
HISTONE METHYLATION IN POLYCOMB GENE

SILENCING

A DISSERTATION SUBMITTED TO THE FACULTY OF THE

GRADUATE SCHOOL OF THE UNIVERSITY OF MINNESOTA BY

PREETI MADHAV JOSHI

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE

DEGREE OF DOCTOR OF PHILOSOPHY

JEFFREY ALAN SIMON, ADVISOR

AUGUST 2010



Preeti Madhav Joshi, 2010, ©



i

ACKNOWLEDGEMENTS

It is almost impossible to go through grad school alone, and I must say that I

have been extremely fortunate in having an excellent support system, not only at work

but also outside of it! And I would like to take this opportunity to thank all the people who

made this journey memorable.

I want to first thank my mentor Jeff, who gave me this wonderful opportunity to

work in his laboratory. But apart from that, he helped me learn and grow as a scientist.

All the members of the Simon lab have been great colleagues and super friends. Ellen

taught me almost everything I know about flies, sharing her expertise. Liangjun always

had time to answer my questions, discuss my experiments and make helpful

suggestions. Aswathy has been an excellent friend, as we have gone through the grad

program together. I also worked with Neal, Dan, Maggie, Kayla and Mary and have

learned a lot from them. And of course the ‘African Violet’ growth center that we started

has been a great side-activity.

My most wonderful friends from the group “Inmusic’ have truly helped me all

these years. There has rarely been a weekend when we have not met up for jamming, or

chit-chat or chai. I have precious memories of dancing to Balaji’s dhol, singing to

Arvind’s keyboard and singing along with Prachi, Nisha, Kiku and Harish.

Finally, I want to thank my Mum and Dad, for their continuous support. My sister

Shruti has been my best friend all these years. And then my husband Dipen, without

whom I would not be who I am. To my family, I dedicate my thesis.



ii

To Daddy, Mummy, Dipen, Shruti and Pico!



iii

ABSTRACT

Polycomb (PcG) group proteins are chromatin-modifying factors that collaborate

to repress gene expression during development. PcG proteins are crucial for silencing

during animal embryogenesis, maintenance of stem cell populations and are also

implicated in cancer epigenetics.

PcG proteins operate in at least three molecular complexes: PHORC, PRC2 and

PRC1. Current models suggest that PRC1 is recruited at target loci by PRC2 and is

most directly responsible for gene silencing. Our study uses the Drosophila model

system to investigate the precise role of PRC2 in PRC1 targeting.

One key function of PRC2 is to catalyze methylation of histone H3 on lysine-27.

A common model suggests that this creates a binding site for the recruitment of PRC1.

The loss of PRC2 leads to disruption in PcG mediated silencing. We wished to assess if

PRC1 is recruited at PcG targets by a direct interaction with PRC2 or by binding to the

methyl mark. We have used enzyme-dead versions of PRC2 that can stably accumulate

at target loci and shown that PRC1 is also found at these targets suggesting that the

initial recruitment of PRC1 is independent of PRC2 catalytic function. We have also

engineered a heterologous enzyme, called vSET, to create methylated histones in the

absence of PRC2. This heterologous enzyme can be used to test for PRC1

accumulation without PRC2.
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CHAPTER 1: INTRODUCTION
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The Polycomb group (PcG) of proteins is a highly conserved set of repressors

that cause gene silencing via chromatin modification. Immunolocalization (Rastelli et al.,

1993; Zink and Paro, 1989) and genome-wide chromatin immunoprecipitation (ChIP) for

PcG components (Nègre et al., 2006a; Schuettengruber et al., 2009; Schwartz et al.,

2006) have shown that most PcG targets are transcription or signaling factors involved in

development. Indeed, the PcG genes were originally identified in the fruitfly Drosophila

melanogaster for their role in silencing of the homeotic differentiation factors (Jurgens,

1985; Lewis, 1978).

Homeotic (Hox) genes produce transcription factors that assign segment identity

during development. The initial expression pattern of Hox genes is determined early in

embryogenesis by the products of the segmentation genes (Akam and Martinez-Arias,

1985). However, these factors decay around 4 hrs after embryogenesis, hence creating

a need for the maintenance of the established segment identity throughout the life cycle

of the organism (White and Wilcox, 1985). This maintenance function is provided by the

Polycomb (PcG) genes and their antagonists, the Trithorax (TrxG) genes (Papp and

Müller, 2006). The loss of PcG genes causes drastic changes in cell fates. Mutations in

PcG genes often trigger misexpression of Hox genes outside their normal boundary. The

most severe loss-of-function PcG mutants direct the entire body pattern to resemble the

most posterior abdominal segment (Simon et al., 1992).

Although the Hox genes have served as excellent candidates to study PcG

action, it is becoming evident that a cell deploys PcG proteins in general silencing of

differentiation factors that are a part of signaling pathways. As discussed later, PcG

proteins are involved in the maintenance of pluripotent stem cell populations via the

silencing of differentiation genes (Rajasekhar and Begemann, 2007). Overexpression of
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PcG proteins has frequently been associated with the propagation of poorly

differentiated aggressive tumors. PcG is thus a powerful silencing machinery that

controls cell identity during development.

The POLYCOMB GROUP (PcG): MAIN PLAYERS

Mutations in PcG genes cause a misexpression of Hox genes leading to homeotic

phenotypes. This criterion was used to identify about 15 proteins belonging to the

Polycomb Group. As illustrated in Figure 1, many of the proteins have been shown to

sort and function in three complexes, PHO repressive complex (PHORC) (Figure 1A),

Polycomb repressive complex 1 (PRC1, Figure 1B) and Polycomb repressive complex 2

(PRC2 Figure 1C). Chromatin immunoprecipitation studies have shown that all three

complexes are found at the Polycomb Response Elements (PREs) at PcG targets during

silencing (Schwartz et al., 2006). An important characteristic of these loci is the tri-

methylation of the histone H3 tail (H3K27me3) by PRC2. There are yet more PcG genes

that have not yet been co-purified in a defined complex(Gaytan de Ayala Alonso et al.,

2007).

As illustrated in Table 1, the Drosophila Polycomb proteins display a high degree

of conservation in flies, worms, plants and mammals in their mechanism of action. Often,

mammalian counterparts of the proteins have multiple paralogs with specialized

functions apart from their main characterized role. For example, the CBX proteins (PC

homologs) have RNA binding ability in addition to their recognition of methylated lysine

residues (Bernstein et al., 2006b; Yap et al., 2010)
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Figure 1: Polycomb Group Proteins

Polycomb proteins function in at least three major complexes: PHORC, PRC1 and

PRC2.

Figure 1A: PHO can bind DNA and in turn, cause direct or indirect recruitment of PRC2

and PRC1

Figure 1B: Polycomb Repressive Complex 1 (PRC1) contains the core subunits PC, PH,

PSC and RING

Figure 1C: Polycomb Repressive Complex 2 (PRC2) contains the core subunits ESC,

E(Z), Su(Z)12 and NURF55.

All three complexes are associated with the Polycomb response Element (PRE).

Adjacent nucleosomes display the H3K27me3 modification.



5

A

B C



6

In Drosophila, PcG proteins are targeted to DNA via the DNA binding activity of

the PHORC. This complex, in turn, recruits PRC2 and PRC1 (Figure 1A). It is thought

that PRC1 is directly responsible for gene silencing activity by directly altering chromatin

structure and/or by blocking the transcription machinery (Eskeland et al., 2010;

Fitzgerald and Bender, 2001; Francis et al., 2004; Fuda et al., 2009).

Polycomb Repressive Complex 2 (PRC2)

PRC2 has been purified from a 600 kDa fraction from Drosophila embryonic nuclear

extracts and mammalian cell culture (Kuzmichev et al., 2002; Müller et al., 2002; Ng et

al., 2000). PRC2 is an enzymatic complex that functions by covalently modifying

nucleosomes. It has been shown to contain 4 core subunits: Enhancer of Zeste (E(Z)),

Extra Sex Combs (ESC), Suppressor of Zeste 12 (Su(Z)12) and NURF55. All of the

subunits except NURF55 are necessary for PRC2 catalytic function (Ketel et al., 2005).

Both E(Z) and ESC can interact with PHO, suggesting that PRC2 is possibly recruited to

PcG targets by a direct interaction with the PHORC (Wang et al., 2004b).

The E(Z) subunit contains a SET domain that has been shown to have histone

methyltransferase activity for lysine residues of histone tails  (Rea et al., 2000). In the

case of E(Z), the catalytic reaction is the deposition of three methyl groups onto the

lysine 27 residue of the histone H3 tail  (H3K27me3) (Cao and Zhang, 2004; Müller et

al., 2002).
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Table 1: Key Polycomb Group Proteins, conserved domains, functions and human

homologs
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PcG

protein

Complex

association

Domains Function Human

Homolog

PHO PHORC Zinc-finger DNA binding YY1

PHO-L PHORC Zinc-finger DNA binding YY1

dSFMBT PHORC MBT repeats H i s t o n e  b i n d i n g /

monomethyl lysine

binding

hSFMBT

E(Z) PRC2 SET, CXC Methyltransferase EZH2,

EZH1

ESC PRC2 WD repeats Stimulate

methyltransferase

EED

variants

ESC-L PRC2 WD repeats Stimulate

methyltransferase

EED

variants

Su(Z)12 PRC2 VEFS, Zinc finger Nucleosome binding/

stimulate

methyltransferase

SUZ12

NURF55 PRC2 WD repeats Histone binding RbAp46,

RbAp48

PCL PRC2 PHD finger Enhance

methyltransferase

MTF2
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PC PRC1 Chromodomain Recognition of tri-

methylated lysine

CBX2,

CBX4,

CBX6,

CBX7,

CBX8

PSC PRC1 RING finger Stimulate ubiquit in

ligase, polynucleosome

compaction

BMI1,

MEL18,

NSPC1

PH PRC1 SAM, Zinc finger Secondary interactions PH1, PH2

dRING

(SCE)

PRC1 RING E 3  monoubiquitin

ligase

RING1a,

RING1b

SCM ? SPM domains,

MBT repeats, zinc-

fingers

PRC1 binding? SCML1,

SCML2
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 E(Z) interacts with ESC via its N-terminal ESC interaction domain (EID). The

crystal structure of the C-terminus of EED, the mammalian homolog of ESC,  shows that

it is present in a complex with the trimethylated lysine and that this interaction might

contribute to the role of EED in boosting the catalytic function of EZH2, the mammalian

homolog of E(Z) (Margueron et al., 2009). Indeed, ESC is strictly required for the

catalytic activity of E(Z) (Ketel et al., 2005). The ESC protein contains seven WD repeats

that fold into a seven-blade _-propeller structure (Ng et al., 1997). WD repeats have

been implicated in protein-protein interactions and a crystal structure of EED with EZH2

peptides shows that the N-terminal of EZH2 binds to the bottom of the _-propeller (Han

et al., 2007). Another interesting observation about ESC is the unique timing of its

expression. ESC mRNA, unlike other PcG genes is expressed with a peak about 2 hours

into embryogenesis (Simon, 1995). Moreover, its function is not required after

embryogenesis, instead its role is taken up by another protein ESCL that acts as a

PRC2 subunit (Wang et al., 2006).

EED has three isoforms, the shortest of which in included in a variant PRC4

complex. This complex has catalytic activity that methylates the H1K26 residue and is

frequently associated with aggressive tumors (Kuzmichev et al., 2004; Kuzmichev et al.,

2005).

E(Z) also interacts with Su(Z)12 via its Domain II (Ketel et al., 2005). Su(Z)12

bears nucleosome binding ability that may help tether the PRC2 complex to its targets,

thereby boosting catalytic activity (Nekrasov et al., 2005). SUZ12 knockout mice, like

EZH2 and EED null mice, are embryonic lethal (Faust et al., 1998; O'Carroll et al., 2001;

Pasini et al., 2007; Pasini et al., 2004). Finally, Su(Z)12, unlike other PcG proteins, has
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been reported to have a role in heterochromatin-mediated silencing and acts as a

suppressor of position-effect variegation (PEV) (Birve et al., 2001; Chen et al., 2008).

NURF55 is a histone binding protein (Martinez-Balbas et al., 1998). Although its

chief activity is targeted towards the recognition of Histone H4 (Song et al., 2008),

NURF55 does function in PRC2 interaction with the nucleosomal substrate (Nekrasov et

al., 2005). Moreover, it too contains WD repeats that can interact with other proteins.

The PcG protein Polycomb-like (PCL) can also associate with PRC2. PCL has

been shown to increase trimethylation activity of PRC2 (Nekrasov et al., 2005) and a

larval complex containing PCL is required for PRC2 recruitment at PREs (Savla et al.,

2008). PCL can also interact with histone deacetylases, and may function in recruiting

these to PcG target sites in order to remove the activating acetyl mark on histones and

build the platform for PcG silencing (Tie et al., 2003).

Polycomb Repressive Complex 1 (PRC1)

PRC1 has also been purified as a multimeric complex (Shao et al., 1999). It

contains the core subunits Polycomb (PC), Polyhomeotic (PH), Posterior sex combs

(PSC) and dRING (or SCE, sex combs extra). It has been shown that PH, PSC and PC

co-localize at PcG targets on Drosophila polytene chromosomes (DeCamillis et al.,

1992; Kyba and Brock, 1998).

Several other studies report the association of DNA binding factors such as

Zeste and general transcription factors with the core PRC1 (Saurin et al., 2001). Some

studies also report that yet another PcG protein SCM (Sex combs on middle leg)

associates with PRC1 in vitro (Peterson et al., 2004).
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Polycomb (PC) has a conserved chromodomain that has been shown to have an

affinity particularly for H3K27me3 (Fischle et al., 2003; Min et al., 2003). A possible

recruitment model for PRC1 hence suggests that this complex can be targeted to PREs

via binding of PC chromodomain to the methylated H3K27 created by PRC2.

Polyhomeotic (PH) is a zinc-finger and SAM domain containing protein that shares its

binding sites with PC (DeCamillis et al., 1992).

RING functions as an E3 monoubiquitin ligase with activity targeted specifically

towards the lysine 119 residue of Histone H2A (H2AK119Ub) (Wang et al., 2004a).

Some recent studies in mammalian cells show that the H2AK119Ub is essential for PcG

mediated silencing (Stock et al., 2007), however, others suggest that the RING subunit

itself is required for chromatin compaction, and that its catalytic function is dispensable

(Eskeland et al., 2010).

The C terminus of Posterior Sex Combs (PSC) has been shown to be important

for nucleosome compaction and inhibition of remodeling activities (Francis et al., 2004).

Moreover, its human homolog BMI-1 has been shown to stimulate the E3 ligase activity

of RING1 (Cao et al., 2005b).

It is now evident that there is yet another PRC1-like complex containing dRING,

PSC and KDM2, an H3K36me2 demethylase. This complex is called dRAF in Drosophila

or BCOR in mammals (Simon and Kingston, 2009) and is responsible for the

ubiquitinylation activity provided by RING. Hence, the field now views the PRC1 family to

contain at least two complexes: the previously defined PRC1 containing PH and PC

along with PSC and RING, which is responsible for chromatin compaction; and the

recently reported dRAF/BCOR that is responsible for demethylation and ubiquitinylation.
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Non-PcG Interacting partners

The Polycomb Complexes also associate with other non-PcG proteins. For

example, the human PRC2 is frequently associated with the HDAC1 and HDAC2 histone

deacetylases (van der Vlag and Otte, 1999). In Drosophila, the N-terminus of RPD3

histone deacetylase binds to the PHD fingers of PCL (Tie et al., 2003).

The precedent for histone deacetylase interaction with a histone

methyltransferase comes from HDAC1 and Su(var)3-9 that methylates H3K9 for the

formation of heterochromatin (Czermin et al., 2001; Rea et al., 2000). Histone

acetylation is generally a mark of transcriptional activation, whereas deacetylation

coupled with methylation on K9 or K27 leads to silencing. The presence of histone

deacetylases in the PRC2 complex might indicate that deacetylation is an important step

in PcG mediated repression. In this case, the DNA-binding PcG subunits such as PHO

may recruit RPD3 to PREs (Poux et al., 2001) for histone deacetylation of either H3K27

or other lysines such as H3K9 or H3K14. Subsequent binding by PRC2 could then lead

to histone methylation and stable silencing.

PcG complexes are also found to associate with H3K4 demethylases, leading to

the speculation that demethylation of the activating H3K4me3 mark may be coordinated

with the deposition of the H3K27me3 mark by PcG proteins for repressive modification.

Indeed, it has been shown that PRC2 recruits the H3K4 demethylase JARID1a (RBP2)

to targets in ES cells and that presence of the demethylase is required for silencing

(Pasini et al., 2008; Secombe and Eisenman, 2007b). The Drosophila homolog of

JARID1a, Lid (Little imaginal discs), is present in a complex with Rpd3 histone

deacetylase, hence, one hypothesis might be an indirect association of Lid with PRC2

via Rpd3 (Lee et al., 2009).
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Recently, another JARID-class protein JARID2 was also identified as a direct

interaction partner of PRC2. As discussed later, this protein has been implicated in the

recruitment of PRC2 to target loci (Herz and Shilatifard, 2010; Li et al., 2010; Pasini et

al., 2010b; Peng et al., 2009; Shen et al., 2009).

A key feature of deacetylases and demethylases may be recruitment of PcG to

target loci, either by direct DNA binding (in case of JARID2) or by clearing the target of

activating histone modifications (in case of Rpd3 and JARID1a).

THE TRITHORAX GROUP (TrxG) COMPLEXES

The Trithorax group (TrxG) of proteins maintain stable transcriptional activation

and function as antagonists of PcG (Kennison, 1995). Surprisingly, the Polycomb

Response Elements (PREs) that recruit PcG proteins also function as Trithorax

Response Elements (TRE) to recruit the Trithorax proteins. TrxG act in about six

characterized complexes that can be classified as H3K4 methyltransferases or ATP-

dependent chromatin remodelers.

The proteins Trithorax (TRX), Absent Small or Homeotic discs 1 and 2 (ASH1

and ASH2) are SET domain containing lysine methyltransferases that trimethylate H3K4.

This modification is frequently associated with transcriptional activation (Papp and

Müller, 2006). They are present in distinct complexes. TRX is a member of the TAC1

complex that mediates H3K4me3, histone acetylation, transcription initiation and

elongation (Petruk et al., 2001; Schuettengruber et al., 2007). ASH1 and ASH2 are

present in two different complexes, with several unidentified members (Beltran et al.,

2003; Byrd and Shearn, 2003).
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The other three TrxG complexes function as ATP-dependent chromatin

remodelers. The 2 Mda BRM complex is a SWI/SNF type enzyme (Papoulas et al.,

1998). On the other hand, the NURF and ACF complexes act as ISWI remodelers

(Grimaud et al., 2006).

THE POLYCOMB RESPONSE ELEMENT (PRE)

Polycomb target genes have cis-regulatory elements that maintain stable binding

of PcG in order to maintain the determined transcription state (Chen and Pirrotta, 1993;

Chiang et al., 1995; Shimell et al., 2000; Simon et al., 1993). These are known as

Polycomb response elements (PRE). It is thought that PcG complexes are recruited to

these elements by the action of one or more DNA-binding proteins including PHO.

The identification of PREs has been based on the analysis of regulatory

elements that control expression of homeotic genes. An algorithm to predict PREs was

thus proposed using a combination of the consensus binding sites for these DNA-

binding proteins (Ringrose et al., 2003). This has been improved further with the

knowledge of PcG bound sites from genome-wide ChIP studies in Drosophila embryos

and cell lines (Nègre et al., 2006a; Ringrose and Paro, 2007; Schwartz et al., 2006;

Tolhuis et al., 2006).

The Drosophila PRC1 and PRC2 complexes appear to lack any DNA-binding

proteins as core subunits. Instead, in many cases, the targeting of PcG is accomplished

by the third PcG complex: PHO Repressive complex (PHORC).

PHORC is comprised of the proteins Pleiohomeotic (PHO) and dSFMBT. PHO

and another PcG protein, PHOL, have DNA binding activity provided by their zinc finger
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domain (Brown et al., 1998; Brown et al., 2003). PHO has been shown to interact with

the PRC2 subunits E(Z) and ESC (Wang et al., 2004b). Further, it can also interact with

PRC1 in vitro (Mohd-Sarip et al., 2002). Moreover, loss of PHO and PHOL lead to the

loss of both PRC2 and PRC1 from PcG targets in wing discs (Wang et al., 2004b). This

provides prime evidence that PHO function is needed to recruit PRC1 and PRC2 to

target loci.

The dSFMBT subunit can efficiently bind mono or di-methylated H3K9 and

H4K20 via its MBT repeats (Klymenko et al., 2006). dSFMBT is required for Hox gene

silencing. Hence, PHORC is often thought to be a key PcG recruiter in a model where

the PHO and PHOL recognize specific DNA sequence and dSFMBT helps tether the

complex to nucleosomes. Once PHORC binds to PREs, it may recruit PRC2 and either

directly or indirectly, PRC1.

PHO and PHOL are not the only proteins implicated as recruiters. Several other

proteins such as Zeste, the GAGA associated factor GAF (or Trithorax-like), dorsal

switch protein Dsp1, pipsqueak, Grainyhead (Grh) and Sp1/KLF members have shown

to target PcG subunits (Bantignies and Cavalli, 2006; Déjardin et al., 2005; Fritsch et al.,

1999; Huang et al., 2002; Strutt et al., 1997).

Despite similar profiling studies in mammals, prediction of sequence elements

that may function as PREs in mammals has not yet been as successful (Boyer et al.,

2006; Bracken et al., 2006; Lee et al., 2006). This may perhaps be partly due to the

absence of homologs for most of the DNA-binding proteins from Drosophila. One

potential recruiter is YY1, the human homolog of PHO. Studies report that the loss of

YY1 from PcG targets causes a subsequent loss of EZH2 (Caretti et al., 2004).

However, YY1 does not always co-localize with PRC2, hence confounding the analysis
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of PcG recruiters. Of particular interest are ES cells, where instead of YY1, OCT4 has

been suggested to recruit PRC2 (Squazzo et al., 2006). A lot more work is required to

identify the entire set of DNA binding PcG recruiters in mammalian systems. Other

studies using ChIP-seq have co-related CpG islands with PcG protein binding sites,

however a lack of consensus DNA sequence makes prediction of potential PREs very

difficult (Simon and Kingston, 2009). A recent study however reports a 1.8 kb locus in

the HOXD cluster that is bound by the PHO homolog YY1, BMI1 and EED (Woo et al.,

2010). A previous study also reports the identification of a 9kb PRE region that was

required for PcG mediated repression of the mouse Kreisler gene (Sing et al., 2009).

Some studies discuss the possible role of non-coding RNA’s in serving as PcG

recruiters (Mercer et al., 2009). The 2.2 kb HOTAIR ncRNA, originating from the

mammalian HOXC locus interacts with PRC2 and causes H3K27me3, leading to

silencing at the HOXD locus (Rinn et al., 2007). Another example is the 28bp repA

repeat within the Xist RNA originating from the inactive X-chromosome, that also binds

PRC2 (Zhao et al., 2008). A third case of ncRNA-PRC2 interaction is in the Kcnq1 locus

producing the Kcnq1ot1 RNA that is required for PcG mediated silencing (Pandey et al.,

2008). Further, chromodomains have been shown to function in the interaction with RNA

(Akhtar et al., 2000). Indeed, the chromodomain of CBX7 interacts with RNA in vitro

(Yap et al., 2010). Surprisingly, the ncRNA’s did not interact with YY1, hence providing

an alternate channel for PcG recruitment that does not involve DNA-binding.

Another hypothesis for the connection to ncRNA’s could simply be that they

result from transcription through the PREs themselves (Müller and Kassis, 2006). Short

transcripts produced in such a manner could recruit PcG complexes for stable
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repression (Schmitt et al., 2005). These short transcripts could be produced when there

is a block to elongation (Fuda et al., 2009).

Finally, another protein JARID2 has been identified as a potential recruiter of

PRC2 to target loci in ES cells. JARID2 differs from other known demethylases in that its

catalytic JmjC domain is inactive, but it still retains DNA-binding ability (Herz and

Shilatifard; Li et al., 2010; Pasini et al., 2010a). Recent reports show that JARID2

knockdown leads to a loss of PRC2 occupancy in ES cells, and that it has binding affinity

for PRC2 indicating that it functions as a PRC2 recruiter (Li et al., 2010; Pasini et al.,

2010a; Peng et al., 2009).

PcG: MECHANISM OF REPRESSION

The mechanism of repression by the PcG proteins involves formation of altered

chromatin structures that maintain stable silencing over many cell generations. A general

model proposes that PHORC and PRC2 function to ultimately recruit PRC1 at PcG

targets. PRC1 then leads to chromatin alteration that then leads to repression.

Once PRC1 is stably bound at target loci, it is still unclear how silencing is

precisely executed and maintained. One model to explain this involves compaction of

polynucleosomes (Francis et al., 2004). It has been shown that pre-incubation of

nucleosomal arrays with PRC1 led to a remodeling block by SWI/SNF (Shao et al.,

1999).  PRC1 was shown to create complex higher order structures of nucleosomes and

this process required an intact C-terminus of PSC (Francis et al., 2001; King et al.,

2002). Such a structure could then block access of the chromatin template to
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transcription factors thus silencing the gene (Fitzgerald and Bender, 2001; Margueron et

al., 2008).

This “complete-block” model may not entirely explain PcG mediated silencing

since some basal transcription factors and transcription can be found at silenced Hox

loci (Breiling et al., 2001; Dellino et al., 2004; Stock et al., 2007). It has been suggested

that transcription is initiated at PcG targets, however, elongation may actually be the

rate-limiting step (Fuda et al., 2009). Another model proposes that the catalytic function

of PRC1 is required for silencing. The H2AK119Ub deposited by the RING subunit of

PRC1 has been shown to create a block to transcription by causing stalling of the

elongating form of RNApolII (Stock et al., 2007). However, recent studies argue against

this model by reporting that a stably targeting, yet catalytically inactive form of Ring1B is

capable of causing repression (Eskeland et al., 2010). This proposes that catalytic

function of PRC1 is separable from its ability to compact chromatin, in line with the

observation that there are two PRC1 complexes, one with chromatin alteration ability

and the other bearing catalytic function. Further, there may not be just one mechanism

explaining chromatin alteration by PcG complexes, and different modes to repression

may be achieved at different loci.

PcG BEYOND HOX REPRESSION: IMPACT ON HUMAN HEALTH

Although initially identified for the repression of Hox  transcription factors,

Polycomb proteins are now viewed as general repressors of differentiation factors.
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Global chromatin immunoprecipitation studies coupled with DNA microarrays

have helped uncover hundreds of PcG targets. Surprisingly, most of these include

transcription factors and components of signaling pathways that control cell lineage

specification, such as members of the Fox, Sox, Gata, Pou, Pax, Tbx transcription

factors and components of Wnt, Notch, TGF-_, FGF, Retinoic acid signaling pathways

(Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006; Nègre et al., 2006b; Schwartz

et al., 2006).

A role in maintaining stem cell populations

Stem cell populations are maintained by the expression of OCT4, SOX2 and

NANOG transcription factors. These factors are responsible for activating proliferation

genes and repressing differentiation genes (Boyer et al., 2005). PRC2 has been shown

to co-occupy sites populated by these factors, suggesting that they are important co-

repressors and function in the maintenance of pluripotency. Further, multipotential

hematopoietic or neuronal cell populations also require PcG function (Park et al., 2003;

Valk-Lingbeek et al., 2004).

Pluripotent stem cell populations are characterized by the presence of the

signature “bivalent” H3K4 and H3K27 methylation on chromatin (Bernstein et al., 2006a).

H3K4me3 is a mark of active transcription whereas H3K27me3 promotes repression.

This is a unique chromatin feature suggesting that stem cells are “poised” for active

transcription. In fact, RING1B, a PRC1 subunit causes stalling of RNApolII thus

preventing elongation (Stock et al., 2007). Yet, the polymerase remains bound

suggesting that stem cell populations seem poised for release into transcription on

signaling cues.
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Overexpression of PcG co-relates with metastatic cancers

Cell fate transcription factors can be classified into two categories: those required

for proliferation (oncogenic factors, present in stem cell populations) and those required

for differentiation (tumor suppressors, present in lineage specified cells). De-regulation

of either category can contribute to high proliferation rates accompanied by a block to

cell fate specification. Such poorly-differentiated cells serve as the basis for the

formation of aggressive tumors (Bracken and Helin, 2009). In several cases, PcG

subunits are recruited by such transcription factors and cause abnormal cell growth.

An abnormal upregulation of EZH2 has been linked to cancer in various tissue

types such as prostrate, breast, colon, skin, lung, bladder and blood. These high protein

levels have been co-related with increase in anchorage-independent growth and cell

invasiveness (Simon and Lange, 2008). However, the exact role of EZH2 in cancer

progression is not yet clear. SUZ12, another PRC2 subunit has been linked to

endometrial cancer (Koontz et al., 2001). BMI1, a PSC homolog, has been implicated in

B-cell lymphoma and was the first established connection between PcG and cancer

progression (Jacobs et al., 1999).

In humans, the conventional PRC2 complex contains EZH2 along with EED1, the

longest isoform of EED. However, other PRC2-like complexes- PRC4 (containing the

second longest EED isoform, EED2) and PRC3 have also been reported. PRC4 is highly

abundant in cancer cells and it differs from the canonical PRC2 in its ability to methylate

H1K26 (Kuzmichev et al., 2004). Further, PRC4 also associates with the H1K26

deacetylase SirT1 (Simon and Lange, 2008). The specific functions of the deacetylation-

methylation of H1K26 are not yet clear, however, they may prove to be important
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markers of cancer cells. Another role of EZH2 in cancerous cells is its functional

interaction with and the subsequent recruitment of DNA methyltransferases (McGarvey

et al., 2007; Vire et al., 2006). Hypermethylation on CpG islands is a mark of long-term

silencing; leading to the hypothesis that PcG-mediated recruitment of DNMT can lead to

sustained CpG methylation on targets, such as tumor suppressors, silenced in

cancerous tissue. Several studies report the presence of promoter DNA methylation at

PcG target genes in various cancer types (Schlesinger et al., 2007). The ultimate aim of

uncovering EZH2 mechanism in tumor progression is to aid design of small molecule

inhibitors that prevent uncontrolled proliferation. Several studies report the use of EZH2

and HDAC inhibitors to control uncontrolled cell division (Puppe et al., 2009; Yamaguchi

et al., 2010)

ROLE OF HISTONE METHYLATION

Although it has been widely accepted that the H3K27me3 is a hallmark of PcG

mediated silencing, its precise role in silencing is not yet clear. The leading hypothesis is

that the H3K27me3 mark serves to recruit PRC1 to the PREs. However, since the mode

of PRC1 initial recruitment has not yet been completely resolved, the possibility that the

covalent modification is not centrally required cannot be ruled out. It is clear however

that the mark is implicated in silencing; however, its role may only be to subsequently

maintain PRC1 association with chromatin. Hence, the first step in understanding the

role of histone methylation would be to ask if it is required for the initial recruitment of

PRC1 at PcG targets. Loss-of-function mutations in E(Z) are catalytically dead and

cause the loss of both PRC2 and PRC1 from PcG target loci. This ultimately leads to
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lethality (Carrington and Jones, 1996b; Joshi et al., 2008; Wang et al., 2004b). The

chromodomain of PC can recognize and bind methylated lysine residues (Fischle et al.,

2003; Min et al., 2003). Hence, one possible role for the H3K27me3 mark would be to

serve as a docking site for PRC1 via interaction with PC. In this model, PRC2 would be

recruited to PREs via direct interaction with PHO (Wang et al., 2004b). The catalytic

function of PRC2 would then lead to the deposition of the methyl groups on neighboring

nucleosomes. These would then attract PRC1 hence creating stably bound PcG at

PREs. Once all three complexes are bound, PRC2 can then methylate additional

nucleosomes, thus spreading the mark towards and into the coding region of the target

gene. Figure 2 (left panel) outlines this model.

Evidence for the existence of this model comes from experiments in S2 cells and

wing discs that demonstrate the loss of PRC1 from  the Ubx PRE if PRC2 is lost (Cao et

al., 2002; Wang et al., 2004b). Similar experiments in mammals have shown that PRC2

knockdown leads to a loss of PRC1 from PcG targets (Boyer et al., 2006; Cao et al.,

2005a). Moreover, PRC1 subunits are lost from Drosophila polytene chromosomes if

PRC2 is genetically inactivated (Rastelli et al., 1993). Finally, PRC1 can be competed

away by H3K27me3 bearing peptides (Ringrose et al., 2004).
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Figure 2: Role of Histone Methylation: Initial Recruitment Vs PRC1 Stabilization in

Chromatin Loops

Left panel: PRC1 is recruited to PREs via a direct interaction with the H3K27me3 mark

deposited by the catalytic function of PRC2. The role of histone methylation is the initial

recruitment of PRC1 at PcG targets.

Right panel: PRC1 is recruited to PREs via an interaction with either or both PHORC

and PRC2. The role of histone methylation is to promote stable association of PRC1 at

target loci via an interaction of PC chromodomain with the methylated histones. This

interaction may form higher order repressive structures.
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An alternate model in the field presents a different scenario for the initial

recruitment of PRC1 at Polycomb targets that is independent of the H3K27me3

modification (Müller and Kassis, 2006; Schwartz and Pirrotta, 2007). In this model,

PRC1 is recruited to PREs via a direct interaction with PHO or PRC2. The role of the

H3K27me3 mark then would be to maintain PRC1 association with chromatin (Figure 2,

Right panel). This interaction can ultimately lead to the formation of higher order loops

that bring the PcG complexes at the PRE in close proximity with the promoter region.

The presence of loop structures has been demonstrated at the BX-C locus (Fitzgerald

and Bender, 2001; Lanzuolo et al., 2007; Tiwari et al., 2008). Figure 2 (right panel)

illustrates this alternate model.

This model is supported by observations that PHO can directly interact with

PRC1 in vitro (Mohd-Sarip et al., 2002). Further, PRC1 components have been localized

in ES cells in the absence of PRC2 (Pasini et al., 2004). Also, ChIP analysis shows that

H3K27me3 and PRC1 do not co-localize precisely, hence nucleosomes bearing

H3K27me3 are not sufficient to attract PRC1 (Kahn et al., 2006; Papp and Müller, 2006).

The H3K27me3 mark is broadly distributed across the promoter and coding region of the

silenced gene, however, PcG complexes are strictly localized to the PREs. In this light, it

is possible that the PcG subunits are targeted to the PREs and then lead to spreading of

the methyl mark.

The above models may not necessarily be mutually exclusive and there may still

be other unknown factors that are responsible for PRC1 targeting to PREs. Indeed, it

may be unlikely for such a complex system to function solely by one single recruiter.

Moreover, different cell types may function in different modes to recruit PcG targets.
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The models presented above are based on the assumption that the catalytic

function of PRC2 is its main contribution to PcG mediated silencing. Since a PRC2 loss-

of-function removes both the H3K27me3 mark and the accumulation of PRC2 at the

same time, it has not yet been possible to address whether PRC2 can cause PRC1

recruitment independent of its catalytic function. A clean answer will be provided by a

situation where the catalytic function of PRC2 can be separated from its physical

accumulation at target sites. This is precisely the main aim of the thesis.

H3K27me3: PcG transmittance from mother to daughter cells

An important question still remains as to how the PcG chromatin state is faithfully

maintained throughout multiple rounds of cell division. Although the most commonly

accepted role of histone methylation is perhaps the binding to PRC1, recent studies

have implicated the modification in the propagation of PcG silencing from mother to

daughter cells. Several studies report that PRC2 can bind to its own methylation mark

(Hansen et al., 2008; Hansen and Helin, 2009). Further evidence to support this comes

from recent studies that EED binds to histone tails with the trimethylated H3K27

(Margueron et al., 2009). This leads to a model wherein PRC2 bound at an H3K27me3

marked site, is stimulated to methylate the newly synthesized histones, thereby

perpetuating this PcG repressive state through cell cycle progression (Aoto et al., 2008;

Buchenau et al., 1998).
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LYSINE METHYLATION IS REVERSIBLE: DEMETHYLATION

The trimethyl modification is not an irreversible mark on chromatin as it can be

removed by the action of demethylases. In fact, the discovery of histone lysine

demethylases has led to the development of models whereby removal of the methyl

mark leads to the recruitment of an antagonistic remodeler (Shi, 2007; Trojer and

Reinberg, 2006). It is now known that both PcG and TrxG associate with demethylases.

For example, the H3K27me3 demethylase UTX interacts with MLL-1, a component of

TrxG and an H3K4me3 transferase, leading to the idea that demethylation of repressed

genes sets the stage for subsequent activation (Bracken et al., 2006).

Lysine demethylases can be classified into the LSD family or the Jumonji domain

containing family (JmjC) (Metzger and Schule, 2007). The LSD family of demethylases

uses an amine oxidase mechanism to remove methyl groups. However, this mechanism

can only cause the removal of one or two methyl groups (Whetstine et al., 2006).

On the other hand, the expanding JmjC domain family now has several members

that have been shown to catalyze the removal of the tri-methyl mark. JARID1

(Drosophila Lid) is an H3K4me3 demethylase that can be recruited to PcG target genes,

again re-enforcing the belief that PcG mediated silencing is preceded by H3K4me3

demethylation (Secombe and Eisenman, 2007a).

JmjD3 and UTX function as H3K27me3 specific demethylases (Hong et al.,

2007). Both have been shown to function in the de-repression of Hox genes and the

switch from undifferentiated stem cells to specific cell lineages (De Santa et al., 2007;

Lan et al., 2007).
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THESIS SUMMARY

In the following chapters, I describe my work on elucidating the role of histone

methylation in the initial recruitment of PRC1 during PcG-mediated silencing, by

attempting to separate the subunit accumulation of PRC2 from its catalytic function.

A detailed analysis of the catalytic properties of E(Z) missense alleles is

discussed in Chapter 2. Mutations in key residues of the catalytic SET domain render

the enzyme inactive.

Chapter 3 outlines the use of these alleles to create a scenario where stable

PRC2 complex assembles at PcG target loci, but is unable to trimethylate histone tails.

For two of the examined enzyme-dead E(Z) alleles, stable PRC2 accumulation is seen

at target loci detected by polytene immunostainings, accompanied by a loss of

H3K27me3. However, levels of PRC1 subunits remain unaltered, suggesting that PRC1

accumulation does not depend on the catalytic function of PRC2.

Chapter 4 discusses an alternate strategy to create histone trimethylation without

PRC2, by using a heterologous methyltransferase, vSET, from the PBCV-1 virus.

Transfection of vSET into Drosophi la  S2 cells leads to an overall increase in

trimethylation levels. Tools were built to direct vSET binding to specific loci in flies in

order to test for stable co-localization of PRC1 subunits.

Finally, the Appendix of this thesis describes my work on elucidating the

mechanisms that govern reaction characteristics of the E(Z) methyltransferase enzyme

itself. I describe our analysis of point mutations in key residues of the SET domain that

control whether one, two or three methyl groups are added to the lysine substrate

(methylation multiplicity) of the reaction.
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CHAPTER 2: DOMINANT ALLELES IDENTIFY

SET DOMAIN RESIDUES REQUIRED FOR

HISTONE METHYLTRANSFERASE ACTIVITY

OF POLYCOMB REPRESSIVE COMPLEX 2
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Polycomb gene silencing requires histone methyltransferase activity of Polycomb

repressive complex 2 (PRC2), which methylates lysine 27 of histone H3. Information on

how PRC2 works is limited by lack of structural data on the catalytic subunit, Enhancer

of zeste (E(Z)), and the paucity of E(z) mutant alleles that alter its SET domain. Here we

analyze missense alleles of Drosophila E(z), selected for molecular study because of

their dominant genetic effects. Four missense alleles identify key E(Z) SET domain

residues, and a fifth is located in the adjacent CXC domain. Analysis of mutant PRC2

complexes in vitro, and H3-K27 methylation in vivo, shows that each SET domain

mutation disrupts PRC2 histone methyltransferase. Based on known SET domain

structures, the mutations likely affect either the lysine-substrate binding pocket, the

binding site for the adenosylmethionine methyl donor, or a critical tyrosine predicted to

interact with the substrate lysine _-amino group. In contrast, the CXC mutant retains

catalytic activity, Lys-27 specificity, and trimethylation capacity. Deletion analysis also

reveals a functional requirement for a conserved E(Z) domain N-terminal to CXC and

SET. These results identify critical SET domain residues needed for PRC2 enzyme

function, and they also emphasize functional inputs from outside the SET domain.



35

INTRODUCTION

The Polycomb group (PcG)3 proteins are highly conserved chromatin

components that work together to silence target genes during development (for reviews

see (Schwartz and Pirrotta, 2007; Sparmann and van Lohuizen, 2006)). The original and

best characterized biological function of PcG repressors is to maintain repression of

Drosophila Hox genes along the anterior-posterior body axis (Jones and Gelbart, 1990b;

Lewis, 1978; Simon et al., 1992; Struhl and Akam, 1985). Besides Hox regulation, PcG

proteins are implicated in silencing dozens of other developmental control genes in flies

and mammals (Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006; Nègre et al.,

2006a; Schwartz et al., 2006; Squazzo et al., 2006; Tolhuis et al., 2006). A key recent

example is the critical role of PcG proteins in keeping differentiation genes silent in

human embryonic stem cells, thereby maintaining the self-renewing capacity of these

cells (Boyer et al., 2006; Lee et al., 2006). Their widespread biological functions and

striking evolutionary conservation establish PcG proteins as one of the premier models

for deciphering chromatin mechanisms that perpetuate gene silencing during

development.

Drosophila PcG proteins sort into at least three discrete chromatin complexes

termed PRC1, PRC2, and PHO-RC (Czermin et al., 2002; Francis et al., 2001;

Klymenko et al., 2006; Müller et al., 2002; Shao et al., 1999). Genetic studies show that

individual components of each complex are required for Hox gene silencing in vivo,

indicating that these complexes work together to maintain silent chromatin states.

Although the integrated mechanisms by which PcG complexes execute gene silencing
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remain to be determined, subunit compositions and biochemical functions have been

defined for individual purified complexes.

Polycomb repressive complex 2 (PRC2) has four core subunits, E(Z), ESC,

SU(Z)12, and NURF55, and it possesses an intrinsic enzyme activity that methylates

histone H3 on lysine 27 (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002;

Müller et al., 2002). The catalytic subunit is E(Z), which contains a copy of the SET

domain commonly found in lysine methyltransferases (Cheng and Zhang, 2007; Dillon et

al., 2005; Rea et al., 2000). PRC2 is remarkably conserved in multicellular eukaryotes.

Fly and human PRC2 have very similar compositions and identical specificity for H3-K27

(Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Müller et al., 2002). In

mouse and human embryonic stem cells, PRC2 is a key corepressor that methylates

H3-K27 and maintains silencing at differentiation gene targets (Bernstein et al., 2006a;

Boyer et al., 2006; Lee et al., 2006; Pasini et al., 2007). PRC2 function also contributes

to gene expression signatures that identify aggressive forms of human cancers (Ben-

Porath et al., 2008; Ohm et al., 2007; Schlesinger et al., 2007; Widschwendter et al.,

2006; Yu et al., 2007). In addition, PRC2 and Lys-27 methylation are implicated in

mammalian X chromosome inactivation (Heard, 2005), and the Caenorhabditis elegans

version of PRC2 methylates Lys-27 and functions in germ line silencing (Bender et al.,

2004; Holdeman et al., 1998). Strikingly, plant versions of PRC2, which are required for

key events in seed and flower development (Pien and Grossniklaus, 2007; Spillane et

al., 2000), also share the same subunits and Lys-27 specificity (Schubert et al., 2006).

This conservation across kingdoms indicates that PRC2 is part of an ancient strategy for

chromatin silencing, which employs H3-K27 methylation as a repressive chromatin mark.
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To understand PRC2 function, it is important to dissect and define the subunit

contributions of the enzyme complex. The core of the PRC2 active site is provided by

the E(Z) SET domain, which is required for methyltransferase activity in vitro and Hox

gene silencing in vivo (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002;

Müller et al., 2002). Several additional inputs are also critically required for PRC2

function. Each of the three noncatalytic subunits is needed for full HMTase activity, with

the most crucial contributions provided by the ESC and SU(Z)12 subunits, which both

directly contact E(Z) in the enzyme complex (Cao and Zhang, 2004; Ketel et al., 2005;

Nekrasov et al., 2005; Pasini et al., 2004). Single loss of either ESC or SU(Z)12 disrupts

PRC2 function in vitro and in vivo (Cao and Zhang, 2004; Chen et al., 2008; Ketel et al.,

2005; Montgomery et al., 2005; Nekrasov et al., 2005; Pasini et al., 2004). In addition,

several E(Z) domains besides the SET domain are required for PRC2 function (see Fig.

1A). Two of these E(Z) domains function in PRC2 complex assembly, with an N-terminal

E(Z) domain (EID) needed for stable binding to ESC (Han et al., 2007; Jones et al.,

1998; Tie et al., 1998) and homology domain II used to bind SU(Z)12 (Chanvivattana et

al., 2004; Ketel et al., 2005). Although less is known about the molecular role of E(Z)

domain I (Fig. 1A), its 77% identity from flies to humans implies that it, too, is functionally

important. In addition, the CXC domain immediately preceding the SET domain is

implicated in PRC2 catalytic function (Ketel et al., 2005; Kuzmichev et al., 2002) and in

mediating contact with the PcG protein PHO (Wang et al., 2004b), which targets PRC2

to genomic sites in vivo. Thus, PRC2 is a highly collaborative enzyme complex with

multiple subunit and domain inputs needed for robust activity.

In light of these multiple inputs, it is important to define E(Z) functional

interactions with its partner subunits, and with the nucleosome substrate, in molecular
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terms. However, relatively little is currently known about workings of the E(Z) SET

domain because a three-dimensional structure has not yet been described. Information

about functional residues within the E(Z) SET domain is equally limited by the paucity of

Drosophila missense mutations that specifically alter this domain. Here we present

molecular and biochemical analysis of five E(z) mutant alleles selected because their

genetic properties suggest functionally altered versions of E(Z). Four of these are

missense mutations that lie within the E(Z) SET domain. We find that each of these SET

mutations disrupt H3-K27 methylation in vitro and in vivo, thereby defining SET domain

residues critical for PRC2 activity. Based upon other SET domains with known

structures, we suggest that these E(z) mutations affect motifs implicated in either the

lysine-substrate binding pocket, the binding site for the adenosylmethionine methyl

donor, or a critical tyrosine that may contact the reactive lysine _-amino group. These

missense alleles, together with additional site-directed substitutions, define requirements

within the E(Z) SET domain for histone methyltransferase activity. In addition, deletion

analysis reveals that E(Z) domain I is also needed for PRC2 enzyme function.
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EXPERIMENTAL PROCEDURES

Sequence Determination of Mutant Alleles

Genomic DNA was extracted from larvae or adult flies that were hemizygous for

the E(z)son1, E(z)son2, E(z)son3, E(z)1, or E(z)62 alleles in trans to a deficiency of the E(z)

chromosomal region. The E(z) genomic region was amplified by PCR and sequenced as

described previously (Carrington and Jones, 1996b).

Baculovirus Constructs, Site-directed Mutagenesis, and Purification of

Recombinant PRC2 Complexes

Full-length cDNAs encoding FLAG-ESC, HA-ESC, E(Z), SU(Z)12, and NURF-55

inserted into pFastBac1 were described previously (Ketel et al., 2005; Müller et al.,

2002). Site-directed E(Z) mutations were generated in pFastBac1-E(Z) using the

QuickChange mutagenesis kit (Stratagene). N-terminal deletions of E(Z) were generated

by PCR and were confirmed by DNA sequencing. FLAG tags were inserted at the N

termini of E(Z)67–760 and E(Z)161–760, whereas E(Z)_86–152 was used in untagged

form. Baculovirus expression of recombinant proteins was performed using the Bac-to-

Bac system (Invitrogen). Anti-FLAG immunoaffinity purification of PRC2 complexes was

performed as described (Ketel et al., 2005). Complexes bearing E(Z) missense

mutations or E(Z)_86–152 were purified via FLAG-ESC, whereas E(Z)67–760 and

E(Z)161–760 complexes were purified via FLAG tags on the E(Z) subunit after co-

expression with HA-ESC. Mutant complexes were prepared in parallel with a wild-type

control and purified at least twice independently for each complex. Assembly of
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complexes was assessed by Coomassie Blue staining after SDS-gel electrophoresis

and, in the case of Fig. 5C, by Western blotting. Primary antibodies were anti-FLAG

(Sigma) and anti-HA (Covance) mouse monoclonals used at 1:2,000 and 1:5,000,

respectively. Anti-NURF55 was a rabbit polyclonal generated using a His6-NURF55 full-

length fusion as immunogen, affinity-purified as described (Wang et al., 2004b), and

used at 1:2,000.

Histone Methyltransferase Assays and Substrates

Histone methyltransferase assays were performed as described (Ketel et al.,

2005) and were repeated at least twice using independently prepared complexes.

Polynucleosome substrate, consisting of 8–12-mers purified from HeLa cells, was

prepared as described (Ketel et al., 2005). H3/H4 tetramers, which were also used as

substrate in HMTase assays, were prepared after coexpression of Drosophila histone

H3 and H4 in Escherichia coli (Levenstein and Kadonaga, 2002). The H3/H4 tetramers

contained either wild-type or K27A mutant forms of H3.

Generation of E(z) Mutant Embryos and Analysis of in Vivo Histone Methylation

Wild-type embryos were collected from stock yDf(1)w67c2 at 25 °C. E(z)61 mutant

embryos were collected from a homozygous E(z)61 stock at 18 or 29 °C. E(z)mut/E(z)61

adults (where E(z)mut represents E(z)1, E (z )62, E (z )son1, E(z )son2, or E (z ) son3) were

generated at 18 °C, and their mutant embryo progeny were collected at 29 °C. Embryo

extracts were prepared as described (Ketel et al., 2005). Proteins were fractionated on

15% SDS-polyacrylamide gels and transferred to Protran (Schleicher & Schuell). Blots

were blocked for at least 30 min in 5% nonfat dry milk and incubated in primary antibody
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overnight at 4 °C. The dimethyl-H3K27 and trimethyl-H3K27 antibodies were used at

1:500. These antibodies have been described previously (Peters et al., 2003) and were

obtained from Upstate Biotechnology, Inc. A monoclonal antibody against α-tubulin (DM-

1A, Sigma) was used at 1:2,000. Horseradish peroxidase-conjugated goat anti-rabbit

and goat anti-mouse secondary antibodies (Jackson ImmunoResearch) were used at

1:5,000 and 1:2,000, respectively. Signals were developed using an ECL detection kit

(Amersham Biosciences).

Mass Spectrometric Analysis of Lys-27-methylated Histone H3

HMTase assays were performed as described (Ketel et al., 2005)using

recombinant H3/H4 tetramers as substrate and 0.6 mm nonradioactive S -

adenosylmethionine as methyl donor. The reaction products were electrophoresed on a

15% SDS-polyacrylamide gel and stained with Coomassie Blue, and the histone H3

bands were excised. The H3 gel slices were destained, treated with propionic anhydride,

and digested with trypsin as described (Peters et al., 2003). Peptides were then eluted,

purified on a _C18 ZipTip (Millipore), and analyzed using an Applied Biosystems QSTAR

pulsar quadrupole time-of-flight mass spectrometer with a matrix-assisted laser

desorption ionization source. The observed masses (1602 Da for the unmodified H3

peptide, 1616 for the monomethylated peptide, 1574 for the dimethylated peptide, and

1588 for the trimethylated peptide) agree precisely with expected masses for each

peptide species bearing the following modifications: unmethylated (H3 peptide 27–40

plus three propionyl groups), monomethylated (peptide 27–40 plus three propionyl

groups plus one methyl group), dimethylated (peptide 27–40 plus two propionyl groups

plus two methyl groups), and trimethylated (peptide 27–40 plus two propionyl groups
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plus three methyl groups). The identity of the unmethylated H3 peptide peak at 1601.9

m/z was also confirmed by manual MS/MS sequencing.
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RESULTS

E(z) Mutant Alleles with Dominant Phenotypes Distinct from E(z) Null

The PRC2 catalytic subunit, E(Z), contains multiple functional domains (Fig. 1A).

Most of these domains were initially inferred by conservation among E(Z) homologs

(Laible et al., 1997). Definitive in vivo proof of domain contributions can be provided by

mutant alleles that alter single residues. However, relatively few E(z) missense alleles

have been molecularly characterized to date. Three recessive temperature-sensitive

missense mutations, E(z)28, E(z)32, and E(z)61, provide evidence that domain II and the

CXC domain are required for E(Z) function in vivo (Carrington and Jones, 1996b; Jones

and Gelbart, 1990b; Phillips and Shearn, 1990) (see Fig. 1A ). The only other E(z)

missense allele yet described molecularly is a gain-of-function E(z) mutation, called

E(z)Trm, which is located in the C-terminal portion of the SET domain (Bajusz et al.,

2001). The Trm mutant version of E(Z) retains PRC2 enzyme activity (Kuzmichev et al.,

2002).4

Many additional fly E(z) mutant alleles have been isolated, but their molecular lesions

have not been determined. Because we are most interested in studying mutants that

inactivate or alter specific domains rather than cause complete E(Z) loss, we sought E(z)

mutants whose phenotypes are distinct from E(z) null. We selected five E(z) mutant

alleles, E(z)1, E(z)62, E(z)son1, E(z)son2, and E(z)son3, because genetic studies established

that each displayed one or more dominant phenotypes that are more severe than E(z)

null or not observed with E(z) null (Table 1). For example, E(z)1 and E(z)62 are dominant
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Figure 1: Location of E(z) missense mutations

A, E(Z) domain organization. The five missense alleles described here are highlighted in

red and map to the SET or CXC domains. Domains that mediate E(Z) interaction with

ESC or SU(Z)12 are indicated.

B, four E(Z)SET domain alleles are indicated, with substituted residues in blue. The SET

domain sequence alignment shows fly E(Z), its human EZH2 homolog, and four other

SET domains with known structures (Couture et al., 2005; Dillon et al., 2005; Qian et al.,

2006; Qian and Zhou, 2006; Wilson et al., 2002; Xiao et al., 2005; Xiao et al., 2003a).

Lysine specificities are as follows: E(Z)andEZH2(H3-K27); SET7/9 (H3-K4); DIM-5 (H3-

K9); SET8 (H4-K20); and vSET (H3-K27). Conserved functional motifs highlighted in red

include a GXG motif that binds adenosylmethionine (AdoMe t), a YXG motif at the

catalytic site, a hydrophobic motif (FLF in E(Z)) that contributes to the lysine-binding

pocket, and two C-terminal motifs that form the pseudoknot(Cheng and Zhang, 2007;

Dillon et al., 2005; Qian and Zhou, 2006). vSET appears to lack the YXG motif found in

the vast majority of SET domains (Qian and Zhou, 2006).
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 modifiers of gene silencing by the zeste chromatin protein (Jones and Gelbart, 1990b;

Wu et al., 1989) and the E(z)son1, E(z)son2, and E(z)son3 alleles are dominant suppressors

of nanos, which reflect E(Z) silencing of the embryonic patterning genes knirps and giant

(Pelegri and Lehmann, 1994). Table 1 shows a compilation of phenotypes observed with

these five mutants in seven different phenotypic tests. By these criteria, which also

include lethal phase analysis and Hox patterning defects, these five mutants were

determined to exert dominant effects stronger than a reference E(z) null, E(z)63, in one or

more phenotypic tests (Table 1). Thus, these mutants likely produce functionally altered

versions of E(Z), and if missense alleles, they could identify critical residues within E(Z)

domains. Sequencing revealed that four of the five E(z) alleles are missense mutations

within the SET domain, and the fifth allele, son2, resides within the flanking CXC domain

(Fig.1). This distribution parallels their phenotypic severities, with all four SET mutants

displaying recessive lethality, whereas son2 is hemizygous viable (Table 1). Intriguingly,

each of the SET mutations changes residues associated with conserved motifs (Fig. 1B),

whose functions are predicted by analogy to SET domains whose structures are known

(Cheng and Zhang, 2007; Couture et al., 2005; Dillon et al., 2005; Qian et al., 2006;

Wilson et al., 2002; Zhang et al., 2003). E(z)62 and E(z)son1 both affect a hydrophobic

motif (FLF in E(Z)) that contacts the substrate lysine (Dillon et al., 2005; Qian et al.,

2006; Qian and Zhou, 2006). In contrast, E(z)son3 is associated with a conserved GXG

motif implicated in Ado-Met binding (Cheng and Zhang, 2007; Dillon et al., 2005).
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Table 1:  Phenotypes of E(z) mutant alleles

Compilation of phenotypes observed with the five E(z) alleles that are the subject of this

study as compared to a reference E(z) null allele, E(z)63.  E(z)63 alters the E(Z) start

codon and eliminates E(Z) protein (Carrington and Jones, 1996a).  The ability of E(z)

alleles to modify zeste1 eye color and to restore abdominal segmentation in nanos

mutants has been described previously (Jones and Gelbart, 1990a; Pelegri and

Lehmann, 1994).  More complete descriptions of phenotypic classes and criteria for

scoring are provided therein.  All crosses were performed at 25°C.

a Lethal phase: L3, die as third instar larvae; P, die as pupae; V, viable as adults.

bMESO to PRO, ectopic sex comb teeth on basitarsi of male mesothoracic legs: +, a

fraction of males have one or a few sex comb teeth on mesothoracic legs; -,

essentially wild type.

cPRO to MESO, reduced number of sex comb teeth on basitarsi of male prothoracic

legs: ++, at least half of the sex comb teeth missing in most males; +, one or a few

sex comb teeth missing in most males; -, essentially wild type.

dPRO 2nd tarsal segment, ectopic sex comb teeth on the second tarsal segment of male

prothoracic legs: +, a small percentage of males with one or two ectopic sex comb

teeth; -, essentially wild type.

b,c,dPhenotypes were scored in adults or pharate adults with indicated E(z) allele in trans

to the temperature-sensitive E(z)61 allele, which provides partial E(z)+ function at

25°C.
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ezeste1 eye color, eye colors of males containing the indicated E(z) alleles in trans to

E(z)+ in z1 wis/Y background: R, reddish; RO, reddish orange; DO, dark orange; Y,

yellow.  z1 wis/Y males normally exhibit light orange eye color.

fSuppression of nanos, indicated allele in trans to E(z)+ restores abdominal segments in

embryos from nos/nos mothers ((Pelegri and Lehmann, 1994): ++, yields >10% of

nos/nos embryos with at least 3 abdominal segments; +, yields 2-10% of nos/nos

embryos with at least 3 abdominal segments; -, does not restore abdominal

segments in nos/nos embryos; ND, not determined.
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E(z) Alleles

Phenotype                     son1            62           1           son3            son2      63(null)          

Lethal phasea                  L3            L3          P      P              V      P  

(in trans to Df(3L)lxd15)

Lethal phasea                   P           P   V      P              V     V

(in trans to E(z)61)

MESO to PROb      -           -   +     +             +             +

PRO to MESOc    ++          +   -     -             -              -

PRO 2nd                                       +          -              +     -                   -             +

tarsal segmentd

zeste1 eye colore    R       RO             Y   DO           DO          DO

Suppression of            ++       ND  -   ++            +              -

nanosf
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E(z) Missense Mutations Alter SET Domain Motifs Implicated in Histone

Methyltransferase Functional Sites

Finally, E(z)1 substitutes the tyrosine of a YXG motif, which plays a critical role at

the catalytic site. In other SET domains, this tyrosine contacts and orients the lysine _-

amino group for the methyl transfer reaction (Dillon et al., 2005). Thus, these mutations

may impair the enzyme in mechanistically different ways by affecting lysine substrate

interaction, methyl donor binding, or configuration of the core catalytic site. Indeed,

E(z)62 and E(z)son1 comprise a phenotypic class distinct from E(z)son3 and E(z)1 (Table 1),

which may reflect these underlying differences in altered SET domain subfunctions.

Methyltransferase Activity Is Disrupted in PRC2 Complexes Bearing E(z) SET

Missense Mutations

To determine their molecular consequences in PRC2, each E(Z) mutant was

tested for function in vitro (Fig. 2) and in vivo (Fig. 3). Fig. 2A shows that each E(Z)

mutant protein assembles into recombinant PRC2, like wild-type E(Z), after

coexpression with partner subunits in a baculovirus system. Thus, these mutations do

not grossly alter E(Z) folding or subunit interactions. The purified wild-type and mutant

PRC2 complexes were then tested for HMTase activity using as substrate either HeLa

polynucleosomes or recombinant histone H3/H4 tetramers produced in E. coli. Fig. 2B

shows that all four SET missense mutants disrupt PRC2 enzyme function. In contrast,

the CXC mutant (son2) retains HMTase activity at a level comparable with the wild-type

enzyme complex (Fig. 2B, right panels).
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Figure 2. Histone methyltransferase of E(Z) mutants in vitro.

A, assembly;

B, methyltransferase activity of the five E(Z) missense mutants in context of recombinant

PRC2. Substrates were HeLa polynucleosomes (top panels) or recombinant H3/H4

tetramers (bottom panels).

C, analysis of site-directed E(Z) mutations F679Y and F681Y (left panel), which alter the

putative lysine-substrate binding pocket. Both mutants assemble into PRC2 (middle

panel), but F679Y is highly active, whereas F681Y has little or no HMTase (right panel).

WT, wild type.
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Figure 3. Histone methyltransferase of E(Z) mutants in vivo

Western blots to detect di- and trimethyl-H3-K27 in fly embryos of indicated genotypes.

A, embryos from E(z)61 homozygotes lose Lys-27 methylation at restrictive temperature

(29 °C, 3rd lane).

B, embryos from parents bearing E(z)61 intrans to each of the five tested E(z) missense

alleles at 29 °C. Only E(z)son2 retains substantial Lys-27 methylation. WT, wild type
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E(Z) SET Missense Mutations Disrupt H3-K27 Methylation in vivo

To assess function in vivo, Western blots on mutant embryo extracts were

performed to detect levels of di- and trimethyl-H3-K27 (Fig. 3). As described previously

(Cao et al., 2002; Ketel et al., 2005). Lys-27 methylation is disrupted in embryos

homozygous for the conditional E(z)61 allele at restrictive temperature (Fig. 3A). Thus,

each of the five E(z) missense mutants was assayed in embryos collected from parents

trans-heterozygous for E(z)61. Because the embryos were collected at restrictive

temperature, thereby inactivating the E(Z)61 protein, any signals observed derive solely

from the missense mutant tested. Fig. 3B shows that Me-Lys-27 levels are dramatically

reduced in the four SET mutants, whereas the son2  CXC domain mutant still

accumulates Me-Lys-27. These in vivo results closely parallel the findings with in vitro

histone methyltransferase assays (Fig. 2B).

Analysis of Site-directed Mutations within the Predicted Lysine 27 Binding Region

of E(Z)

Because PRC2 produces trimethylated H3-K27 from an unmodified histone

substrate (Nekrasov et al., 2007) (Fig. 4A), it can perform the individual reactions that

yield mono-, di-, and trimethyl products. Conservative substitution of large hydrophobic

residues within the SET domain lysine binding pocket can alter this methylation

multiplicity (Collins et al., 2005; Zhang et al., 2003), which has been referred to as a

Phe/Tyr switch (Collins et al., 2005; Dillon et al., 2005). For example, Y50F and F52Y

substitutions within the H3-K27-specific vSET methyltransferase alter this enzyme such

that monomethyl or dimethyl, but not trimethyl, reaction products predominate
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Figure 4. Trimethylation capacity and lysine specificity of E(Z)-F679Y and

E(Z)Son2 mutant PRC2 complexes

A, mass spectrometric detection of unmodified and Lys-27-methylated forms of histone

H3 tail tryptic peptide 27–40 (KSAPATGGVKKPHR), determined as described previously

(Peters et al., 2003). Drosophila H3/H4 tetramers, purified from E. coli, were either

untreated or methylated by wild-type (WT) or indicated PRC2 mutant complexes.

Histone H3 was then gel-excised, propionylated, and trypsin-digested, and peptide

masses were determined by matrix-assisted laser desorption ionization time-of-flight.

Only unmodified and monomethyl lysines get propionylated, which leads to larger

peptide masses as compared with their di- and trimethyl counterparts. The labeled

peaks correspond to singly charged ions observed at 1601.9m/z for the unmodified H3

peptide, 1615.9m/z for the monomethylated peptide, 1573.9m/z for the dimethylated

peptide, and 1587.9 m/z for the trimethylated peptide.

B, lysine specificity of mutant PRC2 complexes bearing either the E(Z)son2 (left panel)

or E(Z)-F679Y (right panel) mutations. Both mutant complexes resemble wild-type PRC2

in ability to methylate wild-type recombinant H3/H4 tetramers and failure to methylate

tetramers bearing the K27A mutant version of histone H3.
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(Qian et al., 2006). Because the vSET 50YLF52 motif aligns with the E(Z) FLF region

harboring the E(z)62 and E (z)son1 mutations (Fig. 1B), we generated and tested the

analogous E(Z) substitutions, F679Y and F681Y. As shown in Fig. 2C , F681Y

dramatically reduces PRC2 HMTase, but F679Y is tolerated with _2-fold reduction

compared with wild type. However, mass spectrometric analysis of the histone H3

reaction products generated by the E(Z)-F679Y enzyme shows that this mutant retains

the capacity to produce trimethyl-H3-K27 (Fig. 4A). Thus, the molecular basis for

methylation multiplicity in these two Lys-27-specific enzymes may differ. Their subunit

requirements already suggest mechanistic distinctions, with E(Z) requiring two

noncatalytic partners for robust HMTase (Cao and Zhang, 2004; Chen et al., 2008; Ketel

et al., 2005; Montgomery et al., 2005; Nekrasov et al., 2005; Pasini et al., 2004),

whereas vSET is catalytically active without heterologous partners (Manzur et al., 2003a;

Qian et al., 2006).

The son2 CXC Mutant Preserves Lysine Specificity and Methylation Multiplicity

The in vitro and in vivo tests described so far (Figs. 2B and 3B) fail to detect a

molecular defect associated with the E(z)son2 mutation, which resides within the CXC

domain. Thus, we considered that the Son2 mutant complex might retain quantitatively

robust HMTase activity that might still be defective or altered in some qualitative way

that could be assessed in vitro. To determine whether the Son2 mutant altered the lysine

specificity of the enzyme, we tested recombinant PRC2 containing E(Z)Son2 protein for

ability to methylate histone H3/H4 tetramers bearing K27A-substituted H3. However, as

shown in Fig. 4B, the Son2 complex retains Lys-27 specificity similar to wild-type PRC2.

Finally, to assess methylation multiplicity of the Son2 mutant, we performed mass
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spectrometric analysis of histone H3 reaction products generated by in vitro HMTase

using the PRC2-Son2 enzyme complex. Fig. 4A (bottom right panel) shows that the

Son2 mutant complex is capable of producing mono-, di-, and trimethylated H3-K27.

Thus, our battery of in vitro tests failed to detect a significant difference in biochemical

properties of the Son2 mutant compared with wild type.

Functional Tests of N-terminal E(Z) Domains

In addition to the CXC and SET domains, three N-terminal E(Z) domains are

recognized based on evolutionary conservation and functional tests. Of these, domain II

can mediate E(Z) association with SU(Z)12 in pairwise binding assays (Chanvivattana et

al., 2004; Ketel et al., 2005) and it is required for SU(Z)12 assembly into PRC2 (Ketel et

al., 2005). The EID is implicated as an ESC-interacting domain, based on pairwise

binding tests (Han et al., 2007; Jones et al., 1998; Tie et al., 1998), but the EID

requirement for ESC assembly into PRC2 has not been reported. Finally, the role of

domain I in either subunit assembly or enzyme activity has not been described. The high

conservation of domain I, which is 77% identical from flies to humans, implies a key

functional role.

To assess roles of the two most N-terminal E(Z) domains in vitro, we constructed

and tested three deletions in this region (Fig. 5A). E(Z)67–760 removes the EID,

E(Z)161–760 removes both the EID and domain I, and E(Z)_86–152 is an in-frame

deletion that removes just domain  I. These E(Z) deletion mutants were tested for

assembly into recombinant PRC2 and for enzyme activity in histone methyltransferase

assays. Purification of wild-type PRC2 and E(Z)_86–152 was performed, as above, via
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Figure 5: In vitro analysis of E(Z) mutants bearing N-terminal deletions

A, domain content of wild type (WT) and three deletion mutants of E(Z).

B, subunit compositions of purified PRC2 complexes bearing wild type and mutant forms

of E(Z). Complexes in lanes 1 and 3 were purified via FLAG tag on ESC, and complexes

in lanes 2 and 4 were purified via FLAG tags on the mutant versions of E(Z). The brace

indicates altered migration positions of the E(Z) deletion mutants.

C, Western blots to assess the presence of NURF55 and ESC in mutant complexes

shown in B. Complexes in lanes 1 and 3 were obtained after coexpression of PRC2

subunits with a FLAG-tagged version of ESC, whereas complexes in lanes 2 and 4 were

obtained after coexpression of PRC2 subunits with HA-tagged ESC. Control is a PRC2

complex that contains HA-ESC. These Western blots demonstrate that NURF55 is

present in all four complexes shown in B, whereas ESC is only present in the wild-type

and E(Z)_86–152 complexes (lanes 1 and 3).

D, histone methyltransferase activities of wild-type and E(Z)_86–152 mutant PRC2 using

HeLa polynucleosomes as substrate.    .
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FLAG-tagged ESC. However, because the two E(Z) deletions removing the EID seemed

likely to disrupt ESC-E(Z) interaction, these complexes were purified using FLAG tags at

the N termini of the E(Z) mutant proteins. FLAG tags at the N terminus of either ESC or

E(Z) are tolerated without disrupting PRC2 methyltransferase (Ketel et al., 2005;

Nekrasov et al., 2005).Fig. 5B shows the subunit compositions of complexes bearing the

deleted versions of E(Z). Wild-type and E(Z)_86–152 complexes contain all four subunits

(Fig. 5B , lanes 1 and 3), indicating that E(Z) domain I is notrequired for assembly of

partner subunits. In contrast, E(Z)67–760 and E(Z)161–760 yield trimeric complexes that

specifically lack ESC (Fig. 5B, lanes 2 and 4). Because the NURF55/ESC doublet is not

optimally resolved here, we performed Western blot analysis on these same complexes

to independently assess the presence or absence of these two subunits. Fig. 5C

confirms that all complexes contain NURF55, but only wild-type and E(Z)_86–152 retain

the ESC subunit (lanes 1 and 3). These results are consistent with ESC assembly into

PRC2 requiring a key stable contact with the EID of E(Z). A three-dimensional view of

this binding interface has recently been described for the corresponding human PRC2

subunits (Han et al., 2007).

Histone methyltransferase assays were performed on these recombinant

complexes. As shown in Fig. 5D, despite assembly of a full four-subunit complex, the

E(Z)_86–152 mutant version of PRC2 shows little or no enzyme activity. As expected

because of the loss of ESC, the E(Z)67–760 and E(Z)161–760 trimeric complexes also

lacked HMTase (data not shown). These results suggest that domain I of E(Z) is needed

for PRC2 enzyme function. Thus, in addition to the key influences of SU(Z)12 and ESC

in boosting E(Z) catalysis (Cao and Zhang, 2004; Chen et al., 2008; Ketel et al., 2005;
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Montgomery et al., 2005; Nekrasov et al., 2005; Pasini et al., 2004) domain I may

provide another functional input from outside the SET domain.
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DISCUSSION

Motifs and Subfunctions within the E(Z) SET Domain

Three functional sites required in histone lysine methyltransferases are a lysine

substrate-binding site, a methyl donor cofactor-binding site, and a catalytic site that

promotes methyl transfer from donor to substrate. Different SET domains configure

these enzyme sites using a combination of highly conserved motifs and less conserved

regions across the 130-amino acid expanse of the domain. Structural studies show that

the SET domain active site features an unusual protein fold termed a pseudoknot (for

reviews see Refs. (Cheng and Zhang, 2007; Dillon et al., 2005; Xiao et al., 2003b)). The

pseudoknot is formed from the two most highly conserved motifs, RFXNH-SCXPN and

EELXFDY, located in the C-terminal portion of the SET domain (motifs IV and V in Fig.

6), with the latter peptide element threading the loop created by the former. Two

additional motifs from the N-terminal portion of the domain, featuring conserved GXG

and YXG elements (motifs I and II in Fig. 6), are typically juxtaposed to the pseudoknot

to jointly create the architecture of the three functional sites. The adenosylmethionine

binding pocket is contributed by the GXG motif plus the RFXNHS portion of motif IV.

Consequently, we suggest that the E(z)son3 mutation, which closely flanks this GXG motif

(Fig. 1B ), alters E(Z) binding to S-adenosylmethionine cofactor. We note that a

methylation-defective mutant of MES-2, the worm E(Z) homolog, changes two residues

that immediately flank the son3  substitution, suggesting a similar biochemical

explanation (Bender et al., 2004; Holdeman et al., 1998). In contrast, the E(z)1 mutation

(Y655N; Fig. 1B) alters the YXG motif tyrosine, which interacts with the substrate _-
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Figure 6. SET domain motifs and locations of E(z) missense mutations.

The C-terminal portion of E(Z) spanning the CXC and SET domains is depicted. Five

motifs within the SET domain are indicated (Cheng and Zhang, 2007; Dillon et al., 2005;

Qian and Zhou, 2006), which correspond to conserved elements aligned in Fig. 1B.

Motifs IV and V together form the pseudoknot. Asterisks above the map represent

positions of the five E(z) missense alleles described in this work. Conserved residues of

each motif are indicated below the map. _ denotes a large hydrophobic residue.
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amino group at the catalytic site. This critical tyrosine is analogous to Tyr-178 in DIM-5

and Tyr-245 in SET7/9, which hydrogen bond to the _-amino group to align it favorably

for methyl transfer (Dillon et al., 2005; Wilson et al., 2002; Xiao et al., 2003a; Zhang et

al., 2002). Thus, the simplest explanation for E(Z)-Y655N loss of enzyme activity is a

defective catalytic site.

The lysine substrate binding pocket is lined by large hydrophobic residues, some

of which are donated by motif V of the pseudoknot (EELXFDY). However, the remaining

composition of the lysine binding channel is more variable, which is thought to reflect

differing substrate specificities of SET domain enzymes for different histone lysine

residues (Couture et al., 2006). A more variable middle portion of the SET domain,

sometimes called SET-I (for SET-insert), also contributes hydrophobic residues to the

lysine-binding pocket (Qian et al., 2006; Xiao et al., 2003b). This SET-I region

encompasses motif III (FLF in E(Z)) and is implicated in helping determine lysine choice

(Couture et al., 2006; Xiao et al., 2003b). In DIM-5, SET7/9, SET8, and vSET, the

aromatic residues of motif III form one side of the lysine channel wall, which parallels the

methylene portion of the lysine side chain (Dillon et al., 2005; Qian et al., 2006; Qian and

Zhou, 2006; Xiao et al., 2003a; Zhang et al., 2003). Thus, the E(z)62 (S678L) and E(z)son1

(F681I) mutations (Fig. 1B) likely exert their effects by altering this lysine binding pocket.

We note that E(z)son1 renders PRC2 inactive despite the substitution of one large

hydrophobic residue for another. Our site-directed F679Y and F681Y mutations (Fig. 2C)

further address requirements for particular large hydrophobes in these locations. E(Z)-

F679Y displays robust HMTase activity, within _2-fold of wild type (Fig. 2C), and it

retains substrate specificity for lysine 27 (Fig. 4B). The fact that worm MES-2 normally

features Tyr at this position, but is defective with His at this position, provides
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independent evidence of flexibility limits at this residue (Bender et al., 2004; Holdeman

et al., 1998). In contrast, there is little flexibility at Phe-681 because activity is disrupted

by substitutions to either Tyr or Ile (Fig. 2, B  and C). In agreement with this, Phe is

conserved at the corresponding position in 17/21 characterized SET domains (Qian and

Zhou, 2006).

Mutational analyses of other SET domains show that Phe versus Tyr residues at

certain positions of the lysine substrate binding pocket can influence product specificity

(Collins et al., 2005). Thus, Tyr at these positions is a feature of mono-

/dimethyltransferases, whereas Phe promotes activity as a trimethyltransferase. This

Phe/Tyr switch has been demonstrated for DIM-5, G9a, SET7/9, and vSET (Collins et

al., 2005; Qian et al., 2006; Zhang et al., 2003). We tested whether Phe-to-Tyr mutations

at Phe-679 or Phe-681 altered the methylation multiplicity of E(Z), because mutations at

the corresponding positions of the Lys-27-specific HMTase, vSET, had this effect (Qian

et al., 2006; Qian and Zhou, 2006). However, F681Y reduced overall HMTase and

F679Y retained trimethylation capacity (Fig. 4A). This suggests that E(Z) residues that

dictate mono/di-versus trimethylation are located elsewhere and that this determinant is

not configured similarly in E(Z) and vSET. The E(Z) and vSET enzymes also differ in

requirements for non-catalytic subunits (Ketel et al., 2005; Manzur et al., 2003a;

Nekrasov et al., 2005; Qian et al., 2006) and in conservation of the YXG element (motif

II; see Fig. 1B). We note that the experimentally determined Phe/Tyr switch residues are

located in different positions within the SET domain primary sequence in different

HMTases (Collins et al., 2005; Qian et al., 2006). It is also possible that E(Z) methylation

multiplicity is influenced by one or more of its noncatalytic partners.
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Multiple E(Z) Phenotypes and Biological Functions in Drosophila

In addition to Hox gene silencing, E(Z) is implicated in chromatin regulation at

many other fly loci (Nègre et al., 2006a; Schwartz et al., 2006; Tolhuis et al., 2006), and

also in mitotic chromosome function (Fanti et al., 2008; Gatti and Baker, 1989; O'Dor et

al., 2006; Phillips and Shearn, 1990). Certain of these non-Hox regulatory functions

provided phenotypic readouts exploited in the isolation and characterization of the five

E(z) missense alleles described here. One such phenotype, modification of zeste1 eye

color, is a hallmark of mutations in several PcG genes (Wu et al., 1989). Although not

understood in molecular terms, dominant suppression of zeste1 eye color because of

PcG gene loss is conveniently exploited in PcG genetic assays (Bornemann et al., 1996;

Kalisch and Rasmuson, 1974; Wu et al., 1989). Indeed, the PRC2 subunit SU(Z)12 was

originally identified as a zeste1 modifier (Birve et al., 2001), hence the name Suppressor

of zeste-12. E(z) null mutations, such as E(z)63, are weak dominant suppressors of

zeste1; they shift eye color from light to slightly darker orange when tested with the z1 wis

chromosome used here (Table 1). In contrast, E(z)62 suppresses more strongly than null,

yielding a reddish eye color, and E(z)1 actually has the opposite effect; it enhances

zeste1 silencing of white to yield a yellow eye color (Jones and Gelbart, 1990b) (Table

1).

Another phenotypic readout is the ability of E(z) alleles to suppress nanos

mutations (Pelegri and Lehmann, 1994). Nanos is a maternally provided protein required

for development of fly abdominal segments (Wang and Lehmann, 1991). Nanos

represses translation of hunchback (HB) in posterior segments, which helps produce the

HB gradient that defines head-to-tail body regions in early fly embryos (Wang and

Lehmann, 1991; Wharton and Struhl, 1991). HB, in turn, defines the spatial expression
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domains of subordinate gap gene products, including Kruppel, knirps, and giant

(Hülskamp and Tautz, 2005). This process occurs hours before PcG silencing of Hox

genes. It was therefore unexpected that E(z) alleles (son1, son2, and son3) were

isolated in a genetic screen for suppressors of nanos (Pelegri and Lehmann, 1994). This

suppression occurs through altered levels of knirps and giant expression; these gap

genes are abnormally silenced in nanos mutants, but their expression is restored in

nanos;E(z)son double mutants (Pelegri and Lehmann, 1994). Thus, knirps and giant are,

like Hox genes, silenced by E(Z) in vivo. Although we now appreciate that E(z) silences

many distinct target genes, this Pelegri and Lehmann study (Pelegri and Lehmann,

1994) provided one of the first examples of PcG regulation of non-Hox target genes.

Phenotypic Differences among E(z) SET Mutants

All four of the E(Z) SET domain missense alleles show dramatically reduced

histone methyltransferase activity in vitro (Fig. 2B ) and in vivo (Fig. 3B). Thus, the

simplest molecular explanation for their genetic effects would be that they act as

dominant-negatives. In this scenario, if these catalytically inactive versions of E(Z)

assemble into PRC2 in vivo, as they do in vitro (Fig. 2A), then they should poison these

complexes and cause loss-of-function. This type of mechanism could explain why these

mutants show stronger dominant effects than E(z) null (Table 1). However, there are

phenotypic differences among the four E(z) mutants, which indicates that they do not

behave identically in vivo. In particular, the two lysine substrate pocket mutants, E(z)62

and E(z)son1, appear to define a phenotypic subclass. These two mutants die earlier as

hemizygotes and their Hox developmental defects are distinct from the other three

mutants and nulls (Table 1). To decipher in vivo mechanisms of these mutants, it will be
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necessary to determine whether and how mutant PRC2 complexes are directly

associated with individual target loci. In particular, the consequences of bound but

inactive PRC2 might be different at a target gene, such as giant, with PcG complexes

bound outside the transcription unit (Nègre et al., 2006a), as opposed to a Hox gene like

Ubx , which accumulates PcG complexes at sites both upstream and within the

transcription unit (Kahn et al., 2006; Papp and Müller, 2006; Wang et al., 2004b). It is

also difficult to interpret phenotypic differences among E(z) mutants without knowing if

PRC2 exerts functions in vivo that are independent of its methyltransferase. Further

work will be needed to determine in vivo mechanisms of these E(z) SET mutants.

E(Z) Functional Inputs from Outside the SET Domain

The E(z)son2 mutant is different in several ways from the other four missense

alleles analyzed here. First, it is the only allele of the five to retain adult viability as a

hemizygote (Table 1), which indicates that Son2 mutant protein retains substantial

partial E(Z) function. Second, son2 is located in the CXC domain (Fig. 1A), a highly

conserved cysteine-rich domain that flanks the SET domain. In vitro tests have shown

that other E(Z) CXC missense mutants assemble into PRC2 but display reduced

enzyme activity (Ketel et al., 2005; Kuzmichev et al., 2002). Thus, the E(Z) CXC domain

could parallel the zinc-binding PRE-SET domains of the SUV39 family of HMTases

(Cheng and Zhang, 2007; Xiao et al., 2003b), which are similarly needed for HMTase

function (Rea et al., 2000). In these HMTases, such as DIM-5 and CLR4, the PRE-SET

domain contacts the adjacent SET domain, which may provide structural stabilization

(Xiao et al., 2003b; Zhang et al., 2002). However, a catalytic defect is not apparent with

the E (z )son2 CXC mutant, which retains HMTase levels, Lys-27 specificity, and
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trimethylation capacity similar to wild-type (Fig. 2B, Fig. 3B, and Fig. 4). An additional

function of the E(Z) CXC domain is to mediate interaction with another PcG protein

called pleiohomeotic (PHO) (Wang et al., 2004b). PHO is a sequence-specific DNA-

binding protein (Brown et al., 1998) implicated in targeting PRC2 to chromatin sites in

vivo (Wang et al., 2004b). Thus, it is possible that the son2 defect could reflect altered

PRC2 targeting in vivo rather than defects in intrinsic enzyme function. However, the

viability of son2 hemizygotes suggests that any targeting defects must be much more

subtle than the wholesale E(Z) dislodging seen with stronger loss-of-function CXC

mutants (Carrington and Jones, 1996b).

In addition to the CXC domain, our analysis also suggests that domain I of E(Z)

is important for PRC2 function. Despite its 77% identity from flies to humans, the

contribution of this domain has received scant attention. Because there are no known

E(z) missense alleles located in domain I, we removed it by in-frame deletion and tested

this E(Z) mutant protein for PRC2 assembly and activity in vitro. As shown in Fig. 5,

E(Z)_86–152 can assemble into a four-subunit complex, but its enzyme activity is

dramatically reduced. This suggests that the main function of domain I is not to bind and

recruit core subunits into PRC2. Consistent with this idea, domain I is conserved in the

divergent C. elegans version of PRC2, which lacks subunits that resemble SU(Z)12 or

NURF-55 (Bender et al., 2004; Ketel et al., 2005; Xu et al., 2001). One possibility is that

domain I might directly contact and influence the organization or function of the E(Z)

SET domain. Intriguingly, domain I coincides with a binding site for another PcG protein,

called PCL in flies and PHF1 in humans (O'Connell et al., 2001). PCL is required for

PRC2 chromosome binding in vivo (Savla et al., 2008) and also has been shown to

stimulate PRC2 enzyme activity (Cao et al., 2008; Nekrasov et al., 2007; Sarma et al.,
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2008). Perhaps PCL association with E(Z) domain I optimizes or stabilizes an interaction

with the SET domain.

Clearly, more work is needed to determine the mechanisms of PRC2 function in

vitro and in vivo. At the core of the enzyme, our analysis shows that discrete motifs

within the E(Z) SET domain, highlighted by conservation and structural studies of other

methyltransferases, are critical for PRC2 function. However, multiple inputs from

subunits and domains outside the SET domain also need to be deciphered before the

inner workings of this highly collaborative and functionally critical enzyme complex are

fully revealed.
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CHAPTER 3: PRC2 WITHOUT HMTASE:

SEPARATION OF CHROMATIN

ACCUMULATION FROM CATALYTIC

FUNCTION
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INTRODUCTION

A key question in the field is to understand the precise mode of PcG recruitment

to target loci. As discussed in Chapter 1, PHORC is responsible for PcG targeting to

PREs via its DNA-sequence specific binding activity (Brown et al., 1998; Brown et al.,

2003). This leads to the subsequent recruitment of PRC2 and PRC1. ChIP studies show

that all three complexes are found at PREs (Schuettengruber et al., 2009). An interaction

exists between PHO and E(Z) or ESC, hence, one hypothesis for PRC2 recruitment is

direct contact with PHORC (Wang et al., 2004b). However, PRC1 recruitment still

remains an open question. The two models presented in Chapter 1 (Figure 2) suggest

either a direct PRC1-PRC2/PHORC interaction or a PRC1-H3K27me3 interaction, via

the chromodomain of PC (Cao et al., 2002; Messmer et al., 1992; Ringrose et al., 2004),

for PRC1 recruitment.

PcG complex subunits co-localize at target sites

Several reports used immunolocalization studies to investigate the binding

patterns of PcG components on Drosophila polytene chromosomes. E(Z) and Su(Z)12

binding show that there is a perfect co-localization between the two PRC2 subunits

(Chen et al., 2008). Binding patterns for PC, PSC and PH indicate that PRC1 subunits

also show a tight co-localization, and co-occupy most PRC2 sites (Franke et al., 1992;

Rastelli et al., 1993). PRC1 and PRC2 components bind to about 80-90 sites on

Drosophila polytene chromosomes. These studies also show that the sites of H3K27me3

do not completely overlap with PRC2 and PRC1 (Chen et al., 2008; Schwartz et al.,
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2006). The trimethyl mark occurs at more sites than the PcG complexes. Genome-wide

ChIP-chip studies report H3K27me3 presence throughout the promoter and coding

regions of silenced genes. PRC2 and PRC1 subunits, in contrast, appear more localized

with peaks at the PREs (Nègre et al., 2006a; Schuettengruber et al., 2009; Schwartz et

al., 2006).

Is histone methylation required for PRC1 recruitment?

PcG mediated silencing requires the presence of all three PcG complexes, as

indicated by the derepression of Hox genes following a knockdown of any one complex

(Breiling et al., 2001; Simon et al., 1992; Wang et al., 2004b). A hierarchical recruitment

model suggests that PRC1 targeting requires PRC2 and follows from the observation

that PcG complexes co-localize (Rastelli et al., 1993; Wang et al., 2004b). A loss of

PRC2 from S2 cells or larval wing discs leads to a subsequent loss in PRC1 binding

(Carrington and Jones, 1996b; Rastelli et al., 1993; Wang et al., 2004b). However, these

results do not distinguish how exactly PRC1 is lost, by the loss of PRC2 subunits or by

the loss of the H3K27me3 mark. Specifically, generic PRC2 loss does not separate

PRC2 accumulation at target loci from its catalytic function. Thus, it remains unclear how

PRC1 is initially recruited to PcG targets: via binding to the H3K27me3 mark or by a

direct contact with PRC2 components, or possibly both.

PRC2 without HMTase

A major aim of this thesis work is to determine the precise role of histone

methylation in the initial recruitment of PRC1. In this chapter, I describe experiments to

create a situation in vivo where enzyme-dead PRC2 stably accumulates at PcG targets.
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We have made use of E(Z) missense alleles described in Chapter 2. This system can be

used to separate PRC2 accumulation from its catalytic function, and can hence be used

to assess if PRC1 can be recruited to PcG targets when H3K27me3 is absent, thus

assessing the specific role of this chromatin mark in recruitment. Figure 1 outlines the

experimental strategy.
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Figure 1: PRC2 without HMTase

A stably accumulating, but enzyme-dead PRC2 is tracked at PcG targets. The

accumulation of PRC1 can then be assessed when the H3K27me3 mark is absent.
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MATERIALS AND METHODS

Whole Mount Immunostaining of larval salivary glands

3rd instar larvae were dissected in SF-900 II SFM (Invitrogen) Insect media.

Tissues were exposed by turning the larvae inside out. Larval tissues were fixed with

3.7% formaldehyde for 10 minutes at room temperature. The fixed tissues were washed

in phosphate buffered saline-1% Tween-20 (PBST) and blocked for 1 hr in 5% BSA.

Incubation with primary antibody was carried out overnight. Tissues were washed,

incubated with a fluorescent secondary antibody and DAPI for 4 hrs at room

temperature. Tissues were dissected; salivary glands were mounted in vectashield

mounting media (Vector Labs). Antibodies were used at the following concentrations:

rabbit polyclonal α-E(Z) 1:50, Cy3 goat-α- rabbit 1:200.

Polytene chromosome immunostainings

Salivary glands from 3rd instar larvae were dissected in PBST. Glands were

squashed in 3.7% formaldehyde/ 50% acetic acid on a glass slide. The squashes were

frozen in liquid nitrogen and stored in 1:3 PBST/Glycerol at -20OC until needed. Polytene

immunostainings were carried out as previously described (Zink and Paro, 1989).

Briefly, stored slides were washed in PBST and then blocked in 10% non-fat dry

milk/3% BSA on ice for 1 hr. Incubation with the primary antibody was carried out

overnight in a humid chamber. Slides were washed in 300mM and 400mM NaCl wash

buffers. Incubation with a fluorescence-coupled secondary antibody was done for 1 hr at

room temperature, also in a humid chamber. Slides were washed and mounted in
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vectashield containing DAPI for DNA visualization. Antibodies were used at the following

concentrations: rabbit polyclonal _-Su(Z)12 SAC F6 1:12.5, rabbit polyclonal α-ph 1:50,

rabbit polyclonal α-H3K27me3 1:50, mouse monoclonal α-psc 1:12.5. Secondary

antibodies were: Cy3 goat-α-rabbit 1:200, Cy2 goat-α-mouse 1:20.

Western Blots

Eye-antennal discs or salivary glands were dissected from 3rd instar larvae. 80

discs or 20 pairs of glands were used for each western blot. Tissues were lysed in SDS

sample buffer with protease inhibitors and the supernatant was directly loaded on a gel.

Antibodies were: rabbit polyclonal α-E(Z), 1:100; rabbit polyclonal α-Su(Z)12 SAC F6,

1:250 and mouse monoclonal _-tubulin (DM-1A, Sigma) 1:5000. Goat-α-rabbit and goat-

α-mouse HRP conjugated secondary antibodies (Jackson Immunoresearch) were used

at 1:5000.

Whole larvae were collected on ice and snap frozen in liquid nitrogen. The larvae

were ground into fine powder using a cold mortar and pestle on dry ice. Grinding was

continued after adding SDS sample buffer. The samples were then sonicated, and the

supernatant was loaded onto a gel.

Detection of Hox gene transcripts by RT-PCR

Eye-antennal discs were dissected in Insect media and collected by

centrifugation. 25 eye-antennal discs were used for each experiment as previously

described (Wang et al., 2004b). RNA was extracted using Trizol reagent (Invitrogen).

The reverse transcriptase reaction was carried out using Superscript II (Invitrogen) using
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the manufacturer’s protocol. Finally, PCR amplification was carried out for Ubx and Abd-

B using primers from the transcribed region. As a control, RNA from RpII40 was also

amplified. Products were visualized on an agarose gel.
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RESULTS

PRC2 components accumulate in E(Z) SET mutants

From our previous observations, missense alleles in the E(Z) SET domain retain

complex assembly in vitro even though they lack enzymatic activity (Joshi et al., 2008).

We wished to assess if these mutations allowed stable accumulation and normal

targeting of PRC2 on chromosomes. Hence, we first asked the question whether these

SET domain mutants accumulated PRC2 components in vivo.

We selected the E(Z)son1 and E(Z)son3 alleles for further analysis. Western Blots on eye-

antennal discs and salivary glands dissected from  hemizygous wild type larvae

(E(Z)2/Dfwc), E(Z)2/E(Z)son1 and E(Z)2/E(Z)son3 show that E(Z) levels (Figure 2A, left

panel) remain unchanged in the two SET domain mutants. The E(Z)2 allele is a

deficiency that deletes the entire E(Z) locus and E(Z)63 allele is a protein null due to a

mutation that disrupts the start codon (Carrington and Jones, 1996b). Thus, the

E(Z)2/E(Z)63 genotype serves as a genetic and protein null.

 As a control, E(Z) levels in wild type (Dfwc) and E(Z)2/E(Z)63 (negative control) 3rd

instar larvae were compared (Figure 2A right panel). No E(Z) was detected in the

negative control. This justifies the use of the either the E(Z)2 or E(Z)63 alleles as trans

alleles since both produce no E(Z) protein. Thus all detectable E(Z) in a given genotype

comes from the other allele.
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Figure 2: Accumulation of PRC2 in vivo

Figure 2A: Accumulation of E(Z)

Left panel: Western Blots assessing the accumulation of E(Z) in eye-antennal discs (left)

and salivary glands (right) from hemizygous wild type or mutant alleles as indicated.

Right panel: Western blots assessing E(Z) accumulation in whole larvae as indicated.

Figure 2B: Accumulation of Su(Z)12

Left panel: Western Blots testing Su(Z)12 accumulation in eye-antennal discs from wild

type or mutant alleles as indicated.

Right panel: Western blots detect Su(Z)12 in eye-antennal discs (left panel) and salivary

glands (right panel) in hemizygous wild type or mutant alleles as indicated.

Tubulin levels indicate equal protein loading.
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We next tested Su(Z)12 levels in eye-antennal discs from heterozygotes using

the E(Z)63 null allele (Figure 2B, left panel). Both E(Z)son1 and E(Z)son3 showed stable

Su(Z)12 levels similar to wild type, whereas the negative control showed a dramatic

reduction of protein. This parallels with previous reports that a loss of EZH2 leads to

downregulation of SUZ12 in mammalian cells (Pasini et al., 2004). Finally, western blots

using eye-antennal discs and salivary glands from the hemizygous (Df(3L)E(Z)2)

genotype as a trans allele mirror the above results (Figure 2B, right panel). We thus

conclude that the E(Z)son1 and E(Z)son3 alleles make stable E(Z) and Su(Z)12 protein in

vivo.

E(Z) is nuclear in SET domain mutants

We next examined the accumulation of E(Z) in vivo by whole mount immunostaining of

salivary glands. Experiments were performed in hemizygous larvae using the Df(3L)lxd15

allele that is also a deficiency deleting the E(Z) locus. Figure 3 shows strong E(Z)

accumulation in the nuclei of the wild type salivary glands, indicated by the punctate

signal (in red) co-localizing with DAPI (Figure 3A). The genetic null Df(3L)lxd15/E(Z)63

has little or no detectable nuclear E(Z) (Figure 3B). This is in agreement with our results

from western blots. Finally, the SET domain mutants E(Z)son1 and E(Z)son3 show strong

nuclear E(Z) (Figure 3C and 3D). These experiments were repeated using the E(Z)2 null

allele in trans and the results obtained were identical to those described above (data not

shown).
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Figure 3: E(Z) accumulation in salivary glands

_- E(Z) Immunostainings using salivary glands from

Figure 3A: Dfwc

Figure 3B: Df(3L)lxd15/E(Z)63

Figure 3C: Df(3L)lxd15/E(Z)son1

Figure 3D: Df(3L)lxd15/E(Z)son3

The glands shown were co-stained with DAPI to indicate the nuclei.
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Chromatin distribution of PRC2 in E(Z) SET mutants

Since both E(Z)son1 and E(Z)son3 accumulate nuclear PRC2 in vivo, we next asked if

PRC2 can target to known PcG protein binding sites in these mutants. Polytene

immunostainings using Dfwc, E(Z)63/E(Z)2, Df(3L)lxd15/E(Z)son1 and E(Z)63/E(Z)son3 were

performed to track the distribution of Su(Z)12 on chromosomes. Figure 4A shows the

binding pattern of Su(Z)12 on the Dfwc wild type larvae. The genetic null mirrors our

previous results showing a complete absence of Su(Z)12. In contrast, the SET domain

mutants E(Z)son1 and E(Z)son3 show a wild-type distribution pattern of Su(Z)12. Figure 4B

provides evidence of correct targeting of PRC2 in Df(3L)lxd15/E(Z)son1 as indicated by the

binding of Su(Z)12 to the Antennaepedia (ANT-C) and Bithorax (BX-C) loci. These

homeotic loci are known targets of PcG proteins including Su(Z)12 in polytene

chromosomes (Chen et al., 2008). We next examined the presence of H3K27me3 in

E(Z)son1 and E(Z)son3 larvae (Figure 4C). As seen in whole embryonic western blots, the

polytene chromosomes from these strong loss-of-function E(Z) mutants show a

complete absence of this histone modification, confirming that these SET domain

mutants are catalytically inactive in this tissue. The wild type shows a strong H3K27me3

pattern and the genetic null also lacks detectable H3K27me3. (Joshi et al., 2008), Thus,

polytene chromosomes from E(Z)son1 and E(Z)son3 mutants accumulate PRC2 subunits at

normal chromatin sites but lack H3K27me3.
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Figure 4: Binding pattern of Su(Z)12 and H3K27me3 on polytene chromosomes

Figure 4A : Su(Z)12 distribution in

(i) Dfwc,

(ii) (ii)E(Z)63/E(Z)2,

(iii)  Df(3L)lxd15/E(Z)son1 and

(iv)  E(Z)63/E(Z)son3.

Figure 4B: Su(Z)12 binds to ANT-C and BX-C loci in Df(3L)lxd15/E(Z)son1

Figure 4C: H3K27me3 distribution in

(i) Dfwc,

(ii) E(Z)63/E(Z)2,

(iii) E(Z)63/E(Z)son1 and

(iv) E(Z)63/E(Z)son3

All polytene chromosomes were co-stained with DAPI

.
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Targeting of PRC1 in E(Z) SET mutants

Finally we examined the distribution of the PRC1 subunit PH on E(Z) SET mutant

polytene chromosomes (Figure 5A). It can be seen that both E(Z)son1 and E(Z)son3

mutants accumulate wild type levels of PH. An additional experiment was performed to

independently assess the same result. Chromosomes were double-stained for

H3K27me3 and PSC, another PRC1 subunit. Figure 5B shows that PSC accumulates at

wild type levels even though H3K27me3 is absent in both E(Z)son1 and E(Z)son3.  This

suggests that the recruitment of PRC1 to chromatin does not require the presence of

PRC2 catalytic function i.e. H3K27me3. We hence conclude that the catalytic activity of

PRC2 is separable from its role in targeting PRC1.

In other experiments using the genetic null combination E(Z)63/E(Z)2, we detected

PH and PSC presence on chromosomes varying between none-to-wild type levels

(Figure 5A and data not shown). This variability may reflect some perdurance of

maternal E(Z) that could result in retained targeting of PRC1. Because of this variability,

we have not conclusively shown that PRC1 comes off chromosomes after the complete

loss of PRC2 in E(Z) nulls. In contrast, there was no variation in our results obtained

using the E(Z)son1 and E(Z)son3 alleles, wherein PRC1 is always retained on chromatin.

Hence, we can at least conclude that PRC2 and PRC1 stay bound on chromosomes

despite the loss of H3K27me3.
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Figure 5: Accumulation of PRC1 in E(Z) SET domain mutants

Figure 5A: PH accumulation in

(i) Dfwc,

(ii) E(Z)63/E(Z)2,

(iii) E(Z)63/E(Z)son1 and

(iv) E(Z)63/E(Z)son3

Figure 5B: Double staining with PSC and H3K27me3 in

(i) Dfwc,

(ii) E(Z)63/E(Z)son1 and

(iii) E(Z)63/E(Z)son3

All polytene chromosomes were co-stained with DAPI.
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De-repression of Hox genes in E(Z) SET mutants

To assess the expression of Hox genes in the catalytically inactive E(Z) SET

domain mutants, we performed RT-PCR using eye-antennal discs to determine

transcript levels for Ubx and Abd-B. Both these Hox genes are under PcG repression in

eye-antennal discs (Janody et al., 2004). As shown in Figure 6, wild type eye-antennal

show no expression of Ubx (top panel) and Abd-B (middle panel) due to PcG mediated

silencing in this anterior tissue. The negative control E(Z)2/E(Z)63 shows de-repression of

Hox  genes. The E(Z)2/E(Z)son1 mutant also shows Ubx and Abd-B de-repression.

Detection of the RpII40 transcript served as an internal mRNA quality control (bottom

panel). The result from E(Z)son1 suggests that the presence of stable PRC2 and PRC1 at

a PcG target is not sufficient for silencing, i.e. the H3K27me3 modification has a specific

role in the silencing mechanism.

Surprisingly, the E(Z)son3 mutant does not show de-silencing of these Hox genes

in eye-antennal discs. The RT-PCR was repeated using wing discs of this genotype and

this also failed to show de-repression of Hox genes (data not shown). The reason for this

is not yet clear. The E(Z)son3 mutation affects a residue close to the methyl-donor binding

pocket of the SET domain. The E(Z)son1 mutation directly affects the lysine substrate

binding pocket. Moreover, the E(Z)son3 mutant differs from E(Z)son1 in that it is less severe

in phenotypic tests performed using the E(Z) null allele (Joshi et al., 2008). These

differences may account for the maintained repressed state of Hox genes in the latter. It

is also possible that different target genes are de-repressed in the E(Z)son3 mutant.

Clearly, more work is needed to fully understand the molecular basis of this mutation.
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Figure 6: Hox transcription in E(Z)SET domain mutants

Top panel: Transcript levels of Ubx in the indicated genotypes. E(Z)son1 shows Ubx

transcription in eye discs

Middle panel: Transcript levels of Abd-B. E(Z)son1 also shows Abd-B transcription in eye

discs.

Bottom panel: RpII40 transcript levels serve as a control for RNA quality.
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DISCUSSION

Role of PRC2 in the recruitment of PRC1

Our experiments with enzyme-dead yet stably accumulating versions of PRC2

indicate that PRC1 recruitment to chromatin sites is independent of PRC2 catalytic

function.

In earlier studies exploiting the temperature sensitive E(Z)61 allele, authors show

that both E(Z) and PRC1 subunits are drastically reduced on polytene chromosomes at

restrictive temperature (Carrington and Jones, 1996b; Rastelli et al., 1993). A different

set of experiments, employing ChIP but using the same E(Z)61 allele, reported that 24

hours after shifting larvae to a restrictive temperature, H3K27me3 and PC are

diminished but still detectable at the Ubx target gene in wing discs (Wang et al., 2004b).

The loss is complete after 48 hours of temperature shift.

There is also some prior evidence showing that PSC is retained on chromatin

after a H3K27me3 loss (Ohno et al., 2008). These experiments use an ESC-/-;ESCL-/-

double mutant to generate a PRC2 functional null. The authors report that PSC is still

present on chromosomes in 3rd instar larvae that have lost H3K27me3, although

experiments directly detecting PRC2 on chromatin were not performed. The same study

also reports that in pre-pupae, PSC is lost from chromosomes, suggesting that a loss in

H3K27me3 may eventually causes a loss in PRC1. This study too, concludes that a loss

of PRC2 leads to a loss of PRC1. All the above experiments in Drosophila show that

PRC2 is important for PRC1 recruitment, although the catalytic function of PRC2 has not

been separated from its accumulation at target loci.
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Studies in mouse ES cells deficient in EED show that PRC1 binding is lost from

PcG targets (Boyer et al., 2006). A different study used a SUZ12 knockdown cell line to

show that BMI-1 (PSC homolog) was lost from Hox loci (Cao et al., 2005a). Both these

studies arrive at the same conclusion as that from experiments in Drosophila i.e. a loss

of PRC2 leads to a loss of PRC1.

All the above experiments revolve around the common theme wherein a PRC2

loss eventually causes a PRC1 loss. Our experiments are distinct in that they seek to

separate the catalytic role of PRC2 from its accumulation and we are using this tool to

ask if the product of PRC2 catalysis (H3K27me3) is required to recruit PRC1 at target

loci.

Our results also suggest that the H3K27me3 mark itself is required for PcG

mediated silencing. This is indicated by our results using the E(Z)son1 allele (Figures 2-6)

that the mere presence of both PRC2 and PRC1 at a PcG target does not lead to

silencing. Models in the field suggest that the tri-methyl mark is required for the spread

of PcG complexes beyond the PRE to maintain a silenced state (Schwartz et al., 2006).

These models propose that once all three PcG complexes are bound at the PRE,

trimethylating the flanking nucleosomes creates additional binding sites for PRC1,

thereby bringing the distal nucleosomes in proximity to the PRE (Müller and Kassis,

2006; Schwartz and Pirrotta, 2007).

Potential PRC1 recruiters

PREs are largely nucleosome depleted regions (Kahn et al., 2006; Papp and

Müller, 2006; Schwartz et al., 2006), hence it is possible to envision that PRC1 can

indeed be recruited without the direct presence of the H3K27me3 modification.
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Moreover, genome-wide localization studies show that although there is a PcG complex

co-occupancy at target loci, H3K27me3 is more widespread throughout the genome

(Schwartz et al., 2006). This also suggests that the trimethyl mark may not always cause

PRC1 recruitment, and that other factors are involved.

Several possibilities arise to explain PRC1 targeting to Drosophila PREs. These

include a direct interaction with either or both PHORC and PRC2. Another potential

recruiter could be ncRNA’s, whereby binding could be achieved by the chromodomain of

PC, or other components of PRC1 (See Chapter 1) (Akhtar et al., 2000). Moreover, the

JARID proteins are also emerging as PcG recruiters (Herz and Shilatifard, 2010).

Although current evidence suggests a JARID2-PRC2 interaction, it is possible that a

JARID2-PRC1 interaction also exists. A final possibility is the presence of yet unknown

factors that help recruit PRC1.

Indeed, a PC-PHO interaction has been demonstrated in vitro (Mohd-Sarip et al.,

2002). Moreover, PC interacts with ESC and GAGA during early embryogenesis (Poux

et al., 2001). It may hence be possible that a PC-ESCL interaction exists during later

stages of development and may function in recruiting PRC1. Since GAGA also functions

as a DNA-sequence specific PcG recruiter, a PC-GAGA interaction could help tether

PRC1 to PREs (Strutt et al., 1997). In mammalian cells, the CBX proteins (Pc homologs)

can associate with chromatin in the absence of PRC2 and H3K27me3 on the inactive X.

This association does not require the chromodomain of CBX (Vincenz and Kerppola,

2008). Hence, there is precedent for PRC2-independent mechanisms for PRC1

targeting.
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Future work

Polytene immunostainings do not adequately assess the presence of PRC2 and

PRC1 on PcG target loci in quantitative terms. Hence, future experiments will be

directed at using ChIP to directly measure levels of PRC1 chromatin association.

Traditionally, wing discs have been used as a suitable tissue for testing PcG association

at the Hox loci by ChIP. However, the E(Z)son1 mutant does not produce fully formed and

identifiable wing discs due mitotic proliferation defects in this disc seen in  severe E(Z)

mutants (LaJeunesse and Shearn, 1996; Phillips and Shearn, 1990). We hence

proceeded to identify a suitable tissue type for use in ChIP experiments. Figure 6 shows

that eye-antennal discs in E(Z)son1 display Ubx and Abd-B de-repression. Hence, this

tissue can serve as a good candidate for performing ChIP experiments where PRC2

functions directly on these Hox targets.

An alternate way of assessing PcG targeting would be to use Drosophila S2

cells, wherein a knockdown of endogenous E(Z) by RNAi would be followed by an add-

back of either wild type or enzyme-dead versions of E(Z). These cells could then be

used for ChIP experiments to quantify PRC2 and PRC1 occupancy at PREs comparing

the wild-type add back to the catalytically dead mutants.
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CHAPTER 4: HMTASE WITHOUT PRC2:

EXPLOITATION OF vSET AS AN ALTERNATE

HISTONE METHYLTRANSFERASE
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INTRODUCTION

Methylated lysine residues on histone tails have many important roles in

transcriptional silencing and activation, formation of heterochromatin, and cell-cycle

dependent activities (Dillon et al., 2005; Kouzarides, 2002; Martin and Zhang, 2005). In

many cases, induction of such signaling is mediated via the binding of proteins

containing ‘chromodomains’ to methylated- histone lysines (Bannister et al., 2001;

Ringrose et al., 2004). The deposition of methyl groups on lysine residues is catalyzed

by the SET domain found in such methyltransferases (Rea et al., 2000). The SET

domain was identified and named for the three prototype members Suppressor of

variegation 3-9, Enhancer of Zeste and Trithorax. Although first identified as histone

lysine methyltransferases, recent evidence indicates that some of these

methyltransferases act on non-histone proteins such as Rubisco, cytochrome c, p53 and

Taf10 as well (Qian and Zhou, 2006). Recent evidence suggests that SET domain

containing proteins are not only found in single and multicellular eukaryotes, but also in

prokaryotic organisms (Manzur and Zhou, 2005; Murata et al., 2007).

The SET domain: relationship between structure, substrate specificity and

methylation multiplicity

The available information on the crystal structure for several SET-domain

containing enzymes gives useful insights into its function. An alignment of the SET
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domains (Chapter 2, Figure 1) shows that there are several conserved motifs (Joshi et

al., 2008). As discussed in Chapter 2, these motifs are brought together into a threaded

loop structure (pseudoknot), a characteristic structural feature of SET domains (Jacobs

et al., 2002). This knot houses a two-pocket reaction pore that binds the methyl donor S-

adenosyl-L-methionine (SAM) and the substrate lysine in each pocket (Marmorstein and

Trievel, 2009; Trievel, 2004) (Figure 1).

The core SET domain is often flanked by an N terminal pre-SET region that

maintains structural stability by interacting with the core. A C-terminal post-SET region

provides aromatic residues that pack against the hydrophobic reaction pore (Xiao et al.,

2003b). In fact, SET-domain containing methyltransferases have been classified into

seven main families based on the N- and C-flank regions (Dillon et al., 2005).

Different members of the SET superfamily target different lysines leading to a

wide array of biological consequences. The key features of a methyltransferase reaction

are the substrate specificity and reaction multiplicity. SET domain-containing enzymes

act exclusively on lysine residues with every enzyme displaying a remarkably high

specificity for a particular lysine residue and also the addition of a precise number of

methyl groups. Since the actual structure of the reaction pore is highly conserved, it is an

interesting question as to how each enzyme finds its target. These characteristics can be

explained by the high degree of variation in the primary amino acid sequence of the SET

domain module. Although the N- and C-flanking domains do not show a great deal of

sequence or structural conservation, they are also not strictly required, hence may not

serve as governing regions to explain reaction characteristics.

However, another interesting feature of the SET domain is the presence of a variable

region i-SET as a subdomain within the core (Figure 1). The length and amino acid
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composition of this region varies; however, it can provide structural integrity to the

reaction pocket by directly interacting with the substrate peptide in the 3-dimensional

structure (Marmorstein, 2003). i-SET is hence an ideal candidate region to influence the

substrate specificity of the enzyme. It is not yet clear how this subdomain executes the

selection of the target lysine, since the sequence of i-SET itself is variable. Clearly more

work directed towards understanding the ternary structure of the pseudoknot, substrate

peptide and i-SET is required to determine the exact contribution of each. One

hypothesis to explain the role of i-SET would be a direct interaction with the residues

surrounding the target lysine, aligning it for methylation. For example, the SET 7/9

enzyme recognizes a K/R-S/T-K motif around its target lysine (Couture et al., 2006). This

may also explain how vSET (an H3K27 methyltransferase) differs from Su(var)3-9 (an

H3K9 methyltransferase). Both the K9 and K27 residues are embedded in an ARKS

motif. It is proposed that the vSET enzyme recognizes the APA motif that follows the

K27 residue. Evidence to support this argument comes from the mutation of the APA

residues that eliminates K27 specificity (Manzur et al., 2003a).

The second feature of the methyltransferase reaction is the deposition of a very

specific number of methyl groups. SET-domain containing proteins have been shown to

function as mono-, di-, or tri-methyltransferases. The biological readout of each

modification, even on the same lysine residue, can be different. For example, H3K27me

and H3K27me2 are localized to pericentric heterochromatin, however H3K27me3 is a

mark of silenced euchromatin (Ebert et al., 2004). The number of methyl groups added
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Figure 1: The SET domain conserved structure

Top: A cartoon representing the conserved SET domain structure from Dim-5 (Yeates,

2002). The ‘pseudoknot’ structure is highlighted in red. It is a thread-through-a-loop

formed by conserved residues in the SET domain core. The region in grey is the variable

i-SET region that may impact lysine target specificity in some SET domain enzymes.

Bottom: The reaction pore is surrounded by a two-pocket region, where the methyl donor

is held in one pocket and the lysine substrate in the other. The methyltransferase

reaction takes place in the narrow pore, where the geometry of the pore controls

methylation multiplicity.
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 is controlled by the geometry and spatial constraints of the reaction pore (Zhang et al.,

2003). In particular, the Y/F-X-F and the GEELFFDY motifs of the SET domain have

been shown to control the multiplicity of the reaction, whereby, changing the Y to an F or

vice versa has led to a change in the number of methyl groups deposited (Collins et al.,

2005). The Appendix of this thesis discusses the aspect of reaction multiplicity in further

detail.

viral-SET (vSET) is a unique H3K27 specific HMTase

H3K27me3 has long been considered a hallmark modification delivered by PcG

proteins, hence the identification of viral-SET(vSET) as a different enzyme highly

specific for H3K27 opened new avenues to the understanding of PcG function (Manzur

et al., 2003a).

vSET is the first known example of a viral-encoded histone methyltransferase. It

consists of a 119 amino acid protein that function as a homodimer. It is the smallest

known SET domain containing protein and is unique in the sense that it contains no N-

or C-flank regions (Manzur et al., 2003a; Manzur et al., 2003b). Moreover, mutations that

disrupt dimerization abolish catalytic activity indicating that dimer formation may be

essential for creating and maintaining the reaction pore (Qian et al., 2006). Recent

studies have shown that vSET can function after heterologous introduction into

mammalian cells (Mujtaba et al., 2008).

The vSET structure also contains the characteristic ‘pseudoknot’. The C terminal

region of the protein contains the i-SET variable insert that imparts lysine target

specificity to the enzyme. Specifically, it is this region that interacts with the APA motif

following the K27 (Manzur et al., 2003a).



114

vSET is encoded by Paramecium Bursaria Chlorella Virus (PBCV-1) that infects

the green alga Chlorella NC64A (Li et al., 1997). PBCV-1 belongs to the

phycodnaviridae family of chlorella viruses that are plaque-forming viruses with genetic

material as dsDNA (Van Etten, 2003). Infection by PBCV-1 is caused by viral attachment

to host cell wall followed by cell wall degradation. The viral membrane then fuses with

the host membrane and causes a potassium ion efflux that ultimately leads to viral entry.

By 6-8 hours post infection, host cell lysis is complete  (Yamada et al., 2006). The 330

kb genome of PBCV-1 encodes a DNA methyltransferase, however, no RNA

polymerase of its own. This suggests that the virus uses a mechanism involving

chromatin alteration to silence host genes and instead upregulate its own transcription

(Yanai-Balser et al., 2010).

Indeed, viruses have been known to cause chromatin remodeling in the host

cells that they infect. They can do so by either (a) modifying histone tails directly, (b) by

modifying proteins that act on histone tails or (c) acting on other proteins that modify

chromatin. vSET belongs to the first group that directly acts on histone tails, thereby

repressing host transcription (Wei and Zhou, 2009). Some other examples include HIV-1

that recruits host SWI/SNF factors for transcription and HSV-1 that interacts with host

TopII for DNA condensation.

Viruses have thus evolved to efficiently hijack host factors for their own

replication. vSET provides a prime example of such a system. For our purposes, it

provides an excellent model to study how silencing occurs via the covalent modification

of histone H3 on K27.



115

vSET: An alternate methyltransferase

Chapter 3 describes our strategy to track consequences of stable PRC2

accumulation at PcG targets without its catalytic function. Our results suggest that PRC1

can be recruited to PcG target loci when PRC2 subunits are present, even if the

associated H3K27me3 mark is not. We also show that the mere presence of PRC2 and

PRC1 at a target is not sufficient for gene silencing.

In line with the main aim of this thesis, we wished to assess the role of histone

methylation in the recruitment of PRC1. In this chapter, we seek to address the same

question using a different approach. We want to create an H3K27me3 marked locus in

the absence of PRC2 to investigate if PRC1 can be recruited. This will assess if

H3K27me3 is sufficient to recruit PRC1. vSET provides an ideal model to create such a

situation where H3K27me3 can be deposited without the catalytic function of PRC2.

Figure 2 outlines our experimental strategy. We want to first target vSET to pre-

determined loci in order to trimethylate H3K27 on adjacent nucleosomes. We then wish

to assess, if the mark is sufficient to recruit PRC1. Finally, we want to ask if the presence

of the H2K27me3 mark and PRC1 together are sufficient for reporter gene silencing

downstream of the vSET-bound locus.

This chapter describes our experiments to test the catalytic activity of the

heterologous vSET both in vitro and in vivo. After confirming that vSET is indeed active,

we also demonstrate the activity of a lacI-vSET fusion that can be used to target vSET to

particular loci in the genome.
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Figure 2: HMTase without PRC2

vSET will be targeted to an engineered locus on the chromosome, where it will be used

to tri-methylate H3K27 on adjacent nucleosomes. Recruitment of PRC1 by the

H3K27me3 modification will then be assessed. Finally, silencing of the reporter gene

downstream will be examined to determine if H3K27me3 and PRC1 can lead to

repression.
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MATERIALS AND METHODS

Cloning vSET

The A612L gene containing the open reading frame for vSET was amplified from

the PBCV-1 genomic DNA (a gift from J.L. Van Etten) (Li et al., 1997) and inserted into

the BamHI and HindIII sites of the pBlueScript vector. This clone was confirmed by

sequencing and was used as PCR template for the construction of all further clones.

The ORF of vSET was then cloned into the EcoRI and HindIII sites of pFastBac-1 using

a Flag-tagged tailed forward primer.  Site-directed mutants in Flag-vSET (Y50A, Y50F,

and Y105F) were made using the Quick-Change Site-Directed Mutagenesis kit (Agilent).

LacI-Flag-vSET was generated by an in-frame insertion of the lacI DNA-binding domain

upstream of the Flag-vSET clone in pFastBac-1.

For the inducible expression of vSET in Drosophila S2 cells, HA-vSET was

cloned into the BamHI and SalI sites of the pRmHa-1 vector (Bunch et al., 1988). Also, a

construct expressing HA-vSET was made in the pAc5.1B vector (Invitrogen) to

constitutively express vSET using the actin promoter in vivo. The insert was cloned into

the EcoRI and SalI sites of the vector.

To generate transgenic fly lines expressing HA-vSET and lacI-HA-vSET, the

respective inserts were cloned into the EcoRI and SalI sites of the pUAST vector (Brand

and Perrimon, 1993) by a similar strategy as outlined above. This allows tissue specific

expression of vSET under GAL4 control.

Finally, an alternate set of constructs to generate transgenic flies was

constructed in pCaSpeR-hs-act  (Thummel and Pirrotta, 1992) by cloning HA-vSET and
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lacI-HA-vSET into the EcoRI and BamHI sites of the vector. This vector is designed to

express transgenes under inducible heat shock control.

Baculovirus expression of recombinant proteins

Recombinant Flag-vSET, Flag-vSETY50A, Flag-vSETY50F, Flag-vSETY105F

and lacI-Flag-vSET were produced in Sf9 insect cells using the Bac-to-Bac system

(Invitrogen). Purification of the Flag-tagged proteins was carried out as previously

described in Chapter 2. Purified proteins were examined on an SDS gel stained with

Coomassie.

Histone Methyltransferase (HMTase) assay

HMTase assays were carried out to test the catalytic activity and substrate

specificity of the purified Flag-vSET proteins. Recombinant Flag-vSET (Wild type, point

mutants and lacI-tagged) was tested on histone H3/H4 tetramers or polynucleosomal

arrays from HeLa cells as substrates using a radiolabeled methyl donor (3H S-Adenosyl

Methionine). The histone tetramers used were wild type H3/H4 or the mutants

H3K27A/H4 and H3K9A.K27A/H4. The procedure was similar to that described in

Chapter 2. Activity of the site-directed mutants in Flag-vSET and lacI-Flag-vSET was

compared to Flag-vSET (Wild Type, WT).  As a control, PRC2 simultaneously purified

from Sf9 cells was routinely tested in parallel. Unless otherwise stated, 50nm of

recombinant complex or protein was used in the assay.
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Analysis of Methylation Multiplicity

Mass spectrometric analysis of reaction products for methylation multiplicity

levels was carried out as described in Appendix 1 of this thesis and Chapter 2. Flag-

vSET and Flag-vSETY50F were compared on H3/H4 tetramers as substrates.

Expression of HA-vSET in Drosophila S2 cells

pRmHa-1-HA-vSET (or pAc5.1B-HA-vSET) was transfected into the Drosophila

Schneider 2 (S2) cell line using Fugene HD (Roche). The pRmHa-1 vector contains a

metallothionein promoter and is inducible with Cu2+ or Cd2+ ions (Bunch et al., 1988). S2

cells were plated at 2.5 X 106 cells/well and allowed to attach for at least 1 hr. 2 µg

plasmid DNA was mixed with 6 µl Fugene HD and 100 µl media and transfected into the

S2 cells according to the protocol supplied by Roche. Protein production was induced

after 24 hrs with 0.5 mM CuSO4. Cells were harvested 72 and 96 hr after induction.

Protein accumulation was assessed by Western Blots on cells lysed in RIPA buffer.

Primary antibodies were used at the following concentrations: Mouse monoclonal _-HA

(Sigma) at 1:300, Mouse monoclonal _-tubulin (DM-1A, Sigma) at 1:5000 and Rabbit

polyclonal _-trimethyl K27 (Millipore) at 1:500. Secondary antibodies (Jackson

Immunoresearch) goat-anti-rabbit and goat-anti-mouse were used at 1:5000.
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RESULTS

Recombinant vSET is catalytically active in vitro

Flag-vSET purified from Sf9 insect cells (Figure 3A) was found to have a

molecular weight of 14 kDa in accordance with previous studies (Manzur et al., 2003a).

Different concentrations of the protein (10, 20, 50 and 100 nm) were used to test

catalytic activity on two kinds of substrates, HeLa polynucleosomes and free H3/H4

tetramers produced in E.coli (Figure 3B). Although vSET is active on both substrates, its

HMTase activity on H3/H4 tetramers as substrate was about 5-7 fold higher than on

HeLa polynucleosomes. This substrate preference is distinct from our previous

observations on PRC2 (Joshi et al., 2008). In an experiment comparing the two enzymes

directly, PRC2 shows much higher activity on polynucleosomes as a substrate than the

free tetramers. vSET, however, shows the reverse preference (Figure 3C).

In order to use vSET in vivo, we next wished to confirm the specificity of vSET for

trimethylating the H3K27 residue. Our results show that vSET has primary catalytic

activity for H3K27 (Figure 3D). However, it retains some activity on a H3/H4 tetramer

substrate in which the K27 residue is mutated to an Alanine (H3K27A), indicating that

vSET primarily trimethylates H3K27, but also bears some activity towards another lysine

residue yet unidentified. As, shown in Figure 3D, this other residue is unlikely to be

H3K9 since a similar residual activity was seen when H3K9 was also mutated to an

Alanine (H3K9A.K27A). The control PRC2 is catalytically inactive when the K27 residue

is mutated.
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Figure 3: Expression and catalytic activity of Flag-vSET

Figure 3A: Purified Flag-vSET is a 14kDa recombinant protein. Different concentrations

of purified protein were visualized by Coomassie staining on an 18% SDS-PAGE gel.

The 22kDa and 16kDa molecular weight markers are indicated on the left.

Figure 3B: vSET catalytic activity assessed on Hela polynucleosomal arrays (top panel)

and recombinant H3/H4 tetramers (bottom panel). 10, 20, 50 and 100 nm of the protein

was used in the HMTase assay.

Figure 3C: Susbtrate preference comparison for vSET and PRC2. Activity was tested on

Hela polynucleosomes (top panel) and histone tetramers (bottom panel).

Figure 3D: Lysine specificity for vSET tested on histone substrates containing a K27A

mutation (center panel) and a K9A.K27A mutation (right panel). PRC2 was used as a

control.
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Previous studies have shown that vSET is specific for the H3K27 residue,

however, these studies used a peptide containing residues 15-30 of the H3 N-terminal

tail (Manzur et al., 2003a; Manzur and Zhou, 2005). These studies agree with our

observations in that the other modified lysine is not H3K9 since tail peptides using

residues 1-15 did not shown any methylation (Manzur et al., 2003a). Mass spectrometric

analysis using the H3K27A containing tetramer could be used to determine this

additional modified residue.

vSET is catalytically active in vivo

To exploit the potential of vSET as an alternative histone methyltransferase to

recruit PRC1 in vivo, we first investigated if it is functional in Drosophila S2 cells.

Transfection of HA-vSET leads to the expression of protein 72 hr after induction (Figure

4, top panel). This is accompanied by a sharp increase in trimethyl K27 levels (Figure 4,

middle panel). We also observed that the S2 cells did not show any obvious proliferation

or morphological defects on transfection with vSET.

Our results indicate that vSET can be efficiently produced in fly cells and is

functional as indicated by the corresponding rise in global-H3K27me3 levels. The

experiment was repeated using the constitutively expressed vSET under the control of

an actin promoter, with similar results (data not shown). These results lay the foundation

for the experiment to express vSET in fly tissues (Figure 2). As a next step towards

examining the biological impact of bulk H3K27me3, we are currently investigating the

effect of H3K27 tri-methylation in transgenic flies expressing vSET under inducible

control.
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Figure 4: Western Blots detecting vSET activity in vivo

Top Panel: vSET production is seen 72 hrs after induction with 0.5 mM CuSO4, detected

by the HA tag.

Middle panel: Global H3K27me3 levels following transfection with vSET.

Bottom panel: Tubulin levels indicate equal protein loading in all lanes.
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Activity of lacI-Flag-vSET

In order to target proteins to specific loci in the Drosophila genome, a tethering

strategy using a fusion with the DNA-binding domain of lacI has been described (Li et

al., 2003; Robinett et al., 1996). To apply to the case of vSET, this would involve the

creation of a transgenic fly line with a producer lacI-HA-vSET (Figure 5A, top). This line

is then crossed to a reporter bearing lacO sites integrated into the genome (Figure 5A,

bottom). The fusion protein can be expressed under a heat shock promoter (or a UAS-

Gal4 promoter system). Tethering of the desired protein to pre-determined loci can be

effectively used to examine chromatin alteration activities by monitoring the expression

of a reporter white gene downstream of the locus (Danzer and Wallrath, 2004) (Li et al.,

2003).

To ensure that the fusion protein lacI-vSET is functional, we first purified lacI-Flag-vSET

in vitro as a 55 kDa protein (Figure 5B) and showed that it retains robust activity (Figure

5C). This indicated that the vSET protein could tolerate a large protein tag at its N-

terminus. Surprisingly, the lacI-Flag-vSET protein shows much higher activity than the

unfused Flag-vSET on polynucleosome arrays as substrates, whereas, its activity

remains comparable on histone tetramers (Figure 5C).

Mutations in the key active site residues change catalytic activity

The expression of lacI-HA-vSET in fly tissues raises the need for a suitable

negative control that tethers the fusion protein to the engineered locus; however, it is

catalytically inactive. To construct such a control, mutant proteins that affect the
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Figure 5: Expression and catalytic activity of lacI-Flag-vSET

Figure 5A: Producer construct contains the lacI DNA-binding domain fused to HA-vSET.

The reporter contains 256 lacO repeats upstream of a white reporter gene.

Figure 5B: lacI-Flag-vSET is expressed as a 55 kDa protein. Different concentrations  of

purified protein were loaded onto an SDS-PAGE gel. As a control purified Flag-vSET

(unfused) was also used on the gel.

Figure 5C: lacI-Flag-vSET is active on HeLa polynucleosomes and histone tetramers.
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predicted lysine substrate binding pocket (YLF motif) (Flag-vSET-Y50A, Flag-vSET-

Y50F and Flag-vSET-Y105F) were purified from SF9 cells (Figure 6A). The Y50A and

Y105F mutations completely abolished catalytic activity whereas the more conservative

Y50F change retained catalytic activity (Figure 6B).

Mass spectrometric analysis of HMTase reaction products showed that both

Flag-vSET WT and Y50F are capable of producing H3K27me3 (Figure 6C). Our data

also shows that the reaction proceeds to near completion, under conditions used here,

as indicated by the absence of peaks corresponding to the mono- and di-methylated

H3K27 for both the wild type and Y50F enzyme., Previous studies report that the Y50F

mutation coverts the enzyme to a mono-methyltransferase (Qian et al., 2006). In

contrast, our results show that the enzyme is fully functional. The reason for this

difference is not clear. The previous studies used an H3 tail peptide containing residues

13-33 as substrate in their experiments. It is hence possible that the inclusion of an

intact H3/H4 tetramer might change the 3-dimensional conformation of the ternary

complex enabling the addition of the three methyl groups. This idea however, has not

been tested.

The Y50A change converts a large hydrophobic tyrosine to a small non-polar

alanine. This may lead to destabilization of the lysine binding pocket and hence the loss

in activity. Also, previous studies show that the Y105 residue is critical in facilitating

methyl group transfer from the donor to the target lysine (Qian et al., 2006). Hence, our

results agree with previously published work that both the Y50A and Y105F are

catalytically inactive. Either of these mutations can thus be used as an important

negative control in experiments that introduce a lacI-vSET fusion protein into flies.
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Figure 6: Expression and catalytic activity of vSET point mutants

Figure 6A: Purification of F-vSET WT, Y50A, Y50F and Y105F.

Figure 6B: HMTase activity of Y50A, Y50F and Y105F on polynucleosomes (top panel),

and histone tetramers (bottom panel).

Figure 6C: Mass spectrometric analysis of reaction products for vSET WT (top) and

vSET Y50F (bottom). Traces show the unmodified and trimethylated peaks as indicated.
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DISCUSSION

vSET differs from PRC2 in substrate preference

Our results show that vSET catalytic activity is higher on H3/H4 tetramers vs.

polynucleosomes as substrate. Previous work with PRC2 has shown that

polynucleosomes are a much preferred substrate for the PRC2 complex (Figure 3C).

The difference in substrate preference may be explained by the fact that vSET functions

as a homodimer whereas PRC2 acts as a 4-subunit complex, where multiple inputs from

outside the SET domain and E(Z) itself are necessary for catalytic activity (Ketel et al.,

2005). The Su(Z)12 and NURF55 subunits regulate PRC2 binding to nucleosomes,

thereby boosting catalytic activity (Nekrasov et al., 2005). vSET however does not

contain any other domains besides the SET domain and does not partner with any

nucleosome binding proteins, which might explain its decreased activity on the

polynucleosomes. On the other hand, vSET shows a much stronger affinity for free

tetramers as substrates, as opposed to PRC2 that shows reduced activity.

In the context of cell cycle progression, only newly synthesized histones exist in a

free state not compacted as chromatin. Hence, the biological significance of the

substrate preference is still unexplained. vSET does not have an RNA polymerase of its

own (Yamada et al., 2006), hence it is tempting to speculate that the virus may have

evolved to control host transcription in dividing cells by marking the host chromatin with

H3K27me3, resulting in repression of host genes. This might enable the virus to hijack

the host transcription machinery to promote its own gene expression. Further studies to

address this question are clearly required. It is also possible that vSET interaction
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surfaces with the H3/H4 tetramer might be packed into the nucleosome, hence, reducing

its affinity for the latter substrate.

A 4-subunit PRC2 on the other hand, prefers assembled nucleosomes for

binding and catalytic activity. One explanation for this might be that the PcG regulatory

factors might require the presence of the DNA template at PREs to enable stable binding

of the complexes through replication (Henikoff, 2008).  Since PREs are nucleosome

depleted regions, (Schwartz et al., 2006), non sequence-specific association of PRC2

with the DNA might be an important determinant in PcG binding at target loci.

Intriguingly, the lacI-Flag-vSET fusion protein displays a strong catalytic activity

on the polynucleosomes, almost comparable to that on the free tetramers (Figure 5C).

This is probably due to the presence of the lacI DNA-binding domain that may help

tether the fusion protein onto the DNA template present in the polynucleosomes. This

hypothesis can be verified in a gel shift assay to test if the fused and unfused vSET

proteins have distinct nucleosome binding abilities.

Prospects for exploiting vSET

Our experiments show that the vSET histone methyltransferase can be

introduced into Drosophila cells and this is accompanied by a global increase in

H3K27me3 levels. This indicates that vSET is capable of trimethylating H3K27 in a

heterologous system.

Similarly, previous studies show that vSET can function in mammalian cells

where an EZH2 knockdown in mammalian cells causes de-repression of Hox genes,

whereas resupply of vSET by transfection following this knockdown causes a rise in
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H3K27me3 levels and a re-repression of the Hox  genes (Mujtaba et al., 2008).

Mechanisms of PcG recruitment at target gene in mammalian systems are not fully

understood, hence the conclusions from this study may not directly reflect on the

targeting mechanisms in Drosophila. Moreover, this study used Hox genes, a normal

PcG target equipped with PREs. We wish to test a completely naïve ectopic target using

vSET. This study however, does set precedent for the experiments we have designed to

target vSET to a particular locus in the genome and assess if it can (a) cause H3K27 tri-

methylation, and (b) recruit PRC1.

Our results from Chapter 3 indicate that recruitment of PRC1 is independent of

the catalytic function of PRC2, but may require the presence of a stably bound PRC2

complex at PcG target loci. The recruitment of PRC1 could therefore be mediated either

by a direct interaction with PRC2 or PHORC or some yet unidentified factors. By an

extension of the same logic, if stable PRC2 assembly is indeed required for PRC1

targeting, then ectopic methylation by vSET may not cause accumulation of PRC1, since

it does not contain PRC2 subunits. However, such results would have to be interpreted

cautiously, since; the recruitment of PRC1 may not necessarily depend on one factor

alone. If PRC1 is indeed found at vSET methylation sites (perhaps due to an interaction

with the H3K27me3 mark mediated by the Pc chromodomain) it might suggest that one

or more in a multiple set of interactions contribute to PRC1 targeting.
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APPENDIX 1: THE “PHENYL/TYROSINE

SWITCH”: CONTROLLING METHYLATION

MULTIPLICITY
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INTRODUCTION

Histone code hypothesis

Covalent modifications on histone tails include the deposition of methyl,

phosphoryl, acetyl and ubiquitin groups (Strahl and Allis, 2000). These modifications,

apart from being present on a specific residue, also involve a definite multiple of the

transferred moiety. Such a complex matrix of modifications can be ‘read’ by a variety of

regulators that then use it as a signal to induce various cellular functions in transcription,

differentiation, cell division and  degradation, to name a few. This has often been called

the “Histone-code Hypothesis” (Jenuwein and Allis, 2001; Margueron et al., 2005;

Turner, 2002).

Methylation of lysine residues is most often co-related with transcriptional

repression or activation. For example, H3K9me3 deposited by Su(var)3-9 marks

heterochromatin . The hallmark of PcG is the H3K27me3 modification that marks

repressed genes. H3K4me3, a mark of active transcription is catalyzed by the TrxG

proteins. Indeed, it was for these three methyltransferases that the SET domain

catalyzing methyl transfer onto lysine residues was so named (Jenuwein et al., 1998).

Methylation Multiplicity of E(Z)

The tri-methylated form of H3K27 has been widely accepted to be the epigenetic

mark linked to Polycomb-mediated repression. However, the catalytic reaction involving

E(Z) is responsible for converting the unmodified form of H3K27 to a mono-methylated,

di-methylated and tri-methylated form by the serial replacement of the hydrogen atoms
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on the _-amino (-NH2) group by a methyl (-CH3). In Drosophila, it is the only enzyme that

has been shown to perform such a reaction with specificity for H3K27, as indicated by

the global loss of K27 methylation and lethality in embryos null for E(Z) (Ketel et al.,

2005).

The intermediate H3K27me1 and H3K27me2 products have a role in the

maintenance of heterochromatin (Ebert et al., 2006). Indeed, pericentric heterochromatin

is marked with the mono and di-methyl modified states of H3K27 (Ebert et al., 2004).

However the chromocenter core contains predominantly the tri-methylated form. In

general, the mono and di-methylated H3K27 modifications are far more widespread than

the tri-methylated state (Ebert et al., 2006; Ebert et al., 2004). Loss-of-function mutations

in the PRC2 subunit Su(Z)12 suppress position effect variegation (PEV), adding

evidence to support its role in heterochromatin mediated silencing. However, no PcG-

mediated repression activity has yet been reported for the mono and di-methylated

forms, presumably due to the lack of mutants that stall the reaction at these stages. This

leads to the suggestion that only the tri-methylated form of H3K27 is responsible for PcG

mediated silencing, and that the mono and di-methylated forms are just intermediate

products in the reaction. This hypothesis is supported by ChIP data that shows the

H3K27me3 modification to be primarily associated with PcG target PREs showing high

co-localization with the PcG subunits. The H3K27me1 and H3K27me2 states, on the

other hand, are sparsely distributed in these regions (Nekrasov et al., 2007).

As described in Chapters 2 and 4, the multiplicity of the methyltransferase

reaction is governed by the spatial constraints of the reaction pore. The unique

‘pseudoknot’ structure of the reaction pore is lined with highly conserved hydrophobic

residues. In particular, analysis of structures from several SET domains shows that
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either a tyrosine or a phenylalanine lining the reaction pore makes direct contact with the

lysine substrate and may well control the addition of methyl groups by allowing or

preventing rotation of the target lysine (Cheng and Zhang, 2007). Aligning the primary

sequence provides some insights into how the multiplicity is governed (Chapter 2, Figure

1).

Data from the mutational analysis of vSET, another H3K27 specific

methyltransferase suggests that the Y/F-L-F motif in the SET domain controls reaction

multiplicity. In particular, changing the tyrosine to phenylalanine converted the enzyme

from an H3K27me3 to H3K27me1 (Qian et al., 2006; Qian and Zhou, 2006). Hence, we

purified PRC2 complexes containing the corresponding mutations in E(Z) (Chapter 2,

Figures 2 and 4). However, we found that these analogous changes did not alter

reaction multiplicity in E(Z).

Results from similar experiments in several other methyltransferases suggest

that the Y/F-D-Y motif in the GEELFYDY conserved region of the SET domain can

switch the multilplicity (Figure 1, top panel). These experiments have commonly referred

to the “phe/tyr” switch whereby changing the F to a Y or vice versa can change the

number of methyl groups added. Phe/Tyr switch positions have been demonstrated for

Dim-5, SET7/9, G9a and SET8 (Cheng and Zhang, 2007; Collins et al., 2005; Couture et

al., 2005; Couture et al., 2006; Couture et al., 2008; Zhang et al., 2002; Zhang et al.,

2003).

Figure 1 (bottom panel) shows a representation of the ternary complex

containing the reaction pore of the Dim-5 enzyme, the lysine substrate and the methyl

donor. This structure has been used here to model the reaction pore for E(Z), for which
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no crystal structure is available. Corresponding residues from E(Z) have been marked

on the structure.

In this chapter, we have attempted to extend our analysis in identifying the

specific residue(s) in Drosophila E(Z) that impart methylation multiplicity to the enzyme.

We have used the conserved phenylalanine (F738), as a candidate for the phe/tyr

switch, based on sequence alignment and multiplicity information from the

methyltransferases mentioned above. The availability of a mutant that can appropriately

stall the reaction will be a very useful tool in understanding the precise role of the mono

and di-methylated forms of H3K27 in PcG mediated silencing.
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Figure 1: Representation of the E(Z) reaction pore

Top Panel: Conserved motifs in the SET domain (Joshi et al., 2008). The underlined F

residues were mutated to Y in this study.

Bottom panel: The structure of the Dim-5 reaction pore used to represent the reaction for

E(Z). Note that the amino acid structures presented in the figure represent those present

in the Dim-5 enzyme (Dillon et al., 2005).

The figure shows the methyl donor (SAM), the target lysine (K27) and the hydrophobic

binding pocket. Residues from the FLF motif in E(Z) are indicated for reference. As

shown, the F681 residue makes most direct contact with the K27 substrate. The F738

residue is also involved in stabilizing the reaction pore.

Hydrogen atoms are indicated in red, Nitrogen in blue, Carbon atoms of protein in gray,

Carbon atoms of lysine substrate and methyl donor in purple.

*(green) indicates the actual _-amino group of lysine that is to be methylated

** (green) indicates the methyl group of SAM that is transferred in the reaction
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MATERIALS AND METHODS

Site-directed mutagenesis and purification of PRC2 complexes

pFastBac-1 E(Z) F738Y and pFastBac1-E(Z) F679Y. F738Y were created using

the Quick Change Site-directed Mutagenesis kit (Stratagene) following manufacturer’s

protocol.

Purification of PRC2 mutant recombinant complexes from insect SF9 cells was

performed as described in Chapter 2. A wild-type complex was purified in parallel for all

experiments. Assembly of complexes was examined by a Coomassie-stained SDS gel.

HMTase assay

The wild-type and mutant PRC2 complexes were tested for catalytic activity in an

HMTase assay as described in Chapter 2.

Mass Spectrometric analysis of reaction products

To assess the methylation multiplicity of the purified complexes, a 16 hr HMTase

assay was performed using a non-radioactive methyl donor (SAM) and histone H3/H4

tetramers. The reaction products were separated on an SDS-PAGE gel. Modified

histone tails were visualized by Coomassie staining and destaining. The bands

corresponding to histone H3 were excised and the Coomassie stain was removed using

an ammonium bicarbonate/acetonitrile destain solution with  incubation at 37OC. The gel

pieces were then treated with ammonium bicarbonate/propionyl anhydride/methanol and

for 15 minutes at 37OC. The propionyl group attaches to unmethylated and mono-
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methylated lysine residues. The gel pieces were then washed with water and acetonitrile

in a sonication bath and then dried in a vacuum dessicator. Peptides were then

trypsinized on ice for 1 hr. The unmodified and mono-methylated lysine residues are

completely protected from trypsin digest due to the addition of the propionyl residue. The

di- and tri-methylated lysines are not modified by the propionyl group, however they are

impervious to trypsin digest. Hence, in this experiment, trypsin acts as an “arginine-only”

cutter. Elution was performed overnight in a calcium chloride/ ammonium bicarbonate

buffer and continued the following day in an acetonitrile/ formic acid buffer. Elutions were

pooled together in a siliconized microfuge tube and dried in a vaccum dessicator. Dried

samples were then reconstituted using an acetonitrile/trifluoroacetic acid buffer with pH

adjusted to <3.0 for proper ionization in the MALDI instrument. The samples were then

cleaned using a µC18 Zip-tip in an acetonitrile/trifluoroacetic acid buffer, mixed with a 4-

chloro-_-cyanocinnamic acid (CCA) matrix and spotted directly onto the MALDI target. A

molecular weight standard was used for calibration. The masses for peptides containing

the unmodified (1601.9 m/z), mono-methylated (1615.9 m/z), di-methylated (1573.9 m/z)

and tri-methylated lysine (1587.9 m/z) were done as described in Chapter 2.
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RESULTS

Complex assembly and HMTase activity

The E(Z)F738Y and E(Z)F679Y.F738Y point mutants were verified for stable

assembly into a four-subunit PRC2 on an SDS-PAGE gel. Both complexes could be

assembled as shown in Figure 2. A wild-type PRC2 was used alongside the mutant

complexes. Also, previously examined E(Z)F679Y, E(Z) F681Y and E(Z)F679Y.F681Y

(Chapter 2) mutants were simultaneously purified for  testing in subsequent experiments.

Both the E(Z) F738Y and E(Z)F679Y.F738Y were catalytically active on HeLa

polynucleosomes (Figure 3, top panel) and histone H3/H4 tetramers (Figure 3, bottom

panel) as substrates. Also, in agreement with our results from Chapter 2, E(Z)F678Y

retains methyltransferase activity, whereas E(Z)F681Y and E(Z)F679Y.F681Y are

severely reduced in activity on both the polynucleosomes and tetramer substrates. 50

nm complex was tested in each reaction.

Analysis of Methylation Multiplicity

The wild-type and mutant complexes were tested for methylation multiplicity by

mass spectrometric analysis of the reaction products. Figure 4 shows the spectra from

the MALDI-TOF. The wild-type and E(Z)F738Y were capable of completing the reaction

to tri-methylated H3K27. However the E(Z)F679Y. F738Y mutation renders the enzyme

a strong mono-methyltransferase.

Previous results (Chapter 2) show that the E(Z)F679Y mutation is similar to wild-

type in methylation multiplicity. However, the E(Z)F681Y mutation also stalls the reaction
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Figure 2: Complex Assembly of E(Z) Point Mutants

4-subunit complexes for PRC2 containing E(Z) WT and point-mutants. All the mutants

are capable of assembling into a stable PRC2 complex in vitro, as indicated by the

presence of Su(Z)12, E(Z), NURF55 and ESC subunits.
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Figure 3: HMTase Activity of E(Z) Point Mutants

Top panel: Catalytic activity on HeLa polynucleosomes for wild type PRC2 and point

mutants as indicated. 50 nm complex was used in each reaction.

Bottom panel: Catalytic activity on histone tetramers as substrates. 50 nm complex was

used in each reaction.

.
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at a mono-methyl state, similar to the double mutant E(Z)F679Y.F738Y. An interesting

difference is that the F681Y mutation is not as strong a mono-methyltransferase as the

E(Z)F679Y.F738Y double mutant as indicated by the HMTase assay (Figure 3) and the

spectra (Figure 4).Finally, the double mutant E(Z)F679Y.F681Y shows very weak activity

in an HMTase assay and negligible activity in a mass spectrometric reaction. We hence

conclude that if it does have any activity, it too stops the reaction at the mono-methyl

modification.

Our results from Chapter 2 have already concluded the importance of the F681

residue since the E(Z)son1 missense allele is an F681I change at this residue that

renders the enzyme inactive. However, an important observation is the synergy between

the F679 and F738 residues. Each phenylalanine, when mutated to tyrosine, gives a

fully functional enzyme. However, when both residues are changes to tyrosines, the

resulting enzyme is a strong mono-methyltransferase.  The exact explanation for this is

not yet known, it may require the actual crystal structure of E(Z) in order to determine

how the substrate and methyl donor structurally align at the reaction pore.

We hypothesize that the two phenylalanine residues (F679 and F738) may be

redundant in providing structural integrity to the reaction pore, such that, when one of

them is mutated, the other residue can still maintain the spatial organization. However,

when both residues are mutated, the reaction pocket may prevent addition of methyl

groups by preventing target lysine rotation.
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Figure 4: Methylation multiplicity in an HMTase reaction

Spectra from MALDI-TOF show the presence of the unmodified, mono-methylated, di-

methylated and tri-methylated H3K27 residue as indicated. The X-axis of each plaot

indicates the mass-to-charge ratio (m/z) and the Y-axis indicates the intensity.
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DISCUSSION

Previous studies with E(Z) and PcG mediated silencing have shown that the

H3K27me3 state is associated with silencing. Hence, an important question in the field

has been to understand the significance of the mono and di-methylated forms of H3K27.

In an attempt to answer these questions, our experiments have been aimed at creating a

tri-methyltransferase deficient version of E(Z).

Previous work using other SET-domain containing methyltransferases have

shown that certain phenylalanine or tyrosine residues lining the reaction pore are key in

controlling the methylation multiplicity of the enzyme. This set the stage for our

experiments, where we mutated corresponding residues from E(Z).

Our experiments yielded an enzyme that functioned primarily as an H3K27mono-

methyltransferase, deficient in the di- and tri- states of the modification. This might be

explained by the unique mode of action by PRC2. Unlike the other SET-domain

enzymes displaying a phe/tyr switch mechanism, E(Z) does not function alone. It is a

part of the 4-subunit PRC2 complex. Moreover, its catalytic activity is completely

dependent on inputs from outside the SET domain, since, E(Z) by itself has over a 1000

fold reduced activity compared to the multimeric complex (Joshi et al., 2008; Ketel et al.,

2005; Müller et al., 2002). Hence, it is possible that an interaction of the SET domain

with other members of the PRC2 complex can govern the reaction multiplicity.

One hypothesis may be that ESC or Su(Z)12 also directly contact the reaction

pore. The surface loops in the ESC structure are highly conserved, yet no specific role

has been assigned to these motifs. Although the ESC-E(Z) interaction has been

accounted to the N-terminal EID (ESC interaction domain) of E(Z) and the _-propellers in
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ESC, it is possible that these might actually be involved in an interaction with E(Z) (Han

et al., 2007). It is also possible that Su(Z)12 stabilizes the structure of the reaction pore,

since it is interacts with the Domain II  of E(Z) (Ketel et al., 2005). A better understanding

of these aspects will be provided when the E(Z) crystal structure in complex with other

PRC2 subunits becomes available. It is very important that the crystal structure of the

entire PRC2 be used to draw conclusions, since our results suggest that the subunits

are stable only when present in a complex (Chapter 3, Figure 2).

The mono and di-methylated H3K27 modification are stable, since they are

abundantly found in the genome (Ebert et al., 2006). However, the tri-methylated state is

not as prominent; indicating that there might be mechanisms that govern the reaction

multiplicity that are not entirely dependent on the structural aspects of the reaction pore.


