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Crowding-Induced Structural Alterations of Random-Loop Chromosome Model
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We investigate structural alterations of random-loop polymers due to changes in the crowding
condition, as a model to study environmental effects on the structure of chromosome subcompartments.
The polymer structure is changed in a nonmonotonic fashion with an increasing density of crowders:
condensed at small volume fractions; decondensed at high crowding volume fractions. The nonmonotonic
behavior is a manifestation of the nontrivial distance dependence of the depletion interactions. We also
show that crowding-induced structural alterations affect the access of binding proteins to the surface of

polymer segments and are distinguished from structural changes due to the increased number of specific

polymer loops.
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A cell is crowded with a high content of macromolecules
occupying up to 40% of the total volume [1], and crowding
effects on nuclear structures and functions have been of
great interest in recent years [2-5]. Especially, since the
eukaryotic chromosome structure affects genome func-
tions, such as transcription, DNA replication and repair,
and repression of gene expression [6], understanding of the
chromosome structure in the crowded environment is criti-
cal to further our understanding of genomic events in cell
nuclei. Furthermore, crowding conditions may be altered
significantly, for instance, by acute changes in cell volume
which may occur due to changes in osmolarity under
normal and pathological conditions [7]. Therefore, there
has been considerable interest in understanding the effects
of changes in the crowding condition on the chromosome
structure [4,5].

In this Letter we investigate structural alterations of
chromosome domains called subcompartments [6,8], in-
duced by changes in the volume fraction occupied by
crowding macromolecules (¢,.). Several models of a chro-
mosome have been proposed that can reproduce currently
available experimental data such as fluorescence in situ
hybridization [9,10] and chromosome conformation cap-
ture (3C) and other 3C-based techniques [11-13]: the
random-walk or giant-loop model [9], the multiloop sub-
compartment model [8], the random-loop model [14], and
the decondensing linear polymer model [15] for the mean
square intrachromosome distances measured with fluores-
cence in situ hybridization experiments; the crumpled
globule model [12,16] for the contact probabilities with
3C-based techniques; and the kinkable chromatin fiber
model [17] for both properties. In this work, a random-
loop (RL) polymer is employed to model a chromosome
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subcompartment, containing DNA contents of about
1 Mbp, since we believe that the RL polymer can reason-
ably describe the presence of a chromosome subcompart-
ment by assuming chromatin loops of different lengths.
We verify that the conclusions of this work also hold true
for self-avoiding walk (SAW) polymers, suggesting that
the effect is model independent. Crowding effects are
investigated by applying depletion potentials determined
at different ¢, to polymer segments. In this work we focus
on the crowding effects induced by excluded volume in-
teractions between particles. Interestingly, it is found that
the crowding-induced structural alterations of RL poly-
mers are nonmonotonic with increasing ¢.. We also
show that the crowding-induced structural changes have
different biological implications from those induced by the
increased number of polymer loops, resulting in different
accessibility of binding proteins to the surface of RL
polymers.

An RL polymer is a linear polymer whose segments pair
with each other via harmonic potential according to a
looping probability p;, [14]. For each polymer consisting
of 300 segments we consider three looping probabilities,
P, =3X107% 6 X 1074, and 9 X 107*, according to
which 13, 25, and 37 pairs of segments are looped, forming
more compact RL polymers in order. These looping prob-
abilities are chosen such that volume fractions of the center
of a RL polymer cover a range of 0.15, 0.23, and 0.29,
respectively, comparable to the chromatin volume fractions
between 0.1 and 0.4 in biological cells. A diameter (d) of
each polymer segment is set to 5o (= 30 nm) assuming
the formation of a chromatin fiber with a thickness of
30 nm, where o is the unit of length and is the diameter
of crowding macromolecules included implicitly via
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depletion potentials. The 30 nm fibers have been observed
in vitro at physiological salt concentrations and is assumed
in this model, although there is a lack of in vivo evidence
[18]. Cellular environments are polydisperse media con-
sisting of macromolecules with various sizes. The size of
crowding macromolecules is fixed in this work, to capture
the main role that complex depletion interactions have on
the macromolecules, and we defer the consideration of
polydispersity effects to future work. The average molecu-
lar weight of the proteins distributed in the nucleoplasm is
67.7 kDa [19], corresponding to a diameter of about 6 nm
assuming a spherical shape of proteins and a partial spe-
cific volume of 0.73 ml/g. This explains the choice of
o = 6 nm. Representative conformations of RL polymers
are shown in Fig. 1. The structure of RL polymers is altered
either by changing p,,, thus the number of polymer loops,
or by changing ¢.. RL polymers are condensed with an
increasing numbers of polymer loops. The structural alter-
ations of RL polymers due to changes in ¢, are discussed
throughout this Letter.

Each segment in a RL polymer is assumed to inter-
act with other segments by a modified repulsive Lennard-
Jones (LJ) potential U,(R) = 4€{[o/(R — ry)]'* —
[0/(R — ry)]°} + € for ry < R < ry + r. and 0 elsewhere,
where € is a LJ well depth and set to kg7, R is a center-to-
center distance between polymer segments, ry = 40, and
r. = 29 Bonded segments interact with a combination
of the repulsive LJ potential described above and the
finite extension nonlinear elastic potential U,(R) =
- %klez7 1[1{1 - [(R - ro)/Rb]z}, where o = 4-0', kb =
30 kzT/0?, and R, = 1.50. The RL polymers are first
equilibrated with molecular dynamics simulations for a
simulation duration of 1 X 10° time steps, which is more
than 10 times longer than the autocorrelation time of the
radius of gyration. The polymers are further equilibrated
using Brownian dynamics (BD) simulations for another
1 X 10° time steps [20]. Hydrodynamic interactions

crowding volume fraction §c

looping probability p,,

FIG. 1 (color online). Representative configurations of RL
polymers with p;, =3 X 107%, 6 X 107, and 9 X 10™* (each
from top to bottom) and with ¢, = 0.0, 0.1, 0.2, and 0.3 (each
from left to right). Color varies for polymer segments from red,
to green, and to blue. See Fig. 4 for a discussion of the black
arrows.

are not considered in BD simulations. A time step
At = 10 *7gp is used for BD simulations, where 7gp is
the time for a polymer segment to move a distance of o
with diffusion coefficient D (rgp = 02/D). It is verified
that the polymer segments move an average distance of
0.020 (= 0.12 nm) for the given time step, which is small
enough to prevent polymer segments from jumping un-
physically large distances. All simulations are performed
with GROMACS version 4.0.5 [21]. Statistical properties of
RL polymers are calculated from a total of 150000 inde-
pendent polymer configurations for a given p;,. Indepen-
dent configurations are prepared following Ref. [14], that
is, by simulations of 500 different sets of looping pairs for a
given p;, and 300 independent initial configurations for
each set of looping pairs.

Simulations of RL polymers in the explicit presence of
crowding macromolecules would be prohibitively long to
obtain statistical properties. Instead, the effect of crowding
macromolecules is included implicitly by applying to poly-
mer segments the depletion potentials determined in the
explicit presence of crowding macromolecules, as shown
in Fig. 2. A range of ¢ . between 0.0 and 0.3 is studied. The
depletion potentials have been obtained from constraint-
biased molecular dynamics simulations of short polymers
in the presence of crowding macromolecules in previous
work [22]. We also have shown that the implicit simula-
tions of a polymer with depletion potentials result in the
polymer properties in a reasonable agreement with those
obtained from explicit simulations in the presence of
crowding macromolecules [22]. Thus, we expect the de-
pletion potential to be a very good representation of the
explicit crowders. Therefore, we simulate the polymers
with the addition of the depletion potentials shown in
Fig. 2 to represent the crowding agents.

The potentials in Fig. 2 show two main effects induced
by crowding macromolecules. For nonzero ¢,., attractive
minima can be found at short distances and they become
deeper with increasing ¢ .. The repulsive barrier becomes
more pronounced as well when ¢, increases. The effective
attraction can be explained in terms of entropy gain of
the crowding macromolecules, or unbalanced osmotic
pressure exerted by the macromolecules when polymer
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FIG. 2 (color online). Depletion potential, Vg, as a function
of (R —d,;) where R is a center-to-center distance between
polymer segments and d; is the diameter of the segments, So.
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segments approach each other. Repulsive barriers, how-
ever, are induced due to the presence of the crowding
macromolecules within a gap between polymer segments.
When the separation between polymer segments is large
enough for crowding molecules to be arranged between the
polymer segments, the polymer segments need to squeeze
out the crowding molecules in order to approach each other
(for details see Ref. [22]).

Interestingly, structural alterations of RL polymers are
nonmonotonic with increasing ¢, when the depletion po-
tentials in Fig. 2 are applied to RL polymer segments. The
RL polymers are condensed with increase of crowding at
small ¢, while they become decondensed with further
increase of crowding at higher ¢, (see also Fig. 1). Such
structural alterations are presented in terms of the size of
RL polymers in Fig. 3(a). The size of RL polymers, defined
as the radius of gyration ((R2)!/?), varies in a nonmono-
tonic fashion with changes in ¢.: decreases with crowding
from ¢. = 0.0 to 0.2, then increases from ¢, = 0.2 to 0.3.
To show the generality of our results, i.e., that the non-
monotonic behavior is not a result of the particular model
chosen for the chromosomes, we studied the role of the
depletion potentials on SAW polymers (equivalent to a RL
polymer with p;, = 0.0) with the number of monomers
N,, = 50, 100, and 200. As shown in Fig. 3(b), the non-
monotonic effect is clearly observed. These results indicate
that the nonmonotonic structural alterations by crowding
are a generic effect that arises from the depletion potential
induced by the presence of crowding agents smaller than
the polymer segments.

Osmotic stress has been applied to increase macromo-
lecular crowding in the cell nucleus [4,5]. Hypercon-
densation of chromatin, identified by chromatin clumping,
was observed with increased osmolarity and, equivalently,
with increased crowding [4,5]. The hypercondensation of
chromatin, however, does not simply continue to increase
with osmolarity. Further increase of hypercondensation
was not observed at the highest osmolarities in Ref. [4],
and hypercondensation rather seems to decrease at the
highest osmolarities (see Fig. 1 in Ref. [5]). These experi-
mental observations partially support the nonmonotonic
crowding effects on the structure of RL polymers.
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FIG. 3 (color online). Radius of gyration of (a) RL polymers
(for different p;,) and (b) SAW polymers (for different polymer
lengths, N,,) as a function of ¢... Error estimates are less than the
size of symbols, and solid lines are included as guides to the eye.

However, more quantitative measurements are required to
firmly confirm our conclusions.

It may seem counterintuitive that the crowding effects
on the structure of RL polymers are reversed (decon-
densed) with an increase of ¢, between 0.2 and 0.3. The
polymer condensation with increasing ¢, between 0.0 and
0.2 can be understood by stronger attractive forces between
polymer segments due to crowding, as depicted by the
depletion potentials in Fig. 2. The polymer decondensation
going from ¢, = 0.2 to 0.3, however, is not obvious since
attractive forces still increase with ¢.. However, a close
look at the depletion potentials (Fig. 2) reveals that the
repulsive barrier also increases with increasing ¢,., and
the difference between the repulsive maximum and the
attractive minimum increases with ¢,., amounting to
1.5 kgT and 2.7kgT at ¢, = 0.2 and 0.3, respectively.
The connectivity of the polymer segments implies that if
the molecules maximize the number of neighbors at the
distance corresponding to the potential minimum, there is a
very large number of segments that are found at a distance
corresponding to maximal repulsion. The optimization of
maximizing the number of segments at the potential
minimum while minimizing the number at the potential
maximum results in the nonmonotonic behavior and it
demonstrates that this effect is independent of the polymer
model, but it is rather the effect induced by the presence of
high concentrations of crowding agents smaller than the
polymer segments.

Crowding-induced structural alterations predicted for
RL polymers have important biological implications in
the access of nuclear proteins to the surface of chromatin
fibers, which is the key step to initiate a variety of genomic
processes [23,24]. Accessibility of nuclear proteins is in-
vestigated by calculating the accessible surface area of RL
polymers in different crowding conditions. We assume a
spherical probe with diameter d,,, and then the excluded
volume to the probe is defined by a spherical volume of
radius (d; + d,,)/2 centered at each polymer segment. The
surface of the excluded volume is defined as the accessible
surface to the probe. Total accessible surface area (ASA) is
calculated numerically [25] for a probe of d, =20 =
12 nm, a typical size for a transcription factor, and the
ASA normalized by that of p;, =3 X 10* at ¢. = 0.0is
presented in Fig. 4.

The ASA depends on ¢, in a nonmonotonic fashion as
the chromosome size does. From ¢, = 0.0 to 0.2 the ASA
decreases by 10% ~ 15% for the three p;,. It was shown
that large macromolecules including the transcription fac-
tor TFIIH can readily access the interior of condensed
chromatin domains [24]. We have verified that the ASA
changes even more in the dense polymer core, with up to a
30% decrease of ASA. This study suggests that crowding-
induced structural alterations of chromosomes may have a
crucial impact on the accessibility of DNA-binding pro-
teins and thus the kinetics of genome functions including
gene transcription.
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FIG. 4 (color online). Normalized ASA. Black arrows point to
two cases where the sizes and densities of polymers are similar
but the ASAs are different (see text).

Finally, the structural alterations induced by crowding
are compared with those induced by an increased number
of specific polymer loops. We specifically consider
the structure of RL polymers at p;, = 6 X 10~* and
¢. = 0.0. The polymers can be condensed by increasing
either p;, or ¢.. In Fig. 3, the size of condensed polymers
is almost the same when p,, is increased to 9 X 10~ with
fixed ¢, as when ¢, is increased to 0.2 with fixed p,, (also
see black arrows in Fig. 1). Interestingly, the ASAs calcu-
lated in these two cases (marked with black arrows in
Fig. 4) are significantly distinct in spite of similar polymer
size. This suggests that the internal structure of a con-
densed polymer by nonspecific depletion interactions can
be quite different from that induced by an increase of
specific polymer loops.

It is important to note that this work focuses on crowding
effects due to the excluded volume interactions of mono-
disperse depleting spheres. The strength and range of
depletion potentials depend on the sizes of polymer seg-
ments and depleting spheres as well as on the interactions
between these particles. Biological environments including
the cell nucleus are, indeed, polydisperse media with mac-
romolecules of varying molecular weights, and the macro-
molecules therein interact with each other via nonspecific
interactions such as electrostatic and van der Waals inter-
actions in addition to the excluded volume interactions.
Therefore, the study of crowding effects due to the pres-
ence of polydisperse depleting spheres interacting via other
nonspecific interactions represents possible future direc-
tions of this work. The present work, however, presents a
novel effect that will be present in all environments due to
the fact that excluded volume interactions are ubiquitous in
all molecular systems.

In summary, the structure of RL polymers modeling
chromosome subcompartments is altered in a nonmono-
tonic fashion by the crowding effects induced by a high
content of macromolecules in the cell nucleus. RL poly-
mers are condensed with crowding at small ¢,., whereas
they become decondensed with further crowding at higher
¢ .. The nonmonotonic behavior with increasing crowding
results from a balance between maximizing the number
of close neighbors while minimizing the number of seg-

ments at distances corresponding to maximal depletion
repulsions. Although this work is performed with a specific
model of chromosome subcompartments, the crowding-
induced structural alterations predicted here are a generic
effect arising from a balance between these two competing
effects arising from the depletion interactions. Therefore,
changes in the crowding condition of cellular environments
may have a significant influence in the kinetics of genomic
activities, as shown by changes in the accessibility of
binding proteins to the surface of polymer segments. It is
also found that polymer size is not enough to characterize
the properties of the model chromosomes; the polymer
structure altered by the nonspecific crowding effect is
distinct from that altered by specific polymer looping.
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