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Summary

Many histone modifications have chromatin modulating and gene regulating functions.
Typically, the underlying mechanism involves 'writing' and/or 'reading' of the histone
marks by chromatin regulating proteins. Alternatively, the histone marks interfere with
these processes. These events ultimately result in an altered chromatin state.

Polycomb Repressive Complex 2 (PRC2) is a histone methyltransferase that mono-, di- and
trimethylates histone H3 at lysine 27 (H3K27). Among the different methylation states,
H3K27me3 marks the chromatin of Polycomb-regulated genes for transcriptional repres-
sion by another complex, called PRC1. The correct regulation of H3K27me3 deposition has
emerged as a critical step in both animals and plants as defects in this process are directly
linked to developmental abnormalities or diseases such as cancer. The methyltransfer is
catalyzed by the PRC2 subunit EZH2 at its SET domain, the stereochemical properties of
which limit the rate of di- to trimethylation. As a consequence, to generate high levels of
H3K27me3 at its target genes PRC2 requires positive regulation. Such regulation can be
allostery through recognition of H3K27me3 by the PRC2 subunit EED, recruitment mech-
anisms or association with different accessory subunits. In contrast, mono- and dimethy-
lation marks seem to be deposited by PRC2 in a more serendipitous manner. Examples
of negative PRC2 regulation are histone modifications such H3K4me3 and H3K36me2/3,
which are catalyzed by different Trithorax/COMPASS complexes. These marks are char-
acteristic for active genes and inhibit PRC2 in cis but not in trans. However, the molecular
details of how PRC2 interpretes these pre-existing H3 tail modifications on the context of
a nucleosome remain unknown.

This thesis employs single-particle cryo-electron microscopy for structural characteriza-
tion of PRC2-PHF1 interaction with a heterodimeric dinucleosome, which contains one
substrate nucleosome and one allosteric/H3K27me3-containing nucleosome. The obtained
structure reveals that the CXC domain of PRC2 subunit EZH2 establishes binding to the
nucleosomal DNA of the substrate nucleosome. A combined interface of EZH25BP/SANTI
domains and EED recognizes the nucleosomal DNA on the allosteric nucleosome. Muta-
tional analysis of these binding sites suggest that these interactions establish the subse-
quent productive recognition of the respective H3 tails by the active site of EZH2 and the
B-propeller of EED. Furthermore, signal subtraction and focused 3D refinement procedures
applied during cryo-EM data processing allow to extend previous structural descriptions
to a model of the H3 tail stretching from the substrate nucleosome into the EZH2 active
site. Unmodified H3K36 is found sandwiched in between EZH2 and nucleosomal DNA



xviii Summary

in close proximity to the EZH2 CXC residues. Its e-amino group is seemingly engaged
in long range electrostatic interactions with the phosphate backbone of the nucleosomal
DNA and in polar interactions with the carbonyl group of CXC residue Q570. Biochemical
analyses showed that substitutions of H3K36 to either a shorter apolar alanine or a bulkier
arginine side chain reduce the activity of PRC2, while binding of PRC2 to H3K36me3-
nucleosomes is not affected. Taken together, results presented in this thesis suggest a
model in which, within the time frame of PRC2 binding and reaction cycle, H3K36me2/3
hinders the subsequent optimal alignment of lysine 27 in the EZH2 active site. The bulkier
quaternary e-ammonium of H3K36me3, the positive charge of which is dispersed into the
three additional methyl groups, thereby impedes but not entirely blocks PRC2 catalysis.
Furthermore, it doesn’t prevent PRC2 from binding to the nucleosome. This model of
allosteric inhibition allows for a targeted and tuned activity regulation of PRC2 in depen-
dence of the surrounding chromatin and the presence/absence of other activity regulating
mechanisms.



Chapter 1

Introduction

1.1 The nucleosome - the "quantum"] of chromatin

The term "chromatin" was coined in 1882 by W. Flemming while working on nuclear divi-
sion (Flemming, |1882; [Paweletz, 2001; Hughes, 1959). Intriguingly, what today are known
as basic components of chromatin were discovered around the same time: nucleic acids by
F. Miescher in 1871 which he referred to as "nuclein" and described as phosphorus-rich
acid (Miescher-Riisch, [1871). And histones, which were discovered by A. Kossel in 1884
(Kossel, 1911). Yet the full extent of the importance of these early experiments would only
become clear much later. W. Flemming correctly analyzed that what he called chromatin
is likely nuclein or one is part of the other: "The word chromatin may stand until its chem-
ical nature is known, and meanwhile stands for that substance in the cell nucleus which
is readily stained" (Flemming, 1882; [Hughes| |1959)) (reviewed in [Olins and Olins, 2003).
Indeed, the word chromatin still "stands" and today it is known that nuclein or DNA is
the carrier of genetic information. DNA can be transcribed into messenger ribonucleic acid
(mRNA), which in turn is used to produce sequences of amino acids ultimately forming
proteins as described by the central dogma of molecular biology (Crick, [1958, [1970).

In eukaryotic cells the DNA has to be folded, compacted and condensed approximately
10000x to fit in the nucleus and the word chromatin is now used to describe this high-
order structure of the DNA. The structure of DNA was solved by X-ray crystallography
and revealed a double helix (Watson and Crick, 1953; Wilkins et al., 1953; Franklin and
Gosling}, 1953). However, it took another 20 years to solve the chemical nature of chro-
matin and some of the first hints were provided by electron microscopy studies (Olins and
Olinsl 1974) |1973; [Woodcock, [1973; [Woodcock et al., [1976). These images of "beads on
a string" (Fig. A) and additional experiments based on nuclease digestion (Kornberg]
1974; |Kornberg and Thomas, 1974) lead to the description of the basic structural unit of
chromatin: DNA coiled around a histone core. In 1975 what D. E. Olins and A. L Olins in
a review referred to as the "quantum" of chromatin received the name nucleosome (Oudet,
et al., |1975)) (history of chromatin reviewed in |Olins and Olins, 2003)).

0lins and Olins, 2003
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The core nucleosome contains four different canonical histones: H2A, H2B, H3 and H4,
which can also be substituted by the respective histone variants. Two copies of each histone
form the histone octamer. The first structural studies of the nucleosome were limited to 7 A
(Richmond et al., [1984) and only in 1997 a high resolution X-ray crystallography structure
was described (Fig. B) (Luger et al), 1997). Tt revealed a disc-like structure of the
octamer with a H3/H4 tetramer on which two dimers of H2A /H2B are assembled. Flexible
N-terminal histone tails emerge on the sides of the nucleosome core. Approximately 147
base pairs (bp) of DNA are wrapped around the octamer in a left-handed matter. A highly
negatively charged region named "acidic patch" is formed by the histone H2A residues E56,
E64, E91, E92 and E102, E110 of histone H2B (Luger et al., [1997)). The acidic patch serves
as a recognition and binding hub for many transcriptional factors and chromatin regulating
proteins such as SWI/SNF (SWltch/Sucrose Non-Fermentable) chromatin remodeller RSC
(Remodeling the Structure of Chromatin) (Wagner et al, 2020) or the ATP-dependent
chromatin remodeller INO80 (inositol auxotroph 80) (Eustermann et al. 2018) (acidic
patch and recognition reviewed in [McGinty and Tan| [2016; Kalashnikova et al. 2013)).

PDB: 1AQI

Figure 1.1: Structural studies on chromatin.

A. "Low ionic-strength chromatin spread, the 'beads on a string'. Size marker: 30 nm." (Olins and Olins,

2003). Shown figure and caption were taken from [Olins and Olins| 2003, B. X-Ray crystal structure of
the nucleosome solved by [Luger et al.] [1997], revealed the histone folds contributing to the octamer around
which app. 147 bp of DNA are wrapped around. Blue: H3. Green: H4. Yellow: H2A. Red: H2B. PDB:
1AOI (Luger et al., 1997).
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1.1.1 The histone code

In the 1940s, the scientific community largely accepted chromatin and chromosomes as
structural units of our genes, however most of the scientist believed that histones are the
carrier of the genetic code (history of chromatin reviewed in (Olins and Olins, [2003). To-
day we know that DNA but not histones carries this information. Instead, histones can
carry chromatin modulating and gene regulating posttranslational modifications and this is
known as the "histone code" hypothesis (Strahl and Allis, [2000; Jenuwein and Allis, 2001}
Rice and Allis, 2001). Many posttranslational modifications were described to date: phos-
phorylation (Nowak and Corces, 2004, methylation (Zhang and Reinberg, 2001)), acety-
lation (Grunstein) 1997; Sterner and Berger, [2000), glycosylation (Liebich et al., [1993),
ubiquitination (Davie and Murphy, 1990), sumoylation (Nathan et al., 2003), ADP ribosy-
lation (Adamietz and Rudolph, (1984)), biotinylation (Hymes et al.,|1995) and carboxylation
(Wondrak et al., [2000) and many more (Fig. (reviewed e.g. in [Turner, 2002). To-
gether with other marks or processes such as DNA methylation histone modifications are
collectively summarized within the term "epigenetics", first coined by C.H. Waddington
(Waddington et al., |1940; [Waddington, 1942, 2014} |2017)). The rough meaning of this term
translates into on 'top/beyond (traditional) genetics'.

H2A C-term H3K79 @ i |
R H2BK123\ 8K H2A
@ Histone globular 5
\ regions A \
I’ /
® acK -
O meR
o mg e
B ps
B uk

Figure 1.2: The histone code.

Histones can be found decorated with a variety of different posttranslational modifications, which are
read by chromatin modifying enzymes and transcriptional regulators; few examples of possible but not
exhaustive modifications from different organisms are shown in the figure. "Sites of posttranslational
modification are indicated by colored symbols that are defined in the key (lower left); acK, acetyl lysine;
meR, methyl arginine; meK, methyl lysine; PS, phosphoryl serine; and uK, ubiquitinated lysine." (Turner}
2002). Illustration and part of the caption were taken from [Turner} 2002

Posttranslational modifications influence the transcriptional states of the surrounding
genes. The underlying mechanisms involve either the influence of a pre-existing modifi-
cation mark directly on the chromatin via its charge or on the establishment of another
histone mark on the same or neighboring histone tail. Alternatively, they involve chromatin
modifying proteins which 'read' the modification mark established. Enzymes depositing or
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removing these marks are accordingly called the 'writers' or 'erasers', respectively.

1.2 Polycomb-Trithorax antagonism and its role in de-
velopmental processes

1.2.1 Anterior-posterior development in Drosophila melanogaster
embryo

The correct development of the Drosophila embryo along the anterior-posterior axis in-
volves two key steps: (1) anterior-posterior cytoplasmic polarity established by maternal
proteins and mRNAs (maternal effect) and (2) correct anterior-posterior segmentation of
the Drosophila embryo body (reviewed in |Gilbert, 2014). Segmentation is established by
a cascade of regulating genes and their protein products: maternal proteins activate gap-
genes, protein products of which in turn regulate pair-rule genes (Niisslein-Volhard and
Wieschaus, 1980). The unique constellation of the activated and silenced gap- and pair-
rule genes within each segment in the next step establishes a differential expression of
homeotic genes (HOX genes) (Fig. [1.3). HOX genes together with downstream regulator
genes ultimately specify the identity of the given segment (Lewis, 1978; Levine and Hard-
ing, [1989)). Once established, the specified identity has to be maintained as gene products
of the described gene cascade are only transiently expressed (reviewed in |Gilbert| 2014)).
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Antennapedia complex bithorax complex

A N [ L]
lab IMd  Ser Antp Ubx abdA AbdB
e -
P ST . -

| S A — - J

Head Thorax Abdomen

Figure 1.3: Body segmentation and HOX gene expression of the Drosophila adult and
embryo body.

Segment identity of the Drosophila embryo and adult body is established by a differential expression of
HOX genes. The majority of the HOX genes are encoded in two regions of the Drosophila chromosome
ITI. The first region is summarized as the Antennapedia complex and involves 5 genes: labial (lab) and
deformed (Dfd) regulate head segments, while sex comb reduced (Ser) and Antennapedia (Antp) specify
the thoracic segments. The fifth gene is proboscipedia (pb) (not shown in the scheme) and is active only in
the adult Drosophila (Wakimoto et al.,|1984; Kaufman et al.,|1980; Maeda and Karchl 2009)). The second
region is summarized as the bithorax complex and involves 3 genes: Ultrabithoraz (Ubz) regulates the
3rd thoracic segment, while abdominal A and B (abdA/AbdbB) specify the abdominal segments
[1978}; Maeda and Karch, [2009). Together, the antennapedia and bithorax complexes are also referred to as
homeotic complex (Schuettengruber et all [2009). Intriguingly, the physical order of the segments mirrors
the order of the respective encoding genes on the chromosome. Illustration was taken from

1.2.2 Polycomb-Trithorax antagonism

The balance between the correct activation of some and silencing of other HOX genes in
a given segment is regulated by the antagonistic actions of the Polycomb and Trithorax
machinery (Ingham and Whittlel 1980; [McKeon and Brock, (1991} [Simon et al., 1992). In
simple terms, transcription of developmental genes is activated by Trithorax, while Poly-
comb acts as a repressor (Schuettengruber et al., [2007). On the molecular level Trithorax
and Polycomb catalyze different histone modifications, which, intriguingly, are often mu-
tually exclusive. For example, in higher metazoans the Trithorax proteins Ashl and SET?2
catalyze the deposition of H3K36me2 and H3K36me3, respectively, in actively transcribed
genes (Schmihling et al. 2018; Bell et al., 2007; |Gaydos et al. 2012; Larschan et al.,
and this mark was found to inhibit Polycomb group repressive complex 2 (PRC2)
on the same H3 tail (Klymenko and Miiller, 2004; Schmitges et al., [2011). The Trithorax-
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Polycomb antagonism is hence a prime example for a writer-reader mechanism (reviewed
in Margueron et al., [2005).

1.2.3 Polycomb Group proteins

The name "Polycomb" (Pc) (Lewis, 1978) was introduced in 1978 when mutational studies
lead by Ed Lewis in Drosophila resulted in a dominant phenotype of an ectopic appearance
of a sex comb, a row of distinctive bristles. These bristles are usually present only on the
first pair of thoracic legs of an adult male fly (T1; Fig. (Lewis, 1978). The additional
appearance of these bristles on the second and sometimes third legs was the product of a
loss of repression of the HOX gene Scr. Over the following years several studies discovered
that additional genes exert a similar function and give rise to mechanistically and func-
tionally similar phenotypes of homeotic transformations upon mutation. Such genes were
extra sex comb (esc) as discovered by Gary [Struhl, (1981 or later Polycomb like (Pcl) as
discovered by Ian M. |Duncan, 1982, These and 20 more genes were later coined Polycomb
Group genes (PcG) due to their function in segmental organization (Jirgens, 1985; Simon
et al., [1992)).

The majority of PcG members are components of four main complexes. Biochemical pu-
rifications from Drosophila revealed that these complexes are (1) Polycomb repressive
complex 1 (PRC1) with the function of histone H2A mono-ubiquitination at lysine 119
(H2AK119ub) and chromatin compaction (Shao et al., [1999; Wang et al., |2004a; Francis
et al., 2001} 2004; |Grau et al., 2011)), (2) Polycomb repressive complex 2 (PRC2) catalyzing
methylation at lysine 27 (Czermin et al., 2002; Miller et al., 2002)) and (3) Polycomb Re-
pressive DeUBiquitinase (PR DUB) with the opposing function to PRC1, the removal of
K119 ubiquitination (Scheuermann et al.,|[2010) and (4) DNA binding complex Pho repres-
sive complex (PhoRC) (Klymenko et al., [2006)). This thesis is focused on the regulation of
PRC2.

1.3 Polycomb repressive complex 2 (PRC2) - a histone
methyltransferase

PRC2 is a S-Adenosyl-L-methionine (SAM) dependent histone methyltransferase respon-
sible for mono-, di- and trimethylation of H3K27 (Miiller et al., [2002; (Czermin et al.,
2002; | Kuzmichev et al., 2002; |Cao et al.. 2002). The core of mammalian PRC2 corre-
sponds to about 250 kDa and constitutes the catalytic subunit enhancer of zeste homolog
1/2 (EZH1/EZH2), the embryonic ectoderm development (EED), suppressor of zeste ho-
molog 12 (SUZ12) and retinoblastoma-binding protein 4 or 7 (RRBP4/7 also referred to
as RbAp48/46). PRC2 is often found associated with a number of different protein cofac-
tors: adipocyte enhancer-binding protein 2 (AEBP2), jumonji AT-rich interacting domain 2
(JARID2 or Jumonji), polycomb-like proteins (PCLs) plant homeodomain factor 1 (PHF1,
also Pcll), metal regulatory transcription Factor 2 (MTF2) (also Pcl2), PHF19 (also Pcl3)
and mammalian-specific Elongin BC Polycomb Repressive Complex 2-associated Protein
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(EPOP) with PRC2-associated LCOR Isoform 1 and 2 (PALI1/2).

The methyltransferase activity of PRC2 is highly important for repression of Polycomb
target genes (PcG genes) such as HOX genes so that a single point mutation of H3K27 in
Drosophila can reproduce the depletion phenotype of EZH2 (Pengelly et al.l [2013; McKay
et al., |2015). While PRC2 can deposit all three methyl marks on lysine 27, in vivo the
deposited mark is predominantly dimethylation, which amounts to 50-70% of H3 tails
in mES cells (Ferrari et al., 2014) and in Drosophila (Lee et al. [2015). In contrast,
mono- and trimethylation are less prevalent, 5% H3K27mel and 5-10% H3K27me3 (Ferrari
et al., 2014; Jung et al., |2010; |Lee et al.l 2015; |Voigt et al., 2012). In early developing
Drosophila embryo levels of H3K27me3 even amount only to 2% and with later stages of
development increase to 7.5 % (Bonnet et al.| [2019). This variance in degree of methyl
groups seems to also have different roles in the cell: H3K27mel is often found in bodies of
actively transcribed genes, while H3K27me2 is very rapidly deposited during DNA synthesis
and is predominantly found on enhancers and intergenic regions (Ferrari et al., 2014} [Lee
et al., 2015; Sneeringer et al [2010). A possible function of H3K27me2 at these genomic
sites was proposed to be the counteraction of the antagonistic active mark H3K27ac to
prevent erroneous activation of enhancers (Ferrari et al., 2014)). Indeed, reduction of PRC2
in the cell was often found to be associated with an increase of global H3K27ac (Tie
et al., [2009). In contrast, trimethylation is a slow reaction and in ES cells predominantly
found at promoters, especially bivalent promoters (Bernstein et al., 2006; Voigt et al.,
2013). Moreover, Polycomb target genes are often found to be extensively decorated with
H3K27me3 and at least partial generation of these extended long regions of H3K27me3 on
target genes was found to be a prerequisite for sufficient repression (Bernstein et al., 2006;
Papp and Miiller, 2006; |Schwartz et al., 2006)). H3K27me3 mark is furthermore recognized
by the CBX (in Drosophila Pc) subunit of PRCI responsible for H2Aub catalysis. An
additional function of chromatin compaction is ascribed to PRC1 and these concerted
actions of PRC2 and PRC1 together form the classical model of Polycomb group repression
(Cao et al., [2002; |Czermin et al., 2002; Kuzmichev et al.| [2002; |[Miiller et al.| [2002; [Francis
et al., [2001; |Grau et al., [2011). Correct regulation of PRC2 activity is therefore highly
crucial for gene regulation.

1.3.1 Structure and function of the individual core PRC2 compo-
nents

EZH?2

The catalytic subunit EZH2 belongs to the Ez family of histone methyltransferases. The
importance of EZH2 was demonstrated in a study where knockout of EZH2 resulted in
mouse embryonic lethality (O’Carroll et al., 2001). The catalytic activity is provided
by the SET (su(var) 3-9, enhancer of Zeste (E(z)) and Trithorax) domain (Fig. A),
however, EZH2 requires other PRC2 subunits for activation (Cao and Zhang), [2004b). The
structural basis for this observation was provided by crystal structures of the single EZH2
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SET domain, which demonstrated that unlike other homologous SET domains, such as
DIM-5, it adopts an autoinhibitory state (Fig. B) (Wu et al., 2013; Antonysamy et al.,
2013). In this state the SAM cofactor binding pocket and the substrate entry side are not
properly folded thereby physically hindering catalysis.

EED

The subunit EED at its C-terminal WD40 domain adopts the characteristic fold of a beta-
propeller commonly consisting of seven blades, four-stranded antiparallel 3-sheets and in
addition contains an 80 residues subdomain at its N-terminus (Smith et al., |1999; Tie
et al., 2007) (Fig. C). A number of crystal structures of EED have been solved over
the last years, most of which showed the recognition of trimethylated peptides such as
H3K27me3 by the aromatic cage of the WD40 beta-propeller (Margueron et al., [2009)
(reviewed in Huang et all 2017). The recognition of the own catalytic product has been
shown to allosterically activate PRC2 and the biological significance of this mechanism will
be discussed in subsequent sections of this thesis (Margueron et al., 2009). The importance
of presence of EED in the PRC2 complex is demonstrated in studies where point mutations
in EED result in embryonic lethality due to disruption of the EZH2-EED binding interface
(Denisenko et al.. [1998)). Structural characterization showed that this interface is provided
by a narrow binding groove on the surface of EED onto which the N-terminus of EZH2
forms a long o-helix (Han et al., 2007).

RBBP4/7 and SUZ12

RBBP4 and its paralog RBBP7 were initially discovered as retinoblastoma-associated pro-
teins and are part of many different chromatin-modifying complexes such as the ATP-
dependent nucleosome remodeling deacetylase (NuRD) or the chromatin assembly factor
Cafl (reviewed in Holoch and Margueron) 2017; [Huang et al., [2017). The structure of
D.m. ortholog of RBBP4/7, Nurf55, revealed an N-terminal helix with a seven stranded
WD40 beta-propeller as for EED (Song et al., 2008) (Fig. D) and similarly to EED,
Nurf55 was shown to be able to recognize histone tails. The function and relevance of the
histone binding activity of RBBP4 and the differences between the paralogs within PRC2
remain poorly understood, however the presence of this subunit within the PRC2 complex
was shown to enhance PRC2 activity (Cao and Zhang, [2004a,b; |Ferrari et al., [2014). A
crystallographic study demonstrated how Nurf55 recognizes the unmodified N-terminus of
the H3 tail spanning residues 1-14 and a region of Su(z)12 (D.m. homolog of SUZ12),
comprising residues 73-143 (Schmitges et al., 2011)) (Fig. D). SUZ12 is bound predom-
inantly via hydrophobic interactions on the side of the propeller sandwiched between the
PP (pyrophosphate binding) loop and the o-helix 1 (Verreault et al., 1998) (Fig. D).

SUZ12 is an integral part of the PRC2 complex as the removal of its C-terminal VEFS
(VRN2-EMF2-FIS2-Su(z)12) domain disrupts PRC2 complex formation (Kuzmichev et al.|
2002). In addition to the VEFS domain, SUZ12 harbors a Cyse-Hiss zinc finger (Fig.
A), which counter-intuitively was shown to not promote DNA binding in vitro but was
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instead proposed to be required for mediating protein-protein interactions within the com-
plex (Miller et al., 2002)).

1.3.2 Structural characterization of PRC2 complex architecture
Ternary complex of EZH2-EED-SUZ12VEFS

The structures of Chaetomium thermophilum EZH2-EED-SUZ12VEFS in stimulated and
basal state showed the overall organization of the ternary complex (Jiao and Liu, 2015)
and were later confirmed by similar structures of the human (Justin et al., [2016) and
human /american chamelion complexes (Brooun et al., 2016)) (Fig. E). In the struc-
tures, the N-terminal domain of EZH2 forms a long helix on the surface groove of the
beta-propeller of EED, as previously described (Han et al. [2007). The very N-terminus
interacts with the downstream SANT1 domain of EZH2 (SANT1 binding domain/SBD).
At the back of the ternary complex, EZH2 forms a loop referred to as SET activation loop
(SAL), which is essential for proper activation of EZH2 (Jiao and Liuj 2015). The SAL
loop is followed by a stimulation response motif (SRM). This motif owes its name to the
observation that it is only formed upon binding of the allosterically activating H3K27me3
peptide to the EED beta-propeller (active state; see subsection on how EED rec-
ognizes the tri-methyl-ammonium group). In contrast, in the basal state of the ternary
complex (absence of H3K27me3 peptide in the EED) the SRM is disordered and flexible.
The same allosteric activation mechanism involving the SRM was described in the human
ternary complex (Justin et al. |2016). In this case, EZH2 was activated by the binding of a
trimethylated protein cofactor JARID2 K116me3 peptide in the aromatic cage of the EED
beta-propeller (Sanulli et al. 2015). Once properly folded, the SRM is in contact with
the activating peptide and the catalytic-proximal SET-1 region, which likely transfers the
allosteric activation to the active site (Jiao and Liul [2015)(Justin et al., 2016).

Following the SANT1/2 domains is a highly conserved region harboring zinc-sulfur clus-
ters (ZnsCysgHis + ZnsCyscysg/CXC). The function of this domain was proposed to be
DNA binding as it is evolutionary related to the CXC domain in the Drosophila dosage
compensation complex responsible for recruitment to the X-chromosome (Zheng et al.,
2012)). Furthermore, missense mutation in the zinc-coordinating residues were previously
described to abolish the methyltransferase activity and are characteristic of myelodysplastic
syndromes (Ketel et al.; 2005; |[Ernst et al.| 2010). The exquisite intricate ternary structure
of EZH2 with EED and SUZ12VFFS and the number of interactions provide structure-
based explanations for the observation that EZH2 requires the presence of both subunits
for proper activation and folding (Miiller et al., 2002; Ketel et al., |2005; Yamamoto et al.,
2004]).

Aspects of regulation of the SET domain. A closer look at the human catalytic
SET domain reveals the differences of its active state within the ternary complex in com-
parison to the structure of the sole autoinhibited SET domain (Justin et al., [2016]) (Fig.
M B, E). In the active state, the SET-1 region is rotated several degrees counterclock-
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wise thereby opening the binding groove for the H3 tail and completing the SAM-binding
pocket. Contacts of the SAL loop to SET-1 seem to stabilize the active conformation of
SET, thereby seemingly mediating activating impulses from SUZ12VEFS and EED to the
catalytic site (Jiao and Liu, [2015). Further stabilization is provided through binding of
S-adenosyl-L-homocysteine (SAH, as used in the structures) in a hydrophobic channel of
the SET domain. The relative position of the SAH thioether with regard to the hypothet-
ical position of the lysine e-amino group reflects a catalytically competent state for methyl
transfer (Justin et al.| [2016} Jiao and Liul 2015)

H3K27M is a mutation often found in pediatric brain tumors (see also section 'PRC2 in
disease' . In the human PRC2 crystal structure the methionine is in place of the lysine
27 mimicking its aliphatic portion of the side chain and is recognized by several aromatic
residues of EZH2 (Tyr641, Phe724, Tyr 726, Tyr728, Phe667). H3R26 is engaged in ionic
interaction with GIn648 and Asp652 (Justin et al., [2016]).

The chemistry of the methyl transfer from the SAM (S-adenosyl-L-methionine) methyl-
donor to the epsilon nitrogen of the lysine is a bimolecular nucleophilic substitution (Sy2)
group transfer reaction resulting in SAH (S-adenosyl-L-homocysteine) and N-methylated
lysine (Smith and Denu, 2009). While theoretically a lysine can be mono-, di- and trimethy-
lated in place of its three hydrogens, not all SET methyltransferases can catalyze the three
steps. Structural comparison of EZH2 SET to other SET domains, where only mono- and
dimethylation is possible, revealed that space limitations and establishment of hydrogen
bonds (from the aromatic amino acid residues to the substrate) differ in the other SET do-
mains and thereby regulate the different degrees of catalysis (Cheng et al., [2005)) (reviewed
in Liu and Zhul 2017).

Finally, another level of SET domain regulation is provided by the automethylation func-
tion of EZH2 (Lee et al.; 2019; Wang et al.l [2019)). Residues K505, K509, K510 located in a
loop region between CXC and SANT2 were proposed to occupy the substrate pocket prior
to methylation catalyzed by EZH2. Regulation of EZH2 by automethylation is thereby
reminiscent of kinase autopohosphorylation and histone acetyltransferase autoacetylation
mechanisms (Beenstock et al., |2016; [Thompson et al., [2004]).
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Figure 1.4: Structural studies on individual subunits and the ternary complex of PRC2.

A. Overview of the core PRC2 subunits domain organization. Dotted bars indicate regions present in
the structures shown in the following subfigures. B. X-Ray crystal structure of the EZH2 SET domain
shows an autoinhibitory fold (PDB: 4MI5)(Antonysamy et all 2013). Also shown in C.
H3K27me3 recognition by the aromatic cage of EED (PDB 3IIW) (Margueron et al., 2009). D. H3 tail and
SUZ12 recognition by Nurf55 (D. m. ortholog of RBBP4) E. Ternary structure EZH2-EED-SUZ12VEFS
(shown in example of the human crystal structure: PDB: 5HYN, [Justin et al.| [2016) reveals the intricate
interaction network within the subunits. A H3 peptide containing the H3K27M mutation is inserted into
an aromatic cage of the SET domain.

Cryo-EM studies of AEBP2-PRC2

The first structural characterization of the full five subunits PRC2-AEBP2 complex was
obtained by negative stain electron microscopy (EM) and its resolution was limited to
21 A (Ciferri et al), [2012). Together with chemical crosslinking the structure revealed the
overall spatial organization of the full complex with an 'upper lobe' containing the ternary
EZH2-EED-SUZ12 (C-terminus) complex (Justin et al., 2016) and the 'bottom lobe' with
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SUZ12 (N-terminus) and RBBP4 (Ciferri et al., [2012). Recently, high resolution cryo-
EM structures were obtained of BS3 crosslinked PRC2-AEBP2-JARID2 revealing detailed
structural organization of the 'bottom lobe' (Fig. [L.5 A, B). The accessory subunit AEBP2
was previously shown to stabilize the core PRC2 complex and additionally enhance the ac-
tivity of PRC2 (Youmans et al., 2018; Kalb et al., 2014; [Son et al., 2013). In the structure,
residues K294 and R295 of AEBP2 mimic histone H3 recognition by RBBP4 previously
illustrated in a crystallographic study (Fig. D) (Schmitges et al., 2011). Residues
263-283 of AEBP2 are involved in interactions with SUZ12 (426-548) (Kasinath et al.
2018). The N-terminus of AEBP2 is in close proximity to the EZH2 SET domain, which
potentially indicates an allosteric transmitter function of AEBP2, acting between RBBP4
and SUZ12 and the active site (Fig. [L.5| A, B). A JARID2 peptide is bound in the catalytic
site of EZH2 providing structural insights into JARID2 mimicry of the H3 tail in the active
site previously described in vitro and in vivo (Sanulli et al) 2015). Both, the H3 tail and
JARID?2 peptide, once trimethylated by PRC2, stimulate the catalytic activity of PRC2
in a positive feedback loop via recognition of EED (Sanulli et al., 2015; Margueron et al.,
2009; Jiao and Liul 2015; [Justin et al., |2016; Kasinath et al. 2018)).
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Figure 1.5: Cryo-EM structure of PRC2-AEBP2-JARID?2.

A. Overview of the components and protein cofactors of PRC2 and their domain organization. Dotted
bars indicate regions present in the structures shown in the following subfigure. B. Cryo-EM structure
of PRC2-AEBP2 reveals the subunit organization within the full-length PRC2-AEBP2-JARID2 complex
(Kasinath et al., 2018).

1.4 Role of PRC2 cofactors

High levels of H3K27me3 are prerequisite for the repressive action of Polycomb. Owing
to the slower enzymatic reaction of trimethylation PRC2 requires 1) enhancement of its
enzymatic reaction and/or 2) a more prolonged and more stable association with chro-
matin (reviewed in Holoch and Margueron, 2017; |Liu and Zhu, 2017). Binding of PRC2
to accessory subunits was proposed to be one of the mechanisms of how PRC2 achieves
generation of high levels of H3K27me3. While some aspects were already mentioned pre-
viously, this section is dedicated to the in-depth analysis of the role of some of the protein
cofactors within PRC2 regulation. The facultative subunits of PRC2 can be subdivided
into two mutually exclusive PRC2 classes, PRC2.1 and PRC2.2 and the cofactors present
on the PRC2 complex differ depending on the developmental stage or in different cell
types (Grijzenhout et al., 2016; Hauri et al., 2016) (overview shown in Fig. A). Fur-
thermore, in mES and human induced pluripotent stem cells PRC2.1 and PRC2.2 were
found to act at their target genes synergistically, while specific depletion of activity of the
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one did not affect activity of the other and vice versa (Healy et al., 2019; Hojfeldt et al.,
2019; Youmans et al., 2020). In PRC2.1, the core PRC2 complex is associated with one of
the Polycomb-like proteins PHF1, MTF2, PHF19 (also called Pcl 1-3, Pcl in Drosophila)
or with PALI1/2 or EPOP (Fig. A). PRC2.2 is in complex with AEBP2 (Jing in
Drosophila), JARID2 (Jarid2/Jumonji in Drosophila), or both simultaneously (reviewed
in |Aranda et al., 2015). Within the subcomplexes, the following pair of protein cofactors
were found to be mutually exclusive: Pcl proteins and AEBP2 (Grijzenhout et al., 2016;
Hauri et al.; 2016; |Chen et al [2020), PALI1 and AEBP2 (Hauri et al.| 2016; Conway et al.,
2018) and EPOP, PALI1 and JARID2 (Hauri et al., 2016} |Chen et al., |2020; Conway et al.|
2018; |Alekseyenko et al., 2014; Beringer et al., 2016; [Liefke and Shi, 2015)). Intriguingly,
the majority of these cofactors seems to bind the 'bottom lobe' of PRC2 consisting of the
N-terminal region of SUZ12 and RBBP4 (Chen et al. 2018| 2020; Youmans et al., [2020).
Cancer mutations in SUZ12 were found to favor formation of the PRC2.1 complex over
PRC2.2 with a subsequent increase of PRC2 chromatin association and H3K27me3 levels
(Youmans et al., [2020)).

The following sections will elucidate selected aspects of the molecular architectures and
functions of Pcl proteins, PALI1/2 of PRC2.1 and AEBP2 and JARID2 of PRC2.2.

1.4.1 PHF1, MTF2 and PHF19

PHF1 (Pcll), MTF2 (Pcl2), PHF19 (Pcl3) are mammalian homologues of D. melanogaster
Pcl (Nekrasov et al., [2007; |Cao et al., 2008; [Sarma et al., 2008). In Drosophila, Pcl is
required to maintain repression of Polycomb target genes: loss or mutations of Pcl lead to
a reduction of H3K37me3 and a phenotype similar to Pc mutants (Nekrasov et all 2007}
Savla et al.|2008). In mammalians, depletion of Polycomb-like proteins is also accompanied
by concomitant decrease of H3K37me3 (Cao et al.,|2008; Sarma et al., 2008; Casanova et al.|
2011 Hunkapiller et al., [2012)). Furthermore, presence of Pcl proteins on PRC2 enhances
its activity as compared to the core PRC2 complex (Cao et al., [2008; |Sarma et al., |2008;
Nekrasov et al. 2007). Pcl proteins are characterized by the following domains (Fig.
B): a Tudor, two PHD, one Extended Homology/Winged-Helix (EH/WH) and finally the
C terminal RC/CL (Reversed Chromo/Chromolike domain) domains (Ballaré et al., [2012;
Choi et al., 2017; Li et all) 2017) (Fig. B). The structure of the D. melanogaster
Pcl PHD and DNA binding WH domains was solved by X-ray crystallography (Fig.
B) and showed a canonical WH and an atypical aromatic cage of the PHD (Choi et al.,
2017). Binding of PRC2 to both DNA and mononucleosomes in vitro showed an increase
of 2-2.5x of affinity and residence time on oligonucleosomes was extended (as measured
by single molecule TIRF microscopy) in presence of PHF1 (Choi et al., 2017). Mutations
in the WH domain decreased both affinity and residence time to a level comparable to
PRC2 lacking PHF1 concluding that WH domain is necessary for binding (Choi et al.,
2017). Interestingly, despite Pcls repressive function at the Polycomb target genes, its
WH domain was shown to lack specificity for binding to PREs. The combination of these
results shows convincingly that presence of PHF1 on PRC2 promotes H3K27me3 by a
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prolonged DNA binding and hence likely more stable chromatin association but not by
specific targeting to PREs (Choi et al., [2017). In addition to WH and PHD2 Pcl proteins
contain a second PHD domain (PHD1) and a Tudor domain. Crystallographic studies of
the human PHF1 Tudor domain revealed how its aromatic cage recognizes the active mark
H3K36me3 (Musselman et al., 2012). PRC2-PHF1 was found to be inhibited on yeast-
isolated H3K36me3 containing chromatin, however it remains unclear what contribution
is made by the Tudor domain of PHF1 (Musselman et al) 2012, [2013). In contrast,
the Drosophila Tudor domain shows an atypical aromatic cage and hence is not able to
bind H3K36me3 (Friberg et al., [2010). The C-terminus of PHF1 (Fig. B; in other
literature also named Reversed Chromo/Chromo-like domain) was reported to be sufficient
for establishing interaction with PRC2 (Choi et al., 2017). While no structure is available
of the PRC2 interaction with PHF1, structural studies on PHF19 suggest that Pcl proteins
presumably bind to the N-terminal part of SUZ12 recognized also by AEBP2 (Chen et al.,
2020; [Kasinath et al., |2018).

Furthermore, the structures of SUZ12-RBBP4 and short constructs encompassing SUZ12
interacting regions of PHF19 revealed that the C-terminal RC domain of PHF19 promotes
dimerization via a Dimer Stabilization helix (DS) (Chen et al. 2020). PRC2 dimers have
been described previously, but were lacking the structural details (O’Connell et al., 2001}
Tie et all 2003; Margueron et al., [2008; (Casanova et al., |2011; Ballaré et al., [2012; Son
et al., [2013; Davidovich et al.; 2014} |Grijzenhout et al.l |2016). In the structure, PHF19
does not participate in the dimer formation but rather stabilizes dimerization of SUZ12-
RBBP4. Importantly, the described DS helix seems to be conserved in the Drosophila Pcl,
human MTF2 but not in PHF1.

1.4.2 AEBP2

The domain architecture of AEBP2 reveals three potentially DNA binding Zn finger do-
mains (Kim et al [2009; [Wang et al.l 2017) and a C-terminal region, which harbors a
nucleosome association enhancing lysine and arginine rich motif (KR motif) (Lee et al.,
2018) and PRC2 and nucleosome binding C-terminal (CT) domain (Cao and Zhang, 2004b;
Chen et al. 2018) (Fig. A). AEBP2 binds to PRC2 via SUZ12 as already discussed
in section of this thesis (Kasinath et al., 2018)). As a zinc finger protein, AEBP2
was proposed to recruit PRC2 to target genes via DNA recognition (Cao et al., 2002; |Cao
and Zhang, 2004b). However, studies have shown that the DNA sequence preference of
AEBP2 is highly degenerative (Kim et al., 2009)). Furthermore, a recent pre-print showing a
cryo-EM structure of PRC2-AEBP2-JARID2 on a ubiquitinated nucleosome (H2AK119ub)
found that in presence of the ubiquitin moiety, AEBP2 Zn fingers interact with the histone
core of the nucleosome (Kasinath et al., [2020)). Instead, in this structure, the KR motif of
AEBP2 shows interactions with nucleosomal DNA (Kasinath et al., 2020). The observed
DNA binding contribution by AEBP2 KR motif could potentially affect residence time
similar as to PHF1 and accordingly, presence of AEBP2 has been shown to enhance the
activity of PRC2 (Youmans et al. 2018} [Kalb et al.l 2014} Son et all, 2013) (Fig.
A). In negative stain and in cryo-EM, association of PRC2 to AEBP2 has been shown to
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stabilize the complex (Ciferri et al., [2012; |[Kasinath et al., 2018). Further discussion of the
AEBP2 contribution to PRC2 regulation will be provided in the following section '"PRC2
and chromatin' [LA] of this thesis.

1.4.3 JARID2 and PALI1/2

While belonging to different PRC2 subcomplexes, PALI and JARID2 share common fea-
tures: both cofactors were reported to enhance activity of PRC2 in vitro and in wvivo
(Sanulli et al. 2015; Zhang et al., 2020). Both proteins are a substrate of PRC2 through
H3 tail mimicry (JARID2 at K116; PALI1 at K219; PALI2 at K124) and once trimethy-
lated, subsequently stimulate the activity of the complex through binding to EED (Sanulli
et all [2015; Margueron et al.l 2009; Zhang et al., |2020) (Fig. A). JARID2 has a
JmjC (Jumonji) histone demethylase domain, which, however, has lost residues required
for catalytic activity (Cloos et al., 2008; |Landeira and Fisher, 2011)). Intriguingly, JARID2
binds to EED with a higher affinity than H3K27me3 peptide and once bound cannot be
out-competed by it. This observation is suggestive of a regulative function JARID2 in de
novo trimethylation activity of PRC2. De novo methylation is required in gene regions
which yet lack preexisting H3K27me3 but need to be fully repressed, thus requiring high
levels of trimethylation (Sanulli et al., 2015). The higher binding affinity is likely due to an
additional aromatic amino acid used in the recognition of JARID2/PALII in the aromatic
cage of EED as compared to H3K27me3 (Sanulli et al., [2015; Margueron et al.,[2009; Zhang
et al., 2020). Finally, JARID2 harbors an ubiquitin-interaction motif (UIM), which as the
name suggests is able to recognize H2AK119ub (Fig. A). The role of this recognition
will be further discussed in the following section 'PRC2 and chromatin' of this thesis
(Sanulli et al., 2015; |Kalb et al.l 2014; Kasinath et al., 2020).
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Figure 1.6: Role of PRC2 accessory subunits.

1.5 PRC2 and chromatin

1.5.1 PRC2 regulation by surrounding chromatin

In addition to the association with accessory subunits, activity of PRC2 can be stimulated
by the surrounding chromatin. The own catalytic product of PRC2, H3K27me3, can en-
hance the activity of PRC2 through recognition and allosteric activation by EED, as was
already described in previous sections of this thesis (Margueron et al. [2009; Xu et al.|
2010). This positive feedback loop mechanism is thought to be responsible for the reestab-
lishment of high levels of H3K27me3 regions after 2-fold dilution of the methyl marks due
to chromosome duplications in the S-phase of a cell cycle (reviewed in Holoch and Mar-|
gueron|, 2017). It is not surprising therefore, that expression of EZH2 correlates with the
rate of cellular proliferation (Bracken et al., |2003; Margueron et al., [2008]).

Furthermore, regions of dense chromatin were reported to have a PRC2 activity enhanc-
ing function and this is dependent on the presence of SUZ12(VEFS) domain
. In wvitro, this effect can be simulated by presence of high amounts of histone tails. In
general, PRC2 shows higher activity on oligonucleosomes and the activity decreases with
the amounts of nucleosomes linked by the DNA, with mononucleosomes being the least
favorable nucleosomal substrate (Cao et al., [2002; Miiller et al., |2002). Intriguingly, while
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the H3 tail is the primary catalytic substrate, the binding and activity of PRC2 to and
on H3 peptides are significantly reduced as compared to nucleosomes (Cao et al., 2002;
Czermin et al} 2002; Kuzmichev et al., 2002; Miiller et al.l 2002). In agreement with this
observation, binding affinity of PRC2 to DNA was observed to be in low nanomolar range
and presense of protein cofactors such as PHF1 enhance this binding further (Choi et al.,
2017; Wang et al., 2017). More insights into dependence of PRC2 on availability of DNA
was shown in a study where different linker length on dinucleosomes substrates lead to
differential activity (Wang et al., [2017). Activity of PRC2 enhances with shorter linker
lengths and this effect can also be provoked by addition of Mg?" ions and linker histone H1,
which help condensing chromatin (Wang et al., 2017; Martin et al.l 2006; Yuan et al., [2012).
In presence of high amounts of H3 peptides encompassing residues 31-42 in trans, which
simulates a highly condensed chromatin environment, differences in linker lengths had no
effect on PRC2 activity. These observations clearly show, that mediation of stimulative
effect is transferred not by the linker lengths directly but by bringing H3 tails in closer
proximity to PRC2 (Yuan et al., 2012) (reviewed in |Holoch and Margueron) 2017 and Liu
and Zhul [2017)). In summary, while actions of PRC2 and PRC1 are required for chromatin
compaction, dense chromatin with an increased number of H3 tails in close proximity to
PRC2 might constitute another mechanism of positive feedback regulation and can also
act upstream of PRC2. It should be however noted that these in vitro observations remain
to be confirmed in vivo (reviewed in Holoch and Margueron, 2017)).

PRC2 is also subject to negative regulation e.g. by several active histone marks. In
presence of H3K4me3 or H3K36me2/3 on the H3 tail, PRC2 is inhibited in cis but not in
trans. While evidence for this inhibition was provided by numerous studies both in wvitro
and in vivo, the exact molecular mechanism of how these marks exert their influence on
PRC2 activity has remained enigmatic (Schmitges et al.l 20115 Voigt et al., 2012; Bernstein
et al., [2006)) (reviewed in |Holoch and Margueron, [2017)). In the case of H3K4me3, a methyl
mark linked to transcriptional activation and especially found at active gene promoters (re-
viewed in Shilatifard, 2012; Morgan and Shilatifard, 2020)), a mechanism involving RBBP4
was proposed based on a crystal structure detailing the interaction of the Drosophila or-
tholog Nurf55 with the H3 tail (Schmitges et al., 2011) (Fig. D). Consistent with this
observation, the binding affinity of a PRC2 construct containing Nurf55 and the VEFS
domain of SUZ12 to H3 was reduced when the H3 peptide contained trimethylated H3K4
(Schmitges et al, 2011)) (see also section[I.3.1)). Controversially, PRC2 without Nurf55 was
yet inhibited and moreover, binding to H3K4me3 containing nucleosomes was not affected
(Schmitges et al) 2011)). The VEFS domain of SUZ12 is therefore a pontential candidate
for sensing H3K4 methylation (Schmitges et al., 2011).

H3K36me2/3 mark is found associated with bodies of transcribed genes (reviewed in Shilat-
ifard), 2012; [Morgan and Shilatifard, |2020; Holoch and Margueron), 2017) and as H3K4me3
is a cis inhibitor of PRC2 activity (Schmitges et al., 2011; [Yuan et al.l 2011} [Voigt et al.,
2012). Intriguingly, unlike H3K4me3, where the sum of K27 methylation processes on a
H3K4me3 peptide was reduced in comparison to an unmodified peptide, they were equal
when comparing H3K36me3 and unmodified peptides. This is suggestive of a mechanism,
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where H3K36me3, unlike H3K4me3, is only inhibiting in the context of a nucleosome
(Schmitges et al., [2011)).

Consistent with the inhibition function exerted by the active marks, mass spectrometry
(MS) analysis on natively isolated nucleosomes has not found virtually any H3 tail deco-
rated with both H3K27me3 and H3K4me3 or H3K36me2/3 in embryonic stem (ES cells)
(Voigt et al., [2012). However, the combination of these marks was found to be existing on
the same nucleosome but separated on the two H3 tail copies and only in ES cells and not
in the more differentiated mouse embryonic fibroblast (MEF) cells. It was hence proposed
that the existence of both active and repressive marks on the same nucleosome but differ-
ent H3 tails is an attribute of bivalent promoters reflecting and ensuring the plasticity of
gene expression states characteristic to pluripotent and multipotent stem cells (Bernstein
et al., 2006; Voigt et al., 2013)). Finally, on active genes bodies, H3K36me3 can be found
on the same H3 tail as H3K27mel, the inhibition is therefore limited to di- and trimethy-
lation activity of PRC2 (Voigt et al.l 2012) and this observation was confirmed in vitro
(Schmitges et al., 2011} [Yuan et al., 2011). In summary, genes neighboring to Polycomb
repression sites, which have to remain transcriptionally active, can be protected from being
'"H3K27me3-overwritten' by active histone marks such as H3K4me3 and H3K36me3, but
the mechanism of how PRC2 senses the presence of these marks remained unclear (Schmit-
ges et al., 2011)).

Other mutually exclusive marks to H3K27 methylation include H3K27ac and H3S28p,
likely by chemical incompatibility (Ferrari et al. 2014; Gehani et al., 2010; Lau and Che-
ung, [2011)) (reviewed e.g. in [Holoch and Margueron|, 2017 |Liu and Zhu, [2017)).

1.5.2 PRC2 binding and recruitment to chromatin

Cryo-EM studies of PRC2.2 (PRC2-AEBP2) on heterodimeric dinucleosomes provided
first structural details of PRC2 binding to chromatin (Poepsel et al., 2018) (Fig. A).
While the complete five subunit PRC2.2 complex was used to reconstitute the PRC2-
dinucleosome complex, only the ternary complex EZH2-EED-SUZ12VEFS as was crystal-
lized before (Justin et al.; 2016) (see also section could be visualized in the cryo-EM
reconstruction. Densities for the 'bottom lobe' of PRC2 are missing likely due to protein
denaturation at the water-air interface during plunging processes, flexibility hindering pro-
cessing or a combination of both. In the EM map with an overall resolution of 6.2 A, the
ternary complex sits between the two nucleosomes, which are connected by a 35 bp linker
(Poepsel et al., 2018)). Interaction with the nucleosomes is established by binding to the
nucleosomal DNA: on the substrate (unmodified) nucleosome, EZH2 recognizes the DNA
via four CXC residues (K563, Q565, K569, Q570) (Poepsel et al., 2018). The allosteric nu-
cleosome (carrying an H3Kc27me3) is bound by the combined interfaces of EED, EZH25BP
and possibly SANT1 domains (Fig. A) (Poepsel et all [2018). The flexibility of the
EED-EZH2%BP interaction with the allosteric nucleosome (as can be seen by the higher
resolution in the local resolution map) hints towards several modes of possible interactions
on this nucleosome (Poepsel et al., 2018)). Intriguingly, the two interface binding mode of
the ternary complex remains the same when using different linker lengths between the two
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nucleosomes. Instead, the nucleosomes are found flipped to each other on dinucleosomes
with 35 bp linker with the linker DNA traversing between the two nucleosomes (Poepsel
et al., 2018). When using 30/40 bp linker dinucleosomes, the two nucleosomes are con-
nected by a straight non-crossed DNA (Fig. B) (Poepsel et al., [2018)). The ternary
PRC2 complex does not bind the acidic patch of the nucleosome in the cryo-EM recon-
struction, however, negative stain 2D classification clearly showed that the 'bottom lobe'
of PRC2, missing in the cryo-EM map, makes contact to one or two of the dinucleosomes
(Fig. C) (Poepsel et al., 2018). Hence it cannot be ruled out based on this study that
the acidic patch of the nucleosome is indeed not required for PRC2-nucleosome binding.

In D. melanogaster recruitment of PRC2 to target genes requires the presence of DNA
binding sites of approximately few hundred bp length called Polycomb response elements
(PREs) (Schwartz et al., [2010). PREs were shown to recruit both PRC2 and PRC1 and to
be sufficient for silencing of reporter genes (Wang et al.l [2004b) (as reviewed in Kassis and
Brown, [2013; [Schwartz, 2017). The first PRE to be discovered was bxd-PRE, a Hox gene
part of the bithorax complex (see Fig. and section , which controls the repression of
Ubx. (Chan et al., [1994; Simon et al.;[1993). Studies have shown that insertion of PREs in
the Drosophila genome causes spreading of H3K27me3 in proximity to the insertion sites
as well as repression of a reporter gene. Excision of PREs resulted in dilution of H3K27me3
with each round of S-Phase and derepression of the reporter, but only when the cells were
not replication-stalled (Laprell et al., 2017).

While the exact molecular mechanism of PRC2 recruitment to PREs remains elusive, stud-
ies have shown that it requires the protein Pho, the only PcG protein with DNA sequence
binding specificity (Brown et al., [1998; Schuettengruber et al., |2007; Oktaba et al.; 2008;
Kwong et al.| [2008; Frey et al.. [2016). Previous crystallographic studies revealed details of
the binding of the highly conserved Pho human homolog YY1 to its cognate DNA within
the PREs (Houbaviy et al., [1996; Brown et al., 1998). Despite a number of studies re-
porting a direct interaction of Pho/YY1 with PRC2 or PRC1 (Mohd-Sarip et al., 2005,
2002; [Wang et al., 2004b)), the respective complexes couldn’t be reconstituted with purified
proteins in vitro (Klymenko et al.; 2006; Mohd-Sarip et al., 2005). Instead, Pho was shown
to interact with Sfmbt (Alfieri et al., 2013) and this interaction recruits PRC1 via direct
binding of Sfmbt SAM domain to Scm-SAM of PRC1, as shown by crystallographic studies
(Frey et al., 2016). Confirming this observation, a PRE transgene with abrogated PhoRC
binding sites showed a reduction of Pho, Sfmbt, Ph and also consistent with previous stud-
ies, E(z) and H3K27me3 (Wang et al., 2004b). Hence while it remains to be shown whether
Sfmbt can also directly interact with PRC2, recruitment of PRC2 to PREs is dependent
on DNA binding by PhoRC (Wang et al., [2004b; Frey et al., 2016]).

In mammals, the mechanism of PRC2 recruitment is even more enigmatic as they lack an
exact analogue of PREs in their genome. A variety of mechanisms were proposed involving,
among others, unmethylated CpG dinucleotides in CpG islands and long non-coding RNAs
(reviewed in Bantignies and Cavalli, 2017; Schwartzl, [2017). An interesting model was sug-
gested where PRC2.2 is recruited via its cofactors JARID2 and AEBP2 to nucleosomes
carrying the H2AK119ub mark catalyzed by PRC1. Classically, PRC2 mediated H3K27
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trimethylation targets canonical PRC1, the subunit CBX (Pc in Drosophila) of which binds
to H3K27me3 via its chromodomain (Gao et al.l 2012) (reviewed in Piunti and Shilatifard,
2016; Margueron and Reinberg, |2011;|Morgan and Shilatifard}, 2020)). This process together
with PRC1 mediated chromatin compaction is an essential part of transcriptional repres-
sion of PcG target genes in vivo and depletion of PRC1 subunits leads to de-repression
of these genes. The non-canonical PRC1 complex does not possess the CBX/P¢ subunit,
but yet retains the ability to bind to chromatin at unmethylated CpG islands through
the subunits RYBP1 and KDM2B (Tavares et al., 2012; Morey et al., [2013; Farcas et al.,
2012). The catalyzed ubiquitination of H2AK119 by RING1 (Really Interesting New Gene)
heterodimer E3 ligase activity of the non-canonical PRC1 can then serve as an anchor for
PRC2-AEBP2-JARID2 (PRC2.2) (Blackledge et al., 2014). The activity of PRC2.2 on
nucleosomes was shown to be greatly enhanced in the presence of the H2AK119ub mark
as compared to unmodified nucleosomes and after the initial trimethylation processes, the
catalyzed H3K27me3 can further activate PRC2 via the allosteric regulation by the EED
subunit (Kalb et al. [2014). Once spread, H3K27me3 can in turn be bound by canonical
PRC1, making this positive feedback loop and the concerted actions of the two complexes
an attractive model for efficient propagation of H3K27me3 and transcriptional repression.
Recently, a pre-print (not peer-reviewed) was published on bioRxiv showing a cryo-EM
structure of PRC2.2 bound to a H2AK119ub mononucleosome detailing the JARID2 and
AEBP2 interactions with the H2A ubiquitinated nucleosome: in the structure, the ubiqg-
uitin interaction motif (UIM) of JARID2 is bound between the ubiquitin moiety and the
acidic path, showing interactions to both (Kasinath et al) [2020) (Fig. D). Intrigu-
ingly, in presence of JARID2-ubiquitin interaction, AEBP2 is also found to engage with
the histone core of the nucleosome via its two C2H2 zinc-fingers. In addition to EZH2,
the previously identified lysine-arginine (KR-motif) of AEBP2 (Lee et al., [2018) is also
found to be interacting with the nucleosomal DNA. The observed additional interactions
contributed by JARID2 and AEBP2 and the thereby prolonged and stabilized binding of
PRC2 to nucleosomes provides a structure-based mechanism of how activity of PRC2.2 is
enhanced by the presence of the cofactors and ubiquitin (Kasinath et al., 2020).
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Figure 1.7: Structural studies of PRC2 on chromatin.

A. A 6.2A cryo-EM structure of PRC2.2 on a heterodimeric dinucleosome shows the ternary PRC2 complex
(EZH2, EED, SUZ12VF¥S) in between the two nucleosomes connected by 35 bp linker (Poepsel et al.,[2018)).
PRC2 contacts the substrate nucleosome via EZH2¢XC residues and the allosteric nucleosome is bound by
a combined interface of EED, EZH25BP, SANT1 domains (Poepsel et al.,|2018). Figure taken and modified
from |Glancy et al. 2020l EM-map deposited under EMD-7306 (Poepsel et al. 2018). B. Except minor
differences, the binding mode on dinucleosomes with different linker lengths of ternary PRC2 complex
remains the same and is established via the described interfaces in A. Instead, the second nucleosome is
flipped on linker DNA of 35 bp as compared to 30 and 40 bp, where the DNA is straight between the two
nucleosomes. Figure taken and modified from [Poepsel et all, 2018l EMD-7306, -7307, -7308. C. Negative
stain 2D class averages show nucleosome contacts of the 'bottom lobe' of PRC2, which is missing in the
cryo-EM reconstruction. Figure taken and modified from [Poepsel et all 2018, D. PRC2.2 bound to an
ubiquitinated mononucleosome reveals how JARID2 binds to the ubiquitin moiety on the histone core
(Kasinath et al., 2020). Cited publication is not yet published at the time of thesis writing, therefore
the bioRxiv publication is cited and figure was taken and modified from the recent review
. PDB and EMDB: 6WKR and 21707, deposited but not yet released.
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1.6 PRC2 in disease

Mutations affecting PRC2 are implicated in cancer and neurodevelopmental diseases (re-
viewed in Kruger et al.l 2017). In cancer, both loss of function and gain of function
mutations of PRC2 are linked with tumorigenesis. Y641F/N/S/H/C are examples for ac-
tivating mutations and are common for B cell lymphoma (Morin et al.| [2010)). Studies
on the human ternary crystal structures showed that Y641 contributes to the formation
of the aromatic cage in the catalytic center of EZH2 (Justin et al. 2016). Most of the
cancer mutations are replacements of Y641 to a smaller side chain residue such as serine
or cysteine resulting in a loss of the tyrosine hydroxyl group important for stabilization
of unmethylated lysine 27 in the aromatic cage. The size expansion of the pocket pre-
sumably produces a stereochemically optimized environment for positioning of H3K27me2
substrate for trimethylation, while unmethylated /monomethylated K27 becomes a less fa-
vorable substrate, agreeing with previous studies (Sneeringer et al., 2010; Yap et al., [2011)
(reviewed in Kruger et al., 2017). Another frequent mutation is the A677G substitution,
where a similar mechanism was proposed (McCabe et al., [2012). In Drosophila, a different
gain-of-function mutation in E(z), R741K, also named Trithoraz mimick or E(z)T™ leads
to an increase of global levels of H3K27me3 and a Trithorax loss of function phenotype
(Bajusz et al.l 2001; Stepanik and Harte, [2012). Yet it remains unclear, whether the under-
lying mechanism of this mutation is reminiscent to the Y641 and A677 mutations (McCabe
et al., 2012; Sneeringer et al., 2010)).

H3.1 and H3.3 histone point mutations are exemplary for PRC2 deactivating alter-
ations. Such point mutations for example are H3.1 and H3.3K27M frequently found in
pediatric brain tumors such as diffuse intrinsic pontine gliomas (78%) and nonbrain stem
gliomas (22%) (Schwartzentruber et al., [2012; Wu et al.l 2012; Mackay et al., 2017). Tu-
mors carrying this mutations are highly aggressive and linked to poor survival in patients
and only mutation in one of the 32 H3 gene alleles is sufficient (characteristic of a dominant
negative mutation). The lysine to methionine substitution was found to inactivate PRC2
with loss of H3K27me2/3 and a concomitant increase of H3K27ac in cells (Chan et al.
2013; Lewis et al., 2013; Bender et al.| [2013; |Venneti et al., |2013)). H3K27M mutation also
inhibits PRC2 in vitro (competitive inhibition) (Lewis et al., 2013 Bender et al.,|2013]) and
a H3K27M peptide is sufficient for the inhibition (Bender et al.,[2013). Furthermore, PRC2
was found to bind with a higher affinity to H3K27M nucleosome as compared to unmodified.
Taken together, the data suggest a mechanism of inhibition in which PRC2 is sequestered
to H3K27M containing nucleosomes leading to a decreased concentration and availability
of PRC2 in the cells ultimately reducing H3K27me3 (Chan et al.l |2013; Lewis et al. 2013;
Bender et al.l 2013). The X-ray structure of the human ternary EZH2-EED-SUZ12 com-
plex with H3K27M peptide agrees with the biochemical studies (Justin et al) [2016]). A
recently identified non-histone protein inhibitor of PRC2, EZH2IP (CATACOMB), inhibits
PRC2 by a similar mechanism in Posterior Fossa A ependymomas (Hiibner et al., 2019;
Jain et al.| [2020; [Pajtler et al., [2018; |Piunti et al., [2019). Other frequent histone point
mutations are G34R or G34V on H3.3 (Schwartzentruber et al., 2012; [Wu et al, 2012).
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Histone H3 point mutation are also linked to other diseases such as Weaver and Cohen-

Gibson syndrome characterized by overgrowth and variable intellectual disabilities (as re-
viewed in Deevy and Bracken) 2019; Tatton-Brown et al., 2017; |Cyrus et al., [2019), un-
derlining the importance of in wvivo studies such as in Drosophila where H3K27R point
mutation could recapitulate loss of Polycomb phenotype (Pengelly et al.l 2013).
In summary, many PRC2 mutations are associated with different diseases, of which only a
few were presented exemplary in this section. The correct balance of PRC2 activity in the
cell is therefore crucial while both erroneous up- and downregulation, tipping the balance
towards either site, are detrimental for cells.

1.7 Aims of the thesis

The aim of the thesis is to analyze in molecular detail how PRC2 interacts with chromatin
and interprets preexisting histone modification marks such as e.g. the inhibiting mark
H3K36me3. For this, structural studies using cryo-EM as well as structure-based biochem-
ical analyses such as EMSAs (electrophoretic mobility shift assays) and HMTase assays
(histone methyltransferase assays) are employed. Within PRC2-dinucleosome interactions,
the thesis aims to analyze the distinct roles of the different binding sites in PRC2 function.
Another objective of the thesis is to provide a comprehensive model of PRC2 inhibition by
H3K36me3, fitting with the observed regulative functions of PRC2 activity. Biochemical
assays (EMSAs, HMTase assays and mass spectrometry based peptide HMTase assays) are
used to characterize the biophysical and chemical properties of the H3K36 side chain and
its methylation states. In the context of H3K36me3 inhibition, this work furthermore aims
to describe the potential role of PHF1 Tudor recognition of H3K36me3. In summary, the
thesis aims to dissect chromatin binding contributions made by the PRC2 subunits and
to analyze their function in the context of PRC2 activity and finally, to provide a model
explaining the inhibition mechanism exerted by the H3K36me3 mark on PRC2 in cis.



Chapter 2

Materials

All materials used in this study were obtained from Sigma Aldrich or Roth unless specified
otherwise.

2.1 Bacterial and insect cells strains

Table 2.1: List of bacterial and insect cells strains used in this study.

Strain ‘ Organism ‘ Use ‘ Source
DHI10EMBacY E. coly Bacmid preparation | Geneva Biotech
Top 10 F’ E. coly Cloning Invitrogen
BL21DE3 plysS E. coly Protein expression | Sigma Aldrich
IPLB-Sf21 Spodoptera frugiperda | Viral expression Invitrogen
BTI-TN-5B1-4 High Five | Trichoplusia ni Protein expression | Invitrogen

2.2  Primers used for reconstitutions of nucleosomal DN A

Nucleosomal DNA for heterodimeric dinucleosomes was generated by S. Poepsel at UC
Berkeley (E. Nogales Lab) essentially as described in |Poepsel et al.| (2018]).

Primer pairs KF07/08 generate a 215 bp DNA for mononucleosomes with overhang DNA
when used on p601 plasmid. When used on 2p601135 plasmid the same primer pair generate
377 bp nucleosomal DNA with two 601 octamer binding sequences (Lowary and Widom,
1998)) with a 35 bp linker used for reconstitution of unmodified dinucleosomes used for
biochemical assays.
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Table 2.2: List of primers used for large-scale PCR amplifications of nucleosomal DNA in

this study.

Name ‘ Length and purpose of nucleosomal DNA generated ‘ Sequence (5-3’) ‘ Source
KF01 147 bp DNA FW CTgGAGaATcCCGGTgeC this study
KF02 147 bp DNA Rev ACAGgAtGTATATATCTGACACGTGCe this study
KF07 215/377 bp DNA FW ATATCTCGGGCTTATGTGATGGAC this study
KF08 215/377 bp DNA Rev ATATCCCGAGTCGCTGTTCAATAC this study
5’ Fluorescein-labeled 215 bp DNA FW [(FAMJATATCTCGGGCTTATGTGATGGAC this study

KF07-F

K27me3 Ncl FWD (dinucleosomes 35 bp linker EM)

CTGGAGAATCCCGGTGCogag

E. Nogales lab

K27me3 Ncl Rev (dinucleosomes 35 bp linker EM)

TAGGTATCGTATCACGGGGTGAGatc

E. Nogales lab

3’35 30 FWD

unmod. Nel (dinucleosomes EM) FWD plus 30 bp overhang DNA

ctgacttattgaCACCCCGTGatge

E. Nogales lab

3’35 30 Rev

unmod. Nel (dinucleosomes EM) Rev plus 30 bp overhang DNA

TGGAGCTCAGATCGAATGATATGC

E. Nogales lab

2.3 Plasmids

Table 2.3: List of plasmids used in this thesis.

Name Construct Vector Affinity tag Protease | Resistance | Species Source
EZH2 EZH2 pFB 6xHis TEV Amp. H.s. C. Miiller lab
EED EED pFB 6xHis TEV Amp. H.s. C. Miiller lab
SUZ12 SUZ12 pFB 6xHis TEV Amp. H.s. C. Miiller lab
RBBP4 RBBP4 pFB 6xHis TEV Amp. H.s. C. Miiller lab
JC212 PHF1 pFB | 2xStrepll-6xHis TEV Amp. H.s. (Choi et al.|[2017)
JC257 PHF1 515-567 (PHF1C) pFB | 2xStrepll-6xHis TEV Amp. H.s. (Choi et al.||2017)
H29 EZH2XC-A K568A Q570A K574A Q575A pFB 6xIHis TEV Amp. H.s. this study
H30 BEZH2°XC"F; K568E Q570E K574E Q575E pFB 6xHis TEV Amp. H.s. this study
H37 EED>A: K77A K83A K410A K423A K425A K433A pFB 6xHis TEV Amp. H.s. this study
X.l. H3 Histone H3 pET - - Amp. X1 (Luger et al.|[1999)
X.l. H4 Histone H4 pET Amp. X1 (Luger et al. 71999]7
X.I. H2A Histone H2A pET Amp. X1 (Luger et al.[[1999)
X.I. H2B Histone H2B pET Amp. X1 (Luger et al.|[1999)
D.m. H3 Histone H3 pET Amp. D.m (Luger et al. 71999,\7
D.m. H4 Histone H4 pET Amp. D.m. (Luger et al. 71999‘,\7
D.m. H2A Histone H2A pET Amp. D.m (Luger et al.[[1999)
D.m. H2B Histone H2B pET Amp. D.m (Luger et al.|[1999)
D.m. H2B Histone H2B pET Amp. D.m (Luger et al. 71999,\7
X2 H2A D90A, E92A pET Amp. X1 this study
X6 H2A E64A, E61A D90A E92A pET Amp. X.1. this study
D12 H3 K36R pET Amp. D.m this study
D13 H3 K36A pET Amp. D.m. this study
D9 H3K36C C110A pET Amp. D.m J. Miiller lab
H3K 27 H3K27C C110A pET Amp. D.m E. Nogales lah
p601 601 Widom sequence containing plasmid pUC19 Amp. - (Lowary and Widom|[1998]
twop601135,/2p601135 | plasmid containing 2 601 Widom sequences and 35 bp linker pM Kana. Invitrogen GeneArt

2.4 Antibodies

Table 2.4: List of antibodies used for WB analyses in this study.

Antibody ‘ Dilution ‘ Host

‘ Source

H3K27mel | 1:6000 rabbit | Milipore (07-448)
H3K27me3 | 1:1000 rabbit | Milipore (07-449)

H4 1:200000 | rabbit | Abcam (ab 10156)
HRP 1:5000 donkey | GE Healthcare (NA934)
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2.5 Media

Table 2.5: List of media solutions used in this study.

Media ‘ Use ‘ Supplemented with ‘ Source
L-Broth (LB) cloning (E. coli) - in-house
Terrific broth (TB) expression (K. coli) 10% Phosphate buffer in-house
SOC cloning (E. coli) Protein expression in-house
Express Five protein expression (High Five cells) L-Glutamine Gibco
EX-CELL TiterHigh virus generation (Sf21 cells) - Sigma Aldrich

2.6 Buffers

Table 2.6: List of general buffers used in this study.

Name ‘ Composition ‘ Use
TBS 20mM Tris-HCI pH 7.5, 150 mM NaCl WB
TBS-T TBS + 0.2% Tween 20 WB
1x transfer buffer 25mM Tris , 192mM Glycine, 0.05% SDS, 10 % Methanol WB
1x TBE 89 mM Tris , 89 mM boric acid, 2mM EDTA agarose gel electrophoresis
Phosphate-buffered saline (PBS) | 10mM Na,HPO,, 1.8 mM KH,PO,, 137 mM NaCl, 2.7mM KCI Insect Cells
Phosphate buffer 0.17M KHyPOy, 0.72M KoHPO, supplement for TB media
10 x SDS PAGE Running Buffer 0.25M Trizma Base, 1.92M Glycine, 1% SDS SDS PAGE
4x SDS sample buffer 200 mM Tris pH 6.8, 20 % 2-Mercaptoethanol SDS PAGE
8% SDS, 0.4 % Bromophenol Blue, 40 % Glycerol

2.7 Peptides

Table 2.7: List of peptides used in this study.

Name ‘ Sequence ‘ Source

unmodified H3 peptide | histone H3 aa 18-42 in-house
H3K36me3 peptide histone H3 aa 18-42 tri-methyl group on K36 | in-house
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Chapter 3
Methods

3.1 Cloning and bacterial cell culture

3.1.1 Site-specific mutagenesis
PCR

EZH2, EED and histone H3 and H2A mutants were generated by PCR with phosphorylated-
primers (Sigma-Aldrich) containing the desired mutations, and the general protocol for
site-specific mutagenesis was similar as to described in https://openwetware.org/wiki/
%27Round-the-horn_site-directed_mutagenesis (last query of the website was success-
fully made on 14.01.2021). For PCR, the Q5 High-Fidelity 2X Master Mix (MM)(NEB)
was used. For a 50 pl reaction, 25l of the Q5 MM, 2.5 ul of each phosphorylated primer
containing the desired mutation, 50 ng of template plasmid and x pl ddH,O to a final of
50 ul were pipetted.

(1) 98 °C 1 min

(2) 96°C 30

(3) 55-58 °C 30s  Goto (2) 25 x
(4) 72 °C 2 min

(5) 4 °C 00

DNA product preparation via preparative agarose gel electrophoresis

Prior to preparative gel electrophoresis, 1 pl of Dpnl (NEB) was added to the PCR mixture
for template digestion and the mixture was incubated for 1h at 37°C. Subsequently, the
PCR samples were diluted in 6x Orange Dye (Fermentas) to a final concentration of
1x and separated by agarose gel electrophoresis. Casting of gels was performed using
0.8-1.2% Agarose, dissolved in 1x TBE. SYBR Safe stock (Invitrogen) was added as a
dye for visualisation of nucleic acids in a 1:10000 dilution and 1 kb plus DNA ladder
(Fermentas, 0.5 mg/lane) was used as marker. Gel electrophoresis was performed at 100-
120 V for 20-25 min and DNA fragments were analyzed on an UV transilluminator. Finally,


https://openwetware.org/wiki/%27Round-the-horn_site-directed_mutagenesis
https://openwetware.org/wiki/%27Round-the-horn_site-directed_mutagenesis
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correct bands containing the linearised plasmid with the desired mutation were excised
using visualization of the bands on a blue light transilluminator emitting blue light at a
wavelength of 470 nm. DNA preparation was performed using the QIAquick Gel Extraction
Kit (Qiagen) according to manufacturer’s instruction.

Product ligation, transformation and plasmid purification

Product ligation was performed using the Quick Ligation Kit (NEB) according to man-
ufacturer’s instruction and 2 pl of ligation mix were used for heatshock transformation
of Top 10 F’ cells (Table . Transformed cells were plated on agar media containing
the corresponding antibiotics encoded by the plasmids used, in a 1:1000 dilution. Grown
colonies were used to inoculate 5ml of LB (containing the diluted antibiotics) and the
culture grown ON at 37°C and agitation. Plasmids were purified using the QIAprep Spin
Miniprep Kit (Qiagen) according to manufacturer’s instruction.

3.2 Insect cell culture

3.2.1 General insect cells culture

Sf21 cells (Table used for transfection and virus amplification were cultivated at cell
densities of approximately 0.7-1 x 10° cells/ml in EX-CELL Tither High media (Table
. Proteins were expressed in High Five cells (Table , which were cultivated at 0.4-
0.8 x 10° cells/ml in Express Five medium supplemented with 18 mM L-Glutamine (Table
. Both cell lines were grown as 500 mL suspension culture using 31 polycarbonate Erlen-
meyer flasks (Corning) with vent caps at 27°C and gentle agitation (90 rpm). Monitoring
of cell density, viability and diameter was performed with a Vi-cell XR cell viability ana-
lyzer (Beckman coulter). The majority of insect cell culture maintenance, virus generation
and protein expression was performed by K. Schmid (J. Miiller lab, MPI of Biochemistry).

3.2.2 Baculovirus generation

The ‘Bac-to-Bac Baculovirus Expression System’ (Invitrogen; (Ciccarone et al., 1998)) was
used to generate viruses for protein expression. The protocol includes site-specific transpo-
sition in K. coli, purification of recombinant bacmids followed by bacmid transfection into
insect cells from which the first passage of recombinant baculoviruses can be generated.
The individual steps are explained in more detail below.

3.2.3 Transposition

2l containing approximately 1ng of purified (Plasmid Mini Kit, Qiagen; according to
manufacturer’s instructions) pFastBac (pFB) vector was added to thawn DH10 EMBACY
E. coli cells (Table and the mixture was kept on ice for 30 min. Following the incu-
bation, cells were heat-shoked for 45s at 42 °C using a thermoblock. Subsequently, cells
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were allowed to recover for 2min on ice. Upon addition of 900 ul SOC medium tubes
containing the transfected cells were incubated for 4h at 37°C with agitation, allowing
for transposition. Finally, cells were spinned down for 4 min at 3000 rpm and the pellet
resuspended in 200 pl LB. Transfected cells were then plated on LB-agar plates containing
Kanamycin (final concentration 50 pg/ml), Tetracyclin (10 pg/ml), Gentamicin (7 ng/ml),
Chloramphenicol (34 pug/ml), IPTG (100 ug/ml) and BluoGal (100 pg/ml). Plates were
subsequently kept at 37°C for 48 h protected from light. White colonies were picked and
further cultured for Bacmid DNA purification.

3.2.4 Bacmid DNA purification

Several confirmed white colonies were cultured in 2.5ml LB containing the same set of
antibiotics at the same concentration as for the transposition plates for approximately 20 h
with agitation. Afterwards, the cellular suspension was spinned down and buffers from the
QIAGEN Midiprep were used for the following steps: First 300 pul of P1 Buffer was added
to the bacterial pellet. After thorough resuspension, 300 ul of P2 Buffer were added for
lysis. After careful 6x inversion, the tubes containing the mixture were kept for 5min at
RT. Subsequently, 300 pl of pre-cooled P3 buffer were added and the tubes again inverted
6x and left for 5 min incubation on ice. Afterwards, the mixture was spun down for 10 min
at 4°C at 12000 rpm and the supernatant transferred to fresh 2ml eppendorf tubes. The
supernatant was then centrifuged again at 12000 rpm 5min 4°C and 800l isopropanol
was added to the new supernatant in a fresh Eppendorf tube. The mixture was kept on
4°C for 10 min and again centrifuged for 20 min at 4° C. This time, the pellet was kept and
carefully washed with 500 pl 70 % ethanol. After 10 min RT centrifugation the supernatant
was discarded, the pellet air-dried and resuspended carefully in 100 pl elution buffer (EB).

3.2.5 Transfection of Sf21 cells

Prior to transfection, Sf21 cells were diluted to 0.8 x 10° cells/ml in EX-CELL TiterHigh
medium (Table and 2ml of cell suspension per well were distributed in a 6 tissue
culture plate (BD Falcon). In order for cells to attach to the wells, the plate was left at
RT on the bench for 30-60 min. In the meantime, a transfection mix was prepared for each
well containing 1 g of bacmid DNA diluted in 100 nl EX-CELL TiterHigh medium without
antibiotics. A second mixture is prepared for each well consisting of 8 ul Cellfectin II and
92 ul of EX-CELL TiterHigh medium. The two mixtures were then carefully mixed together
equaling to 210 pl of transfection reaction mix needed for one well. One negative control was
included, which contained cells with cellfectin but no DNA. The transfection mixes were
subsequently added dropwise to the respective wells and the 6-wellplate left to incubate
3-5h at 27° C without agitation. Finally, all liquid was carefully aspired and replaced with
fresh 2 ml of EX-CELL TiterHigh medium. After a final incubation step of 96 hours at
27° C the cells showed signs of cytopathic effect indicative of successful generation of the
first virus passage, P1. The supernatant with the detached cells containing the P1 virus
was then harvested and stored at 4° C until further use.
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3.2.6 Virus amplification

To obtain a high enough amount of viruses needed for protein expression, the P1 passage
was further amplified: 50 ml of 0.4 x 10° Sf21 cells were infected with approximately 2 ml
of P1 and the cell suspension was left to grow for 24-72h (until cells stop doubling) in 125
ml plastic Erlenmeyer with gentle agitation at 90 rpm, 27°C. Cell growth was monitored
using the Vi-cell XR cell viability analyzer. The supernatant containing the P2 virus could
be further used to infect (2.5 ml of P2) 500 ml of 0.4 x 10° Sf21 and P3 virus was generated
similarly as P2. P1, P2 and P3 viruses were all stored at 4° C, protected from light. And
P3 passage was used for protein expression.

3.2.7 Protein expression

P3 Virus for all five subunits of the PRC2-PHF1 complex and the corresponding shorter
constructs were generated following the protocol described in the previous subsections and
all five P3 viruses were used to co-infect High Five cells (Table for protein expression.
Prior to large scale expressions, the correct ratios of the individual viruses for stochio-
metric amounts of the respective protein expressed were tested by performing small-scale
expressions and pulldown experiments using Streptavidin beads (Thermo Scientific Pierce
Streptavidin Magnetic Beads and Thermo Fisher Kingfisher Duo Prime, according to the
manufacturer’s instructions). For large cell expression respective ratios of viruses were used
to co-infect 500ml of 0.8 x 10° High Five cells per flask. In total 81 of High Five cells were
used for large scale expression of PRC2 complexes. Infected cells were grown for 50-72h
with gentle agitation at 90 rpm and at 27 ° C and subsequently harvested by centrifugation
(15min at 2000 rpm). The cell pellet was carefully washed with ice-cold phosphate buffered
saline (PBS; Table [2.6)) and the suspension centrifugated again at 15 min 2000 rpm. Finally,
pellets were frozen in liquid nitrogen and stored at -80° C until purification.

3.3 Protein purification

3.3.1 PRC2 purification

Purification of PRC2 followed generally the protocol published in (Choi et al.; 2017)). Frozen
cell pellets were resuspended in PRC2 Lysis Buffer (25 mM Hepes-NaOH pH 7.8, 150 mM
NaCl, 4% Glycerol, 0.05% NP40, 30 mM Imidazol, 1 mM DTT) and protease inhibitor
cocktail (Complete Protease-Inhibitors, Sigma-Aldrich; 1 tablet per 50 ml cell lysate) and
1 mM AEBSF were added. Cells were lysed using a glass douncer, and protein containing
supernatant was subsequently purified from cell debris and nucleus wall components by cen-
trifugation (25000 rpm for 45 min at 4°C). As all PRC2 subunits carried an N-terminal His
tag and PHF1 constructs additionally a Strepll tag, the subsequent purification involved
affinity chromatography with Ni-NTA and Streptactin 5ml FF columns (GE Healthcare).
Proteins bound to Ni-NTA were washed to remove contaminations, first with lysis buffer
and followed by a high salt buffer (25 mM Hepes-NaOH pH 7.8, 500 mM NaCl, 40 mM
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Imidazol, 10 % glycerol, 1 mM DTT). Subsequently, bound PRC2 was directly eluted on
the Streptactin Column using Elution Buffer (25 mM Hepes-NaOH pH 7.8, 150 mM NaCl,
250 mM Imidazole, 10 % glycerol, 1 mM DTT). High concentration of imidazole outcom-
petes binding of the His-tags to Ni?™ ions. PRC2 bound to Streptactin via the Strep tag
of PHF'1 constructs was subsequently rigorously washed with Ni-NTA Elution Buffer and
eluted with 2.5 mM Desthiobiotin dissolved in Ni-NTA elution buffer. Eluted proteins were
dialyzed ON in 25 mM Hepes-NaOH pH 7.8, 120mM NaCl, 2mM DTT with simultaneous
tag-cleavage using TEV protease and sometimes Lambda Phosphatase treatment (both
proteins obtained from the MPI of Biochemistry Protein Core facility). Depending on
the yield of protein after affinity chromatography steps and the via A260/A280 absorption
measured nucleic acid contamination, a further ion exchange purification step was included
containing a MonoQ column (GE Healthcare). The final step of the purification involved
a size exclusion chromatography (SEC) step using a pre-equilibrated Superose 6 10/300
GL column (GE Healthcare) in 25 mM Hepes-NaOH pH 7.8, 150 mM NaCl, 10% glycerol,
2 mM DTT. SDS PAGE analysis (see was used to monitor all purification steps
and to ensure a pure homogenous complex after SEC. Furthermore, concentrated purified
proteins were tested for remaining nucleic acid concentration using A260/A280 absorption.
Proteins were frozen and kept at -80°C until further use.

3.3.2 Nucleosome reconstitutions

Protocols for nucleosome reconstitutions were adapted from Luger et al.| (1999).

Generation of nucleosomal DNA

Nucleosomal DNA of various lenghts were prepared for nucleosomes used in this studies.
In the following, the different DNAs used shall be summarized:

1. 215 bp nuclesomal DNA for mononucleosomes:

5- ATATCTCGGGCTTATGTGATGGACCCTATACGCGGCCGCC - 601 binding -
GCATGTATTGAACAGCGACTCGGGATATCTCTAGAGTCGACCTGCAGGCATGCA
AGCTTGG - 3

2. 377 bp nucleosomal DNA for unmodified dinucleosomes used for biochemical assays:

b’-atatctcgggettatgtgatggac - 601 binding substrate nucleosome 1 — agecgatctcaacgagt-
gatgctegatactgteata - 601 binding substrate nucleosome 2 — gtattgaacagcgactcgggatat—3’.

3. 359 bp nucleosomal DNA for heterodimeric dinuclesomes connected by a 35 bp linker
(one substrate with 30 bp overhang, one allosteric/H3Kc¢27me3 containing nucleosome):
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5 - 601 binding (allosteric nucleosome) - agegatct CACCCCGTGatgcetegatactgteata -
601 binding (substrate nucleosome) - atgcatgcatatcattcgatctgageteca - 3.

The general protocol for generation of all nucleosomal DNA involved (1) large scale
PCRs in 6-8 96-well plates (Corning) using p601 or 2p601135 (Table plasmids as tem-
plates directly (PCR protocol similar to as described in [3.1.1} adjusting times and temper-
atures according to the different templates and amplified lengths and using an in-house,
MPT of Biochemistry Core Facility, purified Pfu polymerase instead of Q5). Primer pairs
were chosen based on desired nucleosomal DNA version and are summarized in Table
(2) After PCR, nucleosomal DNA was precipitated using 100 % pre-chilled ethanol and
NaCl in a final concentration of 300 mM. Precipitated DNA pellets were air-dried and dis-
solved in MonoQ Buffer A containing 5mM Tris-HCI pH 7.5 and subsequently centrifuged
12000 rpm, 10min to remove undissolved precipitates e.g. the Pfu polymerase. (3) 5ml
of DNA in MonoQ Buffer A were loaded on a MonoQ column (GE Healthcare) and an
exchange chromatography was subsequently performed with Mono(Q) Buffer A and a slowly
increasing gradient to 50 % and in one step to 100 % of Buffer B (5 mM Tris-HCI pH 7.5,
2M NaCl). Fractions containing DNA were analyzed for purity and desired DNA product
length on an agarose gel (protocol similar as described in . Subsequently, the purified
nucleosomal DNA was precipitated again following the same protocol as described, but
afterwards dissolved in Octamer High Salt Buffer (10mM Tris-HCL pH 7.5, 2M NaCL,
1mM EDTA) in the last step.

For generation of nucleosomal DNA for heterodimeric dinucleosomes further steps were
incorporated into the general protocol described above (for dinuclesomes used in cryo-EM
in this study, nucleosomal DNA was generated by S. Poepsel, UC Berkeley, E. Nogales
Lab, the author of this thesis adapted the protocol kindly provided by S. Poepsel later for
in-house use):

First following templates for later large scale PCRs (instead of plasmids as described above)
were generated by PCR:

For allosteric/H3Kc27me3 nucleosome:
5 - CTGGAGAATCCCGGTGCcegaggecgetcaattggtegtagacagetetageacegettaaacgeacgt

acgegetgtecceegegttttaaccgecaaggggattactecctagtetecaggcaCGTGTCAGATATATACATC
CTGTagegatct CACCCCGTGatacgatacctaA - 3’

For unmodified /substrate nucleosome plus 30 bp overhang:
5~ ctgacttattgaCACCCCGTGatgetcgatactgtcataCTGGAGAATCCCGgtgecgaggeeg
ctcaattggtegtagacagetctageacegettaaacgeacgtacgegetgteceeegegttttaaccgecaaggggattactee

ctagtctccaggeacgtgtcagatatatacatcectgtatgeatgeatatcattegatetg - 37

The templates now contained Dralll sites and could be used for large-scale PCR using
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primer pairs 5’25 FWD/REV for allosteric DNA and 3’35 30 FWD/REV (Table for
substrate DNA. Resulting PCR products were purified via ion exchange as described above
and subsequently Dralll (NEB) digested according to the manufacturer’s instruction, but
for approximately 20 h.

Histone expression

Plasmids (Table encoding the histones were transformed by heat-shock into BL21DE3
plysS cells (Table and incubated on appropriate antibiotics containing agar plates at
37°C, ON. On the next day, cells were subsequently harvested from the plate to grow a
50ml pre-culture for 1-2hours in LB containing antibiotics. 3-41 of large-scale cultures
using the pre-cultures were set up in LB+antibiotics and cultures were allowed to grow
at 37 °C under agitation until reaching of log-phase (OD of 0.6). At OD of 0.6 histone
expression was induced with 0.2 mM IPTG and expression was allowed to proceed at 37°C
for approximately 3 h (histones H2A /H2B) and 4 h (histones H3 and H4) before harvesting
by centrifugation (10 min, 6000 rpm, 4 °C). Cell pellets containing histone inclusion bodies
were frozen in liquid nitrogen and kept at -80° C until further use.

Inclusion body purification

Bacterial cell pellets containing histone inclusion bodies were dissolved in approximately 40-
50 ml Histone Wash Buffer (50 mM Tris-HCL pH 7.5, 100 mM NaCl, 1 mM EDTA, 5mM -
mercaptoethanol, 1 Complete PI Tablets, 80 nM PMSF). Cell suspension was subsequently
sonified for 6 min using VS70T tip and the following settings: 0.5s /0.5s, 40 % (Bandelin
Electronics). Subsequently, the inclusion bodies were seperated from soluble cellular pro-
teins by centrifugation (20 min, 13000 rpm, 4°C). Pellet was resuspended in 1% (v/v)
Triton X100 containing Wash Buffer and subsequently centrifuged again. This step was
repeated two times, each time keeping the inclusion bodies pellet, and another two times
with Wash Buffer without Triton X100. Successful expression and purification yielded a
white gum-like pellet, which was kept at -20° C until futher purification.

Histone unfolding

In the next step, pellet was resuspended in 15ml of unfolding buffer (20mM Tris-HCL
pH 7.5, 7M Guanidine HCL, 10 mM DTT) and incubated at RT for 1 hour under rotation on
a rocker. Cell suspension was centrifuged for 20 min, 4 °C, 13000 rpm and the supernatant
subsequently dialyzed twice for 1 h and once ON in SAU-200 Buffer (20 mM Sodium Acetate
pH5.2, 7TM Urea, 200mM NaCl, 1mM EDTA, 5mM B-mercaptoethanol). On the next
day, ion exchange chromatography (5ml Hi-Trap-SP-FF; GE Healthcare) was used to
purify the unfolded histones. For this, histones were loaded on the pre-equilibrated column,
washed with SAU-200 buffer and eluted by an increasing gradient of SAU-600 buffer (20 mM
Sodium Acetate pH 5.2, 7M Urea, 600 mM NaCl, 1 mM EDTA, 5 mM B-mercaptoethanol).
Purity of histones after ion exchange was analyzed by SDS PAGE (described in [3.3.3
and fractions containing histones were pooled together for further dialysis in cold water
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containing 5mM B- mercaptoethanol (twice for 1h, once ON at 4°C). The purity and
quality of the histones was further analyzed by Mass Spectrometry (MPI of Biochemistry,
MS Facility). Finally, the histone containing solution was distributed in Eppendorf tubes
with 2mg of histones per tube and histones were speed-dried using a vacuum-concentrator
centrifuge (Thermo Fisher Scientific) for several hours until complete removal of all liquid
and the appearance of a faint, metalic, glossy pellet. Stocks of 2mg of each histones were
kept at -80°C.

Histone alkylation

H3Kc36me3 histones were generated based on protocols described in (Simon et al., 2007).
First, a construct containing mutations in H3 residues K36C and C110A was generated
by former members of J. Miiller lab (Schmitges et al., 2011). Expressed and purified
H3K36C/C110A (same protocol as above) were dissolved (10 mg in 980 pl) in alkylation
buffer (1M Hepes-NaOH pH7.8. 4M Guanidine HCI, 10mM D/L-methionine). After
addition of 20l of 1M DTT the histones were left at RT for 1hr to allow for reduction
process. Subsequently, 100 mg of 2-bromoethyl trimethylammonium bromide were added
and the solutions were heated to 50 °C for 2.5 hrs under occasional careful mixing. Upon
addition of 10pl of 1M DTT, the histones were further incubated for 2.5h under the
same conditions. The reaction was quenched with 50 pl of 14.2 M [-mercaptoethanol and
histones containing the trimethyllysine analogue were subsequently dialyzed against water
containing 3 mM B-mercaptoethanol (twice 1h and once ON at 4°C). All subsequent steps
were performed as for purified histones described above.

Octamer Refolding

2 mg of each histone were each resolved in 1 ml of unfolding buffer (20 mM Tris-HCL pH 7.5,
7M Guanidine HCL, 10 mM DTT) and the mixture was incubated for 1h at RT to allow
for complete dissolving. Equimolar amounts of each resolved histones were then added
together and incubated at RT for 45 min with occasional mixing. The octamer containing
solution was subsequently dialyzed twice for 1h and once ON at 4 ° C against Octamer High
Salt Buffer 10 mM Tris-HCL pH7.5, 2M NaCL, 1mM EDTA, 5mM B-mercaptoethanol).
After dialysis, refolded octamers were centrifuged for 10000 rpm, 10 min, 4 ° C and purified
by SEC (Superdex 200i, GE Healthcare). Fractions were analyzed by SDS PAGE (protocol
3.3.3) and the ones containing the assembled octamers collected and concentrated for
further use.

Mono-nucleosome assembly

Before large-scale reconstitution, correct assembly of mono-nucleosomes was pre-tested by
mixing different ratios of octamers to desired nucleosomal DNA (ratios around 0.7-1.2 oc-
tamer : 1 DNA) (see in Octamer High Salt Buffer. The mixtures containing different
ratios were dialyzed against the High Salt Buffer ON at 4°C with simultaneous lowering
of the NaCl concentration of the buffer to 500 mM. A (native) 0.8-1.2 % agarose (SeaKem
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Agarose from Lonza) free from SYBR Safe. Gel electrophoresis was run protected from
light in pre-chilled 0.4 x TBE Buffer for 45min at gel (in 0.4x TBE) without SYBR Safe
was run on the next day in cold 0.4x TBE for 45min at 60V to screen for optimal nucle-
osome assembly. After gel electrophoresis, the agarose gel was incubated with 0.4x TBE
solution containing SYBR Safe under gentle agitation and imaged with an UV transil-
luminator. Ratios containing no free nucleic acids (see exemplorary in Results Chapter,
Fig. were chosen for further large scale assembly following the same salt lowering
protocol as above to 500 mM NaCl and subsequent further dialysis against (1) 10 mM Tris-
HCL pH7.5, 250 M NaCL, 1mM EDTA, 5mM [-mercaptoethanol for 1-3 hrs, (2) 10 mM
Tris-HCL pH 7.5, 120 M NaCL, 1mM EDTA, 5mM {-mercaptoethanol for 1-3hrs and (3)
25 mM Hepes-NaOH pH 7.8, 60 mM NaCl, 2mM DTT ON (all steps at 4°C).

Di-nucleosome assembly

Unmodified, symmetrical nucleosomes were assembled following the same protocol as above
using nucleosomal DNA containing two 601 binding sites (see and screening for ratios
of around 2 octamer to 1 DNA, in which no free nucleic acids and no free mononucleosomes
were observed.

Asymetrical, heterodimeric dinucleosomes were reconstituted following different proto-
cols, described in |Poepsel et al.| (2018):
First, substrate and allosteric mono-nucleosomes were assembled at a 1.1:1 ratio of octamer
to Dralll-digested DNA (see and nucleosome-containing solutions were subsequently
dialyzed ON with simultaneous lowering of NaCl similar as described before. On the next
day, mononucleosomes were first briefly dialyzed against TCS Buffer (20mM Tris-HCI
pH7.5, 1mM EDTA, 1mM DTT). After adding of 20 % sucrose to the sample, nucleo-
somes were subsequently subjected to preparative polyacrylamide gel (6-7cm high, 5%,
59:1 Acryl:Bisacrylamid gel) electrophoresis using the BioRad 491 PrepCell, assembled ac-
cording to manufacturer’s instructions. Gel electrophoresis was run in 0.2x TBE Buffer
at 10 W for approximately 2-4 hours and nucleosomes were eluted in TCS Buffer into a
fraction collector. Analytical polyacrylamide gels (59:1) were run (10 W, 0.2x TBE) and
subsequently stained with SYBR Safe to analyze fractions containing mono-nucleosome
free of nucleic acids.

Reconstituted substrate and allosteric mono-nucleosomes (500nM each) were subse-
quently ligated at their Dralll-digested sites using 0.05U/pl T4 ligase (Thermo Fisher
Scientific) for 90 min at RT and ligated di-nucleosomes were purified using the same prepar-
ative gel electrophoresis system as described above.

3.3.3 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gel electrophoresis (SDS PAGE) was performed using either NuPAGE
4-12% (w/v) Bis-Tris Precast gels (Thermofisher) with 1x NuPAGE MOPS or MES buffers
(Thermofischer) or self-cast 12 and 16 % (w/v) Tris-Glycine Polyacrylamide gels with 1x



38 3. Methods

SDS Buffer (Table following established protocols (Laemmli, 1970). Percentage of
SDS gels and buffers were chosen based on molecular weights of proteins to be resolved
and the desired band separation on the gel. Prior to SDS PAGE, samples were dissolved
in SDS sample buffer (Table to a final concentration of 1x and incubated for 5 min
at 95°C for complete denaturation. Approximately 3-12 ul of samples were loaded on the
gel. Gel electrophoresis was performed using the XCell SureL.ock Mini-Cell Electrophoresis
System (Thermo Fisher) at 100-150 V. After run, protein bands were either visualized with
Coommassie stain (InstantBlue Coomassie Stain, Abcam) or directly used for western blot
analysis.

3.4 Cryo-electron microscopy

3.4.1 Cryo-EM sample and grid preparation

Cryo-EM sample and grid preparation for the dataset shown in the thesis were performed
in collaboration with S. Poepsel in UC Berkeley (E. Nogales lab), while for other datasets
both steps were performed by the author of the thesis.

Prior to plunging, purified PRC2-PHF1 (see was buffer exchanged into the sample
buffer (25 mM Hepes-NaOH pH 7.9, 10mM KCL, 1mM TCEP). 1.5 M of PRC2-PHF1
was then incubated with 1.2 pM of heterodimeric dinucleosomes in the same sample buffer
with addition of 100 pM SAH and 0.005 % NP-40. 1% Trehalose was added shortly before
grid plunging and Cu400 R1.2/1.3 holey carbon grids (Quantifoil Micro Tools) were plasma
cleaned (Solarus, Gatan) for 25s in preparation for the subsequent plunge freezing. Finally,
3l of the sample was applied on the grid positioned by tweezers in the humidity chamber
of Mark IV vitrobot (FEI). The humidity chamber was kept at all times during plunging
processes at 4°C and 100 % humidity. Blotting time of the sample applied on the grid
was set to 4 s before plunging into liquid ethane-propane mixture. Storage of grids and
all subsequent steps were performed in liquid nitrogen. Clipping of grids was performed
according to manufacturer’s instructions (Thermofisher).

3.4.2 Cryo-EM data collection

In general, all screening datasets were collected by the author on either a Talos Arctica
(Thermofisher) or a Titan Halo microscope, both equipped with Falcon 3 (Thermofisher)
camera at the cryo-EM facility of MPT of Biochemistry, Martinsried. Several datasets were
additionally screened by the author together with S. Poepsel in the cryo-EM facility of UC
Berkeley. The final dataset of PRC2-PHF1 on heterodimeric dinucleosomes was collected
on the Titan Krios (Cryo-EM facility of MPI of Biochemistry; FEI/Thermofisher) by the
author of the thesis with the help of M. Strauss. The FEI Titan Krios was operated at
300 kV and equipped with a K2 Summit direct detector (Gatan) used in counting mode
as well as a post-column GIF. The dataset included 3467 movies collected at a nominal
magnification of 81,000x, which equals to a pixel size of 1.746 A/pixel at the specimen level.
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The total electron dose exposure amounted to 52 ¢ /A? distributed over 60 frames. Target
defocus range was set between 1.5-3 pm and data was acquired using SerialEM software.

3.4.3 Cryo-EM data processing

The data processing scheme applied in the course of the cryo-EM analysis is illustrated
in Fig. in the first step, the individual frames of each movies were aligned using
MotionCor 2 software (Zheng et al.. 2017). This process allows for beam-induced motion
correction as well as dose compensation, which differ in the individual frames as a result
of long exposure (15s). The thereby summed micrographs were then subjected for CTF
estimation by Getf (Zhang), [2016)) and subsequent particle picking was performed with Gau-
tomatch (http://www.mrc-1lmb.cam.ac.uk/kzhang/ K. Zhang, MRC LMB, Cambridge,
UK). First, particles were picked without templates to avoid any bias and 2D classifica-
tion was performed in Relion 3.0 (Zivanov et al., |2018) for initial analysis of the particle
composition (2D classes are shown in Results Chapter Fig. . As these 2D classes
were similar to the overall composition of PRC2-AEBP2 on dinucleosomes (EMD-7306;
Poepsel et al| (2018)), templates were generated of the corresponding low-pass filtered
model. Template-based picking with Gautomatch then yielded 1,028,229 of initial particle
candidates, which were directly without 2D classification subjected to several rounds of
3D classification with a Bayesian fudge factor (T value) of 8, in order to separate particles
from contamination. For the first rounds of 3D classification, a low-pass filtered model
of PRC2-AEBP2 on dinuclesomes was also used as a reference, later the best 3D model
generated from a current 3D classification run was used as a reference for the subsequent
run. All 3D classifications/refinements and subsequent steps were performed in Relion
3.0 (Zivanov et al. 2018). Two best 3D classes of the last 3D classification round were
subsequently subjected to 3D refinement, and the resulting reconstruction was further clas-
sified into 10 classes by 3D classification without translational and spatial sampling. Four
best 3D classes based on nominal overall resolution, appearance of secondary structures
and rotational /translational accuracy were then subsequently further classified by iterative
rounds of focused 3D refinement (using a mask and solvent flattening), per particle CTF
refinement and Bayesian polishing, finally yielding a map of PRC2-PHF'1 on dinuclesomes
of 5.24 A resolution according to the gold-standard FSC criterion of 0.143 (Rosenthal and
Henderson, 2003)).

For analysis of the H3 tail in the EZH2 active site, particle subtraction of the allosteric
nucleosome and adjacent PRC2 parts (EZH25BP/SANT! and EED) with subsequent 3D re-
finement focused on the substrate nucleosome (using a mask and solvent flattening) was
performed (Bai et al.l 2015; |Zhou et al.l 2015; Ilca et al., [2015). Model and masks for
signal particle subtraction were generated in UCSF Chimera (Pettersen et al., [2004) and
Relion 3.0 (Zivanov et al., |2018). These steps resulted in a 4.36 A map (according to the
gold-standard FSC criterion of 0.143 [Rosenthal and Henderson| (2003)) of EZH2 on sub-
strate nucleosome, referred to as EZH2g,,-Nucgyp.


http://www.mrc-lmb.cam.ac.uk/kzhang/

40 3. Methods

Motion correction and dose weighting with MotionCor 2
Nr. aligned micrographs: 3466
PRC2-Dinucleosome structure (EMD-7306),
low-pass filtered to 60 A
Template-based Autopicking in Gautomatch
Nr. of initial particle candidates: 1,028,229

2 rounds of 3D classification to sep particles from contaminations in subsets of ca. 300,000 particles
each with T= 8, 3-4 classes, 25 iterations. 330,482 particles were further subjected to 2 rounds of 3D classification
with T=8, 3 classes. 25 iterations to separate well-aligning PRC2-Dinucleosome 3D models
from “empty” or not well-aligning PRC2-Dinucleosomes.

26,487 particles 28,088 particles 29,414 particles
1

3D refinement

1715 particles 1645 particles 1656 particles 2249 particles 6649 particles 1461 particles 27,014 particles 3971 particles 5562 particles 2653 particles
18.16

45,849 particles Best classes with
highest resolution

Iterative rounds of focused 3D refinement, CTFrefine and polishing

Overall PHF1-PRC2:di-Nuc

5.4 A/5.2 A after postprocessing, b-factor=-90.7

Signal subtraction of the allosteric nucleosome
as well as EED/EZH2a10

4.8 A /4.4 A after postprocessing, b-factor=-76.5
EZH2_-Nuc_,

Figure 3.1: Detailed cryo-EM data processing scheme used to obtain a reconstruction of
PRC2-PHF1 on heterodimeric nucleosome.

Mask used for signal subtraction is shown in red. Boxes indicate classes chosen for the next steps of
processing.
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Further improvement of the density and side chain visibility was achieved by Multi-
sharpen function in Coot (additional applied b-factor: - 66) (Emsley et al. 2010) and
Phenix Resolve Density modification (Terwilliger et al., |2020) performed using the two
half maps generated by 3D refinement of EZH24,,-Nucg,p.

All maps were used for model building and maps resulting from Coot Multisharpen function
and Phenix Density modification were used to illustrate EZH24,,-Nucg,p,.

3.4.4 Cryo-EM data fitting, modeling and refinement

Available X-ray and cryo-EM structures (see Table were rigid-body fitted into the
obtained map of PHRC2-PHF1 on dinucleosomes using UCSF Chimera (Pettersen et al.,
2004). Manual refitting and remodeling was performed in USCF Chimera and Coot (Em-
sley et al., 2010) for poorly fitting parts (e.g EZH25BP/SANTI yegion).

The generated model was used as an initial model for EZH2g,,-Nucg,, map. Missing parts
were modeled de novo, such as the EZH2 "bridge helix" based on |[Kasinath et al. (2020)
and missing H3 tail residues 30-37 connecting the H3 peptide built in the crystal structure
of PRC2 and the histone H3 end of the nucleosome structures. Morph fitting routine in
Coot (Casanal et al., 2020) was used to further improve the fitting of individual parts of
the EZH2,,,-Nucg,, model.

Hydrogens were added to the final best-fitting model and Real-Space Refinement in Phenix
(Afonine et al., [2018) (phenix-1.18rc1-3777) with applied secondary structure (Sobolev
et al 2015), reference model (PRC2: PDB 5HYN (Justin et al., [2016|) and nucleosomes:
PDB 6T9L Wang et al.| (2020) (Table and Ramachandran restraints was performed.
Table summarizes the cryo-EM data collection as well as processing and model refine-
ment statistics. Visualization of structures was performed with UCSE ChimeraX (Goddard
et al., 2018) and PyMOL2 (https://pymol.org/2/).

Table 3.1: List of X-ray- and cryo-EM models used for cryo-EM data fitting, modeling and
refinement.

Name/PDB Source | Use
Model of Dinuc (35 bp linker). Suppl. Datasetl of |Poepsel et al.[(2018) Fitting into the PRC2-PHF1-Dinuc map
including fitted PDB 3LZ1 Vasudevan et al.|(2010) the PRC2-PHF1-Dinuc map
EZH2-EED-SUZ12VEFS model PDB 5HYN Justin et al.[(2016) Fitting into the PRC2-PHF1:Dinuc map

and EZH2,,-Nucg,, map.
Reference model restraints in in real-space refinement

nucleosome X-ray model Luger et al.|(1997) Fitting into the PRC2-PHF1-Dinuc map
PDB 1A0I and EZH2,,,-Nucg,, map.
Cryo- EM model of nucleosome Wang et al.|(2020) EZH24,,-Nucg,, map
PDB 6T9L fitting and reference model restraints in
in real-space refinement
Cryo-EM models of PRC2-AEBP2 Kasinath et al.|(2018) Comparison

PDBs: 6C23 and 6C24 and refitting
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Table 3.2: Summary of cryo-EM data collection, processing and refinement statistics.

Cryo electron microscopy data collection

Microscope

Voltage (kV)

Camera

Energy Filter

Pixel size (A/pix) (calibrated)

Nominal magnification (x)

Preset target global defocus range (um)
Total electron exposure (fluence, e/A?
Exposure rate (flux) (e/ A%s)

Nr. of frames collected per micrograph
Energy filter slit width (eV)
Automation Software

3D reconstruction

Number of movies
Initially selected particle candidates

Final number of particles

ReSOhltion FSC independent halfmaps (0.143) masked
Ay

Local resolution range (A)

Sharpening B-factor (A?)

Refinement
EZHZsub-Nucs..b

No. atoms

Residues

Ligands

CCask, CCpox, CCpeaksy CCuolume”
Mean CC for ligands

Resolutiongsc masked map vs. model (0/0.143/0.5)

Ay
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran favored (%)
Ramachandran gen. allowed (%)
Ramachandran disallowed (%)
MolProbity score

Clash score

FEI Titan Krios GII

300

Gatan K2-Summit
Gatan Quantum-LS (GIF)

Overall PHF1-
PRC2:diNuc
(EMD-11912)

5.24

4.01 -24.97
-90.7

1.75
81000
0.5-3.5
52,96
3,47
60
20
SerialEM
3466
1,028,229
45,849
EZH2u,-Nucsup
(EMD-11910)
4.36
4.01 -15.00
-76.5
EZH2,,-Nucsup
(PDB 7ATS)
29151
Protein: 1186 Nucleotide: 312
ZN:7
0.75, 0.83, 0.66, 0.74
0.71
4.3/4.3/4.6
0.004
0.828
97.49
2.25
0.26
1.52

7.65
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ADP (B factors)

Iso/Aniso (#) 15955/0
Min/max/mean
Protein 30.00/254.73/119.01
Nucleotide 95.54/222.73/130.75
Ligand 150.31/257.19/166.85
Rotamer outliers (%) 0.40
Cp outliers (%) 0.00
CaBLAM outliers (%) 1.41

*according to the Fourier Shell Correlation (FSC) cut-off criterion of 0.143 defined in Rosenthal and Henderson, (2003)
Paccording to the map-vs.-model Correlation Coefficient definitions in Afonine et al., (2018)

3.5 Biochemical assays

3.5.1 Electrophoretic mobility shift assay (EMSA)

For EMSASs, octamers were reconstituted on nucleosomal DNA labeled with 6 - Carboxyflu-
orescein (6-FAM) (using 6-FAM primers in Table 2.2/ and following the protocol described
in [3.3.2). Increasing amounts of PRC2 constructs (ranging between 17-3500nM) were
pipetted to 45nM of 6-FAM-labeled mononucleosomes in EMSA Buffer (25 mM Hepes-
NaOH pH 7.9, 50mM NaCl, 0.05% Tween-20, 5mM MgCl, and 4% Glycerol) and 10l
of the binding reactions were loaded on an agarose gel (1.0-1.2% in 0.4x TBE; SeaKem
Agarose from Lonza) free of SYBR Safe. Gel electrophoresis was run protected from light
in pre-chilled 0.4 TBE Buffer for 45 min at 60 V. Imaging of the fluorescence signal was
performed using the Typhoon FLA 9500 imager (GE Healthcare) equipped with the fitting
Cy2 filter. Fiji software (Schindelin et al.; 2012)) was used for analysis of the densitometry
signal and obtained values were used to correct for background signal and to calculate
the fraction of bound/unbound nucleosomes. Area boxes for value read-outs of integrated
densities were created for each lane: "Unbound boxes’ indicating unbound nucleosomes and
"’bound boxes’, which included everything above 'unbound boxes’ together with shifted nu-
cleosomes. Background correction was performed by subtraction of the control signal i.e.
lane nr. 1 for ’bound’ and lane nr. 10 for 'unbound’. Finally, the fraction of bound to
unbound nucleosomes was calculated by the dividing the background corrected values of
each line by the total signal (sum of unbound and bound). Prism 8 (GraphPad) was used
to fit a Hill function and for illustrations of the plots.



44 3. Methods

3.5.2 Histone methyltransferase (HMTase) assay and western blot
(WB) imaging

For HMTase assays shown in this thesis, indicated increasing amounts of PRC2 complexes
were incubated with either 446 nM of mononucleosomes or 223 nM of dinucleosomes. The
reactions were performed in 20 mM Hepes-NaOH pH 7.8, 50 mM NaCl, 2.5 mM MgCl,, 5%
glycerol, 0.25mM EDTA, 0.5 mM DTT and 80 uM S-adenosylmethionine (SAM) (HMTase
reaction buffer). After incubation at RT for 90 min, the reactions were stopped by addition
of SDS loading buffer (1x final concentration; see Table [2.6)) and heat inactivation for
5min at 95°C. For western blots, proteins were first separated on a 16% (w/v) Tris-
Glycine self-cast SDS polyacrylamide gel (see in a 1x SDS running buffer (Table
. Subsequently, wet western blot assembly was performed under the chemical hood in
1x transfer buffer (Table in a way so that the SDS gel was facing the nitrocellulose
membrane (0.2 pm Amersham Protran Premium) surrounded by pre-wet Whatman papers.
Transfer was performed using the TE 22 Mini Tank Transfer Unit (GE Healthcare) and
corresponding equipment. Western blot assemblies in cassettes were positioned in the tank
according to manufacturer’s instructions and electrophoresis was run at 4°C with gentle
stirring first for 10 min at 90 V, then 30 min at 60 V. After transfer, membranes were blocked
at 4°C with TBS-T solution containing 4% BSA ON under constant gentle agitation. The
primary antibody (H3K27mel/me3; for list of antibodies and respective dilutions see
was incubated in fresh 4% BSA-TBS-T solution ON at 4°C and the primary antibody
for H4 was added in the last 1.5 hrs of this step (the last step can be performed at RT).
Subsequently, the membrane was washed 3x for 5min at RT in TBS-T under agitation
before addition of the horseradish peroxidase (HRP) conjugated secondary antibody for
3hrs at RT. Before detection, the membrane was washed again 3x for 5min each at RT in
TBS-T. A 1:1 mixture of detection reagents A and B (ECL Prime, Amersham) was applied
to the membrane prior to imaging and the chemiluminescence signal was subsequently
detected by ImageQuant LAS 4000 (GE Healthcare) and densitometry signal was evaluated
in Fiji (Schindelin et al.; 2012)). Background correction was done using the signal of the
control lane (no PRC2, lane nr.1 in the respective figures) and normalization of each
lane was performed calculating the relative amounts of tri-/monomethylation in respect
to the amounts shown by the highest concentration on unmodified nucleosomes (lanes nr.
4 in the respective figures; set to 100 %). Prism 8 (GraphPad) was used for graphical
representations.

3.5.3 Mass spectrometry-based peptide HMTase assay

Peptide HMTase reactions were set up by incubation of 500nM PRC2 complexes with
2nM of the respective peptides (unmodified or H3K36me3 peptide; Table [2.7) in HMTase
reaction buffer (20mM Hepes-NaOH pH 7.8, 50 mM NaCl, 2.5mM MgCly, 5% glycerol,
0.25mM EDTA, 0.5mM DTT and 80 pM SAM). Methyltransferase reactions were allowed
to proceed ON at RT and were quenched by addition of 1% trifluoroacetic acid (TFA). In
order to remove PRC2 prior to mass spectrometry (MS) analysis of the reactions, home-
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made stage tips with poly(styrenedivinylbenzene) copolymer (SDB-XC) were used (Rapp-
silber et al., 2007). Stage tips were first washed with methanol and buffer B (0.1 % (v/v)
formic acid, 80 % (v/v) acetonitrile). Following sorbent equilibration with buffer A (0.1%
(v/v) formic acid)), 40 pl of reaction sample was applied and tips were subsequently washed
several times. 20pl of samples eluted in buffer B from the stage tips were subsequently
injected into the Bruker maXis IT ETD mass spectrometer using an Agilent HPLC at a
flow rate of 250 ul/min and 0.05% TFA in 70 % acetonitril:H20 as solvent for ESI-MS
time-of-flight analysis. Peptide ionization was performed at a capillary voltage of 4500V
and an end plate offset of 500 V. A spectra rate of 1 Hz and a collision cell energy of 15eV
was used for acquisition of a full scan MS spectra (200-1600 m/z).

Processing of raw data was performed using Bruker Compass DataAnalysis. First, m/z
spectra were deconvoluted (power of 10,000) and the resulting neutral spectra peaks were
subsequently integrated. For quantification, the sum of the four monomethylation peak
areas was divided by the sum of these peaks together with the sum of the first 4 peaks of
the input peptides (peaks used for analysis are shown in the respective figures). Values
were plotted using Prism 8 (GraphPad).

MS analysis of the peptides shown in this thesis was performed by E. Weyher (MS facility,
MPT of Biochemistry).
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Chapter 4

Results

4.1 Cryo-EM studies of PRC2-nucleosome interaction

4.1.1 Sample preparation of the PRC2-PHF1-dinucleosome com-

plex

In order to characterize the interaction of PRC2-PHF1 with nucleosomes, the human com-
plex, composed of EZH2, EED, RBBP4, SUZ12 and PHF1, was expressed in insect cells
and purified (Fig. 4.1/ A, B) (described in more detail in section [3.2] and of the Meth-
ods chapter). The purification yielded a homogeneous complex of high purity as judged by

SEC (Fig. A) and SDS PAGE analysis of the peak fractions (Fig. B).
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Figure 4.1: SEC and SDS PAGE of PRC2-PHF1.

A. Representative SEC profile of the purified PRC2-PHF1 complex.
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Black square indicates the peak
analyzed with SDS PAGE. B. Coomassie-stained SDS PAGE analysis of the SEC peak fraction shown in
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Previous cryo-EM data analyses performed during the experimental part of this the-
sis showed that PRC2-PHF1 disassembled after grid preparation, possibly due to protein
denaturation at the water-air interface (not shown). If crosslinked using the GRAFIX
method (Kastner et al., 2008; [Starkl, 2010) or BS3 (bis(sulfosuccinimidyl)suberate) follow-
ing the protocol described in [Kasinath et al.| 2018, PRC2-PHF1 remained intact, however
the processed data didn’t show any high resolution features (Fig. A, B).

Figure 4.2: Cryo-EM studies on crosslinked PRC2-PHF1.

A. Representative 2D classes and low-resolution 3D models of PRC2-PHF1 after GRAFIX crosslinking
(A) (Kastner et al., 2008; Stark, |2010) and after BS3 crosslinking (B) following protocols described in
Kasinath et al., [2018; [Poepsel et al., 2018]

Therefore, in order to stabilize the complex for grid preparation, PRC2-PHF1 was
assembled on a heterodimeric Xenopus laevis (X.1.) dinucleosome (with the help and con-
tribution of S. Poepsel) as was previously described for PRC2-AEBP2 (Poepsel et al.,
2018) (see Methods|3.3.2)). A simplified overview of the dinucleosome assembly is shown in
Fig. [£.3| A. Briefly, substrate nucleosomes were assembled by adding Dralll digested DNA
to assembled, SEC purified, unmodified octamers (exemplary shown in Fig. B, C).
Similarly, Dralll digested DNA and H3Kc27me3 modified octamers (Simon et al., 2007)
were used to assemble the allosteric mononucleosomes. For biochemical assays, the usual
protocol for nucleosome assembly entails careful titration of different ratios of octamer to
DNA (ranging between 0.8 to 1.4) DNA to octamer and screening for a condition where no
free DNA can be observed on the analytical agarose gel (exemplary shown in Fig. [4.3/ D).
Mononucleosomes prepared for ligation to dinucleosomes were purified differently, using a
large-scale native polyacrylamide gel purification (Biorad PrepCell) (for more details see
Methods . Fractions were analyzed on an analytical native polyacrylamide gel (Fig.
[4.3 E; upper gel shows substrate mononucleosomes, lower gel shows allosteric mononucleo-
somes) and fractions containing successfully reconstituted nucleosomes without free DNA
were concentrated. Purified substrate and allosteric mononucleosomes were then ligated
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together and further purified from aberrant mononucleosomes again using large scale native
polyacrylamide gel purification. Fractions containing dinucleosomes running at expected
height on an analytical native gel (Fig. F) were subsequently concentrated. After liga-
tion and purification, the resulting dinucleosome contained one substrate nucleosome with
an unmodified H3 tail and one allosteric nucleosome carrying the trimethyl-lysine-analog
of the activating mark H3Kc27me3 (Margueron et al., [2009; Jiao and Liul 2015; |Simon
et al., [2007)), connected by a 35 bp linker DNA. Binding of PRC2-PHF1 to dinucleosomes
was confirmed by EMSA (Fig. G). PRC2-PHF1 on the heterodimeric dinucleosome
shall subsequently be referred to as PRC2-PHF1:Dinuc. Prior to grid preparation, PRC2-
PHF1 was buffer exchanged into the cryo-EM buffer and incubated with the reconstituted
dinucleosome as described in Methods section Grids prepared by vitrification were
used for subsequent data collection.
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Figure 4.3: Reconstitution of heterodimeric dinucleosomes.

A. Simplified overview of the dinucleosome assembly. The resulting heterodimeric dinucleosome used for
cryo-EM analysis contained one substrate nucleosome (unmodified H3 tail) and one allosteric nucleosome
(H3 tail containing the H3Kc27me3, shown to allosterically activate PRC2 (Margueron et al., [2009; |Jiao|
land Liu|, 2015; Simon et al., 2007)). B. Representative size-exclusion chromatography (SEC) profile of an
X.I. octamer purification. The first half of the main peak contains the octamer (green square), while the
second half contains a mixture of H3-H4 tetramer and octamer (red square). The main peak is followed
by a peak containing the H2A /H2B dimer (orange square). C. Typical coomassie-stained SDS PAGE
analysis of an octamer purification after SEC. Colored squares show the respective SEC peak fractions in
B. D. Representative analytical agarose gel showing titrations of different ratios of DNA:octamer. Band
at 0.2 kb indicate free 215 bp nucleosomal 601 DNA (Lowary and Widom)| [1998), while band at 0.5 kb
shows the assembled nucleosome. The band in-between indicates possible sliding of the nucleosome on
the nucleosomal DNA. Ratio of octamer:DNA where no nucleosomal DNA can be observed on the gel as
in lane nr. 4 was chosen for large-scale nucleosome assembly. E. Analytical native polyacrylamide gel
images of substrate mononucleosomes (top) and H3Kc27me3-modified (Simon et al., [2007) mononucleo-
somes (bottom) after large scale native gel purifications. F. Analytical polyacrylamide native gel image
of heterodimeric dinucleosome used for cryo-EM after large scale native gel purification. G. EMSA of
increasing concentrations of PRC2-PHF1 on heterodimeric dinucleosomes shows efficient binding. Lower
band shows unbound dinucleosome, shifted band shows PRC2-PHF1:Dinuc complex. Subfigures E-G were
performed in collaboration with S. Poepsel.
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4.1.2 Cryo-EM data analysis

Initial analysis of the cryo-EM dataset (processing scheme is described in Methods section
and visualized in Fig. [3.1) of PRC2-PHF1:Dinuc showed dense but homogenous par-
ticle distribution (Fig. A left panel). Particles were initially picked without templates
and analyzed by 2D classification to visualize which proteins of the PRC2-PHF1-Dinuc as-
sembly were contained in the particles (Fig. A right panel). 2D classes revealed clearly
the two nucleosomes bridged by the linker DNA and an expected overhang DNA on the
substrate nucleosome. The 'upper' catalytic unit of PRC2 (Justin et al.,[2016) sits between
the two nucleosomes and the 2D classes mostly resembled the 2D classes of the previously
published PRC2-AEBP2:Dinuc complex (Poepsel et al., 2018). Templates generated from
this structure were therefore used for re-picking. Picked particles were further subjected to
3D classification (details of the steps involved in processing are described in the Methods).
Several rounds of 3D classification and refinement resulted in a map of the PRC2-Dinuc

with an overall resolution of 5.2 A after postprocessing according to the gold-standard FSC
cut-off at 0.143 (Fig. B) (Rosenthal and Henderson) [2003).
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Figure 4.4: Initial cryo-EM data analysis of PRC2-PHF1 on an asymmetric dinucleosome.

A. Left: Typical micrograph of the cryo-EM data collection of PRC2-PHF1:Dinuc (while most of the
screening datasets were collected by the author of the thesis, the final dataset shown was collected with
the help of M. Strauss). Right: Representative 2D classes of particles picked without templates of PRC2-
PHF1:Dinuc showing the 'upper' catalytic lobe of PRC2 (Ciferri et al., 2012; [Jiao and Liu, 2015} |Justin|
sitting in-between the two nucleosomes, connected by 35 bp of DNA. B. Output of the
3DFSC webserver (https://3dfsc.salk.edu/) shows the Fourier Shell Correlation (FSC)
as a function of spatial frequency. Global FSC (red) is generated from masked independent half maps of
PRC2:Dinuc. Directional FSC is indicated by the blue histogram and deviation from mean is shown as
a green dotted lines. Gold-standard FSC cut-off at 0.143 was used to estimate the overall resolution of
5.24 A of PRC2-PHF1:Dinuc map (grey dotted line) qRosenthal and Henderson], |2003D.

The substrate nucleosome and adjacent parts of PRC2 were better resolved (4-6 A,



52 4. Results

red-yellow Fig. A), while the allosteric nucleosome as well as the proximal EED and
SBD domains of EZH2 were of lower resolution (10-25 A, green-blue Fig. A). Spher-
ical angular distribution analysis of the final particles showed only few missing views as
indicated by few or missing blue rods and the sphericity value of 0.806 (Fig. H B). Views
with a high number of particles are shown as red rods. (Fig. 4.5/ B).

A B

Figure 4.5: Cryo-EM data analysis of the PRC2-PHF1 on an asymmetric dinucleosome.

A. Local resolution estimation of the 5.2A cryo EM map of PRC2-PHF1:Dinuc. Regions of higher
resolution are shown in colors ranging from red to yellow, while regions of lower resolution are shown in
green-blue colors. B. Spherical angular distribution of particles views contained in the final reconstruction
of the PRC2-PHF1:Dinuc structure. Blue/no rods: few particles per view or missing views. Red rods:
views with a high number of particles.

In the next step the density of the allosteric nucleosome and adjacent parts of PRC2
including EED and the SBD-SANT1 domains of EZH2 were subtracted from the particles
and focused 3D refinement was used to obtain a higher resolution and more detailed struc-
tural information for the substrate nucleosome and EZH2 (see Methods and Fig. |3.1)).
This step resulted in a corresponding map of EZH2g,,-Nucg,, of overall 4.36 A resolution
according to the gold-standard cut-off at 0.143 (Rosenthal and Henderson, 2003) (Fig.
A). Local resolution estimation analysis showed that the core of the substrate nucleosome
is around 4 A with the H3 tail and tail-adjacent part of EZH2 at around 4.5-5 A resolution
while the nucleosomal DNA and tail-nonadjacent parts of EZH2 are between 7-15 A (Fig.

B).
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Figure 4.6: The resolution of EZH2g,,-Nucg,, map is improved after focused refinement.

A. Half maps and 3D resolution estimation output generated by the 3DFSC Processing Server
(https://3dfsc.salk.edu/ 2017)). The Fourier Shell Correlation (FSC) is plotted as a function
of spatial frequency. Global FSC (red) was generated from masked independent half maps of EZH2g,-
Nucgyp. Directional FSC is shown as a blue histogram and deviation from mean as a green dotted line.
Gold-stadard FSC cut-off at 0.143 was used to estimate the overall resolution of 4.36 A of the EZH24,,-
Nucg,, map (grey dotted line) (Rosenthal and Henderson), [2003)). B. Local resolution estimation of the
EZH2,,-Nucg,, map after focused refinement. The substrate nucleosome and the adjacent part of the
catalytic subnunit EZH2 show improved resolution (colors red to yellow; 4.5-5 A).

The model of the substrate nucleosome with EZH2 (EZH24,,-Nucg,,) was generated by
using nucleosome and PRC2 models obtained by X-Ray crystallography and cryo-EM (for
list of models/PDBs used for Cryo-EM data fitting, modeling and refinement see Table
3.1)). A pseudoatomic model of the missing H3 tail residues was manually built (described
in more detail in methods section . The final model was then subjected to real space
refinement in Phenix (Afonine et al., 2018) and showed good correlation with the observed
densities in the map (Fig. A and B). A summary of cryo-EM data collection, processing
and refinement statistics is shown in Table 3.2l
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Figure 4.7: The quality and resolution of the EZH2,;,-Nucg,, map is significantly improved
after focused refinement.

A. FSC calculated between the atomic model and the map (masked) of EZH2g,;,-Nucs,p after real-space
refinement (Afonine et al. [2018). Dotted lines represent the cut-off of 0.143/0.5 at 4.2/6.2 A (see also
table at which map and model Fourier coefficient are most similar (Rosenthal and Henderson) 2003;
Henderson et al., |2012; |Rosenthal and Rubinstein), |2015). B. Regions of well resolved density within the
EZH2,,-Nucg,, map showing side chain information. Last residue of the H3 tail visible in nucleosome
crystal structures (usually H39 or P38) is shown by a red asterics. The location of K36 is indicated by a
red arrow.

4.1.3 Structural characterization of PRC2 nucleosome interaction
and the position of K36

Analysis of the obtained overall PRC2-PHF1-Dinuc map showed PRC2 sitting in-between
the two nucleosomes, which are connected by a 35 bp linker DNA, similar to previously
described in [Poepsel et al. (2018) (Fig. A, B). The density of PRC2 accounted for
the catalytic lobe of PRC2 consisting of EZH2, EED and C-terminus (VEFS domain) of
SUZ12 (aa 561-685) (Justin et al., 2016) but not for PHF1 and the 'bottom lobe' of PRC2
consisting of RBBP4 and the N-terminus of SUZ12 (Ciferri et al.l 2012; Kasinath et al.
2018) (Fig. A). The structure of PRC2-PHF1:Dinuc shows two interaction sites of
the 'upper lobe' of PRC2 with the nucleosomes: the substrate nucleosomal DNA is bound
by EZH2, likely via four residues of EZH2°XC (K563, Q565, K569, Q570) (Fig. C;
see also Poepsel et al., 2018). The allosteric nucleosomal DNA is seemingly recognized
by a combined interface of EED and the EZH25BP (potentially also SANT1) (Fig.
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D; also [Poepsel et al., |2018)). Unlike many other epigenetic complexes, PRC2, based on
this structure, seems to not engage with the acidic patch of the nucleosome (Fig. B).

Overall, both PRC2-PHF1 as well as PRC2-AEBP2 seem to bind chromatin in similar
ways (Poepsel et al., 2018).

Based on the available side chain information and previous structural studies of the
H3K27M peptide bound to the human PRC2 catalytic lobe crystal structure (Justin et al.,
2016)), a pseudoatomic model of the N-terminal H3 tail was built (Fig. E). Analysis of
the model reveals the H3 tail to be in an extended conformation between the exit site of the
nucleosome and the catalytic site of EZH2. Residues of the H3 tail are engaged in several
interactions with EZH2: as previously described H3K27 is positioned within the aromatic
cage of EZH2 consisting of Y641, F667, F724, Y726, Y728 while H3R26 is forming ionic
bonds with D652 and Q648 of EZH2 (Justin et al |2016). Additionally, the model suggests
two regions of hydrophobic interactions: (1) H3A29/P30 and A697, V699, 1708 of EZH2
and (2) H3V35 with F542, F557 and P558 (Fig. 4.8|E). The EM density is visibly disrupted
between T32 and V35 of the H3 tail, likely owing to the flexibility of the G33/34 stretch.
The density-modified (Terwilliger et al., 2020) map of EZH2,,-Nucg,, shows a very clearly
defined side chain density for H3K36 allowing deeper analysis of its location and possible
interactions (Fig. F). Unmethylated H3K36 is facing the nucleosomal DNA and is
juxtaposed to the EZH2 CXC- nucleosomal DNA interaction site described above. The
direction of its side chain density suggests a potential long-range electrostatic interaction
between the e-amino group of the lysine and the phosphate backbone of the nucleosomal
DNA. An additional potential interaction partner is provided by the carbonyl of the CXC
residue Q570 constituting a possible direct link between H3K36 and recognition of the
nucleosomal DNA by EZH2 CXC (Fig. F). The constraints created by this interaction,
in which H3K36 is sandwiched, suggest that the PRC2 inhibiting mark H3K36me3 would
be too bulky in this position. Additionally, the positive charge of the lysine becomes be-
comes shielded by and distributed into the methyl groups. A study by |Jani et al. 2019
previously described a possible mechanism of H3K36 recognition by E579. In the model of
EZH24,,-Nucg,p, the location of E579 and H3K36 would require major rearrangement and
is hence incompatible with the proposed mechanism (Fig. G).
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Figure 4.8: Cryo-EM structure of PRC2-PHF'1 reveals how the H3 tail is recognized by
PRC2.

A. Schematic representation of the PRC2-PHF1 domain organisation. Dashed boxes indicate regions of the
individual subunits modelled in the cryo-EM reconstruction of PRC2-PHF1:Dinuc. B. The overall PRC2-
PHF1-dinucleosome cryo EM structure confirms the previously described two nucleosomes-binding sites of
PRC2: EZH2°XC on the substrate nucleosome and EED/EZH25BP on the allosteric nucleosome
2018). C. Details of the EZH2°XC residues interaction with nucleosomal DNA: shown residues were
mutated for biochemical studies described below. D. Details of the potential EED residues interactions with
nucleosomal DNA: shown residues were mutated for biochemical studies described below. E. In addition
to previously described interactions the H3 tail is recognized by EZH2 likely by two hydrophobic hotspots
(Justin et al.,[2016)). F. H3K36 is accomodated in the CXC-DNA interaction surface facing the DNA with
its side chain. Analysis of the chemical environment of H3K36 allows to approximate distances to possible
interactors. G. The E579 pocket proposed by [Jani et al., 2019, to bind H3K36 is located approximately
19A away from H3K36 in the EZH2,,,-Nucg,,. Major rearrangements would be needed to allow for this
interaction, making the proposed mechanism of the E579 pocket incompatible with the observed model.
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A tubular density not explained by the crystal structure (Justin et al., 2016) or the
cryo-EM structure (Kasinath et al., 2018) of the sole PRC2 complex becomes visible in
the focused map of EZH2,,-Nucg,, (Fig. A). The resolution did not allow for residue
assignment, however based on a very recent study by Kasinath et al.| [2020 and its shape,
this density likely accommodates EZH2 residues 497-511 forming an a-helix. As in
nath et all 2020, this helix shall be referred to as "bridge helix". The 'bridge helix' is
located above H3V35 and K36 based on the density-modified map (Terwilliger et al., 2020))
of EZH2g,,-Nucg,, at lower threshold (not shown) and is likely engaged in interactions
with the H3 tail, EZH2 and the nucleosomal DNA (Fig. A, B). Residues important
for regulation of PRC2 activity by automethylation (K510, K514, K515) are located in the
loop leading to or in the 'bridge helix' (Wang et al., [2019; [Lee et al.l [2019).

A. Top view/Bridge Helix

Figure 4.9: The EZH2 'bridge helix' is located in close proximity to the H3 tail.

A. A tubular density located between EZH2 and the substrate nucleosome is visible in the focused map
of EZH2,,-Nucg,, and based on the recent study by [Kasinath et all 2020, likely constitutes an o-helix,
named "bridge helix" [Kasinath et all, 2020, with EZH2 residues 497-511. B. The 'bridge helix' is located
above H3V35 and K36.

Finally, when comparing the overall map and model of PRC2-PHF1:Dinuc with the
previous published map and model of PRC2-AEBP2:Dinuc (Poepsel et all 2018) (Fig.
A), the overal binding mode of core PRC2 to the nucleosomes appears to be similar
for both cofactors. While almost no differences can be seen in the recognition of the
substrate nucleosome by EZH2, slight changes in binding can be observed when comparing
the recognition of the allosteric nucleosome by the EED subunit (Fig. A, B).




58 4. Results

Figure 4.10: PRC2-PHF1 and PRC2-AEBP2 show similar interactions with the dinucleo-
some.

A. Comparison of Cryo-EM maps of PRC2-PHF1:Dinuc (blue) and PRC2-AEBP2:Dinuc (orange) (Poepsel
reveal subtle differences in the recognition of the allosteric nucleosome. In contrast, recognition
of the substrate nucleosome is highly comparable. B. Superposition of the PRC2-PHF1/AEBP2:Dinuc
models at the allosteric nucleosome. In the study of [Poepsel et al, 2018}, the allosteric nucleosome appears
to be closer to the EZH23BP-helix, while for PRC2-PHF1:Dinuc model is is located closer to the EED
surface.

In summary, the model of EZH2,;,-Nucg,;, shows how chromatin binding by PRC2 is es-
tablished by the DNA binding contributions of EED/EZH25BP to the allosteric nucleosome
and EZH2°%C on the substrate nucleosome. The described EZH2-CXC- nucleosomal DNA
interface creates the platform for the H3 tail recognition by EZH2 and K36 is sandwiched
in this interface.
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4.2 Biochemical studies of PRC2-nucleosome interac-
tion

4.2.1 EZH2-CXC contribution to nucleosomal DNA binding and
activity of PRC2

To investigate the contribution of CXC residues identified in the structural studies above
(Fig. C), mutations of the CXC residues to alanine or glutamate were introduced,
resulting in K563A /E, Q565A /E, K569A /E and Q570A/E. To exclude the DNA binding
contribution of PHF1, a complex containing only the C-terminal 5 kDa region of PHF1
(aa 515-567) previously shown to be sufficient for PRC2 interaction but lacking the tudor
and the DNA-binding winged-helix domains was used (Choi et al., 2017)). For simplicity
PRC2 complexes with the C-terminal construct of PHF1 shall be referred to as PRC2.
PRC2 complexes containing EZH2-CXC mutations to alanines or glutamates are indicated
with PRC2CXC>4 or PRC2°XC>F respectively. The effect of these mutations on the bind-
ing affinity for substrate mononucleosomes was monitored by electrophoretic mobility shift
assays (EMSA) (Fig. A). To this end, increasing concentrations ranging between 17
nM to 3500 nM of either PRC2, PRC2°%¥¢>A or PRC2°¥C>F were incubated with 45 nM
of 215 bp nucleosomes. Binding was monitored on an agarose gel (more details in Methods
section [3.5.1). The lower bands (Fig. A; labeled with "X.I. nucs") represent free
mononucleosomes. Upon addition of PRC2, PRC2-nucleosome complex is formed as indi-
cated by a shift in migration (higher bands in Fig. A; labeled with "PRC2 with X.1.
nucs"). Both PRC2 mutants shifted at higher concentrations as compared to wild-type
(wt) PRC2 (Fig. A, compare lanes 12-20, 22-30 to 2-10). In order to quantify the
effect of CXC mutations on binding, the assay was performed in triplicates and the fluores-
cence signal of the bands was subjected to densitometry analysis (described in more detail
in the Methods section . The resulting binding curves clearly showed that mutations
of the CXC residues to alanine or glutamate reduced the binding of PRC2 2.8 and 3x fold,
respectively. The apparent Kq of PRC2 is app. 49 + 4 nM, of PRC2°X¢>4 is app. 137
+ 15 nM and of PRC2“X“*E is app. 199 + 22 nM (Fig. B). Intriguingly, unlike
binding, which only showed a minor effect after the mutation, the activity (mono- and
trimethylation) of the PRC2°X¢>A mutant was drastically reduced as compared to wt on
mononucleosomes (Fig. C, compare lanes 5-7 to 2-4). To test whether the activity can
be partially rescued by providing a second binding site for the EED /EZH25BP interface,
unmodified dinucleosomes with 35 bp DNA linker were used. Indeed, PRC2¢XC>4 was able
to mono- and trimethylate dinucleosomes, albeit less efficiently as compared to PRC2 wt
(Fig. C, compare lanes 12-14 to 9-11; Coomassie stained SDS control gel of the input
in D). It should be noted, that the catalytic activity of PRC2 on dinucleosomes involves
the allosteric activation of EZH2 in the complex once H3K27me3 is successfully deposited
on one of the dinucleosomes (Margueron et al.; [2009; |Jiao and Liu, 2015).
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Figure 4.11: Biochemical characterization of the EZH2-CXC nucleosome binding.

A. A representative EMSA analysis of PRC2 and PRC26XC>4 or PRC2CXC>F hinding to substrate X.LI.
mononuclesomes containing 215 bp nucleosomal DNA. Increasing concentrations of the respective PRC2
complexes were incubated with 45 nM of mononucleosomes and binding was monitored on an 1.2 %
agarose gel. Lower bands show unbound X.I. nucleosomes, while the shifted band shows nucleosomes in
complex with PRC2 B. EMSA with PRC2 and PRC2°X¢>4 or PRC2°XC>E was performed in triplicates
and quantified by densitometry analysis of the 6-Carboxyfluorescein signal. A Hill function was fitted to
estimate the apparent K4 value of the respective complexes, which is indicated in the brackets. Error bars
represent SEM (standard error of the mean) of the fitted values. C. Activity of wt PRC2 was compared
with PRC2¢XC>4 in a HTMase assay on X.I. mono- or di-nucleosomes (with 35 bp linker) and analyzed by
Western Blot (WB) using H3K27mel/me3 antibodies. D. Input for the WB was analyzed on a Coomassie
stained SDS gel to control for equal input of the components. While HMTase assays and other WBs
confirming the result of PRC2°XC>4 were performed by the author of the thesis, the shown WB as well
as the corresponding SDS gel were performed by K. Schmid.
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To exclude the possibility that PRC2°X¢>4 catalytic activity is impaired due to improp-
erly folded catalytic domain as a result of the CXC mutations, the activity was tested on
H3,5.45 peptides (£.12)). Mass spectrometry (MS)-based peptide HMTases were performed
in technical triplicates and amount of monomethylation was calculated as a portion of the
sum of unmethylated and methylated peptides (described in more detail in . Both
wt and mutant PRC2 complexes showed equal monomethylation levels (Fig. A, B).
Hence, loss of activity, which was observed for the CXC mutant in HMTase assays on
mononucleosomes (Fig. C) is a consequence of DNA binding inability by the mutant
but not of incorrect SET domain folding.
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Figure 4.12: H3-peptide methylation assay of PRC2/PRC2CXC=4A,

A. A mass spectrometry based peptide methylation assay was performed to exclude the possibility of
misfolding of PRC2€XC>4 For this, HMTase assays with PRC2 wt and PRC2°XC>4 were performed on
H315.42 in technical replicates and resulting methylation products were monitored via MS. Deconvoluted
spetra are shown. The percentage of monomethylation was calculated and compared in B. Error bars show
the standard deviation (SD). MS runs were performed by E. Weyher.

4.2.2 Contribution of EED to nucleosomal DNA binding by PRC2

Structural analysis of PRC2 bound to dinucleosomes as described in Section revealed
a second nucleosomal DNA binding site of PRC2 via the EED subunit (Fig. D), to
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which the remaining binding of PRC2¢X¢>4 or PRC2XC>E could be, partially, attributed.
Hence, binding contribution of EED to nucleosomes was analyzed by performing the same
assays as described for EZH2°%XC. Several potential binding residues located on the sur-
face of EED and facing the nucleosome were identified based on this study and the results
reported by [Poepsel et al., 2018, (K77, K83, K385, K398, K400, K408; see also Fig.
D) and mutated to alanines (referred to as PRC2FFP=4). EMSA was performed with this
as well as the combined PRC2CXC>A/EED=A mytant. Binding of PRC2FEP=A was only
mildly reduced (2.4x) likely due to binding contributed by EZH2°%XC and EZH25BP (Fig.
A and B). Additionally, the bottom lobe of PRC2 constituted by SUZ12 and RBBP4
was previously shown to be sufficient for binding to nucleosomes (Nekrasov et al., [2005)).
Moreover, negative stain studies showed that also within the full PRC2 complex the "bot-
tom lobe’” makes contacts to the dinucleosomes (Poepsel et al.. 2018). These studies also
explain the observation that the combined mutant PRC2%XC=A/EED=A ghowed remaining
binding, albeit 5-fold weaker than in wt (Fig. A and B). Finally, the remaining bind-
ing could also be attributed to additional residues and regions in PRC2 not mutated, such
as EZH25BP/SANTL which are in close proximity to the allosteric nucleosome in the PRC2-
PHF1:Dinuc model (as analysed in and were also proposed to potentially bind by
Poepsel et al.l 2018

As expected, PRC2FFP>A exhibited almost the same level of activity as wt PRC2 on
mononucleosomes in HMTase assays, since PRC2 is still able to bind via EZH2°%X¢ (Fig.
C, loading control in D; compare lanes 5-7 to 2-4). However, on dinucleosomes, the
PRC2FEP>A mutant failed to generate comparable levels of H3K27me3 methylation to
PRC2 wt (Fig. C, loading controls in D; compare lanes 12-14 to 9-11). The failure
of proper binding by the mutant on the second nucleosome likely leads to the inability to
recognize the H3K27me3 modified H3 tail by EED and allosterically activate EZH2 (Mar-
gueron et al., [2009; Jiao and Liul 2015). This shows that the mutated residues contribute to
the binding of EED to the neighboring nucleosome and that proper DNA binding is needed
for an allosteric activation mechanism by the EED subunit (Margueron et al., 2009). Fi-
nally, combination of both mutations (EED and CXC) seems to completely abrogate the
trimethylation activity of the complex on dinucleosomes as can be seen in Fig. E.
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Figure 4.13: Biochemical characterization of the EED nucleosome binding.

A. A representative EMSA analysis of PRC2 and PRC2FFP>A or PRC2CXC>A/EED>A 1inding to substrate
mononuclesomes containing 215 bp nuclesomal DNA. Increasing concentrations of the respective PRC2
complexes were mixed with 45 nM of mononucleosomes and binding was tested on a 1.2 % agarose assay.
B. EMSA with PRC2 and PRC2EEDP>A op PRC2CXC>A/EED>A wag performed in triplicates and quantified
by densitometry analysis of the 6-Carboxyfluorescein signal. A Hill function was fitted to estimate the
apparent K4 values of the respective complexes (indicated in the brackets). Error bars represent SEM
of the fitted values. C. Activity of wt PRC2 was compared with PRC2FEP>A in a HTMase assay and
analyzed by Western Blot using H3K27mel /me3 antibodies. H4 serves as control for loading and western
blot processing. D. Activity on dinucleosomes of wt PRC2 was compared to the mutant combination
PRC2CXC>A/EED>A i1y an HTMase assay and analyzed by Western Blot using H3K27me3 antibody. This
preliminary result would need to be repeated again including H4 control to be fully confirmed. While
HMTase assays and other WBs confirming the result of PRC2FFP>4 were performed by the author of the
thesis, the shown WBs for PRC2FFP>4 and PRC2CXC>A/EED>A a9 well as the corresponding SDS gel
were performed by K. Schmid.
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4.2.3 Lysine 36 - a key residue for PRC2 regulation

Structural characterization showed that while there is no clear direct recognition of H3K36
by PRC2, K36 instead is facing the nucleosomal DNA and sits in a tight sandwiched posi-
tion between EZH2°XC and DNA interface potentially interacting with the carbonyl group
of Q570 (Fig. A). This observation suggests a possible inhibition mechanism where
a di- or tri-methylated K36 becomes too bulky and its positive charge shielded by and
distributed into the additional methyl groups. The importance of the side chain properties
of a lysine in this position was hence tested by mutating K36 to either an arginine or an
alanine and assaying the activity of PRC2 by HMTase assay and WB. As compared to
activity on unmodified nucleosomes, trimethylation activity was strongly diminished on
H3Kc36me3 (Simon et al.l [2007), as previously shown (Schmitges et al., |2011)), but also
on H3K36A /R mutated nucleosomes (Fig. B, control loaded C; compare lanes 5-7,
8-10, 11-13 to 2-4). Monomethylation was also reduced but in the case of H3K36A /R less
significantly reduced as compared to H3Kc36me3 nucleosomes (Fig. B). This result is
in agreement with studies by |Jani et al. 2019, but disagrees with |[Schmitges et al.| 2011}
where H3K36A did not inhibit PRC2.
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Figure 4.14: Biochemical characterization of H3K36 side chain properties in the context of
the EZH2-DNA interface.

A. K36 is sandwiched in an interface formed by the nuclesomal DNA and CXC of EZH2. B. Activity of
PRC2 on unmodified mononucleosomes was compared to activity on H3Kc36me3 modified (Simon et al.|
2007) or H3K36A /R nucleosome in an HTMase assay and analyzed by WB using H3K27mel /me3 anti-
bodies. The assay and the corresponding WB were performed in triplicates and subjected to densitometry
analysis of the chemiluminescence signal. The amount of methylation is approximated in respect to the
highest methylation activity observed at 192 nM of PRC2 on unmodified nucleosomes. i.e. lane 3, set to
100%. C. The input for the WB in B was additionally analyzed on a Coomassie-stained SDS gel to ensure
equal input of the individual components in the HMTase assay. SDS-Gel and WBs of the triplicates were
partially performed with the help of S. Mitzkus.

Intriguingly, despite the shown results suggesting an important role for the physico-
chemical nature of a lysine side chain at position 36, binding of PRC2 to H3Kc36me3
nucleosomes (Simon et al., 2007) was not affected by the mark as shown in Fig. A
(compare lanes 12-20 to 2-10) and analyzed in Fig. B. To rule out an only minor effect,
which potentially would be masked by the many interactions of PRC2 with nucleosomes,
PRC2FEP>A was also tested. Eliminating the binding contribution made by EED did not,
change the binding affinity of the complex on H3Kc36me3 nucleosomes as compared to
unmodified ( Fig. C, D). Hence, H3Kc36me3 does not affect binding of PRC2 on

nucleosomes.
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Figure 4.15: H3K36me3 does not affect PRC2 binding to the nucleosome.

A. EMSA was performed with wt PRC2 on either unmodified or H3Kc¢36me3 modified (Simon et al., [2007])
nucleosomes in triplicates and quantified by densitometry analysis of the 6-Carboxyfluorescein signal in
B. A Hill function was fitted to estimate the apparent K4 value of the respective complexes (indicated in
brackets). Error bars represent SEM of the fitted values. C. EMSA was performed with PRC2FFP>4A on
either unmodified or H3Kc36me3 modified nucleosomes as in A. D. Quantification was performed as in B.

4.2.4 H3K36me3 inhibits PRC2 only in the context of the nucle-
osome

The cryo EM analysis described in subsection [4.1.3] as well as the biochemical character-
ization of the H3K36 position both suggested that the inhibition of PRC2 by H3K36me3
takes places in an indirect manner involving a steric hindrance and a charge shielding ef-
fect in context of the H3 tail being sandwiched in between the CXC and the H3 tail. To
confirm the indirect mechanism being a result of the nucleosomal context, HMTase assays
were performed with PRC2 on unmodified and H3K36me3 containing H3(1g.42)-peptides
and subsequently analyzed by MS as shown in Fig. The assay and the MS runs
were performed in triplicates and subjected for a quantification analysis as described in
the methods subsection (Fig. B). Average % of monomethylation was calculated.
Indeed, PRC2 showed equal monomethylation activity on both unmodified and H3K36me3
peptides.
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Figure 4.16: PRC2 is only inhibited by the H3K36me3 mark in context of the nucleosome
but not by a H3K36me3 peptide.

A. Deconvoluted MS Spectra after HMTase assay on unmodified (blue) or K36me3 modified (red) H3(y5.42)
peptide. B. HMTase assays using the respective peptides as well as the corresponding MS runs were
performed in technical triplicates. Statistical analysis (Welch’s t-test) revealed a non-significant (ns)
difference between the app. amount of monomehylation on a H3K36me3 modified peptide as compared to
an unmodified peptide. Error bars show standard deviation (SD). C. Raw (upper panel) and deconvoluted
peaks (lower panel) from input peptides only (without PRC2) (left panels) and after HMTase assay with
PRC2 (right panels). MS was performed by E. Weyher (MS facility, MPI of Biochemistry).
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4.2.5 Role of PHF1 cofactor in PRC2-nucleosome interactions and
PRC2 inhibition by H3K36me3

The described analysis of PRC2F#H2-E/A mytants in subsection provoked the ques-
tion of how these mutations would affect nucleosome binding by PRC2-PHF1P2H2>E/A T,
test this, EMSAs were performed with increasing amounts of wt PRC2-PHF1 or PRC2-
PHF1P212-E/A on X 1. 215 bp mononucleosomes as described above (Fig. [1.17]A). Counter-
intuitively, mutation of the CXC residues to alanines or glutamates did not weaken the
binding when PHF1 was present in the complex (Fig. A, B). Densitometric anal-
ysis of the EMSA revealed an apparent Kq4 of app. 45 nM for both, PRC2-PHF1 and
PRC2-PHF1F#H2-E/A " gimilar to the apparent K4 (app. 50 nM) of the PRC2 complex
containing only the C-terminal bit of PHF1. The only insignificant increase in binding of
PRC2-PHF1 compared to PRC2 is in contradiction to previously published results, where
PRC2-PHF1 showed an 1.5-fold increase in binding affinity as compared to PRC2 (Choi
et al., 2017). In this study, PRC2 containing only the C-terminal bit of PHF1 (in the
thesis referred to as PRC2) showed an apparent Kq of app. 211 nM for nucleosomes, while
PRC2-PHF1 showed an apparent K4 of app. 66 nM (Choi et al, 2017). For DNA, the
respective K 4s were app. 30 nM for PRC2-PHF1 and app. 49 nM for PRC2 containing
the C-terminal bit of PHF1 (Choi et al., [2017)). It should be noted that the K4 can only
be approximated and highly depends on the amount of nucleosomes and the accuracy of
nucleosome concentration determination, hence annotated as "apparent’ K 4. Furthermore,
the apparent Kg4s are close to the concentration of nucleosomes used, so that the assay is
approaching stoichiometric ’titration’ behavior. Hence, in the context of this assay minor
differences below 2x should be considered carefully. Together with the observation that
the nucleosome bands in Fig. A start to shift already at very low concentrations of
PRC2-PHF1, the results suggest that the assay has to be repeated with lower amounts
of PRC2-PHF1 and potentially at lower concentration of mononucleosomes. Hence, the
effect of the CXC>E/A mutations might not be fully disclosed in the given experimental
context and to fully validate the role of PHF1 this assay needs to be revised. Should
the result be confirmed at lower concentrations of PRC2-PHF'1, it could point out to a
function, where PHF1 in the case of CXC binding failure serves as an additional rescue
binding anchor for PRC2 to the nucleosomes. In this context, it would be interesting to

analyze whether PRC2-PHF1P412>E/A ghows an increase of mono- and trimethylation as
compared to PRC2FZHZ>E/A shown in Fig.
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Figure 4.17: Role of PHF1 on PRC2-nucleosome interactions.

A. EMSAs were performed in triplicates with wt PRC2-PHF1 and PRC2-PHF1F2H2>E/A on ynmodified
X.l. 215 bp mononucleosomes and quantified by densitometric analysis of the 6-carboxyfluorescein signals
in B. B. Error bars represent SEM of the fitted values.

In the next step, the effect of H3K36 trimethylation or K36A /R mutations on activity
of PRC2 was analyzed in presence of PHF1. The PHF1 Tudor domain was previously
reported to bind the H3K36me3 modification and this interaction inhibits PRC2 based
on studies conducted on H3K36me3 containing chromatin isolated from yeast (Musselman
et al., 2012, [2013). As for PRC2, binding of PRC2-PHF1 to H3Kc¢36me3 modified nucleo-
somes (Simon et al.l 2007) was not affected in the presence of the active mark (Fig.
A, B). The EMSA should however be considered carefully, as the assay was only performed
once and as discussed above, lower concentration of PRC2-PHF1 should be used to exclude
an only minor effect. To study the effect of the presence of PHF1 on the inhibition of PRC2
by H3K36me3 in a completely recombinant in vitro system, HMTase assay was performed
with increasing amounts of PRC2-PHF1 on H3Kc36me3 or H3K36R /A nucleosomes and
the reaction was blotted and visualized with H3K27mel/3 antibodies as described before.
H4 antibody was used as a control. Similar to PRC2, trimethylation and monomethyla-
tion activity of PRC2-PHF1 were almost completely abrogated on H3Kc36me3 nucleosomes
(Fig. C). In vivo, high levels of H3K27me3 require the presence of PHF1 (Cao et al.|
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2008; [Sarma et al., 2008) or the Drosophila ortholog Pcl (Nekrasov et al.l [2007) and the
study of [Choi et al.| 2017, demonstrated that PHF1 increases the residence time of the
complex on chromatin. Due to the longer residence time PHF1-PRC2 boosts the con-
version of mono- or dimethylation to trimethylation. It is therefore not surprising that
wt PRC2-PHF1 shows only little monomethylation in the WB as it is to a high degree
converted to trimethylation (Fig. C). Trimethylation of PRC2-PHF1 is also inhibited
on H3K36A /R mononucleosomes, albeit weaker as compared to PRC2 (Fig. C; com-
pare lanes 8-10 and 11-13 to 2-4 and compare to Fig. [1.14). Given that the presence of
PHF1 prolongs the residence time of and boosts trimethylation by PRC2, it seems that
on H3K36A /R due to the longer residence time EZH2 is able to generate more trimethy-
lation and hence shows lower inhibition. Intriguingly, monomethylation of PRC2-PHF1
on H3K36A /R mononucleosomes is highly increased as compared to unmodified nucleo-
somes. The inhibition mechanism by H3K36A/R, hence seems to involve the residence
time of PRC2. The increased residence time of PRC2-PHF1 in context of H3K36A/R
nucleosomes promotes monomethylation as compared to PRC2, however fails to promote
trimethylation. In contrast both mono- and trimethylation of PRC2-PHF1 are reduced on
H3Kc36me3 modified nucleosomes. The evident inhibition difference between H3K36A /R
nucleosomes and H3Kc36me3 nucleosomes is only observed for PRC2-PHF1 but not for
PRC2. A potential explanation for this observation is that H3K36me3 binding by PHF1
outcompetes H3 tail binding by EZH2, thereby significantly reducing not only the residence
time but also possible interaction needed for catalysis. In contrast, D.m. Pcl tudor domain
has an incomplete aromatic cage (Friberg et al.l 2010) and is hence not able to recognize
the modification. It would be therefore interesting to assay the difference of inhibition by
H3K36me3 when comparing PRC2-PHF1 and PRC2-Pcl.
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Figure 4.18: Role of PHF1 for PRC2 inhibition by H3K36me3.

A. EMSA was performed with PRC2-PHF1 on either unmodified or H3Kc36me3 modified nucleosomes.
The densitometric quantification of the 6-carboxyfluorescein is shown in B. This bandshift assay was

performed once.

C. HMTase assays of PRC2-PHF1 on different substrate mononucleosomes (unmod-

ified/H3Kc36me3/H3K36R or H3K36A nucleosomes). For unmodified/H3Kc36me3 the assay was per-
formed in triplicates. For H3K36R or H3K36A the assay was performed in duplicates. Error bars indicate
SEM. HMTase assay was performed by the author of the thesis, while all WBs and WB imaging for this
experiment were performed by S. Schkoelziger.
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4.2.6 The acidic patch of the nucleosome does not contribute to
binding by or activity of PRC2

The cryo-EM structure of PRC2-PHF1 on dinucleosomes described in subsection [4.1.3]
didn’t show any interaction between PRC2 and the acidic patch of the nucleosome (Luger
et al., 1997, McGinty and Tanl |2016)). However as the 'bottom lobe' of PRC2 including
RBBP4 or N-terminal bit of SUZ12 is not resolved in the reconstruction, the possibility
couldn’t be excluded that it interacts with the nucleosome core. To confirm that the acidic
patch does not contribute to binding or activity of PRC2, EMSA and HMTase activity
assays were performed with increasing amounts of wt PRC2-PHF'1 on wt X.l. nucleosomes
or nucleosomes carrying the H2AE61A, E64A, DIOA, BO2A yytations (Luger et al., [1997). The
EMSA experiment showed the respective nucleosome bands shifting at equal concentrations
of PRC2 indicating that PRC2-PHF1 can equally well bind wt or mutated nucleosomes
(Fig. A, B). However it should be noted that the amount of H2AF614, E644, DIOA, E92A
used in the EMSA was reduced as compared to wt nucleosomes as can be seen by the
weaker fluorescence signal (lane 11 in Fig. A). This is potentially due to imprecise de-
termination of the nucleosome concentration, which is generally impeded by the presence
of nucleosomal DNA: for all other bandshifts in this thesis the concentration of nucleo-
somes was determined by measuring the concentration of DNA in the nucleosome sample.
Nucleosome concentration in the shown agarose gel was determined by back-calculating
the amount of octamers used. In the case where nucleosome preparation did not contain
free DNA (largely depending on the quality of the octamer:DNA titrations) the method
of nucleic acid concentration turned out to be more reliable as a method for nucleosome
concentration determination.

In addition, mutations tested in the context of PRC2-PHF1 as previously laid out might
not be fully disclosed and the experiment should be repeated again with lower concentra-
tions of PRC2-PHF1 or PRC2. In this hence only preliminary result, as quantified from
densitometry analysis in triplicates, PRC2-PHF1 showed an apparent K4 of app 32 nM as
compared to 29 nM on mutated nucleosomes.

More importantly, mutations of the acidic patch do not affect activity of PRC2-PHF1 as
shown by HMTase assay and the corresponding WB shown in Fig. C, where the
the amount of trimethylation H2AF61A; B64A, DIOA, E92A o1 19 ADIOA, BIZA myytated remained
equal to wt nucleosomes. This result is in agreement with the structural observations de-
scribed above.
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Figure 4.19: Mutations in the acidic patch of the nucleosome do not affect PRC2 binding
or activity.

A. EMSA was performed with wt PRC2-PHF1 on either

unmodified or mutated
(HQAEGIA, E64A, DY0A, E92A)

mutated 215 bp 6-carboxyfluorescein labeled X.I nucleosomes in tripli-
cates and quantified by densitometric analysis shown in B. Error bars represent SEM of the fitted values.
A Hill function was fitted to estimate the apparent K (indicated in brackets). C. HMTase activity of
increasing amounts of PRC2-PHF1 on unmodified/H2AF01A, EG4A, DIO0A, E92A /9 ADIOA, E92A  mytated

215 bp X.I. nucleosomes was probed by WB using H3K27mel/3 antibodies. H4 antibody was used as a
loading control.
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Chapter 5

Discussion

PRC2 binds to nucleosomes via several interactions with the nucleosomal DNA (Poepsel
et al.,[2018). Yet, the distinct roles of these different binding sites in PRC2 function remain
elusive. Furthermore, certain histone marks such as H3K4me3 and H3K36me2/3 inhibit
PRC2 in cis (Schmitges et all 2011; [Yuan et al., 2011} Voigt et al., 2012), but it is still
unknown by which molecular mechanism PRC?2 interprets these pre-existing modifications.

Structural and biochemical studies performed in this thesis attempt to address these

questions and to describe the relay of interactions required for positioning of H3K27 in the
EZH2 active site. Results described in chapter |4 show that binding of EZH2%C residues
to the DNA of the substrate nucleosome is strictly necessary for PRC2 activity. A second
PRC2 binding site involves residues of EED and possibly EZH25BP/SANTL - The interactions
with DNA of the allosteric nucleosome established by EED seem to be required for efficient
allosteric EZH2 activation by H3K27me3. Furthermore, they likely provide stabilization
of PRC2 on chromatin. Unmodified H3K36 is located in a tight interface formed between
EZH2°X¢ and nucleosomal DNA. Its e-amino group is seemingly engaged in long-range
electrostatic interactions with the phosphate backbone of the DNA and in polar interac-
tions with the carbonyl group of the CXC residue Q570.
These results suggest that the relay of PRC2 interactions required for positioning of H3K27
in the EZH2 active site involves the following steps: initially, correct interaction with the
nucleosomal substrate needs to be established by EZH2°%C. This contact can be further
stabilized by additional binding of e.g. EED to a neighboring nucleosome. Subsequently,
the binding of EZH2 on the substrate nucleosome enables the positioning of the H3 tail
in the EZH2 groove. Here, the H3 tail is steadied by several contacts to EZH2 residues,
the 'bridge helix' and importantly, by docking of H3K36 in the EZH2°XC-DNA interface.
The geometry established by the described PRC2 binding events sets the stage for PRC2
inhibition by H3K36me3. Within the time frame of PRC2 binding and catalysis cycle, the
additional methyl groups hinder correct docking by H3K36 and thereby derail a productive
alignment of the H3 tail in the EZH2 active site.
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5.1 EZH2¢*C binding to substrate nucleosome allows
for positioning of the H3 tail in the EZH2 active
site

Cryo-EM studies of PRC2-PHF1 on heterodimeric dinucleosomes in this thesis (see
show two interaction sites within the 'upper lobe' of the PRC2 complex (Ciferri et al.
2012): the first interaction site is on the substrate nucleosome and is mainly provided by
the EZH2°X¢ domain (Fig. [4.8). Based on charge and side-chain orientation, binding to
the nucleosomal DNA is established by the following residues of EZH2XC: K563, Q565,
K569, Q570 (see also [Poepsel et al., [2018) and possibly by the "bridge helix" (Kasinath
et al.. |2020)). The 'bridge helix' is visible as a tubular density in this study (Fig. and
a recent pre-print reported resolved side chains in their density for this region (Kasinath
et al., 2020). Intriguingly, residues shown previously to be involved in automethylation reg-
ulation of EZH2 activity are located in this helix as well as in an adjacent loop (Wang et al.,
2019; Lee et al., 2019). The second PRC2 binding site is likely provided by a combined
interface of EED and EZH2SBP/SANTL (Fig. [1.8). Flexibility in this region with seemingly
several possibilities of binding (analyzed in detail in Poepsel et al., [2018)) hinders a more
detailed analysis of interactions in this area. When comparing the pseudoatomic model of
PRC2-PHF1 on dinucleosomes to the model of PRC2-AEBP2 on dinucleosomes published
by [Poepsel et al.l 2018, the main 3D classes contributing to the final EM reconstruction
of this thesis show a slightly different interaction mode of the second binding side on the
allosteric nucleosome: in the study of [Poepsel et al., 2018 the allosteric nucleosome seems
to be closer to the EZH2%BP-helix, while in this study it seems closer to the EED surface
and the EZH25BD/SANTL head more bent towards the nucleosomal DNA (Fig. |4.10). Tt
should be however noted that several 3D classes were used in both cases for the final 3D
refinement and 3D reconstruction, and presumably a mixture of different binding modes is
contributing to the final averaged density. The increased flexibility should hence be taken
into account when comparing the two models.

In contrast, the binding mode of EZH2 on the substrate nucleosome is highly comparable
between the different structures of PRC2-AEBP2/AEBP2-JARID2 (Poepsel et al., 2018;
Kasinath et al 2020) and PRC2-PHF1 on nucleosomes. Unlike PRC2-AEBP2 in [Poepsel
et al.l 2018 and PRC2-PHF1 in this thesis, which are stabilized on dinucleosome for cryo-
EM, PRC2-AEBP2-JARID2 structure shows the complex on an ubigitinated mononucleo-
some (Kasinath et all, [2020) (Fig. [1.7). While lacking the stabilization possibly provided
by binding of the EED and EZH25BP/SANTL ¢4 the second allosteric nucleosome, in this
case, EZH2 interaction with the substrate nucleosome is further stabilized by AEBP2 and
JARID2 binding to the nucleosome core and ubiquitin (Kasinath et al., 2020). This ob-
servation allows a speculative model where correct binding of EZH2 via the CXC is the
minimal requirement necessary for correct positioning of the H3 tail towards the active
site while other binding events are needed for more stable association with chromatin (also
Poepsel et al., 2018)). Indeed, as shown in sectionof this thesis, mutations of EZH2¢XC
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residues only reduce the overall apparent binding affinity of PRC2 approximately 2.8 fold,
yet in HMTase assays, mono- and trimethylation activity of the EZH2°%¢ mutant was
drastically diminished (Fig. [£.11)). On dinucleosomes, where the interaction of the EED
and EZH25BP/SANTL interface on the second nucleosome could help the correct positioning
of the EZH2 towards the substrate nucleosome H3 tail, the activity can be somewhat re-
stored yet still remains reduced. In summary, these results show that the correct binding of
EZH2°%C to the nucleosomal DNA on the substrate nucleosome is crucial for the activity
of PRC2, as it provides the correct geometry for positioning of the H3 tail towards the
catalytic site.

5.2 Second PRC2 binding site possibly provides further
stabilization and positions the allosteric H3 tail for
EED recognition

As already discussed, the allosteric site of PRC2 is highly flexible. Previous data showed
that depending on the linker length the allosteric nucleosome is flipped or connected by
a straight DNA (Poepsel et al., |2018). The observations allow for a possible speculation
that the flexible mode of binding allows PRC2 to adapt to the heterogeneity in chromatin.
Mutations of the EED interface as shown in [4.2.2] of this thesis reduced the overall PRC2
binding affinity on mononucleosomes to 2.4x. The PRC2 construct combining the two
mutated interfaces was still able to bind to mononucleosomes, albeit 5x weaker. The last
observation is likely due to remaining interactions contributed by EZH2 'bridge helix' SBD
and SANT1 domains as well as the 'bottom lobe' of PRC2 previously shown to also en-
gage with nucleosomes (Poepsel et al., 2018; Nekrasov et al., 2005). Finally, activity of
the EED mutant on unmodified dinucleosomes was almost reduced to levels on mononu-
cleosomes (Fig. indicating that on nucleosomal substrates in lower concentration of
H3 tails/H3 peptides, the allosteric activation via the H3K27me3 tail is partially depen-
dent on EED (and presumably EZH25BP/SANT) hinding to the nucleosomal DNA of the
allosteric nucleosome. This is in line with the observation that EED binds to H3K27me3
peptide with lower affinity as compared to JARID2K116me3 (Sanulli et al. 2015; Mar-
gueron et al.. [2009). In gene regions with low amounts of H3K27me3 binding of EED and
EZH2PED/SANTL 6 nucleosomal DNA could potentially help positioning the trimethylated
H3 tail into the aromatic cage of EED, while JARID2K116me3 could be important for de
novo methylation (JARID2 reviewed e.g. in [Holoch and Margueron) 2017).

5.3 The acidic patch of the nucleosome does not con-
tribute to activity of PRC2-PHF1

The acidic patch is formed by negatively charged residues of H2A /H2B (Luger et al., 1997;
McGinty and Tan, [2016]). The cryo-EM models of PRC2-PHF1 in this thesis and PRC2-
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AEBP2 as shown by Poepsel et al., 2018 on dinucleosomes showed no interactions of the
core PRC2 with the acidic patch. Supportive of this notion, HMTase assays presented in
this thesis in [£.2.6] showed equal activity of PRC2-PHF1 on unmodified and acidic patch
mutated nucleosomes. Hence, the acidic patch of the nucleosome is not required for activity
of PRC2-PHF'1.

Recently, a cryo-EM study of PRC2-AEBP2-JARID2 (PRC2.2) on a H2AK119ub nucle-
osome, published in a pre-print, showed how recognition of the ubiquitin moiety is estab-
lished by JARID2 and AEBP2 (Kasinath et al., 2020). In presence of ubiquitin, intrigu-
ingly, JARID2 and AEBP2 showed also interactions with residues of the acidic patch and
the histone core of the nucleosome, respectively (Kasinath et al.| [2020). In this context, it
would be interesting to analyze whether the PRC2.2 complex shows a reduced activity on
acidic patch mutated H2AK119ub nucleosomes.

5.4 Unmodified K36 is crucial for correct positioning of
the H3 tail in the EZH2 active site

The cryo-EM data analysis shown in [£.1.3] allowed for the first time to visualize the H3 tail
between exit site of the nucleosome and EZH2 active site. EZH2 is extensively engaged in
interactions with residues of the H3 tail: in addition to the ionic interactions and the recog-
nition of lysine 27 in the active site as described in |Justin et al., 2016, our model suggests
two hydrophobic hotspots formed by H3 tail residues H3A29,/P30 and H3V35 with EZH2
residues A697, V699, 1708 and F542, F557 and P558, respectively (Fig. . The H3 tail
is further stabilized in the EZH2 groove by the 'bridge helix' (Fig. (see also |[Kasinath
et al.| 2020) and by EZH2°%C - nucleosomal DNA interaction from below. Lysine 36 is
directly juxtaposed to EZH2%XC residues and nucleosomal DNA with the e-amino group
of the lysine potentially engaged with long-range electrostatic interactions with the phos-
phate backbone of the DNA and in polar interaction with the carbonyl group of the Q570
(Fig. . The H3 tail model described in this thesis as well as the analyzed position of
H3K36 is corroborated by the recently published pre-print showing PRC2-AEBP2-JARID?2
on H2AK119ub nucleosome (Kasinath et al. [2020). Replacement of the H3 lysine 36 to
a bulkier arginine or a shorter apolar alanine showed a strong reduction of trimethylation
activity in in vitro HMTase assays on accordingly mutated mono-nucleosomes (H3K36A /R
nucleosomes) (Section[£.2.3]of this thesis). Similar results were suggested for PRC2-AEBP2
on H3K36A /R oligonucleosomes (Jani et al., 2019)) and taken together, these observations
suggest that activity of PRC2 is highly susceptible to changes in chemical nature of the
H3K36 side chain. In comparison, H3Kc36me3 modified mono-nucleosomes (Simon et al.,
2007) almost diminished both tri- and monomethylation similarly as to previously de-
scribed (Schmitges et al., [2011)), while not affecting binding of PRC2 to these nucleosomes
in EMSAs (Fig. and [4.15)). This is in line with the observation that it is the PRC2-
DNA interaction which contributes to the high affinity binding of PRC2 to nucleosomes
(Wang et all 2017; |Choi et al.l 2017). H3 tail modifications H3K4me3 and H3K36me2/3
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do not affect this binding on mononucleosomes or nucleosomal arrays, but rather the keu;
of PRC2 for H3K27 methylation (Schmitges et al., 2011} Guidotti et al., 2019; |Jani et al.,
2019, this thesis). Furthermore, fitting to previous observations (Schmitges et al., [2011;
Jani et al.l 2019), mass-spectrometry based HMTase assays monitoring activity of PRC2
on H3K36me3 peptides showed comparable amounts of monomethylation on both unmod-
ified and H3K36me3-modified peptides. H3K36me3, therefore, can only exhibit inhibition
on PRC2 in nucleosomal context but not on sole peptides (Fig. .

Taken together, these results suggest a model in which positioning of the H3 tail and the
extensive EZH2-H3 tail contacts are supported by the 'bridge helix' and by the EZH2¢X¢
interaction. The sum of these interactions creates geometric constraints, in which only an
unmodified H3K36 allows for a rapid subsequent relay of EZH2-H3 interactions ultimately
positioning H3K27 in the active site. A di- or trimethylated K36 provides a less optimal
fit, thereby hampering a fast and stable recognition process. A previously proposed E579
pocket recognizing H3K36 is not compatible with the distances measured in our cryo-EM
model (Jani et al., [2019).

The here proposed model of an indirect allosteric inhibition correlates well with the ob-
served in vivo functions of the PRC2 inhibition by H3K36me2/3 marks and the general
activity regulation of PRC2. Firstly, while not on the same H3 tail, H3K36me2/3 and
H3K27me3 marks can coexist on the two histone H3 copies of the nucleosome and their
coexistence is characteristic for bivalent promoters in mES cells and allow for the gene
expression plasticity of those (Bernstein et al.. 2006; Voigt et al. [2012} [2013). A strong
inhibiting effect similar to H3K27M reminiscent mechanism of EZHIP /CATACOMB (Hiib-
ner et al. [2019; Jain et al.l 2020; Pajtler et al.| [2018; Piunti et al., 2019) would be likely too
strong to allow PRC2 the catalysis of H3K27me3 on the neighboring H3 tail. Secondly, a
global reduction of H3K27me3 in favor of H3K27me2 is sufficient for derepression of PRC2
target genes (Bernstein et al., 2006; Papp and Miller, 2006; Schwartz et al., 2006) and as
introduced in the beginning of this thesis, most of PRC2 regulative aspects are focused on
controlling its trimethylation activity (reviewed in Holoch and Margueron, [2017; Liu and
Zhu, 2017). While in this study, both mono- and trimethylation activity were affected on
H3Kc36me3 methyllysine analog containing mononucleosomes (Simon et al. 2007), other
studies showed only subtle effect of H3Kc36me3 presence on monomethylation (Schmitges
et al., [2011)). This is potentially due to a concentration effect, where higher PRC2 or lower
H3Kc36me3-nucleosomes concentrations have differential effects on the outcome of the
HMTase assay. Furthermore, H3Kc36me2 nucleosomes are less inhibiting in wvitro as com-
pared to H3Kc36me3 nucleosomes (Schmitges et al.l [2011)). In agreement, combinations of
H3K36mel and H3K27mel/2/3 or H3K36me2/3 and H2K27mel on the same H3 tail were
found to exist in ES cells (Voigt et al.l [2012). An indirect allosteric inhibiting mechanism
by H3K36me3 as proposed in this thesis would allow for fine-tuning and adaptation of the
PRC2 activity in dependence of the degree of methylation on H3K36 and in dependence
of presence or absence of cofactors. Lastly, H3K27mel/2/3 are marks of different gene
regions and partially carry even opposite functions (reviewed e.g. in [Pirrotta), 2017). Only
an indirect inhibition mechanism as opposed to a more rigid allosteric inhibition together
with other activity influencing factors would allow for a precise adjusting of the PRC2
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catalysis at such places.

5.5 A putative mechanism of enhanced PRC2 inhibition
in presence of PHF'1

As discussed above, presence of cofactors add another layer of PRC2 regulation and con-
sequently can be expected to also influence the degree of inhibition excerted on PRC2
activity by active marks. This thesis provides a first step towards understanding the role
of PHF1 in H3K36me3-PRC2 inhibition (section in this thesis). Tts Tudor domain is
able to recognize and H3K36me3 in nucleosomal context (Musselman et al., 2012, 2013).
PRC2-PHF1 showed higher amounts of monomethylation on H3K36A /R, as compared to
unmodified nucleosomes, while, in contrast, trimethylation was reduced on the mutated
nucleosomes (Fig. . This observation suggests that the prolonged residence time
contributed by PHF1 as described by [Choi et al., 2017 on the nucleosomes allows PRC2
to monomethylate even in presence of bulkier or apolar residues in place of H3K36 but
not to trimethylate. In contrast, on unmodified nucleosomes this effect allowed PRC2
to convert mono- and dimethylation more efficiently to trimethylation as previously re-
ported (Nekrasov et al., 2007; |Cao et al. 2008; Sarma et al., 2008; Choi et al. [2017).
A similar observation was made in a recent pre-print, where in presence of JARID2 and
AEBP2 the overall activity of PRC2 was less inhibited by H3K36me3 as compared to
the core PRC2 (Kasinath et al., 2020). Prolonged and stabilized chromatin interaction in
presence of these accessory subunits seems to partially elevate the impediment caused by
H3K36me3 on PRC2.2 and by H3K36A /R on PRC2-PHF1. Yet on H3Kc¢36me3 containing
mononucleosomes, PRC2-PHF1 showed diminished levels of monomethylation as compared
to unmodified nucleosomes despite the presence of PHF1 (Fig. . The inhibition of
both mono- and trimethylation activity of PRC2-PHF'1 observed in vitro with reconsti-
tuted proteins is in line with previous studies showing that PRC2-PHF1 is inhibited on
veast-isolated H3K36me3 chromatin (Musselman et al., 2012). As the aromatic cage of
PHF1 was reported to recognize and bind H3K36me3 in nucleosomal context (Musselman
et al., 2012, 2013)), one can speculate that this recognition could potentially out-compete
the H3 tail binding in the EZH2 groove, leading to a comparable or even an enhanced
inhibition as observed on the core PRC2 despite the prolonged residence time. Additional
structural and biochemical studies are needed to further explore the role of PHF1 as sug-
gested by the results in this thesis.

5.6 Summary and outlook

The last step of catalysis from di- to trimethyl mark on H3K27 by PRC2 is due to space
restriction in the SET domain stereo-chemically and in terms of catalysis energetically
less favorable than the preceding steps (reviewed e.g. |Holoch and Margueron, 2017; Liu
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and Zhul 2017). At the same time it is the H3K27me3 mark, which is needed for the
most important in vive function of PRC2: the repression of its target genes such as HOX
genes (Bernstein et al., 2006; Papp and Miiller, 2006; Schwartz et al., 2006). Many of
the positive regulative aspects of PRC2 are therefore focused on regulating the last step
of catalysis (reviewed in Holoch and Margueron| 2017; |Liu and Zhul 2017). Furthermore,
studies in cancers such as B cell lymphoma, where PRC2 trimethylation catalysis is up-
regulated, demonstrate that the correct balance of PRC2 activity is important for healthy
and correct cellular functions (reviewed e.g. in [Liu and Zhu, 2017; Kruger et al., 2017). In
this thesis, results obtained by cryo-EM and in vitro assays demonstrate how (1) PRC2
binds to chromatin and that (2) the minimal binding requirement for activity of PRC2
seems to be the interaction of EZH2°%X® with nucleosomal DNA. Cryo-EM analysis per-
formed in this thesis shows furthermore how, once PRC2 is correctly positioned on the
nucleosome, the H3 tail is thread into the active site. In the EZH2 groove, the H3 tail
residues are engaged with with several extensive interactions with residues of EZH2 (3).
Finally, a model is proposed where the geometry set in place by these interactions creates
the stereo-chemical environment in which only an unmodified K36 provides the best fit
for the subsequent interactions between EZH2 and H3 tail residues (4). In contrast, ac-
tive gene marks H3K36me2/3 catalyzed by protein complexes of the Trithorax/Compass
family provide an imperfect fit. The additional bulkier di-/trimethyl groups at the lysine
side-chain nitrogen, whose positive charge becomes dispersed, prevent H3K36 docking and
thereby derail the H3 tail from stable productive interactions with the EZH2 groove. Such
a model of indirect inhibition as opposed to a more rigid mechanism allows for a more
fine-tuned regulation focused on the trimethylation catalysis instead of blocking the entire
activity altogether. In addition, it also allows for a more adaptive response remaining ca-
pable of being downgraded in dependence of the surrounding chromatin environment (e.g.
H3K36mel) and other regulative influences (e.g. presence of protein cofactors). Further ex-
periments will improve our understanding of how these additional regulative adjustments,
for example in presence of PHF1, can influence this mechanism. Finally, other active hi-
stone marks such as H3K4me3 were also reported to inhibit PRC2 on the same H3 tail
(Schmitges et al., [2011)) and it remains to be shown whether the molecular mechanism of
H3K4me3 inhibition is reminiscent of the allosteric inhibition by H3K36me2/3 marks as
revealed in this thesis.
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