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ABSTRACT: Multidimensional heteronuclear nuclear magnetic resonance
(NMR) spectroscopy provides valuable structural information about adducts
between naturally unfolded proteins and their ligands. These are often highly
pharmacologically relevant. Unfortunately, the determination of the
contributions to observed chemical shifts changes upon ligand binding is
complicated. Here we present a tool that uses molecular dynamics (MD)
trajectories to help interpret two-dimensional (2D) NMR data. We apply this
tool to the naturally unfolded protein human α-synuclein interacting with
dopamine, an inhibitor of fibril formation, and with its oxidation products in
water solutions. By coupling 2D NMR experiments with MD simulations of
the adducts in explicit water, the tool confirms with experimental data that
the ligands bind preferentially to 125YEMPS129 residues in the C-terminal
region and to a few residues of the so-called NAC region consistently. It also
suggests that the ligands might cause conformational rearrangements of distal residues located at the N-terminus. Hence, the
performed analysis provides a rationale for the observed changes in chemical shifts in terms of direct contacts with the ligand and
conformational changes in the protein.

The human α-synuclein protein (AS hereafter)1−3 is a
midsize [140 amino acids (Figure 1A)] intrinsically

disordered protein (IDP) involved in Parkinson’s disease.4

The protein forms fibrillar aggregates in the brain (Lewy
bodies), characteristic of the disease.5−7 These fibrils may also
mediate the toxicity to dopaminergic neurons in Parkinson’s
disease pathogenesis and in cell death.8−10

Dopamine and its derivatives11,12 (DOP hereafter) in Figure
1B are known to inhibit AS fibril formation in vitro and in
vivo.11,13−19 Inhibition of fibrillation may be achieved by
noncovalenta binding of DOP to the AS C-terminal region
specifically targeting the 125YEMPS129 region.13,15,17,18 Recently,
two-dimensional (2D) 1H−15N heteronuclear single-quantum
correlation (HSQC) spectra of the AS·DOP complex20 have
shown noncovalent binding of DOP at the C-terminus of AS.
This binding may play a role in the DOP-induced inhibition of
AS fibril formation.13,15

2D heteronuclear NMR methods,21,22 in which 1H nuclei are
correlated with 15N,22 are widely used to investigate structural
aspects of intrinsically disordered proteins and their binding
with ligands.20,23 In some cases, these techniques are coupled

with paramagnetic relaxation enhancement (PRE) measure-
ments.24 Heteronuclear multiple-quantum correlation
(HMQC) recorded with selective optimized-flip-angle short-
transient (SOFAST)23,25 improves the measured resolution of
the spectra.23,25 Particularly useful are the 2D HMQC and
HSQC experiments, which permit the detection of correlations
between nuclei of two different types, separated by one bond. It
is in general possible to assign heteronuclear chemical shifts
even for proteins of up to several hundred amino acids.26,27

Unfortunately, interpreting changes in chemical shifts or
peak intensities upon ligand binding for IDPs is challenging. In
all of these methods, spectral changes can be caused by a variety
of contributions. They may arise from conformational
transitions associated with long-range effects,27 chemical
exchanges,21 molecular interactions (including those caused
by direct contacts formed between the protein and the ligand),
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and possible interactions with weakly populated secondary
products of the ligands, which may modify residues’
conformations.28

Computational methods may be of great help in dissecting
the contributions to NMR chemical shifts arising from direct
ligand contact versus conformational changes.29,30 These
methods have been applied so far to structured protein−ligand
interactions. Here we attempt to extend the domain of
applicability of computational methods to an IDP such as AS,
by developing an apt computational tool for this class of
proteins. This tool uses molecular dynamics (MD) trajectories
as input. A comparison between calculated and experimental
NMR chemical shifts (CSs) and residual dipolar couplings
(RDCs) is used to establish the accuracy of the method. The
tool helps in the interpretation of CS changes in 2D 1H−15N
NMR spectra (some of which are measured here) on passing
from AS to the AS·DOP complex in an aqueous solution.

■ MATERIALS AND METHODS
Experimental Setup. Plasmid pT7-7 encoding human

wild-type AS (courtesy of P. Lansbury, Jr.) was expressed in
Escherichia coli BL21(DE3) Express grown in M9 minimal
medium supplemented with [15N]NH4Cl (Cambridge Isotopes
Laboratories Inc.) as previously described.31 AS was not N-

terminally acetylated. After anion exchange purification, AS was
further purified by size exclusion chromatography using a buffer
that consisted of 20 mM phosphate and 150 mM NaCl (pH
6.4). Peak fractions corresponding to the monomeric form of
the protein were collected and used for NMR measurements.
1H−15N SOFAST−HMQC NMR spectra of AS in the free
state and the AS·DOP adduct [dopamine and products of its
oxidation cascade formed during the experiment (Figure 1B)]
were recorded at 303 K on a Bruker Avance 750 MHz
instrument, equipped with cryogenically cooled triple-reso-
nance 1H{13C/15N} TCI probes and z axis self-shielded
gradient coils. SOFAST−HMQC pulse sequences were
used.25 The reference spectrum of free AS was recorded on
300 μL of 200 μM uniformly isotope-labeled protein. For NMR
measurements of the AS·DOP adduct, 10 mg of dopamine
hydrochloride powder (Sigma) was dissolved in the AS solution
previously used for the acquisition of the reference spectrum.
The final concentration of DOP was 175.8 mM. A decrease in
pH resulting from addition of DOP (from 6.4 to 6.2) was
corrected with 1 μM NaOH before NMR measurement.
Acquisition, processing, and analysis of spectra were performed
with TOPSPIN version 2.1 (Bruker) and iNMR version 3.6.3.
Mean weighted chemical shift variations (Δcs) per residue read

Δ = Δ + Δcs [( H) ( N/10) ]2 2 0.5
(1)

where Δ indicates the difference between the chemical shift
between the bound and free state, given for each backbone
amide. Only well-resolved, nonoverlapping AS signals were
considered for the analysis.

Computational Methods. Conformational Indexes.
Recently, we have introduced a quantity that analyzes MD
trajectories of folded proteins.32 This is the so-called cumulative
protein angular dispersion index (PADcum)ω, which can be used,
along with other quantities, to discriminate between a
fluctuating residue and one doing conformational transitions.
It is an angular property and varies in the range from 0° to
180°.
Specifically, (PADcum)ω is defined in terms of the values of

Ramachandran angles ψ and Φ of a specific residue of a protein,
collected along a MD trajectory:
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N is the total number of frames of the MD trajectory, j is a
given frame of the trajectory, ω̅j is the angle formed by the
cumulative vector ∑p=1

j eiωp, which is the sum of the eiωp vectors
occurring in the first j frames and ωp = ψp + ϕp (not to be
confused with the Cα−C−N−Cα torsion angle in a peptide
bond), NRkω̅ represents the resultant of the N unit vectors eikω̅j,
and CSω̅ is the spread of the ω̅j values, which ranges from zero
(no dispersion, R1ω̅ = R2ω̅ = 1, the vectors eikω̅j are aligned along
a unique direction) to infinity (maximal dispersion, R1ω̅ = R2ω̅ =
0, the vectors eikω̅j are uniformly distributed). (PADcum)ω
increases with the deviations of the ∑p=1

j eiωp vectors from the
direction of the resultant vector. As an example, let us take a set
of six vectors (eiωp, where p = 1, 2, ..., 6) associated with
fluctuations (Figure 2A) or conformational transitions (Figure

Figure 1. (A) Schematic representation of AS protein. AS consists of
140 amino acids. (i) The positively charged N-terminal region (amino
acids 1−60, blue) comprises the seven imperfect 11-amino acid repeats
containing the KTKEGV consensus sequence. (ii) The non-β-amyloid
component (NAC, violet) comprises amino acids 61−95. (iii) The
negatively charged C-terminal region (amino acids 96−140, red)
contains several sites of post-translational modification. The
125YEMPS129 region is colored green. (B) Dopamine and its
derivatives, which may be present in vivo and in vitro.11,12 These are
protonated dopamine (DOPH), dopamine (DOP), dopamine-o-
quinone (DQ), dopaminochrome (DCH), 5,6-dihydroxyindole
(DHI), and indol-5,6-quinone (IQ). (C) DOP−AS contacts. A
molecular dynamics snapshot of DOP noncovalently bound to AS in
representative configuration 2 is shown as an example. Both a three-
dimensional (3D) representation and an interaction scheme (obtained
with Ligplot79) are shown. In the 3D representation, the atoms
involved in the binding are shown as a combinations of “lines” and
“cartoon” representation, while the molecule is shown in “licorice”
representation. In the scheme, HBs are indicated by dashed lines
between the atoms involved, while HCs are represented by an arc with
spokes radiating toward the ligand atoms they contact. The other
adducts are reported in Figures S2 and S3 of the Supporting
Information.
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2B), depending on the eiωp vectors’ orientations. The
(PADcum)ω values in the two cases differ because the
corresponding vectors eiω̅j depend on the orientation of the
eiωp vectors (see ref 32 for a more extensive discussion).
We next define a new quantity, the transiton amplitude index

(TAIω), which also varies in the range from 0° to 180° and
reads
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and ATIω, the so-called angular transition index, discussed in
ref 32.
In the next section, by using a numerical example, we show

that TAIω and (PADcum)ω can be used also for the analysis of
IDPs.
Numerical Example. Let us consider the MD trajectory of

AS in an aqueous solution, whose total time T is 1 ns. We focus
on residue Met1. Φi turns out to fluctuate around an average
value of 30°, with an amplitude A0 of 50° and a period τ0 of 25
ps. We introduce periodic transitions having a period τ and an
amplitude A. Through a systematic variation of these two
parameters (A;τ), we observe the following behavior of
(PADcum)ω (i) and TAIω (ii).

(i) (PADcum)ω is able to discriminate cases in which
transitions are dominant from those in which only fluctuations
occur (Figure S1A of the Supporting Information). Specifically,
when A and τ of the periodic transitions introduced are
comparable or smaller than those of the baseline fluctuation (A
≤ A0 and τ ≤ τ0), the eiω̅j vectors’ orientations do not (or
slightly) deviate from the baseline direction. Hence, index
(PADcum)ω assumes small values [<18° in this specific caseb

(see Figure S1A of the Supporting Information)], which is a
signature of an angle ωp = ψp + ϕp fluctuating. (PADcum)ω has
the same response if a single transition occurs, lasting for the
majority of total time T (specifically τ > 3/4T). In all the other
cases (A > A0 and/or τ0 < τ < 3/4T), the eiω̅j vectors’
orientations strongly deviate from the baseline direction, which
is a signature of an angle ωp = ψp + ϕp undergoing transitions.
Hence, the (PADcum)ω index assumes larger values [>18° in this
specific case (see Figure S1A of the Supporting Information)].
For folded proteins, (PADcum)ω was combined with the protein
angular index (PAI).32 Test calculations show that PAI is not a
useful quantity for discriminating between residues fluctuating
and making transitions in IDPs (data not shown). It is therefore
not used here.
(ii) TAIω values are nearly constant when τ varies from 0 to

T, and they nearly reproduce the values of parameter A (see
Figure S1B of the Supporting Information), except in the case
in which the amplitude of the periodic transitions introduced is
smaller than the amplitude of the baseline fluctuation (A < A0)
or the transitions occur for a negligible fraction of the simulated
time (τ ≪ T). In these cases, the TAIω value approximates the
value of the baseline fluctuation amplitude (TAIω ≈ A0).

Figure 2. Ramachandran angle representations. On the right are shown values of Ramachandran angle φ of residue M1 of AS, plotted as a function
of simulated time in a 1 ns MD simulation (A). Hypothetical transitions of amplitude A = 120° and period τ = 200 ps are introduced (B). On the left
are shown representations in the complex plane of N = 6 unit vectors eiωp (black) and eiω̅j (red), where the angular ωp values fluctuate around a given
direction (A) and undergo a transition between two perpendicular directions (B). The eiω̅jvalues are different in panels A and B: they give different
values of (PADcum)ω, lower for panel A and higher for panel B.
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Hence, we conclude that for non-negligible values of A and τ,
TAIω gives an estimate of A, which is independent of τ.
Computational Details. Our calculations are based on the

experimental AS structural ensemble obtained by NMR
combined with PRE measurements.33 AS is not N-terminally
acetylated.34,35 The six representatives of the most-populated
clusters used here cover almost three-quarters of the AS
conformations in the free nonacetylated form.17,33,36 The initial
configurations of adducts between AS and dopamine and its
derivatives in Figure 1B were obtained by docking the ligands
onto the six representatives.17 The minima characterizing these
representatives may not dramatically change in the presence of
the ligands. Each of the 36 AS·DOP adducts17 underwent 40 ns
of classical molecular dynamics with NAMD version 2.7.37 The
AMBER99SB38 force field with ILDN modification39,40 was
used to describe the biomolecules and the counterions, and the
TIP3P41 force field was employed for water molecules. The
systems were embedded in a water box chosen so that a
minimal distance of 10 Å was present between all protein atoms
and the edge of the box. The number of water molecules in
each box ranged between 76842 and 184638. The overall
charge of the system was neutralized by adding nine Na+ ions.
Periodic boundary conditions were applied. During the
simulations, the distance between the edge of the box and
the nearest atom ranged from ∼10 to ∼25 Å. The distance
between an atom and its images turned out to be always greater
than ∼17.5 Å (see Table S1 of the Supporting Information).
The simulations were performed at 300 K and 1.013 bar by
coupling each system with a Langevin thermostat42 having a
coupling coefficient of 5 ps−1, and a Nose-́Hoover Langevin
barostat43 with an oscillation period of 200 fs and a damping
time scale of 100 fs. Electrostatic interactions were calculated by
using the particle mesh Ewald method.44 The time step was set
to 2 fs. The SHAKE algorithm45 was applied to fix all bond
lengths. We verified the stability and convergence of the
trajectories (see Table S2 of the Supporting Information).
Calculated Properties. All the properties reported here were

calculated considering only the frames in which DOPs are
linked to the protein. Hence, we first detect (i) the persistency
of binding (P) here defined as the number of frames in which
DOPs form hydrogen bonds (HBs), hydrophobic contacts
(HCs), or salt bridges (SBs) with AS, divided by the total
number of frames (Table 1). See section S3 and Table S3 of the

Supporting Information for details. The following properties
were calculated and averaged over the MD trajectories for each
configuration of the six adducts. The symbol of average was
omitted for the sake of clarity.
(ii) The percentage of secondary structure elements (SS)

was calculated as described in ref 46.

(iii) The end-to-end (E−E) distance was defined as the
distance between the N atom of residue Ala140 and the N atom
of residue Met1.
(iv) The radius of gyration (Rg) was calculated as
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where mi is the mass of atom i and ri the position of Cα atom i
respect to the center of mass of the protein.
The following properties were instead averaged over the MD

simulations (for AS and AS·DOP) by considering the six
configurations altogether. The weight of each configuration in
the total average was established by the persistency of binding
(P). For these quantities, we use an “over line” to distinguish
them from the previously defined quantities, averaged only over
the trajectory of the single conformation.
(v) The frequency of AS·DOP HBs and HCs (freqC) was

defined as the total number of contacts (no contacts) of the ith
residue in configuration j of AS·DOP
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(vi) The difference Δ(PADcum) was defined as
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·(PAD ) (PAD ) (PAD )cum cum

AS DOP
cum

AS

where (PADcum)ω
AS·DOP and (PADcum)ω

AS are the (PADcum)ω
values for the average on AS·DOP adducts and free AS,
respectively.
(vii) Chemical Shift and Residual Dipolar Couplings. For AS,

we calculated the C, Cα, Cβ, and N chemical shifts (CSs) using
SHIFTX47 and H−N residual dipolar couplings (RDCs) using
PALES.48 For AS·DOP, we calculated N CSs with the same
methodology.

Statistical Tools. (viii) Statistical Difference between AS and
AS·DOP Trajectories. We have demonstrated that TAIω is able
to quantify the amplitude of the residues’ movements. Here,
this fact is exploited to distinguish the AS trajectories from the
AS·DOP trajectories. We use the multivariate analysis
technique.49

The TAIω values for each of the 140 residues were calculated
for the 42 MD trajectories generated in this work (6 × 6 for AS·
DOP plus 6 for AS). These values were collected in a 42 × 140
matrix. The matrix underwent a principal component analysis
(PCA).49 We used MultiSpectra.50 The 95% confidence ellipsis
in the score plot of the two principal components was
calculated.51 TAIω values were averaged over the residues of the
six configurations belonging to the same adduct (TAIω′).
The p value51 was calculated for each pair of adducts from

the so-called cumulative F distribution function.51 The p value
quantifies the probability of the hypothesis that assumes that
AS belongs to the same conformational ensemble of AS·DOP
adducts.
(ix) Profile histograms between our measured Δcs (X

variable hereafter) and Δ(PADcum) or freqC (Y variable
hereafter) were calculated as follows. The (X,Y) pairs for
each residue were divided into four bins, on the basis of the Δcs
values. The size and number of the bins were set to different
values for the C-terminal with NAC and N-terminal regions,

Table 1. Persistency of the Formation of DOP
Noncovalently Bound to AS in the AS·DOP Representative
Conformers (1−6) during the MD Simulations Conducted
in This Work

P (%) DOP DOPH DCH DHI DQ IQ

1 40 100 95 68 30 37
2 40 20 100 100 20 100
3 46 100 100 43 30 85
4 22 100 100 100 30 3
5 100 100 100 100 37 100
6 12 65 6 18 30 25
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taking into account the fact that the residues with higher Δcs
values belong to the C-terminus and the residues with lower
Δcs values belong to the N-terminus. Next, the sample mean of
Y (⟨Y⟩) in each bin was plotted against the midpoint of the
corresponding Δcs bin. The error for ⟨Y⟩ is its standard
deviation divided by the number of data pairs that belong to the
considered bin. The plots were fit to a trend line.
(x) The Pearson’s correlation coefficient (CC)52 measures

the linear dependence between the X and Y variables.
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where ⟨X⟩ and ⟨Y⟩ are the sample means and sX and sY are the
sample standard deviations of Δcs and Δ(PADcum) or freqC,
respectively, and N is the sample size, i.e., the number of
residues in the considered region.53 The relative error reads
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CC ranges from 1 (X and Y are directly correlated) and −1
(Δcs and Y are inversely correlated). If CC = 0, X is not
correlated with Y.
(xi) A probability test is performed on the correlation values.

We used the Fischer’s Z transformation of the CC values,54
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Unlike CC, Z follows a normal distribution. It is then
possible to calculate its z score,55 which provides a measure of
the distance in standard deviations of the actual Z value from its
mean value. The probability of finding a value of Z that is
higher than the actual value is given by the area under the
normal curve.

■ RESULTS

MD Simulations. The MD simulations on adducts between
AS and dopamine and its derivatives, AS·DOP hereafter [six
configurations for six ligands, 36 systems in total (see Figure
1B)], in aqueous solution are an extension of our previous
work, reported in ref 17. They are based on AS experimental
structural ensembles in aqueous solution obtained by NMR
combined with PRE measurements.33,36 Specifically, we used
the six AS configurations representing 73% of the overall
experimental population.17 The initial configurations of the AS·
DOP adducts were obtained by docking the six ligands of
Figure 1B onto the six AS representatives.17,c Here we extend
our simulation time to 40 ns for each conformer. Several
nonstandard quantities are calculated. For details of these
calculations, see Materials and Methods.

Comparison with Experiments and Validation of the
Sampling. We compared CSs and RDCs calculated from our
simulations on AS with experimental CSs of AS coming from
three different experimental data sets from refs 56−58 also used
in refs 59 and 60 (Figure 3A−C) and with experimental H−N
RDCs of AS in described in ref 59 (Figure 3D). The high
correlation between the calculated and experimental CSs (R2 >
0.8) and between the calculated and experimental RDCs (R2 ∼
0.8), shown in Figure 3A−D, validates our models. Comparison
between CSs calculated from our simulations of AS·DOP and
our corresponding experimental CSs on N atoms also shows a

Figure 3. (A−C) Comparison between calculated and experimental CSs of the C, Cα, Cβ, and N atoms of AS. Three experimental data sets are
considered (from refs 56−58) that were also used in refs 59 and 60. The comparison is with ref 58 in panel A, ref 57 in panel B, and ref 56 in panel
C. The data were retrieved from the Biological Magnetic Resonance Data Bank (BMRB):80 entry 16300 for panel A, entry 6968 for panel B, and
entry 17665 for panel C. (D) Comparison between calculated and experimental H−N RDCs of AS. The experimental data set in ref 59 is considered.
(E) Comparison between N CSs of AS·DOP calculated from our simulations and experimental CSs measured in this paper.
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good correlation (R2 ∼ 0.8) (Figure 3E). This points to the
reliability of the models of the adducts also.
We conclude that, in spite of the relatively short time scale

investigated, our MD simulations of AS and AS·DOP are
consistent with NMR data so far reported. This might suggest
that the conformations sampled in our MD simulations
reproduce to a good extent a significant portion of the
experimentally sampled conformations.
Several C-terminal residues, mainly located in the

125YEMPS129 region, establish specific HBs and HCs with
DOP (Table 2). A graphical representation of the molecular

details of such interactions is offered in Figure 1C (along with
Figures S2 and S3 of the Supporting Information), which
report MD snapshots of the adducts between DOP and AS.
Our findings are consistent with previously published 2D
1H−15N HSQC spectra,20 and in vitro and in vivo experi-
ments,13,15,17,18 which suggest the presence of noncovalent
DOP interactions mainly in the 125YEMPS129 sequence.
Ligand binding causes an increase in the overall number of

residues involved in secondary structure elements in all the
conformers of AS·DOP (Table 3). In particular, the α-helix and
β-turn contents increase and the β-sheet content decreases for
AS·DOP adducts relative to AS. The decrease in β-sheet
content has also been observed in circular dichroism (CD)
experiments with AS in the presence of DOP reported in refs
17, 61, and 62. The observed decrease in β-sheet content may
reflect the ligands’ efficacy in preventing the formation of
oligomeric species. A clear trend is instead not identified for the
end-to-end distances (Table S4 of the Supporting Information)
or Rg (Table S5 of the Supporting Information) of AS·DOP.
The average value of Rg of free AS is consistent with structural
characterizations of AS with PRE−NMR spectroscopy experi-
ments.33,36 These studies report an Rg value of 27.2 Å that
compares well with our values for the three representatives of
the most populated clusters, 24.8 ± 7.4, 28.0 ± 4.1, and 27.5 ±
3.9 Å (Table S5 of the Supporting Information). However, this
agreement cannot be taken as a validation. Indeed, several
different values of Rg of human AS (at neutral pH and room
temperature) have been inferred on the basis of SAXS,61,63−67

PRE−NMR,27,33,68,69 and single-molecule FRET70 experiments.
These values range widely, from ∼23 to ∼40 Å (see Figure S4
and Table S6 of the Supporting Information).
NMR Measurements. The changes in NMR chemical shifts

upon DOP binding [Δcs, defined in Materials and Methods
(Figure 4)] are observed for nearly all AS protein residues. The
largest Δcs values are associated with the C-terminus and in
particular with the 125YEMPS129 region.d This result is similar
to what was found in reported HSQC spectra.20

We propose here that DOP mainly binds at the C-terminal
region, preferentially to the 125YEMPS129 residues. Hence, the
largest Δcs values observed in the spectra should be mostly
caused by noncovalent interactions (i.e., contacts) between AS
and the ligands. This hypothesis is fully consistent with MD
analysis and available experimental data.13,15,17,18,20 Moreover,
molecular and biochemical approaches, including mutagenesis
and competitive binding experiments, also identify the
125YEMPS129 region of AS as being crucial in the DOP-induced
inhibition of AS fibril formation.13,15,17,18

We test our hypothesis by performing a graphical and
statistical analysis of Δcs and the frequency of contacts (freqC)
between DOP and AS residues during our MD simulations (for
a definition of freqC, see Materials and Methods).

The degree of correlation between the Δcs and freqC is
estimated using the Pearson’s correlation coefficient (CC)52

and the statistical z score.55 The former is defined in a way that
when −1 ≤ CC < 0 it shows an inverse correlation, while CC =

Table 2. Calculated Frequencies of Hydrogen Bonds (HBs)
and Hydrophobic Contacts (HCs) for Specific Regions of
the Protein, Averaged over the Six Representative
Configurations of AS·DOP, Normalized with Respect to the
Number of Residues That Belong to Each Region

total no. of HBs
per residue

total no. of HCs
per residue

N-terminus (residues 1−60) 7 6
NAC (residues 61−95) 10 8
C-terminus (residues 96−140) 35 22
YEMPS (residues 125−129) 47 63

Table 3. Secondary Structure (SS) Percentage of Six
Representative Configurations of AS·DOP and AS (1−6)
Averaged over the MD Simulation Timea

SS (%) 1 2 3 4 5 6 average

DOP α-H 6 4 0 4 3 1 3
β-s 0 4 23 0 1 0 5
T 24 20 1 23 19 15 17
BB 1 1 0 2 2 1 1
TOT 31 29 33 28 24 17 27

DOPH α-H 3 1 2 3 3 2 2
β-s 1 1 0 2 2 1 1
T 23 20 20 23 14 19 20
BB 3 2 1 0 0 1 1
TOT 30 24 23 28 19 23 25

DCH α-H 1 4 7 4 4 3 4
β-s 0 0 0 0 1 1 0
T 25 20 23 19 16 22 21
BB 2 1 1 0 2 2 1
TOT 28 25 31 24 23 28 26

DHI α-H 5 4 1 8 5 1 4
β-s 0 1 4 0 1 1 1
T 24 16 15 15 21 14 17
BB 1 2 1 0 2 2 1
TOT 30 22 20 27 28 18 24

DQ α-H 5 2 3 3 3 3 3
β-s 2 2 2 0 2 0 1
T 24 18 17 9 11 18 16
BB 2 2 1 2 3 1 2
TOT 32 27 22 14 20 22 23

IQ α-H 4 3 3 5 1 2 3
β-s 0 2 0 0 1 1 1
T 22 14 19 23 15 20 19
BB 1 0 1 1 2 3 1
TOT 27 18 23 29 18 26 23

AS (no ligand) α-H 6 2 2 1 2 1 2
β-s 1 10 9 1 3 1 4
T 17 12 15 11 14 11 13
BB 2 0 1 3 3 2 2
TOT 26 24 28 15 21 14 21

aThe total percentage (TOT) and specific secondary structure content
(SS) are indicated as α-H (α-helix), β-s (β-sheet), T (turn), and BB
(B-bridge). The β-s and TOT content are shown in bold.

Biochemistry Article

dx.doi.org/10.1021/bi400367r | Biochemistry 2013, 52, 6672−66836677



0 reveals an absence of correlation and 0 < CC ≤ 1 a direct
correlation. The latter ranges between 0 and 100%. The closer
the z score is to 100%, the higher the probability of a strong
correlation between the two quantities. Panels A and B of
Figure 5 report the profile histograms between our
experimental observable Δcs and freqC for the N-terminal
region and the C-terminal and NAC region, respectively.
Interestingly, freqC correlates with Δcs in the C-terminal

region (Figure 5A,B). The correlation is extended also to the
NAC region, but not to the N-terminus. Although the
interactions between the DOP and NAC region are minor,
some specific residues (i.e., V66, A69, and S87) show significant

changes in Δcs (0.018, 0.014, and 0.013 ppm, respectively).
These could be caused by specific interaction with DOP (see
Figure S3 of the Supporting Information). In the C-terminal
and NAC region, the CC value between Δcs and freqC is
positive [CC = 0.43 ± 0.10 (Figure 5B)] and the z score is 68%
(Table S7 of the Supporting Information). In contrast, the plot
between Δcs and freqC at the N-terminus does not have a
defined trend. Consistently, CC is close to zero (Figure 5A,B).
However, few residues with relatively large Δcs values are

observed in this region. These include G14, T22, K32, K43, and
F4. These residues do not form contacts with the ligands. A
visual inspection of the protein conformations during the
dynamics led us to suggest (albeit it does not prove) that these
Δcs values at the N-terminus might be partially induced by
conformational transitions upon DOP binding. DOP was
shown to induce conformational changes in AS expressed in
neuronal cell lines.62 Hence, we investigate whether these
chemical shift changes are caused, at least in part, by
conformational transitions. The latter can be detected with
the cumulative protein angular dispersion, Δ(PADcum) (see
Materials and Methods and Figure S5 of the Supporting
Information). The higher the Δ(PADcum), the more the residue
experienced conformational rearrangements when passing from
the free form to the bound form. Panels C and D of Figure 5
report the profile histograms between our experimental

Figure 4. AS NMR chemical shift variation upon addition of DOP.
The top panel shows an overlay of 1H−15N SOFAST−HMQC spectra
of free AS (blue) and AS·DOP (red). Measurements were taken at 303
K on a 200 μM AS sample in a buffer that consisted of 20 mM sodium
phosphate and 150 mM NaCl (pH 6.4), with 10 mg of DOP. Well-
resolved AS amide resonances that display prominent chemical shift
changes upon addition of DOP are shown. The bottom panel shows
mean weighted chemical shift changes (Δcs) calculated from NMR
spectra.

Figure 5. Profile histograms. freqC (A and B) and Δ(PADcum) (C and
D) are plotted as a function of Δcs for the N-terminal region (residues
1−60, A and C) and the NAC and C-terminal region (residues 61−
140, B and D). Each point represents a pair of values: X equal to the
middle point of the Δcs bin and Y equal to the mean value of freqC (A

and B) or Δ(PADcum) (C and D) calculated on the residues belonging
to the corresponding bin. The horizontal lines represent the bin size,
and the vertical lines represent the error of the mean value of the Y
variable (see Materials and Methods). Notice that the last error bar in
panel B is larger than the others, because the residues belonging to the
last Δcs bin show a high variability in freqC: specifically, the
125YEMPS129 residues have the highest values of freqC, but neighbor

residues have lower values. Best-fit lines are colored green, and the
values of their slopes are reported. The CC values with the relative
error for each plot are reported.
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observable Δcs and Δ(PADcum) for the N-terminal region and
the C-terminal and NAC region, respectively. Δ(PADcum) and
Δcs turned out to be correlated at the N-terminus (Figure 5C).
Indeed, both quantities grow evenly, and in addition, the CC is
positive [0.24 ± 0.17 (Figure 5C)] and the z score is 60%
(Table S7 of the Supporting Information). This indicates a
direct correlation between the Δ(PADcum) and Δcs in this
region. Therefore, the Δcs at the N-terminus may be induced
by conformational transitions upon DOP binding.
Next, we examined the relationship between Δ(PADcum) and

Δcs at the C-terminus. The trend line shows a negative slope,
and CC is negative. The higher the Δcs values, the lower the
Δ(PADcum). This might suggest that the residues involved in
the binding have reduced degrees of freedom (Figure 5D).
Other contributions to Δcs may include the interactions of

N-terminal residues with weakly populated products of the
oxidation cascade of dopamine, as well as the oxidation of the
MET residues at positions M1, M5, M116, and M127, due to
the long incubation periods with dopamine.20,71

Statistical Differences between the Trajectories of AS·
DOP′ and AS. The so-called transition amplitude index
(TAIω), which quantifies the amplitude of motion for each
residue (see Materials and Methods), turned out to be larger
for AS than for AS·DOP (Table 4 and Figure 6A). A PCA

analysis of the TAIω values shows that the first principal
component (PC1), which captures 24.7% of the total variancee,

separates most AS configurations from the AS·DOP config-
urations (Figure S6 of the Supporting Information). Graphi-
cally, the statistically significant separation is shown by
calculating the 95% confidence ellipsis51 in the score plot of
the first two principal components (Figure 6B). The six AS
trajectories are well separated from those of AS·DOP (Figure
6B), except for two configurations of the adducts with DOPH
and four configurations of the adducts with DCH.
The so-called p value51 for each pair of residues, which

quantifies the probability of the hypothesis that assumes that
AS belongs to the same conformational ensemble of AS·DOP
adducts, turns out to be <5% (Table 4).
All of this evidence led us to conclude that the spectrum of

configurations visited by AS is substantially different from the
spectrum of those observed for the AS·DOP adducts. In other
words, the MD trajectories of AS·DOP adducts are not a
reproduction of free AS trajectories, and they are able to
capture the DOP binding effects with a statistical significance.

■ DISCUSSION

We have presented a MD-based interpretation of 2D 1H−15N
HMQC spectra of AS·DOP adducts. Our analysis leads us to
suggest that Δcs at the C-terminus and at few residues in the
NAC region (i.e., V66, A69, and S87) may be mostly caused by
noncovalent contacts with the ligands, which is consistent with
molecular and biochemical approaches13,15,17,18 and 2D
1H−15N HSQC spectra.20 We further suggest that the Δcs
changes upon binding of DOP at the N-terminus are due, at
least in part, to conformational rearrangements of the N-
terminal residues. Consistently, DOP was shown to induce
conformational changes in AS by fluorescence lifetime imaging
microscopy in primary neuronal cultures.62

Importantly, the simulations of AS and AS·DOP are
significantly different, as shown by a statistical analysis
performed here. Notably, they are consistent with the
experimental CSs56−59 and RDCs59 for AS reported so far as
well as with the experimental CS of AS·DOP reported in this

Table 4. Classification of Resultsa

DOPH IQ DCH DOP DHI DQ
AS (no
ligand)

TAIω′
(deg)

75.1 68.0 89.2 68.7 67.4 67.4 104.3

p value 0.365 0.52 0.158 0.436 0.479 0.494 0.045
aTAIω values averaged over the residues for each configuration
belonging to the same adduct (TAIω′); p values for the null
hypothesis. See Materials and Methods for details.

Figure 6. Statistical significance of DOP-induced structural perturbations (A). The TAIω values for each residue in AS and AS·DOP (see Materials
and Methods for a definition of this quantity) are colored according to their values. The violet color corresponds to the lowest values. The red color
corresponds to the highest values. (B) Score plot51 in the first two principal components of the matrix of the TAIω values (PC1 and PC2). The
percentage of their variance is reported on the corresponding axis. Each point represents a simulated system. Each group of points has the same color
according to the system they represent (either AS or one of the six AS·DOP adducts); 95% confidence ellipses51 are drawn for each group.
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paper. This establishes the quality of our models for the protein
both in the free state and in complex with DOP.
Limitations of the Molecular Modeling Procedure. As

in any modeling study, the computational procedure presented
here has several limitations. First, the performed simulations do
not focus on the binding event between AS and DOP, but only
the final structural ensemble of the AS·DOP adducts.17 Second,
biomolecular force fields such as AMBER have been
constructed for structured proteins, so their domain of
applicability to intrinsically unstructured proteins such as AS
remains to be established.39,72,73 However, our current and
previous17 studies seem to suggest that for the specific case of
AS, MD simulations with the AMBER99SB force field are able
to reproduce the available experimental data. Third, the time
scale investigated by simulation of AS and AS·DOP is several
orders of magnitude lower than that of NMR and other
biophysical experiments to which comparisons have been made.
Indeed, with the present computational power, it may be very
difficult, if not impossible, to cover with MD the immense
conformational space explored by AS in solution if one starts
from a random conformation. However, a crucial point here is
the fact that our MD simulations are based on AS experimental
structural ensembles obtained by NMR combined with PRE
measurements.33,36 This allowed us to use six AS configurations
representing 73% of the overall experimental population.17

Indeed, simulations of these “representative” structures and
adducts with small molecules may sample free energy minima
associated with conformations not too dissimilar from
experimental conformations. In agreement with this hypothesis,
our calculations are fully consistent with the available CSs56−59

and RDCs59 reported previously. Because of the limited time
scale investigated, however, our interpretation of the NMR data
can be taken only at the semiquantitative level. Finally, and
most importantly, our modeling focuses on one AS molecule
interacting with one of the compounds in Figure 1B. However,
in the performed experiments, it is not possible to know the
DOP derivatives with which the protein interacts. It is
presumable that in the experiments one AS protein is
interacting simultaneously with more than one oxidation
product of dopamine, because its concentration is higher than
that of AS. Cooperative effects due to multiple bindings could
be present.
In spite of these caveats, the fact that our simulations are

consistent with all the available experimental NMR data56−59

leads us to suggest that key aspects of the interactions between
AS and DOP are captured by our study and, therefore, our MD
simulations can be of help in interpreting the measured NMR
data.
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■ ABBREVIATIONS

IDP, intrinsically disordered protein; AS, α-synuclein; DOP,
dopamine and its derivatives; PD, Parkinson’s disease; PRE,
paramagnetic relaxation enhancement; 2D NMR, two-dimen-
sional nuclear magnetic resonance; HSQC, heteronuclear
single-quantum correlation; HMQC, heteronuclear multiple-
quantum correlation; SOFAST, selective optimized-flip-angle
short-transient; CS, chemical shift; mwcsv or Δcs, mean
weighted chemical shift variation; RDC, residual dipolar
coupling; SAXS, small-angle X-ray scattering; FRET, Förster
resonance energy transfer; PAI, protein angular index; ATIω,
angular transition index; TAIω, transition amplitude index;
PCA, principal component analysis; Δ(PADcum), cumulative
protein angular dispersion index variation; freqC, frequency of
contacts; HB, hydrogen bond; HC, hydrophobic contact; P,
persistency of binding; CC, Pearson’s correlation coefficient;
Rg, radius of gyration; SB, salt bridge.

■ ADDITIONAL NOTES
aAlso covalent binding may affect fibri l forma-
tion.11,14,20,21,74−78
b(PADcum)ω depends on the amplitude of the intrinsic
fluctuations of the residue. For proteins with stable folding, it
was found to be 10° (see ref 32); on the other hand, 18° is the
amplitude of intrinsic fluctuations for a residues belonging to an
IDP.
cThe 6 ns MD simulations were conducted on each conformer.
These turned out to be consistent with a variety of in vitro
experiments on AS·DOP.13,15,16 The main results of this
previous study are as follows. (i) DOP forms stable contacts to
AS and binds to the 125YEMPS129 region. (ii) The ligands are
further stabilized by long-range electrostatic interactions with
glutamate 83 (E83) in the NAC region. (iii) Mutations in the
125YEMPS129 region do not affect AS aggregation, which is
consistent with the fact that DOP interacts nonspecifically with
this region.
dThe Δcs values of these residues decrease in the following
order: Y125, E137, S129, E126, D119, L113, V118, and M116.
The relative Δcs values are 1, 0.89, 0.88, 0.79, 0.77, 0.62, 0.60,
and 0.58 ppm, respectively.
eThe second component (PC2) captures the 6% of total
variance.
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