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ABSTRACT 
Polycomb repressive complex 2 (PRC2) is a histone methyltransferase that 
methylates histone H3 at Lysine 27. PRC2 is critical for epigenetic gene silencing, 
cellular differentiation, and the formation of facultative heterochromatin. It can also 
promote or inhibit oncogenesis. Despite this importance, the molecular mechanisms 
by which PRC2 compacts chromatin are relatively understudied. Here, we visualized 
the binding of PRC2 to naked DNA in liquid at the single-molecule level using atomic 
force microscopy. Analysis of the resulting images showed PRC2, consisting of 5 
subunits (EZH2, EED, SUZ12, AEBP2, and RBBP4), bound to a 2.5-kbp DNA with 
an apparent dissociation constant ( app

DK ) of 150 ± 12 nM. PRC2 did not show 
sequence-specific binding to a region of high GC content (76%) derived from a CpG 
island embedded in such a long DNA substrate. At higher concentrations, PRC2 
compacted DNA by forming DNA loops typically anchored by two or more PRC2 
molecules. Additionally, PRC2 binding led to a 3-fold increase in the local bending of 
DNA’s helical backbone without evidence of DNA wrapping around the protein. We 
suggest that the bending and looping of DNA by PRC2, independent of PRC2’s 
methylation activity, may contribute to heterochromatin formation and therefore 
epigenetic gene silencing.  
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INTRODUCTION 

The Polycomb group (PcG) proteins, including Polycomb repressive complex 1 and 

2 (PRC1 and PRC2), were originally discovered when PcG mutants and knockouts 

disrupted normal body segmentation in Drosophila melanogaster (1,2). PRC2 is a 

histone methyltransferase that successively mono-, di-, and tri-methylates Lysine 27 

of histone H3 (i.e., H3K27me3) (3-6). Disrupting normal PRC2 expression in mice is 

lethal due to improper embryonic development (3,7). The methyltransferase activity 

of PRC2 resides in the ‘enhancer of zeste homolog 2’ subunit (EZH2), which forms a 

core complex with two other PRC2 subunits: the H3K27me3-binding subunit 

‘embryonic ectoderm development’ (EED) and the ‘suppressor of zeste 12’ subunit 

(SUZ12). The ‘retinoblastoma-binding protein 4’ (RBBP4) is shared among all PRC2 

complexes, whereas other non-core subunits such as ‘adipocyte enhancer-binding 

protein 2’ (AEBP2) are only present in some PRC2 subcomplexes (3,8-12). Binding 

to DNA linkers of nucleosomes or to nucleosome-free regions of the genome with 

some DNA sequence specificity appears to be important for the recruitment of PRC2 

to chromatin (11,13-15). Nuclear pre-mRNA and long noncoding RNAs bind 

promiscuously to PRC2 and are thought to recruit and/or evict PRC2 from chromatin 

(9,13,16-18). Finally, binding of the EED subunit to pre-existing H3K27me3 marks is 

critical for allosteric activation of PRC2 once it is bound (19-22) but may not 

contribute to initial recruitment of the complex (13).  

In contrast to the extensive effort investigating PRC2 recruitment to its sites of 

action, the key question of how heterochromatin forms once PRC2 arrives remains 

relatively unexplored. One prominent model is that deposition of H3K27me3 by 

PRC2 can recruit PRC1 (23-26). Indeed, PRC1 contains the same EED subunit as 

PRC2, and EED binds H3K27me3 marks (19,27,28). [Note that PRC1 binding can 

either follow or precede PRC2 (29-31)]. PRC1 has chromatin-compaction activity, 

which, at least in vitro, is independent of its enzymatic activity in the ubiquitination of 

H2A (4,32,33). Whether PRC2 itself might have any activities related to chromatin 

compaction, independent of its H3 methyltransferase activity, has remained unknown 

and is explored herein.  

Atomic force microscopy (AFM) is a powerful tool for investigating the binding of 

proteins to DNA in a liquid environment (Figure 1A,B) (34-37). In tapping-mode AFM 

(38), a microscopic cantilever with a nanoscopically sharp tip oscillates above a 
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surface, transiently contacting the surface and measuring the three-dimensional 

surface topography via detection of a laser reflected off the back of the cantilever. 

Since AFM operates in a wide variety of buffers without requiring molecular labelling, 

it provides a versatile platform for investigating biological systems in near-

physiological conditions. Recent advances have enabled depositing protein-DNA 

complexes at biologically relevant ionic conditions on mica that yielded images of 

DNA in liquid with its native physical properties [persistence length, rise per base 

pair, width, and helical pitch (39)], in contrast to the still widely used protocol where 

protein-DNA complexes are imaged in air after rinsing with ultrapure water (40-42). 

Moreover, achieving a 2D equilibrated DNA conformation on mica yields a more 

extended molecular configuration than prior deposition protocols for liquid imaging, 

which in turn facilitates distinguishing protein binding from intramolecular strand 

crossing (i.e., looped structures).  

Here, we leverage these advances to image PRC2 bound to DNA as a function of 

DNA sequence and PRC2 subunit composition. In particular, AFM imaging is used to 

take a snapshot of the distribution of protein-DNA configurations found in solution by 

capturing these molecular configurations on the surface. PRC2 was found to 

compact the DNA by loop formation and to increase the local flexibility of the DNA. 

We suggest that these two newly characterized properties of bending and looping of 

DNA by PRC2 could contribute to the ability of PRC2 to form compacted 

heterochromatin in vivo. 

MATERIAL AND METHODS 

Purification of PRC2 

Human PRC2-5mer complex, comprising of EZH2, EED, SUZ12, RBBP4 and 

AEBP2 (UniProKB entry isoform sequences Q15910-2, Q15022, O75530-1, 

Q09028-1, and Q6ZN18-1, respectively), were expressed in insect cells. In brief, 

standard Bac-to-Bac baculovirus expression system (Expression System) was used 

to generate baculovirus stocks based on standard protocol. Gp64 detection was 

used for titering each baculovirus stock (Expression System). Sf9 cells (Invitrogen) 

were grown to a density of 2×106 cells/mL, followed by infection with equal amounts 

of baculovirus for each subunit. The cells were incubated for an additional 72 h (27 

°C, 130 rpm), harvested, and snap-frozen with liquid nitrogen for later purification.  
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A three-column purification scheme was used to purify PRC2 5-mer complexes as 

previously described (43). Briefly, insect cells were lysed in lysis buffer [10 mM Tris-

HCl (pH 7.5), 150 mM NaCl, 0.5% Nonidet P-40, 1 mM TCEP (pH 7)] and cell lysate 

was bound to the amylose resin and washed thoroughly. (Note, all pH values 

measured at room temperature.) The protein was eluted with 10 mM maltose in 10 

mM Tris HCl (pH 7.5), 150 mM NaCl, 1 mM TCEP (pH 7), followed by concentrating 

to ~15 mg/mL. PreScission protease was used to digest eluted protein at a mass 

ratio of 1:100 protease:protein. After overnight incubation at 4 °C, cleavage efficiency 

was checked by SDS-PAGE. The cleaved protein was subject to 5 mL Hi-Trap 

Heparin column (GE, 17-0407-03) with a gradient over 35 column volumes from 

Buffer A [10 mM Tris HCl (pH 7.5), 150 mM NaCl, and 1 mM TCEP (pH 7)] to Buffer 

B [10 mM Tris HCl (pH 7.5), 2 M NaCl, and 1 mM TCEP (pH 7)], with a 1.5 mL/min 

flow rate. Fractions were checked by SDS-PAGE, and the PRC2 fractions were 

pooled and concentrated. The concentrated protein was subject to the final sizing 

column: Superose 6 increase 10/300 GL (GE, 29091596) with running buffer [25 mM 

NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM TCEP (pH 7)] with a flow rate of 0.5 mL/min. 

PRC2 peak fractions were checked with SDS-PAGE (Supplementary Figure S1). 

The correct fractions were pooled and concentrated, as above. Final protein 

concentration was calculated by Nanodrop (UV absorbance at 280 nm). The ratio of 

absorbance at 260 nm/280 nm < 0.7 was observed, suggesting no nucleic-acid 

contamination. The same protocol was used for the purification of the regulatory 

moiety of PRC2 (SUZ12𝝙𝝙VEFS, AEBP2, and RBBP4). The catalytic moiety (EZH2, 

the VEFS domain of SUZ12, and EED with the 81 N-terminal amino acids deleted) 

was purified as described in Long et al. (44). A three dimensional representation of 

PRC2 is shown in Supplementary Figure S2. 

Purification of DNA substrates 

pUC19 plasmid containing twelve Widom 601 positioning sequences was purified 

using GigaPrep (Qiagen 12191) and cut with EcoRV (NEB R3195M). Efficiency of 

cutting was determined using a 1% agarose gel. Then, the DNA was adjusted to ∼1 

mg/mL and purified via Mono Q column (GE,17-5167-01). Fractions containing the 

nucleosome template were identified by agarose gel, pooled, and concentrated by 

ethanol precipitation. DNA was then dissolved in TE buffer. A 200-bp GC-rich (76%) 

sequence from a CpG island at the Zfpm2 locus, which was suggested to initiate de 
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novo recruitment of PRC2 in embryonic stem cells (45), was designed to be flanked 

by GC-poor (28%) sequences from lambda DNA. A GC-poor DNA control where the 

CpG island sequence was substituted by GC-poor lambda DNA sequence was also 

designed. The DNA substrates were purchased as gblocks (Integrated DNA 

Technologies) and were cloned into pUC19 plasmid. Purification of the CpG island 

and GC-poor DNAs were the same as the above protocol. Detailed plots of the GC 

content of all three constructs are shown Supplementary Figure S3. 

Preparation of protein-DNA sample  

We first mixed PRC2 at the specified concentration with 20 nM DNA into a final 

buffer of 25 mM KCl, 38 mM HEPES (pH 7.5), 0.75 mM ZnCl2 and 1 mM TCEP. After 

a 30 min incubation at 30 ˚C, the sample was diluted ten-fold in deposition buffer [25 

mM KCl, 10 mM MgCl2, 10 mM HEPES (pH 7.5)]. We then deposited the sample 

onto mica using a recently developed protocol (39). Note, this 30 min incubation was 

much longer than the reported ~100 s residency time of PRC2 on double-stranded 

DNA in solution (13), and thus the deposited protein-DNA complex is expected to be 

equilibrated at the time it is deposited onto the substrate. 

As a brief outline of the process, 10-mm-diameter mica disks (Ted Pella, 50) were 

fixed to a metal disk via epoxy (Ted Pella, 16218), cleaved with masking tape, 

exposed to unbuffered 100 mM NiCl2 (Sigma 654507), rinsed with copious water, 

and dried (Whatman 1002-042). We then deposited 20 µL of the protein-DNA 

mixture onto the surface, waited 2 s, and then serially rinsed the surface with 200 µL 

of deposition buffer for a total ~10 mL. Finally, we rinsed the sample with 2 mL of 

imaging buffer [25 mM KCl, 10 mM NiCl2, 10 mM HEPES (pH 7.5)]. We emphasize 

that the protein-DNA mixture was never deweted after being deposited. Negative 

controls with DNA but no PRC2 were prepared as described above, except omitting 

PRC2.  

In order to verify the robustness of our deposition process to extended imaging, a 

time series assay was performed in both deposition and imaging buffers. In 

particular, a series of AFM images over ~70 min confirmed minimal motion of both 

the unbound DNA and the PRC2-DNA complexes in the imaging buffer (containing 

NiCl2). Such minimal motion was also seen when imaging in the deposition buffer 

(containing MgCl2) (Supplementary Figure S4). We expect that proteins remained 
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fixed at the location of initial binding and the DNA absorbed to the mica was capable 

of nanoscopic rearrangement, but the toplogy of the DNA-PRC2 complex remained 

unchanged after the exchange from MgCl2 to NiCl2 (Figure S5). Surface equilibration 

of the DNA with respect to the 2D mica surface occurred during the series of gentle 

rinses in deposition buffer and the subsequent 30 min settling after the sample was 

loading into the AFM. Finally, we note that protein or protein complexes bound stably 

to the mica surface over the time scale of imaging [e.g., stable over ~1 h of 

continuous imaging (Figure S4)]. Indeed, almost two decades ago, imaging 

monomeric and dimeric protein complexes absorbed to mica via AFM was 

introduced as a novel method to determine a protein-protein dissociation constant KD 

(46).  

Experiments using BspMI, a type IIs restriction enzyme, as a DNA localization 

control were performed as described previously (39). Briefly, DNA from λ 

bacteriophage (New England Biolabs N3011S) was PCR amplified from positions 

9,887 to 11,785, resulting in a 1899 bp piece of DNA with a BspMI recognition site 

(5'-ACCTGC-3’) at its center. We next purified the resulting DNA with a PCR 

purification kit (Qiaquick) and then ran it on a gel. The correct length band was 

excised and then extracted (Bio-Rad 7326165), concentrated (Millipore 

UFC501024), and purified a final time (Qiaquick). Experiments then proceeded as 

described elsewhere (39), except incubation occurred with 100 U/mL of BspMI (New 

England Biolabs, R0502S) in the buffer, instead of PRC2; MgCl2 was replaced by 

CaCl2 to prevent DNA cleavage by BspMI.  

AFM imaging 

We imaged all samples on a commercial AFM (Cypher ES, Asylum Research) 

featuring a temperature-controlled (19 °C), closed-fluidic sample holder. After 

loading, the sample and cantilever settled for at least 30 min prior to imaging. 

Images were obtained in tapping mode with a typical set point amplitude of ~2 nm 

and a free amplitude of 150% of the set point. We chose the drive frequency as the 

closest peak of the drive transfer function to the thermal resonance when measured 

~1 μm above the surface. Images of 512×512 pixels were acquired at a 2-Hz scan 

rate. The standard 2×2 μm2 images were obtained using a Bruker SNL-10A 

cantilever (rnom ≈ 2 nm; ktyp = 350 pN/nm) with a 16-kHz resonance in liquid. We 

used Olympus BioLever Mini cantilever (rnom = 8 nm; ktyp = 90 pN/nm) when 
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acquiring smaller sized images (e.g., 700×700 nm2). The height of the DNA was 

measured from these smaller sized images and yielded 1.9 ± 0.3 nm (mean ± std. 

dev, N = 52), in agreement with the expected value of 2.0 nm (47) (Supplementary 

Figure S6). 

Image analysis  

All lines scans were flattened with a linear fit to the background of each line, similar 

to previous AFM image analysis (36,48). Images were analysed using a semi-

automated algorithm (39). Binding of PRC2 was associated with a distinct increase 

in measured height along the axis of DNA. Occasionally, DNA adopted a 

configuration where the helical backbone crossed itself in the absence of protein. 

The frequency of such looped structures was ~8-fold lower when using our 

deposition protocol that yielded equilibrated DNA with a more extended molecular 

configuration than standard deposition protocols that yielded kinetically trapped DNA 

configurations when imaging in liquid (39). Notwithstanding this lower frequency of 

false positives, we acquired negative controls (i.e., images of DNA without protein). 

When higher-resolution images were acquired so an individual molecule almost filled 

the full range of the image (typically 600×600 nm2), looped structures were 

distinguishable from protein bound to the DNA both by height and a volumetric 

analysis (see section: monomers and multimers of PRC2 distinguished).  

Volumetric analysis is the standard analysis for determing the molecular weight 

and/or the multimeric state of complexes. (46,49-51), with an understanding that the 

resulting deduced volumes inherently include a convolution of the AFM tip radius. As 

detailed in Supplementary Figure S7, volume analysis was performed by first 

bounding the region of interest (DNA loop or protein-DNA complex), then fitting a 

two-dimensional, freely rotating, elliptical Gaussian function to the height as a 

function of x and y. The volume was measured by integrating the Gaussian over the 

region of interest. To improve the volume estimation due to inter-image variability in 

AFM cantilever radius, the DNA in an image was used as a volumetric calibration for 

that image, conceptually similar to prior work that used naked DNA as a volume 

standard (52). In our implementation, the DNA height perpendicular to the DNA 

contour was measured at least 50 nm in contour length from loops or protein. Fitting 

and then integrating a 1-dimensional Gaussian to each height profile along a DNA 

contour length yielded a DNA volume per unit contour length (Supplementary Figure 
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S7 D–E). On a per-molecule basis, the volume of the DNA loop or DNA-PRC2 

complex was multiplied by the ratio of the expected to the measured DNA volume 

per contour length. For simplicity, we assumed the DNA volume per contour length 

was πr2 based on a rod with a radius of 1 nm. Effectively, this procedure yields the 

volume of the DNA loop or PRC2 complex, where the volume for each molecule is 

scaled based on the expected volume per unit contour length of the DNA. We note 

that omitting our deconvolution procedure did not substantially change the overall 

shape of the volume distribution or interpretation of the data (Figure S8). 

To demonstrate that the DNA molecules were equilibrated in 2D on the mica 

surface, we quantified the DNA’s persistence length (p). A DNA molecule was 

defined as equilibrated if analysis of its 2D conformation with a 2D WLC model 

yielded the correct of value of p, a definition consistent with prior DNA imaging 

studies (36,39,53). To do so, we measured the angle θ between two tangent vectors 

separated by arc length s, a standard analysis (36,53). For this analysis, we selected 

interpretable DNA molecules, defined as molecules with a configuration containing 

two or fewer strand crossings. The tangent vector was determined by fitting a third-

order, least-squared polynomial spline through user-defined points spaced ~10 nm 

along the DNA molecules, excluding looped segments. We then fit the resulting data 

to  

                                     ln(<cos(θ(s))>) = -s/2p                                                          (1) 

which is appropriate for analysing a molecule in 2D (53) (Supplementary Figure S9). 

This analysis yielded p = 49.1 ± 0.4 nm (mean ± std. dev.; N = 640) consistent with 

DNA’s known persistence length of 50 nm (54).  

 

Electrophoretic Mobility Shift Assay (EMSA) 

EMSA is a well-established technique for determining the apparent binding constant 
app
DK  of proteins to DNA (55). The protocol used here followed that of Wang et al. 

(13), with PRC2 and 32P-labeled DNA pre-equilibrated 1 h at 30 °C in 50 mM Tris 

(pH = 7.5), 100 mM KCl, 0.1 mM ZnCl2, 0.05% NP40, 0.5 mM EDTA and 5% 

glycerol. Yeast tRNA competitor was omitted, as in the AFM experiments. Dried gels 

were quantified using a PhosphorImager. Broad bands at intermediate protein 

concentrations are attributed to some protein dissociation during the 1.5 h 
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electrophoresis time, so all the DNA migrating above the position of free DNA is 

considered to be bound. The data were then fit to the Hill equation: 

 [ ]
[ ]( )bound
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n n
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K
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      (2) 

where Pbound is the fraction of bound DNA, [PRC2] is the concentration of PRC2, n is 

the Hill coefficient, and app
DK is the apparent dissociation constant.  

RESULTS AND DISCUSSION 

High-quality images of PRC2-DNA complexes in liquid 

To characterize PRC2 binding to DNA (Figure 1A), we used a recently developed 

protocol (39) that allows protein-DNA complexes to be gently deposited onto nickel-

treated mica under biochemically relevant ionic conditions (25 mM KCl, 10 mM 

MgCl2). We used the PRC2 complex consisting of EZH2, EED, SUZ12, AEBP2, and 

RBBP4 and a 2.5-kbp DNA substrate consisting of twelve tandem repeats copies of 

the Widom 601 sequence [12×601, unless otherwise noted (see Methods)]. We then 

imaged in tapping mode (38) by raster scanning the oscillating AFM tip across the 

surface (Figure 1B). Figure 1C shows a high signal-to-noise ratio image containing 

individual DNA molecules bound by zero, one, and multiple PRC2 complexes, where 

the molecule bound by two PRC2 complexes formed a looped structure. 

We considered the possibility that DNA wrapped around the PRC2 complex, akin 

to DNA wrapping around a histone octamer (56). To look for such putative wrapping, 

we analysed the contour length (L0) of unlooped DNA molecules bound by a single 

PRC2 (see below) and compared that result to DNA molecules imaged with no 

added PRC2. These two sets of molecules had indistinguishable contour lengths 

[861 ± 6 nm (mean ± SEM, N = 52) vs. 864 ± 3 nm (mean ± SEM, N = 64), 

respectively] (Figure 1D). Moreover, these measured lengths were within 2% the 

expected contour length [851 nm (2504 bp)] based on the known rise per base pair 

for double stranded DNA (0.34 nm/bp). Hence, within the estimated resolution limit of 

the experiment [ ≈ 7 nm (20 bp)], we found no evidence for substantial DNA 

wrapping around PRC2 and thereby shortening the observed DNA length (Figure 

S10). 
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Although our deposition and imaging process is based on a protocol that yielded 

images of DNA on mica in liquid with its native physical properties (persistence 

length, rise per base pair, width, and helical pitch) (39), we verified that the images 

collected in the present study also showed the correct persistence length [p = 49.1 ± 

0.4 nm (mean ± fitting std. dev.; N = 640)] (Supplementary Figure S9). Moreover, we 

also showed that imaging in MgCl2 versus NiCl2 yielded similar images of PRC2-

DNA complexes (albeit technically more challenging) and that DNA and protein-DNA 

configurations were stable under both ionic conditions over 1 h of continuous 

imaging (Supplementary Figure S4). Such image fidelity emphasizes our gentle 

imaging condition by placing an upper limit on the tip-sample force [≤ 40 pN (57)], 

since we report the correct height of the DNA duplex [1.9 ± 0.3 vs. 2.0 nm (47), 

Supplementary Figure S6] in contrast to all but a small set of AFM studies [see for 

example (39,57)]. In addition, imaging the same individual looped PRC2-DNA 

complex first in MgCl2 and then in NiCl2 revealed that the looped complex’s 

molecular configuration remained intact and well-bound to the surface during the 

exchange of buffer (Figure S5). Hence, the molecular topology observed in the 

imaging buffer (i.e., KCl + NiCl2) reflected the topology when the protein-DNA 

complex was bound by the surface in deposition buffer (i.e., KCl + MgCl2).  

Quantifying PRC2 binding by AFM 

We next sought to establish that the diversity of observed molecular configurations 

was reproducible and to quantify PRC2 binding to the DNA as a function of protein 

concentration. Figure 2 provides a gallery of the three general classes of molecular 

configurations: naked DNA, DNA bound by but not looped by PRC2, and DNA bound 

and looped by PRC2. The first column in Figure 2 gives a schematic interpretation of 

the AFM images (not to scale). 

Prior work introduced AFM imaging as a means for determining the dissociation 

constant KD of protein complexes (46), where the AFM takes a snapshot of the 

distribution of complexes in the deposited solution. As used in other contexts [e.g., 

electromobility shift assays (13)], we prefer the use of apparent dissociation constant 

( app
DK ), as the AFM assay is not strictly reversible. To determine app

DK  of PRC2 to the 

2.5-kbp DNA, we varied the concentration of PRC2 at fixed DNA concentration. For 

each PRC2 concentration, we acquired a series of 2×2 µm2 images with a minimum 
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of 70 molecules per concentration and classified the molecular configurations into 

one of the three general molecular configurations. As expected, increasing the PRC2 

concentration while keeping the DNA concentration constant led to an increase in 

the probability of observing PRC2 bound to DNA (Figure 3A, green points). 

Representative images at different PRC2 concentrations are shown in Figure 3B–D. 

In addition, as the PRC2 concentration was increased, the fraction of PRC2-DNA 

complexes in a compacted, looped state also increased (Figure 3A, brown points). 

Overall, this analysis included a total of 1152 individual DNA molecules.  

We computed app
DK  of the PRC2 to the DNA using Equation 2 model, yielding app

DK  

= 150 ± 12 nM (best fit value ± fit std. dev.) and n = 1.1 ± 0.1. The confidence 

interval associated with one standard deviation around the mean of the fit is plotted 

(Figure 3A, green shaded curve). For deducing this value of app
DK , the two highest 

concentrations analysed were excluded due to increasing background of PRC2 on 

the mica surface potentially confounding the quantification (Supplementary Figure 

S11). We note, however, that fitting all of the data points yielded a statistically 

indistinguishable result [140 ± 8 nM (Supplementary Figure S12)]. A similar analysis 

of compacted DNA defined by the presence of a looped configuration yielded app
DK  = 

900 ± 400 nM and n = 1.4 ± 0.3. (Figure 3A, brown shaded curve). Thus, looping of 

DNA required substantially higher PRC2 concentrations than simple binding.  

Similar app
DK  deduced by AFM and ensemble assays  

To look for a potential artifact on the stability of the PRC2-DNA complex arising from 

the surface binding, we measured the app
DK  of PRC2 using the same DNA and buffer 

conditions used in the AFM assay but now with an electrophoretic mobility shift 

assay (EMSA; see Materials and Methods), an ensemble measurement done 

entirely in solution (Figure 3E). Quantification of the probability for measuring a DNA 

molecule bound by PRC2 (Pbound) showed app
DK ~100 nM (Figure 3F), very similar to 

the app
DK deduced by AFM given the substantial differences in the ensemble and 

single-molecule assays. Furthermore, at the higher PRC2 concentrations, the 

additional upward shift of the band indicates multiple PRC2 molecules bound and/or 

more complex structures with lower electrophoretic mobility, consistent with the 

structures observed by AFM. 
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As prior ensemble studies showed a 50-fold difference in app
DK  for short 60-bp DNA 

with 0 vs. 100% GC content (13), we also determined the ensemble app
DK  for two 

other long DNA molecules, with 200-bp segments of either low-GC content (28%) or 

high-GC (76%) embedded in the longer, low-GC sequence (Figure 4A). Both of 

these molecules had a lower overall GC content than the 12×601 construct (53%). 

Unexpectedly, EMSA showed that PRC2 bound these three long DNA sequences 

with similar affinity (Figure 3F). More quantitatively, the combined data from all three 

sequences were well fit to a cooperative binding model with app
DK  of 75 ± 5 nM (fit ± 

std. dev.) and a Hill coefficient of 1.7 ± 0.2. Hence, when PRC2 interacts with longer 

DNA molecules containing a range of natural-like sequences—as opposed to the 

extremes of 0 and 100% GC content—PRC2 did not exhibit a strong enough GC 

preference to be detected by EMSA.   

PRC2 binds promiscuously along DNA  

High-resolution AFM studies provide the ability to measure not only the binding of 

PRC2 but also to localize that binding along the DNA. We therefore sought to 

determine if PRC2 would preferentially bind to the GC-rich sequence from the CpG 

island at the Zfpm2 locus (45) embedded in the otherwise low-GC construct. The 

low-GC and the 12×601 constructs served as controls (Figure 4A). We determined 

the location of each PRC2 molecule relative to both ends of the DNA and plotted a 

histogram of those lengths. For the symmetric high-GC island construct, this analysis 

should have produced a peak at the DNA molecule’s center if PRC2 exhibited strong 

sequence-depending binding. Contrary to this expectation, we saw no spatial 

preference in PRC2’s binding location, as measured by the distance from the protein 

to either end of the DNA (Figure 4B) or the distance from the protein to the DNA’s 

center (Figure S13). This result is consistent with the above ensemble measurement 

of app
DK  that showed no significant variation with GC content on a 2.5-kbp DNA 

substrate.  

An immediate question arose: does our single-molecule assay have sufficient 

spatial resolution to measure sequence-specific localization? To address this 

concern, we imaged BspMI, a type IIs restriction enzyme, bound to a 646-nm DNA 

construct containing a single BspMI binding site at its center (Figure 4C). Note, the 

binding buffer contained Ca2+ in lieu of Mg2+ to allow for site-specific binding without 
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enzyme-induced cleavage. Analysis of these images used the same analysis as for 

localizing PRC2. The resulting histogram yielded a sharp peak (Figure 4C). The 

location of the peak quantitatively agreed with the expected location [320 nm ± 2 nm 

(mean ± SEM; N = 91) vs. 323 nm, respectively]. Thus, the accurate localization of 

the restriction enzyme, coupled with the lack of a clear binding site for PRC2, 

suggests that if PRC2 has a specific binding motif, it must occur with similar 

frequency all along the 2.5-kbp DNA substrates, including one containing a CpG 

island. 

In conjunction with the spatial location of PRC2 by AFM, we also quantified the 

binding of PRC2 to these three DNA constructs at 30 and 90 nM PRC2 (Figure 

4D,E), values slightly below the app
DK . Images of each DNA construct without added 

PRC2 were used as a control. Overall, for each construct, the increase in Pbound 

between the two concentrations was similar, though the background level varied for 

each construct. The increase of Pbound is consistent with the similarity in app
DK  for the 

different DNA constructs deduced by EMSA (Figure 3F). For simplicity, we use the 

largest value of the control images as the overall background (Figure 4E, grey 

shaded region). Future studies requiring higher precision via a lower basal false 

positive could use shorter DNA molecules that exhibit less spontaneous looping or a 

smaller field of view than 2×2 µm2. We note high-resolution studies of individual 

molecules are time intensive given the slow acquisition rate of standard AFM 

imaging (2-Hz line scan) and the total number of molecules in this analysis (N = 

2081). 

Binding of PRC2 depends on complex composition 

Non-core subunits of PRC2 have a substantial effect on PRC2 binding to chromatin 

(11,14,15,58) and one current model attributes the contribution of non-core subunits 

including AEBP2 to their direct binding of DNA. We therefore tested DNA binding 

with three variants of the PRC2 complex: the full PRC2 complex, a catalytic moiety 

(EZH2, the VEFS domain of SUZ12, and EED with the 81 N-terminal amino acids 

deleted) and a regulatory moiety (SUZ12𝝙𝝙VEFS, AEBP2, & RBBP4) (Figure 5A, 

Supplementary Figure S1). For each PRC2 variant, we acquired 2×2 µm2 images at 

30 and 90 nM PRC2 with a minimum of 70 individual DNA molecules per condition 

(Figure 5B). These concentrations were chosen to enhance the sensitivity to 
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changes in binding affinity, since they were below the single-molecule determined 
app
DK . Analysis of these images showed robust binding of the full PRC2 to the 12×601 

DNA construct while both PRC2 variants showed binding consistent with background 

(Figure 5C). Therefore, our single-molecule experiments highlight the importance of 

PRC2 composition on PRC2 binding to and compacting bare DNA; more specifically, 

they suggest that the AEBP2 subunit, which contains three zinc-finger domains, 

enhances the ability of the PRC2 core to bind DNA. 

PRC2-induced DNA compaction via DNA bending 

In addition to anchoring DNA loops (Figure 2C), PRC2 might compact DNA by 

bending DNA’s stiff helical backbone. To look for protein-induced bends, we 

computed the angle (θbend) between tangent vector of the DNA backbone 10 nm on 

either side of a bound PRC2 molecule (Figure 6A), akin to earlier work that 

measured RNA polymerase-induced bends in template DNA (59). The data set for 

this analysis consisted of all 2×2 µm2 images at PRC2 concentrations of 300 nM or 

less and for PRC2-DNA complexes not involved in a compacted structure (Nprotein = 

331) and, as a control, a set of naked DNA molecules (Nmolecules = 70). The 

distribution of bending angles for unbound DNA is made up of ≈ 2800 independent 

segments, since there are many segments separated by 20 nm in a long DNA. As an 

indication of the underlying data quality, we verified that the measured distribution of 

the bend angle for the naked DNA quantitatively matched the prediction of the bend 

angle distribution when using a 2D worm-like chain model and the known 

persistence length of DNA [p = 50 nm (54)] (Figure 6B, grey bars and dashed line, 

respectively).  

PRC2 binding led to a broad, roughly evenly distributed set of bend angles (Figure 

6B, green). Hence, PRC2 does not induce a unique angle in the backbone of DNA, 

in contrast to the TATA-box binding protein (60,61). On the other hand, PRC2 

binding did lead to a 3-fold increase in the average of the absolute value of the 

bending angle over that of naked DNA [84 ± 3° (mean ± SEM; Nprotein = 331) vs 29.3 

± 0.4° (mean ± SEM; Nsegments = 2844; expected value is 28.9°)]. This enhanced 

bending appears to occur without substantial wrapping of the DNA around PRC2 that 

would lead to a shorter observed DNA length correlated with a higher bend angle 

(Figures 1D, S10). Increased bend angles reduce the energetic cost for distal parts 
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of the stiff DNA backbone to interact. These increased bend angles are then a 

mechanism to facilitate protein-induced loop stabilization (as seen in Figure 2C) 

and/or association of distal regions of DNA. 

Monomers and multimers of PRC2 distinguished 

In addition to the mobility shift assay that shows multiple PRC2 molecules bound to 

individual DNAs (Figure 3E), PRC2 under some conditions binds ssRNA as a dimer 

(62). Hence, we sought to establish the ability to quantitatively distinguish 

monomeric from multimeric assembles of PRC2 by AFM. The standard analysis for 

such quantification is volume (46,49-51), with an understanding that the resulting 

deduced volumes inherently include a convolution of the tip radius. Initial volume 

analysis of PRC2-DNA complexes from 2×2 µm2 images was limited by the large 

pixel size = 4 nm. We therefore acquired a set of high-resolution images of PRC2 

bound to DNA (pixel size = 1.2 nm) after incubating at 90 nM PRC2 so the 

background concentration of PRC2 adhered to the mica was not too high (Figure 

7A). For this analysis, we selected for molecules where both ends of the DNA were 

clearly resolved and the contour length could be traced. As a control, looped DNA 

molecules in the absence of PRC2 were imaged. After a simple analysis to help 

decrease tip convolution (rnom = 8 nm, see Figure S7), a histogram of the resulting 

PRC2 data showed two distinct peaks consistent with monomers and dimers of 

PRC2, along with a few larger complexes (N = 63; Figure 7B, green). The peak 

associated with monomeric PRC2 is clearly distinct from looped naked DNA (N = 63; 

Figure 7B, grey).  

We note though the volume of the second peak is not exactly 2-fold larger, 

probably arising from three effects: the volume of the looped DNA in the case of 

compacted DNA (Figure 7A, right panel), tip-convolution artifacts, and the presence 

of trimeric or higher order complexes (Supplementary Figure S8). Indeed, imaging 

PRC2 in the absence of DNA indicated dimeric PRC2 complexes at high protein 

concentrations (Figure S14), providing further evidence for multimeric PRC2 despite 

the absence of DNA. Future studies with sharper tips and shorter DNA molecules 

can refine these initial results. Such studies would likely benefit from photothermal 

actuation of the cantilever (63) or peak-force tapping (64) to ensure minimal forces 

exerted on the DNA. 
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Higher DNA compaction with increasing bound PRC2 

Different individual PRC2-DNA complexes displayed different levels of compaction 

(Figure 8A). A simple metric to quantify compaction on a two-dimensional surface is 

to compute the mass-weighted area occupied by a DNA molecule (Figure 8B). To do 

so, we computed the area, defined by 2
GRπ , where RG is radius of gyration, as a 

function of molecular volume of the PRC2 complex bound to each individual DNA 

molecule. To analyse a sufficiently large number of molecules (N = 300), we used 

the 2×2 µm2 images at the cost of precision in determining individual molecular 

volumes. The area shows a clear decrease with increasing molecular volume (Figure 

8C). Note the images show in Figure 8A,B were chosen to fall along the best fit line 

to the data shown in Figure 8C. The distribution of the areas is skewed towards more 

compacted structures as compared to the expected distribution for unbound DNA 

(Figure 8D). Hence, the degree of compaction increased with the number of PRC2 

molecules bound to an individual DNA, and thus the degree and frequency of 

compaction via bending and looping increased with PRC2 concentration. 

CONCLUSIONS 

PRC2 recruitment to chromatin may depend on multiple interactions of varying 

affinity, including interactions with histone marks, RNAs, protein factors, and DNA. 

Here, we developed a single-molecule assay for imaging PRC2 binding to DNA in 

liquid using AFM. The PRC2-DNA complexes were deposited under biochemically 

relevant ionic conditions by appyling a recently developed deposition protocol (39) 

that builds upon prior work (53,65,66), Notably, this deposition protocol preserved 

the physical properties of the DNA when bound to the mica substrate. Since surface-

bound PRC2-DNA complexes did not exhibit a change in molecular topology during 

rinsing (Figure S5) and were stable for over 1 h of continuous imaging (Figure S4) in 

both imaging and deposition buffer, our sample preparation protocol took an effective 

“snapshot” of the PRC2-DNA complexes in solution, a long standing interpretation of 

AFM imaging of protein complexes absorbed to mica (46). We anticipate leveraging 

this technique for high-resolution studies of PRC2-induced looping and compaction, 

similar to past studies of other DNA-protein complexes (41,67,68). 

The resulting AFM images showed PRC2 binding to DNA and, at higher 

concentrations, compacting the DNA via intramolecular loops and protein-induced 
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bending of DNA’s stiff helical backbone. Ensemble and single-molecule 

measurements yielded a similar  ≈ 100 nM, showing minimal perturbation to the 

protein-DNA complex during binding. At higher concentrations, PRC2 compacted the 

DNA via intramolecular loops and protein-induced bending of DNA’s stiff helical 

backbone. PRC2-induced looping and bending are both unanticipated results, 

leading us to suggest that PRC2 may directly contribute to heterochromatin 

formation independent of the H3K27me3 mark that it deposits. The DNA looping 

involved PRC2 dimers (or possibly multimers), while the bending was induced by a 

single PRC2 complex. Our findings that dimeric (or multimeric) PRC2 binds to one 

double-stranded DNA molecule mirrors prior work on RNA (62). Binding depended 

on the subunit composition of the PRC2. Among the PRC2 complexes tested, only 

the full PRC2 complex (EZH2, EED, SUZ12, AEBP2, and RBBP4) showed tight 

binding, consistent with prior work (11). PRC2 binding to long 2.5-kbp sequences did 

not show strong localization to a region of high GC-content (76%), which can be 

compared to prior work using short 60-bp DNAs where 100% GC content bound  50-

fold tighter than 0% GC (13). This result suggests that PRC2 binds tightly but 

promiscuously along more native-like DNA sequences. In summary, PRC2’s tight, 

promiscuous binding coupled with its ability to compact DNA via bending and looping 

suggests a direct role for PRC2 in compacting chromatin and therefore epigenetic 

silencing.  
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Figure 1. Imaging PRC2 bound to DNA in liquid. (A) Scheme illustrating DNA 
reversibly binding to PRC2. (B) Cartoon of atomic force microscopy cantilever 
imaging of DNA and DNA bound to PRC2 on a mica surface (not to scale). (C) A 
700×700 μm2 image containing several DNA molecules with and without bound 
PRC2. Green arrows denote PRC2. (D) A distribution of contour length (L0) for DNA 
alone (grey, Nmolecules = 52) and uncompacted DNA with PRC2 bound (green, 
Nmolecules = 59) agrees with the predicted L0 (851 nm; dashed line). 
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Figure 2. Images of unbound, bound, and looped DNA. (A) A cartoon and three 
representative images of surface-bound DNA imaged without any bound PRC2. (B) 
A cartoon and three images showing PRC2 bound to but not looping the DNA. The 
green arrow denotes PRC2. (C) A cartoon and three images depicting PRC2 bound 
to and compacting the DNA via looping. All images are 700×700 nm2, acquired in 
liquid at [PRC2] = 50 nM, and use the same color scale shown in the bottom right. 
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Figure 3. Binding of PRC2 to DNA as a function of protein concentration. (A) 
Probability of PRC2 to form a protein-DNA complex [left axis: (green)] and to form a 
compacted protein-DNA complex [right axis (brown)] plotted as a function of PRC2 
concentration. The apparent dissociation constant ( app

DK ) was determined by fitting 
the Hill equation (Equation 2) to the raw data [ app

DK  = 150 ± 12 nM (best fit value ± fit 
std. dev) and n = 1.1 ± 0.1; Nmolecules > 70 per concentration]. The color shaded areas 
around the markers represent the standard deviation of fitting Equation 2 to the 
markers. Data from the two highest concentrations (grey) were not used for fitting 
due to high protein background [though this exclusion did not statistically change the 
value of app

DK  (Supplementary Figure S12)]. (B–D) Representative 2×2 μm2 images at 
concentrations along the binding curve. (E) Gel of an electrophoretic mobility shift 
assay (EMSA) for PRC2 binding to the same DNA substrate as in panels A–D. (F) 
Quantification of the EMSA assay shown in panel E (green triangles) and the 
analogous EMSA quantifications for the 2.5-kbp DNA substrates with a GC-poor and 
GC-rich center (blue circle and red boxes, respectively), as described in the text and 
Figure 4A. The purple line is a best fit to all three EMSA quantifications, yielding app

DK  
= 75 ± 5 nM (mean ± std. dev.) and a Hill coefficient of 1.7 ± 0.2. 
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Figure 4. Binding of PRC2 to 2.5-kbp DNA is not strongly sequence dependent. (A) 
GC content of a DNA construct containing twelve copies of the Widom 601 sequence 
(left panel, green), a GC-poor construct (right panel, red) and the GC-poor construct 
containing a 200-bp GC-rich island (right panel, blue). (B) Histogram of distances 
from PRC2 to both DNA ends for the same sequences as panel A. Note that this 
analysis does not rely upon knowing the polarity of the DNA relative to the protein. 
(C) The distribution of binding locations of the type IIs restriction enzyme BspMI to a 
646-nm DNA molecule (1899 bp) containing a BspM1 recognition sequence 
positioned at its center (Nmolecules = 91). The orange line represented a Gaussian fit to 
the underlying individual measurements of LBspMI. The expected length is indicated 
by the green dashed line. (Inset) An AFM image showing BspMI (indicated by green 
arrow) bound to the DNA. Cyan lines illustrate the contour length (LBspMI) from each 
end of the DNA to the BspMI. (D) Representative 2×2 μm2 images at 30 and 90 nM 
concentrations of PRC2. (E) Probability of PRC2 and DNA complexes (Pbound) as a 
function of PRC2 concentration for DNA sequences consisting of twelve copies of 
the Widom 601 sequence (green), a low GC-content (28%) sequence with a GC-rich 
island (76%) at its center (blue), and a low GC-content sequence (red). The average 
Nmolecules per DNA substrate type at 0, 30, and 90 nM were greater than 90, 90, and 
400, respectively, and the error bars represent the standard error in the mean. Grey 
shading indicates the false positive rate, based on the highest no added PRC2 
control.  
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Figure 5. PRC2 binding depends on PRC2 complex composition. (A) Cartoons 
illustrating the measured PRC2 moieties. (top) The “5mer” complex consists of EZH2 
(red), EED (blue), SUZ12 (yellow), AEBP2 (purple), and RBBP4 (green). (middle) 
The catalytic moiety of PRC2 consists of EZH2, the VEFS domain of SUZ12, and 
EED with the 81 N-terminal amino acids deleted. (bottom) The regulatory moiety of 
PRC2 consists of SUZ12𝝙𝝙VEFS, AEBP2, and RBBP4. (B) Representative 2×2 μm2 
images at 30 and 90 nM concentrations of the regulatory moiety of PRC2. (C) 
Probability of observing a PRC2-DNA complex (Pbound) as a function of PRC2 
concentration for the regulatory (purple), catalytic (grey), and 5-mer (green) moieties 
of PRC2. Concentrations below the app

DK   were used to enhance the signal. The triple 
asterisk represents a statistical significance of P < 0.001. The average Nmolecules at 0, 
30, and 90 nM were greater than 80, 90, and 200, respectively, and the error bars 
represent the standard error in the mean. Grey shading indicates the false positive 
rate, based on the no added PRC2 control.  
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Figure 6. PRC2 binding is associated with an increased probability of large bends in 
the DNA backbone. (A) A spline denoting a 12×601 Widom DNA molecule (grey) 
bound by PRC2 (green dot). (Inset) Illustrative definition of the local bending angle 
(θbend) between two tangent vectors (black arrows). (B) Bending angle histogram for 
DNA (grey bars, Nmolecules = 70) and DNA with PRC2 bound (green bars, Nprotein = 
331), where all tangent vectors were spaced 20 nm apart in contour length, and each 
tangent vector for the PRC2-bound DNA either started or ended at the PRC2, as 
shown in the cartoon in panel A. Dashed black line is the theoretically predicted bend 
angle distribution for tangent vectors separated by 20 nm along the DNA with a 
persistence length of 50 nm (54) equilibrated in two dimensions onto a surface. 
(Inset) Detailed distribution of large bend angle shows an excess of high angle 
bends for PRC2-DNA complexes in comparison to experimental and theoretical 
distributions of unbound DNA. Note, a single 851-nm DNA molecule gives many 
independent measurements of θbend. 
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Figure 7. PRC2 binds to individual DNA molecules as monomers and multimeric 
complexes. (A) Two 600×600 nm2 images showing PRC2 bound to DNA, where 
volumetric analysis suggests monomeric and dimeric (or possibly trimeric) PRC2 
complexes. Green arrows denote PRC2. (B) A histogram of the probability of 
measuring a particular volume at locations where the DNA backbone crosses itself 
[grey, N = 52] and where DNA is bound to PRC2 [green, N = 64]. Dotted black line is 
a fit of the sum of two Gaussians (means ± std. devs. are 400 ± 200 and 1300 ± 600 
nm3) to the volume distribution of PRC2 bound to DNA. The two bound molecules 
with the highest volumes, not included in the 64 shown, were excluded for clarity and 
represent higher multimeric complexes. (Inset) Detailed plot of small volume 
distribution of PRC2 bound to DNA.  
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Figure 8. Binding of multiple PRC2 compacts DNA. (A) Three representative AFM 
images of DNA compacted by PRC2. For clarity, the values between pixels were 
interpolated using a bicubic polynomial. (B) The same images as in panel A with a 
superimposed visual definition of the radius of gyration (RG) assuming mass is 
proportional to height. (C) Compaction area, defined as 2

GRπ , as a function of PRC2-
DNA complex volume (V), as defined in Materials and Methods (green circles, N = 
300). Note that for DNA molecules bound by two or more well-separated PRC2 
molecules (N = 58), we report the sum of the complex volumes, and for 43 
compacted complexes without well-defined contours, as in the rightmost column of 
panel A, the volumes were corrected as described, except the average correction 
factor was used. Colored markers and dashed lines indicate the areas and volumes 
of the example images in panels A and B. A dashed line is plotted to guide the eye to 
the mean value as a function of V. (D) Distribution of area for simulated DNA with p = 
50 nm and L0 = 851 nm (black open bars, N = 4000) and observed PRC2-DNA 
complexes (green bars). Simulation was performed as in (39). The data shown in 
panel C were derived from all 2×2 μm2 images used in Figure 3A with a deposition 
concentration of 300 nM PRC2 or less, and the example images in panels A and B 
all used a PRC2 concentration of 90 nM or less.  


