nature portfolio

https://doi.org/10.1038/s41594-022-00768-w

Supplementary information

Histone H1 binding to nucleosome arrays
depends onlinker DNA lengthand
trajectory

In the format provided by the
authors and unedited



Supplementary materials



Banl - + + + + + + Banl - + + + + +
oct:601 - - 05 07 09 10 11 oct:601 - - 050910 1.1
kbp
1.5
1.0

0.5 =] w—=
ore -—
4x177 4x187
Banl + + + + + + Banl - + + + +
oct:601 - 05 07 09 1.0 1.1 oct:601 - - 09 1.0 1.1
kbp kbp
1.5+ 1.5+
1.0 .04
0 -] - L e GnES etme S 10 " - ——
0.5 —| — _., 0.5
-
4x197 4x207

Supplementary Figure 1: Stoichiometric binding of histone octamer to Widom-
601 nucleosome positioning sequence. The Widom-601 nucleosome positioning
sequence (601) contains a Banl restriction enzyme recognition site at ca. 13 bp.
Proper stoichiometry of histone octamer binding to the tetranucleosome DNA
template was probed for 4x177, 4x187, 4x197 and 4x207 at different histone octamer
to 601 ratios by Banl digest and full protection of Banl sites was observed for all
samples at nominally 1:1 stoichiometry, which was then used for subsequent
reconstitution of tetranucleosome arrays with H1.
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Supplementary Figure 2: Cryo-EM data processing of 4x177 array data set.
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Particles were picked in Warp!, extracted 3x binned in RELION? and cleaned by
several rounds of 2D classification in cryoSPARC?. Particles belonging to classes

with two or more nucleosomes visible were reextracted 2x binned and used for initial
model generation in RELION. Several rounds of 3D classification selecting for
trinucleosomes and 3D refinement yielded a trinucleosome map from which signal
subtractions and masked classifications and refinements yielded the maps for the
individual nucleosomal units and the tetranucleosome. The numbers in the bin
denote the number of classes discarded during a classification and is N if more than

one classification was performed.
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Supplementary Figure 3: Angular distribution, local resolution, global FSCs, 3D
FSCs and cryo-EM density for the 4x177 array dataset. The cryo-EM
reconstructions obtained by the image processing outlined in Supplementary Figure2
are colored by their local resolution determined in RELION? Listed are the map
name, number of particles used for the final reconstruction, the nominal resolution
determined by RELION using the FSC = 0.143 threshold (FSC plot for all
reconstructions bottom row middle panel), and a plot showing angular distribution.
For the individual nucleosomal units, the middle panel shows a closeup on the
nucleosome dyad with the atomic model (DNA in grey, H1 in purple), and the right
panel shows the reconstruction’s 3D FSC*.
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Supplementary Figure 4: Cryo-EM data processing of 4x187 array data set.
Particles were picked in Warp!, extracted 8x binned in RELION? and cleaned by
several rounds of 2D classification in cryoSPARC?. Particles belonging to classes
with two or more nucleosomes visible were reextracted 3x binned and used for initial
model generation in RELION. Several rounds of 3D classification selecting for
trinucleosomes and 3D refinement yielded a trinucleosome map with a defined
nucleosome stack and a less defined connecting nucleosome. From this particle set,
(a) several rounds of 3D classification and refinement yielded the trinucleosome map
and (b) particles were reextracted unbinned, refined and signal subtractions, masked
classifications and refinements yielded the maps for the individual nucleosomal units.
The numbers in the bin denote the number of classes discarded during a
classification and is N if more than one classification was performed.
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Supplementary Figure 5: Angular distribution, local resolution, global FSCs, 3D
FSCs and cryo-EM density for the 4x187 array dataset. The cryo-EM
reconstructions obtained by the image processing outlined in Supplementary Figure
4 are colored by their local resolution determined in RELIONZ. Listed are the map
name, number of particles used for the final reconstruction, the nominal resolution
determined by RELION using the FSC = 0.143 threshold (FSC plot for all
reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome
dyad with the atomic model (DNA in grey, H1 in purple), and the right panel shows
the reconstruction’s 3D FSC*.
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Supplementary Figure 6: Cryo-EM data processing of 4x197 array data set.
Particles were picked in Warp!, extracted 8x binned in RELION? and cleaned by
several rounds of 2D classification in cryoSPARC?. Particles belonging to classes
with two or more nucleosomes visible were reextracted 3x binned and used for initial
model generation in RELION. Several rounds of 3D classification selecting for
trinucleosomes and 3D refinement yielded a trinucleosome map with a defined
nucleosome stack and a less defined connecting nucleosome. From this particle set,
(a) several rounds of 3D classification and refinement yielded the trinucleosome map
and (b) particles were reextracted unbinned, refined and signal subtractions, masked
classifications and refinements yielded the maps for the individual nucleosomal units.
The numbers in the bin denote the number of classes discarded during a
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Supplementary Figure 7: Angular distribution, local resolution, global FSCs, 3D
FSCs and cryo-EM density for the 4x197 array dataset. The cryo-EM
reconstructions obtained by the image processing outlined in Supplementary Figure6
are colored by their local resolution determined in RELION? Listed are the map
name, number of particles used for the final reconstruction, the nominal resolution
determined by RELION using the FSC = 0.143 threshold (FSC plot for all
reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome
dyad with the atomic model (DNA in grey, H1 in purple), and the right panel shows
the reconstruction’s 3D FSC*.
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Supplementary Figure 8: Cryo-EM data processing of 4x207 array data set.
Particles were picked in Warp', extracted 8x binned in RELION? and cleaned by
several rounds of 2D classification in cryoSPARC?. Particles belonging to classes
with two or more nucleosomes visible were reextracted 3x binned. Several rounds of
3D classification against the lowpass filtered 4x197 stack map selecting for
nucleosome stacks and 3D refinement yielded a trinucleosome map with a defined
nucleosome stack and an ill-defined connecting nucleosome. From this particle set,
(a) several rounds of 3D classification and refinement yielded the trinucleosome map
and (b) particles were reextracted unbinned, refined and signal subtractions, masked
classifications and refinements yielded the maps for the individual nucleosomal units.
The numbers in the bin denote the number of classes discarded during a
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Supplementary Figure 9: Angular distribution, local resolution, global FSCs, 3D
FSCs and cryo-EM density for the 4x207 array dataset. The cryo-EM
reconstructions obtained by the image processing outlined in Supplementary Figure8
are colored by their local resolution determined in RELION?. Listed are the map
name, number of particles used for the final reconstruction, the nominal resolution
determined by RELION using the FSC = 0.143 threshold (FSC plot for all
reconstructions top row right panel), and a plot showing angular distribution. For the
individual nucleosomal units, the middle panel shows a closeup on the nucleosome
dyad with the atomic model (DNA in grey, H1 in purple), and the right panel shows
the reconstruction’s 3D FSC*.

Splenr Fiure 10: Rpresntative co-electron micrograph for the
4x177, 4x187, 4x197 and 4x207 data sets. From top left to bottom right: 4x177,
4x187, 4x197, 4x207. Scale bar 30 nm.
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Supplementary Figure 11: Cryo-EM of the 4x177 array in buffer containing 60
mM NaCl at pH 7.5. Inlay bottom right: The 4x177 trinucleosome model at 0 mM
NaCl from Supplementary Figure 2 and 3 (DNA in grey, core histones in wheat, H1 in
purple) was fit into the 4x177 trinucleosome at 60 mM NaCl cryo-EM reconstruction
(transparent grey density).



H1:601 0 0306 09 121518 21 24 0 0306 09121518 21 24 0 0306 09121518 2.1 24 0 030609 121518 21 24
oct - + + + + + + + + + -+ 4+ + + o+ o+ o+ o+ o+ -+ + 4+ + + + o+ o+ T A T T S S

4x177 4x187 4x197 4x207

Supplementary Figure 12: H1 binding to different NRL arrays. 4x177, 4x187,
4x197 and 4x207 arrays were reconstituted without H1, adjusted to 100 nM and
incubated with different ratios of H1 to histone octamer (Widom-601) at 150 mM NacCl
for 30 min on ice. Incorporation of H1 was probed by electrophoretic mobility shift
assay and showed an increase in H1 binding capacity with increasing NRL that
mimics that observed in the structures. For the 4x177, the shift on the gel stops about
midway and progresses with ill-defined bands. For the 4x187 and 4x197, observed
shift continues at higher H1 content with increasing band sharpness while for the
4x207 the shift progresses across all assayed H1 ratios and shows distinct bands.

Supplementary Table 1. Exit and entry DNA geometries at nucleosomes in
tetranucleosome arrays.

nucleosome 1l nucleosome?2 nucleosome3 nucleosome 4
entry / exit (°) entry / exit (°) entry / exit (°) entry / exit (°)

Ao 4x177 9.2/3.2 7.8/0.4 46/13.8 2.3/0.5
4x187 95/04 0.3/9.8 6.9/6.0 04/0.4
4x197 8.8/0.2 0.8/6.7 3.2/18.3
4x207 9.1/8.0 0.8/0.7 15/3.8

AR 4x177 59/79 54/5.0 23.7128.2 55/0.1
4x187 3.7/55 6.8/5.1 17.7/12.8 0.0/11
4x197 16/18 3.5/5.2 12.0/8.9
4x207 3.0/0.8 0.3/0.2 0.1/17

Supplementary Video 1: Cryo-EM structure of the 4x177 array. Nucleosomes 1
and 3 form a stack, while nucleosome 2 loops out between them and nucleosome 4
extends separately from the stack. H1 binds to non-stacking nucleosome 2 and 4 but
not to stacking nucleosomes 1 and 3.

Supplementary Video 2: Cryo-EM structure of the 4x187 array. Nucleosomes 1
and 3 form a stack, while nucleosome 2 loops out between them and nucleosome 4
extends separately from the stack. H1 binds to non-stacking nucleosome 2 and 4 and
to stacking nucleosome 1 but not to stacking nucleosome 3.

Supplementary Video 3. Cryo-EM structure of the 4x197 array. Nucleosomes 1
and 3 form a stack, while nucleosome 2 loops out between them. H1 binds to non-



stacking nucleosome 2 and to stacking nucleosome 1 but not to stacking nucleosome
3.

Supplementary Video 4: Cryo-EM structure of the 4x207 array. Nucleosomes 1
and 3 form a stack, while nucleosome 2 loops out between them. H1 binds to non-
stacking nucleosome 2 and to stacking nucleosome 1 and 3.

DNA sequences

DNA sequences for the 4x177, 4x187, 4x197 and 4x207 arrays are listed below with
the Widom-601° nucleosome positioning sequences underlined. The DNA sequence
for the 4x177 was based on the design of the 12x177 array® and after cleavage by
EcoRV was:
ATCCCGGATCCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGA
CAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCG
CCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCACATATATACATCCTGTT
CCAGTGCCGGACCCGAGCATCCGGATCCCCTGGAGAATCCCGGTGCCGAGGC
CGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGT
CCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTC
ACATATATACATCCTGTTCCAGTGCCGGACCCGAGCATCCGGATCCCCTGGAGA
ATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAA
ACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA
GTCTCCAGGCACGTGTCACATATATACATCCTGTTCCAGTGCCGGACCCGAGCA
TCCGGATCCCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACA
GCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCC
AAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCACATATATACATCCTGTTCC
AGTGCCGAT

The DNA sequence for the 4x187 after cleavage by ECORV was:
ATCTCTCGCGCACTGGCCGCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTG
GTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGLCGT
TTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGTCATGTAAGTATTAAGGTAACCCGTCTCGCGCACTGGCCGCCTGGAGA
ATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAA
ACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA
GTCTCCAGGCACGTGTCAGATATATACATCCTGTCATGTAAGTATTAAGGTAACC
CGTCTCGCGCACTGGCCGCCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTG
GTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGLCGT
TTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGTCATGTAAGTATTAAGGTAACCCGTCTCGCGCACTGGCCGCCTGGAGA
ATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAA
ACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTA
GTCTCCAGGCACGTGTCAGATATATACATCCTGTCATGTAAGTATTAAGGTGAT
The DNA sequence for the 4x197 after cleavage by ECORV was:
ATCGTCTCGCGCACTGGCCGCCATACTGGAGAATCCCGGTGCCGAGGCCGCTC
AATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCC
CGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATA
TATACATCCTGTCATGTAAGTATTAAGGTAACCCAGTACTGTCTCGCGCACTGG
CCGCCATACTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGC
TCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAA
GGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTCATGT
AAGTATTAAGGTAACCCAGTACTGTCTCGCGCACTGGCCGCCATACTGGAGAAT




CCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAAC
GCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGT
CTCCAGGCACGTGTCAGATATATACATCCTGTCATGTAAGTATTAAGGTAACCCA
GTACTGTCTCGCGCACTGGCCGCCATACTGGAGAATCCCGGTGCCGAGGCCG
CTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCC
CCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAG
ATATATACATCCTGTCATGTAAGTATTAAGGTAACCCGAT

The DNA sequence for the 4x207 after cleavage by ECORV was:
ATCCTGGCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAGG
CCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCT
GTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTG
TCAGATATATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGTACTCTG
GCCGCCACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAGGCCGCTC
AATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCC
CGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATA
TATACATCCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGTACTCTGGCCGCC
ACTGGCCGCCACTGGCCACTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGT
CGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTT
TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACAT
CCTGTGCATGTAAGTGCATGTAAGTGCATGTAAGTACTCTGGCCGCCACTGGCC
GCCACTGGCCACTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGAC
AGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGC
CAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGC
ATGTAAGTGCATGTAAGTGCATGTAGAT
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