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Abstract

Transcriptional enhancers in the cell nuclei typically interact with the target promoters in cis over 

long stretches of chromatin, but the mechanism of this communication remains unknown. 

Previously we have developed a defined in vitro system for quantitative analysis of the rate of 

distant enhancer-promoter communication (EPC) and have shown that the chromatin fibers 

maintain efficient distant EPC in cis. Here we investigate the roles of linker histone H1 and 

HMGN5 protein in EPC. A considerable negative effect of histone H1 on EPC depending on its C- 

and N-tails was shown. Protein HMGN5 that affects chromatin compaction and is associated with 

active chromatin counteracts EPC inhibition by H1. The data suggest that the efficiency of the 

interaction between the enhancer and the promoter depends on the structure and dynamics of the 

chromatin fiber localized between them and can be regulated by proteins associated with 

chromatin.
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INTRODUCTION

Communication between DNA regulatory regions and their targets in cis and in trans is 

involved in regulation of various cellular processes, including gene expression, chromosome 
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translocation and splicing [1, 2]. At least in the case of transcriptional regulation, the 

activating DNA regions (enhancers) physically interact with their target promoters; these 

interactions are mediated by specifically DNA-bound proteins and accompanied by 

formation of chromatin loops [3–5]. Enhancers can efficiently activate transcription in cis 
over a wide range of distances (from hundreds to hundreds of thousands of base pairs [6]. To 

ensure the formation of loops of such different sizes, chromatin structure must be flexible 

and dynamic [7]. In order to participate in such regulatory interactions, chromatin structure 

has to be activated and decompacted to the level of the chromatin fiber [8, 9].

Although activated chromatin fibers are highly mobile structures [10, 11], the impact of this 

mobility on the efficiency of enhancer-promoter communication (EPC) in cis has not been 

established. DNA sequences separated by more than 1 kb do not communicate efficiently on 

linear DNA in vitro [12, 13]. Chromatin can facilitate short-range (within 200-bp distance) 

interactions between DNA elements in vitro [14, 15], Furthermore, chromatin structure can 

greatly facilitate intramolecular ligation of distantly spaced DNA ends [16] and EPC over a 

distance of at least 4 kb in vitro [17, 18]. Presence or absence of histone H1 and HMGN5 

protein can affect compactness of chromatin in vitro [19], and correlates with inactive/active 

states of chromatin in vivo, respectively [20–23].

Based on the evidence that linker histone H1 and HMGN5 change chromatin structure and 

dynamics, we assumed that these proteins can change EPC in chromatin. Earlier we have 

developed an experimental approach that allows quantitative analysis of the rate of EPC in 

chromatin in vitro [24]. We have demonstrated that the chromatin fiber is an efficient 

communication device and that the histone N-terminal tails strongly facilitate EPC in 

chromatin [25]. In the current work, we have employed this experimental system for 

quantitative analysis of the roles of linker histone H1 and HMGN5 protein in EPC in 

chromatin.

METHODS

Proteins.

All transcriptional machinery proteins were purified as described [24]. Histone H1 was 

isolated as described [26] and further purified by two chromatography steps: using 

Pharmacia MonoS ion-exchange and Phenomenex Jupiter C4-bonded HPLC columns. All 

H1 subtypes were pooled together, except for H1°. HMGN5 was purified as described [19]. 

Recombinant H1 and its mutants were purified as described [27].

Chromatin assembly.

H1/H5-depleted chicken erythrocyte donor chromatin was prepared as described [28]. 

Tailless donor chromatin was prepared by digesting the long H1/H5-depleted chromatin with 

trypsin as described [29].

In vitro reconstitution of chromatin on supercoiled DNA templates was conducted at 

different mass ratios of donor chromatin DNA to template DNA (0.75 :1; 1 :1; 1.25 :1) using 

continuous dialysis from 1 M to 10 mM NaCl [28].
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Analysis of chromatin templates in native gel.

Three nucleosome template for analysis of H1 binding with chromatin were assembled on 

5’-radioactively labeled ApoI/EcoRI-fragment of pYP07 plasmid described before [25]. This 

fragment contains 601 sequences allowing precise nucleosome positioning and located on 

the distances of 30 bp between each over. The templates were incubated for 30 minutes at 

37°C at a 1:1 molar ratio of H1 (or its mutant) to histone octamer in the transcription buffer 

followed by analysis by electrophoresis in 0.7% Agarose gel containing 0.5x TBE buffer 

during 4 hours at 4°C. Agarose gel was dried, exposed for phosphor imaging screen and 

scanned (BioRad, USA).

Analysis of H1 binding by micrococcal nuclease (MNase) digestion.

H1 binding to intact and tailless chromatin was analyzed by micrococcal nuclease digestion. 

Chromatin templates (150 ng) were digested by MNase (New England Biolabs) at 3.5 

units/ml during 1 min at 37 °C in MNase buffer. The reaction was stopped by MNase stop 

solution (300 mM NaAc (ph=5.3), 20 mM EDTA (pH=8.0)). DNA was purified and 

radioactively labeled by T4 PNK (New England Biolabs). Labeled DNA was purified and 

analyzed by 8% PAG (39:1). The gel was dried, exposed and scanned (BioRad, USA).

Analysis of nucleosome positions and NPSs occupancy.

The expected positioning of nucleosomes within the array was verified using a different 

version of the restriction digestion sensitivity assay followed by primer extension. 

Chromatin was assembled on linearized pYP05 plasmid and digested with an excess of 

restriction enzymes AluI or ScaI. Purified DNA was subjected to primer extension with Taq 
DNA polymerase (New England Biolabs) using a radioactively end-labeled primer, which 

anneals immediately upstream of the promoter [30].

Transcription.

Conditions for in vitro transcription were optimized for maximal utilization of the chromatin 

templates. Transcription was conducted as described [24]. In all experiments identical molar 

amounts of the templates (DNA) were used.

All templates were linearized, and the closed initiation complexes (RPC) were formed. 

Single round transcription assays were carried out in 50-μl aliquots in the transcription 

buffer (TB) containing 50 mM Tris-OAc (pH 8.0), 100 mM KOAc, 8 mM Mg(OAc)2, 27 

mM NH4OAc, 0.7% PEG-8000, and 0.2 mM DTT at 1 nM DNA or chromatin 

concentrations and 10 nM core RNA polymerase, 300 nM σ54, 120 nM NtrC, and 400 nM 

NtrB transcription factors. Сначала все компоненты смешивали вместе в 
транскрипционном буфере (общий объем 40 мкл), инкубировали в течение 15 

мин при 37°С для формирования закрытого комплекса. Далее 5 мкл 40 мМ 
АТР, разведенного в транскрипционном буфере, добавляли в реакцию до 
конечной концентрации 4 мМ. Реакцию проводили в течение 2 мин при 37°С 
для формирования открытого инициаторного комплекса (RPo). together in TB 

buffer and total volume of 40 μl; then the reaction mixture was incubated for 15 min at 37°C 

to form the closed initiation complex (RPC). Next, 5 μl of 40 mM ATP in 1x TB were added 

to the reaction to 4 mM final concentration, and the reaction was incubated at 37°C for 2 
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minutes (or for different time intervals) to form the open initiation complex (RPO), which is 

competent to begin elongation. Then a mixture of all four ribonucleotide-triphosphates (4 

mM each) in 1x TB with 2.5 μCi of [α−32P]-GTP (3000 Ci/mmol) and 2 mg/ml heparin was 

added to the reaction to start transcript elongation reaction and to limit it to a single round. 

The reaction was continued at 37°C for 15 minutes before it was stopped by rapid addition 

of phenol:chloroform mixture (1:1). Labeled RNA was purified and analyzed by denaturing 

PAGE. The gel was dried, exposed and scanned as described above. The data were analyzed 

using the OptiQuant software.

Histone H1 (12 nM) was incubated with RPC at 37°C for 30 min. After that HMGN5 (24 

nM) was added to the mixture and the reaction mixture was incubated on ice for 30 min 

before RPO formation.

Computational modeling.

Numerical simulations of long-distance enhancer-promoter communication along saturated 

(13×177-bp) nucleosome arrays were carried out along the lines described recently [25, 30]. 

The probabilities of communication were estimated from the distances (80–125 nm) 

between the centers of RNAP and NtrC protein assemblies attached to the binding sites on 

DNA. The predicted communication enhancement is the ratio of the contact probability 

determined for a nucleosome-bound DNA compared to that found for a nucleosome-free 

chain of the same length. New refinements in the methodology, that take detailed account of 

the wedge-like shape of the nucleosome, the electronic and spatial features of the regulatory 

proteins, and the precise pathways of the associated DNA, will be described elsewhere. 

DNA linkers are also now subject to incremental, as opposed to, random moves, and 

excluded volume is detected with software from a rigid-body simulator (OpenDE).

RESULTS

The experimental approach for analysis of EPC on saturated nucleosomal arrays

To obtain saturated arrays of regularly spaced, precisely positioned nucleosomes capable of 

spontaneous formation of chromatin fibers and to avoid nucleosome formation on the 

enhancer and promoter, we employed high-affinity histone-binding 601 DNA sequences that 

precisely position nucleosomes in vitro [31] (fig. 1а). Previously it was shown that DNA 

supercoiling strongly facilitates EPC [13]. To exclude effects of DNA supercoiling on EPC 

in chromatin, only linear nucleosomal arrays were studied. Using these nucleosomal arrays 

and the transcriptional assay, the rate of enhancer-promoter communication (EPC) was 

quantitatively measured as described by [25, 30].

The pYP05 plasmid contains thirteen strong 147-bp 601 nucleosome-positioning sequences 

(NPSs) between the enhancer and promoter (fig. 1а). Each of the NPSs lies within a 177-bp 

long repeating element (601177×13). The length of the spacer DNA between the NPSs is thus 

30 bp. The 601177 nucleosomal arrays can form a chromatin fiber without linker histones 

[32, 33]. Chromatin reconstitution was conducted on negatively supercoiled pYP05 plasmid 

at different mass ratios of donor chromatin DNA to plasmid DNA (1 : 1, 1 : 0.75 и 1 : 0.5) 
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by transfer of histone octamer from donor -H1 chromatin using dialysis from 1 M NaCl 

[30].

The extent of chromatin assembly and the quality of nucleosome positioning were evaluated 

by restriction endonucleases digestion method. It was demonstrated that increase of the 

donor chromatin:DNA ratio results in progressively better protection of the NPS DNA from 

cutting by enzymes [25, 30] (fig. 1б). Even at the highest ratio of donor chromatin:DNA the 

majority of nucleosomes are formed predominantly on the high-affinity NPSs, but not 

randomly along the pYP05 template and thus not on the enhancer and/or promoter 

sequences [30]. Less than 20% of the non-NPS plasmid sequences (including the promoter 

and enhancer regions) are covered by nucleosomes (fig. 1б). In summary, nearly all NPSs 

were covered by nucleosomes on saturated arrays, leaving the remaining (non-NPS) plasmid 

DNA largely nucleosome-free.

Linker histone H1 strongly inhibits EPC in chromatin

Nucleosome arrays with a repeat length of 177 bp spontaneously form chromatin fibers even 

in the absence of linker histones although linker histones can bind to the arrays without 

strongly affecting the structures of the arrays [32, 33]. Linker histone H1 binds to the 

entrance-exit regions of nucleosomal DNA [27, 35] and therefore is expected to decrease the 

rate of spontaneous uncoiling of nucleosomal DNA from the octamer [36, 37]. It has been 

proposed that the uncoiling of nucleosomal DNA from the octamer could facilitate EPC in 

chromatin [18]; if so, H1 would decrease the efficiency of EPC in chromatin. Previously it 

has been shown that histone H1 can strongly inhibit transcription in vitro [38, 39]. However, 

previous studies have focused on the effect of H1 on DNA-protein interactions and 

chromatin structure, while the role of H1 in distant communication has not been addressed.

To evaluate the effect of linker histone H1 on the rate of EPC in chromatin, transcription 

complexes were pre-formed on the 601177×13 nucleosomal arrays, followed by incubation in 

the presence of histone H1 (or its truncated variants) and subsequent transcription. Binding 

to the tail-containing and tailless arrays is saturated at approximately 1:1 nucleosome:H1 

molar stoichiometry (fig. 1в), suggesting that one molecule of H1 binds to each nucleosome 

core.

The rate of EPC was measured using plasmid pYP05 containing NtrC-dependent enhancer, 

which activates glnAp2 promotor [30], and 13 nucleosomes located between them (fig. 2а). 

Experimental approach for EPC measuring is outlined on рис. 2б. Enhancer is activated by 

protein complex NtrC phosphorylated by NtrB kinase [40]. Phosphorylated NtrC interacts 

with holoenzyme Eσ54 and stimulates transition of inactive closed initiation complex to 

active open initiation complex [41, 42]. DNA forms a loop during EPC [43].

Transcriptional analysis (fig. 2в) indicates that binding of H1 to native and tailless arrays at 

a 1:1 nucleosome:H1 molar ratio results in a strong inhibition of EPC (fig. 2в, г). Binding of 

H1 to the fibers does not cause a change in the structure of the fiber [33]. Therefore the 

negative effect of H1 on EPC could be explained by: (a) a decrease of the rate of uncoiling 

of nucleosomal DNA from the octamer [18], as H1 binds and locks DNA entering and 

exiting the nucleosome (fig. 3а, б), and/or (b) an increase in the rigidity of the fiber. The 
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rigidity of the chromatin fiber is determined in part by the flexibility of the linker DNA, 

which is likely to be decreased after H1 binding (fig. 3а).

To discriminate between these possibilities and determine the functional domains of H1, the 

role of H1 with the positively charged C-tail deleted (1–127 H1) and that of tailless H1 (35–

127 H1) in EPC were studied. Both truncated versions of H1 bind to the chromatin fiber на 
(fig. 3б). High mobility of H1-containg templates can be explained by their higher rigidity 

[44].

Transcriptional analysis shows that deletion of the H1 C-terminal tail results in a 3-fold 

decrease of H1 inhibition of EPC (fig. 3в, г). Thus the C-terminal tail of H1 plays a 

dominant role in H1-dependent inhibition of EPC. The C-terminal tail could affect the rate 

of EPC through both mechanisms described above. Further support for the first (DNA 

uncoiling) mechanism is provided by the observation that H1 considerably inhibits EPC on 

tailless chromatin (fig. 4). Since tailless chromatin is characterized by minimal 

internucleosomal interactions [36, 45] (fig. 4а), H1 most likely inhibits coiling and uncoiling 

of nucleosomal DNA from the octamer or decreases the flexibility of linker DNA. Deletion 

of the N-terminal tail of histone H1 results in a further ~30% decrease of H1 inhibition of 

EPC; tailless H1 minimally affects EPC in chromatin (fig. 3в, г). The negative effect of the 

N-terminal tail of H1 on EPC is unlikely to be explained by internucleosomal interactions 

because the tail is too short to reach a neighboring nucleosome. Although tailless H1 

interacts with DNA exiting and entering the nucleosome [27], these interactions are not 

sufficient to inhibit EPC by either of the mechanisms proposed above.

While the structure of H1-nucleosome complex is resolved with low resolution [22, 46], it 

remains unclear how H1 effect EPC in the absence of high resolution structures. The precise 

positioning of the globular DNA-binding domain of H1 remains an open question [47], and 

structural understanding of how the intrinsically disordered linker histone termini interact 

with DNA is even less certain [48]. Moreover, the positioning of the globular domain may 

depend upon the H1 variant [48] and the stem-like structures captured in electron 

microscopic images of trinucleosomal arrays [27, 49], may not be relevant to the longer 

arrays with differently spaced nucleosomes that we consider. Here, as a crude approximation 

of H1-DNA interactions, we examine how neutralization of DNA affects the overall 

configuration and deformability of fibers with the same 13 evenly spaced, fully intact 

nucleosomes treated above (fig. 5а). Whereas complete neutralization of the DNA has a 

relatively small effect on the simulated structures, the neutralization of linker DNA alone 

compacts and stiffens the simulated fibers appreciably (fig. 5а). The distribution of distances 

between terminal base pairs shifts toward lower values and narrows more substantially when 

only the linker DNA is neutralized (fig. 5б), suggesting that H1 binding could stiffen and 

slightly change the overall geometry of the fiber and make the fiber less flexible (fig. 5). 

Unraveling the precise forces responsible for the reduction in EPC introduced by the 

presence of H1 requires further investigation.

Taken together, the data suggest that H1 blocks EPC by binding with linker DNA through its 

C-terminal (primarily) and N-terminal tails. This binding could inhibit coiling-uncoiling of 

nucleosomal DNA from the histone octamer and (or) reduce flexibility of the chromatin 
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fiber. Removal of the histone tails prevents formation of a stable chromatin fiber and 

strongly reduces the inhibiting effect of H1 on EPC.

HMGN-like HMGN5 protein counteracts the negative effect of histone H1 on EPC

To further evaluate the role of linker histone H1 in EPC in chromatin and to evaluate a 

candidate protein that could positively affect EPC in H1-containing chromatin, we have 

analyzed the effect of the nucleosome-binding protein HMGN5 protein on EPC. The 

HMGN5 binds to H1-containing nucleosomal arrays and induces partial unfolding of the 30-

nm chromatin fiber formed with 60-bp internucleosomal DNA linkers [19]. The negatively 

charged C-terminal region of HMGN5 interacts with the positively charged H1 C-terminal 

“tail” [19], thereby interfering with the H1-DNA interactions mediated by the H1 C-terminal 

tail. Given these findings, it could be expected that HMGN5 would prevent H1-mediated 

inhibition of EPC in chromatin. In the case of arrays containing a shorter (30-bp) 

internucleosomal linker DNA (our experimental system), H1 binding to nucleosomal arrays 

does not strongly affect the structure of the fiber [32, 33]; therefore, HMGN5 is expected to 

affect H1-chromatin interactions, but not the overall structure of the fiber.

To evaluate the effect of HMGN5 on the rate of EPC in H1-containing chromatin and 1–127 

H1 containing chromatin, transcription complexes were pre-formed on the 601177×13 

nucleosomal arrays, incubated in the presence of histone H1, 1–127 H1 and/or HMGN5, and 

transcribed (fig. 6). The mobility of H1-containing arrays in native gel is affected in the 

presence of HMGN5 and is different from the mobility of the nucleosome array with 

HMGN5, indicating that H1 remains bound to the array in the presence of HMGN5 (fig. 6). 

Thus, all versions of H1 and HMGN5 bind to the chromatin in a non-exclusive way.

As expected, HMGN5 positively affects transcription of H1-containing chromatin and does 

not affect transcription of H1-depleted chromatin (fig. 7а–в). The maximal effect is observed 

at 2:1 molar ratio of HMGN5 to core nucleosomes (piс. 7в). In the presence of HMGN5 the 

rate of EPC is increased 2-fold, as compared with H1-containing chromatin fiber, indicating 

that HMGN5 reverses the negative effect of H1 and its -C-tail mutant on EPC. A lower 

(~1.5-fold) positive effect of HMGN5 on EPC with the array containing 1–127 H1 could be 

explained by the interaction between HMGN5 and N-tail of H1, which is expected to be less 

strong than the HMGN5-C-tail interaction due to the lower positive charge of the N-tail. 

HMGN5 does not affect EPC on the array containing the globular (35–127) domain of H1, 

indicating that the majority of H1-HMGN5 interactions occur through the H1 tails.

In summary, HMGN5 protein partially reverses the negative effect of H1 on distant EPC in 

chromatin, most likely interfering with the H1-DNA interactions mediated by the positively 

charged H1 “tails” (fig. 7г).

DISCUSSION

In this work, we have employed an in vitro experimental system [30], that allows 

quantitative analysis of distant enhancer-promoter communication (EPC) in cis on 

physiologically relevant, saturated arrays of precisely positioned nucleosomes that 

spontaneously form chromatin fibers (fig. 1). Using this system we have shown that: 1) EPC 
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in chromatin occurs primarily in cis, through looping of the intervening chromatin that 

separates the enhancer and promoter (fig. 2–4). 2) Binding of linker histone H1 to the arrays 

results in strong inhibition of EPC on intact and tailless chromatin (fig. 3, 5). Inhibition of 

EPC by H1 is mediated primarily by the C-terminus of H1 that most likely interacts with 

linker DNA and either reduces the flexibility of the chromatin fiber or inhibits coiling/

uncoiling of nucleosomal DNA from the octamer. 3) The HMGN5 protein counteracts the 

negative effect of histone H1 on EPC (fig. 7), most likely interfering with H1-DNA 

interactions through binding with the H1 “tails”.

Chromatin could affect the rate of EPC by compacting DNA and/or providing an additional 

dynamic component facilitating communication. Increasing evidence suggests that the 

dynamic component is highly important during EPC in chromatin. [50]. Our previous data 

suggested that the strong effect of chromatin structure on the rate of EPC cannot be 

explained only by DNA compaction [18]. The new data identify several factors that affect 

the dynamic properties of chromatin independently of their effect on chromatin compactness 

and vice versa: (1) Binding of histone H1 to the intact and tailless arrays dramatically 

decreases the rate of EPC in chromatin (fig. 1–3). Since H1 minimally affects the structure 

of the 30 nm fiber formed on 177-bp arrays [32, 33, 36], it must affect the dynamic 

properties of the fiber that are essential for efficient EPC. 2) Most likely, the HMGN5 

protein has only a minimal effect on the structure of the fiber; nevertheless, it can fully 

counteract the inhibitory effect of histone H1 on EPC (fig. 7). Taken together, the data 

suggest that chromatin dynamics and a competitive interplay between nucleosome binding 

proteins play a critical role in determining the rate of distant EPC.

Binding of linker histone H1 strongly inhibits EPC in chromatin (fig. 2–4). This inhibition 

most likely occurs through H1-DNA interactions because the disruption of some of these 

interactions, either by removal of histone tails (fig. 4) or by HMGN5 protein (fig. 7), results 

in at least partial relief of H1 inhibition. Since binding of H1 does not affect the structure of 

the chromatin fiber [32], an effect on chromatin flexibility and coiling-uncoiling of 

nucleosomal DNA from the octamer is more likely. Chromatin-bound H1 decreases the 

flexibility of simulated fibers [44, 51]. Such a decrease in flexibility is consistent with the 

observed lower efficiency of both short-range and long-range EPC in the presence of H1.

EPC over a distance of more than 1 kb on linear or relaxed histone-free DNA occurs very 

slowly and constitutes the rate-limiting step during transcription in vitro [13]. Distant EPC in 

chromatin occurs at a much higher rate that can be modulated by various factors identified in 

this study. Therefore EPC in chromatin could constitute a novel early rate-limiting step in 

gene regulation. In particular, it is possible that histone modifications that destabilize the 

chromatin fiber (e.g., H4K16 acetylation) [52], could decrease the efficiency of H1 binding 

[53] and allow efficient EPC. Another possibility is that modifications or replacement of 

linker histones could be essential for activation of a chromatin domain. Thus it has been 

shown that phosphorylation of linker histones prevents inhibition of ATP-dependent 

chromatin remodeling [54], and histone H2A deubiquitinase facilitates eviction of histone 

H1 during gene activation [55]. The HMGN5 protein is associated with active chromatin 

[19], facilitates EPC in chromatin in vitro (fig. 7) and could also destabilize the chromatin 

fiber in vivo.
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In summary, our work suggests that the chromatin fiber is a highly dynamic, efficient 

communication device that can maintain a high level of DNA compaction during EPC. We 

have identified factors (such as core linker histones, and the HMGN5 protein) that strongly 

affect the rate of EPC in chromatin. More generally, our data suggest that EPC could 

constitute a novel regulated step during gene expression in eukaryotes.
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Fig. 1. 
Analysis of chromatin templates assembly and H1 binding to them. а – Chromatin templates 

obtained using different ratios of donor chromatin and DNA templates were treated by 

restriction endonucleases AluI and ScaI, which cut DNA inside nucleosomal and linker 

DNA, respectively. б – Digested DNA was purified and amplified using one radioactively 

labeled primer and analyzed by denaturing PAGE. в – H1 binding to 13-nucleosome array 

was evaluated by micrococcal endonuclease digestion. H1 protects additional 20 bp from 

digestion.
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Fig. 2. 
H1 effect on EPC in chromatin. а – Schematic diagram of the 13-nucleosome array. The 

structure of the fiber is depicted using the two-start model. The positions of the RNA 

polymerase and enhancer-binding complex (NtrС) are indicated. б – The experimental 

approach for analysis of the rate of EPC in chromatin. Closed initiation complexes (RPC) 

were formed and converted to open (RPO) complexes after addition of ATP, followed by 

addition of NTPs and heparin to limit transcription to a single round and to remove the 

nucleosomal barrier to transcription. в – Analysis of the labeled transcripts by denaturing 

PAGE at different H1 to nucleosome ratios. г – Quantitative analysis of the specific 

transcripts shown in 2в.
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Fig. 3. 
The role of histone H1 domains in EPC in chromatin. а – Schematic diagrams of histone H1 

binding to a nucleosome. H1 binds DNA at DNA entrance and exit regions from nucleosome 

making it less flexible. б – Binding of H1 and its truncated forms with chromatin. в – 

Histone H1 and its truncated form lacking C-terminal domain or both terminal domains were 

added to chromatin template after transcription machinery proteins. The rate of EPC was 

measured as described on fig. 2б. Analysis of labeled transcripts by denaturing PAGE. г – 

Quantitative analysis of the specific transcripts shown on fig. 3в.
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Fig. 4. 
Binding of linker histone H1 to tailless chromatin fibers prevents efficient EPC. а – 

Schematic diagrams of histone H1 binding with tailless chromatin (-N/-C). б – Analysis of 

labeled transcripts with and without H1 by denaturing PAGE as described on fig. 2б. в – 

Quantitative analysis of the specific transcripts shown on fig. 4б.
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Fig. 5. 
Computational simulation of the chromatin fiber: distant internucleosomal interaction are 

increased after DNA charge neutralization. а – Models of chromosomal fragments based on 

the average configurations of the central residues of simulated structures with 13 intact 

nucleosomes on fully charged, fully neutralized, and linker-neutralized DNA The central 

residues are expected to be representative of the configurational states adopted by a long 

fiber with evenly spaced nucleosomes. б – Distribution of distances between the first and 

last base pairs on simulated chromatin constructs with 13 intact nucleosomes, spaced at 177-

bp increments (30-bp linkers), on fully charged, fully neutralized, and linker-neutralized 

DNA.
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Fig. 6. 
Binding of HMGN5 protein to linear 3-nucleosome arrays containing intact histone H1 and 

1–127 H1. The saturated arrays were assembled using end-labeled DNA and analyzed by 

native agarose gel after incubation with H1 (a), 1–127 H1(б) and/or HMGN5.

Nizovtseva et al. Page 18

Mol Biol (Mosk). Author manuscript; available in PMC 2019 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
The HMG-like HMGN5 protein relieves the negative effect of linker histone H1 on EPC in 

chromatin. а, б – Transcription of linear DNA and saturated 13-nucleosome arrays carried 

out in the absence and presence of linker histone H1 or 1–127 H1 and HMGN5 protein. 

Analysis of labeled transcripts by denaturing PAGE as on fig. 2б. в – Quantitative analysis 

of the specific transcripts shown on fig. 7б. г – Schematic diagrams of histone H1 and 

HMGN5 interaction with chromatin.
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