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Abstract

The naked DNA inside the nucleus interacts with proteins and RNAs forming higher order 

chromatin structure to spatially and temporally control transcription in eukaryotic cells. The 30 nm 

chromatin fiber is one of the most important determinants of the regulation of eukaryotic 

transcription. However, the transition of chromatin from the 30 nm inactive higher order structure 

to the actively transcribed lower order nucleosomal arrays is unclear, which limits our 

understanding of eukaryotic transcription. Using a method to extract near-native eukaryotic 

chromatin, we revealed chromatin structure at transitional state from the 30 nm chromatin to 

multiple nucleosomal arrays by cryogenic electron tomography (cryo-ET). Reproducible electron 

microscopy images revealed that the transitional structure is a branching structure that the 30 nm 

chromatin hierarchically branches into lower order nucleosomal arrays, indicating chromatin 

compaction at different levels to control its accessibility during interphase. We further observed 

that some of the chromatin fibers on the branching structure have a helix ribbon structure, while 

the others randomly twist together. Our finding of chromatin helix ribbon structure on extracted 

native chromatin revealed by cryo-ET indicates a complex higher order chromatin organization 

beyond the beads-on-a-string structure. The hierarchical branching and helix ribbon structure may 

provide mechanistic insights into how chromatin organization plays a central role in transcriptional 

regulation and other DNA-related biological processes.

Introduction

The about two meters of naked genomic DNA packed in the human nucleus decorated with 

histone and non-histone proteins and RNAs, folds into hierarchical chromatin structures 
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during interphase which includes the 10 nm “beads-on-a-string” nucleosomal array1, 2, 30 

nm chromatin fibers, and with contention, thicker fibers with diameters beyond 30 nm3. The 

compaction levels of chromatin play a fundamental role in the regulation of gene 

transcription and all other biological processes, such as DNA replication, repair and 

recombination4. The 30 nm chromatin fiber is the first level of transcriptionally dormant 

chromatin, whose critical function might be to regulate the accessibility of transcription 

factors via dynamic transitions between the more compact 30 nm chromatin fiber in 

heterochromatin and more accessible lower order 10 nm chromatin structure5. However, the 

transition structure between the 30 nm higher order inactive heterochromatin and the 

actively transcribed lower order euchromatin is not clearly understood.

Resolving this transition structure requires both preparation of chromatin samples that 

maintains the hierarchically 30 nm structures and experimental techniques that can directly 

visualize the chromatin with nano-scale resolution. Cryogenic electron microscope (Cryo-

EM) single particle method with ~1 nm resolution has been utilized to study the structure of 

30 nm chromatin fiber using uniform, in vitro reconstituted short pieces of chromatin, which 

revealed that the helical ribbon structure of 30 nm chromatin fiber is a histone H1-dependent 

left-hand twist of the repeating tetra-nucleosomal structural units6. However, due to the 

requirement of repeated uniform individual complex in single particle method, this 

technique cannot be applied to study the transitional state of 30 nm chromatin fiber and 10 

nm chromatin fiber. ChromEMT, an electron-microscopy-based method, provided nano-

scale images of sectioned eukaryotic interphase chromatin structures, revealing that the 

chromatin is flexible and has a disordered 5-24 nm granular chain in interphase nuclei7. 

However, due to the complexity of chromatin looping in the 3D nuclei, the images of 

sectioned chromatin also cannot resolve the mentioned transition state structure. Moreover, 

the heavy crosslinking and staining process are well known to damage the secondary 

structure of large DNA complexes8. This could explain why the classic helical ribbon 

structure of the 30 nm chromatin fiber was not detectable by ChromEMT. Optical super-

resolution microscopy has been applied to determine the structure of chromatin inside the 

nucleus down to ~20-30 nm resolution9-12, however, resolving the twisted lower order 10 

nm nucleosomal arrays is challenging.

Cryogenic electron tomography (cryo-ET) is a powerful tool to bridge the resolution gap 

between the molecular structures of individual proteins as revealed by cryo-EM single 

particle anlaysis and larger cellular architectures as observed by optical microscopy13. 

However, due to the condensed nature of chromatin as well as weak contrast between 

chromatin and its surrounding proteins and ions, only sparse information could be obtained 

from cryo-ET studies of the sectioned nuclei14, 15. We have addressed these problems by 

extracting mammalian chromatin and further using cryo-ET to observe its near-native 

structure in vitreous ice. We observed that the interphase chromatin consists of DNA 

compacted at different hierarchically levels, at the simplest branching order the 30 nm 

chromatin fiber is observed to bifurcate into multiple 10 nm beads-on-a-string nucleosomal 

arrays We have also observed that some chromatin fibers on the branching structure form a 

helical structure while others randomly twist together. The observed branching and helix 

structures may provide additional insights into the relationship between chromatin structure 

and DNA regulation during interphase.
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Results and Discussion

Preparation of Chromatin sample for structural analysis

Higher order chromatin structure inside eukaryotic nucleus is hierarchically packaged into 

multiple levels4, 5, 16. While multiple microscopic methods with different resolution limits 

can investigate higher order chromatin structure, less detailed information on how higher 

order structure transitions into lower order structure is available. This is due in part to the 

limitations of current techniques used in the isolation and preparation of intact chromatin. To 

resolve the transitional state structure, we developed a method to extract intact interphase 

chromatin by a solid phase reversible immobilization (SPRI) method using salicylic acid 

coated magnetic nanoparticles (SAMNPs) as carriers17. The chromatin extracted by SPRI 

method is different from the soluble fragmented chromatin extracted by conventional 

methods18-20 and from the in vitro reconstituted short nucleosomal arrays6, 21, 22 in terms of 

chromatin fiber length and integrity. The extracted chromatin fibers demonstrated a strong 

DNA adsorption peak at 260 nm, as shown in Fig. 1A. We observed morphological 

distinction between isolated DNA and chromatin which falls in line with our previous 

study17. When directly mounted on the continuous carbon surface of EM grids, the 

chromatin fibers easily intertwined together to form the tangled globule-like structures as 

shown in Figure 1B. The globular chromatin structure is commonly observed in other 

microscopic studies22-24. It is reported that this tangled globular structure is highly related to 

the contracting domains identified by Hi-C25-2728, and is the form mammalian chromosomes 

organize into during interphase28. Interestingly, in vitro reconstituted nucleosomal arrays are 

also packed into globular structures in size range from ~50 nm to a maximum diameter of 

~1000 nm22. The observed globular chromatin in this study has high similarity to the 

reported globular structure inside the nucleus and in vitro reconstituted chromatins, 

suggesting that our extracted chromatin are good in vitro model systems for studying the 

interphase chromosome structure and organization. However, using a buffer flow the 

chromatin aligns into a characteristically distinct morphology demonstrating a bifurcated 

hierarchical structure as shown in Figure 1C. The length of extracted chromatin (Fig. 1C) 

was observed to reach 100 μm on a 200-mesh continuous carbon film coated EM grid. This 

type of chromatin morphology is consistent with our previous characterization by atomic 

force microscopy (AFM)17 , which uses flowing buffers to clean the mica surface, allowing 

the chromatin fibers to align on the mica before AFM imaging. The aligned chromatin 

clearly shows a hierarchical branching structure. We can identify at least four levels of 

branching structure (Fig. S1), among them; the 30 nm chromatin fiber is the penultimate 

structure, before further unwinding into multiple 10 nm beads-on-a-sting nucleosomal 

arrays. We define the 30 nm chromatin branching structure and its immediate branching 

nucleosomal arrays as the transitional 30 nm chromatin branching structure. Obviously, the 

10 nm chromatin fibers are much more assessable compared to the 30 nm chromatin fiber 

which contains highly dense DNA. Thus, the transitional 30 nm chromatin branching 

structure might represent the intermediate transition structure between compact 

heterochromatic chromatin and open translatable chromatin. Moreover, the typical beads-on-

a-string structure of the extended chromatin was also clearly observed at a higher 

magnification (Fig.1D), which is also consistent with our previous AFM studies17.
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Chromatin fibers are generally insoluble under physiological salt conditions; however, its 

solubility increases with increased ionic strength. The ionic surfactant, sodium dodecyl 

sulfate (SDS), which can not only promote protein solubility but also provide sufficient ionic 

strength, was chosen to dissolve the chromatin29, 30. Nonionic surfactant, such as Triton 

X-100, can form micelles, which promote protein solubility, but cannot dissolve chromatin 

even at concentration of 10% (m/v)29. According to Zhang et al30, 250 mM SDS lysis buffer 

is shown to dissolve the released chromatin successfully. Interestingly, we extracted 

chromatin fibers successfully using 25 mM SDS by the SPRI method, and did not notice any 

significant structural difference regarding the chromatin morphology as seen in Figure 1B. A 

slight loss of weakly associated proteins was noticed during the extraction procedure using 

250 mM SDS 30, however, when with 25 mM SDS, we successfully prepared clean negative 

stain TEM images that show regularly spaced “nucleosome-like” particles along the 10 nm 

chromatin fiber (Fig. 1D) like a replication fork. Slow pipetting was performed to minimize 

the mechanical shear force on the chromatin fibers. Pre- and post-crosslinking by 

paraformaldehyde or glutaraldehyde was avoided so as to not disturb the native epigenetic 

profiles that cause structural changes in chromatin31-33. Since its epigenetic profile is not 

altered during extraction, the epigenetic marks including DNA modifications and histone 

modifications of the extracted chromatin can be directly measured at global level34. 

Moreover, without aldehyde fixation, we exclude the suspicion that the 30 nm fibers are an 

artifact of the fixation process35, 36. Salt concentration affects higher order chromatin 

structure37, for example, the DNA conformation might vary among extended chromatin (10 

mM NaCl), compacted chromatin (50 mM NaCl), solenoidal chromatin (100 mM NaCl), 

and aggregated chromatin (150 mM NaCl) 38. We were interested in studying the higher 

order chromatin structures in the latter condition, so that the chromatin is maintained at the 

physiological salt condition using a 1x PBS containing 1 mM MgCl2, which was used to 

stabilize the nucleosome22, 39. In the range of 0-2 mM MgCl2, chromatin fiber remains its 

initial state without forming artificial oligomerization. The methods implemented for 

isolating and preparing chromatin were all at physiological concentrations, hence the 

observed structures are in native form and could be used for additional characterization20.

Plunge-freezing chromatin sample for cryo-ET

Due to the high viscosity and large size of the concentrated chromatin fibers, cryogenic 

freezing of the chromatin on holey carbon films such as C-flat and Quantifoil was 

challenging. Either no chromatin was observed or chromatin fibers embedded in the thick 

vitreous ice, obstructed the electrons and impeded the tomographic image acquisition. 

Moreover, the chromatin fibers are inherently tangled together in the form of globular 

structures as shown in Figure 1B. These challenges were resolved by manual blotting of 

liquid chromatin samples from the edge of the grids. Again, the manual blotting from the 

edge of the holey grid introduces a mild force within the liquid to align the chromatin fibers 

which reduces the tangling of the chromatin fibers and allows the finer structures to be 

observed on lacey carbon coated EM grids.

Transitional 30 nm chromatin branching structure

Cellular chromatin was extracted using the SPRI method with SAMNPs and the conditions 

were optimized for freezing chromatin samples in vitreous ice. Cryogenic electron 
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tomography data collected represents chromatin fiber under different levels of compaction. 

From these tomographic date sets, two data sets were selected and further 3D reconstructed. 

They consistently present the transitional 30 nm chromatin branching structure, which has 

been observed in negative staining EM. Instead of embedding in heavy metal and exposing 

to dehydrating conditions in negative staining EM, the chromatin were preserved in vitreous 

ice at near native state, which facilitates observation of finer structures. As mentioned 

before, this complexity is defined as the transitional 30 nm chromatin branching structure. In 

vitreous ice DNA molecules have higher contrast than the background 20, 40, 41, making the 

chromatin fiber easy to visualize, as shown in Fig. 2A (Branching 1) and Fig. 3A (Branching 

2). The electron microscope stage was tilted from −56 degree to +56 degree, and images 

were collected every two degrees at the position of interest. The collected cryo-ET data set 

was further reconstructed into 3D structure by IMOD. The resolution of the 3D 

reconstruction for 4-time binned Branching 2 was determined ~10 nm. The cryo-ET 3D 

reconstruction confirmed that the observed branching structure consists of several 

nucleosomal arrays bifurcating from a single 30 nm trunk (Figure 2 and Figure 3; ESI Movie 

1 and ESI Movie 2), ruling out the possibility that the observation is an artifact caused by the 

overlap of two distinct chromatin fibers. A tomographic slice of the 3D structure (Fig. 2B or 

Fig. 3B) clearly indicates that the transition structure between the 30 nm chromatin fiber and 

the nucleosomal arrays is a branching structure. Here, we termed the thick region on the 

branching structure as the “root”, and the thin regions as “branches”. The thickness of the 

root is approximately 31 nm in Branching 1 and 39 nm in Branching 2. According to 

Robinson et al42, the 30 nm chromatin fiber has a diameter ranging from 30 nm to 40 nm, 

thus the observed two transitional chromatin structures were within the range of 30 nm 

chromatin fiber. The thickness of the nucleosmal arrays of the branches varies from 10 nm to 

20 nm due to its twist to another. The branching structure indicates how the basic 10 nm 

nucleosomal arrays organize into 30 nm chromatin fibers. In branching 1 (Figure 2C), four 

DNA molecules organize into two branches and then further compact by twisting together 

forming the 30 nm chromatin fiber with a thickness of 31 nm. The 30 nm chromatin fiber 

containing four DNA molecules, is different from the reported in vitro reconstituted 30 nm 

fiber, which contains only two DNA molecules6. Though its detailed structure needs to be 

further elucidated, the observations provide a new paradigm for higher order chromatin 

structure.

Chromatin requires multiple levels of condensation and folding to compact into the 

nucleus43, which when necessary will open and unwind to orchestrate replication and 

transcription. The transitional branching structure from 30 nm chromatin fiber to lower order 

nucleosomal arrays is a good example of a structure which can meet these demands. Genes 

located at the root (which might be heterochromatin) are possibly silenced, while genes 

located in the loosely compacted branches (which might be euchromatin) would have a 

higher chance of being expressed. Moreover, the 30 nm fibers might have various 

conformational states that are involved in the transition from inactive heterochromatin to 

active euchromatin. However, detailed molecular mechanism regulating the conformational 

change of the 30 nm chromatin fiber still needs to be understood.
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Chromatin helix ribbon structure at local level

Through the 3D reconstruction of Branching 2, we observed that there is a short-range 

helical structure on one of the chromatin branches (Fig. 3D; ESI Movie 2;). The precise path 

of the DNA in the helical structure is clearly observed in the tomographic slices of the 

reconstructed 3D chromatin branching structure (Fig. 3D). The histone and/or other non-

histone proteins were also visible on the density map but omitted due to the resolution cut 

off. This kind of short-range helical structure is also observed at the end of one of the 

branches in Fig. 2C (ESI Movie 1). Compared to the Li-Zhu style “double double helix 

model”6, the length of the helical structure in Figure 2 and 3 ranges from 400 nm to 600 nm, 

which is significantly longer than the in vitro reconstituted helical structure. However, the 

average length of each helix turn is 57.5 nm, which is in good agreement with the Li-Zhu 

model, Table 1. Interestingly, the thickness of the two helical ribbon structures is different 

from each other, and significantly smaller compared to the Li-Zhu style helical model. This 

variation might be because the linker DNA length varies in the helical structure of the 

extracted chromatin, which is different from the in vitro reconstituted 30 nm chromatin fiber 

using defined DNA repeat and uniform histone composition. The various linker DNA length 

in native chromatin might result from epigenetic modifications on DNA or histone tails and 

variants of the core and linker histones44. According to space-filling models, the minimum 

linker length allowed for the 30 nm ribbon formation is 10 bp (3.4 nm), resulting in a 

nucleosome repeat of at least 176 bp. The observed helical ribbon structure has a linker 

DNA length larger than this by about three times. The linker DNA in branching 1 (Fig. 3A) 

seems stretched, while the linker DNA in branching 2 (Fig. 3B) appears relaxed. This 

phenomenon might be due to the difference in the linker DNAs45. H1 protein molecules, 

which can interact directly with each other, play an important role in the formation of the 

helical ribbon structure by imparting an additional twist between each helical structural unit. 

However, due to the missing wedge of electron tomography, we cannot exactly identify them 

from the reconstructed density map. Heterochromatin Protein 1 (HP1), which plays an 

important role in long-term gene silencing by forming constitutive/heterochromatin, by 

either directly binding to methylated H3K9 through its chromodomain or recruiting other 

HP1 proteins through its chromo shadow domain46, 47. Recently, the structural model for 

HP1 binding to dinucleosomes propose that the dimeric HP1α, like a bridge, bind two 

adjacent nucleosomes with both containing H3K9me3s48. However, we could not identify 

any extra electron density between any two adjacent nucleosomes in the helical ribbon 

structure. Thus, HP1 as a constitutive heterchromatin mark might not exist on the helical 

ribbon structure.

For fibres located in the same branching structure with similar size, some formed the helical 

ribbon structure while others formed the random twist (Fig. 3). This has been frequently 

observed in our studies. Therefore, we speculate that both the highly compacted helical 

ribbon structure and the loosely compacted random twist co-exist in the nucleus during 

interphase. Whether the helical ribbon structure is the primary form of architecture on the 

branching structure is still an open question20. The coexistence of compact and loose 

chromatin fiber provides structural interpretation for gene activity control. Transcriptionally 

silent chicken erythrocyte chromatin, which is a 30 nm helical ribbon structure, differs from 

constitutive heterochromatin in terms of epigenetic modification profile and absence of HP1 
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(heterochromatin mark)49. This is consistent with our results indicating that the HP1 is not 

on our observed helical ribbon structure. Thus, it is reasonable to speculate that this type of 

helical fiber organization may be more representative of facultative heterochromatin, which 

can transit between the open and close states to play a role in gene expression and 

suppression, respectively. The loosely twisted chromatin fiber might transit from the 

compact helical ribbon structure by chromatin remodelling, in which the original DNA/

histone marks were altered50. There are more than 1,000 chromatin-associated proteins, and 

most of them are involved in chromatin remodelling, including DNA modification enzymes 

(DNMT151, DNMT3A52, and TET53 etc) and histone modification enzymes (KDM554, 

PRDM955, SET domain proteins56 and GCN557 etc). Depleting the corresponding 

chromatin remodelers to alter the epigenetic marks on the helical ribbon structure might 

cause a significant change in the helical structure. However, currently the understanding of 

the epigenetic marks on the helical structure is limited, which needs further investigation. 

We also need to point out that before these chromatin remodelers (epigenetic writer or 

eraser) perform its function, the reader should recognize and first contact the original marks 

on the helical structure.

Conclusions

We address the transition structure from inactive chromatin fiber branching into accessible 

nucleosomal arrays in its near-native state in interphase using cryo-ET. With high-resolution 

electron microscopy imaging we reveal that chromatin compacts DNA at different levels 

during interphase. The transition between the 30 nm chromatin fiber and lower order bead-

on-a-string nucleosomal array is a hierarchical branching structure. 3D reconstruction of the 

branching structure at nano-scale resolution reveals that some of the fibers have a helical 

ribbon structure, which is consistent with the in vitro reconstituted chromatin, while others 

randomly twist together. The 30 nm chromatin fiber with a helical ribbon structure is 

speculated to be facultative chromatin, and provides structural interpretation for local gene 

activity control. Our study of the transitional branching chromatin structure sheds light on 

the architecture of structural conformation of chromatin during interphase.

Experimental

Native chromatin extraction

Human MCF7 cells were cultured using standard protocols. The cells were synchronized at 

interphase by serum starvation. Chromatin was extracted by optimized solid phase reversible 

immobilization (SPRI) method using salicylic acid coated magnetic nanoparticles 

(SAMNPs) as carriers. Briefly, the cells were enriched by magnetic separation, and lysed in 

buffer containing 25 mM SDS, 1 mM EDTA, 1 mM PMSF, 0.5 mM EGTA and 2% protease 

inhibitor Cocktail in PBS 1x containing 1 mM MgCl2. The mixture was pipetted up and 

down slowly 20 times with a 200-μl pipette tip and further incubated for 10 min. Isopropanol 

was added to the suspension to form nucleic acids-SAMNPs complexes and incubated for 

another 5 min on ice. The chromatin-SAMNPs complexes were isolated by an external 

magnetic field, and quickly washed one time with 1x PBS. Chromatin was eluted in a 50 μl 

1x PBS buffer containing 1 mM MgCl2 for 4h. The released chromatin in supernatant was 
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collected after a second magnetic separation. The concentration of chromatin was 

determined from DNA absorbance at 260 nm in 1x PBS by NanoDrop Spectroscopy.

Negative staining EM sample preparation and data collection

The extracted chromatin samples with a concentration of 50 ng/μl were used for negative 

stained electron tomography data collection. 10 μl of chromatin sample was mixed with 10 

μl of 16 nm gold nanoparticle solution. An aliquot of 4 μl of the mixture was adsorbed onto 

the glow-discharged 200 mesh carbon continuous grids (Ted Pella, INC, CA, USA) for 1 

min, manually blotted by putting a piece of #1 filter paper on the edge of the grid, and 

stained with 4 μl of uranyl acetate (UA, 2%) for 10s. After removing the UA, the grids were 

briefly washed with 4 μl water and further air dried. The grids were transferred into an FEI 

T20 electron microscope (FEI, Eindhoven) equipped with a LaB6 filament and operated at 

200 kV. Negative stained micrographs of chromatin samples were obtained using a Gatan 

camera at different magnification according to the size of different chromatin fibers.

Cryo-ET grid preparation

The extracted chromatin samples with a concentration of 220 ng/μl were used for freezing. 

10 μl of chromatin sample was mixed with 12 μl of 10 nm gold nanoparticle solutions. An 

aliquot of 3 μl of the mixture was adsorbed onto the glow-discharged 400 mesh Lacey 

carbon holey grids (Ted Pella, INC, CA, USA) for 1 min, and then manually blotted by 

putting a piece of #1 filter paper at the edge of the grid at 50% humidity, followed by 

plunging into liquid ethane cooled by liquid nitrogen inside an FEI Vitrobot Mark III (FEI, 

Eindhoven).

Cyro-ET data collection and 3D reconstruction

The grids were transferred into an FEI Titan Krios electron microscope (FEI, Eindhoven) 

equipped with a field emission gun and operated at 300 kV. Cryo-EM micrographs of 

chromatin samples were obtained using a K2 direct electron director and at 11,000x nominal 

magnification corresponding to a pixel size of 1.3 Å/pixel. The tomographic images of the 

chromatin branching structure were automatically recorded using Leginon58. The nominal 

defocus was set to −4 μm for all sessions. An angular range was set to −56 to +56 degree 

with increments of 2 degree. Before image acquisition, the microscope was carefully aligned 

at a reference position. The total dosage for each tomography series was set to ~ 80 e-/Å2, 

and the dose for each tilt was approximately 0.98 e-/Å2. Before image processing, the sub-

frames at each tilt angle were motion corrected and then averaged. The averaged tilted 

images were stacked into a series by newstack and addtostack functions (IMOD)59. All 

tomographic reconstructions were obtained with the program IMOD ( http://

bio3d.colorado.edu/)60.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) The absorption spectra of extracted chromatin. Chromatin with a concentration (220 ng/

μl) was measured twice using Nanodrop. (B) Tangled chromatin exhibits globule-like 

structure. When directly mounting the extracted chromatin on the continuous carbon coated 

EM girds without buffer alignment, the positively stained chromatin exhibited a tangled 

globular-like structure. Bar, 5 μm. (C) Chromatin fibers fold into hierarchically different 

structures. After mounting the chromatin fiber on the continuous carbon coated EM girds 

and further using the buffer to align chromatin fibers along a specific direction by placing a 

filter paper at the edge of the grid to absorb the buffer, the weak force provided by the buffer 

flow extends the chromatin. The extended chromatin fibers with length as long as 100 μm 

hierarchically folds into different structures. (D) The beads-on-a-string structure of 10 nm 

chromatin fibers. Nucleosome-like particles were connected by linker DNA on a replication 

fork-like structure. The image contrast was reversed in order to present the “nucleosome-

like” particles. White dots are gold nanoparticles used as fiducial marker for electron 

tomography. Bar, 50 nm.
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Figure 2. 
CryoET of transition structure from the 30 nm to the 10 nm chromatin fiber. (A) Cryo-ET 

image of MCF7 Interphase chromatin with EM stage tilted at 0 degree. Black arrow 

indicates the root of branching structure while the white arrow indicates one of the branches 

of the branching structure. The white arrowhead indicates 10 nm gold nanoparticle used as 

fiducial marker in Cryo-ET. (B) Tomographic slice of the chromatin transition structure. The 

CryoET data from −56 to +56 degree was reconstructed by IMOD. (C) Image segmentation 

of the chromatin transition structure using Chimera.
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Figure 3. 
CryoET of transition structure from the 30 nm to 10 nm chromatin fiber and chromatin helix 

structure. (A) Cryo-ET image of MCF7 Interphase chromatin, tilted at 0 degree. Black arrow 

indicates the root of the branching structure, and the white arrow indicates one of the 

branches of the branching structure. The white arrowhead indicates 10 nm gold nanoparticle 

used as fiducial marker in Cryo-ET. (B) Tomographic slice of the chromatin transition 

structure. (C) Image segmentation of the chromatin transition structure using Chimera. (D) 

Observed chromatin helical ribbon structures. Continuous image segmentation of 

tomography slices using Chimera.
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Table 1

Comparison of observed helical structures with Li-Zhu 30 nm chromatin model

Root
(nm)

Branch
(nm)

Helix thickness
(nm)

Helix Length
(nm)

Branching 1 38.5 18.7 18.7 59.3

Branching 2 31.2 15.6 11.4 56.2

Li-Zhu style NA NA 27.2 55.8
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