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Supplementary Methods

Normalization and calculation of propensity

We normalized the interaction frequencies of experiments and the model ensembles following the
previous work [1, 2, 3]. Let f;; be the interaction frequencies between the genomic elements i and

J. We obtained the normalized interaction frequency as
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where N is the total number of the genomic elements. All the calculations in this paper are

employed after normalization of experimental and model ensembles.

The propensity of an interaction is the observed/expected for the experiment and the modeled
ensembles. First, we calculated the probability of an interaction in the experimental interaction

matrix, interaction matrix of modeled ensemble and random model as following,
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where N is the total number of genomic elements, wy is the weight of the k' chain in the

ensemble and /(i, j) is an indicator function, which equals to 1 when elements i and j interacts,

model

equals to O otherwise. ¢ is calculated using the model genomes in the constrained models,

whereas ¢™"°™ is calculated using the model genomes in the random ensemble. We calculated the

propensity of each interaction as,
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Calculation of p-value for the correlation between experimental matrix and

model ensemble matrix

We shuffled the each row of the experimental interaction matrix for 1000 times and generated 1000
shuffled interaction matrices. We calculated the mean row-based Pearson correlation coefficient
between each shuffled matrix and the modeled ensemble and calculated the probability of obtaining

mean row-based Pearson correlation coefficient of 0.95 as the p-value (SI Fig. 2).

Mean combined occupancy enrichment

We mapped the genome-wide occupancy enrichment of RNAPIIT and TFIIS on to beads. We used
a geometrical mean approach for the coupled enrichment of pairs. Mean enrichment value for each

pair is calculated as

eNmean (i) = \/ vV (enrnapin(i) * engnapi(j) * \/enrris (i) * enrris(j)

Details of g-SIS algorithm
Target distribution

The target distribution 7(x) is the Boltzmann distribution of all chromosome chains that that are
self-avoiding, with their centromeres attached to the SPB, the rDNA repeats placed in the nucleolus

and telomeres attached to NE. The target distribution of a partial chain 7(x¥) follows Boltzmann
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distribution as
7(x;) = exp(—E(x;)/ksT),
where E(x¥) is an energy like term that is derived from the landmark constraints.

The target distribution 7(x¥) of a partial chain follows Boltzmann distribution as

7(x) = exp(—E(xf)/ksT),

(1) Potential from telomere closing constraints This potential is designed to obtain model
genomes where the telemores are either attached to the NE when the full arm length is reached

or can be attached to the NE at any point of chain growth,

Let H;(x¥) be the potential from telomere closing probability constraints. For each candidate
node x;, that does not violate the self-avoiding property and inside the nuclear confinement, we

calculate the energy-like term as

Hi(x) = |lll %, || =Rl = (N = 1) X L — dypres] e9)

where L), is the persistence length, N is the total number of nodes in a chromosomal arm, R is

the nuclear radius and d,,, is the threshold distance which was taken as 50 nm.

(2) Potential from centromere tethering constraints. This potential is used only for the Chr12
chromosomal arms where the rDNA repeats are sampled from nucleolus and designed to obtain
model genomes where the centromere are either in the SPB when the full arm length is reached or

can be in the SPB at any point of chain growth,

Let H(xF) be the potential from centromere tethering constraints. For each candidate node x;,,
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that does not violate the self-avoiding property and inside the nuclear confinement, we calculate

the energy-like term as

Ho(x}) = |||| x,,, — xspp || —Rspg| — (N —1) x Ly, (2)

where xgpp is the center coordinates of SPB, L, is the persistence length, N is the total number

of nodes in a chromosomal arm, and Rgpp is the radius of SPB as we modeled as a sphere.

Trial distribution

Trial distribution is designed to introduce the necessary bias to generate partial chain x* with the
probability approximating to the target distribution 7 (x¥). The trial distribution g(x*) of a partial
chain x¥ is

(uf) = exp(m() = _max ()

Random model

A random ensemble of 150,000 model genomes with only excluded volume constraint and nuclear
confinement are generated. To improve the sampling efficiency, we employ a dynamic resampling

technique that has been described previously [4].

Statistical properties of model genomes

With m successfully generated model genomes, the physical properties of the ensembles of model
genomes are calculated. If the configurations of the j-th successfully generated model genome as

x\) = (xgj ) yo ,xg,j )), and its associated weight wl). To calculate the mean value of a physical



Algorithm 1 Sequential Importance Sampling algorithm for mC-SAC model

setw! = 1.0
fori=1—ndo
Place all the centromere at fixed x,-l(l)
end for
Seta=1
forr=2—ndo
while a < N do
/I N: number of the chromosomal arms Choose a random chromosome arm i in the genome
8: if r < n; then
/I n;: length of chromosome arm n;

AN A o > o

9: Find all of the valid sites xl(tk "/ ), k=1,--- ,l,(J ) for placing x;, next to partial chain
<0
i,(t—1)
10: Generate lt(J ) humber of t-length chromosome arm
1 fork=1— 1" do
12: Calculate target distribution n(xl(];] ))
13: Calculate trial distribution g(xlg;’j ))
14: end for . ’ .
15: Select sample xgi) withmax, _ () g(xg;’] ) ))
16: Set weight w/) = ) (g(x¥)))/z(x!7)))
17: Seta=a+1 7 /
18: else
19: Seta=a+1
20: end if
21: end while
22: end for




property A(x) such as the spatial distance between genomic elements, we have:




Figure A: Schematic representation of the cell nucleus with the landmarks. (A) Yellow chromo-
some represents the Chr12 where the rDNA elements are highlighted as blue spheres and the cen-
tromere is highlighted as red sphere. Purple chromosome represents the rest of the chromosomes
where centromere is highlighted as red sphere. The direction of chain growth is shown with the
arrows. (B) Schematic representation of the chromosomes and the special case of Chr 12 where we
used 3 chromosomal arms for chain growth process. (C) Schematic representation of projection of
three-dimensional coordinates to two principal axis.
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Figure B: Histogram of the mean row-based correlation coefficients between shuffled experimental
data and the model ensemble.
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Figure C: The effect of centromere tethering on the median distances between telomeres.
(A)Relationship between chromosome arm length and median telomere distances for the random
model. No correlation between arm length and the median telomeric distances was observed.
(B) Relationship between chromosome arm length and median telomere distances for the “cen-
tromere=off”” ensemble. No correlation between arm length and the median telomeric distances
was observed.

>

Ref: Tel 6R length = 122 kb Ref: Tel 10R length = 310kb Ref: Tel 4R length = 1050kb

osfp

random ensémble
Srwith D=2 pme

median distance to the reference (um)

0 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200

Chromosome arm length (kb)

w

Ref: Tel 6R length = 122 kb Ref: Tel 10R length = 310kb Ref: Tel 4R length = 1050kb

| ppmomoqe mmoe  ° abemo mogo smes asmemooge emes

osf

o centromere=off
CwithD=2pm

median distance to the reference (um)

0 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200 O 200 400 600 800 1000 1200

Chromosome arm length (kb)

10



Figure D: Effects of different constraints on the interaction profiles of different genomic elements.
(A) Interactions between the centromere of Chr II and the other genomic elements in the yeast
genome. The interactions between the centromere of Chr II and the other centromeres are the same
for the ensembles, in which centromere constraint is on. Despite the high-correlation coefficient
between the experiment and the ensemble of without centromere, this ensemble fails to capture
the centromere-centromere interactions. (B) Interactions between the telomere of Chr VII and the
other genomic elements in the yeast genome. The interactions between the telomere of Chr VII and
the other telomeres are the same for the ensembles, in which telomere constraint is on. However,
since the frequency of telomere-telomere interaction is low, the ensembles, in which telomere
constraint is off still have high correlation with Hi-C data. (C) Interactions between a random
locus on Chr XII and the other genomic elements in the yeast genome. The intra-chromosomal
interactions within Chr XII differs for all the ensembles.
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Figure E: Conversion of ensemble by the sampled number of chains. The Pearson Correlation
between the interaction frequencies of full ensemble and partial ensembles with different number
of models.
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Table 1: Predicted 14 interactions between centromeres of chromosomes, whether they contain

tRNA gene, and their combined enrichment value of RNAPIII and TFIIS

Chr | tRNA gene | Chr | tRNA gene | enrichment
II yes XIII | yes 56.98
II yes XV | yes 127.24
II yes XVI | no 61.53
v yes XVI | no 163.63
v yes XVI | no 204.64
VII | no XV | yes 183.53
X yes XIV | yes 372.52
X yes XV | yes 373.15
X yes XVI | no 180.46
XI no XV | yes 134.95
XIII | yes XV | yes 146.34
XIII | yes XVI | no 70.77
XIV | yes XV | yes 326.23
XV | yes XVI | no 158.03
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Table 2: Landmark genes that are specified in the yeast database.

Chrl | FLO9, CLN3, MAK16, CYS3, ADEI1, PHOI
Chr2 | ILS1, MCM2, RAD16, SUP45, METS

Chr3 | HMLALPHA1, MATALPHA1, HMRA1
Chr4 | CDC9, CDC2, SIR4, XRS2, TRP1

ChrS | CANI, CUPS, FCY2, MET6, RAD3

Chr6 | YPT1, SMCI, HIS2, HXK1

Chr7 | ADH4, CUP2, TRPS, GCD2, PFK1

Chr8 | SPOII, ARD1, CUP11, FURI, ERG9

Chr9 | SUC2, HISS, BCY1, LYS1

Chr10 | TPK1, ARG3, CYRI1, CYCI, ECM17
Chr11l | URAI1, APE2, ELMI, VPSI, SIR1

Chr12 | CDC25, LEU23

Chr13 | HMGI1, NDC1, MCM1, PFK?2, ADE4

Chr14 | DALS82, KEX2, RPC31, TOP2, LYS9

Chr15 | HXT11, TOP1, DEDI, PPO2, RAD17
Chr16 | GAL4, TPK2, PEP4, ERG10, HTS1, RPC40
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Table 3: Predicted interacting landmark genes. Each row contains a pair of interacting genes,
identified from genome-wide 3C measurements using fully-constrained ensemble as null model.

gene gene
CYS3 | ADE4
TRP1 TOP2
SMC1 | CYClI
SPOIl | CYC1
FUR1 | PEP4
ARG3 | RAD17
MCMI1 | PEP4
PFK2 | TOPI
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