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Abstract

Parkinson's disease is the second most common neurodegenerative disease. It is characterized by
aggregation of the protein a-synuclein (a-syn) in Lewy bodies, mitochondrial dysfunction, and increased
oxidative stress in the substantia nigra. Oxidative stress leads to several modifications of biomolecules
including dityrosine (DiY) crosslinking in proteins, which has recently been detected in a-syn in Lewy bodies
from Parkinson's disease patients. Here we report that a-syn is highly susceptible to ultraviolet-induced DiY
formation. We investigated DiY formation of a-syn and nine tyrosine-to-alanine mutants and monitored
its effect on a-syn fibril formation in vitro. Ultraviolet irradiation of intrinsically disordered a-syn generates
DiY-modified monomers and dimers, which inhibit fibril formation of unmodified a-syn by interfering with fibril
elongation. The inhibition depends on both the DiY group and its integration into a-syn. When preformed a-syn
fibrils are crosslinked by DiY formation, they gain increased resistance to denaturation. DiY-stabilized a-syn
fibrils retain their high seeding efficiency even after being exposed to denaturant concentrations that
completely depolymerize non-crosslinked seeds. Oxidative stress-associated DiY crosslinking of a-syn
therefore entails two opposing effects: (i) inhibition of aggregation by DiY-modified monomers and dimers, and
(ii) stabilization of fibrillar aggregates against potential degradation mechanisms, which can lead to promotion

of aggregation, especially in the presence of secondary nucleation.
© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Parkinson's disease (PD) is the second most
common neurodegenerative disease with a preva-
lence of around 1% in people older than 65 years [1],
resulting in approximately 100,000 deaths in 2013 [2].
The lifetime risk to develop PD is around 2% for men
and 1.3% for women with a tendency to increase in an
aging society [3]. On the molecular level, PD patho-
physiology shows abnormal aggregation of the intrin-
sically disordered protein (IDP) a-synuclein (a-syn) [4],
as well as increased oxidative stress (OS), especially
in dopaminergic neurons of the substantia nigra [5].

Aggregation of a-syn into amyloid fibrils and finally
intracellular Lewy body deposits is a central feature
of PD and other Lewy body diseases [4]. This is

reflected in the genetics of familial forms of PD, where
multiplication of or point mutations (A53T, A30P,
E46K, G51D) in the SNCA gene (encoding a-syn)
cause hereditary early-onset forms of PD [6]. Aggre-
gation of a-syn is detrimental to cells in many ways as
it decreases the free a-syn monomer pool, thereby
disturbing the physiological function of a-syn, that is,
maintenance of the synaptic vesicle pool [7,8] and
dopamine trafficking and homeostasis [9]. Moreover,
various aggregated species of a-syn have been
shown to form pores in the cell membrane [10],
damage mitochondria [11], destabilize microtubules
[12,13], and cause endoplasmatic reticulum stress
[14].

Besides a-syn aggregation, OS is a central hallmark
of PD [5]. The substantia nigra is a brain region with
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increased OS. First, its high dopamine content is a
source of reactive oxygen species (ROS), as the
deamination of dopamine by monoamine oxidase
generates H,O,, which is a strong oxidizing agent
[15]. Besides that, dopamine autooxidates to dopa-
mine o-quinone and aminochrome, thereby creating
toxic superoxide and hydroxyl radicals [16]. Moreover,
dopaminergic neurons contain high amounts of iron,
which is known to catalyze ROS production via the
Fenton reaction [17]. Also, mitochondrial dysfunction,
for example, inhibition of complex I, is part of PD
pathophysiology [18]. Complex | inhibition results in
increased production of ROS [19]. This can, for
example, be triggered by 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine, a drug that inhibits complex | and
thereby leads to characteristic PD symptoms, making
it an animal model for PD [20]. Besides that, familial
early-onset forms of PD are caused by mutations in
PINK1 [21], PRKN [22], and PARK7 [23], which code
for proteins that usually associate with mitochondria in
OS conditions and either prevent oxidative damage
[24] or initialize autophagy of already damaged
mitochondria [25].

OS is harmful to cells in many ways, as it leads to
lipid peroxidation, DNA damage, and dityrosine (DiY)
formation in proteins [26]. DiY crosslinks are formed
when two tyrosyl radicals react with each other to form
a Cortno—Cortho COvalent bond between the two phenol
moieties [27]. Elevated DiY levels have been shown to
existin the brains of Alzheimer's disease patients [28],
and DiY crosslinking of amyloid-3 increases its toxicity
by enhanced aggregation propensity and stabilization
of already aggregated amyloid-3 fibrils [29]. In PD,
DiY and a-syn are colocalized in Lewy bodies of
substantia nigra brain sections [30]. Moreover, DiY is
present in ROS-induced a-syn aggregates in dopa-
minergic SH-SY5Y cells [31] and is a marker of OS in
a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine model
of PD [32]. DiY crosslinking of a-syn in vitro has been
performed by incubating a-syn with peroxynitrite/CO»
[33-35], CuCl»/H>0, [30,34], and cytochrome ¢/H,0,
[36]; by prolonged incubation [37]; or upon purification
[38]. To specifically achieve DiY modification of a-syn,
photosensitization of tris(bipyridine)-ruthenium(ll)
chloride in presence of ammonium persulfate was
performed, demonstrating toxicity of the photoinduced
oligomeric species to SH-SY5Y cells [39]. The in vitro
studies have consistently linked DiY formation to
stabilization of preformed aggregates [33,36,37,39].
In contrast, the reported effects on a-syn fibril
formation varied, comprising complete inhibition of
fibril formation [34], reduction of the fibril amount
[39], formation of off-pathway aggregates [36], and
increased fibril formation [30].

In previous in vitro studies, extensive crosslinking
typically resulted in a-syn multimers up to high-n
oligomers [30,33,34,36,39]. An alternative method
for DiY generation is direct photolysis by ultraviolet
(UV) irradiation at a wavelength of around 280 nm,

which generates tyrosyl radicals by photo-ejection of
electrons [40]. DiY formation can in this case be
directly followed by an increasing fluorescence
emission at 410 nm, as has been applied in studies
of the DiY formation characteristics of, for example,
calmodulin [41] and insulin [42].

Here we show that a-syn is highly susceptible to DiY
formation by UV irradiation, resulting in DiY-modified
a-syn monomers and dimers but not higher-n oligo-
mers. We compare UV-induced DiY formation of
wild-type (WT) a-syn and several tyrosine-to-alanine
(Y-to-A) mutants. We investigate the consequences of
DiY formation for a-syn fibril formation and observe
both inhibitory and stabilizing effects, depending on
whether soluble or aggregated a-syn is DiY-modified.

Results

a-Syn is highly susceptible to DiY formation upon
UV irradiation at 280-nm wavelength

To study the effect of DiY crosslinks on a-syn
aggregation, we generated DiY-modified a-syn by UV
irradiation. a-Syn was expressed and purified with an
N-terminal acetyl group, corresponding to the physi-
ological state [43]. We chose UV-irradiation-induced
DiY formation, as it allows online monitoring of DiY
formation kinetics by fluorescence spectroscopy and
enables preparation of sufficient amounts of DiY-
crosslinked protein for biophysical studies. As there
are no tryptophans and cysteines in a-syn and
only two phenylalanines (Aex max): 258 nm), its four
tyrosine residues are the major target for photo-
oxidative modifications [42]. We therefore applied UV
irradiation at 280 nm, using the xenon lamp of a
spectrofluorometer as the light source, to selectively
excite tyrosine and transform it into a radical, which
leads to the formation of DiY,, its most abundant photo-
oxidation product [44]. The kinetics of DiY formation
were simultaneously recorded by monitoring DiY
fluorescence emission at 410 nm. WT a-syn rapidly
formed DiY upon irradiation in the spectrofluorometer,
reaching a DiY fluorescence intensity plateau within
minutes (Fig. 1a, black trace, Supplementary Fig. S1).
The set of a-syn species resulting from UV-induced
DiY formation was analyzed by size exclusion
chromatography (SEC) and sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)
(Fig. 1e, f). Monomers and dimers but no higher-n
oligomers were detected. In SDS-PAGE, weak
additional bands appeared below the monomer
band upon UV irradiation, which presumably corre-
spond to tyrosine-dependent fragmentation products
(Supplementary Fig. S2) [45,46].

In order to test if the four tyrosine residues in a-syn
possess different propensities for DiY formation, we
created nine Y-to-A mutants of a-syn, the single
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Fig. 1. DiY formation kinetics of WT a-syn and Y-to-A mutants. (a) DiY formation kinetics of WT a-syn and single/
double/triple Y-to-A mutants upon UV irradiation at 280 nm wavelength, monitored by DiY fluorescence at 410 nm.
Fluorescence intensities were normalized by setting the highest fluorescence value of WT DiY-a-syn to unity. All curves
are means of triplicate measurements. Solid lines represent fits to a consecutive two-step reaction, except for WT a-syn,
for which a one-step first-order model was applied. (b) Zoom into the first 10 s of the kinetics of WT a-syn and single Y-to-A
mutants. (c) Zoom into the DiY formation kinetics of the triple Y-to-A mutant, Y125A-Y133A-Y136A. (d) a-Syn variants
investigated in this study. (e) SDS-PAGE of WT a-syn and Y-to-A mutants before (-) and after (+, samples taken when the
DiY fluorescence plateau was reached) UV irradiation. 1: WT a-syn, 2—-9: single/double/triple Y-to-A mutants in same order
as in panel d, 10: quadruple Y-to-A tyrosine knockout mutant. (f) SEC of WT DiY-a-syn, C-term DiY-a-syn (Y39A), and
N-term DiY-a-syn (Y125A-Y133A-Y136A). (g) DiY fluorescence in dimer and monomer peaks after SEC of WT DiY-a-syn,
total fluorescence, and fluorescence intensity normalized to protein concentration are shown as means of triplicates.

mutants Y39A, Y125A, Y133A, and Y136A; double
mutants Y125A-Y133A, Y125A-Y136A, and Y133A-
Y136A; the triple mutant Y125A-Y133A-Y136A;
and a quadruple tyrosine knockout mutant. All single
Y-to-A mutants exhibited similar DiY formation
kinetics, with Y39A reaching a slightly higher final
fluorescence intensity compared to the other single
mutants (Fig. 1a, b, blue traces). Similarly, the three
double mutants showed comparable DiY formation
kinetics (Fig. 1a, b, red traces). This indicates that the
DiY formation propensity does not differ greatly
between the four tyrosines in a-syn. The extent of
DiY formation as judged from the final DiY fluores-
cence intensities increased with the number of
tyrosine contained in the a-syn variant (Fig. 1 and
Supplementary Table S1). As expected, the quadru-
ple Y-to-A mutant of a-syn devoid of tyrosines did not
show tyrosine or DiY fluorescence (Supplementary
Fig. S1 and Supplementary Table S1). For all tyrosine-
containing variants, the occurrence of DiY fluores-
cence was accompanied by a decrease in tyrosine
fluorescence in the range of 17%—28%, suggesting
that only ~20% of tyrosines are converted to DiY
after UV irradiation (Supplementary Fig. S1 and
Supplementary Table S1). A limited yield of DiY
formation upon UV irradiation has been observed
before, with ~6% conversion to DiY in the case of

calmodulin, and has been attributed to competing
reactions [26].

In the case of WT a-syn, containing four tyrosines,
a strong increase in DiY fluorescence was observed
directly from the beginning of UV irradiation (Fig. 1b),
with kinetics in agreement with a one-step first-order
reaction (Fig. 1a). In contrast, all other variants,
containing three or less tyrosines, showed a sigmoidal
profile of DiY formation and could be fit to the reaction
scheme of a consecutive two-step reaction (Fig. 1a;
rate constants are given in Supplementary Table S2).
The difference in the reaction profile of WT and
mutant a-syn indicates that WT a-syn is exceptionally
susceptible to DiY formation. The present data do not
report on the step in the DiY formation mechanism
responsible for this effect. However, the clear differ-
ence between WT a-syn and the single Y-to-A
mutants suggests that its four tyrosines concertedly
prime WT a-syn for DiY formation.

One factor that may promote rapid DiY formation in
a-syn is the structural flexibility of the IDP, which
enables contacts between all tyrosines [33]. Ribonu-
clease A is a globular protein containing six tyrosine
and no tryptophan residues, with the capacity to form
DiY-linked dimers [47]. When UV irradiated at the
same conditions, DiY formation is much slower in
ribonuclease A compared to a-syn (Fig. 2), supporting
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Fig. 2. DiY formation kinetics of a-syn WT and ribonu-
clease A. DiY formation kinetics of 100 pM a-syn WT and
100 pM ribonuclease A (RNase A). A zoom into the DiY
formation kinetics of RNase A for a longer time (1 h) is also
shown. The mean curve of triplicate measurements was
normalized by setting the highest fluorescence intensity of
a-syn WT to unity.

a role of a-syn's conformational flexibility in facilitating
DiY formation.

To evaluate the ratio of inter- to intramolecular DiY
formation, dimers and monomers of UV-irradiated
WT a-syn were purified by SEC (Fig. 1f). The dimer
fraction contained only ~5% of the total protein
according to absorbance at 220 nm, yet exhibited
nearly the same DiY fluorescence intensity as the
monomer fraction (Fig. 1g). The lower DiY content
per protein in the monomer fraction is in agreement
with the limited conversion of tyrosines to DiY. UV
irradiation-induced a-syn dimers could also be
visualized by SDS-PAGE for all a-syn variants apart
from the quadruple Y-to-A mutant of a-syn devoid of
tyrosines (Fig. 1e).
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DiY-modified monomers and dimers inhibit fibril
formation of unmodified a-syn by interfering with
fibril elongation

We next evaluated the effect of DiY crosslinks on
a-syn aggregation. To this end, UV-irradiated solu-
tions of WT and Y-to-A mutant a-syn that had achieved
the final plateau of DiY fluorescence intensity (referred
to hereafter as DiY-a-syn) were added to non-UV-
irradiated WT a-syn, and aggregation was monitored
by thioflavin T (ThT) fluorescence. The solutions
contained 25 yM WT a-syn and 25 pM DiY-a-syn
(total protein concentration; DiY-containing protein
molecules were not further enriched). WT and Y-to-A
mutant DiY-a-syn greatly inhibited aggregation of
WT a-syn, manifested in a prolonged lag time and a
reduced slope of the aggregation time course in the
observed growth phase (Fig. 3a, b). SEC confirmed
the ThT data, indicating that non-UV-irradiated WT
a-syn remained largely monomeric in the presence
of DiY-a-syn for a prolonged time (Supplementary
Fig. S3). WT DiY-a-syn and all tyrosine-containing
Y-to-A mutant DiY-a-syn variants inhibited aggrega-
tion to a similar extent. In contrast, the UV-irradiated
quadruple Y-to-A mutant devoid of tyrosines (Fig. 3c)
and the non-irradiated a-syn variants (Supplementary
Fig. S4) did not inhibit a-syn aggregation. To
investigate the specificity of aggregation inhibition by
DiY-a-syn, we evaluated the inhibitory potential of free
DiY and of a UV-irradiated, DiY-containing fragment of
the tau protein, TauK18A280AA [48]. Like a-syn, tau is
an IDP involved in neurodegenerative diseases, and
interactions of a-syn and tau have been reported [49].
Free DiY did not show a significant effect on a-syn
aggregation (Fig. 3c). DiY-TauK18A280AA led to a
prolonged lag time of a-syn aggregation but did not
have a strong effect on the slope of the aggregation

—~
o
-~

N
=}

g 104 g 104 g

c c c

[ [ [T

® 087 @ 081 » 167

¢ o 9

5 5 S

206t 2 o06f 2124

= = =

= = =

F o4t F 04t =084

k-] T -}

Q (9] [

N N N

= 0.21 T 02+ T 044

£ £ £

g 00; ' ; ; ; ; g 00; ; ; ; ' ; 2 0.0 " " "
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

time [h] time [h] time [h]

- WT —&- DiY Y125A —— WT -8 DiY Y125A-Y136A
—=— DiY WT —— DiY Y133A - DiYWT - WT —¥— UV Y39A-Y125A-Y133A-Y136A
—-o— DiY Y39A —8— DiY Y125A-Y133A —@— DiY Y125A-Y133A-Y136A - Dityrosine —€— DiY Tau K18A280AA

Fig. 3. Influence of DiY-a-syn and other DiY species on the aggregation of a-syn. Kinetics of fibril formation of 25 uM
non-irradiated WT a-syn in the presence of (black) 25 uM of non-irradiated WT a-syn, or in the presence of 25 pM of the
indicated DiY species: (a) single Y-to-A mutants, (b) double/triple Y-to-A mutants, (c) quadruple tyrosine knockout mutant,
DiY/tyrosine mix (prepared as DiY a-syn), and DiY-TauK18A280AA. Mean curves of triplicates are shown (with the
exception of the black curve, which is the mean of 15 experiments), normalized by setting the highest fluorescence
intensity in the aggregation reaction of non-irradiated WT a-syn to unity.
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time course in the observed growth phase (Fig. 3c).
These observations demonstrate that the specific
protein environment of DiY determines the effect on
aggregation, and that DiY-a-syn is particularly potent
at inhibiting a-syn aggregation.

The efficient aggregation inhibition entailed by the
triple mutant Y125A-Y133A-Y136A, which can only
form intermolecular DiY crosslinks through its sole
tyrosine residue Y39, suggests that DiY-crosslinked
a-syn dimers are the main inhibitory species (Fig. 3b).
To compare the inhibitory potential of DiY-a-syn
dimers and monomers, the dimeric and monomeric
DiY-a-syn fractions were separated by SEC (Fig. 1f)
and added to WT a-syn aggregation reactions
(Fig. 4a, b). Apart from WT DiY-a-syn, the single
Y-to-A mutant Y39A DiY-a-syn, which can form inter-
and intramolecular DiY only in the C-terminal domain
(thus denoted C-term DiY-a-syn), and the triple Y-to-A
mutant Y125A-Y133A-Y136A, which can only form
intermolecular DiY in the N-terminal domain (thus
denoted N-term DiY-a-syn), were included in this
experiment. DiY-a-syn dimers were added at a
concentration of 1.25 yM to 25 yM WT a-syn, that
is, at a substoichiometric ratio of 1:20 or 1:10 with
regard to the dimer concentration or subunit concen-
tration, respectively. To achieve the same DiY
concentration in the case of DiY-a-syn monomers,
they were added at a total protein concentration of
10 pM, accounting for the approximately eight-times
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lower DiY fluorescence compared to DiY-a-syn
dimers (Fig. 1g). Addition of the N-term DiY-a-syn
monomer fraction resulted in only minor effects on WT
a-syn aggregation, in agreement with the fact that this
construct cannot form intramolecular DiY crosslinks.
In contrast, all DiY-a-syn dimers as well as WT and
C-term DiY-a-syn monomers strongly inhibited WT
a-syn aggregation (Fig. 4a). Dimers, irrespective of
the domain location of the DiY crosslinks, achieved a
higher inhibitory effect than monomers, supporting a
dominant role of dimers in DiY-a-syn-associated
aggregation inhibition.

To test the effect of DiY-a-syn on the elongation of
a-syn fibrils, WT a-syn aggregation was monitored in
the presence of ultrasonicated a-syn WT fibrils seeds,
under conditions disfavoring formation of new nuclei
or fibril fragmentation [50]. As expected under these
conditions, WT a-syn aggregation proceeded rapidly
without a discernible lag phase (Fig. 4b). In the
presence of DiY-a-syn dimers at a substoichiometric
ratio of 1:20, however, this process is halted, resulting
ina ~ 5-fold lower final ThT fluorescence compared to
aggregation reactions in the absence of DiY-a-syn
dimers (Fig. 4b). The inhibitory effect of DiY-a-syn
on fibril elongation was confirmed by atomic force
microscopy (AFM). Sonicated seed particles were
imaged as bundles of short (length <200 nm) fibrils of
WT a-syn [51] (Fig. 4d). After quiescent incubation of
seeds with WT a-syn monomers in the absence of WT
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DiY-a-syn dimers, long fibrils formed (Fig. 4d). In
contrast, after quiescent incubation of seeds with WT
a-syn monomers in the presence of WT DiY-a-syn
dimers, the seed fibril bundles appeared unchanged
and long fibrils could not be observed (Fig. 4d).

We investigated if the inhibitory effect of DiY-a-syn
dimers depends on the nature of the crosslink, by
comparing the effect of a-syn dimers crosslinked
through a C-terminal disulfide bond. Dimers of a-syn
A140C had only minor effects on de novo and seeded
aggregation of WT a-syn (Fig. 4a, b). This demon-
strates that the DiY crosslink exerts specific effects.

The substoichiometric inhibition entailed by DiY-a-
syn indicates that it interferes with nucleation and/or
elongation of a-syn fibrils by interacting with higher-
order a-syn assemblies such as oligomers, fibril
surfaces, or fibril ends. We tested if DiY-a-syn also
has an effect on the conformation of monomeric a-syn.
For this purpose, the ("H-"°N) heteronuclear single
quantum coherence NMR spectra of [U-"°N]-a-syn in
the absence and presence of a 4-fold excess of
[NA]-DiY-a-syn were compared (Fig. 4c). The spectra
perfectly superimposed, suggesting the absence of an
effect of DiY-a-syn on a-syn monomer conformation.

DiY formation stabilizes on-pathway aggregation
seeds

OS-associated DiY crosslinking can stabilize pre-
formed aggregates [33,36,37,39]. We evaluated the
stabilization of preformed a-syn fibrils by UV-induced
DiY crosslinking against chemical denaturation and
examined if DiY-stabilized a-syn aggregates retain
the ability to seed a-syn fibrillation. To this end, we
preformed a-syn fibrils and split the fibril sample in
two halves, one of which was UV irradiated for DiY
crosslinking. The samples were subsequently incu-
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bated in 4 M guanidinium chloride (GdnHCI), a potent
denaturant of non-crosslinked a-syn fibrils [52]. The
non-irradiated sample experienced a rapid decline in
ThT fluorescence under these conditions (Fig. 5a)
and eluted in SEC almost exclusively as a monomer
after 90 min of incubation (Fig. 5b). In contrast, the
decrease in ThT fluorescence was less pronounced
for the DiY-crosslinked sample, which eluted in SEC
as a mixture of monomers, low-n oligomers, and high-
molecular-weight aggregates of >600 kDa (Fig. 5a,
b). AFM imaging of the void volume fraction of 4 M
GdnHCl-treated DiY-crosslinked fibrils revealed small
fibril fragments of about 30- to 200-nm length (Fig. 5¢).
These stabilized fibril fragments were subsequently
added to an aggregation reaction of monomeric
a-syn under conditions disfavoring formation of new
nuclei or fibril fragmentation, demonstrating seeding
activity of DiY-stabilized a-syn fibrils (Fig. 5d). The
void volume fraction of 4 M GdnHClI-treated non-
crosslinked fibrils, on the other hand, did not seed
a-syn fibrillation (Fig. 5d), in agreement with the
absence of stabilized fragments in this case (Fig. 5b).
In conclusion, OS-associated DiY crosslinking in a-
syn fibrils leads to a substantial increase in resistance
to denaturation. When DiY-crosslinked fibrils are
partially denatured and subsequently separated
again from the denaturant, they still exhibit a strong
seeding efficiency for a-syn monomers.

Discussion

Several post-translational modifications of a-syn
have been identified in Lewy bodies, potentially with
critical impact on a-syn aggregation [53]. One of these
modifications is DiY formation, which is special in its
capacity to establish novel covalent bonds between
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Fig. 5. DiY crosslinking stabilizes a-syn fibril seeds. (a) Chemical denaturation in 4 M GdnHCI of WT a-syn fibrils that
were (blue) or were not (black) subjected to DiY crosslinking by UV irradiation at 280 nm before, monitored by ThT
fluorescence. (b) SEC after 90 min of denaturation, performed on a Superdex 200 column. S: void volume peak containing
seeds (>600 kDa); D: DiY dimer peak; M: a-syn monomer peak. The void volume fractions collected for further
characterization are indicated by a blue box. (c) AFM micrograph (height image) of purified DiY-stabilized fibril seeds.
(d) Seeding capacity of DiY-stabilized fibril fragments (concentration of 3.5 puM, calculated in monomer units) evaluated by
addition to a fibril formation assay of 25 pM non-irradiated a-syn monomer under conditions disfavoring formation of new
nuclei or fibril fragmentation (blue). The corresponding SEC fractions of denatured non-crosslinked fibrils (see panel b)

were applied as a control (black).
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sites that are distant in the primary sequence, as well
as between two protein molecules. In the case of IDPs
like a-syn, these crosslinks will strongly influence the
ensemble of conformations adopted by the polypep-
tide chain [36]. We find that a-syn is highly susceptible
to UV-induced DiY formation. This is likely another
consequence of its IDP nature [33], as the globular
protein ribonuclease A, which like a-syn contains
tyrosines and no tryptophan, shows insignificant
levels of DiY formation in comparison (Fig. 2). This
is in accordance with studies on the IDP B-casein,
which has a dramatically increased propensity for DiY
formation compared to the globular proteins BSA and
B-lactoglobulin [54]. Strikingly, WT a-syn containing
four tyrosines exhibits a different time course of DiY
formation from that of all mutants containing three or
less tyrosines, achieving a far higher initial rate of DiY
production (Fig. 1b). The very significant difference in
rates cannot simply be explained by statistical
arguments. Assuming that the rate of production of
the tyrosine radical and its lifetime are not the limiting
factors of DiY formation, but rather the encounter of
two tyrosine radicals, we would expect a ratio of the
rates of 6 to 3 to 1, corresponding to the number of
possible intramolecular DiY pairs if a total of four,
three, and two tyrosines are present per molecule
of a-syn. In addition, the WT sequence with four
tyrosines can in principle form two DiY crosslinks, so
that the upper bound of the ratios of the intramolecular
DiY formation kinetics of a purely statistical treatment
is 12 to 3to 1. Therefore, the much larger difference in
response toirradiation between the WT sequence and
the tyrosine deletion mutants is most likely due to

differences in the efficiency in radical generation,
radical lifetime, and the rates of potential side
reactions other than DiY formation that the tyrosyl
radicals can undergo. The distinct changes from the
four-tyrosine-containing WT to the three-tyrosine-con-
taining mutants suggest significant differences in the
collective photophysical properties of the tyrosines in
these constructs. These properties are likely deci-
sively affected by the high local concentration of
tyrosine in a-syn (60 mM, assuming a radius of 3 nm
for the a-syn molecule) [55], and by the particular
capability of tyrosine residues to establish intra- and
intermolecular contacts of IDPs [56,57].

Analysis of the Y-to-A mutants furthermore indi-
cates that the propensity for UV-induced DiY forma-
tion does not differ greatly between the four tyrosines.
This is reminiscent of a study on peroxynitrite-induced
DiY formation, which arrived at the same conclusion
by analyzing a set of tyrosine-to-phenylalanine
mutants [34]. In contrast, other studies have observed
dominant roles of Tyr-125 [35] or Tyr-133/Tyr-136
[36], or have prevalently detected Tyr-39 in DiY
crosslinks [38,39], suggesting that the method of
tyrosyl radical formation affects the residue-specific
DiY formation propensity.

We observe opposing effects of DiY formation on
a-syn fibrillation, depending on whether monomers
or fibrils are DiY modified (Fig. 6). UV-induced DiY-
modification of a-syn monomers led to intra- and
intermolecular DiY crosslinks, with similar amounts of
DiY in the monomer and dimer fractions, but insignif-
icant formation of higher-n oligomers (Fig. 1e, f, g).
Substoichiometric amounts of DiY-modified monomers
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Fig. 6. Scheme of the effects of DiY formation on a-syn aggregation. (a) Pathogenic aggregation process of a-syn from
monomers to nuclei/fibril seeds and mature fibrils. (b) Inhibition of a-syn aggregation. When a-syn monomers are DiY
modified by UV irradiation or ROS, resulting in DiY-crosslinked dimers and monomers, both nucleation and fibril elongation are
inhibited. (c) Stabilization of a-syn fibril seeds by DiY formation. When a-syn nucleiffibrils are modified by DiY crosslinking, they
gain increased resistance to denaturation and retain the capacity to seed fibril growth.
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and dimers inhibited de novo fibril formation as well
as seeded fibril growth of unmodified a-syn (Fig. 6b).
This demonstrates that at least the fibril elongation
step of the aggregation reaction is inhibited. Since free
DiY and a DiY-containing fragment of the tau protein
showed no or only weak effects on a-syn fibrillation,
respectively, specific interactions between DiY-
modified and -unmodified a-syn molecules seem to
be critical for aggregation inhibition. The hydrophobic
NAC region might be a key interaction site in this
context, as it is critical for a-syn self-assembly. At
the same time, the inhibitory effect is not a general
phenomenon linked only to dimer formation, as a dimer
linkage through a C-terminal disulfide bond could not
reproduce the effect of C-terminal DiY crosslinking
(Fig. 4a, b). This suggests that DiY is not just serving as
a linker that modulates the conformational ensemble of
a-syn, but that the DiY group is actively involved in
interactions that lead to an inhibition of fibril elongation.
The position of the crosslinked tyrosines within the
primary sequence does not seem to be critical for these
inhibitory interactions, since they are established by
both purely N-terminal crosslinks (via Tyr-39, which is
part of the B-sheet core in the fibrillar state [58—63]) and
purely C-terminal crosslinks (via Tyr-125, Tyr-133, or
Tyr-136, within the charged tail that remains disordered
in the fibrillar state). The substoichiometric inhibition
of fibril elongation suggests that these interactions
occur preferentially at the fibril end. With fibril ends,
DiY-modified monomers and dimers establish interac-
tions that are incompatible with fibril elongation. The
stronger inhibitory effect of the dimer compared to the
monomer could be due to the larger number of sites
in the dimer that are involved in such off-pathway
interactions (e.g., two NAC regions in the dimer
versus one in the monomer), or due to the increased
topological challenge to correctly incorporate a dimer
into the in-register fibril core. We note again, however,
that the specific DiY crosslink is critical for the
enhanced inhibition of the dimer, as a dimer linkage
through a C-terminal disulfide bond did not show a
significant inhibitory effect.

Previous studies have shown that DiY crosslinking
stabilizes preformed a-syn aggregates against
chemical denaturation [33,36,37,39]. We find that
preformed a-syn fibrils stabilized by UV-induced DiY
modification are effective at seeding a-syn fibril
growth (Figs. 5d and 6c¢). Stabilization of a-syn fibril
seeds by DiY crosslinking might consequently be a
factor that counteracts their cellular degradation and
hence supports the persistence and even spreading of
a-syn pathology. Which tyrosine residue(s) in a-syn
might be responsible for this effect? Several studies on
the structure of a-syn fibrils have shown that Tyr-39 is
part of the parallel, in-register B-sheet core [58—63].
Tyr-39is not located within the Greek key motif [63], but
in a peripheral B-sheet. The addition of an intermolec-
ular covalent bond to this region between adjacent
Tyr-39 side chains might well lead to increased fibril

stability. Moreover, the C-terminal tyrosines Tyr-125,
Tyr-133, and Tyr-136 of different monomers are also in
proximity to each other within the disordered tails at the
fibril surface and thus available for crosslinking, which
could further contribute to fibril stability.

In contrast to the consistent observation of stabili-
zation of preformed a-syn aggregates [36], previous
studies reported different effects of DiY crosslinking
on de novo fibril formation. In agreement with the
inhibitory effect of DiY-modified a-syn monomers and
dimers reported here, Norris et al. [34] found that
a-syn did not polymerize into fibrils after peroxynitrite
treatment. Tris(bipyridine)ruthenium(ll) chloride pho-
tosensitization led to a reduction in fibril yield [39].
In contrast, formation of off-pathway aggregates or
increased fibril formation was observed upon treat-
ment with cytochrome ¢/H>O, [36] or CuCl./H>0, [30],
respectively. Specifically for DiY-crosslinked a-syn
dimers, a reducing effect on the fibril yield of non-
crosslinked a-syn [39] or a role as critical on-pathway
intermediate [37] has been reported. The disparate
findings suggest that the conditions of tyrosyl radical
generation modulate the effects of DiY-a-syn on fibril
formation, for example, by determining the extent of
DiY modification and the set of DiY-modified a-syn
species. In fact, we observe exclusively DiY-modified
a-syn monomers and dimers after UV irradiation,
whereas previous protocols generated a-syn multi-
mers up to high-n oligomers [30,33,34,36,39].

We find that DiY-modified monomers and dimers
strongly inhibit fibril elongation, whereas DiY stabi-
lization of fibril seeds promotes fibril elongation in the
presence of a degradation/destabilization process.
DiY modification of a-syn might therefore protect
from aggregation in the absence of aggregates, or
when low aggregate amounts are present. However,
as aggregation proceeds in the course of disease
progression, DiY formation might switch from an
aggregation-inhibiting to an aggregation-promoting
factor above a critical level of aggregate formation. In
the presence of secondary nucleation processes that
lead to autocatalytic proliferation of fibrils [50], the rate
of which depends on the total mass of fibrils, DiY-
induced stabilization of fibrils could ultimately result
in the initiation of a positive feedback loop of a-syn
aggregation.

Materials and Methods

Expression and purification of acetyl-a-syn and
acetyl-a-syn mutants

Acetyl-a-syn WT, acetyl-a-syn Y-to-A mutants and
acetyl-a-syn-A140C were expressed in Escherichia
coliBL21DES3 carrying codon-optimized a-synin pT7—
7 vector and the pNatB vector with the N-terminal
acetylation enzyme NatB from Schizosaccharomyces
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pombe [64]. PNatB (pACYCduet-naa20-naa25) was a
gift from Dan Mulvihill (Addgene plasmid no. 53613).
Y-to-A mutants were generated by QuikChange site-
directed mutagenesis. Expression was conducted in
phosphate-buffered (50 mM, pH 7.2) 2YT-medium
with 0.4% glycerol and 2 mM MgCly; protein produc-
tion was induced at ~OD 1.2 with 1 mM IPTG and run
for 4 h at 37 °C. Purification of a-syn was performed
as previously described [65] with modifications to the
original protocol: Cell lysis and release of thermosta-
ble a-syn was carried out by boiling the frozen cell
pelletin a fourfold volume of dH,O at 95 °C for 30 min.
After centrifugation at 15,000g and 4 °C for 30 min,
the protein in the supernatant was precipitated
by gradually adding saturated ammonium sulfate
solution until 50% saturation was reached. Protein
was pelleted at 15,000g and 4 °C for 30 min and
resuspended in 50 ml of 50 mM Tris—HCI at pH 8,
sterile-filtered, and loaded onto a 5-ml HiTrap Q FF
anion exchange chromatography column (GE Health-
care). Acetyl-a-syn eluted at ~300 mM NaClin a 0- to
500-mM NaCl gradient. The elution fractions were
precipitated by adding saturated ammonium sulfate
solution to 50% saturation, the protein pelleted as
before, resuspended in dH,O and finally purified by
SEC on a Superdex 75 16/60 column (GE Healthcare)
in 256 mM K-phosphate buffer at pH 7.3 and 100 mM
KCI. Final yields were ~40-60 mg/L culture for acetyl-
a-syn WT and Y-to-A mutants, and around 20 mg/L
for acetyl-a-syn A140C. Protein concentrations were
determined by absorbance measurement at 275 nm
using an extinction coefficientof 5600 M~" cm™" if not
stated otherwise.

DiY formation by UV irradiation

For DiY formation, 100 uM solutions of a-syn WT
and a-syn Y-to-A mutants as well as tauK18A280AA,
tyrosine, and ribonuclease A in 25 mM K-phosphate
buffer at pH 7.3 and 100 mM KCI were loaded into a
fluorescence cuvette with a magnetic stir bar. All
spectra and DiY formation kinetics were recorded on
a JASCO FP-6500 spectrofluorometer at 20 °C.
Before and after DiY formation, tyrosine spectra
(Aex = 274 nm, bandwidth 5 nm; Ag,, = 290-350 nm)
and DiY spectra (Agx = 320 nm, bandwidth 5 nm;
Aem = 350480 nm) were recorded. DiY formation
was induced at Ag, =280 nm (bandwidth 20 nm)
and monitored every second at Ag,,, = 410 nm (band-
width 20 nm). UV irradiation and fluorescence read-
ings were stopped when a fluorescence intensity
plateau was reached to prevent excessive photo-
bleaching. For evaluation, buffer fluorescence was
subtracted and the mean of triplicate measurements
was normalized by setting the highest fluorescence of
WT DiY-a-syn to unity. The kinetics of DiY formation
were fit to a consecutive two-step reaction or a one-
step first-order reaction, using Abscissa 2D plot and fit
tool by Riidiger Brihl™.

Separation of DiY-a-syn dimers and DiY-a-syn
monomers

To compare the inhibitory potential of DiY-a-syn
dimers and monomers, the dimeric and monomeric
fractions of WT DiY-a-syn, the single Y-to-A mutant
Y39A DiY-a-syn (C-term DiY-a-syn), and the triple
Y-to-A mutant Y125A-Y133A-Y136A (N-term DiY-a-
syn) were separated by SEC. DiY formation was
carried out in solutions of 200 uM WT a-syn, 267 uM
Y39A a-syn, and 800 pM Y125A-Y133A-Y136A a-
syn, that is, at equivalent tyrosine concentration. After
DiY formation by UV irradiation, 500 pl of each sample
was loaded onto a Superdex 75 10/300 column (GE
Healthcare) and separated by SEC in 25 mM K-
phosphate buffer at pH 7.3 and 100 mM KCI. For
analytical SEC, 200-pl samples with half the protein
concentration were loaded. As DiY formation signifi-
cantly changed the absorption of a-syn at 275 nm and
to ensure comparability of the different Y-to-A mutants,
protein concentrations were measured at 220 nm
using extinction coefficients of 105,344 M~ cm~" for
monomers and 210,688 M~" cm~" for dimers. These
extinction coefficients were determined by measuring
the absorbance at 220 nm of a WT a-syn sample of
known concentration (determined by absorbance at
275 nm). For determination of the dimer and monomer
yields, SEC peaks were integrated by the UNICORN
evaluation software (GE Healthcare). For the measure-
ment of DiY fluorescence in the dimer and monomer
peaks, three ~400-pl samples of 100 yM WT DiY-a-
syn were separated by SEC, the protein concentrations
of dimer and monomer peaks were measured as
before, and the fluorescence was measured at 410 nm
with Agx = 320 nm. The mean DiY fluorescence of
triplicate samples was calculated.

Aggregation assays

ThT aggregation assays were conducted in Corning
half area 96-well plates with non-binding surface
(Corning No. 3881). For the assays starting from
monomeric a-syn, 25 pM of non-irradiated WT a-syn
was mixed with either 25 yM DiY-a-syn, 25 uM of UV-
irradiated tyrosine, or 25 uM of UV-irradiated tauK18-
A280AA. Aggregation assays were run for 5 days
with measurement of ThT fluorescence every 20 min
(Aex = 450 nm, bandwidth 5 nm; Ag,, = 482 nm,
bandwidth 10 nm) with 15 s of orbital shaking before
the measurement in Tecan Infinite 200PRO and
Tecan Infinite M1000PRO plate readers. The assays
were conducted at 37 °C in 25 mM K-phosphate
buffer at pH 7.3, 100 mM KCI, 1 mM MgCl,, 10 uM
ThT, and 0.05% NaNsj, reflecting intracellular potas-
sium and magnesium concentration as well as
intracellular pH and ionic strength. A glass ball was
added per well to improve mixing. Per well, 125-pl
sample was used. To evaluate the effect of DiY-a-syn
dimers and A140C dimers on a-syn aggregation,
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1.25 yM dimers (WT DiY-a-syn dimer, C-terminal
DiY-a-syn dimer, N-terminal DiY-a-syn dimer, A140C
dimer) were added to 25 yM of WT monomers (1:20
stoichiometry). DiY-a-syn monomer fractions were
used at a total a-syn concentration of 10 uM in order
to achieve the same DiY concentration as in the
dimer experiments, considering the eight-times lower
DiY fluorescence compared to DiY-a-syn dimers. For
seeded aggregation assays, 10% (in monomer units,
2.5 uM) of WT a-syn fibril seeds were added to 25 yM
WT a-syn aggregation reactions. The seed solution
was prepared as follows: 300 pl of 100 uM a-syn was
fibrillated at 37 °C and 800 rpm for 3 days in a 2-ml
tube containing a glass balls in a Thermomixer
(Eppendorf). The fibril solution was diluted to 50 uM
and sonicated with a tip sonicator (Bandelin Sonopuls
HD3200, BANDELIN electronic) at 10% power (20 W)
for 60 s, with 1-s pulses separated by 4-s pause. In
seeded aggregation experiments, samples were not
shaken prior to measurement to disfavor formation of
new nuclei or fibril fragmentation. For evaluation, the
mean of triplicate measurements was referenced to
the highest fluorescence of 25 yM WT a-syn.

NMR spectroscopy

NMR spectra were acquired at 10 °C using a
750-MHz Avance Il spectrometer (Bruker) equipped
with a cryogenically cooled Z-axis pulse-field-gradient
triple-resonance probe. The NMR samples contained
[U-"5NJ-a-syn at a concentration of 100 uM in 20 mM
Na-phosphate buffer at pH 7.4, 50 mM NaCl, and
8% D,0O, with or without the addition of 400 uM
[NA]-DiY-a-syn.

AFM

For AFM imaging, 20 pl of the indicated samples
shown in Figs. 4 and 5 was incubated for 30 minon a
gold-coated mica surface; the solution was taken off,
shortly washed with dH,O, and dried under a nitrogen
stream. The samples were imaged by tapping mode
on a JPK Instruments Nanowizard 3.

Denaturation and seeding capacity of
DiY-crosslinked a-syn fibrils

For the fibril denaturation experiments, 3 ml of
150 uM a-syn WT in 25 mM K-phosphate buffer at
pH 7.3, 100 mM KCI, 1 mM MgCl,, and 0.1% NaNj
was fibrillated at 37 °C in a 15-ml tube under stirring
with a magnetic stir bar for 3 days. Four aliquots
of 700 pl were directly frozen in liquid nitrogen and
stored at —80 °C. One-half of each aliquot was
subjected to DiY crosslinking by UV irradiation as
described before. Subsequently, 300 ul of the fibril
solutions (with and without DiY crosslinks) was
mixed with 20 pM ThT and 4 M guanidinium chloride
atpH 8in a glass cuvette with a stir bar (total volume:

600 pl) and incubated for 90 min at 20 °C inside the
fluorometer. ThT fluorescence was measured every
min at 485 nm (Agx = 445 nm). Buffer fluorescence
was subtracted. After 90 min of denaturation, 500 pl
of the solutions was loaded onto a Superdex 200 10/
300 column (GE Healthcare) and separated at a flow
rate of 0.5 ml/min in 25 mM K-phosphate buffer at
pH 7.3 and 100 mM KCI. Void volume fractions
(~1.5 ml) were collected and directly evaluated for
their capacity to seed fibril formation by the addition
(80% v/v) to aggregation reactions of 25 pM non-
irradiated WT a-syn at 37 °C. Fibril formation was
followed without shaking to disfavor formation of new
nuclei or fibril fragmentation.

Acknowledgments

This project has received funding from the European
Research Council under the European Union's
Horizon 2020 research and innovation program,
grant agreement No. 726368 (to W.H.). We acknowl-
edge support from the International Graduate School
of Protein Science and Technology (iIGRASPgeeq)
granted by the Ministry of Innovation, Science and
Research of the state North Rhine-Westphalia
(M.M.W.). We acknowledge access to the Julich-
Dusseldorf Biomolecular NMR Center.

Competing Financial Interests: The authors
declare no competing financial interests.

Appendix A. Supplementary Data

Supplementary data to this article can be found
online at http://dx.doi.org/10.1016/j.jmb.2017.09.005.

Received 30 June 2017;

Received in revised form 3 August 2017;
Accepted 6 September 2017

Available online 13 September 2017

Keywords:

protein aggregation;

amyloid;

Parkinson's disease;

oxidative stress;

intrinsically disordered proteins

thttp://rbruehl.macbay.de/

Abbreviations used:

DiY, dityrosine; a-syn, a-synuclein; ThT, thioflavin T; IDP,
intrinsically disordered protein; PD, Parkinson's disease;
OS, oxidative stress; ROS, reactive oxygen species; WT,
wild type; Y-to-A, tyrosine to alanine (mutants); UV,
ultraviolet (light); SEC, size exclusion chromatography;


http://dx.doi.org/10.1016/j.jmb.2017.09.005

3028

Dityrosine Formation in a-Synuclein

AFM, atomic force microscopy; SDS-PAGE, sodium
dodecyl sulfate polyacrylamide gel electrophoresis.

References

1

2

3

-

[4

—_

5

—_

(6]

(7]

8

—

9

—

[10]

(1]

2]

[13]

D. Hirtz, D.J. Thurman, K. Gwinn-Hardy, M. Mohamed, A.R.
Chaudhuri, R. Zalutsky, How common are the “common”
neurologic disorders? Neurology 68 (2007) 326-337,
http://dx.doi.org/10.1212/01.wnl.0000252807.38124.a3.

M. Naghavi, H. Wang, R. Lozano, A. Davis, X. Liang, M.
Zhou, S.E. Vollset, Global, regional, and national age—sex
specific all-cause and cause-specific mortality for 240 causes
of death, 1990-2013: a systematic analysis for the Global
Burden of Disease Study 2013, Lancet 385 (2015) 117-171,
http://dx.doi.org/10.1016/S0140-6736(14)61682-2.

A. Elbaz, J.H. Bower, D.M. Maraganore, S.K. McDonnell,
B.J. Peterson, J.E. Ahlskog, D.J. Schaid, W.A. Rocca, Risk
tables for parkinsonism and Parkinson's disease, J. Clin.
Epidemiol. 55 (2002) 25-31, http://dx.doi.org/10.1016/S0895-
4356(01)00425-5.

H.A. Lashuel, C.R. Overk, A. Oueslati, E. Masliah, The many
faces of a-synuclein: from structure and toxicity to therapeutic
target, Nat. Rev. Neurosci. 14 (2013) 38—48, http://dx.doi.org/
10.1038/nrn3406.

J. Blesa, I. Trigo-Damas, A. Quiroga-Varela, V.R. Jackson-
Lewis, Oxidative stress and Parkinson's disease, Front.
Neuroanat. 9 (2015) 1-9, http://dx.doi.org/10.3389/fnana.
2015.00091.

C.M. Lill, Genetics of Parkinson's disease, Mol. Cell. Probes 30
(2016) 386—-396, http://dx.doi.org/10.1016/j.mcp.2016.11.001.
V.M. Nemani, W. Lu, V. Berge, K. Nakamura, B. Onoa, M.K.
Lee, F.A. Chaudhry, R.A. Nicoll, R.H. Edwards, Increased
expression of a-synuclein reduces neurotransmitter release
by inhibiting synaptic vesicle reclustering after endocytosis,
Neuron 65 (2010) 66—79, http://dx.doi.org/10.1016/j.neuron.
2009.12.023.

D. Scott, S. Roy, a-synuclein inhibits intersynaptic
vesicle mobility and maintains recycling-pool homeostasis,
J. Neurosci. 32 (2012) 10129-10135, http://dx.doi.org/10.
1523/JNEUROSCI.0535-12.2012.

M. Lundblad, M. Decressac, B. Mattsson, A. Bjorklund,
Impaired neurotransmission caused by overexpression of a-
synuclein in nigral dopamine neurons, Proc. Natl. Acad. Sci.
U. S. A. 109 (2012) 3213-3219, http://dx.doi.org/10.1073/
pnas.1200575109.

K.M. Danzer, D. Haasen, A.R. Karow, S. Moussaud, M.
Habeck, A. Giese, H. Kretzschmar, B. Hengerer, M. Kostka,
Different species of a-synuclein oligomers induce calcium
influx and seeding, J. Neurosci. 27 (2007) 9220-9232, http:/
dx.doi.org/10.1523/JNEUROSCI.2617-07.2007.

L.J. Hsu, Y. Sagara, A. Arroyo, E. Rockenstein, A. Sisk, M.
Mallory, J. Wong, T. Takenouchi, M. Hashimoto, E. Masliah,
a-Synuclein promotes mitochondrial deficit and oxidative
stress, Am. J. Pathol. 157 (2000) 401-410, http://dx.doi.org/
10.1016/S0002-9440(10)64553-1.

L.Chen, J.Jin,J.Davis, Y. Zhou, Y.Wang, J. Liu, P.J. Lockhart,
J. Zhang, Oligomeric a-synuclein inhibits tubulin polymeriza-
tion, Biochem. Biophys. Res. Commun. 356 (2007) 548-553,
http://dx.doi.org/10.1016/j.bbrc.2007.02.163.

H.J. Lee, F. Khoshaghideh, S. Lee, S.J. Lee, Impairment of
microtubule-dependent trafficking by overexpression of a-

[14]

(18]

[16]

(7]

(18]

(9]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

synuclein, Eur. J. Neurosci. 24 (2006) 3153-3162, http://dx.
doi.org/10.1111/j.1460-9568.2006.05210.x.

E. Colla, P. Coune, Y. Liu, O. Pletnikova, J.C. Troncoso, T.
Ilwatsubo, B.L. Schneider, M.K. Lee, Endoplasmic reticulum
stress is important for the manifestations of alpha-
synucleinopathy in vivo, J. Neurosci. 32 (2012) 3306—-3320,
http://dx.doi.org/10.1523/JNEUROSCI.5367-11.2012.

P. Mufoz, S. Huenchuguala, I. Paris, J. Segura-Aguilar,
Dopamine oxidation and autophagy, Parkinsons. Dis. 2012
(2012)http://dx.doi.org/10.1155/2012/920953.

A. Hermida-Ameijeiras, E. Méndez-Alvarez, S. Sanchez-
Iglesias, C. Sanmartin-Suarez, R. Soto-Otero, Autoxidation
and MAO-mediated metabolism of dopamine as a potential
cause of oxidative stress: role of ferrous and ferric ions,
Neurochem. Int. 45 (2004) 103—-116, http://dx.doi.org/10.1016/
j-neuint.2003.11.018.

A.P. Lan, J. Chen, Z.F. Chai, Y. Hu, The neurotoxicity of
iron, copper and cobalt in Parkinson's disease through
ROS-mediated mechanisms, Biometals 29 (2016) 665-678,
http://dx.doi.org/10.1007/s10534-016-9942-4.

A.H. Schapira, Mitochondria in the aetiology and pathogen-
esis of Parkinson's disease, Lancet Neurol. 7 (2008) 97—109,
http://dx.doi.org/10.1016/S1474-4422(07)70327-7.

S. Raha, B.H. Robinson, Mitochondria, oxygen free radicals,
disease and ageing, Trends Biochem. Sci. 25 (2000)
502-508, http://dx.doi.org/10.1016/S0968-0004(00)01674-1.
R.J. Smeyne, V. Jackson-Lewis, The MPTP model of
Parkinson's disease, Mol. Brain Res. 134 (2005) 57-66,
http://dx.doi.org/10.1016/j.molbrainres.2004.09.017.

E.M. Valente, P.M. Abou-sleiman, V. Caputo, M.M.K. Mugit,
K. Harvey, S. Gispert, Z. Ali, D. Del Turco, A.R. Bentivoglio,
D.G. Healy, A. Albanese, R. Nussbaum, R. Gonza, T. Deller,
S. Salvi, P. Cortelli, W.P. Gilks, D.S. Latchman, R.J. Harvey,
B. Dallapiccola, G. Auburger, N.W. Wood, Hereditary early-
onset Parkinson's disease caused by mutations in PINK1,
Science 304 (2004) 1158—-1161 http://dx.doi.org/10.1126/
science.1096284.

T. Kitada, S. Asakawa, N. Hattori, H. Matsumine, Y.
Yamamura, S. Minoshima, M. Yokochi, Y. Mizuno, N.
Shimizu, Mutations in the parkin gene cause autosomal
recessive juvenile parkinsonism, Nature 392 (1998) 605—608,
http://dx.doi.org/10.1038/33416.

V. Bonifati, P. Rizzu, M.J. van Baren, O. Schaap, G.J.
Breedveld, E. Krieger, M.C.J. Dekker, F. Squitieri, P. Ibanez,
M. Joosse, J.W. van Dongen, N. Vanacore, J.C. van Swieten,
A. Brice, G. Meco, C.M. van Duijn, B.A. Oostra, P. Heutink,
Mutations in the DJ-1 gene associated with autosomal
recessive early-onset parkinsonism, Science 299 (2003)
256-259 http://dx.doi.org/10.1126/science.1077209.

R.H. Kim, P.D. Smith, H. Aleyasin, S. Hayley, M.P. Mount, S.
Pownall, A. Wakeham, A.J. You-Ten, S.K. Kalia, P. Horne, D.
Westaway, A.M. Lozano, H. Anisman, D.S. Park, T.W. Mak,
Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyrindine (MPTP) and oxidative stress, Proc.
Natl. Acad. Sci. U. S. A. 102 (2005) 5215-5220, http://dx.doi.
org/10.1073/pnas.0501282102.

A.P. Joselin, S.J. Hewitt, S.M. Callaghan, R.H. Kim, Y.H.
Chung, T.W. Mak, J. Shen, R.S. Slack, D.S. Park, ROS-
dependent regulation of parkin and DJ-1 localization during
oxidative stress in neurons, Hum. Mol. Genet. 21 (2012)
4888-4903, http://dx.doi.org/10.1093/hmg/dds325.

D.A. Malencik, S.R. Anderson, Dityrosine as a product of
oxidative stress and fluorescent probe, Amino Acids 25 (2003)
233-247, http://dx.doi.org/10.1007/s00726-003-0014-z.


http://dx.doi.org/10.1212/01.wnl.0000252807.38124.a3
http://dx.doi.org/10.1016/S0140-6736(14)61682-2
http://dx.doi.org/10.1016/S0895-4356(01)00425-5
http://dx.doi.org/10.1016/S0895-4356(01)00425-5
http://dx.doi.org/10.1038/nrn3406
http://dx.doi.org/10.1038/nrn3406
http://dx.doi.org/10.3389/fnana.2015.00091
http://dx.doi.org/10.3389/fnana.2015.00091
http://dx.doi.org/10.1016/j.mcp.2016.11.001
http://dx.doi.org/10.1016/j.neuron.2009.12.023
http://dx.doi.org/10.1016/j.neuron.2009.12.023
http://dx.doi.org/10.1523/JNEUROSCI.0535-12.2012
http://dx.doi.org/10.1523/JNEUROSCI.0535-12.2012
http://dx.doi.org/10.1073/pnas.1200575109
http://dx.doi.org/10.1073/pnas.1200575109
http://dx.doi.org/10.1523/JNEUROSCI.2617-07.2007
http://dx.doi.org/10.1523/JNEUROSCI.2617-07.2007
http://dx.doi.org/10.1016/S0002-9440(10)64553-1
http://dx.doi.org/10.1016/S0002-9440(10)64553-1
http://dx.doi.org/10.1016/j.bbrc.2007.02.163
http://dx.doi.org/10.1111/j.1460-9568.2006.05210.x
http://dx.doi.org/10.1111/j.1460-9568.2006.05210.x
http://dx.doi.org/10.1523/JNEUROSCI.5367-11.2012
http://dx.doi.org/10.1155/2012/920953
http://dx.doi.org/10.1016/j.neuint.2003.11.018
http://dx.doi.org/10.1016/j.neuint.2003.11.018
http://dx.doi.org/10.1007/s10534-016-9942-4
http://dx.doi.org/10.1016/S1474-4422(07)70327-7
http://dx.doi.org/10.1016/S0968-0004(00)01674-1
http://dx.doi.org/10.1016/j.molbrainres.2004.09.017
http://dx.doi.org/10.1038/33416
http://dx.doi.org/10.1073/pnas.0501282102
http://dx.doi.org/10.1073/pnas.0501282102
http://dx.doi.org/10.1093/hmg/dds325
http://dx.doi.org/10.1007/s00726-003-0014-z

Dityrosine Formation in a-Synuclein

3029

[27] C. Giulivi, K.J.A. Davies, Dityrosine: a marker for oxidatively
modified proteins and selective proteolysis, Methods Enzy-
mol. 233 (1994) 363-371.

K. Hensley, M.L. Maidt, Z. Yu, H. Sang, W.R. Markesbery,

R.A. Floyd, Electrochemical analysis of protein nitrotyrosine

and dityrosine in the Alzheimer brain indicates region-specific

accumulation, J. Neurosci. 18 (1998) 8126-8132.

[29] Y.K. Al-Hilaly, T.L. Williams, M. Stewart-Parker, L. Ford, E.
Skaria, M. Cole, W.G. Bucher, K.L. Morris, A.A. Sada, J.R.
Thorpe, L.C. Serpell, A central role for dityrosine crosslinking of
amyloid-beta in Alzheimer's disease, Acta Neuropathol. Com-
mun. 1 (2013) 83, http://dx.doi.org/10.1186/2051-5960-1-83.

[30] Y.K. Al-Hilaly, L. Biasetti, B.J.F. Blakeman, S.J. Pollack, S.
Zibaee, A. Abdul-Sada, J.R. Thorpe, W.-F. Xue, L.C. Serpell,
The involvement of dityrosine crosslinking in a-synuclein
assembly and deposition in Lewy bodies in Parkinson's disease,
Sci. Rep. 6 (2016) 39171, http:/dx.doi.org/10.1038/srep39171.

[31] M. Matsuzaki, T. Hasegawa, A. Takeda, A. Kikuchi, K.
Furukawa, Y. Kato, Y. Itoyama, Histochemical features of stress-
induced aggregates in a-synuclein overexpressing cells, Brain
Res. 1004 (2004) 83-90, http:/dx.doi.org/10.1016/j.brainres.
2004.01.017.

[32] S. Pennathur, V. Jackson-Lewis, S. Przedborski, J.W.
Heinecke, Mass spectrometric quantification of 3-nitrotyrosine,
ortho-tyrosine, and 0,0'-dityrosine in brain tissue of 1-methyl-4-
phenyl-1, 2, 3, 6-tetrahydropyridine-treated mice, a model of
oxidative stress in Parkinson's disease, J. Biol. Chem. 274
(1999) 34621-34628.

[33] J.M. Souza, B.l. Giasson, Q. Chen, V.M.Y. Lee, H.
Ischiropoulos, Dityrosine cross-linking promotes formation
of stable a-synuclein polymers: implication of nitrative and
oxidative stress in the pathogenesis of neurodegenerative
synucleinopathies, J. Biol. Chem. 275 (2000) 18344—18349,
http://dx.doi.org/10.1074/jbc.M000206200.

[34] E.H. Norris, B.l. Giasson, H. Ischiropoulos, V.M.Y. Lee,
Effects of oxidative and nitrative challenges on a-synuclein
fibrillogenesis involve distinct mechanisms of protein
modifications, J. Biol. Chem. 278 (2003) 27230-27240,
http://dx.doi.org/10.1074/jbc.M212436200.

[35] T. Takahashi, H. Yamashita, T. Nakamura, Y. Nagano, S.
Nakamura, Tyrosine 125 of a-synuclein plays a critical role for
dimerization following nitrative stress, Brain Res. 938 (2002)
73-80, http://dx.doi.org/10.1016/S0006-8993(02)02498-8.

[36] R.A.S. Ruf, E.A. Lutz, I.G. Zigoneanu, G.J. Pielak, a-
Synuclein conformation affects its tyrosine-dependent oxi-
dative aggregation, Biochemistry 47 (2008) 13604—13609,
http://dx.doi.org/10.1021/bi801884z.

[387] S. Krishnan, E.Y. Chi, S.J. Wood, B.S. Kendrick, C. Li, W.
Garzon-Rodriguez, J. Wypych, T.W. Randolph, L.O. Narhi,
A.L.Biere, M. Citron, J.F. Carpenter, Oxidative dimer formation
is the critical rate-limiting step for Parkinson's disease alpha-
synuclein fibrillogenesis, Biochemistry 42 (2003) 829-837,
http://dx.doi.org/10.1021/bi026528t.

[38] A. van Maarschalkerweerd, M. Pedersen, H. Peterson, M.
Nilsson, T. Nguyen, T. Skamris, K. Rand, V. Vetri, A. Langkilde,
B. Vestergaard, Formation of covalent di-tyrosine dimers in
recombinant a-synuclein, Intrinsically Disord. Proteins. 3
(2015) 1-12, http://dx.doi.org/10.1080/21690707.2015.
1071302.

[39] C.D. Borsarelli, L.J. Falomir-Lockhart, V. Ostatna, J.A.
Fauerbach, H.H. Hsiao, H. Urlaub, E. Palecek, E.A. Jares-
Erijman, T.M. Jovin, Biophysical properties and cellular
toxicity of covalent crosslinked oligomers of a-synuclein
formed by photoinduced side-chain tyrosyl radicals, Free

[28

Radic. Biol. Med. 53 (2012) 1004—1015, http://dx.doi.org/10.
1016/j.freeradbiomed.2012.06.035.

[40] S.S.Lehrer, G.D. Fasman, Ultraviolet irradiation effects in poly-
L-tyrosine and model compounds. Identification of bityrosine as
a photoproduct, Biochemistry 6 (1967) 757767, http://dx.doi.
org/10.1021/bi00855a017.

[41] D.A. Malencik, S.R. Anderson, Dityrosine formation in calmod-
ulin: conditions for intermolecular cross-linking, Biochemistry 33
(1994) 13363-13372, http://dx.doi.org/10.1021/Bi00377a006.

[42] M. Correia, M.T. Neves-Petersen, P.B. Jeppesen, S.
Gregersen, S.B. Petersen, UV-light exposure of insulin:
pharmaceutical implications upon covalent insulin dityrosine
dimerization and disulphide bond photolysis, PLoS One 7
(2012)http://dx.doi.org/10.1371/journal.pone.0050733.

[43] J.P. Anderson, D.E. Walker, J.M. Goldstein, R. De Laat, K.
Banducci, R.J. Caccavello, R. Barbour, J. Huang, K. Kling, M.
Lee, L. Diep, P.S. Keim, X. Shen, T. Chataway, M.G.
Schlossmacher, P. Seubert, D. Schenk, S. Sinha, W.P. Gai,
T.J. Chilcote, Phosphorylation of Ser-129 is the dominant
pathological modification of a-synuclein in familial and
sporadic lewy body disease, J. Biol. Chem. 281 (2006)
29739-29752, http://dx.doi.org/10.1074/jbc.M600933200.

[44] B.A. Kerwin, R.L. Remmele, Protect from light: photodegrada-
tion and protein biologics, J. Pharm. Sci. 96 (2007) 1468—1479,
http://dx.doi.org/10.1002/jps.20815.

[45] D.l. Pattison, M.J. Davies, Actions of Ultraviolet Light on
Cellular Structures, EXS 2006, pp. 131-157, http://dx.doi.
org/10.1007/3-7643-7378-4_6.

[46] A. Wright, W.A. Bubb, C.L. Hawkins, M.J. Davies, Singlet
oxygen-mediated protein oxidation: evidence for the forma-
tion of reactive side chain peroxides on tyrosine residues,
Photochem. Photobiol. 76 (2002) 3546, http://dx.doi.org/10.
1562/0031-8655(2002)0760035SOMPOE2.0.CO2.

[47] D. Balasubramanian, R. Kanwar, Molecular pathology of
dityrosine cross-links in proteins: structural and functional
analysis of four proteins, Mol. Cell. Biochem. 234-235 (2002)
27-38, http://dx.doi.org/10.1023/A:1015927907418.

[48] C.S.R. Griining, E.A. Mirecka, A.N. Klein, E. Mandelkow, D.
Willbold, S.F. Marino, M. Stoldt, W. Hoyer, Alternative
conformations of the tau repeat domain in complex with an
engineered binding protein, J. Biol. Chem. 289 (2014)
23209-23218, http://dx.doi.org/10.1074/jbc.M114.560920.

[49] J.L. Guo, D.J. Covell, J.P. Daniels, M. lba, A. Stieber, B.
Zhang, D.M. Riddle, L.K. Kwong, Y. Xu, J.Q. Trojanowski,
V.M.Y. Lee, Distinct a-synuclein strains differentially promote
tau inclusions in neurons, Cell 154 (2013) 103—117, http://dx.
doi.org/10.1016/j.cell.2013.05.057.

[50] A.K. Buell, C. Galvagnion, R. Gaspar, E. Sparr, M.
Vendruscolo, T.P.J. Knowles, S. Linse, C.M. Dobson, Solution
conditions determine the relative importance of nucleation
and growth processes in a-synuclein aggregation, Proc. Natl.
Acad. Sci. U. S. A. 111 (2014) 7671-7676, http://dx.doi.org/10.

1073/pnas.1315346111.

[51] M.M. Wérdehoff, O. Bannach, H. Shaykhalishahi, A. Kulawik,
S. Schiefer, D. Willbold, W. Hoyer, E. Birkmann, Single fibril
growth kinetics of a-synuclein, J. Mol. Biol. 427 (2015)
1428-1435, http://dx.doi.org/10.1016/j.jmb.2015.01.020.

[52] R. Porcari, C. Proukakis, C.A. Waudby, B. Bolognesi, P.P.
Mangione, J.F.S. Paton, S. Mullin, L.D. Cabrita, A. Penco, A.
Relini, G. Verona, M. Vendruscolo, M. Stoppini, G.G.
Tartaglia, C. Camilloni, J. Christodoulou, A.H.V. Schapira,
V. Bellotti, The H50Q mutation induces a 10-fold decrease in
the solubility of a-synuclein, J. Biol. Chem. 290 (2015)
2395-2404, http://dx.doi.org/10.1074/jbc.M114.610527.


http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0135
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0135
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0135
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0140
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0140
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0140
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0140
http://dx.doi.org/10.1186/2051-5960-1-83
http://dx.doi.org/10.1038/srep39171
http://dx.doi.org/10.1016/j.brainres.2004.01.017
http://dx.doi.org/10.1016/j.brainres.2004.01.017
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://refhub.elsevier.com/S0022-2836(17)30427-8/rf0160
http://dx.doi.org/10.1074/jbc.M000206200
http://dx.doi.org/10.1074/jbc.M212436200
http://dx.doi.org/10.1016/S0006-8993(02)02498-8
http://dx.doi.org/10.1021/bi801884z
http://dx.doi.org/10.1021/bi026528t
http://dx.doi.org/10.1080/21690707.2015.1071302
http://dx.doi.org/10.1080/21690707.2015.1071302
http://dx.doi.org/10.1016/j.freeradbiomed.2012.06.035
http://dx.doi.org/10.1016/j.freeradbiomed.2012.06.035
http://dx.doi.org/10.1021/bi00855a017
http://dx.doi.org/10.1021/bi00855a017
http://dx.doi.org/10.1021/Bi00377a006
http://dx.doi.org/10.1371/journal.pone.0050733
http://dx.doi.org/10.1074/jbc.M600933200
http://dx.doi.org/10.1002/jps.20815
http://dx.doi.org/10.1007/3-7643-7378-4_6
http://dx.doi.org/10.1007/3-7643-7378-4_6
http://dx.doi.org/10.1562/0031-8655(2002)0760035SOMPOE2.0.CO2
http://dx.doi.org/10.1562/0031-8655(2002)0760035SOMPOE2.0.CO2
http://dx.doi.org/10.1023/A:1015927907418
http://dx.doi.org/10.1074/jbc.M114.560920
http://dx.doi.org/10.1016/j.cell.2013.05.057
http://dx.doi.org/10.1016/j.cell.2013.05.057
http://dx.doi.org/10.1073/pnas.1315346111
http://dx.doi.org/10.1073/pnas.1315346111
http://dx.doi.org/10.1016/j.jmb.2015.01.020
http://dx.doi.org/10.1074/jbc.M114.610527

3030

Dityrosine Formation in a-Synuclein

(53]

[54]

(58]

[56]

[57]

(58]

[59]

A. Oueslati, M. Fournier, H.A. Lashuel, Role of post-
translational modifications in modulating the structure,
function and toxicity of a-synuclein. Implications for Parkin-
son's disease pathogenesis and therapies, Prog. Brain Res.
183 (2010) 115-145, http://dx.doi.org/10.1016/S0079-
6123(10)83007-9.

T.K. Dalsgaard, J.H. Nielsen, B.E. Brown, N. Stadler, M.J.
Davies, Dityrosine, 3,4-dihydroxyphenylalanine (DOPA), and
radical formation from tyrosine residues on milk proteins with
globular and flexible structures as a result of riboflavin-
mediated photo-oxidation, J. Agric. Food Chem. 59 (2011)
7939-7947, http://dx.doi.org/10.1021/jf200277r.

M. Wolff, J.J. Mittag, T.W. Herling, E. De Genst, C.M.
Dobson, T.P.J. Knowles, D. Braun, A.K. Buell, Quantitative
thermophoretic study of disease-related protein aggregates,
Sci. Rep. 6 (2016)http://dx.doi.org/10.1038/srep22829.

S. Koide, S.S. Sidhu, The importance of being tyrosine:
lessons in molecular recognition from minimalist synthetic
binding proteins, ACS Chem. Biol. 4 (2009) 325-334, http://
dx.doi.org/10.1021/cb800314v.

A.H. Brown, P.M. Rodger, J.S. Evans, T.R. Walsh, Equilib-
rium conformational ensemble of the intrinsically disordered
peptide n16N: linking subdomain structures and function in
nacre, Biomacromolecules 15 (2014) 4467—-4479, http://dx.
doi.org/10.1021/bm501263s.

H. Heise, W. Hoyer, S. Becker, O.C. Andronesi, D. Riedel, M.
Baldus, Molecular-level secondary structure, polymorphism,
and dynamics of full-length alpha-synuclein fibrils studied by
solid-state NMR, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
15871-15876, http://dx.doi.org/10.1073/pnas.0506109102.
M. Chen, M. Margittai, J. Chen, R. Langen, Investigation of a-
synuclein fibril structure by site-directed spin labeling, J. Biol.

[60]

[61]

[62]

[63]

[64]

[65]

Chem. 282 (2007) 24970-24979, http://dx.doi.org/10.1074/
jbc.M700368200.

M. Vilar, H.-T. Chou, T. Luhrs, S.K. Maji, D. Riek-Loher, R.
Verel, G. Manning, H. Stahlberg, R. Riek, The fold of alpha-
synuclein fibrils, Proc. Natl. Acad. Sci. U. S. A. 105 (2008)
8637-8642, http://dx.doi.org/10.1073/pnas.0712179105.

G. Comellas, L.R. Lemkau, A.J. Nieuwkoop, K.D. Kloepper,
D.T. Ladror, R. Ebisu, W.S. Woods, A.S. Lipton, J.M. George,
C.M. Rienstra, Structured regions of a-synuclein fibrils
include the early-onset Parkinson's disease mutation sites,
J. Mol. Biol. 411 (2011) 881-895, http://dx.doi.org/10.1016/j.
jmb.2011.06.026.

L. Bousset, L. Pieri, G. Ruiz-Arlandis, J. Gath, P.H. Jensen,
B. Habenstein, K. Madiona, V. Olieric, A. Béckmann, B.H.
Meier, R. Melki, Structural and functional characterization of
two alpha-synuclein strains, Nat. Commun. 4 (2013) 2575,
http://dx.doi.org/10.1038/ncomms3575.

M.D. Tuttle, G. Comellas, A.J. Nieuwkoop, D.J. Covell, D.A.
Berthold, K.D. Kloepper, J.M. Courtney, J.K. Kim, A.M.
Barclay, A. Kendall, W. Wan, G. Stubbs, C.D. Schwieters,
V.M.Y. Lee, J.M. George, C.M. Rienstra, Solid-state NMR
structure of a pathogenic fibril of full-length human a-
synuclein, Nat. Struct. Mol. Biol. 23 (2016) 1-9, http:/dx.
doi.org/10.1038/nsmb.3194.

M. Johnson, A.T. Coulton, M.A. Geeves, D.P. Mulvihill,
Targeted amino-terminal acetylation of recombinant proteins
in E. coli, PLoS One 5 (2010) 15801, http://dx.doi.org/10.
1371/journal.pone.0015801.

W. Hoyer, T. Antony, D. Cherny, G. Heim, T.M. Jovin, V.
Subramaniam, Dependence of a-synuclein aggregate mor-
phology on solution conditions, J. Mol. Biol. 322 (2002)
383-393, http://dx.doi.org/10.1016/S0022-2836(02)00775-1.


http://dx.doi.org/10.1016/S0079-6123(10)83007-9
http://dx.doi.org/10.1016/S0079-6123(10)83007-9
http://dx.doi.org/10.1021/jf200277r
http://dx.doi.org/10.1038/srep22829
http://dx.doi.org/10.1021/cb800314v
http://dx.doi.org/10.1021/cb800314v
http://dx.doi.org/10.1021/bm501263s
http://dx.doi.org/10.1021/bm501263s
http://dx.doi.org/10.1073/pnas.0506109102
http://dx.doi.org/10.1074/jbc.M700368200
http://dx.doi.org/10.1074/jbc.M700368200
http://dx.doi.org/10.1073/pnas.0712179105
http://dx.doi.org/10.1016/j.jmb.2011.06.026
http://dx.doi.org/10.1016/j.jmb.2011.06.026
http://dx.doi.org/10.1038/ncomms3575
http://dx.doi.org/10.1038/nsmb.3194
http://dx.doi.org/10.1038/nsmb.3194
http://dx.doi.org/10.1371/journal.pone.0015801
http://dx.doi.org/10.1371/journal.pone.0015801
http://dx.doi.org/10.1016/S0022-2836(02)00775-1

	Opposed Effects of Dityrosine Formation in Soluble and Aggregated α-Synuclein on Fibril Growth
	Introduction
	Results
	α-Syn is highly susceptible to DiY formation upon UV irradiation at 280-nm wavelength
	DiY-modified monomers and dimers inhibit fibril formation of unmodified α-syn by interfering with fibril elongation
	DiY formation stabilizes on-pathway aggregation seeds

	Discussion
	Materials and Methods
	Expression and purification of acetyl-α-syn and acetyl-α-syn mutants
	DiY formation by UV irradiation
	Separation of DiY-α-syn dimers and DiY-α-syn monomers
	Aggregation assays
	NMR spectroscopy
	AFM
	Denaturation and seeding capacity of �DiY-crosslinked α-syn fibrils

	section15
	Acknowledgments
	Appendix A. Supplementary Data
	References


