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Fig. 1 (Color online) (a) In the textbook model, a long DNA molecule is wrapped around a basic core histone octamer
that consists of H2A, H2B, H3 and H4 histone proteins, and forms a nucleosome. The nucleosome had long been
assumed to be folded into 30-nm chromatin fibers before the higher-order organization of mitotic chromosomes
occurs. The images are reproduced with minor modifications from Ref. 8. (b) According to a hierarchical helical
folding model, the 30-nm chromatin fiber is progressively folded into larger fibers having diameters of 100-150

and 200-250 nm to form final mitotic chromosomes.
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Fig. 2 (Color online) (a) When non-crystal materials are irradiat-
ed with X-rays, small-angle scattering generally reflects the
size and spacing of internal structures. (b) Experimental
setting: a chromosome pellet in a quartz capillary tube was
exposed to a synchrotron radiation beam and the scattering
patterns were recorded with a CCD camera or imaging plate.
(¢) Typical SAXS patterns of mitotic HeLa chromosomes.
Three peaks at ~6, ~11 and ~30nm were detected
(arrows). (d) Two types of nucleosome positioning: face-to-
face, with ~6-nm spacing, and edge-to-edge, with ~11-nm
spacing. The nucleosome model image (yellow, DNA; red,
core histones). Panels (a) and (b) were reproduced from
Ref. 11 with permission. Panels (c) and (d) were
reproduced from Ref. 5 with permission.
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Fig. 3 (Color online) (a) Cryo-EM image of the chromosome clusters (cross-sections). Many black dots were observed
on the chromosome surface. Note that knife marks (thick arrow) and compression marks (thin arrow) were ob-
served. Bars indicate 1 um. An enlarged image of the region outlined with a box is depicted on the right. A black
dot region is surrounded by a broken line (Ri). A chromosome part is marked as ‘Xs’. Long and short bars indi-
cate 0.5 um and 30 nm, respectively. (b) Immunostaining with anti-P antibody against a ribosomal component
suggested that the peripheral black dots were ribosome aggregates. DNA (DAPI), a ribosome and merged images
of two chromosome clusters are shown. Bar indicates 10 um. (c) Power spectrum (Fourier transform) analyses
of the aggregated regions, the chromosome regions and whole cryo-EM images. A 30-nm peak (arrow) was seen
in the aggregated region (green dots) and whole images (blue dots). (d) Removal of ribosome aggregates. Isolat-
ed chromosomes were washed in buffer A (polyamine + EDTA) and then returned to IB containing 5 mM Mg2+.
Cryo-EM showed that this treatment removed most of the aggregates. Note that knife marks (arrow) were ob-
served. Bar indicates 1 um. The inset shows an enlarged image. Long and short bars indicate 0.5 um and 30 nm,
respectively. Panels (a)—(d) were reproduced from Ref. 5 with permission.
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Fig. 4 (Color online) (a) In SAXS analysis, only the 30-nm peak disappeared after removal of ribosome aggregates
(left),, whereas the other peaks remained. A ribosomal fraction from Xenopus egg extracts (kindly provided by
Dr T Hirano, RIKEN) produced a 30-nm peak (arrow) on SAXS (right). (b) Model explaining the results: the
30-nm peak in SAXS comes from regularly spaced aggregates of ribosomes, and not from the chromosomes them-
selves. (¢) The chicken erythrocyte nuclei produced a sharp 30-nm peak (arrow). In addition, two peaks of ~11
and ~6 nm were prominent (brackets). (d) Dot-like 30-nm structures in the chicken erythrocyte nucleus were
observed by cryo-EM. Long and short bars indicate 200 and 30 nm, respectively. (¢) Compact bundles of 30-nm
fibers, with variations in their diameter (+15%) and torsion (+15%), were computationally modeled. The up-
per image is the top view, and the bottom is the side view. (f) The modeled 30-nm fiber bundles produced a peak
at ~30 nm. Panels (a)—(f) were reproduced from Ref. 5 with permission.
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Fig. 5 (Color online) (a) USAXS study of latex particles with di-
ameters of ~1000 nm showed clear fringes over a wide range
(~50-1000 nm). The profile is plotted as log (I) versus log
(S). (b) A computer simulation of latex particles with di-
ameters of ~1000 nm produced a pattern highly similar to
that measured. (¢) USAXS of human mitotic chromosomes,
no notable structures around 100-150 or 200-250 nm were
detected. (d) USAXS of human interphase chromatin, no
notable structures ~100-150 or 200-250 nm were detected in
HeLa interphase nuclei. Beyond the ~275 nm range (red
arrow), the slope in interphase chromatin decreased in mag-
nitude. Panels (a)—(d) were reproduced from Ref. 5 with
permission.
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Fig. 6 (Color online) (a) Chromosomes consist essentially of ir-
regularly folded nucleosome (beads on a string) fibers. Con-
densins (blue) hold the nucleosome fibers (red) globally
around the chromosome centre. Locally, the nucleosome
fiber is folded in an irregular or disordered manner, forming
loop structures that are collapsed towards the chromosome
centre (blue). (b) In the interphase nucleus, there are
numerous compact chromatin domains like ‘‘chromatin lig-
uid drops’’ (yellow balls). Red, transcribed nucleosome;
Green, RNA polymerase and RNA. (c¢) In the cells, nucleo-
some fibers (Red balls and lines) are irregularly folded. The
nucleosomes are fluctuating. This nucleosome dynamics
facilitates chromatin accessibility. The nucleosome fluctua-
tion is the basis for scanning genome information. Panels
(a) was reproduced from Ref. 5 with permission.
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Structural study of human chromosomes by
synchrotron radiation beam

Kazuhiro MAESHIMA Structural Biology Center, National Institute of Genetics,
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Abstract How is 2-m-long genomic DNA organized into a mitotic chromosome or nucleus? The nucleosome
fiber has long been assumed to be folded into a 30-nm chromatin fiber, and further helically folded
larger fiber. To investigate the bulk structure of mitotic chromosomes, we performed small-angle
X-ray scattering (SAXS) at SPring-8. No structural feature larger than 11 nm was detected, even
on a chromosome-diameter scale (~1 um). We also found a similar scattering pattern in inter-
phase nuclei of Hela cells in the range up to ~275 nm. Our findings suggest a common structural
feature in interphase and mitotic chromatins: compact and irregular folding of nucleosome fibers
occurs without a 30-nm chromatin structure.
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