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Abstract

Higher order compaction of the eukaryotic genome is key to the regulation of all DNA-templated
processes, including transcription. This tightly controlled process involves the formation of
mononucleosomes, the fundamental unit of chromatin, packaged into higher-order architectures in
an H1 linker histone-dependent process. While much work has been done to delineate the precise
mechanism of this event in vitroand in vivo, major gaps still exist, primarily due to a lack of
molecular tools. Specifically, there has never been a successful purification and biochemical
characterization of all human H1 variants. Here we present a robust method to purify H1 and
illustrate its utility in the purification of all somatic variants and one germline variant. In addition,
we performed a first ever side-by-side biochemical comparison, which revealed a gradient of
nucleosome binding affinities and compaction capabilities. These data provide new insight into H1
redundancy and lay the groundwork for the mechanistic investigation of disease-driving mutations.
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The H1 linker histone family is composed of 11 variants; seven are somatic and include
H1.1-H1.5, which are replication-dependent and H1.0 and H1x, which are replication-
independent. The four germline variants are replication independent, and include H1t, H1T2
(H1fnt), HILS1 and H1oo (Table 1)1-3. H1 variants differ in their time and patterns of
expressionZ4. All linker histones share a core globular domain (GD), roughly 80 amino
acids in length, containing a ‘winged-helix’ fold found in the FOX/Forkhead-family of
DNA-binding factors®. The remaining approximately 130 amino acids are unstructured and
make up the N-terminal (25-30 amino acids) and C-terminal (~100 amino acids) tails (see
Figure S1 for sequence alignment). Previous work has determined that the GD is responsible
for H1 docking to the nucleosome dyad, although whether all variants bind in the same
manner is disputed®”. Recent work suggests that the intrinsically disordered and highly
basic C-terminal domain (CTD) adopts a secondary structure upon binding to the linker
DNA between two nucleosomes to facilitate compaction®. Moreover, proteomics
experiments have identified numerous and diverse post-translational modifications (PTMs)
on H1 variants, some of which have been shown to affect its binding to chromatin®-12,
However, despite their key functional role in the formation of compacted DNA structures,
deletion of individual H1 variants does not induce global changes in transcription, nor is it
lethal in most cell typesi913. It has been speculated that the downregulation of a specific H1
variant induces a compensatory response whereby other variants are upregulated on both the
transcriptional and translational levels!1:12, although other reports suggest this is not always
the casel®. H1 variants being able to partially compensate for each other is supported by the
finding that inactivation of three abundant variants simultaneously (H1.2, H1.3 and H1.4) is
fatal in micel®. In addition, single amino acid mutations in individual variants were shown to
directly correlate with pathologies such as cancer, suggesting they may drive these
disorders®16, While specific roles for individual H1 variants have been proposed, the extent
of their in vivo functional and /n vitro biochemical redundancy remain unclear. Existing
literature primarily characterizes the properties of one variant at a time using diverse
experimental setups, thus making direct comparisons difficult. Moreover, many of the tested
H1s are truncated or originate from different species® 71117 Nonetheless, these analyses
suggest important and potentially different functions of the H1 variants, which raises the
need for a systematic and standardized methodology for evaluating their function.

Technical barriers have hindered the in-depth /n vitro analyses of H1 variants. In particular,
their highly unstructured, long, lysine-rich, and degradation-prone CTDs yield insoluble
and/or truncated proteins upon recombinant expression. While other methods have been
developed for H1 purification1819, these are typically optimized on a single variant, while
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failing to demonstrate amenability to the purification of all H1 variants. As the complete
functional profile of the N/CTDs in linker histones has yet to be elucidated, it is unknown if
any attempt to tag them using conventional small epitopes will disrupt native H1 dynamics.
To avoid this issue, we utilized two orthogonal “protecting groups” in our development of a
novel strategy for a reliable and traceless purification of highly pure, well-folded
recombinant linker histones. Specifically, we designed an expression cassette that contains a
His-SUMO (Small Ubiquitin-like MOdifier) tag fused to the N-terminal end of H1, to be
removed by its specific protease Ulp-1 (ubiquitin-like protease 1)2°, and a His-tagged cis
intein GyrA (Mycobacterium xenopi gyrA) fused to the C-terminus of H1 (Figure 1a). The
SUMO and GyrA domains serve multiple functions: 1) affinity tags, to aid in the initial
purification steps, 2) solubility tags, to promote protein expression and stability, thus
eliminating the need to purify from inclusion bodies, and 3) traceless removal.

As a proof-of-concept, we began with the purification of H1.0 (UniProtKB P07305), a
commonly used and commercially available H1 variant. For best expression, we used
Rosetta DE3 E. coli cells, which were inoculated and grown to OD600 of 0.6. Expression
was then induced with IPTG at 16 °C for 12 hours. Cells were harvested and lysed in a mild
neutral buffer (20 mM Tris pH 7.5, 200 mM NaCl, 1 mM PMSF). After clearing the lysate,
the doubly His-tagged protein was incubated with Ni-NTA agarose beads for 1 hour at 4 °C.
The bound protein was washed, eluted and loaded on a size-exclusion column (preparative
scale S200 10/300) to remove any degradation and early termination products. For optimal
cleavage of the N-terminal SUMO tag, the full-length H1-enriched fractions were pooled
and treated with Ulp-1 for 1 hour at room temperature. This was followed by a 6 hour
treatment at room temperature with 500 mM B-ME to promote the rapid auto-excision of the
GyrA intein, leaving a free acid C-terminus?L. To efficiently separate the tags from the full-
length H1, the sample was supplemented with denaturant (8 M urea) immediately followed
by a Ni-NTA column, this time collecting the column flow through, containing the purified
H1. To completely remove any residual tags and concentrate the sample, it was loaded onto
a cation exchange column (5 mL HiTrap HP SP) after adjustment of the pH to 9, which was
key to ensuring binding. In alignment with their similar net charge, all the different H1
variants eluted at ~650 mM NaCl on a 0-1 M salt gradient. Pure fractions were pooled and
refolded in a stepwise buffer exchange (8, 4, 2, 0 M urea) dialysis (Figure 1a, Figure S2).

In order to verify our purification regime produces intact and highly pure protein, following
the purification of H1.0, we compared its migration on an SDS-PAGE alongside a
commercial H1.0 (New England Biolabs, cat. #M2501S) and observed near-identical purity
and migration pattern (Figure 1b). Since our purification scheme includes unfolding and
refolding steps, we next aimed to verify that our final purified H1.0 protein contains the
expected H1 random coil and alpha helix secondary structures. Turning to circular dichroism
(CD) spectroscopy, which utilizes circularly polarized light to probe the secondary structure
of proteins, we analyzed the purified H1.0 variant and the commercial H1.0. Similar traces,
with regards to alpha helix and random coil signatures, were recorded between the two
samples (Figure 1c).

To illustrate the robustness of our optimized methodology we next purified the remaining
somatic H1 variants: H1.1, H1.2, H1.3, H1.4, H1.5 and H1x (UniProtKB Q02539, P16403,
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P16402, P10412, P16401, and Q92522, respectively). Using the described protocol, we were
able to obtain the above variants at over 95 % purity, with an average yield of 1 mg at 10 uM
(Figure 1b). In addition, we purified the germline-specific variant, H1t (UniProtKB P22492)
with similar yield. To verify that our purification produces H1 variants that are recognized
by commercially available specific antibodies, we first tested their reactivity with anti H1.0
(Invitrogen cat. # PA530055). The results presented in Figure 1d show that our purified H1.0
is recognized by the commercial anti H1.0 antibody equally well relative to the commercial
H1.0 (Figure 1d). Importantly, this analysis demonstrates the high selectivity for this
antibody as it does not cross-react with any of the other variants. In contrast, we tested a
pan-H1 antibody (Active Motif cat. #39707), which displayed overall lower selectivity but
variable affinity between the variants (Figure S3). The CD spectra for all variants shared a
signature trace (Figure 1c), indicating they are well-folded.

After obtaining this library of H1 variants we next aimed to characterize their affinity to the
fundamental nucleosomal subunit. We turned to the well-established recombinant
nucleosome assembly protocoll” to assess H1 variant binding /7 vitro. The advantage of
using the reconstituted nucleosome is that it is a defined substrate containing no histone or
DNA modifications that could alter specific variant binding. They can therefore be used to
test H1 binding uncoupled from its variant-specific regulation and compaction functions. We
assembled octamers using recombinantly purified core histones and used them to
reconstitute nucleosome core particles (NCPs) in the presence of the “601” strong
nucleosome positioning DNA sequence. To enhance H1 binding, we added a 30 bp linker at
the 3’ end of the 601, which was shown to create a docking surface for H117:22.23 Using our
purified H1 and the assembled NCPs, we turned to the quantitative Biolayer Interferometry
(BLI) assay, which relies on the optical measurement of A, and Ay rates to calculate Kq
values (Figure 2a). Briefly, we immobilized 5’ biotinylated NCPs to streptavidin sensors and
measured H1 binding kinetics using the Octet Red96e system (Figure 2b, Figures S4 and S5
and Table S3). This analysis reveals that while most variants have similar affinities, others
bind less tightly despite having nearly identical folds (Figure 2c).

While these experiments determined the affinity of the H1 variants to mononucleosomes
containing linker DNA, we next aimed to measure the compaction abilities of each histone
in the context of a chromatin fiber. In order to systematically compare the H1 variants
compaction capacities, we used assembled nucleosome arrays as substrates. This 12-mer
array mimics a chromatin fiber segment capable of adopting a higher order fold’. The arrays
were assembled using the same recombinant core histone octamers as described previously,
but with a DNA fragment containing 12 repeats of the 601-sequence spaced by the same 30
bp linker DNA present in the BLI experiments23. Assemblies also contained a weak
nucleosome positioning buffer DNA (mouse mammary tumor virus, or MMTYV) to quench
any excess octamers used, thus ensuring stoichiometric occupancy. The MMTV
mononucleosomes and buffer DNA were subsequently removed after assembly. To test our
library of H1 variants, we assembled the arrays in the presence of a slight excess of each of
the H1 variants to ensure full array saturation, as stoichiometric assemblies have been shown
to require chaperones /n vitro?*. In order to characterize the compaction state of the arrays,
we turned to two complementary /n vitro array architecture assays: magnesium precipitation
and micrococcal nuclease (MNase) digestion?®. Divalent cations are known to interact with
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the linker DNA between NCPs and induce higher-order folding, thus leading to the
oligomerization of 12-mer arrays and triggering precipitation out of solution28 (Figure 3a).
The concentration of Mg2* required for sedimentation is therefore in direct correlation to the
solvent accessibility of the linker DNA in the arrays. Given that H1 binds linker DNA in
chromatin and induces a more compact state, we anticipated that arrays occupied with H1
would require less Mg2* to induce precipitation. Indeed, H1-occupied arrays precipitated at
a lower Mg2* concentration relative to arrays without H1 (Figure 3b and 3c). In addition, our
side-by-side comparison of the entire H1 variant library allowed us to subdivide the variants
into two categories: strong (Figure 3b) and weak (Figure 3c) compactors. H1.1 and H1t are
weak compactors, while the remaining variants displayed stronger compaction ability, in
alignment with previous studies827-30,

In parallel, we performed micrococcal nuclease (MNase) digestion of the arrays to measure
the degree of DNA accessibility. Since MNase is unable to digest histone-bound DNA, the
rate of array digestion is indicative of linker-DNA accessibility31. We hypothesized that H1
binding would hinder linker DNA from MNase cleavage in two ways. First, it does so
indirectly by inducing chromatin fiber compaction, thus shielding a larger portion of the
linker DNA from digestion. Secondl, it has been suggested that the H1 CTD wraps around
the linker DNA following NCP docking, which would directly protect it from MNase
cleavage®. Indeed, performing the MNase assay on arrays assembled with the library of H1
variants revealed a clustering of compaction abilities in agreement with the results from the
Mg?2* precipitation experiments (Figure 3d—f, Figure S6). Together, these assays indicate
that members of the linker histone family display differential abilities to compact chromatin.

Altogether, we present here a robust and traceless purification strategy whose broad
applicability we illustrate by producing a library of human H1 variants and systematically
comparing them. Both the purification method and the resulting library of H1s are important
biochemical tools for the field that will open new lines of research. Moreover, although
developed for the purification of H1, this technique could be amenable to many different
insoluble and/or intrinsically disordered proteins.

With this new library of highly pure human H1 variants we performed the first side-by-side
analysis of all the somatic variants as well as a germline variant. This characterization
revealed that although they all have similar biochemical properties, they display different
capabilities in both binding to the nucleosome core particle and compacting synthetic
chromatin fragments. In terms of binding to the minimal monoucleosomal substrate, for
example, the determined binding affinities range from single-digit to over 100 pM in value.
This is particularly interesting because it was shown that binding to nucleosomes is
primarily determined by the globular domain, which is very similar between the variants.
Although varied, these K4 values are within the range of others reported previouslyl?:32-34,
One explanation for our observed variability in affinities could be whether the H1 binds on
or off the nucleosome dyad®’. Our comparison indicates that binding and compaction do not
necesasarily correlate. For example, H1.1 and H1.5 exhibit similar nucleosome binding
(Figure 2), but while H1.5 is a strong compactor, H1.1 is a weak one (Figure 3). Conversely,
H1x is the weakest nucleosome binder, but clusters with the strong compactors based on our
analyses. Notably, H1x is the least conserved somatic variant (Figure S1). Its weak
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nucleosome binding affinity could be ascribed to the fact that it is missing two residues
previously described to be critical for the high affinity of H1 to chromatin /in vivo®.

While it is presently unclear what is causing the disparity between binding affinity and
compaction capabilities, one hypothesis is that the CTDs, although similar in composition,
are capable of assuming H1 variant-specific folds upon chromatin binding®8. Furthermore, it
is possible that different H1 variants induce alternative array conformations upon binding,
which would not be captured by the assays described herein. It is noteworthy that our
observed hierarchy of H1 variants based on compaction strength, largely aligns with
previous reports. For example, our measurements determined that H1.2 is a weaker
compactor than H1.4, which is in complete agreement with previous work comparing these
two variants36,

Despite its critical role in the formation of the higher-order chromatin structures, as
mentioned before, the knockout of any single H1 variant is not lethal'3:37. This may be due
to the compensatory expression of other H1 variants, suggesting the H1 variants have
possible functional redundancy. Interestingly, it was shown that the upregulated H1 variant
often falls under our “strong compactors” category, such as H1.437. On the other hand,
specific mutations that highly correlate with pathologies, specifically cancer, include very
strong (H1.4) and mild (H1.2) compactors. This which might suggest additional functions
for these variants in transcription and/or signaling5:16.

Finally, applying a powerful chemical biology technique such as intein splicing as part of
our methodology facilitates chemical flexibility for the introduction of synthetic moieties
into these proteins. This provides a new set of tools to study linker histones in great detail.
For example, expressed protein ligation can be used to generate modified and semi-synthetic
H1 proteins in order to study H1 PTMs, dynamics and interactors /n vitro. Similarly, protein
trans-splicing can be used to study these phenomena in cells38. This opens the door to
thorough characterization of linker histones in both native and pathological contexts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Robust method to gener ate highly pure and well-folded linker H1 histones.
(a) A general scheme for the expression and purification of the H1 variants. Each variant

was cloned into a cassette containing an N-terminal 6XHis-SUMO domain (S) and a C-
terminal GyrA-6XHis (G). After initial purification by affinity and size exclusion columns,
the SUMO and GyrA domains were tracelessly removed by Ulp-1 and B-ME, respectively.
The cleaved tags were separated from the H1 by affinity purification under denaturing
conditions and, after a final ion exchange, the denaturant was dialyzed out to yield refolded
protein. All somatic and a germline H1 were purified and analyzed side-by-side on an SDS-
PAGE followed by either coomassie stain for total protein (b) or western blot with anti-H1.0
(d). (c) Circular dichroism spectra of all the H1 variants, including the commercial H1.0.
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Figure 2: Thedifferent H1 variants exhibit a range of affinities to mononucleosomes.
(a) Schematic model of biolayer interferometry experiments. Streptavidin biosensors were

incubated with biotinylated NCPs, followed by H1 exposure to measure association kinetics,
and then removal from H1 to measure dissociation. (b) Representative plot of BLI data for
H1.0 dilution series. (c) Bar graph showing the calculated binding affinity constants for each
H1 variant measured by BLI. Error bars represent standard error from a global fit of five
replicates at differing concentrations.
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Figure 3: The different H1 variants exhibit arange of chromatin compaction capabilities.
(@) Schematic model for the Mg?* precipitation assay. 12-mer nucleosome arrays precipitate

in the presence of divalent salts such as Mg2* as a function of their compaction state. The
arrays were assembled in the presence of a slight stoichiometric excess of H1, followed by
step-wise precipitation by MgZ*. The H1 variants were subcategorized into strong (b) and
weak (c) array compactors. (d) Representative 5 % acrylamide TBE native gel of MNase
digestion of arrays assembled with H1t. MNase digestions were performed on arrays
assembled with all the purified H1 variants, quantified by densitometry and plotted as
percentage of undigested array band. The data was plotted based on the Mg2* subdivision of
strong (€) and weak (f) compactors. Error bars indicate the standard deviation of three
separate experiments.
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Summary of the human H1 variants.

Table 1:

Page 13

The table details the molecular and genetic properties of the seven somaticand four germline-specific human
linker H1 histone variants. RI, replication-independent; RD, replication-dependent; S, somatic; G, germline;

TS, testes; OO, oocytes; pl, isoelectric point; aa, amino acids.

Variant  Gene (A iGamine chage P (a3 (kba
HL.0 H1FO RI S +52 1084 97 207
HLI HISTIH1A RD S +53 1099 103 217
HI.2 HIST1HIC RD S +54 1094 104 212
HI.3 HISTIH1D RD S +57 1102 111 222
HI.4 HISTIH1E RD s +58 1103 110 217
HI5 HIST1H1B RD s +59 1091 114 224
HL6 (Hit)  HISTIHIT RI G (TS) +45 1171 94 218
HI.7 (HIfnt) H1FNT RI G (TS) +42 1177 60 28
HI.8 (Hloo) H1FOO RI G (00) +58 1127 217 356
HI9(HILS)  HILS1 RI G (TS) +35 1095 54 255
HI.10 (HIX) H1FX RI S +40 1076 95 223

Biochemistry. Author manuscript; available in PMC 2020 January 22.



	Abstract
	Graphical Abstract
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Table 1:

