and thereby increase the scope of the findings. This
provided novel clues towards the description and understanding of basic principles of chromatin
binding of proteins and data on the physiological in vivo impact of foldamers as well as new indications
for the potential to pharmaceutically leverage the synthetic mimic in the future.

3.3.1 The interactome supports and extends insights into foldamer-
mimicking capabilities

Our identification of the foldamer interactome in DREX confirmed and expanded our knowledge of
the foldamer as a double-stranded nucleic acid mimic. To investigate which proteins interact with the
molecule we immobilized a biotinylated (covalent functionalization) foldamer on streptavidin beads
and performed a pulldown from DREX, which was subsequently analyzed by LLC-MS, revealing a
diverse interactome of 640 proteins. Not all proteins were bound directly to foldamer but were also
sometimes indirectly bound by protein-protein interaction to direct foldamer interactors, e.g. in
complexes.

The foldamer was conceived as a DNA mimic. Indeed, we find many DNA-binding proteins and
proteins involved in DNA processes in the foldamer interactome, attesting that many proteins
recognize and bind the mimic as DNA. Interestingly, we detected more proteins as interactors than
for a comparable interactome for a longer DNA molecule. Chromatin structure in eukaryotes has
evolved to limit and fine-tune interaction between proteins and DNA (119). This finding attests to the
hypothesis of the protective and regulating role of chromatin structure for the polyanionic DNA.
Foldamers, putatively because of their very short length, cannot assemble into such structures, making
them a more promiscuous binder. Ultimately, when synthesis allows, it would be interesting to
investigate the ability of longer foldamer polymers to assemble chromatin-like structures. The 16bp
length of the foldamer seems to have been sufficient to attract many transcription factors, which is per
literature estimating the DNA sequence recognized and bound by transcription factors to mostly 5-20
base pairs (120,121). Overall, the function of foldamer as a DNA mimic was confirmed in a complex
biological context.

Additionally, we also detect a variety of RNA binding proteins and proteins involved in RNA processes
in the foldamer interactome. In our foldamer pulldown, we find a plethora of spliceosomal and
ribosomal factors and other proteins with RNA binding domains Due to the high prevalence of such
molecules in the set, we hypothesize that foldamer, despite its conception as a DNA mimic, also
resembles short stretches double-stranded RNA as present e.g. in mRNA stem-loops.

Interestingly, we find Zn-finger proteins among the foldamer interactors. Zn-finger proteins are
known to bind DNA (and other nucleic acids) mostly via a sequence-specific interaction (122).
Nevertheless, the foldamer does not have sequence-specific features that should be recognized by the
motif. This undermines that even sequence-selective DNA binding proteins have a contribution to
confer some of their binding affinity by recognition of and affinity to the framework the sequence
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always comes packaged in the general structure comprised of the anionic double helix spaced in a
certain range as mimicked by foldamer.

No quantifiable interaction studies were performed in this project, making it impossible to directly
quantify the contributions of certain protein motifs or sites to binding or compare the binding strength
or rates between different proteins. However, this is feasible in a follow-up study e.g. by using already
available GFP tagged foldamer(s) and tagged proteins for FRET studies (123).

To sum it up, the foldamer interactome revealed that the foldamer does not only resemble DNA, as
conceived but also interacts with RNA binding proteins. Since the foldamer is designed to expose the
same electrostatic charge surface as DNA, a double helix with an anionic backbone, this finding is not
entirely surprising. The molecule seems to be promiscuous enough to be recognized by binders of
both nucleic acids, DNA, and RNA. Based on our data, we believe the foldamer is not only a DNA
mimic but a double-stranded nucleic acid mimic.

3.3.2 Foldamer does not disturb basic processes like nucleosomal
integration spacing during chromatin assembly in vitro

We showed that up to the ratio of 1:8 DNA: foldamer, the formation of regularly spaced nucleosomal
arrays on DNA is not interfered with by foldamer in our DREX assembly as visualized on an agarose
gel of the Mnase digested chromatin (Figure 9). Chromatin structure is not affected on this
macroscopic level in vitro, meaning that foldamer does not impede general aspects of chromatin
assembly including histone integration and nucleosome spacing. The observation that at higher
foldamer concentration (1:8 ratio), the nucleosome spacing is fuzzier might reflect a change in protein
composition on the fiber that we showed in the following more in-depth proteomic analysis (Figure
11).

3.3.3 A subset of proteins remains unaffected by foldamer in their binding
to chromatin in vitro due to their binding mode

Proteins whose binding to chromatin during assembly was unaffected by foldamer are very stable
chromatin binders that associate with the DNA directly or indirectly very strongly or multivalently.
The influence of foldamer is not enough to disrupt either their initial binding during chromatin
assembly, foldamer is added to DREX extract at the same time as DNA, nor to displace the proteins
after they have bound.

Among the proteins in this cluster were the histones, known for their high affinity and multivalent
affinity to DNA. Due to their large contact surface with DNA, it is not surprising that the very short
foldamer is not able to compete with the much longer polymer, especially once binding is established
and DNA occupies the possible binding areas.

We additionally find other DNA binders like Caf-1 unaffected. Caf-1’s binding to chromatin is
mediated indirectly by PCNA as well as directly through an alpha helix-like domain and a winged helix
domain (124,125). From the foldamer interactome, we know Caf-1 does not bind foldamer. While
PCNA did not crystallize out as a “chromatin binder” in this dataset, it has reliably been shown as a
chromatin binder in other DREX chromatin assembly datasets (28,35). Hence, a stabilization of
binding through PCNA is likely, a protein-protein interaction that would not be disturbed by the
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“distraction” of one of the proteins’ binding sites by foldamer. The alpha-helix-like domain mediates
sequence-specific DNA binding and should therefore not bind to foldamer. Interestingly, the winged
helix domain, which is also present in Caf-1, is a general, sequence-independent nucleic acid binding
domain known to also bind stem-loops in mRNA (126,127). Thereby this domain is theoretically
susceptible to foldamer binding. Overall, Caf-1 does not seem to have binding sites that stably bind
foldamer or if any of the sites binds it is too unstable to allow for a pulldown and its overall
contribution to binding to chromatin is too small to change behavior when interrupted e.g. by
foldamer.

The diversity and redundancy of binding sites might protect proteins from interference even if one of
them is theoretically able to bind foldamer. This also introduces the difficulty of dissecting the
influence of each factor in the multimediated binding of proteins to DNA/chromatin and generally
the challenge to disentangle the complexity of any biological system, even if simplified, from
experimental observations. It does however underpin the value of observing proteins in a more
complex environment to include contributions of bridging and stabilizing proteins into binding events.

Among the unaffected proteins, we also discover the whole MRN DNA repair complex and RPA
complex. The presence of these repair proteins makes sense as DREX assembly works with a linearized
plasmid, thus mimicking a double-strand break to the system. The recruitment of repair factors and
DREX assembly as a great model system to investigate DNA repair mechanisms has been reported
before (35). In addition to this finding, we observe the detection of and resistance to foldamer of all
these complexes as a whole, including all proteins. This might point towards the protein-protein
interaction, as expected, not being disturbed by foldamer and the “DNA binding” interaction site(s)
of the complexes protected, strong/multivalent, or not attracted to foldamer. An especially interesting
observation in this context is that the RPA complex, involved in all types of DNA repair and with an
affinity specifically for single-stranded DNA, is not affected in its binding (128-133). It is intriguing to
think that because foldamer mimics a double helix, not a singular strand, RPA would not bind it and
thereby not be competed off DNA.

Overall, after considering the proteins in cluster 1, unaffected by foldamer in their DNA/chromatin
binding, we find that 4 main phenomena protect proteins from being displaced from DNA: First,
proteins associated with DNA by binding through protein-protein interaction e.g. in a complex to a
DNA binder that is not displaced are protected. For higher foldamer, concentrations crowding effects
that influence complex stability and formation are thinkable. Secondly, proteins that bind to DNA
over a very large surface and multivalence, like histones, are not affected because the short foldamer
cannot compete for the accumulated binding affinity. Additionally, it is likely that even if foldamer
were to be produced in sufficient length to wrap a nucleosome it might be too stiff to do so and nestle
in all the binding pockets. This remains to be tested once a foldamer of 146bp equivalent length is
attainable. Thirdly, any DNA binders that bind DNA features that are not at all mimicked by the
foldamer seem to be protected from its interference. While sequence specificity does not seem to be
enough, affinity to single-strandedness seems to be an exclusive enough feature. Finally, we see that
multiple diverse binding sites are used to stabilize the binding of certain proteins, like Caf-1, to
chromatin. Only interfering with one or not all can be insufficient to disrupt the binding. To sum it
up, we observe that certain proteins are not affected in their binding to chromatin, putatively because
of stronger overall affinity to DNA than to foldamer in their DNA binding domains or because their
binding is (partially) mediated or stabilized by foldamer-resistant protein-protein interactions.
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3.3.4 Proteins are differentially disrupted in their binding to chromatin by
foldamer in vitro, depending on their binding mode to
DNA/chromatin

In our interference experiments, we investigated the effect of foldamer presence on the chromatin
binding of proteins. We observed that foldamer differentially affects proteins where some remain
unaffected (3.3.3) while others change their chromatin binding. Within those disrupted, we find 2
differential clusters of proteins; either mild (Cluster2a) or strong (Cluster 2b) displacement from the
chromatin fiber in a foldamer-concentration-dependent manner compared to the control.
Furthermore, we correlated the interference dataset with the foldamer interactome, allowing us to gain
additional insights into the different modes in which protein binding is disrupted.

3.3.4.1 The strength of disruption in binding depends on proteins’ chromatin binding
mode

On the one hand, the proteins of cluster 2a are mildly affected by foldamer in a concentration-
dependent manner, binding less to chromatin when more foldamer is present. These proteins include
several factors involved in the structural maintenance of chromosomes and DNA repair proteins. For
these factors, part of their association with chromatin is likely mediated by sequence-independent
DNA-protein. However, the binding is also stabilized by another mediator that is not affected by the
foldamer that structurally resembles a double-stranded nucleic acid but carries no sequence
information, e.g. a secondary sequence independent DNA-protein binding site or a protein-protein
binding-based anchor to chromatin.

Interestingly, among the mildly foldamer-sensitive proteins we find cohesion, which is indicated to
have a binding preference for supercoiled DNA, compared to linear DNA (134,135). The intriguing
question is whether the binding of cohesion to the immobilized DNA is simply weak and thereby
easier to disrupt by foldamer or if foldamer mimics the structure of a double DNA with increased
torsional stress. No data are available on this yet; a comparison of interactomes or binding assays with
next-generation foldamers with adjustments to mimic the small but significant changes in the
secondary structure of DNA upon supercoiling and relaxing might elucidate this question (136,137).

On the other hand, looking at cluster 2b, those proteins affected strongly in their binding to chromatin
by foldamer, we identify DNA repair factors, the Sin3a complex, and the whole origin recognition
complex (ORC). All proteins, or at least one subunit of each complex, in this cluster putatively rely
strongly on their recognition of the general shape of double-stranded DNA to mediate binding to
chromatin.

Additionally, the observation that the different topoisomerases have different sensitivities towards the
foldamer further supports previous findings of some structural specificity of the foldamer. Purified
Topl was shown to be inhibited by foldamer in vitro (67,73). In our more complex study, we faced
the limitation of many missing values for the protein and therefore an exclusion of analysis during
filtering. However, looking at the remaining values, we do observe a confirming trend of Top1 being
displaced from the chromatin fiber in a foldamer concentration-dependent manner also in our more
complex setup. This serves as a valuable reminder that some proteins, especially when displacement
from chromatin is highly efficient, might not have been reported here due to missing values for their
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abundance on the chromatin fiber in the presence of high amounts of foldamer. Simplifying the dataset
means accepting the tradeoff that some candidates or information might be missed. In the future, an
additional analysis, identifying proteins with the exclusivity of data e.g. only in control might help
include those candidates in the analysis (138).

3.3.4.2 Correlation of foldamer interactome and interference strength reveals
insights into foldamer binding mechanisms

Finally, correlating the interference sensitivity and foldamer binding capacity of proteins allowed us to
derive a conclusion of how proteins recognize and bind DNA and chromatin, or associate with them
indirectly. Combining our data from the interactome and interference study, we identified 3 different
modes in which foldamer can illicit disruption in binding:

First, we look at proteins whose binding is strongly interfered with by foldamer and that we identify
as foldamer-interactors in our pull-down (Figure 15). This group contains proteins of the Orc complex
as well as other proteins involved in DNA repair (117,118) and cell stress (116) response pathways. In
this group, proteins are putatively disturbed directly in their interaction with the chromatin fiber by
competitive binding to foldamer.

Second, we look at the subset of proteins that bind to foldamer but did not qualify as chromatin
binders in our assay or are not disrupted in their binding to chromatin by foldamer. This phenomenon
can appear because the protein was associating with foldamer in the pulldown as part of a complex,
not binding foldamer directly but through protein-protein interaction to a foldamer binding protein,
which might not associate with DNA but e.g. RNA. On the other hand, this difference might be due
to the protection of DNA from unspecific interactions by chromatin structure that foldamer is lacking,
thereby rendering it a more promiscuous binder. To sum it up, these proteins most likely bind to other
nucleic-acid-binding proteins, are RNA binders or less specific DNA binders.

Third, we identified proteins that are interfered with in their binding to chromatin when foldamer is
present but do not appear foldamer in our pulldowns. This group curiously has to be indirectly
interfered with. Most likely, the inability to bind is due to an essential bridging interactor or activator
not binding anymore, thereby interrupting recruitment to the fiber.

To sum it up, we discovered that foldamer disrupts the binding of proteins to chromatin in a
concentration-dependent manner but in varying strength and manner, depending on how the protein
associates with the chromatin fiber. Sequence-independent binding is competed with foldamer most
efficiently and putatively directly by competition, as foldamer is a mimic of the general shape of DNA
but without sequence information. However, even sequence-dependent binding is interfered with,
suggesting that for sequence-specific binding, recognition and binding of the framework — the nucleic
acid helix- contributes to the binding. Otherwise, foldamer would not be able to bind to and interfere
with proteins that mediate their binding to DNA in such a manner. We also observe that some proteins
that do not have any nucleic acid recognition sites can be affected indirectly. Ultimately, these
interference and binding assays with foldamer emphasize the importance of studying the effects of
foldamer not only with isolated proteins but also in the context of a complex chromatin environment.
This allows one to be able to also include physiologically highly relevant processes like indirect effects
including inhibitor/activator displacement or loss of binding because a whole complex is displaced.
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3.3.5 S2 cells allow for functional in vivo experiments with foldamer

This project offers the first results of the effect of foldamer on cells without the need to use
transfection agents or other transfection methods like electroporation. Due to their polyanionic nature,
foldamers had before been characterized to have difficulties readily entering human cells (67). Using
Drosophila S2 cells instead of human cells, we were able to overcome this limitation and observe the
foldamer’s effects as it was absorbed by the cells even without the addition of a carrier. We deduce the
uptake from the visual observation of the characteristic yellow coloring of foldamer in all fractions
during subcellular fractionation. This uptake was anticipated due to the known characteristic of
Drosophila S2 cells to allow the uptake of polyanions (139).

For in vivo experiments, higher amounts of foldamers in the milligram range were necessary thereby
putting a high production load on the chemists producing the foldamer. However, advancements in
the different fields’ steps and methods involved in these studies might allow for streamlining of the
experiments. Firstly, the establishment of a solid phase synthesis of foldamers now allows for an easier
upscaling of the reaction (140). Secondly, Drosophila cell culture as well as subcellular fractionation
protocols could be implemented, optimized, and adapted to pipetting platforms, thereby allowing
smaller volumes. The main challenges here would be separating pellet and supernatant cleanly and
reliably in small volumes in both protocols. Thirdly, while the required amount for cell cycle analysis
via Flow Cytometry is somewhat set (141), constant improvements low volume sample preparation as
well as in sensitivity in mass spectrometry already allow for a significant reduction in input with the
development towards even lower input requirements (142).

Overall, this study is the first report of an assay to study the effect of foldamer on whole cells while
eliminating the confounding feature of transfection. The results obtained here can be viewed as
exclusively caused by foldamer and thereby form an exceptional basis for mechanistic elucidation

3.3.6 In vivo study reveals transferability of in vitro results, validating
foldamer-sensitivity-based protein clusters

To validate the transfer of the in vitro findings to an in vivo setting, we treated Drosgphila S2 cells with
foldamer for 48h to subsequently fractionate the cells and investigate the impact of protein distribution
overall but also the changes in the chromatin-bound proteome upon treatment specifically.

Looking at all fractions, we observe that the overall protein intensity distribution remains generally the
same (Figure 17), allowing us to proceed with a more in-depth analysis of the fractions of interest. We
observed an overall decrease in protein intensity in the chromatin-bound fraction; this is per the in
vitro data. The fractionation showed not only a validation of the clusters of proteins according to their
response to foldamer in vitro but also that the proteins are similarly affected in cells.

Furthermore, our results in vivo suggest an aggregation of foldamer with certain factors. In our
subcellular fractionation (Figure 17), we observe an overall downshift for all fractions except for the
cytoplasmic and final pellet fraction. The increase of protein in the cytoplasm points towards an effect
of foldamer on protein homeostasis in the cytoplasm but was not investigated further here. The
accumulation of proteins in the final pellet points towards aggregation of proteins. This also fits with
our practical observation of increased turbidity noticeable by the eye in any protein-containing solution
when higher amounts of protein were added. We hypothesize that some proteins become more
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aggregation-prone in the presence of foldamer. With its double helical structure, it might mimic
double-stranded stretches (hairpins) of RNA, implicated in phase separation and aggregate formation
(143-1406). To avoid unspecific crowding issues in this project, only foldamer concentrations were used
which resulted in a linear effect on the observed proteins.

Overall, the fractionation of foldamer-treated cells shows that the observations made in vitro also hold
up in vivo, confirming the DREX assay as an excellent fusion between simplicity of handling and
biological complexity generating biologically relevant insights that provide good predictions for in vivo
outcomes.

3.3.7 In vivo cell cycle experiments reveal the physiological impact of
foldamer

We wanted to not only show the molecular effect of foldamer in cells but also investigate its
physiological relevance and impact. Therefore, we performed cell cycle stage analysis via flow
cytometry with cells after 4h, 24h, and 48h of treatment with different foldamer concentrations. Here,
we report a concentration- and time-dependent effect of foldamer on cell cycle progression.

This interference with the cell cycle is putatively caused by direct interference with proteins binding to
chromatin. Nevertheless, other pathways in which foldamer could affect cell functions, like immune
response (147) or disturbance of compartmentalization (148), that have so far not been investigated
might also contribute to the effect observed. However, we not only observed a change in chromatin
binding for ORC but also showed interference with its function of setting up chromatin structure in
collaboration with the Kurat lab (111). S-Phase arrest to a similar extent to what we report has been
observed before when this ORC function is impaired (23), hinting that the physiological effect
observed indeed is caused by the mechanism of ORC depletion from chromatin and thereby
impairment of function.

We observe the accumulation of cells in the S-Phase over time, most significantly for high foldamer
concentrations. Since foldamer is protease- and nuclease-resistant, the clearance of the small mimic is
putatively not possible for the cells. To establish foldamer as a clinical agent, further investigation and
optimization would be necessary. This includes the study of in-cell off-target effects, potentially with
interactomes of foldamer from isolated, different fractions or cellular localization studies (3.3.9).
Additionally, better targeting and higher specificity for interference with specific proteins realized by
chemical adjustments to foldamer structure are thinkable (3.3.9). Overall, the experiments performed
here give a first, valuable insight into what is physiologically possible should these limitations be
overcome.

3.3.8 The difference between foldamers and DNA in interference assays

In our experiments, we find that DNA of a similar length is not able to cause interference with
chromatin structure and function in the DREX chromatin assembly assay as the foldamer does (Figure
12). This can be explained in 2 ways: Firstly, the Huc group has shown that for some applications and
contexts, foldamer can bind stronger to certain proteins than DNA itself (149). Secondly, the foldamer
is resistant to nucleases and proteases that in a complex proteomic environment, like an extract or
even a cell, would readily degrade DNA. This also results in great pharmacological potential by allowing
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the orthogonal compound to persevere and intervene in cells when similar DNA-based therapies
cannot overcome internal control mechanisms like DNA degradation.

3.3.9 Future perspectives and recommendations for foldamer design and
modifications

The beauty of synthetic mimics lies not only in their stability but also in the many ways they can be
manipulated, changed, and adapted in the future. It has many designable modules that will allow future
studies to investigate the impact of certain features in detail. This includes but is not limited to the
length of the foldamer, functionalization, and adjustment of shape features by chemical design.

Firstly, in out project, we tested 16mer and 32mer foldamers, corresponding to 8bp/16bp length DNA
double helixes. When comparing the sets of proteins compromising the interactome of the foldamers
of different lengths, we found that the overarching GO terms were the same. When we compared the
protein intensities in their pulldown, we discovered the same proteins. However, the abundance of
said proteins was higher for the 32mer, probably due to higher avidity (Figure 20). Overall, we yielded
an extensive interactome even for the short foldamers we tested, showing that even short stretches of
DNA shape were able to bind a significant number of proteins. In the future, even longer foldamers
will be available due to the recent development of foldamer solid phase synthesis (140), promising
exciting results. We propose testing longer foldamers, when available, in similar setups to test their
similarities and differences in their interactomes but also their differential ability for interference with
the complex chromatin proteome. This comparison of foldamers with 2 different lengths represents a
proof of concept set up for the comparison of different versions of the foldamers in complex
environments in the future.
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Figure 20 Scatterplot of proteins in pulldown with “8 bp” or “16 bp” foldamers.

Mean intensities of proteins in Pulldown from DREX with 1ug biotinylated foldamer of “8 base pair” or “16 base pair”
(16 bp” in all other experiments of this study) length. Solid line= x, Dash-dotted lines= x+sd, and x-sd. N=3. Data based
on Dataset 4.

Secondly, the functionalization of the foldamer offers exciting perspectives for interaction studies,
detection, and visualization but also for future clinical applications. We used a biotinylated form of the
foldamer to perform pulldown experiments using streptavidin-coated magnetic beads. This biotin
functionalization would also allow for imaging and detection of foldamer using streptavidin antibodies
in cells, however, with limitations due strong biotin background naturally occurring in cells (150). The
Huc group has already managed to attach a GFP tag to the foldamer. Nevertheless, due to its
disproportional size in compatison to the foldamer, a changed behavior of the molecule has to be
anticipated regarding cellular uptake, localization, and interaction within cells. Therefore, other
functionalizations for visualization in the cell might be desirable. We propose functionalizations that
are smaller like the orthogonal SNAP and CLIP tags (151,152). Additionally, bioconjugation of
foldamer to clickable nanobodies (153) or a Protein A tag, detectable by nanobodies and thereby
allowing for proximity biotinylation (reference Rupam paper) are thinkable. Furthermore, a direct
functionalization of the foldamer with a clickable azide rest would have even less risk of steric
hindrance and can be activated the visualization or other purposes in the cell (154-156). These
alternatives should allow for easier delivery compared to GFP-tagged and less background than for a
biotin-tagged foldamer.

Finally, leveraging the polymer structure of foldamers, small adjustments in the building blocks allow
for changes in the overall shape of the resulting double helix. Comparison of interactome as well as
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interference potential of slightly altered foldamers will shed light on the differential impact of those
features. The options include changing major and minor groove sizes as well as mimicking DNA
methylation (157,158). Additionally, long term, the mimicking of DNA bending, kinks, or other DNA
shape features might be aimed for (62,64,159).

Clinically, foldamers might long-term be interesting as cell cycle interference agents as demonstrated
in this study, potentially reaching even higher specificity due to further aforementioned adjustments.
While aptamers are already tested for various clinical treatments including cancer treatment, the use of
foldamers as an orthogonal, chemically, and metabolically more stable alternative is conceivable
(160,161). A major challenge here will be the targeting and tissue penetration while mitigating in vivo
off-target effects and potential safety issues, proving safe especially also in immunogenicity which has
not been investigated in this study. To faithfully target foldamers in the future, the delivery by a new
promising therapeutic system for nanomedicine, extracellular vesicles, could be explored (162-167).
Leveraging this intrinsic form of cell-cell communication transfer of biomolecules as a tool, the first
advances to target specific cancer cells for delivery of DNA for gene therapy have been shown (168).
Loading of the vesicles with foldamer could be explored in the future to overcome delivery but also
targeting challenges (169).

To sum it up, future advancements in foldamer design should take into account the parameters and
biological features that should be mimicked and tested or could aim to generate molecules with distinct
differences from their molecular twin to leverage orthogonal biology for interference with biological
processes. We propose targeting to generate longer foldamers to explore their binding affinities as well
as elucidating their structures in combination with different binding partners. Additionally, we
recommend leveraging the option to functionalize the foldamer for biochemical and in cellulo assays
and to alter features like groove size to elucidate the influence on binding behavior. Ultimately, we
believe the synthetic mimic foldamer has a lot of exciting, yet-to-be-discovered and exploited potential
and the newly established solid phase synthesis (140) will make rapid advancements possible.

3.3.10 ORC and the foldamer, a proof-of-concept: Interaction,
interference, and functional disablement leading to physiological
consequences

This study presents a plethora of information that can be exploited to gain new indications and
impulses regarding the elucidation of fundamental binding events and mechanisms. We have led a
proof-of-concept by investigating ORC binding and interference thereof, expanding the study to in
vivo experiments to highlight transferability but also display the physiological implications of the
knowledge gained. By interfering with ORC binding we were able to not only confirm that Drosophila
ORC binds at least proportionally sequence independently, but also that this binding is essential for
cell cycle progression and can be interfered with by foldamer.

In eukaryotic cell division, ORCs canonical function is binding replication origins and subsequently
loading the replication helicase (Cdt1-MCM) during G1-Phase (170). In yeast, ORC is known to strictly
recognize and bind an ARS consensus sequence (ACS) to recognize replication origins. Metazoan
origin recognition is also guided by ORC, however, despite high structural conservation between the
protein complexes, metazoan ORC seems to recognize origins not by sequence but in a not yet fully
elucidated mechanism involving histone modifications and variants as well as chromatin structure and

49



Project 1: Chromatin assembly and protein binding

accessory proteins (171-176). While in yeast ORC, stays bound throughout the cell cycle, human ORC
assembles stepwise in the S-Phase with first Orcl and then Orc 2-5 binding (177-179). Disassembly of
human ORC then happens in S-Phase by ubiquitination and subsequent degradation of Orcl and
detachment of ORC2-5 by phosphorylation, preserving this part of the complex in an auto-inhibited
state until the next G1 Phase (180,181).

In our in vitro experiments, we observed that Drosophila ORC (dsOrC) can bind directly to foldamer
(Figure 15). This can be explained by the ORC subunits 1-5 each bearing an a-helix winged helix
domain. Winged helix domains can mediate binding by having one of the helices make direct sequence-
dependent interactions while the wings mediate general binding to the backbone (182,183).
Interestingly, find Orc1-5 but not Orc 6 as foldamer interactors and proteins suffering interference
from foldamer in their chromatin binding. This can have two causes: First: Since only those subunits
(1-5) inherently bind DNA, ORCs foldamer-binding subunits could each bind individually, not as a
complex. This is less likely because, for other complexes, we see non-DNA binding subunits pulled
down as a complex. More likely, the Drosophila ORC is built like a human ORC. There, ORC2-5 forms
a stable subcomplex while ORC1 and ORCO, essential for helicase activation, are more loosely
attached. This assumption is feasible by looking at the dsORC structure (184).

We believe that the direct interaction of foldamer makes the molecule a competitive binder at DNA
binding sites of ORC subunits. It thereby causes interference with ORC’s binding to chromatin in our
in vitro assays (Figure 12). Additionally, an in vitro functional assay by the Kurat lab revealed that
ORC:s function to organize nucleosomes at replication origins in yeast was impaired in the presence of
foldamer (111).

Finally, we confirmed in S2 Drosophila cells that ORC association with chromatin is affected in the
same manner in vivo as in our in vitro assays (Figure 17). Furthermore, we were able to observe a
defect in the cell cycle progression of cells treated with 10 uM foldamer for 48h. We see an
accumulation of cells in the population in the S-Phase, which we suggest is caused by the premature
dissociation of ORC from the chromatin fiber in S-Phase when foldamer is present.

3.3.11 DREX assembly confirmed as an exploratory assay to test small
molecules in a complex chromatin context

Our study provides a proof of concept for investigating the impact of synthetic mimic molecules on
chromatin assembly. Our findings undetline the importance of studying the impact of these molecules
in complex environments instead of with purified proteins only. This is the first specific yet complex
investigation of foldamer interaction with proteins. Before, only studies on isolated DNA-binding
proteins had been performed (67,73). Like in the cell, the extracts provide a highly dynamic and
physiological environment in which a plethora of different proteins compete for interaction.
Additionally, the extract allows us to circumvent issues of delivery encountered in many cell-based
experiments. Finally, our study confirmed that the findings were transferrable to in vivo systems. We,
therefore, propose the DREX-assisted chromatin assembly for the initial study of small molecules'
potential on chromatin assembly.
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While the DREX extract is a well-established system for studying chromatin assembly and composition, it has not yet been
metabolically characterized. Here, we use mass spectrometry to analyze the metabolome of the extract, test the extract’s
metabolic activity, and its response to challenges to the system (Figure 21). The metabolomic characterization of the DREX
extract reveals a great diversity of metabolites, an activity of metabolic pathways, including the methionine cycle and
proteasomal degradation, and possibilities to interfere with the processes. Finally, the metabolic coupling of H4K20mel
during chromatin assembly in the extract is shown.
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4.2 Results

To understand, characterize, and explore the metabolic capabilities, flexibilities, and limitations of the
DREX (Drosophila embryo extract), we employed a wide range of methods and approaches and applied
the findings to gather knowledge to address different biological questions. We performed mass
spectrometry to measure whole-extract proteomes and whole-extract metabolomes. Additionally, we
created proteomes reflecting the abundance of proteins enriched on an assembled chromatin fiber.
Furthermore, we performed regular as well as isotopically labeled histone modification analysis of said
fibers. The easy handling and manipulation allowed us to introduce different challenges to the
established assembly system while getting a clean readout through our benchmarked methods and
controls.

4.2.1 The DREX proteome

DREX is rich in protein whereas DNA, lipids, and insoluble molecules are separated from the extract
during its preparation (24). Through Western Blot and mass spectrometry analysis of proteins bound
to DREX-assisted in vitro assembled chromatin, the presence of certain proteins in the extract had
already been shown, including transcription factors, histones, and histone chaperones (5,28,35). Due
to its origin from embryos, the presence of other proteins in DREX had been hypothesized, assumed,
or observed as contaminations in other experiments. Yet, an untargeted and in-depth analysis of the
whole spectrum of proteins in DREX without any manipulations or artificial enrichments had been
lacking. To get a better insight into which proteins are present in the DREX and how abundant they
are compared to each other, a proteome of DREX was prepared and analyzed via LC-MS.

In a total proteome analysis of 4 separately prepared DREX, measured in 4 technical replicates, 1650
proteins with varying intensities were detected and identified (Figure 22). The most abundant protein
group were the Yolk proteins: Vitellogenin -1 Vitellogenin -2, and Vitellogenin-3.
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Figure 22 Distribution of iBAQ intensities of proteins identified in the DREX extract
Barplot depicting distribution of log2(IBAQ) intensities of proteins in DREX extract. Data based on Dataset 1.

Network analysis of all proteins in the DREX proteome shows a GO term enrichment for Biological
processes revolving around catabolic processes, protein folding, and mitotic cell cycle over a whole
genome background. (Figure 23). For the visualization, the 8 most significant (“top”) GO terms were
identified by GO Term analysis and plotted using the R package ‘ClusterProfiler’ and the
‘org.Dm.eg.db’ database. The identified terms were filtered for semantic redundancy to allow for a
broader overview. The analysis shows high gene counts for the GO terms detected (Figure 23 A). A
network plot of the top 5 GO terms visualizes the frequent overlaps between the different processes

2 <<

(Figure 23 B). The biological processes with the best match were the “mitotic cell cycle”, “cellular

macromolecule catabolic process”, “protein folding”, “microtubule-based process” and “cytoplasmic
transport”.
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Figure 23 Complete Drosophila embryo extract (DREX) proteomic analysis

(A) Top 8 GO Terms by p-value for all proteins detected in DREX. GO terms were filtered for semantic redundancy. (B)
Cytoscape network plot for the top 5 GO terms for all proteins detected in DREX. GO terms were filtered for semantic
redundancy. Beige nodes with fat letter labels represent GO terms, size of these nodes represents the Count of proteins
detected for this cluster. grey nodes represent proteins, and connecting proteins are labeled in grey. Data based on Dataset
1. Visualization with adapted R script from Anuroop Venkatasubramant.

Additionally, a “biological process” GO term enrichment analysis of only the 100 most abundant
proteins in DREX against a Drosgphila whole genome background was performed (Figure 24 A). In
this TOP100 analysis, two main networks emerged (below, Figure 24 B). On the one hand, a network
of proteins that are involved in “protein folding”, “protein maturation” and “chaperone-mediated
protein folding”. This subset was characterized by diverse chaperones, including T-complex protein
Ring Complex (TriC) subunits and an array of heat shock proteins. On the other hand, a network
surrounding the biological processes of modification-dependent protein and macromolecule catabolic
processes. Proteins involved in catabolic processes include the subunits of the proteasome as well as
proteins involved in the ubiquitination pathway. Overall, the analysis of the 100 most abundant
proteins revealed that proteins involved in protein homeostasis were enriched in this subset.
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Figure 24 Proteomic analysis of top 100 most abundant proteins in Drosophila embryo extract
(DREX)

(A) Top 8 GO Terms by p-value for the 100 most abundant proteins in DREX (B) Cytoscape network plot for the top 5
GO terms for the 100 most abundant proteins detected in DREX. Beige nodes with fat letter labels represent GO terms,
size of these nodes represents the Count of proteins detected for this cluster. grey nodes represent proteins, and connecting
proteins are labeled in grey. Data based on Dataset 1. Visualization with adapted R script from Anuroop Venkatasubramani.

4.2.2 Investigation of the DREX fundamental requirements for chromatin
assembly capacity

We explored which characteristics determine whether a batch of DREX can assemble chromatin. First,
we tested different batches for their ability to assemble chromatin on a plasmid containing an inset of
a 5§ sea urchin nucleosome positioning sequence. 3 DREX batches assembled chromatin successfully
using the standard assembly protocol using 40ul-80ul DREX per 1u DNA and 1 batch did not
assemble chromatin in the setup given. The success of assembly was determined using Mnase digest
and Agarose gel electrophoresis, yielding a ladder in case of successful assembly (not shown). To
explore what is needed for a DREX to be able to assemble chromatin, we compared the protein
concentration and composition of the DREX extract batches tested.

The total protein concentrations of the DREX batches were determined by BCA assay against a BSA
standard curve (Table 1). Due to the complexity of the sample, determination of protein concentration
by other methods like DeNovix detection or via Bradford assay yielded discordant concentrations
(data not shown). We therefore only compared differences in concentration between the batches using
one technique to circumvent technical error by measurement assay. However, the limitation of
accounting for the complexity of the sample compared to the BSA standard remains and the
concentrations should therefore be seen as approximates. Concentrations ranged from 48ug/ul to
95ug/ul We observed that the higher the determined protein concentration of a DREX batch, the
lower the volume of DREX necessary to assemble 1pug of DNA into chromatin (Table 1). The lowest
concentrated DREX was not able to assemble chromatin, as determined by the Mnase digest and
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Agarose gel. Overall, we observe that total protein concentration had a crucial impact on the chromatin

assembly capacity of DREX.

Table 1 Representative DREX batches and their concentrations

DREX batch name Concentration [ug/ul] wl of DREX needed for
determined by  BCA chromatin assembly with
(measured by Mikhai/ 1ug DNA
Gromadskiy)

Quadrat 95 60

Triangle 57 80

Star 54 80

Dot 48 Does not work

(tested with 40,60,80)

Additionally, we compared the proteomes of the 3 assembling DREX with that of the non-assembling
DREX (Figure 25). Here, we plot the difference of protein abundance in z-scored iBAQ of each
protein between assembling and non-assembling DREX against the —log(p(-value)). Interestingly, only

9 (of 1650) proteins appear significantly enriched over the threshold of FDR 0.05. Only one protein is
slightly entiched in the non-assembling DREX: CG9125/dRail, an automatically annotated protein
by the Uniprot/Trembl database that is a putative decapping nuclease for NAS-capped RNAs thereby
playing a role as a mRINA regulator (185). The 8 proteins that are enriched in the assembling DREX
compared to the non-assembling batch are: 3 Translation Initiation factors (eIF-3p40,eIF3-810, ell3-
S8), 3 ribosomal proteins (RpS20, RpS3, RpS6), Fmrl; an RNA binding protein associated with fragile
X syndrome in mammals (186), and Krishah (kri); a uracil phosphoribosyltransferase (187). None of

the proteins significantly enriched showed any functional relation to chromatin assembly or structure.
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Figure 25 Difference in proteome for DREX with and without chromatin assembling capacity
Volcano plot for proteins detected in DREX that can assemble chromatin on naked DNA (assembling DREX) against
DREX that has no capacity for assembly (not assembling DREX), based on z-scored abundances based on iBAQ. N=3
(assembling) +1(not assembling), FDR=0.05. Data based on Dataset 1.

4.2.3 The activity of the proteasome in Drosophila embryo extract

The DREX proteome and a proteome on the assembled chromatin fiber indicate the presence of
proteins of the catabolic processes in DREX in high abundance, notably including almost all subunits
of the canonical proteasome and its regulatory particles in Drosgphila (Figure 26). Therefore, we wanted
to investigate whether the proteasome subunits are not only present but functionally assembled to an
active proteasome in the DREX, which then, like in the embryo can break down proteins and peptides
to supply amino acids for metabolic activity.

P I 3 1 detected
not detected

Figure 26 Proteasomal subunits detected on DREX-assembled chromatin

Schematic representation of detection of all subunits of the 20S proteasome core as well as the regulatory particles 19,
REG, and PI31. Filled symbols indicate the detection of proteins on assembling chromatin fiber in DREX; empty symbols
depict not detected proteins. N=3. Data based on Dataset 2.

Aluciferase-based activity assay (Figure 27 A) shows that the proteasome is active in the DREX extract
(with the supply of an ATP regenerating system). CT-L activity was monitored as a proxy for total
proteasome activity. Therefore, a Suc-LLVY-Aminoluciferase was added to the sample. This peptide
was specifically degraded by an active proteasome, releasing Aminoluciferin. The Luciferase then
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catalyzes the oxidation of the Aminoluciferin substrate, a reaction which emits a proportional emission
of a photon light to quantify to amount of substrate processed and thereby the degree of proteasome
activity.

We tested and benchmarked the inhibition of the proteasome with different inhibitors in the DREX
extract (Figure 27 B). Again, CT-L activity was determined as a proxy for proteasomal activity and
inhibition. The activity of the proteasome in DREX was successfully reduced within 30 min and was
stably inhibited using 20 uM Epoxomicin as well as a combination of the inhibitors 100 uM MG132
and 5 mM NEM. The inhibitor combination Epx+NEM still exhibited leaky activity of about 15%.
Meanwhile, Epoxomicin led to full inhibition and allowed for reduced solvent use, avoiding effects on
protein solubility caused by the solvent ethanol that was used for the MG132+NEM inhibition
experiments. Additionally, MG132+NEM has off-target effects because NEM is a broad-spectrum
cysteine protease inhibitor (188,189) and MG132 also inhibits N-kB (190). Meanwhile, Epoxomicin is
a potent selective proteasomal inhibitor (191-193). Due to its quick, complete, and specific inhibitory
effect, 20 uM Epoxomicin was used for inhibition of proteasomal activity in all following experiments.
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Figure 27 Inhibition of proteasomal activity in DREX

The activity was determined by testing CT-L activity using the Proteasome-Glow™ Assay. (A) Schematic depiction of a
chemical reaction during Luciferase assay and photo of plate reader used to detect luminescent output. (B) CT-L activity
of the proteasome in the DREX over time upon the addition of different proteasome inhibition agents. Figure A modified
from Promega promotional content. Experiments in collaboration with the Meiners lab.

4.2.4 Inhibition of proteasome does not affect nucleosome integration and
spacing

Having established the proteasomal inhibition in DREX, we wanted to investigate the impact of
proteasomal inhibition on chromatin assembly. We tested chromatin assembly with our standard
protocol, using a DREX, a nucleosome positioning repeat sequence DNA, and an ATP regenerating
system. Epoxomicin was added to DREX 30 min before the addition of DNA for assembly reaction
to ensure full inhibition of the proteasome throughout the process. After assembly, the DNA was
digested using Mnase for different time intervals and then visualized on an agarose gel (Figure 28).
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Comparing a standard chromatin assembly control to a chromatin assembly in DREX treated with 20
uM Epoxomicin, we observe Mnase ladder formation in both conditions. This shows that proteasome
inhibition does not interfere with general aspects of chromatin assembly like histone binding and
nucleosomal spacing.

condition

Mnase digest
time [sec] ladder 120 60 30 120 60 30

1000 bp
4n
500 bp 3n
2n
200 bp 1
100 bp =

Figure 28 In vitro chromatin assemblies in the presence of protesome inhibitor epoxomicin
Agarose gel of Mnase digested chromatin assembled in DREX under standard conditions (control) or after treatment with
a proteasome inhibitor (20 uM Epoxomicin). Labeling reflects a nucleosomal ladder containing a regular array of
nucleosomes (1n/2n/3n/4n).

4.2.5 Proteasome inhibition causes the accumulation of proteins on
chromatin over time

While proteasomal inhibition did not challenge chromatin assembly on a macroscopic level, we set out
to investigate the roles of the proteasome in chromatin assembly on a more differentiated proteomic
level. Again, we leveraged our knowledge of the presence and activity of the proteasome in DREX as
well as our benchmarking and establishment of its fast and complete inhibition.

Therefore, we inhibited the proteasomal activity using Epoxomicin (Epx) and analyzed the proteome
on the chromatin fiber during the eatly (after 15 min) and late/mature (after 4 hours) stages of
assembly. We detected 2788 Proteins when comparing 8 conditions (conditions: were all combinations
of the 3 variables: beads only or immobilized DNA; Epx or control treatment; 15min or 4h assembly)
across 4 biological replicates. The iBAQ data were log2-transformed and subsequently filtered to only
include proteins with 6 out of 8 valid values per condition. The data were further processed by
subtracting log2(iIBAQ) values of samples with beads only control of each protein from their
corresponding with immobilized DNA to remove background. This yielded normalized log2(iBAQ)
values for each protein indicating their enrichment on the chromatin fiber, dependent on assembly
time as well as proteasomal activity. Importantly, no cutoff was set. When plotting the time-dependent
intensities of all proteins enriched on the chromatin fiber by treatment (“control” or “20 uM
Epoxomicin”), proteins that bind early and then dissociate have positive values, while proteins that
accumulate over time have positive values (Figure 29). Interestingly, we observed that inhibition of
proteasome changes the protein dynamics and leads to the overall accumulation of proteins on fiber
over time.
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Figure 29 Effect of proteasome inhibition by epoxomicin on overall protein abundance on

chromatin fiber over time

Boxplot of protein intensities of all proteins significantly enriched on the chromatin fiber after 15min and 4h under standard
conditions (control, blue) and after treatment with 20 uM Epoxomicin (orange). Each box consists of the difference of
mean iBAQ after 15min and 4h of each significant protein from N=3 biological replicates. Data based on Dataset 6.

4.2.6 Inhibition of proteasome leads to differential changes in chromatin
proteome

After assessing the general overall effect of proteasome inhibition on chromatin assembly, we decided
to look more in-depth and investigate the proteins differentially. Therefore, we took the processed
dataset (see chapter 4.2.5 above) and ranked the proteins according to their abundance in control and
20 uM Epoxomicin treated for 4h samples. Then, we subtracted the rank each protein had in the
control sample from their respective rank in the Epoxomicin-treated sample. This way we were able
to calculate and visualize which proteins were enriched or associated less with the chromatin fiber
upon proteasome inhibition (Figure 30). Overall, we observed that not all proteins are affected in the
same way, neither by strength nor by direction of effect by proteasome inhibition.
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Figure 30 Effect of proteasome inhibition with 20 pM Epoxomicin on abundance of specific
proteins on chromatin fiber after 4h

Waterfall plot visualizing proteins on the chromatin fiber concerning their change in abundance (by rank) between control
conditions and after Epoximicin treatment. Proteins above Zero are enriched on fiber upon inhibition, and proteins below
0 are less abundant on fiber upon inhibition. The inlet at the top shows the top 8 GO terms by p-value for the top 100
most enriched proteins upon inhibition (orange). The inlet at the bottom shows the top 8 GO terms for the 100 most
depleted proteins upon inhibition (green). Red-marked proteins Pr-Set7 and AHCY ate part of H4K20monomethylation
metabolism. Highlighted in grey are the subunits of the 20S proteasome. Data based on Dataset 6.

To analyze the proteins that were enriched on the fiber upon proteasomal inhibition, we performed a
GO Term enrichment analysis based on biological processes of the 100 proteins with the highest
difference in rank between treatment and control. For these “Topl00 proteins enriched on the
chromatin fiber upon proteasome inhibition” (Figure 30 top orange inlay box), we found that they
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were mostly involved in translational activity, ribosomal biogenesis, and different pathways of RNA
processing.

Following that, we assessed the Top 100 proteins associating less with the chromatin fiber upon
proteasome inhibition, again using biological processing GO term analysis (Figure 30 bottom green
inlay box). Here, we discovered that these proteins were mostly involved in different metabolic
processes. Notably, proteins involved in the methionine cycle and H4K20monomethylation, such as
SAM synthetase (SAM-S), S-adenosyl homocysteine (AHCY), and the histone methyltransferase Pr-
Set7 (Figure 30 all marked in red), were strongly or mildly depleted from the fiber upon proteasomal
inhibition.

To sum it up, our data suggests that metabolic enzymes moonlight to produce metabolites for
posttranslational histone modifications in situ on assembling chromatin fibers. Therefore, we set out
to investigate whether in situ metabolism happens on the chromatin fiber in the system we chose, i.e.
DREX-assisted chromatin assembly. The main histone methylation mark present on DREX assembled
chromatin is H4K20me1((5,46) and unpublished data by Beyza Bozdag) Consequently, we chose the
metabolic pathway of the methionine cycle and H4K20mel cycle, consisting of the proteins SAM-S,
AHCY and PrSet-7, the only H4K20monomethyl transferase in Drosgphila (194), as our proof-of-
concept study.

4.2.7 Benchmarking metabolomics studies in DREX extract

In collaboration with Marco Borso and Beyza Bozdag, I established the detection of metabolite levels
in DREX. Metabolites were obtained from the samples via liquid-liquid extraction before being
measured via Capillary electrophoresis mass spectrometry (CEMS). Peak selection and analysis were
petformed by Matco Borso, using the corresponding m/z and fragmentation patterns of the
metabolites.

To benchmark our system, we detected a broad spectrum of metabolites in DREX. These ranged from
different amino acids to energy storage and transfer metabolites like ATP and NADH (Dataset 9). We
were able to quantify the most important metabolites involved in the methionine cycle in DREX
(Figure 31). For this, stable isotopically labeled methionine and ATP were used as spike-ins (Merck),
allowing us to directly normalize those metabolites to the spike-in. However, due to the lack of
commercial SAM and SAH isotopically labeled standards, the quantification of these two analytes was
based on the methionine spike-in, considering their similar retention times and therefore assuming the
same ionization efficiency. The magnitude, nevertheless, is correct with high confidence. For higher
confidence and analytical exactness, specific spike-ins for SAM and SAH should be used. We observed
that ATP and Methionine occur in a concentration of 0.92 uM and 3.86 uM, while SAM and SAH
were estimated to be 2.97 uM and 0.06 uM correspondingly in DREX. To sum it up, we were able to
benchmark our new technique in the extract we utilized for our studies and thereby laid the
groundwork for the investigation of metabolism on the chromatin fiber by challenging the system.
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A B Metabolite concentration SE [uM]
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Figure 31 Concentration of metabolites involved in methionine cycle in DREX

(A)Bar plots with metabolite concentrations in DREX. Absolute concentrations were calculated from isotopically labeled
spike-in controls. Error bars=SEM, (B) Table of metabolite concentrations and standard errors. N=4. Data based on
Dataset 9. Experiment and visualization in collaboration with Marco Borso and Beyza Bozdag.

4.2.8 Dialysis of DREX extract removes most metabolites

The first challenge we employed to the metabolic system in DREX was the removal of all metabolites
via dialysis. We aimed to remove all small molecules while keeping the proteome intact. Several
different dialysis methods were tested. Only overnight dialysis in a semi-permeable membrane tube
with a molecular weight cut-off of 3.5kDA in a 1:500 sample: dialysate ratio with one buffer change
proved to be sufficient for effective removal of the metabolite to the minimal level individually possible
(Figure 32 A). Swimmer-based dialysis proved inefficient for the complete removal of metabolites (data
not shown). CEMS metabolomics analysis of the DREX extract showed visible differences in the
number of masses detected before and after dialysis (Figure 32 B, C). Here, we first visualize the data
in an intuitive ovetrview plot that displays retention time against m/z. This visualization does not allow
for the assignment of masses to specific metabolites (yet) but gives a good impression of the overall
dialysis success.
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Figure 32 Dialysis of DREX depletes small molecules from the extract
(A) Schematic diagram of the experimental flow of dialysis of DREX extract overnight at 4 °C through 3.5kDa molecular
weight cut-off (MWCO) membrane. (B)Overview plot of masses detected over retention time from a sample of undialyzed

DREX. (C) Overview plot of masses detected over retention time from a sample of DREX after dialysis. Data based on
Dataset 9. Experiment and visualization in collaboration with Marco Borso.
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While the overview plots allowed us to grasp the success of dialysis, we were also able to reliably assign
and quantify the levels of specific metabolites in DREX before and after dialysis. As a non-dialyzed
control, the same volume of extract was put on a shaker in an Eppendorf tube at 4 °C for the same
time as the corresponding dialyzed sample was undergoing dialysis. This allowed us to look specifically
at the effect of dialysis, excluding any aging/storage-specific differences. Most amino acids and a great
variety of other small molecule metabolites were detected and isotopically labeled spike-ins allowed
the quantification of a subset, including ATP and methionine. Representatively, we look at metabolites
relevant in the context of the methionine cycle in detail: methionine, S-Adenosylmethionine (SAM),
and S-Adenosylhomocysteine (SAH) (Figure 33). The pathway and metabolites were of particular
interest due to the enzymes found enriched on the chromatin fiber upon proteasomal inhibition before
(4.2.6). The metabolome of the dialysis samples revealed that methionine and SAM were efficiently
removed from the extract via dialysis (from 3.865 uM to 0.021 uM and 2.967 uM to 0.025 uM
correspondingly). Contrastingly, only roughly half of the SAH was dialyzed out from 0.060 uM to a
final concentration of 0.028 uM. Overall, we observed a reduction in all metabolites by dialysis to low
concentrations but depending on the original concentration, a variety of relative reduction from only
50% down to 99.5% depletion.
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Figure 33 Dialysis of DREX depletes or reduces metabolites involved in the methionine cycle

from the extract

Bar plots with metabolite concentrations before dialysis and after dialysis. Absolute concentrations were calculated from
heavily labeled spike-in controls. Error bars=SEM. N=4. Data based on Dataset 9. Experiment and visnalization in collaboration
with Marco Borso and Beyza Bozdag.

4.2.9 Histone modifications upon metabolite depletion

After setting up and benchmarking our methods and analysis, we ran our investigation of the metabolic
coupling of histone modifications. For this, we chose the H4K20mel modification in our DREX
system, as we already showed the association of all involved enzymes on the chromatin fiber during
chromatin assembly and the presence of all necessary metabolites in DREX. Furthermore, we know
from the literature (5,406), as well as our data, that this histone mark is reliably set during chromatin
assembly in vivo as well as in our in vitro system.

First, we wanted to challenge the system by depleting our extract of all free small metabolites. Hence,
we dialyzed the extract as described before and subsequently added the ATP regenerating system as
well as the beads-immobilized linear DNA to the dialyzed or non-dialyzed extract. After 1h of
assembly, we isolated the chromatin and analyzed the histone modifications. Looking at the H4K20
peptides, we observed that in our control, undialyzed sample about 40% of the H4K20 were
monomethylated while about 60% remained unmethylated (Figure 34 1% of bars). We detected no di-
or tri-methylation on lysine 20. Surprisingly, we did not see a reduction, but an increase of over 60%
of monomethylation when the assembly was performed in dialyzed DREX (Figure 34, 2™ set of bars).
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In addition, we wanted to look into the effect of the additon of 500 ug/ul SAH on the
H4K20methylation in the assembly system. SAH is a byproduct and competitive inhibitor of the
H4K20 monomethylation. Indeed, we saw that H4K20 monomethylation is reduced to below 20%
when SAH is added to the standard assembly with undialyzed DREX (Figure 34 3" set of bars). If the
assembly is performed in dialyzed DREX, this effect is even more pronounced with only below 5% of
H4K20 peptides getting methylated (Figure 34, last set of bars).
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Figure 34 Effect of DREX dialysis and SAH addition on the histone modification

H4K20monomethylation

Bar plot quantifying the percentage of unmodified H4K20 (red) as well as H4K20mel (blue) modification after 4h
chromatin assembly in DREX extract dependent on variables of dialysis (cutoff 3.5kDa) of DREX before assembly and
addition of 500ng/ml SAH during assembly. Error bars=SD. N=3. Data based on Dataset 8.

Opverall, we were able to successfully quantify and thereby observe histone H4K20 monomethylation
upon challenging the metabolic system in DREX. While only the depletion of metabolites caused
surprisingly little change in H4K20mel, the treatment with SAH caused a strong response and showed
sensitivity to dialysis. To sum it up, we were able to gain general knowledge about the DREX metabolic
activity, including the metabolic coupling of H4K20mel during chromatin assembly in the DREX

system.

4.2.10 Supplementation of isotopically labeled Methionine leads to
incorporation of isotopically labeled methyl to H4K20me1

To test the metabolic activity of the DREX extract, we decided to track the methionine cycle and its
link to histone methylation. For that, we added 0.5 uM of isotopically labeled methionine (°C, D3) to
the dialyzed extract during chromatin assembly. This is about a tenth of the original methionine
concentration in DREX of 3.86 uM as quantified by us during metabolism benchmarking. After 1h of
assembly, we isolated the chromatin and analyzed the histone modifications via LC-MS.

We looked at H4K20monomethylation to look for potential incorporation of isotopically labeled
methyl. In the control condition, we, again, detected approximately 60% monomethylation (Figure 35,
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control) for the assembly in dialyzed DREX similar to our earlier experiments (see Chapter 4.2.9 and
Figure 34 above). In the MS1 spectrum, we were able to identify the isotopic envelope of the peptide
(Figure 35). When we added isotopically labeled methionine to the reaction, we observed about the
same level of monomethylation of the H4K20 peptide as in control (Figure 35, +"°CDs). Conveniently,
we can separate the peaks of the light and heavy monomethylated histone peptides by integration of
the MS1 spectrum. Here, we see that about 90% of the monomethylation detected is heavy (across 3
replicates, Figure only shows one representative spectrum). Curiously, we did not detect an increase in
H4K20mel nor an increase in the ratio of isotopically labeled methylation compared to light
methylation even when we increased the concentration of isotopically labeled methionine from 0.5 pM
stepwise up via 5 uM and 50 uM to 500 uM (data not shown). To sum it up, we successfully showed
that methyl groups from a heavily labeled methionine reappear as histone modifications after 1h or
chromatin assembly in DREX.
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Figure 35 DREX incorporates methyl group from isotopically labeled methionine on H4

histones

Chromatogram and MS1 spectrum of H4K20 unmodified peptide: K[+56]VLR and peptides with H4K20
monomethylation peptides: K[+70]VLR for light '2CHj3 methyl group (me(l)) and K[+74.1]VLR for isotopically labeled
13CDj3 methyl group (me(h)). Data based on Dataset 8.

4.2.11 SAH excess traps Pr-Set7 on and removes AHCY from chromatin
fiber

To follow the change in proteome on the chromatin fiber upon inhibition of the
H4K20monomethylation reaction, we added 500 pg/ml (1300 pM) of the inhibitor SAH to the DREX
assembly reaction (baseline concentration of SAH in DREX is 0.06 uM). This experiment was
conducted in dialyzed and non-dialyzed DREX.
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After the pulldown of the chromatin fiber, the associated proteome was measured by LC-MS. A total
of 32006 proteins were detected across the 3 biological replicates. The LF(Q) values indicating the protein
abundance were log2 transformed. The data were filtered to only keep proteins with valid values for
at least 3 out of the 4 conditions (non-dialyzed control, non-dialyzed +SAH, dialyzed control, and
dialyzed + SAH) per biological replicate. Subsequently, all missing values were imputed from a normal
distribution with a width of 0.3 and a downshift of 1.8, separately for each column.

We compared the proteins associated with the chromatin fiber in the control and in the treated sample
as visualized in the volcano plots (Figure 36). We observed a difference in protein abundance (LFQ)
for multiple proteins, some of which were significant. This effect was visible for assembly in pre-
dialyzed as well as non-dialyzed DREX (Figure 36 A, B), albeit more pronounced in the dialyzed
DREX. The analysis showed that multiple histone methyltransferases associated more with the
chromatin fiber upon the addition of SAH to the reaction, including Pr-Set7, E(z), Mes-4, G9a, and
esc. Most notably, Pr-Set7, and under dialyzed conditions also E(z), is significantly enriched on the
fiber. Contrastingly, we observed the SAH hydrolyzing enzyme AHCY13 associating less with the fiber
upon SAH addition.
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Figure 36 Histone methyl transferases accumulate on chromatin during assembly upon SAH
addition

(A)Volcano plot comparing proteome of standard chromatin assembly and assembly with the addition of 500pg/ml SAH
in non-dialyzed DREX. (B) Volcano plot comparing proteome of standard chromatin assembly and assembly with the
addition of 500pg/ml SAH in non-dialyzed DREX. Histone methyltransferases and AHCY are matked and labeled in red.
n=3 FDR=0.05. Data based on Dataset 7.
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4.2.12 Metabolites reappear/metabolome slowly recovers over time in
DREX after dialysis

After establishing that metabolism is active in DREX, we wanted to determine if at all and at what rate
and with which dependencies the metabolites recover after they are dialyzed from DREX. Again, we
used the set of metabolites of the methionine cycle as a proof of concept. Here, we used dialyzed
DREX and subsequently incubated it at 26 °C. For the different experimental setups, we added either
none or the described molecules and took samples after the indicated times. The metabolites from
these samples were immediately liquid-liquid extracted and then measured via CE-MS.

First, we wanted to check whether the recovery of metabolites happens in DREX, and if yes, its
dependency on DNA. Therefore, one sample of DREX had DNA, in the form of the plasmid also
used for assemblies, while the other one had no DNA. Importantly, both samples were always supplied
with an ATP regenerating system. The metabolites methionine, SAM, and SAH were quantified in
relative levels compared to the non-dialyzed DREX as a control. We observed changes in metabolite
levels over time (Figure 37). Interestingly, we discovered that methionine and SAM only recovered up
to barely 10% and 5% of their original levels, correspondingly over 120 min tested (Dataset 9).
Additionally, we saw that any SAH remaining after dialysis was reduced to about 9% of the
concentration in non-dialyzed DREX within the first 5 min and afterward SAH levels stayed
consistently low (between 0.3% and 16%) over the whole time tested. Overall, we found a time-
dependent change in metabolite levels in DREX but is not dependent on DNA presence.

The SAH concentration at time point Omin, the SAM concentration at 120min as well as all methionine
measurements showed substantial variance. We had high variance because of outlier replicates that we
decided to still include to truthfully show the variation in the metabolic experiments. We do, however,
not know whether this outlier is of a technical or biological nature but believe that this time course
shows a dynamic change that is sensitive to even small delays in sample collection.
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Figure 37 DNA dependence of recovery of metabolites involved in methionine cycle over time
after dialysis of DREX

Bar plots with metabolite levels after different time points after dialysis. Relative levels in % are normalized to
corresponding levels in the non-dialyzed DREX sample. Error bars=SEM. N=3. Data based on Dataset 9. Experiment and
visualization in collaboration with Beyza Bozdag and Marco Borso.

Next, we investigated whether the observed metabolite recovery was dependent on the addition of the
ATP regenerating system (Figure 38). Therefore, we had one DREX sample with no additional
substances added, while the other one was supplied with the ATP regenerating system (consisting of
ATP, creatine kinase, and creatine phosphate).

We observed that methionine recovered slightly faster when ATP is visible but, independent of the
condition, methionine only recovers to about 2% of its concentration in original DREX (3.86 uM as
measured in our metabolite benchmarking in chapter 4.2.7). On the other hand, SAM recovery shows
a high dependency on ATP and additionally recovers up to roughly 10% of its concentration in the
original DREX (2.97 uM as measured in our metabolite benchmarking in chapter 4.2.7). SAH shows
yet another pattern: not increasing in concentration over time but leveling out. This level is constant
and depends on ATP. In the presence of ATP, SAH disappears below 1% (0.001 pM), while it levels
out at around 0.02 uM (30% of its level in undialyzed DREX) over time when ATP is not supplied.
Opverall, the variance was lower than in our first dataset but still showed up, most likely due to sample-
collection-time-dependent effects.

Finally, we also measured ATP concentration itself as the addition of the ATP regenerating system
had so far only been qualitatively observed to be sufficient to support chromatin assembly. However,
no quantification has been successful so far and the longevity of the system has not been tested before.
Here, we observe that directly after the addition of the ATP regeneration system, a very high ATP
concentration of around 70 uM levels out at around 20 uM and stays constant in the time frame tested
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(Figure 38). This concentration was much higher than the “natural” ATP concentration of 0.5 uM in
undialyzed DREX (as measured in our metabolite benchmarking in chapter 4.2.7).

Opverall, all metabolites we investigated in detail showed a dependency in their concentrations on ATP
availability. However, there is a great difference in the strength of that dependency ranging from mild
to total. Additionally, we saw that not all metabolites recover but some level out over time.
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Figure 38 ATP dependence of recovery of metabolites involved in methionine cycle over time
after dialysis of DREX

Bar plots with metabolite levels after different time points after dialysis. Absolute concentrations were calculated from
heavily labeled spike-in controls. Error bars=SEM. N=3. Data based on Dataset 9. Experiment and visnalization in collaboration
with Beyza Bozdag and Marco Borso.
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4.3 Discussion

4.3.1 The DREX proteome

While the presence of certain proteins had been implied or directly reported via proteomic pull-down
analysis and immunochemistry (5,24,28,33-35,46), no global semi-quantitative analysis of DREX had
ever been performed up to date. Overall, the identification of 1650 proteins is much deeper than any
unbiased/non-enriched analysis in the DREX composition run before. However, the proportionally
very high abundance of a few factors poses the challenge of a substantial dynamic range, thereby
limiting sensitivity by obscuring low abundant proteins (195). To identify more low-abundant proteins,
this limitation could be overcome by fractionation of the extract or by removal of the most highly
abundant proteins e.g. by antibody depletion (196) or by antibody-targeted specific degradation (197).
Despite its limitations, this dataset compromises a wealth of information and novel insights.

The high abundance of the 3 Yolk proteins is expected and nicely fits their role to serve as metabolite
precursors which are broken down to provide embryos with nutrients essential for growth and
development (198). These Vitellogenins are essential maternally deposited factors produced in the fat
body and secreted for uptake by maturing oocytes. Fittingly, biological process-based GO term analysis
revealed an enrichment of proteins involved in “catabolic processes” in all proteins but particularly in
the 100 most abundant ones. The detected proteins in this GO term included proteasomal subunits
and other factors involved in the ubiquitin-proteasomal system (UPS). The proteasome has been
reported to be present in the early Drosophila embryo (199). Overall, these findings nicely tie together,
creating an image suggesting the role of the main degradation machinery of the cell, the proteasome,
as an essential factor in the generation of metabolites for histone modifications.

Additionally, our analysis showed an enrichment of factors involved in the mitotic cell cycle and
microtubule-based processes. In the preblastoderm embryo, the genome is replicated and packaged
into chromatin every 9 min, requiring a high abundance of maternally deposited histones and assembly
factors as was already suggested by Becker et al in 1992 (24). However, here it is shown proteomically
and for as many proteins differentially for the first time. Interestingly, we also found proteins involved
in translation that were highly enriched in DREX. While transcription is not active in these embryos
(200), translation of maternally deposited mRNAs occurs in the embryo before it switches to zygotic
control (201). The syncytial state of the embryos at collection, making the extract neither exclusively
nuclear nor cytoplasmic extract explains this coappearance of nuclear and translational factors.

With its pre-transcriptional timing of the embryo, many transcription factors are absent from the
extract while others are detectable, making the extract an excellent model for transcription factor
targeting (33,34,202). Together with the comprehensive proteomic data on assembling chromatin fiber
in DREX, this resource will aid future insights into how and which proteins are targeted to the fiber.

Opverall, the produced proteome gives further insight into the nature and composition of the versatile
Preblastoderm embryo extract (DREX). A first unbiased view already revealed the many applications
of this resource. We were able to back long-standing hypotheses about the protein composition with
data and tie our findings into the biological contexts of embryo development as well as provide a
comprehensive protein list including relative abundances for downstream analysis. This DREX
proteome is a long-awaited tool and resource that will be wielded by researchers using the extract to
explore different biological concepts, pathways, and questions.
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4.3.2 What makes the DREX functional: concentration or composition?

When preparing different batches of DREX, researchers are confronted with the challenge that while
all are produced with the same protocol, not all extracts produced are capable of assembling chromatin
within the specifications provided. Therefore, a multi-day test assembly and titration has to be
performed with each new DREX batch. While we know the presence of histones, histone chaperones
and other chromatin assembly factors in high concentrations are vital, it remained elusive whether one
single protein or a collection might be a predictive determinant of which batch would assemble
chromatin successfully. We investigated two different features of DREX batches, total protein
concentration, and proteome composition to determine the correlation of these factors to assembly

capability.

Our data suggest that the ability of a DREX batch to assemble chromatin is determined by total protein
concentration, but that at least small differences in protein composition do not affect assembly. The
data were collected across 4 replicates, including 3 DREX that were able to assemble chromatin and 1
DREX that was not. We show that only very few proteins differ significantly in their abundance
between assembly-competent or incompetent extracts. The few proteins that do differ have no
functional link to chromatin assembly, function, or structure. They are most likely an artifact caused
by the limited amount of non-assembling DREX batches available and analyzed. Since all tested
DREX had approximately the same protein composition but one did not assemble chromatin, the
right composition is necessary but not sufficient to allow for chromatin assembly.

Protein concentration is the main denominator, within the variance we find in prepared DREX, for
chromatin assembly potential in DREX. The higher the total protein concentration, the lower the
extract volume per ug DNA is necessary to assemble chromatin. Additionally, below a certain
threshold, which appears to lie around 50pg/ul (measured by BCA with a BSA standard), the extract
is not competent to assemble chromatin anymore. This is explained by the involvement of a great
number of different proteins to assemble chromatin. These necessary proteins seem to have to be
present at a high enough abundance.

We conclude that both, composition and concentration are necessary to make DREX a functional
extract. Total protein concentration, is a good proxy for whether the DREX batch is capable of
assembling chromatin and how much DREX is necessary per unit of DNA. To finally prove that the
dilution factor is a relevant difference, a dilution of an assembly-capable DREX to the concentration
of the DREX categorized as “non-assembling” and subsequent determination of whether the extract
does consequently become non-functional would be an option. Identification of essential factors in
protein composition that might render the extract non-assembly competent might be explored by
removing certain factors by immunoprecipitation or degradation (197).

4.3.3 Proteasomal activity in DREX

We successfully showed that the proteasomal subunits are not only present and abundant in DREX
(Figure 26) but also assemble into a fully enzymatically functional proteasome complex (Figure 27).
Additionally, we were able to test and benchmark different proteasome inhibitors about their efficacy
and efficiency.
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Unfortunately, the inhibitor combination of MG132 + NEM used eatlier in the project proved to be
unsuitable for further analysis. Along the off-target effects (188-190), an observed disturbance of
clumping of beads upon the addition of the inhibitors but also in a vehicle-only control (data not
shown) makes this inhibitor combination unreliable. The clumping is most likely caused by the limited
solubility of the NEM inhibitor, necessitating the addition of a high volume of solvent ethanol to the
reaction. This leads to a disturbance of the process biophysically, not chemically/biologically.
Epoxomicin proved to be an effective and efficient inhibitor that could be applied with minimal use
of solvent.

This study reports the first direct detection of proteasomal enzymatic activity in DREX going beyond
reports of the presence of subunits (199). This finding was also confirmed outside of this project by
preliminary experiments applying the proteasome-dependent TRIM away system (197) in DREX by
Nikolas Eggers in the Becker lab (data not shown). The proteasomal activity in DREX also represents
our first indication of an active and complex metabolic system in DREX:

4.3.4 Inhibition of proteasome leads to overall accumulation and
differential changes in chromatome

While the inhibition of the proteasome does not interfere with basic processes like histone integration
and spacing, we do find differential changes in the chromatin-associated proteasome. From our Mnase-
based studies, we conclude that chromatin assembly at its most basic macroscopic level, histone
placement, is still achieved in DREX extract upon proteasome inhibition with Epoxomicin (Figure
28). Our method, however, only compromises a very zoomed-out and general view, allowing us to
make sure that assembly still happens and we can compare the epoxomicin-treated samples to control
and get meaningful data. An approach for the future to take a closer look at the integrity of histones
and their positioning might be to investigate the role of the proteasome in histone degradation and
chromatin plasticity (203). To examine this compelling role in the DREX chromatin system, the use
of longer DNA templates and different readouts like DNA hypermethylation coupled to nanopore
sequencing to investigate nucleosome density might be employed (204).

In our proteomic study of the assembling chromatin fiber, we detect more proteins than in the
proteome of the whole DREX. This increased sensitivity is caused by the smaller dynamic range (195).
Opverall, we reproducibly found that proteins accumulate on the chromatin fiber over time when the
proteasome is inhibited (Figure 29). However, we also showed that proteins are differentially affected
in their binding to chromatin by proteasome inhibition (Figure 30). Not all protein groups accumulate;
some subsets also bind less.

The proteins accumulating on the fiber upon proteasome inhibition are proteins involved in ribosome
biogenesis, translation, and transcription as well as RNA processing. The regulation of transcriptional
elongation and termination might both be under proteasomal control (205,206). The inhibition of
proteasome activity leading to the reduction of proteins of the RNA-related processes can therefore
be explained by failed recruitment of the factors when the proteasome is inactive or the degrading
enzymes' failure to remove inhibitory proteins. Proteins of ribosome biogenesis are associated with
chromatin in adult cells because early ribosome biogenesis happens in the nucleolus at the genomic
rDNA tandem where the four ribosomal RNAs (tRNAs) are transcribed and then dissociate from the
fiber (207). However, in the preblastoderm DREX, transcription is not active (200) and ribosomal
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subunits associate less with the chromatin fiber under control conditions (not visualized here). Their
accumulation upon proteasomal inhibition suggests that their removal or non-association under
control conditions is mediated by the proteasome directly or indirectly. This finding of proteasome-
mediated degradation of proteins involved in translation is consistent with literature describing co-
translational degradation of elongation factors (208). Overall, our result suggests that the proteasome
directly or indirectly removes proteins from the chromatin that do not, at this point in development,
fulfill a role for chromatin structure of function and fails to do so when its proteolytic function is
impaired.

Most interestingly, the subset of proteins that bind less to the fiber upon proteasome inhibition
contains mainly proteins involved in chromatin-proximal metabolism. This contains but is not limited
to, nucleotide/nucleoside metabolism. The 26S proteasome requires nucleotide - ideally ATP -
hydrolysis for the degradation of ubiquitinated proteins (209). As the proteolytic activity of the
proteasome is inhibited by Epoxomicin, the factors of this process seem to detach from chromatin,
and potentially so do proteins of other processes that are interlinked to this activity by the dependency
on the common nucleotide ATP.

Curiously, the proteins of the methionine cycle, SAM-S, and AHCY, are also less abundant on the
fiber when the proteasome is inhibited. Methionine, together with ATP, constitutes the essential
precursor of SAM, the methyl donor for histone methylation (210). This modification can be found in
DREX mainly in the form of H4 lysine 20 monomethylation (H4K20me1) (5,46). We hypothesize that
proteasomal activity produces the metabolite methionine (and potentially other metabolites as well)
through proteolytic degradation of other proteins. Under normal conditions, the proteasome thereby
creates a methylation-favorable environment that is associated with the presence of the enzymes on
the fiber. This environment is disrupted upon inhibition of the proteasome.

The abundance of subunits of the core 20S proteasome itself on the chromatin fiber remains somewhat
unaffected by the proteolytic inhibition. The proteasome appears to be present still, simply not
functional or active. This suggests that proteolytic function does not seem to be necessary for the
recruitment or association of the proteasome on the chromatin fiber.

4.3.5 Metabolite profiling in DREX

The initial metabolomic profiling of DREX in collaboration with Marco Borso and Beyza Bozdag now
allows a more holistic approach to investigate metabolic pathways in DREX by expanding the mass
spectrometry tool kit of proteomics and histone modification analysis with a state-of-the-art
metabolomics approach.

Our benchmarking showed a successful application of metabolite detection via CEMS for the DREX
extract. The intuitive retention time vs m/z ovetview plot might be used in the future using pattern
recognition algorithms to readily identify and track metabolite levels dynamically in a time stack/over
time as has been explored for NMR-based metabolomics (211). This can be done over different time
points or by administering different manipulations and challenges to the extract to then read out the
systematic metabolic reaction of the extract. Additionally, this method could be applied to different
systems. Hereby, DREX constitutes an ideal proof-of-concept model due to its easy manipulation and
high yet limited complexity.
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A great variety of metabolites was identified and a subset was quantified using isotopically labeled
spike-ins. In the future, Marco Borso will expand the portfolio of quantifiable metabolites using
isotopically labeled spike-ins for a greater variety of metabolites. Additionally, differential metabolomes
of experimental fractions e.g. DREX-assembled chromatin and remaining supernatant could be
established to investigate the formation of microenvironments and enrichments.

Biologically, the first metabolomic snapshot of a steady-state DREX already yielded physiologically
relevant insights. We observed remarkably reproducible metabolite concentrations among biological
replicates despite the complexity of the extract (Figure 31). The absolute levels of methionine
(3.86 uM) in our extract appear to be at only 15% of that measured via LC-MS in Drosgphila embryos
by others. However, SAM and SAH concentrations in DREX (2.97 uM, and 0.06 uM correspondingly)
are in the same dimensions as those measured in Drosgphila embryos in the same study (1.72u M SAM
and 0.15 uM SAH) ((212) supplement 5). Overall, this confirms the potential of the extract for
transferable metabolic studies.

Moreover, our data allowed us to calculate the methylation capacity of our extract, which is defined by
the SAM/SAH ratio, a determinant relevant to enzymatic methylation reactions. The ratio calculated
from our data was 50 and equaled the one obtained by Marco Borso for Drosgphila cells (data not
shown), revealing that any difference seen in methyltransferase activity between the in vitro system
and in vivo reports does not result from a difference in the metabolite ratio.

Dialysis of the DREX extract and subsequent metabolomics snapshot analysis allowed us to gain even
more insights into our system. In our study of the metabolites of the methionine cycle, we find that
SAH is not dialyzed out as efficiently as the other metabolites, such as SAM and methionine (Figure
33). SAH has a molecular weight of 384 DA, therefore with a membrane size cutoff of 3.5 kDa, the
size of the molecule is not the reason it was not dialyzed completely. Dialysis method and time are also
unlikely to cause an issue as determined by the successful dialysis of the other molecules of the
category. However, we observe that all metabolites are dialyzed out to a final concentration of around
0.02 pM. This might also simply mark the concentration limit to which the metabolites can be reduced
using the dialysis method chosen. While this reduction to 0.02 uM comprises a major relative reduction
for the naturally more abundant metabolites, it is a smaller decrease for the less abundant SAH.
Nevertheless, we know we have not reached our detection limit and therefore suspect a biological
reason for the phenomenon observed. We hypothesize that the SAH pool is partially bound to
enzymes or protein complexes and thereby protected from dialysis. To evade dialysis, the metabolite
has to be quite stably bound to the protein(s), as it has to stay protected over the whole dialysis time
of roughly 18h. The treatment of the samples before the analysis releases the metabolite from the
proteins(s) allowing us to detect bound as well as unbound metabolites. Due to additional data
suggesting the trapping of Pr-Set7 on the fiber, we believe the enzyme is bound to AHCY or Pr-Set7.
Therefore, we propose further binding studies to verify this theory of metabolite-protein binding by
e.g. fluorescence or mass spectrometry-based assays (213,214).

To sum it up, metabolomics was established and employed on different levels from intuitive overview
plots with exciting future development possibilities to in-depth identification and quantification of
specific peptides. To our knowledge, we report the first successful absolute quantification of
metabolites in Drosophila embryo-derived extracts. The biological insights gained allow for a deeper
understanding of the DREX model system and its new application as a metabolic study system. Finally,
we collected several valuable indications, including the metabolite concentrations and ratio of the
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metabolites involved and SAH partial protection from dialysis, which contributed to our hypothesis
of metabolic coupling of H4K20me1 during chromatin assembly.

4.3.6 DREX exhibits complex metabolic activity

Obur first indication for metabolic activity in the extract was discovered early in the project when we
successfully detected and inhibited proteasomal activity in the DREX 4.2.3. We have shown the
degradation capacity of DREX. This prompted us to dive deeper into the potentials of active metabolic
pathways in DREX to establish the extract to study metabolism. We wanted to know if there was more
metabolic complexity in DREX, allowing proteins and metabolites not only to be degraded but also
recycled, made anew, or transferred. We identified metabolic proteins in the DREX (4.2.1, 4.3.1),
characterized their behavior on the chromatin fiber in response to the metabolic challenge of
proteasomal inhibition (4.2.6, 4.3.4), and showed the presence of metabolites in DREX (4.2.7, 4.3.5).
After this, we now investigated, characterized, and challenged the C1 metabolism coupled to
H4K20mel modification in the extract (4.2.9, 4.2.10, 4.2.12). Thereby, we collected multiple
indications as well as definite proof of the metabolic activity of the DREX beyond an active protein-
degrading proteasome.

To sum up all subchapters below, we conclude that a great variety of metabolism is active in DREX.
We showed active metabolism for the proteasomal degradation pathway as well as for the methionine
cycle linked to H4K20me1 histone modification. We not only find metabolic enzymes associated with
these two pathways but also with others, for example, nucleotide metabolism (Figure 30). Additionally,
our metabolome profiling as well as recovery after dialysis studies also showed the presence and
dynamic, ATP-dependent, levels of not only metabolites involved in the methionine cycle but also
many other metabolites including other amino acids and nucleotides (4.2.7). The proof-of-concept
studies surrounding the proteasome and methionine cycle in combination with histone methylation
successfully showed their activity in the extract. In combination with the finding of the presence of a
wealth of other metabolic enzymes and metabolites in DREX, the data strongly suggests the activity
of many other pathways in the extract, making DREX an excellent system to investigate chromatin-
related metabolism in vitro.

4.3.6.1 H4K20monomethylation is persistent after dialysis

We observed that even upon the partial or full depletion of metabolites from DREX by dialysis,
H4K20monomethylation is still reliably set. We could exclude unsuccessful dialysis of the key
metabolites, methionine and SAM due to our comprehensive metabolome studies showing the absence
of these directly after dialysis (Figure 33). Therefore, we conclude that SAM and methionine generated
a new in the DREX. The necessary enzymes for this, the proteasome as well as SAM Synthetase, are
associated specifically with the chromatin fiber in our proteomic studies (control in Figure 30, Figure
36). Potentially, this generation of metabolites even happens directly on the chromatin fiber where the
metabolites are needed for histone methylation e.g. by the histone methyltransferase Pr-Set7.

Comparing our values of the control condition (no dialysis) to those previously reported via Western
Blot (5), we notice that monomethylation is detected to a higher degree in our proteomic experiments
after the same time. Interestingly, we detect low variation among biological replicates regarding the
grade of methylation after 1h. Variance in methylation speed had been observed in the lab before (not
published). The cause for this difference is not known but might result from differences in detection
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method. Additionally, an experimenter-dependent bias might be introduced because DNA to DREX
ratios for assemblies are not determined via protein or metabolite concentration but by volume and
visual judgment of assembly efficiency by Mnase-digested chromatin on Agarose gel.

4.3.6.2 SAM: SAH ratio influences methylation efficiency of Pr-Set7

We found that the addition of SAH blocks H4K20monomethylation. SAH is a product of the
methylation reactions with SAM a methyl donor and is known to act as a competitive inhibitor of the
reaction. The inhibition of monomethylation by SAH had been shown in an isolated histone
methyltransferase assay (5) and proved transferable to the DREX system, highlighting the DREX as a
useful system to study this modification and the sensitivity of histone modification setup in crosstalk
with its metabolic environment. The SAH concentration of 500 uM chosen is the same used in
literature where SAH was first shown to efficiently inhibit H4K20monomethylation by PR-Set7 in
DREX (5). Comparing the concentration of our now-known baseline SAH concentration of 0.06 pM
in DREX as measured by us, it represents a great excess addition.

The SAM/SAH ratio determines the methylation capacity of a system. In non-manipulated DREX,
the ratio is about 50 (2.97 uM/0.06 uM), according to our metabolite benchmarking (Figure 31). The
methylation capacity of Drosophila S2 cells is at a comparable level, around 55-65 (data not shown,
Marco Borso). By adding an excess of 500 uM SAH, the methylation capacity drops to 0.006
(2.97 uM/500 uM), reducing the efficiency of H4K20monomethylation by Pr-Set7 in the extract. This
inhibition of methylation is even stronger when the DREX is dialyzed. Here, we not only increase
SAH concentration but also lower the SAM level by dialysis. The methylation capacity is then at a bare
0.00005 (0.024 uM/500 uM), thus explaining that blocking of methylation is even more efficient in
dialyzed DREX.

These experiments are an indication that the metabolic steps of the SAH competitive feedback loop
for H4K20monomethylation are functional in DREX, pointing towards not only present but also
active metabolic enzymes, in this specific case Pr-Set7, on the chromatin fiber. While this enzymatic
activity and inhibition has been reported in the literature, the embedding in this context as well as the

acquirement of more insight into the underlying metabolite dynamics guiding the setting of the
H4K20mel mark are novel.

4.3.6.3 The extract metabolizes isotopically labeled methionine to SAM and
isotopically labeled histone methylation marks

Our reported incorporation of the heavily labeled methyl group of a supplied methionine as histone
methylation is direct proof of complex metabolic activity in DREX (Figure 35). The detection of an
isotopically labeled mono-methylated histone peptide proves that in the extract, at least two more steps
of the methionine cycle are happening. The added isotopically labeled methionine can be converted
into SAM by SAM synthetase (SAM-S) and then this SAM is used to methylate nucleosomes
incorporated into the chromatin fiber, in this case H4K20mel by PR-Set7. Intriguingly, we detect the
enzymes SAM-S and Pr-Set7 not only in the DREX proteome but also enriched on the chromatin
fiber compared to a beads-only control (Figure 36). Taken together, these findings lead us to
hypothesize that the conversion of metabolites might happen in situ on the fiber, creating a local
microenvironment favoring methylation.
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4.3.6.4 Like in vivo, excess of methionine does not translate to an increase of
H4K20mel in DREX

In the context of our studies on the incorporation of heavily labeled methionine building blocks as
histone methylations, we also explore the effect of an excess of methionine. Interestingly, the addition
of high concentrations of isotopically labeled methionine did not alter the methylation levels compared
to the addition of physiological levels. This is true for the overall percentage of H4K20me1l as well as
for the ratio of heavy to light methylation. This result reflects findings by others that report a similar
failure to increase methylation levels above a certain threshold in human cell lines, even with high
levels of methionine supplied in the medium (215). Additionally, they discovered that SAM
concentration is not increased through this methionine oversupply. This suggests that SAM synthesis
from methionine is most likely the metabolic bottleneck for this pathway. To test this hypothesis in
DREX, a future experiment with the supply and tracking of different concentrations of isotopically
labeled SAM instead of methionine during chromatin assembly is recommended. Taken together, these
findings support the hypothesis of SAM-S creating a metabolite bottleneck and provide an example of
how the DREX in vitro system successfully mimics in vivo situations.

4.3.6.5 Active metabolism replenishes dialysis-depleted metabolites in DREX

In this study, we showed that metabolites that have been removed from DREX via dialysis recover at
26 °C, independent of the presence of DNA but dependent on ATP availability (Figure 37 and Figure
38). This is only possible because the enzymes for the metabolic pathways necessary to produce these
metabolites are present and active in DREX. Here, we looked specifically at the metabolites involved
in the methionine cycle.

Interestingly, methionine showed a trend for dependence on ATP but also recovered to a slower yet
substantial level without it after dialysis (Figure 38). Methionine is an essential amino acid in Drosophila
and can be obtained by the degradation of methionine-containing proteins. The regeneration by
remethylation from homocysteine in Drosophila has been suggested in a knockdown (103). The putative
betaine-dependent methionine synthetase CG10623 is tremble annotated in the Uniprot database but
had not been at the time of analysis of the dataset, not allowing us to gain any insight on the protein's
presence and whereabouts in our system (104). While more data on the existence and role of potential
regeneration pathways are necessary to fully exclude its role in replenishing the methionine pool, we
believe that the generation by degeneration of methionine-containing proteins is the main source. We
hypothesize that methionine is replenished by the degradation of methionine—containing proteins by
the proteasome and subsequently proteases. We have shown before that the subunits of the
proteasome core particle as well as several regulatory particles are present on the chromatin fiber and
active in DREX. Thus, a quick generation of a metabolite-rich environment is made possible in
proximity to the chromatin fiber. Proteasomal degradation can happen in ATP-dependent and ATP-
independent manner, explaining the replenishing of methionine without ATP and a faster recovery
when ATP is available. Inhibiting the proteasome and/or exopeptidases and then tracking the recovery
of methionine could provide valuable direct insight into the dependence of methionine recovery on
the proteasome.

Contrastingly, SAM shows a full dependency on the nucleotide ATP (Figure 38). This is to be expected,
as ATP is a building block of SAM, which is synthesized from methionine and ATP in an enzymatic
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reaction that is catalyzed by SAM-Synthetase. Thus, we also see a delay in recovery compared to
methionine due to the same dependency on the availability of its second building block, methionine.

Curiously, SAH concentration does not change over time and stays consistent after dialysis (Figure
38). The concentration it stays consistent at, however, depends on ATP presence. When no ATP is
supplied, the concentration simply stays constant at where it was after dialysis. SAH concentration is
very low when ATP is added to the extract, although its degradation by AHCY is dependent on
NADH, not ATP. Taking our hypothesis of the inability to fully dialyze SAH out because its pool is
partially bound to an enzyme, we suggest it stays bound when no ATP is present but requires ATP to
be released and subsequently degraded by AHCY. If the release is ATP-dependent, it is tempting to
argue that SAH release from e.g. Pr-Set7 is dependent on SAM levels, which in turn depend on ATP.
We have established that the methylation capacity (SAM/SAH concentration ratio) is relevant for the
processivity of the PR-Set7 enzyme. This suggests that SAM, at a certain excess threshold, displaces
SAH in the Pr-set7 binding pocket. One way this hypothesis can be further explored was applied in
this project by testing the effect of an excess of SAH on the binding of the enzymes on the chromatin
fiber. Further possibilities, including in vitro fluorescence-based binding dynamic assays with purified
proteins and isolated metabolites on salt gradient assembled chromatin might be explored in the future.

Opverall, we observed a recovery of metabolites to a maximum of 20% of their level in DREX before
any manipulation after 120 min. To investigate whether the metabolites recover further and how long
the ATP regenerating system provides energy, an investigation of the phenomenon for an extended
period with a minimum of 4h, the time needed for assembly of mature chromatin in DREX, will be
conducted in the future.

Finally, we would like to remark that our results suggest experimenters need to keep in mind that after
dialysis, samples of DREX need to be stored at low temperatures and brought to experimental
temperature on point depending on the nature of the experiment. We have shown that dialyzed DREX
is highly dynamic. The metabolite concentration changes over time at 26 °C should be factored into
any experimental setup.

4.3.7 SAH excess traps Pr-Set7 fiber and effectively inhibits H4K20me1l

We investigated the effect of a block or inhibition of the directly and indirectly observed and shown
metabolism, leveraging the versatility of our DREX system. Therefore, we used the competitive
inhibitor SAH that had been shown to affect H4K20mel in our system before (5). In our study, we
were able to generate even more complex and clean readouts for the chromatin-bound proteome as
well as a histone modification analysis than ever before.

We observed an inhibition in histone H4K20 monomethylation by Pr-Set7 after 1h of chromatin
assembly in DREX as previously reported ((5) and Figure 34). Additionally, we were able to quantify
the histone H4K20mel levels in this experiment for the first time via mass spectrometry analysis. In
our analysis, we observed a slightly weaker inhibition of the methylation reaction than previously
reported by western blot. This difference might stem from the difference between the detection
methods, antibody specificity, its limit in quantification accuracy, and the overall variability of the
system. The trend of inhibition of H4K20monomethylation by SAH, however, is consistent. In our
study, we added a new layer of complexity by also quantifying the inhibition of the
H4K20monomethylation upon treatment with SAH in dialyzed and thereby metabolite-depleted
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DREX. Here, we observed the inhibition to be much stronger most likely due to a lower methylation
capacity in the DREX (4.3.6.2).

When analyzing the chromatin-bound proteome in DREX upon SAH treatment, we observed an
enrichment of different histone methyltransferases on the fiber compared to the untreated control
(Figure 30). Interestingly, these methyltransferases catalyze different histone methylations. The
Drosophila orthologue of G9a, which catalyzes H3K9 mono- and dimethylation in vivo (216) and shows
indication to methylate H4K,12 or 16 in vitro (217). The enzymes extra sex combs (esc) and enhancer
of zeste E(z) form the Esc/E(z) complex, which methylates H3K9 and H3K27, especially in eatly
Drosophila embryos to create polycomb islands (218-221). Mes-4, a protein belonging to the NSD
(nuclear receptor SET domain) methyltransferases (222) mediates H3K36 mono- and demethylation
(223). However, despite the presence of these enzymes on the chromatin fiber, we do not detect these
histone methylations on chromatin assembled in the DREX in vitro system. The only histone
methylation detected at a proportion above 1% on DREX-assembled chromatin is H4K20mel,
catalyzed by Pr-Set7, which is also among the methyltransferases we detect as enriched on the
chromatin fiber upon SAH treatment.

In the context of our study of the link of methionine metabolism to H4k20me1, the finding that Pr-
Set7 is stuck on the chromatin fiber upon treatment with SAH provided us with valuable new
mechanistic insights. Based on this result, we hypothesize that Pr-Set7 cannot release from its product,
the methylated histone when the SAM/SAH is too low. Unpublished results from the Kurumizaka lab
confirm that structures of complexes of the Pr-Set7 orthologue SET8 with nucleosomes on DNA are
more stable when SAH is present, as determined by EMSA. The binding of the methyl transferase to
nucleosomes on DNA also happens without SAH. Therefore, they suggest that the acidic patch-
binding mode of the methyl transferase comprises the main binding mode in vitro, while the SET
domain H4 tail interaction might serve as an auxiliary binding mode to increase the binding to the
nucleosome (Personal correspondence, Hitoshi Kurumizaka). Overall, this validates our observation
that the methyl transferase is bound more or longer to chromatin in the presence of high
concentrations of SAH.

The release of the methyltransferase from the nucleosome most likely has one of two undetlying
mechanisms. Possibly, the enzyme sits on the nucleosome on the chromatin fiber after methylation
with SAH bound until SAM replaces SAH in the co-substrate binding pocket and thereby releases the
enzyme from the fiber. This hypothesis is supported by the correlation of the amount of Pr-Set7 bound
to chromatin to the SAM/SAH ratio. Alternatively, the cooperation of Pr-Set7 and AHCY to remove
the methyltransferase from the fiber is thinkable. Supporting this stream of thought, we observe the
opposite effect of SAH excess on the protein AHCY compared to how Pr-Set7 was affected. The
enzyme AHCY disappears from the chromatin fiber when excess SAH is present, hypothetically
because, under high SAH conditions, it binds to free-floating SAH instead of processing SAH from
the histone methylation reaction. A direct handover of the SAH molecule from Pr-Set7 to AHCY
upon completion of the methylation for processing is thinkable. This could be tested by investigating
the direct binding of the two enzymes, e.g. by FRET.

When comparing chromatin assembly in the presence of SAH in dialyzed vs. non-dialyzed DREX, we
find a much stronger effect of SAH in the experiments where DREX was dialyzed before assembly to
remove all metabolites. This is true for the chromatome analysis as well as for the histone modification
analysis (Figure 34 and Figure 36). Because of the addition of a very high concentration of SAH, the
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methylation potential is very low at 0.002 in the non-dialyzed sample. However, in the dialyzed sample,
it is even lower at 1.5x10"5, explaining the even stronger effect (4.3.6.2).

In the future, the effect of inhibition of AHCY by Dz-nep on the chromatin proteome could be
investigated (224). This might give further insight into the interplay of AHCY and Pr-Set7, the
influence of SAH on the histone methylation percentage, and a chance for differentiation of the effect
of different players on the on-off rates of Pr-Set7 on nucleosomes on DNA. Furthermore, the role of
Pr-Set7 as a methylation potential sensor could be investigated. We recommend expanding these
studies by in vitro experiments with recombinant proteins and SGD experiments. SGD-based titration
studies or a combination of the recombinant in vitro system with FRET or surface immobilization of
one of the substrates would allow the generation of quantifiable data on enzymatic turnover and on/off
rates.

Overall, we observe that SAH leads to a reduction in H4K20monomethylation and traps Pr-Set7 and
other methyltransferases on the chromatin fiber. We hypothesize the processivity of the Pr-Set7
enzyme goes down as it either cannot be unloaded from the fiber anymore due to metabolite ratio or
hindered interaction with the enzyme AHCY. Dialysis of small metabolites enhances the effect,
indicating a high dependence of Pr-Set7 on the methylation potential. We propose further studies with
inhibitors in the DREX system but also in a recombinant system for additional mechanistic insights.

4.3.8 Lack of diversity in histone methylations in DREX assembly

In our project, we validated that in the in vitro system of DREX chromatin assembly,
H4K20monomethylation is by far the most abundant histone methylation modification. All other
histone methylations are detected below 1% abundance (analysis in cooperation with Beyza Bozdag,
data not shown). There are multiple hypotheses, yet only limited data on the reason(s) for this
phenomenon. This can be interrogated further in the future utilizing and expanding the methods,
datasets, and results produced in this project.

The first idea of a lack of abundance or recruitment of other methyltransferases on the fiber could be
rejected based on our data. In our proteome, we find not only Pr-Set7 but also other
methyltransferases, including G9a, Mes4, and the esc/E(z) complex bound specifically and high
abundantly to the chromatin fiber (Figure 30).

A low concentration of available metabolites is another try at explaining the lack of more diverse
methylation in the in vitro system. This is unlikely due to 3 pieces of evidence: First., Pr-set7 has the
highest Km value of the detected histone methyltransferases and should thereby be the most affected
by a lack of SAM or a low SAM/SAH ratio (225). Second, we benchmarked the availability of SAM
and SAH in DREX. We determined by metabolomics analysis that the concentration and ratio are high
enough based on the enzymes’ Km values and additionally similar to those observed in cells where
more histone methylation variation is set (4.3.5). The metabolite concentrations most likely reflect the
free pool of the metabolites of this pathway within a 12-hour time window. The exception is the SAH
pool, which we believe to be 50% bound by proteins due to our dialysis experiments. Lastly, dialysis
to remove metabolites before assembly did not lead to an abolishment of the H4K20mel mark. This
suggests that the amount of metabolites left was high enough, at least locally, to support the
methylation reaction. Lastly, we do not believe that metabolite availability restricts methylation mark
diversity because we observe supplementation of additional isotopically labeled methionine over the
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physiological level does not recover other histone methylations either (not shown, data analysis in
cooperation with Beyza Bozdag). However, the limitation of this third point lies in the question of
whether the SAM-S creates a bottleneck by enzymatic rate. This could easily be examined by the
addition of isotopically labeled SAM and tracking the methyl group in the DREX chromatin assembly
reaction. Overall, we believe that there is no metabolite shortage in DREX that would explain the
setting of only one type of histone methylation.

DNA sequence dependency represents another option for the lack of histone modification diversity
in our DREX assemblies. In this study, only one DNA sequence based on a nucleosome positioning
sequence repeat has been used for chromatin assemblies. To investigate sequence effects in the future,
we recommend DREX studies using genomic DNA or different DNA sequences for chromatin
assemblies. Whole genome assemblies can be used to track HMT placement by ChIP-Seq (33,34),
while comparative analysis of histone modifications on assemblies with different defined sequences
might reveal the influence of different DNA features on methylation efficiency. Proteomic studies on
different DNA sequences during DREX chromatin assembly revealed no difference in the chromatin-
bound proteome between different DNA sequences in the past (28).

Furthermore, the influence of inhibitors and activators might shape the activity of histone modification
enzymes. These activators and inhibitors can come in 3 different forms; they might be other proteins,
pre-existing histone marks, or small molecules: First, more often than not, histone marks are set by
enzymes that are influenced in their activity by other enzymes. The HMT Setl, for example, is part of
a bigger complex, interacting with the PAF complex and RNA polymerase 1I. Additionally, the
recruitment is dependent on many transcription factors and transcriptional co-activators (226). The
complexity of the mechanism of recruitment and activity of the HMTs ensures a high level of
organization and control in the setting of marks and allows for additional crosstalk with the cellular
environment. In our system, the effect of other enzymes on the HMT activity could be tested by
analyzing histone modifications on DREX-assembled chromatin upon removal of candidate
interactors from the DREX using PROTACs or the TRIM away system (197,227). Secondly, some
HMTs, like PRC2, which sets H3K27trimethylation, require activating pre-deposited
H3K27methylation to bind and spread the modification (228). In vitro HMT assays, based on
recombinant naive oligonucleosomes and recombinant PRC2, show that only the addition of a
stimulatory H3K27me3 peptide stimulates H3K27me3 on the nucleotides (229). The addition of the
stimulating H3K27me3 peptide to the DREX assembly might increase this mark and will generate
valuable insights on whether allosteric activation of HMT's is lacking at least. Ultimately, the inhibitor
or activator could also be other small molecules of yet unknown nature, including metabolites or
cofactors. Because we see a different methylation type diversity in embryos, it is tempting to
hypothesize that a common activator might be lost in the preparation of DREX from embryos. This
factor can be imagined to be of different natures, including salts, buffer systems, lipids, insoluble
proteins, and other factors separated off or diluted out during DREX preparation. This broader idea
of a yet unknown player is beyond the scope of the project but sets an example of the complexity yet
to be discovered in the regulation and dynamics of histone modification in the extract and beyond. To
sum it up, all three domains, interacting proteins, histone marks, and small molecules represent feasible
regulators that have not yet been but should easily be explored in this context in the DREX system in
the future.

Finally, another intriguing perspective is not simply the differential and specific inhibition or activation
of certain HMTs by different factors but the idea of a master regulator. In the extract, no histone
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methyl modifications except the H4K20mel were detected. This might be caused by an overall
protection of histone tails in DREX by an unknown agent or mechanism. In this line of thought, the
H4K20mel modification would represent an escapee of sorts. Pr-Set7 might then be the only
methyltransferase able to circumvent or overwrite this signal and set the H4K20me1 modification. The
literature points towards an activated repair signaling pathway in the DREX-assisted chromatin
assembly when performed with a linearized DNA template, as done in the histone modification studies
in this project (35). This signal could represent the foundation of the mechanism for the H4K20mel
modification to specifically overcome the general inhibition. The extract is lacking one major feature
that embryos have, cell cycle. Despite its reduction to S and M phases in the preblastoderm embryo,
many factors still cycle every round. Much like the sensing of nuclear to cytoplasmic ratio in Drosophila
embryo triggers ZGA, it is conceivable that a mayor signal that is dependent on cell cycle factors
regulates the modifications (230). This makes the factors that do cyle in embryos interesting candidates
for investigations.

The current study provides new insights and methods to investigate the mystery of the lack of diversity
of histone modifications in the DREX. We believe that further investigation of the different
dimensions and elucidation of the mechanisms that shape the modification landscape in vitro will give
valuable insights into the complex system of histone modification regulation in the embryo and beyond
in vivo.

4.3.9 A model for metabolic coupling of H4K20mel during chromatin
assembly

Finally, we have come up with a working model for the metabolic coupling of H4K20mel during
chromatin assembly, exploiting the various methods established and benchmarked in this project in
DREX. The many indications or direct proofs combined allow us to paint a picture of how a
methylation-favoring environment is created on the chromatin fiber.

Our working hypothesis starts with the proteasome, which we detect enriched on the chromatin fiber
via proteomic analysis (Figure 26). The proteasome recognizes and degrades marked-for-degradation
proteins on the chromatin fiber. The resulting peptides are digested into amino acids. Based on our
metabolomics results, we believe that this degradation happens in ATP dependent and independent
manner (Figure 38). The presence of the exopeptidases and their activity should be further investigated
in the future. The essential metabolite, methionine, is putatively generated directly on the fiber to attain
a high local concentration and thereby a methylation-favoring environment. Here, we recommend a
metabolomics analysis of an isolated chromatin-assembled-in-DREX fraction compared to a general
DREX fraction in the future to validate and quantify the enrichment directly. Additionally, we detect
all other relevant proteins of the methionine cycle and the necessary histone methyl transferase (HMT)
Pr-Set7 on the chromatin fiber (Figure 36). The presence of these proteins not only in DREX (Figure
23) but specifically enriched on the fiber is a further implication of a microenvironment for metabolic
coupling. We have shown directly that methionine can be converted into SAM in the extract and
subsequently used as a cofactor by the HMT to methylate histones (Figure 35). Pr-Set7 is then released
from the fiber again when new SAM binds its catalytic center or via interaction with the AHCY, the
lyase of its product SAH. The mechanics of this process have yet to be dissected e.g. by protein-protein
binding assays and nucleosome-protein binding assays in vitro under different metabolite
concentrations. Overall, we believe the evidence collected points towards a model where metabolites
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as well as enzymatically active proteins create a local metabolite-rich environment that is generated,
favoring histone methylation.
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Figure 39 Scheme of working hypothesis for metabolic coupling of H4K20mel in DREX

To depict the hypothesis, enzymes are depicted in green, metabolites in blue. In this hypothesis, proteins on the chromatin
fiber get degraded by the proteasome and resulting peptides are cleaved into amino acids by exopeptidases. These
aminoacids are metabolites and can be used by the proteins present in the abstract. Here, methionine is used, together with
ATP, by SAM-S to produce SAM. This SAM is then used as a cofactor by Pr-Set7 to methylate H4K20 lysine. The resulting
SAH is cleaved by AHCY into adenosine and homocysteine. Homocysteine might be converted into methionine synthase,
however this link is not established so the enzyme is depicted in yellow and pathways in dotted lined only. Created with
Biorender.com.
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5 Final Conclusions

In this thesis, the characterization DREX system was advanced, and new insights into the process of
chromatin assembly were won by challenging the system.

For the first time, a comprehensive metabolomics and proteomic analysis of the extract was
performed. Valuable insight into which proteins are present and at what relative abundance in the
extract was gained. It was shown that for fundamental metabolites, their levels are similar to in vivo
levels and that metabolic processes in DREX are functional and working, establishing it as a new
method to investigate metabolic processes in complex environments but without a living organism.

We report that multiple learnings from the experiments including novel insights on the mimic molecule
foldamer but, most importantly, a more thorough understanding of the dynamics of chromatin
structure and function that we unearthed by disturbance of the system using foldamer. This study
shows the impact of general DNA shape recognition on binding events on chromatin. By leveraging
the biologically orthogonal compound “foldamer”, different aspects of binding events could
deconvoluted, revealing that binding, even that of sequence-specific binders, have at least a partial
contribution of DNA shape recognition binding to their total binding capacity. Furthermore, this study
recommends DREX as a future model to study metabolism and its link to chromatin, elucidating
fundamentally required knowledge for usage of the system while already elucidating new key aspects
of a specific process, the connection of the methionine cycle and H4K20monomethylation.

Finally, our experiments show that the findings made in the DREX in vitro system were highly
transferable to in vivo studies but also following mechanistic in vitro findings. Titration experiments
that would have been impossible in an in vivo setting due to systemic effects were elegantly leveraged
here while exploiting the DREX system’s complexity to also include indirect effects caused by
crowding, known and unknown competitors. This study expands the knowledge and tools surrounding
the DREX chromatin assembly system while delivering key insights into the mechanisms of protein
binding to chromatin and the crosstalk between metabolism and chromatin structure. Ultimately, this
represents a proof of concept of the use of the system and its versatile outputs to elucidate mechanisms
involving chromatin, chromatin assembly, and metabolism.
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6 Materials and Methods
6.1 Materials

6.1.1 Bacteria strains

Name Supplier Remarks

DHb5alpha competent cells Thermo Fisher Scientific High insert stability due to
recAl mutation
High yield and quality of DNA
due to endA mutation
High transformation efficiency

6.1.2 Chemicals, peptides, and recombinant proteins

DNA mimics/Foldamers

“Foldamers” and biotinylated “foldamers” were obtained from Valentina Corvaglia from the Ivan Huc
laboratory Ludwig-Maximilians-Universitit Miinchen, Butenandtstralle 5-13, D-81377 Munich —
Germany. Corresponding synthesis experimental numbers of the compounds used in this thesis were
VC391 and VC392.

Antibiotics
Name Concentration of Working Supplier
stock solution concentration
Ampicillin 100 mg/ml in HO 100 pg/ml Roth

Spike-ins for metabolomics

Name Stock concentration Supplier, Cat. Nr.
L-Methionine-(methyl-13C, d3)  6.53 mM in ms grade H,O Merck, 299154
Adenosine-15N5 5'- 100 mM (in 5mM Tris HCI / H,O), Merck, 707783
Triphosphate 298 atom % 15N, 295% (CP)

L-Lysin-13C6,15N2 — 32.4 mM in ms grade H,O Merck, 608041
hydrochloride

Protease and proteasome inhibitors, reducing agents, isotopically labeled metabolites, and
other modulators

Name Stock Standard Supplier
concentration dilution

Aprotinin 1 mg/mlin 1:1000 Genaxxon
ddH,O

Leupeptin 1 mg/mlin 1:1000 Genaxxon
ddH,O
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Pepstatin 0.7 mg/ml in 1:1000 Genaxxon
ethanol
PMSF 0.2Min 1:1000 Sigma
(Phenylmethylsulfonylfluorid) Isopropanol
DTT (Dithiothreitol) 1 M ddH,O 1:1000 Roth
Epoxomicin 10 mM in According ApexBio
DMSO to
protocol
NEM (N-ethylmaleimide) 100 mM in 1:20
ethanol
MG132 4 mM in 1:400 MedChemExpress
DMSO (Kind gift from
the Meiners
group)
SAH (S-adenosyl 26 mM in 1:20 Merck
homocysteine) ddHO (Kind gift from
Daan Verhagen)
6.1.3 DNA: Plasmids and oligos
Plasmids
Plasmid Insert Application Remark
pAI61 (pBS SK (5) 13 repeats of L. Bacterial expression As published in (28)
variegatus 5S fRNA
Customized oligos
Name Sequence Restriction  Supplier Application
site added
16bp_1_mimic_ctrl 5>- XbAI Sigma Ligation with
ATCTAGATCGAGCTACA- Aldrich ~ complimentary
3 oligo for
interference
experiment
(Chapter 3.2.1)
16bp_2_mimic_ctrl  5>- XbAI Sigma Ligation with
TGAGCTCGATCTAGAT- Aldrich  complimentary
¥ oligo for
interference
experiment

(Chapter 3.2.1)
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6.1.4 Software and algorithms

Affinity Designer - software version 1.10.4.1198 was used to assemble figures.

Affinity photo - software version 1.10.4.1198 was used to visualize, crop, and adjust DNA agarose
gels documented with the Chemidoc Imaging Touch system (Biorad). Only non-distortive adjustments
were made using brightness and contrast.

Biorender.com - was used to generate schemes where indicated.

Cytoscape - software version 3.8.2 and 3.9.1 with a string database plug-in version 11.5 was used for
protein clustering and visualization of protein networks. Parameters specified in figure legends were
used.

DeepL.com web application - was used to facilitate translation of “Summary” of this thesis in english
to “Zusammenfassung’ in german.

GraphPad Prism 5 - was used for the analysis and visualization of data from Proteasome-Glow Assay.
MaxQuant - was used for processing LC- mass spectrometry raw data.

Microsoft Excel 2016 — was used during metabolite and histone modification analysis after skyline,
and for visualization.

Microsoft Word 2016 — was used to compile text documents, including this thesis.
Microsoft Powerpoint 2016 - was used for visualization of proteasomal subunits.

Perseus — software version versions 1.6.7.0. and 1.6.15.0 were used for filtering, analysis, and
visualization of data in the form of volcano plots, heatmaps, scatterplots, and intensity distribution bar
plots.

R Studio — software version 4.0.3 was used for GO term analysis, simple normalizations and
calculation of p.adjust values, and visualization of data in the form of box plots, bar plots, violin plots,
network plots, and waterfall plots.

Skyline - version 21.10.1.146 and 2.22 were used for analysis of metabolites and histone modifications
and visualization of integration of isotopically labeled modifications on histones.

Sunrise with Magellan 7.2 - software by Tecan Group Ltd., Minnedorf; Switzerland Luminescence
was used for data acquisition from the plate reader.
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6.1.5 Standard buffers

Luria-Bertani (LB) medium
1.0% (w/v) Bacto-Tryptone

1.0%(w/v) NaCl

0.5% (w/v) Bacto-Yeast extract

in deionized H,O

EX100 buffer

10 mM Hepes pH 7.6
100 mM NaCl

1.5 mM MgCL2

0.5 mM EGTA

10% (v/v) glycerol

10 mM DTT (add fresh)
0.2 mM PMSF (add fresh)

1x TE buffer

10 mM Tris pH 8.0
1 mM EDTA

in deionized H,O

Materials and Methods

1x TBE buffer

90 mM Tris base

90 mM Boric acid
2mM EDTA (pH 8.0)
in deionized H,O

1x PBS buffer

137 mM NaCl

2.7 mM KCI

10 mM Na,HPO,

1.8 mM KH,PO,

in deionized H.O

adjust pH to 7.4

for cell culture purposes, the buffer was sterilized
by autoclaving
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6.2 Molecular biology methods
6.2.1 E. Coli DNA transformation

100ul competent cells thawn on ice and 5 ul plasmid DNA were added. The bacteria suspension was
incubated for 20 min and then heatshocked at 42 °C for 90 s, then incubated on ice for 2 min. Next,
900 pl Luria-Bertani (LB) medium was added and cells were incubated in a shaking incubator at
750 tpm at 37 °C for 1 h. Then, cells were centrifuged at room temperature at 800 g for 3-5 min. The
supernatant was removed and the pellet was resuspended in 100 ul LB medium. Since all plasmids used
carried an ampicillin (amp) resistance gene for selection, the 100 pl bacteria suspension was then plated
on LB-Amp agar plates (amp 100 pug/ml) and incubated at 37 °C overnight.

6.2.2 Growing of bacteria and plasmid DNA purification

Single colonies were picked from overnight plates from E.coli transformation and inoculated into
5 ml/500 ml liquid LB medium containing the resistance gene in the plasmid: ampicillin (100 pg/ml)
for minipreparation and maxipreparation, respectively. These bacteria suspensions were incubated in
a shaking incubator at 140 rpm at 37 °C overnight. The following isolation of plasmids DNA was
performed using the Macherey-Nagel Kits according to the manufacturer’s protocols. DNA was
reconstituted in IXTE buffer and stored at -20 °C. DNA concentration was determined by a
Spectrophotometer (Ds-11, DeNovix, Wilmington, USA).

6.2.3 DNA linearization and biotinylation

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Biotinylation of DNA was performed as previously described (28). In short, 500 ug of the pAIGT plasniid was linearized
by Sacl and Xbal digestion and DINA was precipitated. Restriction enzymes were purchased from New
England Biolabs (NEB) and conditions were chosen according to manufacturer’s protocol.
Subsequently, one end of the DNA was biotinylated by incubation of the linearized DNA with 80 mM dCTP and
dGTP, 3 mM biotinylated dUTP and dATP as well as the Klenow Polymerase. The biotinylated DN.A was then
purified using G50 Sepharose columns (Roche) according to the manufacturer’s protocol. Finally, DNA concentration
was determined by Spectrophotometer (Ds-11, DeNovix, Wilpington, USA) and adjusted to 200 ng/ul in 1xTE
buffer and stored at — 20 °C.

6.2.4 DNA precipitation

In all cases, whether after restriction or MNase digests, DNA was precipitated with a final
concentration of 1 M ammonium acetate and 1.5 volumes of ethanol. After incubation at -20 °C for
2°C at full speed (21130 xg) for 1 h. The supernatant was removed, samples washed with 70% ethanol,
and centrifuged at °C at full speed (21130 xg) for 30 min. The supernatant was removed with a pipet
and samples were left at room temperature for the remaining ethanol to evaporate. Finally, DNA was
resuspended in 1x TE buffer.
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6.2.5 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to separate DNA fragments by size and confirmation to
analyze results from restriction digests, binding assays, and MNase digests. Agarose percentage was
chosen based on DNA fragment size to analyze, 0.8% was chosen for restriction reaction testing, and
1.5% Agarose was chosen for gels for Mnase digest reactions. Agarose powder was weighed and
dissolved in corresponding volumes of 1x TBE buffer by heating in the microwave until the solution
was clear without any remaining visible particles. The solution was poured into the gel tray and left to
gel with combs in place to mold sample loading wells. When the gel was stable, the chamber was filled
with 1x TBE buffer. DNA samples and DNA ladders were mixed with Midori Green Direct (Nippon
Genetics) at a 1:10 dye: sample ratio. Samples were loaded into the sample loading wells in the gel,
DNA ladders in a separate lane as a size standard. Electrophoreses were performed at 50-150V until
separation was sufficient to determine necessary distinctions. DNA on the gels was visualized and
analyzed by radiation, with UV light, and documented using the Chemidoc Imaging Touch System

(Biorad).

6.2.6 Annealing of short DNA oligos

Each oligo was dissolved in freshly prepared 1x annealing buffer (10 mM Tris-HCI pH 7.8, 50 mM
NaCl, 1 mM EDTA) separately, leading to a concentration of 10 ug/ul (2 mM) per oligo. Then,
identical volumes of each of the solutions of complimentary oligos were mixed (ratio 1:1) and
absorption at 260 nm (dsDNA) was measured by Spectrophotometer (Ds-11, DeNovix, Wilmington,
USA). Then, the mixtute was incubated at 95 °C in a shaking heat block at 500 rpm for 5 min.
Afterward, the sample remained in the heat block that was gradually cooled down to 16 °C over 42 min.
Next, the sample was transferred to 4 °C and cooled for another 20 min. Subsequent measurement of
the sample’s absorption at 260 nm confirmed that the raw absorption value at this wavelength

increased, showing successful annealing. Finally, the DNA was precipitated and taken up in 1x TE
buffer.

6.2.7 Preparation of preblastoderm Drosophila embryo extract [DREX]

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Preblastodern Drosophila embryo extract (DREX) was prepared as previously described (28), with minor adjustments.
In short, Drosophila melanogaster embryos were collected 0—90 min after egg laying and subsequently dechorionated using
3% hypochlorite. The dechorionated embryos were washed in 0.7% NaCl, resuspended in extract buffer (10 mM
HEPES [pH 7.6], 10 mM KC/, 1.5 mM MgCh, 0.5 mM EGTA, 10% glycerol, 10 mM 3-glycero-phosphate;
1 mM dithiothreitol [DTT], and 0.2 mNM phenylmethylsulfony! fluoride [PMSF], added freshly) at 4 °C and
homogenized using a tight pestle connected to a drill press. The homogenate was supplemented with MgCls to a final
MgCl> concentration of 5 mM and centrifuged for 10 min at 10,000 1pm in an SS34 rotor (Sorvall, Thermo-Fisher
Scientific, Waltham, USA). The supernatant was centrifuged again for 2 h at 45,000 rpm at 4 °C in a SW 56 rotor
(Beckman-Conlter, Germany). The clear extract was isolated with a syringe, avoiding the top layer of lipids. Extract
alignots were frozen in liguid nitrogen. Protein concentration was determined by Spectrophotometer (Ds-11, DeNowix,
Wilmington, US'A) measurement and titration with chromatin assembly experiments.
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6.3 Biochemical methods

6.3.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

This method is used to separate proteins according to their electrophoretic mobility in an electrical
field. First, the sample is heated to 95 °C in Laemmli buffer (200 mM Tris [pH 6.8], 8% (w/v) SDS,
40%(v/v) glycerol, 0.2% (w/v) bromphenol blue) to denature the proteins and bind anions to the
hydrophobic sites of the proteins to add size dependent negative charge. Next, proteins were loaded
into loading pockets of gels with an acrylamide gradient of 4-20% (Serva) while Protein markers
(peqGOLD Protein Marker IV and V by Peqlab) were used as molecular weight standards. Then the
gel was subjected to Electrophoresis at 24mA per gel in a chamber filled with SDS running buffer
(25 mM Tris, 190 mM glycine, 0.1% (w/v) SDS), smaller proteins migrate faster through the gel mesh
than bigger ones. Afterwards, the gel was stained with Coomassie.

6.3.2 Coomassie staining

The polyacrylamide gels were washed with ddH2O after SDS-PAGE and subsequently incubated fully
submerged in InstantBlue solution (Expedeon) for 60min at room temperature. Protein bands were
thereby stained blue. Gels were washed once in ddH»O and then imaged in the Chrmidoc Imaging
Touch system (Biorad).

6.3.3 Proteasomal activity assay

The proteasomal activity was determined by measuring chymotrypsin-like activity using the
Proteasome-Glo™ Assay (Promega) according to the manufacturet’s protocol. 40ul of DREX were
used for each sample, and 3 biological samples were prepared for each time point and each condition.
ATP generating system McNap (3 mM ATP, 30 mM creatine phosphate, 10 pg creatine kinase/ml, 3
mM MgClI2, and 1 mM DTT) was added to the DREX. Then, proteasome inhibitors or corresponding
solvent controls were added. The addition of inhibitors was set as timepoint 0 min. After 10 min,
50 min, or 6h, the sample was diluted 1:500 in EX100 buffer. Then, 20ul of this sample was mixed
with 20 ul reaction buffer (provided with the kit, containing CT-L substrate and defrosted in the dark
30 min ahead of use) in a white flat bottom 96 well plate (Berthold Technologies, Bad Wildbad,
Germany). Cleavage of the Suc-LLVY-aminoluciferin by the proteasome releases aminoluciferin which
is transformed into a luminescent signal by the luciferase in the reaction buffer. Luminescence was
measured and quantified at time points 30 min, 70 min, and 6:20 h after time point 0 min (addition of
inhibitors or control solvent) using a TriStar LB 941 plate reader (Berthold Technologies) and the
Sunrise with Magellan 7.2 software (Tecan Group Ltd., Minnedorf; Switzerland) when the values
reached a plateau of the signal. Raw data extraction and analysis by normalization to controls was
performed with Excel, and statistics and plotting were performed with GraphPad Prism 5.

6.3.4 Dialysis of DREX

Dialysis of DREX was performed at 4°C overnight with a 2x buffer change against the EX100 buffer
including protease inhibitors. 200 ul — 2 ml of DREX were transferred with a pipet into a dialysis tube
Spectra/Por®3 Dialysis Membrane standard RC Tubing with a molecular weight cut off (MWCO) of
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3.5 kDa cut off (flat width 18 mm, Spectrumlabs, Inc.) which had been incubated in ddH,O at room
temperature for 3 h before. The tube was closed with clips (Spectrum) and placed in a beaker with a
magnetic stirrer filled with the cold dialysate of 500 times the volume of the sample. The dialysate
buffer was EX100 with the Aprotinin, Leupeptin, Pepstatin, DTT, and PMSF freshly added. The
sample was left in the dialysate on the stirrer for 2 h at 4 °C. The dialysate was replaced with fresh
dialysate of the same nature and the sample was left in the stirred solution at 4 °C overnight. On the
next day, the sample was removed from the tube using a pipet. As a control, a DREX sample of the
same volume was transferred to an Eppendorf tube and incubated at 4 °C and slow movement
(50 rpm) on a shaking plate overnight. The samples were flash frozen in liquid nitrogen directly after
dialysis/incubation and stored at -20 °C short term (up to 2 weeks) or -80 °C long term (up to 6
months).

6.3.5 Protein concentration measurement with BCA

Protein concentration was performed as indicated using either the nanodrop application of the
Spectrophotometer (Ds-11, DeNovix, Wilmington, USA) in “ProteinA280” setting, which estimated
protein concentration dependent on the absorption of the analyte at 280 nm, or using the Pierce
T™Microplate BCA Protein Assay Kit according to the manufacturer’s protocol (Thermo Fisher) using
Pre-Diluted Protein Assay Standard: Bovine Serum Albumin (BSA) Set (Thermo Scientific, #23208).
Blanks/controls were always the corresponding sample buffers.
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6.4 In vitro chromatin methods

6.4.1 In vitro chromatin assembly in DREX

Part of the description marked in 7#alics is a direct citation from (111), authored by Vera Kleene.

In vitro chromatin assembly was performed in a total volume of 240 ul, containing 2 ng of DNA, 80-
160 wl DREX, an ATP regenerating system (3 mM ATP, 30 mM creatine phosphate, 10 pg creatine
kinase/ml, 3 mM MgCl2, and 1 mM DTT). Additionally, depending on the experiment, different
competitors or modulations were added to the standard setup, including the usage of dialyzed DREX
instead of standard DREX or the addition of free foldamer, isotopically labeled methionine, SAH, or
proteasome inhibitors to the assembly reaction. EX100 buffer as a background buffer to adjust
volume. The assembly reaction was incubated in a turning wheel at 26 °C for 1h or 4h.

Assemblies were performed with plasmid DNA but also with beads-immobilized DNA. For
experiments with immobilized DNA, 2 ug DNA was immobilized on 60 ul M280 paramagnetic streptavidin
beads (Invitrogen) in Dynawash buffer (10 mM Tris-HC/ [pH 8], 1 M NaCl, T mM EDTA) for 1 h. Beads were
blocked with BSA (1.75 g/ 1) for 30 min in EX100, then washed in EX-NP40 (10 mM Hepes pH 7.6, 1.5 mM
MgCi2, 0.5 mM EGTA, 10% (v/v) glycerol, 0.05% NP-40). Subsequently, beads were resuspended in the
standard assembly mix specified above.

After incubation and two wash steps with EX200 (10 mM HEPES' [pH 7.6/, 200 mM NaCl, 1.5 mM MgCi2,
0.5 mM EGTA, 10% [vol/ vol] glycerol; 0.2 mM PMSF, 1 mM DTT, 0.7 ug/ ml Pepstatin, 1 ug/ nil Aprotinin,
1 ug/ ml Lenpeptin added fresh), beads were prepared for Proteomic Analysis or Micrococeal Nuclease Digestion.

6.4.2 Pulldown with biotinylated foldamer in DREX

This description in zalics is a direct citation from (111), authored by Vera Kleene.

T ug foldamer was immobilized on 30 wul M280  paramagnetic  streptavidin  beads — (Invitrogen) in
Dynawash buffer (10 mM Tris-HC/ [pH 8], 1 M NaCl, 1 mM EDTA) for 1 h. Beads were blocked with BSA for
30 min (1.75 g/ 1) in EX100 (10 mM HEPES [pH 7.6], 200 mM NaCl, 1.5 mM MgCil2, 0.5 mM EGTA,
10% [vol/ vol] glycerol), washed in EX-INP40 (10 mM Hepes pH 7.6, 1.5 mM MgCi2, 0.5 mM EGTA, 10%
(v/ v) glycerol, 0.05% NP-40) and resuspended in a total volume of 120 pl containing 40-80 ul DREX, EX100
buffer, and ATP regenerating system (3 mM ATP, 30 mM creatine phosphate, 10 g creatine kinase/ ml, 3 mM
MgCi2, and 1 mM DTT). The reaction was incubated at 26 °C for 1 b, then the beads were prepared for Proteomic
Analysis.

6.4.3 Chromatin accessibility assay by Micrococcal nuclease digestion

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Chromatin from 2 ug circular DNA  assembled for 4 b was resuspended in EXT00 containing 5 mM
CaCl2 and 100 units/ul of MNase (Sigma). After incubation at room temperature for 30 s, 60 s, and 120 s,
respectively, a 110 ul fraction of the digestion was stopped by adding 40 ul MNase stop solution (100 mM EDTA
[pH 8.0)). The DNA was precipitated and separated with a 1.5% agarose gel upon RINAse A and proteinase K
treatment.
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6.5 Cell-based methods
6.5.1 Cell culture

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Drosophila 1.2—4 cells (36) were grown in Schneider medium  supplemented with 10% fetal calf serum,
penicillin, and streptomycin at 26 °C.

6.5.2 Treatment of cells with DNA mimic foldamer

This description in zfalics is a direct citation from (111), authored by Vera Kleene.

Drosophila 1.2-4 cells were seeded at 1 mio cells/ ml in 6 well plates (Sarsted), in medinm (Gibeo, Schneider Drosophila
medinm) with 10 uM foldamer in medinm or without foldamer as control and harvested after 48 h.

6.5.3 Subcellular fractionation

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Harvested cells were prepared by spinning down of cells at 1000 x g, for 4 min and washing the pellet twice with 2 il
zce-cold PBS' each. Then, the cells were fractionated using the Subcellular Protein Fractionation Kit for Cultured Cells
(Thermo) following the manufacturer’s instructions. Adjustments were included for Drosophila cell size, treating the pellet
of each well of cells as 5ul packed cell volume and adjusting buffer volumes accordingly, while also doubling the amount
of engyme and tripling incubation time in the MNase digest step. All fractions were stored at -20 °C until they were
prepared for Proteomic Analysis.

6.5.4 Flow cytometry

This description in #alies is a direct citation from (111), authored by Vera Kleene. Flow cytometry
measurement, gating, quantification, and cell cycle profile visualization were performed by Pardis
Khosravani, Flow Cytometry Core Facility.

Drosophila 1.2-4 cells were seeded at 1 mio cells/ ml in 6 well plates (Sarstedt, Ref: 83.3920), in medium (gibeo,
Schneider Drosophila medium, Ref: 21720-024) with different concentrations of foldamer (0, 0.01 uM, 0.1 uM, 1
UM, 10 uM) and harvested after 4 b, 24 b, or 48 h. Harvested cells were prepared by spinning down of cells at 1000
x g, 4 min and dissolving the pellet in 1 ml PBS. 2.7 mil ice-cold ethanol was added to cell suspension while vortexing.
Aleohol-fixced cells were stored stably at 4 °C for up to 1 week. On the day of measurement, ethanol was removed by
centrifuging cells at 1000 x g for 4 min at 4 °C. The supernatant was removed, and cells were resuspended in 1 ml PBS
+ 1% FBS. Then, cells were counted and 0.5x106 cells were taken up in 500 ul FACS buffer (PBS + 1% FBS).
Finally, 5 ul 100xRNAseA solution in PBS was added to a final concentration of 20 ug/ pl. The suspension was
incubated for 15 min at 37 °C, then 50 ul PI stain (10 mg/ ml Sigma 1002755458) was added and incubation of 30
min at RT was allowed before measurement. Stained cells were measured using BD 1.SRFortessa (equipped with
405,488,561,633 nm lasers; BD Bioscience), and Flow[o™ v10.8.1 software was used to analyze data.
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6.6 Mass spectrometry methods

6.6.1 Sample preparation for total proteome analysis via LC-MS/MS

Cell lysates or extracts were prepared for LC-MS/MS analysis using the PreOmics iST kit (Preomics).
For cell fraction analysis SP3 add-on (Preomics) was added. In all cases, 100 ug of samples were
processed according to the manufacturer’s protocol. The final sample was eluted in 15 ul sample
loading buffer and stored at -20 °C until further processing.

6.6.2 Sample preparation with on-beads digest for Proteome via LC-
MS/MS

This description in zalics is a direct citation from (111), authored by Vera Kleene.

Assembled chromatin and foldamer pulldowns were subjected to mass spectrometry analysis. The beads-bound fraction
was separated by a magnet from the supernatant and washed three times with EX100 and 4 times with fresh 50 mM
NHHCO; to remove detergents and unspecific binders. Tryptic digestion was performed on beads by incubation with
100 ul of 10 ng/ uL. trypsin (Promega, Ref: 1’511 in 1 M urea 50 mM NH.HCO; for 30 min at 25 °C. Beads
were separated by a magnet, the supernatant was transferred into a fresh tube, beads were washed twice with 50 mM
NHHCO;, and supernatants pooled into the same tube. The supernatant pool was adjusted to a final concentration of
1 mM DTT by addition of DTT and digestion was completed overnight at 25°C. Next, the tryptic peptide mixture
sample was incubated for 30 min in the dark at 25 °C with iodoacetamide at a final concentration of 35 mM to
carbamidomethylate sulfhydryl groups of free cysteine. Subsequently, DTT was added to a final concentration of 50 mN
and the sample was left to incubate for 10 min at 25 °C. Then, the sample was acidified using trifluoroacetic acid
(I'EA), followed by desalting using SDB-RPS' (Styrenedivinylbenzene - Reversed Phase Sulfonate, 3M Empore) before
mass spectrometry analyses, and redissolved in 15ul MS' loading buffer (Preomics) and stored at -20 °C until further
processing.

6.6.3 Sample preparation for histone modification analysis

Assembled chromatin fractions were separated by SDS-PAGE (4-20% gradient gel, Serva) and stained
with Coomassie without methanol (Brilliant blue G-250). Per sample, a single band was excised
encompassing the weight range of histones (~15-23kDa). The gel slices were destained by washing
with 50% acetonitrile (ACN) in 100 mM NHHCO; until clear. After two washes with mass
spectrometry grade (ms grade) H.O the gel pieces were dehydrated by treatment with 100% ACN.
Next, propionic anhydride (Sigma) was added to the gel pieces, then 100 mM NH,HCO3, and finally
1 mM NH4HCO; to a final concentration of 2.5% propionic anhydride. Then, the sample was
incubated for 45 min at 37 °C. This step leads to the propionylation of lysine residues, preventing
tryptic cleavage at those sites. Afterward, five washes with 100 mM NHHCOs, 5 washes with ms
grade H»O, and subsequent dehydration with 100% ACN washes until gel pieces turned white were
performed. Finally, the proteins were digested by incubation of the gel pieces with 200 ng trypsin
(Promega) in 100 mM NH4HCO; at 37 °C overnight. Peptides were extracted with 50%ACN 0,25%
trifluoroacetic acid (TFA). The peptide solution was then desalted using carbon SDB-RPS tips
(Styrenedivinylbenzene - Reversed Phase Sulfonate, 3M Empore), reconstituted in 0.1% formic acid
(FA), and stored at 20 °C until further processing.
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6.6.4 Sample preparation for metabolomics by liquid-liquid extraction

For extraction of polar metabolites, 50 to 100 ul of the sample were added to ice-cold
CHCl;/MeOH/H,O (200 uL/250 ul./350 uL) (ms grade, Sigma), strongly vortexed for 1 min and
then rested for 30 min on ice. If spike-ins are used for quantification, they are added to the sample
before extraction. After subsequent centrifugation at 14000 x g at 4 °C for 15 min, 500 uL. of the upper
polar phase were taken and transferred to Amicon centrifugal filters with 3KDa cutoff which were
then centrifuged for 2h at 10.000 x g at 4 °C (Filters need to be rinsed before use: Add 500 pL. of H,O
(ms grade, Sigma) and centrifuge 10min at 14.000 x g in a waste Amicon vial; flip the filters and spin
for 3 min at 1000 x g). Finally, the collected filtrated samples were dried in the SpeedVac at 45 °C
(~1.5-2h), resuspended in 30 uL. of H,O, shaken for 10 min at 500 rpm, and transferred to Nanovial
for measurement. This method is based on Chetwynd et al. (231) and Zhang et al. (232).

6.6.5 LC-MS/MS

6.6.5.1 For all proteomes but the whole DREX proteome

This description in zalics is a direct citation from (111), authored by Vera Kleene.
LC-MS/MS measurements were petformed by Ignasi Forné at the Protein Analysis Unit, LMU.

For LC-MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system (Thermo) and separated
in a 25 cm analytical colummn (75um ID, 1.6um C18, lonOpticks) with a 50 min gradient from 2 to 37% acetonitrile
in 0.1% formic acid. The effluent from the HPLC was directly electrosprayed into a Qexactive HE (Thermo) or an
Orbitrap Exploris 480 (Thermo) both operated in data-dependent mode to antomatically switch between full scan MS
and MS | MS acquisition. For Qexactive HE measurements, survey full scan M spectra (from m/ 3 375—1600) were
acquired with resolution R = 60000 at m/z 400 (AGC target of 3x106). The 10 most intense peptide jons with
charge states between 2 and 5 were sequentially isolated to a target value of 1 x 105, and fragmented at 27%
normalized collision energy. Thpical mass spectrometric conditions were: spray voltage, 1.5 £V} no sheath and anxiliary
gas flow; heated capillary temperature, 250 °C; ion selection threshold, 33000 counts. For Orbitrap Exploris 480
measurements, survey full scan NS spectra (from ni/ 3 350 to 1200) were acquired with resolution R = 60000 at m/ 3
400 (AGC target of 3 X 106). The 20 most intense peptide ions with charge states between 2 and 5 were sequentially
zsolated to a target value of 1 X 105 and fragmented at 30% normalized collision energy. Typical mass spectrometric
conditions were as follows: spray voltage, 1.5 k1/; heated capillary temperature, 275 °C; ion selection threshold, 33000
counts.

6.6.5.2 For the whole DREX proteome

LC-MS/MS measurements of DREX proteomes were performed by Teresa Barth at the Protein
Analysis Unit, LMU.

For LC-MS purposes, desalted peptides were injected in an Evosep One system (Evosep) in 30 samples
per day (spd) setting. The effluent was directly electrosprayed with a nanospray ion source (spray
voltage, 2kV) into an Orbitrap Exploris 480 (Thermo) operated in data-dependent mode to
automatically switch between full scan MS and MS/MS acquisition. Survey full scan MS spectra (from
m/z 375 to 1500) were acquired with resolution R = 120000 and a normalized AGC target of 3 x 10°
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(300%) The 20 most intense peptide ions with charge states between 2 and 6 were sequentially isolated
to a target value of 1 x 10° (100%) and fragmented at 30% normalized collision energy.

6.6.5.3 For histone modification analysis

LC-MS/MS measurements were performed by Ignasi Forné at the Protein Analysis Unit, LMU.

For LC-MS/MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system
(Thermo) and separated in a 25-cm analytical column (75 um ID, 1.6 pm C18, IonOpticks) with a 50-
min gradient from 2 to 37% acetonitrile in 0.1% formic acid. The effluent from the HPLC was directly
electrosprayed into a QExactive HF (Thermo) operated in data-dependent mode to automatically
switch between full scan MS and MS/MS acquisition with the following parameters: survey full scan
MS spectra (from m/z 250-900) were acquired with resolution R=60,000 at m/z 400 (AGC target of
3x10%. The 10 most intense peptide ions with charge states between 2 and 3 were sequentially isolated
to a target value of 1x10°, and fragmented at 27% normalized collision energy. Typical mass
spectrometric conditions were: spray voltage, 1.5 kV; no sheath and auxiliary gas flow; heated capillary
temperature, 250°C; ion selection threshold, 33.000 counts.

6.6.6 CESI-MS

CE-MS measurements were performed by Marco Borsé at the Protein Analysis Unit, LMU.

Electrophoretic separation of analytes was carried out using a CESI 8000 (Sciex) equipped with a
sheathless OptiMS CESI cartridge (30 pm ID x 91 cm bare fused silica capillary) maintained at 25 °C
coupled to a 6600 TTOF (Sciex) through a NanoSpray III source. Samples were kept in a thermostated
tray at 8 °C, and injected hydrodynamically into the capillary by using a pressure of 1 psi for 60sec
which roughly corresponded to an injection volume of 10nL.. Metabolites were separated into acetic
acid 10% (pH 2.2) buffer using a 30kV voltage in normal polarity for 24min. Between injections, the
capillary was rinsed with 0.1N NaOH (ms grade, Sigma) and 0.1N HCI (ms grade, Sigma) at 100psi for
2min each followed by H20 (ms grade, Sigma) at 100psi for 2min and finally by BGE at 100psi for
3min. The optimal position of the porous tip of the capillary concerning the MS inlet was achieved by
moving the XYZ stage to get a stable electrospray (ESI) and the highest total ion current (TIC) signal.
The values for gas 1 (GS1), gas 2 (GS2), and temperature (TEM) were setat 0, 0 and 50 °C, respectively.
An accumulation time of 250 ms was used and full scan MS data was recorded in positive TOF-MS
mode using an Ion Spray Voltage Floating (ISVF) ranging from 1500V to 1700V. System control and
data acquisition were performed using ABSciex 32 Karat (v 10.3) and Analyst® (v 1.8.1) software. This
method is based on Chetwynd et al. (231) and Zhang et al. (232).
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6.7 Mass spectrometry data processing and analysis

6.7.1 Processing and analysis of LC-MS/MS proteome data

Proteomics raw data were processed using MaxQuant software using the most recent UniProt
proteome library file and standard parameters MS 7o/, 10 ppm; MS/MS tol, 20 ppm Day Peptide FDR, 0.1,
Protein FDR, 0.01 min; Peptide Length, 7; 1 ariable modifications, Oxidation (M), Acetyl (Protein N-term); Fixced
modifications, Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides, 1; Min. ratio
count, 2. The exact MaxQuant software version and exact library file for each separate dataset are
specified in each dataset parameter.txt file as linked to the dataset.

Downstream, identified proteins and intensities from MaxQuant’s “proteingroups” output file were
then handled with Perseus software (version 1.6.7.0. and 1.6.15.0) (233), then Microsoft Excel and R
Studio (version 4.0.3). For analysis in Perseus, the output protein_groups.txt file from MaxQuant
processing was imported, then protein hits associated with the reversed database, only identified by
site and common contaminants were filtered out. Then further analysis was performed as specified in
the corresponding results sections.

Data and analysis scripts are available via ProteomeXchange with identifiers specified Chapter “10.2
Access credentials for the datasets and corresponding analysis scripts (available online)”.

6.7.2 Processing and analysis of LC-MS/MS histone modification data

Data processing and analysis were performed with Skyline (version 21.10.1.146 and 2.22) by using
doubly and triply charged peptide masses for extracted ion chromatograms. Automatic selection of
peaks was manually curated based on the relative retention times and fragmentation spectra with results
from Proteome Discoverer 1.4. Peak selection was curated by Axel Imhof and Beyza Bozdag.
Integrated peak values were exported to Excel for further calculations and visualization. The relative
abundance of an observed modified peptide was calculated as the percentage of the overall peptide.

Data and analysis scripts are available via ProteomeXchange with identifiers specified Chapter “10.2
Access credentials for the datasets and corresponding analysis scripts (available online)”.

6.7.3 Processing and analysis of CESI-MS metabolome data

MS1 peaks integration was performed using Skyline software (version 22.2). Peak integration was
performed by Marco Borsé. A freshly prepared mixture of selected metabolites was injected with
samples and used for m/z and migration time matching. Then, intensities were exported to Excel and
normalized and analyzed there. Finally, data were visualized in Excel or R.

Data and skyline analysis files are available via the Irz link provided in Chapter “10.2 Access credentials
for the datasets and corresponding analysis scripts (available online)”.
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10Annex
10.1 Abbreviations

Annex

3D
AHCY
AP-MS
ATP
bp
BSA
CE
CT-L
ddH,O

D.mel, Drosophila

DNA
DREX
dsDNA
EMSA
FRET

GC

GO term

h

H2A

H2B

H3

H4
H4K20mel
HMT

LC

LB medium
min

MS

ms grade
NC

NMR
ORC

PTM

RNA

SAM
SAM-S
SAH
SDS-PAGE

SD
SEM
SGD
S-Phase
ssDNA
TFA
v/v
w/v

ZGA

Three dimensional
Adenosylhomocysteinase

Affinity purification coupled with mass spectrometry
Adenosine triphosphate

base pair(s)

Bovine serum albumin

Capillary electrophoresis
Chymotrypsin-like

Double-distilled water

Drosophila melanogaster
Desoxyribonucleic acid
Preblastoderm Drosophila Embryo extract
Double-stranded desoxyribonucleic acid
Electromobility shift assay

Forster resonance energy transfer

Gas chromatography

Gene Ontology term

Houtr(s)

Histone 2A

Histone 2B

Histone 3

Histone 4

Histone 4 lysine 20 monomethylation
Histone methyl transferase

Liquid chromatography

Lutia-Bertani medium

minutes

Mass spectrometry

Mass spectrometry grade

Nuclear cycle

Nuclear Magnetic Resonance

Origin Recognition Complex
Posttranslational modification
Ribonucleic acid

S-Adenosyl methionine

S-Adenosyl methionine synthetase
S-Adenosyl homocysteine

Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis

Standard deviation

Standard error of the mean

Salt gradient dialysis

Synthesis phase

Single-stranded desoxyribonucleic acid
Trifluoroacetic acid

Volume per volume

Weight per volume

Zygotic genome activation
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10.2 Access credentials for the datasets and corresponding analysis
scripts (available online)

Dataset Dataset Platfor Dataset Username  Analysis workflow Figures
Nr. name m identifier / based
Password on the
dataset
Proteomes

1. Whole https://  PXD052592  Usetname: Raw data Figure 22,
preblastoderm  www.ebi reviewer_pxd  RefMGO1_MQ2200_MBR  Figure 23,
Drosophila acuk/p 052592@ebi.a 20230307 Figure 24,
embryo extract  tide/ cuk >MQ >file: Figure 25
(DREX) Password: “proteingroups”
proteome 7cdmyXnhi]2 S Perseus=>” DREX-

w proteome_Thesis_Vera R
efMG0O_MQ2200_MBR_2
0230307.sps” = "DREX
proteome matrix for
downstream R analysis” =
Excel 2 “DREX
proteome”> R>”
degGO_analysis_Vera”

2. Drosophila https://  PXD039966  Published, Figure 11,
embryo extract  www.ebi open access Figure 26
assisted mm vitro .ac.uk/p
chromatin ride/
assembly in the
presence of
16mer
foldamer

3. DNA https://  PXD040158  Published, Figure 11,
mimicking www.ebi open access Figure 12,
32mer ac.uk/p Figure 15
foldamers ride/
interfere with
in vitro
chromatin
assembly in
Drosophila
embryo extract

4. Pulldown with  https:// PXDO040157  Published, Figure 14,
DNA www.ebi open access Figure 15,
mimicking acuk/p Figure 20
foldamers in ride/
preblastoderm
Drosophila
embryo extract

5. Subcellular https://  PXD042288  Published, Figure 17,
fractionation of ~www.ebi open access Figure 18
Drosophila S2 acuk/p
cells upon ride/
foldamer
treatment
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Dataset Dataset Platfor Dataset Username  Analysis workflow Figures
Nr. name m identifier / based
Password on the
dataset
6. DREX https://  PXD052215  Usetname: Raw data Ref 2688 Figure 29,
chromatin www.ebi reviewer_pxd ~ >MQ=>"proteinGroups_  Figure 30
assembly with ac.uk/p 052215@ebi.a  Ref2688_VK_20191113.tx
proteasome ride/ c.uk t’>Perseus=>Ref2688_V
inhibition Password: K.sps”=>Excel > Matrix1
08F8hoQD 47_complete.txt” > Matri
x147_top100_high_low”=>
R>”
degGO_analysis_Vera_fro
m_Anu_20102023.R” and
“points_waterfall_Plot_the
sis19102023.R”
7. DREX https://  PXDO053067  Username: Raw data Ref6898 and Ref ~ Figure 36
chromatin www.ebi reviewer_pxd 7083 >MQ->"proteinGro
assembly  +- .acuk/p 053067@ebi.a  ups_Ref6898.txt” and
dialysis +- SAH  ride/ c.uk “ProteinGroups_Ref7083”
Password: > Perseus—>
zxuCXTyPO “REf6898 Ref7083_combi
BLQ ned_VK98_VK101_102_p
erseus”
-’ Matrix52”
Histone
modification
proteomes
8. Histone https://  PXD052593  Usetname: Raw data Figure 34,
modifications www.ebi reviewer_pxd  Ref4922->Skyline Figure 35
DREX acuk/p 052593@ebi.a  >“H4_empty_K20heavy
assembly +- ride/ cuk methyl”
dialysis +- Password: > Excel>”Peptide
SAH +-C13D3 qnEkiHPc1A  Quantification_ VK71_VK
nP 76_VK77_Axel.xIsx”
Metabolomes
9. Metabolite https:// - Link provides  Skyline + R Studio Figure 32,
levels in syncand read-only Figure 33,
DREX, share.lrz access Figure 37,
dialyzed de/dl/fi Figure 38
DREX, DREX NYULjj
+/-DNA,and  n6wcvS
DREX +/- P54RCj
ATP Eo/.dir
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