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Polycomb-group proteins control many fundamental biolog-
ical processes, such as anatomical development in mammals and
vernalization in plants. Polycomb repressive complex 2 (PRC2)
is responsible for methylation of histone H3 lysine 27 (H3K27),
and trimethylated H3K27 (H3K27me3) is implicated in epige-
netic gene silencing. Recent genomic, biochemical, and struc-
tural data indicate that PRC2 is broadly conserved from yeast to
human in many aspects. Here, we determined the crystal struc-
ture of an apo-PRC2 from the fungus Chaetomium thermophi-
lum captured in a bona fide autoinhibited state, which repre-
sents a novel conformation of PRC2 associated with enzyme
regulation in light of the basal and stimulated states that we
reported previously. We found that binding by the cofactor
S-adenosylmethionine mitigates this autoinhibited structural
state. Using steady-state enzyme kinetics, we also demonstrated
that disrupting the autoinhibition results in a vastly activated
enzyme complex. Autoinhibition provides a novel structural
platform that may enable control of PRC2 activity in response to
diverse transcriptional states and chromatin contexts and set a
ground state to allow PRC2 activation by other cellular mecha-
nisms as well.

Polycomb-group proteins control many fundamental biolog-
ical phenomena, such as formation of the body plan in mam-
mals and vernalization in plants (1). Polycomb-group proteins
form at least two types of distinct but interconnected histone-
modifying enzyme complexes, polycomb repressive complexes
1 and 2 (PRC12 and PRC2), to influence the establishment,
maintenance, and inheritance of the cell type-specific tran-
scriptional program during development. PRC1 mediates

monoubiquitination of histone H2AK119 and PRC2 catalyzes
histone H3K27 methylation. PRC2 favors unmethylated H3K27
(H3K27me0) and, to a lesser extent, monomethylated H3K27
(H3K27me1) as the substrates and displays little activity on
dimethylated H3K27 (H3K27me2) (2). Trimethylated H3K27
(H3K27me3) is a hallmark of chromatin that is transcriptionally
silent. Dysregulation of the enzymatic activity of PRC2 is found
in various cancers (3).

A canonical PRC2 contains Ezh2 (a SET domain methyl-
transferase), Suz12, Eed, and Rppb4. Ezh2 is inactive without
Eed and Suz12 (4). In lower eukaryotes such as fungi, PRC2-like
complexes have been found to mediate H3K27 methylation as
well (5– 8). Despite their limited sequence conservation, fungal
and human PRC2 exhibit compositional and functional sim-
ilarities, indicating that they may share common regulatory
mechanisms.

The enzymatic activity of PRC2 is subjected to intricate cel-
lular regulation. In particular, PRC2 catalysis is stimulated by
H3K27me3, which is thought to account for spreading of the
repressive H3K27me3 histone mark in formation of facultative
heterochromatin (9, 10). Intriguingly, nascent RNAs bind to
PRC2 and inhibit PRC2 catalysis, which may serve as a cellular
mechanism to prevent gratuitous silencing of active genes by
PRC2 (11–13). In addition, transcriptional states and histone
modifications also influence PRC2 activity on chromatin. Tran-
scriptional repression facilitates PRC2 recruitment to target
loci (14 –16). Active histone marks including H3K4me3 and
H3K36me2/3 inhibit the enzymatic activity of PRC2 (15, 16).

We recently determined the crystal structures of an active
PRC2 from Chaetomium thermophilum (referred to as “ct”
hereinafter) in both the basal and H3K27me3-stimulated states,
which provided the structural framework for understanding
the mechanisms of PRC2 enzyme regulation (8). Human PRC2
bears a remarkable structural resemblance to ctPRC2 (17, 18).
Unlike other families of lysine methyltransferases, Ezh2 con-
tains an unusual split catalytic domain that consists of the SET
activation loop (SAL) and the canonical SET domain from the
N- and C-terminal portions of Ezh2, respectively (8, 17, 18).
Additionally, in the H3K27me3-stimulated state, the flexible
stimulation-responsive motif of Ezh2 binds to the H3K27me3
histone tail together with Eed and transmits the stimulating
signal to the catalytic domain allosterically (8, 17).

Here, we report a novel stable conformational state of
ctPRC2 that is distinct from the basal and H3K27me3-stimu-
lated states and that exhibits an autoinhibited structure. The
post-SET subdomain of the catalytic SET domain stably binds
to the active site in the absence of the histone substrate and
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cofactor SAM, occupies the histone substrate-binding groove,
blocks the SAM-binding pocket, and hence impedes catalysis.
Additional structural evidence indicates that SAM binding par-
tially alleviates the autoinhibition of ctPRC2. Disruption of the
autoinhibited conformation results in overactivated ctPRC2
caused by increased histone substrate binding as shown by
steady-state enzyme kinetics studies of the wild-type and a
gain-of-function mutant ctPRC2. The crystal structure of the
gain-of-function mutant reveals destabilization of the autoin-
hibited conformation of the post-SET and is in agreement with
the increase in activity displayed by this mutant. The autoinhi-
bition may not only set a threshold for the enzyme complex to
sense the effective concentration of the histone substrate but
may also serve as a structural foundation for enzyme activation
by some cellular mechanisms.

Results

Apo-ctPRC2 adopts an autoinhibited conformation

The previously solved crystal structures of ctPRC2 provided
a wealth of insight into the catalytic mechanism of this enzyme
complex (8). The catalytic SET domain of Ezh2 is highly con-
served in yeast species that encode PRC2-like complexes for
H3K27 methylation, including pathogenic species in both plant
(Fusarium graminearum) and human (Cryptococcus neofor-
mans) (Fig. 1A). We determined the crystal structure of an apo-
ctPRC2 at 2.2-Å resolution in which ctPRC2 adopted a stable
autoinhibited conformation (supplemental Table S1 and Fig. 1,
B and 1C). Compared with the two previously known states, the
entire post-SET subdomain (residues 920 –933 of ctEzh2)
undergoes a dramatic conformational change in the current
autoinhibited ctPRC2 (Fig. 1C). In the basal and stimulated
states, the post-SET bends into a square shape to cage SAM and
participate in histone substrate binding (Fig. 1C, green sche-
matic, and detailed in supplemental Fig. S1) in a manner similar
to that of other lysine methyltransferases. In stark contrast, the
post-SET of the autoinhibited ctPRC2 is intimately associated
with the substrate-binding groove, directly blocking histone
substrate binding (Fig. 1C, gold schematic, and detailed in sup-
plemental Fig. S1). The captured autoinhibited conformation is
unlikely an artifact of crystal packing, which is located far away
from the post-SET (supplemental Fig. S2).

In the autoinhibited ctPRC2, the post-SET folds into an
extended loop followed by a short �-helix, and an additional
five residues on the C terminus are ordered compared with the
basal and stimulated states (Fig. 1C, gold schematic, and
detailed in supplemental Fig. S1). Residues 840 – 855 of SET-I
are folded differently compared with those in the basal and
stimulated states to accommodate the post-SET (supplemental
Fig. S3). The autoinhibited conformation is largely maintained
by extensive hydrophobic and hydrogen-bonding interactions
between the post-SET and SET-I (Fig. 1D and zoomed-in view
in supplemental Fig. S4). In particular, the benzene ring of res-
idue Phe-922 from the loop region of the post-SET is positioned
into the lysine access channel, clashes with the binding site of
the substrate lysine H3K27 (Fig. 1C), and is surrounded by a
number of aromatic residues from the active site (Fig. 1D). This
aromatic cage is involved in orientating the substrate lysine for

catalysis in the basal and stimulated states. Residue Lys-852
from SET-I mediates a series of direct and water-mediated
hydrogen-bonding interactions with the main-chain atoms of
residues Phe-922 and Pro-923 of the post-SET, contributing to
the unique autoinhibited conformation as well (Fig. 1D).
Intriguingly, residue Tyr-855 of SET-I packs with residue Phe-
922, and the same residue also lies in parallel and engages in a
hydrophobic interaction with the alkyl portion of the side chain
of residue Lys-852 (Fig. 1D). Finally, the carboxylate side chain
of residue Glu-840 of SET-I forms hydrogen bonds with the
backbone amides of both Leu-925 and Thr-926 in the helix
region of the post-SET (Fig. 1D). Glu-840 and Lys-852 are also
coupled through water-mediated hydrogen bonds (Fig. 1D and
zoomed-in view in supplemental Fig. S4). Thus, the entire post-
SET appears to be locked into a stable autoinhibited conforma-
tion through multiple intramolecular interactions of Ezh2 that
completely block the histone substrate-binding groove of the
enzyme.

In the autoinhibited state, SAM binding is also largely ham-
pered. The post-SET is inaccessible for SAM stabilization due
to formation of the autoinhibited conformation, and the SAM-
binding pocket observed in the basal and stimulated states
becomes incomplete here (Fig. 1C). Furthermore, to accommo-
date the autoinhibited conformation of the post-SET, some res-
idues within SET-I also change conformation, which disfavors
SAM binding (supplemental Fig. S3). Notably, residue Tyr-855
of SET-I swings across the SAM-binding pocket from a SAM-
interacting position in the basal and stimulated states to a Phe-
922- and Lys-852-interacting position in the autoinhibited
state, which would also clash with SAM physically (Fig. 1C).
Taken together, a set of overlapping residues from the catalytic
SET domain make the autoinhibited state of ctPRC2 refractory
to both histone substrate and SAM binding, indicative of a cou-
pled dual inhibition mechanism.

SAM binding partially alleviates the autoinhibition

To interact with the histone substrate, the autoinhibited
ctPRC2 must undergo a dramatic conformational change to
remove the post-SET from the substrate-binding groove. To
understand whether SAM binding promotes histone substrate
binding by ctPRC2, we determined the co-crystal structure of
ctPRC2 bound to SAM at 2.6-Å resolution in which the electron
density for SAM was clearly observed, which is suggestive of
stable association (supplemental Table S1 and Fig. 2A). SAM
retains the majority of its interactions with ctPRC2 residues
displayed in the basal and stimulated states and adopts essen-
tially the same conformation as in those two states (Fig. 2A and
detailed view in supplemental Fig. S5). In particular, the side
chain of residue Tyr-855 of SET-I that would clash with SAM in
the autoinhibited state is repositioned such that it hydrogen
bonds to the carboxylate of the methionine moiety of SAM (Fig.
2A). This is a critical interaction given that the Y855F single
mutation resulted in a notable decrease of the enzymatic activ-
ity (Fig. 2B and supplemental Fig. S6A). Accompanying the
movement of residue Tyr-855, the side chain of residue Lys-852
of SET-I, which contacts the former in the autoinhibited state,
is rotated away from the post-SET by over 4 Å such that it no
longer interacts with the backbones of residues Phe-922 and
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Pro-923 (Fig. 2A and detailed view in supplemental Fig. S5).
Moreover, the main chain carbonyl oxygen of residue Lys-852
becomes coordinated with the hydroxyls of the sugar moiety of
SAM through hydrogen bonding (Fig. 2A and detailed view in
supplemental Fig. S5). Notably, in the SAM-bound structure,
residues 922–927 of the post-SET stay in the same conforma-
tion as in the autoinhibited state and thus fail to line the SAM-
binding pocket (Fig. 2A), indicating that these residues may not
be essential for capturing SAM initially but may instead help

trap SAM in a stable and favorable position for catalysis upon
histone substrate binding.

The crystal structure of SAM-bound ctPRC2 also provides a
glimpse into the catalytic mechanism for the enzyme complex
and in particular that involving the essential SAL of Ezh2, a
unique structural feature of both yeast and human PRC2. Sim-
ilar to many other lysine methyltransferases, the partially posi-
tively charged methyl group of SAM resides in and is geomet-
rically restricted by a partially negatively charged aperture at

Figure 1. The autoinhibited conformation of ctPRC2. A, sequence alignment of Ezh2 from fungal species. nc, Neurospora crassa; cn, C. neoformans; fg,
F. graminearum. The SET-I (cyan) and post-SET (gold) subdomains are indicated by dotted boxes. Selected residues are designated by symbols as follows: purple
stars, aromatic residues from the lysine access channel; green upward triangles, gain-of-function mutations; red downward arrows, loss-of-function mutations.
The secondary structures of the post-SET subdomain are also indicated by cylinders (�-helices) and lines (loops) above the sequence alignment. B, overall
structure of the apo-ctPRC2 complex. Subunits and domains are color-coded, and zinc ions are shown as gray spheres. C, zoomed-in view of the SET domain of
Ezh2 of apo-ctPRC2 aligned with the structure of ctPRC2 in the stimulated state (Protein Data Bank code 5KKL). The post-SET in apo-ctPRC2 (gold) clashes with
the substrate peptide (magenta), whereas the same region of ctPRC2 (green) supports SAM and histone substrate binding in the stimulated state. Residue
Phe-922 is shown as sticks and would clash with the substrate residue Lys-27 in apo-ctPRC2 but not in the stimulated-state structure. D, intramolecular
interactions hold the post-SET and SET-I regions in an autoinhibited conformation. Critical residues of the post-SET (gold) and SET-I (cyan) are labeled. Water
molecules are depicted as red spheres. Hydrogen bonds are shown as dashed black lines.
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the active site of ctPRC2 (Fig. 2C). The substrate lysine is
inserted from the opposite direction and resides directly above
the donor methyl group (Fig. 2C). This partially negatively
charged surface is believed to mediate critical carbon-oxygen
(CH–O) hydrogen bonds with SAM (19), and in ctPRC2 it con-
sists of the main chain carbonyl oxygens of residues Ser-854,
Arg-877, and Ile-879 and the phenol oxygen of residue Tyr-918.
In particular, the position of the main-chain carbonyl oxygen of
residue Arg-877 is dictated by two pairs of hydrogen-binding
interactions between residues Arg-877 and Tyr-878 of the SET
and residues His-307 and Ala-308 of the SAL, suggesting that
the latter two residues serve an indirect but vital structural role

in stabilizing the partially negatively charged surface for SAM
binding (Fig. 2C). In line with this structural observation, catal-
ysis was hampered for ctPRC2 harboring a single H307A or
R877A mutation that disrupts these important hydrogen bonds
(Fig. 2D and supplemental Fig. S6B).

Previously, we proposed that the SAL of Ezh2 activates the
SET domain in the context of PRC2 by mediating the rigid-
body rotation of the SET-I subdomain to open up the self-
blocked substrate-binding groove found in an isolated Ezh2
(8, 20, 21). Here, by analyzing the structure of SAM-bound
ctPRC2, we showed that the SAL additionally buttresses the
partially negatively charged SAM-binding surface. Residues

Figure 2. ctPRC2 in the SAM-bound state. A, SAM binding alters autoinhibition. Alignment of the autoinhibited (light gray) and SAM-bound (blue) ctPRC2
structures. Red dotted arrows depict the motion of key residues, Lys-852 and Tyr-855, upon conformational change from the apo to SAM-bound structures.
Fo � Fc electron density, contoured at 3� (green mesh), is shown for the bound SAM (orange sticks). B, methyltransferase activity of wild-type and Y855F mutant
ctEzh2 as determined by incorporation of [3H]methyl group from 3H-labeled SAM into an H3K27me0 peptide substrate by a filter binding assay; dpm were
measured by 3H scintillation counting. Error bars represent the standard deviation of three replicates. **, p value �0.01 as determined by an unpaired,
two-tailed t test compared with wild type. C, detailed view of the SAM-bound structure in the SAL (green) and SET-I (light blue) regions of Ezh2 critical for
interaction with SAM (orange). 2Fo � Fc electron density, contoured at 1�, for SAM is represented by dark blue mesh. Black dashed lines indicate carbon-oxygen
hydrogen bonds. Placement of the histone substrate-mimicking H3K27M peptide is based on structural alignment with the stimulated-state structure (Protein
Data Bank code 5KKL). D, methyltransferase activity assay for the SAL and SET-I mutations conducted in the same manner as described in B. *, p value �0.05;
**, p value �0.01 as determined by an unpaired, two-tailed t test compared with wild type.
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from this surface then stabilize and orientate SAM in a favor-
able position to facilitate the methyl transfer process. Residue
Ile-879 is a component of the partially negatively charged sur-
face, and intriguingly a gain-of-function mutation at the equiv-
alent position in human Ezh2, A687V, is frequently found in
non-Hodgkin’s lymphoma (22), highlighting the role of SAM
binding in fine control of PRC2 activity.

Overall, SAM binding does not lead to a global structural
alteration of the autoinhibited state of ctPRC2. However, it
causes a dramatic local conformational change of SET-I in res-
idues 852– 855, disrupts some of the intramolecular interac-
tions between the post-SET and SET-I, and thus alters the auto-
inhibited conformation.

Loss of the autoinhibition results in an overactivated ctPRC2

Our structural studies indicate that the post-SET and SET-
I subdomains form extensive intramolecular interactions
whereby the autoinhibited conformation of ctPRC2 is stably
maintained (Fig. 1D). To investigate the functional importance
of the autoinhibition in solution, we carried out a systematic
structure-guided mutagenesis study to disrupt the intramolec-
ular binding interface. Residues Glu-840 and Lys-852 from
SET-I were found to play a critical role in the autoinhibition
because single mutation of either of them resulted in at least a
2-fold activation of ctPRC2 (Fig. 3A and supplemental Fig.
S6C). As controls, mutation of residue Thr-926 that is involved
in the autoinhibition only via its main-chain atoms and residue
Asn-921 that does not directly contact SET-I caused little
change in the enzymatic activity (Fig. 3A and supplemental Fig.
S6C and Thr-926 and Asn-921 highlighted in Fig. 1D and sup-
plemental Fig. S4).

Notably, an E840A/K852D double mutant of ctPRC2 was
about 4-fold more active than its wild-type counterpart (Fig. 3A
and supplemental Fig. S6C). This gain-of-function mutant was
also overactivated on the H3K27me1 and H3K27me2 peptide
substrates, indicating that loss of the autoinhibition resulted in
enhanced catalysis toward all the methylation states of H3K27
(Fig. 3B). Furthermore, the same double mutation in the con-
text of a four-subunit ctPRC2 holoenzyme displayed a robust
increase in enzymatic activity toward a nucleosomal substrate
as well (Fig. 3C).

Residue Phe-922 from the post-SET is inserted into the lysine
access channel of the active site (Fig. 1C) and may intuitively be
important for the autoinhibition. However, mutation of residue
Phe-922 led to a complete loss of activity (Fig. 3A and supple-
mental Fig. S6C), suggesting that this residue is important for
binding of the H3K27 substrate when ctPRC2 is switched from
the autoinhibited state to the basal and stimulated states for
catalysis (8).

To obtain a more quantitative and mechanistic view, we next
measured the steady-state enzyme kinetics of the wild-type and
gain-of-function mutant ctPRC2 using a titration of the
H3K27me0 substrate peptide and a saturating SAM concentra-
tion of 20 �M (Fig. 3D and supplemental Fig. S6D). An about
5-fold Km effect and an about 3-fold kcat effect were noted for
the E840A/K852D double mutant, resulting in an about 15-fold
increase in kcat/Km for the mutant compared with the wild-type
complex (Fig. 3D). We also conducted a kinetic assay using a

titration of SAM and a fixed concentration of 50 �M histone
peptide substrate (Fig. 3E and supplemental Fig. S6D). In this
case, the mutant displayed no Km effect but a 4-fold kcat effect,
leading to an about 4-fold increase of the kcat/Km value for the
mutant (Fig. 3E). Therefore, we conclude that enhanced his-
tone substrate binding was primarily responsible for the
observed overactivation of the mutant ctPRC2. This is also con-
sistent with the structural observation that residues involved in
histone substrate binding are sequestered in the autoinhibited
state (Fig. 1, C and D).

To gain a structural insight into the consequence of disrup-
tion of autoinhibition, we solved the crystal structure of the
ctPRC2 E840A/K852D double mutant at 2.1-Å resolution (sup-
plemental Table S1). Although the post-SET of the wild-type
ctPRC2 can be modeled up to residue Asn-933 (Fig. 4A), the
E840A/K852D double mutation destabilized the post-SET and
prohibited modeling beyond residue Lys-928 (Fig. 4B). Lack of
electron density also prevented the K852D residue from being
modeled and resulted in a loss of waters that bridge the inter-
action between SET-I and the post-SET in the wild-type
ctPRC2 (Fig. 4, compare A and B). Overall, mutation of these
two SET-I residues resulted in greater mobility of the post-SET
as displayed by higher B-factors (supplemental Fig. S7). A more
mobile post-SET is in accord with the loss of autoinhibition and
subsequent tighter histone substrate binding as reflected by the
enzymology results above (Fig. 3D).

Discussion

The autoinhibited (“A”) state described in this study repre-
sents a novel, stable conformational state of ctPRC2 that is
likely present in PRC2 from other fungal species as well given
the sequence conservation (Fig. 1A). SAM binding converts the
A state to the “A�” state where the autoinhibited conformation
is largely maintained. Together with the basal (“B”) and
H3K27me3-stimulated (“S”) states revealed previously (8, 17,
18), these distinct stable conformational states provide inter-
connected structural platforms that may allow complex cellular
regulation of the enzymatic activity of PRC2 in all stages of
catalysis (Fig. 5).

In the A state, PRC2 adopts a structural conformation that
prevents both SAM and histone substrate binding and is there-
fore fully inhibited (Fig. 1D). The autoinhibition represents a
widespread regulatory mechanism that prevents unwanted sig-
naling pathways and is not unprecedented for lysine methyl-
transferases (23, 24). In the A� state, SAM binding partially
alleviates the autoinhibition, although ctPRC2 still remains
largely autoinhibited when SAM is bound under the saturating
SAM concentration (Fig. 2A). SAM is among the most regu-
lated metabolites in different cell types, and the connection
between metabolism and histone modification has recently
started to emerge (25). Depending on the SAM concentration,
the SAM-bound ctPRC2 may represent the major autoinhibited
form. When restricted under extreme conditions, SAM avail-
ability may also regulate PRC2 activity due to the structurally
observed partial relief of the autoinhibition.

Primary sequence analysis indicates that human Ezh2 is not
conserved at residues Glu-840, Lys-852, and Phe-922 that are
involved in autoinhibition in ctPRC2 (supplemental Fig. S8).
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Therefore, despite that human PRC2 displays a remarkable
resemblance to ctPRC2 in the B and S states, it is unclear
whether human PRC2 assumes a similar A state. Structural
comparison suggests that when autoinhibited the SET domain
of human Ezh2 shares some key features with its counterpart in
the autoinhibited ctPRC2 (supplemental Fig. S9). SET-I and
post-SET residues directly block histone substrate binding in
the structure of an isolated SET domain of human Ezh2 and the
structure of the human Ezh2 SET domain in an active drug-
bound American chameleon/human PRC2 (18, 20, 21). In par-
ticular, in both cases, residue Phe-667 from SET-I directly
clashes with the H3K27 substrate lysine residue in a manner
similar to residue Phe-922 in ctPRC2 (supplemental Fig. S9).
However, we have been unable to identify mutants of autoin-
hibitory residues of human Ezh2 that replicate the substantial
increase in the enzymatic activity as observed for those in

ctPRC2 (data not shown). Thus, it remains to be clarified
whether autoinhibition in human PRC2 is as prominent of a
feature as in ctPRC2.

The distribution of the repressive H3K27me3 histone mark
on chromatin is determined by PRC2 recruitment and catalysis,
which are profoundly impacted by transcriptional states and
chromatin contexts in both human and fungi (7, 14 –16, 26).
The A state functions to set up a threshold to sense the effective
concentration of the H3K27 substrate in different chromatin
environments, which may be affected by active histone marks
such as H3K4me3 and H3K36me2/me3 (15, 16). Furthermore,
the enzymatic activity of human PRC2 is enhanced by Aebp2
and Jarid2 (4, 27). Similarly, fungal PRC2 may also be stimu-
lated by other cellular factors. In this regard, the A state may
serve to set a ground state for enzyme activation, and the stim-
ulating cellular factors may act to release PRC2 from the A
state. After the enzyme conformation is converted from the A
state, H3K27 methylation takes place in the B state, and the
resulting repressive H3K27me3 histone mark is propagated in
the S state, which leads to formation of facultative heterochro-
matin and stable gene repression.

The gene repression function of PRC2 is directly correlated
with its enzymatic activity. Cells have evolved to keep PRC2
activity in check. For example, RNAs and in particular nascent
RNAs have been shown to inhibit PRC2 catalysis, which is
thought to serve as a mechanism to prevent PRC2 from depos-
iting the repressive H3K27me3 mark on active loci (11, 13).
More generally, the A state increases the dynamic range of the
enzymatic activity of PRC2 in cells, which may be best reflected
in the long known biological complexity of gene expression
during development.

Experimental procedures

Protein expression and purification

The PRC2 complex from C. thermophilum var. thermophi-
lum DSM 1495 was expressed in Saccharomyces cerevisiae. A
p416GAL1 vector (URA marker) contained a 2� Protein
A-tagged fusion of Ezh2 (residues 191–950) and the Suz12
VEFS domain (residues 530 – 691). A tobacco etch virus prote-
ase cleavage sequence was contained between the Protein A tag
and Ezh2. The Ezh2-Suz12(VEFS) fusion was co-transformed
with a modified p416GAL1 vector (TRP marker) containing
a 2� StrepII-tagged full-length Eed (residues 1–565) into
S. cerevisiae CB010 strain (MATa pep4::HIS3 prb1::LEU2
prc::HISG can1 ade2 trp1ura3 his3 leu2–3,112), and transfor-
mants were selected on synthetic complete medium lacking
uracil and tryptophan. Large-scale production was conducted
in 30 liters of yeast peptone medium containing 2% galactose
(YPG) in a fermentor at 30 °C overnight. Protein purification

Figure 3. Loss of the autoinhibition and gain-of-function mutations of ctPRC2. A, relief of autoinhibition results in increased enzyme activity. A methyl-
transferase assay for ctEzh2 variants with an H3K27me0 peptide substrate was performed. Error bars represent the standard deviation of three replicates in A,
B, and C. **, p value �0.01; ***, p value �0.001; ****, p value � 0.0001 as determined by an unpaired, two-tailed t test compared with wild type. B, methyl-
transferase activity of ctEzh2 wild type and gain-of-function double mutant on H3K27me1 and H3K27me2 peptide substrates. C, histone methyltransferase
assay of the wild-type and gain-of-function double mutant ctPRC2 holoenzyme on a recombinant nucleosomal substrate reconstituted with a 147-bp “601”
DNA and Xenopus laevis core histones. D, enzyme kinetics analysis of ctEzh2 wild type and gain-of-function double mutant with a titration of H3K27me0
peptide substrate under 20 �M SAM. Error bars on the fitting curve represent the standard deviation of three replicates per titration point. Standard error of
kinetic parameters is represented in the table. E, enzyme kinetics analysis of ctEzh2 wild type and gain-of-function double mutant with a titration of SAM under
50 �M H3K27me0 peptide substrate. Error bars on the fitting curve represent the standard deviation of three replicates per titration point. Standard error of
kinetic parameters is represented in the table.

Figure 4. Structural comparison of apo wild-type (top) and gain-of-func-
tion double mutant (bottom) structures. Important residues of the post-
SET (gold) and SET-I (cyan) subdomains are shown as sticks, and waters are
shown as red spheres. 2Fo � Fc (black mesh) is contoured at 1�.
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for ctPRC2 followed a similar procedure as detailed previously
(8). Briefly, protein was purified by IgG-Sepharose followed by
overnight cleavage with tobacco etch virus protease, purifica-
tion over StrepTactin resin (IBA Life Sciences), and elution
with D-desthiobiotin, concentration, and a final gel filtration
step on Superdex 200 in 20 mM Tris-HCl, pH 8.0, 100 mM NaCl,
and 2.5 mM DTT. Holo-ctPRC2 was expressed in S. cerevisiae
and purified by an IgG affinity column as well.

Crystallization and data collection

The ctPRC2 complex at a concentration of 10 mg/ml was
used for crystallization. Crystals of the apo, autoinhibited com-
plex (wild type and E840A/K852D mutant) were produced by
mixing an equal volume of protein solution with crystallization
solution containing 100 mM sodium malonate, pH 7.0, and
16 –20% PEG 3350 in hanging drop vapor diffusion trays. Dif-
fraction quality crystals were grown by supplementing 43 mM

3-cyclohexyl-1-propylphosphocholine in drops. Crystals were
cryoprotected in mother solution supplemented with 20% eth-
ylene glycol and flash frozen in liquid nitrogen. To obtain the
SAM-bound ctPRC2 structure, protein was co-crystallized with
a 10-fold molar excess of SAM (New England Biolabs) by hang-
ing drop vapor diffusion in the same solution as the apo crystals.
Crystals were then cryoprotected in mother solution supple-
mented with 1 mM SAM and 20% ethylene glycol and flash
cooled in liquid nitrogen.

Data collection

All data were collected using beamline 19ID at the Advanced
Photon Source of Argonne National Laboratory and beamline
9-2 of the Stanford Synchrotron Radiation Lightsource. Data
were collected on frozen crystals at a temperature of �180 °C
using a wavelength of 0.979 Å on a Pilatus detector with an
oscillation angle of 0.2– 0.25°. Data were indexed, integrated,
and scaled with the HKL3000 software package and then con-

verted to an mtz file with the CCP4 program suite for use in
structural determination (28, 29).

Structure determination and refinement

All structures were solved by molecular replacement with the
program Phaser in the PHENIX software suite (30, 31). The
structure of the apo-ctPRC2 complex was solved by using
the structure of ctPRC2 in the stimulated state (Protein Data
Bank code 5KJH) as a search model. The SAM-bound structure
was solved by molecular replacement with the autoinhibited
structure from this work. Manual building and adjustment
were then performed with the program Coot. The structures
were refined with Refmac5 and autoBUSTER followed by final
refinement with PHENIX that utilized torsion, libation, screw
(TLS) refinement (30, 32, 33).

Histone methyltransferase activity assays

For single-substrate concentration assays, 100 ng of ctPRC2
(29 nM) was mixed with 1 �M histone H3K27me0 peptide (res-
idues 21– 44; AnaSpec catalogue number AS-64641) and 1 �l of
[3H]SAM (1 mCi stock; specific activity, 78 – 85 Ci/mmol;
PerkinElmer Life Sciences) in a final volume of 20 �l (final con-
centration of about 0.33 �M [3H]SAM per reaction) in buffer
containing 25 mM Tris, pH 8.0, 10 mM NaCl, 1 mM EDTA, 2.5
mM MgCl2, and 5 mM DTT. Assays conducted with mono- and
dimethylated peptides (AnaSpec, catalogue numbers AS-64365
and AS-64366) used 233 ng of ctPRC2 (67 nM) and 1 �M pep-
tide. Assays conducted with holoenzymes used 200 ng of
enzyme and 1 �g of nucleosome per reaction. After incubation
for 1 h at 30 °C, the reaction was stopped with 1.1 mM unlabeled
SAM, and 10 �l was spotted onto phosphocellulose filters
(Reaction Biology Corp.) and allowed to dry. Filters were
washed five times with 50 ml of 50 mM NaCO3/NaHCO2, pH
9.0; once with 30 ml of 100% acetone; and dried. Filters were
immersed in 4 ml of scintillation fluid and counted with a scin-

Figure 5. Schematic of the different stable conformational states of ctPRC2. Letter codes correspond to autoinhibited (A); SAM-bound, autoinhibited (A�),
basal (B), and H3K27me3-stimulated (S) states based on the observed structural transitions of ctPRC2. A dotted black box indicates a destabilized conformation
compared with that in a neighboring structural state. Note that although all the structural transitions are based on a minimally active PRC2 complex (i.e.
Ezh2–Eed–Suz12(VEFS)), Suz12(VEFS) is omitted from all the schematics, and Eed is only shown in the S state for clarity. SRM, stimulation-responsive motif.
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tillation counter set to output readings as disintegrations per
minute (dpm). Samples were background-corrected by sub-
tracting with a reaction that contained protein but not peptide
or nucleosome substrate. Individual experimental runs always
contained a wild-type control, and data are represented com-
pared with wild-type samples from the same experiment. Data
are represented directly as scintillation output in dpm. All
experiments were performed in triplicate. t test analysis was
performed with GraphPad Prism 7 (GraphPad Software, La
Jolla, CA).

Enzyme kinetics analysis

All enzyme kinetics analyses utilized purified proteins that
were free of aggregation and nucleic acid contamination. Kinet-
ics studies used 21.7 nM (75 ng) enzyme. Assays utilized either a
titration of H3K27me0 peptide and a saturating 20 �M SAM
concentration or a titration of SAM and a saturating 50 �M

peptide concentration. Assays used various ratios of unlabeled:
3H-labeled SAM, and activities were corrected based on these
ratios. Experiments were performed in a manner analogous to
those in the previous section, and each peptide concentration
point was performed in triplicate. Disintegrations per minute
were converted to curies (Ci) and then converted to mmol
based on the specific activity of the batch of [3H]SAM (78 – 85
Ci/mmol), and enzyme activity data were then represented as
velocity in nM/h. Data points were fit to enzyme saturation
curves, and kinetics parameters and standard errors were cal-
culated with the program GraphPad Prism 7 using Michaelis-
Menten analysis.
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