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PERSPECTIVES

mation about the structures and dynamics of 

proteins and their assemblies. These meth-

ods include sequence comparisons of related 

proteins, copurifi cation, hydrogen-deuterium 

exchange mass spectrometry (HDXMS), 

single-molecule fl uorescence, atomic force 

microscopy, analytical spectroscopy (both 

electron paramagnetic resonance and double 

electron-electron resonance), light scattering, 

chemical cross-linking, and mutagenesis (see 

the fi gure).

The individual pieces of data gathered 

using different techniques can provide invalu-

able restraints on the conformation, posi-

tion, and orientation of the components in an 

assembly or biological system ( 5). Relative to 

the use of any single set or type of data, simul-

taneous use of all such restraints can mark-

edly improve the accuracy, precision, and 

completeness of a model, especially when 

high-resolution structural data on the entire 

complex are not available.

Because of the many degrees of freedom 

in macromolecular structures and the dif-

fi culty of combining disparate data, models 

must be computed with algorithms that sam-

ple as many potential solutions as possible 

given the computing power available. These 

algorithms are driven by a scoring function 

consisting of the individual spatial restraints 

and are analogous to methods used in x-ray 

crystallography and NMR spectroscopy, 

which also generate models by minimizing 

differences between experimental data and 

data calculated from a model. Assessing how 

to best combine and weigh different types of 

data from multiple sources is a prerequisite 

for constructing structural models of increas-

ingly larger and more dynamic macromolec-

ular complexes.

A useful test of a model is whether it 

explains all data points within their own error 

bars and whether the entire data set is redun-

dant, meaning that a subset of the data can 

be omitted without any signifi cant impact on 

the model. In such a case, the confi dence in 

the model, the data, and the parameters used 

for modeling can be high. When a subset of 

the data points cannot be satisfi ed by a single 

model because the data were collected from 

a heterogeneous sample and/or the data are 

noisy, more sophisticated methods for com-

bining individual restraints are needed. In such 

cases, emphasis is placed on evaluating mod-

els in an objective manner, using Bayesian ( 7) 

and other statistical methods that explicitly 

take into account the noise in the data and/or 

multiple structural states in the sample.

Integrative, restraint-based approaches 

can be used whenever a challenging struc-

tural biology problem is encountered, from an 

individual protein to a small macromolecular 

machine to a large multicomponent cellular 

assembly. Thus, integrative approaches span 

wide resolution ranges and bridge observa-

tions made from the atomic to the cellular 

level. The following three examples illustrate 

the power of these new methods in generating 

models at different levels of resolution.

Some of the most successful applications 

of integrative approaches have resulted from 

combining sparse experimental observa-

tions with computation to generate atomic-

level models of macromolecules. Rosetta 

( 8), a platform for modeling protein struc-

tures, works by exhaustive calculations 

under a set of assumptions about the under-

lying geometry and chemistry of peptides. 

These assumptions reduce the nearly infi nite 

sampling necessary to fold a one-dimen-

sional sequence of amino acids into a three-

dimensional shape. Experimental restraints 

from NMR ( 9) or EM ( 10) can further nar-

row the search and help to converge on more 

accurate models. For example, Loquet et al. 

used solid-state NMR, EM, and Rosetta to 

build an atomic-level model of the bacte-

rial type III secretion needle used to inject 

its proteins into host cells ( 11). The model 

revealed details of the supramolecular inter-

faces of the component protomers, pro-

viding a structural understanding of this 

machine that had eluded characterization by 

single techniques.

Two recent independent studies of the 

molecular architecture of the 26S proteasome 

exemplify the value of integrative approaches 

for medium-resolution structures. Lander et 

al. combined EM reconstructions and x-ray 

crystal structures ( 12), whereas Lasker et 

al. used restraints from a variety of data sets 

(EM, x-ray crystallography, chemical cross-

linking, and proteomics) and employed the 

Integrative Modeling Platform package ( 6, 

 13) to build an almost identical model of the 

26S proteasome ( 14). Lasker et al.’s model 

was further tested by systematically remov-

ing some input data, recalculating a model, 

and assessing it against the omitted data. 

Although neither model resolved all inter-

actions at an atomic level, they provided a 

detailed understanding of the arrangement of 

the component subunits and were therefore 

Spatial restraints

Components Model

X-ray

crystallography

NMR Electron

microscopy

Small-angle

x-ray scattering

Cross-linking

HDXMS Proteomics,

mass spectrometry

Copurification Bioinformatics,

physics

Sampling and analysis

Complex structure solutions. Models of macromolecules and their complexes can be constructed by com-

bining different types of information generated by various experimental and theoretical techniques (gray 

box). The data are converted into spatial restraints, which are combined into a scoring function that guides 

sampling algorithms to obtain a detailed structural model.
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The Integrative Modeling Platform (IMP) 
http://www.integrativemodeling.org
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Russel et al, PLoS Biology, 2012
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Stage 1: Gathering information.  
Stage 2: Choosing how to represent and evaluate models.  
Stage 3: Finding models that score well.  
Stage 4: Analyzing resulting models and information. 

IMP

The Integrative Modeling Platform (IMP) 
http://www.integrativemodeling.org



Representation

• Atomic 
• Rigid bodies 
• Coarse grained 
• Multi-scale 
• Symmetry/periodicity 
• Multi-state systems



Scoring
• Proteomics 

• Density maps 

• EM images 

• FRET 

• Chemical cross linking 

• Homology-derived restraints 

• SAXS 

• Native mass spec 

• Statistical potentials 

• Molecular mechanics forcefields 

• Bayesian scoring functions 

• Library of functional forms (ambiguity, ...)



Sampling

• Monte-Carlo 
• Conjugate Gradients 
• Quasi-Newton 
• Simplex 
• Divide and conquer sampler



Analysis

• Clustering 
• Output 

• Chimera 
• Pymol 
• PDBs 
• Density maps
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Supplementary Figure 1. Diagram of the main structural features of the NPC.  

Diagram of the main structural features of the NPC, showing the commonly-used 

published nomenclature. The nuclear basket has been omitted for clarity. 

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 Table 5: Bead representations of each nup and their stoichiometries.  

W  is the nup type. NW
T  is the number of nup instances of type W  in each cytoplasmic (T  1 ) and 

nucleoplasmic half-spoke (T  2 ). {Bj
N }  is the set of beads for each nup at representation N . nN  

is the total number of particles (beads) per nup representation N . r is the radius of each bead. 

Each nup is described with up to 9 representations N . The Cartesian coordinates of beads in 

representations at N !1  are inherited from particles in the root representation; these beads are 

shown opaque whereas all other beads in the root representation are translucent. 

 

W  NW
1  NW

2  N  {Bj
N }  nN  r W  NW

1 NW
2  N  {Bj

N }  nN  r 

1,2,5 ȱ 2 3.0 1,5 ȱ 9 1.5 
Nup192 1 1 

3 - 1 - 2 ȱ 2 1.5 

1,2,5 ȱ 2 3.0 3 - 1 - 
Nup188 1 1 

3 - 1 - 

Nup1 0 1 

4 ȱ 7 1.5 

1,2,5 ȱ 2 2.9 1,5 ȱ 12 1.3 
Nup170 1 1 

3 - 1 - 2 ȱ 3 1.3 

1,2,5 ȱ 3 2.5 3 - 1 - 
Nup157 1 1 

3 - 1 - 

Nsp1 2 2 

4 ȱ 9 1.3 

1,2,5 ȱ 2 2.7 1,2,5 ȱ 2 2.1 
Nup133 1 1 

3 - 1 - 
Gle1 1 0 

3 - 1 - 

1,2,5 ȱ 2 2.6 1,5 ȱ 4 1.6 
Nup120 1 1 

3 - 1 - 2,3 ȱ 1 1.6 

1,2,5 ȱ 3 2.0 

Nup60 0 1 

4 ȱ 3 1.6 
Nup85 1 1 

3 - 1 - 1,5 ȱ 4 1.6 

1,2,5 ȱ 3 2.0 2 ȱ 2 1.6 
Nup84 1 1 

3 - 1 - 3 - 1 - 

1,2,5 ȱ 2 2.3 

Nup59 1 1 

4 ȱ 2 1.6 
Nup145C 1 1 

3 - 1 - 1,5 ȱ 3 1.8 

Seh1 1 1 1,2,3,5 ȱ 1 2.2 2,3 ȱ 1 1.8 

Sec13 1 1 1,2,3,5 ȱ 1 2.1 

Nup57 1 1 

4 ȱ 2 1.8 

Gle2 1 1 1,2,3,5 ȱ 1 2.3 1,5 ȱ 3 1.7 

1,2,5 ȱ 2 2.4 2,3 ȱ 1 1.7 
Nic96 2 2 

3 - 1 - 

Nup53 1 1 

4 ȱ 2 1.7 

1,2,5 ȱ 2 2.3 1,5 ȱ 6 1.5 
Nup82 1 1 

3 - 1 - 

Nup145N 0 2 

2,3 ȱ 1 1.5 

Representation 
436 proteins!



Data generation Data interpretation 
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Protein-protein: 
Violated for f < fo. f is the distance between two beads, fo is the sum of the bead radii, 
and V�is 0.01 nm. 
Applied to all pairs of particles in representation N=1: 

Bms  Bj
N  1 T, s,W ,i� �^ ` 
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- - 48 

Membrane-surface location: 
Violated if f z fo. f is the distance between a protein particle and the closest point on the 
NE surface (half-torus), fo = 0 nm, and V�is 0.2 nm. Applied to particles:  

Bms  Bj
N  6 T, s,W ,i� � |W �(Ndc1,Pom152,Pom34)^ ` 

- - 64 

Pore-side volume location: 
Violated if f < fo. f is the distance between a protein particle and the closest point on the 
NE surface (half-torus), fo = 0 nm, and V�is 0.2 nm. Applied to particles:  

Bms  Bj
N  8 T, s,W ,i� � |W �(Ndc1,Pom152,Pom34)^ ` 
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Surface localization restraint 

 

- - 80 

Perinuclear volume location: 
Violated if f > fo,, f is the distance between a protein particle and the closest point on 
the NE surface (half-torus), fo = 0 nm, and V�is 0.2 nm. Applied to particles:  

Bms  Bj
N  7 T, s,W ,i� �W � (Pom152)^ ` 
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1 164 1 

Complex diameter 
Violated if f < fo. f is the distance between two protein particles representing the largest 
diameter of the largest complex, fo is the complex maximal diameter D=19.2-R, where 
R is the sum of both particle radii, and V�is 0.01 nm. Applied to particles of proteins in 
composite C45:  

Bms  Bj
N  1 T, s,W ,i� � | W �C51^ ` 
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Protein chain restraint 

 

- - 1,680 

Protein chain 
Violated if f z fo. f is the distance between two consecutive particles in a protein, fo is 
the sum of the particle radii, and V�is 0.01 nm. Applied to particles: 

B  Bj
N T, s,W ,i� �|N  1^ ` 

456 

Z-axial position 
Violated for f < fo. f is the absolute Cartesian Z-coordinate of a protein particle, fo is the 
lower bound defined for protein type W, and V�is 0.1 nm. Applied to particles:  

B  Bj
N T, s,W ,i� �|N  1, j  1^ ` 

- - 

456 
Violated for f > fo. f is the absolute Cartesian Z-coordinate of a protein particle, fo is the 
upper bound defined for protein type W, and V�is 0.1 nm. Applied to particles: 

B  Bj
N T, s,W ,i� �|N  1, j  1^ ` 

456 

Radial position 
Violated for f < fo. f is the radial distance between a protein particle and the Z-axis in a 
plane parallel to the X and Y axes, fo is its lower bound defined for protein type W, and 
V�is 0.1 nm. Applied to particles: 

B  Bj
N T, s,W ,i� �|N  1, j  1^ ` 
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Protein localization restraint 

 - - 

456 

Violated for f > fo. f is the radial distance between a protein particle and the Z-axis in a 
plane parallel to the X and Y axes, fo is its upper bound defined for protein type W, and 
V�is 0.1 nm. Applied to particles: 

B  Bj
N T, s,W ,i� �|N  1, j  1^ ` 
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Protein contact 
Violated for f > fo. f is the distance between two protein particles, fo is the sum of the 
particle radii multiplied by a tolerance factor of 1.3, and V�is 0.01 nm. Applied to 
particle: 

B  Bj
N T, s,W ,i� � |N � (2,4,9),T � (1,2,3)^ ` 
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1 132 4  

Protein contact 
Violated for f > fo. f is the distance between two protein particles, fo is the sum of the 
particle radii multiplied by a tolerance factor of 1.3, and V�is 0.01 nm. Applied to : 

B  Bj
N T, s,W ,i� �|T �(1,2,3),N �(2,4,6),W  (Nup82,Nic96,Nup49,Nup57)^ ` 

A
ffi

ni
ty

 p
ur

ifi
ca

tio
n 

64
 c

om
pl

ex
es

 Protein proximity restraint 

 

692  25,348 692 

Protein proximity 
Violated for f > fo. f is the distance between two protein particles, fo is the maximal 
diameter of a composite complex, and V�is 0.01 nm. Applied to particles: 

B  Bj
N T, s,W ,i� � |T � (1,2,3),N � (2,4,9)^ ` 

Scoring



 

the overlay assay and affinity purification data (Supplementary
Information).

Optimization

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
configuration. We use standard methods of conjugate gradients and
molecular dynamics with simulated annealing (Supplementary
Information). These methods allow the evolving structure some
‘breathing room’ to explore the scoring function landscape, min-
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
initial configurations were performed until an ensemble of 1,000

structures satisfying the input restraints was obtained (approxi-
mately 200,000 trials were required, running for approximately
30 days on 200 CPUs) (Fig. 8b).

Ensemble interpretation

We analysed the ensemble of 1,000 structures that satisfy the input
data (Fig. 8b) in terms of protein positions, contacts and configura-
tion (Figs 9 and 10).
Protein positions. These 1,000 structures were first superposed
(Fig. 9a) (Supplementary Information). Next, the superposed struc-
tures were converted into the probability of any volume element
being occupied by a given protein (that is, the ‘localization probabi-
lity’) (Fig. 9b). The spread around the maximum localization prob-
ability of each protein describes how precisely its position was
defined by the input data. The positions that have a single narrow
maximum in their probability distribution in the ensemble are deter-
mined most precisely. When multiple maxima are present in the
distribution at the precision of interest, the input restraints are insuf-
ficient to define the single native state of that protein (or there are
multiple native states).

The actual localization probabilities yielded single pronounced
maxima for almost all proteins, demonstrating that the input
restraints define one predominant structure. The average standard
deviation for the distance between neighbouring protein centroids is
5 nm; the precision of the larger, centrally positioned proteins seems
to be higher than that of the anchor domains of some FG nucleopor-
ins. This level of precision defines a region smaller than the diameters
of many nucleoporins. Thus, our map is sufficient to determine the
relative positions of proteins in the NPC; we do not interpret features
smaller than this precision. On the basis of the localization probabi-
lities (Fig. 9b), we also define the volume most likely occupied by each
protein, termed the ‘localization volume’ (Figs 9c and 10a). The
localization volumes of the proteins overlap only to a small degree,
such that only 10% of the NPC volume is assigned to two or more
proteins, again underscoring how well the position of each nucleo-
porin is resolved. On the basis of our current data, we are not able to
distinguish between the two possible mirror-symmetric structures;
here, we present one of them.
Protein contacts. The proximities of any two proteins in the struc-
ture can be measured by their relative ‘contact frequency’, which is
defined by how often the two proteins contact each other in the
ensemble (Fig. 10b). Contacts are highly conserved among the
ensemble structures, despite some variability; 32 protein pairs have
a contact frequency higher than 65%. Of all the 435 contact frequen-
cies, 7% are high (65–100%) and 73% are low (0–25%); this again
demonstrates that the structure is well defined, as an ensemble of
varied structures would yield mainly medium contact frequencies.
Notably, few high-contact frequencies are seen between proteins of
the same type, indicating that the NPC is held together primarily by
heterotypic interactions.

We can improve our determination of contacts by considering not
only the contact frequencies but also the composite data (Fig. 10c).
More specifically, we define two proteins to be ‘adjacent’ if their
relative contact frequency is larger than 65% or if they appear in
the maximal spanning tree of any composite graph whose edge
weights correspond to contact frequencies (as explained in Fig.
10c). If two proteins are adjacent, they are more likely to interact
with each other in the native NPC structure than when they are not
adjacent36. In total, 51 types of adjacencies were found (Fig. 10d). A
particularly large number of adjacencies are observed for Nic96 and
Nup82, which both appear in two copies per symmetry unit, as well as
for the core proteins Nup192 and Nup188. Whereas the latter two
proteins bridge the bulk of the NPC to the membrane proteins and
also provide anchor sites for FG nucleoporins, Nic96 bridges major
ring structures of the NPC and also serves as an anchor site for FG
nucleoporins37. Most FG nucleoporins are peripherally located and
therefore show only a few adjacencies.
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Figure 8 | Calculation of the NPC bead structure by satisfaction of spatial
restraints. a, Representation of the optimization process as it progresses
from an initial random configuration to an optimal structure. The graph
shows the relationship between the score (a measure of the consistency
between the configuration and the input data) and the average contact
similarity. The contact similarity quantifies how similar two configurations
are in terms of the number and types of their protein contacts; a contact
between two proteins occurs if the distance between their closest beads is
less than 1.4 times the sum of the bead radii (Supplementary Information).
The average contact similarity at a given score is determined from the
contact similarities between the lowest scoring configuration and a sample of
100 configurations with the given score. Error bars indicate standard
deviation. Representative configurations at various stages of the
optimization process from left (very large scores) to right (with a score of 0)
are shown above the graph; a score of 0 indicates that all input restraints have
been satisfied. As the score approaches zero, the contact similarity increases,
showing that there is only a single cluster of closely related configurations
that satisfy the input data. b, Distribution of configuration scores. The
presence of configurations with the score close to 0 demonstrates that our
sampling procedure finds configurations consistent with the input data.
These configurations satisfy all the input restraints within the experimental
error.
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the overlay assay and affinity purification data (Supplementary
Information).

Optimization

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
configuration. We use standard methods of conjugate gradients and
molecular dynamics with simulated annealing (Supplementary
Information). These methods allow the evolving structure some
‘breathing room’ to explore the scoring function landscape, min-
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
initial configurations were performed until an ensemble of 1,000

structures satisfying the input restraints was obtained (approxi-
mately 200,000 trials were required, running for approximately
30 days on 200 CPUs) (Fig. 8b).

Ensemble interpretation

We analysed the ensemble of 1,000 structures that satisfy the input
data (Fig. 8b) in terms of protein positions, contacts and configura-
tion (Figs 9 and 10).
Protein positions. These 1,000 structures were first superposed
(Fig. 9a) (Supplementary Information). Next, the superposed struc-
tures were converted into the probability of any volume element
being occupied by a given protein (that is, the ‘localization probabi-
lity’) (Fig. 9b). The spread around the maximum localization prob-
ability of each protein describes how precisely its position was
defined by the input data. The positions that have a single narrow
maximum in their probability distribution in the ensemble are deter-
mined most precisely. When multiple maxima are present in the
distribution at the precision of interest, the input restraints are insuf-
ficient to define the single native state of that protein (or there are
multiple native states).

The actual localization probabilities yielded single pronounced
maxima for almost all proteins, demonstrating that the input
restraints define one predominant structure. The average standard
deviation for the distance between neighbouring protein centroids is
5 nm; the precision of the larger, centrally positioned proteins seems
to be higher than that of the anchor domains of some FG nucleopor-
ins. This level of precision defines a region smaller than the diameters
of many nucleoporins. Thus, our map is sufficient to determine the
relative positions of proteins in the NPC; we do not interpret features
smaller than this precision. On the basis of the localization probabi-
lities (Fig. 9b), we also define the volume most likely occupied by each
protein, termed the ‘localization volume’ (Figs 9c and 10a). The
localization volumes of the proteins overlap only to a small degree,
such that only 10% of the NPC volume is assigned to two or more
proteins, again underscoring how well the position of each nucleo-
porin is resolved. On the basis of our current data, we are not able to
distinguish between the two possible mirror-symmetric structures;
here, we present one of them.
Protein contacts. The proximities of any two proteins in the struc-
ture can be measured by their relative ‘contact frequency’, which is
defined by how often the two proteins contact each other in the
ensemble (Fig. 10b). Contacts are highly conserved among the
ensemble structures, despite some variability; 32 protein pairs have
a contact frequency higher than 65%. Of all the 435 contact frequen-
cies, 7% are high (65–100%) and 73% are low (0–25%); this again
demonstrates that the structure is well defined, as an ensemble of
varied structures would yield mainly medium contact frequencies.
Notably, few high-contact frequencies are seen between proteins of
the same type, indicating that the NPC is held together primarily by
heterotypic interactions.

We can improve our determination of contacts by considering not
only the contact frequencies but also the composite data (Fig. 10c).
More specifically, we define two proteins to be ‘adjacent’ if their
relative contact frequency is larger than 65% or if they appear in
the maximal spanning tree of any composite graph whose edge
weights correspond to contact frequencies (as explained in Fig.
10c). If two proteins are adjacent, they are more likely to interact
with each other in the native NPC structure than when they are not
adjacent36. In total, 51 types of adjacencies were found (Fig. 10d). A
particularly large number of adjacencies are observed for Nic96 and
Nup82, which both appear in two copies per symmetry unit, as well as
for the core proteins Nup192 and Nup188. Whereas the latter two
proteins bridge the bulk of the NPC to the membrane proteins and
also provide anchor sites for FG nucleoporins, Nic96 bridges major
ring structures of the NPC and also serves as an anchor site for FG
nucleoporins37. Most FG nucleoporins are peripherally located and
therefore show only a few adjacencies.
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Figure 8 | Calculation of the NPC bead structure by satisfaction of spatial
restraints. a, Representation of the optimization process as it progresses
from an initial random configuration to an optimal structure. The graph
shows the relationship between the score (a measure of the consistency
between the configuration and the input data) and the average contact
similarity. The contact similarity quantifies how similar two configurations
are in terms of the number and types of their protein contacts; a contact
between two proteins occurs if the distance between their closest beads is
less than 1.4 times the sum of the bead radii (Supplementary Information).
The average contact similarity at a given score is determined from the
contact similarities between the lowest scoring configuration and a sample of
100 configurations with the given score. Error bars indicate standard
deviation. Representative configurations at various stages of the
optimization process from left (very large scores) to right (with a score of 0)
are shown above the graph; a score of 0 indicates that all input restraints have
been satisfied. As the score approaches zero, the contact similarity increases,
showing that there is only a single cluster of closely related configurations
that satisfy the input data. b, Distribution of configuration scores. The
presence of configurations with the score close to 0 demonstrates that our
sampling procedure finds configurations consistent with the input data.
These configurations satisfy all the input restraints within the experimental
error.
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Integrating data

both our structure and the Y-shaped complex (Fig. 5b)14. Here, we
resolve the relative positions of the proteins in this complex and show
how the complex is integrated into the architecture of the entire NPC.

Together these assessments indicate that our data are sufficient to
determine the configuration of the proteins comprising the NPC.
Indeed, it is hard to conceive of any combination of errors that could
have biased our structure towards a single solution that resembles
known NPC features in so many ways.

Conclusions

We have devised an integrative approach to solve the structure of the
NPC using diverse biophysical and proteomic data. This approach
has several advantages. First, it benefits from the synergy among the
input data. Data integration is in fact necessary for structure deter-
mination, because none of the individual data sets contains sufficient
spatial information on its own. Despite the little structural informa-
tion in each individual restraint, the concurrent satisfaction of all
restraints derived from independent experiments markedly reduces
the degeneracy of the final structures. Second, the integrative
approach can potentially survey all the structures that are consistent
with the data. Alternatively, if no structure is consistent with the data,
then some experiments or their interpretations are incorrect. Third,
this approach can make the process of structure determination
more efficient, by indicating which measurements would be most
informative. Fourth, the approach can, in principle, incorporate
essentially any structural information about a given assembly.
Thus, it is straightforward to adapt it for calculating higher resolution

structures by including additional spatial restraints from higher reso-
lution data sets, such as atomic structures of proteins, chemical cross-
linking, footprinting, small angle X-ray scattering (SAXS) and cryo-
EM. It is conceivable that these additional data sets might allow us to
determine pseudo-atomic structures of assemblies as complex as the
NPC. Furthermore, by obtaining detailed structural information
concerning different stages of a dynamic process, our approach
may animate the NPC’s assembly and transport mechanisms6.

The molecular architecture of many macromolecular complexes
could, in principle, be resolved using a similar integrative approach.
With regards to the NPC, the resulting structure has already
provided abundant insights into the function and evolution of the
cell37.

METHODS SUMMARY
See Supplementary Information for a detailed description of our Methods. The
experimental data, the Integrative Modelling Platform software and the NPC
structural model are available at http://ncdir.org/npc.
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Figure 11 | The structure is increasingly specified by the addition of
different types of synergistic experimental information. a, Protein
positions. As an example, each panel illustrates the localization of 16 copies
of Nup192 in the ensemble of NPC structures, generated using the data sets
indicated below. The localization probability is contoured at 65% of its
maximal value (red). The smaller the volume, the better localized are the
proteins. The NPC structure is therefore essentially moulded into shape by
the large amount of diverse experimental data. b, Protein contacts.
Prediction of protein interactions from contact frequencies improves as
more data are used. As an example, each panel illustrates the contact
frequencies between proteins found in composite 34. Contact frequencies
are shown as edge weights and indicated by the thickness of the lines

connecting the proteins. Left: when only a single composite is used (together
with stoichiometry and symmetry information), all interactions are equally
likely (initial contact frequency, Supplementary Information). Middle: when
the highest likelihood of interaction between a particular protein pair from
all composites is used, the uncertainty about the interactions is reduced.
Right: when all data are used, the contact frequencies are either very high
(.0.65) or very low (,0.25), thus allowing a strong prediction of protein
interactions. Contact frequencies reflect the likelihood that a protein
interaction is formed given the data considered and are calculated from the
ensemble of optimized structures. Numbers in red indicate final contact
frequencies that significantly decreased (at a P-value ,1023) from their
initial values (Supplementary Information).
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3 Supplementary Figures 

 

 

 

 

 

 
 

Supplementary Figure 1. Diagram of the main structural features of the NPC.  

Diagram of the main structural features of the NPC, showing the commonly-used 

published nomenclature. The nuclear basket has been omitted for clarity. 
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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
localization volumes14 and have been coloured according to their
classification into five distinct substructures on the basis of 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,
termed the spoke, is shown dissected into its component nucleoporins.
Together, the outer and inner rings connect to form the NPC’s core scaffold
(Fig. 3). Each of the outer rings makes connections with the adjacent linker
nucleoporins and inner rings, but connects with few FG nucleoporins and no
components of the membrane rings. The two inner rings are closely
associated with each other at the NPC’s equator and form connections with
all three integral membrane proteins in the membrane rings, thereby
anchoring the NPC to the nuclear envelope. The bulk of the membrane rings

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
cytoplasmic and nucleoplasmic sides of each spoke, one copy of 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
FG nucleoporins Nup159, Nup116, Nsp1 and Nup42. Thus, Nsp1 forms at
least two distinct complexes in the NPC: one exclusively cytoplasmic and
one disposed symmetrically52–55. By contrast, the FG nucleoporins found
only on the nucleoplasmic side connect mainly to the inner ring
nucleoporins, as do Nup53 and Nup59, both of which also face the pore
membrane. The scale bars indicate the average standard deviation of the
distance between a pair of neighbouring proteins in the 1,000 best-scoring
configurations14.
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“Bridging” the Resolution Gap 
Dekker, J., Marti-Renom, M. A., & Mirny, L. A. (2013). Nature Reviews Genetics, 14(6), 390–403.

Nature Reviews | Genetics

A compartments

20 Mb

2 Mb

B compartments

Interaction preference

TADs

Compartments

Box 2 | Genome compartments

Inter- and intrachromosomal interaction maps for mammalian genomes28,64,111 have revealed a pattern of interactions that 
can be approximated by two compartments — A and B — that alternate along chromosomes and have a characteristic 
size of ~5 Mb each (as shown by the compartment graph below top heat map in the figure). A compartments (shown in 
orange) preferentially interact with other A compartments throughout the genome. Similarly, B compartments (shown  
in blue) associate with other B compartments. Compartment signal can be quantified by eigenvector expansion of the 
interaction map64,111,112. The A or B compartment signal is not simply biphasic (representing just two states) but is 
continuous112 and correlates with indicators of transcriptional activity, such as DNA accessibility, gene density, replication 
timing, GC content and several histone marks. These indicators suggest that A compartments are largely euchromatic, 
transcriptionally active regions.

Topologically associating domains (TADs) are distinct from the larger A and B compartments. First, analysis of embryonic 
stem cells, brain tissue and fibroblasts suggests that most, but not all, TADs are tissue-invariant58,59, whereas A and B 
compartments are tissue-specific domains of active and inactive chromatin that are correlated with cell-type-specific gene 
expression patterns64. Second, A and B compartments are large (often several megabases) and form an alternating pattern 
of active and inactive domains along chromosomes. By contrast, TADs are smaller (median size around 400–500 kb; see 
zoomed in section of heat map in the figure) and can be active or inactive, and adjacent TADs are not necessarily of 
opposite chromatin status. Thus, it seems that TADs are hard-wired features of chromosomes, and groups of adjacent TADs 
can organize in A and B compartments (see REF. 50 for a more extensive discussion). 

Shown in the figure are data for human chromosome 14 for IMR90 cells (data taken from REF. 59). In the top panel, Hi-C 
data were binned at 200 kb resolution, corrected using iterative correction and eigenvector decomposition (ICE), and 
the compartment graph was computed as described in REF. 112. The lower panel shows a blow up of a 4 Mb fragment of 
chromosome 14 (specifically, 74.4 Mb to 78.4 Mb) binned at 40 kb.
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Experiments

Computation

Hybrid Method 
Baù, D. & Marti-Renom, M. A. Methods 58, 300–306 (2012).



Hi-C technology 
Lieberman-Aiden, E. et al.  Science 326, 289–293 (2009). 

http://3dg.umassmed.edu

(12, 13). Interestingly, chromosome 18, which is
small but gene-poor, does not interact frequently
with the other small chromosomes; this agrees
with FISH studies showing that chromosome 18
tends to be located near the nuclear periphery (14).

We then zoomed in on individual chromo-
somes to explore whether there are chromosom-
al regions that preferentially associate with each
other. Because sequence proximity strongly in-
fluences contact probability, we defined a normal-

ized contact matrixM* by dividing each entry in
the contact matrix by the genome-wide average
contact probability for loci at that genomic dis-
tance (10). The normalized matrix shows many
large blocks of enriched and depleted interactions,
generating a plaid pattern (Fig. 3B). If two loci
(here 1-Mb regions) are nearby in space, we
reasoned that they will share neighbors and have
correlated interaction profiles. We therefore de-
fined a correlation matrix C in which cij is the

Pearson correlation between the ith row and jth
column of M*. This process dramatically sharp-
ened the plaid pattern (Fig. 3C); 71% of the result-
ing matrix entries represent statistically significant
correlations (P ≤ 0.05).

The plaid pattern suggests that each chromo-
some can be decomposed into two sets of loci
(arbitrarily labeled A and B) such that contacts
within each set are enriched and contacts between
sets are depleted.We partitioned each chromosome

Fig. 1. Overview of Hi-C. (A)
Cells are cross-linked with form-
aldehyde, resulting in covalent
links between spatially adjacent
chromatin segments (DNA frag-
ments shown in dark blue, red;
proteins, which canmediate such
interactions, are shown in light
blue and cyan). Chromatin is
digested with a restriction en-
zyme (here, HindIII; restriction
site marked by dashed line; see
inset), and the resulting sticky
ends are filled in with nucle-
otides, one of which is bio-
tinylated (purple dot). Ligation
is performed under extremely
dilute conditions to create chi-
meric molecules; the HindIII
site is lost and an NheI site is
created (inset). DNA is purified
and sheared. Biotinylated junc-
tions are isolated with strep-
tavidin beads and identified by
paired-end sequencing. (B) Hi-C
produces a genome-wide con-
tactmatrix. The submatrix shown
here corresponds to intrachro-
mosomal interactions on chromo-
some 14. (Chromosome 14 is
acrocentric; the short arm is
not shown.) Each pixel represents all interactions between a 1-Mb locus and another 1-Mb locus; intensity corresponds to the total number of reads (0 to 50). Tick
marks appear every 10 Mb. (C and D) We compared the original experiment with results from a biological repeat using the same restriction enzyme [(C), range
from 0 to 50 reads] and with results using a different restriction enzyme [(D), NcoI, range from 0 to 100 reads].

A

B C D

Fig. 2. The presence and orga-
nization of chromosome territo-
ries. (A) Probability of contact
decreases as a function of ge-
nomic distance on chromosome 1,
eventually reaching a plateau at
~90 Mb (blue). The level of in-
terchromosomal contact (black
dashes) differs for different pairs
of chromosomes; loci on chromo-
some 1 are most likely to inter-
act with loci on chromosome 10
(green dashes) and least likely
to interact with loci on chromo-
some 21 (red dashes). Interchro-
mosomal interactions are depleted
relative to intrachromosomal in-
teractions. (B) Observed/expected
number of interchromosomal con-
tacts between all pairs of chromosomes. Red indicates enrichment, and blue indicates depletion (range from 0.5 to 2). Small, gene-rich chromosomes tend to interact
more with one another, suggesting that they cluster together in the nucleus.
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On TADs and hormones

Davide Baù François SerraFrançois le Dily



Progesterone-regulated transcription in breast cancer

>	  2,000	  genes	  Up-‐regulated	  
>	  2,000	  genes	  Down-‐regulated	  

Regulation in 3D?
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Remodelling
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Eukaryotic DNA is packaged into chromatin through
its association with histone proteins. The nucleosome
core particle consists of 146 bp wrapped around a histone
octamer consisting of two copies each of the core histone
proteins H2A, H2B, H3, and H4. Concomitant with the
recruitment of the ternary complex of phospho (p) PR/
pErk/pMsk1 to the MMTV promoter, histone H3 be-
comes phosphorylated at serine 10 and acetylated at ly-
sine 14, only on the nucleosome containing the HREs and
not on adjacent nucleosomes (Fig. 2, middle panel) (53).
Phosphoacetylation of histone H3 can be blocked by in-
hibiting Erk or Msk1 activation resulting in a marked
reduction of MMTV promoter activation by hormone.
Blocking H3 phosphoacetylation precludes displacement
of a repressive complex containing HP1!, as well as the
recruitment of the Brg1-containing chromatin remodel-
ing complex, thus preventing displacement of histone H2A/
H2B dimers and subsequent promoter activation.

Most reports on the rapid action of PR have focused in
the cell signaling pathways activated by progestins (17,
18, 55), but how these pathways are integrated with the

transcriptional function of PR has remained elusive. We
have shown that some of the kinases activated by proges-
tins in the cytoplasm phosphorylate PR and form a com-
plex with the activated PR. The complex of activated PR
and accompanying kinases is recruited to the target sites
in chromatin where the kinases modify chromatin pro-
teins locally as a prerequisite for chromatin remodeling
and gene regulation. Thus, we propose that the “non-
genomic” and “genomic” pathways of progestin action
converge on chromatin to enable gene regulation.

Hormone-Induced ATP-Dependent
Chromatin Remodeling Needs
Cooperation of Various Enzymatic
Activities

Modulation of the structure and dynamics of nucleo-
somes is an important regulatory mechanism in all DNA-
based processes and is primarily catalyzed by chromatin
remodeling complexes. Such complexes can either modify

FIG. 1. Initial steps of PR activation. Progestins bind to cytoplasmic PR/ER complexes, anchored in the cell membrane by palmitoyl residues, and
activate the Src/Ras/Erk pathway, leading to nuclear accumulation of activated pErk. The majority of PR is nuclear and associated with chaperones
(Hsps). Upon binding of progestins, PR homodimers dissociate from chaperones, and a fraction of PR is phosphorylated by pErk, which also
phosphorylates Msk1. A “PR-activated complex” composed of pPR/pErk/pMsk1 is formed. Progesterone induction also activates other kinase
signaling pathways as Janus kinase (JAK)/Stat, phosphatidylinositol kinase (PI3K)/serine-threonine kinase (Akt), and Cdk2 (red asterisk).

Mol Endocrinol, November 2010, 24(11):2088–2098 mend.endojournals.org 2091
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Are there TADs? how robust?

Chr.18

0 >302515100 >30251510

+Pg-Pg

conserved

± 2 0 0 k b  o r  m o r e
1 0 0 k b

8%

12%

80%

>2,000 detected TADs 

400

500

(p
er

 

A.

0

100

200

300

0 1

H
in

dI
II

de
ns

ity
(

M
b)

Relative HiC coverage

M
b)Bo

rd
er

s

15

20

25

30
40 Kb
100 Kb

B. C.

S
iz

e
(M

%
 o

f B

0

5

10

15

1 2 3 4 5 6 7 8 9 10

Chromosome
1 3 5 7 X9 11 1513 17 19 21Robustness of borders



Are TADs homogeneous?
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Do TADs respond differently to Pg treatment?
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Do TADs respond differently to Pg treatment?

O
b

s
e

rv
e

d
/e

x
p

e
c
te

d
 r

a
ti
o

 (
L

o
g

2
)

F
re

q
u

e
n

c
ie

s

E
x
p

re
s
s
io

n
 l
e

v
e

ls
 (

L
o

g
2
 R

P
K

M
)

30

20

10

0

0

-1

-2

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

4

3

2

1

0

-1

-2

-3

L
o

g
2
 f
o

ld
 c

h
a

n
g

e

Z
B

T
B

2

R
M

N
D

1

C
6

o
rf

2
1
1

C
C

D
C

1
7

0

E
S

R
1

S
Y

N
E

1

-Pg

+Pg

E
x
p

re
s
s
io

n
 l
e

v
e

ls
 (

L
o

g
2
 R

P
K

M
)

4

3

2

1

0

8

7

6

5

4

3

2

1

0

-1

-2

L
o

g
2
 f
o

ld
 c

h
a

n
g

e

M
R

F
A

P
1

S
1

0
0

P

M
R

F
A

P
1

L
1

B
L

O
C

1
S

4

K
IA

A
0

2
3

2

T
B

C
1

D
1

4

C
C

D
C

9
6

T
A

D
A

2
B

G
R

P
E

L
1

-Pg

+Pg

Observed
Expected

100-90

100-90

0-10

0-10%

% of genes per TAD with

positive or negative fold change

Repressed
TADs

Activated
TADs

Other
TADs

Mean

Replicate 1

Replicate 2

Pg induced fold change per TAD (6h)

Fold change 6h Pg

-1.0

-0.5

0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

pe
r T

AD
 (L

og
2)

***
******

Fold change 1h Pg

Repressed
TADs

Activated
TADs

Other
TADs

Repressed
TADs

Activated
TADs

Other
TADs

***
******

-2.0

-1.0

0.0

1.0

2.0

3.0

Pg
 in

du
ce

d 
fo

ld
 c

ha
ng

e 
(lo

g2
) p

er
 g

en
e

Repressed
TADs

Activated
TADs

Other
TADs

***
******

Repressed
TADs

Activated
TADs

Other
TADs

-2.0

-1.0

0.0

1.0

2.0

Pg
 in

du
ce

d 
fo

ld
 c

ha
ng

e 
(lo

g2
) p

er
 T

AD
no

n-
co

di
ng

***
*****

Repressed
TADs

Activated
TADs

Other
TADs

-2.0

-1.0

0.0

1.0

2.0

3.0

Pg
 in

du
ce

d 
ch

an
ge

s 
in

 
in

tra
-T

AD
 in

te
ra

ct
io

ns
 (z

-s
co

re
)



Chr1:26,800,000-28,700,000

43
2

5

432

1
2.2

0.60.9
pool 1
pool 2

0.0 0.5 1.0 1.5

0
.0

0
.5

1
.0

1
.5

models (micra)

F
IS

H
 (

m
ic

ra
)

r= 0.94

1-5
2-4
2-3
3-4

Modeling 3D TADs

61 genomic regions containing 209 TADs covering 267Mb
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