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ABSTRACT Chromatin remodelers actively target arrays of acetylated nucleosomes at select enhancers and promoters to
facilitate or shut down the repeated recruitment of RNA polymerase II during transcriptional bursting. It is poorly understood
how chromatin remodelers such as PBAF dynamically target different chromatin states inside a live cell. Our live-cell single-
molecule fluorescence microscopy study reveals chromatin hubs throughout the nucleus where PBAF rapidly cycles on and
off the genome. Deletion of PBAF’s bromodomains impairs targeting and stable engagement of chromatin in hubs. Dual color
imaging reveals that PBAF targets both euchromatic and heterochromatic hubs with distinct genome-binding kinetic profiles that
mimic chromatin stability. Removal of PBAF’s bromodomains stabilizes H3.3 binding within chromatin, indicating that bromodo-
mains may play a direct role in remodeling of the nucleosome. Our data suggests that PBAF’s dynamic bromodomain-mediated
engagement of a nucleosome may reflect the chromatin-remodeling potential of differentially bound chromatin states.
SIGNIFICANCE Transcriptional bursting involves a gene rapidly switching between transcriptionally active and inactive
states. To regulate transcriptional bursting, chromatin must interchange between euchromatin and heterochromatin to
permit or restrict access of transcription factors including RNA polymerase II to enhancer and gene promoters. However,
little is known regarding how chromatin remodelers dynamically read a rapidly changing 4D epigenome. We used live-cell
single-molecule imaging to characterize the spatiotemporal chromatin-binding dynamics of PBAF, a chromatin remodeler
that accesses both euchromatin and heterochromatin to regulate transcription. PBAF cycles on and off chromatin hubs in
select nuclear regions where it distinctly engages euchromatin and heterochromatin via bromodomains in its BAF180
subunit. Our study provides the framework to understand how the 4D epigenome is regulated.
INTRODUCTION

Transcriptional bursting is defined by brief periods of time
where a gene promoter is in a highly permissible state that
allows transcription-factor recruitment and rapid loading
of RNA polymerase II (RNA Pol II) every 8–20 s (1). Af-
ter a period of minutes, the gene is shut down and tran-
scriptionally silent for a period of minutes to hours (2).
There is a tight linkage between transcriptional activity
and chromatin-state changes such as the interconversion
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between euchromatin and heterochromatin (3). Therefore,
it is likely that chromatin remodelers (e.g., PBAF), histone
variants (e.g., H3.3), and factors that actively stabilize
different chromatin states (e.g., H1/HP1a) also bind and
unbind enhancers and promoters in a cyclical manner
(4–6).

Recent live-cell imaging studies indicate that transcrip-
tion factors (e.g. RNA Pol II, mediator, and Sox2) dynami-
cally bind chromatin as clusters to form hubs of activity that
regulate local gene expression (7–12). However, such dy-
namic activity of chromatin modifiers within distinct chro-
matin hubs is currently poorly characterized due to a
number of technical limitations. In particular, researchers
lack efficient methods to identify and quantitatively charac-
terize chromatin in active/inactive hubs in live cells.
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PBAF’s targeting to chromatin hubs
PBAF is an ATP-dependent chromatin-remodeling com-
plex that both evicts or repositions nucleosomes to regulate
transcription of stress-response genes via bromodomain-
dependent targeting of acetylated chromatin (13–15).
Numerous in vitro studies have found that the removal or
mutational inactivation of bromodomains in the BAF180
subunit reduces PBAF’s binding to chromatin (16,17). How-
ever, none of these studies determined if bromodomains
regulate both the association and dissociation of PBAF
with acetylated chromatin in vivo. In addition, PBAF targets
heterochromatin to actively repress transcription likely
via repositioning or stabilizing a nucleosome at promoters
and enhancers through a poorly characterized mechanism
(18–21). Therefore, understanding how PBAF dynamically
recognizes highly localized hubs of different chromatin
states may lead to a greater understanding of the spatial
and dynamic regulation of chromatin topology and gene
regulation in vivo.

To spatially distinguish and characterize different types of
chromatin hubs in vivo, we used live-cell single-molecule
tracking (SMT) to dynamically map chromatin binding of
PBAF alongside prototypical markers of euchromatin
(H3.3) and heterochromatin (HP1a). Our dynamic imaging
studies reveal small hubs where PBAF cycles on and off
chromatin. To map out different chromatin states, we inves-
tigated PBAF’s engagement and stability on chromatin
when encountering H3.3- and HP1a-marked hubs. More
importantly, we assessed the role of PBAF’s bromodomains
in guiding PBAF to nuclear hubs and influencing PBAFs
ability to selectively engage euchromatic and heterochro-
matic hubs. Overall, our studies provide new insights into
dynamic chromatin targeting of PBAF via bromodomains.
MATERIALS AND METHODS

Plasmid constructions, generation of cell lines,
and live-cell fluorescent labeling of proteins

Details of plasmid construction, generation of cell lines, and fluorescent la-

beling of proteins are described in the supplemental experimental

procedures.
Live-cell single-molecule imaging of Halo-
BAF180 wild-type (WT)/DBD, H3.3-SNAP, or
SNAP-HP1a

All imaging sessions were carried out at room temperature in L-15 media

(Gibco, Waltham, MA) to support cell growth in conditions lacking CO2.

Experiments were performed at room temperature to minimize microscope

drift and cell movement, which can substantially affect identification of

hubs. Imaging experiments performed at 37�C showed equivalent residence

times and distributions of Halo-BAF180 compared with imaging performed

at room temperature, with the exception that the residence time of PBAF

binding state 3 was decreased at 37�C (Fig. S9 A). In addition, the ratio

of binding events inside hubs compared with outside of hubs was substan-

tially lower at 37�C compared with at 25�C (Fig. S9 B), likely due to cell

movement or stage drift, which makes hub identification more difficult.
Cells were continuously illuminated using a 532 nm (13 W/cm2, Coherent,

Santa Clara, CA) or 640 nm (9.5 W/cm2, Coherent) laser for JF549-HTL

and SNAP-Cell 647-SiR imaging, respectively. Time-lapse two-dimen-

sional (2D) images of single molecules were acquired with a customized

inverted Nikon Eclipse Ti microscope with a 100� oil-immersion objective

lens (1.49 NA, Nikon, Melville, NY) and were further magnified 1.9� post-

objective. BAF180 images were acquired at 2 Hz for �18 min using an

EMCCD (iXon, Andor, Belfast, UK) with a 512 � 512 pixel field of

view (final pixel size of 84 nm). SNAP imaging proceeded at 2 Hz for

�4.5 min in cells that expressed either SNAP-Cell 647-SiR-labeled H3.3-

SNAP or SNAP-HP1a.
Image processing and SMT

Movies of acquired images were processed to subtract background in Im-

ageJ using a rolling ball radius of 50 pixels. Background subtracted movies

were subjected to multi-target tracking to resolve the trajectories of individ-

ual molecules (22) using a GUI-based implementation, SLIMfast (23).

Localization of individual molecules was achieved by fitting point spread

functions (PSFs) of discrete single spots with a 2D Gaussian function.

Tracking of single-molecule chromatin-binding events was performed by

connecting BAF180 localizations between consecutive frames. Tracking

was based upon a maximum expected diffusion constant of 0.05 mm2/s

and allowed for 1.5 s gaps in trajectories due to blinking or missed locali-

zations. A 2D projection map of BAF180-binding events was generated by

determining the average x,y position from each individual binding trajec-

tory acquired over 18 min of imaging.

Nuclear BAF180 tracks were identified based on the boundaries from 2D

projection maps of 180 binding events. BAF180 tracks that fell outside of

the nucleus were excluded. Photobleach rates were then determined for

each background-subtracted movie based upon exponential decay of

the global fluorescence of chromatin-bound Halo-BAF180 WT/DBD,

H3.3-SNAP, or SNAP-HP1a.
Analysis of PBAF chromatin-binding residence
times

Chromatin-binding residence times were determined by plotting a survival

curve (1-cumulative density function [1-CDF]) of the track lengths of chro-

matin-bound Halo-BAF180 in each cell. Single- and double exponential

models were then fitted to these 1-CDF plots to determine residence times.

Residence times were photobleach corrected as previously described (24).

One-way analysis of variance followed by Tukey’s post hoc t-tests were

performed to determine pairwise significance of global residence times

and percentages of stable PBAF binding events.

GRID analysis was performed on residence times aggregated from mul-

tiple cells using a regularization parameter of 0.05 and kmin/kmax values of

-3 and 1, respectively, for all conditions. Fits were resampled 100 times con-

taining 80% of the data to obtain mean and error values. Statistical signif-

icance was determined using a two tailed Student’s t-test.
Analysis of PBAF clustering in hubs

2D projection maps of BAF180-binding events lasting at least 1 (Fig. 2 B)

or 8 s (Fig. S4 B) were expanded 10-fold in the x and y directions, yielding a

final pixel size of 8.4 nm. Areas of high PBAF binding densities were deter-

mined by counting the number of binding events within an octagon window

(diameter: 168 nm) as it was raster scanned across the nucleus of the

expanded 2D projection map. Contiguous octagon widows centered on an

individual pixel containing at least 3 PBAF binding events were defined

and labeled as hubs. The total number of hubs per cell were then normalized

to the total PBAF binding events per cell and multiplied to produce

the number of PBAF hubs formed per 10,000 PBAF binding events
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(i.e., number of PBAF hubs) for each cell. The median number of PBAF

binding events inside hubs in cells was also normalized to the total PBAF

binding events per cell and multiplied to produce the number of PBAF bind-

ing events in hubs per 10,000 PBAF binding events over 18 min of imaging.

Overall significance was determined with a two-sample Kruskal-Wallis test

to determine pairwise significance.
Characterization of PBAF localization and
binding dynamics in proximity to H3.3 or HP1a
hubs

High-binding density H3.3 or HP1a hubs were mapped using multi-target

tracking and raster scanning as described above. Track lengths for PBAF

molecules within hubs whose centroids were within 500 nm of H3.3 or

HP1a hub centroids were aggregated from a number of cells and plotted

as a 1-CDF survival curve and fit to single- and double exponential decay

functions. The proximity distance of 500 nm was chosen to reflect the

size of the hubs (�200–400 nm diameter) and the close association of

PBAF with H3.3 or HP1a as seen in our fixed-cell STORMmicroscopy ex-

periments (Fig. S8). Residence times of the specific binding population for

PBAF in co-localized hubs were plotted as a 1�CDF plot. Statistical differ-

ences between genotype or treatment conditions were then assessed using a

two-sample Kolmogorov-Smirnov test.
RESULTS

PBAF targets chromatin in distinct nuclear hubs
and compartments

A number of prior studies found that transcription factors,
including EWS/FLI, Sox 2, and RNA Pol II, along with his-
tones, formed highly localized clusters or hubs of binding in
enhancers or promoters within nuclear domains of �200–
300 nm in diameter (8,9,11,25). However, the molecular or-
igins of dynamic transcription-factor binding on chromatin
hubs is poorly understood. Therefore, we chose to study
how the cycling of factors on and off of chromatin on the
timescale of seconds to minutes is influenced by histone
post-translational modifications (PTMs) and chromatin sub-
types (e.g., euchromatin versus heterochromatin).

Enhancers and promoters of transcriptionally active genes
are enriched in acetylated chromatin (26). Accordingly, we
hypothesized that chromatin remodelers such as PBAF,
which targets a variety of acetylated residues via its 8–14
bromodomains (18,27), would also form dynamic binding
hubs in the nucleus (Fig. 1 A). To characterize the dynamic
binding of PBAF to chromatin in vivo, we chose to fluores-
cently tag the BAF180 subunit (i.e., Halo-BAF180 WT;
Fig. S1), since it is present as two copies within PBAF
and harbors six bromodomains/copy that are critical for
interaction with acetyl-lysine residues on histones (16,17).
We confirmed that these Halo-tagged BAF180 proteins
were incorporated into the large multi-subunit PBAF com-
plex via co-immunoprecipitation studies and live-cell fast-
diffusion measurements (Figs. S1 and S2; Videos S6 and
S7). Quantitative analysis of Western blots from nuclear ex-
tracts revealed that nuclear Halo-BAF180 WT is not overex-
pressed relative to the endogenous BAF180 in a U2OS cell
1740 Biophysical Journal 121, 1738–1752, May 3, 2022
line expressing the Halo tag alone (Fig. S1 C and D). This is
likely due to the fact that overexpressed subunits that are not
incorporated into multi-subunit complexes are often
degraded (28).

Motion-blur HILO microscopy combined with live-cell
SMT was used to detect fluorescent PBAF molecules that
were bound to chromatin (Fig. 1 B; Video S1) (24). At long
camera exposure rates (�500 ms), fast-diffusing nuclear
PBAF complexes are blurred out and cannot be localized
(24). Single PBAF molecules, stably bound to chromatin,
appear as distinct PSFs that are spatially and temporally
resolved (Fig. 1 B) (24). PSFs, representing PBAF’s binding
and unbinding on chromatin, appear and disappear stochasti-
cally throughout the time course of imaging (Fig. 1 B; Video
S1). 2D projection maps showed select nuclear regions that
contained high densities of PBAF chromatin-binding events
(Figs. 1C andS3C). Pair correlation function analysis, which
was previously used for determination of transcription-factor
clustering (9), found that PBAF formed binding hubs of
�200–400 nm in diameter (Fig. S3 D).

To better identify and quantify PBAF’s dynamic binding in
chromatin hubs,we developed an approach to spatially define
the frequency of PBAF’s chromatin binding within nuclear
subregions. Individual pixels in these dynamic binding-fre-
quency heatmaps were calculated by raster scanning across
the nucleus and counting the number of PBAF chromatin-
binding events in a window of approximately 252 nm diam-
eters as the window was raster scanned across the nucleus
(Fig. 1 C and D). Spatially isolated regions spanning
�200–400 nm in diameter representing high-frequency
PBAF binding to chromatin were scattered throughout the
nucleus (Fig. 1 D). No hubs were detected in simulations
with random localizations of an equivalent number of bind-
ing events throughout the nucleus for every cell included in
our analysis (see Fig. S4 A for a representative cell). Based
upon PBAF’s known role in remodeling chromatin in
genomic elements associated with transcriptional regulation,
we hypothesized that PBAF’s binding in equivalently sized
hubs as Sox2 and RNA Pol II was due, in part, to dynamic in-
teractions with chromatin in enhancers and promoters.
PBAF targeting to chromatin hubs is regulated by
BAF180 bromodomains

Histone PTMs associated with transcriptional regulation
(e.g., acetylation) are ideal targets to better understand the
molecular origins of PBAF cycling on chromatin hubs.
Therefore, we chose to see how disruption of PBAF’s inter-
action with histone PTMs affected targeting to chromatin
hubs. Arrays of acetylated nucleosomes can be repeatedly
targeted by bromodomain containing chromatin-remodeling
complexes such as PBAF (Fig. 2 A) (29). BAF180’s six bro-
modomains allow PBAF to recognize a large variety of
acetyl-lysine residues in chromatin (27,30–32). Therefore,
we compared the high-frequency binding of a WT PBAF



FIGURE 1 Spatial analysis of PBAF chromatin-binding events using SMT to define binding hubs. (A) Transcriptionally active genomic regions (green)

contain open chromatin structures associatedwith acetylated histonemarks (e.g., H3K27ac andH3K14ac) and theH3.3 histone variant. Transcriptionally inac-

tive genomic regions (red) contain closed chromatin structures associated with select methylated histone marks (e.g., H3K27me3 and H3K9me3) and hetero-

chromatic protein HP1a. PBAF contains multiple bromodomains within the BAF180 subunit known to bind acetylated histone marks associated with open

chromatin regions. (B) Motion-blur HiLo microscopy (top panel) of a single U2OS cell stably expressing Halo-BAF180 WT. PBAF containing Halo-

BAF180 WT molecules that rapidly diffuse in the nucleoplasm are blurred, while chromatin-bound PBAF appears as single bright spots (highlighted by red

circles, lower panels). Disappearance of a spot (white arrow) is due to unbinding or dissociation of PBAF from the chromatin. A diagonal white line is an added

spatial reference that is positioned at the same location in each frame. (C) Strategy for measuring the non-homogeneous localization of PBAF chromatin-bind-

ing events in a nucleus. A 2D projection map of PBAF binding events (red dots) in the nucleus over 18min of imaging is shown. A gray box (left panel, zoomed

view in the right panel) outlines a representativewindow of PBAF binding events in a subnuclear region. PBAF binding density is thereby determined by count-

ing the number of binding events locatedwithin a given sizewindow (0.064mm2, blue box). Scale bar, 2 mm. (D) PBAF binding-event-frequency heatmapswere

obtained using the 2D projection map in (C). Regions of high (red) and low (blue) PBAF binding frequency are presented for the cell shown in (C). The right

panel is a zoomed in view of the dashed box in left panel. PBAF hubs (right panel,white box) were identified as clusters of frequent PBAF chromatin binding to

target loci. Scale bar, 2 mm (left panel) and 0.25 mm (right panel), respectively. To see this figure in color, go online.

PBAF’s targeting to chromatin hubs
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FIGURE 2 Spatial and cycling analysis of PBAF binding hubs. (A) A schematic representation where PBAF cycles on and off an array of nucleosomes. (B)

Clustering analysis algorithms indicate PBAF binding events (red dots) within hubs (left panel, blue outlines). The right panel displays an expanded inset of a

boxed region in the left panel. (C) The number of hubs formed per cell, which express either PBAFWTor the mutant PBAFDBD. (D) Temporal occupancy of

PBAF at a representative chromatin-binding hub. Snapshots of PBAF binding foci at different time points in movie (seconds) and the appearance of PBAF

binding highlighted by white boxes (top panel). The width of the black bars represents the duration of individual PBAF/chromatin-binding events in a hub

(bottom panel). White gaps represent latent time periods when the region containing a hub is not occupied by PBAF. Timepoints (:) from the top panel

where PBAF binds in the hub. Timepoints (D) where PBAF does not bind the hub. (E) Median number of PBAF binding events per hub per cell accumulated

over an 18 min time window (N ¼ 39 WT DMSO cells, 17 DBD DMSO cells, 37 WT suberoylanilide hydroxamic acid [SAHA] cells, and 21 DBD SAHA

cells). N.S., not significant, and ***p < 0.001. For data in (C), and (E), the white bar in the solid black box is the median, while the lower and upper bound-

aries of the black box correspond to the 25th and 75th percentiles of the data, respectively. Outliers typically represented less than 10% of the dataset and

therefore were omitted for clarity. To see this figure in color, go online.
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PBAF’s targeting to chromatin hubs
and a mutant PBAF lacking the six BAF180 bromodomains
(i.e., DBD) (Figs. 2 B and S1 A).

Many transcription factors, chromatin remodelers, and
replication factors exhibit transient interactions (<1 s)
with chromatin (24,28,33). Transient and likely non-specific
probing of PBAF on chromatin could generate background
noise that impairs hub detection. Thus, we limited our anal-
ysis to PBAF chromatin-binding events lasting longer than 1
s. The number of PBAF binding hubs in each cell was
reduced upon deletion of BAF180 bromodomains (Fig. 2
C). We did not see a significant change in the number of
WT or DBD PBAF binding hubs when global levels of his-
tone acetylation were elevated via SAHA treatment (Figs. 2
C and S4 B). However, the number of WT PBAF binding
hubs increased in a BAF180 bromodomain-dependent
manner upon histone hyperacetylation when filtering the
data to only include binding events greater than 8 s
(Fig. S4 C). This suggests that histone hyperacetylation con-
tributes to increased PBAF target-hub selection, but this
may be dictated by enhanced stability of PBAF on chro-
matin in hubs.

Of note, removal of BAF180 bromodomains only weak-
ened, but did not completely eliminate, DBD PBAF’s ability
to bind chromatin hubs. This suggests that only a subset of
target chromatin hubs are dependent on BAF180 bromodo-
mains. Alternatively, additional chromatin-binding domains
(e.g., bromodomains, BAH, and PHD) in other PBAF sub-
units compensate for the removal of BAF180 bromodo-
mains. Overall, our data indicate that at least a subset of
target hubs are defined by repeated rounds of PBAF binding
to chromatin via BAF180 bromodomains/acetyl-lysine
interactions.
BAF180 bromodomains do not inherently
promote more frequent cycling of PBAF on
chromatin in hubs

Our data thus far indicated that bromodomain/acetyl-lysine
interactions in nucleosomes may strengthen PBAF’s binding
to chromatin, consistent with previous in vitro biochemical
studies (16,17,34). However, prior studies did not address if
bromodomain/acetylated histone contacts increased the as-
sociation (kon) or decreased the dissociation (koff) of PBAF
binding to chromatin in vivo. We took multiple approaches
to answer this question. To analyze PBAF’s association with
chromatin, we investigated PBAF cycling rates on chro-
matin in target hubs. Chromatin hubs are occupied via a se-
ries of PBAF binding and unbinding events interspersed
with latent periods of non-occupancy (Fig. 2 D). If
BAF180 bromodomain/acetylated histone interactions
directly promoted faster association (e.g., increased kon) of
PBAF with chromatin, histone hyperacetylation should in-
crease WT PBAF’s cycling rates on chromatin. Histone hy-
peracetylation did not significantly impact cycling rates of
WT or DBD PBAF on chromatin in hubs (Fig. 2 E). This
indicates the histone hyperacetylation likely only increases
the number of chromatin targets that are more stably bound
by PBAF’s BAF180 bromodomains (Fig. S4 C) while hav-
ing little effect on promoting faster association with acety-
lated chromatin.

In addition, DBD PBAF should cycle less frequently on
chromatin hubs compared with WT PBAF if BAF180 bro-
modomain/histone acetylation interactions promoted faster
association (e.g., increased kon) with acetylated chromatin.
In stark contrast to this idea, DBD PBAF exhibited more
rounds of repeated binding events on hubs compared with
WT PBAF (Fig. 2 E). It is important to note that the number
of PBAF binding events in the WT and DBD PBAF hubs
was acquired over an 18 min time window and was normal-
ized to the total number of binding events in each cell. Also,
WT and DBD PBAF hubs are approximately the same size,
suggesting that DBD PBAF cycles faster than WT PBAF.
Overall, differences in cycling rates between WT and
DBD PBAF indicate that the time-dependent fluctuation of
fluorescent signals in hubs is not due to inherent blinking
of the dye, which should be independent of the protein
that is labeled. Rather, cycling of PBAF on and off chro-
matin hubs on the timescale of seconds to minutes is likely
due to repeated rounds of binding and unbinding to
chromatin.

The increased cycling rate of DBD PBAF on chromatin
may be due to mass-action effects since removal of
BAF180 bromodomains allows DBD PBAF to target only
a limited subset of chromatin hubs. In other terms, WT
PBAF cycles less frequently on chromatin since it has
more potential hub targets, essentially diluting out the con-
centration of PBAF available for re-visiting. Alternatively,
DBD PBAF could bind chromatin for shorter periods of
time, effectively increasing the concentration of freely
diffusing PBAF relative to WT PBAF. Consistent with this
alternative mechanism, the number of hubs targeted by
DBD PBAF only decreases 16%, while cycling frequency
increases by 39%, compared with WT PBAF. Thus, our
data supports that BAF180 bromodomains do not promote
faster association of PBAF with acetylated chromatin.
PBAF stably engages chromatin in hubs via
BAF180 bromodomains

In vitro biochemical experiments indicate that PBAF mobi-
lizes/evicts nucleosomes via a multi-step pathway that
likely involves an initial transient encounter with a nucleo-
some (state 1), a stable nucleosome engagement (state 2),
and an ATP-dependent DNA translocation that can lead to
nucleosome mobilization or eviction (states 3–4) followed
by dissociation of PBAF from the DNA scaffold (Fig. 3 A)
(34–36). Based upon this mechanism, BAF180 bromodo-
mains could promote efficient stable engagement of acety-
lated chromatin (e.g., transition from state 1 to 2). SMT is
a powerful technique that measures kinetic parameters of
Biophysical Journal 121, 1738–1752, May 3, 2022 1743



FIGURE 3 Spatial analysis of PBAF’s stability on chromatin. (A) A schematic showing kinetic mechanism for PBAF binding and remodeling of a nucle-

osome. (B) 1-cumulative distribution function (1-CDF) plot of WT PBAF’s chromatin-binding residence time inside hubs in a cell. 1-CDF plots were fitted to

a single (dashed gray) and double (solid green) exponential-decay model. The residence time (t) and its corresponding percentage for each population (i.e.,

transient [T] and stable [S]) are indicated. N¼ 7662 PBAF binding events in hubs in cell. (C) GRID analysis of WT PBAF’s chromatin-binding t inside hubs

in same cell as (B). (D) Median percentage of Halo-BAF180 WTor Halo-BAF180 DBD (DBD) binding events displaying stable (S,>1 s binding) binding to

chromatin inside and outside of hubs (N ¼ 39 WT DMSO cells, 17 DBD DMSO cells) as determined by fitting using a double exponential-decay model. (E)

Table of GRID analysis of WT and DBD PBAF’s chromatin-binding t inside hubs aggregated across all cells (N ¼ 296,518 PBAF binding events in 39 WT

DMSO cells, N ¼ 76,393 PBAF binding events in 17 DBD DMSO cells, N ¼ 326,102 PBAF binding events in 37 WT SAHA cells, N ¼ 123,521 PBAF

binding events in 21 DBD SAHA cells). For data shown in (D), the white bar in the solid black box is the median, while the lower and upper boundaries

of the black box correspond to the 25th and 75th percentiles of the data, respectively. N.S., not significant, and ***p < 0.001. Outliers typically represented

less than 10% of the dataset and therefore were omitted for clarity. To see this figure in color, go online.

Kenworthy et al.
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PBAF’s targeting to chromatin hubs
different populations of chromatin-bound factors (9,24,37).
Therefore, we analyzed PBAF’s chromatin-binding resi-
dence times within hubs. Histograms of PBAF’s chro-
matin-binding residence times inside of hubs fit much
better to a double compared with a single exponential-decay
model (Fig. 3 B). Residence times were corrected for photo-
bleaching (3). The predominant PBAF population (80% of
molecules) transiently (<1 s) bound chromatin inside of
hubs for 0.94 s (Figs. 3 B and S5). Transiently bound
PBAF most likely represents non-specific or non-productive
binding (Fig. 3 A, state 1), as seen previously with many
other transcription factors, chromatin remodelers, and
DNA-replication factors (24,28,33). The remaining PBAF
molecules (20%) stably bound chromatin (>1 s) inside
hubs for 12.7 s, further highlighting PBAF’s dynamic inter-
action with chromatin (Fig. 3 B). Importantly, PBAF’s stable
residence time on chromatin (12.7 s) is significantly shorter
than dye photobleaching rates (t1/2 of approximately 60–200
s), indicating that these imaging conditions measure dissoci-
ation of PBAF from chromatin.

PBAF and ATP-dependent chromatin remodelers often
act via complex multi-step kinetic pathways (Fig. 3 A)
(35,36). Therefore, it was possible that fitting of the resi-
dence time histogram using a double exponential-decay
model underestimated the number of different states of
PBAF bound to chromatin in hubs. To examine for addi-
tional chromatin-bound states of PBAF, we further analyzed
PBAF’s residence time within hubs using GRID, which has
been previously used to define multiple populations (5,6) of
chromatin-bound transcription factors (38,39). GRID anal-
ysis revealed three well-defined populations and a fourth
less-well-defined population of WT PBAF bound to
chromatin in hubs with residence times ranging from
�0.7–50 s (Fig. 3 C).

To determine if BAF180 bromodomains promote stable
association with acetylated chromatin, we compared WT
and DBD PBAF’s chromatin-binding residence times inside
of hubs. Removal of BAF180’s bromodomains (DBD
PBAF) decreased the percentage of PBAF molecules dis-
playing stable binding (>1 s) inside hubs (Fig. 3 D and
E). While BAF180 bromodomains are not absolutely
required for PBAF’s interaction with chromatin, BAF180
bromodomains enhance the efficiency of PBAF’s stable
engagement (populations >1 s binding) with acetylated
chromatin (Fig. 3 A, transition from state 1 to 2).

Residence times within a population of molecules that are
stably bound to chromatin directly reflect dissociation rates
of PBAF from a nucleosome. To determine if BAF180 bro-
modomains decreased the dissociation rates (e.g., koff) of
PBAF from chromatin, we compared the residence times
of WT and DBD PBAF inside hubs. WT PBAF displayed
longer stable residence times on chromatin compared with
DBD PBAF via fitting with a double exponential-decay
model (Fig. S5 C). However, GRID analysis indicated
much more complicated kinetic profiles. To further charac-
terize PBAF’s longest-lived population (population 4 [P4])
that was less well defined in single cells (Fig. 3 C), we
aggregated binding events from all cells. The residence
times of DBD PBAF increased compared with WT PBAF
at the two longest-lived populations (P3 p < 0.0001 and
P4 p < 0.001) under basal levels of histone acetylation
(Fig. 3 E). The percentage of long-lived PBAF chromatin-
binding events (P3/P4) was significantly decreased upon
removal of BAF180 bromodomains under basal levels of
histone acetylation (Fig. 3 E). This decrease in the apparent
residence time of DBD PBAF seen by fitting with the double
exponential-decay model was likely due to the reduced per-
centage of the longest-lived PBAF populations (P3/4) upon
BAF180 bromodomain removal. This highlights the impor-
tance of performing GRID analysis for chromatin-binding
factors with complex kinetic profiles. Our data obtained
via a more sophisticated fitting method (e.g., GRID) indi-
cates that BAF180 bromodomains increase the percentage
of PBAF binding events engaging in long-lived binding
(>�13 s, P3/P4) on chromatin but does not increase PBAF’s
residence time on chromatin under basal levels of histone
acetylation (Fig. 3 A, koff stable/mobilization/eviction).

Hyperacetylation of histones (suberoylanilide hydroxa-
mic acid treatment) did not significantly increase the per-
centage of stable chromatin-binding events of WT or DBD
PBAF inside hubs (Fig. 3 E). This suggests that histone hy-
peracetylation does not further increase the efficiency of sta-
ble engagement of chromatin (Fig. 3 A, transition from state
1 to 2). Histone hyperacetylation increases the residence
time of WT PBAF once fully engaged on a nucleosome,
which was particularly evident on the longest-lived state
(P4) in the GRID analysis (Fig. 3 E). Importantly, no in-
crease in DBD PBAF’s residence time was seen in either
the double exponential-decay model or GRID analysis
(Figs. S5 C and 3 E). Therefore, histone hyperacetylation al-
lows PBAF to find new target hubs in global chromatin
(Fig. S4 B) and further stabilizes PBAF once bound to a
nucleosome (Fig. 3 A, states 3/4).
Chromatin inside and outside of hubs are distinct
interaction scaffolds for PBAF

Chromatin hubs likely contain histone PTMs that better pro-
mote PBAF’s binding to nucleosomes relative to global
chromatin. To test this hypothesis, we compared kinetic pro-
files of PBAF’s chromatin-binding residence times inside
and outside of hubs. Indeed, the percentage of PBAF mole-
cules transiently engaged (<1 s) with chromatin increased
precipitously outside compared with inside hubs, with
both the double exponential-decay model and GRID anal-
ysis (compare Figs. 3 E and S5A). This suggests that chro-
matin in target hubs is likely decorated with distinct histone
PTMs or exists in unique structures to promote the effi-
ciency of PBAF’s stable engagement of a nucleosome
compared with global chromatin outside of hubs.
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Global chromatin outside of hubs could also present a
unique scaffold that affects PBAF’s stability on chromatin.
Therefore, we compared WT PBAF’s stable chromatin-
binding residence time outside and inside hubs. WT PBAF’s
stable chromatin-binding residence time (e.g., for popula-
tions with residence times >1 s) increases outside of hubs
relative to inside of hubs, as seen by both the double expo-
nential-decay model and GRID analysis (compare Figs. 3 E
and S5 C, S6 B, and C). Overall, our data suggest that WT
PBAF’s engagement is inefficient on global chromatin.
However, once WT PBAF efficiently binds a nucleosome
on global chromatin, it is stabilized via unique histone
PTMs and/or structures. This further suggests that chro-
matin inside and outside of hubs present unique scaffolds
that regulate WT PBAF’s engagement and binding stability
on a nucleosome.

Our data from inside chromatin hubs suggested that
BAF180 bromodomains promoted efficient engagement
(>1 s binding) on chromatin containing basal levels of acet-
ylation and increased PBAF’s residence time on hyperacety-
lated chromatin (Fig. 3 D and E). To further determine how
BAF180 bromodomains impacted PBAF’s stable interaction
with global chromatin, we compared WT and DBD PBAF’s
kinetic binding profiles on chromatin outside of hubs. With
GRID analysis, similar to what is seen inside of hubs,
removal of BAF180 bromodomains further decreases
PBAF’s stable engagement of chromatin (percentage of
binding events >1 s) outside of hubs (Fig. S6 C). Once
PBAF is engaged on chromatin, removal of BAF180 bromo-
domains increases its residence time on chromatin contain-
ing basal levels of acetylation, as seen by GRID analysis
(Fig. S6 C). Upon histone hyperacetylation, removal of
BAF180 bromodomains decreases PBAF’s residence time
of the longest-lived populations (P3/P4) on chromatin
outside of hubs (Fig. S6 C). Overall, our data suggest that
global chromatin is also acetylated, albeit likely to some
lesser degree compared with chromatin in hubs (see
discussion).
Prototypical markers for euchromatin (H3.3) and
heterochromatin (HP1a) form dynamic hubs

Previous studies have established that PBAF binds nucleo-
somes at promoters of both transcriptionally active and
repressed genes (18,19,40–42). To better understand the
different chromatin structures that PBAF targets in hubs,
we dynamically mapped nuclear subregions associated
with prototypical markers of euchromatin (H3.3-SNAP)
and heterochromatin (SNAP-HP1a) (Videos S2 and S3).
Hubs containing dense high-frequency H3.3-SNAP genomic
interactions were found within distinct subregions in the nu-
cleus (Fig. 4 A, left panel). Likewise, heterochromatic hubs
harboring high-frequency SNAP-HP1a/chromatin interac-
tions were also observed with similar exchange kinetics, as
seen in previous fluorescence recovery after photobleaching
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studies (Figs. 4A, right panel, and S7A) (43,44). Overall, this
approach identifies distinct nuclear hubswhere proteins asso-
ciated with euchromatin and heterochromatin dynamically
load and unload on the genome in a live cell.
PBAF’s stability on euchromatin and
heterochromatin is differentially regulated via
BAF180 bromodomains

To test if PBAF selectively engages different types of chro-
matin in hubs, we performed dual-color single-molecule
imaging of PBAF (Halo-BAF180) and euchromatin
(H3.3-SNAP) or heterochromatin (SNAP-HP1a) in live
cells (Videos S4 and S5). WT PBAF and euchromatic/het-
erochromatic hubs in close proximity (within 500 nm of
each hub’s centroid position) were identified and further
analyzed to determine WT PBAF’s chromatin-binding pro-
files (Fig. 4 B). We conservatively chose 500 nm as our limit
of co-localization given that our hubs are �200–400 nm in
diameter. In addition, PBAF and H3.3/HP1a were sequen-
tially imaged (Dt ¼ �20 min), which may allow chromatin
targets in hubs to slightly shift position over our temporal
imaging window.

Fitting of PBAF’s residence time of co-localization data us-
ing a double exponential-decaymodel indicated no difference
in PBAF’s stable engagement of chromatin (e.g., percentage
of binding events >1 s) in close proximity to euchromatic
versus heterochromatic hubs (Fig. 4C).However,GRID anal-
ysis, which allows finer partitioning of kinetic species,
showed an increase in percentages of WT PBAF molecules
that transiently engaged (<1 s binding, P1) chromatin close
to heterochromatic versus euchromatic hubs (Fig. 4 D).
Therefore, PBAF’s stable engagement (>1 s, P2/P3/P4)
with chromatin in hubs appears to be dependent on the sub-
types (e.g., euchromatic versus heterochromatic) of its neigh-
boring chromatin hubs.

When assaying PBAF’s stability on a bound nucleosome
of different chromatin subtypes, we found that WT PBAF
bound chromatin hubs near euchromatic hubs (10.7 s) for
significantly less time compared with heterochromatic
hubs (15.2 s) using fitting with a double exponential-decay
model (Fig. 4 C). GRID analysis indicated four WT PBAF
chromatin-binding populations near euchromatic hubs and
only three WT PBAF chromatin-binding populations near
heterochromatic hubs (Fig. 4 D). Residence times of the first
population (P1, �0.7 s) were similar for PBAF bound near
euchromatic and heterochromatic hubs (Fig. 4 D). The resi-
dence time for PBAF bound in the second population (P2)
increased (p < 0.0001) near heterochromatic (4.7 s) versus
euchromatic hubs (3.6 s). The residence time of PBAF’s
third population (P3) near heterochromatic hubs (25.6 5
3.1 s) increased (p < 0.0001) compared with PBAF’s fourth
population (P4) near euchromatic hubs (22.4 5 2.9 s).
Overall, our data suggest that PBAF binds differentially
(3 versus 4 populations) and longer to chromatin near



FIGURE 4 Spatial analysis of PBAF chromatin binding activities near H3.3- and HP1a-marked chromatin hubs. (A) High frequency binding hubs for

H3.3-SNAP (left panels) or SNAP-HP1a (right panels). Top panels represent an enlarged view of the region outlined in yellow dashed boxes in bottom

panels. The nucleus edge is shown in gray. Scale bars, 0.25 mm (top panel) and 2 mm (bottom panel). (B) Representative co-localization of a Halo-

BAF180 WT hub (green hubs with blue binding events) and H3.3-SNAP hub (red hubs with yellow binding events). Scale bar, 0.5 mm. (C) Table of the dis-

tribution of T and S chromatin residence for WT and DBD PBAF near euchromatic and heterochromatic hubs. Median values for the population (Pop) are

reported as percentages, while the t is in seconds. (D) Table of GRID analysis for chromatin residence of WT and DBD PBAF near euchromatic and het-

erochromatic hubs. N¼ 4673WT binding events in 16 WT/H3.3 cells, N¼ 28,116 DBD binding events in 16 DBD/H3.3 cells, N¼ 2563 WT binding events

in 15 WT/HP1a cells, and N ¼ 8859 DBD binding events in 11 DBD/HP1a cells. To see this figure in color, go online.

PBAF’s targeting to chromatin hubs
heterochromatic hubs compared with euchromatic hubs. We
speculate that PBAF’s residence time may be dependent on
whether the nucleosome needs to be evicted (transcriptional
activation in euchromatin) or mobilized and/or likely stabi-
lized without eviction (transcriptional repression in hetero-
chromatin) (Fig. 6). This data is also consistent with WT
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FIGURE 5 Residence-time analysis of H3.3 inside hubs near WT- and

DBD PBAF-marked chromatin hubs. (A) (1-CDF) of H3.3’s chromatin-

binding t inside hubs near WT PBAF hubs. (B) 1-CDF of H3.3’s chro-

matin-binding t inside hubs near DBD PBAF in a cell. 1-CDF plots were

fitted to a single (dashed gray) and double (solid green) exponential-decay

model. The t and its corresponding percentage for each population (i.e., T

and S) are indicated. N ¼ 2184 H3.3 binding events in 16 WT/H3.3 cells

and N ¼ 15,130 H3.3 binding events in 16 DBD/H3.3 cells. To see this

figure in color, go online.
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PBAF’s enhanced residence time on global chromatin,
which is predicted to be more stable and heterochromatic
(compare Fig. 3E with Fig. S6 C).

Euchromatin is typically acetylation rich. Therefore, we
predicted that BAF180 bromodomains would play an
important role in stabilizing a PBAF complex bound to
euchromatin. However, removal of BAF180 bromodomains
led to an enhanced stability (e.g., decreased koff) of DBD
PBAF bound near H3.3 hubs (e.g., euchromatin) when
analyzed using a double exponential-decay model (Fig. 4
C). GRID analysis also suggests enhanced stability of
DBD PBAF bound near H3.3 hubs with increased residence
times of P3 (11.2 vs. 7.0 s) and P4 (24.9 vs. 22.6 s) relative
to WT PBAF (Fig. 4 D).

PBAF’s stability on chromatin is likely highly dependent
on the ability of PBAF to remodel and evict the nucleosome
(Fig. 3 A; see discussion). Therefore, it was possible that
removal of BAF180 bromodomains effectively slowed
down DBD PBAF’s ability to evict its bound H3.3-contain-
ing nucleosome, resulting in an increased chromatin-bind-
ing residence time. To test this hypothesis, we examined
the residence times of H3.3-SNAP in close proximity
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(500 nm) to either WT or DBD PBAF hubs. Consistent
with our model, the stability of H3.3 on chromatin was
higher near DBD PBAF compared with WT PBAF hubs
(Figs. 5 and 6 A). Therefore, our data suggest that
BAF180 bromodomains may help PBAF to rapidly disas-
semble or mobilize H3.3-containing nucleosomes.

Residence-time analysis of PBAF indicated that BAF180
bromodomains promoted stabilize engagement (>1 s) of
PBAF with global chromatin (Fig. S6 A and C). This sug-
gests that global chromatin can be acetylated to some
degree. Since global chromatin is also likely highly hetero-
chromatic, we compared WT and DBD PBAF’s stability on
chromatin near HP1a hubs (e.g., heterochromatin). We
found that DBD PBAF near heterochromatic hubs exhibited
weakened stability on chromatin compared with WT PBAF
via fitting using a double exponential-decay model and
GRID analyses (Fig. 4 C and D). This suggests that
BAF180 bromodomains enhance PBAF’s stability on het-
erochromatin, consistent with PBAF’s role in stabilizing nu-
cleosomes to repress transcription (20,21) (Fig. 6 B).
Alternatively, BAF180 bromodomains stabilize PBAF on
heterochromatin to help PBAF remodel a more stable nucle-
osome. To discern between these two possibilities, we
measured the residence time of HP1a near WT and DBD
PBAF hubs. Consistent with our model indicating that bro-
modomains help PBAF to remodel a nucleosome, the stabil-
ity of HP1a on chromatin was higher near DBD PBAF
compared with WT PBAF hubs (Fig. S7 A).

To support live-cell dynamic tracking of PBAF binding on
select chromatin states, super-resolution STORMmicroscopy
in fixed cells was also conducted (Fig. S8). There appears to be
a close association and overlap betweenWT PBAF and H3.3/
HP1a-marked chromatin (Fig. S8, magenta). In many subnu-
clear regions, PBAF binds chromatin and forms a distinct
close interface surrounding H3.3-marked chromatin domains
(Fig. S8, bottom left panel, highlighted inmagenta), consistent
with the results in Fig. 4 B. A similar but less pronounced
pattern was seen with PBAF- and HP1a-marked chromatin
domains (Fig. S8, bottom right panel). Taken together, these
studies illustrate that PBAF can selectively bind distinct types
of chromatin via BAF180’s bromodomains.
DISCUSSION

A battery of live-cell single-molecule and luciferase-based
imaging studies have now established that transcription is a
stochastic process consisting of short bursts of transcription
(minutes) intervened by periods of inactivity (minutes to
hours) (45,46). Transitions between transcriptionally active
and inactive genes are likely accompanied by the surrounding
chromatin interchanging between euchromatin and hetero-
chromatin, respectively (3). These transitions are likely
driven by dynamic transcription-factor binding accompanied
by DNA looping, allowing transient interactions between en-
hancers and promoters (47). Accordingly, this cyclical nature



FIGURE 6 For a Figure360 author presentation of Fig. 6, see https://doi.org/10.1016/j.bpj.2022.03.027.

Putative models of PBAF’s dynamic chromatin binding to different chromatin states. (A) In euchromatin, PBAF’s main role is to evict or move nucleosomes

to allow access of transcription factors to genomic sites. In this scenario, PBAF’s t may be affected by the nucleosome stability. Removal of six bromodo-

mains in one copy of BAF180 (right) stabilizes PBAF on euchromatin (decreased koff long-lived), potentially by impacting its ability to remodel the nucleosome.

H3.3’s t is related to PBAF’s t. (B) PBAF fundamentally interacts with heterochromatin differently than euchromatin. In this scenario, PBAF remains bound

to heterochromatin for longer periods of time (decreased koff long-lived) due to BAF180 bromodomain-mediated contacts with the nucleosome (left). HP1amay

bind for longer due to enhanced contacts with H3K9me3 in the absence of six bromodomains in one copy of BAF180 (right). In this model, koff long-lived
represents t in PBAF/H3.3/HP1a chromatin-binding populations lasting longer than �3–4 s. To see this figure in color, go online.

PBAF’s targeting to chromatin hubs
of going fromactive to inactivegene states suggests that chro-
matin-remodeling enzymes, chromatin-bound factors, his-
tones, and transcription factors dynamically bind and
unbind chromatin at highly select regions of the nucleus
over relatively short timescales. Indeed, our imaging data in-
dicates that PBAF, H3.3, and HP1a can be added to the
growing list of transcription factors (RNA Pol II, mediator,
EWS/FLI, and Sox2) that have been shown to form hubs or
clusters in live cells (7–11). Our imaging studies also show
distinct differences in PBAF’s engagement and chromatin-
binding residence time inside and outside (Figs. 3 D, E, S5,
and S6) of hubs, further validating our hub-calling approach.
Therefore,we and other research groups have established that
dynamic SMT is useful for identifying and characterizing
chromatin binding of a broad range of nuclear factors in
hubs of activity (11,12).

However, little is known about how chromatin hubs are
dynamically targeted and bound by chromatin remodelers.
Using dynamic live-cell SMT, chromatin-binding-frequency
heatmaps allowed us to visualize PBAF binding to chromatin
hubs. We propose that the discrete PBAF hubs identified in
our heatmaps (Fig. 1 D) represent repeated binding to arrays
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of closely spaced acetylated nucleosomes likely present in
enhancers and promoters during our live-cell imaging
(Fig. 2). Based upon our data, spatial confinement of PBAF
hubs over a small region of the nucleus (200–400 nm) may
also suggest that the genomic scaffold of chromatin targets
does not move appreciable over our 18min imaging window.
Albeit, there may be long-range dynamic enhancer/promoter
DNA looping that occurs during this time frame.

Removal of BAF180’s bromodomains reduced the number
of DBD PBAF hubs, while elevated global histone acetyla-
tion increased the number of hubs for WT PBAF (Figs. 2 C
and S4 C). Removal of BAF180 bromodomains did not
completely eliminate DBD PBAF targeting to hubs (Fig. 2
C). Therefore, PBAF may utilize bromodomains in its
BRD7/BRG1 subunits to target select BAF180-independent
chromatin hubs. PBAF may also use additional chromatin-
binding domains (PHD and/or BAH domains) for engage-
ment ofBAF180-independent chromatin hubs. Alternatively,
the one copy of endogenous BAF180 that contains bromodo-
mains in ourDBDPBAF complex (Fig. S1C andD) may suf-
fice to target the mutant PBAF to chromatin hubs.

Temporal analysis of PBAF binding to chromatin in a hub
revealed rapid on and off binding cycles (Fig. 2 D) that may
be expected if PBAF was remodeling nucleosomal arrays.
Deletion of BAF180 bromodomains weakened the efficiency
of PBAF’s stable engagement of chromatin by reducing the
percentage ofDBD PBAF lasting longer than 1 s (e.g., stably
bound) (Fig. 3 D and E). This suggests that BAF180 bromo-
domains play a critical role in PBAF’s productive association
(stable kengage) with chromatin that would be required for
PBAF to rapidly bind and unbind to potentially remodel
neighboring nucleosomes in an array (Figs. 2 A and 3 A).

Based on in vitro experiments, PBAF’s binding to acety-
lated chromatin is stabilized by BAF180 bromodomains
(16,17). However, these in vitro experiments were per-
formed in the absence of ATP, which prevents PBAF from
evicting the nucleosome from DNA. Our live-cell imaging
studies are measuring PBAF’s chromatin-binding and re-
modeling activity in the presence of ATP. Therefore,
PBAF’s chromatin-binding residence time in vivo depends
on the strength of its interactions with a nucleosome and
the overall stability of the nucleosome once ATP hydrolysis
begins to initiate remodeling. Although we have not
measured PBAF-mediated chromatin remodeling in live
cells, we hypothesize that PBAF’s ability to remodel a
nucleosome will affect its residence time on chromatin.
This idea is also supported by SMT studies of yeast ATP-
dependent chromatin remodelers where inactivation of
enzymatic activity increased chromatin-binding residence
times by roughly twofold, as discussed further below (33).
Therefore, ATP-dependent remodeling activity decreases
chromatin-binding stability of multiple chromatin remodel-
ers, including RSC, which is the yeast homolog of PBAF.

Our imaging experiments revealed that PBAF
displayed shorter chromatin-binding residence times near
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H3.3-marked euchromatic hubs, which should be more
easily mobilized and/or evicted compared with HP1a-con-
taining nucleosomes in heterochromatic hubs, which should
be less easily removed (Fig. 4 C and D). This is consistent
with in vitro and in vivo studies showing an inherent insta-
bility of H3.3-containing nucleosomes (48–51). Due to tech-
nical limitations, we are not yet able to directly measure
PBAF-mediated nucleosome eviction. However, we specu-
late that the rapid turnover of PBAF’s chromatin occupancy
near euchromatin may potentially be affected by nucleo-
some stability or remodeling potential, which helps to define
different chromatin states (Fig. 6).

Contrary to the dogma of in vitro experiments, removal of
BAF180 bromodomains increased DBD PBAF’s chromatin-
binding residence time near euchromatic hubs, as seen with
multiple fitting techniques (Fig. 4 C and D). Based upon this
result, we speculate that DBD PBAF’s increased chromatin
residence time may be a reflection of a slower rate of nucleo-
some mobilization and/or eviction. Indeed, our experiments
showed thatH3.3 is stabilized in chromatinwhenBAF180bro-
modomains are removed (Fig. 4 E). This is consistent with a
previous invitro biochemical study comparing the remodeling
activity ofRSC, the yeast homologof PBAF that containsmul-
tiple bromodomains, versus SWI/SNF, a highly related com-
plex with only a single bromodomain (34). RSC stimulated
nucleosome movement and H2A/H2B dimer displacement
more than SWI/SNF in an H3 acetyl-dependent manner (34).
Removalof the lonebromodomain inSWI/SNFalsodecreased
nucleosome movement and H2A/H2B dimer displacement in
an acetylation-dependent manner. Together, these results sug-
gest that bromodomains within RSC may help speed nucleo-
some movement and H2A/H2B dimer displacement. Based
upon our live-cell measurements and this prior in vitro exper-
iment, we speculate that removal of BAF180 bromodomains
may be converting WT PBAF into a complex that moves
and/or evicts nucleosomes at a slower rate.

Previous studies indicated that PBAF regulates transcrip-
tional repression, suggesting that PBAF also binds hetero-
chromatin via an unknown mechanism (18–21). Our
live-cell and STORM imaging data (Figs. 4 C, D, and S8)
directly supports this premise that PBAF engages hetero-
chromatin. Importantly, both WT and DBD PBAF’s interac-
tion with heterochromatin and euchromatin differed when
comparing the number of binding populations and residence
times (Fig. 4 C and D). This suggests that PBAF fundamen-
tally interacts differently with heterochromatin compared
with euchromatin. We speculate that this differential inter-
action depends on BAF180 bromodomains since DBD
PBAF resides on chromatin near heterochromatic hubs for
shorter periods of time compared with WT PBAF.

It is unknown how BAF180 bromodomains engage with
heterochromatin that is typically envisioned to be deficient
in acetylated histones. However, previous mass-spectrometry
studies have shown that chromatin contains bivalent modifi-
cations such as H3K9me3/H3K14ac on the same nucleosome
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(52,53). We speculate that PBAF may recognize
H3K9me3/H3K14ac in our HP1a-marked heterochromatic
regions given that HP1a binds H3K9me3 and the BAF180/
BRG1 subunits interact with H3K14ac (27). To increase
PBAF’s stability on heterochromatin, it is possible that
PBAF simultaneously binds the H3K9me3/H3K14ac mark
via the PHF10 PHD finger and the BAF180 bromodomains,
respectively. Competition between PBAF and HP1a for
H3K9me3/H3K14ac is supported by our data showing that
removal of BAF180 bromodomains increased the stability
of HP1a on chromatin (Fig. S7 A).

Additional future studies investigating the interaction of
PHF10 and BAF180 with distinct chromatin marks inside
cells should help test this hypothesis and further define
PBAF’s engagement with heterochromatin.

Single-molecule residence times have typically been in-
terpreted to reflect binding affinities of transcription factors
on target sites in chromatin. However for ATP-dependent
chromatin-remodeling enzymes like PBAF, a residence
time is likely the time that it takes to evict/move a nucleo-
some, which is PBAF’s main role in vivo. In this regard, a
reduction in PBAF’s enzymatic activity would decrease
the rate of nucleosome eviction, allowing PBAF to bind nu-
cleosomes for a much longer time and thus lead to an in-
crease in residence time. Indeed, a recent SMT study
showed that enzymatic inactivation of the ATPase domain
increased the residence time of multiple mutant chro-
matin-remodelers by at least twofold (33).

This concept is also consistent with our previous study
showing that mutational inactivation of DNA polymerase
activity increased chromatin-binding residence times
in vivo (28). This general phenomenon is likely due to
the fact that an enzyme’s affinity for targets evolved to
bind as long as it takes to exert its catalytic activity. How-
ever, when catalytic activity is inhibited, there is likely an
upper time limit for substrate engagement leading to
dissociation so that another enzyme can now attempt to
utilize the substrate for catalysis.
CONCLUSIONS

By characterizing the dynamic chromatin binding of PBAF
and a bromodomain mutant on different types of chromatin,
our work helps to define the spatial and temporal changes of
chromatin states. Future live-cell single-molecule imaging
studies of additional ATP-dependent chromatin remodelers
along with histone PTM writers and readers and the histone
marks themselves will shine new light on the spatiotemporal
organization of the 4D epigenome.
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