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SUMMARY

Enzymatic probes of chromatin structure reveal accessible versus inaccessible chromatin states,
while super-resolution microscopy reveals a continuum of chromatin compaction states.
Characterizing histone H2B movements by Single Molecule Tracking (SMT), we resolved
chromatin domains ranging from low to high mobility and displaying different subnuclear
localizations patterns. Heterochromatin constituents correlated with the lowest mobility chromatin,
whereas transcription factors varied widely with regard to their respective mobility with low or
highly mobile chromatin. Pioneer transcription factors, which bind nucleosomes, can access the
low mobility chromatin domains, whereas weak or non-nucleosome binding factors are excluded
from the domains and enriched in higher mobility domains. Non-specific DNA and nucleosome
binding accounted for most of the low mobility of strong nucleosome interactor FOXAL. Our
analysis shows how the parameters of the mobility of chromatin-bound factors, but not their
diffusion behaviors or SMT-residence times within chromatin, distinguish functional
characteristics of different chromatin interacting proteins.
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Chromatin Mobility Populations
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In Brief

A two-parameter assessment of motion tracks of histone H2B in living cells unveils a chromatin
mobility landscape that explains differences in single molecule behavior and function of diverse
heterochromatin regulators and transcription factors.

INTRODUCTION

During cell fate changes, new genetic networks are established by the interaction of
transcription factors with DNA regulatory sites in silent chromatin, including at genes that
can be antithetical to the original cell fate. Thus, it is important to understand how
transcription factors scan silent chromatin, where DNA accessibility can be restricted by
nucleosomes, bound proteins, post-translational histone modifications, remodelers, and
physical compaction (Klemm et al., 2019). Rather than the opened or closed view of
chromatin accessibility conveyed by enzymatic probes, super-resolution (Boettiger et al.,
2016; Ricci et al., 2015) and electron microscopy (Ou et al., 2017) reveal a continuum of
chromatin states, from highly compact to much less so. In living cells, these variations in
nucleosome densities elicit different mechanical and electrostatic constraints over the
Brownian motions of chromatin fibers (Dion and Gasser, 2013). Several observations relate
degrees of chromatin movements to functional status, including reduced displacements at the
nuclear periphery (Chubb et al., 2002; Heun et al., 2001), where repressed and compact
chromatin can be found (van Steensel and Belmont, 2017), versus increased mobility at sites
of transcriptional activation (Chuang et al., 2006; Gu et al., 2018; Neumann et al., 2012). In
addition, Single-Molecule Tracking (SMT) has revealed a wide range of dynamics for
individual histone H2B molecules in the nucleus, with reduced displacements at the nuclear
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periphery (Nozaki et al., 2017). Nevertheless, the use of a single, normally-distributed
parameter is limited in defining discrete chromatin mobility states, which in theory could be
scaled to characterize the mobility of chromatin-bound interactors corresponding to their
distinct functional capabilities.

In vitro, transcription factors present a spectrum of capacities to interact with target DNA
motifs on nucleosomes (Fernandez Garcia et al., 2019; Iwafuchi-Doi and Zaret, 2016; Soufi
et al., 2015; Zhu et al., 2018). Accordingly, ChiP-seq (Furey, 2012) and Cut&Run (Meers et
al., 2019) show that the genomic occupancy by transcription factor is sensitive to the local
chromatin context (Soufi et al., 2015). Nevertheless, cell lysis and chemical treatments
inherent to Cut&Run (MNase digestion) and ChlP-seq (formaldehyde fixation) limit the
understanding of how different modes of chromatin occupancy relate to different modes of
chromatin scanning in living cells, where transcription factors undergo rounds of trial-and-
error through nonspecific associations before finding a specific target sequence (von Hippel
and Berg, 1989). The process of nonspecific chromatin scanning is integrated into recent
models of gene regulation (Cortini and Filion, 2018; Inukai et al., 2017).

In SMT, specific and nonspecific chromatin interactions of transcription factors have been
suggested to elicit long-lived and short-lived residence times in chromatin, respectively
(Voss and Hager, 2014). Nevertheless, where tested in SMT, transcription factors’ residence
times are only moderately affected by point mutations for DNA binding (Callegari et al.,
2019; Chen et al., 2014; Paakinaho et al., 2017), and thus how SMT-measured residence
time relates to a factor’s specific and nonspecific interactions with chromatin remains
unclear. In addition, the SMT-measured residence times of different types of mammalian
transcription factors interacting with low-accessibility chromatin are similar (Swinstead et
al., 2016), and hence provide little information about the type of chromatin bound by
transcription factors. SMT parameters that discriminate transcription factor interactions with
low accessibility chromatin thus remain to be found.

Here, we employ SMT with high temporal resolution to define a chromatin mobility
landscape by characterizing different aspects of the mobility of histone H2B: the radius of
confinement, estimating the area in which the molecule performs its confined motions, and
the average displacement, representing the average distance between subsequent steps in a
motion track, over time. These two parameters, though generally positively correlated,
present systematic deviations allowing us to resolve five chromatin mobility groups, each
with distinct subnuclear localizations. The results are recapitulated in several differentiated
and transformed cell lines, while induced pluripotent stem cells exhibit chromatin with
higher degrees of mobility. In order to further understand the relationship between degrees
of mobility and the functional states of chromatin, we used the dual mobility parameters as a
benchmark to compare the mobility of diverse proteins while interacting with chromatin. We
found that the lowest degree of chromatin mobility at the periphery and throughout the
nucleus correlates with that of Lamin-A, revealing its heterochromatic nature. Accordingly,
the mobility of heterochromatin factors HP1a, HP1B, HP1y, SUv39h2, and SUv39hl
correlates with the lower mobility chromatin, but with notable differences in terms of
preferential binding and subnuclear localization that relate to functional properties of the
proteins and underscores the complex nature of heterochromatin domains (Becker et al.,
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2017). For transcription factors, we observed a strong correlation between nucleosome
binding and the ability to access the lowest mobility chromatin domains. We further use
mutations of transcription factor structure to understand the basis for FOXA1 mobility
characteristics and show that the main drivers of accessibility to low mobility chromatin
domains are nonspecific DNA binding and direct nucleosome contacts. Our two-parameter
method helps resolve chromatin interaction types in ways that diffusion and SMT-based
residence time assessments do not.

Histone H2B local motions defines a heterogeneous chromatin mobility landscape

Using HiLO-based SMT with a 10 millisecond (ms) exposure (or Fast-SMT, Figure 1A, see
STAR-Methods and Chen et al., 2014) in a volume depth of 200 nm in the H2.35 liver cell
line (Zaret et al., 1988), we first measured the diffusion coefficients (in um?2/s) (Liu et al.,
2014) of histone H2B-Halo, using dCas9-Halo expressed without a guide RNA (dCas9X) to
compare for free diffusion track behavior. As seen in the motion tracks, 88% of histone H2B
molecules presented diffusion coefficients below the range of free dCas9X (Figure S1A-D),
reflecting their association with chromatin.

We filtered out the free-diffusing subset of Histone H2B (Figure S1E-H, and see STAR
Methods) and used two parameters to characterize the chromatin-bound histone H2B
movements: the average displacement in each motion track (in nm, Figure 1B), reflecting the
average speed of the molecule over the time of detection at the imaging frame rate (100 Hz);
and the radius of confinement (in nm, Figure 1C), estimating the size of the circle best
encompassing each motion track (Wieser and Schiitz, 2008). As expected (see STAR
Methods), neither of the parameters correlated with the duration of the motion tracks (Figure
S11-J). The two parameters positively correlated with each other, but with marked deviations
(Figure S1K, black arrows), reflecting that motion tracks with similar average displacements
could have different radii of confinement and vice versa (Figure S1L). Consistent with
\oronoi segmentation (Figure S1M), the density plot of the two parameters was clustered
into five groups: very low mobility chromatin (vLMC; Figure 1D, circle vL, 9% of the
molecules); low mobility chromatin (LMC; Figure 1D, circle L 19%); intermediate mobility
chromatin (IMC; Figure 1D, circle I, 13%); high mobility chromatin (HMC; Figure 1D,
circle H, 43%) and very high mobility chromatin (vHMC; Figure 1D, square vH, 16%). The
robustness of our method was evident from observing similar five chromatin mobility groups
for H2B in a pancreatic cancer cell line, human fibroblasts, and mouse embryonic fibroblasts
(Figure SIN-Q). The main variation was seen in the amount of low mobility chromatin,
reflecting biological differences (see Discussion) with the extreme case being human iPS
cells, which presented chromatin mobility mostly in the HMC and vHMC range (Figure
S1Q, red arrows indicating minimal vLMC and LMC), consistent with previous biophysical
studies relating pluripotency with higher chromatin dynamics (Meshorer et al., 2006).
Mitotic H2.35 cell chromosomes overall exhibited an increase in vLMC, LMC, and IMC,
and a decrease in HMC and vHMC (Figure S1R-S and Table S1). However, each
chromosome arm displayed a variety of mobility states (Figure S1T-U), consistent with
heterogeneous structures seen in ChromEMT (Ou et al., 2017). In summary, a two-parameter
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assessment of histone H2B motion tracks reveals distinct chromatin mobility patterns (or
fingerprints) that corresponds to different cell states.

Chromatin compaction states found at the nuclear lamina are also present in other nuclear

regions

Each H2B-chromatin mobility population was present throughout the nucleus (Figure 1F
and Figure S2A-E). vLMC showed an enrichment at the nuclear periphery, as well as did
LMC and IMC to a lesser extent (Figure 1G and Figure S2A-C, black arrows), correlating
with the location of compact chromatin seen in super-resolution microscopy (Otterstrom et
al., 2019; Ricci et al., 2015). HMC and vHMC were localized mostly in central regions
(Figure 1F-G and Figure S2D-E). Notably, H2B in vLMC was also observed extensively
within the nucleus (Figure 1F and Figure S2A), demonstrating that such compaction states
exist independently of the nuclear periphery. We used Delaunay triangulation (Yang and Cui,
2010, Figure S2F and see STAR Methods) to assay the spatial clustering of each chromatin
mobility group and observed high degrees of clustering solely for vLMC, confirming its
organization in spatially restricted domains (Figure S2G).

The nuclear periphery hosts large heterochromatin domains interacting with the nuclear
lamina at Lamin Associated Domains (LADs) (van Steensel and Belmont, 2017).
Accordingly, the two-parameter mobility plot of Lamin-A exhibited a clear predominance of
vLMC (Figure 2A, red arrow), which we then quantified as a ratio of Lamin-A density over
histone H2B in each category, except for vYHMC because of data sparsity (Figure 2B and
Table S1). Lamin-A motions in the vLMC range were enriched at the nuclear periphery
(Figure 2C). In central nuclear regions, Lamin-A was in the higher ranges of chromatin
mobility (Figure 2C), which could relate to its recently described roles in euchromatin
regulation (Gesson et al., 2016). Notably, both histone H2B and Lamin-A also exhibited
higher mobility events close to the nuclear periphery (Figures 1F, 2C), consistent with the
heterogeneity in promoter repression at the nuclear lamina, as recently described (Leemans
etal., 2019).

Mapping heterochromatin constituents onto the chromatin mobility landscape

To assess how heterochromatin constituents map onto the chromatin mobility landscape, we
assayed the mobility of HALOtag fusions of the heterochromatin epigenetic readers HP1a,
HP1p, and HP1vy, and of the heterochromatic writers SUv39h1 and SUv39h2, selecting
confined motion tracks (Figure 3A-D, and Figure S3A-C, and Table S1). The mobility
pattern of HP1a and SUv39h2 showed enriched levels in the lowest mobility chromatin
(VLMC and LMC, Figure 3B-D, red arrows), as well as SUv39h1, to a lesser extent (Figure
3E, F). Concomitantly, HP1a and SUv39h2, but not Suv39h1, were depleted moderately
from IMC and strongly from HMC, respectively (Figure 3G, H). Thus, heterochromatin
regulators preferentially interact with low mobility chromatin, confirming the latter's
repressed nature. Distinctions seen between the behavior of SUv39h1 and SUv39h2 can
relate to structural differences among the two isoforms (see Discussion). HP1 isoforms
and -y presented abundant levels in LMC, like HP1a, but not in vLMC (Figure S3D, E) and
were depleted in IMC (Figure S3F). HP1y was less depleted than the other isoforms in
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HMC (Figure S3G). Variations in the behaviors of HP1 isoforms also correspond to
differences in regulatory behaviors and biochemical properties (see Discussion).

In mice, pericentromeric chromatin is organized in chromocenters, appearing as dense
regions and enriched in H3K9me3 marks and associated proteins (Erdel et al., 2020;
Guenatri et al., 2004). HP1a, HP1p, SUv39h1, and Suv39h2, but not HP1+y, were found in
chromocenters (Figure 31-K, and Figure S3H, I), mostly in low mobility ranges (vLMC and
LMC) (Figure 3M-0O, and Figure S3J), consistent with the compacted nature of
pericentromeric heterochromatin. At lower levels, we also observed interactions of the
heterochromatin regulators with higher chromatin mobility ranges within chromocenters
(Figure 3M-O and Figure S3J), potentially reflecting heterogeneities in the structure of
chromocenters that have been seen in super-resolution microscopy (Erdel et al., 2020).

In summary, despite variations, chromatin-bound heterochromatin regulators exhibit low
mobility states, confirming the relationship between chromatin compaction, gene repression,
and lower ranges of mobility.

Nucleosome affinity of transcription factors predicts their chromatin mobility

We sought to understand how the chromatin mobility landscape defines ranges of
accessibility for fate-changing transcription factors, such as nucleosome-binding pioneer
factors that enable cell fate changes versus factors eliciting terminal differentiation or growth
(lwafuchi-Doi and Zaret, 2016). Accordingly, we selected the liver pioneer factor FOXAL,
GATA4, and differentiation factors HNF1A and HNF4A, the ubiquitously expressed cMYC,
the pluripotency pioneer factors SOX2, OCT4, and KLF4, and the macrophage pioneer
factor PU.1; all were expressed at comparable low levels (Figure S4A-B). Previous diffusion
coefficient and residence time measurements studies by SMT (Chen et al., 2014; Liu et al.,
2014; Paakinaho et al., 2017; Swinstead et al., 2016), FRAP (Figure S4C), as well as those
in our laboratory, did not show a trend matching the different biological functions of the
selected transcription factors (Figure S4D-H, and Table S2). For example, the strong
nucleosome interactor SOX2 presented diffusion coefficients (Figure S4D) and residence
times in chromatin (Figure S4E-H and Table S2) comparable to cMYC or HNF4A, which
present weak or virtually no affinity for nucleosomes, respectively. Among strong
nucleosome interactors, only FOXAL exhibited a distinct low-diffusion behavior (Figure
S4D), consistent with previous FRAP experiments (Sekiya et al., 2009) and possibly related
to its structural similarity with histone H1 (see Discussion).

Heterochromatin constituents showed various diffusion behaviors, with HP1y presenting a
distribution like most transcription factors, suggesting that interaction with compact
chromatin is not clearly related to its diffusion coefficient (Figure S41-M). As an important
control, we saw no correlation between the measured SMT parameters and the expression
levels of the proteins (Figure S5A-R).

By contrast, the two-parameter mobility plots of chromatin-bound transcription factors
exhibited striking differences that correspond to known functions (Figure 4A-J, Figure S6A-
E, Table S1). The strong nucleosome binders FOXAL and SOX2 interacted with vLMC and
LMC (Figure 4B-C, red arrows, and Figure 4K-L), but were significantly reduced in HMC
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(Figure 4N). OCT4, KLF4, and PU.1, other nucleosome interactors, were enriched at
slightly lower levels in vLMC and LMC (Figure 4D-F, red arrows, and Figure 4K, L), but
still found in HMC (Figure 4N). cMYC and GATA4, weaker nucleosome interactors (Sekiya
et al., 2009), were reduced both in vLMC and LMC (Figure 4K-L), mostly binding to HMC
(Figure 4N). Finally, HNF1A and HNF4A, differentiation factors, were virtually absent from
vLMC and LMC (Figure 4K-L) and present only in the HMC range (Figure 4N). The IMC
was poorly discriminating towards transcription factors (Figure 4M) and could be a
composite of accessible and inaccessible domains.

In summary, the chromatin mobility landscape is differentially accessed by transcription
factors with different biological functions, and accession to the most restricted domains
correlates with high levels of an intrinsic nucleosome binding ability.

Non-specific DNA interactions can elicit long-lived binding events

Short and long-lived binding events seen in SMT are considered to reflect nonspecific and
specific DNA interactions, respectively (Voss and Hager, 2014). Nevertheless, point
mutations at the protein-DNA interface had a partial effect on the SMT-measured residence
time of various transcription factors (Chen et al., 2014; Paakinaho et al., 2017). Two
previously characterized mutants of FOXAL allow the discrimination of specific and non-
specific DNA binding. FOXA1-NHAA disrupts hydrogen bonding to bases in the DNA
major groove and has lost DNA binding specificity, but retains non-specific interactions with
DNA and nucleosomes in vitro (Sekiya et al., 2009). FOXA1-RRAA disrupts
phosphodiester backbone binding and presents an impaired overall DNA binding, but retains
specificity for the FOXAL motif, in vitro (Sekiya et al., 2009) and in vivo (Caravaca et al.,
2013; Raccaud et al., 2019). Halo-tagged FOXA1-WT, FOXA1-NHAA, and FOXA1-RRAA
were expressed at comparably low levels in H2.35 cells (Figure S7A-B). Using ChIP-qPCR,
we observed that loss of specific DNA binding by FOXA1-NHAA-HALO resulted in
decreased binding at the albumin enhancer, to a stronger extent than seen upon loss of non-
specific DNA binding (FOXA1-RRAA-Halo) (Figure S7C).

We used SlowSMT with an exposure of 500 ms (Chen et al., 2014) to measure the residence
times of FOXAL-WT, FOXA1-NHAA, and FOXA1-RRAA over 100 seconds. Fitting the
residence time distribution with a double exponential decay, and correcting for
photobleaching (see STAR Methods), we measured three parameters: 1) the size of the
bound fraction (%); 2) the average duration of short-lived interactions, in seconds; and 3) the
average duration of long-lived interactions, in seconds. Consistent with the diminution in
residence time distributions (Figure 5A), loss of specific DNA binding (FOXA1-NHAA)
resulted in weaker effects on the three parameters than loss of nonspecific DNA binding
(FOXAL-RRAA, Figure S7D-F, and Table S2). To extend these findings, we defined a range
for the longest measured interactions, defined as the 5! percentile of histone H2B residence
times above 20 s (Figure 5A and Figure S7G). In this range of very long-lived interaction
events, despite a lower frequency compared to the wildtype protein (Figure 5B), FOXA1-
NHAA, mutant for specific DNA binding, exhibited similar residence times as wild type
(Figure 5C, and Table S2). These findings indicate that under the conditions of SMT
measurements, non-specific binding events can result in long-lived chromatin interactions.
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Thus, if the FOXAL interactions observed in SlowSMT are mainly non-specific, it is
possible that specific interactions indeed elicit much longer residence times (see
Discussion).

Association of FOXAL with low mobility chromatin is largely dependent on non-specific
nucleosome binding

In FastSMT, consistent with previous FRAP results (Sekiya et al., 2009), loss of nonspecific
DNA binding (FOXA1-RRAA) impairs the diffusion coefficients of FOXAL1 more markedly
than loss of specific DNA binding (FOXA1-NHAA, Figure S7H). Thus, non-specific DNA
binding, which correlates with non-specific nucleosome binding (Sekiya et al., 2009),
provides the strongest contribution to the low diffusion of FOXAL, consistent with most
interactions seen in FastSMT being nonspecific chromatin binding events.

We then measured the radius of confinement and average displacements for the two FOXAL
mutants (Figure S71-J). The two-dimensional density plots after loss of loss of non-specific
DNA binding (FOXA1-RRAA) showed greater changes than upon loss of specific DNA
binding (FOXA1-NHAA) (Figure 5D, E, red arrows). Indeed, loss of non-specific DNA
binding (FOXA1-RRAA) causes a strong skew away from vLMC and LMC, compared to
FOXA1-WT, whereas loss of specific DNA binding (FOXA1-NHAA) leads to a more
modest depletion (Figure 5F, G and Table S1). The other mobility ranges were less affected
by the mutations (Figure 5H, I and Table S1). Thus, nonspecific DNA interactions are the
main driver of interactions with the most compact chromatin domains.

Recent studies found that FOXA1 makes direct contact with core histones at two sites,
including via lysine 270, outside of the DNA binding domain (lwafuchi et al., 2020). Point
mutations at lysine 270 and its adjacent residues (FOXAL1-EKQ/AAA) did not impair the
free DNA binding of FOXAL in vitro (Figure S7K, L). FOXA1-EKQ/AAA presented a
similar diffusion profile as FOXA1-WT (Figure S7TM). Nevertheless, the two-parameter
mobility plot of FOXA1-EKQ/AAA showed a strong decrease in the vLMC range (Figure
5J, L, red arrow), along with an increase in the HMC range (Figure 5L). In conclusion,
nonspecific nucleosome interactions are crucial for the pioneer factor FOXAL to access the
most restricted chromatin domains.

DISCUSSION

The hypothesis that chromatin functional states are reflected by local mobility was founded
on the observation of low mobility chromatin at the nuclear periphery (Chubb et al., 2002;
Heun et al., 2001; Marshall et al., 1997; Nozaki et al., 2017), as well as of mobility changes
during the transcriptional activation of individual loci (Chuang et al., 2006; Gu et al., 2018;
Neumann et al., 2012). To test the hypothesis at the scale of the entire nucleus, we developed
a two-parameter SMT approach, measuring the radius of confinement and average
displacement of the motion tracks of individual histone H2B molecules, with a time
resolution of 10 ms. By classifying histone H2B motion tracks and comparing them to a
dCASQ9 control (see STAR Methods), we were able to exclude free-diffusing molecules for
the measurements. We thus defined a chromatin mobility landscape composed of five
ranges, with distinct subnuclear localizations, that were recapitulated in other cell lineage
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and biological contexts. In iPS cells, the absence of vLMC and LMC is consistent with less
defined chromatin compaction states (Meshorer et al., 2006; Schlesinger and Meshorer,
2019). In mitotic chromosome arms, the generally decreased chromatin mobility agrees with
higher levels of compaction. Yet we still observed heterogeneity within chromosome arms,
consistent with the spectrum of accessibilities seen for transcription factors in mitosis
(Raccaud et al., 2019). Such heterogeneities could also reflect local domains that are
inherited epigenetically, in the absence of a higher-order TAD structure (Naumova et al.,
2013).

Very low mobility chromatin (vLMC) was enriched at the nuclear periphery, where it
presented mobility features like Lamin-A, and thus likely represents low-accessible
chromatin domains with compaction states corresponding to those found in LADs. Yet
finding vLMC throughout the nucleus indicates that such compaction states can be built
independently of association with the nuclear lamina. vLMC and LMC, which had slightly
more accessible features, were explored by heterochromatin regulators, confirming its
compacted nature. Stronger enrichment of SUv39h2 in vLMC compared to SUv39h1 may
relate to an additional basic, amino-terminal domain in SUv39h2, which confers an
enhanced interaction with major satellite repeat-associated RNA (Velazquez Camacho et al.,
2017). These distinctions illustrate how the two-parameter measurements of chromatin
mobility can distinguish functions of epigenetic proteins. Similarly, stronger enrichment of
HP1a compared to HP1p and HP1y correlates with a stronger affinity for free DNA in vitro
(Nishibuchi et al., 2014) and enhanced binding stability in vivo (Bryan et al., 2017).
Interestingly, HP1a presents lower affinity for the H3K9me3 modification compared to
HP1p and HP1y (Canzio et al., 2014), which suggests that DNA binding may drive a
stronger accession of vLMC more than recognition of repressive histone marks.

vLMC and LMC were explored by transcription factors with a strong nucleosome affinity in
vitro, including FOXA1, SOX2, and to a lesser extent OCT4, KLF4 and PU.1, consistent
with recent in vitro studies showing a spectrum of nucleosome affinities among transcription
factors, rather than a binary behavior (Fernandez Garcia et al., 2019; Zhu et al., 2018). The
importance of nucleosome interaction in accessing vVLMC was confirmed by a mutant of
FOXA1 (FOXAL-EKQ/AAA), which presents an impaired interaction with histones, but
normal interaction with DNA. An exception is HNF1A, which shows significant nucleosome
interactions in vitro (Garcia et al., 2019). However, in vivo, HNF1A dimers are in a large
complex with a dimer of DCoH (Mendel et al., 1991), which could sterically limit its
interactions with compact chromatin (Ou et al., 2017).

At the other end of the chromatin mobility landscape, HMC and vHMC are more
homogeneously distributed in the nucleus. Although heterochromatin regulators were
generally depleted from HMC, SUv39h1, and HP1y show higher levels in HMC than other
isoforms, consistent with H3K9me3 domains occurring across the spectrum of
heterochromatin to euchromatin (Becker et al., 2017; Vakoc et al., 2005). HMC is explored
by all transcription factors, except for FOXAL and SOX2, which could reflect the dominance
of low nucleosome off-rates compared to that for free DNA (Cirillo and Zaret, 1999;
Donovan et al., 2019) and would be consistent with a lateral chromatin scanning mechanism,

Mol Cell. Author manuscript; available in PMC 2021 August 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lerner et al.

Page 10

instead of free diffusion in the nucleoplasm (Cortini and Filion, 2018; von Hippel and Berg,
1989).

The high proportion of chromatin-interacting FOXA1 molecules, as seen by diffusion
coefficient measurements, may not be a general characteristic of nucleosome interactors
reflecting access to vLMC, since SOX2, OCT4 or KLF4 exhibit higher rates of free
diffusion, but rather could be linked to the structural similarity of FOXAL with linker histone
H1 (Cirillo et al., 1998; Clark et al., 1993; Ramakrishnan et al., 1993). We speculate that
FOXAZ1 explores local chromatin regions through repetitive interaction events, including
additional interactions with histones (Cirillo et al., 2002; Iwafuchi et al., 2020). Differences
in chromatin exploration have been seen for cMYC and PTEF-b (lzeddin et al., 2014). The
main contribution of nonspecific DNA binding to the model of FOXA1 chromatin scanning
is consistent with what is seen for interaction of transcription factors with mitotic chromatin
(Caravaca et al., 2013; Raccaud et al., 2019), and local folding of chromatin polymers could
increase occupancy of transcription factors by a local increase of their concentration,
independently of specific chromatin binding (Cortini and Filion, 2018).

As seen previously (Swinstead et al., 2016), we find no correlation between SMT-measured
residence times of transcription factors and their interaction with different functional types
of chromatin, as elicited by affinity for nucleosomes. As with many other SMT studies
(Callegari et al., 2019; Chen et al., 2014; Paakinaho et al., 2017; Raccaud et al., 2019;
Swinstead et al., 2016), the residence times of transcription factors we measured here are on
the order of 10-20 seconds. By contrast, residence times measured in vitro can go up to
hundreds of seconds (Donovan et al., 2019; Luo et al., 2014). Also, residence times
measured in vivo by SMT are poorly compatible with the measured transcriptional bursting
dynamics on the scale of several minutes (Otto, 2019). Here, we show that nonspecific
binding by FOXAL can still give rise to long-lived chromatin binding events, by SMT.
Hence, due to noisy measures and dependence on experimental conditions, SMT could fail
to identify the longest-lived binding events. This failure could possibly arise from the fact
that the size of specific consensus matifs is only a small fraction of the entire genome.
Hence, the probability to observe a specific binding event by SMT could be low, especially
as only a subset of the nuclear volume is imaged. The high rate of photobleaching in SMT
might also prevent the identification of very long-lived binding events, despite mathematical
corrections, which could be improved by the introduction of long dark times between
imaging acquisition, as previously shown (Liu et al., 2018). Regardless, since we found that
FOXAU1 interactions observed in SlowSMT are mainly nonspecific, we suggest that specific
interactions in vivo may indeed involve much longer residence times. Previous studies
showed that transcription factors mutations impairing DNA binding (Callegari et al., 2019;
Chen et al., 2014; Paakinaho et al., 2017) had little effects on their residence time, but rather
caused a strong decrease in the frequency of binding events, consistent for what we observe
for the very long residence times of FOXAL. This suggests that in live cell SMT, the size of
the bound fraction might reflect more accurately binding affinity than the residence time per
se.

In summary, we developed a two-parameter method to define a chromatin mobility
landscape that is differentially explored by transcription factors and epigenetic chromatin
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binding proteins. Mapping of the chromatin binding factors onto the mobility landscape
provided insights that relate to the factors' inherent biochemical capacities and biological
functions. Further work is needed to understand how the dynamic binding of transcription
factors to any domain of chromatin relates to the remarkable specificity for factors detected
at target motifs in the genome.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—For other reagents generated in this study or questions about the reagents,
please contact Ken Zaret (zaret@pennmedicine.upenn.edu).

Materials availability—All the materials generated in this study are accessible upon
request.

Data and Code availability—The data and code used in this study are accessible upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Tissue Culture—H2.35 cells (Zaret et al., 1988) were grown in Low
Glucose Medium (ThermoFisher 10567 low glucose DMEM , GlutaMAX™ Supplement,
pyruvate, supplemented with GlutaMAX™, characterized fetal bovine serum (Hyclone
SH300071.03) , 0.2 uM dexamethasone (Sigma D4902), 100 units/ml penicillin and 100
pg/ml streptomycin(Thermo Fischer 15140122) at 33C with 5% CO2. Three days before
imaging, H2.35 cells were incubated at 37C with 5% CO2. Imaging experiments were
carried out in Phenol red-free Low Glucose Medium (ThermoFisher 11054020 DMEM,
pyruvate, supplemented with 1X GlutaMAX™ Supplement, 4% tetracycline-free fetal
bovine serum and 0.2 UM M dexamethasone) in an imaging chamber heated at 37°C (more
details in the Single Molecule Live Cell Imaging section).

For stable clone generation, one million H2.35 cells were seeded in a 10cm dish. After 24h,
1mL of non-concentrated corresponding retrovirus were added directly to the cell culture
medium. The medium was changed after 24h. After another 24h, cells were stained for 20
min with HaloTag-TMR (Promega G8251) at 5 UM, before, and cells were observed under a
Nikon Eclipse ti 2000-D epifluorescence microscope to assay the efficiency of infection.
Typically, ~50% of the cells were expressing the Halotag fusion proteins. Cells were sorted
with a BD FACSJazz™ by fluorescence intensity of HaloTag-TMR (emission 575 nm). The
lowest expressing cells was replated in a 10 cm dish with fresh Low Glucose Medium. After
48h, the cells were seeded at limit dilution in a 96 well plate. Wells containing 1 clone were
then amplified, and expression levels assayed by western blot.

METHOD DETAILS

Plasmid Construction and Genome Editing

pCMV plasmids: FOXAL-HaloTag : The FOXAL-Wasabi vector (source :laboratory) was
digested with Kpnl and BsrGl, in order to replace the Wasabi protein at the C-terminal end
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of FOXAL by the HaloTag from pENTR4-HaloTag (source Addgene #29644), amplified
with primers JL1 and JL2 (see Table S3), allowing the addition of a long polyglycine linker
(SGGGGSGGGGSGGGGSGGGGS) between FOXAL and the HaloTag.

Other HaloTag constructs: pPCMV-FOXA1-HaloTag was digested by EcoRI and Kpnl. The
gene of interest was amplified with the adequate primers (see Table S3, primers JL3 to JL22)
and either ligated with vector using T4 DNA ligase (NEB M0202T, HNF1A, HNF4A),
either assembled with the vector using Gibson Assembly® Master Mix kit (NEB E2611L,
All other proteins).

pGCDNsam plasmids (retroviral vectors): pGCDNsam-FOXA1-HALO, pGCDNsam-
FOXA1-NHAA-HALOm and pGCDNsam-FOXA1-RRAA-HALO.

FOXAL-HaloTag from pCMV-FOXA1-HaloTag was amplified from the correct position
using JL23 and JL24 (see Table S3) and ligated into BamHI digested pPGCDNsam-FOXA1
(Addgene plasmid #33003). FOXA1-NHAA-HALO and FOXA1-RRAA-HALO from
pCMV-FOXAL-NHAA/RRAA-HALO were amplified using JL25 and JL26 and ligated into
Xbal + Hindlll digested pGCDNsam-FOXA1-RRAA-HALO.

TETO-FUW plasmids (lentiviral vectors): TETO-FUW-HNF1A/TETO-FUW-HNF4A/
TETO-FUW-MYC/TETO-FUW-GATA4/TETO-FUW-OCT4/TETO-FUW-KLF4/TETO-
FUW-SOX2/TETO-FUW-PU.1/TETO-FUW-FOXA1EKQAAA

OREF of interest (see Key resource table) from the corresponding pCMV-ORF-HaloTag were
PCR amplified with the adequate primers (see Table S3, JL27 to JL35) and assembled using
Gibson Assembly® Master Mix kit (NEB E2611L) with EcoRI (NEB) digested TETO-
FUW-OCT4 (Addgene plasmid #20323).

Lentiviral and retroviral production and concentration—Retrovirus were produced
as described in Sekiya and Suzuki, 2011. In brief, 293GPG cells were co-transfected with
the retroviral expression vector ()GCDN) and pCMV-VSV-G. After 24h, the medium
containing the retrovirus was centrifuged at 2,000 rpm for 10 minutes, the supernatant
passed through a 0.45 pm filter and used directly to infect the cells.

Lentivirus were produced as described in (Becker et al., 2017). In brief, 293T cells were co-
transfected with lentiviral expression vector, psPAX2 and PMDG. Fresh medium was added
after 24h. After another 72h, the medium containing the lentivirus was centrifuges at 2,000

rpm for 10 min, passed through a 0.45 um filter, pelleted by ultracentrifugation (24,000 rpm
3 hours) and resuspended at high concentration in 200 L DMEM high glucose. Lentivirus

were titered in H2.35 cells. Suboptimal M.O.1. (Multiplicity of Infection) was used (<1), in

order to obtain low expression levels.

Western blotting—H2.35 cells were incubated for 3 days at 37C. Nuclear extracts were
performed as previously described (Schreiber et al., 1989), and run on 10 % Bis-Tris gels
(Life technologies), followed by standard western blotting procedures. FOXA1 was detected
with a primary antibody (ABCAM 55178 1:1000) and a anti mouse secondary antibody
(Santa Cruz SC-2005, 1:10,000). Detection was performed with ECL Prime reagent
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(SuperSignal™ West Pico PLUS Chemiluminescent Substrate, ThermoFisher 34580) and
the Amersham 600 imager.

Electro Mobility Shift Assay (EMSA)—EMSA was performed on mouse recombinant
FOXA1-WT and EKQAAA using the same methodology than in (Fernandez Garcia et al.,
2019; Iwafuchi et al., 2020). In brief, end-labeled oligonucleotides were incubated with
recombinant proteins in DNA-binding buffer (10 mM Tris-HCI pH7.5, 1 mM MgCI2, 10
mM ZnCl2, 1 mM DTT, 50 mM KCI, 3 mg/ml BSA, 5% Glycerol) at room temperature for
30 min. Free and bound DNA were separated on 4% non-denaturing polyacrylamide gels
run in 0.5X Tris—borate—EDTA. EMSA gels were run at 90 V at room temperature nd
visualized using with an Amersham Typhoon RGB Biomolecular Imager using Cy5
fluorescence setting (excitation at 633 nm and emission filter 670 BP 30) and a high
sensitivity setting.

FRAP—AII FRAP experiments were carried out on Leica TCS SP8 Confocal microscope,
equipped with 405, 488, 552, 638 nm laser lines, an environmental chamber to control
humidity and temperature, three spectral detection channels (2 PMTs and 1 HyD detector), a
40x water immersion objective (Nikon, NA = 1.49), at a resolution of 512*512 and a
scanning speed of 1400. Cells were cultured in u-Slide 8 Well from IBIDI (Ref: 80826),
transfected with the appropriate pPCMV plasmid and then incubated at 37°C 5% CO2 for 3
days. Ten prebleach frames were taken to estimate fluorescence intensity every 0.371
second. 4 rounds of bleaching of 0.371 second each were applied, followed by the
acquisition of ten post-bleaching frames every 0.371 s and 60 frames every 2 seconds.
Analysis was performed as in (Sekiya et al., 2009).

Single Molecule Live Cell Imaging—All single molecule live cell imaging was carried
out on a Nanoimager S from Oxford Nanoimaging Limited (ONI), comporting a temperature
and humidity controlled chamber, a scientific Complementary metal-oxide—semiconductor
(SCMOS) camera with a 2.3 electrons rms read noise at standard scan, a 100X, 1.49 NA oil
immersion objective and a 561 nm green laser. Images were acquired with the included
Nanoimager software. 30,000 H2.35 cells were cultured in LabTek-11 chambered 8 well
plates (Lab-Tek 155049), transfected with the appropriate tetracycline-inducible lentivirus
when necessary (without rtTA or doxycycline to keep low levels of expression) and then
incubated at 37C 5% CO2 for 3 days. Before imaging, cells were treated with 5nM of
Janelia Fluor 549 (JF549) HaloTag ligand (a kind gift from Luke Lavis, HHMI) for 15
minutes. Cells were subsequently washed three times in PBS at 37C, and Phenol Red-free
Low Glucose medium was added to each well. All imaging was carried out under HILO
conditions (Tokunaga et al., 2008). For imaging experiments, one frame was acquired with
100ms of exposure time (10 Hz) to measure the intensity of fluorescence of the nuclei. For
FastSPT experiments, 5000 frames were acquired with an exposure of 10ms (100 Hz). For
SlowSPT experiments, 200 frames were acquired with an exposure time of 500ms (2 Hz).
Acquisition were realized over a field of 50 x 80 pum with a depth of 0.2 pm.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Two Parameters Single Molecule Tracking Analysis - Tracking algorithm—
Imaging was performed over a depth of 200 nm, hence molecules motions are tracked in 3D
but projected on a plane. For each individual imaged, a movie is generated as a TIF stack,
and analyzed by the Matlab-based SLIMfast script (Teves et al., 2016), a modified version of
MTT (Sergé et al., 2008). Frame-to-frame motions are defined by the distance between
consecutive positions of the particle, and can be potentially related to (a) Brownian (random
walk) or confined motions of the molecule (b) other artifactual effects such as the support or
imperceptible movements of the nucleus. It is thus necessary, as described previously (Chen
et al., 2014) to define a Maximal expected Diffusion Coefficient (DMax), that defines the
maximal distance (d,,) between two consecutive frames for a particle to be considered as the
same object. As in the original publication (Chen et al., 2014), a cutoff was set to 3d,, to
ensure a 99% confidence level. In FastSMT, higher time resolution (10ms) allows to
visualize and track free-diffusing molecules with high diffusion coefficients, hence DMax
was of 3 pm?/s~2. In SlowSMT, due to longer exposure times (500ms) free diffusing
molecules are blurred in the background. In order to measure residence times of confined
molecules only (corresponding to the binding at a single locus), the DMax setting was lower
(0.1 um?/s71), excluding potential molecules with higher ranges of motion.

For each imaged nucleus, SLIMfast gives an output in the form of a .txt file consisting of a
series of successive (x,y) coordinates and times of detection, corresponding to the
displacement of each individual molecule in the nucleus. For analysis purposes, the output
SLIMfast .txt files was reorganized by a homemade Matlab script in .csv format with the
following data order : iteration (1-n, with n number of rows of the csv table), frame (the
frame on which each single molecule was detected), time (t=frame*exposure), trajectory (ID
number of the trajectory), x and y (2D coordinates of the molecule in pm). Each imaged
individual nucleus thus has its corresponding .csv file.

Two Parameters Single Molecule Tracking Analysis - Classification of the
tracks: This section describes how single molecules motion trajectories (or tracks) are
classified in order to exclude free-diffusing motions from the two-parameters analysis. The
single molecule tracking .csv files (see previous section) were first analyzed by the
homemade Matlab script“SMT_Motion_Classifier.m". Single molecule trajectories (or
tracks) with a track duration shorter than 5 frames were discarded from the analysis. The T-
MSD (or MSD=f(tjag), Where tjoq is the delay) curves of each motion track was fitted with a
power law distribution (MSD = 4.-D-t*, where D is the diffusion coefficient and a a
coefficient that indicates the motion type) (Ernst and Kohler, 2012). Motion tracks were then
classified in different groups: tracks with a<0.7 were considered as Confined; motion tracks
with 0.7<a<1 as Brownian; and motion tracks with a>1 as Directed. In addition, the motion
tracks showing a behavior similar to a levy-flight (presenting mixed Confined and Directed/
Brownian behavior) were detected by the presence of a jump superior to the average jump
among the track + a jump threshold of 1.5, and classified as “Butterfly”. Butterfly motion
tracks were segmented into their corresponding Confined and Directed/Brownian sub-
trajectories for posterior analysis. As an additional filtering step of Confined motions
(including confined segments of Butterfly tracks), we defined a jump threshold of 100nm, to
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filter out motion tracks with an average frame-to-frame jump size bigger than 100nm. For
H2B, the discarded tracks represented only 4% of all the confined tracks.

For the two-parameters analysis of chromatin, heterochromatin factors, andtranscription
factors, we defined the bound state as being the pool of Confined motion tracks and of the
Confined segments of the Butterfly motion tracks.

Two Parameters Single Molecule Tracking Analysis - Analysis of trajectories—
After the track classification, the trajectories were analyzed by a homemade Matlab script
“Compare_MSD_Results.m” to quantify diffusion coefficients, residence times, radius of
confinement and average frame-to-frame displacement.

Two Parameters Single Molecule Tracking Analysis - Radius of Confinement—
The T-MSD curves of each track were fitted using least squares with a circle confined
diffusion model (Equation 1, Wieser and Schiitz, 2008):

—4-D-tjag

MSDygirle = R*-[1—e ™ 2 |+ offset @

The fitting provides the radius of confinement R, the diffusion coefficient at short time
scales D, and a constant offset due to the localization precision limit inherent to all the
localization-based microscopy methods. In our case, we estimate a localization precision of
13 nm. To discard fitting errors related to effects of the number of steps (track duration) or to
artifacts such as erroneously connected jumps, we have discarded the trajectories with
squared norm of the residual (or RSS) higher than 1072, and radius of confinement (R)
higher than 300nm. In this step, less than 5% of the total data was discarded. The radius of
confinement thus obtained represents the circle best encompassing the motion track, rather
than encompassing it strictly. Thus, as seen in Figure S1I, the measurement of the radius of
confinement is independent of the track duration. In fact, the measure of the radius of
confinement is performed only on selected confined motions (see classification of the tracks,
and Figure S1E-H), which T-MSD curves are defined by a plateau aspect. Thus, the T-MSD
curves exhibit limited evolution over time, and the measure is independent of the track
duration.

Two Parameters Single Molecule Tracking Analysis - Average displacement—
The average displacement was computed by measuring the average Euclidean distance
between two consecutive positions of the molecule in each individual motion track, or
frame-to-frame jump.

Two Parameters Single Molecule Tracking Analysis - Radius of Confinement
vs. Average displacement—For the joint representation, we have built scatter density
plots using the same number of tracks for each condition (randomly downsampling, if
necessary). For this purpose, as well as for building Voronoi diagrams of the data, we used
the freely available Scatplot.m Matlab function. Apart from the plotting, we measured the
local density (given by Scatplot.m) in the different chromatin mobility ranges to
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quantitatively compare the all the studied proteins with histone H2B . Density values were
first normalized by dividing the local density of each point by the maximum density for each
studied protein, and were then iterated point by point on the H2B density data, to find the 5
closest points in the density plot of each transcription factor. The density of these 5 points
was then averaged the difference between each studied protein and H2B was computed for
each individual motion track. For more intuitiveness, the whole scale was multiplied by -1.
Then, positive 1 means that there is a difference of 100% where the studied protein is denser
than H2B and negative values correspond to regions where H2B is denser.

Two Parameters Single Molecule Tracking Analysis - Subnuclear localization
of the different mobility populations—~For each individual nucleus, we defined the
position of each motion track as a point corresponding to the average coordinates of the
successive position of its corresponding tracked single molecule. To measure the radial
distribution of each chromatin mobility group, the center of the cell was defined as the
average coordinates of all identified motion tracks positions. To prevent any shape related
biases, we used we selected cells with rounded shaped nuclei, and used Euclidean
transformation on the mation tracks position coordinates, so that their distribution forms an
object as round as possible around the nucleus center. The Euclidean distance of each
motion track position to the cell center was then measured, and the cumulative distribution
function of distance plotted on a horizontal axis. To normalize for differences in nuclear
size, we set the maximal distance from the nucleus center as equal to 1 for all cells.

Two Parameters Single Molecule Tracking Analysis - Delaunay triangulation—
The motion track position (as defined in the previous section) for each chromatin group was
down-sampled to study the same number of objects. The Delaunay function of Matlab was
used to triangulate the motion tracks position and get the sizes of the different Delaunay
areas, which logarithmic frequency was subsequently plot on a horizontal axis.

Diffusion coefficients—The first 4 points of each T-MSD curve corresponding to each
trajectory were fitted with a linear distribution to estimate the diffusion coefficient (Equation
2, Michalet, 2010):

MSD =4 D - tjyg + offset @)

Where D is the diffusion coefficient, tjqq is the time between the two positions of the
molecule used to calculate the displacement. The offset is due to the limited localization
precision inherent to localization-based microscopy methods (~14 nm for our experiments).
We set a coefficient of determination R2> 0.8 to ensure the good quality of the fitting
performed to estimate D. Since the distribution of D follows a log-normal distribution
(Nandi et al., 2012), the Log(D) was used for a proper visualization and fitting of the
Gaussian Bi-modal distribution.

Residence times: We measured the residence times as performed previously (Chen et al.,
2014; Mazza et al., 2013). In brief, the “residence_time.m” Matlab script extracts the
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duration of every detected track and converted it in a residence time (Res.Time =
Track_Duration-Exposure_Time).

The 1-cumulative distribution function (1-CDF) of the residence time of every detected track
was fitted with a two-exponential decay equation on GraphPad Prism 8, to separate the 1-
CDF in a short-lived and a long-lived population (Equation 3).

FOy=f-e M 'pq—f.e k2! ®

kq and k are the unbinding constant rates in seconds™, t;=1/k; and t,=1/k; the residence
times in seconds, and f a number from 0 to 1 measuring the fraction belonging to each
population. As photobleaching highly affects the measure of residence times, the measured
k1,2 can be separated into their two contributions:

ki =Kofr1 +kp and  kp = Kofp + kyp (@)

where Ko is the corrected unbinding rate and kj, the rate due to photobleaching. In order to
measure kp,, we measured the fluorescence decay issued by constant illumination at the laser
power used to perform SlowSMT, and fit the function by a single exponential decay equation
to measure ky, (0.05 s-1) which was subtracted to the measured kj and k; to obtain the Koff1
and Kotpp-
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Highlights
Dual-motion parameter analysis of histone H2B defines a mobility landscape

The chromatin mobility landscape, not residence times, reflects functional
states

Heterochromatin constituents are variably present in low mobility chromatin

Low mobility chromatin exploration is enabled by nucleosome interactions
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FIGURE 1: Characterization of H2B single-molecule dynamics allow the definition of a
chromatin mobility landscape

A: Experimental set-up for HiLO microscopy. The framerate for image acquisition is 100
Hz.

B: Black dashed curve: frequency distribution of the average displacement (4, in nm) for
n=104,602 histone H2B motion tracks. Red curve: 2 gaussian fitting (R2= 0.9977, mean 39
and 47 nm; s.d. 8 and 12 nm). As indicated in the panel, each step of displacement
corresponds to 10 ms.

C: Black dashed curve : frequency distribution of radius of confinement (in nm) for
n=104,602 histone H2B motions tracks. Red curve: 3 gaussian fitting (R?= 0.9832). Blue,
Green and curves and arrows indicate the 3 populations (I: mean 30 nm, s.d 9 nm, II: mean
46 nm, s.d. 5 nm and IlI: mean 70 nm, s.d. 31 nm).

D: Scatter density plot of radius of confinement vs. average displacement assigned to
n=104,602 histone H2B motion track. vL: vVMLC, L: LMC, I: IMC, H: HMC, vH: vHMC.
E: Representative histone H2B mation tracks in each chromatin mobility population
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F: Subnuclear localization of the histone H2B mobility groups, randomly downsampled to
n=794 tracks. Dark blue: vLMC, purple: LMC, green: IMC, orange: HMC, red: vHMC.

G: For each chromatin mobility group, Cumulative Distribution Function (subtracted to 1, 1-
CDF) of the distances between the average position of each individual motion track and the
nuclear center (defined as the average coordinates of all motion tracks). The maximal
distance was set to 1 arbitrary unit to normalize differences due to nuclear sizes. n=8 cells.
See also Figure S1 and S2.
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FIGURE 2: vLMC corresponds to the mobility of Lamin-A
A: Scatter density plot of radius of confinement vs. average displacements for Lamin-A

motion tracks vL: vMLC, L: LMC, I: IMC, H: HMC, vH: vHMC. The red arrow indicates
the predominance of the vLMC range.

B: Relative mean density levels of Lamin-A compared to histone H2B in vLMC, LMC, IMC
and HMC. *** indicates p<0.0001, n.s. non-significant differences (p>0.05) as determined
by one-way ANOVA, see Table S1). vHMC not included because of high data sparsity.

C: Subnuclear localization of the different mobility groups of Lamin-A.

See also Table S1.
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FIGURE 3: Heterochromatin constituents map with low mobility chromatin
A-D: Scatter density plots of radius of confinement vs average displacements for histone

H2B (A) HP1a (B), Suv39hl (B) and SUV39h2 (C). vL: VMLC, L: LMC, I: IMC, H: HMC,
vH: vHMC. The red arrows emphasize strong vLMC and LMC for HP1a and SUv39h2.
E-H: Relative mean density levels of HP1a (red), SUv39h1 (green) and SUv39h2 (blue)
compared to histone H2B in the vLMC (E), LMC (F), IMC (G) and HMC (H). vHMC not
included because of high data sparsity. *** indicates p<0.0001, as determined by one-way
ANOVA (see Table S1).

I-K: representative nuclei expressing HP1a (1) SUv39h1 (J), and SUv39h2 (K) showing
presence of the proteins at the chromocenters.

M-O: Subnuclear localization of HP1a(M) SUv39h1 (N), and SUv39h2 (O). Dark blue:
VvLMC, purple: LMC, green: IMC, orange: HMC, red: vHMC.

See also Figure S3 and Table S1.
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FIGURE 4: Nucleosome interaction correlates with enrichment in low mobility groups for
chromatin bound transcription factors molecules.

A-J: Scatter density plots of radius of confinement vs. average displacement for histone H2B
(A), FOXAL1 (B), SOX2 (C), OCT4 (D), KLF4 (E), PU.1 (F), cMYC (G), GATA4 (H),
HNF1A (1) and HNF4A (J). vL: vMLC, L: LMC, I: IMC, H: HMC, vH: vHMC. Shades of
grey to black in the names of the different mobility ranges indicate increasing proportion of
the mobility population. Red arrows indicate the vLMC population of strong nucleosome
interacting transcription factors.

K-N: Relative mean density over histone H2B for FOXAL (light blue), SOX2 (dark blue),
OCT4 (orange), KLF4 (pink), PU.1 (grey), GATA4 (brown), cMYC (purple) HNF1A (red)
and HNF4A (green) in the vLMC (K), LMC (L), IMC (M), and HMC (N) chromatin
mobility ranges. *** indicates p<0.0001, n.s. non-significant differences (p>0.05) as
determined by one-way ANOVA, see Table S1).

See also Figure S4, S5 and S6 and Table S1 and S2.
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FIGURE 5: Nucleosome interaction and non-specific DNA interaction provides the main
contribution to the low-diffusion behavior of FOXA1 and to access to low-mobility chromatin.

A: Logarithmic frequency distribution (1-CDF: Cumulated Distribution
to 1) of residence times for n=22,000 molecules of FOXAL1-WT (blue),
RRAA (green). The black dashes line indicate the 51 percentile for hist
times (~20 seconds).

Function subtracted
NHAA (red) and
one H2B residence

B: fraction (in %) of molecules with residence times above 20 seconds for FOXAL-WT
(blue), NHAA (red) and RRAA (green). *** indicates p<0.0001, n.s. non-significant

differences (p>0.05) as determined by one-way ANOVA, see Table S2).

C: Average residence times (in seconds) of molecules with residence times above 20 seconds

for FOXAL-WT (blue), NHAA (red) and RRAA (green). *** indicates

p<0.0001, n.s. non-

significant differences (p>0.05) as determined by one-way ANOVA, see Table S2).
D-E: Scatter density plot of the radius of confinement vs. average displacement assigned to

every individual motion of FOXA1-NHAA (D) and FOXA1-RRAA (E).

LMC, I: IMC, H: HMC, vH: vHMC. Red arrows indicate the loss of vL
for FOXA1-RRAA.
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F-I: Relative mean density levels of FOXA1-NHAA (red), FOXA1-RRAA (green) compared
to FOXAL1-WT in the vLMC (F), LMC (G), IMC (H), HMC (1) chromatin mobility
populations. *** indicates p<0.0001 (one-way ANOVA, see Table S1).

J-K: Scatter density plot of the average displacement vs radius confinement assigned to
every individual motion of FOXA1-WT (D) and FOXA1-EKQ/AAA (E). vL: VMLC, L:
LMC, I: IMC, H: HMC, vH: vHMC. Shades of grey to black indicate increasing proportion
of the mobility population.

L: Relative mean density levels of FOXA1-EKQ compared to FOXAL-WT in vLMC, LMC,
IMC, HMC and vHMC. *** indicates p<0.0001 (one-way ANOVA, see Table S1).

See also Figure S7 and Table S1 and S2.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-FOXA1 ABCAM 55178

Mouse anti-POL2 COVANCE 8WG16

Bacterial and Virus Strains

PENTR4/HALO Gift from Eric Campeau Addgene W876-1
H2B-Cherry Gift from Robert Benezra | Addgene 20972
pmWasabi-CT Allele Biotech ABP-FP-WCNCSP
Tet-O-FUW-OCT4 Gift from Rudolf Jaenisch | Addgene 20323
FOXA1-HALO This paper FOXA1-HALO
FOXA1-NHAA-HALO This paper FOXA1-NHAA-HALO
FOXA1-RRAA-HALO This paper FOXA1-RRAA-HALO
FOXAL-EKQAAA-HALO This paper FOXAL-EKQAAA-HALO
GATA4-HALO This paper GATA4-HALO
HNF1A-HALO This paper HNF1A-HALO
HNF4A-HALO This paper HNF4A-HALO
cMYC-HALO This paper cMYC-HALO
SOX2-HALO This paper SOX2-HALO
OCT4-HALO This paper OCT4-HALO
KLF4-HALO This paper KLF4-HALO
PU.1-HALO This paper PU.1-HALO
SUv39h1-HALO This paper SUv39h1-HALO
SUv39h2-HALO This paper SUv39h2-HALO
HPla-HALO This paper HPla-HALO
HP1B-HALO This paper HP1B-HALO
HP1y-HALO This paper HP1y-HALO
Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Critical Commercial Assays

MinElute PCR purification kit QIAGEN 28004

MiniPrep QIAGEN 27106

MAXIPREP QIAGEN 12263

Gel extraction kit QIAGEN 28706

Gibson Assembly® kit NEB E5510

T4 DNA Ligase high concentration NEB M0202T

Deposited Data

Experimental Models: Cell Lines
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REAGENT or RESOURCE SOURCE IDENTIFIER
DH5A competent cells Invitrogen 18265017
H2.35 Lab stock H2.35
H2.35 FOXA1l This paper H2.35_FOXA1-HALO
H2.35 FOXA1-NHAA This paper H2.35_NHAA-HALO
H2.35 FOXA1-RRAA This paper H2.35_RRAA-HALO
Experimental Models: Organisms/Strains
Oligonucleotides
Table S3 This paper Table S3
Recombinant DNA
Software and Algorithms
Serial Cloner SerialBasics Serial Cloner 2.6
PRISM 7 GraphPad https://www.graphpad.com/scientific-software/prism/
Fiji is Just ImageJ (Fiji) version 2.0.0-rc/1.51f | Imagel https://imagej.net/

Oni acquisition software

Oxford Nanoimaging

https://oni.bio

MATLAB

Mathworks

www.mathworks.com

Microsoft Office

Microsoft

www.office.com

MATLAB script - track classification

MATLAB script

SMT_Motion_Classifier.m

MATLAB script - MSD comparison

MATLAB script

Compare_MSD_Results

Other

Oni Nanoimager S (HiLO microscopy)

Oxford Nanoimaging

https://oni.bio
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