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Packing of about two meters of the 
human genome DNA into chroma-

tin occupying a several micron-sized cell 
nucleus requires a high degree of compac-
tion in a manner that allows the informa-
tion encoded on DNA to remain easily 
accessible. This packing is mediated by 
repeated coiling of DNA double helix 
around histones to form nucleosome arrays 
that are further folded into higher-order 
structures. Relatively straight DNA linkers 
separate the nucleosomes and the spacing 
between consecutive nucleosome varies 
between different cells and between differ-
ent chromosomal loci. In a recent work1 our 
group used a biochemically defined in vitro 
reconstituted system to explore how do 
various DNA linkers mediate nucleosome 
array packing into higher-order chromatin 
structures. For long nucleosome linkers 
(about 60 bp) we observed a more open 
chromatin structure and no effect of small 
linker length alterations (±2–4 bp) on 
chromatin folding. In striking contrast, for 
shorter linkers (20–32 bp) we found more 
compact packing with strong periodical 
dependence upon the linker DNA lengths. 
Our data together with high-resolution 
nucleosome position mapping provide evi-
dence for the natural nucleosome repeats 
to support a chromatin architecture that, 
by default, restricts spontaneous folding of 
nucleosome arrays into compact chroma-
tin fibers. We suggest that incomplete fold-
ing of the nucleosome arrays may promote 
global inter-array interactions that lead 
to chromatin condensation in metaphase 
chromosomes and heterochromatin.

Introduction

In eukaryotic cells, the DNA is orga-
nized into the nucleosome arrays, and 
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at the basic level of compaction, this 
involves wrapping of 145–147 bp of DNA 
around an octamer of core histone pro-
teins to form the nucleosome core parti-
cle. The nucleosome cores are connected 
by 10–70 bp of linker DNA forming the 
nucleosome arrays that are further com-
pacted in higher-order chromatin struc-
tures. The nucleosome core structure has 
been resolved by X-ray crystallography 
revealing the DNA conformation and 
the protein core of the nucleosome with 
outstanding precision.2 In contrast to the 
nucleosome core, the conformation of 
linker DNA is variable and is not yet com-
pletely resolved in compact chromatin.3,4 
In addition, the linker DNA length varies 
widely among different organisms and tis-
sues from the shortest (7 bp) linkers found 
in fission yeast5 to the longest linker DNA 
in echinoderm sperm (~100 bp).6 Even 
within one cell type, transcriptionally 
active genes may have linker DNA about 
40 bp shorter than repressed or noncoding 
sequences.7 This extraordinary size and 
conformational variability of the linker 
DNA makes it extremely challenging to 
figure out which molecular mechanism(s) 
are engaged to pack nucleosome arrays 
into compact higher-order structures of 
interphase nuclei and metaphase chromo-
somes in a way that still renders the DNA 
accessible to all key genetic processes such 
as transcription, replication, and repair. 
Several modeling studies have previously 
suggested that linker DNA length and 
internucleosomal rotational variations 
could be important determinants in chro-
matin higher order folding8-10 and underlie 
irregular organization of the natural chro-
matin fibers.11,12 Most recent in situ studies 
revealing a surprisingly open and irregu-
lar conformation of nucleosome arrays in 
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50 S for compact 12-mer arrays. First, we 
observed that for the linker lengths close 
to an integer number of DNA double helix 
turns (10.5 bp/turn): L = 22, 32, 43, 64, 
there was a clear negative correlation of 
linker DNA length with chromatin com-
paction. Arrays with shorter nucleosome 
linkers (L = 22 and 32 corresponding to ~2 
and ~3 turns of DNA) could fold almost 
completely with increasing salt concentra-
tions while nucleosome arrays with link-
ers of L = 43 (~4 turns) and 64 (~6 turns 
could not completely fold at physiological 
salt conditions and required linker his-
tone for maximal compactness (Fig. 2A). 
It was reassuring that our sedimentation 
data obtained with a set of systematically 
altered linkers were consistent with sev-
eral independent experiments showing 
similar folded conformation of repeats 
with short linkers20-23 contrasting with 
unfolded conformations of arrays with 
long linkers.21,22,24

From comparison with native chro-
matin, where increase in DNA linker 
length often accompanies chromatin 
compaction6,25 this result may seem sur-
prising. However, differentiated cell with 
increased nucleosome repeats also tend to 

which cover most of the vertebrate linker 
DNA range. To model natural linker 
DNA variations, we constructed nucleo-
some arrays using Widom’s clone 601 
nucleosome core positioning sequence17 
that has been shown to form a nucleosme 
core containing 145 bp of DNA by X-ray 
crystallography18,19 and a set of variable 
linkers that we designed in the lab. We 
then examined how these changes affected 
the formation of chromatin higher-order 
structures using a combination of solution 
structural studies and EM visualization of 
single folded particles.

Increasing Linker DNA Length 
Inhibits Nucleosome Array  

Compaction

To experimentally address structural 
changes resulting from the increased 
nucleosome spacing, we constructed a set 
of 12-mer arrays differing by linker length 
and examined their folding in the presence 
of millimolar concentration of MgCl

2
 as 

divalent cations were previously shown 
to promote complete folding of nucleo-
somes arrays.20 We assayed chromatin 
compaction by analytical centrifugation 
expecting an increase of sedimentation 

the condensed states (e.g., see refs. 13 and 
14) make it even more exciting to explore 
the mechanism(s) that mediate pack-
ing of highly irregular nucleosome arrays 
into condensed chromatin and metaphase 
chromosomes.

Previous modeling work prompted us 
to expect two distinct effects of the DNA 
linker lengths on the chromatin struc-
ture. We assumed that changes within 
the natural range of linker DNA length, L 
(see ref. 11), measured in base pairs would 
determine the distance between consecu-
tive nucleosomes (Fig. 1) and establish 
the diameter of the nucleosome fiber espe-
cially for zigzag or cross-linker structures 
observed in vitro15 and in situ16 where the 
nucleosome linkers are mostly extended. 
Note that the variability within the few bp 
range would not considerably change the 
distance between nucleosomes but due to 
the helical nature of DNA, should strongly 
affect the internucleosomal rotation angle 
β (see ref. 11) between the nucleosome 
disks (Fig. 1, cf. structures A and B) 
and might interfere with the association 
between nucleosome surfaces that con-
tributes to tight packing of chromatin. We 
focused on nucleosome arrays with linker 
lengths varying between 22 and 64 bp 

Figure 1. Linker DNA length variations change spacing and orientation between nucleosomes. Molecular models of dinucleosomes with linker 
lengths L = 22 (A), 27 (B), 32 (C), and 64 (D) bp were constructed based on the clone 601 nucleosome core X-ray crystal structure PDB 3MVD18 after 
removing RCC protein from the file. For adding linker DNA, we used a DNA fragment from PDB 1ZBB. For modeling details see reference 1.
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may be limited from folding in the most 
compact fibers (such as shown on Fig. 2F 
and Fig. 3C) by histone H4 acetylation at 
lysine 1623 or by including histone vari-
ants altering the nucleosome surface.39 It 
thus looks likely that decreasing the linker 
DNA length in the active chromatin 
makes the underlying higher order struc-
ture to be more dependent on complex 
regulation mediated by core histone vari-
ants and their modifications than in case 
of transcriptionally inactive chromatin 
with longer DNA linkers.

Short But Not Long Linkers  
Impose Periodical Rotational  

Alterations on Chromatin Folding

In spite of the fact that native nucleosomal 
arrays have linker DNA length variations 
of ± 2 to ± 4 bp8,40 and structural modeling 
suggests a significant dependence of chro-
matin folding on internucleosomal rota-
tional variations11,12,41 most nucleosome 
reconstitutes used in in vitro experiments 
elsewhere employed regular linker DNA 

H3.3 and H2A.Z35,36 and/or by linker 
histone modification regulating its affin-
ity to chromatin.37,38 It is also possible that 
the arrays with shorter nucleosome linkers 
have intrinsically lower affinity for linker 
histone. Since total linker histone levels 
in most cells with active chromatin are 
below saturation (1 molecule per nucleo-
some) it will be important to examine 
whether nucleosome arrays with shorter 
DNA linkers and/or special core histones 
display lower linker histone affinity espe-
cially under conditions of competition for 
linker histone.

The ability of the shorter DNA linkers 
to promote chromatin compaction in the 
absence of linker histone (Fig. 2) suggests 
that the chromatin with shorter repeats 
(22–32 bp) may fold independently of 
linker histone in vivo and, after being sub-
jected to dynamic stretching induced by 
passage of RNA polymerase or chromatin 
remodelers, could restore its conforma-
tion spontaneously. In addition, packing 
of nucleosomes in such structures would 
depend on their interface interaction and 

accumulate linker histones that are suf-
ficient to alleviate the folding difference 
between the short and long repeats in 
vitro. A positive correlation between linker 
histone levels and the linker DNA length 
has been discussed in detail elsewhere.26-28

The nucleosomes at the upstream por-
tions of the active genes are most uni-
formly spaced and there is an evidence that 
the nucleosome spacing in active chro-
matin is mediated by transcription.26,29 
Earlier hybridization mapping30 as well 
as most recent genome-wide mapping of 
nucleosome positions7 reported a strik-
ingly shorter nucleosome repeat of tran-
scribed genes as compared with repressed 
or noncoding sequences in the same cells. 
In addition, transcribed chromatin has 
been shown to display a compact higher-
order structure exceeding compaction 
expected for the 30 nm fiber31,32 despite 
evidence for decreased association of 
active chromatin with linker histone.33,34 
Linker histone depletion at the active 
genes may be mediated by core histone 
variants disfavoring H1 binding such as 

Figure 2. Linker DNA length variations affect chromatin folding in vitro. (a) Histograms showing peaks of sedimentation coefficients s20 ,̊w distribution 
(average of three independent experiments) for 12-mer oligonucleosome core arrays with varying linker lengths L as indicated. Sedimentation data 
are taken from experiments conducted at 5 mM NaCl and 1 mM MgCl2.1 (b–f) Electron micrographs (positive uranyl acetate staining, dark-field imag-
ing) of 12-mer nucleosome core arrays. Linker lengths, L (base pairs) and ionic conditions during glutaraldehyde fixation are indicated. S values shown 
on the panels are taken from parallel sedimentation experiments conducted under the same conditions. Electron microscopy samples were prepared 
and imaged as described.1 Magnification: (panels b–e), 42,000; (panel f), 150,000.
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actual twist of linker DNA and the exact 
number of DNA bp associated with his-
tone octamers in solution is not known. 
However, a simple space-filling model 
that recapitulates the DNA linker lengths 
shown in Figure 1 and allows some varia-
tion in the DNA twisting and the linker 
DNA path similar to those in the tetra-
nucleosome structure43 allows one to eas-
ily fold a nucleosome array with L =  22 
in a conformation promoting stacking of 
the nucleosome disks and close contacts 
between the nucleosome surfaces (Fig. 3A 
and C). In this structure, the internucleo-
somal rotations and the chromatin fiber 
size and shape are consistent with EM 
images of the 61-nucleosome repeats,21 
our high-magnification EM images of the 
12-nucleosome repeat (Fig. 2F), as well as 
chromatin fiber model based on the tetra-
nucleosome crystal structure of the same 
linker length.43 Thus, for the nucleosome 
array with 22 bp linkers there seems to be 
a universal agreement between different 
structural studies on a two-start zigzag 
fiber folded by close stacking interactions 
between nucleosome surfaces.

A similar model but with 27 bp linkers, 
in a remarkable agreement with sedimen-
tation and EM, shows increasing spatial 
clashes between linker DNA upon com-
paction (Fig. 3B and D) that prevent the 
nucleosome disks from coming into close 
contacts and folding as tightly as with 
22 bp linkers. Previously, our computation 
modeling suggested that intersections of 
linker DNA stems in the middle of the fiber 
limited complete folding and that bending 
of some DNA linkers by linker histone and 
Mg2+ was needed to bring the fiber into full 
compaction.22 Our new data showing that 
linker histone alleviates the folding differ-
ence between the two arrays and promotes 
the complete folding of the 172 bp array1 
provides additional strong argument for 
linker DNA conformation being a major 
factor limiting complete compaction of the 
nucleosome arrays.

Natural Nucleosome Repeats  
Are Likely to Restrict Nucleosome  

Array Folding

The striking effect of a few bp difference 
of the linker length on chromatin folding 
in vitro appeals for careful measurement of 

(55–64 bp), folding of the arrays with 
shorter linkers (18–30 bp) was significantly 
affected by small linker length variations. 
The most pronounced changes observed 
between maximally folded nucleosomes 
with L = 22 linkers and minimally folded 
nucleosome arrays with L  = 27 bp (Fig. 
2A). Our results showing a strong depen-
dence of chromatin compaction for shorter 
nucleosome linker length are clearly incon-
sistent with linker DNA length variations 
absorbed by the nucleosome core but may 
be better explained by a recent theoretical 
work42 suggesting that longer linkers read-
ily adopt multiple fiber conformations with 
only small changes in torsional energy 
while shorter linkers have a limited confor-
mational flexibility in determining nucleo-
some packing of arrays and are much more 
sensitive to rotational changes between the 
nucleosomes.

Electron microscopy experiments 
(Fig. 2D–F) and modeling provided fur-
ther explanation to the effect of nucleo-
some linker lengths on chromatin folding 
observed by sedimentation. The arrays 
with L = 22 (167 bp nucleosome repeat) 
have a clear advantage of being the only 
type of nucleosome array solved by X-ray 
crystallography.43 In this crystal structure, 
the linker DNA is slightly twisted and the 
nucleosome disks are rotated for about 
90° to allow the nucleosome packing. The 

lengths. To explore the importance of local 
variations in the rotational setting mim-
icking native chromatin, we constructed 
nucleosome arrays with 62 bp linkers vary-
ing by either ± 2 or ± 4 bp. Based on earlier 
modeling of nucleosomes within similar 
linker length variations11 we expected to 
have different orientations, reflecting local 
changes in the internucleosomal rotational 
angle β. Despite the model predictions, 
however, we observed no significant differ-
ence in the folding of the regular and vari-
able arrays. Furthermore, when we tested 
a set of nucleosome arrays with regular 
repeats differing by two base pairs from the 
base 62 bp repeat (60, 62 and 64 bp), we 
did not observe any difference in chroma-
tin folding by sedimentation (Fig. 2A).

So, why is chromatin fiber compac-
tion independent of the internucleosomal 
rotations for the ~60 bp arrays? Based on 
nucleosome X-ray crystal studies, it was 
suggested that nucleosome core DNA may 
be stretched or contracted to absorb up to 4 
bp variations in linker DNA length2,18 and 
thus alleviate its effect on chromatin fold-
ing. It is, however, not clear whether such 
transitions do happen in solution. If this 
was the case, then we would expect that the 
nucleosome core could absorb the length 
difference in short linkers as well as in the 
longer ones. However, we observed that 
in a striking contrast to the longer arrays 

Figure 3. A 5 bp difference between short linkers is predicted to have a strong effect on chroma-
tin fiber architecture. Flexible wire models1 for DNA geometry in tetranucleosomes with linker 
DNA length L = 22 (A) and 27 (B) and in compact 12-mer nucleosome fibers with linker DNA 
length L = 22 (C) and 27 (D). The arrows show the points of contacts that limit the longitudinal 
compaction of the fiber. The dashed lines show the 30 nm fiber axis.
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factors, as well as genomic maps and bio-
informatic analyses of specific nucleosome 
positions in situ.

It has been shown before that elimina-
tion of linker DNA in situ makes the nuclear 
chromatin significantly more condensed.51 
Rendering chromatin higher-order folding 
in an open state by varying nucleosome 
linkers provides additional mechanisms 
for regulating its dynamic transitions both 
locally and globally. Paradoxically, an open 
conformation of a nucleosome array may be 
essential for its packing in most condensed 
chromatin structures. For example, in bud-
ding yeast where heterochromatin occupies 
only a small fraction of the genome, spe-
cial heterochromatin architectural proteins 
such as Sir352 organize heterochromatin 
structure locally and promote its tran-
scriptional silencing while linker histone 
(whose level is very low in yeast nuclei) 
inhibits transcriptional silencing.53 Recent 
X-ray crystal structure study showed that 
Sir3 recognizes acidic patch at the nucleo-
some disk surface54 so that complete fiber 
folding and nucleosome disk stacking such 
as shown in Figure 3C could perturb het-
erochromatin formation by Sir3 by inter-
fering with its binding to the nucleosome 
surface. The fact that the acidic patch is 
recognized by heterochromatin protein 
HP1 when enhanced by acidic residues of 
histone variant H2A.Z55 is also consistent 
with the necessity of opening the nucleo-
some surface for heterochromatin forma-
tion. Finally, as it becomes apparent that 
nucleosome arrays are not folded into 
30  nm fibers in mitotic chromosomes56 
and heterochromatin13 it looks more likely 
that global chromatin folding in mitosis 
and heterochromatin is mediated by lat-
eral interactions between the nucleosome 
arrays4,57 rather than by longitudinal com-
paction of chromatin fibers. Future studies 
should clarify whether natural variations of 
the nucleosome linkers could regulate inter-
actions between nucleosomes in vivo and 
segregate individual chromatin fibers from 
the compact chromatin mass cemented by 
lateral inter-array interactions.
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the 172 bp repeat (Fig. 3B and D). This 
is also consistent with the open chromatin 
structure in S. cerevisiae nuclei with just 
about 2 nucleosomes per 11 nm observed 
by chromatin interaction (3C) mapping in 
situ.48

It thus appears that vast majority of 
nucleosome repeats found in vivo in con-
trast to the two regular repeats, 167 and 
177 bp, extensively studied in vitro, sup-
port a relatively open conformation of the 
chromatin fiber and cannot be completely 
folded without linker histone or some other 
architectural factor. It has been noticed 
before that linker histone levels correlate 
positively with the linker DNA length27 
apparently because more linker histone is 
needed to condense chromatin with lon-
ger linkers. In cells with linker histone 
knockouts, the linker length decreases49 
reflecting some mechanism that allows 
assembling nucleosomes at higher den-
sity and compensating for linker histone 
losses. Remarkably, our results showing 
that linker histone can also fold short link-
ers with non-integer linker DNA lengths 
provide an explanation for neuronal chro-
matin that has anomalously high levels of 
linker histone and a 162 bp nucleosome 
repeat unfavorable for folding.50

Native chromatin is known to be highly 
dynamic. Its dynamic transitions may 
include spontaneous dissociation of the 
outer DNA segments from nucleosomes, 
transient association of the linker histone 
and architectural proteins like heterochro-
matin protein HP1 with chromatin, and 
including histone variants that leads to 
nucleosome cores with less than 147 bp of 
DNA (reviewed in refs. 3 and 4). In addi-
tion, native DNA has a dramatically less 
affinity to histones that clone 60117 and 
may facilitate repositioning of the nucleo-
some cores to accommodate to local ener-
getically favorable structures. Our new 
observation that precise linker length con-
trols folding of short nucleosome repeats 
similar to those found in fission and bud-
ding yeast5,46 and cortical neurons50 in vivo 
necessitates developing new experimental 
approaches to capture transient structural 
intermediates of chromatin folding in vitro 
and in vivo and to relate them to cell-spe-
cific chromatin models that take in con-
sideration linker lengths, levels of linker 
histone and other specific architectural 

DNA spacing between native nucleosomes 
in order to predict the possible higher-
order structure of the associated chroma-
tin. Changes in average spacing between 
the nucleosomes such as those between 
active and repressed genes an/or during 
terminal differentiation are well docu-
mented. Most previous nucleosome repeat 
data have been obtained in experiments 
that describe average nucleosome spacing 
in the genome but do not account for pre-
cise rotational settings between neighbor-
ing nucleosomes which may considerably 
differ from the average. Yeast chromatin, 
for example, is known to have an average 
nucleosome repeat of 167 bp that is equiva-
lent to 20–22 bp of linker DNA close to 
an integer number of DNA turns (2) in 
the linker. However, earlier biochemical 
experiments by Dennis Lohr who used 
micrococcal nuclease and DNase I to map 
overlapping phases of nuclease digestion 
periodicity showed, surprisingly, that the 
DNase I pattern matches a non-integer (N 
+ 0.5) number of DNA turns, such as 0.5, 
1.5 or 2.5.44,45

Recent developments in parallel 
sequencing technology allowed research-
ers to account for millions of nucleosomal 
DNA sequences genome-wide and map 
them to eukaryotic genomes. Remarkably, 
sequencing and statistical analysis of yeast 
genome dinucleosomes by late Jonathan 
Widom and his colleagues showed that 
indeed, yeast DNA linkers lengths are 
quantized with peaks close to N + 0.5 
DNA turns (e.g., 5, 15, 25 bp) and the 
linkers with integer number of DNA turns 
such as the 20 bp linker size, average in 
yeast chromatin, corresponding to a mini-
mum in the size distribution.46 Note that 
in this analysis the nucleosome core DNA 
length is fixed at 147 bp so that the total 
nucleosome repeat (147 + 20) is equal to 
145 + 22 in our structural model (Fig. 1A). 
A most recent study from the same labora-
tory readdressed nucleosome positioning in 
yeast with chemical crosslinking approach 
that eliminates nuclease digestion artifacts 
and confirmed the predominant linker 
lengths to contain N + 0.5 turns of DNA.47 
Together with our studies, nucleosome 
position mapping suggests that the yeast 
genome developed a nucleosome spac-
ing mechanism to support an open zigzag 
chromatin structure similar to the one of 
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