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Strong interactions between highly dynamic =

lamina-associated domains and the nuclear
envelope stabilize the 3D architecture
of Drosophila interphase chromatin

Igor S. Tolokh', Nicholas Allen Kinney'*, Igor V. Sharakhov?” and Alexey V. Onufriev'**”

Abstract

Background Interactions among topologically associating domains (TADs), and between the nuclear envelope (NE)
and lamina-associated domains (LADs) are expected to shape various aspects of three-dimensional (3D) chromatin
structure and dynamics; however, relevant genome-wide experiments that may provide statistically significant con-
clusions remain difficult.

Results We have developed a coarse-grained dynamical model of D. melanogaster nuclei at TAD resolution that
explicitly accounts for four distinct epigenetic classes of TADs and LAD-NE interactions. The model is parameterized
to reproduce the experimental Hi-C map of the wild type (WT) nuclei; it describes time evolution of the chromatin
over the G1 phase of the interphase. The simulations include an ensemble of nuclei, corresponding to the experi-
mentally observed set of several possible mutual arrangements of chromosomal arms. The model is validated against
multiple structural features of chromatin from several different experiments not used in model development. Pre-
dicted positioning of all LADs at the NE is highly dynamic—the same LAD can attach, detach and move far away from
the NE multiple times during interphase. The probabilities of LADs to be in contact with the NE vary by an order of
magnitude, despite all having the same affinity to the NE in the model. These probabilities are mostly determined by a
highly variable local linear density of LADs along the genome, which also has the same strong effect on the predicted
positioning of individual TADs -- higher probability of a TAD to be near NE is largely determined by a higher linear
density of LADs surrounding this TAD. The distribution of LADs along the chromosome chains plays a notable role

in maintaining a non-random average global structure of chromatin. Relatively high affinity of LADs to the NE in the
WT nuclei substantially reduces sensitivity of the global radial chromatin distribution to variations in the strength of
TAD-TAD interactions compared to the lamin depleted nuclei, where a small (0.5 k7) increase of cross-type TAD-TAD
interactions doubles the chromatin density in the central nucleus region.

Conclusions A dynamical model of the entire fruit fly genome makes multiple genome-wide predictions of biologi-
cal interest. The distribution of LADs along the chromatin chains affects their probabilities to be in contact with the
NE and radial positioning of highly mobile TADs, playing a notable role in creating a non-random average global
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structure of the chromatin. We conjecture that an important role of attractive LAD-NE interactions is to stabilize
global chromatin structure against inevitable cell-to-cell variations in TAD-TAD interactions.

Keywords Drosophila, Hi-C, Chromosome model, Nuclear envelope

Background

Interphase chromosomes are intricately folded and
packaged inside the cell nuclei where they interact with
nuclear bodies and remodeling factors [1-5]. This com-
plex 3D organization of the genome plays a crucial role
in regulation of gene expression, DNA replication, and
DNA double-strand break repair [6-13]. Chromosomes
are spatially partitioned into sub-megabase topologically
associating domains (TADs), which have emerged as the
fundamental structural and functional units of chromatin
organization in the eukaryotic cell nuclei, from fruit fly
to human [1, 2, 14-17]. Interactions among TADs con-
tribute to higher level, hierarchical genome organization
[18]: multiple TADs within each chromatin compartment
and multiple compartments within each chromosome
territory. Boundaries of TADs are conserved among cell
types and sometimes across species [14, 16, 19-25]; this
feature makes TAD a natural structural unit of chroma-
tin useful for modeling purposes and reasoning [26, 27],
including in this work.

TADs interact among themselves forming dynamic,
relatively short-living 3D-structures, which segregate
chromatin into mutually excluded active (type A) and
inactive (type B) compartments [18, 28]. Averaged over
time of the entire interphase, the effect of TAD-TAD
interactions is seen in experimental Hi-C maps course-
grained to TAD resolution [1, 14, 26, 29]. However, such
Hi-C maps do not reveal how mobile are the 3D posi-
tions of each individual TAD. Live-cell imaging studies
of interphase nuclei in different organisms showed that
some chromatin loci are mobile [30-35]. In addition,
studies suggested that constrains on the motion of chro-
matin loci can result from their interaction with struc-
tural elements such as nucleolus [36], or nuclear lamina
(NL) which lines the inner surface of the nuclear enve-
lope (NE) [37, 38], or the nuclear pore complexes [31, 39-
42]. However, genome-wide analysis of nuclear dynamics
of all “freely floating” and “tethered” chromatin loci has
not been performed. DamID experiments have identi-
fied hundreds of genome regions that can “anchor” to the
NL [37, 43-46]. These genome regions that have specific
affinity to the NL are called lamina-associated domains
(LADs) [47-50].

Positioning of LADs in the nuclei of mammalian cells
[34, 48, 49, 51, 52] was shown to be stochastic: averaged
across cells, a certain % of LADs is bound to the NE in a
given cell, but binding of specific LADs varies from cell to

cell. Single-cell DamID studies demonstrate [34, 51] that
LADs identified in a human cell population may in fact
be located either at the nuclear periphery (30% of LADs)
or in the nuclear interior in individual cells [34]. LADs
that contacted the NL were shown to move during inter-
phase [34], but this movement is confined to a relatively
narrow 1 um layer next to the NE. These observations
raise several questions [50]. Is positioning of LADs at the
NE only stochastic between cells, i.e., LADs have mostly
stable positions within a cell, but highly variable positions
between cells, or is it truly dynamic/mobile in each cell,
i.e. individual LADs can change their positions relative
to the NE significantly within a cell during interphase? If
LADs are mobile, on what time-scale? Also, do different
LADs have different probabilities of being attached to the
lamina?

States of transcription activation and repression are
also linked to the positioning of chromatin with respect
to the NE. LADs are typically repressive chromatin envi-
ronment [43, 44, 46, 50]. This observation supports the
notion that the nuclear periphery is generally occupied
by inactive chromatin [53]. TADs and LADs are similar
in size: each is approximately 1 Mb in the human genome
[14, 44] and approximately 90—100 kb in the D. mela-
nogaster genome [1, 15, 47]. There are 1169 TADs and 412
LADs in the D. melanogaster genome [1, 47]. The role of
LAD-NE interactions and their interplay with compart-
mentalization of TADs has been explored in Drosophila
[35, 54] and mammals [52, 55-60]. For example, depletion
of lamins from Drosophila S2 cells leads to chromatin
compaction and reduction in spatial segregation of the
chromatin into active and inactive compartments [35].
Simulations of multiple copies of mouse chromosomes 1
and 2 [55] have disproved the role of lamina as the main
driver of compartmentalization [48]. At the same time,
attractions between heterochromatic TADs emerged as
the main force of compartmentalization, while LAD-NE
interactions are crucial for controlling the global spatial
morphology of the nucleus [54, 55, 57]. However, a num-
ber of questions remains unanswered, related to sensi-
tivity of the general organization principles with respect
to global loss of chromatin-lamina interactions, which
may occur in disease or senescence [52, 61-64]. Also,
the strength of TAD-TAD interactions can naturally
vary during life of organisms. For example, the chroma-
tin compartmentalization is weaker in embryonic cells
and stronger in adult cells of Anopheles mosquitoes [65].
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Given that attractive TAD-TAD interactions play a major
role in compartmentalization, will the global chroma-
tin architecture, such as its radial distribution, become
more sensitive or less sensitive to the variations in these
interactions upon lamin depletion? Will the cell-to-cell
variability in the 3D chromatin organization increase or
decrease upon disruption of LAD-NE interactions?

Understanding the principles and factors leading to
the formation of non-random 3D genome organization
and, ultimately, to the structure—function relationships in
chromatin is prerequisite to understanding cell physiol-
ogy [4, 55, 66]. However, relevant experiments that may
provide statistically significant conclusions remain dif-
ficult. Computational models that faithfully reproduce
available experimental data are indispensable for the 3D
genome reconstruction problem (3D-GRP) based on
DNA-proximity ligation data such as 5C, Hi-C and Pore-
C, and they can generate valuable predictions and guide
experiment [26, 52, 55, 56, 67-92]. A particularly strong
feature of computational models is that they can answer
questions that may be very hard to address experimen-
tally [93]. For example, tracing the movement of a given
TAD or a few chromosomal loci upon detachment from
the NE caused by a lamin depletion is possible experi-
mentally [35, 94], but making statistically significant
statements based on t1000s of TADs in the nucleus would
be extremely laborious. Another example is obtaining
time-resolved Hi-C maps for a synchronized cell popu-
lation: possible, but difficult experimentally, with only
a handful of studies so far [95-99] Models can generate
testable hypotheses, the most promising of which can be
checked experimentally.

Since simulating an entire eukaryotic genome on bio-
logically meaningful time-scales at fully atomistic resolu-
tion is still far out of reach [100], current practical models
accept various levels of approximation determined by the
balance of research goals and computational feasibility.
A large class of recent computational models, which aim
to understanding factors affecting 3D chromatin struc-
ture, employ the “beads-on-a-string” coarse-graining
approach [52, 60, 68, 77, 82, 83, 90, 101, 102], borrowed
from polymer physics models [103, 104]. For complex
organisms, such as mammals, various further approxima-
tions are often made to reach the desired temporal or/
and spatial resolution, such as considering only a small
subset of the dozens of the original chromosomes [55] or
even only one chromosome [52, 56, 59]. In that respect,
modeling “simpler” nuclei [71, 90], in particular of higher
eukaryotes, e.g., that of the well-studied fruit fly, with
its only five major chromosome arms, offers a compu-
tational advantage that may translate into an ability to
model the entire nucleus [26, 77, 83], which, in turn, may
help to answer questions otherwise difficult to address.
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Consensus conclusions about chromatin organization
that emerge from using models of different types applied
to substantially different organisms are of value, as these
conclusions hint at conservation of general principles
across species.

Our work contributes to developing a qualitative and
quantitative understanding of various aspects of 3D
structure and dynamics of chromatin in D. melanogaster
nuclei by constructing and employing a computational
model to make various testable predictions. The model is
trained to reproduce contact probabilities between TADs
from the experimental Hi-C data [1, 26] and the aver-
age fraction of LADs near the NE [43], and is validated
on multiple structural features of chromatin from sev-
eral different experiments. It allows us to make multiple,
biologically relevant predictions followed by a discussion
about their possible biological significance. We have used
the model to investigate sensitivity of the spatial organi-
zation of the interphase chromatin to the variation of
the interactions among chromatin domains, clarifying
the role of LAD-NE interactions in stabilization of the
local and global chromatin structure. The model makes
a genome-wide prediction of a highly dynamic nature of
LAD positioning in fruit fly interphase nuclei—most of
the LADs within a single nucleus attach to and detach
from the NE multiple times, moving far away from the
nuclear periphery on the time scale of the interphase.
Previous experimental study [35] of LAD mobility in
fruit fly was limited to only three LADs. Our model also
predicts that the very different probabilities of individual
LADs to be in contact with the NE are determined by
the highly variable local linear density of LADs along the
chromosomes which also affects the radial positioning of
individual TAD, determining non-random average global
structure of chromatin.

The dynamical model of the 3D chromatin organiza-
tion in fruit fly proposed in this study offers a number of
novel genome-wide insights, both biological and meth-
odological, while also reinforcing robustness of some of
the conclusions about chromatin organization previously
made using models of mammalian nuclei. Combined
with appropriate experimental data, our model can be
used to make structure—function predictions on genome-
wide level [105].

Methods

Background and rationale for choosing model building
blocks at TAD level

Our model is coarse-grained at the resolution of indi-
vidual TADs. Numerous chromatin contacts within
each TAD make the intra-TAD interactions effectively
stronger than the inter-TAD ones. This difference allows
one to consider the intra-TAD interactions as the major
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factors responsible for the shapes of TADs, while neglect-
ing the effects of the inter-TAD and TAD-NE interaction
on these shapes. We use these considerations and omit
the details of the internal structure of TADs, considering
them as the smallest building blocks of our model and
using the shape-independent inter-TAD and TAD-NE
interactions.

In Drosophila melanogaster nuclei each TAD compart-
mentalizes on average ~100 kb of chromatin [1]; there
are four major epigenetic classes of TADs: Active, Null,
PcG and HP1 [1, 106] (see Additional file 1: Fig. S1).
Active TADs are defined by histone H3 modifications
such as trimethylation of lysine 4 and 36 (H3K4me3 and
H3K36me3). PcG TADs are enriched in Polycomb group
proteins and histone mark H3K27me3. HP1 TADs are
associated with classical heterochromatin marks such as
H3K9me2 histone modification, heterochromatin pro-
teins HP1 and Su(var)3-9. Null TADs lack known specific
chromatin marks [1]. The differences in TAD-TAD inter-
actions within each of these classes and between different
classes are major factors responsible for the segregation
of chromatin into active (type A) and inactive (type B)
compartments [5, 55].

The four classes of TADs in fruit fly further refine the
distinction between type A and type B compartments.
Type A compartments are organized by Active class
TADs and defined by early replication, proteins, and his-
tone modifications involved in active transcription. Type
B compartments are defined by late replication and mod-
ifications that silence genes. These compartments consist
of transcriptionally silent TADs (PcG, HP1 and Null) and
occupy a larger portion of the genome than type A com-
partments [1, 15, 107]

Even though our model is coarse-grained at TAD reso-
lution and omits details of the internal structure of TADs,
it provides a rather realistic description of the nuclear
architecture by taking into account different mutual
arrangements of chromosome arms (nucleus topolo-
gies) [108], different epigenetic classes of TADs [1, 106]
and their interactions, and a proper distribution of LADs
along chromosome chains [47].

Model: chromosome representation

We consider D. melanogaster female interphase nuclei
with a diploid set of four chromosomes (2, 3, 4 and X).
Hi-C data suggest [1] that D. melanogaster genome
(excluding pericentromeric constitutive heterochroma-
tin (HET) and centromeric (CEN) regions) is organized
into 1169 TADs. Since the same TADs in homologous
chromosomes are almost always in close proximity to
each other [26, 30, 109-111], we represent each pair of
homologous TADs by a single spherical bead. In addi-
tion to these 1169 TAD-beads, we introduce 4 beads
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representing CEN regions of the four chromosomes and
6 beads representing HET domains.

Using the “beads-on-a-string” model [103, 112], four
chains of the beads represent four paired homologous
chromosomes (Chr). In Chr 2 and 3, the L- and R-arms
are connected via three-bead HET-CEN-HET struc-
ture. Chr 4 begins from a CEN-HET bead pair, and Chr
X ends with an HET-CEN two-bead structure. The Chr
chains are placed inside of a spherical boundary (see
Fig. 1, top panel) which represents the nuclear envelope
(NE). We also consider a nucleolus which is modeled as a
spherical bead of 0.333 um radius placed at half distance
between the nucleus center and the NE [26].

Bead size and mass

The mass m; of each bead, which represents a pair of
homologous TADs, is related to the DNA sequence
length L; (in bp) in the corresponding TAD and con-
sists of the DNA mass (~660 Da/bp) and the mass of
proteins associated with a nucleosome (132500 Da/
nucleosome) [113, 114]. Using a 200 bp value for the

Fig. 1 Top: A schematic showing the key elements of the

model nucleus of D. melanogaster. Bottom panels: The four initial
configurations (bottom panels) of the D. melanogaster chromosome
arms [2 L (red), 2R (orange), 3 L (yellow), 3R (green), X (blue) and 4
(cyan)] that serve as the starting points of the simulations described
here. The nucleolus is shown as a gray sphere (on bottom panels).
The arms are fully “territorial” at the beginning of each simulation.
The initial configurations correspond to the different mutual
arrangements of the chromosome arms (nucleus topologies)
experimentally determined by Hochstrasser et al. [108]. From left

to right: CIS-X6S, CIS-X7N, TRANS-X3S and TRANS-X4N nucleus
topologies. Here, the “CIS" configuration refers to chromosome
arrangement in which the two “R"arms (orange and green) or two
“I”arms (red and yellow) of autosomes are next to each other in 3D
space, while “TRANS" arrangement is complementary to it
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nucleosome repeat length [115-117] one can get the fol-
lowing: m; = 2L;(132500/200 + 660).

We assume that the volume of each bead is propor-
tional to the DNA length in the corresponding TAD, and
we employ the modified TAD radii determined in [26]
(“hard radii”), scaled by a factor 1.254031 to reflect the
double volume (two homologous TADs) of our beads.
The average size (diameter) of our beads representing
TADs is 0.18 pum, ranging from 0.08 to 0.38 um. Addi-
tional details can be found in Additional file 1.

Bead-bead interactions and bead types

Since our model is coarse-grained at TAD resolution,
the interactions between beads reflect the interactions
between different TADs, and depend only on the epi-
gentetic class of TADs. These interactions are tuned to
reproduce the experimental Hi-C map coarse-grained
to TAD resolution [26]. See a more detailed descrip-
tion Additional file 1, and in the “Model development”
section.

Interactions in 268 specific pairs of remote loci
See detailed description in the Additional file 1.

Arrangement of chromosome arms (nucleus topology)

and preparation of their initial configurations

Several mutual arrangements of the chromosome chains
that correspond to CIS and TRANS relative arrange-
ments of the Chr 2 and 3 arms, and two most probable
positions (“North”—“N” and “South”—*S”) of the Chr X
have been observed experimentally [108], Fig. 1, bottom
panels. The CIS arrangement refers to the one in which
the R-arms (or the L-arms) of the autosomes are next to
each other. The TRANS arrangement refers to the posi-
tions of the R- and L-arms of the autosomes next to each
other. In the simulations, we use the following arrange-
ments of the nucleus topology [108]: CIS-X6S, CIS-
X7N, TRANS-X3S and TRANS-X4N. The CIS:TRANS
arrangements ratio is assigned its experimental weight of
2, meaning that twice more replicas of CIS topologies are
simulated. In addition, each of these 6 properly weighted
arrangements has 3 replicas to account for 3 different
nucleus sizes used. Thus, the entire simulated ensemble
consists of 18 model nuclei.

To create initial configurations of the bead chains that
represent Chr X, L- and R-arms of Chr 2 and 3, we gen-
erated them as separate linear strings of beads parallel
to z-axis (the axis of centromere-to-telomere chromo-
some polarization). Each chain is initially separately
restrained by two planes intersecting along the z-axis
with the dihedral angle 72°. To collapse initially lin-
ear chain of beads into the nucleus sphere, a harmonic
interaction between the nucleus center and each bead
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is applied, see Additional file 1: Eq. S1, with the effec-
tive equilibrium length 0.99 pum and harmonic spring
parameter k = 0.5 kT. A subsequent Langevin dynam-
ics of the restrained chains over 10° 1.36 ns time steps
produced collapsed fractal-like Chr-arm configurations
[112]. This harmonic interaction is removed from all sub-
sequent simulation stages. The L- and R-arms of Chrs 2
and 3 are then connected through the CEN beads, Chr 4
is added at the “North” pole, and large restraining sphere
is placed around the chromosomes. A set of short Lan-
gevin dynamics simulations with a decreasing radius of
the restraining sphere brings the size of the model nuclei
to their specified final values. The resulting configura-
tions of all four chromosomes are presented in Fig. 1 and
are used as the initial configurations for the simulations
of the interphase chromatin dynamics.

Nuclear envelope and its interactions with chromatin
chains
We model the NE, inner surface of which is covered by
the nuclear lamina (NL), as a spherical boundary that
restricts the motion of the chromosomes to the inside of
the nucleus, and can attract LADs [37, 47-49]. Follow-
ing [83], we map positions of 412 LADs (a median size of
LADs is about 90 kb [47]) onto the chains of 1169 TADs.
If TAD contains LAD, then the corresponding bead can
attractively interact with the NL (NE). After the mapping,
we have determined 350 TADs that contain LADs (we
will call them L-TADs). Attractive interactions of LADs
with the NL is due to the affinity of LADs to a meshwork
of filaments formed by B-type lamins, with the average
edge length smaller than 200 nm [38]. Furthermore, the
LAD binding cites on the filaments are on the central o
-helical rod domains of B-Lamins [118], which are largely
overlapping due to shifting of the lamin ends by 21-27
nm along the filaments [38], which is about 6 to 9 times
smaller than the average bead size in our model. These
considerations justify the coarse-graining of the LAD-NL
interactions from a high-resolution, discrete molecular
scale to the continuum scale in our model, approximating
LAD-NL interactions as smooth, uniform interactions
of L-TADs with a structure-less inner surface of the NE.
We describe all the L-TAD-NE attractive interactions by
the LJ-cos potential (see Eq. S2 Additional file 1) with a
single well depth parameter €;. This is another simplifi-
cation of the L-TAD-NE interactions (eliminating of the
dependence of these interactions on the length of LAD
in the L-TAD) which allows us to investigate what other
factors can affect L-TAD-NE contact probabilities and
radial distributions.

Fraction of LADs at the NE is calculated as the average
(over the described above ensemble of 18 nuclei) fraction
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of L-TAD beads within (position of bead centers) 0.09
pum layer (average bead radius) at the NE.

To analyze the mobility of LADs we compute the prob-
abilities of L-TADs (the centers of L-TAD bead) to be
within a very thin, 0.2 um layer immediately adjacent to
the NE. The thickness of this layer roughly corresponds
to the average diameter of beads in our model. When
L-TAD is in this layer we define it as being in contact
with the NE.

Interactions of the NE with TADs not containing LADs
are described by the purely repulsive potential (see Eq. S3
in Additional file 1).

Lamin Mutant model

We refer to the lamin depleted or lamin knock-down
nuclei as “Lamin mutant” nuclei. Our Lamin mutant
nucleus model has the L-TAD-NE affinity parameter €
reduced to essentially zero (0.1 k7, see a more detailed
description in Additional file 1). All other interaction
parameters are unchanged from the wild-type (WT)
model. The Hi-C map for Lamin mutant model is calcu-
lated using long “11 h” trajectories (see “Matching simu-
lation time to biological time” subsection in “Methods”)

Experimental chromatin density profiles

The results of the simulations are compared with the
experimental chromatin density data [119], briefly
described in Additional file 1.

Simulation of chromatin dynamics

Langevin dynamics simulations have been performed
using ESPResSo 3.3.1 package [120] by solving the Lan-
gevin equation of motion:

mit; = —=V;U — ym¥; + Li(t). (1)

Here, r; is the position of bead i with mass m;, U is the
potential energy of the system. The last two terms
describe the interaction with the solvent: a velocity
dependent friction force, characterized by the param-
eter ¥, and a random Gaussian white noise force
L;. The integration time step is fsgep = 0.017, where
T = Opin/Mmin/€ is the L] time scale [104, 121].
Using € = 3 kT we obtain 7 = 136 ns and, accordingly,
tstep = 1.36 ns, which was used for all our simulations.
For the simulations used to narrow down the range of
the interactions parameters, we generated 40 x 10° time
steps trajectories with y = 1/t. For the production simu-
lations with the selected WT and Lamin mutant interac-
tion parameter sets, we generated 400 X 10° time steps
trajectories using y = 0.01/7. This much smaller y allows
one to effectively speed up the simulations (~ 20 times),
which is one of the key benefits [122] of the implicit
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solvent approach used here. Also, in this regime of small
friction the bead inertia and, accordingly, the difference
in bead masses may become important.

Contact probability (Hi-C) map
The TAD-TAD contact probability map (Hi-C map)
of the model is defined as the average of Hi-C maps
(1169x1169) calculated over 18 trajectories of the ensem-
ble of 18 model nuclei of 3 different sizes and 4 mutual
arrangements of the chromosomes. (See a more detailed
description in Additional file 1).

The final Hi-C maps for the developed WT and Lamin
mutant models are calculated using long “11 h” trajecto-
ries (see the following subsection).

Matching simulation time to biological time

To relate the simulation timescale with the experiment
[123], that is to map the simulation time onto real bio-
logical time, we compared [83] a diffusive motion of
model beads with the experimental interphase chromatin
diffusion, and used the match to estimate the scaling fac-
tor A that converts the simulation time to real biological
time. We calculated time dependencies of distance R;(t)
between bead i and the nucleus center for 9 randomly
selected beads, which do not contain LADs. The depend-
ence of the mean squared displacement (MSD) on the
time interval At, (AR?(At)) = ([Ri(t + At) — R;(D)]?),
was calculated for 3 different values of the Langevin fric-
tion parameter y (0.01/7, 0.1/t and 1/7). The averaging
was performed over 9 selected beads along the 18 trajec-
tories. We fit the first 300 - 10 time steps of each of the
three curves (AR%(AL‘)) (see Fig. S3 in Additional file 1)
with the following equation for a sub-diffusive motion of
chromosomal loci [123]:

(AR(AL)) = 4D,pp (AL/ 1), (2)

where Dy, is the apparent diffusion coefficient, and
0.39 is the average experimental exponential scaling
parameter. This equation (with /=1 and Af in sec-
onds) describes the experimentally observed diffusion
of chromosomal loci over the time periods ranging from
1 to 103 s [123]. Very similar values for the exponential
time scaling parameter have been obtained in the scaling
theory (0.40) and in the accompanied dissipative parti-
cle dynamics simulations (0.38) for the thermal motion
of monomers in the fractal globule state [124]. A slightly
different value for the time scaling exponent for a sin-
gle chromosomal locus MSD (0.52) has been recently
reported in Ref. [125], consistent with the range seen in
earlier experiments [123].

We obtain reasonable fits of the simulation derived
MSDs with 4D, = 0.061 um?, At in the number of time



Tolokh et al. Epigenetics & Chromatin (2023) 16:21

steps and 4 = 10* s~ fory = 0.01/7, 2 = 2.8 - 10* s~ for
y =0.1/t,and 2 = 20 - 10* s~ ! for y = 1/7. These values
of /. give us the number of simulation time steps that cor-
responds to 1 s of a real biological time. The scaling trans-
lates the 40 x 10° time step simulations with y =1/t
into 3 min of real nucleus time, and the long production
400 x 10° time step simulations with y = 0.01/7 as cor-
responding to 667 min (11 h) of real time. The inevitable
uncertainty in the experimental value of the scaling expo-
nent used in Eq. 2 to map the simulation time onto real
time suggests that one has to exercise caution in inter-
preting this mapping. We are nevertheless confident that
a minute of the simulation time is still of the same order
of magnitude as a minute of real biological time, not an
hour or a second.

The Hi-C map calculated using long “11 h” trajecto-
ries for the WT parameter set has Pearson’s correlation
coefficient with the experimental Hi-C map 0.954, close
to 0.956 value obtained using “3 min” trajectories. These
values suggest that reducing friction coefficient y to 0.01
of its original 1/t value employed at the stage of model
parameters development, does not affect much of the
local chromatin structure. A small deterioration of the
original structure is expected due to time evolution and
decay of the initial configurations.

Within the model, t = 0 corresponds to a point in the
very beginning of G1 phase of the cell cycle, when all of
the chromosomes are fully de-condensed.

Model development

Our model consists of 1179 “soft” beads that represent
homologous pairs of TADs (1169 beads), pericentromeric
constitutive heterochromatin domains (6 HET beads)
and centromeric chromatin domains (4 CEN beads) (see
“Methods”). The beads representing TADs are split into
four types which correspond to four major epigenetic
TAD classes: Active, Null, PcG and HP1 [1]. The beads
are combined into four chains of homologous chromo-
somes (Chrs 2, 3, 4 and X) using “beads-on-a-string”
model [68, 82, 101, 102]. Nucleolus is modeled as an
additional constrained bead [26].

The nuclear envelope (NE), a spherical boundary sur-
rounding the chromosome chains (see Fig. 1), constrains
the motion of beads within the nucleus by TAD-NE
repulsive interactions. At the same time, the NE, internal
surface of which is lined by the nuclear lamina (NL)—a
dense meshwork of protein filaments, can attract L-TADs
(TADs that contain LADs) [43, 47]) representing LAD—
NE interactions.

Compared to the previous fruit fly interphase chro-
matin model [83], and models developed for mamma-
lian nuclei Refs. [52, 55, 56, 126], our model utilizes the
attractive interactions between non-bonded beads. We
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assume that this presumably protein mediated TAD-
TAD attraction [127, 128] is a TAD-class dependent
[126], since different combinations of proteins are bound
to different epigenetic classes of TADs [106] with their
characteristic histone modifications.

Experimentally observed compartmentalization of
chromatin [28] into active euchromatin (type A compart-
ments) and more densely packed inactive heterochroma-
tin (type B compartments) allows us to assume [55, 126]
at least three types of TAD-TAD interactions: A—A, B-B
and A-B. To allow the compartmentalization, some gen-
eral relations (the so-called Flory—Huggins rule [129])
between these three types of TAD-TAD interactions
have to be considered.

We also introduce a set of “specific” non-bonded TAD-
TAD interactions for 268 TAD (bead) pairs which form
“long-range” contacts with the increased probabilities
[1]. These attractive interactions are described by a set
of effective potentials with the well depths determined
from the experimental contact probabilities for the corre-
sponding TAD pairs (see “Methods” in Additional file 1).

Interaction parameters of the models

The attractive protein mediated interactions between
TADs can spread over a several kT range of energies [55,
130].

To determine “optimum” bead-bead and L-TAD-NE
interaction parameters of the model interphase nuclei
we use simultaneously the following three major criteria
(selection rules):

(1) Maximum possible Pearson’s correlation coefficient
between model derived TAD-TAD contact prob-
ability map (model Hi-C map) and the experimental
WT Hi-C map [1], reduced to the TAD-TAD con-
tact probabilities [26]);

(2) The fraction of LADs (LAD containing beads,
L-TADs) which are in contact with the NE matches
the experiment for the WT nuclei: 25% [43]);

(3) The commonly used condition for the chromatin
compartmentalization is satisfied. This is the so-
called Flory—Huggins rule [129]—the strength of
the interactions between different (A and B) unit
types should satisfy the phase separation criterion:
interaction A-B < (A—A + B—B)/2.

Three stages of model development are used (see the
description in Additional file 1, “Model development”).
The model Hi-C map derived from the nuclei dynam-
ics using the final “optimum” WT set of the interaction
parameters has Pearson’s correlation coefficient with the
experimental Hi-C map 0.956. The contact probabilities
in the experimental map include intrinsic experimental
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noise, which can affect the correlation with the model
Hi-C map. Excluding the low-probability contacts (lower
than 0.03), which are most affected by the noise compo-
nent, effectively divides the experimental Hi-C map into
two strata [131]; the corresponding Pearson’s coefficient
between model and experiment increases to 0.967.

The “optimum” WT set of the interaction parameters
is shown in the second column of the Table 1. We use
this set for 10x longer simulations reported in the next
section. The resulting chromatin density profiles will be
compared with the available experimental data presented
in [119]. We will also investigate how sensitive is the
chromatin structure to the deviations in the parameters.

Results

Dynamic model of chromosomes in fruit-fly at TAD
resolution

We have developed a coarse-grained “beads-on-a-string”
model of D. melanogaster female interphase nuclei at
TAD resolution (the average TAD size is ~100 kb), where
a bead represents a pair of homologous TADs in paired
homologous chromosomes. Four main types of beads
corresponding to four major epigenetic classes of TADs
[1]—Active, Null, PcG and HP1—are used. The arrange-
ments of the chromosome chains (nucleus topologies)
in the model nuclei correspond to the experimentally
observed CIS and TRANS mutual arrangements of the
L- and R-chromosome arms and the position of X chro-
mosome [108], see Fig. 1 in “Methods”. Unless otherwise

1200

Fig. 2 The temporal evolution of the WT chromatin configurations (top row), and the model derived TAD-TAD contact probability (Hi-C) maps
(bottom row). From left to right: The model chromatin configurations at t=0 min (starting configuration), and at time points corresponding to 30
min, 3 h and 11 h. The configurations shown correspond to TRANS-X3S nucleus topology (see Fig. 1), used as an example. The Hi-C maps (bottom
row) are each averaged over 5 min (3 - 10% time steps) time intervals, and over the ensemble of 18 independent trajectories of the model nucleus,
generated with the WT parameter set. The averaging includes all of the starting topologies, see “Methods”
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specified, the results are averages over the ensemble of all
different chromosome topologies and nucleus sizes (18
systems in total, see “Methods”).

The main capabilities of the model are illustrated in
Fig. 2, where we present the snapshots of the temporal
evolution of the nucleus along the production trajectory,
corresponding to about 11 h of biological time. The initial
(t =0) and the following (at £ = 30 min, 3 h and 11 h)
full ensemble averaged Hi-C maps are shown as well. The
snapshots and the maps show the expected small decay
[83] of the perfect original chromosome territories and
local structures: the probabilities of TAD-TAD contacts
within each chromosome arm slightly decrease with time
(by about 5-10%), although there are regions of contacts
where these probabilities increase (see the difference
maps in Fig. S5 in Additional file 1). The presented con-
figurations and the maps demonstrate that reasonably
distinct territories still exist 11 h into the interphase, pro-
viding the first “sanity check” of our model. The overall
conclusion from the bottom panel of Fig. 2 (see also the
difference maps in Fig. S5 in Additional file 1) is that the
Hi-C map of a fruit fly nucleus at TAD resolution expe-
riences only relatively small changes at the time-scale of
the interphase. We refrain from a more detailed analysis
of these changes here, as our focus is the role of the NE.

The model is trained to agree with the experimental
Hi-C map, Fig. 3 (top panel) [1, 26], and lamin-DamID
data [43] for the WT nuclei, and to satisfy the general
polymer physics restrictions imposed on the strengths
of the attractive interactions between beads of different
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Fig. 3 Top panel: Experimental Hi-C map for TAD-TAD contact
probabilities in the WT D. melanogaster embryonic nuclei [26]
(original data for embryonic nuclei from Ref. [1]). Bottom panel: Model
derived TAD-TAD contact probability (Hi-C) map corresponding

to young (0-3 min) nuclei. This Hi-C map reproduces many

features expected from experiment: increased interactions within
chromosomal arms, long-range chromatin contacts visible as bright
spots, genome compartmentalization manifested as plaid-patterns
of TAD-TAD contacts, and the Rabl-like configuration represented by
interactions between chromosomal arms (e.g. 2 L and 2R) as “wings”
stretched perpendicular to the main diagonal. Pearson’s correlation
coefficient with the experimental Hi-C map is 0.956

types. The model derived TAD-TAD contact probability
map, i.e., the model Hi-C map, Fig. 3 (bottom panel), has
been calculated for the ensemble of “young” nuclei, cor-
responding to about 3 min of real biological time.

The selected WT parameter set provides a reason-
ably accurate reproduction of the experimental Hi-C
map (Pearson’s correlation coefficient is 0.956). Some of
the difference in the intensity of inter-arm TAD-TAD
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contacts between the experimental and model Hi-C maps
can be explained by a noisy experimental data at this
scale. We have also examined how the TAD-TAD con-
tact probability decays as a function of the distance along
the genome, within a single chromosome arm. Up to ~1
Mb, the agreement with the experiment is quantitative,
but between ~1 and ~20 Mb, the experimental contact
probability decay is slower, indicating the presence of
more compact structures at this length scale compared to
the model prediction.

The model is validated against multiple (ten) structural
features of chromatin from several different experiments,
which were not used for its training, see below. The
model is capable of predicting the evolution of the 3D
chromatin architecture (see Fig. 2) on time scales up to
11 h, which is enough to approximate the duration of the
G1 phase of the fruit fly nuclei interphase [30, 132-135].
The Hi-C map calculated using “11 h” trajectories for the
WT parameter set has Pearson’s correlation coefficient
with the experimental [1] Hi-C map 0.954.

WT nucleus vs. Lamin mutant nucleus

To assess the role of the NE in organization of the chro-
matin architecture, a Lamin depleted nucleus model
(simply referred to as “Lamin mutant”) has been created
by reducing the LAD-NE affinity from relatively strong 4
kT W'T value to essentially zero, see “Methods” The rest
of the model parameters were kept the same.

Two model derived WT and Lamin mutant radial TAD
density distributions are shown in Fig. 4 (top panel).
These distributions are in reasonable agreement with
recently reported experimental chromatin density distri-
butions [119] shown in Fig. 4 (bottom panel). In particu-
lar, the model faithfully reproduces non-trivial nuances
of all of the experimental distributions reported in Ref.
[119], particularly the “flatness” of the of density profile
away from the NE for Lamin mutant (in experimentally
seen distributions), as opposed to, e.g. continued growth
of the density toward the center of the nucleus that can
occur if the model parameters deviate from their opti-
mal values, see below. This agreement provides a strong
validation to the model, independent of the experimental
data (WT Hi-C map) used for its training.

Comparing the WT and Lamin mutant chromatin
distributions, Fig. 4, one can see a substantial shift of
the chromatin density toward the NE in the WT nuclei.
LAD-NE attractive interactions in the WT nuclei trans-
form a more compact globule-like distribution in the
Lamin mutants, with a very low chromatin density
near the NE, into a more extended distribution, with a
chromatin density peak near the NE and substantially
reduced chromatin density in the central nucleus region.
Similar effects of increased chromatin compaction and
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Fig. 4 Radial chromatin density distributions in fruit fly nucelus.

Top panel: Model WT nuclei (red curve, diamonds) and the Lamin
mutant model nuclei (green curve, circles). The error bars are the
standard deviations of the mean values for 18 nuclei. Bottom panel:
Experimental WT nuclei (red curve, diamonds) and the Lamin mutant
nuclei (green curve, circles) [Adapted from Supplementary Data,
Figure S3 (Group 1) of Ref. [119]]

its movement away from the NE upon reduction of the
LAD-NE attraction strength were previously observed
in the experiments with Drosophila S2 cells [35], in the
models of single human chromosomes [52, 56, 59] and in
the model of several mouse chromosomes [55].
Comparing the model derived Hi-C maps for the
Lamin mutant (Fig. 5) with that of the WT nuclei, our
first conclusion is that the two are quite similar: the Pear-
son’s correlation coefficient between the two is 0.9989.
Which means that, by and large, the significant global re-
arrangements of the chromatin upon abrogation of the
LAD-NE attraction, Fig. 4, have relatively little effect on
the overall structure TAD-TAD contacts, as revealed by
the Hi-C map. The relatively subtle differences between
the two Hi-C maps are best revealed in the difference
map, see Additional file 1: Fig. S8. One can see that the
small (within 10%) changes in the contact probabili-
ties are in agreement with the changes in the chromatin
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Fig. 5 Model derived Lamin mutant TAD-TAD contact probability
(Hi-C) map. Pearson'’s correlation coefficient relative to the
corresponding WT model Hi-C map is 0.9989, suggesting a high
overall similarity between the WT and Lamin mutant contact maps

density distribution upon transition to the Lamin mutant
seen in Fig. 4. A more compact and dense chromatin in
the Lamin mutant has slightly higher TAD-TAD con-
tact probabilities, both within the chromosome arms and
between the arms.

Also, the specific TAD-TAD contacts produce more
intensive spots on the Lamin mutant map (Fig. 5) com-
pared to the WT model Hi-C map (see the difference
map in Additional file 1: Fig. S8).

The model also reproduces key qualitative result from
Ref. [35] that lamin depletion enhances interactions
between active and inactive chromatin, impairing spatial
segregation of active and inactive compartments. Our
models provide a quantitative estimate for the increase
of contacts between Null and Active TADs in the Lamin
mutant relative to the WT nuclei (see the sums of the
selected contact probabilities for each Null TAD with
Active TADs in Fig. S11 in Additional file 1). The aver-
aged relative increase is 22%. This number is a testable
prediction; the predicted increase is yet another valida-
tion of the model, independent of the data sets used to
build the model.

NE has a dual role, acting as an “attractive enclosure”

Comparing the model derived Lamin mutant and WT
chromatin distributions (Fig. 4, top panel) one can see
that the main consequence of the almost complete
elimination of the LAD-NE affinity is a significant
“global” change in the chromatin density profile. The
peak of the WT chromatin density at about 1.9 um
from the nucleus center (at about 94% of the relative
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distance from the center) disappears, and the chroma-
tin is shifted away from the NE. The density in the near-
est to the NE layer of TADs drops 6 times compared to
the WT value, while the density in the central region
of the nucleus doubles, making the resulting chromatin
distribution more compact. A similar general conclu-
sion about the ability of LAD-NE interactions to re-
distribute large blocks of chromatin was reached in the
context of models of single human chromosomes inter-
acting with the NE [52, 59]. We note that the respective
parameter regimes that lead to this common conclu-
sion, e.g., the ratios of TAD-TAD to LAD-NE interac-
tion strengths, may be quite different from ours. On the
other hand, it is reassuring that certain general princi-
ples of chromatin organization appear to be robust to
model details.

What we have found unexpected is how quickly—on
the minute time-scale—the more compact chromatin
structure of the Lamin mutants deteriorates once the
entire confining NE (not just Lamins) is removed com-
pletely, see Fig. S6 in Additional file 1. These combined
results suggests a dual role for the NE. It is not about
mere confinement of chromatin; but also it is not just
“keeping interphase chromosomes slightly stretched”
[35]. The NE acts as an “attractive enclosure’, which
can both redistribute the chromatin, shifting most of
it from the interior to the nuclear periphery due to the
LAD-NE attraction in the WT nuclei, and, at the same
time, the NE confines the chromatin, preventing it from
decondensation in Lamin mutants, in the absence of
the LAD-NE attraction. Without the NE, the chroma-
tin will not shrink as it does in Lamin mutants. Possible
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biological implications of these findings are touched
upon in “Discussion”.

3D chromatin architecture is sensitive to variations

in the interactions of its key elements

To investigate how different interaction types affect the
chromatin properties we have simulated the nuclei with
the interaction parameters deviating from the WT and
the corresponding Lamin mutant set values.

Effect of LAD-NE affinity variation

One of the question which clarifies the role of the NE is
how the deviation of the LAD-NE affinity from its W'T
value (4 kT) affects the chromatin distribution? In Fig. S7
in the Additional file 1 (top panel), the radial distribu-
tions of TADs in the model at different levels of LAD-NE
affinity (from 0.1 kKT in Lamin mutant to 5 kT) are pre-
sented. One can see that the increase of LAD-NE affinity
by 0.5 kT from its WT value leads to a substantial (~ 2x)
decrease of the TAD density in the central nucleus region
and, at the same time, to a 20% increase of the chromatin
density peak at the NE.

A more interesting behavior can be observed when
LAD-NE affinity is decreased. The 0.5 kT decrease of the
affinity results in a substantial reduction of the density
peak value near the NE relative to the chromatin density
in the central nucleus region (from 1.8 to 1.1) and its 0.2
um shift from the NE. A further decrease of the affin-
ity to 3 kT, which is only a 25% change, leads to a com-
plete transformation of the chromatin density profile to
the Lamin mutant-like profile: the density peak at the NE
disappears, a substantial amount of the chromatin moves
away from the NE, the interior density increases by 80%

Table 1 Wild-type (WT) model TAD interaction parameters and the effects of their variations on WT Chromatin (CHR) distribution and

Chromosome arms contacts

Interaction type WT value Change

Effect on WT Chromatin (CHR) distribution and the WT

Intra/Inter-arm contacts changes

LAD fraction (0.25) at the NE

+1 KT (4 25%)

60% increase of LAD fraction at NE (to 0.4),

Intra (+/— —), Inter (=)

L-TAD-NE 46% increase of CHR density peak at NE.
(LAD-NL) 4 KT — 1 KT (= 25%) 60% decrease of LAD fraction at NE (to 0.1), Intra (+ +/-), Inter (+)
Affinity 43% decrease of CHR density at WT peak,
peak disappears (Additional file 1: Fig. S7, top panel).

+ 1 KT (+67%) 36% decrease of LAD fraction at NE (to 0.16), Intra (+ + +), Inter (++)
Null-Null 1.5KT 0.6 uwm shift of CHR density peak from NE.

—14KT (—93%) Minor changes in CHR density profile (Additional file 1: Fig. S7). Intra (— =), Inter ()
PcG-PcG 1.5KT —14KT (—=93%) Minor changes in CHR density profile. Intra (+/— =), Inter (=)
HP1-HP1 1.5kT N/A Not explored
Active-Active 0.1 kT + 0.4 KT (+400%) No change in CHR density profile. Intra (+/-), Inter (+/-)
Cross-type 0.5 KT + 0.5 kT (+100%) Minor change in CHR density profile (Fig. 6). Intra (+ + +), Inter (+ +)
Single “+" (“~") denotes a small increase (decrease) in the corresponding contact probability. “+ +” (“— —") denotes a moderate increase (decrease), while “+ + +"

denotes a strong increase. “+/-" denotes increase and decrease
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compared to its WT value. The summary of these effects
is presented in Table 1. To the best of our knowledge such
a sensitivity of chromatin distribution on the strength of
LAD-NE interactions was not observed in the previous
studies of mammalian nuclei [55].

The strong dependence of the chromatin density pro-
file on the decrease of LAD-NE affinity [see Additional
file 1: Fig. S7 (top panel)] suggests that both the number
of LADs in the fruit fly genome and their affinity to the
NE are likely “tuned” to be rather close to values corre-
sponding to a transition between the Lamin mutant-like
and WT-like chromatin distributions.

Effects of TAD-TAD interaction variation

We described in “Methods” how we selected the values
of the TAD-TAD interaction parameters which produce
a good agreement with the experimental Hi-C map [1,
26] and LAD distribution [43]. Here we will discuss what
effects the deviations from those optimal parameters will
have on the chromatin distribution and the TAD-TAD
contact probabilities. The summary of these effects is
presented in Table 1.

Active—Active TAD interactions: A large relative (400%),
but small in the absolute value, increase (from 0.1 to
0.5 kT) does not lead to a noticeable change in the TAD
radial distribution. Small variations of the intra-arm and
inter-arm TAD-TAD contact probabilities are observed.

Null-Null TAD interactions: Decreasing the amplitude
of these interactions from 1.5 kT (WT value) to 0.1 kT
produces a small effect on the radial chromatin distri-
bution—a 20% increase of the chromatin density in the
central nucleus region, and a small decrease of the den-
sity near the peak at the nucleus periphery, Fig. S7 in
Additional file 1 (bottom panel). Similar effect of partial
chromatin redistribution toward the nuclear center upon
reduction of the attraction between B-type beads has
been observed in the single chromosome model of chro-
matin described in Ref. [52]. This small redistribution of
the chromatin in our model results in a minor decrease
of intra-arm and inter-arm TAD-TAD contact intensi-
ties. On the other hand, the increase of the Null-Null
interactions by 1 kT (to 2.5 kT) leads to a substantial shift
of the chromatin from the NE decreasing the fraction
of L-TADs at the NE from 25 to 16% by transforming a
more narrow main peak near the NE at 1.5-1.9 um into
a wider peak at 0.9—1.7 um, Fig. S7 in Additional file 1
(bottom panel). Similar effect of the shift of chromatin
density toward the central region upon increase of the
mutual attraction between B-type beads, when some of
them have affinity to the NE, has been observed in the
one-chromosome chromatin model described in Ref.
[59]. At the same time, the effect predicted in Ref. [52]
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is the opposite, at least at the same ratio of LAD-NE to
B-B attractions as used in our model.

The shift of the chromatin density peak in our model
when increasing the Null-Null attraction to 2.5 kT [see
Fig. S7 in Additional file 1 (bottom panel, blue line)] is
accompanied by a noticeable increase of intra-arm and
inter-arm TAD-TAD contacts probabilities with a reduc-
tion of Pearson’s correlation coefficient with the experi-
mental Hi-C map from 0.956 to 0.934. Since 228 of 492
Null TADs contain LADs (the most enriched in LADs
class of TADs, see Fig. S1 in Additional file 1), these
changes suggest a competition between the LAD-NE
and Null-Null (TAD-TAD) interactions for the “opti-
mal” chromatin structure. For comparison, only 54 of
494 Active TADs contain LADs, and the other two less
numerous TAD classes contain even smaller numbers of
L-TADs (50 of 131 PcG TADs and 18 of 52 HP1 TADs).
This suggests that the competition between their TAD-
TAD and LAD-NE interactions seems to be less impor-
tant in the formation of the radial chromatin structure.

PcG-PcG TAD interactions: As in the case of Null-
Null interactions, the decrease (from 1.5 to 0.1 k7T) of the
attraction between PcG TADs results in minor changes
in the chromatin distribution and TAD-TAD contact
probabilities. Due to the relative paucity of the PcG TADs
we did not pursue further analysis of their selective influ-
ence on the chromatin structure.

Cross-type TAD-TAD interactions in Lamin mutant
vs. WT: Natural separation of TADs into active and inac-
tive compartments suggests that cross-type TAD-TAD
interactions would be detrimental to the cell. Does the
WT level of LAD-NE affinity make chromatin density
profile robust to changes in strength of cross-type TAD—
TAD interactions? Decreasing the cross-type interactions
from 0.5 kT (W'T value) to 0.1 kT produces practically
no change in the WT nuclei and minor changes in the
Lamin mutant chromatin distribution (10-15% den-
sity decrease in the central regions due to small expan-
sion of the chromatin toward the NE), Fig. 6. A small
decrease of intra-arm and inter-arm TAD-TAD contacts
is observed in both WT and Lamin mutant nuclei. On
the other hand, increasing these interactions by 0.5 kT’
(to 1.0 kT) results in a substantial (80-100%) increase of
the chromatin density in the central regions of the Lamin
mutant due to further compaction of the chromatin in
the globule-like state. The same change of the interac-
tions in the WT nuclei leads to only a small increase of
the density (about 20%) in the central regions, Fig. 6. A
significant increase of intra-arm TAD-TAD contacts and
a moderate increase of inter-arm TAD-TAD contacts are
observed in both WT and Lamin mutant nuclei, as it can
be seen on the Hi-C map differences (see Fig. S8 in Addi-
tional file 1).
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Fig. 6 Chromatin density distributions in the WT and Lamin mutant
nuclei models with modified levels of cross-type TAD-TAD attractive
interactions (parameter e45), both between A and B types of beads
and between different types of B beads (e.g. Null-PcG interaction)

The substantial chromatin density changes in the
Lamin mutant and the small corresponding changes
in the WT nuclei demonstrate that in the absence of
the attractive LAD-NE interactions the chromatin dis-
tribution is very sensitive to the small changes in the
cross-type TAD-TAD interactions. The reduction of
this sensitivity in the presence of LAD-NE interactions
suggests a stabilizing role of these interactions in main-
taining native chromatin distribution in the WT nuclei
and preventing cells from potentially negative effects of
cross-type TAD—TAD interactions.

Probability of a TAD to be near the NE is determined
by a highly variable local linear density of L-TADs (LADs)
along the genome
To investigate the dynamic positioning of individual
TADs within the nucleus relative to the NE, and the role
of LAD—NE interactions in this positioning, we have par-
titioned the nucleus into two spherically symmetric com-
partments of equal volume: the central spherical region
of 1.6 um radius, and the spherical layer (0.4 um thick-
ness) adjacent to the NE. In the WT nuclei this 0.4 um
layer contains about 70% of all L-TADs. The probabilities
of individual TADs to be in that adjacent to the NE layer
for the WT and Lamin mutant nuclei are shown in Fig. 7.
One can see that in the WT nuclei the TADs are parti-
tioned into two major groups: TADs that have high (0.5-
—0.97) probability to be in the 0.4 um layer near the NE
(outer half the nuclear volume), and the ones that tend to
stay away from the NE, with the probability in the range
0.1-—0.5 to be in that “near NE” layer. The TADs in the
second group are in the sections of the chromosomes
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Fig. 7 Probabilities of TADs to be found within 0.4 um layer adjacent
to the NE (half the nuclear volume) for the WT (red) and Lamin
mutant (green) model nuclei. Statistical error bars are smaller than
symbol size. The WT TADs can be partitioned onto two major groups:
the TADs with the probabilities greater than 0.5 and the TADs with
the probabilities in the range 0.1—0.5. The TADs in the second group
belong to the sections of chromosomes containing relatively long
continuous stretches (10-16 TADs) without LADs. Null L-TADs #15,
analyzed in [35] as cytological region 224, is marked by yellow circles
(for the WT and Lamin mutant nuclei). Null L-TADs #120, described
in [35] as cytological region 36C, is marked by red triangles. PcG
L-TAD #435, analyzed in [35] as cytological region 60D, is marked by
blue squares. These three regions have been experimentally shown
to detach from the NE in the Lamin mutant nuclei [35]. Our model
agrees with the experiment for these three L-TAD regions, providing
an additional validation for the model. (Also see model derived
cumulative frequencies of radial positions of these regions in Fig. S12
in Additional file 1 for details)
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containing relatively long continuous stretches (10-16
TADs) without LADs. Quantitatively, one can charac-
terize linear L-TAD density along a chromosome chain
(L-TAD frequency of occurrence), fi, as the ratio of the
numbers of L-TADs to the number of all TADs in a given
chromosome section.

We see a clear correlation between the probabil-
ity (pnE) of a TAD to be in the 0.4 um “near NE” layer
and the f; value (see Fig. 8). For example, the first dip
in the probability distribution for the 2 L-arm TADs
from #70 to #72 (png = 0.13, Fig. 7 and Fig. 8) is in the
stretch of 17 TADs with only a single L-TAD (#78), and
has the L-TAD density f; = 0.05. This density is 6 times
lower that the genome-average value f; = 0.30. On the
other hand, the regions in the first group (high png)
have a noticeably higher than average L-TAD density: in
2 L-arm-TADs from #156 to #166 (png > 0.8) have the
average f; = 0.55.

This stable separation of the average radial positions of
different TADs suggests that the chromatin, despite being
in a liquid-like state, has some “averaged global struc-
ture” determined by the irregular distribution of LADs
(L-TADs) along the chromosomes.
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Fig. 8 Probability of a TAD to be near NE is largely determined by
the linear density of L-TADs surrounding this TAD. Shown are the
probabilities of TADs/L-TADs to be found within 0.4 um layer adjacent
to the NE (upper trace), png, and the linear L-TAD density, f;, along the
chromosome chain (lower trace). For visual clarity, only a fraction of

2 L chromosome is shown

In the Lamin mutant nuclei, the probabilities of TADs
to stay closer to the NE (in the 0.4 um “near NE” layer),
presented in Fig. 7, are in the range 0.1-—0.4. The over-
all reduction of these probabilities compared to their
WT values, reflecting the change of the TAD’s average
radial positions, is in agreement with the detachment of
the chromatin from the NE and its compactization in the
Lamin mutant nuclei seen on the chromatin density dis-
tributions, Fig. 4.

Mobility of LADs. The nature of their stochastic distribution
It is well-known that the subset of LADs found at the NE
differs substantially from cell to cell. Here we ask if LADs
in an individual fruit fly nucleus may also be mobile, and
if so, to what extent.

There are 412 LADs in D. melanogaster nucleus [47];
they are approximately evenly distributed along the three
largest chromosomes: X, 2 and 3. As discussed in “Meth-
ods’, we have mapped these LADs onto the 1169 TADs
[1] and have found LADs in 350 TADs (L-TADs). The
WT value of the LAD-NE affinity (4 kT) in our model
leads to the 25% fraction of L-TADs being, on average, in
the nearest to the NE layer. Increasing or decreasing the
LAD-NE affinity relative to its WT value in our simula-
tions leads to an increase or a decrease of this fraction
(see Fig. S4 in Additional file 1). This sensitivity (~8%
per 0.5 kT change) suggests a dynamic balance between
the number of L-TADs attached to the NE at any given
moment and the rest of L-TADs.

LADs in individual nuclei are highly dynamic
(mobile). We find that L-TADs can frequently attach
to and detach from the NE during the interphase, and
are not permanently anchored to the NE in any given
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Fig. 9 L-TADs are highly mobile within a single cell. Shown are the
probabilities of L-TADs to be in contact with the NE. None of the
L-TADs stay at the NE all the time, the maximum probability being
only 0.85, suggesting a dynamic nature of all LAD-NE contacts.
Large red/blue circles are the averages over 6 nuclei with 4 different
nucleus topologies (4 CIS and 2 TRANS). Smaller black/green circles
are the probabilities for a single CIS-X6S nucleus topology. All nuclei
are of 2 um radius. Statistical error bars are smaller than symbol size.
Despite all 350 L-TADs in the model having the same affinity to the
NE, there is a significant spread of their probabilities to be near the
NE. A non-negligible number of L-TADs, 12%, have a very low (less
than 0.2) probability to be at the NE

cell. Visualization of motion of five randomly selected
L-TADs in each chromosome shows that they are
indeed highly mobile on time-scale of 20 min (see
Fig. S10 in Additional file 1 and Additional files 2, 3, 4:
Movie). One can see that, unlike larger LADs in rela-
tively large human nuclei [34, 48, 49], fruit fly LADs
can quickly move though a significant portion of the
nuclear volume.

To confirm the suggestion about a highly dynamic
nature of LADs on the genome-wide level, we have
computed the probabilities of all the L-TADs to be in
contact with the NE (see the definition in “Methods”),
Fig. 9.

To distinguish between cell-to-cell stochasticity and
LAD mobility within an individual nucleus, we compare
the probabilities computed for the ensemble of 6 nuclei
with the probabilities computed for a single nucleus.

Note that a hypothetical scenario in which L-TADs
were static within each nucleus would yield a qualita-
tively different—binary—distribution of L-TADs for a
single nucleus in Fig. 9 compared to the 6 nuclei average:
it would look like L-TADs having only 0 or 1 probability
to be in contact with the NE.

From our genome-wide model prediction for all of the
L-TADs, the probabilities to be in contact with the NE are
lower than 0.85. The fact that the probabilities computed
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for a single nucleus are noticeably less than 1.0 supports
the hypothesis that during the interphase all L-TADs
(LADs) bind to and unbind from the NE, within one and
the same nucleus (see also Fig. S10 in Additional file 1
and Additional files 2, 3, 4: Movie). Even those L-TADs
with the highest level of NE-binding probability are not
permanently attached to the NE.

Probabilities of L-TADs to be in contact with the NE
vary widely. Another interesting observation is a rather
wide spread of the L-TAD contact probabilities seen in
Fig. 9. Despite the fact that the model makes a simplifi-
cation by considering all of the L-TAD-NE affinities to
be the same (neglecting the variations in LAD sizes), it
predicts very different levels of L-TAD-NE contact prob-
abilities for different L-TADs.

Similar to a more general TAD positioning in a rela-
tively wide layer close to the NE (see Fig. 7), we suggest
that this large difference in the L-TAD binding—the
contact probabilities vary from 0.07 to 0.84—is mostly
related to a very different linear L-TAD density, fi,
(shown in Fig. 8) in the chromosome regions surround-
ing these L-TADs. For example, the f; varies from 0.08
for L-TAD #78 to 0.7 for L-TAD #1015, with the corre-
sponding probabilities to be found at the NE being 0.08
and 0.84, respectively. Note that both f; values are sig-
nificantly different from the average linear L-TAD density
for all four chromosomes, which is 0.30.

Bi-modal radial distribution of L-TADs in WT nuclei.
To further explore the predicted dynamic nature of
L-TAD binding to the NE, we have computed radial dis-
tributions of the positions of two L-TADs (PcG L-TAD
#435 and Null L-TAD #120) in the WT and Lamin
mutant nuclei, see Fig. 10 (top and middle panels). One
can see that for the WT nuclei, where L-TADs have 4 kT
affinity to the NE, the distributions are bi-modal: they
have a bound mode, characterized by a large narrow den-
sity peak at the NE, and a diffusive mode with a notice-
able density in the nucleus interior. In the case of the Null
L-TAD #120 (Fig. 10, middle panel), the WT diffusive
mode has a greater amplitude, close to the average single
TAD density in the nucleus (~ 0.03 um™3). In the case of
the PcG L-TAD #435 (Fig. 10, top panel), most of the WT
diffusive mode has a much smaller amplitude (~ 0.01
m~3) with more of the TAD position density localized in
the bound mode. These bi-modal radial L-TAD distribu-
tions demonstrate further, that in the WT nuclei LADs
are not permanently bound to the NE, but are instead
rather mobile, being able to attach and detach during the
interphase. Similar bi-modal distributions of LADs have
been observed in a polymer model of a 81 Mbp genomic
region of human chromosome 5 [56].

In addition to L-TADs, the shift of the radial position-
ing toward the NE in the WT nuclei is also observed
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Fig. 10 Examples of qualitatively different predicted radial
distributions of several TADs, and their responses to lamin depletion.
Top panel: Radial distribution of the PcG L-TAD #435 (cytological
region 60D in Ref. [35]) in the WT and Lamin mutant nucleus models.
Middle panel: Radial distribution of the Null L-TAD #120 (cytological
region 36C in Ref. [35]) in the WT and Lamin mutant model nuclei.
Bottom panel: Radial distribution of the Active TAD #22 in the WT and
Lamin mutant model nuclei. The distributions of L-TADs (LADs) are
bi-modal: the NE-bound mode is characterized by a high and very
narrow density peak right at the NE, and the diffusive mode exhibits
a noticeable LAD density in the nuclear interior. The bi-modality is
consistent with the mobile nature of LADs
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for most other TADs (see Fig. 7). A typical behavior of
radial distributions of these TADs is demonstrated using
as an example the distribution for the Active TAD #22,
depicted in Fig. 10 (bottom panel). The wide distribution
peak of this TAD in the Lamin mutant nuclei is shifted
toward the NE in the WT nuclei, which is in agreement
with different probabilities of this TAD to be within
the 0.4 um layer near the NE (half the nuclear volume)
for the Lamin mutant and WT nuclei: 0.30 and 0.62,
respectively.

An interesting exception related to this general chro-
matin density shift toward the NE in the WT nuclei (com-
pared to the Lamin mutant nuclei) are small groups of
TADs (e.g., TADs with IDs in the ranges 64—80 and 312—
371 in 2 L and 2R chromosome arms) that demonstrate
small shifts in the radial density distributions toward the
NE in the Lamin mutant. We suggest that this opposite
pattern is related to a very low linear L-TAD density in
these selected regions of chromosomes and, accordingly,
a very low averaged attraction to the NE of these regions,
compared to the neighboring regions with higher L-TAD
densities. Due to a competition among L-TADs for a
limited space near the NE in the WT nuclei, these spe-
cial groups of TADs with a very low averaged attraction
to the NE are effectively pushed away from the NE. Con-
sistent with the above explanation, the differences in the
attraction towards the NE are eliminated in the Lamin
mutant nuclei, leading to a much smaller spread of TAD
probabilities to be near the NE. The remaining small
variation—upturns in the green trace at the ends of each
chromosome arm in Fig. 7—is consistent with a greater
probability to be at the nuclear periphery for the centro-
meric and telomeric regions of chromosomes.

The distributions of radial TAD positioning discussed
above further suggest that the TADs are highly dynamic
in both WT and Lamin mutant interphase nuclei.

Discussion

This work has two types of outcomes: methodologi-
cal advances and biological predictions. The latter are
focused on the role of interactions between structural
components of chromatin such as TADs, as well as their
interactions with the NE, in determining the local struc-
ture and 3D global architecture of chromatin, and their
stability.

Methodological advances

We have developed a novel coarse-grained “beads-on-a-
string” model of chromatin of the entire D. melanogaster
interphase nucleus at TAD resolution (~100 kb). One
of the major considerations in choosing the TAD level
of coarse-graining is that TADs are conserved, stable
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units of the fruit fly chromatin, interactions between
which determine compartmentalization of the chromatin
into active euchromatin and more densely packed inac-
tive heterochromatin [1, 15, 107] and, together with the
LAD-NE interactions, its global distribution.

The physics-based, as opposed to purely data-driven,
approach taken here allows us to answer many “what if”
questions hard to address experimentally, focusing on the
role of the chromosome—NE interactions on the global
and local chromatin structure and its stability, which are
the subject of many recent experimental studies [35, 40,
55,91, 119, 136-138].

Compared to many existing physics-based models of
chromatin in higher eukaryotes, our approach has several
methodological novelties; these make a tangible differ-
ence with respect to biologically relevant predictions our
model can make.

First and foremost, we are simulating an entire biologi-
cal system—an ensemble of nuclei, corresponding to the
experimentally observed set of mutual spatial arrange-
ments of chromosome arm (CIS and TRANS), properly
weighted according to experiment. As we have shown,
considering the entire biological system within a physics-
based model proves important to reproducing experi-
ment, specifically to obtain a better agreement with the
experimental Hi-C map derived from a very large set of
nuclei. A related novel aspect of the developed model is
that we consider four distinct epigenetic classes of TADs
as four corresponding types of beads, as well as two addi-
tional bead types—pericentromeric constitutive hetero-
chromatin (HET) and centromeric regions (CEN) beads.

The second key methodological novelty of our mod-
eling approach is that we are able to simulate tempo-
ral evolution of the structure of all chromosomes in
the nucleus on the time-scale of the entire G1 phase of
the interphase. That a computer simulation of an entire
fruit fly nucleus at ~100 kb resolution can reach the bio-
logical time-scales of 11 h or so is not entirely obvious.
Here, we have successfully adapted to the field of chro-
matin simulations an approach developed in Ref. [122]—
implicit solvation with low Langevin friction term. This
approach was found successful in the study of protein
folding and similar problems in structural biology that
faced the same problem: biologically interesting time-
scales are far out of reach of traditional simulation tech-
niques often used in this field. While we can not map the
resulting time-scales precisely onto real biological time,
we are confident that what we call “minutes” in our sim-
ulations are not hours or seconds of real biological time
(see Fig. S3 in Additional file 1).

To arrive at the key interaction parameters that define
the behavior of the model, we have used three major
criteria, or “rules”: (1) maximizing Pearson’s correlation
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coefficient between model derived TAD-TAD contact
probability map and the experimental Hi-C map [1, 26];
(2) a match between the model derived and experimen-
tal set-averaged fractions of LADs contacting the NE
[43]; (3) the conditions for the chromatin A/B compart-
mentalization—the Flory—Huggins phase separation
criterion [129]. The criterion (2) is likely a novelty in
the development of coarse-grained models of chroma-
tin, which leads to important biological conclusions,
see below.

The proposed model has been validated extensively
against multiple experimental observations and trends,
independent from those used in the model construc-
tion. A few examples are summarized below. The model
derived TAD-TAD contact probability map repro-
duces all the main qualitative features of the experi-
mental Hi-C maps obtained from Drosophila cells [1,
15]. These include increased interactions within chro-
mosomal arms, long-range chromatin contacts visible
as bright spots located off the main diagonal, genome
compartmentalization manifested as plaid-patterns
of TAD-TAD contacts, and the Rabl-like configura-
tion represented by interactions between chromosome
arms as “wings” stretched perpendicular to the main
diagonal.

Further, the model reproduces the key qualitative
results from Ref. [35] that lamin depletion enhances
interactions (increases contact frequency) between active
and inactive chromatin and leads to a chromatin com-
paction. Experimentally observed detachment of several
cytological regions from the NE in lamin depleted nuclei
[35] and their radial positioning are also faithfully repro-
duced by the model.

In another independent validation of the model, we
have demonstrated that it reproduces, automatically,
experimental chromatin density profiles [119] of both
the WT and Lamin mutant nuclei, including some highly
nuanced features such the “flatness” of the Lamin mutant
density profile away from the NE, Fig. 4, as opposed to,
e.g., continued growth of the density toward the center
of the nucleus that can be seen when the model param-
eters deviate from their optimal values, Fig. 6. The fact
that the model can reproduce this nuanced behavior is
non-trivial, as small variations of the model parameters
destroy the agreement (while still predicting the more
trivial behavior of the chromatin moving away from the
NE in the lamin depleted nuclei).

The overall behavior of TADs we describe in the manu-
script, such as their radial positioning and TAD-NE con-
tact probabilities, depends of the density of neighboring
LADs along the chromatin chain and epigenetic type of
chromatin in a TAD, rather than the TAD size. For this
reason, we believe that our calculations of chromatin
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density distribution, chromatin—NE contact probabilities,
and estimates of the LAD dynamics, are robust to the
selection of the average TAD size. In the future, re-cali-
brating the model to a finer resolution [139] will unlikely
invalidate our main conclusions made in this work.

In summary, the model reproduces about ten distinct
features of Drosophila interphase chromatin observed
in several independent experiments not used in model
construction.

Biological predictions and speculations

Our first noteworthy conclusion is that the positioning of
all LADs in D. melanogaster interphase nuclei is highly
dynamic (mobile)—on the time scale of the G1 phase of
the interphase -- the same LAD can attach, detach, move
far away from the NE and then re-attach itself to the NE
multiple times. This prediction is supported by multiple
computational experiments. In particular, the analysis of
the distributions of radial positions of single L-TADs: the
distributions have two modes—NE-bound and diffusive.
Consequently, none of the L-TADs spends all of the time
at the NE. This conclusion goes beyond what is known
from experiment for fruit fly nuclei: that LADs found
at the NE differ from cell to cell. What we show is that,
in any given cell nucleus, LADs are highly dynamic. We
argue that this prediction is robust, as it is an inevitable
consequence of the relatively low strength of the LAD-
NE attraction. The specific value, 4 kT, of this attractive
energy used by our model is not arbitrary, it is derived
from the experimental fact that only a certain, limited
fraction of LADs is on average bound to the NE [43]. A
hypothetically much higher value of the LAD-NE affin-
ity that would “glue” all or most LADs to the NE would
be inconsistent with the experimental data used to con-
struct the model.

It is worthwhile to compare our genome-wide predic-
tions for LAD mobility in fruit fly with the correspond-
ing experimental findings, which, to the best of our
knowledge, are available for human nuclei [34]. In both
cases, LADs are not static, but in human nuclei, LAD
movements are confined [34] to a relatively narrow layer
near the NE, while in fruit fly we see a relatively higher
mobility overall, with many L-TADs traversing the
nucleus, from the NE to the center. A more detailed anal-
ysis is warranted to quantify the similarities and differ-
ences between the nature of LAD mobility in these two
organisms.

Observations of the dynamic nature of LADs in inter-
phase nuclei raise a question of the effect of a LAD
being in close proximity to the NE on the expression of
the genes within that LAD. More specifically, does the
expression level vary as the LAD moves between the
periphery and the other parts of the nuclear interior? A
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study systematically tested mammalian promoters moved
from their native LAD location to a more neutral chro-
matin environment and to a wide range of chromatin
contexts inside LADs [140]. The study has demonstrated
that it is the features encoded in the promoter sequence
and variation in local chromatin composition that deter-
mine gene expression levels in LADs [140]. If the inter-
play between promoter sequence and local chromatin
features is sufficient to determine the level of transcrip-
tion inside LADs, then gene expression may be robust
to the dynamic nature of LADs, at least in WT nuclei.
Future genome-wide studies of the spatial-temporal
transcription inside the nucleus may answer this ques-
tion; combining experiment and computer modeling may
be beneficial.

Related to the above conclusion about the dynamic
nature of LAD binding to the NE is the prediction that,
despite all of the L-TADs in our model having exactly the
same affinity to the NE, the probability of L-TADs bind-
ing to the NE varies by an order of magnitude between
L-TADs. We explain this variation by the corresponding
pronounced variation, up to 9 times, of the local linear
L-TAD density along the chromatin chains, in contrast to
an earlier suggestion that it is the highly variable LAD—
NE affinities of relatively large LADs in human cells that
may be responsible for the differences in the frequency
of LAD binding to the NE [51]. A potentially biologically
relevant consequence of our finding is that the genetic/
epigenetic features of a given TAD alone can not fully
determine its fate with respect to probability of being
found near the NE, even if the stochastic component of
the positioning is eliminated by averaging over time and
an ensemble of nuclei. The distribution of LADs along
the genome strongly affects the average radial positioning
of individual TADs, playing a notable role in maintain-
ing a non-random average global structure of chromatin,
within its overall liquid-like state.

We also find that the specific strength of the WT value
of LAD-NE attraction puts the chromatin very near the
“phase boundary’, separating two qualitatively differ-
ent chromatin density distributions; a mere 12% (0.5 k7)
decrease of the LAD-NE affinity strength changes the
shape of the chromatin density profile appreciably, from
the WT one to one that resembles the Lamin mutant
density profile. Changing the LAD-NE affinity by 25%
from its WT value (1 kT decrease) results in a dras-
tic (60%) decrease in the fraction of L-TADs at the NE.
One proposed biological consequence of being on the
“phase boundary” is as follows. If we assume that the ~
12% (0.5 kT) variation in LAD-NE affinity occurs natu-
rally, then the high sensitivity of the chromatin structure
to the strength of LAD-NE affinity might explain vari-
ability of chromatin architecture between nuclei of the
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same tissue and between different tissues. Indeed, some
LADs are conserved between cell types, while others are
more variable [141]. LADs that display less consistency
between cells in a population tend to be specific to cells
where genes, located in these LADs, are transcriptionally
repressed [142]. Cell type-specific genes located in vari-
able LADs are released from the NE upon cell type dif-
ferentiation [49].

Another set of model predictions focuses on the poten-
tial role of LAD-NE interactions in the sensitivity, or lack
thereof, of chromatin 3D architecture to other key inter-
actions (TAD-TAD), which together create the delicate
balance that determines the nuclear architecture. Recent
studies [26, 52, 55, 83, 143], including this one, leave little
room to debate the importance of LAD-NE interactions
in genome organization. As in previous works, e.g., on
mouse [55], agreement of the polymer model with exper-
iment can only be achieved in a rather narrow window
of parameters that determine TAD-TAD and LAD-NE
interactions in fruit fly nucleus. Our model goes further,
by allows us to differentiate between the four main types
of TADs: we find that among transcriptionally repressed
TAD types, Null-Null interactions have the strongest
effect on the 3D chromatin architecture. Also, as previ-
ously reported, one must assume a relatively weak mutual
attraction between Active-type TADs. The fact that very
different models applied to very different organisms,
from fruit fly to mammals [52, 55], arrive at several simi-
lar general conclusions regarding the role of the interplay
of the interactions between chromatin units and the NE,
speaks for a certain degree of conservation of chromatin
organization across species. We would like to note, how-
ever, that in a resent computational study of mammalian
nuclei [55], a much larger (compared to our work) rela-
tive variation of model LAD-NE affinities (up to 3 times)
was found compatible with the chromatin distribution in
the WT nuclei.

In contrast to the predicted strong effect of small
changes in LAD-NE interactions on the radial chromatin
distribution, this distribution is rather insensitive to even
relatively large (30-100%) changes in the strength of the
interactions between TADs. The changes in the interac-
tions between the Null TADs have the most effect, but
even that effect is significantly smaller than the changes
in chromatin density profile resulting from similar rela-
tive changes in the LAD-NE affinity.

Critically, in contrast to WT nuclei, chromatin density
distribution in the Lamin mutant is predicted to be sensi-
tive to increase of the strength of cross-type TAD-TAD
attractive interactions. This comparison suggests that
another role of relatively strong LAD—NE interactions is
in providing a stable global environment with a low sen-
sitivity to small fluctuations in TAD-TAD interactions.
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We speculate that the low sensitivity of global chroma-
tin architecture (radial chromatin density distribution)
to TAD-TAD interactions hints at the possibility of a
mechanism in which changes in TAD-TAD interac-
tions can be more important for local regulation of gene
transcription activity. We also make a testable predic-
tion that many aspects of the chromatin architecture
will be more variable among cells with fewer LAD-NE
contacts and even more so in the Lamin-depleted cells.
These may include TAD-TAD contacts, chromatin radial
distribution, Rabl configuration, spatial segregation of
chromosome territories. In fact, a greater variability of
the chromatin radial distribution in proventriculus nuclei
of the Drosophila Lamin mutants in comparison to WT
nuclei can be observed by comparing three experimental
groups ( [119]). Thus, a dramatic loss or dysfunction of
lamins during aging or disease [49, 62-64, 144] may con-
tribute to the increased disorder in gene expression due
to greater variability of the global chromatin architecture
predicted in this work.

Turning off LAD-NE interactions (simulating Lamin
mutant) results in almost complete detachment of the
chromatin from the NE and its compaction, causing
a twofold increase of the chromatin density in the cen-
tral region of the nucleus. At the same time, complete
removal of the NE in the model results in chromatin
decompaction and separation of the chromosome ter-
ritories on very short time-scale, orders of magnitude
shorter that the duration of the interphase. This result
suggests that, without the NE, the interactions between
TADs are not strong enough to keep the chromatin of the
Lamin mutant in a globule-like form on biologically rele-
vant time-scales of hours. At the onset of mitosis, the NE
is disassembled and the entire genome is condensed into
mitotic chromosomes [145]. In organisms with an open
mitosis, such as Drosophila (except syncytial embryonic
divisions), NE reformation occurs by recruitment of
nuclear pore complexes and membrane components to
the surface of the segregating chromosomes. The process
begins in late anaphase with the binding of nuclear pore
complex proteins to chromosomes and is completed with
the recruitment and fusion of membranes during telo-
phase [146]. Thus, the enclosing role of the NE is already
established at the beginning of the interphase. This pro-
cess could have evolved to prevent chromosomes from
further unfolding and detaching from each other.

Taken together, these observations suggest a dual
mechanical role of the NE in the WT nuclei: it is not sim-
ply a confinement or “stretcher” of the chromatin, but,
rather, the NE acts as an “attractive enclosure’, which
simultaneously expands and confines the chromatin,
while stabilizing both its local and global 3D structure.
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Contrary to the chromatin density profiles, which
reflect the global 3D chromatin architecture, the pre-
dicted Hi-C maps are not very sensitive to the changes
in the LAD-NE affinity, suggesting that local chromatin
structure is determined mostly by the TAD-TAD inter-
actions. Indeed, increasing the interactions strength
between the most numerous strongly interacting Null
TADs by 1 kT, from their 1.5 kT optimum WT value,
leads to a substantial increase in the number of intra-arm
and inter-arm contacts. A similar effect on Hi-C maps is
predicted for the change in interactions between TADs of
different types.

By and large, the predicted Lamin mutant Hi-C map
looks rather similar to that of the WT one (Pearson’s
correlation coefficient between these maps is 0.9989);
this similarity, within each chromosome, was previ-
ously observed in lamin knockdown nuclei [35]. A
more detailed analysis shows that most TAD-TAD con-
tacts, including inter-chromosome contacts, are slightly
enhanced in the Lamin mutant compared to the WT
nucleus (see the difference map in Additional file 1,
Fig. S8), consistent with the overall compaction of chro-
matin observed experimentally in LamA25 mutant [119].
Small areas where the contact frequency decreases in
the Lamin mutant are predicted to be limited to close to
diagonal intra-arm contacts. These findings are consist-
ent with predictions made for polytene chromosomes in
fruit fly [77].

The overall increase of TAD-TAD contacts and com-
paction of the chromatin in the Lamin mutant may bring
TADs of different chromosomes closer to each other,
facilitating inter-chromosome interactions, which is
exactly what we observe in our simulations. In particu-
lar, the Lamin knockdown increases the chromatin den-
sity in a fraction of TADs enriched in active chromatin,
and enhances interactions between active and inactive
chromatin [35]. Using our model, we can go further and
quantify some of these changes. From the model Hi-C
maps, we have estimated the sums of contact probabili-
ties of each Null TAD (inactive B-type TADs) with the
Active TADs in the Lamin mutant and WT model nuclei
(see Fig. S11 in Additional file 1). We predict a notice-
able, 22% on average, increase of these active—inactive
chromatin contacts in the Lamin depleted nuclei. The
reduction of active—inactive chromatin contacts in WT
suggests a stabilizing role of the LAD—NE interactions in
maintaining native chromatin distribution and prevent-
ing cells from potentially detrimental effects of cross-
type TAD-TAD interactions.

Taken together, our modeling data indicate that LAD—
NE interactions play a diverse and prominent role in 3D
genome organization.
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Conclusions

We have developed a coarse-grained model of D. mela-
nogaster interphase nuclei at TAD (~100 kb) resolution
that describes dynamics and time evolution of all fruit
fly chromosomes, and their interactions with the nuclear
envelope (NE), on the time-scale of the entire interphase.
The model takes into account different types of TAD-
TAD interactions between different epigenetic classes of
TADs, attractive interaction between LADs and the NE,
and is tuned to reproduce the experimental Hi-C map
and the fraction of LADs positioned at the NE. Several
methodological novelties proved important to achieve
good agreement with experiment, including explicitly
accounting for different experimentally observed mutual
spatial arrangements of the chromosome arms (nucleus
topologies). The model has been validated against multi-
ple distinct features of Drosophila interphase chromatin,
not used in the fitting of its parameters.

We have used the model to explore, in detail, how sev-
eral key characteristics of the chromatin 3D architec-
ture, including the overall chromatin density distribution
and Hi-C maps, are sensitive to the interaction strength
between different classes of TADs, and between LADs
and the NE. Some of our general conclusions agree with
previous findings based on models of mammalian nuclei,
which supports conservation of several general principles
of chromatin organization across species.

Multiple genome-wide predictions have been made in
this work. We predict a very dynamic nature of binding
of LADs to the NE in D. melanogaster interphase nuclei.
We also predict an increased sensitivity of global chroma-
tin architecture to the fluctuations in TAD-TAD inter-
actions in lamin depleted nuclei compared to the WT,
where relatively strong LAD-NE interactions suppress
this sensitivity. The proposed model predicts that radial
positioning of TADs in the nuclei, including the prob-
abilities of TADs to be in the high density layer at the NE,
are largely determined by local linear (along the chroma-
tin chain) densities of LADs around TADs, suggesting a
significant role of LAD distribution in average 3D posi-
tioning of TADs.

We conjecture that one important role of the distri-
bution of LADs along the chromosome chains and their
attractive interactions with the NE is to create a non-ran-
dom average global structure of chromatin and to protect
its integrity and stability against inevitable cell-to-cell
variations in TAD-TAD interactions. We also predict
greater variability of the chromatin architecture due to
loss or dysfunction of lamins, which may contribute to
the increased disorder in gene expression during aging or
disease.
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Abbreviations

3D Three-dimensional

CEN Centromeric

Chr Chromosome

HET Pericentromeric constitutive heterochromatin
LAD Lamina-associated domain
L-TAD TAD that contains LADs

LJ Lennard-Jones

MSD Mean squared displacement

NE Nuclear envelope

TAD Topologically associating domain
WT Wild-type
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The online version contains supplementary material available at https://doi.
0rg/10.1186/513072-023-00492-9.

Additional file 1: Figure S1. The number of TADs and LAD containing
TADs (L-TADs) in each of the four epigenetic classes of TADs (Active, Null,
PcG and HP1) are shown: the numbers of TADs - as solid color bars, the
numbers of LTADs — as bars with diagonal stripes. Figure S2. Determin-
ing the interaction strength between the special pairs of TADs. Shown

is the logarithm of the ordered (index n) degree of enrichment for the
contact probabilities of 268 specific pairs of remote chromatin loci [6] and
approximating fit (Eq. S5) used to determine the attractive interaction LJ
well depth for the interactions between the beads int hat specific pairs.
Figure S3. Time dependence of mean squared displacement (MSD) of
bead averaged over 9 beads and 18 trajectories of the model nuclei with
different topologies and size, simulated with 3 different values of the
friction parameter y. The simulation data points (symbols with error bars)
are fitted with Eq. S7 (dashed lines)- the equation corresponds to theex-
perimentally observed time dependence of MSD for a chromosomal loci
[14]. The fit is used to estimate the simulation time scaling factor A, which
determines the mapping between the simulation time and biological
time of a nucleus. Error bars in each curve are RMSD of 9-bead-average
values in 18 trajectories. Figure S4. Cumulative normalized distributions
of L-TADs (LADcontaining TADs) at different levels of attractive interaction
with the nuclear envelope (NE) varying from 0.1 kT to 5 kT. The vertical
dashed line at R=1.91 um marks the center of the bead layer nearest to
the NE. Experimental data [15] show that about 25% (horizontal dashed
line at 0.75 mark) of LADs are on average located at the NE. Figure S5.
Details of the temporal evolution of the WT model derived TAD-TAD con-
tact probability (HiC) maps. The Hi-C maps are averaged over 5 min time
intervals and over the ensemble of 18 system trajectories (see "Methods").
The top left panel is t=0 min Hi-C map, followed (from left to right) by the
difference (from t=0 min) maps at 30 min, 3 h and 11 h. Figure S6. The
effect of complete removal of the NE: chromatin de-compacts. Within 1
min, chromosome 4 dissociates and drifts away from the rest three de-
condensed chromosomes. Figure S7. Top panel: Chromatin density distri-
butions in the model nuclei at different levels of LAD-NE attractive interac-
tion (from 0.1 to 5 kT). Bottom panel: Chromatin density distributions in
the model nuclei at different levels of attractive interaction between Null
TADs. Figure S8. Difference Hi-C map between Lamin mutant model Hi-C
map (Fig.5, main text) and the corresponding WT model Hi-C map (Fig. 3,
main text, bottom panel). Note that the intensity scale is 10 times smaller
here than that of the original Hi-C map, pointing to relatively small differ-
ences in TAD-TAD contact probabilities. Most TAD-TAD contacts, includ-
ing inter-chromosome contacts, are slightly enhanced (red areas) in the
Lamin mutant compared to the WT nuclei. Small areas where the contact
frequency decreases (blue spots) in the Lamin mutant are limited to close
to diagonal intra-arm contacts. Figure S9. Increasing the cross-type TAD-
TAD interactions from 0.5 kT (model selected) to 1.0 kT results in increased
TAD-TAD contact probabilities, both in WT and Lamin mutant model
nuclei. The Hi-C map differences between modified and selected model
nuclei are shown. (Top panel:) for the WT model nuclei. (Bottom panel:)
for the Lamin mutant model nuclei. Figure $10. The mobility of five select
L-TADs over about two minutes time interval of the interphase, starting at
t=0. Shown are four snapshots from the supplementary movie that rep-
resents 20 minutes of time-evolution of model fruit fly nucleus. Each
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L-TAD is selected from a different chromosome. The L-TADs represented
by orange, green, grey, red and blue are from Chr 2L, 2R, 3L, 3R and Chr X,
respectively. All other beads, including the large heterochromatic beads,
are shown as transparent grey spheres. The upper panel snapshots, from
left to right, correspond t = 0.04(s) and t = 0.28(s), respectively. The lower
panel snapshots, from left to right, correspond to t = 35.5(s) and t =
104(s), respectively. The coordinate frame vectors are shown in the left
corner of each panel. Apparent variation in each L-TAD sphere size con-
veys the depth perception: spheres closer to the viewer are larger. Image
Credit: Samira Mali. Rendering by VMD [17]. Visualization of motion of
these L-TADs, from 3 different viewing angles, is available as supplemen-
tary movies (Additional files 2, 3 and 4). Figure S11.The sums of contact
probabilities of Null TADs (B-type TADs) with Active TADs (A-type TADs)
only, calculated from the model Hi-C maps for the WT nuclei (red circles)
and Lamin mutant nuclei (green circles), for each Null TAD. The average
relative increase of the contact probabilities for Lamin mutant Null TADs is
22%. Figure S12. Predicted cumulative frequencies of radial positions of
three cytological regions for which the corresponding experimental data
is available. Top panel: Cumulative frequencies of radial positions of the
Null L-TAD #15 (cytological region 22A in Ref. [16]) in the WT and Lamin
mutant nucleus models. Middle panel: Cumulative frequencies of radial
positions of the Null L-TAD #120 (cytological region 36C in Ref. [16]) in the
WT and Lamin mutant model nuclei. Bottom panel: Cumulative frequen-
cies of radial positions of the PcG L-TAD #435 (cytological region60D in Ref.
[16]) in the WT and Lamin mutant nucleus models.

Additional file 2: The mobility of five select L-TADs over about 20 minutes
of the interphase. Each L-TAD is selected from a different chromosome.
The L-TADs represented by orange, green, grey, red and blue are from
Chr2L, 2R, 3L, 3R and Chr X, respectively. All other beads, including the
large heterochromatic beads, are shown astransparent grey spheres.
Apparent variation in each L-TAD sphere size conveys the depth percep-
tion: spherescloser to the viewer are larger. The coordinate frame vectors
are shown in the left corner. Image Credit: Samira Mali. Rendering by VMD.

Additional file 3: The mobility of five select L-TADs over about 20 minutes
of the interphase. Each L-TAD is selected from a different chromosome.
The L-TADs represented by orange, green, grey, red and blue are from Chr
2L, 2R, 3L, 3R and Chr X, respectively. All other beads, including the large
heterochromatic beads, are shown as transparent grey spheres. Apparent
variation in each L-TAD sphere size conveys the depth perception: spheres
closer to the viewer are larger. The coordinate frame vectors are shown in
the left corner. Image Credit: Samira Mali. Rendering by VMD.

Additional file 4: The mobility of five select L-TADs over about 20 min-
utes of the interphase. Each L-TAD is selected from a different chromo-
some. The L-TADs represented by orange, green, grey, red and blue are
from Chr2L, 2R, 3L, 3R and Chr X, respectively. All other beads, including
the large heterochromatic beads, are shown astransparent grey spheres.
Apparent variation in each L-TAD sphere size conveys the depth percep-
tion: spheres closer to the viewer are larger. The coordinate frame vectors
are shown in the left corner. Image Credit: Samira Mali. Rendering by VMD.
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