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Abstract 

In eukaryotic genomes, regulated access and communication between cis- regulatory elements (CREs) are necessary for enhancer-mediated 
transcription of genes. The molecular frame w ork of the chromatin organization underlying such communication remains poorly understood. 
To better understand it, w e de v elop a multiscale modeling pipeline to build near-atomistic models of the 200 kb Nanog gene locus in mouse 
embryonic stem cells comprising nucleosomes, transcription f actors, co-activ ators, and RNA polymerase II–mediator comple x es. By integrating 
div erse e xperiment al dat a, including protein localization, genomic interaction frequencies, cry o-electron microscop y, and single-molecule fluo- 
rescence studies, our model offers no v el insights into chromatin organization and its role in enhancer–promoter communication. The models 
equilibrated b y high-perf ormance molecular dynamics simulations span a scale of ∼350 nm, re v ealing an e xperimentally consistent local and 
global organization of chromatin and transcriptional machinery. Our models elucidate that the sequence-regulated chromatin accessibility facili- 
tates the recruitment of transcription regulatory proteins e x clusiv ely at CREs, guided by the contrasting nucleosome organization compared to 
other regions. By constructing an experimentally consistent near-atomic model of chromatin in the cellular environment, our approach provides 
a robust frame w ork f or fut ure st udies on nuclear compartmentalization, chromatin organization, and transcription regulation. 
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he genome of eukaryotic organisms is strategically organized
nd compartmentalized inside the nucleus to provide regu-
ated access to cis- regulatory elements (CREs) for controlled
ranscription necessary for cell survival, replication, differ-
ntiation, and maturation [ 1–4 ]. Chromatin organization in-
erred by Hi-C experiments and its variants report a modu-
ar genome organization comprised of coarse chromatin com-
artments (A / B compartments) with distinct levels of tran-
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scriptional activity (high / low, respectively) and a finer orga-
nization called topologically associated domains (TADs) [ 5–
8 ]. TADs are insulated from other genomic regions and are
characterized by cis- interacting DNA segments often demon-
strated to regulate the expression of encompassed genes [ 4 ,
9 ]. The CREs are enriched in transcription factor (TF) bind-
ing and active epigenetic signatures, suggesting a strong inter-
play between genome organization and transcription regula-
tion underlying the cell fate decisions [ 10–12 ]. 
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Despite extensive studies, the mechanistic details of the in-
terplay between genome organization and transcription reg-
ulation remain elusive, with conflicting molecular picture in
the literature [ 9 , 10 , 12 , 13 ]. These discrepancies have been
discussed in the context of a range of transcription regula-
tion models, such as contact [ 8 ], network [ 14 ], or diffusion
[ 15 , 16 ]-driven transcription regulation differing in the ex-
tent of contribution from three-dimensional (3D) genome or-
ganization. To address the ambiguity, live-cell time-resolved
nanoscopy experiments measure the transcriptional output to-
gether with the relative distance of distal genomic locations
and molecular factors from the gene locus [ 10 , 13 , 17 ]. Such
advanced in-situ imaging approaches reveal a hierarchical or-
ganization of the molecular factors at the transcription site,
offering insights into the mechanistic details of transcription
activation [ 18 ]. 

Despite the extent of experimental information available
on chromatin organization around transcription start sites
(TSS)—protein localization from ChIP-seq and chemical map-
ping studies [ 19–21 ], cryoEM structures of ternary complexes
of the transcriptional machinery [ 22 , 23 ], hierarchical organi-
zation of protein factors [ 18 ], and Micro-C informed interac-
tion between CREs [ 8 ]—a molecular-level understanding of
the chromatin organization and the mechanistic basis of such
organization is still lacking. 

The transcription regulation of pluripotency factors in
mouse embryonic stem cells (mESCs) is well characterized in
the literature, supplemented with a plethora of chromatin in-
teraction maps and CRE annotations, representing an ideal
system to investigate the interplay between 3D genome or-
ganization and transcription at the molecular level. In this
work, we develop a multiscale modeling pipeline to build a
comprehensive model of mESC gene loci at a near-atomic res-
olution, integrating several experimental chromatin interac-
tion maps and organization features into a consistent model.
Such a model acts as an in silico nanoscope and is suitable for
subsequent molecular dynamics (MD) simulations to study
mechanistic details of the chromatin organization and the in-
tertwined transcription regulation [ 24 ]. The molecular mod-
eling of gene loci poses two major challenges: (i) localizing
protein complexes and factors along a three-dimensionally or-
ganized DNA with characteristic local and global structural
features and (ii) delineating the information from ensemble-
averaged chromatin interaction maps (e.g. Micro-C experi-
ments) to generate biologically relevant molecular models. We
overcome these challenges by developing a multiscale model-
ing pipeline that encompasses the ensemble nature of these
experiments. 

Here, we describe our data-driven modeling pipeline by
building comprehensive models of the 200 kb Nanog gene
locus from mESCs, which contains three enhancers at vari-
ous distances from the Nanog promoter ( −45, −5, and +60
kb), and is considered a model system for the understand-
ing of enhancer–promoter (E-P) interactions and transcription
regulation [ 25 ]. Our models integrate nucleosome chemical
mapping, ChIP-seq data on protein–DNA binding and epi-
genetic modifications, and Micro-C genome contact frequen-
cies into an experimentally consistent model of the Nanog lo-
cus at near-atomic resolution, providing a realistic molecular-
level picture of chromatin organization consistent with in vivo
single-gene imaging studies. The mapping of nucleosomes,
linker histones, and transcription (co-)factors, together with
the spatial chromatin organization observed from the high-
resolution molecular model, reveals the distinct organization 

principles at CREs. The chromatin is locally expanded at 
CREs, strategically designed by weak nucleosome position- 
ing signals (NPS) and a longer and asymmetric entry / exit 
linker DNA that favors local chromatin accessibility for tran- 
scription (co)factor binding and recruitment of RNA poly- 
merase II–mediator complex. The contrasting nucleosome po- 
sitioning features along the genome guide the mutually ex- 
cluded localization of linker histones and transcription ma- 
chinery and suggest the DNA-sequence-guided interplay be- 
tween chromatin organization and transcription regulation.
The expanded chromatin segments at CREs, owing to the in- 
creased capture radius, facilitate nonlocal internucleosome in- 
teractions, forming a road map for communication between 

CREs. The models are an excellent starting point for MD sim- 
ulations to study the molecular basis of chromatin organiza- 
tion and the role of protein factors, as well as test E-P com- 
munication models. Overall, the models are expected to be 
a valuable asset in exploring the structure–function relation- 
ships of the genome. 

Materials and methods 

Integrative modeling pipeline 

The genome contact frequencies are used to build a meso- 
scopic ensemble of 3D chromatin conformations at a coarse 
resolution (1 kb) using Bayesian polymer simulation [ 26 ].
Based on chemical mapping and ChIP-seq experimental data,
we employ data-driven Monte Carlo simulations to generate 
an ensemble representation of nucleosome positioning and 

protein localization consistent with the experiments. The rep- 
resentative protein positional maps and coarse chromatin con- 
formation are combined using a backmapping pipeline to 

generate the molecular model of the Nanog locus at near- 
atomistic resolution. The individual protocols of the pipeline 
are further explained in the following sections. 

Generating a mesoscopic model of the Nanog locus 

The 3D conformational ensemble of chromatin in the Nanog 
locus was based on mESC Micro-C data [ 8 ] at 1 kb resolu- 
tion, normalized by Juicebox [ 27 ]. To generate the confor- 
mations, a 128-replica Hi-C metainference MD simulation 

[ 26 , 28 ] is performed using a prior 1 kb resolution chromatin 

model defined by harmonic bond, angle, and Lennard–Jones 
potentials, with the bead size of 22 nm and other parameters 
based on higher-resolution chromatin simulations with the 
1CPN model [ 29 ]. Hi-C metainference performs replica poly- 
mer simulations based on the prior model and introduces an 

additional Bayesian energy score to ensure the agreement be- 
tween experimental and replica-averaged contact frequencies 
calculated using a distance-dependent forward model (Sup- 
plementary Methods). The Nanog locus is then simulated as 
a polymer made of 200 1 kb beads for 1 million MD steps,
and the final half of the replica trajectories are accumulated 

and further analyzed. The conformational ensemble is clus- 
tered based on pairwise distances between the CREs into 

five conformational clusters with distinct combinations of cis- 
interactions (Supplementary Methods). Representative con- 
formations from each cluster with E-P and enhancer–enhancer 
(E-E) distances close to the cluster average are selected for gen- 
erating high-resolution molecular models. 
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For the analysis, a more detailed time-lagged independent
omponent analysis [ 30 ] (tICA) is performed over pairwise ge-
omic contacts at 5 kb resolution using the PyEMMA python
ackage [ 31 ]. The relative TF accessible surface area (r. TF-
SA) is calculated using an 11 nm bead and 3 nm probe radius
nd normalized by the surface area of the beads. The distance
utocorrelation function is calculated for bead pairs and fit-
ed to the single-exponential functions to measure their decay
ate ( 1 / τr ) and hence their reconfiguration time τr . The pro-
ein occupancy / epigenetic markers are mapped to the meso-
copic beads at 1 kb resolution and are considered enriched if
he Z -value = ( x − μ) /σ is > 1, where μ and σ are the mean
nd standard deviation calculated over the 200 kb segment,
espectively, and treated as background if Z < 1. 

ositional maps of protein factors and complexes 

he DNA sequence of the Nanog gene locus (Chr6: 122 600–
22 800 kb) and its annotations are obtained from the refer-
nce mouse genome [ 32 ] (accession ID: GCA_000001305.2;
m10; release date: 9 January 2012). The occupancy and

pigenetic profiles in mESC obtained in various formats
 Supplementary Table S1 ; Supplementary Methods) are con-
erted into bedGraph format using the BEDOPS package [ 33 ].
he mouse genome assembly, GRCm39 (mm10; release date:
 January 2012), is used as the reference, and the genome coor-
inates from various assemblies are appropriately converted
sing the LiftOver tool ( http://genome.ucsc.edu ). The occu-
ancy profiles at the region of interest are isolated, and the
enomic positions of proteins are subsequently mapped. 

The positions of RNA polymerase II–mediator complexes
transcription pre-initiation complex; PIC) along the target lo-
us are determined based on the ChIP-seq occupancy profile,
nd the orientation of the PIC is determined by the relative
ignal of the positive and negative strands from the GRO-seq
xperiment [ 34 ]. The nucleosomes are mapped on DNA us-
ng simulated annealing Monte Carlo simulations with pro-
ein association, dissociation, and translocation moves. The
nergy function is proportional to the nucleosome occupancy
easured by in vivo chemical mapping experiments [ 20 ], and

he energy constant is optimized to achieve saturated nucleo-
ome association. Similarly, linker histones and BRD4 (a tran-
criptional cofactor) are mapped onto the previously mapped
ucleosome positions to reproduce the in vivo H1 / Nuc ratio
nd the number of BRD4 molecules observed by microscopy
n the proximity of Nanog locus [ 18 , 19 , 35 ] (Supplementary

ethods). 
Twenty copies of each TF (SOX2, OCT4, NANOG, and

LF4) are added, assuming a uniform 1 μM concentration
nside the nucleus [ 36 , 37 ] at positions ranked based on their
hIP-seq signal and the strength of their cognate DNA se-
uences (Supplementary Methods). Due to the low copy num-
er of P300 in cells [ 16 ], three copies of P300 are added to
he model in the proximity of transcription factor clusters at
uper-enhancer (SE) regions. 

The generated positional maps are consistent with the
m10 mouse genome assembly, and the sequences in the 5 

′ to
 

′ direction, corresponding to the protein localization, are ex-
racted from the corresponding genomic locations for further
nalysis. The A / T (C / G) probability is the probability of A or
 (C or G) at a specific position (-98 to 98 bp) relative to the
yad (set to 0) calculated from the mapped nucleosome posi-
ions. Similarly, (A / T) 5 probability is the frequency of finding
a 5-mer composed solely of combinations of A and T (e.g.
A T A T A, A TTTT, TT AAA, etc.) centered at a given position.
A 5 / T 5 probability is the chance of finding 5-mer composed of
A or T alone (e.g. AAAAA and TTTTT) centered at a given
position. The A / T fraction (A / T%) is calculated as the frac-
tion of A and T in any given DNA segment. 

Backmapping mesoscopic model to near-atomistic 

model 

Based on the positional maps of nucleosomes and the associ-
ated proteins (i.e. nucleosome—DNA wound around core his-
tones, Nuc-H1—nucleosome bound to H1, Nuc-BRD4— H3-
acetylated nucleosome bound to BRD4; hereafter called nucle-
osome modules), the Nanog locus is deconstructed into frag-
ments of nucleosome and PIC modules connected by linker
DNA of various length (collectively referred to as fiber mod-
ules). The fiber modules at atomistic resolution are modeled
using MODELLER [ 38 ] if the structural template of homolo-
gous protein complexes is available—nucleosome: 1KX5, nu-
cleosome bound to H1: 7K5Y, nucleosome bound to BRD4:
2WP1, and PIC: 7ENC and 6W1S (Supplementary Methods).
The intrinsically disordered regions (IDRs) in PIC lacking
structural templates are selectively modeled for subunits that
are known to participate in liquid–liquid phase separation:
MED1, MED14-15, Pol II subunits, TFIID3-5, and TFIID11
[ 39 , 40 ]. The structural models for the IDRs are generated
using AlphaFold [ 41 ] and are added to the PIC model using
MODELLER to account for any residual structures. About
83 out of 203 IDRs in the remaining subunits are trimmed
(see Supplementary Methods) to avoid the risk of topological
loops and knots formed while modeling IDRs at the interface
of protein subunits. The all-atom structures of the other mod-
ules are modeled using MODELLER —SO X2: 1GT0, OCT4:
3L1P, NANOG: 2VI6, KLF4: 4M9E or obtained from the
AlphaFold protein structure database [ 42 ]—BRD4: Q9ESU6,
and P300: B2RWS6. The molecular models are coarse-grained
to residue level, and the disordered tails are artificially com-
pacted using GENESIS to reduce the chances of clashes during
backmapping (Supplementary Methods). 

Using representative structures from the 1 kb metainference
mesoscopic model as a reference, we grow the chromatin fiber
of the Nanog locus from one end to the other by adding one
nucleosome module (+PIC module, if PIC is at the consecu-
tive position) at a time by generating structural ensembles on
the fly (Supplementary Methods; Supplementary Videos S1 –
S5 ). The chromatin fiber grows by adding the nucleosome
modules that vary in nucleosomal DNA unwrapping, orien-
tation, and linker DNA bending to the current fiber (Supple-
mentary Methods). The fiber modules are joined by aligning
the phosphates of the three terminal bp of DNA. At each step,
the structure of the growing chromatin fiber is sampled us-
ing a Monte Carlo-guided procedure attempting to avoid the
clashes between the newly added nucleosome module and the
structure generated until the previous step, and at the same
time, minimize the distance from the reference 1 kb meso-
scopic bead and the distance between i −1 and i +1 nucleo-
somes to promote a compact local nucleosome organization
and decrease the chances of topological knots. The protocol
also ensures that the growing fiber is knot-free by rejecting
knotted structures on the fly at each iteration [ 43 , 44 ]. The
longer linker DNA is compacted by introducing decoy nucle-
osomes to avoid topological loops during the modeling, and

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
http://genome.ucsc.edu
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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the core histones are removed later to leave behind bare linker
DNA. After chromatin fiber backmapping is complete for the
reference mesoscopic conformations, the DNA component of
the generated Nanog locus molecular models is coarse-grained
to 25 bp resolution and analyzed for topological knots using
KymoKnot [ 43 ], and the backmapping procedure is repeated
if knots are identified. 

The performance of the backmapping protocol is evalu-
ated by generating 25 nucleosome chromatin fibers with vary-
ing nucleosome repeat lengths (NRL = 167–207) and refer-
ence polymer structures with five beads. The distance from
the reference bead and the distance between i and i +2 nucle-
osomes are calculated as the distance between the center of
mass (COM) of the nucleosome. The sedimentation coefficient
of the nucleosome fibers is calculated as before [ 45 ]: 

S 20 , w 

= S 0 ×
⎡ 

⎣ 1 + 

2 R 

N 

⎛ 

⎝ 

∑ 

i 

∑ 

j 

1 / r i j 

⎞ 

⎠ 

⎤ 

⎦ (1)

here, S 0 = 11 . 1 S is the sedimentation coefficient of a
mononucleosome, R = 54.5 Å is the spherical radius of a
mononucleosome, N is the total number of nucleosomes, and
r i j is the distance between the COM of nucleosomes i and j . 

Finally, the compacted TFs and P300 models are added
in the proximity of mapped genomic locations by iteratively
sampling the translational and rotational moves to decrease
steric clashes while retaining the binding orientation and
proximity to the mapped genomic location (Supplementary
Methods). 

The molecular models of the Nanog locus ( ∼2.5 million CG
particles) are energy-minimized and subsequently simulated at
150 mM ionic strength and 300 K using GENESIS CGDYN
[ 46 , 47 ] on the Fugaku supercomputer. The simulations em-
ployed the AICG2+ model [ 48 ] for proteins, with a statistical
flexible and solvation potential for disordered residues [ 49 ,
50 ], and the 3SPN2.C model [ 51 ] for DNA with a −1.0 charge
on phosphate groups. The interactions between the DNA and
proteins are modeled as before [ 52 , 53 ]. Additional details on
the protein sequences, reference structures used for globular
domains, description of disordered segments, and CG model
parameters for MD simulation are available in the Supplemen-
tary Methods. The simulations are conducted for 100 ns (10 

7

MD steps with 10 fs integration timesteps) to relax the ar-
tificially compacted fiber modules used in the backmapping
procedure and to demonstrate the stability of the generated
molecular model for MD simulations. 

Results 

CRE interactions at Nanog gene locus 

Our approach integrates three kinds of experimental data to
build an experimentally consistent molecular model of the
Nanog gene locus: Micro-C contact frequency maps, chem-
ical mapping / ChIP-seq data on protein localization, and in
situ microscopy on the local concentration of proteins and
spatial organization (Fig. 1 A). The Nanog gene locus is par-
ticularly interesting as the 200 kb segment (Chr6: 122 600–
122 800 kb) comprises four genes ( Gdf3 , Dppa3 , Nanog , and
Slc2a3 ), a partial gene at the 5 

′ end ( Apobec1 ), and three SE
elements, −45SE, −5SE, and +60SE, located at −45, −5, and
60 kb relative to the Nanog promoter (Fig. 1 B), respectively [ 4 ,
32 ]. The interaction of the gene promoters with the three SEs
is evident from the virtual-4C interaction maps [ 8 ] from the 
viewpoints of promoters (Fig. 1 C; note the spike in contact 
frequency of promoters with other CREs). The contribution 

of SEs to the transcriptional output of Nanog and Dppa3 [ 4 ,
11 , 25 ] and the hierarchical organization of TFs at the Nanog 
gene [ 18 ] are well characterized in mESC. 

3D modeling of the Nanog gene Locus 

Most chromosome conformation capture methods charac- 
terize the 3D genome organization in terms of ensemble- 
averaged pairwise interaction frequency maps and mask 

the conformational heterogeneity of chromatin [ 54 ]. The 
replica-based Bayesian approach Hi-C metainference [ 26 , 28 ] 
addresses this by reconstructing chromatin conformational 
ensembles from experimental contact frequencies and prior 
models and has been validated against synthetic and in vivo 

data [ 26 ]. Using this protocol (Fig. 2 A; see “Materials and 

methods” section), we modeled the 200 kb Nanog locus with 

128 replicas based on mESC Micro-C data and a 1 kb res- 
olution chromatin model. The replica-averaged pairwise in- 
teraction frequencies match the ensemble-averaged Micro- 
C data (Pearson’s correlation coefficient r = 0.90, Fig. 2 A 

and B). 
We estimate the chromatin ensemble size by rescaling spa- 

tial coordinates to the 1 kb bead size of 22 nm, derived 

from nucleosome-resolution 1CPN model simulations [ 26 ,
29 ]. The average radius of gyration of the Nanog locus is 
122 ± 26 nm, accounting for ∼0.01% of the nuclear vol- 
ume (Fig. 2 C). Assuming a uniform density of ∼5 billion bp 

in the diploid mouse genome within a 10 × 10 × 5 μm el- 
lipsoidal nucleus [ 55 ], the expected R g is ∼136 nm, slightly 
larger than our estimate but within the observed range (Fig.
2 C). We observe a compact organization with a 1 / 3 power- 
law scaling of end-to-end distances with segment length [ 26 ] 
( Supplementary Fig. S1 C), characteristic of fractal globule ar- 
chitecture [ 56 , 57 ], influenced by the bias toward Micro-C 

data. 
The H3K9Ac signal, an epigenetic marker enriched at ac- 

tive enhancers and promoters, shows a linear dependence with 

average (local and nonlocal) contact density ( r = −0.43; Fig.
2 B and Supplementary Fig. S1 A) and relative TF-accessible 
surface area (a proxy for accessibility of chromatin to TFs; 
r = 0.48; Supplementary Fig. S1 B; see “Materials and meth- 
ods” section). This indicates that the CREs enriched with his- 
tone tail acetylation are weakly packed and are preferentially 
accessible for TFs on the surface of the mesoscopic chromatin 

ensemble ( Supplementary Fig. S1 H), which is otherwise com- 
pact. This observation reflects the increased DNA accessibility 
of the acetylated regions probed by the MNase-seq [ 58 ]. The 
interactions between the H3K9Ac enriched beads are similar 
to nonspecific chromatin interactions indicated by their com- 
parable reconfiguration timescales ( Supplementary Fig. S1 D 

and E). The CTCF- (and, similarly, SMC1 / SMC3-) bound 

sites show slow reconfiguration, also evident from the slow- 
est independent components from the tICA [ 30 , 31 ] analysis 
of the ensemble ( Supplementary Figs S1 D and E and S4 D and 

E), indicative of cohesin’s action as a topological constraint. 
ChIP-seq signals of H3K27Ac (active enhancers) and tran- 

scriptional cofactor (BRD4) decrease exponentially with dis- 
tance from enhancers (Fig. 2 D; r = −0.53 for purple circles),
suggesting that histone acetylation and cofactor recruitment 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 1. ( A ) Molecular modeling of the mESC Nanog gene locus combining a range of experiments reporting on the distinct features of chromatin 
organization. ( B ) Epigenetic signatures highlight the active enhancers (green), promoters (red), transcriptionally active (orange), and inactive (cyan) genes 
comprising the Nanog locus. The annotations are at the top, and the arrows indicate the orientation of the genes. The dashed gray arrow denotes the 
location of the partial Apobec1 gene present inside the modeled chromatin segment. ( C ) Virtual 4C interaction maps reconstructed from the Micro-C 

data at 1 kb resolution from the viewpoint of gene promoters show the selective cis- interactions between promoters and three SE elements. As in 
panel (B), the red and green vertical lines denote the location of promoters and enhancers, respectiv ely. T he y -axis scale is uniform for direct comparison 
across panels. 

d  

s  

g  

d  

p  

e  

(  

s  

c  

n  

a  

s
 

b  

a  

a  

t  

c  

fi  

g  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

epend on physical proximity to the three SE elements. Tran-
cription signals extend ∼100 nm from enhancers, with back-
round noise up to ∼200 nm, matching transcriptional con-
ensate sizes observed in microscopy studies [ 14 ]. Genomic
roximity alone cannot explain this, as the H3K27Ac signal
xtends up to ∼400 nm ( ∼18 kb) without spatial context
 Supplementary Fig. S1 F; r = −0.31 for purple circles). This
uggests that the spatial proximity of CREs is crucial for E-P
ommunication. The 50 kb region upstream of −45 SE does
ot follow this trend due to the weak dependence of Apobec1
nd Gdf3 on the three SEs [ 4 ] (Fig. 2 A) and may rely on up-
tream enhancers ( Supplementary Fig. S1 G). 

We applied k -means clustering of the mesoscale ensemble
ased on the pairwise distance between 6 CREs ( Gdf3, Nanog ,
nd Slc2a3 promoters and three SEs; Supplementary Figs S2
nd S3 ; see “Materials and methods” section) to understand
he distinct organization of CREs. The optimal number of
lusters is determined using the elbow method, resulting in
ve representative conformational clusters with distinct or-
anization of CREs (Fig. 2 E, Supplementary Fig. S4 and
Supplementary Table S3 ). The projection of the mesoscopic
chromatin ensemble over the first two tICA components re-
veals a heterogeneous conformational state within each cluster
separated by a fuzzy boundary ( Supplementary Fig. S4 F–H). 

The pairwise correlation map suggests three micro-domains
with enhanced correlated motions indicating preferential
intra-domain contacts ( Supplementary Fig. S4 K), each span-
ning ∼65 kb and bound by cohesin acting as a topological
anchor: (i) segment containing Apobec1 , Gdf3 , and Dppa3 ,
(ii) −45SE to Nanog segment, and (iii) Slc2a3 to +60SE
segment, and the relative association of these domains de-
fines the CRE interactions across the clusters (Fig. 2 E and
Supplementary Fig. S4 I–L). The contact probabilities (Sup-
plementary Methods) among the CREs (probed by distinct
epigenetic markers on histones) and the cohesin-enriched
beads (based on SMC3, SMC1, and CTCF ChIP-seq sig-
nals) hint at the distinct topological anchors characterizing
the clusters ( Supplementary Fig. S5 B). We observe a prefer-
ential dissociation of acetylated beads compared to nonspe-
cific chromatin interaction with identical pairwise sequence

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 2. Mesoscopic model of the Nanog locus. ( A ) Schematic representation of the Hi-C metainference protocol. 128 replicas of polymer simulations 
at 1 kb resolution (1 bead = 1 kb) are performed. Hi-C metainference uses Bayesian inference to introduce energy bias such that the replica-averaged 
pairwise interaction frequency (bottom left panel on the right) quantitatively resembles experimental Micro-C data (top-right panel on the right). ( B ) The 
a v erage contact density positively correlates with Micro-C contact frequency and shows weak negative dependence on the H3K9 acetylation signal. ( C ) 
Distribution of radius of gyration and volume of the generated mesoscopic ensemble. ( D ) The log-transformed ChIP-seq signals as the function of 
ensemble-a v eraged minimum distance from enhancers ( −45, −5, and +60 SE) show a linear dependence. The colored and gray circles correspond to 
the 160 kb segment at the 3 ′ end (122 640–122 800 kb) and the remaining 40 kb, respectively. The blue and red vertical lines mark the average distance 
of the Nanog and Slc2a3 promoters from the enhancers, respectively, and the shaded area corresponds to 1 standard deviation from the mean. The 
dotted horizontal line marks the mean ChIP-seq signal. ( E ) Graphical representation of the conformational clusters obtained from k -means clustering and 
the observed transitions between them. Representative conformations from each cluster used for further modeling are shown in gray, and spherical 
beads represent the positions of CREs. 

 

 

 

 

 

 

separation ( Supplementary Fig. S5 A). This suggests CRE in-
teractions are not particularly favored but can instead be
easily disrupted, possibly by a mechanism similar to the
RNA-mediated disruption of transcriptional condensates [ 59 ] 
( Supplementary Fig. S5 A). The representative conformations
from each cluster with E-P and E-E distances close to the clus-
ter average (Fig. 2 E and Supplementary Fig. S6 ) are used for
further modeling. 
Mapping PIC and nucleosomes 

We mapped the transcription PIC, comprising RNA poly- 
merase II, mediator, and general TFs, based on the overlapping 
RNA polymerase II and H3K9Ac ChIP-seq peaks (Fig. 3 A), re- 
sulting in 7 PICs at the CREs (see “Materials and methods”
section). The number of PICs is close to the lower limit of the 
RNA polymerase II complexes estimated at the Nanog locus 
[ 18 ]. The RNA polymerases II–mediator complexes are not 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 3. Mapping PIC and nucleosome positions. ( A ) Mapped positions of PIC (solid black line) in the background of RNA pol II (green) and H3K9Ac 
(orange) ChIP-seq profiles. The CREs and gene annotations are shown at the top for reference. Dashed black lines denote the RNA pol II peaks at the 
gene ends. ( B and C ) Con v erging the number of nucleosomes, total energy, and nucleosome positions as the function MC steps. ( D ) Distribution of 
DNA linker length obtained from the representative nucleosome map (top) and the peak-calling method (bottom). The arrows highlight the 
nucleosome-free regions ( > 185 bp), and the vertical dotted line indicates the (10 n + 5) periodicity. ( E ) Nucleosome positions (vertical lines; n = 1002) and 
the number of nucleosomes per 5 kb (shaded area) of the selected nucleosome position map (top). Stochastic variation in the nucleosome positions 
generated by independent MC simulations (gray) compared to the selected positional map for further modeling (purple). ( F –H ) The probability of the 
sequence features calculated as the function of the DNA index for the mapped nucleosome positions (colored) and randomly chosen 197 bp DNA 

segments (gray). X 5 in the legend indicates 5mers of X. The dotted vertical lines indicate the position of SHL (10.5 bp) with the dyad position at 0. The 
shaded area marks the mapped nucleosome position. 
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apped to the Nanog and Slc2a3 gene termini, as the exper-
mental model of the transcriptional machinery at the termi-
ation sites is unavailable. 
The nucleosomes are mapped using Monte Carlo (MC) sim-

lations guided by the nucleosome center positioning scores
NCPS) obtained from experimental chemical mapping [ 20 ]
 Supplementary Fig. S7 A). The simulated annealing protocol
onverges to well-defined nucleosome positions with strong
CPS scores compared to the random mapping of nucleo-

omes (Fig. 3 B and C, and Supplementary Fig. S7 B). Consis-
ent with the genome-wide estimate of mESC, the typical NRL
n the Nanog locus ranges between 185 and 217 bp [ 60 ], and
he linker length distribution shows a periodicity of 10 n + 5
 20 ] (Fig. 3 D). The NCPS score used for mapping is influenced
y various in vivo factors that disrupt the nucleosome po-
itioning, such as chromatin remodelers and transcriptional
machinery. Although we attempted to densely pack the 200
kb segment with nucleosomes ( Supplementary Fig. S7 A), our
protocol detects nucleosome-free regions ( > 185 bp) around
the PIC-loaded regions (Fig. 3 D and Supplementary Fig. S7 D),
reminiscent of consecutively loaded RNA Pol-II molecules at
CREs, that are not apparent in the conventional peak-calling
methods [ 20 ]. 

Individual MC runs generate slightly different nucleosome
positional maps with a periodicity of 10 n shift in nucleo-
some positions compared to a representative nucleosome po-
sition map ( Supplementary Fig. S7 C). This is expected in
an ensemble view of nucleosome positions (Fig. 3 E), but
the individual runs retain a narrow distribution of nucle-
osome density measured over a 5 kb sliding window, i.e .
25 ±2 nucleosomes per 5 kb (Fig. 3 E). Despite the stochas-
tic nature of the mapping resulting in subtle differences in

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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the nucleosome positions, ∼14% of the nucleosomes are
mapped to unique positions in the 50 independent runs and
are roughly uniformly distributed in the 200 kb segment 
( Supplementary Fig. S7 F). Specifically, nucleosomes in the
proximity of TSS along the direction of the gene are
uniquely mapped as estimated from the 50 independent runs
( Supplementary Fig. S7 E). 

We selected a tentative nucleosome map (1002 nucleo-
somes) for further modeling and analysis. The mapped nu-
cleosome positions reveal strong A / T phasing patterns with
peaks corresponding to the DNA minor grooves facing the
histone octamer (SHL ± 0.5, ±1.5, etc.; Fig. 3 F), that be-
comes prominent for (A / T) 5 5-mers (Fig. 3 G; e.g. A T A T A,
TTTTA, AAAAA, etc.). The phasing (A / T) 5 patterning is con-
sistent with the analysis of whole-genome studies using chemi-
cal mapping [ 20 ] and MNase-based ChIP-seq [ 61 ], and corre-
sponds to the strong nucleosome positioning sequences (NPS)
[ 20 , 62 ]. The (A / T) 5 phasing is not apparent at the linker
DNA and the randomly mapped positions (gray in Fig. 3 F–
H), validating the nucleosome positions (Fig. 3 F and G). The
poly-A and poly-T stretches (A 5 - AAAAA and T 5 - TTTTT)
are depleted at the dyad but populate further away from the
dyad and at the linker DNA (Fig. 3 H). A 5 and T 5 stretches
are reported to decrease the stability of DNA wrapping at
the ends and increase the accessibility of nucleosome-wrapped
DNA [ 63 ]. Meanwhile, an apparent patterning of G / C prob-
ability is observed as expected for mono- or di-nucleotide
G / C stretches [ 64 , 65 ] but the feature disappears for longer
stretches of G / C (Fig. 3 F–H). 

Mapping nucleosome-associated protein factors 

The linker histone and transcriptional cofactor BRD4 directly
bind nucleosomes at dyad and acetylated histone tails, respec-
tively [ 66 , 67 ]. Their positions are mapped using a similar
Monte Carlo-based approach with the energy terms propor-
tional to the ChIP-seq signals averaged over the mapped nucle-
osome positions (Supplementary Methods). The energy terms
are tuned to reproduce the in vivo H1 / Nuc ratio (0.36–0.46)
[ 19 , 35 ] and the number of BRD4 measured in the proximity
of Nanog locus [ 18 ] (“Materials and methods” section), re-
sulting in 418 linker histones (H1 / Nuc ≈ 0.42) and 20 BRD4
molecules mapped onto the predetermined nucleosome posi-
tions (Fig. 4 A). The number density of H1 per 5 kb shows
a broad distribution, ranging from 3 to 20 ( ∼11 ± 3) H1
per 5 kb, unlike the near-uniform distribution of nucleosomes
(Fig. 4 B). 

The number density of H1 calculated over the 5 kb slid-
ing window shows a positive correlation ( r = 0.52) with the
local contact frequency from Micro-C data (orange shaded
region and black line in Fig. 4 A, respectively), indicating
compact local organization mediated by the linker histones.
The mapped BRD4 positions largely overlap with the BRD4
and H3K9Ac ChIP-seq peaks at the CREs (Fig. 4 A), con-
sistent with the expectation that BRD4 binds acetylated nu-
cleosomes [ 68 ] and hence, BRD4 bound nucleosomes (Nuc-
BRD4) can be used as a proxy for acetylated nucleosomes.
Interestingly, the average ChIP-seq frequency of BRD4 (and
H3K9Ac), calculated over 5 kb sliding windows, exponen-
tially decays with increasing H1 / nucleosome ratio (Fig. 4 A
and C). This suggests that the association of linker histone
and BRD4 is mutually exclusive, and the balance between
H1 association and acetylation (as BRD4 binds acetylated
histones) results in distinct local compaction of chromatin 

fibers. 
The collective mapping of nucleosome, H1 and BRD4 pro- 

vides a unique opportunity to identify sequence features that 
may assist the regulated association of the accessory pro- 
teins with nucleosome. The three classes of nucleosomes—
Nuc-H1 (H1 bound nucleosome), Nuc-BRD4 (BRD4 bound 

nucleosome or acetylated nucleosome), and Nuc (other free 
nucleosomes)—show the distinct distribution of A / T frac- 
tion ( A / T %, Fig. 4 D), with H1-bound nucleosomes relatively 
more enriched in A / T % compared to free nucleosomes and 

Nuc-BRD4 ( P -value < 0.001, using two-sample Kolmogorov–
Smirnov test). The A / T% of the nucleosomal DNA increases 
with the increasing H1 binding probability (Fig. 4 E, top 

panel), which could be explained by the previously observed 

higher affinity of linker histones for A / T-rich sequences [ 69 ] 
(Fig. 4 E). The phasing of (A / T) 5 motifs is retained for all 
classes of nucleosomes (Fig. 4 E and F) with a strong enrich- 
ment of (A / T) 5 tracks specifically at half-integer SHL for Nuc- 
H1 and gradually decreases for Nuc followed by Nuc-BRD4.
The sequence trend in Nuc-BRD4 is not apparent due to the 
small number of nucleosomes in this class. 

Mapping transcription factors and cofactors 

We mapped the binding sites of four pioneer TFs (SOX2,
OCT4, NANOG, and KLF4) based on the ChIP-seq density 
and their cognate sequence bias, assuming a uniform nuclear 
concentration of 1 μM based on the available experimental 
estimates [ 36 , 37 ] (Fig. 5 A; Supplementary Methods). Most 
TF-binding sites are mapped at CREs, and the number of each 

TF mapped is equivalent to the number of SOX2 estimated at 
the Nanog gene locus in vivo [ 18 ]. We mapped three P300 

molecules based on the theoretical estimate of one P300 per 
active gene [ 16 ], guided by the ChIP-seq density (Fig. 5 A). 

The occupancy of the TFs, cofactors, and acetylation mark- 
ers, measured using the ChIP-seq density averaged over the 
mapped nucleosome positions as a proxy, are strongly de- 
pleted at Nuc-H1 positions equivalent to the background (i.e.
mean ChIP-seq density of the 200 kb segment; Fig. 5 B and 

Supplementary Fig. S8 A). However, they are prominently en- 
riched at linker DNA < free nucleosomes < Nuc-BRD4 [ 70 ].
Based on the strong localization bias of the transcriptional 
signal, we hypothesize that the sequence-regulated chromatin 

accessibility, where H1-depleted regions spanning CREs are 
more accessible for TFs, leads to the cascading cycle of protein 

recruitment and acetylation required for transcription regu- 
lation. In line with these expectations, out of ∼75% of the 
TFs binding sites mapped to the nucleosome, only ∼20% are 
mapped to H1-Nuc (Fig. 5 C). For better statistics, we ran- 
domly map an equal number of TF-binding sites with a uni- 
form sequence preference for the 200 kb DNA. The randomly 
mapped TF-binding sites and the TF-binding sites identified 

based on the ChIP-Seq density and cognate sequence bias 
show a similar preference for the nucleosome over the linker 
DNA except for a subtle decrease in the preference for H1- 
Nuc in the latter (Fig. 5 C). 

Of the four TFs, SOX2, NANOG, and KLF4 bind the minor 
groove, and OCT4 binds the major groove of the DNA. Exper- 
iments and simulations have demonstrated that SOX2 can bet- 
ter recognize the exposed target sites and induce nucleosome 
sliding to expose target sites for other TFs [ 70 ] or change the 
activation domain accessibility for further recruitment of tran- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 4. Mapping nucleosome-associated accessory proteins. ( A ) Top: Mapped genomic locations of linker histone (vertical lines, n = 418), the number 
of linker histones mapped per 5 kb (orange shaded region), and the local contact frequency estimated from Micro-C data (black line). Bottom: Mapped 
positions of BRD4 (vertical lines, n = 20) compared against BRD4 and H3K9Ac ChIP-seq profile (gray and red shaded region, respectively). The 
annotations are shown in top. ( B ) Distribution of the number of nucleosomes (purple) and H1 (orange) per 5 kb shown in panel (A) and Fig. 3 E. ( C ) 
Comparison of normalized mean BRD4 and H3K9Ac ChIP-seq frequency and H1 / nuc ratio per 5 kb sliding window. The red dashed line is an exponential 
curve to visualize the apparent trend. ( D ) Distribution of A / T% of different nucleosome classes based on the generated positional maps. ( E ) A / T% as 
the function of H1 binding probability estimated from the experimental data (orange). The distribution of A / T% in each bin is shown in blue. Black dotted 
lines at 0.5 and 0.7 highlight the linear increase in the A / T%. The bottom panel shows the phasing poly A / T feature of Nuc-H1 (orange) and Nuc (purple). 
T he gra y -shaded area marks the position of the nucleosome. ( F ) T he (A / T) 5 probability sho wn in panel (E) is mapped on the nucleosomal DNA f or easy 
visualization. 
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cription (co-)factors [ 71 ]. Consistent with this observation,
e note that the mapped SOX2-binding sites populate the ex-
osed minor grooves (SHL -4 to 4; dashed lines on Fig. 5 D
nd E and Supplementary Fig. S8 D), and the OCT4-binding
ites populate the major grooves facing the histone core. The
apped binding sites of the NANOG and KLF4 also show a

ubtle preference for the exposed minor grooves of the nucle-
somal DNA (Fig. 5 D and E and Supplementary Fig. S8 D).
bout 10% of OCT4 and 35% of NANOG-binding sites are
olocalized with SOX2-binding sites on the same nucleosome
 Supplementary Fig. S8 B). Importantly, ∼50% of each TF-
inding site is in close genomic proximity ( < 500 bp or ∼2
ucleosomes away) to all the other TFs, compared to < 0.05%
or the randomly-mapped TFs, suggesting a strong colocaliza-
ion of the TFs ( Supplementary Fig. S8 C). 
The combined positional maps reveal that the BRD4s are
mapped near the independently mapped TF-binding sites (Fig.
5 F and G). Specifically, ∼50%–60% of the mapped TF bind-
ing sites are < 1 kb genomic distance from the dyad position
of BRD4-Nuc. In terms of nucleosome separation, ∼50(70)%
of the TF-bound nucleosomes are < 4(8) nucleosomes away
from the BRD4-Nuc with preferential i–i ±2n separation.
When randomly mapped, TF binding sites are almost always
10 nucleosomes away from the BRD4-Nuc (Fig. 5 G). We also
note that ∼20%–50% of the mapped TF-binding sites are
within 1 kb of the three P300 molecules. The spatial prox-
imity of the TFs, P300, and BRD4 likely reflects an underly-
ing molecular mechanism where the TF-recruited acetylation
factors (possibly P300) modify the histone tails of proximal
nucleosomes [ 16 ]. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 5. Mapping transcription (co)factors. ( A ) Mapped genomic position of four pioneer TFs (gray vertical bar, n = 20) and P300 (gray vertical bar; 
n = 3) alongside the ChIP-seq density (shaded area). The number of molecules mapped is denoted on the right, and the annotations are shown at the 
top. ( B ) Cumulative distribution of the nucleosome occupancy of TFs, cofactors, and acetylation markers, using mean ChIP-seq density over mapped 
nucleosome position as a proxy for each nucleosome class and linker DNA, as indicated in the first two panels. The dashed and dotted vertical lines 
indicate the mean ( μ) and one standard deviation from the mean ( μ + σ ) calculated for each data within the Nanog locus, respectiv ely. ( C ) T he probability 
of TFs mapped to different nucleosome classes f ollo wing the color code as in panel (B) and the distribution expected of randomly mapped TF-binding 
sites with uniform binding preference to the 200 kb DNA. The dashed and dotted lines indicate the 0.5 and 0.75 probability, respectively. ( D ) Cumulative 
distribution of sequence separation between the center of the TF-binding site and the dyad of proximal nucleosome. The purple and gray shaded regions 
correspond to the nucleosome and 20 bp linker DNA, respectively. The black line indicates the cumulative frequency expected for a randomly mapped 
TF. ( E ) Probability of mapped TFs binding sites as the function of nucleosome DNA index. The dyad position is indicated as 0, and the dashed black lines 
denote the nucleosome SHL. The probability expected for a randomly mapped TF is shown as a black-shaded area. ( F ) Cumulative frequency of the 
minimum genomic distance between the center of the TF-binding site and the dyad of BRD4-Nuc f ollo wing the color code in panel (D). The black-shaded 
region represents the distribution expected for a randomly mapped TF. ( G ) Distribution of shortest nucleosome separation between TF- and BRD4-bound 
nucleosomes f ollo wing the same color code in panel (F). Dot ted blac k lines indicate the (i–i ±2n) nucleosome separation. 

 

 

 

 

 

 

 

Backmapping mesoscopic to near-atomistic 

resolution 

We combine the positional maps generated by the ChIP-
seq / Chemical-mapping guided Monte Carlo simulations
and the mesoscopic conformations generated by Hi-C-
metainference simulations using our backmapping proto-
col (Fig. 6 A and Supplementary Fig. S10 A–E). This proto-
col recognizes distinct DNA–protein complexes and gener-
ates the chromatin fiber by alternatively connecting the fiber
modules—coarse-grained models of nucleosomes (free nucle- 
osome, nucleosome bound to H1 and / or BRD4), PIC, and 

linker DNA with artificially compacted disordered regions 
( Supplementary Figs S9 and S10 B)—and minimizes steric 
clashes, distance to the reference mesoscopic fiber and dis- 
tance between i–i+2 (D i–i+2 ) nucleosome by a Monte Carlo- 
like sampling of module conformations at each step (“Mate- 
rials and methods” section; Supplementary Fig. S10 A–E and 

Supplementary Videos S1 –S5 ). The backmapping protocol 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf189#supplementary-data
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Figure 6. ( A ) Schematic representation of the integrative modeling pipeline. Our semi-automated modeling pipeline combines multiscale modeling 
strategies to generate in vivo relevant chromatin models at a nanoscopic resolution consistent with various experiments. ( B ) Distribution of distance of 
the modeled nucleosomes (purple) and TFs (green) from their reference mesoscopic bead and DNA-binding site, respectively, calculated from the 
energy minimiz ed (EM) model. T he radius of the mesoscopic bead (11 nm, black dashed line) ± radius of the nucleosome (5.5 nm, blac k dot ted lines) are 
sho wn as references. ( C ) T he number of link er histones (orange), TFs (green), and BRD4 (red) mapped to the 12-nucleosome chromatin segments as the 
function of their sedimentation coefficient (S 20,w ) from the equilibrated cluster 1 model. The error bars are calculated as the standard deviation in each 
bin. The shaded backgrounds indicate the broadly categorized expanded (white), moderately compact (light gray), and compact (dark gray) chromatin 
segments. ( D ) The distribution of the COM–COM distance of four TFs, P300, BRD4, and promoters to the spatially proximal enhancers (red shaded) and 
promoters (y ello w shaded). T he promoter and enhancer positions are defined b y the DNA segment bound to the PIC at their pro ximity, which also 
o v erlaps with their respective epigenetic markers. ( E ) The S 20,w of the 12 nucleosome segments as the function of genomic position. The shaded 
background is the same as that in panel (C). The annotations are given at the top, and the H3K27Ac ChIP-seq signals are shown at the bottom panel for 
reference. 
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Figure 7. ( A ) The mean dyad–dyad distance in bp ( < D-D > ; proxy for i–i+1 
nucleosome separation). ( B ) Asymmetry in entry / exit linker DNA length 
( �LL; proxy for i–i+2 nucleosome interaction). ( C ) A / T fraction (A / T %; 
pro xy f or nucleosome positioning signal). ( D and E ) Total and nonlocal (| i - j | 
> 10) nucleosome–nucleosome contacts. ( F ) Radius of gyration as the 
function of the sedimentation coefficient (S 20,w ) of 12-nucleosome 
chromatin segments. The solid lines are linear fits, and P earson ’s 
correlation coefficients ( r ) are given in panel (A–C). The panels are colored 
in a gradient from green to orange, representing expanded to compact 
chromatin segments. ( G ) Cartoon representation of the sequence and 
nucleosome organization principles guiding the distinct local organization 
of the chromatin. The CREs are locally expanded, and the increased 
accessibilit y facilit ates binding regulatory protein comple x es. T he 
transient nonlocal interactions between these expanded segments 
(dot ted blac k bo x)—“Nucleosomal Handshak e”—possibly f orm the 
roadmap for cis- interactions. 
accommodates large nucleosome-free regions and simulates
an apparent decrease in sedimentation coefficient (S 20,w 

) with
increasing NRL, qualitatively resembling the experiments [ 71 ]
( Supplementary Fig. S10 F). Each run produces a structurally
different chromatin model with a consistent local arrangement
of nucleosomes. 

We generate two complete models for cluster 1 (Model
1 and 1*) to evaluate the reproducibility of the backmap-
ping protocol and one each for the remaining mesoscopic
chromatin structure cluster (Figs 2 E and 6 A; Supplementary 
Figs S11 and S12 ). The RMSD between the two independent
models of cluster 1 based on the COM of nucleosomes is
20.3 nm, less than the resolution of the mesoscopic reference
structure (22 nm). Across the six models, our backmapping
procedure can model ∼45(80)% of the nucleosomes within
11(17) nm from the reference mesoscopic bead (Fig. 6 B, and
Supplementary Figs S10 F and S13 A). TFs and P300 are itera-
tively placed within ∼4 ± 1 and ∼20 ± 10 nm (COM–COM
distance; Fig. 6 B and Supplementary Fig. S13 A), respectively,
from their target DNA-binding site by algorithmically orient-
ing them to avoid steric clashes, as illustrated in Fig. 6 A. 

The chromatin conformations at near atomistic resolution
are energy minimized and equilibrated for 100 ns using GEN-
ESIS CGDYN [ 47 ] to remove the modeling artifacts due to
the artificially compacted fiber modules used in the backmap-
ping procedure and to evaluate the stability of the generated
gene locus models. The backmapping protocol favors com-
pact local structure for convenient modeling, and accordingly,
we observe local relaxation and subtle rearrangements favor-
ing multivalent inter-nucleosome interactions after equilibra-
tion (RMSD = ∼15.5 nm; Supplementary Fig. S14 ). The TFs
and P300 molecules diffuse freely or by interacting with spa-
tially proximal molecules, including sequence-specific interac-
tion with DNA as demonstrated in the previous work [ 53 ,
72 ], during the equilibrium process (supplementary methods),
resulting in subtle differences in the intermolecular distances
measured from the energy-minimized and equilibrated model
( Supplementary Fig. S13 B and C). We treat the final snapshot
from the short equilibrium run for each cluster as the repre-
sentative near-atomistic structures of the 200 kb Nanog locus.

Chromatin organization at the near-atomistic 

resolution 

The local chromatin organization in our high-resolution mod-
els is compatible with the protein localization and mesoscopic
ensemble generated using the Micro-C data, as we observe
a mutually correlated trend in the number of mapped linker
histones, local contact frequency measured from the Micro-
C data, contact density measured from the mesoscopic en-
semble, and the local compaction measured from the high-
resolution models (Figs 2 B, 4A , and 6C ). The sedimentation
coefficient (S 20,w 

) calculated for the 12-nucleosome sliding
window highlights that the compact chromatin segments have
a high H1 / Nuc ratio (orange circles in Fig. 6 C; r = 0.95). This
aligns with our previous observation that local contact fre-
quencies calculated from the Micro-C data are weakly corre-
lated to the H1 density (Fig. 4 A) and several experimental evi-
dence of H1-mediated chromatin compaction [ 71 , 73–75 ]. We
also observe that chromatin segments mapped with TFs and
BRD4 are highly expanded and accessible, as indicated by the
low S 20,w 

values (green in Fig. 6 C, and Supplementary Figs S12
and S15 A). Specifically, the chromatin accessibility is higher at
CREs (Fig. 6 E, and Supplementary Figs S1 B and S16 ), and we 
also observe an apparent increase in the H3K27Ac ChIP-seq 

signal with the increased chromatin accessibility in the meso- 
scopic ensembles (Fig. 2 B). The distinct local organization—
compact (50–60 S) and expanded (30–40 S)—shows contrast- 
ing nucleosome organization and sequence features (Fig. 7 A–
C and Supplementary Fig. S15 B–D). The compact chromatin 
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egments have relatively short NRL (175 ± 3 bp) and smaller
ifferences in the entry / exit linker DNA length ( ∼20 ± 5
p) and linearly increase to 220 ± 4 bp ( r = −0.93) and
5 ± 15 bp ( r = –0.88), respectively, for the expanded seg-
ents. We also observe strong nucleosome positioning signals

high A / T%) at compact chromatin segments, corroborating
ur previous result that H1 favorably binds DNA regions with
trong NPS (Fig. 4 F). 

The models span ∼350 × 350 × 350 nm 

3 and provide
 physiologically realistic representation of the in vivo chro-
atin organization and spatial compartmentalization of tran-

criptional components. In the cluster 1 model, most transcrip-
ional components are encased within a radius of 125 nm, sim-
lar to the experimental estimated size of transcriptional con-
ensates ( ∼100–200 nm) [ 14 ], embedded within a network of
olecular interactions ( Supplementary Fig. S17 ). The models
o not show apparent phase-separated condensates comprised
f transcriptional components ( Supplementary Figs S11 and
17 ). However, we observe a hierarchical spatial organization
f transcription regulators from the enhancers, TFs (SOX2,
CT4, NANOG, and KLF4 at ∼60 nm) < BRD4 ( ∼66 nm) <
romoters ( ∼93 nm), corroborating with the expected molec-
lar mechanism of transcription (co)factor recruitment, and
he spatial molecular organization at the Nanog locus [ 14 ,
6 , 18 ] (Fig. 6 D, and Supplementary Fig. S13 B and C). De-
pite the apparent higher median distance of the TFs from the
nhancers compared to P300 ( ∼24 nm), there are more TFs in
he proximity of enhancers compared to P300. We observe a
imilar hierarchical spatial organization of the TFs and cofac-
ors from the enhancers across all five models, with a subtle
ncrease in median distance with increasing distances between
he CREs ( Supplementary Figs S13 B and C, and S17 ). 

A similar spatial organization is not observed from the
iewpoint of promoters, where the distance to the transcrip-
ion (co)factors is approximately equivalent to or larger than
he distance to the enhancers (Fig. 6 D, and Supplementary Fig.
13 B and C). Despite the differential spatial organization be-
ween promoters and enhancers, the average pairwise distance
etween the RNA polymerases and SOX2 / BRD4 ( ∼130–220
m, depending on the cluster) agrees with the estimates from
xperimental image tracking studies at the Nanog locus, fur-
her attesting to the quality of global organization represented
n our models [ 18 ]. 

The experimentally consistent local and global molecu-
ar organization in our models reveal a network of tran-
cription (co)factors bridging the enhancers and promoters
 Supplementary Fig. S17 ). These models can suggest poten-
ial molecular mechanisms underlying transcription regula-
ion, although the lack of large-scale dynamics will make the
iscussion mostly speculative. A recent multiscale modeling
tudy highlighted the role of nucleosome plasticity in pro-
oting multivalent nucleosome interactions [ 76 ]. Considering

he distinct local expansion of chromatin at CREs compared
o other regions, we analyzed the nucleosome-nucleosome in-
eractions as the function of chromatin compaction. Interest-
ngly, we identify that despite the relatively low local nucle-
some interactions formed by the expanded 12-nucleosome
hromatin segments ( ∼24 or valency = ∼2; Fig. 7 D and
upplementary Fig. S18 A), they favor nonlocal interactions
Fig. 7 E and Supplementary Fig. S18 B) preferably with other
xpanded segments, compared to the compact segments. The
adius of gyration of the expanded 12 nucleosome segments
anges between 20 and 35 nm, facilitating the nonlocal nu-
cleosomal interactions due to the increased accessibility, and
can sufficiently bridge the promoters to the nearest enhancers
(Figs 6 D, and 7 E and F; Supplementary Figs S13 C and S18 B
and C). This suggests that the local chromatin organization
contains the roadmap for communication between CREs and
is encoded by the strategically organized nucleosomes. 

Discussion 

In this work, we develop a multiscale modeling pipeline to ex-
plore the Nanog gene locus in mESCs at a near-atomistic reso-
lution. We combine information from experimental ensemble-
averaged protein localization, high-resolution pairwise in-
teraction frequencies among genomic loci, cryo-electron mi-
croscopy, and in vivo single-molecule fluorescent studies us-
ing a multiscale approach. The generated model is a first step
towards understanding the functional role of chromatin or-
ganization in facilitating E-P communication. Thanks to the
availability of extensive experimental data, the proposed pro-
tocol is easily transferable to model other genomic segments
and cell types or the same locus under different developmental
or perturbed (e.g. CTCF / cohesin deletions) stages. 

In addition to the detailed nanoscopic model, the adopted
multiscale modeling methodology also provides insights into
the principles of chromatin organization and molecular or-
ganization at CREs that are not directly accessible from ex-
perimental data of individual chromatin components. We ex-
plored how the observed chromatin ensemble informs the in-
terplay between chromatin structure and gene regulation. The
graded polyA / T phasing signal for Nuc-H1 > Nuc > Nuc-
BRD4 suggests a sequence-regulated chromatin accessibility
mechanism (Fig. 4 F). The strong NPS may enhance the H1 as-
sociation via favorable linker DNA geometry resulting from
the strong DNA wrapping or decreased nucleosome disso-
ciation and sliding. The resulting compact local nucleosome
arrangements inhibit chromatin accessibility for TF / cofactor
binding and histone tails for acetylation factors (Figs 4 C and
5 ). Chromatin compaction is further ensured by smaller NRL
and symmetric entry / exit linker DNA length of the nucleo-
somes [ 71 ] (Figs 6 C–E, 7 A–C, and Supplementary Fig. S15 ). 

The transcriptional status of the genes is regulated by dy-
namic modification of the chromatin status at CREs, sug-
gesting regulated access of TFs and cofactors to CREs. Ac-
cordingly, CREs are populated with weak NPS that favor the
transient local nucleosome–nucleosome interactions due to a
relatively high unwrapping rate [ 76 ]. The larger NRL and
asymmetric entry / exit linker DNA length could disrupt the
regular local organization and H1 binding due to increased
electrostatic repulsion between the linker DNA and unfa-
vorable linker DNA geometry [ 71 , 74 , 75 , 77 ]. The strate-
gically orchestrated chromatin expansion and possibly in-
creased nucleosome turnover ensure the DNA accessibility
for protein binding and histone tail modifications. Together
with the acetylation-dependent contact density and TF-ASA
observed in the Hi-C metainference simulations (Fig. 2 B, and
Supplementary Fig. S1 A and B), the results reveal an organi-
zation principle at CREs favoring the accessibility of DNA
for transcriptional (co)factors and the resulting acetylation
of histone-tails can further increase their accessibility for
other regulatory proteins. The contrasting chromatin orga-
nization at CREs and elsewhere reflects the preferential lo-
calization of CREs into kilobase-scale A compartments, ob-
served in the recent in situ Hi-C studies [ 78 ]. We hypothe-
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size that the recruited TFs and the subsequent histone mod-
ifications propagate to the proximal chromatin segments in
a distance-dependent manner, as observed in the mesoscopic
chromatin ensemble (Fig. 2 D), resulting in the hierarchical
organization of the transcription (co)factors (Fig. 6 C and
Supplementary Fig. S13 C). 

The population distribution of the clusters from mesoscopic
simulations suggests that the cluster with the most CRE in-
teractions, cluster 1, is also the most populated compared to
the clusters with weak interactions among CREs (Fig. 2 E).
However, CREs show contact frequencies and distance recon-
figuration comparable to the other mesoscopic beads, sug-
gesting that the CRE interactions are comparable to non-
specific chromatin interactions, unlike the strong association
between CTCF-bound beads acting as topological restraints
( Supplementary Figs S1 D and E, S4 J, and S5 ). This could
possibly result from using a uniform bead radius for 1 kb
chromatin segments in the HiC-metainference simulations,
whereas in reality, CREs are likely to be relatively expanded.
Based on the molecular model, we also observe that the ex-
panded chromatin segments favor transient nonlocal inter-
nucleosome interactions with other expanded segments (Fig.
7 D–G and Supplementary Fig. S18 ). We propose that such
transient nonlocal inter-nucleosome contacts— “Nucleoso-
mal Handshake”—form the roadmap for cis- regulatory inter-
actions. Overall, the detailed analysis of our 3D models sug-
gests that the design principle for such a roadmap is encoded
by the nucleosome organization along the genome (Fig. 7 G). 

The high-resolution Nanog model provides a realistic
molecular-level picture of chromatin organization consistent
with in vivo single-gene imaging studies [ 18 ]. The model is
also an excellent starting point for MD simulations to study
the molecular basis of interplay between chromatin organiza-
tion and communication between CREs, as well as the mech-
anistic details of the molecular interactions at CREs [ 14 , 18 ,
79 , 80 ]. Past chromatin simulations established that the local
nucleosome organization could sufficiently drive transient in-
teractions between CREs and extensively studied the roles of
NRLs, NDR, H1 association, and acetylation in local chro-
matin organization [ 26 , 81–88 ]. More recently, nucleosome-
resolution integrative modeling and simulations of several 50–
100 kb gene loci integrated the Micro-C and nucleosome posi-
tioning data to generate in situ relevant chromatin fiber mod-
els [ 89 ]. In our work, we integrate the site-specific protein
association data and an ensemble view of chromatin organi-
zation to reveal molecular organization principles consistent
with in vivo experiments. Importantly, our near-atomic large-
scale models of the Nanog locus bridge the existing under-
standing of local chromatin organization with that of large-
scale 3D genome architecture, revealing the interplay between
chromatin structure and transcription regulation. While much
work has explored the effect of protein association and his-
tone tail modifications on chromatin [ 72 , 81 , 83 , 85 , 87 , 88 ,
90 , 91 ], our work provides insights into the features driving
the orchestrated protein association along the genome. 

A current limitation of the molecular models of the Nanog
locus presented here is that they are simplistic regarding the
constituting protein factors and include only the most fun-
damental components required for chromatin organization
and enhancer-mediated transcription regulation. Our current
method does not yet include important protein complexes
such as cohesin, chromatin remodelers, topoisomerases, sev-
eral hundred other TFs, the complete epigenetic status of chro-
matin, and the effect of prevalent histone variants. However,
the protocol demonstrated here can accommodate the addi- 
tional details depending on the purpose of the study and the 
spatial motions accessible within the timescales of the simu- 
lations. For example, while the current pipeline only provides 
an integrated high-resolution view of chromatin organization 

in mESC, combined with complementing models in differenti- 
ated cells, it could serve as a starting point to predict key func- 
tional effects, such as cell type-dependent transcription regu- 
lation. Finally, the proposed model is a step toward building 
an experimentally consistent atomistic molecular model of eu- 
karyotic cells, expanding previous advances to build cellular- 
scale models of cytoplasm and synaptic vesicles [ 92–94 ]. 
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