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Ask questions…



Thu/Fri workshop overview

Thursday morning 
Lecture on integrative modeling (Andrej Sali) 
Lecture on a recent integrative modeling study (this talk) 

Thursday afternoon 
Guided tutorial introducing the IMP software and its use 

Friday 
More advanced topics (mix of lectures and guided tutorials) 

Free time 
Can continue with VMD/NAMD tutorials and/or look at IMP 
tutorials on the workshop website



Nuclear Pore Complex (NPC)
Nuclear Pore Complex (NPC)

Consists of broadly conserved nucleoporins (nups). 

50 MDa complex: ~480 proteins of 30 different types.

Mediates all known nuclear transport, via cognate 
transport factors (karyoferins or kaps)

A large collaborative effort with Mike Rout and Brian 
Chait at Rockefeller University, also involving many 
other collaborators (Acknowledgments).

 1. Structure 
 2. Evolution 
 3. Mechanism of transport  
 4. Mechanism of assembly 
 5. Interactions with other systems 
 6. Modulation and therapy



Final 2007 NPC model

Sufficient to place each protein within the entire complex 
Very coarse-grained model; no atomic information
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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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Alber et al. Nature 450, 695-702, 2007 
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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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Nup84 subcomplex

Look at subcomplexes, 
towards a higher 
resolution structure of the 
entire NPC 
Nup84 is one such 
subcomplex of 7 proteins, 
16 copies of which form 
the outer ring
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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
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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
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The Nup84 complex has been well studied, 
experimentally and computationally 
However, an X-ray structure of the whole complex was 
not available as of 2014 (only fragments, totaling about 
50% of the sequence; their arrangement was only partly 
known) 
We’ll look at two studies here using the IMP software: 

A medium resolution model using domain deletion mapping 
and negative stain electron microscopy data (2012) 
A higher resolution model using cross-linking data and the 
same electron microscopy data (2014) 

Similar approaches used, so we’ll summarize the 2012 
study briefly then look at the 2014 study in detail

Modeling Nup84 with IMP



2012 paper

JCB 6 of 16

ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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Published February 13, 2012 Modeling Nup84 with IMP (2012)

J Cell Biol 196, 419-434, 2012
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How can we use input data in modeling?

As representation (e.g. rigid body X-ray structure)
In sampling (e.g. only propose system perturbations that 
are consistent with the data)

as a constraint: ensure the data are consistent (e.g. SHAKE)
As a mathematical function that scores how closely our 
model (representation) matches the input data:

restraint: sample configurations guided by the value of this 
function
filter: build models (guided by some other function) then only 
keep those that score well against the filter
restraint is preferred over filter (but slower)

As validation: don’t use the data at all, until after we’ve 
selected the ‘best’ models
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 
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Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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At each scoring step:

1. Determine the fully-connected graph 
(all pairwise distances between 
domains in the composite)

2. Reduce to the minimum spanning 
tree (set of distances that ensures 
everything is connected and 
minimizes total distance)

3. Score the resulting set with simple 
harmonic (“spring”) restraints

Thus, the composite restraint is satisfied when the set of 
domains is connected, without enforcing the order in 
which they are connected (and this order can change 
from step to step during a simulation).
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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shape 
Class averages of truncation complexes suggest 
locations of the removed subunits by identification of the 
missing density
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cluster of 1.4–1.6 nm. Thus, the precision of the ensemble does 
not significantly change even if only a small fraction of the 
good-scoring solutions are used, demonstrating that our optimi-
zation procedure is likely to have exhaustively sampled the set 
of possible solutions, given the data. The variability in the en-
semble of good-scoring structures may reflect the heterogeneity 
(e.g., flexibility) of the sample as well as the lack of information 
to determine a highly precise structure.

We assess our models using the following six criteria (Alber 
et al., 2007a,b). First, our structures satisfy all the input restraints, 
even though the data were generated by disparate experiments. 
Second, all the data can be satisfied by a single cluster of struc-
tures at a resolution sufficient to determine domain–domain 

partial complex (Fig. 3, A and C), eliminating 521 structures. 
Finally, the remaining 9,479 structures were relaxed by optimizing 
the sum of Sacc, Sdm, Stri, and Sem using the simplex algorithm 
(Nelder and Mead, 1965).

Analyzing and assessing the ensemble  
of structures
The resulting 9,479 good-scoring models were clustered ac-
cording to pair-wise C-  root mean square deviation (RMSD) 
and showed a single dominant cluster of solutions (Figs. 4 and 5). 
The average RMSD from the center of the cluster is 1.5 nm. 
Random subsets of 10% of the models also form a single domi-
nant cluster with the average RMSDs from the center of the 

Figure 3. EM analysis of the Nup84 com-
plex. (A–C) Affinity-purified Nup84 complexes 
corresponding to the full-length complex (A), 
Nup85(233–744) truncation (B), and the 
Nup84 complex lacking Nup133 (C) were puri-
fied by either sucrose gradient (A and B) or  
size-exclusion chromatography (C). Coomassie- 
stained SDS-PAGE of the precipitated input 
(In) and collected fractions are shown. Frac-
tions indicated with arrows were analyzed 
by negative-stain EM. Class averages for 
each complex are shown in the bottom part 
of each panel. The missing mass observed in 
Nup85(233–744) truncation (B) and the six-
member complex (C) are indicated with arrow-
heads. WT, wild type. Bars, 10 nm.

Table 1. Representation of each Nup84 complex protein

Nup Representation Start residue  
number

End residue  
number

Target–template  
sequence identity

PDB  
accession no.

Template PDB  
accession no.

 %
Nup84 Crystal 7 442 3iko
 Gap 443 461
 Model 462 723 15 2zct
 19 3cqg
 19 3cqc
 Gap 724 726
Nup133 Gap 1 62
 Model 63 481 16 1xks
 Gap 482 494
 Model 495 879 15 3i4r
 Gap 880 945
 Crystal 946 1,157 3kfo
Nup85 Crystal 1 564 3ewe
 Gap 565 604
 Model 605 744
Nup120 Crystal 1 729 3hxr
 Spheres 730 1,029
Nup145c Model 25 129 19 3ez1
 Crystal 130 552 3bg0
 Model 553 712 15 1w07
 29 3cmu

Crystal refers to using an x-ray structure from the PDB, Gap refers to an amino acid residue segment represented by spheres, and Model refers to a segment represent-
ed by an atomic comparative model. PDB codes are indicated for crystal structures used directly. PDB codes for templates and sequence identities for target–template 
alignments are indicated where comparative models were used to represent a fragment.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.

 on February 16, 2012
jcb.rupress.org

D
ow

nloaded from
 

Published February 13, 2012



EM2D score

Complete 2D EM map used as a restraint: 
Calculate a number of evenly-spaced 2D projections of the 
model 
Align each class average with each projection 
Calculate cross correlation coefficient for each alignment 
Final score is the negative log of the highest cross-correlation 
coefficient 

Truncated maps used as a filter: 
Discard models that place subunits in impossible regions, as 
determined by the difference maps

JCB 6 of 16

ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing violations of the spatial restraints, starting from many different random configurations. Fourth, the ensemble 
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Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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ensemble with simulated maps of crystal dimers at a 1.5-nm 
resolution (Fig. S2 D), showing that our structure is consistent 
with available data at our defined precision. Fourth, a compara-
ble ensemble is generated when random subsets of 10% of the 
data are removed (see Materials and methods), demonstrating 
the redundancy and correctness of the data as well as the 
structural ensemble. Fifth, the phenotypic data map onto the 
structure in a manner that is not expected by chance (see the 
Structure–function mapping of the Nup84 complex section). 
Sixth, we also computed the structure of the Nup84 complex by 
treating the three crystallographic dimers (see the third point 
in this section) as rigid bodies while again satisfying spatial 

interactions; this demonstrates that the sum of our data has a 
low level of ambiguity. Third, the ensemble is consistent with 
the structural data not used to compute it. For example, it reca-
pitulates the three heterodimeric interfaces determined by crys-
tallography (Hsia et al., 2007; Brohawn et al., 2008; Debler 
et al., 2008; Brohawn and Schwartz, 2009; Nagy et al., 2009), 
albeit at a lower resolution (15 Å). Among the solutions in our 
ensemble, a small number closely mimics the native interfaces, 
with a C-  RMSD <5 Å relative to the native state (Fig. 6 A), 
demonstrating that correct high-resolution solutions exist within 
our ensemble. Where available, we also compared the local-
ization maps for interfaces generated in our 1.5-nm precision 

Figure 4. Integrative structure determination of the Nup84 complex. First, structural data are generated by experiments and computational methods. Sec-
ond, the system is represented by mostly atomic structures of the subunits, and the data are translated into spatial restraints. Third, an ensemble of structures 
that satisfies the data is obtained by minimizing 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 similarities and analyzed in terms of geometry and accuracy.

Figure 5. Density map for the Nup84 complex ensemble. 
(A) Two views of the localization density map are shown 
for the ensemble. The gray outer envelope represents the 
density within which 90% of all Nup84 complex structures 
in the final ensemble were localized, and the colored 
inner envelope was thresholded by visual inspection (to a 
volume containing 37% of ensemble density) to match 
the volume of an individual structure (also see Video 1).  
A few example structures that best fit the inner envelope 
according to 3D cross-correlation score and have among 
the lowest C-  RMSDs from the average structure com-
prised  of the 9,479 final good-scoring solutions are 
shown. (B) Two views of the density map, containing two 
fitted ribbon structures from the ensemble.
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Two cross-linkers used 
to probe the Nup84 
complex: DSS and 
EDC 
Both ends of DSS 
react with lysine (or N-
terminus) 
EDC cross-links 
amines to carboxylic 
acids (aspartic acid, 
glutamic acid, C-
terminus)

sites for virtually all the DSS cross-links and the majority of
EDC cross-links, including those for large peptide species
(Figs. 2C–2F and supplemental Tables S1 and S2). We were
unable to unambiguously locate the conjugation sites for
!20% of the EDC cross-links (supplemental Table S2), be-
cause many result from peptides containing consecutive
and/or adjacent carboxylic acids (supplemental Table S2 and
supplemental Fig. S5C). These ambiguities were accounted
for in our modeling calculations.

Importantly, all previously identified interfaces of the com-
plex (identified using a variety of different approaches includ-
ing X-ray crystallography, domain deletions, and affinity puri-
fications (14, 33)) were recapitulated by the cross-links (Figs.
2A and 2C). As expected, we observed a high correlation
between the coverage of cross-links and the size of interfaces
within the complex; the majority of the cross-links were

mapped to the large, intricate, yet previously poorly described
region of the pentameric structural hub (Nup145c, Nup85,
Seh1, Sec13, and the C termini of Nup120), and relatively
fewer were identified in the stalk of the complex (e.g. between
Nup84 and Nup133 (46, 47)) where smaller interfaces were
expected.

To further evaluate the fidelity of the cross-linking data, we
mapped the Euclidean C!–C! distances between the cross-
linked residues onto several domains of the Nup84 complex
proteins where high-resolution crystal structures had previ-
ously been determined (49, 50) (Fig. 3A). The distributions of
distance differences between either DSS or EDC cross-links
and the crystal structure were narrow, and were notably dis-
tinct from the distributions of randomly connected residues of
the same type (Fig. 3A). All the measured DSS cross-links fell
within the expected maximum reach threshold of !30 Å (72).
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FIG. 1. CX-MS integrative pipeline
for the structural characterization of
endogenous complexes. The workflow
of the cross-linking and mass spectro-
metric analysis of endogenous Nup84
complex is summarized. The endoge-
nously tagged protein complex is affinity
purified from cell cryolysis, natively
eluted, and cross-linked by two comple-
mentary cross-linkers, DSS and EDC
(14, 70). The cross-linked complex is
then subjected to in-solution and in-gel
digestion, and the resulting peptide mix-
tures are fractionated using peptide size
exclusion chromatography (71). The
cross-linked peptides were analyzed by
a Velos Orbitrap mass spectrometer us-
ing high-resolution HCD and searched
by pLink (40). All software-produced
identifications were manually inspected
(see “Experimental Procedures”) (44).
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Cross-linking Nup84 protocol



Cross-linkers are complementary

Since EDC and DSS act on different sidechains, they 
yield complementary information

Although the great majority of the EDC cross-links fell within
the expected reach threshold of 17 Å (! 6 Å for the lysine
side chain " 5 Å for the carboxylic acid side chain " 6 Å for
flexibility of backbones (20)), interestingly, the distances for
#30% of EDC cross-links were longer than expected (Fig.
3A). These discrepancies might have arisen from differ-

ences in the flexibility of the subunits at the optimum pH
values for EDC versus DSS, the longer times of incubation
for the EDC experiments, or some other as yet unknown
cause. Nevertheless, the EDC and DSS cross-links provide
mutually confirmatory and complementary spatial informa-
tion (Fig. 3B).

residues more than 40 positions apart are shown. C, a high-resolution HCD MS/MS spectrum (m/z ! 1096.169, z ! 6) of the intersubunit DSS
cross-link connecting Nup85 residue 30 (lysine) and Seh1 residue 1 (N-terminal methionine). The methionines are oxidized. F* indicates an
immonium ion of phenylalanine that is frequently observed in HCD spectra. b and y ion series including their charge states are labeled. The
fragment of y20 is zoomed, and the mass accuracy is labeled in parts per million. D, a high-resolution HCD MS/MS spectrum (m/z 1044.139,
z ! 6) of the intersubunit EDC cross-link connecting Nup85 residue 17 and Seh1 residue 1. The spectrum is labeled as in C. The fragment of
y20 is zoomed, and the mass accuracy is labeled in parts per million. E, a high-resolution HCD MS/MS spectrum (m/z ! 903.317, z ! 7) of
the intrasubunit DSS cross-link connecting Nup133 residue 506 and Nup133 residue 59. F* and Y* indicate immonium ions of phenylalanine
and tyrosine that are common for HCD fragmentations. The fragment of b14 is zoomed, and the mass accuracy is labeled in parts per million.
F, a high-resolution HCD MS/MS spectrum (m/z ! 917.327, z ! 6) of the intrasubunit EDC cross-link connecting Nup133 residue 506 and
residue 562. F* and Y* indicate immonium ions of phenylalanine and tyrosine that are common to HCD fragmentations. The fragment of y16
is zoomed, and the mass accuracy is labeled in parts per million. Charge states of the fragments in the high-mass region of this spectrum (i.e.
1100–1300 m/z) are not resolved.

FIG. 3. Distance distribution of the cross-links and their mapping on the available crystal structures. A, we mapped the Euclidean
C!–C! distances between the cross-linked residues onto several domains of the Nup84 complex proteins with available crystal structures (49,
50). The C!–C! distance distributions of the cross-linked residues are shown for both DSS and EDC cross-links. All the measured DSS
cross-links fall within the expected maximum threshold of #30 Å (72), and the great majority of EDC cross-links fall within the expected
threshold of 17 Å. B, both DSS (in red) and EDC (in green) cross-links are mapped on the crystallographic structure of the Sec13–Nup145c–
Nup84 (PDB code 3IKO (50)). The EDC and DSS cross-links provide complementary spatial information.
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Ambiguity (1/3)

Not always possible to uniquely identify a cross-link from 
the spectra:

22 
 
 
 

 

Supplemental Figure S5. The MS/MS spectra of cross-linked peptides 

(A) A representative HCD MS/MS spectrum of DSS cross-link (m/z=899.052, z=5) 

between the second residue of Sec13 (after cleavage of N-terminal methionine) and 

lysine 59 of Nup145c. b and y ions are labeled accordingly.  

(B) A representative HCD MS/MS spectrum of EDC cross-link (m/z=693.547, z=5) 

between the 2nd residue of Sec13 and glutamic acid 22 of Nup145c. H* and Y* indicate 

immonium ions of histidine and tyrosine, respectively.  

(C) A representative ambiguous EDC cross-link spectrum (m/z=1025.273, z=5) in which 

either aspartic acid 130 or glutamic acid 131 is potentially cross-linked.  
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Ambiguity (2/3)

Compositional ambiguity can also occur if there are 
multiple copies of a protein available (not the case for 
Nup84):

A cross-link observed between 
the red and blue proteins does 
not identify which blue protein is 
interacting with red
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Ambiguity (3/3)

State ambiguity can also occur if there are multiple states 
of the complex present (heterogeneity):

State 1
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Simplest way to score a cross-link would be as an upper 
bound harmonic on the interresidue distance:

We account for uncertainty in position by instead restraining 
intersphere distance (sphere radius, σ ≈ uncertainty)

Scoring function for XL-MS
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Simplest way to score a cross-link would be as an upper 
bound harmonic on the interresidue distance:

We account for uncertainty in position by instead restraining 
intersphere distance (sphere radius, σ ≈ uncertainty)

We account for confidence in the cross-links themselves 
with another parameter, ψ

Scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 

Residue 1 Residue 2

r’
σ1 σ2

Residue 1 Residue 2

r

r

Score

Maximum
cross-linker

length

0



Simplest way to score a cross-link would be as an upper 
bound harmonic on the interresidue distance:

We account for uncertainty in position by instead restraining 
intersphere distance (sphere radius, σ ≈ uncertainty)

We account for confidence in the cross-links themselves 
with another parameter, ψ
The score is Bayesian and the σ and ψ parameters are 
optimized to best fit the data

Scoring function for XL-MS
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Bayesian scoring function for XL-MS
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 p(M | {XL})∝ p({XL} |M ) i p(M )
Bayes’ rule

Bayesian scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 



Forward model

               = probability
of having two residues
at distance less than 
the cross-linker length, 
when residue positions are 
uncertain.

xn

xm

 !xn

 !xm

σ m

σ n

 !r
rd(X,σ )

 p(M | {XL})∝ p({XL} |M ) i p(M )
Bayes’ rule

Bayesian scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 



Forward model

               = probability
of having two residues
at distance less than 
the cross-linker length, 
when residue positions are 
uncertain.

xn

xm

 !xn

 !xm

σ m

σ n

 !r
rd(X,σ )

 p(M | {XL})∝ p({XL} |M ) i p(M )
Bayes’ rule

Likelihood

uncertainty ψ=[0,0.5]
p(XL | X) = (1− d(X,σ )) ⋅ψ + d(X,σ ) ⋅(1−ψ )

Bayesian scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 



Forward model

               = probability
of having two residues
at distance less than 
the cross-linker length, 
when residue positions are 
uncertain.

xn

xm

 !xn

 !xm

σ m

σ n

 !r
rd(X,σ )

 p(M | {XL})∝ p({XL} |M ) i p(M )
Bayes’ rule

Prior
Excluded volume restraint (pairwise hard-sphere 
repulsive potential)
Sequence connectivity termsLikelihood

uncertainty ψ=[0,0.5]
p(XL | X) = (1− d(X,σ )) ⋅ψ + d(X,σ ) ⋅(1−ψ )

Bayesian scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 



Forward model

               = probability
of having two residues
at distance less than 
the cross-linker length, 
when residue positions are 
uncertain.

xn

xm

 !xn

 !xm

σ m

σ n

 !r
rd(X,σ )

 p(M | {XL})∝ p({XL} |M ) i p(M )
Bayes’ rule

Prior
Excluded volume restraint (pairwise hard-sphere 
repulsive potential)
Sequence connectivity termsLikelihood

uncertainty ψ=[0,0.5]
p(XL | X) = (1− d(X,σ )) ⋅ψ + d(X,σ ) ⋅(1−ψ )

Bayesian scoring function for XL-MS

63 
 
 
 

 

Figure 4. The 4-stage scheme for integrative structure determination of the Nup84 

complex 

Suggested location – Results, Molecular architecture of the endogenous Nup84 

complex revealed by integrative modeling 

 

 

Each cross-link subdataset (class) can be given a different ψ parameter
Cross-links identified multiple times are weighed proportionally
Score allows us to estimate the position uncertainties, as well as the noise in 
the cross-link class (weight)



Identification and compositional ambiguity of residue 
pairs (n, n+1, …) are handled by means of a compound 
likelihood function: 

For Nup84, we optimize a single σ for all residues and fix 
ψ (approximately  equal  to  the fraction  of  false-positive  
cross-links) at 5% for all cross-links

Bayesian scoring function for XL-MS

5 
 
 
 

 

The likelihood function for a cross-link dn  is p(dn | X, I ) =! "(1# fn (X))+ fn (X) "(1#! ) , 

where !  is the uncertainty of observing a cross-link that is approximately equal to the 

fraction of false-positive cross-links. We set ! to 5%. The joint likelihood function 

p(D |M, I )  for a dataset D = {dn}  of NXL independently observed cross-links is the 

product of likelihood functions for each data point. When multiple residue pairs 

(n,n +1,....)  are assigned to an individual cross-link observation, the ambiguity is taken 

account for by the following compound likelihood p(dn,n+1,... | X, I ) =1! (1! p(dn | X, I ))
n
" . 

 

The model prior p(M | I )  is defined as a product of the priors p(X)  and p(! )  on the 

structural coordinates X  and uncertainty ! , respectively. The prior p(X)  includes the 

excluded volume restraints, the sequence connectivity restraints, the EM2D restraint, 

and a weak restraint whose score depends linearly on the distance between cross-

linked residues, with a slope of 0.01 Å-1.  p(! )  is a uniform distribution over the interval 

[0,100]. 

 

A detailed description of the representation, scoring function, and sampling is described 

elsewhere (2, 3). 
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The same class average of the entire complex used in 
the 2012 study was used here 
The class averages of the truncated complexes were not 
used as restraints, but as validation (later) 
Data used via a similar restraint as in the 2012 study
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Supplemental Figure S3. Representation of the Nup84 complex proteins for 

integrative  modeling 

The domains of the Nup84 complex subunits were represented by beads of varying 

sizes, arranged into either a rigid-body (column 4) or a flexible string (column 5), based 

on the available crystallographic structures and comparative models. The linkers 

between rigid bodies are highlighted in red, in column 5. The atomic structures for some 

Nup84

1-6: flexible string of a bead (DISOPRED) 
7-436: X-ray 3JRO_C, 3IKO_C (100% seq id) 

429-488: Model 3F3F_G (10% seq id, HHpred) 
489-505: flexible string of beads (DISOPRED) 
506-726: Model 3CQC_A (18% seq id, HHpred)
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between rigid bodies are highlighted in red, in column 5. The atomic structures for some 

Nup85

1-43: flexible string of beads (DISOPRED) 
44-555: X-ray 3F3F_D, 3EWE_D (100% seq id) 

Linker (flexible string of a bead) 
532-655: Model 2QX5_B (18% seq id, HHpred) 
532-743: Model 4LCT_A (14% seq id, HHpred) 

744: flexible string of a bead (PSIPRED)
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Nup120
1-712: X-ray 3F7F_A, 3HXR_A (100% seq id) 

Linker (flexible string of a bead) 
727-1037: Model 4FHN_B, 4FHN_D 

(14% seq id, HHpred)
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The domains of the Nup84 complex subunits were represented by beads of varying 
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models

Cluster by 
RMSD

modeling the Nup145c–Sec13 dimer on its own (C! dRMSD
of 6.5 Å; Figs. 5B and 5C). This observation underscores the
synergy between orthogonal data, thus demonstrating the
premise of integrative modeling.

Finally, the proximities of any two residues within each of
the two dominant solution clusters were measured by their
relative “contact frequency,” which is defined by how often
the two residues contact each other in the cluster (7). The
contact frequencies were in remarkable agreement with the
cross-link dataset (supplemental Fig. S4).

DISCUSSION

Integrative Structural Characterization of the Endogenous
Nup84 Complex Based on CX-MS Data—We present here an
optimized CX-MS workflow for integrative structural charac-
terization of native protein complexes. Importantly, this pipe-
line generates structures of complexes with near-atomic res-
olution and in a fraction of the time that, in our experience,

FIG. 6. The Nup84 complex molecular architecture revealed by the CX-MS integrative pipeline. The localization density maps of the
Nup84 subunits (solid contour surfaces) and the entire complex (transparent surfaces) were computed and contoured at the threshold of 2.5
times their volumes estimated from sequence (supplemental Table S6) (A through C). A, front and back views of the localization density maps
of the Nup84 subunits and the entire complex. B, a representative single Nup84 complex structure (colored ribbon) is shown along with the
localization density maps of the individual subunits. C, the localization density maps of the two dominant clusters computed on the hub region
(Nup120-CTD, Nup85, Nup145c, Sec13, and Seh1) are shown, along with the representative single structures of the hub region for each of the
two clusters, from multiple viewing points. D, the positions of Sec13 and Seh1 are presented for each of the two clusters. E, the representative
model projections in each of the two clusters are shown, along with the EM class average (14).

TABLE I
Accuracy of determining the crystallographic interfaces

Cluster
index

Accuracy of crystallographic interface (Å)

Nup145c–Sec13 Nup85–Seh1 Nup84–Nup145c

1 4.0 (min 2.4) 12.4 (min 6.5) 7.5 (min 2.0)
2 4.0 (min 2.7) 12.4 (min 4.4) 6.2 (min 2.2)

The accuracy of modeling each crystallographic interface was cal-
culated as the average C! dRMSD between the models in the cluster
and the corresponding crystallographic interface. The minimum (min)
value of C! dRMSD in the cluster is indicated in parentheses.

Integrative Modeling of Yeast Nup84 Complex by Cross-linking

Molecular & Cellular Proteomics 13.11 2937
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modeling the Nup145c–Sec13 dimer on its own (C! dRMSD
of 6.5 Å; Figs. 5B and 5C). This observation underscores the
synergy between orthogonal data, thus demonstrating the
premise of integrative modeling.

Finally, the proximities of any two residues within each of
the two dominant solution clusters were measured by their
relative “contact frequency,” which is defined by how often
the two residues contact each other in the cluster (7). The
contact frequencies were in remarkable agreement with the
cross-link dataset (supplemental Fig. S4).

DISCUSSION

Integrative Structural Characterization of the Endogenous
Nup84 Complex Based on CX-MS Data—We present here an
optimized CX-MS workflow for integrative structural charac-
terization of native protein complexes. Importantly, this pipe-
line generates structures of complexes with near-atomic res-
olution and in a fraction of the time that, in our experience,

FIG. 6. The Nup84 complex molecular architecture revealed by the CX-MS integrative pipeline. The localization density maps of the
Nup84 subunits (solid contour surfaces) and the entire complex (transparent surfaces) were computed and contoured at the threshold of 2.5
times their volumes estimated from sequence (supplemental Table S6) (A through C). A, front and back views of the localization density maps
of the Nup84 subunits and the entire complex. B, a representative single Nup84 complex structure (colored ribbon) is shown along with the
localization density maps of the individual subunits. C, the localization density maps of the two dominant clusters computed on the hub region
(Nup120-CTD, Nup85, Nup145c, Sec13, and Seh1) are shown, along with the representative single structures of the hub region for each of the
two clusters, from multiple viewing points. D, the positions of Sec13 and Seh1 are presented for each of the two clusters. E, the representative
model projections in each of the two clusters are shown, along with the EM class average (14).
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The accuracy of modeling each crystallographic interface was cal-
culated as the average C! dRMSD between the models in the cluster
and the corresponding crystallographic interface. The minimum (min)
value of C! dRMSD in the cluster is indicated in parentheses.
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Agreement with input data 

Agreement with other data not used in the modeling
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Supplemental Figure S6. Thoroughness of sampling good-scoring solutions 

(A) The thoroughness of configurational sampling was assessed by comparing a subset 

of 3,413 solutions from runs 1-10 to another subset of 3,107 solutions from independent  

runs 11-20. Each subset of solutions was converted into a density map of any volume 

element being occupied by a given protein (the ‘localization density map’) using VMD 

(26), contoured at the threshold that results in 2.5 times its volume estimated from 

sequence (Supplemental Table S6). Importantly, the two localization density maps were 

similar to each other, demonstrating that the sampling is likely to have sampled well all 

solutions that satisfy the input restraints. 
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Supplemental Figure S4. The cross-link validation and normalized contact 

frequency maps 

(A) Validation of the 163 DSS cross-links (green circle=satisfied, orange 

circle=violated), and the normalized contact frequency (scaled in black dots) are plotted 

together for each of the two clusters (left and right columns, respectively). The three 

crystallographic interfaces were constrained for generating the two clusters. 

(B) Validation of the 123 EDC cross-links (green circle=satisfied, orange 

86.5% of DSS and 
83.6% of EDC 
cross-links satisfied 
99% of solutions 
satisfied excluded 
volume and 
sequence 
connectivity 
Solutions fit the EM 
class average with 
an average cross-
correlation 
coefficient of 0.9
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Models are in good agreement with those from the 2012 
study, and also closely match a 3D EM map that was not 
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Supplemental Figure S8. Assessment of the CX-MS integrative Nup84 complex 

structure through comparison with previously determined structures using other 

sources of data 

(LEFT) For comparison, a localization density map in our previous study is shown, 

calculated primarily using the domain mapping data and the EM class average (27). 

(MIDDLE) The molecular architecture presented in this study is shown, calculated 

primarily using the CX-MS and the EM class average. 

(RIGHT) A negative-stain EM 3D map is shown for the same complex, generated from 

single particle EM reconstruction (28). 

 

 

For Supplemental Figures S9-S11, the annotated spectra are separately attached. 
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Dimer interfaces

X-ray structures include three crystallographic interfaces: 
Nup145c–Sec13 
Nup85–Seh1 
Nup84–Nup145c  

These were included as input data (by virtue of keeping 
the X-ray structure regions as rigid bodies) 
However, repeating the modeling with these dimers 
broken up into monomers still yields the correct dimer 
interfaces (with an accuracy of 4.0, 12.0 and 7.5 Å 
respectively) 

i.e. if the data were not used, the structures still end up being 
consistent with the information 
most likely enough cross-links span the dimer interfaces



The lack of detectable sequence similarity between the
proteins in the yNup84/vNup107–160 subcomplex and the
coated vesicles is not surprising. Sequence comparisons of a-
solenoid- and b-propeller-containing proteins suggest that
these folds arose just before or around the time of the origin
of eukaryotes, then rapidly duplicated and diversified
(Cingolani et al. 1999; Smith et al. 1999; Andrade et al.
2001b). Both folds consist of repetitive structures, so the
functional constraints on an individual repeat are weak,
compared with the whole fold domain. It has been proposed
that the robustness of these folds with respect to changes in
their sequences permits their component repeats to individ-
ually lose their sequence similarity, eventually allowing the
proteins they comprise to drift into new functions (Malik et

al. 1997; Smith et al. 1999; Andrade et al. 2001a; Andrade et al.
2001b). Moreover, the lack of detectable sequence similarity
for members of the same fold family is not necessarily an
indicator of convergent evolution; obvious sequence similar-
ities are often lost during long periods of evolution (e.g., FtsZ
and tubulin or MreB and actin [Amos et al. 2004]). The
divergent pathway is also consistent with the conservation
among members of the syntaxin family (key components of
the vesicular transport machinery), which points to a similar
early origin and rapid diversification of the eukaryotic
endomembrane system (Dacks and Doolittle 2002; Dacks
and Field 2004). Based on these observations, we propose a
single evolutionary origin for the structures maintaining both
the endomembrane systems and the nucleus (Figure 5) over
models suggesting separate or even endosymbiotic origins for
these structures.
The current protocoatomer hypothesis posits that a simple

coating module containing minimal copies of the two
conserved folds evolved in protoeukaryotes as a mechanism
to bend membranes into sharply curved sheets and invagi-
nated tubules (Figure 5). The ability to so manipulate cell
membranes represented a major evolutionary innovation
that allowed, among other possibilities, the elaboration of
internal membranes, phagotrophy, and endosymbiosis (May-
nard Smith and Szathmâary 1997); the importance of this
ability is underscored by the presence of numerous types of
membrane-curving devices in modern eukaryotes. As with
clathrin, the flexibility of the a-solenoid in this simple module
enabled the formation of curved membranes of various sizes.
In addition, the a-solenoid repeat structure, together with the
repeats in the b-propeller fold, provided the coating module
with a large binding area. These features allowed the
membrane-curving module to polymerize and form a coat,
as well as to interact with other membrane-associated
proteins. The endomembranes and their membrane-coating
modules subsequently evolved to become more elaborate and
specialized, with the partitioning of different functions into
separate, interconnected compartments such as the ER, the
Golgi, and the nucleus (Figure 5), each with their own
specialized set of coating modules.
In conclusion, we suggest that the progenitor of the NPC

arose from a membrane-coating module that wrapped
extensions of an early ER around the cell’s chromatin. In

Figure 4. The Nup84 Complex and Coated
Vesicles Share a Common Architecture

A diagram showing the organization of
the clathrin/AP-2 coated vesicle complex
is shown at left; the positions of clathrin
and the adaptin AP-2 large subunits (a,
b2 plus ‘‘ear’’ domains) and small sub-
units (r, l) are indicated. b-propeller
regions are colored cyan, a-solenoid
regions are colored magenta, and sample
ribbon models for each fold are shown in
the center. The variants of each fold that
are found as domains in major compo-
nents of the three kinds of vesicle-coat-
ing complexes and the yNup84
subcomplex are listed on the right. The

-N and -C indicate amino-terminal and carboxyl-terminal domains, respectively. The classification of these domains is based on X-ray
crystallography data (clathrin, a-adaptin, b2-adaptin [PDB codes 1gw5, 1bpo, 1b89 (ter Haar et al. 1998; Collins et al. 2002)]), by the detailed
homology modeling presented here (yNup84 complex proteins; ySec13 also in Saxena et al. [1996]), or by sequence homology or unpublished
secondary structure prediction and preliminary analyses (COPI I (sec31) complex proteins [Schledzewski et al. 1999], Sec31).
DOI: 10.1371/journal.pbio.0020380.g004

Figure 5. Proposed Model for the Evolution of Coated Vesicles and
Nuclear Pore Complexes

Early eukaryotes (left) acquired a membrane-curving protein module
(purple) that allowed them to mold their plasma membrane into
internal compartments and structures. Modern eukaryotes have
diversified this membrane-curving module into many specialized
functions (right), such as endocytosis (orange), ER and Golgi trans-
port (green and brown), and NPC formation (blue). This module
(pink) has been retained in both NPCs (right bottom) and coated
vesicles (left bottom), as it is needed to stabilize curved membranes in
both cases.
DOI: 10.1371/journal.pbio.0020380.g005

PLoS Biology | www.plosbiology.org December 2004 | Volume 2 | Issue 12 | e3800006

Nuclear Pore Complexes and Coated Vesicles

Protocoatamer hypothesis

Similar protein folds are found in the NPC and coating related 
complexes 
Protocoatamer hypothesis: early eukaryotes developed simple 
coating modules to fold their 
membranes, developed into 
complex structures in 
modern eukaryotes 
Some Nup84 subunits 
(Seh1, Sec13)  are also  
found in other  
coating related 
complexes 
IMP-generated structure 
supports this hypothesis (similar dimer 
arrangements to coating complexes)

Devos et al.,PLoS 
Biology 2, e380, 2004. 



ALPS motifs

Believed that ArfGAP1 lipid 
packing sensor (ALPS) 
motifs help anchor protein to 
membrane 
Mapping ALPS motifs onto 
Nup84 structure shows them 
at the periphery 
Consistent with prediction 
that Nup120 and Nup133 
contact the nuclear 
membrane and stabilize the 
curvature of the entire NPC

panying paper by Kim et al. annotates the presence—and
solves the atomic structure—of one putative ALPS motif in
the !-propeller domain of ScNup133 (252–270) and annotates
the presence of two ALPS motifs in the !-propeller domain of
its paralog ScNup120 (135–152 and 197–216).2 We mapped
the positions of these motifs in our Nup84 complex ensemble
(Fig. 7). All the putative ALPS motifs were localized to periph-
eral positions of the Nup84 complex and showed similar
orientations (although the conformational variability of the
complex precluded a precise localization). The positions of
these putative ALPS motifs are consistent with the Nup133
and Nup120 tips of the Nup84 complex contacting the nuclear
envelope membrane at the interface with the NPC (8, 14),
forming clusters of ALPS motifs that might enhance their
membrane binding as a result of the head-to-tail arrangement
of the different Nup84 complex copies in the NPC. In addition,
the predicted ALPS location is also entirely consistent with the
functional role suggested for Nup120 and Nup133 in our
previous work as key hotspots for the stabilization of the NPC
membrane curvature (14). We suggest that similar ALPS motif
arrangements and mechanisms are conserved between yeast
and vertebrates, as supported by recent cryo-EM tomography
observations (35) of close proximity between the equivalent
Nup120 and Nup133 tips of the human Nup107–160
(HsNup107–160) complex and the NPC membrane.

Structural Basis for the Difference in Size and Architecture
between Yeast and Human NPCs—Our groups have previ-
ously shown that the yeast Nup84 complex is present in 16
copies per NPC (8, 29), organized into two head-to-tail rings
at the cytoplasmic and nuclear sides of the NPC (8, 14). In a

recent study (35), cryo-EM tomography revealed that the hu-
man NPC contains 32 copies of the ScNup84 complex coun-
terpart (HsNup107–160 complex) arranged head-to-tail into
two concentric rings on each side of the NPC. The resulting
model for the architecture of the HsNup107–160 complex
suggests a conserved arrangement for the seven components
that are common to the Nup84 complex and localizes the two
additional !-propeller proteins specific to the HsNup107–160
complex, HsNup43 and HsNup37, at the Nup85–Seh1 and
Nup120 arms, respectively. The cryo-EM map indicates
that the main contacts between the concentric rings of
HsNup107–160 complexes are established through the hub
and arms of the complex, potentially involving both HsNup43
and HsNup37. We speculate that the absence of these two
!-propeller proteins in the ScNup84 complex would not allow
an oligomerization similar to the one described in the human
NPC and goes a long way toward explaining the difference in
the Nup84 complex copy number and in the overall size and
mass between the yeast and human NPCs (8, 29, 75, 90). This
scenario is also compatible with our previous hypothesis sug-
gesting that the Nup84 complex evolved through a series of
duplication, divergence, and secondary loss events (14). We
suggest that a wider picture of the NPC composition and
arrangement coming from distantly related organisms is the
best way to trace the evolution of this molecular machine and
the origin of the eukaryotic nuclei, as well as reveal its varied
functional roles in NPCs between different organisms.
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Deposition

Coarse-grained models using non-X-ray data are not 
supported by PDB 
However, PDB’s next-generation file format, mmCIF, 
does support these structures (via an Integrative/Hybrid 
Modeling extension dictionary) 
Nup84 and some other systems are already deposited as 
mmCIF files at PDB-dev: 
https://pdb-dev.rcsb.rutgers.edu/ 
Designed to allow “qualitative reproduction” (e.g. use 
similar input data but a modified protocol)

https://pdb-dev.rcsb.rutgers.edu/


Data stored in mmCIF
Input data (e.g. cross-links) 
Our interpretation of the data (e.g. ambiguity, 
segmentation) 
Output models (cluster representatives) 

Atomic information 
Coarse-grained coordinates (beads) 

Non-Cartesian data (e.g. Bayesian noise 
parameters) 
Ensemble info (number & size of clusters) 
Other metadata (e.g. publications, software used; 
as for regular atomic PDB structures) 
Validation (how well do the models fit the data)
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Supplemental Figure S5. The MS/MS spectra of cross-linked peptides 

(A) A representative HCD MS/MS spectrum of DSS cross-link (m/z=899.052, z=5) 

between the second residue of Sec13 (after cleavage of N-terminal methionine) and 

lysine 59 of Nup145c. b and y ions are labeled accordingly.  

(B) A representative HCD MS/MS spectrum of EDC cross-link (m/z=693.547, z=5) 

between the 2nd residue of Sec13 and glutamic acid 22 of Nup145c. H* and Y* indicate 

immonium ions of histidine and tyrosine, respectively.  

(C) A representative ambiguous EDC cross-link spectrum (m/z=1025.273, z=5) in which 

either aspartic acid 130 or glutamic acid 131 is potentially cross-linked.  
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Visualization

Any viewer that supports mmCIF can add support for the 
Integrative/Hybrid Modeling dictionary 
e.g. ChimeraX has basic support



Useful resources

IMP, 
https://integrativemodeling.org/ 

Nup84, 
https://salilab.org/nup84/ 

PDB-dev, 
https://pdb-dev.rcsb.rutgers.edu/ 

Applications of IMP to varied biological systems, 
https://integrativemodeling.org/systems/

https://integrativemodeling.org/
https://salilab.org/nup84/
https://pdb-dev.rcsb.rutgers.edu/
https://integrativemodeling.org/systems/

