
A cell consists of hundreds of different functional modules, such as 
the RNA exosome, the proteasome and the nuclear pore complex 
(NPC). These modules, in turn, are composed of macromolecules, 
such as proteins and nucleic acids, as well as various small molecules. 
‘Molecular sociology’ refers to the interactions of molecules within 
these functional modules. 

At one end of the scale, there are highly stable interactions that are 
robust enough to withstand the rigours of purification. A large pro-
portion of these stable structures are likely to be solved. The preferred 
method for determining the structures of assemblies at atomic reso-
lution is X-ray crystallography1. Crystallography, however, is suitable 
only for functional modules that can be reconstituted in vitro and puri-
fied in sufficient quantity for crystallization. A landmark in structural 
biology occurred in 2000, when atomic structures of a large functional 
module — the ribosome from extremophile bacteria — were solved2–4. 
Progress has since been made towards determining the structures of 
similarly large complexes; however, in the past decade, there has not 
been a marked increase in the molecular mass of asymmetrical com-
plexes that can be studied by crystallography. 

At the other end of the scale, there are interactions that occur more 
fleetingly, in response to intracellular signalling, for example. The poten-
tial for determining the structures of such transient complexes by using 
any type of crystallography is relatively poor. For these complexes, as 
well as for stable complexes that are refractory to structure determi-
nation by traditional methods, integrative approaches are required5–8. 
These approaches combine information from varied sources. For 
example, individual subunits can be assembled into the whole complex 
by molecular docking that is restrained by knowledge of structurally 
defined homologous interactions, direct contact information provided 
by mass spectrometry9 and other data10,11. Such approaches have been 
aided greatly by the availability of high-resolution structures of indi-
vidual subunits from high-throughput structural-genomics consortia12, 
and they are enabling the generation of atomic models and architectural 
models (in which the location and orientation of subunits within an 
assembly are defined) of previously intractable assemblies6,9,13,14. These 
models provide a basis for the development of testable hypotheses 
that could not be envisaged without a structural model. A spectacular 

example of the use of a hybrid approach15 is the molecular model of 
auxilin bound to clathrin (the main component of the coat of coated 
vesicles), which was obtained by fitting comparative protein-structure 
models of the components into a cryo-electron-microscopy map at 
12 Å resolution16 (Fig. 1). Difference mapping showed changes in the 
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Cryo-electron microscopy

Model

Figure 1 | A polypeptide-chain model for a clathrin D6 barrel. An α-carbon 
trace of the clathrin heavy (blue) and light (yellow) chains, derived by 
fitting atomic homology-based models into the density map from an 8 Å-
resolution cryo-electron-microscopy reconstruction16. The position of a 
bound auxilin fragment (residues 547–910; red) was determined from 
a 12 Å-resolution cryo-electron-microscopy difference map. The inset 
zooms in to illustrate how closely the α-carbon coordinates of part of the 
heavy chain, as shown in the main figure (inset, lower), fit within the cryo-
electron-microscopy density map (inset, upper). (Image reproduced, with 
permission, from ref. 16.)
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clathrin lattice when auxilin is bound, prompting the hypothesis that 
local destabilization of the lattice promotes uncoating of the membranes 
of coated vesicles. 

To illustrate the emergence of integrative approaches to struc-
ture determination, we have chosen a series of molecular ‘machines’ 
with differences in molecular mass, robustness and abundance: from 
the comparatively moderate dimensions of the yeast RNA exosome 
(400 kDa)17 to the 26S proteasome (2.5 MDa)18 and culminating in the 
NPC (50–100 MDa)19. For the yeast RNA exosome, which is relatively 
robust, atomic models were constructed by using spatial restraints from 
mass spectrometry9 as a guide for the computational docking of subunit 
comparative models. By contrast, the heterogeneity and lability of the 
26S proteasome have so far made it impossible to obtain a high-resolu-
tion model. The low resolution of the cryo-electron-microscopy map 
and the absence of high-resolution structures of many of the compo-
nents — with the notable exception of the 20S core — have precluded 
the use of hybrid approaches to generate an atomic-resolution model. 
However, there are valuable data on binary interactions between the 
components, obtained from the yeast two-hybrid system and from mass 
spectrometry, and these need to be integrated with the cryo-electron-
microscopy map. This example highlights the difficulties in applying 
integrative approaches to less-robust protein complexes. For the NPC, 
the highest-resolution in situ characterization was achieved recently by 

using cryo-electron tomography20. Moreover, it has also been possible 
to determine the configuration of the constituent proteins from a variety 
of proteomic and biophysical data21. Before presenting these examples, 
we consider the biophysical methods that can provide structural inform-
ation about macromolecular assemblies. 

Experimental methods for structure determination
Structures can be described at different levels of resolution. At the low-
est level, the configuration of the components specifies the relative 
positions and interactions of the macromolecules. A higher-resolution 
description defines the molecular architecture, including the relative 
orientations of the components. For pseudo-atomic models, the posi-
tions of the atoms are specified but with errors larger than the size of 
an atom. The highest level of resolution is an atomic structure, which 
shows atomic positions with a precision smaller than the size of an 
atom.

Different experimental methods reveal different information about 
protein complexes. The stoichiometry and composition of an assem-
bly, for example, can be determined by methods such as quantitative 
immunoblotting and mass spectrometry. The shape of the assembly can 
be revealed by cryo-electron microscopy and small-angle X-ray scat-
tering (SAXS). In addition, cryo-electron microscopy can be used to 
determine the positions of the components, as can labelling techniques. 
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Figure 2 | Determining an atomic model of the yeast RNA exosome, by 
using mass spectrometry and comparative protein-structure modelling. 
The figure shows a series of five mass spectra, recorded under different 
conditions, revealing the building blocks from which the overall structure 
was constructed. a, Intact RNA exosomes were isolated from yeast and 
partially denatured. Mass spectrometry showed the presence of three 
heterodimers (A, B and C), as determined from the mass-to-charge ratio of 
each peak. (The number of positive charges corresponding to each dimer is 
indicated; for example, the largest peak represents the heterodimer C with 
14 positive charges.) b, After tandem mass spectrometry (see page 991) 
of a low-abundance complex, highlighted in blue, that was present in 
the solution of the intact complex (not visible in a), a heterotrimer was 

identified that contained two of the subunits observed in (a) plus an 
additional subunit, Rrp40, enabling dimers B and C to be oriented within 
the ring. c, d, Using acceleration in the gas phase (c) and generation 
of complexes in solution (d), a series of related subcomplexes was 
produced, enabling the remaining subunits to be arranged in the ring, 
bridging subunits to be placed between the heterodimers, and the largest 
subunit, Dis3, to be located on the base of the complex. e, The intact 
complex confirms the single copy number of all ten subunits (F), with a 
small population of the complex having lost Csl4 during isolation (G). 
f, Comparative modelling was then used to produce an atomic model; 
the ribbons are depicted in colours corresponding to those in a–d. 
(Figure adapted, with permission, from ref. 9.)
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Information can also be gained about whether particular components 
interact with each other, by using mass spectrometry, yeast two-hybrid 
experiments or affinity purification. Further information about interact-
ing residues, as well as about the relative orientations of the components, 
can be inferred from cryo-electron microscopy, hydrogen–deuterium 
exchange, hydroxyl-radical footprinting and chemical crosslinking. 
At the highest resolution, information about the atomic structures 
of components and their interactions can be determined by X-ray 
crystallography and nuclear magnetic resonance (NMR) spectroscopy. 
We outline some of these experimental methods in this section, and 
we highlight mass spectrometry and cryo-electron microscopy in the 
Boxes.

X-ray crystallography
The ‘gold standard’ for the structural analysis of proteins and protein 
complexes in terms of accuracy and resolution is X-ray crystallography1. 
Using this method, the amplitudes, and sometimes the phases, of struc-
ture factors in a crystal sample are measured. Together with a molecu-
lar-mechanics force field, this information is used in an optimization 
process that can result in an atomic structure of the assembly. In addi-
tion to the ribosome2–4, X-ray crystallography has recently been used 
to solve structures of many macromolecular assemblies that involve 
protein–protein, protein–RNA and protein–DNA interactions, such 
as RNA polymerase22, the RNA exosome23 and the signal-recognition-
particle complex24.

NMR spectroscopy
NMR spectroscopy is increasingly used to determine which surfaces 
of components in a protein complex are interacting25 (from chemical-
shift perturbations26 and residual dipolar coupling27), in addition to the 
structures of the individual protein components28,29. Such information 
can be combined with computational docking to obtain approximate 
structures of protein complexes24. A key attribute of NMR spectroscopy 
is that it allows the determination of atomic structures of complexes in 
solution in near-native conditions.

SAXS
Another method that enables structures to be determined in solution 
is SAXS. The data can be converted into a radial distribution function 
that provides low-resolution information about the shape of an assem-
bly30. One of the advantages of SAXS is that it is suitable for assemblies of 
50–250 kDa, which cannot easily be examined by cryo-electron 
microscopy or NMR spectroscopy. In addition, the ease of altering the 
solution conditions in which the sample is studied makes SAXS ideal for 
mapping differences between the conformational states of an assembly. 
The recent renaissance of SAXS largely results from efforts to integrate 
SAXS data with other structural information from complementary 
sources31. For example, the data obtained from SAXS studies of proteins 
or their complexes can be considered simultaneously with corresponding 
cryo-electron-microscopy maps32. SAXS spectra have also been incorpo-
rated into a protocol for structure determination by NMR spectroscopy33. 
Because SAXS data contain global information about the protein that is 
complementary to the short-range restraints from NMR spectroscopy, 
models of multidomain proteins are much more accurate than models 
based on NMR spectra alone. Examples of quaternary atomic struc-
tures obtained by using SAXS in conjunction with atomic structures 
of the protein components are calcium/calmodulin-dependent protein 
kinase II (ref. 34), the Ras activator son of sevenless (SOS)35 and the vari-
ous nucleotide-bound conformations of the ATPase GspE36.

Labelling techniques
The approximate positions of protein components in an assembly can 
be determined by labelling techniques37. The protein component of 
interest is tagged with a probe, which can then be detected, for exam-
ple by cryo-electron microscopy. The choice of labels depends on 
the known properties of the protein. For example, immuno-electron 
microscopy can be used to study proteins labelled with an antibody, 

which is typically conjugated to nanometre-sized gold beads to facili-
tate visualization37. Another option is to label protein components with 
histidine tags, which can be detected by using nickel-nitrilotriacetic acid 
(NiNTA)-conjugated gold beads38. Alternatively, proteins can be identi-
fied by exposing them to interacting proteins that have been covalently 
bound to gold beads20.

Biochemical and biophysical methods
Information about the relative position, as well as the relative orienta-
tion, of the components in a complex can be gained from biochemi-
cal and biophysical methods. Site-directed mutagenesis, for example, 
can identify the amino-acid residues that mediate an interaction14. 
Approaching the same problem from a different angle, chemical 
footprinting39 and hydrogen–deuterium exchange40 can identify the 
surfaces that are buried when a complex forms41. Structural information 

Mass spectrometry has underpinned proteomics for many years, but 
recent developments have led to its integration into the structural-
biologist’s toolkit. 

Determining the composition and stoichiometry of a complex
Analysis of intact complexes by mass spectrometry often requires 
modification of a conventional mass spectrometer, but it can reveal the 
stoichiometry and copy number of many protein complexes58,82, from 
homomers (which consist of multiple copies of the same protein)57 to 
complex heterogeneous structures such as ribosomes83. 

When using mass spectrometry as part of a hybrid approach, the first 
step (after the complex has been isolated by affinity purification) is a 
traditional proteomics experiment84. The component proteins of the 
complex are separated using one-dimensional SDS–polyacrylamide 
gel electrophoresis (SDS–PAGE) and are subjected to trypsin digestion. 
Mass spectra are then recorded for the resultant peptides. This first 
step, coupled with database searching to identify the peptides and 
therefore the subunits, provides an inventory of all components of the 
complex. 

With the identity of the components established, the masses of 
the intact components can then be determined, to define post-
translational modifications. This is achieved by using a denaturing step, 
typically incubation in a low-pH solution, to disassemble the complex 
— sometimes after chromatographic separation45,85. 

The next step is to generate subcomplexes by perturbing the 
complex in solution9. When the masses of the identified subunits and 
subcomplexes have been determined, a mass spectrum of the intact 
complex is used to define the overall copy number of all components 
in the complex. Computational analysis is then used to generate an 
interaction network9. The connections between each component are 
weighted according to the number of times each interaction is found 
in the population of networks that satisfy all of the nearest-neighbour 
restraints imposed by the subcomplexes. 

Defining distance restraints by mass spectrometry
If two interacting proteins can be chemically crosslinked with molecular 
tethers, then this implies a distance restraint on the tethered residues86. 
Coupling this technique with mass spectrometry is appealing 
intellectually, but successes have so far been limited to a few small 
protein complexes87. Another way to define distance restraints is ion-
mobility mass spectrometry88. This technique has only recently been 
applied to protein complexes, and, in these examples, measurement 
of collision cross-section has been used to examine complexes in the 
context of their X-ray structures89. One of the difficulties encountered 
when applying this approach is that protein complexes unfold when 
activated in the gas phase90. To restrain interaction models using 
collision cross-sections, it is necessary to establish conditions to 
maintain complexes as close to their native topology as possible. 
Although still in its infancy, ion-mobility mass spectrometry holds great 
promise for generating key structural information for the modelling of 
macromolecular assemblies. 

Box 1 | Mass spectrometry and hybrid approaches
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can also be obtained by measuring the proximities of labelled groups 
on interacting proteins, using fluorescence resonance energy transfer 
(FRET) spectroscopy42. For example, the protein organization of the 
spindle pole body in yeast cells was established largely from distances 
obtained in FRET experiments43.

Proteomics experiments 
Proteomics experiments are generating large amounts of data that 
provide information about the molecular architectures of functional 
modules6,7,43–45. Information about binary interactions between pro-
teins can be gained by using various techniques: yeast two-hybrid 
experiments46,47, protein-fragment complementation assays48, a com-
bination of phage display and other techniques49, protein arrays50, and 
solid-phase detection by using surface plasmon resonance51. Physical 
interactions between proteins have also been inferred from genetic 
interactions, through the reduced activity or viability of mutant yeast 
strains in which genes encoding both proteins have been knocked out52. 
Furthermore, affinity purification53,54 can be used to characterize not 
only binary interactions but also higher-order interactions, by purify-
ing protein complexes and then identifying their components by mass 
spectrometry55; proximity between the identified components is estab-
lished because they are directly or indirectly associated with the same 
tagged ‘bait’ protein. 

Integration of structural information from different sources 
After structural data have been obtained by one or more of these experi-
mental methods, they need to be converted into a structural model 
through computation. As mentioned earlier, when approaches domi-
nated by a single source of information fail, a hybrid approach, in which 
all of the available information about the composition and the structure 
of a given assembly is simultaneously considered (irrespective of the 
source), can sometimes be sufficient to calculate a useful structural 
model5,6,8. Even when this model is of relatively low resolution and accu-
racy, it can still be helpful for studying the function and evolution of 
the assembly; it also provides the necessary starting point for a study 

at higher resolution. An example of a simple hybrid approach is build-
ing a pseudo-atomic model of a large assembly by fitting the atomic 
structures of the subunits into the cryo-electron-microscopy map of 
the assembly15,56,57. In this section, we present three hybrid approaches, 
which were successfully applied to solve the structures of the RNA 
exosome, the 26S proteasome and the NPC.

One of the main difficulties encountered when structurally charac-
terizing assemblies is the absence of information about direct contacts 
between subunits. Direct contacts can be identified by partial disrup-
tion of an assembly to yield a series of subcomplexes, followed by tan-
dem mass spectrometry (which allows further disruption of a selected 
region of the mass spectrum) to determine the stoichiometry and the 
contacts between the components58. When enough subcomplexes have 
been characterized, an unequivocal protein–protein interaction network 
can be generated for the whole complex7,9,45. Such an approach has been 
applied to the yeast RNA exosome, which has ten subunits.

An atomic model of an RNA exosome 
Despite its small size, attempts to analyse the eukaryotic RNA exosome 
by using X-ray crystallography have been repeatedly unsuccessful. Inter-
esting structural insights have been gained, however, by overexpressing 
subunits of RNA exosomes from Archaea59,60. Moreover, a hybrid 
approach to studying the yeast RNA exosome has to some extent cir-
cumvented the challenges presented by crystallography. The yeast RNA 
exosome is present in both the nucleus and the cytoplasm, and is involved 
in RNA processing and turnover17. To obtain an architectural model of 
the yeast complex, the cytoplasmic form of the intact complex was iso-
lated by tandem affinity purification9. Using partial denaturing agents, 
subcomplexes were generated and, after confirmation by tandem mass 
spectrometry, a protein–protein interaction network for the complex 
was determined (Fig. 2; Box 1). A key step in assembling the architec-
tural model was the identification of three pairs of heterodimers that 
constitute a six-membered ring, a structure that had been observed in 
low-resolution electron-microscopy maps61. Experimental data also 
showed that several proteins — Csl4, Rrp4 and Rrp40 — bind to and 
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available (centre; two orientations, rotated by 154.3 °). Topological models 

of the regulatory particle have been deduced from yeast two-hybrid 
screens of Caenorhabditis elegans proteins68 (upper right) and from 
mass spectrometry of yeast proteins45 (lower right). These models agree 
reasonably well, albeit not completely. A topological model of the 20S core 
(centre right) that corresponds to the crystal structure (left) is also shown. 
No attempt has yet been made to obtain the molecular architecture of the 
entire 26S proteasome by integrating these topological models with the 
cryo-electron-microscopy map. RPN, non-ATPase subunit; RPT, ATPase 
subunit. (Central image reproduced, with permission, from ref. 65.) 
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strengthen the interfaces between the heterodimers, so these ‘bridg-
ing’ subunits were placed in the ring accordingly9. Given the similarity 
between the subunits in RNA exosomes from different species, models 
of the yeast proteins were then superimposed on the related archaeal ring 
structure59. The resultant model clearly shows the complementarity of 
the interactions within the various heterodimers and positions each 
of the bridging subunits between the heterodimers (Fig. 2). Restraints 
determined by mass spectrometry do not indicate whether the ring 
runs clockwise or anticlockwise, so the alternative enantiomer was also 
modelled. In this case, however, the interfaces within the heterodimers 
were less complementary than those in the first model, and the bridging 
subunits appear between the subunits within each heterodimer instead 
of between the heterodimers themselves. This arrangement is therefore 
not supported by experimental data on the bridging subunits9. Moreover, 
in this alternative model, the active sites of the catalytically active (RNase 
pleckstrin-homology (PH) domain) subunits — Rrp41 (also known as 
Ski6), Rrp46 and Mtr3 — are pointing towards the bridging subunits, 
which is in contrast to the known orientation of the Rrp41 equivalent 
in the archaeal RNA exosome59. An atomic model was then constructed 
(Fig. 2): this model is the best fit to the experimental data and is in close 
agreement with the structure of the related human RNA exosome, which 
was determined recently by using X-ray crystallography after reconstitu-
tion of nine subunits in vitro23. This example highlights the power of mass 

spectrometry and comparative protein-structure modelling to generate 
an atomic model of a complex protein assembly that has eluded determi-
nation by X-ray crystallography.

The architecture of the 26S proteasome 
Determining the structure of the 26S proteasome presents an even 
greater challenge. Whereas the yeast RNA exosome can be isolated as 
a relatively homogeneous assembly, the 26S proteasome is labile and 
is therefore often heterogeneous. Moreover, unlike the yeast RNA 
exosome, there are few structures available for the components of the 
26S proteasome, precluding atomic-resolution characterization. 

The eukaryotic 26S proteasome is a large (2.5 MDa) molecu-
lar machine similar in size to the ribosome; it consists of one or two 
19S regulatory complexes attached to the ends of a barrel-shaped 20S 
core complex. It has a central role in intracellular protein degradation, 
proteolytically cleaving proteins that have been marked for destruction 
by the attachment of multiple ubiquitin molecules62. The structure of 
the 20S core complex, which is highly conserved from Archaea to mam-
mals, was solved by X-ray crystallography63, revealing salient features of 
this protease18. A recent study also uncovered aspects of the structural 
changes that are involved in the functioning of the core complex, by using 
NMR spectroscopy64. By contrast, it has not been possible to crystallize 
the 26S holocomplex. The 19S regulatory subunits — which comprise at 
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molecules to be observed during nuclear import20. A cutaway view of the 
structure of rejoined asymmetrical units is shown (left), with subjective 
segmentation for the cytoplasmic ring, spoke ring and nuclear ring (brown 
and yellow), and the inner nuclear membrane and outer nuclear membrane 
(that is, the nuclear envelope; grey). For clarity, the central plug (that is, the 
transporter) has been omitted, and the basket with nuclear filaments and 
distal ring was rendered transparent. A cutaway view of a protomer is shown 
(centre). The fused inner nuclear membrane and outer nuclear membrane 
(white circles), as well as the clamp-shaped spoke structure (black circles), 
are indicated; arrows mark the entry and exit of what seems to be a channel. 
A cutaway view of the NPC structure with a three-dimensional probability 
distribution of import cargo is shown (right). The classical import cargo 
NLS–2GFP (Asn-Leu-Ser with two green fluorescent protein molecules 

attached) was labelled with gold, and the probability distribution for the 
cargo (orange; brightness indicates higher probability) is superimposed 
onto the central plug (brown dots). b, Various experimental data were 
integrated7, revealing the configuration of the 456 core proteins (excluding 
FG (Phe-Gly) repeats in FG nucleoporins and the basket) that form the 
yeast NPC21. The inner and outer nuclear membranes (grey) are shown. The 
NPC proteins are coloured according to their assignment to various NPC 
modules: membrane rings (brown), outer rings (yellow), inner rings (purple, 
light and dark shades), linker nucleoporins (blue and pink, light shades) 
and FG nucleoporins (green). (Panel adapted, with permission, from ref. 7.) 
c, Structural folds were assigned to the domains of the NPC proteins, by 
comparing their sequences to those of known protein structures, revealing 
a simple fold composition and modular architecture for the NPC72. The 
architecture of the NPC ring, viewed as a transverse section, is segregated 
into three layers: membrane (pale pink), scaffold (pale yellow) and FG (pale 
green). The arrow denotes the direction of cargo transport. RRM, RNA-
recognition motif.
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least 18 subunits, including 6 ATPases — bind to ubiquitylated substrates 
and prepare them for degra dation in the core complex. Structural stud-
ies of the 26S holocomplex, using cryo-electron microscopy, have been 
hampered by the low intrinsic stability of the complex, which tends to 
dissociate during purification and sample preparation. The dynamics of 
the complex present another problem: in addition to a set of ‘canonical’ 
subunits, there are several variable subunits; therefore, the composition 
of individual complexes varies, modulating proteasome function65. In 
principle, single-particle cryo-electron microscopy can handle hetero-
geneous samples that contain several distinct subsets of particles. Image 
classification allows particles to be sorted, thus achieving structural 
homogeneity in silico66. For a detailed classification, however, large sets 
of images are needed, and acquiring these is greatly facilitated by auto-
mated image recording67. At the present level of resolution (~2.5 nm), 
the spatial arrangement of the subunits of the 26S proteasome cannot 
be determined. Fortunately, there is a wealth of information on interac-
tions between the proteasomal subunits, obtained from yeast two-hybrid 

studies68 and mass spectrometry45, as well as other sources69 (Fig. 3). The 
challenge therefore is to interpret the current cryo-electron-microscopy 
map in light of these data. This should not be done in an ad hoc manner 
but by a systematic search for all structures that satisfy the restraints 
implied by the data. The power of such an approach is illustrated by the 
recent description of the architecture of the NPC7,21.

The architecture of the NPC
NPCs are large proteinaceous assemblies that span the nuclear env-
elope, where they function as the main mediators of bidirectional 
exchange between the nucleoplasmic and cytoplasmic compartments 
in all eukaryotes19. Cryo-electron-microscopy images of the NPC show 
that it forms a channel through the stacking of two similar rings, each 
consisting of eight copies of the basic symmetry unit of the NPC (that 
is, the ‘half spoke’)70. In yeast, each half spoke contains ~30 different 
proteins known as nucleoporins, resulting in 456 proteins in the whole 
NPC, which has a mass of ~50 MDa71. Owing to its size and flexibility, 

Immuno-
electron
microscopy

Nucleoporin
stoichiometry 

Ultracentrifugation 

NPC symmetry 

Nuclear-
envelope
pore volume 

Overlay assays
Affinity purification

+ + +

Protein positions 

Z

R

Z

R

Z

R

Bait

Affinity
column

SDS–
PAGE

Data generation

Data translation into spatial restraintsb

c

d

a

Optimization

Ensemble analysis

A

B

Cryo-electron 
microscopy

Immuno-electron 
microscopy Affinity purification

Figure 5 | Integrative structure determination. A, Using the NPC as 
an example7, the four steps to determine a structure by integrating 
varied data are illustrated. These steps are data generation (a), data 
translation into spatial restraints (b), optimization (c) and ensemble 
analysis (d). a, First, structural data are generated by experiments, 
such as cryo-electron microscopy (left), immuno-electron microscopy 
(centre) and affinity purification of subcomplexes (right). Many other 
types of information can also be included. b, Second, the data and 
theoretical considerations are expressed as spatial restraints that ensure 
the observed symmetry and shape of the assembly (from cryo-electron 
microscopy, left), the positions of constituent gold-labelled proteins 
(from immuno-electron microscopy, centre) and the proximities of the 
constituent proteins (from affinity purification, right). The assembly 
is indicated in blue, and constituent proteins are indicated as coloured 
circles. c, Third, an ensemble of structural solutions that satisfy the data 
is obtained by minimizing the violations of the spatial restraints (from 
left to right). d, Fourth, the ensemble is clustered into sets of distinct 
solutions (left), and analysed in different representations, such as protein 
positions (centre) and protein–protein contacts (right). The integrative 
approach to structure determination has several advantages. First, 
synergy among the input data minimizes the drawbacks of incomplete, 
inaccurate and/or imprecise data sets. Each individual restraint 
contains little structural information, but by concurrently satisfying all 
restraints derived from independent experiments, the degeneracy of 
structural solutions can be markedly reduced. Second, this approach 
has the potential to produce all structures that are consistent with the 
data, not just one structure. Third, the variation between the structures 
that are consistent with the data allows an assessment of whether there 
are sufficient data and how precise the representative structure is. 
Last, this approach can make the process of structure determination 
more efficient, by indicating which measurements would be the most 
informative. B, When applying the process described in A, the position 
of each protein is specified with increasing accuracy and precision as 
each type of synergistic experimental information is added7. Each panel 
illustrates the localization volume (red) of 16 copies of nucleoporin 192 
(Nup192) in the ensemble of NPC structures that satisfy the spatial 
restraints corresponding to the experimental data sets indicated. 
The smaller the volume, the better the proteins are localized. Further 
experiments could localize the proteins to a greater degree, as indicated 
by the dashed arrow. Therefore, the NPC structure is, in essence, 
‘moulded’ into shape by the large quantity of diverse experimental data. 
(Panel reproduced with permission from ref. 7.)
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detailed structural characterization of the complete NPC has proven to 
be extraordinarily difficult. Further compounding the problem, atomic 
structures have been solved only for domains that cover ~5% of the pro-
tein sequences72. As a result, the NPC is a challenging model system that 
is suitable for developing methods to map the molecular architectures 
of many other assemblies.

Cryo-electron tomography allows macromolecular assemblies to be 
studied in situ, eliminating the risk of preparation-induced artefacts and 
preserving the function of the structure73 (discussed further in the next 
section). Thus, it is possible to take snapshots of molecular machines in 
action. This technique was applied to NPCs that were actively importing 
molecules into the intact nuclei of Dictyostelium discoideum. Many such 
snapshots were obtained and superimposed, yielding a map outlining 
the trajectories of the cargo20 (Fig. 4a). Closer inspection of individu-
ally reconstructed NPCs shows substantial plasticity, probably reflect-
ing both intrinsic dynamics and distortions that result from strain. To 
avoid the loss of resolution caused by averaging individually variable 
entities, a deformation analysis was carried out. This allows deviations 
from perfect eight-fold symmetry to be determined, and it provides the 
basis for the computational compensation of such distortions. Despite 
substantial improvements in resolution, the current resolution of 5.8 nm 
still falls short of that needed to determine the spatial arrangement of 
the component proteins.

The approximate spatial arrangement of the component proteins 
(Fig. 4b) can, however, be determined by integrating a variety of experi-
mental data7,21, using the approach outlined in Fig. 5. In a structure cal-
culation, each of the 456 proteins in the yeast NPC was represented by a 
flexible chain consisting of a small number of connected beads (the num-
bers and radii of which were chosen to match the molecular masses and 
Stokes radii of the proteins). Next, to capture information about the struc-
ture of the NPC, a scoring function was constructed, which was a sum of 

spatial restraints of various types. These restraints incorporated data about 
protein shapes (from the protein sequences and ultracentrifugation), com-
ponent protein positions (from immuno-electron microscopy), protein 
contacts (from affinity purification), eight-fold and two-fold symmetries 
of the NPC (from cryo-electron microscopy) and nuclear-envelope shape 
(from cryo-electron microscopy). The relative positions and proximities 
of the constituent proteins of the NPC were then calculated by satisfying 
these spatial restraints. 

The calculation started with a random protein configuration and then 
iteratively moved the proteins so as to minimize violations of the restraints, 
relying on conjugate gradients and molecular dynamics with simulated 
annealing. To sample comprehensively all possible structural solutions 
that are consistent with the data, an ‘ensemble’ of 1,000 independently 
calculated structures that satisfy the input restraints was obtained. After 
superimposing the structures, the ensemble was converted into the prob-
ability of any volume element being occupied by a given protein (that 
is, the localization probability). The resultant localization probabilities 
yielded single pronounced maxima for almost all nucleoporins, showing 
that the input restraints define one predominant architecture for the NPC. 
The average standard deviation for the separation between nucleoporins is 
5 nm. Given that this is less than the diameter of many NPC constituents, 
the map is sufficient to determine the relative positions of the proteins 
in the NPC. Although each individual restraint contains little structural 
information, the degeneracy of the structural solutions is markedly 
reduced by concurrently satisfying all restraints.

The arrangement of the proteins in the NPC (Fig. 4b, c), determined 
by the above approach, revealed that half of the NPC consists of a core 
scaffold, which is structurally analogous to vesicle-coating complexes21,72. 
This scaffold forms an interlaced network that coats the entire curved 
surface of the nuclear envelope, within which the NPC is embedded. The 
selective barrier to transport between the nucleoplasmic and cytoplasmic 

Cryo-electron microscopy is a generic term that refers to various electron-
microscopy imaging modalities when applied to samples embedded in 
amorphous ice91. Samples are vitrified by plunge freezing or high-pressure 
freezing. A short description of the three main branches of cryo-electron 
microscopy is provided below.

Electron crystallography
Electron crystallography relies on the availability of two-dimensional 
crystals, either natural or synthetic. It is particularly suited to studying 
membrane proteins, but its use is not restricted to this class of protein. 
Very high resolution can be attained by optimizing the imaging 
conditions and by applying image-processing strategies to compensate 
for imperfections in the crystal lattices. Data acquisition can be time-
consuming because of difficulties in collecting data sets of consistent 
quality; image quality is often degraded, particularly at high tilt angles, 
for reasons that are not well understood at present.

Single-particle analysis
Single-particle analysis (arguably a misleading name) relies on the 
existence of multiple copies of the object. Molecules suspended in 
thin layers of ice occur in random orientations. After grouping them 
into classes that correspond to common orientations, class averages 
are generated. Three-dimensional reconstructions are obtained by 
assigning relative orientations to the class averages and placing them 
in a virtual tilt experiment. Single-particle analysis is particularly suited 
to studying macromolecular complexes — the larger, the better. Some 
degree of heterogeneity in the sample (for example, variations in subunit 
composition, stoichiometry or conformational states) is tolerable and can 
be taken into account by image classification. There is no fundamental 
reason why atomic resolution could not be attained, but until now this 
has remained an elusive goal. Medium-resolution maps (1–2 nm) can 
be obtained routinely. This resolution is usually sufficient for fitting 
high-resolution structures of components (that is, subunits or domains) 
obtained by other methods into the cryo-electron-microscopy maps of the 

complex. At subnanometre resolution, elements of secondary structure 
can be discerned, enabling docking to be carried out with high accuracy. 
Efforts are under way to increase the speed of single-particle techniques, 
by automated data acquisition and image analysis92.

Electron tomography
Electron tomography is unique in its capability to provide three-
dimensional reconstructions of non-repetitive structures. Therefore, it 
enables insights into the molecular architecture of higher-order structures 
that have a degree of stochasticity. Objects are reconstructed from a 
series of transmission electron micrographs taken from different viewing 
angles. During data collection, the requirement for optimal sampling 
must be reconciled with the need to avoid radiation damage (through 
sustaining a low cumulative radiation dose). Tomograms taken in these 
conditions are rich in information, but the poor signal-to-noise ratio 
makes interpretation difficult. Tomograms of intact cells or organelles are 
images of their entire proteomes, and sophisticated pattern-recognition 
methods must be applied to make use of this information. At a resolution 
of 4–5 nm, typically obtained for intact cells, only large complexes can be 
visualized and mapped with an acceptable fidelity. With ongoing advances 
in instrumentation, however, resolutions of 2–3 nm are a realistic goal 
and will enable cells to be mapped more comprehensively. Better image-
processing tools are needed to refine and validate such maps and to derive 
molecular-interaction patterns from them.

Generating pseudo-atomic models of assemblies
Fitting atomic structures and models of proteins and nucleic acids into 
cryo-electron-microscopy maps has resulted in pseudo-atomic models of 
many assemblies: complexes of viral subunits93, ribosomes and ribosome-
interacting proteins94, the chaperone complex containing heat-shock 
protein 90 (ref. 95), cytoskeletal proteins and associated proteins96,97, 
spliceosomal components98, clathrin cages16 and COPII cages99. Moreover, 
single-particle cryo-electron microscopy is becoming increasingly 
powerful at capturing assemblies in different conformational states100.

Box 2 | Cryo-electron microscopy
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compartments is formed by large numbers of FG nucleoporins, with 
disordered regions lining the inner face of the scaffold. The NPC consists 
of only a few structural modules. These modules resemble each other in 
terms of the configuration of their homologous constituents, thus provid-
ing clues to the ancient evolutionary origins of the NPC. 

Studying functional modules in situ
Characterizing the NPC in situ required a non-invasive imaging tech-
nique. The technique used, cryo-electron tomography, generates images 
of large pleiomorphic objects — not only protein assemblies but also 
organelles. It does this by reconstructing three-dimensional objects 
from a series of two-dimensional transmission electron-microscopy 
images taken from different viewing angles. 

Although the principles of electron tomography have been known for 
decades, its use has gathered momentum only recently. Technological 
advances have enabled the development of automated data-acquisition 
procedures, which in turn has reduced the total dose of electrons to a level 
at which radiation-sensitive biological materials, embedded in ice, can be 
studied73 (Box 2). As a result, researchers are now poised to combine the 
potential of three-dimensional imaging with a ‘close-to-life’ preservation 
of biological specimens. At present, the resolution of cellular objects in 
cryo-electron-tomography studies is usually limited to 4–5 nm, but pros-
pects for attaining molecular resolution (that is, 2–3 nm) are good74.

Molecular-resolution tomograms of intact organelles or cells contain 
vast amounts of information. In essence, they are three-dimensional 
images of the entire proteome of a cell, and they should enable the spatial 
relationships of the macromolecules in a cell (the ‘interactome’) to be 
mapped (a process referred to as visual proteomics). Advanced pattern-
recognition methods are needed to interpret the ‘noisy’ tomograms in 
an objective and systematic manner. This approach has two require-
ments: the proteomic ‘inventory’ must have been determined by mass-
spectrometry analysis, and a library of template structures must be 
available so that tomograms can be interpreted by matching the cel-
lular tomograms with the template structures75. Template structures 
can be generated by direct experimental methods, as well as by hybrid 
approaches. In the long term, with increasing numbers of structures of 
complexes deposited into the databases, template structures could be 
drawn from these databases. 

We envisage a situation in which high-quality tomograms of a large 
range of cell types, generated with advanced instrumentation, will be 
made available to the scientific community, together with the software 
needed for their interpretation. This resource would enable researchers 
who have determined structures of complexes to use them as templates 
for exploring their functional environment. At the currently achievable 
resolution, only large complexes (such as ribosomes and proteasomes) can 
be mapped with an acceptable fidelity (Fig. 6; Box 2). But, with advances 
in instrumentation and methodology, today’s imaging capabilities will 
improve, allowing proteomes to be mapped in a comprehensive manner. 
The remaining challenges are to untangle huge data sets, to derive interac-
tion patterns from maps of intimidating complexity, and to understand 
the underlying molecular sociology. 

Outlook 
Constructing atomic models of functional modules in action will improve 
the current understanding of how cells function at many levels. To achieve 
this aim, new integrative methods are required, especially for dealing with 
the heterogeneity and dynamics of transient functional modules. One 
such hybrid approach that shows great promise is a combination of mass 
spectrometry and electron microscopy76 in which isolation of functional 
modules is achieved in the gas phase. This allows selection of complexes 
on the basis of mass-to-charge ratio from a heterogeneous ensemble of 
closely related complexes. Subsequent ‘soft landing’ on suitable electron-
microscopy grids then allows simultaneous characterization and visu-
alization of transient complexes. These new hybrid methods, together 
with further computational integration, make revealing the molecular 
architecture of even fleeting social interactions within functional modules 
an enticing possibility. !
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Figure 6 | Mapping of 70S ribosomes in a tomogram of the bacterium 
Spiroplasma melliferum80. a, An orthogonal slice through a tomogram of 
S. melliferum is shown. Scale bar, 100 nm. b, To determine the positions 
and orientations of the ribosomes in this cell, a template obtained by 
single-particle analysis81 (resolution 11.5 Å) was correlated with the 
tomogram. c, In the cross-correlation function, white spots indicate sites 
where ribosomes were detected. d, From the cross-correlation function, a 
ribosome map was derived. Colours correspond to detection fidelity: high 
(green), intermediate (yellow) and low (red). e, After the initial ribosome 
map was generated, putative false positives were removed, leading to the 
refined map. The ribosomes that were identified and localized by template 
matching occupy ~5% of the cellular volume, which agrees well with 
estimates derived from other measurements. f, From the refined map, an 
average of the 70S ribosome was derived at a resolution of 45 Å (left). When 
the threshold for the isosurface representation of this map was lowered 
(right), distinct masses become visible near the ribosome. At present, these 
densities cannot be interpreted, but they most probably represent nascent 
chains, chaperones and other interacting factors. (Figure adapted, with 
permission, from ref. 80.)
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