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Abstract

Linker histones H1 are ubiquitous chromatin proteins that play important roles in chromatin
compaction, transcription regulation, nucleosome spacing and chromosome spacing. H1 function
in DNA and chromatin structure stabilization is well studied and established. The current
paradigm of linker histone mode of function considers all other cellular roles of linker histones to
be a consequence from H1 chromatin compaction and repression. Here we review the multiple
processes regulated by linker histones and the emerging importance of protein interactions in H1
functioning. We propose a new paradigm which explains the multi functionality of linker histones
through linker histones protein interactions as a way to directly regulate recruitment of proteins to
chromatin.

Introduction

In eukaryotes, genomic DNA is packaged into a complex nucleoprotein structure called
chromatin, composed of repetitive arrays of nucleosomes. The nucleosome consists of
145-147 base pairs (bp) of DNA wrapped around an octamer of two core histone H2A-H2B
dimers and one core histone H3-H4 tetramer. DNA that connects two adjacent nucleosomes
is called linker DNA and usually is 10-80 bp in length [1]. In contrast to core histones, the
H1 linker histones are not components of the nucleosome core [2,3], but instead bind to the
linker DNA at the nucleosome entry and exit sites, stabilizing the entire complex [4,5].
Linker histones are abundant, with a stoichiometry of ~0.8 total linker histones per
nucleosome in most tissues and closer to one in highly condensed heterochromatin [1]. The
linker histones are multifunctional, with roles in chromatin compaction [6-8], regulation of
gene expression [9-12], and other key aspects of genome biology [13-15]. This review
focuses on the emerging role of protein-protein interactions in linker histone action.

Linker histones have a tripartite organization, consisting of an unstructured N-terminal
domain (NTD, 13-40 amino acids in length), a central folded globular domain (GD, ~80
amino acids) and a C-terminal unstructured domain (CTD, ~100 amino acids) [16]. The
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globular domain is a winged helix DNA binding domain that interacts with nucleosomes.
The CTD interacts with linker DNA and is essential for stabilizing higher-order chromatin
structure [17]. The CTD and NTD of H1 are highly basic and enriched in disorder
promoting amino acids, such as lysine, alanine and proline [8]. These regions are predicted
to be intrinsically disordered, i.e. they do not have a well-defined secondary structure. The
flexibility of intrinsically disordered proteins (IDP) allows them to accommaodate different
structures when interacting with proteins and/or nucleic acids, adapt to their ligands and
acquire some interaction-dependent secondary structure [8]. Accordingly, the disordered H1
NTD and CTD acquire secondary structure when bound to DNA [18,19], nucleosomes
[17,20] and, possibly other proteins.

Linker histones are the most diverse class of histone proteins. There are 11 different histone
isoforms in mammalian cells. Five of them are somatic variants specific to the S phase of
mammalian cells and are expressed in a replication dependent manner (H1.1, H1.2, H1.3,
H1.4 and H1.5). Two more are somatic variants encoded by solitary genes expressed in a
replication independent mode (H1.0 and H1x) and more prevalent in differentiated cells
[21]. Three other variants are testis specific (H1t, HLT2 and HILS1) and one is specific to
oocytes (H1o0). Somatic linker histone variants differ mostly in their CTD primary
sequences, but have very similar amino acid composition [22,23]. A triple knock-out of
three of the somatic isoforms accompanied by 50% reduction in total H1 content results in
embryonic lethality in mice [24,25]. The H1.0, H1.1, H1.2, and H1.3 isoforms were found to
be more prevalent in euchromatin regions, while histones H1.4 and H1.5 are more abundant
in heterochromatin regions of the nucleus [26]. Various isoforms were reported to have
different affinities for the nucleosome [26,27]. H1.1 is associated with more actively
transcribed regions of chromatin, while H1.2, H1.4 and H1.5 are associated with less active
to inactive regions [25,28-31]. As will be discussed further below, the H1 isoforms show
both redundancy and specificity in protein-protein interactions. As is discussed in detail in
chapters six and seven of this special issue and has recently been reviewed [32,33], all of the
isoforms have numerous sites of post-translational modifications. In particular, the NTD is
acetylated and phosphorylated throughout its entire sequence. The CTD is acetylated,
methylated, and phosphorylated, primarily in the central region of the domain. The GD is
acetylated, ubuiquitinated, and formylated. As will be discussed throughout the article, H1
post-translational modifications likely serve as functional switches for modulating chromatin
architecture and protein-protein interactions.

The prevailing linker histone functional paradigm

H1 first and foremost is thought of as a nucleosome and DNA binding chromatin
architectural protein [6,10,34,35]. H1 stabilizes nucleosomes by binding to the dyad region
between the entry and exit sites of DNA. The H1 GD is sufficient for binding to the
nucleosome. Binding of the GD protects an additional 10bp from endonuclease digestion at
both sides of nucleosome [4]. The role of H1 in the formation and stabilization of higher
order chromatin structures has long been known [36-38]. In vitro, H1 facilitates both local
nucleosome-nucleosome interactions that cause folding into compact 30nm fibers [7,17,39]
and the intermolecular nucleosome-nucleosome interactions that bring chromatin fibers
together to form highly condensed chromatin oligomers [7,17]. The CTD binding to linker

Biochim Biophys Acta. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kalashnikova et al.

Page 3

DNA is essential for H1-dependent stabilization of folded and oligomeric chromatin
[17,38,40]. Interestingly, CTD amino acid composition, and not its primary sequence, is the
primary determinant of CTD function during chromatin compaction [23], consistent with its
intrinsically disordered structure. When H1 is depleted in vivo nuclei become enlarged
[41,42], consistent decreased chromatin condensation in the knockout cells. Collectively,
there is considerable evidence spanning nearly four decades indicating that H1 promotes
stabilization of higher order chromatin structures [6,7,17,37,38].

H1 is also known to be a mediator of transcription. Based on the in vitro studies, H1 was
long presumed to be a general repressor of transcription [10,35] by promoting a more
condensed chromatin architecture. Indeed, the binding of H1 to DNA and chromatin in vitro
impedes the access of RNA polymerases and represses transcription [43,44]. However, it is
now clear that in vivo H1 functions both as a repressor and activator of specific gene
transcription [11,12,14,45]. In an H1 knockout strain of Tetrahymena thermophila the total
level of transcribed mRNA does not change, ruling out the role of H1 as a general repressor
of transcription [11]. The authors showed that H1 was acting as either repressor or activator
of transcription depending on the specific gene [11,12,45]. Likewise, in the H1 triple
knockout mouse system, the expression of certain specific genes was increased, while other
genes were decreased [24]. Moreover, it was demonstrated that the histone H1
immunosignal was detected at higher levels at transcriptionally active genes than repressed
genes [46], indicating that H1 is still bound to the chromatin template during transcription
by RNA polymerase. H1 posttranslational modifications likely have an important role in
transcription regulation. For example, H1 partial phosphorylation was reported to decrease
the affinity of H1 for chromatin, resulting in less compacted chromatin and increased
transcription [47-50]. Likewise, as will be discussed below, H1 post-translational
modifications may modulate specific protein-protein interactions. There is an increasing
evidence of H1 roles in other cellular processes. H1 is involved in global temporal
regulation of DNA replication [15]. H1 represses homologous recombination [51] and DNA
damage repair [52] and is essential for chromosome segregation [13]. Ultimately, it is
difficult to explain the effects of linker histones on transcription and other genomic
functions purely in terms of modulation of chromatin architecture.

In this regard, there is increasing evidence that H1-protein interactions are implicated in
transcription regulation. The repression of at least subset of genes, namely p53 target genes,
is mediated by the interaction of H1 with CHD8 protein [53]. The complex that H1.2 forms
with other proteins was shown to be repressive for p53-dependent Bax gene transcription by
repressing p300-mediated chromatin acetylation [54]. Recently, another study demonstrated
interaction of prothymosin alpha (ProTa) with the H1.2 CTD domain resulting in a decrease
of p53-dependent transcription repression [55]. The remainder of this article focuses on H1-
dependent protein-protein interactions in the nucleus and nucleolus

Incorporating protein-protein interactions into the H1 paradigm

A well established property of intrinsically disordered proteins is their ability to bind to
multiple macromolecular partners, and many bind both protein and DNA [8]. Although H1
is a well characterized DNA binding protein, the extensive disorder present in the NTD and
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CTD raises the possibility that H1 also interacts specifically with other proteins. An
emerging body of structural data supports this view.

There are many different ways to identify protein-protein interactions. One of the first
studies demonstrating H1-protein interactions was performed using immunoprecipitations
with exogenous Flag-tagged Msx1 and anti-Flag antibodies. They identified H1.5 as a major
interacting partner of Msx1, and that the reported interaction was associated with repressed
chromatin [9]. Another study used antibodies which specifically recognized either the NTD
or CTD of D. melanogaster H1 and pull-downs with nuclear extract from D. melanogaster
Kc cells, followed by mass spectrometry to identify interaction partners [12]. The authors
found that H1 co-immunoprecipitates with the 40S and 60S ribosomal components (L6e, L7,
L7a, L8, L9, L10, L11, L13, L15, L18, L19, L22, L23, S3, S2, S3a, S4, S6, S8) and two
heterogeneous nuclear ribonucleoproteins (hnRNP48 and hnRNP36) [12]. Sucrose gradient
co-purification showed that H1 is in the same complex as tagged ribosomal protein L22. The
authors suggested this complex is chromatin-specific and involved in transcription
repression of certain genes since both overexpression of tagged H1 and H1 knockdown
affected RNA transcription and both H1 and L22 were present on chromatin of most of
affected genes as revealed by ChIP [12].

In another approach An and co-workers overexpressed FLAG- and HA-tagged H1.2 in
HelLa-S cells [54]. They prepared nuclear extract and purified from it an H1.2-containing
complex using cation-exchange chromatography followed by affinity chromatography with
immobilized anti-FLAG antibodies. The authors showed that H1.2 co-purified as a single
multiprotein complex, and identified its components using mass spectrometry. They
detected four ribosomal proteins (L13a, L7a, L22, and S3), four co-repressor proteins (YB1,
FIR, PARP1, and PURa), hnRNPK and several additional factors (ASXL1, nucleolin, p-
catenin, TGase7, CAPERa, Importin7/90, DNA-PK, PP1 and WDR5) [54]. They also
showed that the identified complex had an inhibitory effect on the transcription of in vitro
assembled chromatin templates [54].

Several articles have addressed whether the described H1 interactions are direct. Widlak et
al [56] used recombinant proteins to show that all somatic H1 isoforms activate
DFF40/CAD nuclease activity acting through the H1 CTD. Recombinant proteins and
immunoblotting also were used to confirm that some of the components of the H1 complex
discussed above directly interacted with GST-tagged H1.2 [54]. Direct H1.2 interaction
partners included ASXL1, PARP1, FIR, CAPERa, YB1, PURa and WDR5. Our laboratory
has used a fluorescence quenching assay to measure the Kp for recombinant H1.0 binding to
recombinant SRSF1, U2AF65 and FACT, and showed that the interactions occurred with
moderate (UM) to strong (nM) affinity [57].

Recently, proteomics methods were used to investigate the H1 binding proteins present in
human nuclear and nucleolar extracts. H1.0 was covalently immobilized to sepharose using
the HaloTag system and mixed with nuclear extracts from four different human cell lines
(HeLa, CEM, RPE-1 and U20S). All proteins that bound to HaloTag-fused H1.0 were
subjected to mass spectrometry [57]. This approach identified 107 proteins that interacted
with H1.0 either directly or indirectly. In this type of affinity binding experiment one has to
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be concerned with specificity. In particular, it is possible that the highly basic and disordered
H1.0 protein (calculated pl of 10.9) simply binds non-specifically to many acidic proteins in
the extracts. However, the calculated pls of the nuclear H1 binding proteins ranged from 3.8
to 11.9 with nearly 50% of the identified proteins having a pl = 9.0 (Fig. 1). This indicates
that the H1.0—protein interactions did not result solely from non-specific electrostatic
binding [57]. Moreover, the Kps of H1.0 for three of the proteins identified in the extract
experiments (SRSF1, U2AF65, FACT) were in the micromolar to nanomolar range, well
below the millimolar affinities that would be expected for a non-specific interaction. Most of
the interactions persisted with RNAse treatment, suggesting that the H1-protein interactions
generally were not mediated by RNA. At this point, the available evidence favors the
interpretation that the majority of the H1-protein interactions identified in nuclear extracts
are direct and specific. However, to fully answer this question it will be necessary to
perform physicochemical studies of many more H1-protein interactions in purified systems.
In preliminary experiments we observed that about 75% of the proteins in nuclear extracts
that bound immobilized H1.0 also bound immobilized H1.3 (unpublished). On the other
hand, Skoultchi and co-workers have demonstrated that H1 binding to DNMT1 and
DNMT3B is isoform-specific (see Transcription section below). Thus, as is the case with
many other aspects of H1 function [23,24,26,58], for protein-protein interactions some
isoform specificity appears to be overlaid on top of general isoform redundancy. Because so
many of the nuclear H1 binding proteins had nucleolar functions, the same proteomics
approach was used to survey H1.0-dependent protein-protein interactions in human
nucleolar extracts. We identified 175 nucleolar H1.0 binding proteins [59]. About 25% of
the nucleolar H1.0 binding proteins overlapped with the nuclear H1.0 binding proteins, and
the nucleolar H1.0 binding proteins had the same broad distribution of calculated pls.
Together, our biochemical studies demonstrated that the scope of H1-protein interactions in
the nucleus is much greater than had been previously appreciated.

Categories of H1-protein interactions

The number of H1 binding proteins identified to date is large and encompasses a range of
different functional categories. Discussed below are classes of H1 binding proteins that are
relevant to genome biologists.

Pre-mRNA splicing—The single largest category of H1.0 binding proteins identified by
the proteomics experiments is pre-mRNA splicing. Splicing is carried out by the
spliceosome complex [60]. Proteomic analyses of spliceosomes assembled onto pre-mRNAs
in HeLa nuclear extracts identified several hundred human spliceosome-associated proteins
[61,62]. Thirty-three spliceosomal proteins in nuclear extracts bound to immobilized H1.0;
together these constitute nearly a third of the H1.0 interaction partners identified. Similarly,
of the 175 H1.0 binding proteins identified in human nucleolar extracts, one third are
components of the spliceosome [59]. Pre-mRNA splicing is initiated when U1 snRNP
particle binds to the 5" end of the intron, while the 3’ end is recognized by U2AF35-U2AF65
heterodimer. The serine/arginine-rich splicing factors (SR proteins) facilitate these steps.
H1.0 interacts with U2AF35, U2AF65 and two SR proteins (SRSF1, SRSF2). Moreover, the
interactions of H1.0 with U2AF65 and SRSF1 are direct, implying that H1.0 may play a role
in spliceosome recruitment to genomic locations. hnRNP proteins repress splice site
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recognition by competing for the same pre-RNA binding sites as the SR proteins [63]. H1.0
pulled down numerous hnRNPs (A2/B1, C1/C2, D, F, G, H, M, U, UL1). This raises the
possibility that linker histones can both activate and repress mRNA splicing, and hence
specific gene expression [24], via regulatory interactions with SRs, hnRNPs, U2AF, and U1
snRNP proteins. Future studies will be necessary to directly test the functional role of H1-
splicing protein interactions. For example, analysis of RNA sequencing data obtained from
wild type and triple-H1 knockout mouse embryonic stem cells [24] should indicate whether
splice site recognition or other steps in pre-mRNA splicing is both positively and negatively
regulated at specific genes by H1 in vivo.

Core histone chaperones—Three core histone binding chaperone proteins present in
human nuclear extracts (FACT, Nap1L1, ANP32E) formed complexes with immobilized
H1.0 in our affinity binding experiments [57]. FACT consists of the Spt16 and SSRP1
subunits [64], and both subunits were identified by mass spectrometry as interacting with
H1.0. FACT binds H2A/H2B dimers with nanomolar affinity [65], and can mediate both
disassembly and reassembly of nucleosomal substrates in vitro [66]. The finding that FACT
binds strongly and directly to H1.0 (Kp ~32 nM) suggests that FACT also may be a linker
histone chaperone that can deposit and remove H1 on chromatin fibers. NAP1L1 is a
structurally unrelated histone chaperone that mediate nucleosome formation and
disassembly, and play roles in transport and deposition of histone H2A-H2B dimer [67]. In
nucleolar extracts, immobilized H1.0 bound to FACT, nucleolin (NCL), nucleophosmin
(NPM), SET, DEK, NAP1L1, NAP1L4, Spt6, HIRAIP3, and Brd4 [59], all core histone
chaperones. Thus, in almost every case core histone chaperones also appear to be linker
histone binding proteins. The functional role(s) that H1-histone chaperone interactions play
in storage, removal and deposition of H1 in chromatin in vivo remains to be determined.

Transcription—H21.0 binds to a number of transcription activators and facilitators, such as
transcription elongation factor FACT, RNA binding protein 39, TATA-binding protein-
associated factor 2N, and casein kinase 11 subunits, YBX1, ILF2, nucleolin and HDAC2
[57]. Interestingly, a previous study found that H1.2 is a component of a stable multi-protein
complex that includes YB1, PURa, and nucleolin [54]. Recently it was demonstrated that
H1 plays an important role in epigenetic silencing [68]. Skoultchi and co-workers studied
triple-H1 knockout (HIATKO) mouse embryonic stem cells with reduced levels of H1.2,
H1.3 and H1.4. They detected a significant reduction in the level of DNA methylation of
genes. They also demonstrated that these changes in methylation are due to reduced
recruitment of two specific DNA methyltransferases, DNMT1 and DNMT3B. DNMT1 and
DNMT3Db are recruited to chromatin through direct interaction with H1.3 and the CTD is
essential for this interaction. H1.1, H1.4 and H1.5 also interacted with DNMT1 and
DNMT3b, but H1.2 did not show any binding to DNMT1 and DNMT3b or recruitment of
these DNA methyltransferases to genes. H1.3 also inhibited binding of lysine
methyltransferase SET7/9 to chromatin and methylation of lysine 4 on histone H3 tail.
These studies have documented that protein-protein interactions involving H1 play a role in
establishing epigenetically silent chromatin. H1.3 and several other isoforms of H1 may
function in epigenetic silencing of chromatin through direct interaction with epigenetic
modifiers. Taken together, these results suggest a second molecular mechanism (in addition
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to regulation of pre-mRNA splicing) through which H1 can positively or negatively
influence specific RNA polymerase 1l1-dependent transcription, in this case by mediating
direct interactions with positive or negative regulatory transcription proteins.

DNA damage response—One of the most prominent H1.0 interaction partners in our
proteomics experiments was valosin-containing protein (VCP). In neural cells with
abnormal protein accumulation VCP translocates to the nucleus, leading to core histone
deacetylation and transcription suppression [69]. VCP has also been shown to play a role in
DNA damage repair [70]. VCP acts as a “screw” on the sites of DNA damage repair, pulling
away the proteins and making DNA more accessible for DNA repair machinery. [70]. H1.0
also interacts with other proteins involved in DNA damage response, such as Ku86
(XRCC5) and Ku70 (XRCC6) [57]. Following DNA damage, global chromatin compaction
stabilized by linker histone H1.0 occurs [71]. This compaction could play a role in cell
protection from further damage [71]. H1.0 interaction with DNA damage repair factors may
be crucial for its deposition on chromatin and/or its epigenetic modifications following DNA
damage.

Translation—In early studies it was demonstrated that Drosophila H1 co-
immunoprecipitates with 40S and 60S ribosomal components [12], and that overexpressed
H1.2 co-purified as a single complex with several ribosomal proteins [54]. In our H1.0
affinity binding experiments we identified six 40S and sixteen 60S ribosomal proteins, five
eukaryotic translation initiation factor 3 (elF3) subunits, and three signal recognition particle
subunits in nuclear extracts [57]. Of note, only a few ribosomal proteins and one elF3
subunit were identified in nucleolar extracts [59], suggesting a role for H1 in ribosome
function in the nucleoplasm more so than ribosome pre-assembly in the nucleolus. Nuclear
translation, while controversial, has been reported by several groups [72-74]. Also of
potential interest, a “translasome” complex composed in part of ribosomes, elF3, 26S
proteosome subunits and actin has been identified in the cytoplasm and nucleus of S. pombe
[75]. All of these proteins are present in human nuclear extracts and interact with H1.0 ([59],
and unpublished data).

H1-dependent protein-protein interactions and the nucleolus

When we scrutinized the list of H1.0 binding proteins identified in nuclear extracts, we
noticed most of the proteins were reported to function in part in the nucleolus. The nucleolus
is a non-membranous multifunctional nuclear organelle [76]. Besides functioning in
ribosome biogenesis, which consists of the coupled processes of rRNA synthesis, rRNA
processing, and pre-ribosome assembly, the nucleolus is involved in cell cycle control, DNA
damage repair, apoptosis and development [76]. To directly investigate the role of H1-
protein interactions in the nucleolus we performed affinity binding experiments with
immobilized H1.0 and extracts prepared from purified Jurkat cell nucleoli, as well as
proteomics profiling of nucleoli isolated from wild type and HIATKO mouse embryonic
stem cells.

The affinity binding experiments identified 175 proteins in nucleolar extracts that bound to
immobilized H1.0 [59], encompassing most aspects of nucleolar function (Fig. 2). H1.0
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bound to HP1, PARP, and HDAC1, which work together to repress rRNA genes [77-79],
and UBF, NCL, NPM, TOPI, FACT and CK2, which all have a role in active rRNA
transcription [80-85]. These results suggest that H1 may regulate rRNA transcription,
consistent with the finding that phosphorylated nucleolar H1.2 and H1.4 are associated with
increased RNA polymerase | activity and rRNA synthesis [50]. Mechanistically, we
speculate that H1 acts through chromatin-coupled protein-protein interactions [59] rather
than by modulating the higher order structure of rDNA chromatin as proposed by others
[80]. NoIC1 and snoRNPS are H1.0 binding proteins that function in rRNA processing
[86,87]. The affinity binding studies also identified many nucleolar H1.0 binding proteins
involved in Pol Il transcription (transcription factors, elongation factors, histone chaperones,
chromatin remodelers), pre-mRNA splicing (SnRNPS, hnRNPS, many splicing factors), and
mMRNA processing (PAPBC1, matrin). Non-traditional nucleolar functions were represented
as well, including stress response (HSP90B, HSPAS8), DNA replication and repair (XRCC5/
Ku86, XRCC6/Ku70, TOP2A, MCM2), and apoptosis (CCAAR1). Based on the wide range
of nucleolar proteins detected in our affinity binding experiments, we hypothesized that H1
is a key hub protein [59] necessary for the proper structure and function of the nucleolus.
Consistent with this notion, H1 forms stable complexes within the nucleolus. Using size-
exclusion chromatography we detected endogenous H1 in nucleolar fractions corresponding
to ~378 to >670 kDa [59]. Nine proteins identified in the affinity binding experiments were
observed to co-elute with endogenous H1 by Western Blot. Interestingly, the peaks for
concentration of different proteins were non-overlapping, suggesting that H1 is a part of a
number of large macromolecular complexes in the nucleolus.

A direct prediction of the hypothesis that H1 is a nucleolar hub protein is that cellular
depletion of H1 would disrupt the H1 protein-protein interaction network and influence the
structure and function of the nucleolus. To address this hypothesis, nucleoli were purified
from wild type and HLATKO mouse embryonic stem cells and subjected to mass
spectrometry to determine the nucleolar protein composition [59]. Of the 613 different
proteins identified in the wild type nucleoli, 239 proteins were absent from the HIATKO
nucleoli. Concomitantly, the HIATKO nucleoli were reduced in size by 20% and RNA
content by 2.5-fold [59]. Spectral counting analysis quantitated 135 proteins that were
significantly affected by H1 depletion. The ontological functional groups of the affected
proteins showed a strong overlap with groups identified by the H1 affinity binding
experiments, and included gene silencing, nucleosome organization, transport proteins,
rRNA processing, and mRNA splicing. Taken together, our affinity binding and proteomics
profiling analyses support a model in which H1 is extensively involved in nucleolar protein-
protein interactions. However, while the proteomics profiling data add physiological
relevance to the biochemical results, a direct functional role for H1 in the nucleolus has yet
to be demonstrated.

Concluding remarks

The current linker histone paradigm holds that H1 is a ubiquitous chromatin architectural
protein with important roles in maintaining nuclear chromatin structure [36], [4,5].
However, the data summarized in this review support a new paradigm in which the
multifunctionality of H1 originates at least in part from interactions with numerous nuclear
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and nucleolar proteins. It should be noted that the evidence in support of H1-protein
interactions is almost exclusively biochemical. As such, there is very little data to indicate
that these protein-protein interactions are functionally relevant, and direct functional studies
of H1-protein interactions in vivo will be an important area of future research.

What is the mechanistic basis for H1-protein interactions? In particular, what are the
contributions of the NTD, GD, and CTD? Our proteomics studies indicate that ~25% of the
H1.0-protein interactions detected in the nuclear extracts are completely abolished by
removal of the CTD [57]. Thus, the CTD, NTD and GD all make important contributions
depending on the specific H1-protein interaction. For example, FACT binds to full-length
H1.0 with a Kp of ~32 nM [57], whereas the Kp for FACT binding to the NTD-GD
fragment is ~75 nM (unpublished). In this particular case, the NTD-GD interaction provides
the bulk of the binding energy, although the CTD participates as well. For most of the
identified interactions the relative contributions of the three H1 domains responsible for
these interactions have yet to be identified. While it is possible that in some cases H1
functions as a modular protein with different domains responsible for different interactions,
we suspect that the concerted contribution of all three domains underlies the ability of H1 to
specifically interact with most proteins. In the case of the CTD and NTD, the structural
malleability inherent to these intrinsically disordered domains is likely to facilitate a wide
range of specific protein-protein interactions [57,59]. Another important factor is likely to be
H1 post-translational modifications. Different specific post-translational modifications may
modulate protein-protein interactions by affecting the affinity of the interaction, leading to
downstream functional effects For example, H1.0 was found to bind to both positive
(SRSFs) and negative (hnRNPs) splice site recognition proteins [57], raising the question of
how H1 can regulate the direction of splice site recognition at a specific gene. One
explanation is that post-translational modifications may control whether H1 binds to SRSFs
or hnRNPs, allowing the modifications to mediate the functionality of the H1-protein
interaction. In another example, Lys26-methylation of histone H1.4 promotes specific
binding to HP1, while simultaneous Ser27 phosphorylation negates H1-HP1 interactions
[88].

H1 is bound throughout most eukaryotic genomes at nearly one H1 protein per nucleosome
[1], implying critical chromatin-based functions. For many years attention has been focused
on H1-dependent modulation of chromatin architecture. In view of the evidence discussed in
this article, we speculate that another key function of H1 may be to physically couple
nuclear processes mediated by protein-protein interactions to the chromatin environment in
which they occur. For example, in the studies of Skoultchi and co-workers showed that
decreased methylation of specific upregulated genes resulted from reduced recruitment of
two specific DNA methyltransferases, DNMT1 and DNMT3B to chromatin through direct
interaction with H1.3 [68]. H1.3 also inhibited binding of lysine methyltransferase SET7/9
to chromatin and methylation of lysine 4 on histone H3 tail [68]. Thus, H1-dependent
protein-protein interactions involving H1 play a role in establishing epigenetically silent
chromatin. In the future it will be interesting to determine the extent to which H1 can make
ternary complexes with nucleosomes and its protein binding partners. Linker histones are
highly mobile in the nucleus [89,90], suggesting that there is a pool of free H1 transiently
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available to interact with other proteins in nuclear chromatin and the nucleolus. Moreover,
H1 in principle should participate in the same interactions in both the nucleoplasm and the
nucleolus. The nucleolus is a steady-state structure whose protein constituents are in
equilibrium with the nucleoplasm [91,92]. By linking events that take place in nuclear
chromatin to those that occur in the nucleolus, we speculate that H1 functions as a master
regulator of nuclear function acting through chromatin-coupled protein-protein interactions.
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Highlights for Review

e A new paradigm is discussed focusing on the role of protein-protein interactions
in linker histone H1 action.

e The involvement of nuclear H1-protein interactions is reviewed.
e The involvement of H1-protein interactions in the nucleolus is highlighted.

»  Future directions are discussed.
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Figure 2.
A synopsis of H1-protein interactions in the nucleolus. Adapted from [59].
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