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

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

Conclusions

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

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

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

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

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

NATURE |Vol 450 |29 November 2007 ARTICLES

693
Nature   ©2007 Publishing Group

http://ncdir.org/npc

