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Abstract

The chromatin structure of DNA determines genome compaction and activity in the nucleus. On 
the basis of in vitro structures and electron microscopy (EM) studies, the hierarchical model is that 
11-nanometer DNA-nucleosome polymers fold into 30- and subsequently into 120- and 300-to 
700-nanometer fibers and mitotic chromosomes. To visualize chromatin in situ, we identified a 
fluorescent dye that stains DNA with an osmiophilic polymer and selectively enhances its contrast 
in EM. Using ChromEMT (ChromEM tomography), we reveal the ultrastructure and three-
dimensional (3D) organization of individual chromatin polymers, megabase domains, and mitotic 
chromosomes. We show that chromatin is a disordered 5- to 24-nanometer-diameter curvilinear 
chain that is packed together at different 3D concentration distributions in interphase and mitosis. 
Chromatin chains have many different particle arrangements and bend at various lengths to 
achieve structural compaction and high packing densities.

In 1953, Watson and Crick determined that DNA forms a double helix, which provided a 
structural basis for how our genetic information is stored and copied (1). However, the 
double helix captures only the first-order structure of DNA. In the nucleus, DNA is 
assembled into chromatin structures that determine the activity and inheritance of human 
genomic DNA. A 147–base pair (bp)–length of DNA is wrapped around an octamer of 
histones H2A, H2B, H3, and H4 into an 11-nm DNA–core nucleosome particle (2). Each 
DNA-nucleosome particle is separated by 20 to 75 bp of DNA that can bind to histone H1 
(3). However, to fit 2 m of human genomic DNA into the nucleus, a further level of 
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structural compaction is thought to be necessary. The long-standing model in most textbooks 
is that primary DNA-nucleosome polymers progressively fold into discrete higher-order 
chromatin fibers and, ultimately, mitotic chromosomes (Fig. 1A) (4, 5). However, the 
hierarchical folding model is based on chromatin structures that are formed in vitro by 
reconstituting purified DNA and histones (6–9) or in permeabilized cells from which other 
components had been extracted (10, 11). Thus, a remaining question is, what is the local 
chromatin polymer structure and three-dimensional (3D) organization of human genomic 
DNA in the nucleus of interphase and mitotic cells in situ?

In vitro reconstituted purified nucleosomes and DNA in low salt form “beads-on-a-string” 
structures, 2.5-nm DNA threads decorated with discrete 11-nm nucleosome particles (12, 
13). The hierarchical model (Fig. 1A) proposes that primary DNA-nucleosome polymers 
fold into secondary 30-nm fibers. Electron microscopy (EM) and x-ray crystallography 
studies of up to 2 kb of DNA reconstituted with nucleosomes in vitro support two different 
structural models of the 30-nm fiber, referred to as the solenoid and zigzag fiber models (7–
9). The solenoid fiber structure has a diameter of 33 nm with six nucleosomes every 11 nm 
along the fiber axis (7). The two-start zigzag fiber has a diameter of 27.2 to 29.9 nm with 
five to six nucleosomes every 11 nm (8, 9). The 30-nm fiber is thought to assemble into 
helically folded 120-nm chromonema, 300- and 700-nm chromatids, and mitotic 
chromosomes (Fig. 1A) (14–18). The chromonema structures (measured between 100 and 
130 nm) are based on EM studies of permeabilized nuclei from which other components had 
been extracted with detergents and high salt to visualize chromatin (10, 11).

However, there have been cryo-EM (19, 20), x-ray scattering (21), and electron spectroscopy 
imaging (ESI) studies (22, 23) o f the nucleus do not support the hierarchical chromatin-
folding model. However, the 3D sampling volume of ESI is limited, and other cellular 
components have to be extracted to visualize the weak phosphorous signals of DNA. In 
cryo-EM tomography, details arise from the phase contrast between the atoms of the 
molecules and those of the vitreous ice. In recent cryo-EM studies of thin lamellae of 
nuclear membrane regions of cultured cells prepared with cryo-focused ion-beam milling 
(24), microtubules, ribosomes, and nuclear pore structures could be visualized. However, the 
contrast of DNA in vitreous ice is very poor (25), and chromatin cannot be identified 
unambiguously or have its ultrastructure and 3D organization reconstructed through large 
nuclear volumes.

Super-resolution light microscopy and fluorescent labels can provide an estimate of relative 
DNA and chromatin compaction at specific genomic loci (26–31). However, EM is required 
to directly visualize chromatin ultrastructure. To visualize chromatin in situ requires heavy-
metal stains that selectively enhance the contrast of DNA under the electron microscope. 
Conventional EM stains, such as osmium tetroxide (OsO4), uranium acetate, and lead salts, 
preferentially bind to lipids, proteins, and RNA, respectively, and either do not react with 
DNA or do not stain it selectively (32–34). Osmium ammine binds to DNA but requires 
harsh acid treatments that destroy native chromatin structure (35, 36). To overcome these 
limitations, we have developed a DNA-labeling method, ChromEM, which, together with 
advances in multitilt EMT, enables the chromatin ultrastructure and 3D organization of 
megabases of DNA to be visualized in the nucleus of resting and mitotic human cells in situ.
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A cell-based screen identifies a fluorescent DNA-binding dye that photo-

oxidizes diaminobenzidine (DAB)

Upon excitation, there are certain fluorophores that not only emit a photon to return to the 
ground state but also undergo intersystem crossing (37) (Fig. 1B). In cells, this leads to the 
local generation of reactive oxygen species that can be harnessed in situ to catalyze the 
polymerization of DAB on the surface of fluorescently labeled macromolecules (38–40), 
enabling visualization by EM (39, 41). For example, miniSOG (mini singlet oxygen 
generator), a green fluorescent protein that photo-oxidizes DAB, has been used as a genetic 
tag to visualize proteins with correlated light and EM (42, 43). We reasoned that a 
fluorescent DNA-binding dye that photo-oxidizes DAB would be a powerful probe to 
visualize DNA and chromatin ultrastructure in the nucleus. To identify such a probe, we 
developed a cell-based assay and screened fluorescent DNA dyes for their ability to photo-
oxidize DAB (Fig. 1C). Wavelengths below 400 nm induce DAB autopolymerization, 
resulting in brown precipitates and nonspecific staining (39, 44, 45). Therefore, we focused 
on DNA-binding dyes that are excited at longer wavelengths. Human osteosarcoma U2OS 
cells were fixed with glutaraldehyde, stained with fluorescent DNA dyes, and then excited 
that in the presence of DAB. The photo-oxidation of DAB was identified by the appearance 
of dark precipitates in the nucleus. An example of the data for some of the far-red dyes that 
we screened is shown (fig. S1A). Of the DNA dyes we screened, only DRAQ5 (deep-red 
fluorescing anthraquinone Nr. 5) excitation photo-oxidized DAB (Fig. 1D and Movie 1).

DRAQ5 is a membrane-permeable anthraquinone dye [excitation wavelength/maximum 
emission wavelength of 646 nm/697 nm] that binds to double-stranded DNA and is used 
routinely in live-cell imaging studies (fig. S1B) (46, 47). There are up to 14 minor groove-
binding sites for DRAQ5 in the 147 bp of DNA that wrap around each nucleosome core 
particle (fig. S1C). DRAQ5 does not have an A-T–base pair binding preference and labels 
chromatin in the nucleus with a pattern similar to H2B fused to green fluorescent protein 
(48). We show that regardless of whether DRAQ5 is used to stain DNA in live cells before 
fixation or after either paraformaldehyde or glutaraldehyde fixation, DRAQ5 excitation 
catalyzes DAB polymerization on chromatin in the nucleus (fig. S1, D and E). In live cells, 
DRAQ5 binding to DNA could potentially displace RNA polymerase II–transcription factor 
complexes (49) and histone H1 (50). Therefore, we fixed cells and DNA-chromatin 
complexes with glutaraldehyde before staining DNA with DRAQ5. Glutaraldehyde is a 
protein cross-linker that preserves cellular ultra-structure and minimizes the diffusion of 
DAB precipitates (39).

ChromEM staining enables DNA in the nucleus to be visualized by EM

In EM, OsO4 is generally used to fix and stain cell membranes (51). However, OsO4 also 
binds to DAB polymers with a high affinity (41). Therefore, we determined if OsO4 stains 
DAB precipitates on the surface of DRAQ5-labeled DNA, enabling chromatin to be 
visualized by EM. U2OS cells were fixed, labeled with DRAQ5, and excited in the presence 
of DAB. The transmitted-light image shows that dark DAB precipitates only form in the 
nucleus of cells within the excitation field (Fig. 2A, dashed circle). The entire plate of cells 
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was stained with OsO4, and thin sections (70 to 80 nm) were prepared for analysis by 
transmission EM (TEM) (Fig. 2, B to E). In the nucleus of non–photo-oxidized cells, OsO4 

stains the nuclear membrane and the nucleolus but not chromatin (Fig. 2B), consistent with 
previous EM studies (52). However, in DAB photo-oxidized cells, DNA and chromatin in 
the nucleus are stained by OsO4 and visible in EM micrographs (Fig. 2C). The TEM images 
of cells bisected by the excitation field are particularly convincing (Fig. 2, A, D, and E). 
DNA and chromatin are only stained in the half of the cell nucleus that was in the excitation 
field, whereas cytoplasmic structures and membranes are stained evenly throughout the cell 
(Fig. 2, D and E). We conclude that DRAQ5 photo-oxidation catalyzes the deposition of 
osmiophilic DAB polymers on DNA, enabling it to be visualized in the nucleus by EM. We 
refer to DRAQ5 DNA labeling, DAB photo-oxidation, and OsO4 staining of chromatin as 
ChromEM.

ChromEM and multitilt EMT enable chromatin ultrastructure to be resolved 

in situ

TEM micrographs of ChromEM-stained DNA are 2D projections of chromatin in 70-nm-
thick sections. To visualize individual chromatin polymers and reconstruct their 3D 
ultrastructure through large nuclear volumes requires EMT. Human small-airway epithelial 
cells (SAECs) were labeled with DRAQ5, incubated with DAB, and either excited to 
catalyze DAB photo-oxidation or left unexcited (control). Cells were then stained with 
OsO4. Typically, a single-tilt EMT series (Fig. 3A) is used. However, the reconstructed cube 
volume of densities has a “missing wedge” of data along the axis of the tilting plane (53). To 
improve on this and increase axial resolutions (54), we applied an eight-tilt collection 
scheme (Fig. 3A) (55) and reconstructed the images using an extended TxBR software 
package (56, 57).

Single- and eight-tilt–series EMTs were collected for both control and photo-oxidized cells. 
The EMT data sets comprise 141 individual 1.64-nm-thick tomographic slices (TSs) that go 
from the top (TS #0) to the bottom (TS #140) of the volume. OsO4 reacts with lipids in the 
membranes of the nuclear envelope and provides a useful normalization reference for the 
enhanced contrast of chromatin, specifically in photo-oxidized samples (Fig. 3, B and C). In 
control cells, there are some isolated particles and amorphous threads that are weakly 
stained by OsO4 (Fig. 3B, left panel) and visible with multitilt averaging (Fig. 3C, left 
panel), but chromatin is not visible or stained by OsO4. However, in DAB photo-oxidized 
cells, chromatin chains can be visualized with high contrast and definition (Fig. 3, B and C, 
right panels). Chromatin is the darkly stained particulate polymer that percolates and twists 
through the nuclear volume. The advantage of eight-tilt versus single-tilt EMT is also 
apparent. The tomographic averaging of 968 images results in more refined structures and 
improved axial resolutions that allow the trajectory of chromatin chains to be visualized 
through the 3D volume.
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Chromatin is a disordered 5- to 24-nm-diameter granular chain that is 

packed together at different concentration densities in the nucleus

ChromEM and multitilt EMT (which we refer to as ChromEMT) enable the direct 
visualization of chromatin across a critical range of structural and biologically relevant 
scales in the nucleus, from individual chromatin chains to heterochromatin domains and 
mitotic chromosomes in serial TSs (Fig. 4A). To visualize chromatin ultrastructure and 
packing in interphase cells, we collected an eight-tilt EMT data set of ChromEM-stained 
SAECs (fig. S2). The EMT volume (1206-nm–by–1418-nm–by–155-nm volume) comprises 
121 serial TSs (Fig. 4B). Each TS is 1.28 nm thick, which enables individual chromatin 
chains to be resolved. By compiling serial TSs into a “movie,” chromatin chains can be 
visualized as a continuum from the top to the bottom of the entire nuclear volume (Movie 2). 
Stepping through serial TSs, gaps appear in the nuclear membrane that correspond to the 
insertion sites of nuclear pore complexes (NPCs). There are a total of five nuclear pore 
insertion sites in the EMT volume. The NPC protein basket is not visible, underscoring the 
selectivity of ChromEM staining for DNA and chromatin. At the nuclear membrane, 
chromatin is packed together at higher concentrations, which makes the trajectory of 
individual chains difficult to follow. Chromatin chains weave back and forth and interact 
with each other and the lamina at multiple points and shortly interspersed intervals, resulting 
in a dense 3D mesh and heterochromatin domain.

The hierarchical folding model predicts that 30- and 120-nm fibers are the predominant 
structural forms of chromatin in the nucleus (Fig. 1A). However, manual measurements in a 
single TS image indicate that chromatin diameters vary between ~8 and 24 nm (Fig. 4C). A 
caveat is that we are only analyzing chromatin in a small region and fraction of the entire 
nuclear volume. The concentration and staining density of chromatin appears to be different 
in certain regions of the nucleus, for example, heterochromatin domains at the nuclear 
membrane versus central regions (Fig. 4B and Movie 2). This leads to two interrelated 
questions: What is the 3D concentration of chromatin in interphase nuclei and are higher 
packing densities associated with the assembly of chromatin into higher-order 30- to 120-nm 
fibers (Fig. 1A)?

To address these questions, we developed a spatially aware analytical pipeline to 
systematically quantify chromatin diameters and 3D packing in large nuclear volumes. The 
convoluted trajectories of chromatin (Movie 2) and large volumes make manual 
segmentation impractical. However, the high contrast of ChromEM-stained chromatin 
facilitates automated segmentation. We explored several different algorithms and workflows, 
for example, local contrast-limited adaptive histogram equalization (CLAHE) (58) followed 
by global thresholding using either the Li (59) or Otsu (60) methods (fig. S3A). CLAHE 
with a block size of 100 nm followed by global Li thresholding had the highest accuracy (88 
to 94%) and precision (59 to 92%) when compared with manual segmentation of chromatin 
(ground truth) in the same EMT subvolumes (fig. S3B and table S1).

To determine the 3D concentration of chromatin in the nucleus, we subdivided the EMT 
nuclear volume (Fig. 4B, red box) into an 8-by-8 gridded reference map comprising 64 
subtomogram volumes (Fig. 4D). Each subtomogram is a cube that has x, y, and z 
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dimensions of 120 nm. We chose a 120-nm3 volume as it is large enough to capture higher-
order 30- and 120-nm chromatin fibers. We define the chromatin volume concentration 
(CVC) as the percentage of chromatin volume in each 120-nm3 nuclear volume (chromatin 
volume/120-nm3 volume). The results are displayed in a heat map: low CVC (0 to 20%, 
blue), medium CVC (20 to 35%, green to yellow), and high CVC (35 to 60%, orange to red) 
(Fig. 4D). In interphase SAECs, CVCs range from 12% (D7) to 52% (B1), with a mean 
value of 30 ± 10%. Heterochromatin domains at the nuclear envelope have higher CVCs (37 
to 52%) compared to subvolumes toward the center of the nucleus (12 to 21%) (Fig. 4D). 
We conclude that chromatin chains are packed together at different concentration densities 
and spatial distributions in the nucleus of resting human cells.

Next, we determined if high CVCs are associated with the assembly of discrete higher-order 
chromatin fibers. To this end, we first rendered the 3D surface of chromatin as a polygonal 
mesh of interconnecting triangles and then measured chromatin diameter using the Amira 
surface-thickness function (61). Chromatin diameter is calculated by measuring the shortest 
normal distance between the vertices of triangles on each opposing surface. To illustrate how 
this works, we applied the surface-thickness function to two 21.7-nm cylinders (fig. S4, A to 
C). The results are shown as a histogram with major and minor bin peak distributions of 20 
to 25 nm and 35 to 40 nm, respectively (fig. S4D). The bin distribution is due to imperfect 
polygonal meshing of 3D objects (fig. S4C). The major bin distribution peak contains the 
cylinder diameter, and the minor peak contains the length of each cylinder.

We applied the surface-thickness algorithm to determine the chromatin diameters in sub-
volumes that have high to low CVCs: F1 (45%), D3 (35%), and D4 (25%) (Fig. 4, E to G). 
There are two major bin distribution peaks for chromatin diameters, 5 to 12 nm and 12 to 24 
nm (Fig. 4, E to G). The two bins reflect the structural heterogeneity of chromatin chains 
that have different diameters along their lengths. In nuclear volumes that have CVCs ≥35%, 
the 12- to 24-nm–chromatin diameter bin is more frequent (fig. S5).

We also developed an alternative method to estimate the average chromatin diameter that 
does not require polygonal meshing. In continuous erosion analysis (fig. S6), chromatin 
voxels are assigned a value of 1 and interchromatin space a value of 0. Spherical mean filters 
of increasing radii are then used to erode the respective volumes. The average chromatin 
radius is the x-axis intercept of a plot of residual chromatin volume (Ve/Vtotal) versus 
spherical mean filter erosion radii, where Ve is the eroded volume. The average diameter of 
chromatin in subtomograms with different CVCs is 16.2 nm (F1, 45%), 14.2 nm (D3, 35%), 
and 12.8 nm (D4, 25%) (Fig. 4, H to J). These data are consistent with surface-thickness 
estimates of chromatin-diameter distributions.

In addition, we analyzed two additional SAEC EMT data sets (figs. S7 and S8). CVC 
distributions (SAEC #2, 16 to 52%; SAEC #3, 14 to 50%) are similar to SAEC #1. 
Furthermore, there are two major bin distributions for chromatin diameters, 5 to 12 nm and 
12 to 24 nm (figs. S7, C and D, and S8, C and D).
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ChromEM stains higher-order 30-nm fibers induced in in vitro purified 

chicken erythrocyte nuclei treated with magnesium chloride (MgCl2)

We fail to detect 30- and 120-nm higher-order chromatin fibers in SAECs even in nuclear 
regions with high CVCs (Fig. 4, E to J, and figs. S5, S7, C and D, and S8, C and D). X-ray 
scattering and cryo-EM studies from Langmore et al. (62) and Scheffer et al. (63) observed 
40- and 30-nm fibers, respectively, in nuclei purified from hypotonically lysed chicken 
erythrocytes and treated with MgCl2 to induce chromatin compaction. Therefore, we 
repeated these experiments to determine if ChromEM can stain and detect the induction of 
higher-order chromatin fibers in these conditions. After hypotonic swelling and lysis, we 
purified nuclei from chicken erythrocytes and induced chromatin compaction with 2 mM 
MgCl2 (fig. S9A). Nuclei were then plated on poly-lysine coated plates, fixed with 
glutaraldehyde, and processed for ChromEM staining and eight-tilt EMT (fig. S9, A and B).

Multitilt tomography series requires plastic-embedded samples that can tolerate higher levels 
of irradiation than the vitreous-ice embedding of cryo-EM samples. A caveat is that plastic 
embedding and beam-induced mass loss can decrease a structure’s volume (53). However, 
similar to previous studies of MgCl2-treated chicken erythrocytes (62, 63), we observe large 
chromatin clusters that span 100 to 200 nm (fig. S9C). The high resolutions of multitilt EMT 
and ChromEM reveal that these large clusters are made up of individual chromatin fibers. At 
the edges of clusters, it is easier to visualize individual chromatin fibers (fig. S9D), which 
have diameters between 30 and 40 nm and are made up of closely interacting particles 
arranged in semiordered arrays along their axes.

In addition to manual measurements, we also determined if our automated segmentation and 
surface-thickness workflows detect higher-order chromatin fibers. The lack of space 
between chromatin fibers in the densely packed clusters make measurements with the 
surface-thickness algorithm more fraught than in the SAEC data sets. Therefore, we applied 
the algorithm to sub-volumes at the edges of clusters. The two major bin distributions for 
chromatin diameter are 12 to 24 nm and 24 to 36 nm. There is also a high frequency of 
diameters greater than 48 nm, which likely reflects the merged diameters of closely 
interacting chromatin fibers within the clusters that cannot be distinguished by the algorithm 
(fig. S9E). These data demonstrate that our automated work-flows and algorithms detect 
higher-order chromatin fibers. We conclude that ChromEM stains higher-order chromatin 
clusters and fibers and enables their ultrastructure and 3D volumes to be reconstructed in 
EMT data sets.

DNA assembles disordered chromatin chains that have different particle 

arrangements, conformations, and compact 3D motifs

In contrast to higher-order fibers induced in MgCl2-treated chicken erythrocyte nuclei, in 
nonlysed human SAECs, chromatin is a disordered chain with diameters ranging from 5 to 
24 nm (Fig. 4, E to J; figs. S5, S7, C and D, and S8, C and D; and Movie 2). In nuclear sub-
volumes that have high CVCs (≥38%) the peak chromatin diameter distribution is 12 to 24 
nm (fig. S5). However, in subvolumes that have low CVCs (≤20%), the 5- to 12-nm-

Ou et al. Page 7

Science. Author manuscript; available in PMC 2018 January 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



diameter bin distribution dominates (Fig. 5A and fig. S5). Consistent with this, we observe 
chromatin chains that have thin threads decorated with discrete single particles in these 
subvolumes (Fig. 5, B and C). These chromatin chains resemble beads-on-a-string structures 
of nucleosomes and DNA reconstituted in vitro in the absence of linker histones (12). The 
DNA–nucleosome core particle has dimensions of 11 nm (face) by 5.5 nm (side) by 11 nm 
(height) (fig. S1C) (8). Our resolution is not sufficient for detailed docking, but manual 
placements without regard to orientation show that the EMT particle densities match the 
general dimensions of nucleosomes (movies S1 and S2).

DNA in chromatin chains with discrete particles and in nuclear subvolumes with low CVCs 
would be more accessible for transcription, and these structural features may be hallmarks of 
active euchromatin. The majority of chromatin chains have continuous granular structures 
and many different particle arrangements (Fig. 5, D to I, and fig. S10). For example, we 
observe chromatin chains with short linear segments of what appear to be stacked 
nucleosomes (Fig. 5D, arrows). There are chromatin chains with distinct helical twists (Fig. 
5E). There are also numerous instances of chromatin chains that converge and interact 
closely for short sections. In Fig. 5, F and G, two chromatin chains interact in parallel to 
form a 3D “hub” and have a combined diameter of ~22 to 24 nm at their intersection. 
Another recurring motif is the formation of loops of all different sizes between and within 
chromatin chains (Fig. 5, H and I). There are many variations on each of these motifs and a 
catalog of other conformations.

DRAQ5 excitation catalyzes the deposition of osmiophilic DAB polymers on the surface of 
DNA and any intimately associated DNA- and chromatin-interacting proteins in the nucleus. 
Thus, modeling disordered chromatin-chain structures is challenging because of their 
variability as well as the large number of unknowns in situ compared to in vitro structures of 
highly purified and uniform DNA-nucleosome units. The simultaneous multidomain fitting 
function (64) in Sculptor (65) is a genetic algorithm–based computational method for 
simultaneously fitting multiple atomic structures into an EM density map at resolutions as 
low as 40 Å. A genetic algorithm is a method for solving both constrained and unconstrained 
optimization problems by using a selection process that mimics evolution by repeatedly 
modifying a population of individual solutions (66). We tested the ability of Sculptor to 
model nucleosome–linker histone units into the cryo-EM density of the 30-nm chromatin 
fiber [EM Data Bank (EMDB) 2601] (fig. S11, A and B) (9). We simulated an EM density 
for the atomic structure of chicken linker histone H5 bound to linker DNAs at the dyad of a 
DNA–core nucleo-some particle [Protein Data Bank (PDB) 4QLC] (67) (fig. S11A) and 
then used Sculptor to simultaneously fit 12 nucleosome–linker histone units into the 30-nm 
fiber density map. The Sculptor model closely matches the experimentally determined 
known nucleosome organization of the 30-nm chromatin fiber (fig. S11B, middle panel), 
validating our approach.

We then applied a similar approach to model nucleosome–linker histone H5 units in 
chromatin-chain EMT densities (Fig. 5, D, E, and H). The EMT volumes of chromatin 
chains were used as a starting point to estimate the initial number of nucleosome–linker 
histone units to model. Sculptor alters the position of each nucleosome–linker histone H5 
unit for 500 generations (64). We ran five independent Sculptor evolutions for each 
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chromatin-chain EMT density (fig. S11, C to E). All of the Sculptor nucleosome–linker 
histone models have cross-correlation values between 80 and 92% (Fig. 5, J to L, and fig. 
S11, C to E). Not surprisingly, there are differences between each of the solutions as well as 
unaccounted for densities. The unmatched densities may reflect off-dyad H1 binding (67), 
histone-tail structures, or proteins other than nucleosomes that interact with DNA and 
chromatin in the nucleus, such as high-mobility groups (HMGs) (68). In addition, DAB 
polymers and OsO4 staining could add density and increase thickness by an estimated 1 to 2 
nm. Notwithstanding, our data indicate that chromatin chains could comprise different 
arrangements of nucleosome–linker histone units. Sculptor models suggest that disordered 
chromatin chains have three to four nucleosomes per 11 nm, more than primary beads-on-a-
string DNA-nucleosome polymers but less than 30-nm fibers (six nucleosomes) (9).

ChromEMT enables the ultrastructure and 3D organization of chromatin to 

be visualized in situ in human mitotic chromosomes

The hierarchical folding of 30-nm fibers into 120-nm chromonema to 300-nm chromatid and 
700-nm helical loops is thought to be required for chromatin compaction into mitotic 
chromosomes (Fig. 1A) (17, 69, 70). Mitotic chromosomes have a 2:1 mass ratio of 
protein:DNA (71). EM stains such as uranyl acetate bind to both proteins and DNA in 
mitotic chromosomes, resulting in a black, densely stained, and opaque structure. To 
determine the ultrastructure and organization of chromatin in mitotic chromosomes, we used 
ChromEMT. U2OS cells are a human osteosarcoma cell line with a high mitotic index 
compared to SAECs, which facilitates the identification of mitotic cells by microscopy in the 
absence of synchronization. U2OS cells were fixed with glutaraldehyde and then stained 
with DRAQ5. A mitotic cell that appears to be in anaphase stage was identified by its 
characteristic morphology in light and fluorescence microscopy. DRAQ5 fluorescence 
exclusively labels DNA in mitotic chromosomes (Fig. 6A), demonstrating the specificity of 
DRAQ5 staining. Furthermore, we show that DRAQ5 photo-oxidation catalyzes the 
deposition of DAB polymers on DNA in mitotic chromosomes and can be visualized by 
OsO4 staining in TEM images of 70- and 250-nm serial sections (Fig. 6B and fig. S12A).

To visualize individual chromatin chains and 3D packing in mitotic chromosomes, we 
collected an eight-tilt EMT data set (Fig. 6B, red box). The reconstructed tomogram (3200-
nm–by–3200-nm–by–138-nm volume) comprises 86 TSs, each 1.6 nm thick, and captures 
sections of three different chromosomes, including the tip of one chromosome and two 
additional chromosome sections (Fig. 6, A and C). A movie of compiled serial TSs enables 
chromatin to be visualized as a continuum through a 3D volume of mitotic chromosomes 
(Movie 3).

Chromatin ultrastructure can be visualized with high definition and contrast (Fig. 6D). 
Furthermore, individual chromatin chains can be resolved from one another in xz and yz in 
large 3D volumes of mitotic chromosome scaffolds (Fig. 6, E and F, and fig. S12B). Similar 
to interphase cells, chromatin chains are structurally heterogeneous with many different 
conformations. In mitotic chromosomes, the unstained regions have a distinct reticular 
pattern that percolates through the entire 3D volume (Fig. 6F, dashed arrows). Furthermore, 
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at the border of these unstained venous structures, chromatin chains are improbably straight 
(Fig. 6F, arrowheads). Together, these features suggest that unstained scaffolding factors 
constrain and compact flexible chromatin chains into the mitotic chromosome architecture.

The summed density advantage of multitilt EMT enables very weak OsO4 staining at the 
surface of microtubules to be detected. Microtubule surfaces are visible as parallel threads 
(Fig. 6C, inset, and fig. S12C, arrow). The trajectory of an individual microtubule can be 
followed in serial TSs as it travels toward the center of a chromosome (fig. S12C). The in 
situ microtubule diameter (20 to 24 nm) is consistent with its known diameter in vitro (72) 
and provides an internal control and reference with which to compare chromatin diameters 
in mitotic chromosomes. It is immediately apparent that chromatin-chain diameters are less 
than that of microtubules, and we do not observe higher-order 120- to 700-nm chromatin 
fibers in human mitotic chromosomes in situ.

Chromatin is a disordered 5- to 24-nm-diameter chain that is packed 

together at high concentration densities in mitotic chromosomes

To analyze and compare chromatin in mitotic chromosomes, we collected an eight-tilt EMT 
data set of a mitotic chromosome at the same magnification (29,000×) as interphase data sets 
(Fig. 7A and Movie 4). Manual measurements indicate that chromatin diameter ranges are 
~8 to 21 nm (Fig. 7B). We applied the automated segmentation protocol and analytical 
pipeline we developed for interphase chromatin to mitotic chromosomes (fig. S3C and table 
S2). In mitotic chromosomes, CVCs range from 35% (E2) to 47% (D4), with a mean of 42 
± 2.5% (Fig. 7C). These data demonstrate that the concentration of chromatin for the same 
unit nuclear volume (120-nm cube) has a higher and narrower distribution range in mitotic 
chromosomes than in interphase nuclei. However, chromatin has a similar disordered 
structure and diameter in interphase nuclei and mitotic chromosomes. Chromatin-diameter 
bin distributions are 5 to 12 nm and 12 to 24 nm (Fig. 7, D to F), and the average diameter of 
chromatin in D4, C3, and A3 is 13.4, 14.0, and 13.4 nm, respectively (Fig. 7, G to I).

To further test and extend our conclusions regarding chromatin structure and packing, we 
generated ChromEMT data sets of primary SAECs at the metaphase stage of mitosis (fig. 
S13, A and B). CVCs range from 35% (A4) to 55% (A7), with a mean of 45 ± 4.1% (fig. 
S13C). There are two bin distributions for chromatin diameter, 5 to 12 nm and 12 to 24 nm 
(fig. S13D). Furthermore, continuous erosion analysis shows that the average diameter of 
chromatin in A7, D6, and F3 sub-tomograms is 16.4, 13.6, and 12.4 nm, respectively (fig. 
S13E). These data are similar to measurements in mitotic U2OS data sets (Fig. 7, D to I). 
We conclude that in human cells, chromatin is a disordered primary polymer chain that is 
packed together at different concentrations in interphase and mitotic chromosomes.

Disordered chromatin chains bend and flex and are packed together at 

different densities in interphase cells and mitotic chromosomes

By applying continuous erosion analysis to the entire EMT volumes, we show that the 
global average diameter of chromatin is ~14 nm in both interphase cells and mitotic 
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chromosomes (Fig. 8A). These data indicate that the general primary polymer structure of 
chromatin is similar in interphase and mitotic chromosomes. In mitotic chromosomes, 
chromatin is packed together at high CVCs with a narrow distribution range from 40 to 55% 
(Fig. 8B). However, in interphase nuclei (cumulative frequency), there is a broad range of 
different CVCs that exhibit a normal distribution from 12 to 52% (Fig. 8B).

We conclude that chromatin is a flexible 5- to 24-nm-diameter granular chain that is packed 
together at different concentration densities in interphase and mitotic chromosomes. In 
mitotic chromosomes, chromatin chains bend back on themselves at shortly interspersed 
intervals, and there are more dense interactions between chains (Fig. 8C). In interphase cells, 
chromatin chains have more extended curvilinear structures and less frequent contacts 
between and within chains (Fig. 8D). Thus, instead of higher-order folding, we propose that 
higher disorder enables chromatin chains to be packed together at different densities to 
achieve different levels of compaction in interphase and mitotic cells. This would explain the 
surprising elasticity of mitotic chromosomes in atomic force microscopy measurements (73, 
74), which has been difficult to reconcile with the hierarchical folding model.

Discussion

In summary, ChromEMT enables the ultrastructure and 3D organization of individual 
chromatin polymers, heterochromatin domains, and mitotic chromosomes to be visualized in 
situ in single cells (Fig. 4A). ChromEM staining does not require genetically modified cells, 
overexpression of tagged histone fusions, or incorporation of nucleotide analogs (75), all of 
which could perturb DNA structure and function. As such, ChromEMT provides a facile and 
universal method to compare the structure of genomic DNA in different kingdoms of life. To 
offset the possibility that DRAQ5 binding could disrupt DNA interactions (49, 50), we fixed 
cells with glutaraldehyde before labeling. However, glutaraldehyde cross-linking could 
induce higher-order structures that are not present in living cells. Samples prepared in 
vitreous ice are thought to preserve native structure. A recent study showed that there are no 
morphological differences in chromatin structure between cryofrozen and glutaraldehyde-
fixed chromocenters (23). Moreover, we observe the exact opposite of higher-order fibers 
even in densely packed metaphase chromosomes (fig. S13).

In previous EM studies where higher-order fibers were observed (14–18), other cellular 
components had to be extracted with detergents and salts to visualize chromatin. We show 
that ChromEM stains and detects the induction of higher-order 30-nm chromatin fibers in 
MgCl2-treated hypotonically lysed chicken erythrocyte nuclei. However, we do not observe 
higher-order fibers in human interphase and mitotic cells in situ (Figs. 4, 6, and 7 and figs. 
S7, S8, and S13). It is possible that 30-nm fibers and 120-nm chromonema are exceedingly 
rare and/or peculiar to specialized cell types and states. Alternatively, 30- and 120-nm fibers 
may be induced in in vitro conditions and extracted nuclei (7–11). The formation of 30-nm 
chromatin structures requires the selective intrafiber binding of neighboring nucleosomes, 
which is favored in dilute solutions (76) but perhaps not the crowded milieu of the nucleus. 
Cryo-EM (19, 20), x-ray scattering (21), ESI (22, 23), and superresolution studies (30) also 
failed to detect higher-order fibers with a 30-nm periodicity, suggesting that chromatin may 
have an 11-nm spacing. Consistent with these data, the global average diameter of chromatin 
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in ChromEMT data sets is ~14 nm (Fig. 8A). However, we show that the average diameter 
reflects the structural heterogeneity of chromatin chains as opposed to in vitro beads-on-a-
string structures that have uniform 11-nm diameters (12). Instead, we show that chromatin is 
a disordered granular chain with varying diameters between 5 and 24 nm and many different 
nucleosome particle arrangements, unknown densities, and structural conformations. There 
are many more chromatin structures in situ than have been observed in vitro. In human cells, 
there are a possible 15 million different DNA polymer–nucleosome units comprising distinct 
combinations of H1, H2A, H2B, and H3 isoforms (10 H1s, 7 H2As, 4 H2Bs, 8 H3s), his-
tone posttranslational modifications, DNA-linker variations (77–79), and HMG proteins 
(68). Notably, the chromatin loops, hubs, and bends in situ (Fig. 5, J to L, and fig. S11) 
resemble in silico structural models where DNA-linker lengths and H1 binding modes are 
varied (80, 81). The diverse array of chromatin conformations in situ is exciting and 
provides a basis for how different DNA sequences, linker lengths, histone variants, 
modifications, and nuclear protein interactions could be integrated to exquisitely fine-tune 
the structure, activity, and accessibility of genomic DNA.

We conclude that it is not necessary for DNA to fold into discrete higher-order chromatin 
fibers (Fig. 1A) to compact the human genome. In contrast to higher-order fibers that have 
longer and fixed persistence lengths (82–84), disordered chromatin chains with varying 
diameters are flexible and can bend at different lengths to achieve a range of packing 
densities. Chromatin chains have more extended curvilinear structures in interphase cells 
(Fig. 8D) and collapse into arrays of small compact loops in mitotic chromosome scaffolds 
(Fig. 8C). These data help to explain the rapid dynamics of chromatin condensation at 
mitosis (76) and how epigenetic interactions and structures could be inherited through cell 
division (85). We propose a model in which the assembly of 3D domains with CVCs that 
exceed a certain threshold determines DNA accessibility and compaction in the nucleus (Fig. 
8E). Interphase subvolumes have CVCs ranging from 12 to 52% with distinct spatial 
distribution patterns in the nucleus (Fig. 4D and figs. S7A and S8A), whereas mitotic 
chromosomes have CVCs >40% (Fig. 7C and fig. S13C). Mitotic chromosomes and 
heterochromatin domains at the nuclear membrane are transcriptionally silent and have 
CVCs >40% (Figs. 4D and 7C and figs. S7A, S8A, and S13C) (86, 87). CVCs >40% may 
exceed the critical overlap concentration at which semiflexible chromatin chains become 
topologically entangled (88), resulting in phase separated “gels” that limit the diffusion and 
access of large macromolecular assemblies, such as RNA polymerase. Thus, it will be 
exciting to explore if the 3D concentration of chromatin in the nucleus is a simple and 
universal self-organizing principle that determines the functional activity and accessibility of 
genomic DNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. A fluorescent DNA-binding dye that catalyzes local DAB polymerization on chromatin in 
the nucleus
(A) Hierarchical chromatin-folding model. (B) Excited fluorophores that undergo 
intersystem crossing generate reactive oxygen species that catalyze DAB polymerization. S0, 

ground state; S1, excited singlet state; T1, excited triplet state. (C) Schema for cell-based 

screen for DNA-binding dyes that photo-oxidize DAB. (D) U2OS cells were fixed with 
glutaraldehyde and stained with DRAQ5. Cells were incubated with DAB and excited by 
continuous epifluorescence illumination for 5 min. DAB photo-oxidation was identified by 
the appearance of dark DAB precipitates in the nucleus. Fluorescence (middle), transmitted-
light images pre– (left panel) and post–photo-oxidation (right panel). Scale bar, 10 μm. See 
Movie 1 for photo-oxidation of DAB by DRAQ5.
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Fig. 2. ChromEM: DRAQ5 excitation photo-oxidizes DAB on DNA in the nucleus and enables 
chromatin to be visualized by osmium staining in EM
(A) U2OS cells were fixed with glutaraldehyde, stained with DRAQ5, and DAB photo-
oxidized for 7 min. Cells were then stained with OsO4 and thin sections prepared for TEM. 

EtOH, ethanol. Scale bar, 10 μm. (B to E) Magnified views of the cells in the labeled 
rectangles in panel (A). TEM images of a cell outside the photo-oxidation field (B), inside 
the photo-oxidation field (C), and bisected by the excitation field (D) and (E). Zoom-in (red 
box) is shown to the right. Nuclear membrane (arrow) and nucleolus (double arrow) are 
shown. Scale bar, 2 μm.
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Fig. 3. ChromEMT and eight-tilt EMT enable chromatin to be visualized with high-contrast and 
spatial resolutions through large 3D volumes
SAECs were fixed with glutaraldehyde and stained with DRAQ5. Cells were either left 
untreated (control) or excited for 6 min to photo-oxidize DAB. Samples were stained with 

OsO4, cut into 250-nm sections, and imaged by EMT. (A) Single-(121 images) and eight-tilt 
EMT data sets (968 images) were collected by rotating the sample block from –60° to +60° 

at the depicted orientations (blue lines). (B) Collected data set was reconstructed into an EM 
tomogram of 1666 nm (x) by 1619 nm (y) by 231 nm (z). Tomographic slices (TSs) from 
single-tilt data sets of control (left) and photo-oxidized nuclei (right). The xy image and the 
respective xz and yz cross-sectional views are shown.The blue line in the xz and yz cross 

sections shows the z position of the xy image. Scale bar, 100 nm. (C) Same as (B) for an 
eight-tilt data set.
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Fig. 4. Chromatin is a disordered chain that has diameters between 5 and 24 nm and is packed 
together at different concentration densities in interphase nuclei
(A) ChromEMT enables the ultrastructure of individual chromatin chains, megabase 
domains, and mitotic chromosomes to be resolved and visualized as a continuum in serial 

slices through large 3D volumes. (B) Reconstructed eight-tilt EMT data set (SAEC #1) of 
ChromEM-stained SAECs comprising 121 TSs (each 1.28 nm thick). Scale bar, 100 nm. To 
visualize chromatin and 3D organization as a continuum through the entire EMT data set, 

we compiled serial slices into a movie (Movie 2). (C) Manual measurements of chromatin 

diameters in a single TS. Scale bar, 50 nm. (D) The central EMT volume [red box in (B), 
963 nm by 963 nm by 120 nm] was divided into an 8-by-8 grid comprising 64 subvolumes 
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of 120-nm cubes. Chromatin volume concentrations (CVCs) are shown in the heat map. 

Scale bar, 100 nm. (E to G) The surface-thickness function was used to determine chromatin 
diameters in subvolumes with high (45%), medium (35%), and low (25%) CVCs. 
Irrespective of CVC, there are two major bin peak distributions for chromatin diameter: 5 to 

12 nm and 12 to 24 nm. Scale bar, 20 nm. (H to J) Continuous erosion analysis to determine 
average chromatin diameter. The residual chromatin volume (Ve/Vtotal) is plotted against the 
spherical mean filter radius. The average radius of chromatin in each subvolume is the x-axis 
intercept of a linear fit of the first five erosion factor sizes.
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Fig. 5. DNA and nucleosomes form disordered chromatin chains that have different particle 
arrangements, conformations, densities, and 3D motifs
(A) In interphase subvolumes that have low CVCs (<20%), chromatin chains have 
predominantly 5- to 12-nm diameter bin distributions (see fig. S5). Left, single TS (D6, 
SAEC #1); middle, segmented chromatin; right, chromatin-diameter range. Scale bar, 20 

nm. (B to C) Magnified images of chromatin in volumes with low CVCs (red boxes). 
Chromatin chains have thin threads decorated with discrete particles (right panels: single TS, 

scale bar 20 nm). See movies S1 and S2. (D to I) Gallery of different structures and motifs: 
(D) short linear nucleosome stack, (E) helical twist, (F) and (G) two chromatin chains 
interact in parallel to form a hub, and (H) and (I) loops between and within chromatin 

chains. Scale bar, 20 nm. (J to L) Sculptor models (middle) of nucleosome–linker histone 
H5 (PDB 4QLC) in EMT densities of chromatin stack, helical twist, and loop (left panels). 
Overlap of the Sculptor models and EMT densities (right). One Sculptor solution is shown. 
Cross-correlation values: 82% (J), 92% (K), and 86% (L). Additional Sculptor solutions in 
fig. S11. Scale bar, 11 nm.
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Fig. 6. ChromEMT enables chromatin ultrastructure and 3D organization to be visualized in situ 
in human mitotic chromosomes
(A) Mitotic U2OS cells were fixed with glutaraldehyde, stained with DRAQ5, and photo-
oxidized for 3 min. Cells were stained with OsO4 and prepared for EM. Scale bar, 10 μm. 

(B) TEM image (250-nm section). (C) An eight-tilt EMT data set (3200 nm by 3200 nm by 
138 nm) comprising 86 TSs was collected of three chromosomes [red box in (B)]. To 
visualize chromatin ultrastructure and 3D organization as a continuum through mitotic 
chromosomes, see Movie 3. TS (1.6 nm thick) image of three chromosomes (1, 2, and 3). 
Inset shows the microtubule structure. Microtubule (solid arrow), membrane fragments 

(dashed arrow). Scale bar, 100 nm. (D) A magnified image of chromatin in chromosome 2. 

Scale bar, 40 nm. (E) Chromatin ultrastructure and organization in chromosome 1. The xz 
and yz cross sections are shown. Scale bar, 100 nm. (F) TS #69 showing chromatin 
ultrastructure and organization in chromosome 2. The unstained space in between chromatin 
has a reticular pattern that permeates the 3D volume (dashed arrows). Straight chromatin 
chains are observed at the borders of unstained venous structures (arrowheads). Scale bar, 
100 nm.
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Fig. 7. In mitotic chromosomes, disordered 5- to 24-nm diameter chromatin chains are packed 
together at high 3D concentration densities
(A) An eight-tilt EMTdata set (1024 nm by 1280 nm by 180 nm; 141 total TSs, each 1.28 
nm thick) of a mitotic chromosome (white box, left panel) at 29,000× (red box, right panel). 
Scale bar, 100 nm.To visualize chromatin ultrastructure and 3D organization as a continuum, 

see Movie 4. (B) Manual measurements of chromatin diameter in a single TS. Scale bar, 50 

nm. (C) The mitotic chromosome [red box in (A), 722 nm by 722 nm by 120 nm] was 
divided into 36 subvolumes of 120-nm cubes. CVCs are shown in a heat map. Asterisks 

indicate cytoplasmic fractions. Scale bar, 100 nm. (D to F) Surface-thickness estimates of 
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chromatin diameters.There are two major bin distributions: 5 to 12 nm and 12 to 24 nm 

(right panel). Scale bar, 20 nm. (G to I) Continuous erosion analysis to estimate average 
chromatin diameter (x-axis intercept).
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Fig. 8. Disordered 5- to 24-nm-diameter chromatin chains are flexible and can be packed 
together at different concentration densities in interphase nuclei and mitotic chromosomes
(A) Global average of chromatin diameters in interphase and mitotic EMT data sets using 

continuous erosion analysis. (B) Histogram of subvolume CVC frequencies in interphase 

and mitotic cells. (C) In mitotic chromosomes, an individual chromatin chain is traced, 
which bends back on itself at short intervals along its length, forming a compact 3D 
structure. Left, single TS (1.6 nm thick); right, rendered chromatin surface; middle, overlay. 

Scale bar, 40 nm. (D) In interphase cells, an individual chromatin chain is traced, which has 
a more extended curvilinear structure than in mitotic chromosomes. Left, single TS (1.28 nm 

thick); right, rendered chromatin surface; middle, overlay. Scale bar, 40 nm. (E) Higher-
disorder 3D chromatin packing. Chromatin is a flexible disordered 5- to 24-nm-diameter 
granular chain that is packed together at different 3D volume concentration density 
distributions in interphase nuclei and mitotic chromosomes.
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Movie 1. Time-lapse imaging of DAB photo-oxidation upon excitation of DRAQ5-labeled DNA
U2OS cells were fixed with glutaraldehyde, DNA-stained with DRAQ5, bathed in DAB, and 
excited by continuous illumination for 6 min (light flash) under the microscope. The movie 
shows the live transmitted-light images of DRAQ5-induced DAB photo-oxidation on 
chromatin in the nucleus. DAB polymerization can be identified by the appearance of dark 
precipitates in cell nuclei.
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Movie 2. The chromatin ultrastructure and 3D organization of the human genome in the nucleus
ChromEM staining and multitilt EMT enable the ultrastructure of individual chromatin 
chains to be resolved and their 3D organization to be visualized as a continuum in the 
context of the nuclear architecture. Resting human SAECs were fixed, stained with 
ChromEM, and an eight-tilt EM tomogram (29,000×) was collected of a 250-nm-thick 
section (SAEC #1 from Fig. 4B). The reconstructed EMT volume is 1206 nm (x) by 1418 
nm (y) by 155 nm (z) and comprises 121 TSs (each 1.28 nm thick). We compiled serial TS 
slices (TS #0 to TS #120) into a movie that enables chromatin to be visualized as a 
continuum from the top to the bottom of the nuclear volume. Chromatin is a disordered 
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particulate chain that is packed together at different concentrations in the nucleus, with 
higher densities at the nuclear lamina. The gaps in the nuclear membrane correspond to the 
insertion sites of nuclear pores.
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Movie 3. ChromEM and multitilt EMT enable chromatin structure and organization to be 
visualized in mitotic chromosomes in situ
Mitotic U2OS cells (anaphase) were fixed, stained with ChromEM (Fig. 6C), and an eight-
tilt EM tomogram (11,000×) was collected of three chromosomes (1, 2, and 3). The 
reconstructed EMT volume is 3200 nm (x) by 3200 nm (y) by 138 nm (z) comprising 86 
TSs (each 1.6 nm thick). We compiled serial TS slices (TS #0 to TS #85) into a movie, 
enabling chromatin ultrastructure and organization to be visualized as a continuum through 
large 3D volumes of mitotic chromosomes in situ. Disordered chromatin chains (darkly 
stained polymers) are packed together at high uniform densities in mitotic chromosome 
scaffolds. OsO4-stained membrane fragments and microtubule surfaces (parallel lines) can 
also be seen.
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Movie 4. The chromatin ultrastructure and 3D organization of mitotic chromosomes
A 29,000× reconstructed eight-tilt EMT data set of ChromEM-stained chromatin in a human 
mitotic chromosome (1024 nm by 1280 nm by 180 nm; 141 total TSs, each 1.28 nm thick) 
from Fig. 7A. We compiled serial TS slices (TS #0 to TS #140) into a movie, enabling 
chromatin ultrastructure and organization to be visualized as a continuum.
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