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1. Characterization of the modeled structure ensemble

By spectral clustering, the 300 conformations were grouped into two sets
based on their pair-wise RMSD similarity (Fig. S3). Chromosome structures
within the same set are similar to each other and neither set has dominant
structures. Conformations from the two sets are found to be mirror-images of
each other, similar as another modeling study on Hox gene cluster [1]. If we
plot the RMSD matrix between conformations from the first group and the
mirror-images of conformations from the second, the gap between two groups
disappears and all the conformations become similar. Among all the 300
conformations (the conformation in the second group were reflected to their
mirror images), we chose the cluster centroid as the representative for 3D
visualization in the manuscript.

In the modeled conformation, the IMR90 chromosome can be viewed as a
packing of multiple strands. Due to the segregation of A/B compartments in 3D
space, in most cases one strand can be divided into two halves, each

belonging to one type of compartment.

2. Knot invariant of the modeled structure ensembles
To characterize the topological structure of our models, we calculated its
knot invariant following the idea of the Shrink-On-No-Overlaps algorithm [2].

The distribution of knot invariant is shown in Fig. S5.



We converted each chromosome to a closed rope and minimized its
contour length while preserving its topological structure. Following Zhang et
al.[3], the knot invariant was defined as the ratio between the minimal contour
length and the width of the rope. If the chromosome adopts a knot-free
structure, the rope will be optimized to a ring and the knot invariant will be
close to . High knot invariants indicate complicated topological structures.

In calculating the knot invariant, we first connected two ends of the
chromosome to get a closed structure. To avoid collisions between the new
connection and the modeled structure, both ends of the polymer chain were
extended along the vector pointing from its mass center to the corresponding
end until the distances between the two new ends and the mass center reach
10R,, where R, is the radius of gyration of the modeled structure. The two
new ends were then connected by an arc with a radius of 10R,. The closed
polymer chain was then converted to a rope of consecutive beads along the
chain sequence with the bead radius r, set as 500 nm and the linker distance
d, of two consecutive beads set as 200 nm.

We then minimized the rope length with a 1000-step iteration with its
topological structure maintained. For each step, we shrank the rope with a
factor of 0.8. Then we reduced the total length of the rope by successively
replacing each bent segment along the sequence with a straight line of beads,
as long as the region enclosed by the original and replacing segments had no

bead chains going through. To reduce the overlap of segments induced by



shrinking, we performed 100 steps of MD simulations on the shortened rope in
each iteration step. The bond energy for neighboring beads was written as
Epong = ng(d —dp)?* and a repulsive potential Erep =
{ZOOOOOkT(Zr” -d) ;flje< 2™ was used for any two beads separated by at
least 5 beads along the string to avoid spatial overlapping. Here k is the
Boltzmann constant, T is the temperature, d is the spatial distance between
two beads, r, and d, are constants defined earlier. Typically, the contour
length of the rope converges after the above procedure is repeated for about

100 times. We performed 1000 steps of iteration to ensure convergence and

calculated the knot invariant for each conformation.

3. Reproduction of chromatin loops in modeled structure
We further validated our modeling method by reproducing the chromatin
loops identified in experimental Hi-C data [4]. To describe the propensity to

form a chromatin loop anchored by polymer beads i and j, we defined a ratio

<dij>

Tijloor = Zg(i—ips" where < d;; > is the average distance between beads i

and j, and < d(]i —j|) > represents the average distance between all bead
pairs with the genomic distance of |i — j|. Both averages are over modeled
conformations.

As a result, 98.2% of the bead pairs anchoring chromatin loops have
Tijloop Values smaller than 1. In contrast, for all bead pairs, only 50% have

Tijloop Values smaller than 1. The small values of 7j;,,,, for chromatin loop



anchors indicates that our modeling method successfully captures the

chromatin loops.

4. Estimation of chromosome spatial density

In our coarse-grained model for chromosome, the number of polymer
beads around a chosen one in a given volume can be regarded as an
estimation of bead spatial density. Here we took into account the beads within
a distance of 2um from the central bead. The average neighboring bead
number for compartment A and B are 109 and 160, respectively. Thus, we can
conclude that the spatial density obtained from our modeling in compartment A
is smaller than compartment B.

We also quantified the spatial density in our modeled type A and type B
chromatin and the respective neighboring bead numbers for these two types of
chromatin are 115 and 158. Therefore, type A chromatin is looser than type B
chromatin, in line with the higher-order chromatin compartments. We also
calculated the radius of gyration of our modeled type A and type B chromatin
and the respective values are 345um and 277um, again suggesting the more

compact structure in type B chromatin.

5. Identification of A/B compartments
Principal component analysis was previously used to identify the A/B

compartments from Hi-C data [5]. In this work, A/B compartments were



identified by spectral clustering of the Hi-C contact frequency matrix with a
200-kb resolution. We first normalized the contact matrix by dividing each
element of the matrix by mean contact probability of all segment pairs of the
same genomic distance, and obtained the correlation matrix by calculating the
Pearson correlation of every two columns of the normalized contact matrix.
The correlation matrix was transformed into the similarity matrix with S;; =
exp(P;;), where S;; and P;; are the similarity and Pearson correlation of
genomic segments i and j, respectively. Then we performed spectral
clustering on the similarity matrix and divided all the chromatin segments into
two sets. By calculating the average spatial density of the modeled 3D
structure for each set, we assigned the one with the lower density to

compartment A, and the other to compartment B.

6. Constructing degree of compartmentalization
With the identification of A/B compartment, an index I; is defined to

describe the degree of compartmentalization for the ith genomic region as

YjeaCij/C(i—j1)
A

is the normalized contact

Ii _ (Cn(i,A)

Cn(i,B)), in which C,(i,A) =

frequency averaged in compartment A, N, is the total number of genomic
regions in compartment A. C,, (i, B) is defined accordingly [6]. For each region,
a positive sign of this parameter corresponds to compartment A, and a
negative one, to compartment B. A high absolute value of I; indicates that this

genomic region lies in the interior of the particular compartment.



7. PMD and non-PMD identification

PMDs were identified genome-wide using a sliding window approach as
described by Lister et al. [7] with a window size of 10 kb. We identified a region
as PMD if there were at least 10 methylated (methylation level greater than 0)
CpG dinucleotides within, of which the average methylation level was less than
0.7. We then merged continuous PMD windows to form longer PMDs.

Non-PMDs were defined as the complementary set of PMDs.

8. Comparison between the compactness of PMD and non-PMD

The reference genome in mapping the Hi-C data for IMR90 is b37 (hg19)
(GSE63525) [4]. The raw observed contact matrix was firstly normalized using
the KR normalization method.

The methylation data for IMR90 from Lister et al. [7] were aligned to
reference genome hgl18. In order to compare the chromosome contact in PMD
and non-PMD, we converted the reference genome for methylation data from
hgl18 to hg19 using UCSC liftOver which is the same as Hi-C data.

We first demonstrated that the majority of PMDs coincide with TADs. PMDs
tend to overlap with one TAD (the ratio for overlapping percentage in the range
of 90~100% is 0.24) or don’t overlap with any TADs (the ratio for overlapping
percentage in the range of 90~100% is 0.49) (Fig. S8a). The boundary of

PMDs also coincide well with TADs (Fig. S8b).



We calculated the contact probability along genomic distance for PMD and
non-PMD (Fig. S9a). The contact probability for PMD decays much slower
than non-PMD, suggesting the spatial structure for PMD is more compact than
non-PMD.

We also used Hi-C data from different sources to show that our conclusion
on the different compactness between PMD and non-PMD is robust. The Hi-C
data from Dixon et al. [8] have a lower resolution (40 kb) than the above data
from Rao et al. used in the text (10 kb). The hg18 reference genome was used
by Dixon et al. Thus we can directly combine this Hi-C data with the above
methylation data for IMR90 cell line. The contact probability for PMD and
non-PMD in IMR90 were shown in Fig. S9b. Compared to non-PMD, PMD
chromosomes have a much slower decrease which is qualitatively the same as

that in Fig. S9a.
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Figure S1. Evaluation of chromosome models for chromosome 1 in
IMR90.

(a) The evolution of RMSD of the constructed models with the MD simulation
step. The RMSD has converged long before the simulation ends. (b) The

distribution of the ratio between modeled and restraint distance.
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Figure S2. Reproduction of Hi-C contact matrix with modeled
conformations for chromosome 1 in IMR90.

Experimental Hi-C matrix (upper triangle) and modeled Hi-C matrix (lower
triangle) are compared in 20-Mb chromosome segments. For (a), the modeled
contact matrix is calculated using 300 models. For (b), only 20 models are
used to obtain the modeled contact matrix. Compared with experimental data,
our modeled matrix can successfully reproduce the features of the block-wise
pattern along the diagonal of the matrix, which has been used to identify TADs.
Furthermore, the reproduction of Hi-C matrix can be achieved with only 20
conformations, less than 7% of all the conformations generated and used,

showing the convergence of simulated structures.
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Figure S3. Characterization of the modeled structure ensemble for
chromosome 1 in IMR9O0.

(a) RMSD between any two conformations in the 300 constructed models.
Each of the two blocks along the diagonal in the RMSD matrix represents one
conformation group. (b) Similar to a while the mirror-images of the second
group were used. All conformations show structural similarity. (c) Alignment of

five randomly selected modeled conformations.
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Figure S4. Representative modeled structure for (a) chromosome 18 and
(b) chromosome 19 in IMR90.

Chromosome 18 and 19 in IMR90 shows a packed non-spherical configuration.
The red and blue color in the structure represents compartment A and B,

respectively.
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Figure S5. Probability density distribution of the knot invariant for 300
constructed models.

Representative optimized conformations for trivial knot, trefoil knot, and a
complex knot structure are shown for visualization. The corresponding knot
invariant for each example conformation is pointed to with an arrow. Among all
the conformations, 59.3% are optimized to trivial knot, suggesting our

conformation ensemble is largely devoid of knot.
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Figure S6. Comparison of the densities between compartments A and B
in models for chromosome 1 in IMR9O0.
Degree of compartmentalization (a) and spatial density in our models (b) are

projected on the representative structure.
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Figure S7. Mapping of histone marks onto the 3D chromatin structure for

chromosome 1 in IMR90.

Active histone marks: (a) H3K27ac and (b) H3K36me3. Repressive histone

marks: (c) H3K9me3 and (d) H3K27me3.
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Figure S8. Relation between PMD and TAD.
(a) The overlapping percentage between PMD and TAD for IMR90. (b) The

distance between one PMD to its nearest TAD boundary for IMR9O0.
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Figure S9. PMD is more compact than non-PMD.
Contact probability derived from the Hi-C data as a function of genomic
distance in IMR90: (a) Hi-C obtained from S.S.P. Rao et al., Cell, 2014, 159,

1665 and (b) Hi-C obtained from J. R. Dixon et al., Nature, 2012, 485, 376.
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