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The magnitude of the problem of understanding the structurdhnction relationships of 
eukaryotic chromosomes can be appreciated from the fact that the human diploid genome 
contains more than 2 meters of DNA packaged into 46 chromosomes, each at metaphase 
being several microns in length. Each chromatid of a chromosome contains a single 
DNA molecule several centimeters in length. In addition. to the DNA, chromosomes 
contain an equal weight of histones and an equal weight of non-histone chromosomal 
proteins. The histones are the major chromosoinal structural proteins. The non-histone 
chromosomal proteins are involved in the DNA processes of transcription and 
replication, in chromosome organization and in nuclear architecture. Polytene 
chromosomes with their bands and interbands and puffs of active genetic loci provide 
visual evidence for long-range order as do the bands and interbands of d i a n  
metaphase chromosomes, The gentle removal of histones and all.but the most tightly 
bound 2-3% of non-histone proteins fiom metaphase chromosomes revealed by electron 
microscopy a residual protein scaffold constraining a halo of DNA loops extending out 
from the scaffold, F r o m  variety of studies the loop sizes were found to be in a range 
from 5 to 200 kbp with an average size of 50 kbp [l]. Thus the haploid genome of 
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3 x IO9 bp DNA would contain about 60,000 average size loops, a number comparable 
with the estimated number of genes in the human genome of 50,000 to 80,OOO. These 
observations led to the proposed model of DNA loops packaged by histones into 
chromatin domains, each domain being regarded as both a structural unit and a genetic 
unit of chromosomes. 

1. Histones 

Based on their sequences, conformational behavior's and interactions histones fall into 
three groups: the families of very lysine rich HI, HI0, H5 etc; the H2A, H2B and H3 
protein families and H4. The central importance of histones H3 and H4 in chromosome 
structure and functions is implied by the rigid conservation of their sequences. Histones 
are multidomain proteins [2]; HI has a central structured domain and extended basic N- 
terminal (1-40 amino acid residues) and C-terminal (120-210 amino acid residues) 
domains; H2A and H2B have central structured domains and extended basic N- and C- 
terminal domains. Both H3 and H4 have a basic, flexible N-terminal domain and a 
structured central and C-terminal domain. Histones are subjected to cell cycle dependent 
posttranslational modifications that are strictly associated with chromosome functions [2, 
31, These are: i)'phosphorylation of H1, H2A and H3, ii) acetylation of the core histones 
H2A, H2B, H3 and H4 and iii) ubiquitination of H2A and H2B. H1 and H3 
phosphorylations are associated with chromosome condensation; acetylations of the core 
histones are associated with the DNA process& of replication and transcription. So far 
the functions of the ubiquitination of H2A and H2B are unknown. The crystal structure 
of the histone octamer has been solved to 0.33 nm resolution [4]. This structure shows 
clearly the modes of interactions between the central structured domains that stabilize the 
histone octamer. However electron densities are not observed for the N- and C-terminal 
flexible domains. This is attributed to static or dynamic disorder of these regions in the 
crystal. 

2. Nucleosome Structure 

Virtually all of genomic DNA is packaged into nucleosomes in chromatin. For most 
somatic cells the nucleosome contains 195 f 10 bp DNA; the histone octamer (H2A. 
H2B, H3, H4)z and a very lysine rich histone (e.g. H1, HlO, H5) also called linker 
histones. Some nucleosomes from specialized cells contain longer DNA repeats e.g. 
chicken erythrocytes (212 bp DNA) [3]. The ends of the nucleosomal DNA can be 
trimmed by micrococcal nuclease digestion to give two well-defined sub-nucleosome 
particles. These are the chromatosome containing 168 bp DNA, the histone &tamer and 
a linker histone and the nucleosome core particle containing 146 f 1 bp DNA and the 
histone octamer. The core particle has been subjected to intensive structural studies. 
Neutron scatter studies of the core particle in solution proved that DNA was coiled on 
the outside of the histone octamer [5]. Low resolution x-ray diffraction (2 nm) 161 and 
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neutron diffraction (1.6 nm) [7] gave structures in agreement with the neutron scatter 
solution structure. In the crystal structure of the core particle at 0.7 nm resolution, DNA 
was found not to coil uniformly around the histone octamer but to follow a more 
irregular path with DNA bends [8]. Very recently the crystal structure of the core 
particle has been solved to 2.8 8, resolution [9]. At this higher resolution, the DNA 
bends are found to be complexed with clusters of basic residues. The structure of the 
histone octarner in the core particle is virtually identical to that reported for the isolated 
octamer [4], In the crystal structure of the core particle, the basic N-terminal domain of 
histone H4 is observed binding to the '(H2A. H2B) dimer of the adjacent core particle 
[9]. It is not known if this is an intranucleosome native binding site or the result of a 
rearrangement of flexible histone terminal domains on removal of linker DNA to give the 
core particle. Parts of the N-terminal domains of the other histones are observed 
between the gyres of the DNA coil. However, little or no electron density was observed 
for the N-terminal domains outside of the core particle. Previously it was shown that the 
calculated radius of gyration (Rg) of the histone octamer electron density was 2.97 nm 
compared to the measured value of 3.3 nm from neutron scatter [IO]. Controlled 
proteolytic removal of histone terminal domains from the octamer reduced its Rg from 
3.35 to 2.98 hm. Clearly, these flexible terminal domains are accessible to proteases as 
they must be to kinases, acetyltransferases, deacetylases and ubiquitinascs. These 
disordered histone terminal domains correspond exactly to the mobile regions identified 
by nuclear magnetic resonance spectroscopy studies of the histone octamer [ll]. An 
ultimate understanding of histone functions in chromosomes will require detailed 
knowledge- of the conformational behaviors of the terminal domains, their sites of 
interactions in chromatin and the effkts of reversible chemical modifications on these 
interactions, This will be a formidable task because there is no functional assay and in in 
vitro studies these flexible histone.terminal domains may rearrange. It is essential that 
the native binding sites of these histone regions be determined in nuclei and at different 
phases of the cell cycle. One of the most powerful and informative methods for this task 
is zero-length covalent protein-DNA crosslinking induced by mild methylation of DNA 
with dimethylsulfate [ 121. 

3. Histone-DNA Crosslinldng 

This method allows the direct determination of certain histone-DNA contacts in 
nucleosomes and i s  particularly suited for studies of histone-DNA interactions both in 
vitro [13, 141 and in vivo [15,16]. In addition, this is the only methodology which 
provides a direct approach for the localization of specific histone-DNA contacts in 
chromosomes within intact cell nuclei [13, 171. There arc two protocols used in this 
methodology [18]. The first protocol, most commonly used to study histone-DNA 
contacts in nucleosomes, favors crosslinking through histidines (-90%) rather than 
lysines (-10%). whereas the second protocol provides c r o s s l i n g  of histones through 
both histidines (-60%) and lysines (-40%). The method and two-dimensional gel- 
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electrophoresis for the mapping of crosslinking sites on the nucleosomal DNA are 
shown in the Figures 1 and 2 respectively. 
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Figure I .  The principle scheme of histone-DNA c r o s s l i n g  
induced by mild methylation of DNA With dimethyl sulfate. 
Crosslinking causes a single stranded nick in the nucleosomal 
DNA at the crosslinking site such that only the 5'-terminal 
DNA fragment is crosslinked to a histone molecule. The length 
of the crosslinked DNA fragment is the p d s e  distance of a 
protein crosslinking site from &e S'cnd of the nucleosomal 
DNA and can be assessed by using two system of two- 
dimensional gel electmphomis. 

4. Core HistoneDNA Contacts in Nuclei Isolated from Different Sources 

Using this methodology histone-DNA contacts were fust determined in chromatin and 
nucleosomes isolated from different sources 119, 201. Further improvement of this 
method allowed the determination of the arrangement of histones on nucleosomal DNA 
in intact nuclei isolated from different kingdoms (animals, plants and yeast) [17]. 
Although these particles represented a highly heterogeneous population that differ in 
histone modification, histone variants and nonhistone proteins, the primary organization 
(linear sequential arrangement of histone-DNA contacts along nucleosomal DNA) of 
nucleosomal cores in all eukaryotes was found to be invariable [17]. The main 
difference in histone subtypes provided a significant improvement in the resolution of 
the diagonals corresponding to individual histones in the 2D gel electrophoresis (Fig3 
A, B). This allowed a more defined map of histone-DNA contacts in the nucleosome to 
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Figure 2. Schematic'presentation of two versions of two-dimensional gel electrophoresis. In 
the first dimension which is the same for both versions, the mobility of the crossl ied 
histone-DNA complexes in the denaturing SDS gel depends on the molecular weight of the 
histone and the size of the-crosslinked DNA fragment. In the "DNA version", after 
s e p d o n  of histone-DNA crosslinked complexes in the first dimension the histones are! 
digested directly in the gel by Protease and the nlcased "P-labeled DNA fragments an 
separated according to their size ip a denaturing second dimension gel. In the fust 
dimension, histones crosslinked to the DNA decnase the mobility of the crosslinked 
complexes proportionally to the histone size. As a result, after histone digestion, the released 
DNA fragments that wen c r o s s l i  to the different histones fall on different diagonals in 
the second dimension gel. The diagonals which compond to particular histones in the two- 
dimensional gel an arranged from left to right in the same order as free histones migrating 
from top to bottom in the one-dimensional SDS gel. The position of the spots within each 
diagonal indicates the length of the DNA fragments crosslinked to a particular histone. This 
length can be detennined by running DNA fragments of known size in the gel of the second 
dimension. 

In the "Protein version". after first dimension DNA in the crosslinked complexes is 
chemically degraded dinctly in the gel and the released 'zElabeled histones an then 
separated in the second dimension SDS gel according to their size. In the first dimension, 
the mobility of the crosslinked complexes depends on the histones' molecular weight and the 
sizt of the crosslinked DNA fragmcnt As a result in the ge1 of the second dimension. fhe 
released histones arc arranged as spots on different horizontal lines. The position of these 
spots on a particular horizontal line indicates the location of DNA crosslinliing sites for a 
particular histone from the r e n d  of the nucleosomal DNA. This location can be 
detennined by measuring the length of a single stranded DNA fragment crosslinked to the 
histone according to the difference in mobility betwecn the crosslinked comp!ex and the 
noncrosslinked protcin in the first dimension. 
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Figure 3. Histone-DNA contacts in the nucleosomal core in nuclei from 
sea urchin sperm (A), lily buds (B). and yeast (C). A and B, "DNA 
version" of two-dimensional gel electrophoresis of single-stranded, 32P- 
labeled DNA fragments crosslinked to histones. The positions of "P- 
labeled DNA fragments, cmulinked to diffmnt histones and ananged 
on sepatatc diagonals, WCIE revcaled by autoradiography and arc 
indicated by solid Ens.  The exacme right diagonal (in the upper right 
cornu) is uncrosslinked DNA fragments. The dashed lies show the 
position in the gel. and the numbers indicate the appmximatc length (in 
nucleotides) of ethidium bromide-stained DNA fragments from DNase E 
digested rat liver nuclei used as markers. C - "Protein version" of two- 
dimensional gel eltctrophofesis of 'zI-labcled histones cmsslinktd to 
DNA fragments. The number at each spot indicates the size (in 
nucleotides) of thc DNA fragments crosslinked to histones. For the sake 
of simplicity, only histone H4 contacts a~ shown in C. Solid squan~ 
indicatc the histoneDNA contacts that become attenuated during 
chromatin unfolding compand with tbe contacts markcd by solid 
circles. 
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be obtained [17]. For example, sea urchin sperm subtypes of histone H2B contain an 
extended N-terminal domain which reduces the mobility of this histone in the SDS gel- 
electrophoresis [21]. Lily, as well as other plants, also contains several subtypes of 
histones H2A and H2B that are much longer than those from other sources [22,23]. 
The histone-DNA contacts identified by these crosslinking experiments for isolated core 
particles [ 171 was recently confirmed by X-ray crystallography analysis [9] showing that 
the histone (H3/H4)2 tetramer is located in the center of the core DNA whereas the two 
H2AlEl2B dimers flank the tetramer. In addition, the contacts of histone H3 were 
located both in the center and at the very end of the core nucleosomal DNA. These sites 
are very close to each other on the DNA coiled around the histone octamer [I73 (Fig. 4). 
This explained the previous observation that the superhelix of nucleosomal DNA can be 
stabilized by the histone (H3/H4)2 tetramer to form a nucleosome-like particle [24,25]. 
Although the contacts of histone H2A have similar locations in the center and at the end 
of the nucleosomal DNA [ 171, the histone H2A/H2B dimer does not form nucleosome- 
like particles as found for the (H3/H4)2 tetramer [24, 251. Thus the @i3/H4)2 tetramer 
plays an essential role in generating a nucleosome scaffold that is completed by the 
binding of H2A/H2B dimers and a linker histone. 

Figure 4. A model for the symmetrical arrangement of histones on 
the folded core nucleosomal DNA The DNA f o m  a left-handed 
superhelix containing about 80 bp pa tum. Positioning of histones 
H2A (narrow box, broken line), H2B(wide box, broken line), H3 
(wide box solid line) and H4 (nanow box, solid h e )  on both DNA 
strands is shown above and below &e DNA Line. Superscripts 1 and 
2 indicate two copies of each histone in the core. The numbers in 
the open Circles reprrstnt the number of DNA double helical turns 
from the dyad axis (indicated by position 0). in both directions 
indicated by + and - [8]. 
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5. Conformational Changes in the Nucleosomal Core Revealed by Crosslinking in 
Linker Histone-DepIeted Chromatin 

Protein-DNA crosslinking experiments on intact nuclei isolated from different sources 
revealed that the sequential arrangement of histone-DNA contacts in the nucleosomal 
core is very similar. However, it was noticed that the relative strengths of certain 
histone-DNA contacts in these sources varied and correlated with chromatin activity and 
compaction [ 131. The chromatin in sea urchin sperm is completely inactive in RNA and 
DNA synthesis and is more densely packed than mitotic chromosomes [26]. In contrast, 
the chromatin in yeast and in the dividing cells of lily bud sepals is very active in 
transcription and replication and is significantly or completely depleted of histone H 1 
[27-291. It was found that in the nucleosomal core in sea urchin sperm nuclei (Fig. 3A) 
contacts H4(57) and H4(66) have almost equal strength, as do contacts H2B(109) and 
H2B( 119) (numbers in parenthesis indicate the distance in nucleotides from the 5’-end 
of one strand of core nucleosomal DNA to the particular histone contact). However, a 
different ratio in the intensities of the above-mentioned contacts was found in 
nucleosomes from lily (Fig. 3B) and yeast (Fig. 3C) nuclei where contact H4(66) was 
attenuated compared with contact H4(57). A similar ratio in intensities was also found 

A 

B 

Figure 5. Histone-DNA contacts in duomatin depleted of linker 
histones. A - “DNA version” of two-dimensional gel 
electrophoresis of single-stranded, 3’P-labeled DNA fragments 
crosslinked to histones in chromatin mnstituted from purified 
chicken e m  histones and DNA. B - “Protein version” of 
two-dimensionat gel electrophoresis of “~I-labckd histones 
crosslinked to DNA in m o w  ascites chromatin. For the sake of 
simplicity, only histone H4 contacts ~n shorn For details, stt the 
legend for Fig. 3. 
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for the contacts of histone H2B in lily (Fig. 3B) and yeast nuclei, showing attenuation of 
contacts H2B( 119) and H2B( 129) compared with contact H2B( 109). 

Since transcriptionally active chromatin is unfolded and significantly depleted of 
linker histones, the histone-DNA contacts were also studied in linker histone-depleted 
chromatin from mouse ascites cells which was used as a hypothetical' model of 
transcriptionally active chromatin. In order to avoid the influence of other factors on 
nucleosome structure, histone-DNA contacts were also studied in chromatin 
reconstituted from purified chicken erythrocyte histone octamers and DNA. It is 
interesting that in both types of linker histone-depleted chromatin (native and 
reconstituted) the alterations in the contacts of histones H4, H2A and H2B with DNA . 

were the same as in lily and yeast nuclei [ 131 (Fig. 5). These results suggested that the 
conformation of the nucleosomal core in linker histonedepleted chromatin is similar to 
that found in yeast and lily bud sepals nuclei, but is different to that found in sea urchin 
sperm nuclei. These results also correlate with the unfolded state of both native or 
reconstituted linker histone depleted chromatins and chromatin in yeast and lily bud 
sepals nuclei. Indeed, histone H1 may not be present in significant amounts in nuclei of 
actively dividing lily cells, where the chromatin is very active in transcription and 
replication. In yeast, a considerable part of the genome is also unfolded and actively 
transcribed [28,29]. These experiments showed that the level of chromatin compaction 
correlates with the alterations in histone-DNA contacts in the nucleosomal core and 
suggests that changes in the level of chromatin compaction lead to gross structural 
changes in the nucleosome [13]. 

6. Conformational Changes in the Nucleosomal Core Caused by Stretching of the 
Linker DNA During Chromatin Unfolding. 

Because the same core histone-DNA contacts in nuclei from different sources differed in 
intensity, it was essential to check whether these structural changes were inherent in the 
nucleosomal cores themselves or were somehow dependent on chromatin structure. For 
this purpose the histone-DNA contacts were studied in. core particles, crosslinked after 
their isolation from reconstituted chicken erythrocyte chromatin lacking linker histones, 
from mouse ascites chromatin depleted of linker histones and from yeast nuclei (Fig. 6). 
It was found that in the core particles isolated from all of these sources, the relative 
intensities of certain contacts of histones H4, H2A and' H2B are similar to those 
observed in nuclei from sea urchin sperm (Fig. 3A) where the chromatin is highly 
condensed and repressed. The fact, that the mentioned contacts were restored after the 
removal of linker DNA, indicates that core histone-DNA contacts are affected by linker 
DNA. 

The chromatin in the nuclei of sea urchin sperm is highly condensed [26] so that the 
linker DNA is tightly packaged (Fig. 7A) and might not affect the histone-DNA contacts 
in the nucleosomaI,core. In contrast, in chromatin depleted of linker histones, which 
appears as an unfolded filament (Fig. 7B), certain histone-DNA contacts are altered in 
strength (Fig. 3B,C, Fig. 5 )  compared with those in nuclei where the chromatin is highly 



11 

condensed (Fig. 3A). However, after removal of linker DNA, for example during core 
particle isolation (Fig. 7C). the mentioned contacts become as strong (Fig. 6)  as in the 
highly condensed chromatin of sea urchin sperm nuclei (Fig. 3A). Since the strength of 
the descr.ibed contacts in nuclei where the chromatin is  highly condensed and linker 
DNA is tightly packaged was found to be the same as for the isolated core particles 
where the linker DNA is absent, the. removal of linker DNA can be considered 
equivalent to condensation in terms of its influence on the observed histone-DNA 
contacts in the nucleosomal core. According to these observations it was suggested that 

A B 

C 

Figure 6. Histone-DNA contacts in core nucleosomes after 
isolation. A - “DNA version” af two-dimensional gel 
electrophoresis of singlestraadcd, ”P-labeled DNA fragments 
c r o s s l i  to histones in core particles isolatcd From 

“Protein version” of two-dimensional gel electrophoresis of ’% 
labeled histones c r o s s W  to DNA in core particles isolated 
from mouse ascites chromatin depleted of linker histones and 
from yeast nuclei nsptctively. For. the sake of simplicity, only 
histone H4 contacts arc shown. For details, see the legend for 

rec~wt ihr ted chromatin lttcking linlra histones. B and C - 

fig. 3. 

certain contacts that exist in highly repressed and condensed chromatin may be distorted 
when histone H1 is released and linker DNA is partially unfolded during chromatin 
activation, but restored again after chromatin condensation. This demonstrates that the 
alterations in histone-DNA contacts are reversible and depend on the specific 
arrangement of linker DNA, which could be affected by linker histones. These results 
suggested that the nucleosomes in linker histonedepleted chromatin might undergo 
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some deformation due to the stretching of the linker DNA (Fig. 7). This deformation 
could cause alterations in the histone H4 and H2A/H2B contacts with the sharply bent 

A C 

Figure 7. Effect of linker DNA on the confomation of 
the nucleosomal core. A -hypothetical solenoidal model 
of 30nm chromatin fiber where the linker DNA is tightly 
packaged as continuation of core nucleosomal DNA as 
suggested. 6 - formation of stretched nucleosomes in 
unfolded chromatin depleted of linker histones. The 
stretching of the tinker DNA causa the defomation 
(shown by the changed form) of nucleosomal corn. C - 
isolated nucleosomal core particles. Removal of the 
linker DNA causes the stretched nucleosomes to revert to 
the conformational state similar to that in highIy 
condensed chromatin in nuclei (A). 

regions of nucleosomal DNA, around sites +/-1, +/-4 and +/-5 respectively (Fig. 8). 
These alterations were attributed to the structural transition of the nucleosomal core, 
yielding a new conformational state called a “stretched nucleosome” [13]. The 
observation of the “stretched nucleosome” in unfolded chromatin from different sources, 
containing different histone variants with different lengths of N- and C-terminal 
domains, suggested that this confora@on is very similar for all species studied. 

7. Structural Polymorphism of Nucleosomes in Hyperacetylated and 
Hypoacetylated Chromosomal Domains 

Genetic and biochemical studies have suggested that the nucleosome itself is involved in 
the regulation of chromatin activity through the reversible posttranslational 
modifications of histones [30] which have been strongly correlated with chromatin 
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Figure 8. Arrangement of histone-DNA contacts on half ofthe 
c o n  nucleosomal DNA for histones H2A. H2B and H4. The 
dashed arrows indicate the altered contacts. The smaller 
numbers at the sites of histone-DNA contacts indicate the 
distance in nucleotides from the S'cnd of c o n  nucleosomal 
DNA. The larger numbers on the outside of the helix represent 
the number of DNA double helical tums from the dyad axis 
(indicated by position 0) [8]. 

functions required at different phases of the cell cycle [2]. The most extensively studied 
histone modification associated with chromatin activation is the reversible acetylation of 
the &-amino group of specific internal lysine residues located in the flexible and highly 
basic N-terminal domains of core 'histones [2, 30-341. Acetylation neutralizes the 
positive charges of specific lysines in histones destabilizing their interactions with the 
negatively charged DNA phosphate groups and thereby can facilitate chromatin 
decondensation and/or the maintenance of an open conformation in active chromatin 
regions 121. Since acetylation is not the only variable factor in the composition of 
functionally different chromatin regions, it is essential to study the structures of the 
nucleosomes in these different regions within intact nuclei. This study addresses the 
structural features of nucleosomes in functionally different chromosomal domains within 
nucIei from the same cells which contain different levels of histone acetylation and other 
components e.g. histone H1 and nonhistone proteins normally present in the nuclear 
environment. For this purpose histones were crosslinked to DNA *thin intact nuclei . 
and histone-DNA contacts were mapped in 146 base pairs core particles isolated fiom 
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hyperacetylated, hypoacetylated and nonacetylated chromatin fractions. These 
crosslinking experiments have detected changes in the patterns of crosslinked peptides 
in hyperacetylated chromosomal domains versus nonacetylated domains suggesting a 
restructuring of histone-DNA interactions in these chromatin regions [35]. The affected 
contacts are formed by the trypsin resistant histones structured domain and by the 
histone H2A C-terminal domain [36]. None of these histone regions contain sites'of 
acetylation. However, the altered contact H4(66) due to the crosslinking via His 18 
[37], is very close to the site of acetylation, Lys 16. The alteration in this histone H4 
contact is consistent with an observed reduction in the intensity of the crosslinked 
peptide of histone H4 in the hyperacetylated chromosomal domain and may be an 
indication of either loosened binding or rearrangement of the histone H4 N-terminal 
domain 1381. This provides strong evidence that nucleosomes in these domains are in 
different conformations. In addition to the high level of acetylation of the core histones, 
the hyperacetylated chromosomal domain was significantly depleted of linker histone 
H1. It is interesting that the alterations of core histone-DNA contacts in this domain 
(38) were very similar to those observed for chromatin depleted of linker histones (Fig. 
5 )  or for the chromatin active in transcription and replication within nuclei from 
different sources [ 131 (Fig. 3B, C). 

Although the locations of histone tails are undetermined, biochemical experiments iit 
vitro show that acetylation can destabilize their interaction with DNA 1391. However, it 
is unknown whether acetylation causes the release of histone tail domains or a loosening 
of their binding in vivo [35]. The fact that most of the altered contacts in the 
nucleosomal core observed in the crosslinking experiments involve the histone 
structured regions [36] which are not subject to acetylation suggests that the structural 
changes occur throughout the nucleosome resulting in an overall different conformation. 
It should be noted that the contacts identified in the nucleosomal core within the 
hypoacetylated chromosomal domain were also observed in nuclei from different 
sources [ 171 and are fully consistent with observed contacts in the crystal Wucture of the 
nucleosome core particle [9]. The contacts affected in the hyperacetylated chromosomal 
domains, are located close to the sharply bent regions of nucleosomal DNA, around sites 
+/-l, +/A, +/-5 [9] (Fig. 8) and therefore are expected to be sensitive to the 
conformational changes which could occur in_ c o ~  nucleosomal DNA during chromatin 
unfolding induced by histone hyperacefylation andor H1 depletion. The coexistence of 
features such as hyperacetylation of core histones and significant depletion of histone 
H1 in the same chromosomal domain strongly argues that this chromatin region is not 
packaged into a stable higher order structure [40]. Recent crosslinking experiments 
clearly show that this lack of chromatin compaction, as a result of the depletion of 
histone HI, leads to conformational changes in the nucleosome [13]. One might expect 
that in the hyperacetylated chromosomal domain, in addition to the deficiency of histone 
H1, the high level of histone acetylation would cause additional changes in the analyzed 
histone-DNA contacts. However, repeated crosslinking experiments in intact nuclei did 
not reveal any additional alterations in the analyzed histone-DNA contacts in the 
hyperacetylated chromosomal domains [38] compared to those observed recently in bulk 
Hldepleted chromatin [13]. The alterations in the hyperacetylated chromosomaI 
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domain could be the result of significant depletion of histone H l  or the result of core 
histone acetylation affecting the ability of histone H1 to condense the chromatin [41,42] 
or both, such that the hyperacetylated chromosomal domain is maintained in a less 
folded state than the hypoacetyIated or nonacetylated domains. 

8. Stretching of the Linker DNA During Chromatin Unfolding Causes the 
Conformational Changes in the Nucleosomal DNA 

Transcriptionally active chromatin is unfolded and significantly depleted of linker 
histones [43], which play a key role in chromatin compaction [44, 451. The binding of 
histone H1 to linker DNA considerably reduces its electrostatic free energy which 
determines linker DNA bending during chromatin folding into the higher order structure 
[46]. In contrast, in linker histone depleted chromatin the distance between the points 
where the linker DNA enters and leaves the nucleosome core may be increased by 
repulsion between adjacent linker DNA segments [44,47-501 and thereby can affect the 
conformation of the nucleosome core DNA. To address the question of whether or not 
the alterations in histone-DNA contacts during chromatin unfolding, which were 
observed in H1-depleted chromatin [13] and in the hyperacetylated chromosomal 
domains [38] are caused by changes in nucleosome core DNA conformation, the 
histone-DNA contacts have been analyzed in isolated core particles under ionic 
conditions that affect DNA stiffness. 

Several physical and biochemical studies have demonstrated that a reduction of the 
monovalent ion concentration below 10 mM has a significant effect on the nucleosome 
core structure (reviewed in [3] ). It has also been well documented that the loss of 
counterions at low ionic strengths increases the electrostatic repulsion of unneutralized 
DNA phosphate groups resulting in an increase in DNA stiffness [51]. This increase in 
stiffness may cause stretching of the nucleosomal DNA which in turn may change the 
conformation of the nucleosome [52] and thereby affect histone-DNA contacts. 

Crosslinking experiments showed that the alterations in histone-DNA contacts in 
isolated core particles induced at low ionic strength are caused by a decrease in the 
neutralization of negative DNA charges 1141 and are identical to those observed in 
nucleosomes in H1-depleted chromatin [ 131 and in hyperacetylated chromosomal 
domain 081. It was suggested that the conformational changes in nucleosome core 

. particles at low ionic strength and in nucleosomes during chromatin unfolding were due 
to the stretching of the nucleosome core DNA [14]. Based on these observations a 
model for the reversible nucleosome structural transition during chromatin unfolding 
was proposed (Fig. 9). This model demonstrates how the nucleosome structure is 
changed at the first step of chromatin activation, chromatin decondensation iyd suggests 
that these changes may facilitate the second step, which involves either remodeling or 
removal of the nucleosome. It also suggests that the lack of chromatin compaction in 
the hyperacetylated chromosomal domain can cause similar structural changes in the 
nucleosomal DNA yielding a new nucleosome conformation. 
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Figure 9. Schematic repmentation of the reversible formation of a “stretched 
nucleosome”. The change in the nucleosomal DNA conformation due to its 
stretching causes a release from the histone octamer of approximately 10 bp of 
DNA at each side. Arrows with numbcn indicate the sites of preferential 
micrococcal nuclcase cleavage yielding nucleosome particles with 146. 157 and 
168 bp DNA. The nucleosomal DNA terminal fragments in the compact form of 
the nucleosome (A) slide off of the histone Octamer and turn into a linker DNA 
(represented by a dashed line) in the “satched nucleosome” (B). Arrows on the 
right side show the direction of the stretching nsulting in a prolate shape of the 
nucleosome. 

9. Location of the Histone H2A C-Terminal Domain in the Nucleosome 

Current information abqut the nucleosome structure is derived from data about the 
arrangement of histone structured globular domains. However, there is no information 
about the location of histone terminal domains in the nucleosome. These unstructured 
histone terminal domains have been shown to participate in the folding of 
oligonucleosomes 1531 and in the stabilization of higher order chromatin structure [54]. 
In addition they contain sites for reversible posttranslational modifications which occur 
during the different phases of the cell cycle and correlate with chromatin functions. The 
question of how exactly these modifications are involved in this regulation still remains 
unclear. One way to understand the functional role of these important histone regions is 
to determine their Iocatioqs and to observe their behavior during chromatin functions. 
The only histone-terminal domain localized in the nucleosome so far is the histone H2A 
C-terminal domain (381. For these purposes zero-length covalent protein-DNA 
crosslinking was used to map histone-DNA contacts in nucleosome core particles from 
which histone-terminal domains were selectively trimmed by trypsin or closhipain. It 
was found that compared to the intact (control) core particle (Fig. 1OA) the contact J32A 
at the dyad axis (nucleotide 77) was heavily attenuated in core particles digested with 
trypsin (Fig. 10B) which trims both N- and C-terminal domain of histone H2A [SI .  
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However this contact did not change in core particles'digested with clostripain (Fig. 
l0D) which trims only N-terminal tail of histone H2A leaving its C-terminal tail intact 
[56]. Since all other contacts of histone H2A at the end of nucleosomal DNA were not 
affected (Fig. lOC), this indicates that the trypsin-sensitive C-terminal domain of histone 
H2A makes a contact with the DNA at the nucleosome dyad axis while its globular 
domain interacts mostly with the end of core nucleosomal DNA (Fig. 1 I). 

D 

b c  

-82 
-52 

Figure 10. "DNA version" of two-dimensional gel electrophoresis of single-stranded, '2P-labeled DNA 
fragments crosslinked to histones in core particles. A - Intact (control) core particles: B - Trypsindigested 
core particles; C - Shorter exposure of the upper part of B; D - Clostripaindigested core particles. E - SDS- 
electmphomis of peptides from closripain (lane a)- and trypsin (lane b)- digested core particles and histones 
(lane b) from intact (control) core particlcs. Bands I and II (lane a in E) cornspond to peptides of histone 
H2AM2B and H3 mpcCtively. Peptides PlIP1'. P2 and p3 comspond to histones H3. H2A and H2B 
respectively. Solid circles i n d i e  the signals which an heavily amnliattd in trypsin (B)- or clostripain 
(D)- digested core particles compared to the intact,(A) con particles. For other details set the legend for 
Fig. 3. 

It should be mentioned that the nucIeosomaI DNA deviates from its superhelical path at 
the dyad axis, This deviation was abolished in Hldepleted chromatin [57] which is 
consistent with conformational changes in the nucleosomal DNA during chromatin 
unfolding as revealed by histone-DNA crosslinking [13]. The contact of histone €EA at 
the dyad axis that is detected due to the crosslinking of histone H2A C-terminal domain 
1361 via His-123 [SS], was not observed in nuclei from sea urchin sperm, lily bud sepals 
and yeast 1171 (Fig. 3) in which the histone H2A C-terminal domain does not contain 
this histidine [59-611. This is the reason why it was thought previously that histone H2A 
does not make this contact in nuclei but only in isolated core particles [17]. The He& 
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histone H2A C-terminal domain, however, contains two histidines at positions 123 and 
124 [62] and it was found that in nuclei this domain makes a very strong contact at the 
dyad axis in the hypoacetylated chromosomal domain, whereas in the hyperacetylated 
domain this contact was absent [38]. Because the histone H2A C-terminal domain is not 
acetylated, this suggests that the absence of the histone H2A contact with the dyad axis 
in the hyperacetylated domain is caused by conformational changes in nucleosomal 
DNA at this site [57] and is not, as was thought before, the result of the rearrangement 
of histone H2A C-terminal domain [36]. The observed conformational changes may be 

Figure If. Model for the arrangement of 
histone HZA globulat and C-terminal 
domain. Black solid region indicates the 
globular domain and zigzag lane 
indicates the C-terminal domain of 
histone H2A. The plus sign shows the 
nucleosomal dyad axis (at nucleotide 77). 
passing through the nucleosome 
perpendicular to the plane of the figurc. 

also the result of a significant depletion of histone H1 in the hyperacetylated 
chromosomal domain which is supported by the recent finding of the loss of the same 
contact in bulk H1-depleted chromatin [13] and by the observed loss of the H2A 
crosslinked peptide in the protein pattern of the acetylated chromosomal domain [35]. 
These different conformations of the nucleosome observed as changes in histowDNA 
contacts in the active chromatin regions may play a biological role rendering the 
nucleosome competent for transcription andor replication. 

S U W W  

It is now clkar that the nucleosome as a functional *it is involved in the modulation of 
chromatin struchudfunction relationships through alterations in histone-DNA contacts. 
One of the ways this regulation may occur is through reversible posttranslational 
modifications of histones associated with different phases of the cell cycle. Since the 
sites for these modifications are located in the flexible and unstructured histone terminal 
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domains, the localization of these histone regions in the nucleosome and the observation 
of their arrangement through the cell cycle is very important for our understanding of 
their function. Only the C-terminal domain of histone H2A contains histidine which is a 
protein crosslinking site. The localization of this histone terminal domain in the 
nucleosome [36] clearly demonstrates the ability of the crosslinking methodology to 
determine the location of other histone terminal domains on the nucleosomal DNA. For 
example, using the method of site directed mutagenesis in higher eukaryotic cells, it is 
possible to insert histidines into other histone terminal domains for the localization of 
these important histone regions on the nucleosomal DNA by protein-DNA crosslinking. 
This will allow the observation of their arrangement during the cell cycle and elucidate 
the role of these histone regions in nucleosome functions. 
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