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Abstract

The heterochromatin protein HP1« consists of an N-terminal disordered tail (N-tail), chromodomain (CD), hinge region (HR), and C-terminal
chromo shadow domain (CSD). While CD binds to the lysine9-trimethylated histone H3 (H3K9me3) tail in nucleosomes, CSD forms a dimer
bridging two nucleosomes with H3K9mej3. Phosphorylation of serine residues in the N-tail enhances both H3K9me; binding and liquid-liquid
phase separation (LLPS) by HP1«. We have used integrative structural methods, including nuclear magnetic resonance, small-angle X-ray scat-
tering (SAXS), and multi-angle-light scattering combined with size-exclusion chromatography, and coarse-grained molecular dynamics simulation
with SAXS, to probe the HP1 o dimer and its CSD deletion monomer. We show that dynamic intra- and intermolecular interactions between
the N-tails and basic segments in CD and HR depend on N-tail phosphorylation. While the phosphorylated HP1 o dimer undergoes LLPS via
the formation of aggregated multimers, the N-tail phosphorylated mutant without CSD still undergoes LLPS, but its structural unit is a dynamic
intermolecular dimer formed via the phosphorylated N-tail and a basic segment at the CD end. Furthermore, we reveal that mutation of this
basic segment in HP1 x affects the size of heterochromatin foci in cultured mammalian cells, suggesting that this interaction plays an important
role in heterochromatin formation in vivo.
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Introduction

Folding of chromatin into a condensed higher order struc-
ture, so-called heterochromatin, is critical for genomic stabil-
ity and transcriptional silencing [1]. Methylation of the ly-
sine 9 residue on histone H3 (H3K9me) is known as an in-
dispensable hallmark of heterochromatin formation [2, 3].
Heterochromatin protein 1 (HP1) specifically binds to chro-
matin containing tri-methylated histone H3 (H3K9me3) [4-
6]. Three HP1 isoforms, HP1«, HP1B3, and HP1vy, have been
identified in mammalian cells [7]. These HP1 isoforms con-
tain an N-terminal chromodomain (CD), which binds to
H3K9mej; [8-10], and a C-terminal chromo shadow domain
(CSD), which is used for HP1 dimerization. CSD also pro-
vides an interface for recruiting diverse target proteins [11].
The HP1 dimer can bridge two nucleosomes via H3K9me3,
stabilizing the higher order chromatin structure [12-14].

In HP1, the N-terminal tail (N-tail) before CD and the hinge
region (HR) connecting CD and CSD are intrinsically disor-
dered regions (IDRs). Among the three HP1 isoforms, CD and
CSD are well conserved, but there is less conservation of the
disordered N-tail and HR [15]. In particular, HP1« has four
successive serine residues in the N-tail that are constitutively
phosphorylated by casein kinase 2 (CK2) in vivo [16]. The
phosphorylated N-tail strongly enhances binding affinity be-
tween HP1oe CD and H3K9me3, and increases specificity for
the H3K9me;.marked nucleosome [16-18].

In our previous study, we integrated nuclear magnetic
resonance (NMR), small-angle-X-ray-scattering (SAXS), and
molecular dynamics (MD) to probe HP1« fragments compris-
ing the N-tail and CD, which showed that the unphospho-
rylated N-tail dynamically fluctuates to interfere with bind-
ing between H3K9me3 and CD, while the phosphorylated N-
tail adopts a rather extended structure, allowing H3K9mej;
to bind to CD and enhancing the binding by electrostatic in-
teractions with the basic segment of the H3 N-tail that fol-
lows the H3K9mej region [17]. However, the tertiary struc-
ture of full-length HP1o with or without N-terminal phos-
phorylation has remained elusive because HP1a forms a
dimer via two monomer CSDs, each of which contains two
flexible IDRs, resulting in dynamic and complicated inter-
actions. Recently, the cryo-electron microscopy structure of
the H3K9mej3-containing di-nucleosome complexed with un-
phosphorylated HP1« has been reported; however, the N-tail,
CD, and HR are not observed in this structure [19].

In addition, it has been reported that the phosphorylated
N-tail promotes liquid-liquid phase separation (LLPS) by
HP1« in vitro [20]. HP1 proteins from different species have
also been reported to undergo LLPS in vitro [21, 22]. Al-
though HP1« interacts with nucleosomes, ligand proteins, and
DNA/RNA, showing complicated relations between its ability
to undergo LLPS and formation of the heterochromatic struc-
ture in vivo [21-27], the importance of LLPS in chromatin
function has been proposed [20-32]; as a result, mechanistic
studies of LLPS in the nucleus have attracted much attention
from researchers [33-37].

LLPS is brought about by dynamic multivalent interactions,
such as hydrophobic, electrostatic, cation—pi, and pi—pi con-
tacts [38, 39]. A study based on cross-linking and mass spec-
trometry revealed multiple inter- and intra-subunit within an
HP1o dimer [20]. Because HP1x contains acidic and basic
segments (Fig. 1A) with two IDRs and forms a dimer, it is
likely to adopt complex and dynamic intra- and intermolec-

ular electrostatic interactions. An earlier study showed that
high salt concentration (500 mM NaCl) hampers the ability
of HP1« to undergo LLPS, suggesting that electrostatic in-
termolecular interactions are required for this process [20].
Moreover, high concentrations of HP1« are required for LLPS
[20]. A model of LLPS formation has been proposed based
on size-exclusion chromatography coupled with SAXS (SEC-
SAXS) at a relatively high concentration of phosphorylated
HP1« (pHP1w), which suggests that, at 150 uM, the unphos-
phorylated HP1a dimer does not form oligomers, but the
pHP1« dimer forms higher order oligomers mediated via its
elongated structure [20]; the two elongated phosphorylated
N-tails of the pHP1o dimer seem to interact with the neigh-
boring pHP1w dimers, causing LLPS. However, details of the
molecular mechanism of LLPS remain elusive.

To elucidate the molecular mechanism of LLPS by HP1«,
here we have utilized SEC-SAXS, multi-angle light scattering
combined with size-exclusion chromatography (SEC-MALS),
and coarse-grained molecular dynamics (CGMD) simulation
with SAXS (CGMD-SAXS) to clarify the relationship between
LLPS mediated by phosphorylation and the intra- and inter-
molecular interactions of HP1e and its CSD deletion mutant
(ACSD). Collectively, our integrative structural analyses re-
veal that the dynamic dimer by electrostatic interactions be-
tween N-tail and CD or HR is critical for HP1x to undergo
LLPS.

Materials and methods

Plasmid construction

DNA fragments encoding human HP1« (residues 1-80, N-
tail-CD; 1-120, ACSD; 72-191, HR-CSD; 121-191, CSD)
were inserted into the Ndel-BamHI sites of a modified
pET15b vector, in which the thrombin cleavage site was re-
placed by the PreScission Protease cleavage site [19] (Fig. 1B).
Plasmids for mutants (S97A and K68A-K72A) were generated
by site-directed mutagenesis using a KOD-Plus-Mutagenesis
Kit (Toyobo, Osaka, Japan) in accordance with the manu-
facturer’s protocol. To express EGFP-fused WT and mutant
HP1x in NIH3T3 cells, mouse HP1ox cDNA was polymerase
chain reaction (PCR)-amplified from an NIH3T3 ¢DNA li-
brary and cloned into mammalian expression vector pEGFP-
C1 (Clontech) [16]. To introduce either S11-14A (SA) or
b4KA (b4), or both (SAb4) mutations, the resultant plasmid
(mHP1o~WT-pEGFP-C1) was subjected to site-directed mu-
tagenesis as described previously [40].

To express HP1a/Swi6 chimeric proteins in fission yeast
cells from the endogenous swi6* locus, the swi6* coding se-
quence with its potential promoter and terminator regions
was first cloned into pBluescript; five restriction enzyme sites
were introduced by site-directed mutagenesis (BamHI, after
the ATG codon; NspV, at the N-CD junction; Nrul, at the
CD-H junction; Pmel, at the H-CSD junction; and Pacl, af-
ter the stop codon) [16]; and then an wura4* marker gene
was introduced via the HindIII site (pAL2-UBP). The PCR-
amplified DNA fragment for HP1ae ACSD was introduced
into the pAL2-UBP vector via the BamHI and Pmel sites, and
SA, b4, and SAb4 mutations were introduced by site-directed
mutagenesis. The resultant plasmids were cleaved with Mfel
and introduced into the original swi6* locus. To replace
the WT swi6* allele with an allele expressing HP1o/Swi6
chimeric proteins, strains that had lost the ura4* gene through
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internal homologous recombination were isolated by us-
ing counter-selective medium containing 5-fluoroorotic acid
(FOA). Strains harboring Kint2::ura4* were constructed using
standard genetic crosses.

Protein expression and purification

All HP1oe His-tag fusion proteins were expressed in Es-
cherichia coli strain BL21 (DE3) star (Thermo Fisher Scien-
tific) transformed with the relevant pET15b/Amp expression
plasmid with or without pRSFduet/Kan (expressing CK2);
cells were grown in LB medium or isotope supplemented M9
media at 37°C [17]. For resonance assignment, 2 g/l of [\3C]
glucose and 1 g/l of ["YN] ammonium chloride were added to
the media. For other NMR experiments, 1 g/l of ['N] am-
monium chloride was used. For full-length HP1_S97A, D, O
media was used. When Aggo reached 0.7, 1 mM isopropyl B-
D-1-thiogalactopyranoside was added to induce protein ex-
pression. The cells were incubated overnight at 15°C and har-
vested by centrifugation at 6700 g for 20 min at 4°C. The cell
pellets were sonicated in 20 mM Tris (pH 7.6), 1 M NaCl,
1 mM dithiothreitol (DTT), and then centrifuged at 47 000
g for 20 min at 4°C. The supernatant was loaded onto a Ni
Sepharose resin column (GE Healthcare), which was washed
with 20 mM Tris-HCI (pH 7.6), 1 M NaCl, 1 M DTT, and 10
mM imidazole, and eluted with an imidazole gradient of 10—
400 mM. The His-tag was cleaved by HRV3C protease (Fuji
Film) in 20 mM Tris—HCI (pH 7.6), 500 mM NaCl, 1 mM
DTT, and 1 mM EDTA at 4°C overnight. After removal of
HRV3C protease via a Glutathione Sepharose resin column
(Cytiva), protein fractions passing through the column were
concentrated using an ultrafiltration cartridge (Millipore) and
diluted with 20 mM Tris-HCI (pH 7.6) and 1 mM DTT. The
resulting solution was loaded onto a HiTrap Heparin column
(Cytiva) equilibrated with 20 mM Tris—=HCI (pH 7.6), 50 mM
NaCl, 1 M DTT, and eluted with an NaCl gradient of 50—
1000 mM. The eluted solutions were concentrated and passed
through HilLoad 16/60 Superdex 200pg equilibrated in 20
mM sodium phosphate buffer (pH 7.0), 50 or 500 mM NaCl,
and 1 mM DTT. Proteins fractions were concentrated using
an ultrafiltration cartridge (Millipore). If necessary, phospho-
rylation of the four serine residues in each protein sample was
confirmed by mass spectrometry using a MALDI-TOF Aut-
oflexTM System (Bruker Daltonics).

NMR spectroscopy

NMR spectra were acquired on AVANCE 600-MHz and
AVANCE 1III HD 950-MHz spectrometers with a triple-
resonance TCI cryogenic probe (Bruker BioSpin) at 298 K.
The protein concentrations were 0.1-1 mM in 20 mM sodium
phosphate buffer (pH 7.0), 50 or 500 mM NaCl, 1 mM DTT,
and 5% D;,0.

Backbone assignment

Three-dimensional transverse relaxation optimized spec-
troscopy (TROSY) spectra of HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, and HN(CO)CACB were mea-
sured for sequential assignments of the backbone 'H, 13C,
and N chemical shifts of HP1x_S97A, pHPla_S97A;
HP1aN-tail-CD, pHP1oa N-tail-CD; HP1aACSD_S97A,
pHP1xACSD_S97A; HPla HR-CSD, pHP1a HR-CSD;
and HP1o_CSD. NMR data were processed by NMRPipe
[41], and signal assignments were performed with Magro
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[42]. NMR data were analyzed by NMRView] (One Moon
Scientific, Inc.) and PINT [43]. Chemical shift difference (A§)
was calculated by the equation AS = [(Ady)? + (ASN/S5)?]Y/?,
where ASy and Adyn are chemical shift differences of the
amide proton and nitrogen atoms, respectively.

SEC-MALS and SEC-SAXS

SEC-MALS was performed using a DAWN HELEOS II sys-
tem (Wyatt Technology) in combination with an Alliance
2695 high-performance liquid chromatography (HPLC) sys-
tem (Waters). Sample concentrations were calculated by us-
ing a 2414 Refractive Index (RI) detector (Waters) connected
in series downstream of the MALS instrument. Samples were
dissolved in 20 mM sodium phosphate buffer (pH 7.0), 1 mM
DTT, 50 or 500 mM NacCl, and injected onto a Superdex 200
Increase 10/300 or 3.2/300 column (Cytiva) equilibrated in
the same buffer at a flow rate of 0.5 or 0.05 ml/min, respec-
tively; the pre-injection concentrations and injection volumes
of the samples are summarized in Supplementary Fig. S3A.
Molar masses were calculated in ASTRA 6.1 (Wyatt Technol-
ogy) by using Rayleigh ratio and differential RI values.

SEC-SAXS data were collected on BL-10C [44] and BL-
15A2 [45] at the Photon Factory, KEK (Tsukuba, Japan). The
SEC-SAXS experiments were performed using an HPLC sys-
tems, Prominence-i and Nexera-i (SHIMADZU), connected to
a Superdex 200 Increase 10/300 or 3.2/300 column (Cytiva)
equilibrated with the same buffer as that of SEC-MALS at a
flow rate of 0.05 or 0.01 ml/min, respectively. Serial scatter-
ing images were taken with 20-s exposure on BL-10C and 3-s
exposure on BL-15A2 and recorded by a PILATUS3 2M de-
tector (DECTRIS). The 15 images measured before the sample
fraction were averaged to obtain a background profile. Fiber
spectrometers, QE65pro (Ocean Insight) on BL-10C and QE-
pro (Ocean Insight) on BL-15A2, mounted at an angle of 45°
to the sample cell, were also utilized to obtain the concentra-
tion for each scattering image. All scattering images were az-
imuthally averaged to convert the one-dimensional scattering
intensity data. Background subtraction was performed and
the scattering intensities were calibrated to the absolute scale
by using water as a standard. These processes were carried
out using SAngler [46]. Scattering profiles above the top half
of the elution peaks were averaged by using MOLASS [47].
The radius of gyration (Rg) and forward scattering intensity
(I(0)) were automatically calculated from the Guinier approx-
imation by MOLASS and AUTORG of ATSAS [48]. The pair-
distance distribution function, P(r), was also calculated using
GNOM of ATSAS [49].

The IDRs in HP1« are likely to cause the random existence
of different structures in solution; therefore, the Ensemble
Optimization Method (EOM) [50] was used to investigate
the size distribution of these structures via ATSAS online
(https://www.embl-hamburg.de/biosaxs/atsas-online/)  [49].
PDB structures 3FDT [51] and 3Q6S [52] were used as
crystal structures for the CD and CSD regions. Regions
without crystal structures, such as linkers, were calcu-
lated from sequence information under conditions set to
native-like structures. Based on the basic specification of
the EOM, the initially generated structures were output
as 10 000 structures, and a genetic algorithm was used to
obtain structural variances optimized for each experimental
scattering profile. Supplementary Figs S4F, SOF, and S15E
show the results of the EOM calculation. In each graph, the
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dashed lines represent the Dy, distribution before EOM
was applied, calculated from the initial 10 000 structural
models generated; the solid lines represent the distribution
obtained as a result of optimization. Detailed information
on the SEC-SAXS experiments and analyses is summarized
in Supplementary Table S1. The structure information has
been submitted to the Small-Angle-Scattering Biological Data
Bank (SASBDB; https://www.sasbdb.org/aboutSASBDB/) [53]
under the IDs SASDU23, SASDU33, SASDU43, SASDUS53,
SASDU63, SASDU73, and SASDUS3.

CGMD simulations

A structural model of dimeric HP1« was constructed by com-
bining two CD (residues 16—80) models and one CSD dimer
(residues 111—180) model produced by AlphaFold2 [54] with
models of the other regions (i.e. the N- and C-terminal tails
and the linker) produced by Modeller 10 [55]. The structural
model of ACSD was obtained by extracting residues 1-114
from a subunit of the HP1« model.

The MARTINI 2.2 coarse-grained models [56, 57] of HP1x
and ACSD were generated from the structural models using
martinize.py script [58]. The structures of residues 19—74 of
CD and residues 113—173 of the CSD dimer were maintained
by elastic networks because the structures of these regions
were predicted with high confidence scores (pLDDT > 70)
(Supplementary Fig. S16). Elastic bonds were applied to back-
bone bead pairs at a distance of 5—11 A within CD and the
CSD dimer with force constants of 250 and 150 kJ mol~!
nm~2, respectively. The cutoff distances and the force con-
stants were determined so that the distributions of the RMSDs
from the initial structure calculated for the backbone beads of
CD and the CSD dimer in a CGMD simulation were compara-
ble to those of the corresponding atoms in an AAMD simula-
tion (see Supplementary Data). The structures of pHP1o and
ACSD (pACSD) were modeled by replacing the beads of ser-
ine residues in the N-tail (residues 11—14) with those of phos-
phorylated serine (see Supplementary Data). Each dimer struc-
ture of HP1 and pHP1« was solvated in a box of ~165 000
CG water molecules. For both ACSD and pACSD, two dif-
ferent systems, a single-molecule system and a two-molecule
system, were constructed. In the single-molecule system, one
protein model was solvated in a box of ~34 900 CG water
molecules. In the two-molecule systems, two protein models
were randomly placed in a box of 210 A x 210 A x 210
A at a distance of >60 A from each other using packmol
[59]; the models were then solvated with ~67 500 CG wa-
ter molecules. Na* and Cl~ beads were added to each sys-
tem at a concentration of 50 mM. Using a modified version
of the MARTINI 2.2 force field, CGMD simulations were
performed for the systems containing the HP1o and pHP1«x
models and for the one-molecule and two-molecule systems
of ACSD and pACSD (see Supplementary Data). Details of
the CG mapping and the parametrization of phosphorylated
serine are also described in Supplementary Data. Each system
was energy-minimized and equilibrated for 200 ps with posi-
tional restraints. Five production runs of 5 us were performed
in the constant-NPT ensembles with different initial veloci-
ties. The temperature was kept at 300 K using the velocity-
rescaling thermostat [60]. The pressure was kept at 1.0 bar
using the Parrinello-Rahman barostat [61]. Electrostatic in-
teractions were calculated using the reaction-field method [62]
with a cutoff of 1.1 nm. Van der Waals interactions were cal-

culated with a modified Lennard—Jones potential, where the
potential was shifted to zero at the cut-off distance of 1.1 nm.
The linear constraint solver (LINCS) algorithm [63, 64] was
used to constrain bond lengths. A time step of 20 fs was used.
All simulations were performed in GROMACS 2023.5 [65].

Ensemble reweighting based on SAXS data

To reproduce the experimental SAXS profiles, the struc-
tural ensembles produced by the CGMD simulation were
reweighted by using the Bayesian maximum entropy (BME)
method [66]. The snapshot structures at every 10 ns of the
CG production runs were transformed to all-atom models by
using the reverse transformation protocol [67]. Subsequently,
the reweighting was performed as follows:

1. SAXS profiles were calculated for each snapshot using
FoXS [68].

2. N was set as the number of snapshots. Weights of
the trajectory w = (w, wy, - - -wy) were determined to
minimize the following expression:

2
Lw) = L)

—6S (w).

The first term is cost of fitting of the calculated SAX profile
to the experimental one:

2

XZ (W) = % <217\I_1 (wlll”) - Iexp.i)

P
i=1 !

where I}, Iexp.i» and o; are calculated intensities, experimental
intensities, and experimental errors, respectively. Index i runs
over the M measured data points.

The second term, S(w), is relative entropy:

N
w
S(w):—Zw/-log((’)),
j=1 Wi

where 1 are initial weight, for which the uniform distribution

was used here. The contribution of entropy is controlled by
parameter 6. Here, the parameter 6 was set to 20, a value at
which the effective fraction . (= exp(S(w))) of snapshots
that contribute to the reweighted ensemble with substantial
weights was >0.7 for both HP1 and pHP1 e (Supplementary
Fig. S17).

3. The fitting parameters (c1, ¢;) of the FoXS calculation
(step 1) were averaged with weights w.

4. SAXS profiles were recalculated for each snapshot using
the weighted averages of the parameters.

5. The structural ensemble was reweighted again by BME
(step 2) using the SAXS profiles calculated in step 4.

Cell culture

NIH3T3 cells (no. RCB0150: RIKEN Bioresource Cen-
ter) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Nacali Tesque) supplemented with 10% fetal
calf serum (Invitrogen). Transfection of plasmid DNA into
NIH3T3 cells was carried out using Lipofectamine 3000 (In-
vitrogen). After 48 h, the cells were harvested and used for
further experiments.
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Microscopy

Cells grown on coverslip-bottomed culture dishes (MatTek)
were washed briefly with phosphate-buffered saline (PBS) and
incubated with PBS containing 5 pg/ml Hoechst33342 (In-
vitrogen) for 5-10 min at room temperature. The cells were
washed three times with PBS and cell images were acquired
with an BZ-9000 (Keyence). The number and area of EGFP-
HP1«x foci in the nuclei were measured by Fiji after back-
ground subtraction and noise removal using a median filter.
The measured cell number was 30 for both WT and mu-
tant EGFP-HP1«. Data were evaluated for statistical signif-
icance by Mann-Whitney’s U test using the R package (https:
/Iwww.r-project.org.). Beeswarm plots were made using the R
and beeswarm packages.

Silencing assays

Silencing assays were performed as described previously [69].
In brief, cells carrying a silencing marker (Kint2::ura4*) were
grown in yeast extract with adenine (YEA) medium, col-
lected by centrifugation, and resuspended in water. Serial di-
lutions (10-fold) were prepared and spotted onto nonselective
medium or minimal medium containing FOA plates, which
were then incubated at 30°C for 2-5 days.

RT-gPCR analyses

Total RNA was extracted from cells as described previously
[69]. RNA samples from each strain were preincubated with
RNase-free DNase 1 (0.4 U/ug RNA; TaKaRa) to remove
any residual genomic DNA. Reverse transcription quantita-
tive PCR (RT-qPCR) was performed using the One Step TB
Green PrimeScript PLUS RT-PCR Kit (TaKaRa) and a real-
time PCR machine (StepOnePlus, Applied Biosystems). The
primers used in RT-qPCR are listed in Supplementary Table
S2. Data were analyzed using the AAC, method. The signals
were normalized to act1* and represent the fold increase rel-
ative to the WT signal. Error bars show the SEM (n = 3).
P-values were calculated using Welch’s #-test; **P < 0.01.

Results

Intramolecular interactions of HP1« and pHP1«x
revealed by NMR

By switching between two different NaCl concentrations (50
and 500 mM), we first investigated the electrostatic inter-
actions present in dimeric full-length HP1ew and its phos-
phorylated form (phosphorylation at Ser11, Ser12, Ser13,
and Ser14) at a concentration of 150 uM. To avoid CK2-
mediated in vitro phosphorylation of Ser97, which is barely
detected in cells [16, 18, 69], we used a Ser97Ala variant for
the NMR, SEC-SAXS, and SEC-MALS analyses. Full-length
HP1x_Ser97Ala and its phosphorylated form (Ser11, Ser12,
Ser13, and Ser14) are hereafter referred as HP1o and pHP1x,
respectively.

The "H-N HSQC spectra of HP1ow and pHP1x at 500
mM NaCl were almost identical except for the phosphoryla-
tion site of the N-tail (Supplementary Fig. S1A and C). Rela-
tive to the high salt condition, both HP1« and pHP1« showed
significant chemical shift changes in many regions at 50 mM
NaCl, suggesting that HP1o and pHP1« form dynamic elec-
trostatic intra- and/or intermolecular interactions (Fig. 1C,
and Supplementary Fig. S1B and C). Here, to enable us to
describe the electrostatic interactions between the basic and
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acidic segments of HP1c, we numbered the segments from a1l
to a7 and from b1l to b7, respectively (Fig. 1A). Almost all
chemical shift changes observed between the 50 and 500 mM
NaCl forms were similar between HP1 and pHP1«, suggest-
ing that HP1« and pHP1« have similar dynamic intramolec-
ular interactions because HP1« is reported to exist as a stable
dimer at this condition. However, marked chemical shift dif-
ferences were observed for HP1x at b7 (Lys102-Lys105) and
for pHP1« at the phosphorylated N-tail (Fig. 1C), suggesting
that the basic segment b7 (Lys102-Lys105) in HP1« interacts
intra- and/or intermolecularly with other acidic regions, while
the phosphorylated N-tail in pHP1« interacts intra- and/or
intermolecularly with other basic regions.

In addition, between HP1«x and pHP1x at 50 mM NacCl,
small but significant shift differences were observed for Tyr20
after al, Lys42 in b3, His48 after a2, Cys59, and Lys89-Ser92
in b6 (Supplementary Fig. S1C and D). For CD, the residues
showing significant shift differences are located near the aro-
matic cage consisting of Tyr20, Trp41, and Phe44 required for
H3K9me; binding, which may correlate with the increased
affinity of HP1« for H3K9me3 upon phosphorylation. Over-
all, the observed chemical shift changes suggest that HP1x and
pHP1« differ somewhat in their intra- and/or intermolecular
interaction modes.

To clarify the different interaction modes between the phos-
phorylated and unphosphorylated N-tail, we examined the N-
tail dynamics of HP1x and pHP1x by heteronuclear Over-
hauser effect (NOE) experiments. The phosphorylated N-
tail showed NOE values of ~0.4, indicating that it proba-
bly behaves as an extended string; however, the unphosphory-
lated N-tail showed reduced values around Thr8-Asp10 and
Ser12-Ser14, suggesting a much more flexible string relative
to the phosphorylated N-tail (Supplementary Fig. S2).

Overall structural differences in HP1x and pHP1«x
revealed by SEC-MALS/SAXS and CGMD-SAXS

We used SEC-MALS and SEC-SAXS of HP1x and pHP1«x to
confirm variations in overall structure and characteristics aris-
ing from differences in their electrostatic interactions. For con-
sistency with the NMR data, NaCl was maintained at 50 and
500 mM to assess the effects of electrostatic interactions.

SEC-MALS analysis confirmed the dimeric structure of
each form with a molecular mass of 45.7 and 48.3 kDa for
HP1« (loading concentration, 249 uM) and pHP1« (load-
ing concentration, 307 uM), respectively, at 50 mM NaCl
(Supplementary Fig. S3A-C), and 44.5 kDa for both HP1«
(loading concentration, 111 uM) and pHP1« (loading con-
centration of 110 uM), at 500 mM NaCl (Supplementary Fig.
S3A, D, and E); these results are essentially the same as those
reported previously [20].

The SEC-SAXS results for HP1a and pHP1x at 50 mM
NaCl are shown in Supplementary Fig. S4A and B. These 1(0)
chromatograms showed not only that the peak broadening
was more apparent for pHP1« than for HP1w but also that
the R, values around the peak were varied for both. Because
the SEC-MALS data indicated that both HP1« and pHP1«
were dimers, we plotted the R, values against the dimer con-
centration (Fig. 2A), which showed that the R, values of HP1 o
remained unchanged at concentrations below 40 uM, whereas
those of pHP1« showed a concentration-dependent increase
above ~20 uM. This finding implies that dimer molecules
with different conformational states due to the IDR region
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Figure 1. Comparison of phosphorylated and unphosphorylated HP1 o by NMR. (A) Sequence of HP1ocand numbering of basic and acidic segments.
Phosphorylation sites are shown as phosS. (B) Schematic representations of the HP1 o mutants used for NMR, SAXS, and MD experiments. Mutants
phosphorylated at the serine residues marked as SSSS are defined as pHP1 «, pN-tail-CD, or pACSD. The mutated amino acid residue is shown as

S97A. (C) Chemical shift differences (Ad) between 500 and 50 mM NaCl.

were present in the solution, and that electrostatic interac-
tions between dimeric units have a more pronounced effect
on pHP1« than on HP1a.

The experimental averaged-SAXS profiles for HP1x and
pHP1x were derived from data in the respective concentra-
tion ranges shown in Fig. 2A, namely, 26.8—66.2 uM for the
HP1x dimer and 15.3-36.4 uM for the pHP1o dimer (Fig.
2B). The P(r) functions calculated from these SAXS profiles
(Supplementary Fig. S4E) suggest that, as an average depiction
in solution, pHP1« has a core conformation that is roughly
similar to that of HP1«, but also has a larger elongated do-

main overall. This trend seems to be consistent with that re-
ported previously, albeit at different sample concentrations
[20]. In order to explore the conformational ensemble of both
molecules in solution, given the IDR regions in HP1a, we con-
ducted EOM analysis on these experimental SAXS profiles
and the dimer models to derive distributions of D,y (Fig.
2B and Supplementary Fig. S4F). In terms of the distribu-
tion, for HP1a, most molecules seemed to stay in the range
of 100—170 A, with Dy centered ~130 A. On the other
hand, the Dy, distribution of pHP1x showed a shift to a rel-
atively smaller size (90—140 A) and a slightly narrower peak
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Figure 2. Comparison of phosphorylated and unphosphorylated HP1 o by SAXS. (A) R, values (see Supplementary Fig. S4A and B) plotted against molar
concentration of dimer for HP1and pHP1 at 50 mM NaCl. (B) SAXS profiles obtained by SEC-SAXS for HP1aand pHP1 o at 50 mM NaCl. The lines
represent the fits for both profiles obtained from EOM calculations (see Supplementary Fig. S4F). (C and D) Heatmaps of residue-residue interaction
probabilities of HP1 « (C) and pHP1 « (D), calculated from the reweighted ensembles from CGMD simulations. Left and right panels show, respectively,
intra- and intersubunit residue-residue interactions, respectively.
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width; conversely, however, it also showed that more extended
structures >170 A were present than observed in HP1a. Col-
lectively, these observation indicate that two conformational
states, a compact structure and an expanded structure, are
generated in pHP1« in solution, suggesting the effect of vari-
ous electrostatic interactions due to phosphorylation.

The R values of HP1o and pHP1« at 500 mM NaCl were
larger than the corresponding values at 50 mM NaCl, sug-
gesting an expansion of the overall structures of HP1o and
pHP1« at high salt, due to reduced electrostatic intramolecu-
lar interactions (Supplementary Fig. S4C, D, and G). Further-
more, the Ry values of HP1oa and pHP1x at 500 mM NaCl
were not only comparable but also unchanged at around the
peak, consistent with the NMR results, which showed similar
chemical shifts for amino acids of HP1x and pHP1o at 500
mM NaCl.

In the HP1a and pHP1x dimers, there are two possible
interactions among the monomers: intra-subunit and inter-
subunit. To characterize the interactions in HP1 and pHP1,
we generated conformational ensembles using CGMD simu-
lations to carry out a combined-analysis with SAXS (CGMD-
SAXS). We performed five 5-us simulations using a modified
MARTINI force field [56, 57]. A theoretical SAXS profile was
calculated for each snapshot of the simulations, and the snap-
shots were then reweighted by BME [65] so that the aver-
aged SAXS profile could be fit to the experimental profile.
The theoretical SAXS profiles calculated from the reweighted
ensembles were well fitted to the experimental SAXS pro-
files for both HP1a and pHP1 e (Supplementary Fig. SSA and
B). The distribution plot of D,y calculated from reweighted
ensembles (Supplementary Fig. S5C) was similar to the re-
sults obtained by EOM analysis of the experimental profiles
(Supplementary Fig. S4F). The probability of interactions was
calculated for each residue pair of the dimer in the reweighted
ensembles (Fig. 2C and D); here, a pair of residues was defined
as interacting when a CG bead of one residue was within 11
A of that of the other residue.

In HP1«, there was a high frequency of intra-subunit in-
teractions between the following acidic and basic segments
(domain name in parentheses), a5(CSD)-b7(HR), suggesting
that HR interacts well with CSD in the same subunit (Fig. 2C).
In pHP1c, by contrast, there was a high probability of intra-
and inter-subunit interactions between the phosphorylated N-
tail and the basic segments b4(CD), b6(HR), and b7(HR)
(Fig. 2D).

The structures in the reweighted ensemble were classi-
fied into clusters by using a modified GROMOS algorithm,
wherein the sum of the weights of neighbors was used instead
of the number of neighbors to select the largest cluster (Fig.
3, and Supplementary Figs S6 and S7). The Ca-RMSD calcu-
lated for residues 11—14 (N-tail serines), 19—74 (CD), 89—91
(b6),102—107 (b7),and 113—173 (CSD) after superimposing
CSDs was used as the distance measure of the clustering, and
the cutoff distance was set to 20 A. Interestingly, most inter-
actions occurred within the subunits of HP1« (Figs 2C and
3A, and Supplementary Fig. S6); however, in addition to the
intra-subunit interaction of the phosphorylated N-tail with
b7, pHP1« showed inter-subunit interactions as indicated by
the CD-CD interactions (Fig. 2D) and by the phosphorylated
N-tail interactions with b4 located at the end of CD and b6
and b7 in HR in almost all clusters except cluster 6 (Figs 2D
and 3B, and Supplementary Fig. S7).

Intramolecular interactions in CSD deletion
mutants of HP1x and pHP1« revealed by NMR

To simplify the interactions of HP1a, we removed CSD, which
is responsible for dimer formation and intra- and inter-subunit
interactions as described above. The CSD deletion mutant of
HP1x_S97A, designated as ACSD, is intrinsically a monomer
due to the lack of CSD.

First, we observed '"H-""N HSQC spectra of ACSD and
phosphorylated ACSD (pACSD) at 120 uM (Supplementary
Fig. S8A). Although no secondary structural differences be-
tween pHP1« and pACSD were found (Supplementary Fig.
S8B), small chemical shift differences were observed in in-
dividual residues between pHP1«x and pACSD, and between
HP1x and ACSD (Supplementary Fig. S8C).

Interestingly, similar chemical shift changes were observed
in ACSD and pACSD between the 500 and 50 mM NaCl
conditions, as observed for HP1« and pHP1« (Fig. 4A). This
suggests that, while HP1o« and pHP1« both showed chem-
ical shift changes in their CSD and the C-terminal regions,
electrostatic interactions mainly exist in their N-terminal, CD,
and HR regions. In particular, ACSD showed marked chemi-
cal shift changes in b7 (Lys102-Lys1035), as observed in HP1«.

In addition, significant differences observed between HP1«
and pHP1lx were similarly identified between ACSD and
pACSD for Tyr20; Lys42; the segment of His 48, Asn49,
Thr50, and Trp41 after a2; the segment of Glu54-Cys59; and
Tyr70 (Fig. 4A). Again, the residues in CD of ACSD show-
ing significant chemical shift changes are located near the aro-
matic cage (Tyr20, Trp41, and Phe44) required for H3K9me;
binding.

Overall structures of ACSD and pACSD revealed by
SEC-MALS/SAXS and CGMD-SAXS

Next, we analyzed the overall structures and characteristics
of the CSD deletion mutants, ACSD and pACSD, at 50 mM
NaCl using SEC-MALS/SAXS and EOM analysis (Fig. 4B
and Supplementary Fig. S9). The molar mass values obtained
by SEC-MALS were 16.3 and 14.9 kDa, respectively, sug-
gesting that both ACSD and pACSD are in the monomeric
form (Supplementary Fig. S9A and B). As shown in Fig. 4B,
ACSD showed little variation in R, over the concentration
range measured (56.1-113.3 uM), while a gradual increase
in R, was observed for pACSD over a slightly lower con-
centration range (32.6-62.3 uM). This trend was similar to
that observed for HP1«/pHP1«, indicating that, even for the
pACSD monomer, the structure is affected by intermolecu-
lar interactions arising from small steps in concentration (Fig.
4B). The experimental averaged-SAXS profiles for ACSD and
pACSD derived from data in these concentration ranges are
shown in Fig. 4C. The P(r) functions calculated from these
SAXS profiles (Supplementary Fig. S9E) suggesting that, as an
average depiction in solution, pACSD has a slightly broad-
ened conformation as compared with ACSD. On the other
hand, EOM analysis with the monomer models showed that
ACSD and pACSD have diverse structural ensembles, while
the distribution of Dy, suggested that pACSD has a larger
proportion of compact structures as compared with ACSD
(Supplementary Fig. S9F), similar to the findings for HP1« and
pHP1«. This may be due to the effect of intramolecular elec-
trostatic interactions between the phosphorylated N-tail and
the basic segment, as also observed in the NMR data (Fig. 4A),
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Figure 3. Differences in intramolecular interactions between phosphorylated and unphosphorylated HP1 . (A and B) Representative structures of the
top six clusters from the reweighted ensembles of HP1« (A) and pHP 1« (B). NT, pNT, and CT represent the N-tail, phosphorylated N-tail, and C-tail

respectively.

but is not consistent with the average depiction calculated by
the P(r) function.

To further characterize the molecular structure and interac-
tions within ACSD and pACSD, we performed CGMD-SAXS
analysis. CGMD simulations of ACSD and pACSD were per-
formed in single-molecule and two-molecule systems, and the
ensembles obtained were reweighted by BME in order to re-
produce the experimental SAXS profiles. For ACSD, the SAXS
profile calculated with the reweighted ensemble from the
single-molecule system was fitted to the experimental results
better than the one calculated with the reweighted ensemble
from the two-molecule system, suggesting that ACSD exists
as a monomer (Supplementary Fig. S10A and B). For pACSD,
by contrast, the SAXS profile calculated with the reweighted
ensemble from the two-molecule system showed better agree-
ment with the experimental profile (Supplementary Fig. S10C
and D), suggesting that pACSD forms a dynamic dimer.

Next, residue-residue interaction probability calculations
and cluster analysis were performed for the reweighted ensem-
ble of the two-molecule system of pACSD (Fig. 4D). The Ca-
RMSD calculated for residues 11—14 (N-tail serines), 19—74

(CD), 89—91 (b6), and 102—107 (b7) of both molecules was
used as the distance measure of the clustering and the cut-
off distance was set to 10 A. The interaction probability map
suggested the presence of intermolecular interactions between
the phosphorylated N-tail in one molecule and basic segments
b4(CD), b6(HR), and b7(HR) in the other molecule (Fig. 4D,
right). Representative structures of the top clusters are shown
in Fig. 4E and Supplementary Fig. S11; the top three clus-
ters showed intermolecular interactions between pACSD and
other pACSD molecules (Fig. 4E and Supplementary Fig. S11).
Overall, the chemical shift changes of pACSD in the NMR ex-
periment (Fig. 4A) suggest that the phosphorylated N-tail has
intermolecular interactions mainly with b4, in addition to in-
tramolecular interactions.

Because pACSD can undergo LLPS like pHP1« (Fig. 5A,
and Supplementary Fig. S12C and D), we compared the NMR
spectra of pACSD at 120 and 400 uM to mimic the situation
before and after LLPS (Supplementary Fig. S13A). Significant
signal changes were observed for the basic segments b4, b6,
and b7, and the phosphorylated N-tail (Fig. 5B). In particular,
large chemical shift differences were observed for residues in
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Figure 4. Comparison of phosphorylated and unphosphorylated ACSD by NMR and SAXS. (A) Differences in chemical shift between 500 and 50 mM
NaCl. (B) ARy values (see Supplementary Fig. S9C and D) plotted against molar concentration of monomer for ACSD and pACSD. (C) SAXS profiles
obtained by SEC-SAXS for ACSD and pACSD at 50 mM NaCl. The lines represent the fits for both profiles obtained from EOM calculations (see
Supplementary Fig. S9F). (D) Heatmaps of residue-residue interaction probabilities of pACSD calculated from the reweighted ensemble from the
CGMD simulation of the two-molecule system. Left and right panels show, respectively, intra- and intermolecular residue-residue interactions. (E)
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Figure 5. LLPS of the phosphorylated ACSD. (A) Difference in appearance of the condensed solution between ACSD and pACSD. (B) Chemical shift
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solution between pACSD and the pACSD_b4 mutant. (D) SAXS profile for the pACSD_b4 mutant at 50 mM NaCl (black). The gray fitted line is derived

from the EOM calculation (see Supplementary Fig. S15E).

the phosphorylated N-tail and the basic segment b4(CD) (Fig.
5B). In good agreement with the CGMD-SAXS data (Fig. 4D
and E), the basic segment b4(CD) was found to interact with
the phosphorylated N-tail of another molecule. These results
suggest that the phosphorylated N-tail and CD are impor-
tant for intermolecular interactions of the pHP1« for LLPS
conditions.

Because the basic segment b4(CD) may play a key role in
LLPS, we therefore constructed a phosphorylated ACSD_b4
mutant (pACSD_b4) in which the Lys68-Lys72 residues were
each replaced with alanine. There were no structural alter-
ations due to the b4 mutation, and the «-helix at the end of the
CD became stabilized (Supplementary Fig. S14). Increasing
the concentration of pACSD_b4 mutant did not cause LLPS
(Fig. 5C and Supplementary Fig. S12D), suggesting that the
b4(CD) segment of pHP1« is important in the intermolecular
interactions required for LLPS.

SEC-MALS/SAXS measurements of pACSD_b4 were also
performed at 50 mM NaCl (Supplementary Fig. S15). The
molar mass obtained from SEC-MALS was 13.7 kDa, in-

dicating that pACSD_b4 was a monomer (Supplementary
Fig. S15A). In SEC-SAXS analysis in the concentration range
32.2-67.5 uM, no change in R, was observed, different with
the results of pACSD over a similar concentration range
(Supplementary Fig. S15C). The experimental averaged-SAXS
profiles for pACSD_b4, derived from data in the above con-
centration range, is shown in Fig. 5D. Regarding the P(r) func-
tion calculated from the SAXS profile (Supplementary Fig.
S15D), the function shape of pACSD_b4 was quite similar
to that of ACSD and the two D« values were consistent.
In EOM analysis, the distribution of Dy, for pACSD_b4
was larger than that for pACSD and similar to that of ACSD
(Supplementary Fig. S15E).

We combined the results of NMR, SEC-MALS/SAXS, and
CGMD-SAXS analysis to construct the following model of
LLPS (Fig. 6). In the low concentration condition, dynamic in-
teractions between the phosphorylated N-tails and basic seg-
ments (especially b7) of pACSD are limited to intramolecular
interactions, leading to a compact conformation. As the con-
centration increases, intermolecular interactions of pACSD
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Figure 6. Model of LLPS of the phosphorylated ACSD. LLPS is mediated
by dynamic intermolecular dimers formed via the phosphorylated N-tail
(pS) and an essential basic segment located at the end of CD (b4).

initially form a dynamic dimer, which is observable by NMR
as a core structural unit of LLPS existing in solutions outside
droplets; the dynamic dimer then forms multimeric oligomers
causing droplets, which could not be detected by NMR (Fig.
6).In particular, the interaction between b4(CD) and the phos-
phorylated N-tail is important for the intermolecular interac-
tions involved in LLPS (Fig. 6).

Effect of b4 mutation on the heterochromatic
localization

To probe the physiological role of the b4 segment of pHP1«,
WT or mutant HP1 was transiently expressed as an EGFP
fusion protein in NIH3T3 cells, and its colocalization with
the heterochromatic region was examined by fluorescence mi-
croscopy. Three mutations were introduced into HP1o: S11-
14 A mutation in the N-terminal phosphorylation site (SA mu-
tant); b4KA mutation in the basic segment of CD (b4 mu-
tant); and mutations in both S11-14A and b4KA (SAb4 mu-
tant) (Fig. 7A). As previously observed [16, 70], EGFP-fused
WT HP1x showed punctate nuclear signals corresponding
to heterochromatic regions (Fig. 7B). The b4 mutant also
showed punctate nuclear signals and colocalized with the het-
erochromatic regions (Fig. 7B). The SA and SAb4 mutants
both showed a marked decrease in the cell population with
clear heterochromatic localization (Fig. 7B). We quantified the
number and size of foci showing heterochromatin localization
of the HP1« variants, and the frequency of foci by size (Fig.
7C-E). There was no significant difference in the number of
HP1« foci among the SA and b4 mutants and WT; however,
the number of foci was reduced in the SAb4 double mutant
(Fig. 7C). The overall size of the HP1« foci was reduced in the
SA mutant as compared with WT, and the size of the HP1«
foci was slightly reduced in the b4 mutant, but there was a
high degree of variability; however, the size of the HP1« foci
was clearly reduced in the SAb4 double mutant (Fig. 7D). The
population with a size >1 um? was clearly smaller in the SA
mutant than in WT, and was also smaller in the b4 mutant. All

HP1« foci in the SA mutant and the SAb4 double mutant were
<2 um?, while HP1« foci <1 um? accounted for nearly 90%
of foci in the Sab4 double mutant (Fig. 7E). Collectively these
observations suggest that phosphorylation of the N-terminal
is involved in the maintenance or fusion of HP1x foci, but
not in the initiation of HP1 foci formation, while the b4 seg-
ment functions in regulation of the fusion of HP1 foci. The
SAb4 double mutant might also have an effect on HP1« foci
formation.

In fission yeast, Swi6, one of two HP1 proteins, plays a
major role in heterochromatin formation and forms stable
dimer via its CSD, which also mediates interactions with other
transcription factors. To examine the physiological impor-
tance of CSD of HP1«, we therefore used fission yeast as a
model and assessed the effect of different mutations on hete-
rochromatic silencing. Chimeric proteins containing the N-tail
CD of HP1x and the CSD of Swi6 (Chimera-WT) were ex-
pressed from the endogenous swi6 locus (Fig. 7F and G), and
their silencing ability was assessed by monitoring the expres-
sion of a reporter gene inserted in the mating-type K region
(Kint2::ura4*). Cells were cultured, serially diluted, and spot-
ted onto either non-selective medium or medium containing
FOA (toxic to ura4*-expressing cells).

We found that the ura4* gene inserted into the mating-
type region was tightly repressed in WT cells, which grew
well on FOA plates (Fig. 7H), whereas a lack of Swi6 or
Clr4 (H3K9 histone methyltransferase) led to derepression
of the reporter gene, as evidenced by no or poor growth
on the FOA medium (Fig. 7H). The derepression status of
Kint2::ura4* was confirmed by quantitative RT-PCR analy-
sis (Fig. 7G). While Kint2::ura4* showed partial derepression
in cells expressing Chimera-WT (Fig. 7G), it robustly grew on
FOA medium (Fig. 7H), indicating that it maintains silencing
function. We also examined the silencing function of mutant
chimeric proteins containing the SA, b4, or SAb4 mutation
(Fig. 7G-I). While the SA or b4 single mutation mildly af-
fected the silencing function of the chimeric protein, the SAb4
double mutation led to a clear silencing defect (Fig. 7H and
I), suggesting that the phosphorylated serine cluster and b4
segment cooperatively function to assemble silent heterochro-
matin i vivo.

Discussion

Herein, we have examined the intra- and intermolecular in-
teractions of HP1«, the N-terminal pHP1«, the CSD deletion
mutant (ACSD), and its phosphorylated form (pACSD) by us-
ing a combination of NMR, SEC-MALS/SAXS, and CGMD-
SAXS methods to probe the proteins at their appropriate con-
centrations. Our experiments, supported by simulations, have
identified a number of interactions that contribute to LLPS
of pHP1«. First, NMR and SEC-MALS revealed that pHP1«
forms a dimer at a concentration of ~150 uM and makes
inter-subunit interactions via the phosphorylated N-tail and
the basic segments b4, b6, and b7 (Figs 1C and 2D), indi-
cating that phosphorylation of the N-tail of HP1« facilitates
the electrostatic interactions. This finding is well correlated
with earlier findings on the role of phosphorylation in phase
separation [20, 23]. A previous MD simulation also showed
that, in unphosphorylated HP1«, the basic segments of b4,
b6, and b7 interact with DNA [71], and these segments are
necessary for selective binding of HP1x to the nucleosome
containing trimethylated histone H3 [72]. These observations
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Figure 7. Effect of b4 mutation on heterochromatic localization of HP1 «. (A) Schematic diagram of EGFP-fused HP1 o showing the amino acid sequence
of the N-terminal region containing the phosphorylation sites (S11-S14) and the b4 segment (K68-K72). Serine residues that can be phosphorylated are
underlined; mutated amino acid residues are indicated in bold; two boxes in HP1 o represent the conserved CD and CSD, respectively. (B) Example
images of NIH3T3 cells transfected with EGFP-fused WT or mutant (SA, b4, or SAb4) HP1 «. Scale bar: 10 um. (C) Number of HP1 « foci detected in the
nucleus of transfected cells. Statistical significance of differences relative to WT was determined by Mann-Whitney's U test. ns, not satisfied; **P

< 0.01. (D) Size of HP1 « foci detected in the nucleus of transfected cells calculated and shown by beeswarm plot. (E) Percentages of HP1 « foci
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image is shown to confirm expression. Anti-tubulin antibody was used as a control. (H) Spotting assays for Kint2::ura4* silencing. A serially diluted
culture of the indicated strains was spotted onto nonselective medium (N/S) or medium containing 5FOA (FOA). (I) Expression of the ura4* silencing
reporter evaluated by quantitative RT-PCR analysis. Results are means =+ s.d. of at least three independent experiments. Statistical significance relative
to WT was determined by Mann-Whitney's U test; **P < 0.01.
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suggest that nucleosomal DNA inhibits the interaction of the
phosphorylated N-tail of pHP1« with these basic segments,
enabling the free phosphorylated N-tail to interact with the
basic segment of the H3 N-tail after H3 trimethylation, as has
been previously shown for the N-terminal fragment consisting
of just the N-tail and CD [17].

We also found that the overall structure of pHP1x at ~40
uM is much more compact than that of HP1«, as demon-
strated by SEC-SAXS (Supplementary Fig. S4F). This indi-
cates that multi-electrostatic interactions between the ba-
sic segments b4, b6, and b7 and the phosphorylated N-tail
are responsible for the compact conformations of pHP1«.
At a concentration of ~150 uM, pHP1«x formed droplets
(Supplementary Fig. S12B), while at concentrations of 30 uM
and higher, it tended to form multimeric oligomers, as shown
by SEC-SAXS (Fig. 2A). In contrast, SEC-MALS indicated that
both HP1« and pHP1« formed stable dimers at similar con-
centrations. Collectively, these observations suggest that at a
concentration of ~150 uM pHP1« exists mainly as a stable
dimer, which dynamically forms multimeric oligomers causing
droplets; at this concentration, however, NMR signals from
the dimer are perturbed by dynamic equilibrium with multi-
meric oligomers. These results are consistent with a recent CG
simulation study showing that pHP1 adopts a compact form
compared with HP1o and forms liquid droplets at concentra-
tions >50 uM [23, 25].

At higher concentrations of about 500 uM, the NMR sig-
nal intensities of the pHP1« dimer decreased sharply, espe-
cially in the CSD region (Supplementary Fig. S18), indicating
multimeric oligomer formation of the pHP1w via CSD. As a
result, we could not use NMR to obtain detailed information
on the interaction modes of pHP1« responsible for LLPS for-
mation. However, the NMR spectrum of pACSD in the LLPS
state provided molecular details of the intermolecular inter-
actions between the phosphorylated N-tail and the basic seg-
ment b4 located at the end of CD. A previous CG simulation
suggested that CD is more critical than CSD in influencing the
intermolecular interactions that drive phase separation [32],
which supports our CSD deletion experiment in revealing the
structural unit of pHP1e in LLPS.

NMR together with SEC-MALS/SAXS experiments sug-
gested that, at a concentration of ~120 uM, pACSD was in
equilibrium between the monomer and dimer. Furthermore, at
higher concentrations (120-400 uM), pACSD underwent in-
creased droplet formation (Supplementary Fig. $12); however,
the intensities of NMR signals of pACSD were almost iden-
tical at 120 and 400 uM (Supplementary Fig. S13B). These
results suggest that the NMR signals did not derive from the
droplets themselves, but from the dynamic dimer-dimer in-
teractions of pACSD in solution outside the droplets. As the
core structural unit of LLPS, the dynamic dimer of pACSD is
responsible for droplet formation, which occurs as the con-
centration of pACSD increases from 120 to 400 pM and
the dimers undergo multimeric oligomerization (Fig. 6). In
the case of full-length pHP1« interactions with neighboring
pHP1« dimers produce an oligomer with a total molecular
weight of ~140 kDa, making it difficult to observe the NMR
signals of the interacting pHP1« dimer. By contrast, the molec-
ular weight of the pACSD dimer is ~30 kDa; thus, it was pos-
sible to observe dynamic dimer-dimer interactions of pACSD.
Our SAXS experiments also showed slight increases in Rg val-
ues with pACSD concentration (Figs 2A and 4B), indicative
of dimer—dimer interactions. In addition, CGMD simulations

reproduced the dynamic equilibrium between the monomers
and dimers of pACSD, whereby the phosphorylated N-tail
interacts mainly with b4 (Fig. 4D). Combining the NMR,
SAXS, and CGMD simulation results, we further showed that
pACSD at low concentration adopts the monomer conforma-
tion with intramolecular interactions between the phosphory-
lated N-tail and mainly b4 and then b6 or b7; and that, upon
increasing concentration, pACSD dynamically forms dimers
via the phosphorylated N-tail and mainly b4 or b6 and then
b7. In the case of pACSD, the dynamic dimer is likely to be
the core structural unit for forming LLPS, enabling us to suc-
cessfully capture the dynamic intermediate in LLPS (Fig. 6).

Previously, alanine replacement of the basic residues in b6
of pHP 1« impaired LLPS ability in vitro [20]. Here, we found
that the basic segment b4 is also essential for pHP1« to un-
dergo LLPS in vitro. Our in vivo heterochromatic localization
experiment further showed that b4 plays an important role
in the correct formation of HP1« foci (Fig. 7), which is well
correlated with our observation that the pACSD_b4 mutant
has impaired LLPS ability (Fig. 5C) and with a previous study
showing that the puncta size of pHP1w is larger than that of
HP1« in NIH3 cells expressing Cy3-labeled HP1 and pHP1
[20]. We also found that unphosphorylated HP1«x led to a
smaller foci size than pHP1« and that mutation of b4 led to
changes in the size of HP1« foci.

In summary, our integrative structural methods have iden-
tified the basic segment b4 located at the end of CD as cen-
tral to the ability of HP1« to undergo LLPS. Among the three
HP1 homologues in mammals, HP1«, HP13, and HP1vy, only
HP1« undergoes LLPS in vitro and the basic segment b4 is an
HP1« specific sequence in the three homologs [73]. A previous
hinge-swapping simulation demonstrated that the positively
charged lysine/arginine residue clusters in the HP1x region
of Lys68-Arg115 are necessary for intermolecular interaction
[32]. The basic segment b4 (Lys68-Lys72) in our study is lo-
cated at the end of CD (Tyr20-Met73), which is followed by
HR. Because basic segments in the simulated region other than
b4 are conserved in the three HP1 species, the previous simu-
lation study [32] is in good agreement with our findings. DNA
molecules are known to promote HP1o« LLPS [21, 34], and re-
cently nuclear RNA has been reported to promote the fusion
of HP1« foci [74]. Thus, it seems likely that the basic segment
b4 at the end of CD of HP1« interacts with DNA and RNA
to form the correct foci for silencing heterochromatin in cells;
however, further studies will be needed to reveal the different
roles of HP1a, HP1B3, and HP1vy in vivo.
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