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Summary

Polycomb Repressive Complex 2 (PRC2) is an epigenetic regulator that trimethylates lysine
27 of histone 3 (H3K27me3) and is essential for embryonic development and cellular
differentiation. H3K27me3 is associated with transcriptionally repressed chromatin and is
established when PRC2 is allosterically activated upon methyl-lysine binding by the regulatory
subunit EED. Automethylation of the catalytic subunit EZH2 stimulates its activity by an
unknown mechanism. Here, we show that PRC2 forms a dimer on chromatin in which an
inactive, automethylated PRC2 protomer is the allosteric activator of a second PRC2 that is
poised to methylate H3 of a substrate nucleosome. Functional assays support our model of
allosteric trans-autoactivation via EED, suggesting a novel mechanism mediating context-
dependent activation of PRC2. Our work showcases the molecular mechanism of auto-

modification coupled dimerization in the regulation of chromatin modifying complexes.

Keywords: epigenetics, chromatin, cryo-EM, gene regulation, development
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Introduction

Polycomb Repressive Complex 2 (PRC2) is an essential chromatin regulator that harbors
histone methyltransferase (HMTase) activity mediated by its catalytic subunit Enhancer of Zeste
Homolog 2 (EZH2). PRC2 is the only known factor that establishes the trimethylation of lysine
27 of histone H3 (H3K27me3), a chromatin mark associated with transcriptional repression and
whose tight spatiotemporal regulation is essential during development and differentiation. In
addition to EZH2 (or its less active homolog EZH1), the core PRC2 complex consists of SUZ12,
RBAP46/48 and EED.! The binding of EED to trimethylated-lysine bearing peptides is central to
PRC?2 activity, since it allosterically activates EZH2, a requirement for efficient trimethylation of
H3K27.2 Upon engagement of specific methylated peptides by EED, a flexible loop of EZH?2,
the stimulatory-response motif (SRM), folds into a short a-helix and stabilizes an active
conformation of EZH2 by bridging the EED ligand binding site and the critical SET-I helix of
the EZH2 SET domain.>* Two EED-binding ligands, themselves trimethylated by PRC2, have
been described as functional activators: JARID2, an accessory PRC2 subunit that contributes to
the targeting of the complex and de novo deposition of H3K27me3, and that binds EED through
trimethylated JARID2 K116°°; and H3K27me3 itself, which facilitates H3K27me3 propagation
in a positive feedback loop. Highlighting the importance of this regulatory, allosteric mechanism,
H3K27me3 and gene expression dynamics are impaired during development when EED-EZH?2
communication is interrupted.>’:8

9,10

Just like kinase activation can occur upon autophosphorylation,”'® chromatin-modifying

IL12 sometimes in a manner that is linked to

enzymes can also act upon themselves for regulation,
a change in oligomeric state (e.g. transcription factor-mediated dimerization and auto-acetylation
of P300 has been suggested to be critical for target specificity and to act as molecular short-term
memory during inflammatory response'?). Recently, EZH2 has been shown to be automethylated
in cis, leading to increased HMTase activity through a yet unknown mechanism.!*!> The three
automethylated EZH?2 residues, K510, K514 and K515, are part of a flexible loop (hereafter the
automethylation loop, “am-loop”) that fold into an a-helix upon engagement with nucleosome
substrates.®!® This region is referred to as the “bridge helix” because it bridges the nucleosomal
DNA, the substrate histone H3 tail, and the EZH2 SET domain.®!®

Here, we set out to investigate how automethylation of EZH2 may activate human PRC2

using single-particle cryo-electron microscopy (cryo-EM) and functional assays. To this end, we
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74  studied the structural implications of substrate chromatin engagement and methylation in the

75  absence of any allosteric activator other than automethylated EZH2, i.e. using mono-

76  nucleosomes and recombinant PRC2 lacking the stimulatory subunit JARID2. We show that in a

77  novel chromatin- and automethylation-dependent manner, PRC2 dimerizes such that an

78  automethylated inactive PRC2 complex serves as an allosteric activator via the EED regulatory

79  site of a second substrate-engaged PRC2. Using separation of function mutants, we provide

80  evidence that automethylation indeed regulates PRC2 activity in trans and that it functions in

81  defined genomic contexts. Taken together, we propose that dimerization-dependent stimulation

82  of PRC2 HMTase activity in trans, driven by EZH2 automethylation and local PRC2

83  concentration, represents a new mechanism to regulate the establishment of H3K27me3

84  heterochromatin domains.

85

86  Results

87  Dimerization of automethylated PRC2 on chromatin

88 To study the mechanism of EZH2 automethylation mediated activation, we set out to solve

89  the cryo-EM structure of PRC2 engaged with a substrate nucleosome in the absence of

90  H3K27me3 or JARID2, and therefore with the am-loop as its only source of methylated peptides

91  for possible allosteric activation. Mass spectrometry analysis of recombinantly expressed human

92  PRC2, composed of EZH2, SUZ12, EED, RBAP48 and AEBP2 revealed EZH2 K510, K514 and

93 K515 to be methylated to varying degrees. Incubation of recombinant PRC2 with S-adenosyl

94  methionine (SAM) cofactor further increased the levels of am-loop automethylation (Figure S1).

95  Cryo-EM analysis of automethylated PRC2 incubated with nucleosomes containing 40 bp

96  stretches of linker DNA on both sides resolved two distinct species: first, nucleosomes bound by

97  asingle PRC2 complex (Figure S2), and second, two PRC2 complexes interacting with one

98  nucleosome and with each other in a non-symmetrical dimer (Figure 1, Figure S3). Single

99  nucleosome engaged PRC2 complexes were in a basal state in which PRC2 is not allosterically
100  activated, as we previously described!® (i.e. folded bridge helix, but unfolded SRM, see later and
101  Figure 4). Here, we will focus mainly on the observed PRC2 dimer-nucleosome complex (Figure
102  1A-B, Figure S2-5, Figure S3, Table S1).
103 The two PRC2 complexes and the nucleosome form a flexible, tripartite structure stabilized

104 by contacts between the three components (Figure 1). In contrast to other recently described
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symmetric PRC2 dimers,!”!8 the two PRC2 complexes are arranged asymmetrically, with only
one of them contacting the histone octamer in a way that is compatible with H3 methylation. We
refer to this PRC2 as nucleosome-proximal PRC2 (PRC2P™*) (Figure 1A,C, blue). The second
PRC2 is located distal from the histone core (referred to as PRC2%!) (Figure 1A,C, orange) and
interacts distinctly with each of the two DNA linkers, as well as with the PRC2P™*, but not with
the nucleosome core (Figure 1). Employing 3D Flexible refinement (3DFlex),!” we were able to
characterize the extensive motions within this molecular arrangement (Figure S4). Despite the
flexibility and transient nature of the complex, this strategy enabled us to unambiguously fit
PRC2 and nucleosome models into an improved density map (Figure 2B), defining the inter-
PRC2 and PRC2-DNA interfaces, as well as the distinct conformational states of the PRC2P™*
and PRC24,
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118 Figure 1 - Characterization of an asymmetric PRC2 dimer bound to a nucleosome. (4)
119  Composite cryo-EM density for proximal (blue) and distal (orange) PRC2 complexes

120  simultaneously engaged with a nucleosome shown from three orthogonal orientations. (B) As A,
121 but with docked models colored by PRC2 subunit/domain (same colors used throughout). (C)
122 The structure in A has been rotated and “opened” to show the proximal and distal PRC2

123 separated and in the same general orientation. DNA binding sites (DBS) are indicated (see also
124 Figure 2). Asterisks mark the dimer interfaces between EEDP™* and EZH2*' (red) and between
125 SUZI12P% and SUZI129" (purple).

126

127 In the PRC2P™* the SET domain of EZH2 engages the substrate H3 tail while its CXC

128  domain contacts the nucleosomal DNA, as previously seen.®!"-20 We refer to this DNA binding
129  site (DBS), which involves the bridge helix containing the automethylated lysines, as DBS1
130  (Figure 2A, left; Figure 2B). In the PRC2%, a lateral surface of EED®*, which we refer to as
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131  DNA binding site 2 (DBS2), binds one DNA linker (Figure 2A, center; Figure 2B). The same
132 site has been seen to bind DNA in the context of a hetero-dinucleosome substrate in which DBS2
133 binding of a H3K27me3 bearing nucleosome stimulates methylation of a substrate nucleosome
134 engaged via DBS1 (Figure 2A, right).® Thus, DBS2 in EED can engage either nucleosomal or
135  linker DNA depending on the context. We additionally observe an unassigned cylindrical density
136  contacted by a positively charged surface corresponding approximately to DBS2 in PRC2P™*

137  (Figure S5) that may correspond to double stranded DNA and is absent in the PRC2 monomer
138  reconstruction (Figure S5B). PRC2%! also contacts the other linker DNA, in this case via the

139 neck region of SUZ12%, a novel DNA binding site of PRC2 that we refer to as DBS3 (Figure
140  2A, center; Figure 2B). Based on our docking into the cryo-EM density of PRC24st, this DNA-
141  binding interface likely involves the loop Has1PKGA4ss and several nearby positively charged
142 residues of SUZ12 (Figure 2B). Therefore, PRC2 can utilize three distinct DNA binding surfaces
143 (DBS1-3) to mediate interactions with the local chromatin environment, and the three of them
144  are involved in the tripartite engagement described in this study.

145
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: (Poepsel et al. 2018)

v

PRC2%'.DBS 2 PRC2%'.DBS 3

146

147 Figure 2 - Three distinct DNA binding sites are present in the PRC2 dimer. (A) DNA

148  interaction sites for PRC2P"°* (left), PRC2! (center) and for PRC2 engaged with a

149  dinucleosome (from ) (right) with all PRC2 complexes aligned to one another. The three distinct
150  DNA binding sites (DBS) collectively observed are indicated as DBS1, DBS2, and DBS3. (B)

151  PRC2 dimer viewed through the nucleosome (center, top left shows the relative orientation of the
152 view shown with respect to the left panel in (A) before removing the histones and part of the

153 DNA). The three different DBSs are displayed in more detail in the three zoom-out boxes.

154 Positively charged residues within 10 A of nucleic acid have been marked with spheres as

155  possible sites of interaction with the phosphate backbone of the DNA.

156
157 Interaction between PRC2P™* and PRC29 and allosteric activation via the am-loop
158 In addition to their interactions with the nucleosome, the PRC24ist and PRC2P™* interact with

159  each other via two different interfaces. A SUZ12-SUZ12 interface comprises loop Hag1 PKGA4ss
160  and a stretch that includes L426 and R427 of SUZ12P™*, These elements engage with a short,
161  negatively charged helix in SUZ12%! (Es4&2xFLESEDsus) (Figure 3A). Thus, the DBS3 of SUZ12
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162  involving loop H4s1PKGA4ss and nearby residues appear to mediate two different interactions
163  important within the supramolecular arrangement we are describing: one in PRC29 with linker
164 DNA, and one in PRC2P™* with another SUZ12 in PRC24,

165 The second interaction between PRC2%st and PRC2P™* involves the SET domain of EZH2ist
166  and EEDP™, and has critical functional implications (Figure 3B, Figure 4A,B). The EZH2dist
167  lacks density that would correspond to the bridge helix, indicating that the am-loop containing
168  the automethylated K510, K514 and K515 is unfolded (Figure 4B). This observation was

169  expected, given that PRC24 is not interacting with nucleosomal DNA, and is further supported
170 by molecular dynamics (MD) analysis (see below). The SET domain of EZH2%s! is positioned
171 close to EEDP™ such that the automethylated lysines within the unfolded am-loop of EZH24is
172 can easily reach the allosteric methyl-lysine binding pocked of EEDP™* (Figure 3B). Indeed,

173 local refinement shows clear density bound at the allosteric site of the EEDP™* (Figures 3B, 4A).
174  We conclude that this density corresponds to the am-loop of EZH2%!, which is the only source
175  of methylated peptide in our sample. Accordingly, EZH2P™* shows an ordered SRM helix and a
176  bent SANT binding domain (SBD) helix, two structural hallmarks of EED-mediated

177  activation,>®

showing that PRC2P™* is in an activated state (Figure 4A). In contrast, neither

178  EEDYs nor EED of the single PRC2-nucleosome structure reconstructed from the same dataset
179  (which serves as an internal control), show density at the methyl-lysine binding site (Figure

180  4B,C). Accordingly, the SRM helix is absent from these reconstructions (and thus unfolded) and
181  the SBD helix is in its extended conformation. Thus, while biochemically indistinguishable,

182 PRC2P™* and PRC2%*! are in two distinct conformational and functional states: in PRC2P™* the
183  bridge helix and SRM are both folded through their interactions with nucleosomal DNA and the
184  occupied allosteric site of EED, respectively; in PRC29 those interactions are absent and thus
185  both elements are unfolded (Figure 4A,B).

186

187
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190 Figure 3 - PRC2 dimer interfaces. (A) Dimer interface involving SUZ12P"* and SUZ12".

191  (B) Interaction between the SET domain of the PRC29% with the EED of PRC2P"*. Potential

192  interacting residues based on proximity are indicated by spheres in the zoom-out panels. The
193 dashed lines in B indicate the likely direction of the disordered part of EZH2%' connecting the
194 methylated peptide with the rest of the SET"'. (C) HMTase assays on mononucleosomes. PRC2
195  variants were incubated with substrate nucleosomes either un-stimulated or in the presence of
196 1.5 uM (+) or 15 uM (++) H3K27me3 histone H3 peptide as allosteric stimulator. (D)

197  Stimulation of PRC2 activity by PRC2%'. HMTase assays on mononucleosomes were carried out
198 with PRC2" R in the presence of PRC2XC and dimerization of automethylation-mutant variants
199  thereof (PRC2CXC/A4dim o PRC2CXC/amKR)
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Figure 4 — PRC29! allosterically activates PRC2™* via its automethylated loop. Close-ups
showing: (i) the presence or absence of the bridge helix; (ii) the occupancy of the allosteric
binding site on EED and the presence or absence of the SRM helix; and (iii) the conformation of
the SBD helix for PRC2P"%*(4), PRC29s (B), and PRC2 monomer (C). Only PRC2P"°* is in an
allosterically stimulated conformation, while PRC2' and PRC2 monomer are unstimulated.

Automethylation is required for frans-autoactivation of PRC2

Our structural data shows that an automethylated PRC2 can serve as an allosteric activator in
trans of a substrate-bound PRC2, inducing the hallmark structural features of allosterically
activated EZH2. To investigate the functional implications of trans activation, we generated a
series of separation of function mutants. First, in PRC22™KR we mutated the am-loop lysines to
arginines to mimic a non-methylated am-loop (K510R, K514R, K515R) and saw that this mutant
exhibits similar activity to the wildtype PRC2 complex, as previously described.!* Notice that,
unlike an unmethylated wild-type loop, this mutant am-loop cannot bind the EZH?2 active site as

a substrate. In a second mutant, termed PRC224™ hereafter, SUZ12 lacks the short helix

11
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218  EsoFLESEDsss involved in the SUZ12-SUZ12 dimer contacts (Figure 3A). Both PRC2 variants,
219  PRC23KR gnd PRC244™, did not display any defects in overall structure, nucleosome binding, or
220  HMTase activity upon allosteric stimulation via H3K27me3 (Figure S6A-C), indicating that

221  automethylation and dimerization are not required for PRC2 activity when it is stimulated by an
222 excess of an alternative allosteric activator (Figure 3C). In vitro HMTase activity assays to

223 analyze allosteric activation mediated by PRC2 dimerization are complicated by the fact that

224  PRC2 generates its own allosteric activator, i.e. H3K27me3. To address this, we made use of a
225  third separation of function mutant that carries mutations in the CXC domain of EZH2

226  (K568A/Q570A/K574A/Q575A) that disrupt nucleosome engagement and abrogate HMTase
227  activity on nucleosomes.®?! However, within a dimer, this CXC mutant PRC2 (PRC2%X¢) should
228  still be able to adopt the distal position and serve as a trans activator for a PRC2P™X,

229  Simultaneously, we used the PRC2#™KR mutant as the nucleosome modifying enzyme, which
230  cannot itself serve as an allosteric activator. In agreement with our model, PRC2X€ alone

231  exhibited undetectable activity, but increased the amount of H3K27me3 generated by PRC23mKR
232 by ~50% (Figure 3D and Figure S6D). Thus, although PRC2XC cannot methylate nucleosomes,
233 it can stimulate HMTase-competent PRC2. Either disrupting automethylation or dimerization by
234 combining the CXC and am-loop (PRC2EXC/amKR) or SUZ12 dimer interface mutations

235  (PRC2EXC/Adm) “abrogated HMTase stimulation (Figure 3D and Figure S6D). These results agree
236  with a model in which automethylation via dimerization results in ¢rans auto-activation of PRC2.
237

238  Impact of automethylation on bridge helix folding and nucleosome engagement

239  In addition to the trans regulatory effect exerted by means of PRC2 dimerization,

240  automethylation could act in cis by affecting the stability and conformational dynamics of the
241  bridge helix, with potential effects on substrate nucleosome binding and histone tail engagement.
242  To analyze the relationship of automethylation and bridge helix folding, we performed molecular
243 dynamics (MD) simulations for two distinct scenarios: (1) no methylation and (2) tri-methylation
244  of K510, K514, K515, both in the presence and absence of nucleosome. Consistent with the

245  disorder-to-order transition of the bridge helix indicated by cryo-EM experiments®!¢ our

246  simulations show that the helix is more stable when the EZH2 SET domain is nucleosome-bound
247  (Figure 5SA-C) as compared to the unbound scenario (Figure 5D-E). All simulations show an

248  initial decrease in helicity for the bridge helix, but an overall higher degree of helicity is
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249  maintained for nucleosome-bound cases (Figure 5F). Variability between technical replicates,
250  however, indicates dynamic conformational behavior of the bridge helix in all setups that is

251  consistent with minimal influence of methylation on the stability of the bridge helix (Figure 5F).
252 On the other hand, simulation data suggest that automethylation may increase the overall

253  probability of the SET domain to interact with the H3 tail, potentially facilitating substrate

254  engagement (Figure 5G). Overall, our MD simulations support bridge helix stabilization upon
255  nucleosome binding, but do not show a significant effect of automethylation on bridge helix
256  folding, and only a small effect on H3 tail engagement. Thus, automethylation likely does not
257  have a major impact on PRC2 function in cis by altering the dynamics of the bridge helix.
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259  Figure 5: MD simulations of the EZH2 SET domain in complex with the nucleosome,

260  analyzing the impact of auto-methylation on the conformational dynamics of the bridge

261 helix. (A-C) Representative simulation snapshots of EZH2 SET domain bound to a substrate
262  nucleosome att = 0 (4), and at t = 1000 ns with the am-loop lysines K510, K514, and K515
263 trimethylated (B) or unmethylated (C). t = 0 corresponds to PDB 6KWR. Blue: EZH2 SET

264  domain, green: histone proteins. The three automethylated lysines are shown in ball and stick
265  representations. H501 and G517 are shown as coral spheres. (D-E) Snapshot of EZH2 SET
266  domain simulation performed in the absence of nucleosome at t = 1000 ns with the am-loop
267  trimethylated (D) or unmethylated (E). Each simulation has been performed in two replicates.
268  (F) Analysis of the helicity of the bridge helix, including residues H501-G517 over a simulation
269  period of 1000 ns. Helicity has been calculated as average from two technical replicates with
270  error bars showing standard deviation. (G) Analysis of low distance (<6 A) contacts between the
271  H3 tail and the SET domain accumulated over the course of the 1000 ns simulation for

272 methylated (blue) or unmethylated (green) bridge helix. Data is averaged from two experiments
273 each.
274

275  Role of automethylation in PRC2 gene silencing function

276  Based on our cryo-EM and MD results, we expect that disruption of automethylation should
277  impact PRC2 function in transcriptional regulation by interfering with trans-activation. To test
278  this hypothesis, we performed rescue experiments in EZH1/2 double knock-out murine

279  embryonic stem cells (mESCs) in which the expression of either WT EZH2 or automethyl-

280  mutant EZH22™KR were stably restored. Restored expression of either WT or PRC2%™KR in our
281  system led to comparable bulk levels of H3K27me3 (Figure 6A). In the context of retinoic acid
282  (RA) induced differentiation along the neuronal trajectory, mESCs expressing either WT PRC2
283  or PRC2™KR were capable of lineage commitment without evidence of a delay in differentiation
284  (Figure 6B,D). But while the transcriptional landscape upon RA-induced differentiation was
285  similar for the WT PRC2 and PRC2*™KR rescue for many genes (Figure 6C), there was a subset
286  of genes for which the expression of PRC22™KR exhibited transcriptional regulation that more
287  closely resembled that of the EZH1/2 dKO (Figure 6C,E). This result indicates that the lack of
288  am-loop methylation affects a subset of transcripts rather than disrupting transcriptional

289  dynamics more globally, as would be expected for a cis-activating mechanism that would affect
290  every PRC2 complex. Thus, our findings indicate a context-specific role of automethylation in
291  which trans-autoactivation occurs at locations where activation cannot happen via pre-existing

292  H3K27me3 or methylated JARID2.
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294 Figure 6: Impact of PRC2 automethylation on transcriptional dynamics during RA-induced
295  differentiation of mESCs. (A) Western blot using the indicated antibodies of whole cell lysates
296  obtained from EZH1/2 dKO mESCs stably transfected with either an empty vector as a negative
297  control, the EZH2 WT, or EZH2°"*R_(B) Gene expression profiles during RA-driven
298  differentiation of pluripotency markers (upper panel) and neural trajectory markers (lower
299  panel). Normalized expression data was derived from RNA-seq data and is shown as mean with
300  standard deviation from three independent biological replicates. Samples were taken at day 0
301  (representing ESCs), day 1, and day 4. Blue, red and purple graphs correspond to WT, KO and
302 amKR, respectively. (C) Number of differentially expressed genes (DEGs) relative to WT on day
303 0, 1, and 4, respectively. (D) PCA plot of RNA-seq data during RA-driven differentiation. Data
304  shown as mean of three independent biological replicates. Blue, red and purple data points
305  correspond to WT, KO and amKR, respectively. (E) Heat maps of the top 100 differentially
306  expressed genes between WT and amKR (top panel) or WT and KO (lower panel) for day 0, day
307 1, and day 4, respectively. Variant stabilisation transformed (VST) data shown as a mean of
308  three independent biological replicates.
309
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310 Chromatin context of trans autoactivation

311 We propose that different contexts will involve alternative modes of PRC2 activation via
312 EED. The subunit composition of variant PRC2 complexes is known to affect the targeting and
313  function of PRC2 and constitutes an important layer of its regulation. For example, JARID2

314  recruitment to chromatin, via the engagement of mono-ubiquitinated histone H2A!® or long non-
315  coding RNAs,?? is a possible mechanism to specify de novo H3K27 trimethylation in the

316  genome. Interestingly, we were not able to detect nucleosome-bound PRC2 dimers when

317  JARID2 was present in the complex, even when using a JARID2 construct that lacked its lysine
318 116 methylation site (PRC2j119-450) that would otherwise compete with PRC29 binding to EED.
319  Comparison of different PRC2 structures shows that even in the absence of K116me3, JARID2
320  likely outcompetes PRC2%t by sterically blocking the SUZ12-SUZ12 dimerization interface,
321  and/or impeding linker DNA binding by PRC24 (Figure S7A). Similarly, dinucleosome

322 engagement of PRC2 representing an H3K27me3 spreading site, in which an H3K27me3-

323  bearing nucleosome allosterically activates EZH2 to methylate an adjacent nucleosome via

324  EED,?} s sterically incompatible with dimerization as shown here. In a hetero-dinucleosome, the
325  methylated nucleosome would clash with the SANT2 domain of the PRC24 (Figure S7B).

326  Thus, allosteric trans-activation by dimerization is a context-specific mechanism of PRC2

327  activation that occurs as an alternative to activation by JARID2 K116me3 or H3K27me3 bearing
328  nucleosomes.

329 The linker histone H1 is another determinant of chromatin context that has been proposed to
330  cooperate with PRC2 to suppress gene expression through an unknown mechanism.??

331 Interestingly, cryo-EM analyses of PRC2 incubated with H1 bearing nucleosomes suggest that
332 HI1 binding and PRC2 dimerization are mutually exclusive, since all reconstructions of PRC2
333 dimers lacked density for H1 (Figure S8A). On the other hand, we could see clear EM density
334  corresponding to HI when a PRC2 variant containing JARID2119.450 was used, a condition that
335  prevents PRC2 dimerization (Figure S8B,C). Notice that this PRC2;119.450 is seen in an inactive
336  conformation, as expected given the absence of an allosterically activating methylated peptide,
337  and also that there is no direct interaction between H1 and PRC2;119.450. Comparison of the

338  nucleosome-H1, nucleosome-H1- PRC2;119.450 and nucleosome-PRC2P*-PRC24ist structures

339  shows that H1 binding gives rise to a linker DNA trajectory that is not compatible with PRC2st
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340  binding (Figure S8D,E). Therefore, these observations indicate that genomic occupancy of H1 is

341  incompatible with the trans-autoactivation of PRC2 by dimerization.

342

343  Discussion

344 An extended model for de novo establishment of H3K27me3

345 The activity of the PRC2 chromatin regulator is critical in development to both establish and

346  maintain cell identity. Key to its function are the regulation of its genomic targeting and the local
347  regulation of its HMTase activity. The discovery of the stimulatory effect of EZH2

348  automethylation on HMTase activity!*!> led us to hypothesize that automethylated EZH2 may
349  act via the well-established allosteric methyl-lysine binding site in the regulatory subunit EED.
350  To investigate the underlying mechanism, we studied the impact of this modification on PRC2
351 conformation and nucleosome engagement in the absence of any other methylated peptide. Our
352 studies led us to discover a chromatin-dependent PRC2 dimer, in which the automethylated am-
353 loop of a PRC2%st binds the allosteric site in EEDP™* of a PRC2P™* that is engaged with the tail
354  of the substrate nucleosome (Figure 7). The two PRC2 complexes are present in two distinct
355  conformational states, with only PRC2P™* showing the structural hallmarks of allosteric

356  activation (a bent SBD helix and stabilized SRM). In agreement with the model of PRC2

357  regulation that emerges from these structural observations, functional assays using separation of
358 function mutants show that nucleosome-binding deficient PRC2 (PRC2XC) can serve as an

359 allosteric activator, as long as automethylation and dimerization are not impaired.

360 The trans activation mechanism shown here employs the established EED-EZH2 allosteric
361 communication axis that has been well studied for other activators, i.e. H3K27me3 and JARID2
362  K1l16me3. In all three cases, the methylated peptide binds EED and causes the stabilization of
363  the SRM and the active conformation of the EZH2 SET domain, underscoring the central role of
364  this mechanism in PRC2 regulation. Therefore, it is expected that the activation by all three

365  established EED ligands represent alternative pathways of PRC2 activation. In agreement with
366  this notion, the in vitro HMTase activity of automethylation or dimerization mutant PRC2 is
367 unaffected when stimulated by an excess of H3K27me3 peptide. Additionally, we show that
368  trams-autoactivation by dimerization and activation by JARID2 K116me3 or H3K27me3 are
369  mutually exclusive, since H3K27me3 bearing nucleosomes would clash with PRC2%, and no

370  PRC2 dimers were observed when JARID2 containing PRC2 variants were used. We conclude
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371  that dimerization-mediated auto-activation is an EED-dependent mechanism of PRC2 activation
372  that occurs at genomic loci in which automethylated EZH2 is the only available activator of

373  PRC2. This model is supported by our transcriptomics analyses in mESCs showing that the

374  abrogation of automethylation affects the regulation of a subset of transcripts upon cellular

375  differentiation, while global H3K27me3 levels remain largely unaffected. Accordingly,

376  previously published rescue experiments using am-loop mutant PRC2 showed reduced

377  H3K27me3 levels in transient rescue experiments,'#!> but not when am-loop mutant EZH2 was
378  expressed for longer time periods.!> We conclude that automethylation-mutant EZH2 fails to

379  establish PRC2 function in distinct genomic contexts rather than globally. This “specificity” is
380  incompatible with a strong cis regulatory effect of EZH2 automethylation, which would affect
381  PRC2 activity independent of context. In agreement with the absence of a strong cis regulatory
382  mechanism of automethylation that could affect bridge helix folding and/or substrate nucleosome
383  engagement, our MD analyses show minimal effects of automethylation on bridge helix folding
384  and only a limited impact on histone tail engagement by PRC2. Accordingly, nucleosome

385  binding was not strongly affected by am-loop mutations in PRC2%™KR and previous work showed
386 that automethylation-mutant PRC2 does not show a defect in chromatin engagement and genome
387  wide occupancy.'*

388 It has been proposed that the unmethylated am-loop could bind the active site of EZH2

389  competing with other substrates, and thus, am-loop methylation could release an auto-inhibited
390  state of PRC2.!° In the context of this in cis hypothesis, the PRC22™KR mutant simulates a state in
391  which the auto-inhibition is released, thus resembling the methylated am-loop. Under this

392 assumption, one would expect increased activity of PRC2*™XR which is not observed. Such a
393  hypothesis also cannot explain the stimulation by PRC2“XC of PRC2#™KR, While we cannot

394  exclude a possible impact of am-loop binding to the EZH2 active site on PRC2 activity, our

395  work indicates that mechanisms acting in cis alone are insufficient to explain the stimulatory

396  effect of EZH2 automethylation on PRC2 activity.

397 In a physiological context, the de novo establishment of H3K27me3 can be triggered via

398  PRC2 activation by methylation of JARID2 K116, which is recruited to genomic loci via H2A
399  K119ub!'®? or long non-coding RNAs.>*2 We propose that PRC2 dimerization could initiate

400  H3K27me3 in the absence of JARID2, e.g. in cells that lack JARID2 expression or at genomic
401  loci that do not recruit JARID2. Unlike activation by JARID2, dimerization requires two PRC2
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402  complexes, thus higher local PRC2 concentration. This likely implicates local concentration

403  levels of PRC2 in regulating initial H3K27me3 deposition, e.g. involving factors that recruit but
404  not themselves activate PRC2. Further context specificity is suggested by our observation that
405  histone H1 binding and frans autoactivation by dimerization are incompatible. These findings
406  underscore the intricate ways in which chromatin regulators integrate cues from the local

407  chromatin environment for their targeted and regulated function. Our work showcases the central
408  role that the regulatory EED subunit has in instructing PRC2 HMTase activity in diverse

409  contexts. Moreover, frans autoactivation by dimerization of PRC2 shows that mechanisms that
410  integrate auto-catalysis, homo-oligomerization and allosteric regulation are not limited to the
411  classical examples of kinase autophosphorylation,’!? but are highly relevant to multi-protein
412 complexes that regulate chromatin function via histone modification.

413 Homotypic interactions of enzymes that are regulated through auto-catalysis can have

414  various functional implications, including the amplification of regulatory signals, impact on

415  substrate recognition, and additional layers of regulation, such as feedback loops or temporal
416  control. EZH2 automethylation likely enables the de novo deposition of H3K27me3 in distinct
417  chromatin contexts. One could even imagine that the stable methylation of lysines in the am-loop
418  of EZH2 may act as a molecular memory of PRC2 activity, potentially enabling trans activation
419  of multiple complexes. Furthermore, the system may be further fine-tuned by combining

420  different variants of PRC2 within one dimer. For example, EZH1-containing complexes, which
421  show little HMTase activity themselves, could potentially serve as allosteric activators in hetero-
422  dimers of PRC2/EZH1 and PRC2/EZH?2, since the am-loop is conserved between the two

423  proteins. The overall ability of additional cofactors and subunit variants to affect PRC2 targeting
424 and to facilitate or impede the formation of PRC2 dimers remains to be investigated. Another
425  open question is whether and how automethylation, a prerequisite for dimerization-mediated
426  activation, is itself regulated. Thus, automethylation and allosteric dimerization add further

427  layers of complexity to PRC2 targeting and regulation, and provide support for the critical role
428  played by trimethyl-lysine binding to the regulatory subunit EED. Future work will determine
429  whether regulation by dimerization extends to other key epigenetic factors that have been shown

430  to auto-modify.!!-!3
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432 Figure 7 - Trans-auto activation model. PRC?2 that undergoes automethylation in cis can act
433 as an allosteric activator in trans for a second PRC?2 that then methylates H3 on the nucleosome
434  as they interact with each other in the context of chromatin. Once nucleosomes containing

435  H3K27me3 accumulate, PRC2 can be allosterically activated to further spread the H3K27me3
436  mark and ultimately cause chromatin compaction. We propose that trans-auto activation of

437  PRC2 enables initiation of H3K27me3 domains in the absence of other stimulating cofactors.

438
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708 Methods

709

710 Cloning, expression, and purification of PRC2

711

712 PRC2 was cloned, expressed, and purified as previously described.®!® Briefly, full length

713 sequences of EZH2 isoform 2, EED, RBAP48, strep-tagged AEBP2 and residues 80-685 of

714 SUZI12 (residues 80-685) were cloned into the MacroBac system for baculovirus expression in
715  HighFive insect cells.?® For experiments involving the subunit JARID2, residues 119-450

716  (excluding the methylated K116 residue) of JARID2 were also included in the MacroBac

717  plasmid. Expression of PRC2 occurred for 72 hours at 27 °C and pellets were stored at -80 °C
718  until use. All purification steps were performed at 4°C. Pellets were resuspended in 25 mM

719  HEPES, pH 7.9, 250 mM NaCl, 5% glycerol, 0.1% NP-40, 1 mM TCEP, supplemented with 10
720  uM leupeptin, 0.2 mM PMSF, protease inhibitor cocktail (Roche) and benzonase (Sigma-

721  Aldrich). Cells were lysed by sonication and cleared by centrifugation at 35 000g for 45 minutes.
722 The supernatant was incubated with Step-Tactin Superflow Plus resin (Qiagen) for 6 hours and
723 then washed with low (25 mM HEPES, pH 7.9, 150 mM NaCl, 1 mM TCEP, 5% glycerol,

724 0.01% NP40) and high salt buffers (25 mM HEPES, pH 7.9, 1 M NaCl, 1 mM TCEP, 5%

725  glycerol, 0.01% NP40) followed by elution with 10 mM desthiobiotin.

726 The eluate was pooled and incubated with TEV protease over night to cleave off the affinity
727  tag, followed by size exclusion chromatography using a Superose 6 3.2/300 column (Cytiva)
728  equilibrated with 25 mM HEPES pH 7.9, 150 mM NaCl, 2 mM MgCI2, 10% glycerol, and 1 mM
729  TCEP. Purified complex was flash frozen in liquid nitrogen and stored at —80 °C as single-use
730  aliquots.

731 For the HMTase activity assays, the EZH2 and SUZ12 mutations required for the PRC2

732  mutants were introduced by site directed mutagenesis, and the subunits were assembled into

733 multi-gene plasmids for baculoviral expression using the GoldenBac assembly protocol.?® These
734  mutants were expressed in 7. ni insect cells (Expression Systems) and purified as described

735  above.

736
737 Nucleosome purification
738 Xenopus histones (H2A, H2B, H3, and H4) were expressed and purified as described

739  previously.?” The nucleosomal DNA contains a CpG Island sequence and a 5’ biotin tag and was
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740  assembled by large scale PCR, purified over an anion exchange column, and further purified by
741  ethanol precipitation. The 226-base pair (bp) nucleosome DNA sequence used for all the studies
742  with Xenopus nucleosomes was 5’ (biotin)

743 CACGCGACTGTGTGCCCGTCAGACGCTGCGCTGCCAEGCGEGetggagaateecgetaccgaggccec

744 tcaattggtcgtagacagctctagcaccgcttaaacgcacgtacgegctgtcccccgcegttttaaccgccaaggggattactccctagtetee

745  aggcacgtgtcagatatatacatcctgtatgcatgcatatcattcgatcggageteccgatcgatge - 3'. The CG-rich sequence

746  used is capitalized and the 601-nucleosome positioning sequence®® is underlined. For

747  nucleosome assembly, equimolar amounts of all histones were dialyzed into histone refolding
748  buffer (2 M NaCl, 10 mM TRIS, 5 mM EDTA), and the octamer was purified using a Superdex
749 200 10/300 size exclusion column (Cytiva). The DNA and octamer were mixed in a 1:1.1 ratio
750  and purified over a BioRad prep cell after overnight gradient salt dialysis, as described

751  previously.?’

752 To create H1-containing nucleosomes, His-tagged xenopus histone H1.0 and His-tagged

753  murine nuclear assembly factor 1 (mNAP1) were cloned into and recombinantly expressed in
754  BL21-DE3 E. coli and purified as follows: For H1, bacterial cell pellets were resuspended in
755  lysis buffer (1 M NaCl, 20 mM Tris pH 7.4, 10 mM imidazole, 10% glycerol, 0.5 mM TCEP)
756  supplemented with DNAse, PMSF and EDTA free protease inhibitor (Roche), before lysis by
757  sonication. After an addition of 1% (v/v) Triton X-100 and centrifugation at 35 000 g for 30

758  minutes at 4°C, the clarified lysate was incubated on charged Nickel beads (Qiagen) that have
759  been pre-equilibrated in lysis buffer containing 1% (v/v) Triton X-100. Beads were washed with
760 5 column volumes (CV) of lysis buffer, followed by 5 CV of wash buffer (500 mM NacCl, 20
761  mM Tris pH 7.4, 10 mM imidazole, 0.5 mM TCEP) until no more protein eluted as monitored by
762  Bradford reagent. H1 was eluted with elution buffer (500 mM NaCl, 20 mM Tris pH 7.4, 500
763  mM imidazole, 0.5 mM TCEP) and the peak fraction collected for dialysis into 200 mM NaCl,
764 20 mM Hepes pH 7.4, 0.5 mM TCEP at 4°C over-night. Dialyzed protein was subjected to cation
765  exchange chromatography using a Mono S 5/50 GL column (Cytiva) and subjected to a salt

766  gradient to 1 M NaCl. H1 containing fractions were pooled, frozen in liquid nitrogen and stored
767  at-80° C until further use.

768 For NAP1, purification was essentially carried out the same as for H1 except for following
769  steps: no Triton X-100 was added during purification and ion exchange chromatography was

770  carried out as anion exchange chromatography and therefore a Mono Q 5/50 GL column was
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771  used (Cytiva). Consequently, the ion exchange buffer and the preceding dialysis buffer contained
772 20 mM Tris pH 7.4 instead of 20 mM HEPES.

773 NAP1 mediated H1 deposition on nucleosomes was carried out as described previously.?® H1
774  and NAP1 were mixed in a 1:2 molar ratio and incubated at 30 C for 30 minutes in 100 mM

775  NaCl, 20 mM Tris pH 7.4, 0.5 mM EDTA, 10 % glycerol, 1 mM DTT. NAP1-HI complexes
776  were then incubated with biotinylated nucleosome in a 5 Molar excess for 30 minutes at room
777  temperature. The sample was then directly used for cryo-EM experiments as described below.
778  Excess NAP1-H1 was washed away from biotinylated nucleosomes during cryo-EM sample

779  preparation using streptavidin affinity grids.

780
781 Mass spectrometry
782 To analyze determine the number of methylated lysine residues on the automethylation loop,

783  ~150 pug of PRC2 were first unfolded and reduced in fresh 6.4 M urea and 10 mM DTT and

784  incubated at 55 °C for 20 minutes. Cysteines were alkylated using 20 mM iodoacetamide,

785  followed by incubation at RT for 30 min in the dark and subsequent quenching with an

786  additional 30 mM DTT. Quenching was allowed to occur for 20 min at RT before dialysis at 4
787  °C against 50 mM Tris pH 7.7, 5 mM CaCl2, 2 mM EDTA and 5 mM DTT to remove urea and
788  iodoacetamide. The sample was then digested with 500 ng Arg-C endopeptidase overnight at RT.
789  The reaction was stopped by incubation for 10 minutes at 95 °C. Liquid chromatography — mass
790  spectrometry measurements of the sample were performed in the QB3/Chemistry Mass

791  Spectrometry Facility at UC Berkeley as described elsewhere.*° Briefly, digested PRC2 was

792  analyzed using a Synapt G2-Si ion mobility mass spectrometer equipped with a nanoelectrospray
793  ionization source (Waters) in line with an ACQUITY M-class ultraperformance LC system.

794 Raw data acquisition was controlled using MassLynx software (version 4.1), and peptide

795  identification and relative quantification were performed using Progenesis QI for Proteomics

796  software (version 4.0; Waters). Calculation of the percentage of lysine methylation (mono-, di-,
797  tri-, or unmethylated) was performed by dividing the abundance of a peptide bearing one or

798  several modifications by the total abundance and multiplying by 100.

799

800 Negative stain EM
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801 Negative stain analysis of PRC2 was carried out essentially as described before.® Briefly, 4
802  ulof 200 nM PRC2 were incubated on a continuous carbon grid (EMS) for 45 sec, followed by
803  five successive short incubation steps with 2% (wt/vol) uranyl formate. Excess stain was

804 removed by blotting with filter paper and the grids were dried. Screening and data collection was
805  done using a Talos L120C (Thermo Fisher Scientific) and EPU for automated data acquisition, at
806  an electron dose of 25 e/A? and a nominal pixel size of 2.44 A/px. Data processing was done in
807  cryosparc,’! CTF estimation was done using CTFFINDA4,32 and particle picking using the blob
808  picker in cryosparc. For WT PRC2, PRC2#KR and PRC244™, 117,434, 248,000 and 176,329
809  particle images were extracted based on initial picks from and 242, 398 and 286 manually

810  curated micrographs, respectively. Several rounds of 2D classification led to subsets of classes
811  with typical structural features of PRC2, which were overall comparable between WT PRC2 and
812  PRC2¥™KR and PRC224Mm mutants. Representative, typical views of intact PRC2 were chosen and
813  adjusted for PRC2 orientation.

814
815 Cryo-EM grid preparation
816 To prevent damage of PRC2 by interactions with the air water interface we used streptavidin

817  affinity grids manufactured in-house, as described previously.!6-33-34

818 All PRC2-nucleosome complexes were assembled by incubating 200 nM biotinylated

819  nucleosome (containing or lacking HI) with 800 nM PRC2 and 100 uM SAH in 25 mM HEPES
820 pH 7.9,50 mM KCl, 1 mM TCEP for 30 minutes at RT. 4 ul of the complex were incubated on
821  rehydrated Quantifoil Au 2/2 grids containing the streptavidin affinity layer and incubated for 5
822  minutes in a humidified chamber. The grid was then washed with two times 10 pul of buffer

823  containing 25 mM HEPES pH 7.9, 50 mM KCI, 1 mM TCEP, 4% Trehalose, and 0.01% NP40.
824  Excess buffer was wicked away with filter paper before adding an additional 2.5 pl of the same
825  buffer. After transfer of the grid into a TF Mark IV Vitrobot the grid was manually blotted for 2-
826 3 sat 18 °C and 100% before plunging it into liquid ethane.

827
828 Data collection and processing
829 For the PRC2 dimer, two datasets (dataset 1 and 2) were collected on a FEI Titan Krios G2

830  cryo-electron microscope operating at 300 kV, equipped with a GIF quantum energy filter and a

831 GATAN K2 direct electron detector in super resolution mode. 3,894 micrographs were collected
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832  for dataset 1 and 4,062 micrographs were collected for dataset 2. For each exposure a total of 40
833  frames were collected with a total dose of 50 e /A? at a super resolution pixel size of 0.575 A/pix
834  while varying the defocus between -1.5 and -3.5 pm. Movies were motion corrected and dose
835  weighted using MotionCor2 * before subtraction of the streptavidin lattice using in-house

836 MATLAB scripts. ~600k particles were picked using the convolutional neural network picker
837  implemented in EMAN2.3¢ CTF estimation, particle extraction and initial rounds of 2D and 3D
838  classification were carried out in Relion 3.0 37 for initial clean-up of the particle stack. After
839  merging particles from both datasets and another round of 3D classification a class

840  corresponding to the PRC2 dimer bound to the nucleosome and a class corresponding to the

841  PRC2 monomer bound to the nucleosome became apparent. Particles were transferred to

842  Cryosparc v4.0 3! for all further processing. The dimer and the monomer classes were refined
843  independently to resolutions of 6.2 and 4.1 A, respectively, determined according to the gold-
844  standard FSC = 0.143 criterion.***° To overcome continuous flexibility inherent to the

845  complexes we used 3DFlex as implemented in Cryosparc to improve the quality of our maps.'®
846  Dividing the PRC2 dimer bound to nucleosome into three bodies, where both PRC2 protomers
847  are attached to the nucleosome, and using 5 latent dimensions during the program training phase,
848  revealed several modes of relative motion in the complex and improved the quality of the distal
849  PRC2 protomer (Figure S4). Focused refinements with search parameters adjusted for large

850  movements yielded the final maps which were then filtered by local resolution using manually
851  adjusted B-factors to prevent over-sharpening. The final maps are represented in Figure S2.

852 For PRC2j119-450-H1-Nucleosome, 14,470 movies (dataset 3) were collected on a FEI Titan
853  Kirios G2 cryo-electron microscope operating at 300 kV, equipped with a GIF quantum energy
854  filter and a GATAN K3 direct electron detector in super resolution mode. For each exposure a
855  total of 50 frames were collected with a total dose of 50 e /A? at a super resolution pixel size of
856  0.575 A/pix while varying the defocus between -0.8 and -2.5 um. After motion correction and
857  streptavidin lattice subtraction, 3,658,724 particles were picked using Cryolo. CTF estimation,
858  particle extraction and initial rounds of 2D and 3D classification were carried out in Relion 3.1
859  for initial clean-up of the particle stack. After another round of 3D classification, a class

860  corresponding to the PRC2;119.450 bound to the H1-nucleosome became apparent. Particles were
861  transferred to Cryosparc v. 4.0 and the map refined to a resolution of 4 A, determined according

862  to the gold-standard FSC = 0.143 criterion. Local refinements of the H1-nucleosome and
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863 PRC2ji19.450 yielded the final maps with resolutions of 3.6 A each which were then filtered by
864  local resolution. For the H1.0-nucleosome complex, 2,236 micrographs were collected on a
865  Talos Arctica electron microscope operating at 200kV and equipped with a Gatan K3 direct
866 electron detector using a final pixelsize of 1.14 A/pix. After motion correction, streptavidin
867 lattice subtraction and CTF estimation data was processed in Cryosparc v4.0 using a standard
868  workflow. A final particle set of 44,742 yielded a reconstruction with a resolution of 3.14 A.
869  Data was further processed by using 3DFlex to improve regions of the map suffering from

870  flexibility.

871
872 Model building and visualization
873 To obtain a model for the allosteric PRC2 dimer and the PRC2 monomer we used a trimmed

874  model of PRC2 bound to an ubiquitylated nucleosome (pdb 6 WKR %) as a starting point to

875  perform flexible fitting using Isolde v1.5 in UCSF ChimeraX v1.5 %! into locally refined maps
876  and model building in Coot,*? applying appropriate model restraints. Nucleosomal linker DNA
877  was modeled using ChimeraX and then also flexibly fitted into the density using Isolde v1.5. The
878  automethylation loop was modeled using a fragment of JARID2 present in the input structure
879  and also fitted using Isolde v1.5 and Coot.

880 The same strategy was used to obtain a model for the monomeric PRC2 bound to

881  nucleosome and for PRC2;119.450 bound to HI-nucleosome. For the H1 containing nucleosome,
882  PDB 3NLO was used as a starting model. All models were then subjected to real space

883  refinement in phenix v1.2,* enabling local grid search, global minimization and ADP

884  refinement, with Ramachandran restraints enabled but secondary structure restraints disabled.
885  For modeling of the automethylation loop, the visually most likely sequence was modeled into
886  the density (with EZH2 K514 being recognized by EED) and refined as described. To remove
887  author bias, all am-loop residues except trimethylated lysine were then mutated to alanine in
888  Coot, renamed to UNK and subjected to another round of ADP-only refinement in phenix. All
889  final models were created by combining the local models into a composite model and refining
890  the final models against the respective consensus reconstruction with model restraints enabled.
891  Refinement parameters and model validation parameters are reported in Suppl. Table 1.

892 ChimeraX v1.5 4° was used to visualize maps and models.

893
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894 Histone methyltransferase (HMTase) assay

895 To perform the HMTase assay, reactions were carried out in a total volume of 12 pL

896  containing 200 nM nucleosome and 400 nM PRC?2 in a reaction buffer (25 mM HEPES pH 7.9,
897 50 mM NacCl, 2.5 mM MgCl2, 0.25 mM EDTA, 5% glycerol, 1 mM DTT and 80 uM SAM).
898  Prior to adding the nucleosome, the reaction mix was preincubated at room temperature for 1
899  hour to allow for automethylation. The reaction proceeded at room temperature for 90 minutes
900 and was quenched by the addition of 5x loading buffer and heat inactivation at 95°C for 5

901  minutes. In case of peptide stimulation, the peptides were added immediately after the

902  nucleosome. Separation by gel electrophoresis was performed with 4-20% Mini-PROTEAN®
903  TGX™ precast protein gels (BioRad) and the stain-free signal was detected according to the
904  manufacturer's instructions. Proteins were subsequently transferred to a 0.2 uM PVDF

905  membrane at 90V for 10 min and 60 V for 30 min. The membranes were probed with antibodies
906  against H3K27me3 (Active Motif, 39155) and H4 (Cell Signaling, L64C1). Reactions were
907  performed in multiplets and detected with a ChemiDoc MP (BioRad). Densitometric analysis
908  was performed using Image Lab Software version 6.1.0 (BioRad) by background-correcting the
909  signal to the negative control and normalizing it against the WT signal. GraphPad Prism was

910  used for visualization.

911
912 Electrophoretic mobility shift assay (EMSA)
913 EMSA was performed using a 5% native TBE gel in 0.2x TBE buffer with a total volume of

914 15 pL reactions of 50 uM nucleosome and increasing concentrations of PRC2 in triplicates in
915  binding buffer (25 mM HEPES pH 7.9, 50 mM NaCl, 1 mM DTT and 100 uM SAH). The
916  reaction mixture was incubated at room temperature for 30 minutes to allow for binding. The
917  gels were then stained with SYBR™ Gold (Thermo Fisher) according to the manufacturer's
918 instructions. The stained gels were imaged using a ChemiDoc MP (BioRad) imager, and

919  densitometric analysis was performed using Image Lab Software version 6.1.0 (BioRad). The
920  bands of the shifted (bound) and free nucleosomes (unbound) were identified and boxed out.
921  After background correction, the bound signal was divided by the sum of both signals to

922  determine the bound fraction.

923

924 Murine embryonic stem cell cultivation and differentiation
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925 The EZH1/2 dKO mESCs (N/A Strain of origin 129P2/0la) used in this study were obtained
926  from the Pasini lab and previously characterized.** The cells were cultured on 0.1% gelatin-

927  coated dishes in mESC media consisting of GMEM (Gibco) supplemented with 20% ES-grade
928  fetal bovine serum (Gibco), 2 mM glutamine (Gibco), 100 U/ml penicillin, 0.1 mg/ml

929  streptomycin (Gibco), 0.1 mM non-essential amino acids (Gibco), | mM sodium pyruvate

930  (Gibco), 50 uM B-mercaptoethanol (Gibco), 1000 U/ml ESGRO Leukemia Inhibitory Factor

931  (LIF, Sigma Aldrich, ESG1107), and GSK3f and MEK 1/2 inhibitors (Axon Medchem BV) to a
932  final concentration of 3 uM and 1 pM, respectively. For maintaining a confluency of between 60
933  and 70%, cells were passaged every 2—3 days by washing twice with phosphate-buffered saline
934  (PBS) and dissociation with 0.25% Trypsin (Life Technologies, 25200056).

935 For transfection, EZH2 wild type and EZH2amKR were cloned into a pPB_PGK plasmid and
936  co-transfected with a piggyback transposase using Lipofectamine 2000 (Thermo Fisher

937  Scientific) following the manufacturer’s instructions and were selected with puromycin

938 (1 pg/ml).

939 For differentiation mESCs were seeded at a density of 10500 cells/cm? in mESC media

940  lacking LIF, GSK3p, and MEK 1/2 for 12 hours to allow for cell attachment. The media was

941  then exchanged and supplemented with 0.1 uM all-trans-retinoic acid, and subsequently changed
942  every 48 hours.

943
944 Whole cell lysis and western blotting
945 Total protein lysis was performed by incubating the cells on ice for 30 minutes followed by

946  sonication in ice-cold RIPA buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, ] mM EDTA, 1 %
947  NP-40, 1% Na-deoxycholate, 0.1 % SDS) supplemented with protease inhibitors and 1 pg/mL
948  Benzonase (produced in-house). Protein concentration was determined with Pierce™ Rapid Gold
949  BCA Protein-Assay-Kit (Thermo Fisher) and normalized to 60 pug before being supplemented
950  with Laemmli sample buffer. Protein lysates were separated via SDS-PAGE and transferred to
951  PVDF membrane at 90V for 120 minutes. The membranes were probed with antibodies against
952 H3K27me3 (ActiveMotif, 39155), SUZ12 (Cell Signaling, 3737S), EZH2 (Cell Signaling,

953 3147S), H4 (Cell Signaling, L64C1), and -Actin (Sigma-Aldrich, A5441-.2M). The proteins
954  were detected with a ChemiDoc MP (BioRad)

955

36


https://doi.org/10.1101/2023.10.12.562141
http://creativecommons.org/licenses/by-nc-nd/4.0/

956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.12.562141; this version posted October 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

RNA isolation and RNA seq

Total RNA was isolated from cells using NucleoSpin RNA Kit (MACHEREY NAGEL, cat.
no. 740955) according to manufacturer’s protocol. Libraries for RNA seq were generated using
QuantSeq 3’ mRNA Seq Library Prep Kit FWD with Unique Dual Indices for [llumina
(Lexogen, cat. no 115.384). Sequencing was performed on an Illumina NovaSeq 6000 platform
with NovaSeq 6000 SP Reagent Kit v1.5 100 cycles (Illumina, cat. no. 20028401). RNA seq

experiments were conducted with three independent biological replicates.

RNA seq data analysis

Upon quality trimming using bbduk* (k=13 ktrim=r useshortkmers=t mink=5 qtrim=t
trimg=10 minlength=20), fastq files were aligned with STAR?*® v2.7.3a to the mm 10 mouse
reference genome. BAM files were down sampled to 8 million reads with samtools*” v1.13 and
counted by HTSeq* v2.0.1 (-m union -s no -t exon). Differential expression analysis was
performed using DESeq2 #° v1.38.3. Expression of marker genes during RA-driven
differentiation were extracted from DESeq2 (counts(dds, normalization = TRUE)) and plotted
with Prism v9.2.0. PCA with mean log transformed DESeq?2 (rlogTransformation(dds, blind =
FALSE)) was plotted with the ggplot2 v3.4.2. PCA mean top 10000 most variable genes was
plotted with the ggplot2 v3.4.2. Variant stabilisation transformed counts were plotted for the top
50 most differentially expressed genes with the pheatmap v1.0.12 package.

Molecular dynamics

All-atom simulations were performed with the GROMACS 2021 MD package® using the EZH2
SET domain (residues 490-751 of EZH2 isoform 2) and the nucleosome from PDB 6WKR as a
starting model. Simulations encompassed unmethylated or trimethylated lysines in positions 510,
514 and 515 of the SET domain, either in the presence or absence of the nucleosome, in 100 mM
KCl, with two replicates for each case. The parameters for the modified lysines were taken from
1 while Amber forcefields®*>* were used for protein, DNA, and ions. For water molecules, the
TIP3P model>* was used. Long-range electrostatics were evaluated with particle-mesh Ewald
summation,> and all hydrogen bonds were constrained with the LINCS algorithm.’¢ A leap-frog
integrator was considered with a 2 fs timestep, and a 1.2 nm cutoff was used for both the

electrostatic and Van der Waals interactions. All simulations underwent an initial energy
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minimization with the steepest descent method,’’ followed by a 50 ns NpT equilibration with a
Parrinello-Rahman barostat®® at 1 atm and Nose-Hoover thermostat®® at 300 K. Position restraints
were applied to the phosphorus atoms of the nucleosomal DNA as well as to the first and last five
amino acids of the EZH2 SET domain. 1000 ns simulations were performed for all cases with the
position restraints in place. The number of contacts between bridge-helix (EZH2 residues 501-
617) and the H3 histone tail were calculated using GROMACS inbuilt routines. For the helicity
analysis, the change % in helicity for the bridge-helix was calculated using GROMACS at an

interval of 50 ns for all the cases.
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997  Supplementary Information

998
999 Supplementary Table 1 - cryo-EM data collection and processing
Title PRC2 dimer | PRC2”™ | NCP (dimer) | PRC2%! H1-NCPVY
EMD 41110 41147
PDB 8T9G 1001
Dataset 1+2 31002
Data collection and processing
Magnification 43k 43k
Voltage (kV) 300 300
Electron exposure (e—/A?) 40 50
Defocus range (um) (-1.5) = (-3.5) um (-0.8) — (-2.5) pm
Pixel size (A) 0.575 0.57
Symmetry imposed Cl1 C1
Initial particle images (no.) 600 315 374 426
Final particle images (no.) 34000 18317 44742
Map resolution (A)
FSC threshold 0.143 62 3.7 41 9.1 3.1
Map resolution range (A) 4-12 4-12 3.5-6 7.5-12 28-6
Refinement
Initial model used Composite model PDB 6WKR PDB 6WKR PDB 6WKR
Model resolution (A)
FSC threshold 0.5 6.7 37 42 8.8
Model composition
Non-hydrogen atoms 87583 15888 14919 15114
Protein residues 4589 1954 772 1863
Nucleotide 430 430
B factors (A?)
Protein 392.51 110.30 52.87 258.98
Nucleotide 287.95 342.18
R.m.s. deviations
Bond lengths (A) (# > 40) 0.005 (0) 0.004 (0) 0.005 (0) 0.003 (0)
Bond angles (°) (# > 40) 0.842 (46) 0.720 (4) 0.681 (1) 0.638 (6)
Validation
MolProbity score 243 2.63 2.02 2.40
Clashscore 28.43 38.03 19.31 27.54
Poor rotamers (%) 0.07 0.00 0.00 0.00
Ramachandran plot
Favored (%) 91.91 89.31 96.43 92.50
Allowed (%) 8.00 10.64 3.57 7.50
Disallowed (%) 0.09 0.05 0.00 0.00
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1003 Supplementary Table 1 continued - cryo-EM data collection and processing
Title PRC2 PRC?2 top lobe NCP PRCj119-450- PRC2j119-450 H1-NCP
monomer (monomer) H1-NCP
EMD 41141 41146
PDB 8TAS 8TBY
Dataset 1+2 4
Data collection and processing
Magnification 43k 53k
Voltage (kV) 300 300
Electron exposure (e—/A?) 40 50
Defocus range (um) (-1.5) = (-3.5) um (-0.8) — (-2.5) pm
Pixel size (A) 0.575 0.47
Symmetry imposed Cl Cl1
Initial particle images (no.) 600 315 234 562
Final particle images (no.) 69 000 55918
Map resolution (A)
FSC threshold 0.143 41 3.9 38 4 3.6 36
Map resolution range (A) 3-12 4.5-10 3-5 3-10 3-8 3-8
Refinement
Initial model used Composite PDB 6WKR PDB 6WKR Composite PDB 6WKR PDB
model model 3NLO
Model resolution (A)
FSC threshold 0.5 6.0 58 3.8 6.2 38 38
Model composition
Non-hydrogen atoms 29458 8680 14137 30242 15685 14514
Protein residues 2683 1073 773 2790 1941 849
Nucleotide 386 394 386 384
B factors (A?)
Protein 74.74 143.40 30.52 312.86 99.77 75.98
Nucleotide 86.27 116.96 312.19 175.94
R.m.s. deviations
Bond lengths (A) (# > 40) 0.006 (1) 0.003 (0) 0.004 (0) 0.004 (0) 0.008 (3) 0.004 (0)
Bond angles (°) (# > 40) 0.695 (1) 0.644 (0) 0.588 (2) 0.677 (3) 0.822 (8) 0.578 (1)
Validation
MolProbity score 2.21 2.35 1.78 2.26 2.11 1.64
Clashscore 19.04 24.64 13.42 25.04 14.55 8.01
Poor rotamers (%) 0.00 0.00 0.00 0.29 0.46 0.29
Ramachandran plot
Favored (%) 93.39 92.61 97.23 94.59 93.22 96.75
Allowed (%) 6.50 7.20 2.77 5.34 6.68 3.25
Disallowed (%) 0.11 0.19 0.00 0.07 0.11 0.00
1004
1005
1006
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1009  Supplementary Figure 1: PRC2 purification and automethylation. (4) SDS-PAGE showing
1010 subunits of PRC2 and nucleosome used in this study. (B) PRC2 subunits and constructs used in
1011 this study. The colors of the domains and subunits are the same as in Fig. 1. (C) Mass

1012 spectrometric analysis of automethylated PRC2. Representative high-resolution mass spectra
1013 showing detail for the [M+5H]’* ion group for the indicated EZH2 peptide bearing

1014 automethylated lysine residues. Cysteines have been alkylated during experiment. (D), like C but
1015 after addition of SmM SAM during protein purification. E, lon abundance plot showing the

1016  number of methyl groups present on average in -SAM and +SAM sample on the automethylation
1017  peptide. Error bars show standard deviation (N=2).
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Supplementary Figure 2: cryo-EM data processing. (A) representative cryo-EM micrograph
before and after subtraction of the streptavidin lattice (left) and corresponding Fourier
transform showing presence/absence of streptavidin diffraction peaks (right). (B) data
processing scheme for PRC2 dimer and PRC2 monomer. See Methods for description.
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1024 Supplementary Figure 3: Local resolution and model validation. Local resolution variation

1025  and cartoon representation of the final refined model and masked/unmasked map-to-model
1026  Fourier shell correlation for (4) PRC2 dimer, (B) PRC2 monomer, (C) Hl-nucleosome-

1027  PRC2j119-450. For each model, the resolution of the cryo-EM model at FSC = 0.143 is provided,
1028  while the map-to-model FSC plots show the masked resolution at FSC = 0.5.
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1030 Supplementary Figure 4: PRC2% displays large amount of continuous flexibility. (4)

1031 Local resolution before (left) and after (right) 3DFlex analysis, showing gain in resolution at the
1032 flexible distal PRC2. (B) Comparison of map features at comparable threshold of PRC2%!

1033 before (left) and after (right) 3DFlex analysis. Arrows point to parts of the map where the

1034 quality has visibly improved. (C) Visualization of continuous flexibility of PRC2 dimer. Yellow,
1035 transparent map shows the extent of space sampled by the complex as calculated with 3DFlex."
1036  Grey, solid map shows the region of least variability where density is always present. Red

1037  asterisk marks the position of the automethylation loop within the less variable region. (D) Three
1038  example modes of movement of the PRC2 dimer, showing pivoting and shifting motions of the
1039  distal PRC2.
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Supplementary Figure 5: Structural features of the PRC2 dimer. (4) Additional density in
the consensus map is indicated with arrows and suggested to be a short piece of dsDNA bound to
DBS2 of PRC2P™*, Below: closeup of extra density with docked DNA model shows how positively
charged residues on PRC2P"* and PRC2%' could mediate binding. The binding surface would
include portions of the PRC2P™ SANT1 domain which would only be positioned correctly when
PRC2 is active, and the SBD helix is bent. (B) Comparison of (4) with the PRC2 monomer
showing the absence of any additional density (arrow and circle). In the PRC2 monomer, the
SBD helix is straight (Fig.4C) and the SANTI domain is not available to mediate interaction
with the additional density (C) DNA density and position with respect to an allosteric
nucleosome (Nucmoa) ® showing that in the presence of an allosteric nucleosome the same DNA
binding surface is used (DBS2).
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1057 Supplementary Figure 6: Structure and activity of mutant PRC2 complexes (A)

1058  Representative 2D class averages of WT PRC, PRC2%%™ and PRC2“" R obtained by negative-
1059  stain EM. Each row corresponds to the same view for all three complexes. (B) Nucleosome

1060  binding of WT PRC2, dimerization and automethylation mutants observed by EMSA. 50 nM
1061  mononucleosomes and two-fold titrations ranging from 25-800 nM PRC2. (C) Densitometric
1062 quantification of n = 3-6 experiments as shown in B, based on the intensity of free nucleosomes.
1063 (D) Quantitative analysis of HMTase activity assays as shown in Fig. 3, based on the band

1064  intensities of the H3K27me3 specific antibody relative to the H4 total histone loading controls.
1065  H3K27me3 intensities are shown normalized to the activity of unstimulated PRC2"KR j.e. in the
1066  absence of PRC2XC,
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1068  Supplementary Figure 7: Predicted steric incompatibility of the PRC2 dimer with JARID?2 and

1069  the dinucleosome (A) predicted incompatibility between JARID?2 and the allosteric PRC2 dimer.
1070 The position of JARID2 was derived through alignment of each PRC2 complex with either PDB
1071  6C23 or 6C24. Unmodeled JARID?2 segments will likely block the SUZ12-SUZ12 dimer interface
1072 (top) and/or prevent SUZ12-DNA binding at DBS3 (bottom). (B) predicted clash between the
1073 allosteric PRC2 dimer and the PRC2-dinucleosome. The modified, allosterically activating

1074 nucleosome occupies the same space as the allosterically activating PRC24',
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1076 Supplementary Figure 8: The allosteric PRC2 dimer is incompatible with H1 binding. (A)

1077  Cryo-EM reconstruction of PRC2 dimer obtained in the presence of HI in the sample. The circle
1078  indicates where HI density would have been expected. (B) Cryo-EM reconstruction of PRC2
1079 containing cofactor JARID2 bound to a nucleosome containing H1 (chromatosome) at 3.6 A
1080  resolution. HI (teal) is bound at the nucleosomal dyad, contacting the linker DNA. (C)

1081  Superposition of (A) and (B) shown in two orthogonal views. The circle shows the absence of H1
1082  density in the allosteric dimer. (D) Cryo-EM reconstruction of the chromatosome in the absence
1083  of PRC2. (E) Superposition of (4) and (D) based on alignment of HI in (D) and (C) shown in
1084  two orthogonal views. The right panel shows how the trajectory of the chromatosomal linker
1085  DNA is incompatible with the DNA geometry seen in the allosteric PRC2 dimer structure.
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1089 Supplementary Figure 9: Raw data for Western Blots and native gels. Uncropped images
1090  wused (A) in Fig. 4C, (B) in Fig. 4D, (C) Fig. 64 and (D) Fig. S6B.
1091
1092
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