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S1 Text

Energy function

In the coarse-grained MiChroM [1] each monomer represents 50 kb DNA that
corresponds to the diameter a = 150 nm [2] for a single locus. For Chr10 whose length
contour length is 136 Mb, the number of monomers is N = 2712. We used kgT (kp is
the Boltzmann constant and T is the temperature) as the unit of energy.

Based on the distinct patterns of inter-chromosomal contacts and epigenetic
modifications, MiChroM assigns one of the six subcompartment types
t € {B3, B2, B1, NA, A2, A1} to each chain monomer [3]. It is found that pairs of loci,
potential binding sites for CTCF [4] or lamin A [5], are in contact with higher
probability than their background.

The potential in MiChroM has the form [1],

Unichrom = Unp + Z ag, 1, f(rig) + x Z f(rj)
%, (4,5)€loops
Smax

N
+ Z (s) Z f(riivs) + Z Us(Tiw)- (S1)
s=3 i i=1

The above equation describes the energy of a homopolymer Uygp, monomer type
(t;, t;)-dependent interactions, attractions between loop sites, genomic distance (s)
dependent condensation energies, and repulsion due to the spherical wall.

The homopolymer term Ugp describes the energy of a self-avoiding chain, which we
confined to a sphere with a volume fraction of ¢ = 0.1, as

N-1 N-2

Unp = Z UrenNg(Tiit1) + Z Uangle(0:)

=1 i=1

N-1 N-2 N
+ Z Uhc(ri,H»l) + Z Z Usc(ri,j)' (82)
=1 i=1 j=i+2

November 18, 2018

S1 page 1/10

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377



First, the neighboring monomers along the chain is constrained by the finite extensible

nonlinear elastic bond potential,
kbR(Q) 7“2
1 1-——
5 log ) (S3)

Ureng(r) = —

with a spring constant k, = 30 kpT'/a® and a maximum extensible bond length
Ry = 1.5a. Second, the chain flexibility is adjusted by an angle potential,

Uangle(0:) = kq (1 — cos(6;)), (S4)

which is defined for three consecutive monomers with cos; = (7 ;41 - #i41,542) and
ko = 2 kpT. Third, the excluded volume interaction between neighboring monomers is
modeled by using the repulsive part of the Weeks-Chandler-Andersen potential,

Uielr) =4[ ()= (&) + 1] e a—n), (55)
r r 4
where e = 1 kT and ©(...) denotes the Heaviside step function. The fourth term Us.
(Eq S2), which characterizes the excluded volume interaction between nonbonded
monomers, has the same expression as Uy.. It is critical to note that during the stage of
conformational sampling of chromosome structures, we have truncated the repulsive
part of this potential to make Us.(r) = 2¢ at a short distance r < r* where
Unc(r*) = 2¢, so that chain can freely cross if necessary. This is essential for efficient
conformational sampling. However, when performing BD simulations of the collapsed
chromosome chain, we retain the original form of Us.(r)[= Up.(r)], thus enforcing the
excluded volume interaction.

The second to fourth terms in Eq S1 are all pairwise nonbonded attractions, which
depend on the spatial distance between monomers,

£(r) = 5 (1 + tanh [u(r, — 1) (56)

while the value of prefactor ay, ;; in Eq S1 depends on the monomer types ¢; and ;.
The term with y = —1.61299 kpT is for ¢ and j contact pairs that define loops, and
v(s) is the function of inter-loci separation $(< $pmax = 500) along the chain,

_m e .s

Lastly, the confinement effect of nuclear envelop and other chromosomes is
considered as the repulsion between the wall of spherical shell (diameter of 30 a) and
any monomer whose distance from the wall satisfies » < 0.5a, such that

12 6
a a 1
— - +7
(r—l—A) <T+A) 4
where A = (21/6 — 0.5)a.

All the parameters in the slightly modified MiChroM used here are summarized in
Tables 1 and 2, and additional ones can be found in Ref [1].

Uy (r) = 4de

0(0.5a — ). (S8)
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Table 1. Parameters of the energy potential for the heteropolymer model, MiChroM.

Ry 1.5a e | 1kgT X —1.61299 kT
ky | 30 kgT/a® || u 3.22 o] -0.03
ke 2 kgT r. | 1.78 a Yo —0.351
v3 —3.727
Smax 500

Table 2. The monomer type dependent parameter « of MiChroM (in the unit of kgT).

B3 B2 B1 NA Al A2
B3 | —0.341230 —0.329350 —0.336630 —0.349490 —0.266760 —0.301320
B2 —0.330443 —0.321726 —0.282536 —0.258880 —0.281154
B1 —0.342020 —0.209919 —0.262513 —0.286952
NA —0.255994 —0.225646 —0.245080
Al —0.268028 —0.274604
A2 —0.299261

Conformational sampling

To facilitate conformational sampling of the chromatin chain at equilibrium [6],
underdamped Langevin equation of motion
d*7; dr; = >

moa = _CMDE = Vi U(71,7%,...) +£(1) (59)

was integrated with a time step 6t = 0.01myp and friction coefficient {pp = 0.1m/mvp,
which gives rise to the characteristic time scale of 7yp = (ma?/e)'/2. The initial
compact globular structures were obtained from an extended heteropolymer chain in the
presence of heterogeneous non-bonded interaction terms for the simulation time of

2 x 10*myp. The truncated form of the excluded volume interaction potential was used
to facilitate the conformational sampling. Then equilibration runs were performed for
10°7yp for Chrl0 in spherical confinement. Snapshots were collected every 1027yp,
from five independent replicas, for the analysis of static properties. It is worth noting
that compared with the previous study [1] in which collapse for hompolymer was first
induced, followed by switching on the heterogeneous non-bonded interaction terms, our
procedure of obtaining the conformational ensemble by directly collapsing the
heteropolymer chain is more efficient computationally; We found that the majority of
resulting chromosome conformations are free from entanglement (see S1D Fig).

Simulation of chromosome dynamics

To study the dynamics (such as configurational relaxation) of the polymer chain, we
carried out the simulation of chromatins under over damped condition. Because of the
compact folding, hydrodynamic interactions on DNA loci will be mostly screened [7]
with a marginal residual effect on the diffusivity of loci, which is supported by a recent
Stokesian dynamics simulation of DNA in a packed E. Coli nucleoid [8]. Thus, in order
to probe the dynamic behavior of chromosomes, we performed free draining Brownian
dynamics (BD) simulations [9,10] by integrating the equation of motion,
dr; Do 5

E :7kBTv7?iU(7’1,...,T’N)+R¢(t), (SIO)

where D;q is the bare diffusion coefficient of the i-th particle, and R}(t) is the Gaussian
random noise satisfying the fluctuation-dissipation theorem

November 18, 2018

S1 page 3/10

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439



(Ri(t) - ]*@-(t’)) = 6D;00;;0(t —t'). D;o was estimated via kgT'/67nR, where

n =17.0 x 1073 Pa-s is the nuclear viscosity [11] and R = a/2. Furthermore, since we are
concerned with passive dynamics of chromosome, the truncation of the excluded volume
interaction Uy, in Eq S2, the original intent of which was to mimic the effect of
topoisomerases, was removed. Thus, in our simulation we strictly disallow chain
crossing.

We chose an integration time step dtpp = 1 x 1073 75p with the Brownian time
8D = a?/D;p ~ 50 ms, which is the value estimated from 7 ~ 7 ¢P and monomer size
a = 150 nm. Starting from centroid conformations of the five most populated clusters
(Fig 1B), BD simulations were carried out for 4 x 10* 7gp in each trajectory. Unless
stated otherwise, all the time scales of dynamic quantities reported in this study are in
the unit of 7gp, and the genomic position are measured in the unit of Mb. All
simulations were performed by adapting the ESPResSo 3.3.1 package [12,13].

Correlation in time: Velocity-velocity auto-correlation

We calculated the correlation function of displacement of the i** and j** loci divided by
the lag time At¢, which is equivalent to the mean velocity correlation function [14,15],

AF;(t+ to; At) - AT (to; At)),
C\%Z’])(t) _ < ( 0 (A)t)z J( 0 )>t 7 (Sll)

where A7 (t; At) = 7 (t + At) — 75(t) and (...)ty = 1/Tmax [y " dto(...). Regardless of
At, the auto-correlation function C\%Em,m) (t), calculated for the midpoint monomer
(m = N/2), displays a negative correlation peak (Cé%mm) < 0) at t = At (S5A Fig),
followed by a slow relaxation to zero, i.e., C@jm,m)(t > At) — 0. The curves plotted
with the rescaled time t/At overlap onto each other and allow us to assess the variation
among the curves (S5B Fig).

Following the interpretation of fractional Langevin motion, one could posit that the
dynamic behavior of chromatin loci captured in C‘%t(m m) (t) is caused by viscoelasticity
of the effective medium [16]. However, even an ideal Rouse chain in free space (5 = 0.5)
displays a similar curve C\%%m,m) (t) (S5B Fig, white dashed line). The negative
correlation peak for the Rouse chain is solely due to the chain connectivity with the
neighboring monomer along the chain. For our chromosome model, restoring forces of
the surrounding, non-covalently interacting beads can contribute to the negative
correlation peak as well. As shown in S5B Fig, the difference between the two curves,
C\%t(m,m) (t/At)s, with 8 = 0.4 for our chromatin model and with 5 = 0.5 for the ideal
Rouse chain is subtle, and is not easy to discern.

The dynamical behavior of our chromatin model can more straightforwardly be
discerned from that of the ideal Rouse chain by calculating the Rouse modes,

X,(t) = NV cos (pnm /N7, (t). While (X7) ~ p~? is anticipated for the free
Rouse chain [7,17], we find (X2) ~ p~'7 for large p (N/p < 100. See S5D Fig). The
Rouse modes for a chain with the exponent v are expected [18] to scale as

(X2) ~ p~(122)_ Thus, the exponent of 1.7 is explained again by the SF statistics with
v=1/3.

Cross-correlations of mean velocity between the midpoint (m = N/2) and other loci
(j # N/2) show how the correlation of our chromatin model changes with time (S5C
Fig). In contrast to the viscoelastic Rouse polymer model [19], the mean velocity
cross-correlation reveals a non-uniform and undiminishing correlation pattern, which
suggests that the chromosome structure is maintained through heterogeneous loci
interactions defying a full equilibration.
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Displacement correlation in an ideal Rouse chain

The coordinates of the i*» monomer #; in an ideal Rouse chain can be transformed into
a linear combinations of different Rouse modes X, [7],

iy sl
Fi(t) = Xo(t) +2 3 X,(t) cos (p>. (S12)

Then, the position correlation between the i** and j** monomers, at time ¢t + At and t
respectively, can be written as

Pt -+ A0 (1) = Ko(t + A Ko(t)

+4Nfo)?p(t+ AN)X, (1) cos <me> cos (‘?) (S13)

p=1 g=1
Given that

kgT t'—t
A G an
P p

for p > 0 and (Xo,0(¢)Xo0,8(t")) = 0ap2ksT /(N x min(t,t’), the average position
correlation in 3D is

N-1 ) )
. . _ 6kpT kT _au/r, P qmj
(Fi(t + At)7;(t)) = NC t+12 kp e cos | = Jcos | %7 ) (S15)

p=1

where k, = 672p?kpT/Nb? and 1, = (N?b?/3m2p*kpT for p > 0. Consequently, the
average displacement correlation between the it* and j** monomers, at waiting time At,
will be

Coj (AF) = (AT (1 A)AT; (1 Ab))
— (Pt + DOT (E+ AD) + (F (0T (1)) — 207 (¢t + A8 (1))

S ket [1 - 67%] cos pmi cos amJ . (S16)
iy N N

6kpT
= At 424
N At+24 )
The first term in the last row of Eq §16 increases linearly with the lag time At, which is
contributed from the zeroth mode Xy describing diffusion of the center of mass. The
second term contains contributions from other modes X)), which varies as

p=1

1 — exp(—At/7,) and saturates to a constant (x Z;\:ll cos(pmi/N) cos(qmj/N)) as

t — 0o. Due to the lack of the genomic positions of chromatin loci (i.e., the values of i
and j) in the experiment [20], we calculated the spatial correlation function C'2t(r)
(defined in Eq 4 in the main text) as

At( > i Cij (AP j(r)
Cot(r) = S P (S17)

which calibrates the displacement correlation between two loci separated by the distance
r over the time interval At. P; ;(r) is the probability density function of the distance r
between the i** and j** monomers, which follows [7]

) 3 3/2 B 237? v
Pi,j(r) =A4nr (27‘('b2|7l—j|> e 20°li—il, (818)
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Eq S16 and S17 are compared with additional simulations of an ideal chain composed of
N = 100 monomers, where neighboring monomers along the chain are constrained by
harmonic interactions [14]

(Fi — 7). (S19)

BD simulations were carried out by integrating Eq S10 with kgT =1, { = 1, and
b = 0.5477.

Given that the correlation length [, for an ideal Rouse chain increases with lag time
At (S4 Fig), the coherent motion of chromatin loci observed at large At itself should not
be too surprising (see Fig 4). In the presence of confinement of size R, the diffusion of
the whole chain would eventually be constrained by the confinement; the first term in
the displacement correlation (Eq S16) for the Rouse chain would saturate to R? at long
time limit, and the confinement effect on the intrachain motion would be negligible as
long as R2 > (R2) = Nb*/6. As clearly demonstrated in S4 Fig, the displacement
correlation increases monotonically for ideal Rouse chain.

It is important to note that there is a reduction in [, at large At (non-monotonic
change of I, with At) in live cells [20] as well as in our simulations when isotropic active
noise is included (Fig 6D).

Exact result for 4(¢) for an ideal Rouse chain

It is instructive to compute 6(¢),

o(t) = \/ T ) = 0 (520

1<j

for an ideal Rouse polymer because the value of lim;_,(6(¢)) = deq Obtained for this
model is an upper bound for any chromosome. Based on Eq S12, the vector between the
i*" and j** monomers is,

= 2N71Xp(t) {cos ('”;Z) — cos (737;3)] . (S21)

p=1
The Rouse normal mode, Xp(t), is the solution of the Langevin equation

o - . .
&Xp = —kpXp(t) + fp(1) (S22)

Cp
where (y = N¢ and ¢, = 2N( for p > 0, k, = %pQ = wp? and
<fpa (t)fpﬂ (t/)> = 25pq5aBCpkB_T5(t - t/);

Let us denote ¢;;(t) = ((|Ri;(t)| — |R;;(0)])?), where (---) is the ensemble average
over both initial condition and the conformations. We use T and E[z] to label average
over conformations and average over the initial condition, respectively. With this
notation, 6 (t) = B2, (£)] + B[R, (0)] — 2| Ri; (0)] [y (8)]. The function Xp.a (a is
one of the three components of )_('p(t)) is a normal random variable with mean
X,.0(0)e7™ and variance (kpT/k,)(1 — e~2/™), which we write as

Xpal(t) ~ N(Xpa(0)e ", kZpT(l —e72mY). (S23)
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In the time limit, ¢ — oo, the distribution of R;;(t) does not depend on the initial

condition (system is ergodic). Therefore, we obtain lim;_,co X o (t) ~ J\/’(O7 k,’f—PT)

Because R;jo(t) is linear combination of X, ,, it follows that R;; o(t) is also a normal
random variable. Consequently,

flggo Rija(t)

= pri pi\1% kpT
B
~N <0,4 Z [cos <N> — cos (N)} 5, ) . (S24)
p=1
Since Ry;(t) =3, R” o(t), then lim;_, o R2 (t) is a non-central chi-squared random

variable. Denoting 07, , = 07, , = 0%; 42 [cos("m) cos( 22 )]2%, we

ijy — Yijz

obtain E[Rfj( N =20y E[R?, ()] = SO'ij. Since the distribution of R;; (¢) in the

= E[R}(t)] = 303,
In order to calculate E[|R;;(0)||R;;(t)|] we note that |R;;(t)| is independent of the

initial condition. Thus,

limy o0 E[|Ri5(0)[[Rij (1)]] = E[|Rij(0)[]limy o0 [Rij (t)] = (limy—see [Rij(1)])?. It can be

shown that lim; oo [Rij ()] = limy o0 /D, RY; o (t). Combining the results for

E[R?;(t)] and E[|R;;(0)||Ry;(t)[] we obtain,

long time limit is the equilibrium distribution, we have E[RZ;(0)]

Jim 4;(t) = E[RL(0)] + B[R (0)] — 2E[| Ry (0)[ [R5 (1]

1
(6 - 6) o} = coyy. (S25)

™

The value of Agq = limy—, o §(t)? in the long time limit is,

Aoy = N Z lim 6;(t) N0 > o (S26)

’L<] 2<J

The quantity > i; is evaluated as follows,

)

z<j

1<J i<j p=1
. . N-1
4kpT 5|7, - ]| 20kpT
~ = N —
w Z N wN ( 5)s
1<j s=1
10ksT
= B (N 1)(N+1). (S27)

3w
Substituting Eq S27 in Eq S26 we obtain,

2c 10]{33T
Ay = N-1)(N+1
2OCkBT N+1 10 16\ -
- — N+1
3. N on? (6 T > @(N+1)
~ 0.1a>N. (S28)

The equilibrium value, d¢q, is given by /A¢q. For N = 2712 we obtain .4 ~ 16.5a,
which is the upper bound of the excursion of any two loci in chromosomes.
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Deviation of diffusion exponent from 5= 0.4

As discussed in the main text our finding that the growth of the mean square
displacement, MSD(t) =~ t# with 3 = 0.4 is consistent with a number of experiments. A
notable exception appears to be in the experimental study of Zidovska et al. [20] who
found that a quantity MSND(¢) obtained from displacement correlation spectroscopy,
which is not unrelated to MSD, depends on ATP. In the presence of ATP, presumably
the analog of the simulations in the presence of active forces, the value of 8 =~ 0.71 for
the loci motion averaged over the whole genome in 16 nuclei. However, when ATP is
depleted § decreases to =~ 0.32. Superficially, it might appear that our results are not
consistent with their findings [20]. However, there might be genuine differences, which
might make it difficult to compare the experimental and simulation results. A few
technical points are worth noting.

1. In MSND (mean square network displacement) analysis, which is likely related to
MSD, Zidovska and colleagues used the following relationship to fit the data over
the entire range of time span At: MSND = A+ B x At? where A (whose value
ought to be zero in any fit to MSD) and B are constants. The parameters A, B,
and 3’ obtained from such a fit over the time regime tend to overestimate the
value of 8 from MSD ~ At? at large At, which is more generally used in other
studies [21-24]. We reanalyzed the the time dependence of the MSND to extract
the 8 values, and found that data are fitted with 8 ~ 0.5 for the “control,”

B = 0.4 for many different types of drug-treated cells, and S = 0.18 for the
ATP-depleted cell (see S8 Fig for details).

2. Both 8’ and 3 values for ATP depleted cell discussed above are significantly
smaller than the diffusion exponent 0.4. The images of live cells and

ATP-depleted cells are visually different (compare Fig 4A and Fig 4B in Ref. [20].

In addition, according to other independent measurements, reporting ATP-level
dependent compaction and the recovery of original cell state after the

“wash” [25,26], ATP depletion induces chromatin compaction and substantially
slows down of the dynamics via a caging effect [27,28], as found in glassy systems.
We surmise that to experimentally acquire the desired diffusion exponent

B~ 0.4 — 0.5 from ATP-depleted condition that suppresses the biological activity,
it is necessary that the lag time (At) for MSD measurement be greater than the
time scale associated with caging. In other words the scarcity of data points
beyond At ~ 2s (S8 Fig) and the restriction that the maximum value of At to ~
10s makes it difficult to conclude definitively that ATP-depletion significantly
change the exponent of the time-dependence of MSND. Measurements for much
longer At values are needed to compare with our simulations and other
experimental studies. A study on bacterial chromosome showed clearly that the £
exponent remains almost identical to be 5 = 0.4 even when the ATP is depleted,
but that the diffusivity is reduced significantly [21,22]
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