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Abstract
Nucleosomes are the fundamental subunits of eukaryotic chromatin. They are not static entities,
but can undergo a number of dynamic transitions including spontaneous repositioning along DNA.
Since nucleosomes are spaced close together within genomes it is likely that on occasion they
approach each other and or collide. Here we have used a dinucleosomal model system to show that
the 147bp DNA territories of two nucleosomes can overlap extensively. In the situation of an
overlap by 44 bp or 54 bp one histone dimer is lost and the resulting complex can condense to
form a compact single particle. We propose a pathway in which adjacent nucleosomes promote
DNA unraveling as they approach each other and that this permits their 147bp territories to
overlap. These may represent early steps in a pathway for nucleosome removal via collision.

In eukaryotic cells genomic DNA exists in the form of a nucleo-protein complex called
chromatin 1. The packaging of the genomic DNA imposes a hindrance to most DNA-
dependent processes including DNA replication, repair and mRNA transcription. This
implies an important role for chromatin structure in the control of many nuclear functions
2,3. The first step in the packaging hierarchy of chromatin is the formation of a nucleosome
core particle (NCP) 4.The NCP is commonly defined as a complex comprising 147bp of
double stranded DNA and an octamer of core histone proteins 5. The core particle as a
whole possesses a pseudo-twofold symmetry with the pseudodyad axis passing through the
central base pair of the 147bp DNA territory 5,6. It is convenient to refer to this dyad base
pair in order to describe the translational position of a nucleosome.

Of great practical and theoretical interest is the question of how the translational positions of
nucleosomes on a DNA molecule are specified. Different mechanisms have been proposed.
In the case of direct positioning, the position of a nucleosome is solely determined by its
interactions with the underlying DNA 7. In a more complex situation indirect positioning
involves binding of a non-histone protein such that it directs the positioning of adjacent
nucleosomes 8-10. So far relatively little attention has been paid to the question of whether a
first nucleosome is capable of indirectly positioning a second one in a similar manner.
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Instead in assigning nucleosome positions genome-wide it has been assumed that overlap
between 147bp territories is not possible.

Mononucleosomes can undergo a range of structural transitions including: transient
detachment of DNA from the surface of the histone octamer 11,12, destabilization of histone
H2A/H2B dimers 13, reconfiguration of histone dimers as part of a packing interaction
between nucleosomes 14, a chiral transition of the entire H3/H4 tetramer 15 and
repositioning of histone octamers along DNA 16. Given these numerous ways of adapting to
their environment it is not clear what actually happens when two nucleosomes approach or
collide. None the less this is likely to be of fundamental importance in regulating access to
the underlying genetic information.

Here we have studied the behaviour of Xenopus laevis nucleosomes as they approach each
other using a dinucleosomal system. We find that nucleosome-DNA interactions dominate
over the principle of indirect positioning through a second nucleosome: It is possible to
assemble template molecules on which the nucleosomes extensively overlap with respect to
their 147bp DNA territories. Moreover, we have used this system to analyse the structure of
dinucleosomes. We find that nucleosomes promote the unraveling of DNA from their
neighbors. In an extreme situation a territorial overlap of 44 bp is observed and in this case
one histone dimer dissociates from the complex enabling it to form a condensed particle.

Results
Assembly of dinucleosomes with defined separation

We developed a system for assembling dinucleosomes that involves the using the 601
nucleosome positioning sequence to direct sites of nucleosome assembly with high
efficiency 17. Two constructs were designed to result in internucleosome spacing of +48 bp
or 0 bp, in other words the central dyads of the nucleosomes were separated by 195 and 147
bp respectively (Fig. 1a). A third construct was designed such that the central base pair of
each positioning sequence was separated by only 103 bp such that they overlap by 44 bp
(Fig. 1a).

Nucleosome assembly reactions were carried out on all three constructs and the extent of
assembly first monitored by native gel electrophoresis (Fig. 1b-d). At lower ratios of
octamer:DNA, two species were observed consistent with the assembly of just one
nucleosome on either of the two positioning elements (Fig.1 b-d lanes 2-3). In assembly
reactions with octamer:DNA ratios of approximately 2:1 a slower migrating species was
predominant consistent with the occupancy of both nucleosome positioning sequences on
the same DNA fragment (Fig.1 b-d lanes 4-5).

Site directed nucleosome mapping was used to determine precisely where histone H4 makes
contacts with DNA on these fragments. Briefly, this technique involves mapping the
locations of cleavage sites caused as a result of the tethering of a DNA cleaving compound
to a specific location on the histone octamer. These can be used to assign the nucleosomal
dyad 6. In all cases, cleavage sites were observed to occur only at locations consistent with
the position nucleosomes have previously been observed to adopt on the 601 sequence (Fig.
1 e-g) 18. On the (-44bp) construct this involves the assembly of nucleosomes at locations in
which the 147bp territories overlap by 44bp (i.e. the dyads are separated by 103bp). As
nucleosomes assembled onto this construct at an octamer:DNA ratio of 2 have a discrete
mobility in native gel electrophoresis (Fig. 1d lane 5) it is likely that a single species is
generated in which normal DNA contacts in the region of the dyad are made simultaneously
at both of the positioning sequences on the template. While the data in Figure 1 was
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obtained using direct repeats of the 601 sequence, very similar results are observed using
inverted repeats of the same sequence (Supplementary Fig. 1).

Histone composition of model dinucleosomes
We first used native gel electrophoresis to monitor intermediates in dinucleosome assembly.
Assembly of the (0bp) construct with substoichiometric octamer, tetramer and hexamer
resulted in the generation of doublets with distinct electrophoretic mobility’s consistent with
the generation of single nucleosomes, hexasomes and tetrasomes respectively (Fig. 2a lanes
2-4 bands 1, 2, 3). Assembly reactions performed at higher histone:DNA ratios enabled
species corresponding to dinucleosome, ditetrasome and dihexasome to be identified (Fig.
2a lanes 6-8 bands 4, 5, 7). Furthermore, each remaining intermediate during the assembly
of two intact adjacent mononucleosomes can also be identified (Supplementary Fig. 2).
When the same analysis is applied to the (-44bp) construct a similar pattern is observed,
with the exception that one intermediate between a ditetrasome and the fully assembled
species is not detected (Fig. 2b; Supplementary Fig. 2). This indicates that the limit species
formed upon assembly on the -44bp construct are missing a histone dimer from one
nucleosome, but not the other.

In order to substantiate this hypothesis, we purified chromatin assembled on the
dinucleosomal constructs from native gels followed by tryptic digestion and nLC/ESI/MS/
MS analysis. We next determined the ratio between H2A/H2B dimer peptides and H3/H4
tetramer peptides on the (0bp) and (-44bp) constructs. Peptides derived from H3 and H4
were present at comparable abundances on both the (0bp) and (-44bp) constructs (Fig. 2c).
However, peptides derived from H2A and H2B were present on average 0.72-fold less
abundant in material derived from the overlapping construct in comparison to the touching
nucleosomes (Fig. 2c). This is best explained by the loss of one H2A/H2B dimer on the
(-44bp) construct.

Structural characterization of dinucleosomes by AFM
To gain further insight as to how the dinucleosomes are arranged, they were subject to
atomic force microscopy (AFM). Dinucleosomes reconstituted on the three DNA constructs
in Figure 1 were isolated by preparative native-gel electrophoresis, fixed in the absence or
presence of Mg2+ ions and imaged using tapping mode AFM (Fig. 3a-f). In the absence of
divalent cations on all three DNA constructs two separate particles could be resolved on the
majority of templates (Fig. 3 a-c). In the presence of 5 mM Mg2+ the (-44bp) construct
appears predominantly as single larger particles while template molecules on the (+48bp)
and (0bp) constructs can still be resolved as two individual nucleosomes (Fig. 3d-f).
Moreover, the particles in Figure 3f are higher than those observed on the other two DNA
constructs (Fig. 3g). Under similar ionic conditions an MNase digest of dinucleosomes on
the (-44bp) construct gives rise to a protected fragment of approximately 250 bp in length
(Fig. 3h). This shows that in the presence of Mg2+ the (-44bp) template molecules condense
to form a structure in which the linker DNA between the two particles is not highly
accessible.

The particles observed in Figure 3f possess a similar cross-section but increased height
compared to a mononucleosome. Such a structure can most easily be obtained if a stacking
interaction is formed between the hexasome and the nucleosome. We have built a model of
stacked dinucleosome based on two copies of the crystal structure of the NCP (Fig. 4a). The
last 44 bp of the DNA double helix in copy 1 were superimposed with the first 44 bp of the
DNA in copy 2. The resulting structure resembles an extended nucleosome in which the
DNA forms a continuous superhelix of approximately three turns. This arrangement of the
DNA is in good agreement with the observed inaccessibility to MNase digest (Fig. 3h).
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To test our model we have analyzed the steric interference between the histone proteins in
both copies of the NCP. In the presence of both inner dimers massive van der Waals clashes
are observed, which are clearly not compatible with the formation of such a structure
(Supplementary Fig. 3a). In fact, the two inner dimers cover almost the same volume
(Supplementary Fig. 3c). If, however, the inner dimer is absent from copy 2 of the NCP only
minimal van der Waals clashes occur (Supplementary Fig. 3b). In addition, these clashes
map to regions of the histone proteins which could easily be rearranged in the process of
folding.

Helical phasing contributes to the folded state
We next repeated the modeling described above for overlap lengths ranging from 3 bp to 60
bp and determined the root mean square deviation (RMSD) of the phosphorus atoms in the
segment used for superimposition. When plotted as a function of the overlap length a clear
10bp periodicity of the RMSD becomes apparent (Fig. 4b). This reflects the fact that the
DNA in superhelix 2 needs to possess the same rotational frame as the DNA in superhelix 1
so they can be superimposed smoothly. In the situation of a dinucleosome this suggests that
a folded particle, in which the DNA describes a continuous superhelix, can only be formed if
the dyad-to-dyad distance fulfils certain conditions, i.e. is an integer multiple of the helical
repeat length of DNA.

To test this hypothesis chromatin was assembled on (-44bp), (-49bp) and (-54bp) constructs
corresponding to neighboring local minima or maxima in Figure 4b. On all of these
constructs reconstitution gives rise to a limit species which contains only three H2A/H2B
dimers (data not shown). Following gel purification and fixation in the presence of Mg2+ the
template molecules were imaged by AFM (Fig. 4c-e). The (-44bp) and (-54bp) constructs
typically appear as single larger particles (Fig. 4 c+e), while in contrast the (-49bp)
construct, showed a markedly different behavior. While some of the template molecules still
appeared as single larger particles, on the majority of templates two separate small particles
could be distinguished (Fig 4d). Thus, on the (-49bp) construct Mg2+-induced folding indeed
occurs much less efficiently than on the other two constructs, for which the dyad-to-dyad
distance coincides with local minima in the model for the folded state.

Generation of overlapping nucleosomes by repositioning
We next sought to investigate whether nucleosomes that are initially intact and separate can
rearrange to overlap with each other during the course of spontaneous nucleosome
repositioning. To do this dinucleosomes were assembled onto a 396bp DNA fragment
derived from the mouse mammary tumor virus (MMTV) long terminal repeat (LTR) 19.
Site-directed mapping shows that in the starting material nucleosomes are present at the +70
(nucA) and -127 (nucB) positions (Fig. 5a). During temperature incubation nucleosomes are
lost from the +70 location, but remain present at -127 consistent with previous observations
indicating that NucA is shifted at lower temperatures than nucB (refs). In addition, new
mapping signals are observed at +22 and -25. The simplest explanation for this is that
nucleosomes move from +70 to +22 and -25. Movement of a nucleosome to -25 while the
second nucleosome remains at -127 would result in the dyads of these two nucleosomes
being separated by only 102 bp such that territories overlap by 44bp. Native gel
electrophoresis of mono and dinucleosomes assembled onto this DNA fragment shows that
mononucleosomes do not contribute to the mapping signal at the - 25 location
(Supplementary Fig. 4).

Further support for the spontaneous generation of nucleosomes with overlapping territories
on the same DNA molecule was obtained by using AFM. Following temperature incubation
and fixation in the presence of Mg2+ a considerable proportion of dinucleosomes assembled
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on the MMTV fragment appear as single larger particles similar to those formed on the
(-44bp) construct (compare Fig. 5b and 3f). In order to assess the occurrence of these
particles quantitatively, particle volumes were determined from images obtained before and
after mobilization (Fig. 5c+d). The volume distributions observed suggest initially separate
nucleosomes form condensed particles similar to those observed on the (-44bp) construct
(Fig 5c-g). In concert these observations suggest that spontaneous repositioning can result in
collisions between nucleosomes that involve DNA being shared between the two
nucleosomal particles

It has been shown previously that SWI/SNF remodeling of nucleosomal arrays gives rise to
nucleosomal species that protect 190-250 bp of DNA following digestions with MNase
(refs). In combination with our finding in Fig. 3h this raises the possibility that at least some
of the products result from the movement of nucleosomes into positions in which the
territories overlap. As a first step towards investigating this, dinucleosomes on the MMTV
LTR fragment were incubated with increasing amounts of RSC and subjected to site-
directed mapping (Fig. 5h). Following remodeling, new mapping signal is observed
predominantly at three positions (+18, -62 and -88). If two nucleosomes were present at +18
and at either of the other two positions concomitantly this would result in a territorial
overlap of 67 bp or 41 bp. Unfortunately, as the spectrum of products generated following
ATP-dependent remodeling are complex involving both nucleosomes moving from their
initial locations it is not possible to assign their structure in as much detail as is possible
during generation of overlapping nucleosomes by assembly or during spontaneous
repositioning.

Discussion
Nucleosomes are not static entities, but can undergo a number of dynamic transitions
including the transient dissociation of the outer turns of DNA and repositioning along DNA
11,16,20. The observations we present here support a simple pathway in which these two
properties combine. As a nucleosome moves towards a neighbor the unraveling of DNA at
the interface is stabilized such that one nucleosome can invade the DNA territory of another.

Our results demonstrate that both in reconstitution and in repositioning reactions certain
DNA sequences induce the formation of overlapping nucleosomes. Consistent with this the
DNA sequences upon which we observe dinucleosomes are made up from two separate
positioning elements both of which are also functional on their own, i.e. induce a
mononucleosome at a defined dyad position. However, we don not believe there is a large
penalty or benefit associated with the formation of overlapping nucleosomes for the
following reasons. Firstly, if there was a penalty associated with formation of overlapping
nucleosomes, we would anticipate that most template molecules would first become
occupied by mononucleosomes with overlapping nucleosomes only assembling once each
molecule was occupied by on nucleosome. Instead we observe that monomers and
overlapping nucleosomes are formed at the same rate regardless of whether the template
directs assembly of separate or overlapping nucleosomes (fig 1; data not shown). Secondly,
if there was a penalty associated with the formation of overlapping nucleosomes a longer
time course or higher temperature would anticipated when a nucleosome moves to a location
coincident with a neighbor in comparison to when it moves to the same location on free
DNA. Instead we find that NucA repositions at the same rate in the presence or absence of
NucB (not shown).

It has been shown that the positions of nucleosomes in native chromatin at least in part are
also selected by the quality of the nucleosome-DNA interactions 21. This raises the
possibility that overlapping nucleosomes can also be formed inside a living cell namely in
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places where two positioning elements occur at a suitable distance along the genomic DNA.
Several recent studies that have assigned nucleosome positions across genome segments
have relied on a territorial exclusion principle whereby two neighboring positioning
elements cannot be used at the same time if the 147bp territories of the corresponding
nucleosomes overlap 21-25. Our results indicate that this restriction is not justified and that
instead an overlap of at least 54bp is possible. Other studies focus on the use of nucleosomal
DNA of 147bp in length to assign nucleosome positions, when in fact occupancy over a
range from 80 – 300bp may be possible 26.

For all DNA constructs characterized by AFM, the measured CM-CM distances indicate that
the stretch of DNA physically present between the two nucleosomes is larger than the
amount of DNA between their 147bp DNA territories (Supplementary Fig. 5g). It is unlikely
that this is simply an artifact occurring during sample preparation as nucleosomes were fixed
with glutaraldehyde prior to deposition. Furthermore, the extent of separation was dependent
on the ionic conditions in solution at the time of cross-linking and persists at millimolar
Mg2+ concentrations (compare Supplementary Fig. 5a+b and d+e). Previous studies have
also reported larger than anticipated CM-CM distances at low ionic strength 27-30. The
surprisingly large separation between nucleosomes is best explained by the partial
unwrapping of nucleosomal DNA. Transient unwrapping of the outer turns of nucleosomal
DNA has been observed in mononucleosomes 11,12. The binding of transcription factors to
sequences on the edge of nucleosomes acts to promote the unraveling of DNA 20,31 and it
is possible that the of neighboring nucleosomes may promote the exposure of DNA in a
similar way. This could occur by steric occlusion or electrostatic repulsion. Consistent with
the latter, ionic conditions at the time of cross-linking influence CM-CM distances
(Compare Supplementary Fig. 5a+b and d+e). The end result is that whereas DNA within a
mononucleosome spends approximately 10% of time in the unwrapped state 12, this may be
considerably extended in the context of dinucleosomes or longer arrays of uncondensed
chromatin.

The dissociation of 3 helical turns of DNA results in the loss of many of the contacts with
the histone dimer on that side of the nucleosome. As histone dimers spontaneously
dissociate from octamers at physiological salt concentrations, the unraveling of DNA could
promote the loss of histone dimers. This will expose an additional proportion of the DNA
territory at the interface. If this is subsequently occupied by an adjacent nucleosome
reassociation of the dimer would no longer be trivial. This provides a simple pathway by
which a nucleosome could invade the DNA territories of its neighbor as a result of
spontaneous or ATP-driven repositioning.

On some of the dimeric 601 constructs the two nucleosomes coalesce upon addition of Mg2+

to form particles with a circular cross-section and increased height compared to single
nucleosomes. Moreover, overlap lengths, for which Mg2+-induced folding occurs most
readily, recur with a 10bp periodicity and the DNA in the linker region is protected from
digestion by MNase. Altogether these observations are indicative of a cylinder-shaped
particle with DNA wrapped around its lateral surface in one continuous superhelix. With the
aid of of the NCP structure we have been able to build a detailed model that fits the
experimental observations. The model obtained for a 44bp or 54bp overlap length contains
one inner dimer. Although this dimer formally can be assigned to one of the two NCP’s it
might interact with both tetramers in a structurally equivalent manner (Supplementary Fig.
3c).

For the non-overlapping dinucleosomes on the (0bp) construct it is also possible to obtain a
model of a stacked particle, in which only minor steric interference occurs (not shown).
Experimentally, however, upon addition of Mg2+ no coalescence of the nucleosomes on
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these template molecules can be observed (Fig. 3e) although some compaction has
previously been reported by analytical ultracentrifugation 32. This could suggest that two
nucleosomal ends, both of which are sealed off by a histone H2A/H2B dimer, generally
cannot form the type of stacking interaction required for dinucleosomal folding or
association in trans. Only when at least one of the two inner dimers is released is a suitable
dimerization interface created. This stacking interaction is somewhat reminiscent of
previous studies showing that tetramers can stack against each other 6,33,34. Indeed, it is
possible that with even greater overlaps than we have studied here adjacent hexasomes
might stack in this way.

Chromatin remodeling complexes such as RSC and SWI/SNF use energy derived from ATP
hydrolysis to overcome thermodynamic constraints on nucleosome mobility. As a result they
have the potential to drive the formation of overlapping nucleosomes even in the absence of
suitable positioning elements. Remodeling of mononucleosomes by RSC or SWI/SNF can
result in the unraveling of up to 50 bp from the edge of one of these nucleosomes 35-37. The
exposed DNA binding surface of these remodeled mononucleosomes provides a means by
which they may associate to form dinucleosome-like particles 38,39. Nucleosomes located
within arrays do not have the same opportunity to encounter DNA ends. Instead it is far
more likely that one nucleosome will collide with a neighbor as a result of sliding. If DNA is
unraveled from either nucleosome at the point of collision the result would be that one
nucleosome would encroach upon territory occupied by the other in a fashion very similar to
that we have reported here.

More recently, generation of an altered dinucleosome like particle, termed the altosome, as a
result of SWI/SNF-remodeling of polynucleosomal arrays has been reported 40,41. The
altasome differs from the structures we have detected in there is a DNA cross-over between
adjacent intact nucleosomes, all histone polypeptides are retained. The hallmark of the
altosome is the protection of DNA fragments from 190 to 250 bp in an MNase digest. The
latter observation is consistent with the continuous DNA superhelix in our model, but less
likely for any arrangement of the DNA that involves a cross-over. While evidence is
presented that no histone dimers are lost from altosomes 41 other studies have found that
SWI/SNF related complexes reduce the stability with which histone dimers are retained in
nucleosomes 42,43, and in this study we found detection of a 25% reduction in histone
dimer content to be technically challenging.

Finally, we observed the redistribution of dinucleosomes to positions in which they appear
to overlap following remodeling with RSC (Fig. 5h). Therefore, overlapping dinucleosomes
may contribute to the spectrum of products generated during the course of ATP-dependent
chromatin remodeling reactions. As we also observed that the formation of overlapping
nucleosomes can result in the dissociation of histone subunits, it is tempting to speculate that
similar species generated during remodeling by SWI/SNF complexes could represent
intermediates in the complete removal of histone octamers. In such a reaction an adjacent
nucleosome would be required for octamer removal, a concept that is gaining support 44-46
and that is consistent with the observed kinetics of nucleosome removal at the PHO5
promoter 47. It is now important to establish whether are indeed formed in vivo. Our
preliminary efforts with this aim have been unsuccessful and it may not be trivial to detect
such species if they exist transiently. It is none the less also possible that other DNA
translocating enzymes such as DNA and RNA polymerases may precipitate related
collisions between nucleosomes.

As collisions between nucleosomes have the potential to perturb chromatin structure on a
genome wide scale, it may be generally advantageous to prevent such collisions occurring.
All eukaryotes posses nucleosome spacing enzymes including members of the ISWI and
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Chd1 families of Snf2 related proteins that act to position nucleosomes equidistant from
their neighbors. Many of these enzymes are abundant and have the potential to hydrolyze
large quantities of ATP. That they have proven to be of value throughout the evolution of
eukaryotes may reflect the importance of preventing inter nucleosome collisions over the
majority of our genomes.

Methods
DNA fragments—All dimeric 601 constructs are based on the 147bp core of the 601
sequence as defined in14. The two halves are joined via an EcoRI restriction site. Where
additional DNA is present it is derived from the DNA flanking the 147bp core in the original
220bp 601 sequence48. Direct-repeat constructs were cloned in pBluescriptII and then PCR-
amplified. Indirect-repeat constructs were synthesised by preparative ligation. The MMTV
DNA sequences used were amplified from pAB438 49 by PCR such that 18bp extensions
were generated on the ends protruding beyond NucA and NucB.

Nucleosome Reconstitution, native-gel electrophoresis and site-directed
hydroxyl-radical mapping—Expression of histone proteins, octamer refolding and
nucleosome assembly were performed as described in50. For mapping experiments H4S47C
and H3C110A mutant histones were used. Native-gel analysis and site-directed mapping
were performed as described in36. In the experiments in figure 1, 2, S1 and S2 a Cy5
fluorescent end label was used instead of 32P. These gels were scanned using an FLA-5100
imager (Fuji). RSC complex was purified as described previously 51.

Mass spectrometry—Gel slices containing the dinucleosomal species of interest were
excised from a native gel and an in-gel tryptic digest was performed. Peptides were
extracted from the gel slices and analysed in triplicate by nLC/ESI/MS/MS on an LTQ
Orbitrap XL mass spectrometer. For all peptides identified in a Mascot search the signal
intensities were obtained by extracted ion chromatograms using the Quan Browser software
(Xcalibur). Peptides with a signal intensity of less than 50,000 counts*seconds were
discarded. The remaining signal intensities were normalised by dividing sample by reference
for each individual peptide. Each replicate of the sample was divided by each replicate of
the reference and the geometric mean was determined. Peptides with a standard deviation of
larger than 0.4 were excluded from further analysis. Averaged normalised signal intensities
were plotted against peptide number and the geometric mean was calculated separately for
the set of dimer-derived and tetramer-derived peptides. Sequences of the peptides used in
figure 2c are available on request.

Atomic Force Microscopy—Dinucleosomes were purified by native-gel electrophoresis
and electroelution. 2μl of the electroeluted samples were fixed in 10μl 5mM Hepes, and 2μl
1% v/v glutaraldehyde for 15 min. Where indicated MgCl2 was present at a final
concentration of 5mM in the fixation reaction. Directly after fixation, 2μl of the mixture was
deposited on freshly cleaved mica, flushed with milli-Q water, dried in a stream of nitrogen
gas, and imaged using a Nanoscope IV (Digital Instruments) operated in tapping mode
AFM, acquiring 1μm*1μm images with 512*512 pixels. Image processing was done with
custom built software written in LabVIEW.

Model construction—All in silico models of dinucleosomes were created in pymol. The
models are based on the high-resolution crystal structure of the NCP 1KX5. For
superimposition of DNA helices the phosphorus atoms in both strands were used.
Construction of the model of the unfolded state of a dinucleosome in figure 5a is described
separately in supplement 5.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Chromatin assembly on defined dinucleosomal templates
a, Schematic representation of three dimeric 601 constructs based on direct repeats of the
positioning sequence. The 147bp positioning sequence is indicated by the shadowed arrows.
On the (-44bp) construct 22 bp have been removed from the inward-looking end of each of
the two copies. b-d, Native-gel analysis of reconstitutions on the above DNA constructs.
Reconstitutions were performed at increasing [octamer]:[DNA] ratios. Bands corresponding
to the two types of mononucleosomes and one type of dinucleosome are indicated. e-g, Site-
directed-mapping analysis of the reconstitutions in (b-d). Mapping signals are indicated by
the vertical bars on the right. The marker lanes on the left contain DNA partially digested at
the HinPI 1 restriction sites 2 bp upstream of the 601 dyad position. The DNA fragments
used in the reconstitution reactions were prepared by PCR which also gives rise to some
DNA fragments comprising a single repeat of the 601 sequence only (*).
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Figure 2. Measuring the histone content of dimeric chromatin particles
a+b, Reconstitution and native-gel analysis. Reconstitutions were performed at the indicated
[octamer]:[DNA] and [tetramer]:[dimer]:[DNA] ratios and analyzed by means of native-gel
electrophoresis. Assembly was performed on a the (0bp) and b the(-44bp) construct. Each
intermediate in assembly is labeled for a full description see text and Supplementary Figure
2. 1, mononucleosomes; 2, monotetrasomes; 3, monohexasomes; 4, fully assembled species;
5, ditetrasome; 6, tetrasome-hexasome; 7 dihexasome; 8 hexasome-nucleosome. c, The
major fully assembled species (i.e. bands 4 in a+b) were purified by native-gel
electrophoresis, digested with trypsin and analysed in triplicate by LC/ESI/MS/MS. Signal
intensities of peptides in the (-44bp) samples were divided by the corresponding signal
intensities in the (0bp) samples and the average over all replicates was calculated for each
individual peptide (blue diamonds). Then these averaged normalized signal intensities were
averaged separately for dimer-derived (green) and tetramer-derived (red) peptides yielding a
[dimer]:[tetramer] ratio of 0.72. Standard deviations are shown as error bars.
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Figure 3. AFM imaging of dinucleosomes
a-f, Dinucleosomes on the respective constructs were gel-purified, fixed in the absence (a-c)
or presence (d-f) of 5 mM Mg2+ and imaged. In the presence of divalent cations the
overlapping dinucleosomes on the (-44bp) construct appear as single particles of increased
height. g, Maximal heights of the particles in the experiments in d-f. The average height of
the nucleosomes on the (+48bp) and (0bp) constructs is indicated by the blue vertical line. h,
Dinucleosomes on the (+48bp) (lanes 1-3) and (-44bp) (lanes 4-6) constructs were treated
with MNase for the indicated amounts of time. An MNase resistant fragment of around 250
bp is observed for the dinucleosomes on the (-44bp) construct.
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Figure 4. Helical phasing is required for the condensation of overlapping dinucleosomes
Structural models of dinucleosomes on the (-44bp) construct in the unfolded (left) and
folded (right) states (a).. The exposed inner dimer on the complete nucleosome is
highlighted red. Other histone proteins are shown in blue and DNA in yellow. b, A plot of
the root mean square deviation (RMSD) of phosphorus atoms as a function of the overlap
length for partial superimposition of two copies of the DNA superhelix in 1KX5. For a
chosen overlap length n the last n base pairs in the first copy were superimposed with the
first n base pairs in the second copy. The helical periodicity suggests that formation of
compact structures is likely to require helical phasing. c-e, AFM imaging of dinucleosomes
with overlaps lengths of -44, -49 and -54 bp following fixation in 5 mM Mg2+. Formation of
compact particles is observed for the (-44bp) and (-54bp) constructs that coincide with
minima in a, unfolded particles predominate for the -49bp construct.
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Figure 5. Formation of overlapping nucleosomes as a result of repositioning
a, Samples of a dinucleosomal reconstitution on the MMTV were incubated at 0, 42, 47 or
52 °C for 60 min and analyzed by site-directed mapping. Mapping signals are labeled with
the respective dyad positions. b, Dinucleosomes were gel-purified, temperature-treated and
fixed in the presence of 5 mM Mg2+ followed by AFM imaging at room temperature. c-g,
Volumetric analysis of particles on the MMTV fragment before (c) and following (d)
temperature incubation and on the three 601 constructs in the presence of Mg2+. Where two
particles could be resolved on a template molecule their volumes were determined and
scored separately. Where only one large particle was present the total volume of the
composite particle was used. h 2 pMoles of Dinucleosomes assembled on MMTV DNA
were subject to remodeling with 0, .015, .03, 0.6, .012 fmoles RSC in the presence of 1mM
ATP from 30 min at 30°C. Following remodeling the major new locations detected are
consistent with nucleosomes moving into locations in which their DNA territories overlap.
The loss of mapping signal in lanes 4 and 5 may be due to the increased heterogeneity in the
remodeled chromatin and or additional alterations to chromatin structure.
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