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SUMMARY

The Polycomb repressive complex 2 (PRC2) confers
transcriptional repression through histone H3 lysine
27 trimethylation (H3K27me3). Here, we examined
how PRC2 is modulated by histone modifications
associated with transcriptionally active chromatin.
We provide the molecular basis of histone H3
N terminus recognition by the PRC2 Nurf55-Su(z)12
submodule. Binding of H3 is lost if lysine 4 in H3 is
trimethylated. We find that H3K4me3 inhibits PRC2
activity in an allosteric fashion assisted by the
Su(z)12 C terminus. In addition to H3K4me3, PRC2
is inhibited by H3K36me2/3 (i.e., both H3K36me2
and H3K36me3). Direct PRC2 inhibition by
H3K4me3 and H3K36me2/3 active marks is con-
served in humans, mouse, and fly, rendering tran-
scriptionally active chromatin refractory to PRC2
H3K27 trimethylation. While inhibition is present in
plant PRC2, it can be modulated through exchange
of the Su(z)12 subunit. Inhibition by active chromatin
marks, coupled to stimulation by transcriptionally
repressive H3K27me3, enables PRC2 to autono-
mously template repressive H3K27me3without over-
writing active chromatin domains.

INTRODUCTION

Polycomb (PcG) and trithorax group (trxG) proteins form distinct

multiprotein complexes that modify chromatin. These com-

plexes are conserved in animals and plants and are required to

maintain spatially restricted transcription of HOX and other cell

fate determination genes (Henderson and Dean, 2004;

Pietersen and van Lohuizen, 2008; Schuettengruber et al.,

2007; Schwartz and Pirrotta, 2007). PcG proteins act to repress

their target genes while trxG protein complexes are required to
330 Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc.
keep the same genes active in cells where they must be

expressed.

Among the PcG protein complexes, Polycomb repressive

complex 2 (PRC2) is a histone methyl-transferase (HMTase)

that methylates Lys27 of H3 (H3K27) (Cao et al., 2002; Czermin

et al., 2002; Kuzmichev et al., 2004; Müller et al., 2002). High

levels of H3K27 trimethylation (H3K27me3) in the coding region

generally correlate with transcription repression (Cao et al.,

2008; Nekrasov et al., 2007; Sarma et al., 2008). PRC2 contains

four core subunits: Enhancer of zeste [E(z), EZH2 in mammals],

Suppressor of zeste 12 [Su(z)12, SUZ12 in mammals], Extra-

sex combs [ESC, EED in mammals] and Nurf55 [Rbbp4/

RbAp48 and Rbbp7/RbAp46 in mammals] (reviewed in Schuet-

tengruber et al., 2007; Wu et al., 2009). E(z) is the catalytic

subunit; it requires Nurf55 and Su(z)12 for nucleosome associa-

tion, whereas ESC is required to boost the catalytic activity of

E(z) (Nekrasov et al., 2005). Recent studies reported that ESC

binds to H3K27me3 and that this interaction stimulates the

HMTase activity of the complex (Hansen et al., 2008; Margueron

et al., 2009; Xu et al., 2010). The observation that PRC2 is able to

bind to the same modification that it deposits led to a model for

propagation of H3K27me3 during replication. In this model,

recognition of H3K27me3 on previously modified nucleosomes

promotes methylation of neighboring nucleosomes that contain

newly incorporated unmodified histone H3 (Hansen et al., 2008;

Margueron et al., 2009). However, it is unclear how such

a positive feedback loop ensures that H3K27 trimethylation

remains localized to repressed target genes and does not invade

the chromatin of nearby active genes.

In organisms ranging from yeast to humans, chromatin

of actively transcribed genes is marked by H3K4me3,

H3K36me2, and H3K36me3 modifications: while H3K4me3 is

tightly localized at and immediately downstream of the transcrip-

tion start site, H3K36me2 peaks adjacently in the 50 coding

region and H3K36me3 is specifically enriched in the 30 coding
region (Bell et al., 2008; Santos-Rosa et al., 2002). Among the

trxG proteins that keep PcG target genes active are the

HMTases Trx and Ash1, which methylate H3K4 and H3K36,

respectively (Milne et al., 2002; Nakamura et al., 2002; Tanaka
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et al., 2007). Studies in Drosophila showed that Trx and Ash1

play a critical role in antagonizing H3K27 trimethylation by

PRC2, suggesting a crosstalk between repressive and activating

marks (Papp and Müller, 2006; Srinivasan et al., 2008).

In this study we investigated how PRC2 activity is modulated

by chromatin marks typically associated with active transcrip-

tion. We found that the Nurf55 WD40 propeller binds the

N terminus of unmodified histone H3 and that H3K4me3

prevents this binding. In the context of the tetrameric PRC2

complex, we find that H3K4me3 and H3K36me2/3 (i.e., both

H3-K36me2 and H3-K36me3) inhibit histone methylation by

PRC2 in vitro. Dissection of this process by using fly, human,

and plant PRC2 complexes suggests that the Su(z)12 subunit

is important for mediating this inhibition. PRC2 thus not only

contains the enzymatic activity for H3K27 methylation and

a recognition site for binding to this modification, but it also

harbors a control module that triggers inhibition of this activity

to prevent deposition of H3K27 trimethylation on transcription-

ally active genes. PRC2 can thus integrate information provided

by pre-existing histone modifications to accurately tune its

enzymatic activity within a particular chromatin context.

RESULTS

Structure of Nurf55 Bound to the N Terminus
of Histone H3
Previous studies reported that Nurf55 alone is able to bind to

histone H3 (Beisel et al., 2002; Hansen et al., 2008; Song et al.,

2008; Wysocka et al., 2006) but not to a GST-H3 fusion protein

(Verreault et al., 1998). By using fluorescence polarization (FP)

measurements, we found that Nurf55 binds the very N terminus

of unmodified histone H3 encompassing residues 1–15 (H31–15)

with a KD of�0.8 ± 0.1 mMbut does not bind to a histone H319–38
peptide (Figure 1A). Crystallographic screening resulted in the

successful cocrystallization of Nurf55 in complex with an

H31–19 peptide. After molecular replacement with the known

structure of Nurf55 (Song et al., 2008), the initial mFo�DFc differ-

ence map showed density for H3 residues 1–14 in both

Nurf55 molecules in the crystallographic asymmetric unit.

Figures 1B–1E show the structure of H31–19 bound to Drosophila

Nurf55, refined to 2.7 Å resolution (R/Rfree = 20.1% and 25.0%,

Table 1; Figure S1A, available online). The H3 peptide binds to

the flat surface of the Nurf55 WD40 propeller (Figure 1B), subse-

quently referred to as the canonical binding site (c-site) (Gaudet

et al., 1996). The H3 peptide is held in an acidic pocket (Figures

1C and 1E) and traverses the central WD40 cavity in a straight

line across the propeller (Figure 1B).

Nurf55 binds the H3 peptide by contacting H3 residues Ala1,

Arg2, Lys4, Ala7, and Lys9. Each of these residues forms

side-chain specific contacts with the Nurf55 propeller (Figures

1D and 1E). The bulk of the molecular recognition is directed

toward H3 Arg2 and Lys4. Ala1 sits in a buried pocket with its

a-amino group hydrogen bonding to Nurf55 Asp252, which

recognizes and fixes the very N terminus of histone H3. The

neighboring Arg2 is buried deeper within the WD40 propeller

fold, with its guanidinium group sandwiched by Nurf55 residues

Phe325 and Tyr185 (Figure 1D). H3 Lys4 binds to a well-defined

surface pocket on Nurf55 located on blade 2, near the central
cavity of the propeller. Its 3-amino group is specifically coordi-

nated by the carboxyl groups of Nurf55 residues Glu183 and

Glu130 and through the amide oxygen of Asn132 (Figure 1E).

Lys9 is stabilized by hydrophobic interactions on the WD40

surface while having its 3-amino group held in solvent-exposed

fashion (Figure 1D). Ser10 of histone H3 marks the beginning

of a turn that inverses the peptide directionality. Histone H3

residues Thr11–Lys14 become progressively disordered and

are no longer specifically recognized. No interpretable density

was observed beyond Lys14. Taken together, Nurf55 specifically

recognizes an extended region of the extreme N terminus of

histone H3 (11 residues long, 700 Å2 buried surface area) in the

canonical ligand binding location of WD40 propeller domains.

Structure of the Nurf55-Su(z)12 Subcomplex of PRC2
The H3-Nurf55 structure prompted us to investigate how Nurf55

might bind histone tails in the presence of Su(z)12, its interaction

partner in PRC2 (Nekrasov et al., 2005; Pasini et al., 2004). As

a first step we mapped the Nurf55-Su(z)12 interaction in detail

by carrying out limited proteolysis experiments on reconstituted

Drosophila PRC2, followed by isolation of a Nurf55-Su(z)12

subcomplex. Mass spectrometric analysis and pull-down exper-

iments with recombinant protein identified Su(z)12 residues

73–143 [hereafter referred to as Su(z)1273–143] as sufficient for

Nurf55 binding (Figures S1C and S1D).

Crystals were obtained when Drosophila Nurf55 and Su(z)12

residues 64–359 were set up in the presence of 0.01% subtilisin

protease (Dong et al., 2007). After data collection, the structure

was refined to a maximal resolution of 2.3 Å (Table 1). Molecular

replacement with Nurf55 as search model provided clear initial

mFo � DFc difference density for a 13 amino acid-long Su(z)12

fragment spanning Su(z)12 residues 79–91 (Figures 2A–2C).

The final model was refined to 2.3 Å (R/Rfree = 17.5%/20.9%)

and verified by simulated annealing composite-omit maps (Fig-

ure S1B). The portion of Su(z)12 involved in Nurf55 binding will

henceforth be referred to as the Nurf55 binding epitope (NBE).

The Su(z)12 binding site on Nurf55 is located on the side of the

propeller between the stem of the N-terminal a helix (a1) and

the PP loop (Figures 2A and2B). Binding between Su(z)12 and

Nurf55 occurs mostly through hydrophobic interactions in an

extended conformation. The interaction surface between

Nurf55 and the NBE is large for a peptide, spanning around

800 Å2. Sequence alignment between Su(z)12 orthologs reveals

that the NBE is highly conserved (53% identity and 84%

similarity) in animals and in plants (Figure 2E). With the exception

of Su(z)12 Arg85, the majority of the conserved Su(z)12 NBE

residues engage in hydrophobic packing with Nurf55 (Figures

2B and 2C). Together with the Su(z)12 VEFS domain and the

C2H2 zinc finger (C5 domain) (Birve et al., 2001), the NBE consti-

tutes the only identifiable motif in Su(z)12 found conserved in all

Su(z)12 orthologs.

The NBE binding site on Nurf55 has previously been shown to

be occupied by helix 1 of histone H4 (Figure 2D) (Murzina et al.,

2008; Song et al., 2008), an epitope not accessible in assembled

nucleosomes (Luger et al., 1997). Nurf55 binds H4 and the

Su(z)12 NBE epitope in a different mode, and importantly, with

opposite directionality (Figure 2D). The detailed comparison of

the Nurf55-Su(z)12 structure with that of H4 bound to Nurf55
Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc. 331



Figure 1. Crystal Structure of Nurf55 in Complex with a Histone H31–19 Peptide

(A) Nurf55 binds to an H31–15 peptide with an affinity of�0.8 ± 0.1 mM as measured by FP. It has similar affinity for an H31–31 peptide (2.2 ± 0.2 mM) but no binding

can be detected to an H319–38 peptide.

(B) Ribbon representation of Nurf55-H31–19. Nurf55 is shown in rainbow colors and H31–19 is depicted in green. The peptide is bound to the c-site of the WD40

propeller.

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

(D) Close-up of the c-site detailing the interactions between Nurf55 (yellow) and the H31–19 peptide (green), with a water molecule shown as a red sphere.

(E) Schematic representation of interactions between the H31–19 peptide (green) and Nurf55 (yellow).
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strongly suggests that binding of Su(z)12 (NBE) and of H4 (helix 1)

are mutually exclusive (Figure 2D). We therefore refer to the

Su(z)12 and H4 binding site on Nurf55 as the S/H-site.

Su(z)12 fragments that include the NBE have poor solubility by

themselves and generally require Nurf55 coexpression for solu-
332 Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc.
bilization. However, we were able to measure binding of a chem-

ically synthesized Su(z)1275–93 peptide to Nurf55 by isothermal

titration calorimetry (ITC) and found that the peptide was bound

with a KD value of 6.7 ± 0.3 mM in a 1:1 stoichiometry (Fig-

ure 2F). Pull-down experiments with recombinant protein and



Table 1. Crystallographic Data and Refinement Statistics

Nurf55 – Su(z)12 Nurf55 – H31–19

Space Group P212121 P212121

Unit Cell Dimensions

a, b, c (Å) 53.03, 87.19, 99.54 55.97, 88.15, 204.02

a, b, g (�) 90.0, 90.0, 90.0 90.0, 90.0, 90.0

Resolution range (Å) 25.0 – 2.3 (2.38-2.30)a 37.7 – 2.7 (2.8-2.7)a

Percent complete 99.2 (92.0)a 96.6 (90.6)a

Redundancy 15.6 (12.4)a 6.4 (5.3)a

Rsym 0.074 (0.338)a 0.091 (0.428)a

I/sI 43.3 (6.2)a 15.6 (4.6)a

Resolution (Å) 2.3 2.7

Number of reflections 20984 28271

Rwork/Rfree 0.175/0.209 0.201/0.250

Number of atoms 3315 6197

B-Factors 29.8 46.9

Protein 29 47.0

Water 38.3 38.1

RMS Deviations

Bond lengths (Å) 0.008 0.003

Bond angles (�) 1.124 0.752
a The values for the data in the highest resolution shell are shown in paren-

theses.
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streptavidin beads suggest that Su(z)12 residues 94–143 harbor

an additional Nurf55 binding site not visible in the structure

(Figure S1E). Su(z)12144–359, lacking the N-terminal 143 residues,

no longer binds to Nurf55. The NBE (residues 79–93) and the

region adjacent to the NBE (residues 94–143) are thus required

for stable interaction with Nurf55. The extended NBE was found

enriched after limited proteolysis and in subsequent gel filtration

runs coupled with quantitative mass spectrometry (Figure S1C).

As the NBEwas the only fragment visible after structure determi-

nation, we conclude that it represents the major Su(z)12 interac-

tion epitope for Nurf55 binding.
The Nurf55-Su(z)12 Complex Binds to Histone H3
In order to study the potential interdependence of the identified

Nurf55 binding sites we compared binding of Nurf55 and Nurf55-

Su(z)12 to the histone H3 N terminus. FP experiments showed

similar affinities for binding of a histone H31–15 peptide to Nurf55

(KD�0.8 ± 0.1 mM; Figure 1A) and a Nurf55-Su(z)1273–143 complex

(KD�0.6±0.1mM;Figure2G). Importantly,mutationofNurf55 resi-

dues contacting H3 via its c-site drastically reduced binding to an

H31–15 peptide (Figure S2A), demonstrating that the Nurf55-

Su(z)1273–143 complex indeed binds the H31–15 peptide through

the c-site.We conclude that the presence of Su(z)12 is compatible

with Nurf55 binding to H3 via its c-site and that the two binding

interactions are not interdependent.

The observation that the Su(z)12 NBE occupies the same

Nurf55 pocket that was previously shown to bind to helix 1 of

histone H4 prompted us to test whether the Su(z)1273–143-

Nurf55 complex could still bind to histone H4. We performed

pull-down experiments with a glutathione S-transferase (GST)
fusion protein containing histone H41–48 (Murzina et al., 2008)

and found that H4 stably interacted with isolated Nurf55 but

not with Su(z)1273–143-Nurf55 (Figure 2H). In PRC2, the presence

of Su(z)12 in the Nurf55 S/H-site therefore precludes binding to

helix 1 of histone H4.

H3 Binding by Nurf55-Su(z)12 Is Sensitive
to the Methylation Status of Lysine 4
We next investigated how posttranslational modifications of the

H3 tail affect binding to the Nurf55-Su(z)1273–143 complex. Modi-

fications on H3 Arg2, Lys9, and Lys14 did not change affinity of

Nurf55-Su(z)12 for the modified H31–15 peptide (Figures S2B and

S2D). In contrast, peptides that weremono-, di-, or trimethylated

on Lys4 were bound with significantly reduced affinity exhibiting

KD values of 17 ± 3 mM (H3K4me1), 24 ± 3 mM (H3K4me2), and

>70 mM (H3K4me3), respectively (Figure 2I). The FP binding

data were independently confirmed by ITC measurements

(Figures S2C–S2F). Together, these findings are in accord with

the structural data, which show that H3K9 and H3K14 are being

held with their 3-amino moiety solvent-exposed, while the H3K4

side chain is tightly coordinated (Figure 1E). The additional

methyl groups on the H3K4 3-amino group are expected to

progressively decrease affinity because of increased steric

clashes within the H3K4 binding pocket.

H3K27 Methylation by PRC2 Is Inhibited by Histone
H3K4me3 Marks
We then examined the effect of H3K4me3 modifications, which

are no longer retained by Nurf55-Su(z)12, on the catalytic activity

of PRC2. In a first set of experiments, we determined PRC2

steady-state parameters on histone H31–45 peptide substrates

that were either unmodified or methylated at Lys 4. We observed

similar KM values for H3 and H3K4me3 peptides of 0.84 ±

0.21 mMand 0.36 ± 0.07 mM, respectively (Figure 3A), and similar

KM values for SAM (5.42 ± 0.65 mM for H3 and 10.04 ± 1.56 mM

for H3K4me3). The turnover rate constant kcat, however, was

8-fold reduced in the presence of H3K4me3: 2.53 ± 0.21 min-1

for unmodified H3 and 0.32 ± 0.08 min-1 in the presence of

H3K4me3 (Figure 3A). While substrate binding is largely unaf-

fected, turnover is thus severely inhibited in the presence of

H3K4me3. This behavior, which results in a kcat/KM specificity

constant of 7.8 3 103 M-1s-1 (unmodified H3) compared to

0.53 3 103 M-1s-1 (H3K4me3), is consistent with heterotrophic

allosteric inhibition of the PRC2 HMTase triggered by the pres-

ence of the H3K4me3.

To investigate the effect of the H3K4me3 modification on

PRC2 activity in the context of nucleosomes, we reconstituted

mononucleosomes with a trimethyllysine analog (MLA) at Lys4

in H3 (referred to as H3Kc4me3; Figure S3A) (Simon et al.,

2007). We found that total H3K27 methylation (measured by

incorporation of 14C-labeled methyl groups) was substantially

impaired on H3Kc4me3-containing nucleosomes compared to

wild-type nucleosomes (Figures S3B and S3C). We used

western blot analysis to monitor how levels of H3K27 mono-,

di-, and trimethylationwere affected by theH3Kc4me3modifica-

tion. While H3K27me1 formation was reduced by more than

50% on H3Kc4me3 nucleosomes compared to unmodified

nucleosomes (Figures 3B and 3C), H3K27 dimethylation and
Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc. 333
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Figure 2. Crystal Structure and Characterization of Nurf55 in Complex with the Su(z)12 Binding Epitope for Nurf55

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

marked by a dashed box.

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

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

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

(E) Alignment of the Su(z)12 NBE with sequences from Drosophila melanogaster (dm, Q9NJG9), mouse (mm, NP_954666), human (hs, AAH15704), Xenopus

tropicalis (xt, BC121323), zebrafish (dr, BC078293), and the three Arabidopsis thaliana (at) homologs Fis2 (ABB84250), EMF2 (NP_199936), and VRN2

(NP_567517). Identical residues are highlighted in yellow.

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

0.3 mM.

(G) Binding of H31–15 to Nurf55 (0.8 ± 0.1 mM) and Nurf55-Su(z)1273–143 (0.6 ± 0.1 mM) measured by FP.
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Figure 3. HMTase Activity of PRC2 Is In-

hibited by H3K4me3 Marks

(A) HMTase assay with PRC2 and H31–45-biotin

peptides measuring the concentration of SAH

produced by the enzymatic reaction. When an

H3K4me3-modified peptide is used, the specificity

constant (kcat/KM) is drastically reduced, indicative

of heterotrophic allosteric inhibition.

(B) Western blot-based HMTase assay by using

recombinant Drosophila mononucleosomes

(571 nM) and increasing amounts of PRC2.

HMTase activity was monitored with antibodies

against H3K27me1, H3K27me2, or H3K27me3 as

indicated; in each case the membrane was also

probed with an antibody against unmodified

histone H4 to control for equal loading andwestern

blot processing. Deposition of K27 di- and trime-

thylation is drastically reduced when nucleosomes

are used that carry a H3Kc4me3 modification.

(C) Quantification of HMTase activity of Drosophila

PRC2 (286 nM) on unmodified and H3Kc4me3-

modified nucleosomes by quantitative western

blotting.
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trimethylation were impaired by more than 80% by using

H3Kc4me3 nucleosomes (Figure 3C). In order to ascertain that

inhibition of PRC2 is indeed due to trimethylation of the amino

group in the lysine side chain, and not due to the use of the

MLA, we performed HMTase assays on H3K4me3-containing

nucleosomes generated by native peptide ligation (Shogren-

Knaak et al., 2003) and on H3Kc4me0 and H3K4A nucleosomes.

H3K27 mono-, di-, and trimethylation was comparably inhibited

on H3K4me3 and on H3Kc4me3-containing nucleosomes, but

was not affected by H3Kc4me0 and H3K4A (Figures S3D and

S3E). We conclude that H3K4me3 specifically inhibits PRC2-

mediated H3K27 methylation with the most pronounced inhibi-

tory effects observed for H3K27 di- and trimethylation.

We next tested whether the H3K4me3 modification affects

PRC2 nucleosome binding. In electrophoretic mobility shift

assays (EMSA), we found that PRC2 binds unmodified or

H3Kc4me3-modified nucleosomes with comparable affinity (Fig-

ure S4A). Even though binding of Nurf55 to the N terminus of
(H) GST pull-down assay with recombinant GST-H41–48 and Nurf55 and Nurf55-Su(z)1273–143 proteins. GST-H

Su(z)1273–143 complex the binding site is occupied by Su(z)12 (left panel). Control pull-downs with GST bea

showed no unspecific binding (right panel).

(I) Binding of different H31–15 peptides to Nurf55-Su(z)1273–143 measured by FP. While unmodified H3 is bou

drastically reduces binding affinity (17 ± 3 mM for K4me1, 24 ± 3 mM for K4me2, and >70 mM for K4me3).
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histone H3 is almost 100-fold reduced by

H3K4me3 (Figure2I andFigureS2F), inter-

action of theNurf55 c-site withH3K4does

not seem to make a detectable con-

tribution to nucleosome binding by PRC2

in this assay. Consistent with the allosteric

mechanismofH3K4me3 inhibition that we

had observed in the peptide assays

(Figure 3A), inhibition of the PRC2

HMTase activity by H3K4me3-containing
nucleosomes is not caused by impaired nucleosome binding,

but is rather the consequence of reduced catalytic turnover.

H3K4me3 Needs to Be Present on the Same Tail as K27
to Inhibit PRC2
Wethenassessedwhether inhibitionof thePRC2HMTaseactivity

by H3K4me3 requires the K4me3 mark to be located on the

substrate nucleosome (in cis), or whether it could also be trig-

gered if the H3K4me3 modification was provided on a separate

peptide (in trans). We performed HMTase assays on unmodified

oligonucleosomes in the presence of increasing amounts of

a histone H31–15 peptide trimethylated at K4 (H31–15-K4me3)

(Figure 4A). Addition of the H31–15-K4me3 peptide did not affect

PRC2 HMTase activity at peptide concentrations as high as

�200 mM. When testing H31–19-unmodified peptide in controls

at comparable concentrations, we did observe concentration-

dependent PRC2 inhibition (Figure 4A), probably because of

substrate competition at large peptide excess. As H3K4me3-
41–48 is able to bind Nurf55 alone but in the Nurf55-

ds and either Nurf55 or Nurf55-Su(z)1273–143 alone

nd with 0.8 ± 0.1 mM affinity, methylation of Lys 4

–341, May 6, 2011 ª2011 Elsevier Inc. 335
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Figure 4. PRC2 Activity Is Not Inhibited by H3K4me3 Peptides

in trans

(A) Western blot-based HMTase assay by using unmodified 4-mer oligonu-

cleosomes (36 nM) and increasing amounts of H3 peptides added in trans.

Enzyme concentration was kept constant at 86 nM. Western blots were pro-

cessedasdescribed in Figure3B.HMTaseactivity is inhibitedbyanunmodified

H31–19 peptide (left), but not by H3K4me3- or H3K36me3-modified peptides.

(B) HMTase assaywith H3Kc4me3-modified oligonucleosomes (36 nM), 86 nM

PRC2, and H3K27me3 peptide in trans. Western blots were processed as

described in Figure 3B. HMTase activity of PRC2 can be stimulated by the

H3K27me3 peptide even on inhibiting substrate leading to increased levels of

H3K27 di- and trimethylation.
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modified peptides did not show this competitive behavior, we

conclude that PRC2 is not inhibited by H3K4me3 in trans and

that H3K4me3 and unmodified H3 peptides are probably bound

to PRC2 in a different fashion. Analogously, we saw no inhibition

when testing the effect of H3K4me3 in trans by using peptides as

substrates (Figure S4B). Taken together, our findings strongly

argue that H3K4me3 only inhibits PRC2 if present on the same

tail that contains the H3K27 target lysine (in cis).

Previous studies reported that addition of H3K27me3 peptides

in trans enhances H3K27 methylation of oligonucleosomes by

human PRC2 through binding to the EED WD40 domain

(Margueron et al., 2009; Xu et al., 2010). We tested whether

addition of H3K27me3 peptides in trans would stimulate H3K27

methylation by PRC2 on H3Kc4me3-modified nucleosomes.

We observed that the inhibitory effect of H3Kc4me3-containing

nucleosomes can, at least in part, be overcome through addition

of high concentrations of H3K27me3 peptides (Figure 4B and

Figure S4C). PRC2 is therefore able to simultaneously integrate

inhibitory (H3K4me3) and activating (H3K27me3) chromatin

signatures and adjust its enzymatic activity in response to the

surrounding epigenetic environment.
336 Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc.
PRC2 Inhibition of H3K4me3 Is Conserved
in Mammalian PRC2
Our results with Drosophila PRC2 prompted us to investigate to

what extent inhibition byH3K4me3 is an evolutionarily conserved

mechanism. H3K27 methylation by human and mouse PRC2 on

nucleosome substrates carrying H3Kc4me3 modifications was

also strongly inhibited, comparable to the inhibition observed

for Drosophila PRC2 (Figure 5A and Figure S5A).
The Su(z)12 Subunit Codetermines Whether PRC2
Is Inhibited by H3K4me3
In Arabidopsis thaliana, three different E(z) homologs combined

with three Su(z)12 homologs have been described. The distinct

PRC2 complexes in plants harboring the different E(z) or

Su(z)12 subunits are implicated in the control of distinct

developmental processes during Arabidopsis development

(He, 2009). In this study we focused on PRC2 complexes con-

taining the E(z) homolog CURLY LEAF (CLF). We expressed

and reconstituted the Arabidopsis PRC2 complex comprising

CLF, FERTILIZATION INDEPENDENT ENDOSPERM (FIE,

a homolog of ESC), EMBRYONIC FLOWER 2 (EMF2, a homolog

of Su(z)12), and MULTICOPY SUPPRESSOR OF IRA (MSI1,

a homolog of Nurf55). We found that CLF indeed functions as

a H3K27me3 HMTase (Figure 5B). Moreover, H3K27methylation

by the CLF-FIE-EMF2-MSI1 complex on nucleosome arrays

containing H3Kc4me3 was inhibited (Figure 5B) in a manner

comparable to human or Drosophila PRC2.

We next tested a related Arabidopsis PRC2 complex again

composed of CLF, FIE, and MSI1 but containing the Su(z)12

homolog vernalization 2 (VRN2) instead of EMF2. The VRN2

protein is specifically implicated as a repressor of the FLC locus,

thereby controlling flowering time in response to vernalization

(reviewed in Henderson and Dean, 2004). The CLF-FIE-

MSI1-VRN2 complex was active on unmodified nucleosomes

but, strikingly, it was not inhibited on H3Kc4me3-modified nucle-

osomes (Figure 5C). Substitution of a single subunit (i.e., EMF2

by VRN2) thus renders the complex nonresponsive to the

H3K4 methylation state. While PRC2 inhibition by H3K4me3

appears hardwired in mammals and flies, in which only a single-

Su(z)12 ortholog is present, Arabidopsis inhibition can be

enabled or disabled through exchange of the Su(z)12 homolog.
The Su(z)12 C Terminus Harboring the VEFS Domain
Is the Minimal Su(z)12 Domain Required for Activation
and Active Mark Inhibition
The importance of the Su(z)12 subunit in active mark H3K4me3

inhibition prompted us to map the Su(z)12 domains required

for inhibition. Previous findings showed that E(z) or E(z)-ESC in

the absence of Su(z)12 is enzymatically inactive (Nekrasov

et al., 2005). Moreover, the VEFS domain (Birve et al., 2001)

was found to be the major E(z) binding domain (Ketel et al.,

2005). We reconstituted mouse PRC2 complexes containing

EZH2, EED, and either SUZ12 C2H2 domain + VEFS (residues

439–741) or SUZ12 VEFS alone (residues 552–741). Both of

these minimal complexes were active in HMTase assays on

nucleosomes (Figure 5D) but with lower activity than that of the

full PRC2 complex. We therefore focused on formation of
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Figure 5. Sensitivity of PRC2 toward H3K4me3 Is Conserved in Mammals and Plants

(A) Left panel: Western blot-based HMTase assay with human PRC2 complex on unmodified and H3Kc4me3-modified mononucleosomes (571 nM). Western

blots were processed as described in Figure 3B. Similar to the fly complex, human PRC2 is less active on H3Kc4me3 nucleosomes and H3K27 di- and

trimethylation is severely hampered. Right panel: Quantification of HMTase activity of human PRC2 (286 nM) on unmodified and H3Kc4me3-modified nucleo-

somes by quantitative western blotting.

(B) HMTase assay with a plant PRC2 complex composed of EMF2, CLF, MSI1, and FIE on 4-mer oligonucleosomes (36 nM). Western blots were processed as

described in Figure 3B. This complex is also sensitive to H3Kc4me3 and H3K27 di- and trimethylation on modified nucleosomes is severely reduced.

(C) HMTase assay with a plant PRC2 complex composed of VRN2, CLF, MSI1, and FIE on 4-mer oligonucleosomes (36 nM). Western blots were processed as

described in Figure 3B. In contrast to the EMF2-containing complex, the VRN2 complex is insensitive toward H3Kc4me3 and has comparable activity on

unmodified and modified nucleosomes.

(D) HMTase assay with mouse EZH2-EED-SUZ12 complexes containing truncated SUZ12 constructs (439–741 and 552–741) on 4-mer oligonucleosomes

(36 nM).Western blots were processed as described in Figure 3B. Only themonomethylation signal is shown because the truncated SUZ12 complexes have poor

HMTase activity. Both complexes remain inhibited by the H3Kc4me3 modification.
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H3K27me1 as the strongest readout. When testing H3Kc4me3-

containing nucleosomes, we found that both SUZ12 fragments

rendered the complex sensitive to H3K4me3, resulting in the

inhibition of H3K27 monomethylation (Figure 5D). The SUZ12 C

terminus (including the VEFS domain) is thus the minimal

SUZ12 fragment required for PRC2 binding, HMTase activity,

and inhibition by H3K4me3.
Transcriptionally Active H3K36me2/3 Nucleosome
Marks Also Inhibit PRC2
Finally, we asked whether other methylation marks associated

with transcriptionally active chromatin but located outside the

Nurf55-Su(z)12 binding site inhibit PRC2. We found that H3K27

methylation by PRC2 was also inhibited on H3Kc36me3 or

H3Kc36me2 nucleosomes (Figure 6 and Figure S6). No
Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc. 337
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Figure 6. PRC2 Activity Is Also Inhibited by H3K36me2/3

(A) Western blot-based HMTase assay with Drosophila PRC2 complex on

unmodified and H3Kc36me3-modified mononucleosomes (571 nM). Western

blots were processed as described in Figure 3B. Similar to H3Kc4me3,

H3Kc36me3 also inhibits the PRC2 complex.

(B) Same as in (A), western blot-based HMTase assay with Drosophila PRC2

complex, but with H3Kc36me2-modified nucleosomes.

(C) Quantitative western blot analysis estimating the HMTase activity of

Drosophila (blue) and human (red) PRC2 complex (286 nM) on unmodified and

H3Kc36me3-modified mononucleosomes.
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significant inhibition was observed on control nucleosomes con-

taining H3K36A or H3Kc36me0 lysine analog control (Fig-

ure S3E). As in the case of H3K4me3, inhibition by H3K36me2/

3 could not be triggered by addition of the modified peptides,

but required the modification to be present on the nucleosome

containing the Lys27 substrate site (in cis) (Figure 4A). Moreover,

we found that fly and human PRC2were inhibited comparably. In

the case of Arabidopsis PRC2, EMF2-containing complexes

were inhibited by H3K36me3, whereas VRN2-containing

complexes were not (Figure S6).

In conclusion, we find that three distinct histone methylation

marks that are present in the coding region of actively transcribed

genes—H3K4me3,H3K36me2, andH3K36me3—act asuniversal

inhibitors of PRC2 complexes in both animals and plants.
338 Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc.
DISCUSSION

Understanding how histone modification patterns are propa-

gated during cell division is essential for understanding the

molecular basis of epigenetic inheritance. Trimethylation of

H3K27 by PRC2 has emerged as a key step in generating tran-

scriptionally repressed chromatin in animals and plants. This

study investigates how PRC2 recognizes the H3 tail and

responds to H3-associated marks of active chromatin. Our

crystallographic analyses reveal the molecular basis for H31–14
recognition by the Nurf55-Su(z)12 module of PRC2 and demon-

strate that H3 tails carrying K4me3 are no longer recognized by

Nurf55-Su(z)12. In the context of the whole PRC2 complex,

H3K4me3 triggers allosteric inhibition of PRC2, a process that

requires H3K4me3 to be present on the same histone molecule

containing the substrate Lys27. We also observed PRC2 inhibi-

tion by H3K36me2/3. PRC2 inhibition by active chromatin marks

(H3K4me3 and H3K36me2/3) is conserved in PRC2 complexes

reconstituted from humans, mouse, flies, and plants.

The Role of Nurf55 in PRC2
Minimal PRC2 complexes lacking Nurf55 retain partial catalytic

activity and are inhibited by H3K4me3 (Figure 5D). H3K4me3,

once free of Nurf55, is thereby able to trigger PRC2 inhibition.

We favor a model where Nurf55-Su(z)12 serves in sequestration

and release of histone H3. We propose that the release of the

H3 tail fromNurf55-Su(z)12 is required,butnot sufficient, to induce

H3K4me3 inhibition as it needs to trigger allosteric inhibition in

conjunction with Su(z)12 and the E(z) SET domain (see below).

Unmodified H3, H3K9me3, or H3R2me-modified tails, on the

other hand, remain sequestered and are shielded fromother chro-

matin factors. These sequestered marks are also not expected to

interfere with PRC2 regulation. In line with this prediction, we

observed that H3K9me3, which remained bound to Nurf55-Su(z)

12, also did not interfere with PRC2 activity in vitro (Figure S5C).

In vitro, binding of Nurf55 to the N terminus of H3 was not critical

for the overall nucleosome binding affinity of PRC2 under our

assay conditions (Figures S4A and S5B). However, small differ-

ences in PRC2 affinity amplified by large chromatin arrays could

skew PRC2 recruitment toward sites of unmodified H3K4. Addi-

tionally, the Nurf55 interaction might play a more subtle role in

positioning the complex correctly on nucleosomes.

Su(z)12 Mediates Inhibition by Active Marks
in Conjunction with the E(z) SET Domain
Our in vitro findings suggest that active chromatin mark inhibition

by PRC2 is largely governed through allosteric inhibition of the

PRC2 HMTase activity thereby limiting processivity of the

enzyme. We defined a minimal trimeric PRC2 subcomplex that

retains both activity and H3K4me3/H3K36me2/3 inhibition.

This minimal complex consists of ESC, an E(z) fragment that

comprises the ESC binding region at the N terminus, the Su(z)

12 binding domain in the middle (Hansen et al., 2008), and the

C-terminal catalytic domain, and the Su(z)12 C terminus

harboring the VEFS domain (Figure 5D). The importance of

Su(z)12 is underlined by our findings on the Arabidopsis PRC2

complexes that revealed that active mark inhibition is deter-

mined by the choice of Su(z)12 subunit (i.e., inhibition with
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EMF2, but not with VRN2) (Figures 5B and 5C). As the extent of

methylation inhibition and the domains required for inhibition

were similar for H3K4me3 and H3K36me2/3 (Figures 3 and 6),

we hypothesize that both peptides function through a related

mechanism allosterically affecting E(z) SET domain processivity

with the help of Su(z)12. Further structural studies are required to

reveal how these active marks are recognized and how this

recognition is linked to inhibition of the E(z) SET domain.

PRC2 Mediates Crosstalk between Active
and Repressive Histone Methylation Marks
H3K27me3 recognition by PRC2 has been reported to recruit

and stimulate PRC2 (Hansen et al., 2008; Margueron et al.,

2009), a mechanism implicated in creating and maintaining the

extended H3K27me3 domains at target genes in vivo (Bernstein

et al., 2006; Pan et al., 2007; Papp and Müller, 2006; Schwartz

et al., 2006). Such positive feedback, however, necessitates

a boundary element curtailing the expansion of H3K27me3.

Our results suggest that actively transcribed genes (i.e., marked

with H3K4me3 and H3K36me2/3) that flank domains of

H3K27me3 chromatin may represent such boundary elements.

In conjunction with H3K27me3-mediated stimulation, this

provides a model how PRC2 could template domains of

H3K27me3 chromatin during replication without expanding

H3K27me3 domains into the chromatin of active genes. The

inhibitory circuitry present in PRC2, however, does not function

as a binary ON/OFF switch. PRC2 is able to integrate opposing

H3K4me3 and H3K27me3 modifications into an intermediary

H3K27 methylation activity (Figure 4B).

PRC2-Mediated Interdependence of H3K4me3/
H3K36me3 versus H3K27me3 In Vivo
The crosstalk between H3K4me3 and H3K36me2/3 versus

H3K27me3 has been extensively studied in vivo. Specifically,

HOX genes in developing Drosophila larvae, or in mouse

embryos, show mutually exclusive H3K27me3 and H3K4me3

domains that correlate with transcriptional OFF and ON states,

respectively (Papp andMüller, 2006). InDrosophila,maintenance

of HOX genes in theON state critically depends on the trxG regu-

lators Trx and Ash1, which methylate H3K4 and H3K36, respec-

tively (Smith et al., 2004; Tanaka et al., 2007). At theUltrabithorax

(Ubx) gene, lack of Ash1 results in PRC2-dependent H3K27me3

deposition in the coding region of the normally active gene and

the concomitant loss of Ubx transcription (Papp and Müller,

2006). Similarly, in the Arabidopsis Flowering Locus C (FLC),

CLF-dependent deposition of H3K27me3 reduces H3K4me3

levels (Jiang et al., 2008), while deletion of the H3K4me3 deme-

thylaseFLD increasesH3K4me3 levels and concomitantly dimin-

ishes H3K27me3 levels (Yu and Michaels, 2010). Our results

provide a simple mechanistic explanation for these observations

in plants and flies. We propose that H3K4 and H3K36 modifica-

tions in the coding region of active PcG target genes function

as barriers that limit H3K27me3 deposition by PRC2.

Depositing Epigenetic Signatures-Knowing
How to Stop?
We note that a number of HMTase complexes contain histone

mark recognition domains that bind the very same mark that is
deposited by their catalytic domain (Collins et al., 2008; Zhang

et al., 2008; Chang et al., 2010). While this positive feedback

loop guarantees the processivity of histone mark deposition, it

also requires a control mechanism that avoids excessive

spreading of marks. The direct inhibition of HMTases by histone

marks, as seen for PRC2,may offer a paradigmof how excessive

processivity can be counteracted in other HMTases.

Active Mark Inhibition Can Be Deactivated
Arabidopsis VRN2 is implicated in the control of the FLC locus

after cold shock (reviewed in He, 2009). FLC is a bivalent locus

containing both repressive H3K27me3 and active H3K4me3

marks (Jiang et al., 2008). In a VRN2-dependent fashion,

H3K27me3 levels increase at FLC during vernalization. We find

that while EMF2-containing PRC2 complexes are sensitive to

H3K4me3 and H3K36me3, their VRN2-containing counterparts

are not. In response to environmental stimuli plant PRC2

H3K4me3/H3K36me3 inhibition can thus be switched OFF (or

ON). This offers the possibility that inhibition in animal PRC2

could also be modulated either by posttranslational modification

of SUZ12 or by association with accessory factors.

PRC2 Inhibition and Coexistence of Active
and Repressive Histone Methylation Marks
Quantitative mass spectrometry analyses of posttranslational

modifications on the H3 N terminus in HeLa cells found no

evidence for significant coexistence of H3K27me3 with

H3K4me3 on the same H3 molecule (Young et al., 2009).

Similarly, the fraction of H3 carrying both H3K27me3 and

H3K36me3 was reported to be extremely low (�0.078%), while

H3K27me3 and H3K36me2 coexist on �1.315% of H3 mole-

cules. However, H3K27me3/H3K4me3 and H3K27me3/

H3K36me2/3 bivalent domains have been reported to exist in

embryonic stem cells, and they have been implicated to exist

on the same nucleosome (Bernstein et al., 2006). Given that

PRC2 is inhibited by active methylation marks, how then could

such bivalent domains be generated? We envisage two main

possibilities. First, PRC2 inhibition in vivo could be alleviated

by specific posttranslational modifications on PRC2 in embry-

onic stem cells (see in plants, VRN2). Second, H3K27me3

could be deposited prior to modification of H3K4 or H3K36.

According to this view, one would have to postulate that the

HMTases depositing H3K4me3 or H3K36me2/3 can work on

nucleosomes containing H3K27me3. In support of this view,

we found that H3K36 methylation by an NSD2 catalytic fragment

is not inhibited by H3K27me3 marks on a peptide substrate

(data not shown).

In summary, we found that mammalian and fly PRC2

complexes are not only activated by H3K27me3 as was recently

reported (Margueron et al., 2009; Xu et al., 2010), but they are

also inhibited by H3K4me3 and H3K36me2/3. PRC2, as a single

biochemical entity, can thus integrate the information provided

by histone modifications with antagonistic roles in gene regula-

tion. While the biological network overseeing crosstalk between

active and repressive chromatin marks in vivo probably extends

beyond PRC2, including other chromatin modifiers such as

histone demethylases (e.g., see Yokoyama et al., 2010), we iden-

tified a regulatory logic switch in PRC2 that intrinsically
Molecular Cell 42, 330–341, May 6, 2011 ª2011 Elsevier Inc. 339
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separates active and repressive chromatin domains. Given the

dynamic nature of the nucleosome template that makes up

eukaryotic chromosomes, this circuitry probably equips PRC2

with the necessary precision to heritably propagate a repressed

chromatin state.
EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization

PRC2 proteins were recombinantly expressed and purified as described in

Scrima et al. (2008). All crystals were grown at 20–25�C by the hanging drop

vapor diffusion method. For Nurf55-Su(z)12 crystallization, a coexpressed

Nurf551–418 and Su(z)1273–143 complex at 16 mg/ml was incubated for

10 min with 0.01% subtilisin prior to setup. Subsequently, 1 ml drops of protein

solution were mixed with 1 ml of reservoir solution containing 100 mM potas-

sium acetate and 2.1 M ammonium sulfate. For Nurf55-H31–19 crystallization,

Nurf55 protein was incubated with a �5-fold molar excess of the H31–19
peptide for 30 min prior to crystallization. One microliter drops of a 22 mg/ml

protein solution were mixed with 1 ml of reservoir solution containing

100 mM sodium citrate (pH 5.4), 200 mM ammonium acetate, and 23% PEG

3350. A detailed description of the experimental procedures is available in

the Supplemental Experimental Procedures.

Binding Experiments

ITC and FPmeasurements were carried out as described in Grimm et al. (2007)

and Jacobs et al. (2004), respectively. A detailed description of the experi-

mental procedures is available in the Supplemental Experimental Procedures.

Nucleosome Assembly and Histone Methyltransferase Assay

Recombinant histones were expressed and purified (Luger et al., 1999) and

site-specific methylation reactions were carried out as described in Simon

(2010) and Simon et al. (2007). Histone octamers were reconstituted and

purified as described in Luger et al. (1999) and assembled into nucleosomes

by using the 601 sequence (Thåström et al., 1999) during stepwise salt dilution

by dialysis. For the HMTase reaction mononucleosomes or 4-mer oligonucleo-

somes were incubated with the indicated amounts of PRC2 for 2 hr at 25�C in

the presence of S-adenosyl methionine and reaction products were analyzed

by western blotting. A detailed description of the experimental procedures is

available in the Supplemental Experimental Procedures.
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