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ABSTRACT

The link between genomic structure and biologi-
cal function is yet to be consolidated, it is, how-
ever, clear that physical manipulation of the genome,
driven by the activity of a variety of proteins, is a
crucial step. To understand the consequences of
the physical forces underlying genome organiza-
tion, we build a coarse-grained polymer model of
the genome, featuring three fundamentally distinct
classes of interactions: lengthwise compaction, i.e.,
compaction of chromosomes along its contour, self-
adhesion among epigenetically similar genomic seg-
ments, and adhesion of chromosome segments to
the nuclear envelope or lamina. We postulate that
these three types of interactions sufficiently repre-
sent the concerted action of the different proteins or-
ganizing the genome architecture and show that an
interplay among these interactions can recapitulate
the architectural variants observed across the tree of
life. The model elucidates how an interplay of forces
arising from the three classes of genomic interac-
tions can drive drastic, yet predictable, changes in
the global genome architecture, and makes testable
predictions. We posit that precise control over these
interactions in vivo is key to the regulation of genome
architecture.
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Chromosomes are long polymers, whose three-dimensional
architecture is regulated by a myriad of proteins, including
molecular motors. The architectural features are reflected
in the characteristic ensembles of conformations observed
through the many variants of DNA-DNA proximity lig-
ation assays, such as Hi-C (1-5), and high-resolution mi-
croscopy techniques (6,7). These experiments show that,
while none of the ensemble structures are identical, chro-
mosome architecture specific to cell type and different cell-
cycle phases share common features. In a recent study, sur-
veying genome architecture in multiple organisms spanning
the tree of life, we found four commonly observed, classify-
ing characteristics: territorial chromosomes, clustered cen-
tromeres, clustered telomeres, and centromere-to-telomere
axis or chromosomes with aligned arms (8). A variety of
studies, ranging from single-molecule to bulk in vivo, al-
lude to the regulation of genome architecture as a com-
plex network of interactions involving a gamut of pro-
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teins, like SMC complexes, architectural proteins, and chro-
matin remodelers (5,9-14). Naked DNA is known to ex-
hibit equilibrium-polymer-like properties, interactions with
proteins, while preserving the overall integrity of the poly-
mer, stabilizes a structure via constraining or enhancing
selective polymer degrees of freedom. We postulate that
genome-structure characterization occurs via the regulation
of three classes of degrees of freedom: looping, topology-
independent segregation or clustering, and tethering to the
nuclear envelope or lamina. The underlying interactions
driving these structural modes are, respectively, lengthwise
compaction, self-adhesion among chromatin, and adhesion
of chromatin with the nuclear lamina.

Lengthwise compaction represents a thermodynamic
force that folds the chromosomes along its contour (15,16),
which has also been referred to as the ideal chromosome
potential in data-driven models of chromosome (17,18).
Chromatin looping, a pervasive in vivo feature, is regu-
lated at lengthscales ranging a few kilo-basepairs (kb) to
mega-basepairs (Mb) (5,11). When chromatin is coarse-
grained, the loops smaller than the coarse-graining length-
scale of a monomer are inconsequential to the structure,
but the tendency to form loops larger than the monomer
size leads to an average compaction force along the chromo-
some contour. This compaction force underlies lengthwise
compaction that drives the looping degrees of freedom and
controls the decay of the contact probability between chro-
mosome segments as a function of their genomic distance.
SMC complexes, thanks to their loop extrusion and stabi-
lization activity, are prominent drivers of chromatin loop-
ing probability and control lengthwise compaction of chro-
mosomes (9,11,13,19-22). Models of chromosome have re-
alized lengthwise compaction in different ways. Stochas-
tic simulations have demonstrated that loop extrusion may
control the contact probability decay (23-25), a signature of
lengthwise compaction. Complimentarily, steady-state dy-
namics of coarse-grained polymer simulations have shown
that the contact probability scaling can be recapitulated us-
ing pairwise-interaction free energies (Ideal Chromosome
potential) that decay with the contour distance between the
interacting pair (17,18). Depending on the desired level of
coarse-graining, one method may be more applicable than
others, however, a model of chromosomes is incomplete
without lengthwise compaction.

The second principle, self-adhesion among chromatin
blocks, drives phase separation of the self-adhering seg-
ments into compartments. The characteristic plaid-patterns
of interactions between non-neighboring loci, as observed
in HiC-data, correspond to compartmental segregation
(2,26). These experiments also argue that the compart-
ments are correlated with epigenetic modifications of chro-
matin, i.e., heterochromatin (defined by post-translational
histone modifications, like H3K9me2/3) and euchromatin
(defined by modifications like H3K27ac) segments segre-
gate into separate compartments. The self-adhesion among
segments, arising from inter-nucleosome adhesion (27) and
aggregation by cross-linking proteins, such as HP1 (28), is
reminiscent of polymeric or colloidal liquids in marginally
bad solvent. This has led to the block copolymer models of
chromatin where euchromatin and heterochromatin blocks
feature enhanced self-adhesion, and lead to respective com-
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partmentalization (18,29-32). We recently found clustering
of constitutive heterochromatin (centromeres and telom-
eres) as a classifying characteristic of genome architecture,
and postulated phase separation as the driving mechanism
(8). Importantly, unlike lengthwise compaction that is re-
stricted to intra-chromosome interactions, chromatin self-
adhesion only depends on the epigenetic character and is a
chromosome-topology-independent mechanism of genome
organization.

The third class of interactions constitutes chromatin
blocks, also called Lamina-Associated Domains (LADs)
(33-35), interacting preferentially with the nuclear
envelope. LADs are repressive environment, rich in
heterochromatin-specific histone modifications, harboring
lower gene density (33,34). Proteins, like lamin B1 and
lamin A/C in eukaryotes (35,36) and cec-4 in worms
(37,38), are known to tether heterochromatin to the nuclear
envelope. Like self-adhesion, this interaction depends on
the epigenetics of the chromosome segments, however,
unlike self-adhesion, tethering with the envelope is capable
of reorganizing the relative positioning of chromosomes
from the center of the nucleus to the periphery (29,39).

We develop a theoretical framework to understand the
effects of the three above-mentioined forces of genome or-
ganization, and investigate if the competition among these
forces can recapitulate experimental observations, such as
the species-wide architecture variants observed at the chro-
mosomal lengthscales (8). Unfolded chromosomes are rep-
resented in our model as a homopolymer or an array of
connected monomers (see Supplementary Materials). The
monomers represent coarse-grained chromatin domains,
containing 20-50 kb DNA, that have emerged as organi-
zational units of chromosomes (40,41). Lengthwise com-
paction is implemented as an interaction potential that fa-
vors contact between intra-chromosome loci pairs with an
intensity that decays with increasing genomic separation be-
tween the interacting loci (Figure 1A-B), similar in spirit to
the Ideal Chromosome potential (17,18,42). This potential
transforms the homopolymer into a lengthwise-compacted
polymer (LCP) and controls the steepness of contact prob-
ability decay along the genomic contour (Figure 1C), mim-
icking SMC complex activity (11,13,21). The LCP potential
is composed of two terms: short-range and long-range com-
paction. The strength of lengthwise compaction between
loci pairs that are less than a characteristic length (about 10
monomers or 200-500 kb) apart on chromosome contour is
mainly controlled by the short range compaction, whereas,
intra-chain monomer-pair interactions beyond this charac-
teristic length are only controlled by the long-range com-
ponent. These two components depict the activity of SMC
variants: condensin I, condensin II, and cohesin. Varying
the two components of the LCP potential we capture vari-
ations in the activity of SMC complexes, which can arise
either due to altered concentration or varied residency time
of SMCs on DNA. Condensin II is known to establish long
chromatin loops and controls the contact probability be-
tween intra-chromosome segments that are many hundreds
of kb to Mb apart (8,9,11,21,43.44), which we postulate
controls the long-range lengthwise compaction of chromo-
somes. Condensin I is associated with shorter loops of less
than 100 kb (9,11,43.44), which corresponds to the short-
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Figure 1. Regulation of chromosome structure and entanglements via lengthwise compaction. (A) Schematic of simulation set up. Five chromosomes, each
constituted of an array of 500 monomers, are simulated, where the central regions shown in green are centromeres. (B) Lengthwise compaction potential
Uy, plotted as a function of the genomic distance s. Note the generic decay with genomic distance, however, the intensity of the potential at long and
short ranges are distinct for the different phenotypes: Random walk-like (SAW), Globular (G), Stringy (S), and Rope-like (R). (C) Probability of contact
between loci pairs that are s distance apart along the contour, plotted as a function of s. The distributions of (D) the chromosome territory strength,
defined as the ratio of intra-chromosome to total number of contacts, (E) the radius of gyration, and (F) inter-chromosome Gauss linking number, are
plotted for the different structural variants: SAW, G, S, and R. (G) The quadrants correspond to where the four structural phenotypes arise as we vary short
and long-range lengthwise compaction. Within each quadrant, shown are representative snapshots of a chromosome in the left and the genome on the
right. The chromosome on the left is colored from blue to white to red from one end to the other. The genome shows five chromosomes in different colors,
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range lengthwise compaction in our set up. Cohesin activ-
ity may vary widely depending on the genomic sequence,
as it interacts with factors like architectural proteins (5).
However, given the typical loop size associated with co-
hesin is a few hundred kb (45), we simply associate cohesin
with short-range lengthwise compaction. Varying the short-
and long-range components of lengthwise compaction, our
model describes the various chromosome structural pheno-
types expected upon hyperactivity or depletion of these pro-
teins (13,46-48).

In addition, centromeres and telomeres are incorporated
in the model chromosomes, depicting constitutive hete-
rochromatin. The centromere monomers, following the sec-
ond principle of genome organization, can adhere to other
centromere monomers when in proximity. When multi-
ple chromosomes were simulated simultaneously, the self-
adhesive interaction was found to drive phase separa-
tion of centromeres, leading to spatially segregated clus-
ters of centromeres. Lengthwise compaction of chromo-
somes was found to establish chromosome territories and
screen trans-centromere interactions, counteracting their
clustering. Consequently, lengthwise-compacted chromo-
somes showed less-clustered or scattered centromeres. Sim-
ilar phenomenon is observed for telomere clusters. Note
that, by design, this model does not account for features like
TADs or A/B compartments, since we are interested in the
average features of chromosome organization. Other mod-
els have shown that incorporating DNA-sequence-specific
heterogeneity, corresponding to active and silent chromatin,
in the block co-polymer nature of the chromosomes repro-
duces TADs and A/B compartments (18,42,49).

Next, considering the third principle of structure regu-
lation: interactions of heterochromatin with nuclear lam-
ina, we introduced a confining wall, made up of static
monomers, around our multi-chromosomes simulations.
The simulated system showed less clustering when the cen-
tromeres interacted favorably with the wall.

In our previous work (8), we found that centromeres
and/or telomeres of some organisms reside in clusters. In-
terestingly, the chromosomes of those organisms are likely
to not have a fully functional condensin II, and showed
lower territorialization. Moreover, depletion of condensin
IT drove a genomic structure with scattered centromeres to
the one with clustered centromeres. We used a model simi-
lar to the one presented here, where reducing the long-range
component of lengthwise compaction led to weaker territo-
ries and higher centromere clustering. In this study, we reca-
pitulate the previous result, and analyze in detail the under-
lying mechanism of screening by chromosome arms in driv-
ing the phenomena. We also find that short-range length-
wise compaction is less efficient in screening centromeres
and inhibiting centromere clustering, in line with our pre-
vious experimental finding that depletion of condensin I
did not affect centromere clustering (8). Lamina tethering,
not analyzed in the previous study, may strongly counter-
act centromere clustering, independent of lengthwise com-
paction. Lamina tethering instead of screening centromeres,
abolishes contacts with the centromeres by placing them at
the nuclear periphery. Indeed, proximity of the centromeres
to the wall diminished in experiments showing higher cen-
tromere clustering (8).
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A specific structural phenotype, showing alignment of
chromosome arms on top of each other, we dubbed chro-
mosome ‘fold-over’, was observed in organisms lacking one
or more condensin II subunits (8). We were unable to struc-
turally identify the fold-over state by just varying lengthwise
compaction and centromere phase separation. Here, we find
that the respective adhesive interactions of the centromeres
and telomeres to the lamina is essential for chromosome
fold-over. Moreover, polar lamina interactions, i.e., telom-
eres and centromeres adhering to opposite hemispheres of
the lamina enhances the fold over phenotype. In line with
our previous experimental finding, we found that length-
wise compaction, by stiffening the chromosomes, dimin-
ished their tendency to fold over.

The model puts forth the idea that a competition among
the three generalized forces determines chromosome shape
as well as inter-chromosome organization, and provides a
conceptual framework to interpret the relationship between
activity of various proteins and the genome structure. In
future, calibration of this model to specific organisms can
identify the relative strengths of the different forces, and
may be used to further build on the species-wide structural
classification of genomes (8).

MATERIALS AND METHODS

Our simulations are governed by the stochastic Langevin
dynamics:

d’r; dr;

mﬁ = _myd_;+Fi+77i(t) (1
where r; is the position vector of the i-th monomer, m = 1
is the mass, y = 0.1 is the friction coefficient, and m,(¢) is an
uncorrelated Gaussian random process such that (m;(£)v;(
+ 5)) = 2my T3(s)d; (we use reduced units of kp = 1, and
T = 120). Finally, F; is the net thermodynamic force expe-
rienced by the i-th particle due to its interactions with all
other particles in the system, defined as follows.

Fi=—VZf(Vi,j)U(Vi,j) 2
J

Here, r; ; is the distance between the particles / and j, and
[ri ;) is the contact function, used to modulate the distance
over which inter-particle interactions are effective (see Sup-
plementary Materials). This function ensures that the inter-
actions between particles are contact-based and there are
no long-range forces in the system (18,42). The pairwise in-
teraction potential is given by U(r; ;), which only depends
on the distance between the two interacting monomers. The
interaction potential is written as a sum of different compo-
nents:

U=Upp+Urc+ Ups+ Urum 3)

where Upp is the simple homopolymer potential, represent-
ing chromosome beads connected via springs. The other
components include lengthwise compaction activity (Upc),
phase separation (Ups), and lamina adhesion (Uy,,) (see
Supplementary Materials for details). The lengthwise com-
paction potential, generating a force that crumples the the
polymer along contour length, is implemented as a sum of
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a short-range and a long-range part. The short-range po-
tential primarily controls the interaction strength between
closely-spaced monomers along the genomic contour; the
long-range part controls the interaction strength between
loci that are far apart. The phase separation potential sta-
bilizes interactions between certain loci, such as two cen-
tromere monomers. The lamina adhesion term stabilizes
interactions between the static lamina beads and lamina-
adhering beads of the chromosomes. The simulations are
performed using the GROMACS package for molecular dy-
namics (50). It is important to note that the analyzed simu-
lations trajectories are all in the steady state, and are inde-
pendent of the initial configurations (Supplementary Mate-
rials, see Supplementary Figure S13).

RESULTS

Structural diversity driven by differential long- and short-
range lengthwise compaction

To understand how lengthwise compaction can mod-
ify overall chromosome structure, we used a multi-
chromosome simulation setup where we independently var-
ied the intensity of the short- and long-range compaction
components of LCP potential and analyzed the structural
consequences (Figure 1).

We found four structural phenotypes of chromosomes
depending on the strength of the short- and long-range
lengthwise compaction: SAW(self-avoiding walk), Globular
(@), String (S), and Rope (R) (Figure 1E). The SAW chromo-
somes appeared minimally compact, diffused, and highly
entangled or intermingled with each other. The Globu-
lar (G) phenotype corresponds to a compact, spherical
globule with minimal overlap between adjacent chromo-
somes. String-like (S) chromosomes appeared as strings that
were compact locally but adopted non-compact configu-
rations at the larger scale, and consequently showed some
overlap with other chromosomes. Rope-like (R) chromo-
somes appeared as thick ropes or cylinders, with higher or-
der structures at smaller lengths. Rope-chromosomes of-
ten folded into spheroidal volumes excluding other chro-
mosomes, much like the Globular phenotype, however, the
Rope phenotype showed a much higher degree of cylindri-
cal organization at smaller lengthscales.

For low overall lengthwise compaction (i.e., both the
short- and long-range components are low), LCP model ex-
hibited a self-avoiding random walk (SAW)-like character.
SAW chromosomes feature a large radius of gyration, and
the probability of contact decays sharply along the genomic
contour (Figure 1A,E). Chromosomes where all SMC com-
plexes are inactive, leading to a complete loss of lengthwise
compaction, are represented by the SAW phenotype.

In presence of lengthwise compaction three other phe-
notypes emerged. The String phenotype has only short-
range compaction, the Globular phenotype has only long-
range compaction, while, the Rope-like phenotype has both
long and short-range compaction. The probability of intra-
chromosome contact for loci pairs that are nearby along
the chromosome contour is higher for the phenotypes with
strong short-range contacts, i.e. String and Rope-like chro-
mosomes (Figure 1C). Note, the contact probability be-
tween nearest or next-nearest neighbors is controlled by

the homopolymer potential (Supplementary Figure S2). On
the other hand, the contact probability between distant cis-
loci pairs is higher for the Globular phenotype. While long-
range compaction tends to crumple the chromosomes into
a globule, short-range compaction imparts local stiffness
such that the chromosomes resist bending, counteracting
contacts between distant chromosome loci. This is why the
contact probability between distant segments is higher in
the Globular state compared to the Rope, or in the String
compared to the SAW phenotypes (Figure 1C), possibly pro-
viding a mechanical cue via which short-range compaction
may antagonize the signatures of long-range compaction.

Condensin II is associated with extrusion and stabiliza-
tion of long chromatin loops (11,21,44), and drives the
Globular state. While, condensin I and cohesin, by estab-
lishing shorter loops, underlies the Stringy state. Mitotic
chromosomes have strong long-range compaction, thanks
to the activity of condensin II, suggesting both the Glob-
ular and the Rope phenotypes are possible mitotic struc-
tures. Organisms, like yeast (9,21), containing only one con-
densin variant that establishes long-range compaction, ex-
hibit chromosomes with lower length-to-width ratio, con-
sistent with the Globular phenotype (Figure 1G). While,
higher eukaryotes, like humans (9,44), containing both
condensin variants have both long- and short-range com-
paction and the mitotic chromosomes have bent rope-like
shapes, as seen in the Rope phenotype (Figure 1G). Inter-
phase chromosomes, on the other hand, have higher short-
range compaction and modest long-range compaction (51),
owing to the cohesin and interphase-specific-condensin 11
activity. This suggests interphase chromosome shapes are
partially globular and territorial due to condensin II activ-
ity, with some locally compact string-like architecture ow-
ing to cohesin activity. Increasing cohesin residency time on
to interphase chromatin has been shown to transform chro-
mosomes into compact mitotic-looking chromosomes in in-
terphase cells, which the authors dubbed the ‘vermicelli’
phenotype (13,52). With such a mutation, cohesin is ex-
pected to reinforce both short and long-range compaction
and drive Rope phenotypes. Starting from a Rope-like mi-
totic chromosome, if condensin I is depleted, we expect
a transformation into Globular chromosomes, whereas, if
condensin II is depleted, our model predicts a transition
to the Stringy phenotype. Experimental depletion of con-
densin I leads to fuzzy-looking, shorter, thicker chromo-
somes (46,48), while condensin II depletion makes chro-
mosomes into thin, cylindrical, string-like objects (46,48),
both inline with our model expectations. The accompany-
ing shifts in the probability of contact curves for condensin
ITand II depletions (8,11), are also in general agreement with
our model.

Lengthwise compaction establishes chromosome territories
and suppresses inter-chromosome entanglements

Chromosome territories are mutually exclusive sub vol-
umes in the nucleus occupied by individual chromosomes
(53,54). A direct consequence of chromosome territories is
a predominance of intra-chromosome contacts over trans-
chromosome contacts, hence we define the proportion of
intra-chain contacts as a measure of the territory strength.
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Using Voronoi tessellation to identify contacts between
monomers in a structure, we categorize contacts into either
intra- or inter-chromosome to calculate the chromosome
territory strength (Figure 1).

Lengthwise compaction is crucial for establishing and
maintaining chromosome territories. LCPs show forma-
tion of territories of varying strengths depending on the in-
tensity of short- and long-range compaction (Figure 1D).
The long-range compaction component is more effective in
establishing contacts between the distant segments of the
chromosome, leading to strong territorial chromosomes in
the Globular and Rope states, and somewhat weaker terri-
tories in the String state. Notably, territories are lost in the
SAW state, and chromosomes intermingle with each other
(Figure 1D), leading to weaker intra-chromosome contacts
in the contact maps (Supplementary Figure S1). This high-
lights, condensin II as the major driver of chromosome ter-
ritories, as has been seen experimentally (8,54).

Topological constraints, arising from the fact that DNA
chains may not spontaneously pass through one another,
must be navigated during the compaction-driven reorgani-
zation of chromosomes. Topology manipulations via chain
crossing is mediated by DNA topoisomerase enzymes that
are prevalent in the cell (55,56). Since these enzymes can
only act locally, unaware of the global topology of chro-
mosomes, we hypothesize that topoisomerases randomly
pass DNAs irrespective of the global chromosome topol-
ogy (16,57). This translates to a topological equilibrium,
where inter/intra-chromosome topology (linking number)
fluctuates. Our simulations are in a fluctuating topology en-
semble, i.e., chains are allowed to cross each other when
they collide, albeit overcoming an energy barrier is neces-
sary. The immediate neighbors along the chain experience
a mutual hard-core repulsion, whereas, all other monomer
pairs (cis and trans) experience a soft-core repulsion upon
overlap (Supplementary Materials). Importantly, the soft-
core repulsion, though suppresses, does not abolish topol-
ogy fluctuations. Chain crossing events are essential for dy-
namics leading to chromosome structure transformations
under varied lengthwise compaction.

The inter-chromosome Gauss linking number, represent-
ing inter-chromosome entanglements show a broader dis-
tribution under lower lengthwise compaction (Figure 1F).
Random collisions between chromosome segments, when
leading to a change in topology, may increase or decrease
the overall entanglement with equal likelihood. As a result,
the distributions are symmetric about zero. The width of
the distribution indicates how tightly the inter-chromosome
entanglement is regulated. A broad distribution may be in-
consequential in some cases, however, a narrow distribution
of entanglements is crucial to ensure a faithful disentan-
glement of mitotic chromosomes. Lengthwise compaction,
by reducing inter-chromosome contacts, suppresses inter-
chromosome entanglements. Individual topoisomerase en-
zymes may not sense global entanglement topology of chro-
mosomes, and thus, cannot independently drive chromo-
some disentanglement. However, topology fluctuations fa-
cilitated by the activity of topoisomerase enzymes along
with lengthwise compaction by SMC complexes provides
an efficient mechanism for driving chromosome disentan-
glement (16).
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Centromere phase separation is counteracted by lengthwise
compaction

Self-adhesion between heterochromatin segments leading
to their phase separation into three-dimensional com-
partments is a prominent feature of genome organization
(18,26,29-32). So far our LCP model did not have any
compartmental segregation forces. To study the interplay
of lengthwise compaction with compartmental segregation,
we add centromeres into our model. We designated the cen-
trally located polymer block in LCPs as a centromere (con-
stitutive heterochromatin) and added self-adhesive inter-
action of strength x ¢ between the centromere monomers.
The magnitude of x ¢ represents the energy associated with
the interaction between a pair of centromeric loci. We vary
X ¢ between 0 and -0.3, where x ¢ = 0 indicates that the
phase-separation based interactions between any two cen-
tromeric monomers is the same as that between a non-
centromere and a centromere monomer. While, a negative
X ¢ value indicates that the interaction between two cen-
tromere monomers is more favorable. Consequently, x ¢ =
—0.3 corresponds to a strong favorable interaction between
centromere monomers.

Notably, the self-adhesion does not distinguish between
cis and trans-centromere monomer pairs. We use a hierar-
chical clustering algorithm to designate centromeres into
spatial clusters, and plot a histogram of the number of
clusters corresponding to the ensemble (Figure 2). We also
plot the proportion of trans-centromere contacts, calcu-
lated using Voronoi tessellation, that signifies the propensity
of inter-centromere interaction (Supplementary Materials).
Tendency to phase segregate or compartmentalize should
correspond to lower number of clusters and a higher pro-
portion of trans-centromere contacts.

When the centromere adhesion is strong (x ¢ = —0.3),
there are abundant trans-centromere contacts, leading to
a global phase separation and the centromeres form one
macro cluster (Figure 2A,B). Lowering the magnitude of
X ¢ leads to a higher average number of clusters, lower pro-
portion of trans-centromere contacts, and a lower tendency
to phase segregate. The case with no centromere attraction
(x ¢ = 0) shows the least tendency to cluster, and the cen-
tromeres are peripherally located. The origin of this behav-
ior is likely entropic, as has been observed in previous mod-
els (58). The macro-phase separated centromere clusters are
more compact and reside in the interior of the nucleus for
strong adhesive interactions (Figure 2).

Centromeric clusters appear as ‘dots’ or focal interac-
tions in the inter-chromosomal region of the simulated con-
tact maps (Figure 2C). Higher self-adhesion increases the
specificity of centromere contacts, i.e., the centromere pre-
dominantly interacts with other centromeres instead of the
rest of the chromosomes. This results in the appearance of
white stripes in the intra-chromosomal contact maps for x ¢
= —0.3 (Figure 2C).

Higher clustering for increased self-adhesion of cen-
tromeres occurs irrespective of lengthwise compaction
(Supplementary Figures S3-S5). Interestingly, for a fixed
intensity of centromere adhesion, we find that the num-
ber of centromere clusters are the lowest in the SAW state.
Whereas, the clustering tendency of centromeres is lower,
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i.e., the number of centromere clusters are larger, when number of contacts a centromere monomer makes with
the chromosomes are lengthwise compacted (Figure 2D). the flanking arms of the chromosome, to the total number
This suggests a role of lengthwise compaction in inhibit- of contacts of the monomer. Consequently, when the cen-
ing centromere clustering. Lengthwise compaction estab- tromere interacts strongly with the cis-chromosome arms,
lishes chromosome territories that bury the centromeres the screening coefficient is higher and inter-centromere con-
and screen the inter-centromere (trans-chromosomal) inter- tacts are depleted. Figure 2G shows the screening coefficient
actions, thus counteracting their tendency to phase segre- is higher for structures with higher lengthwise compaction,

gate. We define a screening coefficient as the ratio of the especially the long-range component. Also note, the drastic
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decrease in contacts in the inter-chromosomal region of the
contact map for the Globular state, along with a lower prob-
ability of inter-centromeric contacts (Figure 2), which is a
direct consequence of the screening of inter-chromosome
contacts by lengthwise compaction. The antagonistic be-
havior between condensin II activity and centromere clus-
tering has been confirmed experimentally (8).

The principal eigenvectors (PC1) of the correlation ma-
trix associated with intra-chromosomal contact maps is typ-
ically associated with chromosome compartments (2,18).
PCI calculated from our full genome contact map en-
codes information related to both chromosome territories
and centromere clusters (Figure 2C, F). PC1 for the less
compact (SAW) state with centromere clusters, has oppo-
site signs corresponding to chromosome arms and cen-
tromeres, reflecting a boundary between the clustered cen-
tromere phase and the rest of the genome. On the other
hand, PCI for the Globular (G) state, instead of chang-
ing signs at centromeres, mainly changes sign correspond-
ing to change from one chromosome to another, i.e., at the
territory boundaries. Centromere clusters dominate in the
less-compact state, whereas, chromosome territories domi-
nate in the states with higher lengthwise compaction states,
which reflects in the structure of the corresponding PC1.

Adhesive interaction between telomeres leads to simi-
lar phenomena where telomeres tend to form clusters that
are counteracted by lengthwise compaction via screening
inter-telomere interactions (Supplementary Figures S6-
S7). However, telomeres being larger in number than cen-
tromeres have higher entropy and show a lower tendency to
phase segregate compared to centromeres.

Lamina tethering of centromeres counteracts their clustering

Physical tethering of heterochromatin domains to the nu-
clear envelope or lamina, mediated by the lamin proteins, is
a well-known aspect of nuclear organization of the genome
(29,33-37,39). To model the lamina, we placed static beads
covering the nuclear periphery and introduced adhesion be-
tween centromeres and a subset of static lamina beads (Sup-
plementary Materials). The adhesive interaction was im-
plemented using the same procedure as for centromere ad-
hesion. We introduced x ;, which parameterizes the inter-
action between centromeres and the sticky lamina beads,
where x 1 = 0 indicates no adhesion between the centromere
and the lamina (Figure 3). While, x; < 0 indicates a fa-
vorable interaction between the centromere and the lam-
ina, and a higher negative value represents a stronger adhe-
sive strength. The adhesive interaction was found to drive
the centromeres to the nuclear periphery (Figure 3C, Sup-
plementary Figure S10). This geometric reorganization of
the genomic structure upon lamina interaction has been ob-
served in other modeling approaches (29,39), however, what
role it plays for centromere clustering is less clear.

Lamina tethering of centromeres led to a decreased clus-
tering tendency of centromeres. For a fixed inter-centromere
adhesion, increasing lamina-centromere adhesion (x, =
—0.25 or —0.3) decreased trans-centromere contacts, in-
creased the number of clusters, and the corresponding con-
tact maps showed lower interactions between centromeres
of different chromosomes (Figures 3A,B,F).

Nucleic Acids Research, 2022, Vol. 50, No. 8 4265

The role of lengthwise compaction in counteracting clus-
tering of centromeres remains unaltered in presence of lam-
ina tethering (Supplementary Figures S9-S10). Since both
lamina interaction and lengthwise compaction indepen-
dently counteract clustering of centromeres, formation of
globally segregated centromeres is strongly attenuated when
the chromosomes are lengthwise compacted in presence
of lamina-centromere adhesion (Figures 3H, I and Sup-
plementary Figure S8). However, the mechanisms under-
lying inhibition of centromere clustering by lamina adhe-
sion and by lengthwise compaction are different: the screen-
ing coefficient does not increase with higher lamina inter-
actions (compare Figures 3D and 2G). Lengthwise com-
paction enhances intra-chromosome interactions between
the centromere and the chromosome arms that leads to a re-
duction of inter-centromere contacts. Whereas, lamina iso-
lates the centromeres to the periphery, thus generally in-
hibiting all contacts with the centromeres. The depletion
of contacts between centromere and chromosome arms for
strong lamina tethering underlies the white stripes in the
intra-chromosomal maps, and a different structure of the
PC1 (compare Figures 31 and 2F). Many genes or gene clus-
ters are preemptively released from the lamina during cell
differentiation that are upregulated in the following stages
(34). This isolation of genomic elements due to lamina teth-
ering likely contributes to the maintenance of a transcrip-
tionally silent state. While the release from lamina favors
contacts between the released segment and its potential reg-
ulatory elements, thus making the gene accessible to the
transcriptional-regulation machinery.

In our previous work (8), wild-type human genome
showed scattered centromeres that resided near the nuclear
lamina and had strong lengthwise compaction (and con-
sequently, well defined territories). While, the condensin
II-depleted phenotype showed clustered centromeres that
moved to the interior of the nucleus. Our results suggest that
both lengthwise compaction by condensin II and lamina
tethering are important forces responsible for scattered cen-
tromeres in wild-type cells. The clustered centromere phe-
notype is characterized by the loss of both these clustering-
inhibitory forces. The model further predicts a less strong
phenotype, i.e., less clustering of centromeres, if only one
the forces, either lamina tethering or lengthwise compaction
is depleted keeping the other the same.

Chromosome ‘fold-over’ is facilitated by strong clustering of
centromeres and telomeres along with their tethering to the
lamina

Chromosomes in some organisms, like bread wheat and
yellow-fever mosquito, are known to adopt a configuration
where the chromosome arms align on top of each other so
as to form a telomere-to-centromere axis, which we previ-
ously called the ‘fold-over’ phenotype (8). These organisms
are likely to not have all the condensin II subunits, i.e., they
likely lack long-range lengthwise compaction (8). In line
with this, we find that higher lengthwise compaction en-
hances the chromosome bending stiffness, which straight-
ens the chromosome axis and counteracts fold over.

To quantify chromosome fold-over in structural ensem-
bles, we considered the centroid of each 100 consecutive
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monomers, giving an average shape of the chromosomes
(Figure 4A), and then computed the bend angles at the
centromere (0..;,) and the arms (0,,,). Fold-over con-
figuration requires a low 0.¢,0 and a high value of 0 ;.
Lengthwise compaction tends to the straighten the chromo-
somes resulting in a lower value for both the angles (Fig-
ures 4B,C). Adhesion of centromeres or telomeres leading

to their clustering has a weak effect on chromosome fold-
over. However, lamina adhesion of the centromeres and
telomeres, along with their strong respective clustering ten-
dency did reproduce the fold-over phenotype (Figure 4D).
Strong lamina tethering of centromeres and telomeres com-
pete with lengthwise compaction, weakening the shifts in
0 centro and B4,,s With lengthwise compaction. When cen-
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tromeres and telomeres interact strongly with the lamina,
it is the cylindrical, lengthwise compacted state (e.g., Rope-
like phenotype) that produced the stronger fold-over signal
(Supplementary Figures S11-S12).

Introducing a polar geometry in the lamina-adhesion
mechanism, i.e., centromeres and telomeres favorably ad-
here to distinct hemispheres, was found to reinforce the
fold-over phenotype (Figures 4D,F). In addition to lower-
ing the angle at the centromere, polar lamina interaction
straightened the arms of the chromosomes, enhancing the
centromere-to-telomere axis (Figures 4E, I). The straight-
ening of the chromosome in polar lamina led to lower con-
tact probability between distant cis chromosome segments
(Figure 4G).

The signature of the fold-over in the contact probabil-
ity matrices is that of a characteristic counter-diagonal in
the intra-chromosome blocks (Figure 4F) (8). The inter-
chromosome blocks of the contact matrices show character-
istic X-shaped patterns corresponding to the alignment of
inter-chromosome arms, and intense focal interactions cor-
responding to the clustering of centromeres and telomeres.
PC1 of the two contact matrices corresponding to uniform
and polar lamina show very different structures. The PC1
for uniform lamina interactions changes sign correspond-
ing to centromeres and telomeres, indicating formation of
the respective compartments (Figure 4F). For polar lam-
ina interactions, PC1 shows a unique undulatory structure
where the two arms have different signs.

The model overall suggests chromosome fold over is ex-
pected to be most prominent in genomes featuring strong
telomere and centromere clustering and adhesion of the re-
spective clusters to a polar lamina configuration. Recent
data-driven modeling of the yellow-fever mosquito genome,
which shows fold-over chromosomes, are in agreement with
these findings (42).

DISCUSSION

We simulated a genome consisting of multiple coarse-
grained chromosomes, where we investigated the role of
three fundamental forces involved in genome organization:
lengthwise compaction, phase separation, and lamina teth-
ering of chromosomes. We started with modeling chromo-
somes as a lengthwise-compacted polymer (LCP), that in-
corporates the steady-state activity of SMC complexes via
a LCP potential capable of compacting the chromosomes
in a lengthwise manner. Inspired by the differential ac-
tivity of SMC variants (condensins and cohesin), we de-
composed the LCP potential into two parts: one that lo-
cally compacts the chromosome polymer (short-range), and
the other brings together distant parts of the chromosome
(long-range). We found that the short and long-range com-
ponents of lengthwise compaction have distinct phenotyp-
ical consequences on the chromosome structure (Figure 1).
While reduction in lengthwise compaction led to a loss
of chromosome territories and intermingling of chromo-
somes, the long-range potential drove territorial, globular
chromosomes, and the short-range compaction component
led to thin, cylindrical, string-like chromosomes. Chromo-
somes with both long- and short-range compaction, as oc-
curs in mitosis of higher eukaryotes, exhibit thick rope-

like shapes. The transformations from one structural phe-
notype to another is consistent with experimental observa-
tions of chromosome shapes in conditions of SMC deple-
tion (13,46,48,52).

Importantly, the results rationalize our previous experi-
mental finding that organisms lacking SMC subunits cor-
responding to condensin II, or cells following depletion of
condensin II (8,54), have weaker chromosome territories.
Condensin II has been implicated in a variety of seemingly
unrelated phenomena, such as, inhibition of chromosome
translocation (47), pairing of homologous chromosomes
(59), regulation of cellular senescence (60,61). We think
that condensin II-driven depletion of trans-chromosome
interactions via long-range lengthwise compaction, con-
tributes to these phenotypic occurrences, since all these pro-
cesses strongly depend on the propensity to form trans-
chromosomal contacts.

An important prediction of our model is lengthwise
compaction-driven territories are maintained even in the
presence of topoisomerase-mediated chain crossing. This
complements findings that a bead-spring description of
chromosomes (without lengthwise compaction) shows a
gradual loss of territories (62). Our model also suggests that
the lengthwise compaction activity of SMC complexes may
play a direct role in the regulation of inter-chromosome en-
tanglements (Figure 1). Lengthwise compaction, by reduc-
ing inter-chromosome contacts, inhibits the topoisomerase-
introduced topology fluctuations from increasing inter-
chromosome entanglements (16). This is supported by in
vitro experiments reporting the necessary presence of both
DNA topoisomerase and SMC complexes in order to in-
dividualize chromatids (63). Synergistic coordination be-
tween topoisomerases and SMC complexes at the molecu-
lar level has also been proposed, but remains to be validated
experimentally (64).

Following the second principle of genome organization,
inter-centromere adhesion, corresponding to self-adhesion
among heterochromatin, drove the centromeres to phase
segregate into large clusters (Figure 2). Screening of trans-
chromosomal contacts by lengthwise compaction impedes
global phase segregation of centromeres, and instead there
is micro-phase separation into multiple smaller clusters
(Figure 2). In agreement with this, we recently reported ex-
periments where depletion of condensin II transformed a
wild-type nucleus with micro-phase separated centromeres
into a global, macro-phase separated phenotype (8). Fur-
ther, a recent study reported increase in compaction and de-
crease in inter-centromere contacts upon depleting HP1, a
protein responsible for phase segregating heterochromatin
(28). As the authors found via modeling (28), only includ-
ing phase-separation-driving terms is not enough to reca-
pitulate the increase in compaction. Within our framework
of three fundamental forces, depletion of HP1 reduces the
intensity of self-adhesion, which makes lengthwise com-
paction by SMC proteins the dominant force, rationalizing
the increased intra-chromosome compaction. The competi-
tion between lengthwise compaction and phase separation
has been hypothesized in other models of genome organi-
zation, where simulations of loop extrusion was observed
to counteract compartmental segregation, mainly derived
from the nonequilibrium nature of loop extruding factors
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(65). Our model argues there is also an effective equilibrium
description where there is steady-state screening of genomic
interactions, especially the inter-chromosome ones, by chro-
mosome territories established via lengthwise compaction.

We have simplified the sequence complexity of the
genome in this manuscript, as such, our model lacks the typ-
ical sequence heterogeneity that gives rise to transcription-
ally active or silent regions along the chromosomes. Het-
eropolymer models implementing different blocks derived
from histone marks corresponding to regions such as eu-
chromatin, heterochromatin, and nucleolus-interacting re-
gions (18,66,67), have suggested that nuclear compartments
(2) are a result of phase separation of blocks. We note
that the underlying principle of phase separation in block
copolymer models is the same that drives phase separation
of centromeres in our model. Hence, the antagonistic be-
havior observed between centromere clustering, and length-
wise compaction or lamina tethering may be extended to
compartments. In accord with is expectation, antagonism
between SMC activity and compartmentalization has been
observed experimentally (22,65).

When nuclear lamina was introduced the confinement did
not alter the structures, since the generic adhesive interac-
tions between all monomers were enough to maintain the
physiological volume fractions in our setup. However, in-
troducing adhesion of centromeres to the lamina led, not
only to geometric rearrangement of centromeres to the pe-
riphery but also counteracted their macro-phase separa-
tion (Figure 3). Lamina tethering brings the centromeres to
the surface of the nucleus, and in doing so, dissociates the
macro-cluster. In absence of favorable lamina interactions,
the macro-phase segregated cluster prefers to reside inside
the nucleus (Figure 2). This is consistent with repressive
chromatin compartments lying within the chromosome ter-
ritories (68), and the ‘inverted’ geometry of the heterochro-
matin in lamin-depleted nuclei (29,36). Based on our model
results, we expect the ‘inverted’ nuclei phenotype to have a
lower lengthwise compaction or a steeper contact probabil-
ity decay, as was observed (29). The model further predicts
that sufficiently increasing lengthwise compaction in the ‘in-
verted’ nuclei will perturb the macro-phase segregated het-
erochromatin cluster, leading to a micro-phase separated
state.

Centromere clustering was strongly inhibited when lam-
ina tethering and lengthwise compaction were both present
(Figure 3). In experiments with condensin II depletion (8),
the centromeres were found to move away from the lam-
ina, which aided their macro-phase segregation. Interest-
ingly, the lamina-release of centromeres was triggered by
condensin II depletion and without any targeted depletion
of lamina-tethering proteins (8).

Chromosomes in some organisms have been shown to as-
sume a fold-over structure, where the chromosome arms
align such as to form a centromere-to-telomere axis (8).
The model suggests, strong respective clustering among cen-
tromeres and telomeres, along with their tethering to lam-
ina is essential for the folded over chromosomes (Figure 4).
When centromeres and telomeres favorably interacted with
the opposite poles of the lamina, the fold-over phenotype
was enhanced. Interestingly, when clustering of centromeres
and telomeres is weak, lengthwise compaction counter-
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acted fold-over, however, under strong self-adhesion of cen-
tromeres and telomeres, the lengthwise compacted state
generated better resolution of the centromere-to-telomere
axis. In line with this, recent modeling of the Mosquito
genome, which shows the fold-over phenotype, shows that a
close agreement with the experimental HiC maps is possible
when centromeres and telomeres are confined to the oppo-
site poles of the nucleus and stretched, mimicking lamina
tethering (42).

In all, we simulated a model genome and studied
the essential physical forces underlying genome organiza-
tion: lengthwise compaction, self-adhesion of chromosome
monomers (centromeres, and telomeres), and tethering of
chromatin to lamina. These forces effectively capture the
structure of the genome sculpted by a variety of proteins,
including SMC complexes and chromatin remodeling pro-
teins that modify the epigenetic landscape of chromosomes.
We show that the interplay of these forces can lead to qual-
itatively different structures, with consequences leading to
distinct experimental signatures.
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