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470

471  FIGURE 1: Volta cryotomogram of a cryo-FIB-thinned HeLa cell

472  (A) Tomographic slice (20 nm) of the nuclear periphery of a HelLa cell. The nuclear pore
473 is indicated by the arrow. Three heterochromatic positions are delineated by purple

474  dashed lines. (B) Segmentation of the mitochondrial outer membrane (brown),

475  microtubules (green), and the nuclear envelope (dark blue). The in silico purified

476  nucleosomes are also shown (blue and magenta puncta, see text). (C, D) Tomographic
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477  slices (10 nm) of the (C) heterochromatin and (D) euchromatin positions boxed in panel

478 A, enlarged 4.5-fold. Several nucleosomes are indicated by arrowheads.
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480 FIGURE 2: Structural analysis of nucleosomes in situ

481  (A) The reference model (left half) and mask (right half) used for 3-D

482 classification and averaging. The reference is 10 nm wide and 6 nm thick. Both the
483 reference and mask have soft edges that slowly decay to zero. The rightmost subpanel

484  (black background) for both the reference and mask are central slices through the side
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485 view. (B) Three-dimensional class averages of all template-matching hits. The

486 nucleosome class average (blue) is oriented with its two-fold dyad axis running

487  horizontal. (C) Example 2-D class averages from the nucleosomes identified by 3-D
488 classification. Some of the class averages that have densities from nucleosome-

489 associated complexes (green arrowheads). Bar, 10 nm. (D) Final 3-D class averages of
490 nucleosomes, showing from left to right the front, side, and back, and oblique views.
491  One class (39%, magenta) has shorter linker-DNA densities that the other (61%, blue).
492  Maps in all columns are contoured at 0.5 o except in the rightmost column, which is set
493 to 0.9 o to better show the left-handed superhelical DNA path and the degree of linker
494  DNA heterogeneity. (E) Crystal structures of the nucleosome core (PDB 1AQI, upper)
495 and chromatosome (PDB 5NLO, lower), rendered as 15 A resolution density maps. (F,
496 G) Refined maps of the two nucleosome classes, with the edited chromatosome crystal
497  structure docked (F) without or (G) with the linker histone, and linker DNA appropriately

498 truncated. The histones and DNA are light and dark blue, respectively.
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499

500 FIGURE 3: Chromatin is irregular at the oligonucleosome level in situ

501  (A) Model of short-linker (magenta) and long-linker (blue) nucleosomes remapped

502 according to their positions and orientations in the nucleus. Dashed purple lines indicate
503 approximate boundaries of heterochromatin. (B, C) Four-fold enlargements of the

504  heterochromatin and a euchromatin positions boxed in panel A. (D — G) Examples of
505 (D) dinucleosomes connected by linker DNA, (E) face-to-face packed nucleosomes, (F)
506 dinucleosomes not connected by linker DNA but likely to be in sequence with a third
507 nucleosome that was missed by our analysis, and (G) trinucleosomes connected by

508 linker DNA. For clarity, adjacent remapped nucleosomes were cropped out. (H) The
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509 lengths (¢1, &), angles relative to the dyad axis (w1, w2), and rotation around the linker-

510 DNA axes (@1, W2) are uncorrelated.
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SUPPLEMENTAL FIGURE $1: Classification control

I €

Control 3-D class averages of “nucleosome” template-matching hits taken from the

cytoplasm and mitochondrion.
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516 SUPPLEMENTAL FIGURE S2: Analysis of nucleosome averages

517  (A), The resolution of the two nucleosome classes with short (magenta) and long (blue)
518 linker DNA are respectively 24 and 21 A based on the Fourier Shell Correlation (FSC) =
519  0.143 criterion. (B, C) Angular-distribution plots of the nucleosome classes with (B)

520 short linker DNA and (C) long linker DNA densities. The number of particles oriented
521  with the view vector parallel to each cylinder is proportional to the cylinder’s height and
522  redness. An isosurface of each average is shown at the center of the corresponding

523  angular-distribution plot.
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524

525 SUPPLEMENTAL FIGURE S3: Three-dimensional classification into four classes
526  Classification of nucleosomes into four classes, showing the front, side, and back, and

527  oblique views (left to right). All columns are presented as in Figure 2D.
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529 SUPPLEMENTAL FIGURE S4: Additional examples of dinucleosomes
530 (A) Dinucleosomes that are likely to be connected by linker DNA. (B) Dinucleosomes
531 interacting face to face or with their dyad axes intersecting at the left. (C)

532 Dinucleosomes that are neither connected by linker DNA nor packed face to face. All

533  panels share the color scheme as Figure 3.
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534  Supplemental Table S1: Cryo-ET parameters
Microscope Titan Krios (Thermo Fisher)
Energy 300 KeV
Gun type FEG
Camera K2 Summit (Gatan)
Recording mode counting mode
Subframe duration 0.4 seconds
Subframes / tilt 4
Energy filter Quantum LS (Gatan)
Zero-loss slit width 20eV
Calibrated pixel size 3.45A
Defocus in focus, Volta phase contrast
Cumulative dose 120 e / A?
Tilt range 1 60°, bidirectional
Tilt increment 2°
Tomography software SerialEM 3.6.4
Subframe alignment software alignframes (IMOD)
Tomogram processing & visualization IMOD 4.9
Fiducial model generation patch tracking (IMOD)
Template matching PEET 1.11
Density map creation & editing Bsoft 1.8.8
Subtomogram classification & averaging ~ RELION 2.1
Density map visualization & docking UCSF Chimera 1.11
535
536
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537 SUPPLEMENTAL MOVIES S1 and S2: Density maps and docked atomic models of
538 Hela nucleosomes

539  Subtomogram averages and models of the nucleosome classes with short (S1) and

540 long (S2) linker DNAs are contoured at 0.5 0. The color scheme is identical to Figure 2,

541 F and G.
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