
Elucidation of structural organization of genetic

material in the interphase nucleus is one of the most

important problems in understanding of gene expression.

Although the structure of the nucleosome core particle

was determined [1], structural features of higher levels of

chromatin compaction remain a subject of much contro�

versy. It is well established that linker histones play a piv�

otal role in formation and stabilization of 30�nm chro�

matin fibril structure.

All variants of these histones have similar structure.

They consist of approximately 200 a.a. and are organized

into three structural fragments: N� and C�terminal tails

that are unstructured in the absence of nucleosomes, and

a globular central domain (Fig. 1).

Histone H1, one of key chromatin structural pro�

teins, also called a linker histone, has been known for a

long time. Nevertheless, its structure and location in

chromatin (in contrast to nucleosome core histones) are

studied insufficiently.

The location of histone H1, which is not contained

in the nucleosome core but apparently contributes to

assembly of chromatin higher�order structures, namely

30�nm fibrils, is still being debated. The most probable

location of this protein is a region close to the symmetry

axis of the nucleosome that is situated in the vicinity of

DNA entry and exit sites in a nucleosome particle

(Fig. 2). This supposition is supported by results of both

molecular biological experiments [2, 3] and studies per�

formed by computational techniques [4, 5]. The precise

arrangement of a linker histone in the chromatosome

(nucleosome core particle bound to a linker histone)

remains obscure.

BRIEF CHARACTERISTICS OF STRUCTURE

OF LINKER HISTONES

The globular domain of linker histones has a winged

helix structure comprising a helix�turn�helix motif [6, 7].

The α�helices in the globule are designated as H1, H2,

and H3 (counting from N�terminus proximal α�helix)

[5], or as α1, α2, and α3 [8] (Fig. 1). The globular

domain of linker histones can independently bind to the

nucleosome in vitro [2, 3]. The winged helix fold is wide�

spread among DNA�interacting proteins [9]. Proteins

having a similar fold are found in eubacteria, while core

histone counterparts are found only in Archaea [10]. This

suggests that core and linker histones were acquired by
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eukaryotes independently from each other in the course

of evolution [11].

Almost the entire surface of linker histones is posi�

tively charged, in contrast to the majority of proteins hav�

ing a winged helix fold that possess dipole moment [5]. At

the same time, nonhistone proteins with such fold have

only one DNA�binding site, while there are at least two

such sites on linker histone globules, though their precise

location is still not established [8, 12, 13]. All proposed

models of arrangement of linker histone in the nucleo�

Fig. 1. Structure of a linker histone. When the N� and C�terminal fragments of the linker histone do not contact the nucleosome, they are

unstructured. The globular domain located between them consists of three α�helices (α1, α2, and α3; counting from the N�terminus) and a

small β�strand, which is called a “wing”.
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some also presume existence of at least two contacts with

DNA [8, 14]. Macromolecular docking studies [5] and

other quantitative methods [4] support this point of view

and suggest that the histone H5 globule can form three

contacts with DNA and interacts with the minor groove

of DNA in the vicinity of the nucleosome symmetry axis.

Hydroxyl radical footprinting studies [3] also support this

conclusion. At the same time, the number of contacts

between the linker histone globule and DNA apparently

depends on condensed chromatin geometry and, particu�

larly, on the length of the linker fragments between

nucleosome particles [5, 15].

Until recently, it was accepted that nucleosomal

DNA in the vicinity of the symmetry axis on the nucleo�

some was contacted by helix H3 of the globular domain of

H1 [4, 5]. Recent NMR studies with paramagnetic labels

[8] also favor this interaction model. As it was considered

earlier, linker DNA was contacted by amino acid residues

of helices H2 and H3 [5] or residues of the β�strand and

loops adjacent to the C�terminus of the H1 molecule [4]

(Fig. 3). At the same time, examination of point mutation

effects on the H1 globule binding to the nucleosome con�

tradicts participation of these fragments in interaction

with linker fragments [8]. According to a model built in

this study, a surface interacting with linker DNA is

formed exclusively by amino acids of helix H2 and loops

between elements of ordered secondary structures

(Fig. 3). Moreover, there are data indicating that the

Fig. 2. Arrangement of the globular domain of linker histone H1 on the nucleosome.

Н1 globule



216 LYUBITELEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  3   2016

Fig. 3. H1 globule surfaces interacting with DNA of the nucleosome and linkers, according to data of various authors. a) According to Fan and

Roberts [5], linker fragment is contacted by regions of helices H2 and H3 (shown in blue); b) according to data of Cui and Zhurkin [4], link�

er DNA contacts β�strand and loop H1�H2 (shown in green); c) a model built by Bai and coauthors [8], which predicts contacts of linker DNA

with loop H1�H2 and a fragment of β�strand that belong to the C�terminal fragment (shown in red). Surface of H3 helix interacting with

nucleosomal DNA is shown in gray in all the three models; d) according to X�ray analysis data obtained by Bai and coauthors [17], nucleoso�

mal DNA is contacted by amino acids of β�strand (gray), while linkers contact with helix H3 (red) and a loop between helices H1 and H2

(blue).
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nucleosome is contacted by different amino acid residues

of the globule in different linker histone variants. This

may determine the different affinities of these variants to

the 30�nm fibril depending on its compaction level [16].

An alternative model of linker histone binding was

proposed based on X�ray analysis of a complex of the

nucleosome with the globular domain of chicken linker

histone H5 (at 3.5 Å resolution) along with spin�label

NMR [17]. According to this model, the H5 globule

binds to the nucleosome without displacement relative to

the symmetry axis. Thus, residues of the β�strand bind to

nucleosomal DNA, helix H3 interacts with one linker,

while the loop H1�H2 contacts the other one. The model

does not contradict the experimental data obtained previ�

ously, but does not rule out an alternative way of linker

histone binding, which is determined by, for instance,

steric limitations in supernucleosomal structures.

Therefore, according to cryoelectron microscopy data,

being a part of the 12�nucleosome fibril, the H1 globule

binds shifted relative to the symmetry axis of the nucleo�

some [18].

The N�terminal domain of linker histones is 20�

35 a.a. in length. It can be divided into two distinct

regions. The N�terminal region is enriched with alanine

and proline as well as more hydrophobic amino acid

residues, and it does not form stable complexes with

DNA [19]. Second region has one arginine and five lysine

residues, and its sequence is similar to that of N�terminal

region of histone H3 [20]. It was demonstrated by means

of high resolution NMR, IR spectroscopy, and circular

dichroism that the N�terminal fragment is unstructured

in aqueous solvent, while most of this region adopts α�

helical conformation in trifluoroethanol. Binding of

DNA to a linker histone may also induce formation of

secondary structure within the N�terminal fragment [21,

22]. High positive charge of this fragment and its proxim�

ity to the globular domain may stabilize DNA binding to

the globular domain of the linker histone [21].

The C�terminal domain of linker histone is approxi�

mately 100 a.a. long. It is the least conserved region

among different histone variants [23]. This region is

unstructured in solution and forms a stochastic random

coil. Nevertheless, there are IR spectroscopy data indi�

cating that upon DNA binding, the C�terminal domain

acquires secondary structure [24, 25]. Binding to the

nucleosome causes formation of a compact globule out of

secondary structure elements [26]. This observation may

explain why in some organisms, e.g. Tetrahymena ther�

mopila, H1�like proteins do not have a defined globular

domain [11]. The C�terminal fragment of linker histones

is enriched with lysine, alanine, and proline, and it carries

high total positive charge (∼30�50). The highest positive

charge in this region is typical for linker histone variants

present in terminally differentiated cells (H1.0 and H5)

[27]. It was shown that the ability of the C�terminal

domain of histone H1.0 to change linker DNA structure

and promote polynucleosome oligomerization is deter�

mined by two sequence fragments (Fig. 4, shown in red)

that are located at short distance from each other [28]. At

the same time, properties of amino acid residues of these

fragments, their size, charge, and hydrophobicity, rather

than a certain sequence play a key role in the linker his�

tone binding to the nucleosome [29, 30]. So, no changes

in ability of H1.0 to bind DNA and stabilize chromatin

were observed after random rearrangements of amino

acid residues within the first fragment (Fig. 4) [30].

Furthermore, fragments 2, 3, and 4 being placed instead

of the first one, turned out to be functionally identical to

Fig. 4. Scheme of disposition of C�terminal portion fragments used in experiments. In one experiment, fragments 1 and 3 were swapped; in

other experiments, amino acid residues of domain 3 were randomly changed.
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the latter. Thus, it is reasonable to assume that binding of

the globular domain of linker histone to DNA is neces�

sary for precise positioning of the C�terminal fragment,

because the globular domain exclusively has affinity for

the H1�binding site on the nucleosome. At the same time,

the chromatin condensation function is performed by the

C�terminus, which is apparently incapable of forming

compact structure outside the binding site [30].

FUNCTIONAL FEATURES

OF LINKER HISTONE VARIANTS

As mentioned above, most eukaryotes possess more

than one variant of linker histones, which vary in amino

acid composition (the globular domain has the most con�

served sequence), length of polypeptide chain, and time

and location of expression. The functional significance of

such diversity is insufficiently studied. The fact that the

number of different variants of linker histones correlates

with complexity of the organism organization is very

intriguing. So, in the fungus Physarum polycephalum [31]

and the fruit fly Drosophila melanogaster [32], only one

linker histone subtype was found, while in mammalian

tissues 11 subtypes of histone H1 were found [23]. These

11 subtypes are divided into histones that are expressed in

somatic cells during S phase of the cell cycle (H1.1�H1.5)

and differentially expressed in somatic (H1.0 and H1x)

and gametal cells and their precursors: H1t, H1T2, and

HILS1 in testicular cells and H1oo in oocytes [23].

Variants of linker histones vary in time of expression in

cells [33], exchange rate after binding to chromatin [34],

and affinity to chromatin [35, 36]. For some H1 variants,

predominant binding to eu� or heterochromatin [36] as

well as differences in ability of different variants to con�

dense chromatin [34] were demonstrated.

To elucidate the role of linker histone variants in

development, their gene knockout was studied. Mice lack�

ing the functional gene of histone H1.0 developed nor�

mally [37] as other linker histone variants are able to func�

tionally substitute for this protein. No deviations were

observed upon knockout of the H1t gene typical for testes

[38], as well as upon knockout of H1.1, which is a main

linker histone type [39]. No deviations were observed also

in development of mice with double knockout of gene

H1.0 and one of the genes of murine homologs of human

H1.2, H1.3, and H1.4 [40]. Deviations were only observed

in case of triple knockdown of H1.2, H1.3, and H1.4

homologs, when embryos died during development. In

this case, total histone H1 content was decreased by ~50%

as compared to normal levels [41].

Dependence of the set of present linker histones on

cell cycle phase was demonstrated in HeLa cells [10]. It

was shown that during general decrease in content of

mRNA and protein products of genes of all five somatic

linker histones (H1.1�H1.5) upon butyrate�induced cell

cycle arrest, the concentration of histone H1.5 and its

mRNA dropped more markedly. This corresponds to data

showing that levels of this histone are decreased in cells

possessing weak or absent mitotic activity [42]. Cell cycle

arrest at the G0/G1 phase caused first an increase, and

then a decrease of histone H1.0 mRNA levels [10].

Increase in concentration of histones H1.2, H1.4, and

H1.5 and of their mRNAs is typical for the S phase. Then

an increase in expression of variants H1.0 and H1.3

occurred, which stopped by the end of the phase [10].

Different variants of histone H1 participate in gene

regulation. Therefore, different linker histones are pres�

ent on globin genes in erythroid cells and brain cells of

chicken embryo in different quantities [43]. Using knock�

down of genes of different linker histones in breast cancer

cells, it was established that decrease in levels of various

linker histones led to expression of different genes [44].

Decreased levels of linker histone H1.2 caused cell cycle

arrest. Reduced levels of histone H1.4 caused death in

some cell lines. Changed ratios of different linker histone

content were also observed in induced pluripotent somat�

ic cells, for which reduced synthesis of H1.0 and an

increase in synthesis of H1.1, H1.3, and H1.5 was typical

[45]. A pivotal role of the histone�like protein dBigH1

that differs from somatic H1 by an extended C�terminal

fragment in regulation of gene expression was shown in D.

melanogaster embryonic cells. In wild�type embryos, gene

expression was not observed until cellularization. At the

same time, in case of dBigH1 knockout, many RNA

polymerase elongation complexes were found in embry�

onic chromatin at the same development stage, while

embryos died in the middle of the developmental process

[46]. Differences in expression of linker histone variants

mostly correlated with changes in transcription and

replicative activity of cells. These data suggest that the

majority of functional differences between these variants

are determined by different stability of binding to chro�

matin, which leads to different compaction levels and, in

turn, to different functional activity of chromatin.

Affinity of linker histones to chromatin was a subject

for several studies both in vitro and in vivo. In experiments

on incorporation of human variants of linker histones to

minichromosomes assembled using D. melanogaster

embryonal extracts, it was established that human somat�

ic linker histones can be classified as strong condensers

(H1.0, H1.4, H1.5, and H1.x), intermediate condensers

(H1.3), and weak condensers (H1.1 and H1.2) [47]. In

another series of experiments, binding of H1 to long

chromatin fragments and scaffold�attachment regions

(SAR) was analyzed [35]. Using this method, highest

affinity to chromatin was demonstrated for H1.3, H1.4,

and H1.0, intermediate affinity for H1.2 and H1.5, while

histone H1.1 had the lowest affinity to chromatin. It is

worth mentioning that the affinity to chromatin does not

always correlate with the condensation ability. This may

be associated with different limitations determined by the
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experimental technique, and by the fact that these two

activities are attributed to different fragments of the H1

molecule.

To determine linker histone in vivo exchange rate,

fluorescence recovery after photobleaching (FRAP)

experiments were carried out in cells infected with herpes

virus HSV�1 [48]. These studies revealed that histones

H1.4 and H1.5 had lower exchange rate as compared to

H1.0, H1.1, H1.2, and H1.3. Interesting, all the fast�

exchanging histones (except for histone H1.3) possessed

C�terminal regions that were shorter than those in slowly

exchanged variants. FRAP experiments have also demon�

strated dependence of H1 exchange rate on functional

state of chromatin: the exchange rate was higher in tran�

scriptionally active chromatin, as compared to inactive

chromatin [49].

Affinity to chromatin and linker histone exchange

rate strongly depends on certain experimental conditions

used for evaluating these parameters. Particularly, experi�

mental protocols in vitro do not take into account the

influence of interaction with cell proteins on H1

exchange rate.

Despite the fact that stabilization of compact chro�

matin structure was always considered as the main role of

linker histones, their interaction with other cellular pro�

teins should be mentioned as well. The interaction of his�

tone H1 with at least 16 proteins has been demonstrated

[50]. Transcription factor YB�1, DNA�binding protein

PURα, and an apoptotic endonuclease DFF40 are

among these proteins [51, 52]. As for the latter, it was

shown that specificity of its interaction with linker DNA

is determined by interaction with the C�terminal frag�

ment of linker histone H1 [53, 54]. It was also demon�

strated that DFF40 could be activated by separate 48�a.a.

fragments of the H1 C�terminal part.

Study of interactions of different fragments of his�

tone H1.0 with nuclear proteins revealed that binding to

cellular proteins is realized by means of not only the C�

terminal, but also the globular domain. Furthermore, the

latter provides ∼75% of all interactions [55]. At the same

time, precise location of binding sites for the majority of

cellular proteins, as well as biological significance of the

observed interactions, remain unknown. Analysis of

known interactions between H1�binding proteins allows

dividing them into three groups: proteins responsible for

synthesis and processing of rRNA, spliceosomal proteins,

and ribosomal proteins. The presence of the majority of

these proteins in the nucleolus suggests the biological sig�

nificance of the revealed interactions [55].

ROLE OF LINKER HISTONES

IN FORMATION OF 30�nm FIBRIL

Regarding linker histones, one of the most important

questions is determination of their precise location with�

in the chromatosome and the 30�nm fibril [56]. There are

not many data regarding the 30�nm chromatin fibril.

These data are also so contradictory that some authors

call into question biological significance of this structure

[57]. So, according to recent data obtained using a high�

scale chromatin conformation capture (Hi�C) method

and electron microscopy combined with tomography, the

30�nm fibril may be absent from, at least, nuclei of tran�

scriptionally and mitotically active cells [58, 59].

However, modern techniques revealed the classical

30�nm fibril in nuclei of quiescent cells such as starfish

spermatozoa [58]. These fibrils were also found in the

polytene chromosomes in insects [60]. Chromatin frag�

ments isolated from cell nuclei and assembled on artificial

templates with positioning sequences fold into a similar

structure [61, 62].

While considering the question of existence of this

level of DNA compaction in the interphase nucleus, it

should be kept in mind that the 30�nm fibril is very labile:

passing of just one RNA polymerase complex is sufficient

for its destruction [60, 62]. The fibril structure is easily

distorted [62]. This may also partially explain difficulties

in finding the fibrils in interphase nuclei.

Earlier studies using electron microscopy [63] sug�

gested two 30�nm fibril models: one�start and two�start

helices. The one�start DNA model suggests that nucleo�

somes stack up against one another and form a uniform

helix; linker DNA is assumed to be folded inside the helix

[64]. The two�start double superhelix suggests that

nucleosomes stack up against one another in a manner

generating two stack helices; linker DNA fragments are

situated between the two nucleosomal stacks [65].

Structures resembling two�start helix were observed

using electron microscopy and tomography in nuclei of

cells with inactive chromatin, such as echinoderm sper�

matozoa or avian erythrocytes [66]. Observed topological

variations in these structures, in the authors’ opinion, is

best explained with the twisted ribbon model – a two�

start helix model prototype, which differs from the latter

by lower compactness and lack of interaction between

histones of lateral surfaces of nucleosomes. They consid�

ered linker DNA fragment length as a key factor affecting

the fibril structure.

The X�ray crystal structure of a tetranucleosome

with 20�21�bp linker internucleosomal DNA fragments

determined at 9 Å resolution supports the two�start model

[67]. The structure represents a two�start helix in which a

nucleosome is 70° rotated relative to the preceding one.

There are reasonable doubts regarding biological signifi�

cance of this structure as the tetranucleosome was assem�

bled without linker histones. Moreover, small length of

linker fragments and their strict conformational limits do

not allow incorporation of the linker histone globule to its

binding site [68]. It should be mentioned also that such

chromatin folding into the fibril rules out interaction

between nucleosomes that was observed in experiments



220 LYUBITELEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  3   2016

on chemical crosslinking of chromatin fibril proteins in

solution [69]. The presence of histone H1 did not change

the pattern of these crosslinks.

More convincing evidence in favor of two�start helix

was obtained with high resolution cryoelectron

microscopy of artificial polynucleosomes containing 12

nucleosomal repeats 177� and 187�bp in length that were

assembled in the presence of linker histone [18]. High

resolution of 11 Å achieved by the authors allowed unam�

biguous tracing the DNA molecule passage: it corre�

sponded to the two�start helix. Nucleosomes in this struc�

ture are organized into three tetramers on a “head�to�

head” principle. Interaction between such tetramers is

apparently stabilized predominantly by asymmetrically

bound H1, whose globules face toward the interacting

tetramer surfaces.

Recent calculations made for two�start helical mod�

els with various linker lengths that revealed several possi�

ble stable configurations of this fibril also favor the two�

start helix model [70]. These studies revealed, in particu�

lar, that right�handed helix is less energetically favored as

compared to left�handed helix. Results of recent ultra�

centrifugation and electron microscopy studies of model

polynucleosomes also support the two�start model [61]. It

is significant that compaction order was the same for fib�

rils with both regular and irregular linker lengths.

However, changing the length of the linker fragment so

that the number of nucleotides does not coincide with the

formula 10n + 5 caused strong chromatin decompaction.

Note that it was precisely the 10n + 5 ratio that was

observed in vivo; quantitative techniques also suggest

preferability of linker lengths satisfying the 10n or 10n +

5 rule [62, 70].

The one�start model is currently based on data of

electron microscopy of polynucleosomes with various

nucleosome repeat lengths (177�237 bp, of which 146 bp

are accounted for the nucleosome�positioning DNA

sequence) assembled at low concentration of divalent

cations (1.6 mM MgCl2) and containing one linker his�

tone per nucleosome [71, 72]. Depending on the nucleo�

some repeat length, fibrils belonged to two classes were

obtained, which varied in diameter and number of

nucleosomes per unit length. Linear increase of fibril

diameter that one might expect in case of the two�start

organization of fibril of this kind was not observed. It is

worth mentioning that only one�start or multiple�start

polymorphic helix may correspond to these data [62, 68].

One has to take into account that results of mathe�

matical modeling of chromatin fibril suggest possible

existence of one topology in addition to the two above�

mentioned ones – multiple�start polymorphic helix,

whose properties should (according to calculations)

strongly depend on the linker fragment length [15].

In summary, one can state that the previous preva�

lent conception of the 30�nm fibril as a strongly ordered

structure that is an obligatory level of interphase chro�

matin compaction does not correspond to the available

data. There is also no reason to assume that such a fibril is

stable, as all the proposed models of its structure carry

incompletely compensated negative charge. Indeed, one

RNA polymerase complex turns out to be sufficient for

destruction of the 30�nm fibril [60]. Hence, the 30�nm

fibril possesses a polymorphic and labile structure

depending on a number of factors such as linker DNA

fragment length and participation of proteins that interact

with DNA and chromatin [62]. Any fibril may have a

number of conformations, which are probably notably

different.

The role of histone H1 in maintaining structure of

the 30�nm fibril apparently consists, first, in stabilization

of the compact state of chromatin [73]. Therefore, sedi�

mentation coefficient of fibrils assembled in the presence

of linker histone is higher compared to that of chromatin

assembled without it, indicating their higher compactness

[61]. Cryoelectron microscopy data also suggest an

important role of linker histone in maintaining the 30�nm

fibril structure: its globules provide interaction between

tetramers of nucleosomes folded in “head�to�head”

manner [18].

Among the structural features of linker histones

allowing them to perform this function, first, an extended

C�terminal domain carrying a significant total positive

charge should be mentioned. Upon binding to DNA in

the linker region, this domain neutralizes negative charge

of sugar�phosphate DNA backbone, thus preventing

Coulomb repulsion between two like�charged DNA

chains that approach each other during 30�nm fibril for�

mation [68]. Different linker histone variants of higher

eukaryotes have different C�terminal domains that vary in

length and amino acid composition [23]. These variations

may affect structure of the 30�nm fibril that contains a

variant of this histone [18, 72].

The second important for the 30�nm fibril com�

paction structural element of linker histone is its globular

domain binding to DNA close to its exit from the nucleo�

some and, thus, positioning the C� and N�termini of his�

tone, as well as preventing spontaneous partial DNA bend

out of histone octamer (the so�called nucleosome

“breathing”) [74]. In one of the proposed fold models,

globular domains of linker histones face each other,

which apparently provides additional stabilization of the

fibril [18]. According to one of these hypotheses, the

order of H1 globular domain binding determines geome�

try of the 30�nm fibril [17]. It is also appropriate to

assume that regulation of histone H1 binding and, as a

result, chromatin compaction may be realized in a cell by

means of posttranslational modifications of this protein,

changing electrostatic properties of its C�terminus.

The data described above indicate important func�

tions of linker histone. This protein was acquired by

eukaryotes early in the course of their evolution and,

based on the results of comparative analysis, independ�
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ently of the nucleosome core histones. The structure of

the globular domain was determined with both X�ray

analysis and NMR. However, we still do not have a clear

view of histone H1 interaction with nucleosomes and

other proteins.

It is a well�established fact that various histone H1

variants differ in affinity to chromatin; there is evidence

that these differences are functionally significant. At the

same time, it was proved that in the absence of one his�

tone, other histones are able to substitute for it without

notable physiological deviations.

The best�studied function of linker histone is stabi�

lization of the 30�nm chromatin fibril. Thus, differential

regulation of structural and functional states of different

regions of chromatin may be achieved by regulation of

binding of different H1 variants. It is well known that

these functions are performed via H1 binding to nucleo�

somes close to the symmetry axis (Fig. 1). However, there

is still no unambiguous model of interaction of H1 (as

well as of its globular domain) with the nucleosome. The

reason for that is, first, lack of a precise atomic�level

model of the predicted site for binding of this protein in

view of limited data regarding relative topology of linker

DNA in the 30�nm fibril, which also complicates study�

ing with quantitative techniques.

This work was supported by the Russian Science

Foundation (project No. 14�24�00031).

REFERENCES

1. Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. F.,

and Richmond, T. J. (1997) Crystal structure of the nucleo�

some core particle at 2.8 Å resolution, Nature, 389, 251�260.

2. Meyer, S., Becker, N. B., Syed, S. H., Goutte�Gattat, D.,

Shukla, M. S., Hayes, J. J., Angelov, D., Bednar, J.,

Dimitrov, S., and Everaers, R. (2011) From crystal and

NMR structures, footprints and cryoelectron micrographs

to large and soft structures: nanoscale modeling of the

nucleosomal stem, Nucleic Acids Res., 39, 9139�9154.

3. Syed, S. H., Goutte�Gattat, D., Becker, N., Meyer, S.,

Shukla, M. S., Hayes, J. J., Everaers, R., Angelov, D.,

Bednar, J., and Dimitrov, S. (2010) Single�base resolution

mapping of H1�nucleosome interactions and 3D organiza�

tion of the nucleosome, Proc. Natl. Acad. Sci. USA, 107,

9620�9625.

4. Cui, F., and Zhurkin, V. B. (2009) Distinctive sequence

patterns in metazoan and yeast nucleosomes: implications

for linker histone binding to AT�rich and methylated DNA,

Nucleic Acids Res., 37, 2818�2829.

5. Fan, L., and Roberts, V. A. (2006) Complex of linker his�

tone H5 with the nucleosome and its implications for chro�

matin packing, Proc. Natl. Acad. Sci. USA, 103, 8384�8389.

6. Clark, K. L., Halay, E. D., Lai, E., and Burley, S. K. (1993)

Co�crystal structure of the HNF�3/fork head DNA�recog�

nition motif resembles histone H5, Nature, 364, 412�420.

7. Ramakrishnan, V., Finch, J. T., Graziano, V., Lee, P. L.,

and Sweet, R. M. (1993) Crystal structure of globular

domain of histone H5 and its implications for nucleosome

binding, Nature, 362, 219�223.

8. Zhou, B. R., Feng, H., Kato, H., Dai, L., Yang, Y., Zhou,

Y., and Bai, Y. (2013) Structural insights into the histone

H1–nucleosome complex, Proc. Natl. Acad. Sci. USA, 110,

19390�19395.

9. Gajiwala, K. S., and Burley, S. K. (2000) Winged helix pro�

teins, Curr. Opin. Struct. Biol., 10, 110�116.

10. Happel, N., Warneboldt, J., Hanecke, K., Haller, F., and

Doenecke, D. (2009) H1 subtype expression during cell

proliferation and growth arrest, Cell Cycle, 8, 2226�2232.

11. Kasinsky, H. E., Lewis, J. D., Dacks, J. B., and Ausio, J.

(2001) Origin of H1 linker histones, FASEB J., 15, 34�42.

12. Brown, D. T., Izard, T., and Misteli, T. (2006) Mapping the

interaction surface of linker histone H1(0) with the nucle�

osome of native chromatin in vivo, Nat. Struct. Mol. Biol.,

13, 250�255.

13. Crane�Robinson, C. (1997) Where is the globular domain

of linker histone located on the nucleosome? Trends

Biochem. Sci., 22, 75�77.

14. Zhou, Y. B., Gerchman, S. E., Ramakrishnan, V., Travers,

A., and Muyldermans, S. (1998) Position and orientation of

the globular domain of linker histone H5 on the nucleo�

some, Nature, 395, 402�405.

15. Wong, H., Victor, J. M., and Mozziconacci, J. (2007) An

all�atom model of the chromatin fiber containing linker

histones reveals a versatile structure tuned by the nucleoso�

mal repeat length, PLoS One, 2, e877.

16. George, E. M., Izard, T., Anderson, S. D., and Brown, D.

T. (2010) Nucleosome interaction surface of linker histone

H1c is distinct from that of H1(0), J. Biol. Chem., 285,

20891�20896.

17. Zhou, B. R., Jiang, J., Feng, H., Ghirlando, R., Xiao, T. S.,

and Bai, Y. (2015) Structural mechanisms of nucleosome

recognition by linker histones, Mol. Cell, 59, 628�638.

18. Song, F., Chen, P., Sun, D., Wang, M., Dong, L., Liang,

D., Xu, R. M., Zhu, P., and Li, G. (2014) Cryo�EM study

of the chromatin fiber reveals a double helix twisted by

tetranucleosomal units, Science, 344, 376�380.

19. Bohm, L., and Mitchell, T. C. (1985) Sequence conservation in

the N�terminal domain of histone H1, FEBS Lett., 193, 1�4.

20. Kuzmichev, A., Jenuwein, T., Tempst, P., and Reinberg, D.

(2004) Different EZH2�containing complexes target

methylation of histone H1 or nucleosomal histone H3,

Mol. Cell, 14, 183�193.

21. Vila, R., Ponte, I., Collado, M., Arrondo, J. L., Jimenez,

M. A., Rico, M., and Suau, P. (2001) DNA�induced alpha�

helical structure in the NH2�terminal domain of histone

H1, J. Biol. Chem., 276, 46429�46435.

22. Vila, R., Ponte, I., Jimenez, M. A., Rico, M., and Suau, P.

(2002) An inducible helix�Gly�Gly�helix motif in the N�

terminal domain of histone H1e: a CD and NMR study,

Protein Sci., 11, 214�220.

23. Happel, N., and Doenecke, D. (2009) Histone H1 and its

isoforms: contribution to chromatin structure and function,

Gene, 431, 1�12.

24. Roque, A., Iloro, I., Ponte, I., Arrondo, J. L., and Suau, P.

(2005) DNA�induced secondary structure of the carboxyl�ter�

minal domain of histone H1, J. Biol. Chem., 280, 32141�32147.

25. Roque, A., Ponte, I., and Suau, P. (2009) Role of charge

neutralization in the folding of the carboxy�terminal

domain of histone H1, J. Phys. Chem. B, 113, 12061�12066.



222 LYUBITELEV et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  3   2016

26. Fang, H., Clark, D. J., and Hayes, J. J. (2012) DNA

and nucleosomes direct distinct folding of a linker histone

H1 C�terminal domain, Nucleic Acids Res., 40, 1475�

1484.

27. Subirana, J. A. (1990) Analysis of the charge distribution in

the C�terminal region of histone H1 as related to its inter�

action with DNA, Biopolymers, 29, 1351�1357.

28. Lu, X., and Hansen, J. C. (2004) Identification of specific

functional subdomains within the linker histone H10 C�

terminal domain, J. Biol. Chem., 279, 8701�8707.

29. Hansen, J. C., Lu, X., Ross, E. D., and Woody, R. W. (2006)

Intrinsic protein disorder, amino acid composition, and his�

tone terminal domains, J. Biol. Chem., 281, 1853�1856.

30. Lu, X., Hamkalo, B., Parseghian, M. H., and Hansen, J. C.

(2009) Chromatin condensing functions of the linker his�

tone C�terminal domain are mediated by specific amino

acid composition and intrinsic protein disorder,

Biochemistry, 48, 164�172.

31. Yasuda, H., Mueller, R. D., Logan, K. A., and Bradbury, E.

M. (1986) Identification of histone H1(0) in Physarum

polycephalum. Its high level in the plasmodial stage increas�

es in amount and phosphorylation in the sclerotial stage, J.

Biol. Chem., 261, 2349�2354.

32. Nagel, S., and Grossbach, U. (2000) Histone H1 genes and

histone gene clusters in the genus Drosophila, J. Mol. Evol.,

51, 286�298.

33. Khochbin, S. (2001) Histone H1 diversity: bridging regula�

tory signals to linker histone function, Gene, 271, 1�12.

34. Th’ng, J. P., Sung, R., Ye, M., and Hendzel, M. J. (2005)

H1 family histones in the nucleus. Control of binding and

localization by the C�terminal domain, J. Biol. Chem., 280,

27809�27814.

35. Orrego, M., Ponte, I., Roque, A., Buschati, N., Mora, X.,

and Suau, P. (2007) Differential affinity of mammalian his�

tone H1 somatic subtypes for DNA and chromatin, BMC

Biol., 5, 22.

36. Talasz, H., Sapojnikova, N., Helliger, W., Lindner, H., and

Puschendorf, B. (1998) In vitro binding of H1 histone sub�

types to nucleosomal organized mouse mammary tumor

virus long terminal repeat promotor, J. Biol. Chem., 273,

32236�32243.

37. Sirotkin, A. M., Edelmann, W., Cheng, G., Klein�Szanto,

A., Kucherlapati, R., and Skoultchi, A. I. (1995) Mice

develop normally without the H1(0) linker histone, Proc.

Natl. Acad. Sci. USA, 92, 6434�6438.

38. Lin, Q., Sirotkin, A., and Skoultchi, A. I. (2000) Normal

spermatogenesis in mice lacking the testis�specific linker

histone H1t, Mol. Cell. Biol., 20, 2122�2128.

39. Rabini, S., Franke, K., Saftig, P., Bode, C., Doenecke, D.,

and Drabent, B. (2000) Spermatogenesis in mice is not

affected by histone H1.1 deficiency, Exp. Cell Res., 255,

114�124.

40. Fan, Y., Sirotkin, A., Russell, R. G., Ayala, J., and

Skoultchi, A. I. (2001) Individual somatic H1 subtypes are

dispensable for mouse development even in mice lacking

the H1(0) replacement subtype, Mol. Cell. Biol., 21, 7933�

7943.

41. Fan, Y., Nikitina, T., Morin�Kensicki, E. M., Zhao, J.,

Magnuson, T. R., Woodcock, C. L., and Skoultchi, A. I.

(2003) H1 linker histones are essential for mouse develop�

ment and affect nucleosome spacing in vivo, Mol. Cell.

Biol., 23, 4559�4572.

42. Lennox, R. W., and Cohen, L. H. (1983) The histone H1

complements of dividing and nondividing cells of the

mouse, J. Biol. Chem., 258, 262�268.

43. Trollope, A. F., Sapojnikova, N., Thorne, A. W., Crane�

Robinson, C., and Myers, F. A. (2010) Linker histone sub�

types are not generalized gene repressors, Biochim. Biophys.

Acta, 1799, 642�652.

44. Sancho, M., Diani, E., Beato, M., and Jordan, A. (2008)

Depletion of human histone H1 variants uncovers specific

roles in gene expression and cell growth, PLoS Genet., 4,

e1000227.

45. Terme, J. M., Sese, B., Millan�Arino, L., Mayor, R., Izpisua

Belmonte, J. C., Barrero, M. J., and Jordan, A. (2011)

Histone H1 variants are differentially expressed and incorpo�

rated into chromatin during differentiation and reprogram�

ming to pluripotency, J. Biol. Chem., 286, 35347�35357.

46. Perez�Montero, S., Carbonell, A., Moran, T., Vaquero, A.,

and Azorin, F. (2013) The embryonic linker histone H1

variant of Drosophila, dBigH1, regulates zygotic genome

activation, Dev. Cell, 26, 578�590.

47. Clausell, J., Happel, N., Hale, T. K., Doenecke, D., and

Beato, M. (2009) Histone H1 subtypes differentially mod�

ulate chromatin condensation without preventing ATP�

dependent remodeling by SWI/SNF or NURF, PLoS One,

4, e0007243.

48. Conn, K. L., Hendzel, M. J., and Schang, L. M. (2008)

Linker histones are mobilized during infection with herpes

simplex virus type 1, J. Virol., 82, 8629�8646.

49. Misteli, T., Gunjan, A., Hock, R., Bustin, M., and Brown,

D. T. (2000) Dynamic binding of histone H1 to chromatin

in living cells, Nature, 408, 877�881.

50. McBryant, S. J., Lu, X., and Hansen, J. C. (2010)

Multifunctionality of the linker histones: an emerging role

for protein–protein interactions, Cell Res., 20, 519�528.

51. Liu, X., Li, P., Widlak, P., Zou, H., Luo, X., Garrard, W. T.,

and Wang, X. (1998) The 40�kDa subunit of DNA frag�

mentation factor induces DNA fragmentation and chro�

matin condensation during apoptosis, Proc. Natl. Acad. Sci.

USA, 95, 8461�8466.

52. Woo, E. J., Kim, Y. G., Kim, M. S., Han, W. D., Shin, S.,

Robinson, H., Park, S. Y., and Oh, B. H. (2004) Structural

mechanism for inactivation and activation of CAD/DFF40

in the apoptotic pathway, Mol. Cell, 14, 531�539.

53. Widlak, P., Kalinowska, M., Parseghian, M. H., Lu, X.,

Hansen, J. C., and Garrard, W. T. (2005) The histone H1

C�terminal domain binds to the apoptotic nuclease, DNA

fragmentation factor (DFF40/CAD) and stimulates DNA

cleavage, Biochemistry, 44, 7871�7878.

54. Widlak, P., Li, P., Wang, X., and Garrard, W. T. (2000)

Cleavage preferences of the apoptotic endonuclease DFF40

(caspase�activated DNase or nuclease) on naked DNA and

chromatin substrates, J. Biol. Chem., 275, 8226�8232.

55. Kalashnikova, A. A., Winkler, D. D., McBryant, S. J.,

Henderson, R. K., Herman, J. A., DeLuca, J. G., Luger,

K., Prenni, J. E., and Hansen, J. C. (2013) Linker histone

H1.0 interacts with an extensive network of proteins found

in the nucleolus, Nucleic Acids Res., 41, 4026�4035.

56. Widom, J. (1998) Chromatin structure: linking structure to

function with histone H1, Curr. Biol., 8, 788�791.

57. Razin, S. V., and Gavrilov, A. A. (2014) Chromatin without

the 30�nm fiber: constrained disorder instead of hierarchi�

cal folding, Epigenetics, 9, 653�657.



STRUCTURE AND FUNCTIONS OF LINKER HISTONES 223

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  3   2016

58. Fussner, E., Strauss, M., Djuric, U., Li, R., Ahmed, K.,

Hart, M., Ellis, J., and Bazett�Jones, D. P. (2012) Open

and closed domains in the mouse genome are configured as

10�nm chromatin fibres, EMBO Rep., 13, 992�996.

59. Lieberman�Aiden, E., Van Berkum, N. L., Williams, L.,

Imakaev, M., Ragoczy, T., Telling, A., Amit, I., Lajoie, B.

R., Sabo, P. J., Dorschner, M. O., Sandstrom, R.,

Bernstein, B., Bender, M. A., Groudine, M., Gnirke, A.,

Stamatoyannopoulos, J., Mirny, L. A., Lander, E. S., and

Dekker, J. (2009) Comprehensive mapping of long�range

interactions reveals folding principles of the human

genome, Science, 326, 289�293.

60. Daneholt, B. (2012) The transcribed template and the tran�

scription loop in Balbiani rings, Cell Biol. Int. Rep., 16, 709�

715.

61. Correll, S. J., Schubert, M. H., and Grigoryev, S. A. (2012)

Short nucleosome repeats impose rotational modulations

on chromatin fibre folding, EMBO J., 31, 2416�2426.

62. Grigoryev, S. A., and Woodcock, C. L. (2012) Chromatin

organization – the 30 nm fiber, Exp. Cell Res., 318, 1448�

1455.

63. Thoma, F., Koller, T., and Klug, A. (1979) Involvement of

histone H1 in the organization of the nucleosome and of

the salt�dependent superstructures of chromatin, J. Cell

Biol., 83, 403�427.

64. Finch, J. T., and Klug, A. (1976) Solenoidal model for

superstructure in chromatin, Proc. Natl. Acad. Sci. USA, 73,

1897�1901.

65. Woodcock, C. L., Grigoryev, S. A., Horowitz, R. A., and

Whitaker, N. (1993) A chromatin folding model that incor�

porates linker variability generates fibers resembling the

native structures, Proc. Natl. Acad. Sci. USA, 90, 9021�

9025.

66. Horowitz, R. A., Agard, D. A., Sedat, J. W., and

Woodcock, C. L. (1994) The three�dimensional architec�

ture of chromatin in situ: electron tomography reveals fibers

composed of a continuously variable zig�zag nucleosomal

ribbon, J. Cell Biol., 125, 1�10.

67. Schalch, T., Duda, S., Sargent, D. F., and Richmond, T. J.

(2005) X�Ray structure of a tetranucleosome and its impli�

cations for the chromatin fibre, Nature, 436, 138�141.

68. Robinson, P. J., and Rhodes, D. (2006) Structure of the

“30 nm” chromatin fibre: a key role for the linker histone,

Curr. Opin. Struct. Biol., 16, 336�343.

69. Dorigo, B., Schalch, T., Kulangara, A., Duda, S.,

Schroeder, R. R., and Richmond, T. J. (2004) Nucleosome

arrays reveal the two�start organization of the chromatin

fiber, Science, 306, 1571�1573.

70. Norouzi, D., and Zhurkin, V. B. (2015) Topological poly�

morphism of the two�start chromatin fiber, Biophys. J., 108,

2591�2600.

71. Huynh, V. A., Robinson, P. J., and Rhodes, D. (2005) A

method for the in vitro reconstitution of a defined “30 nm”

chromatin fibre containing stoichiometric amounts of the

linker histone, J. Mol. Biol., 345, 957�968.

72. Robinson, P. J., Fairall, L., Huynh, V. A., and Rhodes, D.

(2006) EM measurements define the dimensions of the

“30�nm” chromatin fiber: evidence for a compact, inter�

digitated structure, Proc. Natl. Acad. Sci. USA, 103, 6506�

6511.

73. Hizume, K., Yoshimura, S. H., and Takeyasu, K. (2005)

Linker histone H1 per se can induce three�dimensional

folding of chromatin fiber, Biochemistry, 44, 12978�12989.

74. Li, G., Levitus, M., Bustamante, C., and Widom, J. (2005)

Rapid spontaneous accessibility of nucleosomal DNA, Nat.

Struct. Mol. Biol., 12, 46�53.


		2016-03-16T14:22:50+0300
	Preflight Ticket Signature




