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A significant fraction of proteins - over 40% of the human
proteome - are not folded, or are only partially folded in their
functional form.1 These intrinsically disordered proteins (IDPs)
are strongly implicated in important human pathologies such as
cancer and neurodegenerative disease but fall beyond the reach
of the tools developed for classical structural biology due to
their extreme structural flexibility.2,3 Many IDPs undergo
disorder-to-order transitions upon interaction with physiological
partners, where molecular recognition is accompanied by local
folding upon binding.4,5 However the relationship between
intrinsic conformational propensity and the structure adopted by
the protein in its bound form remains poorly understood. For
these reasons the development of meaningful descriptions of the
conformational behavior of IDPs, and their relationship to protein
function and malfunction, represents a key challenge for
contemporary structural biology.

Nuclear magnetic resonance (NMR) spectroscopy reports on
structural propensities at atomic resolution, on time scales varying
over many orders of magnitude, and is therefore probably the most
powerful biophysical tool for studying IDPs.6 NMR inherently
provides time- and ensemble-averaged structurally dependent
experimental measurements and, as such, is exquisitely suited to
the study of conformationally heterogeneous and flexible systems.7

The dynamic averaging properties of NMR observables are well
understood, rendering their exploitation particularly appropriate for
the development of atomic resolution ensemble descriptions of
flexible or unfolded proteins.8-12

Chemical shifts measured in IDPs report on the population
weighted average over an entire ensemble of interchanging
conformers, exchanging on time scales faster than the millisecond
range. These readily measured parameters are nevertheless highly
sensitive probes of the local protein conformation,13-15 as has
been demonstrated by the recent determination of three-
dimensional structures of entire globular proteins using chemical
shifts as sole experimental constraints.16,17 The dependences of
13CR and 13C� chemical shifts on backbone φ/ψ dihedral angles
have been routinely used to identify the position of secondary
structure and to estimate the level of secondary structural
propensity within folded and unfolded proteins.18-26 In this study
we combine ensemble descriptions of unfolded proteins,27 with
a state-of-the-art chemical shift prediction algorithm that has
underpinned the successful determination of folded proteins from
chemical shifts.28 This powerful combination is used to explore
the possibility of using chemical shifts alone to map the local
backbone conformational sampling of intrinsically disordered
and partially folded proteins.

13CR, 13C�, 13C′, and 15N chemical shifts exhibit different
dependences on the backbone φ/ψ dihedral angles and are
therefore sensitive probes of conformational sampling in disor-
dered proteins.29,30 These sensitivities are complementary in

terms of the mapping of different regions of Ramachandran
space, suggesting that their combination may allow the resolution
of site-specific backbone conformational behavior. 13CR and 13C�
secondary shifts report essentially on the Ramachandran space
sampled by the observed amino acid, while both 13C′ and 15N
are also sensitive to the sampling properties of the neighboring
amino acids. To exploit this complementarity we employ an
explicit ensemble description of unfolded proteins (Flexible-
Meccano) that has been used in combination with residual dipolar
coupling (RDCs),28 scalar couplings,31 and small angle scattering
data12,28 to describe conformational sampling in IDPs and
chemically denatured proteins.

An efficient selection algorithm (ASTEROIDS)32 is used to
assemble a 200-strong subensemble of structures out of a much
larger pool, which is in agreement with the experimental 13CR,
13C�, 13C′, and 15N chemical shifts. Selection starts from a large
pool of conformers (typically 10 000 structures) constructed by
Flexible-Meccano using standard random coil φ/ψ backbone
dihedral angles. The program SPARTA is used to calculate
chemical shifts for each member of the ensemble. The selection
procedure involves two steps: an iteration step where each
residue is treated independently, and a final step where full
structures are selected. The first iteration step consists of the
selection of 200 φ/ψ values for each residue that are in agreement
with the 13CR, 13C�, and 13C′ chemical shifts. This step is
repeated five times to obtain 1000 φ/ψ values for each residue.
A new ensemble of structures is created using Flexible-Meccano,
but this time using the selected 1000 φ/ψ values for each residue.
ASTEROIDS is applied again for each residue (see Supporting
Information) independently to select 5 × 200 φ/ψ values from
the new pool of structures. This iterative procedure is repeated
until no further improvement in the fitting of the chemical shifts
of the individual residues can be obtained. Step two of the
selection procedure is then applied using 13CR, 13C�, 13C′, and
15N chemical shifts, where entire structures (200 conformers)
are selected from the pool of structures generated during the
previous iterations. While chemical shifts are expected to report
only on local conformations, other experimental data such as
residual dipolar couplings (RDCs) and paramagnetic relaxation
enhancements (PREs) or SAXS report on long-range order.
Therefore, the selection of entire structures will allow combined
fitting of several types of experimental data.

No assumptions are made in terms of the secondary structural
propensity, as the first ensemble contains only unfolded structures
derived from the statistical coil database. Local conformational
bias is recognized on the basis of chemical shift, and resulting
propensities are used to assemble the new database for the
subsequent iteration. In this way the algorithm automatically
provides the appropriate backbone dihedral angles for the
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construction of entire secondary structural elements, as well as
determining local conformational sampling in the unfolded
domains.

This analysis is applied here to the study of NTAIL, the C-terminal
domain of the Sendai virus nucleoprotein. The molecular recognition
element of NTAIL has been shown, using detailed analysis of multiple
RDCs, to contain a conformationally fluctuating helical element at
its center.33,34 This protein is a particularly appropriate model with
which to test the approach, as it contains both partially structured
and fully disordered elements. Figure 1 shows the agreement
between the experimental and the calculated secondary chemical

shifts in NTAIL after application of the ASTEROIDS algorithm.
Excellent agreement with experimental shifts is observed throughout
the protein.

The simple observation that data can be reproduced by a
specific conformational ensemble does not necessarily guarantee
that the ensemble is physically realistic. It is therefore essential
to be able to cross-validate this approach with independent
experimental data. Figure 2A shows the agreement between
experimental 15N-1H RDCs measured from partially aligned
NTAIL compared to those calculated using an ensemble obtained
from chemical shift derived conformational sampling. RDCs
were calculated using the program PALES.35 The agreement is
striking, in both the folded and unfolded regions of the protein,
demonstrating the ability of the algorithm to unambiguously
interpret chemical shifts in terms of local conformational
propensity. The level of helical structure agrees very closely
with the helical description that was derived from analysis of
RDCs,28 indicating that the method is also quantitative. The
ensemble dimensions also agree with those found in the previous
studies (data not shown).28 In a further test of consistency we
have repeated the analysis in the absence of the 15N chemical
shifts and compared these shifts to predicted values (Figure 2B).
Although this implies removing 25% of the data, experimental
values are still reasonably reproduced (rmsd ) 0.77 ppm
compared to 1.15 ppm for the standard coil distribution).

An analysis of the φ/ψ distribution of the selected conformers
outside the helical element reveals that the fully disordered regions
of the protein have an overall tendency to sample less �-extended
{φ/ψ ≈ -135°/135°} and more (on average 5%) polyproline II
{φ/ψ ≈ -75°/150°} than is present in standard random coil

Figure 1. Reproduction of experimental secondary chemical shifts
(random coil values from RefDB25 were used) from an ensemble of
200 structures determined using the ASTEROIDS algorithm (3 itera-
tions). Chemical shifts were calculated using the program SPARTA.
Flexible-Meccano was used to calculate ensembles of structures of the
protein, and iterative selection of 200-strong subensembles provided a
final ensemble in agreement with experimental shifts. Black: experimental
secondary chemical shifts. Red: secondary chemical shifts averaged over
the final ensemble. (A) R carbon, (B) � carbon, (C) carbonyl, (D) amide
nitrogen.

Figure 2. Reproduction of independent parameters by the ensemble
based on chemical shift selection. (A) 15N-1H residual dipolar couplings
(RDCs) measured in sterically aligned NTAIL.33 50 000 conformers were
calculated using the amino acid specific description of NTAIL determined
from the chemical shifts. RDCs were calculated using the program
PALES directly from the ensemble and averaged. Simulated RDCs (red)
were scaled uniformly to best match experiment (black). (B) Reproduc-
tion of 15N secondary chemical shifts using an ensemble determined
from only 13CR, 13C�, 13C′ shifts (black: experiment, red: simu-
lation).
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databases. These trends are in qualitative agreement with observa-
tions based on complementary spectroscopic techniques.36-38 We
are currently applying similar analyses to chemical shifts from more
proteins to determine general trends for backbone conformational
propensities of IDPs.

The ability of chemical shifts to reproduce conformational
sampling was tested using extensive simulation. Ensembles of
a model unfolded sequence were created using the standard φ/ψ
database, an extended database sampling more �-sheet and
polyproline II regions, or a database sampling more R-helical
conformations. The chemical shifts of these ensembles were
calculated with SPARTA as described above. The three sets of
chemical shifts (standard, extended, and helix) were subjected
to ASTEROIDS for selection of a subensemble of 200 structures
from a pool of conformers generated using the standard database.
These simulations demonstrate that it is possible to obtain a
standard coil, more extended sampling, or a more helical
sampling directly from chemical shifts, to within 5% accuracy
(results not shown).

The ability to describe conformational sampling on the basis
of chemical shifts alone is important for the development of
atomic resolution descriptions of IDPs. The approach presented
here makes no assumption concerning the true conformational
properties of the molecule, starting with a standard statistical
coil description of backbone conformational sampling, and
refining this iteratively until convergence is reached compared
to the experimental data. This allows the identification and
characterization of entire secondary structural elements and their
associated populations, as well as providing indications of the
subtle detail of local conformational sampling in unfolded
proteins. The approach is entirely compatible with recently
presented ensemble selection algorithms based on the use of
complementary structural restraints such as RDCs or 3J scalar
couplings, providing a tool for the development of a unified
conformational model of partially ordered states. Possibly more
exciting, this technique raises the prospect of probing the
conformational behavior of unfolded proteins under conditions
where additional parameters cannot be easily measured but where
chemical shifts are still accessible, for example in crowded or
cellular environments.39
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