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Abstract

DNA methylation is an epigenetic modification found in every branch of life. An
essential enzyme for the maintenance of DNA methylation patterns in mammals is
DNA methyltransferase 1 (DNMT1). Its recruitment is regulated through its large
N-terminus, which contains six annotated domains. Although most of these have
been assigned a function, we are still lacking a holistic understanding of the en-
zyme’s spatio-temporal regulation. Interestingly, a large segment of the N-terminus
is devoid of any known domain and appears to be disordered in its sequence. Over
the past years, such disordered sequences have increasingly gained attention, due
to their role in forming biomolecular condensates through liquid-liquid phase sep-
aration (LLPS). These liquid compartments offer specific environmental conditions

distinct from the surrounding that can enhance protein recruitment and function.

In this work, we explore a potential role for the intrinsically disordered region (IDR)
in the recruitment of DNMT1. Taking an evolutionary approach, we uncover that
structural features of the region that are key for IDR function are highly conserved.
Moreover, we find conserved biochemical signatures compatible with a role in LLPS.
Using a reconstitution assay and an opto-genetic approach in cells, we for the first
time show that the DNMT1 IDR is capable of undergoing LLPS in vitro and in vivo.
In addition, we define a novel region of interest region of interest (ROI) of about
120 amino acids in the IDR that appears to have been inserted in the ancestor of
eutherian mammals. Although the ROI has a distinct biochemical signature, we find
no effect on the LLPS behavior of the IDR. Therefore, we discuss other potential
roles of the ROI related to DNA methylation, for example, imprinting.

Finally, we lay the foundation for investigating a biological function of the IDR
and establish a system for screening DNMT1 mutant phenotypes in mouse embry-
onic stem cells. Swift depletion of the endogenous protein is enabled by degron-
mediated degradation, while our optimized construct design and efficient deriva-
tion strategy ensure the robust expression of the large transgenes. In combination
with different methods for DNA methylation read-out, this system can now be used
to study the role of the IDR and ROI in maintaining the steady-state level of DNA
methylation against mechanisms of passive and active demethylation, but also for

studying phenotypes affecting the efficiency of DNMT1 recruitment in the future.
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Zusammenfassung

DNA-Methylierung ist eine epigenetische Modifikation, die in fast allen Lebewesen
vorkommt. Ein wesentliches Enzym fiir die Aufrechterhaltung der DNA-Methylie-
rung in Sdugetieren ist die DNA-Methyltransferase 1 (DNMT1). Ihre Rekrutierung
wird durch ihren langen N-Terminus reguliert, der sechs annotierte Doménen ent-
hélt. Obwohl den meisten dieser Doménen eine Funktion zugewiesen wurde, fehlt
uns immer noch ein ganzheitliches Verstandnis der rdumlich-zeitlichen Regulierung
des Enzyms. Interessanterweise enthilt ein grofer Abschnitt des N-Terminus kei-
ne bekannte Doméne und scheint in seiner Sequenz ungeordnet zu sein. In den
letzten Jahren haben solche ungeordneten Sequenzen aufgrund ihrer Rolle bei der
Bildung biomolekularer Kondensate durch Fliissig-Fliissig-Phasentrennung (LLPS)
zunehmend an Aufmerksamkeit gewonnen. Diese fliissigen Kompartimente bieten
spezifische Umgebungsbedingungen, die sich von denen der Umgebung unterschei-

den und die Rekrutierung und Funktion von Proteinen verbessern konnen.

In dieser Arbeit untersuchen wir eine mogliche Rolle der intrinsisch ungeordneten
Region (IDR) bei der Rekrutierung der DNMT1. Mit Hilfe eines evolutionédren Ansat-
zes decken wir auf, dass strukturelle Merkmale der Region, die fiir die Funktion der
IDRs entscheidend sind, in hohem Malf3e konserviert sind. Dariiber hinaus finden
wir konservierte biochemische Signaturen, die mit einer Rolle in der LLPS vereinbar
wéren. Mithilfe eines Rekonstitutionsassays und eines optogenetischen Ansatzes in
Zellen zeigen wir zum ersten Mal, dass die IDR der DNMT1 sowohl in vitro als auch
in vivo in der Lage ist, eine separate fliissige Phase zu bilden. Dariiber hinaus defi-
nieren wir eine neue ‘region of interest’ (ROI) von etwa 120 Aminosauren in der
IDR, die anscheinend in den Vorfahren der eutherischen Saugetiere eingefiigt wur-
de. Obwohl die ROI eine ausgepragte biochemische Signatur aufweist, finden wir
keine Auswirkungen auf das LLPS-Verhalten der IDR. Daher diskutieren wir andere
mogliche Rollen der ROI im Zusammenhang mit DNA-Methylierung, z.B. bei der

genomischen Pragung.

Schliel3lich legen wir die Grundlage fiir die Untersuchung einer biologischen Funk-
tion der IDR und etablieren ein System zum Screening von DNMT1-Mutanten-
Phénotypen in embryonalen Stammzellen der Maus. Der rasche Abbau des endoge-
nen Proteins wird durch die Fusion mit einem Degron erméglicht, wéahrend unser

optimiertes Konstruktdesign und unsere effiziente Derivationsstrategie die robuste



Expression der grofien Transgene sicherstellen. In Kombination mit verschiedenen
Methoden zum Auslesen der DNA-Methylierung kann dieses System nun verwen-
det werden, um die Rolle der IDR und der ROI bei der Aufrechterhaltung der DNA-
Methylierung im dynamischen Gleichgewicht mit Mechanismen der passiven und
aktiven Demethylierung zu untersuchen, aber auch, um in Zukunft Phdnotypen zu
untersuchen, die die Effizienz der DNMT1-Rekrutierung beeinflussen.
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1.1

1.1.1

Introduction

DNA methylation across the phylogenetic tree of life

Bacterial DNA methylation

DNA methylation was first discovered in the form of 5-methylcytosine (5mC) in
nucleic acid extracts of Mycobacterium tuberculosis at the beginning of the 20th
century [1]. Despite this seemingly relevant discovery, it was only reported again
23 years later by Hotchkiss et al. (1948) who studied the composition of bovine
DNA using paper chromatography [2]. The observation of a faint band near that of
cytosine lead him to propose the existences of a modified form of cytosine, which
he named “epi-cytosine” [2]. He hypothesized this epi-cytosine would be related
to cytosine the same way thymine (5-methyluracil) is related to uracil, inferring it

could possibly be 5mC.

The dawn of molecular biology set the stage for a more thorough investigation
and appreciation of DNA methylation from prokaryotes to eukaryotes. Essential
progress was first made by studying the methylation of nucleic acids in bacteria
and archaea, where DNA methylation in the form of 5mC, 4-methylcytosine and N6-
methyladenine was detected [3, 4]. As tractable and abundant model organisms,
bacteria provided two major insights into the biology of DNA methylation: (i) the
methyl groups are added to the DNA polymer, mainly to the unmethylated, nascent
strand after replication [5-7], and (ii) methylation of nucleic acids is carried out by
enzymes called methyltransferases [8]. This suggested that DNA methylation could

be a regulated process, and thus provide a path for specific target modification.



1.1.2

Importantly, it was found that different bacteria have strain-specific methyltrans-
ferase activity. This raised the possibility of a role for DNA methylation in the
defense against phages [9]: Arber proposed the Restriction and Modification sys-
tem (R-M system) where methylation-sensitive “restriction enzymes” (R) defend
the bacterial host against invading viruses by digesting their DNA. Bacterial DNA is
protected from these restriction enzymes due to modifications to their DNA in the
form of species-specific DNA methylation placed by the cognate methyltransferase
(M) [10]. To date, over 5000 R-M systems have been identified in bacteria [11].

Generally, prokaryotic DNA methyltransferases (DNMTs) and restriction endonu-
cleases target specific sequences within DNA. The structural basis underlying the
sequence specificity of bacterial DNMTs was uncovered in the 1980s and is deter-
mined by a series of non-conserved amino acid patches within the archetypical
catalytic domain [12-16]. This sequence specificity restricts the presence of DNA
methylation in prokaryotic genomes to defined DNA sequence motifs defined by the
cell’s genotype. Interestingly, a study published in 2016 identified a wide range of
DNMTs that do not match with any cognate restriction enzyme in more than 100
strains of bacteria and archaea [17]. This suggests that DNA methylation has func-
tions besides controlling lateral gene flow in prokaryotes. However, whether DNA
methylation also plays a role in regulating DNA replication and gene expression, as

hypothesized by the authors, remains to be determined.

Taken together, the first biological roles for DNA methylation were derived from
studies on the basics of bacterial immunity. Once it became clear in the 1960’s
that DNA methylation, despite its relatively low abundance, does have a biological
function in bacteria, the possibility that this chemical modification could play a
more general regulatory role across species gained credibility and DNA methylation

was increasingly studied in eukaryotes.

Distribution of 5-methylcytosine in Eukaryota

Generally, most eukaryotes display a patchy distribution of DNA methylation, where
specific functional elements within the genome attract DNA methylation in the form
of 5mC ( ). The main targets for DNA methylation in plants and fungi

are repeat elements and actively transcribed genes, where cytosines may be methy-



lated in the contexts of CpG, CpHpH and CpHpG, where H may be A, T, C or G [18-
21]. An exception are some yeast species, which entirely lack DNA methylation [22,
23].

Most invertebrate genomes are sparsely methylated. When methylation is found, it
occurs in the CpG context and is concentrated to longer stretches of highly methy-
lated DNA, containing the bodies of a subset of expressed genes [24, 25]. Over-
all, little data on DNA methylation in invertebrates is available, in part because
the main model invertebrates Drosophila melongaster and Caenorhabditis elegans
display no methylation at all [26, 27]. In contrast, 5mC within the CpG context
appears to be the default state in vertebrates. Most vertebrate methylomes exhibit
a bimodal distribution. On the one hand, the majority of CpGs are highly methy-
lated; on the other hand, few CpGs—clustered in CpG-dense regions termed CpG
islands (CGIs)—remain unmethylated [28, 29]. A recent preliminary study profil-
ing DNA methylation in 535 vertebrate and 45 invertebrate species using reduced
representation bisulfite sequencing (RRBS) confirmed these patterns. Focusing on
the evolution of vertebrate DNA methylation, the study found that marsupials and
birds have an overall lower methylation level compared to other vertebrates, while
fish and amphibia exhibit the highest level of DNA methylation [30]. However, ad-
ditional comparative high-throughput studies are required to confirm these results
and further explore the conservation and evolution of DNA methylation patterns

among eukaryotes.

As in prokaryotes, DNA methylation in eukaryotes is catalyzed by DNMTs. Ancestral
duplications and neofunctionalization, including the re-arrangement of domains
and the acquisition of new domains, has led to a plethora of DNMTs which can be
classified into five families ( ). Importantly, the presence and absence
of specific DNMT family members does not correlate with the global DNA methyla-
tion patterns observed. For example, DNMT1 and DNMT3 orthologues are deeply
conserved in vertebrates and invertebrates, yet the two lineages exhibit dramati-
cally different patterns of DNA methylation. These appear to be rather dictated by
lineage-specific cofactors and patterns of histone modifications which recruit the
DNMTs to their respective targets [22].
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Recruitment mechanisms of mammalian DNMTs

Most of our knowledge on DNA methylation has been gleaned from studies in mam-
mals, specifically mouse and human. In these organisms, 5mC is mainly catalyzed
by three DNMTs: DNMT1, DNMT3A and DNMT3B. Like all eukaryotic DNMTs, they
harbor an MTase domain in their C-terminus ( ). Using a conserved re-
action mechanism, the domain catalyzes the transfer of a methyl group from S-
adenosyl methionine to the 5’ carbon of cytosine, yielding 5mC. Despite their sim-
ilar catalytic activity, the three enzymes act on different targets which are in part
determined by subtle differences in the structure of the MTase domain. DNMT3A
and -B can add 5mC to unmethylated CpGs de novo, but can also act on hemimethy-
lated DNA. DNMT1 has a strong preference for hemimethylated DNA and is mainly
active during and after DNA replication, when it copies the methylation pattern on

the parent strand to the daughter strand in a process referred to as maintenance



methylation. Thus, the DNMTs have been canonically divided into maintenance
(DNMT1) and de novo methyltransferases (DNMT3A, DNMT3B) [31].

Recent work challenged this strict division of labor, by highlighting that DNMT3A
and -B are also required to maintain steady-state 5mC levels in cells with high
activities of ten-eleven translocation methylcytosine dioxygenases (TETs), which
oxidize 5mC [32]. Conversely, our laboratory has established that DNMT1 is also
capable of de novo methylation in vivo, where it targets certain repetitive elements
[33].

Besides their preference for un- or hemimethylated DNA, the targets of the DNMTs
are defined by the different regulatory domains in the N-terminus, which recruit
the enzymes to specific features and are also involved in their allosteric regulation.
The canonical de novo methyltransferases have similar N-termini ( ).
Both harbor an ATRX-DNMT3-DNMT3L (ADD) domain which occludes the DNA
binding pocket of the MTase domain [34]. This autoinhibitory conformation can be
released in the presence of unmodified histone 3 lysine 4 (H3K4) tails, which are
preferentially bound by the ADD domain. This regulation has important implica-
tions for the methylome: CGIs marked by methylated H3K4 remain unmethylated,
supporting the bimodal distribution of 5mC [29, 35].

Overall, both DNMT3A and -B preferentially locate to CpG-dense regions, but also
have differential targets [36]. Upstream of the ADD domain, both have a PWWP
domain, named after its core Pro-Trp-Trp-Pro motif. Due to slight differences in
their PWWP domains, DNMT3A is more strongly recruited to dimethylated histone
3 lysine 36 (H3K36me2) in intergenic regions, while DNMT3B is rather recruited
to bodies of actively transcribed genes marked by H3K36me3 [36, 37]. The recruit-
ment to H3K36me2 and -me3 is particularly evident in the germ cells, where the
histone methyltransferases Nuclear Receptor Binding SET Domain Protein 1 (NSD1)
and SET Domain Containing 1 (SETD1) place H3K36me2 and -me3, respectively, in
response to the transcriptional activity and thus set the DNA methylation landscape
[38, 39].

These landscapes are erased in a wave of demethylation during preimplantation
development, a process unique to mammals [22]. However, some remnants of
germ cell methylation are maintained by DNMT1 [44]. Differences in sperm and

oocyte methylation are propagated and in some cases lead to the differential expres-
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sion of the genes associated with these so-called imprinting control regions (ICRs).

Imprinted genes have crucial roles during prenatal growth and their disrupted ex-



pression underlies many diseases [45]. Which loci become ICRs is not entirely
understood; however, most imprints in eutherian mammals contain DNA motifs de-
rived from repeat sequences that are bound by Zinc-Finger Protein 57 (ZFP57), and
ablation of ZFP57 leads to partial or complete loss of these imprints [46, 47]. ZFP57
binds Tripartite motif-containing 28 (TRIM28, also known TIF13 and KAP1) which
is also required for the maintenance of methylation imprints [48]. How these fac-
tors eventually recruit DNMT1 and why DNMT1 only maintains DNA methylation

at these loci during preimplantation development are still open questions.

Once the nadir of DNA methylation levels is reached around the time of implan-
tation, the bimodal methylome characteristic of somatic cells in set up anew. In
somatic cells, the effects of many DNMT recruitment mechanisms overlap, making
their individual relevance and hierarchy difficult to discern. For example, only re-
cently the recruitment of DNMT3A by histone 2A lysine 118/119 ubiquitination
(H2AK118/119Ub) has been uncovered in cells with inactivating mutations in the
PWWP domain. The recruitment by H2AK118/119Ub is mediated by the ubiquitin-
dependent recruitment region (UDR) of DNMT3A [49]. The enzyme has two main
catalytically active isoforms, DNMT3A1 and DNMT3A2, which differ by the pres-
ence of the first 219 amino acids in the N-terminus, including the UDR (

). Recent work dissecting the roles of DNMT3A1 and DNMT3A2 during mouse
development has found that DNMT3A1 is necessary for post-natal survival as well
as the DNA methylation and proper expression of developmental genes marked
by H2AK118/119Ub [50]. Thus, despite being subordinate to the recruitment to
H3K36me2, recruitment to H2AK118/119Ub by the UDR is essential for normal

development.

With a size of approximately 190 kDa, DNMT1 is much larger than DNMT3A and -B
and has a more complex domain architecture ( ). To date, six different
regulatory domains have been mapped to the DNMT1 N-terminus. Located at the
proximal end, the DNA Methyltransferase 1-associated Protein (DMAP1) domain
has been implicated in the binding of the transcriptional repressor DMAP1, but lit-
tle is known about potential targets and mechanisms [51]. The DMAP1 binding
domain is missing in the oocyte-specific isoform DNMT10, which is more stable
than the somatic isoform DNMT1S, a property that may be important for its pro-

longed storage in oocytes and maternal effect [52].



The sequence downstream of the DMAP1 binding domain contains a PIP box, which
has been shown to be required for the binding of Proliferating Cell Nuclear Anti-
gen (PCNA), an essential factor of eukaryotic DNA replication [53]. During early
S-phase its interaction with PCNA recruits DNMT1 to replication foci, where its
substrate—hemimethylated DNA—is produced [54, 55]. While this interaction has
been found to be dispensable for the maintenance of steady-state DNA methylation

levels, it increases the efficiency of maintenance methylation two-fold [56, 57].

In addition, DNMT1 can be recruited to replication foci via its Replication Foci
Targeting Sequence (RFTS). It contains motifs that bind dual mono-ubiquitin mod-
ifications on PCNA-associated factor 15 (P15PAF) and H3 tails that depend on the
ubiquitin ligase Ubiquitin Like With PHD And Ring Finger Domains 1 (UHRF1).
These interactions recruit DNMT1 to replication foci during early and late repli-
cation, respectively [58-62]. Of note, UHRF1 can also bind histone 3 lysine 9
trimethylation (H3K9me3) and thus has been hypothesized to lead to the prefer-
ential recruitment of DNMT1 to H3K9me3-demarcated regions. However, UHRF1
mutants defective in H3K9 binding still localize to heterochromatin and are able
to rescue DNA methylation in Uhrf1 KO cells. Only when both of UHRF1’s abilities
to bind H3K9me3 and hemimethylated CpGs are impaired, do steady-state levels
of 5mC drop globally [63]. In addition to ubiquitin modifications, the RFTS can
also directly recognize H3K9me3 in vitro [64]. However, the relevance of this in-
teraction for the recruitment of DNMT1 in vivo remains elusive. Besides its role
in recruiting DNMT1 to P15PAF and modified H3 tails, biochemical experiments
and partial crystal structures of the RFTS suggest it also has the ability to bind the

MTase domain, implying an autoinhibitory mechanism [65].

Further downstream of the RFTS, DNMT1 possesses a Zn-binding, cystein-rich do-
main (CXXC), which has been shown in vitro to bind DNA and has been implicated
in the allosteric regulation of the enzyme [66]. A mutant lacking the CXXC was
shown to locate to replication foci, but did not exhibit any catalytic activity [67].
Yet, a mechanistic understanding of this process is missing and its role in shaping

the DNA methylation landscape is unknown.

Finally, the two domains located in the distal N-terminus have low sequence sim-
ilarity but nonetheless both adopt a Bromo-Adjacent Homology (BAH) fold [68].
Proteins containing BAH domains are common across all eukaryotic clades and are

associated with functions in chromatin regulation, e.g., DNA replication, nucleo-
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some remodeling, and epigenetic modifications [69]. Ren et al. (2020) recently dis-
covered that DNMT1 can bind histone 4 lysine 20 (H4K20) tails, with a preference
for H4K20me3 [64]. Mutations in the BAH1 domain that abolished this interaction
did not affect global methylation levels, but led to a slight local hypomethylation
of H4K20me3-demarcated regions. About three quarters of these hypomethylated
regions overlapped with Long Interspersed Nuclear Elements (LINEs), a dominant
class of repetitive elements in mammalian genomes [64]. Thus, the BAH1 domain
plays a role in reinforcing DNA methylation at these regions. In contrast, interac-

tion partners of the BAH2 domain have not yet been identified.

Besides the multiple defined regulatory domains, the N-termini of the full-length
DNMT isoforms in mouse and human contain a long stretch of disordered amino
acid residues [50, 70-72]. In recent years, such intrinsically disordered domains
(IDRs) have been increasingly studied in the context of liquid-liquid phase separa-
tion (LLPS) (see Section 1.2). However, the function of the DNMT IDRs remains

unknown.

All DNMTs methylate DNA in vitro; however, establishment and maintenance of
methylation of chromatinized DNA in vivo requires specific recruitment and regula-
tory mechanisms mediated by the DNMTs’ N-terminal domains. With the exception
of the DNMT1 BAH2 domain and the IDRs, each DNMT regulatory region has been
assigned a function and has shed some light on the complex regulation of the DN-
MTs. Yet, a holistic understanding of their spatio-temporal control is obscured in
part by the redundancy of these mechanisms. Their hierarchy and individual con-

tributions remain to be untangled.

Regulation of cellular functions by liquid-liquid
phase separation

Biomolecular condensates in cellular organization

Within cells, many complex reactions need to take place to sustain life, and they re-

quire precise spatio-temporal control and specific environmental conditions. Thus,
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cells—specifically eukaryotic cells—are further compartmentalized by organelles.
Canonical organelles are membrane-bound, e.g., mitochondria, chloroplasts, and
the nucleus. In addition, organelles without phospho-lipid membranes exist. De-
spite the lack of a membrane, this latter type of organelles can maintain its shape
and size over hours and days [73]. Yet, the principals underlying their organiza-
tion remained enigmatic until the study of P granules, perinuclear membrane-less
organelles in the germ cells of Caenorhabditis elegans composed of proteins and
RNA. In 2009, Brangwynne et al. were the first to discover their liquid-like behav-
ior. They showed that P granules undergo fusion and fission, after which they relax
back into a spherical shape. Moreover, they flow freely in the cytoplasm and deform
along the surface of other structures. In accordance with their liquid nature, they
freely exchange molecules across their boundary with the surrounding environment
[74].

Unblending of liquids into distinct phases has emerged as a key principle for the in-
tracellular organization of cells by membrane-less organelles [75-78]. Importantly,
the same mechanisms also apply to the formation of other subcellular structures,
e.g., nuclear pore complexes and heterochromatin (see Section 1.2.3). These as-
semblies are collectively referred to as “biomolecular condensates” and their forma-
tion is the result of a process known as liquid-liquid phase separation (LLPS) [73,
79].

Biomolecular condesates are formed biopolymers (proteins, and sometimes RNA
or DNA) that follow the same physiochemical laws as other polymers. When bio-
molecules undergo LLPS, they become concentrated in a dense phase which is sur-
rounded by a dilute phase. The coexistence of dense droplets within the dilute
phase represents an thermodynamically favorable state. Whether a solution of bio-
molecules undergoes LLPS depends on many factors that influence the thermody-
namic state of the system, such as temperature, salt concentration, pH and the

concentration of the biomolecules themselves.

Conditions favoring a one-phase or two-phase regime can be visualized using phase
diagrams and are delineated by the binodal curve ( ). At a given set
of conditions (e.g., constant temperature or pH, as defined on the y-axis), a two-
phase system is established when the total concentration of the biomolecule (x-
axis) reaches the solubility limit or saturation concentration cgar, which lies on

the binodal. Within the two-phase regime, the concentration of the biomolecule



within the light phase (c;, which is equivalent to cs3¢) and dense phase (cp) can
be read using horizontal tie lines within the two-phase regime. With increasing
concentration of the biomolecule, c;, and cp remain fixed, while their volumetric
contributions change relative to each other, i.e., more and/or larger droplets form.
Once the total concentration surpasses cp, the system again transitions into a one-
phase system [80, 81]. Due to its strict dependence on concentration, the formation
of droplets and the volumetric ratio between the light and dense phases can be
controlled by the cells through the biogenesis, degradation and localization of the
biomolecule [79].
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Schematic phase diagram of LLSP. Depending on the total concentration of the
biomolecule along the x-axis, the system exists as one or two phases. At low concentrations
(1), the biomolecule is mixed with the diluting liquid. Once the binodal is overstepped (2),
the system splits into a dense phase containing the biomolecule at concentration cp and a
light phase where the biomolecule has the concentration c;.. With increasing concentration
of the biomolecule (3), the concentrations in the dense and light phase remain constant,
while the volume of the dense phase increases relative to the light phase. When the total
concentration is larger than cp, the phases mix again. States 1, 2, 3, and 4 are reversible.
Adapted from [80, 81].

Since dense phase droplets are liquid, they assume spherical shapes that can un-
dergo fusion and fission. On surfaces, they can exhibit wetting behavior. Molecules
between the light and the dense phase are dynamically exchanged [80]. Usually,

the formation of droplets is reversible. However, at conditions within the two-
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regime space far away from the binodal, LLPS can also produce gel-like assemblies
and even solids, a transformation that is often irreversible at physiological condi-

tions.

Determinants of liquid-liquid phase separation

The essential property of biopolymers driving LLPS is multivalency [79]. With re-
spect to proteins, multivalency is achieved by two archetypical architectures: mul-
tiple folded domains and IDRs. In both cases, proteins interact with their partners
through multiple interacting motifs or domains. Generally, the higher the valency
of a protein, the lower is its cgat, i.e., the stronger is its tendency to undergo LLPS
[80].

Multivalent interactions mediated by folded domains function according to the
canonical structure-function paradigm established in structural biology. Formation
of a defined tertiary structure is mediated by the minimization of the exposure of hy-
drophobic residues to the surrounding water molecules. The assumed unique fold
represents a state of minimal free energy of solvation ( ). Possible domain
interactions are set by the defined surface topography of the fold [82]. An example
for multivalent interactions by folded domains that drive LLPS are the SRC Homol-
ogy 3 Domain (SH3) domains in the adaptor protein Nck. Nck contains three SH3
domains that each bind to short linear motifs in actin nucleation promoting factor
neural Wiskott-Aldrich syndrome protein (N-WASP). Each N-WASP protein contains
six of these motifs. The multivalent interactions between Nck and N-WASP concen-
trate actin nucleation factors and induce the formation of phase-separation droplets

in which actin starts to polymerize [76].

In contrast to folded domains, the lack of one defined structural fold is character-
istic for IDRs. Instead, they may sample several different structural conformations
within a flat energy landscape, or not assume any specific fold at all [82]. Most of-
ten, their conformational heterogeneity is the result of the scarcity of aliphatic and
aromatic amino acids residues that usually engage in the long-range hydrophobic
interactions driving domain folding [80, 84]. The promiscuous interaction behav-
ior of IDRs is often encouraged by short motifs. According to Morris et al. (2021),

these may be classified into three categories:



1. Molecular recognition features (MoRFs): about ten to 70 amino acids in
length, they adapt a specific secondary structure upon binding that depends

on the identity of the interaction partner.

2. Small linear motifs (SLiMs): usually less than ten amino acids long, their
primary sequence is sought by specific binding partners and their structure
may be ordered or disordered. They may mediate complex formation or signal

post-translational modifications or processing.

3. Low complexity regions (LCRs): these regions consist of highly repetitive ar-
rays of select amino acids and may promote binding promiscuity. Of note, re-

gions of low complexity are not necessarily intrinsically disordered [84, 85].

There are two main “flavors” of IDRs, depending on their biochemical composition
[85]: (i) IDRs rich in charged amino acid residues often form heterotypic com-
plexes, called coacervates, with nucleic acids of opposite charge (most often neg-
ative), and (ii) polar IDRs, which may be punctuated by charged or hydrophobic

acids, are usually involved in the formation of homotypic condensates.

Thus, the primary sequence of the IDR dictates the biophysical nature of the emerg-
ing condensate [86]. Moreover, variations in the sequence such as IDR length; the
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Schematic energy landscape of protein folding. Protein folding is driven by
the requirement to minimize the free energy. The native fold lies in a local free energy
minimum, which can be accessed with the help of chaperones. Aberrant intermolecular
interactions can lead to trapping in local energy minima, corresponding to the formation of
amorphous aggregates or fibrils. The energy landscape for disordered proteins is flat and
does not contain deep valleys. Therefore, any specific fold cannot be stabilized within a
local energy minimum. Adapted from [83].
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number, identity and patterning of interaction motifs; and the frequency and pat-
terning of charged residues can influece the IDR’s behavior [80, 87]. Due to this
dependence on the biochemical nature of the amino acid residues, the behavior of
the IDR and thus the formation, dissolution and composition of condensates can
be dynamically regulated by post-translational modifications (PTMs) that change
or mask charges of certain residues [79].

We can use algorithms to predict the presence of an IDR from the primary sequence,
e.g., using MobiDB or PONDR [73, 80]. Over the past decade, these algorithms have
become increasingly accurate. However, the exact mechanisms driving phase sepa-
ration through the multivalent interactions of IDRs remain still poorly understood.
Thus, the phase separation behavior of an IDR within the biochemical milieu of

cells can hardly be predicted and requires experimental testing [80].

The RNA helicases DDX4 and LAF-1 are well researched examples of proteins that
undergo LLPS driven by their IDRs. DDX4 and LAF-1 play important roles in germ
cell development of metazoans and Caenorhabditis elegans, respectively [88, 89].
When their IDRs are fused to fluorescent proteins, these fusion proteins form phase
separated droplets in vitro. As expected, their formation is sensitive to temperature
and salt concentrations. In both cases the IDRs contain both negatively and posi-
tively charged patches of amino acids [89, 90]. In addition, DDX4 phase separation
also depends on numerous repeats containing the aromatic amino acid phenylala-
nine [79]. However, despite the intense research on these proteins and their IDRs,
including atomic simulations and a plethora of in vitro and in vivo experiments,
the mechanisms underlying the phase separation of LAF-1 and DDX4 remain to be
understood in full [73, 91, 92].

Liquid-liquid phase separation in chromatin regulation

Nuclear bodies and chromatin are not randomly distributed inside the nucleus.
For example, the positioning of interphase chromosomes within their territories
is tissue-specific [93]. Many transcriptionally inactive genes are compacted into
heterochromatin that is located towards the periphery of the nucleus where it inter-
acts with the lamina [94]. Genes that become activated concomitantly move away

from the lamina, towards the center of the nucleus [95]. Active enhancers come



into close spatial proximity to boost the transcription of the associated gene(s) [96,
97]. Spatial organization by LLPS appears to be prevalent in the nucleus. Indeed,
proteins with IDRs are enriched in nuclear annotations, e.g., “nucleosome”, “spliceo-
somal complex”, and “transcription factor complex” [98]. In addition, chromatin
components are particularly rich in multivalent interactions. Histone tails are rich
in PTMs and bound by a plethora of chromatin readers that often contain arrays of
reader domains as well as IDRs [79, 99]. The following three examples illustrate
how chromatin-associated proteins with IDRs influence chromatin organization by

undergoing LLPS.

The first example involves the formation of Polycomb bodies. These nuclear struc-
tures clustered in pericentromeric heterochromatin were first described in stainings
of human cells using antibodies against three components of the Polycomb Repres-
sive Complex 1 (PRC1) [100, 101]. PRCs are transcriptional silencers of develop-
mental genes conserved across metazoans. All PRC1 complexes contain RING1A-
or B, which acts as ubiquitin-ligase on H2AK118/119Ub. Based on the selection
from a myriad of accessory proteins, numerous variants form which can be sub-
divided into canonical and non-canonical complexes [102]. One of the canonical
PRC1 complexes contains ChromoBox 2 (CBX2), which can undergo LLPS in vitro
and in vivo. Its ability to phase separate has been demonstrated to depend on its
positively charged IDR. Upstream of the IDR, CBX2 contains a chromodomain that
binds H3K27me3, a histone modification placed by another Polycomb repressive

complex, PRC2.

While Polycomb bodies are mostly associated with facultative heterochromatin,
LLPS also plays a role in the formation of heterochromatin. A main form of con-
stitutive heterochromatin conserved across eukaryotes is enriched in H3K9me2/3
and Heterochromatin Protein 1 « (HP1«a). This type of heterochromatin has the
properties of a phase-separated compartment, including nucleation, growth and fu-
sion of spherical foci, and the active diffusion of components within the condensate
and across its boundary [103]. In the prevailing model, the heterochromatin phase
results from the oligomerization and compaction by HP1« [103-105]. HP1«a con-
tains a chromodomain that binds H3K9me2/3, a chromoshadow domain (CSD) for
dimerization and ligand binding, and a disordered hinge region in between. The
chromobox and CSD are flanked by short IDRs in the N- and C-terminus. Phospho-
rylation of the proximal N-terminus and DNA binding stimulate LLPS of HP1«a in

vitro.
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Besides HP1q, the 5mC reader Methyl CpG binding Protein 2 (MeCP2) is a dy-
namic component of heterochromatin [106, 107]. The protein possesses two IDRs
flanking its methyl-DNA binding domain (MBD), intervening domain (ID), tran-
scriptional repressor domain (TRD) and a NCoR/SMRT interaction domain (NID)
[108]. Basic residues arranged in patches in the TRD-ID are required for self-
oligomerization, which is necessary and sufficient for MeCP2 LLPS [108, 109]. The
basic patches that overlap with the NID appear to be promoting the formation of
MeCP2 condensates, probably through electrostatic interactions [107, 108, 110].
Moreover, MeCP2 contains nine MoRFs, which may enable multivalent interactions
between MeCP2 and binding partners and further enhance LLPS [111]. The C-
terminal IDR, the MBD and the NID are involved in both chromatin compaction
and LLPS by MeCP2 [107, 110, 112].

Considering these examples for the formation of condensates in facultative and
constitutive heterochromatin, a general model emerges in which high local concen-
trations of a phase-separating components are achieved by its binding to epigenetic
modifications such as 5mC or histone PTMs (H3K27me3, H3K9me2/3). Subse-
quent oligomerization and phase separation mediated by multivalent interactions
leads to the formation of small compartments that recruit more protein. The grow-
ing condensates then fuse into larger domains. An increasing fraction of immobile
oligomers formed by chromatin-bound protein may lead to the maturation into
more gel-like structures. Common to all three examples, the residues promoting
LLPS are also required for chromatin compaction. Thus, phase separation and chro-
matin compaction are intimately linked [103-105, 108, 110, 113].

As a consequence of LLPS, the chromatin encapsulated by the condensates become
shielded from certain factors. For example, core transcription factors such as TFIIB
cannot enter the HP1a phase, while other components can freely diffuse in and
out [104, 114]. Moreover, the condensates exhibit a high resistance to force, con-
tributing to the mechanical stability of heterochromatin compared to euchromatin
[114, 115]. Thus, unblending into a separate phase provides both specificity and
mechanical stability. Yet, the liquid nature and continuous exchange of the mobile
fraction also let this state be reconcilable with the ability of heterochromatin to

quickly dissolve in response to intracellular signaling [114].

Besides in the formation of heterochromatin, LLPS also seems to play a role in DNA
replication. In 2019, Parker et al. showed that the components of the Cell Divi-
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Model of chromatin compartment formation by LLPS. During nucleation, through
the binding of a histone modification, oligomerization, or both, small phase-separated con-
densates are formed. These condensates subsequently grow and fuse. An increasing frac-
tion of the phase-separating protein becomes immobilized on chromatin, leading to altered
properties of the matured phase. This model has been adapted from Strom et al. (2017),
who originally devised it for HP1a[103]. However, similar principles have been proposed
for MeCP2 and may also be applicable to other chromatin associated condensates [112].

sion Cycle 6 (Cdc6), Chromatin licensing and DNA replication factor 1 (Cdtl) and
the Origin Recognition Complex subunit 1 (Orcl) in Drosophila melongaster can un-
dergo LLPS on DNA in vitro [116]. Together with the multimeric origin recognition
complex (ORC), Cdc6 and Ctd1 assemble at replication origins to facilitate the load-
ing of the Mcm2-7 helicase, which co-partitions into ORC-Cdc6-Cdt1 droplets [116,
117]. Cdc6, Cdtl and Orcl contain IDRs in their N-terminus, which are required
for their LLPS behavior. While the sequence itself is not conserved, their biochemi-
cal signature with respect to isoelectric point (pI) and fraction of charged residues
is similar across metazoans (with the exception of Saccharomyces cerevisiae). In
line with this, human CDT1 is also able to phase-separate in vitro. Specifically, the
IDRs of the three replication initiation factors have approximately equal fractions
of charged, hydrophilic and hydrophobic residues, and lack aromatic residues as
well as glycine. The large percentage of hydrophobic residues is very unusual for
phase-separating IDRs and distinct from the composition of IDRs of other known
phase-separating proteins such as LAF-1 (see Section 1.2.2). Their amino acid com-
position results in a positive pl, which predisposes them to complex coacervation
with DNA [116, 118]. The Orc1, Cdc6 and Cdt1 IDRs contain a swath of CDK phos-
phorylation motifs, and at least ORC phosphorylation inhibits its assembly in vivo
[119-122]. In vitro, phosphorylation inhibits LLPS of all three initiators [116].

Taking this experimental evidence together, a possible model emerges in which the
ORC condenses along chromatin whereby its readout of histone modifications, such
as H4K20me2 by the Orcl BAH domain, and other features of chromatin architec-

ture guide them to licensed replication origins [123]. Intramolecular interactions
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between the IDR further enrich for ORC protein and attract the initiators Cdc6 and
Cdtl. Mcm2-7 diffuses into the phase and is loaded onto chromatin, assembling
the pre-replicative complex. After loading, phosphorylation of the initiator IDRs
disturbs the weak interactions and the condensed phase disperses. In this model,
LLPS would both increase the efficiency of the loading process and present a mode
permitting its regulation by phosphorylation [116, 118]. Though this model awaits
further experimental validation, it is attractive to speculate that the role of LLPS
extends beyond the initiation of DNA replication, since many conserved proteins
involved in later steps of DNA replication also possess long IDRs that may mediate
LLPS [116, 118]. For example, spreading of a replication phase along chromatin
could promote the cis-activation of nearby replication origins and de novo assembly
of replisomes observed in vivo [124-126]. Moreover, LLPS may be used for the
temporal control of replication foci composition, or simply generally increase the
recruiting efficiency of required factors, including proteins essential for the post-

replicative maintenance of chromatin such as DNMT1.



1.3 Motivation and aims of this study

While 5mC patterns in prokaryotes are determined by the genetically encoded struc-
ture of the DNMT MTase domain, the diversity of methylomes in eukaryotes cannot
be explained by the presence of specific DNMTs alone. Instead, an important factor
that contributes to the multitude of different 5mC patterns is the spatio-temporal
control of DNMT activity. This includes a complex interaction network of the DN-
MTs with various partners through their regulatory N-terminal domains.

Since Dnmt1 was first cloned in 1988, many of its regulatory N-terminal domains
have been mapped and investigated for their role in maintenance methylation. In
total, six different domains have been found and for most of them, their interaction
partners have been identified. Yet, a holistic model of the spatio-temporal control
of maintenance methylation by DNMTT1 is still missing, as the different recruitment
mechanisms appear to be partially redundant and/or ordered in a complex hierar-
chy.

As the majority of past research has focused on the structured parts of the protein,
a potential role of the DNMT1 IDR has long been overlooked. However, over the
past years a large collection of studies on other proteins has highlighted that these
unstructured stretches can play important roles in protein function. This finding
extends to many proteins that operate in the same nuclear space as DNMT1, such as
heterochromatin and DNA replication foci. Extrapolating from the work on the IDRs
of other epigenetic regulators, we hypothesize that engagement of the DNMT1 IDR
in multivalent interactions may predispose the enzyme to partition into a separate
liquid phase and increase the efficiency of its recruitment to specific chromatin

contexts.

Thus, this project aims to understand the contribution of the DNMT1 IDR to the
enzyme’s behavior. First, we approach the analysis of the IDR from an evolutionary
perspective to identify conserved signatures that may point towards critical bio-
chemical features. Second, we characterize the LLPS behavior of the IDR in vitro
and by opto-genetic analysis in live cells. Finally, we establish and optimize a sys-
tem for the controlled exchange of the endogenous DNMT1 protein with mutant
isoforms in mouse embryonic stem cells, providing a platform to investigate the

effect of various IDR mutants on maintenance methylation in the future.
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Evolutionary conservation of the DNMT
N-terminus

A handful of prior studies noted the N-terminus of mouse and human DNMT1 is pre-
dicted to contain an IDR [70-72]. These unstructured regions commonly provide a
platform to regulate protein behavior [84]. For example, embedded linear peptide
motifs can tune the interaction specificity, affinity and avidity. Moreover, IDRs pro-
vide accessible sites for PTMs that can alter the chemical composition and thereby
modulate interaction properties. Lastly, IDRs can connect structured domains in
a non-stoichiometric fashion, increasing conformational heterogeneity [82]. Thus,
we hypothesize that the DNMT1 IDR may provide a means to dynamically reg-
ulate the enzyme’s recruitment and function, thereby affecting DNA methylation

patterns.

To study the DNMT1 IDR, we first used state-of-the-art methods to define its loca-
tion and to compare it to the structure predictions of the de novo DNMTs, DNMT3A
and -B. Specific functions of a protein place constraints on their evolution, which
generally results in the conservation of the primary sequence [127]. Therefore, we
sought to compare the conservation of the DNMT1 IDR with the other regulatory
domains in the N-terminus and to compare it to the disordered regions in DNMT3A
and DNMT3B. We then took a closer look at the conservation of the biochemical
composition of the DNMT1 IDR to identify features that may predict a function in
LLPS.
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Prediction of intrinsically disordered regions in
mammalian DNMTs

Over 40 computational tools exist to predict the presence of an IDR from the
primary sequence of a protein. A prediction of disorder can be made based on
physiochemical properties of the amino acid residues (e.g., hydrophobicity, net
charge), machine-learning based methods (classification models and sequence la-
beling methods), or template-based methods using homology of protein sequences,
or a mix of the mentioned methods [128]. Previously, a disordered region in the
DNMT1 N-terminus was predicted using DISOPRED2, a classification model using
support vector machines and trained on a set of X-ray structures from the Protein
Data Bank [70, 129, 130]. However, DISOPRED2 has been found to markedly
under-predict disorder [131].

Since the initial prediction, many other predictors have been developed that out-
perform DISOPRED2. To follow up on the originally reported IDR predictions of
DNMT1, we used Metapredict, a state-of-the-art deep-learning-based prediction
tool for disordered regions in proteins, and used it to search the mouse DNMT
protein sequence for disordered regions (see Section 6.1) [132]. Metapredict is
trained on the output of eight different prediction tools and computes a consen-
sus disorder score, representing the confidence in the predicted disordered state
of an amino acid residue. In addition, Metapredict is also trained on AlphaFold2
pLDDT scores. AlphaFold2 pLDDT scores represent the local confidence of the Al-
phaFold2 algorithm in its predicted structure [133]. Metapredict computes the
AlphaFold2 pLDDT scores and combines these with its consensus disorder score to

provide highly accurate predictions of disordered amino acid residues.

We used Metapredict to compute the consensus disorder score and the AlphaFold2
pLDDT score of mouse DNMT1, DNMT3A and DNMT3B (

). All described, annotated domains of the DNMTs overlap with high AlphaFold2
pLDDT scores and low Metapredict consensus disorder scores, confirming the pres-
ence of defined tertiary structures in these regions. Conversely, all three DNMTs
display long stretches characterized by high scores for disorder and simultaneously
low AlphaFold2 pLDDT scores in their N-terminus, indicative of a disordered region.

We therefore used the built-in Metapredict predict_disorder_domains () function



to define disordered domains in each protein. The N-termini of DNMT1, DNMT3A
and DNMT3B are predicted to contain contiguous disordered domains of 217, 278

and 223 amino acid residues in length, respectively ( ).

We then confirmed these results by comparing the disorder prediction by Metapre-
dict with the protein structure as predicted by AlphaFold2 [133, 134] (

). Generally, AlphaFold2 displays a very high confidence (dark blue)
in predicting the structure of the known DNMT domains and its prediction cor-
responds well to the determined partial crystal structures published in literature.
However, AlphaFold2 displays low confidence (orange) across large parts of the N-
termini of all three DNMTs, resulting in the lasso-like placement of the proximal
N-terminal sequences around the predicted core structure. In addition, AlphaFold2
returns high predicted alignment error values (light green) for the N-termini, rep-
resenting a high uncertainty in the relative orientation of the amino acid residues
towards each other, as opposed to the annotated domains which correspond to ar-
eas of low predicted alignment errors (dark green) ( ).
Exceptions are the medium to high confidence in the predicted a helix formed by
L196 to E225 of DNMT3A, roughly corresponding to the UDR reported by Weinberg
et al. (2021), and the four « helices between N22 and E93 forming the DMAP1 do-
main in the proximal N-terminus of DNMT1 [49].
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Fig. 2.1.: Predicted structure of mouse DNMT1. A Metapredict scores and AlphaFold2
pLDDT scores for mouse DNMT1. The predicted IDR in the N-terminus (1.99-P367) is high-
lighted. B Structure of DNMT1 as predicted by AlphaFold2 in three different orientations.
C Predicted aligned error of the structure generated by AlphaFold2. BAH: bromo-adjacent
homology domain; CXXC: Zinc finger binding domain; DMAP: DNA methyltransferase
1-associated Protein; GK: glycine lysine linker; MTase: methyltransferase domain; PIP:
PCNA-interacting protein box; RFTS: replication foci targeting sequence.
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Fig. 2.2.: Predicted structure of mouse DNMT3A. A Metapredict scores and AlphaFold2
pLDDT scores for mouse DNMT3A1. The predicted N-terminal IDR (M1-P279) is high-
lighted. B Structure of DNMT3AL1 as predicted by AlphaFold2 in three different orienta-
tions. C Predicted aligned error of the structure generated by AlphaFold2. ADD: ATRX-
DNMT3-DNMT3L domain; MTase: methyltransferase domain; PWWP: Pro-Trp-Trp-Pro do-
main; UDR: ubiquitin-dependent recruitment region.
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Fig. 2.3.: Predicted structure of mouse DNMT3B. A Metapredict scores and AlphaFold2
pLDDT scores for mouse DNMT3B1. The predicted N-terminal IDR (M1-E224) is high-
lighted. B Structure of DNMT3A1 as predicted by AlphaFold2 in three different orientations.
C Predicted aligned error of the structure generated by AlphaFold2. ADD: ATRX-DNMT3-
DNMT3L domain; MTase: methyltransferase domain; PWWP: Pro-Trp-Trp-Pro domain.



2.2 Evolutionary conservation of the DNMT IDR

structure

Given that all three main DNMTs in mouse contain strong IDR signatures, we won-
dered whether this region contributes to the proteins’ function. Since conservation
across evolution is a good predictor for function [135], we were interested in de-
termining how strong this signature is preserved among closely and more distantly
related species. We therefore first determined how the disorder predictions for
mouse DNMTs compare to DNMTs of three other mammals, namely human, pig
and koala. Using Metapredict, we computed the disorder consensus scores and the
AlphaFold scores and plotted them along the protein sequence ( ) (see
Section 6.1). All four species display a very similar pattern of disorder within the N-
termini of the proteins and the predicted IDRs fall nearly within the same regions
( ). Of note, the predicted IDR of DNMT1 in the most distant species
compared to mouse, the koala, is much shorter compared to the IDR in the other
three mammalian DNMT1s. While the IDR in murine DNMT1 is predicted to be 273
amino acids long (198 to P369), the length of the predicted IDR of koala DNMT1 is
only 104 amino acids (T112 to K216). Besides the predicted disordered domain, all
DNMTs contain shorter disordered regions which may serve as linker, e.g., between
the PWWP and ADD domains with DNMT3A and -B.

To cover more distantly related species, we obtained the protein sequences for
DNMT1, DNMT3A and DNMT3B of 47 animal species, including eu- and metathe-
rian mammals, fish, amphibians, reptiles and insects, as well as the corresponding
homologs from two plant species (Dnmtl and Metl for DNMT1, and Drm2 for
DNMT3A/B, respectively) from the NCBI database [136] (see Section 6.1). We
then aligned the protein sequences of each enzyme and computed their phyloge-
netic relationship based on sequence similarity. and visualize
the multiple sequence alignments (MSA) of DNMT1, DNMT3A and DNMT3b, re-
spectively. Grey boxes denote aligned sequences, which may not be identical but
generally similar. The black lines represent empty positions in the MSA, meaning
that for a given species’ protein sequence, there are no amino acids matching other
sequences present in the alignment. The phylogenetic relationship shown left to

the MSAs roughly correspond to the evolutionary relationship between the differ-
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ent species. For example, all eutherian mammals cluster together in the DNMT1

phylogenetic tree ( ).

The domain structure of the DNMTs is highly conserved among all animal species.
With a few exceptions, all annotated DNMT domains are present across the animal
kingdom. In addition, the protein sequence corresponding to the IDR in mouse
DNMT3A and DNMT3B is also present in all other queried animal species. For
DNMTS3B, often smaller pieces of the IDR are missing in non-eutherian species. In-
terestingly, eutherian mammals display an extended N-terminus compared to other
animal species. This region of interest (ROI) is located just downstream of the PIP
box and corresponds to the amino acids L98 to P369 in mouse DNMT1. Of note, the
ROI is located within the IDR of mouse DNMT1. Thus, the longer predicted IDR of
mouse, human and pig DNMT1 compared to koala is not specific to this selection of
species, but a characteristic that applies to the entire extant eutherian infraclass of
Placentalia compared to all other queried animal species. Thus, Placentalia appear
to have evolved a longer IDR, extended by the ROI, that sets the DNMT1 structure
apart even from the next closes relatives, the Marsupiala. From here on, we focus

on studying the IDR within the DNMT1 N-terminus and its extension in eutherian



mammals by the novel ROI. As a side note, both extant metatherian (Marsupiala)
and eutherian mammals (Placentalia) develop functional placentas [137]. Thus,
we refrain from using the name “placental mammals” to describe members of Pla-
centalia in this study and instead collectively refer to them as eutherian mammals,

since Placentalia is the only extant infraclass of Eutheria.

To quantify how conserved the aligned sequences are, we calculated a conserva-
tion score based on Jensen-Shannon divergence (see Section 6.1). Shown in
is the conservation score plotted against the MSA of DNMT1, DNMT3A and
DNMT3B across all queried species. Confirming the visualization of the MSA in
and 2.7, the conserved regulatory domains, such as PWWP, ADD
and BAHSs, as well as the MTase domain have high conservation scores (>60), in
line with their structural and functional constraints. On the lower end, sequences
present in only one species per MSA return a conservation score near 0, e.g., the ex-
tension within the MTase domain of chicken (compare and ).
Between the sequences present in only few species and the ancient DNMT domains,
the DMAP1 domain of DNMT1 has a low conservation score of 0.32. Similarly, the
N-terminal IDRs of the DNMTs exhibit low sequence conservation, scoring 0.33,
0.41 and 0.36 for DNMT1, DNMT3A and DNMT3B, respectively.

Given the low sequence conservation of the IDRs, we wondered whether the molec-
ular feature of disorder is conserved across the species. We therefore computed the
Metapredict consensus score and AlphaFold confidence score for all the species and
plotted the mean values along the MSA of each protein ( ). The shaded
area reflects the standard deviation as an indicator for the variability of the disor-
der prediction per amino acid residue. For better interpretability, we only show
the MSA positions aligning to the murine protein. AlphaFold does not predict any
structure formed by the N-termini with little variability in its prediction. In addi-
tion, Metapredict clearly considers the N-termini disordered, with score well above
0.50. However, the variability of disorder across all species is higher in DNMT3A
and DNMT3B compared to DNMT1, where the IDR has uniformly high disorder
scores. Thus, even though the primary sequence is only moderately conserved in

the DNMT N-termini, these regions are still disordered in all the species.

Moreover, the IDR extension present only in the eutherian mammals likely con-
founds the calculation of the conservation score for the DNMT1 IDR. Therefore,

we filtered the species list to contain only eutherian mammals and re-calculated
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the conservation score for this selection of species only ( ). Restricting
the analysis of DNMT1 to eutherian mammals increases the scores compared to
the analysis of the complete species set. Nonetheless, the conservation score of
the IDR is still much lower than that of other domains, such as the RFTS domain,
even though in this analysis all species contain the ROI extension within the IDR.
Like the surrounding IDR, the amino acid sequence of the ROI itself is also only
moderately conserved. Also for the subset of eutherian mammals, the Metapredict
consensus score is high across the IDR, including the ROI, and is only slightly lower
around the PIP motif ( ). Accordingly, the AlphaFold confidence score
is low throughout the IDR, sharply increasing beyond its predicted boundary. The
standard deviation of both consensus and confidence scores is narrow, indicating
that despite slightly different primary sequence, the disordered nature is conserved

across all sampled species.
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In total 49 eukaryotic species,
The region of interest

MSA of eukaryotic DNMT1 across eukaryotes.
including 35 eutherian mammals (highlighted in green), were analyzed. The domain anno-

tation is given for murine DNMT1. Position and length of the domains were obtained

from (The UniProt Consortium (2021), accession no. P13864).
(ROI) is outlined in light green. The IDR identified by Metapredict is shaded in light

green. BAH: bromo-adjacent homology domain; CXXC: Zinc finger binding domain; DMAP:

DNA methyltransferase 1-associated Protein; GK: glycine lysine linker; MTase: methyl-
transferase domain; PIP: PCNA-interacting protein box; RFTS: replication foci targeting

Fig. 2.5.:
sequence.
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The N-terminal IDR identified by Metapredict is shaded in light green. ADD:

ATRX-DNMT3-DNMT3L domain; MTase: methyltransferase domain; PWWP: Pro-Trp-Trp-

Pro domain; UDR: ubiquitin-dependent recruitment region.

35 eutherian mammals (highlighted in green), were analyzed. The domain annotation is
given for murine DNMT3A1. Position and length of the domains were obtained from (The
UniProt Consortium (2021), accession no. 088508). The UDR was annotated according

to [49].
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notation is given for murine DNMT3BI1. Position and length of the domains were obtained

from (The UniProt Consortium (2021), accession no. 088509). The N-terminal IDR identi-
fied by Metapredict is shaded in light green. ADD: ATRX-DNMT3-DNMT3L domain; MTase:

including 35 eutherian mammals (highlighted in green), were analyzed. The domain an-
methyltransferase domain; PWWP: Pro-Trp-Trp-Pro domain.
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Fig. 2.8.: Conservation of DNMT sequence across eukaryotes. Jensen-Shannon divergence
based conservation score for the multiple sequence alignments of A DNMT1, B DNMT3A
and C DNMT3B shown in Figures 2.5, 2.6 and 2.7. ADD: ATRX-DNMT3-DNMT3L domain;
MTase: methyltransferase domain; BAH: bromo-adjacent homology domain; CXXC: Zinc
finger binding domain; DMAP: DNA methyltransferase 1-associated Protein; GK: glycine
lysine linker; PIP: PCNA-interacting protein box; PWWP: Pro-Trp-Trp-Pro domain; RFTS:
replication foci targeting sequence; UDR: ubiquitin-dependent recruitment region.
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Fig. 2.9.: Disorder prediction for DNMTs across eukaryotes. Metapredict scores and Al-
phaFold2 pLDDT scores for the mulitple sequence alignment of A DNMT1, B DNMT3A
and C DNMT3B. ADD: ATRX-DNMT3-DNMT3L domain; MTase: methyltransferase domain;
BAH: bromo-adjacent homology domain; CXXC: Zinc finger binding domain; DMAP: DNA
methyltransferase 1-associated Protein; GK: glycine lysine linker; PIP: PCNA-interacting
protein box; PWWP: Pro-Trp-Trp-Pro domain; RFTS: replication foci targeting sequence;
UDR: ubiquitin-dependent recruitment region.
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2.3 Biochemical features of the DNMT1 intrinsically

disordered region

Given the relatively low sequence conservation of the DNMT1 IDR across eutherian
mammals, we wondered whether other features such as biochemical composition
and pl are conserved across this infraclass. Analogous to Parker et al. (2019), we
classified the amino acids into five categories of aromatic (F, W, Y), hydrophobic (A,
G, L, M, P, V), hydrophilic (C, N, Q, S, T), basic (H, K, R) and acidic (D, E) [116].
Aliphatic and aromatic amino acids residues that usually engage in the long-range
hydrophobic interactions driving domain folding are commonly scarce in IDRs [80,
84]. The fraction of charged and polar residues may hint at the type of potential
condensates formed. An over-representation of charged amino acids could indicate
an IDR that tends to form heterotypic condensates. Particularly positively charged
IDRs are prone to form coacervates with negatively charged nucleic acids. Con-

versely, IDRs rich in hydrophilic acids rather form homotypic condensates [85].

We used these five categories to compare the amino acid composition of the IDR,
exemplary for mouse, human, pig, and rabbit ( ; see Section 6.1). In
all four species, the IDR contains about 20 % acidic, 25 % basic, 20 % hydrophilic,
30 % hydrophobic and less than 1% aromatic amino acids ( ). Com-
pared to the average amino acid composition of non-membrane bound proteins
(12% acidic, 14 % basic, 24 % hydrophilic, 43 % hydrophobic, and 7 % aromatic),
hydrophilic, acidic, and basic amino acids are over-represented, while hydrophobic

and aromatic amino acids occur less frequently [139].

However, the plI resulting from this amino acid composition is markedly different
between the species, ranging from 6.4 in rabbit to 9.5 in pig. Given an approx-
imately neutral nuclear pH, the IDR of mouse, human and pig DNMT1 are pos-
itively charged, while the IDR of rabbit may be slightly negatively charged [140].
However, when only considering the novel eutherian-specific ROI ( ),
both amino acid composition and a pl around 5 appear to be conserved, meaning

the ROI in each case adds mostly negative charges to the IDR.

Nonetheless, when subjected to a principal component analysis (PCA) based on

amino acid composition and pI, the DNMT1 IDRs from mouse, human, rabbit, and
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Fig. 2.11.: Amino acid composition of the eutherian DNMT1 IDR. A-D Amino acid composi-
tion and pl of the mouse, human, rabbit and pig DNMT1 IDR. E-H Amino acid composition
and pl of the mouse, human, rabbit and pig DNMT1 ROI. Amino acids were categorized as
aromatic (F, W, Y), hydrophobic (A, G, I, L, M, P, V), hydrophilic (C, N, Q, S, T), basic (H, K,
R), or acidic (D, E), based on Parker et al. (2019) [116]. Animal pictograms were created
with BioRender. com.

pig are clustered close to each other and separate from the IDRs of other epigenetic
regulators (Figure 2.12). Generally, the IDRs from the same molecule appear to
have similar characteristics and form clusters. In this PCA, principal components
(PC) 1 and 2 together explain 78.21 % of the variation (51.34 % by PC1 and 26.87 %
by PC2). Interestingly, the DNMTs appear most similar to the IDRs of CBX2, pre-
sumably a driving component of the phase-separated Polycomb bodies [141], as
well as components of the replication machinery, such as POLD3 and CDT1, along
PC1. Conversely, the IDRs of the TET proteins gather on the opposing end of the
DNMT1 IDRs with respect to PC1 and PC2. The IDRs known of components of
heterochromatin such as HP1a and TRIM28 cluster away from the DNMT1 IDRs
along PC1 and PC2, but are also diametrically positioned with respect to each other
along PC1 and PC2, despite being known interaction partners and co-locating in

heterochromatic condensates [142, 143].
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PCA of the IDR composition of mammalian DNMT1 and its interaction partners.
The analysis was carried out on the bases of the amino acid composition and the pI of the
IDRs of 23 known interaction partners of DNMT1 and the IDR of DNMT1 from four mam-
malian species. PC1 and PC2 explain 51.34 % and 26.87 % of the variation, respectively.

Taking a closer look at the amino acid distribution within the DNMT1 IDR, we
plotted the presence of all 20 naturally occurring amino acids along its primary
sequence. This visualization is particularly useful for identifying amino acid patches
characteristic of LCRs. As shown in , the four selected mammalian
IDRs are consistently rich in proline (P), glutamic acid (E), lysine (K) and arginine
(R). The latter three frequently occur in patches, particularly within the ROI. Here,
especially the repeats of glutamic acid seem to be conserved across the selected
species, consistent with the weakly acidic pI of the ROI ( ). The
proximal part of IDR conserved in all species is rich in serine (S) and proline (P).
Downstream of the serine and proline rich region, in line with its high conservation
score, the PIP motif is almost identical in all four species (QTTITAHF for mouse,
human and pig; QTTITSHF for rabbit), and is located in a region rich in tyrosines
(T). Overall, the biochemical features conserved in the DNMT1 IDR appear to be
compatible with a role in LLPS.
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Phase separation properties of the DNMT1
IDR

In recent years, IDRs have been increasingly studied in the context of LLPS [87].
It was found that proteins involved in the formation of biomolecular condensates
often contain IDRs [85, 144]. In many cases, the IDRs have been shown to promote
this phase-separation behavior [145]. As described in Section 1.2, the IDRs of
heterochromatin components such as HP1la and MeCP2 play an important role
for their condensation behavior [103, 104, 107]. The replication initiation factors
Orcl, Cdc6, and Cdtl in Drosophila melongaster also contain IDRs that facilitate
their recruitment and function through LLPS [116].

DNMT1 is mainly active during S-phase at sites of DNA replication, where it inter-
acts with other disordered proteins such as PCNA-associated factor 15 (P15PAF)
[62]. After completion of S-phase, DNMT1 continues to be active, particularly in
heterochromatin, which represents a phase-separated compartment [103]. More-
over, DNMTT1 is recruited to sites of DNA repair damage, which may also represent
phase-separated compartments [146-148]. Based on these observations, it is plau-
sible that DNMT1 may undergo LLPS, for example, to facilitate its recruitment and
access to these compartments. Thus, we set out to investigate whether the IDR of
DNMT1 undergoes LLPS using an in vitro reconstitution assay of the IDR, comple-
mented by opto-genetic analysis in live cells. In addition to studying the full-length
IDR, we also tested how the presence and absence of the eutherian-specific ROI

influences the phase-separation behavior.
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In vitro phase separation behavior

LLPS behavior of proteins can be observed through turbidity measurements, since
condensates scatter light. However, this assay does not allow to determine the size,
shape and other material properties of the condensates. Thus, observation of con-
densate formation by light microscopy is a more common way to characterize phase
separation of proteins or IDRs in vitro [80]. In this kind of cell-free reconstitution
assay, purified proteins or IDRs dissolved in buffer with physiological salt concentra-
tions are mixed with crowding agents such as polyethylene glycol (PEG) or lipids
to simulate the crowded environment of cellular compartments (e.g., cytoplasm,
nucleus). The candidate proteins or IDRs are tagged with fluorescent proteins to
allow their detection using fluorescent microscopy. The system is reconstituted at
different protein concentrations to test for the concentration dependence of conden-
sate formation. This method also allows for the observation of fusion and fission
events between condensate as well as surface wetting, two properties characteristic

of liquid-like materials [80].

Moreover, using image recognition software, the image pixels can be classified into
object (dense condensate phase) and background (light phase), allowing for the
quantification of the fluorescent signal intensity within the dense phase compared
to the light phase. Using this data, the phase-shifted protein faction (PSF), i.e.,
the relative amount of the protein present in the condensate phase, can be deter-
mined. To calculate the PSF, the intensity of the pixels of all the objects within one
image are added and divided by the sum of signal intensity of all objects and the
background. We then calculate the average PSF across all images taken for a given

protein concentration:

)Y irlterlSitYObject

>0 intenSitYObject + X intenSithackground
n

D
PSF =

Analogous to the determination of the ICsq of dose response curves, the saturation
concentration cgar can be determined from the saddle point of a sigmoidal fit curve
to the data.



Thus, as a first test to determine whether the DNMT1 IDR has the potential to me-
diate LLPS, we expressed a recombinant protein consisting of a His-tag for column
purification, mCherry as a fluorophore, the DNMT1 IDR as predicted by Metapredict
and a solubility tag ( ). We also studied the condensate formation behav-
ior of the ROI alone. In order to investigate how the insertion of the ROI during the
evolution of eutherian mammals could have influenced the phase-separation behav-
ior of the shorter IDR present in all other animals, we designed a third construct
consisting of the IDR lacking the ROI (“AROI”). All three constructs were purified
from bacterial cultures using His-tag affinity chromatography and tested for their
condensate formation capability at different concentrations ranging from 0.01 uM
to 10 uM.

271 aa

Arol D ————

149 aa

Metapredict score [-]

ROl D

0 250 500
Amino acid [-] 122 aa

Construct design for the in vitro reconstitution assay. A IDR prediction in the
murine DNMT1 N-terminus based on the Metapredict score. B Constructs tested in the in
vitro reconstitution assay. “IDR” contains the full-length DNMT1 IDR, including PIP box and
ROL “AROI” contains the IDR, but lacks the ROI. “ROI” contains only the eutherian-specific
ROL. Each construct is fused to mCherry at its N-terminus for visualization in the assay. At its
N-terminus, mCherry is fused to a His-tag to enable column purification after recombinant
expression in bacteria. At its C-terminus, each construct has a solubility tag to improve
solubility during production and isolation of the constructs. DMAP: DNA methyltransferase
1-associated Protein; PIP: PCNA-interacting protein box; RFTS: replication foci targeting
sequence; ROI: region of interest.

At 10uM, we observed robust formation of spherical mCherry+ droplets for all
three constructs ( ). The condensates formed by the “IDR” and “AROI”
constructs were similar in number, size and signal intensity, while “ROI” conden-
sates were smaller, less numerous and less bright. For “IDR”, “AROI” and “ROI”, the
number and size of condensates was dependent on the protein concentration. With
decreasing protein concentration, condensates became smaller but more numerous,
until no condensates could be detected anymore. “IDR” and “AROI” behaved simi-
larly, with small but few condensates still present at 0.05 uM, while for the “ROI”, no
condensates could be observed below a concentration of 1 uM ( ). Over

time, condensates sank to the bottom, where they fused and wetted the surface of
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In vitro reconstitution assay of the DNMT1 IDR. A Representative examples of
fluorescent microscopy images taken at z = 25um at different concentrations of the IDR,
AROI and ROI constructs. No condensates can be observed in the images shown at the low-
est concentration for each construct. At very low intensities, small condensates are marked
with an arrow. B Fluorescent microscopy image of the AROI construct at 10 uM taken at

= Oum. C Number of identified and quantified objects across all images analyzed by
construct and concentration. D Phase-shifted fraction of the proteins over protein concen-
tration, calculated from the condensate and background intensities determined from the
fluorescent microscopy images.

the object slide, demonstrating the liquid state of the condensates ( ).
Using a machine learning algorithm trained on a small subset of the imaging data,

condensate and background pixels were readily classified ( ).

shows the PSF plotted over the increasing protein concentration of the
respective construct. For the construct containing only the ROI, a maximum PSF
of 0.28 is reached at 1uM, while no condensates were observed at the next lower

protein concentration. Thus, csa ror likely lies between 1uM and 0.5uM. Of note,
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the calculation of the PSF at 1uM is potentially not precise, since the data here is
distributed with a large standard deviation. For the “IDR” and “AROI” constructs,
the maximum PSF is reached in the range of 1uM to 0.5uM. Below 2.5uM, the
PSF declines rapidly. For “AROI”, the half-maximal PSF is reached at cgr ARor =
0.014uM. For the “IDR” construct, only three condensates were identified in the
images at 0.05uM. Thus, the calculation of the PSF at this concentration and the
sigmoidal approximation are inaccurate for this construct at low concentrations,
making it difficult to accurately determine cg, jpr. Nonetheless, the data indicates
that the constructs “IDR” and “AROI” behave similarly in the context of this assay,
and differences—if any—in their phase-separation behavior are small. Accordingly,
we estimate cgat of the DNMT1 IDR to be around 0.015 uM.

For all three constructs, a decline of the PSF can be observed at concentrations
exceeding 1uM. This effect is likely a technical artifact resulting from the lim-
ited signal detection range of the microscope. At low protein concentrations, the
background signal is at the lower end of the detection limit and likely to be under-
estimated. At increasing protein concentrations, both background and object signal
intensity increase. Relative to the object signal intensity, more of the background
signal is detected, resulting in an overall lower PSF.

In summary, both the full-length IDR of DNMT1 as well as the IDR without the
eutherian-specific region (“AROI”) form liquid condensates in vitro and show sim-
ilar phase-separation behavior. In contrast, the ROI alone forms condensates only
at high concentrations and compared to the longer IDR constructs, only a small

fraction demixes and accumulates in the condensate phase.

Opto-genetic analysis of LLPS by DNMT 1

While in vitro reconstitution assays such as the assay described in Section 3.1 serve
as a good indicator whether a protein or IDR in principle can undergo LLPS, the
limited number of components within the mixture does not reflect the complex
conditions present in live cells. Hence, we complemented our investigation with
an orthogonal approach in tissue-cultured cells, the optoDroplet assay. This opto-

genetic tool for mammalian cells increases the multivalency of the tested IDR to

45



46

facilitate nucleation of condensates in their natural environment, which can be ob-
served using live cell imaging [145]. In this system, the IDR of interest is fused
to the photolyase homology region (PHR) of Arabidopsis CRYPTOCHROME (CRY2).
CRY2 is a blue light receptor common to plants where it controls floral induction
[149]. Upon reception of blue light the PHR drives oligomerization of the pro-
tein, leading to the formation of heterotypic nuclear speckles called “photobodies”
that regulate the transcription of genes involved in plant morphogenesis through a
mechanism that is not yet well understood ( ) [150-152].

The optoDroplet system takes advantage of this light-inducible oligomerization to
stimulate the accumulation of an IDR fused to the PHR with spatio-temporal con-
trol. Under the conditions of the optoDroplet assay, the PHR by itself does not
form visible condensates. However, if the IDR stimulates LLPS, the PHR-IDR fu-
sion protein undergoes a phase transition and forms liquid condensates once cgat
is reached through the initial nucleation. Through fusion with a fluorophore, e.g.,
mCherry, the condensates can be observed using fluorescence microscopy. In prin-
ciple, this phase transition is reversible when the cell is no longer exposed to blue
light. However, prolonged exposure to blue light can lead to the maturation of gels

into irreversible aggregates [145].

To investigate the condensation behavior of the DNMT1 IDR, the ROI alone and the
IDR lacking the ROI (“AROI”), we transiently transfected HEK293T cells with the
respective fusion construct ( ). The sequences of the disordered regions
are the same as used in the in vitro reconstitution assay described in Section 3.1.
We chose HEK293T cells to carry out this assay since they are (i) easily cultivated,
(i) have large nuclei, (iii) grow in monolayers which makes single cells easy to

observe using microscopy, and (iv) are very amiable to transfection.

shows HEK293T cells 48 h after transfection with the “opto-IDR”, “opto-
AROI” or “opto-ROI” construct. Att = 1, the cells were not yet exposed to blue light.
Thus, these images display the native state of the assay. Subsequently, the imaged
area was scanned with the 488 nm laser with an intensity of 0.5 in nine cycles, and
an image to detect the mCherry signal was taken after each cycle. As expected,
the fluorescent signal in cells transfected with “opto-mCherry” was diffuse within
the nuclei and no formation of puncta was observed, since the PHR domain alone
is not sufficient to form condensate under these settings. Similarly, no changes

in the distribution of the nuclear mCherry signal were observed for “opto-ROI”,



Y

Cry2
mCherry PHR NLS
opto-mCherry
271 aa I mCherry PHR NLS
opto-IDR ——
149 aa
i mCherry PHR NLS
opto-AROI — I —
122 aa
; 1 mCherry PHR NLS
opto-ROI -G G

Fig. 3.3.: Adaptation of CRY2 for the optoDroplet assay. A Function of CRY2 in plant
transcriptional regulation (from [153]). Monomeric CRY2 undergoes a conformational
change upon blue light activation. In this photoactivated state, the protein forms oligomers
which interact with several signaling proteins to alter gene expression. CRY2 oligomeriza-
tion is controlled by a negative feedback loop. B Domain structure of Arabidopsis thaliana
CRY2 and the derived photoactive fusion constructs between the CRY2 PHR domain (blue)
and the IDRs investigate in our optoDroplet assay. The “opto-IDR” construct contains the
full-length DNMT1 IDR (shaded in light green), including PIP box (dark green) and ROI
(outlined in light green). The “opto-AROI” construct contains the DNMT1 IDR but lacks
the ROI, while “opto-ROI” contains the eutherian-specific ROI only. Each construct is fused
to mCherry (magenta) at its N-terminus for visualization by fluorescence microscopy. The
construct “opto-mCherry” does not contain any an IDR sequence and serves as a negative
control for condensate formation. Each construct has an NLS (orange) at its C-terminus to
ensure localization of the fusion protein into the target compartment of DNMT1, the nu-
cleus. blue-light inhibitor of CRYss (BICs): blue-light inhibitors of CRYs; CCE: C-terminal
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