
Article
Cryoelectron tomography
 reveals the multiplex
anatomy of condensed native chromatin and its
unfolding by histone citrullination
Graphical abstract
Highlights
d Native human chromatin is analyzed by cryo-ET in open and

condensed states

d Condensed native chromatin acquires nucleosome stacks

with irregular trajectories

d Histone citrullination inhibits stacking and partially unfolds

native chromatin

d Reconstituted chromatin packs uniformly and fully unfolds

upon citrullination
Jentink et al., 2023, Molecular Cell 83, 3236–3252
September 21, 2023 ª 2023 The Authors. Published by Elsevier
https://doi.org/10.1016/j.molcel.2023.08.017
Authors

Nathan Jentink, Carson Purnell,

Brianna Kable, Matthew T. Swulius,

Sergei A. Grigoryev

Correspondence
mts286@psu.edu (M.T.S.),
sag17@psu.edu (S.A.G.)

In brief

Combining cryo-ET methodology with

deep denoising and stereology, Jentink

et al. analyze individual nucleosomes in

condensed human chromatin and

quantitively assess its structural

transitions. This study provides

mechanistic insights into chromatin

unfolding by histone citrullination and

reveals major structural differences

between native chromatin and

reconstituted regular nucleosome arrays.
Inc.
ll

mailto:mts286@psu.�edu
mailto:sag17@psu.�edu
https://doi.org/10.1016/j.molcel.2023.08.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2023.08.017&domain=pdf


OPEN ACCESS

ll
Article

Cryoelectron tomography reveals the multiplex
anatomy of condensed native chromatin
and its unfolding by histone citrullination
Nathan Jentink,1 Carson Purnell,1 Brianna Kable,1 Matthew T. Swulius,1,* and Sergei A. Grigoryev1,2,*
1Penn State University College of Medicine, Department of Biochemistry & Molecular Biology, H171, Milton S. Hershey Medical Center, P.O.

Box 850, 500 University Drive, Hershey, PA 17033, USA
2Lead contact

*Correspondence: mts286@psu.edu (M.T.S.), sag17@psu.edu (S.A.G.)
https://doi.org/10.1016/j.molcel.2023.08.017
SUMMARY
Nucleosome chains fold and self-associate to form higher-order structures whose internal organization is un-
known. Here, cryoelectron tomography (cryo-ET) of native human chromatin reveals intrinsic folding motifs
such as (1) non-uniform nucleosome stacking, (2) intermittent parallel and perpendicular orientations of adja-
cent nucleosome planes, and (3) a regressive nucleosome chain path, which deviates from the direct zigzag
topology seen in reconstituted nucleosomal arrays. By examining the self-associated structures, we
observed prominent nucleosome stacking in cis and anti-parallel nucleosome interactions, which are consis-
tent with partial nucleosome interdigitation in trans. Histone citrullination strongly inhibits nucleosome stack-
ing and self-association with amodest effect on chromatin folding, whereas the reconstituted arrays undergo
a dramatic unfolding into open zigzag chains induced by histone citrullination. This study sheds light on the
internal structure of compact chromatin nanoparticles and suggests a mechanism for how epigenetic
changes in chromatin folding are retained across both open and condensed forms.
INTRODUCTION

The DNA in eukaryotic chromatin is repeatedly coiled around his-

tone proteins, forming arrays of 10 nm nucleosomes. Each

nucleosome contains a core of about 147 bp of DNA that makes

approximately 1.7 left superhelical turns around an octamer of

histones H2A, H2B, H3, and H4.1,2 Nucleosome ‘‘beads’’ are

connected by extended linker DNA ‘‘strings’’ (10–100 bp in

length) into ‘‘beads-on-a-string’’ nucleosome arrays. These ar-

rays are packed through chromatin higher-order folding mecha-

nisms to achieve a 400- to 1,000-fold compaction of DNA in

interphase chromatin3 and a 10,000-fold compaction in

condensed metaphase chromosomes.4 Chromatin higher-order

folding limits DNA accessibility for transcription factors5,6 and

DNA repair machinery7 and mediates chromosomal integrity

during cell division.8 Solving the 3D organization of native nucle-

osome arrays in their condensed states and understanding mo-

lecular mechanism(s) driving tight nucleosome packing would

bring about a fundamental advance in understanding the pro-

cesses underlying epigenetic gene regulation and chromosomal

stability.

Chromatin higher-order folding has been suggested to

comprise a hierarchy of structural levels. Nucleosome arrays

(primary level) first fold longitudinally into 30-nm chromatin fibers

(secondary level) and then self-associate latitudinally to form
3236 Molecular Cell 83, 3236–3252, September 21, 2023 ª 2023 The
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tertiary structures.9 The 30-nm chromatin fibers have been

observed in the nuclei of some terminally differentiated cells10–12

and nucleosome arrays reconstituted with regular nucleosome

positioning sequences showing a prominent secondary level

folding along the two-start zigzag.13–18 However, depending on

the nucleosome linker length,14 reconstituted chromatin may

be strikingly different from the two-start zigzag, as was recently

observed for nucleosomes reconstituted on telomeric DNA.19

Moreover, despite many years of intensive studies, the existence

of any regularly folded structures above the primary nucleosome

level remains elusive in most eukaryotic cells,20–28 and the ter-

tiary-level nucleosome condensates did not show any distinct

secondary structures as their intermediates.29 These nucleo-

some condensates appeared to be remarkably fluid and dis-

played properties of either liquid droplets or semi-solid hydro-

gels, depending on the experimental conditions and the state

of histone modification.30–32

Nevertheless, capturing nucleosome interactions in mamma-

lian cell nuclei33–36 showed a distinct pattern of proximities

consistent with two-start zigzag folding. Furthermore, short

nucleosome clusters, or nanodomains, were observed by su-

per-resolution microscopy,27,37,38 and some higher-order folds,

loops, and hubs formed by closely juxtaposed nucleosomes

were observed by electron tomography,25 indicating that despite

the absence of the long regular fibers, some discrete elements of
Authors. Published by Elsevier Inc.
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Figure 1. Biochemical and TEM characterization of Mg2+-dependent secondary and tertiary structures in native human chromatin

(A) Agarose gel shows DNA of K562 chromatin fractionated by ultracentrifugation (lanes 1–13), DNA size markers (M), and unfractionated chromatin (S2). White

arrow indicates fraction #10.

(B) 50% Mg2+-precipitation points of chromatin fraction #10 from two independent batches of K562. Statistical significance: Student’s t test.

(C) DNP agarose gel of chromatin crosslinked at the indicated concentrations of Mg2+. M, DNA size markers.

(D) TEM of chromatin crosslinked at the indicated concentrations of Mg2+. Scale bars, 100 nm.
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secondary and tertiary structuremay underlie themultiplex chro-

matin folding in living cells.

Cryoelectron tomography (cryo-ET) allows one to resolve bio-

logical structures embedded in thin layers of vitrified ice at nano-

scale resolution.39,40 Unlike the single-particle cryo-EM

approach, which achieves angstrom-scale resolution by aver-

aging images of many thousands of particles, cryo-ET can

resolve individual molecules and molecular assemblies, which

makes it ideal for multiplex nucleosome chain conformations.

Cryo-ET was previously used to resolve nucleosome cores

within cellular sections41–44 as well as in situ-crosslinked and iso-

lated chromatin,45 although the nucleosome chain path and

nucleosome interaction patterns have not been resolved. With

isolated native interphase chromatin and metaphase chromo-

somes, the linker DNA can be resolved for long nucleosome ar-

rays unfolded at relatively low ionic strength, showing a remark-

able heterogeneity of linker DNA lengths.13,46,47

Here, we applied cryo-ET and nanoscale stereological

modeling to trace individual nucleosomes within condensed hu-

man chromatin, where we observed abundant but non-uniform

nucleosome stacking in cis and anti-parallel nucleosome inter-

action in trans, consistent with partial nucleosome interdigita-

tion.We have shown that histone citrullination by protein arginine

deiminase 4 (PAD4), which causes massive chromatin unfolding
during NETosis48,49 and contributes to deep vein thrombosis,50

cancer metastasis,51 and COVID-19 pathology,52,53 causes a

dramatic unfolding of the secondary and tertiary higher-order

structures by disrupting the nucleosome stacking. We propose

that the observed secondary structural features and linker DNA

variability specific for native chromatin can explain its folding

into discrete nanoparticles, in contrast to the extended zigzag

30-nm fiber in the reconstituted nucleosome arrays.

RESULTS

Cryo-ET reveals secondary and tertiary structures in
Mg2+-condensed human chromatin
We isolated micrococcal nuclease (MNase)-fragmented soluble

chromatin from human K562 cells and fractionated chromatin by

sucrose gradient ultracentrifugation to select a fraction contain-

ing�12 nucleosomes per particle (Figure 1A). We induced chro-

matin condensation by the divalent cation, Mg2+, which causes

compaction of nucleosome arrays at concentrations 0.5–

1 mM15,18 which is within the physiological range of free Mg2+

in vivo.54 Upon increased Mg2+, chromatin fractions showed a

sharp self-association around 1.4 mM (Figures 1B and 1C),

consistent with previous observations.29,55 The chromatin sam-

ples were examined by transmission electronmicroscopy (TEM),
Molecular Cell 83, 3236–3252, September 21, 2023 3237



Figure 2. Cryo-ET reveals abundant nucleo-

some stacking within the secondary and ter-

tiary chromatin structures

(A–D) Representative Z slices from cryotomograms

of K562 chromatin vitrifiedwithout Mg2+ (A, TS_2_2),

and with 0.75mM (B, TS_4_4), 1.25mM (C, TS_6_1),

and 2.0 mMMg2+ (D, TS_8_2). Mag: 53,000-x; scale

bars, 50 nm.

(E) A portion of direct cryo-EM image (search mode)

of K562 chromatin vitrified at 2.0 mM Mg2+. Mag:

2,250-x; scale bar, 1 mm.
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showing individual condensed arrays at 0.75mMMg2+ and bulky

condensates at 1.25 and 2.0 mM Mg2+ (Figure 1D).

We then used cryo-ET and 3D reconstruction using IMOD56

software to examine native chromatin particles vitrified with

and without Mg2+ (Figure 2). Without Mg2+, we observed

unfolded nucleosome chains (Figure 2A) typical of open native

chromatin.13,46 In the presence of 0.75 mM Mg2+, we found flat

ladder-like nucleosome assemblies (Figure 2B) resembling those

observed with reconstituted nucleosome arrays condensed by

Mg2+.18 We did not observe either helical zigzag fibers17 or

columnar structures.19 Native chromatin vitrified at 1.25 and

2 mM Mg2+ showed bulky tertiary structures (Figures 2C and

2D) with diameters exceeding 1 mm (Figure 2E). All cryotomo-

grams are listed in Table S1.

Although we routinely used 20-min periods of Mg2+ incuba-

tion, in control experiments (Figure S1), we observed no signs

of histone degradation during 48 h of incubation. Also, to avoid

damage at the air/water interface,57 we have examined the

nucleosome integrity at the ice edges so that any damaged

particles (yellow arrows) were excluded from the subsequent

analysis. We also found no differences in Mg2+-dependent

self-association and chromatin folding for K562 cells blocked

either in G1-phase or in S-phase (Figure S2). Furthermore, since

the nucleosome repeat length (NRL) affects both secondary58

and tertiary structures,30 we analyzed chromatin from two other

vertebrate cell types—human HeLa cells with an open euchro-

matin33 and mouse retina cells that have exited the cell cycle

and acquired condensed heterochromatin.59 By MNase diges-

tion, we measured the NRL in HeLa (184 bp) to be shorter than

that in K562 (190 bp) and mouse retina (194 bp). However, by

Mg2+ self-association and cryo-ET, all three cell types underwent

very similar compaction with heterogeneous nucleosome stack-

ing (Figure S2). We concluded that the major effect of physiolog-
3238 Molecular Cell 83, 3236–3252, September 21, 2023
ical Mg2+ on chromatin structure is to pro-

mote the stacking of nucleosome disks

and that the secondary and tertiary struc-

tures of condensed native chromatin are

universal and independent of the cell cycle.

Cryo-ET reveals a wide variation in
nucleosome linker lengths and plane
orientations
To aid 3D visualization of chromatin parti-

cles, we processed the tomograms using

deep-learning-based regression models
trained in the Dragonfly Software suite using simulated cryo-ET

data from cryo-TomoSim software.60 This technique generates

nearly noiseless tomograms, allowing the ready visualization of

whole images and individual nucleosome arrays in 3D (Figure 3A;

Videos S1 and S2). However, the deep-denoising technique oc-

casionally flattened some low-signal regions. In comparison, on

the unbinned simultaneous iterative reconstruction technique

(SIRT)-reconstructed images, we could better resolve these

structures, including thinner threads with lengths expected for

the N-terminal tail of histone H3 and C-terminal tail of linker his-

tone, and bulkier protrusions emanating from the nucleosome

cores (Figure 3B, red and white arrows).

For quantitative stereological analysis, we used UCSF

Chimera61 to build nucleosome chain models by fitting PDB

models of the nucleosome core (PDB: 2CV562) into the tomo-

graphic density maps. The centroid and plane of each nucleo-

some were calculated, and centroids were connected into a

chain by axes (Figure 3C) to form a centroid/axis/plane (CAP)

model for each nucleosomal array. Snapshots of individual

CAP models are shown in Figure S3. All CAP measurements

are included in Table S2.

To perform stereological analysis, wemodified the earlier two-

angle chromatin model22 and recorded five values for each

nucleosome: (1) the center-to-center distance D from the next

nucleosome in the chain, (2) the center-to-center distance N

from the nearest nucleosome in 3D space, (3) the angle a be-

tween the two axes connecting each set of three consecutive nu-

cleosomes in a chain, (4) the angle b between the planes of

consecutive nucleosome pairs, and (5) the angle para between

the planes of each nucleosome and its nearest neighbor in 3D

space (Figure 3C; Video S3). Comparison between two indepen-

dent batches of K562 cells showed a strong similarity between

the nucleosome folding parameters (Figure S5).



Figure 3. Cryo-ET and stereological modeling reveal individual variations of nucleosome spacing, orientation, and stacking in native

chromatin

(A) Cryotomograms of K562 chromatin vitrified at 0 mM Mg2+ (A1–A3, TS_21_1, Video S1) and 0.75 mM Mg2+ (A4–A7, TS_22_1, Video S2) were processed by

deep-learning denoising and shown as a composite of Z slices in IMOD (A1 and A4) and as individual particles transferred to chimera, volume-fitted with

(legend continued on next page)
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In comparison with earlier estimations of linker DNA length

variations of ±2 to ±4 bp,63,64 we observed a wide distribution

of distance D (Figure 3F) with standard deviation (SD) = ±6 nm

corresponding to linker DNA variation of about ±20 bp (ca.

0.34 nm per DNA base pair). Short (�15–25 bp) and long (�70–

80 bp) linkers were simultaneously present in the same arrays

(Figure 3A). We confirmed this wide variation by tracing the

open DNA regions between consecutive nucleosomes (Fig-

ure S4). The measured DNA linker lengths (L) showed a strong

correlation with distance D and a similarly wide variation

(45.0 ± 19 bp). Remarkably, the resulting average NRL (146 +

45 = 191 bp) is very close to the one observed by MNase diges-

tion of K562 chromatin (190 ± 2 bp), despite the dramatically

higher standard deviations.

The wide NRL variation is consistent with genome-wide map-

ping of nucleosome phasing65 and cryo-ET analysis.47 Still, be-

ing concerned whether our irregular nucleosome spacings could

result from a positional reorganization upon isolation, we cross-

linked K562 chromatin in situ and analyzed nucleosome distribu-

tion by cryo-ET and CAP modeling (Figure S4). The crosslinked

samples displayed a highly significant reduction (p < 10�8) in

the average distance N and a strong increase in the internucleo-

somal contacts due to crosslinking. However, distance D dis-

played a similarly wide distribution in the crosslinked samples,

consistent with the wide linker length variation.

Native chromatin folds into small clusters of stacked
nucleosomes that do not form a progressive fiber
To further examine the internal organization of condensed native

chromatin, we collected tomograms for 0.75 mM Mg2+-

condensed chromatin fractions (Figure 1A) and processed

them by deep regressive denoising. The individual nucleosomes

were best resolved for the smaller arrays (fraction 8), showing

characteristic left-handedness of core DNA and linkers entering

and exiting at close proximity (Figure 3A; Video S2). Remarkably,

the nucleosomes were not stacked along one axis, such as

observed with reconstituted nucleosomes,17,18 but rather

formed short stacks in various orientations. Most of the linkers

were extended but did not fold congruently like steps of a spiral

stair or flat ladder and often crossed each other at close distance

(black arrows on panels 5 and 6). Some of the DNA linkers were

bent (Figures 3E and 3K), consistent with the heteromorphic

zigzag model,33,66 but not with the solenoidal model.67
nucleosome core structures, and shown as isosurfaces (A2, A3, and A5–A7). Short

nucleosome stacking perpendicular to (solid arrowheads) and along (open arrow

(B) Cropped cryotomogram of K562 chromatin at 0 mM Mg2+ (TS_1_1). Uniden

arrowhead (bulky extranucleosomal protrusion).

(C) CAP model (1_1, Video S3) based on image (B). The scheme shows measure

(D) Cropped cryotomogram of K562 chromatin vitrified at 0.75 mM Mg2+ (TS_4_

(E) CAPmodel (4_1, Video S4) based on image (D). Red arrows indicate nucleosom

linker DNA.

(F and G) Violin plots of distances D and N (F), and angles a, b, and para (G) obtain

[b], 268 [para]), and at 0.75 mM Mg2+ (violet, n = 385 [D], 457 [N], 293 [a], 363 [b]

(H) Distribution of nucleosome proximities in chromatin vitrified at 0mMMg2+ (gre

lighter colors designate proximities at <11 nm and >11 nm, respectively. Error b

(I and J) Two-dimensional plots of the angle para vs. distance N for chromatin vi

(K) CAP model (3_20, Video S5) based on cropped cryotomogram of chromatin a

pairs and one bent linker DNA are indicated.
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For quantitative stereological analysis of Mg2+-condensed

chromatin (Figure 3E; Video S4) and all other types of chromatin

in this study, we used SIRT-reconstructed tomograms of chro-

matin from fraction 10 (�11 nucleosomes per array).We selected

only free arrays or those that had no more than a single nucleo-

some contact with other particles and contained between 6 and

18 nucleosomes (Table S2).

Stereological comparison of chromatin at 0 and 0.75mMMg2+

(Figures 3F and S5) showed that the average distance D was

reduced rather modestly, from 22.4 to 18.4 nm, consistent with

partial linker DNA bending by Mg2+. In comparison, the average

distance N was reduced dramatically, from 20.4 to 10.9 nm, pro-

ducing a sharp peak at 6–7 nm and a broader peak at 9–12 nm

that correspond to parallelly stacked nucleosomes and perpen-

dicularly juxtaposed nucleosome disks, respectively (Figure 3K).

In condensed chromatin, angle a showed a highly significant dif-

ference (p < 10�33) with a prominent peak at �20�, whereas

angle b did not change significantly. Angle para also displayed

the most significant change (p < 10�24) at values below 20�

with a broad peak at�10� inMg2+-condensed chromatin consis-

tent with nucleosome stacking. Two-dimensional plotting of an-

gles para vs. distance N reveals two distinct areas at 0.75 mM

Mg2+ that are absent at 0 mM Mg2+ (Figures 3I and 3J). One is

below 25� and centered at the distance N < 8 nm, corresponding

to nucleosome stacking. 34.3% of all nucleosomes were

stacked at 0.75 mM Mg2+ (no stacking occurred without Mg2+).

The other, more dispersed, range at 60�–90� angle para, is

centered at the distance N � 11 nm and corresponds to near-

perpendicular orientations of nucleosome disks. 35.4% of all nu-

cleosomes fall into this category. The distribution of stacked nu-

cleosomes per individual array at 0.75 mM Mg2+ varies widely,

from 0% to 100%, and in most (63.6%) nucleosome arrays,

the parallel stacking is interspersed with nucleosomes juxta-

posed almost perpendicularly (Figure S5S).

Finally, wemeasured the nucleosome pairwise proximities be-

tween each nucleosome in the chain (n) and its closest counter-

part in 3D (nx). In the condensed chromatin, it was difficult to

trace all linker DNAs; hence, only 78.6% of the distances D

were recorded. When at least one distance D between nucleo-

somes n and nx was missing, the interaction was not counted,

so we recorded proximities for 65.6% of all nucleosomes. We

compared the distance N and angle para for all nucleosomes

and those with recorded D (D+) and proximities (nx
+) and found
and long black arrows indicate short and long DNA linkers. Red arrows indicate

heads) the viewer’s z axis.

tified electron densities are indicated by white arrows (thin threads) and red

d distances D and N and angles a, b, and para.

1).

e stacking direction perpendicular to the z axis, and white arrow indicates bent

ed for chromatin vitrified at 0 mMMg2+ (green, n = 255 [D], 268 [N], 219 [a], 255

, and 457 [para]). Statistical significance: Student’s t test.

en columns, n = 267) and at 0.75mMMg2+ (violet columns, n = 305). Darker and

ars: SD values calculated for the total datasets.

trified at 0 mM Mg2+ (I) and 0.75 mM Mg2+ (J).

t 0.75 mMMg2+ (TS_3_1). Angle a distances N between selected nucleosome
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no significant differences (Figures S5P and S5Q), indicating an

absence of nonrandom bias.

Figure 3H shows pairwise proximities between total nucleo-

somes and those juxtaposedatN< 11nm, i.e., likely to be in direct

contact.33 The Mg2+-condensed chromatin showed a strong

decrease in the overall nucleosome proximities at i ± 1 together

with a profound increase in i ± 1, i ± 2, i ± 3, i ± 4, and i ± 5 prox-

imities withN < 11 nm. The i ± 2 dominates in the condensed chro-

matin, which is strikingly similar to the observations by in situ EM-

assisted nucleosome interaction capture (EMANIC)33 (Figure S5T)

and consistent with the genome-wide nucleosome interaction

mapping in other mammalian cells.34–36 We thus concluded that

the overall secondary structure of native chromatin incorporates

a multitude of linker DNA lengths and conformations that deviate

from either the progressive zigzag folding or columnar structures

observed in the reconstituted nucleosome arrays but are remark-

ably similar to those observed in situ.

Chromatin condensates retain small clusters of
nucleosome stacking
Although for analysis of the secondary chromatin structures, we

focused on separate nucleosome arrays, even at 0.75 mMMg2+,

some arrays formed larger self-associated particles (Figures

4A1–4A6). Remarkably, in addition to the nucleosome stacking

with parallel-oriented dyad axes, some nucleosomes within the

self-associated arrays were either stacked in an anti-parallel

orientation or were only partially overlapping (red arrows).

At 1.0 mM Mg2+, nucleosome arrays formed bulky tertiary

structures intermixed with detached nucleosome arrays

(Figures 4A7–4A9). At the edges, the nucleosomes were self-

associated two-dimensionally and could be resolved by cryo-

ET for CAP modeling, showing that some nucleosome disks

were engaged in anti-parallel stacking (red arrows). Such nucle-

osome arrangement is consistent with earlier nucleosome inter-

digitation models proposed for heterochromatin68 and meta-

phase chromosomes.69 However, in the Mg2+-condensed total

chromatin, the interdigitation involved small clusters of 2–4 nu-

cleosomes and did not spread globally.

At Mg2+ concentrations exceeding 1 mM, nucleosome arrays

formed bulky condensates larger than 100 nm that were

confined to 50–80-nm thick slabs of the vitrified ice, facilitating

their imaging by cryo-ET (Figures 4A10–4A12). Nucleosomes

within the condensed chromatin particles showed distinct pat-

terns of ‘‘mud-brick layering’’ apparent on the side projections

(Figure S6). Our denoising methods did not yield clearly distin-

guishable nucleosomes in the middle of these condensates,

but we could resolve clusters of condensed nucleosomes near

the edge.

Stereological comparison of chromatin vitrified at 1.25 and

0.75 mMMg2+ (Figures 4B–4F) showed no significant difference

in distance N distribution. At 1.25 mM Mg2+, the angle para

showed a notable decrease above 70�. However, the clustered

area corresponding to the tightly stacked nucleosome disks

(<25� para, N � 6.5 nm) remained pronounced at 1.25 mM

Mg2+. Thus, in contrast to the previous lower-resolution imaging

suggesting the fully disordered nature of nucleosome conden-

sates,29–31 our cryo-EM images showed a clear retention of par-

tial nucleosome stacking in the Mg2+-induced tertiary chromatin
structure, although the nucleosome stacks are small and do not

spread globally within the condensed chromatin.

PAD4-dependent histone citrullination inhibits
nucleosome stacking and chromatin folding at the
secondary and tertiary levels
Chromatin higher-order folding is subject to regulation by post-

translational histone charge modification.70,71 One of the stron-

gest effects on global chromatin folding is imposed by histone

arginine citrullination catalyzed by arginine deiminase PAD4,

which mediates the formation of neutrophil extracellular traps

or NETs.48,49 Because chromatin from human neutrophils un-

dergoes extensive histone proteolysis, here, we employed chro-

matin from K562 cells that are derived from immature precursors

of neutrophils, do not express the granule proteases, and display

chromatin epigenetic marks similar to those of mature

neutrophils.72

We treated native chromatin with PAD4 in the presence of

CaCl2 (PAD4 co-enzyme). The PAD4-treated and control chro-

matin samples were analyzed electrophoretically (Figure 5A) to

monitor histone citrullination by the downward mobility shifts of

histone H3 and H4, due to the positive charge reduction resulting

from citrullination at histone H3 Arg8 and Arg17 and histone H4

Arg3.73 The sodium dodecyl sulfate-polyacrylamide gel electro-

phoresis (SDS-PAGE) gel shows a complete shift of histones H3

and H4 in PAD4-treated but not control chromatin, indicating

that the chromatin modification is fully dependent on PAD4

and not due to chromatin degradation. We confirmed this result

by western blotting with antibodies against citrullinated histone

H3 (Abcam ab5103) and by Triton-acetate-urea gels,74 showing

the upward shifts of histone H4 and H3 variants resulting from

positive charge reduction consistent with the extent of histone

H3 and H4 citrullination by PAD4.73We thenmonitored the effect

of PAD4 citrullination on chromatin folding by deoxyribonucleo-

protein (DNP) agarose gel and Mg2+-dependent self-association

(Figures 5B and 5C) and observed a prominent inhibition of chro-

matin folding by PAD4.

Cryo-ET of the control and PAD4-treated chromatin

(Figures 5D and S6) showed no substantial difference in nucleo-

some folding at 0 mM Mg2+. In the presence of 0.75 mM Mg2+,

however, the control chromatin showed a higher extent of

compaction and stacking. At 1.0 mM Mg2+, the control-treated

chromatin displayed self-association, whereas the PAD4-

treated arrays remained dissociated, showing that the formation

of compact chromatin structures is significantly inhibited by his-

tone citrullination.

CAP modeling and stereological analysis (Figures 5E–5H and

S7) showed no significant differences at 0 mM Mg2+. At

0.75 mM Mg2+, distance D and angle b were not significantly

affected. In contrast, the average distance N was significantly

(p < 10�8) increased, from 10.7 to 13.1 nm in PAD4-treated sam-

ples, with a sharp decrease in the peak corresponding to nucle-

osome stacking (6.5 nm). The angle a distribution showed a sig-

nificant decrease below 20� (p < 10�6), consistent with histone

citrullination mainly affecting closely juxtaposed linkers. For

angle para, the most significant difference (p < 10�8) was also

observed for the lowest 20%. The two-dimensional plots

(Figures 5G and 5H) revealed the strongest change in the area
Molecular Cell 83, 3236–3252, September 21, 2023 3241



Figure 4. Cryo-ET and 3D modeling reveal cis- and trans-internucleosomal stacking within the self-associated native nucleosome arrays

(A) (A1, A3, and A5) Cropped cryotomograms showing K562 arrays vitrified at 0.75 mMMg2+ and connected in-trans: TS_3_3 (A1 and A3) and TS_3_2 (A5). (A2,

A4, and A6) CAP models 3_16, 3_21, and 3_22 based on images in (A1), (A3), and (A5), respectively. (A7–A12) Cryotomograms TS_5_1 (A7) and TS_6_2 (A10),

cropped images (A8 and A11), and associated CAP model 5_1 (A9) and 6_2_1 (A12) of chromatin vitrified at 1.0 mMMg2+ (A7–A9) and 1.25 mMMg2+ (A10–A12).

Red arrows show nucleosome disks stacked in an anti-parallel orientation or partially overlapping. Black arrow shows linker DNA crossing the plane of nucle-

osome stacking. Scale bars, 30 nm.

(B–E) Violin plots (B and C) and frequency distribution profiles (D and E) of distances N (B and D), and angle para (C and E) of chromatin vitrified at 0.75 mMMg2+

(green, n = 457) and 1.25 mM Mg2+ (violet, n = 223). Statistical significance: Student’s t test (*p = 0.01 by Kolmogorov-Smirnov test).

(F) Two-dimensional plot of the angle para vs. distance N for the nucleosomes vitrified at 1.25 mM Mg2+.
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Figure 5. Inhibition of native chromatin higher-order folding by PAD4-dependent histone citrullination

(A) Lanes (A1–A3) 18% SDS-PAGE shows histones of control (A1) and PAD4-treated (A2 and A3) K562 chromatin. Lane (A4): m.w. markers. Lanes (A5–A7) 8%–

16% gradient SDS-PAGE of histones from control (A5) and PAD4-treated (A6 and A7) chromatin followed by western blotting detected by antibodies against

citrullinated histone H3. Lanes (A8 and A9) Triton-acetate-urea gel shows histones from control (A8) and PAD4-treated (A9) chromatin.

(B) DNP agarose gel showing DNA size markers (lane B1) and native electrophoresis of control (lanes B2–B8) and PAD4-treated (lanes B9–B15) chromatin.

(C) 50% Mg2+-precipitation points determined for control and PAD4-treated chromatin. Statistical significance: Student’s t test.

(D) (D1–D9) Cryotomogram TS_14_2 (D1), cropped images (D2–D5), and CAPmodels 14_7 (D6), 14_8 (D7), 14_10 (D8), and 14_6 (D9) based on images (D2)–(D5)

showing control chromatin vitrified at 0.75 mM Mg2+. (D10–D18) Cryotomogram TS_16_1 (D10), cropped images, and CAP models 16_8 (D15), 16_10 (D16),

16_11 (D17), 16_1 (D18). Showing PAD4-treated chromatin vitrified at 0.75 mM Mg2+. Scale bars, 30 nm.

(E and F) Violin plots of distances D andN (E) and angles a, b, and para of control (green) and PAD4-treated (violet) chromatin. Control samples: n = 209 (D), n = 302

(N), n = 162 (a), n = 209 (b), and n = 302 (para); PAD4-treated samples: n = 162 (D), n = 215 (N), n = 130 (a), n = 162 (b), and n = 215 (para). Statistical significance:

Student’s t test.

(G and H) Two-dimensional plots of angle para vs. distance N for control (G) and PAD4-treated (H) chromatin.
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Figure 6. Nucleosome chain folding in clone 601-based reconstituted nucleosome arrays and its inhibition by histone citrullination

(A) Lanes (A1–A5): 18% SDS-PAGE shows histones of control (A1 and A3) and PAD4-treated (A2 and A4) reconstituted 1833 12 arrays. M, m.w. markers. Lanes

(A6–A10): 18% SDS-PAGE shows histones of control (lanes A7 and A9) and PAD4-treated (A8 and A10) 183 3 12 + H1 arrays.

(legend continued on next page)
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corresponding to the tightly stacked nucleosome disks (<25�

para, N � 6.5 nm). Unlike chromatin unfolding at low salt (Fig-

ure 3J), PAD4 treatment did not reduce the area corresponding

to perpendicular nucleosome disks (60�–90� para, N � 8–

12 nm). Thus, we concluded that PAD4-induced histone citrulli-

nation was specifically inhibiting nucleosome stacking, although

it had a relatively little effect on the conformation of nucleosome

linkers or the spatial organization of the non-stacked nucleo-

somes in native chromatin.
Reconstituted nucleosome arrays are dramatically
unfolded by histone citrullination
The partial unfolding of native chromatin by histone citrullination

notably differed from the almost complete unfolding observed

for reconstituted arrays.48 We reasoned that because histone cit-

rullination mostly targets nucleosome disk stacking, its effect

would be stronger for reconstituted arrays with uniform nucleo-

some stacking.18 Therefore, we constructed 12-nucleosome ar-

rays based on clone 601 with NRL of 183 bp, as previously

described.33,75 This NRL is a representative of the 10n + 5 class

of nucleosome linkers (�172, 183, and 193 bp), typical of natural

chromatin.76

The 1833 12 nucleosome arrays were treated with PAD4 and

analyzed by 18% SDS-PAGE to confirm a complete shift of his-

tones H3 and H4 (Figure 6A). The PAD4-treated and control ar-

rays were then mixed with recombinant linker histone H1� as

described,33 at a ratio of 0.7 molecules per nucleosome, which

is close to natural stoichiometry of histone H1.77 We reconsti-

tuted linker histone H1 with the already citrullinated nucleosome

arraysbecausePAD4partially citrullinates histoneH1 (Figure 5A),

and we sought to study the effect of core histone citrullination.

By DNP agarose electrophoresis and Mg2+ self-association

(Figures 6B and 6C), we observed that a strong downward shift

in control H1-reconstitued arrays at 0.5 mM Mg2+ and a promi-

nent band smearing at 1 mMMg2+ were both almost completely

inhibited by PAD4 treatment. In parallel, there was a strong

change in Mg2+-dependent self-association. Thus, PAD4-medi-

ated histone citrullination had a profound inhibitory effect on the

secondary and tertiary chromatin structures of linker histone-re-

constituted nucleosome arrays.

Cryo-ET of control and PAD4-treated 183 3 12 + H1 arrays

(Figure 6D) showed a dramatic effect of PAD4 treatment, result-
(B) DNP agarose gels showing DNA size markers (lanes B1 and B4) and native elec

crosslinked at 1 mM Mg2+ and control (lanes B5, B7, and B9) and PAD4-treated

indicated.

(C) 50% Mg2+-precipitation points of control and PAD4-treated 183 3 12 + H1 a

(D) (D1–D5) Cryotomogram TS_17_6 (D1), cropped images (D2 and D3), and ass

arrays vitrified at 0.75 mM Mg2+. (D6–D10) Cryotomogram TS_18_3 (D6), croppe

showing PAD4-treated 183 3 12 + H1 arrays vitrified at 0.75 mM Mg2+. Scale ba

(E and F) Violin plots showing distribution of internucleosomal distances D and N (

(violet) 183 3 12 + H1 arrays at 0.75 mM Mg2+. Statistical significance: Student’

(G and H) Frequency distribution profiles of distances D (G), and N (H) measured

Mg2+. Control samples: n = 204 (D), n = 230 (N), n = 197 (a), 217 (b), and 230 (par

n = 158 (para).

(I) Two-dimensional plot showing angle para vs. distance N for control (green) an

(J) Nucleosome proximities determined for control (green) and PAD4-treated (vio

treated samples: n = 165. Darker and lighter colors designate proximities at <1

datasets.
ing in complete unfolding into extended zigzag chains in full

agreement with the solution assays above. CAP modeling and

stereological analysis of control and PAD4-treated 183 3 12 +

H1 arrays (Figures 6E–6J and S7) showed that the average dis-

tance N increased more than 2-fold, from 9.3 to 19.3 nm

(p < 10�80), dramatically stronger than that in the PAD4-treated

native chromatin. This leads to a complete disappearance of

the ‘‘nucleosome stacking’’ peak at 6.5 nm. In PAD4-treated ar-

rays, distance D distribution showed a striking loss of the sharp

peak centered at 21 nm, and angle a showed an equally dramatic

loss of its major peak at �18�. Similarly, angles b and para both

showed significant changes resulting from histone citrullination.

A two-dimensional plot of para vs. N reveals an obvious change

in the area below 30� angle para and distance N � 6.5 nm

(dashed oval). Accordingly, the peak of nucleosome proximities

at i ± 2 was dramatically reduced by PAD4 treatment in parallel to

an equally strong increase in i ± 1, which corresponds to an

extended nucleosome chain (Figure 6J). Thus, the reconstituted

nucleosome arrays showed a dramatic unfolding by PAD4-medi-

ated histone citrullination, exceeding that in the native chromatin

and consistent with complete disruption of the overall nucleo-

some disk stacking in reconstituted clone 601-based arrays.
Nanoscale spatial analysis reveals fundamental
topological differences between the native and
reconstituted nucleosome array folding
Since most previous chromatin structural studies have focused

separately on either native10–12 or reconstituted chromatin,14–18

here, we used cryo-ET to compare the 3D structures of both

types condensed by 0.75 mMMg2+ (Figure 7). Distance D distri-

bution showed a striking contrast between one sharp peak at

21 nm in the reconstitutes and several broad peaks in the native

chromatin, fully consistent with the uniform DNA linker lengths in

the former and the wide variability in the latter. Compared with

reconstituted arrays, distance N in native chromatin showed a

notably higher broad peak at�8–14 nm, corresponding to neigh-

boring nucleosome disks at a perpendicular orientation. The

angle a distribution displayed a much higher and narrower

peak at�18� in the reconstituted arrays, whereas the values be-

tween 60� and 100� were higher in native chromatin. Notably,

this range of angles amay reflect the presence of unfolded linker

DNA in the Mg2+-condensed native chromatin originating from
trophoresis of the control (lane B2) and PAD4-treated (lane B3) 1833 12 arrays

(lanes B6, B8, and B10) 183 3 12 + H1 arrays crosslinked at 0–1 mM Mg2+ as

rrays. Statistical significance: Student’s t test.

ociated CAP models 17_6 (D4) and 19_4 (D5) showing control 183 3 12 + H1

d images (D7 and D8), and associated CAP models 18_1 (D9) and 18_7 (D10)

rs, 30 nm.

E) and angles a, b, and para (F) measured for control (green) and PAD4-treated

s t test.

for control (green) and PAD4-treated (violet) 183 3 12 + H1 arrays at 0.75 mM

a). PAD4-treated samples: n = 150 (D), n = 158 (N), n = 135 (a), n = 150 (b), and

d PAD4-treated (blue) 183 3 12 + H1 arrays at 0.75 mM Mg2+.

let) 183 3 12 + H1 arrays at 0.75 mM Mg2+. Control samples: n = 237; PAD4-

1 nm and >11 nm, respectively. Error bars: SD values calculated for the total
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Figure 7. Comparative stereological analysis of the native and reconstituted chromatin folding
(A and B) Violin plots comparing distributions of distances D and N (A) and angles a, b, and para (B) of 1833 12 + H1 arrays (green) and K562 chromatin (violet) at

0.75 mM Mg2+. Statistical significance: Student’s t test (*p = 3.3 3 10�5 by Kolmogorov-Smirnov test).

(C–G) Frequency distribution profiles comparing distances D (C), N (D), and angles a (E), b (F), and para (G) of 1833 12 + H1 arrays (green) and K562 chromatin

(blue) at 0.75 mM Mg2+.

(legend continued on next page)
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substoichiometric association with liker histone H1.77 The

largest difference in angle b was manifested by the notably

diminished peak at 60�–90� in reconstituted arrays, which repre-

sents consecutive nucleosomeswith planes oriented perpendic-

ularly (e.g., nucleosomes #3 and #5 on Figures 7Jb).

The percentage of nucleosomes with high angle para (above

60�) was dramatically higher in the native chromatin (38.5%) than

that in the reconstituted arrays (14.4%). On the two-dimensional

plotting (Figure 7H), the clustered area corresponding to perpen-

dicular nucleosome disks (60�–90� para, N � 8–14 nm) is largely

suppressed in the reconstituted nucleosome arrays, consistent

with the absence of proximal nucleosomes with perpendicular

nucleosome planes in the reconstituted arrays (Figure 6D).

The comparison of nucleosome interactions showed strong

proximities at i ± 1, i ± 3, i ± 4, and i ± 5 in native chromatin

that were virtually absent from the reconstituted arrays (Fig-

ure 7I). This trend was fully retained for the closely juxtaposed

nucleosomes (N < 11.0 nm), suggesting a fundamental differ-

ence in interactions of the tightly packed nucleosomes. Upon re-

visiting the native nucleosome models and datasets (Figure S3;

Table S2), we found that the i ± 1, i ± 3, i ± 4, and i ± 5 interactions

originated from native nucleosome arrays deviating from the pro-

gressive zigzag path and, after making a U-turn, forming regres-

sive zigzag folds with crisscrossed linker DNA (e.g., Figures 3A7

and 3K), bent linker DNA (Figure 3E), or long linkers crossing the

axis of stacking (Figures 3A5 and 3A6). As schematically shown

in Figure 7J, depending on the even or odd number of nucleo-

somes making the U-turn, such structures would either display

even (i ± 2 and i ± 4, ‘‘native’’ cartoon b) or odd (i ± 1, i ± 3,

and i ± 5, native cartoon c) proximities. In contrast, the reconsti-

tuted arrays, which form a classic two-start zigzag fiber, are ex-

pected to display only i ± 2 proximities (‘‘reconstituted’’ cartoon

a). Thus, the nanoscale spatial analysis of native chromatin

folding revealed the following three novel features specific to

the condensed native chromatin: (1) the discontinuous asym-

metric nucleosome stacking, (2) the alternating parallel and

perpendicular orientations of the juxtaposed nucleosome disks,

and (3) regressive folding of nucleosome chains that, despite dis-

playing prominent zigzag features, fold into discontinuous nano-

particles rather than continuous fibers.

DISCUSSION

Chromatin higher-order folding accommodates
nucleosome chains with highly variable spacing
Our cryo-ET analysis reveals the regressive zigzag path of the

nucleosome chain in native condensed chromatin. This finding

helps to reconcile long-standing controversies regarding chro-
(H) Two-dimensional plot of angle para vs. distance N for 183 3 12 + H1 arrays

(I) Nucleosome proximities determined for 1833 12 + H1 arrays (green, n = 180) a

designate nucleosome proximities at <11 nm and >11 nm, respectively. Error ba

(J) Cartoon models illustrating the paths of nucleosome chain folding in the reco

Dashed red arrows show directions of the zigzag fiber axes.

(K) Schematic models showing (Ka) chains of nucleosomes with heterogeneous

nanoparticles mediated by nucleosome stacking in cis and (Kc) the tertiary struct

(Kd) Histone modifications reducing the net positive charge of the histones (such

and partial unfolding of the secondary structure by disrupting the nucleosome st
matin folding in vitro and in the interphase cell and provides novel

mechanistic insights into the cooperation of distinct structuralmo-

tifs in higher-order chromatin folding. In living cells, the nucleo-

somes may fold into small clutches or nanodomains27,28,78 that

undergo dramatic unfolding mediated by epigenetic mecha-

nisms.38,79 Here, we propose a general model for nucleosome

chain folding into a discontinuous secondary structure composed

of stacks of closely juxtaposed nucleosomes interrupted by nu-

cleosomes oriented perpendicularly to their neighbors. Such

structures incorporate both short and long DNA linkers and

make sharp U turns, forming nanodomains with a regressive

nucleosome chain path (Figure 7K). This multiplex secondary

structure is fundamentally different from either regular zigzag fi-

bers17,18 or columnar structures19 observed for reconstituted

nucleosome arrays. However, it appears to be best suited to

pack the native nucleosomes with highly variable spacing.47,65

Our findings are also consistent with the high polymorphism of

chromatin fibers with variable NRL predicted by Monte Carlo

simulations.80

Surprisingly, the apparently irregular and weak nucleosome

folding is not completely erased from the native chromatin by

PAD4 (Figure 5), which completely unfolds reconstituted arrays

(Figure 6). This raises the interesting possibility that the multiplex

folding motifs generate local nucleosome chain topologies that

are either more or less prone to unfold upon histone chargemod-

ifications and thus ‘‘remember’’ their repressed or active epige-

netic states.

Either in crystal structures or in regular reconstituted arrays,

the nucleosome disks tend to be fully engaged in close parallel

stacking mediated by contacts between histone H4 N-terminal

domains and the acidic patch of histone H2A/H2B dimer.1,15

Nucleosome surfaces, including the acidic patch, interact with

multiple chromatin regulatory and architectural factors.81 The

cooperative nucleosome stacking presents a major energetic

barrier for chromatin unfolding and is strongly dependent on

the linker DNA length,82,83 which in living cells is dynamically

regulated by ATP-dependent chromatin remodelers.84 Whether

nucleosome arrays with the maximal or minimal percentage of

stacking originate from repressed or active chromatin domains

and regions with specific nucleosome positioning requires

further investigation.

Our cryo-ET analysis of nucleosome proximities in native chro-

matin (Figure 3H) showed a pattern consistent with the regres-

sive chromatin zigzag path (Figure 7K) and, at the same time,

was remarkably similar to in situ interaction mapping by radia-

tion-induced cleavage of DNA,34 Micro-C,35,36 and EMANIC.33

Furthermore, our cryo-ET imaging of discontinuous nucleosome

stacks is consistent with the highly variable structures observed
(green) and K562 chromatin (blue) at 0.75 mM Mg2+.

nd K562 chromatin (violet, n = 305) at 0.75 mMMg2+. Darker and lighter colors

rs: SD values calculated for the total datasets.

nstituted arrays (Ja) and two types of native nucleosome arrays (Jb and Jc).

linker lengths and plane orientations folding into (Kb) the secondary structure:

ure: nanoparticles joined together by nucleosome stacking in-cis and in-trans.

as histone citrullination) mediate a complete unfolding of the tertiary structure

acking while preserving the local topologies of nucleosome chains.
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by EM tomography of chromatin in situ.25 We expect that our

regression denoising algorithms,60 combined with 3D visualiza-

tion and CAP modeling, would be efficient tools for developing

new 3D nucleosome chain models for computational recon-

structions of chromatin structures observed in situ, e.g., in vitri-

fied cellular sections.41–44

Role of Mg2+-cations in nucleosome chain folding and
self-association
Mg2+-induced native chromatin folding and non-uniform nucleo-

some stacking occur at 0.5–0.75 mM Mg2+ (Figure 2), which is

remarkably close to the physiological concentration of free

Mg2+, estimated at �0.6 mM in the interphase cell.54 Further in-

crease in Mg2+ promotes metaphase chromosome condensa-

tion in vivo54,85 by a process very similar to the Mg2+-dependent

self-association in vitro.29 We thus assume that the Mg2+-

induced structural transitions of native chromatin observed by

cryo-ET correctly reproduce those observed in vivo at similar

Mg2+-concentrations.

In addition to the uniform electrostatic screening of negative

charges in DNA, Mg2+ has been shown to alter chromatin folding

in a sequence-specific manner86 and has been proposed to

facilitate condensation of heterochromatin enriched by repetitive

satellite DNA.87 Further work on Mg2+-induced compaction of

fractionated heterochromatin, followed by cryo-ET and DNA

sequencing, should reveal the nature of these genomic regions

and chromatin states regulated by nucleosome stacking.

Previous TEM studies of large nucleosome condensates did

not reveal any distinct structural elements, such as 30-nm fi-

bers.29 More recently, the mechanism of cation-dependent

condensation and self-association of nucleosome arrays has

been described as a liquid-liquid phase separation (LLPS),

where the condensed nucleosome arrays reside in a fluid, un-

structured state.30 Despite this apparent fluidity, our cryo-ET

showed multiple internucleosomal contacts mediated by anti-

parallel stacking of nucleosome disks. Such contacts are consis-

tent with the nucleosome interdigitation hypothesis previously

proposed as a mechanism of global nucleosome condensation

in heterochromatin68 and metaphase chromosomes.69 Unlike

these idealized models, the anti-parallel nucleosome stacking

observed by cryo-ET formed a minority of all visible interactions

(Figure 4). We suggest that in the process of Mg2+-mediated

condensation, the nucleosome surfaces that remain open at

the periphery of compact nanoparticles would interact in trans

and form contacts between the anti-parallel nucleosome sur-

faces, leading to the formation of bulky nucleosome conden-

sates (Figure 7K). Intriguingly, several nucleosome core crystal

lattices display anti-parallel ‘‘head-to-tail’’ nucleosome stacking

consistent with in trans nucleosome interactions.68,88,89 It re-

mains to be shown whether the nucleosomes that resist in-cis

stacking in the secondary structure but are engaged in in-trans

stacking in the tertiary structure bear any specific histone vari-

ants or other epigenetic marks regulating the process of global

chromatin condensation.

Implications for NETosis
One of the strongest effects on global chromatin folding is

imposed by histone arginine citrullination by PAD4, which
3248 Molecular Cell 83, 3236–3252, September 21, 2023
causes massive chromatin unfolding during NETosis in neutro-

phil granulocytes.48,49 During granulocyte maturation, the chro-

matin condenses and accumulates abundant tertiary struc-

tures44 before acquiring the ability to release NETs.90 We

propose that a major effect of PAD4-induced citrullination is to

reduce the tertiary chromatin structure by inhibiting nucleosome

stacking interactions at physiological Mg2+ concentrations. This

structural transition, although insufficient by itself to unfold the

chromatin into NETs, may trigger NETosis by unfolding the

nucleosome condensates and opening them to additional fac-

tors, such as calpain protease,91 which would cause proteolysis

of histones and other nuclear architectural proteins, leading to

complete nuclear rupture.92

The fact that PAD4-mediated NETosis, despite its benefits for

wound healing,49 has strong adversary effects contributing to

deep vein thrombosis,50 cancermetastasis,51 andCOVID-19 pa-

thology52,53 makes targeting the molecular interactions leading

to NET formation an important goal in biomedicine. One of the

approaches to regulate or prevent NETosis would be to find a

way of preventing PAD4-mediated chromatin unfolding by

increasing free Mg2+ in neutrophils since a very small increase

may efficiently preserve chromatin in the condensed state (Fig-

ure 2B). We expect that cryo-ET combined with nanoscale

modeling should be an immense tool for detecting chromatin

structural transitions underlying chromatin functions and a valu-

able resource for analysis of the convoluted chromatin path

observed by EM or super-resolution microscopy in situ.

Limitations of the study
We note several limitations of the study resulting from the nature

of cryo-ET imaging of isolated chromatin fragments embedded

in vitrified ice. First, the thin ice layers, although essential for

high-resolution cryo-ET, prevent analysis of larger nucleosome

particles that are lost or damaged at the water/air interface.

The nucleosome structures were visualized in the denoised im-

ages through the whole ice thickness, and the nucleosomes de-

natured by thewater/air interface aswell as fiduciary gold traces,

and other impurities were excluded from structural analysis.

Second, as in all studies of fragmented nucleosome arrays

in vitro, the observed structures may be affected by a higher de-

gree of structural freedom that destabilizes nucleosome folding

in vitro and the absence of chromatin remodelers and other

structural proteins that dynamically rearrange chromatin struc-

ture in vivo. We should note that previous studies of much longer

condensed nucleosome arrays in vitro have resulted in regular

30 nm fibers that, in contrast to the multiplex folding observed

here, clearly differ from the chromatin structures observed in

situ, suggesting that a certain degree of structural freedom is

needed to better recapitulate the multiplex organization of native

chromatin. Third, the linkers (axesD) were not resolved for�21%

of all nucleosomes condensed by 0.75 mM Mg2+, and corre-

sponding angles a, b, and nucleosome interactions were

excluded from the statistical analysis. Still, the internucleosomal

distance N and angle para were recorded for all nucleosomes,

and by comparing these variables between connected and un-

connected nucleosomes (Figures S5P and S5Q), we found no

evidence of nonrandom bias, suggesting that the missing den-

sities were due to technical limitations of cryo-ET such as
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inherent noise and the missing wedge artifact. In the future, we

plan to close this gap by optimizing data collection schemes, us-

ing advanced cryo-ET tomogram segmentation, denoising ac-

counting for the missing wedge, and subtomogram averaging.

Fourth, although we monitored the extent of histone citrullina-

tion, we have not determined the precise sites of histone citrulli-

nation and are aware that in native chromatin, various modifica-

tions can mutually interfere. In the future, we plan to use cryo-ET

to address the folding of reconstituted chromatin containing pre-

designed and site-specific histone modifications.
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42. Cai, S., Böck, D., Pilhofer, M., and Gan, L. (2018). The in situ structures of

mono-, di-, and tri-nucleosomes in human heterochromatin. Mol. Biol. Cell

29, 2450–2457. https://doi.org/10.1091/mbc.E18-05-0331.

43. Eltsov, M., Grewe, D., Lemercier, N., Frangakis, A., Livolant, F., and

Leforestier, A. (2018). Nucleosome conformational variability in solution

and in interphase nuclei evidenced by cryo-electron microscopy of vitre-

ous sections. Nucleic Acids Res. 46, 9189–9200. https://doi.org/10.

1093/nar/gky670.

44. Xu, P., Mahamid, J., Dombrowski, M., Baumeister, W., Olins, A.L., and

Olins, D.E. (2021). Interphase epichromatin: last refuge for the 30-nm chro-

matin fiber? Chromosoma 130, 91–102. https://doi.org/10.1007/s00412-

021-00759-8.

45. Arimura, Y., Shih, R.M., Froom, R., and Funabiki, H. (2021). Structural fea-

tures of nucleosomes in interphase and metaphase chromosomes. Mol.

Cell 81, 4377–4397.e12. https://doi.org/10.1016/j.molcel.2021.08.010.

https://doi.org/10.1073/pnas.0802336105
https://doi.org/10.1073/pnas.0802336105
https://doi.org/10.1126/science.1103124
https://doi.org/10.1126/science.1103124
https://doi.org/10.1038/nature03686
https://doi.org/10.1126/science.1251413
https://doi.org/10.1126/science.1251413
https://doi.org/10.1016/j.molcel.2018.09.027
https://doi.org/10.1038/s41586-022-05236-5
https://doi.org/10.1038/s41586-022-05236-5
https://doi.org/10.4161/nucl.21222
https://doi.org/10.1038/nrm3382
https://doi.org/10.1038/nrm3382
https://doi.org/10.1016/j.bpj.2018.03.009
https://doi.org/10.1016/j.bpj.2018.03.009
https://doi.org/10.1016/j.tibs.2010.09.002
https://doi.org/10.1016/j.tibs.2010.09.002
https://doi.org/10.1073/pnas.0810057105
https://doi.org/10.1073/pnas.0810057105
https://doi.org/10.1126/science.aag0025
https://doi.org/10.1126/science.aag0025
https://doi.org/10.1073/pnas.1720476115
https://doi.org/10.1073/pnas.1720476115
https://doi.org/10.1016/j.cell.2015.01.054
https://doi.org/10.1016/j.cell.2015.01.054
https://doi.org/10.1016/j.molcel.2017.06.018
https://doi.org/10.1016/j.molcel.2017.06.018
https://doi.org/10.15252/embj.201592660
https://doi.org/10.15252/embj.201592660
https://doi.org/10.1016/j.cell.2019.08.037
https://doi.org/10.1016/j.cell.2020.11.027
https://doi.org/10.1073/pnas.2218085120
https://doi.org/10.1073/pnas.2218085120
https://doi.org/10.1073/pnas.1518280113
https://doi.org/10.1038/nature20781
https://doi.org/10.1016/j.molcel.2020.03.003
https://doi.org/10.1016/j.molcel.2020.03.002
https://doi.org/10.1021/acsnano.8b01963
https://doi.org/10.1021/acsnano.8b01963
https://doi.org/10.1016/j.molcel.2017.07.013
https://doi.org/10.1016/j.molcel.2021.12.016
https://doi.org/10.1016/j.isci.2021.102959
https://doi.org/10.1016/j.isci.2021.102959
https://doi.org/10.1126/science.aad8857
https://doi.org/10.1091/mbc.E18-05-0331
https://doi.org/10.1093/nar/gky670
https://doi.org/10.1093/nar/gky670
https://doi.org/10.1007/s00412-021-00759-8
https://doi.org/10.1007/s00412-021-00759-8
https://doi.org/10.1016/j.molcel.2021.08.010


ll
OPEN ACCESSArticle
46. Grigoryev, S.A., Bednar, J., and Woodcock, C.L. (1999). MENT, a hetero-

chromatin protein that mediates higher order chromatin folding, is a new

serpin family member. J. Biol. Chem. 274, 5626–5636. https://doi.org/

10.1074/jbc.274.9.5626.

47. Beel, A.J., Azubel, M., Matteı̈, P.J., and Kornberg, R.D. (2021). Structure of

mitotic chromosomes. Mol. Cell 81, 4369–4376.e3. https://doi.org/10.

1016/j.molcel.2021.08.020.

48. Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., Hayama, R.,

Leonelli, L., Han, H., Grigoryev, S.A., et al. (2009). Histone hypercitrullina-

tion mediates chromatin decondensation and neutrophil extracellular trap

formation. J. Cell Biol. 184, 205–213. https://doi.org/10.1083/jcb.

200806072.

49. Brinkmann, V., and Zychlinsky, A. (2012). Neutrophil extracellular traps: is

immunity the second function of chromatin? J. Cell Biol. 198, 773–783.

https://doi.org/10.1083/jcb.201203170.

50. Martinod, K., Demers, M., Fuchs, T.A., Wong, S.L., Brill, A., Gallant, M.,

Hu, J., Wang, Y., andWagner, D.D. (2013). Neutrophil histonemodification

by peptidylarginine deiminase 4 is critical for deep vein thrombosis in

mice. Proc. Natl. Acad. Sci. USA 110, 8674–8679. https://doi.org/10.

1073/pnas.1301059110.

51. Yang, L., Liu, Q., Zhang, X., Liu, X., Zhou, B., Chen, J., Huang, D., Li, J., Li,

H., Chen, F., et al. (2020). DNA of neutrophil extracellular traps promotes

cancer metastasis via CCDC25. Nature 583, 133–138. https://doi.org/

10.1038/s41586-020-2394-6.

52. Veras, F.P., Pontelli, M.C., Silva, C.M., Toller-Kawahisa, J.E., de Lima, M.,

Nascimento, D.C., Schneider, A.H., Caetité, D., Tavares, L.A., Paiva, I.M.,
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Deposited data
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Sergei Grigoryev (sag17@

psu.edu).

Materials availability
Materials are available from the lead contact upon request.

Data and code availability
o The cryo-EM image files (*.mrc) containing unprocessed cryo-EM tilt series listed in the Table S1 and the data folders containing

Chimera model files (**.py) paired with cropped subtomogram files (**.mrc) listed in the Table S2 have been deposited on the

Dryad data depository and are publicly available as of the date of publication. DOI is listed in the key resources table. Original

electrophoretic and western blot images have been deposited at Mendeley and are publicly available as of the date of publi-

cation. DOI is listed in the key resources table. Microscopy data and processed tomograms reported in this paper will be shared

by the lead contact upon request.

o All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOI is listed in the key

resources table.

o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Wild-type C57BL/6J mice were purchased from The Jackson Laboratory (strain no. 000664). This study was conducted with both

male and female mice aged to post-natal day 21. All breeding and experimental procedures were carried out in accordance with

the guidelines set by the National Institutes of Health’s Office of Laboratory Animal Welfare and the National Science Foundation.

All experiments were approved by the Penn State University College of Medicine (protocol no. 00929).

METHOD DETAILS

Cells and tissue isolation
Human K562 cells (ATCC CCCL-243) were grown at 37oC and 5%CO2 in RPMI 1640 medium +GlutaMAX� (Gibco 61870-036) sup-

plemented with 10% FBS (HyClone SH30071) and Penicillin/Streptomycin (Corning cat.# 30-002-CI) in 600 mL (150 cm2) tissue cul-

ture flasks with passing by dilution into new media every 72 hours. For preparative chromatin isolation, cells were grown in suspen-

sion until reaching density of 0.8-1.2 x 106 cells/mL to a final volume of 400 mL. The detached K562 cells were collected and twice

washed by spinning down and resuspending in Phosphate Buffered Saline (PBS). To block the cell cycle in the G1 and S-phases,

K562 cells were treated with 0.5 mMmimosine or 0.5 mM hydroxyurea for 24 hr. prior to nuclei isolation. For in situ chromatin cross-

linking, K562 cells resuspended in PBS were treated by adding 0.3% formaldehyde for 10 min at room temperature and then twice

washed by spinning down and resuspending in PBS. All subsequent procedures using the intact, cell-cycle blocked, and formalde-

hyde-crosslinked K562 cells were conducted under similar conditions.

Human HeLa S3 Cells (ATCC # CCL-2.2) were grown at +37oC and 5% CO2 in RPMI 1640 medium +GlutaMAX� (Gibco 61870-

036) and 10% FBS (HyClone SH30071.03) in 10 cm2 tissue culture plates with 10 mL of medium and passing by trypsinization and

dilution into newmedia every 3-4 days. For preparative chromatin isolation, cells were grown to ca. 90% confluence in a final volume

of 100 mL (10 plates), gently washed by pipetting with PBS, and detached by cell scraping in RSB buffer (10 mM NaCl, 3 mMMgCl2,

10 mM HEPES, pH=7.5) containing 0.5% Nonidet P-40 (Igepal CA-630, Sigma I3021) in RSB, 1 mM PMSF, and protease inhibitor

cocktail (Sigma P8849).

Mouse retina was collected for postnatal day 21 mice as previously described.59 In particular, eyeballs were collected on ice and

dissected to isolate retinas. 10–20 retinas were collected in 1 ml of cold PBS and triturated by pipetting up and down with a pipetman

with a 1-ml tip. The suspension of cells was briefly spun down at 500 g for 3 min. For nuclei isolation cells were resuspended in 0.5%

Igepal CA-630 in RSB plus 1 mM PMSF and protease inhibitor cocktail as above.

Isolation of nuclei and native chromatin
K562 and HeLa cell nuclei were isolated by resuspending the cells in 30 mL RSB buffer containing 0.5% Nonidet P-40, 1 mM PMSF,

and protease inhibitor cocktail (Sigma P8849) at 4�C as described.33 The cell suspensions were homogenized by 30 strokes of pestle

B in a Dounce homogenizer over 30min on ice. Nuclei were centrifuged for 5min at 4,000 rpm and 4oC in an Eppendorf 5810 R centri-

fuge with an Eppendorf A-4-62 swinging bucket rotor, and the nuclear pellets were resuspended in 10 mL RSB plus 0.5 mM PMSF.

Average yield for K562 and HeLa nuclei �1 mg/mL and �0.5-0.7 mg/mL of DNA, respectively, determined spectrophotometrically.

The isolated nuclei were warmed at 37oC for 5 min and treated with micrococcal nuclease (MNase) (Roche 10107921001) and 2 mM
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CaCl2 (RICCA R1760000). MNase dilutions were prepared fresh before each digestion at 25 mg/mL in 1X bovine serum albumin (BSA)

(New England Biolabs B9001S). PreparedMNase/BSA solution was then added to nuclei suspension at a dilution of 1:1000 and incu-

bated for 60 minutes at 37oC in a Belly Dancer Orbital Shaker (IBI BDRAA115S) at 40-45 rpm to prepare chromatin fragments with a

maximal median DNA size of �2400 bp corresponding to 12 nucleosomes. The size of the nuclease fragments was determined by

agarose DNA electrophoresis after DNA deproteinization by 1%SDS and 0.5mg/ml proteinase K. TheMNase digestion was stopped

by adding 5mMEDTA, rapidly cooling on ice, and spinning down for 5 min. at 10,000 rpm and 4oC in an Eppendorf 5810 R centrifuge

with F-34-6-38 rotor. The nuclear pellet was resuspended in TE buffer (10mMTris, 1 mMEDTA, pH=8.0) and incubated at 4oC for 24-

48 hr. with mild shaking at the start and end of incubation. The nuclear material was then centrifuged for 5 min. in the samemanner at

10,000 rpm and 4oC. The supernatant (S2) containing soluble native chromatin was collected and the concentration of soluble DNA

was monitored spectrophotometrically.

The released soluble chromatin S2 was concentrated on Amicon �Ultra-15 mL centrifugal filters (Millipore UFC9050) to

0.35-0.5 mL with the final concentration ranging from 4.0-8.0 mg/mL. Concentrated chromatin samples were loaded on 11 mL gra-

dients of 5-25% sucrose in TE buffer and centrifuged in a preparative ultracentrifuge with a SW41 Ti rotor (Beckman) for 11 hrs. at

35,000 rpm and 4oC. Aliquots of the sucrose gradient fractions were treated with 0.5mg/mL Proteinase K in 1%SDS for 2 hr. at 55oC,

and DNA analyzed by electrophoresis in 1% agarose (Lonza cat. # 50000) in TAE buffer as before.33 Fractions enriched in particles

with DNA sizes corresponding to 8–16 nucleosomes were collected, dialyzed for 48 hr. in a 1:250 ratio against HNE buffer (5 mM

NaCl, 0.1 mM EDTA, 10 mM HEPES-NaOH, pH=7.5) in Spectra/PorTM 1 RC Dialysis Membrane Tubing (SpectrumTM 132650)

and concentrated in Amicon �Ultra-2 mL centrifugal filters (Millipore UFC205024).

Isolation of nuclei and native soluble chromatin from mouse retina tissue was carried out as previously described.59 Specifically,

retina cells were vortexed several times during a 20-min incubation on ice and then centrifuged 7 min at 3,500 g and 4oC in an Ep-

pendorf 5810 R centrifuge with F-34-6-38 rotor. Nuclei were resuspended in RSB plus 1 mM PMSF and a protease inhibitor mixture

(Sigma). Isolation of soluble chromatin (S2) was conducted as described above for K562 cells.

Reconstitution and biochemical analysis of the nucleosome arrays
Procedures for construction of DNA templates (183x12) for multimeric oligonucleosome arrays, their reconstitution with core histone

octamers by salt dialysis, agarose gel electrophoresis, restriction enzyme protection, analytical ultracentrifugation, and electron mi-

croscopy to verify the correct number and positioning of the nucleosome cores are as described in.75 Additional reconstitutions with

linker histone were performed by mixing reconstituted 183x12 core arrays with 1 mg/ml recombinant linker histone variant H10 (New

England Biolabs, cat.# M2501S) at a molar ratio of 0.7 molecule histone H1 per nucleosome in solution containing 500 mM NaCl,

10 mM HEPES, 0.1 mM EDTA and dialyzing against HNE buffer as described.33

Mg2+-dependent chromatin folding and self-association assays
Native and reconstituted nucleosome arrays were dissolved in HNE buffer at final concentrations of 100 and 200 mg/mL for chromatin

self-association assays and imaging analyses, respectively, andmixedwith increasing concentrations ofMgCl2 (SigmaAldrich, cat. #

M1028-1mL) and incubated for 20 minutes on ice. For some experiments, samples were incubated for up to 48 hrs. and used for

further imaging or electrophoretic experiments.

The extent of chromatin self-association was analyzed using selective precipitation in magnesium as described.75 The chromatin

samples were incubated for 20 min. at different concentrations of MgCl2, and centrifuged at 12,000 rpm, 4oC, for 10 min in an Ep-

pendorf 5810 R centrifuge with an F-34-6-38 rotor. Supernatants were collected and mixed with and equal volume of 12% glycerol,

40 mM EDTA, 2% SDS; the pellets were resuspended in 8% glycerol, 10 mM EDTA, 1% SDS. DNA from supernatants and pellets

were analyzed on 1% agarose (Lonza cat. # 50000) gels in TAE buffer at 3 V/cm for 40min. and stained with Ethidium Bromide (Fisher

BioReagents FL-07-0702) or GelRedTM (VWR 89139-138). The percentage of DNA in the supernatant and pellet was determined by

DNA band quantification using Image J software.93 The percentages of DNA at increasing MgCl2 concentration were input into Prism

9 for MacOS in order to interpolate a standard curve (Sigmoidal, 4PL, X is concentration) for both supernatant and pellet fractions.

The IC50 values were used to determine the average concentration of MgCl2 at which 50% of the native or reconstituted chromatin

was precipitated.

PAD4-treatment of chromatin samples
To induce histone citrullination, the native or reconstituted chromatin samples (140 mg DNA/ml) in HNE were treated with 25 mg/ml

human recombinant PAD4 enzyme (Sigma Aldrich cat # SRP0329 or Cayman Chemical cat. # 10500), 2.3 mM DTT, 1.9 mM CaCl2,

0.5 mM PMSF, and 25 mM NaHCO3. Control samples received the same treatment minus PAD4 or CaCl2. The PAD4-treated and

control samples were incubated at 37�C for 1-2 hr. followed by 2 mM EGTA and placed on ice to stop the reaction. Histone citrulli-

nation was monitored by SDS-PAGE electrophoresis showing the downward mobility shifts of histone H3 and H4 and H1 due to its

citrullination73 and by Western blotting with antibodies against citrullinated histone H3 (Abcam ab5103).
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Electrophoretic and Western blotting techniques
For SDS-PAGE electrophoresis of control and PAD4 treated histones and band-shift analysis of citrullinated histones chromatin sam-

ples were dissolved in SDS-containing loading buffer and the electrophoresis was carried out in 18%acrylamide gels as described.94

The gels were stained with Brilliant blue R250 (FisherBiotech FL-04-0598).

For SDS-PAGE electrophoresis followed byWestern blotting, chromatin samples were dissolved in SDS-containing loading buffer

and the electrophoresis was carried out in 8-16%mini-protean TGX Bio-Rad gels (Cat. # 4561105, Bio-Rad, Hercules, CA) gradient

acrylamide gels as described.94 Proteins were transferred to Immobilon-P PVDF membrane (Cat. #PVH00010 Millipore, Bedford,

MA) as described95 and detected with primary antibodies against H3 citrullinated at Arginine 2, 8, and 17 (dil. 1:5.000, cat.#

ab5103, Abcam, UK), secondary goat anti-rabbit HRP-conjugated antibodies (dil. 1:40.000, cat.# ab205718; Abcam, UK) and

ECL prime Western detection kit (cat. # RPN2232 GE Healthcare, UK)

For Triton-Acetic acid-Urea (TAU) electrophoresis74 histones were acid-extracted from chromatin samples followed by precipita-

tion with Trichloroacetic acid (TCA) as described.96 Extracted histones were resuspended in ddH2O and stored at -20oC until use.

Concentration of extracted histones was approximated by serial dilution and SDS-PAGE electrophoresis in 18% acrylamide as

before and compared relative to a protein control. TAU sample buffer (0.9 M acetic acid, 16% glycerol, 5 mMDTT, 5.8M urea, methyl

green) was prepared fresh prior to TAUgel electrophoresis. Aliquots of stored histoneswere prepared at 6-10 mg/sample and dried by

speed vacuum and resuspended in 10 mL of TAU sample buffer. Short TAU separating gel was prepared as described74 and placed in

gel chamberwith TAU running buffer (0.9Macetic acid). Samplewells were flushedwith running buffer using a syringe prior to loading

samples. 10 mL of histones resuspended in sample buffer were loaded evenly into all lanes and run at 200 V constant for 2 hr. with the

electrodes reversed. Lanes without sample received 10 mL of sample buffer. The gels were stained with Brilliant blue R250.

For high-resolution DNA electrophoresis resolving the nucleosome repeats genomic DNA was purified from chromatin samples

using the Wizard SV Gel and PCR Clean-Up System (Promega, cat.# A9281) according to the manufacturer’s instructions. Samples

were adjusted to a final concentration of 0.054 mg/ml with H2O and one-sixth the final volume of gel loading dye, no SDS (NewEngland

Biolabs, cat.#. B7025S). For size reference 1 kb and 100 bp DNA ladders (New England Biolabs, cat.# N3232 and N3231) were com-

bined and loaded onto the gel. The DNA samples were loaded to 0.49 ug and run on a 1.1% agarose gel (Sigma-Aldrich Type I-A, low

EEO cat.# A0169) in 1x Tris/acetic acid/EDTA (TAE) buffer (Bio-Rad, cat.# 1610743) at 2.8 V/cm for 6 h 45 min with constant buffer

recirculation. Gels were post-stained in GelRed and digitally imaged. Gel analysis was performed using Image J software93 (National

Institutes of Health) by measuring the relative migration distance (Rf) of the DNA standards and sample DNA bands. Rf values of the

DNA standards were used to generate a standard curve of Rf against the log(Molecular weight) of the standards using Excel (Micro-

soft Excel for Office 365). The resulting linear equation was then used to determine the DNA length (bp) of each sample band. After

determination of DNA length, the nucleosome repeat length was calculated as DNA length (bp) divided by the number of nucleo-

somes represented in each band. For DNP electrophoresis resolving the band shifts resulting from chromatin folding and self-asso-

ciation, we fixed the nucleosome arrays at 100–200 mg/mL with 0.4% formaldehyde for 10 min. on ice following 20 min incubation in

HNE buffer containing various concentrations of MgCl2. The fixed arrays were then mixed with 1/5 total volume of 50% glycerol/HE

(20 mM HEPES, 0.1 mM EDTA), 12 mM EDTA, and subjected to deoxynucleoprotein (DNP) electrophoresis in 1.0% Type IV agarose

(Sigma-Aldrich Type IV, special high EEO cat.# A3643) gel and run at 3 V/cm in HE buffer for 110 min. The agarose gels were stained

by GelRed or ethidium bromide. Mendeley Data: https://data.mendeley.com/datasets/scnp36wvgr/1

Transmission Electron microscopy
For transmission electron microscopy, the samples resuspended in HNE containing appropriate concentrations of MgCl2, were fixed

with 0.1 % glutaraldehyde for 16 hr. and then dialyzed against HNE buffer. The dialyzed fixed samples were diluted to 1 mg/ml final

concentration with 50mM NaCl, attached to carbon-coated and glow-discharged EM grids (EMS CF400C-Cu, Electron Microscopy

Sciences), and stainedwith 2.0%uranyl acetate for negative staining.97 Bright-field EM imagingwas conducted at 200 kV using JEM-

2100 electron microscope (JEOL USA, Peabody, MA) equipped with 4k x 4k Ultrascan CCD camera (Gatan Inc. Warrendale, PA). EM

images were collected at 60 - 80K nominal magnification. Mendeley Data: https://data.mendeley.com/datasets/scnp36wvgr/1

Cryo-Electron microscopy and tomographic reconstruction
Chromatin samples incubated for 20 min. without or with appropriate concentrations of MgCl2 were mixed with a suspension of

10 nm fiduciary gold particles (Sigma Aldrich cat.# 741957), which were coated in bovine serum albumin to prevent clustering.

3 ml chromatin samples with a concentration of about 0.2 mg/ml DNA were applied to Quantifoil R2/2 200 mesh copper grids

(EMS Q250-CR2). Vitrification was conducted by plunging into liquid ethane using our FEI Vitrobot Mk IV Grid Plunging System at

100% humidity, 4oC, and setting the blotting strength at 5, and blotting time at 3.5 sec.

Imaging of the vitrified samples was conducted on Titan Krios G3i 300 kV electron microscope, equipped with a K3 direct electron

detector (Gatan, CA) at the Penn State Hershey cryo-EM core. We used Tomography-5.7.1. software (Thermo Fisher) for controlling

data acquisition and collecting tilt-series. Cryo-EM tilt series (± 60o) were collected at 5o intervals in dose symmetric mode, at either

2.2 angstroms/pixel (defocus -6 um) or 1.7 angstroms/pixel (defocus -5 um), with zero-loss peak energy filtration through a 20-eV slit.

Images were collected in 1x counting mode. Each tilt series had a cumulative dose of 120 electrons/Å2. Tilt series were aligned using

fiducials in the IMOD56 software suite (https://bio3d.colorado.edu/imod/), and reconstructed by Simultaneous Iterative Reconstruc-

tion Technique (SIRT) with contrast transfer function (CTF) correction. The chromatin samples, vitrification conditions, raw tilt series,
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and resulting cryotomograms are listed in the Table S1. The raw tilt series are available from Dryad data depository: https://

datadryad.org; https://doi.org/10.5061/dryad.ttdz08m21.

Regression tomogram denoising and 3D visualization
Regression denoising was accomplished in Dragonfly (ORS) using data synthesized by cryo-TomoSim (CTS).60 Zenodo repository:

https://doi.org/10.5281/zenodo.8234233. To do this, CTS was given a broad set of atomic models (PDB: 1zbb, 5f99, 5oxv, 50y7,

6hkt, 6l4a, 6l49, 6la8, 6m3v, 7pet, 7peu, 7pev, 7pew, 7pex, 7pey, 7pf0, 7pfa, 7pft, 7v9k, 7va4) and was used to generate three

400x400x60 voxel models at each of the pixel sizes used to collect real data (8.4, 6.6, and 5.4 Angstroms/pixel for magnifications

42 kx, 53 kx, and 64 kx respectively). Particles were randomly chosen from the pool of structures and placed randomly within the

volume so that no particles were overlapping. Each model was then used to simulate a pair of tomograms consisting of a noisy,

CTF-corrupted instance as well as an ideal ‘‘prior’’ with no noise, missing wedge, or CTF corruption. Noise/Prior pairs were then pro-

vided as input and output, respectively, within Dragonfly to train regressive networks for denoising real tomograms at each of pixel

sizes listed above. Networks were trained as 5-slice networks with a 64 pixel patch size or as full 3D networks with a patch size of 32

voxels cubed, a stride ratio of 1, batch size of 32 (or less), and the ‘‘ORSMixedGradientLoss’’ function. Training was run for 100

epochs or until there was no improvement in the loss function for 15 epochs. Real and simulated tomograms were then calibrated

in Dragonfly so that the left tail of the histogram (dark pixels) was set to zero and the peak was set to 1000. Regression denoising was

then accomplished in Dragonfly and then exported out as Tiff and converted to MRC using the mrc2tif program within IMOD. Data

was visualized either with IMOD or Chimera.

Centroid/axis/plane (CAP) modeling of nucleosome chain folding
The reconstructed un-binned tomograms were visualized and segmented into smaller subtomograms by IMOD/3dmod. Each vol-

ume was inverted using ‘‘newstack’’ to generate subtomograms with positive intensity corresponding to high density and filtered us-

ing IMOD command: ‘‘nad_eed_3d -n 30 -f -k 50’’ to reduce noise and enhance chromatin edges. The filtered subtomograms were

exported into UCSF Chimera61 (RBVI, Univ. San Francisco, CA; https://www.cgl.ucsf.edu/chimera/) for interactive visualization and

analysis of nucleosome structures. The air/water interface was examined in the denoised images so that any particles damaged at

the air/water interface (yellow arrows on Figure S1) were excluded from the subsequent analysis. Since particles were often self-

associated especially in crowded tomogram areas, for analysis of individual nucleosome arrays vitrified at 0 mM and at 0.75 mM

Mg2+we selected only free arrays or those that had no more than a single nucleosome contact to other particles and contained be-

tween 6 and 18 nucleosomes (see Table S2).

In Chimera, the filtered volumes were fitted with nucleosome core X-ray crystal structure (PDB: 2CV562) semi-automatically to

correspondent electron densities in the volume using the ‘fitmap’ command. The fitting of each nucleosome followed the local

maximal electron density and thus was independent from the observer’s bias. After fitting, the nucleosomes were overlaid with cen-

troids selecting the centers of masses, center-to-center axes, and nucleosome planes crossing the nucleosome at the dyad axis us-

ing the structure analysis ‘Axels/Planes/Centroids’ tool. For stereological analysis, each nucleosome in an array was numbered, if

possible, starting from one end of the array and numbering consecutive nucleosomes to the other end of the array. Where linkers

were not visible (such as in the tertiary chromatin structures), the nucleosomes were labeled based on their spatial proximity. The

following measurements were recorded from such Centroid-Axial-Plane (CAP) models for each nucleosome (n) in an array: a) cen-

ter-to-center distance D to the next nucleosome (n+1) in the array, b) center-to-center distance N to the nearest nucleosome (nx) in

the 3D space, angle a between the two axes connecting each nucleosome with the previous one (n-1) and the next one (n+1) in a

chain, angle b between the planes of consecutive nucleosomes n and n+1, and an angle para between the plane of each nucleosome

(n) and the plane of the nearest nucleosome (nx) in the 3D space (see Figure 3C). All distance and angle measurements for individual

nucleosome arrays are included in the Table S2.

The absolute nucleosome pairwise proximity values were obtained by subtracting the number of each nucleosome (n) from the

number of its nearest nucleosome (nx) in the 3D space and calculating the absolute difference [nx ⎯ n], see Table S2. Nucleosomes

involved in interactions in ‘‘trans’’ were recorded when two nucleosomes from particles X and Y are in proximity and either the nucle-

osome in particle X is connected by two visible DNA linkers to other nucleosomeswithin the same particle or, when linker connections

are missing, the unconnected nucleosomes in particles X and Y are at a distance of more than 30 nm (probability of physical con-

nectivity at such distance is less than 1% from the analysis. Themeasured angle and plane valueswere analyzed statistically to deter-

mine the distribution profiles and average values that discriminate between the condensed and open nucleosomes arrays. Distance

N and angle para were recorded for all nucleosomes. For some nucleosomes condensed by 0.75 mM Mg2+ (�21% of all nucleo-

somes) and for all nucleosomes condensed at > 1mMMg2+, the linkers were not resolved and corresponding distances D and angles

a and b were excluded from the statistical analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Violin plots were generated using Prism vs. 9.5.1 (Graph Pad). All other plots were generated in Excel (Microsoft). Average and stan-

dard deviation values were obtained from at least three tomograms and at least two independent biological samples. p-values rep-

resenting probability associated with a Student’s two-sample unequal variance t-test with a two-tailed distribution are shown on the
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graphs; these values were calculated using Excel (Microsoft). Nonsignificant difference (ns) is shown for p > 0.05. Datasets with

nonsignificant difference were additionally examined by nonparametric Kolmogorov-Smirnov test using Prism. In cases where the

values are significant by Kolmogorov-Smirnov test but not by standard t-test (due to non-Gaussian distribution), the p-values result-

ing from the latter test are indicated by asterisks and are given in the corresponding figure legends. The numbers of nucleosomes

(n) or nucleosome arrays (n’) accounted for in each test are given in the corresponding figure legends.
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