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Little is understood about how the two major types of heterochromatin
domains (HP1and Polycomb) are kept separate. In the yeast Cryptococcus
neoformans, the Polycomb-like protein Cccl prevents deposition of
H3K27me3 at HP1 domains. Here we show that phase separation propensity
underpins Cccl function. Mutations of the two basic clustersinthe
intrinsically disordered region or deletion of the coiled-coil dimerization
domain alter phase separation behavior of Ccclin vitro and have
commensurate effects on formation of Cccl condensates in vivo, which are
enriched for PRC2. Notably, mutations that alter phase separation trigger
ectopic H3K27me3 at HP1 domains. Supporting a direct condensate-driven
mechanism for fidelity, Cccl droplets efficiently concentrate recombinant
C. neoformans PRC2 in vitro whereas HP1 droplets do so only weakly. These

studies establish abiochemical basis for chromatin regulation in which
mesoscale biophysical properties play a key functional role.

Heterochromatin has numerous critical biological roles including
genome defense, gene regulation, developmental memory and cen-
tromere function*. Among the best-studied forms of heterochro-
matin are those programmed by HP1and Polycomb systems, which
arerespectively characterized by chromatin harboring methylation
of the amino-terminal histone H3 tail on lysine 9 (H3K9) or lysine 27
(H3K27)’. Coupling of recognition of these marks by ‘readers’ of these
modifications and the cognate methyltransferases is critical for the
formationand maintenance of heterochromatin domains'. However,
exactly how heterochromatin is established and inherited in vivo is
notyet wellunderstood. Heterochromatic DNA and heterochromatic
proteins have long been known to form subnuclear structures, raising
the possibility that mesoscale organization plays a functional role.
Apotential role for protein phase separation in this organization
has been proposed based on recent studies in which HP1a/a proteins
from humans and Drosophila were found to form condensates via
phase separation in vitro**. These studies also showed that human
HPlo can compact DNAin vitro and that Drosophila HP1a displays the

properties of a liquid in early Drosophila embryos**. Likewise, CBX2,
a core subunit of the human canonical PRC1 complex that recognizes
H3K27 trimethylation (H3K27me3) and harbors a functionally impor-
tant positively charged disordered region long known to mediate
chromatin compaction in vitro*, has recently been shown to undergo
phase separation in a manner that correlates with the formation of
foci of green fluorescent protein (GFP)-tagged CBX2 in transduced
fibroblasts”’. These and other studies have led toincreasing interestin
the hypothesis that phase separation of heterochromatin readers and
associated factors mediated by multivalentintermolecularinteractions
has critical functional roles in heterochromatin'®*, However, there is
debate in the field about the in vivo function and relative importance
of the phase separation behavior of heterochromatin readers™. Also
not yet addressed is the critical question of how phase separation
contributes to maintenance of different heterochromatin domains
(for example, H3K9me3 versus H3K27me3 domains).

We previously described the first yeast Polycomb system, in the
basidiomycete yeast C. neoformans®. This systemsilences subtelomeric
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domains viamethylation of H3K27 by a PRC2-like complex. We identi-
fied a Polycomb-like reader protein we named Cccl (chromodomain
protein harboring a coiled-coil region), the genetic deletion of which
resultedinanotable phenotype: the ectopic deposition of H3K27me3
at centromeric HP1domains marked by H3K9me. This ectopic deposi-
tion was lostin cellsin which H3K9me was removed by deletion of the
enzymeresponsible for this mark, Clr4/Suv39h. We concluded that the
PRC2 complex hasalatent promiscuity thatallows it tobe attracted to
HP1domains, but this is suppressed by Cccl (ref. 15).

Inthe present study, we report this fidelity function of Ccclrequir-
ing its ability to undergo phase separation. We find that Cccl, which
harbors a large intrinsically disordered region (IDR) with multiple
positively and negatively charged amino acid clusters and a coiled-coil
domain, readily undergoes phase separation in vitro. By constructing
a series of mutations in charge clusters in the IDR of Cccl, and also
by removing its coiled-coil domain (which we show is a dimerization
domain), we map the determinants of its in vitro behavior, identifying
mutants that markedly reduce phase separation propensity in vitro,
increaseitorleave it unchanged. We show that Cccl forms subnuclear
fociinvivowhich concentrate PRC2 and, by precise gene replacement
tagging and super-resolution microscopy, we show that the in vitro phe-
notypes of the mutations faithfully predict their effect on the formation
ofbrightfociin cells.Importantly, mutants that alter phase separation
invitro and focus formationin vivo resultin promiscuous deposition of
H3K27me3 at centromeres, whereas mutants that do not impact con-
densate formation behave as wild-type. By expressing and purifying a
recombinant C. neoformans PRC2 complex, we show that Cccldroplets
concentrate PRC2invitro, whereas Swi6/HP1droplets do so only weakly,
correlating withthe ectopic deposition of H3K27me3 at HP1domainsin
the absence of Cccl. Cccl protein within droplets displays no detectable
mobility yet forms spherical structures that fuse. PRC2 concentrated
in these droplets displays mobility on minute timescales. Both are
considerably less dynamic than condensate-resident HP1, indicating
distinctive viscoelastic properties. This work establishes a functional
rolefor theintrinsic mesoscale properties of achromatin reader protein
in promoting the fidelity of heterochromatin domain organization.

Results
Ccclforms phase-separated condensates in vitro
Our previous studies identified the first yeast Polycomb system in
C. neoformans in which deposition of H3K27me3 in subtelomeric
domains triggers gene repression. Based on reciprocal affinity puri-
fication and mass spectrometry (AP-MS) experiments, we identified
a C. neoformans PRC2 complex containing five subunits (Ezh2, Eed1,
Bndl, Mslland Cccl). Three of the PRC2 complex members, Ezh2, Eedl
and Msll, are clear orthologs of canonical PRC2 subunits, whereas Bnd1
(big protein withno domains) and Ccclare fungal specific. Ccclharbors
anN-terminal chromodomain which binds H3K27me3. Notably, loss of
Ccclor mutation of its chromodomain results in the ectopic formation
of H3K27me3islands at HP1-marked regions”. Based on these data, we
proposed that the anchoring of the PRC2 complex to sites of previous
action via Ccclis required for heterochromatin fidelity (Fig. 1a)".
Inthe process of performing additional AP-MS experiments, we
observed that the capture of PRC2 during purification of tagged Cccl
was entirely DNA-dependent, being lost if extracts were treated with
DNase before purification; the converse was true when Ezh2 was used
as the bait (Extended Data Fig. 1a-c). These findings indicated that
Ccclis not a tightly bound core subunit of PRC2 and raised the ques-
tion of how Cccl could effectively anchor PRC2 to sites of its previous
action. Given recent work on phase separation of heterochromatin
readers®*”%, we hypothesized that Cccl might form condensates that
organize H3K27me3-marked heterochromatin domains (Fig. 1b). Sup-
porting this possibility, Cccl contains alarge predicted IDRbetween its
chromodomainand a predicted a-helical coiled-coil region (Fig. 1c,d),
both of which can drive multivalent interactions required for phase

separation' ", We expressed and purified 6xHis-tagged wild-type Cccl
andatruncated version missing the predicted carboxyl-terminal coiled-
coil (Cccl-CCA) in Escherichia coli (Extended Data Fig. 2a). We found
that full-length Cccl precipitates in a buffer that contains <150 mM
NaCl, indicating that the protein solubility is compromised by low salt
concentration. Mass photometry analysis showed that the purified
6xHis-Cccl (predicted mass: 112 kDa) can dimerize (measured mass:
210 +£17.4 kDa) whereas the coiled-coil deletion (1-434 amino acids,
predicted mass: 50.3 kDa) isamonomer (measured mass: 55 + 9.2 kDa)
(Extended DataFig. 2b,c). Solutions of full-length Ccclbecame turbid
onlowering of NaCl concentration from 500 mM to 250 mM (Fig. le).
Microscopic observation revealed concentration-dependent forma-
tion of spherical Cccl condensatesin20 mMHEPES, pH7.5,and 250 mM
NaCl (Fig. 1f and Extended Data Fig. 3a). No crowding agents were
required. Ccclcondensates fused and grew over time, consistent witha
liquid-like state (Fig.1g and Supplementary Video1). Adding 10% (w:v)
1,6-hexanediol, analiphaticalcohol that weakens hydrophobicinterac-
tions driving phase separation”, inhibited condensate formation (Fig.
1h). Nuclease treatment of purified Cccl and addition of DNA did not
impact condensate formation (Extended DataFig. 3b,c). Ccclconden-
sates formed at 150 mM NaCl appeared less liquid-like, consistent with
thereduced solubility observed during purification (Extended Data Fig.
3d). To test whether the formation of Cccl condensates is reversible,
weincreased NaCl concentration from 250 mM to 500 mM and found
that theyimmediately dissolved (Extended Data Fig. 3e). Further sup-
porting reversibility, we observed that irregular condensates, which
formed at 150 mM NacCl, recovered a spherical shape when the NaCl
concentration was increased to 250 mM (Extended Data Fig. 3f). We
conclude that Ccclundergoes phase separation in vitro.

IDR and coiled-coil program phase separation of Cccl
Depending on the protein, phase separation can be driven by net-
works of physical crosslinks that include electrostatic, cation-mt and/
or hydrophobic interactions between disordered protein segments,
as well as more conventional binding between folded domains such
as those mediated by coiled-coils"?°*, The Ccc1IDR contains several
prominent clusters of tandem charged residues of the same polar-
ity (Fig. 2a and Extended Data Fig. 4a,b). To investigate whether the
electrostatic properties derived from these clusters influence Cccl
condensate formation, we replaced the charged residues in the two
basic and the two acidic clusters to alanine (Fig. 2a). The first mutant,
4KRA, alters afour-residue cluster just downstream of the chromodo-
mainandis 24 residues upstream of the second cluster which harbors 6
tandem basic residues that we also mutated to alanine residues (6KRA).
To test whether there might be an additive effect, we combined these
two mutants to make amutant that we term 10KRA. Two mutants that
alter clusters of acidicresidues, 4DEA and SDEA, were also combined to
make a third mutant that we refer to as 9DEA. As discussed earlier, Cccl
dimerizes whereas the C-terminally truncated mutant Cccl (Cccl-CCA,
1-434 amino acids) is monomeric (Extended Data Fig. 2b,c).

We tested phase separation of the purified proteins (6.7 pM;
Extended DataFig.2a,d) by lowering NaCl concentration from 500 mM
to 250 mM at room temperature for up to 2 h (Fig. 2b and Extended
Data Fig. 4c). We found that the 6KRA and 10KRA proteins displayed
defects in phase separation. We confirmed our microscopic observa-
tions by quantifying the number of condensates observed in a field
for each Cccl variant after 30 min of induction (Fig. 2c). We could not
obtain liquid-like, phase-separated condensates of Cccl-CCA under
these conditions. Even onincreasing protein concentration to 85 uM,
this mutant formed irregular condensates only at a much slower rate
(Fig.2d), indicating that phase separation propensity is perturbed. We
also measured turbidity of Cccl variants; the results were consistent
with our microscopic observations. The 6KRA and 10KRA mutants
exhibited reduced turbidity compared with wild-type and Ccc1-CCA
did not become turbid at all (Fig. 2e).
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Fig.1| C. neoformans H3K27me3 reader protein Ccclundergoes phase
separationin vitro. a, Top, model for the role of product recognition of

Ccclin keeping PRC2 at subtelomeres; bottom, ina cccl4 or chromodomain
mutant, PRC2 recognizing H3K9me2/3 instead and redistributing H3K27me3

to centromeres. b, Model for the role of phase separation for PRC2 partitioning.
¢, Prediction of disordered and structured domains of Cccl. CC, coiled coil; CD,
chromodomain; IDR, intrinsically disordered region. d, Prediction of coiled-coil
and single a-helices (SAHs) in Cccl. e, Turbidity measurements of Cccl at
indicated protein concentration. Phase separation was induced for 30 min at

room temperature, 20 mM HEPES, pH 7.5, and 250 mM NaCl, and absorbance

at 340 nm (A, ,m) Was measured at 25 °C (mean £ s.d., n =3 independent
replicates). f, Differential interference contrast (DIC) microscopy images of Cccl
condensates at indicated protein concentration. Phase separation was induced
atroom temperature, 20 mM HEPES, pH 7.5 and 250 mM NacCl, and images were
obtained after 1 h. Scale bars,10 pm. g, Condensate fusion of17.4 uM Cccl at
indicated time points. Scale bars, 10 um. h, Disruption of 10 uM Cccl condensates
by 10% (w:v) 1,6-hexanediol (1,6-HD). Scale bars, 10 pm. Data represent three (f
and g) or two (h) independent experiments.

We noticed that, over time, the 4KRA mutant developed con-
densates with elongated shapes (Fig. 2b and Extended Data Fig. 4c),
indicating that material properties may be altered in this mutant. All
condensates are likely to be viscoelastic network fluids** and mutations

may influence the balance between the viscous and the elastic properties
of condensates™. It has been shown that phase transitions of multivalent
proteins and nucleic acids involve a coupling between phase separation
and gelation®. The closer the equilibrium dense phase concentration is
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Fig.2|Phase separationis programmed by coiled-coil-mediated
dimerization and two basic charged clustersinIDR. a, Schematic
representation of Ccc1IDR mutations and C-terminal truncation (Ccc1-CCA) to
delete the coiled-coil. The positions of the six IDR mutations are as indicated. b,
Condensation of 6.7 pM Cccl wild-type and mutants at indicated time points.
Phase separation was induced at room temperature, 20 mM HEPES, pH 7.5

and 250 mM NaCl. Scale bars, 10 um. ¢, Quantification of condensates of Cccl

5 min

Cccl 6.7 uM

Ccclt WT

Cccl-4KRA

Cccl-6KRA

Cccl1-10KRA

Cocl-4DEA |

Cccl-5DEA |

Ccc1-9DEA |

Cccl123 uM

Ccclt WT

Cocl-4KRA [

variants at 6.7 pM and 10 pM. Condensates formed after a 30-min induction
were counted from five fields per strain. d, DIC images of Ccc1-CCA at 35 pM and
85 pM at indicated time points. Scale bars, 10 um. e, Turbidity measurements of
2.8 M Cccl wild-type and mutants at indicated time points (mean +s.d.,n=3
independent replicates). f, DICimages of Cccl wild-type and 4KRA mutant at

23 uM atindicated time points. Scale bars, 10 pm. Datainb, d and frepresent
three independent experiments.

tothe gel point, the greater the likelihood of generating gelation. This
is readily probed by querying condensate behaviors at higher protein
concentrations. We compared the behaviors of Ccclwild-type and 4KRA
atahigher concentration (23 M) and found that the 4KRA condensates
hardened to a more gel-like state (Fig. 2f and Supplementary Videos 1
and 2). In contrast to the wild-type protein, the 4KRA mutant formed
irregular clumps that failed to become spherical. We propose that the
altered material properties are due to higher densities of crosslinks
introduced by the mutation, which decelerate molecular reconfigura-
tions, leading to dynamically arrested phase separation®*,

Together, these in vitro studies indicate that two basic charge
clustersinthe IDR and the coiled-coil domain control the driving forces

for phase separation of Cccl. Importantly, these mutants allowed two
qualitatively different types of phase separation perturbation—inhibi-
tion of phase separation (6KRA,10KRA and Cccl-CCA) and alteration of
the material properties of the condensates (4KRA)—whereas mutation
ofthe two acidic clusters had no detectable effect. We next tested the
phenotypic effects of these mutants in vivo.

Phase separation-controlling elements program foci formation
To examine whether Ccclforms condensatesin cells, we tagged chro-
mosomal CCCIwitha C-terminal codon-optimized 2xEGFP (enhanced
GFP) by CRISPR (clustered regularly interspaced short palindromic
repeats) editing®*° (Fig. 3a). By also tagging the nuclear pore protein
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Fig. 3 | Phase separation-controlling elements program formatlon of
nuclear condensation in vivo. a, Schematic representation of tagging
chromosomal CCC1 with 2xEGFP in C. neoformans. b, Confocal microscope
images of cryptococcal cells expressing Cccl-2xEGFP and Nup107-mCherry
showing peripheral nuclear localization of Cccl. Scale bar, 5 um. ¢, Expression
of Cccl-2xEGFP in CCCl1 variant strains, as assessed by western blotting using the
antibodies indicated on the left. H3 serves as aloading control. d, Z-projected
with maximum intensity images of cryptococcal cells expressing C-terminally
2XEGFP-tagged Cccl wild-type and mutants. Scale bars, 5 pum. e, At least 180 cells
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(-log,,) are shown for a X’ test performed on contingency tables in which each
mutant was compared with wild-type. f, Fraction of cryptococcal cells harboring
0,1or >2bright foci per cell. g, Live cellimages of cryptococcal cells expressing
2xmNeonGreen-Ezh2 (2xmNG) and Cccl-2xmCherry (2xmCh) (top) and
2xmNG-Ezh2in the absence of Cccl (bottom). Scale bars, 5 pm. h, Distribution

of H3K27me3 in the cellsindicated on the right. BF, brightfield. Scale bars, 2 pm.
Datainb, c,d, gand hrepresent threeindependent experiments.

Nup107 (ref. 31) with a codon-optimized mCherry, we found that endog-
enous Cccl forms distinct foci at the nuclear periphery (Fig. 3b shows
confocalslices), consistent with the association of telomeres with the
nuclear envelope in eukaryotes®.

Toinvestigate whether the elements controlling phase separation
invitro alsoinfluence nuclear condensation of Cccl, we generated cells

expressing Cccl mutants tagged with C-terminal 2XEGFP atits own chro-
mosomal locus. Western blotting showed expression of all mutants,
with the basic cluster mutants and Cccl-CCA displaying somewhat
higher proteinlevels than wild-type (Fig. 3c). Exponentially growing live
cellswere examined by DeltaVision OMX super-resolution microscopy
and Z-projected images (maximum intensity) were obtained (Fig. 3d).
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The phenotypes of nuclear condensation in wild-type and mutants
displayed a notably strong correlation with our invitro data. First, the
strain expressing 4KRA mutant (the ‘hardening’ mutant) formed more
and brighter foci than wild-type. Cells expressing 6KRA and 10KRA,
which displayed inhibited phase separation in vitro, rarely formed
bright foci despite having higher protein levels than wild-type. The
Cccl-CCA protein, which was unable to phase separate in vitro, formed
tiny speckles substantially smaller than wild-type nuclear foci, which
were diffuse across the nucleus instead of forming a distinctive struc-
ture. Cells expressing the three acidic patchmutants did not show dis-
tinguishable phenotypes, also agreeing with the in vitro observations.

To quantify these effects, we developed a CellProfiler pipeline
(Supplementary Table 1)**. We first normalized the intensity of each
condensatetoitsareaandthendefineda‘bright’ condensate as those
inthe top quartile of the intensity pool obtained from wild-type foci as
athreshold. We categorized cells by the number of bright condensates
per cell (0,1and >2; Fig. 3e,f). Whereas almost 70% of cells expressing
the cccI-4KRA allele had >2 bright foci per cell, the fraction of cells
harboring bright foci decreased notablyin cccI-6KRA, cccI-10KRA and
cccl-CCAmutants. By contrast, the three mutants in the acidic patches,
which have no effect on phase separationin vitro, have no substantial
effects on condensates in vivo. Our in vivo studies of wild-type and
seven variants indicate that the determinants of phase separation of
purified Cccl display markedly commensurate effects on endogenous
Cccl condensates in cells. The simplest interpretation of these data
is that Cccl forms condensates in cells via its propensity to undergo
phase separation.

We investigated whether Cccl condensate formation contrib-
utes to anchoring PRC2 at the sites of action. We generated a strain
expressing 2xmNeonGreen-Ezh2 and observed thatitalso forms foci.
By additionally tagging CCCI with2xmCherry, we assessed the relative
localization of Ezh2 and Cccl at endogenous levels (Fig. 3g). Live cell
imaging revealed a strong correlation of Ezh2 and Ccclfoci, indicating
that Ccclfociare enriched for PRC2. Whereas Ezh2 fails to form detect-
able foci in ccc14 (Fig. 3g), Ceclstill forms foci in the absence of Ezh2
(Extended DataFig. 5a), suggesting that Cccl condensates concentrate
and anchor PRC2. This is further supported by our observation that
Ezh2is diffuse in the cccI mutants defective in condensate formation
(cccI-CCA, cccl1-6KRA and ccc1-10KRA) (Extended Data Fig. 5b). In addi-
tion, we observed that Cccl colocalizes with H3K27me3 by performing
immunofluorescenceinthe cells expressing Cccl-2xmCherry (Fig. 3h
and Extended DataFig. 6a). The H3K27me3 signal appeared to be more
dispersed within the nucleus in ccc1A cells as well as in cccI mutants
defectivein condensate formation (Fig. 3h and Extended Data Fig. 6b).
Together, these dataare consistent with a modelin which the partition-
ing of PRC2 into Cccl condensates is required for the proper deposi-
tion of the H3K27me3 mark. We next tested whether these mutants
impacted the fidelity function of Cccl.

Suppression of ectopic H3K27me3 requires Cccl phase
separation

To avoid the potential functional negative impacts of the 2xEGFP tag,
we precisely excised the corresponding sequences from the strains
described above using CRISPR-Cas9 homology-directed repair*° and
then performed H3K27me3 chromatin immunoprecipitation with
high-throughput sequencing (ChIP-seq) analysis (we acknowledge
that the comparison to the microscopy phenotypes is limited by the
distinct genotypes used). As described previously”, we generated
meta-centromere and meta-telomere plots to display the average cen-
tromeric and subtelomeric H3K27me3 enrichment signals, respectively
(Fig. 4a,b and Extended Data Fig. 7a,b). With centromeres aligned at
their midpoints and telomeres to the end of chromosomes, the average
H3K27me3 signalis presented as a function of chromosomal position.
We also measured the chromosomal background-subtracted read
density of the H3K27me3 ChIP-seq signal at subtelomeric regions

versus centromeres (Fig. 4cand Extended Data Fig.7c). As we previously
reported, ezh2A cellslost allH3K27me3 signals across the genome (Fig.
4cand Extended DataFig. 7c,d). Inccc14 cells, centromeric H3K27me3
signalis increased whereas the H3K27me3 signal at the subtelomeric
regionsisreduced (Fig. 4a-cand Extended DataFig. 7a-d), reproduc-
ing our previous findings".

H3K27me3 ChIP-seq analysis of cccI mutants revealed that the
elements controlling phase separation are also required for the proper
deposition of H3K27me3 at subtelomericlocations. First, we found that
the H3K27me3 enrichment patternin the cccI-CCA strainis remarkably
similar to that of the ccc14 strain. The H3K27me3 signal is reduced at
subtelomeresbutincreased at centromeres, indicating redistribution
of Polycomb-mediated heterochromatin asinccciA. Together with the
defective nuclear condensation phenotype of the cccI-CCA mutant, this
resultsuggestsafunctional role of Cccl coiled-coil in heterochromatin
fidelity. Likewise, the three basic patch mutants also exhibited redistri-
bution of H3K27me3 signal from subtelomeric domains to centromeres
(Fig.4a-cand Extended Data Fig. 7a-c). If bright condensate formation
itselfwereimportant for heterochromatin fidelity, one would predict
the 6KRA and 10KRA mutants to be defective in PRC2 anchoring and
heterochromatin fidelity. Notably, the 4KRA mutant, which appears
to undergo dynamically arrested phase separationin vitro and forms
brighter condensatesinvivo, also showed aredistribution phenotype.
This result demonstrates that the material properties of the Cccl con-
densates are also important for heterochromatin fidelity. Consistent
with the redistribution of H3K27me3 observed above, the mutants
harboring the Cccl-KRA and Cccl-CCA proteins displayed transcrip-
tional derepression of subtelomeric genes (Fig. 4d). Also correlating
withtheinvitroandinvivo observations, the three mutantsin the acidic
clusters did not display significant changes.

Ccclcondensates selectively concentrate PRC2 in vitro

The findings described above demonstrate that Cccl phase separation-
controllingelements are required to suppress ectopic H3K27me3 depo-
sition and strongly supportarole of Cccl condensates in ensuring the
fidelity of PRC2. Given that C. neoformans PRC2 subunits themselves
containIDRs (S.L.and H.D.M., unpublished), the simplest model would
be that Cccl condensates directly sequester PRC2. To test this model,
we investigated whether Cccl condensates could selectively concen-
trate PRC2in vitro. For these studies and related structural biology
studies, we cloned cDNA encoding C. neoformans Ezh2, Eed1, Bndl
and Msll, coexpressed them in insect cells and developed a scheme
to purify the complex to apparent homogeneity (Extended Data Fig.
8a-c)**. The purified complex s catalytically active on a nucleosomal
substrate (Extended Data Fig. 8d). Purified PRC2 and Cccl were each
labeled with NHS (N-hydroxysuccinimide) ester-activated fluores-
cent dyes (DyLight 650 and 488) and mixed before inducing conden-
sate formation through a salt shift (Fig. 5a). Although PRC2 (54 nM)
alone did not drive phase separation under the conditions studied in
the present article, the condensates formed by adding Cccl (5.4 uM)
readily colocalized with the PRC2 signal, indicating that PRC2 rapidly
partitionedinto Cccl condensates (Fig. 5b,f). Concentrations of PRC2
and Ccclwere based on the availability and the condition for forming
spherical droplets.

Our previous work showed that redistribution of H3K27me3
to centromeres in cccI chromodomain mutant is dependent on
H3K9me2/3 (ref.15). We also observed that HP1/Swi6 (yeast homolog
of HP1) forms foci that are separated from Cccl fociinvivo (Supplemen-
tary Video 3 shows three-dimensional (3D) images of Swi6-2xmCherry
and Cccl-2xEGFP). Thus, we hypothesized that PRC2 may have a sig-
nificant, albeit weaker, affinity to the phase-separated condensates of
Swié (ref. 35), which would enable some recruitment to HP1domainsin
the absence of sequestration by Cccl. We expressed the 6xHis-tagged
version of C. neoformans Swié in E. coli and purified it by affinity chro-
matography followed by size exclusion chromatography (Extended
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Fig. 4| Suppression of ectopic H3K27me3 deposition by Cccl requires phase
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measured by ChIP-seq. b, Average subtelomeric H3K27me3, as measured by
ChIP-seq. ¢, H3K27me3 at subtelomeric versus centromeric regions as measured
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regions (green bar). d, Transcript levels of Ezh2 target genes in CCCI wild-type
and mutant cells, as determined by quantitative reverse transcription PCR
(RT-gqPCR) (mean t s.d., n =3 independent replicates). Statistical significance
between the wild-type and mutant determined by unpaired, two-tailed Student’s

t-test:***P<0.0001; NS,

notsignificant.
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Fig. 5| Cccl condensates selectively concentrate PRC2in vitro.

a, Recombinant PRC2 and Cccl or Swi6 fluorescently labeled using DyLight 650
(magenta) and DyLight 488 (green), respectively, and assembled before inducing
phase separation. b, Cccl condensationin the presence of PRC2 at indicated time
points. Bottom, images of Cccl with PRC2 at1-h brightness adjusted asind.

¢, Ccclcondensationin the presence of fluorescently labeled BSA as a control.
Forband ¢, condensation wasinduced at room temperature, 20 mM HEPES, pH

7.5and 250 mM NaCl. d, Swi6 condensation in the presence of PRC2. Bottom,
images of Swi6 with PRC2 at 1-h brightness adjusted. e, Swi6 condensation in the
presence of fluorescently labeled BSA as a control. For d and e, condensation

was induced at room temperature, 20 mM HEPES, pH 7.5 and 125 mM NaCl. Scale
bars (b-e), 10 um. f, Time course colocalization of PRC2 and Cccl or Swi6. The
Pearson’s correlation coefficient (PCC; mean * s.d.) was measured from five fields
per time point. Datainb, ¢, d and e represent two independent experiments.

Data Fig. 8e). Swi6 oligomerizes beyond a dimer (Extended Data
Fig. 8f) and undergoes phase separation at a much higher concentra-
tion than Cccl (Extended Data Fig. 8g). We next tested whether PRC2
can be recruited to Swi6 condensates. Although Swi6 (130 pM) read-
ily underwent phase separation, the partitioning of PRC2 into Swi6
condensates was considerably slower and weaker than its partition-
ing into Cccl condensates (Fig. 5d,f). This weak signal is indicative of
specificity because a higher concentration of labeled bovine serum
albumin (BSA; 590 nM) was not concentrated by either Cccl or Swi6
condensates (Fig. 5c,e). With the colocalization of Ezh2 and Cccl foci
in live cells (Fig. 3g), these data demonstrate that PRC2 is selectively
concentrated by Cccl condensates, supporting a potentially direct
role for Cccl condensates in anchoring PRC2 in vivo. Due to the weak
signals of Ezh2 and H3K27me3 in the cccI mutants defective in con-
densate formation (Extended Data Figs. 5b and 6b), we were not able
to visualize the redistribution of PRC2 in vivo by microscopy. Given
the low ChIP signal of ectopic H3K27me3 at centromeres (Fig. 4a and
Extended Data Fig. 7a), the degree of PRC2 redistribution is likely to
be at or below the detection limit.

PRC2 displays low mobility within Cccl condensates

To further investigate the properties of Cccl and Swi6 condensates
invitro, we performed fluorescence recovery after photobleaching
(FRAP) analysis. Swi6 displayed immediate recovery (t,,= 0.9 s) as has
beendescribed for HP1o* (Fig. 6a,b). However, Cccl condensates did not
shownotablerecovery overalO-mintime course, indicating considerably
slower dynamics (Fig. 6¢,d). Although both Cccl and Swi6 condensates
undergo fusion, we observed that the Cccl condensates require minutes
rather than seconds (Fig. 1g) to complete a fusion event and recover a
spherical shape, whereas such events occurred virtually instantaneously
with the Swi6 condensates (Extended Data Fig. 8h). These dataindicate
that the Cccl condensates have considerably lower mobility and distinc-
tive viscoelastic properties compared with Swi6/HP1 condensates. To
investigate the mobility of PRC2in Ccclcondensates, we performed FRAP
experiments with Cccl condensates that had concentrated labeled PRC2
asdescribed above. We observed that approximately 40% of the labeled
PRC2recovered its signal within 5 min (¢,, = 56 s for the mobile fraction)
(Fig. 6¢,f). These data indicate that the PRC2 concentrated within Cccl
condensatesis considerably more mobile than the condensate scaffold.
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droplet analyzed by FRAP analysis. Scale bar, 2 pm. b, Quantitative analysis of
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promoting the fidelity of heterochromatin differentiation. Ccclis concentrated
atsubtelomeric domains via IDR-IDR interactions and dimerization through
acoiled-coil, leading to condensate formation. By concentrating PRC2 within
condensates, Cccl prevents erroneous recruitment of PRC2 and reinforces
heterochromatin marks. CD, chromodomain. Fig. 6g created with BioRender.com.

Discussion

In previous work, we reported a conceptually new role for a chroma-
tin reader protein, the Polycomb-like protein Cccl, in promoting the
fidelity of heterochromatin modification. In the absence of Cccl or
whenits chromodomain was mutated, we observed ectopic deposition
of H3K27me3 at centromeric H3K9me3 domains®. We proposed an
anchoring role for Cccl, but in fact it was unclear how a conventional
physical association with the PRC2 complex would achieve effective
anchoring because dissociation from H3K27me3 domains would in
principle allow modification elsewhere in the genome. Since reporting

these observations, it has been shown that heterochromatin reader
proteins and nucleosome arrays can undergo phase separationin vitro
and HP1 has been found to display liquid-like behavior in vivo**7%353¢,
Phase separation canbe promoted by associative interactions between
disordered protein segments as well as more conventional interactions
between folded domains'*?*, IDR-IDR interactions can be mediated
by opposite charges on side-chains, hydrophobic interactions and
cation-tinteractions. As Ccclharbors alarge IDRwith charge clusters,
as well as a predicted coiled-coil domain, it appeared to be a protein
withthe potential multivalency required for phase separation. Indeed,
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we found that recombinant Cccl phase separates readily in vitroin a
manner that is antagonized by high salt. Cccl forms spherical drop-
lets that fuse, but displays very slow dynamics, which suggestsamore
structured viscoelastic propensity relative to purely viscous systems.
These in vitro properties raised the possibility that the biologically
relevant anchoring/fidelity function of Cccl might be underpinned
by its ability to form condensates.

We hypothesized that charged clusters in the IDR of Cccl and
its coiled-coil domain might contribute to phase separation. Among
the four most prominent clusters of like-charged residuesin Cccl, we
identified two basic clusters that modulate phase separation, one
that promotes it and another that limits condensate gel formation.
In contrast, three mutations in two negatively charged clusters had
no effect. Finally, the coiled-coil domain was essential for both phase
separation and dimerization. Using precise gene replacement, we
replaced the endogenous CCCI gene with these variants and tagged
it with 2xEGFP. Super-resolution microscopy revealed a notable
correlation with the in vitro phenotypes: wild-type Cccl formed
foci. Whereas the mutants defective in phase separation (6KRA,
10KRA and CCA) formed considerably fewer foci, the ‘gelling’ mutant
(4KRA) formed more and brighter foci. In contrast, the acidic cluster
mutants (4DEA, 5DEA and 9DEA) displayed no detectable difference
in phase separation or foci formation. These data strongly argue
that the intrinsic associative properties of Cccl program its in vivo
mesoscale behavior.

Given that Cccl foci are enriched for PRC2, we asked whether
thisbehavior had any relevance to the biological function of Cccl. We
tested the effect of the mutants on H3K27me3 distributionin vivo. This
analysis revealed that mutants that decrease the formation of bright
foci (6KRA, 10KRA and CCA) or increase it (4KRA) display ectopic
H3K27me3 deposition, whereas the three mutants that do notimpact
invitro phase separation or in vivo focus formation display wild-type
behavior. These findings lead us to conclude that the mesoscale prop-
erties of the Cccl protein are important for its biological function.
The fidelity defect of the gelling 4KRA mutant, albeit modest, was
not entirely expected because such a mutant might be anticipated
to effectively anchor PRC2. A parsimonious model would be that the
partitioning of a portion of newly synthesized PRC2 into 4KRA domains
isdefectiveinvivo.

The key questions we asked next were about: (1) how Cccl con-
densation could enable effective anchoring of the PRC2 complexin a
manner that limitsits access to HP1 heterochromatin and (2) how HP1
heterochromatinrecruitsit (albeitin alimited fashion) in the absence
of Cccl. To address these questions, we tested the simplest possi-
bility, namely that Cccl condensates could directly and specifically
concentrate PRC2. Indeed, this is precisely what we observed: Cccl
droplets effectively concentrate an enzymatically active, recombinant
four-subunit C. neoformans PRC2. By contrast, Swi6/HP1 droplets
concentrate PRC2 only weakly, consistent with the significant but
limited degree of ectopic H3K27me3 in cells lacking Cccl. Consistent
with the notion that Cccl functions to sequester a limiting amount of
PRC2, we found that Ccclis considerably more abundant than PRC2in
cells (Extended Data Fig.1a). We also showed that Ccclfociformation
programmed by its IDR is required for concentrating PRC2 in vivo,
raising the possibility that IDR-IDRinteractions play arolein Cccland
PRC2interaction (Fig. 6g). The mechanism of PRC2 concentration by
Cccl condensates needs to be studied further.

Our results do not rule out additional roles for the phase separa-
tion propensities of heterochromatin reader proteins’. Indeed, the
reduced H3K27me3 at subtelomeric regions inthe condensate-altering
Ccclmutants suggests that concentration of PRC2 by Cccl condensates
may also be required for effective recruitment toits nucleosome sub-
strate, its spread and/or its heritability. Conceptually, writer partition-
inginto a condensate offers amodified view of reader-writer coupling
that superimposes phase separation onbimolecular binding reactions.

Our finding that Cccl associates with the HDAC ortholog CIr3
(Extended Data Fig. 1b), which is required for H3K27me3 (ref. 15),
suggests that histone tail deacetylation may also play a role in these
processes in vivo”. As histone tail deacetylation has been shown to
promote phase separation of nucleosome arraysin vitro, cooperative
action of reader and deacetylation-dependent nucleosome phase
separationseems possible. Alternatively, deacetylation might primarily
serve to enable tail modification by PRC2.

Asoutlinedintheintroduction, one of the human Polycomb para-
logs, CBX2,acomponent of PRC1, harbors an IDR that mediates phase
separation in vitro and focus formation in vivo”®. Likewise, a compo-
nent of the Drosophila PRC1 complex, Ph, has been shown to promote
phase separationinvitro viathe sterile « motif (SAM) domaininterac-
tions and a mutant defective in these interactions has been shown to
have a phenotype in flies®. For CBX2, two mutants defective in phase
separation and focus formation, one that alters 23 lysine residues and
anotherthatalters 13 lysine residues, have been shown to display axial
patterning defects in mice®’. As this region has been shown to medi-
ate compaction of nucleosome arrays in vitro’, it has been suggested
that chromatin compaction may be the in vivo function of this region
of CBX2 (ref. 7). However, the single molecular tracking experiments
show low target site occupancy of PRC1 in live cells, which has been
suggested to be inconsistent with acompaction function®. Moreover,
artificialinduction of Polycomb phase separation using heterologous
multivalentinteractions does not actively trigger compactionin vivo*’.
Thus, the function of animal PRC1 phase separation (and the ensuing
Polycomb bodies) remains to be determined. To our knowledge, arole
inheterochromatin fidelity akin to what we have described for Cccl has
notbeenruled out for these metazoan proteins.

Many chromatin-associated proteins and nucleosome arrays
themselves have been shownto display a propensity to undergo phase
separation in vitro>**#1012364142 1n many cases, the same proteins are
present in subnuclear foci in vivo. It has been stated that such prop-
erties may merely be an unavoidable consequence of the crowded
intracellular environment and the physics of polymers rather than
a reflection of biological significance®***. In contrast to this view of
‘condensates as side effects’, the data in the present study provide
evidence that the mesoscale biophysical properties of a chromatin
reader proteinare important for its in vivo function, one that requires
the compartmentalization of chromatin-modifying enzyme at sites
of'its previous action. Such compartmentalization may be criticalina
dense nuclear environment.
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Methods

Yeast strains and growth conditions

Yeast strains used inthe present study are listed inSupplementary Table
2.C.neoformans strains were constructed by biolistic transformation®
or CRISPR-based homologous recombination®*. Sequences of oligo-
nucleotidesarelisted in Supplementary Table 3. Genetic manipulations
were confirmed by PCR and Sanger sequencing. C. neoformansstrains
were grown in YPAD medium at 30 °C.

Affinity purification and mass spectrometry

C. neoformans strains encoding CBP-2xFlag-tagged Ezh2 and Cccl were
grown to log phase, harvested and snap frozen. Frozen cells were pul-
verized in a Freezer/Mill (SPEX SamplePrep 6870) and thawed lysates
were treated with 1,000 U of RQ1 DNase (Promega, catalog no. M6101)
for 30 min at room temperature. Once the lysates were cleared by cen-
trifugation at40,000g for 40 minat4 °C, tagged proteins were purified
using anti-Flag M2 Affinity Gel (Sigma-Aldrich, catalog no. A2220) and
eluted with 3xFLAG peptide (Sigma-Aldrich, catalogno.F4799).Flagelu-
ateswere purified using Calmodulin Affinity Resin (Agilent, catalog no.
214303) and then eluted using 3 mM ethylene glycol bis(2-aminoethyl)
tetraaceticacid (EGTA). Purified proteins and associating partners were
analyzed by mass spectrometry as previously described™*.

Analysis of protein disorder, structure and charge distribution
Prediction of protein disorder and structured domains was performed
using IUPred3 (ref. 47), InterProScans (ref. 48), Waggawagga*’ and
Multicoil2 (ref. 50). The charge distribution of Cccl was calculated
using CIDER".,

Recombinant protein expression and purification

The cDNAs of Cccl wild-type, mutants and Swié were clonedintoapBH4
vector for expression and purified from E. coli BL21 (DE3) strains. Cells
were grown to anoptical density at 600 nm (ODg,) 0.6-0.8 at37 °Cin
2x Luria-Bertani (LB) broth with100 pug ml™ of carbenicillinand induced
with 0.1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at 18 °C
for 18 h. Cell pellets were resuspended in lysis buffer 20 mM HEPES,
pH 7.5,300 mM NacCl, 10 mM imidazole and 10 % (v:v) glycerol) with
10 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors
(Sigma-Aldrich, catalog no. P8849) and lysed by sonication (Qsonica
5). Cell lysate was cleared by centrifugation at 20,000g for 30 min at
4 °Candincubated with HisPur Cobalt resin (Thermo Fisher Scientific,
catalog no.89964) for 1 h at 4 °C. Resin was washed with 20 resin-bed
volumes of lysis buffer and eluted with elution buffer (20 mM HEPES,
pH 7.5,300 mM NacCl, 250 mM imidazole and 10% (v:v) glycerol). For
full-length Cccl, eluate was dialyzed into HiTrap butyl buffer A (50 mM
sodium phosphate, pH 7.2, 0.5 M ammonium sulfate and 10% (v:v)
glycerol) and injected on a HiTrap butyl HP column (GE Healthcare,
catalog no. 28411005). Elution was performed with a 0-100% linear
gradient of HiTrap butyl buffer B (50 mM sodium phosphate, pH7.2and
10% glycerol) over 10 column volumes. Alternatively, affinity-purified
proteinwasinjected onaHiLoad 16/600 Superose 6 pg SEC column (GE
Healthcare, catalog no. 29323952) to run with storage buffer (20 mM
HEPES, pH 7.5, 500 mM NaCl, 1 mM dithiothreitol (DTT) and 10% (v:v)
glycerol). Hydrophobicinteraction chromatography and size exclusion
chromatography achieved a comparable level of protein purity. For
Cccl1-CCA and Swié, size exclusion chromatography was performed
on a HiLoad 16/600 Superose 6 pg SEC column with storage buffer
(20 MM HEPES, pH7.5,250 mM NaCl,1 mMDTT and10% (v:v) glycerol).
Purified proteins were concentrated using Amicon Ultra Centrifugal
Filter units (EMD Millipore, catalog no. UFC905024) and snap frozen
inliquid N, tostoreat-70 °C.

Mass photometry analysis
Mass photometry measurements were carried out on a Refeyn OneMP
mass photometer; 15 pl of buffer 20 mM HEPES, pH 7.5, and 250 mM

NaCl) was loaded withinsilicone gaskets (Grace Bio-Labs) ona cleaned
cover glassslide. Once signal and focus were optimized, 1 pl of protein
was added to the buffer and mixed well by pipetting to achieve a final
protein concentration of 50-75 nM. Images were acquired for 60 s
(5,880 frames) and analyzed using DiscoverMP (Refeyn). BSA (mono-
mer, 66 kDa, and dimer, 132 kDa) and apoferritin (24-mer, 480 kDa)
were used for calibration.

Turbidity measurement of protein condensates

Purified Cccl was buffer exchanged to 20 mM HEPES, pH 7.5, and
500 mM NaCl to get rid of DTT and glycerol in storage buffer. Phase
separation was induced by adding 1 volume of 20 mM HEPES, pH 7.5
to achieve afinal concentration of 250 mM NacCl. Proteins, 15 pl, were
immediately loaded into a clear-bottomed 384-well plate (Corning).
Absorbance (A5, ,m) Was measured using a Synergy H1 plate reader
(BioTek) at room temperature and analyzed by GraphPad Prism 9.

Microscope imaging of protein condensates

Proteins were buffer exchanged to20 mM HEPES, pH7.5,and 500 mM
NaCl and diluted to a concentration to be tested. Once phase separa-
tion had been induced, 15 pl of proteins was immediately plated on
toaglass-bottomed, 384-well plate (Greiner Bio-One) and imaged on
a Nikon Ti2 Eclipse inverted epifluorescence microscope with a x40
objective at room temperature. Counting protein condensates in a
field ata30-min timepoint was performed by Find Maxima algorithm
in Fiji and the data were analyzed by GraphPad Prism 9. Labeled pro-
teins were imaged using FITC and Cy5 filter sets and a x40 objective.
Images were analyzed in Fiji and the datawere analyzed by GraphPad
Prism 9.

Proteinlabeling

Purified Cccl and Swi6 were labeled using an amine-reactive dye,
DyLight 488 NHS Ester (Thermo Scientific, catalog no.46403). Approxi-
mately 250-500 pl of purified protein at 1 mg ml™ was added to the
vial containing the dye, mixed well by brief vortexing and incubated
for1h at room temperature. Nonreactive dyes were removed using
dye removal columns (Thermo Fisher Scientific, catalog no. 22858)
or by dialysis. Labeled and unlabeled proteins were mixed (1:25-1:50)
beforeinducing phase separation. Recombinant PRC2 waslabeled with
DyLight 650 NHS Ester (Thermo Fisher Scientific, catalog no. 62266).

Live cellimaging

To examine localization of Cccl, C. neoformans cells encoding both
C-terminal 2xEGFP-tagged Cccl and C-terminal mCherry-tagged
Nup107 were grown in synthetic complete medium at 30 °C to log
phase. For cell wall staining, cells were harvested, washed with
phosphate-buffered saline (PBS) and resuspended in 50 pl of PBS
containing Calcofluor white (20 pg ml™; Sigma-Aldrich, catalog no.
F3543). After a5-minincubation, cells were washed with PBS twice. Live
cellimaging was done on aNikon Ti-inverted fluorescence microscope
with CSU-22 spinning disk confocal using DAPI, FITC and Cy3filter sets
and a x100 oil objective. Images were analyzed in Fiji.

To quantify nuclear condensation, C. neoformans cells encoding
C-terminally 2xEGFP-tagged Cccl wild-type and mutants were grown
in YPAD at 30 °C to log phase, harvested and stained with Calcofluor
white. Live cell imaging was carried out on a DeltaVision OMX Super
Resolution microscopy system using DAPI and 488-nm channels. A
Z-stack of images was acquired with 0.125-um spacing and projected
using maximum intensity. Images were analyzed with CellProfiler
using a customized pipeline® (Supplementary Table 1). In brief, cell
membranes and foci, along with measurements of brightness and area,
were identified. Foci contained within a cell membrane were retained
and all others were filtered out. Brightness of foci was normalized to
therespective area. Bright foci were defined as ones with a value above
the upper 75% quantile of the wild-type.
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To investigate colocalization of Ezh2 and Cccl, live cells express-
ing both 2xmNeonGreen-Ezh2 and Cccl-2xmCherry (wild-type and
mutants) were grown in YPAD at 30 °C to log phase, washed with PBS
and imaged on a Nikon Eclipse Ti2-inverted fluorescence microscope
with a x100 oil objective. Images were analyzed in Fiji.

Immunofluorescence

Immunofluorescence to detect H3K27me3 was performed in C. neo-
Jformans cells expressing Cccl-2xmCherry. Cells were grown in 20 ml
of YPAD at 30 °C to ODy, of 0.5, harvested and washed with water.
Cellswere treated with lysing enzymes from Trichoderma harzianum
(10 mg ml™, Sigma-Aldrich, catalog no. L1412) in 5 ml of spheroplast
buffer (100 mM sodium citrate, pH 6.0, 1M sorbitol, 10 mM EDTA
and 35 mM 2-mercaptoethanol) for 2 h at 37 °C. Digested cells were
fixed in ice-cold methanol for 30 min at -20 °C, washed with PBS 3x
and permeabilized in PBS containing 1% (v:v) Triton X-100 (PBST)
for 10 min at room temperature. Cells were then washed with PBS
and treated with blocking buffer (0.1% PBST containing 1% BSA) for
1h.Cellswereincubated with the antibody against H3K27me3 (1:100
diluted in blocking buffer) overnight at 4 °C, washed with blocking
buffer and treated with Alexa Fluor-488 goat anti-rabbit IgG H&L
(1:1,000 diluted in blocking buffer; Abcam, catalog no. ab150085)
in the dark for 1 h at room temperature. Next, cells were washed
with blocking buffer, counterstained with DAPI (5 pg ml™in PBS) for
30 mininthe dark and washed with PBS. Imaging was performed on
a DeltaVision OMX Super Resolution microscopy system. Images
were analyzed in Fiji.

Western blotting

C. neoformans cells were cultured in YPAD medium at 30 °C and har-
vested at 0D, 0f 1.0. Cell pellets were resuspended in 200 pl of 10%
trichloroaceticacid. After al0-minincubationonice, pellets were cen-
trifuged at12,500g for 5 minat4 °C and washed withice-cold acetone.
Air dried pellets were resuspended in 200 pl of 2x Laemmli buffer
adjusted with 80 pl of Tris-HCI, pH 8.0 and bead-beaten 2x for 90 s. The
lysates were boiled at 100 °C for 5 min and centrifuged at20,000g for
10 min. The supernatant was collected and resolved on 4-12% NuPAGE
Bis-Tris protein gels (Invitrogen). Gels were transferred on to nitrocel-
lulose membranes at 30 V for 2 h. Membranes were blocked for 1 hiin
5% (w:v) milkin tris-buffered saline and Tween-20 (TBST) and washed
with TBST for 3 x 5 min. Western blotting was performed with rabbit
polyclonal anti-GFP (1:3,000, Abcam, catalog no.ab290 or1:3,000, Inv-
itrogen, catalog no. A11122) and rabbit polyclonal histone H3 antibody
(1:1,000, Invitrogen, catalog no. PA5-16183) diluted with 5% milk in TBST
for 1h followed by four 5-min washes in TBST. The membranes were
then incubated with horseradish peroxidase-conjugated, secondary
antibody goat anti-rabbit (1:20,000; BioRad, catalog no.1706515) for
1hfollowed by four 5-min washesin TBST. Membranes were developed
using a SuperSignal West Femto Maximum Sensitivity Substrate kit
(Thermo Fisher Scientific, catalog no. 34095) and imaged using an
Azureimager.

ChIP

ChIP was performed as previously described” with modifications.
C.neoformans cells at OD,, 0f 1.0 were crosslinked with formaldehyde
and lysed using abead beater (OmniInternational, 8% for 90 s). Lysates
were clarified by centrifugation at 6,800g for 10 minand the pellet was
sonicated using a Bioruptor Pico (Diagenode, 25 cycles of 30 son and
30 s off). The supernatant collected by centrifugation at 20,000g for
20 minwasincubated with antibody against H3K27me3 and protein A
Dynabeads (Invitrogen, catalog no.10002D) overnight at 4 °C. Library
preparation was carried out using NEBNext Ultra [l DNA Library Prep
Kit (New England BioLabs, catalog no. E7103L).

ChIP-seq analysis

Sequencing reads were trimmed for adapter sequence (GATCGGAAGA)
using Cutadapt®”and aligned to the C. neoformans genome using Bowtie
(modified parameters: -v2, -M1, --best)*., Alignment files were sorted
and indexed using SAMtools** and bedgraph files were generated using
BEDTools*. Each bedgraph file was scaled by a million aligned reads,
normalized to the corresponding whole-cell extract at each genomic
position and smoothed using a 500-bp centered rolling mean. For
meta-centromere and meta-telomere plots, bedgraph read depth
values were summed using ‘bedtools map -o sum’ against customized
defined,1,000-bp bins spanning each telomere or centromere, as well
asagainst noncentromeric and nontelomeric loci. A background read
depthvalue was determined as the total noncentromeric and nontelo-
meric bedgraphvalues per chromosome divided by the total length of
noncentromeric and nontelomeric DNA on each given chromosome.
Foreach1,000-bp bin, the total read depth sumwas divided by the bin
width and the background value for the matched chromosome was
subtracted fromthis value toyield an average read depth value for that
bin. Thereported values in the figures reflect the average value of the
nthbinacross all nth binson all chromosomes. For read-density plots,
centromericreads, telomeric reads, background (noncentromeric and
nontelomeric) reads, as well as total reads were counted from bam files
using ‘samtools view -L’. Reads per kilobase per million mapped reads
(RPKM) values were calculated as (reads per feature x 1000,000,000)/
(length of feature x total readsin sample). Reported log(fold-change)
values were calculated as log;,(telomeric or centromeric RPKM/back-
ground RPKM).

RT-qPCR

C. neoformans cells were cultured in YPAD medium at 30 °C and har-
vested at an OD,, of 1.0. Cell pellets were resuspended in 0.5 ml of
TRIzol (Thermo Fisher Scientific, catalog no.15596026) with 0.5-mm
Zirconia/Silica Beads (BioSpec Products, catalog no.11079105Z) and
lysed using abead beater for 1 min. Chloroform, 100 pl (Sigma-Aldrich,
catalogno.472476) was added and mixed gently and then centrifuged
at12,500g for 15 min at 4 °C. The upper aqueous phase was collected
and further purified using an RNA clean and concentrator kit (Zymo
Research, catalog no.R1013). Reverse transcription (RT) was performed
on1pg of DNase-treated RNA using a SuperScript Il Reverse Tran-
scriptase (Invitrogen, catalog no.18080044). Quantitative PCR was per-
formed using a PowerUP SYBR Green Master Mix (Applied Biosystems,
catalog no. A25742) to determine the expression of CNAG_06524 and
CNAG_05333relative to ACT1 and the data were analyzed by GraphPad
Prism9.

Expression and purification of recombinant PRC2

The cDNAs of four components of the PRC2 complex (EZH2, EED1,
BND1and MSL1) were cloned into a pLIB vector individually to generate
a gene expression cassette (GEC) containing a polyhedrin promoter,
atagged cDNA and an SV40 terminator. Each cDNA was tagged as
follows: pLIB-3xStrep-Tagll-HRV3C-EZH2, pLIB-9xHis-HRV3C-EED1,
pLIB-Flag-HRV3C-BND1 and pLIB-6xHis-TEV-MSLI1. Four GECs were
amplified and cloned together into a pBIGla baculovirus expression
plasmid by Gibson assembly**. Bacmid containing the complex was
generated in DH10Bac cells and used for infection and expression in
SF9insect cells for 72 hat 27 °C. After expression, cell pellets were lysed
using an Emulsiflex C3 homogenizer (Avestin) in purification buffer
containing 20 mM HEPES, pH 7.5, 0.5 mM MgCl,, 20% glycerol, 1 mM
DTT and 600 mM NaCl with protease inhibitor mix (Roche). Clarified
lysate was incubated with Anti-Flag M2 Affinity Gel (Sigma-Aldrich)
for 2 h. The beads were washed extensively with the purification
buffer. The complex was eluted off the beads using 4 mg of Flag pep-
tides (Bio-Synthesis Inc.) and dialyzed into HiTrapQ buffer A (20 mM
Tris-HCI, pH7.5,150 mM NaCland1 mM DTT). The complex was bound
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to aHiTrap Q FF column (GE Healthcare) and eluted with a linear gra-
dient of HiTrapQ buffer B (20 mM Tris-HCI, pH 7.5,1M NaCland 1 mM
DTT). The peak fraction containing the four-component complex
was then applied to a Superose 6 Increase column (GE Healthcare)
pre-equilibrated with the storage buffer (20 mM HEPES, pH7.9,50 mM
NaCl, 5% glycerol and 2 mM 2-mercaptoethanol). Peak fractions con-
taining the four-component PRC2 complex were concentrated, snap
frozen and stored at -80 °C.

Histone methyltransferase assay

Methyltransferase activity of the recombinant PRC2 on nucleosome
assembled with H3 (Xenopus histone H3 with 28SAPAT32 that was
replaced for 28QTTTSAA34 of C. neoformans histone H3). Reaction vol-
umes of 20 pl containing PRC2 were mixed with 300 nM nucleosomes
in methyltransferase buffer (20 mM Tris-HCI, pH 8.0, 50 mM NaCl,
1mMDTT, 0.1 mg ml™ of BSA and 40 pM S-adenosyl methionine). The
reactions were incubated for 30 min at 30 °C and stopped with 5 pl of
0.5% trifluoroacetic acid. The S-adenosyl-L-homocysteine produced
was measured using MTase-Glo Methyltransferase Assay Kit (Promega,
catalog no. V7601). Luminescence measurements were performed
using an EnSpire 2300 Multilabel plate reader (Perkin Elmer) and the
datawere analyzed by GraphPad Prism 9.

FRAP analysis

FRAP experiments were performed ona Nikon Ti-inverted fluorescence
microscope with CSU-W1 confocal using a x100/1.4 numerical aperture
oilimmersion objective at room temperature. Condensates were assem-
bledin10 plas follows: 5 uM Cccl containing 2% labeled Ccclin 20 mM
HEPES, pH 7.5, 250 mM NacCl, 180 pM Swi6 containing 2% labeled Swi6
in20 mMHEPES, pH7.5,125 mM NacCl, and 5 puM Ccclwith 54 nMlabeled
PRC2in20 mMHEPES, pH7.5and 250 mM NaCl. FRAP experiments were
donewithin1hofproteins being plated onto aglass-bottomed, 384-well
plate (Greiner Bio-One). Cccl photobleaching was done with a405-nm
laser for 100-ms exposure at 30 mW of laser power. Postbleachingimages
were acquired with a I-min interval for 10 min. Swi6 photobleaching
was done witha405-nmlaser for1-sexposure at 100 mW of laser power.
Postbleaching images were acquired with a200-ms interval for 10 s.
Photobleaching of PRC2 was performed with a405-nmlaser for 300-ms
exposure at30 mW of laser power. Postbleachingimages were acquired
witha5-sinterval for 10 min. Intensity measurements were done with Fiji
and the datawere analyzed by GraphPad Prism 9. Fluorescence intensi-
ties of photobleached regions were corrected by unbleached control
regions and then normalized to prebleached intensities™.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

ChIP-seq datawere deposited inthe Gene Expression Omnibus under
accession no. GSE195824. Live cell imaging data to quantify nuclear
condensates were deposited in Figshare (https://figshare.com/s/
ecee627eelc7d05a91b0). Source data are provided with this paper.

Code availability

The customized Cellprofiler pipeline is described in Supplementary
Table 1 and available at https://github.com/madhanicode/sujin-
lee_cellprofiler. The scripts used to analyze and generate graphs for
ChIP-seq data are available at https://github.com/madhanicode/
sujinlee_chipseq.
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Extended Data Fig.1| Ccclis not a tightly bound core subunit of PRC2
complex. (a) Expression of endogenous Cccland Ezh2 with a C-terminal CBP-
2XFLAG tag, as assessed by western blotting using the antibodies indicated on the
left. H3 serves as aloading control. Data are representative of two independent

Ccc1-CBP-2XFLAG

CNAG Name
00083 Ccc1
01563 CIr3
04790 Eza1

experiments. Protein interaction partners of (b) Cccland (c) Ezh2. Each bait

Ezh2-CBP-2XFLAG

CNAG Name
07553 Ezh2
02345 Eed1
07433 Bnd1
03297 Msl1
04762 Ras2

01920  polyubiquitin
06125 TEF1 alpha
05556
03959
01170

protein was purified by tandem affinity purification following DNase treatment
and its proteininteraction partners were determined by mass spectrometry.
Subunits of the PRC2 complex are indicated in bold. Likely contaminants have
been excluded (Supplementary Table 4).
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Extended Data Fig. 2| Determination of oligomerization status of
purified Cccl wild-type and mutants. (a) Purified 6XHis-Cccl wild-type,
C-terminally truncated Cccl-CCA (1-434 amino acids), and IDR mutants. Data are

and 250 mM NaCl.

representative of three independent experiments. Mass photometry analysis of
(b) Ccclwild-type, (c) Cccl-CCA, (d) CcclIDR mutantsin 20 mM HEPES, pH 7.5,
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a
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e f 250 mM NaCl
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5 uM Ccc1 4.5 uM Ccc1 ‘ 5uM Cc1 4.8 uM Ccct
Extended DataFig. 3 | Cccl undergoes phase separation invitro and forms wasinduced for 30 minin 20 mM HEPES, pH 7.5, buffer containing 500, 250,
liquid-like droplets. (a) DIC images of concentration-dependent wild-type Cccl and 150 mM NaCl. Scale bars, 10 pm. (e) Salt-dependent reversibility of Cccl
condensate formation in 20 mM HEPES, pH 7.5, and 250 mM NaCl. Scale bars, condensate formation. After 10 min induction of condensate formationin 20 mM
10 pum. (b) Cccl condensate formation with or without prior nuclease treatment. HEPES, pH 7.5, and 250 mM NaCl, NaCl concentration of buffer was adjusted to
For nuclease treatment, 20 pl of 20 uM Cccl was incubated with 1 pl of TURBO 500 mM. Scale bars, 10 um. (f) After 10 min induction of condensate formation
DNase (2 U/pl) and 1 pl of RNase A (10 mg/ml) at RT for 1 h. Scale bars, 10 pm. in20 mM HEPES, pH 7.5, and 150 mM NaCl, NaCl concentration of buffer was
(c) Ccclcondensate formation in the presence of 2.7 kbp DNA. Scale bars, 10 pm. adjusted to 250 mM. Scale bars, 10 pm. Data are representative of three (a, d, e, f)
(d) Salt-dependent Cccl condensate formation. Phase separation of 5 uM Cccl or two (b, ¢) independent experiments.
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a Ccc1 protein sequence

1: MTDGYRGSEE PSPEIPSTQF IPEANDADNL YEAVEIMDER GAPVDGEYLI KWSGTDKYGR PWKPSWEKKS GCTDALIMEW KEKKRRHPTI
AAAA
91 VGKEGEKLKK LEKQERTSKT KKRKRKSEIA VKREPGVTPV KKNKTSVGKA AARSRASVDS PASTARTGRK SRASLTSVSA GTPSESPAPV
AAAAAA
181 AGPSRNRPSL GDHEDVSEDS DVLTHATRRG GMTRFRSRES QIEPNSPEVQ LARPSSLKSL SAKATSPPTS DQRPKKSVIT FSGPKFRETP
271 SRPSLQPTIT PSHLNSPNSR ARNGDKSPLF LPNSSLESND TVEPSHTITS AVTSQVEAIE RFSSPPFMRH ELLARGQEEV RKLAEEGRSG
361 IHRAGHSDDE EVQEVAKPPS KGKGRANEKI DDDEEVVEAD NILSPPDFNL NEFLSSKRPA PVARGPSPYG QHPAVIDLKN AKKKITWLEG
AAA A AAAAA

451 ELTYSEKARK KAEERPKDFV DSAELRKAKK DIERLKAELK NAQDARTSAE DLLAHSGNDE TTKILKLCKQ ISDLKENLMA IQVEKGDLEE
541 KLKENPDSKE LAKVKKELDE QLKERKDLKL EKESFKLLLS SLNDDLDTVK KELQISNAQN AKLEKKVKDS DNAELVKLRK EMEDLRAKLG
631 NVIMEKEELR HQLMNHPDTA ELAKVREEVK DFNSVINEAL FEKKKLEEYL ANHPDTAALA DARSELKSLS SQLEEARQSL TSSDAEMEYL
721 RERIASAERS HKNLVEDNAF MRKQYDEASN RAVEEVQQAN LLRDQVKRLT GQLKVGLKQR EIFNATVAAQ RDDEICKLRA QIKVLLDQSR
811 RTDDDIRHKA QFYKKYKAEY DNIVRTASEQ SDKIERLEER VETLVDKLET LRAVKMGAFD VDESEDENGN RRKGVSPIRF HTPNEGPTAA
901 RLPFPDTSAD GNVFGVQVLQ EAQANRPAIK EGGEGYVCKW RVGDENCQVV CDTVEEIHTH AIAHQRAELE AKGIII
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Extended Data Fig. 4| Cccl phase separation is programmed by two basic (c) Concentration-dependent condensate formation of Cccl wild-type and IDR
charged clustersin IDR. (a) Cccl protein sequence. IDR, chromodomain, mutants in20 mM HEPES, pH 7.5, and 250 mM NaCl after 2 h of plating. Scale bars,
coiled-coil, and IDR mutation sites are as indicated. (b) Cccl charge distribution. 10 um. Dataare representative of three independent experiments.
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Extended DataFig. 5| Ccclfociare enriched for Ezh2. (a) Live cell images of Ccc1-2XEGFP foci in the wild-type and ezh24. Scale bars, 5 pm. (b) Live cell images of cells
expressing 2XmNeonGreen-Ezh2 and Cccl variants tagged with 2XmCherry. Scale bars, 5 um. Datain a and b are representative of three independent experiments.
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Extended Data Fig. 6 | Ccclfociare colocalized with H3K27me3. (a) Live cell images of Cccl variants tagged with 2XmCherry. Scale bars, 5 pm. (b) Distribution of
H3K27me3 in cells expressing Cccl variants tagged with 2XmCherry. Scale bars, 2 um. Datain a and b are representative of three independent experiments.
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Extended Data Fig. 7 | ChIP-seq analysis of the replicate sequencing libraries. bar) as measured by ChIP-seq. Density (RPKM) of signal above background is

(a) Average centromeric H3K27me3. (b) Average subtelomeric H3K27me3.
(c) H3K27me3 at subtelomeric (blue bar) versus centromeric regions (green

reported. (d) ChIP-seqtra

ces of H3K27me3 signal across chromosome 13 in cells

expressing Cccl variants or cells lacking Cccl or Ezh2.
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Extended Data Fig. 8 | Purification of catalytically active PRC2 complex and
Swié. (a) Schematic representation of the PRC2 coexpression construct. Each
gene expression cassette contains a polyhedrin promoter (P,,;), acDNA of the
PRC2 component, and an SV40 terminator (term). The cDNAs are tagged as
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Data collection Microscopy data were acquired with NIS-Elements and Micro-Manager.
Prediction of protein disorder and structured domains was performed using IUPred3, InterProScan5, Waggawagga and Multicoil2.
Charge distribution of protein was calculated using CIDER.

Data analysis Microscopy data were analyzed in Fiji and CellProfiler using a custom-made pipeline described in the Supplementary Table 1 and available at
https://github.com/madhanicode/sujinlee_cellprofiler. Data analyses were conducted using GraphPad Prism 9.
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- Accession codes, unique identifiers, or web links for publicly available datasets
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

ChIP-seq data were deposited in the Gene Expression Omnibus under accession number GSE195824. Live cell imaging data to quantify nuclear condensates were
uploaded to figshare. Source data are provided with the manuscript.
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Sample size The sample sizes are indicated in the figure legends. Sample sizes were determined based on our experience (Dumesic et al., DOI 10.1016/
j.cell.2014.11.039) and accepted practice in the field balancing statistical robustness and available resources.

Data exclusions  Protein hits filtered out from the mass spectrometry results are given in Supplementary Table 4.
For the analysis of nuclear condensates, foci contained within a cell were retained and all others were filtered out.

Replication All conclusions were based on findings reproduced in triplicated or at least duplicated experiments.
Randomization  Not relevant. All experiments involved comparison of isogenic wild type and mutants.

Blinding Microscopy data collection was guided by blinded investigators.
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Antibodies

Antibodies used Rabbit Polyclonal Anti-GFP (1:3000, Abcam ab290)
GFP Tag Polyclonal Antibody (1:3000, Invitrogen A11122)
Histone H3 Polyclonal Antibody (1:1000, Invitrogen PA5-16183)
Goat Anti-Rabbit 1gG (H + L)-HRP Conjugate (1:20000, Bio-Rad 1706515)
Anti-H3K27me3 (1:100 for immunofluorescence, This laboratory)
Goat Anti-Rabbit IgG H&L (Alexa Fluor 488) preadsorbed (1:1000, Abcam ab150085)

Validation All antibodies used in this study except anti-H3K27me3 are commercially available and have been validated by the manufacturer.

See information associated with catalog numbers: https://www.abcam.com/products/primary-antibodies/gfp-antibody-ab290.html?
productWallTab=ShowAll, https://www.thermofisher.com/antibody/product/GFP-Antibody-Polyclonal/A-11122, https://
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Anti-H3K27me3 was previously validated in studies of our laboratory (Dumesic et al., DOI 10.1016/j.cell.2014.11.039).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Sources of yeast strains are given in the Supplementary Table 2.
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Authentication Yeast strains were verified by PCR and Sanger sequencing.
Sf9 cells were prepared as serum-free, suspension cultures from Sf9 cells that originated at the USDA Insect Pathology
Laboratory. Sf9 cells certificates of analysis are available at https://www.thermofisher.com/order/catalog/product/11496015.

Mycoplasma contamination Not applicable for yeast strains. Sf9 cells tested negative for mycoplasma contamination.
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H3K27me3-R2-CK6644_S55 L0O05_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL362_S61_L0O05_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL363_S62_L005_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL364_S63_L005_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL365_S64 L005_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL366_S65_L005_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL367_S66_L005_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
H3K27me3-R2-SL369_S60_LO05_R1_001_multi_sorted_norm_500bp_smooth.bedgraph
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Genome browser session
(e.g. UCSC)

Methodology
Replicates
Sequencing depth
Antibodies

Peak calling parameters

Data quality

Software

No longer applicable.

Two individual replicates per genotype were analyzed.
11~18 millions of single-end reads (50bp) per replicate per genotype. Multiple alignments were allowed to analyze repetitive reads.
Anti-H3K27me3 (Dumesic et al., DOI 10.1016/j.cell.2014.11.039)

Bowtie was used for alignment with modified parameters (-v2, -M1, --best) to allow multiple alignments and random assignment.
No peak calling was performed.

Data quality was assessed by FastQC.

Sequencing reads were trimmed for adaptor sequence using Cutadapt and aligned to the C. neoformans genome using Bowtie
(modified parameters: -v2, -M1, --best). Alignment files were sorted and indexed using SAMtools and bedgraph files were generated
using BEDTools. Each bedgraph file was scaled by million aligned reads, normalized to the corresponding whole cell extract at each
genomic position, and smoothed using a 500 bp centered rolling mean using custom Python scripts.
https://github.com/madhanicode/sujinlee_chipseq
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