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Background: Parkinson’s disease is a degenerative disorder defined by the loss of dopaminergic cells within the substantia
nigra. The degeneration is associated with Lewy bodies, aggregates of the a-synuclein protein. Research suggests that metals
and other environmental toxins affect &¢-synuclein aggregation; however, the underlying mechanisms remain poorly understood.
This review aims to summarize current evidence on how environmental toxins influence a-synuclein aggregation and identify
directions for future research.

Methods: A systematic review following PRISMA guidelines was conducted on PubMed using predefined keywords related to
Parkinson’s disease, o-synuclein, and environmental exposures. After screening 553 studies, five primary research articles were
selected for analysis.

Results: Three included papers focused on copper (Cu?>" and Cu™), two on iron (Fe’*), and one on zinc (Zn>*). Cu’**
bound with high affinity to non-acetylated wild-type a-synuclein and accelerated aggregation, but N-terminal acetylation, the
modification present in the human form, significantly reduced this effect. Cu™ binds through a different mechanism and, under
membrane-like conditions, protects against oxidative damage. Fe®* showed concentration- and variant-dependent effects: it
accelerated aggregation of non-acetylated wild-type at low concentrations but slowed it in the A53T familial mutation. Zn>*
had only modest effects.

Conclusion: This systematic review clarifies the mechanistic interplay between metal exposure and a-synuclein aggregation,
providing insights into how metals bind and influence this process. It also highlights the importance of acetylation and mutations
in metal-protein binding. These findings offer valuable insights into the role of metal ions in ¢¢-synuclein aggregation, potentially
guiding future research and therapeutic strategies for Parkinson’s disease.
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Introduction

As described by James Parkinson in his 1817 publication, “Es-
say on the Shaking Palsy”'Y, Parkinson’s disease is a neurode-
generative disorder of middle and late life. Motor symptoms
for Parkinson’s include bradykinesia (slowness of movement),
tremors, involuntary movements, rigidity, walking difficulties,
and impaired balance. Additional neurological symptoms in-
clude multiple non-motor symptoms such as cognitive impair-
ment, mental health disorders, sleep problems, and sensory
disturbances'?.

Parkinson’s disease is characterized by the loss of dopamin-
ergic cells within the substantia nigra pars compacta, linked
to the accumulation of Lewy bodies — abnormal aggregates
primarily consisting of misfolded a-synuclein proteins®~. -
Synuclein is a small 140-amino-acid protein with three dis-
tinct regions: a lipid-binding amino-terminal region, a cen-
tral hydrophobic domain involved in oligomerization, and an
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acidic carboxy-terminal segment™. These are referred to as the
N-terminal, NAC region, and C-terminal. Approximately 85%
of Parkinson’s cases are idiopathic (with no known cause).
However, evidence suggests a positive correlation between in-
dustrialization and Parkinson’s disease cases. This trend is
partly attributed to increased exposure to heavy metals com-
monly used in industrial processes, which may contribute to

the disease’s prevalence”.

Candelise et al. published a review® about the role of en-
vironmental factors in o-synuclein aggregation. Metal ions
were found to induce a more aggregation-prone structure of
a-synuclein by neutralizing charge repulsion, with positively
charged ions reducing electrostatic repulsion by binding to
a-synuclein, specifically at carboxylate groups. Similarly,
polyamines such as putrescine, spermine, and spermidine,
which are involved in cellular toxicity in Parkinson’s disease,
enhance -synuclein aggregation. The previous review high-
lighted the different toxins that affect a-synuclein aggrega-
tion; however, the mechanistic functions of how each toxin
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interacts with the protein remain unclear.

The objective of this systematic review is to build on the lit-
erature following Candelise et al.’s 2020 publication® by ex-
amining recent evidence on how specific metal ions bind to o-
synuclein and mechanistically drive or inhibit its aggregation.
Metal ions, particularly Cu’*, Cut, Fe**, and Zn?*, are con-
sistently elevated in the substantia nigra of Parkinson’s disease
patients, yet the molecular mechanisms by which they influ-
ence protein misfolding remain incompletely understood” .
By clarifying these mechanisms, this review aims to identify
gaps in the current literature and suggest directions for future
research into Parkinson’s disease biomarkers and therapeutic
targets.

This review is organized as follows. The Methods section
explains how studies were identified and selected. The Re-
sults section summarizes the five included papers, organized
by metal ion, covering binding locations, effects on aggre-
gation, and structural consequences. The Discussion section
synthesizes these findings into a broader picture of how metal
exposure may contribute to Parkinson’s disease, and acknowl-
edges important limitations of comparing results across stud-
ies conducted under different laboratory conditions. Figure I]
presents a conceptual overview of the mechanistic pathways
reviewed in this study.

This review is a synthesis of in vitro studies examining how
selected metal ions bind to human a-synuclein and alter its ag-
gregation behavior. It does not attempt a clinical or therapeutic
efficacy review, and downstream pathological consequences
are discussed only to the extent they are directly supported by
the included studies.

Methods

Protocol and search strategy

A systematic approach was employed during the screen-
ing of 553 papers to minimize bias, in accordance with
PRISMA guidelines'V. The database used for the search
was PubMed. Initial scoping reviews were performed to
survey data on current literature and determine the most
appropriate search method. The following MeSH (Med-
ical Subject Headings) terms were used for environmen-
tal toxins: “Occupational Exposure/adverse effects”; “Met-
als, Heavy”; “Air Pollution”; and “Agrochemicals”. Then
“alpha-Synuclein”, “Lewy Bodies”, “Parkinson Disease”, and
“Lewy Body Disease” were added to the search. The
method was finalized as (( ((“Occupational Exposure/adverse
effects”’[Mesh]) OR (“Metals, Heavy”’[Mesh])) OR (“Air
Pollution”’[Mesh])) OR (“Agrochemicals”’[Mesh])) AND ((
((“Lewy Bodies”[Mesh]) OR (“alpha-Synuclein”[Mesh]))
OR (“Parkinson Disease”’[Mesh])) OR (“Lewy Body Dis-
ease”’[Mesh))).

A filter was added to include literature published after 2020
to find data published later than the paper by Candelise et al.°.
The final search was conducted on April 13, 2025.

Study Inclusion and Exclusion Criteria

As this review focuses on human o-synuclein, only ex-
perimental studies testing the defined toxins on human o-
synuclein expressed in microorganisms were included. This
focus was intended to ensure a high-quality review of how
these toxins mechanistically affect human «-synuclein and
contribute to Lewy body-related diseases such as Parkinson’s,
diseases that affect humans and would present differently in
non-human species. Environmental toxins were defined as in-
organic substances commonly encountered through environ-
mental exposure, such as in air, water, or soil, rather than
through ingestion. To evaluate the extent of new research
conducted and identify significant developments, only stud-
ies published after Candelise et al.® were included. Review
papers and studies in languages other than English were ex-
cluded. Table[I]presents the eligibility criteria for studies in-
cluded in the final review sample.

Table 1 Summary of PICOS (Population, Intervention,
Comparator, Outcome, Study characteristics) Criteria for Study
Selection

Inclusion Exclusion
Population Human a-synuclein Non-human o-synuclein
UV radiation
Metals EDlieeitromagnetlc radiation
Intervention/ Air pollution .
.. Smoking
Exposure Pesticides .
. Caffeine
Agrochemicals .
Viruses
Bacteria
Comparator None
Outcome Mechamsrp explalmn:g of
a-synuclein aggregation
Non-English

Study Characteristics Any Article prior to 1/1/2020

Review Paper

Study Selection

A total of 553 references were exported from PubMed into the
systematic review management software Covidence ! to facil-
itate the screening process. Titles and abstracts were screened
based on the inclusion criteria. A second reviewer cross-
checked, and discrepancies or papers not clearly meeting cri-
teria were resolved through discussion. Articles included af-
ter screening were then exported to the reference management
software Zotero for full-text screening. Sixty-four full-text ar-
ticles were then screened, with reasons noted for each exclu-
sion. Ultimately, five articles were included in this review.
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Fig. 1 Conceptual framework of metal ion interactions with a-synuclein and their mechanistic relevance to Parkinson’s disease pathology

Figure [2] presents a PRISMA flowchart illustrating the search
and screening process, including reasons for exclusions from
the full-text screening.
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Fig. 2 PRISMA Flowchart of Study Selection Process

Data extraction

Data on the binding of metals to a-synuclein were manually
extracted from each of the five papers. All data on the effects
of toxins on aggregation for individual variants of a-synuclein
were extracted. The extracted data were synthesized themat-
ically by grouping findings based on the specific metal ion
studied, the a-synuclein variant used, and the resulting impact
on protein aggregation.

Meta-analysis consideration

The feasibility of a quantitative data synthesis was evaluated
prior to analysis. Formal meta-analysis was determined to
be inappropriate due to substantial methodological differences
across the five included studies: the studies used different o-
synuclein variants, buffer compositions, metal ion concentra-
tions spanning several orders of magnitude, and distinct bio-
physical assays (ThT fluorescence, AFM, FTIR, NMR, and

EPR) with non-interchangeable metrics. Accordingly, a narra-
tive synthesis was employed, organizing findings thematically
by metal ion and protein variant rather than pooling effect es-
timates.

Bias Assessment

To assess potential methodological and interpretive bias across
the included studies, a hybrid risk-of-bias framework was
constructed by combining elements from SYRCLE’s? and
ROBINS-I’s3 risk-of-bias tools. Since neither tool was di-
rectly suited to in vitro biophysical investigations, the bias do-
mains were adapted to address protein chemistry experiments.
The final tool incorporated domains for selection bias, perfor-
mance bias, detection bias, reporting bias, and confounding
bias. Each domain was reframed with context-specific guiding
questions. Each paper was evaluated against these domains
and assigned a rating (low, moderate, or high risk of bias).

Table 2 A Hybrid Risk-of-Bias Framework Combining Elements
from SYRCLE'’s Risk of Bias Tool and ROBINS-I, Showing Low,
High, and Unclear Ratings

Lorentzonetal. Tengetal. Lietal. Bacchellaetal. Walke et al.
(2020) (2021) (2022) (2023) (2024)
Selection Bias Low Low Low Low Low
Performance Bias Low Low Low Unclear Low
Detection Bias Unclear Unclear Unclear Low Low
Reporting Bias Low Low Low Low Low
Confounding Low Low Low Low Low

Results

Study characteristics

The final systematic review comprised five articles 418, Table
] presents the characteristics of each article. Each paper inves-
tigated one to three toxins using various ¢-synuclein variants.
Four of the five papers provided information about the specific
locations of binding for the tested toxins, as shown in Table 4]

Review of a-Synuclein Variants and Toxin Effects

Before examining each metal individually, it is important to
clarify how Cu?*, Cu™, Fe3*, and Zn?* differ chemically, be-

© The National High School Journal of Science 2026

NHSJS Reports |3



Table 3 Summary of Study Characteristics for the Five Included Articles, Showing Authors, Publication Year, Metal Ions Investigated,
a-Synuclein Variants Tested, and Primary Methodological Approaches Used

Study Date of Primary Objective a-Synuclein Variants Studied Toxin Studied
publication

Copper Binding and 03 February Investigate properties of copper- Wild-type oSyn (WT); N-  Copper(l) (Cu?t);

Redox Activity of «a- 2023 aSyn binding and its redox ac- terminal oSynl-15 peptide; Copper(I) (Cu');

Synuclein in Membrane- tivity in membrane-like environ- ~ aSyn45-55 peptide; N-terminally ~ Silver(I) (Ag™) as a

Like Environment ments acetylated WT oSyn (Ac-WT) Cu™ probe

Copper ion incorporation
in o-synuclein amyloids

Differential effects of
Cu?* and Fe3* ions on in
vitro amyloid formation
of Dbiologically-relevant
a-synuclein variants

Acetylation Rather than
H50Q Mutation Impacts
the Kinetics of Cu(Il)
Binding to o-Synuclein

Modulation Effects of
Fe3t, Zn?t, and Cu?t
Ions on the Amyloid Fib-
rillation of a-Synuclein:
Insights from a FTIR

19 February
2024

13 March
2020

07 October
2021

01 Decem-
ber 2022

Investigate how copper ions
(Cu(Il)) interact with «aSyn
amyloid fibers, specifically their
incorporation during aggrega-
tion or binding to pre-formed
amyloids

Investigate and compare the ef-
fects of Cu?t and Fe3* ions on
amyloid formation in specific AS
variants

To investigate the effects of the
H50Q mutation and N-terminal
acetylation on the kinetics of
Cu?* binding to atSyn
Investigate modulation effects of
Fe3*, Zn?t, and Cu?' ions on
the amyloid fibrillation of o«-
synuclein at both the secondary
and quaternary structural levels

Wild-type aSyn (WT); N-
terminally acetylated WT aSyn
(Ac-WT); aSyn variant HisS0Ala
(H50A); N-terminally acetylated
His50Ala aeSyn (Ac-H50A)

Wild-type aSyn (WT); N-
terminally acetylated WT aSyn
(Ac-WT);  Ala53Thr  aSyn

(A53T); N-terminally acetylated
Ala53Thr aSyn; truncated aSyn
(residues 1-97)

Wild-type aSyn (WT-aSyn);
H50Q aSyn (H50Q WT-aSyn);
N-terminally acetylated «aSyn;
H50Q NAc-aSyn

Wild-type o-synuclein

Copper(Il) (Cu®t)

Copper(Il) (Cu®t);
Iron(III) (Fe3t)

Copper(Il) (Cu?t);
Copper(I) (Cu™)

Copper(Il) (Cu?t);
Zinc(I)  (Zn?h);
Iron(IIT) (Fe3t)

Investigation

cause these differences directly determine how each metal be-
haves when it encounters o-synuclein. Cu®>* and Fe3* are
both redox-active, meaning they can gain or lose electrons
and, in doing so, generate reactive oxygen species (ROS),
which are chemically unstable molecules that can damage pro-
teins and other cellular components. Cu™ is also redox-active
in free solution, but under certain conditions its behavior is
very different, as described below. Zn3T, by contrast, is redox-
inactive and cannot participate in these damaging reactions.
Each metal also binds to a different region of a-synuclein:
Cu’* targets the N-terminal (beginning) region of the pro-
tein; Cu™ also uses the N-terminal region but binds through
different atoms; Fe’" binds to the C-terminal (end) region;
and Zn>* interacts with negatively charged side chains spread
across the protein. These chemical and structural differences
mean that each metal influences aggregation through a distinct
pathway, and results from one metal cannot be assumed to ap-
ply to the others 418,

Cu’* (Oxidized Copper)
Three of the five included studies examined how Cu?* binds

to a-synuclein, and all three agreed on the key region. Using
NMR spectroscopy, a technique that detects changes in the
magnetic signals of specific atoms when a metal binds nearby,
Bacchella et al.'# showed that Cu®* attaches to the very be-
ginning of the protein at the nitrogen atom of the first amino
acid (Metl) and the nearby Asp2 residue. Additional mea-
surements by electron paramagnetic resonance (EPR) spec-
troscopy, which detects unpaired electrons in metals, con-
firmed this location. Walke et al.'>' independently confirmed
binding in the same N-terminal region and additionally found
that a second site, the amino acid histidine at position 50
(His50), is required for copper to become fully trapped in
protein fibrils once they form. Teng et al.1” measured ex-
actly how fast and how tightly Cu?* binds using rapid-mixing
experiments. In non-acetylated wild-type (WT) a-synuclein,
the dissociation constant (Kd), a standard measure of binding
strength where a lower value indicates tighter binding, was
approximately 3 nanomolar (nM), confirming this is an ex-
tremely strong interaction. However, in the physiological hu-
man form of the protein, which carries a chemical tag called
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N-terminal acetylation (NAc) on its first amino acid, the N-
terminal binding site is blocked. As a result, Cu?t shifts to
binding at His50 instead, the binding strength drops dramat-
ically to a Kd of approximately 23 micromolar (uM), nearly
8,000-fold weaker, and the rate at which Cu?* first attaches
falls roughly 1,300-fold/Z.

The effect of Cu’t on aggregation depends heavily on
which form of o-synuclein is present. This was tested by
monitoring protein aggregation with Thioflavin T (ThT) flu-
orescence, a dye that gives off a brighter signal as more amy-
loid fibrils form, allowing researchers to track the speed of
aggregation over time. Walke et al.1> showed that Cu®>* ac-
celerates aggregation of non-acetylated WT o-synuclein and
of the HSOA mutant (a modified version where histidine at
position 50 is replaced with alanine), but has no accelerating
effect on the acetylated NAc-WT form — the form found in hu-
mans. Lorentzon et al. 1% further showed that the Parkinson’s-
associated A53T mutation, in which threonine replaces ala-
nine at position 53, also showed no increase in aggregation
rate when Cu?" was added. The likely explanation is that the
AS53T mutation already makes the protein more prone to mis-
folding on its own, so adding Cu?* does not produce any ad-
ditional effect. Together, these results show that Cu’* only
accelerates aggregation in protein forms that have a free, ac-
cessible N-terminal binding site, reinforcing that binding lo-
cation matters, not just binding itself.

When a-synuclein forms fibrils in the presence of Cu’*,
the metal actually becomes incorporated into the fibril struc-
ture itself, with important consequences. Walke et al.> quan-
tified how much copper was trapped in the fibrils using a col-
orimetric assay (a color-change test sensitive to copper con-
centration) and found that the ratio of copper to protein in
NAc-WT fibrils reached as high as 1.9 copper ions per pro-
tein molecule. This is higher than the simple 1:1 ratio seen
in free solution, which suggests that the cross-linked, stacked
architecture of a fibril creates new metal-binding opportuni-
ties that do not exist in the individual protein. Atomic force
microscopy (AFM), which uses a tiny physical probe to im-
age surfaces at the nanometer scale, confirmed that Cu?t also
changes the physical structure of the fibril: the repeating twist
pattern (pitch) of WT fibrils shifted from roughly 70-80 nm
to about 100-110 nm. Electrochemical measurements showed
that Cu?* bound inside a fibril is harder to chemically reduce
than Cu®" bound to a single protein molecule, meaning the
fibril structure stabilizes the copper and reduces its reactiv-
ity. Accordingly, the ability of copper to generate damaging
radicals followed this order: free copper > copper bound to
a single protein > copper trapped in a fibril.'2 Infrared spec-
troscopy (FTIR) performed by Li et al.l% further showed that
Cu”* causes a modest increase in the proportion of the protein
locked into a tightly packed f-sheet structure, from a baseline
of about 39.5% to 43.6% at the highest concentration tested,

confirming that Cu®* influences the protein’s internal archi-
tecture even after fibril formation.

In addition to driving aggregation, Cu>* can directly dam-
age the ¢¢-synuclein protein through oxidative chemistry. Cop-
per can cycle between its two charged forms, Cu>* and Cu™,
and each cycle through this reaction, known as Fenton-like
chemistry, releases reactive oxygen species (ROS) such as hy-
droxyl radicals (-OH) and hydrogen peroxide (HyO,). These
ROS can then chemically modify the protein itself. Bacchella
et al.'# tracked these modifications using mass spectrometry
(a technique that weighs molecules and fragments to identify
chemical changes) and found that after 30 minutes, the sulfur-
containing amino acids Met5 (85% modified) and Metl (38%
modified) were the most heavily damaged. Over four hours,
additional chemical modifications appeared at His50. These
oxidative modifications occur at the very sites where copper
binds, meaning that the same interaction that promotes ag-
gregation also progressively chemically damages the protein.
This damage could further destabilize the protein’s normal
structure and contribute to a self-reinforcing cycle of misfold-
ing and aggregation.

Cu™ (Reduced Copper)

The reduced form of copper, Cu™, binds a-synuclein through
an entirely different mechanism and has different functional
effects. Bacchella et al.'# used X-ray absorption spectroscopy
(XAS), a technique that identifies how a metal is connected to
surrounding atoms by measuring which energies of X-rays it
absorbs, to characterize this binding. The data showed that one
Cu™ ion simultaneously bridges two o-synuclein molecules
by attaching to the sulfur atoms of Metl and Met5 from each
protein chain, forming a symmetrical, four-sulfur complex
(CuSy4). This structure only forms stably when the two pro-
tein molecules are held in close proximity, which naturally
occurs when a-synuclein is anchored to a cell membrane. Be-
cause all four attachment points on copper are occupied by sul-
fur atoms, copper is fully shielded from contact with oxygen
molecules in the cell. When Bacchella et al. measured radical-
generating activity using a fluorescence-based test, they found
that this membrane-bound complex produced almost no ROS,
in sharp contrast to Cu™ in free solution, which readily reacts
with oxygen to generate harmful radicals’4.

Because Cu™’s tendency to undergo redox reactions can
complicate certain measurements, Bacchella et al. 12 ysed sil-
ver(I) ions (Ag™) as a stand-in to cross-check their struc-
tural conclusions. Ag™ has a similar preference for sulfur-
containing binding sites as Cu™ but does not undergo redox
cycling under these conditions, making it an easier and cleaner
experimental tool. When they compared NMR chemical shift
patterns, which indicate which parts of the protein are affected
by metal binding, between Ag™ and Cu™, the patterns were
essentially identical. This confirms that the structural model
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derived from the Ag™' experiments accurately reflects how
Cu™ binds, strengthening confidence in the CuSy bis-complex
model.

Teng et al.'” showed that the human (N-terminally acety-
lated) form of a-synuclein binds Cu™ with moderate affinity
(Kd =~ 12 uM) and proposed an interesting protective role for
this interaction. In neurons, copper ions are briefly released
at synapses during neurotransmission. The authors propose
that NAc-a-synuclein could act as a temporary copper buffer,
picking up free Cu™ and handing it off to dedicated copper-
transport proteins before it can cause oxidative damage or trig-
ger aggregation. This proposed function depends on the N-
terminal acetylation modification, which is the predominant
form in human neurons, making this mechanism potentially
relevant to how the brain normally manages copper. This also
means that earlier laboratory studies using non-acetylated pro-
tein may have overestimated copper’s role in promoting aggre-
gation in real human cells'”.

Fe3*t (Oxidized Iron)

Unlike Cu?*, which targets the beginning of a-synuclein,
Fe3* binds at the opposite end of the protein, at the C-terminal
region (specifically residues 119-124). Lorentzon et al.l®
identified this binding site using near-UV circular dichroism
(CD) spectroscopy, which detects small changes in protein
shape caused by metal binding. The clearest evidence came
from testing a truncated version of ¢-synuclein that is missing
these C-terminal residues (residues 1-97): this shortened form
showed no response to Fe** at all, confirming the C-terminus
is required for binding. Because N-terminal acetylation does
not affect the C-terminal region, both the acetylated and non-
acetylated forms of the protein bind Fe* at this site'%.

The way Fe3* affects aggregation is more complex than
Cu”* as it depends on both the concentration used and the
specific protein variant. Interestingly, in non-acetylated WT
a-synuclein, low concentrations of Fe*T (25-50 uM) slightly
sped up aggregation, while high concentrations (200-400 uM)
slowed it down'!. In the A53T mutation, Fe3* slowed aggre-
gation at all concentrations tested, with the strongest inhibition
seen in the acetylated AS3T form. To understand why, Lorent-
zon et al.!® used seeding experiments, where pre-formed fib-
ril fragments are added to accelerate aggregation, and showed
that the inhibitory effect of Fe** applies only to the very first
step of aggregation (nucleation: when the first small clusters
of misfolded protein form), not to the elongation step (when
fibrils grow by adding more protein). This is mechanistically
opposite to Cu®*, which promotes aggregation by making the
early conformational steps easier. The contrast between Fe>*
and Cu?" illustrates why these two metals, despite both being
found in Parkinson’s disease brain tissue and both capable of
generating ROS, cannot be treated as equivalent.

At the level of fibril structure, Fe3 has the most dramatic

effects of the three metals studied by Li et al.1® Using FTIR
spectroscopy (infrared spectroscopy that reveals protein struc-
ture by measuring how the protein absorbs different frequen-
cies of light), they found that Fe3* increased the proportion
of the protein locked into the tightly packed B-sheet struc-
ture from 39.5% to 49.0% at 4.0 mM Fe*" — a 24% relative
increase, larger than the increases caused by Zn>* or Cu>*
at comparable concentrations. The spectroscopy also revealed
that Fe3* interacts with two distinct types of carboxylate (neg-
atively charged) side chains within the fibril, while Zn>* and
Cu?" only interact with one type. This difference likely re-
flects the stronger electrostatic attraction of the +3 charged
Fe’" compared to the +2 charge of the other metals. AFM
imaging showed that Fe3* changes fibril shape most dramati-
cally: instead of smooth, uniform fibrils about 5 nm tall, Fe3*
produced irregular, worm-like fibrils with height variations be-
tween 4 and 10 nm''8,
Zn** (Zinc)

Zn?7 is redox-inactive under physiological conditions, mean-
ing it cannot generate reactive oxygen species on its own, and
its effects on ¢-synuclein are the most modest of the four
metals examined. Li et al.'® used FTIR spectroscopy and
AFM to characterize Zn>*’s effects on fibrils. FTIR showed
that Zn>" interacts primarily with the negatively charged (car-
boxylate) side chains of the protein and causes a moderate,
concentration-dependent increase in parallel 3-sheet content
less than that caused by Fe’* or Cu?* at the same concentra-
tions. AFM showed that Zn>* did not substantially change
the overall fibril architecture as fibrils were slightly taller and
more rigid than those formed without metal, but their basic
structure remained intact. Because a-synuclein is an intrinsi-
cally disordered protein (IDP), meaning it does not fold into a
fixed stable shape under normal conditions but instead exists
as a flexible ensemble of conformations, it is naturally sensi-
tive to the chemical environment around it. However, in the
case of Zn>*, this sensitivity results in only modest structural
changes. The absence of redox activity means Zn>*’s contri-
bution to Parkinson’s pathology, if any, is likely through phys-
ical crowding or charge shielding effects rather than oxidative
damage'®.

Discussion

This review synthesizes findings from five studies published
since 2020 on how Cu?*, Cut, Fe*t, and Zn?* interact with
a-synuclein and influence its aggregation. Taken together,
these results support a stepwise model of metal-driven aggre-
gation: metal ions bind to specific sites on the protein, this
binding changes the protein’s shape, and those shape changes
alter the probability that the protein will begin to misfold and
form toxic aggregates. The most critical upstream step ap-
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Table 4 Comprehensive summary of metal ion binding locations and their effects on ¢¢-synuclein aggregation across different protein
variants, including wild-type, acetylated, and mutant forms.

a-Synuclein variant

Cu? (reduced copper)’

redox-inert in bis-complex

Cu?* (oxidized copper)

redox-active

Fe3* (oxidized iron)

redox-active

Zn2* (zinc)

redox-inactive

Wild-type (WT)

N-terminally
acetylated WT
(NAc-WT)

AS53T (familial
Parkinson’s mutation)

N-terminally
acetylated A53T

His50Ala (H50A)

N-terminally
acetylated HS0A

H50Q WT

H50Q NAc

Truncated aSyn
(residues 1-97)

Binding: Metl, Met5 (1:2
Cut:aSyn bis-complex )14

No aggregation acceleration;
Cu™ redox-inert within complex,
suppresses ROS generation 41

Binding: Metl, Met5 (same as
WT; Kd ~ 12 uM)147

No acceleration; proposed
copper-buffering function
transfers Cu™ to dedicated
transporters Iz

Binding: Metl, Asp2 (same
affinity as WT)H0

No effect on aggregation (variant
already predisposed to rapid
misfolding)1©

No binding detected®

No effect on aggregation-®

NR

NR

Binding: Metl, Met5 17
Aggregation effect NR

Binding: Metl, Met5 Vi
Aggregation effect NR

NR

Binding: Metl, Asp2 (Kd ~ 3
nM); His50 required for fibril
trapping 415117

Strongly accelerates aggregation;
promotes f3-sheet structure
(+4.1%) 14115118

Binding: N-terminal site blocked;
shifts to His50/Asp121

(Kd =~ 23 uM; ~8,000x

weaker) LI

No acceleration; acetylation largely
eliminates Cu®" -driven
aggregation12!1/

NR

NR

Binding: N-terminal region intact;
still binds Cu?+113

Moderate acceleration of
aggregation (less than WT,
confirming His50 role in fibril
trapping) 12

Both key sites disrupted

(N-term blocked by acetylation;
His50 mutated)/2

No binding; no effect on
aggregationt>

Binding: Met1-Asp2; no change in
affinity vs. WTLL

Aggregation effect NR

Binding: Asp121 only; weakest
binding of all variants testedZ
Aggregation effect NR

NR

Binding: C-terminal residues
11912410

Slight acceleration at low
[Fe3t] (25-50 uM); | slows at
high [Fe3*] (200400 uM)1e

Binding: C-terminal residues
119-124 (acetylation does not
affect this region)1&
Accelerates at low [Fe3™]
(25-50 uM); | inhibits at high
[Fe3*] (200-400 uM)lLe

Binding: C-terminal residues
119-12418

Inhibits aggregation at all
concentrations tested®

Binding: C-terminal residues
119-12446

Strongly inhibits aggregation'!
NR

6

NR

NR

NR

No binding (C-terminal
residues 119-124 absent) 16
Confirms C-terminal region as
essential Fe>* binding site

Binding: Carboxylate side
chains (COO ™)1

Minimal effect; fibrils slightly
taller and more rigid; -sheet
+3.7%18

NR

NR

NR

NR

NR

NR

NR

NR

* Ag" was used by Bacchella et al.# as a redox-inactive structural probe for Cu™, forming similar bis-complexes at Met1/Met5. NMR shift patterns for Ag™
were identical to Cu™ across all variants tested, validating the Cu™ structural model.

** aSynl-15 and aSyn45-55 peptide fragments were used as methodological controls to confirm binding site assignments (Met1/Met5 and His50,
respectively) and are not included as independent variants above.

NR = not reported in the included studies.

pears to be metal binding to the N-terminal region, which in
non-acetylated WT a-synuclein reduces electrostatic repul-
sion between neighboring protein molecules, making it eas-
ier for them to cluster together and form the seed structures
needed to initiate fibril growth. Cu®* is particularly effective

at this in non-acetylated protein, consistent with the 3 nM Kd
reported by Teng et al.'Z However, in the physiologically rele-
vant acetylated form, this binding site is blocked and the Cut
effect on aggregation largely disappears, a critical nuance for
interpreting the disease relevance of in vitro copper data'Z.
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Beyond just the rate of aggregation, the studies reviewed
here show that metal ions change the physical character of the
fibrils themselves. Cu?* incorporation into fibrils, as shown
by Walke et al. 12 alters fibril twist geometry and reduces cop-
per’s ability to generate radicals, suggesting that fibril forma-
tion may partly reduce copper toxicity in this regard. Fe’"
produces the most dramatic fibril changes: larger increases
in B-sheet content and irregular, worm-like morphology by
AFM, likely because its +3 charge creates stronger electro-
static interactions than the +2 divalent metals'®. Different
fibril structures (polymorphs) are thought to have different
spreading and toxicity properties in the brain, so these mor-
phological differences may have direct relevance to disease
progression, though this link was not directly tested in any of
the included studies.

A second major theme is oxidative stress. Both Cu?>* and
Fe’* can cycle between oxidation states in a Fenton-like re-
action, generating reactive oxygen species (ROS) that dam-
age the protein and surrounding cellular components. How-
ever, the included studies also describe three mechanisms that
may counter this damage. First, Cu™ bound at the membrane
in the CuS4 bis-complex generates almost no ROS, suggest-
ing that membrane-bound ¢-synuclein may serve a protective
copper-detoxifying function®. Second, N-terminal acetyla-
tion reduces Cu®* binding affinity by nearly four orders of
magnitude, dramatically limiting the amount of copper that
can bind to a-synuclein and trigger redox cycling in human
neurons”. Third, Cu?>" incorporated into mature fibrils is
redox-dampened relative to free or monomer-bound copper?,
indicating that the protein architecture of the fibril itself par-
tially neutralizes copper’s oxidative potential.

The mechanisms addressed in this review — metal binding,
redox cycling, and 3-sheet stabilization — represent upstream
molecular events of Parkinson’s disease. Downstream con-
sequences such as mitochondrial dysfunction, membrane dis-
ruption, and impaired proteostasis, which are also implicated
in metal-driven neurodegeneration, fall outside the scope of
this review because none of the five included studies exam-
ined these pathways. Future mechanistic reviews that incor-
porate cell-based and animal model studies will be necessary
to map how the binding events described here connect causally
to these broader pathological processes.

Compared to the 2020 review by Candelise et al.®, which
established that metal ions generally enhance aggregation
by neutralizing charge repulsion at the protein surface, the
present review adds several important layers of specificity.
Candelise et al.® did not distinguish between different pro-
tein variants or post-translational modifications; this review
demonstrates that N-terminal acetylation, the standard human
form, fundamentally changes how copper interacts with the
protein. The earlier review also grouped metals together as ag-
gregation enhancers, whereas this review shows that Fe3* can

inhibit aggregation in A53T a-synuclein and that Cu™ under
membrane conditions is protective rather than harmful. These
distinctions matter because they determine whether a given
metal-protein interaction is likely to contribute to, or protect
against, neurodegeneration in a physiologically realistic con-
text.

While the present review is limited to in vitro mechanis-
tic studies, the findings are consistent with in vivo observa-
tions. Post-mortem analyses have demonstrated significantly
elevated iron concentrations in the substantia nigra of Parkin-
son’s disease patients, with increases of up to 176% in to-
tal iron and 255% in Fe3* compared to age-matched con-
trols®. Subcellular fractionation studies have further shown
that the Parkinson’s disease substantia nigra exhibits both el-
evated iron and decreased copper specifically in the soluble
cellular fraction, directly demonstrating metal dysregulation at
the level relevant to protein-metal interactions?’, These obser-
vations suggest that the metal-a-synuclein interactions char-
acterized in the in vitro studies reviewed here may be opera-
tive in the disease context, though direct confirmation of the
specific binding and aggregation mechanisms described here
requires further investigation in cell-based and animal model
systems.

An important limitation of all five included studies is that
they were conducted in vitro, that is, in laboratory conditions
using purified protein in solution or on artificial membranes,
not in living cells or animal models. In vitro conditions differ
from the brain environment in several important ways. Intra-
cellular environments contain many other proteins, lipids, and
metabolites that could compete with a-synuclein for metal
binding or alter its folding landscape. Real neurons also
maintain tightly regulated metal homeostasis through chap-
erone proteins and transport systems, meaning the effective
free metal concentrations available to a-synuclein in vivo are
likely much lower than those used in most experiments. For
reference, Cu?™ concentrations used in the included studies
ranged from approximately 1 uM to 200 uM, while the free
copper concentration in healthy neurons is estimated to be in
the picomolar range. Fe3* concentrations of up to 4 mM were
used in FTIR experiments®, far above physiological levels.
These comparisons do not invalidate the mechanistic findings,
but they do caution against directly extrapolating in vitro ag-
gregation rates or metal effects to disease conditions without
further in vivo validation.

Comparing findings across the five included studies is
also complicated by methodological variability. The studies
used different buffer systems, protein concentrations, agita-
tion methods, pH conditions, and temperature protocols, all
of which are known to influence o-synuclein aggregation ki-
netics. For example, Li et al. '8 used very high metal concen-
trations (up to 4 mM) to detect FTIR signal changes, while
Walke et al.'> and Lorentzon et al.l® worked in the low mi-

8 | NHSJS Reports

© The National High School Journal of Science 2026



cromolar range. Aggregation assays were performed using
Thioflavin T (ThT) fluorescence in some studies and AFM
imaging in others, and not all studies used the same variants
of a-synuclein. As a result, direct quantitative comparisons,
such as which metal accelerates aggregation most, should be
made cautiously. The main conclusions drawn here are qual-
itative and mechanistic rather than quantitative rankings of
metal toxicity.

Limitations

Several limitations should be considered when interpreting
this review. First, only five articles met the inclusion crite-
ria, all focused exclusively on metal ions. Although studies on
pesticides and other environmental toxins were identified dur-
ing screening, they were excluded because they did not pro-
vide mechanistic data on protein-toxin binding at the molec-
ular level, meaning this review reflects a narrow slice of the
full environmental toxin landscape relevant to Parkinson’s dis-
ease. Second, this review was conducted using PubMed as the
sole database. While databases such as EMBASE, Web of
Science, and Scopus would ordinarily be included in a com-
prehensive systematic search, preliminary scoping confirmed
that the relevant primary biophysical literature on metal ion-o-
synuclein interactions is concentrated in journals well-indexed
by PubMed. Nevertheless, the exclusive use of PubMed rep-
resents a limitation, as studies indexed only in other databases
may have been missed, and future reviews on this topic should
employ a multi-database search strategy'".

Third, the included studies varied substantially in their ex-
perimental conditions, including metal concentrations, buffer
composition, agitation protocols, and ¢-synuclein variants
used. This makes it difficult to directly compare quantita-
tive findings across papers. This variability also means that a
formal meta-analysis, which would pool numerical data from
multiple studies to produce a combined statistical estimate,
was not appropriate for this review. A meta-analysis would re-
quire a sufficient number of studies using sufficiently similar
methods; future work that standardizes experimental protocols
across laboratories would better enable this type of analysis.
Fourth, all included studies were conducted in vitro, limiting
the direct applicability of these findings to in vivo or clinical
contexts, as discussed above. Future research should priori-
tize cell-based and animal model studies to test whether the
mechanistic relationships identified here hold under biologi-
cally realistic conditions.

Conclusion

In conclusion, this systematic review demonstrates that cop-
per and other heavy metals are associated with increased rates

of o-synuclein aggregation in non-acetylated WT and H50A
aSyn, confirming the general conclusions made in the 2020
review. In contrast, in other variants, aggregation was slower
or even inhibited. The findings emphasize the significance of
post-translational modifications, such as N-terminal acetyla-
tion, and highlight how specific mutations, such as A53T, can
alter metal-induced aggregation behavior. These insights into
metal binding could inform targeted therapeutic strategies as
well as preventative measures for individuals at higher risk of
toxin exposure. Future research should investigate the role of
other environmental toxins such as pesticides and herbicides
and the associated mechanisms leading to a-synuclein aggre-
gation.
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