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Spontaneous emergence of sequence-dependent rosettelike folding of chromatin fiber
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In the crowded environment of the eukaryotic nucleus, the presence of intrinsic structural defects is shown
to predispose chromatin fiber to spontaneously form rosettelike structures. These multilooped patterns self-
organize through entropy-driven clustering of sequence-induced fiber defects by depletive forces prior to any
external factors coming into play. They provide an attractive description of replication foci that are observed in
interphase mammalian nuclei as stable chromatin domains of autonomous DNA replication and gene expres-
sion. Experimental perspectives for in vivo visualization of rosettelike organization of the chromatin fiber via
the clustering of recently identified putative replication initiation zones are discussed.
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Replication and transcription of DNA require great repro-
ducibility and coordination, all this in the crowded environ-
ment of the cell nucleus. Regulation of these complex pro-
cesses relies in part on the conformation and dynamics of the
30 nm chromatin fiber that ultimately condition DNA se-
quence accessibility. Chromatin fiber is a nucleoprotein fila-
ment with nonhomogeneous structural and mechanical prop-
erties [1]. This heterogeneity evidently affects how the fiber
folds and organizes into higher-order structures like loops,
coils, or chromonema. However, despite increasing experi-
mental and modeling efforts [2], the so-called tertiary chro-
matin structure is still very controversial and the possible
role, if any, of the DNA sequence at such large scales re-
mains an enigma. Recently, a genome-wide wavelet-based
multiscale analysis of human DNA sequences [3] has re-
vealed the existence of well defined “replication domains”
delimited by 1000 putative replication origins. In these do-
mains, gene position, orientation, and breadth of expression
present a high level of organization: around the replication
origins, genes are abundant and broadly expressed, and their
transcription is co-oriented with the replication fork progres-
sion; at replication domain centers, genes are rare and ex-
pressed in few tissues. Consistently with the experimental
demonstration [4] that domains of open chromatin fiber are
enriched in broadly expressed (housekeeping) genes, these
replication initiation zones conserved across mammalian ge-
nomes are likely to correspond to local open chromatin fiber
defects creating an environment that facilitates the initiation
and coordination of transcription and replication [3]. Here,
our goal is to show that these intrinsic open chromatin de-
fects are likely to predispose the fiber to spontaneously com-
pact itself into a rosettelike structure optimizing the recruit-
ment of protein complexes involved in the activation of
transcription and replication.

Macromolecular crowding in the cell nucleus is thought to
affect the condensation and decondensation of chromatin and
in turn the regulation of transcription and replication [5].
Recently, Snir and Kamien [6] have shown that short mo-
lecular chains modeled as stiff (but not rigid) impenetrable
tubes, immersed in a solution of small spheres, are driven to
a helix configuration by depletion forces. However, their ar-
gument is limited to uniform and rather short tubes of length
of the order of a few persistence lengths [, of the rod. For
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longer chains, the picture rapidly grows in complexity with a
plethora of optimal configurations (e.g., hairpin, B-sheet, su-
perhelix, torus) leading to an overwhelmingly rich phase dia-
gram. In this study, we aim to show that the presence of
chromatin fiber rosettes can be explained using depletion ar-
guments for long tubes with “frozen” heterogeneously dis-
tributed geometric and/or elastic properties. By frozen, we
mean that these defects are imprinted on the chromatin fiber
by the sequence itself. Indeed, the fiber is known to be de-
pendent upon the properties of the nucleosomal string of
beads [7], which in turn is influenced by the double-helix
sequence-dependent mechanical properties. As mentioned
just above, the recently discovered replication origins [3]
provide privileged locations for some intrinsic decondensed
fiber defects.

For a semiflexible tube in a dilute environment, local re-
pulsive potentials among parts of the fiber induce a self-
avoiding random walk configuration (swollen coil [8]). In a
crowded environment, the depletion action may dominate
and the fiber will tend to collapse on itself, forming a globu-
lar phase. An important feature of the depletion potential lies
in its simplistic geometrical nature. We thus consider a sys-
tem constituted of a dense fluid of hard spheres bathing a
semiflexible tube. The tube is assumed to be nonuniform
with localized geometrical defects, e.g., local thickening. To
make the computation easily tractable, this semiflexible tube
can be modeled by a compact helix [9], whereas the geo-
metrical defect would be local decompaction to form “open
spots” as illustrated in Fig. 1(a). Note that the helix structure
as well as the mechanism that led to it are of no importance
for our purpose, the only critical aspect for our demonstra-
tion being that the local degree of compaction will vary
along the fiber to mimic decondensed structural defects. The
elastic nature of the tube (or helix) prevents the appearance
of points with too high curvature; consequently the first step
in the condensation of the tube is the formation of loops (Fig.
2). Loop formation involves competition between the bend-
ing energy of the tube and the entropic gain of the hard
sphere fluid. The free energy cost is dominated by elastic
energy for small loops and by entropy for large ones. This
results in a preferential length of (3—4)/, in the wormlike
chain model with a characteristic loop-formation dynamics
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FIG. 1. Different scales in the spontaneous emergence of ro-
settelike folding of the chromatin fiber in the crowded environment
of the cell nucleus: (a) individual “open defect” along a helicoidal
fiber; (b) and (c) entanglement of a pair of defects; (d) formation of
a loop resulting from the entanglement process; (e¢) plausible ar-
rangement of a number of defects to form the core of a rosette; (f)
chain of rosettes.
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(~1072 s) which is much faster than the replication time
scale (20 mn to a few hours) [10].

Once a loop is formed [Figs. 2(a) and 2(b)], contact will
be maintained by depletion forces; hence the loop will pref-
erentially relax through local gliding of the two contact
points [Fig. 2(c)], which leaves the depletion potential
mainly unchanged. This is where local defects come into
play: when they meet from this gliding process, they act as
local geometrical wells and “stick” together [Fig. 2(d)]. This
defect-induced stabilization is important since it prevents
further depletion mechanisms from occurring. Indeed, by
modifying locally the angle of tangent vectors at the contact
points, the depletion force could drive them to align in op-
posite directions, forming the first turn of a helix or toroidal
condensate; alternatively it could align them in the same di-
rection, favoring the formation of hairpins. The presence of
defects, by favoring a specific contact geometry, breaks the
symmetries (translational, axial) essential to the formation of
these compact structures. For example, let us consider the
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FIG. 2. Steps involved in loop formation in depleting environ-
ment: (a) free evolution of the tube; (b) formation of an unstable
loop at around (3-4)L,; (c) gliding of the loop; (d) trapping of the
loop by local defects. The translucent surface represents the ex-
cluded volume for the fluid of hard spheres that is reduced from the
overlap resulting from the loop formation.

overlap volume of excluded regions induced by the entangle-
ment of a pair of “opened” regions along the inhomoge-
neously compact fiber of our pedagogical example [Figs.
1(b) and 1(c)]. For a given geometry of the defects (number
of turns, pitch, radius) and putting aside the elastic and en-
tropic contribution involved in loop formation, we can limit
the description of the depletion potential in terms of two
configuration parameters, namely, the angle between the two
strands and the relative axial translation (or shift). For a
given configuration (i.e., for given values of these two pa-
rameters), there is a minimal distance between helix axes,
constrained by contact points. We have computed numeri-
cally the overlap of the excluded volume v, for two defects
involving four complete turns of both helices [Fig. 1(b)].
Figure 3 actually shows v,,;; the depletion potential itself
depends linearly on v, [Eq. (4)]. What should be noticed is
the rather sharp potential well centered around 32°; indeed,
we can observe a narrow valley that cover angles ranging
from about 28° to 36°. Note also that the bottom of the valley
varies in shift with the angle, a trivial consequence of the fact
that when the two defects are deeply entangled, they can still
rotate with respect to one another if they are allowed to glide

FIG. 3. Depletion potential be-
tween two “opened” regions along
a helicoidal fiber as a function of
the relative angle of the two
strands (abscissa) and the relative
shift along the axis of one of the
two strands (ordinate). The vol-
ume overlap v,y is shown for the
following parameter values rela-
tive to the radius of the fiber itself
(ry=1): radius of both helices r,
=3, helix pitches p,=9, and
sphere radius r;=0.2.
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axially. In any event, the message here is that a simple geo-
metrical defect conformation can lead to the presence of
these local depletion locks that may more or less select some
characteristic inner loop angle in the rosette pattern self-
organization.

As illustrated in Figs. 1(e) and 1(f), the emergence of
rosettelike folding of the chromatin fiber in the crowded cell
nucleus results from the aggregation of defects. Here, we
characterize the distribution of the number of loops per ro-
sette from a minimal parametrization of the system. We con-
sider a dense fluid composed of a large number N, of iden-
tical spheres bathing a tube which, for simplicity, contains N
equidistant defects separated by a distance / along the tube.
Consistently with the experimental observation that replicons
involved in replication foci are likely to be adjacent to
each other on the same chromosomal DNA molecule
[[11(a)],[11(b)]], we assume that rosettes are formed while
respecting the sequential order of defects along the tube. If
we cannot rule out the possibility of nonlocal loops, we
somehow implicitly hypothesize that the crowded environ-
ment, far from fluid, imposes additional mechanical con-
straints that cause the contribution of far-reaching defect col-
lisions to the overall entropy to increase faster than
logarithmically. Let n denote the number of rosettes along
the tube; solitary defects are also considered as trivial “ro-
settes” with zero loops. The case n=N represents the absence
of clustering since all defects are then solitary. The case n
=1 corresponds to a single large rosette assembling all de-
fects. We separate the system into two parts in a natural
fashion, namely, the hard sphere fluid and the tube itself. Let
F, F,, and F, denote the free energies of the system, the tube,
and the spheres, respectively (all of which depend on n),
such that we can write F=F,+F,. The most probable value
for n is obtained by equating to zero the chemical potential
M, of a rosette:

p="m="t 2220, (1)

The equation of state of a fluid of hard spheres has been
extensively studied in the past [12]. We follow the method
used by Dinsmore et al. [13] and make use of the Carnahan-
Starling approximation [14]:

P(n)Vn) 1+e+¢’ -¢°

NkgT = (1-¢)

where =N,/ V(n) is the sphere density, Py(n) the fluid
osmotic pressure, v, the volume of each sphere, and V (n)

the volume available to the spheres. The F, term can be
expressed as

(2)

Fl=E0+(N—n)AF]—kBT1n( ), (3)

n
N
where AF;>0 is the free energy cost for the formation of a
single loop, and Ej is an energy term assumed to be inde-
pendent of n. We appreciate that this assumption may seem
an oversimplification; however, our goal here is to propose
an approximation with minimal complexity that still leads to
enough structure such that we can derive a useful result for
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FIG. 4. Chemical potential vs the number of loops per rosette
(N/n—1). The thick solid curve serves as a reference and corre-
sponds to the parameter values ®=0.28, AF;=9%pT, and v, /v
=10. For these values, a mean value of 2.8 loops (@) per rosette is
expected. Increase of ® to 0.29 (dash-dotted curve) increases the
mean to 7 (A); similarly, increase of v, /v, to 11.5 (dotted curve)
results in a mean value of 12.6 (). Increase of AF; to 10kgT
(dashed curve) reduces the mean to 1 ((J). Decrease of AF; to 8kgT
(thin solid curve) increases the mean to 7.6 (O).

the chemical potential w,. This pragmatic approach is moti-
vated by the fact that the parameters that we just introduced
cannot be measured with great precision for the time being
as we will discuss below. The last term on the right-hand side
of Eq. (3) corresponds to the number of arrangements of n
rosettes from N defects and contributes to the entropy of the
tube. From Egs. (2) and (3) and from the thermodynamical

. GF,
identity —"=-P,, we get:

N-n

w,=—kgT ln( )—AF,
n

fifezce
? Uy (1_§0)3 ’

v, .

where v,,)=—-" represents the overlapping excluded volume
gained for the spheres due to the interaction between two
defects. Thus, this simple model depends on three param-
eters: the free energy cost of a loop, AF;, the normalized
overlap volume per loop, v,,/v,, and ¢. AF; can be approxi-
mated by the sum of an elastic energy term and an entropic
term:

(4)

(5)

where [=(3-4)l, is the length of a typical loop, x=7, and
¢=3-4 [10]. Physiological values for the hard sphere fluid
density ®=¢(n=N) vary between =0.2 and 0.3 [5]. For a
30 nm fiber we can expect vy~ 10° nm? (see Fig. 3); the
typical size of proteins is v,~ 10?> nm?, leading to values of
Uov/ U, around 10.

As illustrated in Fig. 4, increase in the sphere density ® or
the normalized overlap volume results in an increase of the
average number of loops per rosette (N/n—1), and thus in a
more compact structure. On the other hand, increase in the

AF[ = szTle/l + CkBT ln(l/lp) = 9kBT,
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free energy cost of loop formation (stiffening of the fiber)
decreases the average number of loops. Interestingly, we find
that the average number of loops per rosette can be regulated
by fine tuning the values of these parameters within the
physiological range. For instance, for v,,/v,=10 and AF,
=9kgT, varying ® between 0.28 and 0.29 results in the av-
erage number of loops per rosette running from 2.8, i.e., low
clustering, to 7. This provides attractive scenarios for the
spontaneous emergence of chromatin rosettes in the nucleus
prior to their possible stabilization by external factors, e.g.,
DNA binding proteins [[2(c)],[11,15]].

Various models of interphase chromatin based on a mul-
tilooped structure of the 30 nm fiber have been proposed in
the literature [[2(b)]], but they all involve interaction with
some nucleoproteic complexes to organize the structure, e.g.,
the scaffolding proteins that interact specifically at certain
DNA regions (scaffold associated regions) to fold the fiber
[16] or the transcription complexes strung along the genome
that form clusters and consequently fold the chromatin fiber
[15]. In Refs. [[15(b)],[15(c)]] nonspecific entropic forces
between polymerases already engaged on the chromatin fiber
have been proposed as possibly driving the compartmental-
ization of genomes into loops containing several thousands
(and sometimes millions) of base pairs. The present work
advocates the very attractive alternative that the chromatin
fiber can self-organize into rosettelike patterns thanks to its
heterogeneous structure. Recent modeling [[7(c)],[7(d)]] has
revealed an extreme sensitivity of the internal fiber confor-
mation to the local structural and mechanical properties of
the nucleosomal string, e.g., the linker length, the entry-exit
angle between the linkers, or the twist angle along a linker.
The fiber local structure is known to be controlled by epige-
netic modifications of these architectural nucleosomal pa-
rameters [[7(b)],[7(d)]] (DNA methylation, histone modifica-
tions, etc.). Yet, as suggested by recent modeling of the
thermodynamics of DNA loops [17], the local properties of
the nucleosomal string are also conditioned by the primary
DNA sequence. Therefore the structural defects of the fiber
can be encoded in the sequence. The entropy-driven fiber
folding mechanism described above leads to the aggregation
of neighboring defects into clusters that ensures high local
concentration of distant DNA target sites. This clustering is
likely to favor the recruiting of protein complexes involved
in the activation of replication and transcription. In this con-
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text, the set of 1000 putative replication initiation zones re-
cently identified in the human genome [3] are good candi-
dates for some intrinsic decondensed fiber defects. This is
further justified by the fact that most of these well-positioned
putative replication origins are found to lie close to the pro-
moter regions of divergent genes that are expressed in a large
number of tissues and that are likely to exhibit characteristic
nucleosome free transcription start sites [ 18]. Thus, the spon-
taneous emergence of rosette patterns, likely maintained by
the origin recognition complexes, provides a very attractive
description of the so-called replication foci [11] that have
been observed in interphase mammalian nuclei as stable
structural domains of autonomous replication that persist
during all cell cycle stages. Furthermore, the remarkable
gene organization discovered around the putative replication
origins [3] (with clusters of genes mostly co-oriented with
the progression of the replication fork) strongly suggests that
these rosettes contribute to the compartmentalization of the
genome into autonomous domains of gene transcription. Via
the self-organizing structural role of the replication origins,
the DNA sequence might therefore code, to some extent, for
the tertiary chromatin structure. Even though one expects to
observe, from one cell cycle to the next, fluctuations in the
number of loops contained in each rosette [Fig. 1(f)], the
genetic imprinting of defects is likely to ensure the inherit-
ance of the interphase chromatin rosette organization.

To conclude, this study raises opportunities for future ex-
periments. For example, by using different techniques for
labeling specific chromosome regions (fluorescent in situ hy-
bridization, chromosome painting), we can hope to visualize
in vivo the clustering of the replication initiation zones into
replication foci and the dynamics of the rosette pattern for-
mation, hopefully distinguishing self-organization from
DNA-protein binding driven formation, during the different
stages of the cell cycle. More precisely, these fluorescent
techniques will allow us to analyze the position of replication
origins in chromosome territories relative to the nucleus cen-
ter and their possible relation to nuclear matrix attachment
sites.
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