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DISCLAIMER!

IMP
Integrative Modeling Platform
http://integrativemodeling.org
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Data groups

Experimental
observations

Statistical rules

Laws of physics
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Stages
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IMP are not sufficient, ne
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Stage 4: Analyzing Resulting Models and Information. The ensemble of
representing amino acid r
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Candidate models are
precision and accuracy, and to check for inconsistent information. Analysis can
scoring function comp
also suggest what are likely to be the most informative experiments to perform in
called restraints, each of
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how well a model ag
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Integrative modeling iterates through these stages until a satisfactory model is
was derived. The restrain
built. Many iterations of the cycle may be required, given the need to gather more
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Russel, D., Lasker, K., Webb, B., Velázquez-Muriel, J., Tjioe, E., Schneidman-Duhovny, D., Peterson, B., et al. (2012). PLoS Biology, 10(1), e1001244
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Box 1. The Four Stages of the Integrative Modeling Cycle.

Advantages

Box 2. Advantages of the Integrative Structure Modeling
Approach.
Using New Information. Integrative modeling makes it easy to take advantage
of new information and new types of information, resulting in a low barrier for
using incremental information that is generally not applied to structure
characterization. Even when a single data type is relatively uninformative,
multiple types can give a surprisingly complete picture of an assembly [9,10].
Maximizing Accuracy, Precision and Completeness. Integrative models fit
multiple types of information, and can thus be more accurate, precise, and
complete than models based on the individual sources.
Understanding and Assessing the Models. By exhaustively sampling the
space of models fitting the information, integrative modeling can find all models
fitting the information, not only one. A full sampling of the models of a structure
can improve the understanding of its function [49]. Because the data are encoded
in scoring functions and the full set of models can be found, integrative modeling
facilitates assessing the input information and output models in terms of
precision and accuracy.
Planning Experiments. Integrative modeling provides feedback to guide
future experiments, by computationally testing the impact of hypothetical
datasets. As a result, experiments can be chosen to best improve our knowledge
of the assembly.
Understanding and Assessing Experimental Accuracy. Data errors present
a challenge for all methods of model building. Integrative modeling can detect
inconsistent data as no models will exist that fit all the data. In addition,
integrative modeling facilitates the application of more sophisticated methods for
error estimation, such as Inferential Structure Determination [16].
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regions), in good agreement with the experimentally reported maximal diameter of transported particles43. Fourth, Nup133, which has
been experimentally shown to interact with highly curved membranes via its ALPS-like motif, is adjacent to the nuclear envelope
in our structure44. Moreover, three of the four additional scaffold
nucleoporins that are predicted to contain the ALPS-like motif are
also close to the nuclear envelope. Finally, perhaps the best example is
that of the Nup84 complex. Our configuration for this complex
(Fig. 5b)37 is completely consistent with previous results13,14,30.
Specifically, Nup85 and Seh1 form a dimer that together with
Nup120 forms the trimeric ‘head’ of the complex, consistent with
the top two arms of the ‘Y’-shaped Nup84 complex (Fig. 5b)14.
Similarly, Nup145C, Nup84, Sec13 and Nup133 form the ‘tail’ in
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“Toy” example...
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2nm EM density map of the assembly from EMDB [51] and subunit comparative models from ModBase [47], on the basis of the crystallographic structures
of the yeast RNAPII proteins. The data were found to be insufficient to uniquely resolve the structure. To overcome this challenge, protein interaction
networks extracted from BioGrid [48] were added. The addition of these data resulted in a single structure. The scripts are available as part of IMP.
doi:10.1371/journal.pbio.1001244.g001
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been experimentally shown to interact with highly curved membranes via its ALPS-like motif, is adjacent to the nuclear envelope
in our structure44. Moreover, three of the four additional scaffold
nucleoporins that are predicted to contain the ALPS-like motif are
also close to the nuclear envelope. Finally, perhaps the best example is
that of the Nup84 complex. Our configuration for this complex
(Fig. 5b)37 is completely consistent with previous results13,14,30.
Specifically, Nup85 and Seh1 form a dimer that together with
Nup120 forms the trimeric ‘head’ of the complex, consistent with
the top two arms of the ‘Y’-shaped Nup84 complex (Fig. 5b)14.
Similarly, Nup145C, Nup84, Sec13 and Nup133 form the ‘tail’ in
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Principles of protein structure
GFCHIKAYTRLIMVG…

Anacystis nidulans

Anabaena 7120

Condrus crispus

Desulfovibrio vulgaris

GFCHIKAYTRLIMVG…

Folding (physics)

Evolution (rules)

Ab initio prediction

Threading
Comparative Modeling
D. Baker & A. Sali. Science 294, 93, 2001.
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Comparative modeling by satisfaction of spatial restraints
Start with a
Target Sequence

Given an alignment...

MSVIPKR--GNCEQTSE
ASILPKRLFGNCEQTSD

Template
Search

Target/Template
Alignment

extract spatial features
from the template(s)
and statistics from
known structures

Build model

apply these features
as restraints on your
target sequence
Evaluate model

OK?

optimize to find the
best solution for the
restraints to produce
your 3D model

Output 3D Model
A. Šali & T. Blundell. J. Mol. Biol. 234, 779, 1993.
J.P. Overington & A. Šali. Prot. Sci. 3, 1582, 1994.
A. Fiser, R. Do & A. Šali, Prot. Sci., 9, 1753, 2000.
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Utility of protein structure models, despite errors

D. Baker & A. Sali. Science 294, 93, 2001.
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What is the physiological ligand of Brain
Lipid-Binding Protein?
Predicting features of a model that are not present in the template
BLBP/oleic acid

BLBP/docosahexaenoic acid

Cavity is not filled

Cavity is filled

Ligand binding
cavity

1. BLBP binds fatty acids.

2. Build a 3D model.
3. Find the fatty acid that fits
most snuggly into the ligand
binding cavity.

L. Xu, R. Sánchez, A. Šali, N. Heintz, J. Biol. Chem. 271, 24711, 1996.
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Do mast cell proteases bind proteoglycans? Where? When?

Predicting features of a model that are not present in the template
1. mMCPs bind negatively charged
proteoglycans through electrostatic
interactions
2. Comparative models used to find clusters
of positively charged surface residues.
3. Tested by site-directed mutagenesis..

Huang et al. J. Clin. Immunol. 18,169,1998.
Matsumoto et al. J.Biol.Chem. 270,19524,1995.
Šali et al. J. Biol. Chem. 268, 9023, 1993.

+
Native mMCP-7 at pH=5 (His )
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Native mMCP-7 at pH=7 (His0)

Common Evolutionary Origin of Coated Vesicles
and Nuclear Pore Complexes
mGenThreader + SALIGN + MOULDER

D. Devos, S. Dokudovskaya, F. Alber, R. Williams, B.T. Chait, A. Sali, M.P. Rout.
Components of Coated Vesicles and Nuclear Pore Complexes Share a Common Molecular Architecture.
PLOS Biology 2(12):e380, 2004
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yNup84 complex proteins
Nuclear Pore Complexes and Coated Vesicles
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Figure 3. Predicted Secondary Structure Maps of the Nup84 Subcomplex

All Nucleoporins in the Nup84 Complex are Predicted to
Contain β-Propeller and/or α-Solenoid Folds
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NPC and Coated Vesicles Share the β-Propeller and αSolenoid Folds and Associate with Membranes

Nu

-N and -C indicate amino-terminal and carboxyl-terminal domains, respectively. The classificatio
crystallography data (clathrin, a-adaptin, b2-adaptin [PDB codes 1gw5, 1bpo, 1b89 (ter Haar et al. 1
homology modeling presented here (yNup84 complex proteins; ySec13 also in Saxena et al. [1996]), o
secondary structure prediction and preliminary analyses (COPI I (sec31) complex proteins [Schledze
DOI: 10.1371/journal.pbio.0020380.g004
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Attachment at the nuclear pore membrane
The membrane rings form a discrete region of the NPC, containing
the three pore membrane proteins Pom152, Pom34 and Ndc1. It is
the core scaffold’s inner rings that interact with the membrane
rings, thus anchoring the NPC to the pore membrane (Fig. 2). A
component of the membrane rings (Pom152) homo-oligomerizes
at its C terminus to form the ring that equatorially bounds the
NPC in the perinuclear lumen14. This luminal portion consists of
the C-terminal part of Pom152, containing domains predicted to
assume the cadherin fold18. Members of the cadherin family are
transmembrane receptors that form homophilic binding interfaces29,
probably accounting for the oligomeric luminal ring. Perhaps the
NPC carries the remnants of an ancient transmembrane receptor,
still attached to its vesicle-coating complex.

Transport factor docking sites and nucleocytoplasmic transport
The transport function of the NPC appears to be mediated mainly by
the FG nucleoporins. The FG-repeat regions within each FG nucleoporin provide the NPC’s docking sites for transport factor–cargo
complexes1,30–33. The FG nucleoporins and especially their unstructured FG-repeat regions are the least specified part of our structure.
Nevertheless, we can still draw conclusions concerning the localization of the FG-repeat regions by using a simplified representation14. Because these regions can adopt many different possible
configurations in our calculations, on averaging they produce a cloud
of low density surrounding their structurally resolved attachment
sites, collectively filling and surrounding the central channel and
extending into the nucleoplasm and cytoplasm (Figs 1 and 4). This
spatial distribution of FG-repeat regions is consistent with ‘virtual
gating’ models explaining the mechanism of nucleocytoplasmic
transport6,31, in which the FG-repeat density represents an effective
exclusion filter for macromolecular particles that do not contain FGrepeat binding sites, but is permeable to transport factors that do
possess these sites2,6,31,34–39. Thus, the cloud of FG-repeat regions

β-Propeller

forms a zone of selectivity around and across the NPC. The cloud
thins radially from the walls of the central channel to the Z-axis,
limiting the effective diameter of the central channel (Figs 1 and 4).
In our structure, this diameter is less than 10 nm, similar to the
maximal size of particles that can freely diffuse between the nucleoplasmic and cytoplasmic compartments2. Actively transporting
cargo–transport factor complexes can displace this diffuse cloud,
with the very largest pushing the cloud to the sides of the central
channel up to the channel’s maximum diameter of ,38 nm.
Nic96 and Nup82 provide anchor points for most of the FG
nucleoporins, with connections also being made to the inner ring
(Fig. 2). The FG nucleoporins can be divided into three groups
according to their localization in the NPC: those that are attached
mainly or exclusively to the cytoplasmic or nucleoplasmic side of
the NPC, and those attached symmetrically on both sides (Fig. 4)6.
The distributions of these groups of FG-repeat regions overlap
heavily, consistent with the observed long reach of the individual
FG-repeat regions40,41. The overlap suggests that a transport factor
attached to one FG nucleoporin can readily exchange with many
other surrounding FG nucleoporins, thus facilitating rapid transit
across the NPC.
In contrast to most of the FG nucleoporins, a few transport factor
binding sites (in particular Nup53 and Nup59) also face the pore
membrane such that they are readily accessible to membrane proteins, as has been previously suggested42. These nucleoporins could
mediate the transport of transmembrane proteins, in agreement with
recent studies showing that active transport is responsible for the
translocation of integral membrane proteins from the outer to the
inner nuclear membrane43,44.
Modular duplication in the evolution of the NPC
A striking pattern is revealed when we map the nucleoporins into our
NPC structure based on their previously assigned fold types18. We
find that each spoke can be divided into two parallel columns, in

α-Solenoid

1 Nup192, 2 Nup188, 3 Nup170, 4 Nup157, 5 Nup133,
6 Nup120, 7 Nup85, 8 Nup84, 9 Nup145C, 10 Seh1, 11 Sec13

Core scaffold

Nuclear envelope
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Figure 3 | The core scaffold as a membrane-coating complex. We show
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176-nucleoporin core scaffold, which is shown in three views related by the

A Common Evolutionary Origin for
Nuclear Pore Complexes and Coated Vesicles?
The proto-coatomer hypothesis

A simple coating module containing minimal
copies of the two conserved folds evolved in
proto-eukaryotes to bend membranes.
The progenitor of the NPC arose from a
membrane-coating module that wrapped
extensions of an early ER around the cell’s
chromatin.
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Tropical Disease Initiative (TDI)
Predicting binding sites in protein structure models.

http://www.tropicaldisease.org
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Need is High in the Tail
DALY Burden Per Disease in Developed Countries
DALY Burden Per Disease in Developing Countries
Heart diseases

Rare diseases
DALY

Disease
Disease data taken from WHO, World Health Report 2004
DALY - Disability adjusted life years
DALY is not a perfect measure of market size, but is certainly a good measure for importance.

DALYs for a disease are the sum of the years of life lost due to premature mortality (YLL) in the population and the years lost due to disability (YLD) for incident cases of the health condition. The DALY is a health
gap measure that extends the concept of potential years of life lost due to premature death (PYLL) to include equivalent years of 'healthy' life lost in states of less than full health, broadly termed disability. One
DALY represents the loss of one year of equivalent full health.
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“Unprofitable” Diseases
and Global DALY (in 1000’s)
Malaria*

46,486

Trichuriasis

1,006

Tetanus

7,074

Japanese encephalitis

709

Lymphatic filariasis*

5,777

Chagas Disease*

667

Syphilis

4,200

Dengue*

616

Trachoma

2,329

Onchocerciasis*

484

Leishmaniasis*

2,090

Leprosy*

199

Ascariasis

1,817

Diphtheria

185

Schistosomiasis*

1,702

Poliomyelitise

151

Trypanosomiasis*

1,525

Hookworm disease

59

Disease data taken from WHO, World Health Report 2004
DALY - Disability adjusted life year in 1000’s.
* Officially listed in the WHO Tropical Disease Research disease portfolio.
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Comparative docking
2. Inheritance

co-crystalized protein/ligand

model
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1. Modeling

crystalized
protein
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template

Anacystis nidulans

Anabaena 7120

Condrus crispus

Desulfovibrio vulgaris

Expansion

Modeling Genomes
data from models generated by ModPipe (Eswar, Pieper & Sali)
100

% good
% bad

90

80

M. leprae
M. tuberculosis

70

H. sapiens

% modeled

60

C. parvum

P. falciparum
L. major

50

40

C. hominis

P. vivax

T. brucei
T. cruzi

30

20

T. gondii
10

0
0

5.000

10.000

15.000
20.000
Transcripts

25.000

30.000

35.000

A good model has MPQS of 1.0 or higher
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Summary table
models with inherited ligands
29,271 targets with good models, 297 inherited a ligand/substance
similar to a known drug in DrugBank
Transcripts

Modeled targets

Selected models

Inherited ligands

Similar to a drug

Drugs

C. hominis

3,886

1,614

666

197

20

13

C. parvum

3,806

1,918

742

232

24

13

L. major

8,274

3,975

1,409

478

43

20

M. leprae

1,605

1,178

893

310

25

6

M. tuberculosis

3,991

2,808

1,608

365

30

10

P. falciparum

5,363

2,599

818

284

28

13

P. vivax

5,342

2,359

822

268

24

13

T. brucei

7,793

1,530

300

138

13

6

T. cruzi

19,607

7,390

3,070

769

51

28

T. gondii

9,210

3,900

1,386

458

39

21

68,877

29,271

11,714

3,499

297

143

TOTAL
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L. major Histone deacetylase 2 + Vorinostat
Template 1t64A a human HDAC8 protein.
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L. major Histone deacetylase 2 + Vorinostat
Literature
Proc. Natl. Acad. Sci. USA
Vol. 93, pp. 13143–13147, November 1996
Medical Sciences

Apicidin: A novel antiprotozoal agent that inhibits
parasite histone deacetylase
(cyclic tetrapeptide Apicomplexa antiparasitic malaria coccidiosis)

SANDRA J. DARKIN-RATTRAY*†, A NNE M. GURNETT*, ROBERT W. MYERS*, PAULA M. DULSKI*,
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MARIA A. BEDNAREK‡, SHEO B. SINGH§, MICHAEL A. GOETZ§, A NNE W. DOMBROWSKI§,
JON D. POLISHOOK§, AND DENNIS M. SCHMATZ*
Departments of *Parasite Biochemistry and Cell Biology, ‡Medicinal Chemistry, and §Natural Products Drug Discovery, Merck Research Laboratories,
P.O. Box 2000, Rahway, NJ 07065

Communicated by Edward M. Scolnick, Merck & Co., Inc., West Point, PA, August 21, 1996 (received for review June 25, 1996)

ABSTRACT
A novel fungal metabolite, apicidin [cyclo(Nworldwide routinely employ chemical prophylaxis to prevent
serious coccidiosis outbreaks. Resistance to currently available
O-methyl- L -tr yptophanyl- L -isoleucinyl- D -pipecolinyl- L -2coccidiostats is prevalent, and new anticoccidial agents are
amino-8-oxodecanoyl)], that exhibits potent, broad spectrum
ANTIMICROBIAL
A
GENTS
AND
C
HEMOTHERAPY
,
Apr.
2004,
p.
1435–1436
Vol.of48,abortion
No. 4
needed. T. gondii is an important cause
and
antiprotozoal activity in vitro against Apicomplexan parasites
0066-4804/04/$08.00!0
DOI:
10.1128/AAC.48.4.1435–1436.2004
morbidity in livestock, especially sheep and goats (6), and
has been identified. It is also orally and parenterally active in
Copyright © 2004, American Society for Microbiology. All Rights Reserved.
species of Cryptosporidium cause widespread and rapidly transvivo against Plasmodium berghei malaria in mice. Many Apimitted diarrheal illness in several mammalian hosts, especially
complexan parasites cause serious, life-threatening human
calves, neonatal lambs and goats, and young foals (7).
and animal diseases, such as malaria, cryptosporidiosis,
In this paper, a novel natural product, apicidin [cyclo(N-Otoxoplasmosis, and coccidiosis, and new therapeutic agents
Antimalarial
and
Antileishmanial
Activities
of
Aroyl-Pyrrolyl-Hydroxyamides,
methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-La-2-aminoare urgently needed. Apicidin’s antiparasitic activity appears
New
Class
of Histone
Deacetylase
Inhibitors
8-oxodecanoyl)],
that has broad spectrum activity against the
to be due to low nanomolar
inhibition
of Apicomplexan
histone
Apicomplexan parasites is described, and experimental evideacetylase (HDA), which induces hyperacetylation of hisdence that demonstrates that this compound kills parasites by
tones in treated parasites. The acetylation–deacetylation of
parum inhibiting
was determined
a parasite(HDA),
lactate adehydrogenase
Members of the genus Leishmania are parasitic protozoans
histonebydeacetylase
key nuclear enzyme
histones is a thought to play a central role in transcriptional
assay using
Malstat
reagent
(9).
Chloroquine
was
used as the
that infect about two million people per annum (5), and they
involved in transcriptional control, is provided.
control
in
eukaryotic
cells.
Other
known
HDA
inhibitors
were
positive control, while dimethyl sulfoxide was tested as the
are emerging as serious opportunistic infective agents in hualso
evaluated
and
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to
possess
antiparasitic
activity,
negative control. Suberoylanilide hydroxamic acid (SAHA)
man immunodeficiency virus-infected patients (4). Malaria
suggesting
that
HDA
is
an
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target
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the
developMATERIALS
AND METHODS
and trichostatin A (TSA),
two well-known
HDAC inhibitors,
parasites are responsible for 1.5 to 2.7 million deaths annually,
ment
of
novel
antiparasitic
agents.
were also Source
tested. Antileishmanial
of compounds
1 to 10
primarily in Africa (10). The effort to find new antimalarial
of Compoundsactivity
and Organisms.
[3H]Apicidin
A
(Table (2-N-desmethoxy[
1) was tested on 3aH]apicidin,
transgenic specific
cell lineactivity
of Leishmania
agents is still a high priority given the increasing malaria emer18.7 mCi mg; 1
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Protozoan parasites of the subphylum Apicomplexa remain

P. falciparum tymidylate kinase + zidovudine
Template 3tmkA a yeast tymidylate kinase.
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P. falciparum tymydilate kinase + zidovudine
NMR Water-LOGSY and STD experiments
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Leticia Ortí, Rodrigo J. Carbajo, and Antonio Pineda-Lucena
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TDI’s kernel
http://tropicaldisease.org/kernel

Thursday, February 16, 12

Thursday, February 16, 12

ape of our
on microe not used
transport
FG-repeat

(Fig. 5b) is completely consistent with previous resul
Specifically, Nup85 and Seh1 form a dimer that togeth
Nup120 forms the trimeric ‘head’ of the complex, consiste
the top two arms of the ‘Y’-shaped Nup84 complex (Fig
multipleNup84,
data types
Similarly, Nup145C,
Sec13 and Nup133 form the
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Seh1

S. cerevisiae ribosome
Fitting of comparative models
into 15Å cryo- electron
density map.
43 proteins could be modeled
on 20-56% seq.id. to a known
structure.
The modeled fraction of the
proteins ranges from
34-99%.

C. Spahn, R. Beckmann, N. Eswar, P. Penczek, A. Sali, G. Blobel, J. Frank. Cell 107, 361-372, 2001.
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The NPC

Alber, F., Dokudovskaya, S., Veenhoff, L. M., Zhang, W., Kipper, J., Devos, D., Suprapto, A., et al. (2007). Nature, 450(7170), 695–701

Supplementary Figure 1. Diagram of the main structural features of the NPC.
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nucleoplasmic half-spoke (

2 ). { B j } is the set of beads for each nup at representation

. n

. r is the radius of each bead.

is the total number of particles (beads) per nup representation

Representation

Each nup is described with up to 9 representations

. The Cartesian coordinates of beads in

1 are inherited from particles in the root representation; these beads are

representations at

shown opaque whereas all other beads in the root representation are translucent.
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Scoring
30 nup
sequences
30 nup
sequences

Data interpretation
Restraint
Protein excluded volume
restraint

1 S-value
30 S-values

RO
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Functional form of activated feature restraint

RA

Protein-protein:
Violated for f < fo. f is the distance between two beads, fo is the sum of the bead radii,
and is 0.01 nm.
Applied to all pairs of particles in representation =1:
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B j 1 , s, ,i
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1,864
*
1,863/2
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-
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Radial position
Violated for f < fo. f is the radial distance between a protein particle and the Z-axis in a
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1, j 1
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Violated for f > fo. f is the radial distance between a protein particle and the Z-axis in a
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Protein contact
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particle radii multiplied by a tolerance factor of 1.3, and is 0.01 nm. Applied to
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30 days on 200 CPUs) (Fig. 8b).
Optimization
a
With the scoring function in hand, the positions of the proteins are
determined by optimization of the scoring function (Supplementary
Information), resulting in structures that are consistent with the data
(Fig. 1). The optimization starts with a random configuration of the
constituent proteins’ beads, and then iteratively moves them so as to
minimize violations of the restraints (Fig. 8). In essence, the restraints
cooperate to slowly ‘pull together’ the proteins into a good-scoring
0.60
configuration. We use standard methods of conjugate gradients and
molecular dynamics with simulated annealing (Supplementary
0.52
Information). These methods allow the evolving structure some
‘breathing room’ to explore the scoring function landscape, min0.44
imizing the likelihood of getting caught in local scoring function
minima (Fig. 8a). To comprehensively sample structures consistent
with the data, independent optimizations of randomly generated
0.36
initial configurations were performed until an ensemble of 1,000

Ensemble interpretation
We analysed the ensemble of 1,000 structures that satisfy t
data (Fig. 8b) in terms of protein positions, contacts and co
tion (Figs 9 and 10).
Protein positions. These 1,000 structures were first su
(Fig. 9a) (Supplementary Information). Next, the superpos
tures were converted into the probability of any volume
being occupied by a given protein (that is, the ‘localization
lity’) (Fig. 9b). The spread around the maximum localizati
ability of each protein describes how precisely its posi
defined by the input data. The positions that have a singl
maximum in their probability distribution in the ensemble a
mined most precisely. When multiple maxima are prese
distribution at the precision of interest, the input restraints a
ficient to define the single native state of that protein (or
108 states).
106
104
102
0
1010
multiple
native
The actual localization
probabilities yielded single pro
Score
maxima for almost all proteins, demonstrating that t
brestraints define one predominant structure. The average
deviation for the distance between neighbouring protein ce
5 nm; the precision of the larger, centrally positioned protei
300
to be higher than that of the anchor domains of some FG nu
ins. This level of precision defines a region smaller than the d
of many200
nucleoporins. Thus, our map is sufficient to deter
relative positions of proteins in the NPC; we do not interpre
smaller than this precision. On the basis of the localization
100
lities (Fig. 9b), we also define the volume most likely occupie
protein, termed the ‘localization volume’ (Figs 9c and 1
localization
0 volumes of the proteins overlap only to a sma
such that only
the NPC4,000
volume is assigned to two
0 10% of
2,000
106
104
102
0
proteins, again underscoring how well the position of each
Score
Score
porin is resolved. On the basis of our current data, we are n
Alber, F., Dokudovskaya, S., Veenhoff, L. M., Zhang, W., Kipper, J., Devos, D., Suprapto, A., et al. (2007). Nature, 450(7170), 695–701
distinguish
the structure
two possible
st
Figure 8 | Calculation
of thebetween
NPC bead
bymirror-symmetric
satisfaction of sp
here, we present one of them.
Contact similarity

Optimization

Number of configurations

Contact similarity
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restraints. a, Representation of the optimization process as it progre
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Alber, F., Dokudovskaya,

Figure 2 | Localization of major substructures and their component
nucleoporins in the NPC. This figure is a single view of data presented in
our Supplementary Movie. The nucleoporins are represented by their
14
have been coloured according to their
localization volumes
*+ L. and
S.,
Veenhoff,
M., Zhang,
W., Kipper,
J.,of Devos,
D.,
classification
into five
distinct
substructures
on the basis
their location
and functional properties: the outer rings in yellow, the inner rings in purple,
the membrane rings in brown, the linker nucleoporins in blue and pink, and
the FG nucleoporins (for which only the structured domains are shown) in
green. The pore membrane is shown in grey. A single arbitrary repeat unit,

is formed by homo-oligomerization of the C-terminal domain of Pom152.
The linker nucleoporins Nic96 and Nup82 are anchored between the inner
and outer rings and have a central role in bridging the core scaffold of the
NPC with the functionally important FG nucleoporins. On both the
Suprapto,
al. (2007).
Nature,
450(7170),
cytoplasmicA.,
andet
nucleoplasmic
sides
of each spoke,
one copy of695–701
Nic96 is
anchored through Nup192 and a second copy through Nup188. Whereas
one copy of Nic96 carries the FG nucleoporins Nsp1, Nup57 and Nup49, the
second copy forms interactions to another copy of Nsp1 and at the
cytoplasmic side also interacts with Nup82. Here, Nup82 associates with the
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Integrative Modeling
http://www.integrativemodeling.org
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The 3D architecture of Caulobacter Crescentus
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SUMMARY

The immunoglobulin heavy-chain (Igh) locus is organized into distinct regions that contain multiple variable (VH), diversity (DH), joining (JH) and constant
(CH) coding elements. How the Igh locus is structured
in 3D space is unknown. To probe the topography of
the Igh locus, spatial distance distributions were determined between 12 genomic markers that span the
entire Igh locus. Comparison of the distance distributions to computer simulations of alternative chromatin arrangements predicted that the Igh locus is
organized into compartments containing clusters of
loops separated by linkers. Trilateration and triplepoint angle measurements indicated the mean relative 3D positions of the VH, DH, JH, and CH elements,
showed compartmentalization and striking conformational changes involving VH and DH-JH elements
during early B cell development. In pro-B cells, the
entire repertoire of VH regions (2 Mbp) appeared to
have merged and juxtaposed to the DH elements,
mechanistically permitting long-range genomic interactions to occur with relatively high frequency.
INTRODUCTION
It is well-established that higher order chromatin organization
plays a pivotal role in genome function (Cremer and Cremer,
2001). For more than a century, the organization of chromosomes
and its functional implications in eukaryotes have been extensively studied using light microscopy (Rabl, 1885; Bover, 1909).
Electron micrographs of chromosome spreads have suggested
the presence of loops, with sizes of !90 kbp, that interact with
a postulated nuclear matrix and aggregate during mitosis into
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Abstract
One of the major genomics challenges is to better understand how correct gene expression is
orchestrated. Recent studies have shown how spatial chromatin organization is critical in the
regulation of gene expression. Here, we developed a suite of computer programs to identify
chromatin conformation signatures with 5C technology http://Dostielab.biochem.mcgill.ca. We
identified dynamic HoxA cluster chromatin conformation signatures associated with cellular
differentiation. Genome-wide chromatin conformation signature identification might uniquely
identify disease-associated states and represent an entirely novel class of human disease
biomarkers.

Rationale

Cell specialization is the defining hallmark of metazoans and
results from differentiation of precursor cells. Differentiation
is characterized by growth arrest of proliferating cells followed by expression of specific phenotypic traits. This process
is essential throughout development and for adult tissue
maintenance. For example, improper cellular differentiation
in adult tissues can lead to human diseases such as leukemia
[1,2]. For this reason, identifying mechanisms involved in differentiation is not only essential to understand biology, but
also to develop effective strategies for prevention, diagnosis
and treatment of cancer. Suzuki et al. recently defined the
underlying transcription network of differentiation in the
THP-1 leukemia cell line [3]. Using several powerful genomics approaches, this study challenges the traditional views
that transcriptional activators acting as master regulators
mediate differentiation. Instead, differentiation is shown to

O. Manigart, L. Mwananyanda, E. Karita, A. Inwoley,
W. Jaoko, J. DeHovitz, L. G. Bekker, P. Pitisuttithum,
R. Paris, and S. Allen.
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Comprehensive Mapping of Long-Range
Interactions Reveals Folding Principles
of the Human Genome
Erez Lieberman-Aiden,1,2,3,4* Nynke L. van Berkum,5* Louise Williams,1 Maxim Imakaev,2
Tobias Ragoczy,6,7 Agnes Telling,6,7 Ido Amit,1 Bryan R. Lajoie,5 Peter J. Sabo,8
Michael O. Dorschner,8 Richard Sandstrom,8 Bradley Bernstein,1,9 M. A. Bender,10
Mark Groudine,6,7 Andreas Gnirke,1 John Stamatoyannopoulos,8 Leonid A. Mirny,2,11
Eric S. Lander,1,12,13† Job Dekker5†

We describe Hi-C, a method that probes the three-dimensional architecture of whole genomes by
coupling proximity-based ligation with massively parallel sequencing. We constructed spatial proximity
maps of the human genome with Hi-C at a resolution of 1 megabase. These maps confirm the
presence of chromosome territories and the spatial proximity of small, gene-rich chromosomes.
We identified an additional level of genome organization that is characterized by the spatial segregation
of open and closed chromatin to form two genome-wide compartments. At the megabase scale, the
chromatin conformation is consistent with a fractal globule, a knot-free, polymer conformation that
enables maximally dense packing while preserving the ability to easily fold and unfold any genomic locus.
The fractal globule is distinct from the more commonly used globular equilibrium model. Our results
demonstrate the power of Hi-C to map the dynamic conformations of whole genomes.

T

he three-dimensional (3D) conformation of
chromosomes is involved in compartmentalizing the nucleus and bringing widely
separated functional elements into close spatial
proximity (1–5). Understanding how chromosomes
fold can provide insight into the complex relationships between chromatin structure, gene activity,
and the functional state of the cell. Yet beyond the
scale of nucleosomes, little is known about chromatin organization.
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Long-range interactions between specific pairs
of loci can be evaluated with chromosome conformation capture (3C), using spatially constrained
ligation followed by locus-specific polymerase
chain reaction (PCR) (6). Adaptations of 3C have
extended the process with the use of inverse PCR
(4C) (7, 8) or multiplexed ligation-mediated amplification (5C) (9). Still, these techniques require
choosing a set of target loci and do not allow
unbiased genomewide analysis.
Here, we report a method called Hi-C that
adapts the above approach to enable purification
of ligation products followed by massively parallel sequencing. Hi-C allows unbiased identification of chromatin interactions across an entire
genome.We briefly summarize the process: cells
are crosslinked with formaldehyde; DNA is digested with a restriction enzyme that leaves a 5′
overhang; the 5′ overhang is filled, including a
biotinylated residue; and the resulting blunt-end
fragments are ligated under dilute conditions that
favor ligation events between the cross-linked
DNA fragments. The resulting DNA sample contains ligation products consisting of fragments
that were originally in close spatial proximity in
the nucleus, marked with biotin at the junction.
A Hi-C library is created by shearing the DNA
and selecting the biotin-containing fragments
with streptavidin beads. The library is then analyzed by using massively parallel DNA sequencing, producing a catalog of interacting fragments
(Fig. 1A) (10).
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We created a Hi-C library from a karyotypically normal human lymphoblastoid cell line
(GM06990) and sequenced it on two lanes of
an Illumina Genome Analyzer (Illumina, San
Diego, CA), generating 8.4 million read pairs that
could be uniquely aligned to the human genome
reference sequence; of these, 6.7 million corresponded to long-range contacts between segments >20 kb apart.
We constructed a genome-wide contact matrix
M by dividing the genome into 1-Mb regions
(“loci”) and defining the matrix entry mij to be the
number of ligation products between locus i and
locus j (10). This matrix reflects an ensemble
average of the interactions present in the original
sample of cells; it can be visually represented as
a heatmap, with intensity indicating contact frequency (Fig. 1B).
We tested whether Hi-C results were reproducible by repeating the experiment with the same
restriction enzyme (HindIII) and with a different
one (NcoI). We observed that contact matrices for
these new libraries (Fig. 1, C and D) were
extremely similar to the original contact matrix
[Pearson’s r = 0.990 (HindIII) and r = 0.814
(NcoI); P was negligible (<10–300) in both cases].
We therefore combined the three data sets in
subsequent analyses.
We first tested whether our data are consistent
with known features of genome organization (1):
specifically, chromosome territories (the tendency
of distant loci on the same chromosome to be near
one another in space) and patterns in subnuclear
positioning (the tendency of certain chromosome
pairs to be near one another).
We calculated the average intrachromosomal
contact probability, In(s), for pairs of loci separated by a genomic distance s (distance in base
pairs along the nucleotide sequence) on chromosome n. In(s) decreases monotonically on every
chromosome, suggesting polymer-like behavior
in which the 3D distance between loci increases
with increasing genomic distance; these findings
are in agreement with 3C and fluorescence in situ
hybridization (FISH) (6, 11). Even at distances
greater than 200 Mb, In(s) is always much greater
than the average contact probability between different chromosomes (Fig. 2A). This implies the
existence of chromosome territories.
Interchromosomal contact probabilities between pairs of chromosomes (Fig. 2B) show
that small, gene-rich chromosomes (chromosomes
16, 17, 19, 20, 21, and 22) preferentially interact
with each other. This is consistent with FISH
studies showing that these chromosomes frequently colocalize in the center of the nucleus
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Although extremely powerful, several observations indicate
that implementation of new technologies will be required to
gain a full appreciation of how cells differentiate. First, gene
expression is controlled by a complex array of regulatory DNA
elements. Each gene may be controlled by multiple elements
and each element may control multiple genes [4]. Second, the
functional organization of genes and elements is not linear
along chromosomes. For example, a given element may regulate distant genes or genes located on other chromosomes
without affecting the ones adjacent to it [4,5]. Third, gene regulation is known to involve both local and long-range chro-
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require the concerted up- and down-regulation of numerous
transcription factors. This study provides the first integrated
picture of the interplay between transcription factors, proximal promoter activity, and RNA transcripts required for differentiation of human leukemia cells.
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Layered on top of information conveyed by DNA sequence and
chromatin are higher order structures that encompass portions of
chromosomes, entire chromosomes, and even whole genomes1–3.
Interphase chromosomes are not positioned randomly within the
nucleus, but instead adopt preferred conformations4–7. Disparate
DNA elements co-localize into functionally defined aggregates or
‘factories’ for transcription8 and DNA replication9. In budding
yeast, Drosophila and many other eukaryotes, chromosomes adopt
a Rabl configuration, with arms extending from centromeres adjacent to the spindle pole body to telomeres that abut the nuclear
envelope10–12. Nonetheless, the topologies and spatial relationships
of chromosomes remain poorly understood. Here we developed a
method to globally capture intra- and inter-chromosomal interactions, and applied it to generate a map at kilobase resolution of
the haploid genome of Saccharomyces cerevisiae. The map recapitulates known features of genome organization, thereby validating
the method, and identifies new features. Extensive regional and
higher order folding of individual chromosomes is observed.
Chromosome XII exhibits a striking conformation that implicates
the nucleolus as a formidable barrier to interaction between DNA
sequences at either end. Inter-chromosomal contacts are anchored
by centromeres and include interactions among transfer RNA
genes, among origins of early DNA replication and among sites
where chromosomal breakpoints occur. Finally, we constructed a
three-dimensional model of the yeast genome. Our findings provide a glimpse of the interface between the form and function of a
eukaryotic genome.
Chromosome conformation capture (3C) and its derivatives have
been used to detect long-range interactions within and between chromosomes13–20. We developed a method for identifying chromosomal
interactions genome-wide by coupling chromosome conformation
capture-on-chip (4C)14 and massively parallel sequencing (Fig. 1 and
Supplementary Methods). Because all 3C-based technologies are
encumbered by low signal-to-noise ratios18,21, we established the
method’s reliability by assessing: (1) random intermolecular ligations
from each of five control libraries (Fig. 2a, Supplementary Tables 1
and 2 and Supplementary Methods); (2) restriction site-based biases
(Fig. 2b, Supplementary Figs 1 and 2 and Supplementary Table 3); (3)
reproducibility between independent sets of experimental libraries
that differed in DNA concentration at the 3C step, which critically
influences signal-to-noise ratios (Supplementary Table 1, Fig. 2b and
c and Supplementary Fig. 2); (4) consistency between the HindIII and
EcoRI libraries (Supplementary Figs 3–5 and Supplementary Tables
4–8), and (5) a set of 24 chromosomal interactions using conventional 3C (Fig. 2d, Supplementary Fig. 6). These results show that our
method is reliable and robust (detailed in Supplementary Methods).
We established yeast genome architecture features using interactions
from the HindIII libraries at a false discovery rate (FDR) of 1%, and

confirmed them with interactions from the EcoRI libraries at the
same threshold.
From our HindIII libraries, we identified 2,179,977 total interactions at an FDR of 1%, corresponding to 65,683 interactions between
distinct pairs of HindIII fragments. We used these data to generate
conformational maps of all 16 yeast chromosomes. The overall propensity of HindIII fragments to engage in intra-chromosomal interactions varied little between chromosomes, ranging from 436
interactions per HindIII fragment on chromosome XI to 620 interactions per HindIII fragment on chromosome IV (Supplementary
Table 9). These results indicate broadly similar densities of selfinteraction (intra-chromosomal interaction) between chromosomes
and indicate that the density of self-interaction does not vary with
chromosome size (Supplementary Fig. 7).
Some large segments of chromosomes showed a striking propensity to interact with similarly sized regions of the same chromosome.
For example, two regions on chromosome III (positions 30–90 kilobases (kb), and 105–185 kb) showed an excess of interactions (Fig. 3
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Figure 1 | Schematic depiction of the method. Our method relies on the 4C
procedure by using cross-linking, two rounds of alternating restriction
enzyme (RE) digestion (6-bp-cutter RE1 for the 3C-step digestion and 4-bpcutter RE2 for the 4C-step digestion) and intra-molecular ligation. At step 7,
each circle contains the 6-bp restriction enzyme recognition site originally
used to link the two interacting partner sequences (RE1). Diverging from 4C,
we relinearize the circles using RE1, then sequentially insert two sets of
adaptors, one of which permits digestion with a type IIS or type III
restriction enzyme (such as EcoP15I). Following EcoP15I digestion,
fragments are produced that incorporate interacting partner sequence at
either end, which can be rendered suitable for deep sequencing (see
Supplementary Methods).

1
Institute for Stem Cell and Regenerative Medicine, University of Washington, Seattle, Washington 98195-8056, USA. 2Department of Medicine, University of Washington Seattle,
Washington 98195-8056, USA. 3Department of Genome Sciences, University of Washington, Seattle, Washington 98195-5065, USA. 4Graduate Program in Molecular and Cellular
Biology, University of Washington, Seattle, Washington 98195-5065, USA. 5Howard Hughes Medical Institute.
*These authors contributed equally to this work.

289

1
©2010 Macmillan Publishers Limited. All rights reserved

The three-dimensional folding of the A-globin gene
domain reveals formation of chromatin globules
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Recent experimental and computational advances are
resulting in an increasingly accurate and detailed characterization
of how genomes are organized in the three-dimensional (3D) space
of the nucleus (Figure 1) [1]. At the lowest level of chromatin
organization, naked DNA is packed into nucleosomes, which
forms the so-called chromatin fiber composed of DNA and
proteins. However, this initial packing, which reduces the length of
the DNA by about seven times, is not sufficient to explain the
higher-order folding of chromosomes during interphase and
metaphase. It is now accepted that chromosomes and genes are
non-randomly and dynamically positioned in the cell nucleus
during the interphase, which challenges the classical representation of genomes as linear static sequences. Moreover, compartmentalization, chromatin organization, and spatial location of
genes are associated with gene expression and the functional status
of the cell. Despite the importance of 3D genomic architecture,
we have a limited understanding of the molecular mechanisms that
determine the higher-order organization of genomes and its
relation to function. Computational biology plays an important
role in the plethora of new technologies aimed at addressing this
knowledge gap [2]. Indeed, Thomas Cremer, a pioneer in studying nuclear organization using light microscopy, recently highlighted the importance of computational science in complementing and leveraging experimental observations of genome organization [2]. Therefore, computational approaches to integrate
experimental observations with chromatin physics are needed to
determine the architecture (3D) and dynamics (4D) of genomes.
We present two complementary approaches to address this
challenge: (i) the first approach aims at developing simple polymer
models of chromatin and determining relevant interactions (both
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<p>A
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to identify genome-wide chromatin conformation signatures with 5C technology is reported.</p>

rosettes containing !18 loops, resulting in !100 rosettes per average chromosome (Paulson and Laemmli, 1977; Paulson, 1988;
Pienta and Coffey, 1984). Similar rosette-like structures have
been detected in interphase cells (Okada and Commings, 1979).
As a first approach to resolving chromosome conformation,
fluorescence in situ hybridization studies, measuring spatial distances in interphase nuclei between genomic markers as a function of genomic separation, suggested a random walk behavior
(Trask et al., 1991). However, confinement of chromosome
arms and bands to territories indicated the presence of spatial
constraints. More recent observations showed that the spatial
distance depends on the genomic distance according to a power
law with exponents of 0.5 below and 0.32 above a genomic separation of 4 Mbp (Trask et al., 1993; Warrington and Bengtsson,
1994; Sachs et al., 1995; Münkel and Langowski, 1998). The constraints and the scaling behavior suggested a Random-Walk/
Giant-Loop (RW/GL) configuration (Sachs et al., 1995; Yokota
et al., 1995). In the RW/GL model, the 30 nm fiber forms 2 to 5
Mbp loops that are attached to a polymer backbone. The backbone and the chromatin fiber within the loops follow random
walk dynamics. However, distance measurements between
genetic markers with genomic separations of less than 4 Mbp
were incompatible with the RW/GL model, but were consistent
with another topology, named the Multi-Loop-Subcompartment
(MLS) model (Münkel and Langowski, 1998; Knoch, 2002). The
MLS model proposes that the 30 nm fiber is folded into rosettes
of small loops, connected by linkers of variable sizes.
Recently computer models have been developed to evaluate
and test experimental results, designs and hypotheses about the
three-dimensional genome organization (Knoch et al., 2000;
Knoch, 2002). Beyond supporting the chromatin organization
into chromosome territory, arm and band domains, these simulations may reveal how the local, global and dynamic characteristics
of cell nuclei are inter-connected (Knoch et al., 2000; Knoch, 2002).
How genes are regulated by spatial rearrangement has been
a topic of intensive study. In prokaryotes, transcriptional
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What Does Technology Show Us?
Today, it is possible to quantitatively study structural features of
genomes at diverse scales that range from a few specific loci,
through chromosomes, to entire genomes (Table 1) [3]. Broadly,
there are two main approaches for studying genomic organization:
light microscopy and cell/molecular biology (Figure 2). Light
microcopy [4], both with fixed and living cells, can provide images
of a few loci within individual cells [5,6], as well as their dynamics
as a function of time [7] and cell state [8]. On a larger scale, light
microscopy combined with whole-chromosome staining reveals
chromosomal territories during interphase and their reorganization upon cell division. Immunofluorescence with fluorescent
antibodies in combination with RNA, and DNA fluorescence in
situ hybridization (FISH) has been used to determine the colocalization of loci and nuclear substructures.
Using cellular and molecular biology, novel chromosome
conformation capture (3C)-based methods such 3C [9], 3C-onchip or circular 3C (the so-called 4C) [10,11], 3C carbon copy
(5C) [12], and Hi-C [13] quantitatively measure frequencies of
spatial contacts between genomic loci averaged over a large
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physical and biological) that explain experimental observations; (ii)
the second approach aims at integrating diverse experimental
observations into a system of spatial restraints to be satisfied,
thereby constraining possible structural models of the chromatin.
The goal of both approaches is dual: to obtain most accurate 3D
and 4D representation of chromatin architecture and to understand physical constraints and biological phenomena that determine
its organization. These approaches are reminiscent of the proteinfolding field where the first strategy was used for characterizing
protein ‘‘foldability’’ and the second was implemented for modeling
the structure of proteins using nuclear magnetic resonance and
other experimental constraints. In fact, our outlook consistently
returns to the many connections between the two fields.

Abstract: Over the last decade, and especially after the
advent of fluorescent in situ hybridization imaging and
chromosome conformation capture methods, the availability of experimental data on genome three-dimensional
organization has dramatically increased. We now have
access to unprecedented details of how genomes
organize within the interphase nucleus. Development of
new computational approaches to leverage this data has
already resulted in the first three-dimensional structures
of genomic domains and genomes. Such approaches
expand our knowledge of the chromatin folding principles, which has been classically studied using polymer
physics and molecular simulations. Our outlook describes
computational approaches for integrating experimental
data with polymer physics, thereby bridging the resolution gap for structural determination of genomes and
genomic domains.
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The 3D Structure of the Immunoglobulin
Heavy-Chain Locus: Implications
for Long-Range Genomic Interactions

We developed a general approach that combines chromosome
conformation capture carbon copy (5C) with the Integrated
Modeling Platform (IMP) to generate high-resolution threedimensional 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 sequence 1.
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 looping interactions. The three-dimensional (3D) organization of chromosomes 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 formaldehyde 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 chromatin folding. Recently, experimentally driven approaches, in combination 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, scoring 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 telomere of human chromosome 16 (Fig. 1a). Embedded in this cluster
of ubiquitously expressed housekeeping genes is the tissue-specific
A-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 A-globin locus has been used widely as a model to study the
mechanism of long-range and tissue-specific gene regulation15,26–30.
The A-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 Z 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 A-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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