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PERSPECTIVES

mation about the structures and dynamics of 

proteins and their assemblies. These meth-

ods include sequence comparisons of related 

proteins, copurifi cation, hydrogen-deuterium 

exchange mass spectrometry (HDXMS), 

single-molecule fl uorescence, atomic force 

microscopy, analytical spectroscopy (both 

electron paramagnetic resonance and double 

electron-electron resonance), light scattering, 

chemical cross-linking, and mutagenesis (see 

the fi gure).

The individual pieces of data gathered 

using different techniques can provide invalu-

able restraints on the conformation, posi-

tion, and orientation of the components in an 

assembly or biological system ( 5). Relative to 

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

taneous use of all such restraints can mark-

edly improve the accuracy, precision, and 

completeness of a model, especially when 

high-resolution structural data on the entire 

complex are not available.

Because of the many degrees of freedom 

in macromolecular structures and the dif-

fi culty of combining disparate data, models 

must be computed with algorithms that sam-

ple as many potential solutions as possible 

given the computing power available. These 

algorithms are driven by a scoring function 

consisting of the individual spatial restraints 

and are analogous to methods used in x-ray 

crystallography and NMR spectroscopy, 

which also generate models by minimizing 

differences between experimental data and 

data calculated from a model. Assessing how 

to best combine and weigh different types of 

data from multiple sources is a prerequisite 

for constructing structural models of increas-

ingly larger and more dynamic macromolec-

ular complexes.

A useful test of a model is whether it 

explains all data points within their own error 

bars and whether the entire data set is redun-

dant, meaning that a subset of the data can 

be omitted without any signifi cant impact on 

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

the model, the data, and the parameters used 

for modeling can be high. When a subset of 

the data points cannot be satisfi ed by a single 

model because the data were collected from 

a heterogeneous sample and/or the data are 

noisy, more sophisticated methods for com-

bining individual restraints are needed. In such 

cases, emphasis is placed on evaluating mod-

els in an objective manner, using Bayesian ( 7) 

and other statistical methods that explicitly 

take into account the noise in the data and/or 

multiple structural states in the sample.

Integrative, restraint-based approaches 

can be used whenever a challenging struc-

tural biology problem is encountered, from an 

individual protein to a small macromolecular 

machine to a large multicomponent cellular 

assembly. Thus, integrative approaches span 

wide resolution ranges and bridge observa-

tions made from the atomic to the cellular 

level. The following three examples illustrate 

the power of these new methods in generating 

models at different levels of resolution.

Some of the most successful applications 

of integrative approaches have resulted from 

combining sparse experimental observa-

tions with computation to generate atomic-

level models of macromolecules. Rosetta 

( 8), a platform for modeling protein struc-

tures, works by exhaustive calculations 

under a set of assumptions about the under-

lying geometry and chemistry of peptides. 

These assumptions reduce the nearly infi nite 

sampling necessary to fold a one-dimen-

sional sequence of amino acids into a three-

dimensional shape. Experimental restraints 

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

row the search and help to converge on more 

accurate models. For example, Loquet et al. 

used solid-state NMR, EM, and Rosetta to 

build an atomic-level model of the bacte-

rial type III secretion needle used to inject 

its proteins into host cells ( 11). The model 

revealed details of the supramolecular inter-

faces of the component protomers, pro-

viding a structural understanding of this 

machine that had eluded characterization by 

single techniques.

Two recent independent studies of the 

molecular architecture of the 26S proteasome 

exemplify the value of integrative approaches 

for medium-resolution structures. Lander et 

al. combined EM reconstructions and x-ray 

crystal structures ( 12), whereas Lasker et 

al. used restraints from a variety of data sets 

(EM, x-ray crystallography, chemical cross-

linking, and proteomics) and employed the 

Integrative Modeling Platform package ( 6, 

 13) to build an almost identical model of the 

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

was further tested by systematically remov-

ing some input data, recalculating a model, 

and assessing it against the omitted data. 

Although neither model resolved all inter-

actions at an atomic level, they provided a 

detailed understanding of the arrangement of 

the component subunits and were therefore 
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Complex structure solutions. Models of macromolecules and their complexes can be constructed by com-

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

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

sampling algorithms to obtain a detailed structural model.

Published by AAAS

 o
n 

Fe
br

ua
ry

 2
7,

 2
01

3
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fro
m

 

http://www.sciencemag.org/

