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Chromosomes condense during mitosis in most eukaryotes. This
transformation involves rearrangements at the nucleosome level
and has consequences for transcription. Here, we use cryo-electron
tomography (cryo-ET) to determine the 3D arrangement of nuclear
macromolecular complexes, including nucleosomes, in frozen-
hydrated Schizosaccharomyces pombe cells. Using 3D classification
analysis, we did not find evidence that nucleosomes resembling
the crystal structure are abundant. This observation and those
from other groups support the notion that a subset of fission yeast
nucleosomes may be partially unwrapped in vivo. In both inter-
phase and mitotic cells, there is also no evidence of monolithic
structures the size of Hi-C domains. The chromatin is mingled with
two features: pockets, which are positions free of macromolecular
complexes; and “megacomplexes,” which are multimegadalton
globular complexes like preribosomes. Mitotic chromatin is more
crowded than interphase chromatin in subtle ways. Nearest-
neighbor distance analyses show that mitotic chromatin is more
compacted at the oligonucleosome than the dinucleosome level.
Like interphase, mitotic chromosomes contain megacomplexes
and pockets. This uneven chromosome condensation helps explain
a longstanding enigma of mitosis: a subset of genes is up-regulated.
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Chromatin structure influences key nuclear activities such as
transcription, DNA repair, and replication (1). The funda-

mental unit of chromatin is the nucleosome, which consists
of ∼147 bp of DNA wrapped around a histone octamer (2).
In mammalian cells, 2–35 nucleosomes pack into irregular
“clutches” (3). More than 500 sequential nucleosomes (calcu-
lated from the nucleosome repeat length) are thought to interact
as topologically associating domains (4). Likewise, in the fission
yeast Schizosaccharomyces pombe, some 300–7,000 nucleosomes
are thought to associate as compact globular chromatin bodies
called domains (5–7). Furthermore, superresolution imaging of
S. pombe revealed that the chromatin is not uniformly distributed
in vivo (8). These studies suggest that chromatin higher-order
structure arises from physical interactions within large groups of
nucleosomes. In mitotic cells, chromosomes condense into dis-
crete structures that can be resolved in a light microscope. The
factors involved in condensation have been well characterized
(9), and a number of models have been considered for the large-
scale organization of chromatin domains (10). However, the
molecular details of chromatin reorganization are still unknown.
Knowledge of how chromosomes condense in 3D at the molec-
ular level is needed to explain the nearly global transcriptional
repression that happens to the mitotic cells of most eukaryotes
(11). Such a model could also explain how a subset of fission
yeast genes escape this mitotic repression and get up-regulated
(12–14). Some insights on in vivo chromatin organization were
made possible by new methods, including chromatin-conformation
capture (Hi-C), superresolution microscopy, and traditional
electron microscopy (EM) of cells stained with DNA-proximal
osmium (15–17). However, the resultant models are limited
because these methods rely on population-averaged data, or
have low resolution, or perturb the sample due to the fixation,

dehydration, and staining. Cryo-EM is a label-free method to
visualize cells in a life-like frozen-hydrated state (18, 19). Cryo-
electron tomography (cryo-ET) goes further and can reveal the
3D positions of macromolecular complexes inside cells at ∼4-nm
resolution (20). Using cryo-ET, we previously showed that nu-
cleosomes in picoplankton and budding yeast cells pack irregu-
larly and do not compact into discrete chromosomes in mitosis
(21, 22).Yeast (budding and fission) and human chromatin have
differences such as linker-DNA length, which is shorter in yeast
(23), and the abundance of heterochromatin, which is rarer in
yeast (24). However, fission yeast mitotic chromosome conden-
sation resembles human chromosome condensation in both
morphological and Hi-C phenotypes (6, 7, 25–27). We have now
used cryo-ET to visualize the nuclear macromolecular complexes
both before and after mitotic condensation in vivo in the fission
yeast S. pombe. To obtain cryotomograms with sufficient con-
trast, we imaged cells that were thinned by cryomicrotomy. To
more reproducibly characterize the heterogeneous complexes in
the crowded nucleoplasm, we also took advantage of recent
advances in phase-contrast hardware and image-classification
software (28, 29). This approach can discriminate densities that
do not have the size or shape expected of nucleosomes. Image
classification failed to identify canonical nucleosomes, i.e., those
resembling the crystal structure, which leads to numerous
implications for the structure of fission yeast nucleosomes in
vivo. Inspection of the nucleoplasm revealed the presence of

Significance

It has long been known that chromosomes, which contain life’s
genetic instructions, condense into discrete bodies when cells
divide. Chromosome condensation is thought to shut down
gene expression and is misregulated in many diseases. The
molecular details of this process are unknown because the
fundamental subunits of chromosomes, called nucleosomes,
are too small and fragile to be seen by conventional micros-
copy. We used state-of-the-art 3D cryo-electron tomography to
reveal how chromosomes condense within intact cells. We
found evidence that condensation is uneven, resulting in po-
rous chromosomes that allow cells to express a limited set of
genes. Furthermore, our work and those of others suggest that
chromatin dynamics at the molecular scale are an un-
derappreciated component of chromosome function.
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multimegadalton complexes (megacomplexes) and pockets free
of macromolecular complexes. In mitosis, chromosomes con-
dense unevenly: they also have pockets and megacomplexes.
These observations contribute to a model that can explain how
some genes can be transcriptionally up-regulated in mitosis.

Results
S. pombe Subcellular Structures Are Revealed at Molecular Resolution
by Cryo-ET. To study how native chromatin organization differs
between interphase and mitosis, we imaged S. pombe cells by
cryo-ET of frozen-hydrated sections (cryosections, ∼70 or
100 nm nominal thickness). To ensure that the imaged cells
had a known cell-cycle state, we arrested temperature-sensitive
cdc25-22 cells in G2 phase (30) and cold-sensitive nda3-KM311
cells in prometaphase (25). For brevity, we refer to these as G2-
phase and prometaphase cells. Fluorescence microscopy con-
firmed that prometaphase cells have the well-known mitotic
chromosome-condensation phenotype (SI Appendix, Fig. S1 A
and B). In a typical cryotomogram of an S. pombe cell, we could
recognize organelles such as the endoplasmic reticulum, vesicles,
and the nucleus due to their location and membrane morphology
(SI Appendix, Fig. S1 C and D). To assess the quality of the
cryosections and data, we performed subtomogram averaging of
cytoplasmic ribosomes (SI Appendix, Fig. S2 A and B). Ribo-
somes were manually picked and then subjected to reference-
free 3D classification. All particles converged to a single class
and were then 3D-refined using the class average as a reference.
The resulting average resembles a low-pass–filtered budding
yeast ribosome crystal structure (SI Appendix, Fig. S2C) (31).
Therefore, the conformations of large complexes are preserved
at the molecular level.

Interphase Chromatin Is Loosely Packed Among Much Larger
Complexes. G2-phase cell nuclei are populated with many
nucleosome-like particles, which we define as globular densities
∼10 nm wide along at least one axis (Fig. 1A and Movie S1).
Groups of nucleosome-like particles appear as irregular clus-
ters or irregular linear arrangements (Fig. 1 B and C). The
nucleosome-like particles within these motifs are packed ∼10–
12 nm center-to-center. We also observed positions where the
nucleosome-like particles are more dispersed (Fig. 1D) and po-
sitions that are free of macromolecular complexes, which we call
“pockets” (<50 nm diameter) (Fig. 1E; see also template-
matching and classification analysis below). The boundaries of
these pockets are also heterogeneous due to the irregular distri-
bution of macromolecular complexes. Globular particles the size
of ribosomes (>20 nm) are spread throughout the nucleus
(Fig. 1F). These particle dimensions are consistent with mul-
timegadalton nuclear assemblies such as preribosomes, spliceo-
somes, and transcription-preinitiation complexes (32–34); we call
these “megacomplexes” for brevity. As expected, megacomplexes
were more abundant in the nucleolus (SI Appendix, Fig. S3), which
occupies a hemispherical volume in the fission yeast nucleus and is
the key site of preribosome assembly. While most of the nucleo-
plasmic megacomplexes are likely to be preribosomes at various
stages of maturation, the identities of individual megacomplexes
are presently unknown. In summary, the G2-phase S. pombe nu-
cleoplasm is rich in irregular clusters of nucleosome-like particles
that commingle with megacomplexes and pockets.

Condensed Mitotic Chromosomes Contain Fewer Megacomplexes.
Unlike in G2-phase cells, in each cryotomogram of a prom-
etaphase cell we found a single position that has features con-
sistent with its being a section through a condensed chromosome
(Fig. 2A and Movie S2). For example, nucleosome-like particles
are abundant within these positions (Fig. 2 B and D) and rarer
outside (Fig. 2 C and E). Compared with G2-phase cells, in which
megacomplexes are distributed throughout the nucleoplasm (Fig.

1A), megacomplexes are mostly absent from these large contigu-
ous regions in prometaphase cells. These positions are hundreds
of nanometers wide, matching the size of condensed chromo-
somes seen by fluorescence microscopy (SI Appendix, Fig. S1). If
these positions are indeed chromosomes, which are thicker than
cryosections, the megacomplex-depleted positions should also
span multiple cryosections. To test this hypothesis, we sampled a
larger nuclear volume by cryo-ET of five nearly sequential cry-
osections, covering ∼700 nm in the z axis within the same cell (SI

Fig. 1. S. pombe G2-phase chromatin consists of irregularly packed
nucleosome-like particles and dispersed megacomplexes. (A) Cryotomo-
graphic slice (10 nm) of an interphase nucleus. Yellow circles, a subset of
megacomplexes. The cyan lines follow the outer-nuclear membrane. The
boxes are enlarged fourfold in B–F. (B1–B3) Three examples of clusters of
nucleosome-like particles. The four B1 panels show left-to-right a series of
cryotomographic slices (10 nm) in a step size of 4 nm. (C1 and C2) Two ex-
amples of chain-like arrangements of nucleosome-like particles. It is not
possible to determine if any of these densities are nucleosomes on the basis
of linker DNAs, which generally cannot be seen. (D1 and D2) Two examples
of loosely packed nucleosome-like particles. (E) An example position that has
few nucleosome-like particles in the center. (F) An example megacomplex
(circled). Note that SI Appendix, Fig. S5G shows the 2D-classified nucleosome-
like particles reproduce the packing phenomena seen in B–E. See Movie S1 for
more tomographic slices.
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Appendix, Fig. S4A). There is a single megacomplex-poor region in
each of these cryosections, which is consistent with these positions
being sections through at least one of the three fission yeast
chromosomes (SI Appendix, Fig. S4 B–F). Taken together, we
located mitotic chromosomes and found that they have fewer
megacomplexes within.

No Evidence of Abundant Canonical Nucleosome Conformations in
Vivo. We imaged a few cryosection positions of G2-phase S.
pombe cells on an electron cryomicroscope equipped with a Volta
phase plate, a direct-detection camera operated in counting mode,
and an imaging filter operated in zero-loss mode (Fig. 3A). No-
tably, Volta cryo-EM data have much more contrast, making it
possible to locate and determine the orientations of smaller pro-
tein complexes and to resolve protein complexes packed to near-
crystalline density inside of cells (29, 35). We template-matched
candidate nucleosomes by using a cylinder as a reference, and then
we filtered the candidates using a low cross-correlation cutoff (SI
Appendix, Fig. S5). This low cutoff decreases the number of false
negatives and increases the number of false positives. We then
attempted to “purify” the nucleosomes in silico by classification (SI
Appendix, Fig. S5) (36). As shown in SI Appendix, Fig. S5D,
2D classification allows obvious false positives to be identified
and excluded from analysis. Examples of false positives are
megacomplexes, particles with the wrong shape, and globular
particles that are too small. Owing to the crowdedness of nu-
cleoplasm, adjacent densities influenced the 2D classification
(Fig. 3B), thereby reducing the resolution of some class aver-
ages. Some 2D class averages had pairs of linear densities that
resemble the DNA gyres seen in the “side” views of the ca-
nonical nucleosome (Fig. 3B). For 3D classification, canonical
nucleosomes are expected to have the characteristic DNA gyres

and the linker-DNA density stumps. However, 3D classification
of these 2D-classified nucleosome-like particles did not reveal any
class averages that met these criteria (Fig. 3 C and D).
The absence of canonical nucleosomes in our 3D class aver-

ages could be due to insufficient resolution, even though recent
studies (including our own) done with similar hardware and
imaging parameters suggest otherwise (37, 38). Alternatively, if
S. pombe nucleosomes cannot form canonical nucleosomes at all,
none of the class averages would resemble canonical nucleo-
somes. To test this possibility, we imaged the chromatin released
from cellular lysates (SI Appendix, Fig. S6 A–C). The 3D classi-
fication shows that one of the class averages (the most abun-
dantly populated one) has features expected of the canonical
nucleosome (SI Appendix, Fig. S6 D and E). This result suggests
that S. pombe nucleosomes with the canonical conformation can
be observed in some conditions. One potential explanation is
that nucleosomes are conformationally heterogeneous, such as
being partially unwrapped to varying degrees. Another expla-
nation is that nucleosomes are constitutionally heterogeneous;
i.e., the types of proteins bound are variable (SI Appendix). At
present, we cannot distinguish between these two possibilities.
Because we cannot identify nucleosomes conclusively, as a
compromise we combined template-matching and 2D classifi-
cation (SI Appendix, Fig. S5) to remove from analysis particles
that are too small or too large. This approach also filters out
nucleosomes that have different structures relative to canonical

Fig. 2. Condensed S. pombe mitotic chromosomes contain few mega-
complexes. (A) Cryotomographic slice (11 nm) of a prometaphase cell. Cyan
line, nuclear envelope; yellow circles, megacomplexes. The dashed white line
roughly outlines a condensed chromosome. Rectangular boxes are enlarged
sixfold in B and C. (B) An example position with many nucleosome-like parti-
cles. (C) An example position with a megacomplex and fewer nucleosome-like
particles. Yellow circle, a megacomplex. (D and E ) Consecutive cryotomo-
graphic slices (10 nm) in a 2-nm step size of positions shown in B and C,
respectively. See Movie S2 for more tomographic slices.

Fig. 3. Subtomogram averages of nucleosome-like particles do not resemble
the canonical nucleosomes. (A) Cryotomographic slice (10 nm) of a G2-phase
cell nucleoplasm. (Inset) A nucleosome-like particle, indicated by an arrow,
enlarged fivefold from the position boxed in white. (B) The 2D classification of
nucleosome template-matching hits from four Volta cryotomograms of G2-
phase chromatin. (C) A simulated density map of the canonical nucleosome
[PDB 1ID3 (65)], low-pass–filtered to 40-Å resolution. (D) Isosurface renderings
of representative 3D class averages of template-matching hits in four Volta
cryotomograms of G2-phase chromatin. The particles contributing to each
class average are likely to be heterogeneous.
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nucleosomes and nucleosomes that are tightly associated with
many proteins; the distribution of filtered hits is nevertheless
consistent with the crowding seen by eye (SI Appendix, Fig. S5G).
Our 3D packing analysis below takes into account the 2D-
classified template-matched particles, which we will continue to
refer to as nucleosome-like particles.

Mitotic Chromosomes Condense Unevenly and Support Transcription.
Volta cryotomograms of prometaphase nuclei also revealed
that nucleosome-like particles are packed irregularly in
megacomplex-poor chromosome positions (Fig. 4A and Movie
S3). Importantly, we confirmed that some positions (Fig. 4 B and
D) have more nucleosome-like particles than others (Fig. 4 C
and E), meaning that condensation is uneven. The pockets are
also irregular (Fig. 4C), as in G2-phase cells. These phenotypes
also hold for chromatin in lysates (SI Appendix, Fig. S7). To
detect changes in chromosome packing, we analyzed the posi-
tions of 2D-classified nucleosome-like particles in Volta cry-
otomograms of G2-phase and prometaphase cells (Fig. 5 A and
B and SI Appendix, Fig. S8). If chromosomes condense via uni-
form accretion, the average nearest-neighbor distance (NND)
distribution of the nucleosome-like particles should shorten. The
NNDs of nucleosome-like particles in G2-phase were longer
than in prometaphase, but not by much (two-tailed t test, P <
0.01, difference of means: 1.6 nm) (Fig. 5C). We previously used
simulated distributions of particles to show that the 10th NND is
sensitive to changes in particle cluster size and separation (36).
We found that the 10th NNDs shifted to shorter distances in

prometaphase cells (two-tailed t test, P < 0.001, difference of
means: 4.1 nm), which explains the more crowded appearance of
prometaphase chromosomes. To test if the cryomicrotomy com-
pression artifact changed the apparent packing, we transformed
the distributions of nucleosome-like particles, assuming that
compression moves nucleosomes uniformly closer along with
cutting direction and further apart perpendicular to the section
surface. The NND (two-tailed t test, P < 0.01, difference of means:
1.6 nm) and 10th NND distributions (two-tailed t test, P < 0.01,
difference of means: 5.3 nm) of the transformed data yield the
same conclusion (Fig. 5D). Given the irregular spacing and
packing of nucleosome-like particles, there are multiple ways that
chromatin could rearrange to produce a small NND change and a
larger 10th NND change. The simplest model is that nucleosome-
like–particle clusters enlarge in mitosis (Fig. 5 E and F).
The existence of loosely packed nucleosome-like particles in

prometaphase cells suggests that mitotic chromatin is permissive to
transcriptional machinery, which is consistent with the observation
that some genes are up-regulated during mitosis (12–14). However,
these earlier studies could not determine if S. pombe mitotic
transcripts are from active mitotic RNA polymerase II transcrip-
tion or are stable mRNAs left over from G2 phase. Phosphoryla-
tion of RNA polymerase II at Serine 2 of the carboxyl-terminal
domain (phospho-Ser2 CTD) heptamer repeat is a conserved
marker of transcription elongation (39, 40). Using immunofluo-
rescence, we confirmed the existence of RNA polymerase II with
phospho-Ser2 CTD, and therefore active transcription, in prom-
etaphase chromosomes (SI Appendix, Fig. S9). To rule out the
possibility of abnormal transcriptional activity in the mutants, we
imaged asynchronous wild-type cultures, in which a small minority
of cells was undergoing mitosis. We also detected phospho-Ser2
CTD signal in early mitotic cells. Therefore, we confirmed that
transcription is not shut down globally in mitotic S. pombe cells.

Dinucleosome-Like Particles Are Irregular in Vivo. Nucleosome-like
particles are so crowded that it is infeasible to manually search for
higher-order motifs. Our previous study of natural Saccharomyces
cerevisiae chromatin in vitro showed that if a higher-order motif is
abundant, it can be found automatically by reference-free 2D

Fig. 4. The macromolecular complexes are unevenly packed within S.
pombe mitotic condensed chromosomes. (A) Cryotomographic slice (11 nm)
of a nucleus in a prometaphase cell, imaged with Volta phase contrast. White
dashed line, approximate chromosome boundary. Yellow circles, mega-
complexes. The positions in the blue and salmon boxes are enlarged sixfold in
B and C, respectively. (B) A position within the mitotic chromosome that
contains many closely packed nucleosome-like particles. (C) A position within
the mitotic chromosome that contains fewer, loosely packed nucleosome-like
particles. Blue circles, 2D-classified nucleosome-like particles. Notice that the
centers of mass of some particles are “above” or “below” the tomographic
slice shown. These particles therefore appear either smaller or less dense than
the other nucleosome-like particles. (D and E) Consecutive cryotomographic
slices (10 nm) in a 2-nm step size of the positions shown in B and C, re-
spectively. See Movie S3 for more tomographic slices.

Fig. 5. Comparison of macromolecular complex packing in G2-phase and
prometaphase S. pombe cells. (A and B) Template-matched, 2D-classified
filtered hits of nucleosome-like particles rendered as blue spheres in Volta
cryotomograms of a (A) G2-phase and (B) prometaphase cell. (C) Nearest-
neighbor distance (NND) and 10th NND analysis of template-matching hits. x
axis, NND or 10th NND, 1-nm bins; y axis, normalized probability. (D) NND
and 10th NND of compression-compensated template-matching hits. (E and
F) Cartoons showing how (E) two small or (F) one large cluster of nucleo-
somes (rounded cylinders) could have similar NND, but different 10th NND.
In each panel, the purple and orange nucleosomes are the respective nearest
and 10th-nearest neighbors of the red nucleosome.
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classification (36). One functionally important motif is the face-to-
face–stacked dinucleosome-like particle, which if present in vivo
would limit access to regulatory motifs like the acidic patch (2). We
therefore performed 2D classification analysis on dinucleosome-like
particles extracted from our cryotomograms. Our 2D classification of
S. pombe chromatin in vivo did not reveal any classes containing
face-to-face–stacked dinucleosome-like particles (SI Appendix, Fig.
S10), meaning that such interactions must be rare in vivo. We did not
find any other classes that convincingly resemble pairs of nucleo-
somes in any relative orientation. G2-phase chromatin (SI Appendix,
Fig. S10A) was more irregularly packed in terms of the separation
between nucleosome-like particles than in prometaphase cells (SI
Appendix, Fig. S10B). Taken together, our 2D classification analyses
did not produce evidence of ordered chromatin in vivo.

Discussion
We have directly visualized the nuclei in both interphase and
mitotic S. pombe cells by cryo-ET. The chromosome-condensation
phenotypes are subtle. In both interphase and mitotic cells, most
of the nucleosome-like particles are packed irregularly, sometimes
into cluster-like arrangements. The nearest-neighbor distance
between these particles changes little in mitotic cells. In other
words, there is no wholesale accretion as commonly depicted in
textbooks. The most notable—yet still subtle—changes are that
mitotic chromatin contains fewer megacomplexes in vivo and that
this chromatin remains more compact than interphase chromatin
after being released from lysed cells.

Cryo-ET Reveals Insights into Higher-Order Chromatin Organization. If
the majority of nucleosomes are partially unwrapped in vivo, then
the unwrapped states would be a large source of conformational
variability. Recent studies showed that isolated nucleosomes can
adapt to a range of unwrapped and wrapped-but-mildly distorted
conformations in vitro (41, 42). In higher-order chromatin, linker-
DNA variability alone can give rise to irregular oligonucleosome
folding (43). These sources of conformational distortions can ex-
plain how our 2D classification did not uncover any evidence of
abundant dinucleosome-like motifs or any other higher-order mo-
tifs. Irregular chromatin is therefore a conserved feature in single-
celled eukaryotes (21, 22). A study using a DNA negative-staining
method concluded that chromatin structure is also irregular in
mammalian cells (17), which is consistent with earlier studies of
other mammalian cells and chromosomes (18, 19, 44–48).

Cryo-ET, Hi-C, and Live-Cell Imaging Paint a Complex Picture of
Chromatin. Our S. pombe cryo-ET data allow for a comparison
with previous Hi-C studies (SI Appendix). Two recent studies
reported that short-range Hi-C contacts are less probable in mi-
totic S. pombe cells than in interphase cells (6, 7), echoing a study
of mitotic human cells (27). This counter intuitive phenomenon
was also observed in quiescent B cells, which have condensed
chromosomes and lower short-range Hi-C contact probabilities
than active B cells, which have open chromatin (49). If Hi-C de-
tections arise solely from nucleosome–nucleosome proximity, then
nucleosomes should move further apart in mitosis; we did not
observe evidence of this. What else, then, could explain the lower
short-range Hi-C contact frequency in mitotic cells? This co-
nundrum might be reconciled if the dynamics of groups of nu-
cleosomes are taken into consideration (6, 50, 51). A slowdown of
individual nucleosome dynamics within a group could explain the
lower frequency that cross-linkable groups can interact with each
other in mitotic cells. We propose a model of mitotic condensa-
tion that incorporates our structural data and published dynamic
principles from recent studies (Fig. 6). In this model, the average
distance between nearest-neighbor nucleosomes and other simi-
larly sized macromolecular complexes does not decrease much.
Instead, small nucleosome clusters enlarge and become less dy-
namic. This mechanism could be similar to local condensation in

human interphase chromatin, which is proposed to be organized
as “nanodomains” that cluster together (52).

Role of Uneven Condensation in Transcriptional Regulation. The
strong correlation between mitotic chromosome condensation
and transcriptional repression is well established (53, 54). Mecha-
nistic evidence of mitotic repression came from the observation
that mitotic condensation is coincident with transcription-factor
displacement (55). Even though transcription is largely down-
regulated in mitotic S. pombe cells, many cell-cycle–regulated
genes actually get expressed more (12–14). In agreement, our im-
munofluorescence experiments detected elongating RNA poly-
merase II in mitotic S. pombe chromosomes. We propose that
chromatin structure at multiple size scales permits access to regu-
latory sequences, somewhat independently of dynamics. At the
mononucleosome level, many chromatin-regulatory complexes
recognize and bind to the nucleosome’s face (56). Because face-to-
face nucleosome stacking is also exceptionally rare in mitotic cells,
this critical surface remains accessible for interactions. Partial nu-
cleosome unwrapping could also expose more DNA. At the level of
the chromosome, fewer megacomplexes are interspersed within the
more densely packed chromatin. However, uneven condensation
leaves open pockets that could remain permissive to the occasional
passage or assembly of megacomplexes such as spliceosomes and
transcription-preinitiation complexes. Cryo-fluorescence micros-
copy has been used in combination with cryo-EM of vitreous sec-
tions to detect subcellular structures (57, 58). This form of
correlative imaging could potentially facilitate the identification of
some megacomplexes. If uneven chromosome condensation is
conserved, the mechanisms proposed here could explain the recent
observations that mitotic chromatin remains accessible and some-
what transcriptionally active in mammalian cells (59–61).

Materials and Methods
S. pombe nda3-KM311 and cdc25-22 cells were arrested at their restrictive
temperatures and checked by fluorescence light microscopy. Immunofluo-
rescence of spheroplasted cells was done with antibodies against RNA poly-
merase II CTD-repeat YSPTSPS (phospho S2) or fibrillarin. For cryo-EM, cells
were self-pressurized frozen, cryosectioned, then attached to either a perfo-
rated- or continuous-carbon grid, which was precoated with 10-nm gold
colloids as fiducials for cryo-ET alignment. To minimize occlusion by grid bars
at high tilt during cryo-ET imaging, the grid was aligned so that the ribbon
was in between and parallel with the grid bars. For lysates, log-phase cells

Fig. 6. A molecular model of interphase and mitotic chromatin. (A) In-
terphase chromatin is loosely packed, with many megacomplexes and pockets.
Blue, purple, and dark blue, nucleosome-like particles, with heterogeneity
denoted by the variability in colors; large gold bodies, megacomplexes.
Megacomplexes (preribosomes, spliceosomes, transcription-preinitiation
complexes, etc.) are interspersed between the nucleosome-like particles
and macromolecular-complex–free pockets. (B) During mitotic chromosome
condensation, most nucleosome-like particles form large clusters, thereby ex-
cluding or inhibiting the assembly of megacomplexes. Furthermore, chromatin
dynamics (magnitude proportional to the size and number of the curved lines)
also decrease. In both interphase and mitotic chromatin, ordered motifs are
largely absent.
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were spheroplasted, lysed on ice, applied to a freshly glow-discharged
perforated-carbon grid, blotted with filter paper, then plunged into liquid
ethane. Cryo-ET data were collected on the National University of Singapore
(NUS) Titan Krios cryo-TEM or on the Netherlands Centre for Electron Nano-
scopy (NeCEN) Titan Krios-1. Imaging details are shown in SI Appendix, Table S1.
Tomograms were reconstructed using the IMOD software package (62)
and template-matched with PEET (63). Subtomogram classification and 3D
averaging of nucleosomes were done in RELION (28, 64). Nearest-neighbor
distance analysis of template-matching hits were performed on coordinates
that were “compensated” for compression. Tomography data were deposited
in the EMDataBank (EMD-6846) and Electron Microscopy Public Image Archive

(EMPIAR-10125). All custom scripts are available at https://github.com/
anaphaze/ot-tools.
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