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1. Summary

Chromatin modifiers serve as regulatory switches that control the cell cycle, maintain
pluripotency and drive differentiation and development. Positive feedback mechanisms help
to pass on transcriptional information from one generation of cells to the next one. The
polycomb repressive complex 2 (PRC2) is responsible for methylation of histone H3 at lysine
27, a typical mark of repressive chromatin. De novo methylation requires sequence-specific
recruitment factors. In contrast, propagation and inheritance of the H3K27me3 mark after
replication relies on a self-maintaining feedback loop: direct interaction of PRC2 with
existing H3K27me3 marks triggers an allosteric stimulation of the methyltransferase activity
and results in efficient modification of new histones that have been incorporated in repressive

chromatin regions.

In this study we present an inhibitory mechanism that limits the spread of H3K27
methylation and protects active chromatin by breaking the positive feedback loop. PRC2 is
allosterically inhibited by nucleosomes carrying active chromatin modifications such as
H3K4me3 or H3K36me2/3. The mechanism is conserved in mammals, flies and even plants.
In addition, plants have distinct PRC2 subcomplexes and can modulate their specificity by the
choice of the Su(z)12 homologue. Furthermore, we have identified Nurf55 as another histone
binding module in the PRC2 complex that recognizes unmodified histone H3 but not

H3K4me3.

Taken together, H3K27 methylation presents itself as a typical bistable switch. It is
driven by the positive feedback loop in PRC2 activation and limited by active mark inhibition.
Numerous chromatin modifying complexes recognize their own products and positive
feedback loops are a common mechanism. We postulate that all these complexes need an
additional inhibitory switch that prevents spreading of histone modifications over the entire

genome.



2. Introduction

2.1 Chromatin

Eukaryotic DNA is condensed and combined with proteins to form a higher order structure.
The hierarchic packaging allows storage of meters of DNA in the limited space of the
nucleus. On the first level of organization the DNA double strand is wrapped around
nucleosomes, the fundamental repeat unit of chromatin. Nucleosomes consist of the highly
conserved histone proteins H2A, H2B, H3 and H4. Two molecules of each of these histones
form the core nucleosome particle with approximately 146 base pairs of DNA wrapped
around it (Kornberg, 1974; Luger et al, 1997). The spacing between nucleosome particles
varies between species and chromatin regions. The linker histone H1 binds DNA at the entry
and exit of the nucleosome and assists in further compaction of the "beads-on-a-string"
structure into the 30nm fiber (Li & Reinberg, 2011; Robinson et al, 2006). Higher-order
compaction of chromatin is not so well understood but it is clear that its regulation is crucial
for DNA replication and transcriptional control. DNA condensation restricts the access of
DNA binding proteins. The localized activity of chromatin remodeling complexes keeps
chromatin structure dynamic and allows control of transcription factor and polymerase
complex binding (Li et al, 2007). Using the energy of ATP hydrolysis these chromatin
remodelers temporarily unwrap the DNA to increase accessibility or to change the position of
nucleosomes (Flaus & Owen-Hughes, 2004; Smith & Peterson, 2005). In addition, the
removal or exchange of histones and even entire histone octamers has been described,
painting the picture of a highly dynamic system (Workman, 2006). Chromatin organization is
also influenced by covalent modifications on histones and DNA (Li & Reinberg, 2011). These
modifications can affect DNA condensation either directly (by changing the charge of a

molecule) or indirectly by interaction with chromatin modifying complexes.

2.2 Epigenetics

The field of epigenetics encompasses mechanisms that regulate gene expression without
changes in the DNA sequence (Bird, 2007). The term was coined in 1942 by Conrad
Waddington to describe the interaction of genes with their surroundings that influences gene

expression and contributes to a phenotype. In higher organisms different cell types vary
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greatly in their gene expression patterns although almost all their cells share exactly the same
genomic information. Thus, mechanisms are required that regulate gene expression
independently of the DNA sequence. Importantly, epigenetic mechanisms have also been
shown to be responsible for processes that cannot be explained by classic genetics such as

imprinting and X inactivation (Lyon, 1999; Reik & Walter, 2001).

One of the central features of epigenetic mechanisms is the accurate inheritance of
gene expression patterns - dependent on the cell type and not on the DNA sequence.
However, the term "epigenetics" is also commonly used for that transcriptional information
which is erased during the cell cycle and requires sequence specific reestablishment after cell
division. A second feature of epigenetic regulation is the ability to change expression patterns
quickly and stably. These highly regulated mechanisms allow dynamic changes in gene

expression and are the basis of development.

2.3 Mechanisms of epigenetic regulation

Epigenetic mechanisms affect transcriptional activation of genes in many different ways that
do not require a change in the DNA sequence. Covalent modification of DNA itself or histone
proteins can either directly affect chromatin structure and thereby accessibility of the DNA, or
influence transcription by interaction with chromatin binding proteins. Mammalian DNA can
be methylated on cytosines in the context of a CpG dinucleotide. Histones are known to be
modified on over 60 residues, the most prominent modifications include methylation,
acetylation, phosphorylation and ubiquitination (Kouzarides, 2007). Most of the modification
sites are located on the histone tails which are accessible while the nucleosomal core is
occluded by DNA. Analogous to the genetic code, an epigenetic code has been suggested
(Jenuwein & Allis, 2001). While early models tried to assign functions to single histone
modifications, it has since become evident that the marks have to be understood in their
chromatin context: the role of a certain modification can vary depending on other
modifications in its neighborhood and on the chromatin region it is found in Lee et al, 2010.
Similarly, the original view of static epigenetic landscapes with permanent marks had to be
corrected. More and more enzymes have been identified that specifically remove
modifications, therefore the dynamics of epigenetic modifications are not limited by the
exchange of histones. The correct epigenetic patterns are essential not only for development

but also for the adult organism. Malfunction of the epigenetic machinery has been linked to
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several diseases such as immunodeficiency, centromeric instability, facial anomalies
syndrome (ICF), fragile X syndrome, and the development of cancer (Robertson & Wolffe,
2000; Tsai & Baylin, 2011).

2.3.1 DNA methylation

In mammalian cells, DNA methylation is found at the carbon-5 position of cytosines
(therefore referred to as 5mC), mainly in the context of cytosine-guanine dinucleotides
(CpGs). The addition of the methyl group is catalyzed by a family of enzymes called DNA
methyltransferases (DNMTs) (Goll & Bestor, 2005). Cytosine methylation has been linked to
gene silencing (Bird & Wollffe, 1999), triggering chromatin reorganization via methyl-binding
proteins (Wade, 2001). Furthermore, it has been described that methylation can sterically
hamper the binding of transcription factors to their recognition sites (Tate & Bird, 1993) and
interfere with specific recognition of histone marks (Bartke et al, 2010). CpG dinucleotides
are underrepresented in much of the genome but are often found in high density in sections of
500 to 4000 base pairs in the proximal promoter regions of genes. These sections have been
termed CpG-islands. Methylated cytosines are distributed in a non-random fashion in
genomic DNA. While mostly methylated in the bulk of DNA, cytosines in CpG-islands are

often found unmethylated, thereby allowing gene expression.

In mammals three enzymes are responsible for DNA methylation (Jurkowska et al,
2011). DNA methyltransferase 1 (Dnmtl) has a preference for hemimethylated DNA and is
found at replication foci pointing towards a role as a maintenance methyltransferase. In
contrast Dnmt3a and Dnmt3b are de novo methyltransferases, known for establishment of
methylation patterns during development. Interestingly, knockout studies have found a high
degree of redundancy between the three enzymes. DNA demethylation is believed to mostly
rely on passive demethylation by incorporation of unmethylated cytosines during replication.
However, specific enzymes have been identified as well that allow active demethylation. In
plants the DNA repair pathway involving DEMETER and DEMETER-like proteins has been
shown to be involved in demethylation (Gehring et al, 2009). Active demethylation also plays
a role in early mammalian development. The cytidine deaminase AID has been implicated in

demethylation during primordial germ cell development (Popp et al, 2010).

S5-methylcytosine can be further modified by hydroxylation to 5-
hydroxymethylcytosine (ShmC) (Veron & Peters, 2011). This conversion is catalyzed by
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proteins of the Ten-eleven translocation (Tet) family. ShmC is found enriched on exons and
correlates with gene transcription (Pastor et al, 2011; Williams et al, 2011; Wu et al, 2011). It
is possible that ShmC is an intermediate state during active DNA demethylation. Interestingly,
Tetl targets overlap significantly with polycomb targets and depletion of Tetl indicates a
direct role of ShmC in recruitment of the polycomb repressive complex 2 (PRC2) (Wu et al,
2011). Although the mechanisms are not fully understood so far these results indicate a dual

role for ShmC in activation and repression of transcription.

2.3.2 Histone methylation

Histones can be methylated at lysine or arginine residues. Histone methyltransferases are
among the most specific epigenetic modifiers, often specialized for only one residue. They
can add one or two methyl groups on arginine and up to three on lysine residues (Sims et al,
2003). In contrast to other modifications, methylation is not believed to have a direct
influence on chromatin structure. The marks are rather specifically recognized by chromatin
binding modules that are connected to modifying complexes or remodeling machines. This
allows histone methylation - depending on methylation state, position and combination with
other epigenetic marks - to function either in transcriptional activation or silencing (Lee et al,
2010; Yun et al, 2011). Remodeling requires in many cases the sequential modification of
nucleosomes, where each step is associated with a specific mark. A classic example is the
H3K27me3 mark, involved in polycomb mediated silencing. Deposited by polycomb
repressive complex 2 (PRC2), it is known to recruit in a canonical pathway the second

polycomb complex PRC1 which in turn ubiquitinates histone H2A at lysine 119 (see below).

Arginine methylation is found as monomethylation, symmetrical dimethylation and
asymmetrical dimethylation. Although arginine readers are by far not as well understood as
lysine readers it is known that some domains can distinguish between the three methylation
states. The ADD domain of Dnmt3a recognizes only symmetrically dimethylated H4R3,
thereby linking this modification to DNA methylation and transcriptional repression (Zhao et
al, 2009). Studies in yeast have found different distributions of H3R2mel and H3R2me2,
indicating a role for monomethylation in gene activation and dimethylation in repression

(Kirmizis et al, 2009).

Lysine methylation is carried out by a family of histone methyltransferases (HMTases)

that typically harbor a SET domain (named after the three HMTases Suv39h, Enhancer of
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Zeste and Trithorax). They catalyze the transfer of the methyl group from the donor S-
adenosyl-L-methionine to the target residue (Yeates, 2002). The exception is the Dotl
methyltransferase, a non-SET domain methyltransferase specific for H3K79 (Min et al,
2003a). Arginine methylation is catalyzed by protein arginine methyltransferases (PRMTs)
which are divided into three groups: Type 1 is responsible for asymmetrical dimethylation,
type 2 for symmetrical dimethylation and type 3 only catalyzes monomethylation (Bedford &
Clarke, 2009).

In contrast to other histone modifications, methylation was for a long time believed to
be a static mark, only reversible by exchange of histones. This dogma was dismissed upon the
recent discovery of a family of demethylases, able to specifically remove methyl-groups from
certain lysine residues (Shi & Whetstine, 2007). This family contains a Jumonji C (JmjC)
domain which is the catalytic center for demethylation. While lysine demethylation was
quickly established as a key player in development and disease, the role and mechanisms of
arginine demethylation remain more controversial (Bedford & Clarke, 2009). The Jumonji
domain protein Jmjd6 was originally identified as an arginine demethylase (Chang et al,
2007). More recent work, however, suggests that Jmjd6 is actually a lysine-hydroxylase
(Webby et al, 2009).

As mentioned above the decoding of transcriptional information from lysine
methylation highly depends on specialized chromatin readers. Lysine methylation is
recognized by domains of the royal family (chromo, tudor, malignant brain tumor (MBT)) as
well as plant homeodomains (PHD) and WD40 domains (Kouzarides, 2007). These domains
usually form an aromatic cage in the binding site and some are able to distinguish between
mono-, di- and trimethylation (Yun et al, 2011). In contrast, readers of unmethylated lysine
usually rely on formation of intermolecular hydrogen bonds. Their binding pockets cannot
accept methylated residues due to spatial restrictions. The readout of methylation can have
different effects. On some residues the methylation state simply tunes the affinity for one
binding partner, e.g. the affinity of the histone deacetylase complex Rpd3S is highest for
trimethylated H3K36me3 but gradually reduced for lower methylation states (Li et al, 2009).
Other residues act as a switch, which can recruit different adaptors depending on the
methylation state. For example in the recruitment of the HMTase Set9, Pdpl binds
H4K20mel but is replaced by Crb2 on H4K20me2 (Wang & Jia, 2009). As flanking regions
are often important for the interaction with chromatin readers, the cross-talk of modifications

in close proximity can also influence binding. The PHD domain of TAF3, part of the basal
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transcription factor TFIID, binds H3K4me3 with high affinity. Asymmetrical arginine
methylation on H3R2 has been shown to interfere with this interaction, thereby implicating a
methyl-methyl switch in the recruitment of the transcription factor TFIID (van Ingen et al,

2008).

The role of histone modifications has been extensively studied by chromatin
immunoprecipitation (ChIP) experiments that identify DNA sequences associated with certain
marks or combinations of marks. Although the function of methylation marks is highly
complex and often context-dependent, some marks are fairly well understood. Methyl marks
on lysines H3K4, H3K36 and H3K79 for example are generally associated with active
transcription (Barski et al, 2007; Pokholok et al, 2005; Saunders et al, 2006); methylation of
H3K9, H3K27 and H4K20 are markers of a repressive chromatin state.

H3K4 methylation

High levels of H3K4 trimethylation are found in discrete zones at the 5' regions of almost all
active genes. Only Hox gene clusters show continuous methylation patterns. In general,
H3K4me3 strongly correlates with transcription rate, polymerase II occupancy and histone
acetylation (Ruthenburg et al, 2007a). While dimethylation in yeast is rather spread
throughout genes and associated with active and poised genes, in vertebrates it mostly
colocalizes with H3K4me3, in proximity of active genes. High levels of H3K4mel have been
found on enhancers of active genes (Hon et al, 2009). A special role for H3K4 methylation
has been described in the poised state of bivalent domains which are discussed later
(Bernstein et al, 2006). In addition, H3K4 methylation has also been reported in CpG-rich
promoters independent of transcriptional activity (Guenther et al, 2007; Roh et al, 2006). It
has been suggested that H3K4 methylation protects these regions from DNA methylation (Ooi
et al, 2007). In yeast only one HMTase, Setl, is known to methylate H3K4. In mammals at
least ten complexes are responsible: six HMTases of the MLL family, ASH1, SET7/9,
SMYD3, and Meisetz (Marmorstein, 2003; Ruthenburg et al, 2007a). These complexes are
mostly not redundant and vary in their expression patterns. H3K4 methylation is coupled to
further chromatin modification mechanisms. Readers for this mark have been found in
complexes involved in ATP-dependent chromatin remodeling, histone acetylation and histone
methylation and demethylation. Reading modules are found in the royal super family, the
PHD-finger superfamily and WD40-proteins (Bienz, 2006; Maurer-Stroh et al, 2003). As
common feature with other methyl-lysine readers, they share an aromatic cage that recognizes

the modified lysine residue. It remains controversial whether H3K4 methylation is the cause
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or rather the result of active transcription. PHD-fingers in transcription factors that bind
H3K4me3 indicate a role in facilitating transcription (Vermeulen et al, 2007). On the other
hand H3K4 HMTases have been found associated with the RNA polymerase II, which has

been interpreted as a memory for recent transcriptional activity (Ng et al, 2003).

H3K27 methylation

H3K27 di- and trimethylation is associated with facultative heterochromatin and located
around the transcription start site (Margueron & Reinberg, 2011). Similar to H3K4
methylation, larger domains are found on Hox gene clusters. Monomethylation is associated
with constitutive heterochromatin, but also found in the gene body in actively transcribed
regions. In contrast to H3K4 methylation only PRC2 complexes (discussed in detail below)
have been found responsible for H3K27 methylation, with the exception of a viral HMTase
(Margueron & Reinberg, 2011; Montgomery et al, 2005). H3K27me3 is recognized by the
chromodomain of Pc and by the WD40 propeller of Esc (see below). The role of H3K27me2
is not so well understood. It could simply present an intermediate product of H3K27

trimethylation or protect H3K27 from acetylation (Tie et al, 2009).

H3K36 methylation

H3K36 methylation is another typical mark found in actively transcribed chromatin
(Bannister & Kouzarides, 2011). It displays a broader distribution within the gene body, with
H3K36me?2 starting downstream of the H3K4me3 peak and H3K36me3 enriched in the 3'
region of active genes (Bell et al, 2008; Santos-Rosa et al, 2002). Set2 is the only H3K36
HMTase in yeast. In mammals Set2 is responsible for trimethylation while the NSD proteins
NSD1-3 are able to dimethylate H3K36 (Qiao et al, 2011; Strahl et al, 2002). H3K36
methylation activity has also been reported for ASHI (Tanaka et al, 2007). In yeast Set2 has
been shown to interact with the RNA polymerase II complex (Krogan et al, 2003a; Krogan et
al, 2003b). Methylated H3K36 is bound by the chromodomain of EAF3 which results in
recruitment of a deacetylase (Kouzarides, 2007). Deacetylation in the gene body after
transcription has been suggested to prevent transcription initiation from cryptic start sites and

to stabilize chromatin (Carrozza et al, 2005).

2.3.3 Histone acetylation

Acetylation of histones is found on lysine residues. In contrast to histone methylation

acetylation has a strong, direct influence on chromatin structure by affecting the contact
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between DNA and histones. The positive charge of lysine residues is important for the
interaction of histones with the negatively charged DNA phosphate backbone. Neutralization
of the positive charge on lysines by acetylation allows the controlled weakening of this
interaction and increases accessibility of the DNA. Even acetylation of a single residue has
been shown to alter the compaction level of a nucleosomal array (Shogren-Knaak et al, 2006).
The increased mobility of nucleosomes in acetylated regions facilitates the passage of
polymerases and leads to increased binding of non-histone proteins (Wolffe & Hayes, 1999;
Workman & Kingston, 1998). Histone acetylation is therefore generally associated with

transcriptional activation.

In addition to its role in modulating the electrostatic interactions with DNA, histone
acetylation can be specifically recognized by bromodomains and tandem PHD domains (Yun
et al, 2011). In bromodomains the binding pocket is formed by the inter-helical loops of the
helix bundle. In PHD12 the binding site is on the -sheet of the PHD domain. In all cases the
acetylated lysine residue intercalates into a narrow, hydrophobic pocket. The acetyl amide is
positioned by hydrogenbonding with amino acids at the bottom of the pocket. Compared to
the often highly specific readers of histone methylation, bromo and tandem PHD domains
have broader specificity and are usually able to bind multiple sites on several histones. This
lack of specificity stems from less defined contacts with the flanking histone regions. Similar
to the readers of histone acetylation the enzymes depositing and removing this mark, histone
acetyltransferases (HATs) and deacetylases (HDACsS), respectively, often show low substrate
specificity and redundant functions (Yun et al, 2011).

2.3.4 Histone phosphorylation

Phosphorylation is a very common modification on non-histone proteins and a multitude of
binding domains have been identified. Interestingly, only few examples have been identified
so far for phosphorylated histone tails. The BRCT domain of the mediator of DNA damage
checkpoint protein 1 (MDC1) has been shown to bind to phosphorylated serine at the C-
terminus of the histone variant H2AX in the context of DNA repair (Stucki et al, 2005).
Similarly, members of the 14-3-3 family of regulator proteins have been reported to bind
phosphorylated H3S10 (Macdonald et al, 2005). Another interesting role for histone
phosphorylation is found in the cross-talk with other chromatin marks: phosphorylation of

H3S10 interferes with recognition of H3K9 methylation by HPI, thereby controlling
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heterochromatin formation (Fischle et al, 2005). Analogously, the interaction of the
demethylase LSD1 with methylated H3K4 is prevented by H3T6 phosphorylation (Metzger et
al, 2010). Histone phosphorylation by mitogen- and stress-activated kinases (MSKs) has been
demonstrated to assist in gene activation in response to multiple signaling pathways.
Phosphorylation of H3S28 by MSKSs results in displacement of polycomb proteins and
eventually in derepression of PcG target genes (Gehani et al, 2010). Although specific binding
domains for phosphorylated histones are less common, these marks play an important role in

regulating the access to neighboring residues.

2.3.5 Histone ubiquitination

Ubiquitination has been found on all four core histones and it has been suggested to function
in both gene activation and silencing as well as in DNA repair (Muratani & Tansey, 2003).
The ubiquitin moiety is much larger than the other modifications and histones can undergo
mono- and poly-ubiquitination (Geng & Tansey, 2008). Reading modules for ubiquitin
usually recognize only a hydrophobic patch on the ubiquitin or a region near the C-terminus.
Strikingly, so far no specific reader for histone ubiquitination could be identified and many
aspects of its mechanisms in transcriptional control are still very enigmatic (Yun et al, 2011).
In yeast the ubiquitination machinery for H2B has been shown to interact with the
transcription apparatus (Xiao et al, 2005) and ubiquitination of H2B is essential for deposition
of active methylation marks on H3K4 and H3K79 (Shahbazian et al, 2005; Sun & Allis,
2002). Furthermore proteases that remove ubiquitin from H2B have been suggested to provide
directionality for different stages in transcription (Wyce et al, 2007). Ubiquitination of H2A
by the polycomb complex PRC1 was for a long time thought to directly trigger chromatin
compaction and silencing. Recent result, however, show that ubiquitination is not essential for

HOX gene repression, raising more questions about its function (Eskeland et al, 2010).

2.3.6 The role of non-coding RNAs in transcriptional control

The finding that large parts of the genome are transcribed but not translated into protein has
triggered investigations of the function of the resulting non-coding RNAs (ncRNAs). In
addition to the role as tRNAs and structural functions, ncRNAs have been found to be

involved in central events of transcriptional control.
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The most prominent role of ncRNAs in silencing is found in female mammals where
one X chromosome is stably inactivated for dosage compensation (Wutz, 2011). This process
is triggered in early embryogenesis by transcription of the Xist RNA from the Xic locus on
the X chromsome. The RNA is recruited to the target chromosome and triggers a cascade of
events leading to the formation of facultative heterochromatin. The inactivation also involves
repressive histone and DNA methylation and propagation of the silenced state is independent

of Xist in somatic cells.

Another link between histone modification and ncRNAs is found in polycomb
mediated silencing. The RNA HOTAIR located in the HOXC locus has been reported to bind
to the PRC2 complex and is required for polycomb silencing in vivo (Rinn et al, 2007). More
recently HOTAIR was found to act as a scaffold by linking the PRC2 complex to the H3K4
specific demethylase LSD1 (Tsai et al, 2010a). Thus, it has been suggested to assist H3K27
methylation by targeting and removing of competing histone marks. Similarly, the ncRNA
KCNQIOTTI interacts with PRC2 and is implicated in the silencing of the KCNQ1 domain
(Pandey et al, 2008). The ncRNA ANRIL, on the other hand, interacts with the
chromodomain of CBX7 in PRC1 and is involved in regulation of the tumor supressor
INK4b-ARF-INK4a (Yap et al, 2010). Furthermore, ncRNAs such as Evlxas and Hoxb5/6as
also regulate trithorax activity by association with MLL1 (Dinger et al, 2008).

Non-coding RNAs are also involved in genomic imprinting where genes are expressed
in a parent-of-origin-specific manner (Reik & Walter, 2001). The imprinted allele is silenced
allowing gene expression specifically from the other allele, either inherited from the mother
or in other cases from the father. The clusters of imprinted genes contain ncRNAs that upon
expression repress transcription from the opposite strand (Koerner et al, 2009). Imprinting is
based on DNA methylation of an imprint control element (ICE) that is established during
gametogenesis and controls transcription of the surrounding cluster. In addition, also

repressive histone modifications have been implicated in ICE regulation.

2.4 Transcriptional control by polycomb and trithorax proteins

The development of higher organisms is marked by the specialization of cells from a
totipotent state to highly differentiated cell types. This process requires a tightly regulated,
timed and localized control system that allows the expression of only the appropriate set of

genes in a given tissue at a certain point of time. The most fundamental decisions about the
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proper placement of the segments in early embryogenesis are controlled by transcription
factors from the Hox gene clusters. Hox proteins can act as transcriptional activators or
repressors and they contain a homeodomain that is used for DNA binding. A single Hox
protein can activate a whole network of genes for one segment and at the same time repress

genes specific for other segments (Grimaud et al, 2006).

The expression of Hox genes in the appropriate cell lineages is established early by the
graded expression of transcription factors and morphogens. Later in development these
factors are replaced by proteins of the polycomb group (PcG) and trithorax group (trxG) that
propagate cell type specific Hox gene patterns (Grimaud et al, 2006). In general, PcG proteins
are known to be transcriptional repressors while trxG proteins are activators of Hox gene
expression. Both groups form several distinct multi-protein complexes that have either histone
methyltransferase activity or ubiquitin ligase activity. The maintenance of these histone marks
over generations of cell divisions presents an epigenetic memory and is key to the

understanding of differentiation.

2.4.1 Polycomb group complexes

The polycomb protein (Pc) was identified in 1947 in a genetic screen in Drosophila. Pc
mutant male flies displayed ectopic sex combs on the second and third leg. Subsequent studies
defined the polycomb group as genes that showed Pc-like phenotypes in mutational studies
(Grimaud et al, 2006). On the other hand trithorax proteins were identified by their ability to

counteract PcG activity in homeotic gene regulation.

Biochemical purification has confirmed the existence of two distinct PcG complexes.
The first complex, PRCI1, consists in Drosophila of Polycomb (Pc), Polyhomeotic (Ph),
Posterior Sex Combs (Psc) and the Ring-domain protein dRing. dRing is known to be the
catalytic center of the complex and ubiquitinates histone H2A at lysine 119. The PRC2
complex is a histone methyltransferase specific for H3K27, composed around the SET-
domain protein Enhancer of zeste (E(z), EZH2 in mammals). The other core subunits include
the zinc-finger protein suppressor of zeste 12 (Su(z)12, mammalian SUZ12) and the WD40
proteins Extra sex combs (Esc, mammalian EED) and Nurf55 (mammalian RbAp46/48)
(Lund & van Lohuizen, 2004; Nekrasov et al, 2005).

19



E(z) and its homologues are the only eukaryotic methyltransferases known that are
specific for H3K27. In addition to its SET domain, E(z) harbors an interaction site for Esc
close to its N-termius and two SANT domains (Han et al, 2007). E(z) is not catalytically
active by itself but requires a minimal complex including Su(z)12 and Esc (Nekrasov et al,
2005). EZH1 is a second mammalian homologue of E(z) with high sequence homology to
EZH2. It is also specific for H3K27, mainly catalyzing monomethylation and to a smaller
extent di- and trimethylation. Its role is still controversial. Knockout of EzA2 in ES cells
resulted in global loss of H3K27me2/3. However, a small number of crucial genes were
repressed by polycomb complexes containing Ezhl (Shen et al, 2008). Thus a redundant
function has been suggested on a subset of EZH2 target genes. In addition, another recent
study has suggested a role for EZH1 in chromatin compaction independent of its catalytic

activity (Margueron et al, 2008).

Su(z)12 is known to contribute to nucleosome binding and at the same time it is
essential for stability and activity of E(z) (Ketel et al, 2005; Nekrasov et al, 2005). It has a
zinc-finger domain that has been implicated in DNA and RNA binding as well as a VEFS
domain, named after the homologues VRN2, EMF2, FIS2 and Su(z)12. Mutations in the
VEFS domain indicate that it might constitute a binding interface of Su(z)12 with E(z) (Ketel
et al, 2005).

Interestingly, Nurf55 is the only protein within the PRC2 complex that is not
exclusively found in polycomb complexes but is also a core component of other chromatin
modifiers involved in histone acetylation as well as nucleosome assembly and remodeling. It
was first identified in mammals as ubiquitous binding partner for the retinoblastoma protein
(Qian et al, 1993). Like Esc, it belongs to the WD40 family, a group of adaptor proteins with
a large spectrum of substrates ranging from peptides to nucleic acids and even sugars (Xu &
Min, 2011). WDA40 proteins such as Esc and WDRS5 have been found to be specific readers of
histone modifications. Although Nurf55 is a core component of the PRC2 complex and
essential for H3K27 methylation in vivo (Anderson et al, 2011) its mode of operation is not
understood. Recently, binding of Nurf55 to helix 1 of histone H4 was reported. However,
biochemical evidence suggests that H4 binding is relevant in the context of histone acetylation

but not for PRC2-mediated methylation (Song et al, 2008).

The size of a stoichiometric four-component PRC2 complex in Drosophila would be
approximately 270 kDa. Gelfiltration analysis of biochemically purified complexes, however,

showed a peak at ~600 kDa for the bulk of E(z) proteins (Ng et al, 2000; Tie et al, 2001)
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indicating the presence of more than one copy of the core proteins per complex or association
with additional PRC2 binding proteins. The role and stoichiometry of distinct subcomplexes
is not completely understood so far. A number a proteins directly associated with core PRC2
proteins that are responsible for targeting and modulation of enzymatic activity have been
reported that affect H3K27 methylation in vitro and in vivo. The PcG protein Polycomb-like
(Pcl, mammalian PHF1) was reported to be required for high levels of H3K27 methylation
(Nekrasov et al, 2007). Other proteins such as the catalytically inactive Jumonji domain
protein Jarid2 and the zinc-finger proteins Jing/AEBP2 and Pho/Y Y1 have been implicated in
targeting of PRC2 (Brown et al, 2003; Kim et al, 2009; Pasini et al, 2010).

2.4.2 Polycomb proteins in plants

Both polycomb complexes are highly conserved and homologues are even found in plants.
Studies of PRC2 in Arabidopsis have identified three different homologues of E(z) (MEDEA
(MEA), SWINGER (SWN) and CURLY LEAF (CLF)) and three homologues of Su(z)12
(EMBRYONIC FLOWER2 (EMF2), VERNALIZATION2 (VRN2) and FERTILIZATION-
INDEPENDENT SEED2 (FIS2)). Together with the Esc and Nurf55 homologues
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and MULTICOPY SUPPRESSOR
OF IRA1 (MSI1) these proteins are found in different combinations as functionally distinct
complexes that are essential for female gametophyte, endosperm and embryonic development
(Pien & Grossniklaus, 2007). Mutation of several PcG proteins leads e.g. to endosperm
development in the absence of fertilization. CLF and SWN appear to be functionally
redundant and are the main E(z) homologues during vegetative growth, while MEA is
functioning during gametogenesis and seed development. The Su(z)12 homologue FIS2
associates with MEA; EMF2 and VRN2 form distinct complexes with CLF or SWN which
differ in their targets. EMF2-complexes control flower development by repression of
AGAMOUS (AG) and SHOOTMERISTEMLESS (STM) (Schubert et al, 2006). VRN2 on
the other hand is involved in the initiation of flowering after the winter. The Flowering Locus
C (FLC) suppresses flowering during cold. In spring, a process called vernalization triggers
VRN2-PRC2 dependent silencing of FLC and thereby the transition to flowering (Schmitz &
Amasino, 2007). The distinct PRC2 subcomplexes in plants are not fully characterized on a
biochemical level and more information is necessary to understand the contribution of the

different homologues.
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2.4.3 Mechanisms of polycomb-mediated silencing

PRC1 and PRC2 have been shown to cooperate in a stepwise mechanism in order to silence
Hox genes. PRC2-mediated H3K27 methylation at the target region creates specific binding
sites for the chromodomain of Pc (Fischle et al, 2003b; Min et al, 2003b), thereby recruiting
PRC1 (Figure 1). This relationship is supported by studies in flies and mammalian cells
reporting a colocalization of PRC1 and PRC2 and showing that depletion of PRC2 also leads
to a loss of PRC1 at the target site (Boyer et al, 2006; Cao et al, 2002). Moreover an artificial
increase of H3K27 methylation by knock down of the H3K27 specific demethylase UTX

resulted in increased PRC1 recruitment (Lee et al, 2007).

Studies in ES cells deficient in PRC1 activity (Rnf2 mutant), PRC2 activity (Eed
mutant) or both have demonstrated that silencing of most target genes requires the
coordinated activity of both complexes. Recent results, however, might hint at redundant or
even independent functions of the two complexes. Mapping of PRC1 and PRC2 distribution
in ES cells has revealed PRC2-only regions (Ku et al, 2008). Furthermore, ES cells deficient
in either PRC1 or PRC2 were able to differentiate, while simultaneous loss of both complexes
abrogated differentiation (Leeb et al, 2010). A possible explanation might be the observed
direct interaction of PRC1 with the DNA-binding protein Pho (Mohd-Sarip et al, 2006).
Furthermore X inactivation in Eed-deficient embryos did not require PRC2 and Xist RNA
was able to recruit PRCI independent of H3K27me3 (Kalantry & Magnuson, 2006;
Schoeftner et al, 2006). Additional examples for PRC2-independent recruitment have been
found in experiments with Suz/2-deficient ES cells and Ezh2 mutant zygotes lacking
H3K27me3 (Pasini et al, 2007; Puschendorf et al, 2008). Taken together, PRC1 is in most
cases targeted by PRC2-mediated H3K27 methylation. Alternative recruitment in certain

situations might however allow PRC1 function in the absence of PRC2.

Both methylation of H3K27 and monoubiquitination of H2AK 119 are typical marks of
repressive chromatin. However, the mechanisms that lead downstream to chromatin
compaction and silencing are poorly understood. For a long time ubiquitination of H2AK119
was thought to play a central role in the polycomb silencing pathway. Recent results have
challenged this view. While PRCI1 itself is essential for gene repression (Wang et al, 2004), a
catalytically inactive complex is still able to induce silencing independent of H2A
ubiquitination at Hox loci (Eskeland et al, 2010). Therefore, a more direct role of PRCI1 has

been suggested, e.g. by blocking the transcription machinery. PRC1 does not interfere with
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transcription initiation, instead transcription elongation is a much more likely target. Poised
RNA polymerase II in bivalent domains has been reported to be activated upon depletion of
PRC1 in ES cells (Stock et al, 2007). Similarly, poised RNA polymerase II has also been
found on polycomb targets in Drosophila (Chopra et al, 2009).

Figure 1: Cooperation of PRC1 and PRC2 in silencing. The PRC2 complex is responsible
for trimethylation of H3K27. This mark serves as binding platform for Pc, thereby recruiting
the PRC1 complex and triggering chromatin compaction and silencing (Lund & van

Lohuizen, 2004).

Another mode of action could include nucleosome remodeling. /n vifro studies have
shown that PRC1 is able to compact nucleosomal arrays, thereby making them refractory to
SWI/SNF-class remodelers (Shao et al, 1999). At the same time, chromatin compaction could
also contribute to the interference with transcriptional elongation described above. The
relationship between PRCI and nucleosome remodelers in vivo is controversial but in
summary, results indicate a role in limiting the access of proteins necessary for transcription

to the silenced chromatin.

2.4.4 Targeting of polycomb complexes

Polycomb complexes are able to bind nucleosomes and show activity in vitro. However, both
complexes do not have DNA binding modules that would allow site-specific targeting. PcG
proteins are ubiquitously expressed; however, their recruitment to target sites varies greatly
between cell types. Thus, initiation of Polycomb silencing in vivo requires the association

with additional DNA binding factors.
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PRC2 targeting in Drosophila

In Drosophila two classes of cis-regulatory DNA elements have been identified as initiator
elements and maintenance elements in transcriptional regulation. During the very first steps of
development the initiator elements control gene expression based on the local concentration
of segmentation gene products that varies throughout the embryo. Once the homeotic gene
patterns have been established the positional information is maintained by the concerted
action of polycomb and trithorax complexes after decay of the segmentation gene products
(Ringrose & Paro, 2007). Maintenance elements called polycomb and trithorax response
elements (PREs/TREs) which are only a few hundred base pairs long are required for the
recruitment of these complexes. PREs and TREs function as epigenetic memory that retains
the transcriptional state of the associated genes through many cell divisions in the absence of
the original activating or repressing factors. The epigenetic state of these sequences is,

however, reversible, thereby allowing to switch the transcriptional state during development.

Several proteins have been identified as mediators between PcG and trxG complexes
and their response elements (Ringrose & Paro, 2004). The best studied adaptors include Pho
and Pho-like proteins, which are involved in PcG silencing as well as Zeste, Gaf and

Pipsqueak which can bind to PREs and TRE:s.

In contrast to other DNA recognition motifs PREs and TREs are not easy to identify as
they are not binding sites for a single transcription factor, but rather a family of recruitment
sites for a whole set of adaptor proteins. Therefore known PRE/TRE sequences share
common mechanistic features but little sequence homology and lack any kind of consensus
sequence. Some attempts to predict PREs and TRES have used an alignment-independent
algorithm (Ringrose et al, 2003). Predicted sites were compared to experimentally identified
sites showing that many sites were found at least with weak scores by the algorithm.
However, some sites seem to require DNA looping and cooperative binding to a second (non-
PRE/TRE) site or the combination with weak unspecific DNA binding. Interestingly, studies
on synthetic PREs and TREs suggest that additional binding sites for Hox regulators such as
Dspl are required for polycomb and trithorax proteins to function (Dejardin et al, 2005).
Other proteins have been associated as well with a role for certain PREs and TREs. Their
importance for polycomb and trithorax systems on a global level needs to be evaluated though
(Ringrose & Paro, 2007). In any case, the identification of additional factors might help to

explain the cell type-specific regulation of target genes.
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PRC2 targeting in mammals

Although thousands of polycomb and trithorax target sites have been mapped, the search for
specific recognition motifs in the mammalian genome turned out to be more difficult. While
binding of PcG proteins in flies is very localized, it is found in much broader domains in
mammals (Boyer et al, 2006). The recognition and recruitment process seems to be much
more complex than in Drosophila, but similar factors seem to play a key role. Knockdown of
YY1, the mammalian homologue of Pho, was shown to reduce H3K27me3 at target sites
(Caretti et al, 2004). Other studies have suggested a role for the transcription factors Oct4,
Nanog and Sox2 in recruitment, as they have been found to co-occupy a subset of PRC2
targets in ES cells (Boyer et al, 2006; Lee et al, 2006). However, no functional link has been
provided for this model and co-occupancy might simply result from redundant but
independent silencing pathways. Another study reported a high correlation of PRC2 binding
and CpG islands, suggesting a potential role of CpG binding proteins in targeting (Ku et al,
2008). Furthermore, the Jumonji domain protein Jarid2 has been identified in PRC2
complexes and a role in H3K27 methylation in vivo has been demonstrated (Pasini et al,
2010). The AIRD domain of Jarid2 has a broad specificity for different DNA sequences. A
model has therefore been suggested that combines the low specificity of different DNA

binding modules to cooperatively achieve high specificity for polycomb targeting.

The involvement of both H3K27 methylation and ncRNAs in X inactivation and
imprinting triggered the idea that RNAs could also play a role in polycomb targeting (Mercer
et al, 2009). The ncRNA Xist involved in the initiation of X inactivation has been shown to
bind PRC2 via a repetitive element called repA (Zhao et al, 2008). A similar physical
interaction with PRC2 has been described for the ncRNA Kecnqlotl essential for imprinted
silencing (Pandey et al, 2008) and HOTAIR, a ncRNA that regulates H3K27 methylation in
vivo and connects PRC2 with the demethylase LSD1 (Rinn et al, 2007; Tsai et al, 2010a).
Further research is likely to identify more PRC2 associated RNAs and to increase our

understanding of their role in polycomb targeting.

In summary the targeting of PcG and trxG complexes in Drosophila is guided by the
existence of response elements at the target sites and specific sets of adaptor proteins leading
to very localized occupancy. The situation in mammalian cells is more complex and different
targeting mechanisms might be responsible for different silencing phenomena. Thus, and due
to the lack of a consensus sequence only very few response elements have been reported in

mammals (Sing et al, 2009).
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2.4.5 Polycomb silencing as an epigenetic memory

Transcriptional information in the form of histone marks faces the problem that each cycle of
DNA replication and cell division is associated with the incorporation of fresh nucleosomes
and thereby a thinning out of the existing marks. Stable transcriptional repression over many
generations of cell divisions as observed in polycomb targets therefore requires ways to
faithfully propagate this information. In order to maintain cell type-specific expression

profiles the underlying mechanisms must be mostly independent of the DNA sequence.

The finding that PRC2 is able to bind its own product has led to different models of
the propagation of the H3K27me3 mark during replication. Transcription of PRC2 proteins is
initiated at the beginning of S-phase (Bracken et al, 2003; Muller et al, 2001). The PRC2
complexes localize with sites of replication to modify newly incorporated histones. A first
study found that a trimeric complex of EZH2, SUZ12 and EED is required for binding of
H3K27me3 (Hansen et al, 2008). The observation that after initial targeting PRC2-mediated
repressive chromatin can be maintained independently of additional targeting factors
implicated a self-maintaining feedback loop. It was suggested that PRC2 is directly recruited
by H3K27me3 modified histone tails on the same nucleosome, on neighboring nucleosomes
or even on the opposite DNA strand at the replication fork. Further structural and functional
studies of PRC2 have challenged this recruitment-based model. EED was found to bind
H3K27me3 independently of other PRC2 components and thereby trigger allosteric
stimulation of the EZH2 methyltransferase activity (Margueron et al, 2009). Mutations in the
Drosophila homologue demonstrated the importance of this interaction for PRC2 activity in
vivo. This mechanism supports a model in which chromatin interactions of other PRC2
components are recruiting the complex to the replication site. Binding of EED to H3K27me3
on neighboring nucleosomes is mainly responsible for enhancing the methyltransferase

activity in regions where repressive chromatin marks are present.

In contrast to inheritance of the PRC2 mark, little is known so far about H3K27me3-
independent propagation of PRC1 ubiquitination. Removal of H2A ubiquitination is necessary
at the onset of mitosis to allow progression of the cell cycle (Joo et al, 2007). The PRC1
complex has been reported to stay associated with chromatin during S- and M-phase, opening
the possibility for direct re-ubiquitination (Francis et al, 2009; Puschendorf et al, 2008).
However, there is so far no experimental evidence for this step and it is possible that new

complexes have to be recruited guided by PRC2 activity.
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2.4.6 Polycomb in pluripotency and differentiation

Reproduction and development form a cycle in all higher organisms that is marked by
differentiation and reprogramming of cells and requires a specific and highly dynamic
regulation of transcription. The gametes that fuse to form the zygote are among the most
specialized cell types with a unique gene expression pattern. Fusion of the two cells triggers a
program that resets most of the transcriptional information and leads to the totipotent state of
embryonic stem cells. But already in the early pre-implantation embryo this process is
reversed and some cells start to specialize. Stem cells have the ability to maintain a
pluripotent state for the entire life of the organism, while at the same time offer the possibility
to regenerate certain tissues by differentiation into specialized cells upon the correct signals.
Epigenetic mechanisms offer the perfect set of tools to control this process. The
transcriptional information in form of epigenetic modifications can be faithfully inherited but
also provides means to either transiently or permanently change expression patterns. By their
nature epigenetic mechanisms do not change the DNA sequence so that genomic information
can be inherited without changes. The importance of epigenetic regulation during
development is reflected in the drastic changes of DNA and histone modifications during this

process (Santos & Dean, 2004).

The central role of polycomb proteins in development is demonstrated by studies
showing that knockouts lead to severe malformations or even death in flies (Grimaud et al,
2006). Knockout experiments in mice deleting any core PRC2 component or Rnf2
(mammalian homologue of Drosophila dRing) from the PRC1 complex all result in
embryonic lethality (Faust et al, 1995; O'Carroll et al, 2001; Voncken et al, 2003). Knockouts
of other PRC1 members lead to very mild phenotypes - most likely due to the existence of

several homologues and a high degree of redundancy.

Mapping of PcG protein occupancy in ES cells has found them associated with many
key developmental regulators that are not expressed in stem cells or only at very low levels
(Boyer et al, 2006; Lee et al, 2006). Differentiation of stem cells is marked by the specific
activation of certain subsets of these genes, suggesting an important role for polycomb
proteins at the threshold to differentiation. This is supported by results of PcG knockouts in
ES cells: while maintenance of pluripotency strictly speaking does not require fully functional
PRC1 or PRC2, knockout cells show expression of typcial differentiation markers and are

prone to spontaneous differentiation (Chamberlain et al, 2008; Leeb & Wutz, 2007; Pasini et
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al, 2007; Shen et al, 2008; van der Stoop et al, 2008). Surprisingly, upon in vitro
differentiation these knockout cells cannot give rise to the full range of cell types since they
fail to repress pluripotency genes and to activate the appropriate set of differentiation markers.
Double knockout of Rnfl and Rnf2 (and thereby complete loss of PRCI function) even
interrupts stem cell proliferation, again hinting at a PRC2-independent function of PRCI1
(Endoh et al, 2008).

Bivalent domains are an interesting phenomenon found in ES cells where large
domains are kept in a transcriptionally poised state by simultaneous presence of active
H3K4me3 and repressive H3K27me3 marks (Bernstein et al, 2006). These regions are pre-
loaded with poised RNA polymerase and are rapidly activated upon loss of H3K27me3 or
permanently silenced by removal of H3K4me3. Bivalent domains have also been identified to
a smaller extend in other cell types (Mikkelsen et al, 2007; Mohn et al, 2008) but bivalency
seems to be a hallmark of pluripotency and declines with increasing commitment of a cell.
Bivalency is not limited to mammals. The FLC locus in Arabidopsis has also been reported to

carry active and repressive marks simultaneously (Jiang et al, 2008).

Polycomb proteins have also been shown to act within the regulatory network of the
key transcription factors Oct4, Sox2 and Nanog. These pluripotency factors are able to
promote stemness and repress differentiation while propagating their own as well as each
other's transcription level in a positive feedback loop (Boyer et al, 2005; Catena et al, 2004;
Kuroda et al, 2005; Okumura-Nakanishi et al, 2005; Rodda et al, 2005). Polycomb complexes
have been found at many silenced targets of this network. Knockdown of Oct4 reduces
recruitment of PRC1 at these sites while loss of PRC1 does not affect Oct4 (Endoh et al,
2008). Thus, polycomb silencing seems to function downstream of the Oct4/Sox2/Nanog

network.

Taken together, these observations show the two faces of polycomb mediated
repression. Long term silencing by faithful inheritance of histone modifications is crucial for
the maintenance of a differentiated state in somatic cells. Regulation of the balance between
self-renewal and differentiation in stem cells in contrast requires a more plastic and flexible
role that allows rapid changes in gene expression. This is achieved by the combination of
repressive and active chromatin marks in bivalent domains and by the use of a transcription

factor-driven feedback loop as master switch in pluripotency.
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2.5 Scope of the thesis

Recent studies have shed light on structural and functional aspects of the PRC2 complex. We
have started to gain better understanding of the subunit contributions and the targeting
mechanisms involved. It remains, however, enigmatic how the individual subunits of the

PRC2 core complex affect methyltransferase activity of the E(z) SET domain.

At the time when I started my PhD studies the role of the PRC2 core components in
histone methylation and nucleosome binding had been characterized in vitro (Nekrasov et al,
2005). No structural information was available and no data about the molecular mechanisms
that regulate the activity of the complex. The finding that PRC2 activity is stimulated by
binding to its own product, H3K27me3, constitutes a hallmark in the understanding of its
regulation (Hansen et al, 2008; Margueron et al, 2009). This positive feedback loop allows
inheritance of the PRC2 mark after DNA replication, in the absence of sequence specific
targeting factors. However, it also became quickly evident that such a powerful activation
mechanism requires counteractive measures to ensure the long-term integrity of clearly
defined active and repressive domains in chromatin. We therefore set out to look for further
interactions of PRC2 with chromatin marks and to study their influence of H3K27

methylation.

Numerous studies have reported direct interaction of histone H3 with PRC2
component Nurf55 (Beisel et al, 2002; Hansen et al, 2008; Song et al, 2008; Wysocka et al,
2006). At the same time, Nurf55 has been shown to interact with histone H4 and Fog-1 (Lejon
et al, 2011; Song et al, 2008). However, these interactions are relevant for the role of Nurf55
in histone acetylation and nucleosome remodeling but not in the context of PRC2. Taken
together these findings triggered us to investigate the molecular basis of histone H3
recognition by Nurf55 and to eventually understand how its substrate specificity is

determined.

In our approach to understand the regulation and substrate specificity of PRC2 we
have combined structural and biochemical studies. Based on our results and available in vivo

data we have expanded the current model for the inheritance of repressive chromatin marks.
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3. Results

3.1 Histone methylation by PRC?2 is inhibited by active chromatin marks

(published manuscript)
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SUMMARY

The Polycomb repressive complex 2 (PRC2) confers
transcriptional repression through histone H3 lysine
27 trimethylation (H3K27meg3). Here, we examined
how PRC2 is modulated by histone modifications
associated with transcriptionally active chromatin.
We provide the molecular basis of histone H3
N terminus recognition by the PRC2 Nurf55-Su(z)12
submodule. Binding of H3 is lost if lysine 4 in H3 is
trimethylated. We find that H3K4me3 inhibits PRC2
activity in an allosteric fashion assisted by the
Su(z)12 C terminus. In addition to H3K4me3, PRC2
is inhibited by H3K36me2/3 (i.e., both H3K36me2
and H3K36me3). Direct PRC2 inhibition by
H3K4me3 and H3K36me2/3 active marks is con-
served in humans, mouse, and fly, rendering tran-
scriptionally active chromatin refractory to PRC2
H3K27 trimethylation. While inhibition is present in
plant PRC2, it can be modulated through exchange
of the Su(z)12 subunit. Inhibition by active chromatin
marks, coupled to stimulation by transcriptionally
repressive H3K27me3, enables PRC2 to autono-
mously template repressive H3K27me3 without over-
writing active chromatin domains.

INTRODUCTION

Polycomb (PcG) and trithorax group (trxG) proteins form distinct
multiprotein complexes that modify chromatin. These com-
plexes are conserved in animals and plants and are required to
maintain spatially restricted transcription of HOX and other cell
fate determination genes (Henderson and Dean, 2004;
Pietersen and van Lohuizen, 2008; Schuettengruber et al.,
2007; Schwartz and Pirrotta, 2007). PcG proteins act to repress
their target genes while trxG protein complexes are required to
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keep the same genes active in cells where they must be
expressed.

Among the PcG protein complexes, Polycomb repressive
complex 2 (PRC2) is a histone methyl-transferase (HMTase)
that methylates Lys27 of H3 (H3K27) (Cao et al., 2002; Czermin
et al., 2002; Kuzmichev et al., 2004; Miller et al., 2002). High
levels of H3K27 trimethylation (H3K27me3) in the coding region
generally correlate with transcription repression (Cao et al.,
2008; Nekrasov et al., 2007; Sarma et al., 2008). PRC2 contains
four core subunits: Enhancer of zeste [E(z), EZH2 in mammals],
Suppressor of zeste 12 [Su(z)12, SUZ12 in mammals], Extra-
sex combs [ESC, EED in mammals] and Nurf55 [Rbbp4/
RbAp48 and Rbbp7/RbAp46 in mammals] (reviewed in Schuet-
tengruber et al., 2007; Wu et al., 2009). E(z) is the catalytic
subunit; it requires Nurf55 and Su(z)12 for nucleosome associa-
tion, whereas ESC is required to boost the catalytic activity of
E(z) (Nekrasov et al., 2005). Recent studies reported that ESC
binds to H3K27me3 and that this interaction stimulates the
HMTase activity of the complex (Hansen et al., 2008; Margueron
et al., 2009; Xu et al., 2010). The observation that PRC2 is able to
bind to the same modification that it deposits led to a model for
propagation of H3K27me3 during replication. In this model,
recognition of H3K27me3 on previously modified nucleosomes
promotes methylation of neighboring nucleosomes that contain
newly incorporated unmodified histone H3 (Hansen et al., 2008;
Margueron et al., 2009). However, it is unclear how such
a positive feedback loop ensures that H3K27 trimethylation
remains localized to repressed target genes and does not invade
the chromatin of nearby active genes.

In organisms ranging from yeast to humans, chromatin
of actively transcribed genes is marked by H3K4me3,
H3K36me2, and H3K36me3 modifications: while H3K4me3 is
tightly localized at and immediately downstream of the transcrip-
tion start site, H3K36me2 peaks adjacently in the 5 coding
region and H3K36me3 is specifically enriched in the 3’ coding
region (Bell et al., 2008; Santos-Rosa et al., 2002). Among the
trxG proteins that keep PcG target genes active are the
HMTases Trx and Ash1, which methylate H3K4 and H3K36,
respectively (Milne et al., 2002; Nakamura et al., 2002; Tanaka
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et al., 2007). Studies in Drosophila showed that Trx and Ash1
play a critical role in antagonizing H3K27 trimethylation by
PRC2, suggesting a crosstalk between repressive and activating
marks (Papp and Mdiller, 2006; Srinivasan et al., 2008).

In this study we investigated how PRC2 activity is modulated
by chromatin marks typically associated with active transcrip-
tion. We found that the Nurf55 WD40 propeller binds the
N terminus of unmodified histone H3 and that H3K4me3
prevents this binding. In the context of the tetrameric PRC2
complex, we find that H3K4me3 and H3K36me2/3 (i.e., both
H3-K36me2 and H3-K36me3) inhibit histone methylation by
PRC2 in vitro. Dissection of this process by using fly, human,
and plant PRC2 complexes suggests that the Su(z)12 subunit
is important for mediating this inhibition. PRC2 thus not only
contains the enzymatic activity for H3K27 methylation and
a recognition site for binding to this modification, but it also
harbors a control module that triggers inhibition of this activity
to prevent deposition of H3K27 trimethylation on transcription-
ally active genes. PRC2 can thus integrate information provided
by pre-existing histone modifications to accurately tune its
enzymatic activity within a particular chromatin context.

RESULTS

Structure of Nurf55 Bound to the N Terminus

of Histone H3

Previous studies reported that Nurf55 alone is able to bind to
histone H3 (Beisel et al., 2002; Hansen et al., 2008; Song et al.,
2008; Wysocka et al., 2006) but not to a GST-H3 fusion protein
(Verreault et al., 1998). By using fluorescence polarization (FP)
measurements, we found that Nurf55 binds the very N terminus
of unmodified histone H3 encompassing residues 1-15 (H31_15)
with a Kp of ~0.8 + 0.1 puM but does not bind to a histone H31g_3g
peptide (Figure 1A). Crystallographic screening resulted in the
successful cocrystallization of Nurf55 in complex with an
H3:_19 peptide. After molecular replacement with the known
structure of Nurf55 (Song et al., 2008), the initial mF, — DF, differ-
ence map showed density for H3 residues 1-14 in both
Nurf65 molecules in the crystallographic asymmetric unit.
Figures 1B-1E show the structure of H3,_9 bound to Drosophila
Nurf55, refined to 2.7 A resolution (R/Rfree = 20.1% and 25.0%,
Table 1; Figure S1A, available online). The H3 peptide binds to
the flat surface of the Nurf55 WD40 propeller (Figure 1B), subse-
quently referred to as the canonical binding site (c-site) (Gaudet
et al., 1996). The H3 peptide is held in an acidic pocket (Figures
1C and 1E) and traverses the central WD40 cavity in a straight
line across the propeller (Figure 1B).

Nurf55 binds the H3 peptide by contacting H3 residues Ala1,
Arg2, Lys4, Ala7, and Lys9. Each of these residues forms
side-chain specific contacts with the Nurf55 propeller (Figures
1D and 1E). The bulk of the molecular recognition is directed
toward H3 Arg2 and Lys4. Ala1 sits in a buried pocket with its
a-amino group hydrogen bonding to Nurf55 Asp252, which
recognizes and fixes the very N terminus of histone H3. The
neighboring Arg2 is buried deeper within the WD40 propeller
fold, with its guanidinium group sandwiched by Nurf55 residues
Phe325 and Tyr185 (Figure 1D). H3 Lys4 binds to a well-defined
surface pocket on Nurf55 located on blade 2, near the central

cavity of the propeller. Its e-amino group is specifically coordi-
nated by the carboxyl groups of Nurf55 residues Glu183 and
Glu130 and through the amide oxygen of Asn132 (Figure 1E).
Lys9 is stabilized by hydrophobic interactions on the WD40
surface while having its e-amino group held in solvent-exposed
fashion (Figure 1D). Ser10 of histone H3 marks the beginning
of a turn that inverses the peptide directionality. Histone H3
residues Thr11-Lys14 become progressively disordered and
are no longer specifically recognized. No interpretable density
was observed beyond Lys14. Taken together, Nurf55 specifically
recognizes an extended region of the extreme N terminus of
histone H3 (11 residues long, 700 A? buried surface area) in the
canonical ligand binding location of WD40 propeller domains.

Structure of the Nurf55-Su(z)12 Subcomplex of PRC2
The H3-Nurf55 structure prompted us to investigate how Nurf55
might bind histone tails in the presence of Su(z)12, its interaction
partner in PRC2 (Nekrasov et al., 2005; Pasini et al., 2004). As
a first step we mapped the Nurf55-Su(z)12 interaction in detail
by carrying out limited proteolysis experiments on reconstituted
Drosophila PRC2, followed by isolation of a Nurf55-Su(z)12
subcomplex. Mass spectrometric analysis and pull-down exper-
iments with recombinant protein identified Su(z)12 residues
73-143 [hereafter referred to as Su(z)12,3_143] as sufficient for
Nurf55 binding (Figures S1C and S1D).

Crystals were obtained when Drosophila Nurf55 and Su(z)12
residues 64-359 were set up in the presence of 0.01% subtilisin
protease (Dong et al., 2007). After data collection, the structure
was refined to a maximal resolution of 2.3 A (Table 1). Molecular
replacement with Nurf55 as search model provided clear initial
mF, — DF, difference density for a 13 amino acid-long Su(z)12
fragment spanning Su(z)12 residues 79-91 (Figures 2A-2C).
The final model was refined to 2.3 A (R/Rsree = 17.5%/20.9%)
and verified by simulated annealing composite-omit maps (Fig-
ure S1B). The portion of Su(z)12 involved in Nurf55 binding will
henceforth be referred to as the Nurf55 binding epitope (NBE).
The Su(z)12 binding site on Nurf55 is located on the side of the
propeller between the stem of the N-terminal « helix (1) and
the PP loop (Figures 2A and2B). Binding between Su(z)12 and
Nurf55 occurs mostly through hydrophobic interactions in an
extended conformation. The interaction surface between
Nurf55 and the NBE is large for a peptide, spanning around
800 A2. Sequence alignment between Su(z)12 orthologs reveals
that the NBE is highly conserved (53% identity and 84%
similarity) in animals and in plants (Figure 2E). With the exception
of Su(z)12 Arg85, the majority of the conserved Su(z)12 NBE
residues engage in hydrophobic packing with Nurf55 (Figures
2B and 2C). Together with the Su(z)12 VEFS domain and the
C,Ho5 zinc finger (C5 domain) (Birve et al., 2001), the NBE consti-
tutes the only identifiable motif in Su(z)12 found conserved in all
Su(z)12 orthologs.

The NBE binding site on Nurf55 has previously been shown to
be occupied by helix 1 of histone H4 (Figure 2D) (Murzina et al.,
2008; Song et al., 2008), an epitope not accessible in assembled
nucleosomes (Luger et al., 1997). Nurf55 binds H4 and the
Su(z)12 NBE epitope in a different mode, and importantly, with
opposite directionality (Figure 2D). The detailed comparison of
the Nurf55-Su(z)12 structure with that of H4 bound to Nurf55
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Figure 1. Crystal Structure of Nurf55 in Complex with a Histone H3,_;9 Peptide

(A) Nurf55 binds to an H34_15 peptide with an affinity of ~0.8 + 0.1 uM as measured by FP. It has similar affinity for an H3,_34 peptide (2.2 + 0.2 uM) but no binding
can be detected to an H319_3g peptide.

(B) Ribbon representation of Nurf55-H34_19. Nurf55 is shown in rainbow colors and H34_1 is depicted in green. The peptide is bound to the c-site of the WD40
propeller.

(C) Electrostatic surface potential representation (—10 to 10 kT/e) of the c-site with the H3 peptide shown as a stick model in green.

(D) Close-up of the c-site detailing the interactions between Nurf55 (yellow) and the H3;_49 peptide (green), with a water molecule shown as a red sphere.

(E) Schematic representation of interactions between the H31_49 peptide (green) and Nurf55 (yellow).

strongly suggests that binding of Su(z)12 (NBE) and of H4 (helix 1)  bilization. However, we were able to measure binding of a chem-
are mutually exclusive (Figure 2D). We therefore refer to the ically synthesized Su(z)12,5_g3 peptide to Nurf55 by isothermal
Su(z)12 and H4 binding site on Nurf55 as the S/H-site. titration calorimetry (ITC) and found that the peptide was bound

Su(z)12 fragments that include the NBE have poor solubility by ~ with a Kp value of 6.7 + 0.3 uM in a 1:1 stoichiometry (Fig-
themselves and generally require Nurf55 coexpression for solu-  ure 2F). Pull-down experiments with recombinant protein and
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Table 1. Crystallographic Data and Refinement Statistics
Nurf55 - Su(z)12 Nurf55 — H34_19
P2,2,24 P2,2424

Space Group

Unit Cell Dimensions

T

a, b, c (A) 53.03, 87.19, 99.54 55.97, 88.15, 204.02
o, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution range ()  25.0 - 2.3 (2.38-2.30)% 37.7 - 2.7 (2.8-2.7)%
Percent complete 99.2 (92.0)% 96.6 (90.6)%
Redundancy 15.6 (12.4)% 6.4 (5.3)%

Reym 0.074 (0.338)° 0.091 (0.428)%

I/ol 43.3 (6.2)% 15.6 (4.6)?
Resolution (A) 2.3 2.7

Number of reflections 20984 28271

Rwork/Riree 0.175/0.209 0.201/0.250
Number of atoms 3315 6197

B-Factors 29.8 46.9

Protein 29 47.0

Water 38.3 38.1

RMS Deviations

Bond lengths (A) 0.008 0.003

Bond angles (°) 1.124 0.752

2The values for the data in the highest resolution shell are shown in paren-
theses.

streptavidin beads suggest that Su(z)12 residues 94-143 harbor
an additional Nurf55 binding site not visible in the structure
(Figure S1E). Su(z)12144-359, lacking the N-terminal 143 residues,
no longer binds to Nurf55. The NBE (residues 79-93) and the
region adjacent to the NBE (residues 94-143) are thus required
for stable interaction with Nurf55. The extended NBE was found
enriched after limited proteolysis and in subsequent gel filtration
runs coupled with quantitative mass spectrometry (Figure S1C).
As the NBE was the only fragment visible after structure determi-
nation, we conclude that it represents the major Su(z)12 interac-
tion epitope for Nurf55 binding.

The Nurf55-Su(z)12 Complex Binds to Histone H3

In order to study the potential interdependence of the identified
Nurf55 binding sites we compared binding of Nurf55 and Nurf55-
Su(2)12 to the histone H3 N terminus. FP experiments showed
similar affinities for binding of a histone H34_45 peptide to Nurf55
(Kp ~0.8 £ 0.1 uM; Figure 1A) and a Nurf55-Su(z)1275_143 complex
(Kp~0.6 0.1 uM; Figure 2G). Importantly, mutation of Nurf55 resi-
dues contacting H3 via its c-site drastically reduced binding to an
H34_15 peptide (Figure S2A), demonstrating that the Nurf55-
Su(2)1273-143 complex indeed binds the H34_45 peptide through
the c-site. We conclude that the presence of Su(z)12 is compatible
with Nurf55 binding to H3 via its c-site and that the two binding
interactions are not interdependent.

The observation that the Su(z)12 NBE occupies the same
Nurf55 pocket that was previously shown to bind to helix 1 of
histone H4 prompted us to test whether the Su(z)12,3_143-
Nurf55 complex could still bind to histone H4. We performed
pull-down experiments with a glutathione S-transferase (GST)

fusion protein containing histone H44_45 (Murzina et al., 2008)
and found that H4 stably interacted with isolated Nurf55 but
not with Su(z)1273-143-Nurf55 (Figure 2H). In PRC2, the presence
of Su(z)12 in the Nurf55 S/H-site therefore precludes binding to
helix 1 of histone H4.

H3 Binding by Nurf55-Su(z)12 Is Sensitive

to the Methylation Status of Lysine 4

We next investigated how posttranslational modifications of the
H3 tail affect binding to the Nurf55-Su(z)1275_143 complex. Modi-
fications on H3 Arg2, Lys9, and Lys14 did not change affinity of
Nurf55-Su(z)12 for the modified H34_45 peptide (Figures S2B and
S2D). In contrast, peptides that were mono-, di-, or trimethylated
on Lys4 were bound with significantly reduced affinity exhibiting
Kp values of 17 + 3 puM (H3K4me1), 24 + 3 uM (H3K4me2), and
>70 uM (H3K4me3), respectively (Figure 2I). The FP binding
data were independently confirmed by ITC measurements
(Figures S2C-S2F). Together, these findings are in accord with
the structural data, which show that H3K9 and H3K14 are being
held with their e-amino moiety solvent-exposed, while the H3K4
side chain is tightly coordinated (Figure 1E). The additional
methyl groups on the H3K4 g-amino group are expected to
progressively decrease affinity because of increased steric
clashes within the H3K4 binding pocket.

H3K27 Methylation by PRC2 Is Inhibited by Histone
H3K4me3 Marks

We then examined the effect of H3K4me3 modifications, which
are no longer retained by Nurf55-Su(z)12, on the catalytic activity
of PRC2. In a first set of experiments, we determined PRC2
steady-state parameters on histone H3,_45 peptide substrates
that were either unmodified or methylated at Lys 4. We observed
similar Ky values for H3 and H3K4me3 peptides of 0.84 +
0.21 uM and 0.36 = 0.07 puM, respectively (Figure 3A), and similar
Km values for SAM (5.42 + 0.65 uM for H3 and 10.04 + 1.56 uM
for H3K4me3). The turnover rate constant k.5, however, was
8-fold reduced in the presence of H3K4me3: 2.53 = 0.21 min™
for unmodified H3 and 0.32 + 0.08 min™' in the presence of
H3K4me3 (Figure 3A). While substrate binding is largely unaf-
fected, turnover is thus severely inhibited in the presence of
H3K4me3. This behavior, which results in a k../Ku specificity
constant of 7.8 x 10 M™'s™ (unmodified H3) compared to
0.53 x 10° M's™ (H3K4me3), is consistent with heterotrophic
allosteric inhibition of the PRC2 HMTase triggered by the pres-
ence of the H3K4me3.

To investigate the effect of the H3K4me3 modification on
PRC2 activity in the context of nucleosomes, we reconstituted
mononucleosomes with a trimethyllysine analog (MLA) at Lys4
in H3 (referred to as H3Kc4me3; Figure S3A) (Simon et al.,
2007). We found that total H3K27 methylation (measured by
incorporation of '*C-labeled methyl groups) was substantially
impaired on H3Kc4me3-containing nucleosomes compared to
wild-type nucleosomes (Figures S3B and S3C). We used
western blot analysis to monitor how levels of H3K27 mono-,
di-, and trimethylation were affected by the H3Kc4me3 modifica-
tion. While H3K27me1 formation was reduced by more than
50% on H3Kc4me3 nucleosomes compared to unmodified
nucleosomes (Figures 3B and 3C), H3K27 dimethylation and
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Figure 2. Crystal Structure and Characterization of Nurf55 in Complex with the Su(z)12 Binding Epitope for Nurf55

(A) Ribbon representation of Nurf55-Su(z)12. Nurf55 (rainbow colors) depicts the WD40 domain nomenclature and Su(z)12 is shown in magenta. The S/H-site is
marked by a dashed box.

(B) Detailed interactions of Su(z)12 (magenta) with the S/H-site (yellow). Water molecules are depicted as red spheres.

(C) Schematic representation of interactions between Su(z)12 (magenta) and Nurf55 (yellow).

(D) Overlay of the backbone trace of Su(z)12 (magenta) and the H4 helix a1 (orange) (Song et al., 2008) in the S/H-site.

(E) Alignment of the Su(z)12 NBE with sequences from Drosophila melanogaster (dm, QINJG9), mouse (mm, NP_954666), human (hs, AAH15704), Xenopus
tropicalis (xt, BC121323), zebrafish (dr, BC078293), and the three Arabidopsis thaliana (at) homologs Fis2 (ABB84250), EMF2 (NP_199936), and VRN2
(NP_567517). Identical residues are highlighted in yellow.

(F) ITC profile for binding of a Su(z)1275-93 peptide to Nurf55. Data were fitted to a one-site model with stoichiometry of 1:1. The derived Kp value is 6.7 +
0.3 pM.

(G) Binding of H34_15 to Nurf55 (0.8 + 0.1 uM) and Nurf55-Su(z)1273-143 (0.6 £ 0.1 uM) measured by FP.
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Figure 3. HMTase Activity of PRC2 Is In-
hibited by H3K4me3 Marks

(A) HMTase assay with PRC2 and H34_45-biotin
peptides measuring the concentration of SAH
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PRC2 (286 nM) on unmodified and H3Kc4me3-
modified nucleosomes by quantitative western
blotting.
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trimethylation were impaired by more than 80% by using
H3Kc4me3 nucleosomes (Figure 3C). In order to ascertain that
inhibition of PRC2 is indeed due to trimethylation of the amino
group in the lysine side chain, and not due to the use of the
MLA, we performed HMTase assays on H3K4me3-containing
nucleosomes generated by native peptide ligation (Shogren-
Knaak et al., 2003) and on H3Kc4me0 and H3K4A nucleosomes.
H3K27 mono-, di-, and trimethylation was comparably inhibited
on H3K4me3 and on H3Kc4me3-containing nucleosomes, but
was not affected by H3Kc4me0 and H3K4A (Figures S3D and
S3E). We conclude that H3K4me3 specifically inhibits PRC2-
mediated H3K27 methylation with the most pronounced inhibi-
tory effects observed for H3K27 di- and trimethylation.

We next tested whether the H3K4me3 modification affects
PRC2 nucleosome binding. In electrophoretic mobility shift
assays (EMSA), we found that PRC2 binds unmodified or
H3Kc4me3-modified nucleosomes with comparable affinity (Fig-
ure S4A). Even though binding of Nurf55 to the N terminus of

tribution to nucleosome binding by PRC2

in this assay. Consistent with the allosteric

mechanism of H3K4me3 inhibition that we

had observed in the peptide assays

(Figure 3A), inhibition of the PRC2

HMTase activity by H3K4me3-containing
nucleosomes is not caused by impaired nucleosome binding,
but is rather the consequence of reduced catalytic turnover.

H3K4me3 Needs to Be Present on the Same Tail as K27
to Inhibit PRC2

We then assessed whether inhibition of the PRC2 HMTase activity
by H3K4me3 requires the K4me3 mark to be located on the
substrate nucleosome (in cis), or whether it could also be trig-
gered if the H3K4me3 modification was provided on a separate
peptide (in trans). We performed HMTase assays on unmodified
oligonucleosomes in the presence of increasing amounts of
a histone H3;_15 peptide trimethylated at K4 (H3:_15-K4me3)
(Figure 4A). Addition of the H3,_15-K4me3 peptide did not affect
PRC2 HMTase activity at peptide concentrations as high as
~200 uM. When testing H34_;9-unmodified peptide in controls
at comparable concentrations, we did observe concentration-
dependent PRC2 inhibition (Figure 4A), probably because of
substrate competition at large peptide excess. As H3K4me3-

(H) GST pull-down assay with recombinant GST-H44_4g and Nurf55 and Nurf55-Su(z)123_143 proteins. GST-H44_43 is able to bind Nurf55 alone but in the Nurf55-
Su(2)1273-143 complex the binding site is occupied by Su(z)12 (left panel). Control pull-downs with GST beads and either Nurf55 or Nurf55-Su(z)1275_143 alone

showed no unspecific binding (right panel).

(I) Binding of different H34_15 peptides to Nurf55-Su(z)1273_143 measured by FP. While unmodified H3 is bound with 0.8 + 0.1 pM affinity, methylation of Lys 4
drastically reduces binding affinity (17 + 3 uM for K4me1, 24 + 3 uM for K4me2, and >70 uM for K4me3).
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Figure 4. PRC2 Activity Is Not Inhibited by H3K4me3 Peptides
in trans

(A) Western blot-based HMTase assay by using unmodified 4-mer oligonu-
cleosomes (36 nM) and increasing amounts of H3 peptides added in trans.
Enzyme concentration was kept constant at 86 nM. Western blots were pro-
cessed as described in Figure 3B. HMTase activity is inhibited by an unmodified
H31_19 peptide (left), but not by H3K4me3- or H3K36me3-modified peptides.
(B) HMTase assay with H3Kc4me3-modified oligonucleosomes (36 nM), 86 nM
PRC2, and H3K27me3 peptide in trans. Western blots were processed as
described in Figure 3B. HMTase activity of PRC2 can be stimulated by the
H3K27me3 peptide even on inhibiting substrate leading to increased levels of
H3K27 di- and trimethylation.

modified peptides did not show this competitive behavior, we
conclude that PRC2 is not inhibited by H3K4me3 in trans and
that H3K4me3 and unmodified H3 peptides are probably bound
to PRC2 in a different fashion. Analogously, we saw no inhibition
when testing the effect of H3K4me3 in trans by using peptides as
substrates (Figure S4B). Taken together, our findings strongly
argue that H3K4me3 only inhibits PRC2 if present on the same
tail that contains the H3K27 target lysine (in cis).

Previous studies reported that addition of H3K27me3 peptides
in trans enhances H3K27 methylation of oligonucleosomes by
human PRC2 through binding to the EED WD40 domain
(Margueron et al., 2009; Xu et al., 2010). We tested whether
addition of H3K27me3 peptides in trans would stimulate H3K27
methylation by PRC2 on H3Kc4me3-modified nucleosomes.
We observed that the inhibitory effect of H3Kc4me3-containing
nucleosomes can, at least in part, be overcome through addition
of high concentrations of H3K27me3 peptides (Figure 4B and
Figure S4C). PRC2 is therefore able to simultaneously integrate
inhibitory (H3K4me3) and activating (H3K27me3) chromatin
signatures and adjust its enzymatic activity in response to the
surrounding epigenetic environment.
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PRC2 Inhibition of H3K4me3 Is Conserved

in Mammalian PRC2

Our results with Drosophila PRC2 prompted us to investigate to
what extent inhibition by H3K4me3 is an evolutionarily conserved
mechanism. H3K27 methylation by human and mouse PRC2 on
nucleosome substrates carrying H3Kc4me3 modifications was
also strongly inhibited, comparable to the inhibition observed
for Drosophila PRC2 (Figure 5A and Figure S5A).

The Su(z)12 Subunit Codetermines Whether PRC2

Is Inhibited by H3K4me3

In Arabidopsis thaliana, three different E(z) homologs combined
with three Su(z)12 homologs have been described. The distinct
PRC2 complexes in plants harboring the different E(z) or
Su(z)12 subunits are implicated in the control of distinct
developmental processes during Arabidopsis development
(He, 2009). In this study we focused on PRC2 complexes con-
taining the E(z) homolog CURLY LEAF (CLF). We expressed
and reconstituted the Arabidopsis PRC2 complex comprising
CLF, FERTILIZATION INDEPENDENT ENDOSPERM (FIE,
a homolog of ESC), EMBRYONIC FLOWER 2 (EMF2, a homolog
of Su(z)12), and MULTICOPY SUPPRESSOR OF IRA (MSI1,
a homolog of Nurf55). We found that CLF indeed functions as
a H3K27me3 HMTase (Figure 5B). Moreover, H3K27 methylation
by the CLF-FIE-EMF2-MSI1 complex on nucleosome arrays
containing H3Kc4me3 was inhibited (Figure 5B) in a manner
comparable to human or Drosophila PRC2.

We next tested a related Arabidopsis PRC2 complex again
composed of CLF, FIE, and MSI1 but containing the Su(z)12
homolog vernalization 2 (VRN2) instead of EMF2. The VRN2
protein is specifically implicated as a repressor of the FLC locus,
thereby controlling flowering time in response to vernalization
(reviewed in Henderson and Dean, 2004). The CLF-FIE-
MSI1-VRN2 complex was active on unmodified nucleosomes
but, strikingly, it was not inhibited on H3Kc4me3-modified nucle-
osomes (Figure 5C). Substitution of a single subunit (i.e., EMF2
by VRN2) thus renders the complex nonresponsive to the
H3K4 methylation state. While PRC2 inhibition by H3K4me3
appears hardwired in mammals and flies, in which only a single-
Su(z)12 ortholog is present, Arabidopsis inhibition can be
enabled or disabled through exchange of the Su(z)12 homolog.

The Su(z)12 C Terminus Harboring the VEFS Domain

Is the Minimal Su(z)12 Domain Required for Activation
and Active Mark Inhibition

The importance of the Su(z)12 subunit in active mark H3K4me3
inhibition prompted us to map the Su(z)12 domains required
for inhibition. Previous findings showed that E(z) or E(z)-ESC in
the absence of Su(z)12 is enzymatically inactive (Nekrasov
et al., 2005). Moreover, the VEFS domain (Birve et al., 2001)
was found to be the major E(z) binding domain (Ketel et al.,
2005). We reconstituted mouse PRC2 complexes containing
EZH2, EED, and either SUZ12 C,H, domain + VEFS (residues
439-741) or SUZ12 VEFS alone (residues 552-741). Both of
these minimal complexes were active in HMTase assays on
nucleosomes (Figure 5D) but with lower activity than that of the
full PRC2 complex. We therefore focused on formation of
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Figure 5. Sensitivity of PRC2 toward H3K4me3 Is Conserved in Mammals and Plants

(A) Left panel: Western blot-based HMTase assay with human PRC2 complex on unmodified and H3Kc4me3-modified mononucleosomes (571 nM). Western
blots were processed as described in Figure 3B. Similar to the fly complex, human PRC2 is less active on H3Kc4me3 nucleosomes and H3K27 di- and
trimethylation is severely hampered. Right panel: Quantification of HMTase activity of human PRC2 (286 nM) on unmodified and H3Kc4me3-modified nucleo-
somes by quantitative western blotting.

(B) HMTase assay with a plant PRC2 complex composed of EMF2, CLF, MSI1, and FIE on 4-mer oligonucleosomes (36 nM). Western blots were processed as
described in Figure 3B. This complex is also sensitive to H3Kc4me3 and H3K27 di- and trimethylation on modified nucleosomes is severely reduced.

(C) HMTase assay with a plant PRC2 complex composed of VRN2, CLF, MSI1, and FIE on 4-mer oligonucleosomes (36 nM). Western blots were processed as
described in Figure 3B. In contrast to the EMF2-containing complex, the VRN2 complex is insensitive toward H3Kc4me3 and has comparable activity on
unmodified and modified nucleosomes.

(D) HMTase assay with mouse EZH2-EED-SUZ12 complexes containing truncated SUZ12 constructs (439-741 and 552-741) on 4-mer oligonucleosomes
(86 nM). Western blots were processed as described in Figure 3B. Only the monomethylation signal is shown because the truncated SUZ12 complexes have poor
HMTase activity. Both complexes remain inhibited by the H3Kc4me3 modification.

H3K27me1 as the strongest readout. When testing H3Kc4me3-  Transcriptionally Active H3K36me2/3 Nucleosome

containing nucleosomes, we found that both SUZ12 fragments
rendered the complex sensitive to H3K4me3, resulting in the
inhibition of H3K27 monomethylation (Figure 5D). The SUZ12 C
terminus (including the VEFS domain) is thus the minimal
SUZ12 fragment required for PRC2 binding, HMTase activity,
and inhibition by H3K4me3.

Marks Also Inhibit PRC2

Finally, we asked whether other methylation marks associated
with transcriptionally active chromatin but located outside the
Nurf55-Su(z)12 binding site inhibit PRC2. We found that H3K27
methylation by PRC2 was also inhibited on H3Kc36me3 or
H3Kc36me2 nucleosomes (Figure 6 and Figure S6). No

38

Molecular Cell 42, 330-341, May 6, 2011 ©2011 Elsevier Inc. 337



dmp';]c,\;f] o 8l ATV ER02® o gl RN 920
H3Kc36me3

unmodified

H3K27me3 - -
H4

H3K27me2
H4 |

H3K27me1
H4

|

B
dmPRC2
o © S8 AN AT 2R g gl N 220
unmodified H3Kc36me2
H3K27me3 R ———— - -
HE o e S T e s
H3K27me2 —— —— — —— —
e e e e R S~ SRS CHTRE ST
HaK27met P
C
2 14
s
S os
o 3‘? ® dmPRC2 + unmod H3
2 06 dmPRC2 + H3Kc36me3
s 05 ® hsPRC2 + unmod H3
% gg hsPRC2 + H3Kc36me3
il
s . BB
= H3K27me3 H3K27me2 H3K27me1

Figure 6. PRC2 Activity Is Also Inhibited by H3K36me2/3

(A) Western blot-based HMTase assay with Drosophila PRC2 complex on
unmodified and H3Kc36me3-modified mononucleosomes (571 nM). Western
blots were processed as described in Figure 3B. Similar to H3Kc4me3,
H3Kc36me3 also inhibits the PRC2 complex.

(B) Same as in (A), western blot-based HMTase assay with Drosophila PRC2
complex, but with H3Kc36me2-modified nucleosomes.

(C) Quantitative western blot analysis estimating the HMTase activity of
Drosophila (blue) and human (red) PRC2 complex (286 nM) on unmodified and
H3Kc36me3-modified mononucleosomes.

significant inhibition was observed on control nucleosomes con-
taining H3K36A or H3Kc36meO lysine analog control (Fig-
ure S3E). As in the case of H3K4me3, inhibition by H3K36me2/
3 could not be triggered by addition of the modified peptides,
but required the modification to be present on the nucleosome
containing the Lys27 substrate site (in cis) (Figure 4A). Moreover,
we found that fly and human PRC2 were inhibited comparably. In
the case of Arabidopsis PRC2, EMF2-containing complexes
were inhibited by H3K36me3, whereas VRN2-containing
complexes were not (Figure S6).

In conclusion, we find that three distinct histone methylation
marks that are present in the coding region of actively transcribed
genes—H3K4me3, H3K36me2, and H3K36me3 —act as universal
inhibitors of PRC2 complexes in both animals and plants.
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DISCUSSION

Understanding how histone modification patterns are propa-
gated during cell division is essential for understanding the
molecular basis of epigenetic inheritance. Trimethylation of
H3K27 by PRC2 has emerged as a key step in generating tran-
scriptionally repressed chromatin in animals and plants. This
study investigates how PRC2 recognizes the H3 tail and
responds to H3-associated marks of active chromatin. Our
crystallographic analyses reveal the molecular basis for H3;_14
recognition by the Nurf55-Su(z)12 module of PRC2 and demon-
strate that H3 tails carrying K4me3 are no longer recognized by
Nurf55-Su(z)12. In the context of the whole PRC2 complex,
H3K4me3 triggers allosteric inhibition of PRC2, a process that
requires H3K4me3 to be present on the same histone molecule
containing the substrate Lys27. We also observed PRC2 inhibi-
tion by H3K36me2/3. PRC2 inhibition by active chromatin marks
(H3K4me3 and H3K36me2/3) is conserved in PRC2 complexes
reconstituted from humans, mouse, flies, and plants.

The Role of Nurf55 in PRC2

Minimal PRC2 complexes lacking Nurf55 retain partial catalytic
activity and are inhibited by H3K4me3 (Figure 5D). H3K4me3,
once free of Nurf55, is thereby able to trigger PRC2 inhibition.
We favor a model where Nurf55-Su(z)12 serves in sequestration
and release of histone H3. We propose that the release of the
H3 tail from Nurf55-Su(z)12 is required, but not sufficient, toinduce
H3K4me3 inhibition as it needs to trigger allosteric inhibition in
conjunction with Su(z)12 and the E(z) SET domain (see below).
Unmodified H3, H3K9me3, or H3R2me-modified tails, on the
other hand, remain sequestered and are shielded from other chro-
matin factors. These sequestered marks are also not expected to
interfere with PRC2 regulation. In line with this prediction, we
observed that H3K9me3, which remained bound to Nurf55-Su(z)
12, also did not interfere with PRC2 activity in vitro (Figure S5C).
In vitro, binding of Nurf55 to the N terminus of H3 was not critical
for the overall nucleosome binding affinity of PRC2 under our
assay conditions (Figures S4A and S5B). However, small differ-
ences in PRC2 affinity amplified by large chromatin arrays could
skew PRC2 recruitment toward sites of unmodified H3K4. Addi-
tionally, the Nurf55 interaction might play a more subtle role in
positioning the complex correctly on nucleosomes.

Su(z)12 Mediates Inhibition by Active Marks

in Conjunction with the E(z) SET Domain

Our invitro findings suggest that active chromatin mark inhibition
by PRC2 is largely governed through allosteric inhibition of the
PRC2 HMTase activity thereby limiting processivity of the
enzyme. We defined a minimal trimeric PRC2 subcomplex that
retains both activity and H3K4me3/H3K36me2/3 inhibition.
This minimal complex consists of ESC, an E(z) fragment that
comprises the ESC binding region at the N terminus, the Su(z)
12 binding domain in the middle (Hansen et al., 2008), and the
C-terminal catalytic domain, and the Su(z)12 C terminus
harboring the VEFS domain (Figure 5D). The importance of
Su(z)12 is underlined by our findings on the Arabidopsis PRC2
complexes that revealed that active mark inhibition is deter-
mined by the choice of Su(z)12 subunit (i.e., inhibition with
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EMF2, but not with VRN2) (Figures 5B and 5C). As the extent of
methylation inhibition and the domains required for inhibition
were similar for H3K4me3 and H3K36me2/3 (Figures 3 and 6),
we hypothesize that both peptides function through a related
mechanism allosterically affecting E(z) SET domain processivity
with the help of Su(z)12. Further structural studies are required to
reveal how these active marks are recognized and how this
recognition is linked to inhibition of the E(z) SET domain.

PRC2 Mediates Crosstalk between Active

and Repressive Histone Methylation Marks

H3K27me3 recognition by PRC2 has been reported to recruit
and stimulate PRC2 (Hansen et al., 2008; Margueron et al.,
2009), a mechanism implicated in creating and maintaining the
extended H3K27me3 domains at target genes in vivo (Bernstein
et al., 2006; Pan et al., 2007; Papp and Miller, 2006; Schwartz
et al., 2006). Such positive feedback, however, necessitates
a boundary element curtailing the expansion of H3K27me3.
Our results suggest that actively transcribed genes (i.e., marked
with H3K4me3 and H3K36me2/3) that flank domains of
H3K27me3 chromatin may represent such boundary elements.
In conjunction with H3K27me3-mediated stimulation, this
provides a model how PRC2 could template domains of
H3K27me3 chromatin during replication without expanding
H3K27me3 domains into the chromatin of active genes. The
inhibitory circuitry present in PRC2, however, does not function
as a binary ON/OFF switch. PRC2 is able to integrate opposing
H3K4me3 and H3K27me3 modifications into an intermediary
H3K27 methylation activity (Figure 4B).

PRC2-Mediated Interdependence of H3K4me3/
H3K36me3 versus H3K27me3 In Vivo

The crosstalk between H3K4me3 and H3K36me2/3 versus
H3K27me3 has been extensively studied in vivo. Specifically,
HOX genes in developing Drosophila larvae, or in mouse
embryos, show mutually exclusive H3K27me3 and H3K4me3
domains that correlate with transcriptional OFF and ON states,
respectively (Papp and Miller, 2006). In Drosophila, maintenance
of HOX genes in the ON state critically depends on the trxG regu-
lators Trx and Ash1, which methylate H3K4 and H3K36, respec-
tively (Smith et al., 2004; Tanaka et al., 2007). At the Ultrabithorax
(Ubx) gene, lack of Ash1 results in PRC2-dependent H3K27me3
deposition in the coding region of the normally active gene and
the concomitant loss of Ubx transcription (Papp and Miuller,
2006). Similarly, in the Arabidopsis Flowering Locus C (FLC),
CLF-dependent deposition of H3K27me3 reduces H3K4me3
levels (Jiang et al., 2008), while deletion of the H3K4me3 deme-
thylase FLD increases H3K4me3 levels and concomitantly dimin-
ishes H3K27me3 levels (Yu and Michaels, 2010). Our results
provide a simple mechanistic explanation for these observations
in plants and flies. We propose that H3K4 and H3K36 modifica-
tions in the coding region of active PcG target genes function
as barriers that limit H3K27me3 deposition by PRC2.

Depositing Epigenetic Signatures-Knowing

How to Stop?

We note that a number of HMTase complexes contain histone
mark recognition domains that bind the very same mark that is

deposited by their catalytic domain (Collins et al., 2008; Zhang
et al., 2008; Chang et al., 2010). While this positive feedback
loop guarantees the processivity of histone mark deposition, it
also requires a control mechanism that avoids excessive
spreading of marks. The direct inhibition of HMTases by histone
marks, as seen for PRC2, may offer a paradigm of how excessive
processivity can be counteracted in other HMTases.

Active Mark Inhibition Can Be Deactivated

Arabidopsis VRN2 is implicated in the control of the FLC locus
after cold shock (reviewed in He, 2009). FLC is a bivalent locus
containing both repressive H3K27me3 and active H3K4me3
marks (Jiang et al., 2008). In a VRN2-dependent fashion,
H3K27me3 levels increase at FLC during vernalization. We find
that while EMF2-containing PRC2 complexes are sensitive to
H3K4me3 and H3K36me3, their VRN2-containing counterparts
are not. In response to environmental stimuli plant PRC2
H3K4me3/H3K36me3 inhibition can thus be switched OFF (or
ON). This offers the possibility that inhibition in animal PRC2
could also be modulated either by posttranslational modification
of SUZ12 or by association with accessory factors.

PRC2 Inhibition and Coexistence of Active

and Repressive Histone Methylation Marks

Quantitative mass spectrometry analyses of posttranslational
modifications on the H3 N terminus in Hela cells found no
evidence for significant coexistence of H3K27me3 with
H3K4me3 on the same H3 molecule (Young et al., 2009).
Similarly, the fraction of H3 carrying both H3K27me3 and
H3K36me3 was reported to be extremely low (~0.078%), while
H3K27me3 and H3K36me2 coexist on ~1.315% of H3 mole-
cules. However, H3K27me3/H3K4me3 and H3K27me3/
H3K36me2/3 bivalent domains have been reported to exist in
embryonic stem cells, and they have been implicated to exist
on the same nucleosome (Bernstein et al., 2006). Given that
PRC2 is inhibited by active methylation marks, how then could
such bivalent domains be generated? We envisage two main
possibilities. First, PRC2 inhibition in vivo could be alleviated
by specific posttranslational modifications on PRC2 in embry-
onic stem cells (see in plants, VRN2). Second, H3K27me3
could be deposited prior to modification of H3K4 or H3K36.
According to this view, one would have to postulate that the
HMTases depositing H3K4me3 or H3K36me2/3 can work on
nucleosomes containing H3K27me3. In support of this view,
we found that H3K36 methylation by an NSD2 catalytic fragment
is not inhibited by H3K27me3 marks on a peptide substrate
(data not shown).

In summary, we found that mammalian and fly PRC2
complexes are not only activated by H3K27me3 as was recently
reported (Margueron et al., 2009; Xu et al., 2010), but they are
also inhibited by H3K4me3 and H3K36me2/3. PRC2, as a single
biochemical entity, can thus integrate the information provided
by histone modifications with antagonistic roles in gene regula-
tion. While the biological network overseeing crosstalk between
active and repressive chromatin marks in vivo probably extends
beyond PRC2, including other chromatin modifiers such as
histone demethylases (e.g., see Yokoyama et al., 2010), we iden-
tified a regulatory logic switch in PRC2 that intrinsically
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separates active and repressive chromatin domains. Given the
dynamic nature of the nucleosome template that makes up
eukaryotic chromosomes, this circuitry probably equips PRC2
with the necessary precision to heritably propagate a repressed
chromatin state.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization

PRC2 proteins were recombinantly expressed and purified as described in
Scrima et al. (2008). All crystals were grown at 20-25°C by the hanging drop
vapor diffusion method. For Nurf55-Su(z)12 crystallization, a coexpressed
Nurf551_418 and Su(z)12,3_143 complex at 16 mg/ml was incubated for
10 min with 0.01% subtilisin prior to setup. Subsequently, 1 pl drops of protein
solution were mixed with 1 pl of reservoir solution containing 100 mM potas-
sium acetate and 2.1 M ammonium sulfate. For Nurf55-H3_49 crystallization,
Nurf55 protein was incubated with a ~5-fold molar excess of the H34_19
peptide for 30 min prior to crystallization. One microliter drops of a 22 mg/ml
protein solution were mixed with 1 ul of reservoir solution containing
100 mM sodium citrate (pH 5.4), 200 mM ammonium acetate, and 23% PEG
3350. A detailed description of the experimental procedures is available in
the Supplemental Experimental Procedures.

Binding Experiments

ITC and FP measurements were carried out as described in Grimm et al. (2007)
and Jacobs et al. (2004), respectively. A detailed description of the experi-
mental procedures is available in the Supplemental Experimental Procedures.

Nucleosome Assembly and Histone Methyltransferase Assay
Recombinant histones were expressed and purified (Luger et al., 1999) and
site-specific methylation reactions were carried out as described in Simon
(2010) and Simon et al. (2007). Histone octamers were reconstituted and
purified as described in Luger et al. (1999) and assembled into nucleosomes
by using the 601 sequence (Thastrém et al., 1999) during stepwise salt dilution
by dialysis. For the HMTase reaction mononucleosomes or 4-mer oligonucleo-
somes were incubated with the indicated amounts of PRC2 for 2 hr at 25°C in
the presence of S-adenosyl methionine and reaction products were analyzed
by western blotting. A detailed description of the experimental procedures is
available in the Supplemental Experimental Procedures.
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Figure S1. Crystal Structures of Nurf55-H3 and Nurf55-Su(z)12 Complexes

(A) Simulated annealing composite omit map (2mFo-DFc) of Nurf55-H3. H3, ;9 peptide
(green) in the c-site of Nurf55, contoured at / o.

(B) Simulated annealing composite omit map (2mFo-DFc) of Nurf55-Su(z)12- Su(z)1279.9
(magenta) in the Nurf55 S/H-site (yellow), contoured at / o.

(C) Unbiased mapping of Su(z)12 epitopes involved in Nurf55 binding.

The tetrameric PRC2 core complex was subjected to limited proteolysis using 1% subtilisin
for 1h at room temperature. The digestion was stopped by addition of 0.1 mM PMSF and the
digest immediately injected on a 25 ml Superdex200 column equilibrated with 50 mM
HEPES pH 7.4, 200 mM NaCl, 0.1 mM DTT. Upon injection of the digest, 500 pl fractions
were collected and rapidly frozen in liquid nitrogen. We then sampled fractions on the basis
of spectral counting, and in-gel tryptic fingerprinting using a largely non-quantitative mass
spectrometry approach (data not shown). This allowed us to identify those fractions enriched
in Nurf55, Su(z)12 and E(z). In order to determine which Su(z)12 fragments remained stably
bound to Nurf55 following subtilisin digestion, we focused on the fraction that retained the
highest sum of spectral counts for Nurf55. As this fraction eluted at an approximate molecular
weight of ~50-60 kDa, we assumed that the WD40 fold of Nurf55 is largely intact (as
expected for a folded domain) and associated with smaller peptide fragments derived from
Su(z)12. We note that ~35-40 kDa fragments of E(z) were present in this fraction as well.

We then performed a two-channel iTRAQ quantitative mass spectrometric anlysis in
order to quantify which Su(z)12 fragments are left following digest and gelfiltration. Protein
fragments from the gelfiltration fractions were fully digested with trypsin and extracted
peptides labeled with iTRAQ reagent 114 (Invitrogen). PRC2 core complex not subjected to
limited proteolysis, denoted as ‘control’, was processed in the identical manner and labeled
with iTRAQ reagent 117. Both tryptic fractions were combined and analyzed by liquid
chromatography—tandem mass spectrometry essentially as described in Huang et al., 2009.
Relative fold changes were calculated for all peptides identified with >1 spectra and a
probability score of >0.98 (PeptideProphet). Low iTRAQ values are indicative for peptides
that are under-represented in the gelfiltration fraction respective to the control sample and we
assume that those are not bound to NurfS55. Peptides that were not accessible to iTRAQ
quantification are labeled as "no iTRAQ quantification". Similarly peptides digested by
subtilisin on one end of the peptide, while being trypsin digested on the other were ignored in
this analysis due to the absence of reference spectra.

When examining iTRAQ fold-changes we find two portions of Su(z)12 above a
threshold of log(2)= -4 (highlighted in red). These comprise the Su(z)12 C-terminus including
the VEFS domain, and the extended NBE. We attribute the presence of the Su(z)12 C-
terminus to binding to E(z) fragments that co-migrated in this fraction. We independently
confirmed binding of these Su(z)12 C-terminal fractions to E(z) through binding experiments
in the absence of Nurf55 (data not shown; see also Ketel et al., 2005. The enrichment of the
Su(z)12 N-terminus comprising the NBE (peptides found cover Su(z)12 residues 48 to 135),
is in line with our mapping data (Figure S1D) and is in accordance with the Su(z)12-Nurf55
structure (Figure 2). The most significant fold-enrichment was observed at Su(z)12 residues
102-116, immediately C-terminal of the NBE. We note that the NBE is directly sampled
through Su(z)12 peptide 40-70, which was found only in the digested sample. Based on the
nature of the mass-spectrometry based approach we cannot make statements about regions in
Su(z)12 not covered in peptide space. The enrichment of the Su(z)12 NBE was also observed
when full analytical Asp-N digest of the subtilisin digest gel-filtration fraction was used (data
not shown).

(D) His-tagged Nurf55 and Strepll-tagged Su(z)1244.350 or Su(z)12144.350 Were co-expressed in
insect cells. While Su(z)12¢4.359 interacts with Nurf55, the Su(z)12144.350 construct is not able
to bind anymore.

(E) His-tagged Nurf55 and Strepll-tagged Su(z)124;359 were co-expressed in insect cells.
Although this Su(z)12 construct lacks the NBE, the two proteins co-purify in a pull-down
assay using Strep-Tactin resin, suggesting the presence of additional binding sites between
Nurf55 and Su(z)12.
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Figure S2. Measurement of Binding of H3 Peptides to Nurf55-Su(z)12 by Fluorescence
Polarization and Isothermal Titration Calorimetry

(A) Fluorescence polarization measurements of Nurf55-Su(z)12;,4; complexes carrying
different mutations in the Nurf55 binding site for H3. The Nurf55 mutations E130K, E183K,
Y185R (squares) result in loss of binding to a H31;5 peptide, compared to the wild-type
Nurf55-Su(z)125.143 control (circles).

(B) Fluorescence polarization assay showing that H3,,, peptides carrying either Lys9me2,
Lys9ac or Lysl4ac modification bind with comparable affinities as seen for the unmodified
peptide.

(C) ITC profile for the binding of an unmodified H3, ;5 peptide to Nurf55-Su(z)1243.143. Data
were fitted to a one-site model with stoichiometry of 1:1. The derived Kp value is 2.0 + 0.1
pM.

(D) ITC profile for the binding of a H3,;5sR2me2 peptide (0-NG,NG-asymmetric
dimethylarginine (aDMA)) to Nurf55-Su(z)127;.143. Data were fitted to a one-site model with
stoichiometry of 1:1. The derived Kp value is 4.8 + 0.0 uM.

(E) ITC profile for the binding of a H3,_;5-K9me3 peptide to Nurf55-Su(z)124;.143. Data were
fitted to a one-site model with stoichiometry of 1:1. The derived Kp, value is 4.5 £ 0.1 pM.

(F) ITC profile for the binding of a H3,.;5-K4me3 peptide to Nurf55-Su(z)12+3.143. Data were
fitted to a one-site model with stoichiometry of 1:1. The derived Kp value is 131.2 £ 31 uM.
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Supplemental Figure 3

Figure S3. Analysis of MLA-Containing Histone H3

(A) Coomassie staining of Drosophila (wt, H3Kc4me3, H3Kc36me3, H3Kc9me3,
H3Kc27me3, H3Kc36me2, H3Kc4meO, H3Kc36me0O) and Xenopus (H3K4A, H3K36A)
containing octamers run on an SDS-polyacrylamide gel after purification on a Superdex200
size exclusion column.

(B) Coomassie staining of recombinant PRC2 complexes (from left to right): Drosophila (dm)
PRC2, human (hs) PRC2, mouse (mm) wild-type and SUZ12 deletion complexes (552-741
and 439-741), Arabidopsis thaliana (at) EMF2 and VRN2 containing PRC2.

(C) Drosophila PRC2 HMTase assay using ''C-labled SAM and recombinant
mononucleosomes as substrate. On unmodified nucleosomes (lane 1) incorporation of "“C-
SAM can be detected. HMTase activity is significantly reduced when H3Kc4me3 modified
nucleosomes are used (lane 2). No incorporation is observed with H3Kc27me3 nucleosomes
(lane 3) or in reactions without PRC2 (lanes 4-7). The high molecular weight signal results
from automethylation of the PRC2 complex.

(D) HMTase assay with Drosophila PRC2 complex on peptide ligated mononucleosomes.
Recombinant Xenopus mononucleosomes (571 nM) containing unmodified histone H3
(H3A21C) or H3K4me3 (A21C) generated by native peptide ligation were used as substrates
in HMTase assays with the indicated amounts of Drosophila PRC2. Reactions were analyzed



as described in Figure 3B. The asterisk indicates cross-reactivity of the H3K27me3 antibody
with the H3K4me3 (A21C) histone; note that the same signal is present in lanes 6-10.

(E) HMTase assay with Drosophila mononucleosomes (571 nM) containing H3K4A,
H3Kc4me0, H3K36A, or H3Kc36me0 histones. Western blots were processed as described in
Figure 3B. The asterisk indicates the cross-reactivity of the H3K27me1/2/3 antibody to the
histone H3. The modifications show no significant inhibition of HMTase activity, indicating
that the effects seen with H3Kc4me3 and H3Kc36me3 nucleosomes are specific and not due
to the ML A modification.
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Figure S4. Electrophoretic Mobility Shift Assay (EMSA) and HMTase Assay with PRC2 and
Recombinant Mononucleosomes

(A) Unmodified and H3Kc4me3 modified mononucleosomes were incubated with increasing
amounts of PRC2 and analyzed on a 4% native polyacrylamide gel. A specific PRC2
nucleosome gel-shift was observed in a concentration dependent manner. Unmodified and
H3Kc4me3 modified nucleosomes exhibited comparable affinities, indicating that the
H3Kc4me3 modification does not affect the overall affinity of PRC2 for the nucleosome.

(B) Peptide based HMTase assay with modified peptides added in trans. HMTase activity of
human PRC2 complex on an unmodified H3,;44 peptide was measured by determination of
SAH concentration produced by the enzymatic reaction. Differently modified peptides (H3,.
21-K4me3-biotin, H3,,,-K9me3-biotin, H3,,.44-K27me3-biotin, H3,,44-K36me3-biotin, H4,.
30-K20me3) were added in trans to the reaction mix. While H3K27me3 resulted in stimulation
of HMTase activity, H3K4me3 and H3K36me3 modified peptides had little effect when
provided in trans. All modified peptides used in this study are subject to a low level of
inhibition with the unmodified H3 substrate peptide, when used at high concentration. This
also occurs with an H4 peptide used as control and we conclude that this inhibition is
unspecific. This effect became more pronounced as the reaction progressed, and hence the
H3K27 substrate concentration decreased. The observed curve shapes are identical for all
peptides, including H3K27me3. In the case of H3K27me3, however, inhibition happens on
top of the previously observed strong activation.

(C) Drosophila PRC2 HMTase assay with H3K27me3 peptide addition in frans. Unmodified
recombinant Drosophila 4-mer oligonucleosome array (left) or mononucleosomes (right) (571
nM nucleosomes in either case) were used as substrates in HMTase assays with 86 nM
Drosophila PRC2 in the presence of the indicated amounts of H3K27me3 peptide. The
reactions were analyzed as described in Figure 3B. The H3K27me3 peptide stimulates H3K27
trimethylation on oligonucleosomes, and some minor stimulation of H3K27 dimethylation is
also observed on mononucleosomes. PRC2 activity on oligonucleosomes is generally higher
than on mononucleosomes. Therefore, olignucleosomes but not mononucleosomes become
trimethylated in the absence of peptide addition even at low amounts of PRC2 (86 nM).
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Figure S5. HMTase Assays with Mouse PRC2, Nurf55 Mutants, and H3Kc9-Modified
Histones

(A) HMTase assay with mouse PRC2 complex and recombinant Drosophila 4mer
oligonucleosomes (36 nM). The reactions were analyzed as described in Figure 3B. While
mono-, di- and trimethylation are observed on unmodified nucleosomes, monomethylation is
reduced on H3Kc4me3 modified nucleosomes and no di- or trimethylation can be detected.
(B) PRC2 containing mutant Nurf55 disabled in H3-binding shows wild-type HMTase
activity. Recombinant Drosophila mono-nucleosomes (571 nM) containing unmodified H3
were used as substrates in HMTase assays with the indicated amounts of Drosophila PRC2
containing either wild-type Nurf55 or Nurf55°°°, Reactions were analyzed as described in
Figure 3B. The mutant and wild-type complexes mono-, di- and trimethylate H3K27 with
comparable efficiency on unmodified nucleosomes and are inhibited to an equal extent on
H3K4me3 modified nucleosomes.

(C) HMTase assay with Drosophila PRC2 on unmodified and H3Kc9me3 modified
mononucleosomes (571 nM). Western blots were processed as described in Figure 3B. The
complex shows comparable HMTase activity on both substrates. The asterisk indicates cross
reactivity of the H3K27me3 antibody with the H3Kc9me3 histone.
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Figure S6. Sensitivity towards H3K36me3 Is Conserved in Human and Plant Complexes
HMTase assay with unmodified and H3Kc36me3 modified nucleosomes. Human PRC2 (A)
and a plant EMF2-containing complex (B) are inhibited by Kc36me3 comparable to the
Drosophila complex. The plant VRN2-containing complex (C), in contrast, is insensitive and
shows comparable activity on unmodified and H3Kc36me3 modified nucleosomes. In the
case of human PRC2 571 nM mononucleosomes and for plant complexes 36 nM 4-mer
oligonucleosomes were used as substrate.

(D) HMTase assay with Drosophila PRC2 using an H3, 4s-biotin peptide as substrate. The
reaction was quantified by measurement of SAH produced. When a H3,4sK36me3 modified
peptide is used, no decrease in enzymatic turnover is observed, unlike with what was
observed with a H3, 4sK4me3 peptide (Figure 3A). It is not uncommon for enzymes working
on chromatin substrates to show specificity only on chromatin, whilst not being able to
function on isolated histone tail peptides. In those cases it was proposed that epitopes on the
nucleosome are required to guarantee proper positioning of the histone tail respective to the
active site.
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Protein Expression and Purification

All full-length PRC2 constructs were expressed in High Five insect cells utilizing the Bac-to-
Bac system (Invitrogen) according to the manufacturer’s instructions and purified by
sequential column based chromatographic methods. Full-length E(z) and Su(z)12 were cloned
into vectors with an N-terminal Strepll-tag, Nurf55, ESC and Su(z)1243.143 into vectors with
an N-terminal His¢-tag. Histone H4, 45 and mouse SUZ12 deletion constructs 439-741 and
552-741 were expressed as GST-tagged proteins in BL21(DE3) cells. Mutations in Nurf55
were introduced using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene).

For infection 2 x 1 L of High Five insect cells (4 x 10° cells/ml) were harvested by
centrifugation (1,500 rpm, 4°C,15 min) and resuspended in 15 ml of Baculovirus (P2 or P3
amplification state) per liter. The cells were incubated for one hour at room temperature prior
to resuspension in 4 x 1 L Sf-900 II medium that was supplemented with Penicilin and
Streptomycin (100 pg/ml). The cultures were grown in 2.5 L Fernbach flasks for 48 hrs at
27°C while shaking (150 rpm). BL21(DE3) cells were induced with 0.5 mM IPTG at OD 0.6
and grown over night at 20°C.

The cells were harvested by centrifugation (1,500 rpm, 4°C, 15 min) and the pellets
resuspended in lysis buffer (50 mM Tris, pH 8.0, 200 mM NaCl, 1 mM PMSF, 0.1% TritonX
100, 0.25 mM TCEP; approximately 200 ml total volume). Cells were disrupted by sonication
(8-10 times 20 sec, 60%, on ice) followed by ultracentrifugation (40,000 rpm, 4°C, 1.5 hrs,
Rotor: 45Ti). The supernatant contains the soluble protein and was used for subsequent
purification by chromatographic methods.

For affinity purification 25 ml NiNTA (Sigma), 25ml Glutathione Sepharose (GE
Healthcare) or 8 ml Strep-Tactin MacroPrep (IBA) were equilibrated first with lysis buffer.
The supernatant from the ultracentrifugation step was subsequently applied to the column. A
washing step was carried out with around 10 column volumes (CV) washing buffer (50 mM
Tris, pH 8.0, 200 mM NaCl, 0.25 mM TCEP) to remove bound proteins. Hise-tagged proteins
were eluted with washing buffer containing 100 mM imidazole, GST-tagged proteins with 10
mM Glutathione. For Strepll-tagged proteins elution buffer contained 2.5 mM D-
Desthiobiotin (IBA).

For ion-exchange chromatography Poros S0HQ resin (GE healthcare) was packed
into a HR16/5 (10 ml CV) column and chromatography was carried out with the AKTA
FPLC. The column was equilibrated with 4 CV of low salt buffer, the sample diluted to
around 80 mM NaCl with dilution buffer and loaded on the column with a flow-rate of 4
ml/min. A washing step was performed with 5 CV of low salt buffer, followed by elution with
a linear gradient from OmM to 700 mM NaCl over 15 CV with a fraction size of 5 ml. For
crystallization proteins were further purified by size exclusion chromatography on a
Superdex200 column. Relative UV absorption was recorded during the procedure and
subsequent analysis of peak fractions by SDS-PAGE verified the fractions containing the
proteins of interest. Prior to the following gel filtration step, the fractions containing the
proteins were pooled and concentrated, followed by flash-freezing in liquid N, and storage at
-80°C.

Crystallization and Structure Determination

Crystals were grown at 20-25°C by the hanging drop vapor diffusion method. For Nurf55-
Su(z)12 crystallization, a co-expressed Nurf55;45 and Su(z)12+;.143 complex at 16 mg/ml
was incubated for 10 min with 0.01% subtilisin prior to set-up. Subsequently 1 pl drops of
protein solution were mixed with 1 pl of reservoir solution containing 100 mM potassium
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acetate and 2.1 M ammonium sulfate. Crystals were harvested after 2 days and flash frozen in
crystallization buffer supplemented with 25% glycerol. For Nurf55-H3,19 crystallization,
Nurf55 protein was incubated with a ~5 molar excess of the H3, 14 peptide for 30 min prior to
crystallization. 1 pl drops of a 22 mg/ml protein solution were mixed with 1 pl of reservoir
solution containing 100 mM sodium citrate, pH 5.4; 200 mM ammonium acetate; 23% PEG
3350. For data collection crystals were cryoprotected in a solution containing 100 mM sodium
citrate, pH 5.4; 200 mM ammoniumacetate; 40% PEG 3350 and subsequently flash frozen in
liquid N,. Native data sets were collected at the Swiss Light Source, beamline X10SA, Paul
Scherrer Institut, Villigen, Switzerland. Reflection data were indexed, integrated, and scaled
using the HKL2000 package (Otwinowski and Minor, 1997). Nurf55-Su(z)12 and Nurf55-
H3,.9 crystallized in space group P2,2,2,, with a single and two complexes located in the
asymmetric unit, respectively. The structures were solved by molecular replacement using
Phaser (McCoy et al., 2007) with our previously determined 1.8 A structure of Nurf55 as a
search model (data not shown). Iterative cycles of model building and refinement were
performed using Coot (Emsley and Cowtan, 2004) and Phenix (Adams et al., 2010) or
BUSTER (Bricogne et al., 2009). The refined structures were verified using simulated
annealing composite-omit maps as implemented in CNS 1.2 with an omit ratio of 5%.
Structural Figures in this manuscript were generated with PyMol (DeLano Scientific,
http://www.pymol.org).

Fluorescence Polarization Measurements

The following peptides were used for fluorescence polarization measurements: H3, s,
ARTKQTARKSTGGKA-fluorescein (the fluorescein moiety was introduced site-specifically
at the C-terminus during peptide synthesis)
H3,5; (fluorescein) ARTKQTARKSTGGKAPRKQLATKAARKSAPA. The H3,3; peptide
was chemically labeled post peptide synthesis using NHS-fluorescein; single labeled species
were purified by RP-HPLC. FP assays were essentially carried out and analyzed as described
before (Jacobs et al., 2004). Titration series of protein in 10 ul 50mM HEPES pH 7.4, 150
mM NacCl, 0.25 mM TCEP with a final concentration of fluorescinated peptide of 1 nM were
read multiple times in 384 well plates on a Plate Chameleon II plate reader (HIDEX Oy).
Multiple readings and independent titration series were averaged after data normalization.

Isothermal Titration Calorimetry (ITC)

Isothermal Titration Calorimetry was carried out using a VP-ITC Microcal calorimeter
(Microcal, Northhampton, MA, USA). The Nurf55 protein was dialyzed overnight against
ITC buffer (20 mM Tris-Cl pH 8.0, 150 mM NaCl and 2 mM B-mercaptoethanol) before the
titration. The synthesized Su(z)127s5.03 (RHETNPIFLNRTLSYMKER) peptide was purified by
reverse-phase HPLC in the presence of trifluoroacetic acid, the dried peptide was treated with
freshly prepared 20 mM ammonium bicarbonate solution, lyophilized and resuspended in ITC
buffer. Experiments were carried out at 25°C. During titration, 12 pl aliquots of 427 uM of
Su(z)12 peptide were injected into a solution of 41.1 pM Nurf55 protein at time intervals of 5
minutes. For Nurf55 and Nurf55-Su(z)12 subcomplex binding to histone H3 tail peptides, 40-
50 uM protein in ITC buffer was titrated against ~1 mM histone peptide at 25°C. ITC data
was corrected for the heat of dilution by subtracting the mixing enthalpies from titrant
solution injections into protein-free ITC buffer. ITC data were analyzed using the program
provided by the manufacturer (Origin version 5.0), using a one-site binding model with a
stoichiometry of 1:1.

Peptide-Based HMTase Assay
For the assay 7 nM PRC2 were incubated with 1 uM H3,45 (unmodified or carrying

H4K4me3 or H3K36me3 modifications) or H3,;44 substrate together with 2 uM SAM in
reaction buffer (20 mM Tris pH 8.5, 0.5 mM DTT, 0.1% BSA, 0.01% Triton). To determine
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HMTase activity the concentration of SAH generated by the enzymatic reaction was
measured by LC-MS/MS using d4-SAH as internal standard. All experiments were
performed on an AB Sciex (Foster City, CA, USA) API 4000 triple quadrupole mass
spectrometer configured with a Shimadzu (Nakagyo-ku, Kyoto, Japan) LC-20AD liquid
chromatograph. A gradient separation of SAH was carried out on a Chromolith RP-18e
column (50 x 2 mm) with 0.1% formic acid in water as solvent A and 0.1% formic acid in
acetonitrile as solvent B at a flow rate of 0.8 ml/min. MRM transition ions for detecting SAH
and d4-SAH were m/z 385 -> 136 and m/z 389 -> 136, respectively with the same collision
energy of 28 eV.

Histone Expression, Purification, Methylation, and Octamer Assembly

Drosophila histones were expressed in BL21(DE3) PlysS E.coli and purified through a Hi-
Trap Sepharose SP-FF ion exchange column. Histone H3 used in the different methylation
reactions carried a background mutation of C110A and K-> C mutations at position 4, 9 or 36
on the N-terminal tail (Kc4, Kc9, and Kc36, respectively). The site-specific methylation
reactions were carried out as described in Simon, 2010 and Simon et al., 2007 and the
efficiency of the reaction was analyzed by Q-TOF mass spectrometry analysis. The octamers
were reconstituted by mixing and refolding the core histones in equimolar ratio and purified
using a Superdex200 size exclusion column (Luger et al., 1999).

Nucleosome Assembly and Histone Methyl-Transferase Assay

For mononucleosome assembly, histone octamers were assembled onto a 201 bp ‘601° DNA
template (Thastrom et al., 1999) in the ratio of 1.2 ug octamer per 1 pg DNA in a volume of
10 pl with 2 M NaCl, 10 mM Tris-Cl pH 8.0, 0.1mM EDTA, 10 mM pB-mercaptoethanol.
After incubating at room temperature for 30 minutes, the nucleosomes were dialyzed
successively against 1.2 M NaCl, 1 M NaCl, 0.8 M NaCl, 0.6 M NaCl for two hours each at
4°C and overnight against 0.1 M NaCl buffer. For 4-mer oligonucleosome assembly, octamers
were assembled on the 4 repeats of the 201 bp ‘601’ DNA in the ratio of 1.4 pug octamer per 1
ng DNA. The same protocol as for mononucleosome assembly was followed. The assembled
nucleosomes were pre-warmed for 1 hour at 37°C prior to starting the HMTase reaction. The
assay was carried out in a reaction volume of 35 ul, where mononucleosomes or 4-mer
oligonucleosomes (as indicated in the figure) were incubated with the indicated concentration
of the purified PRC2 complex and 2150 pmol S-adenosylmethionine for 2 hrs at 25°C in
reaction buffer (10 mM HEPES pH 7.9, 100 mM NacCl, 0.25 mM EDTA (pH 8.0), 10 mM
DTT, 2.5 mM MgCl,, 5% Glycerol). The reaction was stopped by adding 10 pl of 4xSDS-
loading buffer and boiling the sample for 5 min. 3 pl of this sample were used per western
blot. Western blot analysis was carried out using antibodies specific to H3K27mel (Millipore
#07-448), H3K27me2 (Millipore #07-452) and H3K27me3 (Millipore #07-449) in 1:3000
dilution. a-H4 (Abcam #ab10156) was used at 1:100,000 as a loading control. For
quantitative western blotting, the blots were incubated in 1:1000 diluted Goat anti-rabbit
Alexa 546 antibody (Invitrogen A-11010) for 2 hrs. Blots were washed and scanned using the
fuji FLA7000 phosphoimager. The quantification then was done using the Multigauge
software.

Eletrophoretic Mobility Shift Assay

Histone octamers were assembled onto a 201bp ‘601° DNA template in the ratio of 1.2 ug
octamer per 1 pg DNA (100,000 cpm of **P-dCTP labeled ‘601’ DNA was mixed with 1 pg
of unlabeled DNA prior to assembly) in a volume of 10 pl with 2M NaCl, 10 mM Tris-Cl pH
8.0, 0.1 mM EDTA, 10 mM B-mercaptoethanol. After incubating at room temperature for 30
minutes, a step-wise salt dilution with 10 mM Tris-CI pH 8.0, 0.1 mM EDTA containing 2
mg/ml BSA was carried out till the final salt concentration of 100 mM NaCl was reached. The
nucleosomes were pre-warmed at 37°C for 2 hrs. 0.35 pmol of nucleosomes were incubated
with 0 - 2 pmol of PRC2 complex in 25 ul binding reactions (10 mM Tris-Cl pH 8.0, 100 mM
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NaCl, 10% glycerol) for 1 hr at 25°C. Binding reactions were then analyzed on native 4%
0.5X Tris—borate 60:1 polyacrylamide gels. Gels were fixed in 10% methanol, 10% acetic
acid for 15 min, washed with dH,0, vacuum dried and exposed for autoradiography.
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3.2 The structure of Nurf55 bound to residues 1 to 30 of histone H3 -
context-dependent specificity and plasticity of NurfS5
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Abstract

The Nurf55 subunit is found in more than six chromatin modifier complexes. Its detailed
molecular role remains unclear at present. Here we present the crystal structure of Nurf55 in
complex with the first 30 residues of the very N-terminus of histone H3. The H3 tail binds
through the canonical WD40 ligand binding interface (c-site), supported by a binding site
located on the side of the propeller (S/H-site). Binding of the full H3 tail is mutually exclusive
with all previously characterized Nurf55 substrates (Fog-1, Su(z)12 and histone H4). Nurf55
binds these histone and non-histone substrates with comparable affinity. We propose a model
whereby Nurf55 serves in the specific recognition of structurally and functionally unrelated
substrates. The absolute specificity of Nurf55 is not a property of the subunit itself, but

depends on the molecular environment Nurf55 operates in.
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Introduction

Drosophila Nurf55 (also known as p55, RbAp48/46 or RBBP4/7 in mammals, and MSI1 in
plants) is a member of the WD40 protein family. WD40 proteins are typically ligand binding
modules involved in the specific recognition of proteins, sugar and nucleic acids (Xu & Min,
2011). Nurf55 is a particularly promiscuous family member and highly conserved from yeast
to man. It is known to serve in histone methyltransferase complexes including the polycomb
repressive complex 2 (PRC2) (Cao et al, 2002; Czermin et al, 2002; Kuzmichev et al, 2002;
Miiller et al, 2002), the nucleosome assembly factor Caf-1 (Tyler et al, 1996; Verreault et al,
1996), ATP-dependent remodeling within the NURF and NuRD complexes (Hassig &
Schreiber, 1997; Kuzmichev et al, 2002; Xue et al, 1998; Zhang et al, 1998; Zhang et al,
1999), histone acetylation catalyzed by Hatl (Parthun et al, 1996) and histone deacetylation
within the HDAC1 complex (Taunton et al, 1996). In addition, RbAp48/46 co-purifies with
human HJURP and centromeric CenH3 "

CenH3“"* deposition (Dunleavy et al, 2009; Foltz et al, 2009), with its ortholog Mis16

and has been implicated as histone chaperone in

serving in a related pathway in Saccharomyces pombe (Hayashi et al, 2004; Pidoux et al,
2009). Interestingly, the exact nature of the histone substrate acted on by Nurf55 differs
significantly: while Caf-1 binds H3-H4 tetramers, Hatl targets H3-H4-dimers or -tetramers,
and PRC2 and NuRD complexes function on fully assembled nucleosomes (Suganuma et al,

2008).

Considering the multitude of Nurf55-containing complexes and the different kinds of
histone substrates it is not surprising that Nurf55 possesses at least two substrate recognition
sites. Recent structural studies have identified two major binding interfaces on Nurf55:
histone H4 is bound via a pocket formed by helix al and the PP-loop on the side of the WD40
propeller (Murzina et al, 2008; Nowak et al, 2011; Song et al, 2008). The same binding site
(hereafter referred to as S/H-site) is used to attach Nurf55 to the PRC2 core complex, by
interacting with a conserved region in the N-terminus of Su(z)12 (Schmitges et al, 2011).
Binding of Su(z)12 and histone H4 to the S/H-site is mutually exclusive. A second binding
site is provided by the canonical WD40 ligand binding interface located on the flat face of the
WDA40 propeller (c-site). This site has been shown to bind to the N-terminus of the GATA-1
cofactor Fog-1 (Lejon et al, 2011) and the unmodified N-terminal tail (residues 1-19) of
histone H3 (Schmitges et al, 2011). The binding affinity for histones and non-histones to the

c-site 1s ~1uM, a range typically observed for epigenetic reader domains. Interestingly, the

59



Nurf55 c-site is unable to recognize peptides carrying an H3K4me3 modification thereby

serving as a reader sensitive to epigenetic marks (Schmitges et al, 2011).

While mutational studies clearly demonstrate a biological role of Nurf55 in Hatl
(Song et al, 2008), NuRD (Lejon et al, 2011) and PRC2 function (Anderson et al, 2011), it is
enigmatic how Nurf55 can serve as a specific binding platform for each of those very
different substrates. No common substrate consensus has been derived for Nurf55. In fact,

Nurf55 is frequently assumed to function as a structural component of these complexes.

Here we present the structural basis of Nurf55-mediated recognition of the entire
histone H3 N-terminal tail. The 2.1 A structure shows Nurf55 bound to residues 1-42 of
histone H3 peptide (hereafter referred to as H3.42), occupying both the S/H-site and the c-site.
This new binding mode is not compatible with the binding of H4, Su(z)12, Fog-1, or H3_;s.
We present evidence that H3 can be bound in two registers, with residue H3K4 at the c- or
S/H-site, respectively. The data presented suggest that binding of the different Nurf55
substrates, and hence the different binding modes, are mutually exclusive each depicting a
different working mode of Nurf55. Specificity is provided by the complex partners
surrounding it. While Nurf55 is promiscuous, having a broad R(x)K substrate consensus for

its c-site, it nevertheless recognizes different substrates in a specific fashion.
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Results

Histone H3 is able to bind to the Nurf55 c-site and S/H-site

The previously reported structure of Nurf55-H3,.19 detailed the specific interactions between
the first 11 amino acids of histone H3 and the Nurf55 c-sife. In the structure H3 residues Arg2
and Lys4 are held in an acidic binding pocket close to the central cavity of the propeller
(Schmitges et al, 2011). Consequently, we observed that a Nurf55-Su(z)12 complex carrying
a N132K mutation in the acidic c-site pocket, was unable to bind to a synthetic histone H3;.3;
peptide (Figure 1). However, Nurf55ni3x alone, i.e. with its S/H-site unoccupied,
surprisingly bound the H3,.3; peptide with an affinity similar to that of wild-type Nurf55. This
prompted us to investigate the possibility of different binding modes for H3 peptides.

The structure of histone H3 residues 1 to 42 bound to Nurf55

We co-crystallized Nurf55 in the presence of a recombinant histone H3,.4; peptide (Tablel).
The structure was refined to 2.1 A resolution showing clear density mF,-DF, for H3 residues
1 to 32 (Supplemental Information 1). The recombinant peptide still contains a linker
sequence of eight amino acids on the N-terminus that is not visible in the structure. The
remaining amino acids from residues 33 to 42 are disordered. In contrast to the previously
published Nurf55-H3;.19 model, H3,.4, occupies both S/H-site and c-site simultaneously
(Figure 2A-D). Binding proceeds with a concomitant change in binding register placing
residues R26 and K27 at the c-site (Figure 2A-C). Binding of H3,4, to Nurf55 induces an
alpha-helical conformation in H3 residues 3 to 10 (designated H3,0). The most extensive
interactions between H3,9 and Nurf55 are formed via R8 contacting the C-terminal part of the
PP-loop where it hydrogen bonds to the Nurf55 backbone residues L370, P367, G366 and
D362 (Figure 2D).

Hydrophobic interactions mediate substrate binding in the S/H-site

Helix H340 occupies the same binding cleft as the previously mapped binding epitope of H4
and the Su(z)12 Nurf55-binding epitope (NBE, Figure 3A-D). The helical structures of H3
and H4 are well superimposable, but differ from the conformation of the Su(z)12 peptide
backbone (Figure 3B). Compared to the histone helices Su(z)12 NBE is shifted towards the
helix al of Nurf55, stabilized through additional hydrophobic interactions of its side chains.
Importantly, the binding modes differ in their orientation. While H3,.4, and H4 have their N-

61



terminus close to the bottom of the WD40 propeller and continue up towards the c-site, the
Su(z)12 NBE is bound with opposite directionality. The location of the H3R8 guanidinium
group is reminiscent of that of Arg85 in Su(z)12 and Arg39 in H4 (Figure 3B). Apart from
that the three binding epitopes have little in common and no consensus sequence can be
determined. Of note are the superimposable side chains of H3K4 and H3K9 on the hand and
H4R35 and H4R40 on the other hand which are, however, all solvent exposed. The bulk of
interactions is mediated by hydrophobic interactions in all three structures, further supported
by hydrogen bonding of Nurf55 with the peptide backbones. In the Nurf55-H3,.4, structure
the side chains of Arg2 and Lys4, which form the majority of contacts in the Nurf55-H3_9
structure are solvent exposed. Residues 15 to 22 form a loop at the top edge of the propeller,
packing against Nurf55 helix al before connecting the c- with the S/H-site (Figure 2B).
Stabilization of this loop is provided by H3R17 contacting the backbone oxygen of H3
residues Alal5 and Thr22, thereby clamping the loop in a tight 90° turn.

The plasticity of the c-site allows different binding registers for the histone H3 tail

H3,.4 residues Thr22 to Thr32 cross the propeller at the c-site in a path and orientation
similar to that seen for H3,.;9 and Fog-1 (Figure 3A). In contrast to H3,_;9, however, H3, 4,
positions residues Arg26 and Lys27 in the c-site. This R(x)K consensus sequence is also
shared with the Fog-1 peptide: the g-amino group of H3;4K27/H3,.9K4 and the
guanidinium-group of H3,4,R26/H3,.19R2 are found in similar positions as those of Fog-1
Arg3 and Lys4 (Figure 3A). Differences in spacing due to the interspersed Thr3 in H3,.j9 are
off-set in H3,.4, and Fog-1 by the arginine residue projecting away from the lysine, while in
contrast the side chains of Arg2 and Lys4 are oriented in parallel. The peptide backbone of
H3,.j9 stays at the propeller surface, keeping the T3 residue solvent exposed, while H3;.4, and
Fog-1 are buried deeper in the binding pocket. The pocket engaged by the amino terminus of
H3.19 1s occupied by the g-amino group of H3,.4,K23 and by the guanidinium-group of Arg2
of Fog-1. Apart from the R(x)K motif the three binding epitopes share no real consensus
sequence (Figure 3E). GIn5 and Lys9 of H3,._j9 are superimposible with Gln6 and Argl0 of
Fog-1, respectively. However, these residues are solvent exposed and interactions outside of
the R(x)K site are mainly mediated by the peptide backbone. Thus, various peptides, with
very different primary sequences, are bound at the S/H- and c-sites with a considerable degree

of plasticity.
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Based on our work, two different binding registers have been observed with H3
peptides of different lengths. The two binding modes have been validated by binding
experiments in vivo and we hypothesize that both exist in parallel in vivo but in the context of
different complexes. The H3,.;9 mode is the only possible way to bind H3 while the S/H-site
is occupied: fluorescence polarization (FP) experiments have demonstrated that H3;.;9 and
H3,.3; can interact with a Nurf55-Su(z)12 complex; an H39.35 peptide, however, showed no
binding (Schmitges et al, 2011) indicating that the H3R26/K27 interaction with the c-site is
not sufficient for stable binding. On the other side, the H3,.4; binding register described in this
study is the only possible mode when binding of H3R2/K4 to the c-site is impeded by (i)
mutations or (i1) methylation of H3K4: (i) H3,.3; is able to bind Nurf55y;32x alone but not in
the context of the Su(z)12 complex (Figure 1), again demonstrating the importance of the
S/H-site for this interaction. (i) H3;,sK4me3 still binds to Nurf55 if the S/H-site is available
(Nowak et al, 2011).
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Discussion

Nurf55 is a versatile H3/H4 chromatin binder

Recent structural studies have described two binding interfaces on the Nurf55 WD40 domain,
each with 3 potential binding partners: histone H4 (Murzina et al, 2008; Nowak et al, 2011;
Song et al, 2008), Su(z)12 (Schmitges et al, 2011) and histone H3,4, (this study) are
recognized through the Nurf55 S/H-site, while histones H3;_19 (Schmitges et al, 2011), H3,.4,
(this study) and Fog-1 (Lejon et al, 2011) bind to the c-site. Additional binding sites most
likely exist on the B-propeller connecting Nurf55 to the core of the six known Nurf55-
containing complexes. The affinities for those binding partners that utilize the c-site lie in the
low micromolar range (see H3,.;9 and Fog-1 studies), while those solely occupying the S/H-
site (H4 and Su(z)12) appear to be bound slightly tighter (Nowak et al, 2011; Schmitges et al,
2011).

Mutations of Nurf55 prove functional relevance of Nurf55 in different complexes

Several mutational studies have investigated the role of Nurf55 both in vitro and in vivo:
disruption of the H4-interaction has been reported to interfere in vitro with histone acetylation
in the context of the Hatl complex (Song et al, 2008). The association of Nurf55 with
deacetylation activity was observed in co-immunoprecipitation experiments using Drosophila
embryos (Tyler et al, 1996). Loss of Su(z)12 binding leads to dissociation of Nurf55 from the
PRC2 core complex (Song et al, 2008), and knockout of Nurf55 in Drosophila results in
reduction of H3K27me3, characteristic for PRC2 malfunction (Anderson et al, 2011). In
general, mutational studies in flies and plants (Anderson et al, 2011; Hennig et al, 2003)
reported pleiotropic phenotypes reflecting the various biological roles of Nurf55. Together
these findings raise the question how Nurf55 is able to recruit the correct binding partner for

any given function.

Determinants of Nurf55 substrate specificity

Histone H4 helix 1 has significantly higher affinity for the S/H-site compared to the H3 N-
terminal tail. When Nurf55 is confronted with H3/H4 dimers (or tetramers) competing for the
S/H-site, the H4-S/H-site interaction is expected to dominate. Yet H4 helix 1 is not accessible
in fully assembled nucleosomes (Luger et al, 1997). Therefore, Nurf55 in the PRC2 complex,
which targets assembled nucleosomes, binds to H3. In the PRC2 complex Su(z)12
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constitutively occupies and blocks the S/H-site (Schmitges et al, 2011) and thereby enforces a
register where H3K4 is bound to the c-site. If both ¢- and S/H-sites are available, however,
Nurf55 is expected to bind the entire H3 tail of assembled nucleosomes using both c- and

S/H-sites (Figure 3D).

An additional level of specificity of Nurf55 binding may be provided by cooperative
interactions between other complex components and its substrate: in the NuRD complex both
Nurf55/RbAp48 and MTA-1 simultaneously bind to different Fog-1 molecules in the same
region (Lejon et al, 2011). Yet, Fog-1 binding to Nurf55/RbAp48 is not observed in the
absence of MTA-1. A single Nurf55-substrate interaction (i.e. Nurf55-Fog-1; Nurf55-H3)
may therefore by itself be too weak. Additional weak interactions (e.g. Fog-1-MTA-1
complex, Su(z)12-chromatin) may be needed to specifically recruit the complex to its target
site. Each Nurf55 binding mode thereby represents a different "life" of Nurf55 determined by

the macromolecular context it functions in.

Context-dependent specificity of WD40 propellers, a more general property?

While most WD40 proteins are regarded as specific recognition modules serving in binding of
only one type of substrate, we wondered whether other examples of context specificity exist.
The epigenetic reader WDRS has been identified as a core component of the MLL1 complex
(Wysocka et al, 2005) but is also associated with various histone acetyltransferase complexes
(Suganuma et al, 2008). The c-site of this WD40 propeller was first shown to recognize
histone H3 (Couture et al, 2006; Han et al, 2006; Ruthenburg et al, 2006; Schuetz et al, 2006).
Later the same binding site was found to interact with the MLL1 SET-domain (Patel et al,
2008; Song & Kingston, 2008). Although these peptides show a more pronounced primary
sequence consensus than that seen for Nurf55 substrates, they nevertheless differ
significantly. Yet, MLLI and H3 are recognized by WDRS with similar affinity. In analogy to
Nurf55, we thus hypothesize that other WD40 proteins, such as WDRS, exist whose
specificity is context-dependent. Their binding properties are expected to provide a low
affinity binding platform, which can be easily customized for targeting and regulatory

purposes in a given complex.
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Experimental Procedures

Protein Purification and Crystallization

PRC2 proteins were recombinantly expressed and purified as described (Schmitges et al,
2011). Recombinant histone H3; 4, was expressed with an N-terminal 6xHis-tag. The tag was
removed by cleavage with Tobacco Etch Virus (TEV) protease leaving an eight amino acid
linker (GAHMSGRM-). Crystals were grown at 20-25°C by the hanging drop vapor diffusion
method. Nurf55 protein was incubated with a ~5-fold molar excess of recombinant H3 .4,
peptide for 30 min prior to crystallization. 1ul drops of a 16 mg/ml protein solution were
mixed with 1 pl of reservoir solution containing 100 mM MES, pH 6.5 and 40% PEG200. A
detailed description of the experimental procedures is available in the Supplemental

Experimental Procedures.

Fluorescence polarization measurements

For fluorescence polarization measurements the H3;3; peptide (fluorescein-
ARTKQTARKSTGGKAPRKQLATKAARKSAPA) was chemically labeled post peptide
synthesis using NHS-fluorescein; single-labeled species were purified by RP-HPLC. FP
assays were essentially carried out and analyzed as described before (Jacobs et al, 2004).
Titration series of protein in 10 ul 50 mM HEPES pH 7.4, 150 mM NaCl, 0.25 mM TCEP
with a final concentration of fluorescinated peptide of 1 nM were read multiple times in 384
well plates on a Plate Chameleon II plate reader (HIDEX Oy). Multiple readings and

independent titration series were averaged after data normalization.
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Figure Legends

Figure 1: Binding of Nurf55 to a histone H3,.3; peptide quantified by FP.

Wildtype Nurf55 binds to a histone H3,.3; peptide with an affinity of 2.2 + 0.2 uM (black). A
N132K mutation in the Nurf55 c-site (blue) has only little effect while the same mutation in

the context of the Nurf55-Su(z)1273.143 complex (red) results in a loss of binding.

Figure 2: Crystal structure of Nurf55 in complex with a histone H3,.4, peptide.

(A) Ribbon representation of Nurf55-H3.4,. Nurf55 is shown in rainbow colors and H3;.4; is

depicted in cyan. The peptide occupies both the S/H- and the c-site of the WD40 propeller.

(B) Nurf55 S/H-site with the H3,.4, peptide (cyan) bound between the helix al and the PP-
loop.

(C) Histone H3_4; residues K23, R26 and K27 are bound to the Nurf55 c-site.

(D) Schematic representation of interactions between Nurf55 (yellow) and histone H3;.4

(cyan) in the S/H-site (top panel) and the c-sife (bottom panel).

Figure 3: Comparison of different Nurf55 binding modes.

(A) Upper panel: Overlay of histone H3,.19 (green) and H3,.4, (cyan) bound to the Nurf55 c-
site. Lower panel: Overlay of Fog-2 (pink) and H3;.4, (cyan) bound to the Nurf55 c-site. Note
that the arginine and lysine residues of H3,.j9 are bound in a similar fashion but in a different

register compared to the other peptides.

(B) Overlay of histone H3,.4, (cyan), Su(z)1279.9; (magenta) and histone H43;4; (orange) in
the Nurf55 S/H-site. All three epitopes contain prominent arginine residues that are

recognized by the same binding pocket.

(C) Histone H3,.19 (green) binds to the c-site while Su(z)1279.9; (magenta) binds to the S/H-

site. The binding sites are independent and both peptides can bind at the same time.

67



(D) Histone H3;.4> occupies both the S/H- and the c-site, the binding epitopes are connected
by a loop. This binding mode is not compatible with Su(z)12 or histone H4 binding.

(E) Sequence alignment of the peptides that bind to the Nurf55 c-site. Apart from the R(x)K

motif (red) no consensus sequence can be determined.
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Table 1: Crystallographic data and refinement statistics

Nurf55 - H31_42

Space group P2,
Unit cell dimensions

a, b, c(A) 65.57 58.97 67.00

B 99.36
Resolution range (A) 66.1 — 1.9 (1.909-1.900) *
Percent complete 96.7 (74.0)"
Redundancy 5.03.7)*
Ry 0.066 (0.547)*
I/ol 17.5(2.5)"
Resolution (A) 1.9
No. reflections 38506
Ryori | Riree 0.165/0.191
No. atoms 3645
B-factors (A%

Protein 36.0

Water 41.9
R.m.s. deviations

Bond lengths (A) 0.010

Bond angles (°) 1.120

*The values for the data in the highest-resolution shell are shown in parentheses.
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Supplemental Figure 1

Crystal structures of Nurf55-H3, 4,

(A) Simulated annealing composite omit map (2mFo-DFc) of Nurf55-H3,_4,. The H3,.4, peptide (cyan)
in the S/H-site of Nurf55 is contoured at / o

(B) Simulated annealing composite omit map (2mFo-DFc) of Nurf55-H3, 4. The H3, 4, peptide (cyan)

in the c¢-site of Nurf55 is contoured at / o .
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5. General Discussion

5.1 Bistability

Biological systems are frequently regulated through bi- or multistable switches. These
regulatory systems allow to populate one of two or more basic states. Biological switches
execute fundamental decisions about life and death of a cell (Bagci et al, 2006; Cui et al,
2008; Ho & Harrington, 2010), cell division (Ingolia, 2005), cell fate and differentiation (Yan
et al, 2009) and neuronal signaling (Lee & Heckman, 1998; Malashchenko et al, 2011). While
the switch stably retains a given state for prolonged periods of time, it needs to respond
swiftly to appropriate external stimuli, triggering the transition into another local energetic
minimum. The activation energy required to overcome the barrier between these different
ground states allows simultaneous integration of positive and negative signals. In addition, it
provides the system with a certain degree of memory, as it will retain the current state even in

the absence of the initiating stimuli, until a new signal reverses the status quo.

5.2 Components of bistable systems

Positive feedback loops are a central element of all bistable switches (Ferrell, 2002). They
ensure that no intermediate states can exist. Once a threshold is reached, the signal
amplification will enforce adaptation of a new ground state. A ground state represents a local
minimum, which is separated from other local minima through a kinetic barrier. The positive
feedback loop allows to overcome this barrier in a unidirectional fashion, and thus prevents
rapid fluctuations between multiple states. The signal threshold further acts as a filter, which
blocks activation through small stimuli making the system more inert. The positive feedback
loop, however, also comes with inherent problems: continuous signal amplification is
expected to result in signal explosion (Wilhelm, 2009). A circuit breaker is thus required
delimiting an otherwise endless amplification. My work on the PRC2 complex has revealed
such a circuit breaker in the process of the epigenetic inheritance of transcriptional signatures.
In this discussion I will first review classical switches in cell biology and classical epigenetic
switches, and then contrast those with our findings regarding the activation and inhibition of

the PRC2 complex.
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5.3 Classical switches in cell signaling and apoptosis
5.3.1 Unidirectionality in cell biological switches

The best-characterized biological feedback loops are found in the cell cycle. They safeguard
the transition between the different phases of the cell cycle and halt transition through cell
division until processes such as replication and repair are properly initiated and completed.
Importantly these feedback loops ensure that the cell cycle only proceeds in one direction; a
reversal would lead to serious chromosomal abnormalities. The center of cell cycle control
consists of a network of cyclins and cyclin-dependent kinases (CDKs). Cyclins are the
regulatory subunits which bind to the kinases and by phosphorylation activate or inhibit
downstream target proteins. The onset of mitosis is regulated by phosphorylation and
dephosphorylation of the kinase Cdc2. Phosphorylation of Cdc2 by the kinase Weel keeps it
in an inactive state. Upon activation, Cdc2 is able to phosphorylate and thereby inactivate its
own inhibitor Weel and at the same time to activate the phosphatase Cdc25 which keeps
Cdc2 in an active state. Cdc2 activity is essential for DNA replication initiation and
centrosome duplication. Once active, Cdc2 is able to counteract its own inactivation, thereby
creating a positive feedback that prevents the cycle from slipping back into interphase (Sha et
al, 2003). The filter and circuit breaker in this system are both found in form of the Cdc2 co-
activator cyclin B. The concentration of cyclin B is a crucial threshold for Cdc2 activation in
the first place. Once activated, the positive feedback loop of Cdc2 is limited by a negative
feedback where Cdc2 drives degradation of cyclin B via phosphorylation of Fizzy.

5.3.2 Thresholding in biological systems

The programmed cell death, or apoptosis, is a key process in development, regeneration and
protection from cancer and infections. Its initiation is tightly controlled by decision-making
circuits that allow the integration of pro- and antiapoptotic signals in the formation of the
apoptosome (Bagci et al, 2006). In the canonical pathway the permeability of the
mitochondrial membrane constitutes an important threshold that is modulated by pro- and
anti-apoptotic proteins (Green & Reed, 1998). While this filter tolerates low levels of DNA
damage or toxins that do not pose a threat to the cell, significant damage causes mitochondrial
depolarization. The release of cytochrome ¢ and pro-apoptotic proteins from the mitochondria

eventually marks the point of no return and the start of the degradation of the cell. Positive
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feedback loops execute the decision downstream of mitochondrial depolarization and prevent
abortion of the cell death program. Small amounts of cytochrome c trigger calcium release
from the ER, which in turn leads to the mass exodus of cytochrome ¢ from the mitochondria

(Boehning et al, 2003).

5.3.3 Feedback present in enzymatic complexes

Positive feedback loops have also been described for enzymes serving in the regulation of
enzymatic activity and processivity. The kinase Hck is a member of the Src family of
tyrosine-protein kinases that plays an important role in the transmission of cellular responses
to extracellular stimuli (Brown & Cooper, 1996). In addition to its Src kinase domain Hck
harbors the regulatory SH2 and SH3 domains. The SH2 domain of Hck has been shown to
bind specifically to sites phosphorylated by the Hck kinase domain (Pellicena et al, 1998).
The creation of high affinity SH2 binding sites by kinase activity increases the local Hck
concentration, constituting a positive feedback that promotes the processive phosphorylation

of target proteins.

5.4 Positive feedback loops in transcriptional regulation

How do these regulatory circuits apply to the regulation of gene expression? Gene expression
is a tightly regulated and highly dynamic process. Under steady-state conditions the
transcriptional state is faithfully maintained over many generations of cell division, while
activation, or silencing, of genes occurs quickly in response to specific cues, e.g. during
differentiation or in response to changing environmental conditions. Bistable switches have
clear advantages in transcriptional regulation as they supply a long-term memory that can be
defined and maintained at the onset of differentiation (Fischle et al, 2003a; Grunstein, 1998;
Micheelsen et al, 2010; Sneppen et al, 2008). Chromatin modifications are deposited by large
multi-protein complexes (reviewed in Taverna et al, 2007; Wang & Patel, 2011; Yun et al,
2011) and the transcriptional state appears to strongly correlate with the type of modification
present in a chromatin region (Jenuwein & Allis, 2001). DNA replication is a potentially
destabilizing event for epigenetic regulation: the histones of the original DNA strand are
distributed on to the daughter strands and new histones are incorporated to fill in the gap

(Annunziato, 2005). The regulatory machinery has to ensure that histone modifications are
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copied quickly and faithfully to the daughter strand thus preventing dilution and eventual loss
of the epigenetic information. Based on this study and others, a very attractive hypothesis is
beginning to emerge, where the marks present on old histones are used as templates:
activating modifier complexes are targeted to active chromatin marks, while repressing
modifiers are targeted to silenced regions. Positive feedback loops would thereby be provided
with the necessary signal to faithfully replicate epigenetic signatures (Figure 2). In the
following sections I will review our present understanding of this process, focusing on our
current knowledge concerning the inheritance of biological states and the involvement of

positive feedback loops in this process.

silent
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Figure 2: Model for propagation of epigenetic marks. Nucleosomes with repressive
chromatin modifications help to maintain silent chromatin (light blue, M=modified),
active chromatin marks (red, A=anti-modified) in contrast consolidate an active chromatin

state (taken from Micheelsen et al, 2010).
5.5 Establishment and maintenance of heterochromatin in yeast and mammals

Saccharomyces cerevisiae has long served as a model for inheritance and spreading of
heterochromatin. Silencing of the mating type locus is mediated by Sir proteins. Initial
binding of a Sir protein complex at the silencer leads to deacetylation of neighboring H3 and
H4 tails by the NAD-dependent histone deacetylase Sir2 (Hoppe et al, 2002; Rusche et al,
2002; Sedighi & Sengupta, 2007). The hypoacetylated histone tails provide high affinity
binding sites for Sir3 and Sir4 proteins which in turn recruit further Sir2 deacetylase
molecules and can lead to the sequential spreading of heterochromatin domains. The
requirement for specific initiaton factors such as Sirl and the origin recognition complex can
be understood as the filter that prevents spontaneous formation of heterochromatin (Fox et al,
1997). The spreading is driven independently of these factors by a feedback loop in which the
Sir proteins create their own recruitment platform. Limitation of the spread is, however, easy

in this system due to the short range of Sir2 deacetylation. Short patches of nucleosome-
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depleted DNA, or the localized activity of a histone acetylase, have been suggested to deprive
the Sir complex of its binding platform and to serve thereby as a circuit breaker. This is in
agreement with observations that silencing by Sir proteins is tightly limited to the target
domain (Rusche et al, 2002). Spreading of the Sir2,3,4 complex and associated histone
deacetylation is additionally counteracted at telomeres by the action of telomeric proteins, in a

fashion that is believed to be independent of chromatin marks.

Epigenentic switches also regulate the maintenance of heterochromatin in mammals.
Constitutive heterochromatin is enriched in trimethylated H3K9 (H3K9me3), which in
mammals is mediated by the SUV39HI and SUV39H2 enzymes (Peters et al, 2001).
Members of the HP1 family are mediators of gene silencing known to bind heterochromatin
via the specific interaction of their chromodomain with the histone H3K9me3 mark
(Bannister et al, 2001; Fischle et al, 2003b; Lachner et al, 2001). SUV39H1 itself interacts
with HP1, suggesting a self-maintaining positive feedback loop for the modification of new
histones in heterochromatin after DNA replication. However, although H3K9me3 is required
for targeting of HP1, it does not seem to be sufficient but requires a structural RNA of
unknown origin (Maison & Almouzni, 2004). By analogy with silencing by Sir proteins, such
targeting mechanisms are important filters that prevent feedback loops in the wrong location.
Once initiated, H3K9 methylation can be still influenced by other chromatin modifications.
Phosphorylation of histone H3 at Thr3 or Tyr41 has been shown to inhibit binding of HP1 and

can therefore act as circuit breakers (Dawson et al, 2009; Fischle et al, 2005).

5.6 Allosteric activation of chromatin modifiers

While most chromatin modifying complexes are regulated by marks that are already present
on a recruitment level only few examples have been described for allosteric stimulation.
DotlL is a non-SET methyltransferase specific for H3K79 with a role in transcriptional
silencing. Ubiquitination of histone H2b has been shown to correlate with H3K79 methylation
in vivo (Briggs et al, 2002; Ng et al, 2002) and in vitro studies with chemically ubiquitinated
H2b indicate a direct allosteric activation of DotlL (McGinty et al, 2008). Additional
examples for allosteric control of chromatin modifiers have recently been described in the
crosstalk of histone marks and DNA methylation. The de novo DNA methyltransferase
Dnmt3a was found to be allosterically activated by unmethylated H3K4 (Li et al, 2011). A
role for H3K9 methylation in DNA methylation was already established earlier (Fuks et al,
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2003; Smallwood et al, 2007) but only H3K4 has been reported to stimulate methylation in an

allosteric fashion.

5.7 Reversing chromatin modifications

In epigenetic switches filters usually safeguard the start of positive feedback loops. In
addition the system also includes means to modify and interrupt feedback loops after their
initiation as a "repair" function. Specific enzymes such as demethylases, deacetylases and
phosphatases have been identified for many chromatin modifications that are able to directly
erase these marks, thus reversing the signal. An alternative way to erase epigenetic
modifications has been described recently: gene activation can be achieved by enzymatic
clipping of modified histone tails (Santos-Rosa et al, 2009). With their activity these enzymes
contribute to the drastic changes in the epigenetic landscape during development. They can

modulate the threshold of filters or act as circuit breakers of feedback loops.

Furthermore, specific reversal of histone marks has been shown to enhance positive
feedback loops. Mathematic modeling of bistable systems has underlined the importance of
chromatin modifiers cooperating with complexes that remove competing modifications in the
same area (Dodd et al, 2007). In Drosophila the histone H3K9 methyltransferase Su(var)3-9
has been found associated with the histone deacetylase HDAC1 (Czermin et al, 2001). The
deacetylation activity was found to be essential for the methylation of pre-acetylated histone
tails and thereby for the establishment of heterochromatin. Similar functional associations
have been described for the MLL2 complex responsible for H3K4 methylation and the H3K9
specific demethylase JMJD2B (Shi et al, 2011). In summary the cooperation of different
chromatin modifiers is used to amplify feedback loops and to overcome boundaries

originating from opposing epigenetic marks.

5.8 PRC2 possesses the required circuitry making it a bistable switch

In this study we examined how these regulatory principles apply to the PRC2 complex.
Recent structural and functional insights indicate that the methyltransferase activity of PRC2
is influenced by existing chromatin marks: (a) PRC2 is largely inefficient in the absence of a

positive feedback loop boosting its enzymatic activity, (b) it is sensitive to boundaries of
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repressive chromatin that limit the spreading of its marks and (c) it is able to integrate positive

and negative signals making the switch more robust.

Initiation of polycomb-mediated silencing is a complex process that requires targeting
factors and the presence of response elements in the DNA (Ringrose & Paro, 2004; Ringrose
& Paro, 2007). I will focus my analysis on the propagation of polycomb marks after DNA

replication that is regulated by a self-maintaining feedback cycle.

5.8.1 Positive feedback and inhibition in the regulation of the PRC2 complex

The PRC2 subunit EED has been shown to bind H3K27me3, the product of PRC2 and a
typical mark of repressive chromatin (Margueron et al, 2009). The interaction with
H3K27me3 on neighboring nucleosomes stimulates the methyltrasferase activity of the EZH2
SET domain and results in a positive feedback loop that allows effective deposition of

H3K27me3 marks in repressive chromatin (Hansen et al, 2008; Margueron et al, 2009).

Like other positive feedback loops PRC2-driven H3K27 methylation requires a circuit
breaker as safeguard. For PRC2 this implies preventing the spread of repressive chromatin
into transcriptionally active domains. The results presented in this study provide a model for
protection of chromatin from PRC2 methylation via direct allosteric inhibition by active
chromatin marks. Histone H3K4me3 and H3K36me2/3 modifications inhibit PRC2 activity

on the same nucleosome, probably even specifically on the same histone tail.

5.8.2 Propagation of H3K27me3 after DNA replication

After DNA replication the old nucleosomes carrying modifications are distributed
stochastically between the two daughter strands and chromatin modifiers face the problem
that new histones have to be modified correctly as fast as possible to avoid loss of epigenetic
information and eventually misregulation of transcription. The PRC2 complex is able to solve
this problem by using the existing marks on old nucleosomes as template for H3K27
methylation of new histones. Since PRC2 is rather ineffective in the absence of stimulation
through H3K27me3 binding (Margueron et al, 2009) regions that are completely devoid of
this mark will not be methylated. This activity filter protects chromatin from unspecific de

novo methylation. In contrast, PRC2 has relatively high methylation activity in domains
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carrying H3K27me3 marks on inherited nucleosomes. These areas can therefore be fast and
efficiently modified, driven by the active feedback loop and without the requirement of
additional targeting. Boundary regions between repressive and active chromatin present a
problem: pushed forward by the active feedback loop in adjacent repressive chromatin PRC2
could invade active regions and step by step H3K27me3 could spread over the entire genome.
Based on our findings the active marks H3K4me3 and H3K36me2/3 present a protective
barrier that is able to break the feedback loop when it reaches active chromatin. Old
nucleosomes carrying an active mark are directly protected by the allosteric inhibition of
PRC2. Since activation by H3K27me3 is assumed to be able to bridge gaps of several
nucleosomes without stimulation, newly synthesized, unmodified histones between protected
nucleosomes could still be targeted. However, H3K4 and H3K36 methylation marks help to
"thin out" stimulating signals by gradually decreasing the local concentration of H3K27me3
modified tails and eventually breaking the feedback loop (Figure 3). This mechanism could
be supported by additional factors: swift maintenance of H3K4 and H3K36 in active
chromatin after replication would further decrease potential substrate nucleosomes for PRC2.
Localized activity of H3K27 specific demethylases on the other hand could remove invasive

marks and help to retain the border between active and repressive chromatin (Lee et al, 2007).
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Figure 3: Protection of active chromatin. Nucleosomes carrying repressive chromatin marks
are depicted in red, nucleosomes with active chromatin marks in green. Inhibition of PRC2

by H3K4me3 and H3K36me2/3 results in a gradual reduction of stimulating H3K27me3

marks in border regions between active and repressive chromatin.
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5.8.3 Long-range and short-range interactions in PRC2 regulation

In epigenetic bistability the distance over which signals can be amplified determines the
sensitivity of an enzymatic complex to interspersed unmodified areas or nucleosomes with
opposing marks. Regulatory switches that depend on short-range interactions such as Sir
protein-mediated heterochromatin formation require a high feedback-to-noise ratio (Dodd et
al, 2007). On the other side, these systems are easy to control with very localized boundary
elements as effective circuit breakers. PRC2 must be regulated by a mixture of short- and
long-range interactions. The importance of long-range signal amplification has been
implicated by mathematical modeling of H3K27 dynamics during vernalization in
Arabidopsis (Angel et al, 2011). Models utilizing only short-range interactions were
unsuccessful to stably maintain a silenced state, due to the high noise levels in the system
(active demethylation, histone exchange, unmodified nucleosomes). What these long-range
interactions are in molecular terms is presently unclear, although interactions facilitated
through (i) looping of the DNA, (ii) tight packaging in heterochromatin, or (iii) diffusion and
re-association of modifying complexes in proximity to their recruitment site have been
discussed (Angel et al, 2011). Importantly, the amplification distance has to be limited in
order for boundary elements to be effective. Thus, also polycomb stimulation must decrease
gradually with the distance from repressive chromatin, otherwise whole domains with

inhibitory marks could be overcome.

5.8.4 Formation of repressive chromatin is amplified by cooperation with demethylases

Recently PRC2 has been found to associate with histone demethylases that remove competing
modifications. The H3K4me3 demethylase RBP2 (Jaridla) has been shown to physically
interact with the PRC2 complex and to assist in polycomb mediated repression in ES cells
(Pasini et al, 2008). Another demethylase, LSD1, specific for H3K4me2, has been found in
complex with PRC2 and the long intergenic noncoding RNA HOTAIR (Tsai et al, 2010a)
where the RNA serves as a scaffold connecting the two complexes. This interaction with
different demethylases can affect PRC2 regulation in two ways: on one hand it can create
more substrates for PRC2 by demethylation of H3K4, thereby enhancing the feedback loop.
On the other hand it has been suggested that it serves in further long-range interactions, since
PRC2 could be recruited to RBP2 and Jaridla target sites (Angel et al, 2011). The cooperation

also allows dynamic changes by effective silencing of active chromatin. In any case this

&3



combined mechanism has to be limited and tightly regulated to prevent uncontrolled

H3K27me3 spreading.

5.8.5 A potential role for Nurf55 in further long-range interactions

In addition to allosteric inhibition mediated by the Su(z)12 VEFS domain and activation via
EED/Esc further regulatory modules within the PRC2 core complex cannot be ruled out. As
demonstrated in this study PRC2 component Nurf55 binds to histone H3 and binding is
sensitive to H3K4 methylation. Although our in vitro experiments could not determine any
functional influence of Nurf55 on PRC2 activity, mutations of Nurf55 in flies were recently
reported to show reduced levels of H3K27me3 (Anderson et al, 2011). It is therefore possible
that Nurf55 is involved in long range contacts which played no role in our assays using
mononucleosomes or 4-mer nucleosomal arrays. Cooperative binding by different subunits of
chromatin modifying complexes has been postulated to increase substrate specificity (Lejon et
al, 2011) and interaction of a complex with more than one nucleosome simultaneously has
been shown to contribute strongly to bistability (Dodd et al, 2007). With the SET domain of
E(z), the WD40 propellers of Esc and Nurf55 as well as the VEFS domain of Su(z)12 the
PRC2 complex contains four domains that have been reported to interact with histone tails so
far. Taken together the combination of short-range and long-range interactions allows PRC2 a

precise readout of its chromatin environment.

5.8.6 Allosteric regulation allows fine-tuning of PRC2 activity

We have found that PRC2 inhibition can be overcome by simultaneous H3K27me3
stimulation. PRC2 methylation therefore presents itself not as a simple on/off-switch but as a
delicate sensor able to integrate positive and negative signals and to tune its activity
accordingly. This is made possible by the allosteric nature of its regulation. Unlike PRC2,
other chromatin modifiers are usually rather controlled on the level of recruitment. This kind
of regulation relying on binding affinities offers a stable off-switch but does not allow
incorporation of multiple inputs. This makes sense for enzymes with high activity that
processively modify their substrate. PRC2 in contrast is considered to have low efficiency; it

does not move along the DNA to methylate successively neighboring nucleosomes. Thus, for
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maintenance of repressive chromatin its recruitment can be rather unspecific while

modulation of its activity in contrast provides a high degree of control.

5.8.7 PRC2 inhibition and bivalency - a problem for bistability?

In differentiated tissues H3K27 methylation is for the most part mutually exclusive with
active histone marks and their dynamics fit to the model of a typical bistable switch.
However, studies in stem cells have found active and repressive histone marks to exist
simultaneously in the same chromatin regions, so called bivalent domains that keep genes in a
poised state (Bernstein et al, 2006). Currently it is controversial to which extent bivalency
exists on the same histone tail (Young et al, 2009) and different mechanisms to establish
bivalent domains have been suggested (Schmitges et al, 2011). The above described feedback
loops and control mechanisms are optimized for the exclusiveness of either active or
repressive marks. Changes to this system necessary for bivalent marks could reduce the
effectiveness of the feedback loops or on the other hand could result in bivalency all over the
genome. Thus, it must be assumed that establishment and safe propagation of bivalent

domains demands additional regulatory mechanisms in order to sustain pluripotency.

5.9 Diversity of histone modifications and combinatorial readout

When covalent modifications of histone tails were found to have an effect on gene expression
a simple histone code was proposed that associated each modification with either gene
activation or repression (Jenuwein & Allis, 2001). While tissue-specific gene expression
could be governed this way by a small number of modifications this simple model of
epigenetic regulation had to be substantially revised: new findings over the past decade have
shown that in addition to controlling tissue-specific gene expression histone modifications are
involved in cellular processes as varied as DNA replication, stem cell maintenance, DNA
repair, X-chromosome inactivation, epigenetic inheritance, development, apoptosis, and even
memory storage. To cope with this wealth of functions writing and reading of histone
modifications have to be much more sophisticated. Although some marks are typically found
either in active chromatin or repressive chromatin our current understanding is that histone
modifications can have very different effects depending on the context, i.e. on the

simultaneous presence or absence of other histone marks. An updated, "combinatorial code"
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has been suggested which links the transcriptional state to different combinations of histone
modifications (Fischer et al, 2008). However, this model still views histone modifications as
simple on/off switches and does not explain the necessity for a multitude of interacting

modifications.

Histone modifications can either have a direct effect on chromatin structure (e.g. by
neutralizing or adding a charge on histone tails) or affect the chromatin state by recruiting
effector complexes including chromatin remodelers, chromatin modifiers and components of
the DNA repair machinery (Suganuma & Workman, 2011). The latter requires recognition of
histone tails and their modifications by specialized protein domains such as bromodomains,
chromodomains, PHD domains, tudor domains, ankyrin repeats, MBT domains, WD40
repeats, BRCT domains and 14-3-3 domains (a list of histone modifications recognized by
these domains is provided in Suganuma & Workman, 2011). The effector complexes often
consist of a sizeable number of subunits and can harbor multiples of these histone reader
domains which allows a combinatorial readout of different modifications. Thereby one

complex can integrate the information from different inputs.

Over the past decade more and more cases of crosstalk between histone modifications
have been described (Bannister & Kouzarides, 2011; Fischle et al, 2003a; Suganuma &
Workman, 2011; Wang & Patel, 2011). In principle, crosstalk can be divided into two
categories: (1) in some cases one histone modification depends directly on the presence or
absence of another one when the complex catalyzing the reaction contains a histone reader
domain. (2) The downstream signal of a histone modification can be affected by crosstalk

when the effector complex recognizes two or more modified histone tails.

5.9.1 Influence of multiple modifications on complex recruitment

Recruitment of effector complexes to specific histone modifications is one of the fundamental
mechanisms of epigenetic regulation. Many chromatin marks are, however, widespread and
are often individually recognized by a large number of chromatin readers (e.g. more than 10
proteins are known to bind H3K4me3, most of them stimulating trancription but some
inhibiting it (Ruthenburg et al, 2007b)). The distinct tissue- and time-dependent localization
patterns of chromatin readers on the genome cannot be explained by a simple model where
one complex binds only one histone mark. By increasing or decreasing the affinity of

chromatin readers for certain combinations of histone marks (relative to the affinity for the
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individual marks) combinatorial readout ensures that effector complexes are preferentially

recruited to a small subset of very specific target sites in a time- and tissue-specific context.

The first case of combinatorial readout of histone modifications was reported for the
double bromodomain of TAF1, a component of the TFIID complex (Jacobson et al, 2000).
TAF1 has a preference for diacetylated histone H4, its affinity for peptides with multiple
acetylated sites is 7-27 fold higher than for peptides with only one acetylated lysine. Thereby,
TAF1 recruits the TFIID complex specifically to hyperacetylated genes. Another example for
a protein recruited via two histone reader modules is TRIM24 containing a PHD domain
specific for unmodified histone H3K4 and a bromodomain binding acetylated lysines (Tsai et
al, 2010b). Similar to TAF1 the co-operative binding of the PHD domain and the
bromodomain drastically increases the affinity for sites with the preferred combination of
histone marks. Recruitment can also be negatively influenced by chromatin marks. HP1 is
targeted by binding of its chromodomain to H3K9me3. Binding of the chromodomain and
thereby recruitment of HP1 is inhibited by phosphorylation of neighboring H3S10 (Bannister
et al, 2001; Fischle et al, 2003b; Lachner et al, 2001).

5.9.2 Functional regulation by chromatin readers

While some systems are based on a simple recruitment model, combinatorial readout must
have a more complex or even different function in other situations. BPTF, a protein involved
in ATP-dependent chromatin remodeling, contains a PHD domain binding H3K4me3 and a
bromodomain binding acetylated H4 (Li et al, 2006; Wysocka et al, 2006). While the
bromodomain binds to H4 peptides carrying 1 of 3 acetyl-lysine residues with comparable
affinity, at the nucleosomal level binding of the PHD domain to H3K4me3 restricts specificity
of the bromodomain to H4Kl16ac resulting in increased binding affinity (Rando, 2012;
Ruthenburg et al, 2011). While the exact mechanism is not fully understood it has been
suggested that H3K4me3 binding restrains the possible binding orientation of H4 peptides
favoring H4K 16 for the bromodomain. For other complexes the binding to histone marks does
not affect localization on the genome but instead steps distal to recruitment. The histone
deacetylase complex Rpd3S has been shown to bind specifically to H3K36me3 via its Eaf3
subunit. Surprisingly, localization of Rpd3S is, however, unaffected by the deletion of the
chromodomain in Eaf3. Instead, recruitment of Rpd3S to active genes is mediated by

RNAPII. The interaction of the chromodomain of Eaf3 and H3K36me3 plays a functional
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role, it is essential for the activation of Rpd3S activity by H3K36me3 (i.e. distal to

recruitment) (Drouin et al, 2010).

The PRC2 complex takes a special position among regulators of chromatin
modifications. Its enzymatic activity is regulated allosterically by at least two separate
subunits that recognize the histone mark deposited by PRC2 itself (H3K27me3) as well as
marks typically found in active chromatin (H3K4me3 and H3K36me2/3). In addition, we
have identified Nurf55 as a third histone reader domain within PRC2, however without
allosteric effect on histone methylation. With regard to the dynamics of methylation on
lysines 4, 27 and 36 of histone H3 it is not surprising to find a very complex regulatory
system in PRC2. These modifications safeguard the expression patterns of some of the most
important regulators of development and have to undergo a very tightly-timed change in early
differentiation. The mechanisms discussed above ensure three basic requirements: (1) the
maintenance of a repressive chromatin state within stable boundaries, (2) protection of active
chromatin from PRC2 activity, and (3) rapid spreading of repressive chromatin once a change
has been initiated by external stimuli. Each function individually could be controlled by a
single chromatin reader but the necessary versatility of PCR2 would be impossible to attain
without the integration of positive and negative input signals. The special role of PRC2 in
epigenetic regulation is also demonstrated by the fact that it is to date the only complex
known to methylate histone H3K27. In contrast, most other histone marks can be deposited by
several complexes (H3K4, e.g., is methylated by at least 9 different enzymes (Kouzarides,
2007)). However, it would not be surprising to find that complexes working in concert with
PRC2 underlie a similarly complex regulation. The MLL complex, an important counterpart
of the polycomb system, is already known to bind its own product, H3K4me3, via its PHD3
domain and this binding is required for the transcriptional maintenance functions of MLL
(Chang et al, 2010). Additional regulation of MLL comes from binding to another protein,
CyP33, which by triggering a cis/trans proline isomerization in MLL exposes its own binding
site. MLL also contains a bromodomain. Its function is unclear so far, but MLL might

thereby integrate the input of other chromatin marks.

5.9.3 The advantages of multivalent binding

Cooperative binding of several domains or subunits to different histone marks first of all

dramatically increases the affinity of a complex for its target site. The increase is higher than
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the simple sum of the individual affinities due to a reduced loss of entropy when the binding
complex is already pre-assembled (Krishnamurthy et al, 2006; Ruthenburg et al, 2007a). In
addition, the presence of multiple interaction sites increases the local concentration of binding
partners and thereby causes an increase of the rate of association (a principle also underlying

the annealing of DNA strands) (Ptashne & Gann, 1997).

While a high-affinity interaction could also be provided by a single binding site the
advantage of having multiple binding sites lies in the increase of regulatory potential
(Ruthenburg et al, 2007b). Deposition and removal of multiple marks requires different
complexes each of which can add another layer of regulation. Competition for individual
binding sites is a superior way to modulate effector complex binding dynamically as it can be
triggered faster than a change of chromatin marks. Finally, the positioning of the
modifications and the spacing between them adds another variable that can increase
specificity. In summary, multivalent binding provides great specificity and high affinity

coupled with a susceptibility to competition.

5.9.4 The histone code - more than just an on/off switch

Already a small number of histone modifications would be sufficient to store the information
about the transcriptional state of a chromatin region, therefore the vast number of potential
histone modification sites and the use of combinatorial readout seems to be unnecessary for
the sole purpose of transcriptional regulation. However, histone modifications serve more
than to store simple on/off information. On one hand, integration of multiple signals can
function as failsafe when the reader is set up for an all-or-nothing response. One the other
hand, when complexes react in a gradual fashion to the input, integration allows the fine-
tuning of their output. In systems that act as bistable switches additional input signals can help
to stabilize the current state or allow an even faster transition to the other state (Angel et al,

2011).

Importantly, combinatorial readout increases the amount of information that can be
stored on a limited number of histone tail residues exponentially: while a single modification
can either be present or absent there are four possible outcomes when it is combined with the
information of a second modification (present/present, absent/absent, present/absent,
absent/present). This enables chromatin to contain not only information about the current

transcriptional state, but also to store information about past transcriptional events, to prepare
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the cell for drastic changes during differentiation (see bivalency) or to allow a differentiated
response depending on different external stimuli. Finally, combinatorial readout of histone

modifications has even been suggested in memory formation (Wood et al, 2006).

5.10 Conclusion

The balance between pluripotency and differentiation is regulated by multiple bistable
switches. The propagation of and crosstalk between active and repressive chromatin marks is
a prominent example for an epigenetic switch and a key player in differentiation. It is based
on the ability of complexes to recognize existing modifications in their chromatin
environment and fine-tune their activity accordingly. The positive feedback of H3K27me3 on
PRC2 methyltransferase activity provides a powerful mechanism for propagation and
spreading of repressive chromatin. On the other hand our study presents a way to protect

active chromatin regions by inhibition of PRC2 via H3K4me3 and H3K36me2/3 marks.

Regulation of modifying complexes via recognition of their own product by a domain
distinct from their catalytic domain appears to be a common mechanism. Particularly histone
methyltransferases are using this kind of direct feedback loop to propagate their marks. By
analogy with PRC2 the H3K9 specific methyltransferases G9a and GLP bind their H3K9mel
and H3K9me?2 products via ankyrin repeat domains (Collins & Cheng, 2010) and recognition
of H3K9 methylation via a chromodomain is essential for the function of the H3K9 specific
methyltransferase Clr4 (Zhang et al, 2008). The MLL complex recognizes its H3K4me3 mark
through its PHD3 domain, which has been shown to be essential for MLL function in vivo
(Chang et al, 2010). On the other hand methyltransferase complexes have also been found to
respond to opposing marks. The active H3K4me3 mark inhibits not only PRC2 but also the
H3K9 methyltransferase SETDB1 (Binda et al, 2010). The PRC2 complex might stand out for
its allosteric regulation, but histone methylation in general appears to be driven by positive
feedback loops formed by modifiers binding their own product. While this mechanism
provides an effective way for propagation of one mark, we postulate that in order to maintain
domains of active and repressive chromatin all complexes need a switch that is able to break

the positive feedback loop.

The interaction between H3K27me3, H3K4me3 and H3K36me2/3 is just one example
for crosstalk between different histone modifications. These modifications are involved in a

multitude of different processes, some are even associated with activities causing opposite
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effects, so only a combinatorial readout by the effectors can cope with the complexity of the
systems. Multivalent binding can result in significant affinity enhancement, additional
specificity and a much more flexible, i.e. dynamic interaction. The combinatorial readout
functions as failsafe in all-or-nothing responses and allows, on the other hand, the fine-tuning
of systems that react in a gradual fashion. In addition, the amount of information that can be

stored increases exponentially with the number of binding partners.

5.11 Outlook

Identification of an amazing multitude of histone modifications and the unraveling of their
complex functional interactions has been achieved by the combination of biochemical
experiments and elucidation of the structures of the involved proteins. The next step is to

verify that the observed mechanisms also work in vivo.

Beyond the verification of the in vitro results in vivo the door to new research areas
has been opened by the work on histone modifications. There is a close relationship between
histone modifications, particularly histone methylation and DNA methylation. It will be
important to examine how the "silencing arm" of the histone modification system and DNA

methylation are integrated and whether there is a "division of labor" between the two systems.

Another promising area of future research in the field of histone modifications are the
dynamics of these modifications. Originally it was thought that most of the histone
modifications are static, even irreversible. But in the meantime for virtually all modifications
enzymes have been identified that can reverse the modifications and it was found that the
turnover rate varies depending on the histone, the residue modified, the kind of modification
and the neighboring modifications. It will be of utmost interest to elucidate how the histone
modification pattern changes, e.g. during the cell cycle, in differentiation/development and in

response to changing environmental conditions.

A defective histone modification machinery can lead to various diseases, €.g. cancer
and autoimmune, cardiovascular and neurological diseases (epimutation-induced diseases). It
is safe to predict that further unraveling of the histone interactome will lead to the
identification of additional diseases caused by the derailment of the histone modification
system. As a consequence, interference with the histone modification systems offers

therapeutic opportunities for a wide spectrum of disease.
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