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Although it is well established that the majority of eukaryotic
DNA is sequestered as nucleosomes, the higher-order structure
resulting from nucleosome interactions as well as the dynamics
of nucleosome stability are not as well understood. To charac-
terize the structural and functional contribution of individual
nucleosomal sites, we have developed a chromatin model system
containing up to four nucleosomes, where the array composi-
tion, saturation, and length can be varied via the ordered liga-
tion of distinct mononucleosomes. Using this system we find
that the ligated tetranucleosomal arrays undergo intra-array
compaction. However, this compaction is less extensive than for
longer arrays and is histone H4 tail-independent, suggesting
that well ordered stretches of four or fewer nucleosomes do not
fully compact to the 30-nm fiber. Like longer arrays, the tetranu-
cleosomal arrays exhibit cooperative self-association to form
species composed of many copies of the array. This propensity
for self-association decreases when the fraction of nucleosomes
lacking H4 tails is systematically increased. However, even tet-
ranucleosomal arrays with only two octamers possessing H4
tails recapitulate most of the inter-array self-association. Vary-
ing array length shows that systems as short as dinucleosomes
demonstrate significant self-association, confirming that rela-
tively few determinants are required for inter-array interactions
and suggesting that in vivo multiple interactions of short runs
of nucleosomes might contribute to complex fiber-fiber
interactions. Additionally, we find that the stability of
nucleosomes toward octamer loss increases with array length
and saturation, suggesting that in vivo stretches of ordered,
saturated nucleosomes could serve to protect these regions from
histone ejection.

The nucleosome, composed of a histone octamer wrapped
by 147 bp of DNA (1, 2), is the fundamental repeating unit of
chromatin. Nucleosomes ubiquitously associate with
genomic DNA, occupying the majority of DNA in most cells
(3). For example, high-resolution nucleosome mapping of the
budding yeast Saccharomyces cerevisiae suggests 69% of the
DNA is associated with nucleosomes (4). Nucleosome position-
ing across the genome is not fully understood but is dictated in
part by the underlying genomic sequence by the association and
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action of non-nucleosomal proteins and potentially by the
direct interaction of nucleosomes (5). Positioning of nucleo-
somes results in free linker DNA between nucleosomes that
varies within a genome and between cell types and species and
can range from 10 or fewer nucleotides to more than 100 nucle-
otides (3).

Nucleosomes can interact with one another, generating
chromatin structures that affect DNA-based biological pro-
cesses such as transcription, replication, and repair. Direct
nucleosome to nucleosome interactions that have been ob-
served in vitro include short-range nucleosome interactions
that form 30-nm fibers and longer range interactions to gener-
ate fiber to fiber structures (6 —8). The structural details and
determinants of these higher-order structures remain an active
area of research. However, previous studies have shown that
histone tails, N-terminal stretches of amino acids that protrude
out from the histone core, play a significant role in these pro-
cesses, with the H4 tail playing a predominant role in both types
of interactions (9-13).

Other nucleosome-associated interactions that affect higher
order chromatin structure are mediated by non-histone chro-
matin associated proteins. Several proteins play a role in the
formation and/or maintenance of repressive chromatin, in-
cluding the polycomb group protein PRC1 (14, 15), MENT (16),
MeCP2 (17, 18), and heterochromatin protein 1 (HP1) (19, 20).
Although the mechanism by which this repression is achieved
is still not well defined in vivo, in vitro these proteins facili-
tate the creation of short and long range higher order chro-
matin structures through their interaction with various
aspects of histone modifications, histone tails, the nucleo-
some core, and/or the linker DNA (14-22). Nucleosome to
nucleosome interactions may also be present in more tran-
scriptionally active euchromatic regions, as establishment of
histone H3 acetylation by the yeast SAGA coactivator complex
can be facilitated by what appears to involve long-range bridg-
ing of nucleosomes (23).

The presence of nucleosomes can create a physical barrier
that limits interaction with underlying DNA by proteins that
are involved in transcription, replication, and repair. Because
nucleosomes are dynamic structures that can be moved, assem-
bled, and disassembled in a regulated fashion, this access can
be controlled. For example, during transcriptional initiation,
nucleosomes can be disassembled to generate stretches of
DNA that are largely free of nucleosomes (24 —26). This dis-
assembly process involves many factors, including nucleo-
some remodeling complexes, histone modifying enzymes,
and histone chaperones (27). Loss of nucleosomes enhances
transcription through a number of potential mechanisms,
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including exposure of stretches of DNA bearing transcriptional
activator binding sites (28).

Because the presence and interactions of nucleosomes
have important structural and functional consequences but
are potentially difficult to dissect into individual nucleosome
components with traditional nucleosomal array systems, we
sought to develop a new model system in which the composi-
tion of individual nucleosomes could be controlled. In this
study we ligate mononucleosomes to assemble well ordered di-,
tri, and tetranucleosomal arrays to better understand various
features of higher-order chromatin structure and nucleosome

stability.

EXPERIMENTAL PROCEDURES

601-177-1 Nonpalindromic DNA Template Design and
Cloning—Four single repeats of the 601-177-12 positioning
sequence, each with a different set of modified ends, were
PCR-amplified and cloned into plasmid pRS315. The tem-
plate used for this amplification was a single copy of the
601-177 sequence, released by Scal digestion from a plasmid
containing 12 contiguous copies of this sequence (10, 29)
and purified by size exclusion chromatography. The follow-
ing primer pairs were used to amplify the 601-177 position-
ing sequence from the purified 601-177-1 fragment, creating
DNA template fragments 1X, 2P, 3X, and 4X: Fragment 1, (5’
Xbal-Dralll, 3" Xbal-Bgll) 5'-GGTATGGTATTCTAGACAC-
TACGTGGGATCTTACATGCACAGGATG-3' and 5’ -GGT-
ATGGTATTCTAGAGCCCTTCTGGCACGGCCGCCCT-
GGAGAATCC-3'; Fragment 2, (5’ Pstl-Bgll, 3" PstI-PfIMI)
5'-GGTATGGTATCTGCAGGCCGGAATGGCTCTTACA-
TGCACAGGATG-3' and 5'-GGTATGGTATCTGCAGCCA-
ATAGTTGGAGGCCGCCCTGGAGAATCC-3’; Fragment 3,
(5" Xbal-PfIMI, 3’ Xbal-BspMI) 5'-GGTAGTGTATTCTAG-
ACCAACTAATGGATCTTACATGCACAGGATG-3" and
5'-GGTATGGTATTCTAGAACCTGCATTCAAAAGGCC-
GCCCTGGAGAATCC-3'; Fragment 4, (5" Xbal-BspMI, 3’
Xbal-BstXI) 5'-GGTATGGTATTCTAGATTTTGGAAGCA-
GGTCTTACATGCACAGGATG-3'and 5'-GGTAAGGTAT-
TCTAGACCAAAATCGTGGACGCGGCCGCCCTGGAGA-
ATCC-3'. PCR products for fragments 2P and 4X were digested
with Pstl (fragment 2) or Xbal (fragment 4) and cloned into
pRS315. PCR products for fragments 1X and 3X were blunt
end-cloned into the Smal site of pRS315. The resulting plas-
mids were digested with Xbal (releasing fragments 1X, 3X, and
4X) or Pstl (releasing fragment 2P). Fragments were purified by
electrophoresis on a 1% agarose gel followed by electroelution
and butanol extraction, ethanol precipitation, and quantitation
by UV absorbance.

To make isolation of large quantities of template fragment
more efficient, multiple copies of each unique fragment were
cloned into receiving vectors p601P or p601X, both derivatives
of the plasmid containing the dodecameric 601-177 sequence
in which only the plasmid backbone remains. Ligations were
performed using 0.25-0.5 ug of fragment DNA and 0.1 pg of
vector DNA creating a 30:1-60:1 molar excess of fragment to
vector DNA. Reactions were in a volume of 20 wl, used 400 units
of T4 DNA Ligase (New England Biolabs), and were incubated
at 16 °C for 16-20 h. Clones with multiple fragment inserts
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were linearized by partial digestion with the appropriate
enzyme, gel-purified, and ligated as above with additional like
fragment creating the following four plasmids: p1X (p601X + 6
copies of fragment 1), p2P (p601P + 12 copies of fragment 2),
p3X (p601X + 9 copies of fragment 3), and p4X (p601X + 9
copies of fragment 4). Fragment copy number was determined
by digesting plasmids with HindIII and BamHI, which uniquely
cut sites framing the set of inserted fragments, and analyzing
the size of the products on a 1% agarose gel.

601-177-1 Nonpalindromic Fragment DNA Amplification,
Isolation, and Purification—Plasmids p1X, p2P, p3X, and p4X
were transformed into DH5a cells, amplified, and purified
using the Qiagen Giga Prep plasmid purification system. Puri-
fied plasmid DNA was digested in a 1-ml final volume as fol-
lows; 1 mg each of p1X and p4X was digested with 140 units
each of Dralll and Bgll or 35 units each of BspMI and BstXI,
respectively. Reactions were incubated at 37 °C for 12 h. 333 ug
of p2P was digested with 120 units of P{IMI for 12 h at 37 °C at
which time an additional 120 units of PfIMI was added, and
incubation was continued for another 12 h. This was followed
by the addition of 60 units of Bgll and 12 more hours of incu-
bation at 37 °C. 333 ug of p3X was digested with 12 units of
BspMI for 12 h at 37 °C followed by two successive additions of
120 units of PfIMI, each incubated 12 h at 37 °C. All enzymes
were supplied by New England Biolabs. Digested fragments
were purified as above. Purified fragments were tested for self-
and ordered ligation using 0.5 ug of each DNA fragment and
400 units of New England Biolabs T4 DNA Ligase.

Histone and Octamer Assembly and Purification—Recombi-
nant Xenopus laevis histones were expressed and purified
according to standard methods. Histone octamers were assem-
bled and quantified according to standard methods (30).

Mononucleosome Assembly—Mononucleosomes were pre-
pared by rapid dilution using DNA template and purified his-
tone octamers (31). Briefly, 10 ug of octamer and DNA tem-
plate at a molar ratio of octamer to DNA ranging from 0.8 to 1.2
were mixed in 1 M NaCl, 10 mm Tris, pH 7.4, 0.1% (v/v) Nonidet
P-40, and 25 pg/ml bovine serum albumin (BSA) to a final vol-
ume of 100 ul. The mixture was incubated for 30 min at 37 °C,
then diluted to 100 mm NaCl in a final volume of 1 ml by 3
successive additions of dilution buffer (20 mm Tris, pH 7.4, 0.1%
(v/v) Triton X-100, and 100 ug/ml BSA). Each dilution was
followed by 20 min of incubation at room temperature. Assem-
bled mononucleosomes were dialyzed at 4 °C against 2.5 mm
NaCl, 10 mm Tris, pH 8.0, 0.25 mm EDTA with three buffer
exchanges and concentrated. Saturation was determined by
native gel analysis.

Mononucleosome Ligation and Tetranucleosomal Array
Purification—Ligations were carried out in a 100-pul final vol-
ume, and included ~2.5 ug of each mononucleosome, New
England Biolabs ligation buffer (50 mm Tris-HCL, pH 7.5, 10 mm
MgCl,, 10 mm DTT, 1 mm ATP), and 4000 units of New Eng-
land Biolabs T4 DNA ligase. Reactions were incubated at 16 °C
for 1620 h. Ligation efficiency was determined by native gel
analysis. Under these conditions most nucleosome combina-
tions ligated with 80-90% efficiency. For mononucleosome
combinations that ligated with less than 80% efficiency, new
ligations were performed using 4MB buffer (50 mm Tris-HCI,
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pH 7.5, 4 mm MgCl,, 10 mm DTT, 1 mMm ATP) instead of New
England Biolabs ligation buffer, keeping all other conditions the
same, which improved efficiency levels to near 80%. Tetranu-
cleosomal arrays were purified over a 5-25% linear sucrose gra-
dient by centrifugation at 28 K for 23-24 h at 4 °C. Fractions
were pooled and dialyzed 2 times against array buffer (2.5 mm
NaCl, 10 mm Tris, pH 8.0, 0.25 mM EDTA) + 1 mm DTT fol-
lowed by one time against array buffer plus 0.1 mm Tris(2-car-
boxyethyl)phosphine hydrochloride at 4 °C. Dialyzed samples
were concentrated using Vivaspin6 30,000 molecular mass cut-
off spin columns and quantitated by UV absorbance. Native gel
analysis showed >95% of the purified product consisted of the
desired tetranucleosomal array species.

Sedimentation Velocity—Sedimentation velocity experiments
were performed at 20 °C using a Beckman XL-A ultracentri-
fuge. Mononucleosomes were sedimented at 35,000 rpm. Tet-
ranucleosomal arrays in the absence of MgCl, as well as those
undergoing intramolecular array compaction were sedimented
at 25,000 rpm. Sedimentation of self-associated tetranucleoso-
mal arrays were performed at 3000 rpm. Data were analyzed
using the van Holde-Weischet method and Ultrascan data anal-
ysis software (Dr. B. Demeler, University of Texas Health Sci-
ence Center, San Antonio, TX) as previously described (32, 33).
The van Holde-Weischet analysis technique is best suited for
single species or multiple species with well resolved s values.
Because our self-associated tetranucleosome distribution
indicated continuous heterogeneity over a range of s values,
we have reported the values as apparent s values. All experi-
ments were repeated at least two times with averages, and S.D.
were calculated.

Differential Centrifugation—Oligomerization of tetranucleoso-
mal arrays was determined using the intermolecular association
assay previously described (7). Briefly, tetranucleosomal arrays
(20.0-27.0 ng/ul template DNA) were mixed with an equal
volume of 2X MgCl, in array buffer (2.5 mm NaCl, 10 mm Tris,
pH 8.0,0.25 mM EDTA) plus 0.1 mMm Tris(2-carboxyethyl)phos-
phine hydrochloride to achieve the desired final MgCl, concen-
trations. Triton X-100 was added to both sample and buffer to a
final concentration of 0.1% before mixing where indicated.
After incubation for 15 min at room temperature, samples were
centrifuged at 14,000 X gfor 10 min. The percentage of tetranu-
cleosomal array remaining in the supernatant was determined
by calculating the ratio of the A, of each sample to the A, of
a sample with no MgCl, added. All experiments were repeated
at least two times. The Mg>" concentration required for 50%
sedimentation was determined for each experiment, and S.D.
were calculated.

Nucleosomal Array Sedimentation Coefficient Predictions—
Tetranucleosomal array sedimentation coefficients were pre-
dicted according to a formula that describes how the sedimen-
tation coefficient of a linear system of multiple repeat units
changes with the number of repeats (34): log(s,,) = 10g(S,n0n0) T
aclog(n). Here, s, is the sedimentation coefficient for a
mononucleosome, 7 is the number of nucleosomes in the array,
and s,, is the sedimentation coefficient for the array. The equa-
tion requires a parameter, 4, that characterizes the shape of the
repeat unit. This parameter was determined from the measured
sedimentation coefficients for the mononucleosome and
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12-mer array systems under the relevant assay conditions and
then utilized for calculating the predicted sedimentation coef-
ficient for the tetranucleosomal array.

Nucleosome Stability Assays—Nucleosome arrays (18 ng/ul
template DNA) were mixed with an equal volume of 2X MgCl,
in array buffer (2.5 mm NaCl, 10 mMm Tris, pH 8.0, 0.25 mm
EDTA + 0.1 mm Tris(2-carboxyethyl)phosphine hydrochlo-
ride) to achieve the desired final MgCl, concentrations. Triton
X-100 was added to both sample and buffer to a final concen-
tration of 0.1%, before mixing where indicated. Reactions were
split into two aliquots. Both were incubated for 15 min at room
temperature. One aliquot was immediately run on a native 4%
gel, whereas the other was incubated for an additional 22-24 h
at 4 °C before gel analysis.

RESULTS

Design, Assembly, and Characterization of Tetranucleosomal
Arrays—Our aim was to generate four mononucleosomes with
different asymmetric sticky ends that can be ligated in only one
way. These mononucleosomes would allow us to generate di-,
tri-, and tetranucleosomal arrays with specific octamers at
defined positions (Fig. 1A). Each of four distinct ~177-bp frag-
ments were created by PCR amplification of a template con-
taining the 601 positioning sequence (29). This sequence was
chosen for the core of each DNA template because its strong
octamer positioning character has proven useful in studies
from mononucleosomes to extended arrays (10, 35-39). A
DNA template length of 177 bp per octamer was selected based
on previous structural characterization of compaction proper-
ties of 12-mer arrays with this repeat length (10, 37) and
because it was found to be the average repeat length between
stably positioned nucleosomes in yeast (5).

To generate large quantities of each fragment, each was
cloned in multiple copies. Primer pairs for each fragment intro-
duced unique 5’ and 3’ nonpalindromic restriction endonucle-
ase sites flanked by palindromic sites allowing cloning of mul-
tiple like fragments into one vector. Fragments were released
from plasmid DNA by cutting at nonpalindromic sequences.
After gel purification, each fragment was tested for the ability to
ligate to its designed partner fragment(s) and not to itself. Tet-
ranucleosomal arrays were digested with BglI, PfIMI, or BspMI.
These ligations and digestions confirmed the specificity of
ordered ligation (data not shown). Upon ligation of all four
fragments, a 30-bp linker region separates each 147-bp 601-
positioning sequence, resulting in regularly spaced nucleo-
somes with the same nucleosome-nucleosome distance present
in 601-177-12 arrays.

Mononucleosomes were assembled by rapid dilution using
octamer composed of full-length recombinant X. laevis his-
tones. Native gel electrophoresis of these mononucleosomes
showed that mononucleosomes with a single octamer position
can be generated, making them well suited for ligation (Fig. 1B,
lanes 1-4). Mononucleosomes were ligated in all di-, tri-, and
tetranucleosomal array combinations and assessed for the
specificity and efficiency of their ligation by native gel analysis.
For sequential sets of nucleosome ligations, the reaction pro-
ceeded nearly to completion (Fig. 1B, lanes 5-10), indicating
that each ligation is very efficient. Importantly, when nonse-
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FIGURE 1. Generation of tetranucleosomal arrays containing specific his-
tone octamers at defined positions. A, shown is the schematic of the tet-
ranucleosomal array DNA template containing four 601-based nucleosome
positioning sequences joined head-to-tail by unique nonpalindromic endo-
nuclease cut sites. Arrowheads indicate the location of designated nonpalin-
dromic cut sites. B, shown is characterization and ligation of the four unique
mononucleosomes containing wild type octamer. Fragments utilized are
shown above the gel. Unligated mononucleosomes (left panel) and mononu-
cleosomes ligated in combinations expected to result in ligated product (cen-
ter panel) or those that were not (right panel) are shown. Samples were run on
a native 4% polyacrylamide gel and stained with ethidium bromide. C, deter-
mination of tetranucleosomal array ligation order, saturation, and purity by
native gel analysis is shown. Ligated tetranucleosomal array digested with
Bgll shows expected monomer and trimer products (lane 1). Ligated tetranu-
cleosomal arrays were made harboring an external position of undersatura-
tion (ligation of mononucleosome one, two, and three, with DNA fragment
four), an internal position of undersaturation (ligation of mononucleosomes
one, two, and four, with DNA fragment three), or with all positions fully satu-
rated (ligation of mononucleosomes 1-4) and are shown in lanes 3-5, respec-
tively. A purified, fully saturated, tetranucleosomal array is shown in the right
panel. Nucleosomal array markers shown on the left apply to all six gel lanes.

quential nucleosomes were ligated, ligation did not proceed to a
significant extent (Fig. 1B, lanes 11-13), suggesting that ligation
is occurring with the desired specificity. Further indication of
the specificity of the ligation comes from digestion of the ligated
array. Tetranucleosomal arrays digested with Bgll, the only
ligation site that showed a small amount of cross-reactivity with
a nonsequential nucleosome (Fig. 1B, lane 11), predominantly
showed the expected trinucleosome and mononucleosome
products (Fig. 1C, lane 1). Ligated tetranucleosomal arrays were
then purified on a sucrose gradient resulting in a uniform prod-
uct (Fig. 1C, lane 6).

To assess the level of saturation of the tetranucleosomal
arrays, subsaturated arrays were created by ligating three
mononucleosomes with one DNA positioning fragment lack-
ing histone octamer. Two positions of unsaturation were inves-
tigated; one with an internal position and one with an external
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position of unsaturation. Fully assembled tetranucleosomal
arrays were compared with subsaturated arrays by native gel
electrophoresis (Fig. 1C, lanes 3—5). On the gel, the migration of
the tetranucleosomal array was fully resolved from the exter-
nally unsaturated array and partially resolved from the inter-
nally unsaturated array, which also exhibited a broadened band.
The internally unsaturated array was further tested by sedi-
mentation velocity analysis and gave a profile distinctly differ-
ent from arrays created with four mononucleosomes (s, of
14.1 S in low salt, 554 0f 15.3 S in 1.75 mm MgCl,; see the next
section for comparable data for the analogous saturated array).

Tetranucleosomal Arrays Undergo Compaction and Self-
association—To characterize the structural states adopted by
the tetranucleosomal array, sedimentation analysis was em-
ployed at varying concentrations of divalent magnesium cation.
In the absence of cation, standard nucleosomal arrays (12 or
more nucleosomes) adopt an extended conformation (40). To
assess the structure of the tetranucleosomal array under these
conditions, sedimentation velocity analysis was performed. As
seen from the resulting integrated sedimentation coefficient
distribution plot (Fig. 24), the tetranucleosomal array exhibits a
tight distribution centered about 19.7 * 1.0 S. This relative
homogeneity in the sedimentation coefficient suggests that the
tetranucleosomal array is highly uniform in composition, in
agreement with the gel analysis of the array (Fig. 1C). Addition-
ally, the magnitude of the sedimentation coefficient suggests
that the tetranucleosomal array adopts an extended conforma-
tion. Prior work with polynucleosomes has shown that the sed-
imentation coefficient of such species can be fit using the sedi-
mentation coefficient of the mononucleosome, a shape factor,
and the number of repeated monomer units (34). Using the
sedimentation coefficients of a 601-177-1 mononucleosome,
11 S (data not shown), and a saturated 601-177-12 array in its
extended form, 34 S (10), we are able to extract the shape factor,
and then predict that the extended 601-177-4 tetranucleosomal
array would have a sedimentation coefficient of 20.5 S, which is
less than a S.D. greater than our measured s (+0.8 S.D.).

To determine whether tetranucleosomal arrays can undergo
intra-array compaction, the ability of divalent magnesium to
increase the sedimentation coefficient of the array was assessed.
For 12-mer arrays, modest concentrations of magnesium ion,
1.0-1.75 mm MgCl,, have been shown to generate intra-array
compacted structures similar to the 30 nm fiber (7, 10). Addi-
tionally, under these conditions, relatively little inter-array
association is observed. To determine magnesium ion condi-
tions where the tetranucleosomal array was not predominantly
self-associated, we performed a differential centrifugation ex-
periment (Fig. 2B), where arrays are centrifuged with increasing
concentrations of magnesium ion, and the amount of non-sedi-
mented array is assessed (8). We observed that below 1.8 = 0.1
mMm MgCl,, its Mg, a majority of the tetranucleosomal array
is not sedimented, and sedimentation velocity analysis of the
non-differentially sedimented species was performed below
this concentration. Initial studies at 1.25 mm MgCl, suggested
that the arrays did not undergo significant intra-array compac-
tion under these conditions (data not shown). To determine
whether higher concentrations of MgCl, were able to induce
intra-array compaction, we performed sedimentation velocity
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FIGURE 2. Tetranucleosomal array containing wild type octamers show
intra- and internucleosomal compaction. A, intra-array compaction of tet-
ranucleosomal arrays is shown. A representative integrated sedimentation
coefficient distribution plot of tetranucleosomal arrays with wild type octam-
ers in the presence (1.75 mm MgCl,) and absence (TE) of divalent magnesium
ion. s, , is the sedimentation coefficient corrected for water at 20 °C. B, inter-
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analysis of the non-differentially sedimented species at 1.75 mm
MgCl,. Under these conditions, for species that were not self-
associated, a relatively uniform shift in the sedimentation coef-
ficient distribution was observed, with a median s value of
23.2 = 1.5 S, indicating some degree of intra-array compaction.
To determine how this shift relates to the shift expected for a
fully compacted array, we estimated the expected sedimenta-
tion constant if array compaction occurs continuously from
mononucleosomes to 12-mer arrays, as appears is the case in
the absence of divalent magnesium ion. Using the 601-177-1
mononucleosome sedimentation coefficient, 12 S (data not
shown), and the sedimentation coefficient of the fully com-
pacted 601-177-12 array, 53 S (10), we calculate that a fully
compacted tetranucleosomal array would have a sedimentation
coefficient of 27.5 S. This value is almost three S.D. above our
measured tetranucleosomal array s (+2.87 S.D.), suggesting
that under these divalent magnesium conditions, although
arrays do undergo some compaction, they do not appear to
exhibit the same extent of compaction as 12-mer arrays.

In addition to this intra-array compaction, our tetranu-
cleosomal arrays also appear to be able to undergo inter-
array self-association. Our differential centrifugation mag-
nesium titration results indicated that with increasing MgCl,,
part of the array population forms a species with a large
sedimentation coefficient (Fig. 2B). To confirm that this spe-
cies is due to inter-array self-association, similar to longer
nucleosomal array systems, we analyzed the differentially sedi-
mented species by sedimentation velocity at a substantially
reduced radial acceleration. For a MgCl, concentration of 1.75
mMm we found that the tetranucleosomal arrays sedimented in
three classes reflecting the formation of an intra-array com-
pacted species and two types of inter-array conglomerations
(Fig. 2C). At these reduced rotational speeds, the majority of the
arrays, roughly 63%, did not sediment significantly, consistent
with the relatively small sedimentation coefficient of 23 S for
the partially intra-array compacted species (Fig. 24). In con-
trast, roughly 31% of the arrays exhibited apparent sedimenta-
tion coefficients between 20,000 and 160,000 S, which is likely
due to inter-array associations (see below). Finally, a small frac-
tion of the arrays (6%) could not be accounted for in the cell and
presumably sedimented with an apparent s greater than
160,000 S (together these two groups with large s values consti-
tute the species that were not resolved at higher centrifugation
speeds).

The species formed with a sedimentation coefficient of
20,000-160,000 S is consistent with self-association between
multiple copies of the tetranucleosomal arrays. Formally, the
sedimentation coefficient is the ratio of the buoyant mass
divided by the friction coefficient, so an increase in s from the

array association of tetranucleosomal arrays is shown. A representative self-
association plot of tetranucleosomal arrays with wild type octamers is shown.
The fraction of tetranucleosomal array remaining in the supernatant is plot-
ted as a function of MgCl, concentration. C, sedimentation velocity analysis of
self-associated tetranucleosomal array species generated at 1.75 mm MgCl, is
shown. Shown are 10 boundary plots generated at 3000 rpm from 0.8 to 12.5
min. Of the species that are not already sedimented by the first scan, those
with large sedimentation coefficients are observed between 0.3 and 0.4
absorbance units, whereas those with relatively small sedimentation coeffi-
cients are observed below 0.3 absorbance units.
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extended, 20 S species could formally occur by either an
increase in mass or a decrease in friction coefficient. However,
even if the friction coefficient of the array is minimized by
assuming it becomes fully spherical, the —fold reduction in the
friction coefficient would only be 2.26, suggesting that a signif-
icant increase in mass due to inter-array association occurs.
Additionally, the sharp demarcation between the unsedi-
mented 23 S species and the 20,000 —160,000 apparent s species
suggests that like longer nucleosomal arrays (8), the formation
of inter-array-associated species is highly cooperative.

Histone H4 Tails Progressively Affect Self-association of Tet-
ranucleosomal Arrays—To better characterize the higher-or-
der structures exhibited by our tetranucleosomal array system,
we sought to determine how partial and complete loss of the
histone H4 tail affected intra-array compaction and inter-array
self-association, as this loss negatively impacts both structural
transitions in 12-mer arrays (10, 11). Mononucleosomes were
assembled, as described above, with wild type octamer (T) or
octamer containing globular histone H4 that is missing the first
19 N-terminal amino acids (G). These mononucleosomes were
then used to assemble tetranucleosomal arrays containing var-
ious degrees of H4 tail loss at specific nucleosomal positions
(Fig. 34).

To determine to what extent the H4 tail affects intramolec-
ular tetranucleosomal array compaction, arrays containing four
octamers with full-length histones (TTTT) were compared
with those with all octamers lacking H4 tails (GGGG) (Fig. 34).
Sedimentation velocity experiments showed no significant dif-
ference in compaction between the two array types in the
absence or presence of magnesium ion (Fig. 3B). Similarly, sev-
eral tetranucleosomal arrays lacking fewer H4 tails were tested
and showed no difference in sedimentation in the presence of
magnesium ion (data not shown). Thus, for the partially com-
pacted state, the H4-tails do not appear to play a significant role
in this transition. As the tetranucleosomal arrays did not adopt
the full, H4 tail-dependent compaction of longer arrays, intra-
array compaction studies with additional tetranucleosomal and
shorter arrays were not performed.

In contrast to intra-array compaction, intermolecular com-
paction was substantially affected by loss of the H4 tails (Fig.
4A). Compared with a Mg, of 1.8 = 0.1 mMm seen for the wild
type array, the H4 tailless, GGGG, array required 4.8 = 0.3 mm
Mg>" for the same effect. Additionally, the cooperativity of the
self-association curve decreases significantly for the GGGG
array.

To dissect how the absence of the H4 tail disrupts array
self-association, we next examined tetranucleosomal array oli-
gomerization with varying numbers of tails present. Mononu-
cleosomes were ligated to form tetranucleosomal arrays con-
taining one tailless and three wild type (GTTT), two tailless and
two wild type (GGTT), or three tailless and one wild type

(GGGT) octamer set (Fig. 3A4). Differential centrifugation anal-
ysis showed an ordered increase in Mg®°* as the number of
octamers without H4 tails increased (Fig. 4, A and B). This affect
was subtle when only one or two octamers present did not have
H4 tails (TTTT, Mgg,, 0f 1.8 = 0.1 mm; GTTT, Mgg,, 0 2.0 =
0.1 mv; GGTT, Mgy, of 2.3 = 0.1 mm) but became more
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FIGURE 3. The histone H4 tails are not essential for intra-array compac-
tion of tetranucleosomal arrays. A, shown is a schematic of tetranucleoso-
mal arrays used in this study with octamers possessing or missing histone H4
tails. The presence of the H4 tails in an octamer (T) is represented in schematic
form by a clear circle with two tails. The absence of H4 tails (G) is represented
by a shaded circle in the schematic. The octamer letter representations are in
ascending order with respect to DNA template fragment number, with the
exception of the GTTT array, which is in reverse order, i.e. the tailless nucleo-
some, G, occurs on DNA template fragment four. B, shown is a representative
integrated sedimentation coefficient distribution plot of the tetranucleoso-
mal arrays containing octamers with (TTTT) or without (GGGG) H4 tails in the
presence and absence of divalent magnesium ion. s, , is the sedimentation
coefficient corrected for water at 20 °C.

pronounced when 3 and 4 octamers were H4 tailless (GGGT,
Mg o of 3.0 = 0.4 mM; GGGG, Mggq, of 4.8 * 0.3 mm).

Nucleosomal Array Length and Saturation Affect Subsequent
Octamer Loss—The ability of tetranucleosomal arrays to
undergo significant self-association when containing as few
as two nucleosomes with H4 tails (Fig. 4, A and B) suggests
that this inter-array interaction could require even fewer than
four nucleosomes. To explicitly test this idea, we attempted
to compare the ability of mono-, di-, tri-, and tetranucleoso-
mal arrays to undergo divalent magnesium ion-induced self-
association. Homogeneous nucleosomal systems containing
one, two, three, or four nucleosomes were generated via liga-
tion and purification (Fig. 54, first lane of each panel), and
these arrays were subjected to differential centrifugation
MgCl, titration experiments. However, the results of these
experiments were initially highly variable, especially for the
shorter nucleosomal systems, and therefore inconclusive
(data not shown).

To better understand the source of this variability, we char-
acterized the integrity of our nucleosomal arrays when treated
with divalent magnesium ion. As visualized by native gel-elec-
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FIGURE 4. Inter-array self-association is disrupted by the loss of increas-
ing number of histone H4 tails and is affected by their position within an
array. A, the effect of number of octamers without H4 tails in a tetranucleo-
somal array on inter-array self-association is shown. A representative differ-
ential centrifugation plot of tetranucleosomal arrays containing zero, one,
two, three, or four tailless octamers is shown. The fraction of tetranucleo-
somal array remaining in the supernatant is plotted as a function of MgCl,
concentration. B, shown is a histogram representation of the concentra-
tion of Mg?* required for 50% sedimentation for tetranucleosomal arrays
depicted in A.

trophoresis analysis (Fig. 54), the nucleosomal systems demon-
strate increasing stability with increasing length, with the
mononucleosomes exhibiting the greatest degree of free DNA
in the presence of MgCl, and the tetranucleosomal arrays
showing no significant free DNA. This disassembly of nucleo-
somes is MgCl,-dependent, as the absence of MgCl, results in
no free DNA for each nucleosomal system, whereas increasing
amounts of MgCl, can generate increasing amounts of free
DNA. Additionally, no significant partially saturated array
intermediates are generated in producing the fully free DNA
state. These trends are observed over multiple trials, although
the extent of octamer loss varies slightly. These results suggest
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FIGURE 5. Neighboring nucleosomes enhance nucleosome stability.
A, shown is the effect of increasing magnesium concentration on nucleosome
stability. Mono-, di-, tri-, and tetranucleosomal arrays were incubated in the
presence of increasing concentrations of MgCl, then run on a native 4% poly-
acrylamide gel and stained with ethidium bromide. Lanes 0, 0.5, 1.0, 1.5, 2.0,
and 2.5 were incubated in the corresponding mm concentrations of MgCl,.
Arrowheads indicate the position of free DNA for each nucleosomal length
tested. B, shown is the effect of nucleosome density on nucleosome stability.
Trinucleosomal arrays, varying in degree of saturation, were created by ligat-
ing combinations of mononucleosomes and free DNA to create trinucleoso-
mal DNA templates with one, two, or three octamers assembled as shown in
the schematic, left. Lanes 1-3 show arrays with trinucleosomal DNA template
and one, two, or three assembled octamers, respectively. Each array was incu-
bated in the presence or absence of 2.0 mm MgCl, then run on a native 4%
polyacrylamide gel and stained with ethidium bromide. Arrowheads indicate
the position of free trinucleosomal DNA.

that relatively modest concentrations of MgCl, can induce
array disassembly and that disassembly is facilitated by shorter
array length or a decrease in array saturation.

To explicitly test the idea that loss of array saturation itself
promotes subsequent nucleosome disassembly, we ligated
trinucleosomal arrays, where both, one, or neither of the sites
flanking the central nucleosome was occupied by octamer (Fig.
5B, left). These three arrays were then purified and analyzed by
native gel electrophoresis before addition of MgCl, (Fig. 5B,
center). Despite the fact that during the purification, the desired
fractions largely contained one species (data not shown), small
amounts of additional species became present when these
pooled fractions were analyzed. Nonetheless, it appears that
these species are predominantly the parent array in some alter-
native conformation, as digestion of the arrays at a single site
generates only subspecies consistent with digestion of the par-
ent array (supplemental Fig. S1). When equal amounts of these
arrays were subjected to MgCl,, like the studies with the arrays
of different lengths, disassembly of the arrays to free DNA was
observed. Moreover, this disassembly was correlated to the sat-
uration of the arrays, being quite prominent in the array with no
octamers flanking the central nucleosome, more moderate with
one flanking octamer, and absent with two flanking octamers,
reflecting a facilitation of array disassembly by decreasing array
saturation.
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Nonetheless, even the dinucleoso-
mal array system showed apprecia-
ble differential self-association at
modest MgCl, concentrations, sug-
gesting that chromosomal stretches
of nucleosomes as short as two
might be sufficient to generate
cross-strand interactions.

DISCUSSION

Intra-array Compaction—Although
it was expected that the stability of
an intra-array compacted tetranu-
cleosomal array would be less than
that for longer nucleosomal arrays,
the strong propensity of 601 se-
quences for compaction as well as
the precedent of a fully compacted
601 tetranucleosome in the solid
phase (42) indicated that a tetranu-
cleosome might still become pre-

Tetramer

S L dominantly compacted in solution.

We found that ligated tetranucleo-
somal arrays do demonstrate intra-
array compaction at 1.75 mm MgCl,
but exhibit less complete compac-
tion than can be achieved for longer
nucleosomal arrays and do so in a

- -l - Mononucleosome
-=¥-=-Dinucleosome
— & - Trinucleosome
—a&— Tetranucleosome

\ manner seemingly independent of
Tl the histone H4 tail.
20 - ""'\_ A possible interpretation is that
v chromatin compaction is actually
0 ! ‘ L Y H4 tail-independent, requiring a
0 1 2 3 4 5 6

[MgC1,] (mM)

FIGURE 6. Neighboring nucleosomes enhance intermolecular compaction. A, shown is the presence of
detergent enhances nucleosome stability. Mono-, di-, tri-, and tetranucleosomal arrays were incubated in the
presence of 0.1% Triton X-100 and increasing concentrations of MgCl,, then run on a native 4% polyacrylamide
gel and stained with ethidium bromide. Lanes 0, 0.5, 1.0, 1.5, and 2.0 were incubated in the corresponding mm
concentrations of MgCl,. Arrowheads indicate the position of free DNA for each nucleosomal length tested.
B, increasing nucleosomal array length enhances intermolecular compaction. Left, mono-, di-, tri-, and tetranu-
cleosomal arrays were incubated in the presence of 0.1% Triton X-100 and 6.0 mm MgCl,, then run on a native
4% polyacrylamide gel and stained with ethidium bromide. Lanes 1-4 show mono-, di-, tri-, and tetranucleo-
somal arrays, respectively. Right, a representative self-association plot of mono, di-, tri-, and tetranucleosomal
arrays is shown. Nucleosomes were incubated with 0.1% Triton X-100 and increasing concentrations of MgCl,.
The fraction of nucleosome remaining in the supernatant is plotted as a function of the array concentration.

Dinucleosomes Exhibit Inter-array Self-association—Ion-
mediated disassembly of mononucleosomes has been previ-
ously observed and can be prevented with the addition of low
concentrations of non-ionic detergents (41). Indeed, in the
presence of 0.1% Triton X-100 detergent, the mono- di, tri-, and
tetranucleosomal systems showed no MgCl,-dependent disas-
sembly (Fig. 6A as compared with Fig. 54), even at 6 mm MgCl,
(Fig. 6B, left). Thus, these conditions are amenable to determin-
ing the minimal nucleosomal array length required to observe
array self-association. Performing the differential centrifuga-
tion MgCl, titration experiments, we observed that decreasing
nucleosomal array length decreased the propensity of the
arrays to generate self-associated species that sediment.
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different model for 30-nm fiber
formation. However, in light of the
partial compaction of the tetranu-
cleosomal array and the well prece-
dented role of the H4 tail in longer
arrays (9, 10, 13, 37), it seems more
likely that the observed behavior
reflects an inability of the tetranu-
cleosome to readily adopt the 30-
nm structure of longer arrays. At
least two structural models are con-
sistent with this idea. On one hand,
it may be that tetranucleosomal arrays cannot compact to the
same degree as longer arrays because they cannot adopt the
necessary spatial arrangement of nucleosomes. For example, in
arecently proposed version of the solenoid model, these shorter
arrays may not be long enough to form the helical repeat unit
composed of roughly six nucleosomes (38). In such a case, the
compaction observed may simply be due to neutralization of
the DNA phosphate backbone, allowing closer approach of the
nucleosomes on average without forming the stable, H4 tail-de-
pendent, structure. On the other hand, for models in which
fewer than four nucleosomes constitute a repeat unit, such as
the two-start helical model (44), it might be that the desired
nucleosome arrangement and interactions are present but can-
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not be sufficiently stabilized unless more of these interactions
are summed as is possible with longer arrays. In this case, where
the compacted state lies intermediate between the fully
extended and compacted state, the nucleosomes may not be in
close enough proximity for the H4 tail to exert much of an
effect. Both models are possible, and in fact recent structural
studies suggest that both states can be adopted (44).

Regardless of which structural intermediates are involved in
compaction, this lack of full array compaction even at a MgCl,
concentration significantly above those required for the longer
12-mer arrays (incomplete compaction at 1.75 mm MgCl, ver-
sus complete compaction at 1.0 mm MgCl,) indicates that
shorter stretches of nucleosomes have a significantly reduced
propensity to undergo intra-array compaction in vitro and
potentially reflects a requirement of long stretches of organized
nucleosomes to significantly compact in vivo.

Inter-array Self-association—The tetranucleosomal system
containing fully intact histones shows self-association proper-
ties similar to longer array systems. Like 12-mer arrays, the
tetranucleosomal array exhibits magnesium-dependent differ-
ential centrifugation, shows decreased self-association with
histone H4 tail loss, and generates self-associated species of
large size (8, 11, 44). However, this self-associated species dis-
plays differences from those of longer arrays. The apparent s
values for the self-associated tetranucleosomal arrays are sig-
nificantly larger than those observed for 12-mer arrays assem-
bled on the 5 S rDNA positioning sequence (8). This is presum-
ably due to augmented inter-array contacts that could arise
from a combination of factors, including differences in array
features (the tetranucleosomal array contains a stronger posi-
tioning sequence, shorter linker DNA lengths, and fewer repeat
units with respect to the 5 SrDNA 12-mer array), differences in
the level of intra-array compaction attainable before self-asso-
ciation (see below), and differences in assay conditions. Studies
on the 12-mer arrays were performed at a divalent magnesium
concentration where a lower percentage of arrays was involved
in inter-array interactions (~25% as opposed to ~50% for the
tetranucleosomal array).

The self-association of tetranucleosomal arrays is highly
cooperative, with species predominantly existing in either an
extensively self-associated state or as individual arrays. This
behavior could arise from a number of different sources. Het-
erogeneity in the array population might cause this behavior,
although our gel and centrifugation analyses suggest that the
arrays are quite uniform in their structure. Alternatively, for-
mation of the associated arrays may be under kinetic, not ther-
modynamic, control. Finally, array concentration may play an
important role, such that when a sufficient proportion of arrays
become self-associated, the concentration of non-associated
arrays may drop below a critical concentration required for
cooperative association, leaving the remaining population as
individual arrays.

From our characterization of tetranucleosomal array self-
association, as assessed by differential centrifugation, it ap-
pears that relatively few nucleosomes are required for robust
self-association. The ligated 601-177-4 array with full-length
histones has an Mg, of 1.8 mm MgCl, (Fig. 2B). This con-
centration is only slightly more than that observed for the com-
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parable 601177 12-mer array (Mggo of 1.5 mm) (10) and sug-
gests that relatively short stretches of nucleosomes support
robust array self-association. Interestingly, this behavior stands
in contrast to intra-array compaction, where even larger
increases in MgCl, concentration are not able to recapitulate
the behavior of the longer array systems. In fact, this decrease in
propensity for tetranucleosomal intra-array compaction may
be a contributing cause for the facility with which these shorter
arrays self-associate. Our previous work with cross-linked 601-
177-12 arrays indicates that intra-array compaction antago-
nizes inter-array self-association (45), suggesting that the
reduced efficacy of tetranucleosomal intra-array compaction
may in turn allow inter-array self-association to occur more
readily and extensively.

By extending our self-association studies to arrays with vary-
ing numbers of H4 tails and varying numbers of nucleosomes,
we find that even fewer than four nucleosomes provide sig-
nificant inter-array associations (Fig. 6B). Although decreas-
ing the number of H4 tails does progressively reduce tet-
ranucleosomal array self-association, tetranucleosomal
arrays with as few as two nucleosomes containing intact H4
tails show similar self-association properties to those arrays
with all four nucleosomes containing intact H4 tails (Fig. 4).
This suggests that only a fraction of the H4 tails might be
involved in self-association, in agreement with studies that
show that inter-array cross-linking of H4 tails to nucleosomes
occurs for only a fraction of the H4 tails (12, 45, 46). Because the
H4 tail is not the only factor involved in array self-association,
as the tetranucleosomal arrays still exhibit some self-associa-
tion with the loss of all H4 tails, tailless nucleosomes likely still
contribute in some fashion to array self-association. Indeed, the
dinucleosome, which contains two-tailed nucleosomes but
lacks the contributions of additional H4 tailless nucleosomes,
exhibits a decreased propensity for self-association (Figs. 4A
and 6B). However, the dinucleosome alone still exhibits a sig-
nificant degree of self-association.

To what extent this observation extends directly to chro-
matin iz vivo is not currently clear, as the uniformity, com-
position, and solution context of nuclear chromatin is more
complex. Still, it is suggestive that multiple instances of
interactions between relatively short stretches of nucleo-
somes might suffice to generate complicated self-associated
structures present in both interphase (2—4 mm MgCl,) and
mitotic nuclei (5-17 mm MgCl,) (47). Moreover, this behavior
might explain a discrepancy between chromatin structure in
vitro and in vivo. In vitro, stretches of nucleosomes have been
shown to adopt intra-array compaction to generate 30-nm
fibers at moderate ionic strengths and low nucleosome concen-
trations. Still, the existence of such fibers in vivo has been con-
troversial, with a number of recent in vivo imaging experiments
asserting that no such structures exist (48). Because we see that
relatively short stretches of nucleosomes can undergo self-as-
sociation in vitro, inter-array contacts that could form in trans
between chromosomes or in cis between distant nucleosomes
in the same chromosome may be prevalent under the ionic
conditions and high nucleosome concentrations present in the
nucleus. Such interactions could either interrupt or mask intra-
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array compaction, making formation of 30-nm fibers difficult
to observe in vivo.

Nucleosome Stability and Disassembly—Changing chroma-
tin structure through nucleosome disassembly constitutes an
important mechanism for regulating DNA-dependent pro-
cesses, such as transcription. In vitro studies of this process
have tended to focus on enzyme-mediated disassembly in the
context of individual nucleosomes, whereas our studies reveal
aspects of the intrinsic stability of nucleosomes within nucleo-
somal arrays.

Our experiments utilizing arrays that differ in length and
initial saturation show that nucleosome disassembly can be
facilitated by the addition of MgCl,. It has long been known that
the extent of association between histone octamer components
and nucleosomal DNA varies with monovalent cation concen-
trations, with high concentrations of ions being sufficient to
completely dissociate histones from DNA (33). The phenome-
non is likely due to shielding of the DNA-histone charge inter-
actions that constitute a large component of the free energy of
association. Similarly, we believe that the ionic nature of the
magnesium divalent cation and monovalent chloride anion can
also stabilize the dissociation of the charged nucleosome com-
ponents. However, we suspect that the divalent magnesium ion
interacts with the phosphate backbone of the nucleosomal
DNA beyond simple charge shielding in driving nucleosome
disassembly, similar to the fact that interactions beyond charge
shielding are involved for the increased divalent magnesium
cation-driven intra-array compaction and inter-array associa-
tion over monovalent cations at comparable ionic strength
(7, 8).

Our disassembly data also shows that with decreasing array
length or saturation, octamer dissociation occurs more readily.
This process of octamer loss does not appear to simply be
stochastic in nature, as intermediates predicted in such a
model are not observed (see supplemental Figs. S2 and S3). A
seemingly more appropriate model of octamer loss appears
to be one in which the frequency of octamer loss decreases
with increasing array length or saturation and where octamer
loss is cooperative, meaning that loss of one octamer facilitates
subsequent octamer loss. Mechanistically, such behavior might
occur by incorporating higher-order chromatin structure into
the model. We note that in addition to driving nucleosome
dissociation, our other experiments show that MgCl, can
promote intra-array compaction and inter-array associations.
Thus, the nucleosome-nucleosome interactions that occur dur-
ing Mg®*-induced intra-array compaction and inter-array
association may increase the free energy required to remove
octamers from their nucleosomal DNA. This idea provides an
appealing and novel biological role for higher-order chromatin
structure. It is known that some remodeling complexes that
create a state repressive to transcription act by uniformly spac-
ing nucleosomes (35). Such uniformly spaced nucleosomes pre-
sumably have an increased propensity for high-order chroma-
tin structure, which in addition to limiting access may increase
the energetic cost of disassembling the nucleosomes and limit
their aberrant disassembly. Additionally, during transcription
it is known that promoters can experience nucleosomal disas-
sembly (24, 25). Because loss of nucleosome saturation appears
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to facilitate subsequent nucleosome disassembly, commitment
to initial nucleosomal disassembly might cooperatively pro-
mote clearance of the neighboring nucleosomes at promoters.

Although MgCl, can drive nucleosome dissociation, it is
important to note that its presence is not always sufficient, as
low concentrations of detergent prevent the detection of this
disassembly. Nonetheless, we suspect the trends observed in
the absence of detergent reflect the relative nucleosome stabil-
ities for the different array species. These trends are likely to
become manifest under physiological conditions where mole-
cules such as histone chaperones can lower the energetic cost of
histone dissociation from nucleosomal DNA, as chaperones
play an essential biological role in disassembly of nucleosomes
from transcribed promoters (43).

Opverall, the ligatable nucleosomal system developed in this
study has allowed us to generate well defined arrays that can be
varied with respect to nucleosomal length, composition, and
saturation. This has allowed us to probe aspects of higher-order
chromatin structure and nucleosome stability that are influ-
enced by the nucleosomes themselves. As the formation of
higher-order chromatin structures also often involves nucleo-
some-interacting proteins, our system should also prove useful
for controlling and probing the role of such interactions.
Beyond studying higher-order chromatin structure, we expect
that this system can also help to clarify mechanistic issues
involving proteins and protein complexes that employ chroma-
tin as an enzymatic substrate. Altogether the ligatable nucleo-
some system should provide a powerful tool to deepening our
understanding of a wide range of biological processes involving
chromatin.
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