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1. Introduction
In eukaryotic cells, genomic DNA is associated with proteins to form chromatin, wherein
the basic subunit is the nucleosome (van Holde 1989; Luger et al. 1997). The histones that
compose the nucleosome can undergo posttranslational modifications, which are believed to
generate an epigenetic code involved in chromatin activity regulation (Jenuwein and Allis
2001). Like other chromatin activities, replication has been correlated with histone
modification. However unlike other activities, such as transcription or repair, wherein core
histones are specifically modified, the histone posttranslational modifications that have been
shown involved in replication regulation also interest the linker histone. While the linker
histone has been shown mobile within the nucleus, the way the linker histone can be
associated with replication timing regulation is of general interest. The present chapter
reviews structural features of chromatin and the function of linker histone in higher order of
chromatin. As replication implies the accessibility of the replication machinery to DNA, the
modalities that are associated with a release of compact structure involving the linker
histone will be discussed as well as the function of protein kinases in this process. This will
lead to a model proposing how chromatin structure can switch from a non-permissive
structure to a replication competent chromatin structure. Finally, with regard to our
knowledge of chromatin replication requirements and the mobility of chromatin structures,
the concluding remarks point out concerns that are not yet addressed in the timely
regulated process of replication.

2. Replication of eukaryotic genomes
Genomes of eukaryotic cells are compartmentalized within the nucleus during the
interphase during which DNA is organized in chromatin. Although chromatin structure is
far to be fully understood, clearly the association of proteins to DNA adds a substantial level
of complexity compared to bacteria in all cellular processes that require DNA as substrate
(van Holde 1989; Wolffe 1998). DNA replication does not make exception to this rule, even if
it is required for faithful inheritance of the genome at each cell division and takes place only
once every cell cycle.
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Despite specificities of eukaryotic genome replication, notable features of DNA duplication
are shared between eukaryotes and bacteria (Mechali 2001). For instance, to be duplicated,
double stranded DNA must open to make possible the access of each strand of the double
helix to the DNA synthesis machineries. The initiation of the opening of DNA is performed
at specific sites, named replication origins which reveal different degrees of elaboration. In
Escherichia coli, DNA replication is initiated from a unique site and replication proceeds
within two directions from this site. In contrast, in eukaryotes, the replication origins are
multiple as it has been estimated in Chinese hamster cells that 30,000 to 50,000 origins are
activated during each cell cycle (Huberman and Riggs 1966). Furthermore, among
eukaryotes the actual nature and the number of replication origins are variable. Unlike
higher eukaryotes, in S. cerevisiae a consensus sequence found ~300 times through the
genome functions as replication origin (Nieduszynski et al. 2006). However, during the
genome duplication phase of the cell cycle, not all replication origins are activated at the
same time and even only a subset of the replication origins are mobilized during a
considered cell cycle. The firing of replication origin is timely regulated during the S-phase.
The association of DNA with proteins to form chromatin impedes the access to DNA and in
a such repressive environment how DNA replication proceeds and is coordinated in space
and in time across the entire genome within the living is an important question.
2.1 The genome is structured into chromatin
In the nucleus, the most abundant proteins associated with genomic DNA are the histone
proteins. The arrangement of the histones and DNA in chromatin is highly structured and
allows to the genetic information to be ordered. The packaging of DNA in eukaryotes is
commonly perceived at different levels (Woodcock and Dimitrov 2001; Luger and Hansen
2005). The primary organization level of the eukaryotic genome is the nucleosome core
particle. The nucleosome core particle is composed of 147 pb DNA wrapped around the
histone octamer, which contains two copies each of the four core histone proteins H2A, H2B,
H3 and H4. The histones H3 and H4 form a central tetramer associated with two
heterodimers of H2A/H2B on each side composing therefore a tripartite wherein the diad
axis is the symmetry axis (Arents et al. 1991; Luger et al. 1997).
Although the nucleosome core particle is defined at the atomic level and is conserved
through evolution, the link between only two nucleosome core particles is more variable as
the linker DNA length separating them varies between species, but also between tissues of
the same organism and within a single nucleus (van Holde 1989). Furthermore, in vitro
analysis of a dinucleosomal template exhibited mobility of the core histone within the
template constituted of two tandem 5S RNA genes, although this sequence is known for its
ability to position the nucleosome (Ura et al. 1995). Importantly, the addition of the linker
histones within the dinucleosome template revealed an inhibition of nucleosome mobility
(Ura et al. 1995; Ura et al. 1996). Therefore, it has been proposed that the linker histone
might stabilize the nucleosomal structure by restricting the core histone mobility (Ura et al.
1995). It is clear that genome organization into a succession of nucleosomes corresponding
to the beads-on-a-string results in a complex arrangement that is called higher-order
chromatin structure which is still poorly understood.
Despite the striking absence of a model for higher-order chromatin structure, experiments
using reconstituted nucleosomal arrays have been quite informative. Experiments analyzing
the chromatin array folding showed that core histone tail domains contribute to higher-
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order formation (Tse and Hansen 1997). Similarly, core histone tail acetylation has been
proposed to disrupt the higher order chromatin structure (Tse et al. 1998; Wang and Hayes
2008). In addition to the critical function of the core histones in the folding of chromatin, the
linker histone has been shown to stabilize the folding of nucleosomal arrays (Carruthers et
al. 1998). Indeed, extensive analyses using analytical ultracentrifugation, quantitative
agarose gel electrophoresis, electron cryomicroscopy, and nuclease digestion revealed that
the presence of the linker histone within nucleosomal arrays results in structures that are
indistinguishable from native chicken erythrocyte chromatin (Carruthers et al. 1998).
2.2 Linker histone acts like a genome organizer
Although in vitro experiments using reconstituted model systems suggested an important
function of linker histone (H1) in high-order chromatin structure, in vivo analyses were not
as conclusive. While in the protozoan Tetrahymena the genetic depletion of the unique linker
histone did not exhibit a striking phenotype (Shen et al. 1995), but a lost in transcription
regulation in a gene subset and reduction in the nucleosome repeat length (Shen and
Gorovsky 1996), the knock-out of this histone class in mouse cannot be achieved (Fan et al.
2003). Indeed, gene inactivation studies in the murine model exhibited a compensation
effect when lacking one subtype of linker histone among the six existing in somatic cells
(Fan et al. 2001). However, depletion of three subtypes led to embryonic lethality whereby
developmental defects appeared as early as mid-gestation with a broad range of aberrations
(Fan et al. 2003). Interestingly, similar results were observed in Drosophila suggesting that
the linker histone might play a critical function in metazoans (Lu et al. 2009). Furthermore,
Drosophila experiments showed that chromatin organization is impaired in absence of the
linker histone and affects pericentric heterochromatin transcription (Lu et al. 2009). Clearly,
even if these results demonstrate a critical function of the linker histone, whether the defects
appeared within individual cells missing linker histone during their lifespan or the result of
epigenetic inheritance from progenitor cells remains elusive.
Surprisingly, while the linker histone exhibits a primary function in metazoan development
and organization of the genome, the analyses of H1 binding in living cells revealed that its
binding into chromatin is dynamic. Indeed, FRAP experiments using fusion linker histoneGFP revealed that following photobleaching, GFP fluorescent signal is recovered within a
few minutes (Lever et al. 2000; Misteli et al. 2000). Furthermore, only minor differences in
the photobleaching recovery were noticed between heterochromatin and euchromatin.
However, the treatment of cells with phosphatase inhibitor, which leads to an increase of
phosphorylation of the H1 C-terminal domain, resulted in a greater mobility of H1 (Lever et
al. 2000). The observations of living cells provided interesting features of linker histones like
their mobility in different chromatin structures. Nonetheless, whether the linker histone
stability within chromatin is affected by the cell cycle stage was not addressed. Using the
original methodology of incorporation of exogenous proteins within the slime mold
Physarum polycephalum, allowing the analyses at specific cell cycle stages, it has been shown
that the stability of linker histone binding depended upon the cell cycle stage (Thiriet and
Hayes 2001). Indeed, although the efficiency of the spontaneous incorporation of exogenous
linker histone was similar throughout the cell cycle, the analyses of linker histone binding to
chromatin revealed a lower affinity in S-phase chromatin compared to G2-phase chromatin.
Interestingly, these results suggest that chromatin activity might affect the linker histone
characteristics. Noteworthy, whereas the incorporation of different linker histones revealed
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a role of different linker histone subtypes in transcription, any of the reported effects were
only transiently observed (Thiriet and Hayes 1999). It has been shown that exogenous core
histones incorporated into Physarum were stable throughout the cell cycle (Prior et al. 1980;
Prior et al. 1983; Thiriet and Hayes 2005), the instability of linker histones in this organism
points out the issue of the half life of cellular linker histones. Indeed, to date we note a
critical absence of studies determining the half-life of histone proteins.
2.3 Learning linker histone mechanism from transcription
Genetic depletion of linker histones in the unicellular Tetrahymena did not exhibit a striking
phenotype of the cells, although nuclear volume was enlarged and evidenced the
involvement of linker histones in chromatin packaging (Shen et al. 1995). Despite the global
structural effect of linker histones in the folding of genetic information, chromatin activity
analyses of the Tetrahymena H1 knocked-out strain showed effects on transcriptional
activities both positively and negatively of specific genes (Shen and Gorovsky 1996).
Importantly, the specific transcription profiles determined within the knocked-out strain
was recapitulated in the strain wherein linker histone phosphorylation sites were mutated to
glutamic acid, mimicking the fully phosphorylated state of the histone (Dou et al. 1999).
Further investigations of the mechanism by which linker histone phosphorylation affects
transcription activity revealed the generation of mutant strains wherein the charge
resembled that of the phosphorylated state without mimicking the structure of the
phosphorylation induced transcription defects (Dou and Gorovsky 2000). Therefore, it was
concluded that H1 phosphorylation acts by changing the overall charge within the histone
domain, rather than by direct recognition of the phosphate added by the post-translational
modification.
The potential lack of physical recognition of the added phosphate in the carboxy-terminal
domain of H1 associated with transcription is consistent with the idea that this unstructured
domain of the linker histone is intrinsically disordered (Hansen et al. 2006). Unlike other
histone classes, the linker histones comprise a family presenting variability between
members. Interestingly, six isoforms of H1 have been identified in most higher eukaryotes,
and several isoforms can localize within a single cell (Alami et al. 2003). Although the actual
function of the variability of linker histones is undetermined, most linker histones share an
identical structure composed of an unstructured amino-terminal domain, a globular domain
defined by a three α-helix and an unstructured carboxy-terminal domain that can be
subjected to phosphorylation. Conversely, the amino-acid composition of the carboxyterminal domain of linker histones is amazingly similar between isoforms, although the
sequences diverge. These remarkable properties led to propose that the carboxy-terminal
domain of linker histones might function as an intrinsically disordered region, wherein the
global amino-acid composition rather than the actual primary sequence would provide the
chromatin binding properties (Hansen et al. 2006).
2.4 Linker histone function in replication
In contrast to transcription, replication of the genome takes place only once per cell cycle
during the S-phase. The infrequency of the replication activity at determined genome
location significantly complicates chromatin replication mechanisms. This experimental
difficulty can be over-ruled using systems that exhibited synchronous nuclear activities
either induced artificially with blocking reagents followed by cell released, or with cellular
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models exhibiting naturally synchronous activities within a population of nuclei. The
powerful model system Physarum polycephalum enables to examine chromatin replication
mechanisms, as at the plasmodial stage of the life cycle of this organism grows by successive
cell cycles and forms a syncytium with a large of nuclei (estimated to ~ 5 108 in a usually
used 5-7cm diameter macroplasmodium) in a unique cytoplasm conferring to the nucleus
population a perfect synchrony (Thiriet and Hayes 1999). These specific characteristics have
been useful for performing analyses of replication using biochemical approaches, such as
the determination of the replication timing of specific genes during S-phase, the mapping of
replication origins in absence of a consensus sequence and recently the relationship between
chromatin structure and replication timing (Thiriet and Hayes 2009).
It has been shown that the incorporation of exogenous linker histones was stably associated
with chromatin only in the G2-phase and exhibit significant inhibition of transcription in
correlation with the linker histone subtype that was introduced into the cell (Thiriet and
Hayes 2001). This inhibitory effect of the linker histone seemed controversial with the
absence of global effect of linker histones observed in Tetrahymena (Shen and Gorovsky
1996). Nevertheless, it is important to note that the experimental designs in both analyses
were somehow opposite as genetic depletion was carried out in Tetrahymena while in the
Physarum experiments additional linker histones were added. Therefore, it was of special
interest to examine the effects of linker histone depletion in the Physarum model system.
This was achieved by knocking-down the expression of linker histones (Thiriet and Hayes
2009). Interestingly, as the nuclei are perfectly synchronous throughout the cell cycle, siRNA
can be incorporated and analyzed at specific cell cycle stages. Unexpectedly, the observation
of Physarum cells revealed a faster cellular growth in the early S-phase under linker histone
depletion. The cell cycle stage specificity of the H1 depletion led to determine whether
replication was affected by the absence of linker histones. By carrying out pulses of
incorporation of radiolabelled DNA precursor during the duration of the S-phase followed
by the determination of specific activity of the genomic DNA, it was observed that the
maximum of radioactivity was reached faster in H1-depleted cells than in controls.
Importantly, as the maximum of radioelement contained in DNA was similar in both
experimental conditions and reached a plateau corresponding to replication completion, the
genome was thus duplicated only once in presence and in absence of the linker histones.
Therefore, the linker histones did not initiate multiple rounds of replication of chromatin
regions, but affect the rate of chromatin duplication.
While these experiments revealed a global function in the control of the ubiquitous activity
of genome replication, consistently with the deleterious effects of partial depletion in
metazoan development, the mechanism by which H1 acts on replication needed to be
clarified. Indeed, two distinct mechanisms could account for the acceleration of genome
duplication. Following initiation, the fork of replication might progress faster through
chromatin. Alternatively, the linker histone might directly act on the firing of replication
origins. It has been shown in metazoans that the setting up of replication origins is
performed by a multi-step process prior to the cell cycle dedicated to genome replication.
These steps should be tightly controlled as only a subset of the potential replication origins
are activated at each cell cycle and any origin is activated only once in the S-phase.
Therefore, labelling of the replication origins is required and this involves their recognition
by factors that associate with DNA to form a pre-replication complex wherein the upgrade
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will raise to the initiation complex. Throughout the S-phase, the initiation complex is
temporally coordinated for firing at specific times during the duplication stage of the cell
cycle (Maric and Prioleau 2010). The choice of the timing of the replication origin firing is
not harmless for the cell, as replication timing has been correlated with the transcriptional
activity of genes. Unambiguous demonstration of this correlation was performed in
Physarum, wherein two distinct copies of the developmentally regulated genes encoding for
profilin exhibited a reprogramming of their timing of replication linked to transcriptional
activity specific to each profiling gene (Maric et al. 2003). Consistently, analyses in mouse
embryonic stem cells exhibited changes in the replication program during cell
differentiation (Hiratani et al. 2008).
The molecular mechanism leading to faster replication in conjunction with the absence of
linker histone was elucidated by pulse labelling experiments of replicating chromatin with a
thymidine analogue. Microscopic observations of the incorporation of the analogue into
genomic DNA revealed that the number of distinguishable foci almost double in absence of
H1, whereas the intensity of the foci which reflected the amount of incorporated precursor
remains statistically unchanged (Thiriet and Hayes 2009). It was therefore concluded that
depletion of linker histones has merely disturbed replication timing regulation and not the
velocity of the replication fork progression through chromatin. These results were in
agreement with the determination of the replication timing of specific replicons. The early
establishment of the usage of the replication origins and the temporal coordination that is
associated to their activation suggested the existence of an epigenetic control. Remarkably,
the abolishment of the replication epigenetic control coincides with the depletion of linker
histones. It is therefore reasonable to propose that linker histones are involved in the
epigenetic regulation of chromatin replication.
2.5 Epigenetic repression abolishment by H1 phosphorylation
The studies of H1 function during transcription showed that the mimics of H1
phosphorylation exhibit transcription defects closely related to genetic depletion of the
linker histone (Dou et al. 1999; Dou and Gorovsky 2000). Accordingly, it was proposed that
the phosphorylation of H1 facilitates the mobility of the linker histone (Lever et al. 2000).
Hence, to verify whether this post-translational modification of H1 might also affect
replication, inhibition of phosphatase activity was performed and replication effects were
determined. The analysis of a lately replicated locus revealed incorporation of thymidine
analogue in early S-phase concomitantly with hyperphosphorylation of the linker histone
(Thiriet and Hayes 2009). Although H1 has been shown in vitro to be an excellent substrate
for many kinases (Ducommun et al. 1990), the complex containing the kinase Cdk2 and
Cdc45 displays the characteristics of a good candidate to accomplish this task in S-phase.
Indeed, transfection of Cdc45 promotes chromatin decondensation and co-localized
phosphorylated H1 in culture (Alexandrow and Hamlin 2005). Co-immunoprecipitation
experiments revealed the formation of a complex containing at least Cdc45 and Cdk2.
Furthermore, determination of the sequential deposition to chromatin revealed that Cdc45
associates with chromatin prior to Cdk2 suggesting that Cdc45 recruits Cdk2 to chromatin
targets. Interestingly, the same study showed that the Cyclin A kinase associated with
chromatin with kinetics nearly identical to those of Cdk2, and suggested that the H1 kinase
activity might be redundant in the S-phase (Alexandrow and Hamlin 2005).
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Cdk2/Cyclin A
Phospho-H1

Cdc45

S-PHASE
Fig. 1. Model of replication origin firing induced by H1 phosphorylation. The repressive
chromatin structure for replication proceeding (left) becomes permissive after the release of
the linker histone induced by H1 phosphorylation (middle) and leads the duplication of
chromatin (right).

3. Conclusion
Despite the ubiquitous composition of chromatin, among histone classes, the linker histone
presents the greatest variability through evolution and between subtypes from a single
organism. On the basis of in vitro analyses of linker histones, their function has been
associated with chromatin folding and higher order structure. However, the biochemical
features that are common to all linker histone subtypes, do not provide satisfactory
explanations to the embryonic lethality observed in mouse when three from the six somatic
isoforms are depleted, whereas the depletion of only one isoform exhibits compensation
effects (Fan et al. 2001). Therefore, understanding the biological function of linker histones
within eukaryotic cells is a major task. Surprisingly, while metazoans showed essential roles
of linker histones in early development, the lack of H1 in protozoans did not exhibit drastic
phenotypes and was even depicted like a transcription regulator in a subset of genes (Fan et
al. 2003). One issue in these observations was the rational between the contrasted effects of
H1. It was unlikely that the result of evolution was to generate divergent function with no
alteration of biochemical properties. Thus, the linker histone function possibly required to
act on a global chromatin activity that needs to be tightly coordinated during development.
Unexpectedly, it was shown in the slime mold Physarum polycephalum that cells lacking
linker histone exhibited a lost in the regulation of the replication origin firing, which was
also associated with an increase of DNA accessibility (Thiriet and Hayes 2009). These
experiments led to propose that linker histones might have a critical role in replication
timing regulation (Fig.1). Although these experiments were the first demonstration of a
global effect of linker histones, they are consistent with the genome regulation requirement
observed during development and differentiation. Nonetheless, if linker histone function
has been proposed to temporally regulation replication of chromatin, the issue of variety of
the linker histone isoforms is not yet addressed in the replication context.
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