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Abstract (Deutsch)

Dynamische Regulierung von Chromatin, einen Geflige aus DNS und Histone-
Proteinen, erfolgt durch posttranslationale Modifikationenen (PTMs) und Effektorproteine.
HP1a und PRC2 werden durch repressive PTMs (H3K9me3, H3K27me3) dirigiert und
ermoglichen Heterochromatinbildung, welche zu Genabschaltungen fiihrt. In der DNS
Schadens-Antwort, klar definierte raumliche und zeitliche Kontrolle des Chromatin
Kompaktionslevels ist essentiell und weitere PTMs werden laufend installiert um Proteine
durch dynamische Zellsignalwege zu leiten. Chromatin Ubiquitinylierung (H2AK15ub) in der
RNF168-geleiteten Signalkaskade ist von erheblicher Bedeutung, um den passenden DNS
Reparierungsvorgang auszuwahlen. Deregulierung der genannten Prozesse fiihrt oft zu Krebs
und neurodegenerativen Krankheiten. In dieser Studie prasentieren wir eine Methode, um
Chromatin-Protein Interaktionen mit Totalreflexionsmikroskopie (TIRFM) und in vitro
Chromatin-Herstellung chemisch-definierter, modifizierter Histone.
Kolokalisierungsexperimente mit Fluoreszenz-markierten Chromatinfasern und Proteinen
ermoglichten uns dynamische Chromatin-Protein Interaktionen auf dem Einzelmolekillevel
zu untersuchen. Wir untersuchten verschiedene Bindungsmodelle des HPla-Proteins und
beobachteten hochdynamisches Verhalten von HPla in Abhdngigkeit der Verfiigbaren
Bindungsstellen und der HPla-Konzentration. HPla-Dimerisierung, welches multivalente
Bindungen ermoglicht, erhohte die Assoziation im Bezug auf Chromatin und verlangsamte
die Dissoziation und fihrte folglich zu verstarkter Chromatinbindung. Ausserdem fiihrten wir
Experimente durch, um Chromatin- und DNS-Interaktionen mit PRC2 in Abhangigkeit des
Zusatzfaktors PHF1 zu studieren. Wir erhielten erhohte Residenzzeiten fir PRC2, wenn PHF1
in den Messungen eingebunden war. Strukturvorhersagung und Mutagenesestudien
identifizierten ein neues winged-helix (WH) Motif in PHF1, welches verantwortlich war fir
den erhohten Bindingseffekt in Messungen mit PRC2-PHF1. Zusatzlich, beobachteten wir
zeitlich verlangerte Chromatin-PRC2 Interaktionen, wenn H3K27me3-, H3K27M oder
H3K36me3-Modifikationen vorhanden waren. Des weiteren charakterisierten wir den
Chromatinschreibefaktor RNF168. Wir konnten veranderte Ubiquitinylierungsaktivitaten, in
Abhdngigkeit von der Verfligbarkeit des Nukleosome-sauren-Flecks, welche durch Zufiihrung
des Kompetitors RAPTA-C oder durch H4K16 Acetylisierung, eine PTM charakteristisch fir
Euchromatin, verandert wurde, feststellen. RNF168 ist ein multivalenter Lesefaktor fir
Ubiquitin-Markierungen und dementsprechend zeigten wir spezifische Bindungen des
Ubiquitin-Bindungmoduls 1 (UDM1) zu nativen oder synthetisch hergestellten K63-gelinkten
Ubiquitinketten, wahrend K48-gelinkte Ubiquitinketten keine Interaktion herbeiflihrten. Im
Gegensatz konnten wir keine klare Beteiligung des zweiten Ubiquitin-Bindungsmoduls
(UDM2), welches H2A.XK15ub erkennen kann, nachweisen. Zusammenfassend konnten wir
einen tieferen Einblick in die Bindungsarten von HP1a, PRC2 und RNF168 gewinnen. Es ist
von grosser Bedeutung grundsatzliche Bindungsmechanismen von Proteinen und Chromatin-
Regulationsmechanismen zu verstehen, um neue Ziele fiir Medikamente zu finden.
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Abstract

Dynamic regulation of chromatin, a structure consisting of DNA and histone proteins,
is mediated through histone post-translational modifications (PTMs) and effector proteins.
HP1a and PRC2 are recruited to repressive PTMs (H3K9me3, H3K27me3) and enable
heterochromatin formation, which leads to gene silencing. During the DNA damage
response, tight spatial and temporal control of the chromatin compaction state is required
and novel PTMs are installed to guide proteins through dynamic signalling pathways. In the
RNF168-mediated signalling cascade, appropriate DNA repair mechanisms are selected
through ubiquitination (H2AK15ub) of chromatin. Improper regulation of these processes
leads to cancer and neurodegenerative diseases. Here, we present a method to study
chromatin-protein interactions employing total internal reflection fluorescence microscopy
(TIRFM) and in vitro chromatin assembly of chemically defined, modified histones.
Colocalization experiments of fluorescently labelled chromatin fibres and proteins allowed
us to observe dynamic chromatin-protein interactions on the single-molecule level. We
tested different binding models of HP1a, and we measured a highly dynamic behaviour of
HPla towards chromatin in dependence of the available binding sites or HPla
concentration. HPla dimerization allows multivalent binding, increased chromatin
association and decreased dissociation and thus leads to a more stable mode of chromatin
binding. Further, we studied PRC2 recruitment to chromatin and DNA in dependence of the
accessory factor PHF1. We measured increased residence times of PRC2 when PHF1 was
included. Structure prediction and mutagenesis studies identified a novel winged-helix (WH)
motif of PHF1, which was responsible for the enhanced binding effect in PRC2-PHF1
measurements. Moreover, binding of PRC2 towards chromatin was prolonged in the
presence of H3K27me3, H3K27M or H3K36me3 histone PTMs. Next, we characterized the
chromatin writer RNF168. We show altered ubiquitination activities dependent on
accessibility of the nucleosome acidic patch, which was tested by addition of a competitor
(RAPTA-C) or by introducing H4K16 acetylation, which leads to an open chromatin
conformation. RNF168 is a multivalent reader of ubiquitin marks and we show binding
specificity of ubiquitin binding module 1 (UDM1) towards native and synthetic K63-linked
ubiquitin chains, while no interaction with K48-linked ubiquitin chains was detected. In
contrast, we could not determine a clear contribution of the second binding module
(UDM2), which recognizes H2A.XK15ub. In summary, we gained insight into different binding
modes of HP1a, PRC2 and RNF168. Understanding basal protein binding mechanisms and
chromatin regulation is essential to find new drug targets.
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| Introduction

1. Investigating a dynamic chromatin landscape

1.1. Chromatin packaging

Since the discovery of the involvement of deoxyribonucleic acid (DNA) in hereditary
processes in 1944 and its double-helical structure in 1953, we interpret DNA as the
macromolecular basis of inheritance in prokaryotes and eukaryotes “ 2. Compaction of DNA
into chromatin, a highly ordered structure of DNA, histones, and a selection of non-histone
proteins, is crucial to store the eukaryotic genome in the limited volume of a single cell,
while maintaining DNA accessible and receptive to dynamic regulation processes such as
replication, transcription and DNA damage repair >.

Eukaryotic DNA is assembled into a basic subunit called nucleosome, which is formed
between ~147 bp DNA and four pairs of the core histones (H2A, H2B, H3 and H4) *°. Already
in 1997 the nucleosome crystal structure has been solved at high resolution (2.8 A) and gave
detailed insight into structural details of the nucleosome unit °. Histone octamers are
formed from H3-H4 tetramers and two H2A-H2B heterodimers and electrostatically interact
with DNA, which is typically wrapped 1.65 times around the histone octamers (Fig.1) > 79,
The core nucleosome, as we described it above, is normally linked to further nucleosomes
through ~10-80 bp linker sequences, which can be occupied by linker histones (H1 or H5) **
1 Such nucleosome particles that include ~165 bp DNA, the core histones and the linker
histone are called chromatosomes. However, despite the outlined differences, these
nucleosomal core particles are often referred to as “nucleosomes” in the literature.

Fig.1 Nucleosome X-ray structure (human)

Crystal structure of the nucleosome at 2.5 A resolution. Histone H2A (yellow), histone H2B (red),
histone H3 (blue), histone H4 (green). White-grey circles serve as reference position of the DNA
ends. The blue disc indicates the spatial orientation of the nucleosome. PDB: 3AFA (Tachiwana et
al., 2010).



While the central a-helical region of histone octamers is covered by the two-folded
turns of DNA, histones possess unstructured tails at the N-/C-terminus, which protrude out
of the nucleosome core and can be chemically modified at distinct positions *. This leads to
various functional and structural outputs as discussed later.

Nucleosomes possess a variety of interesting features, which gives them distinct roles
in chromatin architecture °. Essentially, electrostatic wrapping of DNA around highly
positively charged histone octamers leads to organized compaction of DNA material inside
the nucleus of a cell. The disc-like shape of nucleosomes provides a platform for regulatory
proteins to interact with the DNA sequence. In particular, a negatively charged surface area
in the groove of the H2A/H2B dimer, called the nucleosome acidic patch, has been shown to
act as an interaction platform for certain proteins *>. However, accessibility of the acidic
patch can be altered by different post-translational modifications (PTMs) of histone tails. If,
for example, the H4 N-terminal tail is modified as such that its positive charge at lysine 16 is
removed, the histone tail will lose its usually tight electrostatic interaction with the
nucleosome acidic patch *. It is a general paradigm that histone modifications serve as
regulatory switches to regulate accessibility of DNA in chromatin. Regulation by histone
modifications can directly affect nucleosome stability and may further lead to higher-
ordered chromatin structures, a modulation which enables even tighter compaction of
chromatin.

Traditionally, it was thought that nucleosomes were wrapped like beads on a string,
also known as 10 nm-fibre and further compacted into higher ordered structures such as 30
nm fibres, chromatids and mitotic chromosomes .

Several models of chromatin folding at the “30 nm-fibre”-level have been found. The
one-start solenoid model, where nucleosomes interact with each other and follow a helical
trajectory, was developed based on a study using cryoEM *°. Alternatively, the two-start
helix with two intertwined stacks of nucleosomes and compact tetranucleosomes as a basic
unit was postulated based on high resolution studies of cryoEM and X-ray crystallography
(Fig.2) ™. Importantly, the two-start model with tetranucleosomes explains the
interactions between the nucleosome acidic patch and the contacting H4 tail, and inter-
nucleosomal interactions between the C-terminal helices of H2A and H2B are enabled *"*°. A
recent study from our own lab has investigated the dynamic behaviour of chromatin, which
indicated the existence of the two-start model and underlined the importance of dynamic

regulation of chromatin fibres *°

. Changes in nucleosome stacking in the micro- to
millisecond timescale were observed, which over time might render different accessible

chromatin structures and thus enable different proteins to interact.



Fig.2 Two-start helix model of the chromatin 30 nm-fibre

A possible model of the 30 nm-fibre showing intertwined stacks of nucleosomes. The zoomed
view shows a tetranucleosome unit, which is further enlarged to the tetranucleosome crystal
structure. Blue spheres/cylinders denote nucleosomes, cyan treads denote DNA, N1-4 denotes
the nucleosome number. PDB: 50Y7 (Ekundayo et al., 2017). Figure was adapted from Robinson
et al., 2006.

However, chromatin higher order structures have been a topic of various discussions
recently. A study, which combines electron microscopy tomography (EMT) with a labelling
method (ChromEMT) that selectively enhances the contrast of DNA, was able to reproduce
the 30 nm fibre structure in vitro, but not from human interphase or mitotic cells in situ 20
Based on these findings, the authors argue against 30 nm fibres and 300-700 nm structures
and conclude that chromatin is a flexible and disordered 5-24 nm diameter granular chain
that folds into different concentration densities dependent on the cell cycle. Consistently,
heterogeneous populations of chromatin have been observed and argue against a simple
overall structure of chromatin **. Very likely chromatin organization depends on the
surrounding environment including Mg2+ concentrations, the presence of linker histones and
the linker length and thus may be able to rapidly adapt a diversity of structures *°. This is
compatible with the recent findings from our laboratory, showing that two-start contacts are
preferred, but that chromatin fibres are dynamic and heterogeneous, thus unlikely to be
observed over long length-scales in interphase chromatin *°.

Together, these studies indicate that chromatin is a highly dynamic system and not
merely a rigid structure. Despite the intrinsic ability of chromatin to undergo structural
changes in vitro, remodelling in vivo is often mediated by chromatin remodelling proteins or
by chromatin effectors, which are able to install or remove PTMs (“writers” and “erasers”) or
interpret them (“readers”) to fulfil regulatory functions %%, In addition, chromatin structure

can also be directly influenced by histone modifications through the presence of a steric bulk
23



1.2. Interpreting the histone code based on multivalent chromatin

The DNA sequence encodes for genes, which are transcribed into ribonucleic acid
(RNA) and then translated into proteins. Regulation of gene expression is often mediated by
chemical modifications of DNA as e.g. DNA methylation and by PTMs of histone proteins.

In the recent past, numerous different histone modifications with various functional
outputs have been discovered. For example methylation of lysine and arginine residues has
been shown to lead to transcriptional activation (H3K4me3, H3K36me3 or H3K79me3) or
repression (H3K27me3, H3K9me3 or H3K56me3), depending on its position on the different

histones 243°

. Other modifications like histone acetylation are obligatory activating histone
marks . Known histone modifications also include ADP ribosylation, sumoylation,
neddylation, citrullination of arginines, crotonylation of lysines, phosphorylation of serine,
tyrosine and threonine residues and ubiquitination of lysines (Fig.3a and 3b) 3! Since the
early days of chromatin research, chromatin has been separated in two groups:
Heterochromatin and euchromatin. While euchromatin is considered to be transcriptionally
active and accessible chromatin being decorated with activating histone marks,
heterochromatin describes a state of chromatin where nucleosomes are tightly packed and
transcription of genes is generally supressed. However, histone modifications exert functions
beyond transcription and regulate cell signalling, DNA damage repair and DNA replication.
Namely, phosphorylation and ubiquitination are modifications that are crucial for initiation
of DNA damage repair.
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Fig.3 Histone post-translational modifications

a) Post-translational modifications of histones include mono-, di-, tri-methylation (triangles),
acetylation (blue square), phosphorylation (green circle) and ubiquitination (cyan circle). The
structures inside the different shapes indicate the attached chemical modification to the
indicated amino acid. b) Shown are the amino acid sequences of human histones H2A, H2B, H3
and H4 with the known histone modifications including H2AK13/15ub, H3K9me3, H3K27me3 and
H4K16ac, which are relevant for this study. The histone modification map was adapted from
www.activemotif.com, «Histone modifications guide», 2018.05.01.

Nowadays, we know that histone modifications can influence chromatin
condensation in a direct manner. For example acetylation of histone 4 at lysine 16 (H4K16ac)
has been shown to lead to de-compaction and is associated with the transcriptionally active
state of chromatin, as the typically basic tail of histone H4 is neutralized through acetylation
143235 Further it
has been shown that ubiquitination of H2B at its C-terminus (H2BK120) also directly
prevents chromatin condensation 2*. Thus, chromatin compaction can be altered through

and prevents interactions with the nucleosome acidic patch on H2A/H2B

histone modifying complexes, as for ubiquitination on H2BK120, which is “written” through
the dimeric “writer protein” RNF20/40 . More broadly, the term writer protein is used to
describe the proteins, which are able to chemically modify the histone tails selectively at
certain residues. They can be recruited through different modes of interactions such as
binding to histones, adaptor proteins, pre-installed histone modifications or directly through
DNA interactions.

Alternatively, chromatin structure can be altered by ATP-dependent remodelling
complexes (e.g. SWI2/SNF2 or ISWI type complexes), which use the energy of ATP hydrolysis



to actively change chromatin structure during replication, transcription and DNA damage
37,38

repair

Histone marks are not always affecting chromatin regulation in an obvious manner.
Often PTMs regulate chromatin indirectly, by recruiting effector proteins, which can bind to
the respective histone mark and exert their function. Such proteins, called “reader” proteins,
are able to recognize the modification of interest through a binding pocket. Well known
examples of reader domains are the bromo domain of Bromodomain-containing protein 4
(BRD4), which recognizes acetyl-lysines or the chromo domain of heterochromatin protein 1
alpha (HP1a), which binds H3K9me3 ****. Binding of HP1a to H3K9me3-decorated chromatin
leads to formation of heterochromatin, which renders chromatin rather inaccessible. In such
a condition, replication of DNA is hindered, which indicates that there is a necessity to revert
the condensed chromatin state. A member of the demethylase KDM4 protein family
(KDM4d), originally implicated in the DNA damage response, has been shown to play a role

42,43 proteins like

in demethylation of H3K9me3, which subsequently allows DNA replication
KDM4d, which are able to remove PTMs in chromatin, are called “erasers”. They are
separated into distinct families, as for example, demethylases, deubiquitinating enzymes
(DUBs), phosphatases or deacetylases (HDACs), depending on which PTM they are capable

of converting (Fig.4) *.

Reader of
ubiquitination

Reader of
methylation

Writer of
ubiquitination

~0

Eraser of

Chromatin .
acetylation

Fig.4 Writers, readers and erasers of the histone code

Reader proteins (red and blue) can specifically bind to histone PTMs, depending on their reader
domain. Writer proteins (red) are able to install histone PTMs on chromatin. Histone PTMs can be
removed by eraser proteins (grey). Yellow triangle = methylation, blue square = acetylation, cyan
circle = ubiquitin, blue spheres = nucleosomes, cyan treads = DNA.



The simple picture of chromatin regulation quickly complicates by the fact that
different chromatin modifications on a genomic region can be installed on different
nucleosomes, different histones within nucleosomes, different histone tails within a histone
and even on the same histone tail. In addition, two reader domains/proteins are able to bind
in a bivalent mode to two different histone PTMs at the same time. Spatial and temporal
control of chromatin writers, readers, erasers and histone PTMs is essential to regulate cell
homeostasis and integration of multiple histone marks, based on their abundance on
chromatin and the presence of multivalent reader proteins, leading to fine-tuning of cell
regulatory pathways. This renders a programmable mechanism of selective gene regulation,
which can be inherited without altering the DNA sequence itself and is known as the histone
code 2.

In this study we have investigated different proteins that employ different binding
modes. HP1a and polycomb repressive complex 2 (PRC2) are involved in the formation of
different types of heterochromatin and maintenance of the chromatin silent state and are

expected to exert different binding modes on chromatin, as discussed later %’

. A protein
with two distinct reader domains is reflected by the DNA damage response (DDR) protein
Ring finger protein 168 (RNF168) and a cooperative effect of chromatin binding is expected

. 48, 4
between these two domains *® %

In the following, we will introduce these chromatin effectors in more detail.






2. Heterochromatin protein 1

HP1 was discovered as a dominant-repressor of position-effect variegation in

%31 The highly conserved HP1 family is encoded by a class of genes called

Drosophila
chromobox (CBX) genes *2. In mammals, HP1 genes are transcribed from three different
genes: The human chromosome 12 encodes for HP1a (CBX5), chromosome 17 encodes for
HP1B (CBX1) and chromosome 7 encodes for HP1ly (CBX3) >3 Moreover, the HP1 protein
family in mammals is present as several pseudogenes, which indicates multiple duplication
events during evolution 2. This is most likely the reason for the similarity of HP1 protein
domains, because all three proteins of the HP1 protein family share a common structure of
five exons, which result in a chromo domain (CD) and a chromoshadow domain (CSD), both
of them being highly conserved ****>>. The CD of human HP1 proteins is necessary to bind
H3K9me3 > *’. The CSD is crucial for HP1 dimerization, which can be facilitated by peptides
containing a PxVxI/L motif such as the human shugoshin 1 protein (hSgoL1, amino acids (AA)
448-457) *® *°_ The linker region between CD and CSD, which consists of positively charged
AAs, is able to bind in a non-specific manner to DNA and RNA >2 6062 Thys, HP1 is a
multivalent effector protein, which is able to bind DNA and one or several H3K9me3 marks
and represents an ideal model system to investigate protein-DNA, protein-chromatin and

protein-protein interactions (Fig.5) > > .

HP1 protein | N-ter

Linker

C-ter

- Chromoshadow

\

Chromo

HP1

H3K9me3

Fig.5 Conserved structure of the HP1 protein family

HP1 proteins translate into an H3K9me3-binding chromo domain, a hinge-region (linker) and a
chromoshadow domain, which enables protein dimerization. Red residues on the chromo domain
indicate the aromatic cage for binding of methylated lysine 9 (Tyr 20, Trp 41, Phe 44). The red
peptide (hSgoll) on the dimeric chromoshadow domain facilitates dimerization.

Crystal structures were retrieved from PDB: 2RVL (chromo domain, Shimojo et al., 2016) and
3Q6S (chromoshadow domain, Kang et al., 2011).



In contrast to HP1B and y, which are able to associate with hetero- and euchromatin,
HP1a has been shown to bind only to heterochromatin, especially to centromeres and
telomeres . Consistently, proteins from the HP1 family play an important role in chromatin
compaction ®. Further, they are involved in viral latency and they control transposons via
DNA methylation ®® ©
associate with chromatin and form oligomeric structures **. Altogether, these findings

. Moreover, the S.pombe HP1 homolog (Swi6) has been shown to

support the important role of HP1 in heterochromatin formation.

Although heterochromatin is often represented as rigid and transcriptionally inactive
structure, HP1-associated heterochromatin has to remain highly dynamic. Foci of
heterochromatin in the nucleus, including HP1 proteins, are visible over generations of cells.
Individual HP1 molecules however are highly dynamic as shown by fluorescence recovery

68,69 This observation

after photobleaching (FRAP) and fluorescence fluctuation microscopy
is not surprising as in various processes, like DNA damage response or cell division,
heterochromatin has to be de-condensed and HP1 has to be evicted rapidly to render

chromatin easily accessible again.

During this project we aimed to study the dynamic behaviour of different proteins
towards chromatin on the single molecule level using total internal reflection microscopy
(TIRFM), which is a method to study fluorescently labelled molecules within a thin volume
section, while reducing background fluorescence. Thus, HPla reflected an interesting

binding model based on its ability as a mono- or multivalent reader of H3K9me3 *>°% 7°,

10



3. Polycomb repressive complex 2

Another important factor responsible for gene repression, by formation of facultative
heterochromatin is the polycomb group protein (PcG) complex PRC2, which is a reader and
writer of the histone PTM H3K27me3 . Being a multi-protein complex enables PRC2 to tune
its functions by addition and replacement of different subunits.

PcG proteins are implicated in chromatin silencing, the DNA damage response and
contain methyl mark writer domains, as well as ubiquitin writer domains and thus serve as a
highly diverse model to study protein-chromatin binding dynamics.

Members of the PcG proteins cover a set of highly conserved proteins across plants,

insects and mammals and are involved in formation and maintenance of a chromatin silent

7273 Thijs involves homeotic gene regulation as well as human X chromosome

74,75

state
inactivation in females, and mutants of PcG proteins are often associated with cancer

PcG-mediated silencing is driven by at least two multi-protein complexes, namely

4778 The human PRC2-complex consists of

polycomb repressor complex 1 (PRC1) and PRC2
several core proteins including embryonic ectoderm development (EED), suppressor of zeste
12 protein homolog (SUZ12), retinoblastoma-binding protein 4 (RBBP4) and the catalytic
subunit enhancer of zeste homolog 2 (EZH2), which drives H3K27me3 ”’. EZH2 is structured
into several domains, including the EED-binding domain (EBD), the SANT2 domain, which
mediates RNA binding and the catalytic SET domain, which depends on EED and SUz12 "#*°.
EED is a reader protein involved in recognition of H3K27me3, which enables PRC2-mediated
heterochromatin spreading ®'. Consistently, mice lacking either EED, SUZ12 or EZH2 are not
viable and display severe developmental and proliferative defects 82 RBBP4 has been shown

to be involved in nucleosome binding including histone H4 2.

PRC1, is essentially formed by RING1B/BMI1, CBX4 and PH1, can bind to H3K27me3,
downstream of PRC2, and acts as a RING-E3 ubiquitin ligase towards H2AK119, which further
leads to gene silencing in chromatin 3% %.

Despite the conserved core subunits, the PcG family of proteins contains many
members, which are interchangeable with particular subunits or can be added to one or the
other polycomb repressive complex. The regulation and dynamics of these complexes is not
yet well understood.

One of the earliest studied PcG genes in D. melanogaster was Polycomblike (Pcl) .
Knockout of the Pcl gene in the fly led to homeotic transformations and already implicated
its role in PcG-regulated processes 2°. In mammals three paralogs of Pcl are known. All four
homologs, Pcl, PHF1, MTF2 and PHF19, share a tudor domain and two plant homeodomain
(PHD) finger domains. Interestingly, interaction of Pcl/PHF1 and PRC2 was required to
catalyse H3K27me3 at high efficiency and Pcl/PHF1 seemed to recruit PRC2 to its target sites

8790 Moreover, direct interactions of Pcl with enhancer of zeste (E(Z)), the Drosophila

11



homolog of EZH, have been shown by the PHD fingers of Pcl **. However, the mechanism,
how PHF1 enables PRC2 to perform efficient chromatin methylation, has not been
elucidated in detail (Fig.6).

Stimulates writing of H3K27me3 PRC2 complex
] Targets nucleosomes

Confers catalytic activity
towards H3K27(me3)

Senses H3K27 methylation state
SANT2: RNA binding (AA 560-650)

SET: Catalytic domain (AA 780-950)
EBD: Binds EED (AA 220-250)

Fig.6 Core components of the PRC2 complex including PHF1

Shown is a schematic illustration of the PRC2 complex containing EED, SUZ12, RBBP4, EZH2 and
PHF1. Indicated are the EBD-, SANT2- and SET-domains of EZH2.
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4. RNF168-dependent ubiquitination during the DNA damage
response

Coupling reader and writer functionality in effector complexes is not only observed
for proteins regulating gene expression, but a common feature of most chromatin signalling
pathways. A key signalling pathway is the DDR, which is triggered upon detection of DNA
damage. It involves a cascade of chromatin enzymes, including kinases as well as multiple
ubiquitin ligases, which read-out the chromatin state and modify histones, resulting in
progressive chromatin ubiquitination 2 n the following we provide a primer on the
ubiquitination system in general and key factors in the DDR, in particular RNF168.

4.1. The ubiquitination system

Ubiquitination describes the process of installing a small protein, ubiquitin, on a
suitable substrate. Ubiquitin is a highly conserved, globular protein of 8.6 kilo Dalton (kDa)
and 76 AAs. It can be attached on its C-terminal glycine residue to a lysine of a suitable
substrate. This process is mediated by an ubiquitin-activating enzyme (E1), which uses ATP
as energy source and transfers the ubiquitin-moiety via a thioester bond to an ubiquitin-
conjugating enzyme (E2). The E2 enzyme, containing ubiquitin, can be recognized by an
ubiquitin ligase (E3), which ultimately transfers ubiquitin to its substrate (Fig.7) *>.

Gly76
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Fig.7 Attachment of ubiquitin to a substrate lysine by a native peptide bond using E1, E2 and E3
enzymes

®
2

N
H

[llustrated is the establishment of an ubiquitin post-translational modification on a substrate via
E1, E2 and E3 (RING) enzymes by the use of ATP, mediated through thioesther bonds. Figure was
adapted from Kleiger et al., 2014.
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Interestingly, ubiquitin itself contains seven lysine residues (K6, K11, K27, K29, K33,
K48, K63), which can be ubiquitinated and which leads to ubiquitin chain formation (Fig.8) °*
% Dependent on the linkage-type ubiquitin chains can adopt a rather compacted or open

conformation and different ubiquitin chains have been assigned to different cellular

functions °'°% For example K11- and K48-chains are considered a mark for proteosomal
degradation ** 9 1%

. K63-chains on the other hand have been implicated in DNA damage
105, 106

repair, endocytosis and kinase activation

Fig.8 Crystal structure of ubiquitin and the seven lysine residues

Shown is the crystal structure of human ubiquitin highlighting the 7 lysine residues stained in
orange (left) or as orange sticks in different orientation (right). Ubiquitin AA 1-76 (cyan), lysine
residues (orange). PDB: 1UBQ (Vijay-Kumar et al., 1987).

E2 enzymes have been implicated in specific formation of K63-, K48- and K11-linked
chains, however E2 enzymes involved in formation of K6-, K27-, K29- and K33-linked chains

have not been reported *°% %7 108

. The E3 enzyme is essential to render substrate specificity.
E3 ubiquitin ligases are separated into two types. HECT-type ligases utilize ubiquitin-charged
E2s to capture the ubiquitin-moiety via a thioester intermediate and only then transfer it to
the substrate. Here we focus on the Really Interesting New Gene (RING)-type E3 ligases.
Compared to HECT-type ligases, RING-ligases merely transfer the ubiquitin-moiety of an E2
enzyme directly to the substrate. Consistent with the general roles attributed to E1, E2 and
E3 enzymes, there are only two ubiquitin-specific E1 enzymes in humans (UBE1, UBE1L2),

approximately 40 different E2 enzymes and ~616 RING-E3 ubiquitin ligases %> 0% 110,

Besides ubiquitination, there are another 16 different types of modifications by
ubiquitin-like proteins, including neddylation and sumoylation, which are installed by a
different set of enzymes ™. These types of modifications are not further discussed here.

14



4.2. The DNA damage response cascade

Ubiquitination plays a key role in the cellular pathway signalling DNA damage. The
DDR is a cellular mechanism to sense DNA damage in cells as it occurs and to initiate repair
mechanisms. Essentially, the role of the DDR consists of stopping the cell cycle and to decide
through regulatory pathways, if the cell can be recovered by repair of the damaged DNA site,

112, 113

or whether it has to undergo apoptosis . Thus, DDR is crucial to avoid tumor formation

and is implicated in other processes, where error-prone DNA re-arrangements can occur, as
in telomere homeostasis, meiosis or to defend against viral infections % **°.

In the early DDR, an important role is played by histone H2A.X, a histone variant of
H2A with an alternated C-terminal tail. Upon DNA double-strand breaks (DSBs), H2A.X gets
phosphorylated at serine 139 by phosphatidyl inositol 3’ kinase-related kinases (PIKK) as
ataxia telangiectasia mutated (ATM) or ataxia telangiectasia mutated and Rad3-related (ATR)
116-118 Although it has been shown that H2A.X phosphorylation (yH2A.X) is dispensable for
accumulation of DDR-signalling- and DDR-repair factors at DNA lesions, it was thought to

11

increase their local concentration at the site of DSBs . yH2A.X can be recognized by

mediator of DNA damage checkpoint 1 (MDC1) and amplifies the signal by recruiting ATM in

118, 120, 121

a NBS1-dependent manner . ATM subsequently leads to phosphorylation of MDC1,

facilitating its oligomerization and allowing the E3 ubiquitin-ligase RNF8 to bind MDC1

118, 122-124

through its forkhead-associated (FHA) domain . Thus, after the initial steps of early

DDR, the phosphorylation cascade transduces to signalling through ubiquitination.

Recruitment of RNF8 allows UBC13/MMS2 dependent K63-linked polyubiquitination
of a substrate. Initially, it was thought that RNF8 initiates ubiquitination on histone H2A,
however this hypothesis has been tested on histone octamers and nucleosomes and RNF8
125128 Thys, the substrate for RNF8
remained unknown for several years until histone H1.2 and the putative PcG protein

was not able to ubiquitinate H2A in nucleosomes

lethal(3)malignant brain tumour-like protein 2 (L3MBTL2) were suggested as targets for K63-
linked ubiquitination by RNF8 “* % |3MTBL2 is also recruited to chromatin upon
phosphorylation by ATM and binds to the DDR initiator MDC1 *?°. Noteworthy, it has been
argued, if ubiquitin chain formation of histone H1 is possible at all, as only mono-

129-131

ubiquitination of H1 was detected in several studies . Nevertheless, in the current

model RNF8 initiates ubiquitination during the DDR.

A second E3 ubiquitin ligase, RNF168, contains a motif (UDM1), which recognizes
K63-linked products of RNF8. Via RNF8-mediated poly-ubiquitination of H1.2 or L3MBTL2
RNF168 is thus recruited to chromatin “®
towards H2A/H2A.X on K13/K15 and dependence of this process has been shown on
accessibility of the nucleosome acidic patch 3> 2% 3% 133 A second motif of RNF168 (UDM2),
which allows the protein to bind to its own ubiquitination products, potentially increases the

. RNF168 has shown high ubiquitination activity

residency time of RNF168 on the nucleosome and either allow spreading of H2A/H2A.X

ubiquitination to neighbouring nucleosomes or leads to ubiquitin chain elongation ***.
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However, it remains unclear if RNF168 catalyses chain initiation on H2A/H2A.X, chain
elongation or both. Alternatively, RNF8 would be able to elongate the ubiquitin chains on
H2A, which were primed by RNF168-dependent ubiquitination '?%. Ubiquitination of
H2A/H2A.X by RNF8 and RNF168 allows down-stream factors of the DDR to localize to DNA

damage sites (Fig.9).

The RAP80 protein, which recognizes K63-linked ubiquitin chains, is directed to sites
of DNA lesions in complex with BRCA1 and BRCC36, which is required to drive homologous
recombination (HR) *> *°. On the other hand, mono-ubiquitination of H2A at K13/15 and
H4K20me?2 are recognized in a bivalent mode by 53BP1, an initiator of non-homologous end
joining (NHEJ) *"**°, Despite 53BP1, L3MBT2 also binds to H4K20me2 and can be removed

140, 141

from chromatin in an RNF8-dependent manner . The exact mechanism how RNF8 and

RNF168 mediate the balance to drive HR or NHEJ has not been completely understood yet
142

Ubiquitin

H2A or
H2A.X tail

NHEJ

Chromatin

Fig.9 DNA damage response cascade illustrating ubiquitination by RNF8 and RNF168

1.) MDC1 is recruited to yH2A.X and allows docking of RNF8 and L3MBTL2. RNF8 ubiquitinates
(K63-linked ubiquitin chains) histone H1.2 or L3MBTL2 using UBC13/MMS2. 2.) K63-linked
ubiquitin chains recruit RNF168, which in turn ubiquitinates H2A/H2A.X on K13/15. 3.) RNF8 or
RNF168 (or both) elongate ubiquitin chains on H2A/H2A.X to recruit DDR-factors to direct the
DDR repair mechanism to HR or NHEJ. P (green sphere) = phosphorylation mark

It remains unclear whether the H2A ubiquitin marks at the N-terminal histone tail
(K13/K15) and the C-terminal tail (K119, K127, K129) show direct mechanistic interactions.
As H2AK15ub can recruit 53BP1 or BRCA1, and the latter being a subunit of another E3
ubiquitin ligase complex, which ubiquitinates H2AK127 and K129, suggests that such
143195 The C-terminal ubiquitin mark H2AK119ub is associated with
transcriptional repression, further supported by the fact that PRC1 is writing this ubiquitin

mark *****%. Connections of the H2AK119ub mark and DDR have been made, but also highly
d 149-151

interplay seems to exist

. Further evidence was found in the putative PcG-protein L3MBTL2, which
16
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is tightly involved in RNF8-dependent processes. Interestingly, a deubiquitinase USP3 has
been able to de-ubiquitinate H2AK15ub and H2AK119ub, which also hints to an interplay
between N- and C-terminal histone ubiquitin marks 2.

When we started our investigations, we faced several unsolved questions concerning
RNF168 regulation as how ubiquitination is propagated to neighbouring histones, how the
chromatin compaction state is affected by individual ubiquitination steps, and how the
dynamics of RNF168 are affected by histone PTMs in chromatin/nucleosomes. Thus, in this
study we aimed to apply chemical methods and single molecule TIRFM to dissect and answer
these types of questions with regard to the RNF168-DDR model system.
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5. Applied chemistry to functionalize proteins

In this study, we aimed to elucidate how individual histone modifications can effect
recruitment and binding of proteins to chromatin and how chromatin architecture affects
protein binding.

To this point, various experimental strategies have been designed to dissect and
understand the integrity of the histone code. However, known methods to study chromatin
dynamics suffer from several drawbacks. While bulk measurements can lead to a loss of
information due to averaging effects, high-resolution measurements, like cryoEM or X-ray
crystallography, usually require fixation of the sample and dynamic information cannot be
obtained. Cell experiments, on the other hand, are biologically meaningful, but the system is
complex and control of all the different parameters is impossible. In our studies we follow a
bottom-up approach by assembling different basic components and increase complexity of
the system one by one.

Following this strategy, the first step was to synthesize and include post-translational
modifications into proteins with native or native-like linkages. Nowadays, total chemical

synthesis allows to produce elementary proteins as native histones and their analogues or

152, 153

di-ubiquitin chains using solid-phase peptide synthesis (SPPS) . Noteworthy, many

research groups that apply SPPS make use of native chemical ligation (NCL) to create native

154

peptide bonds ~". This allows to synthesize peptides and to chemically assemble them into

proteins under native conditions (Fig.10) *°.
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Fig.10 Reaction scheme of native chemical ligation

Peptidel with a C-terminal thioester reacts with an N-terminal aminothiol (cysteine residue) of
peptide2. After transthioesterification an S-to-N acyl shift leads to formation of a native peptide
bond. Figure was adapted from Muir et al., 2003.
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NCL enables insertion of unnatural amino acids, which are usually not accessible by
using in vitro transcription, and incorporation of PTMs, which are not obtained in a
heterogeneous manner using in vivo transcription *>°. However, development of this method
opened up new questions as how to introduce a-thioesters into a polypeptide, if synthetic
peptides should be linked to the C-terminus or inserted into the middle of a recombinant
protein °°. Further, as peptides have been synthesized reliably up to ~50 residues, it
remained challenging to create polypeptides of more than ~100 residues in a single ligation

step. *°

One solution to these problems was found in the biological system of intein splicing.
Inteins are protein sequences that excise themselves from the original protein sequence,
similar to introns in the DNA/RNA sequence, which are excised from protein encoding exons

7 In a first step, an N-to-S (or N-to-0) acyl shift transfers the N-extein
155

during mRNA splicing
to an N-terminal Cys/Ser residue of the intein (Fig.11)
transfers the N-extein unit to a Cys/Ser at the intein C-extein boundary. The branched
intermediate is further resolved through a cyclization reaction, which involves a conserved
Asn residue at the C-terminus of the intein. Thus, the intein is excised as a C-terminal
succinimide derivative and the two exteins are linked via an amide bond through a terminal

S-to-N acyl shift **°.

. Secondly, transthioesterification
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Fig.11 Intein splicing

Internal reactions at the intein-extein junctions are catalysed by the intein domain and mediated
through a series of acyl shifts. This leads to formation of a native peptide bond between the

exteins, while the intein is excised. Figure was adapted from Muir et al., 2003.

In biotechnology two categories of intein applications are widely used now. One

mode of application is represented by the mutation of the conserved Asn to an Ala residue.
This enables to block the intein splicing after the primary N-to-S acyl transfer. The obtained
intermediate is accessible to chemical cleavage (thiolysis) by addition of small thiols (RSH).
Importantly, this leads to formation of a protein a-thioester, which is a suitable substrate for
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Further, it was discovered that inteins can be divided into two separate domains and
be expressed individually, which renders two split-inteins without initial splicing activity *>>
18 159 However, when brought in close proximity the split-inteins can associate non-
covalently and mediate normal intein splicing. This process known as intein trans-splicing is
illustrated in Fig.12 *°

while expressing a recombinant protein in cells.
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Fig.12 Intein trans-splicing

Two polypeptides are expressed containing either an N-terminal or C-terminal segment of an
intein (Intein" or Intein®). Only if the two intein domains are brought into close proximity, protein
trans-splicing can occur normally. Figure was adapted from Muir et al., 2003.

Expressed protein ligation (EPL) was developed as a method, which combines the

strength of intein-biology and NCL *¢% ¢!

. In EPL, generation of the intein-mediated protein-
a-thioester, followed by NCL, can be used to create polypeptides beyond a length of ~100
AA. This allows to chemically assemble cytotoxic proteins in vitro **2. Importantly, the true
power of EPL lies within the possibility of ligating recombinantly expressed proteins with
synthetic peptides, which allows introduction of a variety of chemical modifications into
proteins (Fig.13). Protein engineering by EPL enables site-specific incorporation of small
modifications of amino acids into proteins, including PTMs, stable isotopes, unnatural amino

acids (UAA), and EPL can be used for protein labelling with fluorophores ** **°

. Opposed to
nonsense suppression mutagenesis, a traditional method to introduce UAAs into proteins,
EPL allows incorporating multiple UAAs into the same protein by sequential ligation and a
much broader range of modifications can be applied > '®3. Thus, EPL represents a useful

tool to create semi-synthetic proteins under native conditions.
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Protein
Intein thiolysis RSH

HS

HoN

Semisynthetic product

Fig.13 Expressed protein ligation

An expressed protein fused to an intein and an affinity purification handle (APH) is immobilized
on affinity resin. An Asn to Ala mutation of the intein traps the intein splicing in an intermediate
step after N-to-S acyl transfer. Thiolysis using a small thiol (RSH) produces a thioester group at the
C-terminus of the protein, which can be used with a peptide, containing an N-terminal cysteine,
for native chemical ligation. This renders a semi-synthetic protein product. Figure was adapted
from Muir et al., 2003.

One of the numerous applications of EPL includes post-translational modification of
histones. Since their discovery, histone proteins, which can be used to assemble
nucleosomes in vitro, have always been an interesting target of investigation %4 However,
isolation and purification of histones often led either to heterogeneously modified

165,165 'A chemical approach using cysteine-reactive probes has

167

populations or to low yields
been developed to introduce site-specific methyllysine analogues into histones
analogues have high similarity to the native marks, as they were captured by specific
antibodies. However, they were not completely native, susceptible to oxidation and in some

. These

cases displayed different binding affinities '®’. In contrast, a sequential EPL strategy with
desulfurization allowed to create H2BK120 containing a completely native ubiquitin mark ***
168 Availability of the H2BK120ub mark enabled to study its influence on chromatin
compaction and unveiled an important role in rendering chromatin accessible 2.
Interestingly, this role was attributed specifically to ubiquitin, as a protein of similar size,
Hub1, did not exert the same effect 2*. Despite EPL, also amber suppression mutagenesis

was applied successfully to produce modified histones as e.g. H3K56ac **°. This allowed to

23



identify the role of the H3K56ac mark in DNA unwrapping from the nucleosome *°. These
examples highlight the valuable information that was obtained using chemically modified
histones.

In this study we applied EPL to modify recombinantly expressed proteins with
synthetic peptides to obtain semi-synthetic proteins, which are either biologically relevant or
engineered to fulfil a distinct function. For example, here, we employed EPL to modify
histones for chromatin formation. As nucleosome formation and positioning on DNA can be
controlled using an artificial nucleosome positioning sequence (Widom 601 nuclesome
positioning sequence) and histone octamers, a protocol was established to assemble

170,184 Having the

nucleosomes and chromatin fibres in a salt-dependent manner in vitro
ability to install histone PTMs using EPL strategies and to incorporate them into nucleosomes
via histone octamers, enabled us to create a controlled system of chromatin fibres
(“designer chromatin”). Additionally, our expertise in purification and chemical modification
of proteins and DNA provides a broad toolbox to study chromatin modification states in a

highly controlled manner.
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6. Single-molecule studies of chromatin dynamics

6.1. Relevance of dynamic single-molecule analysis

In chromatin research, protein recruitment and activity has been studied extensively
using ensemble measurements as electromobility shift assays (EMSA), activity assays, pull-

35, 128, 139, 171, 172

down experiments or various in vivo experiments . As complementary

methods, isothermal calorimetry (ITC) and thermophoresis assays have been used to study

protein thermodynamics, which allows to determine kinetic parameters 174,

A powerful ensemble tool to investigate the histone landscape is chromatin
immunoprecipitation (ChIP) and numerous variations of ChIP > "¢, Generally, ChIP unveils
proteins associated with chromatin/DNA and allows detection of distinct histone
modifications. A first crosslinking step of proteins and DNA allows creation of a snapshot of
proteins associated with DNA. In the following step, target DNA is enriched by an antibody
towards the protein/modification of interest. Crosslinking is released, proteins and RNAs are
digested and the target DNA can be purified and analysed e.g. using quantitative polymerase
chain reaction (PCR). A similar approach can be done to identify DNA methylation using
methylated DNA immunoprecipitation (meDIP) or bisulphite sequencing.

In biology and chemistry, there is relevance to study protein binding affinity, the
association and dissociation rates of a protein towards its protein-, DNA- or chromatin
substrate, as it represents a basal mechanism of regulation. It is important for epigenetic
researchers to unveil how protein binding is ensured to answer various questions like: How
does a protein bind to chromatin and is binding facilitated by DNA or a certain histone PTM?
Does a set of histone PTMs alter protein binding and do several different histone PTMs on
the same chromatin interface act synergistically or do they antagonize each other? How long
does a protein bind to its target? Is strong and stable protein binding a requirement for its
downstream activity or is transient binding key for tight, but dynamic regulations? Ensemble
measurements will never be able to detect stochastically rare events, or transient
interactions, as these will be averaged out.

Thus, there is a need for complementary methods, which are able to track single
molecules in a system where dynamic interactions can be resolved. Such single molecule
methods are advantageous as the molecules in the experiment do not need to be
synchronized in order to obtain a uniform response and thus measurements are possible at
equilibrium conditions. Further, single-molecule methods allow separation of individual
observations, if differently behaving subspecies of molecules are present in the experiment.

Fluorescence microscopy is a minimal invasive method to study small structures
using fluorescently labelled molecules. Opposed to light microscopy, traditional fluorescence
microscopy allows measurements at high contrast and thus structures down to the 200 nm
can be visualized. In fluorescence microscopy the detected signal is highly specific, as the
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object of investigation oftentimes is selectively labelled and the separation between
excitation- and emission light allows a clear discrimination of individual fluorescence
emitters. Nevertheless, tracking of single fluorophores remains challenging as the out-of-
focus fluorescence introduces background signals, which makes it challenging to
discriminate two labelled molecules in the imaging area *”’.

In order to investigate structures below 200 nm a variety of different methods has
been developed. One example is given by force spectroscopic methods. Atomic force
microscopy has been shown to measure deflections of individual molecules and was applied
to investigate the integrity of single chromatin arrays 78 On the other hand, optical
tweezers allow trapping of individual molecules in a defined volume and to measure
parameters of interactions. Applications were found in stretching and characterization of

chromatin fibres *”°

. Although these methods are able to measure features down to sub-nm
resolution and sub-ms time scale, they suffer from non-specific interactions caused by
environmental noises as mechanical vibrations, air currents, temperature and acoustic- and
electrical noise **. Moreover, the applied mechanic forces can further perturb the system of

investigation.

A fluorescence-based method method is Forster resonance energy transfer (FRET),
which can be used as a molecular ruler to determine distances in the 0-10 nm range *.
Based on energy transfer of a donor- and acceptor fluorophore, this method has been
applied to assess nucleosome stability and DNA unwrapping from nucleosomes based on
FRET ® '®2. FRET can also be measured between fluorophores on individual molecules.
Recently, a study in our own lab applied single-molecule FRET (smFRET) to monitor
compaction of chromatin in dependence of magnesium ions *°. In order to discriminate

single molecules, the fluorescent read-out was based on TIRFM.

In TIRF illumination only a thin volume section close to the surface of the sample is
excited by an electromagnetic field and distal background signals originating from labelled
molecules in the solution are heavily reduced. This renders TIRFM applicable for single
molecule imaging.

6.2. TIRFM principles

To circumvent the limitations mentioned above, we apply TIRFM to observe single
molecule dynamics.

In the following we describe the principle of objective-based TIRFM in more detail to
shed light on the mechanism:

A sample in aqueous solution on a glass coverslip is excited with a laser beam
through the objective of the microscope. By laterally displacing the laser beam from the
objective centre, the beam leaves the objective with an angle relative to the perpendicular
of the glass slide and is further deflected upon reaching the solvent, due to the difference in
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refractive indices (n) of glass and solvent (water). This system is characterized by Snell’s law
183,

Snell’s law:

n,; X sin®; = n, X sin 0O, (1)
Assin©, =1, (sin90° = 1) for total reflection, it follows the

Critical angle:

O, = sin™' 3 (2)
n, = lower refractive index (e.g. water)

n; = higher refractive index (e.g. glass)

©; = incident angle

This defines the critical angle as the incident angle ©; where the refractive angle 6, is
exactly 90 °. At an angle above the critical angle, the laser is totally reflected back and does
not penetrate into the sample anymore (Fig.14). Therefore, in TIRFM only the large angles
are selected by illuminating at the edge of the objective’s back aperture 183,

Td Water nl
Glass n2

6, >6c

Fig.14 Total internal reflection illumination

An incident laser beam (green arrow) touches the interface of glass and water. When the incident
angle ©; reaches the critical angle 6. 8, becomes 90 ° and the deflected laser beam is not
entering the water phase anymore. When 6, > 6., 6, is reflected back (total internal reflection)
and an evanescent field (yellow) with penetration depth d is created, which can excite
fluorophores.

At the site of reflection, an electromagnetic field (evanescent field) is created, the
intensity of which decays exponentially with increasing distance from the glass slide. The
evanescent field can reach a penetration depth of approximately 200 nm. The sample is only

excited by the evanescent field, and thus the illumination volume is restricted to a small area
183,
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Penetration depth:

d = :Tix (n?x sin?0, — n%)_% (3)

A;= wavelength of the incoming light beam

Penetration depth is dependent on the wavelength (A;) of the incoming laser beam,
the refractive indices (n; and n,) and the incoming angle ©;.

The evanescent field can be used to only illuminate molecules close to the surface of
a coverslip in contrast to common wide-field microscopy, where the background, coming
from fluorescent molecules diffusing in the solution, is also illuminated. This allows
observation of single molecules close to the surface up to low-nanomolar concentrations of
the labelled species. By covalently attaching single molecules to the glass surface, this allows
to image the attached molecules within a very small illumination volume.

In TIRFM, molecules that fluoresce, which are located close to the illumination
surface, are detected. In order to limit the level of non-specific fluorescence, extremely clean

glass slides are required.
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7. Aims of the project

Histone modifications represent a fundamental system of chromatin regulation. As
processes like differentiation of stem cells, cancer development and progression and many
neurodegenerative diseases underlie these regulatory mechanisms, their importance cannot
be ignored. A detailed understanding of the function of histone marks is crucial to
understand the molecular origins of some diseases, e.g. cancer, and to identify new drug
targets. In particular, many lysine methyl-marks have been associated with cancer
progression % Also, dysregulation of histone ubiquitination can result in disease, as seen in
the RIDDLE syndrome, caused by improper function of the E3 ligase RNF168. The RIDDLE
syndrome manifests in enhanced cellular radiosensitivity of patients, immunodeficiency and

cancer predisposition 125,171,185,

Combined efforts of chemical biology, molecular biology and cell biology have
provided a large spectrum of biological and chemical tools to further study and understand
the histone code. Progress has been made, but detailed molecular mechanisms are often
unresolved. However, it is indispensable to characterize the individual contributions of
histone marks involved in chromatin effector recruitment and regulation. Moreover,
effectors are not regulated in an “all-or-nothing” fashion, but rather in a gradual and
tuneable manner. To study such complex regulation requires a tightly controlled system of
chromatin and associated proteins that, at this point, is not easily achieved in vivo.

In our research group, we work at the interface of chemistry, biology and biophysics.
This allows us to develop defined chromatin systems with a high level of control towards all
the components. Such a bottom-up in vitro approach, assembling simple protein-chromatin
interaction systems, which can evolve to measuring platforms of higher complexity, can fill
the lack of information given by top-down approaches.

Here, we developed a method which allows us to directly observe chromatin
regulatory processes on the single molecule scale. This leads to a better understanding of
fundamental regulatory processes at the chromatin level. Moreover, such an approach
essentially complements classical biochemistry and cell biology methods.

The primary aim of this study was to develop and test methods to study chromatin
effectors on the single molecule level in a dynamic manner using designer chromatin. We
investigated dynamic HPla- and PRC2-chromatin interactions, which are involved in
heterochromatin formation. We tested the impact of HP1a-multivalency towards H3K9me3
and observed altered chromatin binding dynamics upon protein dimerization. Investigating
the protein complex PRC2, we discovered an essential contribution of PHF1 to anchor PRC2
on chromatin through a process that is essentially driven through DNA binding and
dependent on a newly identified winged-helix (WH) motif of PHF1. Further, presence of
histone PTMs as H3K27me3, H3K27M and H3K36me3 stabilized PRC2-binding towards
chromatin, as well. Finally, we developed a system to test ubiquitination of designer
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chromatin and unravel mechanisms of RNF168-mediated ubiquitination during the DDR. We
found enhanced activity of RNF168 towards H4Kl6ac chromatin fibres and lowered
ubiquitination activity in the presence of an occluded nucleosome acidic patch using the
anti-cancer agent RAPTA-C. Moreover, we identified specific interactions of RNF168 with
native- and synthetic K63-linked ubiquitin chains.

In particular the aims of my studies were:

Aim1: TIRFM as a tool to investigate single molecules on chromatin

We aimed to establish a method to measure single protein binding and
corresponding dynamics towards chromatin, focusing on the multivalent effector HP1a. This
involved establishing methods including preparation of flow channels as units for single
molecule measurements, expression and labelling of proteins, assembling and labelling of
chromatin arrays including desired histone marks paired with the ability for immobilization,
installation and application of a TIRF microscopy system, establishment of suitable and
realistic measuring conditions (buffers, flow speed, protein concentration) and finally data
analysis.

Aim2: Oligomerization effects of HP1a on chromatin binding

We dissected HPla-chromatin interactions dependent as a function of HPla
concentration. We tested if HP1a oligomerizes under measuring conditions. To unveil the
kinetic dependence on HPla concentration and oligomerization we expressed and added
unlabelled HP1a protein to the flow cell to induce a competitive environment, which would
supposedly lead to stabilization of bound HPla proteins or to competition-driven rapid
rebinding events.

Aim3: Multivalency of HP1a on chromatin binding

Availability of multiple histone marks (homogenic or heterogenic) leads to elongated
and more rapid binding of proteins towards chromatin. To test this hypothesis, with respect
to HP1a, we tested if HP1a dimerization (covalently or via peptide ligand) increases HP1a
residence time and binding rate. Notably, artificial dimerization of HPla was of high
importance as, at concentrations under our TIRF measuring conditions (nanomolar range),
HP1a was mainly in its monomeric state.

Aim4: Involvement of a novel PHF1 winged-helix domain in PRC2-chromatin binding

Our collaborators had identified a WH motif on PHF1. We aimed to analyse PRC2
binding in single molecule measurements to understand the contribution of the PHF1 WH
motif towards binding of PRC2 to chromatin and test the hypothesis that PHF1 prolongs
PRC2-binding to chromatin. We performed single molecule measurements with different
PHF1-mutants to unravel the contribution of the mutated residues. Additionally, we studied
PRC2 binding towards modified chromatin arrays.
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Aim5: The molecular mechanisms of RNF168 chromatin ubiquitination during the DDR

In order to dissect the mechanism of RNF168-mediated ubiquitination during the
DDR, we aimed to establish a basic ubiquitination system in our laboratory. We developed
ubiquitination assays with robust ubiquitination towards chromatin. This allows studying of
various chromatin conditions during ubiquitination.

Aim6: Writers of histone ubiquitin marks in dependence of the chromatin state

We investigated the influence of the chromatin state on ubiquitination by RNF168.
On one hand, we wanted to test if the accessibility of the nucleosome acidic patch would
alter ubiquitination velocity by RN168. Further, as RNF168 possesses an H2A.XK15ub binding
motif, we wanted to uncover possible stimulatory effects of the ubiquitin mark on H2A.XK15,
if RNF168 was indeed involved in H2A.XK15 ubiquitin chain elongation.

Based on these hypotheses, we sought to study the proteins, HP1a, PRC2 and
RNF168, on the single molecule level to establish and test our newly developed microscopy
system and to understand different binding modes on chromatin, nucleosomes and DNA.
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Il Results

1. Single-molecule dissection of dynamic heterochromatin
establishment by HP1a

Essential content of this chapter has been published in Sinan Kilic, Louise Bryan,

Andreas L. Bachmann and Beat Fierz, Nature Communications, 2015 186

In the following chapter, | have performed protein expression and purification of
HP1a wild-type (wt), chromatin assembly, histone octamer and chromatin quality control,
peptide synthesis of peptides P3 and P4, HP1a TIRF measurements on wt- and H3K9me3-
modified chromatin arrays including competition assays and measurements using peptides
related to dimerization. | performed thermophoresis measurements and TIRF measurements
using HP1a ng together with Sinan Kilic (LCBM, EPFL, CH).

Of the other experiments, HPla proteins, except the wild-type version, were
expressed by Sinan Kilic. Labelling and dimerization of HP1a via covalent linkage was done
by Sinan Kilic, as well as measurements using HP1a (W40A). Histones containing H3K9me3
were prepared by Sinan Kilic. The impact of H3K9me3 measurements was investigated by
Louise Bryan (LCBM, EPFL, CH). The covalent linkage strategy of HP1a was designed by Beat
Fierz and performed by Beat Fierz and Sinan Kilic. FRAP experiments were carried out by
Sinan Kilic. Peptides P1 and P2 were synthesized by Sinan Kilic.

1.1. Introduction

To address whether we are able to measure protein-chromatin interaction dynamics
on the single-molecule level, we sought to investigate a protein with a defined role in
chromatin association. We decided to study the well described HP1a-H3K9me3 modified

chromatin interaction system 45,354,653

® It binds to H3K9me3 as a

dimer, enabling multivalent engagement of several nucleosomes 8 This indicates an

HPla is a key factor for heterochromatin formation

important function of HP1a as multivalent effector to drive chromatin compaction and thus
gene repression. Although over time, heterochromatin domains are macroscopically stable,

HP1a in cells is highly dynamic with residency times of seconds °* ¥,

Indeed, the Kp of the HP1a chromo domain towards H3K9me3 is only ~25uM 188, 185

This raises the question how HP1la is able to fulfil its roles to engage chromatin, despite its
low affinity. There are several models conceivable (Fig.15). First, on nucleosomes bearing 1-2
H3K9me3 PTMs simple association/dissociation is expected (Fig.15a). In the presence of
multiple histone modifications as e.g. on neighbouring nucleosomes, upon dissociation,
HPla is enabled to rapidly rebind to a neighbouring H3K9me3 mark (Fig.15b). Moreover,
HPla is a multivalent chromatin reader. Thus, association is accelerated based on the
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presence of two reader domains in proximity of a possible binding site. Further, if one reader
domain associates with H3K9me3, the dimeric protein potentially binds to a second
H3K9me3 mark before it dissociates completely from the chromatin binding site (Fig.15c).
Further, HP1a binding to chromatin can be stabilized by protein-protein interactions through
its CSD, leading to stabilized HPla-chromatin complex formation through HPla
oligomerization (Fig.15d).

7

HP1

H3K9me3

Nucleosome

Association/Dissociation Dlmerlc Blndmg

/Multivalency

Oligomerization

Microdissociation and
rapid rebinding

Fig.15 Possible binding modes for HP1a

a) In the presence of only one chemically modified nucleosome, we expected simple association
and dissociation. b) In chromatin arrays with multiple modified nucleosomes we postulated a
binding mode of microdissociations followed by rapid rebinding to a neighbouring histone mark
(H3K9me3). c) Dimeric HP1a would be able to employ one, or the other or both binding domains
to bind H3K9me3, which would lead to rapid association and stabilized binding. d) Through the
CSD of HP1a, protein-protein interactions would be possible and would lead to formation of an
oligomeric complex around chromatin.

To discriminate the suggested models, we envisioned to apply a single-molecule
assay. This has the advantage of enabling us to monitor the individual proteins directly as
they interact with chromatin. In such a system we can dissect and test all the different
binding models.

In this study we applied TIRF microscopy to observe fluorophores, which are located
close to the surface of a glass slide, while omitting fluorescence of the background solution.
Microfluidic channels were functionalized with poly(ethylene glycol) (PEG) chains to avoid
non-specific protein sticking. A subpopulation of PEG was functionalized with biotin, which
can be linked to any biotin-linked molecule through neutravidin interactions. Here, we
aimed to assemble designer chromatin, including a fluorescent label and a biotin-anchor for
immobilization through attachment to the DNA. In an experimental setup, chromatin arrays
with defined histone modifications were immobilized on the glass slide and a fluorescently
labelled protein of interest (e.g. HP1a) was added to the flow channel. Colocalization of the
two fluorophores (e.g. a red fluorophore on the DNA and an orange fluorophore on the
protein of interest) over time allowed to measure association/dissociation times of proteins
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towards individual chromatin spots on the flow channel (Fig.16) ®. Overlapping binding

events were identified based on increased brightness levels. Based on the distance of the
DNA-attached Atto647N and the Atto532-HPla bound on the lowest nucleosome position

(~*17 nm), we did not expect FRET (0-10 nm) between the two dyes in these types of
181,190

measurements

Jj 1. Micro- t t..
dissociation t  dark bright
1ll. Multivalency &
i}
c
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o
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Fig.16 Experimental setup of TIRF measurements

a) Scheme of TIRFM with immobilized chromatin. Biotinylated chromatin arrays are immobilized
via neutravidin (NA) interactions on the PEG surface of the glass coverslip. TIR illumination allows
excitation of chromatin-bound labelled HP1-molecules (yellow halo), which are located close to
the glass surface. b) Alternating illumination with two fluorescent dyes allows colocalization of
chromatin- (dyel on DNA, red) and protein positions (dye2 on HP1a, yellow) over time (white
circles). This renders a fluorescence-time trace for each chromatin spot with bound proteins
(torignt) @and absent protein binding (t4ar). Figure was adapted from Kilic et al., 2015.

We envisioned a system where we could analyse labelled and immobilized designer
chromatin chains by TIRFM. Addition of a fluorescently labelled protein, as a binding partner
of chromatin that is dependent on associated histone marks, would enable us to monitor
protein binding and its dynamics towards chromatin that is dependent on the histone mark
landscape or the chromatin compaction state. In particular, such a system opens the paths
to analyse multivalent protein binding and estimation of the relevance of histone marks. This
allows distinguishing of histone PTMs responsible for primary protein binding, PTMs which
are only established upon protein binding events themselves or PTMs merely helping the
protein to bind.

35



Using TIRFM as outlined above allowed us to investigate the suggested binding
models (Fig.15). HP1a association/dissociation was tested using unmodified and H3K9me3-
modified chromatin fibres. To test the microdissociation model, we either gradually
decreased the H3K9me3-level or we performed and compared experiments between
mononucleosomes and chromatin arrays. Oligomerization of HP1a was assessed by titrating
unlabelled HP1a molecules in order to investigate reduced or increased protein dynamics.
To study HP1la dimerization we employed a strategy to either chemically link two HP1la
molecules or to facilitate CSD-dimerization by addition of a dimerization peptide.

However, development of the presented TIRF system requires a set of different
prerequisites including:

1. Expression, purification and labelling of a protein of interest (e.g. HP1a)

2. Chemically modified, biotinylated, fluorescently labelled chromatin arrays (e.g.
H3K9me3)

3. Functional TIRF microscope including lasers (e.g. 640 nm, 532 nm) and a software
for data analysis

4. Clean glassware to assemble flow channels and suitable imaging buffer conditions

In the following we discuss production of the protein of interest and designer
chromatin. Detailed information describing the microscopy system, data evaluation, cleaning
of glassware and utilized imaging buffer conditions can be found in chapter “IV Material and
Methods”.

1.2. Prerequisites for TIRF microscopy

In order to monitor HP1 binding on the single-molecule scale, different components
were required to perform single molecule measurements using TIRF microscopy. This
included the fluorescently labelled HP1a protein, 12x177 bp 601 chromatin arrays containing
a histone modification (H3K9me3), a TIRF microscope with two different laser lines (red 640
nm and green 532 nm), extremely clean glass coverslips and glass slides, a homebuilt
MathLab script for data analysis, which was provided by Beat Fierz (LCBM, EPFL, CH), and a
suitable imaging buffer to keep the protein of interest, the chromatin arrays and the
attached fluorophores in a stable condition.

The envisioned TIRF approach enables us to precisely control and modify the
individual components of the biochemical system. In contrast, experiments using living cells
reflect native conditions, but are highly complex with respect to individual components.
Although we focused on creating completely native-, or native-like proteins and
nucleosomes, a small experimental bias by artificial modifications, which cannot be omitted,
remains. This includes fluorescent labelling of proteins, as the label can alter distinct
characteristics of the protein of interest, as protein size or polarity, which in turn can directly
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affect binding affinities and catalytic activities of the protein. To control for altered protein
behaviour, we usually compared labelled and unlabelled proteins e.g. in peptide-binding
assays or activity assays. Additionally, surface immobilization of chromatin fibres might
introduce a bias in the mobility of the fibre in solution and thus alter protein-chromatin
interactions, in particular close to the attachment site. We tried to reduce such effects by
employing chromatin fibres containing 12 nucleosomes, which provide freely diffusing fibre
ends on the fibre site opposed to the attachment site. In order to reduce non-specific
binding of proteins to the glass surface, we utilized different passivation agents as
immobilized PEG chains or BSA. In general, this is important to enable free diffusion of
proteins in solution and to reduce non-specific signals of fluorescently labelled proteins that
stick to the glass surface. Altogether, the applied TIRF system serves as a complementary
approach to in vivo systems with high complexity and allows dissection of the basic
interaction mechanismes.

1.2.1. HP1a purification and labelling

A first challenge was to purify the protein of interest. HP1a (CBX5) was cloned into a
pPET15b expression vector, which harbours an N-terminal hexahistidine-tag (6xHis) with a
downstream thrombin cleavage site. The protein was expressed in E.coli BL21 DE3 cells
during overnight expression. The cell lysate was subjected to Ni-affinity resin purification as
a first purification step. Subsequently, an anion exchange chromatography (AIEX) was
required to remove DNA, which was usually found in HP1a elutions from the Ni-column.
Pure fractions were subjected to thrombin cleavage to remove the N-terminal His-tag and
the cleaved protein was further purified by gel filtration on a Superdex 200 10/300GL
column. The concentrated protein elutions were complemented with 30% glycerol, flash
frozen and stored at -80°C (Fig.17).

250kD
Eg:g 1 Protein ladder
75kD 2 HP1alpha unlabelled

50kD
37kD

25kD
20kD

15kD |

10kD

Fig.17 HP1a final fraction (15 % SDS-PAGE gel)

HPla was obtained in high purity as visualized using Coomassie staining (expected molecular
weight: 22.5 kDa, (based on ExPASy, ProtParam tool, http://web.expasy.org/protparam/,
2014.06.05)).
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For fluorescence types of microscopy, as our TIRF system, it was required to attach a
fluorescent label to HP1a. To generate labelled HP1a, the sequence of the N. punctiforme
split-intein (NpuN) split intein was fused to the C-terminus after a double glycine linker,
followed by a final hexahistidine tag (HP10-GG-NpuN-6xHis ) *°'. After protein expression
(expression conditions were similar to those of the unlabelled HP1a protein) and purification
(including thrombin cleavage of the 6xHis-tag), our strategy involved in situ ligation to a
tripeptide containing the fluorophore Atto532 (P1).

The peptide P1 was synthesized as follows:

Peptide P1 (Thz-G,-C3-CONH,, Thz: thiazolidine) was synthesized manually on a Rink
amide resin. The peptide was cleaved from the resin and purified using preparative
reversed-phase HPLC (RP-HPLC). Then, the peptide was labelled with Atto532 and the
reaction was quenched with B-mercaptoethanol (BME). The thiazolidine ring was opened
using methoxylamine and the obtained EPL-reactive peptide was purified using
semipreparative RP-HPLC. Final products were analysed by RP-HPLC and electrospray mass
spectrometry (ESI-MS) (calculated exact mass = 1009.26 Da, observed mass = 1008.25 Da)
(Fig.18) *°.
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Fig.18 Synthesis and purification of peptide P1

Synthesis of P1. After manual synthesis of the solid phase, cleavage and purification, i) P1 is
coupled to Atto532-iodoacetamide in solution (20 mM Tris, pH 7.5), followed by ii) opening of the
thiazolidine using 0.5 methoxylamine at pH 5. RP-HPLC and ESI-MS of the product are shown
(expected mass 1009.26 Da, observed mass 1008.25 Da). Figure was adapted from Kilic et al.,
2015.
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Once we had created the labelling peptide P1 and the HP1a protein, containing the
C-terminal split intein NpuN, the labelling reaction employing EPL was performed.

In an experimental setup, upon immobilization of the NpuN-fusion protein on a
SulfoLink resin functionalized with NpuC, an N-to-S acyl shift is induced, which leads to intein
splicing. Using a mutated intein version, intermediate steps of the splicing process can be
intercepted by small thiols (RSH), as MESNA or MPAA, and render the protein of interest,
cleaved from the mutated intein, containing a C-terminal thioester, which serves as reaction
handle for EPL (Fig.19) 137191 "Eurther, the functionalized target molecule containing an 1,2-
aminothiol group (here a peptide with an N-terminal cysteine (P1): CGC-Atto532) can be
added, which will undergo a transthioesterification with the protein-thioester. Followed by
an S-to-N acyl shift, a completely native protein (containing a cysteine) is obtained, including
the selected peptide. Dependent on the composition of the target peptide, this method can
be used to introduce post-translational modifications into proteins or to attach
fluorophores.
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Fig.19 Reaction scheme of EPL for HP1a labelling

Upon binding of NpuN to the immobilized NpuC an N-to-S acyl shift occurs and allows creation of
a thioester coupled to the protein of interest through addition of small thiols (RSH). A
functionalized peptide (CGC-Atto532) containing an N-terminal cysteine can be added to induce a
transthioesterification, which couples the peptide of interest to the protein. A final S-to-N acyl
shift leads to a native peptide bond between the protein of interest and the applied peptide
containing a cysteine. The SulfolLink resin is indicated as grey sphere. Atto532 is indicated as
green star.



We employed this strategy for HP1a labelling (Fig.19). The eluate was collected and
analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Fig.20a)
18 Elution fractions were pooled and purified by gel filtration using a Superdex $200
10/300GL column (Fig.20b). Fractions with the labelled protein were analysed by SDS-PAGE,
pooled, concentrated and 20% glycerol was added. Protein stocks were flash frozen and kept
at -80°C until use. The final concentration and labelling efficiency (up to 75%) was
determined by UV spectroscopy. Further the fluorescence emission spectra were analysed
by fluorometry (Fig.20c). Finally, the protein was further analysed by RP-HPLC and ESI-MS
(HP1la (Atto532): calculated molecular weight (MW) = 23200.0 Da, observed MW = 23'204.0

Da (Fig.20d)).
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Fig.20 Labelling and analysis of HP1a

a) HP1a fused to NpuN is expressed, bound to NpuC-beads, cleaved in ligation buffer and reacted
with P1 in situ, yielding labeled HP1a (HP1a(A532)). (I: Input, FT: flow through, W1-3: washes, E1-
3: elutions). The protein was visualized by Coomassie staining and by 532 nm illumination. b) Size
exclusion chromatography purification of HP1a after labelling. The dotted line indicates how the
peak is reflected by the gel picture. The protein was visualized by Coomassie staining and by 532
nm illumination. c) UV absorption spectrum and normalized fluorescence emission spectrum of
Atto532 labelled HPla (green). d) Final analysis of labelled HP1a by RP-HPLC and ESI-MS
(expected MW 23’200.0 Da, observed MW 23’204.0 Da). Figure was adapted from Kilic et al.,
2015.
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Having obtained the labelled version of HP1a, we next aimed to design the applicable
chromatin system for HP1a.

1.2.2. Designing semi-synthetic chromatin fibres

To study HPla we required designer chromatin containing the H3K9me3 histone
PTM. We used SPPS and EPL to create histone H3 containing the trimethyl mark at lysine 9
(H3K9me3) ¥ °2. To obtain H3K9me3-histones, a truncated version of the histone was
recombinantly expressed (H3(A1-14)A15C), while the histone PTM was synthesized as a
peptide of the N-terminal tail of H3, H3(1-14)K9me3, containing a C-terminal hydrazide. The
hydrazide was subsequently converted into a thioester, which allowed ligation of the
peptide to the expressed protein (Fig.21) *°. We decided to split the protein at residue 15 in
order to reduce the length of the synthesized peptide and we selected an alanine residue to
perform a traceless ligation.

HS » H3K9me3
{ o 1 iy i)
NHNH, HoN — >

[M+21H]21+
5 200 727.33 [M+19H]19+
F ~  803.75
— 160
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(0]
E
<
C‘:l 0 4 FrrrrrrrrrrrrrrrrrrrT T ITTr
4 8 12 16 20 24 28 32 400 600 800 1000 1200 1400 1600

Retention time (min) m/z

Fig.21 Traceless semi-synthesis of H3K9me3

Synthesis of H3K9me3 using a traceless EPL approach: (i) Oxidation of the hydrazide, in situ
thioester formation and EPL reaction, (ii) desulfurization. Left: RP-HPLC analysis of the final
protein, right: ESI-MS analysis of the final histone (MW: 15,251.8 Da calculated, 15,252 Da
observed). Semi-synthesis of H3K9me3 was done by Sinan Kilic. Figure was adapted from Kilic et
al., 2015.

The modified histone was incorporated into histone octamers with unmodified core
histones H4, H2A and H2B as described (for details see chapter “IV, 2.12.2. Histone octamer
assembly”). Unmodified histone octamers were assembled similarly.
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To create defined chromatin fibres we performed a quality control of histone
octamers used for chromatin assembly (Fig.22a). As the proteins were separated on SDS-
PAGE as expected, we assembled chromatin arrays consisting of 601 DNA containing 12x147
bp nucleosome positioning sequences (NPS) attached to a 30 bp linker, a biotin-moiety, a
fluorescent label (Atto647N), and histone octamers containing the H3K9me3 mark. The
linker sequence between individual NPS contained a Scal restriction enzyme digestion site to
be able to easily analyse chromatin formation as single nucleosomes, as chromatin arrays
would not enter 5 % TBE gels (Fig.22b). To ensure complete saturation of all the NPS with
histone octamers, but avoiding oversaturation, we added a low-affinity sequence called
MMTV DNA. Thus, if chromatin was oversaturated, all the MMTV DNA would be consumed
and a ladder of nucleosomes would appear upon Scal digestion. If chromatin was under-
saturated a lot of free DNA and MMTV DNA would be visible on a 5 % TBE gel (Fig.22c).
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Fig.22 Histone octamer integrity and chromatin formation

a) Histone octamer integrity is shown on a 15 % SDS-PAGE gel using Coomassie staining.
H4:11.367 kDa, H2B: 13.906 kDa, H2A: 14.095 kDa, H3: 15.404 kDa, (human histones, according to
uniprot database, 2014.06.05). Four histones are shown in the following order (from 10 kD-15
kD): H4, H2B, H2A, H3. All the histones show defined, single bands. The amount of loaded
octamers was not equalized. b) lllustration of labelled, biotinylated DNA (grey) used to assemble
chromatin arrays containing 12 nucleosomes (blue cylinders). Scal digestion (restriction sites
shown as dashed lines) renders mononucleosomes for gel analysis. c) lllustrated is analysis of
chromatin formation. Red: Gelred channel, Blue: 640nm channel, Pink: Overlay of red and blue
bands. Shown are three different DNA-octamer ratios (1.85 octamer / DNA, 1.9 and 1.8) that
were subjected to chromatin (H3K9me3) formation by dialysis. All three 12xNPS arrays did not
enter the 5 % TBE Criterion gel. Scal-digested arrays show mononucleosomes with and without
the Atto647 label, while a faint band of MMTV nucleosomes was appearing. Importantly, the
MMTV DNA was not consumed completely, indicating proper array formation. L = 2-log DNA
ladder, a = non-digested array, d = Scal-digested array.

To confirm the presence of the H3K9me3 mark in assembled chromatin arrays, we
performed an anti-H3K9me3 western blot (Fig.23a). As chromatin integrity is crucial for
single molecule measurements, we analysed non-digested chromatin arrays on agarose
polyacrylamide composite gel electrophoresis (APAGE), which allows analysis of native
complexes of 100 kDa -3 MDa (Fig.23b). Thus, chromatin arrays were intact and saturated
after chromatin assembly.
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Fig.23 Verification of the H3K9me3 histone mark and chromatin integrity of full-length arrays

a) Anti-H3K9me3 western blot of the H3K9me3 mark on chromatin. Shown is specific recognition
of the H3K9me3-modified chromatin array (lane3) and not the unmodified array (lane2). b)
Chromatin integrity on an APAGE gel. Red: Gelred channel, Green: Atto488 channel, Blue:
Atto647N channel. 12x177 bp 601 DNA chromatin arrays with different modifications were
analysed on the APAGE gel. The Gelred channel shows chromatin arrays and MMTV DNA. The
Atto488 channel shows labelled histone octamers incorporated into 601 DNA. The Atto647N
channel shows labelled, biotinylated 601 DNA, which was used to form chromatin arrays.

1.2.3. Measuring protein dynamics on the single molecule level

Having the labelled protein and chromatin fibres with defined histone marks in hands
enabled us to apply them on our TIRF microscopy system to measure single molecule
dynamics between these two components.

For TIRF imaging, a fully automated Nikon Ti-E inverted fluorescence microscope,
controlled by NIS-elements software, equipped with an oil immersion objective and a
manually controlled TIRF illuminator arm was employed. Excitation light was provided from a
home-built laser bench using 640 nm, 532 nm and 488 nm lasers. Wavelength selection and
switching of the excitation light was performed using an acousto-optical tunable filter (AOTF)
controlled by NIS-elements. For all HP1a measurements, light intensities of 20 W/cm? were
employed for 532 nm and 40 mW/cm? for 640 nm.

Microfluidic channels, which were used for microscopy, were assembled on piranha-
cleaned glass slides, silanized and then passivated with PEG chains to immobilize chromatin
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arrays at the PEG surface using neutravidin-biotin interactions and to avoid non-specific
protein sticking to the glass. For details see chapter “IV, 2.14. Preparation of flow channels
for TIRF microscopy”.

Under these conditions, using imaging buffer IB1 (see “IV, 2.15. TIRF imaging”), single
Atto532 fluorophores were found to bleach with a time constant of 30 s (Fig.24a) **¢, while
Atto647N fluorophores remained stable for > 100 s. Despite these findings, we decided to
use Atto532 for HP1a labelling, based on the hydrophobicity and size of Atto647N, which
could potentially affect HP1la-chromatin interactions. We efficiently reduced fluorophore
blinking events, which were occurring rarely and of short duration, to a non-observable level
by complementing the imaging buffer with trolox and a glucose oxidase/catalase enzymatic
oxygen depleting system (imaging buffer IB1, see “IV, 2.15. TIRF imaging”). For imaging
conditions TIRF was reached at an angle around 63 °. All measurements were performed at
an angle of 64 °, resulting in a decay constant of the evanescent wave of 195 nm for 532 nm,

as experimentally determined using unpublished protocols (Fig.24b) % 4,
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Fig.24 Photobleaching of HP1a-Atto532, laser penetration and chromatin integrity during single
molecule conditions

a) HP1a was biotinylated using EZ-link biotin and immobilized on PEG-passivated coversips using
neutravidin coupling. Single HP1a molecules were imaged (inset at the right at 0 s and 20 s of
irradiation) at different intensities of laser irradiation (10-40 W/cm?) and photobleaching kinetics
were determined for 200-300 molecules. The accumulated kinetics were fitted to single-
exponential decay, resulting in bleaching kinetics of Tyeach = 29.6 s for 40 W/cm?, Tyjeach = 40.0 s for
20 W/cm? and Tyieach = 86.6 s for 10 W/cm?. Scale bars: 5 um. b) Measured laser penetration at
532 nm under TIRF condition. The dashed lines indicate the approximate length of a stretched 12-
mer chromatin array, demonstrating up to 40 % variation in emission intensity for HP1a bound to
chromatin, depending on the binding site in the chromatin array. This indicates that the closer a
fluorophore is located to the glass surface, the stronger it gets excited and thus the stronger is its
emission intensity. The laser penetration was determined using multiple fluorescent
microspheres (see Keyel et al., 2004). c) Colocalization (orange) of DNA (green, Atto647N) and
histones in nucleosomes (red, Atto488). Double-labelled chromatin array integrity was proven in
TIRFM, as the histone protein colocalized significantly with the DNA (69% + 8%) based on the
individual dye molecules. Scale bar: 10 um. (individual measurements n=6). Figure was adapted
from Kilic et al., 2015.

Before we extended our studies on the HP1a binding model, chromatin integrity was
further verified under single-molecule conditions: Chromatin arrays containing labelled DNA
(Atto647N) and labelled histones (H2A-Atto488), were immobilized on a TIRF microscopy
glass coverslip via neutravidin-biotin interactions and subsequently illuminated.
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Colocalization of the H2A and DNA dye molecules was statistically significant and indicated
that fully assembled chromatin arrays were immobilized on the microscopy slide (Fig.24c).

1.3. HP1a binds specifically to H3K9me3

While investigating different proteins on designer chromatin, we were expecting
different modes of protein binding. Here we describe experimental approaches to test the
different protein-chromatin interaction models. Simple association/dissociation kinetics was
expected for HP1a, when only two H3K9me3 marks were present (on one nucleosome;
Fig.15a). Extended studies on chromatin arrays, containing twelve nucleosomes with 24x
H3K9me3 marks, were assessed and presence of several H3K9me3 modifications in close
vicinity would enable rapid rebinding events after microdissociation of HP1a (Fig.15b). As
the CSD of HP1a allows dimerization we further expected dimeric binding to chromatin. This
should increase association times due to the presence of two binding domains and decrease
dissociation, as dislocation of one H3K9me3-binding domain would not be sufficient to
detach the protein from the chromatin structure completely (Fig.15c). Additionally, we were
expecting multimeric protein binding for human HP1a, as for the yeast homolog Swi6, which
would lead to stable oligomeric structures on chromatin, that lead to heterochromatin
formation (Fig.15d) *°.

Our experimental setup allows immobilization of intact chromatin fibres and
measuring HP1a dynamics towards H3K9me3 target (Fig.16). As discussed above, protein
binding can occur in various modes as for example non-specific interactions, where the
protein diffuses onto chromatin and probes for a suitable binding site, but does not
encounter its target. Further possibilities are monovalent-, dimeric- and multivalent-
interactions with the H3K9me3 marks and presence of neighbouring H3K9me3 marks enable
rapid rebinding after microdissociation. Additionally, HPla is able to dimerize and
presumably forms oligomeric structures of stable chromatin binding complexes through its
CSD (Fig.25a) *®°.

For chromatin imaging experiments with HP1a, the flow channel was washed with a
low salt buffer T50 (50 mM NaCl) using an automated pump. Typically, the background level
of fluorescence was recorded with both 532 nm and 640 nm excitation. Neutravidin was
bound to biotin-PEG chains of the channel, followed by extensive washing with T50 buffer.
Subsequently, biotinylated and Atto647N labelled chromatin arrays were flowed into the
channel at a concentration of 500 pM and incubated for several minutes. The immobilization
step was monitored by Atto647N emission, aiming for a coverage level of 100-200 arrays in a
25 x 50 um imaging area. Excess chromatin in solution as well as MMTV DNA and associated
nucleosomes were removed by a washing step and the buffer was replaced with imaging
buffer 1 (IB1, see “IV, 2.15. TIRF imaging”), which was designed to stabilize proteins and
fluorophores. HP1a dilutions were freshly prepared in imaging buffer 1 and injected into the
channel. Imaging of HP1la binding dynamics was performed using 532 nm excitation for

10’000 frames. Every 200 frames, the excitation was switched to 640 nm for one frame to
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record the positions of the chromatin arrays. These frames were used in data analysis to
localize array positions and correct for stage drift. Once immobilized, chromatin arrays were
used for measurements for maximal one hour, to avoid disintegration of the chromatin.

In a first attempt, it was necessary to probe the amounts of labelled protein and
chromatin in the flow channels in order to obtain as many single molecule spots as possible,
but being still able to separate them from each other and to obtain single binding events. It
was not possible to evaluate partially overlapping binding events at different positions of a
single chromatin fibre, as the individual binding times were not well defined. Thus, it was
important to use low concentrations of labelled HP1la to obtain single HPla molecule
binding events to the chromatin fibres at a time. We examined a set of different
concentrations ranging from 250-1000 pM for chromatin and 100-1000 pM of HPla and
obtained useful conditions for 250 pM chromatin and 1 nM HP1a (Fig.25b), where chromatin
spots overlapped with HP1a spots and showed temporal and spatial single dot resolution.
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Fig.25 Experimental setup to monitor HPla dynamics on chromatin and generation of

cumulative histograms

a) Scheme of the experiment: Atto532-labelled HPla interacts with immobilized H3K9me3-
modified designer chromatin arrays, while the dynamic interactions are detected by TIRFM. b)
Shown is immobilized chromatin (H3K9me3) illuminated using 640 nm excitation as single spots
(left microscopy frame) and HP1a using 532 nm exitation (right microscopy frame) at a single time
point. Colocalization of chromatin (orange circles) and HP1a is indicated for a set of chromatin
spots (red circles). Scale bar: 10 um. The scheme on the bottom shows a time trace (blue) fitted
by a step function (red) using a threshold (green dashed line) to track HP1a binding events on a
single chromatin position. This renders tyrigne (ON) and tga« (OFF). €) Dissociation kinetics:
Cumulative histogram of binding intervals (tyrign) for 100 chromatin arrays, fitted by a double-
exponential function (fit: Tog; = 0.25 s £ 0.03 s, Tor, = 2.26 s £ 1.22 s). d) Association kinetics:
Cumulative histogram of intervals between binding events (tya«) over 30 chromatin arrays, fitted
by a single-exponential function (fit: A,, = 22.9 s £ 9.8 s). Figure was adapted from Kilic et al.,
2015.
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From binding experiments using 1 nM HP1a and modified chromatin (H3K9me3) we
generated cumulative histograms in order to not underscore the long-phase binding events,
which were more prone to noise or double binding events. Dissociation times were fitted
using a double-exponential decay function to obtain two residence times (Tof,1 and Tos2) and
association kinetics were fitted using a single-exponential function (Fig.25c and 25d). While
Tof1 reflects short, monovalent binding events, T, reflects longer binding events, which

192

were attributed to multivalency . The following equations were used:

Dissociation kinetics °°:

t t
C =A1 Xe_T"ff'1+A2 Xe_wff'z (4)

C = Counts

Al = Amplitudel (of the short phase)

A2 = Amplitude?2 (of the long phase)

t = event time

Tof1 = residence time (of the short phase)
Tos2 = residence time (of the long phase)

Association kinetics *°:

t
C = A Xe %on (5)

C = Counts
t = event time
Aon = apparent association time constant

Dissociation rate constant (of the short phase) **> **:

1
Toffa

kopp1 = (6)

. . .. 1
Microscopic association rate constant %.

1

Aon X[protein]XNgyrqy

kon =

(7)

[protein] = protein concentration
Narray = number of nucleosomes per DNA molecule on the array

Dissociation rate constant per nucleosome 1%,

Kp = 2 (8)

We compared HP1la binding dynamics towards modified chromatin (H3K9me3) and

unmodified chromatin (H3K9me0) and we observed strongly diminished binding in the latter

case (100 % H3K9me3: Tofr1 = 0.25 s £ 0.03 s and Tof2 = 2.26 s £ 1.22 s; unmodified: Tof1 =

0.08 s + 0.03 s). On the other hand, association times aligned well to a single-exponential fit
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and rendered an apparent association time constant (Ao,) of 22.9 s + 9.8 s (100 % H3K9me3)
(Fig.25d). For the unmodified arrays the slow-phase residence time and the apparent
association time constant were poorly defined, as a very low number of events were
detected. Based on the fast-phase residence time (tofr,1) and the microscopic association rate
constant (kon) for the H3K9me3 condition (ko = 3.64 M7s?t x10° + 1.56 Mts™? x106), which
takes into account the number of nucleosome positioning sequences and the HPla
concentration, we were able to determine an apparent Kp-value of 1.1 uM for HPla-

chromatin (H3K9me3) interactions >* > *’

. Additionally, a CD-mutated version of HPla
(W40A) exhibited very few binding events and quick off-rates, even in fully methylated
chromatin arrays (Table 1). This indicates that our measurements indeed are PTM-
dependent and specific for the HP1a reader domain. In summary, our data confirms that
recruitment of HP1la heavily depends on the presence of its corresponding histone PTM

H3K9me3 on the single molecule level.

To test the contribution of the H3K9me3 mark for HP1a binding, we reduced the
available binding sites on chromatin by assembling chromatin arrays of varying H3K9me3
ratios: 75 % H3K9me3, 50 % H3K9me3 and 25 % H3K9me3. Indeed, we observed reduced
residence times Tor1 when the methylation density was lower (Fig.26a and 26b) '*°. This
indicates that rapid dissociation and rebinding events contribute to the measured binding
dynamics in fully modified chromatin fibres. Consistently, measurements done in single
nucleosomes (1x601 sequence) also resulted in faster dissociation kinetics, as H3K9me3 sites
of an adjacent nucleosome were lacking (Table 1).
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Fig.26 HP1a binds specifically H3K9me3-modified chromatin, which mediates rapid rebinding

a) Scheme illustrating the increased retention of HP1la on chromatin in presence of H3K9me3
modification marks. b) The HP1a residence time (to1) depends on H3K9me3 density as numerous
marks enforce microdissociation with rapid rebinding. Number indicate % amplitude of the fast
phase (errors: standard error of the mean (SEM), n = 2-16 replicates). These TIRF measurements
were done by Louise Bryan. Figure was adapted from Kilic et al., 2015.

1.4. HP1a binds chromatin in a highly dynamic and competitive
manner

It has been suggested that Swi6, the yeast (Schizosaccharomyces pombe) homolog of

45 7 . . . .
> 7% This model proposes oligomerization of

HP1a, is crucial for heterochromatin spreading
HP1a on chromatin, which stabilized HP1la-chromatin interactions through formation of a
stable oligomeric complex. This suggests prolonged residence times of HP1a onto chromatin,
if the protein concentration is elevated. One of the limitations of TIRF microscopy is the
relatively low measurable concentration (~¥10 nM) of the labelled protein species, as
otherwise the protein would stick non-specifically to the glass surface and the 2x12 binding
sites on the chromatin would be occupied simultaneously, which would lead to overlapping
binding events. On top of that, at some point the background signal will be elevated to a
disturbing level. To overcome these problems, we decided to add different amounts of non-
labelled HP1a protein to the flow channel (Fig.27a and 27b) . Surprisingly, addition of
unlabelled competitor HP1la molecules did not lead to an increase of the fast-phase
residence time To, but instead to a decrease, the more competitor was added (no
competitor: Tofr1 = 0.255 £ 0.03 s and Tosr2 = 2.26 s £ 1.22 s, 50 nM competitor: Tofr1 = 0.19 s +
0.05 s and toff2 = 3.97 s £ 1.31 s, 250 nM competitor: Tosr1 = 0.13 s £ 0.02 s and Tor2 = 3.93 s ¢
1.73 s, 1000 nM competitor: Torr1 = 0.11 s £ 0.01 s and Tor2 = 2.75 s + 0.72s). This indicates

53



that the human version of HP1la does rather compete for available binding sites, than
forming a highly-oligomeric complex. Such a competition mechanism subsequently prevents
rapid rebinding of dissociated HPla molecules and results in an apparent decrease in

197,198 1 fact, concentration-

residence time, in a process termed facilitated dissociation
dependent dissociation kinetics have been recently observed for several DNA-binding

proteins 199,200

1 50 250 100
Total HP1 conc.(uM)

no competitor 100uM unlabelled
competitor

Fig.27 HP1a binds in a competitive manner to H3K9me3-modified chromatin

a) Scheme illustrating the decrease in residency time of HPla in the presence of unlabelled
competitor HP1a molecules b) The HP1a residence time (tof1) decreases as a function of HP1la
concentration due to local competition. The indicated concentration of unlabelled HP1a is added
to 1 nM Atto532-labelled HP1a. Numbers indicate % amplitude of the fast phase (errors: SEM, n =
3-16 replicates). Figure was adapted from Kilic et al., 2015.

1.5. Dimerization of HP1a prolongs residence time on modified
chromatin

We aimed to understand the contribution of multivalent chromatin interactions of
HP1a. In our single-molecule measurements, which were performed using 1 nM HP1la, we
expected a large fraction of HP1la to dissociate into monomers, as Kp values for the CSD-
dependent HP1a-homodimerization of different subtypes have been published from 0.5-5
uM 201'

To test this hypothesis, we expressed and labelled an HP1a 1163E mutant, containing
a disrupted CSD and thus being unable to dimerize (expression, purification and labelling was
done as described for wt HP1a). To our expectation residence times on H3K9me3-modified
chromatin were only slightly reduced compared to wild-type HPla, as the CD was not
impeded from its proper function. Surprisingly, the apparent association time constant A,
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drastically increased (> 100 s), which proves the necessity of CSD-mediated HPla
interactions during chromatin binding *°.

To keep HPla in a dimeric state during measurements, we developed a chemical

strategy to covalently link two HP1a molecules (Fig.28) 59,186

. We joined two individual HP1a
molecules with C-terminal thioesters through a PxVxI-containing peptide containing two
ligation handles. Affinity of the peptide to the CSD was ensured by the shugoshin protein
sequence (hSgoLl, AA 448-457) *°. hSgoll was chosen as it plays an important role in the
protection of centromeric sister-chromatids and has been shown to interact with HP1a and

. . . . 202
exerting different functions in a cell-cycle dependent manner 59,20

. Thus, we synthesized a
peptide, which we called P2. The peptide was flanked with two lysines with a cysteinyl-
residue attached to their side chains and an N-terminal cysteine was used for labelling with

the fluorescent dye Atto532.

Fig.28 Strategy to covalently link HP1a in its dimeric form containing a fluorescent label

Shown is the strategy to chemically link HP1a, (at position 177) employing the PxVxI peptide P2
in affinity-directed dual-EPFL reaction (PDB: 3Q6S, Kang et al., 2011). Figure was adapted from
Kilic et al., 2015.

Peptide P2 (ac-K;S;L3Y4PsVeV7KsglgR10R11K12G13C14G15-CONH,) was synthesized using
the following protection groups: Cys(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu) (Fig.29a) 186,
In addition, K; and Ky, were included containing an Alloc-protecting group. After synthesis,
the N-terminus was acetylated. Then, the Alloc-groups on the two lysines were removed and
the resin was subsequently washed. Next, Boc-Thz was coupled to both deprotected lysines
in one step. Subsequently, the peptide was cleaved from the resin and labelled with
Atto532-iodoacetamide as described for P1. The final product was analysed by RP-HPLC and
ESI-MS (calculated MW = 2680.24 Da, observed MW= 2679.35 Da) (Fig.29b).
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Fig.29 Peptide synthesis of P2

a) Synthesis scheme for production of P2. ) On-resin deprotection of Alloc-K, ii) coupling of Boc-
Thz, iii) peptide cleavage, iv) labelling with Atto532-iodoacetamide, v) opening of Thz. b) RP-HPLC

and MS analysis of P2 (MW calculated: 2680.24 Da, measured 2679.35 Da). Figure was adapted
from Kilic et al., 2015.
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To link the peptide with the HP1a proteins, a C-terminal thioester was introduced at
position 177, as this was assessed to be optimal for reactivity, based on the protein
structure. The HP1a(AA 1-177)-SR was prepared via expression with a C-terminal NpuN split-
intein. In situ dual-ligation with P2 rendered dimeric, peptide-linked HP1a dimers (HP1agm)
with a 60 % vyield (this was done similarly as for HP1a labelling with P1) (Fig.30a) ‘*°. The
linked protein was successfully purified by size-exclusion chromatography and analysed by
fluorometry, RP-HPLC and ESI-MS (Fig30b, 30c and 30d). To test functionality, a peptide
binding assay unveiled that the HP1la.ym is able to bind an H3K9me3 peptide with an affinity
similar to HP1a (Kp= 12.5 uM + 0.5 uM; as published in Kilic et al., 2015) *°.
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We measured H3K9me3-modified chromatin binding using HP1a.m (at 0.5 nM, as
this is equivalent to 1 nM monomeric HP1a) and we observed an increase in event-duration
and -occurrence, when compared to HP1a (Fig.31a)
HP1lo.gm fitted well to a double-exponential curve, which rendered To7=0.33 s £ 0.01 s and
Toff2 = 3.40 s + 0.53 s, while association kinetics were determined using a single-exponential
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Fig.30 Analysis of covalently linked dimeric HP1la after expressed protein ligation with the
labelled peptide P2

a) One-pot production of Atto532-labelled HPlag,: HP1a(AA 1-177), fused to the NpuN-split
intein was bound to NpuC-beads and eluted with ligation buffer containing the hSgolL1 peptide
(functionalized having two cysteinyl-lysines and an Atto532 dye), yielding labelled HP1aym. Pure
HPlo.m Was obtained after gel-filtration purification. Gel annotation: | = input; FT = flow through
of column; W1-2 = column washes; E1-3 = elution fractions; Fn = final protein after gel filtration.
The protein was visualized by Coomassie staining and by 532 nm illumination. b) Size exclusion
chromatography purification of HPla.,, and SDS-PAGE analysis of the fractions. The pooled
fractions containing only HP1la, are indicated. The protein was visualized by Coomassie staining
and by 532 nm illumination. c¢) UV absorption spectrum and normalized fluorescence emission
spectrum of HPlogm (green). d) RP-HPLC and MS analysis of the final product, HPlacm
(calculated mass: 43'944.65 Da, observed mass: 43947.0 Da, *: buffer adduct (HEPES/Na®)). Figure
was adapted from Kilic et al., 2015.

. As for HP1aq, dissociation kinetics of



fit: Aon = 7.45 s + 1.87 s (Fig.31b, 31c, 31d and 31e). This observation was further confirmed
by analysing two-dimensional histograms of to¢1 and Ao, for wild-type HP1a and HPlacgm
(Fig.32a and 32b) *®®. We noticed a shift of event distribution to longer residence times and
shorter Ao, for the dimeric protein (Fig.31d, 31e and 32b). Together, these measurements
strongly suggest that dimerization of HPla leads to prolonged chromatin binding. We
explain this effect, first, by the availability of two K9me3-bearing H3-tails in the
nucleosomes, second, the covalent protein dimer, which cannot dissociate into monomers
and, third, an increased chance of rapid rebinding upon transient dissociation of HP1dgm.
Importantly, also the microscopic association rate constant increased six-fold (HP1acgm Kon =
22.4 M's? x10° + 0.6 M s x10°) compared to HP1a and results in an apparent Kp of 0.14
uM, which represents about 60-fold affinity increase compared to protein binding to isolated
H3K9me3 peptides *°.
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Fig.31 Kinetics of HP1o g

a) Time trace (blue) fitted by a step function (red) ) using a threshold (green dashed line) to track
HPla.m binding events on a single chromatin array (0.5 nM HPldm). b) HP1log, dissociation
kinetics (100 chromatin arrays, 10° frames each) fitted by a double-exponential function (fit: Tos 4
=0.33 5 £ 0.01 s and T, = 3.40 s = 0.53 s). ¢) HP1log, association kinetics over 30 chromatin
arrays, fitted by a single-exponential function (fit: A,, = 7.45 s £ 1.87 s). d) Comparison of the
average dissociation time constants Tor; and Teso (fast and slow phase) between HPla and
HPla.m (errors: SEM, 4-16 replicates, *P<0.05, Student’s t-test). e) Comparison of the apparent
association time constant A,, between HP1a and HP1oy, (errors: SEM, 4-16 replicates, *P<0.05,
Student’s t-test). Figure was adapted from Kilic et al., 2015.
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Fig.32 Two-dimensional histogram to compare dissociation and association behaviour of HP1a
and HP1o g,

a) Distribution of interaction kinetics from HP1a with single chromatin arrays: Two dimensional
histograms of single-array binding kinetics showing the correlation of residence times T4, and

Toff2 With the apparent association time constant A,,. b) Two dimensional histogram of single-
array binding kinetics for HP1aqn,. Figure was adapted from Kilic et al., 2015.

1.6. Peptide-mediated dimerization of HP1la prolongs binding on
modified chromatin

Peptides containing a PxVxI/L motif, as utilized above as ligation peptide, have been

shown to facilitate HP1la dimerization through the CSD 201

. As a consequence, proteins
interacting with the CSD have been found to stabilize interactions between chromatin and
HP1 °% 2% To verify these findings and use them in our in vitro system another HP1a mutant
was created. Unlike the 1163E mutant, which is strictly monomeric, HP1a (W174A) is unable
to form interactions between the CSD and the PxVxI/L ligands and as such prevents ligand-
driven HP1a dimerization "°. FRAP experiments, in mouse embryonic fibroblast cells (NIH
3T3), should give in vivo insight into this phenomenon, since the behaviour of labelled wild-
type- and mutant HP1a proteins upon photobleaching can be directly observed in living cells
and this resembles a more more native system than the in vitro TIRF assay. The wild-type-
and the two mutant-HP1a versions were fused to a monomeric fluorescent protein mEos3.2
for imaging purposes 2%*. Upon transfection fluorescent HPla molecules formed
heterochromatic foci, which was verified by DNA staining (Fig.33a) **. In FRAP experiments
fluorophores of labelled proteins are bleached with a laser. The fluorescent signal of the
bleached spot recovers over time, dependent on dissociation kinetics of bleached molecules
and the binding kinetics of fluorescent molecules. Thus, if a protein, like HP1a, can interact
with structures within the bleached area, the recovery will be delayed. When we performed
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FRAP experiments, we unveiled that the obligate monomeric 1163E mutant resulted in highly
impaired chromatin binding compared to wild-type HPla. Consistently, also the W174A
mutant showed reduced affinity towards chromatin, faster dynamics and a comparatively
larger mobile fraction than the wild-type HP1a, indicating that the CSD domain is indeed
essential for efficient recruitment to chromatin and stable association (Fig.33b) 2% The
photobleaching of wild-type HP1a did not entirely recover, which suggests presence of an
immobile HP1a fraction that is tightly bound to chromatin (Fig.33b). The immobile HP1a
fraction is probably based on multivalent interactions with chromatin and protein-protein
interactions, as it is not observed in the HP1a mutants.
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Fig.33 Foci formation of mEOS3.2-HPla (wt, 1163E and W174A) and enhanced FRAP of
mEOS3.2-HP1a mutants compared to wt mEOS3.2-HP1a

a) Confocal fluorescence images of NIH 3T3 cells transfected with mEos3.2-HP1a, mEos3.2-HP1a
(1163E) or mEos3.2-HP1a (W174A) and overlay with Hoechst staining. Scale bar, 5 um. b) FRAP
analysis of mEos3.2-HP1a wt or W174A in heterochromatin foci (n = 15 cells with two foci from
each, the shaded area denotes the standard deviation at each time point). Analysis of the traces
using a diffusion/binding model (Sprague, et al., 2004) results in the following values: HP1a: A, =
1.2s+04sand T =2.8s+1.2s, HPla (W174A): Asn=1.0s+0.2sand T = 1.1 s+ 0.3 s, HP1a
(1163E): Ao, =1.8 s £ 0.3 sand T, = 0.8 s £ 0.1 s. Figure was adapted from Kilic et al., 2015.
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In order to test the ligand-mediated HP1a dimerization in TIRF experiments, we
synthesized another peptide variant (P3) of the PxVxl sequence of hSgolL1l (AA 488-457).
Opposed to experiments including peptide P2, addition of P3 was used to facilitate non-
covalent dimerization of HP1a.

Peptide P3 (NH>-N;1V,S3L4YsPeV;VgKolioR11R12L13514-CONH,3) was synthesized using the
following protection groups: Asn(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu). After cleavage
from the resin the peptide was purified using preparative RP-HPLC and analysed by RP-HPLC
and ESI-MS (calculated MW = 1685.03 Da, observed MW= 1685.3 Da) (Fig.34a and 34b) '*.

As a control peptide we synthesized a peptide P4, which is unable to dimerize HP1a
as the PxVxI motif was replaced by three alanines.

Peptide P4 (NH»-N1V,S3L4YsAsV,AsKoA10R11R12L13514-CONH;) was synthesized using the
following protection groups: Asn(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu). After cleavage
from the resin the peptide was purified using preparative RP-HPLC and analysed by RP-HPLC
and ESI-MS (Calculated MW = 1589.03 Da, observed MW= 1588.6 Da) (Fig.34c and 34d).
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Fig.34 Analysis of peptide P3 and P4 after synthesis

a) Sequence of P3, HPLC and b) ESI-MS analysis of purified P3, (calculated mass: 1685.03Da,
observed mass 1685.3Da). c¢) Sequence of P4, HPLC and d) ESI-MS analysis of purified P4,
(calculated mass 1589.03Da, observed mass 1588.6Da). Figure was adapted from Kilic et al., 2015.
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To evaluate interactions between HPla and the synthesized peptides, the binding
constants were determined using microscale thermophoresis. Measurements were
performed with hydrophilic capillaries. The HP1a-Atto532 protein was provided by Sinan
Kilic and | provided the interacting peptides P3 and P4. The HPla concentration during
measurements was at 50 nM, while peptide concentrations were altered from 1 nM to 40
uM. The microscale thermophoresis analysis verified tight interactions of the synthesized
peptide P3 and HPla rendering a Kp of 110 nM (Fig.35) *®. In contrast, no binding curve
could be determined in thermophoresis experiments using peptide P4 and HPla. This
verified the requirement of the PxVxI motif in peptide P3 for HP1a binding.
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Fig.35 Thermophoresis unveils interactions between P3 and HP1a

Microscale thermophoresis analysis of binding P3 (green) and P4 (grey) to HP1a, labelled with
Atto532. The solid line is a fit to a one-site equilibrium binding model and results in a Ky = 0.11
uM. Figure was adapted from Kilic et al., 2015.

Encouraged by the P3-specific binding in thermophoresis assays, we included 1 uM
peptide P3 in our TIRF binding measurements with wt HPla. Strikingly, an increase in
residence times and significantly accelerated association dynamics were observed (Fig.36a,
36b) *8¢. Moreover, the fluorescence intensity distribution of individual trace observation led
to a 2.5-fold increase in dimerization of HP1a (42 % dimeric HP1a), when P3 was present *2°.
As expected, the apparent association time constant increased in measurements containing
the de-functionalized peptide P4 (Fig.36c and 36d). A significant difference of too in
measurements comparing the two peptides was not observed due to a strong variability
between individual experiments (Fig.36c). We attribute a remaining non-specific effect of
the peptides to direct peptide-DNA interactions, due to their poly-cationic nature.
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Fig.36 Dissociation- and association kinetics of HP1a without and with peptides P3 and P4

a) Comparison of the average dissociation time constants To; and Tof, (fast and slow phase)
between HP1a in the absence and presence of P3 (error bars: SEM, n = 4-16 replicates, *P<0.05,
Student’s t-test). b) Comparison of the apparent association time constant A,, between HP1a in
the absence and presence of P3 (error bars: SEM, n = 4-16 replicates, *P<0.05, Student’s t-test). c)
Comparison of the average dissociation time constants To1 and To, (fast and slow phase)
between HPla in the presence of P3 and P4 (error bars: SEM, n = 4, 2 replicates, *P<0.05,
Student’s t-test). d) Comparison of the apparent association time constant A,, between HP1a in
the presence of P3 and P4 (error bars: SEM, n = 4 replicates, *P<0.05, Student’s t-test). Figure was
adapted from Kilic et al., 2015.

Together, all these experiments confirm that HP1a dimerization, which in cells is
supported by ligand polypeptides, leads to prolonged binding of HP1a to H3K9me3-modified
chromatin and association happens in an accelerated manner. The HP1a single molecule

measurements are summarized in Table 1 *%.
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Experimental system Dissociation kinetics Association kinetics Equilibrium | Replicate
s
Chromatin Effector Tofta(S) %A1 Tofr2(S) %A2 Aon(s) Kon Kp (uM) * n (n’) **
(M*s™)x10°

H3K9me3 (100%) | HPla 0.25+0.03 | 87+7 2.26+1.22 137 22.9+9.8 3.64+1.56 1.16+0.54 16 (8)

H3K9meO HPla 0.08+0.03 | 83+10 (3.70+4.90)f | 17+10 | N/A§ N/A & N/A & 3(2)

H3K9me3 (75%) HPla 0.19+0.01 | 953 4.03+4.09 5+3 51.0+25.8 1.63+0.82 3.23+1.63 5(3)

H3K9me3 (50%) HPla 0.17+0.03 | 9446 4.09+3.62 616 48.2+15.2 1.73+0.55 3.40+1.24 6 (4)

H3K9me3 (25%) HPla 0.15+0.02 | 9542 4.5743.13 5+2 75.8+23.0 1.10+0.33 6.06+1.99 6 (3)

H3K9me3 (MN) HPla 0.13+0.01 | 78+11 (1.18+0.62) | 22+11 | N/A§ N/A & N/A & 3(3)

H3K9me3 (100%) | HPla+50nM 0.1940.05 | 94+3 3.97+1.31 613 23.8+2.84 3.55+0.42 1.48+0.43 5(3)
comp.

H3K9me3 (100%) | HPla+250nM | 0.13+0.02 | 93+2 3.93+1.73 742 43.3+15.8 2.0740.62 3.7241.25 3(2)
comp.

H3K9me3 (100%) | HP1la+1000n 0.11+0.01 | 93#4 2.75%0.72 7+4 29.34#5.51 2.92+0.57 3.11+0.67 4(2)
M comp.

H3K9me3 (100%) | HPlacmg 0.33+0.01 | 87+1 3.40+0.53 13+1 7.45+1.87 22.4+0.6 # 0..13+0.01 4(2)

H3K9me3 (100%) | HP1la(l163E) 0.23+0.10 | 8547 (4.11+2.83)F | 15+7 N/A & N/A § N/A & 4(2)

H3K9me3 (100%) | HP1la(W40A) 0.10+0.02 | 85+21 (0.56+0.49)% | 15+21 | N/A§ N/A & N/A & 2(2)

H3K9me3 (100%) | HPla+P3 0.33+0.04 | 95+4 4.80+3.96 5+4 10.5+0.59 7.94+0.45 7.94+0.45 4(2)

H3K9me3 (100%) | HPla+P4 0.28+0.01 | 93+4 4.45+2.10 7+4 19.646.52 4.25+1.41 4.25+1.41 4(3)

Table 1 Kinetic parameters of HP1a — chromatin interaction dynamics

The percentage numbers in the brackets denote the H3K9me3 modification density. MN denotes mononucleosomes, n is the number of

replicates.

* The Kps are calculated based on the fast kinetic phase of the dissociation process.

** n indicates the number of independent HP1a injections. n’ indicates the number of flow cells used.
¥ Due to insufficient statistics, Tof, is poorly defined.

§ Due to insufficient statistics we cannot accurately determine association kinetics with A,, > 100 s.

# kon is calculated per molecule of HP1a g

Table 1 was adapted from Kilic et al., 2015.

1.7. Conclusion

We developed and tested a system with surface-immobilized designer chromatin
using TIRFM for detection of fluorescently labelled proteins. This enabled us to measure
HP1la dynamics at the seconds to milliseconds timescale. Of note, our method allows to
modify all the components of the system individually, a condition rarely achieved in in vivo
measurements.

Here, we applied the TIRF-method to test different binding models of HP1a (Fig.15).
We directly observed a significant impact of the H3K9me3 in HPla recruitment to
chromatin. In unmodified chromatin arrays, when the histone PTM was absent, the number
of binding events were heavily reduced, and so were residency times (Tos1). We proposed a
binding model of microdissociation and rapid rebinding upon presence of multiple H3K9me3
marks in close vicinity. We gradually reduced the amount of H3K9me3-modified histones in
chromatin arrays and consistently observed a decrease in residency times and an increase in
association times. In measurements employing mononucleosomes reduced binding times
were detected, as well. These results, together with an HP1a CD mutant (W40A) showed a
strong effect of the reader domain to engage HP1a on chromatin and that microdissociation
events with rapid rebinding heavily contribute to efficient chromatin recruitment. We
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expected oligomerization of HP1a at high concentrations, which would supposedly lead to a
stabilized complex. We tested this hypothesis by titrating different amounts of unlabelled
HP1a molecules. Strikingly, we observed increased, rather than decreased, binding dynamics
the more competitor HP1a we added. Thus, the proposed oligomerization model, based on
Swi6, was rejected *°. We explain these findings, as we did not employ the previously studied
yeast homolog Swi6, but the human HP1a protein. As Swi6 contains an extended a-helix in
the CD and a lysine containing loop, which were proposed to represent an additional site of
interaction, we reasoned that the structural difference between the yeast and human

4,20 T4 elucidate how multivalent

homolog attributes to the different binding modes
binding of HPla affects chromatin binding we developed an EPL-based approach to
covalently link HP1a as a dimer. As expected we measured increased association and
dissociation kinetics, when comparing wt HP1a with the covalent dimer. This underlines the
importance of HP1a as a multivalent chromatin reader. We further planned to test HP1la
dynamics in the dimeric state without covalent-linkage and synthesized a peptide P3, which

facilitates HPla-dimerization °°

. Based on results from thermophoresis assays, which
indicated interaction of HP1la and peptide P3, we performed TIRF measurements using P3
and a non-interacting peptide P4. In these experiments we observed dissociation kinetics

comparable to HP1la.ym in the presence of peptide P3.

In summary, we successfully developed and employed TIRFM on designer chromatin
to study different binding models of HP1la. We showed contribution of H3K9me3 and to
mediate HP1a-chromatin interactions, in dependence of the available binding sites and we
showed a mechanism of facilitated dissociation at high HP1a concentrations. Further, using a
chemical approach to covalently link HP1a, we unveiled enhanced association and increased
dissociation times when HP1a was present as a dimer, underlining its capability to act as
multivalent reader. In cells, HP1la dimerization is facilitated by PxVxl/L-motif containing
peptides as hSgolL1, which we tested in FRAP experiments and TIRF measurements °.
Consistently, we observed increased motility in monomeric HPla states and in TIRF
measurements we obtained residency times (tof1) that were comparable to the covalently
linked HPla dimer. Together, we unveiled a highly dynamic behaviour of HPla in
heterochromatin formation.

Overall, our method shed light on different binding modes of HP1la and can be
employed to study different protein systems on designer chromatin.
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2. Dynamics of the chromatin silencer complex PRC2

Essential content (figures, paragraphs) of this chapter has been published in
Jeongyoon Choi, Andreas L. Bachmann, Katharina Tauscher, Christian Benda, Beat Fierz and

Jiirg Miller, Nature Structural and Molecular Biology, 2017 *%’.

| have performed the PRC2 single molecule measurements. Other experiments
including protein expression, purification and labelling, electromobility shift assays, crystal
structure analysis, polarization assays and HMTase assays were done by Jeongyoon Choi,
who also assisted in initial establishment of the single-molecule assay.

2.1. Introduction

As shown in the previous chapter, single-molecule measurements have been
successfully measured using the reader protein HP1a. In order to study chromatin dynamics
of a protein complex involved in heterochromatin formation, we established collaboration
with the laboratory of Jirg Miiller (Max Planck Institute of Biochemistry). Their expertise on
the biology and biochemistry of the chromatin silencer and repressive histone mark writer
PRC2 and our capabilities to create designer chromatin, including H3K27me3-modified
nucleosomes, enabled us to combine our skills to a powerful application of studying PRC2 on

[ 208

the single molecule leve . Importantly, PRC2 is a histone mark writer complex, which

renders it an interesting model system for further investigations.

The core of the human protein complex PRC2 consists of a conserved set of proteins
including the catalytic subunit EZH2, the H3K27me3-specific reader EED, and the additional
proteins SUZ12 and RBBP4. As this assembly represents simply the core complex of PRC2, we
were interested how additional subunits would influence chromatin binding of the complex.
Polycomblike proteins as the human PHF1, MTF2 and PHF19 have been shown by ChIP to be
important for PRC2 targeting to chromatin and stimulating its catalytic activity % 2%
However, the structural and mechanistic details of these processes were still unknown. Thus,
we set up to shed light onto the mechanism how PHF1 assists PRC2 in chromatin binding.
Preliminary results from our collaborators using EMSA indicated that PHF1 might anchor

PRC2 to chromatin and render its binding mode more stable (Fig.37).

Additionally, we aimed to study PRC2-chromatin interactions using modified
chromatin arrays.
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Fig.37 Possible binding modes for PRC2 in dependence of PHF1

PRC2 binds transiently to nucleosomes. Addition of PHF1 should intensify PRC2-binding to
nucleosomes through interactions with DNA.

2.2. PHF1 prolongs binding of PRC2 to chromatin and DNA

2.2.1. Expression, purification and labelling of PRC2

To elucidate the chromatin binding mechanism of PRC2 to chromatin as a function of
PHF1 we decided to employ our established single-molecule chromatin binding assay. This
enables to directly observe interactions of individual PRC2 molecules with immobilized
chromatin fibres and to determine if PHF1 or PHF1 mutants contribute to altered binding
dynamics, which in turn might allow more efficient H3K27 methylation by PRC2.

In order to perform TIRF measurements and test chromatin binding of PRC2 and
PRC2-PHF1, we required the purified and labelled PRC2 complex consisting of different
subunits.

The protein complex (EZH2, EED, SUZ12 and RBBP4) was expressed by Jeongyoon
Choi and purified with or without PHF1 as published in Choi et al., 2017 27 To further
identify the active region of PHF1, a PRC2-PHF1 mutant was created, containing only the last
5 kDa of PHF1 (AA 515-567, PHF1¢), that was still stably associated with PRC2.

To detect the PRC2 complexes in single-molecule experiments, specific fluorescence
labelling with a high-performance dye is required.

During our previous studies we applied EPL as a general labelling strategy for several
proteins. However, EPL only works efficiently at room temperature (RT) and requires long
incubation (~20h). These conditions are not suitable for all our proteins, including PRC2,
which shows signs of aggregation if kept at RT for > 1 h, as we observed while handling the
protein. Therefore we introduced a novel labelling method to our lab, which utilizes the B.
subtilis Sfp phosphopantetheinyl transferase (Sfp synthase) to couple a Coenzyme A-
molecule (CoA) to a short peptide tag (ybbr-tag; Fig.38) 2°. The ybbr-labelling system is
highly similar to the ACP-tag labelling system, but compared to the ACP-tag (77 AA) the ybbr-

tag consists of only 11 AA **.
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Fig.38 Ybbr-labelling of a protein

The protein of interest is fused to a ybbr-tag (DSLEFIASKLA). Sfp synthase is added to the protein
with the fluorescently labelled substrate (Dye-CoA) and incubated for 2 h (4 °C). During this
process the phosphopantetheine group of Dye-CoA is transferred to the serine of the ybbr-tag.
The serine at the attachment site of the Dye-CoA is denoted with a blue oval. The green star
indicates the fluorescent dye.

We selected the N-terminus of the catalytic subunit EZH2 to be subjected to ybbr-
labelling using the fluorophore DY-547. All the complexes were thus expressed and purified
with EZH2 containing an N-terminal ybbr-tag.

The labelling was performed at 4 °C for 2 h. We obtained the tetrameric- or
pentameric, labelled PRC2 complex with a typical labelling efficiency of 53-69 % (Fig.39) 2’.
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Fig.39 Purified and fluorescently labelled PRC2 (SDS-PAGE, 13 %)

DY-547-labelled PRC2, PHF1-PRC2 and PHF1.-PRC2 visualized using Coomassie staining (left) and
547 nm illumination to detect DY-547 emission (right). M = molecular weight marker. (PHF1; is
hardly visible.) Figure was adapted from Choi et al., 2017 and was based on the work of
Jeongyoon Choi.

2.2.2. Determining PRC2-chromatin interactions on the single-
molecule scale

We performed single molecule experiments using the PRC2 complex and probed its

297 For PRC2 imaging experiments, the

behaviour towards unmodified chromatin (Fig.40a)
flow channel was washed with low salt T50 buffer (50 mM NaCl), using an automated pump.
The background level of fluorescence was recorded with both 532 nm and 640 nm
excitation. Neutravidin was added to functionalize the biotin-PEG chains on the channel
surface and this was followed by extensive washing with T50 buffer. Subsequently,
biotinylated and Atto647N labelled chromatin arrays were flowed into the channel at a
concentration of 500 pM and incubated for several minutes. The immobilization step was
monitored by Atto647N emission, aiming for a coverage level of 100-200 arrays in a 25 x 50
um imaging area. Excess chromatin in solution as well as MMTV DNA and associated
nucleosomes were removed by a washing step and the buffer exchanged to imaging buffer 5
(IB5, see “IV, 2.15. TIRF imaging”) engineered to maintain PRC2 and the fluorophores stable
during measurements. PRC2 dilutions in imaging buffer 5 were freshly prepared from a 100
nM stock and injected into the channel. Imaging of PRC2 binding dynamics was performed
using 532 nm excitation for 10’000 frames. Every 200 frames, the excitation was switched to
640 nm for one frame to record the positions of the chromatin arrays. These frames were

used in data analysis to localize array positions and correct for stage drift (Fig.40b). Once
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immobilized, chromatin arrays were used for measurements for maximal one hour, to avoid
disintegration of the chromatin. During measurements a flow rate of 80 ul/min was applied.
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Fig.40 Monitoring PRC2 binding towards chromatin on the single molecule level

a) Scheme of the experiment: DY-547-labelled (yellow) PRC2 interacts with immobilized
chromatin arrays (containing a red fluorophore), while the dynamic interactions are detected by
TIRFM. Addition of PHF1 prolongs binding of PRC2. b) TIRF images showing chromatin positions
detected in the far-red channel (top) and detecting PRC2 interaction dynamics in the green-
orange channel (bottom). c) Photobleaching kinetics of DY-547-labelled PRC2 during laser
irradiation at different intensities (10 W/cm?, 20 W/cm?, 40 W/cm? and 70 W/cm? ). At 40 W/cm?
(experimental conditions) the fluorophore bleaching time constant (tgeacn) is 18 s. Figure was
adapted from Choi et al., 2017.

From binding experiments using 1-2 nM PRC2 and unmodified chromatin we
generated cumulative histograms (movies were analysed as described in “IV Material and
Methods, 2.15.3. TIRF data analysis” using formulas (4), (5), (6) on page 51 and formula (10)
195 as annotated in Table 2) and dissociation times were fitted using a double-exponential
decay function to obtain two residence times (tof1 and Tofr2). Association times were fitted
using a single exponential decay function, which rendered an apparent association time
constant (Aon).

For all measurements, light intensities of 40 W/cm? were employed for 532 nm and
20 mW/cm? for 640 nm. Photobleaching of DY-547 was compensated by applying bleaching
correction: The labelled protein was immobilized on flow channels in imaging buffer 5 and
bleaching rates at different laser intensities were measured. To correct for photobleaching,
obtained histograms for dissociation times were divided by the bleaching histogram to
obtain the final values (Fig.40c):
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Bleaching correction:

Cexp ®)
Chleacn(t)

Ceorr(t) = (9)

C.on(t) = bleaching corrected cumulative histogram from the experiment
Cexp(t) = Cumulative histogram of individual experiment
Cpieacn(t) = Cumulative histogram of bleaching experiment

Since the cumulative bleaching histogram determines the bleaching rate under
measuring conditions, formula (9) can be used to correct the experimental data: Longer
events, which are more prone to bleaching over time, are corrected to a stronger extent
than short events, based on the experimentally determined values from Cpeacn(t).
Consistently, in measurements containing only extremely short events, the residency times
upon bleaching correction are marginally affected. For further background information see
also Teves et al., 2016 **2.

Measurements of PRC2 towards unmodified chromatin arrays revealed residence
times in the multisecond time-scale (tofr1 = 0.29 s £ 0.03 s and Tofr2 = 2.28 s + 0.44 s). When
we added the pentameric complex, including full-length PHF1, binding events of PHF1-PRC2
temporally increased (tofr; = 0.12 s + 0.08 s and T2 = 6.48 s £ 0.52 s) (Fig.41a) 207 The
double exponential fit yielded two residency times. The short phase was attributed to non-
specific interactions with chromatin and therefore was not altered upon addition of PHF1 **3.
The long phase however increased significantly and represents specific interactions with
chromatin (Fig.41b). We next wondered whether C-terminal domains, including the last 5
kDa, of PHF1 were responsible for the observed effect. Thus, we repeated the
measurements using pentameric PHF1c-PRC2 and received residency times that compared
to the PRC2 condition (Tofr1=0.22 s £ 0.05 s and te2 = 2.86 s £ 0.07 s) (Fig.41c). Interestingly,
the apparent association time constants were not significantly different, which attributes the
effect of PHF1 to more efficient anchoring of PRC2 to chromatin. As interactions of PRC2 to
chromatin are expected linked to histone and DNA interactions, we performed binding
experiments using naked 177 bp-long double-stranded (ds) 601 DNA fragments. On the 601-
DNA, all the three complexes again showed biexponential dissociation kinetics with a
contribution of 30-56 % of long lasting binding events (Fig.41d). Interestingly, the long-
lasting residence times of all three complexes on 601-DNA were increased almost two-fold
compared to those observed on 12-mer nucleosome arrays, and, again, PHF1-PRC2 showed
a significantly longer residency time than PRC2 and PHF1c-PRC2 (PRC2: o2 = 4.455 £ 1.90 s;
PHF1-PRC2: Tofr2= 10.38 s + 2.46 s; PHF1c-PRC2: Tor2 = 6.83 s £ 1.63 s) (Fig.41e).
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Fig.41 Chromatin and DNA TIRF measurements unveil binding of PRC2 or prolonged binding of
PHF1-PRC2

a) Typical time trace of fluorescence intensity of PRC2 (left) and PHF1-PRC2 (right) binding events
on a single chromatin array detected by DY-547 emission. The trace is fitted by a step function
(red), and tgarc and tyrignt Were determined by a thresholding algorithm. b) Cumulative histograms
of PRC2 (blue) and PHF1-PRC2 (violet) binding intervals on chromatin arrays for 5’000 frames, 50
ms per frame, fitted by biexponential functions (solid line). ¢) Time constants of the fast (tos1) and
slow (tos2) dissociation process of indicated PRC2 complexes from chromatin arrays. Symbols
show individual experimental results (n = 3 independent experiments for all PRC2 complexes);
error bars: standard deviation; *P<0.05, two-tailed Student’s t-test). d) Cumulative histograms of
PRC2 (blue) and PHF1-PRC2 (violet) binding intervals on 601-DNA template for 5’000 frames, 50
ms per frame, fitted by biexponential functions (solid line). e) Time constants of the fast (o) and
slow (Tof,) dissociation process of indicated PRC2 complexes on 601-DNA templates. Symbols
show individual experimental results (n = 3 independent experiments for PRC2, n = 5 independent
experiments for PHF1-PRC2, n = 4 independent experiments for PHF1.-PRC2); error bars: standard
deviation; *P<0.05, two-tailed Student’s t-test). Figure was adapted from Choi et al., 2017.

Together, these experiments show that PRC2-chromatin interactions are mediated to
a large extent by PRC2-DNA interactions. Additionally, single molecule analysis of the
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different complexes unveiled a specific contribution to extended dwell times of PRC2 on
DNA by the N-terminal portion of PHF1.

Although TIRF imaging analysis yielded exact residence time information,
uncertainties in the on rate-constants precluded an exact determination of equilibrium
affinities. Complementary ensemble measurements were performed by Jeongyoon Choi to
guantify the binding affinities of the different PRC2 complexes to nucleosomes and dsDNA.
In a first set of experiments, the binding of unlabelled PRC2, PHF1-PRC2 and PHF1.-PRC2 to
reconstituted recombinant mononucleosomes was determined using EMSA.

EMSA shows an upward shift of the labelled DNA/nucleosome band on an agarose
gel in dependence of the concentration of the added protein, if the protein of interest binds
to DNA/nucleosomes. At high protein concentrations the DNA/nucleosome is tightly
interacting with the protein of interest and thus the DNA/nucleosome moves more slowly
through the agarose gel.

Densitometry analysis of the fluorescein (Flc; attached to the 215 bp DNA piece)
signal in the EMSA, allowing quantification of the observed band, showed that the three
complexes bound to mononucleosomes with midnanomolar affinities (PRC2, K4 = 163 nM #
13 nM; PHF1-PRC2, Kq = 66 nM * 4 nM; PHF1c-PRC2, Kg = 211 nM + 9 nM) (Fig.42a) *%’. Of
note, PHF1-PRC2 bound to the mononucleosomes with two- to three-fold higher affinity
compared to PRC2 and PHF1¢-PRC2.

Next, EMSA was carried out to analyse the binding of PRC2, PHF1-PRC2 and PHF1.-
PRC2 to 30 bp-long dsDNA (PRE 11L; performed as published in Choi et al., 2017 *¥). The
guantification by densitometry showed that each of the three complexes bound to this DNA
probe with midnanomolar affinity (PRC2, K4 = 64 nM + 4 nM; PHF1-PRC2, K4 = 30 nM * 3
nM; PHF1c-PRC2, Kq = 49 nM = 4 nM) (Fig.42b). Consistent with the previous TIRF
experiments, PRC2 complexes bound to DNA with about two- to three-fold higher affinity
than to mononucleosomes. Importantly, comparison of binding by the three complexes
unveiled that PHF1-PRC2 also bound dsDNA with two- to three-fold higher affinity than did
PRC2 and PHF1.-PRC2.
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Fig.42 High-affinity binding of PRC2 to mononucleosomes and DNA is enhanced by PHF1

a) Left, binding reactions with the indicated concentrations of PRC2, PHF1-PRC2 or PHF1.-PRC2
and 45 nM Flc-labelled mononucleosomes, analysed by EMSA on 1.2 % agarose gels. Right,
guantitative analysis of EMSA data by densitometry of Flc signals from independent experiments
(n = 3); error bars, standard deviation. b) Left, binding reactions as in a) but with 45 nM Flc-
labelled PRE 11L dsDNA as probe. Right, quantitative analysis of EMSA results, like in a). Note that
because the measured Ky is rather similar to the probe concentration, it is possible that the
reported apparent Ky values may underestimate the actual affinities. Figure was adapted from
Choi et al., 2017 and was based on the work of Jeongyoon Choi.

We concluded that PRC2 complexes bind to dsDNA with midnanomolar affinity and
we support the hypothesis that the N-terminal part of PHF1 directly contributes to DNA
binding by PHF1-PRC2.

2.3. A winged-helix domain of PHF1 is essential for PRC2-chromatin
interactions

The result that PHF1 assists binding of PRC2 to DNA and chromatin directly supported
findings from solving the X-ray crystal structure of a Pcl fragement, performed by Jeongyoon
Choi in the Miiller laboratory. Interestingly, PHF1 and its paralogs MTF2 and PHF19, as well
as Drosophila Pcl, all share a common domain organization (Fig.43a) 297 previous studies
reported the tudor domains of Pcl, PHF1 and PHF19 214217 Based on the hypothesis that the
DNA-interacting region of PHF1 might be located in the previously uncharacterized region C-
terminal to the tudor domain, and through structure prediction (HHpred 2*8), the conserved

sequence downstream of the second PHD finger domain (PHD2) was identified as a potential
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WH domain (Fig.43a). For further investigations a fragment of Drosophila Pcl (AA 419-694)

was crystallized and the structure solved by our collaborators (Fig.43b) 2%’

. In the crystal
structure of Pclpppo-wh, the PHD2-WH arrangement forms a single compact domain where
the two folds tightly pack against each other through an interface that is formed by

conserved residues in the PHD2 and WH domains (Fig.43c).
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Fig.43 Crystal structure of Pclpypz.wh

a) Domain architecture of Drosophila (Dm) Pcl and the three human (Hs) orthologs PHF1, MTF2
and PHF19 with conserved tudor, plant homeodomain (PHD1 and PHD2), winged-helix (WH) and
C-terminal (C) domains. b) Overall structure of Pclpypy.wh, colored as in a). Zn atoms (Zn1 and Zn2)
in the PHD2 fold are shown as spheres. Secondary structure elements (a, a-helix and B, B-strand)
are indicated; w1l and w2 refer to the typical loops of WH domains. ¢) Zoom-in view of the
interface between PHD2 and WH domain; residues involved in the interaction are shown in stick
representation; salt bridges are shown as dotted lines. Figure was adapted from Choi et al., 2017
and was based on the work of Jeongyoon Choi.

Superposition of the Pclpypr.wh structure onto the structure of the DNA-binding
domain of the transcription factor forkhead box protein 01 (FOXO1), bound to its cognate
DBE1 DNA element, yields a model of Pcl-DNA binding. In this model, the Pcl WH domain
contacts DNA through interaction of the a3 helix with the major groove and wing 1 with the
phosphate backbone (Fig.44a) *®” *°. To test this model, DNA-binding activity was tested
between wt Pclppps.wh and mutants in the helix a3 (R631A, Q634A, K637A; PprHDZ-WHH>A) orin
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wing 1 (R650A, K651A; Pclpupawn™ ™) and the combination of both mutants (Pclpupzwi™ %)

(Fig.44a and 44b) .
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Fig.44 Testing mutants of Pclpyps-wh

a) Superposition of the Pclpypy.wh structure (violet-blue and orange) onto the FOXO1 structure in
complex with the DBE1 DNA element (Brent et al., 2008) (dark gray, PDB: 3C0O6). The amino acid
residues that were mutated in Pclpupzwr - and Pclpupa.wn™™ " are shown in stick representation and
labelled in magenta and violet-blue, respectively; in Pclpupown” ", all five residues were mutated.
b) Purified wild-type and mutant Pclpyp,.wh proteins used for DNA-binding assays, analysed on a
15 % SDS-PAGE gel and visualized using Coomassie staining. Figure was adapted from Choi et al.,
2017 and was based on the work of Jeongyoon Choi.

In fluorescence polarisation assays (performed as published 2°’) with the 30 bp PRE
11L DNA probe used previously, wt Pclpyp2.wh bound to this probe with a Ky value of 9.7 uM +
0.2 uM, whereas all three mutant proteins showed greatly reduced DNA-binding activity
(Fig.45a) *®’. We concluded that Pcl binds to its DNA via its WH domain. Moreover, the
mutational analysis suggests that this binding occurs through interaction of the Pcl WH a3-
helix with the major groove and of wing 1 with the phosphate backbone, as in the case of
other WH domains *** 2%,

To compare these results to the human model, DNA-binding activity of human PHF1
was tested. PHF165.363, called PHF1pppo.wh, also bound to DNA with midnanomolar affinity
(Fig.45b). Another mutant (PHFLpupo-wn'™" ") was generated by substituting the residues K323
and K324 in wing 1 with alanine (Fig.43a). Like PprHDz_WHW>A, the PHF1pupown" A protein
showed drastically reduced DNA-binding activity (Fig.45b). PHF1 therefore also binds to DNA
via its WH domain.
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Fig.45 The Pcl and PHF1 domains bind dsDNA

a) Binding of wt and mutant Pclpyp,.wh proteins to Flc-labelled PRE 11L DNA (45 nM), measured by
fluorescence polarisation assays. n = 3, error bars: standard deviation; curve fitting was
performed using the Hill function; Ky of interactions is indicated for wt Pclpypy-wh. b) Binding of wt
and mutant PHF1pyp,.wh proteins to Flc-labelled PRE 11L DNA (45 nM), measured by fluorescence
polarisation assays. n = 3, error bars: standard deviation; curve fitting was performed using the
Hill function; Ky of interactions is indicated for wt PHF1pyp,.wh. Figure was adapted from Choi et
al., 2017 and was based on the work of Jeongyoon Choi.

To characterize PHF1-PRC2 binding, mediated by the WH domain, in single molecule
measurements, DY-547 labelled PHF1V"E-PRC2 was generated, in which residues R304,
$307, N310, K323 and K324 had been mutated to glutamate (Fig.46) *%’.
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Fig.46 Generation of DY-547 labelled PHF1""**-pRC2

Analysis of the DY-547 labelled PHF1"W"E-PRC2, like in Figure 39. Figure was adapted from Choi et
al., 2017 and was based on the work of Jeongyoon Choi.
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We subjected the PHF1"W"E-PRC2 mutant protein to single molecule measurements,
as described previously for other PRC2-complexes, and compared its binding behaviour to
those of wt PHF1-PRC2 using the 12x601 nucleosome chromatin arrays. Supporting our
hypothesis we observed reduced residence times (Tofr2) for PHF1WHE_pRC2 compared to
PHF1-PRC2 in measurements using chromatin arrays (Fig.47a) *%. Consistently,
measurements using naked DNA also showed a reduction of residency time for PHF1"V"E
PRC2 (Fig.47b). Additionally, we reconstituted mononucleosomes using the 1x177 bp 601
DNA template and measured binding kinetics for all the four complexes. Despite trends
appearing similarly, we did not reach statistical significance in these measurements, due to

high variation in the PHF1-PRC2 measurements (Table 2).
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Fig.47 Dissociation and association kinetics of PRC2, PHF1-PRC2, PHF1.-PRC2 and PHF1""t-PRC2
towards chromatin and naked DNA

a) Time constants of the fast (t.1) and slow (to,) dissociation process of indicated PRC2
complexes on chromatin arrays. Symbols show individual experimental results (n = 3 independent
experiments for all four PRC2 complexes); error bars: standard deviation; *P<0.05, two-tailed
Student’s t-test). b) Time constants of the fast (tofr1) and slow (tof,) dissociation process of
indicated PRC2 complexes on 601-DNA templates. Symbols show individual experimental results
(n = 3 independent experiments for PRC2, n = 5 independent experiments for PHF1-PRC2, n = 4
independent experiments for PHF1c-PRC2 and PHF1Y"E-PRC2); error bars: standard deviation;
*P<0.05, two-tailed Student’s t-test). Figure was adapted from Choi et al., 2017.

Together, these results in all three binding substrates have shown comparable
residence times (Tofr2) for PRC2, PHF1c-PRC2 and PHF1""*-PRC2, when the WH motif was
absent or disrupted, while intact PHF1-PRC2 showed prolonged residence times of the long-
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phase. This suggests a crucial role for the WH motif of PHF1 in prolongation of PRC2 binding
to a DNA substrate.

Next, we wanted to elucidate whether DNA binding by PHF1 might also account for
the enhanced HMTase activity of PHF1-PRC2 as compared to PRC2 8,89 HMTase assays were
performed on recombinant mononucleosomes assembled on a 215 bp-long 601-DNA
fragment with purified PRC2, PHF1-PRC2, PHF1"V" -PRC2 and PHF1""E-PRC2 (method as
published in Choi et al., 2017 *°’). In PHF1"V™"-PRC2, the PHF1 residues R304, $307, N310,
K323, K324 were all mutated to alanine, and in PHF1""£-PRC2 the same residues were
mutated to glutamate. In all cases, the HMTase reactions were evaluated by western blot
analysis using antibodies against H3K27mel, H3K27me2 and H3K27me3. Experiments
monitoring enzyme-concentration dependency (Fig.48a) and reaction progression over time
(Fig.48b) showed that the wt PHF1-PRC2 complex possesses nearly three-fold higher
HMTase activity compared to PRC2 (Fig.48a and 48b, compare lanes 5-7 to lanes 2-4),
consistent with earlier reports % ® 2% |n contrast, PHF1V"-PRC2 showed the same
reduced level of HMTase activity, like PRC2 (Fig.48a and 48b, compare lanes 11-13 to lanes
5-7). PHF1VHA-PRC2, containing the less-severe alanine mutations, showed a less drastic
reduction of HMTase activity than did PHF1""*-PRC2 (Fig.48a and 48b, compare lanes 8-10
to lanes 5-7).
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Fig.48 DNA binding of PRC2 by PHF1 permits more efficient H3K27 methylation

a) Western blot analysis of H3K27me1, H3K27me2 and H3K27me3 formation in HMTase reactions
with the indicated concentrations of the different PRC2 complexes on mononucleosomes
(446nM); reaction time was 90min in all cases. Histone H4 signal served as a loading control. b)
Western blot analysis of HMTase reactions as in a), with a fixed amount of the indicated PRC2
complexes (192nM) on mononucleosomes (446nM), but analysed after the indicated reaction
times. Figure was adapted from Choi et al., 2017 and was based on the work of Jeongyoon Choi.

These indications led us to conclude that PHF1 enables PRC2 to methylate H3K27
more efficiently by prolonging the residence time of PRC2 on chromatin.

2.4. Defined chromatin modifications prolong PRC2 binding events

To understand the contribution of different histone marks towards PRC2 binding, we
extended our PRC2 binding studies towards chromatin containing the H3K27me3,
H3K36me3 or the oncogenic mutation mark H3K27M *2'. The H3K36me3 mark has been
associated with an antagonizing effect to the repressive H3K27me3 mark, which is installed
by PRC2, and has been shown to be tightly bound by PHF1 *'® ?22 Histone octamers
containing H3K27me3, H3K27M and H3K36me3 were used to assemble chromatin arrays,
which we subjected to TIRF measurements.

We hypothesized that the H3K27me3 enhances residency times of bound PRC2
molecules, based on the reader activity of EED '. We expected the oncogenic H3K27M mark
to anchor PRC2 to chromatin, and thus drastically prolong residency times ¥ %! In contrast,
the H3K36me3 mark was expected to show a decrease in PRC2 residency times, as it

represents a mark of euchromatin 2*°.

In this experiment, although lowered signal intensity, caused by low laser light, we
observed significant prolongation of PRC2-chromatin binding with all three of the tested
modifications (Fig.49). The non-modified condition of PRC2 binding to chromatin was
comparable to the previous experiment (Tofr, = 2.28 s + 0.44 s, here: 2.67 s + 0.34 s; Fig.47).
The difference between the residency time T, for H3K27M and H3K27me3 was not
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significant. We realized that this was not surprising, as the cofactor SAM would be required
to effectively tighten PRC2 binding to H3K27M ¥°. The observed prolonged binding towards
the H3K36me3 mark was unexpected. Strikingly, also the microscopic association rate
constant (kon) was increased (Ao,n was decreased), which renders a 10-fold difference in the
Kp value (Kp non-modified: 20 nM, Kp H3K36me3: 1.8nM). However, despite the
contradictory role of the H3K36me3 mark, this makes sense knowing that H3K27me1l, which
can be installed by PRC2 and marks actively transcribed genes, positively correlates with
H3K36me3 ***. We note that H3K36me3 has been associated with lowered activity of PRC2,
but this might directly reflect the requirement to establish monomethylation of H3K27,
which subsequently leads to gene activation 2'* 222, In summary, we observed prolonged
binding of PRC2 on all the tested histone modification marks.
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Fig.49 H3K27me3-, H3K27M- and H3K36me3-modified chromatin fibres prolong PRC2 residency
time

Time constants of the fast (tof1) and slow (tes,) dissociation process of the core PRC2 complex on
modified chromatin arrays. Symbols show individual experimental results (n = 4 independent
experiments for all four unmodified chromatin, n = 5 for H3K27me3, n = 12 for H3K27M, n = 6 for
H3K36me3); error bars: standard deviation; *P<0.05, two-tailed Student’s t-test).

A summary of all the measured kinetic values based on TIRF measurements can be
found in Table 2 %> %%,
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Experimental system Dissociation kinetics* Association kinetics Replicate

Binding substrates Protein Tof,1(S) %A1 Tofr2(S) %A2 Aon(s) Kon** n
(M*s™)x10°

Chromatin arrays PRC2 0.29+0.03 62+6 2.28+0.44 38+6 15.53+6.48 32.05+13.44 3
unmodified
Chromatin arrays PHF1-PRC2 0.1240.08 4614 6.48+0.52 54+4 34.21+29.66 14.62+12.67 3
unmodified
Chromatin arrays PHF1.-PRC2 0.2240.05 6244 2.86+0.07 38+4 13.82+3.55 36.1949.29 3
unmodified
Chromatin arrays PHF1""™*-PRC2 0.17+0.11 35+11 3.11+0.91 65+11 22.59+8.22 44.27+16.0 3
unmodified
Chromatin  arrays | PRC2 0.15+0.04 81+5 2.67+0.34 1945 27.78+8.27 18.00%5.36 4
unmodified (#2)
Chromatin arrays PRC2 0.11+0.03 78+7 4.54+1.31 22+7 23.37+10.78 21.39+9.87 5
H3K27me3
Chromatin arrays PRC2 0.12+0.03 77+10 5.81+1.95 23+10 31.98+34.33 35.95+38.60 12
H3K27M
Chromatin arrays PRC2 0.12+0.02 6048 4.610.67 40+8 5.05+1.01 115.98+23.21 6
H3K36me3
Mononucleosomes PRC2 0.3040.10 75+10 3.53+0.90 25+10 17.68+7.42 28.28+11.87 4
unmodified
Mononucleosomes PHF1-PRC2 0.16%0.11 46+15 9.25+4.87 54+15 37.03+£10.77 13.5+3.93 5
unmodified
Mononucleosomes PHF1.-PRC2 0.22+0.31 727 4.17+1.46 28+7 25.28+21.08 19.78+16.49 3
unmodified
Mononucleosomes | PHF1""™*-PRC2 | 0.15+0.11 | 50419 | 5.34#0.13 | 50+19 | 20.48+5.30 24.4146.31 4
unmodified
601-DNA PRC2 0.38+0.06 685 4.45+1.90 3245 11.72+3.63 42.67+13.24 3
601-DNA PHF1-PRC2 0.25+0.04 44+8 10.38+2.46 568 18.39+4.55 27.19+6.72 5
601-DNA PHF1.-PRC2 0.27+0.08 705 6.83+1.63 3045 12.21+0.51 40.95+1.71 5
601-DNA PHF1""E-PRC2 0.23+0.10 49+11 5.71+1.15 51+11 19.02+4.01 26.30+5.55 5

Table 2 Kinetic parameters of PRC2 from TIRF measurements

* Obtained from a biexponential fit to the experimental data: y(t) = A1 * exp(-t/Tofr1) + A2 * exp(-t/Tof2)
o (10)

Aon X[protein
#2 indicates a second set of measurements on unmodified chromatin to investigate altered chromatin states.
Table 2 was partially adapted from Choi et al., 2017.

** here we used an adapted version of formula (7): k,, =

2.5. Conclusion

PRC2 is important for chromatin silencing through its function as chromatin writer of
the H3K27me3 mark &. Misregulation of PRC2 often leads to cancer ’*. Therefore it is crucial
to study and dissect the process of PRC2 recruitment to chromatin. Presence of PHF1 has
been shown to stabilize PRC2 binding towards chromatin *°. Here, we aimed to understand
the mechanism how this happens in detail. Based on structure predictions we identified a
conserved WH domain between four homologs of PHF1 (including Plc, MTF2 and PHF19) and
the corresponding crystal structure of Pcl was solved. Mutation analysis using polarization
assays unveiled an essential contribution of residues mutated within the WH domain in Pcl
and PHF1. We performed EMSA and TIRF measurements using PRC2 and unveiled enforced
binding to DNA, nucleosomes and chromatin fibres in the presence of full-length PHF1,
compared to PRC2. Employing these types of experiments on PHF1-mutants containing
either the C-terminal tail of PHF1 did not unveil a contribution of the C-terminal fragment.
However, when we performed similar experiments using PHF1 with mutations in the WH

83




domain, we abolished the enhanced DNA binding effect of PHF1. HMTase assays further
supported this finding, as PHF1-WH mutants showed lowered H3K27 methylase activity.
Together these findings strongly indicate that PHF1 anchors PRC2 towards chromatin, a
mechanism, which is strongly driven by PHF1-DNA interactions. Thus, PHF1 enables PRC2 to
exert its function as chromatin writer in a more efficient manner, than PRC2 alone.

Further, we tested binding of PRC2 towards chromatin arrays containing the
H3K27me3, the H3K27M or the H3K36me3 mark. Interestingly, all the different
modifications led to enhanced PRC2 binding, and in the presence of H3K36me3 even
association times (A.n) were decreased significantly. While prolonged binding on the
H3K27me3 mark was expected, we expected even longer binding events in presence of the
H3K27M mark. This was not the case, because to observe a strong effect of H3K27M, the
PRC2 cofactor SAM is required 2°. The prolonged binding effect of H3K36me3 was rather
unexpected and was attributed to PRC2-mediated establishment of H3K27mel, instead of
H3K27me3, as the H3K36me3 mark lowers PRC2 activity upon binding *** 2%
unclear how and if PHF1 affects PRC2 binding dynamics in modified chromatin arrays.

. It remains

Overall the PRC2-project has proven that we were able to transfer the TIRF system,
which was established with HP1a, to a complicated system, where we followed the single
molecule dynamics of a protein complex and we found an explanation for recruitment and
enhanced activity towards modification of chromatin by the PRC2-complex dependent on
the WH domain of PHF1.
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3. RNF168 in the DNA damage response

3.1. Introduction

Single-molecule measurements have been successfully measured using the reader
protein HP1la and the protein complex PRC2. Next, we were interested to extend the
established method to track a chromatin mark writer on the single molecule level

performing its catalytic activity.

We previously performed single molecule measurements in a system with abruptly
ending DNA strands. We reasoned that this might reflect a suitable model system for DSBs.
Moreover, as our laboratory provides expertise in semi-synthesis of ubiquitin-modifications
on chromatin, this prompted us to extend our studies to an ubiquitin mark writer protein of

the DNA damage response, which is also a reader itself: RNF168 22,

For the enzyme RNF168 we assumed a different binding mode than simple effector
protein binding. RNF168 would associate with an ubiquitinated component (e.g. H2AK15). If
it was recruited in a stable manner, it would perform writing of another ubiquitin mark on its
substrate (e.g. another H2AK15) or it would fall off of the recruitment site before being able
to act as a chromatin writer (Fig.50).

H2A
K15ub

Fig.50 Possible binding modes for RNF168

RNF168 has been shown to bind ubiquitinated molecules. We expected the protein to probe onto
nucleosomes and eventually perform an enzymatic reaction (indicated as yellow star placed
through the white arrow) to install ubiquitin on a substrate.

Enzymatic chromatin ubiquitination has not yet been established in our lab. To study
chromatin ubiquitination on the single molecule level, we first had to produce the different
components of a chromatin-related ubiquitination system to characterize them and to
analyse their behaviour towards different chromatin substrates. In order to develop a model
system to elucidate mechanisms of chromatin ubiquitination, we defined a set of E1, E2 and
E3, which we used during our studies and they will be described in the following.
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3.2. Generation of the ubiquitination machinery

In order to investigate reading and writing of the E3 ubiquitin ligase in dependence of
the chromatin state, we needed to express and purify the functional components of the
ubiquitination cascade, which is driven upon primary DNA damage signals.

To initiate the ubiquitination machinery, we were required to express and purify the
primary enzyme of the cascade: UBE1. The canonical E1 in human hUBA1/UBE1, which
initiates ubiquitination, is a 120 kD and 1058 AA large protein encoded from a single open
reading frame. Although the crystal structure of UBA1 has been assessed in S. pombe, S.
cerevisiae and M. musculus up to now it remained challenging to determine the crystal
structure of human UBA1 beyond AA 439 (Fig.51a) *>*?®, UBE1 is structured into two
adenylation blocks (inactive adenylation domain (IAD, AA 1-439) and active adenylation
domain (AAD, AA 439-950)) of which the latter is responsible for ubiquitin and ATP binding.
These blocks are interspersed with conserved catalytic cysteine domains (first catalytic
cysteine half-domain (FCCH, AA 204-295) and second catalytic cysteine half-domain (SCCH,
AA 626-891)), the latter containing the active cysteine site (AA 632). A C-terminal ubiquitin-
fold domain (UFD, AA 950-1058) is able to recognize the E2 enzyme. The second human E1,
UBE1L2 is highly expressed in testis and likely organ-specific *%°. Thus, in this study we used
UBE1 to initiate ubiquitination of substrates and formation of ubiquitination chains by its
lysine residues.

The plasmid of the human ubiquitin-activating enzyme E1 (hUBE1) was purchased
from Addgene and expressed in bacteria at 16 °C overnight. Notably, successful expression
was only obtained in Rosetta™ 2 E.coli cells (Fig.51b). The bacterial lysate was
complemented with BME, ATP and MgCl,, and lysed by sonication. As a primary purification
step we employed Ni-affinity purification, as the protein contains an N-terminal 6xHis-tag.
Elutions were pooled, concentrated and a buffer exchange was performed. The sample was
flash frozen and stored at -80 °C until use (Fig.51c). We note that the final fraction contains
significant impurities, as published previously %*°. As we co-purified the contaminants at
every step of the purification, we attribute the additional bands to degradation products or
deletion products of UBE1 (Fig.51c). The enzyme UBE1 was essential to activate E2 and
subsequently E3 ubiquitin enzymes.
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Fig.51 UBE1 purification relies on protein expression in Rosetta cells (15 % SDS-PAGE gels)

a) Crystal structure of UBE1 AA 50-431 (grey), FCCH (red). PDB: 4P22 (Xie, 2014). b) Nickel-affinity
purification when the protein was expressed in BL21 DE3PIlyS cells shows that no protein was
retained in the elutions, while it was eluted (red arrow, expected size: 119 kD) in a similar
experiment after expression in Rosetta cells. L = protein standard, P = Pellet after sonication, S =
Supernatant after sonication, | = Input (filtered supernatant), FT = flow through, W1-4 = Wash1-4,
EL1-6 = Elution1-6. Shown is the Coomassie staining. c) Analysis of the final fraction of UBE1 (red
arrow) after expression in Rosetta cells and purification on SDS-PAGE. Asterisk denotes
contaminants, which co-purify with UBE1. Shown is the Coomassie staining.

Next in line was the ubiquitin transferring enzyme UBE2D3/UbcH5C. The E2
ubiquitin-conjugating enzyme UbcH5 (now UbcH5A) was discovered as a human ortholog to
ScUBC4/5 from S. cerevisiae and orthologs were also found in C. elegans, D. melanogaster
and A. thaliana 2%%* Later, two human paralogs were identified, which essentially founded
the Ubch5 protein family 22 The E2 enzyme UBE2D3/UbcH5C is known for its role in the
nuclear factor kappa enhancer binding protein (NF-kB) pathway. UbcH5C is critical for
cellular inhibitor of apoptosis protein 1 (c-IAP1) stability, which ultimately leads to liberation
of NF-kB from its inhibitor (IkB) allowing transcription of inflammatory and immune

responses 2% In 2017 the crystal structure of UBE2D3 was solved up to 1.76 A resolution

238 This allowed identification of a polar groove surrounding the active site at C85 and

unveiled a relatively stable tertiary structure of the 147 AA protein (Fig.52a) 2*%.

Of note, during the early DDR mainly two different E2 enzyme types are involved.
UBE2D3, in general, has been shown to be able to catalyse ubiquitin chain formation on K11-
, K48- and K63 239 The heteromeric E2 complex UBC13/MMS2, has been implicated in
ubiquitin chain formation with RNF8 and RNF168 and forms K63-linked ubiquitin chains, a
process which is dependent on MMS2 *® 128 290 RNF8 is the E3 ligase mainly interacting with
UBC13/MMS2, but it requires RNF168/UBE2D3 in the nucleosomal context to prime
H2A/H2A.X for RNF8-mediated chain elongation '** ' As mono-ubiquitination of

H2A/H2A.X by RNF168 represents a simple model of ubiquitination, we decided to focus
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initially on the E2 enzyme UBE2D3. Further, we decided to use UBE2D3 because it has been

used with a variety of E3 enzymes and showed high activity and low selectivity *® 2% 242,

The plasmid of the human ubiquitin-conjugating enzyme E2 (UBE2D3) was purchased
from Addgene and expressed in Rosetta cells at 16 °C overnight. Expression and purification
of the protein worked well, but initial activity tests unveiled completely abolished activity,
compared to a commercially available hUBE2D3 version from Boston Biochem. In order to
obtain comparable activity we had to reduce an N-terminal tag in the plasmid construct and
further to reverse a point mutation (P18L) to obtain the native proline at position AA 18
(Fig.52b).

The bacterial lysate was sonicated. As a primary purification step we employed Ni-
affinity purification, as the protein contains an N-terminal 6xHis-tag. Elutions were pooled,
concentrated and a buffer exchange was performed to TEV cleavage buffer.

TEV protease was applied to remove the N-terminal 6xHis-tag. After completion, a
reverse Ni-NTA purification was done. Thus, the TEV-protease (which contained a His-tag)
and uncleaved UBE2D3 were bound to the resin. Eluted fractions containing UBE2D3 were
pooled, concentrated and another buffer exchange was performed. The sample was
complemented with 1 mM DL-dithiothreitol (DTT) and 10 % (v/v) glycerol, then flash frozen
and stored at -80 °C until use (Fig.52c, 52d and 52e).
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Fig.52 UBE2D3 re-cloning, expression and purification (15 % SDS-PAGE gels)

a) Crystal structure of hUBE2D3 AA 1-147 (dark grey), C85 active site (red). PDB: 5EGG (Wu et al.,
2017). b) UBE2D3 protein engineering to render it functional with high activity (* denotes a
leucine mutation of the native proline, TEV = TEV protease cleavage site). c) Nickel-affinity
purification when the protein was expressed in Rosetta cells shows a strong single band for the
eluted 6xHis-UBE2D3 (red arrow, expected size: 19.1 kD). L = protein standard, P = Pellet after
sonication, | = Input (filtered supernatant), FT = flow through, W1-4 = Wash1-4, EL1-6 = Elution1-
6. Shown is the Coomassie staining. d) Monitoring TEV cleavage to remove the His-tag from the
UBE2D3 N-terminus over 16 h (4 °C). After 16 h cleavage was almost complete (blue arrow).
Shown is the Coomassie staining. e) SDS-PAGE analysis of the final fraction of UBE2D3 (blue
arrow) after expression in Rosetta cells and purification. Shown is the Coomassie staining.

Activity was tested in an ubiquitination assay (for details see chapter “ll, 3.3.1.
Activity of RNF168 towards chromatin arrays”, ubiquitination assay), which leads to
ubiquitination of fluorescently labelled histone H2A as observed through a band shift on
SDS-PAGE. Shift of the H2A band was observed over time relative to a reaction containing
commercially available UBE2D3 enzyme (Boston Biochem) to evaluate quality of the purified
protein (Fig.53).
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Fig.53 Activity assay to monitor ubiquitination of H2A in histone octamers dependent on
UBE2D3 (15 % SDS-PAGE gel)

The top picture shows the fluorescence channels: red = 640 nm illumination (protein ladder), blue
= 532 nm illumination (labelled RNF168(196)), green = 488 nm illumination (labelled H2A in
histone octamers). The bottom picture shows colloidal Coomassie staining. The 488 nm channel
shows an upwards shift of the labelled H2A protein over time (60 min). This unveils different

ubiquitination states of H2A, as indicated with green arrows. The re-cloned version of UBE2D3
shows comparable activity compared to the commercially available UBE2D3 (Boston Biochem).

High activity of UBE2D3 was required to enable the E3 ubiquitin ligases to transfer
the ubiquitin-moiety to the substrate.

The histone modification and the small protein ubiquitin (human ubiquitin variant C)
was expressed in BL21 DE3 bacteria (37 °C, 4 h). To increase the yield drastically we decided
to use a tag-less purification strategy, which precipitates all non-ubiquitin proteins at pH 5
197 The bacterial lysate was sonicated and dialysed towards acetic acid (pH 5.0). After
dialysis aggregates were removed by centrifugation. A cation exchange column (HiTRap™ SP
HP) was employed as a second purification step. Fractions were analysed by SDS-PAGE and
ubiquitin-containing fractions were desalted using RP-HPLC (semi- or preparative C18
column) (Fig.54a). Quality of the purified ubiquitin was analysed on RP-HPLC (analytical C18
column) and ESI-MS (Fig.54b and 54c). The collected protein was lyophilized, kept at -20 °C

and dissolved in water (1 mg/ml) prior to usage.
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Fig.54 Tag-less ubiquitin purification and analysis by RP-HPLC and ESI-MS

a) Ubiquitin (red arrow) purification through dialysis at pH 5 monitored by SDS-PAGE (200 V, 50
min) and Coomassie staining. L = protein standard, P = Pellet after sonication, | = Input (dialysis),
It = Input (cation exchange), FT,: = flow through (cation exchange), W = Wash fractions, EL =
Elution (collected sample from cation exchange). b) RP-HPLC and c¢) MS analysis of the final
product, human ubiquitin (calculated mass: 8565 Da, observed mass: 8565 Da).

Having purified human ubiquitin available would render our ubiquitination system
more native, as it consists of human protein versions, only.

In order to track ubiquitinated products more easily we aimed to fluorescently label
ubiquitin using cysteine chemistry, because ubiquitin does not contain (multiple) native

243295 Noteworthy, purification of the tag-less ubiquitin version containing a

cysteines
cysteine mutation led to losses of protein yield. Thus, we used a construct containing a His-
tag for protein purification (Construct: His-Thrombin-C-hUBIQUITIN (variant C), short: C-
ubiquitin). C-ubiquitin was expressed in BL21 DE3PIyS cells (37 °C, 4 h). The protein was
purified using Ni-NTA resin (see HP1la purification protocol) and preparative RP-HPLC (as

ubiquitin) by Caroline Lechner (LCBM, EPFL, CH).

For protein labelling, the lyophilized protein was dissolved in guanidine labelling
buffer. A 10x excess of fluorescein-5-maleimide, dissolved in DMSO, was added to the
protein. The reaction was kept covered in aluminium foil (4 °C) for 20 h. Then the reaction
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product was purified using RP-HPLC (semi-preparative C18 column). The collected fractions
were analysed by SDS-PAGE, analytical RP-HPLC and ESI-MS (Fig.55a, 55b and 55c). Based on
the mass of the C-ubiquitin and the product, Fluorescein-ubiquitin, the initiator methionine
was missing. Although removal of the initiator methionine (M1) is a completely natural
process for some proteins, the M1 residue can be important for ubiquitin chain formation,
known as the linear ubiquitin chain, and has been shown to be involved in different
processes as degradation by the proteasome, regulation of innate immunity and

inflammation 2% 2%/

. Thus, in experiments using the Fluorescein-ubiquitin, we lack the
possibility to observe potential effects caused by linear ubiquitin chains. However, to our
knowledge a direct link between RNF168 and linear ubiquitin chains has not been described.
Based on this, we decided that the obtained Fluorescein-ubiquitin can be used in our in vitro

experiments without having a major bias of the experimental outcome.
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Fig.55 C-ubiquitin labelling and analysis by SDS-PAGE, RP-HPLC and ESI-MS

a) Fluorescein-ubiquitin (Ub*, red arrow) final fraction analysed by SDS-PAGE and Coomassie
staining (grey). The blue band shows the fluorescein signal. L = protein standard. b) RP-HPLC and
c) MS analysis of the final product, human ubiquitin (calculated mass: 11’127 Da, observed mass:
11’128 Da). Based on the mass the initiator methionine is missing.
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To complete a set of ubiquitination proteins in the DNA damage response cascade,
we set our focus to the E3 ubiquitin-ligase proteins. The essential E3 ubiquitin ligases in the
early DDR are RNF8 and RNF168, both of them being RING-type ubiquitin ligases. The
canonical RING domain was described in 1991 by Freemont et al. with the sequence C-X,-C-
X(9-39)-C-X(1-3)-H-X(2-3)-C-X2-C-(xa-28)-C-X-C (X being any amino acid) and fits both, RNF8 and
RNF168 % 2% The cysteine- and histidine-residues form a buried core and stabilize two zinc
ions, which are essential for catalytic activity ' **°.

The mutational phenotypes of RNF168 have been observed and described in the year
2007 as the RIDDLE immunodeficiency syndrome in patients lacking sufficient DNA repair
mechanism, which led to radiosensitivity, immunodeficiency, dysmorphic features and

learning difficulties **°

. Two years later, a gene implicated in the RIDDLE syndrome, named
RIDDLIN, was identified as the previously discovered RNF168, using an RNA interference
screen using foci formation of the DDR protein 53BP1 as readout 171125 RNF168 is a 571 AA
protein containing a catalytic RING domain (AA 16-55) and two ubiquitin-dependent DSB
recruitment modules (UDM1 and UDM2; Fig.56) 2% %!, UDML1 is separated into three
functional motifs LR motif 1 (LRM1, AA 110-128), ubiquitin-interacting motif (UMI, AA 141-
156) and motif interacting with ubiquitin 1 (MIU1, AA 171-188), as well as UDM2, namely
ubiquitin-associated domain (UAD, AA 419-439), MIU2 (AA 439-462) and LRM2 (AA 466-478)
20 \While UDM1 has been shown to interact with RNF8-ubiquitination products, UDM2 was
implicated in auto-recognition of RNF168 monoubiquitinated targets *® **. At the C-
terminus a PALB2-interacting domain (PID) was identified **°. The PID was only found

252 .
2 This was

recently, and couples RNF168 to HR during the S/G2-phases of the cell cycle
unexpected, as RNF168 was rather associated with the DNA repair mechanism of NHEJ and
was thought to antagonize HR (at least during cell cycle phase G1). Interestingly, also HP1a
was implicated in this regulation mechanism and was important for BRCA1 recruitment to
DSB, which generally promotes HR, and HP1a affected arrest of the cell cycle at the G2/M
checkpoint 2*3. This highlights the importance of DDR regulation across the cell cycle, as

NHEJ during replication could lead to catastrophic genome rearrangements >**,

As we aimed to observe the activity of an ubiquitin-writer towards chromatin, we
reasoned that RNF168 would be a good target of investigation. Not only would RNF168 be
able to modify histone H2A/H2A.X in chromatin fibres, it was also known to contain two
ubiquitin binding modules, which supposedly bind to ubiquitinated H1.2 and ubiquitinated
H2A/H2A.X *® . Related to the HP1a project, this would put us in the position to create an
anchor point on chromatin for RNF168 in single molecule measurements and potentially
stimulate its activity.
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Fig.56 Maps of RNF168 constructs indicate ubiquitin binding modules (UDM1 and UDM2) and
the catalytic RING domain

[llustrated are domain maps of the full length RNF168 protein (RNF168F) and a truncated
construct, which was used for bacterial expression (RNF168(196)). Numbers below the maps
denote the amino acid residues. Crystal structure of the RING domain: hRNF168 RING AA 3-93
(red), RING Cys1, 2, 4 and 5 (yellow), RING Cys3, 6, 7 and His (green). PDB: 4GB0 (Zhang et al.,
2013). Figure was adapted from Takahashi et al., 2018.

The E3 human ubiquitin-ligase (hnRNF168) was cloned from human cDNA library.
RNF168 was expressed in Rosetta cells (16 °C, 16 h) harbouring an N-terminal glutathione S-
transferase tag (GST-tag) and a C-terminal streptactin binding tag (STREP-tag) to perform a
two-sided purification, as the protein stability at temperatures higher than 4 °C was very low
and a lot of degradation products can appear. Initial purification via Ni-NTA resin (as
published in Zhang et al., 2013) using a His-tag failed multiple times, as protein activity was
lowered drastically ', Further the protein (truncated or full-length) is very sensitive to
agitation and temperatures higher than 4 °C should be avoided rigorously during
purification. Hence, attaching a fluorescent label onto the protein through EPL, which
requires incubation at RT, was not successful. As protein labelling is a vital step to monitor

single molecules, we switched to the ybbr-tag labelling method, which was applied for PRC2
210

In the following, we will focus only on the strategies, which allowed us to produce
highly enzymatically active versions of RNF168.

Expression of a full-length RNF168 protein construct (and subsequent small scale
GST-tag purification) did not retain any protein (Fig.57a). As RNF168 expression in bacteria
has not been achieved to this point, we decided to focus on a truncated version, which had
been expressed successfully before 2%, We decided to express a construct containing AA 1-

196, which contains the catalytic RING domain and the UDM1 (Construct: GST-Thrombin-
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TEV-hRNF168(AA 1-196)-ybbr-Thrombin-STREP, short: RNF168(196); Fig.56). We further
included an N-terminal GST-tag and a C-terminal STREP-tag, as we had observed degraded
fragments of the protein on SDS-PAGE in earlier constructs. This enables to perform a
double-affinity purification approach, which renders the non-truncated protein in the final
elution.

After expression the lysate was sonicated. As initial purification step we performed
glutathione-resin purification based on the N-terminal GST-tag of the protein (Fig.57b).
Elutions were pooled, concentrated and a buffer exchange to ybbr labelling buffer was
performed. TEV cleavage was applied to remove the N-terminal GST-tag (Fig.57c). After
successful TEV cleavage, RNF168 was subjected to a Streptactin XT superflow column to
ensure enrichment of the non-truncated protein by its C-terminal STREP-tag (Fig.57d).
Elution fractions were pooled, concentrated and again a buffer exchange was performed.
We added 20 % (v/v) glycerol, flash froze the protein in liquid nitrogen and kept the protein
at -80 °C until use. Following this strategy, one liter bacterial culture rendered 190 ug
RNF168(196).

95



a b

Standard EL L P | FTW1W2 W3EL1EL2EL3 EL4 ELS

Expected 100kD
RNF168

150kD

1988

50kD
37kD

GST-RNF168(196)

25kD
20kD

15kD

10kD

L 1 Oh 16h FTW1 W2EL1 EL3 EL4 ELS
150kD
1998
50kD GST-RNF168(196)
37kD
GST-tag (FT, W1) and

GST-tag and
g RNF168(196) (EL3-5)

25kD RNF168(196)

20kD
15kD

10kD

Fig.57 RNF168 expression and purification

a) RNF168 (full-length) purification using glutathione resin monitored by SDS-PAGE (200 V, 50
min) and Coomassie staining. EL = Elution of glutathione beads. Expected size: 96.3 kDa. b)
RNF168(196) purification using glutathione resin monitored by SDS-PAGE (200 V, 50 min) and
Coomassie staining. Red arrow: GST-RNF168(196), expected size: 54 kD. L = protein standard, P =
Pellet after sonication, | = Input (filtered supernatant), FT = flow through, W1-3= Wash1-3, EL1-5
= Elution1-5. ¢) RNF168(196) TEV cleavage monitored by SDS-PAGE (200 V, 50 min) and
Coomassie staining. TEV cleavage was completed after 16 h. RNF168 and the free GST-tag run at
the same molecular weight of 25 kD (blue arrow, expected size: GST-tag: 28 kDa, RNF169(196): 26
kDa). L = protein standard, | = Input (TEV cleavage). d) Streptactin purification of RNF168
monitored by SDS-PAGE (200 V, 50 min) and Coomassie staining. Flow through and washl
fractions show the free GST-tag (blue arrow), which disappears in wash2. Eluted is the pure
RNF168(196) (blue arrow). FT = flow through, W1-2= Wash1-2, EL1-5 = Elution1-5.

Activity was tested in an ubiquitination assay (for details see chapter “ll, 3.3.1.
Activity of RNF168 towards chromatin arrays”, ubiquitination assay), which leads to
ubiquitination of fluorescently labelled histone H2A as observed through a band shift on
SDS-PAGE. Shift of the H2A band was observed over time relative to a reaction containing
versions of RNF168(196) from two different purifications. The optimized purification scheme
as described above led to high ubiquitination activity and comparatively high yields of
RNF168(196) (Fig.58).
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Polyub.-RNF168(196) enzyme

RNF168(196) enzyme

H2A-Atto488 and UBE2D3

Ubiquitin

Fig.58 Activity assay to monitor ubiquitination of H2A in histone octamers based on
RNF168(196) (15 % SDS-PAGE gel)

The top picture shows the fluorescence channels: red = 640 nm illumination (protein ladder), blue
= 488 nm illumination (labelled H2A in histone octamers). The bottom picture shows colloidal
Coomassie staining. The 488 nm channel shows an upwards shift of the labelled H2A protein over
time (60 min). This unveils different ubiquitination states of H2A, as indicated with blue arrows.
The optimized RNF168(196) purification strategy renders an E3 enzyme with high ubiquitination
activity towards H2A. L = protein standard.

In order to use RNF168(196) under single molecule conditions, we needed to attach a
fluorescent label onto the protein. As discussed above, EPL is not a suitable labelling
approach for RNF168. Thus, we introduced a ybbr-tag at the C-terminus of the protein,
upstream of the STREP-tag, which enables labelling with Sfp synthase.

Ybbr-labelling was performed. The reaction was kept for 1-2h with soft nutation and
monitored by SDS-PAGE (Fig.59). Labelling efficiency was usually determined between 30-70
%.
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Fig.59 Sfp labelling of RNF168(196)
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The top picture shows the fluorescence channels: red = 640 nm illumination (protein ladder), blue
= 532 nm illumination (labelled RNF168 protein). The bottom picture shows colloidal Coomassie
staining. Sfp synthase and contaminating bands disappeared to a large extent after 1h, probably
due to aggregation, while the RNF168(196) band was not diminished. The fluorescence channel
shows labelled RNF168(196) after 1 h. | = Input

To remove the excess of Alexa568-CoA a S200 10/300 GL gel filtration column was
used for purification with buffer W containing 5 mM BME (Fig.60).

14 -

26kDa expected elution

Yy -
(=] N
1 1
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Retention volume (ml)

Fig.60 S200 10/300 GL size exclusion of RNF168(196)-Alexa568 using buffer W (5 mM BME)

Size exclusion chromatography leads to a peak (green) in the expected elution volume of 13-16 ml
for the 26 kDa protein, which contains the labelled RNF168 protein. Addition of 5 mM BME is
essential as otherwise the protein peak appears in the void volume (blue).
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Labelled protein fractions were collected and checked for E3 ubiquitin ligase activity
(Fig.61). Notably, RNF168 labelling did not affect the activity of the E3 ligase, when we
compared unlabelled RNF168 and Alexa-568-RNF168 (Fig.61: R168 vs R168*). The size
exclusion purified, labelled RNF168 (Fig.61: R168**) was catalytically active, as mono-, di-
and tri-ubiquitinated H2A was observed.

L R168 R168* R168**

H2A (triub.)
H2A (diub.)

H2A (monoub.) - RNF168* and RNF168**

Fluorescein-Ubiquitin

RNF168(196) enzyme

Histones and UBE2D3

Fluorescein-Ubiquitin

el el ]

0 30600 30 60 0 30 60 (time [min])

Fig.61 Activity assay to monitor ubiquitination of H2A in histone octamers based on
RNF168(196) labelling (15 % SDS-PAGE gel)

The top picture shows the fluorescence channels: red = 640 nm illumination (protein ladder), blue
= 532 nm illumnation (labelled RNF168 versions: R168 (unlabelled), R168* (labelled, no size
exclusion), R168** (size exclusion purified)), green: 488 nm illumination (labelled ubiquitin). The
bottom picture shows colloidal Coomassie staining. The 488 nm channel shows 2-3 distinct
upwards shifted bands reflecting H2A-mono-, di- and triubiquitin over a time span of 60 min. This
unveils different ubiquitination states of H2A, as indicated with green arrows. Comparison of
R168 and R168* shows that the labelling did not affect activity. R168** was still active after size
exclusion. L = protein standard.

We note, when we used a different construct (GST-Thrombin-TEV-ybbr-hRNF168(AA
1-196)-Thrombin-STREP, short: ybbr-RNF168(196), Fig.61: RNF168*) ybbr-labelling was
employed between TEV cleavage and STREP-tag purification. This rendered high E3 ubiquitin
ligase activity, but the size exclusion step was omitted, as we needed the E3 enzyme in
highly concentrated aliquots for ubiquitination assays.

Together, UBE1, UBE2D3 and RNF168 are the minimal enzymes, which we selected
and purified for our study of DDR-dependent ubiquitination mechanisms of chromatin.
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Having the different components for RNF168-based ubiquitination in hands, we
decided to characterize the newly purified proteins using ubiquitination assays towards
histone octamers and chromatin fibres.

During the RNF168-project much more cloning work has been done and a summary
of the important constructs for this project can be found in Table A5 (see chapter “VI
35,171

Appendix”)
3.3. Ubiquitination kinetics of chromatin fibres by RNF168

3.3.1. Activity of RNF168 towards chromatin arrays

To compare ubiquitination of chromatin under different conditions, we first aimed to
establish ubiquitination assays with the individual components to further characterize those
components. Before the purified proteins would perform as expected in ubiquitination
assays, we would not be able to study their dependence on the chromatin state.

Generally, in ubiquitination assays we test the capability of RNF168 to ubiquitinate its
target H2A/H2A X. Thus, the E1 enzyme UBE1 utilizes ATP and ubiquitin to charge the E2
enzyme UBE2D3. Charged UBE2D3 enables RNF168 to transfer ubiquitin to histone H2A (or
H2A.X) if at least a H2A/H2B dimer is present >°.

Ubiquitination assays were performed using UB buffer, which contains ATP and an
ATP-regeneration system to ensure high activity of the E1 enzyme. UBE1 was always added
last to the reaction mix, in order to start the reaction in a tightly timed manner. To quench
the reaction we added sodium dodecyl sulfate (SDS) loading dye to the reaction mix and
boiled the tube at 100 °C for 5 min. Assays were analysed using SDS-PAGE with fluorescence
imaging and/or western blots.

To ensure a controlled ubiquitination procedure, we performed ubiquitination assays
while excluding single components (Fig.62). The labelled H2A band only moved to higher
molecular weight, when UBE1, UBE2D3, ubiquitin and RNF168 were present. Interestingly,
the lack of histone octamers still enabled auto-ubiquitination of RNF168. In summary, this
experiment verified that every component of the ubiquitination assay is vital to H2A-
ubiquitination and solidifies our claim of having an RNF168-mediated ubiquitination system
for histone H2A.
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Fig.62 Ubiquitination assay to monitor ubiquitination of H2A in histone octamers at 60 min by
excluding different components (15 % SDS-PAGE gel)

The top picture shows the fluorescence channels: blue = 532 nm illumination (labelled
RNF168(196)), green = 488 nm illumination (labelled H2A in histone octamers). The bottom
picture shows colloidal Coomassie staining. Ubiquitination assays lacking ubiquitin, UBE1, UBE2 or
RNF168(196) did not show ubiquitinated H2A. When no histones were present, RNF168 got still
auto-ubiquitinated.

To elucidate whether RNF168(196) is able to ubiquitinate chromatin arrays, we
assembled chromatin arrays containing H3K9me3 and either Atto488-H2A or H4Kl6ac
(provided by Louise Bryan) *°2. H4K16ac is a histone mark, which sterically opens chromatin
and thus we were wondering whether ubiquitination would be facilitated in these arrays.
The H3K9me3 mark was included, because our octamers only contained H4K16ac-H3K9me3
and not H4K16ac alone. We subjected 200-400 nM chromatin arrays to ubiquitination assays
for 1 h. Then, some of the reaction sample was subjected to Scal digestion (37 °C, 20 h) in
order to obtain mononucleosomes, which can be easily analysed on a 5 % TBE gel.
Fluorescence detection unveiled mononucleosome ubiquitination (Fig.63a). To confirm
ubiquitination of chromatin arrays, as mononucleosomes could have been ubiquitinated
during the Scal digestion, we analysed them using SDS-PAGE after boiling the chromatin
arrays. Indeed, the fluorescently labelled histone H2A showed mono-, di- and
triubiquitination (Fig.63b). Further we monitored ubiquitination of Atto488-H2A by analysing
different time points, which confirms stepwise ubiquitination of chromatin fibres (Fig.64).
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Thus we verified activity of

nucleosomes.

RNF168(196) towards chromatin arrays containing 12

a b L 1 2 1 Atto488-H2A H3K9me3 mononucleosomes
L1 2 3 4 5 6 150kD after ubiquitination assay
lUkhp lgng 2 Atto488-H2A H3K9me3 mononucleosomes
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ubiquitination assay

€= E2-Enzyme
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Fig.63 Ubiquitination assay towards chromatin

a) 5 % TBE gel to analyse Scal-digested chromatin arrays. After the ubiquitination reaction,
mononucleosomes were shifted, which indicates ubiquitination of chromatin arrays. Red: Gelred
(DNA), Green: 488 nm (Atto488-H2A), Blue: 640 nm (labelled DNA). L = 2-log DNA ladder. b) 15 %
SDS-PAGE gel to analyse H2A from chromatin arrays. Red: 640 nm (ladder), Blue: 488 nm
(Atto488-H2A). Grey: Coomassie staining. Ubiquitination of H2A is already present in (boiled)
chromatin arrays, which indicates that ubiquitination did not happen with mononucleosomes

during Scal-digestion. The band in
(grey arrow). L = protein ladder.
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Fig.64 Ubiquitination kinetics towards chromatin

15 % SDS-PAGE gel to analyse H2A from chromatin arrays. Blue: 640 nm (ladder), Green: 488 nm
(Atto488-H2A). From 1 min to 60 min a defined ubiquitination pattern arises on H2A. L = protein

standard.
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3.3.2. RNF168-mediated ubiquitination depends on accessibility of
the nucleosome acidic patch

The nucleosome acidic patch is an important feature of the nucleosome for several

35,133
8

proteins, including RNF16 . Inaccessibility of the acidic patch can negatively influence

activity of RNF168 . Recently, efforts were made to synthesize selective anti-cancer drugs

255

using ruthenium compounds “>°. An impact was shown for the compound RAPTA-C to inhibit

spreading and growth of tumor metastases and RAPTA-C has anti-angiogenic properties *°®
27 Interestingly, RAPTA-C binds directly to the nucleosome acidic patch, while RAED-C,
which also exerted anti-tumorigenic properties, rather interacted with the DNA sites of
nucleosomes (Fig.65, as published in Adhireksan et al., 2014) %*>. Anti-cancer activity for cells
had been found at 250 uM for RAPTA-C (ICsp), while it was determined at 4.5 uM for RAED-C.
As the mode of action for RAPTA-C has not been elucidated yet, we sought to investigate
whether RAPTA-C (but not RAED-C) can inhibit ubiquitination activity of RNF168 by occluding
the nucleosome acidic patch. To antagonize a potential effect by occluding the nucleosome
acidic patch, we also employed our studies on chromatin containing the modification
H4K16ac, which renders the nucleosome acidic patch accessible, as the normally interacting
H4 tails is acetylated ** 2%, Further, employing ubiquitination assays using unmodified or
H4K16ac chromatin arrays, directly allowed us to evaluate the effect of H4K16ac-mediated

decompaction on chromatin ubiquitination.

RAPTA-C RAED-C
_\ N
< 3 & A\
R R
o \ \P/\ N oW \NHz

Fig.65 Structure of RAPTA-C and the non-specific compound RAED-C

Shown are the structural differences between RAPTA-C, which interacts with the nucleosome
acidic patch and the non-interacting compound RAED-C.

We performed ubiquitination assays on 150-250 nM chromatin arrays containing
unmodified (wt) histones, H4K16ac and including 250 uM RAPTA-C or RAED-C (in wt
chromatin) using RNF168(196). We compared the ubiquitination levels of H2A (based on
Fluorescein-ubiquitin) over 60 min under the different conditions in 3-4 replicates of
experiments. As the differences of ubiquitination in any condition were rather small, we
analysed the SDS-PAGE gels using the band quantification tool of the software Image Lab 4.1
(densitometry).
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We quantified bands of mono-ubiquitinated- and di-ubiquitinated H2A. Indeed,
H4K16ac chromatin fibres exerted faster ubiquitination kinetics than wt fibres, while RAPTA-
C treated chromatin was ubiquitinated more slowly (Fig.66). The control compound RAED-C
displayed ubiquitination kinetics of wt chromatin arrays. As the different replicates of
experiments showed slightly different absolute values, which depends e.g. on pipetting or
polymerization of the gels, we normalized the data to the first replicate. These values were
analysed for ubiquitination of H2A under different conditions and statistically solidified our
findings (Fig.67). Conclusively, we found that activity of RNF168 was compromised, when the
nucleosome acidic patch was occluded by RAPTA-C, while activity was enhanced, when the
acidic patch was openly accessible as mediated by H4K16 acetylation.
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Fig.66 Ubiquitination kinetics towards chromatin (wt and H4K16ac) and impact of RAPTA-C (wt
chromatin)

15 % SDS-PAGE gels to analyse H2A from chromatin arrays. Red: 640 nm (ladder), Green-
Turquoise: 488 nm (Atto488-H2A). From 1 min to 60 min a defined ubiquitination pattern arises
on H2A. L = protein standard. Ubiquitination speed was increased in chromatin arrays containing
H4K16ac (a), while it was reduced in unmodified chromatin arrays containing 250 uM RAPTA-C
(b). The control compound RAED-C did not alter ubiquitination kinetics. (n = 3).
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Fig.67 Quantification of ubiquitination kinetics (unmodified and H4K16ac chromatin, RAPTA-C)

Normalized ubiquitination of the 3-4 replicates using a band quantification tool summarizes faster
kinetics of ubiquitination of H2A in chromatin fibres containing H4K16ac and reduced kinetics in
unmodified fibres containing 250 uM RAPTA-C. The control compound RAED-C reflected
conditions of unmodified chromatin.

3.3.3. Testing UDM2 of RNF168 with semi-synthetic H2A.XK15ub

As for the H4K16ac mark, ubiquitination of H2B has been shown to sterically open up

chromatin conformation 2

. As RNF168 possesses ubiquitin binding modules, we were
wondering whether a chemically placed ubiquitin-moiety on histone H2A/H2A.X would
enable facilitated ubiquitination and stimulate RNF168 activity. We planned to perform
ubiquitination assays using RNF168 on chromatin arrays containing H2A.X or H2A.X with a
pre-installed ubiquitin on the RNF168 target site lysine 15 (H2A.XK15ub). We reasoned that
the second binding module of RNF168 has been shown to interact with H2A/H2A.X
ubiquitination products (UDM2) and thus we concluded that we would need the full-length

protein to perform these studies.

We decided to express the full-length RNF168 protein in a baculovirus-insect cell
expression system. We designed a construct with an in vivo auto-cleavable N-terminal His-
SUMO-tag, which enhances soluble expression, a downstream FLAG-tag for detection and
purification, a C-terminal ybbr-tag for labelling, and a downstream STREP-tag for purification
(His-SUMO-Flag-Thrombin-hRNF168(AA 1-571)-ybbr-TEV-STREP, short: RNF168F, Table A5).
The human RNF168 gene was cloned into an acceptor plasmid (Pacebacl, gentamycin
resistence) using Gibson cloning. The bacmid was created by transforming the Pacebacl-
vector into DH10MB cells, followed by blue-white screening. Once the bacmid was obtained,
we transfected Sf9 insect cells for baculovirus production. Protein expression was monitored
by co-expression of YFP from the same baculoviral construct, driven under an alternative,
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weaker promoter. RNF168 was expressed in Sf9 insect cells using Sf900 Il medium for 4 days
(multiplicity of infection (MOI) 5-7) (Fig.68).

Standard RNF168

100kD His-SUMO-FLAG-RNF168-ybbr-STREP
75KD! FLAG-RNF168-ybbr-STREP

50kD|

37kD|

25kD}

20kD|

15kD|

Fig.68 Insect cell expression of full-length RNF168 for 4 days in Sf900 Il medium

[llustrated is an anti-FLAG western blot to show protein expression in cell lysates. The protein is
expressed with the His-SUMO tag (red arrow), which is cleaved inside the cell and renders the
target protein without His-SUMO (blue arrow).

Expected size: SUMO-HIS-FLAG-RNF168-ybbr-STREP: 83 kD, SUMO-HIS-FLAG-RNF168-ybbr-STREP:
70 kD (the protein typically runs at higher MW than expected).

Upon expression, the lysate was sonicated and a STREP-tag purification was done on
Streptactin XT Superflow columns as a primary purification step (Fig.69a). TEV protease
cleavage was performed to cleave off the C-terminal STREP-tag during 16 h at 4 °C. After
cleavage, the sample was subjected to ybbr-labelling for 3.5 h using Alexa568-CoA (Fig.69b).
To remove the remaining Alexa568-CoA, we performed a FLAG-affinity purification on
magnetic FLAG-beads. (Fig.69c). Elutions were pooled and concentrated. The sample was
flash frozen and stored at -80 °C until use (Fig.69d).

106



a L % W8 ELL (62 (613 b L RNF168F* L RNF168F*

150kD
1o0k0 Q00D FLAG-RNF168F
75kD FLAG-RNF168F  caip -Alexa568
50kD -ybbr-STREP 37kD
37kD 25kD
20kD
25kD 15kD
20kD
15kD 10kD
Free Alexa568-CoA
C E RUEL TERD L d L RNF168F* L RNF168F*
150kD 150kD
FLAG-RNF168F 100kD FLAG-RNF168F kB ¢m FLAG-RNF168F
-Alexa568 75kD -Alexa568 -Alexa568
50kD 50kD
37kD 37kD
25KD 25kD
J0kti 20kD
15kD 15kD
—— 10kD 1okp

Free Alexa568-CoA

Fig.69 Purification of full-length RNF168 (RNF168F)

a) SDS-PAGE (Coomassie staining) of streptactin purification of RNF168F. The protein is eluted as
a double band (83 kDa and 70 kDa) from EL3. L = protein standard, FT= flow through, W8 =
Wash8, EL1-3 = elution 1-3. b) SDS-PAGE (Coomassie staining and fluorescence illumination (red:
protein ladder, green: Alexa568)) of the ybbr-labelling of RNF168F after TEV cleavage. The protein
is clearly labelled in all three lanes. L = protein standard. c) SDS-PAGE (Coomassie staining and
fluorescence illumination (red: protein ladder, green: Alexa568)) of the FLAG purification. A single
labelled band is obtained in the elution. L = protein standard, FT= flow through, EL = elution. d)
SDS-PAGE (Coomassie staining and fluorescence illumination (red: protein ladder, blue: Alexa568)
of the final fraction of Alexa568-RNF168F (RNF168F*). L = protein standard.

Ubiquitination assays were done to confirm activity of the labelled protein (Fig.70).
More protein was purified without labelling. To do so, the procedure was stopped after the
Streptactin purification.
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Fig.70 Activity assay of RNF168F

SDS-PAGE (Coomassie staining) and fluorescence illumination (red: protein ladder, blue:
Alexa568, green: Atto488) of ubiquitination assay. The labelled RNF168F from insect cells shows
activity. Activity was also seen in the control using RNF168(196). The Atto-488 labelled band at
25-37kD after 1min reaction time occurs based on an unexpected behaviour of old histone
octamers. The Coomassie bands show the histone octamers (~15kD) and the bands of the UBE1
sample (100kD and 50kD). RNF168 was highly dilute and hardly visible without fluorescent label. L
= protein standard.

Having the full-length RNF168 (RNF168F) version with high activity available enabled
us to further analyse the ubiquitination kinetics of chromatin arrays bearing H2A.X and
H2A.XK15ub. The chemical ubiquitin modification of H2A.X was done by Sinan Kilic *°. We
performed ubiquitination assays employing RNF168F on 100nM chromatin fibres of each
histone type (12x nucleosome positioning sequences) (Fig.71a). Quantification of addition of
a single ubiquitin molecule to each respective “chromatin ground state” (chromatin state at
time point t = 0 min) led to a significant increase at 13 min for the original H2A.X-chromatin
array (Fig.71b). This indicates that the primary ubiquitin on H2A.X is not stimulating chain
elongation in an accelerated manner, but rather decreases ubiquitination speed, compared
to installation of the primary ubiquitin.
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Fig.71 Ubiquitination kinetics towards chromatin (100nM) containing H2A.X and H2A.XK15ub

a) Anti-H2A.X western blot shows ubiquitination pattern by RNF168F on free H2A.X and pre-
ubiquitinated H2A.X on lysine 15. (Shown is n = 1 out of n = 3). b) Quantification of single
ubiquitin addition indicates small differences in ubiquitination speed for H2A.X and pre-modified
arrays. At time point t = 13 min single ubiquitin addition of the originally H2A.X array happened
significantly faster compared to the originally H2A.XK15ub. (error bars: standard deviation, n = 3
replicates, *P<0.05, Student’s t-test).

In summary, we successfully developed ubiquitination assays towards designer
chromatin and characterized ubiquitination kinetics in dependence of the nucleosome acidic
patch. Indeed, RNF168 activity was lowered, when the acidic patch was occluded by the anti-
cancer compound RAPTA-C. In contrast, using H4K16ac chromatin arrays led to increased
RNF168 ubiquitination activity over time, as the nucleosome acidic patch was rendered
accessible, and chromatin conformation was decompacted ** %%, We further investigated
ubiquitination kinetics in dependence of the H2AK15ub mark. Opposed to the hypothesis of
increased RNF168-dependent ubiquitination velocity upon a primary ubiquitin mark on
H2A.X, we did not observe a stimulating effect of a semi-synthetically installed ubiquitin

mark.

In single molecule measurements, contributions of an additional binding domain can
significantly influence protein binding to chromatin. In order to further understand the
contribution of UDM1 and UDM2, we decided to investigate the behaviour of RNF168
towards K63-linked di-ubiquitin chains.
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3.4. UDM1 of RNF168 is able to bind K63-linked ubiquitin chains

As we were not able to see a stimulating effect of H2A.XK15ub on RNF168
ubiquitination activity, mediated through UDM2, we sought to further investigate UDM1,
which has been shown to interact with K63-linked ubiquitin chains on the linker histone H1.2
8 Thus, we aimed to measure interactions between K63-di-ubiquitin and the UDM1 of
RNF168 using pull-down experiments. Our strategy started with immobilization of GST-
RNF168(AA 1-196) on the glutathione resin. We used the protein from bacterial lysates in
order to obtain large amounts of a continuously covered RNF168 resin. 350-500 ul RNF168-
resin were transferred to a Micro Bio-Spin™ Column per employed experimental condition
and we applied 290 pmol di-ubiquitin (K48- or K63-linked, Boston Biochem) to the RNF168-
resin. The resin was washed and elution fractions were collected. An anti-ubiquitin western
blot was done for analysis (Fig.72a). Strikingly, GST-RNF168(196) was able to pull-down
specifically K63-linked di-ubiquitin chains but not K48-linked chains (Fig.72b).

FTW1W2ELL1EL2 FTW1 W2 EL1EL2 ub K48K63

Di-ubiquitin
(kag-linked)
. (@.\‘ 75kD
— Di-ubiquitin SO0kD
Glutathione resin RNF168(UDM1) (K63-linked) 37kD
Washes l
230 - K63-poly-ubiquitin
Elutions l 20kD
15D | - - o= K63-/K48-di-ubiquitin
. 10kD - Ubiquitin
Q&
+ + 4+ + 4+ - - - - - - 4 - K48-linked di-ubiquitin
- - - 2 B -+ K63-linked di-ubiquitin

Anti-ubiquitin western blot

Fig.72 Specific K63-linked-ubiquitin chain pull-down by GST-RNF168(196)

a) Experimental strategy to test, if the UDM1 of RNF168 is able to pull-down K63-linked- or K48-
linked di-ubiquitin. GST-RNF168(196) is immobilized on glutathione beads and di-ubiquitin
variants are added in individual tubes. After wash steps, the GST-RNF168(196) is eluted together
with interaction partners. b) Anti-ubiquitin western blot shows a specific enrichment of native
K63-linked di-ubiquitin (blue), but not K48-linked di-ubiquitin (red). FT = flow through, W1-2 =
Wash1-2, EL1-2 = Elution 1-2, ub = ubiquitin band, K48 = K48-di-ubiquitin band, K63 = K63-di-
ubiquitin band. (n = 3).

As native ubiquitin chains are costly, we tested, in collaboration with the Marx
laboratory (Joachim Lutz, University of Konstanz, Germany), whether GST-RNF168(196) was

260 we repeated

able to also recognize their synthetically modified ubiquitin chains (Fig.73a)
the pull-down experiment for the native- and synthetic ubiquitin chains of both linkage types
and observed specific pull-down for the K63-linked di-ubiquitin (Fig.73b). This was an

interesting finding, as we could proof compatibility of the chemically linked ubiquitin chains
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with a biologically relevant protein system. We note that the synthetic di-ubiquitin chains
were not separated from chain formation products containing 3 or more ubiquitin moieties
to perform this experiment.
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Fig.73 Specific K63-linked-ubiquitin chain (native and synthetic) pull-down by GST-RNF168(196)

a) Shown is the difference between native ubiquitin bonds and chemically linked ubiquitin bonds.
b) Anti-ubiquitin western blot shows a specific enrichment of native (K63) and synthetic (K63s)
K63-linked di-ubiquitin, but not native (K48) or synthetic (K48s) K48-linked di-ubiquitin. , K48s =
synthetic K48-ubiquitin chains, K63s = synthetic K63-ubiquitin chains. Synthetic di-ubiquitin was
produced by Joachim Lutz. (n = 3)

It remains interesting to investigate, whether H1.2-K63-linked-di-ubiquitin can
increase RNF168 ubiquitination activity and if it is possible to measure the behaviour of
RNF168 in single molecule experiments containing the K63-linked ubiquitin in
mononucleosomes or chromatin arrays. However, this is quite challenging as H1.2-
mononucleosomes are barely stable for 1 day at 4 °C.

3.5. Conclusion

We established an RNF168-dependend ubiquitination system to ubiquitinate
chromatin fibres.
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We report several findings concerning RNF168-mediated ubiquitination. First, activity
of RNF168 was dependent on the steric availability of the nucleosome acidic patch. When
the acidic patch was occluded (RAPTA-C) or rendered accessible (H4K16ac), the
ubiquitination kinetics, based on mono- and di-ubiquitination, were altered. This was
consistent with studies employing a LANA-peptide to occlude the nucleosome acidic patch **
261 Second, it was unclear whether primary ubiquitination of H2A.X would prime RNF168 or
RNF8 for ubiquitin chain elongation. We reject the hypothesis of accelerated ubiquitination
of H2A.X by RNF168 upon installation of a primary ubiquitin-moiety on the lysine 15 residue.
Third, we were able to reproduce binding of RNF168(196) to K63-linked di-ubiquitin, but not
K48-linked di-ubiquitin, and we showed that RNF168(196) is also able to specifically bind
chemically linked K63-di-ubiquitin, but neither chemically modified K48-linked di-ubiquitin 2.
This underlines the importance of chromatin recognition by the UDM1 and shows that
chemically modified ubiquitin chains are useful for meaningful studies in combination with

260, Conclusively, we shed light

native proteins, although they cannot be hydrolysed by DUBs
onto different aspects of RNF168-mediated ubiquitination in bulk measurements, which

forms the basis to study RNF168 on the single molecule level.
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l1l Conclusions and Discussion

Understanding the recruitment- and regulation mechanisms of proteins by chromatin
PTMs and the chromatin compaction state in healthy cells is an essential step to elucidate
the mechanisms abrogated in neurodegenerative diseases and cancer. In the cell,
accessibility and availability of chromatin by effector proteins is often mediated through
networks of proteins and multiple histone PTMs, which leads to fine-tuned signalling
cascades, rather than a stringent “on-and-off” state. An example is shown by the distinction
between HR and NHEJ during the DDR, which contains numerous regulators and allows
directing towards either an error-prone or error-sensitive DNA repair mechanism. Regulation
of this process is most likely dependent on the cell cycle, as error-prone DNA repair during

replication could induce deleterious effects **%.

Here, we aimed to dissect and study chromatin-protein interactions in different
model systems using a bottom-up approach, where we built designer chromatin fibres and a
defined protein system employing TIRFM. We have shown ability to immobilized single
chromatin fibres in flow channels on a microscopy glass slide, which can be visualized as
distinct fluorescence spots, without disintegration of the chromatin fibres. Addition of
fluorescently labelled effector proteins under suitable imaging conditions allowed us to
monitor dynamics of the protein of interest towards defined sets of chromatin fibres bearing
histone modifications. Opposed to bulk measurements, here we were able to completely
control our imaging system by chemically modifying chromatin or mutating interacting
proteins and we obtained dynamic information.
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1. HP1a is a highly dynamic, multivalent chromatin reader

Establishment and maintenance of heterochromatin is essential to maintain proper
cell function. An important factor involved in heterochromatin regulation is the HPla
protein. In order to gain insight how HPla mechanistically interacts with chromatin, we
applied TIRFM to investigate proposed binding models and dissect the different binding
modes of HPla by altering available binding sites on chromatin, the amount of reader
domains within one protein unit or the protein concentration in solution.

In a first set of measurements, we tested a simple binding model of HPla
association/dissociation, which recognizes H3K9me3 during heterochromatin formation and
we obtained kinetic values in the second to millisecond timescale. Residence times on
chromatin were characterized by two exponential processes, the short phase reflecting
simple HP1-H3K9me3 interactions, while the long phase events were attributed to

multimeric interactions %%

. By altering the number of available H3K9me3-binding sites,
either using mononucleosomes or chromatin arrays with reduced H3K9me3 sites, we
learned that indeed availability of multiple binding sites in close vicinity allowed
microdissociation and rapid rebinding events. Consistently, when the CD was mutated in
HP1a, protein dynamics resembled the conditions without H3K9me3 marks. We reasoned
that in the presence of multiple H3K9me3 marks and a high concentration of HPla

45, 7!
>7% However, when

molecules, the proteins would be able to form an oligomeric complex
we increased the concentration of HPla by adding unlabelled competitor protein, we
observed a decrease in residence times and thus accelerated dynamics, known as facilitated
dissociation. Importantly, we performed our experiments using human HPla and not the
yeast homolog Swi6, which had been implicated in the oligomerization model **. We explain
these contradictory results by a distinct difference in sequence homology, as Swi6 contains
an extended a-helix in its CD as well as a lysine containing loop, which both were proposed

to represent an additional site of interaction 2.

The estimated HP1a concentration in cells is 0.5-1 uM, dependent on the chromatin
compartment . Based on the Kp of the CSD (0.5-5 uM), we expect a large fraction of cellular

HPla to be monomeric 2%V 262

. Cells circumvent this problem by CSD-affinity ligands, as
hSgol1, which interact with HP1a proteins and lead to dimerization *°. We tested a hSgol1-
based interaction peptide (P3) towards the HP1a-H3K9me3 chromatin system. Strikingly, we
observed a specific increase in residence time, when the peptide was present. These results
coincided with FRAP experiments including an HP1la variant with a point mutation in the
CSD, as a larger mobile fraction of HP1la was observed, compared to the wt protein. To
covalently link HP1a as a dimer, we developed an EPL-based approach to link the two HP1a
moieties with another hSgol1-based peptide (P2). Single molecule dynamics of the obligatory
dimeric HPlacm unveiled an increase in residency times, which was comparable to the

experiment using the dimerization peptide P3.
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Altogether, these experiments show how human HPla interacts dynamically and
highly competitively with heterochromatin (H3K9me3), dependent on available binding sites,
HP1a protein concentration and the dimerization state of HP1a. We verified the proposed
binding models showing microdissociation with rapid rebinding, facilitated dissociation and
dimeric protein binding. Further, our findings on the HP1a-H3K9me3 model validated the
functionality of our developed platform to measure single molecule protein-chromatin
interaction dynamics.

We examined the impact of HPla multivalency towards H3K9me3- chromatin
binding, we just started to understand the most essential binding mechanisms and thus it
was highly interesting to further investigate other contributing factors for HP1a binding. In a
further leading project, we investigated different linker lengths between nucleosomes and
different chromatin compaction states using H4Kl1l6ac-chromatin to study an open
chromatin conformation and H1.1-chromatin to investigate compacted chromatin '* % 2> 19
263,264 As expected, binding experiments using H4K16ac-modified chromatin arrays led to a
decrease in residency time, while H1.1-chromatin led to prolonged residency times 2.
Further, we found evidence that DNA interactions were essential to mediate efficient
H3K9me3-chromatin binding, based on experiments including HP1B, HP1y, which have been

2
6, Moreover,

shown to exert significantly reduced binding to DNA compared to HPla
phosphorylation of HP1 also contributed to DNA-mediated H3K9me3-chromatin binding **%.
All these findings allowed to invoke a kinetic model with applied simulations, which revealed

the predominant binding pathways of HP1a being involved in DNA bound states *2.
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2. A winged-helix motif of PHF1 facilitates prolonged
residence time of PRC2 on chromatin and DNA

Ability to measure single-molecule dynamics in the HP1a model system prompted us
to employ an alternative system using a protein complex involved in heterochromatin
formation. As the Miller laboratory was experienced in purification, labelling and
characterization of PRC2, we sought to apply their protein system onto our single molecule
platform. The goal was to study the effect of the polycomb accessor protein PHF1 towards
chromatin binding of PRC2.

By comparing single molecule binding experiments applying PRC2 with- or without
PHF1 using chromatin, mononucleosomes or DNA as a substrate, we detected an increase in
residence time, when PHF1 was present. Similar results were obtained in EMSA, which
enabled us to determine the Kp-values of chromatin interactions. To mechanistically explain
the anchoring effect of PHF1, we repeated these experiments with a small C-terminal
fragment of PHF1 only and we obtained results comparable to PRC2 experiments without
PHF1. Our colleagues were able to crystallize Pcll and identified a previously predicted WH
domain. When we tested a defined WH mutant, we confirmed importance of the mutated
residues, as we obtained binding kinetics as for the PRC2-only condition. Finally, HMTase
assays with reduced H3K27 methylation activity using the same WH mutant, led us to the
conclusion that PHF1 is important to anchor PRC2 onto chromatin via the WH domain of
PHF1 and thus allows efficient H3K27 methylation.

In a next step, we measured binding dynamics of PRC2 towards modified chromatin.
This included the H3K27me3, which can be recognized by the reader domain of EED, the
oncogenic mutation H3K27M and the H3K36me3 mark for actively transcribed chromatin ’*
81218 "Interestingly, we observed increased residency times for all the different chromatin
modifications and an increased association rate in conditions including the H3K36me3 mark.
Enhanced binding towards, H3K27me3 was expected, as PRC2 is a writer and reader of this
chromatin mark. However, we expected further prolonged binding of PRC2 towards the
H3K27M mutation. This was not the case, most likely due to the fact that we did not add the
cofactor SAM, which has been shown to be required for a strong effect of H3K27M on PRC2
binding . Rejecting our initial hypothesis, the H3K36me3 mark increased residency times of
PRC2 towards chromatin. Importantly, PRC2 is also responsible to drive catalysis of
H3K27mel and H3K27me2 *°® *’. We explain our results by the positive correlation of
H3K36me3 and H3K27mel at active transcription sites, as H3K27me1l is most likely driven
upon H3K36me3-mediated reduction of PRC2 activity *'® 2. The ambiguous role of
H3K36me3 in PRC2-recruitment and -function, either to establish H3K27mel or H3K27me3,
raises the question how PHF1 affects PRC2 recruitment to H3K36me3 chromatin. Presence
of PHF1, which has been able to bind H3K36me3 and subsequently leads to suppression of
H3K27 methylation, might reflect a key regulatory mechanism to determine, if high or low
activity of PRC2 is required, based on the surrounding histone landscape **°.
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In summary, we measured prolonged binding of PRC2 by PHF1 to chromatin. We
showed that mainly DNA interactions were responsible for the anchoring effect of PHF1, as
measurements using naked DNA unveiled even longer residency times than on chromatin.
Moreover, we found that a WH domain in Polycomblike proteins, was essential to prolong
PRC2 binding on chromatin or DNA and we observed increased residency times of PRC2 for
H3K27me3-, H3K27M- and H3K36me3-modified chromatin arrays using TIRFM.
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3. K63-linked ubiquitin chains recruit RNF168 to chromatin
via UDM1 and allow ubiquitination of H2A/H2A.X dependent
on the nucleosome acidic patch

We then extended our studies to a chromatin mark writer, by applying a third binding
model employing RNF168, which ubiquitinates H2A/H2A.X in the DDR. We first needed to
establish an ubiquitination system towards chromatin to study the mechanistic details. We
established expression and purification of UBE1 and UBE2D3 at high activity. Further, we
expressed and purified human ubiquitin at high levels and attached a cysteine site for
ubiquitin labelling. Finally, we refined protocols to express, label and purify RNF168 at high
activity. Expression of the truncated version (RNF168(196)) was possible in bacteria, while
expression of the full-length protein (RNF168F) was only achieved in insect cells.

Production of these ubiquitination cascade components allowed us to perform
ubiquitination assays on histone octamers and chromatin arrays containing distinct
modifications.

We tested RNF168(196)-mediated ubiquitination of chromatin arrays in dependence
of the H4K16ac mark, which sterically opens up chromatin and renders the nucleosome

14,34 Using a fluorescent readout, we showed that chromatin arrays

acidic patch accessible
containing H4K16ac were ubiquitinated faster than non-modified arrays. A recently
published anti-cancer agent, RAPTA-C, has been shown to interact with the nucleosome
acidic patch 2°°. We thought that the anti-cancer activity of RAPTA-C might be mediated by
competitive inhibition of the nucleosome acidic patch towards RNF168. Based on our
findings in H4K16ac chromatin fibres, we tested the effect RAPTA-C (at 250 uM) in RNF168-
mediated ubiquitination assays. Consistently, we observed a reduction in ubiquitination
when RAPTA-C, but not a control compound RAED-C was present. A concentration of 250
uM RAPTA-C corresponded to the ICsp-value in the A2780 cancer cell line 2% However based
on the relatively weak (2-fold) decrease in ubiquitination kinetics compared to control
conditions (wt- or RAED-C), using a system without cellular barriers or compound
degradation, we concluded that the anti-cancer activity of RAPTA-C might not solely result
from inhibition of RNF168 activity.

As RNF168F is able to bind ubiquitinated H2A/H2A.X, we wondered whether pre-
installed ubiquitin on H2A.XK15 would accelerate ubiquitination kinetics towards
attachment of an additional ubiquitin moiety *?%. In our laboratory we recently established
chemical ubiquitination of H2A.X at residue K15 as published in Kilic et al., 2018 %*°. We
performed ubiquitination assays towards chromatin containing either H2A.X or H2A.XK15ub
and measured addition of the first ubiquitination moiety using anti-H2A.X western bots.
After several minutes, this rendered a slight increase of ubiquitination, when no ubiquitin
was installed on H2A.X at the beginning of the reaction. This supported the current
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hypothesis that ubiquitin chain elongation might be driven by RNF8, as the initial ubiquitin
128

mark on H2A.X did not stimulate activity of RNF168 towards ubiquitin chain formation

As we managed to ubiquitinate chromatin fibres in vitro, we started to transfer the
ubiquitination system to the single molecule level. In comparison to the HP1la- or PHF1-
PRC2-system, DNA-mediated interactions are not the primary recruitment factor for RNF168,
which would enhance its chromatin binding affinity *. Interestingly, when we performed
pulldown experiments with RNF168(196) towards either native or chemically linked (in
collaboration with the Marx laboratory) K63-di-ubiquitin, we detected a ubiquitin signal,
which indicated interaction. A similar signal was not observed when K48-linked di-ubiquitin
was employed. Based on these results we are convinced that K63-linked interactions might
be relevant to recruit RNF168 to chromatin fibres. However, the DDR-relevant target protein
to incorporate K63-linked ubiquitin chains on nucleosomes is histone H1.2 *®. This
complicates our studies significantly, because it is challenging to incorporate K63-linked di-
ubiquitin chains on H1.2. Work is ongoing to incorporate H1.2-di-ubiquitin (which was
produced by Joachim Lutz, Marx laboratory, Konstanz, Germany) into nucleosomes. We are
convinced that nucleosome particles containing H2A.XK15ub with H1.2-K63-linked-di-
ubiquitin would enable recruitment of RNF168 in TIRFM, mediated through bivalent binding.
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4. Concluding remarks

With regard to all three different protein systems, we established a method to join
chemical biology and biophysics by chemically modifying chromatin and proteins to trace
their dynamic interactions on the single molecule level. This method enabled us to validate
different binding models of HP1a and PRC2. Although, we were not yet able to study RNF168
on the single molecule level, we expressed and characterized the protein in bulk assays,
which will help to understand how our experimental system can be optimized to study
RNF168 or other E3 ubiquitin ligases.

For both, HP1a and PRC2, we identified crucial protein-DNA interactions to ensure
stable chromatin binding and this phenomenon has also been seen for other chromatin
effectors as SUV39H1, PRC1 and BRDT, in addition to the PTM reader domains % 268271,
These findings point towards essential regulatory mechanisms through multivalent
chromatin binding via one or several specifically modified residues or non-specific properties
of the nucleosome as e.g. DNA binding. We reasoned that this might also be true for
RNF168, where an integrated action of K63-linked ubiquitin chains of a substrate X,
ubiquitination of H2A/H2A.X and accessibility of the nucleosome acidic patch are required
for stable localization of the protein towards chromatin and ubiquitination activity.
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IV Material and Methods

Some subchapters of “Material and Methods” were described as published (Kilic et
al., 2015 and Choi et al., 2017) 186, 207

1. Materials

A list of the material used in the discussed projects can be found in “VI Appendix” for
antibodies (Table A1), materials (Table A2) and equipment (Table A3). Information to the
suppliers is given in Table A4.

DNA oligos were purchased from Integrated DNA technologies (IDT, lowa, USA).
Sequencing of plasmids was done by Fasteris (Geneva, Switzerland). Fluorescent dyes were
purchased from ATTO-TEC GmbH (Siegen, Germany). Single-point mutations were done
using a QuikChange Il XL site-directed mutagenesis kit from Agilent (Basel, Switzerland).
Bacterial cells for recombinant protein expression were grown in an HT infors AG incubator
(Basel, Switzerland). Manual peptide synthesis and reactions on a solid-phase were carried
out in reaction vessels from Peptide International Inc. (KY, USA) and automated peptide
synthesis done on a Tribute instrument from Peptides International Inc. Amino acid
derivatives and resins were purchased from Novabiochem, Merck (Hohenbrunn, Germany).
Peptide synthesis (and EPL) solvents and reagents were from Acros Organics (Geel, Belgium)
(dimethylformamide, dichloromethane, N,N-diisopropyethylamine and piperidine) or Protein
Technologies Inc. (Tucson, AZ, USA) (HBTU). Cation- and anion exchange purification was
done using HiTrap SP HP (5 ml) and HiTrap Q FF (1 ml) trap from GE Healthcare. Analytical
RP-HPLC was performed on an Agilent Zorbax C18 column, employing 0.1 % TFA in water
(RP-HPLC solvent A) and 90 % acetonitirile, 0.1 % TFA in water (RP-HPLC solvent B), as the
mobile phases. Typical analytical gradients were 0-70 % solvent B over 30 min at flow rate 1
ml/min. Preparative scale purifications were conducted on an Agilent 1260 preparative HPLC
system. A Zorbax C18 preparative column (7 um, 21.2 x 250 mm) or a semi-preparative
column (5 um, 9.4 x 250 mm) was employed at a flow rate of 20 ml/min or 4 ml/min,
respectively. Fluorescence spectra measurements were carried out with a Fluorolog®-3
Horiba Jobin Yvon spectrofluorometer (Kyoto Japan). Live-cell confocal microscopy was done
on a LSM700 inverted microscope from Zeiss. For single-molecule TIRF microscopy a Nikon
Ti-E inverted fluorescence microscope, controlled by NIS-elements, equipped with a CFl Apo
TIRF 100x Oil immersion objective (NA1.49) was used.
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2. Methods

Herein, we discuss the methods, which were applied during this study.

2.1. SDS-polyacrylamide gel electrophoresis

Casting gels:

Typically, a 15 % running gel using acrylamide / bis solution (30 %, 1:29) was poured.
For polymerization with ammonium persulfate and TEMED the gel was covered with an
isopropanol layer. Then, a 5 % stacking gel was poured onto the top of the running gel.

Running conditions:

Samples (5-10 ul) for SDS-PAGE were combined with 12 ul SDS-loading dye (62.5 mM
Tris-HCl pH 6.8, 25 % (v/v) glycerol, 2 % (w/v) SDS, 0.01 % bromophenol blue) and boiled at
95 °C for 5 min. Gels were run in 1x Tris-glycine-SDS buffer (25 mM Tris-HCI pH 8.3, 192 mM
glycine, 0.5 % (w/v) SDS) for 50-60 min, 200 V, RT. Fluorescence images were taken, if
required, on a ChemiDoc™ MP imaging system.

Coomassie staining:

After electrophoresis, Brilliant blue R250 solution (0.05 % (w/v) brilliant blue R250, 45
% (v/v) methanol, 10 % (v/v) acetic acid) was added to the gel for 45 min, RT, agitating. The
gel was destained using water or Coomassie destaining solution (47.5 % (v/v) methanol, 10
% (v/v) acetic acid) for 1 h, RT, agitating.

Colloidal Coomassie staining:

After running the SDS-PAGE gel, it was fixed for 1 h in fixing solution (40 % (v/v)
ethanol, 10 % (v/v) acetic acid. Then 2x 10 min washes in MiliQ (MQ) water were performed.
The gel was stained using QC Colloidal Coomassie staining solution (Cat#: 161-0803, Bio-Rad)
at RT, 1 h or overnight, agitating. Destaining using 1 % (v/v) acetic acid was done for 1 h,RT,
agitating. Images were taken on a ChemiDoc™ MP imaging system.

2.2. Western blotting

Western transfer:

A western transfer of an SDS-PAGE gel was done by assembling the “sandwich”: A
PVDF membrane was activated for 30-60 s in methanol, rinsed with water and kept for 5 min
in Western running buffer (25 mM Tris-HCI pH 8.3, 192 mM Glycine, 0.5 % (w/v) SDS), 10-20
% (v/v) methanol). The membrane was placed on the positive plate (red) and covered with
the SDS-gel, which was placed on the negative plate (black). Transfer conditions were 200
mA, 2.-2.5 h, 4 °C in Western running buffer.
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Western blotting:

The membrane was blocked for 1 h, RT, agitating, using 5 % milk in TTBS or 5 % BSA
fraction V in TTBS buffer (50 mM Tris-HCL pH 7.6, 150 mM NacCl, 0.05 % (v/v) tween 20).
After a TTBS wash, the primary antibody (1:1000-1:2000) was added in a solution of TTBS
containing 1-2 % milk or 2 % BSA fraction V and the membrane was kept under agitation at
RT for 1 h. After 3x6 min TTBS washes, the secondary antibody (anti-mouse 1:5000, anti-
rabbit 1:10°000) HPR-linked antibody was added under agitation at RT for 50 min. After 3x5
min TTBS washes and a 1x5 min TBS (50 mM Tris-HCL pH 7.6, 150 mM NaCl) wash, the
membrane was incubated for 1-5 min in the dark with a 1:1 solution of Clarity™ Western ECL
Blotting Substrates. This was followed by subsequent imaging of the membrane using a
ChemiDoc™ MP imaging system. If the membrane was subjected to a different set of
antibodies, mild membrane stripping was performed: The membrane was washed 2x5 min in
stripping buffer (200 mM glycine, 0.1 % SDS, 1 % tween 20, pH 2.2), then 2x10 min in TTBS
and 2x5 min in TTBS.

2.3. Agarose gel electrophoresis

Casting agarose gels:

0.7-2 % agarose gels were poured by adding agarose to 1x TBE buffer (90 mM Tris-
HCI, 89 mM boric acid, 2 mM EDTA (pH 8.0)) and dissolving it using microwave heating.

Running conditions:

Gels were pre-run for 10 min at 110 V (5-10 min, RT). Samples were completed with
6x DNA loading dye (30 % (v/v) glycerol, 0.25 % (w/v) bromophenol blue, pH 8.0) and after
loading onto the gel, electrophoresis was done at 110 V (40 min, RT) in 1x TBE buffer. After
the run, fluorescence images were taken, if required, on a ChemiDoc™ MP imaging system.
Then gels were stained for 10-30 min in GelRed solution (15 ul GelRed per 50 ml MiliQ (MQ)
water). GelRed images were taken on a ChemiDoc™ MP imaging system.

2.4. Cloning

2.4.1. CPEC

Primer design and PCR protocols:

Circular polymerase extension cloning (CPEC) is a scarless and largely sequence-
independent cloning method 2’2

For CPEC, we designed 4 primers containing a ~20 bp overhang of the insert piece
and the vector piece, respectively. Such primers were also used to insert start/stop codons
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and small tags and protease cleavage sites. Melting temperatures for the part that anneals

with the insert/vector were determined using the following website:

http://www.bioinformatics.org/sms2/pcr_primer_stats.html, 20.11.2014

Primers, which were used to find a target sequence from the lab-intern HeLa cDNA

library were BLASTed in order to avoid off-target amplification using the following website:

http://blast.ncbi.nlm.nih.gov/Blast.cgi, 31.08.2017

For linearization of fragments the following PCR reactions were usually done:

Table M1 PCR reaction for vector of interest (CPEC)

Component stock Vol used (ul) Final conc.
Template DNA 1 ng/ul (plasmid) 11 ul 0.1 ng/ul
FWD primer 10 uM 5.5 ul 0.5 uM
REV primer 10 uM 5.5 ul 0.5 uM
dNTP 10 mM 2.2 ul 0.2 mM
DMSO - 3.3ul -
water - 59.4 ul -
Phusion HF buffer 5x 22 ul 1x
Phusion Polymerase | 2 U/ul 1.1 ul -
Table M2 PCR reaction for insert of interest (CPEC)
Component stock Vol used (ul) Final conc.
Plasmid or cDNA Concentration of 5ul 27?7
library cDNA library was

unknown
FWD primer 10 uM 2.5ul 0.5 uM
REV primer 10 uM 2.5ul 0.5 uM
dNTP 10 mM 1ul 0.2 mM
DMSO - 1.5 ul -
water - 27 ul -
Phusion HF buffer 5x 10 ul 1x
Phusion Polymerase | 2 U/ul 0.5 ul -
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Table M3 PCR program for vector/insert of interest (CPEC)

Step T time cycle
denaturation 95 °C 30s 1
denaturation 95 °C 10s 30-31
Annealing 66 °C (depends on 15s

primer)
Extension 72 °C (depends on 30 s per kb

polymerase)
Final extension 72°C 5 min 1
Hold 4°C forever -

The PCR product was usually analysed on an agarose gel (0.7 %) and then a Dpnl
enzyme digestion was done at 37 °C, 2 h to get rid of the starting plasmid. To obtain pure
fragments a PCR purification kit (Qiagen) was used following the manufacturer’s protocol if
the reaction was pure. If one of the reactions was not rendering a single band, we excised
the band of interest from an agarose gel and used a gel extraction kit (Qiagen) for
purification.

Table M4 CPEC PCR reaction: 2x25 ul (one reaction serves as control without the
polymerase)

Component stock Vol used (ul) Final conc.
Linear vector DNA 13.2 ng/ul 16 ul 4 ng/ul
Linear insert DNA 26.7 ng/ul 3ul 1.6 ng/ul
dNTP 10 mM 2 ul 0.4 mM
DMSO - 1.5 ul -

water - 17.5 ul -

Phusion HF buffer 5x 10 ul 1x
Phusion Polymerase | 2 U/ul 0.5ul/- -

Table M5 CPEC PCR program

Step T time cycle
denaturation 98 °C 3 min 1
denaturation 98 °C 30s 3
Annealing 66 °C 30s
Extension 72 °C (depends on 2 min

polymerase)
Final extension 72 °C 10 min 1
Hold 4°C forever -
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Transformation into bacteria:

5 ul product of the CPEC reaction were mixed with 50 ul DH5a competent cells and
were incubated on ice for 15 min. In a waterbath (42 °C) a heat shock was performed for 40
s, then the sample was placed on ice for 2 min. 900 ul SOC medium (2 % (w/v) tryptone, 0.5
% (w/v) yeast extract, 2.5 mM KCI, 10 mM MgSO,, 20 mM glucose, in MQ water, pH 6.8-7.0)
was added to the bacteria and they were grown at 37 °C for 1 h. Bacteria were centrifuged
for 1 min, 15’000 rpm, RT and they were plated on LB agar plates containing the
corresponding antibiotics (ampicillin: 100 ug/ml, kanamycin: 50 ug/ml, gentamycin: 10
ug/ml, tetracycline: 10 ug/ml).

Typically, the obtained colonies were expanded in 5 ml LB broth containing
antibiotics and the cultures were subjected to a miniprep (Qiagen). The final plasmid was
often sent for sequencing to verify successful cloning.

2.4.2. Gibson cloning

Primer design and PCR protocols:

Gibson cloning is generally very similar to CPEC cloning. One disadvantage is the cost,
as three different enzymes are required (T5 exonuclease, Phusion polymerase and Taq
ligase), but it is advantageous over CPEC as less polymerase derived mutations are
accumulated 273,

Four primers were designed for the insert of interest and the vector of interest, as
such that 25-35 bp will overlap after amplification. As for CPEC, such primers were also used
to insert start/stop codons and small tags and protease cleavage sites. Melting temperatures
for the part that anneals with the insert/vector were determined using the following
website:

http://www.bioinformatics.org/sms2/pcr_primer_stats.html, 20.11.2014

For linearization of fragments the following PCR reaction was usually done:

Table M6 PCR reaction for vector of interest (Gibson)

Component stock Vol used (ul) Final conc.
Plasmid 2 ng/ul 1.1ul 0.02 ng/ul
FWD primer 10 uM 2.75 ul 0.25 uM
REV primer 10 uM 2.75 ul 0.25 uM
dNTP 10 mM 2.2 ul 0.2 mM
MQ water - 77.8 ul -

5x Q5 buffer 5x 22 ul 1x

Q5 DNA Polymerase | 2 U/ul 1.1ul -
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Table M7 PCR reaction for insert of interest (Gibson)

Component stock Vol used (ul) Final conc.
Plasmid or cDNA Concentration of 5 ul ??? ng/ul
library cDNA library was

unknown
FWD primer 10 uM 2.5 ul 0.23 uM
REV primer 10 uM 2.5 ul 0.23 uM
dNTP 10 mM 2.2 ul 0.2 mM
MQ water - 77.8 ul -
5x Q5 buffer 5x 22 ul 1x
Q5 DNA Polymerase | 2 U/ul 1.1 ul -
Table M8 PCR program for vector/insert of interest (Gibson)
Step Temperature Time Cycle
Initial denaturation 98 °C 30s 1
Denaturation 98° C 10s 30
Annealing 58 °C (H), 62 °C (E), 30s

67 °C(C), 69 °C (A)

(Temperature

gradient, as it

depends on primers)
Extension 72 °C (depends on (30 s per 1 kb)

polymerase)
Final extension 72°C 2 min 1
Hold 12°C - 1

The PCR product was usually analysed on an agarose gel (0.7 %) and then a Dpnl
enzyme digestion was done at 37 °C, 2 h to get rid of the starting plasmid. To obtain pure
fragments, we excised the band of interest from an agarose gel and used a gel extraction kit
(Qiagen) for purification. A Gibson assembly was performed using an equimolar amount (50-
100 ng) of insert and vector in a 10 ul reaction. Half of this reaction was mixed with 15 ul
water (control) and the other half with 15 ul of “Gibson final assembly mix (1.33x Iso buffer
(133 mM Tris-HCl, 13.3 mM MgCl,, 266 uM dNTP, 13.3 mM DTT, 0.0065 % (w/v) PEG6000,
1.33 mM NAD), 0.08 U T5 exonuclease, 0.5 U Phusion polymerase, 80 U Taqg DNA ligase”. The

reactions were incubated at 50 °C (waterbath) for 60 min.
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Transformation into bacteria:

5 ul of the Gibson reaction were mixed with 50 ul DH5a competent cells and were
incubated on ice for 15 min. In a waterbath (42 °C) a heat shock was performed for 40 s,
then the sample was placed on ice for 2 min. 900 ul SOC was added to the bacteria and they
were grown at 37 °C for 1 h. Bacteria were centrifuged for 1 min, 15’000 rpm, RT and they
were plated on LB agar plates containing the corresponding antibiotics (ampicillin: 100
ug/ml, kanamycin: 50 ug/ml, gentamycin: 10 ug/ml, tetracycline: 10 ug/ml).

Typically, the obtained colonies were expanded in 5 ml LB broth containing
antibiotics and the cultures were subjected to a miniprep (Qiagen). The final plasmid was
often sent for sequencing to verify successful cloning.

2.4.3. Bacmid production

The gene of interest was cloned into a Pacebacl-vector by Gibson cloning. The vector
was transformed into DH10MultiBac cells using 100 ul of chemically competent bacteria.
They were grown at 37 °C for 4 h and plated on LB plates containing 10 ug/ml gentamycin
(pacebacl), 10 ug/ml tetracycline (helper plasmid), 50 ug/ml, kanamycine (bacmid), 0.5 mM
IPTG and 200 ug/ml X-Gal. Cells were grown for 1-5 days to make sure to only pick white
colonies, as bacteria, which incorporate the gene of interest into the bacmid, disrupt the
LacZ open reading frame and thus appear white. Selected colonies were expanded in 4 ml 2x
TY medium containing all three antibiotics (20 h, 37 °C, agitating). Mini-cultures were
centrifuged (8000 rpm, 5 min, 4 °C) and an alkaline lysis was performed as follows:

200 ul cold buffer P1 (Qiagen) was added to resuspend the pellet. Cells were lysed by
adding 200ul buffer P2 (Qiagen) for maximally 5 min, followed by addition of 280 ul buffer
N3 (Qiagen). Samples were centrifuged (13’000 rpm, 10 min, 4 °C) to keep the supernatant.
550 ul isopropanol was added, samples were mixed and centrifuged (13’000 rpm, 30 min, 4
°C). The pellet was washed with 500 ul 70 % (v/v) ethanol, centrifuged (13’000 rpm, 15 min,
4 °C) and the pellet was kept. The wash step was repeated once and the sample was air
dried under sterile conditions. The bacmid was resuspended in 40 ul sterile water. Bacmids
were analysed using a PCR reaction for the insert: 100 ng bacmid were combined with the
PCR solution (1x Q5 polymerase buffer, 0.2 mM dNTP, 1.5 mM MgCl,, 10 uM Forward primer
“pUC-M13Forward”, 10 uM Reverse primer “pUC-M13Reverse”, 1 U Q5 high fidelity
polymerase) in a final volume of 50 ul.

pUC-M13Forward: CCC AGT CAC GAC GTT GTA AAA CG

pUC-M13Reverse: AGC GGA TAA CAATTT CAC ACA GG

The following PCR program was used:
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Table M9 PCR program for bacmid verification

Step Temperature Time Cycle
Initial denaturation 94 °C 3 min 1
Denaturation 94 °C 45s 25-35
Annealing 55°C/58°C 45s

Extension 72°C 5 min

Final extension 72 °C 7 min 1
Hold 4°C - 1

5-10 ul of the PCR reaction were analysed on agarose gel electrophoresis (0.7 % gel).
The pure bacmid without insert is expected at 350 bp. The successfully modified bacmid is
expected at 2400-4200 bp.

2.5. Cell cultures and baculovirus production

Cell maintenance:

Sf9 Cells originating from Spodoptera frugiperda pupal ovarian tissue were cultivated
in SF900 Il insect cell medium with 0.5x penicillin/streptomycin (P/S, 10’000 U/ml stock) at
28 °C, shaking at 90 rpm in a cell incubator (Ecotron, Infors HT).

Splitting cells:

Cells were grown to 2-4 x10° cells/ml and counted using a Neubauer counting
chamber and every 2-3 days until passage 25, cells were diluted in fresh Sf900 Il medium to
0.5-0.6 x10° cells/mll.

Freezing cells/Thawing cells:

For freezing, insect cells were centrifuged at 27 °C, 5 min, 1000 rpm. Freezing
medium (10 % Fetal calf serum (FCS), 10 % DMSO (sterile) in SF-900 Il medium (no P/S)) was
used to resuspend the cell pellet. 1 x10’ cells per freezing vial were frozen in a slow cooling
gradient and stored in a liquid nitrogen preservation tank. To revive cells, the frozen cells
were thawed at 37 °C rapidly and diluted in 25 ml SF900 II medium containing 0.5x P/S and 5
% FCS.

Baculovirus production:

We followed tightly the Invitrogen guide “Bac-to-Bac® Baculovirus Expression
System”:
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To obtain a first viral stock “P1”, 8 x10° Sf9 cells were plated in each well of a six-well
plate. Cells were allowed to attach for 15 min, RT. Grace insect medium containing 1.5 % FCS
was combined with Cellfectin Il reagent (Cellfectin 1l 2:25). 2 ug of the bacmid of interest was
diluted in 100 ul Grace insect medium, then the bacmid solution was combined with the
Cellfectin 1l 2:25 solution and incubated at RT for 15 min. Finally, the Cellfectin Il bacmid
solution was added dropwise to the cells and cells were incubated at 28 °C for 5 h. The
Cellfectin 1l bacmid solution was withdrawn and baculovirus was propagated in Sf900 Il
medium with P/S for 96 h at 28 °C. As infected cells appeared enlarged and detached from
the surface of the six-well plate, we centrifuged them for 5 min, 200 xg, RT, complemented
the supernatant with 1 % FCS and stored the viral stock P1 at 4 °C, light protected.

To obtain a viral stock P2 T75 tissue culture flasks were seeded with 2 x10’ cells and
P1 was added using the following formula:

Viral amplification:

0.1MOI x 2x107 cells
assumed P1 viral titer: 5x10pfu/ml

(M1)

P1(required) =

After 3 days viral stock P2 was collected as and stored as described above for P1. To
obtain viral stock P3 the procedure was repeated using P2 as inoculum and Nalgene™
Erlenmeyer culture flasks.

Viral plaque assay

The viral titer of viral stock P3 was determined as follows:

10° cells per well were allowed to attach in 6-well plates. Serial dilutions of viral stock
P3 were prepared reaching from 10™ to 10® and added to the cells for exactly 1 h. Then 1 %
agarose in 1x SFO00 Il medium was added to the six-well plate agarose was left to solidify for
1 h, RT. Then six-well plates were kept in a humid chamber at 28 °C for 10 days. Viral plaques
were counted to determine the viral titer of viral stock P3.

2.6. Peptide synthesis

Peptide P1 (Thz-G,-C3-CONH,, Thz: thiazolidine) was synthesized manually on a Rink
amide resin using Boc-Thiazolidine and FMOC-Cys(Trt)-OH, employing a FMOC-protection
strategy and standard HBTU coupling protocols. The peptide was cleaved from the resin
using 95 % TFA, 2.5 % TIS, 2.5 % water and purified using preparative RP-HPLC (on a 20-50 %
gradient). Subsequently, 1.5 mg peptide (5 umol) was dissolved in labelling buffer (200 mM
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phosphate pH 7.3, 5 M guanidium hydrochloride) to a concentration of 10 mM. 1 mg of
Atto532-iodoacetamide (1 umol) was subsequently added in 50 ul DMSO, and the reaction
was incubated until completed as judged by RP-HPLC. Residual unreacted dye was quenched
by the addition of 2 mM BME. Then, 0.5 M methoxylamine was added and the pH was
adjusted to 5 using 2 M NaOH. Opening of the thiazolidine was followed by RP-HPLC and ESI-
MS. After completion the peptide was purified using semipreparative RP-HPLC and a
gradient of 0-70 %B in 45 min. Final products were analysed by RP-HPLC and ESI-MS
(calculated exact mass = 1009.26 Da, observed mass = 1008.25 Da).

Peptide P2 (ac-K;S;L3Y4PsVeV7KslgR10R11K12G13C14G15-CONH,) was synthesized on the
Tribute automated peptide synthesizer (PTI) using standard HBTU coupling protocols, and
the following protection groups: Cys(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu). In addition,
Ki and K;; were included containing an Alloc-protecting group. After synthesis, the N-
terminus was acetylated using 3x20 min incubation of peptidyl-resin with 10 % acetic
anhydride, 10 % N,N-diisopropyethylamine (DIPEA) in dimethylformamide (DMF), followed
by extensive washes. Then, the Alloc-groups on the two lysines were removed by 3x30 min
treatment of the peptidyl-resin with 0.25 equivalents of tetrakis(triphenylphosphine)
palladium(0) (Pd(PPhs)s) in dichloromethane (DCM) and containing 24 equivalents of
phenylsilane (PhSiH3). The resin was subsequently washed with 0.5 % DIPEA in DMF, 0.5 %
sodium diethylthio-carbamate in DMF, 0.5 % hydroxybenzotriazole in DMF and finally DMF.
Then, Boc-Thz was coupled to both deprotected lysines in one step using standard HBTU
activation and 10x excess to the peptide. Subsequently, the peptide was cleaved from the
resin and labelled with Atto532-iodoacetamide as described for P2. The final product was
analysed by RP-HPLC and ESI-MS (calculated MW = 2680.24 Da, observed MW= 2679.35 Da).

Peptide P3 (NH»-N1V,S3L4YsP6V,VsKglioR11R12L13514-CONH,) was synthesized on the
Tribute automated peptide synthesizer (PTI) using standard HBTU coupling protocols, and
the following protection groups: Asn(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu). After
cleavage from the resin the peptide was purified using preparative RP-HPLC and analysed by
RP-HPLC and ESI-MS (calculated MW = 1685.03 Da, observed MW= 1685.3 Da.

Peptide P4 (NH»-N{V,S3L4Y5AsV7AsKoA10R11R1,L13S14-CONH;) was synthesized on the
Tribute automated peptide synthesizer (PTI) using standard HBTU coupling protocols, and
the following protection groups: Asn(Trt), Lys(Boc), Arg(pbf), Tyr(tBu), Ser(tBu). After
cleavage from the resin the peptide was purified using preparative RP-HPLC and analysed by
RP-HPLC and ESI-MS (Calculated MW = 1589.03 Da, observed MW= 1588.6 Da).

2.7. HP1a purification and labelling

HP1a (CBX5) was cloned into a pET15b expression vector, which harbours an N-
terminal hexahistidine-tag (6xHis) with a downstream thrombin cleavage site. Subsequently,
the protein was expressed in E.coli BL21 DE3 cells, as follows: 3 liter LB media supplemented
with 100 ug/ml ampicillin were inoculated from starter cultures and incubated at 37 °C with
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220 rpm rotation for 2 h. The temperature was then reduced to 18 °C and the cultures were
allowed to grow until reaching an OD600 of 0.6. Expression was induced by addition of IPTG
to a final concentration of 0.25 mM, followed by further incubation at 18 °C for 16-20 h. Cells
were harvested, resuspended and lysed in Ni-NTA lysis buffer (25 mM phosphate, 50 mN
NaCl, 5 mM imidazole, 1 mM protease inhibitor tablet/50 ml, pH 8.0) by sonication.

Lysed cells were centrifuged at 15’000 xg for 15 min and the soluble fraction was
loaded onto 2 ml Ni-NTA resin per liter culture. The protein was bound to the resin by gentle
nutating for 30 min before the flow through (FT) was collected. Then, the resin was washed
with 2x5 column volumes (CVs) of Ni-NTA wash buffer (25 mM phosphate pH 8.0, 50 mM
NaCl, 20 mM imidazole), and then the protein eluted with 2x1.5 CV of Ni-NTA elution buffer
(25 mM phosphate pH 8.0, 50 mM NaCl, 400 mM imidazole). Elutions were pooled and
purified using AIEX using 1 ml HiTrap Q FF: After loading the protein solution, the column
was washed with 3 CV of AIEX buffer A (50 mM phosphate pH 7.5, 50 mM NaCl) and
subsequently eluted using a 0-100% gradient from AIEX buffer A to AIEX buffer B (50 mM
phosphate pH 7.5, 1000 mM NaCl) over 20 CV followed by 3 CV of AIEX buffer B. Fractions
were analysed using SDS-PAGE and pooled accordingly. 10 U of thrombin were added to the
pooled fractions from AIEX to remove the N-terminal 6xHis-tag. Cleavage was monitored by
RP-HPLC and ESI-MS, and was typically complete after 2-3 h. The cleaved protein was then
purified by gel filtration on a Superdex 200 10/300GL column, using HP1 gel filtration buffer
(50 mM HEPES pH 7.5, 150 mM NaCl, 2.5 mM DTT). Fractions containing the protein were
pooled and concentrated to 40-100 uM. Then the protein was either mixed with glycerol to a
final concentration of 30 % glycerol, flash frozen and stored at -80 °C or kept on ice at 4 °C
until use.

HP1a labelling using EPL:

Lyophilized stocks of NpuC-peptide (prepared as described **) were dissolved in
water to a concentration of 2 mM, as quantified by UV spectroscopy (€2sonm, Npuc-cysome =
2980 M'ecm™. 125 ul stocks of this were flash frozen and stored at -80 °C for later use. For
the preparation of NpuC-resin, 500 ul of Sulfolink resin slurry was put into a small fritted
column and washed with water. A 125 ul stock of the NpuC-CysOMe peptide was mixed with
125 ul of 2x coupling buffer (100 mM Tris pH 8.5, 10 mM EDTA), TCEP was added to a final
concentration of 25 mM and the pH was adjusted to 8.5. The peptide solution was the added
to the Sulfolink resin in the capped fritted column and incubated for 45 min (15 min
included agitation by nutation), then the column was drained and washed with 2x1 CV of 1x
coupling buffer. Residual unconjugated iodoacetamide groups on the resin were capped by
treatment with cysteine methylester (CysOMe). 500 ul of HP1a-GG-NpuN-6xHis at a
concentration of 50 uM was added to 125 ul of the NpuC resin in a small fritted column and
incubated on a nutator for 5 min. The flow through was collected and the resin washed with
4 CV of binding buffer (100 mM phosphate pH 7.2, 1 mM EDTA, 1 mM TCEP) with 500 mM
NaCl, 4 CV of binding buffer with 300 mM NaCl and 4 CV of binding buffer with 150 mM
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NaCl. Then 1 CV of in situ EPL buffer (50 mM MPAA, 200 mM MESNA, 100 mM phosphate,
pH 7.7-7.9, 150 mM NacCl, 10 mM TCEP, 1 mM EDTA) containing 1 mM of peptide P1 was
added to the resin and the column was capped and incubated on a nutator for 16-18 h. The
eluate was collected and the column further washed with 3x1 CV of intein column elution
buffer (200 mM MESNA, 100 mM phosphate, pH 7.2, 150 mM NaCl, 10 mM TCEP, 1 mM
EDTA). All fractions were analysed by SDS-PAGE. Elution fractions were pooled and purified
by gel filtration using a Superdex S200 10/300GL column using HP1 gel filtration buffer.
Fractions with the labelled/dimerized protein were analysed by SDS-PAGE, pooled and
concentrated to 10-20 uM. 20 % glycerol was added, the final concentration and labelling
efficiency was determined by UV spectroscopy using the extinction coefficient for HP1a at
280 nm of Eg0nm = 29450 M.'cm™ and for Atto532 at 532 nm of Es3pnm = 115000 M™cm™.
Further the fluorescence emission spectra were analysed by fluorometry. The labelled
protein was mixed with glycerol and flash frozen in 5-10 ul aliquots in liquid N, and stored at
-80 °C until use. Finally, the protein was further analysed by RP-HPLC and ESI-MS (HPla
(Atto532): calculated molecular weight (MW) = 23°200.0 Da, observed MW = 23'204.0 Da).

2.8. TEV protease expression and purification

TEV protease was expressed in Rosetta cells (1 liter LB medium, 100 ug/ml ampicillin,
35 ug/ml chloramphenicol, 2 g/l glucose). Cells were allowed to grow until an OD600 of 0.6
and then they were induced using 1 mM IPTG (16 °C, 16-20 h). 25 ml Ni-NTA lysis buffer
without protease inhibitors were used to dissolve the bacterial pellet from a 1 liter culture.
The pellet was flash frozen and kept at -80 °C until further use.

After thawing, the lysate was sonicated, centrifuged (10 min, 15’000 rpm, 4 °C) and
the supernatant was filtered (0.2 um diameter filter). 2.5 ml Ni-NTA resin were equilibrated
with 10 mM imidazole (1 h, 4 °C). The lysate was incubated with the Ni-NTA resin for 1 h (4
°C, gentle agitation). Afterwards, the flow through was collected and 2x5.2 CV washes were
performed with TEV-Ni-NTA wash buffer | (25 mM phosphate pH 8.0, 50 mM NaCl, 20 mM
imidazole) and 2x5.2 CV TEV-Ni-NTA wash buffer Il (25 mM phosphate pH 8.0, 50 mM NaCl,
50 mM imidazole). Elutions were performed using 5x0.8 CV TEV-Ni-NTA elution buffer (50
mM phosphate pH 8.0, 300 mM NacCl, 250 mM imidazole). Each elution fraction was
complemented immediately with 1 mM DTT and 1 mM EDTA to prevent precipitation of the
protease. The self-cleavable MBP-tag was removed operating a 2 ml MBPTrap HP (GE
Healthcare) manually as follows: the pooled Ni-NTA elutions were diluted (1:1 volume) in
MBP binding buffer (20 mM Tris-HCIl pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT). The
column was equilibrated with water and MBP-binding buffer, then the sample was applied
and washed using 1x7 CV MBP-binding buffer. 1x5 CV MBP-elution buffer was applied for
MBP protein elution (20 mM Tris-HCl pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 10 mM
maltose), while the TEV protease was collected from the flow through and wash fractions.

TEV-containing fractions were concentrated using filter columns (10K, 4 ml, Amicon
using centrifugation (4000 xg, 5-30 min, 4 °C)) and then the columns were used for a buffer
136



exchange (5x steps) with TEV protease buffer (20 mM Tris-HCI pH 8.0, 200 mM NacCl, 2 mM
EDTA). Then, 10 mM DTT and 25 % (v/v) glycerol were gently added to the concentrated TEV
protease sample. The TEV protease was kept at -20 °C until use.

2.9. Expression and purification of ubiquitin machinery proteins

2.9.1. UBE1 purification

The plasmid of the human ubiquitin-activating enzyme E1 (hUBE1) was purchased
from Addgene (Plasmid #34965, Cynthia Wolberger *’*) and expressed in bacteria. Notably,
successful expression was only obtained in Rosetta™ 2 ((DE3) Competent cells (71397-3) (F-
ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CAMR))) E.coli cells using 0.2 mM IPTG for
induction in 1 liter LB medium (ampicillin 100 ug/ml) containing 1 uM zinc chloride at an
0OD600 of 0.6 at 16 °C during 16 h. The pellet was dissolved in 25 ml Cell lysis buffer (50 mM
Tris pH 8.0, 300 mM NaCl, 1 uM ZnCl,, 0.05 % (v/v) Nonidet P40, 5 mM BME, 5 mM trisodium
citrate, 10 % (w/v) glycerol, 1 mM PMSF, 1 protease tablet (SigmaFAST, EDTA free) per 50
ml) and frozen at -80 °C. After thawing, the lysate was complemented with 1 mM BME, 0.1
mM ATP and 1 mM MgCl, and subsequently lysed by sonication.

Lysed cells were centrifuged at 15’000 xg for 10 min and the soluble fraction was
filtered and then loaded onto 1.5 ml Ni-NTA resin per liter culture, as the protein contains an
N-terminal 6xHis-tag. The protein was bound to the resin by gentle nutating for 1 h (4 °C)
before the flow through was collected. Then, the resin was washed with 2x5.3 CVs of E1-Ni-
NTA wash buffer | (50 mM phosphate pH 8.0, 300 mM NaCl, 20 mM imidazole, 1 mM BME,
0.1 mM ATP and 1 mM MgCl,), 2x5.3 CVs of E1-Ni-NTA wash buffer Il (50 mM phosphate pH
8.0, 300 mM NacCl, 50 mM imidazole, 1 mM BME, 0.1mM ATP and 1 mM MgCl,), and then
the protein was eluted with 6x0.33 CV of E1-Ni-NTA elution buffer (50 mM phosphate pH
8.0, 300 mM NacCl, 250 mM imidazole, 1 mM BME, 0.1 mM ATP and 1 mM MgCl,). Elutions
were pooled, concentrated using filter columns (3K, 0.5 ml, Amicon) and then the columns
were used for a buffer exchange (6xsteps) with E1 buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 0.1 mM DTT, 10 % (v/v) glycerol, 0.1 mM ATP, 1 mM MgCl,). The sample was flash
frozen and stored at -80 °C until use. We note that the final fraction was not entirely pure,

but it was as pure as published previously, which was sufficient for ubiquitination assays 229,

2.9.2. UBE2D3 purification

The plasmid of the human ubiquitin-conjugating enzyme E2 (UBE2D3) was purchased
from Addgene (Plasmid #15784, Wade Harper 2”°) and expressed in bacteria (Rosetta, 16 °C,
16 h, 0.5 mM IPTG, 1 uM zinc chloride, 100 ug/ml ampicillin in 1 liter LB medium) at an
0D600 of 0.6. Expression and purification of the protein worked well, but initial activity tests
showed no activity, compared to a commercially available hUBE2D3 version from Boston
Biochem. In order to obtain comparable activity we had to reduce an N-terminal tag in the
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plasmid construct and further to reverse a point mutation (P18L) to obtain the native proline
at position AA 18.

After expression, the pellet was dissolved in 25 ml Cell lysis buffer and frozen at -
80°C. After thawing, the lysate was sonicated. Lysed cells were centrifuged at 15’000 xg for
10 min and the soluble fraction was filtered and then loaded onto 1.5 ml Ni-NTA resin per
liter culture, as the protein contains an N-terminal 6xHis-tag. The protein was bound to the
resin by gentle nutating for 1 h (4 °C) before the flow through was collected. Then, the resin
was washed with 2x5.3 CVs of E2-Ni-NTA wash buffer | (50 mM phosphate pH 8.0, 300 mM
NaCl, 20 mM imidazole, 5 mM BME, 0.1 mM ATP, 1 uM ZnCl;, 1 mM MgCl,, 1 mM PMSF),
2x5.3 CVs of E2-Ni-NTA wash buffer Il (50 mM phosphate pH 8.0, 300 mM NacCl, 50 mM
imidazole, 5 mM BME, 0.1 mM ATP, 1 uM ZnCl,, 1 mM MgCl,, 1 mM PMSF), and then the
protein eluted with 5x0.66 CV of E2-Ni-NTA elution buffer (50 mM phosphate pH 8.0, 300
mM NaCl, 250 mM imidazole, 5 mM BME, 0.1 mM ATP, 1 uM ZnCl,, 1 mM MgCl;, 1 mM
PMSF). Elutions were pooled, concentrated using filter columns (3K, 0.5 ml, Amicon) and
then the columns were used for a buffer exchange (6xsteps) with TEV cleavage buffer (20
mM Tris-HCI pH 7.4, 100 mM NaCl, 5 mM BME, 10 uM ZnCl,, 5 mM citrate). To remove
potential aggregates the sample was centrifuged (5 min, 13’000 rpm, 4 °C) and the
supernatant was kept.

TEV protease was applied to remove the N-terminal 6xHis-tag for 16 h (4 °C, gentle
nutation, 1:20 weight ratio TEV protease). After completion, a reverse Ni-NTA purification
was done on 2 ml resin. The TEV-protease and uncleaved UBE2D3 were bound to the resin
by gentle nutating for 30 min (4 °C). 2x2 CV washes were done with TEV cleavage buffer to
collect the UBE2D3. Then, 2x2 CV and 1x4 CV washes using E2-REV-Ni-NTA wash buffer | ((50
mM phosphate pH 8.0, 300 mM NacCl, 20mM imidazole) were performed and collected. 2x4
CV washes using E2-REV-Ni-NTA wash buffer Il ((50 mM phosphate pH 8.0, 300 mM NacCl, 50
mM imidazole) were done to collect potentially residual protein. Fractions were pooled,
concentrated using filter columns (3K, 0.5 ml, Amicon) and then the columns were used for a
buffer exchange (6xsteps) with E2 buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 uM ZnCl,, 1
mM MgCl,). Then the sample was complemented with 1 mM DTT and 10 % (v/v) glycerol. To
remove potential aggregates the sample was centrifuged (5 min, 13’000 rpm, 4 °C) and the
supernatant was flash frozen and stored at -80 °C until use.

2.9.3. Ubiquitin purification
Tag-less ubiquitin purification:

The histone modification and small protein ubiquitin (human ubiquitin variant C) was
expressed in BL21 DE3 bacteria (37 °C, 4 h, 0.5 mM IPTG, 100 ug/ml ampicillin in 1 liter LB
medium). To increase the yield drastically we decided to use a tag-less purification strategy,

which precipitates all non-ubiquitin proteins at pH 5 '%’.
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After expression, the pellet was dissolved in 25ml ubiquitin lysis buffer (20 mM
HEPES pH 7.5, 66 nM ZnCl,) and frozen at -80 °C. After thawing, the lysate was sonicated.
Lysed cells were centrifuged at 15’000 xg for 10 min and the soluble fraction was filtered.
The filtered lysate was dialysed (Spectra/por, 3’500 MWCO, 29 mm diameter) for 24 h (4 °C)
towards 100 mM acetic acid (pH 5.0). Aggregates were removed by 2x centrifugation (12°000
rpm, 30 min, 4 °C). A cation exchange column (HiTRap™ SP HP, 5 ml) was used as ubiquitin
has a Pl = 6.56 and thus is positively charged at pH 5. After equilibration of the column in
Cation buffer A (100 mM acetic acid pH 5, 10 mM NaCl) the ubiquitin sample was applied
and the flow through was collected. A wash using 1x5 CV Cation buffer A was performed,
then the ubiquitin was eluted using a salt gradient from 100 mM to 1000 mM NaCl with
250mM NaCl intervals (3 CV buffer volume for each step). Fractions were analysed by SDS-
PAGE and ubiquitin-containing fractions were desalted using RP-HPLC (semi- or preparative
C18 column, 2 ml/min flow). Quality of the purified ubiquitin was analysed on RP-HPLC
(analytical C18 column) and ESI-MS. The collected protein was lyophilized, kept at -20 °C and
dissolved in water (1 mg/ml) prior to usage.

His-tagged Cys-ubiquitin purification:

Purification of the tag-less ubiquitin version containing a cysteine mutation led to
losses of protein yield. Thus, we used a construct containing a His-tag for protein purification
(Construct: His-Thrombin-C-hUBIQUITIN (variant C), short: C-ubiquitin). C-ubiquitin was
expressed in BL21 DE3PIyS cells (37 °C, 4 h, 0.2 mM IPTG, 100 ug/ml ampicillin in 1 liter LB
medium). The protein was purified using Ni-NTA resin (see HP1a purification protocol) and
preparative RP-HPLC (as ubiquitin) by Caroline Lechner (LCBM, EPFL, CH). The lyophilized
protein was dissolved in guanidine labelling buffer (6 M guanidium hydrochloride, 200 mM
sodium phosphate, pH 7.4) to a final concentration of 75 uM. A 10x excess of fluorescein-5-
maleimide, dissolved in DMSO, was added to the protein. The reaction was kept covered in
aluminium foil (4 °C) for 20 h. Then the reaction was purified using RP-HPLC on a semi-
preparative C18 column. The collected fractions were analysed by SDS-PAGE, analytical RP-
HPLC and ESI-MS.

2.9.4. RNF168 purification from bacterial expression

In the following, we will focus only on the strategy, which allowed us to produce
highly enzymatically active versions of RNF168.

The E3 human ubiquitin-ligase (hRRNF168) was cloned from a lab-internal human
cDNA library. RNF168 was expressed in Rosetta cells (16 °C, 16h, 0.2 mM IPTG, 1 uM zinc
chloride, 100 ug/ml ampicillin in 1 liter LB medium) harbouring an N-terminal GST-tag and a
C-terminal STREP-tag to perform a two-sided purification, as the protein stability at
temperatures higher than 4 °C was very low and a lot of degradation products can appear.
Initial purification via Ni-NTA resin (as published in Zhang et al., 2013) using a His-tag failed

251

multiple times, as protein activity was lowered drastically >~. Further the protein (truncated
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or full-length) is very sensitive to agitation and temperatures higher than 4 °C should be
avoided rigorously during purification.

After expression, the pellet was dissolved in 25 ml Cell lysis buffer and frozen at -80
°C. Then, after thawing, the lysate was sonicated. Lysed cells were centrifuged at 15’000 xg
for 10 min and the soluble fraction was filtered and then loaded onto 1.5ml glutathione resin
per liter culture, as the protein contains an N-terminal GST-tag. The protein was bound to
the resin after equilibration with PBS (pH 7.3) by gentle nutating for 1 h (4°C) before the flow
through was collected. Then, the resin was washed with 3x10 CV of GST-binding buffer (PBS
pH 7.3, 1 mM BME, 1 uM ZnCl,). RNF168 was eluted with 5x1.3 CV GST-elution buffer (PBS
pH 7.3, 1 mM BME, 1 uM ZnCl,, 10 mM reduced L-glutathione). Elutions were pooled,
concentrated using filter columns (3K, 0.5 ml, Amicon) and then the columns were used for a
buffer exchange (6xsteps) with ybbr labelling buffer (50 mM HEPES pH 7.5, 1 mM BME, 1 uM
ZnCly). TEV protease was applied to remove the N-terminal GST-tag for 16 h (4 °C, gentle
nutation, 1:20 weight ratio TEV protease). After successful TEV cleavage, RNF168 was
subjected to a Streptactin XT superflow column to ensure enrichment of the non-truncated
protein by its C-terminal STREP-tag. After equilibration of the column with buffer W (100
mM Tris-HCl pH 8.0, 150 mM NaCl, 1 uM ZnCl,, 1 mM PMSF, 1-5 mM BME) the protein was
applied and the flow through was collected. We performed 7x1 CV buffer W washes. Elution
was done using 6x0.5 CV buffer E (100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 uM ZnCl,, 1 mM
PMSF, 1-5 mM BME, 50 mM biotin). Fractions were pooled, concentrated using filter
columns (3K, 0.5 ml, Amicon) and then the columns were used for a buffer exchange
(bxsteps) with buffer W. To remove potential aggregates the sample was centrifuged (5 min,
13’000 rpm, 4 °C). We added 20 % (v/v) glycerol to reduce freezing damage, flash froze the
protein in liquid nitrogen and kept the protein at -80 °C until use. Following this strategy, one
liter bacterial culture rendered 190 ug RNF168(196).

2.9.5. RNF168 purification from insect cell expression

Upon expression, 232 ml insect cell culture were centrifuged (200 xg, 6 min, 4 °C) and
the pellet was flash frozen and stored at -80 °C. The pellet was dissolved in 56 ml Cell lysis
buffer, sonicated and centrifuged (20’000 xg, 30 min, 4 °C). STREP purification was done by
equilibrating 3x1 ml Streptactin XT Superflow columns with buffer W2 (100 mM Tris-HCI pH
8.0, 150 mM NaCl, 2uM ZnCl,, 1-5 mM BME). Then the protein solution was added to the
three columns equally and flown through slowly for binding. Each column was washed with
8x1 CV buffer W2. Elutions were done with 6x1 CV buffer EI2 (100 mM Tris-HCI pH 8.0, 150
mM NacCl, 2 uM ZnCl,, 1-5 mM BME, 50 mM biotin). We added TEV protease (1:1 weight
ratio) to the sample to cleave off the C-terminal STREP-tag during 16 h at 4 °C (gently
agitating). The sample was centrifuged (13’000rpm, 5 min, 4°C) to remove aggregates and
subjected to ybbr-labelling in 15x1.1 ml volumes using 0.7 uM Sfp synthase (NEB), 9 uM
Alexa568-CoA, 10 mM MgCl,, 1 mM BME (was already in the sample) and 1-2 uM protein-
ybbr. Reactions were incubated for 3.5 h (4 °C, gently agitating). To remove the remaining

Alexa568-CoA, we performed a FLAG-affinity purification on magnetic FLAG-beads. 15x200 ul
140



packed beads were equilibrated with 2 ml TBS buffer (50 mM Tris-HCl pH 7.4, 150 mM NacCl),
then the labelled RNF168 solution was added to the beads (16 h, 4 °C, gently agitating). The
supernatant was removed (FT) beads were washed with 24x5 CV FLAG-Wash buffer (50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 0.4 mM BME, 10 % (v/v) glycerol, 2 uM ZnCl,) and eluted 4x1
CV using FLAG-Elution buffer (50 mM Tris-HCIl pH 8.0, 150 mM NacCl, 0.4 mM BME, 10 % (v/v)
glycerol, 2 uM ZnCl,, 100 ug/ml| FLAG-peptide (produced by Caroline Lechner). During the
first elution step the buffer was incubated with the beads for 2 h (4 °C, gently agitating) and
for the subsequent 3 elution steps incubation was done for 30 min each. Elutions were
pooled and concentrated using filter columns (3K, 0.5 ml, Amicon). Potential aggregations
were removed by centrifugation (13’000 rpm, 5 min, 4 °C. The sample was flash frozen and
stored at -80 °C until use. Ubiquitination assays were done to confirm activity of the labelled
protein. Sometimes the protein was purified without labelling. To do so, the procedure was
stopped after the streptactin purification.

2.10. CoA labelling

8 mM Alexa Fluor 568 C5 maleimide (dissolved in anhydrous DMSQO) was combined
with 16.8 mM CoA trilithium salt, which had been dissolved in sodium phosphate buffer (100
mM sodium phosphate pH 7) previously. The reaction was kept gently agitating at RT for 1 h.
The reaction mixture was purified using semi-preparative C18 column (0-70 % gradient B)
and the two enantiomers of Alexa568-CoA were collected, as both can be used for labelling
of ybbr-proteins. The pure fractions were lyophilized and kept at -20 °C until use.

2.11. Ybbr labelling
For PRC2:

Ybbr-labelling for EZH2 was done in 250 ul volumes using 50 mM HEPES, 150 mM
NaCl, 1 uM Sfp synthase (NEB), 10 uM DY547-CoA (NEB), 10 mM MgCl, and 5 uM ybbr-
protein. The reaction was kept for 2h with soft nutation (4 °C, wrapped in aluminium foil)
and analysed by SDS-PAGE. This was done by Jeongyoon Choi.

For RNF168:

Ybbr-labelling was done in 100 ul volumes after STREP-tag purification for
RNF168(196) using 0.4 uM Sfp synthase (NEB), 10 uM Alexa568-CoA, 10 mM MgCl,, 1 mM
BME and 10 uM protein-ybbr. The reaction was kept for 1-2h with soft nutation (4 °C,
wrapped in aluminium foil) and monitored by SDS-PAGE.
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2.12. Nucleosome core particle assembly

2.12.1. 177bp 601 DNA recovery

12x177 bp 601 DNA gigaprep:

The plasmid harbouring the desired sequence “BFD14 pWMS530 (4181 bp)” was
heat-shock-transformed into a competent DH5a bacterial strain. The bacteria containing the
plasmid were cultured in 6 liter 2x TY (1.6 % (w/v) tryptone, 1 % (w/v) yeast extract, 0.5 %
(w/v) NaCl, pH 7.0) complemented with 100 ug/ml ampicillin (20 h, 37 °C, 200 rpm) and 2
drops per liter of antifoam. The cultures were centrifuged (4000 xg, 10 min, 15 °C), and an
alkaline lysis was done at 4 °C: 6 x 1 liter bacterial pellets were dissolved in 80 ml lysis buffer
1 (50 mM glucose, 25 mM Tris, 10 mM EDTA, pH 8.0), then 240 ml lysis buffer 2 (0.2 M
NaOH, 1 % SDS, RT) was added for maximally 5 min and next 240 ml lysis buffer 3 (4 M
potassium acetate, 2 M acetic acid) were added until precipitation formed. The mixture was
incubated on ice for 15 min and then centrifuged for 15 min, 11’000 xg, 4 °C.

12x177 bp 601 DNA isopropanol precipitation and purification:

The supernatant was filtered through two layers of miracloth and 0.52 volumes of
isopropanol were added. The mixture was incubated at RT for 30 min, then centrifuged at
11’000 xg, RT, 20 min. The pellet was dried and 25 ml TE 10/50 buffer (TE 10/50 (10 mM Tris,
50 mM EDTA) was added. 1 mg RNase A was added and the reaction was kept at 37 °C, 2 h.
Afterwards, the reaction was complemented with 2 M KCl and TE 10/50 buffer was added to
a total volume of 35 ml. The sample was centrifuged at 20’000 xg, 10 min, 10 °C. The plasmid
was purified using FPLC (AKTA™ pure, unicorn6.3; Column: Sepharose 6 XK 30/50 (560 ml
column volume), 50 ml superloop) and collected in the void volume of the column. The
fractions containing the desired plasmid were subjected to another isopropanol
precipitation and dissolved in TE 10/50 buffer.

12x177 bp 601 DNA labelling and biotinylation via oligo ligation for chromatin arrays:
a) Preparation of the 12x601 sequence (unlabelled array DNA)

The DNA, which was isolated with an isopropanol precipitation was ethanol
precipitated (1:10 volumes of 24 M NaAc pH 5.2 and 2.5 volumes of cold ethanol,
precipitated for 30 min at -20°C and pellet wash with 70% ethanol) for resuspension in MQ
water. An HF-EcoRV restriction digestion was performed and the restriction enzyme was
heat inactivated afterwards. The 12x177 bp 601 piece was PEG precipitated and
dephosphorylated using Antarctic phosphatase. After heat inactivation, another ethanol
precipitation was done, followed by an HF-Bsal restriction digestion (3 h, 37 °C) with
subsequent heat inactivation. A 7 % (w/v) PEG precipitation was performed twice by adding
1:10 volumes of 5 M NaCl and PEG from a 40 % stock solution. Each precipitation was done
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at 4 °C for 1 h. The final pellet was dissolved in 1x TE buffer (10 mM Tris-HCl pH 8.0, 1 mM
EDTA). To remove NaCl another ethanol precipitation was done.

b) Preparation of the biotin/Atto647N oligo

A TIRF adaptor DNA oligo (5’-/5Phos/CAG CTA GTC TGC/iAmMC6T/CA GAT ATC GTC
G/3Bio/-3’) from IDT was ethanol precipitated. 5Snmol of the oligo was diluted in labelling
buffer (189 mM disodium tetraborate, pH 8.5) containing 89 ug Atto647N NHS-ester
dissolved in DMSO (anhydrous). Thus, the reaction is performed using a 20x molar dye
excess. The reaction was kept in the dark, overnight (o/n), with soft agitation. The labelled
oligo was annealed to its complementary DNA stand without biotin or fluorescent dyes using
a temperature gradient reaching from 95 °C to 25 °C. Each step was performed for 2 min.

c) Ligation of the unlabelled array DNA with the labelled DNA oligo

The unlabelled array DNA and the small biotin/Atto647N oligo were ligated in a
reaction, having 3x molar excess of the small oligo, using T4 DNA ligase. The reaction was
done o/n, RT, in the dark, with soft agitation. To remove the labelled oligo a PCR purification
(Qiagen) following the manufacturer’s protocol was done, followed by two PEG precipitation
steps (8 % PEG). A final ethanol precipitation was done and the DNA was resuspended in 1x
TE buffer. A typical labelling efficiency was 90 % labelling.

1x177 bp 601 DNA with biotin and Atto647N for mononucleosomes via PCR

A PCR reaction using the following primers was used to amplify the 1x177 bp 601
DNA:

5’ /SATTO647NN/CGCACACTGTGCCAAGTACTTAC

3’ /5Biosg/GCTAGCGGTTTGAGACCAAGTACTCCATGGATCTAGAGATCTCTGC

Sequence (green: nucleosome positioning sequence), which was amplified from a
Lab-internal plasmid:

CGCACACTGTGCCAAGTACTTACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGLCTCAATTGGT
CGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGG
ATTACTCCCTAGTCTCCAGGCACGTGTCAGATACTGCAGAGATCTCTAGATCCATGGAGTACTTGGTC
TCAAACCGCTAGC
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Table M10 PCR reaction to create 1x177 bp 601 DNA

Component Stock 50x50 ul reactions
Template DNA plasmid 2 nglul 50 ul

5’ primer 100 uM 6.25 ul

3’ primer 100 uM 5ul

dNTP 10 mM 50 ul

Thermopol buffer 10 x 250 ul

water - 2073.75 ul

Taq polymerase 5 u/ul 15 ul

Table M11 PCR program to create 1x177bp 601 DNA

Step Temp time Cycles
Denaturation 94 °C 20s 1
Denaturation 94 °C 20s 29
Annealing 60 °C 20s

Extension 72 °C 20s

Final Extension 72 °C 20s 1

Hold 12 °C forever 1

Reactions were pooled and a PEG precipitation (11 %) was done twice. The re-
dissolved pellets were subjected to an ethanol precipitation and dissolved in MQ water.

2.12.2. Histone octamer assembly

Lyophilized human core histones (H2A, H2B, H4, H3 C110A) were dissolved to ~2
mg/ml in histone unfolding buffer (20 mM Tris-HCl pH 7.5, 6 M guanidium-HCIl, 5 mM DTT),
they were incubated for 10 min, 4 °C and then centrifuged (1 min, 15’000 rpm, 4 °C). Non-
aggregated histones were mixed: 53 nmol H3 C110A, 53 nmol H4, 58.3 nmol H2A and 58.3
nmol H2B. The histone mixture was dialized using a Slide-A-Lyzer dialysis cassette (7000
MWCO, Thermo Scientific) against histone octamer refolding buffer (10 mM Tris-HCI pH 7.5,
2 M NaCl, 1 mM EDTA, 1 mM DTT) o/n. Dialyzed octamers were centrifuged 10 min, 15’000
rpm, 4 °C to remove aggregates. The sample was concentrated using vivaspin 500 (MWCO
10°000) spin columns at 8000 xg, 10 min, 4 °C. Concentrated octamers were centrifuged 10
min, 15’000rpm, 4 °C to remove aggregates once more. Octamers were separated using the
size exclusion chromatography column (FPLC, S200 10/300 GL). Octamers elute at 13 ml,
tetramers (H4-H3) at 14 ml and dimers (H2A/H2B) at 16 ml elution volume. Octamer-
containing fractions were pooled and concentrated using vivaspin 500 columns. Then the
octamers were centrifuged for 10 min, 15’000 rpm, 4 °C to remove aggregates. Octamers are
stored at -20 °Cin 50 % glycerol.
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H3K27me3 octamers were supplied by Caroline Lechner, H3K36me3 were supplied
Caroline Lechner and Nora Guidotti (LCBM, EPFL, CH), and X. /eavis histones containing the
H3K27M mutation were provided by Jeongyoon Choi.

2.12.3. Mononucleosome assembly

Mononucleosomes were either refolded using the dialysis method in “IV, 2.12.4.

Chromatin assembly” or by following the protocol described in Dyer et al., 2004 %,

Luger microscale mononucleosome assembly:

Labelled, biotinylated 1x177 bp 601 DNA was combined with 2 M NaCl and different
ratios of modified or unmodified octamers at RT. Samples were centrifuged for 15 min,
15’000 rpm, 4 °C. The mononucleosome solution (2 M NaCl) was diluted after 30 min using
10 mM Tris-HCI buffer pH 7.6 and then every hour to lower the salt concentration as follows:
1 M, 800 mM, 670 mM, 400 mM, 200 mM. Then, samples were left for another hour,
centrifuged again 15 min, 15’000 rpm, 4 °C and quality was assessed on a self-made 5 % TBE
gel (using acrylamide/bisacrylamide (19:1), 40 %) or a 5 % TBE Criterion gel (200 V, 60 min, 4
°C).

2.12.4. Chromatin assembly

Opposed to mononucleosome assemblies, it is important to ensure occupancy of all
the 12 nucleosome positioning sequences with individual histone octamers. Thus, we add
MMTV DNA to the nucleosome formation solution, which has lower affinity for histone
octamers than the 601 DNA. Typically, we assemble 0.8 uM chromatin arrays in 30 ul as
follows: labelled, biotinylated 12x177 bp 601 DNA was combined with different ratios of
modified or unmodified octamers (e.g. 1.5, 1.8 equivalent) and 0.5 equivalent of MMTV in
dialysis end buffer (10 mM Tris-HCI pH 7.5 (4 °C), 10 mM KCI, 0.1 mM EDTA), which was
complemented with 2 M NacCl. The samples were placed in Slide-A-lyzer MINI dialysis units
(10’000 MWCO) in dialysis start buffer (10 mM Tris-HCI pH 7.5 (4 °C), 1.4 M KCl, 0.1 mM
EDTA). The dialysis was driven by a peristaltic pump to dilute the dialysis start buffer (200
ml) with dialysis end buffer (2 liter) in ~16 h, 4 °C. The next day, chromatin arrays were kept
in the end buffer and a small sample was subjected to a HF-Scal restriction digestion (37 °C,
6 h) as the enzyme cleaves the DNA between the nucleosome positioning sequences and
renders mononucleosomes. Quality of chromatin arrays and Scal-mediated
mononucleosomes was assessed on a self-made 5 % TBE gel (using acrylamide/bisacrylamide
(19:1), 40 %) or a 5 % TBE Criterion gel (in 0.5x TBE buffer, 200 V, 60 min, 4 °C).

MMTV DNA sequence:

ACTTGCAACAGTCCTAACATTCACCTCTTGTGTGTTTGTGTCTGTTCGCCATCCCGTCTCCGCTCGTCA
CTTATCCTTCACTTTCCAGAGGGTCCCCCCGCAGACCCCGGCGACCCTGGTCGGCCGACTGCGGCAC
AGTTTTTTG
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2.13. Agarose polyacrylamide composite gel electrophoresis

Casting gels:

For analysis of chromatin arrays, a 1 % agarose and 1.5 % acrylamide/bisacrylamide
(40 %, 1:19) was prepared by adding acrylamide to the hot 1 % agarose solution. Gel-
polymerization was induced with ammonium persulfate and TEMED. The gel was poured
into assembled 20 x 20 cm glass plates and polymerized for 1 h.

Running conditions:

Samples (1-2 ug) for APAGE were combined with D-sucrose (5 % (w/v)) for loading.
Gels were run in 0.25x TAE buffer (10 mM Tris-HCl, 0.03 % (v/v) glacial acetic acid, 0.25 mM
EDTA (pH 8.0)) for 2.5 h, 200V, 4 °C.

Analysis:

The gel was stained for 10-30 min in GelRed solution (15 ul GelRed per 50 ml MQ
water). GelRed images and fluorescence images were taken on a ChemiDoc™ MP imaging
system.

2.14. Preparation of flow channels for TIRF microscopy

Glassware cleaning and silanization:

In our laboratory, typically, we applied piranha cleaning of glassware, which employs
a solution of hydrogen peroxide and sulfuric acid. After rigorous cleaning we functionalized
the glass with 3-aminopropyltriethoxysilane (APTES) in order to attach PEG chains to the
glass surface. This was important to avoid non-specific sticking of proteins to the glass
surface, which would be illuminated by TIRF. To investigate single molecules engaging on
chromatin, we envisioned a system, where we could attach chemically modified chromatin
chains to the surface of the glass slide. In order to do so, some of the utilized PEG-chains
were functionalized with biotin. By attaching biotin to DNA, which we use for
chromatin/nucleosome assembly, we were able to immobilize the nucleosome particles on
the glass surface using neutravidin-biotin interactions. Selective excitation of fluorophores
on the glass surface using TIRF microscopy would be possible to identify nucleosome
particles, if the fluorophore was attached to the DNA, which we engaged for
nucleosome/chromatin formation. After APTES-treatment, we assembled glass slides and
coverslips with two-sided sticky tape to create a maximum of flow channels (in our case
four) per slide, which can be employed for TIRF microscopy. In the following we describe this
procedure in detail:

A Dremel Europe workstation 4000 drill machine was used to drill 4x2 holes (1 mm
diameter) into a glass slide (26 mm x 76 mm). Glass slides and coverslips (24 mm x 40 mm)
were placed in glass staining jars and sonicated (Sonicator Elmasonic P, Fregency: 37, Power:
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100, Temperature 23 °C) for 20 min in 10 % (w/v) Alcanox. Alcanox was disposed and
glassware was washed extensively with MQ water. Then, glassware was sonicated for 20min
in acetone, washed with MQ water and sonicated for 20 min in ethanol with a subsequent
wash step. Dry glassware was incubated with fresh piranha solution (3:1 sulfuric acid and
hydrogen peroxide) for 1 h, RT, in the fumehood. Glassware wash rinsed extensively with
MQ water until the pH was neutral. Glassware was prepared for silanization during a 10 min
sonication step in acetone. 2 % (v/v) APTES in acetone was added to the glassware for 5 min,
RT, the glassware was sonicated in APTES solution for 1 min and incubated for another 5
min, RT. The silanization reaction was quenched with MQ water. Glassware was dried with
N, (g) and assembled to flow channels containing 4 channels per glass slide using double-
sticky tape (0.12 mm) as channel walls and epoxy glue to seal the channel ends. Assembled
flow channels were evacuated and stored at -20 °C.

Flow channel assembly and PEGylation:

On the day of measurement flow channels were thawed for 1 h, RT. Evacuated flow
channels were filled with air and pipette tips were glued into the drill holes using epoxy glue
as injection reservoirs. PEGylation was done for 3 h as follows: 10 mg BIOTIN-PEG-SC (MW:
5000) and 40 mg mPEG-SC (MW: 5000) were dissolved in 350 ul sodium tetraborate buffer
(189 mM sodium tetraborate, pH 8.5) within 8 s via centrifugation (4 °C) and injected into
the flow channels.

2.15. TIRF imaging

For (objective-type) TIRF imaging, a fully automated Nikon Ti-E inverted fluorescence
microscope, controlled by NIS-elements, equipped with a CFl Apo TIRF 100x Oil immersion
objective (NA 1.49) and equipped with a manually controlled TIRF illuminator arm was
employed. Data was acquired using an iXon EMCCD camera (Andor), with one pixel
corresponding to 160nm. Excitation light was provided from a home-built laser bench.
Employed lasers were: A coherent OBIS 640 LX (640 nm, 40 mM), coherent OBIS 488 LX (488
nm, 50 mW) and a TECGL Series WS 532 (532 nm, 30 mW). Wavelength selection and
switching of the excitation light was performed using an AOTF controlled by NIS-elements.

Imaging buffer conditions:

IB1: 50 mM HEPES pH 7.5, 130 mM KCl, 10% (v/v) glycerol, 0.005 % (v/v) tween 20, 2 mM
trolox, 3.2 % (w/v) glucose, 1x glucose oxidase/catalase enzymatic oxygen depleting system.

IB2: 50 mM HEPES pH 7.5, 130 mM KCl, 10 % (v/v) glycerol, 0.005 % (v/v) tween 20, 2 mM
trolox, 3.2 % (w/v) glucose, 50 mM MgCl,, 1 uM ZnCl,, 1x glucose oxidase/catalase enzymatic
oxygen depleting system.

IB3: 30 mM HEPES pH 7.5, 20 mM NacCl, 2 mM trolox, 3.2 % (w/v) glucose, 10 mM Imidazole,
5 mM MgCl,, 1.1 uM ZnCl,, 1 mM BME, 2 mM ATP, 5 mg/ml BSA, 10mM creatine phosphate,

0.2 ug/ml creatine kinase, 1x glucose oxidase/catalase enzymatic oxygen depleting system.
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IB4: 30 mM HEPES pH 7.5, 20 mM NaCl, 2 mM trolox, 3.2 % (w/v) glucose, 10 mM Imidazole,
1 uM ZnCl,, 1 mM BME, 2 mM ATP, 10 % (v/v) glycerol, 0.1 mg/ml BSA, 1x glucose
oxidase/catalase enzymatic oxygen depleting system.

IB5: 30 mM HEPES pH 7.5, 50 mM NaCl, 2 mM trolox, 3.2 % (w/v) glucose, 0.005 % (v/v)
tween 20, , 0.1 uM ZnCl,, 10 % (v/v) glycerol, 5 mg/ml BSA, 1x glucose oxidase/catalase
enzymatic oxygen depleting system.

2.15.1. HP1a TIRF imaging

For chromatin imaging experiments with HP1a, the flow channel was washed with 50
ul T50 buffer (10 mM Tris pH 8.0, 50 mM NaCl), using an automated pump (WPI SP210IWZ
syringe pump). The background level of fluorescence was recorded with both 532 nm and
640 nm excitation. 50 ul of 0.2 mg/ml neutravidin solution was then injected into the
channel and incubated 5 min, followed by washing with 500 ul T50. Subsequently,
biotinylated and Atto647N labelled chromatin arrays were flowed into the channel at a
concentration of 500 pM, followed by 2 min incubation. The immobilization step was
monitored by Atto647N emission, aiming for a coverage level of 100-200 arrays in a 25 x 50
um imaging area. Excess chromatin in solution as well as MMTV DNA and associated
nucleosomes were removed by a washing step and the buffer exchanged to imaging buffer
(50 mM HEPES pH 7.5, 130 mM KCl, 10 % (v/v) glycerol, 0.005 % (v/v) tween 20, 2 mM trolox,
3.2 % (w/v) glucose, 1x glucose oxidase/catalase enzymatic oxygen depleting system). HP1a
dilutions in imaging buffer were freshly prepared from a 100 nM stock and injected into the
channel. Imaging of HP1a binding dynamics was performed at a framerate of 20 frames/s
(50 ms integration time) using 532 nm excitation for 10’000 frames. Every 200 frames, the
excitation was switched to 640 nm for one frame to record the positions of the chromatin
arrays. These frames were used in data analysis to localize array positions and correct for
stage drift. Once immobilized, chromatin arrays were used for measurements for maximal
one hour, to avoid disintegration of the chromatin. For all measurements, light intensities of
20 W/cm? were employed for 532 nm and 40 mW/cm? for 640 nm.

2.15.2. PRC2 TIRF imaging

For PRC2 imaging experiments, the flow channel was washed with 50 ul T50 buffer
(20 mM Tris pH 8.0, 50 mM NaCl), using an automated pump (WPI SP210IWZ syringe pump).
The background level of fluorescence was recorded with both 532 nm and 640 nm
excitation. 50 ul of 0.2 mg/ml neutravidin solution was then injected into the channel and
incubated 5 min, followed by washing with 500 ul T50. Subsequently, biotinylated and
Atto647N labelled chromatin arrays were flowed into the channel at a concentration of 500
pM, followed by 2 min incubation. The immobilization step was monitored by Atto647N
emission, aiming for a coverage level of 100-200 arrays in a 25 x 50 um imaging area. Excess
chromatin in solution as well as MMTV DNA and associated nucleosomes were removed by a
washing step and the buffer exchanged to imaging buffer 5 (30 mM HEPES pH 7.5, 50 mM
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NaCl, 2 mM trolox, 3.2 % (w/v) glucose, 0.005 % (v/v) tween 20, 0.1 uM ZnCl,, 10 % (v/v)
glycerol, 5 mg/ml BSA, 1x glucose oxidase/catalase enzymatic oxygen depleting system).
PRC2 dilutions in imaging buffer 5 were freshly prepared from a 100 nM stock and injected
into the channel. Imaging of PRC2 binding dynamics was performed at a framerate of 20
frames/s (50 ms integration time) using 532 nm excitation for 10’000 frames. Every 200
frames, the excitation was switched to 640 nm for one frame to record the positions of the
chromatin arrays. These frames were used in data analysis to localize array positions and
correct for stage drift. Once immobilized, chromatin arrays were used for measurements for
maximal one hour, to avoid disintegration of the chromatin. During measurements a flow
rate of 80 ul/min was applied.

2.15.3. TIRF data analysis

Movies of HP1a/PRC2 binding dynamics were processed with a custom-built Matlab
(Mathworks) program suite. First, a background correction was applied by fitting a two
dimensional Gaussian profile to the image (overwhelming background) and subtracted from
each frame. Subsequently, chromatin array positions were determined by a
thresholding/local maxima approach. Then, all images were aligned using the chromatin
array images (every 200" frame) to correct for stage drift. In a semiautomatic program, well
isolated chromatin peaks were selected in the frames recorded with 640 nm excitation. The
fluorescence intensity within a 2 pixel radius around the peak was integrated over the whole
stack of images and extracted as a fluorescence intensity vs time trace, showing HPla
binding events. Every detected peak (532 nm excitation, corresponding to bound HPla
molecules) was automatically fitted to a two-dimensional Gaussian profile, and the peak
width as well as x, y positions were recorded. Peaks with a width exceeding the
experimentally determined point spread function (PSF) for a single Atto532 dye molecule, as
well as peaks whose maxima were offset from the determined chromatin position were
excluded from further analysis. Traces were then filtered using a forward-backward non-
linear filter to reduce noise, while preserving sharp transitions 2. Steps (binding events)
were detected using a thresholding algorithm in a semi-automatic procedure, and on- and
off-times were determined. All the fitted traces were further checked manually.

Cumulative histograms were generated from traces corresponding to individual
chromatin arrays or from cumulative histograms from 100 traces and fitted to either single-
or double exponential kinetics.

For PRC2 dissociation kinetics bleaching correction was applied.
Bleaching correction:

500 nM EZ-link maleimide-PEG,-biotin was incubated with 100 nM labelled PRC2 for
1 h in bleaching buffer (50 mM HEPES pH 7.5, 50 mM NacCl, 0.001 % (v/v) tween 20, 10 %
(v/v) glycerol to biotinylate the labelled PRC2. Then the reaction was dialysed against fresh
bleaching buffer for 3 h (4 °C). The sample was centrifuged for 10 min (15’000 rpm, 4 °C).
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The labelled protein was immobilized on flow channels in imaging buffer 5 and bleaching
rates at different laser intensities were measured. To correct for photobleaching, obtained
cumulative histograms for dissociation times were divided by the bleaching histogram to
obtain the final values (see formula (9), page 72).

2.16. Thermophoresis assays

To evaluate interactions between HP1a and the synthesized peptides, a microscale
thermophoresis was done on a Monolith NT.115 (NanoTemper Technologies GmbH, Munich,
Germany) using hydrophilic capillaries employing NT.control- and NT.analysis software. The
HP1a-Atto532 protein was provided by Sinan Kilic and the interacting peptides P3 and P4 by
me. Measurements were done in Thermophoresis buffer (50 mM HEPES pH 7.5, 150 mM
NaCl, 1 mM DTT, 0.05 % (v/v) tween 20). The HP1a concentration was at 50 nM, while
peptide concentrations were altered from 1 nM to 40 uM.

2.17. Ubiquitination assays

Ubiquitination assays were performed in volumes of 30-40 ul using 1xUB buffer (30
mM HEPES pH 7.5, 5 mM MgCl,, 0.2 mM DTT, 10 mM sodium citrate, 20 mM ATP, 10 mM
creatine phosphate tetrahydrate, 0.2 ug/ml creatine phosphokinase). Creatine
phosphokinase was included to ensure regeneration of ADP to ATP using its substrate
creatine phosphate. We typically added 3-31 uM ubiquitin, 42-600 nM UBE1, 400 nM -3.65
uM UBE2D3, 0.1-1 uM RNF168 and 400-900nM Atto488-H2A octamers. UBE1 was always
added last to the reaction mix, then the reaction was started at 37 °C for 1-2 h. To quench
the reaction we added 12 ul SDS-loading dye to 5-10 ul of the corresponding reaction mix
and boiled the tube at 100 °C for 5 min. Assays were analysed using SDS-PAGE with
fluorescence imaging and/or western blots.

Ubiquitination assay quantification by densitometry:

Bands were initially normalized to comparable starting levels of the reaction (based
on labelled ubiquitin or H2A). As usually the different replicates of experiments showed
slightly different absolute values, which depends e.g. on pipetting, we normalized the data
to the first replicate. The ubiquitination-band intensity at time point 1 min (l1min) was divided
by the ubiquitination-band intensity at the last time point (leng). This rendered a value of
ubiquitination success (Us) for each replicate. Us of the first replicate (Us;) was divided by Us
of each replicate (Us,) to obtain a normalization value for each replicate towards replicate 1.
The absolute intensity values (l,) were multiplied by the individual normalization factor
(Unorm) and rendered levels of relative ubiquitination activity, named normalized band
intensity (lnorm):
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Ubiquitination success:

Iend

Ubiquitination normalization factor:

= Is (M3)

U
norm Usn

Normalized band intensity:
Inorm = Unorm X In (M4)

When we calculated total ubiquitination using quantification of the sum of mono-
and di-ubiquitin bands, we doubled values of di-ubiquitin bands, based on the two ubiquitin-
moieties present on H2A.

In cases when H2A was used as read-out, Us could not be assessed, as the H2A band
was always non-existent at the last time point. In these cases starting levels of H2A (Hgart) of
individual replicates (ny, ny) were simply normalized to each other:

Histone H2A normalization factor:

— Hstart,n1 (M5)

Hnorm
Hstart,nz

Normalized band intensity (H2A):
Lnorm (H24) = Hyorm x I (Me)
2.18. Pull-down of ubiquitin chains by RNF168

The glutathione resin was “charged” with RNF168 as described:

After expression, the pellet was dissolved in 25 ml Cell lysis buffer and frozen at -80
°C. Then, after thawing, the lysate was sonicated. Lysed cells were centrifuged at 15’000 xg
for 10 min and the soluble fraction was filtered and then loaded onto 1.5ml glutathione resin
per liter culture, as the protein contains an N-terminal GST-tag. The protein was bound to
the resin after equilibration with PBS (pH 7.3) by gentle nutating for 1 h (4°C) before the flow
through was collected. Then, the resin was washed with 3x10 CV of GST-binding buffer (PBS
pH 7.3, 1 mM BME, 1 uM ZnCl,).

350-500 ul RNF168-resin were transferred to a Micro Bio-Spin™ Column per
experimental condition. We applied 290 pmol di-ubiquitin (K48- or K63-linked, Boston
Biochem; synthetic K48-, synthetic K63-linked, Joachim Lutz, University of Konstanz,
Germany) in 205 ul PBS (pH 7.3) and tubes were incubated for 30-60 min (4 °C, gentle
agitation). Then the resin was washed with 3x750 ul PBS (pH 7.3, 1 mM BME, 1 uM ZnCl,).
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Elution was done using 2x150-300 ul GST-elution buffer. An anti-ubiquitin western blot was
done for analysis.

2.19. FRAP measurements

Microscopy was performed 24-32 h post-transfection using an inverted LSM 700
confocal microscope and a Plan apochromat x 63/1.4NA objective. The solid-state lasers at
405 nm and 488 nm were used for excitation. A short pass filter below 490 nm and a long
pass filter beyond 490 nm were used for DAPI and mEos3.2 fluorescence, respectively.
Images were acquired in 512 x 512 pixels with a 0.07 um pixel size, 12-bit grey-scale depth,
line averaging of 4 and a pixel dwell time of 6.30 us. The laser power was set at 1.5 — 3.0 %,
the master gain at 750 — 800 and the digital gain at 1.5 using a pinhole size of 60.5 um. FRAP
bleaching and time-series images were acquired in 128 x 128 pixels with 0.07 um pixel size,
12-bit grey-scale depth and a pixel dwell time of 1.58 us (scan time: 121 ms). Master gain
and digital gain were 750 — 800 and 1.5, respectively, with the pinhole set at 201 um. A
circular spot of 14 pixels (1.04 um) in diameter was used for bleaching. Twenty pre-bleach
images were acquired before 10 iterations of a bleaching pulse at 80 % laser power used and
images were acquired for the subsequent 34 s. Photobleaching during the time-series was
corrected using the intensity in the bleach region relative to the entire acquisition region.
The time-intensity acquisitions were normalized to the pre-bleach intensity and the first
image after the bleach pulse. Results are averaged over 30-40 individual FRAP curves for the
wild-type and the mutants.
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V Abbreviations

AA

AAD

AIEX

AOTF

APAGE

APH

APTES

ATM

ATR

BME

BRD4

c-IAP1

CBX

Cbh

ChiP

CoA

CPEC

CsD

Ccv

DCM

DDR

DIPEA

DMF

DNA

ds

Amino acids

Active adenylation domain

Anion exchange chromatography
Acousto-optical tunable filter

Agarose polyacrylamide composite gel electrophoresis
Affinity purification handle
3-Aminopropyltriethoxysilane

Ataxia telangiectasia mutated

Ataxia telangiectasia mutated and Rad3-related
B-mercaptoethanol
Bromodomain-containing protein 4
cellular inhibitor of apoptosis protein 1
Chromobox

Chromo domain

Chromatin immunoprecipitation
Coenzyme A

Circular polymerase extension cloning
Chromoshadow domain

Column volume

Dichloromethane

DNA damage response

N, N-diisopropyethylamine
Dimethylformamide

Deoxyribonucleic acid

double-stranded
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DSB
DTT
DUB
EBD
EED
EMSA
EM
EMT
EPL
ESI-MS
E(2)
EZH2
El

E2

E3
FCCH
FCS
FHA
Flc
FOXO1
FRAP
SMFRET
FT

GST-tag

HDAC

DNA double-strand break
DL-Dithiothreitol

Deubiquitinating enzyme
EED-binding domain

Embryonic ectoderm development
Electromobility shift assay

Electron microscopy

Electron microscopy tomography
Expressed protein ligation
Electrospray mass spectrometry
Enhancer of zeste

Enhancer of zeste homolog 2
Ubiquitin-activating enzyme
Ubiquitin-conjugating enzyme
Ubiquitin ligase

First catalytic cysteine half-domain
Fetal calf serum
Forkhead-associated domain
Fluorescein

Forkhead box protein O1
Fluorescence recovery after photobleaching
single-molecule Forster resonance energy transfer
Flow through

Glutathione S-transferase tag
Homo Sapiens

Histone deacetylase
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HF-enzyme
HP1
HP1otcdm
HR
hSgolL1
IAD

IDT

ITC

kDa
LRM1/2
L3MBTL2
RT

MDC1
meDIP
MIU1/2
MOI

MQ water
MwW

NCL
NF-«B
NHEJ

NPS

NpuN/NpuC

o/n
P/S

PcG

High-fidelity enzyme

Heterochromatin protein 1

covalently linked dimeric HP1 alpha protein
Homologous recombination

human shugoshin 1 protein

Inactive adenylation domain

Integrated DNA technologies

Isothermal calorimetry

kilo Dalton

LR motif 1/2

Lethal(3)malignant brain tumour-like protein 2
Room Temperature

Mediator of DNA damage checkpoint 1
methylated DNA immunoprecipitation

Motif interacting with ubiquitin 1

Multiplicity of infection

MiliQ water = ddH,0

Molecular weight

Native chemical ligation

Nuclear factor kappa enhancer binding protein
Non-homologous end joining

Nucleosome positioning sequences

N. punctiforme split-intein (N-terminal or C-terminal part)
overnight

Penicillin/Streptomycin

Polycomb group
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Pcl Polycomblike
PCR Polymerase chain reaction

Pd(PPhs), Tetrakis(triphenylphosphine) palladium(0)

PEG Poly(ethylene glycol)

PHD Plant homeodomain

PhSiH; Phenylsilane

PID PALB2-interacting domain

PIKK Phosphatidyl inositol 3’ kinase-related kinase
PRC1/2 Polycomb repressive complex 1/2
PSF Point spread function

PTM post-translational modification
RBBP4 Retinoblastoma-binding protein 4
RING Really Interesting New Gene

RNA Ribonucleic acid

RNF168 RING finger protein 168

RP-HPLC Reversed-phase HPLC

SCCH Second catalytic cysteine half-domain
SDS Sodium dodecyl sulfate

SDS-PAGE SDS-polyacrylamide gel electrophoresis
SEM Standard error of the mean

SFP synthase Sfp phosphopantetheinyl transferase
SPPS Solid-phase peptide synthesis

STREP-tag Streptactin binding tag

SuUz12 Suppressor of zeste 12 protein homolog
TIRFM Total internal reflection fluorescence microscopy
Thz Thiazolidine
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UAA
UAD
UbM1/2
UFD
UMl
WH

wt

6xHis

Unnatural amino acid

Ubiquitin-associated domain
Ubiquitin-dependent DSB recruitment module 1/2
Ubiquitin-fold domain

Ubiquitin-interacting motif

Winged-helix

wild-type

Hexahistidine-tag
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VI Appendix

Table A1

Antibodies Supplier

Antibody: Anti-H1.2 (# GTX122561, polyclonal, rabbit, Wb use 1:5000) Gene Tex

Antibody: Anti-H2A (#39209, polyclonal, rabbit, Wb use 1:1000) Active Motif

Antibody: Anti-H2A acidic patch (#07-146, polyclonal, rabbit, Wb use 1:1000) Millipore

Antibody: Anti-H2A.X (#07-627, polyclonal, rabbit, Wb use 1:2000) Millipore

Antibody: Anti-FLAG M2 (#F1804-50UG, monoclonal, mouse) Sigma

Antibody: Anti-H3K9me3 (#61013, monoclonal, mouse, Wb use 1:250) Active Motif

Antibody: anti-ubiquitin (#P4D1 sc-8017, mouse) Santa Cruz

Antibody: secondary HPR-linked anti-mouse antibody (goat) Sigma

Antibody: secondary HPR-linked anti-rabbit antibody IgG (#711-035-152, donkey) Immunoresearch laboratories Inc.
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Table A2

Materials

Acetic acid (glacial)

Acetone

Acetonitrile

Acrylamide/bisacrylamide (19:1), 40%
Acrylamide/bisacrylamide (29:1), 30%

Alconox

Adenosine 5’-triphosphoric acid disodium salt
(C10H14N5Na2013P3, ATP)

Agarose

Agarose: 4% agarose gel (for cell culture) 18300-012 40ml
Alexa Fluor 568 C5 Maleimide

Ammonium persulfate

Ampicillin sodium salt

Antarctic phosphatase (5U/ul)

Antarctic phosphatase buffer 10x

Antibiotics (Penicillin/Streptomycin, 10’000U/ml)
Antifoam 204 (A6426-100g)

Biotin (B4501-1G)

BIOTIN-PEG-SC (MW: 5000)

Biotin-16-dCTP (1mM)

Boric acid

Bovine Serum Albumin, protease free (BSA)
Bovine Serum Albumin for TIRF (fraction V)
Bradford dye reagent

Bromophenol blue

HF-Bam enzyme (20U/ul)

HF-Bsal enzyme (20U/ul)

HF-EcoRV enzyme (20U/ul)

Calcium chloride dihydrate (CaCl2*2H20)
Catalase (from Bovine liver)

Cellfectin Il reagent

Chloramphenicol

Clarity™ Western ECL Blotting Substrates
Clicked K48 di-ubiquitin

Clicked K63 di-ubiquitin

CoA trlitihum salt dihydrate

Coomassie (brilliant blue R250)

QC Colloidal Coomassie stain (1l, Cat#: 161-0803)
Creatine phosphate tetrahydrate (327.14g/mol)
Creatine (phospho-)kinase (Rabbit muscle, MW: 81’000D)
Criterion gel 5% TBE

Cut smart buffer

D-desthiobiotin

D-sucrose

Diethylether

Dimethyl sulfoxide (DMSO) anhydrous

Dimethyl sulfoxide (DMSO)

Disodiumtetrborate decahydrate
DL-Dithiothreitol (DTT)

DNAsel (A3778,0100)

dNTP

Dpnl restriction enzyme

Dulbecco's PBS for cell culture (without Ca++/Mg++, 3-05F29-1)
EcoRV-HF restriction enzyme
Ethylenediamintetraaceticacid (EDTA)

Ethanol

EZ-link maleimide-PEG,-biotin (#21901)

Fetal Calf Serum (FCS)

Supplier

Merck

Sigma

Lab Scan

Bio-Rad

Bio-Rad

Sigma and Alconoc Inc.
Applichem

Bio-Rad

Gibco - Life Technologies, Thermo Scientific
Thermo Fisher Scientific, life technologies
Bio-Rad

Applichem

NEB

NEB

Life Technologies, Thermo Scientific
Sigma

Sigma

Laysan Bio Inc.

Jena Bioscience

Merck and Fluka

Sigma

Carl Roth

Bio-Rad

Applichem

NEB

NEB

NEB

Applichem

Sigma

Life Technologies, Thermo Scientific
Applichem

Bio-Rad

Marx Lab, Konstanz, Germany
Marx Lab, Konstanz, Germany
Applichem, BioChemica

Fisher BioReagents

Bio-Rad

Sigma

Sigma

Bio-Rad

NEB

Sigma

Fisher Scientific

Merck

Sigma

Sigma

Applichem

Sigma

Applichem

NEB

NEB

BioConcept

NEB

Applichem

Sigma

Thermo Scientific

Gibco - Life Technologies, Thermo Scientific
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Table A2 (continued)

Fluorescin-5-maleimide

Gelred

Gentamycin (BP918-1, C21H43507*H2S04, CAS: 1405-41-0)
Glucose

Glucose oxydase (from Aspergillus Niger)
Glycerol

Glycine

Grace insect medium (1x)

Guanidium hydrochloride

HEPES

His-Ube1l (E1, 121kD)

Hydrochloric acid (HCI)

Hydrogen peroxide (H202)

Hydrogen peroxide (H202 30% stock)

Imidazole

Insect cells Sf-9 in Sf-900 Il medium

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
Kanamycin sulphate

K48 linked di-ubiquitin (UC-200B, 1mg/ml, 58uM)
K63 linked di-ubiquitin (UC-300B, 1mg/ml, 58uM)
L-glutathione reduced

LB agar, Miller

LB broth

Lysozyme

Magnesium chloride hexahydrate (MgCI2*6H20)
Magnesium sulfate heptahydrate (MgSO4*7H20)
D-(+)-Maltose monohydrate, BP684-500)
Manganese () chloride tetrahydrate (MnCI2*4H20)
Medium: Sf-900™ Il SFM (1x) serum-free (10902-096 500ml)
Medium for viral plaque assay: Sf-900™ (1.3x, 10967-032 100ml)
Methanol

Methanol

MiliQ water

MiliQ water

mPEG-SC (MW: 5000)

NAD

NEB 2 buffer

NEB 4 buffer

Neutravidin

Nickel(ll) sulfate (NiSO4)

Nonfat dried milk powder

Nonidet P40 (NP-40, IPEGAL® CA-630)

PfuUltra HF DNA pol. (2U/ul)
Phenylmethanesulfonylfluoride (PMSF)

Phusion high-fidelity DNA polymerase (2U/ul)
Phusion buffer 5x

Pipes (piperazine-N,N’-bis (2-ethane sulfonic acid)
Poly(ethylene glycol) 6000 (PEG 6000, 81255-1kg)
Potassium acetate

Potassium chloride

Potassium dihydrogen phosphate (KH2P0O4)
Potassium hydroxide (KOH,)

Precision Plus Protein™ All Blue Prestained Protein Standards #1610373

Precision Plus Protein™ Dual Color Standards, 500 pl #1610374
Protease inhibitor cocktail tablet EDTA free (SigmaFAST™, S8830)
Protease tablets (Complete, EDTA free protease inhibitor cocktail)
Proteinase K from Tritirachium album (P2308-25mg)

proTEV plus 5U/ul

Thermo Fisher Scientific
Biotium

Fisher BioReagents

Fisher BioReagents

Sigma

Fisher Scientific

Sigma

Life technologies, Thermo Scientific
MP biomedicals

Sigma

Boston Biochem

Merck

Merck

Rectolab S.A.

Fisher Scientific

Life technologies, Thermo Scientific
Applichem

Carls roth

Boston Biochem

Boston Biochem

Sigma

Fisher BioReagents

Fisher BioReagents
Applichem

Fluka

Fluka

Fisher BioReagents
Applichem

Gibco - Life Technologies, Thermo Scientific
Gibco - Life Technologies, Thermo Scientific
Sigma

Thommen-Furler AG
Thermo scientific GenPure
Thermo Electron LED Gmbh
Laysan Bio Inc.

Applichem

NEB

NEB

Thermo Scientific

Fisher Scientific
Applichem

Sigma

Agilent

Applichem

NEB

NEB

Applichem

Sigma

Applichem

Sigma and Acros
Applichem

Sigma

Bio-Rad

Bio-Rad

SigmaFAST™

Roche

Sigma

Promega
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Table A2 (continued)

PVDF membrane

Quik reaction buffer 10x

Quik solution

Q5 buffer 5x

Q5 high-fidelity DNA polymerase (2U/ul)
Rnase A (10mg/ml)

Scal-HF restriction enzyme

Sfp synthase (40uM, 25nmol)

Sodium acetate trihydrate

Sodium azide

Sodium chloride

Sodium dodecyl sulfate (SDS)

Sodium hydroxide (NaOH)

Sodium phosphate monobasic
Spectinomycin dihydrochlorid pentahydrate
Sulfuric acid (H2S04)

Taqg DNA ligase (40U/ul)

Taq polymerase (5U/ml, M0267L)

TEMED

Tetracycline

TEV protease (1mg/ml)

Thermopol buffer 10x

Thrombin Bovine (604980-100U)
Tris(2-carboxyethyl)phosphine (TCEP)
Trisodium citric acid, anhydrous
Triisopropylsilane (TIS)

Trifluoroacetic acid, HPLC grade (TFA)
Trifluoroacetic acid (TFA)

Tris ultrapure

Triton-X100

Tryptone

Tween 20

T4 DNA ligase

T4 ligase buffer (10x)

T5 Exonuclease (10U/ul)

UbcH5¢/UBE2D3 (17kD)

Ubiquitin (from bovine erythrocytes, 8.5kD)
water extrapure (water plus, CAS N. 7732-18-5)
X-gal

Yeast Extract

Zinc chloride

100bp DNA ladder

1kb DNA ladder

2-log DNA ladder

2-log DNA ladder (Quick-load®)
2-mercaptoethanol (BME)

2-propanol / isopropanol
2-(4'-Hydroxybenzeneazo)benzoic acid

= 4'-Hydroxyazobenzene-2-carboxylic acid (HABA)
3-Aminopropyltriethoxysilane 99% (APTES)
(+-) 6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

Bio-Rad

Agilent

Agilent

NEB

NEB

Qiagen

NEB

NEB

Applichem
Applichem
Applichem
Applichem

Fluka

Fisher BioReagents
Applichem

Merck

NEB

NEB

Bio-Rad

Alfa Aesar
Caroline Lechner, EPFL, Switzerland
NEB

Merck

Sigma

Alfa Aesar

Sigma

Fisher Bioreagents
Sigma

Applichem

Sigma

Sigma

Apllichem

NEB

NEB

NEB

Boston Biochem
Sigma

Carlo Erna Reagents
Fisher BioReagents
Applichem

Merck

NEB

NEB

NEB

NEB

Sigma

Merck

Sigma

Sigma and Acros
Sigma
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Table A3

Equipment

Acryl Cuvette 10x10x45mm REF:67.738

Anti-FLAG® M2 magnetic beads (M8823-1ml)

APAGE glass plates 20cmx20cm

BD syringe

Cation exchange: HiTRap™ SP HP 5ml column

Cell culture sterile bench / hood

Cell shaker/incubator

Centrifuge (small) 5424 R

Centrifuge (big), Allegra® x-15R centrifuge

Centrifuge (very big), Avanti™ J-20 xp1 centrifuge ( Rotor: JA-12, JLA 8.1000)
ChemiDoc™ MP imaging system

Chitin resin

Coverslips (24mmx40mm)

Dialysis membrane tubes = Slide-A-lyzer MINI dialysis units (10°'000 MWCO)
DH5alpha, BL21DE3, BL21DE3plysS competent E.coli cells
DH10MultiBac cells

Double sticky tape (0.12mm)

Drill machine, Dremel Europe workstation 4000

Epoxy glue

ESI-MS (LCQFleet lon trap Thermo Fisher Mass spectrometer)

Filter column, 3K, 0.5ml

Filter column, 10K, 4ml

Filter column, 10K, 0.5ml (Vivaspin)

Food vacuumizer and plastic foil (V2860)

FPLC: AKTA™ pure, unicorn6.3; Column: Superdex $200 10/300GL (24ml column volume)
FPLC: AKTA™ pure, unicorn6.3; Column: Sepharose 6 XK 30/50 (560ml column volume)
Freezer (-80°C), Platilab 500V 4-STD, 4/11/2013, L503438 2013

Glass slides with drillholes (26mmx76mm)

Gloves for piranha solution (Camatril 730, size 09)

Glutathione sepharose 4B

High precision cell cuvette (3x3mm light path, Quarz (suprasil®), Art no.: 105-251-15-40)
His Trap FF 5ml

RP-HPLC (Agilent 1260 series instrument

with an Agilent Zorbax C18 column (5um, 4.6 x 150 mm))

MBPTrap HP 2x1ml

Magnet (Dynal bead separations)

Membrane Spectra/por 3,500 MWCO 29mm diameter

Micro Bio-Spin(TM) Column Cat# 732.6204 0.8ml bed volume
Miracloth

NaIgeneT'\'I Single-Use PETG Erlenmeyer Flasks with Plain Bottom:
Sterile, 125ml, 250ml, 500mI, 1000ml

NanoDrop2000 Spectrophotometer

Neubauer chamber (for cell counting)

Ni-NTA agarose beads

Orange nitrile gloves

Oven, Thermocenter, TC-100B

Parafilm (WI154956)

PCR thermocycler

PD-10 G25 desalting column ( 17-0851-01)

Peristaltic pump (serial No. A16005123)

Peristaltic pump, (Minipuls3, Serial No.: 610A7061)

Preparative HPLC (Agilent 1260 preparative HPLC system)

A Zorbax C18 preparative column (7 um, 21.2 x 250 mm)

A Zorbax C18 semi-preparative column (5um, 9.4 x 250 mm))
QlAquick PCR purification kit

Rosetta™ 2 (DE3) Competent cells (71397-3)

(F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE (CAMR))

SDS-gel electrophoresis chamber, holder and power pack
Slide-A-Lyzer dialysis cassette (7000 MWCO, 0.5-3ml capacity, #66370)
Sonicator (tip) vibra cell 75041

Sonicator (bath) Elmasonic P, Fregency: 37, Power: 100, Temp. 23°C
SpectrQ, Fluorolog®-3 Spectrofluorometer S.0. 265029

Streptactin superflow column (0.2ml bed vol, cat: 2-1207-51)
StreptactinXT superflow column, gravity column (1ml bed.vol, cat: 2-4012-001)
SulfoLink resin

Supplier

Sarstedt

Sigma

Biorad

Becton Dickinson and company
GE healthcare

Heraeus instruments GmbH
Ecotron, Infors HT
Eppendorf

Beckman coulter
Beckman coulter

Bio-Rad

NEB

Menzel, Thermo Scientific
Thermo Scientific
Novagen

Schalch Lab, Geneva, CH
GRACE Bio-labs

ITV Devcon Inc.

Thermo Fisher

Amicon, Merck

Amicon, Merck

Sartorius

Foodsaver

GE healthcare

GE healthcare
Angelantoni Lifesciences
Menzel, Thermo Scientific
KCl

GE healthcare

Hellma Analytics

GE Healthcare

Agilent

GE healthcare
Invitrogen
Spectrumlabs
Bio-Rad
Millipore, Merck
Thermo Scientific

Thermo Scientific
Celeromics
Qiagen

SHIELD scientific
Salvis AG

Neenah

Bio-Rad

GE Healthcare
IDEX coorporation, Ismatec
Gilson Inc.
Agilent

Agilent

Agilent

Qiagen

Novagen, Merck

Bio-Rad

Thermo Scientific
Bioblock Scientific

Elma Schmidbauer GmbH
Horiba Scientific

iBA

iBA

Thermo Scientific
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Table A3 (continued)

TPP® tissue culture flask (T75)

Vacuum pump

Vivaspin 500 (MWCO 10’000, PES membrane)
Waterbath, SUB Aqua 25 plus

Waterbath

Western blot: sponges

Western blot: gel holder

Western blot: gel holder cell

Western blot: Trans-blot cell

845x UV-visible system, 8453 spectrophotometer
0.2um filter, PES-20/25 0.2um Chromafil® xtra
0.2um filter filtropur pyrogenfree

0.2um cellulose acetate filter

0.22um disposable sterile filter Express™ plus
125ml filter-erlenmeyer flask (plain bottom)
6-well plates

Sigma

Thermo Scientific
Sartorius

Grant

Thermo Scientific
Bio-Rad

Bio-Rad

Bio-Rad

Bio-Rad

Agilent
Macherey
Sarstedt
Sartorius
Millipore

Fisher Scientific
VWR international
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Table A4

Supplier Informations

Abnova

Acros Organics

Active Motif

Alconox Inc.

Agilent Technologies

Alfa Aesar

Amicon (Merck)
Angelantoni Lifesciences
Applichem

ATTO-TEC GmbH

Beckman coulter International S.A.
Becton Dickinson and company
Bio-rad Laboratories Inc.
Bioconcept AG

Biotium

Boston Biochem
Calbiochem

Carl Roth

Carlo Erba Reagents
Celeromics Technologies
Devcon Inc.

Eppendorf

Fasteris

Fisher BioReagents

Fisher Scientific

Fluka, Biochemika
Foodsaver

Gene Tex Inc.

GE Healthcare life sciences
Gilson Inc.

GRACE Bio labs

Grant Instruments

Hellma Analytics

Heraeus instruments GmbH
Horiba Scientific

iBA lifesciences

Infors HT

Integrated DNA technologies Inc. (IDT)

Jackson immunoResearch Laboratories Inc.

Jena Bioscience

KCl, Inc.

Lab Scan Analytical Sciences
Laysan Bio Inc.

Macherey Nagel AG
Millipore Corporation, Merck
MP Biomedicals

Neenah

New England Biolabs
Novabiochem, Merck
Promega

Qiagen

Rectolab

Roche

Salvis AG

Santa Cruz Biotechnology
Sarstedt AG and Co.
Sartorius stedim biotech
SHIELD scientific
Sigma-Aldrich Chemical Company
Spectrumlabs

Thermo Electron LED GmbH
Thermo Scientific
Thommen-Furler AG

VWR international S.a.r.l.

Taipei city, Taiwan
Geel, Belgium

CA, USA

NY, USA

CA, USA

MA, USA
Hohenbrunn, Germany
Massa Martana, Italy
Darmstadt, Germany
Siegen, Germany
Nyon, Switzerland

NJ, USA

CA, USA

Allschwil, CH

CA, USA

MA, USA

(see Millipore, Merck)
Karlsruhe, DE

M, Italy

Valencia, Spain

AB, Canada

Hamburg, Germany
Geneva, Switzerland
PA, USA

Fair lawn, NJ, US/Loughborough, UK
Buchs, AG, Switzerland
CA, USA
(Buckinghamshire, UK)
Villiers le Bel, France
OR, USA
Cambridgeshire, UK
Millheim, Germany
Hanau, Germany
Kyoto, Japan
Goettingen, Germany
Basel, Switzerland

IA USA

PA, USA

Jena, DE

Gliwice, Poland

AL, USA

Oensingen, Switzerland
Darmstadt, Germany
Illkirch, France

WI, USA

Ipswitch, MA, USA
Hohenbrunn, Germany
Madison, WI, USA
Limburg, Netherlands
Servion, CH

Basel, Switzerland
Oftringen, Switzerland
Texas, USA
NiUmbrecht, Germany
Gottingen, Germany
Bennekom, Netherlands
Steinheim, Germany
CA, USA

MA, USA

MA USA

Buiren, Switzerland
Nyon, France
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Table A5

Important plasmids for protein expression in the RNF168-project

Construct

E1 ubiquitin-activating enzymes

Vector/Resistances

Purpose and Notes

His-hUBE1

E2 ubiquitin-conjugating enzymes

PET21b / Ampicillin

To charge E2 enzymes with ubiquitin

His-45AA-hUBE2D3(mutated)

His-TEV-hUBE2D3

His-Thrombin-hUBE2A

hUBE2N-His

GST-hUBE2V1

E3 ubiquitin ligase enzymes

pDEST17 / Ampicillin
PET15b / Ampicillin
PET15b / Ampicillin
PET21 / Ampicillin

Unkown / Ampicillin

Was not functional

To trigger E3 enzymes

To trigger E3 enzymes

To trigger E3 enzymes

To trigger E3 enzymes

GST-Thrombin-TEV-hRNF2-ybbr

hBMI1 (no tag)

GST-Thrombin-TEV-hRNF8(AA 351-485)-ybbr-Thrombin-STREP

GST- Thrombin-TEV-hRNF168(AA 1-196)

hRNF168(AA 1-196)-NpuN-His

GST-Thrombin-TEV-hRNF168(AA 1-196)-ybbr-Thrombin-STREP

GST-Thrombin-TEV-ybbr-hRNF168(AA 1-196)-Thrombin-STREP

GST-Thrombin-3C-hRNF168(AA 1-189)-ybbr-Thrombin-STREP

GST-Thrombin-3C-hRNF168(AA 1-113)-ybbr

GST-Thrombin-TEV-hRNF168(AA 1-571)-ybbr-Thrombin-STREP

GST-Thrombin-3C-hRNF168(AA 1-189)-10xGS(linker)
-hRNF168(AA439-477,MIU2)-ybbr-TEV-STREP

His-SUMO-Flag-Thrombin-hRNF168(AA 1-571)-ybbr-TEV-STREP

His-SUMO-Flag-Thrombin-hRNF168(AA 1-571)-ybbr-TEV-STREP

pGEX / Ampicillin

PET15b / Ampicillin

pGEX / Ampicllin

pGEX / Ampicllin

PET15b / Ampicillin

pGEX / Ampicillin

pGEX / Ampicillin

pGEX / Ampicillin

pPGEX / Ampicillin

pGEX / Ampicillin

pPGEX / Ampicillin

Pacebacl / Gentamycin

Bacmid / Gentamycin,
Kanamycin
and Tetracyclin

For protein expression in bacteria,
ybbr-tag for labelling

For protein expression in bacteria,
purification only with RNF2

Truncated version of RNF8 for bacterial expression

To create a tag-less version of RNF168
by removing the GST-tag

Truncated RNF168 version for bacterial expression,
split intein (NpuN) for labelling using EPL,

but His-tag purification lowered activity

and the protein aggregates during EPL.

Truncated RNF168 version for bacterial expression,
ybbr-tag for labelling (C-ter),
based on Stewart et al., 2009

Truncated RNF168 version for bacterial expression,
ybbr-tag for labelling (N-ter),
based on Stewart et al., 2009

Truncated RNF168 version for bacterial expression,
3C cleavage site for easier handling

than TEV cleavage site,

shortened version for better stability

RNF168 RING domain,
to have a construct without any binding motif,
based on Mattiroli et al., 2014

Full-length protein,
we were not able to express it in bacteria

To express a stable version of RNF168
containing the two ubiquitin binding motifs,
based on Stewart et al., 2009

For full-length protein expression
in insect cells through a bacmid

For full-length protein expression
in insect cells incorporated via DH10MB cells
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Table A5 (continued)

ubiquitin

hUBIQUITIN variant C (no tag)

hUBIQUITIN variant C (no tag)
all lysines mutated to arginine

hUBIQUITIN variant C (no tag)
cysteine insertion after methionine

His-Thrombin-C-hUBIQUITIN (variant C)

TEV protease

PET15b / Ampicillin

PET15b / Ampicillin

PET15b / Ampicillin

PET15b / Ampicillin

Conjugation to substrate

Conjugation to substrate,
to avoid chain formation

For ubiquitin labelling
(mutation leads to yield losses during purification)

For ubiquitin labelling

His-TEV(Protease)-TEV-MBP
OR
MBP-TEV-TEV(Protease)-His

Unknown / Ampicillin

TEV cleavage site,
we don’t know the exact sequence

General notes

His, GST, SUMO, FLAG, STREP, MBP denote purification tags and ybbr denotes a tag for protein labelling

FLAG-tag: DYKDDDDK
STREP-tag: WSHPQFEK
Thrombin, TEV, 3C denote corresponding cleavage sites

Constructs in Table A5 were designed based on: Mattiroli et al., 2014 > and Stewart

etal., 2009 "%,
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