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Simulating chromatin is crucial for predicting genome organization and
dynamics. Although coarse-grained bead-spring polymer models are com-
monly used to describe chromatin, the relevant bead dimensions, elastic
properties, and the nature of inter-bead potentials are unknown. Using
nucleosome-resolution contact probability (Micro-C) data, we systematically
coarse-grain chromatin and predict quantities essential for polymer repre-
sentation of chromatin. We compute size distributions of chromatin beads for
different coarse-graining scales, quantify fluctuations and distributions of
bond lengths between neighboring regions, and derive effective spring con-
stant values. Unlike the prevalent notion, our findings argue that coarse-
grained chromatin beads must be considered as soft particles that can overlap,
and we derive an effective inter-bead soft potential and quantify an overlap
parameter. We also compute angle distributions giving insights into intrinsic
folding and local bendability of chromatin. While the nucleosome-linker DNA
bond angle naturally emerges from our work, we show two populations of
local structural states. The bead sizes, bond lengths, and bond angles show
different mean behavior at Topologically Associating Domain (TAD) bound-
aries and TAD interiors. We integrate our findings into a coarse-grained
polymer model and provide quantitative estimates of all model parameters,
which can serve as a foundational basis for all future coarse-grained chromatin
simulations.

The eukaryotic genome is organized in the form of many long chro-
matin polymer chains, each essentially a string of nucleosomes—DNA
wrapped around histone proteins—folded, looped, and condensed
into domains of different compaction'™. The spatial and temporal
organization of these chains and their internal epigenetic states are
crucial in deciding aspects ranging from cellular function to differ-
entiation and development™™®,

Chromosomes are typically simulated and studied as coarse-
grained(CG) bead-spring polymer chains®'°. A coarse-grained polymer

picture is useful for many reasons: it is nearly impossible to simulate
the huge polymer set (-millions of nucleosomes) in its entirety. More
importantly, the coarse-grained representation, with effective para-
meters, can be a powerful tool to understand chromatin organization
and dynamics and make useful predictions” %, However, since we still
do not understand the chromatin structure and properties in detail,
systematic coarse-graining has been a difficult task. We do not fully
know the polymer properties/parameters relevant for simulating
coarse-grained chromatin.
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Owing to a large body of work over the past few decades, double-
stranded DNA has a good coarse-grained description as a semi-flexible
polymer®?, We understand its coarse-graining size, bending stiffness,
stretching elasticity, and other relevant parameters®”. However,
chromatin is a more complex polymer having heterogeneous prop-
erties arising from different epigenetic states, amount of different
proteins bound, and local folding?**°. This complexity makes it difficult
to accurately compute coarse-grained bead diameter, elastic con-
stants, and other physical properties for a chromatin polymer.

Recent experimental advances have made it possible to under-
stand chromatin structure using biochemical methods like Hi-C,
Micro-C*** and imaging methods like SAX, cryo-EM, and super-
resolution imaging***°. The studies so far show that chromatin is
organized into different compartments and topologically associated
domains (TADs)>”*"*, While histone modifications, transcription fac-
tors, and chromatin binding proteins greatly affect chromatin folding
and make it a highly heterogeneous polymer, how the interplay
between these factors decides the compaction and dynamics of
chromatin is currently being investigated.

While different experimental methods provided us data to
understand chromatin organization®0-33353742-44467485051 " theoretical/
computational studies have been pivotal in understanding and
explaining chromatin characteristics>'5222+3°¢7_ Models that simu-
lated chromatin at nucleosome resolution primarily investigated how
different molecular interactions influenced higher-order organization
beyond the 10 nm chromatin®>>°¢¢166870 Nearly all models that are
employed to understand Hi-C/microscopy data represented chroma-
tin as a bead-spring polymer chain with each bead representing
chromatin of length in the range ~1kb to IMb'>"7?°?*_ However, phy-
sical dimensions and elastic properties of chromatin are not well
understood. What is the diameter of a 1kb, 10 kb, or 100 kb chromatin
bead? What is the magnitude of the spring constant that would
represent the thermal fluctuation of chromatin at different length
scales? Should chromatin be considered a flexible polymer or a semi-
flexible polymer? Does it have an intrinsic curvature/bending stiffness?
None of these questions have clear, definitive answers in the literature,
currently. While it is well known that chromatin behavior is hetero-
geneous, depending on the epigenetic state, existing coarse-grained
models of chromatin typically assume that the physical dimensions of
the beads and elastic properties of the filament are uniform along the
polymer, independent of the epigenetic state. How these properties—
the size of the beads, stretching elasticity, bending elasticity, etc.—vary
along the contour is also unknown. In the current models, the het-
erogeneity of chromatin is often incorporated into additional intra-
chromatin interactions—interaction between two far-away beads'>**"",
Since one does not know the size of a coarse-grained chromatin bead,
it is taken as a fitting parameter—a constant number across the fila-
ment—to achieve experimentally measured 3D distance
values'?522+7273 _ Supplementary Fig. 1 shows some of the reported
values and how scattered they are. We do not understand this varia-
bility and what each number means.

One could not do systematic coarse-graining so far because the
chromatin conformation capture data was available only with lower
resolutions like 100kb, 10kb, and up to 1kb*****°. Obtaining
information smaller than the HiC resolution was not possible.
Moreover, even at the smallest size scale (-kb), the physical
dimension of chromatin—chromatin bead diameter—was an
unknown parameter. However, recent experiments have provided
us chromatin conformation capture data at near-nucleosome
resolution—200 bp resolution, which is essentially a nucleosome
plus the linker DNA***? (also see Supplementary Fig. 2a). This data
enables us to make a fine-grained chromatin model and system-
atically probe the properties of the coarse-grained chromatin. The
advantage here is that the physical size of a 200 bp chromatin is not
a completely unknown free parameter; we do have a fair idea about

the size of a200 bp chromatin bead. In this work, we take advantage
of this recent fine-grained data, start from the 200 bp Micro-C
contact map, and construct chromatin polymer configurations that
satisfy the map. From our work, without any arbitrary fitting para-
meter, the 3D distances and radius of gyration values emerge in a
reasonable range comparable to known experiments. Using the
200 bp-chromatin as a fine-grained polymer, we coarse-grain the
chromatin systematically. This enables us to predict several quan-
tities essential for anyone simulating a coarse-grained chromatin
polymer. We predict (i) the physical sizes of coarse-grained beads of
various chromatin length scales, (ii) the overlap between coarse-
grained beads and an effective inter-bead soft potential energy, (iii)
the value of the spring constant between neighboring beads dic-
tating the fluctuation, and (iv) the distributions of bond angles and
dihedral angles giving insights into the stiffness of chromatin. We
show that some of the ideas we learned—e.g., soft inter-bead
interactions that allow overlap—are crucial for obtaining sensible
3D distances/R; when coarse-grained models are employed.

Results

Constructing 3D chromatin configurations at near-nucleosome
resolution consistent with Micro-C contact map and measured

3D distances

We simulated a fine-grained chromatin polymer made of “nucleosome-
linker” (NL) beads, with each bead representing 200bp of chromatin
(Fig. 1a, Methods and Supplementary Information (SI)), and generated
an ensemble of steady-state chromatin configurations, taking the
Micro-C contact probability data (P;) of mouse embryonic stem cells
(mESCs) as input®. We simulated ten different genomic loci (see
Supplementary Table 1) having broad euchromatic or heterochromatic
chromatin state characteristics. We computed the ensemble-averaged
contact probability for each locus and compared them with the input
contact map. The contact maps from the simulations appear visually
similar to the Micro-C data (Fig. 1b—d and Supplementary Fig. 3). The
bottom panel shows representative snapshots from the simulations.
For the Ppmig locus, the beads are colored based on the domains in
the contact map (color-strip at the top of Fig. 1b-d), while for the
Gm29683 and Cbx8 loci, the far-away heterochromatic regions inter-
acting with each other are shown in red and blue color (Fig. 1c, d). Even
though these are representative snapshots, one can see signatures of
domain separation (configurations below Fig. 1b) and interaction
among far-away regions (configurations below Fig. 1c, d). The contact
probability versus genomic distance plots from simulations and
experiments are comparable (Supplementary Fig. 4). We quantified the
similarity between the experimental and simulation contact matrix by
computing the stratum-adjusted correlation coefficient (SCC)™* (see
Supplementary Note 1D). The SCC values for most regions are above
0.9, suggesting that the simulations reproduce contact maps well
(Supplementary Table 1). Beyond the contact map, we also compared
the mean 3D distance from our simulations for the alpha globin region
with the available experimental data'>” (see Fig. 1e). These results
suggest that our simulations have generated an ensemble of config-
urations with the contact map and 3D distances comparable with
experiments.

We now systematically coarse-grain all the above chromatin
polymers. We chose n; consecutive NL beads to form a coarse-grained
CG bead (colored big bead in Fig. 2a top right). The coarse-grained
polymer consists of N/n, number of CG beads. We then measured
various properties of the coarse-grained polymer such as the size of a
CG bead R,, bond length [, bond angle 6, (Fig. 2a bottom), and
dihedral angle ¢, (see below). We study how these properties depend
on the coarse-graining size n, and the genomic location. As a control,
we have compared our chromatin results with the ideal chain (bead
spring polymer with no self-avoiding interaction), the SAW (Self
Avoiding Walk; bead spring polymer with Weeks-Chandler-Anderson
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Fig. 1| Chromatin configurations are consistent with experiments. a Schematic
of the fine-grained chromatin polymer with one bead representing 200 bp
nucleosome-+linker (NL) chromatin. An ensemble of configurations is generated
such that any pair of beads (i, j) is connected (red springs) with a probability p;;
based on observed contacts in Micro-C experiments by Hsieh et al.>* (see text).
b-d Comparison of contact maps obtained from our simulation to experiments for
a euchromatic region (b Ppmig locus) and two heterochromatic regions

(c Gm29683 locus, and d Cbx8 locus). The bottom panel shows representative
snapshots from the simulations, where the bead colors represent different
domains, as shown in the color strip at the top. e 3D distance from our alpha globin
simulation (green filled circles) compared with available experimental data for the
same region (red filled triangles) taken from Brown et al.”>, and other regions (blue
squares) of similar genomic length range taken from Giorgetti et al.>. Source data
are provided as a Source Data file.

potential), and a highly packed globule (bead spring polymer with
attractive Lennard-Jones potential with € =1kgT).

Predicting the size of coarse-grained chromatin beads and its
variability along the genome

Since nearly all polymer simulations use coarse-grained beads of var-
ious genomic lengths like 1kb, 10 kb, 100 kb, etc., it is important to

understand the physical size (radius) of such a coarse-grained bead.
Does bead size depend on the state of the chromatin (heterochromatin
or euchromatin) and/or the genomic location of the bead (TAD inter-
ior, TAD boundaries)? To answer this, we first computed the radius of
gyration (R,) of the n, consecutive beads that form a CG bead. Taking a
sliding window of n, beads, we plotted the average radius of gyration
(R;) as a function of genomic location (Fig. 2b and Supplementary
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Fig. 2 | Coarse-graining, bead size and its variability along the genome.

a Schematic showing the coarse-graining procedure and quantities of interest. The
fine-grained polymer of N beads (small beads, representing 200 bp of nucleosome
+linker (NL)) is coarse-grained into N, big beads, with each big coarse-grained bead
containing n, = N/N beads. For illustration purposes, ten small colored beads
(np=10) are coarse-grained into one big CG bead. [ is the length of the bond
connecting two successive coarse-grained beads, 0, is the angle between two
successive bonds, and R, is the radius of gyration of the coarse-grained polymer
segment of size n,. b Average radius of gyration at different genomic locations (R;)
for different n,, values for the Ppmilg locus. c-d Variation of R[’,, and other quantities

(lig, Gig, and overlap, see text) along the chromatin contour (n, =5) for (c) a

Genomic location ( Mb )

7024 7026 7028 703 70.32 70.34 7036 70.38
Genomic location ( Mb )

31.22 31.24 70.4

euchromatic Ppmig locus and (d) a heterochromatic Gm29683 locus. Note dif-
ferent behavior at the domain boundaries. e Mean R, for different coarse-graining
sizes (np) showing the predicted range of values for different chromatin states. The
chromatin loci with broad euchromatic characteristics are plotted in shades of red,
while the loci with broad heterochromatic marks are plotted using shades of blue.
Experimental data from Boettiger et al.”” is added (orange squares; repressed
chromatin domains in Drosophila cells) to demonstrate that the predicted R, values
are reasonable. The dotted line is shown as a guide to the eye. R, values are pre-
sented in the units of NL bead size o (Y; axis) and also in nm (Y axis). Source dataare
provided as a Source Data file.

Fig. 5a; real units in X, and Y, axes). For both euchromatic and het-
erochromatic segments, R, values vary along the genomic length for
the same coarse-graining, representing heterogeneities along the
chromatin. In contrast, R, curves for SAW and packed globule do not
vary along the polymer contour (Supplementary Fig. 5b, c). To
understand how the locations of the peaks and troughs in the R, cor-
relate with the contact map, we compared them for a 1kb coarse-
graining scale (Fig. 2¢, d and Supplementary Fig. 6). R, values peak at
the boundaries of TAD-like domains and are relatively small within the
interior of the domain. That is, coarse-grained beads representing
inter-TAD regions will have a larger physical dimension. This is con-
sistent with what is observed in recent experiments*.

How big is a typical 1kb, 5kb, or 10 kb chromatin? We com-
pared the mean R, values (averaged over the entire region we
considered) for several genomic segments - some of them are
euchromatic, and others are heterochromatic regions in terms of
dominating histone modification marks (Fig. 2e). Throughout this
paper, the chromatin loci with broad euchromatic characteristics
are plotted in shades of red, while the loci with broad

heterochromatic marks are plotted using shades of blue. SAW
polymer data is presented as a “control” having an expected
R, ~nY*. Interestingly, even though there is variability among the
gene region, they more or less fall in a narrow range. The range of
average R; values for 1kb, 10 kb, and 80 kb chromatin regions are
27-28 nm, 85-97 nm, and 135-155nm, respectively (see Fig. 2e
inset). The curves for SAW and globule mark the extreme values
possible. The R predictions for various regions from our simu-
lations are of the same order as what is seen in experiments for
the repressed chromatin domains in Drosophila cells*” (orange
data points Fig. 2e). Although the experimentally known R, values
are for a different cell type, they do indeed fall in the range that
we are predicting, suggesting that R, values from our simulation
are reasonable. In Supplementary Fig. 5d, e, we also show the
distribution of R, values.

To independently check the order of magnitude of R, values, we
employed another realistic, detailed model of short chromatin with
explicit nucleosomes having entry/exit angles and linker DNA expli-
citly (Supplementary Fig. 2b and Supplementary Note 1B). We find that
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the size of a 1kb chromatin made of 5 nucleosomes in this model is
comparable to what we predict using our basic fine-grained model
(Supplementary Fig. 2c), suggesting that the fine-grained model we use
is reasonable.

Coarse-grained chromatin beads are not hard spheres; they
overlap impacting bond length and stiffness

Another important quantity is the distance between the centers of two
neighboring coarse-grained beads, defined as the bond length [,
depicted in Fig. 2a. In Fig. 3, we present the bond length, its statistics,
and the stretching elastic constants derived from it. First, mean [
values vary depending on the coarse-graining size and genomic loca-
tion for all the genomic regions we studied. (Fig. 3a, b and Supple-
mentary Fig. 7a, b). Similar to R,, the bond length is also high at certain
genomic locations like boundaries of TAD-like domains and low in the
domain interiors (Fig. 2c, d and Supplementary Fig. 6). This is essen-
tially the same behavior found in recent experiments*?, which showed
that the inter-TAD distances are larger than the intra-TAD distances,
consistent with the spatial variation in coarse-grained bead sizes
observed in our simulations. Given that a typical chromatin polymer
will contain both euchromatic and heterochromatic regions of differ-
ent compaction, it is instructive to compare extreme sizes of coarse-
grained beads to understand the variability one can expect along the
genome. For a 5kb segment (n, = 25), the mean [ values at different
genomic locations vary in the range ~95-120 nm (heterochromatin) to
=105-150 nm (euchromatin)—compare n, =25 in Fig. 3a, b. Interest-
ingly, these values are comparable to the [ measurements from
microscopy experiments that “paint” 5 kb chromatin segments*’. This
also implies that real chromatin will have highly heterogeneous bead
dimensions, unlike the prevalent uniform bead size picture. The mean
values of bond length, averaged along the polymer contour, are shown
as a function of n, (coarse-graining scale, genome size) for ten differ-
ent chromatin loci (Fig. 3c). Equivalent coarse-grained bond lengths
for SAW and globule are shown as control. Similar to R, there is some
amount of variability in mean /. across different gene regions; how-
ever, they fall within the range of 58-67 nm for 1kb and 114-132 nm
for 10 kb.

How is [ related to R,? Naively one would expect that [z~ 2R,.
However, this is not the case; chromatin has [.; < 2R; because the two
nearby polymer segments can “mix”—CG beads can overlap—and have
their center of mass locations nearby (Fig. 3d). To quantify the overlap
or mixing between the two adjacent coarse-grained beads, we define
an overlap parameter O=(2(R;)/(l.)) (see Fig. 3e and Supplementary
Note 1D). If the coarse-grained regions are perfectly spherical and non-
overlapping (no mixing) O <1. Imagine two hard spheres of radius R,
connected by a spring. The thermal fluctuations will result in the
average inter-bead distance (the equivalent of [z here) being slightly
larger than 2R, and O<1. As a control, one can see that for SAW, O0<1
and is nearly independent of coarse-graining scale (np). For euchro-
matin and heterochromatin O>1 (i.e., [ < 2R), implying the mixing of
adjacent polymer segments. We also find that © depends on the
coarse-graining scale — overlap is high at larger n, values. Since
leg# 2Rg, should one consider [.g as the size (diameter) of an effective
coarse-grained bead, or 2R,? This is a relevant question for coarse-
graining; given the fact that the beads can overlap, we propose that /.,
may be considered as the effective diameter of a coarse-grained bead
since it is the effective bond length. We also computed O as a function
of genomic location (Supplementary Fig. 8a,b). Comparing the overlap
with the contact map shows that the overlap at the boundary of TAD-
like domains is smaller than the domain interior (Fig. 2¢, d and Sup-
plementary Fig. 6). While the above quantity measures the overlap
between neighboring regions ("bonded” CG beads), any two chromatin
regions residing far away along the polymer contour ("nonbonded” CG
beads) can also overlap. To quantify this overlap, we first computed
the probability distribution of 3D distance r; between any two CG

beads, P(ry)(Supplementary Fig. 8c). The probability that ry<[. is a
measure of overlap among far away beads (see Supplementary Fig. 8d).

Going beyond the average size, we computed the bond length
distribution P(I.,) that has all the information about the fluctuation and
higher moments. As a control, for the ideal polymer chain, P(l.g) from
the simulation matches with the analytical relation proposed by Laso
et al.”® (Supplementary Fig. 7c). We then plot P(l,) for different chro-
matin loci for different coarse-graining sizes (Fig. 3f and Supplemen-
tary Fig. 7d, e). From the distribution, we can derive an effective
potential energy V(l,)= — kT InP(l;,) with which two neighboring
beads interact. Even though the distribution is not perfectly Gaussian,
a measure of the elastic constant of the interaction can be computed
from the inverse of the standard deviation. Hence, we define an
effective spring constant between two neighboring CG beads as

= % where the angular brackets indicate the average com-
cg! " \'eg

puted using P(l.). In Fig. 3g, we plot K for different coarse-graining
sizes and various gene loci.

The spring constant is scale dependent—it decreases as the
coarse-graining size increases. For most gene regions, the spring
constant values appear to saturate at a large coarse-graining scale,
unlike the SAW polymer. The K., value for large n, is in the range
(0.1-1) kgT/c? which is = (1-10) pN/um. This value is roughly compar-
able to some of the experimentally measured values from pulling long
chromatin under certain in vitro conditions”. Note that, in contrast to
pulling experiments where external forces can disrupt protein-
mediated interactions, our estimate of the spring constant arises
purely from thermal fluctuations and is thus expected to be a reliable
signature of chromatin flexibility. Moreover, this is for relatively more
dynamic MESc; hence the chromatin stretching stiffness obtained here
will be less than that from the pulling experiments of the full-length
mitotic chromosomes’®.

The spring constant above is presented in units of kzT/c”> where o
is the size of a 200 bp NL bead. However, in coarse-grained polymer
simulations, one uses K. in units of k; T/lgg. Since [.g also depends on
CG size (np), the spring constant has a non-trivial behavior and is
presented in Fig. 3h. This gives a very useful range of numbers that can
be used in all future coarse-grained simulations as K., =5-10 kBT/lgg
for coarse-grained beads of size 1-20 kb.

Predicting angle distribution and stiffness of coarse-grained
chromatin segments
How flexible is a chromatin polymer segment? Do chromatin polymer
segments have intrinsic curvature? While we understand the bend-
ability of DNA reasonably well, we know very little about the bending
elastic behavior of chromatin. From the large ensemble of structures
that we have produced, consistent with nucleosome level Micro-C
data, we computed the distribution of the bond angle (8.5)—angle
between two neighboring bonds connecting three consecutive CG
beads (see Fig. 4a top), and the dihedral angle (¢.g)—angle between
two neighboring planes formed by three consecutive bond vectors
(Fig. 4a bottom).

The bond angle is defined as O,=m-a, where

_ 15 A1 . .

a=cos (g - Iz ), and it can take any value in the range [0, n] (see
Supplementary Note 1D). As a control, we computed the angle and
its distribution for an ideal chain, and our results match well with
the known analytical answer’® for P(6.) for different coarse-
graining sizes (Supplementary Fig. 9a). Then we computed the
distribution of angles P(6.,) for chromatin segments in different
epigenetic states. As shown in Fig. 4b, for an ideal chain, even with
no coarse-graining (n,=1), the distribution has a shape given by
P(6,4)=}sin(B,,)"*”. This is due to the geometric measure, and it
implies that when 64 is near 907, a large number of configurations
are possible (having different azimuthal angles), while there is only
one possible configuration for extreme cases if 6,=0" and
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Fig. 3 | Chromatin as bead-spring chain: bond length, spring constant and
overlap. a, b Spatial variation of average bond length (lig) for (a) euchromatic Arsg
locus and (b) heterochromatic Gm29683 locus is plotted for different coarse-
graining sizes (n). ¢ Average [ for different coarse-graining sizes showing the
range of values possible from SAW to globule; presented in two different units in ¥;
and Y, axes. d Schematic showing two nearby long polymer segments “mixing” (or
not mixing) in 3D space resulting in overlap (or no overlap) of coarse-grained

0y

(colored) beads. e A parameter that quantifies the extent of overlap is plotted for
different ny, values. f Distribution of [, for euchromatin region. g, h The effective
spring constant (K.¢) quantifies the fluctuation between neighboring coarse-
grained beads for chromatin segments in different epigenetic states, presented in
two different units. CG simulations would need units in (h). Source data are pro-
vided as a Source Data file.

0.,=180". Hence, to have a better understanding of the system, we
also plot the corresponding probability density defined as
P(Gcg)=P(HCg)/ sin(f,) in Fig. 4c. For the ideal chain, with n,=1,
P(0)/ sin(@) is a flat curve (uniform distribution) reiterating the

fact that the ideal chain is unbiased, and all configurations are
equally likely. For SAW, the excluded volume would ensure that
configurations with ..~ 0 are not possible, and there is a natural
bias towards extended configurations (6.5 > 90°).
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grained beads. b, ¢ Distribution of angles for different chromatin loci, for the fine-
grained model (n,=1) with nucleosome-linker (200 bp) resolution (b) P(6.¢), and
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for (h) the fine-grained model (n, =1), (i) CG chromatin with one bead representing
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The emergence of preferred inter-nucleosome angle from fol-
ded chromatin configurations: Our results here describe angle dis-
tribution for different of chromatin loci. For all the chromatin loci
we simulated, at the nucleosomal (fine-grained, n, =1) resolution, a
new peak emerges near 6.~ 60° (Fig. 4b). The deviation from the
ideal chain and SAW emerges due to intra-chromatin interactions.
Since we do not impose any preferred angle in the fine-grained
model, this population with angles near 60" emerges purely from
the packaging, based on the contact probability map. To under-
stand this better, we deconvoluted the P(.) distribution and
represented it as a sum of two Gaussian distributions giving us two
populations having mean values near =60° and =110° (Supplemen-
tary Fig. 9b). Comparing the widths of the two populations suggests
that the distribution with mean =60 is 2-3 times stiffer than the
population with mean =110°. For the highly folded globule, the peak
at =60’ is even more prominent, suggesting that tighter packaging
could result in a population with =60° angles. In contrast to the
prevalent notion of smaller angles around =60°, our analysis shows
that, at least in the case of mESC chromatin, there is a prominent
signature of two sub-populations of angles, one highly folded and
one extended, for n, =1 (Fig. 4b, c).

Next, we examined the angle distribution of a coarse-grained
chromatin polymer (Fig. 4d, e). A lesser-discussed fact about polymers
(even for the ideal chain) is that, when coarse-graining is performed
(np >1), the angle distribution gains a bias (or a shift), with a preference
emerging for the larger 6. angles (6., >90") (See refs. 76,79 and
Supplementary Fig. 9a). The SAW polymer has an extra bias towards
extended angles as smaller angles are disfavored due to excluded
volume effects.

For coarse-gained chromatin, the angle distributions deviate a lot
from the ideal chain and SAW, displaying a preferred intrinsic angle
around O?g:60" for a coarse-graining scale of 5kb (Fig. 4d, e). For
chromatin loci, consistent with ideal chain and SAW, coarse-graining
initially shifts the angle distribution towards larger angles (see n, =5 in
Supplementary Fig. 9c-f). However, for larger coarse-graining, long-
range intra-chromatin interactions, such as TAD-forming loops, fold
chromatin and shift the distribution towards smaller angles (see
n,=10, 50 in Supplementary Fig. 9c-f).

The effect of coarse-graining and deviation from ideal/SAW chain
behavior is visible in P(Hcg) distribution as well (Fig. 4e). While the direct
experimental readout of angles (e.g., viaimaging) would yield P(0,,), the
scaled P(Hcg) is what would be useful for simulations; one can define an
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Fig. 5 | Soft inter-bead potential energy for coarse-grained chromatin beads.
a The distribution of distances between all non-bonded beads obtained from the
iterative Boltzmann inversion (IBI) method after convergence P{(r) (points) matches
well with the fine-grained chromatin target distribution Pergec(r) (solid lines) for
appropriate levels of coarse-graining. b The non-bonded potential (V%) obtained
from the IBI method (points) and the functional form for the soft potential Vo, (r)
(solid lines using Eq. (2); see parameters in Supplementary Table 2) for different
values of n,. ¢ The force derived from the potential in (c) for different values of np.
d The inverse of the maximum value of the force as a function of n, as a measure of
softness. e The depth (¢) of the 1" potential is plotted as a function of coarse-

graining size. f The radius of gyration measured from the coarse-grained simulation
with soft potential is compared with the R, from the fine-grained model for cor-
responding levels of coarse-graining. The violin plots show the distribution of data
and the box plots on top depict the 25-75th percentiles, with the middle line
denoting the median. The whiskers extend to 1.5 times the interquartile range, and
outliers are indicated with dots. n = 60,000 independent sample polymer config-
urations were used in fine-grained model while n=5000 independent sample
polymer configurations were used in coarse-grained model for all values of n.
Source data are provided as a Source Data file.

effective bond angle potential V(0.,)= — k;T log P(Gcg)”. The V(6.
curves for chromatin segments have a well-defined minimum at pre-
ferred angles, which depends on the coarse-graining scale, n;, (Supple-
mentary Fig. 10). One can also compute the effective bending “stiffness”
of chromatin segments by comparing the inverse of the standard
deviation around the local maxima of P(Bcg) or by equating
V(0g) =4 (1+cos(B.5 — 6%)). We find that bending stiffness is of the
order of thermal energy k= kgT for all coarse-graining scales. This
suggests that the chromatin polymer is not highly stiff and explores a
wide range of angles. This is consistent with the emerging notion that
chromatin is highly dynamic®*-*?, and has high cell-to-cell variability.

We examined how the angles vary along the genomic locations.
Similar to R; and [, angles too have heterogeneity along the genome
(Fig. 2¢, d and Supplementary Fig. 9g, h). A comparison of the average
angle for different genomic locations reveals that there are higher
angles near TAD-like domain boundaries and lower angles in the
interior of the domains. This spatial variation of chromatin properties
could be important for understanding and reconstructing chromatin
configurations.

Dihedral angle distribution: The distributions of the dihedral
angles P(¢.) for different chromatin/polymer segments for fine-
grained (n, =1) and coarse-grained (n, = 25) level are shown in Fig. 4f,
g. For the fine-grained model (n,=1), the ideal chain (control) has a
uniform angle distribution as expected; the SAW polymer has a dip
near ¢ = 0 indicating self-avoidance/steric hindrance (Fig. 4f). Even for
an ideal chain, the coarse-graining leads to non-trivial changes in the ¢
distribution where a preference for smaller dihedral angles arises. For
the fine-grained chromatin and globule, due to high folding, the

probability of obtaining smaller angles (¢ near zero) increases, and
larger angles become rarer compared with the SAW polymer. Folding
also leads to a peak near ¢ = 60, which is prominent for the globule.

A preference for smaller ¢ values appears on coarse-graining,
similar to the Ideal chain. At the same time, the folding via long-range
intra-chromatin interactions results in the formation of peaks near
¢ =1+ 60. Both of these effects together define the coarse-grained ¢
distributions (Fig. 4g). Similar to the bending angle distribution, the
dihedral angle distributions are very broad, implying a weak angle
stiffness.

Similar to W(0.5), we define an effective dihedral potential
V(@)= — kgT log P(¢,) (see Supplementary Fig. 11). Assuming that
the distributions of 0. and ¢ are independent, we have plotted the
heatmap of V(0cg ¢cg) = V(Ocg) + V() in the (B¢ - ¢cg) plane (see
Fig. 4h-j). Here the color-bar represents the energy V(0.,, @) valuesin
kgT units. For the fine-grained model, low values of 6.5 and ¢, are
penalized due to self-avoidance (Fig. 4h). This effect reduces with
coarse-graining. For lower coarse-graining, higher 6., and inter-
mediate @g values are preferred (Fig. 4i), while for higher coarse-
graining 0. in the range 50"-90° and ¢, values close to +60° are
favored (Fig. 4j). This again shows that angle preferences for chromatin
are scale-dependent—depending on the coarse-graining scale, the
preferred values vary considerably.

Determining optimal soft inter-bead potential and simulating a
coarse-grained chromatin

This work systematically estimates the size of coarse-grained beads,
their fluctuations, the overlap among the beads due to the mixing of
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polymer segments, and the distribution of bond and dihedral angles.
Here we integrate these quantities to simulate a coarse-grained chro-
matin polymer and predict 3D size or R; measurable in microscopy
experiments. While the spring constants and bead sizes (l.) can be
directly used from our results discussed so far, we lack the non-bonded
interaction potential that would ensure appropriate compaction.
Therefore, we perform an iterative Boltzmann inversion (IBI) to
determine the form of an inter-bead soft potential that would achieve
the 3D distance distribution consistent with our original fine-grained
simulation (see Supplementary Note 1C and Supplementary Fig. 12).

We implemented the iterative Boltzmann inversion method for
the Arsg locus that we studied using the fine-grained model. Since the
overlap (Fig. 3e) depends on the level of coarse-graining, it is expected
that the potential energy would also depend on n,. Hence, for each np,
we simulated a coarse-grained bead-spring polymer with N/n, beads
connected by harmonic bonds with equilibrium bond length [, and
spring constant K, taken from Fig. 3¢, h. Starting with a flat inter-bead
potential energy l/,f'fO:O, at each step of iteration i, we simulated
the polymer until equilibrium and updated this potential using the
relation:

V?fl(r>=V,f"’(r>+a(r)kBTln( PiD ) M

P target(r )

Here P(r) is the steady-state distribution of distances between all pairs
of non-bonded beads. The distribution was compared with the known
distance distribution, a target distribution Py;rge:(r) for the correspond-
ing level of coarse-graining from our fine-grained model.
a(r)=0.2e~"/2 is taken as a decaying function to ensure that the
resulting potential is short-range. We checked for the convergence of
the algorithm by computing the Kullback-Leibler Divergence between
the target and CG model distance distributions (see Supplementary
Note 1C and Supplementary Fig. 13a). In other words, for each n,, we
have computed a soft potential energy function between CG bead
pairs and used it to perform CG polymer simulations that would
reproduce 3D distance distribution exactly as we got from our fine-
grained model (see Fig. 5a). The resulting potential energy functions
V™ for various ny, values are shown in Fig. 5b. We also fit a functional
form to this potential (solid line), such that the softness and depth of
the potential can be tuned independently. We use the functional form

Wi (o))" e e
Vsore() = je[cos(ur? +v) — 1] FpSr<re, &
0 rere.

The first part of the equation (r<ry,) gives the repulsive part of the
potential®**. Here, V, controls the height of the potential at r=0 (see
Supplementary Fig. 13b), r,,, is the position of minima, and € denotes
the depth of the potential. The parameters 1; and r, can be tuned to
get the desired softness. The second part of the equation (r,,<r<r.)
represents the attractive part of the potential***>*¢, This function has
the advantage that it can ensure the continuity and differentiablity at
r=ry, and r=r. by tuning the values of ¢ and v such that the value of
potential is Vsor(r=rp) =—€ and Viop(r=r.) =0 (see Supplementary
Note 1C and Supplementary Table 2). The negative slope of the cor-
responding potential F™ = #‘;"b is plotted in Fig. 5c. The inverse of the
maximum value of the force (1/F.ax) can be used as a measure of the
softness of CG beads (Fig. 5d).The depth of the potential captures
the effective attractive interaction between a pair of beads (Fig. Se).
The important points to note are: (i) the potential is derived from fine-
grained model that is consistent with the Micro-C experimental data.
(ii) The potential is highly soft - softer than the typically used LJ
potential (Supplementary Fig. 13¢). (iii) The potential energy and the
two important physical parameters of the potential — softness and the

attractive interaction strength—are scale-dependent. Different levels
of coarse-graining have different softness and interaction strength.
This is highly relevant for anyone wanting to simulate chromatin as a
coarse-grained bead spring polymer.

Finally, we compare the radius of gyration of the chromatin
polymer predicted by our CG simulations with our fine-grained model
for various levels of coarse-graining (Fig. 5f). The radius of gyration
values match with the fine-grained model. Note that this is equivalent
to comparing a coarse-grained model simulation results with micro-
scopy experiments that label DNA/chromatin (e.g., methods that
“paint” chromatin®’) with equivalent resolution. The radius of gyration
of both fine-grained and coarse-grained polymers decreases slightly
with increasing coarse-graining. This is because the distance of a CG
bead from the center of mass of the polymer is smaller than the root
mean square distance of the fine-grained beads it replaces (see Sup-
plementary Fig. 13d). This also predicts that the overall R, value of a
long chromatin region (made of many painted small segments) will
marginally decrease as one increases the length of the labeled (pain-
ted) segment. This decrease is of course less than the size of the
painted segment (I.;). As mentioned elsewhere in this manuscript, we
find that the most probable value that we predict for [.gis comparable
with the available data from chromatin microscopy experiments that
paint 5 kb segments.

Discussion

This paper addresses a fundamental question in modeling chro-
matin: what are the properties and parameters of a coarse-grained
chromatin polymer, and how do they vary in a scale-dependent
manner as we go from the ~10 nm nucleosome scale to hundreds of
nanometers gene scale, domain scale or micron-sized chromatin
scale? Recent papers have given us a good understanding of the
scaling laws, TAD formation, roles of phase separation, loop
extrusion, and so on’>***"°!, However, we do not understand the
physical dimension of loci that we consider a “bead” in simulations,
how stretchable chromatin loci are (spring constant), angle flex-
ibility (bendability), how soft the inter-bead potentials are, and so
on. We do not know how chromatin compaction (Rg), spring con-
stant, bending angle, overlap, etc., depend on the local contact map
(e.g., TAD) structures and epigenetic states.

To fill this gap, we used the recently published Micro-C contact
map for mESCs and constructed an ensemble of chromatin config-
urations at 200 bp resolution. These configurations simultaneously
satisfy three constraints: (i) they comply with the Micro-C contact
probability, (ii) the mean 3D distance values computed from the con-
figurations are comparable with known experiments, and (iii) the size
of the 200 bp fine-grained bead (nucleosome + linker) is in a sensible
range. We used this set of configurations and systematically coarse-
grained them to predict physical properties and parameters relevant
to a chromatin polymer bead-spring chain. We have determined the
physical dimensions of chromatin loci (bead sizes of chromatin poly-
mer) for ten different mESC gene regions having different epigenetic
state characteristics. We have computed the distributions of the inter-
bead distances, predicting how stretchable different chromatin loci
are and quantifying their spring constants. We have also predicted the
bending and dihedral angle fluctuations revealing how bendable
chromatin loci are. Our work not only shows the similarity/variability
among different loci but also reveals the effect of chromatin hetero-
geneity along the polymer contour, finding that TAD interior and TAD
boundary have different properties and parameters—different CG
bead dimensions, average angle values, overlap, etc. Contrary to the
prevalent notion, our results show that CG chromatin beads should be
modeled as soft particles that can overlap. We then compute the inter-
bead soft potential and propose a functional form to quantify the
softness. All our predictions reveal how chromatin properties and
parameters change in a scale-dependent manner.
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The chromatin polymer parameter values that we have predicted
—bead sizes, spring constants, angle distributions, overlap/softness,
etc.—are essential for anyone wanting to simulate chromatin polymer.
We provide a comprehensive prediction of numerical values of all
parameters starting with nucleosome resolution data. Moreover, our
finding that chromatin polymer parameters depend on the scale one
chooses to study is significant. The polymer parameters relevant for
1kb chromatin are not the same as that for 10 kb or 100 kb chromatin,
which is essential to account for in future simulations. We also argue
that many of these parameters (like overlap) are crucial for predicting
3D distance accurately. We have determined an effective inter-bead
potential via an iterative Boltzmann inversion method. We used all of
these CG results to compute the R, of a chromatin locus. In other
words, our claim is: we have computed the relevant parameters for a
polymer simulation of mESC chromatin at different scales. Anyone can
use our parameters, simulate coarse-grained chromatin satisfying
contact probability, and predict average 3D distances reasonably well
within the region-to-region variability we show. Our work has biolo-
gical significance for connecting chromatin structure to function.
Many of the biological processes like recombination, DNA breakage/
repair, enhancer-activation, and spreading of histone modifications
occur at the scale of nucleosomes. The 3D structure we predict at
nucleosome resolution is crucial for understanding these functional
aspects. Our work connects the coarse-grained picture (100 nm to pm
scale experiments having a few kb or Mb resolution) with a
nucleosome-resolution picture and will enable Hi-C or Microscopy
experiments to extrapolate and predict nucleosome-level structure.
This is highly relevant for understanding the biological functions that
occur at nucleosome resolution.

While building the fine-grained model, we made minimal
assumptions. The primary assumption we made is that all the chro-
matin details (e.g., inter-nucleosome interaction potential, histone
tails, etc.) result in deciding the contact probability; generating con-
formations that satisfy the contact map would implicitly account for
the role of various local chemical and structural details. Since we use
the Micro-C data with 200 bp resolution, our model (model-I) cannot
study details below this resolution. We also employed a model with
linker DNA (model-1l) and showed that our model-I results are sensible.
Using model II, we also examined how the variability in nucleosome
positioning would affect the overall size (Ry) of the folded chromatin.
Apart from studying a fixed linker length of 50 bp, we have also per-
formed simulations choosing linker lengths from a Gaussian distribu-
tion to incorporate variability. If there are 5+1 nucleosomes in 1kb
chromatin, the mean R, is roughly the same order of magnitude as we
reported (Supplementary Fig. 2d). We have also reported these
quantities for different mean linker length values. The difference in
mean may represent different chromatin states.

For the ten gene loci we studied, heterochromatic and euchro-
matic regions have R,, angles, and other quantities in a comparable
range. This could be because (i) our study is for an embryonic stem cell
where the chromatin could be more open. (ii) The underlying Micro-C
data itself shows that heterochromatic and euchromatic regions have
comparable contact probability as a function of genomic distance P(s)
(Supplementary Fig. 4e). This can also be consistent with the irregular
nature of chromatin organization as indicated by the power law decay
of P(s). Recent experiments have also indicated that heterochromatin
can be diverse, and euchromatin can get highly folded due to multiple
loops, resulting in similar compaction and other physical
properties*$*%,

Our work predicts the mean values and variability in bead sizes
and other physical properties like elasticity and bendability. It has been
suggested that the variability in thickness and flexibilities could affect
the chromatin properties below 100 kb**. This implies that the varia-
bility we find may be relevant since many of the enhancers and pro-
moters can be within 100 kb*>®, However, note that, apart from

variability, we predict the average bead size, [.4, K., €tc.; the change in
the average value would affect measurable quantities at all length
scales.

One of the important results of our work is the inter-bead soft
potential and the quantification of overlap. Very high-resolution
models or models that used sub-beads to represent a larger CG bead
would have some signatures of overlap”’%. However, most of the
current coarse-grained simulation studies use the Lennard-Jones
potential for inter-bead interactions, and it quickly goes to infinity
with negligible softness. Unlike earlier models'>**">%*, here we derive
the functional form of the soft-potential starting with nucleosome-
resolution contact map data and quantify the softness in a scale-
dependent manner. One of the concerns regarding the soft potentials
is that it may allow chain crossing leading to incorrect dynamics.
However, recent experiments show that chain crossings are indeed
present, and topoisomerase activity is required to remove these
crossings and have entanglement-free interphase chromosomes®’.
This implies that more accurate dynamics would require the presence
of enzymes like topoisomerase that actively regulate chromosome
topology in terms of entanglements. This may be an essential feature
necessary to study dynamics in coarse-grained models.

Experimental tests of our predictions: We simulate the fine-
grained model (scale ~10-20 nm) and predict quantities at a much
larger scale (<100 nm-pm) that can be measured in experiments. Our
predictions of the radius of gyration, bond length, and 3D distances
can be tested using microscopy experiments, and we have compared
some of them in Fig. le and Fig. 2e. Combining biochemistry and
microscopy, recent studies have proposed methods to “paint” chro-
matin segments (size =5 kb or higher) and trace the chromatin con-
tour. This method allows one to test many polymer predictions,
including coarse-grained inter-bead distances and angle fluctuations.
Even though the experimental data is not available for the mESC seg-
ments that we simulated, we compared our predictions with the
available data, and we found that the most probable value that we
predict for [ is comparable with the measured data*’. We also find
that our prediction of the fluctuation of the angles—width of the angle
distribution—is comparable to the experimentally measured values.
Such experiments may be performed for the mESC gene regions we
simulated to compare with our predictions. Future experiments could
also test how these values change as one changes the segment size
indicating how bead sizes and bendability would vary with the choice
of the coarse-graining scale. Future experiments may also measure
spring constants at different scales, either through measuring chro-
matin segment fluctuations or doing pulling experiments at various
scales. All of our predictions can be tested using microscopy, chro-
matin pulling, and other biophysical experiments.

It must be stated that the whole of our analysis is based on the
Micro-C data for the mESCs from Hsieh et al.*>. Hence the numbers
emerging from this study would represent embryonic stem cell chro-
matin. In the future, analysis can be further extended to study various
other cell types as new data emerge. The future direction is also to
understand the role of nucleosome positioning heterogeneity and
assembly/disassembly/sliding kinetics. It requires a much more
detailed polymer model”” and a model to understand how chromatin
conformation capture contact maps are influenced by the hetero-
geneity of nucleosome organization.

Methods

Model-I. Fine-grained chromatin model with 200 bp resolution chro-
matin: Our basic model is the fine-grained chromatin polymer model
with 200 bp resolution, constructed based on the publicly available
Micro-C data for mouse embryonic stem cells (mESCs)*?*. The polymer
is made of N spherical beads, having the size of 200 bp chromatin
(diameter 0), with nearest-neighbor connectivity via harmonic
springs and self-avoiding interaction via the repulsive part of the
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Lennard-Jones potential (see Fig. 1a, Supplementary Note 1A). Since
each bead consists of a nucleosome and 50bp linker DNA, we call the
bead a “nucleosome-linker" (NL) bead. To generate an ensemble of
configurations consistent with Micro-C data, we connected (brought
into proximity) bead pairs i and j with the experimentally observed
contact probability P; in a two-step process. First, we defined a set of
prominent (strong) contacts of the Micro-C contact map (see Supple-
mentary Note 1A)”. Taking only the prominent contact probability
values, we inserted harmonic springs between bead pairs i and j if
r,<Pj where r, is a uniformly distributed random number between O
and 1. Using this procedure, we generated 1000 independent polymer
configurations and equilibrated them using Langevin simulations with
LAMMPS’®, We defined “prominent contacts” as follows™: Since the
contact map depends only on |i - j| for homogeneous polymers, we took
the set of all P; values for a given |i—j| and computed their mean and
standard deviation. If P; was at least one standard deviation larger than
the mean, we considered it as a prominent contact (see Supplementary
Note 1A). Prominent contacts are defined for each |i —j| line in the matrix
(line parallel to the diagonal representing all equidistant bead pairs).
Bonding prominent contacts ensured that all actively acquired far-away
contacts (e.g., contacts via loop extrusion) were present.

In the second step, going beyond the prominent contacts, our aim
is to insert contacts in the P; fraction of the configurations (out of the
1000 configurations) for each bead pair (i,j). To achieve this, we
started with the ensemble of equilibrated configurations from step-1
and inserted harmonic springs between beads i and j in the P; fraction
of configurations whose 3D distances (r;) are the smallest (see SI). This
system was then equilibrated using Langevin simulations with
LAMMPS. While the first step ensured that the strong contacts formed
via events like loop extrusion were established, the second step
ensured that all bonds closer in space would have priority in forming
protein-mediated contacts.

We have used the minimal fine-grained model that accounts for
polymer connectivity, self-avoidance, and contact probability. The
assumption here is that all other properties of the fine-grained polymer
(like inter-nucleosome interactions and stiffness) lead to the experi-
mentally observed contact probability, which we have ensured. Our
model generates all possible polymer configurations such that the
experimentally known constraint of the contact map is satisfied.

Size of a 200 bp chromatin bead (0): Since a 200 bp chromatin
bead is bigger than a nucleosome, its size has to be greater than the
size of the nucleosome (11 nm)°. As geometrically shown in Supple-
mentary Fig. 2a, since two neighboring nucleosomes are connected via
a rigid 50 bp linker DNA, the distance between them can be =28 nm.
However, two far-away nucleosomes can come as close as 11-12 nm
(with histone tails and other bound proteins). Hence, on average, one
expects an effective size =20 nm. In the Results section, we have shown
that when o=21nm, the 3D distances and R, values match well with
experimental data. This is sensible considering the linker length and
that a typical nucleosome in vivo will likely be covered by several
enzymes/proteins like acetyl/methyl transferases, HMG, HP1, remo-
delers, etc. This is also consistent with the earlier observation that
0=25nm for 250 bp beads™.

Since Model-1 did not have explicit linker DNA, we also simulated
short chromatin with nucleosomes, explicit linker DNA, and entry-exit
angles between nucleosomal DNA. In this detailed Model-II, the chro-
matin polymer has two types of beads—linker DNA bead and nucleo-
some bead (see Supplementary Note 1B)*. In the Results section, we
have compared the radius of gyration of chromatin segments from
Model-1I and the first fine-grained model. This also suggests that our
0=21nm value is indeed reasonable.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Published Micro-C data® used in this study is available at the Gene
Expression Omnibus (GEO) database with accession number
GSE130275. Relevant data generated from this study are included in
this article’s Figures, text, and supplementary information. Source data
are provided with this paper.

Code availability

All the simulations, analysis and visualization in this study were per-
formed using publicly available software packages or custom codes.
LAMMPS (16 March 2018) version was used to perform Langevin
Dynamics simulations. VMD version 1.9.3 was used for visualization of
3D polymer configurations and computation of dihedral angles. Cus-
tom codes were used for all other analysis. All the codes required to
perform the simulations are available in the repository: https://github.

comy/sangramkadam/chromatin_coarse_graining'.
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