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Abstract

Chromatin is the epigenomic platform for diverse nuclear processes such as DNA repair,
replication, transcription, telomere, and centromere function. In cancer cells, mutations in key
processes result in DNA amplification, chromosome translocations, and chromothripsis, severely
distorting the natural chromatin state. In normal and diseased states, dozens of chromatin effectors
alter the physical integrity and dynamics of chromatin at the level of both single nucleosomes and
arrays of nucleosomes folded into 3-dimensional shapes. Integrating these length scales, from the
10 nm sized nucleosome to mitotic chromosomes, whilst jostling within the crowded environment
of the cell, cannot yet be achieved by a single technology. In this review, we discuss tools that
have proven powerful in the investigation of nucleosome and chromatin fiber dynamics. We also
provide a deeper focus into atomic force microscopy (AFM) applications that can bridge diverse
length and time scales. Using time course AFM, we observe that chromatin condensation by

H1.5 is dynamic, whereas using nano-indentation force spectroscopy we observe that both histone
variants and nucleosome binding partners alter material properties of individual nucleosomes.
Finally, we demonstrate how high-speed AFM can visualize plasmid DNA dynamics, intermittent
nucleosome-nucleosome contacts, and changes in nucleosome phasing along a contiguous
chromatin fiber. Altogether, the development of innovative technologies holds the promise of
revealing the secret lives of nucleosomes, potentially bridging the gaps in our understanding of
how chromatin works within living cells and tissues.
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Introduction

In eukaryotes, genomic DNA is wrapped around histone cores to form nucleosomes, which
in turn form the classic beads-on-a-string structure of chromatin.1=3 Each nucleosome wraps
~147 bp of DNA and because of histone variants, the composition of nucleosomes is
modular.#® This modular nucleosomal composition, composed of exchangeable histone
dimer units, coupled with dozens of covalent post-translational modifications, makes

the chromatin fiber highly plastic and tunable, allowing for tight regulation of access

to chromatin factors.87 Central questions of outstanding interest include: unveiling the
principles by which chromatin domains are organized in the nucleus; dissecting properties
they impart to the regulation of the underlying DNA sequence; figuring out whether
organization and structure are heritable, dynamic or persistent; and finally, how these
phenomena contribute to genome function. In this review, we discuss sophisticated technical
advances that have expanded our understanding of the rules of life in the context of the
genome.

From Deep Diving into the Genome to Spatial Organization of the Nucleus

The past decade has been dominated by major advances in high throughput sequencing

of the genome and super-resolution microscopy of cells. Many studies have focused on
sub-nuclear localization of unigue histone variants, histone modifications, their protein
binding partners and effectors.6:8-15 For example, the Maeshima group used photoactivated
localization microscopy (PALM) combined with single-nucleosome tracking to show that
nucleosomes form distinct chromatin domains.16:17 High resolution microscopy has also
lent critical quantitative insights into the architecture of the human centromere by counting
the number of centromeric nucleosomes /n vivo.18-20 Genome wide sequencing approaches
such as ATAC-seq?! and CUT&Tag?? use the Tn5 transposase to assay which genomic sites
are accessible over time; whereas super-resolution microscopy use increasingly sophisticated
fluorophores and tracking algorithms to describe the movement of individual molecules in
real time.23:24 Thus, such technologies have been informative in figuring out where and how
they move in living cells. However, such methods are not yet able to dissect how biophysical
properties of epigenetic signatures functionally alter at a given chromatin locus /n vivo.

Reconstructing Chromatin Dynamics in Computers and Test Tubes

To complement /n vivo studies that capture dynamics (single molecule fluorophore tracking)
and sub-nuclear localization (high throughput sequencing, FISH/IF, PALM), powerful /in
vitro and in sifico biophysical tools have been developed to give yield a quantitative
understanding of chromatin behavior (Figure 1). Computational modeling uses sophisticated
force fields derived from a deep mathematical understanding of the physical relationships
between atoms, to create trajectories of macromolecular motion. From these trajectories
structural dynamics can be deduced.2>-30 /n vitro experiments with purified recombinant
proteins probe dynamics at high resolution, using elegant tools such as single molecule
FRET, magnetic and optical tweezers, DNA nano-curtains, and hydrogen—deuterium
exchange mass spectrometry.31-33 Using the optical tweezer technology, invented by

Arthur Ashkin,3* the Bustamante group developed a single-molecule transcription assay

by clamping one end of a DNA strand with one optical tweezer, and using another optical
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tweezer to manipulate RNA polymerase 2 (RNAP2).3% With this tour-de-force experiment,
it was possible to measure the energy landscape of how RNAP2 transcribes through a
nucleosome.3° To understand how chromatin is compacted, the Fierz group utilized single
molecule FRET to study how heterochromatin protein HP1a compacts a tetranucleosome
array.3 This approached revealed that HP1a transiently stabilized tetranucleosomes in

the range of 100 s of milliseconds. Similarly, DNA curtains revealed the dynamics

with which condensin | and 11 compact DNA,37 whereas adding flow to tethered DNA
molecules showed that yeast condensin38:39 and human cohesin4%41 forms loops. These
latter techniques rely on visualizing DNA with either YOYO-1 or Sytox Orange, which have
the capacity to alter DNA topology and dynamics.#2-44 Altogether, these various approaches
are powerful because they allow for precise measurements of a broad range of chromatin
behaviors in vitro, with impressive temporal resolution.

Peering into the Structural Heart of Chromatin

Structural studies of chromatin factors rely on imaging techniques like X-ray
crystallography, NMR, and cryo-EM. These types of studies have provided a wealth of
information linking structure to function.#>46 These studies highlight that despite the static
conformation of nucleosomes being remarkably similar irrespective of histone composition,
the H2A-H2B acid patch is a preferred binding site for chromatin binding factors,4” whereas
internal histone dynamics and DNA site exposure differ quite dramatically. To understand
how the histone chaperone FACT is involved in both nucleosome disassembly and
reassembly, structural studies provided critical clues. Indeed, FACT bound to a nucleosome
forms two types of complexes, which includes interactions with both DNA and all histone
variants.*8 In addition to these very detailed structural studies, combining super-resolution
microscopy with scanning electron microscopy provides intriguing data at the mesoscale of
chromatin organization. A recent study that used these approaches showed that chromatin
domains act as physically distinct modules that persist after cohesin ablation.*® Combining
complementary biophysical methods with structural methods are becoming more common.
For instance, to aid the results from the DNA curtain assay, structural understanding was
obtained by negative stain electron microscopy.3’” Recently, the Narlikar group combined
X-ray crystallography with NMR and hydrogen—deuterium exchange mass spectroscopy to
show nucleosomes bound by HP15Wi6 altered intra-histone dynamics.>.

The methods described above provide insights in conformational dynamics within the
individual nucleosome as well as chromatin structure at large and how these play an
essential role in regulating functional aspects of the chromatin fiber. How structural
fluctuations facilitate the exposure of DNA sequences and nucleosomal residues,51:52
thereby provide transient access to the nuclear machineries still remain a largely unanswered
question. Next, we discuss how atomic force microscopy (AFM), and high-speed AFM
(HS-AFM) can help complement high resolution live imaging methodologies to fill critical
gaps in our understanding of chromatin spatiotemporal and biophysical dynamics (Figure 1).

AFM as an Imaging and Dissecting Tool

AFM is a topographic imaging technology which allows for the characterization of
individual molecules at sub-nanometer resolution, among various other applications such
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as force spectroscopy and recognition imaging (Figure 1).%3-55 One advantage of AFM

is that nucleoprotein complexes can be prepared and imaged under gentle conditions,
without chemical cross-linking, harsh dehydration, freezing, shadowing or staining.%°:56
Furthermore, because every molecule can be directly seen and therefore analyzed, AFM
does not require class averaging of thousands of uniformly organized particles for 3D
image reconstruction such as in high-resolution techniques like cryo-electron microscopy
(cryoEM). As a consequence of class averaging, cryoEM is not bound by the mica surface
upon which AFM samples are deposited. It is the presence of this surface that allows
samples to be manipulated and assayed in ways that microscopy and cryo-EM cannot do.
For instance, determining how elastic nucleosomes are 57,58. These powerful features of
AFM permit observation of near-native states of molecules and spontaneous molecular
events, such as DNA wrapping and unwrapping of nucleosomes.>%-61 AFM can also be
used to assess nucleosome distribution62-64 and nucleosome structure.64-66 These studies
highlight the variable and dynamic nature of nucleosomes and chromatin. Although DNA
sequences can facilitate the positioning of nucleosomes;®’ in the nucleus, most nucleosomes
are not tightly positioned.23.24.62.63,68.69 AFM has also been combined with a rotaxane
molecular reader to assess DNA secondary structures.’® Furthermore, the composition

of nucleosomes also impacts their sensitivity to salt concentrations.%° and their linker
lengths.64.

To illustrate how conventional AFM imaging methods can provide temporal information, we
performed a time-course of the linker histone H1 compaction of /n vitro reconstituted H3
chromatin, as H1 histone proteins are known for compacting chromatin.”>~73 We added H1.5
for 5 minutes, 30 minutes, or overnight (Figure 2(a)). From the AFM images, a clear loss

of open H3 chromatin is observed within 5 minutes after the addition of H1.5. Interestingly,
over the time course, more open H3 chromatin plasmids can be observed (Figure 2(b)),
whereas the size of the chromatin clusters decreases over time (Figure 2(c)). These results
support the concept that chromatin compaction driven by H1 is dynamic.”*7> As various H1
variants exist’®/8 with differing chromatin compaction potential;’® a powerful application of
this method is to explore the chromatin compaction dynamics of these H1 variants. These
experiments could conceivably be performed also on substrates that contain unique DNA
positioning motifs from discrete loci, as well as covalent histone and DNA modifications
reported to exist at those loci in vivo. This type of in vitro mimicry of the /n vivo epigenetic
status of a specific locus may further our mechanistic understanding of the temporal folding
and accessibility of chromatin structures.

In addition to structural studies, AFM can also be used to determine material properties

of molecules and larger structures. Pushing, pulling, sliding and hydrodynamic forces

are abound in the crowded internal environment of nuclei, cells and tissues/organs. The
response to those forces will rely on inherent elasticity or rigidity of the substrate, which
in turn will arise from its constituent components and the environmental context. For
example, the nucleus has been subjected to force spectroscopy measurements, wherein
nuclei within cells were found to have a higher Young’s modulus (that is, more rigid)

than isolated nuclei.8% Mechanical properties of nuclei have also been assayed using
micropipettes.81-83 Such a method, while powerful for larger objects, is not well suited

for determining material properties of individual macromolecules, such as nucleosomes. In
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the first measurements of nucleosomes and chromatin using this kind of approach, we used
nanoindentation AFM to measure the rigidity (as measured by the Young’s modulus) of
reconstituted mononucleosomes and chromatin (Figure 3(a)).28 Interestingly, nucleosomes
with the centromere-specific histone H3 variant CENP-A were twice as elastic as canonical
H3 nucleosomes (Figure 3 (b)). The primary function of CENP-A nucleosomes is to

recruit the kinetochore and the first protein that is recruited is CENP-C.84 Addition of
CENP-C resulted in marked rigidification of CENP-A nucleosomes (Figure 3(b)), as well
as chromatin clustering.>® We recently applied our nano-indentation AFM protocols to
native H3 chromatin and kinetochore complexes purified from human cells.>” Of particular
interest from these studies was our observation that H3 chromatin purified from cells

was slightly more rigid than /7 vitro reconstituted H3 chromatin—thus, demonstrating

that environmental context does matter (Figure 3(b)).2” These results point to nucleosomal
binding proteins (such as H1), or histone modifications, that may alter the rigidity of the
chromatin fiber /n vivo. Where individual nucleosomes have Young’s moduli in the MPa
range, Young’s modulus measurements of whole chromosomes are substantially more elastic
(40-400 Pa).8586 Altogether, an emerging picture is formed that material properties of
nucleosomes are inherent but can be modulated. How individual nucleosome dictate the
material properties of whole chromosomes will be best studies by focusing on specific

loci. Therefore, an outstanding question is how altering material properties of individual
nucleosomes could impact chromatin fiber functions at specific loci, such as the speed

of DNA repair, accessibility to polymerases during transcription initiation and elongation,
replication timing and progression, and mitosis. This becomes particularly pertinent not just
in the normal state, where PTMs and histones variants are dynamic, but also in the cancer or
aging state, where such proteins are misregulated or even mutated.87-99,

High Speed-AFM to See Chromatin Move and Interact

Structural techniques, such as X-ray crystallography, NMR, and cryo-EM, rely on ensemble
averaging. In contrast, AFM creates a topological image of molecules. HS-AFM overcomes
the frame rate limitation of conventional AFM, finally breaking through the temporal barrier
to visualize the dynamic motions of single molecules in real time. Twelve years ago, the
Ando group developed the first generation of custom built HS-AFM.®1 In a stunning tour-de-
force, they captured the motion of individual myosin V molecules “walking” on an actin
filament.%2 This landmark paper was quickly followed by the development of commercial
HS-AFM systems that can now be purchased for half the cost of an electron microscope,
with ambient operation at the benchtop. This is made even more powerful by the fact that
even undergraduate and intern researchers can be trained relatively quickly to use these
systems, giving them a powerful opportunity to directly peer into the inner workings of
macromolecular complexes. With the advent of commercial HS-AFM systems (popular
examples are the Cypher VRS from Asylum Research and the JPK NanoRacer by Bruker)
and better understanding of tip dynamics,%3 researchers have extended the use of HS-AFM
for diverse molecular processes. For example, the Nureki group showed how CRISPR-Cas9
cuts a piece of DNA% and the Dekker group showed that yeast condensin exist in both

a closed and open state.% Expanding the use of HS-AFM to the chromatin field was an
inevitable and exciting development. Three pioneering studies, led by the Takeyasu, Dekker,
and Lyubchenko groups have imaged nucleosomes with HS-AFM.59:61,96-100 Reconstituted
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H3 mononucleosomes showed either a one- or two-step spontaneous unfolding event®®
as well as sliding.62 In addition, reconstituted CENP-A mononucleosomes also showed
extensive loop extrusion and DNA strand transfer.98 A recent study used DNA origami

to create a space limited environment for two nucleosomes to interact.101 Approaches as
described in this latter study will help in determining how far HS-AFM can be pushed
without loss of protein—protein and protein-DNA interactions. Using HS-AFM this study
observed that the interaction between two nucleosomes vary considerable over time.
Besides the striking visual impact of such movies, especially as a pedagogical tool in

the laboratory to novice researchers, these experiments illustrate how rigorously executed
HS-AFM experiments can simultaneously capture structural information, while quantifying
single molecule dynamics data.

To illustrate applications of HS-AFM for chromatin work in our lab, we first show the
dynamic nature of plasmid DNA in fluid (Figure 4 (a), Supplementary Video 1), neatly
recapitulating previous work by Lyubchenko and Shlyakhtenko.102 Whereas in air AFM
only shows a single conformation per plasmid, HS-AFM shows that the conformation

of plasmids changes rather rapidly. We further explore the dynamics of reconstituted

H3 nucleosomes on plasmids. Whereas previous studies focused on well positioned
mononucleosomes that were seeded at low density or physically confined nucleosomes,

we used plasmids containing four human centromeric a-satellite repeats and seeded the
reconstituted plasmids to medium density. This permits nucleosomes from one plasmid

to interact with a nucleosome of another plasmid. To our surprise, we observed frequent
intermittent contact between one nucleosome (Figure 4(b), Supplementary Video 2) and
several other nucleosomes. These intermittent contacts are transient, lasting no more than

a few seconds. In comparison, when a nucleosome is not in close proximity of another
nucleosome it displayed greater mobility. How long inter- or intra-fiber interactions last
remains to be determined.103 We therefore speculate that the time scale of intermittent
nucleosome-nucleosome contact is within the realm of chromatin inter- or intra-fiber
interactions /n vivo. Thus HS-AFM should prove powerful in studying how enhancer
chromatin loops and interacts with promoters. Next, we illustrate how HS-AFM can shed
light on H1-chromatin dynamics in real time. Interestingly, we observed on average three to
four nucleosomes would be nicely spaced for several seconds (2.6 + 2.0 sec; n=52) (Figure
4 (c), Supplementary Video 3). This observation is in agreement with previously reported
nucleosome phasing.104-106 AFM provides multiple sources of data based on how the tip
interacts with the surface, which are traditionally reported in distinct channels. For HS-AFM
three types of data are recorded: height, amplitude, and phase. The former is commonly
reported (Figure 4(a)-(c)), but for HS-AFM, the latter allows for easy distinguishing
between DNA and nucleosomes (Figure 4(d), Supplementary Video 4). Altogether, HS-
AFM of chromatin has provided tantalizing visual evidence of nucleosome dynamics, both
at the mononucleosome and nucleosome array level. Future studies will hopefully provide
mechanistic evidence how chromatin machineries, such as RNA polymerase 2 or chromatin
remodelers, interact with and modulate nucleosome arrays and how these interactions are
altered by nucleosome binding partners.
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Conclusions and Future Perspective

Recent advances spanning a wide swathe of structural, imaging, and computational
methods have opened the door for a more complete understanding of local and global
chromatin structure and dynamics. Advances made in cryo-EM has led to the identification
of intermediary structures.#>:197 Putting these intermediary structures in the correct
spatiotemporal order allows for details mechanistic understanding how biomolecules
convey their activity. Linking cryo-EM structures with HS-AFM might even provide
precise spatiotemporal reconstruction. The development of software, such as DockAFM,108
will facilitate these advances. Another exciting avenue is the potential of HS-AFM in
testing predictions made from computational modeling. Indeed, recent biophysical works
from our lab, in collaboration with computational modeling from the Papoian lab, of
nucleoprotein complexes showcases the interdisciplinary strengths and potential of such
partnerships.28:87.109 Another impressive example comes from the Shaban group, which
has developed PALM super-resolution microscopy coupled with computational modeling
to be able to track chromatin “blobs” and study their dynamics.23 Other sophisticated
advances such as Dual-probe AFM allow for the use of two independent AFM probes
operating in the same workspace, where one probe can scan and capture data, whilst the
other is actively engaged in manipulating the sample,10 in essence, yielding a molecular
tweezer and a single molecule imager at the same time. For HS-AFM, development of a
fast-wide area scanner would allow for observing morphological dynamics in live cells.111
Coupling HS-AFM to other techniques such as total internal reflection microscopes;112
optical tweezers;113 or immunofluorescence (bioAFM)13 will further expand the AFM tool
box to study chromatin dynamics in native samples without need for purification.

In this special issue, experts using a broad range of methods highlighted in our review
discuss their latest advances and applications, which provide exciting glimpses into the

still somewhat secret life of the nucleus. The biggest challenge remaining, in our view,

is a holistic understanding of how a particular epigenetic signature, residing at a specific
location in the nucleus, with its inherent set of physical and mechanical properties, and its
potential to attract or inhibit unique binding partners, results in a discrete function /n vivo.
Furthermore, how such functions are turned on or off in a timely manner in response to a
changing environment, or at different points in the cell cycle, or over developmental time

in different organs, whether such dynamics are conserved or not across different species,
remain to be elucidated. Beyond these fundamental basic science questions, analyzing how
all these facets of chromatin dynamics are altered in the diseased and aging states is a critical
extension. Whether altered chromatin dynamics can be exploited as a therapeutic target is
an exciting avenue for biomedical researchers. The next generation of bioengineering and
biophysical tools that are currently being developed are precisely those that can bridge
these last remaining hurdles. A prescient Dutch proverb (courtesy Cees Dekker of the
Kavli Institute for Nanosciences, Delft, the Netherlands) neatly summarizes our views, and
resonates with the current challenge facing science and the world: “ Wie het kleine niet eert,
Is het grote niet weerd” (“Who doesn’t appreciate the small things, isn’t worthy of great
things™).
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Methods

In vitro nucleosome array reconstitution

H3/H4 (cat#16-0008, EpiCypher) and H2A/H2B (cat#15-0311, EpiCypher) were
reconstituted on 3 kb plasmid containing four copies of a-satellite sequences as previously
described.?5:57:66 The linker histone H1.5 was added at a 1-10 molar ratio H1.5 to the
reconstituted nucleosome arrays for either 5 minutes, 30 minutes, or overnight.

Conventional atomic force microscopy

Reconstituted chromatin was diluted (67.5 mM NaCl, 2 mM MgCl,) to medium density
on APS treated freshly cleared mica.?® Diluted samples were rotated at RT for 30 minutes
to gently equilibrate the chromatin in the solution. Next, 10 uL of samples was deposited
on mica and incubated for 10 minutes before washing it with 2 x 200 uL ddH,0 and
subsequently very gently dried with argon gas. The deposited samples were imaged

with the Cypher S (Asylum Research) using Olympus cantilevers (OTESPA-R3, Bruker).
Subsequent images were analyzed using Gwyddion (http://gwyddion.net/) and R software
(https://www.r-project.org/).

High-speed atomic force microscopy

Fresh plasmid DNA or reconstituted chromatin was diluted (67.5 mM NaCl, 2 mM MgCly)
to medium density on 2x APS treated freshly cleaved mica. Mica discs (01900-MB,

SPI Supplies) were glued with epoxy on 3 mm sapphire post (cat# 569-029, Asylum
Research), which in turn was glued with epoxy on the sapphire grid on the Cypher VRS

per manufacturer’s instructions. 10 pL of sample was deposited on top the sapphire post and
subsequently allowed to settle on the mica surface for 30 minutes before imaging using the
AC10DS probe (Oxford Instruments). Naked plasmids were the same as described above.
H3 chromatin was reconstituted as described above. H1.5 was added at 1-10 molar ratio to
reconstituted H3 chromatin for 30 minutes before depositing them on the sapphire post. The
movies were processed using Asylum’s software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

AFM bridges the gap between crystallography and light microscopy. A logarithmic scale
from Angstrém to meters highlighting the scale at which various imaging technologies and
biophysical tools operate. SRM = super-resolution microscopy. Silhouettes were obtained
from PhyloPic (http://phylopic.org/).
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Figure 2.
Time course of H3 chromatin compaction induced by H1. () Representative in air AFM

images of reconstituted H3 chromatin without or with H1. (b) Quantification of number
of plasmids per radius of gyration as a measure of open chromatin. (c) Quantification of
compaction by measuring the diameter of chromatin clusters.
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Figure 3.
Young’s modulus varies across different chromatin units (a) Graphical representation how

the Young’s modulus is obtained from single molecules such as nucleosomes. (b) Both for
mononucleosomes and individual nucleosomes within arrays, CENP-A nucleosomes have

a lower Young’s modulus than canonical H3 nucleosomes. Furthermore, CENP-A binding
partner CENP-C rigidifies CENP-A nucleosomes. Interestingly, H3 nucleosomes extracted
from cells had a larger Young’s modulus than /in vitro reconstituted H3 nucleosomes. Data is
from Melters et al. and Rakshit et al.58:57
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A. Plasmid DNA

Figure 4.
Examples of chromatin sample imaged by HS-AFM. (a) Plasmids in fluid show dynamic

behavior (Supplemental Video 1). (b) Tracking an individual nucleosome (white, red, green,
and yellow circles), intermittent contact between neighboring nucleosomes were observed
(Supplemental Video 2). (¢) H3 chromatin compaction induced by H1 shows highly mobile
nucleosomes that form temporary nucleosome phasing (dark blue circles; Supplemental
Video 3). (d) The height and phase channels provide complementary data. In particular, the

J Mol Biol. Author manuscript; available in PMC 2022 January 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Melters and Dalal

Page 19

phase channel allows for distinguishing lighter DNA from darker nucleosomes (see inset,
where DNA (blue) is distinct from nucleosome (red); Supplemental Video 4).
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