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Experimental procedures
5C analysis was performed on 2 independent biological replicates for G1 early, G1 middle, S-phase
and Metaphase, using HeLa S3 cells from the lab stock. Hi-C analysis was performed on the same cell
pellets for G1 middle and Metaphase. Control Hi-C experiments at different formaldehyde
concentration were performed on HeLa S3 CCL-2.2 cells (ATCC® cat# CCL-2.2™). Numbers in the
table indicate number of biological replicates. For individual 5C datasets for chromosome 21 we
typically obtained 3-20 million mapped reads after filtering. For individual Hi-C datasets we obtained
typically over 8, and up to ~100 million mapped reads after filtering (see below). We also prepared
libraries from K562 (ATCC® cat# CCL-243™) cells synchronized in metaphase and both nonsynchronous and metaphase-arrested primary fibroblasts HFF-1 (ATCC ® cat# SCRC-1041TM).
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Supplemental Table I. Datasets analyzed. (1) Hours of incubation with nocodazole. (2) M index shows
number of mitotic cells estimated by direct count of nuclei on slides. 300-500 nuclei were analysed for
each sample. (3) Two independent 5C and/or Hi-C experiments were pooled together; (4) these cell
pellets were split and analyzed by both 5C and Hi-C

1. Synchronization procedure
1‐1. Synchronization of HeLa S3 cells
Cells were grown in standard DMEM media with sodium pyruvate (Gibco #11995073) with 10 % Bovine
serum (Gibco #16170078), 1% PenStrep (Gibco #15140) and 1% Antibiotic-Antimycotic agent (Gibco #
15240). 20 hours prior to synchronization cells were plated on 15 cm plates at 10% confluence (1.8 x
106 cells / 15 cm plate). For collecting at early G1, mid G1, and early S-phase stages, cells were
arrested using a double thymidine-induced S-phase block followed by release into standard media.
First, cells were incubated with media containing 2 mM Thymidine (Sigma T1895-10G) for 18 hours,
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washed twice with 30 ml 1x PBS (Gibco #14190250) and released into standard media for 9 hours.
Media were then replaced with a thymidine-containing media and cells were incubated for another 17
hours. Cells blocked at early S-phase were fixed immediately after the second thymidine block. Cells
were released from the plates using Trypsin, washed with 50 ml standard media, and fixed with 1%
Formaldehyde (Fisher #BP531-25) as described (1, 2). To collect synchronous cell cultures in early and
mid G1 stages, cells were released after the second thymidine block into standard media for 12.5 hours
and 14.5 hours respectively. Cells were trypsinized (GIBCO TrypLE #12563-029), washed with 50 ml of
media, and fixed with 1% Formaldehyde.
To collect cells in metaphase we used 3 different protocols, which are schematically shown in (Figure
S5), and summarized in (Supplemental Table II, Supplemental Table III). For the datasets 5CHeLaS3-M and HeLaS3-M, HeLa S3 (Supplemental Tables I, II and III) cells were grown on 40 15 cm
plates for each biological replicate. Cells were plated at 10% confluency a day prior to synchronization,
then arrested by a single thymidine block with 2mM thymidine for 24 hours, washed twice with 30 ml 1x
PBS and released into standard media for 3 hours. Media were then substituted with media containing
100ng/ml nocodazole (Sigma #M1404) for 12h. At the end of the incubation, media with floating mitotic
cells was collected, and the remaining cells on the plate were trypsinized. Cells were spun at 900 rpm
10min Centrifuge 5810R (Eppendorf), washed once with 50 ml standard media and fixed with 1%
formaldehyde. For the formaldehyde control experiment (i.e. datasets HeLaS3-M-1FA and HeLaS3-M0.25FA), HeLa S3 CCL-2.2 cells were grown on 26 15cm plates. Cells were plated at 10% confluency a
day before synchronization, then arrested by double thymidine block at G1/S transition as described
above (i.e. grown in media with 2mM thymidine for 18h, then washed twice with 30ml 1xPBS and
released into normal media for 9h and then followed by second thymidine block for 17h). Cells were
released from the second thymidine block for 5h, and then blocked in media with 100ng/ml nocodazole
for 7h. After that, media with floating cells were collected and plates were washed with 1xPBS to collect
additional mitotic cells, which are loosely bound to the plate surface at this point. Cells were spun down,
resuspended in 45ml media, divided in two halves and fixed with 1% or 0.25% formaldehyde. For the
HeLaS3-M98 dataset, HeLa S3 CCL-2.2 cells were plated a day before synchronization at 20%
confluency in 2 T175 flasks. After double thymidine block, cells were released into normal media for 8
hours. Mild manual shake-off was then performed to remove minor population of mitotic cells. Media
were replaced with media containing nocodazole (100ng/ml) for another hour. After that, a second
manual shake-off was performed, media were replaced with fresh media containing nocodazole, and
incubation continued for another 2h. Final intense manual shake-off was done to collect mitotic cells.
Thus, the total time of nocodazole arrest was 3 hours. Cells were spun down, resuspended in 12ml
media and fixed with 1% formaldehyde.
1‐2. Synchronization of HFF1 cells
Cells were grown in standard DMEM media with sodium pyruvate (Gibco #11995073) with 10 % FBS
(BenchMark #100-101), 1% PenStrep (Gibco #15140) and 1% Antibiotic-Antimycotic agent (Gibco #
15240). Cell were grown to confluency and left for 24h, then split into 3 15cm dishes at 1.5 x 106 cells
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per plate into growth media with 2mM thymidine and left for 18h, then released into normal media for 8h
and blocked with 2mM thymidine for the next 17h. After that, cells were released into normal media for
7h. Finally, cells were blocked with media containing 100ng/ml nocodazole for 5h. Collection of mitotic
foreskin fibroblasts using manual shake-off was not possible, because these cells do not always round
up and retain some contacts with neighbors and plate surface. Hence, we washed out those cells by
pipetting media up and down with moderate intensity. Cells were then collected them by spinning down,
resuspended in 10 ml growth media, and fixed with 1% formaldehyde.
1‐3. Synchronization of K562 cells.
K562 cells were maintained in standard RPMI-1640 media with 2 mM L-glutamine (Gibco #22400-089)
with 10% FBS (BenchMark #100-101), 1% PenStrep (Gibco #15140) and 1% Antibiotic-Antimycotic
agent (Gibco # 15240). Cells were grown in T150 flasks. The starting density of cells was 2 x 10^5 cells
/ml in 450-500 ml of cell suspension. Thymidine was added to the media to a final concentration 2 mM
and cells were blocked for 24 hours. Then cells were spun down 1,000 rpm for 5 min at 4C, Centrifuge
5810R (Eppendorf), and washed twice with 50 ml 1x PBS. Cells were released into standard media for
12 hours, then thymidine was added to a final concentration of 2 mM and cells were incubated for
another 15 hours. Cells were spun at 1,000 rpm for 5 min at 4C and media were replaced with growth
media containing 150 ng/ml nocodazole. Cells were incubated in the presence of nocodazole for 14
hours, then spun down, washed with 1x PBS and fixed with 1% Formaldehyde. The proportion of dead
cells was estimated by trypan blue staining. 106 cells were fixed for FACS profiling and the number of
cells arrested in mitosis was estimated by DAPI staining, as described above. A non-synchronous K562
cell culture typically contains ~ 8% of mitotic cells, whereas metaphase arrested cultures contain 6570% cells in metaphase.
The following Table summarizes the metaphase arrest conditions used to generate the various
metaphase Hi-C datasets:
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Supplemental Table II. Cell synchronization protocols, summary. T(I) and T(II) – first and second
thymidine blocks; R(I) and R(II) – first and second releases into normal media; Noc – incubation with
nocodazole.
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For each sample described in this section, the following controls were performed: 1) The fraction of
dead cells was determined by counting dead cells using Trypan blue staining (Invitrogen #15250-061).
2) The cell cycle profile of each sample was determined by Fluorescence Activated Cell Sorting (FACS)
using 106 fixed cells. 3) Chromosome morphology and spindles were analyzed by imaging, as
described under “Imaging procedures”. A non-synchronous HeLa S3 cell culture typically contains ~ 3%
of mitotic cells, whereas metaphase arrested cultures contain 83-98% cells in metaphase. Nocodazolearrested cultures efficiently proceeded to anaphase, G1 and S after release into regular media,
indicating that the treatment with nocodazole did not permanently arrest cells in metaphase or kill the
cells (Figure S1).
Dataset

File
Chr21NN-HeLaS3-NS-R1

HeLaS3-NS
Chr21NN-HeLaS3-NS-R2
Chr21NN-HeLaS3-G1E-R1
5C-HeLaS3-G1(early)
Chr21NN-HeLaS3-G1E-R2
CCHiC-HeLaS3-G1mid-R1
HeLaS3-G1(mid)
CCHiC-HeLaS3-G1mid-R2
Chr21NN-HeLaS3-G1mid-R1
5C-HeLaS3-G1(mid)
HeLaS3-G1-1FA
HeLaS3-G1-0.25FA

Chr21NN-HeLaS3-G1mid-R2
CCHiC-HeLaS3CCL2p2-G1-1FA
CCHiC-HeLaS3CCL2p2-G1-0.25FA
Chr21NN-HeLaS3-S-R1

5C-HeLaS3-S
Chr21NN-HeLaS3-S-R2
CCHiC-HeLaS3-M-R1
HeLaS3-M
CCHiC-HeLaS3-M-R2
Chr21NN-HeLaS3-M-R1
5C-HeLaS3-M
HeLaS3-M-1FA
HeLaS3-M-0.25FA
HeLaS3-M98
HFF1-NS
HFF1-M

Chr21NN-HeLaS3-M-R2
CCHiC-HeLaS3CCL2p2-M-1FA
CCHiC-HeLaS3CCL2p2-M-0.25FA
CCHiC-HeLaS3CCL2p2-M-98percent
CCHiC-HFF1-NS-R1
CCHiC-HFF1-M-R1
CCHiC-K562-M-R1

K562-M
CCHiC-K562-M-R2

Supplemental Table III. Datasets and corresponding data files.

2. Formaldehyde fixation of cells
The Hi-C experiments and 5C experiments were performed using the same cell pellets (same biological
replicates; see Table Supplemental Table I). We used HeLa S3 cells from the lab stocks. For each
pellet ~1 x 108 cells were fixed with 1% formaldehyde as previously described (3, 4). Adherent HeLa S3
cells were treated with trypsin before fixation. Cells were suspended in 45 ml of growth media and
crosslinked by adding 625 µl of 37% formaldehyde (1% final concentration); cells were mixed quickly
but gently, and incubated at room temperature (RT) for 10 minutes with occasional inverting. To quench
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crosslinking reaction, 1.25 ml of 2.5 M glycine was added, mixed well and the samples were incubated
at RT for 5 minutes. Next, tubes were incubated on ice for at least 15 minutes. Crosslinked cells were
pelleted at 800 x g for 10 minutes. The supernatant was discarded completely by aspiration, after which
cell pellets were frozen on dry ice for 20 minute and stored at -80°C.
For experiments analyzing the effect of formaldehyde concentration on chromatin interaction
frequencies, we used HeLa S3 CCL-2.2 cells (ATCC # CCL-2.2™). Cells were split in two equal
aliquots prior to fixation. One aliquot was then fixed with 1% formaldehyde, and the second aliquot was
fixed with 0.25% formaldehyde.

3. Imaging procedures
3‐1. Slide preparation for counting mitotic cells
Around 10,000 cells were suspended in 150 μl 1x PBS and spun onto slides 500 rpm for 5 minutes
using a Cytospin3 (ThermoShandon) centrifuge. Slides were fixed in cold 100% methanol for 10
minutes, hydrated in PBS containing 0.5% Tween 20 for 10 minutes, then incubated for 15-30 minutes
at 37°C in 1x PBS containing 1%BSA and 0.5%TritonX100. Anti-aTubulin antibody (Sigma; T9026) was
then added at a 1:1,000 dilution, and slides were incubated in a humid chamber for 30 minutes at 37
°C. Slides were washed three times with PBS containing 0.5%Tween20 for 5-10 minutes on a rocker,
and then incubated in PBS containing goat anti-mouse Alexa488 antibody (Invitrogen, #A21121) at a
dilution of 1:1,000 for 30 min at 37°C in humid chamber. Slides were washed as described above and
mounted with ProLong Gold Anti Fade reagent with DAPI (Invitrogen #P36931).

3‐2. Metaphase spreads
HeLa S3 cells were arrested in metaphase with nocodazole as described above (under
“Synchronization procedure”). Around 5 x 106 cells were incubated in 10 ml hypotonic buffer (0.075M
KCl in water) for 20 minutes at 37°C; Cells were then spun down at 1,000 rpm for 10 minutes in
Centrifuge 5810R (Eppendorf) and re-suspended in 200 μl of hypotonic buffer. Cells were then fixed by
addition (in a drop-wise fashion) of 3 ml methanol:acetic acid = 3:1 solution. Fixation was for 20
minutes at room temperature. Slides (Premium SUPERFROST slides, Fisher #12-544-7) were placed
on a wet towel and cells were dropped on a slide from a height of ~ one foot (30 cm), liquid was equally
distributed on the slide by blowing, and finally slides were fixed by passing them through a flame. Slides
were dried at room temperature for 24-48 hours before use. Spreads which were not high quality (dark grey
and not glossy under the light microscope) were discarded during quality control.
3‐3. Smc2 staining
Dry slides with metaphase spreads were quickly soaked in 1x PBS buffer for 10 minutes and then for
10 minutes in 1x PBS containing 0.4% Triton X-100. Slides were incubated in blocking buffer containing
10% goat serum/1%BSA/1x PBS for 50 minutes at room temperature. Then polyclonal Smc2 antibody
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(Abcam, #ab10399) was added at a dilution of 1:800 followed by 40 minutes incubation at room
temperature. Slides were washed three times with 1x PBS for 5 minutes and then incubated with antirabbit Alexa 594 (Invitrogen, #A11072) at a dilution of 1:1,000 for 30 minutes. Slides were then washed
three times with 1x PBS for 5 minutes and mounted with ProLong Gold Anti Fade reagent with DAPI
(Invitrogen #P36931). All images were taken on a spinning disc confocal microscope.

3‐4. SKY/M‐FISH Analysis
Sky-Fish analysis was performed by the Cytogenetics Core at the Dana Farber Harvard Cancer Center
(P30 CA006516). Cells 1-5 are HeLa S3 cells, which were used for 5C experiments and Hi-C
experiments; cells 6-10 were HeLa S3 CCL-2.2 cells used for formaldehyde control Hi-C experiments
and high synchrony Hi-C dataset (HeLaS3-M98).

3‐5. Effect of Nocodazole on chromosome morphology
We performed experiments to directly assess the effect of nocodazole on chromosome morphology. All
synchronization experiments were done in parallel to decrease experimental biases. HeLa S3 CCL-2.2
cells were synchronized by incubations with thymidine and arrested in mitosis by nocodazole treatment
for 3, 7 and 12h exactly in the same manner as the cells used for Hi-C analysis (see Table II and
Figure S5 for protocol details An additional sample was prepared using a longer 24h nocodazole incubation
time. Control cells were synchronized by double thymidine treatment (T(I) = 18h, R(I) = 9h, T(II) = 17h)
and released from early S-phase into normal media for 9h, when cells start progressing through
mitosis. In all samples, mitotic cells were collected by manual shake-off. A small fraction of cells were
used for making slides and staining with anti a-Tubulin antibody as described above (see section 3-1.
Slide preparation for counting mitotic cells). The remaining the cells were fixed for metaphase
spreads using the following protocol: Cells were spun down at 1200 rpm for 10 min in 15ml Falcon
tubes. Media were aspirated till 1ml was left in the tube. Cells were carefully resuspended by tapping,
then 1ml of 0.075M KCl was added slowly drop-wise while mixing the tube by tapping, and then more
quickly to 10ml total volume. Cells were incubated in hypotonic solution for 20 min at 37°C (in
waterbath). Next, 1ml of ice-cold freshly made 3:1 Methanol: Acetic Acid Fixative was added in one
shot and mixed by inverting the tube. Cells were spun down at 1200rpm for 10 minutes, all supernatant
except 1ml was discarded, cells were suspended by tapping, and next 10ml of 3:1 Methanol: Acetic
Acid fixative was added drop-wise. This fixation procedure was repeated two more times and samples
were kept at 4C.
Cytogenetic analysis was performed by the Cytogenetics Core at the Dana Farber Harvard Cancer
Center (P30 CA006516). Slides with metaphase spreads were prepared from all samples in parallel. 50
chromosomes 1 were analyzed for each sample; the length was determined for each chromosome on
DAPI stained slides.
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4. 5C Analysis
4‐1. 5C Primer design
5C primers were designed for a set of EcoRI restriction fragments on chromosome 21, as described
before (5, 6). A set of 1,253 forward 5C fragments was designed for fragments that are relatively evenly
spaced between position 10Mb and the right end of the chromosome (approximately one forward 5C
primer for every ~25 Kb). A set of 337 reverse 5C primers was designed, the majority of which
recognize restriction fragments that contain a gene promoter. A subset of the reverse 5C primers was
designed for fragments that do not contain a gene promoter and were included in the analysis to ensure
a more even distribution of interrogated long-range interactions. In addition, 52 forward 5C primers and
51 reverse 5C primers were designed in an alternating scheme (as described in (5, 6)) for a 500 Kb
gene desert region on chromosome 16 corresponding to ENCODE region ENr313. All primers
contained a 31 base unique sequence corresponding to the ends of the restriction fragments. All the
forward 5C primers have a 5′ extension of universal tail sequences. All reverse 5C primes have a 3’
extension of universal tail sequences. The DNA sequence of the universal tails of forward primers is 5′CCTCTCTATGGGCAGTCGGTGAT-3′; The DNA sequence for the universal tails of reverse primers is
5′-AGAGAATGAGGAACCCGGGGCAG-3′. A six base barcode was included between the specific
sequence of the primers and the universal tail to aid in mapping of the short sequencing reads obtained
with the Illumina GAII platform. The total length of each primer was 60 bases. The full list of all 5C
primers is provided in Supplemental Table IV. Reverse primers were phosphorylated as follows:
50pmol of primers in 70 µl of TE buffer, 10µl of T4 PNK (NEB, cat# M0201S), 10µl of PNK buffer
(NEB), 10µl of 10mM ATP. Reaction was incubated at 37°C for 30 minutes and then at 65°C for 10
minutes. Forward and Reverse primer pools were combined to obtain chr21NN final pool, so that each
primer is present at equimolar concentration of 20.36 fmol/µl (or 35 µM total primer concentration).

4‐2. 5C library generation
5C libraries were made from corresponding 3C libraries generated with EcoRI as described in (1, 7,
Dostie, 2006 #593, 8) and the Chr21NN 5C primer pool (Supplemental Table I). Each 5C library was
generated as follows: 30 5C primer annealing reactions were set up that each contained 600 ng of 3C
9

library (200,000 genome copies), 1 fmol of each 5C primer, 0.9 μg salmon sperm DNA, 2 μl NEBuffer 4
(NEB) in a total volume 20 μl. Annealing reactions were incubated at 55°C for 16 hours. Next, ligation
mix containing 0.025 μl Taq DNA Ligase (NEB #M0208S), 2 μl 10x Taq Ligase buffer (NEB), 17.975 μl
water was added to each reaction and ligation was performed at 55°C for 1 hour followed by 10
minutes incubation at 65°C. Ligated 5C primers (the 5C library) were immediately PCR amplified. Each
PCR reaction contained 6 μl 5C library, 0.2 μl 25mM dNTPs, 5’ phosphorylated forward and reverse
emulsion primers at 1.2 μM final concentration each, 0.225 μl AmpliTaq Gold Polymerase (ABI
#N8080245), 2.5 μl 10X PCR Buffer II (ABI), 1.8 μl 25mM MgCl2 (ABI) and water in a final volume of 25
μl. The temperature profile was 9 minutes at 95 °C followed by 25 cycles of 30 seconds at 95°C, 30
seconds at 65°C, 30 seconds at 72°C and a final 8 minute extension at 72°C. All PCR reactions were
then pooled, and quantity and quality of the libraries were checked on 2% agarose gel. 3 - 4 μg of 5C
library was concentrated on QIAquick PCR purification columns (Qiagen #28106) and the DNA band
corresponding to the 5C library was gel-purified from a 2% preparative agarose gel using QIAquick gel
extraction kit (Qiagen #28704). (Gel purification of the 5C library is important to avoid contamination
with primer dimers that will interfere with subsequent ligation of sequencing adapters). 5C libraries were
eluted from the Qiagen columns using 2 times 20 μl EB buffer (at 65°C). DNA yield was estimated by
running a sample on a 2% agarose gel. The typical yield of 5C library at this step was 1.8 - 3 μg.

4‐3. Ligation of Illumina Paired End adapters and DNA sequencing
To facilitate ligation of Illumina Paired End adapters a single A-base was added to the 3’ ends of 5C
libraries. This A-tailing reaction contained the following: 35 μl 5C library, 4.2 μl 10x Taq Standard buffer
(NEB), 1.4 μl Taq polymerase (NEB # M0273S), 1.4 μl 10mM dATP. The reaction was incubated at
72°C for 1 hour. Next, Illumina Paired End adapters were ligated to the 5C library. The ligation reaction
contained the following: 42 μl A-tailed 5C library from the previous step, 6 μl 10x T4 DNA ligase buffer
(Invitrogen B0202S), 5 Units (5 μl) T4 DNA ligase (Invitrogen # 15224), 7 μl Illumina PE Adapter Oligo
Mix (Illumina, San Diego, CA), 1 μl 100 mM ATP. The ligation reaction was incubated at RT for 100
minutes followed by 25 minutes incubation at 65°C. DNA was then run on a preparative 2% agarose gel
and the band of the appropriate size (186 bp) was extracted using the QIAquick gel extraction kit
(Qiagen #28704). 5C libraries were eluted from the Qiagen columns using 2 times 20 μl EB buffer (at
65°C) and 6 μl was run on a 2% agarose gel to estimate the quality and quantity of adapter-containing
5C library. The 5C library was then PCR amplified in 2-4 reactions that each contained: 10 ng linkered
5C library, 0.7 μl of each PE primer 1.0 and PE primer 2.0 (Illumina, San Diego, CA), 1 μl Pfu Ultra Taq
polymerase (Stratagene # 600670), 5 μl 10x Pfu Ultra buffer, 0.4 μl 25 mM dNTPs, and water to 50 μl.
The temperature profile was 30 seconds at 98°C followed by 18 cycles of 10 seconds at 98°C, 30
seconds at 65°C, 30 seconds at 72°C and a final 5 minute extension at 72°C. Libraries were purified
from a 2% agarose gel using the QIAquick gel purification kit, and sequenced on the Illumina GAIIx
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paired end (2X36 bases) sequencing platform at the University of Massachusetts Medical School deep
sequencing core facility (Nemo).

4‐4. 5C read mapping
The fastq files from the Illumina GAIIx platform were fed into our in-house 5C mapping pipeline (9).
Each side of the paired end read was independently mapped to a pseudo-genome of all possible 5C
primer sequences using the novoalign mapping algorithm (V2.05 http://novocraft.com) with default
alignment settings. After mapping, a 5C interaction was assembled when both of the paired end reads
could be uniquely mapped to a 5C primer. Invalid interactions (e.g. pairs of the same primer or pairs of
primers of the same type) were removed. The number of invalid interactions detected across all
libraries was < 0.01%. We find that > 90% of all paired reads (after Illumina chastity filtering) can be
uniquely mapped to a single 5C interaction. For libraries where more than one lane was used to
achieve adequate sequence depth, the interactions from each lane were summed to produce the
complete 5C interaction dataset. Supplemental Table V summarizes the total numbers of mapped
reads for all 5C libraries described in this study, and the Pearson correlation coefficient (PCC) for
replicates at 250 Kb resolution. All replicates were highly correlated (PCC > 0.89) at 250 Kb resolution
(which was the resolution of all analyses). For all analyses reads for biological replicates were pooled.

Analysis of 5C interaction maps for chromosome 21 revealed that several primers did not perform well:
these either did not work (no signal or a very weak signal was obtained, even for closely linked loci) or
produced high signals with all primers, indicating artifacts. Therefore the following 5C primers were
removed prior to further analysis of the 5C data: FOR299, FOR322, FOR688, FOR1594-to-1646,
FOR1732, FOR3164, FOR3748, FOR3987, FOR4671, FOR5016, FOR5034, FOR5377, FOR6007,
FOR6165, FOR6298, FOR6863, FOR6904, FOR7015, FOR7262, FOR7289, FOR7705, FOR8083,
FOR8246, FOR8365, FOR8517, FOR9173, REV1042, REV2454, REV2737, REV2792, REV3558,
REV4013, REV4022, REV4677, REV4749, REV5348, REV5913, REV6024, REV6216, REV 6990,
REV7517, REV7627, REV8370, REV8562, REV8798, REV8849, REV8871, REV9335, REV9340.

5. Hi‐C experimental procedure
Hi-C was performed largely as described (4, 10). 20-25 million formaldehyde cross-linked cells were
incubated in 660 μl of cold lysis buffer (600 μl 10 mM Tris-HCl pH8.0, 10 mM NaCl, 0.2% (v/v) Igepal
CA630, mixed with 60 μl protease inhibitors (Sigma P8340) immediately before use) on ice for 15-20
minutes. Next, cells were lysed with a Dounce homogenizer and pestle A (KIMBLE Kontes # 8853030002) by moving the pestle slowly up and down 25 times, incubating on ice for one minute followed by
10 more strokes with the pestle. The suspension was centrifuged for 5 minutes at 5,000 rpm at RT
using a table top centrifuge (Centrifuge 5810R, (Eppendorf). The supernatant was discarded and the
pellet was washed twice with ice cold 500 μl 1x NEBuffer 2 (NEB). After the second wash, the pellet
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was resuspended in 1x NEBuffer 2 in a total volume of 250 μl and split into five 50 μl aliquots. Next,
312 μl 1x NEBuffer 2 was added to each aliquot. Chromatin was solubilized by addition of 38 μl 1%
SDS per tube and the mixture was resuspended and incubated at 65°C for 10 minutes. Tubes were put
on ice and 44 μl 10% Triton X-100 was added. Chromatin was subsequently digested by adding 400
Units HindIII (NEB) at 37°C for 15h with continuous rocking. Digested chromatin solutions were spun
shortly and transferred to ice. One tube was kept separate and used for generating a 3C control library
as described (3, 11). The chromatin samples in the remaining four tubes were used for generating Hi-C
libraries and were treated as follows: The HindIII DNA ends were filled in and marked with biotin by
adding 60 μl fill-in mix [1.5 μl 10 mM dATP, 1.5 μl 10 mM dGTP, 1.5 μl 10 mM dTTP, 37.5 μl 0.4 mM
biotin-14-dCTP (Invitrogen #19518-018), 6 μl 10x NEBuffer 2, 2 μl water and 10 μl 5U/μl Klenow
polymerase (NEB M0210L)] followed by incubation at 37°C for 80 minutes with mixing by tapping every
10-15 minutes. Klenow polymerase was inactivated by adding 96 μl 10% SDS followed by incubation at
65°C for 30 minutes. Tubes were then placed on ice immediately afterwards. The content of each of the
tubes was transferred to 15 ml conical tube containing 7.58 ml ligation mix [820 μl 10% Triton X-100,
758 μl 10x ligation buffer (500 mM Tris-HCl pH7.5, 100 mM MgCl2, 100 mM DTT), 82 μl 10 mg/ml BSA,
82 μl 100 mM ATP and 5.84 ml water]. 10 μl 1U/μl T4 DNA ligase (Invitrogen #15224) was added and
ligation was performed at 16°C for 4 hours.

DNA was then purified as follows. 50 μl 10 mg/ml Proteinase K (Invitrogen # 25530-031) was added to
each tube and samples were incubated at 65°C for 4 hours followed by a second addition of 50 μl 10
mg/ml Proteinase K solution, followed by overnight incubation at 65°C. Tubes were cooled to RT and
transferred 50 ml conical tubes. The DNA was extracted by adding an equal volume of phenol pH8.0
(Fisher BP1750I-400), vortexing for 3 minutes and spinning for 10 minutes at 4,000 rpm in a table top
centrifuge (centrifuge 5810R, Eppendorf). The supernatants were transferred to new 50 ml conical
tubes. Another extraction was performed with an equal volume of phenol pH8.0:chloroform (1:1). After
vortexing and centrifugation for 10 minutes at 4,000 rpm, all four supernatants of the Hi-C samples
were pooled into a single 250ml centrifuge tube and the volume was brought to 40 ml with 1x TE buffer
(10 mM Tris pH8.0, 1 mM EDTA). To precipitate the DNA, 4 ml 3M Na-acetate pH5.0 was added,
mixed well and then 100 ml of ice cold 100% ethanol was added. The volume of the 3C control sample
was brought to 10 ml with TE. DNA precipitation was done by addition of 1 ml of 3M Na-acetate and 25
ml ice-cold 100% ethanol in a 35 ml centrifuge tube. Tubes were inverted slowly several times to mix
the contents and then were incubated overnight at -80°C. Next, the tubes were spun at 4°C for 45
minutes at 20,000g AvantiTM J-25 Centrifuge (Beckman). The supernatant was discarded and the 3C
DNA pellet was dissolved in 500 μl 1x TE buffer and transferred to a 1.7 ml centrifuge tube; The Hi-C
DNA pellet was dissolved in 2 ml TE and transferred to a 15 ml tube. The DNA was extracted twice by
adding an equal volume phenol pH8.0:chloroform (1:1), vortexing for 1 min and spinning at 14,000 rpm
for 5 minutes at RT in a table top centrifuge (Centrifuge 5810R, (Eppendorf). After the second
extraction, the supernatants were transferred to new 1.7 ml tubes and DNA was precipitated by adding
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0.1 volume of 3M Na-Acetate pH5.0 and 2.5 volumes 100% ethanol. After inverting several times, the
tubes were incubated at - 80°C for at least 30 minutes. Tubes were spun at 18,000xg for 30 minutes at
4°C, in a microfuge. Pellets were washed once with 500 μl 70% ethanol. The supernatant was
discarded and the pellets were briefly air-dried. All Hi-C pellets were resuspended in 2 ml TE, while the
3C pellet was resuspended in 500μl TE. Samples were de-salted on Amicon Ultra 0.5 ml 30,000
MWCO columns (Fisher UFC5030BK). A single column was used for the 3C library and two columns
for each Hi-C library. Columns were spun at 14,000g, in a microfuge. The flow through was discarded.
Columns were washed three times with 450 μl TE. After the final wash, the 3C library was dissolved in
30 μl TE; the Hi-C library was dissolved in 120 μl TE. Any RNA was degraded by incubation with 1 μl
(3C) or 3 μl (Hi-C) 1 mg/ml RNAse A at 37°C for 15 minutes.

The quality and quantity of 3C and Hi-C libraries were checked by running aliquots on a 0.8% agarose
gel along with a 1 kb ladder (NEB #N3232S). Libraries should run as a rather discrete band with a
molecular weight that is larger than 10 kb. With a successful biotin fill-in and marking of DNA ends,
HindIII (AAGCTT) restriction sites get converted into NheI sites (GCTAGC). To test the efficiency of this
process we used PCR to amplify a ligation product formed by two nearby restriction fragments followed
by digestion with HindIII, NheI and by a double digestion with HindIII+NheI restriction enzymes. The
relative efficiency of Hi-C ligation product formation was defined as the proportion of ligation product
digested with NheI and varied from 40 to 96% in different Hi-C libraries. The following two pairs of
primers were used: AHF (64+66) and AHF (69+70).
AHF66: CTGTCCAAGTACATTCCTGTTCACAAACCC
AHF64: GCATGCATTAGCCTCTGCTGTTCTCTGAAATC
AHF69: GTTCATCTTGCTGCCAGAAATGCCGAGCCTG
AHF70: ATCCCAGCTGTCTGTAGCTTTAGAAAGTGGG
Next, Hi-C libraries were treated with T4 DNA polymerase to remove biotinylated ends that did not
ligate (dangling ends). Eight reactions were assembled as follows: 5 μg of Hi-C library, 1 μl 10 mg/ml
BSA, 10 μl 10x NEBuffer 2, 1 μl 10 mM dATP, 1 μl 10 mM dGTP and 5 Units T4 DNA polymerase (NEB
# M0203L) in a total volume of 100 μl. Reactions were incubated at 12°C for 2 hours. Samples were
pooled and the reaction was stopped by addition of 16 μl 0.5 M EDTA pH8.0. DNA was subsequently
purified with two phenol pH8.0:chloroform (1:1) extractions followed by ethanol precipitation. DNA pellet
was resuspended in a total of 100 μl water.

The DNA was sheared to a size of 100-400 bp (with the majority of molecules around 200 bp) using a
Covaris S2 instrument (Covaris, Woburn, MA). The settings were as follows: Duty cycle 10%, Intensity
5, Cycles per burst 200, Set mode - Frequency sweeping, Process time 60 sec per process, Cycles
number 3. DNA size was checked by running an aliquot on an agarose gel and samples were sonicated
for an additional half-cycle when deemed necessary. The sheared DNA ends were repaired by addition
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of 14 μl 10x ligation buffer (NEB # B0202S), 14 μl 2.5 mM dNTP mix, 5 μl T4 DNA polymerase (NEB #
M0203L), 5 μl T4 polynucleotide kinase (NEB #M0201S), 1 μl Klenow DNA polymerase (NEB
#M0210S) and 1 μl water. The reaction was incubated at 30°C for 1 hour followed by purification of the
DNA with a Qiagen MinElute column (Qiagen, 5 μg DNA per column). The DNA was twice eluted with
15 μl 10 mM Tris pH8.0, 0.1 mM EDTA (TLE buffer). The eluates were pooled and the volume was
brought to 240 ul with TLE buffer. Next, an 'A' was added to the 3' ends of the end-repaired DNA by
addition of 40 μl 10x NEBuffer2, 80 μl 1 mM dATP, 24 μl Klenow (exo-) (NEB #M0212L) and 16 μl
water. The reaction was incubated at 37°C for 1 hour followed by incubation at 65°C for 20 minutes to
inactivate Klenow polymerase. The reactions were cooled on ice. All subsequent steps were performed
in DNA LoBind tubes (Eppendorf #22431021 Westbury, NY) and each step was performed in a fresh
tube. 50 μl of streptavidin Dynabeads (MyOne Streptavin C1 Beads, Invitrogen #650-01) were washed
twice with 400 μl Tween Wash Buffer (TWB) (5 mM Tris-HCl pH8.0, 0.5 mM EDTA, 1 M NaCl, 0.05%
Tween20) by incubating for 3 minutes at RT with rotation, reclaiming against a magnetic separation
rack (Genscript # M00140) for 1 minute and removing all supernatant. Next, reclaimed beads were
resuspended in 400 μl 2x Binding Buffer (BB) (10 mM Tris-HCl pH8.0, 1 mM EDTA, 2 M NaCl) and
combined with 400 μl Hi-C DNA from the previous step. The mixture was incubated at RT for 20
minutes with rotation. The supernatant was removed and the DNA-bound Streptavidin beads were
washed once with 400 μl 1x BB. The beads were then washed with 300 μl 1x ligation buffer (invitrogen
5x buffer) with extra ATP (4μM final concentration), and then resuspended in 38.8 μl of 1x ligation
buffer. Ligation reaction was set-up as follows: 38.8 μl Hi-C library on beads, 6 μl Illumina paired end
adapters (Illumina, San Diego, CA), 2.25 μl 5x ligation buffer (Invitrogen, supplied with T4 DNA ligase),
3 μl T4 DNA ligase (Invitrogen #15224). The reaction was incubated at RT for 2.5 hours. The beads
with bound ligated Hi-C DNA were collected by holding against a magnetic separation rack (Genscript #
M00140) and were then washed twice with 400 μl 1x TWB, once with 200 μl 1xBB and twice with 200 μl
1x NEBuffer2 to remove non-ligated Paired End adapters. The beads were resuspended in 60 μl 1x
NEBuffer 2. Next, test PCR reactions were performed to determine the optimal number of PCR cycles
needed to generate enough Hi-C library for sequencing. Four trial PCR reactions were set up, each
containing 3 μl Dynabead-bound Hi-C library, Illumina PE1.0 and PE2.0 PCR primers (0.7 μl of each;
corresponding to 17.5 pmol each), 0.4 μl 25mM dNTPs, 1 μl Pfu Ultra II Fusion DNA polymerase
(Stratagene #600670), 5 μl 10x Pfu Ultra buffer and 39.2 μl water. The temperature profile during the
PCR amplification was 30 seconds at 98°C followed by 9, 12, 15 or 18 cycles of 10 seconds at 98°C,
45 seconds at 65°C, 30 seconds at 72°C and a final 7-minute extension at 72°C. The PCR reactions
were run on a 2% agarose gel and the minimal cycle number was determined that yielded sufficient
DNA for sequencing. Typically, 12 cycles was chosen for amplification of Hi-C libraries. PCR was then
performed in four reactions with the remaining Dynabead-bound Hi-C library. The PCR product was run
on a preparative 2% agarose gel and smear 200-400bp was cut and purified using QIAquick gel
extraction kit (Qiagen #28704). Each Hi-C library was eluted twice with 25 μl hot (65°C) EB buffer. The
DNA concentration was estimated by running an aliquot on a 2% agarose gel along with markers of
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known concentration. A final quality control was performed by NheI digestion of an aliquot of the final
Hi-C library. If more than 50% of the Hi-C smear was digested, the library was qualified for sequencing
on an Illumina GAII paired-end sequencing platform.

Data analysis
1. Interaction matrices for 5C data
5C employs pools of forward and reverse primers to interrogate long-range interactions in a targeted
part of the genome. We designed 337 reverse primers, mainly but not exclusively on gene promoters,
and 1,253 forward primers for fragments all along the chromosome with an average spacing of 25 Kb.
This 5C experiment interrogates 422,261 long-range chromatin interactions along chromosome 21.
Data from biological replicates were highly correlated (Supplemental Table II), and were pooled. Data
from obviously over- or underreporting 5C primers were removed as described in the 5C read mapping
section. Data were then binned in 250 Kb bins (step size 50 Kb) and the median 5C count per bin was
calculated. We then corrected for intrinsic bin-specific biases in interaction detection by applying
iterative correction (12) to obtain interaction probability matrices. To calculate correlations between
different stages of the cell cycle, we first removed the strong effect of genomic distance on interaction
frequency. To do this, the observed interaction matrices were divided by an expected interaction matrix,
calculated for each stage of the cell cycle as the mean number of interactions at a given distance, using
a sliding window with a linearly increasing size.

2. Mapping, filtering, and interaction matrices for Hi‐C data
Hi-C data were mapped, and reads were filtered as described in (12). For downstream analyses, data
from biological replicates were pooled. Interaction matrices were constructed by dividing the genome
into regions of a fixed size (bins), and entries of the matrix represent the number of captured Hi-C
contacts between pairs of regions. Corrected interaction matrices were obtained using iterative
correction (12). Both steps were performed using the hiclib library for python (commit 41190a1),
publicly available at https://bitbucket.org/mirnylab/hiclib. For analyses at 40kb resolution, iterative
correction was applied on a by-chromosome basis, after filtering out the 3% of genomic regions with the
fewest number of counts.

3. Compartment Profiles
To calculate compartment profiles, we first calculate the intra-arm observed/expected interaction matrix.
For Hi-C we start with a corrected interaction matrix at 1Mb resolution, for 5C we used the binned and
corrected interaction matrix described above. The expected interaction matrix was calculated as the
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mean number of interactions at a given genomic distance, d, using a sliding window with linearly
increasing size (0.95*d to 1.05*d). This yields an expected contact probability that smoothly changes
with genomic distance on a double logarithmic plot, despite the rapid decrease in interaction frequency
with increasing genomic distance. We then perform iterative correction and eigenvector decomposition
(ICE) on the observed/expected intra-arm interaction matrices, for consistency with previous analyses
of inter-chromosomal interaction matrices which lack distance-dependence (12). Values for bins along
the diagonal, which were filtered out as part of the ICE pipeline, were set to 1 in the observed/expected
matrices.

4. Contact Enrichment Matrices
Hi-C contact enrichment matrices for genomic features (Figure S7) are calculated from a given
genomic profile (e.g. GC content, or H3k4me3) and from iteratively corrected observed/expected Hi-C
matrices (described above). To calculate the enrichment or depletion of Hi-C interactions between
genomic regions with different values of a given genomic profile, we first rank each genomic region by
their value of this profile. We then calculate the mean value over intra-arm observed/expected values
between regions with different percentiles of this profile. Displayed contact enrichment matrices show
averages over 10 percentile bins (eg. for GC-content, the first row shows mean observed/expected
interaction values between the 0-10th percentiles with the 0-10th percentiles in GC content, then with
10th-20th percentiles, etc… up to 90th-100th percentiles, and similarly for other rows). We then visualize
log2 of these values. This creates a plot, usually resembling a saddle, when regions with a similar value
for a genomic profile are enriched for Hi-C interactions, and regions with different values are depleted,
beyond what is expected from proximity along the linear genome. ENCODE genomic profiles were
downloaded from UCSC and processed as in (12).

5. TAD signal
The TAD signal is calculated as the log2 ratio of the number of corrected upstream-to-downstream
interactions within a 2Mb region, similarly to a previously used method (13). We used the variance of
the TAD signal as a measure of its strength; this variance was only calculated over loci without filteredout upstream and downstream regions. For Hi-C, we used intra-chromosomal maps corrected at 40kb
resolution; 5C used the binned and corrected interaction matrix described above.
To examine the effect of sequencing depth on the variance of the TAD signal, we performed a
downsampling analysis. For details, refer to Figure S10 caption.
Comparisons between data sets were done only over the regions which have not been filtered out in
any of the datasets in a given figure. Finally, to minimize the effect of very low coverage of the K562 NS
data, regions with fewer than 10 counts within 2Mb distance were filtered out, allowing for comparisons
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between 34% of genomic regions at 40kb resolution. This procedure and the inclusion of the K562 NS
dataset into the comparison did not change qualitative conclusions drawn from our analysis.

6. P(s) calculation for Hi‐C data
We calculated P(s) using fragment-level filtered Hi-C data, as described in (12). P(s) calculations only
considered intra-arm interactions. We first divided all genomic separations into logarithmically spaced
bins, starting at 40kb and increasing by factor of 1.12: (40kb, 40kb * 1.12, 40kb * 1.122, …). For each
bin, we calculated number of observed Hi-C reads at that distance, and the number of fragment pairs
separated by that distance. We excluded all reads where the two sides map to different strands, as at
short distances they may represent self-circularization products (Figure S12); this procedure did not
affect our conclusions at larger distances, since P(s) may be estimated from a very low number of
reads (see Figure S17 caption and Figure S23e). We additionally excluded fragment pairs separated
by fewer than 4 restriction sites (Figure S12). To obtain P(s), we divide the number of reads in each bin
by the number of possible fragment pairs, taking into account fragment pairs excluded in the previous
step. We then normalize P(s) such that the integral of P(s) over the range of distances is 1. This
method for calculating P(s) yields results consistent with binned iteratively corrected Hi-C data at a
20kb resolution (Figure S16). We also note that P(s) remains unchanged upon iterative correction
((12), Figure S16). P(s) for binned data at 20 kb resolution was calculated as in (12).
Fragment-based P(s) was calculated for four sets of data: the pooled biological replicates (HeLaS3G1(mid)), the control experiment done at 0.25% formaldehyde (HeLaS3-G1-0.25FA), the control
experiment done at 1% formaldehyde (HeLaS3-G1-1FA), and the control experiment with a higher
synchrony (HeLaS3-M98). Grey shaded region in Figures 4 and 5 is bounded by the minimum and
maximum of these four values for P(s) at each genomic distance.

Polymer modeling
To connect contact probability observed via Hi-C with spatial chromosome organization, we built a set
of polymer models (Supplemental Table VI). We first investigated models describing the final folded
state of a metaphase chromosome. Informed by these results, we then propose a two-step process for
dynamic mitotic chromosome folding. Models of the final folded state fall into three main classes: 1.
linear organization with cylindrical geometry models; 2. hierarchical models; 3. loops/scaffold models
and their variations. We built our models based on existing paradigms of metaphase chromosome
folding, and tested them against Hi-C data and previously published microscopy data.

Our simulations studied metaphase organization of ~77Mb of chromatin fiber (e.g. chr 18). We note that
Hi-C results from this study and published microscopy data reveal that all mitotic chromosomes have
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similar internal organization and diameter, independent of their lengths, and independent of the cell
type. This implies that results from our models apply equally well to all metaphase chromosomes in
human cells. We note that although Hi-C cannot distinguish between sister chromatids, we do not think
the presence of sister chromatids greatly influences our analyses. First, in our metaphase arrested
cells, sister chromatids have separated along their arms (Figure 1a). Second, simulations with closely
co-aligned sister chromatids show that P(s) is unaffected (Figure S25).

In vivo, the structure of the chromatin fiber can be complicated and many details remain unknown,
particularly in metaphase. Given this uncertainty, we simulated chromatin as a homogeneous “beadson-a-string” polymer fiber. We consider a 10nm fiber, as the pervasiveness of the 30nm fiber in vivo
has become increasingly contested. In our simulations, 77Mb is represented by a densely-packed
10nm fiber of 128,000 monomers. Each monomer represents a 10nm-sized DNA-histone complex
containing 3 nucleosomes (around 600bp). The fiber has a persistence length of 4 monomers (~2.4Kb),
which is based on earlier estimates of 5-10 nucleosomes for interphase (14). Those estimates arise
from the assumption that 5-10 linker DNA fragments, each of 20-40bp, can collectively provide flexibility
equal to that of the 150bp persistence length of DNA. Binding of proteins to the linker DNA (e.g. histone
H1) and interactions between neighboring nucleosomes can further constrain dynamics, requiring more
linkers to provide the persistence length. Due to the tight packing of nucleosomes in metaphase, we
use the upper limit of this range, i.e. 12 nucleosomes.

For the consecutive loops on a scaffold model (the final folded state model with the best agreement
with Hi-C data), we also performed simulations with a more flexible 10nm fiber, or with a 30nm fiber,
and found similar results. The more flexible 10nm fiber was modeled by decreasing persistence length
to 1.8 monomers. The 30nm-like fiber was modeled by increasing the volume of each monomer and the
amount of DNA represented by each monomer by a factor of 4.25, while keeping other parameters the
same at the monomer level. We note that a classic model of a 30nm fiber is much less dense than a
compact metaphase chromosome. A textbook model of a 30nm fiber assumes packing of about 6
nucleosomes per 10nm of fiber length. This model predicts that only 28% of the volume of the fiber (a
30nm-diameter cylinder) is occupied by nucleosomes, assuming a nucleosome shell volume of 328
nm^3. This is much less than the estimated 30-50% density of nucleosomes in a metaphase
chromosome, assuming a diameter of 600nm, a packing density of 50-70 Mb/um, and the same
nucleosome volume. (See also (15), which gives an estimate of 0.14-0.18 pg/µm for DNA only, and
would give about twice the density if DNA is counted with nucleosomes). As follows, these fibers would
have to interdigitate, and fill in gaps within each other. We account for this overlap by assuming the
effective diameter of the fiber to be less than 30nm. The effective diameter was chosen to make the
volume of the fiber equal the total volume of all the nucleosomes.
We accounted for topoisomerase II activity by allowing chromatin fibers to pass through each other
18

while still having excluded volume interactions. This was achieved by using a soft-core Lennard-Jones
potential with 1kT energy cost for monomer overlap (see below). This allows for changes in the
topological state of a chromosome that are known to occur during compaction in vivo.
Our simulations of a two-step folding process show that Hi-C data for mitotic chromosomes is
consistent with a linearly compressed array of consecutive chromatin loops. Whereas mechanisms for
formation of consecutive chromatin loops have been proposed, the process of axial compression is less
understood. Chromatid compression cannot be accomplished by increased chromatin-chromatin affinity
alone, as this would lead to condensation into a globular geometry (14, 16, 17). However, mechanisms
which locally compress the fiber of loop bases naturally allow for anisotropic compression into a shorter
and thicker fiber, with the same width regardless of chromosome length (18). Differences in the
duration or efficiency of the first and second stages of chromosomal condensation provide a natural
mechanism for condensation-related proteins to separately affect mitotic chromosome length and width
(19). We also note that the axis of loop-bases in our two-stage model does not necessarily form a
continuous and rigid scaffold (Figure S26). As follows, we remain agnostic about the molecular details
of the chromosomal scaffold, which might for example be formed by a network consisting of proteinprotein and/or protein-DNA interactions (20).

1. Polymer simulations
To perform Langevin dynamics polymer simulations we used OpenMM, a high-performance GPUassisted molecular dynamics API (21, 22). To represent chromatin fibers as polymers, we used a
sequence of spherical monomers of 1 unit of length in diameter. Here and below all distances are
measured in monomer sizes, set to be 10nm unless specified otherwise.
Neighboring monomers are connected by harmonic bonds, with a potential U = 100*(r - 1)^2 (here and
below in units of kT). Polymer stiffness is modeled with a three point interaction term, with the potential
U = 5*(1 - cos(alpha)), where alpha is the angle between neighboring bonds.
All monomers interact via either a shifted Lennard-Jones (LJ) repulsive potential, or an attractive
Lennard-Jones potential. At high densities in a confined volume, the details of the inter-monomer
interactions become negligible due to screening (23), and we therefore used the computationally
efficient shifted LJ potential. The shifted LJ potential allows for a short-range repulsion by truncating the
LJ potential at its minimum and shifting the minimum to zero: U = 4 * (1/r^12 - 1/r^6) + 1, for r<2^(1/6);
U=0 for r > 2^(1/6). The shifted LJ potential is one of the most computationally efficient repulsive
potentials due to a very short cutoff radius.
To allow chain passing, which represents activity of topoisomerase II, we softened the shifted LJ
potential by truncating the interaction energy at Ecutoff = 1 kT. At energies more than 0.5 Ecutoff, the LJ
potential was softened via: Usoftened = 0.5 * Ecutoff * (1 + tanh(2*U/Ecutoff - 1)). To avoid numerical
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instabilities in the calculation of U at r ~ 0, the interaction radius r was truncated at r=0.3 via: rtruncated =
(r^10 + (0.3)^10)^0.1, which introduced negligible shift in a final softened potential. For an attractive LJ
potential, we used: U = 4 * e * (1/r^12 - 1/r^6), with e = 0.46 kT, slightly below the theta-temperature.
The attractive potential was similarly softened at 2 kT and cut off at r=2.5. Unless noted, we used a
softened shifted LJ repulsive potential.
Polymer models were visualized using Pymol and Rasmol. For images with loop bases highlighted, a
base of each loop and 3 monomers surrounding it in each direction were labeled in red.

2. Linearly organized model
To determine the effect of linear organization on P(s), we simulated a polymer of 128,000 monomers
confined to a cylinder 110 monomers (1100 nm) high and 56 monomers (560 nm) in diameter.
Cylindrical confinement was implemented using the following potential: U = step(r-a) * k * sqrt((r-a)^2 +
0.01^2) – 0.01), where a = Rconf – 1/k, and k = 0.3. Top and bottom of the cylindrical confinement were
implemented similarly as U = step(d+a) * k * sqrt((d+a)^2 + 0.01^2) – 0.01), where d is the distance
beyond the top or bottom boundary, a = 1/k, and k = 0.3. The term a = 1/k ensures that the confining
potential reaches the value of kT exactly at the confining radius or confining height.
We enforce linear organization by constraining each monomer i (i=1-128,000) to a 600-nm high region
of the cylinder. For each monomer, we determine its desired longitudinal position rmean = 110 * (i /
128000), and set the boundaries at rmean+/- 30. Confinement was implemented via the potential: U = 0.1
* d^2, where d is a monomer’s vertical distance beyond the per-monomer confining boundary.
To test equilibration of the linear organization model, we initialized simulations from two different
ensembles of conformations: an ordered propagating spiral conformation, and a random walk confined
to a cylinder. Both starting conformations arrive at the same P(s) (Figure S19), demonstrating
equilibration of P(s) curve.
A propagating spiral conformation was created by the following algorithm. At z=0 the polymer followed
an Archimedean spiral in an X-Y plane from r=4 to r=20. At r=20 the polymer steps to z=1, and then
followed an Archimedean spiral backwards from r=20 to r=4. It then steps to z=2, and the process is
repeated until the desired length is reached. Rendering of a 1000-long spiral from r=4 to r=6 (smaller
size chosen for clarity) is shown in the (Figure S23C).

3. Scaffold and Loops models
Scaffold and loop models extend the linearly organized model, and were initialized from conformations
obtained via simulations of the linear ordering model. To simulate consecutive loops, we first selected
loop anchors randomly and independently along the polymer with a probability p = 1/L for each
monomer to be an anchor. This leads to an exponential distribution of genomic distances between
neighboring anchors. This in turn becomes an exponential distribution of loop lengths, with a mean loop
length L, after neighboring loop anchors are brought together. We considered a range of values for L
20

(Figure S18) and found values of L which provide the best fit to P(s) for Hi-C data. Simulations in
Figure 4 were performed for L=200 monomers (120Kb) for consecutive loops without a scaffold; and
for L=133 monomers (80kb) for consecutive loops on a scaffold. We connected neighboring anchors by
a harmonic bond, via a soft harmonic potential: U=(r - 1)^2.
To simulate a scaffold, loop anchors were additionally attracted to the axis of the confining cylinder via
a harmonic potential: U = 10 * (x^2 + y^2); this brings the loop anchors into the core of the
chromosome. To model a diffuse scaffold, the potential was changed U = step(r-10) * (r-10)^2; r^2 =
x^2 + y^2. The diffuse scaffold potential allows scaffold monomers to reside within a distance of 10
from the axis of the cylinder. For simulations with randomized, non-consecutive loops, each loop
selected previously was displaced to a random position. This maintains the exponential loop length
distribution, but disrupts consecutive arrangement of loops. We note that the width of the scaffold arises
from a combination of two factors: strength of attraction to the scaffold (unchanged in all but diffuse
scaffold models), and excluded volume interactions between scaffold monomers. As the model with
random loops on a scaffold has twice the number of loop anchors (since the end of one loop does not
serve as the beginning of the next loop), the scaffold is wider, as seen in Fig 4D.

4. Hierarchical looping model
To simulate loop-based hierarchical chromosome organization, we introduced short consecutive nonoverlapping loops that produce a fiber that appears as tight set of rosettas at each level of hierarchical
folding. At each level of hierarchical folding, loop lengths were drawn from a uniform distribution with
Lmin (minimum loop size) and Lmax (maximal loop size). Loop anchors were brought together by
harmonic bonds, U = ((r-r0)^2 / (dr)^2), where the parameter dr denotes characteristic extension of a
bond. Hierarchical levels of folding were performed sequentially, allowing for a fiber to form before
switching on the looping forces for the fiber of the next level. Loops at each level are characterized by
four parameters: Lmin, Lmax, r0, and dr. Parameters for the three-level hierarchical folding were: Lmin
= 15, Lmax = 23, r0 = 0.7, dr = 0.5; Lmin = 400, Lmax = 600, r0 = 1, dr = 0.5; Lmin = 8000, Lmax =
12000, r0 = 7, dr = 0.5. Radius r0 for the third level was increased to accommodate the thickness of a
second-level fiber. For two-level folding we used Lmin = 40, Lmax = 60, r0 = 0.7, dr = 0.5; Lmin = 2000,
Lmax = 3000, r0 = 1, dr = 0.5. Since this model is not confined to a predefined geometry, we used the
softened attractive LJ potential to ensure chromosome compactness.

Hierarchical models necessitate the use of non-equilibrium simulations, because the model
precisely describes the folding process: the fiber at each hierarchical level is folded from a
previous-level fiber. Since the folding process strictly defines the structure of the fiber, statistical
properties of the resulting conformation are largely independent of the starting conformation. In
simulations, hierarchical models were initialized from fractal globule conformations, as they have
been proposed as a model for interphase chromosome organization.
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5. Hierarchical solenoidal folding model
To achieve hierarchical solenoidal folding, we introduced bonds between any consecutive turns of the
spiral at each level of hierarchical folding (Figure S21, top). We connected two consecutive turns by M
bonds, separated by N monomers each, yielding a spiral pitch size of M*N. This connects monomers
(0,M*N), (N, M*N+N), (2*N, M*N + 2*N), etc. Since 2-point bond forces and 3-point angle interactions
cannot distinguish between the left-handed and right-handed helicity, to introduce chiral symmetry
breaking we used 4-point dihedral interactions. For each bond, we added a relatively weak dihedral
potential U = 0.25 kT * (theta - Pi/2), where theta is a dihedral angle between four points: (A floor(M*N/2),A , A + 2 * M*N, A + 2 * M * M + N), where the index A runs over all bond anchors.
Dihedral angle between points a,b,c,d was defined as a spherical angle between three vectors (b-a), (cb), (d-c). Positive and negative values of this dihedral (Pi/2 v.s. -Pi/2) distinguish between the two
possible helicities. We verified that this force is sufficient to introduce >99% correct helicity at the first
three stages of spiral folding. Bonds at each level of folding were characterized by 4 parameters: M and
N described above, and the parameters of a harmonic bond, dr and r0, defined in the looping type
model. Parameters for four levels of spiral folding were: (M = 6, N = 2, r0 = 1, dr = 1), (M = 8, N = 30, r0
= 1, dr = 2), (M = 15, N = 300, r0 = 2, dr = 3), (M = 20, N = 1200, r0 = 6, dr = 2). Parameters for three
levels of spiral folding were: (M = 7, N = 3, r0 = 1, dr = 1), (M = 15, N = 60, r0 = 1, dr = 2), (M = 30, N =
500, r0 = 2, dr = 3). Softened attractive LJ force was used for all simulations of spiral folding.

6. Two‐stage process: linear compaction ‐ axial compression
To simulate the two-stage process of metaphase chromosome folding, we used the 30nm fiber
representation described above for its computational efficiency. Simulations were initialized from 30000
monomer fractal globule conformations; fractal globule is a model for interphase chromatin
organization. First, random consecutive loops with L=100 monomers (see above) were introduced, and
anchors of neighboring loops were brought together using harmonic springs with a potential U = k * (r –
r0)2; r0=0.5. To avoid abrupt motion of the loop anchors, the force was gradually turned on over the first
300000 timesteps, with k linearly increasing in time from 0 to 10 kT. We used softened shifted repulsive
LJ potential for inter-monomer interaction.
Upon completion of linear compaction, axial compression was initiated. This involves following
changes: the repulsive LJ force is replaced with an attractive LJ force for all monomers, and the
chromosomal core of loop anchors is homogeneously compressed. To achieve the latter, all anchor
pairs separated by less than 30 anchors were attracted via a potential U = step(d-3) * abs(d-3) * 10 kT,
which implements a constant attractive force between two anchors if they are separated by a distance
larger than 3. The interactions between neighboring loop anchors were kept throughout this process.
To obtain the contact map from this simulation, 50 independent runs of 1.5e7 timesteps were
performed, and 250 conformations were collected from the second half of each run. The contact map
was calculated from all conformations of all runs at a 30-monomer resolution, and was further averaged
over three 10000-monomer blocks along the diagonal of the heatmap. The latter was done to show
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contact map at a relevant length scale (0 to 25 Mb), and to achieve a better averaging of the contact
map.

7. Simulated Hi‐C; P(s) calculation for polymer models
In a polymer model, monomers were defined to be in contact if they were less than 1.7 monomers
apart, yielding on average around 3 contacts per monomer excluding nearest neighbors. For
loops/scaffold and linear organization models, contact probabilities were averaged over conformations
sampled every 20000 time steps from the second half of each trajectory, and over all simulation runs.
To calculate P(s), contacts were binned logarithmically as a function of distance s. Bin locations started
with s= 4, and multiplicatively increased in distance with a step size of approximately 1.15 up to the
maximum value of N-100, where N is total chain length. Bin positions were rounded down to the
nearest integer and repeated bins locations were discarded, yielding a sequence of (4, 5, 6, 7, 8, 9, 10,
11, 12, 14, 16, 18, 21, 24, 28, …, 111170, 127900). For each bin, the number of observed contacts
within this distance range was aggregated over all conformations, and divided by total number of
monomer pairs belonging to this distance range. Finally, for comparison with the Hi-C data, contact
probability was normalized such that the integral of P(s) over a considered range of distances equals
one; P(s) was not normalized for comparison between polymer models.
To obtain simulated Hi-C contact maps, polymer contacts were similarly obtained using a contact radius
of 1.7, and binned at the desired resolution. Contact maps were iteratively corrected similar to
experimentally obtained Hi-C data.
We note that in both simulations and experiments, P(s) can be obtained much more easily than a Hi-C
contact map. Since most of our simulations contain hundreds to thousands of loops, P(s) calculated
within one realization of a polymer model is already averaged over a variety of loop sizes and
arrangements. Therefore, only a few realizations of a polymer model were enough to give a precise
estimation of P(s) for a given model (Figure S18). On the contrary, building a contact map requires
averaging over all possible loop positions and sizes at each locus, and consequently requires a
significantly larger number of realizations (hundreds to thousands). A similar effect is observed in
experimental Hi-C data analysis: while P(s) can be calculated at the highest (fragment-level) resolution
from a mere 100,000 reads, building a contact map at a relatively low 1Mb resolution requires at least
millions of reads.
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Figure S1. Cell culture synchronization.
a. Synchronization of HeLa S3 cell culture. Left pathway: Metaphase arrest with Nocodazole. Single Thymidine
block followed by short release and arrest in nocodazole results in a highly synchronized cell culture, as shown
by FACS. In all experiments, mitotic index estimated by microscopy was reproducibly 86‐87%. Right pathway:
Double Thymidine block followed by release is used to collect cells from different stages of the cell cycle. Typical
FACS profile is shown. Cells collected at the end of double thymidine block are in early S phase; cells after 12 and
14.5 hours are early and mid‐G1, correspondingly.
b. Nocodazole arrest is not toxic. HeLa S3 cells released from Nocodazole arrest (Left) demonstrate similar entry
into the next G1 and S‐phase as compared with cells released from double Thymidine block (Right).
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Figure S2. SKY/M‐FISH analysis.
(top). SKY/M‐FISH analysis of 10 cells, 5 from HeLaS3 (#1‐5) and 5 from HeLa S3 CCL2.2 (#6‐10).
(bottom). Sky‐grams. (left) HeLaS3, (right) HeLaS3‐CCL2.2. HeLaS3 cells were used for 5C experiments and Hi‐C
experiments; HeLaS3‐CCL2.2 were used for formaldehyde control Hi‐C experiments.
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Figure S3. Set of translocations revealed by SKY/M‐FISH and Hi‐C analysis. See caption below.
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Figure S3 caption. Set of translocations revealed by SKY/M‐FISH and Hi‐C analysis.
This figure lists all translocations found by Sky/M‐FISH, and by our analysis of Hi‐C maps at 1Mb resolution.
Inter‐chromosomal translocations are evident in Hi‐C inter‐chromosomal maps as regions where contact
probability is elevated to levels observed in intra‐chromosomal maps. Translocated regions often have sharply
defined borders in Hi‐C maps. Translocations are particularly evident in Hi‐C maps of mitotic chromosomes, as
they are not obscured by the presence of the compartment signal observed in interphase.
Translocations were determined automatically from Hi‐C in a two‐step process. First, the iteratively corrected
1Mb resolution inter‐chromosomal map was thresholded at the 99.99 percentile. Translocations are evident in
these maps as clusters of interacting bins above the threshold. Second, thresholded maps (of ones and zeros)
were smoothed to 3Mb. The subset of inter‐chromosomal maps with translocations was determined by
comparing the observed smoothed thresholded maps with smoothed maps of permuted data; observed
smoothed maps with a significantly higher (p < .001) maximum value than maps from permuted data were
considered to have a translocation.
Automated translocation detection in Hi‐C recovers the majority of the translocations observed in SKY/M‐FISH
data. In addition this analysis reveals many clear translocations not observed in SKY/M‐FISH. One reason might
be the higher resolution of the Hi‐C analysis; another possibility might be that only 5 cells were analyzed using
SKY/M‐FISH. Of the translocations observed in SKY/M‐FISH but not automated Hi‐C, the 5 vs. 9 translocation was
found in only one of the profiled cells, and the other two most likely occurred between centromeric regions,
which were not probed in this Hi‐C analysis. Visual inspection of the chromosome 3 vs 10 Hi‐C map shows a
pattern of enrichment consistent with a translocation between centromeric regions of these chromosomes.
We additionally classify chromosome 8 as potentially involved in a translocation due to the sharply defined
region at the edge of its long arm; since a der(8;22) chromosome is observed in the NCBI SKY/M‐FISH for HeLa,
we define 4, 14, 17, 18, 20, and 21 as the set of good chromosomes for downstream analysis.
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Figure S4. Synchronization of HeLaS3 cells
a. FACS profiles for biological replicates of HeLaS3 cells. 5C was performed at all four displayed stages of the cell
cycle; Hi‐C was performed on G1(mid) and M samples
b. FACS profiles for HeLa S3 CCL2.2 cells in Metaphase and G1, used in the control experiment which tested the
effect of different formaldehyde concentrations (1% and 0.25%).
c. FACS profile for K562 cells arrested in metaphase.
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Figure S5. Effect of Nocodazole treatment on chromosome morphology.
A. HeLaS3 CCL2.2 cells metaphase arrest protocols used for preparing cells for Hi‐C and cytological analyses. Top
bar shows a linear representation of the cell cycle for the studied HeLaS3 cells. Below are schematic
representations of different protocols used to arrest cells in metaphase. Cells were blocked in the G1/S
transition by single thymidine block (Nocodazole 12h and Nocodazole 24h samples) or double thymidine block
(Nocodazole 3h, 7h and No Nocodazole control), then released into normal media (black line) and arrested by
incubation with nocodazole (red line).
B. Hi‐C analysis of three mitotic libraries and corresponding P(s) plots for three different durations of nocodazole
arrest. All three datasets show similarly uniform heatmaps, and a very similar P(s), indicating that contact maps
obtained by Hi‐C are independent of the duration of nocodazole arrest. Table on the right shows analysis of the
chromosome length in corresponding samples and compares them with Control cells (not treated with
nocodazole) and cells treated with nocodazole for 24 hours. 50 chromosomes 1 were analyzed for each sample.
Notably, 3h nocodazole treatment only decreases average chromosome length by approximately 5%.
C. Typical metaphase spreads from different cell samples; DAPI staining. Only 24 hour nocodazole treatment has
a major effect on chromosome morphology.
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Figure S6. Whole‐genome Hi‐C interaction maps for HeLaS3.
Whole‐genome (all‐by‐all chromosomes) Hi‐C interaction maps for G1 and Metaphase populations at 1Mb
resolution. Hi‐C interaction maps display relative contact probability for a region and were normalized so that
the total sum over each region across the genome was one. Note that translocations become increasingly
evident in the metaphase heatmap (12 hours nocodazole arrest).
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Figure S7. Hi‐C Contact Enrichment Matrices for genomic features.
Hi‐C interaction frequency plots stratified by percentile for the indicated features for HeLaS3‐M (12 hours
Nocodazole) and HeLaS3‐G1 datasets, calculated as described in Methods; cisEig1 G1 indicates compartment
profile obtained from G1 data. Genomic profiles for (non‐synchronized) HeLa‐S3 cells obtained from ENCODE
(24). A saddle‐shaped plot (seen in G1 for certain features) indicates that pairs of regions with similar values of a
genomic feature are enriched for Hi‐C interactions. The enrichment is relative to the level expected from
proximity along the linear genome.
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Figure S8. Comparison of 5C and Hi‐C data for Chromosome 21.
To facilitate comparison of 5C and Hi‐C data, both datasets were binned using a 250kb sliding window with 50kb
step size.
(left column): Hi‐C vs. 5C in G1: (top) 5C chr21 interaction map for G1. (middle): Hi‐C chr21 interaction map for
G1. (bottom), clockwise from top left: comparison of P(s), interaction counts, TAD signal and compartment
profile determined by 5C vs. Hi‐C in G1. Note normalized P(s) was calculated for normalized maps (and not re‐
normalized to integrate to 1).
(right column): Hi‐C vs. 5C in metaphase. (top) 5C interaction map for chromosome 21 for metaphase (12 hours
nocodazole). (middle) Hi‐C chr21 interaction map for metaphase. (bottom) clockwise from top left: comparison
of P(s), interaction counts, TAD signal and compartment profile determined by 5C vs. Hi‐C in metaphase.
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Figure S9. Topologically associated domains in 5C and Hi‐C.
a. (top row) TADs through the cell cycle, as probed by 5C. Heatmaps show interactions occurring within a 4Mb
region at 37‐41Mb along chromosome 21. Color reflects relative contact probability. (bottom row) TAD signal,
i.e. log2(upstream/downstream), plotted over the same region.
b. Variance of 5C TAD signal across the cell cycle, normalized to the metaphase (12 hour nocodazole) variance.
Variance of the TAD signal captures the strength of the compartmentalization, and is reduced more than 5‐fold
in metaphase.
c. Variance of Hi‐C TAD signal across chromosomes, normalized to the metaphase variance of the least variable
chromosome; metaphase has a lower TAD signal variance across both rearranged and non‐rearranged
chromosomes.
d. Simulations show that the residual TAD signal detected in metaphase could result from a small (10‐20%)
fraction of non‐metaphase cells in a metaphase sample. To simulate the effects of possible effect of
contamination in metaphase Hi‐C, simulated contact maps were Poisson sampled from a mixture of a
featureless map with metaphase P(s) and the raw G1 contact map. See also Figure S10.
(left) Variance of TAD signal, and (middle) correlation with G1 TAD signal, are shown as a function of percentage
of G1 cells average over 100 simulated mixtures. (right) region of chromosome 14 shown for observed G1 and M
data, and for simulated mixtures with 0% and 15% of G1 cells. Color reflects relative contact probability.
e. Similar simulations show that the residual interaction frequency enrichment in metaphase could also result
from a small fraction of non‐metaphase cells; heatmaps show interaction frequency between regions stratified
by percentile for A/B compartment profile from G1 for an indicated simulated mixture or observed Hi‐C data (as
in Figure S7). Color reflects the enrichment or depletion of Hi‐C contacts.
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Figure S10. Downsampling Analysis for TADs in HeLa
a. Heatmaps and corresponding TAD signal for different HeLa datasets, shown for a region of chromosome 14
(HeLaS3‐M98: 3 hours nocodazole; HeLaS3‐M‐1FA: 7 hours nocodazole; HeLaS3‐M: 12 hours nocodazole). The
second row shows HeLaS3‐M98, downsampled to have the same number of reads as HeLaS3‐M‐1FA. Color
reflects relative contact probability.
b. Downsampling analysis for variance of the TAD signal for different HeLa datasets. Variance of the TAD signal
has two contributing components: the variance of the underlying TAD signal and the variance due to sampling
noise. Variance due to the sampling noise is expected to be proportional to 1/reads. Our plot confirms this linear
dependence, and allows us to extrapolate and estimate the variance of the true TAD signal (for the case of very
high coverage). Each line represents the indicated dataset. The far left side of each line represents the
estimation of the TAD signal using of all reads in an experiment. Reads were then downsampled by a factor of ¾
at each progressively larger number of 1/reads. The large squares represent the linear extrapolation of the first
two points (highest number of reads) to 0 (infinite number of reads). Linear extrapolation of the highest
synchrony metaphase dataset (light green) gives an estimate of the variance of the TAD signal approximately 20‐
30 times lower than in G1 (grey and red). Note that lower‐synchrony metaphase datasets have higher variance
of the TAD signal as compared with the high synchrony dataset at all considered levels of downsampling,
potentially indicative of a higher contamination by non‐mitotic cells.
c. Correlation between TAD signal for different HeLa datasets. Note that the highest synchrony dataset (98%)
has the lowest correlation with TAD signal from G1, as well as with other datasets.
Taken together, these results demonstrate the disappearance of TADs in metaphase, as probed by Hi‐C.
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Figure S11. Hi‐C analysis at different formaldehyde concentrations.
Analysis of Hi‐C data at different concentrations of formaldehyde (FA) in G1 and M‐phase (7 hours nocodazole).
Hi‐C experiments performed at 1% FA and 0.25% FA.
(Top) Contact maps for chromosome 17.
(Second row) Compartment profiles.
(Third row) Domain organization at 40Kb resolution.
(Fourth row) TAD signal.
(Fifth row) Scatter plots for compartment profiles and TAD signals for good chromosomes. In G1, compartment
profiles and TAD signals are highly correlated at these two formaldehyde concentrations and have the same
magnitude. In M, while the extracted compartment profiles are correlated, they are related to position along the
arm, and not to a plaid interaction pattern. Moreover, TAD signals are uncorrelated between two replicas in M;
this indicates that the residual TAD signal is weak.
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Figure S12. Digestion efficiency does not bias Hi‐C data beyond 8 fragment separation.
In a Hi‐C library, different classes of molecular products (see bottom right) are more or less abundant at short
distances, possibly reflecting the details of restriction and ligation efficiency. In all studied datasets (in G1, NS, or
M‐phase), the number of interactions coming from all classes of read‐pairs is equivalent after approximately 3‐8
intervening restriction fragments (approximately 12‐32kb). This indicates our analyses, performed at resolutions
above 40kb, are not influenced by the details of restriction and ligation efficiency in Hi‐C library preparation.
Each plot shows the number of interactions as a function of the number of restriction sites separating the two
sides of the read‐pair, for each mapped read‐pair orientation. Interactions are normalized to the total number of
mapped pairs within 20 fragments. The illustration shows how un‐restricted sites can increase the relative
number of outward facing mapped read pairs at small separations; these may represent intra‐molecular
ligations (ie. self‐circularization) instead of interactions between two different genomic fragments mediated by a
formaldehyde crosslink. Note that read pairs mapping to the same strand are equivalent in any dataset, whether
they point upstream or downstream (green and yellow lines coincide). For more details on mapping and
different molecular products in a Hi‐C library see (12). M‐phase data were obtained by incubation with
nocodazole for the following times: HeLaS3‐M: 12 hours; HeLaS3‐M‐0.25FA and HeLaS3‐M‐1FA: 7 hours; K562:
12 hours; HFF1: 5 hours.
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Figure S13. Analysis of K562 Hi‐C data in nonsynchronous cells (NS) and M‐phase.
Comparison of M‐phase K562 data (12h nocodazole) with publicly available non‐synchronous K562 Hi‐C data
from (10).
a. Whole‐genome (all‐by‐all) Hi‐C interaction maps at 1Mb resolution. Hi‐C interaction maps display relative
contact probability for a region, and were normalized so that the total sum over each region across the genome
was one. Note that translocations, which become clearly evident in metaphase, occur in different locations as
compared with HeLa S3.
b. Zoom in on chromosome 4 (grey box in part a) at two resolutions, 1Mb and 40kb.
c. Compartment profiles and TAD signal for the respective regions above.
d. Hi‐C interaction frequency plots for genomic features in K562 (as in Figure S7). Good chromosomes (4, 8, 11,
14, 15) were obtained through the same computational procedure as in HeLa S3.
e. (left) Variance of TAD signal in K562 in NS and M cells for each chromosome. (right). Downsampling analysis,
as in FigureS10.These analyses show that the studied K562 cells undergo chromosome re‐organization in
metaphase, similar to that observed in HeLa S3 cells.
39

Figure S14. Analysis of HFF1 Hi‐C data in nonsynchronous cells (NS) and M‐phase.
a. Whole‐genome (all‐by‐all) Hi‐C interaction maps at 1Mb resolution. M‐phase arrest: 5 hours nocodazole. Hi‐C
interaction maps display relative contact probability for a region, and were normalized so that the total sum
over each region across the genome was one. Note the absence of any evident large‐scale translocations, which
are evident in the HeLa S3 and K562 metaphase heatmaps.
b. Zoom in on chromosome 4 (grey box in part a) at two resolutions, 1Mb and 40kb.
c. Compartment profiles and TAD signal for the respective regions above.
d. Hi‐C interaction frequency plots for genomic features in HFF1 (as in Figure S7); all chromosomes were
considered good chromosomes for this analysis.
e. (left) Variance of TAD signal in HFF1 in NS and M. (right) Downsampling analysis, as in Figure S10.
These analyses demonstrate that the studied HFF1 cells undergo a drastic chromosome re‐organization in
metaphase, as similarly observed in HeLa S3 cells.
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Figure S15. Comparative analyses of interphase data between cell types.
a. (left) Correlations between compartment profiles, extracted from different cell types at 1MB resolution. In
interphase, compartment profiles are highly correlated for different Hi‐C experiments performed on the same
cell type, and less correlated between cell types, which is indicative of cell‐type specific compartmentalization.
In metaphase, low correlation between datasets with the same cell type indicates a loss of interphase
compartments and the lack of any new metaphase‐specific compartmentalization. Pairwise correlations are
calculated over un‐rearranged chromosomes and non‐filtered‐out regions of heatmaps in both considered
datasets.
(right) Correlations between TAD profiles obtained at 40kb resolution. In interphase, TAD profiles are almost as
highly correlated between HFF1 and HeLa cells as they are between HeLa datasets, suggesting TADs are
structurally similar across cell types. Note that K562‐NS (previously published data (10)) is in part poorly
correlated with other interphase datasets due to low coverage. Also, the highest synchrony metaphase dataset,
HeLaS3‐M98, is less correlated with all other datasets, potentially indicating a complete loss of TADs in
metaphase.
b. Heatmap showing TAD organization at sub‐Mb length scales over a region of chromosome 14. Upper triangle
shows contact map for HFF1, while lower triangle shows contact map for HeLa S3 cells; below are the TAD
profiles for this region, prominently visible in interphase, and much diminished in metaphase.
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Figure S16. P(s) for different Hi‐C and 5C datasets.
a. P(s) for HeLa G1 cells corresponds with the previously measured P(s) and scaling from non‐synchronous
GM06990 cells (10), and can be well approximated by a fractal globule P(s) ~ s‐1 in a 200kb‐2MB region.
b. P(s) for different HeLa chromosomes in G1 cells.
c. P(s) for different concentrations of formaldehyde, different durations of nocodazole arrest, and for different
Hi‐C experiments give consistent P(s) below 10Mb and a rapid fall‐off after 10Mb.
d. P(s) calculated using a fragment‐based method (used in main figures, see Methods) compared with P(s) for
binned data at 20 kb resolution with or without iterative correction. Note that fragment‐based P(s) lies within
binned P(s) shifted left by 20 kb. Therefore non‐uniform contact probabilities within a bin do not affect our
analysis.
e. P(s) for different stages of cell cycle probed by 5C, calculated at a fragment level. M‐phase arrest: 12 hours
nocodazole.
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Figure S17. Stochastic vs fixed loop positions and sizes. (Figure caption on the next page)
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Figure S17 Figure Caption. Stochastic vs. fixed loop positions and sizes.
a. Stochastic loop positions (different in different cells). Simulated consecutive loops on the scaffold model
with 30‐nm fiber and 150kb loop length. Top row shows binned contact maps (bin size of 50 monomers) for
simulated single‐cell Hi‐C for a 25Mb simulated chromosome (10000 monomers). Population average map
(second row, left) shows an average over 400 realizations of genomic positions of the loops. While single cell Hi‐
C maps are all different (both due to different genomic positions of loops, and due to different spatial
arrangement of the loops), the population‐average map is homogeneous. Note that single‐cell P(s) plots are the
same due to averaging over multiple loop lengths and locations (about 150 loops total) within a single polymer
conformation.
b. Fixed loop positions (same in all cells). Similar analyses for fixed loop positions. Single‐cell contact maps are
different due to the different spatial interactions between loops. Note that bumps on a population‐average P(s)
do not arise from noise and likely result from a particular realization of loop sizes and locations.
For parts a and b note that it is difficult to distinguish between the two cases using simulated single‐cell Hi‐C
experiments, despite capturing all interactions. However, a clear distinction emerges when comparing simulated
population average Hi‐C maps.
c. Fixed loop size. The plot shows P(s) for a model folded with consecutive loops of fixed lengths (120 kb), but
with random positions in each cell. This produces peaks in P(s) not seen in metaphase Hi‐C data.
Note that all models presented in the main figures do not have sequence specific features (i.e. fixed loop
positions) and have stochastic loop sizes; therefore they produce homogeneous contact maps and smoothly
decaying P(s).
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Figure S18. Effect of average loop size, stiffness and thickness of the fiber.
A. The top view (i.e. chromosomal axis pointing out of the paper) of linearly organized models with consective
loops and a scaffold for 12kb loops, 120kb loops, and 1.2 Mb loops. Color corresponds to position along the
polymer. Note the increased amount of mixing with increasing loop size.
B. P(s) for different loop sizes. Short loops have a quickly decreasing P(s), while long loops show a plateau in P(s)
between 100kb and 10Mb. Loops of 80‐120 kb show good agreement with metaphase P(s).
C. Similar plot for consecutive loops without scaffold.
D. Similar plot for consecutive loops on the scaffold, simulated with a more flexible 10nm fiber
E. Similar plot for consecutive loops on the scaffold, simulated with a thicker 30nm fiber
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Figure S19. Linear organization (also see Movie M1)
(top) Connection between Linear Organization and the Falloff in Contact Probability at 10Mb.
A model where a falloff in contact probability is imposed via attractive interactions. In this model, all monomers
separated by fewer than 10Mb experience an attractive Lennard Jones (LJ) interaction (monomers separated by
more than 10 Mb experience repulsive LJ interaction). Soft‐core LJ potentials were used. Simulations were
initialized from fractal globule conformations (as described in Supplemental Methods). The model in the main
text (Fig 4a) shows that linear organization leads to a falloff in contact probability; this model shows how
enforcing a fall‐off in contact probability leads to the emergence of linear organization.
(top left) Conformation from this model colored along the chain demonstrates that imposing a falloff at 10Mb
leads to linear organization of the polymer.
(top right) Resulting P(s) for this model. This model has an equilibrium globule‐like organization within a layer
(i.e. less than 10Mb), and a fall‐off at 10Mb, similar to Fig 4a. This shows these interactions are insufficient to
arrive at P(s) similar to Hi‐C.
(bottom left) Attraction of randomly chosen monomers to the scaffold without loops. Here the model in Fig 4a
is extended by attracting a random subset of monomers (chosen similarly to the loop bases for the consecutive
loops model) to the core of the chromosome. Resulting P(s) is very similar to Fig 4a.
(bottom right) Equilibration of the linear organization model. P(s) for the model from Fig 4a is the same when
initialized from two different conformations: a random walk in a cylinder, and a propagating spiral.
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Figure S20. Spatial mixing of subregions in different polymer models.
a. Comparison of the consecutive loops on the scaffold model with previously published chromosome painting
results (25).
b. Simulated chromosome painting of contiguous 500 kb, 2Mb and 5Mb regions (green), shown in the middle of
a 30MB region of a chromosome (grey) for a consecutive loops on the scaffold model. Three independent
realizations, side and top view, are shown for each region size. Note that a 500kb region rarely occupies the
entire cross‐sectional area of the chromosome.
c. Different models show different degree of loop mixing. In each figure, five 400kb‐long regions, separated by
4Mb each, are sequentially colored: red, yellow, orange, green, and blue in their order along the chain. Figure
order (Left to right): linear organization model (Fig. 4a), linear organization and consecutive loops (Fig. 4c), linear
organization and consecutive loops anchored to a scaffold (Fig. 4c), three‐stage hierarchical looping model (Fig.
4b). Regions from the hierarchical model are compact and fully spatially segregated, in contrast with other
models. Regions from the linear organization model spatially interpenetrate.
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Figure S21. Hierarchical models folded using multiple levels of looping.
(First row) The schematic diagram of consecutive loops used for three‐level loop‐based folding. Thin lines show
attractions between monomers. 20‐50 second level loops are inside each third‐level loop, and 20‐40 first level
loops fit inside each second‐level loop. (Second row) First (left) and second (right) stages of the hierarchical
folding. (Third row) Final conformation and P(s) for three‐level and two‐level folding
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Figure S22: Hierarchical models folded by multiple levels of solenoidal twisting.
(First row) Schematics of bonds used for solenoidal twisting. Note that bonds are a computational tool to
achieve twisting, and may not represent genomic interactions. (Second row) First three stages of a sequential
four‐level folding. (Third row) Final conformation and P(s) for four‐level folding. Peaks in P(s) emerge from
twisting with a fixed solenoidal pitch. (Fourth row) Final conformation and P(s) for three‐level folding. Note that
this model is different from a third level of four‐level helical folding. Illustrations (top row) and initial model
design by Carolyn Lu (MIT‐Primes program).
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Figure S23. Equilibration of polymer models.
a. First three plots show P(s) for the consecutive 80kb loops on the scaffold model as a function of time, for
three different starting conformations. Time is encoded by color, according to the legend. Starting
conformations shown in panel c. Rightmost plot compares three final conformations. Three curves coincide,
demonstrating equilibration of P(s). b. Similar plot for consecutive 120kb loops w/o scaffold. c. Starting
conformations used for above plots: (from left to right) cross‐section of the linear organization and geometry
model, cross‐section of the highly ordered state, propagating spiral (simplified, inner radius 4, outer radius 6).
d. Consecutive 120kb loops w/o scaffold model with constraints applied in a different order: formation of
consecutive loops followed by linear ordering. Both orders lead to the same P(s), demonstrating equilibration of
the model. e. P(s) for 5 independent realizations of a 120kb loops w/o scaffold model. Each P(s) was obtained
from a single final conformation of a single independent run of a polymer model. This figure illustrates that P(s)
self‐averages within a single polymer conformation, and could be estimated from one run. Additionally, this
figure confirms that independent runs initialized from different starting conformations (here, all from the linear
organization model) converge to the same P(s). Note that P(s) was averaged both over time and over different
starting conformations throughout the paper. f. A contact map obtained from a single trajectory for the same
model as (e). Note the distinct features in this contact map. This figure illustrates that averaging over multiple
realizations (or multiple cells) is necessary to obtain a uniform contact map.
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Figure S24. Consecutive loops increase contact probabilities at distances larger than the loop size.
Formation of consecutive loops folds a polymer into conformations resembling those of a bottlebrush, where
loop anchors form the backbone and loops emanate from the backbone. Such a conformation can increase
contact probability at scales greatly exceeding a size of a single loop (see Movies M2 and M3).
(Left) A diagram illustrating how bottlebrush‐type (14 ) conformations result from linear compaction by
consecutive loops. Each loop forms a blob (in blue) of a characteristic size, with radius R. Considering each loop
as a polymer ring in a melt, R(lkL/2)1/2 (23). Loop size L=120Kb and Khun’s length lk= 2.4Kb (4 monomers, 600 bp
per monomer) gives R=20 monomers =200nm (10nm monomer size). For an array of consecutive loops not
bound to scaffold, loops that are as far as R loop‐bases apart along the backbone can interact, leading to
elevated contact frequency up to 20*120Kb=2.4Mb apart. This argument assumes a linearly stretched backbone;
in our simulations, the backbone is flexible, which can bring together loops that are further than R‐bases apart
along the chain, thus further stretching the region of elevated contact frequency.
(Middle) When the locations of loops in a consecutively looped fiber are randomized, the number of loops stays
the same, but they become non‐consecutive. This leads to the formation of loop‐free regions, as well as sets of
overlapping loops. Moreover, irrespective of loop‐free regions, when loops overlap, neighboring loop bases are
not necessarily brought together. Both effects lead to spatial separation between neighboring loop bases, which
in turn disrupts the regular backbone of the bottlebrush, and alters P(s).
(Right) Introduction of consecutive and non‐consecutive loops in models with cylindrical geometry and linear
organization results in different P(s).
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Figure S25. P(s) is not affected by either the presence of an aligned sister chromatid or the crosslinking radius
(top left): Simulated intermingling sister chromatids, obtained by co‐alignment of two different chromatids with
an overlap of 25% of their radius.
(top right): P(s) within chromatids, between chromatids, and combined P(s) from the conformation depicted in
(top left). Between‐chromatid contact distance was calculated as a difference in monomer position along each
chain, i.e. modeling that two chromatids are indistinguishable when mapping Hi‐C reads. Note that most intra‐
chromatid contacts occur at a scale of a layer size, 10‐20 Mb, and introduce only a slight shift to the combined
P(s). The inter‐chromatid contacts are evenly distributed within each layer, and do not affect within‐layer P(s).
Note non‐normalized P(s) is shown, so that inter‐chromatid and intra‐chromatid contact frequencies can be
fairly compared, due to the difference in the total number of contacts in each of these classes.
(bottom): Changing cross‐linking radius introduces a minor effect on the P(s) obtained from polymer models.
Here, P(s) was obtained from a loops‐on‐the‐scaffold model using two different cutoff radii: 17nm and 50nm.
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Figure S26. Consecutive loops on the scaffold model with a diffuse scaffold.
A modification of the consecutive loops on the scaffold model (Fig 4c) with a scaffold allowed to reside up to 100
nm away from the axis of the cylinder.
(top) Conformations with continuous scaffold, diffuse scaffold and no scaffold.
(bottom) P(s) for a diffuse scaffold is close to P(s) with and without scaffold. All three plots have the same 120kb
loop size. Note that the loops on the scaffold model shown here has a loop size of 120kb, which is different from
the model presented in the main text (80kb, Fig 4c).
We find that a model with a diffuse scaffold shows equally good agreement with the Hi‐C data.
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Supplementary Table IV. 5C primer sequences in a tabulated text file. DNA sequences of 5C primers used for
analysis of the conformation of chromosome 21. This is the standard output of the My5C.primers program.
Columns in the tabulated file indicate:
Column 1: Primer name. The name shows whether the primer is Forward (FOR) primer or a Reverse primer
(REV). The nomenclature is as follows: the name of the first forward primer is: 5C_1807_NN‐CHR21_FOR_137.
“5C_1807” is a number that refers to the particular primer design in the My5C.primers database. “NN‐CHR21” is
the name of the genomic region. “FOR_137” indicates that the primer is a forward primer and the number is the
number of the HindIII fragment (numbered from the beginning of CHR21).
Column 2: Name of the genome region.
Column 3: Primer type (FOR = forward, REV = reverse).
Column 4: Genome assembly.
Column 5: The chromosome number the corresponding restriction fragment is on.
Column 6: Fragment_ID corresponds to the number of the restriction fragment, numbering starts at the
beginning (5’ end) of the genomic region.
Column 7: Primer_ID (1 or 2) corresponds to FOR and REV primers.
Column 8: Start position of the 5C primer (genomic coordinates).
Column 9: End position of the 5C primer (genomic coordinates).
Column 10: DNA sequence of the specific part of the 5C primer that anneals to the 3C library.
Column 11: Length (bp) of the specific part of the primer.
Column 12: DNA sequence added to the 5’ end of the specific part of Forward primers or 3’ end of the specific
part of reverse primers (filler sequence). This DNA sequence is added to equalize the length of all 5C primers.
Column 13: Length (bp) of the filler sequence shown in Column 12.
Column 14: The melting temperature (Tm) of the specific part of the 5C primer.
Column 15: The GC percentage of the specific part of the 5C primers (sequence in column 10).
Column 16: Start position of the corresponding restriction fragment (genomic coordinates).
Column 17: End position of the corresponding restriction fragment (genomic coordinates).
Column 18: Size of the corresponding restriction fragment (base pairs).
Column 19: ELEMENTID is a number that identifies any list of elements of interest the user had uploaded to
My5C.primers and for which the specific 5C primer was designed.
Column 20: INTERSECTIONID is a number that identifies a specific element in the list of elements referenced in
column 19.
Column 21: E_NAME is the name of the specific element (referred to in Column 20) that has intersected with this
fragment.
Column 22: The 15‐mer frequency of the specific part of the primer + the filler sequence. High 15‐mer
frequencies indicate a reduced uniqueness of the primer.
Column 23: BLAST count for the sequence of the primer containing the specific part + filler sequence (only
‘exact’ hits; exact means at least 20/23 bases align).
Column 24: BLAST count for the sequence of the primer containing the specific part + filler (exact+ similar hits;
similar means any blast alignment).
Column 25: DNA sequence of the universal tail of the primer.
Column 28: Complete DNA sequence of the 5C primer.
Supplementary Table V. Summary of read counts of 5C datasets. Also listed is the Pearson correlation between
replicates.
Supplementary Table VI. Summary of investigated Polymer models.
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Supplemental Movies
Movie M1. Organization of 10Mb layers in linear organization and cylindrical geometry model (Fig4a). Two
10Mb layers are highlighted in red and blue in the same conformation, with different sizes of a separating
region (shown in thin grey as the rest of the chain). Separation from left to right: 0Mb, 5Mb, and 10Mb.
Adjacent 10Mb layers are highly intermingled, whereas layers separated by 10Mb rarely intermingle.
Movie M2. Loops‐on‐the‐scaffold model (Fig. 4c) with 14 loops highlighted. 14 highlighted loops are equally
spaced by 48 loops (on average 4Mb); each loop is shown in its own color, changing from blue to red along the
length of the chromosome. Six monomers at the base of each loop are shown in non‐transparent brown; bases
of the loops form a scaffold in the center of the chromosome. The rest of the polymer is shown in transparent
grey.
Movie M3. Loops‐on‐the‐scaffold model (Fig. 4c) with 50 consecutive loops highlighted (~ 4Mb). Variant of
Movie M2. Color of the loops changes from blue to red along the length of the highlighted chromosome region.
Movie M4. Organization of 10Mb layers in the loops on the scaffold model (Fig. 4c). A conformation from the
loops‐on‐the‐scaffold model, as in Movie M1. Six monomers at each loop base are colored in brown, and
covered by a brown surface shell to increase visibility of the central scaffold. Actual arrangement of the loop
bases in this model can be seen in movies M2 and M3.
Movie M5. Two‐step process of mitotic chromosome folding (Fig. 5). Four monomers at the base of each loop
(i.e. two monomers on each side) are shown in brown. Note, that the process of loop extrusion by SMC
complexes was not explicitly modeled.
Movie M6. Two‐step process of mitotic chromosome folding with highlighted loops (Fig. 5). 14 loops, each
separated by 20 intervening loops, are highlighted.
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