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Abstract

Parkinson's disease (PD) is a chronic multifactorial disease, whose etiology is

not completely understood. The amyloid aggregation of α-synuclein (Syn) is

considered a major cause in the development of the disease. The presence of

genetic mutations can boost the aggregation of the protein and the likelihood to

develop PD. These mutations can lead to early onset (A30P, E46K, and A53T)

or late-onset (H50Q) forms of PD. The disease is also linked to an increase in

oxidative stress and altered levels of dopamine metabolites. The molecular

interaction of these molecules with Syn has been previously studied, while their

effect on the pathological mutant structure and function is not completely clari-

fied. By using biochemical and biophysical approaches, here we have studied

the interaction of the familial variant E46K with two dopamine-derived cate-

chols, 3,4-dihydroxyphenylacetic acid and 3,4-dihydroxyphenylethanol. We

show that the presence of these catechols causes a decrease in the formation of

amyloid fibrils in a dose-dependent manner. Native- and Hydrogen/deuterium

exchange-mass spectrometry (HDX-MS) provide evidence that this effect is

strongly conformation dependent. Indeed, these molecules interact differently

with the interconverting conformers of Syn and its familial variant E46K in

solution, selecting the most prone-to-aggregation one, confining it into an off-

pathway oligomer. These findings suggest that catechols could be a molecular

scaffold for the design of compounds potentially useful in the treatment of

Parkinson's disease and related conditions.
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1 | INTRODUCTION

Parkinson disease (PD) is a multifactorial progressive
neurodegenerative disorder, characterized mainly by
motor symptoms, due to the selective death of dopami-
nergic neurons in the substantia nigra of the brain.1 The
majority of the PD cases are idiopathic, age dependent,
while rare forms of autosomal dominant PD have been
correlated with point mutations in α-synuclein (Syn).
This protein, in its amyloid conformation, is one of the
constituents of the filamentous cytoplasmic inclusions,
called Lewy bodies, pathological hallmarks of PD.2 The
monomeric Syn is a natively unfolded protein in
solution,3 but it can adopt different conformations
according to the cellular environment and the molecular
interactions.4 Membrane, lipids, and detergent induce
Syn to acquire regular α-helical secondary structure5–7 as
well as affect the rate of Syn fibril formation.8,9 In vitro
and vivo, in its aggregated form, Syn conformation
acquires β-sheet secondary structure and this process is
closely associated with PD progression.10 Three distinct
structural domains conventionally form the Syn primary
structure (Figure 1a). The N-terminal lipid-binding
domain spans from residues 1 to 60 and contains seven
imperfect 11-mer repeats (with the consensus
XKTKEGVXXXX). The central domain (61–95) is called
non-amyloid β-component (NAC) and is responsible for
the amyloid properties of the protein. The C-terminal
acidic tail is the target of posttranslational modifications
and modulates the conversion of the protein in fibrils.11,12

The several recently discovered point mutations were
found in the N-terminal region and can lead to early-

(A30P, E46K, and A53T) or late- (H50Q) onset forms of
PD.13–16

The consequences of these mutations on the struc-
tural and biological properties, on amyloid aggregation
kinetics and on the affinity for lipid membrane of Syn
were intensively studied. Wide evidence demonstrated
that some familial variants (A53T, E46K, and H50Q)
accelerate the aggregation process compared with the
wild-type protein. Debated is the effect of the A30P muta-
tion that seems to depend on the general experimental
conditions, while the H50Q variant has been reported to
aggregate more slowly than Syn.17 Among the several
variants, E46K mutation is shown to cause a severe clini-
cal phenotype and to increase the toxicity of aggregated
forms of Syn.15,18 It was isolated from a Spanish family15

and is generated by a single base pair change at position
188 in the exon 3 of Park1 gene locus. This mutation gen-
erates the little change in the molecular weight of Syn
(0.9 Da difference) but inserts in the N-terminal region
an extra positive charge. Its specific position in the
sequence and its chemical nature together with the clini-
cal profile manifested by patients suffering for this PD
form closer to Lewy body dementia suggest that this vari-
ant might have a very critical and unique effect on the
protein structure. Even though E46K seems to not affect
the Syn physiological function in SNARE-complex
assembly,19 the large oligomers produced by this variant
appear more toxic than those from the wild-type protein
in a rat model of synucleinopathies20 and E46K fibrils
impair the mitochondrial activity at lower concentration
than Syn.21 Structurally the presence of the extra lysine
residue determines several important consequences like
an increase of the long-range intramolecular interactions
between the C-terminal and the N-terminal regions of
Syn.22 The overall effect is a more compact structure in
E46K mutant in respect of the wild-type protein.23,24 The
cryo-EM model of the N-terminal acetylated E46K fibrils
reveals some differences with the fibrils formed by the
wild-type protein. They appear less resistant to harsh
conditions, proteolysis, prone to being fragmented with
an enhanced seeding capability.25 However, Boyer et al.21

highlighted an important difference between E46K and
wild-type fibril structures deriving from their pattern of
electrostatic interactions (especially for the absence of
E46-K80 salt bridge) that confer higher buried surface
area to E46K fibrils, which present only a type of poly-
morph. In relation to the ability of Syn to interact with
lipid interfaces, the extra K in the lipid binding domain
affects membrane curvature selectivity,26 the kinetics of
membrane-induced amyloid formation17 and a signifi-
cant difference in the rate of association–dissociation on
lipid surface, especially in the case of the E46K variant
respect the wild-type protein.27 The region acting as an

FIGURE 1 Sequence and structural domain organization of

α-synuclein (a). The N-, C- and NAC regions are shown; the

position of the mutations responsible for familial form of

Parkinson's disease (PD) is indicated and the mutation E46K is

highlighted. Residues 1–95 form the lipid-binding domain.

Structures of 3,4-dihydroxyphenylacetic acid (DOPAC) and

3,4-dihydroxyphenylethanol (DOPET) (b)
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anchor to lipid surface seems to extend up to residue
42, indicating a preference for the mutant for populating
the membrane-bound state.28

Several strategies were proposed for prevention of Syn
toxicity and to combat PD, targeting Syn. In consider-
ation of the structural difference between Syn and its var-
iants, it is not clear if the same treatment could be
effective toward the pathology induced by Syn or by
mutants. We are sighting to find molecules able to inhibit
Syn fibril formation or to propose scaffolds for the syn-
thesis of new drugs. Recently, we showed that
3,4-dihydroxyphenylacetic acid (DOPAC) and
3,4-dihydroxyphenylethanol (DOPET) hamper Syn from
forming fibrils. These molecules are produced in vivo by
dopamine metabolism and removed from the cells by
active transport.29 Their level was found altered by pro-
cesses related to the onset of PD.30,31 They are constituted
by an aromatic ring bearing a substituent in position
5 that is an acetic acid side chain derived from aldehyde
oxidation in DOPAC or an alcoholic moiety in DOPET.
They undergo spontaneous oxidation to quinone deriva-
tives, leading to the production of hydrogen peroxide pro-
viding in vivo increased oxidative stress.32 DOPET is one
of the major olive oil phenolic compounds and a deriva-
tive of Oleuropein aglycone (OleA) contained in olive
leaves; therefore, its antiatherogenic, cardioprotective,
anticancer, neuroprotective, and endocrine properties
were correlated with the olive oil consumption.33 DOPET
shows antioxidant abilities, attributed to the presence of
the o-dihydroxyphenyl moiety. Moreover, it stimulates
the synthesis of antioxidant enzymes such as the activa-
tion of nuclear factor (erythroid-derived-2)-like 2 (Nrf2)
and glutamate cysteine ligase modifier (GCLM).34 We
have shown that these catechols interact with Syn by
covalent and noncovalent bonds, and the last ones play a
key role in the fibril formation inhibition, inducing a sig-
nificant modification in the relative proportion between
soluble and insoluble, monomeric and oligomeric Syn.
Catechol-induced protein species may be described as a
protected and shielded population, whose structure is
responsible for their overall biological and biophysical
effects. Furthermore, catechols reduce the ROS produced
by Syn aggregates that exhibited reduced interaction with
cell membranes.35–37

Here, we have extended the study of these molecules
in relation to the effects on the pathogenic mutant of Syn
E46K. Several detailed reports of structure–function rela-
tion have demonstrated that the E46K mutation amplifies
the neurotoxicity of Syn and consistently increases the
rate at which Syn forms fibrils.18,23 We used a biophysical
approach capable of capturing the dynamic nature of
these proteins in their native state. The intrinsic property
of these proteins of being unfolded and to appear as an

ensemble of energetically similar conformations compli-
cates the rational design of targeted drugs. In fact, it has
not been clarified which conformer present in the Syn
population is the one most prone to forming fibrils and,
therefore, potentially more toxic or possibly responsible
for the onset of PD. Several catechol/protein ratios have
been tested to show a dose-dependent effect and to high-
light the difference between E46K and the wild-type pro-
tein in being affected by catechol in terms of aggregation
inhibition and conformational preferences. By using
native and HDX mass spectrometry techniques, we pro-
vided an insight into the molecular interplay between
DOPAC and DOPET and the Syn variant E46K. We dem-
onstrated that the different extent of aggregation inhibi-
tion induced by catechols was related to the different
amounts of protein extended conformers versus the com-
pact ones present at the equilibrium in the native state.

2 | RESULTS

2.1 | DOPAC and DOPET hamper E46K
and Syn aggregation at different extent

E46K was left to aggregate in the absence and in the pres-
ence of DOPAC and DOPET by using different ratio pro-
tein/catechol (1:1, 1:2, and 1:5). To avoid the methionine
oxidation and to exclude this parameter in the evaluation
of the effects of catechols on the aggregation properties of
E46K, catalase was added to the aggregation mixture.
The experiments were conducted comparing side by side
the results with those obtained with the wild-type protein
(see also references 36,37). Different times of incubation
have been tested (0, 48, 72, and 192 hr) corresponding to
lag phase, elongation phase, and stationary phase in the
fibril formation process. According to Greenbaum et al.18

and Fredenburg et al.,23 E46K and Syn exhibited different
kinetics of fibril formation and the pathological variant
aggregated most readily than the wild type, with a shorter
lag time (Figures 2a and S1A). Figure 2a shows the effect
of the two catechols on the protein aggregation probed by
ThT fluorescence. By using a protein/catechol ratio of
1:1, partial inhibition of the aggregation propensity was
observed for both molecules. However, it is evident that
DOPAC appears more efficient than DOPET at this ratio
and E46K is less sensitive to the catechol. At higher
ratios, the formation of fibrils appeared substantially (for
the 1:2 ratio) or completely (for the 1:5 ratio) inhibited.
Plotting the inhibition response as a function of the cate-
chol concentration (Figures 2 and S1B), evidence of a
dose-dependent effect of catechols is clearly provided. To
determine the secondary structure changes of E46K asso-
ciated with the protein aggregation, CD in the far UV
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measurements were performed (Figure 2b1). In the
absence of DOPAC and DOPET, the protein adopted pre-
dominantly β-sheet structure after incubation according
to the fibril formation. Conducting the experiments in
the presence of catechols, the protein CD spectra
recorded on samples collected after 72 and 192 hr of incu-
bation indicated predominantly a random coil conforma-
tion and the spectra appeared superimposable to those of
the monomeric protein recorded at the beginning of the
aggregation and in the absence of catechols. In
Figure 2c1, the same measurements were reported for
Syn for comparison.

The morphology of the fibrils of Syn strongly depends
on different assembly conditions, and such polymor-
phism reflects the ability of soluble protein to populate
multiple conformational states before aggregation.21,38

Under the conditions used in the present work, the fibrils

formed by E46K exhibited a slightly different morphology
from that of the fibrils generated by Syn, as assessed by
TEM (Figure 2b2,c2). They appeared unbranched with a
diameter of ~11–14 nm, while fibrils generated by Syn
presented a smaller diameter of ~8.0–10 nm (see also ref-
erences 35,36). Moreover, E46K fibrils resulted to be bro-
ken (even if samples were not frozen) and organized as a
single fibril, differently from Syn, in which fibrils are
intact and composed of a bundle structure, suggesting a
different fibril structure. The interaction with the cate-
chols led to the formation of structures different from
fibrils, which were readily identified as off-pathway
aggregates. The presence of DOPAC (1:5) (Figure 2b2,c2,
middle pictures) induced the generation of spherical and
annular species, which appeared slightly smaller in the
case of E46K (~10–20 nm) in respect of those formed by
Syn (~20–40 nm). The incubation of the proteins with

FIGURE 2 Aggregation process of E46K and Syn, in the absence (1:0) and in the presence of 3,4-dihydroxyphenylacetic acid (DOPAC)

and 3,4-dihydroxyphenylethanol (DOPET) different molar ratio (1:1, 1:2, 1:5) probed by ThT assay (a). Aliquots were taken at the time

points 0 (black), 48 (green), 72 (red) and 192 (blue) hr from the aggregation mixtures corresponding to steps containing oligomers (48–72 hr)
and fibrils (192 hr). Far-UV CD spectra of E46K (b1) and Syn (c1). Spectra of each protein were obtained after 0, 72, and 192 hr of incubation

under shaking at 37�C, in the absence and in the presence of DOPAC and DOPET at the reported ratio. Measurements were recorded in 20

mM sodium phosphate buffer, at 0.1 mg/ml protein concentration. TEM images of protein material corresponding to samples of E46K (b2)

and Syn (c2) incubated for �190 hr in the absence of the catechol (left), in the presence of DOPAC (center), and in the presence of DOPET

(right). The images were obtained with an enlargement of 100 nm. The red arrows indicate fibrils still present in the sample.
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DOPET (right picture) led to the growth of amorphous
structures, characterized by a scarce population of well-
defined oligomers. In the samples of E46K/DOPET,
fibrils were still detectable, consistently with the lower
efficacy of DOPET than DOPAC in the aggregation
inhibition.

2.2 | E46K extensively oligomerizes in
the presence of catechols

It was previously found that Syn, incubated in the pres-
ence of catechols, gave rise to off-pathway oligomers,
mainly dimers and trimers and these species are chemi-
cally modified for the formation of adducts due to the
covalent reaction of either DOPAC or DOPET quinone
with the side chains of Lys residues.36,37 These two
aspects were evaluated for E46K by size exclusion chro-
matography (SEC) and RP-HPLC comparing the chro-
matograms of samples taken from the aggregation
mixture in correspondence of time points where the
mutant is expected to populate mainly transient oligo-
mers or fibrils with those obtained for Syn. The large and
insoluble aggregates were removed by centrifugation
before loading the samples onto the SEC column. At the
beginning of the incubation, E46K alone showed a main
peak at 15 ml elution volume corresponding to a value of

MW in the calibration curve compatible with the mono-
meric protein (Figure 3a, inset, M). Upon incubation, the
protein undergoes aggregation and the intensity of this
peak largely decreased due to fibril growth. When pro-
tein/catechol samples were investigated, new additional
peaks corresponding to trimer (T, 11.1 ml) and dimer (D,
12.3 ml) were detected before the monomeric species
(M) (Figure 3a; T and D). In addition, in this range of elu-
tion volumes, the baseline increasingly shifted upwards
proportionally to the molar concentration of catechol.
These findings indicated that, in the presence of DOPAC
and DOPET, E46K gave rise to several aggregated species
that were not present when the protein is incubated
alone; these species eluted before the monomeric protein,
thus indicating their greater hydrodynamic volume. The
drop-in intensity of the monomeric peak after incubation
is due to insoluble fibrils formation in the case of the pro-
tein alone and to the formation of other soluble aggre-
gates in the presence of DOPAC or DOPET. Considering
that the main peak eluted in the presence of DOPAC and
DOPET contained the protein modified by the catechol,
this species was indicated as M* to distinguish it from the
monomer containing only the protein. The area of the
peaks relative to the dimer (D) and the trimer (T) forms
from SEC was plotted as a function of the incubation
time both in the absence and in the presence of catechols
to quantify the level of oligomerization induced by the

FIGURE 3 Aggregation process of E46K in the absence (insert) and in the presence of 3,4-dihydroxyphenylacetic acid (DOPAC) and

3,4-dihydroxyphenylethanol (DOPET) (protein/catechol 1:5) assessed by SEC (a) and RP-HPLC (c). Black lines refer to 0 hr, red lines to 72

hr, blue lines refer to 192 hr of incubation. SDS-PAGE of an aliquot corresponding to 192 hr of incubation of E46K/DOPAC is also shown.

The lines close to the gel bands indicate the position of proteins used as marker of molecular weight (66, 45, 36, 29, 24, and 20 kDa). The

arrows in RP-HPLC chromatogram indicate the decrease of the intact protein and the increase of the aggregated and chemically modified

species, respectively. Levels of oligomerization of E46K (up) in comparison to Syn (down) (b) calculated from the area under the peaks of

size exclusion chromatography (SEC) chromatograms during incubation
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catechols (Figure 3b). The formation of catechol-induced
off-pathway oligomers appears promoted for E46K in
higher extent than for Syn, especially in the early stages
of incubation. Finally, DOPAC resulted more efficient
than DOPET in inducing it. It is very likely that the
inherent tendency to oligomerize associated with Glu-to
Lys mutation is combined with a further effect of the cat-
echol, which therefore exerts an additional effect.

The same samples were loaded in RP-HPLC
(Figure 3c). In this case, the peak relative to the mono-
meric intact species in the presence of catechols
decreased in intensity in favor of a new species eluted
late in the chromatogram. This new species was previ-
ously characterized for Syn and it resulted to be an off-
pathway oligomeric species.36 In Table 1, the chemical
characterization by mass spectrometry of the protein
material corresponding to the main chromatographic
peaks was shown. Chemical modifications were found in
the oligomeric E46K eluting late in RP-HPLC, in line
with what was observed for Syn. Hence, the overall
behavior of E46K resembled that of Syn. However, the
variant resulted less affected by the catechols and more
prone to oligomerization.

2.3 | The conformation of the
monomeric protein determines the extent
of inhibition by catechols

Aimed at the investigation of large-scale conformational
dynamics of E46K and Syn and the comparison of such
dynamics in the absence and the presence of DOPAC and

DOPET, we employed SEC to evaluate changes in the
hydrodynamic volume of the proteins before and after
the addition of each catechol at the same stages of aggre-
gation. This parameter was correlated with the behavior
of the protein as probed by native-MS and global HDX-
MS. To highlight the differences between the protein spe-
cies, taking into account the different rates of aggregation
of E46K and Syn, the protein/catechol ratio of 1:5 was
used and the time point at 48 r was chosen to compare
the behavior of the proteins.

2.3.1 | Size exclusion chromatography

Figure 4 reported the SEC chromatograms relating to
0 and 48 hr, in comparison to the chromatogram
acquired after 72 hr of incubation (already shown in
Figure 3a) as a control. Before loading onto the column,
the samples were ultra-centrifuged to remove insoluble
particles from the aggregation mixture. At 0 hr of incuba-
tion, in the absence of catechols, E46K eluted with a vol-
ume of 15ml, whereas Syn elution volume was 14.5 ml
(Figure 4a1, T 0, inset). This difference in the elution vol-
ume was previously considered statistically significant23

and allows to correlate the increased compactness of the
mutant in comparison to the wild-type protein, although
both remained intrinsically disordered (Table 2). After 48
hr, in the absence of catechols, the elution volume of
E46K decreased (14.6 ml) compared to time 0, suggesting
a slight but significant increase in the protein hydrody-
namic volume upon incubation. This value was constant
up to 72 hr of incubation, when only a reduction of the

TABLE 1 Chemical characterization of E46K in the absence and in the presence of DOPAC and DOPET (Figure 3c)

DOPAC Time (hr) RT (min)a

Molecular mass (Da)

Protein speciesFoundb Calculatedc

E46K 0 21.5 14,459.41 ± 0.12 14,459.24 E46K

72 21.5 14,459.35 ± 0.10 14,459.24 E46K

32.5 14,580.61 ± 0.46 14,580.24 E46K+ 121 Da

192 32.5 14,580.81 ± 0.86 14,580.24 E46K+ 121 Da

DOPET Time (hr) RT (min)a

Molecular mass (Da)

Protein speciesFoundb Calculatedc

E46K 0 21.5 14,459.25 ± 0.20 14,459.24 E46K

72 21.5 14,459.25 ± 0.02 14,459.24 E46K

32.5 14,590.81 ± 0.96 14,590.24 E46K+ 131 Da

192 32.5 14,590.19 ± 1.49 14,590.24 E46K+ 131 Da

Abbreviations: DOPAC, 3,4-dihydroxyphenylacetic acid; DOPET, 3,4-dihydroxyphenylethanol.
aProtein species are listed in order of retention time (RT).
bExperimental molecular masses determined by ESI-QTOF-MS.
cMolecular masses calculated from Syn amino acid sequence.
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intensity of the peak is observed. In the case of Syn, the
trend is the opposite: the elution volume shifted from
14.5 ml at time 0 to 14.9 ml at time 48 hr and to 14.6 ml
at time 72 hr. In the presence of DOPAC, at time 0, E46K
showed a minor elution volume in SEC (14.6 ml) than
the ones shown in the absence at the same time point,
suggesting a catechol stabilizing effect of a more extended
conformer. The addition of DOPET induced a similar
effect. Leaving the samples in the presence of catechols,
E46K elution volume did not exhibit variations
(Figure 4b2–c2, b3–c3; T 48 and 72 hr, and Table 2).
Another effect induced by the presence of the catechols
in the samples was an enlargement of the chromato-
graphic peak, which is indicative of the presence of new
protein species. In the case of Syn, its elution volume
upon addition of catechol did not change over time
(14.6 ml).

2.3.2 | Native-MS

Samples of E46K and Syn proteins collected by SEC after
0 and 48 hr of incubation with or without DOPAC and

DOPET were further analyzed by Native-MS to monitor
protein ion charge-state distribution. As the extent of
multiple charging of protein ions in ESI-MS is deter-
mined by their solvent-exposed area, the charge-state dis-
tributions depend on conformation in solution. Typically,
more compact conformers give rise to ions with relatively
low charge density and appear in the high m/z region of
the spectra, while partially or fully unstructured protein
molecules are able to accommodate a significantly higher
number of charges due to an increased surface area. If
multiple compact and denatured states of the protein
coexist at equilibrium in solution, the protein charge-
state distributions are multimodal. Representative ESI-
MS spectra of E46K (left) and Syn (right) in the absence
of catechols were reported in Figure 5a showing the coex-
istence of three populations, indicated as 1, 2 and
3, corresponding to multiple conformers with different
compactness. As represented in Figure 5b, Population
1 corresponds to the most relaxed conformation and Pop-
ulation 3 to the most compact one, according to their m/z
values. Population named 2, with intermediate proper-
ties, resulted to be the most abundant for both E46K
and Syn.

FIGURE 4 Size exclusion

chromatography (SEC) analyses of E46K

(black lines) and Syn (red lines) upon

0 (a), 48 (b), and 72 (c) hr of incubation

under shaking in the absence (a1, b1, c1)

and in the presence (a2, b2, c2) of

3,4-dihydroxyphenylacetic acid

(DOPAC) and (a3, b3, c3) of

3,4-dihydroxyphenylethanol (DOPET).

Inset: zoom of the SEC chromatograms

evidencing the difference in elution

volumes
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To evaluate the conformational effects induced by the
catechols on the proteins, we acquired spectra of samples
obtained by incubating either DOPAC or DOPET with
each protein for 0 and 48 hr. Signal intensities of the vari-
ous conformational states were utilized to quantify the
relative percentage of each observed population (see
Methods sections for details). The histograms in
Figure 5c show that in the absence of catechols (gray col-
umns), differently from Syn, E46K populated at higher
extent a more compact conformation (3) than the more
extended one (1), according to our previous results. The
presence of DOPAC (dark purple columns) shifted the
equilibrium toward a slightly more relaxed conformation,
as depicted from the increase of the percentage of popula-
tion 1 at the expense of population 3. This effect resulted
to be more evident for Syn rather than for E46K. How-
ever, it is striking to note that the increase of E46K
extended Population 1 occurred at the expenses of the
compact 3, whereas in the case of Syn, Population
2 decreased upon the addition of DOPAC. The DOPET-
induced effects on E46K resulted to be quite similar to
those induced by DOPAC on Syn, producing only a slight
redistribution of conformers with the increased

abundance of Population 1 at the expenses of 2. The pres-
ence of DOPET in the Syn sample, instead, did not signif-
icantly alter the population equilibria.

After 48 hr of incubation in the absence of catechols
(gray columns), the abundance of the relaxed Population
1 of E46K increased, suggesting a loss of compactness. In
the case of Syn, we observed an opposite effect. This is
consistent with the fact that the rate of aggregation is
faster for E46K and therefore, at 48 hr-incubation, the
two proteins, which exhibit different kinetics of aggrega-
tion, were found in a different conformational state.
Moreover, the two proteins resulted to be differently
affected by the catechols. When E46K is incubated with
DOPAC for 48 hr, the protein compactness increases,
according to the substantial increase in Population 3, at
the expense of the other population. The effect is more
evident adding DOPET (light purple columns), with a
further increase in the protein compactness. This could
be explained considering a protective effect of catechol
that shielded the protein exposed regions. On the con-
trary, being Syn in a previous step of oligomerization in
comparison to E46K, Population 1 is slightly more abun-
dant when incubated with catechols. Indeed, the

TABLE 2 E46K and Syn parameters calculated by SEC (Figure 4), and HDX (Figure 6) measurements

Species Time (hr) Elution volume (ml)a

Incorporated deuteronsb

10 s 1 min 10 min 70min

E46K 0 15.0 75 ± 0.08 80 ± 0.13 94 ± 0.09 96 ± 0.02

E46K/DOPAC 0 14.6 88 ± 0.12 91 ± 0.09 95 ± 0.12 98 ± 0.05

E46K/DOPET 0 14.6 82 ± 0.23 83 ± 0.22 94 ± 0.21 98 ± 0.08

E46K 48 14.6 75 ± 0.26 80 ± 0.23 94 ± 0.08 96 ± 0.11

E46K/DOPAC 48 14.6 89 ± 0.39 91 ± 0.44 94 ± 0.09 98 ± 0.08

E46K/DOPET 48 14.6 81 ± 0.19 84 ± 0.31 93 ± 0.11 98 ± 0.03

E46K 72 14.6 n.d.

E46K/DOPAC 72 14.6 n.d.

E46K/DOPET 72 14.6 n.d.

Syn 0 14.5 80 ± 0.31 83 ± 0.29 96 ± 0.19 98 ± 0.12

Syn/DOPAC 0 14.5 82 ± 0.29 90 ± 0.33 99 ± 0.38 100 ± 0.07

Syn/DOPET 0 14.5 81 ± 0.13 94 ± 0.25 96 ± 0.18 100 ± 0.03

Syn 48 14.9 80 ± 0.19 83 ± 0.26 96 ± 0.15 98 ± 0.02

Syn/DOPAC 48 14.6 82 ± 0.42 90 ± 0.22 98 ± 0.17 101 ± 0.22

Syn/DOPET 48 14.6 80 ± 0.59 94 ± 0.26 97 ± 0.19 101 ± 0.02

Syn 72 14.6 n.d.

Syn/DOPAC 72 14.6 n.d.

Syn/DOPET 72 14.6 n.d.

Abbreviations: DOPAC, 3,4-dihydroxyphenylacetic acid; DOPET, 3,4-dihydroxyphenylethanol.
aAll data were performed eight times with an error of ±0.2 ml.
bAll data were performed in triplicates with an error of ±1 Da due to the software limits. The single standard deviations are represented as ±SD.
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catechol-shielding effect appears less visible. Finally, in
line with previous analysis, DOPAC resulted to be more
efficient than DOPET in inducing conformational change
effects in both proteins.

2.3.3 | HDX-MS

In HDX-MS approach, backbone amide hydrogens of the
polypeptide chain undergo rapid isotopic exchange with
the solvent in dynamic regions lacking persistent internal
hydrogen bonds, whereas regions with backbone amides

engaged in stable interactions are protected against the
exchange. We analyzed under the same experimental
conditions, the species eluted from SEC column after 48
hr of incubation in the presence of each catechol as well
as the native and monomeric proteins. In Figure 6a, the
deconvoluted electrospray ionization mass spectra
obtained from undeuterated and deuterated samples
were reported. The nontreated E46K and Syn monomer
profiles were shown (black lines) as a control. The same
profiles produced by global HDX-MS in an isotopic
exchange time of 10 s, 1, 10, and 70min were reported.
After 10 s of incubation (red lines) in deuterated buffer at
pH 7.4 and on ice, a mass shift of 75 ± 0.08 and 80 ± 0.31
Da (equivalent to incorporation of ~75 and 80 deuterons)
was observed for E46K and Syn, respectively. To obtain
the complete deuteration of the molecules, the measure-
ments were done up to 70 min, observing a mass shift of
96 ± 0.02 and 98 ± 0.12 for E46K and Syn, respectively.
The samples were left in deuterated solvent for 100 min
at room temperature to verify whether 70 min on ice
were sufficient to obtain the complete exchange. The
number of exchanged D, calculated under this condition,
did not increase even though deuteration was prolonged.
Overall, in the absence of catechols, E46K exhibited a
rate of exchange slightly lower than Syn (Figure 6b),
especially in the early steps of deuteration (1–60 s. This
suggests that more protected and compact conformers
populate E46K at this stage. Of interest, at short incuba-
tion times with deuterium, for both proteins more
populations seem to exist at equilibrium, with different
rate of exchange, corresponding to different number of
exchanged deuterons, therefore to different exposure of
the conformers to the solvent. After that, the measure-
ments were conducted on E46K and Syn species (M*)
deriving from incubation for 48 hr with catechols. In the
presence of DOPAC, E46K exchanged slightly faster than
in the absence of the catechol both at 0 and 48 hr. After
10 s, in E46K the number of incorporated deuterons pas-
sed from 75 in the absence to 89 in the presence of
DOPAC (Table 2), similarly to the wild-type protein.
Indeed, the difference between the exchanged deuterons
in the absence and in the presence of DOPAC is less evi-
dent in Syn (81 vs. 82 exchanged D) since the wild-type
protein started from an already more relaxed conforma-
tion in respect to the mutant. According to the results
obtained by the other techniques, DOPAC seems to have
a major effect on the two proteins than DOPET.
Figure 6c showed the different D exchange rates of the
proteins. In the absence of catechols, this difference is
statistically relevant in all time points and particularly
evident in the first stages of exchange. In the presence of
catechols, at 10 s E46K exchange rate was faster, while
progressively, a minor difference was observed between

FIGURE 5 Native-MS measurements. ESI-MS spectra of

samples containing 10 μM of E46K (left) and Syn (right). The

numbers 1, 2 and 3 indicate three different populations (a).

Graphical representation of the conformers with different

compactness detected simultaneously in solution by native MS (b).

Histograms comparing the percentages of each population observed

for E46K (c1, c2) and for Syn (c3, c4) in the absence and in the

presence of 1:5 catechol at time 0 (c1, c3) and after 48 hr incubation

(c2, c4). Gray columns refer to the proteins in the absence of

catechol, the dark and light purple refer to the proteins in the

presence of 3,4-dihydroxyphenylacetic acid (DOPAC) and

3,4-dihydroxyphenylethanol (DOPET), respectively.
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the two proteins, especially at 70 min. At this step, both
curves, having a logarithmic trend, tend to their maxi-
mum limit.

2.4 | DOPAC and DOPET disaggregate
preformed oligomers and fibrils at
different extent

To ascertain whether DOPAC and DOPET bind the
aggregated forms produced during the protein aggrega-
tion, an experiment of disaggregation was carried out.
The catechol was added to aliquots of protein samples
collected from the aggregation mixtures after 48 and 168
hr of incubation. It was used a ratio of 1:5 (protein/cate-
chol) maintaining the same conditions used for the aggre-
gation experiments. The process was monitored by ThT
fluorescence and the emission spectra obtained for E46K
in the absence of DOPAC were reported for the time
points 0, 48, and 168 hr (Figure 7a, black lines). The ali-
quots corresponding to 48 hr of incubation were divided
in two fractions and one was left to aggregate and the
other was treated with DOPAC. After 1 day (+24 hr) of
incubation, an increase of ThT fluorescence was observed
for the sample of E46K incubated in the absence of
DOPAC (black line, 48+ 24 hr), while for the other one a
decrease of the fluorescence intensity was detected (red
line, 48+ 24 hr+DOPAC). The same procedure was
followed for the fraction collected at 168 hr, and in this
case, E46K aggregates appeared slightly affected by the

catechol (black line 168+ 24 hr; red line 168+ 24 hr+
DOPAC). DOPET induced similar effect but in a minor
extent (data not shown). In the case of Syn (Figure 7b),
the catechol was added at 48 hr when the protein was in
a different stage of aggregation than E46K. As detected
by native-MS and SEC, Syn populated prevalently a more
compact conformer in respect to its mutant. The fibril
formation was inhibited when DOPAC was added to the
aggregation mixture at 48 hr; indeed, no increase of ThT
signal was observed (Figure 7b, red line, 48+ 24 hr+
DOPAC). At 168 hr, ThT fluorescence had a similar trend
and the spectra appeared almost superimposable (black
line 168; red line 168+ 24 hr+DOPAC).

The species obtained adding the catechol to pref-
ormed aggregates (48 hr) or fibrils (168 hr) were charac-
terized by TEM. In Figure 7c, the comparison between
the morphology of E46K species before (c1 and c3) and
after the addition (c2 and c4) of DOPAC was shown. At
48 hr, E46K generated several species as expected at the
beginning of the growth phase of fibrillation (Figure 7c1).
They are compatible with oligomers and short fibrils.39

The oligomers measured diameters ranging 8–13 nm,
while the nascent fibrils 10–15 nm. These species dis-
appeared from the aggregation mixture upon adding
DOPAC (1:5 ratio) and new types of aggregates were
detected by TEM (Figure 7c2). A heterogeneous popula-
tion of species is detectable: spherical oligomers and
amorphous aggregates coexist. In this sample, short and
broken fibrils (diameter 6–11 nm) are still present. In the
sample where the protein was left aggregating for 168 hr

FIGURE 6 HDX-MS experiments.

Deconvoluted mass spectra (a) of E46K

(left) and Syn (right) obtained from

undeuterated (black lines) and deuterated

samples after incubation for 10 s (red

line), 1 min (blue line), 10 min (pink line)

and 70 min (green line). Number of

incorporated deuterons in E46K and Syn

in the absence and in the presence of

catechols during incubation (b). Number

of incorporated deuterons plotted as a

function of the exchanged time (c)
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in the absence of DOPAC (Figure 7a, black line), E46K
fibrils were found (Figure 7c3). The TEM measurements
conducted on the E46K/DOPAC mixture at 168+ 24 hr
after the addition of the catechol showed the formation
of off-pathway aggregates with a morphology similar to
the species formed at 48+ 24 hr after the addition of
DOPAC. In this case, the morphology appeared more
defined with diameters ranging 15–30 nm (Figure 7c4).
Rare and broken fibrils are still present. These residual
fibrils probably derive from the degradation of pre-
formed fibrils as suggested from the decrease of the ThT
intensity. TEM pictures relative to Syn were reported in
Figure S2 as a comparison.

3 | DISCUSSION

There is strong evidence that the monomeric Syn, in vitro
at physiological conditions, populates an ensemble of
conformations ensuing from its rugged folding energy
landscape.40 Slightly extended conformers and structures

that appear more compact than expected coexist in solu-
tion. Biophysical studies proposed that these partially
folded structures of Syn can derive from transient electro-
static and hydrophobic interactions between the posi-
tively charged N terminus and the negatively charged C
terminus, and also between the NAC region and the C
terminus.40,41 In native conditions, these interactions
continuously open and close conferring to Syn the
required flexibility to interact with different partners
in vivo.41 However, these dynamic interactions can lead,
in turn, to conformations that trigger protein aggregation
pathways.42 The identification and the confinement of
aggregation-prone conformations and/or the stabilization
of the aggregation not-prone ones might be targets of pos-
sible therapeutic intervention.

Multiple studies link the inherent dynamics of E46K
mutant of Syn to different onset and development of PD
pathogenesis. Especially, E46K variant develops species
more toxic than the wild type Syn,15,21,43 an important
issue is therefore to know whether a targeting Syn drug
would be effective also against its genetic mutants.

FIGURE 7
3,4-Dihydroxyphenylacetic acid

(DOPAC)-induced E46K (a) and Syn

(b) disaggregation probed by ThT

fluorescence. Aliquots were collected

from the aggregation mixture after

48 and 168 hr of incubation in the

absence of catechol, then DOPAC was

added at a 1:5 final protein/DOPAC

ratio. Measurements were collected after

further 24 hr of incubation. Black ThT

spectra correspond to 0, 48, 72, 168, 192

hr of aggregation. In the picture, the 72

hr-sample is indicated as 48+ 24 hr and

the 192 hr-sample is indicated as 168+

24 hr. Red ThT spectra refer to 48 and

168 hr of aggregation plus 24 hr of

incubation in the presence of DOPAC.

TEM images (c) taken from E46K

samples corresponding to 48 and 168 h

of incubation in the absence (�) and

after the addition of DOPAC (+). The

scale bars are 200 nm (c1–c2) and 100

nm (c3–c4).
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Herein, we have studied how DOPAC and DOPET affect
the ability of E46K variant of Syn to form fibrils, compar-
ing side by side these results with those obtained with the
wild-type protein. We show that E46K and Syn aggrega-
tion is inhibited by catechols in a dose-dependent man-
ner. E46K requires higher concentrations of DOPAC and
DOPET for its complete inhibition than Syn. Moreover,
DOPAC appears more efficient than DOPET in inhibiting
amyloid formation. Finally, the protein dynamics and
surface exposure appear critical for the catechol/protein
interaction.

We focused on the conformations populated by Syn
and E46K at the initial stages (0–48 hr) of the aggregation
process, when in the case of E46K, the monomer–
oligomer equilibrium appears more shifted toward the
aggregated species due to the higher rate of aggregation
experienced by the mutant.17,23 By using native and
HDX-MS, we show that, although three main conforma-
tions are evident for both proteins, their ratio is different
and DOPAC and DOPET induce a marked redistribution
of these conformations affecting their equilibrium. As
summarized in Figure 8, our data reveal the co-existence
of an extended and relaxed species (indicated with 1), a
fairly compact one (3) at the opposite edge of the equilib-
rium, and a species with intermediate properties (2). This
last is highly represented in both proteins, due probably
to the rapid interconversion between the species at room
temperature. However, it is possible to appreciate that
the extreme species appear differently populated by Syn
and E46K. At Time 0, the compact conformer (3) of E46K
seems to be more populated at the expenses of the
relaxed one (1), accordingly to Fredenburg et al.23 These
data are corroborated by the behavior of the protein in
SEC, where a larger elution volume; therefore, a lesser
hydrodynamic radius of E46K than Syn was found. Con-
sistently, E46K also exhibits a reduced exposure to sol-
vent as probed by hydrogen/deuterium exchange of the
protein backbone.

The ratio between the compact and extended species
changes during incubation. After 48 hr-aggregation, the
fraction of E46K in open conformation increases, while
Syn seems to undergo compactness. This phenomenon is
strongly correlated with the presence of the
amyloidogenic mutation that speeds up the aggregation
of the mutant.18 The intramolecular unfolding of the
loosely packed structures is an essential step occurring
prior to protein aggregation to expose the aggregation-
prone regions of the protein.40,44 On the other hand,
incubating the proteins in the presence of the catechols, a
significant change in the relative ratio of the conformers
occurs with an increase of the relaxed conformation in
both proteins. This clearly suggests that the catechols,
especially DOPAC, could prevent the long-range

interactions in Syn molecules responsible for the packed
conformations, establishing new interactions. At the
beginning, these protein/catechol interactions stabilize
the extended conformation that seems to exhibit the
higher affinity for the metabolite. Successively DOPAC
and DOPET generate a shield around the molecule hid-
ing the side chain of certain residues and hampering the
intramolecular aggregation process. This would provide
an explanation for the reduced efficiency of catechols
toward E46K. In fact, being higher the concentration of
the compact conformer in E46K or higher the rate of
interconversion of the two species, the required catechol
amount is higher.

Since different processes take place in solution, after
48 hr-incubation in the presence of catechols, this study
focused on the events occurring within this time point.
Indeed, prolonging the incubation, off-pathway oligo-
mers (especially E46K) are generated, and in particular
dimers and trimers were observed. These species have

FIGURE 8 Schematic representation of the ensemble of

conformations populated by Syn and its mutant E46K (up). Three

populations, indicated as 1, 2, and 3, were identified corresponding

to multiple conformers with increasing compactness. In the

absence (left) of catechols, among the interconverting species, the

more aggregation-prone one undergoes nucleation events followed

by the formation of intermediate transient forms, named on-

pathway oligomers (Oon) that culminate in fibrils (F). In the

presence (right) of catechols, the species with higher affinity for

these molecules bind them through noncovalent and covalent

binding giving rise to modified monomer, M*, that then generate

off-pathway harmless oligomers, Ooff.
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been previously isolated and characterized in terms of
structure and cytotoxicity, and interestingly they exhibit
reduced cytotoxicity and ROS production. Moreover,
DOPAC-induced oligomers activate lysosomal activity
favoring the clearance of Syn aggregates and attenuating
Syn build-up within Syn-exposed cells. Finally, they
reduce the ability of Syn to interact with lipid mem-
branes.35,37 In this study, HDX-MS and SEC data show
that the monomer opening effect induced by catechols is
preserved during aggregation and a significant fraction of
extended and relaxed conformation is maintained. Addi-
tionally, the native-MS data indicate an increase in the
compact population. Actually, this species adopts fewer
charges in mass spectrometry (higher m/z) and its
increase could derive from a combined effect of chemical
modifications of the side chain of the protein and cate-
chol polymerization that provide a shield of the protein,
that at this stage acquires less charges. In conclusion, the
catechols stabilize the more relaxed conformation confin-
ing it in a nonaggregating species.

Our results provide evidence that the mechanism of
interaction of DOPAC is different from that of DOPET
due to its intrinsic chemical structure. DOPAC binds Syn
and E46K mainly by electrostatic interactions for the
presence of the negatively charged carboxyl moiety. In
solution, the positive charges of Syn could be neutralized
and, consequently, the long-range interactions between
the N and C-terminal regions and NAC and C-terminal
of the protein cannot be formed.41 Similarly, the Syn
backbone electrostatic association can be skewed by
adding salt ions.45 However, this provides an opposite
effect at the level of the long-range electrostatic contacts,
favoring the hydrophobic interactions and driving Syn to
aggregation. As matter of fact, DOPAC might compete
with the aromatic π–π interactions that seem to deeply
contribute to the fibril formation events in Syn.44 The di-
hydroxyphenolic moieties of the catechol layering at the
interface between the molecules increase the protein sol-
ubility. This is corroborated by the observation that in
the presence of DOPAC, by HDX-MS, the protein
exchanges faster, suggesting a higher solvent exposure of
the protein backbones. Conversely, the interaction of the
protein with DOPET is mediated by weaker electrostatic
forces due to the alcoholic less nucleophile OH than the
carboxyl group. Indeed, the packed conformations gener-
ated in the presence of DOPET appear more populated
than in the presence of DOPAC. Summing up, the shield
generated by DOPAC competes with the intermolecular
and intramolecular interactions, favoring the formation
of protected conformation that does not proceed in the
fibril formation.

To further demonstrate the higher affinity of catechol
for the relaxed conformation of Syn, an experiment of

disaggregation was done and DOPAC or DOPET (1:5)
were added to E46K and Syn, which were left to incubate
for 48 hr. The decrease of ThT signal intensity was clearly
seen for E46K, whereas the fluorescence intensity was
the same in the case of Syn. It must be underlined that at
48 hr, the native-MS measurements had shown that
E46K populates in a relatively higher extent the relaxed
conformation at variance with Syn, whose compact con-
formers were formed at the expense of the more extended
one. Therefore, the catechols seem to block Syn aggrega-
tion interacting with the reduced fraction of open confor-
mation and barely affecting the process. On the contrary,
they exert a disaggregating effect when they were added
to E46K mixture at 48 hr, where the major species is the
extended one. These data provide further evidence that
the different abilities of the protein to be affected by cate-
chols derive from the initial equilibrium between the dif-
ferent conformers of the proteins.

Several strategies were proposed for the prevention of
Syn toxicity and to counteract PD precisely targeting the
protein. The possibility to interfere with Syn oligomer
and fibril formation, considered as the major pathogenic
process in Parkinson disease, is particularly attractive.
Since Syn and its familial mutants do not have a single,
major conformation, but appear as a dynamic ensemble
of conformations with similar energies, the rational
design of drugs based on the knowledge of the structure
of the target protein, in this case, is not applicable and
the development of therapeutic strategies based on the
recognition of the active site of Syn is a difficult task.
Increasing the stability of species in their native and
harmless state or the kinetic barrier to form misfolded
species by using small molecules would be a great leap
forward in medicinal chemistry, leading to an expansion
of the druggable genome.

The most compelling argument in favor of the use of
small molecules able to stabilize Syn stems from the
numerous examples of natural products such as Ole-
uropein aglycone tested by us showing that it prevents
the formation of toxic Syn species inducing new and
harmless oligomers35 and by others on other
amyloidogenic molecules.46,47 By using surface plasmon
resonance high-throughput screening, Toth et al.48 have
identified novel, completely synthetic, Syn interacting
drug-like compounds able to rescue Syn malfunctions
and to inhibit the protein aggregation, without inducing
changes in its conformation. Another class of compounds
is given by molecules such as squalamine capable of com-
peting with Syn in native and aggregated form for the
lipid membrane binding and reducing their toxicity.49

DOPAC and DOPET are interesting candidates as scaf-
folds for the synthesis of new molecules able to antago-
nize the formation of fibrils. However, their use shows
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some limitations like low bioavailability, nonlinear phar-
macokinetic behavior, and pharmacodynamics problems,
and therefore there are still many questions to be clari-
fied and precise knowledge of their mechanism of action
would provide the possibility of producing pharmacologi-
cally more effective molecules with ameliorate pharma-
codynamics properties.

In conclusion, our findings provide insights into the
aggregation mechanism of Syn and its mutants and sug-
gest the possibility to modulate this process by com-
pounds containing a catechol scaffold. By using dynamic
biophysical approaches, we provided evidence that these
molecules interact differently with the interconverting
conformers of monomeric Syn and its familial variant
E46K in solution, stabilizing the best-fitting conformation
and selecting the most prone-to-aggregation one, confin-
ing it into an off-pathway oligomer. Therefore, catechol-
containing molecules could represent potential therapeu-
tic agents for PD and other pathologies associated with
Syn amyloidogenic properties.

4 | MATERIALS AND METHODS

4.1 | Materials

DOPAC, DOPET, Thioflavin T (ThT), and lyophilized
bovine catalase (CAT) were purchased from Merck
(Darmstadt, Germany). The catechol powder was dis-
solved in water solution at 100 mM final concentration
and stored at �20�C.50 All reagents and chemicals were
obtained from Sigma or Fluka (St. Louis, MO, USA) and
were of analytical reagent grade.

4.2 | Expression and purification

The expression of α-Synuclein (Syn) was conducted in
Escherichia coli BL-21 while for the E46K mutant expres-
sion E. coli BL-21 Gold cells were used. The purification
of the recombinant protein was conducted following a
procedure previously described.51 Protein identity and
integrity were assessed by mass spectrometry (MS).

4.3 | Protein fibril formation and
disaggregation

Protein samples (70 μM), filtered with a 0.22 μm pore-size
filter (Millipore, Bedford, MA, USA) were incubated at
37�C in 20 mM sodium phosphate buffer, pH 7.4 up to 7
days under shaking at 750 rpm with a thermo-mixer
(Compact, Eppendorf, Hamburg, DE) in the absence

(control) or in the presence of DOPET or DOPAC by
using molar protein/substance ratios of 1.1, 1:2, 1:5. To
avoid the catechol-induced oxidation of methionine resi-
dues, catalase was added to the aggregation buffer.36 Ali-
quots were collected at the indicated incubation time and
the formation of fibril was checked by ThT binding assay,
transmission electron microscopy (TEM), and circular
dichroism (CD). The ThT binding assay was performed
according to LeVine,52 using a 25 μM ThT solution in 25
mM sodium phosphate buffer, pH 6.0. Fluorescence
emission measurements were performed at 25�C exciting
at 440 nm and recording the ThT fluorescence in the
455–600 nm interval. To evaluate eventual interferences
of catechols on ThT assay, DOPET and DOPAC fluores-
cence was measured as a control.

The disaggregation effect of DOPAC and DOPET of
pre-made Syn and E46K aggregates was tested by ThT
and TEM, adding the catechols to the aggregation mix-
ture at 48 and 168 hr of incubation, corresponding to
steps enriched in on-pathway oligomers or fibrils, respec-
tively. For this experiment, 48 hr or 168 hr-aged samples
were incubated with DOPAC or DOPET (at a final con-
centration of 1:5/protein: catechol) at 37�C under shak-
ing at 750 rpm, for further 24 hr. All aggregate
concentrations were expressed as monomer protein
concentration.

4.4 | Aggregate morphology analysis

The morphology of the protein aggregates was character-
ized by TEM. Negative staining was performed by placing
a drop of the sample solution on a Butvar-coated copper
grid (400-square mesh) (TAAB-Laboratories Equipment
Ltd, Berks, UK). Then, the sample was dried and nega-
tively stained with a drop of uranyl acetate solution
(1.0%, w/v). TEM pictures were taken on a Tecnai G2
12 Twin instrument (FEI Company, Hillsboro, OR) at an
excitation voltage of 100 kV. Many pictures were col-
lected at different magnifications. Image J software was
used to get size information. Size distribution of protein
species was calculated on 200 particles manually
extracted from the micrographs. Only clearly defined
spherical and isolated particles were selected. The species
with diameters larger than 100 nm were excluded. Mea-
surements were obtained with a standard deviation
of ±8.

4.5 | Chemical–physical characterization

Size exclusion chromatography (SEC) was performed by
a Superdex TM 200 Increase (10/300 GL) column
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(Amersham Biosciences, Uppsala, Sweden), using an
ÄKTA FPLC system (Amersham Biosciences, Uppsala,
Sweden). Sample aliquots (200 μl) were withdrawn from
the aggregation mixture, centrifuged, loaded onto the col-
umn and eluted at 0.75 ml/min in 20mM Tris–HCl
buffer, pH 7.4, containing 0.15M NaCl. The effluent was
monitored by recording the absorbance at 214 nm. Col-
umn calibration was obtained using the following stan-
dards: blue dextran (void volume); albumin, 67 kDa;
ovalbumin, 45 kDa; α-lactalbumin, 14.4 kDa and
aprotinin, 6.5 kDa. The RP-HPLC analyses were carried
out on an Agilent 1200 chromatographer (Santa Clara,
CA) using a Jupiter C18 column (4.6� 250mm;
Phenomenex, CA, USA), eluted with the following gradi-
ents of acetonitrile/0.085% TFA–water/0.1% TFA: 5–25%,
5 min, 25–28%, 13 min, 28–39%, 3 min, 39–43%, 21 min
or 5–38%, 5 min, 38–43%, 15 min. The effluent was moni-
tored by recording the absorbance at 226 nm. The iden-
tity of the eluted material was assessed by mass
spectrometry. SDS-PAGE was performed with a Mini-
PROTEAN II Bio-Rad electrophoresis system using a
Tris–HCl 13% (w/v) polyacrylamide gel. The bands were
stained by Coomassie Brilliant Blue. Approximately 4 μg
of protein was loaded into each well. Mass spectrometry
analysis was carried out with an electrospray ionization
(ESI) mass spectrometer equipped with a Q-Tof Xevo
G2S (Waters, Manchester, UK). Measurements were car-
ried out at 1.5–1.8 kV capillary voltage and 30–40 V cone
voltage.

4.6 | Spectroscopic characterization

Protein concentrations were determined by absorption
measurements at 280 nm using a double-beam Lambda-
20 spectrophotometer (Perkin Elmer Life Sciences). The
molar absorptivity at 280 nm for Syn and E46K samples
was 5,960 cm�1 M�1, as evaluated from their amino acid
composition by the method of Gill and von Hippel.53 Sec-
ondary structure conformation of E46K and wild-type
protein was assessed by far-UV circular dichroism (CD).
The measurements were performed on a J-800 Series
spectropolarimeter (JASCO, Japan) in a 1-mm quartz
cuvette at room temperature. Data were collected in the
wavelength range of 250–190 nm. All protein samples
were measured at the same settings averaged in five and
the buffer data subtracted. Only data with high-tension
voltage <600 V were collected and shown to avoid too
noisy signals. The mean residue ellipticity [θ] (degree
cm2 dmol�1) was calculated from the formula [θ]
(θobs/10) (MRW/lc), where θobs is the observed ellipticity
in degrees; MRW is the mean residue molecular weight
of the protein; l is the optical path length in cm; and c is

the protein concentration in g/ml. A protein concentra-
tion of 7 μM was used. The spectra were recorded in 25
mM sodium phosphate buffer pH 7.4.

4.7 | Native MS

E46K and Syn samples, in the absence and in presence of
catechols (protein/catechol = 1:5) collected from SEC at
time points 0 and 48 hr were buffer exchanged by filtra-
tion using Amicon Ultra-0.5 centrifugal filters (Merck
Millipore Ctd, Ireland) to minimize the presence of salts
that can adversely interfere with ESI performance. Sam-
ples, diluted in 200 mM ammonium acetate (pH 7.0) to
achieve a final 10 μM protein concentration, were ana-
lyzed by direct infusion electrospray ionization (ESI) on a
Q-Tof Xevo G2S spectrometer (Waters). The analyses
were performed in nanoflow mode by using quartz emit-
ter produced in-house by using a Sutter Instruments
Co. (Novato, CA, USA) P2000 laser pipette puller. Up to
5.0 μl samples were typically loaded onto each emitter by
using a gel-loader pipette tip. A stainless-steel wire was
inserted in the back end of the emitter to supply an ioniz-
ing voltage in the range of 1–1.6 kV. Source temperature
was set at 30�C and desolvation voltage was 40 V. All
experiments were performed in positive ion mode. Data
were processed by using Mass Lynx (v 4.2, SCN781;
Waters) software. To evaluate conformer occurrence,
abundances of the different populations in each experi-
ment were calculated aided by in-house developed
MATLAB (R2016b) scripts, expressed as percentage, and
compared.

4.8 | HDX experiments

HDX experiments54 were performed on protein samples
eluted by SEC at a final concentration of 0.1 μM. H/D
exchange was performed diluting samples 20 folds in deu-
terated buffer (20mM sodium phosphate pH 7.4 in deu-
terated water) to a final D2O concentration of 95% (v/v).
Exchange procedures were carried out on ice to slow
down the exchange process and exacerbate the H/D
exchange differences. The isotopic exchange was succes-
sively quenched by adding formic acid (FA) to 0.6% (v/v)
in a 1:1 ratio with the sample volume to a final pH 2.5.
Samples were desalted in a Waters MassPREP™ Micro
Desalting Columns (2.1 � 5mm) cooled at 1�C. The elu-
tion was obtained by using a gradient of water containing
FA (0.23% V/V) and acetonitrile containing FA (0.23%
V/V) from 5% to 50% in 3 min, at a flow rate of 50 μl/min.
Samples were analyzed by a Xevo G2-XS ESI-Q-TOF spec-
trometer (Waters Corporation, Milford, Massachusetts,
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USA). A wash cycle was performed between each sample
to avoid signal carry-over. The m/z spectra were deco-
nvoluted by the software MaxEnt1. The level of back-
exchange was calculated by using the following formula:
100%� (MassFully deuterated–MassH2O)/(# theoretical incor-
poration sites � % exchangeable D2O in buffer).

4.9 | Statistical analysis

All data were reported as means values ± standard devia-
tion (SD) of triplicates for HDX-MS analysis. The experi-
ments were replicated eight times for SEC analysis and
12 times for ThT assay. Statistical analysis using one-way
ANOVA, with p value < .05 as regarded statistically sig-
nificant. The differences between control and experimen-
tal samples were determined by t-test.
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