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The Diploid Human Genome Model Parameterized with Hi-C Data

The energy function of the genome model adopts the form
UGenome(r) - U(’l”) + Uideal<r) + Ucompt(r) + UXi(’r)u (Sl)

where U(r) maintains the polymeric topology of chromosomes with bond and angular po-
tentials, Upond(7i,i+1) and Uangle(Tii+1, Tit1,i+2). It also accounts for excluded volumes effects
among chromosomes and between chromosomes and the spherical confinement. Taken to-

gether, U(r) is defined as

U(r) = Z [Ubond (Ti,i+1) + Uangle(Tii+1, Tit1,i+2) + Unc(7i)] + Z Une(745), (S2)

i §>i
with

Ubond (Tii+1) = Kp[(75,i41 — Ro)2 + (Tiip1 — R0)3 + (riip1 — Ro)ﬂ, Ky =20¢, Ry = 1o

Tiit1 Tit1,i+2

Uangle(”'i,wla Tz‘+1,7;+2) =K, [1 - 008(9 - W)] , Ko = 2¢,cost =
‘rz’,i-l—l’ : |7°z'+1,z‘+2|

(S3)

Une(r) = e [<%)12 - (%)6] +e,r <2

where 7; is the radial distance of bead 7 from the origin and r;; corresponds to the distance
between beads i and j. uy.(r;) forbids the escape of chromosomes from the nuclear envelope
while upc(r;;) prevents the cross-over of polymer chains.

The last three terms in Eq. S1 correspond to the ideal chromosome potential for beads
from the same chromosome, Uigea(T), the compartment-specific nonbonded potentials for
beads from the same or different chromosomes, Ucompt (), and the X-chromosome inactiva-

tion potential Ux;(7). Ux;(r) was only applied to the inactive X chromosome to account for
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its additional compaction compared to the active copy. These potentials are defined as :

Uideal(T) = Y ) avsaear (| = 51) £ (i),

I igjel
Ucompt('r') = Z Z Ofcompt(T;Iy T‘]I)f(rw)a (84)
1,J i€l je
Uxi(r) = Z w(ry) = Z axi(li = j) f(ri),
i,j€Xi i,j€Xi

where I and J loop over all 46 chromosomes and ¢ and j go through all beads on one
chromosome. (gea1(|i — j|) varies with respect to the index difference between the bead-pair
i and j. Qeompt (T}, ij ) is a function of the compartment types of beads i and j. Specifically,
TF and le can be type A, B or C. The contact probability between two loci distancing 7;;
is depicted by the function f(r;;), whose ensemble average is the same quantity evaluated in

the Hi-C contact map. f(r;;) is defined as:

%1+tanh re —Ti)ll s Tij < T
g {21 el 59

L(re/r)?, Tij > Te

where r. = 1.5 and n = 2.5.
As shown in Ref. S1, the above Hi-C data related terms were parameterized with an
efficient maximum entropy optimization algorithm. Specifically, cigear (] —1|); Qeompt (T4, le ),

7

and ax;(]i — j|) were tuned to satisfy the following constraints:

<Z Z f(rij)éij|,s> = Z Z fZ»Xp(SH,jLS, for s = 1, e, N — 1

I#X i7jEI UGcnomc(T) I;éX iJe[
_ €xXp
<§ E f(rij>6TiI,T15TjJ,T2> = § E fz’j 5TZ,I,T16TJ&],T27 for 11,15 € {AuB7C}
1,J ieljeJ Udtenome (™) 1,J iel,jeJ
_ exp _
< ) f(”‘ij)éz‘—jl,s> = [P fors=1,--- nx—1
/L'"jGX UGcnomC(r) Z”jeX
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where (-) stands for the ensemble average, which is taken over the Boltzmann distribution

e BUGenome(r) P correspond to the contact probability fo°

i ;; between bead ¢ and j measured

in Hi-C experiments for GM12878 cells. 52 dr1 7, is the Kronecker delta function adopting the

form:

LifT! =T,
6TZ-I,T1 - (S?)
0, otherwise

An iterative algorithm was performed to derive the values for azaear(|i — jl), Ccompt (T}, T} ),

and ax;(|i — j|) that enforce the constraints defined in Eq. S6.

Simulation details

We carried out an independent Brownian dynamics simulation for every combination of
parameters, including the interaction strength between B compartments and the magnitude
of active forces. These simulations were initialized with an equilibrium structure obtained
from a long-timescale trajectory performed in our previous study.5! We carried out 5 x 106-
step-long relaxation simulations before switching to production runs that lasted for 2 x 107
steps. The relaxation simulations were performed with Langevin dynamics, during which
the temperature was gradually annealed from 37 to T'. The soft-core potential introduced
in Ref. S1 was used for nonbonded interactions between chromosomes to facilitate polymer
conformational rearrangement. To ensure simulation stability, we used smaller timesteps at
larger active forces. The values are 0.01, 0.005, 0.003, 0.002 for zero, five, ten, and twenty-
fold active forces. These trajectories were used to compute the density profiles and the
displacement correlation functions with At > 15s.

Additional 4 x 10%-step-long simulations were carried out with a time step of 0.001 to
compute the displacement correlation functions C'(r, At)t for At < 15s. Each simulation was

initialized with the last configuration of the trajectory for the density profile calculations.
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Analysis details
Effective temperature calculations

We computed the effective temperature of A/ B compartments using the fluctuation-dissipation

ration 356
_Clto) —C@)
Tog = —X(t) . (S8)
The correlation function is defined as:
C(t) = (O(t +t9)O'(to)) — (O(to)) (O'(to)) - (S9)

We used O(t) = + Zjvzl ejexplik - rj(t)] and O'(t) = 22?;1 €jcos|k - 7;(t)], and the sum-
mation goes over all particles of the same compartment type. The set of ¢; was sampled
from +1 with equal probability. The wave vector |k| = 6.28 corresponds to the first peak
the structure factor, S(k) = + Zjvzl SOV {exp{ir - [r(t0) — ri(to)]})

We produced a total of 100 sets of random realizations for €;. For each set, 50 independent
simulations were carried out starting from configurations uniformly sampled from the second
half of the production trajectories for density profile calculations. These simulations lasted
5 x 10* steps with a time step of 0.001. The correlation function was determined from the
ensemble average of these trajectories.

In addition, for each set of €;, we carried out 50 independent simulations with the presence

of a perturbation force to each particle ¢ in the form of F;(t) = %7;(” with h = 0.02. From
these simulations, we computed the response function as
O(t) — O(to))

x(p) = A= O) (s10)

by averaging over all realization and all trajectories.
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Radial density profiles

The radial density profile p(r) is defined as

plr) = Arr2Ar - N;'

where n;(r) is the number of type i beads lying between the spherical shell r to r + Ar and
N, is the total number of type i beads. (-) stands for the ensemble average. We sampled 5000
configurations from the second half of the production trajectories at equal time intervals to
compute the density profiles. These configurations were separated into five non-overlapping

blocks to estimate the error bars as the standard deviation of the mean.

Chromosome clustering with Voronoi tessellation

To provide a quantitative characterization of chromosome clusters, we first adopted the
Voronoi tessellation method®” to assign regions of non-overlapping space to each genomic
segment, i.e., the coarse-grained one-MB-in-size particles. Two particles are connected as
nearest neighbors if they share a common cell wall. The largest cluster was then identified
as the largest connected component for the network whose nodes include particles of the
same compartment type and edges only defined for nearest neighbors.>® See Figure S7 for

an illustration of the procedure. From the identified clusters, we defined the average volume

2. Vi
Ne

per bead as , where V; is the volume for the region of space assigned for particle ¢ and

N, is the total number of particles in the cluster. The radius of gyration was computed
Nc .2

as g = 4/ %.89’810 We repeated the analyses for 500 configurations uniformly selected

from the trajectories used for the density profile calculations, and the average results were

reported in the main text.
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Figure S1: (a) Radial density profiles calculated with a soft-core potential support the role
of active forces in positioning B compartments towards the nuclear periphery. Unlike the
Lennard-Jones potential, the soft-core potential for non-bonded interactions allows polymer
chain crossing with a finite energetic barrier.5!! Besides a change in the non-bonded potential,
other simulation setups are identical to the one presented in Figure 2b of the main text. (b,
c) Displacement correlation functions for systems with 7, = 0 (b) and 7, = 107" (c¢). The
simulation setups are identical to the ones presented in Figures 4a and 4b of the main text.
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Figure S2: The human genome model presented in the main text succeeds in reproducing
the formation of chromosome territories and the phase separation of A/B compartments.
(a) A representative configuration of the genome with individual chromosomes assigned with
unique colors. Homologs are shown in the same colors. A blow up of the configuration is
shown on the right to better highlight chromosome territories. (b) Comparison between
simulated (top right) and experimental®? (bottom left) contact maps for the genome.
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Figure S3: Active forces improve the the correlation between simulated and experimental
contact frequency between chromosomes and the nuclear envelope. For the simulated con-
figurations, a coarse-grained bead is determined as in contact with the nuclear envelope if
its radial distance from the spherical confinement is less than 1.50. We averaged the contact
probabilities over two alleles to obtain the profiles for haploid chromosomes. The observed
over expected (OE) score was then determined by normalizing the contact probabilities with
the genome-wide average. Since no DamlID data are available of the GM12878 cell line, we
compared simulation results with data for HFF cells generated by the van Steensel labS1%513
(https://data.4dnucleome.org, accession number 4ADNESXZ4FWAT). (a, b) Pearson corre-
lation coefficients between simulated and experimental OE score for chromosome-lamina
contacts. The in silico data were obtained from simulations without (a) and with (b) active
forces of T, = 107T'. (c¢) Simulated (top) and experimental (bottom) OE score as a function
of the genomic position for chromosome one.
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Figure S4: Comparison between experimental>* and simulated chromosome radial positions.
The four panels were determined from simulations performed with 7, = 0 (a), 57" (b), 10T
(c) and 207 (d). Chromosome radial positions were estimated using the center of masses
of the coarse-grained polymers. The Pearson correlation coefficients between the two data
sets are shown in legends. From a to d, it is evident that the agreement between simulation
and experiment improves for most chromosomes as T, increases. Indeed, after removing the
three outliers, chr 14, 15 and 21, the correlation coefficients between data shown in part d
increases to 0.7. From these plots, it is also evident that more active chromosomes, including
16 and 17, move more towards the nuclear interior at higher active forces, while the inactive
ones, including 3, 20, 22, position themselves towards the periphery.
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Figure S5: Radial density profiles of A/B compartments determined from simulations per-
formed at different parameter sets. From left to right, the interaction strength among B
compartments was scaled by a factor of 1, 2, and 3. From top to bottom, the strength of
the active force was varied from T, /T = 0,5, 10, and 20.
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Figure S6: Radial density profiles determined from simulations in which the active forces
were limited to the top half of most active A compartments. We quantified the activity
of each bead using the fraction of sub-compartment A;, which was known to exhibit high
transcriptional activity.5?5!% Specifically, we used the sub-compartment assignments from
Ref. S2 at the 50kb resolution to determine the fraction of A; in each one MB-sized bead.
The top 1212 beads with the highest A; fraction were selected as the most active beads to
apply active forces on.

Figure S7: Two-dimensional illustration of the Voronoi tesselation method for identifying
the largest cluster. The method tiles the space into non-overlapping cells (orange) occupied
by all chromatin particles, with A compartments shown in red and B compartments in
blue. Nearest neighbors are defined as particles whose Voronoi cells share boundaries. With
chromatin particles as nodes, and edges introduced for nearest neighbors, a network can be
defined to find the largest connected component. These components, with examples shown
for A/B compartments, were used to quantify the degree of clustering. See text Section:
Chromosome clustering with Voronoi tessellation for more details
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Figure S9: The same plots as in Figure 3 of the main text but for A compartments.
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Figure S10: Active forces enhance chromosome spatial correlation. The normalized displace-

ment correlation shown in a-d were obtained from simulations performed with non-correlated
active forces with T, = 0, 5, 10 and 20T respectively.
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Figure S11: Contributions from intra and inter-chromosome genomic pairs to chromosome
spatial correlation. (a,b) Normalized displacement correlation plots for the passive system
without active forces calculated using genomic pairs from the same (a) and different (b)
chromosomes. (c,d) The same plots as parts a and b but for simulations performed with
non-correlated active forces T, = 107 (e,f) Correlation lengths obtained from exponential
fitting to curves from passive (e) and active (f) simulations.
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Figure S12: Radial density profiles calculated from simulations with active forces at T,, = 10T
and the correlation time 7 = 0s (a), 0.125s (b), to 1.25s (c), and to 12.5s (d). Results in
Figure 2a of the main text obtained from simulations without active forces are shown in part
e for reference. It’s evident that at larger values of the correlation time 7, the impact of
active forces in positioning B compartments towards the nuclear periphery decreases.
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Figure S13: Susceptibility-correlation curves for A (a) and B (b) compartments obtained
from simulations with correlated active forces at T, = 107". Values for the correlation time
7 are provided in the legends.
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Figure S14: Normalized displacement correlation plots determined from simulations with
active forces of T, = 10T and correlation time 7 = 0, 0.125s, 1.25s and 12.5s.
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Figure S15: Radial density profiles calculated from simulations with spherical confinements
of radius 5.4 pm (a) and 5.8 pm (b). Besides the change in the confinement radius, other
simulation setups are identical to the one presented in Figure 2b of the main text. Compared
to the profiles shown in Figure 2b, these results support that impact of active forces in
positioning B compartments towards the nuclear periphery diminishes at larger volumes.
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