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The importance of the 3D structure

The biochemical function of a molecule is defined by 
its interactions

The 3D structure is more informative than sequence 
alone

Evolution tends to conserve function and function 
depends more directly on structure than on sequence

The biological function is in large part  a consequence 
of these interations

Why is it useful to know the structure of a protein, 
not only its sequence?

The biochemical function (activity) of a protein is defined by its interactions with other 
molecules. 

The biological function is in large part a consequence of these interactions.

The 3D structure is more informative than sequence because interactions are determined 
by residues that are close in space but are frequently distant in sequence.

In addition, since evolution tends to conserve 
function and function depends more directly on 
structure than on sequence, structure is more 

conserved in evolution than sequence.

The net result is that patterns in space are 

frequently more recognizable than patterns 

in sequence.
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Structure prediction vs determination
protein prediction .vs. protein determination
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NPC, although no fold information (except for the transmembrane
domains) was used in the generation of the structure.
Experimental data not used in the calculation of the model. Finally,
our structure can be most directly tested by comparing it to experi-
mentally determined data that were not included in the structure
calculation. First, our structure is robust, in the sense that omission
of a randomly chosen subset of 10% of the protein interaction data
still results in structures with contact frequencies essentially identical
to those derived from the complete data set. Second, the shape of our
NPC structure37 strongly resembles the published electron micro-
scopy maps of the NPC5,38–42, even though these data were not used
here (Supplementary Fig. 22). Third, the diameter of the transport
channel in our structure is ,38 nm (excluding the FG-repeat

regions), in good agreement with the experimentally reported maxi-
mal diameter of transported particles43. Fourth, Nup133, which has
been experimentally shown to interact with highly curved mem-
branes 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

d
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Figure 10 | Ensemble interpretation in terms of protein positions, contacts
and configuration. a, Localization volumes of all 456 proteins in the NPC
(excluding the FG-repeat regions) in four different views. The diameter of
the transport channel and the NPC are also indicated. The proteins are
colour-coded according to their assignment to the six NPC modules37.
b, Contact frequencies for all pairs of proteins. The contact frequency of a
pair of protein types is the fraction of structures in the ensemble that
contains at least one protein contact between any protein instances of the
two types. c, Contact frequencies between proteins in composite 40. Proteins
are nodes connected by edges with the observed contact frequency as the
edge weight (indicated by its thickness). Edges that are part of the maximal
spanning tree are shown by thick blue lines; the maximal spanning tree is the

spanning tree that maximizes the sum of the edge weights. All edges with a
statistically significant reduction in contact frequency from their initial
values implied by the composite data alone (P-value , 1023; Supplementary
Information) are indicated by dotted lines with contact frequencies shown in
red. d, Protein adjacencies for the whole NPC, with proteins as nodes and
edges connecting proteins that are determined to be adjacent to each other.
The edge weight is the observed contact frequency. e, Configuration of the
proteins in composite 40. The location of a protein corresponds to the
average position of the beads representing non-FG repeats of the protein.
f, Configuration of Nic96 and the NPC scaffold proteins. g, Localization
volume of Nic96 and the NPC scaffold proteins37.
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NPC, although no fold information (except for the transmembrane
domains) was used in the generation of the structure.
Experimental data not used in the calculation of the model. Finally,
our structure can be most directly tested by comparing it to experi-
mentally determined data that were not included in the structure
calculation. First, our structure is robust, in the sense that omission
of a randomly chosen subset of 10% of the protein interaction data
still results in structures with contact frequencies essentially identical
to those derived from the complete data set. Second, the shape of our
NPC structure37 strongly resembles the published electron micro-
scopy maps of the NPC5,38–42, even though these data were not used
here (Supplementary Fig. 22). Third, the diameter of the transport
channel in our structure is ,38 nm (excluding the FG-repeat

regions), in good agreement with the experimentally reported maxi-
mal diameter of transported particles43. Fourth, Nup133, which has
been experimentally shown to interact with highly curved mem-
branes 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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Figure 10 | Ensemble interpretation in terms of protein positions, contacts
and configuration. a, Localization volumes of all 456 proteins in the NPC
(excluding the FG-repeat regions) in four different views. The diameter of
the transport channel and the NPC are also indicated. The proteins are
colour-coded according to their assignment to the six NPC modules37.
b, Contact frequencies for all pairs of proteins. The contact frequency of a
pair of protein types is the fraction of structures in the ensemble that
contains at least one protein contact between any protein instances of the
two types. c, Contact frequencies between proteins in composite 40. Proteins
are nodes connected by edges with the observed contact frequency as the
edge weight (indicated by its thickness). Edges that are part of the maximal
spanning tree are shown by thick blue lines; the maximal spanning tree is the

spanning tree that maximizes the sum of the edge weights. All edges with a
statistically significant reduction in contact frequency from their initial
values implied by the composite data alone (P-value , 1023; Supplementary
Information) are indicated by dotted lines with contact frequencies shown in
red. d, Protein adjacencies for the whole NPC, with proteins as nodes and
edges connecting proteins that are determined to be adjacent to each other.
The edge weight is the observed contact frequency. e, Configuration of the
proteins in composite 40. The location of a protein corresponds to the
average position of the beads representing non-FG repeats of the protein.
f, Configuration of Nic96 and the NPC scaffold proteins. g, Localization
volume of Nic96 and the NPC scaffold proteins37.
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The four stages of integrative modeling

Stage 4: Analyzing Resulting Models and Information 
Cluster 1

500 nm

180o

Cluster 2

500 nm

180o

Cluster 3

500 nm

180o

Cluster 4

500 nm

180o

Stage 1: Gathering experimental and statistical Information

Stage 2: Choosing How To Represent And Evaluate Models

Stage 3: Finding Models That Score Well



Advantages of integrative 
modeling

Russel, D., Lasker, K., Webb, B., Velázquez-Muriel, J., Tjioe, E., Schneidman-Duhovny, D., Peterson, B., et al. (2012). PLoS Biology, 10(1), e1001244

• It facilitates the use of new information

• It maximizes accuracy, precision and completeness of the models

• It facilitates assessing the input information and output models

• It helps in understanding and assessing experimental accuracy



f(·)

Protein localization 

Experiments Computations Physics Evolution

Integrative Modeling Platform
http://www.integrativemodeling.org

From: Russel, D. et al. PLOS Biology 10, e1001244 (2012).
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The simulating annealing procedure
Temperature

Movements
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En example of nergy optimization
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Protein localization 

Experiments Computations Physics Evolution

Integrative Modeling Platform
http://www.integrativemodeling.org

From: Russel, D. et al. PLOS Biology 10, e1001244 (2012).
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“Toy” example...

experimental lab, through direct adoption
by an experimental lab, or by experimen-
talists modifying existing integrative mod-
eling applications. To facilitate widespread
adoption, we have developed the Integra-
tive Modeling Platform (IMP) software
package.

A Platform for Integrative
Modeling

The IMP software package facilitates

the writing of integrative modeling appli-

cations; the development of new model

representations, scoring functions, sam-

pling schemes, and analysis methods; and
the distribution of integrative modeling
applications.

In IMP, models are encoded as collec-
tions of particles, each representing a piece
of the system. Depending on the data
available, particles can be used to create

Figure 1. Integrative structure modeling of the human RNA Polymerase II [10]. The first round of modeling was performed using only the
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

PLoS Biology | www.plosbiology.org 2 January 2012 | Volume 10 | Issue 1 | e1001244

Russel, D., Lasker, K., Webb, B., Velázquez-Muriel, J., Tjioe, E., Schneidman-Duhovny, D., Peterson, B., et al. (2012). PLoS Biology, 10(1), e1001244



NPC, although no fold information (except for the transmembrane
domains) was used in the generation of the structure.
Experimental data not used in the calculation of the model. Finally,
our structure can be most directly tested by comparing it to experi-
mentally determined data that were not included in the structure
calculation. First, our structure is robust, in the sense that omission
of a randomly chosen subset of 10% of the protein interaction data
still results in structures with contact frequencies essentially identical
to those derived from the complete data set. Second, the shape of our
NPC structure37 strongly resembles the published electron micro-
scopy maps of the NPC5,38–42, even though these data were not used
here (Supplementary Fig. 22). Third, the diameter of the transport
channel in our structure is ,38 nm (excluding the FG-repeat

regions), in good agreement with the experimentally reported maxi-
mal diameter of transported particles43. Fourth, Nup133, which has
been experimentally shown to interact with highly curved mem-
branes 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

d
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Figure 10 | Ensemble interpretation in terms of protein positions, contacts
and configuration. a, Localization volumes of all 456 proteins in the NPC
(excluding the FG-repeat regions) in four different views. The diameter of
the transport channel and the NPC are also indicated. The proteins are
colour-coded according to their assignment to the six NPC modules37.
b, Contact frequencies for all pairs of proteins. The contact frequency of a
pair of protein types is the fraction of structures in the ensemble that
contains at least one protein contact between any protein instances of the
two types. c, Contact frequencies between proteins in composite 40. Proteins
are nodes connected by edges with the observed contact frequency as the
edge weight (indicated by its thickness). Edges that are part of the maximal
spanning tree are shown by thick blue lines; the maximal spanning tree is the

spanning tree that maximizes the sum of the edge weights. All edges with a
statistically significant reduction in contact frequency from their initial
values implied by the composite data alone (P-value , 1023; Supplementary
Information) are indicated by dotted lines with contact frequencies shown in
red. d, Protein adjacencies for the whole NPC, with proteins as nodes and
edges connecting proteins that are determined to be adjacent to each other.
The edge weight is the observed contact frequency. e, Configuration of the
proteins in composite 40. The location of a protein corresponds to the
average position of the beads representing non-FG repeats of the protein.
f, Configuration of Nic96 and the NPC scaffold proteins. g, Localization
volume of Nic96 and the NPC scaffold proteins37.
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Complexes
Multiple data types

NPC, although no fold information (except for the transmembrane
domains) was used in the generation of the structure.
Experimental data not used in the calculation of the model. Finally,
our structure can be most directly tested by comparing it to experi-
mentally determined data that were not included in the structure
calculation. First, our structure is robust, in the sense that omission
of a randomly chosen subset of 10% of the protein interaction data
still results in structures with contact frequencies essentially identical
to those derived from the complete data set. Second, the shape of our
NPC structure37 strongly resembles the published electron micro-
scopy maps of the NPC5,38–42, even though these data were not used
here (Supplementary Fig. 22). Third, the diameter of the transport
channel in our structure is ,38 nm (excluding the FG-repeat

regions), in good agreement with the experimentally reported maxi-
mal diameter of transported particles43. Fourth, Nup133, which has
been experimentally shown to interact with highly curved mem-
branes 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

d
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Figure 10 | Ensemble interpretation in terms of protein positions, contacts
and configuration. a, Localization volumes of all 456 proteins in the NPC
(excluding the FG-repeat regions) in four different views. The diameter of
the transport channel and the NPC are also indicated. The proteins are
colour-coded according to their assignment to the six NPC modules37.
b, Contact frequencies for all pairs of proteins. The contact frequency of a
pair of protein types is the fraction of structures in the ensemble that
contains at least one protein contact between any protein instances of the
two types. c, Contact frequencies between proteins in composite 40. Proteins
are nodes connected by edges with the observed contact frequency as the
edge weight (indicated by its thickness). Edges that are part of the maximal
spanning tree are shown by thick blue lines; the maximal spanning tree is the

spanning tree that maximizes the sum of the edge weights. All edges with a
statistically significant reduction in contact frequency from their initial
values implied by the composite data alone (P-value , 1023; Supplementary
Information) are indicated by dotted lines with contact frequencies shown in
red. d, Protein adjacencies for the whole NPC, with proteins as nodes and
edges connecting proteins that are determined to be adjacent to each other.
The edge weight is the observed contact frequency. e, Configuration of the
proteins in composite 40. The location of a protein corresponds to the
average position of the beads representing non-FG repeats of the protein.
f, Configuration of Nic96 and the NPC scaffold proteins. g, Localization
volume of Nic96 and the NPC scaffold proteins37.
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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. 
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are replaced by proteins, and their positions and relative proximities
are restrained on the basis of data from a variety of proteomics
and other experiments, including affinity purification, ultracentrifu-
gation, electron microscopy and immuno-electron microscopy
(immuno-EM).
Data generation. The most important aspect of our approach is its
potential to use simultaneously almost any conceivable type of
information to determine assembly structures. For example, sedi-
mentation analysis of the isolated proteins can be used to infer their
shapes; immuno-EM can give an approximate localization of each
protein in the assembly; and affinity purification of tagged proteins
and protein complexes can yield information about the arrangement
and interactions of proteins within the assembly. These data can be of
a kind not normally used for structure determination (for example,
complexes identified by affinity purification), can refer to different
levels in the structural hierarchy (for example, a protein domain, a
whole protein, or a protein complex), and can be ambiguous in terms
of their structural interpretation (for example, the uncertainty as to
which copy of the protein is involved in an interaction, when mul-
tiple copies exist).

The use of such data for structure determination presented us with
four major challenges. First, large amounts of suitable data must be
collected to give sufficient spatial information to define structures;
fortunately, the proteomic revolution has provided methodologies
that allow us to garner enough information. Second, much of the data
can be of relatively low precision; thus, to avoid over-interpretation,
appropriate tolerances must be used in its structural interpretation.
Third, the possibility of false-positive data must be minimized and
taken into consideration. Fourth, ambiguity of the data in terms of its
structural interpretation must be treated when multiple copies of the
same protein are present in an assembly and the experiment does not

determine which specific instance of a protein is detected. All of these
challenges can be addressed by an integrative approach that incorpo-
rates information varying greatly in terms of its accuracy and pre-
cision; limitations of any particular type of data can be overcome by
the use of large and diverse data sets derived from synergistic experi-
mental methods1,9.
Data translation into spatial restraints. The data can be used to
restrain many different features of the assembly, such as the positions
of proteins, protein contacts, proximity between proteins, and the
shape and symmetry of the whole assembly. A ‘restraint’ specifies
values of the restrained feature that are consistent with the experi-
mental information about it; a perfectly satisfied restraint is indicated
here by 0, whereas values larger than 0 correspond to a violated
restraint. Thus, a restraint encodes our uncertainty in the restrained
feature. In essence, restraints can be thought of as generating a ‘force’
on each component in the assembly, to mould them into a config-
uration that satisfies the data used to define the restraints.
Optimization. All the restraints are summed to obtain a scoring
function, which determines the degree of consistency between the
restrained spatial features in a structure and the experimental
information; a perfect structure is indicated by 0, reflecting the
summed values of perfectly satisfied restraints, whereas values larger
than 0 correspond to a structure that increasingly violates restraints.
The scoring function is then optimized to calculate a structure that
minimizes violations of the restraints. It is necessary to generate
many such structures to provide a good sampling of structures that
are consistent with the data (that is, the ‘ensemble’).
Ensemble analysis. All of the structures that satisfy the input
restraints are clustered into distinct sets, on the basis of their similar-
ities. There are three possible outcomes of such clustering. First, if
only a single cluster of structures satisfies all the input information,
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Figure 1 | Determining the architecture of the NPC by integrating spatial
restraints from proteomic data. First, structural data (red) are generated by
various experiments (black). Second, the data are translated into spatial
restraints. Third, an ensemble of structural solutions that satisfy the data are

obtained by minimizing the violations of the spatial restraints, starting from
many different random configurations. Fourth, the ensemble is clustered
into distinct sets of structures on the basis of their similarities, and analysed
in terms of protein positions, contacts and configuration.
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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. 
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Representation
436 proteins!
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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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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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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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Main approaches

The listed experimental approaches are largely complementary
in their advantages and limitations. While light microscopy can only
characterize a limited number of loci in a small number of cells, its
single-cell resolution makes it a preferred technology for character-
izing chromatin variability and dynamics [16]. Conversely, while
3C-based approaches provide high-resolution contact frequencies
for large genomic domains or entire genomes, they do not provide
information about individual cells. Instead, 3C measurements
report ensemble-averaged properties of genomic conformations in a
large population of cells (typically more than a million cells).

All of these techniques have helped to characterize intriguing
features of genome organization during interphase. We now know
that in human cells chromosomes occupy distinct chromosomal
territories [17] and are organized into alternating active and inactive
chromatin domains with many long-range interactions [13]. Most
importantly, these experimental techniques have demonstrated
that chromosomes adopt highly dynamic conformations related to
the functional state of their genes. The development of biophysical
models of higher-order chromatin architecture based on these new
data helps to elucidate the organizing principles of genomes and
constitutes, by itself, an emerging field of computational biology.

What Does Physics Tell Us?

Application of polymer physics to protein folding led to major
breakthroughs in understanding the mechanisms of folding [18,19]
and design principles of natural foldable proteins [18,20]. Statistical
mechanics of polymers has also been successfully applied to

characterize physical properties of DNA (e.g., [21–26]), but less so
to chromatin fibers and their organization into interphase and
metaphase chromosomes [13,27–29]. The availability of rich new
imaging and 3C-based data is clearly changing this trend.

In contrast to the majority of proteins that fold into unique
native conformations, a chromatin fiber is likely to have different
conformations in individual cells, forming an ensemble of
conformations. It remains to be seen how diverse this ensemble
is and, by analogy to protein folding, whether it resembles an
unfolded state of a protein or a transition state ensemble. One
drastic difference between proteins and chromatin is the length of
the polymer. While single protein domains have a ratio of length to
chain diameter of ,50–250 (that is, 50–250 amino acids), yeast
chromosomes yield the ratio of ,103–104 (that is, 200–1,500 Kb,
10 nm fiber diameter, 7 fold packing by nucleosomes) and ,105–
106 for human chromosomes (that is, 50–250 Mb). These extraor-
dinary long polymers cannot be organized into structures as
ordered as that of proteins, and presumably remain largely
disordered. The goal of the computational approach is to deter-
mine what sort of polymer models and interactions can generate
conformational ensembles that are consistent with experimental
data (Figure 3A). Experimental features that can be used to test the
model include contact probability obtained by 3C-based experi-
ments, the distribution of the spatial separation as a function of
genomic distance between two loci [29], formation of domains of
active and inactive chromatin, existence of chromosomal territo-
ries, etc. One can also seek models that reproduce experimentally
observed dynamics of chromosomal loci (e.g., displacement of a

Figure 2. Main approaches for studying genomic organization. Two of the most used approaches for experimentally determining features of
genome architecture. Light microscopy by fluorescent in situ hybridization (FISH) results in a measured spatial distance (R) (and its distribution in a
population of cells or its time course) as function of the genomic linear distance (s). Cell/molecular biology by chromosome conformation capture
(3C)-based approaches results in an estimation of the average frequency of contacts between parts of the chromatin in a population of cells.
doi:10.1371/journal.pcbi.1002125.g002
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