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Native chromatin contains valuable genetic, epigenetic and structural information. Though DNA and nucleosome structures are well
defined, less is known about the higher-order chromatin structure. Traditional chromatin extraction methods involve fixation,
fragmentation and centrifugation, which might distort the higher-order structural information of native chromatin. We present a simple
approach to isolate native chromatin from cultured mammalian cells using salicylic acid coated magnetic nanoparticles (SAMNPs).
Chromatin is magnetically separated from cell lysates without any filtration or high-speed centrifugation. The purified chromatin is
suitable for the examination of histone modifications and other chromatin associated proteins as confirmed by Western blotting analysis.
Chromatin structure was determined by confocal fluorescence microscopy, transmission electron microscopy (TEM) and atomic force
microscopy (AFM). High-resolution AFM and TEM images clearly show a classical bead-on-a-string structure. Higher-order chromatin
structure is also determined via electron microscopies. Our method provides a simple, inexpensive and an environmental-friendly means

to extract native chromatin not possible before, suitable for both biochemical and structural analysis.

Introduction

The structure of DNA ! and nucleosome 2 are now well defined,
and the basic 10-nm bead-on-a-string structure of chromatin is
also discovered.® However, remarkably less is known about the
higher-order chromatin structure and subsequent mechanisms for
the organization of the chromatin fiber. Cryo electron microscopy
study of reconstituted 30-nm chromatin fiber reveals a double
helix twisted by tetranucleosomal units,* but scientists call into
question the in situ evidence for the 30-nm fiber> More
specifically our knowledge of higher-order chromatin structure
beyond 30 nm is limited, posing a constraint on our
understanding of chromatin organization in the nucleus, selective
gene expression, nucleosome passage during DNA replication
and epigenetic control of gene expression etc. Resolving the
chromatin structure, especially that of the interphase chromatin
will open the doors to understanding its effect on DNA
compaction, replication, transcription and repair.

Chromatin structure studies need better native chromatin sample
preparation strategies so that structure can be better elucidated.
Reconstituted chromatin in vitro do not represent the state of the
native chromatin present in the nucleus since we neither know the
level of cations in the nuclei nor be able to mimic the elegant and
intricate conditions in the nucleus. Cryo sections of vitrified
nuclei could be an intermediate step to obtaining the native
material, however, the high level of non-chromatin components
(salts and small organic molecules) in the nucleus with the almost
same electron scattering power of chromatin can lead to very low
resolution contrast images in which neither individual
nucleosomes nor arrarys of nucleosome can be recognized.®
There are obvious advantages for studying higher-order
chromatin structures in vitro.” However, besides the time/labor

involvement and the production of large amounts of toxic organic
wastes, most of the present chromatin extraction methods cannot
preserve the native chromatin structure.>*2 The formaldehyde
so fixation process results in the cross-linking of proteins and these
and other components contribute to impurities in the extraction,
ascertained by mass spectrometry.> % Further, in the
conventional methods, chromatin is sheared into shorter
fragments via either nuclease digestion or sonication to separate
ss them from cell debris via centrifugation;™> ° the heavy and large
chromatin  fibers containing higher-order structures are
precipitated and discarded with the cell debris.
We apply the concept of solid-phase reversible immobilization
(SPRI) and the non-specific binding between magnetic
e nanoparticles (MNPs) and polymer-like macromolecules to
extract native chromatin. Without paraformaldehyde fixation,
chromatin are directly magnetically isolated from cell lysates.
The intact chromatin fiber is preserved without any fragmentation
process, making it possible to observe higher-order structures by
es electron microscopy (EM). The extracted chromatin is suitable
for further analysis such as the identification of histone
modifications as well as chromatin associated proteins (ChAPS)
via Western blotting (WB) analysis. The structure of chromatin
extracted was also characterized by AFM and TEM.

70

Methods

Cell sample preparation

Non-neoplastic S1 HMT-3522 human mammary epithelial cells
7 (HMEC), between passages 56 and 60, were plated at 2.3 X 10*

cells/cm? for propagation as monolayers on plastic in chemically

defined H14 medium.'” When the cells were approximately 80%
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confluent after maintaining for 7-10 days, they were harvested by
treatment with trypsin and diluted in 10 ml DMEM/F12 medium
(Invitrogen, 11965-118). 180 ul of soybean trypsin inhibitor
(SBTI) was added to stop the trypsin (0.05%) digestion. The cell
concentration was adjusted to approximately 1.0 x 10° cells/ml.

Preparation of salicylic acid coated magnetic nanoparticles

Water-dispersible salicylic acid coated magnetic nanoparticles
(SAMNPs) were synthesized by previously reported method.*® 9
Briefly, a 2:1:4 molar ratio of Fe (I11): Fe (11): SA (salicylic acid)
was added to a sterilized three-neck bottle containing NaOH
solution (pH 11.0) with vigorous stirring with Ar gas. After
refluxing at 90 °C for 4 h, a dark brown suspension was formed.
The magnetic nanoparticles in the suspension were collected by
magnetic separation and further washed to neutral pH with
distilled water. The SAMNPs were dispersed in distilled water at
a concentration of 10 mg/ml.

Extraction of chromatin by SAMNPs

Chromatin was purified from mammalian cells as follows.
Typically, ~10° cells were collected in an Eppendorf tube by
centrifugation (1000g, 5 min), then lysed by the addition of 100-
ul lysis buffer (250 mM SDS, 1 mM EDTA, 0.5 mM EGTA, 1
mM PMSF and 2% Protease Inhibitor Cocktail (New England
Biolabs)). The cell pellet was pipetted up and down slowly 20
times with a 200-pl pipette tip. 8-10 pul SAMNPs were added to
form a chromatin-SAMNP complex and incubated for 10 min.
100 pl of isopropanol was added to the suspension and incubated
for another 10 min at room temperature. After magnetic
separation of the chromatin-SAMNP complex, the supernatant
was discarded and the immobilized chromatin was rinsed once
with 200 ul of ice cold 70% ethanol. After removal and
evaporation of ethanol, chromatin was eluted in 50-100 ul of 1X
phosphate buffered saline buffer (PBS) at RT for at least 1h. A
further magnetic separation step was performed to obtain the
released chromatin in the supernatant. The purified chromatin
was then used for Western blotting (WB) and imaging analysis.

Western blotting analysis

The extracted chromatin was mixed with a 6X loading buffer
(0.375M Tris pH 6.8, 12% SDS, 60% glycerol, 0.6M DTT,
0.06% bromophenol blue) and incubated at 37 °C for 20 min,
then separated by electrophoresis through SDS-PAGE gels
(crosslinking indicated in figure legends) and transferred to
polyvinylidene fluoride membranes. The membranes were
blocked with 5% milk to minimize non-specific antibody binding
and then probed with specific primary antibodies histone 4,
histone H3 trimethyl Lys27 (H3K27me3), nuclear matrix protein
Lamin B and nuclear mitotic apparatus protein (NuMA).
Supplementary Table 1 contains detailed antibody information.
All antibodies were diluted in the blocking buffer and incubated
overnight at 4°C in a wet chamber. The corresponding HRP-
conjugated secondary antibodies were incubated with membranes
at RT for 45 min. The membrane was developed in ECL buffer.
Protein bands were visualized immediately after development
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using Western Lightning Plus-Enhanced Chemiluminescence

60 Substrate (Perkin Elmer Life & Analytical Science).

Confocal microscopy analysis

50 ul of extracted chromatin was incubated with rabbit anti-
human Histone 3 antibody at RT for 30 min, and washed 2 times
with 1X PBS, then Alexa 647 conjugated goat-anti-rabbit 1gG
and Hoechst 34580 were added and incubated further for 45 min.
The pellet was collected by centrifugation and washed 3 times
with 1X PBS. The final product was dissolved in PBS and
mounted on a glass cover slip. Directed staining by Hoechst
34580 was also performed in a similar manner. Fluorescence of
Hoechst 34580 (excitation 405 nm, emission 461 nm) and Alexa
647 (excitation 650 nm, emission 668 nm) were detected using an
inverted Zeiss LSM 710 (Carl Zeiss Microscopy Ltd, Cambridge)
system and confocal images were collected using Zeiss LSM
software (Carl Zeiss Microscopy Ltd, Cambridge).

AFM imaging

A drop of 5 pl chromatin solution was spotted onto a freshly
cleaved mica surface (Ted Pella, Inc.) and incubated for 10s to
allow chromatin to absorb onto the substrate. The sample drop
was then washed off with 30 pL water, and dried with
compressed air. Chromatin samples were imaged in air in the
tapping mode on a Multimode AFM with Nanoscope llla
controller (Veeco) using oxide-sharpened silicon probes with a
resonance frequency in the range of 280-340 kHz (MikroMasch-
NSC15). The tip-surface interaction was minimized by
optimizing the scan set-point to the highest possible value. AFM
imaging was performed at 25 °C. The images in TIFF format
were prepared by NanoScope Analysis software.

TEM imaging

A 10 pl drop of purified chromatin was placed on a copper grid
coated with carbon. After 30 s the grid was air dried and then
negatively stained with 2% uranyl acetate for 2 min. The grid was
then air dried and viewed in a Tecnai T20 microscope which is a
200KV transmission electron microscope with LaB6 filament.

Results and discussion
Advantages of magnetic separation

Magnetic nanoparticles are extensively applied for mechanical
separation based on the fact that most biological systems do not
have a naturally occurring magnetic component. When magnetic
nanoparticles are applied as solid phase carriers forming MNPs-
target molecule complexes, they can be selectively controlled in a
magnetic field with high specificity and low background noise.?
Long polymer-like macromolecules such as DNA tend to non-
specifically wrap around nanoparticles and co-aggregate with the
assistance of chaotropic agents such as PEG/NaCl or
isopropanol.Z% They would induce DNA molecules transit from

us an elongated coil conformation to a very dense compact state,

which is typically globular in shape. ** The bications or

2]
o

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 8



Page 3 of 8

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

3}

N
S

o
@

Analyst

polycations in lysates would mediate the electrostatic interaction
between negatively charged magnetic nanoparticles and the
available portion of the DNA globule surface phosphate groups,
resulting in DNA attachment onto the magnetic nanoparticle
surface.

These nanoparticles reversibly release long polymer-like
macromolecules in low salt solution. For example, DNA-MNP
complexes disassociate from each other in TE buffer (pH 8.0).
This is the basis for the solid-phase reversible immobilization
(SPRYI) introduced by Hawkins and coworkers.”® 2 In a similar
manner, we extract chromatin from cell lysates using salicylic
acid coated magnetic nanoparticles (SAMNPs). The SAMNPs are
well characterized in our previous work: 1) they are 10 nm in size
as confirmed by TEM imaging; 2) they have a hydrodynamic
diameter of approximately 122.7 nm with zeta potential at -38.1
mV in water.® The chemisorptions of salicylic acid onto Fe;O,
nanoparticle is through the oxygen group of carboxylic acid,
which is symmetrically bonded to the Fe;O, nanoparticle surface.
18

When using SAMNPs for chromatin extraction, we expect the
released chromatin in the lysates to be soluble; otherwise it will
precipitate before attaching to the magnetic nanoparticle surface
resulting in low yield. Previous studies applied 7.2% SDS to
make chromatin soluble and determined that more than 1500
groups of nucleic acid associated proteins can be extracted and
identified by mass spectroscopy.’* We further confirmed that
compared to chromatin extracted from 50 pL of 7.2% SDS, 500
ul of 0.72% SDS lysing buffer dos not result in significant
differences in the thickness of the extracted chromatin fibers
(noted in the Supplementary Fig.1). However, significant
differences could be noted between extracted DNA and
chromatin (Supplementary Fig.1). In our extraction process we
use isopropanol instead of PEG/NaCl due to the high viscosity of
the chromatin lysates. High concentration of PEG causes
increased viscosity of the solution and prolonged magnetic
separation process.

It is expected that the ionic milieu of the extraction reagents
would affect chromatin structure, yet the nuclei levels of cations
and polyamines are not known with certainty.?’° In order to
mimic the physiological conditions and to reduce the structural
variation of the extracted chromatin from different cell samples,
we eluted chromatin from SAMNPs using 1X PBS buffer (137
mM NaCl, 2.7 mM KCI, 10 mM Na,HPO, and 2 mM KH,POy,,
pH 7.4). Because of the high ionic strength of PBS, the elution
process was prolonged. Normally, it takes ~15 min (at RT) to
elute DNA from SAMNPs in TE buffer, while it takes at least 1 h
to obtain a similar concentration of chromatin in 1X PBS.
Overnight elution at 4 “C could obtain a highly concentrated
chromatin solution. If high yield is desired, it is more efficient to
elute two or three times. Using 1X PBS as blank, chromatin
absorbance from 1 million cells was determined at OD260 to
indicate a 10 pg of DNA. The absorption spectra of extracted
chromatin and corresponding DNA are also provided
(Supplementary Fig. 2). Compared to the yield of commercial
kits (4 pg/10° cells), the yield of our method (10 pg/10° cells) is
2.5 times higher and does not use any harsh reagents and
considerably rapid.
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Another advantage of the developed method is that cells are free

of covalent crosslinking by formaldehyde or glutaraldehyde
fixation. Though these aldehyde-based fixatives enable strong
crosslinking and fixation of proteins, they may give rise to
possible artifacts such as the denaturation of epitopes for
antibody staining and change in protein conformation. % 4
Compared to the cross-linked chromatin product, chromatin
extracted by the SAMNP technique is native, and provides single-
nucleosome-level resolution and avoids non-specific modification
signals from different nucleosomes carried over through protein-
protein interactions.®

Identification of chromatin associated proteins

Since the extracted native chromatin contains both chromatin
associated proteins (ChAPs) and DNA, they can be used for the
identification of ChAPs. Western blotting (WB) was used to
examine ChAPs, both the histone proteins and non-histone
proteins. The protein bands corresponding to trimethylation of
histone H3 lysine 27 (H3K27me3, 15.3 kD) and histone 4 (H4,
11.3 kD) can be clearly noted in Fig. 1(B). Two other non-histone
proteins, nuclear mitotic apparatus protein (NUMA, 240kD) and
nuclear matrix protein Lamin B (66kD), were also detected as
shown in Fig. 1(C). We were not able to detect splicing regulator
SC35 by WB (data not shown), which is consistent with recent
reports that this protein is absent in ChAP preparation . To
investigate the sensitivity of the chromatin preparation method,
chromatin was extracted from different numbers of cells (1, 2 and
3 million), as expected, the intensity of H3K27me3 and H4
increased. (Fig. 1(B)). We also examined the ChAPs by SDS-
PAGE, stained by Coomassie blue and presented in the
supplementary Fig. 3. The successful identification of histones
with the right size by WB confirmed that histone proteins exist in
the extracted chromatin product. The identification of H3K27me3
in the extracted chromatin implied that this specific epitope of the
modified histone was not masked by the high concentration of
SDS. Negative control experiments for SC35 protein, a nuclear
protein with Western blotting analysis provides good evidence of
high quality data. However, extensive experiments need to be
conducted, including, possibly proteomic studies to confirm the
proteins and other impurities that could to the chromatin. IT is
our expectation that purifications steps can commence depending
upon the level of purity expected from the extracted sample.

The extracted chromatin was also stained with Hoechst 34580, a
blue fluorescent dye specific for nucleic acids, and analyzed by
confocal microscopy, as shown in Fig.2. The yield of extracted
chromatin was very high as noted in Fig.2A. Because of the
relatively low resolution of light microscopy, most of the
extracted chromatin appeared rod-like, and its detailed structure
could not be observed. Double staining studies were also
performed on the extracted chromatin. Samples were stained first
with Alexa 647-labeled anti-rabbit secondary antibody against
Histone 3 primary antibody, and then with Hoechst 34580 against
DNA, and examined by confocal microscopy, as showed in Fig.2
(C~H). Histone and DNA are the primary components of
chromatin, thus the successful double staining confirmed that the
extracted material is chromatin. We conclude that the chromatin
extracted by our approach is in the heterochromatin form, a
tightly packed form of DNA in the whole chromatin. We also

This journal is © The Royal Society of Chemistry [year]
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observed the extracted chromatin by dark-field microscopy
(supplementary Fig. 4) from their innate scattering signals.
Characterization by confocal fluorescence microscopy which
has a resolution of approximately 200~400 nm, revealed only
larger fibers (hundreds nanometers) or only highly condensed
metaphase chromosomes. To observe higher-order structures of
chromatin, most of the past work focused on EM studies.
Scanning probe microscopy, especially AFM, has significant
advantages but has a lower resolution. Imaging in air at ambient
humidity, native chromatin remained unstained and hydrated.
Chromatin fibers at different levels (from 10 nm to 500 hm) were
observed in Fig.3A. Fig. 3C showed chromatin structure at single
nucleosome resolution. And a clear bead-on-a-string structure
was visible in Fig. 3D. Long 10-nm fibers were also observed
(Supplementary Fig.5). Many bright spots were found in the
background, which might be from the stropped proteins during
storage. These stropped proteins can be reduced by post-fixation;
however, in order to not affect chromatin structure, post-fixation
was avoided.

Characterization of chromatin via electron microscopies

Numerous studies have been reported on chromatin structure,
either from the nuclear cross sections which provide general but
blurred chromatin images or from the extracted chromatin
examined by electron microscopy which provides a clear bead-
on-a-string structure. However, a challenge is on how to integrate
the two types of information.® ** Cryo sections of vitrified nuclei
could provide intermediately resolved images that reduce the gap
between the molecular and cellular scales. However, the high
level of non-chromatin components (salts and small organic
molecules) in the nucleus with almost the same electron
scattering power of chromatin can lead to very low resolution
contrast images in which neither individual nucleosomes nor
arrays of nucleosome can be recognized from the EM images.®
AFM characterization of purified native chromatin might bridge
the resolution gap by providing both the general and detailed
structure images.

Combining our native chromatin extraction method with high
resolution AFM characterization, we provide a general view of
the interphase chromatin, as shown in Fig. 3A~D. The images
show chromatin fiber at different levels from 10 nm (Fig.3D) to
500 nm (Fig. 3A). Fig. 3A clearly shows how the 10-nm fiber is
organized into higher-order chromatin from 20~60 nm. These 60-
nm fibers could possibly contribute to the the assembly of 300-
nm fiber and even 500-nm fiber. We also found that the 10-nm
fiber may occasionally contribute to the assembly of ~ 30-nm
fiber. This is also consistent with the data obtained from TEM
images.

DNA replication is a semi-conservative process of producing
two identical copies an original DNA molecule, which occurs in
all living organisms. In eukaryotic cells, in order to maintain
identity within cell lineages, the epigenome as well as the
genome needs to be faithfully replicated in each cell cycle,
including  DNA modifications, histone modifications and
nucleosome positioning. After nascent DNA strands form behind
the replication fork, they are rapidly reorganized into
nucleosomes. The ‘old’ parental histones in coordination with the
assembly of the newly synthesized histones are transferred to
form histone octamers on the nascent DNA strands,® which also
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are known as parental histone segregation and replication-
dependent de novo nucleosome assembly, respectively.® It is not
yet known how these two processes are coordinated to preserve
genetic stability in terms of nucleosome positioning. We
addressed this issue by images of the replication fork. Each
replication fork is defined by two bifurcations of the chromatin
stand, producing a “bubble-like” configuration,® as shown in Fig.
4. Each strand of the replication fork was around 10 nm, which is
the lowest level of chromatin fiber. From these images, it is easy
to note that the nucleosomes are not evenly distributed on the two
nascent strands of the replication fork. This could be due to the
fact that the parent H3-H4 tetramers may not be equally split into
H3-H4 dimers in the two nascent strands. Further studies are
necessary to address this question.

Chromatin conformation capture (3C) assays and related
technologies (5C and HiC) have been used to identify physical
interactions among chromatin elements in a genome-wide fashion.
However, important features of genome organization and
function can’t be measured by these technologies, such as the
higher-order chromatin organization and dynamics at the
chromosomal level, or genome-wide determination of functional
interactions between genomic DNA and its regulators. Fig 3A
and 3B shows that, even in one single chromatin, several
chromatin fibers exist and interact with one another. Two
interesting structures are shown in Fig.5. In each image, two
nucleosomes, indicated by black arrows may merge the two
separate DNA strands together. This type of structure is not likely
derived from the replication fork, and their function is still
unknown.

Fig. 6 shows TEM micrographs of the extracted chromatin at
different scales from 10 nm to 200 nm. The chromatin was
stained with uranyl acetate (2%), and as expected,
heterochromatin was observed at the compact regions of
chromatin denoted by red arrows (Fig 4A-F). Most of the
extracted chromatin was highly condensed, which is consistent
with our confocal microscopy data. The complex structure of
chromatin makes it hard to measure the length of whole
chromatin (scale bar is provided). Interestingly, in some
micrographs (Fig. 4 A-D), the terminal end of chromatin was
heavily protected by the formation of a T-shaped structure. This
may help to explain how cells keep chromatin from fusing,
consistent with the past findings.*® The classical bead-on-a-string
structure were also observed at high magnification (Fig. 4 G~I),
which is consistent with our AFM characterization. Images show
that the chromatin structure was most likely preserved and we
could observe the chromatin fiber at different scales from 10-800
nm, possibly at different levels of organization. These TEM
images (Fig.4) provide a better understanding of chromatin
organization inside the compacted nucleus, which could not be
seen by other conventional approaches that often use thin slices
or sections.*
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Figure 1. Western blotting of ChAPs. Chromatin extracted from
different amounts of cells (~ 1, 2 and 3 , M= million,
respectively), and loaded on a 15% SDS-PAGE, transferred to

s membrane and further stained by Ponceau S solution (A),
blocked, and then incubated with H3K27me3 and H4 antibodies.
The membrane was developed two times to obtain the two bands
(B). Chromatin from ~ 10° cells were extracted, and loaded on a
5% SDS-PAGE, and incubated with NuMA and Lamin B

10 antibodies. The band could only be detected with both the
primary (1°) and the corresponding secondary (2°) antibodies.
The negative control (2° only) did not show the presence of any
bands (C).

Figure 2. Hoechst 34580 stained chromatin visualized by
confocal microscopy (A, B). Double immunostaining of extracted
chromatin (C~H). H3 was stained with Alexa 647 (red, C and F),
and DNA was stained by Hoechst 34580 (green, D and G) for

20 immunofluorescence experiments. ImageJ was used to obtain the
merged images (E and H). The white arrows indicated the stained
chromatin. Scale bar, 10 pm.

2s Figure 3. AFM images of extracted chromatin. Images were
obtained in air at ambient humidity. Large scale scanning was
performed (A), chromatin fiber at different levels (from 10 ~ 300
nm) was observed. A detailed part of (B) (the white square) was
rescanned in (C), the typical 10 nm, “bead-on-a-string” structure

30 was clearly observed, and these fibers crosslink to one another to
form larger fibers (about 20 nm). An enlarged part of C was
given in D, and a replication fork-like structure was observed.
Single nucleosome could be clearly observed. Scale bar are
provided in the lower right of each figure by ImageJ.

Figure 4. Non-evenly distributed nucleosomes on the two
nascent DNA strands.

4 Figure 5. Complex chromatin structure. The black arrow
indicates the nucleosome and/or ChAPs which merge the two
separate DNA strands together.

This journal is © The Royal Society of Chemistry [year]
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Figure 6. TEM image of extracted chromatin. The white arrows
indicated a T shape structure, which may help to explain how
cells keep chromatin from fusing. The red arrows indicated
heterochroamtin at compact regions of chromatin. The scale bars
from A to | were 500 nm, 100 nm, 100 nm, 200 nm, 200 nm, 100
nm, 2000 nm, 50 nm and 20 nm, respectively.

Conclusions

In summary, we have demonstrated an elegant and rapid
methodology to extract native chromatin from mammalian cells
based on salicylic acid coated magnetic nanoparticles. The
extracted native chromatin contains valuable genomic, epigenetic
and structural information, which can serve as the basis for
biochemical and biophysical analysis. Western blotting analysis
was used to identify both epigenetic marks and chromatin
associated proteins to confirm the authenticity of the extracted
fibers. The extracted chromatin can be used for the identification
of chromatin associated proteome via mass spectroscopy. Double
immunofluorescence staining confirmed the presence of both the
DNA and histone components on the extracted chromatin
allowing an opportunity to explore DNA and histone
modification patterns with high-resolution. High-resolution AFM
images show a clear bead on a string structure and other fine
structures at the single-nucleosome resolution level.
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