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SUMMARY
Nucleosomes form heterogeneous groups in vivo, named clutches. Clutches are smaller and less dense in
mouse embryonic stem cells (ESCs) compared to neural progenitor cells (NPCs). Using coarse-grained
modeling of the pluripotency Pou5f1 gene, we show that the genome-wide clutch differences between
ESCs and NPCs can be reproduced at a single gene locus. Larger clutch formation in NPCs is associated
with changes in the compaction and internucleosome contact probability of the Pou5f1 fiber. Using single-
molecule tracking (SMT), we further show that the core histone protein H2B is dynamic, and its local mobility
relates to the structural features of the chromatin fiber. H2B is less stable and explores larger areas in ESCs
compared to NPCs. The amount of linker histone H1 critically affects local H2B dynamics. Our results have
important implications for how nucleosome organization and H2B dynamics contribute to regulate gene ac-
tivity and cell identity.
INTRODUCTION

Genome organization and dynamics play an important role in

regulating gene expression. Several recent studies, including su-

per-resolution imaging of nucleosomes and electron tomogra-

phy imaging of DNA, highlighted that chromatin is disordered

and heterogeneous groups of nucleosomes with a varying range

of nucleosome densities are present in folded chromatin (Ou

et al., 2017; Ricci et al., 2015). In super-resolution images, nucle-

osome groups (named clutches) were further clustered into
C
This is an open access article under the CC BY-N
larger domains (clutch domains) in the size range of hundreds

of nanometers in length scale (Lakadamyali and Cosma, 2020;

Otterstrom et al., 2019; Ricci et al., 2015). These results shed

new light onto the organization of chromatin fiber at the 10–

100 nm length scales. Assembly of nucleosomes into clutches,

the compaction level of nucleosomes within clutches, and the

assembly of clutches into clutch domains can limit accessibility

of DNA to regulatory proteins and polymerases. Hence, these

structural features must be dynamically regulated as genes

turn on and off in specific cell types.
ell Reports 34, 108614, January 12, 2021 ª 2020 The Author(s). 1
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Indeed, fluorescence recovery after photobleaching (FRAP)

analysis and single-molecule tracking (SMT) of histone proteins,

as well as tracking of individual genomic loci within the nucleus,

demonstrated that chromatin is highly dynamic. Individual

genomic loci diffuse within a confined space in the nucleus (Ne-

guembor et al., 2018; Shaban et al., 2018; Shukron et al., 2019),

and this mobility correlates with the transcriptional activity of

some genomic regions such as enhancers (Chen et al., 2018;

Shukron et al., 2019). In some cases, genomic loci dynamically

reposition over large distances, for example by relocating from

the nuclear periphery to the nuclear interior upon activation

(Chuang et al., 2006; Neumann et al., 2012). While FRAP analysis

showed that nucleosomes are highly stable and turn over slowly

(Kimura and Cook, 2001), tracking of tagged histone proteins

showed that histones also explore their local environment

dynamically (Lerner et al., 2020; Nagashima et al., 2019; Nozaki

et al., 2017). Live-cell super-resolution imaging showed that

chromatin domains that are hundreds of nanometers in size are

also mobile (Boettiger et al., 2016; Nozaki et al., 2017, 2018). In

addition to chromatin fluidity, several studies showed that archi-

tectural proteins are also highly dynamic inside the nucleus (Han-

sen et al., 2017;Higashi et al., 2007). In particular, thedynamicsof

architectural proteins like H1 and HP1 increase in embryonic

stem cells (ESCs), as shown by FRAP and SMT (Bryan et al.,

2017; Meshorer et al., 2006). Based in part on these FRAP

studies, it has been suggested that ESC chromatin is hyperdy-

namic and depleted of heterochromatin (Schlesinger and

Meshorer, 2019). However, how these dynamic chromatin en-

tities spanning multiple length scales, from individual nucleo-

somes to large genomic loci, relate to each other and the associ-

ated mechanisms of their folding and dynamics remain unknown

due to the limitations of previous methods used to analyze chro-

matin dynamics. In particular, previous FRAP studies (Hansen

et al., 2017; Higashi et al., 2007; Kimura, 2005; Kimura and

Cook, 2001; Meshorer et al., 2006; Rhodes et al., 2017) reported

bulk histone turnover within diffraction limited volumes (�300 3

300 3 500 nm3), and these studies were not able to assess fast

dynamics or dynamics of individual histones (Meshorer et al.,

2006). Live-cell super-resolution imaging has thus been used to

investigate the dynamics of sub-diffraction-sized chromatin do-

mains (100–200 nm in size) (Nozaki et al., 2017). While the dy-

namics of individual histones was also tracked and qualitatively

compared to the dynamics of these larger domains, the use of

a dim fluorescent protein that is prone to rapid photobleaching

compromised the spatial resolution attained in these studies, in-

hibiting the analysis of nucleosome clutches or small histone dis-

placements. Hence, the analysiswasmainly limited to large chro-

matin domains rather than individual histones. Overall, how

individual histones move within the chromatin fiber, their dwell

time within chromatin, how these dynamic parameters change

in different cell types, and the underlying mechanisms that influ-

ence local histone mobility remain open questions.

Super-resolution imaging showed that nucleosome clutch size

is cell-type specific and that ESCs have smaller, less compact

clutches compared to differentiated neural progenitor cells

(NPCs) (Ricci et al., 2015). We further noted that nucleosome

clutch size and compaction depends on the amount of linker his-

tone H1 (Ricci et al., 2015), as well as the amount of acetylation
2 Cell Reports 34, 108614, January 12, 2021
on histone tails (Otterstrom et al., 2019), suggesting that linker

histones and histone post-translational modifications play a

role in organizing nucleosomes into clutches. How nucleosome

clutch organization in fixed stem and somatic cells correlates

with histone dynamics in live cells remains an open question.

Here, to address these questions and analyze the organiza-

tional patterns of nucleosomes and dynamics of histones within

clutches in mouse ESCs and NPCs, we combined coarse-

grained mesoscale models of kilobase-range nucleosome fibers

and SMT of individual histones. Mesoscale models of chromatin

fibers of the pluripotency gene Pou5f1, which expresses the plu-

ripotency factor OCT4, revealed the presence of nucleosome

clusters compatible with the nucleosome clutches previously

observed genome-wide in super-resolution images. The previ-

ously observed global changes in clutch size and compaction

upon differentiation (Otterstrom et al., 2019; Ricci et al., 2015)

were reproduced in the models at the level of a single pluripo-

tency gene locus. These modeling results further suggest that

the Pou5f1 fiber undergoes overall compaction in NPCs, espe-

cially in regions surrounding the Pou5f1 gene and its super

enhancer. Hierarchical looping, corresponding to stacks in

space of hairpin loop structures (Grigoryev et al., 2016), is further

enhanced in NPC Pou5f1 fibers, explaining the formation of

larger clutches. The nucleosomes within clutches maintain a

configuration most compatible with zigzag geometry in both

ESCs and NPCs irrespective of clutch size.

To determine how differences in the structural features of

clutches in different cell types relate to the dynamic properties

of histones, we further used fast and slow SMT to visualize indi-

vidual histoneswith bright and photostable JaneliaFluor dyes us-

ing the Halo-tagging strategy. We show that histone H2B is dy-

namic in vivo and explores its local environment within the

chromatin fiber. Importantly, we show that this local H2Bmobility

takesplace at fast timescales (tens ofmilliseconds) and is distinct

from the mobility of larger chromatin domains containing hun-

dreds of nucleosomes, which remain stable in these timescales.

The smaller and more open clutches of ESCs compared to the

larger andmore compacted clutches ofNPCs correlatewith local

H2B dynamics and residence times observed in the two cell

types. To further explore the mechanisms underlying these cell-

type-specific differences in the fast local mobility of histones as

well as their residence times within chromatin, we tracked nucle-

osomes in a cell line that lacks three isoforms of the linker histone

H1. We show that histone residence times within chromatin and

the extent of the fast local histone mobility within the chromatin

fiber are both dependent on the amount of linker histone H1.

These results offer a rich picture of nucleosome dynamics and

link nucleosome dynamics to structural differences in nucleo-

some organization in different cell types.

RESULTS

Mesoscale Modeling of the Pou5f1 Pluripotency Gene
Reveals a Chromatin Fiber Conformation Composed of
Nucleosome Clusters Whose Organization and
Compaction Change upon Differentiation
Recently, using super-resolution microscopy, we showed that

nucleosome clutches contain a median number of �6



Figure 1. Nucleosome Architecture of the

Pou5f1 Pluripotency Region Revealed by

Computational Modeling

(A) Representative equilibrated structures of

chromatin fibers corresponding to the Pou5f1

pluripotency region in mESCs (left) and mNPCs

(right) obtained from mesoscale modeling are

shown. Zooms show the nucleosome clusters

obtained from DBSCAN analysis of the 3D chro-

matin fibers. The numbers correspond to the

identity of the nucleosomes based on their linear

sequence along the Pou5f1 region.

(B) Internucleosome contact probability maps for

the fibers shown in (A). Hierarchical folding (indi-

cated in blue) and hairpin folding (indicated in

green) revealed in the internucleosome contact

matrices for representative mESC and mNPC

chromatin fibers. These structural features were

previously defined (Grigoryev et al., 2016) and are

determined based on the shape of the nucleo-

some contact density in the map (STARMethods).

In addition to these previously defined features,

density corresponding to nucleosome clusters are

also detected in the maps (red circles). Matrices

are normalized by themaximal number of contacts

seen throughout the trajectory. The matrix den-

sities are 0.007 and 0.024 for mESCs and mNPCs,

respectively.

(C) Internucleosome contact probability matrices

for the 30 trajectory ensemble per condition.

Contact probability matrices were obtained by

normalizing contact maps by the maximum num-

ber of contacts across each trajectory, for each

system, and summing all contacts. One repre-

sentative fiber for each system is shown with yel-

low nucleosome perimeters for the Pou5f1 region,

blue for the super enhancer region, and red for the

downstream Pou5f1 region. The dashed red box in

the mNPC matrix corresponds to the region

downstream of Pou5f1. The matrix densities are

0.0546 and 0.1322 for the ensemble ofmESCs and

mNPCs, respectively.
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nucleosomes insomatic cells (Ricci etal., 2015) corresponding toa

genomic length scale of a few kilobases. We further showed that

the size of the nucleosome clutches inversely correlates with the

pluripotency grade of mouse ESCs (mESCs), as well as human

induced pluripotent stem cells (hiPSCs) (Ricci et al., 2015). In

particular, upon in vitro differentiation of mESCs into mouse

NPCs (mNPCs), clutch size increases (Ricci et al., 2015). In addi-

tion, mutant mESCs lacking three isoforms of the linker histone

H1 (H1tKO) (Fan et al., 2005) have smaller nucleosome clutches

compared to wild-type mESCs (Ricci et al., 2015). These results

suggest that nucleosome clutches correlate well with the open

or closed state of the chromatin fiber, and they are remodeled in

cellular reprograming and differentiation.

To gain further insights into the chromatin remodeling of

mESCs during differentiation (Otterstrom et al., 2019; Ricci

et al., 2015), we simulated chromatin fibers typical of mESCs
and mNPCs (Figures 1 and S1) using our nucleosome-resolution

chromatin mesoscale model (Bascom et al., 2016). The model

applied to the study of many biological problems, including,

most recently, gene folding (Bascom et al., 2019), combines nu-

cleosomes, histone core tails, linker DNA, and linker histones by

coarse-grained units at different levels of resolution to create oli-

gonucleosome fibers (Collepardo-Guevara and Schlick, 2014;

Peri�si�c et al., 2010) (Figure S1A). Fiber configurations are

sampled by Monte Carlo (MC) simulations that survey and

approach equilibrium conformations (Bascom et al., 2016; Colle-

pardo-Guevara and Schlick, 2014; Peri�si�c et al., 2010) (STAR

Methods).

To define chromatin fibers relevant to stem cell pluripotency

and differentiation, we selected a specific genomic region of

�30 kbp that includes an important pluripotency gene, Pou5f1,

active in mESCs but silenced in mNPCs (Zeineddine et al.,
Cell Reports 34, 108614, January 12, 2021 3
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2014).We confirmed that the expression level of thePou5f1 gene

was downregulated by 7-fold upon differentiation of mESCs to

mNPCs, along with expected downregulation of other pluripo-

tency genes like Nanog and upregulation of neuronal genes

like Sox1 and Nestin (Figure S1B). We sought to capture the

measured changes in Pou5f1 gene expression by differences

in clutch patterns and overall compaction. We expected mESC

fibers to form smaller clutches compared to mNPC fibers based

on previous super-resolution data. We used publicly available

MNase-seq data of mESCs and mNPCs (Mieczkowski et al.,

2016) to position the nucleosomes, define the H1 to nucleosome

ratio (Woodcock et al., 2006), and specify the amount of histone

tail acetylation in the two cell types (Meshorer et al., 2006) (STAR

Methods; Figures S1C–S1E). We expect these parameters to be

important for organizing gene structure (Bascom et al., 2016,

2019; Bascom and Schlick, 2018), clutch organization, and

DNA compaction (Otterstrom et al., 2019; Ricci et al., 2015)

based on previous modeling and experimental results from su-

per-resolution. Specially, the nucleosome positions obtained

from the MNase-seq data (Mieczkowski et al., 2016) determine

the DNA linker lengths and the nucleosome-free regions

(NFRs) (Figures S1D and S1E), key factors affecting chromatin.

To incorporate realistic linker histone H1 densities, we used

linker histone to nucleosome ratios of 0.5 and 0.8 for mESCs

and mNPCs, respectively, as reported previously (Woodcock

et al., 2006). Histone tail acetylation patterns were assigned as

determined previously (Meshorer et al., 2006; Roh et al., 2007),

with overall levels of 15% and 10% for mESCs and mNPCs,

respectively, based on immunofluorescence measurements

(STAR Methods; Figure S1C; Table S1).

Both the mESC and mNPC systems were simulated by 30 in-

dependent trajectories of 80 million MC steps each (Video S1).

Visual inspection of the resulting chromatin fibers revealed a sig-

nificant difference in global fiber shape for the different cell types;

mNPC fibers were more compact than mESC fibers (Figure 1A).

Quantitative analysis (STAR Methods) confirmed higher sedi-

mentation coefficients (Figure S2A), smaller radii of gyration (Fig-

ure S2B), and volume (Figure S2C) for the mNPC fibers

compared to the mESC fibers. These quantitative results are

consistent with the visually more compact mNPC fibers, which

revealed nucleosomes grouped together into heterogeneous

clusters resembling nucleosome clutches previously described

in super-resolution images. To confirm the visual inspection

quantitatively and gain a detailed understanding of nucleosome

patterns inside the clusters, we further analyzed the 3D fibers us-

ing density-based spatial clustering of applications with noise

(DBSCAN) (Ester et al., 1996). This analysis revealed nucleo-

some clusters consisting on average of 6 and 18 nucleosomes

per cluster in mESCs and mNPCs, respectively (Figure S2D).

The nucleosome packing ratio within the clusters was also signif-

icantly higher in mNPCs compared to mESCs (Figure S2E).

Finally, mNPC fibers contained fewer nucleosome clusters

compared to mESC fibers (Figure S2F), consistent with the

nucleosome clusters becoming larger in mNPCs.

Internucleosome contact probability matrices for the two

selected fibers shown in Figure 1A further revealed increased

nucleosome contacts in mNPCs compared to mESCs (average

matrix density of 0.007 and 0.024 for mESCs and mNPCs,
4 Cell Reports 34, 108614, January 12, 2021
respectively) (Figure 1B), consistent with the increased fiber

compaction and larger nucleosome clusters of mNPCs. Interest-

ingly, distant nucleosomes appear to interact within the larger

clusters (see cluster A of mESCs and cluster B of mNPCs in Fig-

ure 1A). Features consistent with nucleosome clusters and

folding motifs such as hairpin and hierarchical loops are evident

in the nucleosome contact matrices (Figure 1B); hierarchical

loops correspond to stacks of hairpin loops (STAR Methods)

(Grigoryev et al., 2016). The hairpin and hierarchical loops are

evident from the contact maps as regions of medium-range con-

tacts perpendicular to themain diagonal (hairpins) and regions of

long-range contacts parallel to the main diagonal (hierarchical

looping) (Figure S2G). These features are enhanced in mNPCs

compared to mESCs and likely explain the formation of larger

clutches upon differentiation by increased contact of distant nu-

cleosomes upon folding. By further generating averaged internu-

cleosome contact probability matrices for all the 30 fibers per

condition (Figure 1c), we further confirmed the presence of

enhanced nucleosome contact frequency in mNPC fibers

(average matrix density of 0.0546 and 0.1322 for the ensemble

of mESCs and mNPCs, respectively). Interestingly, the highest

enhancement in contact probability was observed in the region

downstream of the Pou5f1 gene/super-enhancer region (dashed

red box in Figure 1C), corresponding to a higher-level of

compaction for this downstream region. Finally, the distance be-

tween nucleosomes dimers as well as the triplet and dihedral

angle of bonded (i.e., consecutive) nucleosomes (Figures S2H

and S2I) were most consistent with a zigzag geometry in both

cell types. This feature underscores the prevalence of the zigzag

secondary structure topology (Grigoryev et al., 2016).

Nucleosome Clusters of Pou5f1 Fibers in theMesoscale
Models Are Compatible with Nucleosome Clutches
Observed in Super-resolution Genome-wide
DBSCAN analysis of the modeled 3D fibers is consistent with

previous super-resolution data that revealed that nucleosomes

form heterogeneous clutches in vivo. However, given that the su-

per-resolution images have lower resolution and are genome-

wide with no sequence specificity compared to the modeled fi-

bers, to directly relate the model fiber configurations to previous

experimental super-resolution data, we simulated super-resolu-

tion images from the modeled fibers using the simulation pack-

age SuReSim (Venkataramani et al., 2016) (STAR Methods; Fig-

ure 2A). Since the chromatin fiber generated by the model is 3D

but our super-resolution images are 2D, we performed 1,000 2D

random projections on each resulting super-resolution localiza-

tion list (STAR Methods; Figure 2A). We applied a distance-

based clustering algorithm (Ricci et al., 2015) to group the fluo-

rophore positions in the simulated super-resolution images and

segment nucleosome clutches as previously described (STAR

Methods; Figure 2A). This analysis confirmed the presence of

nucleosome clutches in the 2D projections of the simulated su-

per-resolution images from the 3D model (Figures 2A, S3A,

and S3B). We compared the identity of the nucleosomes in the

segmented clutches to that of 3D clusters determined by

DBSCAN analysis for clusters A and B in the example simulated

fiber shown in Figure 1A. As expected, depending on the 2D pro-

jection, the clutches contained all or only a subset of the



Figure 2. Mesoscale Modeling of Chromatin Fibers Recapitulates Super-resolution Images of Nucleosomes

(A) Workflow showing the procedure for generating super-resolution images from a given computational chromatin fiber. First, the nucleosome positions within

the 3D fibers (chromatin fiber) are converted into localized x, y, and z positions of nucleosomes (referred to as single-molecule localization microscopy [SMLM]

localizations) with SuReSim. Then the localizations are rotated 1,000 times in 3D by randomly picking an angle and axis of rotation to obtain random 2D pro-

jections. Finally, the 3D coordinates of the localizations are projected in a 2D slice with a maximum depth of 400 nm. The 2D localizations are then rendered as a

super-resolution image (SMLM image) by representing each localization as a Gaussian with a fixed width of 9 nm. The color coding corresponds to the density of

localizations. Finally, cluster analysis is performed to segment the localizations based on their spatial proximity. Each cluster is pseudo-color-coded with a

different color.

(B and C) Histogram of nucleosome packing density (i.e., number of nucleosomes per clutch area). (B) Histogram of the number of nucleosomes per clutch. (C)

Computed from the cluster analysis of the simulated super-resolution images of Pou5f1 in mESCs (yellow) and mNPCs (orange).
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nucleosomes in the 3D clusters (Figures S3A–S3C). Similarly, in

some 2D projections, nucleosomes found within different 3D

clusters could merge into the same clutch (Figure S3C).

The compaction level of nucleosomes within clutches (6.2 3

10�3 ± 3.5 3 10�3 nucleosomes/mm2 for mESCs and 11.5 3

10�3 ± 6 3 10�3 nucleosomes/mm2 for mNPCs) (Figure 1B) and

the number of nucleosomes per clutch (6.4 ± 4.7 nucleo-

somes/clutch in mESCs compared to 16.4 ± 11.3 nucleo-

somes/clutch in mNPCs) (Figure 2C) were higher in mNPCs
compared to mESCs (Otterstrom et al., 2019; Ricci et al.,

2015). Despite the above-mentioned differences between the

3D model and the simulated images, remarkably, the number

of nucleosomes per clutch in the two cell types was in close

agreement with the DBSCAN results obtained from directly

analyzing the 3D fibers at higher resolution (Figure S2D). Previ-

ous super-resolution experimental data showed a median num-

ber of�3 and�6 nucleosomes per clutch averaged globally over

the entire chromatin of mESCs and mNPCs, respectively. The
Cell Reports 34, 108614, January 12, 2021 5
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number of nucleosomes per clutch is lower in the experimental

data compared to the model, which may reflect differences in

the global clutch configuration versus the local Pou5f1 gene

clutch configuration. The experimental data may also potentially

underestimate the number of nucleosomes per clutch due to la-

beling inefficiencies, particularly in more compact regions.

Nonetheless, the comparison of experimental data and simu-

lated images to the model revealed that the global changes in

clutch conformation of mESCs and mNPCs are representative

of specific changes to the clutch conformation of a model plurip-

otency gene like Pou5f1. In fact, these differences in clutch

conformation are likely evenmore prominent in specific genomic

regions that change their expression level upon differentiation

compared to genome-wide differences in clutches. In addition

to differences in the number and compaction of nucleosomes

in clutches, significant differences were also observed for the

number of clutches per fiber (Figure S3D), the clutch area (Fig-

ure S3E), and the nearest-neighbor distance between clutches

(Figure S3F) in the two cell types.

Overall, our results show a heterogeneous chromatin fiber

conformation both globally and at the level of specific pluripo-

tency genes, manifested as heterogeneous groups of nucleo-

some clutches. In addition, we reveal the presence of folding

motifs like hierarchical looping, which are cell-type specific

and dynamically change upon cell differentiation.

H2B Residence Time within Chromatin Increases in
Differentiation
Given our super-resolution and modeling results that reveal dra-

matic structural reorganization of the chromatin fiber both glob-

ally and at specific genes during differentiation, we wanted to

explore how the local dynamics of individual histones forming

the nucleosomes within clutches change upon differentiation

and how these dynamics relate to the structural changes

observed. We thus generated mESCs or mESCs-H1tKO (triple

knockout of the linker histone H1) (Fan et al., 2005) cell lines sta-

bly expressing H2B fused to Halo tag at low levels. We confirmed

using western blot analysis that the Halo-tagged H2B is fully

incorporated into chromatin bound fraction in these cell lines

(Figure S4A). Indeed, western blot showed that Halo-H2B in

mESCs was present only in the chromatin-bound fraction and

not in the nuclear soluble or cytoplasmic fraction (Figure S4A).

We next used a 10-pM concentration of the bright and photosta-

ble Janelia Fluor 549 (JF549)-tagged Halo ligand to sparsely la-

bel H2B molecules within the nucleus (Figures S4B and S4C).

Using SMT, we measured H2B dynamics in mESCs, mESCs-

H1tKO or mNPCs that were obtained upon differentiation of

the Halo-H2B expressing mESCs with retinoic acid treatment

(STAR Methods). Importantly, we used low light illumination

levels throughout the experiments (STAR Methods) and avoided

a pre-photobleaching step typically used in SMT (Chen et al.,

2014) to not compromise cell viability. Further, by labeling DNA

with Hoechst and taking a snapshot of the nuclei before and after

SMT, we ensured that the nuclei were stable during the imaging

process.

First, using slow SMT, we determined the residence times of

H2B in mESCs, mESCs-H1tKO, and mNPCs (STAR Methods).

As a control, we also measured residence times in fixed cells
6 Cell Reports 34, 108614, January 12, 2021
and used it as a normalization for the residence times measured

in living cells. The positions of tracked molecules were distrib-

uted randomly within the nuclei, and hence, there was no spatial

bias in the sampling of H2B molecules (Figure S4C). Further, the

signal to noise ratio of the localized H2B-Halo molecules (Fig-

ure S4D) and the photobleaching kinetics (Figure S4E) were

comparable among the different cell types and in fixed cells.

H2B residence time in living cells was lower in all three cell types

compared to fixed cells, suggesting that H2B is dynamic and

likely turns over in vivo (Figure 3a). H2B residence time was

shortest in mESCs-H1tKO and progressively increased in wild-

type mESCs and mNPCs, suggesting that H2B is more stable

in differentiated cells (Figure 3A). The H1 to H2B ratio is higher

in mNPCs compared to mESCs (Woodcock et al., 2006); as a

result, H1 may play a role in stabilizing H2B and increasing its

residence time within chromatin. Knocking out three isoforms

of the linker histone had a significant effect on H2B residence

time (Figure 3A), suggesting that the amount of H1 is an impor-

tant factor for stabilizing and increasing H2B’s residence time

within chromatin.

H2B Exhibits More Confined Mobility within Chromatin
upon Differentiation
To characterize H2Bmobility at faster timescales, we carried out

fast SMT (STAR Methods) and detected three different motion

types in the H2B trajectories (Figures 3B and S4F): (1) confined

motion, likely corresponding to H2B stably incorporated into nu-

cleosomes; (2) Brownian diffusion, likely corresponding to free

H2B not incorporated into nucleosomes; and (3) switching

behavior between confined motion and Brownian diffusion (but-

terfly motion), likely corresponding to transient destabilization of

the nucleosomes (Izeddin et al., 2014; Monnier et al., 2015; Shen

et al., 2017). Themajority of H2B belonged to the first category in

all three cell types (Figure 3B), further supporting the notion that

H2B is mainly chromatin bound. As a control, we also tracked

transcription factors, including OCT4 and CCCTC-binding factor

(CTCF) and, as expected, we find them to be more dynamic

compared to H2B (Figures S5A–S5C). To determine the extent

of local H2B mobility, we analyzed the radius of confinement of

H2B from the sub-population of H2B molecules that exhibited

confined motion. This analysis showed a radius of confinement

of 50 nm in fixed cells, which corresponds to the localization pre-

cision of our measurements (Figure 3C). In living cells, the radius

of confinement was larger compared to fixed cells for all cell

types (Figure 3C), underscoring the dynamic nature of H2B dur-

ing its residence time within chromatin. The radius of confine-

ment was largest in mESCs-H1tKO (157 ± 6 nm), lacking linker

histone, and progressively decreased in mESCs (115 ± 3 nm)

and mNPCs (82 ± 1.5 nm) (Figure 3C). We observed large differ-

ences in the radius of confinement between mESCs-H1tKO and

wild-typemESCs (Figure 3C), suggesting that the local dynamics

of chromatin bound H2B is mostly constrained by the presence

of linker histone H1.

To further confirm that these dynamics correspond to local

motion of H2B within the chromatin fiber, rather than the motion

of large chromatin domains, we tracked telomeres and centro-

meres using SMT (Figure 4). Telomeres are at the ends of chro-

mosomes and can likely move more freely than other chromatin



Figure 3. H2B Has a Shorter Residence

Time and Moves More Dynamically within

Chromatin in mESCs Compared to mNPCs

(A) Normalized residence times measured using

slow SPT (500-ms exposure time) in fixed cells

(cyan), mNPCs (orange), mESCs (yellow), and

mESC-H1tKO (mESCs in which three isoforms of

H1 has been knocked out) (purple). Values were

obtained from the double exponential decay

function fitting of the survival fraction distribution

of the trajectories over time and normalized to the

value obtained in fixed cells. The bar corresponds

to the mean and the error bars correspond to the

95% confidence interval values that are obtained

from fitting the data to the model. n = 245, 3,200,

2,593, and 887 trajectories were used for the

analysis for fixed cells, mNPCs, mESCs, and

mESC-H1tKO, respectively.

(B) Proportion of trajectories showing confined,

Brownian/directed or a mixture of confined and

Brownian/directed (butterfly) motion. n = 4,021,

5,295, and 2,436 trajectories for mNPCs, mESCs,

and mESC-H1tKO were used, respectively.

(C) Mean square displacement (MSD) versus time

plot for the different cell types. The ensemble

MSD average of all the displacements for each

time lag and the standard deviation are dis-

played. A circle confined diffusion model was

used to fit the time-ensemble MSD (TE-MSD)

(dashed lines), and the average diffusion coeffi-

cient and radius of confinement were obtained

for each cell type. For fixed cells, all the tracks

were used without filtering (n = 284 trajectories).

For the rest, only the confined trajectories were

used (n = 543, 860, and 370 trajectories for

mNPCs, mESCs, and mESC-H1tKO, respec-

tively).
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domains embedded within chromosomes. In mouse, their length

varies between 50 and 150 kbp (Starling et al., 1990) (or 100–750

nucleosomes) and their volume correlates with their length (Ban-

daria et al., 2016; Neguembor et al., 2018). Thesemeasurements

showed that at these short timescales (i.e., tens of milliseconds),

telomere and centromere mobility was much smaller than H2B

and comparable to the mobility measured in fixed cells (Figures

4B and 4C). While the mobility of telomeric H2B (i.e., H2B over-

lapping with telomeres) was slightly lower than non-telomeric

H2B, even telomeric H2B mobility was substantially higher

than the mobility of large telomeric regions (Figure S5D). At

longer timescales (i.e., tens of seconds), telomeres and centro-

meres showed dynamic behavior, exploring areas ranging from

0.53 0.5 mm2 to 1.53 1.5 mm2, consistent with previous studies

(Neguembor et al., 2018; Verdaasdonk et al., 2013). Hence, large

chromatin domains are relatively immobile at short timescales

compared to H2B and the latter likely corresponds to themobility

of individual nucleosomes themselves or small groups of nucle-

osomes within the chromatin fiber, showing that nucleosomes

can move within chromatin domains in a manner independent

of the domain itself. We note that our use of fast exposure times

(10 ms) and bright, photostable fluorophores drastically

improved the sensitivity of our H2B mobility measurement,

enabling us to detect such fine nucleosome movements.
Dynamics of Both Heterochromatic and Euchromatic
H2B Are Affected by the Process of Differentiation
Overlaying the H2B motion trajectories on Hoechst images of

DNA allowed us to further explore the differences in the local

H2B dynamics between heterochromatic and euchromatic re-

gions of the different cell types (Figure 5A). We subcategorized

the H2B trajectories based on their overlap with high- or low-in-

tensity regions in the Hoechst images, corresponding to more

heterochromatic or more euchromatic regions, respectively

(Figure 5A). This analysis showed that H2B in heterochromatic

regions was more confined than that in euchromatic regions in

all three cell types (Figure 5B). The more confined mobility of

heterochromatic H2B was further confirmed by tracking H2B

that overlapped with telomeres. H2B tracks overlapping with

telomeres showed on average more confined mobility than

trajectories that did not overlap with telomeres (Figure S5D).

Interestingly, there were significant differences between the

radius of confinement of both heterochromatic and euchro-

matic H2B among the three cell types; euchromatic H2B in

mESCs-H1tKO was the least confined, and the heterochromat-

ic H2B in mNPCs were the most confined (Figure 5B). Hence,

our results demonstrate that the mobility of both the hetero-

chromatic and euchromatic H2B is affected by differentiation

(Figure 5B).
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Figure 4. Telomere Motion Takes Place at Much Slower Timescales Compared to H2B Motion

(A) Upper panel shows telomere trajectories (red) overlapped on amaximal projection image of telomeres. The tracks were cropped so that their track length is in

the same scale as for H2B trajectories for visualization purposes. Lower panel shows the corresponding H2B trajectories from the two-color SMT experiment.

White arrows indicate example trajectories where telomeres and nucleosomes overlap. A maximum spatial threshold of 250 nm between the telomere trajectory

and the H2B trajectory position was imposed in order to assign a nucleosome trajectory to a telomeric region.

(B) TE-MSD curves comparing H2B in live cells to telomeres, centromeres and H2B in fixed cells. The mean and the standard deviation of the MSD of all the

trajectories for each time lag is plotted. Telomere and centromere MSD curves overlap with MSD curve of H2B in fixed cells, whereas H2B in live cells is more

dynamic. n = 284, 9,135, 10,660, and 11,752 trajectories were used for fixed cells, telomeres, centromeres, and H2B, respectively.

(C) Histogram of frame-to-frame jump distribution for telomeres (orange), centromeres (green), and H2B in live cells (cyan). n = 11,752, 9,135, and 10,660 tra-

jectories were analyzed for H2B, telomeres, and centromeres, respectively.
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DISCUSSION

Recent high-resolution imaging experiments, including super-

resolution fluorescence microscopy and electron tomography,

have revealed a complex picture of chromatin structure in which

chromatin is composed of 10-nm fibers that form nucleosome

clusters (or clutches) of different levels of nucleosome density

(Fussner et al., 2012; Otterstrom et al., 2019; Ricci et al., 2015).

The level of chromatin fiber compaction as well as the nucleo-

some kinetics likely influence the activation or repression of

key lineage and pluripotency genes during development. For

this reason, it is paramount to study these chromatin fiber fea-

tures in somatic and stem cells. Here, we show that chromatin

structure and kinetics can be directly measured and interpreted

using complementary techniques, including mesoscale

modeling, super-resolution imaging, and SMT. Specifically, us-

ing mesoscale, coarse-grained modeling of large nucleosome

assemblies incorporating realistic nucleosome positions based
8 Cell Reports 34, 108614, January 12, 2021
onMNase-seq data with experimentally measured linker histone

and acetylation densities, we showed that the nucleosome

clutch differences of a model pluripotency gene (Pou5f1) corre-

late with the global state of clutch conformation seen in mESCs

and mNPCs by super-resolution experiments. Furthermore, the

enhanced chromatin compaction during differentiation is directly

related to changes in nucleosome positioning, amount of linker

histones, and acetylation patterns. In a separate study (Por-

tillo-Ledesma et al., 2020b), we varied these physical parame-

ters independently in the fiber composition within the mesoscale

model to generate experimentally testable hypotheses about the

most important mechanisms responsible for nucleosome clutch

formation and reorganization in differentiation. Overall, we find

that nucleosome positions profoundly affect clutch patterns. In

particular, the placement and length of NFRs along with linker

lengths dictate clutch size and separations. Specifically, higher

linker histone densities generally produce larger/compact

clutches by a chromatin compaction mechanism, while higher



Figure 5. Mobility of Both Euchromatic and

Heterochromatic H2B Changes upon Cell

Differentiation

(A) Image of a mESC labeled with Hoechst 33342

showing the cell nucleus (yellow region of interest

[ROI]). Euchromatin (low-intensity) and hetero-

chromatin (high-intensity [black ROIs]) regions and

the corresponding H2B trajectories within each

region (red) are shown.

(B) Bar plot showing the radius of confinement

estimation from a circle confined diffusion model

for H2B moving within euchromatic (red) and het-

erochromatic (black) regions in the different cell

types. Mean and 95% confidence intervals are

plotted. Only confined trajectories were used (n =

543, 860, and 370 trajectories for mNPCs, mESCs,

and mESC-H1tKO, respectively).
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acetylation levels produce smaller/loose clutches by a structure-

dependent mechanism of chromatin unfolding. Chromatin fibers

corresponding to genes are heterogeneous in terms of these pa-

rameters, containing variable linker lengths, NFRs, various acet-

ylation islands, and linker histone (LH) binding regions and hence

comprise a complex combination of these global and local

folding patterns observed in synthetic fibers (Portillo-Ledesma

and Schlick, 2020a).

In the current study, we observed that the model further re-

vealed that the changes to clutch size upon differentiation are

likely due to increased hairpin and hierarchical looping. These hi-

erarchical looping motifs were previously proposed based on

comparison of modeled fibers with internucleosome contact

probability profiles obtained by electron microscopy imaging of

cross-linked metaphase chromosomes (Grigoryev et al., 2016).

While experimental data on local chromatin folding in cells at

nucleosome resolution are very limited, recent micro-C contact

maps of mammalian cells are compatible with the presence of

extended two-start zigzag fibers (Hsieh et al., 2020; Krietenstein

et al., 2020), consistent with the proposed hierarchical looping

model. Moreover, in micro-C contact maps, small clutches of

�3–10 nucleosomes were observed to be organized in the

zigzag helical orientation and formed stacks of short tri- or

tetra-nucleosome zigzag motifs (Krietenstein et al., 2020). These

results are in full agreement with our previous super-resolution

data (Ricci et al., 2015) and current modeling results on clutch or-

ganization showing an average of 6–18 nucleosomes per clutch

in mammalian cells with nucleosomes inside clutches organized

in a zigzag configuration. The increased hierarchical looping in

NPCs ultimately might contribute to the silencing of Pou5f1

gene. We found that the expression level of Pou5f1 decreased

by 7-fold upon differentiation of mESCs into mNPCs, whereas

the clutch size and compaction in the mesoscale model

increased by 3-fold and 2-fold, respectively. In the future, it

would be interesting to determine if the fold-change in expres-

sion quantitatively relates to the changes in clutch configuration

of multiple genes, which would suggest that clutches exclude

transcriptional machinery in direct relation to their size and

compaction.

While an ideal model would contain the specific location for

nucleosome positions, linker histones, histone acetylation, other

epigenetic modifications, and even binding of proteins, it is diffi-
cult to obtain all these parameters from one or multiple set of ex-

periments carried out in the same experimental conditions. Us-

ing average values for these parameters has in the past proven

valid and valuable on the GATA-4 (Bascom et al., 2016) and

HOXC (Bascom et al., 2019) genes and on epigenetically marked

chromatin (Rao et al., 2017). Averaging is also a feature of many

methods used to study chromatin architecture, including chro-

mosome conformation capture methods, which provide invalu-

able insight into the 3D genome folding despite averaging over

millions of cells. Our model was able to further reproduce exper-

imental data of single cells obtained using super-resolution mi-

croscopy and hence can integrate and reconcile single cell and

bulk data of chromatin structure. In the future, refining the model

by including parameters relative to additional epigenetic marks

and protein binding data obtained using chromatin immunopre-

cipitation sequencing (ChIP-seq) analysis in different cell types

should provide more precise configuration of clutch patterns of

various genes in different cell types.

While our mesoscale nucleosome-resolution model is DNA

sequence independent, it offers a valuable approach to study

chromatin fibers extending to small gene sizes as a function of

key parameters like linker lengths, H1 binding levels, and histone

acetylation marks. Previous in vitro experimental work has

shown sequence dependence of nucleosome occupancy

(Chung and Vingron, 2009; Struhl and Segal, 2013), although

most recent studies showed that DNA independent factors are

more important and account for a role of the transcriptional state

of the region as key determinant of nucleosome occupancy

(Chereji et al., 2018). Importantly, in our study, we model the

same chromatin region of the Pou5f1 locus in ESCs and NPCs,

which excludes that sequence dependence affects clutch as-

sembly and nucleosome positioning at least in this specific

locus.

SMT has been a powerful tool for studying the nuclear target

search and binding mechanisms of dynamic proteins like tran-

scription factors (Chen et al., 2014; Hansen et al., 2020; Izeddin

et al., 2014; Liu et al., 2014; Normanno et al., 2015; Prabhat et al.,

2004). Only few other studies applied SMT to measure histone

dynamics within the nucleus (Lerner et al., 2020; Nagashima

et al., 2019; Nozaki et al., 2017). In one case, the use of dim fluo-

rescent proteins that are prone to photobleaching mostly limited

the analysis to large chromatin domains (100–200 nm) rather
Cell Reports 34, 108614, January 12, 2021 9
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than individual histones (Nozaki et al., 2017). In a second study,

Halo tagging was used to study how histone dynamics are

impacted in transcriptionally perturbed retinal pigmented epithe-

lial (RPE) cells, but the mechanisms that constrain histone

mobility under basal conditions and how these dynamics change

in different cell types were not explored (Nagashima et al., 2019).

More recently, using fast-SMT of Halo-tagged H2B, it was

shown that histones have a complex mobility landscape within

the nucleus of hepatic cells and that different transcription fac-

tors interact with distinct chromatin mobility ranges (Lerner

et al., 2020). Overall, it is emerging that histone and chromatin

mobility is functionally significant, underscoring the importance

of further studies to dissect this mobility and underlying mecha-

nisms that restrain histone dynamics in different cell types, as we

did here. Using slow and fast SMT in several cell types, we show

quantitatively at the single-histone level that there are changes in

H2B residence times and local H2B motion in mESCs, mESCs-

H1tKO, and mNPCs consistent with the measured structural

changes. H2Bmobility was more constrained within heterochro-

matic regions composed of large, compacted nucleosome

clutches compared to euchromatic regions. The residence

time and local mobility of both hetero- and euchromatic H2B

also depended on cell type as H2B in differentiated cells contain-

ing larger andmore compacted nucleosome clutches weremore

stable than H2B in mESCs. Importantly, the measured dynamics

likely correspond to movement of individual H2Bs within their

local chromatin fiber, as larger genomic regions like telomeres

and centromeres were immobile at these timescales. The

measured H2Bdynamicsmay correspond to nucleosome sliding

as well as other types of nucleosome destabilization within chro-

matin. Interestingly, the local, confined motion of H2B and its

residence time within the chromatin fiber was significantly

affected by knockout of the linker histone H1. The mESCs-

H1tKO also had the smallest nucleosome clutches, as measured

using super-resolution microscopy (Ricci et al., 2015). Hence,

presence of a large number of tightly compacted nucleosomes

within clutches, which are likely stabilized by the linker histone,

can potentially constrain H2Bmotion and stabilize nucleosomes.

Previous FRAP studies found no difference in H1 dynamics, a

relatively mobile protein, between WT and H1-knockout cells

(Melcer et al., 2012), highlighting the importance of using a sen-

sitive method such as SMT to elucidate the differences in the dy-

namics of a less mobile protein like H2B and the impact of linker

histones on chromatin protein dynamics. It will be interesting to

further probe the molecular mechanisms responsible for nucleo-

some stability and local motion using SMT and knockout

models. Measuring the impact of these dynamics on transcrip-

tion factor binding to chromatin and gene activation will further

help unravel the relation between genome organization and

function. Finally, our mesoscale model sets up a framework to

apply Brownian dynamics to study dynamic processes and

folding pathways, which in the future will provide valuable com-

parison to experimental SMT data.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture conditions and generation of cell lines
All mouse embryonic stem cells (mESC) were grown in a humidified incubator at 37�C - 5% CO2 and were cultured on gelatin

(#ES-006-B, Merck) coated plates, with serum Lif medium [DMEM, 15% FBS, 1% penicillin/streptomycin (#15140122, Thermo

Fisher), 1% GlutaMax (#35050061, Thermo Fisher), 1% sodium pyruvate (#11360070, Thermo Fisher), 1% MEM non-essential

amino acid (#11140050, Thermo Fisher), 0.2% 2-Mercaptoethanol (#31350010, Thermo Fisher), and 1000 U/ml LIF ESGRO

(#ESG1107, Merck)].

Neural progenitor cells (NPCs) were generated by plating 44000 cells/cm2 in gelatin coated Lab-Tek I (#155411, Nunc) cham-

bers 24 hours prior to the start of differentiation. Cells were differentiated for 3 days in culture with Retinoic Acid containing me-

dium (50% Neurobasal (#21103-049, Thermo Fisher), 50% DMEM/F12 (#21331020, Thermo Fisher), 1 3 penicillin/streptomycin,

1 3 GlutaMax, 2% B27 (#17504044, Thermo Fisher), 1% N2 (#17502048, Thermo Fisher), and 1 mM Retinoic Acid (#R2625, Sigma-

Aldrich). Medium was changed every day. mESC H1tKO were a kind gift from Dr. Arthur Skoultchi (Fan et al., 2005). mESC

CTCF_Halotag (A7 clone) were a kind gift from Dr. Rafael Casellas (NIH, Bethesda). mESC Halotag-Oct4 were generated by

our collaborator Prof. Eran Meshorer (HUJI, Israel) by inserting Halotag sequence at the 50 of endogenous Pou5f1 gene with

CRISPR-Cas9, a single guide RNA (AAGGTGGGCACCCCGAGCCGGGG) and a donor vector carrying Halotag sequence flanked

by Pou5f1 50 and 30 homology arms. mESC H2B-GFP were previously generated by lentiviral infection of mESC (Sottile et al.,

2016).

Lentiviral vector HIV-H2B::mRFP was purchased from Addgene (# 18982). The PCR product derived from pH2B-eGFP (Addgene

#11680) containing part of the H2B tagged with the eGFP was digested with EcoRI/ClaI and subcloned into the lentiviral vector HIV-

H2B::mRFP

mESCH2B-Halotag were generated by lentiviral infection of mESC (GS1 129Sv) andmESCH1tKO (Fan et al., 2005) with a lentiviral

plasmid encoding for H2B_Halotag under EF1a promoter (p1494_EF1a_H2B_Halotag) following The RNAi Consortium (TRC) low

throughput viral production protocol (https://portals.broadinstitute.org/gpp/public/resources/protocols). Transduced cells were

selected for hygromycin resistance (#10687010, Thermo Fisher). Cells expressed H2B-Halotag at levels comparable or lower than

endogenous H2B.

mESC H2B_Halotag + Cenpa_GFP or + Trf1_GFP were generated by lentiviral infection of mESC H2B_Halotag cells with pLEN-

TI_Cenpa_GFP or pLENTI_Trf1_GFP as described above. Transduced cells were selected by cell sorting of GFP positive cells (FACS

Aria) 96 h post transduction. Lentiviral vector expressing C-terminally Halo-tagged H2B was generated by Gibson cloning by pream-

plifying Halotag from pFN205K HaloTag EF1a-neo Flexi (Promega) and H2B from pSNAP-H2B (#N9179S, New England Biolabs) and

cloning them into p1494 plasmid with Hygromycin resistance and EF1a promoter.

Lentiviral vectors expressing C-terminally eGFP-tagged Cenpa and Trf1 under EF1a promoter were generated by Genscript

custom gene service by subcloning Cenpa ORF (#OMu00596C, NM_007681.3) and Trf1 ORF (#OMu19848C, NM_009352.3) into

pLENTI-dCas9-VP64_GFP backbone (Konermann et al., 2015).

METHOD DETAILS

Cell Labeling for Single Molecule Tracking Imaging
For SMT experiments in mESC, cells were plated at a 31000 cells/cm2 density in Lab-TekI chambers 24 hours before imaging. For

SMT experiments in NPCs, cells were differentiated as described above and imaged after 3 days of differentiation. Cells were labeled

with 2 pM and 5 pM of JF549-Halotag ligand (kind gift from Dr. Luke Lavis) diluted in grow or differentiating medium. Cells were incu-

bated in presence of the dye for 30 min in the incubator and subsequently washed once in Phenol red free medium with Hoechst

(1:1000 dilution) for 15 min in the incubator. Cells were finally washed once with Phenol red free medium for 5 min in the incubator.

For SMT imaging of living cells, cells were kept in Phenol Red free growor differentiationmedium. For SMT imaging of fixed cells, right

after labeling, samples were fixed for 10min at RT in PFA 4% (#43368, Alfa Aesar), diluted in PBS, andwashed 3 times in PBS. JF549-

Halo ligand diluted in phenol red free resting medium for 30 min in the incubator. Cells were washed once for 15 min in the incubator

with freshmedium and then once for 5min. JF labeled ligandswere kindly provided byDr. Luke Lavis (Janelia Research Campus). For

FRAP experiments, mESC H2B-Halo cells were incubated for 30 minutes with JF549-Halo fluorophore and washed twice in Phenol

red free medium.

Imaging
Imaging was performed in an N-STORM 4.0 microscope (Nikon Instruments) equipped with an Okolab cage incubator system set at

37�C, 5% CO2 and controlled humidity. Images were taken with a 100X 1.49 oil objective and an EMCCD camera Andor iXon Ultra

897 (Oxford Instruments). This combination provides an effective pixel size of 160 nm. We used HILO illumination (Tokunaga et al.,

2008) and a quad-band beam splitter ZT405/488/561/640rpc (Chroma Technology Corporation). The Perfect Focus System (PFS)

equipped on the NSTORM microscope was used during the acquisition.

Two imaging conditions were set to measure separately fast and slow dynamics. The fast dynamics experiments were performed

with 15 ms of camera exposure time, a 561 nm laser power of �200 W/cm2 and 10 pM concentration of JF-549-Halo fluorophore in
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the labeling step. For the slow dynamics we used 500 ms of camera exposure time, a 561 nm laser power of �25 W/cm2 and 4 pM

concentration of JF-549-Halo fluorophore. For the fast SMT at 15 ms, we acquired 3000 frames (45 s), and for slow SMT videos at

500 ms of exposure time, 600 frames (5 minutes).

Apart from the JF, Hoechst 33342 was used for staining chromatin. This allows to identify regions of more condensed chromatin

and to precisely segment each cell nucleus subROI. In both cases, we imaged four frames of Hoechst 33342 at the end of each SMT

video, using the 405 nm laser at a very low power (�5W/cm2) with 2 s of camera exposure time. In order to classify the trajectories as

euchromatic or heterochromatic, the sub regions were defined bymanually drawing subROIs based on Hoechst 33342 fluorescence

intensity, which correlates with chromatin compaction. In addition, a brightfield image of each FOV was taken before and after the

imaging procedure to control for apparent cell displacement or cell dead during the experiment. Cells were imaged on their corre-

sponding phenol red free resting medium.

2-Color Imaging
A Dual-view system based on a dichroic mirror was used for the 2-Color SMT experiments. The camera was splitted in two FOVs of

256x256 pixels (40x40 mm) each.

A calibration with fluorescent TetraSpeckMicrospheres (Thermo Fisher Scientific) was performed before and after the experiments

to align both channels with a precision below 10 nm. A second order 2D polynomial transform function was calculated from the beads

localizations of both channels (Otterstrom et al., 2019). Then the alignment of the trajectories on both channels was perform by using

a linear affine transformation.

The H2B trajectories were divided in two groups based on their overlapping with Telomere trajectories. To do so, a maximum

spatial distance of 250 nm between the positions of both trajectories (Telomeres and H2B) was set to identify telomeric H2B.

Note that both trajectories should overlap also in time, meaning that they are present on the same frame.

Tracking
TrackMate (Tinevez et al., 2017) was used for localization and tracking of the single molecules. For the localization step, we used the

LoG detector with sub-pixel localization enabled and for the tracking step, the Simple LAP tracker with a maximum frame gap of 2

frames.

The images were segmented by manually selecting the nuclear areas from Hoechst 33342 signal, corresponding to each cell nu-

cleus. We performed this tracking procedure on each individual nucleus separately.

Different input parameters were used for each imaging condition. The intensity threshold for the localizations was defined to mini-

mize false localizations: 150 for the 500ms data, and 70 for the 15ms data. In both cases the Linkingmax distance was set to 400 nm

and the gap-closing max distance to 200 nm. The estimated blob diameter of the diffraction-limited spot was set to 800 nm (5 pixels).

The lists of trajectories were saved as an xml file for their analysis.

Trajectory Analysis
The trajectories were analyzed using a custom written MATLAB code that makes use of some functions from @msdanalyzer (Taran-

tino et al., 2014). First, it filters the trajectories based on their track length. For the analysis of the trajectories from 15 ms exposure

time, only those tracks longer than 4 frames were analyzed. For the 500ms data, all the trajectories were analyzed, and 1 frame lo-

calizations were considered to be binding events lasting 500 ms. Then, it classifies the trajectories in different motion types. After

having the subgroups, the code computes quantitative analysis on the trajectories for extracting multiple measures. And finally, it

compares the results from the different cell conditions.

The MSD curves where obtained as a time average from the trajectories (T-MSD), assuming that the displacements at different

times are equivalent fulfilling the ergodic principle (Manzo et al., 2015):

TMSD =
1

N�m
$
XN�m

i = 1

�
xj
�
ti +m$tlag

�� xjðtiÞ
�2

The time ensemble average of the MSD (TE-MSD) is the average of the T-MSD computed on all the trajectories for a particular

condition:

TEMSD =
1

T

1

N�m
$
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j = 1

XN�m

i = 1

�
xj
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ti +m$tlag

�� xjðtiÞ
�2

Where tlag is the exposure time of the experiment, in our case 15ms.

TEMSD was plotted as a discrete bar plot showing the average and standard deviation for each time lag point (Figure 3C).

Trajectory Classification
The trajectories were classified into two different subgroups based on their motion type: Confined and Brownian/Directed. This was

done by fitting a power law function to each individual TMSD curve (Manzo and Garcia-Parajo, 2015):
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TMSD = 4$D$talag

where D is the diffusion coefficient and tlag is the time lag between the different time points of the track. a is called the anomalous

coefficient. Trajectories with a < 1 were considered as Confined and with a R 1 as Brownian/Directed.

In addition, a third group of trajectories performing both confined motion and free diffusion where identified and separated. First,

we iterate through all the trajectories searching for frame-to-frame jumps that are bigger than the mean frame-to-frame jump of the

track plus a spatial threshold multiplied by the standard deviation of the frame to frame jump of the track. We used 1.5 for that spatial

threshold. In addition, the total distance traveled by butterfly trajectories must be bigger than a distance threshold multiplied by the

mean frame to frame jump of the track. We used 8 for that distance threshold. Once identified, the butterfly trajectories were

segmented into their multiple Confined and Brownian/Directed parts based on their geometrical properties. A Brownian/Directed

segment must fulfill the condition that a minimum percentage of its points lie outside the polygon (convex hull) formed by the points

of previous and posterior segments of the trajectory. We used a minimum percentage of outside points of 30%. Also, we imposed a

minimum linearity to the Directed/Brownian segments. Linearity was calculated by dividing the distance between the first and last

point of a certain segment by the sum of displacements of all the individual jumps of that segment. We iterate using segments of

3 points and used a linearity ratio threshold of 0.8.

Diffusion Coefficients
For an accurate calculation of the diffusion coefficient of the confined trajectories, only the first 3 points of each T-MSD curve cor-

responding to each trajectory were fitted with linear distribution (Michalet, 2010; Michalet and Berglund, 2012):

TMSD = 4$D$tlag + offset

A threshold on the coefficient of determination R2 R 0.8 was set to filter out the bad fits. Since the distribution of the diffusion co-

efficients (D) follows a log-normal distribution (Nandi et al., 2012), the Log10(D) was used for a proper visualization of the different

subpopulations of trajectories. Consequently, a Gaussian Bi-modal distribution was fit of that Log10(D) distribution.

Circle Confined Diffusion Model
The radius of confinement of the whole population of trajectories was estimated by fitting a confined circle diffusionmodel to the time

ensemble of the confined trajectories (Wieser and Sch€utz, 2008):

TEMSD = R2$

�
1� e

�4$Dmicro$tlag

R2

�
+O

where R is the radius of confinement and Dmicro the diffusion coefficient at short timescales. O is an offset value that comes from the

localization precision limit of SMLM techniques. In this case, we have estimated a localization precision of around 40 nm from the

experimental data. We used a nonlinear fitting with least-squares.

Residence Times
The residence times of H2B bound to chromatin were extracted from the 500 ms data, which measures chromatin dynamics on a

higher timescale. In this case, all the trajectories were analyzed, considering that a one-frame localization is a binding event which

has a residence time of 500 ms. The dissociation kinetics were estimated from the track length of each individual trajectory. First the

track duration distribution is transformed into the survival fraction of molecules defined by 1 – Cumulative Distribution Function of the

track lengths (1-CDF). Then, we fit a two-component exponential decay function to the survival fraction (Ball et al., 2016; Chen et al.,

2014; Mazza et al., 2012):

FðtÞ = f$ e�k1$t + ð1� fÞ$e�k2$t

Where f is the fraction belonging to each population, k1 the short-live component associatedwith unspecific chromatin binding and k2
the long-live component associated with specific chromatin binding.

In addition, a photobleaching correction was performed by fitting a double exponential to the evolution of the number of localiza-

tions over time during the experiment (Chen et al., 2014).

NðtÞ = fb$ e
�kb1$t + ð1� fbÞ$e�kb2$t

Then, the corrected residence times are obtained from the following relation:

kmeasured = kcorrected + kbleaching

where kmeasured is the dissociation rate constant estimated directly from the experimental data, kbleaching (i.e., kb2 in the double expo-

nential) is the photobleaching kinetics constant, and kcorrected is the dissociation rate constant after correction. Note that k is in s-1

units and the residence times are inversely proportional.

Fora furthercontrol,fixedcellswere imagedunder thesameexperimental conditions,obtainingsimilar values for thedifferentcell types,

whichwere larger than thoseof livecells, assuring thatmeasured residence timesare relatedwithprotein instabilitydue to live cell activity.
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Mesoscale Modeling of mESC and mNPC Chromatin Fibers
To simulate fibers representative of chromatin in mouse embryonic stem cells (mESCs) and neuronal progenitor cells (mNPCs), we

analyzed publicly available data to determine nucleosome positions, linker histone (LH) density, and histone-core tail acetylation

levels.We consider the Pou5f1 gene, known for being upregulated in non-differentiated cells. We simulated the region of Chr17 span-

ning 35626358 bp to 35657661 bp (mm9 reference). It corresponds to a chromatin fiber length of �31 kbp and contains 121 nucle-

osomes in mESC and 151 nucleosomes in mNPC.

Nucleosome positions were obtained from the database NucMap (Zhao et al., 2019), that includes the analysis of 798 experimental

MNase-Seq data from 477 samples across 15 species. We used the nucleosome positions obtained with the DANPOS algorithm

(Chen et al., 2013) on the MNase-Seq data of mESC and mNPC reported by Mieczkowski et al. (2016). In particular, NucMap

uses the DANPOS version 2.1.4 with default parameters; P value cutoff for defining a peak is set to 1e-10, minimal tail-to-head dis-

tance between neighboring peaks to 40 bp, and minimal width of each peak to 40 bp (https://sites.google.com/site/danposdoc/

home/dpeak/parameters). The list of linker lengths and nucleosome free regions (NFRs) for each system can be found in the Sup-

plementary Information excel file (Table S1). LH density was set to 0.5 LH per nucleosome for the mESC fibers, and to 0.8 LH per

nucleosome for the mNPC fibers, as reported previously by Skoultchi and coworkers (Fan et al., 2003, 2005). The LHs were distrib-

uted uniformly to fulfill these densities. That means 1 LH every 2 nucleosomes, and 4 LHs every 5 nucleosomes for mESC andmNPC,

respectively. Based on immunofluorescence data (Figure S1C), the concentration of histone core tail acetylation of H3 and H4 was

set to 10% for the mNPC systems and 15% for the mESC systems to reproduce the 1.5 ratio of acetylation levels in mESC versus

mNPC. Since histone acetylation are distributed in clusters (Roh et al., 2007), we distributed the acetylated nucleosomes in both sys-

tems in two islands of similar size before and after the gene of interest. Specific positions of acetylation can be found in the Supple-

mentary file (Table S1) (also shown in Figure S1B for one of the islands).

The starting configuration of each fiber (Figure S1B) corresponds to the ideal zigzag conformation oriented with the fiber axis par-

allel to the z axis, as we have shown this conformation to be the lowest energy(Sun et al., 2005). We use our mesoscale chromatin

model (Figure S1A) to simulate 30 independent trajectories of 80 million Monte Carlo (MC) steps for the Pou5f1 system. To define

these trajectories, we used different initial random number seeds and a different DNA twist value of�12�, 0�, or +12� to mimic natural

variations in the B-DNA twist (Drew and Travers, 1985). The last 10million steps of each trajectory were used for analysis, with a sam-

pling frequency to yield 3000 configurations. Briefly, our model combines nucleosomes, histone core tails, linker DNA, and linker his-

tone by coarse-grained units at different levels of resolution to create oligonucleosome fibers. The model has evolved over 18 years

and validated against growing experimental data (Arya and Schlick, 2009; Arya et al., 2006; Bascom and Schlick, 2018; Portillo-Le-

desma and Schlick, 2020a). The nucleosome core with wrapped DNA and without tails is treated as an electrostatic charged object,

coarse grained from the crystal structure of the nucleosome core particle at 1.9 Å resolution (Davey et al., 2002); its surface is rep-

resented with 300 Debye-H€uckel pseudo-charges computed by our DISCO algorithm to approximate the electric field of the atom-

istic nucleosome obtained by the Poisson Boltzmann formulation (Zhang et al., 2003). Flexible histone core tails are coarse grained

with the Levitt-Warshel united-atom bead model (Levitt and Warshel, 1975) as 1 bead per 5 amino acids, and each bead charge is

calculated by the DISCO algorithm (Arya and Schlick, 2006). Folded histone tails, mimicking acetylated tails, are modeled with

increased stretching, bending, and torsional force constants by a factor of 100 (Collepardo-Guevara et al., 2015). Linker DNA con-

necting nucleosomes is modeled by a combined wormlike-chain and bead model with a resolution of �9 bp (Jian et al., 1997) and

salt-concentration dependent charges determined with the Stigter method (Stigter, 1977). Finally, linker histone H1E is coarse

grained similar to histone tails with the Levitt-Warshel united-atom bead model and with charges calculated with DISCO (Luque

et al., 2014). The globular head ismodeledwith 6 beads and theC-terminal domainwith 22 beads; theN-terminal domain is neglected

since it has minor role in chromatin organization.

Standard energy terms and various local and global MC sampling moves are used to improve the conformational sampling. The

total energy function contains stretching terms for linker DNA, histone tails, and linker histone that maintain equilibrium distances;

bending terms for linker DNA, histone tails, and linker histone; twisting terms for linker DNA; electrostatic Debye-H€uckel terms to

represent all charge-charge interactions within chromatin; and excluded volume terms for all beads, described with a Lennard-Jones

potential. TheMCmoves include local translation, local rotation, and global pivot rotations for linker DNA beads or nucleosomes, and

a regrowth for histone tails (Arya and Schlick, 2009). Acceptance of the first three moves is based on the regular Metropolis criteria

(Metropolis and Ulam, 1949) while acceptance of the tail regrowth move is made according to the Rosenbluth criteria (Rosenbluth

and Rosenbluth, 1955). Full details concerning the energy terms, parameter values, and sampling can be found in Arya and Schlick

(2009) and in Bascom and Schlick (2018).

Convergence of the systems is monitored by determining the evolution along the trajectory of global variables like the sedimen-

tation coefficient and the root mean squared deviation of the nucleosomeswith respect to the initial structure, and bymonitoring local

variables like the distance between the first and last nucleosome and evolution of angles formed by three adjacent (in sequence)

nucleosomes.

Chromatin Structure Analysis of Coarse-Grained Model
The sedimentation coefficient (Sw,20), in units of Svedbergs, is used to describe the compaction of the fiber. It is defined by the

expression:
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Sw;20 = ððS1 � S0Þ � LHconc + S0Þ �
 
1 +

�
R1
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X
j
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Rij

!
;

where S0 is the sedimentation coefficient for a mononucleosome with LH bound (12 S) (Butler and Thomas, 1998), S1 is the sedimen-

tation coefficient for a mononucleosome without LH (11.1 S) (Garcia-Ramirez et al., 1992), LHconc the concentration of LH in the fiber,

R1 the spherical radius of a nucleosome (5.5 nm), NC the number of nucleosomes in the fiber, and Rij the distance between two nu-

cleosomes i and j.

The radius of gyration, which describes the overall dimension of the polymer chain, is measured as the root mean squared distance

of each nucleosome from the center of mass according to the relation:

R2
g =

1

Nc

XN
j =1

ðrj � rmeanÞ2

where Nc is the number of nucleosomes, rj the center position of the nucleosome core j, and rmean the average of all core positions

(Peri�si�c et al., 2010).

Fiber volumes are calculated using the AlphaShape function of MATLAB, which creates a nonconvex bounding volume that en-

velops the nucleosomes. Surfaces are visually inspected to ensure that they represent correctly the fiber morphology. This is

because non cylindrical-like shapes may not well be estimated. In that case, the AlphaShape object can be manipulated to tighten

or loosen the fit around the points to create a nonconvex region.

Packing ratio is used to describe the compaction of the fiber and ismeasured as the number of nucleosomes contained in 11 nm of

fiber. It is determined according to the relation:

Packing ratio =
11$NC

fiber length

where NC is the number of nucleosomes and the fiber length is calculated using a cubic smoothing spline function native from

MATLAB.

Nucleosome clusters are quantified by determining the average number of nucleosomes per cluster and average number of

clusters using the Density-based clustering algorithm DBSCAN (Sander et al., 1998), as implemented in MATLAB. DBSCAN is de-

signed to discover clusters in noisy data by partitioning the observations (the n-by-n internucleosome distance matrix) into

clusters.

The algorithm identifies three kinds of points: core, border, and noise points, based on a threshold for a neighborhood search

radius (epsilon) and a minimum number of neighbors in the given neighborhood (minpts). Any point x in the dataset with a neighbor

count greater than or equal tominpts is selected as a core point. Alternatively, if the number of neighbors is less thanminpts, but the

point x belongs to an epsilon neighborhood of some core point z, the point is identified as a border point. Finally, if a point is neither a

core nor a border point, it is identified as a noise point and not assigned to any cluster.

The algorithm is implemented as follows:

1. From the input dataset, select the observation x1 and assign it to cluster 1.

2. Find the set of points within the epsilon neighborhood of the current point.

a. If the number of neighbors is less than minpts, label the current point as noise. Go to step

b. Otherwise, label the current point as a core point belonging to cluster 1.

3. Iterate over each neighbor (new current point), and repeat step 2 until no new neighbors that can be labeled as belonging to the

current cluster are found.

4. Select the next observation x2 as the current pint and increase the cluster count by 1.

5. Repeat steps 2-4 until all points in the input dataset are assigned.

If the distance between two border points belonging to different clusters is smaller than epsilon, DBSCANmerges the two clusters

into one. Theminpts and epsilon parameters were chosen based on the heuristic provided by the algorithm developers (Ester et al.,

1996).Minptswas selected as 3 nucleosomes as it is recommended to be at leastRD+1, whereD is the number of dimensions in the

dataset. However, this parameter does not significantly affect the overall results of the clustering (Ester et al., 1996). The radius,

epsilon, was selected as 20 nm based on the fiber dimensions.

Gene Expression Analysis
RNA from ESCs and NPCs cells was extracted with RNeasy Mini Kit (#74104, QIAGEN). Reverse transcription was carried out with

iScript cDNA Synthesis Kit (#1708890, BIO-RAD). qPCR was performed with the primers listed below and Lightcycler 480 SYBR

green I master mix (#4887352001, Roche), plates were run on a Lightcycler 480 (Roche) qPCR instrument.

qPCR Primer list:
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Forward Reverse

Gapdh TCAAGAAGGTGGTGAAGCAGG ACCAGGAAATGAGCTTGACAAA

Pou5f1 GTTGGAGAAGGTGGAACCAA CTCCTTCTGCAGGGCTTTC

Nanog AACCAAAGGATGAAGTGCAAG TCCAAGTTGGGTTGGTCCAAG

Sox1 CCTGTGGTTCTGCCTTTTGC TGAGCACAACCCATCCTCCT

Nestin TGGAAGTGGCTACATACAGGAC TCAGCTTGGGGTCAGGAAAG
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Protein Extraction and Western Blot
H2B-Halotag and H2B-GFP ESC cells were harvested by scraping and processed as previously described (Beringer et al., 2016).

Protein extracts were quantified with BCA Protein Assay Kit (#23227, Thermo Fisher Scientific). Protein extracts were loaded on

4%–15% precast protein gels (#4561084, Mini-PROTEAN TGX, Bio-Rad). Membranes were incubated with mouse anti-vinculin

1:1000 (#V9131, Sigma-Aldrich), rabbit anti-Halotag 1:500 (#G9281, Promega), rabbit anti-H2B 1:5000 (#ab1790, Abcam) and rabbit

anti-H3 1:5000 (#ab1791, Abcam) andwith secondary antibodies sheep anti-Mouse IgGHRP-linked 1:1000 (#NA931, GEHealthcare)

and Donkey anti-Rabbit IgG HRP-linked 1:2000 (#NA934, GE Healthcare). HRP-derived signal was detected with Pierce ECL West-

ern Blotting Substrate kit (#32106, Thermo Fisher Scientific) on an Amersham Imager 600 (# 29083461, GEHealthcare Life Sciences).

Contact Probability Matrices
Nucleosome contact matrices describe the fraction of MC steps that the core, histone tails, or linker DNA of a nucleosome i are in

contact (within 2 nm) with any of these elements of a nucleosome j. For a single fiber contact map, contacts are counted along the

corresponding trajectory and normalized by themaximum number of contacts across all frames to determine the probabilities, which

are then plotted in logarithmic scale. For the contact matrices of the 30-trajectory ensemble, all probabilities of each independent

trajectory are summed before plotting.

Contact probability matrices are used to characterize fiber internal folding motifs. Specific fold patterns can be identified by the

density features (Grigoryev et al., 2016). Local inter-nucleosome interactions (i ± 2, 3), corresponding to the canonical zigzag topol-

ogy, locate near the diagonal of the matrices; medium-range interactions (i ± 4, 5, 6) indicative of hairpin- and sharp kinks-type folds

are evidenced by regions perpendicular to the main diagonal; and long-range contacts (i ± 7, > 7), indicative of hierarchical looping,

are evidenced by regions parallel to the main diagonal.

Zigzag Geometry Inside the Clutches
For representative trajectories of mESC and mNPC, we studied the zigzag geometry inside the clutches. Specifically, we calculated

for consecutive nucleosomes (bonded) belonging to the same clutch the probability distribution of the dimer distance, distance be-

tween two consecutive nucleosomes (nucleosome i and nucleosome i+1); the triplet angle, angle formed by three consecutive nu-

cleosomes (nucleosome i, nucleosome i+1, and nucleosome i+2); and the dihedral angle, angle between two planes about nucleo-

somes i+1 and i+2 defined by four consecutive nucleosomes (nucleosome i, i+1, i+2, and i+3). As we are interested in the zigzag

geometry, consecutive nucleosomes belonging to the same clutch but connected by a nucleosome free region instead of a typical

linker DNA were not considered in the statistics.

SMLM Image Generation
We used SuReSim software for the generation of synthetic SMLM images (Venkataramani et al., 2016). We imported the final 3D

nucleosome positions of each fiber obtained from the mesoscale chromatin modeling to SuReSim and generated a list of x-y-z po-

sitions of fluorophore labeled nucleosomes taking into account fluorophore blinking and precision in determining each fluorophore’s

position. We input a discrete list with the 3D coordinates of the nucleosome centers obtained from the mesoscale computational

model. We generate the images using realistic parameters that resemble the experimental conditions (Ricci et al., 2015). We used

a localization precision of 10 nm, an epitope length of 10 nm with a random 3D angle distribution with standard deviation of 50�, a
labeling efficiency of 75%, a localization efficiency of 80%, and a ratio of 2 fluorophores per antibody. We simulated 10.000 frames

in order to obtain a number of localizations per cluster in the same range as in our experimental measurements.

We performed 1000 random 3D projections of the localizations using a custom-written MATLAB code. Then we projected those

images in 2D, taking into account that a maximum slice of 400 nm will be detected by the microscope.

Cluster Analysis
For cluster quantification, we used a previously described method (Ricci et al., 2015). The localization lists were binned to construct

discrete localization images with pixel size of 10 nm. These were convoluted with a 5x5 pixels kernel to obtain density maps and

transformed into binary images by applying a constant threshold, such that each pixel has a value of either 1 if the density surpasses

the threshold value and 0 if not. We used a threshold of 0.008 localizations/nm2. The x-y coordinates in the binary image were group-

ed into clusters using a distance-based algorithm. Cluster sizeswere calculated as the standard deviation of x-y coordinates from the
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centroid of the cluster. In addition, we used an estimated localization precision of 10 nm and aminimum number of molecules so that

a group is consider a clutch of 10 localizations.

The synthetic super resolution images of the fibers were rendered using a custom-written software (Insight3, provided by Bo

Huang, University of California).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed in GraphPad PRISM 5 and custom MATLAB codes. Statistical parameters including the sample

size (N), the mean and the standard deviation are reported in the corresponding figures and figure legends. When a measure is ob-

tained by fitting a model, the estimated value with the 95% confidence interval is reported.
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