Histone variant H2A.Z modulates nucleosome dynamics to promote DNA accessibility
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Construction of nucleosome structural models

Each simulation system in this study includes the nucleosome core particle and two straight 20
bp long DNA duplexes as linkers. To create a structural model of the full nucleosome with a
native DNA sequence (Homo sapiens TP53 gene), we first identified the precise translational
positioning of DNA with respect to the histone octamer. To do this, we applied a previously
developed nucleosome mapping protocol to the Micrococcal nuclease (MNase-seq)
experimental data using the hgl9 human genome assembly 1. We selected fragments of
147 base pair lengths as the nucleosomal DNA length. The dyad positions were determined as
the middle points of all 147 bp fragments 2. Then a 15-bp tri-weight kernel function was used
to smooth the mid-fragment counts with bwtool 2, and we obtained the dyad positions with local
maximum values of the smoothed counts. After that, the +1 nucleosome was identified as the
first nucleosome located downstream of the transcription start site of the TP53 gene. The native

DNA sequence (187 bp) of the +1 nucleosome is shown in Supplementary Figure 2.

The high-resolution X-ray structure of a nucleosome core particle (PDB ID: 3AFA) was used
to build the initial structural model of the canonical H2A (NUCr2am24). The 20 bp linker DNA
flanking the core particle on each side linker DNA was built by linearly adding 20 bp DNA
segments from both ends using the NAB software #. The native gene sequence (Supplementary
Figure 2) was embedded into this structural model using the 3DNA program °. The missing
residues of the histone tails were modeled by linearly extending the existing tail conformations
by Chimera °. The dihedral angles for each residue in the histone tails were assigned with ®
angle =—60° and ¥ angle=30°. This modeling protocol was also applied to construct the
nucleosome models of NUChzazH2a.z, NUCH2a ziH2a z+H3.31H3.3 @Nd NUChzam2a z+H3H3.3. NOte
that PDB IDs 1F66, 5B33 and 5B32 which contain different combinations of human histone
variants H2A.Z.1 and H3.3 were used to build the models of the NUChazH2az,

NUCh2a ziH2a z+H3:3m3.3 ANd NUCr2a/m24 z+H3H3.3, FESPectively.

The above-built initial structural models of NUCoamza and NUCrzazH2az Were used to
construct the tail-swapped models of H2An2azwil (two copies of H2A with H2A.Z C-terminal
tail) and H2AZ 2410 (two copies of H2A.Z with H2A C-terminal tail). To accomplish this, the
H2A C-terminal tail (KTESHHKAKGK, residue index 120-130) of the NUCoam2a Was
truncated and then modeled by adding amino acids of KGQQKTYV (H2A.Z C-terminal tail)
with Chimera ©. This new model is referred to as H2Anzazctil. Similarly, the H2A.Z C-terminal
tail (KGQQKTYV, residue index 122-128) of the NUCh2a zi+2a.z Was truncated and then modeled
by adding amino acids of KTESHHKAKGK (H2A C-terminal tail). This new model is referred
to as H2AZr2atil.



Supplementary Table 1. Summary of main simulation systems and simulation setup.

] ] ) Water Simulation
Simulation systems Force field )
model time

NUCH2a/H24 3runs*
AMBER FF14SB + OL15 OPC

(H2A/H2A+H3/H3) 7000ns

NUCh2azH2aZ 3runs *
AMBER FF14SB + OL15 OPC

(H2A.Z/H2A.Z+H3/H3) 7000ns

NUCH2a z/H2A z+H3.3/H3.3 3runs *
AMBER FF14SB + OL15 OPC

(H2A.Z/H2A.Z+H3.3/H3.3) 7000ns

NUCH2a/H2a z+H3/H3.3 3runs *

AMBER FF14SB + OL15 OPC
(H2A/H2A.Z+H3/H3.3) 7000ns



Supplementary Table 2. Summary of supplementary simulation systems.

. Water | Simulation
Simulation systems Force field ]
model time
H2An2aztail AMBER
. ] . 1 run * 2000ns
(two copies of H2A with H2A.Z C-terminal tail) | FF14SB + OL15
H2AZ a2atil AMBER
. . . OPC | 1run ™ 2000ns
(two copies of H2A.Z with H2A C-terminal tail) | FF14SB + OL15
AMBER

H2AZ restraint

FF14SB + OL15

1 run * 2000ns



Supplementary Table 3. Summary of simulation systems, volume, number of particles and

simulation performance.

Time
Simulation Volume Total HPC Performance | Simulation ]
) required
system (nm?®) atoms hardware (ns/day) time
(days)
NUCH2aH24 20485.1 = 2,688,727 | cpy: IBM 18.6 7000 ns ~376
NUCionzioaz | 204851 2,688,887 « OWerd 18.6 7000 ns ~376
GPU: 5x
NUCH2a z/H2a 2+
20485.1 | 2,688,909 NVIDIA 18.6 7000 ns ~376
H3.3/H3.3
V100-
NUCH2a/H24.z+H3
20485.1 | 2,688,768 SMX2 18.6 7000 ns ~376
/H3.3
H2An2a7tail 20485.1 | 2,688,721 CPU: IBM 274 2000 ns ~73
Power9
H2AZ voatail 20485.1 | 2,688,781 GPU: 10 x 27.4 2000 ns ~73
NVIDIA
H2AZrestraine | 20485.1 | 2,688,887 V100- 27.4 2000 ns ~73

SMX2



Supplementary Table 4. Binding free energy of association between histone octamer and
DNA by MM/GBSA analysis. The calculation was performed using the first and last 200 ns
trajectories. For each histone type, the standard error (SE) of the mean from three independent
simulation runs for two histone copies was estimated (n=6). Lower values of AG coreespond
to more stable structures. No considerable DNA unwrapping was observed during the first and
last 200ns.

Simulation system Histone type Ai}irgliczaégrﬁgl) A(I}agcz?)l(/)r;lsol)
H3 -230.0+19.7 -264.2 + 265

H4 111.2+3.9 1127.1+£12.0

NUCHenron H2A 1249 +85 1351+ 7.4
H2B -113.3 + 17.0 1212+ 89

H3 -233.8+11.0 -240.1 + 33.8

H4 -118.7 +10.3 11330+ 11.1

NUCHanzronz H2A.Z -93.1+13.0 11065 + 16.9

H2B 91771 -97.3+10.9



Supplementary Figure 1. Cartoon representations of an initial nucleosome model in the MD
simulations. a) NUCH2a/H2A System. b) NUCH2a z/H2A.Z system. C) NUCH2a z/H2A z+H3.3/H3.3 System.

d) NUChaa/m2a z+H3Hs 3 System.

N UCHZA/HZA NUCHZA.Z/HZA.Z




Supplementary Figure 2. Homo sapiens TP53 gene sequence (5’ to 3”) was used to construct
all initial nucleosome models. The DNA sequence is labeled based on the relative position with
respect to the dyad. The dyad position is shown in red.

TTTTCCCGAGCTGAAAATACACGGAGCCGAGAG

CCCGTGACTCAGAGAGGACTCATCAAGTTCAGT

-60 -50 -40 -30
dyad

CAGGAGCTTACCCAATCCAGGGAAGCGTGTCAC

-20 -10 0

CGTCGTGGAAAGCACGCTCCCAGCCCGAACGCA

+10 +20 +30

AAGTGTCCCCGGAGCCCAGCAGCTACCTGCTCC

+40 +50 +60 +70

CTGGACGGTGGCTCTAGACTTT

+80 +90




Supplementary Figure 3. Dynamics of nucleosomal and linker DNA. a), b) and c) show 2D

projections of DNA conformations for the NUC2a zH24.z System in each simulation run. d), e)

and f) show 2D projections of DNA conformations for the NUChzam2a System in each

simulation run.
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Supplementary Figure 4. Dynamics of the nucleosomal and linker DNA. a) 2D projections of
DNA conformations for NUCiza zm2a z+H3amss from three independent simulation runs. b)
Same as a) but for NUCh2am2az+H3H3.3 NUCleosomes. ¢) Distributions of a total number of
unwrapped base pairs from entry and exit DNA sides, see Supplementary Figure 5 for the

definitions of DNA regions.
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Supplementary Figure 5. Definitions of DNA regions based on their relative positions with

respect to the dyad (base-pair index “0”).
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Supplementary Figure 6. The time evolution of the H2A.Z C-terminal tail - DNA contacts

and the total number of unwrapped base pairs from both DNA ends in NUCwoazm2az

nucleosomes from three independent simulation runs. a) Simulation run 1 of NUChza z2a.z. b)

Simulation run 2 of NUChzazit2az. €) Simulation run 3 of NUCza zi2az. The number of
contacts of H2A.Z C-terminal tail with total DNA, outer DNA and inner DNA regions are

shown in blue, green and purple, respectively. The lines with faded colors correspond to raw

data and are smoothed with a Savitzky-Golay filter using a ten ns window and first-degree

polynomial (dark color lines).
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Supplementary Figure 7. The time evolution of the H2A C-terminal tail - DNA contacts and
the total number of unwrapped base pairs from both DNA ends in NUCroasm24 Nucleosome from
three independent simulation runs. a) Simulation run 1 of NUCwoam2a. b) Simulation run 2 of
NUCH2am2a. €) Simulation run 3 of NUCH2am24. The number of contacts of H2A.Z C-terminal
tail with total DNA, outer DNA and inner DNA regions are shown in blue, green and purple,
respectively. The lines with faded colors correspond to raw data and are smoothed with a

Savitzky-Golay filter using a ten ns window and first-degree polynomial (dark color lines).
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Supplementary Figure 8. Cartoon representations of the initial nucleosome models by
swapping the H2A and H2A.Z C-terminal tails. a) H2Awn2azti System contains two copies of
H2A (yellow) with H2A.Z C-terminal tails (oragne). b) H2AZ2awil System contains two copies
of H2A.Z (orange) with H2A.Z C-terminal tails (yellow).
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Supplementary Figure 9. Dynamics of systems with swapped tails. a) 2D projections of DNA
conformations for H2Aw2azwi NUcleosome. b) 2D projections of DNA conformations for
H2AZ2a0i1 NUcleosome. c¢) Distributions of a total number of unwrapped base pairs of
H2An2aziil (blue) and H2AZwoaqi (red) on 2 microseconds time scale. d) Distributions of a total
number of unwrapped base pairs of NUCpoamza (blue) and NUChazm2az (Orange)

nucleosomes on 2 microsecond time scale from three independent simulation runs (solid, dotted

and dashed lines).
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Supplementary Figure 10. H2A.Z C-terminal tail may modulate the nucleosome array
compaction. a) Cryo-EM structures of chromatin fibers containing H2A.Z nucleosomes 7. b)
X-ray structure of a tetranucleosome 8. ¢) A representative H2A.Z C-terminal tail conformation

(red) from NUCw2a z2az With the extended tail conformation from our simulations.

d H2A.Z fiber (EMD-23630) b Tetranucleosome (PDB ID: 1ZBB)




Supplementary Figure 11. a) The values of root-mean square fluctuations (RMSF) for Ca
atoms of histone H3 globular core domain in NUCh2am2a nucleosome (blue) and H2A.Z in
NUCh2a zH2a.z NUcleosome (red). The error bars represent standard errors of RMSF (n=6)
calculated from three independent simulation runs for two copies o H3. b) Same as a) but for
histone H4 globular core domain.
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Supplementary Figure 12. Plasticity of the histone octamer. a) The conformational ensemble
of histone helices for H2A (blue) and other histones (grey) in NUChzam2a nucleosome. b) The
conformational ensemble of histone helices for H2A.Z (red) and other histones (grey) in
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Supplementary Figure 13. Dynamics of H2A.Z nucleosome with restraints. a) 2D projections
of DNA conformations for H2AZ estraine NUCle0SOMe.  b) Distributions of a total number of
unwrapped base pairs of H2AZestaine ON 2 Microseconds time scale. ¢) Distributions of a total
number of unwrapped base pairs of NUChza zH2az Nucleosomes on 2 microsecond time scale

from three independent simulation runs (solid, dotted and dashed lines).
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Supplementary Figure 14. a)The RMSF values for Ca atoms of histone H2A globular core
domain in H2Aw2aztwil Nucleosome (blue) and H2A.Z in H2AZ 4w nucleosome (red). Each
copy of H2A or H2A.Z is represented by solid and dashed lines, respectively. b) Same as a) but
for histone H2B globular core domain.
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Supplementary Figure 15. Time evolution of the H2A.Z N-terminal tail - DNA contacts
(green) and nucleosome gapping distances (orange) in the NUCw2a zH24z System from three
simulation runs. a) Simulation run 1 of NUCnga zitza z. b) Simulation run 2 of NUChza zHza 2.

c) Simulation run 3 of NUCh2a z/H2a 2.
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Supplementary Figure 16. Time evolution of the H2A N-terminal tail - DNA contacts (green)
and nucleosome gapping distances (orange) in the NUChzam2a System from three simulation

runs. a) Simulation run 1 of NUCr2am2a. b) Simulation run 2 of NUChzamza. €) Simulation run

3 of NUChzamza.
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Supplementary Figure 17. a) Distributions of nucleosome gaping distances in H2AZ estraint
system on 2 microsecond time scale. b) Distributions of nucleosome gaping distances in
NUCH2am2a (blue) and NUCw2a zH2a.z (red) systems on 2 microsecond time scale from three

independent simulation runs (solid, dotted and dashed lines).
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