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The function of intrinsically disordered proteinsmay be interpreted in terms of their structural ensembles. The
article by Schwalbe and colleagues in this issue of Structure combines NMR and SAXS constraints to
generate structural ensembles that unveil important functional and pathological features.
The major aspiration of the structure-

function paradigm is to interpret protein

function at atomic detail based on three-

dimensional protein structures. A recent

shift in this paradigm has been provoked

by the recognition that intrinsically disor-

dered proteins (IDPs), or regions (IDRs),

exist and function without a well-defined

structure. The phenomenon of structural

disorder is prevalent in proteins of sig-

naling and regulatory functions and is

also frequently involved in diseases,

such as cancer or neurodegenerative dis-

orders (Tompa, 2012).

Despite the recognition of its impor-

tance, for almost a decade, the field

of protein disorder could not progress

beyond the general statement that func-

tion is compatible with the lack of a well-

defined structure. Our recent aim has

been to describe structures as a collec-

tion of a large number of conformations

(an ensemble) and interpret function in

terms of its characteristic features, as

formulated in the call for ‘‘unstructural’’

biology (Tompa, 2011).

The description of IDPs by ensembles

is nontrivial, because the number of

degrees of conformational freedom is

much greater than the number of ex-

perimental observables that can be

determined. The approaches recently

developed to address this inherently ill-

posed problem are primarily based on

nuclear magnetic resonance (NMR) data

combined with additional restraints ob-

tained from small-angle X-ray scattering

(SAXS) (Fisher and Stultz, 2011) either by

running constrained molecular dynamics

simulations where the conformational

sampling is biased by experimental re-

straints (Allison et al., 2009) or by the

selection of a limited number of confor-

mations from a very large random pool

that can describe the experimental data
(Jensen et al., 2010; Ozenne et al.,

2012a) (Figure 1). Because of the under-

determined nature of the problem, several

ensembles fit the data equally well. In an

attempt to counter the degeneracy of

ensembles, every method tries to inte-

grate data sensitive to (1) short range

structural order, such as chemical

shifts (CSs), residual dipolar couplings

(RDCs), J-couplings, hydrogen-exchange

protection factors, relaxation rates, and

solvent-accessibility and (2) long range

structural order, such as paramagnetic

relaxation enhancements (PREs), nuclear

Overhauser effects (NOEs), hydrody-

namic parameters, and SAXS topological

restraints. The ensembles with the best fit

to the data are made public via deposition

into the Protein Ensemble Database (Var-

adi et al., 2014).

However, ensembles with an equally

good fit cannot yet be distinguished; it

has not been assessed if they are repre-

sentative of the entire conformational

space and/or if they can describe impor-

tant functional and/or pathological fea-

tures (Fisher and Stultz, 2011). These

critical issues are now addressed by

solving and analyzing the ensemble of

a-synuclein and tau protein in an article

in this issue of Structure (Schwalbe

et al., 2014). These proteins are involved

in neurodegenerative disorders where

they convert from the soluble, disordered

physiological state to an insoluble, patho-

logical amyloid form dominated by b

structures.

a-synuclein and tau protein have been

selected to serve as test cases for solv-

ing and benchmarking IDP ensembles,

because: (1) the size of tau protein is 441

residues, posing methodological chal-

lenges associated with long IDPs; (2) their

global structural features are already

known: an extended structure combined
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with long-range interactions and pro-

pensity to sample compact states; (3)

localized functional interaction regions

(tubulin-binding regions of tau protein)

are known; and (4) their involvement in

neurodegenerative diseases, with known

regions initiating coil-to-beta transition.

Dissecting all these functionalities is the

major challenge in interpreting the ensem-

bles. By combining a large number of

NMR- and SAXS-derived constraints,

Schwalbe et al. (2014) calculated repre-

sentative ensembles of 200 (a-synuclein)

and 400 (tau protein) structures and

devised quantitative measures of their

structural predictive power (Figure 1). It

was shown that the ensembles can pre-

dict independent experimental observ-

ables and suggest local conformational

features potentially involved in function

and diseases.

The underlying experimental data in-

cluded 5 NMR CS values, 3 RDC values,

12 PRE measurements, and SAXS scat-

tering data. Flexible meccano was used

to generate a large number of statistical

coils (Ozenne et al., 2012a), followed by

the genetic algorithm of ASTEROIDS

(Jensen et al., 2010) to select ensembles

compatible with experimental data. For

the first time, the ensemble descriptions

are crossvalidated with independent ex-

perimental data, which provides a quanti-

tative measure of their predictive capacity

(Figure 1). The ensembles selected

show signs of predictive power in several

aspects. (1) Non-random behavior: Dif-

ferent combinations of data (CSs and

and/or RDCs) were removed from the

analysis in all five cases (full-length pro-

teins and tau segments) and were found

to be predicted more accurately by the

ensemble than by statistical-coil descrip-

tions. The improvement increased in re-

gions where local sampling deviates
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Figure 1. Workflow of Solving Ensembles
Descriptive structural ensembles of IDPs/IDRs can be solved by a clever interplay of dedicated experi-
mental observation (NMR, SAXS, and possibly other techniques) and computational tools. As suggested
and demonstrated in the Schwalbe et al. (2014) paper, by combining with evaluation supported by data
deposition, ensembles can predict critical structural and functional features of disordered proteins.
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from statistical coil. (2) Correlation with

function: the combination of CSs and

RDCs has been shown to be able to

distinguish between local populations of

secondary structure (Ozenne et al.,

2012b), which might be very important

because IDPs/IDRs often locally presam-

ple their bound conformation in solution

(Tompa, 2012). In tau protein, the four

Gly-rich sequences in repeat domains

involved in microtubule-binding, as well

as four type I b turns, have significantly

increased a population. Flanking these re-

gions are polyproline II (bP) stretches,

whichmay be important in exposing these

regions for interaction. (3) Correlation with

disease: both proteins show an elevated
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population of bP conformation, which

might support the hypothesis that the bP

region of conformational space repre-

sents a precursor for aggregation and for-

mation of stable b sheets (Blanch et al.,

2000). This sampling is localized in the

vicinity of the aggregation nucleation sites

of the proteins, such as aggregation

nucleation hexapeptides in tau protein

and the NAC region of a-synuclein.

All these correlations support the point

that the ensemble description of IDPs/

IDRs might have the power of elucidating

the functional features of disordered pro-

teins. Can we claim to have come close

with IDPs to the success of structural

biology of ordered proteins? Definitely
evier Ltd All rights reserved
not; there is still a long way to go for

the maturation of unstructural biology

(Tompa, 2011). Among other things,

we need to (1) exploit other types of

experimental data such as fluorescence

resonance energy transfer, electron para-

magnetic resonance, or mass spectros-

copy (Schwalbe et al., 2014); (2) try to

distinguish between equivalent ensem-

bles by improving calculation skills; (3)

combine ensemble structural data with

diverse functional data (e.g., evolutionary

information and mutagenesis); (4) make

ensembles generally available for the

community for critical evaluation (Varadi

et al., 2014); and (5) include the fourth

dimension of structure—dynamics—

in ensemble descriptions. Thanks to

ground-breaking work (Schwalbe et al.,

2014), progress in all of these areas is

anticipated to bear fruit in the near future.
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