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SUMMARY

The repeating structural unit of metazoan chromatin is the chromatosome, a nucleosome bound to
a linker histone, H1. There are 11 human H1 isoforms with diverse cellular functions, but how
they interact with the nucleosome remains elusive. Here, we determined the cryoelectron
microscopy (cryo-EM) structures of chromatosomes containing 197 bp DNA and three different
human H1 isoforms, respectively. The globular domains of all three H1 isoforms bound to the
nucleosome dyad. However, the flanking/linker DNAs displayed substantial distinct dynamic
conformations. Nuclear magnetic resonance (NMR) and H1 tail-swapping cryo-EM experiments
revealed that the C-terminal tails of the H1 isoforms mainly controlled the flanking DNA
orientations. We also observed partial ordering of the core histone H2A C- and H3 N-tails in the
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chromatosomes. Our results provide insights into the structures and dynamics of the
chromatosomes and have implications for the structure and function of chromatin.
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Linker histones bind to the nucleosome to form chromatosomes. Zhou et al. determined the cryo-
EM structures of the chromatosomes containing human H1.0, H1.4, and H1.10 isoforms,
respectively, and investigated their dynamics using nuclear magnetic resonance and molecular
dynamics simulation. The study reveals distinct structural and dynamic features of the
chromatosomes.

INTRODUCTION

Eukaryotic genomic DNA is packaged into chromatin through association with core and
linker histones to form nucleosomes and chromatosomes (Kornberg, 1974; Kornberg and
Thomas, 1974; Olins and Olins, 1974). The canonical nucleosome core particle comprises
an octamer of core histones with two copies of H2A, H2B, H3, and H4 (Arents et al., 1991),
around which ~145-147 bp DNA winds in a left-handed manner (Luger et al., 1997). The
chromatosome core particle consists of the nucleosome with ~168 bp DNA bound to a linker
histone, H1 (Simpson, 1978). The chromatosome is the predominant repeating structural
unit of metazoan chromatin because of the existence of an abundance of linker histones in
the nucleus (Woodcock et al., 2006). As chromatin factors, linker histones play important
roles in many cellular functions (Fyodorov et al., 2018; Hergeth and Schneider, 2015),
including gene expression (Fan et al., 2005; Shen and Gorovsky, 1996), mitotic chromosome
architecture and segregation (Maresca et al., 2005), muscle differentiation (Lee et al., 2004),
embryonic stem cell differentiation (Zhang et al., 2012), the genetic activity of
heterochromatin (Lu et al., 2013), cell pluripotency (Christophorou et al., 2014), and cancer
cell heterogeneity (Torres et al., 2016).
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Similar to core histones, linker histones have many isoforms (subtypes or variants). In
humans, there are 11 isoforms of linker histones; 7 of them are expressed in somatic cells,
and 4 are expressed in germ cells (Happel and Doenecke, 2009). The somatic H1s have a
conserved tripartite structure consisting of a short flexible N-terminal tail, a central globular
domain, and a long intrinsically disordered highly basic C-terminal tail. In contrast, the
linker histones in the germ cells do not have the corresponding globular domain region. In
general, the short N-terminal tail of linker histones contributes little to nucleosome binding.
The middle globular domain preferentially binds to the nucleosome core and linker DNAs
(Allan et al., 1980). The long C-terminal tail is important for higher-affinity binding of
linker histones to the nucleosome (Allan et al., 1980; Singer and Singer, 1976), folding of
nucleosome arrays (Allan et al., 1986), and association of linker histones with chromatin /in
vivo (Caterino and Hayes, 2011; Fang et al., 2012; Lu and Hansen, 2004). In contrast to the
many high-resolution structures of the nucleosome core particles containing either canonical
or variant core histones, only the crystal structure of the chromatosome core particle
consisting of 167 bp of DNA and the globular domain of chicken H5 (cH5 or cH1.0) has
been determined at near-atomic resolution (3.5 A). Attempts to determine the structures of
the chromatosomes consisting of longer linker DNA and full-length linker histones have
only reached to 5.5 A resolution in the case of the Xenopus H1.0 chromatosome by X-ray
crystallography and single-particle cryoelectron microscopy (cryo-EM) methods (Bednar et
al., 2017). Recent discoveries that expression levels of human H1.0 are associated with
tumor cell heterogeneity (Torres et al., 2016) and mutations in human H1.4 can lead to
autism and premature aging (Duffney et al., 2018; Flex et al., 2019) underscore the need for
high-resolution structures of chromatosomes for a better understanding of how linker
histones interact with the nucleosome.

It is difficult to obtain high-resolution structures of chromatosomes by cryo-EM, because
linker histones tend to dissociate from the nucleosome in the thin vitreous ice. We have
previously shown that a single-chain antibody fragment (scFv) that binds to the core histones
can prevent the nucleosome from dissociating during the blotting-freezing process of sample
preparation for single-particle cryo-EM imaging, allowing determination of the nucleosome
structures with native DNA sequence to atomic resolution (Zhou et al., 2019). Here, we
applied this antibody approach to study the structures of chromatosomes prepared with the
full-length human linker histone isoforms H1.0 (H1°), H1.4 (H1e), and H1.10 (H1x). The
rationale for choosing these three linker histones is that the sequences of the globular
domains of these three isoforms are less conserved, whereas the sequences of H1.1-H1.5 are
highly conserved. In addition, H1.0 has been shown to bind to the nucleosome on the dyad
(Zhou et al., 2016), but H1.4 is reported to bind to the nucleosome off the dyad in
reconstituted nucleosome arrays (Song et al., 2014).

We found that the scFv can indeed help prevent the dissociation of linker histones from the
nucleosome in the thin vitreous ice, which allows us to solve the structures of the
chromatosomes at 2.7-3.1 A resolutions. We further used solution nuclear magnetic
resonance (NMR) to investigate the dynamic roles of linker histone tails in the
chromatosomes. Our results show that the globular domains of all three H1 isoforms bind to
the nucleosome dyad region, while the C-terminal tails of H1 isoforms interact with the
linker DNA dynamically and play a major role in controlling the linker DNA conformations.
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Also, we found that the binding of the H1 isoforms to the nucleosome altered the
conformations of the C-terminal tails of core histone H2A and the N-terminal tails of H3,
the latter lead to inhibition of chromatin remodeler binding.

RESULTS

Overall Structures of the Chromatosomes and the Free Nucleosome

To determine the structures of chromatosomes containing linker histone isoforms H1.0,
H1.4, or H1.10, we reconstituted the chromatosomes using the linker histones, 197 bp DNA
centered with Widom “601” DNA (W601), and human core histones (see STAR Methods).
We performed single-particle cryo-EM experiments on these chromatosomes bound to two
scFvs. We obtained the three-dimensional (3D) reconstruction density maps of the
chromatosomes at resolutions from ~2.8 A to 3.1 A (Figures 1 and S1; Video S1; Table 1).
These density maps allow us to build structural models with the globular domains of the
linker histones and nucleosomes. Overall, the chromatosome structures showed that the
globular domains of all three linker histones bound to the nucleosome on the dyad. One
linker/flanking DNA, linker-a.3, has closer contacts with the a3 helix of the globular
domain, while the other linker/flanking DNA, linker-L1, has loose contacts with the L1 loop
of the globular domain. The linker DNAs in the H1.10 chromatosome are more open than
those in the H1.0 and H1.4 chromatosomes. To understand how linker histones control linker
DNA conformations, we also determined the cryo-EM structure of the free nucleosome at
2.8 A resolution (Figure 1), which showed more open conformation of the flanking DNAs.
The numbers of base pairs of the two flanking DNAs that can ft into the density after low-
pass filtered to 6.0 A resolution are (11 and 20), (21 and 24), (13 and 17), and (13 and 17)
for the chromatosomes containing H1.0, H1.4, H1.10, and the free nucleosomes,
respectively.

The reconstruction maps of the chromatosome containing H1.0 and H1.4 are of higher
quality, allowing assignment of the side chains of some residues in the globular domains
(local resolutions in 3.0-4.5 A range) at their interfaces with the dyad and the linker-a.3
DNA (Figures 2A-2C; Videos S2 and S3). The relatively lower-quality map of the
chromatosome containing H1.10 is primarily caused by the preferred orientations of the
chromatosome particles (Figure S2). Nevertheless, we also obtained a high-quality
reconstruction map of the chromatosome containing a hybrid linker histone, including the
tails of H1.4 and the globular domain of H1.10. In this structure, some of the side chains of
the H1.10 globular domain residues could also be determined (see later). Alignment of the
core histones structures in the chromatosomes showed that the globular domain of H1.0
displayed a noticeable shift in comparison with those of the H1.4 and H1.10, even though
the structures of the H1 globular domains were similar (Figure 2D). The larger side chain of
GIn47 in H1.0 that interacted with the dyad DNA likely led to the observed difference, as the
corresponding residues in H1.4 and H1.10 were the smaller Ala residues (Figure 2A). The
2.76 A resolution density map of the H1.4 chromatosome also allowed us to define the DNA
sequence in the nucleosome core region (Figure 2E) and, therefore, the DNA sequences of
the two linker DNAs. In contrast, the cryo-EM densities of the W601 DNA in the
nucleosome represent the two positions’” average from opposite DNA orientations (Figure
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2E). We found that in the H1.4 chromatosome, the linker-a.3 contains more AT pairs than
the linker-L1 and the Arg78 residue in the a3 helix insert into the minor groove consisting
of more AT pairs (Figure 2F).

MD Simulations of Local Interactions

To complement the cryo-EM structures and gain insights into the local dynamic interactions
between the linker histone globular domains and DNA, we conducted several 0.5-ps all-atom
molecular dynamics (MD) simulations in explicit solvent for the three chromatosomes and
the free nucleosome without core and linker histone tails. For all chromatosomes, the DNA
linker that has close contacts with the a3 helix of the globular domain consists of the
sequence with the higher AT-pair content compared to the linker that faces the loop 1 of H1.
To measure the degree of flexibility and openness of the linker- and the nucleosomal DNA,
we used RMSF (root mean square fluctuation) and the distance between the ends of two
DNA linkers. We found that the linker DNAs had substantially larger RMSFs than the DNA
in the nucleosome core region, even for the DNA region that had close contacts with the
globular domain (Figures 3A and 3B). The linker DNA with high AT-pair content exhibited
more pronounced flexibility compared to the lower AT-pair content strand in the free
nucleosome. The overall distribution of the distances between the two DNA linker ends
shifted toward smaller values in the order of free nucleosome, H1.10, H1.4, and H1.0
chromatosomes with broader distribution in the free nucleosome and the H1.10
chromatosome (Figure 3C). To evaluate the orientation of DNA linkers, we used two angles,
a and B, with respect to the dyad principal axis to quantify the in- and out-of-nucleosomal-
plane deviations, respectively (Figures 3D and S3) (Bednar et al., 2017). The distributions of
the difference of the a and B values for each linker DNA showed that the linker-L1s of the
free nucleosome and the H1.10 chromatosome are significantly more open than those of the
H1.4 and H1.0 chromatosomes (Figure 3E), whereas the linker-a.3 of the H1.4
chromatosome is significantly more closed than those in the others (Figure 3F). Notably, for
the free nucleosome and the H1.10 chromatosome, the distributions showed multimodal
shapes (Figures 3C, 3E, and 3F).

Next, we calculated the average number of contacts of each globular domain residue of the
linker histones with the DNA using the criterion that contact occurs if the distance between a
heavy atom in the globular domain is within 5 A of a heavy atom from DNA. We found that
the majority of contacts occurred between the residues from the N-terminal region of the a.2
helix and the C-terminal region of the L3 loop in the H1 globular domains and the DNA near
the dyad (Figures 3G and 3H). This explains why the globular domain interface interacting
with the dyad is highly conserved among most H1 isoforms from different organisms, as
evident from the HistoneDB 2.0 database (Draizen et al., 2016). Linker-a.3 forms more
contacts with the residues in the a3 helix of the globular domains than those formed
between linker-L1 with the L1 loop of the globular domains. However, there are significant
variations in residue types and the number of contacts with the DNA among the three linker
histone isoforms. For example, the conserved Arg in the L1 loop of H1.0 (Arg42) has a
much larger average humber of contacts than the corresponding residues in H1.4 (Arg53)
and H1.10 (Arg62). In contrast, the C-terminal region of the globular domain of H1.0 has
fewer contacts in comparison with those of H1.4 and H1.10. Thus, variant globular domains
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redistribute interactions with the nucleosomal and linker DNA differently while maintaining
approximately the same overall number of interactions. Namely, H1.10 interacts mostly with
the nucleosomal DNA near the dyad region, whereas H1.0 and H1.4 globular domains have
more pronounced interactions with the linker strands. Also, upon nucleosome binding, H1.4
undergoes the most pronounced internal rearrangements, followed by H1.10 and then H1.0
(Figure S3).

Dynamic Conformation of Linker DNA and H1 Tails

To explore the dynamic conformation of linker DNAs, we performed further 3D
classification analysis for the free nucleosome and the H1.0, H1.4, and H1.0 chromatosomes
using cryoSPARC (Figures 4 and S4). We identified two classes for the H1.0 and H1.4
chromatosomes and three classes for the free nucleosome. We found only one major class
for the H1.10 chromatosome, which is likely due to the orientation preference of the
particles (Figure S2). The differences in the structural models for the two classes of the H1.0
and H1.4 chromatosomes mainly occurred in the end regions of the linker DNA and were
more pronounced for the linker-L1 DNA. We also observed densities between two DNA
linkers in one class of the H1.0 chromatosome and in both classes of the H1.4
chromatosomes (Figures 4A and 4B). In the case of the free nucleosome and the H1.10
chromatosome, no such densities were observable (Figures 4C and 4D; Video S4).

To characterize the conformation of the H1 tails (Figure 5A), we performed NMR
experiments on the chromatosomes using uniformly 1°N- and 13C-labeled H1 isoforms. In
comparison with the free H1s, all of the residues in the globular domains disappeared in the
spectra as expected because of the large sizes of the chromatosomes and the folded
structures of the globular domains (Figures 5B and S5A-S5C). In addition, some of the
residues in the linker histone tails also disappeared or showed very weak intensities. We
assigned chemical shifts of most of the observable peaks and calculated the deviations of Ca
chemical shifts from random coil values, which are within the range from -1 to +1 (Figure
5C). These results indicate that the observable tail regions by NMR displayed a
conformation close to random coils and form transient interactions with linker DNA. The
observable tail regions include the N-terminal tails of all three linker histones and nearly all
of the C-terminal tail residues of H1.10 and the regions immediately after the globular
domains of H1.0 and H1.4. In contrast, the unobservable residues were mainly in the very C-
terminal regions of the tails, including ~50 residues (Figure 5C), which are likely associated
with the linker DNA most of the time, but dynamically.

To further test whether the linker histone tails play a predominant role in controlling the
openness of DNA linkers, we made a chimeric linker histone that combines the globular
domain of H1.10 with the tails of H1.4, termed gH1.10-ncH1.4. We determined the cryo-EM
structure of the chromatosome containing the chimeric linker histone at an overall resolution
of 3.0 A (Figures 5D and S5E-S5H). Indeed, the two DNA linkers in this structure have
more closed conformation. In this case, we also observed detailed interactions of the
globular domain of H1.10 with the DNA (Figure 5E). In the low-pass-filtered maps, we also
found the N-terminal loop of the H1.10 globular domain inserts between two linker DNA,
which is opposite to that of H1.4 (Figures S51-S5K). Overall, the NMR results are
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consistent with those of cryo-EM that the two DNA linkers in the H1.10 chromatosome have
more open conformations than those in the H1.0 and H1.4 chromatosomes, and there are
observable densities between the two DNA linkers in the H1.0 and H1.4 chromatosomes
(Figures 4 and 5F; Video S4).

Conformations of H2A C- and H3 N-Tails in Chromatosomes

In the cryo-EM maps of the chromatosomes, we also observed additional densities between
the DNA gyres of the super-helical location (SHL) 1 to 2 and —6 to —7 regions in
comparison with the density map of the free nucleosome (Figure 6A; Video S5). Since the
density is connected to the aN helix of H3, we speculated that it represented a region from
the H3 tail. We could fit ~7 residues to the density after the original density map was low-
pass filtered to 6 A resolution. We performed NMR experiments using 1°N- and 13C-labeled
H3 in the nucleosomes and chromatosomes and assigned chemical shifts of the residues in
the H3 tail. We found that a cluster of the residues (Lys23, Ala24, Ala25, Arg26, and Lys27)
in the H3 N-tail showed large chemical shift changes and a decrease in peak intensities
(Figures 6B and 6C), suggesting that these residues contributed to the densities observed
between the two DNA gyres. Other residues (Thr6, Arg8, and Ala21) that also showed
significant chemical shift changes and decreases in peak intensities may also make
contributions to the observed density. Since SHL1-2 location is a part of the binding site of
the ATPase domain of chromatin remodeler ISWI (Chittori et al., 2019; Yan et al., 2019), we
reasoned that occupation of H3 histone tails at this location in the chromatosomes might
inhibit remodeler binding. Indeed, electrophoresis mobility shift assay experiments revealed
that the ATPase domain of the ISWI remodeler bound to the nucleosome specifically but to
the chromatosomes nonspecifically (Figures S6A and S6B).

We also observed additional densities near linker-L1 and nucleosomal DNA when
comparing the density maps of the free nucleosome and the H1.4 chromatosome (Figures
7A, S6C, and S6D; Video S5). Since the location of the density map is close to the
structured C-terminal tail region of H2A, we speculated that the density represented a region
in the C-terminal tail of H2A that is disordered in the free nucleosome. We could fit ~6
residues to the densities after the original density map was low-pass filtered to 6 A
resolution. Again, we performed NMR experiments on the nucleosome and chromatosomes
using 15N- and 13C-labeled H2A and assigned the chemical shifts of the flexible residues in
H2A (Figure 7B). We observed substantial changes in chemical shifts and peak intensities of
the H2A C-terminal tail region between the nucleosome and the chromatosomes, whereas
few changes occurred to the H2A N-terminal tail (Figure 7C).

DISCUSSION
On-Dyad Binding by H1 Isoforms

In the cryo-EM structures of the chromatosomes consisting of human H1.0, H1.4, and
H1.10, the globular domains of all three linker histones bind the nucleosome dyad. The
globular domains mainly use the residues in the N-terminal region and the a.3 helix to form
close interactions with linker-a3 DNA and the residues in the L1 loop to make loose
interactions with linker-L1 DNA. There are small differences in the orientations of the
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globular domains in the chromatosomes, which are caused by the detailed interactions
between the globular domains and DNA. Our MD simulation studies showed that the
globular domains of the linker histones and the associated linker DNA regions are highly
dynamic in comparison with the nucleosome core region. The highly dynamic behavior of
the globular domains in chromatosomes has also been shown in other computer simulation
studies (Oztiirk et al., 2016, 2018; Woods and Wereszczynski, 2020). These results are
consistent with the observations from the fluorescence recovery after photobleaching
(FRAP) experiments, which showed that linker histones have much shorter residence time
than the core histones (Misteli et al., 2000), and the local resolution of the H1 globular
domain is lower than that of the nucleosome core region (Figure S2).

In comparison with our H1.0 chromatosome cryo-EM structure, the previous crystal
structures of the chromatosome core particle consisting of the globular domain of chicken
H5 (cH1.0) (Zhou et al., 2015) and the chromatosome containing the full-length Xengpus
H1.0 (xH1.0) (Bednar et al., 2017) showed slightly more closed linker DNA conformations
(Figure S3C; Video S3), possibly influenced by molecular packing in the crystal that forces
the linker DNA ends to form interactions with those of neighboring chromatosomes. Since
the binding modes of linker histones are determined by the globular domains alone (Zhou et
al., 2016) and human H1.1 to H1.5 isoforms have highly conserved sequences in the
globular domain regions, our results strongly suggest that all human somatic linker histone
isoforms bind to the nucleosome on the dyad region in mono-chromatosomes and open
chromatin. Note that we previously found that Drosgphila H1 binds to the nucleosome off
the dyad (Zhou et al., 2013), and the globular domains of chicken H5/H1.0 and Drosophila
H1 have different residues at five key positions that interact with DNA in the
chromatosomes. When the five residues in the globular domain of H5/H1.0 (conserved
between chicken and human) are substituted with the corresponding residues in Drosophila
H1, the penta mutant (GH5P™UY) binds to the nucleosome off the dyad (Zhou et al., 2016).
Three of the five residues in human H1.0, H1.4, and H1.10 are largely conserved. It remains
to be tested whether the corresponding five residues in H1.4and H1.10 play determinant
roles in controlling their binding mode.

H1 C-Terminal Tails Control Openness of the Two DNA Linkers

Among the three chromatosome structures, the linker DNAs show different degrees of
openness, which is roughly correlated with the numbers of linker histone C-terminal tail
residues that are not observable by NMR. Our tail-swap cryo-EM experiment firmly
demonstrates that it is the linker histone tails that play a predominant role in controlling the
linker DNA closeness. Together with the observed densities between the two linker DNAS in
the H1.0 and H1.4 chromatosomes, these results suggest that the very C-terminal tails form
interactions with both linker DNAs simultaneously and bring them closer. Notably, the
recent cryo-EM study has suggested that a C-terminal tail region of linker histone xH1.0
bind to the outer surface of linker-L1 DNA when using one structure to fit the density map
(Bednar et al., 2017). In our study, however, we find that the density map of the human H1.0
chromatosome contains two different 3D classes; one class shows densities between the two
linker DNAs, suggesting the H1.0 C-terminal tail forms interactions with both linker DNAs.
It is still possible that the linker histone tails could also make transient and weaker
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interactions with the outer surface of the linker DNA. Notably, transient stabilizing
interactions between the C-terminal tail of linker histone H1.0 and a 25-bp oligo DNA
(Turner et al., 2018) and between the human linker histone H1.0 and its intrinsically
disordered chaperone, ProTa. (Borgia et al., 2018; Feng et al., 2018), have been observed.

The closeness of the two DNA linkers in the chromatosome is apparently correlated with the
number of net positive charges in the C-terminal tails of the H1 isoforms, which are 40 for
H1.0, 44 for H1.4, and 27 for H1.10, respectively. However, the recent cryo-EM study
showed that the chromatosome containing H1.5AC50 (deletion of 50 residues at the C-
terminal end), which reduces the number of net positive charges to 25, also displays a closed
linker DNA conformation (Bednar et al., 2017), suggesting that the numbers of net positive
charges are not the sole determinant of linker DNA closeness. Earlier hydroxyl radical
footprinting studies have suggested that the T/SPKK motifs in the linker histone tails
preferentially interact with DNA (Churchill and Suzuki, 1989). We found that the C-terminal
tail regions of both H1.0 and H1.4 consist of two and three T/SPKK motifs (Figure 5A),
respectively. Also, mutations of T/S to E in the three T/SPKK motifs in the C-terminal of
H1.4 to mimic phosphorylation of T/S residue led to more observable NMR peaks (Figure
S5D). Moreover, phosphorylation of linker histones is known to decrease their binding to
DNA (Turner et al., 2018) and increase the activity of ATP-dependent chromatin remodeling
enzymes on nucleosome arrays (Horn et al., 2002). In contrast, there are no such motifs in
the C-terminal tail of H1.10. Interestingly, H1.5AC50 with more closed DNA ends in the
chromatosome also consists of three T/SPKK motifs in the C-terminal tail. Moreover, our
previous studies showed that most of the residues in the DrosophilaH1 C-terminal tail,
which does not include any T/SPKK motifs, are observable by NMR in the chromatosome
(Zhou et al., 2013). It is likely that the number of T/SPKK matifs in the C-terminal tails of
linker histones played an important role in controlling the linker DNA openness. Notably,
frame-shift mutations in the C-terminal tail of H1.4, which lead to loss of the T/SPKK
motifs and positively charged residues, have been linked to autism and premature aging
(Duffney et al., 2018; Flex et al., 2019).

Linker DNA Sequence-Dependent Interactions

The two DNA linkers used in our studies have different DNA sequences. One linker has
more AT pairs than the other. The density maps of the chromatosomes containing H1.4 and
gH1.10-ncH1.4 are of sufficiently good quality to allow us to define the specific base pairs
in the nucleosome core region and, therefore, the sequences in the two DNA linkers. In both
cases, the globular domains use residues in the a3 helix residues to bind to the linker DNA
with more AT pairs. For the H1.4 chromatosome, a possible interpretation of the binding
preference is that the linker histone uses an Arg residue to interact with the minor groove of
the linker DNA with more AT base pair (Figures 2C, 2E, and 2F), similar to the interactions
between core histones and the DNA in the nucleosome core particles (Rohs et al., 2009). In
the case of gH1.10-ncH1.4, the aromatic side chains of Tyr residues in the a3 helix interact
with the linker DNA. The physical-chemical reason for this preferred interaction remains to
be investigated in the future.
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Implications of H1 Isoforms in Chromatin Structure, Dynamics, and Function

How linker histones condense chromatin to form higher-order structures remains a debated
issue. Studies of chemically cross-linked nucleosome arrays or nucleosome arrays in crystals
suggest the formation of 30-nm fibers with well-defined structures (Dorigo et al., 2004;
Garcia-Saez et al., 2018; Song et al., 2014). However, it has been argued that nucleosome
arrays condensed by linker histones in the absence of cross-linking are best described with
an ensemble of dynamic structures (Zhou and Bai, 2019; Zhou et al., 2018), which is
consistent with the observation that nucleosomes can pack in different ways in crystals or in
oligomeric states without preference toward one specific way of packing (Bilokapic et al.,
2018; Korzhnev et al., 2006). Our observation that chromatosomes can have multiple
conformations in linker DNA further supports the ensemble view.

Also, the variation of linker DNA conformations in the chromatosomes containing various
linker histone isoforms suggests that there are likely distinct structural regions in chromatin,
which may be involved in different functions. The more closed linker DNA conformations in
the H1.0 and H1.4 chromatosomes suggest that the two linker histones associate with the
nucleosome more tightly than H1.10. Consistent with these results, FRAP studies have
shown that linker histone H1.0 and H1.4 have much longer residence times (>20 s) on
chromatin than H1.10 (~5 s) (Brown et al., 2006; Hergeth et al., 2011; Misteli et al., 2000;
Takata et al., 2007). The stronger interactions of linker histones H1.0 and H1.4 with the
linker DNA appears to be consistent with the known roles of H1.0 and H1.4 in gene
transcription regulation. H1.0 inhibits the transcription of oncogenic effectors and self-
renewal genes (Torres et al., 2016), and H1.4 is associated with the expression of genes that
are involved in mental development (Duffney et al., 2018; Flex et al., 2019). In contrast,
H1.10 is involved in mitotic progression (Takata et al., 2007).

In addition, our results that the disordered H3 N-terminal tails in the free nucleosome form
interactions with their neighboring two DNA gyres in the chromatosome explain the earlier
experimental results that binding of human linker histone H1.4 to the nucleosome leads to
the decrease of NMR peak intensities of the residues in the H3 N-terminal tails and
inhibition of their post-translational modifications (Stutzer et al., 2016). These results
suggest that the N-terminal tails H3 have favorable interactions with flanking DNA in the
absence of H1. In the presence of H1, the H1 competes with the N-terminal tails of H3 for
binding of the flanking DNA, forcing them to interact with the nearby DNA in the
nucleosome core region. The observation that the H3 N-terminal tail in the chromatosome
inhibits the binding of the ATPase domain of chromatin remodeler is also consistent with the
results that linker histones inhibit the activity of chromatin remodeling by the ATP-
dependent chromatin remodeling enzymes (Horn et al., 2002). Moreover, our finding that
one of the C-terminal tails of H2A binds to the DNA near the dyad in the chromatosome
suggests that binding of linker histones to the nucleosome could break the symmetric
conformation of H2A C-terminal tails in the same nucleosome, which has implications for
their asymmetric post-translational modifications and gene transcription. The partial
ordering of the H2Atail is likely due to the stabilization of the flanking DNA by H1.

Finally, ourcryo-EM structures of the chromatosomes provide the structural basis for
understanding how post-translational modifications of linker histones may alter the structure
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and function of chromatin (Figure S7) Harshman et al., 2013; Hergeth and Schneider, 2015;
Leidecker et al., 2016; Starkova et al., 2017). For example, the Arg53 residue in the globular
domain of H1.2, conserved among H1.0-H1.5, interacts with the linker/flanking DNA in the
chromatosome structure. Citrullination of Arg53 by the peptidyl arginine deiminase (PADI4)
leads to the de-condensation of differentiated cell chromatin in the mouse myoblast nuclei,
and an Arg53Ala mutant of H1.2 impairs its binding to the nucleosome (Christophorou et
al., 2014).

Limitations of Study

Our studies of chromatosomes have several limitations. The structural models of the mono-
chromatosomes may not fully represent the chromatosome in chromatin. The DNA used for
reconstituting the chromatosome is non-native, and specific DNA sequences may affect the
details of how linker histones bind to the nucleosome. Our MD simulation of
chromatosomes does not consider histone tail effects, and simulation time is limited to sub-
microseconds.

STARXMETHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Yawen Bai (baiyaw@mail.nih.gov).

Materials Availability—Unique and stable reagents generated in this study are available
upon request.

Data and Code Availability—The accession numbers for the structures and the
corresponding cryo-EM maps is PDB: 7K5Xand EMDB: EMD-22683 for the H1.0
chromatosome; PDB: 7K5Y and EMDB: EMD-22684 for the H1.4 chromatosome; PDB:
7K60 and EMDB: EMD-22685 for H1.10 chromatosome; PDB: 7K61 and EMDB:
EMD-22686 for the nucleosome; PDB: 7K63 and EMDB: EMD-22687 for the gH1.10-
ncH1.4 chromatosome. EMDB: EMD-22688forthe H1.4 Di-chromatosome. The raw 2D
micrographs of all datasets will be uploaded to the EMPIAR database.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human core histone genes were gift from Dr. Hitoshi Kurumizaka, linker histone genes were
purchased or synthesized. All genes were subcloned into expression plasmids and expressed
in Escherichia colr.

METHOD DETAILS

Protein and DNA Preparation

Purification of linker histones: The gene for human H1.0 was obtained from Origene. The
genes for human H1.4, and H1.10 were commercially synthesized (Bio Basic). These genes
were subcloned into pET42b vector in frame with C-terminal hex-histidine tags. A chimeric
linker histone gene containing H1.4(1-35)-H1.10(44-119)-H1.4(110-213), which replaces

the globular domain gH1.4 in H1.4 with the globular domain gH1.10 in H1.10, was made
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using PCR, the HIFI DNA Assembly kit (NEB) and synthesized primers (IDT DNA). H1
mutants were made using PCR and Q5 mutagenesis kit (NEB). All genes were sequenced to
ensure accuracy (Genewiz). Escherichia coli BL21-CodonPlus (DE3)-RIPL competent cells
were transformed with individual linker histone plasmids and grown in 2XYT media at
37°C. When cell densities reached an ODggq of 0.8- 1.0, 0.5 mM IPTG was added to induce
protein expression and the cells were grown further for another 3 hours. Cells were
harvested by centrifugation and, when necessary, stored at —80°C until the next step. The
cells from 1 | of growth medium were resuspended in 50 mL lysis buffer (50 mM
NaH,PO4/Nay,HPO4, pH 8.0, 750 mM NaCl, 10 mM imidazole, 4M guanidine
hydrochloride) and lysed by sonication. The clarified lysate was added to 4 mL of Ni-NTA
beads (QIAGEN) that had been equilibrated with wash buffer (50 mM NaH,PO4/Na,HPO4,
pH 8.0, 750 mM NacCl, 10 mM imidazole, 6 M Urea). The beads were incubated with the
lysate at 20°C for 45 min then loaded to a gravity flow column and washed with a 100 mL
wash buffer. Proteins were eluted 6 times (8 mL each) with elution buffer (50 mM
NaH,P0O4/Nay,HPO4, pH 8.0, 750 mM NacCl, 250 mM imidazole, 6 M Urea). After elution,
10 pL of each fraction was run on an SDS-PAGE gel. Fractions with linker histones were
combined and dialyzed overnight at 4°C against the dialysis buffer (50 mM NaH,PO4/
Na,HPO4, pH 8.0, 150 mM NaCl, 7 M Urea). The precipitate was removed by filtration
through a 0.22 pm Millex syringe filter (Millipore). The sample was loaded onto a 5 mL
Hitrap SP cation exchange column (GE Healthcare) equilibrated in dialysis buffer and eluted
with a 150 mM - 1000 mM linear NaCl gradient of 20 column volumes. Peak fractions
corresponding to linker histones were pooled and dialyzed overnight at 4°C against the
storage buffer (20 mM Tris pH 8.0, 600 mM NaCl, 1 mM EDTA). Precipitates were
removed by filtration through a 0.22 pm Millex syringe filter (Millipore) and protein were
concentrated to ~1 mL using an Amicon Ultra spin concentrator (Millipore). Finally, the
protein was purified using a Superdex 75 Increase 10/300 size exclusion chromatography
column (GE Healthcare) that was pre-equilibrated with the storage buffer. Peak fractions
were pooled and stored at —20°C until use.

To produce 15N/13C-labeled linker histones H1.0, H1.4 or H.10, Escherichia coli BL21-
CodonPlus (DE3)-RIPL competent cells (Agilent) were transformed with corresponding
plasmids and grown at 37°C in LB media to an OD600 of 1.0. The cells were pelleted by
centrifugation, resuspended in fresh M9 media supplemented with 1g/L 15NH,4CI as the only
nitrogen source and with 2g/L of 13C-glucose as the only carbon source. 1 mM IPTG was
added to induce expression and the cells were grown at 37°C for 3-4 hours. Cells were
harvested by centrifugation and isotope-labeled linker histones were purified using the same
procedure as above.

Purification of core histone proteins: Human histone plasmids containing H2A, H2B, H3
and H4 were a generous gift from prof. Hitoshi Kurumizaka. To produce histones without
extra tags or residues, H2A and H2B genes were amplified by PCR and cloned into pET42b
vector using Ndel and BamHI restriction sites. H3 and H4 genes were amplified by PCR and
cloned into pET21b vector using Ndel and BamHI restriction sites. Histone expression and
purification were conducted following standard protocols (Dyer et al., 2004). We further
purify all histones with an RP-protein column (YMC) using HPLC.
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To produce 15N/13C labeled histone H2A or H3, Escherichia coli BL21-CodonPlus (DE3)-
RIPL competent cells (Agilent) was transformed with the pET42b-H2A or pET21-H3
plasmid and grown at 37°C in LB media to an OD600 of 0.6, pelleted by centrifugation and
then washed three times with Di-water. The cells were resuspended in fresh M9 media
supplemented with 1g/L 15NH,ClI as the only nitrogen source and with 2g/L of 13C glucose
as the only carbon source. 1 mM IPTG was added to induce expression and the cells were
grown at 37°C for 3-4 hours. Cells were harvested by centrifugation and isotope-labeled
histones were purified using the same procedure as nonlabelled histones.

Purification of 197bp and di-197 bp W601 DNA: 197 bp Widom 601 DNA (W601) was
amplified by PCR using one copy of 167bp W601 DNA as the template (the 12 x 167bp
W601 plasmid was a gift from professor Timothy Richmond), with 147-bp W601 strong
positioning DNA sequence (Dyer et al., 2004; Lowary and Widom, 1998) in the middle, and
25bp linker DNA at each end. To increase the yield of the 197bp W601 DNA, we generated
a pUC19 plasmid harboring 16 copies of 197 bp W601 DNA sequence separated by Smal
(CCCGGQG) cleavage sites (Wu et al., 2016). To generate di-197 bp W601 DNA, 197bp
W601 DNA and pUC19 plasmid bearing one copy of 197bp W601 DNA were amplified
separately by PCR. Both PCR products were purified and assembled into circular plasmid
using NEB HIFI DNA Assembly kit (NEB), resulted in a pUC197 plasmid bearing two copy
of 197 bp W601, separated by a Scal (AGTACT) cleavage site (See nucleotide sequence
below). Finally we produced a pUC19 plasmid harboring 8 copies of di-197 bp W601 DNA
sequence separated by Smal (CCCGGG) cleavage sites (Wu et al., 2016). Plasmids bearing
16 copies of 197 bp or eight copies of di-197 bp W601 DNA were produced in Alpha-Select
Chemically Competent cells (Bioline). Harvested cells were treated with lysis buffer (1%
SDS + 0.2 M NaOH) and neutralization buffer (4 M potassium acetate, 2 M acetic acid).
After centrifugation at 8000¢g for 30 min, the plasmids in the supernatant were precipitated,
re-dissolved and further purified by phenol and chloroform extraction. 197 bp or di-197 bp
W601 DNA was cleaved from the plasmid by Smal (NEB) and separated from pUC plasmid
backbone by PEG 6000 precipitation following the early protocol (Dyer et al., 2004). The
nucleotide sequence of the 197bp W601 DNA is as follows (the W601 DNA is underlined):
GGGCTGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCA
ATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGC
GTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGTGCATGTATTGAACAGCGACCACCCC

The nucleotide sequence of the di-197bp W601 DNA is as the following (the W601 DNA is
underlined):
GGGCTGGACCCTATACGCGGCCGCCCTGGAGAATCCCGGTGCCGAGGCCGCTCA
ATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCCCGC
GTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATAC
ATCCTGTGCATGTATTGAACAGCGACCACAGTACTCTGGACCCTATACGCGGCCGC
CCTGGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACC
GCTTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTC
CCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGA
CCAcCcCcCC
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Purification of 237bp W601 DNA: 237 bp W601 DNA was amplified by PCR using one
copy of 197bp W601 DNA as the template and 2x LiTag PCR Master Mix (LifeSct). DNA
products from 96-well PCR plate were precipitated with 70% ethanol, redissolved in 1
mLTE buffer (pH 8.0), injected into a 4 mL POROS-HQ 50 pm column (Thermo Fisher
Scientific). After washing with 5mM Tri-HCI, pH 8.0 buffer without salt, 237 W601 DNA
was eluted by a linear 0-2 M NaCl gradient in 5 mM Tris-HCI, pH 8.0. The nucleotide
sequence of the 237 bp W601 DNA is as the following (the W601 DNA is underlined):
GCATCCCTTATGTGAGGTACGGGCTGGACCCTATACGCGGCCGCCCTGGAGAATC
CCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCA
CGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAG
GCACGTGTCAGATATATACATCCTGTGCATGTATTGAACAGCGACCACCCCGCGTT
TAAACCGGTGCCAGT

Purification of scFv of PL2-6 antibody: Using our previous scFv plasmid as the template
(Zhou et al., 2019), the DNA sequence encoding the mouse mAb PL2-6 antibody light chain
variable region (GenBank id: X60341), heavy chain variable region (GenBank id: X60334)
and a linker with four repeats of GGGGS was amplified by PCR using NEB HIFI DNA
Assembly kit (NEB). The DNA sequence was subcloned into pET15b plasmid. Purification
of scFv using the same protocol described in our early study (Zhou et al., 2019).

Purification of ctISWI: To produce the full-length ctISWI and its fragment containing the
ATPase domain (Chittori et al., 2019), Escherichia coli Rosetta(DE3) pLysS cells (Agilent)
were transformed with pProEX-Htb-ctISWI and pProEX-Htb-ctISWI177.a-722 plasmid,
respectively, grown in 1x LB Broth (IPM Scientific) with 100 pg/ml Ampicillin at 37°C
while shaking. When the cell density reached an ODggq of ~1.0, the growth temperature was
reduced to 14°C. 0.15-0.20 M NaCl was added into the cell culture and recombinant protein
expression was induced by adding 0.3 mM IPTG for 18-20 h. Cells were harvested by
centrifugation and the cell pellet was washed twice with 40 mL wash buffer containing 20
mM Tris—HCI pH 8.0, 500 mM NaCl and 2 mM B-ME. Cells were resuspended in 40 mL
binding buffer containing 20 mM Tris—HCI pH 8.0, 1 M NaCl, 20 mM imidazole, 5 mM -
ME, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 U mI~1 Benzonase Nuclease (Sigma-
Aldrich) and 10 ug mI~1 Ribonuclease A (Sigma-Aldrich), followed by sonication on ice for
a total of 10 min with a pulse of 5 son, and 10 s off and 15% force. Soluble protein was
separated from cell debris by centrifugation at a speed of 35,000 RPM for 2 h and at 4°C.
The protein was first purified using Ni-NTA agarose (QIAGEN) following the protocol
provided by the manufacturer and further purified by one round of size-exclusion
chromatography (SEC) using S200 increase 10 300GL (GE Healthcare) column pre-
equilibrated in a buffer containing 20 mM HEPES pH 7.5, 200 mM NaCl, and 5 mM p-ME.
Peak fractions containing the full-length ctISWI or ctiISWI77.4.722 Were pooled and stored at
4°C.

Reconstitution of the Mono- and Di-nucleosome: The mono-nucleosome containing
unlabeled human core histones, 197 bp or 237 bp W601 DNA was reconstituted as described
previously (Dyer et al., 2004). Briefly, histone octamers were prepared from individual
histone proteins by refolding and salt dialysis. Histone octamers were isolated from
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H2A/H2B dimers and H3/H4 tetramers by size exclusion chromatography, and concentrated
using a 30 kDa cut-off Amicon Ultra spin concentrator (Millipore). Mono-nucleosomes were
prepared by mixing histone octamers and purified 601 DNA under high salt, followed by salt
gradient dialysis over 24 hours. The di-nucleosome were reconstituted following the same
protocol except the salt gradient dialysis step took 48 hours. Fully formed mono-
nucleosomes and di-nucleosomes were separated from misfolded nucleosomes using TSK
DEAE-5PW HPLC column (TOSOH). Nucleosomes containing °N/13C-labeled H2A or
15N/13C-labeled H3 were reconstituted the same way as the nucleosome containing
unlabeled histones.

Reconstitution of Chromatosomes: The ratio of linker histone to nucleosome was
determined by titration of individual linker histones with nucleosomes and checked on native
PAGE gel (Figure S1A). To prevent sample from aggregation, the linker histone was mixed
with chaperone ProTa in 1:1 ratio at a concentration of 10 uM or less. Then the linker
histone was mixed with a nucleosome at 1:1 ratio in the buffer (10 mM Tris—HCI pH8.0,
1mM EDTA and 10mM NaCl). Chromatosomes were purified from extra ProTa by size-
exclusion chromatography (SEC) using Superose 6 10 300 GL column (GE Healthcare) pre-
equilibrated with the same buffer. Di-chromatosomes (di-nucleosome and linker histones)
were reconstituted the same way as the mono-chromatosome.

AUC analysis—The solution conditions used for sedimentation experiments with H1.0/
H1.4/H1.10 chromatosomes (Figure S1B) were 10 mM Tris—HCI pH8.0, 1mM EDTA, 10
mM NaCl and 0.5 mM TCEP. Sedimentation velocity data were collected at 20°C by
centrifugation at 35,000 rpm in a Beckman Optima XL-A analytical ultracentrifuge
following standard protocols (Zhao et al., 2013). The absorbance was monitored at 260 or
280 nm. Data were analyzed in SEDFIT(Schuck, 2000) in terms of a continuous c(s)
distribution spanning a sedimentation coefficient range of 0 to 20 S with a resolution of 200
points and a confidence interval of 68%. The sedimentation coefficient reported was the
value at the peak maximum. A partial specific volume of 0.65 cm3/g was used (Ausio et al.,
1984). Solution densities and viscosities were calculated in SEDNTERP (Cole et al., 2008),
and sedimentation coefficients were corrected to standard conditions sy .

Cryo-EM Structure Determination

Sample preparation: Each chromatosome was mixed with 3x scFv and concentrated using
an Amicon Ultra spin concentrator (Millipore) to around 550 ng/ul (4.5 pM) based on the
ODygq value. Quantifoil 1.2/1.3 holy carbon copper grids (Electron Microscopy Sciences)
were pretreated using an easiGlow Glow Discharge Cleaning System (PELCO) at 25 mA for
15 s. 3 ul of each sample was vitrified on the glow discharged grids using a Vitrobot Mark
IV (Thermo Fisher Scientific) operated at 4°C, 100% humidity with blotting force of 3 and 3
- 4 s blot time.

Cryo-EM Data Collections and Processing: All data were collected on a Titan Krios
(Thermo Fisher Scientific) at 300 kV with a K2 Summit direct electron detector (Gatan). For
the H1.0 chromatosome datasets, data were collected in super-resolution mode at a nominal
magnification of 29,000x and a pixel size of 0.429 A with a nominal dose of 40 e-/A? over

Mol Cell. Author manuscript; available in PMC 2022 January 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhou et al.

Page 16

38 frames. For the H1.4 chromatosome dataset, data were collected in counting-mode at a
nominal magnification of 29,000x and a pixel size of 0.858 A with a nominal dose of 40
e-/AZ over 76 frames. Datasets with 1,387 and 1229 movies were collected for the H1.0 and
H1.4 chromatosomes, respectively. For free nucleosome, H1.10 chromatosomes, gH1.10-
ncH1.4 chromatosomes, and H1.4 di-chromatosome, data were collected in super-resolution
counting-mode at a nominal magnification of 18,000xand a pixel size of 0.679 A with a
nominal dose of 43 e-/AZ over 40 frames. Datasets of 1985, 761, 1425 and 685 movies were
collected for the free nucleosome, H1.10 chromatosome, gH1.4-ncH1.4 chromatosome, and
H1.4 di-chromatosome respectively. The dataset for the free nucleosome was collected with
3x3 image shift using SerialEM v3.7 (Mastronarde, 2005).

For all datasets, movies were motion-corrected and dose-weighted using MotionCorr2
(Zheng et al., 2017) wrapped in Relion 3.0 (Zivanov et al., 2018). Contrast transfer function
(CTF) correction was performed with Ctffind4 (Rohou and Grigorieff, 2015). Particle
picking utilizing the positive-unlabeled convolutional neural networks of Topaz (Bepler et
al., 2019). Particle coordinates labeled by Topaz were imported into Relion for image
extraction. Extracted particles were imported into cryoSPARC (Punjani et al., 2017) and
subjected to two rounds of 2D classification to remove junk particles. Cleaned particles were
used for cryoSPARC Ab-initio reconstruction with 3 ~4 classes, followed by one to three
rounds of heterogenous refinement to further clean junk particles and select the class with
the best linker histone density. A homogeneous and non-uniform refinement was performed.
The resolution was obtained at the Fourier shell correlation (FSC) value of 0.143 (Rosenthal
and Henderson, 2003; van Heel and Schatz, 2005). The maps were sharpened using
phenix.auto_sharpen with automatically calculated overall b-sharpen and b_iso factors or the
cryoSPARC postprocessing tool with B-factor as list in Table 1.

After the cleanup step in cryoSPARC, the free nucleosome dataset was processed in Relion
3.1 (Scheres, 2020) utilizing the high-order aberration correction functions and per-particle
defocus refinement, which improved the resolution by ~0.3 A since this dataset was
collected with 3x3 image shift. Angular distribution was calculated using csparc2star.py and
star2bild.py in pyem (Asarnow and Cheng, 2019), and illustrated using ChimeraX (Goddard
et al., 2018). The local resolution of all reconstructions was assessed with Bsoft BlocRes
(Heymann, 2018) using the unfiltered half-maps as inputs (Figure S2).

Model Building and Refinement: For the H1.0 chromatosome, structures of the human
core histones (PDB: 5Y0C) (Arimura et al., 2018), the globular domain of H5 in the
chromatosome (PDB: 4QLC) and 601 DNA (PDB: 5NLO0) were rigid-body fitted to the H1.0
chromatosome density map using UCSF Chimera (Pettersen et al., 2004). For H1.4
chromatosome, the globular domain of H1.4 was built de novoin Coot aided by a predicted
structural model of H1.4 globular domain using PHENIX (Adams et al., 2010) (Liebschner
etal., 2019). For H1.10 chromatosome, the NMR structure of the H1.10 globular domain
(PDB: 2LSO) (Eletsky et al., 2012) was fitted to the density. Structural models were
manually rebuilt using COOT (Emsley et al., 2010). Mutations of proteins and DNAs were
made to generate the corresponding actual sequences. Extension of protein chains was made
following the observed densities. All models were subjected to alternating local and global
real-space refinement using PHENIX (Adams et al., 2010) (Liebschner et al., 2019) and
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COOT. PHENIX was used to examine the model to avoid overfitting. The final structures
were assessed by Molprobity (Chen et al., 2010). DNA sequence in the H1.4 chromatosome
and the gH1.10-ncH1.4 chromatosome were confirmed by the differences in purine and
pyrimidine densities (in regions with adequate resolution). Linker DNA conformation
adjustment was aided by ISOLDE (Croll, 2018).

Molecular Dynamics Simulations—Three chromatosome structures each containing
one of linker histones H1.0, H1.4 and H1.10, as well as the free nucleosome structure
containing the same 197 bp DNA sequence but with no H1 histone were solvated in cubic
boxes in explicit water to ensure there is at least a 12 A buffer zone between the molecules
and system boundaries. Systems were charge-neutralized by randomly distributing Na* and
CI™ ions at a concentration of 0.15M, minimized via steepest descent and conjugate gradient
methods and equilibrated at 100 Kfor 1 ns and 310 Kfor 1 ns using a timestep of 1 fs.
Production trajectories were collected at the NPT ensemble at 310 K and 1 atm using
atimestepof 2 fs for a duration of 0.5 ps for each starting configuration. AMBER14sb force
field (Maier et al., 2015) and the OPC water model (lzadi et al., 2014) were used to describe
the biological system and the solvent environment, respectively. Atomic coordinates were
saved every 100 ps and analyzed using VMD and Python scripts. Molecular dynamics (MD)
simulations were performed using Gromacs 2018/3 (Van Der Spoel et al., 2005). The same
simulation was also conducted for the chromatosome containing the H1.4 R53A mutant for
0.22 .

DNA RMSFs were computed over phosphate atoms and contacts were defined using a 5 A
cutoff between heavy atoms. Distributions were plotted using their kernel density estimates
with a bandwidth of 5. For quantifying linker strand dynamics in every frame of a trajectory,
the nucleosomal DNA of each chromatosome was positioned such that molecular principal
axes were in line with orthogonal cartesian axes. For this purpose, four nucleosome corners
were defined using nucleosomal DNA base pair triplets or hexatuplets as points of reference:
ayad (base pairs —1 through 1), base (base pairs —37 through —35 and 35 through 37), /eft
(chain I base pairs —55 through —53 and 19 through 21, chain J base pairs —19 through —17
and —43 through —41), and right (chain | base pairs =19 through —17 and 55 through 57,
chain J base pairs —55 through —53 and 19 through 21). The dyad-base axis (i.e., the
nucleosome principal axis) was used as the x axis. The cross-product of the x axis and the
axis connecting /eftand right corners was used as the y axis. To determine the linker strand
deviation angles, a and f, an orientation vector was defined for each DNA strand by
subtracting the position vector of the base pair closest to the nucleosome core particle (25%
base pair) from the position vector of the most-terminal base pair (first base pair). A position
vector connects the center of mass of the base pair and the originat x =y =z=0. To
determine the angle a, the orientation vector is projected onto the nucleosomal plane (XZ
plane). The angle between this projection and the nucleosomal principal axis is called a.. To
determine the angle B, the orientation vector is projected onto the XY plane. The angle
between this projection and the nucleosomal principal axis is called f.

Nuclear Magnetic Resonance Experiments—The samples of the chromatosomes or
nucleosomes containing the 1°N/13C-labeld core or linker histones or 1°N/3C-labeled free
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linker histones in the initial reconstituting buffer were exchanged into the NMR buffer (10
mM NaPi, pH 6.3,0.1 mM EDTA) by repeated concentration and dilution using an Amicon
Ultra spin concentrator (Millipore). 10% D,0 was added to the final samples. NMR data
were collected at 310 K using Bruker 700 MHz NMR equipped with cryo-probe. The
backbone chemical shift assignments were made by collecting the standard triple-resonance
3D experiments (assignments are available upon requests). The multi-dimensional NMR
spectra were processed using NMRPipe (Delaglio et al., 1995). The peak intensities of the
well-separated peaks in the 1H-1°N HSQC spectra were measured using NMRViewJ (One
Moon Scientific Inc.). Chemical shift perturbations (CSP) were calculated using the
following equation:

1,2 154,\2
CSP=\/(AA H) +0.124><(AA N)

Electrophoretic mobility shift assay—The ratio of linker histones and nucleosome was
determined by titrating linker histones to the nucleosome in buffer containing 10 mM Tris, 1
mM EDTA, 10mM NaCl, 1% Ficoll 6000 at pH 7.4.100 nM nucleosome was titrated with
65, 130, or 195 nM of linker histones. 5 uL of each reaction was loaded on a 5% acrylamide
gels in 0.2x TBE, and run at 100 V for 120 min at 4°C. After electrophoresis, PAGE gels
were stained with Midori Green Advance (Bulldog) and the gel images were visualized
using ImageJ (https://imagej.nih.gov/) (Schneider et al., 2012).

Binding of chromatin remodeler ctISWI77.5.722 With nucleosome or chromatosomes were
carried out in buffer containing 20 mM Tris, 0.1 mM EDTA, 50mM NaCl, 1ImM DTT and
1% Ficoll 6000 at pH 7.4. 100 nM nucleosome or chromatosomes were mixed with 200,
300, 400, or 500nM of ctISWI. After incubating on ice for 30 min, 5 pL of each solution
was loaded to a 4.75% acrylamide gel in 0.2x TBE buffer and run at 100 V for 90 min at
4°C. PAGE gels were stained and visualized as described above.

Nucleosome sliding assay—Nucleosome sliding by the full-length chromatin
remodeler ctISWI was carried out as described previously with minor modifications
(Mueller-Planitz et al., 2013). 100 nM of 237 bp centrally positioned nucleosome in the
presence or absence of linker histones (130 nM of H1.0, H1.4, or H1.0) and 100 nM of full-
length ctISWI were used. Reactions were performed in buffer containing 20 mM HEPES,
pH 7.5, 5 mM MgCl,, 50mM KCI, 2.5 mM DTT and 5% glycerol with 2 mM ATP. At 5,15,
30, and 60-minute time points, reactions were stopped by adding 400 ng of plasmid (6 kb
length). The products were resolved with 4.8% native PAGE, 0.2 x TBE run at 4°C and 150
V for 55 minutes. PAGE gels were stained with Midori Green Advance (Bulldog). The band
intensities were quantified using ImageJ (https://imagej.nih.gov/). The fraction of centered
nucleosome was determined by the ratio of the centered nucleosome to the total loaded
nucleosome intensity. Three independent nucleosome sliding experiments were performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

The nucleosome sliding assays were repeated three times and represented as mean + SD of
the three independent experiments. The intensities of the gel bands were quantified using
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ImageJ and the data points were plotted using GraphPad Prism 8 (Figure S6C). Cryo-EM
data collection, refinement, and validation statistics are listed in Table 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

2.8-3.1 A resolution structures of chromatosomes containing human H1
isoforms

Human somatic H1 isoforms bind to the nucleosome on the dyad
C-terminal tails of the H1 isoforms control distinct flanking DNA orientations

Chromatosome H3 N-tails relocate and inhibit ISWI remodeler binding and
activity
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Figure 1. Overall Density Maps and Structural Models
(A) Top views of the cryo-EM reconstructions of the H1.0, H1.4, and H1.10 chromatosomes

and the free nucleosome.

(B) Top views of the low-pass-filtered (6 A) density maps (transparent surfaces) as in (A)
and corresponding atomic structural models.

(C) Side views as in (A).

(D) Side views as in (B).

See also Figures S1 and S2.
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Figure 2. Interactions between the Globular Domains and DNA

1duosnuely Joyiny

(A) Sequences of the globular domains of H1.0, H1.4, H1.10, and linker DNA. The diagram
on the top shows the secondary structures. The residue GIn47 in H1.0 and corresponding Ala
residues in H1.4 and H1.10, which are highlighted, interact with dyad DNA.

(B) Density maps (transparent surfaces) and cartoon structure models of the globular
domains.

(C) Densities of the amino acid side chains of the globular domains that interact with the
nucleosomal and linker DNAs.
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(D) Hlustration of the difference of the orientation of the globular domain of H1.0 relative to
those of H1.4 and H1.10 in the chromatosomes and the residues that are likely responsible
for the difference. Structures of the chromatosomes were aligned on core histones in the top
panel. The bottom panel showed the alignment of the globular domain structures alone.

(E) Hlustration of DNA orientation determination in the H1.4 chromatosome by the fitting of
cryo-EM densities with DC-95:DG-103 and DC-99:DG-99 pairs in one direction (carbon
colored in green), which do not fit when the orientation of the DNA is reversed (carbon
colored in gold) (left). In contrast, in the case of free nucleosome, the corresponding cryo-
EM densities represent the average of the two positions from opposite DNA orientations
(right).

(F) The AT-rich base pair region (pink color) in the linker/flanking DNA is bound by the a.3
helix through residues Arg78 of H1.4.

See also Figures S1 and S2.
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Figure 3. MD of the Chromatosomes
(A) Flexibility of DNA in the H1.0 (red), H1.4 (blue), H1.10 (green) chromatosomes, and

free nucleosome (black) were illustrated via phosphate atom RMSFs over full molecular
dynamics (MD) trajectories. Base pairs that contact globular domains are shown by DNA
region: linker DNA 1 (LD21)/linker-L1 (magenta), dyad (orange), and linker DNA 2 (LD2)/
linker-a.3 (cyan). All panels follow this color convention. The dyad is numbered as 0.

(B) Mean and standard deviations of DNA RMSF averaged over base pairs.

(C) Distribution of distances between the two terminal base pairs of DNA.
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(D) Cartoon illustrating the definition of linker strand opening angles, a| p; and a_p> for in-
nucleosomal-plane motion (top), and B p1 and B_p> for out-of-nucleosomal-plane motion.
(E) Distributions of differences of linker strand angles, a and p for LD1/linker-L1. Higher
values point to more compact structures.

(F) Distributions of differences of linker strand angles, a and g for LD2/ linker-a.3. Higher
values point to more compact structures

(G) The number of heavy-atom contacts between the globular domain and DNA averaged
over MD trajectories. Residues conserved across all three H1 variants are annotated with red
asterisks. Residues in contacts with LD1/linker-L1, dyad region, and LD2/linker-a.3 are
shown in purple, orange, and cyan, respectively.

(H) Average numbers of heavy-atom contacts for three DNA regions.

See also Figure S3.
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Figure 4. Multiple Conformations and Interactions of Linker DNA
(A) 3D classification of the H1.0 chromatosome. The blue circle highlights the observation

of densities between the two linker DNA.

(B) 3D classification of the H1.4 chromatosome. The blue circles highlight the observation
of densities between the two linker DNA.

(C) The major class of the H1.10 chromatosome.

(D) 3D classification of the free nucleosome.

See also Figure S4.
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Figure 5. Linker Histone Tails Control Linker DNA Orientation
(A) Amino acid sequence alignment of the C-terminal tails of H1.0, H1.4, and H1.10. The S/

TPKK motifs are highlighted in red with a yellow background.

(B) TH-15N HSQC spectra of the H1 isoforms in the chromatosomes and the free form.

(C) Deviation of Ca chemical shifts from random coil values (AACa).

(D) Cryo-EM reconstruction of the gH1.10-ncH1.4 chromatosome. Low-pass-filtered (6 A)
cryo-EM density is shown with a transparent gray surface.
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(E) Cryo-EM density fitted with the globular domain structural model. Density of the amino
acid side chains of the globular domain that interact with the DNA.

(F) Cartoons of chromatosomes showing differences in linker DNA and H1 tails.

See also Figure S5.
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Figure 6. Effects of Linker Histone Binding on the Conformation of H3 Tails
(A) Comparison of cryo-EM densities of the free nucleosome and the H1.4 chromatosome.

The 147-bp nucleosome density map is from EMD-8938. All maps were low-pass filtered to
6 A. The density maps were plotted at same intensity levels for core histones. H3 model and
densities are zone colored in light blue. Extra densities between the two DNA gyres are
colored in light blue, which is connected the H3 N-helix density. Numbers in the circles

show the super-helical locations.

(B) 1H-15N spectra of H3 tails in the chromatosomes and free nucleosome.
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(C) Chemical shift perturbations (upper panel) and NMR peak intensity changes (lower
panel) for the residues in the H3 N-tails upon addition of H1.
See also Figure S6.
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Figure 7. Effects of Linker Histone Binding on the Conformation of H2A Tails
(A) Comparison of the cryo-EM densities of the free nucleosome and the H1.4

chromatosome. All maps are low-pass filtered to 6 A. The density maps were plotted at the
same intensity levels for core histones. H2A model and density are zone colored in orange.
Extra density is also colored in orange, which is closed to one of H2A C-terminal structured
region.

(B) TH-15N spectra of H2A tails in the chromatosomes and free nucleosome. The dashed
lines separate the N-terminal (left) and C-terminal (right) tail regions.
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(C) Chemical shift perturbations (upper panel) and NMR peak intensity changes (lower
panel) for the residues in the H2A tails upon addition of H1.
See also Figure S6.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

CL;‘slclherichia coli BL21-CodonPlus (DE3)-RIPL Competent  Agilent Cat#230280
ells

Escherichia coli Rosetta(DE3) pLysS Competent Cells Novagen Cat#70956

Chemicals, Peptides, and Recombinant Proteins Critical

HiTrap SP HP cation exchange chromatography column GE Healthcare Cat#17115101

Ni-NTA Agarose QIAGEN Cat#30230

Protein-RP, 5um, 250x20mm Column YMC AMERICA Cat#PR99S05-2520WT

TSKgel DEAE-5PW column TOSOH Cat#0007574

Superdex 75 increase 10/300 GL column GE Healthcare Cat# 29148721

Superdex 200 increase 10/300 GL column GE Healthcare Cat#28990944

Superose 6 10/300 GL column GE Healthcare Cat#29091596

ProTa

Feng et al., 2018

https://pubs.acs.org/doi/10.1021/
acs.biochem.8b01075

Deposited Data

H1.0 Chromatosome This Paper EMDB: EMD-22683 PDB ID: 7K5X
H1.4 Chromatosome This Paper EMDB: EMD-22684 PDB ID: 7K5Y
H1.10 Chromatosome This Paper EMDB: EMD-22685 PDB ID: 7K60
197bp Nucleosome This Paper EMDB: EMD-22686 PDB ID: 7K61
gH1.10-ncH1.4 Chromatosome This Paper EMDB: EMD-22687 PDB ID: 7K63
H1.4 Di-chromatosome This paper EMBD: EMD-22688

Crystal structure of chromatosome containing GH5 Zhou et al., 2015 PDB: 4QLC

Cryo-EM structure of nucleosome in complex with scFv Zhou et al., 2019 PDB: 6DZT

Solution NMR structure of GH1.10 Eletsky et al., 2012 PDB: 2LSO

Crystal structure of 197bp nucleosome in complex with H1 ~ Bednar et al., 2017 PDB: 5NLO

Crystal Structure of the human nucleosome Arimura et al., 2018 PDB: 5Y0C

Recombinant DNA

pET42b-H1.0-his6 This Paper N/A

pET42b-H1.4-his6 This Paper N/A

pET42b-H1.10-his6 This Paper N/A

pET42b-gH1.10-ncH1.4-his6 This Paper N/A

PET42b-H1 4 TI4SE/TISIEISITIEISIBEE s This Paper N/A

pET42b-H2B This Paper N/A

pET21b-H3 This Paper N/A

pET21b-H4 This Paper N/A

pUC19-16x197_W601 This Paper N/A

pUC19-di-197x8_W601 This Paper N/A

pET15b-scFv

Zhou et al., 2019

http://www.nature.com/articles/
s41467-019-10247-4
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p ProEX-Htb-CtISWI 77-N-722

Chittori et al., 2019

https://academic.oup.com/nar/
article/47/17/9400/5545016

Software and Algorithms

Relion 3.0 Zivanov et al., 2018 https://github.com/3dem/relion

CryoSparc V2 Punjani et al., 2017 https://cryospac.com/

CTFind4 Rohou and Grigorieff, 2015  https://grigoriefflab.janelia.org/ctf

MotionCorr2 Zheng et al., 2017 https://msg.ucsf.edu/em/software/
motioncor2.html

BlocRes Heymann, 2018 https://Isbr.niams.nih.gov/bsoft/

Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

Chimerax Goddard et al., 2018 https://www.cgl.ucsf.edu/chimerax

ISOLDE Croll, 2018 https://isolde.cimr.cam.ac.uk/

Coot Emsley et al., 2010 https://www2.mrc-Imb.cam.ac.uk/personal/
pemsley/coot/

Phenix Liebschner et al., 2019 https://www.phenix-online.org/

Topaz Bepler et al., 2019 https://github.com/tbepler/topaz

pyem Asarnow and Cheng, 2019 https://github.com/asarnow/pyem

Prism 8 GraphPad Software https://www.graphpad.com/

NMRPipe Delaglio et al., 1995 https://www.ibbr.umd.edu/nmrpipe/index.html

NMRView] One Moon Scientific, Inc. https://nmrfx.org/nmrfx/nmrviewj

ImageJ Schneider et al., 2012 https://imagej.nih.gov/
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