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ABSTRACT: One of the major open challenges in structural
biology is to achieve effective descriptions of disordered states
of proteins. This problem is difficult because these states are
conformationally highly heterogeneous and cannot be
represented as single structures, and therefore it is necessary
to characterize their conformational properties in terms of
probability distributions. Here we show that it is possible to
obtain highly quantitative information about particularly important types of probability distributions, the populations of
secondary structure elements (α-helix, β-strand, random coil, and polyproline II), by using the information provided by backbone
chemical shifts. The application of this approach to mammalian prions indicates that for these proteins a key role in molecular
recognition is played by disordered regions characterized by highly conserved polyproline II populations. We also determine the
secondary structure populations of a range of other disordered proteins that are medically relevant, including p53, α-synuclein,
and the Aβ peptide, as well as an oligomeric form of αB-crystallin. Because chemical shifts are the nuclear magnetic resonance
parameters that can be measured under the widest variety of conditions, our approach can be used to obtain detailed information
about secondary structure populations for a vast range of different protein states.

Significant advances have been made recently in the use of
NMR chemical shifts for protein structure determination,

as it has been shown that they can be used to define the
structures of proteins in solution1−7 and in the solid state,3,8 as
well as the structures of protein complexes.9,10 At least for
proteins up to ∼130 residues in length, these methods appear
to provide structures at a resolution comparable to that of more
standard NMR methods.
Additional interest in the use of chemical shifts in structural

biology is generated by the fact that even when the information
provided by chemical shifts is not sufficient to define the
tertiary structures of proteins, these observables can provide
very accurate information about their secondary structures. For
instance, in the case of native states, several highly accurate
methods for mapping backbone chemical shifts to backbone
dihedral angles11,12 and for identifying secondary structure
elements12−17 exist. It has also been long recognized that the
analysis of the secondary chemical shifts, which represent the
differences between measured and random coil chemical
shifts,13,18−20 can be used to define the presence of α-helices
and β-strands in partially structured states. In the chemical shift
index (CSI) analysis, values of −1, 0, and 1 are introduced,
which correspond to α-helix, random coil, and β-strand,
respectively, and are assigned to each residue on the basis of
the chemical shift deviations relative to the statistics of random
coil values.13 The quantitative characterization of secondary
structure elements in disordered states has been recently
further improved through the introduction of the SSP method,

which provides secondary structure preferences in terms of a
score between 0 and 1 for α-helices and between 0 and −1 for
β-sheets.16

As essentially all proteins at various points during their
lifetimes populate disordered states, which in many cases are of
key importance in determining their functional or dysfunctional
behavior,21−23 it would be very desirable to further develop
methods capable of exploiting chemical shifts to achieve a
detailed characterization of the conformational properties of
such states. In this work, we show that it is possible to use
backbone chemical shifts to determine the populations of
secondary structure elements in cases ranging from fully
structured native states to partially folded intermediates and
intrinsically disordered states. Many of the examples that we
discuss illustrate situations in which the characterization of
structural disorder in terms of secondary structure populations
is conducted for proteins with important functional roles (e.g.,
p53 and αB-crystallin) or proteins involved in disease (e.g., Aβ,
α-synuclein, and mammalian prions). The possibility of
obtaining highly quantitative structural information about
such important states of proteins through an analysis of
chemical shifts is particularly attractive, as these parameters can
often be measured quite readily even in cases when structural
information is difficult to obtain otherwise.
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Once chemical shifts are available, the method that we
introduce produces results very readily because it achieves a
direct mapping between chemical shifts and secondary structure
populations, without requiring an explicit characterization of
the structure and dynamics of proteins in terms of three-
dimensional conformations or conformational ensembles, as in
other methods that have been proposed recently.24 The quality
of the determination of the secondary structure populations is
assessed by comparison with other NMR and circular
dichroism measurements. A web server (http://www-
vendruscolo.ch.cam.ac.uk/d2D/) is available for performing
the calculations.

■ METHODS
Parametrization of the δ2D Method. To parametrize the

δ2D method, we used a database of high-resolution native state
conformations for which chemical shift measurements are
available.19 In this database, we extracted three libraries of
secondary structure elements, which were composed by all α-
helical fragments longer than three residues (4480 α-helical
fragments for a total of 55470 residues), all β-strand fragments
longer than one residue (7038 β-strand fragments for a total of
36871 residues), and all PPII fragments longer than three
residues (2419 residues, which were identified following the
method of Berisio et al.25). In the parametrization procedure,
10% of the structures were extracted for testing and the
remaining 90% were used to calculate the average chemical
shifts and the correction factors for each residue in the three
types of secondary structure elements.
By generalizing the method that we used to define the

random coil chemical shifts from the amino acid sequence of a
protein,19 we set up three different predictors for the chemical
shifts in α-helical elements
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where δ0 represents the average chemical shift value for each
residue and the coefficients (α) are a set of parameters
optimized to maximize the correlation between the exper-
imental and predicted chemical shift values. The parameters
δ1−δ4 are the correction factors due to the nearest neighbors
along the polypeptide chain; the use of more parameters would
lead to overfitting, at least in the case of the database used here.
In the case of α-helical fragments, we used a different set of
neighbor residues with respect to β-strands and PPII. The
tables with the average values, the correction tables, and the
parameters are available for download from the δ2D website
(http://www-vendruscolo.ch.cam.ac.uk/d2D/).
We then assessed the performance of the individual

predictors for α-helices, β-strands, and PPII secondary
structures on the fragments taken from the proteins removed
for testing. From the test, we measured the average error in the
prediction of each chemical shift for each conformation. These
errors are then used to set the width of Lorentzian functions, as
specified below. We found that these functions provided
slightly better performance than Gaussian functions (see
Figures S1−S3 of the Supporting Information). The errors in

the predictions could arise from the fact that not all the amino
acids in the proteins we used in the database populate exactly
an ideal single secondary structure, and that the values of the
chemical shifts of neighboring atoms are weakly correlated
(Figure S4 of the Supporting Information). Furthermore, errors
can also arise from the different sensibility of each atom to the
different secondary conformations. By taking account of these
effects, it should be possible in the future to improve the quality
of the calculation of secondary structure populations from
chemical shifts.
By combining the specific predictors of chemical shifts for

the different types of secondary structure elements and by
comparing the result to the measured chemical shifts, we
extrapolate the relative populations of the different secondary
structures. We thus write the secondary structure population
for each residue as

∏

∑ ∏

δ δ δ δ δ δ

=

δ − δ

δ − δ

α β ′ α

= α β ′ α

= = α β ′ α

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

P

G

G

a

a

( , , , , , )

( )

( )

i

i

i i

j i

i

i
j
i

{H,E,C,P}
C C C H HN N

(C ,C ,C ,H ,H,N)
{H,E,C,P}

{H,E,C,P}

{H,E,C,P} (C ,C ,C ,H ,H,N)
{H,E,C,P}

where G is a normalized Lorentzian distribution centered on
the chemical shift value provided by the predictors, the
standard deviation is given by the error in the prediction of that
chemical shift in that secondary structure calculated from the
10% test database, and a is a 6 × 4 matrix of free parameters
optimized through a Monte Carlo procedure on the whole
database (apart for the 10% previously removed) to maximize
the agreement between the assigned secondary structures (i.e.,
the most populated secondary structures) and the experimental
ones.

Accuracy and Precision of the δ2D Method. The
accuracy in the predictions obtained by the δ2D method for
native proteins can be estimated from Figure 1, which indicates
an error of ∼10% in assigning the most populated secondary
structures if one takes into account an error of ∼5% by DSSP
and STRIDE. The corresponding accuracy for unstructured
proteins can be estimated from the comparison with CD
measurements shown in Figure 6, which suggests an error of
∼4%. To estimate the precision of the δ2D method, we
repeated twice the Monte Carlo optimization procedure to
obtain the a matrix. We found an average variation in the
secondary structure population per residue of ∼8%. Impor-
tantly, if the δ2D method is used to estimate the changes in
secondary structure populations for a given protein under
different conditions, the error is reduced to ∼2%, a result that
provides confidence in the reliability of the analysis shown in
Figure 4 for the Aβ peptide.

Biochemistry Article

dx.doi.org/10.1021/bi3001825 | Biochemistry 2012, 51, 2224−22312225

http://www-vendruscolo.ch.cam.ac.uk/d2D/
http://www-vendruscolo.ch.cam.ac.uk/d2D/
http://www-vendruscolo.ch.cam.ac.uk/d2D/


Random Coil Optimization. We further optimized the
CamCoil method19 by iteratively generating the random coil
reference database by only keeping those residues that populate
a coil structure for more than 96%. In this way, a new set of
reference random coil values was obtained (see Table S1 of the
Supporting Information).

■ RESULTS AND DISCUSSION

The δ2D Method. In this work, we describe the δ2D
method, which translates a set of chemical shifts into
probabilities of occupation of secondary structure elements.
The approach that we describe is based on a generalization of a
method that we used to define the random coil chemical shifts
from the amino acid sequence of a protein.19 To develop the
δ2D method, the first step is to set up three further sequence-
based predictors, which provide the ideal chemical shifts for α-
helical, β-sheet, and polyproline II (PPII) secondary structures.
The distinction between β-sheet and PPII secondary structures
is relevant because, although they occupy nearby regions in the
Ramachandran map, they are characterized by very different
patterns of hydrogen bonds. The prediction of other types of
secondary structure types will also become possible using the
approach presented here (see Methods) as the number of
chemical shifts deposited in publicly available databases will
increase. The values provided by the four predictors currently
implemented in the δ2D method (α-helical, β-sheet, PPII, and
random coil secondary structures) represent the chemical shifts
that would be measured for a given amino acid sequence in a
state with a 100% population of a given secondary structure
element. In the second step, by combining these predictions
and by comparing the results with the experimental chemical
shifts, we extract the most probable populations of secondary
structure elements (see Methods).
Native States. Before presenting the results of the

application of the δ2D method to non-native states, we report
a test of its performance in the case of native states, as it is well-
known that for these states the information provided by
chemical shifts can be used to identify the positions of
secondary structure elements with high accuracy.13−17 Several
methods for performing this task have been compared
recently.12 Although there are several factors that influence
the results of this type of comparison, such as the specific set of
proteins used in the test and the random coil reference values,
by testing the δ2D method by adopting the same procedure
used in ref 12, we found that it performs at least as well as other
existing methods (Figure 1).
Denatured States. In addition to the prediction of native

secondary structure elements, we further tested the δ2D
method on the prediction of random coil chemical shifts. To
conduct a consistency test, we used a set of seven denatured
proteins that were recently used to develop the CamCoil
method,19 finding that the δ2D method has an A3 index of
accuracy of 100% in six cases and 98.5% in the seventh one; the
A3 index indicates the percentage of predictions of the three-
state secondary structure class (α-helix, β-strand, and coil) that
are identical to the class in the reference structure.12 We also
considered a second set of nine unfolded proteins recently used
to derive the ncIDP predictor of random coil chemical shifts.20

To develop the ncIDP predictor, only the regions of these
proteins that were considered to be fully random coil were
used.20 In this context, our results illustrate how our approach
is capable of identifying regions of significant secondary

structure populations in otherwise highly unstructured proteins
(Figure S5 of the Supporting Information).
After these initial tests, we applied the δ2D method to study

the progressive loss of secondary structure upon urea and pH
unfolding of ACBP, a protein for which a highly accurate series
of chemical shift measurements is available.26 We found that an
increase in urea concentration and a decrease in pH disrupt
progressively the secondary structure organization of this
protein, but still at 5 M urea and pH 2.3, there are residual
portions of the four α-helices that are still populated with a
probability of ≤10% (Figure S6 of the Supporting Informa-
tion).
We conducted a further validation on a “reference ensemble”

test.27,28 In this test, a set of reference chemical shifts are
calculated from an ensemble of conformations and then used in
turn to calculate using the δ2D method the secondary structure
populations in the same ensemble. Such secondary structure
populations are then compared with the corresponding
reference populations, which are those directly defined for
the structures making up the reference ensemble. We
conducted this test by considering as a reference ensemble a
recently determined ensemble of conformations representing
the unfolded state of drk SH3.29 Two sets of reference chemical
shifts were calculated for this ensemble using Sparta+30 and
ShiftX2,31 and the reference secondary structure populations
were calculated using Stride32 for α-helical, β-sheet, and coil
secondary structure elements, and the Stapley and Creamer
convention for PPII secondary structure elements.25,33 The
results that we obtained demonstrate that the δ2D method is
capable of recovering the secondary structure populations
within an error that is comparable to the differences between
Sparta+ and ShiftX2 in the calculations of chemical shifts
(Figure S7 of the Supporting Information). We note that
secondary structures can also be identified using a Ramachan-
dran map convention.29 In this case, secondary structures are
defined by the fraction of residues in the α-helical or β-sheet
regions of Ramachandran space,29 while in Stride,32 an energy
function is used that takes account dihedral angle, Lennard-
Jones, and hydrogen bond terms.32 Additional differences
concern how coil and PPII secondary structures are treated. In
the Ramachandran map convention, PPII regions are part of
the β-sheet section of Ramachandran space, while in the Stapley
and Creamer convention, they are considered as separate, as
they do not form hydrogen bonds; coils are defined as regions

Figure 1. Comparison of the accuracy of different methods currently
available for the prediction of secondary structure elements in native
states: δ2D (this work), SSP,16 JPRED3,17 cCSI,13 PSSI,14 PsiCSI,15

Dangle-B,12 and Talos+.11 The error bar for the δ2D method
represents the standard deviation in the predictions for the proteins in
the database used in a recent study.12 The A3 index represents the
percentage of predictions of the three-state secondary structure class
(α-helix, β-strand, and coil) that are identical to the class in the
reference structure.12
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that sample both α-helical and β-sheet sections of Ramachan-
dran space, while Stride defines them as regions not in one of
the other secondary structure types.
Intermediate States. As an example of the application of

the δ2D method to intermediate states, we compared the
secondary structure populations in the native and intermediate
states of Im7, a four-helix bundle protein.34 The chemical shifts
of the L53A/I54A double mutant, which completely populates
the intermediate state under native conditions,34 were used to
perform the calculations relative to the intermediate state. The
results that we found indicate that α-helix III is rather unstable
in the native state, with α-helical turns formed with about a
60% probability; this region is nearly completely disrupted in
the intermediate state (Figure 2). The overall predicted α-

helical populations of 51% and 44%, for the native and
intermediate states, respectively, are in agreement with the
populations derived from CD spectra (50% and 45%,
respectively).34 These results are also in overall agreement
with those recently determined from hydrogen exchange
measurements for the intermediate state of wild-type Im734

(cf. Figure 2b in ref 34) and indicate that the δ2D method
provides a quantitative assessment of the degree of formation of
secondary structure elements even in the absence of
information about their tertiary organization.
Intrinsically Disordered States. The δ2D method is

particularly useful for the characterization of the conformational
properties of intrinsically disordered proteins. We present an
analysis of the results of the application of this approach to a
wide range of proteins of this type. We first discuss three cases,
NTAIL, ctFCP1, and p53, for which an accurate independent
characterization of the secondary structure populations has
been conducted, so that they serve as validation tests for the
δ2D method. We then present results for the Aβ peptide, α-
synuclein, and the human prion protein, which are important
because of their medical relevance.
NTAIL. We applied the δ2D method to identify the presence

secondary structure elements in NTAIL, the C-terminal intrinsi-
cally disordered domain of the Sendai virus nucleoprotein.35

The molecular recognition element of NTAIL has been shown,

using detailed analysis of multiple residual dipolar couplings, to
contain a conformationally fluctuating α-helical element, whose
core is formed by residues 479−484 and populated with a
probability of ∼75−82%.35 By using the δ2D method, we find
this region to have a similar α-helical content (85%) (Figure
3a). These results indicate that the analysis of chemical shifts

and of residual dipolar couplings leads to quantitatively similar
results in the case of this protein. These results are also
consistent with those of a recent study24 in which the α-helical
region was identified by an analysis of the chemical shifts that
involved the generation of a pool of three-dimensional
conformations of the protein and their subsequent selection
through a score taking account of the agreement between
experimental chemical shifts and those back-calculated from the
structures in the pool. In that study, however, the population of
the α-helical element was not estimated directly from the
chemical shifts.

ctFCP1. This is a construct corresponding to residues 879−
961 of the TFIIF-associating component of the RNA
polymerase II C-terminal domain phosphatase (bmr16296).36

In a recent study (Figure 3b), the formation of a transient α-
helical region was characterized as corresponding to approx-
imately residues 945−955. The calculations that we conducted
using the δ2D method are fully consistent with this result and
quantify the α-helical content as ∼35% within this region.

N-Terminal Domain of p53. The tumor suppressor p53
protein plays key roles in a variety of cellular pathways,
including those involved in the maintenance of the integrity of
the human genome, in the control of apoptosis, in cell-cycle
arrest, and in DNA repair.37 p53, which functions by forming a
homotetramer, is a 393-residue protein formed by seven
domains. The highly sophisticated regulation of the activity of
p53 takes advantage of the organization of the protein into two
folded domains (tetramerization and DNA-binding core
domains), which are linked together and flanked by five
natively unfolded domains, including the N-terminal region
(residues 1−92), which includes the transcription−activation

Figure 2. Comparison of the secondary structure populations in the
native (black, bmr7316) and intermediate (blue, bmr7317) states of
Im7,34 obtained with the δ2D method. The degrees of formation of α-
helices I and IV and the N-terminal region of α-helix II are essentially
the same in the native and intermediate states. By contrast, α-helix III
is marginally stable in the native state and nearly completely disrupted
in the intermediate state.

Figure 3. Validation of the calculations of secondary structure
populations using the δ2D method (secondary structure populations
are colored red for β-sheets, blue for α-helices, and green for PPIIs):
(a) NTAIL, the C-terminal domain of the Sendai virus nucleoprotein
(bmr15123),24 (b) ctFCP1, a construct corresponding to residues
879−961 of the TFIIF-associating component of the RNA polymerase
II C-terminal domain phosphatase (bmr16296),36 and (c) the N-
terminal domain (residues 1−92) of p53 (bmr17760).38,39
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domain (TAD, residues 1−42), which activates transcription
factors, the activation domain 2 (AD2, residues 43−63), which
is important for apoptotic activity, and the proline-rich domain
(residues 64−92), which is important for the apoptotic activity
of p53. Here we have applied the δ2D method to analyze the
conformational properties of the N-terminal region, for which a
set of backbone chemical shifts is available.38,39 Our results
suggests that there is an α-helix loop in the region of residues
21−25, which are within the nuclear export signal region
(Figure 3c), and two long PPII regions that correspond to
residues 62−86, which is within the proline-rich region
(residues 61−93). We also found that there are no signs of
extended β-sheet structures. These results are consistent with
recent experimental studies,38,39 as in both cases the extent of
α-helix formation is estimated to be ∼10−20% in this region.
Aβ. According to the amyloid hypothesis, a key initiating

pathogenic event in Alzheimer’s disease is the assembly of
neurotoxic aggregates formed by the Aβ peptide.40 As a
consequence, the development of therapeutic interventions for
this medical condition may be facilitated by the characterization
of the conformational properties of the monomeric soluble
form of this peptide. To take a step in this direction, we applied
the δ2D method to the chemical shifts measured for two major
forms of the peptide.41 By applying the δ2D method to the
chemical shifts measured for the Aβ(1−40) and Aβ(1−42)
variants (Figure 4), we found that the probability of formation

of β-sheet structure was slightly higher for Aβ(1−42) than for
Aβ(1−40), which is in agreement with the experimental
observation that the former peptide aggregates more readily.41

α-Synuclein. This 140-residue natively unfolded protein self-
assembles into intracellular inclusions, known as Lewy bodies,
in dopaminergic neurons of patients suffering from Parkinson’s
disease.42 To understand the different aggregation behaviors of

its variants, β-synuclein and γ-synuclein,43 we applied the δ2D
method to available chemical shift data16,44,45 to investigate
whether there are differences in the secondary structure
populations that these three proteins exhibit in their soluble
monomeric states. Our results indicate that α-synuclein has a
slightly higher β-sheet population than γ-synuclein, which in
turn has a much higher β-sheet population than β-synuclein
(Figure S8a−c of the Supporting Information). These results
are consistent with the known aggregation behavior of these
three proteins,43 and with the observation that α-synuclein and
γ-synuclein have toxic in vivo effects, while β-synuclein tends
instead to have a protective effect.46 In addition, we considered
two membrane-bound forms of α-synuclein,45,47 which identify
the known regions of high α-helical content (Figure S8d,e of
the Supporting Information).

Human Prion Protein (PrP). PrP, which is a 253-residue
protein characterized by the presence of a disordered N-
terminal domain and an ordered C-terminal domain, is involved
in sporadic, inherited, or infectious forms of Creutzfeldt-Jakob
disease, Gerstmann-Straüssler-Sheinker syndrome, and fatal
familial insomnia.48 The key event in the pathogenesis of these
human diseases is the conversion of the normal α-helix-rich and
protease-sensitive cellular isoform of the protein (PrPC) into a
β-sheet-rich aggregated form (PrPSc). Although a number of
high-resolution X-ray and NMR structures of the ordered
region of PrP are available,49 much less is known about the
conformational propensities of the N-terminal region. To
improve our understanding of the structural basis of the
conversion between the PrPC and PrPSc forms, we applied the
δ2D method to characterize the secondary structure
populations in PrPC. In the ordered C-terminal domain of
PrPC, the δ2D method identifies the α-helical regions (residues
144−153, 172−189, and 200−223) as nearly 100% populated,
and the β-strand region (residues 161−164) as being nearly
80% populated (red histogram, Figure 5a). By contrast, the β-
strand region (residues 128−131) at the interface between the
disordered N-terminal domain and the ordered C-terminal
domain is characterized as having a low population, suggesting
that this region exhibits significant conformational fluctuations
(red histogram, Figure 5a). These findings are consistent with
the observation that the hydrogen−deuterion exchange rates
are much higher in the first β-strand region (residues 128−131)
than in the second (residues 161−164),49 and with the
suggestion that the region of residues 120−130, which is
predicted to have a very high intrinsic aggregation propensity,50

plays an important role in the initiation of the aggregation
process of PrP by exploring non-native conformations
particularly prone to forming aberrant intermolecular inter-
actions.50

The δ2D method also suggests that several regions (around
residues 20−30, 40−110, and 130−140) populate a PPII
structure with nearly 40% probability (green histogram, Figure
5a). It is remarkable that the PPII populations in the region of
residues 90−200 are highly conserved among all known
different mammalian prion species (Figure 5b), thus suggesting
that a tight control of the probability of formation of PPII
structure has a functional role, most likely for molecular
recognition. These regions include the PHGGGWGQ tandem
repeats (residues 51−91), which have also been reported to
form PPII elements by Raman spectroscopy,51 and the region
(residues 100−110) before the interface between the structured
and unstructured domains, which has been identified as SH3
binding.52 We also compared the populations of secondary

Figure 4. Comparison of the secondary structure populations for the
two main variants of the Aβ peptide obtained by the δ2D method.
Chemical shifts have been measured41 for the Aβ(1−40) (bmr17796)
and Aβ(1−42) (bmr17794) peptides. Secondary structure populations
are colored red for β-sheets, blue for α-helices, and green for PPIIs.
The random coil population is not shown explicitly but can be inferred
from the condition that the sum of the four types of secondary
structure populations should be equal to one.

Biochemistry Article

dx.doi.org/10.1021/bi3001825 | Biochemistry 2012, 51, 2224−22312228



structure elements in the denatured forms of human and mouse
PrP in the reduced and oxidized states (Figure S9 of the
Supporting Information).53

Analysis of the Disordered Proteins in the BMRB. In
addition to the cases discussed so far, to perform a systematic
analysis of the performance of the δ2D method, we also
conducted calculations of the secondary structure populations
for all the denatured or intrinsically disordered proteins for
which chemical shifts that were available in the BMRB at the
time of writing (Table S1 and Figure S10 of the Supporting
Information). This analysis is consistent with the suggestion
that PPII is a fairly common motif in unfolded proteins,54 as
well as with the results about PPII secondary structure
populations for the individual proteins discussed above.
Oligomeric States. To illustrate the use of the δ2D method

in cases in which proteins form conformationally heteroge-
neous assemblies, we analyzed the oligomeric state of αB-
crystallin, which is a small heat shock protein.55 Our results
(Figure S11 of the Supporting Information) indicate the
presence of β-strand regions whose locations are in close
agreement with those in a structure recently determined by
solid state NMR methods.56 The β-strand regions that we
identified have populations ranging from ∼70 to ∼90%,
consistent with the polydisperse nature of αB-crystallin

oligomers, which is a prerequisite for their function as
molecular chaperones.56

Validation by Circular Dichroism. The results that we
have presented can be compared with those obtained from the
measurement of independent observables reporting on
secondary structure populations. In this context, circular
dichroism (CD) is particularly suitable because it can provide
detailed information about these populations.57 Our results
indicate that the two techniques provide similar results (Figure
6).

■ CONCLUSIONS

The realization that many native proteins are intrinsically
disordered or contain large unfolded regions has prompted the
development of experimental and computational methods
capable of characterizing the conformational properties of
unstructured states. Further interest in such states stems from
the fact that they play crucial roles in the protein folding,
misfolding, and aggregation processes. The use of NMR
spectroscopy in combination with computational methods has
the potential to provide accurate information about the
structure and dynamics of proteins even in states that are
highly disordered. In this context, we have presented an
approach that brings together NMR and computational
methods to provide information about the populations of
secondary structure elements in disordered states of proteins.
We have shown that it is possible to determine secondary

structure populations in structured or unstructured states of
proteins if chemical shift measurements of backbone atoms are
available. Since it is not yet clear whether it will become
possible in the future to use chemical shifts in the absence of
any other experimental information to determine ensembles of
tertiary structures representing highly dynamical states of
proteins, the results that we have presented indicate that
chemical shifts can already provide valuable information at the
secondary structure level.

Figure 5. Secondary structure populations of the human prion protein.
(a) In the ordered C-terminal region, the δ2D method identifies the
regions that form ordered α-helical (blue) and β-sheet (red)
structures,49 while in the disordered N-terminal region, a prevalence
of PPII transient secondary structure elements is detected. (b) Our
analysis also revealed that regions of high PPII secondary structure
populations are highly conserved among all known mammalian prion
proteins, suggesting a crucial role of these regions in molecular
recognition events.

Figure 6. Comparison of the secondary structure populations as
derived by the δ2D method from chemical shifts and from circular
dichroism (CD) measurements. The numbers in parentheses indicate
the correlation obtained by considering only the cases in which
secondary structure elements have a population of <30%. The proteins
used are α-synuclein, Aβ(1−40), DARRP-32, colicin, merozoite, IA3,
p27, and p53-NT, for which CD and NMR data are available from the
literature and were collected under approximately similar conditions.
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