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ABSTRACT. We describe histoneDNA cross-linking in a positioned nucleosome containing a thyroid
hormone response element (TRE) from ¥enopus lags thyroid hormone receptgfA gene (TRBA).
Histones H3 and H4 are cross-linked to DNA in the nucleosome core within 30 base pairs to either side
of the dyad axis. Histone H2A cross-links to DNA in the core at the dyad axis, and histones H2A and
H2B have extensive interactions with DNA 480 bp away from the dyad axis. Linker histone H5 and

the globular domain oXenopusH1° associate asymmetrically with DNA at one edge of theSAR
nucleosome. Nevertheless, the asymmetric association of H5 leads to a significant rearrangement of core
histone-DNA contacts at the dyad axis of the nucleosome. In the presence of linker histone, cross-
linkings of H4 within 15 bp to one side of the dyad axis, of histone H2A at the dyad axis, and of H2A
and H2B 40-80 bp to one side of the dyad axis are all reduced. This reduction in cross-linking occurs
preferentially on the side of the nucleosome to which H5 is bound. Our results indicate that core histone
contacts within mononucleosomes are conformationally dynamic and that linker histone incorporation at
the edge of the nucleosome can influence core hist@i¢A interactions in an asymmetric way including
contacts at the dyad axis.

Nucleosomal architecture and histone modification have on the surface of the core histon&¥Y and proteir-DNA
essential roles in gene regulatidn-4). Histone acetylation  cross-linking to map historeéDNA contacts {3, 28). In
is required for the activation of specific genes in vig), ( contrast to prevailing models of linker histone association
and linker histones can activate or repress specific genes inwith nucleosomes containing a mixture of DNA sequences
vivo (6—8). Interpretation of these effects requires detailed (29—31), we find an asymmetric association of linker histone
information concerning the structural roles of the individual with a nucleosome containingXenopus borealisomatic
histones and their domains with respect to DNA sequences5S rRNA gene 13, 14, 28, 32). To test whether the
within the nucleosome. Crystallographic analysis reveals the association of linker histone with the 5S nucleosome is an
extensive intermolecular contacts made by the core histonesexceptional circumstance or might be a more general
between themselve®{11) and with DNA (12). Despite phenomenon, we have extended our analysis to another
this progress, the exact positions of the core histone aminopositioned nucleosome containing a unigue DNA sequence
termini and the binding site for linker histone in the from theXenopus lagis thyroid hormone recept@#A gene
nucleosome appear to be variabl@{17). (TRBA). Chromatin assembly and modification have sig-

A powerful tool in the analysis of historeDNA interac- nificant roles in the transcriptional control of theenopus
tions in nucleosomes and chromatin is DNprotein cross- ~ TRBA gene in vivo 83—36).
linking (18-23). These studies have established that rear- We find that a DNA fragment from the T#\ gene that
rangement of core histord®NA contacts can occur during ~ contains the thyroid hormone response element (TRE) is
the disassemb|y of chromatin isolated from endogenous assembled into a pOSitioned nucleosome core. Within this
chromosomes dependent on the removal of either linker Nucleosome core the double helix is rotationally positioned
histones or linker DNA24, 25). In contrast, our experiments ~ With respect to the surface of the core histones and the core

have focused on theeconstructiorof histone-DNA interac- ~ histones are translationally positioned such that DNA
tions in chromatin using purified histones and DNA se- histone contacts begin and end at a particular sequence.
guences that position nucleosomes (reviewed "‘2&fWe Inclusion of linker histones into the nucleosome occurs

have used chemical footprinting to orientate the double helix @ymmetrically at one edge of the nucleosome core. Incor-

poration of the linker histone results in an asymmetric
TS.C. is the recipient of a Wellcome Trust Prize International rearrangemer_ﬂ of core histone conta_cts including those at

FelloWship. P the dyad axis. Such a conformational change in the
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2722; Fax 301-402-1323; E-mail awlme@helix.nih.gov). path of DNA within the nucleosome that occur as a
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consequence of linker histone binding. enzyme. DNase | reactions were carried out at room
temperature for 1 min and terminated by addition of EDTA
MATERIALS AND METHODS (5 mM). Glycerol (5% v/v) was added to the sample, and

the entire reaction volume was transferred directly into a
preparative gel. The hydroxyl radical cleavage reactions
were carried out as described7]. Free radical reactions

were quenched with the addition of glycerol to a concentra-
tion of 5%, and the entire volume was applied to a gel, as
described above. After electrophoresis, linker histone bound
or unbound nucleosome complexes were excised from gel.
DNA from these complexes was isolated and analyzed by
denaturing polyacrylamide (6%) gel electrophoresis. Specific

Reconstitution. The 176 bpAcd —Dde DNA fragment
containing theX. laevis TRBA gene (from+156 to+332
relative to the start site of transcription-atl) was radiola-
beled at a single restriction site using polynucleotide kinase
and [-*P]ATP for protein-DNA cross-linking, linker
histone binding, and hydroxyl radical cleavage analysis. The
same DNA fragment was left unlabeled for mapping of the
translational position of the histone octamer. Nucleosome

cores were reconstituted onto DNA fragments by exchangeD,\IA makers were produced by Maxam and Gilbert cleavage
from chicken erythrocyte core particle37. In the histone at G residues

excr:thallnge method(,j a ;S-le_dlt%mlplgtgl\ln;\qsst (T)xcefss” of c((j)re DNA—Protein Cross-Linking.In these experiments chemi-
particles was mixed with ragiolabele N tULES ToTowed - . cross-linking of histones to DNA is performed using

by SIOW adjustment of NaCl concentrfitlon (to 1 M). Tubes DNA within the nucleosome core particles that has been end-
were incubated at 37C for 15 min. Samples were labeled with 3P so that the position of histor®NA
transferred to a Qialysis bag' (with a molecular size Iimit. of contacts relative to the end of the molecule (as a reference
E'_C? k[|)_|a)7 %ndlmaazgg_?gamsé %01 M '\I:aChl, 10| mI\t/Iths: point) can be determined. This is followed by reaction with
» PEF.0, L M » an st mil phenyimethane dimethyl sulfate, which methylates purine bases. The
_sulfonyl fluoride (PMSF) fo4 h at 4°C and th(_an d|q|yzeq methylated product is then depurinated to an aldehyde. A
In 0‘7.5 k'\]/l NaQI buffgr for 4 h.’ follg}/ved by a fma(lj d0|aIyS|s Schiff base is formed between the modified DNA backbone
E\E)e_lr_xg t against 10 mM Tris-HC, pH 7.5, and 0.1 mM and available lysine or histidine amino acids in the histones,
o ) o ) which can be further stabilized by reduction with sodium

Linker Histone Binding ExperimentsA total of 100 ng borohydride 17, 39). Very low levels of reaction are
(DNA content) of nucleosome cores (0.6 pmol) was incu- gjjowed so that a wide distribution of DNAhistone cross-
bated with various amounts of linker histone as indicated in |jnks are generated. Exact reaction conditions are given
10 uL of binding buffer [10 mM HEPESNaOH, pH 7.4/ below.
50 mM NaCl/0.1 mM EDTA/5% (v/v) glycerol] at room Methylation of DNA within the nucleoprotein complex
temperature for 1530 min 32). Samples were analyzed 55 as describe®®). This employed 1625 mM dimethyl
by 6% P_AGE in 0.5x TB.E. After electrophoresis, the gels  gjifate followed by incubation in 15 mM HEPESIaOH,
were dried and autoradiographed. 50 mM NaCl, 0.1 mM PMSF, pH 7.4, and 0.1 mM EDTA,

Micrococcal Nuclease Mapping of Translational Position- at 37 °C (resulting in partial depurination and subsequent
ing. Mononucleosomes (80 ng of DNA) (molar ratio of cross-linking). The reaction was stopped by the addition of
histone to DNA= 1) were digested with 0.075.6 unit of 25 mM NaBH,; in 50 mM HEPES-NaOH, pH 7.4 on ice,
micrococcal nuclease (Pharmacia) for 5 min at 22 followed by dialysis into 15 mM HEPESNaOH, pH 7.4,
Incubation with linker histone was as described above?"Ca 50 mM NaCl, and 0.1 mM EDTA. We have previously
was adjusted to 0.5 mM concomitantly with addition of shown that the 5S nucleosome core under these conditions
micrococcal nuclease. Digestions were terminated with js stable to protracted heating at temperatures as high as 55
addition of EDTA (5 mM), SDS (0.25%, wt/v), and pro- °C (40). Nucleosome mobility on nondenaturing gels is
teinase K (Gibco-BRL) (1 mg/mL). The DNA was recov- dependent on the translational positioning of the histone
ered and 5end-labeled withf-3P]JATP and T4 polynucle-  octamer relative to the DNA fragmen#1). The cross-
otide kinase, and the end-labeled DNA fragments were linking procedure itself (DMS treatment and borohydride

separated by electrophoresis in nondenaturing 6% polyacryl-reduction steps) does not alter the mobility of thePR
amide gels. DNA fragments of nucleosome core and nucleosome core (not shown).

chromatosome products were recovered and digested with pyrification of Cross-Linked ProductsDNA with co-
restriction endonucleases to determine micrococcal nucleasesalently attached proteins was ethanol precipitated in the
cleavage sites3@). Digestions were incomplete at the presence of 0.5% SDS. The reaction was supplemented with
concentrations of restriction endonuclease used; hence, som@.5 mg/mL unlabeled mixed-sequence nucleosome cores
146 and 161 bp length DNAs remain in the digests. isolated from chicken erythrocytes as a carrier. The protein-
DNase | and Hydroxyl Radical Footprinting of Rotational tagged DNA fragments were purified by KESEDS precipi-
Positioning. Reconstitutes with or without linker histone tation as described3@) and dissolved in loading buffer
were treated with either DNase | or hydroxyl radicals before containirg 9 M urea.
nucleoprotein complexes were resolved on 6% PAGH. ( Two-dimensional electrophoresis was done as described
Samples containing labeled mononucleosomes (60 ng of(39). For the electrophoresis leading to the gels and
DNA) were incubated with or without linker histone as autoradiograms shown in this work, the first dimension
described; the exact amount corresponding to one moleculerequires the resolution of histor®NA adducts, and the
per nucleosome core was determined by gel shift. Nakedsecond dimension requires the resolution of different DNA
DNA was digested with 12 ng of DNase | (Gibco-BRL); fragments, as described below. The first dimension (from
nucleosome cores without linker histone and nucleosomeleft to right in the autoradiograms) requires denaturation of
cores with linker histone were digested with-380 ng of the histone-DNA complex by boiling in 1% SDS and 7 M
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Ficure 1: (A) SDS-PAGE showing histone composition of nucleosomes containing th@ATgene (TRE nucleosome). Lanes: 1,
nucleosome core; 2, nucleosome with globular domain dfliiker histone; 3, nucleosome core; 4, nucleosome with the H5 linker histone.

(B) Characterization of linker histone binding to nucleosomes containing ti#ATgRene. Lanes: 1, TRE nucleosome core;42 TRE
nucleosome with increasing amounts of histone H5 (1-, 2-, and 4-fold molar ratio, respectively)TRE nucleosome with increasing
amounts of globular domain of the linker histone°H1-, 2-, and 4-fold molar ratio, respectively). (C) Asymmetric protection of linker

DNA from micrococcal nuclease in TRE nucleosome. Lane 1 shows markers. Lanes 2 and 3 show nucleosome core DNA (146 bp) cut with
Sty and Hadll, respectively. Lanes 4 and 5 show chromatosome DNA (161 bp) from H5 containing nucleosomes Gtijveittd Haell,
respectively. Lanes 6 and 7 show chromatosome DNA (161 bp) from®°@étitaining nucleosomes cut wisty and Haell, respectively.

(D) Schematic representation of micrococcal nuclease mapping data (Figure 1C). Locations of fragments $tginartiddHaell mapping
experiment of the nucleosome core and chromatosome DNA are shown with respect to the TRE element (gray box). (E) Rotational positioning
of DNA in the TRE nucleosome is not changed by GHihker histone association. Lanes-7 show mapping on the top strand. Lanes:

1, G-specific cleavage reaction:-4, DNase | mapping of (lane 2) naked DNA, (lane 3) nucleosome core, and (lane 4) nucleosome with
GH1°; 5—7, hydroxyradical mapping of (lane 5) naked DNA, (lane 6) nucleosome core, and (lane 7) nucleosome Withapidd 8-14

show mapping on the bottom strand. Lanes: 8, G-specific cleavage reactiat; ®Nase | mapping of (lane 9) naked DNA, (lane 10)
nucleosome core, and (lane 11) nucleosome with GH2—14, hydroxyl radical mapping of (lane 12) naked DNA, (lane 13) nucleosome
core, and (lane 14) nucleosome with GH1

urea and resolution of histord®NA adducts on a 15% RESULTS AND DISCUSSION
acrylamide gel containing 0.15% SDScad M urea. The

mobility of the DNA molecule is reduced by the cross-linked  Nycleosome Reconstitution on thefPRGene Fragment.

protein. Resolution in a second dimension (from top 10 | eaylier work we have reconstituted nucleosomes onto PCR-

E_otttom |rf1 theD?\lu;oral(tjAogramf) fol!otvr\:_s rﬁlmovall (.Jf th? generated 204 bp long DNA fragments freri59 to+363
IStones from with & protease, this allows sizing ot o |ative to the start site of transcription &tl (35). This

the DNA fragments. The second dimension again uses a . "
15% acrylamide gel containing 0.1% SDSdah M urea. 204 bp fragment was found to be rotationally positioned

The relative mobility of protein-bound and free DNA permits  €lative to the surface of the histone octamer but showed
the organization of the histones relative to the end of DNA multiple translational positions of the histone octamer with
in the nucleosomal core particle to be determined. respect to the DNA sequence. Because shorter DNA
Assignment of spots of cross-linked DNA fragments to fragments reduce variation in translational positioning (see
individual histones was based upon comparison with the refs 32 and42), we chose to use a shorter fragment of 176
positions of GFA cleavage products in the gel. bp from +156 to+332 relative to the start of transcription
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Ficure 2: Mapping of histone DNA contacts with the top strand of the nucleosomes containing fi#e géde in the absence (A) or
presence (B) of the H5 linker histone. Vertical arrows indicate sites of major rearrangement in core-itigneontacts at the periphery

of the nucleosome. Horizontal arrowheads indicate H4 contacts around the dyad axis. (C and D) Enlargement of the area indicated by an
arrow in panels A and B. (E) Scheme of 2D gel electrophoresis. Mapping of hisRiNA contacts with the top strand of the nucleosomes
containing the TRA gene in the absence (F) or presence (G) of the globular domain of linker histdn@GHIL®).

at +1 flanked by Acd and Ddd restriction sites. We  stable incorporation of linker histone into the nucleosome.
prepared nucleosome cores by histone exchange and moniMicrococcal nuclease digestion revealed that a kinetic
tored the histones reconstituted into nucleosomes by gelintermediate in digestion of 161 bp in length (Figure 1C,

electrophoresis (Figure 1A) and nucleosome reconstitution 161 bp) was generated on the inclusion of linker histones
itself by gel shift (Figure 1B, lane 1). Addition of either into the TRGA nucleosome. In contrast, only 146 bp of DNA

chicken erythrocyte H5 (lanes—2) or the recombinant  were protected by the core histone octamer alone (Figure
winged helix globular domain of H1(GH1°, lanes 5-7) 1C, 146 bp). End-labeling of the 161 and 146 bp fragments
leads to the retardation of the nucleosome core, suggestingollowed by restriction endonuclease digestion allowed us
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to map the boundaries of the stable histoB&A interaction

in the absence and presence of linker histone (Figure 1C,D).
In the absence of linker histone, the core histones protect

146 bp of DNA with a 5 boundary at+162 and a 3
boundary att308. Inclusion of either histone H5 or GPi1
protects an additional 15 bp of linker DNA from digestion
(Figure 1C). Comparison of DNA fragment sizes shows that
the 53 boundary of histoneDNA protection remains the
same at+162 but that the ‘3boundary is extended 15 bp to
+323. This asymmetric protection of linker DNA from
+308 to+323 to one side of the nucleosome core is similar
to that obtained when linker histones are reconstituted into
nucleosomes containing th& borealissomatic 5S rRNA
gene 82, 42). The incorporation of linker histone is without
effect on the rotational or translational positioning of the
TRAA DNA on the surface of the histone octamer (Figure
1E; see Figures-24 later). Our next experiments examine
the histone-DNA contacts in the TRA nucleosome in the
presence or absence of linker histone.

Histone-DNA Contacts in the TR Nucleosome Core.
In the absence of linker histone, the micrococcal nuclease
digestion data (Figure 1) indicate that the histone octamer
adopts a single dominant translational position on th8AR
gene with the dyad axis centered-8234 (relative to the
start of transcription at-1). In the nucleosome the minor
groove of the double helix will face away from the histone

octamer at the dyad axis and toward the octamer 0.5 and

1.5 turns to either side of the dyad ax#3). In the TRBA
nucleosome, the minor groove faces toward the histone
octamer att-237 andH-247 with respect to the bottom strand
and at+240 and+250 for the top strand (Figure 1E).

Biochemistry, Vol. 37, No. 24, 1998633
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Ficure 3: Mapping of histone DNA contacts with the bottom

Important features of nucleosome core structure determinedstrand of nucleosomes containing thefARgene in the (A) absence

from the crystal structurel@) and from cross-linking studies
(20, 23, 44) are two sites of strong cross-linking between
histone H4 and DNA at a distance of 1.5 helical turns to
either side of the dyad axis. At this point the major groove
faces out toward solution where the N-terminahelices of
the H3-H4 heterodimers cause DNA to be maximally bent
with the double helix having an outward bulde?). Within

the TRBA nucleosome core, histone H4 cross-linking is
detected to either side of the dyad axis betwe&11 and
+261 with the major sites located at247 and+261 for
the top strand (Figure 2A, arrowheads) and-at9, +244,
and-+258 for the bottom strand (Figure 3A). The N-terminal
tail of histone H4 associates with DNA at multiple sitdg)(

A second feature of histore€DNA interactions around the
dyad axis is the presence of the C-terminal tail of histone
H2A in contact with DNA (L2, 45, 46). Within the TR3A
nucleosome strong histone H2A cross-linking is detected at
the dyad axis aroune-234 (Figure 3A, open arrowhead).
Extensive cross-linking of histones H2A/H2B are also
detected from 40 to 80 bp to either side of the nucleosomal
dyad (Figures 2A and 3A). The N-terminal tail of histone
H2A is known to associate with DNA at multiple sitekgj.

We conclude that the core histonBNA contacts detected
within the TRGA nucleosome core are consistent with our
mapping of the nucleosome core dyaditd34 (see Figure
4).

Inclusion of Linker Histones H5 Leads to an Asymmetric
Rearrangement of Core Histon®NA Contacts in the
Nucleosome.The incorporation of intact linker histone H5
into the TRBA nucleosome (Figure 1B) is associated with

or (B) presence of H5 linker histone. The open arrowhead indicates
the site of H2A cross-linking around the dyad axis. Arrows in (B)
indicate H4 contacts that are reduced on inclusion of H5 into the
nucleosome.

the appearance of numerous new cross-linking contacts made
by this histone with DNA (Figure 2B and Figure 3B, H5).
These are distributed throughout nucleosomal DNA as
previously observed for th€. borealis5S nucleosomel@).
Remarkably, incorporation of H5 leads to an asymmetric loss
of H4—DNA contacts to one side of the dyad axis between
+247 and+-261 (Figure 3, compare panels A and B, arrows
marked H4). Contacts made by H4 with DNA between
+207 and+-222 remain intact in the presence of H5. There
is also a loss of H2A cross-linking at the dyad axi®232)

as a consequence of linker histone incorporation (Figure 3B,
open arrowhead). Core histone contacts of H2A and H2B
at the periphery of the nucleosome froh275 to+323 are
significantly reduced on incorporation of histone H5 (Figure
2A,B vertical arrow, and 2C,D). These sites are proximal
to the linker DNA protected by H5 from micrococcal
nuclease digestion and where sites of strong-BIBIA cross-
linking are detected (Figure 1C,D; see Figure 4). Thus, the
incorporation of histone H5 into the nucleosome leads to a
selective reduction in the efficiency of cross-linking of core
histones to nucleosomal DNA. The core histofmNA
contacts on the side of the nucleosome away from the
protected linker DNA are largely unaffected by inclusion of
the linker histone (Figure 3A,B). In contrast, on the side of
the nucleosome proximal to where the linker histone binds,
both H4 and H2A/H2B contacts are reduced (Figure 2A,B,
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-linker histone +linker histone

Ficure 4: Architecture of histoneDNA contacts in the nucleosome containing thefPRgene with and without linker histone. The
micrococcal nuclease protection boundaries and sites of hisfDNé& contacts are shown. For simplicity, the DNA is presented as a
uniform superhelix. Histone H4 is shown in red, H3 in yellow, H2B in blue, and H2A in green. The positions of the dyad axis and the TRE
are indicated.

arrows, Figure 2C,D, Figure 3A,B). and are competing with the core histone N- and C-terminal
Inclusion of GH2 Reveals an Asymmetric Association with  tails for contacts. These interactions preferentially occur on
the TRBA Nucleosome Core but Does Not Rearrange Core the side of the nucleosome proximal to the binding site for
Histone DNA Contacts at the Dyad Axi¢n earlier work the globular domain of H5. It should be noted that most of
using the X. borealis somatic 5S rRNA gene we have the histone-DNA contacts detected using the cross-linking
detected a much more localized association of the globularapproach employed in this paper are made by the tail domains
winged helix domain of H5 with nucleosomal DNA as (46, 47).
opposed to the generalized binding of the intact protesj. (
Incorporation of GH1into the TRBA nucleosome core does CONCLUSIONS
not lead to significant alteration in core histone interactions
with DNA at the nucleosomal dyad (Figure 25) Cross- We conclude that the globular domain of a linker histone
linking of GH1° to DNA in these experiments is detected at (H1°) has a highly asymmetric interaction with a nucleosome
+311 and+323 (Figure 2G). These cross-linking contacts core including the TBA gene. Association of the globular
are consistent with the protection of linker DNA (or more domain alone leads to very little rearrangement of core
correctly extranucleosomal DNA as there is no second histone-DNA contacts in the nucleosome core. However,
nucleosome) from micrococcal nuclease digestion (Figure if an intact linker histone H5 is used for reconstitution, then
1C,D). There is also some loss of core histone cross-linking additional contacts are made by the linker histone with DNA
between+295 and+323 (Figure 2C,D). We suggest that in the nucleosome and core histone contacts are rearranged
the globular winged helix domain of the linker histone can (summarized in Figure 4). We suggest that the asymmetric
be assembled into the PR nucleosome at a highly association of a linker histone at the edge of a nucleosome
asymmetric position. However, the incorporation of the mediated by the globular domain can lead to a dynamic
globular domain alone does not lead to major alterations in reconfiguration of core historeéDNA interaction including
core histone-DNA contacts in the TRA nucleosome. In  those at the dyad axis. Such a rearrangement at the dyad
contrast, incorporation of the intact histone H5 does lead to axis might contribute to alterations in the path or cleavage
rearrangements albeit in a highly asymmetric manner (Fig- of DNA at the dyad axis as a consequence of linker histone
ures 2 and 3). Thus, we suggest that the N- and C-terminalassociation31, 48, 49). The rearrangement of core histone
tails of the linker histone that flank the globular domain contacts also has a significant asymmetric component. This
interact with DNA as it wraps around the histone octamer provides additional support for the existence of asymmetric
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nucleosomes, an arrangment that might be propagated in vivo 16.

(50).

Several recent papers are consistent with our proposal o
an asymmetric association of linker histones with the
nucleosome core26, 32). The winged helix transcription
factor HNF3 that is isomorphous with the globular domain
of linker histones binds to nucleosomal DNA asymmetrically
(51). Site-directed mutants of HNF3 can compact nucleo-
somal DNA if they contain basic amino acids at sites

compaction by linker histone&{, but see reb2). Several

other nucleosomes assembled on defined DNA sequences22.

also show asymmetric protection of linker DNA to micro-
coccal nuclease digestio3g, 53, 54). It should be noted
that micrococcal nuclease digestion alone provides only
circumstantial evidence for asymmetric (or symmetric) linker

histone association due to potential sequence preferences in24.

sites of cleavage. Hence, careful control of enzyme con-

centrations during digestion and additional methodologies 2°:
26.

such as proteinDNA cross-linking or novel DNA cleavage
reagents need to be usedd(14, 28, this work). Our results
with the TRBA nucleosome are significant in this regard
because both theytechinusvariegatusand X. borealis5S
rRNA genes used for many nucleosome positioning studies
have very similar sequences and are identical in the linker
DNA region protected by linker histones on theborealis
gene from micrococcal nuclease digestiés, (56). Future
studies must explore whether the asymmetric model of the
nucleosome holds for higher order chromatin structures
beyond the dinucleosomé3).
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