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Recent experiments showing scaling of the intrachromosomal contact probability, P(s) ~ s~ with the
genomic distance s, are interpreted to mean a self-similar fractal-like chromosome organization. However,
scaling of P(s) varies across organisms, requiring an explanation. We illustrate dynamical arrest in a highly
confined space as a discriminating marker for genome organization, by modeling chromosomes inside a
nucleus as a homopolymer confined to a sphere of varying sizes. Brownian dynamics simulations show that
the chain dynamics slows down as the polymer volume fraction (¢) inside the confinement approaches a
critical value ¢.. The universal value of ¢ = 0.44 for a sufficiently long polymer (N > 1) allows us to
discuss genome dynamics using ¢ as the sole parameter. Our study shows that the onset of glassy dynamics
is the reason for the segregated chromosome organization in humans (N = 3 x 10°, ¢ = ¢%°), whereas
chromosomes of budding yeast (N ~ 108, ¢ < ¢) are equilibrated with no clear signature of such

organization.
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Chromosomes exhibit dramatic changes in their spatial
organization along the cell cycle. In the metaphase, they are
condensed into compact bloblike structures [1], whereas in
the interphase they decondense to less compact coil-like
structures. Interphase chromosomes are not random but
form territories [2], and their organization may be fractal-
like [3]. Advances in experimental techniques [3—7] have
provided quantitative details of chromosome organization
in the form of chromosomal contact maps describing how
distant loci are structurally organized. The contact proba-
bility of two loci separated by a genomic distance s scales
as P(s) ~s~!, differing from P(s) ~s~! in equilibrated
polymer melts. The deviation of the exponent from —1.5 is
taken as evidence that chromosomes form a nonequilibrium
globule with segregated domains rather than a fully
equilibrated globule with entanglements [3,8]. Such an
interpretation of the structural organization based solely on
P(s) is not universally accepted [9]. In addition, genome
structure could vary depending on the extent of maturity of
human cells [10]. Still, the scaling of P(s) varies depending
on organisms. It is therefore important to develop a
theoretical framework for distinguishing between genome
structures in different organisms.

From a biological perspective, it could be argued that the
hierarchical and scale-free organization of chromosome,
without knots, is beneficial for access to a target locus [11]
or for the faster response to an environmental change by
easing the condensation-decondensation process [12,13].
Although the origin of chromosomal territories is contro-
versial because equilibrium polymer configurations with
many loops naturally produce segregated domains as well
[14,15], a major nonequilibrium effect, glassy dynamics of

0031-9007/15/115(19)/198102(5)

198102-1

PACS numbers: 87.16.Sr, 64.70.pj, 87.10.-¢

the genome under strong confinement, should not be
overlooked as a contributing factor in chromosome folding.
The relaxation time of a polymer via disentanglement [16]
(Trep ~ N3 [12,13,17,18]) could be far longer, effectively
permanent for higher organisms, than the cell cycle time
(teen) [12,13] for a large N. Furthermore, a substantial
increase of polymer relaxation time is also expected in a
strong confinement as is the case for DNA inside a viral
capsid [19] even when N is not too large. Thus, to fully
describe the genome structuring, it is imperative to under-
stand the polymer dynamics under confinement and how
it might vary across various species. The major goal of
this work is to develop a physical basis, using relaxation
dynamics as a quantitative measure, to discriminate
between genome organization in different organisms.
Although explicit models that consider circular DNA or
multichains and specific contacts based on Hi-C contact
maps [20-22] are possible, here we study the dynamics of
homopolymers confined to a sphere of varying sizes as a
first step towards understanding the dynamical features of
interphase chromosomes. We consider a single self-avoiding
polymer chain, representing chromatin fiber, confined to a
sphere and employ dynamical measures previously used to
study supercooled liquids [23-25] as a vehicle to investigate
nonequilibrium effects. Our major finding is that the
dynamics and organization of the homopolymer vary
dramatically as the extent of confinement is increased.
When this result is translated into genome organization,
we find that bacteria and yeast chromosome folding can be
thought of as an equilibrium process whereas glassy
behavior governs the territorial organization in humans.
These inferences cannot be drawn from genome contact
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maps alone, which has been the sole focus of chromosome
folding.

The equilibrium aspects of confined polymers are well
understood [17,26]. The equilibrium free energy of a
polymer confined to a sphere is not extensive [27,28] in
contrast to polymer localization in a slit or a cylinder.
Furthermore, as the extent of confinement increases, the
volume fraction, defined by ¢ = (RS/R;)* (Fig. 1(a), see
Supplemental Material [29]) increases, and more impor-
tantly, the equilibration time of the chain (z.,) increases
dramatically. If 7., for a genome is longer than the finite
cell doubling time (z.y) then the decondensation-
condensation cycle dynamics of the genome should be
under kinetic control. We explore these aspects in the
context of genome folding using simulations of homopol-
ymers confined in a sphere (see Supplemental Material [29]
for details), highlighting the confinement effect on a
polymer leading to the ultraslow glassy dynamics, such
that 7.4 > 7, which we will show is the case in human
chromosomes (N ~ 10°) and viral DNA (N ~ 10°).

In general, it is difficult to distinguish between non-
equilibrium conformation of a polymer and its equilibrium
counterpart because polymer configurations for both cases
could be similar, just as is the case for liquids and glasses.
Indeed, the polymer size with increasing N satisfies the
Flory relationship, R, ~ N* with v~ 3/5 and 1/3 for weak
and strong confinement, respectively [Fig. 1(b)], crossing
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over the regime R, ~N'/2 at ¢¥ ~ 0.2 where repulsion
due to excluded volume is counterbalanced by the confine-
ment pressure. Therefore, in strong confinement R, scaling
cannot distinguish between equilibrium and nonequili-
brium globules. The radial distribution function (RDF)
between monomers at high ¢ is reminiscent of the closely
packed structure [Fig. 1(c)], suggesting that extent of
confinement controls the chain organization.

The scaling exponent a of the contact probability
between two sites separated by the chain contour s,
P(s) ~s7%, is one way to assess the chain organization.
(Alternatively, the average distance between two loci
separated by s, R(s)~s", can be used [9,15], see
Fig. S3.) P(s) ~s 218 is expected for unconfined self-
avoiding walk (SAW) (see Supplemental Material [29])
[30-32]. For an equilibrium globule under strong confine-
ment, polymer chains are in near ® condition because of the
effective cancellation between attraction and repulsion.
Hence, we expect that P(s) ~ s with a = 1.5 [17,33].
In the case of strong confinement, however, P(s) ~ s~! in
the range of s/a~ O(10) for N =300, similar to the
scaling observed in the Hi-C analysis of the chromosome in
interphase [3,34]. The range of s~! scaling increases as the
extent of confinement increases [Fig. 1(d)].

However, P(s) scaling is not an indicator of the under-
lying dynamics. Even for a SAW chain with no specific
attractive interaction, dynamics can be arrested in strong
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FIG. 1 (color online).
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Polymer (N = 300) confined to spheres. (a) Snapshots from simulations. The value of the potential energy (scale

on the left) for each monomer shows that the spatial heterogeneity increases as ¢ approaches ¢, (300) = 0.404 (see Fig. S5 for other
snapshots). Contact maps from three distinct polymer configurations at ¢p = 0.402 near ¢,.(300) are shown on the right. (b) Flory laws
Ry~N 3/5 and ~N'/3 are satisfied for unconfined and strongly confined (¢ = 0.402) chains of varying N, respectively. (c) RDFs (see
Supplemental Material [29]) at three ¢ values. (d) Intersegmental contact probabilities (see Supplemental Material [29] for definition)
with increasing ¢ from 0 to 0.404 (N = 300). (e) Distributions of monomer energy (e; = U?““d +> #iU?_"j, where the surface
interaction term is excluded from the calculation. See Supplemental Material [29].), P(¢) = N~' YN, §(e; — ¢), for increasing ¢.

Divergence of the standard deviation [6? = (€*) — (¢)* where (¢") = [ €"P(€)de] near ¢, is shown in the inset.
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confinement, preventing a full equilibration of the chains
on relevant time scales. We document the emergence of
glassy behavior under strong confinement by first calcu-
lating the potential energy of each monomer [Figs. 1(a),
1(e), S5]. The spatial heterogeneity of monomer energies at
¢ =0.402 is striking [Figs. 1(a), S5], which is also
indicated by the abrupt changes in the monomer energy
distribution P(e) [Fig. 1(e)] and the standard deviation o,
[Fig. 1(e), inset].

In the absence of obvious symmetry breaking, it is useful
to characterize the dynamics using the van Hove correlation
function to discern the onset of glasslike behavior [23]. The
correlation function,

| R
le(t) =5 Z eia[F;()=7;(0)] (1)
=1

provides dynamical information of how the system relaxes
from its initial configuration, where 7;() is a position of
jth monomer at time ¢. The ensemble-averaged isotropic
self-intermediate scattering function (F,(¢)) is estimated
by integrating F,(r) over space with ¢ =|g| and at
q = qmax = 27/ rg, where r, is the position of the first
peak in the total pair distribution function [see Fig. 1(c)].
The onset of the structural glass transition is described by
the density-density correlation function (F,(¢)) as a natural
order parameter, which decays to zero in the liquid phase,
but saturates to a nonzero value in the glassy phase even at
long times. Thus, (F, (t)) provides information of how
rapidly the polymer confined to a sphere loses memory of
the initial configuration [Fig. 2(a)]. From physical consid-
erations, (F, (t)) should vanish at long times (¢ — co) for
¢ < ¢.; the decorrelation time of the polymer configura-
tion increases sharply as the extent of confinement (or ¢)
approaches its dynamical arrest value. (F, (t)) at various

¢ is well fit by a stretched exponential function ~e~(/ )|
and the dependence of 7z, on ¢ for different N (Fig. 2) is
analyzed using the relation,

To(#:N) = 70(N)[9pc(N) — ¢] 7. )

The relaxation time 7, (¢; N) increases with ¢ and diverges
at ¢.(N). The stretching exponent f decreases with ¢
(Fig. S4), consistent with our findings in Fig. 1(a) that the
system becomes more glassy as ¢ increases. The set of
7,(¢p; N), for various N, are described by a universal curve,
satisfying log (z,/79) = —v,log [¢.(N) — ¢], and hence
we obtain a universal scaling exponent v, = 0.65 for the
dynamical arrest. The critical volume fraction ¢.(N) is N
dependent but saturates to a finite value ¢ in the limit
N — oo. From finite size scaling [Fig. 2(c)], we obtain

® ~0.45.

As an alternative to 7,(¢), the fluctuations in F, (1),
namely, the generalized susceptibility y4(z) corresponding
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FIG. 2 (color online). Polymer dynamics under confinement
probed using z,(¢). (a) (F, (t)) with varying ¢ for N = 300.
The time on the abscissa is scaled by 7 = a?/D (see Supple-
mental Material [29]). (b) (top) For a polymer with N, z,(¢; N)
are fit to Eq. (2). (bottom). To obtain the universal scaling
exponent of 7, near ¢.(N), the fit was made using 7,/7¢(N) =
(¢p.(N) — )~ for all N, which confers v, = 0.65. (c) Finite size
scaling to obtain ¢ = ¢.(N > 1). ¢.(N) s fitted to ¢.(N) =
$® — aN~ give ¢pX = 0.449, a = 0.552, and v/ = 0.432.

to the variance in F, (¢), can distinguish between the
states below and above ¢, clearly. The fourth order
dynamic susceptibility [23], used to quantify dynamic
heterogeneity in structural glasses, is given by

xa(t) = N[(Fq,, (1)) = (Fg, (D). (3)

The amplitude of y,(7), y7**, increases with ¢ [Fig. 3(a)],
and the divergence of yJ* near ¢.(N) can be described
using y™(¢;N) = x4(N)[¢.(N) — ¢] ™. The scaling
exponent for the dynamical arrest transition is found to
be v, # 0.37. In the N — oo limit, ¢¢° = 0.44 [Fig. 3(c)],
which is consistent with the ¢ = 0.45 from the analysis
based on Eq. (2).

The significance of the key finding is that ¢ ~ 0.44
becomes transparent by predicting the consequences
for chromosome dynamics in various organisms.
Without confinement or any special interactions mediated
by proteins, the genome occupies a large volume
V ~ (47/3)(RS)®> with R§~1,(N/g)*° (I, ~50 nm=
g % 0.34 nm/bp, thus g =~ 147 bp). Given that the nuclear
sizes are similar [~O(1) pm], there could be a large
variation in the nuclear volume fraction for different
organisms that have different genomic size, N.

(i) For bacteria (N = 10° bp), Ry ~ 10 pum is greater
than the bacterial cell size ~1 ym. As 1 bp corresponds to
1 nm? [35], the volume fraction for the bacterial genome is
¢pac = 1 nm?/bp x 10° bp/1 pum? = 1073 < ¢, imply-
ing that glassy effects are not relevant.
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FIG. 3 (color online). Polymer dynamics under confinement
probed using y§**(¢). (a) y**(¢) with varying ¢ for N = 300.
®) (top) 7 (¢) = £2(N)($e(N) - )% diverges at N-
dependent critical volume fraction ¢.(N). (bottom) The data
of 7, are rescaled with 7o(N) and the fit using y7**/y5(N) =
[p:(N) — @] for all N, which gives v, = 0.37. (c) Finite size
scaling: ¢.(N) fit to ¢.(N) = ¢p> —aN~" gives ¢ = 0.443,
a = 0.571, and v = 0.453. Note that v/ ~ " [Fig. 2(c)].

(i) In eukaryotes, DNA chains are organized in
nucleosomes. Thus, it is more appropriate to estimate
the volume of chromosomes in terms of the number of
nucleosomes rather than the volume of bare DNA. Since
each nucleosome, whose volume is V.~ 7 x 10> x
3nm? (15-20 nm width, 2-3 nm height), is wrapped
by ~150 bp DNA with a 50 bp-spacer between the
neighboring nucleosomes [36], 200 bp-DNA is required
to compose one nucleosome. For budding yeast N = 10%
[37], the volume occupied by the entire nucleosomes
is Vien = 10% bp/200 bp x V. ~#0.47 ym?, and the

. ast
yeast nucleus volume is V3ot~ 4 um3. Therefore,

Pyeast = Vien / Vit & 0.12, which is smaller than ¢.
This explains the intrachromosomal contact frequency
P(s) ~ s~ for the yeast genome, pointing to an equilib-
rium globule [8,38-40].

(iii) Human nucleus size varies depending on the cell
type and the stage of development, which results in P(s) ~
5713 for stem cell and P(s) ~ s~ for a mature cell [9]. For
illustrative purposes, we adopt the nucleus volume
yhuman ~ 60110 um?® from the average size of a mamma-
lian cell nucleus 2 x R =~ 5—6 um [8,41]. Since the volume
taken by the entire 46 chromosomes, as a diploid with
2x Nw~2x3x10° bp,is Vi = 6 x 10° bp/200 bp x
Ve &3 x 10'° nm?, the volume fraction of the human
genome IS Ppyman = Vi /Vhunan 0.3-0.5 2 ¢, Of
particular note is that ¢pyman = @ Thus, the lack of
nuclear space in the human cell makes the chromosome
dynamics intrinsically glassy, indefinitely slowing down

the relaxation of the chromosome configuration. This

crucial conclusion based on the simple estimate of
Gruman SUggests the decondensation-condensation process,
driven by a panoply of partner enzymes, is likely to be
under kinetic control.

(iv) The volume fraction of DNA (L ~ 6-60 um) inside a
viral capsid (R~ 25-50 nm) using L ~30 ym and
R ~35nm is ¢yis 0.5 > ¢, [13,42]. A recent experi-
ment showed that dynamics of viral packaging is ultra-
slow and glassy resulting in significant heterogeneity in
packaging rates that vary from one virus to another
[19]. It is noteworthy that the size of viral DNA
[N = (30 x 10%)/0.34 = 8.8 x 10* bp] is only ~10% of
the bacterial genome. Thus, the equilibration time of DNA
conformation based on reptation (or scaling) should occur
10° times faster than in bacterial genome, which would
contradict experiments [19]. To explain the ultraslow and
heterogeneous dynamics of viral DNA packaging it is
essential to consider the effects of confinement, and our
theory provides a natural explanation of the observations.

Our study provides a general framework to quantify
glassy dynamics of a polymer chain (a simple model for
chromosome organization) and highlights the nonequili-
brium aspect of a single polymer under strong confinement
with clear implications for the variations in genome folding
across different species. The dynamical implication of our
flndlng ¢bac < ¢yeast < ¢go 5 ¢human < ¢virus’ and the cor-
relations of ¢ye, < ¢ with P(s) ~ 5! for budding yeast
[38] and ¢ < Pruman With P(s) ~ s~! for mature human
cells [9] provide a new framework for understanding the
origin of qualitatively distinct chromosome organization in
various organisms and cell types.

Given that the cellular environment is replete with
crowding particles, the volume fractions estimated here
for different organisms may well be only lower bounds, and
thus we expect that glassy dynamics is prevalent especially
in higher-order organisms. To overcome topological con-
straints, fluidization, or equilibration of the nuclear envi-
ronment using topoisomerase or metabolic activity would
be sometimes necessary for biological systems to execute
their functions [43]. Furthermore, it is noteworthy that
although there is not a significant difference in genome
volume fraction between a human embryonic stem cell
(HESC) and mature cell [44], these two cells have distinct
P(s) [P(s) ~ s~ for HESC, P(s) ~ s~ for a mature
cell] [9,10], which may be linked to substantial variations
in metabolic activity or specific interactions with the
nuclear envelope depending on the cell maturity.
Although our conclusions here do not consider the role
of active mechanisms on genome organization, it is
plausible that equilibration machineries exploiting active
forces are required when chromosome dynamics is intrinsi-
cally glassy, as appears to be the case in higher organisms.
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