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Abstract
Linker histones are multifunctional proteins that are involved in a myriad of processes ranging
from stabilizing the folding and condensation of chromatin to playing a direct role in regulating
gene expression. However, how this class of enigmatic proteins binds in chromatin and
accomplishes these functions remains unclear. Here we review data regarding the H1 structure and
function in chromatin, with special emphasis on the C-terminal domain (CTD), which typically
encompasses approximately half of the mass of the linker histone and includes a large excess of
positively charged residues. Owing to its amino acid composition, the CTD was previously
proposed to function in chromatin as an unstructured polycation. However, structural studies have
shown that the CTD adopts detectable secondary structure when interacting with DNA and
macromolecular crowding agents. We describe classic and recent experiments defining the
function of this domain in chromatin folding and emerging data indicating that the function of this
protein may be linked to intrinsic disorder.
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Introduction
The genome of eukaryotic cells is packaged into chromatin, a complex structure in which
DNA is associated with both histones and a multitude of nonhistone proteins. The basic unit
of chromatin, the nucleosome, consists of a nucleosome core (composed of 2 copies each of
the four core histones and 147 bp of DNA), linker DNA of variable length, and, in higher
eukaryotes, typically one linker histone. The tight association of DNA within the
nucleosome core is evidenced by the protection of approximately 147 bp of DNA from
cleavage by the exo/endonuclease micrococcal nuclease (MNase), while the linker DNA
between nucleosome cores is not in tight association with the core histones and is
preferentially digested by such nucleases (Noll 1974; van Holde 1989). MNase digestion of
chromatin containing linker histones also produces an additional intermediate product,
termed the chromatosome, which contains 168 bp of DNA, the four core histones, and one
molecule of H1 (Simpson 1978). The extra 20 bp of DNA protected from MNase digestion
in chromatosomes appears to be symmetrically distributed on either side of the nucleosome
core region in bulk chromatin (Simpson 1978). However, in reconstituted nucleosomes
containing unique DNA sequences, asymmetric distributions are often observed (Hayes and
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Wolffe 1993; Sera and Wolffe 1998). Protection of the linker may result from H1-mediated
formation of an apposed linker DNA stem-loop motif instead of wrapping of the additional
base pairs of DNA around the nucleosome (Bednar et al. 1998). Interestingly, the linker
DNA varies considerably in length in a cell- and species-specific fashion, perhaps in a
quantized manner, whereby only integral numbers of helical twists can be accommodated
within higher order chromatin structures (Widom 1992; Wang et al. 2008).

Linker histones are less evolutionarily conserved than the core histones. Multiple nonallelic
variants are expressed among different eukaryotes and can vary between different tissues
within the same organism (Lennox and Cohen 1983; Parseghian and Hamkalo 2001; Tanaka
et al. 2001). Eleven different linker histone subtypes have been identified in mammals
(Ausio 2006; Clausell et al. 2009; Happel and Doenecke 2009). Of the 11 subtypes, 7 are
somatic (H1.1–H1.5, H1.0, and H1x), 3 are found in sperm (H1t, H1T2, and HILS1), and 1
is oocyte specific (H1oo) (Bucci et al. 1982; Lennox and Cohen 1984; Tanaka et al. 2001;
Happel et al. 2005; Clausell et al. 2009). While it is known that these isoforms exist, very
little is known about their specific actions at a molecular level. Knockouts of linker histones
show that they are nonessential in many organisms such as yeast (Patterton et al. 1998),
Tetrahymena thermophila (Shen et al. 1995), Arabidopsis thaliana (Wierzbicki and
Jerzmanowski 2005), Caenorhabditis elegans (Jedrusik and Schulze 2001), and Ascobolus
immersus (Barra et al. 2000), but defects in development and life span are observed.
However, recent work indicates that linker histones are essential for life in higher organisms
such as mice (Fan et al. 2005) and Drosophila (Lu et al. 2009b).

Likewise, much data suggest a critical role for H1 in regulating chromatin and chromosome
structure. For example, deletion of the macronuclear (somatic) H1 gene in Tetrahymena
thermophila caused a 1.5-fold increase in nuclear volume (Shen et al. 1995), and a similar
increase in nuclear volume was observed in embryonic stem cells derived from H1 knockout
mice (Fan et al. 2005). Moreover, despite earlier reports indicating that linker histones are
not required for metaphase chromosome structure during pronuclei formation in cytostatic
factor-arrested Xenopus laevis egg extracts (Ohsumi et al. 1993; Dasso et al. 1994), recent
work with unarrested extracts showed that H1 is indeed required for normal morphology of
replicated mitotic chromosomes (Maresca et al. 2005). Interestingly, chromosomes
accumulated 4–10-fold more H1 after replication and immunodepletion of the embryonic H1
(B4) from these extracts resulted in abnormal mitotic chromosomes that did not segregate
properly. Thus, H1 appears to be an essential element of higher order chromatin and
chromosome structure.

Linker histones were traditionally considered to be general repressors of transcription and
are depleted in chromatin regions containing transcriptionally active genes (Bresnick and
Felsenfeld 1993). However, rather than producing global effects on transcription, knockouts
of linker histones and even specific H1 subtypes indicate that these proteins are involved in
the regulation of specific genes and in specific processes (Sancho et al. 2008). For example,
knockout of Tetrahymena thermophila somatic H1 results in the up- and down-regulation of
a specific subset of genes, but not global transcriptional deregulation (Shen and Gorovsky
1996). Interestingly, in some cases regulation of these specific genes by H1 appears to
involve dephosphorylation-dependent targeting of Tetrahymena H1 to specific promoter
elements (Song and Gorovsky 2007). Moreover, the variant H1.5 interacts with the
transcription factor MSX1 to inhibit specific target genes during myogenesis (Lee et al.
2004) and H1.4 appears to be involved in heterochromatin formation via interaction with
HP1 (Vaquero et al. 2004). Taking a more comprehensive approach, Sancho et al. (2008)
used inducible short hairpin RNA mediated knockdown of each of the H1 variants in a
breast cancer cell line and examined the effect on genome-wide gene expression using
microarrays. A different subset of genes was found to be altered in each H1 knockdown, and
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depletion of each variant had different effects on cell survival. For example, loss of H1.2
and H1.4 resulted in arrest of cell proliferation, while depletion of H1.0, H1.3, or H1.5
resulted in normal cell growth. In addition, the first complete H1 knockout in chicken DT40
cells showed that H1 is not essential for mitotic chromatin compaction and global
transcriptional repression in vertebrates. However, linker histone is important in interphase
nuclear compaction and nucleosome spacing (Hashimoto et al. 2010). Together these studies
demonstrate that linker histones and variants play both general and specific roles in
regulating chromatin structure, gene transcription, and development in many eukaryotic
organisms.

Linker histone structure
Linker histones bind to the surface of nucleosomes near where the DNA enters and exits the
core and also interact with the linker DNA (Allan et al. 1980). Because of this exterior
association, this class of histones exhibits much greater mobility about the nucleus than the
core histones (Catez et al. 2004; Phair et al. 2004). While several crystal structures for
nucleosome cores have been solved to high resolution (Luger et al. 1997) and the
interactions of the core histones with the DNA are well understood, much less is known
about the structure of linker histones and their interactions within chromatin. In higher
eukaryotes, these small, basic proteins are composed of 3 distinct domains: a well-conserved
globular domain, a long ~100 amino acid C-terminal tail, and a short N-terminal tail. This
review will focus primarily on the C-terminal tail domain.

The globular domain
The structures of the globular domains of linker histones H5 and H1 have been characterized
by single-crystal X-ray crystallography (Ramakrishnan et al. 1993) and NMR (Cerf et al.
1993), respectively. In general, these domains consist of a 3-helix “winged helix” fold
containing a classical helix-turn-helix motif. The globular domain is fairly well conserved
across species, is necessary for generating the 168 bp chromatosome particles observed
during micrococcal nuclease digestion of native chromatin, and is sufficient for specific
binding to the nucleosome in vitro (Allan et al. 1980). While the exact location of this
binding site is unknown, several different models have been proposed and the reader is
referred to the review of Crane-Robinson (1997) for further details; see also Brown et al.
(2006). However, despite the controversy surrounding its location, it is generally accepted
that the globular domain contacts at least 2 strands of DNA near the nucleosome dyad where
DNA exits and enters the histone core and thus stabilizes DNA wrapping (Staynov and
Crane-Robinson 1988; Goytisolo et al. 1996; Zhou et al. 1998; Brown et al. 2006).
Consistent with this idea, in vivo FRAP (fluorescence recovery after photo-bleaching)
studies of mutations in the H1° globular domain indicate 2 DNA-binding surfaces and have
been interpreted as suggesting an off-axis binding site, about 10 bp from the nucleosome
dyad, which includes one linker DNA arm wrapped in a continual superhelical fashion
(Brown et al. 2006). However, recent molecular modeling suggests that the globular domain
binds within the minor groove of DNA at the nucleosome dyad and orients linker DNA to
form a stem structure (Fan and Roberts 2006), consistent with early work employing
thymidine dimer formation as a probe of DNA structure in H1-containing chromatin
(Pehrson 1989). However, it is worth noting that the homology of this domain to the
winged-helix family of transcription factors suggests interaction with the major groove of
DNA (Ramakrishnan et al. 1993). Perhaps the much-widened minor groove at the
nucleosome dyad axis of symmetry sufficiently mimics the major groove in this regard.
Indeed, very recent hydroxyl radical footprinting data strongly support a model whereby the
globular domain contacts the minor groove at the dyad and the first helical turn of linker
DNA on either side of the nucleosome core (Syed et al. 2010).
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The N-terminal tail
The N-terminal tail of linker histone H1 is approximately 20–35 amino acid residues in
length. When examining the amino acid composition of the tail, 2 distinct subregions are of
note (Böhm and Mitchell 1985). The first half of the N-terminal tail is devoid of basic amino
acid residues and is enriched in alanine, proline, and highly hydrophobic residues, and thus
is not expected to interact strongly with DNA. In contrast, the region proximal to the
globular domain is highly basic and contains 1 arginine and 5 lysine residues and resembles
histone H3 in sequence and some posttranslational modifications (Kuzmichev et al. 2004).
The proximity of this region to the globular domain and the high density of positively
charged residues suggest that it may contribute to the binding stability of H1 in chromatin
(Allan et al. 1986; Vila et al. 2001). Using circular dichroism, high-resolution NMR, and IR
spectroscopy, Vila et al. (2001, 2002) investigated the structure of the N-terminal tail
domain in aqueous and helix-stabilizing solutions. They found that this domain possessed
little structure in water, where the circular dichroism spectra were dominated by
contributions from random coil conformations. However, in trifluoroethanol the peptide
acquired a high degree of helical structure. Thus, the N-terminal tail domain may acquire a
distinct fold upon interaction with chromatin.

The C-terminal domain
The C-terminal tail domain (CTD) comprises approximately 100 amino acids and shows
significant variability in primary sequence between individual linker histone subtypes and
between species. This domain has diverged considerably throughout evolution and accounts
for the bulk of sequence heterogeneity between H1 variants (Ponte et al. 2003). The CTD
sequence is loosely based on a repeat of the sequence S/TPXK and has sequence content
resembling that of the intrinsically disordered family of proteins (see below) (Hansen et al.
2006; Lu et al. 2009a). Interestingly, this motif is well conserved in the H1 and H1-related
proteins of many protists, which typically lack a canonical globular domain, including the
H1 of Tetrahymena thermophila (Kasinsky et al. 2001). Linker histone C-termini, on
average, have 30–50 net positive charges (Subirana 1990), owing to an abundance of lysine
residues distributed evenly across the domain (Kasinsky et al. 2001). With the exception of
H5, most linker histone CTDs contain very few or no arginines. Interestingly, a general
correlation exists between increased charge and the number of arginine residues in the CTDs
of H1s as cells differentiate, with embryonic H1s (e.g., human H1oo, Xenopus laevis B4)
containing the least overall charge, somatic H1 having intermediate charge, and H1s within
quiescent cells (H1°, H5) containing the highest levels of overall positive charge and
typically 1–2 arginine residues within their CTDs (Subirana 1990; Khochbin and Wolffe
1994).

The C-terminal domain stabilizes folding of nucleosome arrays into chromatin fibers (Allan
et al. 1986) and is required for high-affinity binding to chromatin in vivo (Hendzel et al.
2004). However, data regarding the nucleosome binding and condensation properties of
individual H1 variants are somewhat contradictory and do not paint a clear picture of their
function. On one hand, researchers have found distinct differences in the ability of specific
subtypes to induce chromatin condensation by different assays. Early work by Liao and Cole
(1981) showed that individual sub-fractions of linker histones differed in their ability to bind
and induce condensation of H1-stripped dinucleosomes and naked DNA. In contrast, Talasz
et al. (1998) found that the affinities of H1 subtypes purified from mouse liver and testis for
binding reconstituted mononucleosomes were virtually identical (Kd = 1–3 nmol/L) with the
exception of H1b (H1.5) (Kd = 8–16 nmol/L). Moreover, only H1b and H1t exhibited a
reduced affinity for binding naked DNA compared with the other subtypes, and higher
amounts of these proteins were needed to aggregate a reconstituted polynucleosome
template (Talasz et al. 1998). Differences in the results of these workers may be due to the
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method of H1 preparation. Khadake and Rao (1995) provided evidence that acid-extracted
linker histones may have altered folding properties for both the globular domain and the
CTD compared with salt-extracted proteins. Moreover, using salt-extracted H1 subtypes,
they showed that a fraction containing H1b, H1d, H1e, and H1c had higher DNA
condensing properties than a fraction containing H1a (H1.1) and H1t (Khadake and Rao
1995). Consistent with this data, a recent report employing chromatin assembled in
Drosophila embryo extracts indicated that exogenously added human H1 isoforms have
different affinities for chromatin, with the amount of subtype required to generate a
nucleosome repeat length of 200 bp — [H1.5, H1.4] > [H1.3, H1.2, H1.0] > H1.1 > H1x —
on minichromosomes reflecting the affinities of the H1 subtypes for chromatin (Clausell et
al. 2009). These results were in agreement with FRAP data from Th’ng et al. (2005) which
showed that H1.4 and H1.5 are most tightly bound in chromatin, while H1.3 and H1.0 have
intermediate affinity and H1.1 and H1.2 are weakly bound. It is worth noting that these
works examined the ability of linker histone subtypes to promote salt-induced aggregation
of the chromatin in vitro, a phenomenon thought to be related to the formation of higher
order tertiary chromatin structures. However, using analytical ultracentrifugation and model
nucleosome arrays, Lu et al. (2009a) were able to analyze the ability of H1 isoforms to
promote folding of secondary structures. They found no difference in the ability of mouse
H1 isoforms H1°, H1S-1, H1S-2, H1S-3, and H1S-4 to induce folding of model nucleosome
arrays (Lu et al. 2009a). This data shows that while linker histones stabilize higher order
folding and chromatin condensation, the different isoforms may vary in their nucleosome
binding affinity and their ability to induce aggregation of polynucleosomes, a variability
likely attributable to differences in the CTDs (Clausell et al. 2009). However, the specific
sites or residues within the H1 CTD required for chromatin binding and its structural
arrangement within compacted chromatin remain undefined. These issues will be explored
in the following sections.

The role of the H1 CTD in charge neutralization
Native chromatin undergoes several salt-dependent transitions in vitro, including a transition
from extended nucleosome arrays to partially folded “zig-zag” structures, to fully condensed
“30-nm” chromatin fibers, and condensation (self-association) of chromatin fibers to large,
higher order assemblies (Thoma et al. 1979; Widom 1986; Hansen 2002). These transitions
are thought to recapitulate the behavior and structures of native chromatin in vivo. As
mentioned above, the CTD of linker histone H1 is required for stabilizing higher order
chromatin structures and for high-affinity binding of H1 to chromatin in vivo (Allan et al.
1980, 1986; Lever et al. 2000; Misteli et al. 2000; Hendzel et al. 2004). Importantly, H1
stimulates formation of fully folded and self-associated chromatin but apparently does not
alter the intrinsic nucleosomal array folding pathway (Carruthers et al. 1998; Hansen 2002).
The large excess of positively charged residues in H1s is believed to effect neutralization of
negatively charged DNA to assist in this condensation. Indeed, early experiments
demonstrated that H1-containing chromatin undergoes salt-dependent folding and
condensation at much lower concentrations of counter-ions or monovalent salts (60 mmol/L
NaCl or 0.3 mmol/L MgCl2), while H1-depleted chromatin requires divalent cations (2–5
mmol/L MgCl2) for condensation (Thoma et al. 1979). Thus, the H1 CTD appears to
regulate chromatin condensation and higher order structural transitions through
neutralization of negatively charged linker DNA.

As previously mentioned, the CTDs of most linker histones contain 30–50 net positive
charges that are evenly distributed throughout the entire domain. Analyses of the
electrostatic properties of the C-terminal tail of linker histone H1 found that assuming
physiological conditions, all basic residues are fully charged (Subirana 1990), and nearly all
positively charged residues in the CTD are involved in neutralization of the DNA backbone
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(Clark and Kimura 1990). A detailed comparison of the extent of DNA charge neutralization
effected by H1 as predicted by Manning poly-electrolyte theory with the observed extent of
chromatin condensation in various conditions of mono- and multivalent salts indicated that
the extent of chromatin folding or condensation is directly related to the extent of charge
neutralization by salt and (or) H1 (Clark and Kimura 1990). These results indicate that H1
behaves as a “directed” polycation and functions primarily to neutralize the charge of linker
DNA in folded chromatin. Thus, a model emerges whereby the CTD is positioned with
respect to the nucleosome by the globular domain to interact with linker DNA. Since the
charged residues are distributed throughout the CTD and the C-terminal tail appears to be
unstructured in solution, it is believed that the entire CTD may participate in chromatin
condensation by effecting general charge neutralization of DNA in the interior of the
chromatin fiber (Allan et al. 1986; Subirana 1990).

The CTD: basic blob or structured element?
The exact mechanism by which the C-terminal tail stabilizes chromatin by shielding
negative charges on DNA is still unclear. Despite the view that this domain is unstructured
and functions as a general and nonspecific cation within chromatin, physical evidence
indicates that the C-terminal tail domain acquires a substantial amount of α-helical structure
in the presence of secondary structure stabilizers such as trifluoroethanol and NaClO4
(Verdaguer et al. 1993; Clark et al. 1988), presumably through the promotion of hydrogen
bonding (Clark et al. 1988). Moreover, IR spectroscopy showed that the CTD, while
unstructured in aqueous solution, acquires substantial structure in the presence of DNA and
physiological ionic strengths (Roque et al. 2005). In a recent study, the effects of charge
neutralization on the secondary structure of the CTD independent of DNA interaction were
studied using Fourier transformed infrared spectroscopy. By performing the experiments at
alkaline pH in which the ε-amino groups of lysine are deprotonated, Roque et al. (2009)
found folding of the CTD similar to that seen when complexed with DNA. These results
indicate that CTD binding to linker DNA in chromatin could induce folding within this
domain and stabilize specific structures that would provide scaffolding for appropriate
higher order chromatin structures.

As mentioned above, neutralization of negative charges along the DNA backbone by the
CTD likely stabilizes the close apposition of neighboring nucleosomes in condensed
chromatin. A simple model of CTD function then predicts that incremental deletions of the
CTD would result in incremental losses in the ability of the linker histone to stabilize folding
of nucleosome arrays into chromatin fibers. To test this hypothesis, Lu and Hansen (2004)
used model nucleosome arrays and examined the effect of systematic deletions within the
CTD of H1 on the salt-dependent formation of secondary and tertiary chromatin structures.
They created 4 truncation mutants in which approximately 24 amino acids were successively
deleted from the C-terminal end. Results from this study indicated that amino acid residues
primarily responsible for alteration of linker DNA structure and chromatin fiber
condensation are confined to 2 discrete subdomains (regions 1 and 3, see Fig. 1) (Lu and
Hansen 2004). Binding of the CTD to linker DNA may induce specific conformational
changes within the CTD that are responsible for mediating linker DNA stem motif
formation, stabilization of locally folded chromatin structures, and nucleosomal array self-
association. However, as the CTD was progressively deleted, the concentration needed to
achieve stoichiometric binding increased, suggesting that the CTD contributes to the overall
binding free energy of H1 (Lu and Hansen 2004). Clearly, these data are not consistent with
a simple charge neutralization model for CTD function and indicate that specific
subdomains within the CTD act through alternative mechanisms to regulate chromatin
structure.
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H1 phosphorylation and CTD function
A conserved feature of all linker histone variants is the serine/threonine kinase
phosphorylation sites distributed throughout these molecules, including the CTD. Linker
histone phosphorylation levels are lowest in G1 and rise during both S phase and mitosis in
response to activation by cdc2-family kinases (Roth and Allis 1992). Inhibition of H1 kinase
activity and dephosphorylation of H1 can cause partial chromosome decondensation (Roth
and Allis 1992). Molecular modeling reveals that the CTD may adopt a HMGB box-like
structure and that the CTD S/TPXK motifs are sites of DNA binding and function in the
compaction of DNA (Bharath et al. 2003). Hendzel et al. (2004) quantitatively defined the
contributions of 2 S/TPXK phosphorylation sites, T152 and S183 in H1.1, to the stability of
H1 binding in chromatin using FRAP. T152 aligns with a conserved TPKK site in which
both lysines are predicted to bind extra-nucleosomal DNA (Bharath et al. 2003). The
conserved SPAK site at S183 is 4 amino acids away from the last two lysines predicted to
contact DNA (Bharath et al. 2003). Thus, phosphorylation of either or both of these sites
within the CTD may have an impact on DNA binding in vivo.

Using glutamic acid substitutions to mimic phosphorylation, Hendzel et al. (2004) found
that the substitution T152E increased H1 mobility in the nucleus by at least 5-fold with
respect to the wild-type protein, an effect similar to that observed when the entire C-
terminus was truncated up to this residue. The large effect of addition of a single negative
charge suggests that phosphorylation of T152 disrupts the DNA binding activity of a larger
element or domain within the CTD. Similar results were observed with glutamic acid
substitution and truncation at S183. Moreover, substituting lysines for both T152 and S183
stabilized binding of H1.1 to DNA in vivo. These results indicate that phosphorylation of H1
within 2 separate S/TPXK phosphorylation sites, T152 and S183, significantly disrupts
linker histone binding to chromatin, perhaps by altering CTD conformation(s) required for
interaction with DNA.

CTD and the charged patch model
As mentioned above, the linker histones of unicellular organisms are diverse and often lack
the typical tripartite structure of the linker histones of higher eukaryotes. Such is the case in
Tetrahymena thermophila H1, which lacks a conserved globular domain. Nevertheless,
Tetrahymena macro-nuclear H1 has a primary structure closely resembling the CTD of
higher eukaryotes and is rapidly phosphorylated in somatic chromatin (Allis and Gorovsky
1981). Since phosphorylation is largely confined to both the N- and C-terminal tails in both
higher and lower eukaryotes, Tetrahymena H1 has been used as a model to investigate the
function of phosphorylation within these domains (Roth et al. 1991). Five in vivo
phosphorylation sites in Tetrahymena H1 have been identified and are clustered in a region
encompassing 20 residues towards the N-terminal region of the protein (Roth et al. 1988;
Mizzen et al. 1999). Of these 5 sites, 3 are canonical S/TPXK p34(cdc2) kinase sites and the
other 2 are atypical non-proline directed sites. Deletion or mutation of these sites
demonstrated that macronuclear phosphorylation is not essential for viability in
Tetrahymena (Dou et al. 1999; Dou and Gorovsky 2000). However, chromatin in
macronuclear H1 knockout strains is less condensed than that in wild-type cells (Shen et al.
1995). Mutagenesis of these phosphorylation sites to residues that mimicked either the
dephosphorylated (alanine) or the phosphorylated (glutamic acid) state showed that
phosphorylation of H1 in Tetrahymena phenocopies the H1-null phenotype in its positive
and negative effects on transcription (Dou et al. 1999). For example, deletion of H1 was
previously shown to result in down-regulation of the CyP1 gene in starved Tetrahymena
cells. When the phosphorylated region was mutagenized to mimic the charge of fully
phosphorylated H1, CyP1 expression was similarly inhibited. Interestingly, simply altering
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the total charge within the phosphorylated region by substitution of non-phosphorylated
residues, as long as the combination of acidic and basic residues had a net charge similar to
the dephosphorylated protein, yielded a similar phenotype to cells that contain a
constitutively de-phosphorylated mutant of H1 (Dou and Gorovsky 2000). These effects
were shown to be independent of the hydrophobicity of the region and did not require
residues that structurally resembled phosphorylated serines. Thus, the change in net charge
within this region as a result of phosphorylation appears to be the critical event for H1-
regulated gene transcription (Dou and Gorovsky 2000). Further studies by Dou and
Gorovsky (2002) showed that charge-altering mutations placed in the phosphorylated region
or throughout the molecule had the same effect on CyP1 transcription, provided that they
were clustered in a small region. These studies demonstrated that phosphorylation of H1 in
Tetrahymena regulates the expression of specific genes by changing the overall charge of a
small domain termed a “charge patch”. This domain can be located anywhere in the H1
protein, with the critical feature for transcriptional regulation being the phosphorylation-
dependent creation of a localized patch of negative charge. The similarity of the H1
knockout and phosphorylation mimic phenotypes suggests that the charge patch produced by
phosphorylation may act to facilitate the dissociation of H1 from chromatin (Dou and
Gorovsky 2002).

Intrinsic disorder: a model for H1 CTD mode of action
Linker histones are multifunctional proteins that are involved in a myriad of processes
within chromatin, including roles in nucleosome spacing, chromatin condensation, and gene
expression. In addition, linker histones are the binding targets for other nuclear regulatory
proteins such as DFF40/CAD (Widlak et al. 2000; Widlak et al. 2005) and BAF (Montes de
Oca et al. 2005). However, how these small, relatively simple proteins are able to
specifically recognize and interact with so many different types of macromolecules and
structures is not known.

The amino acid composition of the linker histone CTD may give clues as to its mode of
action. The CTD sequences of linker histones are not well conserved, yet these domains
have remarkably similar amino acid compositions, predominantly containing lysines,
alanines, and prolines. Serines, glycines, threonines, and valines are also found, but to a
lesser extent. The C-terminus of H1 is almost completely devoid of acidic and highly
hydrophobic amino acids (Kasinsky et al. 2001; Hansen et al. 2006). Protein regions
containing this characteristic amino acid composition are believed to be intrinsically
disordered (Hansen et al. 2006). Intrinsically disordered proteins are not completely
unstructured in solution, but rather are envisioned to have stretches of polypeptides
exhibiting molten globule-like properties in their native state that adopt defined structures
upon interaction with macromolecular partners.

Intrinsic disorder may explain the observed behavior of the linker histone CTD. Lu and
Hansen (2004) demonstrated that the ability to alter linker DNA structure and stabilize
folding and oligomerization of nucleosome arrays is localized to 2 discontinuous regions of
~24 amino acid residues (subdomains 1 and 3; see above) of the H1 CTD. They
hypothesized that it is the overall amino acid residue content and not the exact primary
sequence of the protein that is important. This hypothesis is supported by data indicating that
chromatin-condensing functions of mouse linker histone isoforms are similar, despite their
differences in CTD primary sequences (Lu et al. 2009a). To further test this idea, Lu et al.
(2009a) examined the intrinsic function of subdomains 1 and 3 versus regions 2 and 4 in the
H1 CTD (see Fig. 1) (Lu and Hansen 2004). As mentioned above, deletion through region 1
was found to be required for the formation of the stem-loop linker DNA motif and
stabilization of fiber folding and oligomerization, while region 3 was found to stabilize
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folded chromatin fibers (Lu et al. 2009a). Recombinant technology was then used to
scramble the primary sequence without altering amino acid composition, and to switch the
position of the functional and nonfunctional CTD regions of recombinant H1 Intrinsic
disorder may explain the observed behavior of the linker histone CTD. Lu and Hansen
(2004) demonstrated that the ability to alter linker DNA structure and stabilize folding and
oligomerization of nucleosome arrays is localized to 2 discontinuous regions of.
Surprisingly, when the primary sequence of region 1 was scrambled, the ability of the CTD
to bind linker DNA and stabilize condensed chromatin was not altered. Also, regions 2, 3,
and 4 in the CTD could all replace functional region 1 if they were placed in the proper
position along the polypeptide chain. Owing to the interchangeability of the four CTD
subdomains, it is hypothesized that the binding of the globular domain helps to position
regions 1 and 3 of the CTD (Lu et al. 2009a).

Analysis of H1 isoforms showed that approximately 40% of the residues are lysine and
20%–30% are alanine, with serine, threonine, valine, glycine, and proline being significantly
represented (Hansen et al. 2006). Replacement of 3 valine residues and 1 threonine residue
in CTD region 1 with asparagine and proline, residues not normally found in the CTD, led to
an altered H1 function in chromatin folding (Lu et al. 2009a). The specific amino acid
composition of these regions may allow the formation of short α-helices in these two
regions in response to DNA binding that mediates CTD function in chromatin (Clark et al.
1988; Roque et al. 2009). Since only two 24 amino acid regions are required to stabilize
higher order chromatin structure, and the linker histone CTD is approximately 100 amino
acids long, the basis for linker histones all having CTDs of this length, and with a similar
amino acid composition, may be to allow the CTD to interact with a multitude of ancillary
factors.

Thus, a model emerges whereby regions of the CTD become structured upon binding to
DNA and nucleosome surfaces in chromatin to mediate alteration of linker DNA structure
and chromatin condensation (Fig. 1). An evolutionary advantage of intrinsically disordered
proteins is the ability to mediate several different functions by participating in different
macromolecular interactions and to allow high specificity in molecular interactions with
appropriately attenuated affinities. However, confirmation of this model awaits
determination of the exact structures formed within the CTD upon intertactions with
different macromolecular partners and further structural analysis of H1-bound nucleosomes
and arrays.
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Fig. 1.
The C-terminal domains (CTDs) of linker histones are intrinsically disordered. The H1 CTD
is disordered in the absence of interacting partners. Upon interaction with DNA or other
targets in chromatin, the domain adopts a complementary structure. Interaction with other
targets may induce alternative structures. Numbers indicate regions deleted in the work of
Lu and Hansen (2004). Globular domain adapted from Vila et al. (2002).
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