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African Elephant
4 m tall

Adam & Eve
1.83 and 1.68 m
tall
Giraffe Kodiak Our Genome
6.1 m tall Bear 3 m 2 m long
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Cell Nucleus
6 x10°m

- 1 >

Metaphase

) (
Photoreceptors Sperm X Chromosome ﬁz_sstm
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Chromatin Must Be Accessible For Transcription Zé RICE

Unconventional Wisdom

DNA must be open and knots free

Very little accessible tape!
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A Very Long Polymer Z@ RICE

Unconventional Wisdom
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A Polymer In A Complex Environment ?7/\’% RICE

Unconventional Wisdom
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A Complex Polymer In A Complex Environment /ﬁ RICE

L)
S

' 4
Unconventional Wisdom
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More Than A Polymer: Epigenetics

Nucleosome
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More Than A Polymer: Epigenetics

Nucleosome

H3K4me1

etc...
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Chromatin Architecture Regulates Genes Expression %@ RICE

Unconventional Wisdom

Enhancers Transcription Factories
— -

Structure of a transcription factory

tivator prosein (;")W‘ (HUUNY
M;:w; j OG/)G RNA transcript
/ 4
polymera: e “ \
% "~ Tanscription 3
- & 3 T - ... Transcription factors
Q) Oz i T g Protein rich core
" Mediator j é" @» RNA polymerase Il
A \ Transcription
pobmensse | [
Ly 17/ J0AAR
© Nature Education Rieder et al. 2012
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Probing Nuclear Architecture

Fluorescence In Situ :>
Hybridization (FISH)

Image from Wikipedia

Chromosome \

Conformation Capture >

(3C, 4C, 5C, Hi-C)
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Structural Information: Hi-C

Cut with Fill ends

® ~ restriction and mark Purify and shear DNA; Sequence using
\" Crosslink DNA  enzyme with biotin Ligate pull down biotin paired-ends
: N 4
| » ==
é -«

¢ gy

IN CELL ¢ —

NUCLEUS =t
1 2 3 4 5 6

Rao et al. 2014
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Chromatin Architecture is Specific to Zg RICE

the Cell Type

Unconventional Wisdom

H3KIEmal

H3K27mea3

H3Kama3

H4K20me2
KZNF genes
HAT BB
B2 N
Ne4

Chr3

(

'_I’/II
( cr3 chr3

Lieberman Aiden Lab
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DNA-DNA Ligation Experiments Reveals Compartments

which appear to correlate with epigenetic modifications

H3K3IEBmed
H3K27mea3
H3KaIma3
n
H4K20med Q
KZNF geries O
mAT BB —=
B2 (T
med >
L2
o)
©
o
=
Patterns in contact probabilities identify 6

chromatin types (Sub-compartments):
Al, A2, B1, B2, B3, B4

Rao & Huntley et al, Cell (2014)



Schematic Illustration of Computational Pipeline

Human chromosomes GM12878

Machine

S Learning

MW H3K4me1
h M ‘ | m I“ | L H3K27me3
MMMMM H2AFZ /

/

Maximum Entropy Genomic Annotation
from Biomarkers Associated with
Structural Ensembles (MEGABASE)

50kb
resolution
=
Chromatin
6 (1) =(Type(l).Exp,(!).Exp,(0),....Exp, 1))

Signal for each ChlIP-seq
experiment at locus /

L LA
Chromatin
Type at locus /

P(G)= %exp[z.]ij(O'i,O'j) - Zh,-(cr,-)]

P(Type | Exp, (1), Exp, (1)....Exp, (1))

A1, A2, B1, B2, B3

Chromatin
Structural
Types

Physics

Minimal Chromatin Model
(MiChroM)

50kb
resolution

b

Chromatin
Structural
Types
U vichrom (’_: ) =Uyp (F ) t Xy f .(rij ) +
k21 ie{Loci of Type k}
k. e Types Jj€{Loci of Type 1}
Polymer Type-Type Interactions
Potential
500
+ ZY(d)Zf(’;',H-d)
d=3 i

Ideal Chromosome

Ensemble of
3D Structures

= ®
=
a2
=
=)
Contact Map

Di Pierro, Cheng, et al PNAS 2017



A RICE

Unconventional Wisdom

DNA-DNA ligation Assays: Structural Ensemble
Hi-C

CENTER FOR
THEORETICAL
BIOLOGICAL PHYSICS




|

Hi-C Interpretation 7/§ RICE

Unconventional Wisdom

1 Chromosome, 1 Conformation, 1 Experiment

Did i and j crosslink?
« yes/no

How often did / and j crosslink?
A lot when they are close, not
much when they are far.

fij :f(rij)
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The Minimal Chromatin Model (MiChroM): /\ RICE

»:!3

Phase Separation - enat s

Fact 1. Phase Separation of Chromatin Structural

Types

0
If and when two segments of chromatin form a
contact the energy of the contact depends only on the 4
type identity of the contact. ioq ..‘

H3KIEmed

H3K27ma3

©
:-I " sl N ol R sl H3KIME3
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The Minimal Chromatin Model:

Some Motivated Physical Assumptions

Implicit Protein Model

Type-to-Type Interactions are mediated by a cloud of
proteins that bind with different selectivity to different
sections of chromatin

CENTER FOR
THEORETICAL

BIOLOGICAL PHYSICS |* by



The Minimal Chromatin Model:

Some Motivated Physical Assumptions

Fact #2:

Chromatin form loops at specific locations
related to the activity of the protein CTCF %

Phillips and Corces 2009 4
Rao et al. 2014 ‘

Physical Assumption #2:

If and when the two ends of a loop
come into contact, an there is an
additional gain in effective free energy

Observable Constraint

LF)= > fln) e =[LERN(F)dF - L

(i,j)e {Loops Sites}
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The Minimal Chromatin Model (MiChroM): % RICE

Ideal Chromosome
Fact #3: The effect of all protein motors acting along the DNA polymer

Unconven tional Wisdom

Ideal Chromosome/Lengthwise Compaction. 0
Every time two loci at genomic distance_d come 1
into contact there is a gain/loss of ’}/(d) e
effective free energy. R«#

d

A translational invariant function of the genomic
distance consistent with

o the notion of a higher order fiber in chromatin
o liquid crystal behavior

But more general...

M.D.P., B. Zhang, E. Lieberman Aiden, P. G. Wolynes, and J. N. Onuchic, PNAS 2016
B. Zhang and P. G. Wolynes, PNAS 2015

CENTER FOR
THEORETICAL

BIOLOGICAL PHYSICS | %y



|

The Ideal Chromosome ﬂ RICE

Unconventional Wisdom

A translational invariant function
of the genomic distance

 Consistent with

o the notion of a higher order
fiber in chromatin
o liquid crystal behavior

But more general...

Zhang and Wolynes 2015
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The Minimal Chromatin Model (MiChroM): P RICE

Phase Separation

Unconventional Wisdom

A one-dimensional sequence encodes the three-dimensional fold of
chromosomes

A -1}3"?' e
disuffide & a8

- ~

e

dlsulﬁde
B o=
.ATA1B2B1B1B1A2A2B1.. — >

= —
o with

M.D.P., B. Zhang, E. Lieberman Aiden, P. G. Wolynes, and J. N. Onuchic, PNAS 2016

+ Commentary by G. Gilrsoy and J. Liang, PNAS 2016 Bin Zhang
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The Minimal Chromatin Model: }/ﬁ RICE

3 Simple Physical Assumptions

Unconventional Wisdom

Physical Assumption Observable Constraint
#1 If and when two segments of chromatin T (F)= #(r K -\ MIChioM (=) = rexp
- g cr.=|T,(F r)dr —T
form a contact the energy of the contact u(7) geiLocg'Typek% ( ’) ! J. kl( )ﬂ ( ) “
depends only on the type identity of the Jetboctotvpe !
contact.

Rao et al., 2014, Fillion et al., 2010

#2 If and when the two anchors of a L(7)= _ =\ -MiChroM (=+\ 7= _ exp
CTCF-mediated loop come into contact, (7) 2 f(r"f) L= JL(r)ﬂ (r)dr L
there is an additional gain in effective free
energy

(i.j)e {Loops Sites}

Phillips and Corces, 2009, Rao et al., 2014

#3 Ideal Qhromosorr_lelLocaI Cclamp.action. G,(7)= Zf(”i,mz) cé _ JGd(;:)ﬂMiChroM (F)dF_Gsxp
Every time two loci at genomic distance d i
come into contact there is a gain/loss
of ¥y (d ) effective free energy.
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The Minimal Chromatin Model (MiChroM):

the Effective Energy Function

Constraints

U

Maximum Entropy Principle

U

Information Theoretic Energy Function

500

U viichrom (F HP ’_; 2 Oy 2 f("ij)"'%' Z f(’;'j)+d2=;’)/(d)zi4f(ri,i+d)

k>l zeéLoci of Type k% (i.j)e {Loop Sites}

k.l € Types jeiLoci of Type [
Polymer Type-to-Type Specific Lengthwise
Potential Interactions Interactions Compaction

M.D.P., B. Zhang, E. Lieberman Aiden, P. G. Wolynes, and J. N. Onuchic, PNAS 2016
+ Commentary by G. Gursoy and J. Liang, PNAS 2016
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The Minimal Chromatin Model:

Maximum Entropy Principle

Constraints

U

Maximum Entropy Principle

U

Information Theoretic Energy Function

500

U vichrom (’_;) HP ’7 2 oy Z f(’"ij)"'l' 2 f( ,,)‘*'27/ Zf( ”+d)

k>l ie{Loci of Type k} (i,j)e {Loop Sites}
k. e Types je{Loci of Type 1}

To Be
Determined...
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The Minimal Chromatin Model: ?\% RICE

Calibration

Unconventional Wisdom

Human Chromosome 10 B-lymphoblastoid cells (GM12878)

0 135.60 Mb

oo110
01010

e * Et> (0 - 7(d) . %)

135.60 Mb
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The Minimal Chromatin Model: 3\7/\’% RICE

Quality Check

Unconventional Wisdom

Human Chromosome 10 B-lymphoblastoid cells (GM12878)

135.60 Mb __Chromosome 10

oo110
01010

MiChroM

135.60 Mb T 06 08
Hi-C
Pearson’s Correlation 0.95 Slope 0.94
Intercept 0.0003
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The Minimal Chromatin Model:

Predictivity /A& RICE

Unconven tional Wisdom

Chromosome 22 (GM12878)
0 51.40 Mb

51.40 Mb
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The Minimal Chromatin Model: 3\7/\’% RICE

Quality Check

Unconventional Wisdom

Human Chromosome 10 B-lymphoblastoid cells (GM12878)

135.60 Mb

oo110
01010

10°

—
<

Contact Probability
o

135.60 Mb - . -
10° 108 107 108
Genomic Distance (bp)
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The Minimal Chromatin Model: 3\7/\’% RICE

Quality Check

Unconventional Wisdom

Human Chromosome 10 B-lymphoblastoid cells (GM12878)

135.60 Mb

oo110
01010

Chromosomes 10
T

O
o

Pearson's Correlation
o
o v
T T
L
o
5|
m=
o3l
oo
g
@
1 L 1

oS

1
10° 108 107
Genomic Distance (bp)

135.60 Mb
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A physical polymer model with discrete chromatin
types captures compartmentalization

Minimal Chromatin Model
(MiChroM)

50kb
resolution

1

Chromatin
Structural
Types

UMiChroM (’_;):UHP (F)+ 2 Oy 2 f(rij)—i_

k=l ie{Loci of Type k}
k.l € Types JjeiLoci of Type [/}
Polymer Type-Type Interactions
Potential <0 f(}’; T )
+ ZY(d)Zf(’},i+d)
d=3 i
Ideal Chromosome 7.
i
Al, A2, B1, B2, B3, B4

Di Pierro, Zhang, Lieberman Aiden, Wolynes, Onuchic, PNAS 2016



Schematic Illustration of Computational Pipeline

Human chromosomes GM12878

Machine

S Learning

MW H3K4me1
h M ‘ | m I“ | L H3K27me3
MMMMM H2AFZ /

/

Maximum Entropy Genomic Annotation
from Biomarkers Associated with
Structural Ensembles (MEGABASE)

50kb
resolution
=
Chromatin
6 (1) =(Type(l).Exp,(!).Exp,(0),....Exp, 1))

Signal for each ChlIP-seq
experiment at locus /

L LA
Chromatin
Type at locus /

P(G)= %exp[z.]ij(O'i,O'j) - Zh,-(cr,-)]

P(Type | Exp, (1), Exp, (1)....Exp, (1))

A1, A2, B1, B2, B3

Chromatin
Structural
Types

Physics

Minimal Chromatin Model
(MiChroM)

50kb
resolution

b

Chromatin
Structural
Types
U vichrom (’_: ) =Uyp (F ) t Xy f .(rij ) +
k21 ie{Loci of Type k}
k. e Types Jj€{Loci of Type 1}
Polymer Type-Type Interactions
Potential
500
+ ZY(d)Zf(’;',H-d)
d=3 i

Ideal Chromosome

Ensemble of
3D Structures

= ®
=
a2
=
=)
Contact Map

Di Pierro, Cheng, et al PNAS 2017



Where Is the Blueprint?

From Epigenetics To Chromatin Types (MEGABASE)

Epigenetic Markers

Chromosome 2 Chromosome 10

ot Kl DB i e il it b bbitins  H2AFZ st i b i e
(VPPN SOV S FT S VI HTY A.L,.nl-._ bbb kb s H3K36mMe3 lmh.“wu&mlmmmm

i e bl el e e J. . H3K27me3 ‘u;.»i At bbb ML ki A MA b U BB s
.. H3K27aC b bk i

H3K79me2  duit b Wl i ud
.uLL.JJUhAL\ XL‘J‘AALLJALKALM u;“hAwL;Mh-_‘m,quﬂu H3K4me1 JVUTRE WOREERT TV B RSN SINY WTTEP SR WV IRV ST IO

NPYORY IRES ATIYY PO TR S W Y AR T h...uu.ua H3K4me2 NP VPR TV [ YOV IO UIY PR UV W PR S BT
(L e i K M ok e bl HOKAMeE3 i ik mu. ki 1ol ik 1 i mmmn
it o bbbl R e .,.l..‘“..u“.m.lhm.mmiu H3K9ac TN N SR [T TR J.L NPERINTIOR W TR PRI
e H3K9Ime3
H4K20me1
‘ Chromatin Types . Machine Learning (MEGABASE)
243.25Mb 0 135.6Mb
‘ Structures ‘ v MiChroM
O A1 .
®A2 with
®B1
®B2
@83
_ : A (¥
M.D.P., R.R. Cheng, E. Lieberman Aiden, P. G. Wolynes, and J. N. Onuchic, PNAS 2017 Ryan R. Cheng
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De Novo Structure Prediction of Human Chromosomes
ChIP-Seq Tracks

Chromosome 2 Chromosome 10

wabakh s ha M Amﬂl‘.t Lu ulu.A[ r AA‘M..MMNMAMMMJA,“‘AMMLLNA H2AFZ
PO RNV SOV U AT S VIR PO P it e sk buoas H3K36mMe3
; j i o HBK27me3 e il

NN " H3K27ac DIV I N ORI 15 SN U B ARSI YRR TR AU RPRE VAN DOVERDN TR
kil b Lk o B el i d L il H3K79me2  wuit b L bty L i

“ ALLMJUMLH& .lm“..l.l all -ILAI Rl ki X MM.AMLMM H3K4me1 MMMMMMM
RTINS IV T O TR | NV TR FPRTT R IT I | H3K4me2 G P VST T Lh P VT G N A

H3K4me3  dbhe bstaduibinlhod s b i ok diads

POV /N R NP WP S Lu. FSPVUSEBRTN VISP PO TP W T W T DS TAY N B N

it W P At L N

bt bl do i Al s

H3K9ac aad s “JI,JA .l uLJ A h;. TV Y JuLL AL Cabtcloalll dobocont
H3K9me3 S I
H4K20me1

50kb
resolution
=
Chromatin

G (1) =(Type(l).Exp, (1).Exp,(1).....Exp, 1))

L 1L ]
| ] L} | 1
Chromatin Signal for each ChlP-seq
Type at locus / experiment at locus /

P(o)= %exp ZJU(O',-,O',-)—Ehi(O'i)

i<j i

Di Pierro et al, PNAS 2017



Amino acid coevolution in proteins

&

Statistical couplings
between distal residues
generally weak

Since 1998

Strong statistical
couplings between
coevolving residues
that are in contact

recl_Bp434  VKSKRIQLGLNQAELAQKVGTTQOSIEQ GKT-KRPRFLPELASALGVSVDWL
H3z4ne_staer IKS EQDMSLSELARRVGVAKSAVSR LTREFPLNRTEDFAKALSISTEYL
c2xes5_Bacce  LKK ERALSMROLGILTNIDPATVSRIIINGKOPPKOKHLOKFAECLQVPPQLL



AQHEAA Input Data :

AQHEAA

KGKKSGS Pz (AZ) — fz(AZ)

QGKKRSS

DRTDDPV Pij (Ai, Aj) — fij (Ai7 Aj)

GKKRSS

i =6 j =17 Using maximum entropy principle

fe.17(Se, P17) = 2/6
Cij(AaB):f’LJ( ) ( )fj( )
P(Aq,...,AL) = 1 xp{Z%7 (A;, A;) +Zh )}

to model the joint probability distribution

1<

€ij (Av B) =2 _(C_l)ij (Av B)

Faruck Morcos Martin Weight



Direct Information Metric

Direct Probabilities are defined as:

dir 1 7 7
P (A, B) = ~ expleij (A, B) + hi(A) + hi(B))

The probabilities for residue couplets are
ranked using Direct Information

Select top
couplets

True positive contacts (<8A) are ) € 10 ﬂ
i-j| >4 % 02 04 06 08 1
evaluated from top couplets &
True Positive

(TP) rates

Num. of Structures




A Statistical Model for ChiIP-Seq Data

| Lo 1 .
/-1 i P(G)=EGXP(—H(G))
[+1 I
i EJU(G,aG) Eh(a)

6 (1) =(Type(!),Exp,(!),Exp,(1),....Exp, (1))
Training set: odd-numbered chromosomes
Test set: even-numbered chromosomes
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A Predictor for Chromatin Structural Types ZS RICE

Unconv

entional Wisdom

A 0 243.25Mb

13.2Mb 56.05Mb 67.3Mb 85.2Mb

DUDPNITEENEENN MEGABASE
101N H-C

ko dwl, o, H3K36me3
ok b L bbb d llinn il it al Mide w0 H3K27mMe3
NI RN B VWP WY A Al 0 HBK27ac
YRR TR R P e T s o | H3K79me?2
USRI T X1 WS VTI TV VY TN O R T T Al odd i H3K4me1
S S PP T NPT b a0 ) H3K4me2
- H4K20me1
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De Novo Structure Prediction of Human Chromosomes

Chromosome 2

.MMLM_AMA bt it e il s bl b D B U bkl b

e bt Aok OOV VDV RSOy GOSN SV ST PV TS

u jﬁL“hLl“nH Lﬁl:l . ;.L il ksad al h‘kl,h sl U ubds o lllumlhl:“uu
bbb Lot ad il sl s s L bl

PO RO VIV Y TN W09 IW TR TR WT Y PR & PAPTTOIY 101 |

b lodhod Lsn LAIIJJAL BV VIS O T [ ,Lu.‘....».ﬂ l“.nL l.ﬂ;hkhau

———e e ——— e,

4

\

243.25Mb

O A1
O A2
@ B1
B2
®B3

Di Pierro, Cheng, et al PNAS 2017

Chromatin Types

3D Structures

ChIP-Seq Tracks Chromosome 10

H2AFZ SOOI T ST TP PO
H3K36me3
H3K27me3 PPN Y GPY VDA U W TOUOT VU 1 ORISR " WD, "W W W W0 AU 11, TR 1T W VP
H3K27ac P VT W W IR T AUTAVEE WP AV
H3K79me2

H3K4me1 VT NN

H3KAME2 i b e it e i il it
H3K4me3

T R N T T T R e
H3K9me3 A
H4K20me1

¥

135.6Mb




Comparison of simulated structures with DNA-DNA Ligation

Experiments

O A1
®A2
@®B1
@B2
@B3

queel

67.3Mb 85.2Mb l

QNS0'9S

3D Structures

Contact Maps

MEGABASE + MiChroM

Simulation

101.5Mb
HITIES=n RN e

qNZEL

ANS0'9S

Di Pierro, Cheng, et al PNAS 2017

Hi-C
Experiment

5 0

log(contact probability)

anges

—

qnG2 69



ndb.rice.edu

The Nucleome Data Bank

Fluorescence In Situ Hybridization (FISH) High Performance Computing
DNA Proximity (3C, HiC, GAM, SPRITE) MEGABASE
Genomics EXPERIMENTAL .— g PHYSICAL ey
Epigenomics DATA - R EELLING 3 D ensem b I e Of
‘ 3D Structures from
Displacement Correlation MD Simulations C h I’O m O S O m a |
Spectroscopy (DSC) S t t
Trajectories of ructures
3D Structures from Chromosomal Dynamics
Super-resolution Microscopy ANALYSIS & and Motions of Loci 0 pe n M i c h ro M
VISUALIZATION

3D Structures Visualization with the Pc;th:MA'gl Yner rol Minimal Chromatin
Superimposition of 1D Data: Model
=> Epigenetics (from ENCODE Database)

=> Compartments Annotations from MEGABASE

Single and Multi Chain

- e J\ ( }
Chromatin Types ~ Initial 2 v)
Annotation Structures }\]
Molecular Dynamics S "
Bty Equilibration ‘
Ensemble of 3D <

Nucleosome Data Bank

A web platform to simulate and browse
the three-dimensional architecture of genomes




Prediction of chromosome structures for differentiated cell lines and
for immortalized leukemia cells.

A IMR90 (chr 2) B HUVEC (chr 2) C K562 (chr2)

0Mb 243.19Mb 243.19Mb 0 Mb 243.19Mb
% 3t

Hi-C

i

i

Simulation
MEGABASE
oA
® A2
@B
@®B2
@83
A
[a0)]
<
B
o 1
c 075
O 0]
= Ty 55k
o) OF
o 025 . . 5
10° 10t 10 10° 10
Genonic Distance (Mb) Genonic Distance (Mb) Genonic Distance (Mb)
Legend for A, B, C s
Matching cell type: D IMROO (chr 21) E T amzsre | s
mm MiChroM (IMR90) vs. Hi-C (IMR90) e 1 : \IC— HMECT | 08 8
s MiChroM (HUVEC) vs. Hi-C (HUVEC) L & me Mows @
ms MiChroM (K562) vs. Hi-C (K562) b R 3 ® MR i 8
. . 5 @ " [~==MiChroM=Loops vs. HI-C ° KSSQ. - 3
Mismatching cell type: D s I_M.WEI&_}&' S s s 3
Hi-C (Figure 1A, B, or C) & "%05 1 10 2030 < ,“‘_{.‘E;C G
vs. Hi-C (HMEC) TR — 0 s
v Hi-C (GM12878)  ve :}8 E::Zﬁ?&) Genoriic Distance.(Mb) < AR RN
vs. Hi-C (HUVEC) vs. Hi-C (H1-hESC) w2 %%
———vs. HI-C (IMRg90) AB Annotation (simulated)

Cheng et al. eLife 2020



Prediction of chromosome structures for HMEC, H1-hESC, and
HelLa-S3.

243, 19Mb 0 Mb 243.19Mb 0 Mb 243,19Mb

A HMEC (chr 2) B H1-hESC (chr 2) C HeLa-S3 (chr 2)

i

Simulation

MEGABASE

O A1
® A2
@®B1
@B2
@83

AB
w >
AB
© >
AB
@ >

o 1 1
S 075 {1 075
05f : 05Ff
5 To3s ] & o5
) or 0
o 025 A . 025 . .
10° 10} 10° 10° 10! 10 10° 10! 10°
Genonic Distance (Mb) Genonic Distance (Mb) Genonic Distance (Mb)
Legend for A, B, C %) — i
H 3 .4 GMi12878
Matching cell type: L e 00 @
we  MiChroM (HMEC) vs. Hi-C (HMEC) S HUVEG %’
wem MiChroM (H1-hESC) vs. Hi-C (H1-hESC) " Ao e
m==  MiChroM (HeLa-S3) vs. Hi-C (HeLa-S3) § K562 - | o
Mismatching cell type: B twem 2] '3
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Chromosome Structural
Heterogeneity: No two structures are
1dentical

DNA-DNA ligation map 3D structures of chromatin
(population averaged) (DNA tracing/microscopy)
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Rao & Huntley et al, Cell 2014 Bintu et al, Science 2018



Super-resolution 1maging of

chromatin
B. Bintu and L. Mateo..... A. Boettiger, Xiaowei Zhuang, Science
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Super-resolution 1maging of

chromatin
B. Bintu and L. Mateo..... A. Boettiger, Xiaowei Zhuang, Science

Loop domains form globular lobes at the head and
tail of Segment 1
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ANALYSIS OF CHROMATIN STRUCTURES REVEAL STRUCTURAL
TRANSITIONS: OPEN VS. CLOSED

Experimentally Traced Structures (Bintu et al Science 2018) Simulated Structures (MiChroM)
IMR90 chromosome 21: 29.37-31.32Mb IMR90 chromosome 21: 29.37-31.32Mb
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A relationship between gene expression and
chromosome structure?

Genes primarily located in linker region
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Analysis of Experimental Traced Chromatin Structures of

Segment 2

A Hierarchical Clustering of Traced Structures of IMR90 Segment 2 (chr21 20.0-21.9 Mb)
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A relationship between gene expression and
chromosome structure?

A Segment 1 (29.37-31.32Mb)

Loop domains form globular
lobes at the head and tail of
Segment 1

Genes
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A-compartment chromatin moves to territorial

surface

MEGABASE annotation for
39.9-40.6Mb region

HMEC e T
T Ry
HUVEC ‘ r‘\‘&&ﬂ
IMR9O SR
o L

39.9Mb 40.6Mb
HUVEC

Radial Density
1 : :

=
—B

—All Loci ||

0 0.2 0.4 0.6 0.8
7‘/R0

—+HMEC
-} HUVEC
1 IMR90

0.2 0.4 0.6 0.8
T/Ro

Legend for
A,B, C FG
@ A1l

® A2 @B2
eopi 983

Consistent with experimental observations: Nagano, T., et al., Single-cell Hi-
C reveals cell-to-cell variability in chromosome
structure. Nature, 2013. 502(7469): p. 59-64.



CHROMOSOME ARCHITECTURE ACROSS EVOLUTION CORRELATES
WITH CONDENSIN II ACTIVITY

Type | architecture Type Il architecture

Centromere clustering Chromosome
territories

All condensin Il >
subunits present

>
Telomere clustering »
Telo-to-centromere axis »

>

One or more condensin Il
subunits absent
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Condensin Il (loop-extruding enzyme) confers longitudinal
rigidity to chromosomes and defines chromosome

territories (Houlard et al., Nat. Cell Biol. 2015, Bauer et al. PLoS Genet. 2012; Rosin et
al. PLoS Genet. 2018, ...)

Wild Type Condensin Il depletion

Stony coral

Hoencamp et al., Science (2021) \_ Rosin et al. PLoS Genet. 2018 )




Centromere

CONDENSIN 11 DEPLETION LEADS TO A PHENOTYPE WITH
CLUSTERED-CENTROMERES AND LOWER CIS-COMPACTION

Condensin Il depleted
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MICHROM INTERACTIONS AND LENGTHWISE COMPACTION
ACTIVITY OF CONDENSIN 1l

Homopolymer Flory-like two-body term CTCF loops
Untichrom () JUnp (F) > au > f(ry) Z f(ri)
k>l ie{Loci of Type k} (i,j)€ {Loop Sites}
I e Types  je{Loci of Type [}
Polymer connectivity Phase separation of Lengthwise compaction
Topology fluctuations Heterochromatin (centromeres) Loop extrusion activity

(condensin Il)

Simplified model (competition between phase separation and lengthwise compaction):

A low
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____________ a2 higher y
——————————— al
high
condensin Il

Di Pierro et al., PNAS (2016); Hoencamp et al., Science (2021)



CONDENSIN 11 ACTIVITY (LENGTHWISE COMPACTION)
COUNTERACTS CENTROMERE CLUSTERING
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