Natural chromatin is heterogeneous
and self-associates in vitro
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ABSTRACT The 30-nm fiber is commonly formed by oligonucleosome arrays in vitro but
rarely found inside cells. To determine how chromatin higher-order structure is controlled, we
used electron cryotomography (cryo-ET) to study the undigested natural chromatin released
from two single-celled organisms in which 30-nm fibers have not been observed in vivo: pico-
plankton and yeast. In the presence of divalent cations, most of the chromatin from both
organisms is condensed into a large mass in vitro. Rare irregular 30-nm fibers, some of which
include face-to-face nucleosome interactions, do form at the periphery of this mass. In the
absence of divalent cations, picoplankton chromatin decondenses into open zigzags. By con-
trast, yeast chromatin mostly remains condensed, with very few open motifs. Yeast chromatin
packing is largely unchanged in the absence of linker histone and mildly decondensed when
histones are more acetylated. Natural chromatin is therefore generally nonpermissive of
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regular motifs, even at the level of oligonucleosomes.

INTRODUCTION

Eukaryotic chromatin structure is dictated by the three-dimensional
relationship between nucleosomes (~146 base pairs of DNA
wrapped around eight histones). Chromatin can adopt higher-order
structures of varying condensation levels, which are influenced by
factors like histone posttranslational modifications and interactions
with chromatin “architectural” proteins (Jenuwein and Allis, 2001;
McBryant et al., 2006). Nucleosomes connected by linker DNA are
traditionally described as “beads-on-a-string” (Olins and Olins,
1974). This beads-on-a-string chromatin is hypothesized to con-
dense into a helical arrangement called the “30-nm fiber,” which
can be either a one-start solenoid or a two-start zigzag (Finch and
Klug, 1976; Woodcock et al., 1984). However, more than one form
of nucleosome packing might also coexist in the same 30-nm fiber
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(Grigoryev et al., 2009). The way in which nucleosome chains fold
into these fibers is thought to control the accessibility of DNA to
transcription and replication machines (Tse et al., 1998; Collins et al.,
2002).

The diversity of observed chromatin structures has led to incon-
sistent terminology. For the sake of clarity, we define a chromatin
"mass” as a dense, irregularly packed chromatin body; an “irregular
30-nm fiber” as a variable-width fiberlike structure with few re-
peated nucleosome motifs; a “regular 30-nm fiber” as an ordered
compact structure ~30 nm wide; an “open zigzag” as a more-ex-
tended structure with exposed linker DNA and few nucleosome-
nucleosome interactions; “beads-on-a-string” as a chain of nucleo-
somes in which the angle between the entering and exiting linker
DNA is nearly 180°% and "10-nm filaments” as a linear chain of
nucleosomes, all packed face to face (Figure 1A).

Most of our knowledge of chromatin structure comes from
studies of dilute solutions of short nucleosomes chains. These
studies have tested the effects of fixation with glutaraldehyde
(Athey et al., 1990), recombinant histones (Luger et al., 1997b),
linker histones (Routh et al., 2008), artificially selected “Widom
601” sequences that have a high-affinity for histones (Dorigo et al.,
2004), and ionic conditions (Dorigo et al., 2003; Huynh et al.,
2005). Under special conditions, such chromatin constructs can
form highly regular 30-nm fibers that can be studied at high resolu-
tion (Song et al., 2014). Furthermore, short nucleosome chains can
oligomerize in the presence of magnesium ions without forming
30-nm fibers (Maeshima et al., 2016).

Molecular Biology of the Cell
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FIGURE 1: Strategy for three-dimensional analysis of natural chromatin. (A) Possible nucleosome arrangements,
including (i) chromatin masses, (ii) irregular 30-nm fibers, (iii) regular 30-nm fibers, (iv) open zigzags, (v) beads on a string,
and (vi) 10-nm filaments. Blue cylinders, nucleosomes; blue lines, linker DNA. (B) The plasma membrane (black line) is
ruptured by hypotonic shock, exposing the cellular contents to buffer with or without Mg or EDTA added. The
chloroplast (green) and nucleus (blue) are the two largest organelles in picoplankton. The nuclear and plasma
membranes are completely disrupted, while the chloroplast membrane is partially disrupted (green circle).

(C) Tomographic slice (30 nm) of an intact early-interphase picoplankton cell. The largest organelles are labeled:
chloroplast (chl); nucleus (nuc); Golgi body (gb); mitochondrion (mc). The lower-left corner shows the curved edge of the
carbon support and two gold fiducials (dark puncta). As previously observed, the nucleus does not have an intact
nuclear envelope. (D) Tomographic slice (30 nm) of a lysed picoplankton cell in 1 mM Mg, at the same scale as in C. The
arrow points to a radiation-tolerant granule, and the arrowhead points to a radiation-sensitive granule; both types of
granules were originally inside the chloroplast. The nuclear (nuc) and chloroplast (chl) remnants are labeled. The lysed
cell is flattened by surface tension (after blotting), causing all components to spread out.

Chromatin structure has also been studied in situ in a lifelike fro-
zen-hydrated state, either in two dimensions by electron cryomicros-
copy (cryo-EM) projection imaging or in three dimensions by electron
cryotomography (cryo-ET). In situ studies are much rarer because it is
challenging to thin the cells at cryogenic temperatures. In the late
1980s, a seminal cryo-EM study first challenged the notion that the
in situ organization of mammalian chromatin is folded as regular
30-nm fibers (McDowall et al., 1986). This conclusion was supported
by follow-up cryo-EM studies (Eltsov et al., 2008; Eltsov et al., 2014).
We have used cryo-ET to study chromatin in two single-celled organ-
isms, Ostreococcus tauri (a eukaryotic picoplankton; herein called
picoplankton) and Saccharomyces cerevisiae (a budding yeast;
herein called yeast). In these organisms, there was also no evidence
of regular 30-nm fibers (Gan et al., 2013; Chen et al., 2016). In con-
trast, cryo-EM and cryo-ET studies have respectively detected regu-
lar 30-nm fibers in the isolated nuclei of starfish sperm (Woodcock,
1994) and chicken erythrocytes (Scheffer et al., 2011). Small-angle
x-ray scattering studies have shown that chicken erythrocyte nuclei,
but not human mitotic chromosomes, have 30-nm fibers (Nishino
et al., 2012). These and other studies suggest that 30-nm fibers may
only be abundant in some classes of transcriptionally inactive cells
(van Holde and Zlatanova, 1995; Hansen, 2012; Nishino et al., 2012).

A recent study presented the “ChromEMT" approach to stain
chromatin inside of cells (Ou et al., 2017). Unlike cryo-ET, in which

Volume 29 July 1, 2018

cells are both thinned and imaged in a frozen-hydrated state,
ChromEMT requires cells to be fixed, dehydrated, heavy-metal
stained, and plastic embedded. In the electron tomograms of these
samples, there was no evidence of 30-nm fibers. The stain made ir-
regular deposits that were 5 to 24 nm wide. These tomograms led
to a conclusion that was consistent with earlier cryo-EM and tradi-
tional EM studies of mammalian cells (McDowall et al., 1986; Eltsov
etal., 2008, 2014; Maeshima et al., 2010; Fussner et al., 2011, 2012).
The ChromEMT study was also consistent with the conclusions of a
superresolution immunofluorescence study of mammalian stem
cells (Ricci et al., 2015). In summary, the structure of chromatin of
mammalian cells is also irregular.

The alternative polymer-melt hypothesis predicts that the crowd-
edness of the nucleoplasm in vivo prevents chromatin fibers from in-
dividualizing into 30-nm fibers (Eltsov et al., 2008). To test this hypoth-
esis, we used cryo-ET to determine whether 30-nm-fiber formation is
a conserved, intrinsic property of natural undigested chromatin liber-
ated from picoplankton and yeast cells. In other words, can the chro-
matin of cells that do not show evidence of 30-nm fibers in vivo be
made to adopt 30-nm-fiber structures in vitro? If chromatin in vitro
forms large quantities of regular 30-nm fibers, then their absence in
vivo could arise from the intracellular crowdedness that is cited by the
polymer-melt hypothesis. If instead regular fibers are rare in vitro,
then 30-nm fibers are not a stable conformation of natural chromatin

CryoET of natural chromatin | 1653



FIGURE 2: Picoplankton chromatin can form masses and irregular 30-nm fibers in the presence
of divalent cations. Tomographic slices (30 nm) of picoplankton cell lysates in buffer
supplemented with (A) 1 mM Mg, (B) no additional Mg, and (C) 5 mM EDTA. The dense puncta
are gold fiducials (Au in B); the gently curved structures in A and C are the edges of the carbon
support film. A couple of ribosomes (R) are indicated with arrows in B. Positions boxed in

A-C are enlarged twofold, showing chromatin aggregates (D), short irregular 30-nm fibers

(E, F), and open zigzags (G, bracket). A long stretch of naked DNA is indicated with an
arrowhead in G. More examples of chromatin subjected to each condition are shown in

Supplemental Figures S2-54.

in vitro. We find that in the presence of even traces of divalent cations,
most of the chromatin in both organisms condense into large masses.
Some of the chromatin does form 30-nm fibers, predominantly of the
irregular variety. In the absence of divalent cations, picoplankton
chromatin decondenses into open zigzags, but to our surprise, yeast
chromatin remains largely in a mass. To determine how these nucleo-
somes interact, we performed two-dimensional and three-dimen-
sional classification and found that there is no dominant higher-order
packing motif. Therefore, the structure of natural chromatin is irregu-
lar and sensitive to environmental conditions.

RESULTS

Release of natural picoplankton chromatin

To study the higher-order structure of natural picoplankton chroma-
tin in vitro, we lysed cells in hypotonic buffer on ice, either with or
without divalent cations (Figure 1B). This treatment released all cel-
lular contents, including the chromatin, and is expected to produce
thinner plunge-frozen samples that can lead to higher-contrast
cryotomograms. Nuclei could not be isolated because the pico-
plankton nucleus is semiopen (Henderson et al., 2007; Gan et al.,
2011). Compared to intact cells (Figure 1C), the lysed cells’ contents
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spread over a much larger area and allowed
the ice to be thinner, resulting in higher-con-
trast cryotomograms (Figure 1D). The ma-
jority of the densities are from remnants of
the two largest organelles—the nucleus and
the chloroplast. To keep the chromatin as
intact as possible, we did not perform any
isolation procedures or nuclease digestion.

Picoplankton chromatin forms masses
and irregular 30-nm fibers only in the
presence of divalent cations

Previous studies have shown that the struc-
ture of short nucleosome arrays is sensitive
to divalent cations (Bednar et al., 1998). To
test whether undigested picoplankton chro-
matin can form 30-nm fibers, we imaged pi-
coplankton lysates in the presence of varying
concentrations of divalent cations (Figure 2,
A-C). In 1 mM additional magnesium (Mg),
most of the chromatin was condensed into a
large thick mass, while a small portion of the
chromatin formed irregular 30-nm fibers
(Figure 2, Aand D, and Supplemental Figure
S1). Because the ice was so thick in these
samples, the contrast was too low to reveal
more details. We also lysed cells without ad-
ditional Mg, leaving only trace amounts of
divalent cations. Under this condition, most
of the chromatin still remained part of a large
compact mass, but short irregular 30-nm fi-
bers were more abundant (Figure 2, B, E,
and F, and Supplemental Figure S2). As a
consequence of the ice thickness and dense
nucleosome packing, the contrast was still
too low to permit the unambiguous visual-
ization of individual nucleosomes in most
cryotomograms. We nevertheless found rare
examples of nucleosome packed by regular
face-to-face interactions into small clusters
(Supplemental Figure S2, G-J).

To determine whether picoplankton chromatin masses and ir-
regular 30-nm fibers require divalent cations, we chelated the re-
sidual divalent cations by lysing cells in the presence of 5 mM
EDTA (Figure 2C and Supplemental Figure S3). The EDTA treat-
ment was effective because ribosomes, which require Mg for
stability (Chao, 1957), were no longer present (Figure 2, B and C).
In picoplankton samples treated this way, we did not find any evi-
dence of 30-nm fibers or chromatin masses. Instead, all of the
chromatin was decondensed into open zigzags in which individual
nucleosomes and naked linker DNA were visible (Figure 2G). Di-
gested chicken-erythrocyte chromatin is a well-studied system that
has divalent cation-dependent folding and can reproducibly form
compact 30-nm fibers in the presence of Mg. To control for the
effects of the buffer conditions used here and in experiments re-
ported below, we also resuspended chicken-erythrocyte chroma-
tin in a range of Mg- or EDTA-containing buffers. Cryo-ET of these
control samples showed the expected 30-nm fibers in the pres-
ence of Mg and open zigzags in the presence of EDTA (Supple-
mental Figure S4). Therefore, like chicken-erythrocyte chromatin,
picoplankton chromatin higher-order structure is very sensitive to
divalent-cation concentration.

Molecular Biology of the Cell



o

atinmass

SE e o
Cugg’m t

FIGURE 3: Yeast chromatin forms masses and irregular 30-nm fibers even in the absence of
divalent cations. (A) Tomographic slices (30 nm) of yeast nuclei lysates without EDTA.

(B) Enlargement (fourfold) of the irregular 30-nm fiber boxed in A. (C) Tomographic slices

(30 nm) of yeast nuclei lysates in 50 mM EDTA. Star, microtubule. (D) Enlargement (fourfold) of

the irregular 30-nm fiber boxed in C. Arrowhead, nucleosome.

Yeast chromatin packing is less sensitive to divalent cations
than picoplankton

Picoplankton and yeast chromatin do not show evidence of 30-nm
fibers in vivo (Gan et al., 2013; Chen et al., 2016). To test whether
yeast chromatin structure is also sensitive to divalent cations in vitro,
we attempted to image chromatin in yeast lysates. Yeast chromatin
was more difficult to locate in this kind of sample, because there was
no high-contrast chromatin-proximal structure like the chloroplast.
To overcome this problem, we first isolated and then lysed the nu-
clei in hypotonic buffer without additional divalent cations (Supple-
mental Figure S5). This strategy made it straightforward to locate
the chromatin, which became the most abundant material on the
grid. Like picoplankton, yeast chromatin samples were thicker in the
presence of additional Mg and had such low contrast that nucleo-
somes could not be resolved (Supplemental Figure S6A).

In the absence of additional Mg, the majority of yeast chromatin
was also condensed in a thick mass (Figure 3A and Supplemental
Figure S6B). Cryotomograms of this chromatin mass had low con-
trast, which prevented us from visualizing individual nucleosomes. In
rare cases, we saw irregular 30-nm fibers at the periphery of the
chromatin mass (Figure 3B). In total, we observed only seven irregu-
lar 30-nm fibers in 11 cryotomograms. Therefore, in the presence of
trace amounts of free Mg, yeast chromatin is condensed in vitro and
can occasionally form irregular 30-nm fibers.

To determine how yeast chromatin is organized in the absence of
divalent cations, we lysed nuclei in the presence of EDTA. In the
5 mM EDTA-treated sample, we were unable to distinguish most
nucleosomes because the chromatin was not dispersed enough
(Supplemental Figures S6C and S7, A-C). Trace amounts of divalent
cations were still present in this condition because ribosomes could
still be found (Supplemental Figure S7B). We therefore increased
the lysis buffer's EDTA concentration to 15 and 50 mM. We found
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ribosomes in 15 mM EDTA but notin 50 mM
v EDTA, meaning that the latter condition
T kty  better sequestered the free divalent cations
(Supplemental Figures S6, D and E, and
S7D). In the presence of 50 mM EDTA, the
chromatin mass was more dispersed (Figure
3C and Supplemental Figure S6E). Some
chromatin at the periphery was compacted
as irregular fibers but they were still rare
(Figure 3D). The preparation of 50 mM
EDTA at neutral pH requires the addition of
a large quantity of sodium hydroxide, which
increases the concentration of the monova-
lent cation sodium. To control for the poten-
tial effects of a high sodium concentration in
50 mM EDTA, we diluted chromatin 10-fold
into 5 mM EDTA. In this condition, divalent-
cation chelation should be as effective as in
50 mM EDTA but with a 10-fold-lower so-
dium concentration. Chromatin diluted this
way was just as disperse as in 50 mM EDTA
without dilution, meaning that the yeast
chromatin dispersion was more sensitive to
divalent cations; ribosomes were also not
observed, as expected (Supplemental
Figure S6, E and F). Unlike picoplankton
chromatin in the absence of divalent cat-
ions, the nucleosomes of yeast chromatin
remained closely packed and were not
found to adopt the open zigzags with visible
linker DNA (Supplemental Figures S6 and S7, E and F). In summary,
natural yeast chromatin can condense into a large mass and form
irregular 30-nm fibers even in the absence of divalent cations.

Linker histone does not contribute to yeast chromatin
self-association

The absence of decondensed open-zigzag yeast chromatin in vi-
tro was unexpected given how open picoplankton chromatin was
under similar conditions. These observations may be explained by
genome differences, one being that picoplankton does not have
linker histones, but yeast does (Downs et al., 2003). Linker his-
tones could restrict the angles between entering and exiting linker
DNA, thereby disfavoring more open conformations (Thoma and
Koller, 1977; Bednar et al., 1998). To test whether linker histones
are required for yeast chromatin to self-associate in vitro, we im-
aged the chromatin released from hho1A cells, in which the linker-
histone gene is deleted. As in wild-type chromatin, this linker-
histone-free chromatin became more dispersed when the
divalent-cation concentration decreased (Supplemental Figure
S8). Importantly, most of the hho 1A chromatin remained self-asso-
ciated even in 50 mM EDTA (Supplemental Figure S8). Linker his-
tone therefore cannot explain the self-association of yeast chro-
matin in vitro.

Histone acetylation facilitates yeast chromatin
decondensation

Histone acetylation changes the nucleosome’s net charge and
therefore affects the ability of chromatin fragments to oligomerize
(Tse et al., 1998). Yeast chromatin is known to be susceptible to
deacetylation when cells are disrupted (Waterborg, 2000). To test
whether the histone-acetylation levels in yeast chromatin in vitro
were too low to support decondensed structures like open zigzags,
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NNDs are indistinguishable (p > 0.05, n =4,
two-tailed t test). Note, however, that tem-
plate matching in vivo produces more false
positives due to lower contrast and the pres-
ence of more nonnucleosomal macromo-
lecular complexes. These false positives
cause NND (and 10th NND) values to be
underestimated, meaning that chromatin is
even less condensed in vivo than our analy-
sis would suggest. To better understand
these nucleosome-packing results, we simu-
lated clusters of nucleosomes in which the
three-dimensional positions were drawn
from a uniform distribution and separated
by at least 10 nm (Supplemental Figure 512,
C, D, G, and H). We varied both the number
of nucleosomes per cluster and the size of
the gap between the clusters. We found
that bigger gaps between clusters increased
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mental Figure $12, E and F). Furthermore,
the 10th NND is less sensitive to gap size if
there are more nucleosomes per cluster
(Supplemental Figure S12, | and J). Our
NND analyses help explain the chromatin’s
appearance in vitro: histone acetylation
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FIGURE 4: Yeast chromatin is more dispersed when histone deacetylases are inhibited.

Distance (nm)

4858 HEAY barely changes short-range nucleosome

packing but does increase the distance be-
tween groups of nucleosomes.

(A) Tomographic slice (10 nm) of a yeast nucleus lysed in buffer with 50 mM EDTA.

(B) Tomographic slice (10 nm) of a yeast nucleus lysed in buffer with 50 mM EDTA and 82 uM
TSA. (C, D) Fourfold enlargements of the positions boxed in white in B, showing decondensed
chromatin fibers. Arrows, nucleosomes. (E, F) Histograms of nearest- and 10th-nearest-neighbor
nucleosome distances, P(NND) and P(10 NND), respectively. The in vivo measurements were
done using cryotomograms of cryosectioned yeast we previously reported (Chen et al., 2016).

we treated the nuclei with trichostatin A (TSA), a histone-deacety-
lase inhibitor (Bernstein et al., 2000). Cells treated this way had
higher levels of H4 acetylation (Supplemental Figure S9A). We then
lysed the nuclei in hypotonic buffer containing both EDTA and TSA.
Chromatin isolated this way was indeed less condensed (Figure 4, A
and B; more examples in Supplemental Figure S10, A and B) and, in
rare cases, formed open zigzags (Figure 4, C and D). To further char-
acterize the role of histone acetylation on nucleosome packing, we
imaged the chromatin released from the histone-acetyltransferase
double mutant esal/gcn5A, which has lower acetylation of his-
tones H3 and H4 (Supplemental Figure S9B). The hypo-acetylated
chromatin from these cells remained as a densely packed mass even
in 50 mM EDTA (Supplemental Figure S11). Therefore, histone acet-
ylation partially inhibits the self-association of natural chromatin.

To characterize nucleosome packing in a more objective way, we
performed template matching of nucleosomes in vitro and of nu-
cleosome-like densities in vivo (Chen et al., 2016). We then analyzed
the nearest-neighboring distance (NND) and the 10th NND (Figure
4, E and F; more examples of chromatin packing in vitro in Supple-
mental Figure S10, C and D). These two metrics are sensitive to nu-
cleosome packing at different length scales (Supplemental Figure
S12, A and B). The mean NND and 10th NND are, respectively, 1
and 5 nm longer in the in vitro chromatin of TSA-treated cells versus
untreated cells (p < 0.05, n = 4, two-tailed t test). The mean 10th
NND is 3 nm shorter in the chromatin in vitro (without TSA treat-
ment) than in vivo (p < 0.05, n=4, two-tailed t test), while their mean
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Natural chromatin has few

ordered positions

The crystal structure of a tetranucleosome
and the cryo-EM structures of 30-nm fibers
both have zigzag motifs with face-to-face
nucleosome packing (Schalch et al., 2005;
Song et al., 2014). In yeast chromatin, we found that only a few
nucleosomes were packed face-to-face (Figure 5A) or in a zigzag
motif (Figure 5B). To test whether there were more regular packing
motifs, we used RELION (regularized likelihood optimization) to
perform reference-free two-dimensional classification on subtomo-
grams that contained multiple nucleosomes (Figure 5C). This ap-
proach simultaneously aligns and classifies cryotomographic slices
(each treated like a windowed single-particle cryo-EM projection
image) to produce class averages that maximize the probability of
observing the entire set of cryotomographic slices. In agreement
with our visual inspection, only one class average showed face-to-
face packing. Furthermore, there was no dominant motif, which is
expected of irregularly packed chromatin (Figure 5C).

Avrtificial chromatin arrays with a yeastlike 167-base pair nucleo-
some-repeat length are organized as compact 30-nm fibers (Routh
et al., 2008). To test whether natural yeast chromatin fibers (Figure
5D) are as compact as these artificial 30-nm fibers, we determined
the number of nucleosomes per 11 nm in the fibers where individual
nucleosomes are resolved (Figure 5E). Compared to the artificial fi-
bers, most natural fibers are less compact (~1.3-3.2 vs. 6.1 nucleo-
somes per 11 nm; Figure 5E) and have a broader distribution of di-
ameters (15-45 nm vs. 15-25 nm; Figure 5E). The two best-resolved
picoplankton 30-nm fibers (Supplemental Figure S2, G and H) were
also loosely packed (3.3 and 2.4 nucleosomes/11 nm). Therefore,
natural chromatin fibers are less compact and more conformation-
ally heterogeneous than artificial fibers.

Molecular Biology of the Cell
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FIGURE 5: Yeast natural chromatin adopts few regular packing motifs. (A) Tomographic slice (10 nm) of yeast chromatin
showing face-to-face packing (arrow). (B) Tomographic slice (6 nm) of yeast chromatin showing nucleosomes packed in a
zigzag motif. Arrowheads, nucleosomes. (C) Two-dimensional class averages of yeast lysate in 50 mM EDTA, ordered
left-to-right, top-to-bottom, from the most abundant to least abundant. Class averages that show nucleosome-
nucleosome interactions have a lime-green triangle in the lower-right corner. Arrow, a class average showing face-to-
face packing. (D) Tomographic slice (10 nm) of yeast irregular 30-nm fibers. (E) Distributions of fiber-condensation

parameters.

FIGURE 6: Picoplankton zigzag chromatin accommodates open linker DNA. (A) Gallery of nucleosome three-
dimensional class averages viewed (left) edge on and (right) face on, contoured at 0.5¢ to better visualize the linker
DNA. The percentage of particles belonging to each respective class average is shown at the lower-right corner the
corresponding density. Black arrows, classes with open linker DNA. Red arrows, class averages with crossed linker DNA.
Notice that the upper yellow and lower blue class averages only show the density of one linker DNA. (B) Tomographic
slice (20 nm) of O. tauri chromatin in lysis buffer with 5 mM EDTA. (C) Three-dimensional class averages of template-
matched nucleosomes (same field as in B), remapped as a synthetic tomogram.

Natural chromatin has variable linker DNA conformations

The irregular packing of natural chromatin could be explained if the
nucleosomes are themselves conformationally heterogeneous. To
test this hypothesis, we developed a subtomogram analysis work-
flow that takes advantage of recent advances in three-dimensional
image classification in RELION (Figures 6 and 7 and Supplemental
Figures S13 and S14) (Bharat and Scheres, 2016). As implemented
in RELION, three-dimensional classification compensates for the ef-
fects of the tomographic “missing-wedge” artifact. Like the two-di-
mensional classification implementation, image alignment (in three
dimensions) and classification are done simultaneously. The pico-
plankton nucleosome class averages did not have enough resolu-
tion to reveal the two gyres of DNA in the core, but most of the
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classes did reveal short linker DNA densities (Figures 6A). In two
types of classes, the linker DNA strands frequently entered and ex-
ited the nucleosome core in an “open” instead of “crossed” confor-
mation (Figure 6A, black and red arrows, respectively; Supplemental
Movie S1). In the third type of class, only one of the two linker DNAs
was visible. In all class averages, the linker DNA is shorter than ex-
pected from the nucleosome repeat length (<7 nm), further support-
ing the conclusion that picoplankton linker-DNA conformation is
variable. By contrast, linker DNA was not visible in any of the yeast
nucleosome three-dimensional class averages, which were slightly
higher resolution, with some averages featuring the DNA gyres
(Figure 7A). These DNA gyres are absent in other yeast nucleosome
three-dimensional class averages, which may result from proteins

1657
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FIGURE 7: Yeast chromatin is heterogeneous at the mononucleosome and oligonucleosome levels. (A) Gallery of
nucleosome three-dimensional class averages viewed (left) edge on and (right) face on. Arrows, groove between DNA
gyres. Arrowhead, DNA stemlike structure. The color scheme has no relationship with Figure 6. (B) Tomographic slice
(10 nm) of yeast nuclei lysates in the presence of 50 mM EDTA. (C) A synthetic tomogram (78 nm thick) of the tomogram

position shown in B.

bound at that position or small distortions of those nucleosomes.
Our three-dimensional classification of hhoTA yeast nucleosomes
did not reveal any notable differences relative to wild type (Supple-
mental Figure S15). In the nucleosomes of natural picoplankton and
yeast chromatin, the linker DNA is therefore the most structurally
variable feature.

Even though some of our cryotomograms reveal the locations of
individual nucleosomes, they are still so crowded that we may have
missed some higher-order motifs during visual inspection. To better
visualize the higher-order packing of nucleosomes, we remapped
the class averages of template-matched nucleosomes into a phan-
tom volume the same size of the original cryotomogram to make a
“synthetic tomogram.” This approach is similar to the work done on
polysomes and purified oligonucleosomes (Brandt et al., 2009;
Scheffer et al., 2012). Most of the nucleosomes in divalent-cation-
free buffer were visualized in the synthetic tomograms (Figures 6, B
and C, and 7, B and C). In both picoplankton and yeast, the nucleo-
somes do not form long repeating motifs or regular structures of any
kind (Figures 6C and 7C). Furthermore, there were no nucleosome
clusters or chains formed by the same conformational class. This
synthetic-tomogram analysis therefore supports the conclusion that
natural chromatin conformation is irregular at the oligonucleosome
level.

DISCUSSION

Our previous cryo-ET studies of picoplankton and yeast cells chal-
lenged the notion that the 30-nm fiber explained chromatin struc-
ture in vivo in unicellular eukaryotes. Compared to earlier cryo-EM
work, which tested for periodic structures in two dimensions, cryo-
ET can reveal the three-dimensional locations of individual nucleo-
somes. Furthermore, powerful maximum-likelihood-based classifi-
cation algorithms can detect the presence or absence of regular
motifs at both the single and oligonucleosome levels. Here, we have
determined how natural chromatin is organized in vitro using undi-
gested natural chromatin instead of the short chromatin fragments
commonly used in other studies. This natural chromatin condenses
as either irregular 30-nm fibers or masses at much lower divalent-
cation concentrations than needed for chromatin fragments
(Hansen, 2002; Maeshima et al., 2016). In the absence of divalent
cations, picoplankton chromatin decondenses to open zigzags, but
yeast chromatin remains as masses and irregular 30-nm fibers. No-
tably, yeast chromatin did not unfold as much as expected. These
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observations suggest that the conformation of natural chromatin
cannot be predicted from the behavior of chromatin fragments.

Picoplankton and yeast chromatin have different sensitivity
to divalent cations

Sequestration of divalent cations with EDTA is known to disrupt
30-nm-fiber formation and oligomerization (Widom, 1986). We
found that both picoplankton and yeast chromatin are more disperse
in the absence of divalent cations. However, picoplankton chromatin
adopts an open-zigzag conformation, whereas yeast chromatin is
much more condensed with a few irregular 30-nm fibers in all condi-
tions tested (Figure 8). The divalent cation-dependent picoplankton
chromatin crowding is consistent with an earlier study of isolated
Hela chromosomes, which underwent “swelling” to an open zigzag
form when Mg was sequestered (Eltsov et al., 2008). By contrast, our
natural yeast chromatin did not unfold as expected. In an early study
(Lowary and Widom, 1989), yeast chromatin fragments in low salt
formed uniformly thick “10-nm filaments,” which can be explained if
all sequential nucleosomes were stacked face to face (Figure 1A,
structure vi). Because nucleosome stacking within the same chain
requires the linker DNA to adopt highly curved, energetically unfa-
vorable conformations, we believe the extended beads-on-a-string
(Figure 1A, structure v) is a more reasonable model for those 10-nm
filaments. We did not observe either of these structures, probably
due to the sample differences, for example, purified short yeast

in vivo in vitro
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FIGURE 8: Chromatin packing is irregular in vitro. Chromatin packing
in (m) metazoans, (p) picoplankton, and (y) yeast. In vivo, cryo-EM and
cryo-ET data are most consistent with a chromatin mass. In isolated
chromatin, masses (left), irregular 30-nm fibers (middle), and open
zigzags (right) have been seen in all three classes of organisms except
yeast.
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chromatin fragments versus nuclear lysate, fixed versus unfixed chro-
matin, and adhesion to a substrate versus suspension in amorphous
ice. In summary, natural picoplankton chromatin follows the divalent
cation-dependent condensation behavior seen in metazoans, but
yeast chromatin does not.

We have started to test the factors that could explain the differ-
ences between yeast and picoplankton chromatin structure in vitro.
Using the hho1A strain, we ruled out linker histone, which is present
in yeast but not picoplankton, as a factor that condenses chromatin
in yeast. Another potential explanation could be the difference in
the linker-DNA length. Both simulations and experiments with oli-
gonucleosomes have shown that linker length has a profound im-
pact on chromatin higher-order structure (Schalch et al., 2005; Wong
etal., 2007; Collepardo-Guevara and Schlick, 2014; Ekundayo et al.,
2017). Because the yeast nucleosome-repeat length is ~30 base
pairs shorter than picoplankton (Thomas and Furber, 1976; Gan
etal., 2013), sequential nucleosomes are closer together and there-
fore more likely to interact. Consistent with this idea, fission yeast
chromatin, which has shorter linker DNA than budding yeast, also
self-associates in vitro (Cai et al., 2017). Finally, picoplankton linker
DNA is enriched in methylation (Huff and Zilberman, 2014), which
stiffens DNA (Nathan and Crothers, 2002). This stiffer linker DNA
may also help to keep picoplankton nucleosomes apart as open
zigzags in the absence of divalent cations.

Natural chromatin is irregular at multiple length scales

Linker DNA has variable length and variable nucleosome entry/exit
angles (Yao et al., 1990; Roulland et al., 2016). In yeast, we could not
detect the majority of the linker-DNA densities, probably due to the
crowded packing of nucleosomes that lowers its contrast. In pico-
plankton chromatin, we detected linker DNA of differing orientations
in three-dimensional nucleosome class averages. Unlike reconstituted
nucleosome arrays (without linker histone) in which most nucleo-
somes had linker DNA in the “closed” conformation (Geiss et al.,
2014), picoplankton linker DNA adopts a more “open” conformation,
possibly because this DNA s stiffer (see above). However, the class
averages reveal linker DNA that is shorter than expected from the
nucleosome repeat length, which can result from variability in linker
DNA orientation and/or length. This structural variability can explain
the absence of higher-order chromatin motifs in picoplankton.

Beads-on-a-string motifs are characterized by the large ~180°
angle made by the linker DNA at the nucleosome’s entry/exit points
(Figure 1A, structure v). Repetition of this motif maximizes the dis-
tance between nucleosomes, resulting in maximum decondensa-
tion. This motif is common in chromatin dried onto carbon film
(Olins and Olins, 1974; Grigoryev et al., 2009) but rare in frozen-
hydrated chromatin (Bednar et al., 1998; Geiss et al., 2014). We very
rarely saw beads-on-a-string in our picoplankton chromatin and did
not see a single example in our yeast chromatin. The most common
decondensed conformation that natural chromatin can adopt in vi-
tro is therefore the open zigzag.

Face-to-face nucleosome packing has been observed in oligo-
nucleosome arrays (Robinson et al., 2006) and isolated starfish
sperm chromatin (Scheffer et al., 2012). This form of packing is
probably stabilized by the well-known interaction between a posi-
tively charged histone tail on one nucleosome with the acidic patch
on a neighbor (Luger et al., 1997a; Funke et al., 2016). Here we
found that the face-to-face interactions exist in both picoplankton
and yeast but are rare. The rarity of face-to-face packing in natural
chromatin is at odds with the cryo-EM models of recombinant 30-
nm fibers, in which every single nucleosome is involved in a face-
to-face packing interaction (Song et al., 2014). In that study, the
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absence of histone marks, the glutaraldehyde fixation, and the
regular spacing between sequential nucleosomes could have stabi-
lized the face-to-face packing interaction, accounting for a key
structural difference between reconstituted nucleosome arrays and
natural chromatin.

An earlier study found that short nucleosome arrays with a yeast-
like nucleosome-repeat length (167 base pairs) could form well-
separated ordered 30-nm fibers in vitro (Routh et al., 2008). We did
not observe such fibers. Instead, most yeast nucleosomes pack into
a large mass without any regular motifs; in rare cases, yeast chroma-
tin packs as irregular 30-nm fibers. The formation of chromatin
masses can be explained by the interdigitation of fibers, that is, nu-
cleosomes from adjacent fibers interact, forcing the irregular 30-nm
fibers to unfold (Eltsov et al., 2008). In support of this idea, 30-nm
fibers are found at the less-crowded periphery of chromatin masses
in vitro. These masses could also be explained by hierarchical loops,
which are compatible with heterogeneous packing (Grigoryev et al.,
2016). However, due to technical limitations, we cannot exclude the
alternative possibility that the irregular 30-nm fibers do not unfold
but are packed so closely that they are indistinguishable (Grigoryev
and Woodcock, 2012).

The role of histone acetylation in yeast chromatin packing

in vitro

Yeast chromatin was recalcitrant to decondensation in all of our
sample-treatment conditions. Maximum nucleosome dispersal
could only be achieved by the combination of TSA treatment and
incubation with high EDTA concentration. Under these conditions,
the hyperacetylated chromatin formed distinct fibers, suggesting
that the interfiber contacts were weakened relative to hypoacety-
lated chromatin. The weakening of these contacts would allow
nucleosome clusters to more easily glide by each other in the pres-
ence of external forces, potentially explaining the acetylation-
dependent deformability of nuclei reported in a recent study
(Shimamoto et al., 2017).

Yeast chromatin is more condensed in vitro than in vivo

Our past and present cryo-ET studies give us a rare opportunity to
compare three-dimensional chromatin organization in vitro and in
vivo. One key difference is that yeast nucleosomes pack slightly
closer in vitro than in vivo. What factors might explain this unex-
pected difference? One possibility is that positively charged cyto-
plasmic proteins bind to and facilitate chromatin condensation in
the lysates. Alternatively, although our lysis approach is gentle, it
cannot keep chromatin remodelers and transcription factors from
dissociating from the chromatin. The presence of such factors in vivo
might prevent the chromatin from folding into a more condensed
structure. This notion was supported by a study showing that when
the Widom 601 nucleosome-positioning element was inserted into
the yeast genome, both the nucleosome positioning and the occu-
pancy changed substantially compared with in vitro chromatin ar-
rays (Perales et al., 2011). We hypothesize that chromatin remodel-
ers, transcription factors, and transcription itself keep chromatin
dispersed in vivo; the absence of these factors in vitro allows chro-
matin to be more condensed.

MATERIALS AND METHODS

Picoplankton cell culture

Ostreococcus tauri cells (strain OTH95; Roscoff Culture Collection
strain RCC 745) were grown in artificial seawater containing Sigma
sea salt and Keller enrichment medium (Supplemental Table S1) in a
12 h:12 h light:dark cycle. Lighting was provided by T5050 white
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light-emitting diodes, passed through a “Moonlight blue” filter (Lee
Filters, #183; Panavision, Los Angeles, CA). This setup produced an
illuminance of ~400-500 lux when measured at the approximate po-
sition of the cells with an Amprobe LM-100 digital light meter
(Danaher, Everett, WA). Cells (30-50 ml) grown this way were loosely
synchronized and were mostly in mid-G; phase at the beginning
of the light phase (Corellou et al., 2005). The cells were harvested
in mid-log phase (ODggg ~ 0.05-0.1) shortly after the dark-to-light
transition and then pelleted by centrifugation at 5000 x g for 10 min
at 4°C.

Picoplankton lysis

Cells were then resuspended in 1 ml of prechilled (4°C) fresh artificial
seawater and recentrifuged at 5000 x g for 1 min. The cell pellet was
then resuspended in prechilled lysis buffer, yielding a final ODgog ~
20. The cells were incubated on ice for either 7-9 min (1 mM Mg) or
10-15 min (0 Mg or 5 mM EDTA), measured from when the cells
were resuspended in lysis buffer to the point of plunge freezing. Us-
ing a combination of sucrose and glycerol, the concentration of
solutes (ions and undissociated molecules) in the lysis buffer was
adjusted to ~820 mM, which is ~4/5 of the concentration of solutes
in artificial seawater (~1 M); for details, see Supplemental Table S2.
The picoplankton burst in all lysis buffers. While the plasma mem-
brane was completely ruptured, the contents of the two largest
organelles—the nucleus and the chloroplast—remained physically
associated. This association was fortuitous, because the chloroplast
remnants, which were high contrast and could be located even at
low magnification, facilitated the search for the adjacent chromatin.

Yeast nucleus isolation and lysis

Nuclei were isolated using the Yeast nuclei isolation kit (Abcam
206997), with modifications. Wild-type yeast, strain YEF473A, was a
gift from Kerry Bloom (University of North Carolina at Chapel Hill) (Bi
and Pringle, 1996); the esaTts/gcn5A histone-acetyltransferase dou-
ble mutant, strain H4287, was a gift from Alan Hinnebusch (National
Institute of Child Health and Human Development) (Ginsburg et al.,
2009); and the hhoTA linker-histone deletion mutant was acquired
from the American Type Culture Collection (ATCC 4002125). All
cells were grown in 30 ml yeast peptone dextrose (YPD) medium to
mid-log phase (ODggp ~ 1) in a shaker (30°C, 250 rpm). The cells
were pelleted by centrifuging at 3000 x g for 5 min at room tem-
perature in 50-ml conical tubes, washed twice by resuspension in 1
ml H,O, and then recentrifuged at 3000 x g for 1 min. For esalts/
gcnbA cells, the culture was transferred to 36°C for 4 h prior to har-
vesting. The cell pellet was then resuspended in 1 ml Buffer A (con-
taining 10 mM dithiothreitol [DTT], from the kit) and then incubated
for 10 min in a 30°C water bath. Cells were then centrifuged at 1500
x g for 5 min and then resuspended in 1 ml Buffer B (from the kit)
containing lysis enzyme cocktail (diluted 1:1000). The mixture was
incubated in a 30°C shaker for 15 min and then centrifuged at 1500
x g for 5 min at 4°C. The pellet was resuspended in 1 ml prechilled
Buffer C (from the kit) with protease inhibitor cocktail. The suspen-
sion was transferred to a glass Dounce homogenizer on ice and then
the cells were lysed with 15 strokes. The suspension was incubated
with shaking for 30 min at room temperature and was then centri-
fuged at 500 x g for 5 min at 4°C to remove the debris. A small
aliquot of the supernatant was stained with 4’,6-diamidino-
2-phenylindole dihydrochloride to verify that the isolated nuclei
were abundant. The supernatant was then recentrifuged at 20,000 x
g for 10 min at 4°C. Finally, the nuclear pellet was resuspended in
prechilled lysis buffer (Supplemental Table S2) and incubated for
15 min on ice prior to plunge freezing.
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Chicken erythrocyte chromatin isolation

Chicken blood was acquired from a commercial source with ap-
proval of the Agri-Food and Veterinary Authority of Singapore. To
prevent coagulation, heparin (Sigma, H3393) was added to fresh
chicken blood to a final concentration of 50 U/ml. The isolation of
chicken erythrocyte chromatin was performed as previously de-
scribed, with modifications (Maeshima et al., 2014). Briefly, 1 ml of
fresh chicken blood was added to 10 ml of MLB (60 mM KClI, 15 mM
NaCl, 15 mM 4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid,
pH 7.3, 2 mM MgCly, 0.1% NP-40, and 1T mM phenylmethylsulfonyl
fluoride [PMSF]) and incubated for 10 min on ice. The lysate was
washed three times by pelleting at 1000 x g at 4°C for 5 min and
resuspending in 10 ml MLB. The pellet (nuclei) appeared light red
after the washing steps. The nuclei were resuspended in 1 ml nuclei
isolation buffer (10 mM Tris-HCI, pH 7.5, 1.5 mM MgCl,, 1.0 mM
CaCl,, 0.25 M sucrose, 0.1 mM PMSF) and then digested with 50 U
of micrococcal nuclease (Worthington, Lakewood, NJ) at 35°C for
2 min. The reaction was stopped by the addition of ethylene glycol-
bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid to 2 mM final
concentration. The nuclei were washed with 1 ml nuclei isolation
buffer and then lysed on ice for 1 h with 1 ml lysis buffer (10 mM
Tris-HCI, pH 7.5, 5 mM EDTA, 0.1 mM PMSF). The histones were
verified to be intact by SDS-PAGE and the DNA fragmentation was
checked with a 2% agarose gel. Ten microliters of the lysate was
then dialyzed against dialysis buffer with different EDTA concentra-
tions (10 mM Tris-HCI, pH 7.5, 0.1/5/50 mM EDTA, 0.1 mM PMSF)
or with T mM Mg and 0.1 mM PMSF at 4°C overnight.

TSA treatment

Wild-type yeast were grown in 30 ml YPD to mid-log phase (ODggg
~ 1) in a shaker (30°C, 250 rpm). Cells were pelleted at 3000 x g for
5 min and then resuspended in 30 ml YPD with 16.4 uM TSA (5 mM
stock in DMSO; Sigma T1952). The cells were then incubated for 1 h
at 30°C before nuclei isolation. During nuclei isolation, the solutions
used up to and including the spheroplasting step did not contain
TSA. After spheroplasting, all solutions contained 82 uM TSA.

Western blot

Log-phase cells (~30 ml) were harvested by centrifuging at 5000 xg
for 5 min. The pellet was resuspended in 100 pl Laemmli sample
buffer (Bio-Rad 1610737) and heated to 95°C for 10 min. The lysate
was quick-spun and the supernatant was saved. Proteins were sepa-
rated by SDS-PAGE in a 15% gel and transferred to polyvinylidene
difluoride membrane. All blocking and antibody incubations were
performed in Tris-buffered saline containing 0.5% Tween-20 and 2%
(wt/vol) bovine serum albumin (BSA). The primary antibodies were
rabbit anti-histone H3 (Abcam 1791), rabbit anti-acetyl-histone
H3 (Millipore 06-599), and rabbit anti-acetyl-histone H4 (Millipore
06-866). The secondary antibodies were HRP-conjugated goat-anti-
rabbit immunoglobulin G (CST 7074S). The blot membrane was
treated with 1 ml Clarity Western ECL substrates (Bio-Rad 1705060)
and scanned with a Thermo Scientific myECL Imager.

Plunge-freezing

Colloidal gold (used for fiducial-based cryo-ET image alignment;
see below) tends to aggregate in the presence of seawater unless
first treated with BSA (Gan et al., 2011). Therefore, the gold (20 nm,
BBI solutions, Cardiff, UK) was first suspended in 10 mg/ml BSA
and then pelleted at 18,000 x g for 5 min. The supernatant was
then discarded. The gold was treated with BSA twice in this way.
The BSA-treated gold was then added to the cells just before
plunge-freezing.
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Grids (CF-4/2-2C-T and CF-2/2-2C-T; Protochips, Morrisville,
NC) were plasma cleaned 45 or 90 s at 15 mA with a Emitech K100X
glow-discharge unit. Cells or chromatin (3 pl) were added to one
side (yeast) or both sides (6 pl total, picoplankton) of a plasma-
cleaned grid. The grids were blotted with filter paper (Whatman,
Grade 1) for 1 s, blot force 1, followed by a 5-s wait time, and then
plunged into 67/33 (% vol/vol) liquid propane/ethane mixture (Tivol
et al., 2008) using a Vitrobot, Mark IV (Thermo, Waltham, MA). The
relative humidity and the temperature in the sample chamber of
the Vitrobot were kept at 100% and 4°C, respectively. The grids
were then stored in liquid nitrogen.

Cryo-ET and image processing

Data-collection parameters and cryotomogram details are reported
in Supplemental Tables S3 and S4, respectively. Tilt-series align-
ment and tomographic reconstruction were done using Etomo
(Mastronarde, 1997). Because only the positions corresponding to
the nuclear contents were of interest and because some sample
positions warped during data collection, most tilt-series were
aligned using only the gold fiducials in the vicinity of the nuclear
densities. Some of the beads were automatically removed with the
Etomo bead eraser tool. For yeast samples, all tilt series were
aligned using patch tracking. For yeast and picoplankton samples
treated with 0 mM Mg or with EDTA, the tilt series were first com-
pensated for the effects of the contrast-transfer function and then
two-dimensional low-pass filtered with cutoff in the range of 0.2-
0.35 pixel™" and sigma value of 0.05 pixel™; these settings attenu-
ated the spatial-frequency components starting at 4.5-nm (pico-
plankton) to 2.6-nm (yeast) resolution. For picoplankton samples
treated with 1 mM Mg, the contrast was much lower due to sample
thickness and crowding effects, necessitating the twofold binning of
the tilt series to improve the visualization. Other parameters were
kept as Etomo defaults.

Template matching

Template matching was done using PEET (particle estimation for
electron tomography) (Nicastro et al., 2006; Heumann, 2016). Two
types of templates were used: for picoplankton, a featureless cylin-
der (10-nm diameter, 6 nm thick) generated using the Bsoft program
beditimg (Heymann and Belnap, 2007); for yeast, a subtomogram of
a high-contrast nucleosome-like particle was selected. The choice of
reference did not influence the subsequent analysis of most parti-
cles because a low cross-correlation (CC) cutoff was used (see
below). For O. tauri, we found that the hits were off-center for nu-
cleosomes oriented with their superhelical axis nearly perpendicular
to the ice surface. These nucleosomes were better centered when
we used a low-pass-filtered RELION three-dimensional class aver-
age as a reference. To minimize the effects of neighboring densities,
subvolumes were isolated with a cylindrical mask with a soft edge.
To minimize the number of false negatives, we kept the template-
matching hits that were spaced as close together as 6 nm,
corresponding to face-to-face packed nucleosomes. This minimum
distance resulted in many “overlapped” candidate nucleosomes
(hits), of which one was removed automatically at each position at
the end of the search. To further minimize the number of false nega-
tives, all hits with a CC (relative to the template) greater than 0.2
were saved and then visualized in the original cryotomogram; the
CC values were displayed using the 3dmod fine grain function. The
CC cutoff was then manually increased in 0.05 increments until most
spurious hits (carbon support edge, ice contaminants, and aggre-
gates) were eliminated. The final filtered hit list was then subjected
to heterogeneity analysis using RELION (see below).
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Nearest-neighbor distance analysis

For a fair comparison between different data sets, we used the aver-
age of CC coefficients of all template-matching hits as the initial
cutoff. For example, if the average CC value in data set A was 0.4
and the one in data set B was 0.3, then we used 0.4 as the cutoff
for A and 0.3 for B. We then made small adjustments to the CC
cutoff to ensure the low occurrence of obvious false positives
and false negatives. The coordinates of the nucleosome hits were
then imported into Matlab. NND and 10th NND were calculated
using the Matlab function nearestneighbour.m (https://github.com/
anaphaze/ot-tools).

Three-dimensional models corresponding to possible nucleo-
some distributions were generated by sampling from a uniform
three-dimensional distribution. To simulate the steric effects of nu-
cleosome packing, only those points separated by at least 6 nm
were kept. Distributions were made to test a range of concentra-
tions (model points per volume) and clusters (two sets of model
points separated by a gap). These model points were subjected to
the same NND analyses as above.

Heterogeneity analysis and subtomogram averaging
Subtomograms were analyzed using the subtomogram-averaging
and classification routines (Bharat et al., 2015; Bharat and Scheres,
2016) as implemented in RELION 1.4 and 2.0 (Scheres, 2012a,b;
Kimanius et al., 2016). Because contrast transfer function (CTF) phase
flipping was already done in IMOD, we did not CTF correct in RE-
LION. We also disabled the dose-weightage scheme because the
images in the second half of some tilt series were severely under-
weighted due to the large cumulative dose. The missing-wedge
effects were compensated for by the RELION CTF model. Candidate
nucleosome positions were imported into RELION. Owing to the
crowdedness of yeast nucleosomes, we used a smaller box (24 nm)
and a smaller mask (17-nm diameter) for classification to exclude
most densities of adjacent nucleosomes. Each nucleosome was aver-
aged along the tomographic Z axis to produce a pseudoprojection.
These projections were then subjected to two-dimesional classifica-
tion (50 or 100 classes). “Junk” particles such as ice, contaminants, or
carbon-support features were manually removed. If the identity of
the class ("junk” vs. real nucleosome) was ambiguous, then the cor-
responding particle positions were visualized in the context of the
original tomogram, allowing for discrimination of junk and real par-
ticles. Our decisions to exclude/include ambiguous classes were
guided by biologically meaningful features such as the size and
shape of the density and the proximity to the other nucleosomes
(most chromatin-associated nucleosomes are not found “floating”
alone). The remaining good particles were subjected additional
rounds of two-dimensional classification and elimination of junk
classes until only reasonable nucleosome-like classes remained.

To discriminate between nucleosome conformational states, we
performed three-dimensional classification. Because picoplankton
nucleosomes were so dispersed, we used a spherical mask and no
reference. For yeast chromatin, which was extremely crowded, we
used a cylindrical mask with a soft edge and a featureless cylindrical
reference. New junk classes were found and removed at the end of
each round of classification. We found that the number of nucleo-
some classes decreased as we increased the resolution used for
classification to the Nyquist limit. This resolution dependency is
probably due to the lower signal-to-noise ratio of the higher-resolu-
tion data. Starting with 20 classes and using data to 20 A resolution,
fewer than 10 distinctive conformational classes remained at the
end of two to three sequential classification-and-junk-removal
rounds. These classes were then subjected to synthetic tomogram
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construction. For picoplankton chromatin in 1 and 0 mM Mg, we
also attempted three-dimensional classification of higher-order
structures by increasing the mask size but found that most of the
classes did not converge to anything biologically meaningful. Our
two-dimensional classification of picoplankton chromatin in 5 mM
EDTA failed to find any convincing face-to-face or other abundant
higher-order motifs.

Synthetic tomogram construction

Template-matching hits that were subjected to classification analysis
were mapped back into a phantom volume the same size of the
original cryotomogram using the EMAN2 program eZproc3d (Tang
et al., 2007). These operations were done with the script ot_remap
.py (https://github.com/anaphaze/ot-tools).

Statistical analysis
The t tests were performed in Google sheets and Microsoft Excel.

Figures
Density maps were rendered with UCSF Chimera (Pettersen et al.,
2004).

Data sharing

Tilt-series data of all samples presented in this paper are available at
the EMPIAR online database (EMPIAR-10098). One example cryoto-
mogram each of picoplankton and yeast has been deposited in the
EMDB (EMD-6737).
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