
http://sgu.bioinfo.cipf.es

Structural Genomics Laboratory
Bioinformatics & Genomics Department

Prince Felipe Research Center (CIPF), Valencia, Spain

Structure determination of genomes and 
genomic domains by satisfaction of 
spatial restraints

Marc A. Marti-Renom

Friday, September 30, 11

http://bioinfo.cipf.es/sgu/
http://bioinfo.cipf.es/sgu/


2

Adapted from:
Langowski and Heermann. Semin Cell Dev Biol (2007) vol. 18 (5) pp. 659-67

μ101010
Resolution

s
Time

1010101010101010

μm
Volume

1010101010

DNA length
nt10101010

Knowledge

IDM

INM

Friday, September 30, 11



3

Biomolecular structure determination
2D-NOESY data

Chromosome structure determination
5C data

Friday, September 30, 11



Integrative Modeling
http://www.integrativemodeling.org

4

P1 P2

P1 P2

P1 P2

Friday, September 30, 11

http://www.integrativemodeling.org
http://www.integrativemodeling.org


Human α-globin domain
ENm008 genomic structure and environment
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ENCODE Consortium. Nature (2007) vol. 447 (7146) pp. 799-816

The ENCODE data for ENm008 region was obtained from the UCSC Genome Browser tracks for: RefSeq annotated 
genes, Affymetrix/CSHL expression data (Gingeras Group at Cold Spring Harbor), Duke/NHGRI DNaseI 
Hypersensitivity data (Crawford Group at Duke University), and Histone Modifications by Broad Institute ChIP-seq 
(Bernstein Group at Broad Institute of Harvard and MIT).
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The “Chromatin Globule” model
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Münkel et al. JMB (1999)

of the genome inferred from Hi-C. More gen-
erally, a strong correlation was observed between
the number of Hi-C readsmij and the 3D distance
between locus i and locus j as measured by FISH
[Spearman’s r = –0.916, P = 0.00003 (fig. S3)],
suggesting that Hi-C read count may serve as a
proxy for distance.

Upon close examination of the Hi-C data, we
noted that pairs of loci in compartment B showed
a consistently higher interaction frequency at a
given genomic distance than pairs of loci in com-
partment A (fig. S4). This suggests that compart-
ment B is more densely packed (15). The FISH
data are consistent with this observation; loci in
compartment B exhibited a stronger tendency for
close spatial localization.

To explore whether the two spatial compart-
ments correspond to known features of the ge-
nome, we compared the compartments identified
in our 1-Mb correlation maps with known genetic
and epigenetic features. Compartment A correlates
strongly with the presence of genes (Spearman’s
r = 0.431, P < 10–137), higher expression [via
genome-wide mRNA expression, Spearman’s
r = 0.476, P < 10–145 (fig. S5)], and accessible
chromatin [as measured by deoxyribonuclease I
(DNAseI) sensitivity, Spearman’s r = 0.651, P
negligible] (16, 17). Compartment A also shows
enrichment for both activating (H3K36 trimethyl-
ation, Spearman’s r = 0.601, P < 10–296) and
repressive (H3K27 trimethylation, Spearman’s
r = 0.282, P < 10–56) chromatin marks (18).

We repeated the above analysis at a resolution
of 100 kb (Fig. 3G) and saw that, although the
correlation of compartment A with all other ge-
nomic and epigenetic features remained strong
(Spearman’s r > 0.4, P negligible), the correla-
tion with the sole repressive mark, H3K27 trimeth-
ylation, was dramatically attenuated (Spearman’s
r = 0.046, P < 10–15). On the basis of these re-
sults we concluded that compartment A is more
closely associated with open, accessible, actively
transcribed chromatin.

We repeated our experiment with K562 cells,
an erythroleukemia cell line with an aberrant kar-
yotype (19). We again observed two compart-
ments; these were similar in composition to those
observed in GM06990 cells [Pearson’s r = 0.732,

Fig. 4. The local packing of
chromatin is consistent with the
behavior of a fractal globule. (A)
Contact probability as a function
of genomic distance averaged
across the genome (blue) shows
a power law scaling between
500 kb and 7 Mb (shaded re-
gion) with a slope of –1.08 (fit
shown in cyan). (B) Simulation
results for contact probability as
a function of distance (1 mono-
mer ~ 6 nucleosomes ~ 1200
base pairs) (10) for equilibrium
(red) and fractal (blue) globules.
The slope for a fractal globule is
very nearly –1 (cyan), confirm-
ing our prediction (10). The slope
for an equilibrium globule is –3/2,
matching prior theoretical expec-
tations. The slope for the fractal
globule closely resembles the slope
we observed in the genome. (C)
(Top) An unfolded polymer chain,
4000 monomers (4.8 Mb) long.
Coloration corresponds to distance
from one endpoint, ranging from
blue to cyan, green, yellow, or-
ange, and red. (Middle) An equi-
librium globule. The structure is
highly entangled; loci that are
nearby along the contour (sim-
ilar color) need not be nearby in
3D. (Bottom) A fractal globule.
Nearby loci along the contour
tend to be nearby in 3D, leading
to monochromatic blocks both
on the surface and in cross sec-
tion. The structure lacks knots.
(D) Genome architecture at three
scales. (Top) Two compartments,
corresponding to open and closed
chromatin, spatially partition the
genome. Chromosomes (blue, cyan,
green) occupy distinct territories.
(Middle) Individual chromosomes
weave back and forth between
the open and closed chromatin
compartments. (Bottom) At the
scale of single megabases, the chromosome consists of a series of fractal globules.
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be essential for coregulated gene activation at this particular 
locus. To our knowledge, this study is the !rst to report two new 
CTCF-mediated phenomena, namely the ability to form loops 
via heteromultimerization and the ability to form transcription-
ally functional loops in response to cytokine treatment (Figure 
3). Promoter-XL9 loop formation is dependent on a complex 
formed by CTCF, the coactivator CIITA, and the RFX transcrip-
tion factor bound to a protein complex (containing CREB, NF-Y, 
and RFX) assembled at the proximal promoter. Knockdown of 
any of these three factors (e.g., CIITA, RFX, or CTCF) abolishes 
long-range interactions. In order to study the interplay between 
loops and transcription, the authors use non-MHC-expressing 
epithelial cells as a model system in which the CIITA transacti-
vating factor is not expressed and the HLA-DRB1/DQA1 regu-
latory region is in a relatively linear conformation and transcrip-
tionally silent. Upon stimulation with IFN�, kinetic experiments 
indicate that CIITA is expressed prior to the concurrent forma-
tion of CTCF-based contacts with divergent gene promoters 
and initiation of HLA-DRB1 and HLA-DQA1 gene expression. 
Genetic studies will be necessary to determine if this interac-
tion is a cause or a consequence of transcriptional activation.

The unique nature of these contacts, between an intergenic 
enhancer and a promoter, suggests that CTCF may not be 
functioning as a canonical EB insulator at this locus in vivo. 
Nevertheless, we cannot rule out the possibility that CTCF is 
blocking inappropriate regulatory elements contained within 
the larger 4 Mb MHC-II locus. A full characterization of all pos-
sible enhancer sequences, CTCF-binding sites, and physical 
contacts throughout this region will be necessary to determine 
the structure and role(s) for these physical interactions. On the 
basis of multiple CTCF-binding sites identi!ed by genome-
wide studies, it is tempting to speculate that the entire MHC-II 
domain assembles into an active chromatin hub reminiscent of 
the �-globin locus.

Overall, data from these three developmentally regulated 
genes suggest that CTCF may predominantly function in spa-
tial organization of chromatin topology via loop formation, with 
insulation and/or downstream effects on transcription a sec-
ondary consequence of the genomic context of the endoge-
nous locus. We note that the models described here are limited 
by their two-dimensional representation and do not re"ect the 
possible topological con!gurations adopted within the three-
dimensional space of the nucleus. Nonetheless, this evidence 
supports the hypothesis that the sequence of the CTCF-bind-
ing site and the spatial positioning of each consensus with 
respect to genes and other regulatory elements would dictate 
the types of CTCF-based chromatin loop structures formed 
(Figures 4A–4D). Mechanistic models to explain how looping 
between CTCF insulators mediates downstream effects on 
transcription are an active area of investigation and have been 
reviewed elsewhere (Gaszner and Felsenfeld, 2006).

More than Loops…A Nuclear Web?
Recent evidence supports a much larger role for chromosome 
intermingling between territories than previously thought, and 
it may not be a coincidence that CTCF-binding sites have been 
implicated in many of the interchromosomal contacts identi-
!ed to date. Ohlsson and colleagues used a strategy termed 

Figure 4. Potential Classes of CTCF-Mediated Contacts
Experimental evidence for certain subclasses of CTCF loops exists (A–F), 
whereas others can be hypothesized based on genome-wide distribution 
patterns (G–L). (A) Anchoring via direct attachment to subnuclear structures 
such as the nucleolus and/or nuclear matrix; (B) transcriptional regulation via 
contact between intergenic locus control region and promoter-proximal regu-
latory element; (C) active chromatin hub around multiple coregulated genes 
via contact between multiple distal CTCF-binding sites; (D) monoallelic gene 
expression via allele-speci!c contacts between multiple imprinted regulatory 
elements; (E) X chromosome inactivation or monoallelic gene expression via 
interchromosomal contacts between regulatory elements in trans; (F) global 
nuclear organization via demarcation of lamina-associated domains (LADs); 
(G) RNA polymerase II pausing and/or termination via intragenic contacts be-
tween introns and exons; (H) RNA processing or transcriptional reinitiation 
via a single gene 5�-3� loop; (I) alternative promoter selection via contact be-
tween two insulator elements demarcating transitions in chromatin structure; 
(J) boundary/barrier loops to demarcate independently regulated chromatin 
domains containing a coregulated gene-dense cluster via contact between 
two insulator elements; (K) enhancer blocking loops that topologically sepa-
rate inappropriate enhancer-promoter interactions via contact between two 
insulator elements; (L) Interchromosomal translocations via contacts between 
two regulatory elements in trans. Green ovals, enhancers; purple squares, 
CTCF consensus sites.
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in-out position of active genes, relative to factories, was related to
differential positioning relative to the chromosome territory. To test
this, we assessed the position of the infrequently transcribed gene Uros
relative to the chromosome 7 territory (Supplementary Fig. 2 online).
Although Uros is actively transcribed only 29% of the time, it was
found outside its chromosome territory in 79% of cases. In contrast,
the inactive gene Fgfr2 was outside the chromosome territory in only
19% of cases (Supplementary Fig. 2 online). These results confirm
that expressed genes are often located outside chromosome territories
and inactive genes are more often inside chromosome territories. But
these data do not show a correlation between positioning relative to
the chromosome territory and the on-off transcriptional behavior of
active genes. Instead, our data suggest that genes with transcriptional
potential are preferentially located outside chromosome territories,
but this alone is not sufficient for transcription.

RNAP II factories are limiting in vivo
We noticed that the number of RNAP II foci in erythroid cells was
markedly lower than that reported for fibroblast-like cell lines. Figure 6
shows deconvoluted, projected images derived from 3D image stacks
showing all the RNAP II transcription factories in single cell nuclei

from various tissues. We found that erythroid cells had, on average,
only 100–300 RNAP II foci per nucleus. Many other tissue types
have equivalent numbers of RNAP II foci, suggesting that erythroid
cells do not have abnormally low numbers of RNAP II foci.
In contrast, limited-passage mouse embryonic fibroblasts (MEFs)
have a much greater number and higher density of RNAP II foci,
similar to previous reports for HeLa and fibroblast cell lines. We
conclude that the number of transcription factories in tissues is far
more restricted than indicated by previous estimates from cultured
cells. It is, perhaps, not surprising that colocalization of transcribed
genes was not observed in a recent study using cultured fibroblast-like
cells27. Our data indicate that erythroid and other differentiated or
committed tissue types have a limited number of available transcription
sites. Coupled with estimates from expressed-sequence tag databases,
which show that erythroid cells express at least 4,000 genes (data not
shown), we conclude that many genes are obliged to seek out and
share the same factory.

3C analysis
Finally, we corroborated the colocalization of transcribed alleles by a
completely independent method. 3C generates a population-average

a b

d
3

2

1

0
RNAP II

associated
Non-

associated

c

D
is

ta
nc

e 
(µ

m
)

a

E14 AS Sp

Th

Br MEF
0

500

1,000

1,500

2,000

b

 R
N

A
P

 II
 fo

ci

E10

E14 AS Sp Th Br MEFE10

Figure 6 Comparison of RNAP II foci in several tissue types and MEFs. (a) Deconvoluted maximum-intensity projections of image stacks of nuclei
immunostained for RNAP II. E10, embryonic blood; E14, fetal liver erythroid; AS, adult anemic spleen erythroid; Sp, normal adult spleen; Th, adult thymus;
Br, fetal brain. Scale bar, 10 mm. (b) Numbers of RNAP II foci counted for each nucleus shown in a.

Figure 5 Actively transcribed genes colocalize to
shared transcription factories. (a) Single optical
section of a triple-label DNA immuno-FISH on
erythroid cell, showing Hbb (green), Eraf (red)
and RNAP II foci (blue). The merged and
separate channels of the signals are shown in the
side panels. On the left of the main panel, an
Hbb signal alone associates with an RNAP II
focus. On the right, two colocalizing signals
associate with the same RNAP II focus. Scale
bar, 5 mm. (b) A separate optical section of the
same cell showing the second Eraf allele, which
does not associate with an RNAP II focus.
(c) Box and whiskers plot of the distributions of
3D measurements of the separation distance
between Hbb and Eraf loci (n ¼ 84), divided into
RNAP II–associated versus nonassociated.
(d) Triple-label RNA immuno-FISH on erythroid
cell showing Hbb-b1 (red), Eraf (green) and
RNAP II (blue). Left panels, colocalized trans-
cription signals associating with the same RNAP
II focus. Right panels, separate transcription
signals associating with distant RNAP II foci.
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T E C H N I C A L  R E P O R T S

We developed a general approach that combines chromosome 
conformation capture carbon copy (5C) with the Integrated 
Modeling Platform (IMP) to generate high-resolution three-
dimensional models of chromatin at the megabase scale. 
We applied this approach to the ENm008 domain on human 
chromosome 16, containing the a-globin locus, which is 
expressed in K562 cells and silenced in lymphoblastoid cells 
(GM12878). The models accurately reproduce the known 
looping interactions between the a-globin genes and their 
distal regulatory elements. Further, we find using our approach 
that the domain folds into a single globular conformation in 
GM12878 cells, whereas two globules are formed in K562 
cells. The central cores of these globules are enriched for 
transcribed genes, whereas nontranscribed chromatin is more 
peripheral. We propose that globule formation represents a 
higher-order folding state related to clustering of transcribed 
genes around shared transcription machineries, as previously 
observed by microscopy.

Currently, efforts are directed at producing high-resolution genome 
annotations in which the positions of functional elements or specific 
chromatin states are mapped onto the linear genome sequence1. 
However, these linear representations do not indicate functional or 
structural relationships between distant elements. For instance, recent 
insights suggest that widely spaced functional elements cooperate to 
regulate gene expression by engaging in long-range chromatin loop-
ing interactions. The three-dimensional (3D) organization of chromo-
somes is thought to facilitate compartmentalization2,3, chromatin 
organization4 and spatial sequestration of genes and their regulatory 
elements5–7, all of which may modulate the output and functional 
state of the genome. A general approach for determining the spatial 
organization of chromatin can aid in the identification of long-range 
relationships between genes and distant regulatory elements as well as 
in the identification of higher-order folding principles of chromatin 
in general.

Chromosome conformation capture (3C)-based assays use formalde-
hyde cross-linking followed by restriction digestion and intramolecular  

ligation to study chromatin looping interactions7–12. 3C-based assays 
have been used to show that specific elements such as promoters, 
enhancers and insulators are involved in the formation of chromatin 
loops5,7,13–16. The frequencies at which loci interact reflect chromatin 
folding7,17, and thus comprehensive chromatin interaction data sets 
can help researchers build spatial models of chromatin.

Previously, chromatin conformation has been modeled using 
 polymer models8,18 and molecular-dynamics simulations19, which 
have proven valuable for understanding general features of chromatin  
fibers, including flexibility and compaction20,21. However, such methods 
only partially leverage the current wealth of experimental data on chro-
matin folding. Recently, experimentally driven approaches, in combi-
nation with computational modeling, have resulted in low-resolution  
models for the topological conformation of the immunoglobulin 
heavy chain22, the HoxA23 loci and the yeast genome24. However, 
those methods were limited by the resolution and completeness of the 
input experimental data22, by insufficient model representation, scor-
ing and optimization23, or by limited analysis of the 3D models24.

To overcome such limitations, we developed a new approach that 
couples high-throughput 5C experiments9 with the IMP25. We applied 
this approach to determine the higher-order spatial organization of 
a 500-kilobase (kb) gene-dense domain located near the left telo-
mere of human chromosome 16 (Fig. 1a). Embedded in this cluster 
of ubiquitously expressed housekeeping genes is the tissue-specific  

-globin locus that is expressed only in erythroid cells. This 500-kb 
domain corresponds to the ENm008 region extensively studied by the 
ENCODE pilot project (Fig. 1b)1.

The -globin locus has been used widely as a model to study the 
mechanism of long-range and tissue-specific gene regulation15,26–30. 
The -globin genes are upregulated by a set of functional elements 
characterized by the presence of DNase I–hypersensitive sites (HSs) 
located 33 to 48 kb upstream of the  gene. One of these elements, HS40, 
is considered to be of particular importance31,32. This element can act 
as an enhancer in reporter constructs and its deletion greatly affects 
activation of the -globin genes33. HS40 is bound by several erythroid  
transcription factors including GATA factors and NF-E2 (ref. 34). 
Notably, previous 3C studies have demonstrated direct long-range  
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Expression, Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, Massachusetts, USA. 3Department of 
Cell Biology, University of Massachusetts Medical School, Worcester, Massachusetts, USA. 4These authors contributed equally to this work. Correspondence should be 
addressed to J.D. (job.dekker@umassmed.edu) or M.A.M.-R. (mmarti@cipf.es).

Received 22 November 2009; accepted 20 September 2010; published online 5 December 2010; doi:10.1038/nsmb.1936

The three-dimensional folding of the -globin gene 
domain reveals formation of chromatin globules
Davide Baù1,4, Amartya Sanyal2,4, Bryan R Lajoie2,4, Emidio Capriotti1, Meg Byron3, Jeanne B Lawrence3,  
Job Dekker2 & Marc A Marti-Renom1

©
 2

01
1 

N
at

ur
e 

A
m

er
ic

a,
 In

c.
  A

ll 
ri

gh
ts

 r
es

er
ve

d.

Baù et al.  (2011) Nat Struct Mol Biol 18:107-14
Sanyal, A., et al. (2011). Current Opinion in Cell Biology 23:325–33

R
el

at
iv

e 
ab

un
da

nc
e

Promoters

Active genes

No-active genes

DNaseI sites

CTCF sites

H3K4me3 sites

Distance to center (nm)
<400<300 <350<250<200<150<100<50

GM12878

.0

.5

1.0

1.5

2.0

2.5

2.50Increased in K562

Increased in GM12878
=

Friday, September 30, 11



The 3D architecture of Caulobacter Crescentus
4,016,942  bp & 3,767 genes

7

Nierman W C et al. PNAS 2001 98:4136-4141

Friday, September 30, 11



8

 169 5C primers on + strand
 170 5C primers on – strand

 28,730 chromatin interactions ~13Kb

The 3D architecture of Caulobacter Crescentus
4,016,942  bp & 3,767 genes
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3D model building with the 5C + IMP approach
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Genome organization in Caulobacter crescentus
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Moving the parS sites 400 Kb away from Ori
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Moving the parS sites results in whole genome rotation!
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Moving the parS sites results in whole genome rotation!
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From Sequence to Function
Genome architecture in Caulobacter
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Summary
We determined the three-dimensional (3D) architecture of the Caulobacter crescentus 
genome by combining genome-wide chromatin interaction detection, live-cell imaging, 
and computational modeling.  Using the Chromosome Conformation Capture Carbon 
Copy (5C, http://my5c.umassmed.edu)1 technology (Fig. 1) in combination with the 
Integrative Modeling Platform (IMP, http://www.integrativemodeling.org)2, we derived 
~13 Kb resolution 3D models of the Caulobacter genome.  These models illustrated 
that the genome is ellipsoidal with periodically arranged arms (Fig. 2).  The parS sites, 
a pair of short contiguous sequence elements involved in chromosome segregation, 
were positioned at one pole of this structure, where they nucleated a compact chro-
matin conformation (Figs. 3 and 4).  Repositioning these elements resulted in rota-
tions of the chromosome which changed the sub-cellular positions of nearly all genes.  
However, such chromosomal rotations did not lead to large-scale changes in gene 
expression, indicating that genome folding does not strongly affect gene regulation.  
Our approach provides an experimental paradigm for deriving insight into the cis-
determinants of 3D genome architecture.  This work is in press at Molecular Cell.

Methods  Restriction fragments derived from our 5C experiment (Fig. 1) were 
modeled as points connected by springs.  The distance derived from the contact fre-
quency between pair of fragments (Fig. 2) was used to define the equilibrium distance 
between the points representing the connecting fragments.  The 3D coordinates of all 
points were randomly initialized and optimization was performed to derive a structure 
that minimally violates these equilibrium distances.  The initialization and optimization 
procedure was repeated thousands of times to generate an ensemble of structures, 
which were then superimposed and grouped based on their structural similarity.   This 
yielded clusters of models in which the 3D coordinates of the restriction fragments 
were very similar.  The clusters were then represented as 3D density maps (Fig. 3).

Results  Our contact-based 3D models illustrate that the parS sites define the 
global structure of the Caulobacter genome (Fig. 3).  Our data indicate that these 
sites reside at the pole of the wild-type swarmer chromosome/cell and that moving a 
10 Kb region containing them elsewhere in the genome yields large-scale rotations of 
the chromosome that reposition these elements at the cell/structural pole.  We there-
fore propose that our findings are a consequence of the parS sites being the first ge-
nomic elements to segregate to the opposite pole where they become anchored and 
thereby establish the global orientation of the genome.  Our findings also indicate that 
the global orientation of the chromosome may be defined by the order of segregation 
and that the rotated global arrangements of the genome observed in inversion strains 
are the result of a perturbation of the order of segregation of loci that results from the 
movement of the parS sites.

Conclusions  The work presented here illustrates how a comprehensive study 
of genome 3D architectures can provide insight into the roles of sequence elements 
and fundamental DNA-based processes in defining this structure.  The experimental 
paradigm we introduce is general and could be used in conjunction with genetic per-
turbations to elucidate the roles of nucleoid associated proteins, cis-elements, and 
DNA-templated processes such as transcription and replication in shaping the folding 
of the genome.  With additional advances, including decreases in DNA sequencing 
costs, such a paradigm could also be applied to larger eukaryotic genomes to further 
elucidate the complex relationships between genome sequence, structure, and func-
tion.
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