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ABSTRACT: Intrinsically disordered proteins constitute a significant part of
the human proteome and carry out a wide range of different functions,
including in particular signaling and regulation. Several of these proteins are
vulnerable to aggregation, and their aberrant assemblies have been associated
with a variety of neurodegenerative and systemic diseases. It remains unclear,
however, the extent to which the conformational properties of intrinsically
disordered proteins in their monomeric states influence the aggregation
behavior of these molecules. Here we report a relationship between
aggregation rates and secondary structure populations in the soluble
monomeric states of a series of mutational variants of α-synuclein. Overall,
we found a correlation of over 90% between the changes in β-sheet
populations calculated from NMR chemical shift data and the changes in
aggregation rates for eight human-to-mouse chimeric mutants. These results
provide support to the idea of investigating therapeutic strategies based on the stabilization of the monomeric form of
intrinsically disordered proteins through the alteration of their conformational properties.

■ INTRODUCTION

The process of aberrant aggregation of otherwise soluble
peptides and proteins is associated with a wide range of human
disorders, including highly debilitating systemic and neuro-
degenerative conditions such as type II diabetes, and
Alzheimer’s and Parkinson’s diseases.1−3 Understanding the
specific molecular events leading to aggregation would offer
novel opportunities for therapeutic intervention, but it has been
challenging to make advances in this direction in particular in
the cases when the proteins involved are intrinsically
disordered, because of the great technical difficulties in
characterizing in detail the conformational properties of such
proteins. A case of particular relevance is that of α-synuclein, a
140-residue intrinsically disordered protein that can assemble
into intracellular inclusions known as Lewy bodies in
dopaminergic neurons of patients suffering from Parkinson’s
disease.4 Considerable efforts have been devoted to the study of
the behavior of this protein,5−9 in particular its aggregation
process,5,10−17 which involves the formation of potentially
neurotoxic oligomers.10,18−22

An opportunity to increase our understanding of the
fundamental principles that determine the aggregation of α-
synuclein is provided by the comparison of the human and
mouse forms of this protein. The mouse form, despite being
highly homologous to the human form, does not give rise to
disease in mice, although it aggregates more readily than the
human form.23,24 The two forms differ at seven positions
(A53T, S87N, L100M, N103G, A107Y, D121G, and N122S),
which are distributed asymmetrically along the sequence.23

Single substitutions are present in the N-terminal (A53T) and
NAC (S87N) regions, while the five remaining substitutions

(L100M, N103G, A107Y, D121G, and N122S) are found in the
C-terminal region.
In the present study, we investigate whether, for the various

mutant forms of α-synuclein considered here, the differences in
the aggregation rates can be associated with differences in the
conformational properties of the monomeric states. This study
is therefore designed to test the idea that the various steps in
the aggregation process of intrinsically disordered proteins can
be influenced by the structural properties of their monomeric
forms.25−28 One can expect in particular that if specific regions
in the amino acid sequences acquire upon mutation lower
intrinsic propensities to form β-sheets, then the aggregation
process could be slowed down.29,30

■ METHODS

Mutational Variants of α-Synuclein. We considered here
the human and mouse forms and six of their chimeric variants
(Table 1) whose aggregation behavior was monitored
recently.23 The human (H) sequence was denoted by the
three letters HHH, which correspond, respectively, to the
human N-terminal, human NAC, and human C-terminal forms,
while the mouse (M) form by the three letters MMM. The six
variants were prepared by combining all the possible human
and mouse sequences of the three regions.23 While in the N-
terminal and NAC regions only one substitution differentiates
the human and mouse forms, in the C-terminal region, there
are five substitutions. We grouped these five substitutions
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together, as the C-terminal region as a whole is thought to play
a protective role against aggregation.5 Specifically, these variants
contained either one human-to-mouse substitution (MHH,
HMH, or HHM) or two substitutions (HMM, MHM, or
MMH), with the sequence with all three substitutions (MMM)
corresponding to the wild-type mouse sequence. All the
variants were found to form amyloid fibrils within eight days
in a plate reader at 37 °C under linear 600 rpm shaking.23

Typically, for human α-synuclein (HHH) as well as all the
other variants, fibril widths were observed to be around 10 nm,
with lengths varying from around 20 nm to 2 μm.23 Up to 5-
fold differences in the aggregation rates were observed for the
eight variants.23 The presence of a T residue at position 53 is
balanced in the mouse by C-terminal mutations,23,24 so that the
mouse form of α-synuclein (MMM) is less aggregation prone
than the MHH and MMH forms. These results are important
to understand why the mutant form A53T is associated with
early onset of the disease in humans,23,24 although a T residue
at position 53 represents the wild-type form in mice.

Determination of the Secondary Structure Popula-
tions. We calculated the secondary structure populations by
applying the δ2D method,31 which is based on the structural
information provided by NMR chemical shifts. We used the
backbone chemical shifts (Cα, Cβ, C′, Hα, HN, and N)
determined recently for the eight α-synuclein variants23

considered in this work (Table 1).

■ RESULTS AND DISCUSSION

In order to characterize the conformational properties of the
mutant forms of α-synuclein, we considered the secondary
structure populations that can be estimated from the
measurement of NMR chemical shifts using the δ2D method.31

Although these calculations by themselves do not reveal the
overall three-dimensional topology of the protein, they enable
one to obtain accurate information at the secondary structure
level. By using previously reported chemical shifts,23 our results
indicate that there are relatively small but significant changes in
the β-sheet populations between the various mutant forms that
we have analyzed (Figure 1). In particular, these changes are

Table 1. List of the Eight α-Synuclein Variants23 Considered in This Worka

α-synuclein variant name Σ(Δβ) ln(K/K(HHH))

human HHH 0 0
human A53T MHH 0.42 1.15
human S87N HMH 0.02 0.26
human L100M-N103G-A107Y-D121G-N122S HHM −0.09 −0.05
human A53T-S87N MMH 0.35 1.58
human A53T-L100M-N103G-A107Y-D121G-N122S MHM 0.26 0.80
human S87N-L100M-N103G-A107Y-D121G-N122S HMM −0.06 0.05
mouse A53T-S87N-L100M-N103G-A107Y-D121G-N122S MMM 0.28 1.00

aThe second column reports the name of the mutants, according to our previous notation.23 The third column reports the change in secondary
structure population with respect to the human form (HHH). The fourth column reports the logarithm of the ratio between the aggregation rates of
the mutant and human wild-type forms.23 The correlation between the values in the third and fourth columns is illustrated in Figure 2.

Figure 1. Secondary structure populations estimated from chemical shifts using the δ2D method.31 (a) Wild-type human form (HHH); β-sheet
populations are shown in red, α-helical populations in blue, polyproline II populations in green. (b−h) Differences in the secondary structure
populations between the wild-type human form (HHH), the wild-type mouse form (MMM), and the six other chimeric variants considered in this
work; changes in random coil populations are shown in black.
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more pronounced around position 53 upon the A53T
mutation.
The changes in secondary structure populations upon

mutation can be put in direct relationship with the
corresponding changes in the aggregation rates. Overall, we
found a correlation of 93% (with a p value of 0.0002) between
changes in β-sheet populations and changes in aggregation rates
over eight human to mouse chimeric mutants (Figure 2). More

specifically, this analysis reveals that the A53T mutation in the
MHH variant increases by about 10% the β-sheet population in
the region of the mutation with respect to the wild-type human
form (HHH), and that this increase corresponded to a 3-fold
increase in the aggregation rate of the MHH variant with
respect to the HHH form. Since the A53T mutation changes
quite substantially the β-sheet population of α-synuclein, we
calculated whether the relationship between the variations in
the β-sheet population and the aggregation rates holds
separately for the two groups of four mutants in which at
position 53 there is an A or a T, respectively. The results show
that this correlation persists also within these two groups
(Table 2), although having only four points for each of them
does not result in a strong statistical significance of this finding.

On the basis of an analysis of the secondary structure
propensities estimated from the chemical shifts using the SSP
method,32 we previously suggested that the A53T mutation
may increase the α-helical content around position 53.23 This
discrepancy with the present study can be attributed to the
different types of results provided by the SSP32 and δ2D31

methods. For a given region of the amino acid sequence, the
SSP method provides a single propensity score, which is
positive for α-helices and negative for β-sheet regions, while the
δ2D method provides four populations that quantify the
relative weights of the α-helical, β-sheet, polyproline II, and
random coil contents along the sequence. An overall positive

SSP score may therefore mask subtle variations upon mutations
in the β-sheet populations in a given region. Here, we found
using the δ2D method only a very weak correlation between
the changes in aggregation rates and the overall changes in α-
helical populations; the coefficient of correlation was 0.24. We
also found that there are quite significant changes in the
polyproline II populations between the different mutants but
that these changes are only weakly correlated (coefficient of
correlation 0.19) with the corresponding changes in the
aggregation rates. These results indicate that the changes in
the secondary structure populations relevant for describing the
aggregation behavior, at least in the cases considered here, are
those that concern the β-sheet content.
These results are complementary to those recently discussed

about the N-acetylated variant of α-synuclein, which has been
found to increase the α-helical propensity at the N-
terminus,33−35 and may reduce its aggregation propensity,
although further studies in this respect will be required.33,34 We
also found that the balancing effects exerted by the C-terminal
mutations in the MHM and MMM forms, which decrease their
overall aggregation rates with respect to the MHH and MMH
forms,23 can be put in quantitative correspondence with the
changes in the β-sheet populations in the C-terminal region of
the protein (Figure 2).
A question that remains open is about the nature of the

relationship between the quite sizable changes in aggregation
rates and the relatively small changes that we observed in the β-
sheet population of α-synuclein in its monomeric state. It is
possible that an increased probability of forming β-strands
corresponds to a greater probability to form intermolecular β-
sheets by direct association of the β-strands themselves. An
additional effect could be that an increase in secondary
structure populations results in a decrease of the entropy of
the protein molecules in their soluble monomeric forms.
Hence, the entropic penalty for intermolecular association
could be decreased with even small increases in β-sheet
populations, and the formation of oligomeric forms is
correspondingly promoted. We anticipate that further studies
will be required to clarify these aspects. We also observe that
the relationship between changes in aggregation rates and
changes in β-sheet populations are expected to extend to other
cases in which individual mutations do not change significantly
other physicochemical properties of the amino acid sequence,
such as hydrophobicity and charge, because it is well established
that these physicochemical factors strongly affect the
aggregation behavior of proteins.29,30

■ CONCLUSIONS

We have studied the relationship between the secondary
structure populations and the aggregation rates of various
mutant forms of α-synuclein. We have reported initial evidence
for a quantitative relationship between these two quantities, a
result that suggests that the conformational properties of the
monomeric state of α-synuclein play an important role in
determining the rate of the whole aggregation process.
Therefore, our study supports further investigations of
therapeutic strategies analogous to those that have already
been demonstrated for folded proteins36 and aimed at
modulating the behavior of the monomeric states of intrinsi-
cally disordered peptides and proteins.37

Figure 2. Correlation between the changes in aggregation rates upon
mutation, ln(K/K(HHH)), and the corresponding overall changes in
β-sheet populations, Σ(ΔBeta), for the eight α-synuclein variants
considered in this work. The coefficient of correlation, r, is 0.93. The
error bars on the x-axis are given by assuming an error of 2% in the
estimation of the differences in the populations.31

Table 2. Coefficients of Correlation between the Variations
in the β-Sheet Populations and the Changes in Aggregation
Propensities (See Also Figure 2)

group of mutants coefficient of correlation

all mutants 0.93
A53 mutants 0.75
T53 mutants 0.42
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