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RESEARCH PAPER

Hui Zhang®*, Hector Romero®*, Annika Schmidt?, Katalina Gagova? Weihua Qin®, Bianca Bertulat?,
Anne Lehmkuhl?, Manuela Milden?, Malte Eck?, Tobias Meckel, Heinrich Leonhardt ®°,
and M. Cristina Cardoso ™"

2Department of Biology, Technical University of Darmstadt, Darmstadt, Germany; *Faculty of Biology, Ludwig Maximilians University Munich,
Munich, Germany; ‘Department of Chemistry, Technical University of Darmstadt, Darmstadt, Germany

ARTICLE HISTORY
Received 6 December 2021
Revised 23 December 2021
Accepted 28 December 2021

ABSTRACT

Heterochromatin is the highly compacted form of chromatin with various condensation levels
hallmarked by high DNA methylation. MeCP2 is mostly known as a DNA methylation reader but
has also been reported as a heterochromatin organizer. Here, we combine liquid-liquid phase
separation (LLPS) analysis and single-molecule tracking with quantification of local MeCP2 con-
centrations in vitro and in vivo to explore the mechanism of MeCP2-driven heterochromatin
organization and dynamics. We show that MeCP2 alone forms liquid-like spherical droplets via
multivalent electrostatic interactions and with isotropic mobility. Crowded environments and DNA
promote MeCP2 LLPS and slow down MeCP2 mobility. DNA methylation, however, restricts the
growth of heterochromatin compartments correlating with immobilization of MeCP2.
Furthermore, MeCP2 self-interaction is required for LLPS and is disrupted by Rett syndrome
mutations. In summary, we are able to model the heterochromatin compartmentalization as
well as MeCP2 concentration and heterogeneous motion in the minimal in vitro system.
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Introduction
metabolic processes [1]. Yet the underlying

The eukaryotic nucleus is compartmentalized into
various dynamic subdomains with specific phy-
sico-chemical properties. This compartmentaliza-
tion takes place in the absence of separating
membranes inside the nucleus. As a result, the
subnuclear concentration and/or exclusion of
nuclear factors changes locally and different
nuclear metabolic processes are segregated apart.
This de facto reduces entropy and enhances the
overall efficiency and specificity of nuclear

mechanisms regulating the formation, mainte-
nance, and dynamics of such membrane-less func-
tional organelles is under debate with recent
studies suggesting a liquid-liquid phase separation
(LLPS) model for nuclear and genome sub-
compartmentalization [2-6]. The study of nucleo-
some arrays (NAs) in vitro by Gibson and collea-
gues revealed that NAs form liquid-like droplets
under physiological conditions via LLPS, which
could be modulated by DNA and histone post-
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translational modifications [5]. The latter were
also shown to contribute to the overall NA mobi-
lity using single molecule kinetic analysis [7,8].
Furthermore, the finding that acetylated NAs
formed distinct droplets from the ones formed by
unmodified NAs led to the hypothesis of LLPS
mediating compartmentalization of the genome
into active and inactive domains.

Inactive chromatin, also termed heterochroma-
tin, is generally highly compacted and transcrip-
tionally silenced. In mammalian genomes, it
comprises the majority of the genome and con-
tains a large proportion of repeat DNA elements
including interspersed and tandem repeats [9].
These have been shown to play a major role in
organizing the genome within the nucleus and to
have additional roles in regulating gene expres-
sion, and genome stability [10-17]. The most com-
pacted form of heterochromatin present in all cell
types (constitutive heterochromatin) is located at
and around the centromeres (centromeric and
peri-centromeric) and in mouse cells forms aggre-
gates called chromocenters. These consist mainly
of satellite DNA tandem repeats and make up 10%
of the mouse genome [18]. In these heterochro-
matic regions, the mobility of both nucleosomes
and other factors is reduced compared to other
areas in the nucleus [19,20].

Molecularly, heterochromatin is distinguished
by specific histone posttranslational modifications,
in particular H3K9me2/3, and its complete
absence was shown to dissolve heterochromatin
compartments [21,22]. The H3K9me2/3 is recog-
nized by ‘reader’ heterochromatin protein 1 (HP1)
via the chromo domain [21]. HP1 was shown to
drive chromocenter formation via LLPS, depend-
ing on dimerization and mediated by phosphory-
lation and interactive partners like H3K9
trimethylated histones [2-4,15]. Yet all three HP1
homologs (HPla, HP1p, and HP1y) showed no
predominant enrichment (2 ~ 3 fold) in chromo-
centers compared to chromatin compaction levels
(~2 fold) in mouse fibroblasts [23]. HP1a was also
shown to be less expressed compared to other
heterochromatin associated proteins such as
MeCP2 and SUV39H1 [23]. Moreover, HP1a was
shown not to significantly affect heterochromatin
clustering and compaction [23,24]. A recent study
proposed rather that HP1a LLPS ability was weak

and not required for heterochromatin compart-
mentalization [25]. Altogether, these studies indi-
cate that heterochromatin adopts a liquid-like
membraneless compartment state, but it remains
unclear which proteins or protein complexes are
responsible [26].

Another major distinguishing molecular feature
of heterochromatin is DNA methylation. In mam-
mals, cytosine-based methylation takes place pre-
dominantly but not exclusively at the dinucleotide
mCpG and was shown to play a role during devel-
opment and disease regulating gene expression
and DNA metabolism [27-30]. Methylated cyto-
sines are recognized by methyl-CpG binding
domain (MBD) containing proteins, such as
MBDI, 2, 4, and methyl-CpG binding protein 2
(MeCP2) [28,31-33]. MBD1 and MeCP2 were
found to tether the SUV39HI1-HP1 complex to
methylated DNA [34-37]. MeCP2 level increases
during cellular differentiation [37,38].
Accordingly, MeCP2 plays a role in the maturation
of the brain and multiple mutations (including
missense, nonsense, and gene duplication events)
within the MeCP2 gene were found in patients
with the neurological disorder Rett syndrome
(RTT; OMIM: #312,750) [39-43]. In addition to
the methyl-CpG binding domain (MBD), MeCP2
was shown to contain a transcriptional repression
domain (TRD) responsible for the recruitment of
histone deacetylase complexes to chromatin [44].
Subsequently, the TRD has been narrowed down
to the NCoR/SMRT interacting domain (NID)
[45]. Expression of the MBD fused to the NID
was shown to be sufficient to rescue Rett syn-
drome-like phenotype in mouse models [46].
Albeit MeCP2 has been generally described as
a transcriptional repressor, evidence suggests that
it may also act as a transcriptional activator [47].
Importantly, MeCP2 deficiency results in only
mild gene expression changes [48]. It is also not
understood how the several MeCP2 gene deletion,
mutations, and multiplication lead to the neurolo-
gical Rett syndrome-like phenotype. In addition to
and/or instead of a transcriptional regulation role,
accumulating evidence points to a structural chro-
matin role of MeCP2 in Rett syndrome [32,49-56].
MeCP2 was previously shown to accumulate at
heterochromatin compartments within the nucleus
[57] and to promote the heterochromatin



clustering (fusion) during cellular differentiation
in a level-dependent manner [24,58]. These
MeCP2 enriched heterochromatin aggregates
were shown to be dynamic compartments with
fusion events taking place when pericentromeric
heterochromatin from different chromosomes
came into contact in interphase cells and, after
mitotic cell division, the aggregates could rebuild
themselves up again [24]. These data clearly indi-
cated the importance of MeCP2 in heterochroma-
tin organization and dynamics. Multiple RTT-
related MeCP2 mutations have been reported to
compromise the heterochromatin clustering func-
tion in part due to their lower binding to the
heterochromatin [49,59].

Structural analysis by circular dichroism spec-
troscopy has shown that MeCP2 protein is
highly unstructured and mostly the MBD exhi-
bits a stable structure [60]. Unstructured regions
in proteins are amongst the common features
shared by multiple proteins that mediate subcel-
lular compartmentalization via LLPS [61]. In
addition, MeCP2 has multivalent interactions
including: DNA, methylated cytosine (5mC),
RNA, histones, HP1ls, MDB2, N-CoR/SMRT
and itself (reviewed in [32]). Multivalency has
also been shown to play a role in LLPS of var-
ious disordered proteins, promoting the assem-
bly and maintenance of membraneless organelles
[62,63]. In vitro, MeCP2 was shown to promote
the condensation of NAs by forming highly con-
densed ellipsoidal particles and oligomeric
suprastructures as analyzed by electron micro-
scopy [64]. This was independent of DNA
methylation and relying upon regions down-
stream of MBD [65-67]. These facts could in
part explain how nonsense mutations of
MeCP2 that lead to a truncated protein stopping
after the MBD lead to severe RTT symptoms
and highlight the importance of these unstruc-
tured regions of MeCP2 [32]. Recently, purified
MeCP2 together with NAs was also shown to
form liquid droplets in vitro that could be com-
promised by RTT mutations [68,69]. Yet, it is
unclear which factor(s) determine the LLPS
properties of MeCP2 and how the MeCP2 mole-
cules diffusion and binding properties change
when inside the droplets formed at various con-
ditions and mimicking the physiology situation.
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Here, we address these questions by establishing
a minimal system for MeCP2 phase separation
in vitro and compare it with cellular systems
tuned to mimicking the in vivo conditions and
MeCP2 levels. We define the minimal require-
ments for MeCP2 LLPS and evaluate the effects
of DNA and DNA methylation. Furthermore, we
map the regions required for LLPS in vitro and for
heterochromatin compartmentalization in cells.
With this, we find that MeCP2 self-interaction is
essential for compartmentalization. In parallel, we
measure the MeCP2 wild type and mutant mobi-
lity in the different conditions in droplets and in
cells and define the relevant parameters and bind-
ing modalities. Altogether, these data allow to
draw a model of MeCP2-dependent chromatin
condensate formation via LLPS and the role of
MeCP2 concentration, DNA as well as methylated
DNA in the establishment and growing of these
compartments and the consequences of each for
MeCP2 mobility.

Materials and methods
Plasmids

All plasmids used in this study and the source
references are listed in Table S1.

Bacterial expression plasmids

The pTYB1 vector was used for fusion protein
purification, because it utilizes the inducible self-
cleavage activity of intein to separate the target
protein (MeCP2) from the affinity tag (chitin-
binding domain, CBD).

The pTYB1-MeCP2wt (pcl294) plasmid [64]
was modified to generate the GFP-tagged version
pTYB1-GFP-MeCP2. The GFP-MeCP2 coding
sequence was amplified by PCR from pEG-
MeCP2 (pc1208) [70] using a primer pair contain-
ing Ndel (NEB, RO111S) for the forward primer
and EcoRI (NEB, R0101S) for the reverse primer
(Table S2). Then, the GFP-MeCP2 amplified cod-
ing sequence was digested with Ndel/EcoRI and
ligated into the Ndel/EcoRI digested pTYBI-
MeCP2wt vector. Using either pTYB1-MeCP2wt
or pTYB1-GFP-MeCP2 as templates, the Q5 site-
directed mutagenesis strategy was adopted
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following the standard protocol (NEB, E0554S)
using the primer pairs listed in Table S2 (from
IDT) to generate the truncated versions R168X
or R255X without or with GFP tag respectively,
followed by ligation, transformation of E. coli cells
Top 10 (Table S4), and DNA sequencing.

Insect expression plasmids

The MeCP2-GFP was also expressed and purified
from the SF9 insect cells. The Bac-To-Bac baculo-
virus expression system (Invitrogen) was used. The
generation of the full-length MeCP2 tagged with
GFP at the C-terminus (pFB-MeCP2G, pcl571)
was described before [49,71].

Mammalian expression plasmids

The pGBP (pc2203) plasmid was generated from
pGBPLacImR (pc1378) [71]. First, the GBP (GFP-
binding protein) was released through BglIl and
EcoR restriction enzymes and then inserted into
the mammalian expression vector pDNA3
(Invitrogen) digested with the compatible BamHI
(NEB, R3136M) and EcoRI (NEB, R0101S) restric-
tion enzymes. pEG-MeCP2-R168X and pEG-
MeCP2-R255X truncations were engineered using
the Q5 site-directed mutagenesis with the pEG-
MeCP2 (pc1208) vector as the PCR template as
described above. pMaSat-miRFP703 (pc3988) was
generated by replacing mRFP1 from pMaSat-mRFP
(pc2063) [72] with miRFP703 from pLifeAct-
miRFP703 (pc3378) [73] using Mfel (NEB,
R3589L) and Agel (NEB, R3552L) restriction sites.
pCAG-MeCP2-IB (pc2635) was generated by
amplification of the mouse MeCP2 cDNA, inserted
into pCAG-IRES blast plasmid (pc1234) [74] and
confirmed by sequencing and immunostaining.

Protein purification and analysis

Protein purification from insect cells

The protein production and purification from SF9
cells (Invitrogen) was performed as described
before [49,71]. In brief, Sf9 cells (Table S3) were
cultivated in EX-CELL 420 Serum-Free Medium
(24,420 G-10L, Sigma-Aldrich) supplemented with
10% fetal calf serum (FCS) at 27°C in a rotary shaker.
For the recombinant baculovirus production, the
SF9 cells were transfected using poly(ethylenimine)
(PEI) (Polysciences, 23,966) following the

manufacturer’s instruction. Baculovirus (P1 stock)
in medium was collected by centrifugation and the
supernatant containing the virus was used to infect
new SF9 cells to get higher titers of baculovirus (P2).
This step was repeated once to generate enough
baculovirus (P3). For the recombinant protein pro-
duction, the new SF9 cells were infected with the
virus (P3) and incubated at 27°C for 4 days. Cell
pellets containing GFP-MeCP2 were collected by
centrifugation at 1200 rpm for 5 min and stored
at —80°C.

Cell pellets were thawed on ice and lysed with
cold PARP buffer (0.025 M Tris HCl pH 8, 1
M NaCl, 0.05 M glucose, 0.01 M EDTA, 0.2%
Tween 20, 0.2% NP-40 substitutive and protease
inhibitors (phenylmethylsulfonyl fluoride (PMSF)
(Carl Roth, 6367.1), 4-(2-aminoethyl)benzenesul-
fonyl fluoride hydrochloride (AEBSF) (Sigma-
Aldrich, A1421,0100), E64 (Sigma-Aldrich,
E3132), pepstatin A (Sigma-Aldrich, P5318)) with
further sheared by syringe treatment. The lysate
was cleared by centrifugation and loaded onto
GFP-binding protein coupled to beads [75]. After
binding, the beads were washed with PARP buffer
and PBS (137 mM NaCl, 2.7 mM KCI, 1 mM Na,
HPO, and 1 mM KH,PO,), proteins were eluted
using 4 M MgCl, and the buffer was exchanged to
PBS. Protein concentration was determined by
comparison to the BSA standard on sodium dode-
cyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE).

Protein purification from bacteria

(GFP tagged) human MECP2 protein and trunca-
tions carrying the C-terminal intein-CBD were
expressed in BL21(DE3) E. coli cells (Table S4).
Expression was induced with 0.5 mM IPTG
(Sigma-Aldrich, 16758-10 G) at room temperature
(RT) overnight. Subsequently, the cell lysates were
prepared by pelleting and resuspending the bac-
teria in lysis buffer (20 mM Tris-HCl pH 8.5,
500 mM NaCl, 0.25% Triton X-100 and protease
inhibitors 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-HCI, pH 8.5, 2 mM



MgCl2, 20 mM NaCl, 0.1 mM PMSF) with benzo-
nase (MERCK, 70,746-3, 1:2000 dilution) at 37°C
for 4 h, followed by washing and treatment in
DNase buffer (20 mM Tris-HCI pH 8.5, 50 mM
KCl, 2 mM MgCl,) with DNase I (4 pg/ml), RNase
A (0.2 pg/ul) at 37°C for 25 min to remove DNA
and RNA contaminants. Finally, 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 DTT (Sigma-Aldrich, D9779-5 G).
The eluted fraction was concentrated using
Amicon® Ultra Centrifugal Filters (MERCK), ali-
quoted, flash frozen, and stored at —80°C in sto-
rage buffer (20 mM Tris-HCI, pH 8.5, 300 mM
NaCl).

Protein quantification and characterization
Protein concentrations were determined using
Pierce™ 660 nm Protein Assay Kit (Thermo
Fisher Scientific, 22,660) following the manufac-
turer’s instruction. In brief, 10 ul of BSA standard
(Thermo Fisher Scientific, 23,208), proteins and
storage buffer (blank) were mixed with 150 ul
Protein Assay Reagent in the 96-well microtest
plate (SARSTEDT, 82.1581.001) and incubated
at room temperature for 5 min. Three replicates
for each condition were performed. The absor-
bance at 660 nm was measured using a plate
reader Infinite 200 (TECAN). The blank-
corrected absorbance was calculated by subtract-
ing 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 concentrations
(ug/ul). The protein concentrations were calcu-
lated according to the standard curve using the
blank-corrected measurements.

2 pg and 10 pg protein were loaded separately
onto a SDS-PAGE gel and 15% Tris-borate
EDTA polyacrylamide gel. The gels were stained
with coomassie (to detect the proteins) and ethi-
dium bromide (EtBr; to detect the potential con-
tamination with nucleic acids) separately after
electrophoresis. The SDS-PAGE gels after coo-
massie staining were captured by colorimetric
trans-illumination imaging using the Amersham
Imager 600 (Table S5) equipped with white light
trans-illumination following the manufacturer’s
instruction. The Tris-borate EDTA PAGE gels
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after EtBr staining were imaged using the VWR
genosmart (Table S5) UV trans-illumination
system.

DNA templates and methylation

Synthesis of short DNA templates for binding assay
Forty-two bp dsDNA was synthesized by primer
extension using the large (Klenow) fragment of
E. coli DNA polymerase I (NEB, M0210 L) as
described before [75,76]. In brief, the longer CG-
up/MG-up and shorter Fill-in-647 N (Table S2)
were annealed by slowly cooling down to 37°C
from 95°C in NEB buffer 2 (50 mM NaCl, 10
mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothrei-
tol; New England Biolabs). The short CG/MG-
down were extended by adding 1 mM dATP,
dGTP, dTTP, and 1 mM dCTP (Carl Roth) or
0.1 mM dmCTP (Jena Bioscience, NU-1125S)
and Klenow fragment polymerase, followed by
incubating for 1 h at 37°C to generate the double-
strand oligos with or without CpG methylation.

20 bp dsDNA with or without cytosine methy-
lation was generated by resuspending and mixing
the Cy5-MG/CG-up and MG/CG-down (Table S2)
to a final concentration of 10 mM in a solution
containing 20 mM Tris pH 8.5 and 150 mM NaCl,
followed by heating at 95°C for 2 min and gradual
cooling by switching off the thermomixer.

Synthesis of long DNA templates for phase
separation assay

The DNA used for the phase separation assay
with different lengths and methylation levels
were synthesized by PCR using Q5 polymerase
(NEB, M0491S) as described before [72,76]. In
brief, pUC18-MINX plasmid (Table S1) was
applied as a template and different reverse
(Rev) primers (Table S2) were used to amplify
DNA of different lengths. The 800 bp DNA with
cytosine methylation was synthesized by repla-
cing the dCTP with dmCTP in the PCR mixture.
The 800 bp DNA with CpG methylation was
obtained with the CpG methyltransferase M.
SssI (NEB, M0226S) after PCR and followed by
DNA purification from agarose gel according to
the manufacturer’s instructions. Briefly, 1 ug of
purified 800 bp DNA product was mixed with
160 uM SAM (S-adenosyl-methionine; NEB,
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B9003S), methylated by 4 units M.Sssl for 4 h at
37°C in the 1 x NEB buffer 2.

DNA methylation assay

Methylation was determined with methylation-
sensitive restriction enzymes Hpall (NEB,
RO171S) and its methylation insensitive isoschizo-
mers Mspl (NEB, R0106S). In brief, 150 ng DNA
was incubated with Mspl or Hpall (control with
no enzyme) at 37°C for 2 h before being loaded to
15% Tris-borate EDTA PAGE. After electrophor-
esis, the gel was stained with EtBr for 4 min and
washed with water. The images were captured by
the Amersham Imager 600 equipped with RGB
fluorescence (Cy5-20 bp DNA) and the VWR
genosmart UV trans-illumination system.

Mononucleosome isolation

HEK293T cells were cultured as described
below. The mononucleosomes were isolated as
described before [15]. In brief, 3 x 107
HEK293T cells (Table S3) were resuspended in
1 ml of hypotonic buffer (10 mM Tris-HCI pH
8, 10 mM KCl, 1.5 mM MgCI2, 1 mM DTT and
protease inhibitor 2 mM PMSF) containing
0.1% Triton-X 100 on ice for 5 min and centri-
fuged at 1000 x g at 4°C to obtain intact nuclei.
Nuclei were washed 5x with a buffer (10 mM
Tris-HCI, pH 7.4, 300 mM NacCl) to remove the
chromatin-bound proteins. Nuclei were then
resuspended in 800 ul of MNase digestion buffer
(10 mM Tris-HCI, pH 7.4, 10 mM NacCl, 3 mM
CaCl2, 0.1% NP-40, and protease inhibitors)
supplemented with 40 U/ml MNase (NEB,
MO0247S) and incubated at 37°C for 5 min. The
digestion was inactivated by a 5x stop buffer
containing 10 mM Tris-HCI, pH 7.4, 710 mM
NaCl, and 7.5 mM EDTA. Mononucleosome
extracts were cleared by centrifugation at 500 g
for 15 min at 4°C. After nucleosome isolation,
the buffer was exchanged to the conditions
for assaying MeCP2 phase separation using
Zeba™ spin desalting columns (Thermo Fisher
Scientific). The quality and quantity were deter-
mined on an agarose gel after isolating DNA
from the mononucleosome extracts and the his-
tones were analyzed on a SDS-PAGE gel stained
with coomassie blue.

In vitro phase separation and microscopy
analysis

Proteins were firstly thawed on ice, centrifuged at
14,000 rpm, 4°C for 10 min to remove all aggre-
gates. Phase separation properties were evaluated
in solutions (20 mM Tris-HCI pH 8.5) with var-
ious salt, protein (only untagged MeCP2 or
MeCP2 mixed with 1% GFP-MeCP2), crowding
agents, and DNA concentrations after incubation
for 45 min at RT.

To check the droplet morphology, phase separa-
tion samples were loaded onto chambers made of
double-sided tapes and sealed with coverslips.
Fluorescence and differential interference contrast
(DIC) images were taken using a Nikon Eclipse
TiE2 microscope equipped with a Plan Apo A\ 40x
objective or a Nikon Ti-E microscope equipped
with a CFI Planapochromat VC 20x objective
(Table S5). All images were processed and ana-
lyzed using Image].

The biophysical properties of droplets were
quantified using ImageJ according to the fluores-
cent images from the phase separation assay.
Droplets were identified and segmented using
a FFT/bandpass filter to decrease the background
and fluorescence intensity-based thresholding
which was manually adjusted. Droplets with an
area >0.1 um’ were considered. The aspect ratio
of droplets was calculated by the ratio of the mini-
mal Feret diameter to the maximal Feret diameter.

Turbidity assay

20 pl phase separation solutions with various con-
ditions were prepared as above and transferred to
the 384-well plate with an optically clear bottom
(PerkinElmer, 6,007,550). The phase separation
was done by incubating at RT for 45 min, followed
by absorbance measurement at 340 nm at room
temperature using a plate reader Infinite 200
(TECAN).

Droplet sedimentation assay

The MeCP2 droplets formed by incubation at RT
for 45 min were sedimented by centrifugation at
14,000 rpm for 15 min at RT. The top half of the
supernatants were applied to a 12% SDS-PAGE



gel, which was stained with Coomassie for 1-2
h after electrophoresis and subsequently washed
with destaining buffer (100 ml acetic acid, 100 ml
ethanol, and 500 ml H,0) overnight. The image
was taken using an Amersham Imager (Table S5),
quantitatively analyzed by Adobe photoshop and
plotted.

In-droplet and in-solution MeCP2 quantification

Standard curve

Solutions containing gradient concentrations of
GFP-MeCP2 were loaded onto chambers made of
double-sided tapes and sealed with coverslips. The
images were taken using a Nikon Eclipse TiE2
microscope equipped with Plan Apo A 40X objective
(Table S5). The mean fluorescence intensities of free
GFP-MeCP2 were measured using Image] and
plotted versus the corresponding known GFP-
MeCP2 concentrations to generate the standard
curves.

In-droplet and in-solution MeCP2 quantification
Purified GFP-MeCP2 was mixed with unlabeled
MeCP2 in a molar ratio of 1:99 and diluted to
a final concentration of 80 uM in buffer (20 mM
Tris-HCI, pH 8.5, 300 mM NaCl). In vitro phase
separation was done by incubating at RT for
45 min at various conditions. To quantify the
protein concentration in droplets, droplet mix-
tures were then moved to chambers made of dou-
ble-sided tapes and sealed with coverslips. To
quantify the protein concentration in solution,
droplets were sedimented by centrifugation at
14,000 rpm for 15 min at RT, the upper clear
supernatants were transferred to new PCR tubes
and mixed by pipetting before being transferred to
chambers. The images were taken by a Nikon
Eclipse TiE2 microscope equipped with a Plan
Apo X 40x objective (Table S5). Mean fluorophore
intensity in droplets or solutions was measured
using Image], the protein concentrations were cal-
culated relative to the standard curves.

Pull-down interaction assay

The immobilization of untagged human MeCP2
and truncations with intein-CBD were generated
as described above. Briefly, the human MeCP2 or
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truncations fused with intein-CBD were bound to
the chitin beads by incubating the bacteria
extracts with chitin beads. Then the beads were
treated with nuclease to remove nucleic acid con-
taminants as described above. 25 ul clean beads
(control) and beads with immobilized MeCP2 or
truncations were transferred to cold 1.5 ml tubes,
washed with PBS supplemented with 125 mM
NaCl, 0.05% NP-40, and protease inhibitors
PMSF, AEBSF, E64 and pepstatin A for twice,
and incubated with 300 pl 0.1 pg/pl correspond-
ing GFP tagged full-length MeCP2 or truncations
in PBS supplemented with 125 mM NaCl, 0.05%
NP-40, and protease inhibitors for 90 min with
rotation at 4°C. Finally, the beads were collected
by centrifugation, washed three times using the
PBS supplemented with 125 mM NaCl, 0.05%
NP-40, and protease inhibitors and followed by
adding 50 ul 1X protein loading buffer (1% SDS,
25 mM Tris pH 6.8, 5% glycerol, 50 mM DTT
and 0.005% bromophenol blue), and boiling at
95°C for 5 min.

Samples were then loaded to SDS-PAGE gel,
electrophoresis was performed at 90 V for
100 min followed by semi-dry transfer at 25 V
for 35 min. Then, the membranes were blocked
with 3% low-fat milk in PBS for 30 min at RT,
incubated with rabbit anti-GFP antibody (Table
S6) at 4°C overnight on a rotary shaker, and fol-
lowed by anti-rabbit IgG conjugated with Cy3 for
1 h at RT. The fluorescence signals were detected
using an Amersham Imager (Table S5).

Microscale thermophoresis assay

The microscale thermophoresis (MST) assay was
conducted using the Monolith NT.115
(NanoTemper) following the manufacturer’s
instruction. To check if MeCP2 is capable of
self-interaction, 10 pl 200 or 300 uM GFP tagged
MeCP2 or truncations were mixed with equal
volumes of untagged MeCP2 gradients or trun-
cations in buffer containing 20 mM Tris-HCI
and 150 mM NaCl. To check the binding affinity
of MeCP2 with DNA, 10 ul 100 uM short oligos
labeled with ATTO-647 N and Cy5 with or
without methylation (Table S2) were mixed
with equal volumes of untagged MeCP2 gradi-
ents or truncations in buffer containing 20 mM
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Tris-HCl and 150 mM NaCl. Then the mixtures
were transferred into Monolith NT™ capillaries
and the fluorescent changes to microscopic tem-
perature gradients were measured by Monolith
NT.115 using 20% (for self-interaction assay) or
40-50% (for protein-DNA interaction) excita-
tion power. The dissociation constants (Kd)
were calculated using MO. Affinity Analysis
software.

Mammalian cell culture and transfection

All cell lines were free of mycoplasma contamina-
tion and listed in Table S3.

Human embryonic kidney (HEK) 293 T cells
were authenticated by STR profiling. HEK293T
cells were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal
calf serum (FCS) and 50 pug/ml gentamicin (Sigma-
Aldrich Chemie GmbH, G1397).

Mouse cell lines were counterstained with 1 pg/ml
4',6-diamidino-2-phenylindole (DAPI) and visually
inspected for the presence of chromocenters.

MEEF-P (P537", methylation proficient) and MEF-
PM (P53~ DNMTI™™, methylation deficient)
mouse embryonic fibroblast were cultured in
DMEM high glucose (Sigma-Aldrich Chemie
GmbH, D6429) supplemented with 15% FCS, 1x
L-glutamine (Sigma-Aldrich Chemie GmbH,
G7513), and 1 pM gentamicin (Sigma-Aldrich
Chemie GmbH, G1397). The MEF-PM cells were
stained with anti-5mC specific antibody and showed
no signal compared to the wild-type counterpart
(MEF-P) (Fig. S6).

C2C12 myoblasts cells were tested for the
ability to generate differentiated myotubes.
C2C12 mouse myoblast cells were cultured in
DMEM high glucose (Sigma-Aldrich Chemie
GmbH, D6429) supplemented with 20% FCS,
1x L-glutamine (Sigma-Aldrich Chemie GmbH,
G7513), and 1 pM gentamicin (Sigma-Aldrich
Chemie GmbH, G1397).

Transfection of all cell lines was performed using
either Neon Transfection System (Thermofisher) or
AMAXA nucleofector (Lonza). Cells were har-
vested for Western blot/FACS sorting, used for
live (single-molecule) cell microscopy or fixed for
immunofluorescence staining 20 h after transfec-
tion if not stated differently.

Quantification of MeCP2 levels

Flow cytometry

C2C12 myoblasts transiently transfected with
pMeCP2G (pcl121) were harvested 20 h after
transfection, resuspended in PBS and separated
according to their transfection level by fluores-
cence-activated cell sorting (FACS) on the S3
Cell Sorter (Bio-Rad Laboratories) with a 488 nm
laser and a 525 + 30 nm filter. Cells were plotted
for log;o GFP sum intensity and divided into 40
bins. The first 11 bins were defined as negative
cells by comparison to the untransfected C2C12
control cells. Cells in bins 13 to 21 were defined as
low expressing, cells in bin 24 to 32 as high expres-
sing (plots with the categories negative, low and
high are shown in Figure 3(h)). Low and high
MeCP2 expressing cells were collected as pellets
for Western blot.

Western blot

Cell pellets collected from FACS (for low and high
MeCP2 expressing cells) or directly from culture
(for untransfected cells) were lysed in 1 M lysis
buffer (0.025 M Tris, 1 M NaCl, 0.9 g glucose,
0.01 M EDTA, 0.2% Tween 20, 0.2% NP-40 sub-
stitutive) supplemented with protease inhibitors
PMSF, AEBSF, E64 and pepstatin A, mechanically
disrupted and boiled at 95°C in Laemmli buffer
(2% SDS, 50 mM Tris, 10% Glycerol, 0.01% bro-
mophenol blue, 100 mM DTT). Samples were run
on 8% SDS-PAGE and transferred to nitrocellulose
membrane. After blocking with 5% low-fat milk
in PBS the membranes were incubated with anti-
MeCP2 rat monoclonal antibodies 4H7 and
4G10 cell culture supernatants from hybridoma
cell lines overnight followed by anti-rat IgG Cy3
secondary antibody diluted 1:1000 for 1 h (Table
S6). Fluorescent signals were detected using
Amersham Imager (Table S5). The bands on the
Western blots were quantified using Image] by
selecting single lanes, plotting intensities along
the lanes, selecting the peaks corresponding to
the bands of interest and measuring the bands
relative intensity (area under the peak).

Immunostaining
For immunostaining, cells were grown on gelatin-
coated coverslips and fixed with ice-cold methanol



for 6 min. After washing cells were permeabilized
with 0.5% Triton, washed with PBST (0.01%
Tween-20), blocked with 0.1% fish skin gelatin
for 20 min and incubated with primary antibody
anti-MeCP2 rabbit polyclonal (Table S6) 1:250 for
2 h. After washing with PBST (0.1% Tween-20),
cells were incubated 1 h with secondary antibody
anti-rabbit IgG Cy5 (Table S6) 1:400, followed by
another washing step with PBST (0.1% Tween-20).
Samples were counterstained with 1 pug/ml DAPI
and mounted in Mowiol.

Imaging and image analysis

The immunofluorescence stainings of fixed C2C12
cells were imaged using an Axiovert 200 micro-
scope (Table S5) with 63x Plan-Apochromat 1.4
NA oil immersion Ph3 objective. Segmentation of
nuclei, heterochromatin and intensity measure-
ments were performed in Image] 2.0 (https://ima
gej.nih.gov/ij/). Heterochromatin segmentation
was based on normalization of pixel intensities in
relation to a local maximum intensity. First, indi-
vidual pixel intensities were calculated in squares
of 30 x 30 pixels, being the maximum of these 900
pixels the local maximum. To avoid that ‘dark
squares’ became thresholded, only the pixels with
intensities higher than 8/42 of the cell maximum
(higher local maximum on the cell) were consid-
ered for further steps. Then, thresholding was
applied by giving a value 1 (white) to pixels with
intensities higher than 21/42 (for heterochromatin
compartments) or 37/42 (for heterochromatin
core) of the local maximum intensity. These thre-
sholded images were used to generate individual
and total heterochromatin (core) ROIs, that were
subsequently subtracted to generate the nucleo-
plasm ROI for each nuclei. The full script is avail-
able in omero (http://cc-omero.bio.tu-darmstadt.
de/webclient/?show=project-352) and TUdatalib
(https://doi.org/10.48328/tudatalib-672).

To categorize the cells in an equivalent manner
as the cells used in Western blot, we measured the
total intensity of the nucleus and applied an
equivalent binning system as in the FACS sorting.

Additional imaging of the same samples was
performed on a confocal microscope Leica TCS
SPE-II equipped with a 63x/1.30 ACS APO Oil
CS 0.17/E,0.16 objective (Table S5) as stacks with
0.2 um z interval. For this subset of images, 3D
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segmentation of nuclei and heterochromatin com-
partments was performed using Volocity software.
Briefly, nuclei segmentation was done based on the
1 pg/ml DAPI channel by finding objects, dilating
three times, filling holes, eroding three times and
choosing objects by size. Violin plots and
Wilcoxon significance tests were done using
R. Bar diagrams were prepared in Microsoft Excel.

Quantification of MeCP2 concentrations

To calculate MeCP2 nuclear concentration, we
used the number of molecules obtained in
Western blot and the volumes of the nuclei
obtained from the confocal images. These concen-
tration values together with the ratios of mean
intensity in the compartments in comparison to
the whole nucleus were used to calculate the local
MeCP2 concentrations in nuclear subcompart-
ments. Although intensity ratios obtained from
compartment volumes and compartment areas
were comparable, the information used here
derives from the areas as the sample number was
larger.

DNA methylation rescue assay

Rescue assay

MEF-PM cells were cultured as described above on
gelatin-coated coverslips. To rescue the DNA
methylation deficient phenotype, cells were trans-
fected using the Neon transfection system with
pGEMTIL (pcl031) and pCAG-GMT3b-IB
(pc1269), together with pMaSat-GBP (pc2469, to
target GFP-tagged proteins to constitutive hetero-
chromatin) and pCAG-MeCP2-IB (pc2635). As
a control, cells were exposed to Neon transfection
without DNA. Cells were further cultured for 48
or 72 h prior to fixation with 3.7% formaldehyde
for 20 min.

Immunostaining

For detection of 5mC levels, the immunostaining
protocol described in [76] was used. In short,
a permeabilization with 0.5% Triton for 20 min
was performed on the fixed cells, followed by
incubation with ice-cold methanol for 5 min.
Cells were washed three times with PBST (0.01%
Tween 20) and treated with 10 pg/mL RNase A for
30 min at 37°C. Cells were washed again three
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times with PBST (0.01% Tween 20) and unspecific
antibody binding was blocked with 0.2% fish skin
gelatine for 30 min at 37°C. The primary mouse
monoclonal anti-5mC (Table S6) (1:250 in 2%
BSA) antibody was incubated for 70 min at 37°C
during DNase I (2000 U/mL in DNase I buffer)
treatment. Additionally, rabbit polyclonal anti-
MeCP2 (Table S6) (1:250) was applied. To stop
the enzymatic reaction, cells were washed with
PBSTE (0.01% Tween 20, 1 mM EDTA) three
times for 0, 5 and 10 min, respectively.
Afterward, a secondary antibodies mix (anti-
rabbit IgG Cy3 1:400 and anti-mouse IgG Cy5
1:200 in 4% BSA) was applied for 45 min. Cells
were washed with 0.01% PBST three times for 0, 5,
and 10 min, respectively. Samples were counter-
stained with 1 pg/ml DAPI for 15 min, mounted
with vectashield and sealed with nail polish.

Imaging and image analysis
Immunofluorescence stainings were imaged on
a confocal microscope (Leica TCS SPE-II)
equipped with a 63x/1.30 ACS APO oil immer-
sion objective (Table S5).

Segmentation of nuclei, heterochromatin and
intensity measurements were performed in
Image] 2.0 using a self-made macro as described
above.

Single-molecule microscopy and analysis

Time lapse image acquisition

Single-molecule movies were taken at RT in
a single-molecule microscope setup previously
described in [77] (Table S5). In live cell microscopy,
the background was partially prevented/contrast
was improved, by using highly inclined laminar
optical sheet illumination (HILO) [78], while wide
field mode was used for the in vitro minimal sys-
tem. The laser intensity was no more than 2.5 mW/
cm” at the sample and the acquisition was not
longer than 1 h per sample to avoid possible DNA
damage and/or overheating of the cells. Every
experiment was performed at 20 ms exposure time.

Data analysis

The analysis was guided by a self-made macro
running on FIJI [79] divided into four main

parts: I) processing of the movies and generating
the ROIs (nucleus contour, droplet border, droplet
boundary) necessary for the analysis; II)
TrackMate [80] run with pre-set parameters and
obtain the spot coordinates; III) Use TrackMate
coordinates to calculate track parameters and loca-
tion of the tracks in relation with the ROIs and
sort the tracks for the step-size analysis (see
below); IV) Generate the final images based on
the coordinates and statistics obtained in III. The
script is available in omero (http://cc-omero.bio.
tu-darmstadt.de/webclient/userdata/?experimen
ter=-1) or TUdatalib (https://doi.org/10.48328/
tudatalib-672).

In brief, input movies were categorized into
‘overview’ (short, 200-500 frames that will be
then resliced to 1 frame by averaging intensity)
or ‘single-molecule’ (3000-15,000 frames, from
which the pre-bleached frames are removed) and
processed differently. Overview pictures were
either not processed, or a Gaussian blur filter (2
pixel) and background subtraction (10 pixel) were
applied. Single-molecule movies were processed
using Gaussian blur (1 pixel), background sub-
tracted (5 pixel) and a manual threshold to elim-
inate the most obvious noise was done by
modifying the brightness/contrast minimal value.
This processing allowed us to run TrackMate in
similar conditions for the same protein in different
experiments.

Next, we sorted the tracks in four (hetero-
chromatin core, heterochromatin boundary,
nucleoplasm and crossing tracks) categories.
The sorting was based on ROIs generated
from the overview image corresponding to
MaSat, which was thresholded to generate the
heterochromatin compartments. For the het-
erochromatin boundary, one pixel to the inside
and one pixel to the outside of the heterochro-
matin segmentation line was used, thus creat-
ing a two pixel-wide heterochromatin border
region surrounding the core heterochromatin
region. Nucleoplasm ROI was obtained as the
subtraction of the corresponding heterochro-
matin regions from the nuclear ROI. For sort-
ing, spot coordinates of the tracks were
obtained from TrackMate and the presence of
the tracks in the ROIs corresponding to either
only heterochromatin, or heterochromatin core
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or boundary was checked. Once the tracks were
sorted, spots were relocated as a movie into
a pre-established mesh (contour coordinates
recognized in the MATLAB-derived software)
pattern generated in Oufti [81], so only one
spot is appearing per frame and mesh. Tracks
were again generated with TrackMate, this time
exported as a track file (xml) suitable for
SMTracker. The effects of relocation were
tested by generating meshes for the tracks
in situ and showed no differences to the relo-
cated in SMTracker when calculating diffusion
coefficient or population weight.

The track file from the second TrackMate run
and the Oufti mesh pattern were then imported
into SMTracker [82], where step size analysis was
performed. This analysis determined the dynamic
populations, including the diffusion coefficient (D)
and the percentage of each population using two
different methods (square displacement and
Gaussian-mixture model). Square displacement
model calculates the D and populations for each
condition individually, including a statistical
model for the best fitting model (defined as the
simplest model that can explain the data obtained)
and the residuals (differences between the different
models and the original data). While in the
Gaussian-mixture model all the steps from all con-
ditions are used to obtain the D and then the
populations are fitted individually for each condi-
tion. In this study, however, the square displace-
ment model was used to define the number of
populations, while the Gaussian-mixture model
was used to both define the D in the individual
and comparison conditions.

Statistics

All sample size, statistic evaluations and signifi-
cance tests are provided in Tables S7-S21.

Results

MeCP2 forms condensates with characteristics of
liquid-like droplets in physiological
concentrations

Proteins undergoing LLPS commonly contain
intrinsically disordered regions (IDRs), which
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form multivalent interactions based on electro-
static and/or hydrophobic interactions. Thus, we
first analyzed the physicochemical properties of
the MeCP2 amino acid sequence. We found that
IDRs are present both upstream and downstream
of the conserved structured MBD within MeCP2
as depicted in the PONDR prediction plot
(Figure 1(a)). Next, we purified recombinant
human MeCP2 using a bacterial expression system
based on a chitin binding domain and an intein
motif. In this manner, soluble MeCP2 is obtained,
which after protein splicing yields untagged
MeCP2 [64]. Concomitantly, GFP-tagged MeCP2
was produced and purified in a similar manner.
MeCP2 contains a large number of basic amino
acids, leading to an overall positive charge and
high isoelectric point (pI, pH 10.56). This charac-
teristic is also responsible for a strong non-
sequence specific interaction between MeCP2 and
DNA. As a result, during MeCP2 protein purifica-
tion DNA in addition to methylated DNA are
often co-purified. As nucleic acids have been
reported to promote LLPS, DNasel and benzonase
were applied to remove the nucleic acids from
MeCP2 purifications. This was important to estab-
lish the minimal conditions and the ability of
MeCP2 alone to form liquid-like droplets
in vitro. As shown in Figure 1(b), purified recom-
binant human untagged as well as GFP-tagged
MeCP2 were free of detectable DNA contamina-
tion. We, then, used these preparations to analyze
whether MeCP2 could by itself phase separate.
Based on the MeCP2 levels in the mouse brain
(6 x 10° molecules per nucleus) [83] and the size
of the nuclei (200-800 pum?, 500 um® was taken as
average) [84], we calculated the MeCP2 concentra-
tion (~s10-50 pM in mouse brain cells). We found
that MeCP2 alone in the range of physiological
concentrations (~10 uM) formed distinct spherical
condensates at low salt concentration indepen-
dently of the cation used in the buffer (Na*, K*,
NH*"). The number and size of the condensates
increased with increasing protein concentration
(Figure 1(c), Fig. S1A) but decreased with increas-
ing salt concentration till no droplet formed at
physiological salt conditions (150 mM salt) (Fig.
S1A). The results were further validated by analyz-
ing the turbidity of the solution as a measure of
droplet formation and phase separation (Fig. S1B,
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Table S18), which increased at higher protein con-
centration and lower salt concentration. Time-
lapse imaging showed that these condensates
could fuse into bigger ones (Fig. S1IC, Movie S1),
indicating that the MeCP2 condensates are highly
dynamic and liquid-like. This is reminiscent of the
fusion of MeCP2 labeled heterochromatin
domains in cells as we have previously shown
[24]. Surprisingly, the addition of low concentra-
tions of 1,6-hexanediol, a chemical used to disrupt
hydrophobic interactions in LLPS, did not show
a significant influence on droplet morphology
(Fig. S1D). Only at high concentrations of 1,6-hex-
anediol, in addition to liquid-like spherical dro-
plets (red ellipse), irregular aggregates (yellow
ellipse) could also be observed (Fig. S1D). Thus,
the MeCP2 LLPS is probably mainly driven by
electrostatic interactions rather than hydrophobic
interactions. Bio-macromolecules are commonly
used to mimic nuclear crowding environments
and were shown to promote LLPS. We found
that in physiological salt conditions both PEG
8000 and dextran T150 could promote LLPS of
MeCP2 in a concentration-dependent manner
(Figure 1(d), Fig. S1E). The MeCP2 levels in the
buffer phase (supernatant (S)) and in the droplets
were quantified by droplet sedimentation assay
(Fig. S2A). The result showed that more MeCP2
molecules were concentrated in the droplets with
higher concentrations of PEG 8000 (Figure 1(e),
Table S7), indicating a decreased MeCP2 concen-
tration threshold for LLPS when in crowding
environments. Yet, the crowders themselves were
not enriched inside the protein droplets (Fig. S1F).

The droplet properties were further quantita-
tively analyzed. Untagged MeCP2 mixed with 1%
GFP-tagged MeCP2 was applied for LLPS in the
conditions described above. We found that all
droplets were labeled with GFP (Figure 1(f)) and
highly spherical (Figure 1(g), Table S7), further
suggesting that they are liquid-like. We then quan-
tified the MeCP2 concentration in the droplets
and in solution at low salt concentration and in
the absence of crowders. The MeCP2 concentra-
tion was quantified based on the GFP intensity
inside the droplets and in solution interpolated
from a standard curve of GFP-MeCP2 in solution
(Fig. S2B-D, Table S19). Firstly, 10 uM MeCP2 was
incubated with 37.5 mM NacCl in the absence of

crowders and the in-droplet and in-solution con-
centrations were calculated. Results of the MeCP2
concentration in droplets (121.7 + 20.5 pM) and in
the solution (8.6 + 0.5 puM) revealed a 14-fold
enrichment of MeCP2 in droplets following LLPS
(Figure 1(h), Fig. S2E, Table S7, Table S19). Yet,
the MeCP2 concentration in solution did not
decrease significantly (8.6 = 0.3 uM compared to
the total initial concentration 10 uM) probably
because only a small fraction (~25%) of MeCP2
underwent LLPS in this condition (Fig. S1A-C,
Figure 1(e)). Then, we analyzed the MeCP2 con-
centration in the droplets at physiological salt
(150 mM) and protein (10 uM) conditions with
various crowder concentrations. With increasing
crowder concentration, the MeCP2 concentration
in the droplets increased from 45.63 + 0.11 pM at
5% PEG 8000 to 104.01 + 1.27 pM at 20% PEG
8000 (Figure 1(h), Table S7). This means that the
(crowding) environment influences the MeCP2
distribution. In vivo, MeCP2 was reported to be
9-fold enriched at heterochromatin compartments
in NIH3T3 fibroblast cells and 5-fold enriched in
Pmi28 myoblast cells [23,37], which is of a similar
magnitude to the MeCP2 enrichment we found in
the droplets upon phase separation.

In conclusion, purified MeCP2 showed the abil-
ity to form liquid-like droplets by itself in physio-
logical protein concentrations, which we defined
as the minimal MeCP2-LLPS system.

MeCP2 moves freely and homogeneously inside
liquid droplets

With the minimal LLPS system established, we
investigated whether and how LLPS impacts
MeCP2 dynamics in addition to its local concen-
tration. For that, we used a high-resolution single-
molecule tracking approach adding a small
amount of fluorescent MeCP2 (GFP-MeCP2) to
the untagged MeCP2 solution (Figure 2(a)). We
performed single-molecule microscopy by illumi-
nating the settled down LLPS droplets with a laser
and used the pre-bleached image to determine the
LLPS contour (Figure 2(b)). For single-molecule
tracking, fluorescence bleaching was stopped when
about 10-20 spots per time point were detected in
TrackMate. Then, the track coordinates were
imported to SMTracker to determine the number
of populations, diffusion coefficients, and
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Figure 1. Purified MeCP2 forms liquid-like droplets in physiologically crowding environments.

(A) Analysis of human MeCP2 protein sequence. Top: Schematic overview of human MeCP2 structure. NTD: N-terminal domain; MBD:
methyl binding domain; ID: intervening domain; NID: N-CoR interacting domain; CTD: C-terminal domain; TRD: transcriptional
repression domain. Bottom black line: PONDR prediction (http://www.pondr.com/) of MeCP2 ordered/disordered regions, >0.5 is
considered disordered. Bottom gray line: protein charge, >0 means positively charged (https://www.bioinformatics.nl/cgi-bin
/emboss/charge). The Isoelectric point (Pl) of MeCP2 is predicted 10.56 using INNOVAGEN (https://pepcalc.com/). Amino acid
labeling is according to human MeCP2 isoform 1.(B) Validation of MeCP2 purity. The MeCP2 and GFP-MeCP2 proteins were
expressed in bacteria by IPTG induction, purified using chitin beads and eluted by DTT. The final protein concentrations were
measured by Pierce™ 660 nm Protein Assay Reagent. 2 ug and 10 pg purified protein were then used for SDS polyacrylamide gel
electrophoresis and tris borate EDTA polyacrylamide gel electrophoresis, respectively. Left: SDS polyacrylamide gel electrophoresis of
purified human MeCP2 and GFP-MeCP2 followed by Coomassie staining. 2 pg each lane. Right: tris borate EDTA polyacrylamide gel
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electrophoresis of purified human MeCP2 and GFP-MeCP2 followed by ethidium bromide (EtBr) staining. 10 pg each lane. ~140 ng
42 bp DNA was used as positive control.(C) DIC images of MeCP2 phase separated droplets. The in vitro phase separation assay
performed at different protein concentrations in buffers containing low concentrations of monovalent cations (37.5 mM NaCl, KCI
and NH4Ac). 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. Scale bars = 10 um.(D) DIC images of MeCP2 phase separated droplets in the presence of
crowder, PEG 8000. The in vitro phase separation was done by incubating at room temperature for 45 min and the droplets were
observed using the Nikon Eclipse TiE2 microscope equipped with differential interference contrast microscopy. NaCl: 150 mM,
MeCP2: 10 pM. Scale bars = 10 pm.(E) Quantification of MeCP2 distribution in solution (supernatant) and in droplets (pellets). 10 uM
MeCP2 was applied for the phase separation assay in different conditions. The in vitro phase separation assay was done by
incubating the mixtures at room temperature for 45 min. Then droplets were pelleted by centrifugation at 12,000 rpm for 10 min at
room temperature. The top half of the supernatant was transferred to new tubes for SDS polyacrylamide gel (SDS-PAGE)
electrophoresis, followed by coomassie staining and subsequent quantitative analysis. Top: Coomassie staining result of the
supernatants after SDS-PAGE electrophoresis. Bottom: Quantitative analysis for SDS-PAGE gel above. Replicates (N) = 2.(F)
Fluorescence images of MeCP2 phase separated droplets. The 1% GFP-MeCP2 was mixed with 99% untagged MeCP2 (molar
ratio) and applied for the in vitro phase separation assay in different conditions by incubating 45 min at room temperature. Both
fluorescent images (GFP) and DIC images were taken under the Nikon Eclipse TiE2 microscope equipped with differential
interference contrast (DIC) microscopy. Total MeCP2 concentration: 10 pM. Scale bar = 10 um.(G-H) Droplet aspect ratio (G) and in-
droplet protein concentration (H) for experiments in F.The GFP channel was applied for droplet segmentation by bandpass filter and
threshold based on the mean intensity in/out droplets. Droplets with size > 0.1 um? were identified and droplet parameters were
measured. The aspect ratio (G) was calculated as the ratio of maximal Feret diameter to minimal Feret diameter. The in-droplet
MeCP2 concentration (H) was measured by the GFP intensity inside the droplets. For details, see Fig. S2. n: Number of droplets.
Replicates (N) = 3. n: number of droplets.(I) Mean values of aspect ratio and in-droplet MeCP2 concentration from (G-H).

Quilling and Matters, 2000 [86], together with the
known Avogadro (N, 6.022-10*) and Boltzmann
(kg, 1.381-107%) constants and molecular weight
(M) of GFP-MeCP2 of 80,053.30 Da. Taking all
these values, the stocking radius of a MeCP2 mole-
cule (Rs, Equation (2)) is 2.1810 % m.

population weights as described in methods. To
make the comparison between conditions clearer,
we removed the model curves for each condition
in the square displacement graphs (Figure 2(d)),
and left only the differences between data and
model (residuals), which indicate the simplest
model statistically accepted (Figure 2(c), lower
graphs, Table S8). We could observe movement
of MeCP2 molecules mostly inside the LLPS-
droplets (Figure 2(b)), but not outside. To explain

the lack of tracks outside, we calculated the theo-
retical diffusion coefficient (D) for GFP-MeCP2 in
salt solution, using the Einstein-Stokes relation-
ship for 3D diffusion (Equation (1)).

__ T (0
6-m-1n-Rs

We needed to make some assumptions, as a globular
conformation for MeCP2 and a temperature (T) of
25°C. For this assumed parameters, we used calcu-
lated dynamic density () for water (0.89 mPa s,
from IAPWS [The International Association for the
Properties of Water and Steam] R12-08) and NaCl
buffers of 40 mM (0.903 mPa s) or 150 mM (0.9237
mPa s) from [85], as well as an estimation of the
density (p) of a globular protein as 1430 kg m> from

Altogether, the D results in 8.73, 8.60 and 8.41
um?® s' in water, 40 mM NaCl, and 150 mM,
respectively. These values are far higher than the
maximum D that can be calculated in our settings
for tracking. The latter consider a maximum
movement within a 200 nm radius every 20 ms
in 4 consecutive frames, allowing a maximum D of
2.5 um* s~ ' obtained from the slope of the regres-
sion of the MSD curve (y = 10x-0.2).

In absence of any other component, MeCP2
showed an isotropic diffusion fitted to a one-
population model with a D of 0.540 pym?® s’
(Figure 2(c), orange line, Table S8), which is far
below the maximum D for our setup and approxi-
mately 6% of the theoretical diffusion of MeCP2 in
the buffer used. The addition of crowders (20%,
Figure 2(b), down) led to an anisotropic MeCP2
movement, as it required at least a second
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Figure 2. MeCP2 is confined in the droplets but diffuses freely and homogeneously inside.

(A) Scheme of the experiment: 10 uM MeCP2 containing 1% GFP-MeCP2 was incubated in presence of Na* (37 mM when no
crowders are present, 150 mM in any other case) and in absence or presence of crowding agents (PEG 8000), allowing the formation
of LLPS droplets for 45 min at room temperature prior to the imaging in the single-molecule microscope to obtain MeCP2 tracks.(B)
Exemplary GFP-MeCP2 single-molecule tracks in MeCP2 LLPS droplets. The pre-bleach image allows the recognition of the droplet
contour. Only tracks containing at least four spots are shown and used for the analysis. Scale bars = 2 pm.(C) Square displacement
cumulative distribution function for the MeCP2 tracks obtained in single-molecule tracking on MeCP2 LLPS droplets, indicating the
probability of a track to be included in a concrete circle with radius r (r?). Bottom panels correspond to the residuals of the
comparison of the data versus models for one or two population(s), being the colored one the statistically acceptable simplest model
according to the Bayesian Information Criterion, for which the diffusion coefficients (D) are given (in um?s™").(D) Graphical illustration
of the meaning of the residual, as square displacement cumulative function of the data of 0% and 20% PEG from C, together with
the corresponding cumulative functions for the 1 (dotted line) and 2 (dashed line) for each condition. The residuals correspond to
the difference between the model lines to the data.(E) Predicted population weight in a 2 population model, considering the same
D for all conditions for better comparison using Gaussian-mixture model. # indicates that for these conditions, the prediction is
forced as the best fitting model is 1 population.

population to statistically explain the data  MeCP2 molecules showed a fast diffusion while

(Figure 2(c), dark blue line, Table S8). From
these 2populations, one diffuses in a similar fash-
ion as in the absence of crowders (0.530 pmz sh,
while the second population is almost 10-fold
more constrained with a D of 0.059 pum® s~
Lower amount of crowders (5%, light blue line),
showed an intermediate effect as, despite being
statistically explained by a 1-population model,
the residuals showed a deviation of the data.
Forcing the Gaussian-mixture model analysis to
define 2 populations confirmed this observation.
Hence, in the absence of crowders, 99.9% of

5% crowders raised the slow diffusing population
to 16% and 20% crowders raised the slow popula-
tion to 36% of MeCP2 molecules (Figure 2(e)).

In summary, we found that MeCP2 exhibited
constrained and homogenous mobility within the
phase-separated droplets and addition of crowding
agents yielded a second slower mobility population.

Comparison of MeCP2 concentrations in vitro and
in vivo

Abnormal MeCP2 dosage can cause neuronal dys-
function and  Rett-like  phenotypes, and
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Figure 3. Validation and calibration of a cellular system mimicking in vivo MeCP2 physiological behavior.

(A) Scheme of the experiment: C2C12 myoblast (mb-) were transfected with a plasmid encoding for MeCP2-GFP. After 20 h,
transfected cells (mb+) were sorted into two categories, low and high expressing, according to the GFP intensity using
a Fluorescence-activated cell sorting (FACS).(B) Immunofluorescence staining showing MeCP2 levels in mouse myoblasts before
and after transfection of MeCP2-GFP. Scale bars = 5 pm. Boxplots show the MeCP2 heterochromatin mean intensity and the mean
heterochromatin cluster area of untransfected, low and high MeCP2 expressing myoblasts of three independent replicates
(***p < 0.001, Wilcoxon test).(C) Quantification of total MeCP2 in mouse myoblasts. The concentration of MeCP2-GFP standard
was determined by SDS-PAGE and coomassie staining in comparison to a BSA standard series. The MeCP2 standard was used to
quantify the MeCP2 protein level in untransfected, low and high expressing FACS sorted mouse myoblasts by Western blot against
MeCP2 for three independent replicates (average values + standard deviation). Full gels and Blots are shown in Fig. S3.(D) Scheme of
the calculation of the nuclear volume based on thresholded 0.2 um z-stacks.(E) Scheme of the cell segmentation and the calculations
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of the MeCP2 concentration in the nucleus and its subcompartments heterochromatin and nucleoplasm. Nucleus concentration
(concn,) was obtained from total protein amount from Western blot divided by nucleus area, subcompartment concentration
(concye Or CONCyydeop) Were calculated from the intensity ratios between the correspondent subcompartments (for concp, we used
the core region, nucleoplasm for concyyceop) Versus nucleus and nucleus concentration.(F) Average MeCP2 concentrations in the
nucleus and its subcompartments heterochromatin and nucleoplasm in untransfected, low and high expressing mouse myoblasts
(average + standard deviation).(G) Table showing the results of total MeCP2 quantification (as average + standard deviation) in
untransfected, low and high transfected myoblasts. Calculated values of number of molecules, nucleus volume (pm3) and MeCP2
concentration (uM) for each condition. Low mb+ present similar number of molecules to those calculated in mouse brain cells ([83]).
(H) Instrument-independent calibration of the quantification of MeCP2. To allow comparison of intensities between instruments, we
classified the cells using a population curve after transfection plotting counts versus log of the GFP intensity, considering three
windows: negative, defined from the measurements obtained from untransfected cells, and then dividing the positively transfected

cells in 29 bins, in which 2-10 correspond to low MeCP2 levels and 13-21 to high MeCP2 levels.

overexpression as well as loss of MeCP2 were
reported to show these phenotypes [40,87-90]. In
the mouse brain, as mentioned above, the MeCP2
average cellular concentration was reported to be
~10 pM. Hence, for the phase separation assays,
we used concentrations around this value to stay
in the physiological range. For this reason, we
wanted to use the same range throughout all
experiments in vitro and in cells. Thus, we devel-
oped a procedure to calibrate the MeCP2 concen-
tration in individual cells and subcellular
compartments. Moreover, we established the con-
ditions that allow us to apply these calculations
across different measurement platforms. This
ensured that the measurements and data obtained
at different systems in cells and in vitro could be
directly combined and mimicked the physiological
conditions in vivo.

Therefore, we estimated the MeCP2 concentra-
tion in mouse myoblasts transiently transfected
with MeCP2-GFP and compared the total levels
to in vivo levels in the mouse brain reported pre-
viously [83]. Myoblasts virtually have low levels of
MeCP2 protein, making them a perfect system to
manipulate the levels of MeCP2 and measure the
effects [24].

First, we transfected the cells with a plasmid
coding for GFP-tagged MeCP2 and FACS sorted
them into three categories according to MeCP2
levels 20 hours after transfection: negative (no
transfection), low MeCP2 and high MeCP2
(Figure 3(a), Fig. S3). The sorted cells were col-
lected for absolute protein quantification on
Western blot. To start, the concentration of pur-
ified MeCP2-GFP was determined by comparison
to a BSA standard row on Coomassie stained SDS-
PAGE. Then, the MeCP2-GFP standard was used

to determine the total number of MeCP2 mole-
cules in the FACS sorted cells by Western blot and
detection with antibodies against MeCP2 (Figure 3
(c), Fig. S3, Table S10). The total number of
MeCP2 molecules calculated per lane was divided
by the number of cells lysed and loaded in the
respective lane. The untransfected myoblasts had
1.1 £ 0.2 million MeCP2 molecules per cell, thus
4.5 times less MeCP2 as low transfected cells with
49 + 1.8 million molecules per cell. The high
expressing cells had 50.8 + 7.9 million per cell,
i.e., 10 times more than low expressing cells. In
physiological terms, low expressing cells emulate
the protein amount of 6 million molecules per cell
reported for unsorted mouse brain cells including
glia and neurons [83], while high expressing cells
have about three times higher levels than reported
for mouse brain neurons (16 million per cell [83],).
Next, we wanted to apply the FACS gates and the
corresponding protein levels to microscopy images
(Figure 3(h)). Therefore, we fixed MeCP2-GFP
expressing myoblasts 20 hours after transfection
and performed immunofluorescence staining
against MeCP2 and counterstained with the DNA
dye 1 pg/ml DAPI. The cells were imaged on a wide-
field fluorescence microscope (Figure 3(b)) and
nuclei, heterochromatin fractions, heterochromatin
core and edge regions were segmented based on
1 pg/ml DAPI channel intensities (see Figure 3(e)).
Based on the nucleus GFP intensity, the cells were
binned into untransfected, low and high expressing
using the same binning system as for the FACS
sorting. The MeCP2 mean intensity in the hetero-
chromatin area reflected these classification bins and
the average heterochromatin area increased signifi-
cantly with higher MeCP2 levels (Figure 3(b), Table
S9), which is in line with our previous studies [24].
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Figure 4. MeCP2 in heterochromatin exhibits three mobility populations depending on its location and concentration.

C2C12 myoblasts were transfected with pEG-MeCP2 and pMaSat-mRFP or pMaSat-miRFP703, seeded on glass slides and incubated
16-20 h in DMEM 20% FBS 5% CO,. During image acquisition, cells were maintained in PBS. Images were processed in ImageJ and
tracked using TrackMate, sorting out the detected tracks with less than 5 spots per track.(A) Square displacement curves and best fit
model for MeCP2 and MaSat tracks in transfected myoblasts with low and high levels of MeCP2 defined by the calibration system
(Figure 3(h)). Upper panel shows the cumulative square displacement curve and the down panel the residues when comparing the
data to the model for one (dotted line), two (dashed line) or three (line-dashed) populations as described in Figure 2.(B and C)
Gaussian-mixture model comparison of MeCP2 (B) or MaSat (C) populations between low- and high-MeCP2 transfected myoblast
considering all tracks in the cell and equaling the D for each population between conditions.(D) Gaussian-mixture model comparison
of MeCP2 populations in tracks sorted according to its position in the cell: crossing tracks, heterochromatin boundary (hc boundary),
heterochromatin core (hc core) and nucleoplasm, as stated in the middle representation, considering the levels of MeCP2 according
to the calibration system (Figure 3(h)). ns, not significant; *, p < 0.05; **, p < 0.001; ***, p < 0.0001.(E) Exemplary tracks (red lines) in
1.1 X 1.1 pm sections every 20 ms. Track 1: mixed movement between short and long steps to cover a long distance of almost T um
in the nucleoplasm; track 2: mixed movement between short and long steps until the molecule is trapped (at 100 ms, orange square)
and becomes static until it bleached within heterochromatin. Yellow lines: heterochromatin-euchromatin border. Scale
bar = 500 nm.



To obtain the MeCP2 concentration needed for
comparison to in vitro protein amounts, we took
z-stack images of fixed cells, segmented the nuclei
and calculated the nuclear volumes (Figure 3(d),
Table S9). Nuclear volume of untransfected cells
was 739 + 230 um’ and remained similar in
MeCP2 transfected cells, showing just a small
reduction correlating with increasing levels of
MeCP2 (702 + 204 um® and 652 + 224 um’ for
low and high MeCP2 levels, respectively) (Figure 3
(g), Table S10). Using the numbers of molecules
per cell nucleus and the volume of the nuclei, we
calculated MeCP2 concentrations of 0.39 + 0.14
uM for untransfected, 11.76 + 5.57 uM for low and
131.20 + 48.10 uM for high expressing cells
(Figure 3(e)-G, Table S9). Thus, the above men-
tioned concentration of 10 uM MeCP2 used in the
in vitro phase separation experiments is within the
physiological range.

As MeCP2 is enriched at the heterochromatin
compartments, we were interested in the local
MeCP2 concentration at heterochromatin and in
the nucleoplasm outside of heterochromatin
(nucleus area minus heterochromatin area).
Based on the segmentation of nucleus and hetero-
chromatin, we could calculate the concentration in
these regions by multiplying the MeCP2 concen-
tration of the whole nucleus with the ratios of
MeCP2 mean intensity in heterochromatin core
versus nucleus and nucleoplasm versus nucleus
(Figure 3(e-g), Table S10). The numbers show
that the MeCP2 accumulation is level dependent,
as it increases from 1.6 fold for untransfected cells
to 3.6 fold in low and 5.8 fold in high expressing
cells.

Overall, with this strategy we can calculate in
absolute terms the concentrations of MeCP2
across measurement platforms and with subnuc-
lear resolution. In addition, the MeCP2 amount in
low-expressing cells corresponds to physiological
protein levels and can be used to mimic the in vivo
situation whereas the high expressing cells are still
within the range of some neuronal cell types.

Increasing MeCP2 level leads to a reduced mobility
of MeCP2 molecules in live cells

We next investigated the influence of the MeCP2
concentration and compartmentalization on its
dynamics in cells by single-molecule tracking using
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the calibration system described above to categorize
the cells based on MeCP2 concentration (Figure 3(h)).

In cells with both low and high MeCP2 levels,
MeCP2 movement within the whole nucleus (Fig.
S4A) was heterogenous presenting three dynamic
populations (Figure 4(a)). Two of the populations
were related with what we identified in LLPS dro-
plets with D being 0.520 and 0.095 pm® s,
respectively, and a third population arised with
D of 0.023 um® s™'. The latter population corre-
sponds to the summatory effects of limited preci-
sion on the localization of the individual molecules
and the chromatin mobility itself, and is hereafter
called static (Figure 4(b), Table S11). Similar
values had been reported before for proteins that
are known to bind tightly to DNA, such as histone
H2A (D = 0.032 pmz s7! [91],) or p53 after irra-
diation of cells (D = 0.014 pmz s71 [92],). Overall,
increasing MeCP2 concentration led to a general
slow down of MeCP2 movement (Figure 4(a)-B,
Table S11) by increasing in a similar ratio the slow
(0.095 um* s7') and the static population. To test
whether the dynamic changes we observed in
MeCP2 could be a result of a change in hetero-
chromatin morphology and/or size, we simulta-
neously tracked a synthetic polidactyl zinc finger
domain protein, MaSat [93] in high versus low
MeCP2 expressing cells. This artificial protein
recognizes major satellite DNA repeats, which are
enriched in mouse heterochromatin [24] but there
are no known protein interactions and, therefore,
serves as a live marker for heterochromatin
[72,94]. In contrast to MeCP2, MaSat mobility
was unaffected by MeCP2 concentration
(Figure 4(a-c), Table S11).

To dissect the influence of the subnuclear com-
partmentalization on the dynamic populations we
selected representative tracks where we could
analyze the movement of a unique molecule in
detail (Figure 4(e), Fig. S4B-C). Tracks that cov-
ered long distances (Figure 4(e), track 1) were
found mostly in the nucleoplasm and, less fre-
quently, in the heterochromatin core. These
tracks combined long with short steps that
could represent the fast and slow D, respectively.
As we described for the LLPS droplets (Figure 2
(c, e)), this could be an intrinsic effect of the
crowdedness in the nucleus in the otherwise free
diffusion of the MeCP2 molecules. In contrast,
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Figure 5. DNA promotes the liquid-liquid phase separation of MeCP2.

The synthesized DNA was labeled with DRAQ5. The in vitro phase separation assay at different conditions was done by incubation at
room temperature for 45 min. Then, the mixtures were transferred to chambers made of double-sided tapes and sealed with
coverslips. The fluorescent and DIC images were taken using the Nikon Eclipse TiE2 microscope. MeCP2: 3 uM, NaCl: 150 mM, no
PEG.(A) Fluorescent images of MeCP2 droplets in the presence of DRAQS5 labeled DNA with different concentration and length. Scale
bar = 10 pm.(B) Quantification of size, area and number of droplets from (A). The red channel was applied for droplet segmentation
by bandpass filter and threshold based on the mean intensity in/out droplets. Droplets with size >0.1 pm2 were considered and
droplet parameters were measured.>3 images were taken for each condition. The droplets number and sum droplet area per image
and mean droplet area were plotted with mean + SD (standard deviation).

static tracks were found all around the nucleus,
with special abundance in the heterochromatin,
particularly in the heterochromatin boundary.
Interestingly and different to the other movement
behaviors, static tracks tended to stay static until
photobleached (Fig. S4C, tracks 6, 7). Indeed,
when a moving track became static (Figure 4(e),
track 2, orange mark), it could not become
mobile even at very long times (620 ms).

In essence, higher MeCP2 level led to a slowed
down mobility, suggesting non-saturable binding
modalities at MeCP2 physiological concentration
(11 pM). Furthermore, we observed a static MeCP2
population that was not identified in the in vitro
minimal system and which could reflect (methylated)
DNA binding.

MeCP2 mobility suggests the presence of
a border between heterochromatin and
nucleoplasm

We further investigated MeCP2 mobility by compar-
ing the effect of MeCP2 concentration in the different

compartments of the cell nucleus. Based on direct
observations, in order to better analyze the static
MeCP2 molecules we defined a region of 200 nm
around the heterochromatin border as the boundary,
thus classifying the tracks into four categories: hetero-
chromatin core, heterochromatin boundary, nucleo-
plasm; and crossing (Figure 4(d), Table S11).
Interestingly, the increased static population occurred
in the heterochromatin core, with a 2-fold increase
with respect to the low MeCP2 concentration
(Figure 4(d), down left panel, Table S11).

Secondly, we analyzed the diffusion coefficients.
We noted a high variability in the fastest popula-
tion independent of the MeCP2 level, which
almost doubled in crossing (0.610 um> s™') and
nucleoplasm (0.670 um?* s™') tracks with respect
to the tracks in the heterochromatin boundary
(0.330 pmz s} and core (0.480 pmz sh.
A similar change in the diffusion was observed
for the slow population, but only between nucleo-
plasm (0.130 um® s™') and boundary (0.070 um®
s7'). The static population remained constant
among compartments (Figure 4(d), Table S11).
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Figure 6. Cytosine methylation restricts droplet growth in vitro and in vivo.

(A) Fluorescent images showing the MeCP2 phase property in the presence of methylated and unmethylated DNA. The synthesized
800 bp DNA was labeled with DRAQ5. 1% GFP-MeCP2 was mixed with 99% untagged MeCP2. The in vitro phase separation assay at
different conditions was done by incubation at room temperature for 45 min. Then, the mixtures were transferred to chambers made
of double-sided tapes and sealed with coverslips. The fluorescent and DIC images were taken using the Nikon Eclipse TiE2
microscope. MeCP2 and DNA concentrations (conc.) are as mentioned. NaCl: 150 mM, no PEG. Representative images of the GFP
channel are shown. Scale bar = 10 um.(B) Graphs showing the influence of mCpG on the LLPS properties of MeCP2 based on droplet
size, sum area and number from (C). Droplets were segmented by a bandpass filter and thresholded based on the mean GFP
intensities in/out droplets. The droplet parameters were measured and plotted. conc.: concentration.(C) DNA methylation detection.
1 pl of 10 uM 42 bp and 20 bp DNA with and without CpG methylation was treated with Hpall and Mspl respectively for 2 h ar 37°C
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and then applied to tris borate EDTA polyacrylamide gel electrophoresis. The gel was stained with ethidium bromide and imaged.(D)
Left: MST analysis of the dissociation constants of MeCP2 and RTT related truncation MeCP2-R168X with methylated or unmethy-
lated DNA synthesized in (C) (see also Fig. S6G). Student t-test was applied, ns (not significant), P > 0.05; *, p < 0.05; **, p < 0.001;
*** p < 0.0001. Right: Table showing the mean values of the dissociation constant (Kd).(E) Methylation rescue experiment in cells.
MEF-PM cells (with low level of DNA methylation) were transfected with GBP-MaSat, untagged MeCP2 and/or GFP-Dnmt1/3b. The
impact on heterochromatin clustering induced by methylation increase and/or MeCP2 clustering was analyzed by fixation after 48 or
72 h and confocal imaging. Mock-treated MEF-PM cultured for 48 h prior fixation served as a control.(F) Quantitative average
heterochromatin compartments size comparison in MEF-PM with and without targeted heterochromatin methylation. ns, not

significant; *, p < 0.05; **, p < 0.001; ***, p < 0.0001.

Thirdly, we analyzed individual tracks. We
observed that tracks crossing the boundary
between heterochromatin and nucleoplasm exhib-
ited long steps (Fig. S4B, panels 4, 5), while tracks
with shorter steps near the boundary resulted in
the molecule bouncing off it (Fig. S4B, panel 8).

Altogether, both diffusion coefficient and indi-
vidual tracks pointed to the existence of a barrier
that affects the freely and confined diffusion of
MeCP2. The finding that MeCP2 could diffuse
across the heterochromatin-euchromatin border
further confirmed that the heterochromatin com-
partment is liquid-like. Furthermore, the MeCP2
concentration mainly affects the motion within
heterochromatin with more MeCP2 leading to
more static MeCP2 molecules, suggesting an
increase of methylated DNA binding.

DNA promotes the liquid-liquid phase
separation of MeCP2

We next investigated the influence of DNA on
in vitro MeCP2 phase separation properties. Firstly,
template DNA was synthesized with different lengths
(Fig. S5A-B) and labeled with the DNA dye DRAQS5
to detect the DNA distribution during MeCP2 LLPS.
By mixing template DNA with MeCP2 in the phy-
siological salt condition (150 mM NaCl) in which
MeCP2 alone does not form droplets (Fig. S1A), we
found that MeCP2 could form liquid-like droplets
with longer DNA (800, 1600, or 3000 bp) but not
with short (380 bp) DNA (Figure 5(a)) together with
an enrichment of DNA (DRAQ)5) in the droplets.
This indicates a multi-valency induced phase separa-
tion property of MeCP2 with DNA. The DRAQ5
signals were further applied for droplet segmentation
and quantitative analysis. Longer and higher concen-
trations of DNA were shown to promote the

formation of more and bigger droplets (Figure 5
(a)-B, Table S12). Thus, DNA promoted (switched
on) de novo phase separation of MeCP2 in physio-
logical conditions in a DNA length and concentra-
tion-dependent =~ manner,  highlighting  the
importance of multiple ionic interactions among
MeCP2 and DNA molecules for LLPS.

DNA methylation restricts the size of MeCP2
droplets

As MeCP2 was originally recognized as a methyl-
cytosine binding protein [28], we then explored
whether specific mCpG-MeCP2 interaction plays
a role in MeCP2 LLPS. As the 800 bp template
DNA could already promote the LLPS of MeCP2
under physiological conditions, we further gener-
ated 800 bp DNA templates with methylated
cytosines. CpG methylated DNA (mCpG) was gen-
erated by the M.SssI methyltransferase, validated
with the methylation-sensitive enzyme Hpall (Fig.
S5C-D), labeled with DRAQS5, and introduced into
the in vitro phase separation assay of MeCP2
(mixed with 1% GFP-MeCP2). We found that
both unmethylated (CpH) and CpG methylated
DNA could be incorporated into the MeCP2 dro-
plets (Fig. S6A). The GFP signals were used for
droplet segmentation. Quantification of droplet
size showed that both protein and DNA promoted
the LLPS of MeCP2 in a concentration-dependent
manner (Figure 6(a), Fig. S6C, Table S13).
Surprisingly, quantification of droplet size and
numbers showed that the addition of mCpG DNA
to the mixture restricted the increase in droplet size
in most conditions tested (Figure 6(a)-B, Table S13)
compared to the unmethylated DNA.

Recently, MeCP2 was found to bind methylated
cytosine at non-CpG sites (mCpH, H = A,G,C).
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Figure 7. DNA and methyl-DNA addition to MeCP2 LLPS emulates the three mobility populations observed in heterochromatin in
cells.

(A) 10 uM MeCP2 containing 1% GFP-MeCP2 was mixed with of 5 ng/ul 800 bp (methyl-)DNA with or without crowding agents (5%
PEG 8000) in a buffer containing 150 mM NaCl and incubated 45-60 min at room temperature before imaging. GFP-MeCP2 tracks
were obtained using TrackMate, sorting out tracks with less than 4 spots and analyzed in SMTracker. Square displacement
cumulative distribution of the steps is shown as described in Figure 2. A curve containing the square displacement analysis of
the tracks located in heterochromatin in myoblasts with low MeCP2 from Figure 4 has been added for comparison.(B) Mouse
embryonic fibroblast proficient (MEF-P) or deficient (MEF-PM) in DNA methylation were transfected with pEG-MeCP2 and pMaSat-
mRFP or pMaSat-miRFP703 using AMAXA transfection and seeded on glass slides in DMEM 15% FBS at 37°C, 5% CO, for 16-20 h.
During image acquisition, cells were maintained in PBS. MeCP2 tracks were obtained in TrackMate, sorting out the tracks containing
less than 5 spots and analyzed using SMTracker. Square displacement curves and best fit model for MeCP2 is shown as described in
Figure 2.(C) Effect of (methyl)-DNA in MeCP2 populations fixed in Gaussian-mixture model with the diffusion coefficient obtained for
live cells (fast: 0.520; slow: 0.095; static: 0.023). Last column belongs to the sorted tracks in low MeCP2 myoblast for the
heterochromatin compartment as shown in Figure 4.(D) Comparison of the population variation with the same diffusion coefficients
forcing three population model in Gaussian-mixture model in cells deficient (MEF-PM) or proficient (MEF-P) in 5mC maintenance.(E)
C2C12 myoblasts were transfected with of pEG-MeCP2R111G and pMaSat-mRFP using AMAXA transfection and seeded on glass
slides in DMEM 20% FBS at 37°C, 5% CO,. During acquisition, cells were maintained in PBS. MeCP2 tracks were obtained in
TrackMate, sorting out the tracks containing less than 5 spots and analyzed using SMTracker. Square displacement curves and best
fit model for MeCP2 and MaSat is shown as described in Figure 2. The data from Figure 4(a) corresponding to low levels of MeCP2
has been added for reference. The residuals showed the 2-population model as the simplest fitting model according to Bayesian
Information Criterion for the R111G mutant.(F) Exemplary cell for MeCP2 R111G mutant, which showed no enrichment in
heterochromatin neither in the pre-bleach image nor in the track overview. Scale bar = 2 um.(G) MeCP2 wt versus R111G
comparison of the population variation with the same diffusion coefficients forcing a three population model in the Gaussian-
mixture model. The third population is completely absent in the R111G mutant.5mC: DNA with cytosine methylation.
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Figure 8. Oligomerization of MeCP2 is a prerequisite for liquid-liquid phase separation in vitro and heterochromatin clustering
in vivo.

(A) Top: Schematic graph showing two representative nonsense mutations in the MeCP2 gene in patients with Rett syndrome.
Bottom: Schematic graph showing the in vitro pull-down experiments. Shortly, the GFP tagged proteins were purified and stored in
a buffer containing 0.5 M NaCl using chitin beads (Fig. S8A-B). The untagged MeCP2-CBD and MeCP2-truncations (CBD-MeCP2-tru.)
were purified using immobilized chitin beads by incubating the bacterial lysates with the beads for 3 h at 4°C with rotation. The pull-
down assay was conducted by incubating purified GFP-MeCP2 or truncations in solution with immobilized MeCP2 or truncations in
PBS with 150 mM NaCl and 0.05% NP-40. The bound ‘B’ fractions were released by adding 40 pl loading buffer and boiling, followed
by Western blot for further analysis. CBD: chitin-binding domain. Negative control: clean beads were incubated purified MeCP2 and
truncations.(B) Western blot of in vitro pull-down experiment, corresponding to Figure 8(a). Samples from pull-down assay were
detected using anti-GFP antibody. Predicted signals are highlighted by red boxes. Input ‘I' control: purified GFP-MeCP2 full length or
truncations. IP: immobilized proteins. WB: Western blot.(C) Dissociation constant (Kp) values measured by microscale thermophoresis
assay (MST). See Fig. S8C for details.(D) Turbidity changes of the full-length MeCP2 and RTT-related nonsense mutations with
increasing protein concentration. The phase separation was done by incubating proteins of various concentrations in a buffer
containing 37.5 mM NaCl at room temperature for 45 min in a 384-well plate. The absorbance was measured at A = 340 nm at room
temperature. Absorbance was plotted as mean + SD.(E) DIC images showing the phase separation properties of MeCP2 full length
and truncations at different conditions. The in vitro phase separation assay at the conditions indicated was done by incubating at
room temperature for 45 min. The DIC images were taken using the Nikon Eclipse TiE2 microscope. The boxed region is shown at
higher magnification. Scale bar (green) = 3 um; Scale bar (white) = 10 ym.



mCpH was shown to increase during early
brain development, in parallel with MeCP2 post-
natal accumulation. MeCP2 interactions with non-
canonical cytosine methylation was shown to be
important for normal brain function [63,95,96].
Therefore, we generated DNA with all cytosines
methylated (5mC) by replacing all dCTP with
dmCTP (Fig. S5C-D). Then, we tested whether
including non-canonical DNA methylation influ-
ences the phase separation properties of MeCP2.
Similar to the canonical CpG methylation, we
found that fully cytosine methylated DNA was
incorporated into the MeCP2 droplets and exhib-
ited a concentration-dependent effect on MeCP2
phase separation (Fig. S6A-C). Moreover, MeCP2
formed smaller and fewer droplets with all cyto-
sine methylated DNA than with unmethylated
DNA (Fig. S6D), which was also the case for
CpG methylated DNA (Figure 6(b), Table S13).
Hence, independent of the methylation context,
cytosine methylation counteracts the increase of
MeCP2 droplet number and size in comparison
to unmodified DNA.

As the DNA is wrapped around a core of pro-
teins (histone octamer) in eukaryotic cell nuclei,
we wondered if nucleosomal DNA still plays a role
in the phase separation properties of MeCP2.
Thus, we first isolated the mononucleosomes
from cultured HEK293T human cells by treating
the cell nuclei with MNase (Fig. S6E). Then, we
checked if mononucleosomes could affect the
LLPS of MeCP2 and found that the addition of
mononucleosomes could also promote the forma-
tion of bigger droplets with higher MeCP2 enrich-
ment (Fig. S6F, Table 520). The result is consistent
with our previous observations found in the pre-
sence of naked DNA regardless of cytosine methy-
lation. In conclusion, DNA enhances MeCP2
phase separation, and this is restrained by cytosine
methylation.

To measure the binding affinities of MeCP2 to
(methyl)-DNA, we applied the microscale thermo-
phoresis (MST) technique. Using 20 and 42 bp
template DNA with single mCpG methylation or
no methylation (Figure 6(c)), we found that
MeCP2 had higher binding affinities for methy-
lated and longer DNA. This is due to, on the one
hand, specific 5mC-MeCP2 interaction and, on the
other hand, cumulative multivalent nonspecific
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DNA-MeCP2 interaction. With the longer DNA,
adding methylation did not affect the binding affi-
nity. With the shorter DNA, adding methylation
increased the binding affinity (Figure 6(d), Table
S14). We interpret this as, in the longer template,
the multiple MeCP2-DNA interactions dominate
the population Kp, whereas in the shorter template
with less possible MeCP2-DNA interactions, the
5mC-MeCP2 interaction becomes more promi-
nent. Accordingly, MeCP2-R168X, an RTT-
related nonsense mutation lacking all regions
downstream of the MBD that are responsible for
DNA interaction, showed an overall decreased
binding affinity with DNA (Figure 6d), Fig. S6G,
Table S14).

To check whether the surprising reduction of
LLPS droplet size produced by DNA methylation
occurs in vivo, we used a cell system in which the
global DNA methylation is drastically reduced, i.e.,
mouse embryonic fibroblasts deficient in Dnmtl
function (MEF-PM, Table $3). As shown in Fig.
S6H-I (Table S21), MEF-PM showed reduced 5mC
compared to the MEF-P, in which the Dnmtl
function is normal. We then rescued the DNA
methylation levels by targeting ectopically
expressed GFP-Dnmtl and GFP-Dnmt3b to the
heterochromatin regions using MaSat-GBP as
described before [59], and compared the effects
of MeCP2 expression in the rescued and not res-
cued MEF-PM (Figure 6(e)). Consistent with the
in vitro data, restoring 5mC levels reduced the
total heterochromatin area of the cells in the pre-
sence of MeCP2 (Figure 6(f), Table S15)

In summary, the cumulative weak DNA-MeCP2
interaction enhances the MeCP2 LLPS, while the
stronger specific 5mC-MeCP2 restricts the growth
of MeCP2 droplets, both in vitro and in cells.

DNA methylation reduces MeCP2 mobility

We used the minimal system to emulate the three
populations observed in cells. For this purpose, we
measured the effect of DNA and methyl-DNA in
the absence and presence of crowders on MeCP2
dynamics. To our surprise, MeCP2 mobility after
the addition of DNA (Figure 7(a), green line) was
still isotropic. However, in the presence of crow-
ders, we measured an enhancement in the arising
of the second (slow) population, as it was
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Figure 9. Summary of factors and conditions affecting MeCP2 LLPS and diffusion properties leading to a model comparing minimal
and cell systems.

(A) Schematic chart depicting the conditions required for MeCP2 LLPS in vitro. MeCP2 is composed of the structured MBD domain,
which is surrounded by the highly disordered amino acid sequences including the self-interaction domain (amino acids 168 to 254).
Purified MeCP2 molecules locally condense to form a liquid-like spherical phase (LLPS). Self-interaction drives the formation of liquid-
like droplets.(B) Regulatory factors for MeCP2 LLPS and dynamics. The droplet size is positively regulated by protein, crowders and
unmethylated DNA concentration and negatively regulated by DNA methylation and salt concentration. MeCP2 mobility is reduced
by increased concentration of protein, crowders and methylated DNA, but not affected by unmethylated DNA.(C) Representation of
MeCP2 dynamic populations in in vitro and in vivo LLPS. MeCP2 alone presents an isotropic (fast) mobility in LLPS and addition of
DNA does not alter it. In crowded environments (e.g., PEG), the appearance of a slow MeCP2 population in vitro reflects the situation
of the MeCP2 moving in absence of 5mC binding interactions in vivo. With an increasing amount of 5mC the static MeCP2
population increment. Overall, both slow and static MeCP2 populations increase together with MeCP2 concentrations.(D) Model of
MeCP2 driven LLPS. In vitro, MeCP2 in solution will not form LLPS droplets at ionic conditions preventing its self-interaction (LLPS
OFF). Lowering the salt concentration allows MeCP2 oligomerization and starts the LLPS process (LLPS ON; nucleation). These MeCP2
droplets grow in size by addition of crowders or DNA and this growth is constrained by 5mC binding consistent with the appearance
of a static MeCP2 population. In vivo, heterochromatin formation per se is a multifactorial redundant process within a crowded
environment and, thus, the LLPS OFF step can not be captured. MeCP2, depending on its 5mC binding, becomes enriched at
heterochromatin (nucleation). Similar to the minimal in vitro system, the subsequent growth of the heterochromatin compartments
depends on MeCP2 oligomerization and concentration whereas 5mC limits the heterochromatin compartment size.

statistically defined with the lesser amount of PEG
8000. However, the presence of 5mC, disturbed
MeCP2 isotropic mobility (Figure 7(a), light blue
line). A closer look into the populations showed
that, indeed, in both cases the arising of the slow
population was causing the anisotropy (Figure 7
(c), Table S16). Only in the presence of crowders

and DNA methylation we were able to observe the
static population of MeCP2 and a residual profile
similar to the one obtained in the cellular system
(Figure 7(a), dark blue line versus Figure 4(a) and
B). The lack of a static population in the absence
of crowders could be explained as a result of the
overall movement of the DNA within the droplet,



which would get reduced in the presence of crow-
ders allowing the visualization of the MeCP2
bound to it. In any case, the mobility of MeCP2
was as slow as the one we measured in the hetero-
chromatin, suggesting the influence of other fac-
tors not considered in our minimal system.
Altogether, these data point to the role of 5mC
binding by MeCP2 in creating specific long-lasting
association with DNA (static population) but also
enhancing the ability of MeCP2 to bind DNA in
a non-sequence specific ~manner (slower
population).

To further test this functional cross-talk in vivo,
we used two different approaches in cells. Firstly,
we used the previously mentioned MEF-PM cells
with lower DNA methylation level and compared
the mobility of MeCP2 to the mobility in the
parental MEF-P cells. Visualization of the tracks
indicated that neither MeCP2 nor MaSat tracks
location was altered in the MEF-PM cells (Fig
S7A), as both showed a preferential heterochroma-
tin location. The overall mobility of MeCP2 was
increased in MEF-PM cells (Figure 7(b), upper
panel), and a closer look at the dynamic popula-
tions resulted in a statistically preferred 2-popula-
tion model, in which the static population is the
one missing relative to the MEF-P cells and the
myoblasts (Figure 7(b) down panel, Figure 4(a)).
This change was inherent to MeCP2 function and
not to any changes in the physiology or morphol-
ogy of the heterochromatin compartment as
MaSat mobility was unaltered (Fig. S7B, S7C).
Same results were found when using the MeCP2
RTT mutant R111G, a residue located in the MBD
domain. This mutant MeCP2 has been extensively
studied and has lost the ability to bind 5mC lead-
ing to its lack of heterochromatin enrichment in
cells [49]. Ectopic targeting to heterochromatin,
though, has demonstrated that this mutant is not
impaired in the ability to cluster heterochromatin
in cells [59]. As expected, both pre-bleached
images and track distribution showed a pattern
totally different from the wild-type MeCP2 and
heterochromatin binding could not be discerned
(Figure 7(f)). R111G mobility was much faster
than the wild-type protein (Figure 7(e), upper
panel) and the most prominent observation was
the presence of only 2-populations as the best fit
model (Figure 7(e), down panel). Moreover, we
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saw a drastic reduction not only in the static, but
also in the slow population compared to the wild-
type MeCP2 (Figure 7(g), Table S16), confirming
the direct implication of the MBD binding to both
mobility populations. Similar results were found in
the MEF-PM though the reduction of the static
population was not so drastic when a 3-population
fit was enforced (Figure 7(d) versus Figure 7(g),
Table S16). This can be explained by the presence
of residual DNA methylation and/or the presence
of other substrates for MBD binding, such as his-
tones modifications [97]

MeCP2 liquid-like droplet formation requires
self-oligomerization

RTT-related MeCP2 nonsense mutations fre-
quently occur in the intervening domain (ID)
and transcriptional repression domain (TRD).
Previously, we reported that the ID-TRD is
responsible for homo-dimerization of MeCP2
[71]. As LLPS can be induced by weak homo/
hetero-interactions, we examined if the ID-TRD
driven self-interaction is required for MeCP2
LLPS.

Firstly, as the MeCP2 RTT mutation R168X
lacks the ID-TRD while the R255X retains partial
ID-TRD (Figure 8(a), top), we examined whether
these nonsense mutations retain the ability of self-
interaction by in vitro pull-down assay and MST
assay. The in vitro pull-down experiment was done
by incubating the immobilized MeCP2 truncations
with purified GFP tagged MeCP2 truncations, fol-
lowed by Western blot analysis (Figure 8(a), bot-
tom, 8B, Fig. S8 A-B). The GFP-MeCP2-R255X
and the GFP-MeCP2 were pulled down by
MeCP2-R255X and MeCP2 separately, while the
GFP-MeCP2-R168X was not pulled down by
MeCP2-R168X (Figure 8(b)).

We, then, quantified the self-interaction
strength of full-length MeCP2 and the two trunca-
tions by MST assay. The GFP tagged MeCP2 and
the two truncations were incubated with corre-
sponding untagged proteins and the dissociation
constants (Kd) were calculated (Figure 8(c), S8C,
Table S17). We found that MeCP2-R255X had
a higher dissociation constant (Kd)
(32036 + 1435 nM) than the MeCP2
(121.66 + 11.00 nM), while the shortest truncation
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MeCP2-R168X showed a micromolar scale disso-
ciation constant (1970 + 19.91 nM). These data
indicate that the shorter nonsense mutation
MeCP2-R168X is not capable of self-interaction,
the MeCP2-R255X is capable of self-interaction
but with a lower binding affinity than the
MeCP2. In summary, the amino acid sequence
from position 168 to 254 is responsible and essen-
tial for MeCP2 self-interaction, which could be
enhanced by the downstream carboxy-terminal
region.

Secondly, we checked the phase separation
properties of MeCP2-R168X and MeCP2-R255X
compared to the MeCP2 using the turbidity assay
and the phase separation droplet assay. We regis-
tered the absorbance changes at 340 nm of MeCP2
and truncations at low salt conditions (37.5 mM
NaCl). The turbidity of MeCP2 increased with
higher protein concentration as shown in Fig.
S1B, while there was no turbidity change for
MeCP2 R168X and R255X (Figure 8(d), Table
S17). Then, we analyzed the phase separation
properties of the two MeCP2 truncations and
found that R168X failed to form liquid-like dro-
plets in all tested conditions, while the MeCP2
R255X could form liquid-like droplets at higher
protein concentrations or in the presence of
crowding agents (Figure 8(e)).

In conclusion, self-interaction is essential for
MeCP2 LLPS. Both self-interaction and LLPS are
enhanced by the MeCP2 C-terminus.

Discussion

We have previously shown that MeCP2 clusters
heterochromatin compartments in cells in
a dose-dependent manner, and these subnuclear
compartments are dynamic and can fuse over
time [24]. Here, we demonstrated that purified
MeCP2 alone was able to form liquid-like phase
separated compartments in vitro and self-
oligomerization was the minimal requirement
for MeCP2 LLPS (Figure 9(a)). This is consis-
tent with in vivo experiments, which demon-
strate that the very severe RTT mutant R168X
(or the MBD alone) [98,99] is less enriched in
heterochromatin and is more mobile [100,101].
As increasing salt concentration negatively cor-
related with droplet size but 1,6-hexanediol did

not influence it, we defined electrostatic inter-
actions as the main binding force for oligomer-
ization that drives MeCP2-mediated LLPS [102]
(Figure 9(b)). Self-electrostatic interactions
were also sufficient to reduce the mobility in
an isotropic manner within the droplet to
a diffusion coefficient of 0.5 pm* s™'. In cells,
this D corresponded to the fastest population,
which is 20-40 times slower than a size-
equivalent GFP-oligomer (9.1-20 um®> s7')
[103,104] and in concordance with previous
results with endogenous MeCP2 in neurons (1
pmz s7') [54]. As electrostatic self-interactions
were the basis for MeCP2 LLPS, in physiologi-
cal salt concentration purified MeCP2 was not
able to form droplets. Addition of crowding
agents, though, allowed MeCP2 LLPS
(Figure 9(b)). In biological systems, high den-
sities of macromolecules (protein, nucleic acids,
etc.) not only perform function-related activ-
ities but also play a role via a nonspecific
‘excluded volume’ effect [105]. The macromole-
cular crowding could increase the local concen-
tration of targets [106], influencing biochemical
reactions (binding, enzymatic activities) [47] and
restricting molecular diffusion [107]. In that
regard, the eukaryotic cell is a heterogeneous sys-
tem with various crowding states. Estimates of
50-400 mg/ml macromolecules in the cell yield
a 5-40% crowded environment [108], with
100 mg/ml protein and 50 mg/ml chromatin in
the cell nucleus resulting in around 15% crowded
environment [105,109,110] and 110 mg/ml
macromolecules in the nucleoplasm making the
nucleoplasm around 11% crowded [111]. We
have shown previously that DNA compaction
within the cell nucleus, corresponding to
increased molecular crowding, affected local
mobility of molecules [19].

In addition, DNA is commonly considered an
important factor for LLPS of multiple proteins
involved in DNA replication, repair, and chroma-
tin architecture [112]. Consistent with recent
reports, we found that both crowding agents and
DNA promoted MeCP2 LLPS in a concentration-
dependent manner (Figure 9(b)) [68,113,114].
Diffusion measurements, however, unveiled differ-
ent mechanisms for droplet size increase. While
crowders increased MeCP2 concentration in



droplets by reducing the volume available for
movement, subsequently reducing its diffusion,
DNA allowed more electrostatic (hetero-) interac-
tions, which did not affect MeCP2 mobility
(Figure 9(b)). Combination of DNA and crowders,
though, reduced further MeCP2 mobility. As DNA
is a much larger molecule than MeCP2, crowding
agents directly and more pronouncedly affect its
ability to move. Therefore, the MeCP2 electrosta-
tically interacting with DNA would show slower
diffusion. Alternatively, the DNA may also contri-
bute to the crowding effect.

To be able to directly compare the different
in vitro and in vivo measurements and use physio-
logically relevant MeCP2 concentrations [83], we
carefully tuned all our assays and platforms based
on a calibrated relationship between fluorescence
intensity and concentration across measuring sys-
tems. To avoid technical variations of the intensity
due to changes in illumination and/or detection
systems, we based the intensity numbers on popu-
lation distributions in which the negative MeCP2
level was obtained for each platform and MeCP2
positive cells were sorted into equivalent windows
of fluorescence intensity. These corresponded to
the sorting windows used to sort cells with differ-
ent MeCP?2 levels that were used to biochemically
quantify the absolute amounts of MeCP2 mole-
cules and concentrations per cell. As a result,
a similar and physiologically related MeCP2 con-
centration (~10 pM) was applied for phase separa-
tion and for single-molecule tracking both in vivo
and in vitro.

With these conditions, we measured the influ-
ence of DNA methylation on MeCP2 condensa-
tion properties and dynamics in vivo and in vitro.
Surprisingly, DNA methylation inhibited the
growth of MeCP2 condensates (droplets in vitro
and heterochromatin in vivo). In vivo, using
methyl cytosine deficient cells and RTT mutants,
we showed that, on the one hand, DNA methyla-
tion was required for MeCP2 nucleation at hetero-
chromatin needed for its subsequent clustering.
On the other hand, DNA methylation also
restricted heterochromatin compartment size
(Figure 9(b)). This dual effect could be one possi-
ble explanation for the great variability of effects of
gain/loss of MeCP2 reported in different neurons
[50]. Other in vitro studies addressed the effects of
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DNA methylation on LLPS and reported a sum
increase in droplets [68,113,114]. The apparent
inconsistency to our results, can be explained by
the fact that while we base this conclusion on
measuring individual droplet compartment size
to directly relate to the size of heterochromatin
compartments within the cell nucleus, the other
authors measured the sum of all the droplets. The
latter measures whether DNA methylation pro-
motes LLPS altogether and not whether the indi-
vidual compartments can grow in size to the same
extent. By comparing to the equivalent in vivo
situation, e.g., using cells with lower DNA methy-
lation and RTT mutants of MeCP2 deficient on
5mC binding, we found our measurement and
effect to be a good representation of heterochro-
matin compartmentalization dynamics in cells.
Single-molecule tracking analysis of MeCP2
allowed us to define three different mobility popu-
lations: a fast, ‘free’ diffusion defined by a diffusion
coefficient of about 0.5 um” s™'; a slowed, confined
but mobile population dominated by a D in the
range of 0.1 um” s~ '; and a static population with
a D of 0.023 um” s~'. The latter is reminiscent of
other molecules that tightly bind DNA such as
transcription factors [92] or histones [91].
Importantly, we could find the three populations
both in vitro and in vivo. Quantification of MeCP2
binding affinity with itself (121.7 nM) and with
DNA (138.7 nM) yielded a similar binding affinity,
suggesting that they may influence mobility simi-
larly. Thus, the MeCP2 mobility populations
derived from self-interaction and from protein-
DNA interaction separately are not distinguishable
in our measurements and appear as one popula-
tion. In addition, both in vitro and in vivo studies
indicated that the static population corresponds to
the tighter binding of the MBD to 5mC on DNA
(binding affinity 89.3 nM) (Figure 9(c)). Finally,
the intermediate slow MeCP2 population could
arise by a combination of nonspecific DNA bind-
ing and reduction of the space available for diffu-
sion by macromolecular crowding producing
a confinement. Altogether, the different para-
meters involved in compartmentalization interplay
with each other to affect mobility of MeCP2.
Hence, when we abrogate MeCP2-5mC binding
using the R111G mutant in cells, we affected not
only the static population but also decreased the
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slow population (Figure 9(c)). This indicates that
MeCP2-5mC binding also contributes to the low-
affinity MeCP2-DNA binding interactions. The
long dwell time of MeCP2 binding to 5mC likely
allows: i) other MeCP2 domains to interact with
DNA ii) to attract (via dimerization) other MeCP2
molecules to the DNA and iii) to attract other
MeCP2 molecules stimulating oligomerization. In
fact, previous studies showed that proteins can
promote DNA binding of other factors by direct
interaction [115] or even in the absence of inter-
action [116].

Based on our findings, we propose a model in
which heterochromatin compartmentalization can
be subdivided into four steps (Figure 9(d)). A first
state (LLPS off), means that the conditions are not
suitable for a liquid-liquid phase separation or
compartmentalization. A second state is the for-
mation of LLPS compartments (LLPS ON). The
third state is the enrichment of MeCP2 in the
compartments (nucleation). The fourth state is
the growth of the LLPS compartments. The
crowded cellular environment and the presence
of multiple redundant factors involved in hetero-
chromatin LLPS (e.g., HP1 [2-4,15] and histones
[5]) does not permit the visualization of
a condition in which these compartments are not
formed (first state). In the minimal system,
though, we were able to distinguish these two
steps, based on the ability of MeCP2 to oligomer-
ize and an appropriate environment to allow the
electrostatic interactions needed. The second and
third states happen concomitantly in the minimal
system, as LLPS formation takes place only when
MeCP2 is enriched in the droplets. In cells,
though, MeCP2 depends on the MBD domain
and 5mC binding to associate with the heterochro-
matin and be enriched in those compartments
and, therefore, these two states are distinguishable.
Albeit the three states are not distinguishable in
both in vitro and in vivo, they rely on common
parameters: MeCP2 concentration and oligomeri-
zation. The fourth state, compartment growth, is
modulated in a multifactorial manner. Increasing
MeCP2 concentration (and, therefore, its oligo-
merization), crowdedness and DNA positively
modulate the compartment growth. In contrast,
immobilization of MeCP2 by DNA methylation
negatively modulates compartment growth.

Importantly, mutations of MeCP2 found in Rett
syndrome patients (e.g., R111G or R133C, which
are 5mC binding deficient) were shown to affect
binding to heterochromatin (second to third state)
and concomitant clustering of heterochromatin
(third to fourth state), while other mutations
(e.g, P101H, 5mC binding proficient) were
shown to affect only the latter [59].

In summary, we establish in vitro and in vivo the
parameters determining the LLPS properties of
MeCP2 and how MeCP2 diffusion and binding
properties change when inside the droplets as well
as in cells and how these contribute to heterochro-
matin compartment organization and kinetics.

Highlights

(1) Purified MeCP2 forms liquid-like compart-
ments in vitro through ionic self-interaction

(2) Crowding and DNA promote MeCP2 phase
separation and slows down its mobility

(3) DNA methylation restricts MeCP2 droplet
size and mobility in vitro and in vivo
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