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ABSTRACT

Polycomb repressive complex 2 (PRC2) is an es-
sential protein complex that silences gene expres-
sion via post-translational modifications of chro-
matin. This paper combined homology modeling,
atomistic and coarse-grained molecular dynamics
simulations, and single-molecule force spectroscopy
experiments to characterize both its full-length struc-
ture and PRC2-DNA interactions. Using free energy
calculations with a newly parameterized protein-DNA
force field, we studied a total of three potential PRC2
conformations and their impact on DNA binding and
bending. Consistent with cryo-EM studies, we found
that EZH2, a core subunit of PRC2, provides the pri-
mary interface for DNA binding, and its curved sur-
face can induce DNA bending. Our simulations also
predicted the C2 domain of the SUZ12 subunit to con-
tact DNA. Multiple PRC2 complexes bind with DNA
cooperatively via allosteric communication through
the DNA, leading to a hairpin-like looped configu-
ration. Single-molecule experiments support PRC2-
mediated DNA looping and the role of AEBP2 in reg-
ulating such loop formation. The impact of AEBP2
can be partly understood from its association with
the C2 domain, blocking C2 from DNA binding. Our
study suggests that accessory proteins may regulate
the genomic location of PRC2 by interfering with its
DNA interactions.
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INTRODUCTION

Polycomb Group (PcG) proteins are a key class of chro-
matin regulators that repress gene expression via epigenetic
modifications (1-4). A crucial member of PcG proteins is
the Polycomb Repressive Complex 2 (PRC2), a methyl-
transferase for mono-, di- and tri-methylation of the ly-
sine residue 27 of histone H3 (H3K27mel/2/3) (3,5-7). The
core complex of PRC2 consists of four subunits: suppres-
sor of zeste 12 (SUZ12), enhancer of zeste homologs 1/2
(EZH1/2), embryonic ectoderm development (EED), and
Retinoblastoma-binding protein 4 (RBBP4) (Figure 1 A).
Biochemical studies have provided insight for the function
of those subunits (8—12). In particular, EZH2, EED, and the
C-terminal part of SUZI2, are responsible for chromatin
binding and methylation mark propagation across nucleo-
somes (13-20). Other subunits were found to maintain the
complex’s integrity and implicated in the binding to long
non-coding RNAs (19,21,22). Structural characterization
of the entire complex and its interaction with chromatin
could provide further insight into the cooperation among
subunits to establish and maintain histone modifications.

Significant progress has been made in determining high-
resolution PRC2 structures using cryogenic electron mi-
croscopy (cryo-EM) (19,20,23-25) and X-ray crystallogra-
phy (14-17,26-30). These studies have greatly improved our
understanding of the complex’s organization. They also re-
vealed PRC2’s structural plasticity in response to the bind-
ing of accessory proteins. In particular, whether AEBP2 is
present or not can alter the conformation of the subunit
SUZ12 dramatically (30). Accessory proteins also appear to
regulate the protein stoichiometry, and PHF19 was found to
stabilize a dimeric conformation with protein-protein inter-
face involving SUZ12 and RBBP4 subunits (30,31).

The impact of various conformations on PRC2’s abil-
ity to bind chromatin and induce changes in chromatin or-
ganization is less clear. A recent cryo-EM study captured
PRC2 with a di-nucleosome, resolving a structure in which
the protein complex simultaneously contacts two nucleo-
somes (20). We further demonstrated that such contacts
could extend beyond nearest neighbors, using a combina-
tion of single-molecular force spectroscopy and computa-
tional modeling (32). Importantly, we found that PRC2
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Figure 1. Illustration of the three conformations constructed for the PRC2 core complex via homology modeling. (A) Schematic diagram highlighting
the ordered (box) and disordered (line) domains in each subunit. (B-D) corresponds to the conformation that adopts a free C2 domain (B), a bound C2
domain (C) and a dimeric structure (D), respectively. The coloring scheme is the same as in part A. Disordered regions are not shown for visual clarity.

chromatin interactions are significantly weakened with the
presence of AEBP2, supporting the role of accessory pro-
teins and PRC2 conformation on chromatin binding. The
non-neighboring, long-range contacts between PRC2 and
nucleosomes have significant implications. They suggest
that multiple PRC2 may act as cross-linkers to compact
and condense chromatin. Notably, PRC2 was indeed found
to bind with nucleosome arrays cooperatively (10). Recent
atomic force microscopy (AFM) experiments (33) provided
direct observations of PRC2-induced bending and loop-
ing of kilobase-long DNAs. A more systematic study on
PRC2-DNA interactions could help uncover molecular de-
tails into the collective impact of multiple PRC2s on DNA
conformation.

In this work, we characterized different conformational
states of the PRC2 core complex and its interaction with
the DNA. We constructed three PRC2 structures that dif-
fer in their oligomeric states and the conformation of the
C2 domain from the SUZI12 subunit. Explicit solvent all-
atom molecular dynamics simulations support the stabil-
ity of the modeled structures. Coarse-grained simulations
further revealed that PRC2 binds DNA via the EZH2 sub-
unit, which induces DNA bending due to the protein sur-
face’s intrinsic curvature. The PRC2 structure with a bound
C2, a conformation that is often observed in the presence
of AEBP2, bends DNA Iless significantly than the one with
a free C2. Conformation-dependent DNA interactions be-
come more evident in the presence of two PRC2s, and com-
plexes with a free C2 conformation are highly cooperative

in looping the DNA molecule. Cooperativity between PRC2
complexes does not require direct protein—protein interac-
tions but arise from allostery through the DNA. These sim-
ulations suggest a weakening of DNA binding and bending
upon AEBP2 association, an observation that is supported
with single-molecule force spectroscopy experiments. Our
study indicates that PRC2 accessory proteins may modulate
the core complex’s DNA binding affinity to relocate it to-
wards specific chromatin regions for targeted histone mod-
ification.

MATERIALS AND METHODS
Homology modeling of full-length PRC2

We built the structures for PRC2 in its entirety via homol-
ogy modeling from multiple templates. The software Mod-
eller was used to add missing regions as random loops
and resolve steric clashes (34). The cryo-EM structure of
the monomeric PRC2 core complex (PDB ID: 6¢23) (19)
was used together with two earlier X-ray crystal structures
(PDB ID: 5wai and Shyn) (16,29) for building PRC2b. For
PRC2d, in addition to these three structures, we incorpo-
rated a dimeric PRC2 structure (PDB ID: 6nq3) that con-
tains the N-terminal part of SUZ12 and RBBP4 (30). To
avoid conflicts among the templates, we did not include the
N-terminal part of SUZ12 in the monomeric structures for
structural modeling. Finally, PRC2f was modeled by using
one of the monomeric structures built in PRC2d.
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All-atom molecular dynamics simulations

To evaluate the stability of PRC2 structures from homology
modeling, we carried out explicit solvent all-atom simula-
tions with the CHARMM36m force field (35). Parameters
in the force field have been tuned to model both ordered
and disordered proteins. We solvated PRC2b and PRC2f
with TIP3P water molecules (36) in dodecahedron boxes of
size 23,500 nm> and 21,145 nm?. Na* and CI~ ions were
then added to neutralize the system at a physiological con-
centration of 0.15 M. Both systems were simulated at con-
stant temperature and constant pressure (NPT) using the V-
rescale thermostat (37) at 300 K and the Parrinello-Rahman
barostat (38) at 1.0 bar. Gromacs 2019 was used to carry out
the simulations with a time step of 2.0 fs (39).

Coarse-grained protein-DNA model

We combined the 3SPN.2C DNA model (40,41) and the
structure-based Ca model (42) for coarse-grained sim-
ulations of PRC2-DNA interactions. Parameters from
3SPN.2C (40) were directly applied to model intra-DNA
interactions. Intra-protein interactions were modeled using
the SMOG web server based on the structures obtained
from homology modeling (43,44). Since the protein param-
eters were not tuned to perform simulations at the room
temperature, we scaled them by a factor of 2.5 to avoid pro-
tein unfolding at 300 K.

In addition to the electrostatic potential, we included a
residue and base pair specific contact potential to model
protein—DNA interactions. The contact potential is a func-
tion of the distance r;; between amino acid i and DNA bead
j with the following form

w
Veontact = 7(1 + tanh["l(”O - rij)])a (1)

where o = 8 A and m = 0.7 A~!. Wis a 20 x 12 matrix
that depends both on the amino acid and the DNA bead
type. We modified ¥ from the knowledge-based statistical
potential reported by Skoinick and coworkers (45) to avoid
double counting of electrostatic interactions and best fit ex-
perimental values of protein—-DNA binding free energy (see
Supplementary Table S1 and Figure S2).

Coarse-grained molecular dynamics simulations

Coarse grained simulations were carried out using the
LAMMPS software package (46) with a timestep of 5 fs.
We note that the time scale in coarse grained models is not
well defined, and one simulation step in similar models has
been mapped to 1 ps by matching the diffusion coefficient
of protein domains between coarse grained and all atom
simulations (47). For efficient conformational sampling, we
rigidified the folded regions of PRC2 to remove fast degree
of freedom. The Nosé—Hoover thermostat (48,49) was ap-
plied separately to the rigid and flexible parts of the system
to maintain the simulations at a temperature of 300 K with
a damping coefficient of 1 ps. All simulations were carried
out inside a cubic box with size of 1000 nm. More details on
free energy calculations and in silico pulling can be found in
the SI.

Single-molecule force spectroscopy experiments

Single-molecule pulling experiments were performed at
room temperature on a LUMICKS C-Trap instrument
equipped with dual-trap optical tweezers as previously de-
scribed (32). Briefly, a piece of 10-kb biotinylated-DNA
was tethered between two 3.23-micron streptavidin-coated
and optically trapped polystyrene beads in PBS buffer. The
tether was then transferred to a separate channel contain-
ing 500 nM PRC2 4-mer core complex or PRC2-AEBP?2 5-
mer complex in 10 mM Tris—HCI pH 8.0, 0.1mM EDTA,
200 mM KCl, 0.5 mM MgCl,, 0.1% Tween and 1 mM DTT.
PRC2 complexes were purified as previously described (50).
The DNA tether was incubated with PRC2 at zero force for
5-10 s and then subjected to mechanical pulling by mov-
ing one trap relative to the other at a constant velocity

(0.1pm/s)

RESULTS
Structural modeling of the PRC2 core complex

Significant progress has been made in the structural charac-
terization of the PRC2 core complex (24). High-resolution
structures have been determined for the four PRC2 sub-
units, SUZ12, EZH2, EED and RBBP4, via X-ray crys-
tallography (16,29). Cryo-EM structures have also been re-
ported for the assembled complex with the presence of ac-
cessory proteins (19,20,25). However, a complete structural
model for the full PRC2 core complex remains lacking since
many of the subunits contain disordered regions that can-
not be resolved experimentally. In addition, the C2 domain
of SUZ12 may undergo a large-scale conformational re-
arrangement depending on whether the core complex is
bound with accessory proteins and which protein it is bound
to (29,30). We combined homology modeling with all-atom
molecular dynamics simulations to build full-length struc-
tures for the PRC2 core complex.

As shown in Figure 1, a total of three conformations were
constructed via homology modeling (see Methods for de-
tails). All three structures adopt essentially the same con-
formation for the central part of the core complex and only
differ in the location of the C2 domain of SUZ12. In the
C2-bound form (PRC2b), the C2 domain is close to the sub-
unit RBBP4 (Figure 1 C). This conformation is frequently
observed when the core complex is bound with AEBP2
(19,29). In the C2-free structure (PRC2f), the C2 domain
extends out with minimal contact with the main part of the
core complex. Removing the contacts would lead to a flexi-
ble C2 with ill-defined 3D positions, an observation consis-
tent with the difficulty for resolving its electron density map
when studying the core complex without AEBP2 (29). Fi-
nally, we consider a dimeric structure (PRC2d), in which the
two PRC?2 core complexes interact via C2 mediated interac-
tions. The hypothesized PRC2f structure was motivated by
the recent observation that PRC2 exists in a dynamic equi-
librium between the monomeric and dimeric state (30). This
equilibrium can be regulated by the binding of the accessory
protein PHF19 and AEBP2.

We solvated PRC2b and PRC2f with water molecules
and monovalent ions to perform two 100-ns long all-atom
molecular dynamics simulations. Our simulations support
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Figure 2. Coarse-grained force field reproduces protein-DNA binding free energy. (A) A typical free energy profile as a function of the center of mass
(COM) distance between protein and DNA molecules used to compute the binding free energy. The shaded region represents standard deviation of the
mean. Representative configurations of the protein-DNA complex (PDB ID: 1APL) in the bound and dissociated state are shown on top, with the protein
colored in red and DNA in yellow. (B) Comparison between simulated and experimental binding free energy for nine protein-DNA complexes. The PDB

ID for each complex is shown in red and the best linear fit line is drawn in blue.

the stability of both structures, with the root mean squared
deviations (RMSDs) from the initial configurations fluctu-
ating around 8 A near the end of the trajectories (Supple-
mentary Figure S1A). Disordered regions of the complex
and the flexible C2 domain were not included when calcu-
lating the RMSD. Considering the large size of the protein
(2351 aa), the deviation is rather small per amino acid and is
localized around flexible loop regions (Supplementary Fig-
ure S1B). In addition to the loops, we found that, consistent
with its reported flexibility (29), the C2 domain fluctuates
significantly in both structures, especially for PRC2f.

Coarse-grained modeling of PRC2-DNA interactions

Using the constructed full-length structures, we character-
ized PRC2-DNA interactions with free energy calculations.
These calculations involve large scale conformational rear-
rangements that occur on the timescale of micro to mil-
liseconds and are computationally costly for all-atom sim-
ulations. We, therefore, resorted to a coarse-grained force
field that combines the 3SPN.2C DNA model (41) and the
structure-based protein model (43,44,51) (see Materials and
Methods). Each amino acid and DNA base was modeled
with one and three beads, respectively. Electrostatic inter-
actions between protein and DNA were treated with the
Debye—Hiickel theory. These near-atomistic models have
been widely used to study a wide range of protein-DNA
complexes with great success (32,52-57).

To improve force field accuracy, we modeled the specific
interactions between amino acids and nucleotides with a
knowledge-based statistical potential (45). This potential
was derived from curated PDB structures using frequen-
cies of interacting residue-nucleotide pairs. We assessed the
force field’s performance in predicting the binding free en-
ergy of nine protein-DNA complexes. These complexes con-

stitute a diverse set of binding interfaces, and their disso-
ciation constants have been determined experimentally. As
summarized in Figure 2, the computed binding free energy
using the potential of mean force method (58) agrees well
with experimental values. The Pearson Correlation Coef-
ficient between the two datasets is 0.77. These results im-
prove from a model with only electrostatic interactions and
uniform non-specific attraction between protein and DNA
molecules, which cannot fully discriminate between strong
and weak DNA-binding proteins (Supplementary Figures
S3 and S4).

We next applied the coarse-grained model to assess the
binding affinity of the PRC2 core complex with a 147 bp
long 601 DNA sequence (59,60). For the conformation with
a bound C2 domain (PRC2b), we obtained binding free en-
ergy of 19.1 £ 0.9 kg T (Supplementary Figure S5), which is
in good agreement with the experimental value obtained by
the electrophoretic mobility shift assay (10), 17.2-17.8 kg T.
We note that a PRC2 Smer with AEBP2 association was
used in the experimental study, while our simulations did
not explicitly consider AEBP2. Although AEBP2 harbors
three zinc-finger motifs, recent experiments indicate that
these motifs cannot bind dsDNA (61) and contributions
from AEBP2 for DNA binding are expected to be minimal
(see Supplementary Figure S5).

We further computed the binding free energy using
PRC2f with a free C2 domain and obtained a value of
24.7 £ 1.1kgT. An increase in DNA binding affinity from
PRC2b is indeed consistent with prior experimental mea-
surements. Specifically, Wang et al. showed that the PRC2
core complex (a 4mer without AEBP2) binds a CpG re-
peat sequence 20-times stronger than the Smer with AEBP2
(10). As aforementioned, PRC2f is expected to be the sta-
ble conformation for the 4mer, while the Smer will adopt
a bound C2 conformation (PRC2Db) stabilized by AEBP2.
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map for PRC2b (left) and PRC2f (right) contacting the DNA.

Closely examining the simulated protein-DNA contacts re-
vealed that the additional affinity comes mainly from the
charged residues on the C2 domain. C2 domains have been
widely known for targeting negatively charged membranes
(62), and their ability to interact with the DNA molecule is
perhaps unsurprising.

PRC2 bends DNA with sequence specificity

Using Atomic Force Microscopy (AFM), Heenan et al.
showed that PRC2 binding can induce DNA bending and
the formation of kilobase-long loops (33). To provide more
structural insight into PRC2-mediated looping, we com-
puted the free energy profile as a function of DNA end-
to-end distance with and without PRC2. A 294-bp-long
DNA obtained from concatenating two nucleosomal 601 se-
quences (60) was used in these simulations. Additional sim-
ulation details can be found in the supporting information
(SI).

As shown in Figure 3A, both PRC2b and PRC2f can
induce DNA bending and reduce free energy at small dis-
tances. The conformation with the free C2 domain (PRC2f)
is slightly more favorable in stabilizing the curved DNA.
Binding induced bending is also evident in Figure 3B, which
supports a strong correlation between the number of PRC2—
DNA contacts and DNA curvature. We quantified the cur-
vature using the bending angle of the most distorted 50-bp

long segment across the entire DNA molecule (see Supple-
mentary Figure S6). A straight conformation has an angle
of zero degree. As the DNA curves, the angle increases.

We further colored the amino acids in the two PRC2 con-
formations using the average number of DNA beads in di-
rect contact with them. Contacts were defined for beads
that are within 8 A estimated from umbrella-sampling sim-
ulations restrained at the DNA end-to-end distance of 700
A (Figure 3 A). As shown in Figure 3C, both PRC2b and
PRC2f support the dominance of EZH2 and EED in DNA
binding. Similar contacts between EZH2 and DNA were
seen in cryo-EM structures of PRC2 bound to nucleosomes
(20,25) (see Supplementary Figure S7). The intrinsic cur-
vature of the protein interface drives the observed bending
of the DNA molecule. The C2 domain in PRC2f also binds
DNA with high probability. These additional interactions,
which are absent in PRC2b, lead to a more significantly bent
DNA.

To examine the sequence dependence of PRC2-DNA in-
teractions, we computed the free energy profiles of PRC2f
with a poly-dG:dC, poly-dA:dT, and 601 sequence. The
poly-dG:dC DNA favors more bent configurations than
the poly-dA:dT or the 601 sequence (Supplementary Fig-
ure S8A), potentially due to its suppression of non-native
hybridization and kinked configurations that increase DNA
stiffness (63). PRC2f also makes more contacts with the
poly-dG:dC DNA (Supplementary Figure S8B), lead-
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Figure 4. Two PRC2 complexes can bend the DNA cooperatively to drive loop formation. (A) Free energy profiles as a function of the end-to-end distance
for the DNA bound with two copies of PRC2bs (red), two copies of PRC2fs (cyan), and with the dimeric structure PRC2d (orange). The black line is for
the pure DNA and provided as a reference. It is identical to the one shown in Figure 3. The shaded regions represent standard deviations of the mean. (B)
Example structures from the two most populated clusters for simulations carried with two PRC2f bound to the DNA. DNA is shown in golden and the

coloring scheme for the protein is identical to that in Figure 1.

ing to stronger binding interactions. A recent experiment
with fluorescence polarization (10) indeed supports a much
stronger binding affinity of PRC2 with a GC-rich sequence
than with a AT-rich sequence.

Cooperative PRC2 binding loops DNA

While our simulations suggest that PRC2 monomers can
bend the DNA, they do not stabilize looped DNA con-
figurations (Figure 3A). For example, DNA configurations
with smaller end-to-end distances (~300 A) remain high in
free energy and are unfavorable compared to less curved
structures. The AFM images suggest that multiple copies
of PRC2 can simultaneously engage in DNA binding (33).
Therefore, we examined whether a pair of PRC2 core com-
plexes can cooperatively bind and bend the DNA.

Towards that end, we computed the DNA bending profile
with the presence of two copies of PRC2 monomers in the
three forms mentioned above: two PRC2b, two PRC2f and
one PRC2d. Introducing an additional copy of PRC2 sta-
bilizes looped DNA configurations, as is evidenced by the
shift of the free energy minima to smaller end-to-end dis-
tances (Figure 4A). On the other hand, restricting the two
complexes in a tightly bound dimer configuration (PRC2d)
fails to stabilize the looped DNA. It is plausible, how-
ever, that other dimeric structures that place less restriction
on the movement of individual complexes could facilitate
DNA loop formation (64).

We note that the difference between the curves for PRC2b
and PRC2f is much more pronounced than that for the
monomer results. The presence of one PRC2f only changes
the free energy difference between the open (end-to-end dis-
tance 800 A) and looped DNA (end-to-end distance 200 A),

AF, from 4.7 to 0.6 kgT (see Supplementary Figure S9).
The introduction of an additional PRC2f shifts the free en-
ergy difference to —10.8 kg 7. Similarly, AF for one and two
copies of PRC2b is 2.7 and —2.2 kgT, respectively. There-
fore, in both cases, the DNA bending effect is more substan-
tial than a simple sum of two individual monomer results.
The non-additive change of AF indicates the presence of a
cooperative DNA bending for multiple PRC2 complexes.
To provide more insight into the observed coopera-
tivity, we performed a structural clustering of the simu-
lated protein-DNA complexes. The most populated con-
formation (60%) from PRC2f simulations correspond to
a hairpin-like DNA structure (Figure 4B). This structure
suggests that bending induced by the first PRC2f, which
sits in the middle of the DNA, can impact the binding of
additional proteins. Therefore, much like the allosteric ef-
fect seen between different parts of a protein, the two com-
plexes can ‘communicate’ without direct contact. Such al-
losteric communications between distal DNA-binding pro-
teins have been observed in a single molecule study from
the Xie group (65). The second PRC2f now bridges the
two ends of the DNA to stabilize looped conformations.
This new binding mode differs significantly from the con-
formations observed in single PRC2f simulations. It leads
to enhanced binding of both PRC2fs in the hairpin struc-
ture and gives rise to the non-additive DNA bending. The
second most populated cluster (21%) corresponds to a less
or non-cooperative configuration in which two PRC2fs in-
teract with the DNA relatively independently. For PRC2b,
we found that the order in the two clusters’ population
is reversed (Supplementary Figure S10), explaining its
less significant cooperativity. Since the cooperativity arises
from the allosteric communication between two indepen-



6244 Nucleic Acids Research, 2021, Vol. 49, No. 11

A B c
Loop 2 (kgT)
Pnczp /(F 300 18 300
o 16D
Loop 1 g 250 14 § 250
PRC2 %’ 200 12 -
= 10D o0
S 150 g C©
Contour length ~ 6 2
S 100 4 o 150
AL, AL, -~ 50 » 9
0
Loop length 0 300 600 900 100

AL = max(AL,, AL,)

DNA end-to-end distance (A)

200 300 400 500 600 700
PRC2-DNA contact number

Figure 5. Cooperativity between the two PRC2f complexes arises from an allosteric communication mediated by the DNA. (A) Illustration of the DNA
loops formed by the two PRC2f complexes. The collective variable, loop length, is defined as the contour length of the larger loop. (B) Two-dimensional
free energy profile as a function of the DNA end-to-end distance and the loop length. (C) The average length of the dominant loop (red in part A) as a
function of the number of contacts between the DNA and the PRC2f that forms the smaller loop (blue in part A). The shaded region represents standard

deviation of the mean.

dent complexes, it disappeared when they were forced into
the dimeric conformation constructed in PRC2d.

To directly visualize the allosteric communication be-
tween the two PRC2s via DNA, we introduced a new col-
lective variable to quantify the loop size (Figure 5SA). This
variable compares the sequence distance between the two
longest binding sites for each PRC2 core complex, AL, and
AL,, and selects the larger one. Detailed definition of the
loop length is included in the SI. We then determined the
free energy surface as a function of the loop length and
DNA end-to-end distance. Two basins at small end-to-end
distances that correspond to the two clusters shown in Fig-
ure 4B are evident on this surface (Figure 5B). The free
energy projected onto the loop length is provided in Sup-
plementary Figure S11. We further computed the average
length of the loop formed by the second PRC2f as a func-
tion of the number of contacts between DNA and the first
PRC2f. As shown in Figure 5C, there is a strong correla-
tion between the two proteins. The enhanced DNA con-
tact of the first PRC2f drives the formation of longer loops
by the second complex, supporting the allosteric commu-
nication between the two. The corresponding analyses for
PRC2b simulations are provided in Supplementary Figure
S12, supporting similar conclusions.

Single-molecule  experiments conformation-

dependent DNA binding of PRC2

To complement computer simulations, we performed
single-molecule force spectroscopy experiments to charac-
terize PRC2-DNA interactions as well. Specifically, we in-
cubated a 10 kbp-long bare DNA with 500 nM PRC2 core
complex under a physiological salt condition (see Materials
and Methods). The DNA ends were then pulled by optical
tweezers at a constant velocity of 0.1 wm/s. Force exten-
sion curves were recorded to measure the pulling force as
a function of the distance between the two ends. As shown
in Figure 6 and Supplementary Figure S13, multiple rup-
ture events with a sudden drop in the recorded force can be
seen in the force-extension curve. Notably, when the DNA

support

was incubated with PRC2 Smer with AEBP2, rupture events
can no longer be detected.

Results from the force spectroscopy experiments are con-
sistent with the free energy profiles shown in Figure 4A.
At small forces, PRC2 mediated loops are stable and can
compact the DNA. Higher forces will overcome the ener-
getic cost to disrupt PRC2-DNA interactions and release
the DNA segment enclosed by the loop. Since the C2-bound
configuration (PRC2b), the one adopted by PRC2 Smer
with AEBP2, stabilizes the loop to a much lesser extent than
PRC2f, the corresponding rupture force is expected to be
smaller and may evade detection in pulling experiments. We
note that a quantitative interpretation of the experiments
with the computed free energy profiles is nontrivial. How-
ever, in silico pulling simulations, as shown in Supplemen-
tary Figure S14, suggest that unfolding the loop structure
presented in Figure 4 can indeed give rise to rupture forces
and DNA extension lengths comparable to experimental
values.

DISCUSSION

In this work, we characterized conformation-dependent
PRC2-DNA interactions with computer simulations and
single-molecule experiments. We built atomic structures for
the full-length PRC2 core complex via homology model-
ing and validated their stability with atomistic molecular
dynamics simulations. Three conformations that differ in
the conformational flexibility of the C2 domain from the
SUZ12 subunit were constructed. Via a newly parameter-
ized coarse-grained force field, we were able to reproduce
the experimental value for the DNA binding affinity of
PRC2. Our simulations support that the C2-domain can
engage in direct DNA contacts via its positively charged
residues, and the PRC2 structure with a free C2 domain
binds more tightly with DNA than the one with a bound
C2. Therefore, restricting the exposure of the C2 domain, as
is the case upon AEBP2 binding, could reduce the binding
affinity of PRC2 to the linker DNA and help recruit the pro-
tein to more specific regions for histone methylation (66,67).
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Figure 6. Single molecule experiments revealed distinct behavior of PRC2(core) 4mer and PRC2(AEBP2) Smer in DNA binding. (A) Example force-
extension curves measured for DNA incubated with PRC2 4mer (left) and Smer (right). The inset highlights the presence of rupture events for DNA bound
with 4mer. The trace for bare DNA (red) is provided as a reference. (B) Statistics of the rupture force (left) and DNA contour length change (AL, right)

estimated from 73 rupture events detected for DNA bound with PRC2 4mer.

We further studied the impact of PRC2 binding on DNA
conformation by computing the free energy profile as a
function of the DNA end-to-end distance. While binding
with DNA tightly, a single copy of PRC2 does not stabi-
lize looped DNA configurations, regardless of the confor-
mation of the C2 domain. PRC2 binding does induce DNA
bending due to the curved protein interface. Two copies of
PRC2, however, are sufficient for stabilizing DNA looping.
We observed a strong cooperative effect of the two proteins
in bending the DNA due to a hairpin structure formation.
In contrast to other proteins such as HP1 (68,69), multi-
valent protein-protein interactions are not the driver of the
cooperativity. Instead, the cooperativity mainly arises from
an allosteric communication between the two proteins due
to the ability of PRC2 in DNA bending and the presence of
multiple DNA binding domains.

We note that while the computed binding free energy de-
pends on the force field parameters, the presented mecha-
nisms on PRC2-DNA binding are robust. For example, even
in simulations carried out without the statistical potential,
the same protein-DNA interface shown in Figure 3 was ob-
served (Supplementary Figure S15A). The cooperative role
of two PRC2 complexes in DNA looping was preserved as
well (Supplementary Figure S15B). The apparent insensi-
tivity of mechanistic insights to model parameters is pos-
sibly due to the dominance of electrostatic interactions for
PRC2-DNA binding.

Cooperative DNA binding among PRC2 complexes is
consistent with results from prior experimental studies
(10,33). In particular, Heenan et al. applied AFM imag-
ing to directly visualize the conformation of individual
DNA molecules (33). They determined the fraction of DNA
adopting compact conformations and looped configura-
tions upon binding with PRC2 at different PRC2 concen-
trations. Fitting the data with the Hill equation yielded a
coefficient of 1.4, which provides direct evidence for a co-
operative role of multiple PRC2 in DNA looping. Notably,
consistent with the Hill coefficient, two or more PRC2s were
observed in looped DNA configurations.

The detection of rupture events in single-molecule
force spectroscopy experiments agrees with PRC2-mediated
DNA looping. However, the absence of rupture with PRC2
Smers does not rule out looping due to the limit of experi-
mental resolution. Our simulations indeed support the for-
mation of loops by Smers, though to a lesser extent than
4mers. PRC2 Smer mediated DNA looping has been di-
rectly observed in AFM imaging (33). It’s worth noting
that the AFM experiments were performed at a different
salt concentration from our force spectroscopy experiments.
The salt concentration can significantly impact the DNA
binding affinity of PRC2 Smer (see Supplementary Figure
S16) and the probability for loop formation and detection.

PRC2 mediated looping observed here could play im-
portant roles for histone mark spreading inside the nu-
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cleus (32,70). As shown by Reinberg and coworkers (71),
chromatin loops may serve as nucleation centers from
which PRC2 can spread histone marks to both neighboring
and distal nucleosomes via 3D diffusion. This nucleation-
spreading mechanism could make more efficient use of pro-
tein molecules with limited copy numbers (72). Notably, us-
ing chromosome conformation capture (Hi-C) experiments
to probe contacts between DNA segments inside the nu-
cleus, PRC proteins mediated chromatin loops have been
detected (73-78). However, it is worth noting that the cur-
rent experiments do not distinguish whether PRC2 plays a
structural role in stabilizing these loops or merely prepares
the chromatin for PRCI binding (73,79,80). Additional ex-
periments are needed to disentangle the specific role of the
two complexes and verify whether PRC2 loops chromatin
in vivo via the mechanism uncovered in this study.
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