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Abstract 
Heterochromatin is essential for nuclear integrity, genome stability, and gene regulation. Ho w e v er, the mechanisms go v erning heterochromatin 
compartmentalization remain poorly understood. Recent studies suggest that phase separation underlies the organization of heterochromatin. 
Here, w e integrated quantitativ e spatial proteomics, phase separation assa y s, and phase separation prediction tools to identify and character- 
ize candidate phase separation scaffold proteins involved in heterochromatin compartmentalization. We in vitro reconstituted phase-separated 
heterochromatin condensates using heterochromatin fractions isolated from mouse brain. Mass spectrometric analysis yielded around 10 0 0 
proteins from which 250 were predicted to have scaffold phase separation properties using machine learning-based phase separation protein 
prediction tools. From these, 20 proteins, including methyl-CpG binding domain protein 2 (MBD2), w ere localiz ed to pericentric heterochromatin 
compartments using gene ontology annotation analysis. We demonstrated that MBD2 undergoes liquid–liquid phase separation via C-terminus- 
mediated homo-oligomerization, forming liquid-like condensates that regulate heterochromatin compartmentalization. Moreo v er, w e f ound that 
MBD2a and MBD2b e x clude histone acet yltransferases (e.g . Kat7) and recruit histone deacetylases (e.g. HD A C11, GA T AD2b) at pericentric het- 
erochromatin, resulting in subsequent deacetylation of histone H3 K27 and K9 within heterochromatin. This study advances our understanding 
of heterochromatin compartmentalization and highlights the role of MBD2 in heterochromatin dynamics and composition functionally regulating 
chromatin states. 
Gr aphical abstr act 

Introduction 
Heterochromatin is a fundamental component of eukaryotic 
genomes, characterized by its dense compaction and high 
DNA methylation at cytosines (mC) [ 1 , 2 ]. Heterochromatin 

is primarily located at the nuclear periphery and around 
centromeric and telomeric regions and plays essential roles in 
ensuring genome stability and regulating gene expression [ 3 ]. 
The constitutive pericentric heterochromatin is particularly 
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important for proper chromatin segregation during mitosis 
as well as spatial chromosome organization in interphase 
[ 3 ] yet the precise mechanisms governing its organization 
and compartmentalization remain incompletely understood. 
Recent advances in spatial proteomics (nuclei fractionation 
coupled mass spectrometry) enabled the identi!cation of pro- 
teins enriched in speci!c nuclear fractions, including global 
chromatin, heterochromatin and pericentric heterochromatin 
[ 4 –6 ]. Yet, how these proteins collaborate within speci!c sub- 
nuclear structures to regulate their dynamics remains to be 
explored. Additionally, nonhistone scaffold proteins, which 
bind to DNA and recruit speci!c proteins involved in sim- 
ilar/relevant cellular activities, are pivotal in understanding 
heterochromatin organization. Yet, a proper way to identify 
the scaffold proteins involved in heterochromatin organiza- 
tion and genome silencing is still lacking. We hypothesized 
that integrating advanced nuclei fractionation-coupled mass 
spectrometry with prediction tools for scaffold proteins could 
signi!cantly enhance the identi!cation of nonhistone scaffold 
proteins critical for heterochromatin compartmentalization 
and function. 

Phase separation has recently been recognized as a possi- 
ble alternative mechanism driving the organization of vari- 
ous membraneless subnuclear compartments, including peri- 
centric heterochromatin. Phase separation is a protein demix- 
ing process forming liquid-like condensates with distinct 
biochemical properties, allowing them to enrich speci!c 
molecules via protein-protein interactions while excluding 
others [ 7 ]. While several well-known proteins like heterochro- 
matin protein 1 (HP1) [ 8 –10 ] and methyl-CpG binding pro- 
tein 2 (MeCP2) [ 11 –13 ] have been identi!ed to regulate 
pericentric heterochromatin compartmentalization via phase 
separation, the full spectrum of pericentric heterochromatin 
phase separation-related proteins remains largely unexplored. 
Also unknown is whether and to what extent single proteins 
in"uence the composition and organization of heterochro- 
matin via phase separation. Current research focusing on un- 
covering the molecular principles underlying phase separa- 
tion has clari!ed that phase separation is generally mediated 
by multivalent weak interactions between intrinsically disor- 
dered region (IDR) regions with distinct amino acid (aa) fea- 
tures such as prion-like domains, RGG motifs, and RG and RY 
repeats, which together are proposed to support phase sepa- 
ration via electrostatic, hydrophobic, and (cation) Pi–Pi inter- 
actions [ 4 , 14 –15 ]. These indicate that the phase separation 
of proteins is potentially encoded in its aa sequence, which 
has fuelled the development of several machine learning-based 
prediction tools designed to identify candidate phase separa- 
tion scaffold proteins [ 16 –18 ]. 

In this study, we employed an integrated approach com- 
bining spatial proteomics as well as native mass spectrometry, 
in vitro phase separation assays, and advanced phase separa- 
tion prediction tools (PS predictors) [ 16 –18 ] to systematically 
identify and characterize candidate scaffold proteins involved 
in heterochromatin compartmentalization. Given the link be- 
tween aberrant protein phase separation and neurological dis- 
eases, such as MeCP2-related Rett syndrome [ 13 ], the mouse 
brain was taken as the experiment model. By isolating hete- 
rochromatin fractions from mouse brain, followed by in vitro 
phase separation and quantitative mass spectrometry, we iden- 
ti!ed a broad range of proteins associated with heterochro- 
matin phase separation. However, not all of them directly con- 
tribute to the heterochromatin organization via phase sepa- 

ration. Recent research has classi!ed phase separation pro- 
teins into four categories: scaffolds (proteins that drive phase 
separation), regulators (proteins that are required for the for- 
mation of liquid condensates through, for example, placing 
post-translational modi!cations (PTMs) on scaffold proteins), 
clients (proteins that are recruited to liquid condensates via the 
scaffolds), and others (proteins that are not present in either of 
these categories) [ 17 ]. To re!ne our !ndings, potential phase 
separation scaffold proteins across the mouse proteome were 
identi!ed by a combination of several phase separation pre- 
dictors and integrated with our heterochromatin phase sepa- 
ration proteomic results to pinpoint key scaffold proteins in 
pericentric heterochromatin. Among the candidates, methyl- 
CpG binding domain protein 2 (MBD2) emerged as a po- 
tential key phase separation scaffold protein in pericentric 
heterochromatin compartmentalization. MBD2, a member of 
the NuRD (nucleosome remodeling and deacetylase) complex, 
is involved in various cellular processes, including transcrip- 
tional repression, DNA methylation, and chromatin remod- 
elling (reviewed in [ 19 ]. Through a combination of in vitro 
and in vivo experiments, coupled with protein structure pre- 
dictions (AlphaFold Server), we explored the phase separation 
properties of MBD2 and its role in organizing pericentric het- 
erochromatin. Furthermore, using a combination of quantita- 
tive mass spectrometry and phase separation, we established 
and validated the role of MBD2 in recruiting as well as exclud- 
ing other heterochromatin components. Our !ndings provide 
insights into the mechanisms of heterochromatin compart- 
mentalization and underscore the potential of MBD2 phase 
separation as a regulator of pericentric heterochromatin dy- 
namics. 
Materials and methods 
Plasmids 
For protein puri!cation from bacteria, the pTYB1-MeCP2wt 
(pc1294) plasmid [ 20 ] was modi!ed to generate various con- 
structs. MBD2 and MBD2 !N coding sequences were am- 
pli!ed by polymerase chain reaction (PCR) from peMBD2G 
(pc2399) using primer pairs containing NdeI restriction en- 
zyme (NEB, R0111S) for the forward primer and EcoRI 
restriction enzyme (NEB, R0101S) for the reverse primer 
( Supplementary Table S2 ). MBD3 coding sequence was am- 
pli!ed by PCR from pGFP-MBD3 (pc1193) using primer 
pairs containing NdeI (NEB, R0111S) and EcoRI (NEB, 
R0101S) cutting sizes for the forward primer and the re- 
verse primer, respectively ( Supplementary Table S2 ). Then, the 
ampli!ed coding sequences were digested with NdeI/EcoRI 
and ligated into the NdeI/EcoRI digested pTYB1-MeCP2 vec- 
tor to generate the pTYB1-MBD2 and MBD3 constructs: 
MBD2, MBD2 !N, and MBD3. The Q5 site-directed muta- 
genesis strategy was then adopted following the manufac- 
turer’s protocol (NEB, cat. no.: E0554S) using the primer 
pairs listed in Supplementary Table S2 to generate the trun- 
cated versions of MBD2: MBD2-C, MBD2 !C, MBD2-N, 
MBD2 !CC, MBD2 !GR, MBD2 !N !CC, MBD2-C !CC, 
MBD2-MBD TRD , MBD2 !C, MBD2 !C !GR, MBD2-N, 
MBD2-N !GR, respectively, followed by ligation and trans- 
formation of Esc heric hia coli Top 10 cells ( Supplementary 
Table S3 ). 

For MBD2 overexpression in mammalian cells (C2C12 
and ES J1), the MBD2 !C coding sequence was ampli!ed 
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Heterochromatome and MBD2 3 
by PCR from peMBD2G (pc2399) using primer pairs con- 
taining HindIII (NEB, cat. no.: R3104S) and SalI (NEB, cat. 
no.: R3138S) restriction enzyme cutting sites for the forward 
primer and the reverse primer, respectively. Then, the ampli!ed 
coding sequences were digested with HindIII/SalI and ligated 
into the HindIII/SalI digested pEGFP-N3 (pc714) vector to 
generate the pmMBD2 !C-G construct ( Supplementary Fig. 
S1 and Supplementary Table S1 ). Q5 site-directed mutagenesis 
strategy was then adopted following the manufacturer’s pro- 
tocol (NEB, cat. no.: E0554S) using the primer pairs listed in 
Supplementary Table S2 to generate the GR (glycine/arginine 
rich region) or CC (coiled coil region) depleted versions of 
MBD2: MBD2 !N !CC, MBD2-C !CC, MBD2 !C !GR, and 
MBD2-N !GR, followed by ligation and transformation of 
E. coli Top 10 cells ( Supplementary Table S3 ). All plasmids 
used in this study were validated by DNA sequencing and 
the source references are listed in Supplementary Fig. S1 and 
Supplementary Table S1 . 

For mammalian expression of Hdac11 and Kat7, corre- 
sponding coding sequences were ampli!ed from cDNA de- 
rived from ES cells. The coding sequences of Kat7 and Hdac11 
were ampli!ed and cloned into the pmRFP-C1 using the 
NEBuilder ® HiFi DNA Assembly kit (NEB, cat. no.: E2621S). 
For assembly, the pmRFP-C1 backbone was PCR-ampli!ed 
with primers containing overhangs complementary to the 
Kat7 and Hdac11 inserts. 
Protein puri!cation, labelling and analysis 
MBD3 and MBD2 truncations fused with the carboxyl- 
terminal intein–chitin-binding domain (CBD) were expressed 
in BL21(DE3) E. coli cells ( Supplementary Table S3 ) by incu- 
bating in Luira Bertani (LB) medium containing 0.5 mM iso- 
propyl β-D-1-thiogalactopyranoside (IPTG) (Sigma–Aldrich, 
I6758-10G) at room temperature overnight incubation with 
shaking. Subsequently, the cell lysates were prepared by pel- 
leting and resuspending the bacteria in lysis buffer (20 mM 
Tris–HCl, pH 8.5, 500 mM NaCl, 0.25% Triton X-100 and 
protease inhibitors phenylmethylsulfonyl "uoride (PMSF), 
AEBSF, E64, and pepstatin A), followed by sonication on ice 
and centrifugation at 15 000 rpm for 30 min. The cleared 
lysates were incubated with 2 ml chitin beads (NEB, S6651S) 
at 4 ◦C with rotation for 3 h to allow CBD-chitin binding. 
Then beads were washed and treated in benzonase buffer (20 
mM Tris–HCl, pH 8.5, 2 mM MgCl 2 , 20 mM NaCl, 0.1 
mM PMSF) with benzonase (Merck, 70746-3, 1:2000 dilu- 
tion) at 37 ◦C for 90 min, followed by washing and treatment 
in DNase buffer (20 mM Tris–HCl, pH 8.5, 50 mM KCl, 2 
mM MgCl 2 ) with DNase I (4 µg/ml), RNase A (0.2 µg/ µl) at 
37 ◦C for 30 min to remove DNA and RNA contaminants. Fi- 
nally, proteins were eluted by cleavage at 4 ◦C for two days 
in cleavage buffer (20 mM Tris–HCl, pH 8.5, 500 mM NaCl) 
with 50 mM dithiothreitol (DTT; Sigma–Aldrich, D9779-5G). 
The eluted fraction was concentrated using amicon ® ultra cen- 
trifugal !lters with 10 kDa pore size and 4 ml sample vol- 
ume (Merck, cat. no.: UFC8010), aliquoted, "ash frozen, and 
stored at −80 ◦C in storage buffer [20 mM Tris–HCl (Carl 
Roth, art. no.: 9090.5), pH 8.5, 300 mM NaCl (Carl Roth, 
art. no.: 0601.2)]. 

The concentrations of puri!ed protein were determined us- 
ing Pierce™ 660 nm protein assay kit (Thermo Fisher Scien- 
ti!c, cat. no.: 22660) following the manufacturer’s instruction 
with three replicates for both standard curve and samples. In 

brief, 10 µl of bovine serum albumin (BSA) standard (Thermo 
Fisher Scienti!c, cat. no.: 23208) proteins and storage buffer 
(blank) were mixed with 150 µl protein assay reagent in the 
96-well micro test plate (Sarstedt, cat. no.: 82.1581.001) and 
incubated at room temperature for 5 min. The absorbance 
at 660 nm was measured using a plate reader In!nite 200 
(Tecan). The blank-corrected absorbance was calculated by 
subtracting the average absorbance of the blank. The standard 
curve was generated by plotting the average blank-corrected 
absorbance for each BSA standard versus the relative concen- 
trations. The protein concentrations were calculated accord- 
ing to the standard curve using the blank-corrected measure- 
ments. 

Puri!ed MBD2 proteins were "uorescently labelled using 
Alexa Fluor™ 546 NHS Ester (succinimidyl ester) (Invitrogen, 
cat. no.: A10237) following the manufacturer’s instructions 
with minor modi!cations. Brie"y, in a 20 µl reaction solution, 
100 µg of puri!ed MBD2 protein was incubated with 1 mg 
unit size of Alexa Fluor™ 546 NHS Ester in a buffer con- 
taining 0.1 M sodium bicarbonate (pH 8.3) for 1 h at room 
temperature. The solution was then diluted into 500 µl with 
storage buffer [20 mM Tris–HCl (Carl Roth, art. no.: 9090.5), 
pH 8.5, 300 mM NaCl (Carl Roth, art. no.: 0601.2)], followed 
by dialysis and concentration using amicon ® ultra centrifugal 
!lters (10 kDa pore size and 0.5 ml sample volume; Merck, 
cat. no.: UFC5010). Protein concentration was determined us- 
ing the Pierce™ 660 nm protein assay kit (Thermo Fisher Sci- 
enti!c, cat. no.: 22660) following the manufacturer’s instruc- 
tions. Aliquots were subsequently stored at −80 ◦C under the 
same buffer conditions. 

The purity of the proteins was analyzed by loading 2 µg 
and 10 µg puri!ed protein separately onto a sodium dodecyl 
sulphate–polyacrylamide (SDS–PA) gel and 15% Tris–borate 
ethylenediaminetetraacetic acid (EDTA) polyacrylamide gel. 
The gels were stained with coomassie (to detect the proteins) 
and ethidium bromide (EtBr; to detect the potential contam- 
ination with nucleic acids) separately after electrophoresis. 
The SDS–PA gels after coomassie staining were captured by 
trans-illumination imaging using the Amersham Imager 600 
( Supplementary Table S4 ) equipped with white light trans- 
illumination following the manufacturer’s instruction. The 
Tris–borate EDTA polyacrylamide gels after EtBr staining 
were imaged using the VWR genosmart ( Supplementary Table 
S4 ) ultraviolet trans-illumination system. 
Synthesis of DNA templates for phase separation 
assay 
The DNA used for the phase separation assay was synthe- 
sized by PCR (polymerase chain reaction) using Q5 poly- 
merase (NEB, M0491S) as described before [ 21 ]. In brief, 
pUC18-MINX plasmid ( Supplementary Table S1 ) was used 
as a template to amplify DNA using the primers listed in 
Supplementary Table S2 . The 800 bp DNA with cytosine 
methylation was generated by replacing the dCTP with dm- 
CTP, followed by Q5 polymerase-directed PCR [dATP (In- 
vitrogen, cat. no.: 10216018), dTCP (Invitrogen, cat. no.: 
18255018), dGTP (Invitrogen, cat. no.: 10218014), dmCTP 
(Jena Bioscience, cat. no.: NU-1125S)]. 
Mouse brain nuclei isolation and fractionation 
Mouse brains were collected from 3-month-old C57BL/6 mice 
(Charles River Laboratories, Inc., Sulzfeld, Germany) accord- 
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ing to the animal care and use regulations (Government of 
Hessen, Darmstadt, Germany) and frozen in liquid nitrogen 
[ 4 ]. Five frozen mouse brains were crushed to powder and 
homogenized in 15 ml 0.25 M sucrose (cat. no.: 4661.2, Carl 
Roth) solution in buffer A [20 mM triethanolamine–HCl (pH 
7.6) (cat. no.: T1377, Sigma–Aldrich Chemie GmbH (Merck), 
Munich, Germany], 30 mM KCl [cat. no.: H1758, Sigma–
Aldrich Chemie GmbH (Merck)], 10 mM MgCl 2 [cat. no.: 
M0250, Sigma–Aldrich Chemie GmbH (Merck)], 1 mM DTT 
[cat. no.: 04010, Sigma–Aldrich Chemie GmbH (Merck)], 1 
mM PMSF (cat. no.: 6367.1, Carl Roth), followed by cen- 
trifugation at 1000 × g for 10 min. The pellet (containing 
the nuclei fraction) was resuspended in 30 ml 2.5 M sucrose 
buffer (2.5 M sucrose in buffer A). The raw nuclei fraction 
was pelleted by centrifugation for 30 min at 50 000 × g using 
an SW28 rotor (swinging bucket rotor SW28, Beckman Coul- 
ter, Brea, C A, US A). The pellet was resuspended in 20 ml 0.25 
M sucrose buffer (0.25 M sucrose in buffer A) and centrifuged 
at 1000 × g for 10 min. The isolated nuclei were resuspended 
in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM 
KCl, 1 mM Na 2 HPO 4 × 7H 2 O, 1 mM KH 2 PO 4 , pH 7.4), 
counted, and aliquoted into 1.5 ml eppendorf tubes. The nu- 
clei were !nally pelleted by centrifugation and the aliquoted 
nuclei pellets were stored at −20 ◦C. 

The chromatin was salt fractionated following a protocol 
from Teves and Henikoff [ 22 ] with modi!cations. All buffers 
during fractionation were precooled and supplemented with 
protease inhibitors [PMSF (cat. no.: 6367.1, Carl Roth, 
1:100), PepA (P5318, Merck, 1:1000), E64 (AG-CP3-7006- 
M025, biomol GmbH, 1:100)], and phosphatase inhibitors 
[ethanolamine (398136, Merck, 1:1000)] before use and all 
steps were done on ice. A total of 10 8 nuclei were thawed and 
resuspended in 10 ml buffer A (15 mM Tris, pH 8.0, 15 mM 
NaCl, 60 mM KCl, 1 mM EDTA, pH 8.0, 0.5 mM ethylene 
glycol bis( β-aminoethylether) tetraacetic acid (EGTA), pH 8) 
and pelleted at 400 × g for 5 min. After 5 min incubation, the 
supernateant containing residual cytoplasm (CP) was trans- 
ferred to new tubes. Nucleoplasm (NP) fraction was extracted 
by resuspending the nuclei pellet in 10 ml isotonic buffer (10 
mM Tris, pH 8.0, 15 mM NaCl, 60 mM KCl, 1.5 mM EDTA, 
pH 8.0) and incubating at 4 ◦C for 20 min, followed by cen- 
trifugation at 500 × g for 5 min. The euchromatin (EC) frac- 
tion was extracted by resuspending the pellets in 10 ml eu- 
chromatin extraction buffer (10 mM, Tris, pH 8.0, 250 mM 
NaCl, 1 mM EDTA, pH 8.0) and incubating at 4 ◦C for 20 min 
followed by centrifugation at 1000 × g for 5 min. Finally, the 
heterochromatin (HC) fraction was extracted by resuspend- 
ing the pellets in 10 ml heterochromatin extraction buffer (10 
mM Tris, pH 8.0, 600 mM NaCl, 1 mM EDTA, pH 8.0) and 
incubating at 4 ◦C for 20 min. The insoluble fraction (P) was 
pelleted by centrifugation at 20 000 × g for 10 min and dis- 
solved in 10 ml 2% sodium dodecyl sulphate (SDS) followed 
by sonication (75% power, 30 s sonication with 1.5 min in- 
cubation for three cycles). The CP , NP , EC, and HC were con- 
centrated using Amicon Ultra Centrifugal Filter 10 kDa and 
quanti!ed using Pierce™ 660 nm protein assay kit following 
the aforementioned procedure. 
In vitro phase separation and detection 
For in vitro phase separation, proteins were !rstly thawed on 
ice and centrifuged at 14 000 rpm, 4 ◦C for 10 min to remove 
all aggregates. Then, phase separation in solutions (20 mM 

Tris–HCl, pH 8.5) with various concentrations of salt, protein, 
crowding agents, and DNA was achieved by incubating for 45 
min at room temperature. 

To check the droplet morphology, phase separation sam- 
ples were loaded onto chambers made of double-sided tapes 
and sealed with coverslips. Fluorescence and differential in- 
terference contrast (DIC) images were taken using a Nikon 
Eclipse TiE2 microscope equipped with a Plan Apo λ 40 ×
air objective. All images were processed and analyzed using 
FIJI ( https:// imagej.net/ software/ !ji/ ). To measure the protein 
distributions after in vitro phase separation, the phase separa- 
tion samples were sedimented by centrifugation at 14 000 rpm 
for 15 min at room temperature. The supernatants and pel- 
lets were separated and applied to a 12% SDS–PA gel, which 
was stained with Coomassie for 1–2 h after electrophore- 
sis and subsequently washed with destaining buffer (100 ml 
acetic acid, 100 ml ethanol, and 500 ml H 2 O) overnight. 
The coomassie signal was detected using an Amersham Im- 
ager system ( Supplementary Table S4 ). The protein fractions 
in pellets were quantitatively analyzed using FIJI, and plotted 
using GraphPad Prism ( https:// www.graphpad.com/ scienti!c- 
software/ prism/ ). 

The turbidity assay was also applied to check the phase sep- 
aration properties of MBD2 proteins. In brief, 20 µl phase 
separation solutions with various conditions were prepared 
and incubated at room temperature for 45 min in a 384-well 
plate with an optically clear bottom (PerkinElmer, 6007550), 
followed by absorbance measurement at 340 nm at room tem- 
perature using a plate reader In!nite 200 system (Tecan). 
Sample preparation for mass spectrometry analysis 
Mass spectrometry sample preparation was done as described 
before [ 6 ]. Following heterochromatin isolation, in vitro phase 
separation and sedimentation, protein samples were prepared, 
and protein aggregation capture was employed to remove 
detergents and salts from the samples. In this procedure, 
1000 µg of Sera-Mag™ beads (1 mg, GE24152105050250, 
Sigma) were used for each 100 µg of chromatin fraction and 
washed three times with 70% acetonitrile (100030, Merck). 
After the last wash, 300 µl of the chromatin solution, cor- 
responding to 100 µg, was mixed with the beads, and 700 
µl of 100% acetonitrile was added to each sample. The 
chromatin-bead mixtures were vortexed, incubated at room 
temperature for 10 min, vortexed again, and allowed to set- 
tle. The samples were then placed in a magnetic rack and 
sequentially washed with 700 µl of 100% acetonitrile, 1 
ml of 95% acetonitrile, and 1 ml of 70% ethanol. After 
evaporating the remaining ethanol, the beads were resus- 
pended in 400 µl of 50 mM HEPES (pH 8.5) containing 
freshly added 5 mM tris(2-carboxyethyl)phosphin hydrochlo- 
rid (C4706, Sigma–Aldrich) and 5.5 mM 2-chloroacetamide 
(CAA, C4706, Sigma–Aldrich). The samples were incubated at 
room temperature for 30 min, after which LysC (1:200, 125- 
05061, FUJIFILM Wako) and trypsin (1:100, 90057, Thermo) 
were added. The proteins were digested overnight at 37 ◦C. 
To halt protease activity, 1% (v/v) tri"uoroacetic acid (TFA, 
T6508, Sigma–Aldrich) was added the following day, and the 
samples were loaded onto custom-made StageTips containing 
three layers of polystyrene-divinylbenzene, reversed-phase sul- 
fonate (SDB-RPS) matrix (66886-U, Empore) pre-equilibrated 
with 0.1% (v/v) TFA. After loading, two washes with 0.1% 
(v/v) TFA were carried out, and peptides were eluted using 
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80% acetonitrile and 2% ammonium hydroxide (105428, Su- 
pelco). Once the eluates were evaporated in a SpeedVac (Ep- 
pendorf) centrifuge, the samples were reconstituted in 20 µl 
of 0.1% TFA and 2% acetonitrile. After solubilizing the pep- 
tides by shaking continuously for 10 min at 2000 rpm, pep- 
tide concentrations were estimated using a NanoDrop™ 2000 
spectrophotometer (Thermo Fisher Scienti!c) at 280 nm. 
Nano"ow liquid chromatography-mass 
spectrometry/mass spectrometry (LC-MS/MS) 
measurements for different nuclei fractions 
Peptides were separated via liquid chromatography on an 
Easy-nLC 1200 (Thermo Fisher Scienti!c) ( Supplementary 
Table S6 ) using in-house packed 50 cm columns of ReproSil- 
Pur C18-AQ 1.9 µm resin (Dr Maisch GmbH). A binary buffer 
system (buffer A: 0.1% formic acid; buffer B: 0.1% formic 
acid and 80% acetonitrile) was used, with a progressively in- 
creasing buffer B percentage (starting at 5% and ending at 
95%) to elute peptides over 120 min at a constant "ow rate 
of 300 nl/min. The peptides were then injected into an Orbi- 
trap Exploris™ 480 mass spectrometer (Thermo Fisher Scien- 
ti!c) ( Supplementary Table S6 ) through a nanoelectrospray 
source. The samples were run in duplicates, followed by a 
washing step, while maintaining a constant column tempera- 
ture of 60 ◦C. Real-time monitoring of operational parameters 
was achieved using SprayQc (a real-time LC-MS/MS quality 
monitoring system). Measurements were performed in data- 
independent acquisition (DIA) mode. The orbitrap resolution 
for full scans was set at 120 000 within a 350–1400 m/z range, 
with a maximum injection time (IT) of 45 ms. For DIA scans, 
the mass range was set to 361–1033, with isolation windows 
of 22.4 m/z and a default window overlap of 1 m/z. The orbi- 
trap resolution for DIA scans was set at 30 000, the normal- 
ized automatic gain control target at 1000%, and the maxi- 
mum IT at 54 ms. 
Data-independent acquisition mass spectrometry 
data quanti!cation 
DIA raw data processing was performed by the software DIA- 
NN 1.7.17 beta 12 ( Supplementary Table S6 ) in ‘high accu- 
racy’ mode. Instead of a previously measured precursor li- 
brary, spectra, and retention times (RTs) were predicted by 
a deep learning-based algorithm and spectral libraries were 
generated from FASTA !les. Cross-run normalization was es- 
tablished in an RT-dependent manner. Missed cleavages were 
set to 1. N-terminal methionine excision was activated and 
cysteine carbamidomethylation was set as a !xed modi!ca- 
tion. Proteins were grouped with the additional command ‘–
relaxed- prot-inf’. Match-between runs was enabled and the 
precursor false discovery rate (FDR) was set to 1%. 

Downstream analysis of DIA raw data output was per- 
formed with Perseus (version 1.6.0.9) [ 23 ]. Proteins identi- 
!ed in less than three samples were !ltered out. The !ltered 
data was then processed [log 2 () transformation, normaliza- 
tion against the median intensity of each measurement] before 
dot plot and venn diagram generation, which were done using 
GraphPad Prism. The GO and subcellular localization infor- 
mation was added by merging the data with mouse proteomic 
data from UniProt. 

Fold changes of NuRD members were calculated after raw 
data processing [log 2 () transformation, imputation, and nor- 
malization against the median intensity of each measurement] 

in the pellet proteome with or without additional MBD2 con- 
densates. Unpaired t -tests were performed to obtain signi!- 
cantly in"uenced NuRD members in heterochromatin pellets 
by additional MBD2 condensates using GraphPad Prism. P - 
values below 0.05 indicate signi!cant changes. 
Datasets of IDR and phase separation scaffold 
proteins 
Key resources are listed in Supplementary Table S7 . 

Known intrinsically disordered proteins (IDRs) in Mus 
musculus and Homo sapiens were collected from DisProt 
( https:// www.disprot.org/ ) [ 24 ]. Published phase separation 
scaffold proteins in mice (324) were collected from PhaSepDB 
[ 25 ], LLPSDB [ 26 ], and PhaSePro [ 27 ]. The mouse proteome 
containing 17 224 reviewed proteins was downloaded from 
Uniprot including gene and protein names, amino acid se- 
quences, subcellular localization, and gene ontology (GO) 
( https:// www.uniprot.org/ ) [ 28 ]. 

The prediction of phase separation proteins in the mouse 
proteome was done using DrLLPS [ 18 ], PSAP [ 17 ], and 
PhaSePred [ 16 ]. For DrLLPS, the candidate phase separa- 
tion proteins in mice were downloaded directly [ 18 ]. For the 
PSAP, the phase separation scores of the whole mouse pro- 
teome were predicted using the scripts from [ 17 ]. The top 
1000 proteins were considered. For the PhaSePred datasets, 
the phase separation score of the whole mouse proteome was 
downloaded and the top 1000 proteins that possibly self- 
assemble or partner-dependent assemble to form condensates 
were considered [ 16 ]. If the proteins were predicted with high 
self-assemble and high partner-dependent-assemble, they were 
considered to preferentially undergo self-assembling phase 
separation (SaPS). 

The prediction data from the three predictors (DrLLPS, 
PSAP, and PhaSePred) were integrated and proteins predicted 
by at least two predictors were considered candidate phase 
separation scaffold proteins. Combining these with published 
phase separation scaffold proteins resulted in a list of all po- 
tential phase separation scaffold proteins, of which, the pro- 
teins located in the nucleus and subnuclear compartments 
were further recognized based on their subcellular localiza- 
tion or GO terms from UniProt. 
Identi!cation of potential phase separation scaffold 
proteins at pericentric heterochromatin 
The subnuclei localization and protein family of candidate 
phase separation scaffold proteins was !ltered based on the 
keywords in protein description, subcellular localization and 
GO terms. The keywords used were: (i) pericentric hete- 
rochromatin: heterochromatin, methylated chromatin, methy- 
lated DNA, pericentromeric, pericentric, chromocenter, con- 
densed; (ii) euchromatin: euchromatin, transcriptionally ac- 
tive, active transcription, transcriptional enhancer; (iii) nu- 
cleus speckle: nuclear speckle, nucleus speckle; (iv) nucleo- 
lus: nucleolus; (v) nuclear pore: nuclear pore; (vi) DNA dam- 
age: DNA damage; (vii) inactive X chromosome: inactive X; 
(viii) paraspeckle: paraspeckle; (ix) germ granule: germ gran- 
ule; (x) Cajal: cajal; (xi) PML: PML; (xii) methyl-CpG bind- 
ing domain (MBD) and cbx: MBD, MeCP, cbx5; (xiii) histone 
deacetylase: histone deacetylase; (xiv) histone acetylase: his- 
tone acetyltransferase, histone deacetylase corepressor; (xv) 
NuRD: NuRD, Gatad. 
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The potential phase separation scaffold proteins in peri- 

centric heterochromatin were recognized by integrating the 
datasets from phase separation predictors, pericentric hete- 
rochromatin proteome, and heterochromatin phase separa- 
tion (HC_P) proteome. The pericentric heterochromatin pro- 
teomic data was acquired by reanalyzing the pericentric hete- 
rochromatin proteomic data in mouse brain from [ 4 ], focus- 
ing on proteins consistently detected across all three replicates 
(pericentric heterochromatin proteome). Then, the proteins 
present in pericentric heterochromatin proteome, HC_P pro- 
teomic data and predicted pericentric heterochromatin phase 
separation scaffold proteins (PCH prediction) were consid- 
ered potential phase separation scaffold proteins. 
Native mass spectrometry 
Protein samples of MBD2 !N and MBD2 !N !CC were 
thawed on ice and centrifuged for 5 min at 17 000 × g . The su- 
pernatant was diluted to a protein concentration of 32 µM in 
200 mM ammonium acetate (Sigma, CAS cat. no.: 631-61-8) 
and 5 µl of the solution was loaded into glass needle emit- 
ters produced in-house with a Sutter P97 needle puller (Sut- 
ter Instrument, One Digital Drive Novato, C A 94949, US A) 
( Supplementary Table S6 ). The protein solution was then elec- 
trosprayed into a Waters Synapt XS ion mobility-mass spec- 
trometer (Waters Corporation, 34 Maple Street Milford, MA) 
in positive ion mode. A capillary voltage of 1.5 kV, a source 
temperature of 30 ◦C, and a sampling cone voltage of 30 V 
were used. The spectra were processed by smoothing two 
times over 50 channels using a Savitzky–Golay !lter in Mass- 
Lynx V4.2 software (Waters corporation). The mass of MBD2 
variant monomers and oligomers were calculated based on the 
charge states and m/z ranges using MassLynx V4.2 software. 
Prediction of protein structures and key residues 
for phase separation 
The structures of MBD2 monomers and oligomers were pre- 
dicted by Alphafold Server [ 29 ] ( Supplementary Table S7 ). 
The MBD2 phase separation key residues at the amino ter- 
minus or the carboxyl terminus were predicted by PSPHunter 
[ 30 ] ( Supplementary Table S7 ). 
Mammalian cell culture and transfection 
C2C12 mouse myoblast cells ( Supplementary Table S3 ) were 
cultured in Dulbecco’s modi!ed Eagle medium (DMEM) high 
glucose (Sigma–Aldrich Chemie GmbH, cat. no.: D6429) 
supplemented with 20% fetal calf serum, 1 × L-glutamine 
(Sigma–Aldrich Chemie GmbH, G7513), and 1 µM gentam- 
icin (Sigma–Aldrich Chemie GmbH, cat. no.: G1397). The 
transfection was performed using a Neon Transfection Sys- 
tem (Thermo!sher) following the manufacturer’s instructions. 
Cells were seeded onto 35 mm plates with a glass bottom for 
live cell experiments or cell culture dishes with glass cover- 
slips (Paul Marienfeld GmbH & Co. KG, cat. no.: 0111520) 
for !xed cell experiments. 

The mouse embryonic stem cells (mESC) J1 cells were 
grown in DMEM high glucose (Sigma–Aldrich Chemie 
GmbH, cat. no.:D6429) supplemented with 15% fetal 
calf serum, 1 × nonessential amino acids [Sigma–Aldrich 
Chemie GmbH, cat. no.: M7145), 1 × penicillin/streptomycin 
(pen/strep) (Sigma–Aldrich Chemie GmbH, cat. no.: P4333), 
1 × L-glutamine (Sigma–Aldrich Chemie GmbH, cat. no.: 
G7513), 0.1 mM beta-mercaptoethanol (Carl Roth, cat. no.: 

4227), 1000 U/ml recombinant mouse LIF (Millipore), and 2i 
[1 M PD032591 and 3 M CHIR99021 (Axon Medchem, cat. 
nos.: 1408 and 1386 respectively)] on gelatin-coated culture 
dishes (0.2% gelatin; Sigma–Aldrich Chemie GmbH, cat. no.: 
G1393) or laminin-coated coverslips (10 µg/ml laminin; Th. 
Geyer GmbH & Co. KG, cat. no.: L2020-1MG). 
Generation of MBD2 knockout cells 
The guide RNA (gRNA) was designed using Bench- 
ling ( https:// www.benchling.com/ ). One gRNA (5 ′ - 
CATCCTCTTCCCGCTCTCCG-3 ′ ) targeting the sec- 
ond start codon of MBD2 was selected and cloned into 
pSpCas9(BB)-2A-Puro (PX459) (pc3926, Addgene: 48139). 
The repair template containing mRFP-SV40 poly(A), "anked 
by MBD2 sequencing targeting the CRISPR/Cas9 cutting site, 
was generated by inserting the MBD2 sequences downstream 
of the second start codon into the plasmid pFB-MBD2.1- 
mRFP (pc2391). 

For MBD2 knockout, the Neon electroporation sys- 
tem (Thermo Fisher Scienti!c) was used to deliver 5 µg 
CRISPR/Cas9 and 20 µg repair template DNA into 5 × 10 6 
ES J1 cells. Electroporated cells were seeded onto gelatin- 
coated 100-mm dishes with ES cell culture medium. Twenty- 
four hours after transfection, 1 µg/ml puromycin was added 
to the medium for 48 h to enrich transfected cells. Following 
selection, cells were trypsinized into a single-cell suspension, 
and 5 × 10 5 cells were replated onto new gelatin-coated 100- 
mm dishes. After 1 week of growth, individual colonies were 
manually picked and transferred into gelatin-coated 96-well 
plates for expansion. Colonies exhibiting red "uorescent pro- 
tein (RFP) "uorescence were selected for further validation by 
PCR, western blotting, and immuno"uorescence. 
Quanti!cation of endogenous MBD2 abundance 
Nuclei were prepared as previously described by McKittrick 
et al. (2004) [ 31 ] with modi!cations. In brief, ES and C2C12 
cell pellets were resuspended in cold TM2 buffer [10 mM 
Tris, pH 7.5, 2 mM MgCl 2 , protease inhibitors (PMSF , AEBSF , 
E64 and pepstatin A)] with gentle vortexing, held on ice for 
1 min, and 10% NP-40 was added to a !nal concentration 
of 1.5% with gentle vortexing. After 5 min on ice, crude nu- 
clei were pelleted by centrifuge at 800 rpm, 4 ◦C, 5 min. Pel- 
let was washed once by adding 1 ml TM2 buffer and cen- 
trifuged at 1000 rpm, 4 ◦C, 5 min. Pellets were resuspended 
in PBS with protease inhibitors (PMSF , AEBSF , E64, and pep- 
statin A) and nuclei number counted. Nuclei were centrifuged 
at 1000 rpm, 4 ◦C, 5 min and pellets resuspended with mod- 
i!ed PARP buffer (0.025 M Tris, pH 8, 1 M NaCl, 0.05 M 
glucose, 0.2% Tween 20, 0.2% NP-40 substitutive, 2 mM 
MgCl 2 ) together with protease inhibitors and 100 U/ml ben- 
zonase (30 µl PARP per 1 × 10 6 nuclei). Proteins were re- 
leased by DNA digestion at 4 ◦C with vortexing for 1 h and 
the concentration determined using Pierce™ 660 nm protein 
assay kit as mentioned before. Extracts from 5 × 10 5 (C2C12) 
and 1 × 10 6 (ES) nuclei were loaded onto an sodium dodecyl 
sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) gel 
together with puri!ed MBD2 proteins (1, 5, 10, 20, and 30 
ng), transferred to a nitrocellulose membrane and the mem- 
brane was blocked with 5% low-fat milk (in PBS) for 1 h 
at room temperature, followed by primary antibody incuba- 
tion (anti-MBD2, RA-18) at 4 ◦C overnight, washing, and sec- 
ondary antibody incubation (anti-rabbit IgG Cy5) for 1 h 
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( Supplementary Table S5 ). Fluorescent signals were detected 
using Amersham Imager ( Supplementary Table S4 ). The in- 
tensities (gray values) of protein bands were measured using 
ImageJ and plotted using Excel. Protein abundances were cal- 
culated according to the linear trendline. 

To estimate the MBD2 abundance in mouse tissue, MBD2 
levels in C2C12 (myoblast cells from mouse muscle) cells and 
mouse muscle were assumed to be comparable. Thus, physio- 
logical MBD2 levels in other tissues and mean/median abun- 
dance across tissues were calculated according to their relative 
abundance (ppi) to that in muscle. 
Co-immunoprecipitation and western blot analysis 
We performed co-immunoprecipitation experiments as de- 
scribed in [ 32 –34 ] to analyze protein-protein interactions be- 
tween MBD2 isoforms and Hdac11 and Kat7. HEK cells 
were co-transfected with MBD2 proteins and Hdac11/Kat7 
expression vectors using PEI (polyethyleneimine, pH 7.0, cat. 
no.: 40827–7, Sigma–Aldrich Chemie GmbH, Steinheim, Ger- 
many) as previously described [ 35 ]. For 10 cm diameter 
dishes, 90 µl PEI and 30 µg plasmid DNA were added to 
900 µl DMEM without supplements and mixed by vortex- 
ing. The mixtures of PEI and DNA were combined, vortexed 
for 80 s, and incubated at room temperature for 30 min to 1 
h. Then, the mixture was added dropwise to the cells and har- 
vested by washing 48 h after transfection. Cell suspensions 
were centrifuged for 5 min at 2000 rpm and 4 ◦C. The pellets 
were resuspended in 300 ice-cold lysis buffer containing 20 
mM Tris–HCl (pH 8), 250 mM NaCl, 1.5 mM MgCl 2 , 0.4% 
NP-40, 0.2 mM EDTA, and protease inhibitors 1 mM AEBSF 
[4-(2-aminoethyl) benzyl sulfonyl "uoride hydrochloride, cat. 
no.: A1421.0100, VWR, Radnor, PA, USA], 1 mM E64 (cat. 
no.: E3132, Sigma–Aldrich, St Louis, MO, USA), 1 nM Pep- 
statin A (cat. no.: 77170, Sigma–Aldrich, St Louis, MO, USA), 
PMSF (10 µM, Sigma–Aldrich, St. Louis, MO, USA/Solarbio; 
catalog #P8340) and AEBSF (1 mM, AppliChem, Darmstadt, 
Germany). Cell lysis was performed with a syringe using 21 
G needles and 25 strokes per sample, while maintained on 
ice. After homogenization and incubation on ice for 25 min, 
cell lysates were cleared by centrifugation (15 min at 13 000 
× g and 4 ◦C). For the input fraction, 80 µl of the lysate was 
taken apart. For the binding fraction, the remaining lysate was 
incubated with green "uorescent protein (GFP)-binder beads 
[ 36 ] on rotation at 4 ◦C for 2 h. Then, beads were washed 
four times to remove nonbound proteins with 600 µl of wash- 
ing buffer containing 20 mM Tris–HCl, 150 mM NaCl (pH 
8), 1.5 mM MgCl 2 , and 0.2 mM EDTA. Washing was per- 
formed by centrifugation of the samples at 2000 rpm, fol- 
lowed by supernatant removal. After washing, beads were re- 
suspended in a small volume of loading buffer 4 × SDS (400 
mM DTT, 200 mM Tris–HCl, pH 6.8, 8% SDS, 0.4% bro- 
mophenol blue, and 40% glycerol). Both input and bound 
fractions were boiled at 95 ◦C and separated on 8% SDS–
P A gels. The SDS–P AGE and western blotting experiments 
were performed as in [ 37 ]. Four microlitres of protein lad- 
der maker were loaded into the polyacrylamide gel (MWP06 
BlueEasy Prestained Protein Marker, Nippongenetics). For vi- 
sualization of the bands, horseradish peroxidase conjugated 
secondary antibodies were used. All the characteristics and 
dilutions of primary and secondary antibodies and dilutions 
used are described in Supplementary Table S5 . To develop 
the membranes, Pierce™ ECL Western Blotting Substrate was 

used (cat. no.: 32209, Thermo Fisher Scienti!c, Waltham, MA, 
USA). The Amersham AI600 Imager with a CCD camera (GE 
Healthcare, Chicago, II, USA) was used to image immunore- 
active bands. Unprocessed scans for all the blots are provided 
with the data sets uploaded to TUdatalib. 

To analyze the ef!ciency of the nuclei fractionation method, 
the CP , NP , EC, HC, and P fractions from equal amounts of 
nuclei (the same volume as all fractions were extracted with 
the same volume of buffer) were used for western blot anal- 
ysis. Laemmli buffer was added to all samples with a !nal 
1 × Laemmli buffer [2% SDS (cat. no.: 2326.2, Carl Roth), 50 
mM Tris (pH 6.8), 10% glycerol (cat. no.: 0798.3, Carl Roth), 
0.01% bromophenol blue (cat. no.: A512.1, Carl Roth), 100 
mM DTT], followed by boiling at 95 ◦C for 5 min. After elec- 
trophoresis, proteins were transferred to nitrocellulose mem- 
branes using a trans-blot ® turbo™ transfer system (1704150, 
Bio-Rad) at 25 V for 60 min. The membranes were stained 
with Ponceau S solution (cat. no.: P7170, Sigma–Aldrich) 
to check for transfer ef!ciency. The membranes were then 
blocked with 5% low-fat milk in PBS for 30 min and incu- 
bated with mouse anti-lamin B (61047C, Progen Biotechnik 
GmbH, 1:10), rabbit anti-beta III tubulin (ab52623, Abcam, 
1:1000), mouse anti-H1 (sc-8030, Santa Cruz Biotechnology, 
4 µg/ml), rat anti-MeCP2 (4H7, self-made, undiluted) [ 38 ], 
and mouse anti-HP1a (MAB3584, Active Motif SA, 1:500) 
( Supplementary Table S5 ) in 5% low-fat milk in PBS overnight 
at 4 ◦C. The membranes were washed three times with 0.05% 
PBST (0.05% Tween 20 in PBS), incubated with secondary 
antibodies in 5% low-fat milk for one h (anti-mouse IgG 
Cy5 (JIM-715-175-150, Jackson ImmunoResearch Europe 
Ltd., 1:500), anti-rabbit IgG Cy5 (715-175-152, Jackson Im- 
munoResearch Europe Ltd., 1:1000), and anti-rat IgG Cy3 
[JIM-712-165-153, Jackson ImmunoResearch Europe Ltd., 
1:1000)] ( Supplementary Table S5 ), and washed again three 
times with PBST. The "uorescence was detected using an 
Amersham AI600 imager ( Supplementary Table S4 ). 
Immuno"uorescence staining and imaging 
Transfected C2C12 cells were !xed 36 h after transfection 
with 3.7% formaldehyde in PBS for 15 min, washed three 
times using PBST (0.02% Tween 20 in PBS), permeabilized us- 
ing 0.5% Triton X-100 in PBS for 10 min, washed three times 
using 0.02% PBST, and blocked in 4% BSA in 1 × PBS for 1 h 
at room temperature. GA T AD2b and H3K27ac were detected 
using rabbit anti-GA T AD2b (Invitrogen, PA5-53536) and rab- 
bit anti-acetyl-histone H3 (Lys27) (Cell signalling Technology, 
D5E4) antibodies separately for 60 min at room tempera- 
ture in 4% BSA, followed by three times washing with PBST. 
Cells were then incubated with the secondary antibody don- 
key anti-rabbit IgG Cy5 (Jackson ImmunoResearch Europe 
Ltd., 711-175-152) ( Supplementary Table S5 ) for 60 min at 
room temperature and washed with PBST three times. DNA 
was counterstained with 4,6-diamidine-2-phenylindole dihy- 
drochloride (DAPI, 1 g/ml) for 6 min, followed by three times 
washing using PBST and one time washing using H 2 O. Cells 
were !nally kept in mounting media and stored at −20 ◦C until 
use. 

2D images were taken using Leica TCS SP5 II confocal mi- 
croscope with a HCX PL APO 100 ×/1.44 oil Corr CS objec- 
tive or Nikon Eclipse TiE2 microscope equipped with a Plan 
Apo λ 40 × air objective ( Supplementary Table S4 ). For 3D 
images, cells with comparable GFP levels were imaged using 
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Leica TCS SP5 II confocal microscope with a HCX PL APO 
100 ×/1.44 oil Corr CS objective. 
Quantitative image analysis 
2D images were quantitatively analyzed using FIJI. The cell 
nuclei and pericentric heterochromatin compartments were 
segmented based on the DAPI intensities. Cells were sub- 
grouped into low, middle, and high ectopic expression levels 
of MBD2 constructs based on the GFP intensities. Nuclei and 
heterochromatin compartment parameters (size, number, "uo- 
rescence intensities, etc.) were measured. The fraction of DNA 
in pericentric heterochromatin was calculated as the percent 
ratio of total DAPI intensity in pericentric heterochromatin 
(PCH) (SPCH × n × IPCH) to total DAPI intensity in the 
whole nucleus (SN × IN). The percent of MBD2 constructs 
in pericentric heterochromatin was calculated as the percent 
ratio of total MBD2 intensities in pericentric heterochromatin 
(SPCH × n × IPCH) to that in the whole nucleus (SN × IN). 
Signi!cances were calculated by unpaired t -test in GraphPad 
Prism. ns P > .05; ∗P ≤.05; ∗∗P ≤.01; ∗∗∗P ≤.001. Scatter 
plots represent the mean ± standard deviation (SD), as well as 
statistical signi!cance and were generated in GraphPad Prism. 

3D images were analyzed using FIJI and Rstudio ( https:// 
posit.co/) as described previously [ 39 ]. Nuclei were segmented 
in FIJI and classi!ed into seven compaction classes in Rstudio 
based on the DAPI channel. The percentage of DAPI in each 
class was calculated using Rstudio. The bar plot was generated 
and signi!cance was calculated by unpaired t -test in Graph- 
Pad Prism. ns P > .05; ∗P ≤.05; ∗∗P ≤.01; ∗∗∗P ≤.001. Data 
are presented as mean ± SD. 
Fluorescence recovery after half photobleaching 
C2C12 transfected cells with similar expression levels in the 
bleached region and similar pericentric heterochromatin sizes 
were selected for "uorescence recovery after half photobleach- 
ing (half-FRAP) assays. Twenty-four hours after transfection, 
live cells were transferred onto a prewarmed Leica TCS SP5 
II confocal microscope with a HCX PL APO 100 ×/1.44 oil 
Corr CS objective ( Supplementary Table S4 ). The half-FRAP 
assay was performed at 37 ◦C. For excitation of GFP, the 488 
nm argon ion laser was applied at 13% power and the emis- 
sion was detected with a 490–560 nm !lter. The settings for 
scanning were 400 Hz, 10 × zoom, image format 256 × 256 
pixels, pinhole 95.55 µm. The photobleaching of half of a peri- 
centric heterochromatin compartment was obtained by 100% 
488 nm argon ion laser power. The changes in "uorescence 
signal in both bleached and nonbleached half of the compart- 
ment were tracked with nine images taken before and 130 
taken after photobleaching at an interval of ∼1.3 s. 

Ectopic expression levels of MBD2 constructs in imaged 
live cells were estimated using a standard curve as described 
by Zhang et al. (2022) [ 11 ]. In brief, gradient solutions of 
puri!ed GFP-MeCP2R168X [ 11 ] protein were loaded onto 
a chamber made of double-sided tape and sealed with cover- 
slips. The images were taken using the same microscope ap- 
plied for half-FRAP with the same settings. The mean "uo- 
rescence intensities of homogeneous GFP-MeCP2R168X so- 
lutions were measured using ImageJ and plotted versus the 
corresponding known protein concentrations to generate the 
standard curves. The ectopic MBD2 concentrations in nuclei 
were calculated, and the cells with MBD2 concentrations from 
15 to 35 µM were chosen for further analysis. 

The selected half-FRAP images were analyzed, and dip 
values were calculated using the released script from [ 40 ] 
( Supplementary Table S7 ). The normalized "uorescence in 
both bleached and nonbleached half at all time points of 
each independent experiment were downloaded after analy- 
sis. The curves of each MBD2 construct were generated using 
GraphPad Prism showing the mean ± SD. The dip values were 
plotted and unpaired t -tests were conducted using GraphPad 
Prism. ns P > .05; ∗∗P ≤.01; ∗∗∗P ≤.001. 
Fluorescence loss in photobleaching 
The experiments were performed using a Leica SP5-II confo- 
cal microscope ( Supplementary Table S4 ). Scanning was set to 
256 × 64 pixels at 1000 Hz for a pixel size of 0.20 µm/pixel 
and 0.15 s exposure time in a argon 488 nm laser. Samples 
were scanned for cells with different MBD2 levels (see above). 
Then, a bleach circle with ∼1 µm radius was de!ned either 
outside of the nucleus (for negative) or between heterochro- 
matin compartments. After a !rst frame of pre-bleach, a se- 
quence of 150 frames (22.5 s) was acquired at 10–20% of 
laser power while the bleach area was receiving a 100% laser 
power. 

For the analysis, the bleached area was segmented and sev- 
eral 3 × 3 pixels region of interest were placed either in hete- 
rochromatin or nucleoplasm compartments. The mean inten- 
sity was measured and normalized to the starting intensity in 
each region. For each condition, 12–20 cells from two biologi- 
cal replicates were measured and averaged to produce the !nal 
graphs. In addition to the average, a 95% con!dence interval 
was calculated to show the variability of the regions within 
the same condition. 
Results 
The heterochromatin fraction phase separates in 
vitro 
Previous work reported phase separation (PS) as a potential 
underlying mechanism modulating heterochromatin compart- 
mentalization, including pericentric heterochromatin (PCH) 
[ 9 –11 ] and inactive X chromosome (Xi) [ 7 , 41 ]. However, the 
complex and distinct assemblies of proteins involved in dif- 
ferent heterochromatin compartments [ 4 ] and their respective 
phase separation properties remain largely unknown. Given 
the challenges of exploring the phase separation properties 
and functions of all heterochromatin-associated proteins one 
by one, we started by investigating the phase separation prop- 
erties of heterochromatin fractions through in vitro phase sep- 
aration assays following heterochromatin protein isolation. 

We isolated the heterochromatin proteins from mouse 
brains using nuclei isolation [ 4 ] and salt gradient-mediated 
nuclei fractionation [ 5 , 22 ] (Fig. 1 A top). This enriched the 
nuclei proteins into four subnuclear fractions: (i) freely dif- 
fusing proteins in the nucleoplasm (NP), (ii) proteins bound 
to highly accessible euchromatin (EC), (iii) proteins bound 
to the highly compacted heterochromatin (HC), and (iv) 
pelleted insoluble structural proteins (P) (Fig. 1 A). Western 
blot analysis con!rmed the enrichment of heterochromatin- 
related proteins into the heterochromatin fraction, including 
MeCP2 and HP1a, two well-known heterochromatin mark- 
ers with reported phase separation properties (Fig. 1 A, bot- 
tom, and Supplementary Fig. S2 A) [ 9 –11 ]. Then, the hete- 
rochromatin fraction was subjected to in vitro phase sepa- 
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Figure 1. Mouse brain heterochromatin fraction phase separates in vitro . (A) Subnuclear fractionation (top) and corresponding validation (bottom). (top) 
Work!ow of nuclear isolation from the cell pellet and salt-gradient mediated subnuclear fractionation. Free proteins in nucleoplasm (NP) were "rst 
eluted, f ollo w ed b y those bound to euc hromatin (EC) and heteroc hromatin (HC), leaving the insoluble str uct ure proteins in the pellet (P) with increased 
salt concentration. (bottom) Western blot detection of marker proteins for cytoplasm (beta III tubulin), heterochromatin (HP1 alpha, MeCP2 and histone 
H1) and insoluble nuclear proteins (lamin B). Full blots are shown in Supplementary Fig. S2 A. CP: cytoplasm. (B) DIC images of heterochromatin 
condensates f ollo wing in vitro phase separation with/without the cro w ding agent PEG 80 0 0 in a buffer cont aining 150 mM NaCl. n = three replicates. 
(C) Schematic graph of droplet sedimentation assay after in vitro phase separation and the samples used for data-independent acquisition mass 
spectrometry (DIA-MS) analysis. (D) Ponceau staining of total proteins after SDS–PAGE analysis. Samples from heterochromatin (HC), supernatant (S), 
and pellet (P) as shown in panels (A)–(C) were loaded. (E) Dot plot of protein mean intensities in heterochromatin pellets (condensates) (HC_P) versus 
those in the (total) heterochromatin fractions. Only proteins detected in ≥2 replicates were considered in each group and the mean intensities were 
calculated. Gray dots: Proteins not found in HC_P. Light blue dots: Proteins found in HC_P. Dark blue dots: Published intrinsically disordered (IDR) 
proteins found in heterochromatin fraction. Green dots: MBD family proteins. Red dots: Histone H1 variants. n = three replicates. (F) Western blot 
detection of protein distribution in condensates (P) and supernatant (S). Full blots were shown in Supplementary Fig. S2 B. (G) GO analysis of proteins 
recognized (HC_P) and unrecognized (HC_S only) in pelleted HC condensates. The protein list was subjected to the GOrilla tool [ 4 ] for GO analysis in the 
category of cellular component. The proteins recognized in the whole nuclei were applied as the background list. GO terms with a FDR q-value ≤0.05 
and enrichment ≥2 were considered. The GO terms for cytoplasmic, RNA, ribosome, and nuclear membrane were removed manually. 
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10 Zhang et al. 
ration. By reducing the salt concentration, the soluble hete- 
rochromatin proteins underwent phase separation, forming 
irregular aggregates that transitioned into more spherical con- 
densates with smoother boundaries in the presence of crowd- 
ing agents (PEG 8000) (Fig. 1 B), indicating the broad phase 
separation capacity of heterochromatin proteins. The con- 
densates were further collected by centrifugation (Fig. 1 C). 
Proteins in the supernatant (S) and pellet (P) were different 
in both abundance and composition as shown by Ponceau 
staining (Fig. 1 D). This indicates that only a subset of hete- 
rochromatin proteins are directly involved in heterochromatin 
phase separation. 

To identify the heterochromatin phase separation- 
associated proteins, we performed mass spectrometry (MS) 
analysis. The whole nuclear extract, the heterochromatin 
fraction, and both supernatant and pellet from the in vitro 
heterochromatin phase separation assay were analyzed 
using DIA-MS [ 6 ]. The DIA-MS data from three repli- 
cates were analyzed following the pipeline described in 
Supplementary Fig. S3 A. Approximately 4000 and 1900 pro- 
teins were detected in the whole nuclei and heterochromatin 
fraction, respectively, with low variation between replicates 
( Supplementary Fig. S3 B and C and Supplementary Table S8 ). 
Around one thousand proteins were detected in the phase- 
separated condensates (pellets), representing around half 
of the heterochromatin proteins ( Supplementary Fig. S3 B). 
Given the boundary effect inherent to phase-separated con- 
densates, which selectively recruit cofactors via multivalent 
weak interactions while excluding other factors, we com- 
pared the protein composition in supernatants and pellets 
of heterochromatin fraction after phase separation and 
centrifugation (Fig. 1 E). To ensure reproducibility, proteins 
detected in only one replicate were removed from the analysis. 
Around 40% of heterochromatin proteins were exclusively 
detected in supernatants (HC_S_only), further con!rming the 
boundary effect of heterochromatin condensates (Fig. 1 E). 
Importantly, as phase separation occurs when multivalent 
weak interactions surpass the phase separation threshold 
required to maintain saturated protein concentration, phase 
separation proteins, in principle, are expected to partition 
in both pellet and supernatant fractions, such as linker hi- 
stone H1 isoforms, MeCP2, lamin A/C, MBD2 and cbx5 
(HP1a) (Fig. 1 E). Western blot analysis further con!rmed 
the presence of MBD2a, lamin A/C and H1 isoforms in the 
pelleted condensates (Fig. 1 F and Supplementary Fig. S2 B). 
Functionally, GO analysis revealed that proteins recruited 
into phase-separated condensates (HC_P) were tightly cor- 
related with heterochromatin and subnuclear membraneless 
organelles, while proteins excluded from the phase-separated 
condensates (HC_S only) were strongly associated with 
histone acetylation (Fig. 1 G). As protein phase separation 
is driven/in"uenced by intrinsic disorder and concentration, 
we compared protein abundance and disorder content across 
fractions ( Supplementary Fig. S3 D). Proteins in conden- 
sates only (HC_P only) and supernatant only (HC_S only) 
showed lower abundance than those in both condensates 
and supernatants (HC_P&S) ( Supplementary Fig. S3 E). 
However, HC_S only proteins exhibited markedly reduced 
disorder content relative to both HC_P&S and HC_P only 
( Supplementary Fig. S3 F). These !ndings indicate that intrin- 
sic disorder, in addition to abundance, is a key determinant 
distinguishing protein partitioning upon HC phase separa- 
tion. In summary, all proteins detected in heterochromatin 

phase separated condensates (HC_P) were considered hete- 
rochromatin phase separation-associated proteins (Fig. 1 E). 

The data were then benchmarked against experimentally 
reported intrinsically disordered proteins in Mus musculus 
and Homo sapiens from DisProt ( https:// www.disprot.org/ ) 
(Fig. 1 E, dark blue dots, and Supplementary Table S9 ). Among 
the 198 unstructured proteins detected in heterochromatin, 
135 ( ∼68.2%) were found in the heterochromatin pellet, con- 
!rming that the heterochromatin isolation coupled with phase 
separation and MS is a reliable approach to identify candidate 
phase separation proteins in heterochromatin. Notably, pro- 
tein concentration is a key determinant of phase separation, 
although thresholds vary among proteins. Indeed, the pub- 
lished heterochromatin phase separation proteins that were 
absent from the heterochromatin pellets exhibited relatively 
lower abundance (Fig. 1 E). 

In summary, we could show that the heterochromatin frac- 
tion underwent phase separation, enriching phase separation 
related proteins (scaffolds, regulators, and clients as men- 
tioned in the introduction) into condensates while excluding 
others. However, potential contaminants from nuclear pore 
and nucleolus-related proteins due to spatial proximity and 
ensuing co-fractionation, as well as incomplete separation of 
pellets from supernatants, can not be overlooked. Therefore, 
additional strategies are necessary to identify the most likely 
phase separation scaffold proteins in heterochromatin. 
Predicting phase separation scaffold proteins using 
multiple machine learning-based predictors 
Next, we aimed to identify candidate phase separation scaf- 
fold proteins (proteins capable of phase separation by them- 
selves) utilizing multiple phase separation prediction tools 
proteome-wide. We !rst collected published phase separation 
scaffold proteins from various databases, including PhaSepDB 
[ 25 ], LLPSDB [ 26 ], and PhaSePro [ 27 ] ( Supplementary Fig. 
S4 A, left, and Supplementary Table S9 ). In mice, 324 intrinsi- 
cally disordered proteins have been reported to undergo phase 
separation, characterized by distinct compositional features 
and biophysical/chemical properties, such as enrichment in 
glycine, arginine, proline, serine, asparagine, and aspartate, 
compared to the structured amino acid sequences [ 42 ]. Lever- 
aging these features, several machine learning-based predic- 
tion tools (PS predictors) have been developed to predict the 
candidate phase separation scaffold proteins on a proteome- 
wide scale. Next, we applied three top-performing phase sep- 
aration predictors: DrLLPS [ 18 ], PSAP [ 17 ], and PhaSePred 
[ 16 ]. Proteins predicted by at least two of the three predic- 
tors were considered candidate phase separation scaffold pro- 
teins, resulting in 854 predictions ( Supplementary Fig. S4 A, 
right, and Supplementary Table S9 ). Combining these with 
the published phase separation scaffold proteins, 1046 po- 
tential phase separation scaffold proteins were identi!ed in 
the mouse proteome ( Supplementary Fig. S4 B), of which 
667 are located in the cell nucleus based on their anno- 
tated subcellular localization collected from UniProt [ 28 ] 
( Supplementary Table S9 ). These proteins were further clas- 
si!ed based on GO terms associated with various mem- 
braneless subnuclear organelles (Fig. 2 A). In total 332 of 
the 667 nuclear protein candidates ( ∼50%) were categorized 
into different subnuclear compartments, while the remain- 
ing half were either uniformly distributed across the nucleus 
or had unknown subnuclear localization. In pericentric hete- 
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Figure 2. MBD2 is a candidate phase separation scaffold protein in mouse pericentric heterochromatin. (A) Number of predicted phase separation 
scaffold proteins with GO terms for multiple subnuclear membraneless organelles. (B) Venn diagram showing the overlap of three independent 
proteome-wide data to identify the most likely phase separation (PS) scaffold proteins in pericentric heterochromatin (PCH). “PCH Prediction”
represented all predicted phase separation scaffold proteins with GO terms for pericentric heterochromatin compartment, as shown in panel (A). 
“HC_P” represents all proteins identi"ed in the pellet fraction after heterochromatin phase separation and DIA_MS as shown in Fig. 1 F. “PCH 
proteome” represents the pericentric heterochromatin proteomic data from Schmidt et al. [ 4 ]. (C) Table list of published (Green) and newly identi"ed 
(black) phase separation scaffold proteins (PS scaffolds) in pericentric heterochromatin as shown in panel (B). PdPS, partner-dependent phase separation; 
SaPS, self-assembling phase separation. (D) Scheme summarizing the structures, length (aa), disorder scores, and isoelectric points (pI) of 
MBD-containing proteins. MBD: methyl-CpG binding domain; TRD: transcriptional repression domain. G/R: glycine/arginine; CC: coiled coil domain. The 
disorder scores were predicted using IUPred2A ( https:// iupred2a.elte.hu/ ). The isoelectric points (pI) were calculated using the peptide property 
calculator ( https:// pepcalc.com/ ). ( E, F ) R epresentativ e DIC images sho wing the phase separation properties of MBD-containing proteins. Follo wing in 
vitro phase separation ( Supplementary Fig. S6 C), the mixtures were transferred to chambers made of double-sided tapes and sealed with co v erslips 45 
min after incubation at room temperature. The droplets were observed using a Nikon Eclipse TiE2 microscope equipped with DIC microscopy. Images 
w ere tak en using a Nik on Eclipse TiE2 microscope equipped with DIC. n = three replicates. Scale bar = 10 µm. 
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12 Zhang et al. 
rochromatin, 54 candidate phase separation scaffold proteins 
were identi!ed (Fig. 2 A and Supplementary Fig. S4 B), among 
which 26 proteins, including cbx5 (HP1a) and MeCP2 [ 11 , 
43 ], have been experimentally validated for their phase sep- 
aration properties, while 28 await experimental validation 
( Supplementary Table S9 ). Additionally, the phase separation 
scaffold proteins were further subdivided into self-assembling 
phase separation (SaPS) and partner-dependent phase sepa- 
ration (PdPS) proteins based on PhaSePred predicting scores 
[ 16 ] ( Supplementary Table S9 ). However, the distinction be- 
tween PdPS and SaPS remains somewhat ambiguous due to 
limitations in the training datasets. For instance, MeCP2 was 
originally classi!ed as PdPS but was later demonstrated to 
phase separate by itself (SaPS) [ 11 –13 ]. 

MBD2 is a candidate scaffold for pericentric 
heterochromatin compartmentalization 
We then sought to identify the high-con!dence phase sep- 
aration scaffold proteins in pericentric heterochromatin. To 
this end, we !rstly compared the HC proteome dataset with 
the pericentric heterochromatin proteomic data reported by 
Schmidt et al. (2024) [ 4 ] (Fig. 2 B and Supplementary Fig. 
S5 A). 961 proteins were present in both datasets (PCH pro- 
teome; Supplementary Table S8 ), many of which are func- 
tionally associated with chromatin repression and membrane- 
less subnuclear organelles ( Supplementary Fig. S5 B). In con- 
trast, proteins uniquely identi!ed in either datasets were en- 
riched for functions related to active histone acetylation or 
mitochondrial activities, and were therefore excluded for the 
screening of phase separation scaffold proteins in pericentric 
heterochromatin. Then, we overlapped the PCH proteome 
with the HC_P proteomic data (HC_P) and with the pre- 
dicted pericentric heterochromatin phase separation scaffold 
proteins (PCH prediction) (Fig. 2 B and Supplementary Fig. 
S4 C). This analysis identi!ed 23 proteins present in all three 
datasets, each containing at least one long disordered region 
(Fig. 2 C and Supplementary Fig. S4 C–E). These proteins were 
therefore considered candidate pericentric heterochromatin 
phase separation scaffold proteins. 

PCH is characterized by high levels of H3K9me3 and DNA 
cytosine methylation, which could be “read” by cbx5 (HP1a) 
and methyl-cytosine binding proteins, respectively. In addition 
to cbx5, MBD containing proteins such as MBD2 and MeCP2 
were also identi!ed with predicted scaffold phase-separation 
potential. By contrast, MBD1 and MBD3, two additional 
MBD-containing proteins detected in HC phase-separated 
condensates (Fig. 1 E), showed no predicted scaffold phase sep- 
aration properties. To experimentally validate/evaluate these 
predictions, we compared the phase separation abilities of !ve 
major MBD-containing proteins (MBD1-4, MeCP2) using in 
vitro phase separation assay (Fig. 2 D and Supplementary Fig. 
S6 A–C). Consistent with its prediction, MBD2 and MeCP2 
formed spherical condensates with fusion properties, whereas 
MBD1 and MBD4 formed only irregular aggregates (Fig. 
2 E) (Movie 1). MBD3, which shares ∼80% homology with 
MBD2 outside the MBD domain [ 44 ] exhibited a much 
weaker phase separation capacity, forming only small con- 
densates in all conditions (Fig. 2 F). Thus, the strategy com- 
bining experimental recognition (heterochromatin isolation, 
phase separation and condensate composition detection) and 
in silico prediction is capable of isolating/recognizing candi- 

date scaffold phase separation proteins in pericentric hete- 
rochromatin. 

Taken together, these !ndings suggested that MBD2 may 
regulate pericentric heterochromatin dynamics via phase sep- 
aration. Hence, we next explored the molecular determinants 
of MBD2 phase separation and its role in heterochromatin 
organization. 
MBD2 spherical condensate formation is driven by 
its C-terminus and modulated by the CC domain in 
an isoform dependent manner in vitro 
MBD2 contains three regions, the well-de!ned MBD TRD , the 
amino terminus (N) before the MBD TRD , and the carboxyl 
terminus (C) after the MBDTRD ( Supplementary Fig. S1 ). 
Structure prediction using the AlphaFold server showed that 
MBD2 is highly disordered outside the functional MBDTRD 
domain (Fig. 3 A) [ 29 ]. To explore how different regions con- 
tribute to the phase separation properties of MBD2, we per- 
formed in vitro phase separation assays with puri!ed MBD2 
truncations from either the amino terminus or the carboxyl 
terminus (Fig. 3 B and Supplementary Figs S6 D, S7, and S8 ). 

The full-length MBD2 formed spherical condensates at high 
protein and low salt concentrations and irregular aggregates 
in the presence of crowding agents (PEG 8000) (Fig. 3 C 
and Supplementary Fig. S7 ). In comparison, truncating from 
the amino terminus [MBD2 !N, and MBD2 !N !MBDTRD 
(MBD2-C)] reduced the likelihood of forming spherical con- 
densates. Both irregular and spherical condensates were de- 
tected under different conditions. However, deletion of the 
carboxyl terminus (MBD2 !C, MBD2-N, and MBDTRD) 
abolished the ability to form spherical condensates. Thus, the 
carboxyl terminus is essential for spherical condensate for- 
mation, which could be enhanced by the amino terminus. 
Considering its DNA binding ability, we further checked the 
contribution of DNA in MBD2 spherical condensate forma- 
tion ( Supplementary Fig. S8 ). DNA promoted the transition 
of MBD2 condensates from spherical ones to irregular ag- 
gregates, inhibited MBD2 !N condensate formation, and en- 
hanced MBD2 !C irregular aggregates formation. 

Further analysis by the PSPHunter predicted two phase sep- 
aration key regions in the carboxyl terminus, one of which 
is located within the structure CC domain (Fig. 4 A) [ 30 ]. 
Moreover, the CC is predicted to undergo dimerization by 
the AlphaFold server ( Supplementary Fig. S9 A), suggesting 
that the CC-mediated self-interaction drives the MBD2 spher- 
ical condensate formation. Indeed, deleting the CC domain in 
MBD2 !N and MBD2-C abolished the ability to form spheri- 
cal condensates, although the full-length MBD2 with CC dele- 
tion showed even stronger spherical condensate formation 
ability (Fig. 4 B and Supplementary Fig. S10 ). This suggested 
that the other regions of MBD2 carboxyl terminus also ex- 
hibited phase separation properties, which were largely re- 
pressed by CC, such as the other predicted phase separation 
key region shown in Fig. 4 A. Alternatively, previous reports 
regarding the function of MBD2 residues R286L287 in di- 
rect interaction with the histone deacetylase core of NuRD 
suggest possible functions of R286L287 in such weak in- 
teractions [ 45 , 46 ]. Further, the necessity of CC in MBD2 
phase separation was con!rmed by turbidity assay and con- 
densate sedimentation assay with lower turbidity in the ab- 
sence of CC (Fig. 4 C) and less protein fraction in conden- 
sates ( Supplementary Fig. S9 B and C). Moreover, using na- 
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Figure 3. MBD2 forms spherical condensates that depend on the C-terminus. (A) MBD2 str uct ure prediction using the AlphaFold Server 
( https://alphaf oldserv er.com/). T he lines indicated the unstr uct ured regions. Kno wn MBD2 protein domains w ere color-coded as indicated. (B) Scheme 
showing the MBD2 constructs applied for in vitro phase separation assay. (C) Summarized phase diagrams of MBD2 constructs with representative 
microscopic images. MBD2 forms two kinds of distinct condensates with different morphology: (i) liquid-like spherical droplets with smooth and 
well-de"ned boundaries; (ii) solid/gel-like irregular aggregates with rough, uneven, or jagged boundaries. n = three replicates. Full information and 
images are shown in Supplementary Fig. S7 . 
tive mass spectrometry, we detected the presence of oligomers 
(from pentamers up to 26mer forms) in the MBD2 !N con- 
densate fraction, which was largely abolished by the deple- 
tion of CC (Fig. 4 D). Altogether, this implies that MBD2 
phase separation is likely initiated by CC domain-based 
dimerization and further stabilized by multiple weak interac- 
tions mediated by the disordered C terminus outside the CC 
domain. 

Additionally, the amino terminus containing truncations 
(MBD2 !C and MBD2-N) showed a strong ability to form 
irregular aggregates, consistent with phase transition be- 

havior. The PSPHunter predicted two phase separation key 
regions within the amino terminus, which are separated 
by the low complexity glycine-arginine (GR) repeat region 
( Supplementary Fig. S11 A). The GR-mediated separation of 
the two phase separation key regions potentially increased 
the intramolecular interactions between the two regions. As 
the intramolecular interactions could in"uence the phase sep- 
aration properties, we hypothesized that the GR regulates the 
phase separation behavior of MBD2. Supporting this hypoth- 
esis, we found that the amino terminus formed only spheri- 
cal droplets in the absence of GR (MBD2-N !GR), and this 
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Figure 4. CC domain modulates MBD2 spherical condensate formation in a domain-dependent manner in vitro . (A) Prediction of the key phase 
separation residues within the MBD2 carboxyl terminus assessed using PSPHunter ( http:// psphunter.stemcellding.org/ ). The CC domain is highlighted in 
cy an. T he predicted k e y residues are underlined. (B) Graphic summary of the phase separation properties of MBD2 constructs with and without CC 
domain. n = three replicates. (C) Quanti"cation of turbidity assay upon phase separation of MBD2 constructs with or without CC domain at different 
conditions. Absorbance at 340 nm was plotted as mean ± SD. n = three replicates. Raw data can be found in Supplementary Table S10 . (D) Spectra of 
MBD2 !N (top), MBD2 !N !CC (bottom) show monomer in multiple charge states in the low m/z range. The observed charge state envelopes of both 
monomers are characteristic for partially disordered proteins. Both variants of MBD2 !N form oligomers of 467 kDa at m/z 10 0 0 0 (A: MBD2 !N 15mer; 
B: MBD2 !N !CC 17mer). Intermediate oligomers are observed for MBD2 !N at m/z 80 0 0 (A: 7mer, 210 kDa). The ∗ annotation marks peaks 
corresponding to the identi"ed contaminant DnaK ( E. coli , 69 kDa). 
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was enhanced by the carboxyl terminus ( Supplementary Fig. 
S11 B). 

In summary, we found that the C-terminus drives the MBD2 
phase separation and spherical condensate formation, which 
could be modulated by CC domain in a domain dependent 
manner in vitro , whereas the N-terminus drives the phase tran- 
sition and irregular aggregate formation in a GR dependent 
manner by enhancing the intramolecular interactions of the 
amino terminus. 
MBD2 modulates pericentric heterochromatin 
dynamics in an isoform-dependent manner 
MBD2 exists in three isoforms due to alternative splicing and 
translational start sites: MBD2a (full length MBD2), MBD2b 
(corresponding to MBD2 !N), and MBD2c (corresponding 
to MBD2 !C) (Fig. 5 A). MBD2a and MBD2b exhibit similar 
expression pro!les across differentiation, whereas MBD2c is 
regulated differently [ 47 ]. In vitro , both MBD2a and MBD2b 
formed liquid-like spherical condensates, whereas MBD2c 
failed to do so (Fig. 3 ). These indicate that phase separa- 
tion differences of MBD2a/b and MBD2c possibly re"ect their 
functional differences in heterochromatin compartmentaliza- 
tion in vivo . 

Hence, we checked how MBD2 isoforms in"uence 
the pericentric heterochromatin architecture (Fig. 5 B–
E, and Supplementary Fig. S12 ). Firstly, we reanalyzed 
and compared the levels of MBD2 across mouse tis- 
sues using the proteomics data from Geiger et al. (2013) 
( Supplementary Fig. S12 A) (data downloaded form PaxDB 
database; Supplementary Table S7 ) [ 48 ]. MBD2 levels varied 
widely, with the lowest abundance in muscle. Consistently, 
our previous work showed low MBD2 levels in C2C12 my- 
oblast cells, a mouse skeletal muscle cell line [ 49 ]. Moreover, 
MBD2 was shown to promote C2C12 differentiation into 
myotubes via interaction with focal adhesion kinase together 
with increased MBD2 expression [ 50 ]. Thus, C2C12 cells 
were chosen as the in vivo model to examine how MBD2 con- 
tributes to the heterochromatin organization. The endogenous 
MBD2 concentration in C2C12 myoblasts is ∼1.9 µM for 
MBD2a and 0.9 µM for MBD2b ( Supplementary Fig. S12 B–
D). Combined with the proteomics data from Geiger et al. 
(2013) [ 48 ], we further estimated MBD2 abundance across 
mouse tissues to range from ∼3 µM in muscle to ∼320 µM 
in ileum, with a median of ∼41 µM and a mean of ∼79 µM 
( Supplementary Fig. S12 A, bottom). 

In C2C12 cells, endogenous MBD2 was enriched in DAPI- 
densed pericentric heterochromatin regions with modest het- 
erogeneity in abundance and slightly restricted pericentric het- 
erochromatin compartment size ( Supplementary Fig. S12 E–
H). This was further con!rmed in ES cell ( Supplementary Fig. 
S13 ), a cell line with similar MBD2 abundance to C2C12 
cells ( Supplementary Fig. S12 D). To directly test the func- 
tional contribution of endogenous MBD2, we generated an 
MBD2 knockout ES cell line ( Supplementary Fig. S13 A–
E). Consistently, endogenous MBD2 in ES cells modestly 
constrained pericentric heterochromatin compartment size 
( Supplementary Fig. S13 F and G) and its deletion resulted in 
enlarged compartment size ( Supplementary Fig. S13 H). 

We next checked how ectopic expression of MBD2 iso- 
forms in"uences the pericentric heterochromatin dynamics in 
C2C12 cells after transfection and immuno"uorescence (Fig. 5 
and Supplementary Fig. S14 ). All MBDTRD-containing con- 

structs showed enrichment at pericentric heterochromatin via 
speci!c MBD–mC interactions [ 51 ], while the carboxyl ter- 
minus (MBD2-C) exhibited widespread distribution across 
the whole cell except for the nucleolus ( Supplementary Fig. 
S14 A). Cells were strati!ed by total MBD2 concentration 
into four groups (I: ∼2 µM [endogenous]; II: ∼20 µM; III: 
∼40 µM; IV: > 40 µM). All MBD2 isoforms enriched at 
PCH in a dose-dependent manner, though to different extents 
(Fig. 5 C). MBD2c showed no signi!cant effect on pericen- 
tric heterochromatin compartment size. In contrast, MBD2a 
and MBD2b reduced the size of pericentric heterochromatin 
compartments at lower levels ( < 20 µM) but signi!cantly en- 
larged the pericentric heterochromatin compartment size at 
higher levels, independent of the CC domain (Fig. 5 D). More- 
over, we noticed that the MBDTRD domain, the core region 
of MBD2 with stable 3D structures to bind methyl-cytosine 
(mC) and recruit cofactors, promoted the growth of peri- 
centric heterochromatin compartments in a dose dependent 
manner ( Supplementary Fig. S14 B). These data indicate that 
MBD2 modulates pericentric heterochromatin compartment 
size via mechanisms independent of phase separation. 

In theory, phase separated liquid-like condensates exhibit 
boundary effects, restrict molecule exchange and modulate 
condensate compositions, e.g. nucleic acids, proteins. Next, 
we measured the in"uence of MBD2 on DNA distribution 
(Fig. 5 E and Supplementary Fig. S14 C and D). The nu- 
clei were classi!ed into seven chromatin compaction classes 
based on the DAPI intensity (Fig. 5 E). Compared to the 
control cells (GFP only), MBD2a increased the fractions of 
highly compacted heterochromatin (classes 5–7) and con- 
comitantly decreased the fractions of low chromatin com- 
paction (classes 2–3). This effect was further enhanced by 
CC deletion ( Supplementary Fig. S14 C), which strengthens 
spherical condensate formation (Fig. 3 B). MBD2b strongly in- 
creased the fractions of highly compacted heterochromatin 
(Fig. 5 E), which however was abolished by CC deletion 
( Supplementary Fig. S14 D), a construct with weaker spheri- 
cal condensate formation ability (Fig. 3 B). MBD2c, which did 
not form spherical condensate, showed no in"uence on DNA 
distribution (Fig. 5 E). 

Taken together, this indicates a positive correlation be- 
tween the ability of MBD2 to form spherical condensates and 
its capacity to modulate heterochromatin compaction. MB- 
DTRD modulates pericentric heterochromatin compartment 
size, whereas the CC !ne-tunes condensate morphology and 
chromatin compaction and reorganization. 
MBD2a/b spherical condensates generate an 
interfacial barrier surrounding pericentric 
heterochromatin compartments 
In addition to self-assembling phase separation forming 
liquid-like spherical condensates [SaPS, or liquid–liquid phase 
separation (LLPS)], recent work has suggested an alterna- 
tive phase separation mechanism known as partner-dependent 
phase separation (PdPS) [ 16 ]. Unlike SaPS, PdPS proteins can- 
not establish suf!cient weak homo interactions to overcome 
the phase separation threshold. Instead, multivalent weak in- 
teractions with large polymers drive the protein phase separa- 
tion. Thus the process is also called polymer–polymer phase 
separation (PPPS) [ 52 ] . Condensates formed by LLPS (SaPS) 
and PPPS (PdPS) exhibit distinct properties. One hallmark dis- 
tinguishing them is that the LLPS-mediated condensates have 
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Figure 5. MBD2a/b in!uences chromatin compaction. (A) Schematic representation of MBD2 isoforms and constructs used for ectopic expression. (B) 
R epresentativ e images of ectopic MBD2a and total MBD2 distribution within nuclei. Total MBD2 le v els w ere detected b y immuno!uorescence staining 
using antibody against the MBD domain of MBD2 and Cy5-conjugated secondary antibody, f ollo w ed b y !uorescence imaging using a Nikon Eclipse TiE2 
microscope equipped with a Plan Apo λ 40 × air objective. ( C, D ) Heat map showing the in!uence of MBD2 isoforms on their subnuclear localization (C) 
and pericentric heterochromatin compartment sizes (D) with and without CC domain. Nuclei were subclassi"ed into four categories based on their total 
MBD2 le v els (I: endogenous, 2–3 µM as calculated in Supplement ary Fig . S12 D). Assuming a linear relationship of Cy5 !uorescence and tot al MBD2 
le v els, w e estimated the protein le v els ( µM) of each nucleus and subgrouped them based on their MBD2 le v els: II 20 µM (10–30 µM); III 40 µM (30–50 
µM); and IV > 50 µM. For the heat map, mean values were plotted. Cell numbers in each condition were shown in panel (C). Signi"cances were 
determined by pairwise t -test with Benjamini–Hochberg (BH) correction false discovery rate (FDR) correction. ns, no signi"cance, P > .05; ∗P ≤.05; ∗∗P 
≤.01; ∗∗∗P ≤.001. Raw data can be found in Supplementary Table S10 . (E) Bar plot showing the effect of the different MBD2 isoforms on the 
compaction of chromatin. The cell nucleus was classi"ed into seven different chromatin compaction classes based on the DAPI intensities from 
DNA-free interchromatin region (class 1) to highly active and less compacted euchromatin (classes 2–4) and to highly compacted heterochromatin 
(classes 5–7). 3D images were taken using Leica TCS SP5 II confocal microscope with a HCX PL APO 100 ×/1.44 oil Corr CS objective. 3D images with 
similar MBD2 protein le v els w ere tak en and used f or quantitativ e analy sis. Data are represented as mean ± SD. n (control) = 33. n (MBD2a) = 32. n 
(MBD2b) = 34. n (MBD2c) = 32. Signi"cances were calculated by an unpaired t -test. ns, no signi"cance, P > .05; ∗P ≤.05; ∗∗P ≤.01; ∗∗∗P ≤.001. Raw 
data can be found in Supplementary Table S10 . 
an interphase barrier which creates a protein pool with high 
concentrations of free protein molecules and generates appar- 
ent interfacial barriers. These interfacial barriers result in pref- 
erentially intra-condensate molecular exchanges and restrict 
the inter-phase molecular exchange, while PPPS-mediated ag- 
gregates do not [ 53 ]. 

Given that the MBD domain binds speci!cally to methy- 
lated DNA and MBDTRD itself could not phase sepa- 
rate (Fig. 3 B and Supplementary Fig. S7 ), we examined if 
DNA or methyl-DNA (mC-DNA) could promote MBDTRD 
phase separation. Indeed, MBDTRD formed irregular con- 
densates in the presence of methylated DNA ( Supplementary 
Fig. S15 A). Thus, both CC-mediated homo-interaction and 
MBD–mC-mediated hetero-interaction probably contribute 
to MBD2 phase separation and pericentric heterochromatin 
reorganization. To dissect the underlying mechanism of 
MBD2 phase separation in the pericentric heterochromatin 

region, we made use of partial compartment "uorescence re- 
covery after photobleaching (half-FRAP) approach recently 
coined MOCHA-FRAP [ 40 ]. In brief, we bleached one half 
of a pericentric heterochromatin compartment and measured 
the "uorescence intensity in the bleached and the nonbleached 
half in C2C12 cells (Fig. 6 A). The "uorescence of the beached 
half recovered due to molecule exchange with the unbleached 
half and the surrounding region. In the absence of an interfa- 
cial barrier or with a weak interfacial barrier, molecular ex- 
changes between the surrounding and bleached half as well as 
between the nonbleached and bleached half occur with sim- 
ilar kinetics, resulting in only a subtle and transient "uores- 
cence decrease in the nonbleached half (smaller “Dip” val- 
ues). Conversely, in the presence of a strong interfacial barrier, 
there is a preferential intra-pericentric heterochromatin mix- 
ture between the bleached and nonbleached half, leading to 
a signi!cant initial "uorescence decrease in the nonbleached 
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Figure 6. MBD2a/b generates interfacial bar riers sur rounding pericentric heterochromatin compartments. (A) Schematic representation of the half-FRAP 
strategy. Yellow arrows indicate whether the !uorescence protein predominantly diffuses from within the heterochromatin compartment or the 
surrounding nucleoplasm and their sizes indicate how much/fast from which compartment. (B) Corresponding !uorescence recovery in the bleached 
and unbleached half of a condensate without (top) and with (bottom) interfacial barrier. The maximum intensity decrease of the nonbleached half is 
referred to as “Dip”. The red dashed line indicates the threshold. (C) Schematic representation of MBD2 constructs (MBD2s). (D) Quanti"cation and 
selection of cells with ectopic MBD2 le v els from 15–35 µM/nucleus. A detailed quanti"cation method is shown in Supplementary Fig. S16 . (E) 
Normalized !uorescence changes in the bleached half (light green) and the nonbleached half (dark green) for different MBD2 constructs. P (Student test 
against dip in free solution) < 0.01 was considered as an apparent interfacial barrier. kT: Energy barrier per molecule. n (MBD2a) = 23. n 
(MBD2a !CC) = 17. n (MBD2c) = 19. n (MBD2b) = 20. n (MBD2b !CC) = 17. n (MBDTRD) = 7. For additional details, see Methods. Raw data can be 
found in Supplementary Table S10 . 
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half (bigger “Dip” values). At later time points, the "uores- 
cence recovery shows the same kinetics as the bleached half 
(Fig. 6 B). Cells with ectopic MBD2 abundance from 15 to 
35 µM (levels found in tissues) were chosen (Fig. 6 C and D 
and Supplementary Fig. S16 ). We found that the CC domain- 
containing constructs exhibited signi!cant interfacial barriers, 
while all CC-depleted and carboxyl terminus-depleted con- 
structs exhibited no apparent interfacial barriers except for 
MBD2a !CC, which showed stronger spherical condensate 
formation ability in vitro (Fig. 6 C and E). 

In order to verify the MOCHA-FRAP data, we performed 
"uorescence loss in photobleaching experiments with differ- 
ent MBD2 constructs, analyzed the "uorescence loss in un- 
bleached nucleoplasm (blue rectangles) and heterochromatin 
compartments (green rectangles) after bleaching of the nu- 
cleoplasm (red dashed circles) ( Supplementary Fig. S17 A). 
The unbleached nucleoplasm regions rapidly lost ∼20% "u- 
orescence upon photobleaching for all MBD2 constructs 
( Supplementary Fig. S17 B). In the heterochromatin compart- 
ments, the MBD2a, MBD2a !CC, and MBD2b showed no 
"uorescence changes, while MBD2c, MBD2b !CC, and MB- 
DTRD showed a fast "uorescence loss upon photobleaching 
of nucleoplasm within the same nuclei ( Supplementary Fig. 
S17 B). These indicate that the MBD2a, MBD2a !CC, and 
MBD2b form apparent interfacial barriers between the het- 
erochromatin compartments and the nucleoplasm. 

Therefore, MBD2 !rst locally enriches (seeds) at the peri- 
centric heterochromatin region via the mC–MBD interac- 
tions thereby overcoming the phase separation threshold. 
Subsequently, MBD2a/b forms liquid-like condensates via C- 
terminus-mediated homo-oligomerization, generates apparent 
interfacial barriers, and ultimately modulates the pericentric 
heterochromatin composition. 
MBD2 liquid-like spherical condensates modulate 
the composition of heterochromatin 
To explore whether and how MBD2a/b condensates modulate 
the heterochromatin composition, we !rstly detected the lo- 
calization of MBD2 in reconstituted heterochromatin conden- 
sates. The puri!ed MBD2 molecules were labelled with Alexa 
Fluor 546 (AF546-MBD2) and mixed with unlabelled MBD2 
proteins in a ratio of 1:99, followed by in vitro phase sepa- 
ration assay. All MBD2 condensates could be labelled with 
AF546, con!rming that the "uorescence probe does not in"u- 
ence the MBD2 phase separation ( Supplementary Fig. S15 B, 
left). Then high MBD2 concentration (10 µM MBD2 with 
0.1 µM AF546-MBD2 with MBD2 phase separation) and 
low MBD2 concentration (0.1 µM AF546-MBD2 without 
MBD2 phase separation) were mixed with heterochromatin 
(0.5 µg/ µl heterochromatin fractions with heterochromatin 
phase separation) for in vitro phase separation, separately. 
AF546-MBD2 was homogeneously incorporated into all hete- 
rochromatin condensates regardless of whether having added 
MBD2 condensates or not ( Supplementary Fig. S15 B and 
C). Importantly, irregular heterochromatin aggregates transi- 
tioned into larger and more spherical condensates upon addi- 
tional MBD2 condensates ( Supplementary Fig. S15 B). 

Molecularly, distinct proteins were enriched in the pellets 
compared to the supernatant in the presence of additional 
MBD2 condensates (HC_MBD2_S versus HC_MBD2_P) 
(Fig. 7 A), in agreement with MBD2 being a scaffold fac- 
tor driving large-scale heterochromatin phase separation. 

Furthermore, the protein composition of HC condensates 
differed in the presence of additional MBD2 condensates 
(HC_MBD2_P) compared to heterochromatin alone (HC_P) 
(Fig. 7 A). Thus, we compared the protein compositional 
differences of heterochromatin condensates with and with- 
out additional MBD2 condensates using mass spectrome- 
try (Fig. 7 B and C, Supplementary Fig. S18 A and B, and 
Supplementary Table S8 ). A total of 922 and 742 proteins 
were detected in heterochromatin condensates in the absence 
and presence of additional MBD2 condensates, respectively 
(Fig. 7 C, left). Among these, 672 proteins were consistently 
detected including MeCP2 and cbx5, 250 were excluded from 
the heterochromatin condensates including MBD1, and 70 
proteins were enriched into the condensates upon addition 
of MBD2 condensates. Both MBD2 condensate recruited and 
excluded proteins exhibited mildly lower disorder and abun- 
dance ( Supplementary Fig. S18 C and D). Moreover, we found 
that MBD2 condensate containing phase separation showed a 
preference for recruiting CC domain-containing proteins (but 
not zinc-!nger domain-containing proteins), likely via hetero 
CC interactions (Fig. 7 D). This is further evidenced by a recent 
report that CC pairing drives protein phase separation in vivo 
and in vitro [ 54 ]. These !ndings indicate that MBD2 mod- 
ulates heterochromatin protein composition in part through 
phase separation. 

MBD2a/b modulates heterochromatin epigenetics 
via phase separation-driven molecular exclusion 
and inclusion 
Given that a hallmark of heterochromatin is low histone 
acetylation levels, which could be brought about by MBD2- 
containing histone deacetylation complexes, we hypothesized 
that MBD2a/b-driven spherical condensate formation might 
in"uence the distribution of histone (de)acetylation-related 
proteins, thereby having functional consequences. Indeed, the 
proteins excluded by MBD2 condensates showed an enrich- 
ment for active histone acetyltransferase ( Supplementary Fig. 
S18 D). Further, we examined the distributions of histone 
acetylation and deacetylation-related proteins (Fig. 7 E and 
F). We found that additional MBD2 condensates substan- 
tially excluded histone acetylation-related proteins from het- 
erochromatin condensates to ∼56% (14/25) (Fig. 7 E, left) 
( Supplementary Table S8 ). Interestingly, only a small por- 
tion of these proteins (3/26) were predicted to have phase 
separation properties (Fig. 7 E, right). In contrast, histone 
deacetylation-related proteins were largely retained within 
heterochromatin condensates ( ∼74%, 25/34) regardless of 
additional MBD2 condensates, possibly due to the intrin- 
sic phase separation properties of other deacetylation com- 
ponents with predicted scaffold phase separation properties 
(10/36) (Fig. 7 F). 

MBD2 and MBD3 are well-known scaffold proteins for the 
assembly and localization of the nucleosome remodelling and 
histone deacetylation (NuRD) complex [ 55 ]. Unlike MBD2, 
which is enriched in highly methylated inactive heterochro- 
matin, MBD3 is more widely distributed across the nucleus 
due to a lack of mC binding [ 49 , 55 , 56 ]. Both MBD2 and 
MBD3 are expressed in the mouse brain and were detected in 
heterochromatin condensates (Fig. 7 B) although MBD3 itself 
showed much weaker phase separation properties (Fig. 2 F). 
We hypothesized that MBD2 promotes the local enrichment 
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Figure 7. MBD2a/b spherical condensation-dependent interfacial barrier modulates the heterochromatin proteome. (A) Ponceau staining after 
SDS–PAGE showing the compositional differences among mouse brain heterochromatin fraction (HC), in vitro heterochromatin condensate assay 
supernatant (S) and pellet (P) in the presence or absence of additional MBD2 condensates. ∗ indicate the fractions used for downstream mass 
spectrometry analysis in panel (B). (B) Dot plot of protein mean intensities in HC_MBD2_P versus those in HC_P. Only proteins detected in ≥2 replicates 
were considered in each group. Gray dots: all proteins found in heterochromatin pellets, regardless of additional MBD2 condensates. Pink dots: Proteins 
speci"cally recruited into the condensates by additional MBD2 condensates. Light blue dots: Proteins speci"cally excluded from the condensates by 
additional MBD2 condensates. Dark blue dots: NuRD members. Green dots: Histone deacetylase-related proteins. Purple dots: Histone 
acetyltransferase-related proteins and histone deacetylase repressors. n = three replicates. (C) Venn diagram showing the number of proteins identi"ed 
in the heterochromatin pellets in the presence and absence of additional MBD2 condensates as shown in panel (B). Representative proteins in each 
sub-class are listed. (D) Fraction of coiled coil and zinc "nger-containing proteins in heterochromatin fractions that were speci"cally recruited or e x cluded 
by MBD2 condensates. The coiled coil and zinc "nger domains were predicted using InterPro ( https:// www.ebi.ac.uk/ interpro/ ). (E) Left: Number of 
histone acetylation-related proteins identi"ed in different fractions of mouse brain nuclei. Right: Venn diagram showing the overlap between histone 
acetylation-related proteins identi"ed in pellets and those predicted with scaffold phase separation properties. (F) Top: Number of histone 
deacetylation-related proteins identi"ed in different fractions of mouse brain nuclei. Bottom: Venn diagram showing the overlap between histone 
deacetylation-related proteins identi"ed in pellets and those predicted with scaffold phase separation properties. 
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20 Zhang et al. 
of NuRD members and subsequent NuRD assembly via spher- 
ical condensation. 

Among the 41 reported NuRD-related proteins, 18 and 
16 were detected in the mouse brain nuclei and hete- 
rochromatin fraction, respectively ( Supplementary Fig. S19 A). 
Additionally, 12 and 11 NuRD members were detected 
within heterochromatin condensates with and without ad- 
ditional MBD2 condensates ( Supplementary Fig. S19 A, left, 
and Supplementary Table S8 ) with a preference for CC 
domain-containing proteins (such as MBD2; Supplementary 
Fig. S19 A, right). Notably, only MBD2 exhibited predicted 
phase separation scaffold properties ( Supplementary Fig. 
S19 A, bottom). Consistently, we found that ectopic expres- 
sion of MBD2a/b promoted the relocalization and enrich- 
ment of the NuRD member GA T AD2b into DNA-dense 
and MBD2-enriched pericentric heterochromatin regions in 
a dose-dependent manner in both C2C12 mouse myoblasts 
and ES cells ( Supplementary Fig. S19 B–E). This was not the 
case when overexpressing MBD2c ( Supplementary Fig. S19 B–
E), the isoform with no spherical condensate formation ability 
(Fig. 3 C). Consistently, MBD2 deletion resulted in decreased 
GA T AD2b abundance and enrichment at pericentric hete- 
rochromatin compartments ( Supplementary Fig. S19 F and G). 
These data indicate that MBD2 facilitates the local enrichment 
and subsequent assembly of NuRD complexes within peri- 
centric heterochromatin compartments, which is correlatively 
consistent with a possible contribution of MBD2 phase sepa- 
ration to NuRD assembly. However, our current data cannot 
directly distinguish the effects of direct MBD2–NuRD protein 
interactions from potential condensate-mediated recruitment, 
and more precise strategies are required in future studies. 

Beyond MBD2-NuRD complex, we examined the potential 
interplay between MBD2 and other chromatin (de)acetylation 
enzymes that are speci!cally recruited (Hdac11) or excluded 
(Kat7) from HC condensates in the presence of additional 
MBD2 condensates. For this purpose, we performed "uores- 
cence microscopy and colocalization analysis as well as coim- 
munoprecipitation (CoIP) analysis following co-transfection 
with plasmids coding for GFP-tagged MBD2 and RFP-tagged 
Hdac11 or Kat7 (Fig. 8 ). For CoIP, GFP-tagged proteins 
from cell lysates were immunoprecipitated using a GFP-binder 
nanobody [ 36 ], and precipitated proteins were analyzed by 
western blot. Fluorescence microscopy analysis revealed that 
MBD2a and MBD2b, but not MBD2c, enriched Hdac11 lo- 
cally (with partial recruitment into MBD2a subnuclear foci) 
(Fig. 8 A). CoIP assays further validated the interaction of 
Hdac11 with MBD2a and MBD2b but not MBD2c (Fig. 8 B). 
In contrast, Kat7 was selectively enriched into MBD2c con- 
densates but not MBD2a or MBD2b subnuclear foci (Fig. 8 C). 
However, neither of the three MBD2 isoforms were able to 
pull-down the Kat7 (Fig. 8 D), indicating that the MBD2c–
Kat7 interaction visualized under the microscope might be too 
weak to be detected by co-precipitation. 

Given the differential effects of MBD2 isoforms on the lo- 
calization of histone (de)acetylation machinery, we checked 
their in"uences on histone acetylation levels in pericentric het- 
erochromatin compartments in C2C12 and ES cells (KO and 
upon re-expressing the MBD2 isoforms) following transfec- 
tion and immuno"uorescence staining (Fig. 9 ). Consistently, 
overexpression of MBD2a and MBD2b, but not MBD2c, de- 
creased the acetylation levels at histone H3 lysine 27 and 
lysine 9 (H3K27ac and H3K9ac) in pericentric heterochro- 
matin regions in a concentration-dependent manner (Fig. 9 A–

D ). Consistently, MBD2 depletion increased the H3K27ac and 
H3K9ac levels at pericentric heterochromatin compartments 
(Fig. 9 E–F ). 

Altogether, we found that MBD2a and MBD2b, but not 
MBD2c, form spherical condensates in vitro , establish appar- 
ent interfacial barriers surrounding membraneless pericentric 
heterochromatin compartments in vivo , and consequently re- 
sult in lower acetylation states, reduced chromatin accessibil- 
ity, and diminished transcriptional activity. 
Discussion 
Several publications have suggested liquid-like properties of 
various membraneless organelles in vivo , with complex and 
distinct protein compositions. However, only a small fraction 
of these proteins seem to be essential for condensate forma- 
tion. In this study, we employed a novel and comprehensive 
approach combining spatial proteomics (nuclei fractionation) 
with in vitro phase separation and advanced phase separation 
prediction tools to uncover the mechanisms underlying het- 
erochromatin compartmentalization, with a particular focus 
on pericentric heterochromatin. Firstly, utilizing heterochro- 
matin fractions isolated from mouse brain, we demonstrated 
that heterochromatin undergoes phase separation in vitro , se- 
lectively enriching speci!c proteins within condensates while 
simultaneously excluding others. This suggests that hete- 
rochromatin forms dynamic and phase-separated condensates 
rather than simply indiscriminate protein aggregation. How- 
ever, realizing that not all proteins contribute equally to het- 
erochromatin phase separation, we employed multiple phase 
separation prediction tools (DrLLPS, PSAP, and PhaSePred) 
to identify the candidate phase separation scaffold proteins 
(scaffolds) across the mouse proteome. These scaffolds are ca- 
pable of phase separation by either self-assembling (SaPS) or 
partner-dependent mechanisms (PdPS). By intersecting these 
predictions with the heterochromatin phase separation pro- 
teome data, we identi!ed ∼250 potential phase separation 
scaffolds at heterochromatin out of ∼1000 proteins found in 
heterochromatin condensates. This further supports the hy- 
pothesis that phase separation is a driving force underlying 
heterochromatin compartmentalization. Notably, 20 proteins 
were predicted to modulate pericentric heterochromatin com- 
partmentalization based on their known subcellular localiza- 
tions, including the MBD2 protein, a member of the NuRD 
complex involved in various cellular processes, including em- 
bryonic stem (ES) cell differentiation [ 47 , 57 ] and carcinogen- 
esis [ 58 , 59 ]. 

MBD2 has been reported to exist in three isoforms due 
to alternative splicing and translation start sites. All isoforms 
contain the highly conserved MBDTRD but retain either the 
amino terminus (MBD2c, termed MBD2 !C here) or the car- 
boxyl terminus (MBD2b, termed MBD2 !N here) or both 
(MBD2a, termed MBD2 here). The three isoforms exhibit dif- 
ferent binding partners and functions [ 47 ]. Previous work in- 
dicated that MBD2c is expressed in ES cells and maintains the 
pluripotent state, while MBD2a/b are increasingly expressed 
during differentiation [ 47 ]. Thus, here we investigated the 
contributions of the different MBD2 domains—amino termi- 
nus, MBD TRD , and carboxyl terminus. Through a combina- 
tion of in vitro phase separation assays, in silico analyses and 
experiments in cells, we demonstrated that MBD2 undergoes 
LLPS via the CC domain-mediated oligomerization, forming 
liquid-like condensates that are likely critical for pericentric 
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Figure 8. MBD2a/b Interacts with Hdac11 but e x cludes Kat7. ( A, B ) MBD2–Hdac11 interactions. (A) R epresentativ e images (left) showing the localization 
of GFP-tagged MBD2 isoforms and RFP-tagged Hdac11 in ES J1 cells 48 h after cotransfection. Line pro"les (right) depict !uorescence intensity along 
the y ello w lines. (B) Co-immunoprecipitation analy sis of MBD2–Hdac11 interaction in HEK cells. GFP-tagged MBD2a, MBD2b, MBD2c, or GFP as a 
control were immunoprecipitated using GFP-binder beads. Pull-down fractions were analyzed by western blot using anti-RFP. Input and bound fractions 
are shown. Dashed red boxes highlight the absence of pull-down. ( C, D ) MBD2–Kat7 interactions. (C) Representative images (left) showing the 
localization of GFP-tagged MBD2 isoforms and RFP-tagged Kat7 in ES J1 cells 48 h after cotransfection. Line pro"les (right) depict !uorescence intensity 
along the y ello w lines. (D) Co-immunoprecipitation analysis of MBD2–Kat7 interaction in HEK cells. GFP-tagged MBD2a, MBD2b, MBD2c, or GFP as a 
control were immunoprecipitated using GFP-binder beads. Pull-down fractions were analyzed by western blot using anti-RFP. Input and bound fractions 
are shown. Dashed red boxes highlight the absence of pull-down. 
heterochromatin organization and dynamics. In addition, the 
glycine/arginine (GR) repeat region in the amino terminus 
of MBD2 modulates condensate morphology via preferen- 
tial intra-molecular interactions. Our data suggest a model 
wherein MBD2 !rst seeds at the pericentric heterochromatin 
region by binding to methylated DNA through its MBD do- 
main, thus, locally enriching MBD2 concentration and sur- 
passing the LLPS concentration threshold. This seeding event 
increases the MBD2 local concentration and, thus, enhances 
the MBD2 oligomerization. The latter leads to the forma- 
tion of liquid-like condensates with apparent interfacial barri- 
ers that subsequently modulate the composition and promote 
overall low acetylation levels at pericentric heterochromatin 

by recruiting as well as excluding other proteins within these 
structures as shown by our data. As a result, MBD2 phase sep- 
aration increases the compaction of heterochromatin, reduces 
the accessibility of various active molecular machineries, such 
as transcription complexes, to DNA repeats, and !nally limits 
the activities of these repeats, including their transcriptional 
levels. 

Our study also highlights the nuanced differences between 
self-assembling phase separation (SaPS, or LLPS) and partner- 
dependent phase separation (PdPS, or PPPS), with MBD2 
exemplifying how a protein can leverage both mechanisms. 
While LLPS is driven by homotypic interactions and gener- 
ates interfacial barriers, PPPS involves multivalent interac- 
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Figure 9. MBD2a/b decreases the histone acetylation le v els in pericentric heterochromatin regions in both C2C12 ( A, B ) and ES ( C–F ) cells. ( A, B ) 
R epresentativ e images (top) and quantitative analysis of histone acetylation [H3K9ac (A) , H3K27ac (B) ] abundance in whole nuclei and in pericentric 
heterochromatin (PCH) (bottom) in C2C12 cells 48 h after transfection of plasmid coding for GFP-MBD2 isoforms. Cells with similar expression levels of 
MBD2 isoforms were chosen. H3K9ac and H3K27ac were visualized by immuno!uorescence staining after transfection. DNA was counterstained with 
DAPI. Images were taken using a Nikon Eclipse TiE2 microscope equipped with a Plan Apo λ 40 × air objective. Data are represented as scatter plots 
with mean ± SD. The red dashed line indicates the mean !uorescence intensities in cells with GFP expression. For panel (A), n (MBD2a) = 172; n 
(MBD2b) = 145; n (MBD2c) = 205; n (GFP) = 919. For panel (B), n (MBD2a) = 1459; n (MBD2b) = 831; n (MBD2c) = 3016; n (GFP) = 5779. 
Signi"cances were calculated by an unpaired t -test. ns P > .05; ∗∗∗P ≤.001. Raw data can be found in Supplementary Table S10 . ( C, D ) Representative 
images (top) and quantitative analysis of histone acetylation [H3K9ac (C) , H3K27ac (D) ] abundance in whole nuclei and in pericentric heterochromatin 
(PCH) (bottom) in ES cells 48 h after transfection of plasmid coding for GFP-MBD2 isoforms. Cells were classi"ed into four classes based on GFP 
intensities. Each class contains cells with similar GFP intensities. H3K9ac and H3K27ac were visualized by immuno!uorescence staining after 
transfection. DNA was counterstained with DAPI. Images were taken using a Nikon Eclipse TiE2 microscope equipped with a Plan Apo λ 40 × air 
objective. Data are represented as heat maps showing the mean values. Cell numbers in each condition were shown. Raw data can be found in 
Supplementary Table S10 . ( E-F ) R epresentativ e images (top) and quantitative analysis of histone acetylation [H3K9ac (E) , H3K27ac (F) ] abundance in 
whole nuclei and in pericentric heterochromatin (PCH) (bottom) in wild-type (WT) and MBD2 knockout (MBD2-KO) ES cells. H3K9ac and H3K27ac were 
visualiz ed b y immuno!uorescence st aining . DNA was counterst ained with DAPI. Images were t ak en using a Nik on Eclipse TiE2 microscope equipped 
with a Plan Apo λ 40 × air objective. Data are represented by violin plots embedded with box plots. Violin plots displayed the probability density of the 
data at different values, mirrored around the center line. The box plots indicated the median (central line), interquartile range (IQR) (box), and whiskers 
representing 1.5 × IQR. For panel (E), n (WT) = 318; n (MBD2-KO) = 255. For panel (F), n (WT) = 148; n (MBD2-KO) = 186. Raw data can be found 
in Supplementary Table S10 . 
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tions with other macromolecules, such as nucleic acids [ 40 , 
53 , 52 ] and does not form interfacial barriers. The interplay 
between the two types of phase separation likely contributes 
to a more precise !ne-tuning of chromatin architecture and 
function, adding another layer of complexity to our under- 
standing of nuclear chromatin organization. 

In summary, we developed an integrated platform combin- 
ing nuclei fractionation, in vitro phase separation, mass spec- 
trometry, phase separation and protein structure predictions, 
and functional assays to identify key phase separation scaf- 
folds involved in pericentric heterochromatin compartmen- 
talization and to provide mechanistic insights. These !ndings 
pave a new way for future studies aimed at deciphering the 
speci!c roles of phase separation scaffolds in chromatin dy- 
namics and their implications in gene regulation and genome 
stability. 
A c kno wledg ements 
We thank Anne Lehmkuhl for excellent help in cell culture, 
Peng Zhang for plasmid generation, and Alexander Rapp for 
aiding with image analysis. 

Author contributions : H.Z and M.C.C designed the exper- 
iments and wrote the manuscript. H.L and F.L discussed the 
project and contributed to the manuscript writing. H.Z per- 
formed all experiments regarding nuclear fractionation, pro- 
tein puri!cation, in vitro phase separation and cellular work, 
and generated the !nal !gures. E.U. performed the DIA-MS 
measurements and analysis. C.H. performed the native MS 
measurements and analysis. H.R. performed the FLIP assay. 
M.A. performed co-immunoprecipitation analysis. M.M. per- 
formed cotransfection and colocalization analysis. M.C.C., 
H.L., and F.L. acquired funding. All authors revised, com- 
mented and agreed on the manuscript. 
Supplementary data 
Supplementary data is available at NAR online. 
Con!ict of interest 
None declared. 
Funding 
This work was funded by the Deutsche Forschungsge- 
meinschaft (DFG, German Research Foundation) grants CA 
198/16-1 project number 425470807 and CA 198/19-1 
project number 522122731 to M.C.C.; LE 721/18-1 project 
number 425470807 to H.L.; LE 4781/5-1 project number 
522122731 and project number 461372424 to F.L.. The work 
was also funded by the LOEWE project TRABITA of the Hes- 
sian Ministry of Higher Education, Research and the Arts 
(HMWK) to F.L. Funding to pay the Open Access publication 
charges for this article was provided by DFG. 
Data availability 
The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE [ 60 ] part- 
ner repository with the dataset identi!er PXD055626 at https: 
// www.ebi.ac.uk/ pride/ . All image data have been deposited 

and are available at https://tudatalib.ulb.tu-darmstadt.de/ 
handle/ tudatalib/ 4431 . 

References 
1. Grewal SIS, Moazed D. Heterochromatin and epigenetic control of 

gene expression. Science 2003;301:798–802. 
https:// doi.org/ 10.1126/ science.1086887 

2. Allshire RC, Madhani HD. Ten principles of heterochromatin 
formation and function. Nat Rev Mol Cell Biol 2018;19:229–44. 
https:// doi.org/ 10.1038/ nrm.2017.119 

3. Falk M, Feodorova Y, Naumova N et al. Heterochromatin drives 
compartmentalization of inverted and conventional nuclei. Nature 
2019;570:395–9. https:// doi.org/ 10.1038/ s41586- 019- 1275- 3 

4. Schmidt A, Zhang H, Schmitt S et al. The proteomic composition 
and organization of constitutive heterochromatin in mouse tissues. 
Cells 2024;13:139, https:// doi.org/ 10.3390/ cells13020139 .

5. Federation AJ, Nandakumar V, Searle BC et al. Highly parallel 
quanti!cation and compartment localization of transcription 
factors and nuclear proteins. Cell Rep 2020;30:2463–2471.e5. 
https:// doi.org/ 10.1016/ j.celrep.2020.01.096 

6. Ugur E, de la Porte A, Qin W et al. Comprehensive chromatin 
proteomics resolves functional phases of pluripotency and 
identi!es changes in regulatory components. Nucleic Acids Res 
2023;51:2671–90. https:// doi.org/ 10.1093/ nar/ gkad058 

7. Zhang H, Qin W, Romero H et al. Heterochromatin organization 
and phase separation. Nucleus 2023;14:2159142.

8. Strom AR, Emelyanov AV, Mir M et al. Phase separation drives 
heterochromatin domain formation. Nature 2017;547:241–5. 
https:// doi.org/ 10.1038/ nature22989 

9. Qin W, Ugur E, Mulholland CB et al. Phosphorylation of the 
HP1 β hinge region sequesters KAP1 in heterochromatin and 
promotes the exit from naïve pluripotency. Nucleic Acids Res 
2021;49:7406–23.

10. Qin W, Stengl A, Ugur E et al. HP1 β carries an acidic linker 
domain and requires H3K9me3 for phase separation. Nucleus 
2021;12:44–57. https:// doi.org/ 10.1080/ 19491034.2021.1889858 

11. Zhang H, Romero H, Schmidt A et al. MeCP2-induced 
heterochromatin organization is driven by oligomerization-based 
liquid–liquid phase separation and restricted by DNA methylation. 
Nucleus 2022;13:1–34. 
https:// doi.org/ 10.1080/ 19491034.2021.2024691 

12. Wang L, Hu M, Zuo M-Q et al. Rett syndrome-causing mutations 
compromise MeCP2-mediated liquid–liquid phase separation of 
chromatin. Cell Res 2020;30:393–407. 
https:// doi.org/ 10.1038/ s41422- 020- 0288- 7 

13. Li CH, Coffey EL, Dall’Agnese A et al. MeCP2 links 
heterochromatin condensates and neurodevelopmental disease. 
Nature 2020;586:440–4. 
https:// doi.org/ 10.1038/ s41586- 020- 2574- 4 

14. Chong PA, Vernon RM, Forman-Kay JD. RGG/RG motif regions 
in RNA binding and phase separation. J Mol Biol 
2018;430:4650–65. https:// doi.org/ 10.1016/ j.jmb.2018.06.014 

15. Wang J, Choi J-M, Holehouse AS et al. A molecular grammar 
governing the driving forces for phase separation of prion-like 
RNA binding proteins. Cell 2018;174:688–699.e16. 
https:// doi.org/ 10.1016/ j.cell.2018.06.006 

16. Chen Z, Hou C, Wang L et al. Screening membraneless organelle 
participants with machine-learning models that integrate 
multimodal features. Proc Natl Acad Sci USA 
2022;119:e2115369119. 
https:// doi.org/ 10.1073/ pnas.2115369119 

17. van Mierlo G, Jansen JRG, Wang J et al. Predicting protein 
condensate formation using machine learning. Cell Rep 
2021;34:108705. https:// doi.org/ 10.1016/ j.celrep.2021.108705 

18. Ning W, Guo Y, Lin S et al. DrLLPS: a data resource of 
liquid–liquid phase separation in eukaryotes. Nucleic Acids Res 
2020;48:D288–95. https:// doi.org/ 10.1093/ nar/ gkz1027 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/22/gkaf1380/8384123 by guest on 18 January 2026

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1380#supplementary-data
https://www.ebi.ac.uk/pride/
https://tudatalib.ulb.tu-darmstadt.de/handle/tudatalib/4431
https://doi.org/10.1126/science.1086887
https://doi.org/10.1038/nrm.2017.119
https://doi.org/10.1038/s41586-019-1275-3
https://doi.org/10.3390/cells13020139
https://doi.org/10.1016/j.celrep.2020.01.096
https://doi.org/10.1093/nar/gkad058
https://doi.org/10.1038/nature22989
https://doi.org/10.1080/19491034.2021.1889858
https://doi.org/10.1080/19491034.2021.2024691
https://doi.org/10.1038/s41422-020-0288-7
https://doi.org/10.1038/s41586-020-2574-4
https://doi.org/10.1016/j.jmb.2018.06.014
https://doi.org/10.1016/j.cell.2018.06.006
https://doi.org/10.1073/pnas.2115369119
https://doi.org/10.1016/j.celrep.2021.108705
https://doi.org/10.1093/nar/gkz1027


24 Zhang et al. 
19. Ludwig AK, Zhang P, Cardoso MC. Modi!ers and readers of 

DNA modi!cations and their impact on genome structure, 
expression, and stability in disease. Front Genet 2016;7:115. 
https:// doi.org/ 10.3389/ fgene.2016.00115 

20. Georgel PT, Horowitz-Scherer RA, Adkins N et al. Chromatin 
compaction by human MeCP2. Assembly of novel secondary 
chromatin structures in the absence of DNA methylation. J Biol 
Chem 2003;278:32181–8. 
https:// doi.org/ 10.1074/ jbc.M305308200 

21. Ludwig AK, Zhang P, Hastert FD et al. Binding of MBD proteins 
to DNA blocks Tet1 function thereby modulating transcriptional 
noise. Nucleic Acids Res 2017;45:2438–57. 
https:// doi.org/ 10.1093/ nar/ gkw1197 

22. Teves SS, Henikoff S. Salt fractionation of nucleosomes for 
genome-wide pro!ling. Methods Mol Biol 2012;833:421–32.

23. T yanova S, T emu T, Sinitcyn P et al. The Perseus computational 
platform for comprehensive analysis of (prote)omics data. Nat 
Methods 2016;13:731–40. https:// doi.org/ 10.1038/ nmeth.3901 

24. Aspromonte MC, Nugnes MV, Quaglia F et al. DisProt in 2024: 
improving function annotation of intrinsically disordered proteins. 
Nucleic Acids Res 2024;52:D434–41. 
https:// doi.org/ 10.1093/ nar/ gkad928 

25. Hou C, Wang X, Xie H et al. PhaSepDB in 2022: annotating phase 
separation-related proteins with droplet states, co-phase 
separation partners and other experimental information. Nucleic 
Acids Res 2023;51:D460–5. https:// doi.org/ 10.1093/ nar/ gkac783 

26. Wang X, Zhou X, Yan Q et al. LLPSDB v2.0: an updated database 
of proteins undergoing liquid–liquid phase separation in vitro. 
Bioinformatics 2022;38:2010–4. 
https:// doi.org/ 10.1093/ bioinformatics/ btac026 

27. Mészáros B, Erd ̋os G, Szabó B et al. PhaSePro: the database of 
proteins driving liquid–liquid phase separation. Nucleic Acids Res 
2020;48:D360–7.

28. Coudert E, Gehant S, de Castro E et al. Annotation of 
biologically relevant ligands in UniProtKB using 
ChEBI. Bioinformatics 
2023;39:btac793.https:// doi.org/ 10.1093/ bioinformatics/ btac793 

29. Abramson J, Adler J, Dunger J et al. Accurate structure prediction 
of biomolecular interactions with AlphaFold 3. Nature 
2024;630:493–500. https:// doi.org/ 10.1038/ s41586- 024- 07487- w 

30. Sun J, Qu J, Zhao C et al. Precise prediction of phase-separation 
key residues by machine learning. Nat Commun 2024;15:2662. 
https:// doi.org/ 10.1038/ s41467- 024- 46901- 9 

31. McKittrick E, Gafken PR, Ahmad K et al. Histone H3.3 is 
enriched in covalent modi!cations associated with active 
chromatin. Proc Natl Acad Sci USA 2004;101:1525–30. 
https:// doi.org/ 10.1073/ pnas.0308092100 

32. Becker A, Zhang P, Allmann L et al. Poly(ADP-ribosyl)ation of 
methyl CpG binding protein 2 regulates chromatin structure. J Biol 
Chem 2016;291:9382. https:// doi.org/ 10.1074/ jbc.A115.698357 

33. Arroyo M, Hastert FD, Zhadan A et al. Isoform-speci!c and 
ubiquitination dependent recruitment of Tet1 to replicating 
heterochromatin modulates methylcytosine oxidation. Nat 
Commun 2022;13:5173. 
https:// doi.org/ 10.1038/ s41467- 022- 32799- 8 

34. Hastert FD, Weber J, Bauer C et al. TET dioxygenases localize at 
splicing speckles and promote RNA splicing. Nucleus 
2025;16:2536902. 
https:// doi.org/ 10.1080/ 19491034.2025.2536902 

35. Agarwal N, Becker A, Jost KL et al. MeCP2 Rett mutations affect 
large scale chromatin organization. Hum Mol Genet 
2011;20:4187–95. https:// doi.org/ 10.1093/ hmg/ ddr346 

36. Rothbauer U, Zolghadr K, Muyldermans S et al. A versatile 
nanotrap for biochemical and functional studies with "uorescent 
fusion proteins. Mol Cell Proteomics 2008;7:282–9. 
https:// doi.org/ 10.1074/ mcp.M700342-MCP200 

37. Mortusewicz O, Rothbauer U, Cardoso MC et al. Differential 
recruitment of DNA Ligase I and III to DNA repair sites. Nucleic 
Acids Res 2006;34:3523–32. https:// doi.org/ 10.1093/ nar/ gkl492 

38. Jost KL, Rottach A, Milden M et al. Generation and 
characterization of rat and mouse monoclonal antibodies speci!c 
for MeCP2 and their use in X-inactivation studies. PLoS One 
2011;6:e26499. https:// doi.org/ 10.1371/ journal.pone.0026499 

39. Pradhan SK, Cardoso MC. Analysis of cell cycle and DNA 
compaction dependent subnuclear distribution of histone marks. 
Methods Mol Biol 2023;2589:225–39.

40. Muzzopappa F, Hummert J, Anfossi M et al. Detecting and 
quantifying liquid–liquid phase separation in living cells by 
model-free calibrated half-bleaching. Nat Commun 2022;13:7787. 
https:// doi.org/ 10.1038/ s41467- 022- 35430- y 

41. Pandya-Jones A, Markaki Y, Serizay J et al. A protein assembly 
mediates Xist localization and gene silencing. Nature 
2020;587:145–51. https:// doi.org/ 10.1038/ s41586- 020- 2703- 0 

42. Boeynaems S, Alberti S, Fawzi NL et al. Protein phase separation: 
a new phase in cell biology. Trends Cell Biol 2018;28:420–35. 
https:// doi.org/ 10.1016/ j.tcb.2018.02.004 

43. Larson AG, Elnatan D, Keenen MM et al. Liquid droplet 
formation by HP1 α suggests a role for phase separation in 
heterochromatin. Nature 2017;547:236–40. 
https:// doi.org/ 10.1038/ nature22822 

44. Marhold J, Brehm A, Kramer K. The Drosophila methyl-DNA 
binding protein MBD2/3 interacts with the NuRD complex via 
p55 and MI-2. BMC Molecular Biol 2004;5:20. 
https:// doi.org/ 10.1186/ 1471- 2199- 5- 20 

45. Leighton GO, Shang S, Hageman S et al. Analysis of the complex 
between MBD2 and the histone deacetylase core of NuRD reveals 
key interactions critical for gene silencing. Proc Natl Acad Sci USA 
2023;120:e2307287120. 
https:// doi.org/ 10.1073/ pnas.2307287120 

46. Desai MA, Webb HD, Sinanan LM et al. An intrinsically 
disordered region of methyl-CpG binding domain protein 2 
(MBD2) recruits the histone deacetylase core of the NuRD 
complex. Nucleic Acids Res 2015;43:3100–13. 
https:// doi.org/ 10.1093/ nar/ gkv168 

47. Lu Y, Loh Y-H, Li H et al. Alternative splicing of MBD2 supports 
self-renewal in human pluripotent stem cells. Cell Stem Cell 
2014;15:92–101. https:// doi.org/ 10.1016/ j.stem.2014.04.002 

48. Geiger T, Velic A, Macek B et al. Initial quantitative proteomic 
map of 28 mouse tissues using the SILAC mouse. Mol Cell 
Proteomics 2013;12:1709–22. 
https:// doi.org/ 10.1074/ mcp.M112.024919 

49. Brero A, Easwaran HP, Nowak D et al. Methyl CpG-binding 
proteins induce large-scale chromatin reorganization during 
terminal differentiation. J Cell Biol 2005;169:733–43. 
https:// doi.org/ 10.1083/ jcb.200502062 

50. Luo S-W, Zhang C, Zhang B et al. Regulation of heterochromatin 
remodelling and myogenin expression during muscle 
differentiation by FAK interaction with MBD2. EMBO J 
2009;28:2568–82. https:// doi.org/ 10.1038/ emboj.2009.178 

51. Hendrich B, Bird A. Identi!cation and characterization of a family 
of mammalian methyl-CpG binding proteins. Mol Cell Biol 
1998;18:6538–47. https:// doi.org/ 10.1128/ MCB.18.11.6538 

52. Erdel F, Rippe K. Formation of chromatin subcompartments by 
phase separation. Biophys J 2018;114:2262–70. 
https:// doi.org/ 10.1016/ j.bpj.2018.03.011 

53. Erdel F, Rademacher A, Vlijm R et al. Mouse heterochromatin 
adopts digital compaction states without showing hallmarks of 
HP1-driven liquid–liquid phase separation. Mol Cell 
2020;78:236–249.e7. 
https:// doi.org/ 10.1016/ j.molcel.2020.02.005 .

54. Ram#ak M, Ramirez DA, Hough LE et al. Programmable de novo 
designed coiled coil-mediated phase separation in mammalian 
cells. Nat Commun 2023;14:7973.

55. Leighton G, Williams DC. The methyl-CpG-binding domain 2 and 
3 proteins and formation of the nucleosome remodeling and 
deacetylase complex. J Mol Biol 2020;432:1624–39. 
https:// doi.org/ 10.1016/ j.jmb.2019.10.007 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/22/gkaf1380/8384123 by guest on 18 January 2026

https://doi.org/10.3389/fgene.2016.00115
https://doi.org/10.1074/jbc.M305308200
https://doi.org/10.1093/nar/gkw1197
https://doi.org/10.1038/nmeth.3901
https://doi.org/10.1093/nar/gkad928
https://doi.org/10.1093/nar/gkac783
https://doi.org/10.1093/bioinformatics/btac026
https://doi.org/10.1093/bioinformatics/btac793
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/s41467-024-46901-9
https://doi.org/10.1073/pnas.0308092100
https://doi.org/10.1074/jbc.A115.698357
https://doi.org/10.1038/s41467-022-32799-8
https://doi.org/10.1080/19491034.2025.2536902
https://doi.org/10.1093/hmg/ddr346
https://doi.org/10.1074/mcp.M700342-MCP200
https://doi.org/10.1093/nar/gkl492
https://doi.org/10.1371/journal.pone.0026499
https://doi.org/10.1038/s41467-022-35430-y
https://doi.org/10.1038/s41586-020-2703-0
https://doi.org/10.1016/j.tcb.2018.02.004
https://doi.org/10.1038/nature22822
https://doi.org/10.1186/1471-2199-5-20
https://doi.org/10.1073/pnas.2307287120
https://doi.org/10.1093/nar/gkv168
https://doi.org/10.1016/j.stem.2014.04.002
https://doi.org/10.1074/mcp.M112.024919
https://doi.org/10.1083/jcb.200502062
https://doi.org/10.1038/emboj.2009.178
https://doi.org/10.1128/MCB.18.11.6538
https://doi.org/10.1016/j.bpj.2018.03.011
https://doi.org/10.1016/j.molcel.2020.02.005
https://doi.org/10.1016/j.jmb.2019.10.007


Heterochromatome and MBD2 25 
56. Buchmuller BC, Kosel B, Summerer D. Complete pro!ling of 

methyl-CpG-binding domains for combinations of cytosine 
modi!cations at CpG dinucleotides reveals differential read-out in 
normal and Rett-associated states. Sci Rep 2020;10:4053. 
https:// doi.org/ 10.1038/ s41598- 020- 61030- 1 

57. Schmolka N, Karemaker ID, Cardoso da Silva R et al. Dissecting 
the roles of MBD2 isoforms and domains in regulating NuRD 
complex function during cellular differentiation. Nat Commun 
2023;14:3848. https:// doi.org/ 10.1038/ s41467- 023- 39551- w 

58. Mahmood N, Arakelian A, Szyf M et al. Methyl-CpG binding 
domain protein 2 (Mbd2) drives breast cancer progression 
through the modulation of epithelial-to-mesenchymal transition. 
Exp Mol Med 2024;56:959–74. 
https:// doi.org/ 10.1038/ s12276- 024- 01205- 2 

59. Mian OY, Wang SZ, Zhu SZ et al. Methyl-binding domain protein 
2-dependent proliferation and survival of breast cancer cells. Mol 
Cancer Res 2011;9:1152–62. 
https:// doi.org/ 10.1158/ 1541- 7786.MCR- 11- 0252 

60. Perez-Riverol Y, Bai J, Bandla C et al. The PRIDE database 
resources in 2022: a hub for mass spectrometry-based proteomics 
evidences. Nucleic Acids Res 2022;50:D543–52. 
https:// doi.org/ 10.1093/ nar/ gkab1038 

61. Peters AH, O’Carroll D, Scherthan H et al. Loss of the Suv39h 
histone methyltransferases impairs mammalian heterochromatin 
and genome stability. Cell 2001;107:323–37. 
https:// doi.org/ 10.1016/ S0092- 8674(01)00542- 6 

62. Yan S-J, Lim SJ, Shi S et al. Unphosphorylated 
ST A T and heterochromatin protect genome 
stability. FASEB J 2011;25:232–41. 
https:// doi.org/ 10.1096/ fj.10-169367 

63. Janssen A, Colmenares SU, Karpen GH. Heterochromatin: 
guardian of the genome. Annu Rev Cell Dev Biol 2018;34:265–88. 
https:// doi.org/ 10.1146/ annurev- cellbio- 100617- 062653 

64. Greenstein RA, Al-Sady B. Epigenetic fates of gene silencing 
established by heterochromatin spreading in cell identity and 
genome stability. Curr Genet 2019;65:423–8. 
https:// doi.org/ 10.1007/ s00294- 018- 0901- 1 

65. Lancaster AK, Nutter-Upham A, Lindquist S et al. PLAAC: a web 
and command-line application to identify proteins with prion-like 
amino acid composition. Bioinformatics 2014;30:2501–2.

66. Vernon RM, Chong PA, Tsang B et al. Pi–Pi contacts are 
an overlooked protein feature relevant to phase 
separation. eLife 
2018;7:e31486.https:// doi.org/ 10.7554/ eLife.31486 

67. Eden E, Navon R, Steinfeld I et al. GOrilla: a tool for discovery 
and visualization of enriched GO terms in ranked gene lists. BMC 
Bioinformatics 2009;10:48. 
https:// doi.org/ 10.1186/ 1471- 2105- 10- 48 

68. Odom OW, Kudlicki W, Kramer G et al. An effect of polyethylene 
glycol 8000 on protein mobility in sodium dodecyl 
sulfate–polyacrylamide gel electrophoresis and a method for 
eliminating this effect. Anal Biochem 1997;245:249–52. 
https:// doi.org/ 10.1006/ abio.1996.9993 

69. Zhang P, Ludwig AK, Hastert FD et al. L1 retrotransposition is 
activated by Ten-eleven-translocation protein 1 and repressed by 
methyl-CpG binding proteins. Nucleus 2017;8:548–62. 
https:// doi.org/ 10.1080/ 19491034.2017.1330238 

70. Becker A, Allmann L, Hofstätter M et al. Direct homo- and 
hetero-interactions of MeCP2 and MBD2. PLoS One 
2013;8:e53730. https:// doi.org/ 10.1371/ journal.pone.0053730 

71. Zhang P, Hastert FD, Ludwig AK et al. DNA base "ipping 
analytical pipeline. Biol Methods Protoc 
2017;2:bpx010.https:// doi.org/ 10.1093/ biomethods/ bpx010 

72. Zillmann M, Zapp ML, Berget SM. Gel electrophoretic isolation 
of splicing complexes containing U1 small nuclear 
ribonucleoprotein particles. Mol Cell Biol 1988;8:814–21.

73. Campbell RE, Tour O, Palmer AE et al. A monomeric red 
"uorescent protein. Proc Natl Acad Sci USA 2002;99:7877–82. 
https:// doi.org/ 10.1073/ pnas.082243699 

74. Ran FA, Hsu PD, Wright J et al. Genome engineering using the 
CRISPR-Cas9 system. Nat Protoc 2013;8:2281–308. 
https:// doi.org/ 10.1038/ nprot.2013.143 

75. Studier FW, Moffatt BA. Use of bacteriophage T7 RNA 
polymerase to direct selective high-level expression of cloned 
genes. J Mol Biol 1986;189:113–30. 
https:// doi.org/ 10.1016/ 0022- 2836(86)90385- 2 

76. Yaffe D, Saxel O. Serial passaging and differentiation of myogenic 
cells isolated from dystrophic mouse muscle. Nature 
1977;270:725–7. https:// doi.org/ 10.1038/ 270725a0 

77. Li E, Bestor TH, Jaenisch R. Targeted mutation of the DNA 
methyltransferase gene results in embryonic lethality. Cell 
1992;69:915–26. https:// doi.org/ 10.1016/ 0092- 8674(92)90611- F 

78. Rottach A, Kremmer E, Nowak D et al. Generation and 
characterization of a rat monoclonal antibody speci!c for multiple 
red "uorescent proteins. Hybridoma 2008;27:337–43. 
https:// doi.org/ 10.1089/ hyb.2008.0031 

79. Demichev V, Messner CB, Vernardis SI et al. DIA-NN: neural 
networks and interference correction enable deep proteome 
coverage in high throughput. Nat Methods 2020;17:41–4. 
https:// doi.org/ 10.1038/ s41592- 019- 0638- x 

80. Paysan-Lafosse T, Blum M, Chuguransky S et al. InterPro in 2022. 
Nucleic Acids Res 2023;51:D418–27. 
https:// doi.org/ 10.1093/ nar/ gkac993 

81. Huang Q, Szklarczyk D, Wang M et al. Paxdb 5.0: curated protein 
quanti!cation data suggests adaptive proteome changes in yeasts. 
Mol Cell Proteomics 2023;22:100640. 
https:// doi.org/ 10.1016/ j.mcpro.2023.100640 

Received: January 15, 2025. Revised: November 12, 2025. Accepted: November 13, 2025 
© The Author(s) 2025. Published by Oxford University Press. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/22/gkaf1380/8384123 by guest on 18 January 2026

https://doi.org/10.1038/s41598-020-61030-1
https://doi.org/10.1038/s41467-023-39551-w
https://doi.org/10.1038/s12276-024-01205-2
https://doi.org/10.1158/1541-7786.MCR-11-0252
https://doi.org/10.1093/nar/gkab1038
https://doi.org/10.1016/S0092-8674(01)00542-6
https://doi.org/10.1096/fj.10-169367
https://doi.org/10.1146/annurev-cellbio-100617-062653
https://doi.org/10.1007/s00294-018-0901-1
https://doi.org/10.7554/eLife.31486
https://doi.org/10.1186/1471-2105-10-48
https://doi.org/10.1006/abio.1996.9993
https://doi.org/10.1080/19491034.2017.1330238
https://doi.org/10.1371/journal.pone.0053730
https://doi.org/10.1093/biomethods/bpx010
https://doi.org/10.1073/pnas.082243699
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1016/0022-2836(86)90385-2
https://doi.org/10.1038/270725a0
https://doi.org/10.1016/0092-8674(92)90611-F
https://doi.org/10.1089/hyb.2008.0031
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1093/nar/gkac993
https://doi.org/10.1016/j.mcpro.2023.100640
https://creativecommons.org/licenses/by/4.0/


Zhang et al. 

1 

Heterochromatome wide analyses reveal MBD2 as a phase separation scaffold for 
heterochromatin compartmentalization and composition 
 

Hui Zhang1, Enes Ugur2,3, Christian Hake4, Hector Romero1, Maria Arroyo1, Marah Mahmoud1, Frederik 
Lermyte4, Heinrich Leonhardt2, M. Cristina Cardoso1,* 

1 Cell Biology and Epigenetics, Department of Biology, Technical University of Darmstadt, Germany 
2 Human Biology and Bioimaging, Faculty of Biology, LMU Munich, Germany 
3 Department of Proteomics and Signal Transduction, Max-Planck Institute of Biochemistry, Martinsried,  

Germany 
4 Clemens-Schöpf Institute of Organic Chemistry and Biochemistry, Department of Chemistry, Technical 
University of Darmstadt, Germany 
* Correspondence M. Cristina Cardoso; Tel: +49-6151-1621882; Email: cardoso@bio.tu-darmstadt.de 

 

  

mailto:cardoso@bio.tu-darmstadt.de


Zhang et al. 

2 

SUPPLEMENTARY FIGURES 

 

Figure S1. Scheme summarizing the structures and plasmids of MBD3 and MBD2 truncations. MBD: 
methyl-CpG binding domain; TRD: transcriptional repression domain. G/R: glycine/arginine; CC: coiled coil 
domain. pc: plasmid collection. 
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Figure S2. Western blot detection of protein distribution after nuclei fractionation (A) and heterochromatin 
phase separation (B). (A) Full Western blot of marker proteins for cytoplasm (beta III tubulin), 
heterochromatin (HP1 alpha, MeCP2 and histone H1) and insoluble nuclear proteins (lamin B), 
corresponding to Figure 1A. (B) Full Western blot of the detection of lamin A/C, MBD2 and histone H1 
isoforms (H1s) in phase-separated condensates, corresponding to Figure 1F. A longer exposure of the 
lamin A/C is shown below the respective blot. 
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Figure S3. Mass spectrometry data analysis. (A) DIA-MS data analysis pipeline. DIA-MS data were 
uploaded onto DIA-NN software, followed by protein identification, and data processing (log transformation 
and normalization). (B) Box plot of protein numbers in each measurement. The box plots indicate the 
median (central line), interquartile range (IQR) (box), and whiskers representing 1.5 × IQR. n = three 
replicates. Raw data can be found in Table S10. (C) Box plot of protein variances among the three replicates 
of each fraction. The red dashed line represents the mean values of percent of coefficient of variation (CV) 
in nuclei. The box plots indicated the median (central line), interquartile range (IQR) (box), and whiskers 
representing 1.5 × IQR. n = three replicates. Raw data can be found in Table S10. (D) Venn diagram 
showing the overlap of proteins identified in supernatant (S) and pelleted condensates (P) following 
heterochromatin fraction (HC) phase separation, centrifugation, and mass spectrometry measurements. 
Proteins found exclusively in condensates and supernatants were named HC_P only and HC_S only, 
respectively, while the ones in both measurements were named HC_P&S. (E-F) Scatter plot showing the 
relative abundance (E) and the disorder scores (F) of the proteins recognized in different fractions. Data 
are shown with Mean ± SD. The red dashed line indicates the mean fluorescence intensities (E) and the 
mean disorder score (F) in the whole heterochromatin fraction. n (HC) = 1805; n (HC_P) = 915; n (HC_S) 
= 1403; n (HC_P only) = 47; n (HC_P&S) = 868; n (HC_S only) = 535. Significances were calculated by an 
unpaired t-test. n.s. no significance, P > 0.05; *P ≤ 0.05; ***P ≤ 0.001. Raw data can be found in Table S10. 
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Figure S4. Prediction of potential phase separation scaffold proteins in proteome-wide and pericentric 
heterochromatin. (A) Overlap among datasets of published (left) and predicted (right) phase separation 
scaffold proteins in mice. For the PhaSePred datasets, the phase separation score of the whole mouse 
proteome was downloaded and the top 1000 proteins that possibly self-assemble (SaPS) or partner-
dependent-assemble (PdPS) to form condensates were considered (22). For the PSAP, the phase 
separation scores of the whole mouse proteome were predicted using the scripts from van Mierlo, Guido 
et al. (23). The top 1000 proteins were considered. For DrLLPS, the candidate phase separation proteins 
in mice were downloaded directly (24). Only proteins predicted in ≥ two predictors were considered 
candidate phase separation scaffold proteins. (B) Venn diagram showing the number of published and 
predicted phase separation scaffold proteins in mouse whole cell, nuclei, and pericentric heterochromatin 
regions. (C) Venn diagram showing the overlap of three independent proteome-wide data and highlighting 
the most likely phase separation (PS) scaffold proteins in pericentric heterochromatin (PCH) as shown in 
Figure 2B. (D-E) Line profile showing the disorder prediction of proteins recognized in pericentric 
heterochromatin regions using IUPred2A (https://iupred2a.elte.hu/). >0.5 (red dashed line) was considered 
disordered. Long disordered regions with contiguous disorder segments of >30 amino acids (aa) were 
highlighted with light green. Published candidates were labeled with green. (D) Candidate PCH scaffolds 
recognized in only two proteomes (PCH (scaffold) prediction, HC_P proteome). (E) Candidate PCH 
scaffolds recognized in all three proteomes (PCH proteome, PCH (scaffold) prediction, HC_P proteome).  

  

https://sciwheel.com/work/citation?ids=15220848&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10408826&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7757659&pre=&suf=&sa=0
https://iupred2a.elte.hu/
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Figure S5. Comparison of the heterochromatin proteomes from two independent strategies. (A) Venn 
diagram showing the overlap of proteins recognized in HC fraction in this study and Schmidt et al. (2024) 
(8). Proteins exclusively recognized in either dataset were named this study only or Schmidt et al. only, 
respectively. Proteins recognized in both were called shared (or PCH). (B) Gene ontology (GO) analysis of 
the proteins in each subclass as mentioned in (A). The protein list was subjected to the GOrilla tool (68) for 
gene ontology analysis in the categories of cellular components. The proteins recognized in the whole 
nuclei were applied as the background list. GO terms with a FDR q-value ≤0.05 and enrichment ≥2 were 
considered. The GO terms for cytoplasmic, RNA, ribosome, and nuclear membrane were removed 
manually. The heatmap indicates the enrichment levels. Heterochromatin, chromatin inactivation, and 
subnuclear membraneless organelles-related GO terms are highlighted with red. 

https://sciwheel.com/work/citation?ids=15882710&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=307184&pre=&suf=&sa=0
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Figure S6. Scheme of protein purification and in vitro phase separation assay. (A) Schematic Illustration 
of intein-CBD-mediated protein purification. The protein coding sequence was fused to the amino terminus 
of intein-CBD (chitin-binding domain). Protein was produced in bacteria and immobilized to chitin beads, 
followed by nuclease treatment to remove possible DNA/RNA contaminations. The untagged protein was 
released by intein-mediated self-cleavage. (B) Validation of protein purity. The purity and DNA/RNA 
contaminations of purified MBD-containing proteins were detected by Coomassie blue staining (top, 2 µg 
except for MBD3 (4 µg)) and ethidium bromide (EtBr) (bottom, 10 µg) staining, respectively. Negative 
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control: BSA with the same amount. Positive control: ~140 ng of 42 bp dsDNA. (C) Schematic graph of in 
vitro phase separation assay. Purified protein was diluted in buffers at different conditions and incubated at 
room temperature for 45 min. Then, the mixtures were transferred to glass slides for microscopic imaging. 
(D) Validation of protein purity. Left: Schemed protein structures. Right: Protein purity and DNA/RNA 
contaminations were detected by coomassie blue staining (top, 2 µg) and ethidium bromide (EtBr) (bottom, 
10 µg) staining, respectively. Negative control: BSA with the same amount. Positive control: ~140 ng of 42 
bp dsDNA. GR: glycine/arginine rich region; MBD: methyl-CpG binding domain; TRD: transcriptional 
repression domain; CC: coiled coil domain. 
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Figure S7. The phase separation properties of MBD2 truncations at the indicated salt/protein/crowding 
concentrations. The in vitro phase separation assay was done at different protein and salt concentrations. 
The mixtures were transferred to chambers made of double-sided tapes and sealed with coverslips 45 min 
after incubation at room temperature. The droplets were observed using a Nikon Eclipse TiE2 microscope 
equipped with differential interference contrast (DIC) microscopy. The red boxes indicate the protein/salt 
conditions used to check the influences of crowding agents. n = three replicates. Scale bars = 10 μm. conc.: 
concentration. 
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Figure S8. The phase separation properties of MBD2 truncations in the presence of DNA. The in vitro 
phase separation assay was done by incubating 10 µM purified MBD2, MBD2∆N, and MBD2∆C protein 
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with various conditions of DNA (length/concentrations) and 150 mM NaCl, followed by microscopic imaging 
as described in Figure S7. DNA was visualized by DRAQ5 dyes. Scale bars = 10 μm. conc.: concentration. 
n = three replicates. (A, C-E) Representative differential interference contrast (DIC) and fluorescent images 
showing the phase separation properties of different MBD2 constructs and DNA distributions. (B) 
Quantitative analysis showing the influences of DNA length and concentration on the MBD2 condensate 
morphology, as shown in (A). condensates were segmented based on the fluorescent channel (DRAQ5). 
Condensate morphology was evaluated by the ferret aspect ratio. Results are shown with Mean ± SD. Raw 
data can be found in Table S10. 
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Figure S9. MBD2 spherical condensation is driven by coiled coil (CC) domain-mediated oligomerization. 
(A) Prediction of CC antiparallel dimerization by AlphaFold Server (https://alphafoldserver.com/). The 
indicated interactions and salt bridges between the two CC chains were labelled with yellow and pink 
dashed lines, respectively. (B-C) MBD2 condensate sedimentation and respective quantification. MBD2 
constructs used are as in B. The phase separation mixtures with and without the crowding agent PEG 8000 
were centrifuged to pellet the condensates. Clear supernatants and pellets were separated and collected, 
analyzed by SDS-PAGE followed by coomassie blue staining. According to Odom et al. (1997) (69), PEG 
8000 binds SDS micelle and migrates in the SDS-PAGE, which shifts the SDS monomer–micelle 
equilibrium in favor of micelles and thus lowers the apparent critical micelle concentration (cmc) of SDS. As 
a result, proteins larger than 19-20 kDa (MBD2∆N: 30kDa; MBD2-C: 19.7 kDa) migrate faster in the loading 
buffer which contains PEG 8000. The protein fractions in pellets relative to total MBD2 protein were 
quantitatively analyzed using FIJI. n = three biologically independent experiments. Data are represented 
as mean ± SD. Raw data can be found in Table S10. 

https://alphafoldserver.com/
https://sciwheel.com/work/citation?ids=18232825&pre=&suf=&sa=0
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Figure S10. The contributions of the CC domain to MBD2 phase separation properties at the indicated 
salt/protein/crowding concentrations. The droplets were observed using a Nikon Eclipse TiE2 microscope 
equipped with differential interference contrast (DIC) microscopy. n = three replicates. Scale bars = 10 μm. 
conc.: concentration. 
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Figure S11. MBD2 amino terminus promotes the phase transition. (A) Prediction of the key phase 
separation residues of the MBD2 amino terminus by PSPHunter (http://psphunter.stemcellding.org/). The 
glycine/arginine (G/R) repeat is highlighted in bold font. The predicted key residues are underlined. (B) 
Representative differential interference contrast (DIC) images showing the phase separation properties of 
different MBD2 constructs with and without GR. The droplets were observed using a Nikon Eclipse TiE2 
microscope equipped with differential interference contrast (DIC) microscopy. n = three replicates. Scale 
bars = 10 μm. conc.: concentration. 

http://psphunter.stemcellding.org/
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Figure S12. Quantitative analysis of endogenous MBD2 abundance and functions across mouse tissues 
and cultured cell lines. (A) Column plot depicting the relative abundance (ppi) of endogenous MBD2 across 
mouse tissues using the quantitative proteomic data from (54). Assuming a comparable MBD2 abundance 
in mouse muscle and C2C12 cells (mouse myoblast cells which differentiate into muscle) (D), we estimated 
the MBD2 molar concentration in muscle (≈ that in C2C12 cells, ~3 µM) and calculated MBD2 
concentrations (mean, median, and maximum abundance) according to the ratios of relative abundance 

https://sciwheel.com/work/citation?ids=1155428&pre=&suf=&sa=0
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(ppi) from the protein abundance in (54). (B) Western blot detection of endogenous MBD2 in C2C12 and 
in ES J1 cells whole nuclei lysates compared with a calibration set of purified MBD2b protein. MBD2 was 
recognized using anti-MBD2 antibody (RA-18, Table S5), followed by detection with a Cy5-conjugated 
secondary antibody. (C) Quantification of endogenous MBD2a/b based on the western blot results shown 
in (B). Grey values of purified MBD2b were measured using FIJI, log10() transformed and plotted against 
the corresponding protein amount. A linear trend line with an equation and an R-squared value is shown. 
(D) Table showing the endogenous abundance of MBD2a and MBD2b in C2C12 and in ES cells by western 
blot (B). (E) Representative images of endogenous MBD2 distribution in C2C12 cells. Endogenous MBD2 
levels were detected by immunofluorescence staining using an antibody against the MBD domain of MBD2 
and Cy5-conjugated secondary antibody (Table S5), followed by fluorescence microscopy. DNA was 
counterstained with DAPI.  (F) Workflow to analyze the signal distributions in cultured cell nucleus and 
pericentric heterochromatin (PCH) using FIJI software. The cell nuclei and corresponding PCH were 
recognized based on the DAPI intensities. The number and size of PCH in each nucleus and the mean and 
sum fluorescence intensities in both nuclei and PCH were measured. The average PCH size per nuclei 
was calculated by dividing the total PCH size by PCH number per nucleus (N). The fold enrichment of 
fluorescence in PCH was calculated as the ratio of mean intensities in PCH (MPCH) to those in the nucleus 
(Mnuc). (G-H) Scatter plot of MBD2 enrichment at PCH (G) and average PCH size (H) against endogenous 
MBD2 abundance with linear trendline (red). n = 1769. Raw data can be found in Table S10. 

https://sciwheel.com/work/citation?ids=1155428&pre=&suf=&sa=0
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Figure S13. Generation and characterization of MBD2 knockout ES cell line. (A) Schematic graph showing 
the strategy of CRISPR-Cas9-mediated MBD2 triple knockout (all three isoforms were mutated). A double-
strand break was induced at the second translational start site (the second blue line) by specific targeting 
of gRNA and recruitment of Cas9 to that region, followed by the homology repair using dsDNA containing 
RFP-poly(A) flanked by homology regions at the second translational start site. Blue line: translational start 
sites (ATG); Gray: coding region; Light gray; untranslated region. (B-E) Validation of MBD2 knockout ES 
cell line by PCR using genomic DNA as template (B), fluorescence microscopy (C), and 
immunofluorescence staining (D) and Western blot analysis (E) using anti-MBD2 antibody. neg: negative 
control with no PCR template. (F-G) Scatter plot of MBD2 enrichment at PCH (F) and average PCH size 
(G) against endogenous MBD2 abundance with linear trendline (red) in wild-type ES cells. n = 138. Raw 
data can be found in Table S10. (H) Violin plot embedded with box plot showing the function of endogenous 
MBD2 in PCH size in ES cells. The violin plot displays the probability density of the data at different values, 
mirrored around the center line. The box plot indicated the median (central line), interquartile range (IQR) 
(box), and whiskers representing the 1.5 × IQR. Red lines showed the median PCH size in MBD2 knock-
out (KO) ES cells. n (WT) = 138; n (MBD2-KO) = 130. Raw data can be found in Table S10. 
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Figure S14. MBD2 modulates pericentric heterochromatin dynamics in an isoform and coiled coil domain-
dependent manner in vivo. (A) Localization of ectopic GFP-MBD2 constructs in cultured mouse C2C12 
cells. (B) Scatter plot showing the size of pericentric heterochromatin compartments with increased levels 
of the MBDTRD domain of MBD2. Cells were subgrouped into three groups based on the mean GFP 
intensities. Data are represented as mean ± SD. n (low) = 144; n (middle) = 81; n (high) = 106. Significances 
were calculated by unpaired t-test. ***P ≤ 0.001. Raw data can be found in Table S10. (C-D) Bar plot 
showing the effect of coiled coil domain on the compaction of chromatin in MBD2a (C) and MBD2b (D). The 
nucleus was classified into seven different chromatin compaction classes based on the DAPI intensities 
from DNA-free interchromatin region (class 1) to highly active and less compacted euchromatin (classes 2-
4) and to highly compacted heterochromatin (classes 5-7) (as represented in Figure 5E). 3D images with 
similar ectopic MBD2 levels were taken and used for quantitative analysis. Data are represented as mean 
± SD. n (control) = 33. n (MBD2a) = 32. n (MBD2a∆CC) = 30. n (MBD2b) = 34. n (MBD2b∆CC) = 22. 
Significances were calculated by unpaired t-test. n.s. no significance, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P 
≤ 0.001. Raw data can be found in Table S10.  
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Figure S15. The phase separation properties of MBD2 constructs in the presence of DNA and 
heterochromatin fractions. (A) The methylated DNA drives the condensate formation of MBDTRD. The in 
vitro phase separation assay was performed by incubating 20 or 40 μM purified MBDTRD with 20 mg/µl 
800 bp unmethylated or methylated DNA in a buffer containing 150 mM NaCl for 45 min at room 
temperature. The DNA was visualized by staining with the DNA dye DRAQ5. (B-C) Representative images 
showing the enrichment of MBD2 into heterochromatin condensates in the presence (B) and absence (C) 
of additional MBD2 condensates. Purified MBD2 proteins were labelled with a fluorescent probe (AF546-
MBD2) and mixed with unlabelled MBD2 in a ratio of 1:99 before experiments. Then MBD2 condensate-
containing solution and MBD2 homogeneous solution were mixed with heterochromatin fractions for in vitro 
phase separation. The condensates were imaged using a Nikon Eclipse TiE2 microscope. 
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Figure S16. Quantification of ectopic GFP concentrations in live cells. (A) Purified GFP protein was 
sequentially diluted, and the relative fluorescence intensities were measured (top) under the same 
microscope settings, as applied in Figure 6. The standard curve of GFP intensities against GFP amounts 
was generated with a linear trend line. The ectopic GFP-MBD2 construct concentrations were calculated 
accordingly. (B) Scatter plot showing the ectopic GFP-MBD2 constructs concentrations. Data are shown 
by mean ± SD. Raw data can be found in Table S10. 
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Figure S17. MBD2a/b generates interfacial barriers surrounding pericentric heterochromatin. (A) Scheme 
of the fluorescence loss in photobleaching experiment. A bleaching region was defined, either outside of 
the nucleus (for negative controls) or within the nucleus, and bleached during 22.5 seconds (150 frames at 
0.15 s exposure time). Intensity was measured in regions with equal size (3x3 pixels) located in either 
nucleoplasm or heterochromatin. (B) Average relative intensities, normalized to the pre-bleach intensity for 
each region, for 12-20 cells containing different Mbd2 constructs. In each construct, the intensity of 
heterochromatin (green) and nucleoplasm (blue) was calculated, using cells where the bleaching region 
was located outside of the nucleus as a control (gray) for the photobleaching effect during the exposure 
time. A line for the heterochromatin plateau of Mbd2a was used for visual reference. n (MBD2a) = 7; n 
(MBD2a∆CC) = 12; n (MBD2c) = 8; n (MBD2b) = 16; n (MBD2b∆CC) = 20; n (MBDTRD) = 18. 
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Figure S18. Mass spectrometry data analysis showing the influence of MBD2 condensates on the 
composition of HC phase-separated condensates. (A) Box plot of protein numbers in each measurement. 
The box plots indicate the median (central line), interquartile range (IQR) (box), and whiskers representing 
1.5 × IQR. n = three replicates. Raw data can be found in Table S10. (B) Box plot of protein variances 
among the three replicates of each fraction. The red dashed line represents the mean values of percent of 
coefficient of variation (CV) in nuclei. The box plots indicate the median (central line), interquartile range 
(IQR) (box), and whiskers representing 1.5 × IQR. n = three replicates. Raw data can be found in Table 
S10. (C-D) Violin plot embedded with box plot showing the disorder scores (C) and protein abundance (D) 
of the proteins recognized in different fractions. Proteins in the heterochromatin condensates that were 
included, excluded, or not influenced by additional MBD2 condensates were analyzed. Violin plots 
displayed the probability density of the data at different values, mirrored around the center line. The box 
plots indicate the median (central line), interquartile range (IQR) (box), and whiskers representing 1.5 × 
IQR. Raw data can be found in Table S10. n (MBD2 excluded) = 250; n (common) = 672; n (MBD2 recruited) 
= 70. For excluded proteins, the Gene ontology (GO) analysis was performed (D, right). The protein list 
was subjected to the GOrilla tool (8) for gene ontology analysis in the cellular component category. The 
proteins recognized in the whole nucleus were applied as the background list. GO terms with a FDR q-
value ≤0.05 and enrichment ≥2 were considered. The GO terms for cytoplasmic, RNA, ribosome, and 
nuclear membrane were removed manually. In the blue font are the acetylation related components. 

 

https://sciwheel.com/work/citation?ids=15882710&pre=&suf=&sa=0
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Figure S19. MBD2a/b enriches the NuRD complex at pericentric heterochromatin. (A) Summary of NuRD 
proteins in the different fractions. Top left: Venn diagram showing the number of NuRD proteins identified 
in different fractions derived from mouse brain nuclei. Bottom left: Venn diagram showing the overlap 
between NuRD proteins identified in pellets and those predicted with scaffold phase separation properties. 
Right: Proportion of coiled coil (CC) containing NuRD members in the whole mouse proteome and 
heterochromatin condensates. The CC domains were predicted using InterPro 
(https://www.ebi.ac.uk/interpro/). (B) Representative images of GATAD2b distributions in C2C12 cells 
expressing ectopic GFP-MBD2a. GATAD2b was visualized by immunofluorescence staining after 
transfection. DNA was counterstained with DAPI. Images were taken using a Nikon Eclipse TiE2 
microscope equipped with a Plan Apo λ 40x air objective. (C) Scatter plot showing the GATAD2b fold 

https://www.ebi.ac.uk/interpro/
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enrichment at pericentric heterochromatin (PCH) in C2C12 cells expressing ectopic GFP-MBD2 isoforms 
(MBD2a, MBD2b, and MBD2c). Cells were classified into four classes based on GFP intensities. Each class 
contains cells with similar GFP intensities. Data are shown by mean ± SD. n (GFP low) = 1269; n (GFP 
middle) = 298; n (GFP high) = 390; n (MBD2a low) = 828; n (MBD2a middle) = 61; n (MBD2a high) = 56; n 
(MBD2b low) = 1405; n (MBD2b middle) = 71; n (MBD2b high) = 108; n (MBD2c low) = 837; n (MBD2c 
middle) = 92; n (MBD2c high) = 109, (D) Representative images of GATAD2b distributions in wild-type ES 
cells expressing ectopic GFP-MBD2a. (E) Heat map showing the influences of MBD2 isoforms on 
GATAD2b abundance (left) and localization (right). Cells were classified into four classes based on GFP 
intensities. Each class contains cells with similar GFP intensities. Data are represented as heat maps 
showing the mean values. The number of cells in each condition were as shown. Data can be found in 
Table S10. (F) Representative images of GATAD2b distributions in wild type (MBD2-WT) and MBD2 
knockout (MBD2-KO) ES cells. (G) Violin plot embedded with box plot showing the GATAD2b abundance 
in the whole nuclei (left) and fold enrichment at PCH (right). Violin plots display the probability density of 
the data at different values, mirrored around the center line. The box plots indicate the median (central line), 
interquartile range (IQR) (box), and whiskers representing 1.5 × IQR. red lines correspond to the relative 
median values in MBD2-WT cells. n (WT) = 148; n (MBD2-KO) = 186. Raw data can be found in Table S10. 
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SUPPLEMENTARY TABLES 

Table S1: Plasmid characteristics 

pc: plasmid collection. “-“: no 
 
 

Name pc 
number 

addgene 
number 

Fluoro
phore 

Gene species Promoter Expression Reference 

peMBD2G pc2399 211572 EGFP Mus musculus CMV mammals (58, 59) 

pMBD2.2-GFP pc2068 229560 EGFP Mus musculus CMV mammals (59) 

pmMBD2.4G pc2841 229561 EGFP Mus musculus CMV mammals This study 

pMBD2.1-GFP pc2067 229559 EGFP Mus musculus CMV mammals (59) 

pmMBD2.6G pc2843 229562 EGFP Mus musculus CMV mammals (58) 

pmMBD2∆C-G pc4794 229757 EGFP Mus musculus CMV mammals This study 

pmMBD2∆CC-G pc5088 229764 EGFP Mus musculus CMV mammals This study 

pmMBD2∆N∆CC-G pc5089 229765 EGFP Mus musculus CMV mammals This study 

pmMBD2-C∆CC-G pc5091 229766 EGFP Mus musculus CMV mammals This study 

pmMBD2∆C∆GR-G pc5086 229762 EGFP Mus musculus CMV mammals This study 

pmMBD2-N∆RG-G pc5087 229763 EGFP Mus musculus CMV mammals This study 

pTYB1-MBD3 pc4784 229749 - Mus musculus T7 bacteria This study 

pTYB1-MBD2 pc4786 229751 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆N pc4787 229752 - Mus musculus T7 bacteria This study 

pTYB1-MBD2-N pc4789 229753 - Mus musculus T7 bacteria This study 

pTYB1-MBD2-MBDTRD pc4791 229754 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆C pc4792 229755 - Mus musculus T7 bacteria This study 

pTYB1-MBD2-C pc4793 229756 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆CC pc5081 229760 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆N∆CC pc5082 232745 - Mus musculus T7 bacteria This study 

pTYB1-MBD2-C∆CC pc5084 229761 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆GR pc5078 229758 - Mus musculus T7 bacteria This study 

pTYB1-MBD2∆C∆GR pc5079 229759 - Mus musculus T7 bacteria This study 

pTYB1-MBD2-N∆GR pc5083 230974 - Mus musculus T7 bacteria This study 

pUC18-MINX-M3 pc3902 - - Synthetic - PCR 
template 

(60); (61) 

pmRFP-C1-Hdac11 pc5151 248141 mRFP Mus musculus CMV mammals This study 

pmRFP-C1-Kat7 pc5153 248143 mRFP Mus musculus CMV mammals This study 

pmRFP-C1 pc2351 54764 mRFP Mus musculus CMV mammals (74) 

pSpCas9(BB)-2A-Puro pc3926 48139 - - CMV/U6 mammals (75) 

https://sciwheel.com/work/citation?ids=5228483,673872&pre=&pre=&suf=&suf=&sa=0,0
https://sciwheel.com/work/citation?ids=673872&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=673872&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=5228483&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16873234&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=79997&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=31401&pre=&suf=&sa=0
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Table S2: Oligonucleotide characteristics 

Name Sequence [5’ - 3’] Application Reference 

NdeI-MBD2-F AAGAAGGAGATATACATATGATGCGCGCGCACCCGGGG pTYB1-MBD2 This study 

EcoRI-MBD2-R GAAGAGCCCTCGAGGAATTCCGCCTCATCTCCATCGTC pTYB1-MBD2 This study 

NdeI-MBD3-F AAGAAGGAGATATACATATGATGGAGCGGAAGAGGTGG pTYB1-MBD3 This study 

EcoRI-MBD3-R GAAGAGCCCTCGAGGAATTCCACTCGCTCTGGCTCCG pTYB1-MBD3 This study 

NdeI-MBD2∆N-F TATGAAGAGTACATCATATGATGGACTGCCCGGCCCTC pTYB1-MBD2∆N This study 

EcoRI-MBD2∆N-R GAAGAGCCCTCGAGGAATTCCGCCTCATCTCCATCGTC pTYB1-MBD2∆N This study 

MBD2-C-F AACAAGGGTAAACCAGAC pTYB1-MBD2-C This study 

pTYB1-BB PCR-R-1 CATCATATGTATATCTCCTTCT pTYB1-MBD2-C This study 

pTYB1-BB PCR-F-2  GAGGGCTCTTCCTGCTTTGC 

pTYB1-MBD2∆C 

pTYB1-MBD2-

MBDTRD 

This study 

MBD2∆C-R-2 CTGATTGAGGGGGTCATTCCG 

pTYB1-MBD2∆C 

pTYB1-MBD2-

MBDTRD 

This study 

HindIII-MBD2-F  ACATATTTATAAGCTTATGCGCGCGCACCCG pmMBD2∆C-G This study 

SalI-MBD2∆C-R GCACGCATTATCGTCGACCTGATTGAGGGGGTCATTCC pmMBD2∆C-G This study 

pTYB1-BB PCR-F-3  GAATTCCTCGAGGGCTCT pTYB1-MBD2-N This study 

MBD2-N-R CCTCTTCCCGCTCTCCG pTYB1-MBD2-N This study 

AA397-F  CGGGCTGCGGACACGGAG CC-deletion This study 

AA362-R GCAGAGGGGTTGAGATGTGTTAAGC CC-deletion This study 

(GR)11-F  CCCCAGAGTGGCGGCAGCGGCCT GR-deletion This study 

(GR)11-R  ACAGACGCCGCCGCCCCGGG GR-deletion This study 

Fw CGGTACCTAATACGACTCACTATA dsDNA synthesis * (72) 

Rev 380 GTGCCAAGCTTGCATGC dsDNA synthesis * (72) 

Rev 800 ATAGGCGTATCACGAGGC dsDNA synthesis * (72) 

Rev 1600 TGGTCCTGCAACTTTATCCG dsDNA synthesis * (72) 

Rev 3000 ATTCGTAATCATGGTCATAGCTG dsDNA synthesis * (72) 

Hdac11-F ATGCCTCACGCAACACAGCTGTACC pmRFP-C1-Hdac11 This study 

Hdac11-R TCAAGGCACAGCACAGGAAAGCAGG pmRFP-C1-Hdac11 This study 

mRFP-Hdac11-F TTTCCTGTGCTGTGCCTTGATTCTGCAGTCGACGGTACCG pmRFP-C1-Hdac11 This study 

mRFP-Hdac11-R AGCTGTGTTGCGTGAGGCATACGAGATCTGAGTCCGGACTT pmRFP-C1-Hdac11 This study 

https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=11830977&pre=&suf=&sa=0


Zhang et al. 

32 

Kat7-F ATGGCGATAGGTGTTGTAAAGAGAA pmRFP-C1-Kat7 This study 

Kat7-R ATAGGTCACTTTAAGTGCCCTTGGG pmRFP-C1-Kat7 This study 

pmRFP-C1-Kat7-F GGGCACTTAAAGTGACCTATTTCTGCAGTCGACGGTACCG pmRFP-C1-Kat7 This study 

pmRFP-C1-Kat7-R CTTTACAACACCTATCGCCATAGATCTGAGTCCGGACTTG pmRFP-C1-Kat7 This study 

MBD2-gRNA-F caccgCATCCTCTTCCCGCTCTCCG 
pSpCas9-2A-Puro-

MBD2 
This study 

MBD2-gRNA-R aaacCGGAGAGCGGGAAGAGGATG 
pSpCas9-2A-Puro-

MBD2 
This study 

*dsDNA used in in vitro phase separation assay (Figure S8) 

 

Table S3: Bacterial and mammalian cell line characteristics 

Name Species Purpose Genotype Reference 

Top 10 Escherichia coli plasmid DNA production 

F^– mcrA Δ(mrr-hsdRMS-

mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 araD139 

Invitrogen 

BL21(DE3) Escherichia coli 
IPTG induced gene 

expression 

F – ompT hsdSB (rB- mB-) 

gal dcm (DE3) 
(76) 

BL21(DE3) pLysS Escherichia coli 
IPTG induced gene 

expression 

F- ompT hsdSB (rB- mB-) 

gal dcm (DE3) pLysS 

(CamR) 

(76) 

BL21(DE3) Star Escherichia coli 
IPTG induced gene 

expression 

F-ompT hsdSB (rB- mB-) gal 

dcm rne131 (DE3) 

New England Biolabs 

GmbH (NEB) 

C2C12 Mus musculus 
Mammalian gene 

expression (myoblast) 
wildtype (77) 

HEK293-EBNA Homo sapiens Co-immunoprecipitation wildtype Invitrogen 

ES J1 Mus musculus 

Mammalian gene 

expression; MBD2 

knockout 

wildtype (78) 

ES J1 MBD2 KO Mus musculus MBD2 function MBD2 triple knockout (KO) this study 

 

 
Table S4: Imaging systems characteristics 

Microscope
/Company 

Lasers/lamps 
Filters (ex. & 
em. [nm])* 

Objectives/ 

lenses 

Detection 
system 

Incubatio
n system 

Applicatio
n 

Software 

VWR 
UV 

Fluorescence 
- - 

Camera: 

H6Z0812 

8-48 mm 

- 
EtBr 

staining 
- 

https://sciwheel.com/work/citation?ids=318711&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=318711&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=814804&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=43851&pre=&suf=&sa=0
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Amersham 

AI600 

imager  

white 

transillumination

:  

470 – 635 nm; 

UV 

transillumination

: 312 nm 

- - 

16-bit Pelltier 

cooled 

Fujifilm 

Super CCD 

- 

Western 

blot, 

coomassie 

blue 

stained gels 

Amersham 

AI600 

imager 

analysis 

software 

Nikon 

CREST 

SPECTRA X 

LED 470/24 nm 

(196 mW)  

640/30 nm (231 

mW) 

 em.: 

Quadbandpas

s 

(432/25 nm; 

515/25 nm; 

595/25 nm; 

730/70 nm) 

40x air Plan 

Apo λ DIC 

(0.95 NA, 

230 µm WD) 

Nikon Qi2 

751600 

16.25 MPx 

- 
phase 

separation 

NIS 

Elements 

Advanced 

Research 

(AR) 

Confocal 

microscope 

Leica TCS 

SP5-II  

405 nm diode 

laser 50 mW; 

488 nm Argon 

ion laser: 

458 nm ~5 mW 

476 nm ~5 mW 

488 nm ~20 mW 

496 nm ~5 mW 

514 nm ~20 mW 

DAPI:  

ex. 420/30  

em. 465/20 

FITC:   

ex. 495/15  

em. 530/30 

Rhod:  

ex. 570/20  

em. 640/40 

HCX PL 

APO 100x / 

1.44 oil Corr 

CS 

HyD Hybrid 

Detectors 

ACU live 

cell 

chamber 

(Olympus) 

fixed and 

live cell 

imaging  

Leica 

Application 

Suite 

Advanced 

Fluorescen

ce (LAS 

AF) 

*ex.: excitation; em.: emission; EtBr: ethidium bromide; ** AOTF: Acousto-optic tunable filters; UV: ultraviolet; CCD: charge-coupled 

device; DIC: differential interference contrast; NA: numerical aperture; WD: Working distance; DAPI: 4′,6-diamidino-2-phenylindole; 

FITC: fluorescein isothiocyanate. 

 

Table S5: Primary and secondary antibody characteristics 

Reactivity Host Dilution Application Catalog/clone Company/reference 

anti-beta III tubulin  rabbit 1:1,000 WB ab52623 Abcam 

anti-GATAD2b rabbit 1:250 IF AB-2641884 Invitrogen 

anti-GFP rat 1:1000  WB Clone 3H9 Chromotek,Planegg-Martinsried, 
Germany 

anti-H1 rabbit 1:1000 WB ab134914 Abcam 

anti-H1 mouse 4 µg/ml WB sc-8030 Santa Cruz 

anti-H3K27ac rabbit 1:1,000 IF D5E4 Cell Signalling Technology 

anti-H3K9ac rabbit 1:200 IF 39917 Active Motif 

anti-H4K8ac rabbit 1:200 IF ab15823 Abcam 

anti-HP1a mouse 1:500 WB MAB3584 Active Motif 

anti-lamin A/C rabbit 1:2000 WB - Gift from Brian Burke 
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anti-lamin B  mouse 1:10 WB 61047C Progen Biotechnik GmbH 

anti-MBD2 rabbit 1:100/1:1000 IF/WB ab188474 Abcam 

anti-MBD2 rabbit 1:100/1:1000 IF/WB RA-18 Merck 

anti-MeCP2 rat Undiluted 
TCSN WB 4H7 (44) 

anti-RFP rat 1:500 WB Clone 5F8 (79) 

GFP binder nanobody 1 mg/mL coIP - (42) 

anti-mouse IgG Cy5 donkey 1:500 WB/IF JIM-715-175-
150 

Jackson ImmunoResearch Europe 
Ltd. 

anti-rabbit IgG Cy5  donkey 1:1000 (WB) 
1:400 (IF) WB/IF JIM-715-175-

152 
Jackson ImmunoResearch Europe 
Ltd. 

anti-rat IgG Cy3 donkey 1:1000 WB JIM-712-165-
153 

Jackson ImmunoResearch Europe 
Ltd. 

anti-rat IgG HRP sheep 1:1000 WB A9037 Sigma-Aldrich, St Louis, MO, USA 
WB: western blot; IF: immunofluorescence staining; TCSN: tissue culture supernatant; coIP: co-immunoprecipitation; HRP: 
horseradish peroxidase. 
 
Table S6: Mass spectrometry-related instruments and software 

Application Instrument/Software Description Vendor 

Native mass 

spectrometry 

Sutter P-97 needle puller Produces glass needles for nESI Sutter Instrument 

Synapt XS ion mobility-mass 

spectrometer 
nESI-Q-ToF mass spectrometer Waters Corporation 

MassLynx V4.2 
Software for Synapt management and raw data 

processing 
Waters Corporation 

LC-MS/MS 

Easy nano LC 1200 Liquid chromatography system Thermo Fisher Scientific 

Orbitrap Exploris 480 Orbitrap Mass Spectrometer Thermo Fisher Scientific 

DIA-NN 1.7.17 beta 12 Software for DIA proteomics raw data processing (80) 

Perseus (version 1.6.0.9) Software for proteomics data analysis (29) 

nESI: nanoelectrospray ionization ; Q-ToF: quadrupole time-of-flight; LC-MS/MS: liquid chromatography with tandem mass 

spectrometry; DIA:data-independent acquisition. 

 

Table S7: Public servers and datasets 

Name Description links Reference 

DisProt known intrinsically disordered proteins https://www.disprot.org/ (30) 

PhaSepDB reported phase separations http://db.phasep.pro/ (31) 

LLPSDB  reported phase separations http://www.bio-
comp.org.cn/LLPSDB/home.html (32) 

PhaSePro  reported phase separations https://phasepro.elte.hu/ (33) 

DrLLPS phase separation prediction tools https://llps.biocuckoo.cn/ (24) 

PSAP  phase separation prediction tools https://github.com/vanheeringen-
lab/psap (23) 

PhaSePred  phase separation prediction tools http://predict.phasep.pro/ (22) 

https://sciwheel.com/work/citation?ids=673825&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=764175&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=172863&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=9825827&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=1768749&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=16228437&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=13646834&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=12558290&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7654200&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=7757659&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=10408826&pre=&suf=&sa=0
https://sciwheel.com/work/citation?ids=15220848&pre=&suf=&sa=0


Zhang et al. 

35 

PSPHunter 
tools to predict phase-separating 
proteins, key residues, or mutation 
effect 

http://psphunter.stemcellding.org/ind
ex.php (36) 

UniProt free resource of protein sequence and 
functional information https://www.uniprot.org/ (34) 

AlphaFold 
server 

highly accurate biomolecular structure 
prediction tools https://alphafoldserver.com/ (35) 

Half-FRAP 

a quantitative approach to assess if 
molecules in a structure of interest 
undergo liquid-liquid phase separation 
or polymer-polymer phase separation 

https://colab.research.google.com/git
hub/dymochro/MOCHA/blob/main/M
OCHA_ColabNotebook.ipynb 

(46) 

InterPro 

InterPro provides functional analysis of 
proteins by classifying them into 
families and predicting domains and 
important sites. 

https://www.ebi.ac.uk/interpro/ 
(81) 

PaxDb 

PaxDb is a comprehensive absolute 
protein abundance database, which 
contains whole genome protein 
abundance information across 
organisms and tissues. 

https://beta.pax-db.org/ 
(82) 
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