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Abstract

Parkinson’s disease is the second most common neurodegenerative disorder worldwide.
Neurodegeneration in this pathology is characterized by the loss of dopaminergic neurons in the
substantia nigra, coupled with cytoplasmic inclusions known as Lewy bodies containing a-synuclein.
The brain is an organ that concentrates metal ions, and there is emerging evidence that a break-down
in metal homeostasis may be a critical factor in a variety of neurodegenerative diseases. a-synuclein
has emerged as an important metal binding protein in the brain, while these interactions play an
important role in its aggregation and might represent a link between protein aggregation, oxidative
damage and neuronal cell loss. Additionally, a-synuclein undergoes several post-translational
modifications (PTMSs) that regulate its structure and physiological function, and may be linked to the
aggregation and/or oligomer formation. This review is focused on the interaction of this protein with
physiologically relevant metal ions, highlighting the cases where metal-AS interactions profile as key
modulators for its structural, aggregation and membrane-binding properties. The impact of o-
synuclein phosphorylation and N-terminal acetylation in the metal binding properties of the protein
are also discussed, underscoring a potential interplay between PMTs and metal ion binding in

regulating a-synuclein physiological functions and its role in pathology.

1. Introduction

The protein a-synuclein (AS) is a small cytosolic protein of 140 amino acids (~14.5 kDa) that belongs
to the synuclein family (together with beta-synuclein and gamma-synuclein), a closely related group
of brain-enriched, intrinsically disordered proteins that is expressed in vertebrates (Maroteaux et al.
1988). The primary structure of AS can be divided in three characteristic regions: the N-terminal
region (residues 1-60) that contains imperfect repeats of the sequence KTKEGV and is involved in
lipid binding; the non-amyloid component region (NAC, residues 61-95), which is highly
hydrophobic and fibrillogenic; and the C-terminal region (residues 96-140), which is rich in Pro, Asp
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and Glu residues that are essential to block rapid AS filament assembly (Figure 1). Although AS is an
intrinsically disordered protein and lacks a defined secondary structure, long range intramolecular
contacts between the C-terminal and the NAC and N-terminal regions have been identified (Theillet et
al. 2016; Fauvet et al. 2012; Bertoncini et al. 2005). In the cytosol, AS is proposed to exist as a
monomeric protein in which the NAC region tends to be partially shielded from the solvent, induced
by transient intramolecular interactions that delay intermolecular aggregation. The protein can adopt
an a-helical structure at its N-terminal region when associated with membranes, characterized by the
formation of two antiparallel a-helices involving residues 1-37 and 45-92 (Davidson et al. 1998;
Bussell and Eliezer 2003; Ulmer et al. 2005; Borbat et al. 2006). a-synuclein is predominantly
expressed in presynaptic terminals of neurons of the central nervous system, making up to 1 % of total
soluble protein in the human brain. Physiological roles proposed for this protein include uptake,
storage, recycling of neurotransmitter vesicles and maintenance of dopamine levels (Surguchov et al.
1999 ; Maroteaux et al. 1988; Stefanis 2012; Sidhu et al. 2004; Yavich et al. 2004).

The aggregation of AS is associated to neuropathological disorders such as Parkinson’s disease (PD),
dementia with Lewy bodies (DLB) and multiple system atrophy (MSA), collectively referred to as
synucleinopathies (Spillantini et al. 1997; Volles and Lansbury 2003). Pioneering epidemiological
and biochemical studies have linked exposure to heavy metals to the onset of PD (Dexter et al. 1991;
Gorell et al. 1999). Since then, several studies have demonstrated that metal ions can interact with
AS, having an important impact in its aggregation (Uversky et al. 2001; Paik et al. 1999; Natalello et
al. 2010). Moreover, the homeostasis of essential metal ions, such as Cu and Fe, are affected in
Parkinson’s disease, as reviewed recently (Garza-Lombd et al. 2018). It has also been suggested that
Mn exposure could be an environmental factor for the development of this disease (Calne et al. 1994);
while an intricate relation between AS expression and metal ions levels has been revealed (Ducic et
al. 2015). Using synchrotron-based X-ray fluorescence, it was observed in primary midbrain neurons
that over-expression of AS increases intracellular Mn levels, while decreasing Ca levels. Interestingly,
a strong correlation was observed between high concentrations of Mn in neurons with the
concentration of other essential metals, such as Cu and Fe (Ducic et al. 2015). Moreover, it was
demonstrated that Mn promotes the aggregation and the transmission in a prion-like cell-to-cell
exosomal manner of AS (Harischandra et al. 2019). Overall, these findings have led to the proposal

that AS may act as an intracellular store of metal ions in the cell (Peres et al. 2016).

While the putative role of AS in metal ion homeostasis remains to be investigated, it is clear that it is a
metal binding protein and that metal ions may play an important role in its aggregation and the
etiology of Parkinson’s disease. Thus, understanding the nature of AS-metal ion interactions and how
they impact in AS properties can provide a link between the accumulation of aggregated proteins,
oxidative damage in the brain and neuronal death. The interactions of metal ions with AS and their

potential role in Parkinson’s disease have been extensively studied in the last two decades, as
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reviewed in several works (Santnera and Uversky 2010; Miller et al. 2012; Leal et al. 2012; Viles
2012; Binolfi et al. 2012). In this manuscript, an objective review of the most relevant and recently
discovered aspects of AS-metal interactions is presented, followed by a discussion on how post-
translational modifications may impact these key protein-metal interactions and influence its

aggregation and toxicity.

2. a-synuclein is a metal binding protein

2.1. Metal-anchoring sites for divalent ions in a-synuclein

Early studies showed that metal ions such as Al(I11), Cu(ll), and Fe(lll) can impact the fibrillation rate
of AS, possibly by inducing a partially folded state that is more prone to aggregate than the
monomeric protein (Figure 2A) (Uversky et al. 2001; Paik et al. 1999). Specific effects of metal ions
on the nature of AS oligomeric species have also been described: Ca(ll) and Co(ll) produce high
amounts of annular oligomers, while Cu(ll) and Fe(ll) only enhance the population of oligomeric
intermediates without modifying the nature of AS oligomers (Lowe et al. 2004). However, the metal
ion concentrations used in those pioneering studies were in the millimolar range, far greater than those
normally occurring in tissues. Subsequent seminal work evaluated the impact of divalent metal ions
such as Fe(ll), Mn(ll), Zn(l1), Cu(ll), Co(Il) and Ni(ll) using physiologically relevant micromolar
concentrations of these ions (Rasia et al. 2005; Binolfi et al. 2006). These studies showed that Cu(ll)
is the only metal ion that accelerates the formation of amyloid fibrils under these conditions. Two-
dimensional heteronuclear nuclear magnetic resonance (NMR) spectroscopy in combination with
mutagenesis studies revealed that metal ions interact with AS at its C-terminal domain, which
contains several Asp and Glu residues that strongly attract cations and positively charged molecules
(Binolfi et al. 2006). The *DPDNEA™* sequence at the C-terminal domain was identified as the
primary anchoring binding site (site 3) for all divalent metal ions mentioned above (Figure 1). This
non-specific metal binding site at the C-terminus of AS displays low binding affinities (conditional Kp
~ 10 M) (Rasia et al. 2005; Binolfi et al. 2006), consistent with the electrostatic nature of these AS-
metal interactions. On the other hand, the study of Cu(ll) binding to AS revealed the presence of two
specific binding sites for this metal ion at the N-terminal region of AS: the N-terminal tail
encompassing the first six residues "MDVFMK?® (site 1) and His50 (site 2) , the only histidine site in
the whole protein (Figure 1) (Binolfi et al. 2006; Binolfi et al. 2008). The Cu(ll) binding affinity of
these two sites are significantly higher than that for the C-terminal site, with conditional Ky values in

the nanomolar range, revealing a more physiologically relevant interaction of AS with Cu(ll) ions.
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Overall, these studies demonstrated conclusively that the effect of divalent metal ions on AS
fibrillation is determined by their binding properties. Moreover, the strong link between specificity of
metal binding to AS and effectiveness in accelerating filament assembly revealed a hierarchy of AS—

metal interactions that might reflect both biological and structural effects.

While the copper binding properties of AS are discussed below in more detail, it is important to note
here that His50 has also been proposed as an anchoring site for weaker interactions with other
essential transition metal ions, such as Zn(I1) and Fe(ll). An NMR study revealed the presence of two
independent, non-interacting Zn(ll) sites: one at His50 and another one at the C-terminal Asp121
residue, both sites with similar apparent dissociation constants in the millimolar range. The low
affinity that characterizes Zn(Il) binding to AS challenges the biological relevance of AS-Zn(ll)
interactions (Valiente-Gabioud et al. 2012). On the other hand, Fe(ll) and Fe(lll) have also been
proposed to interact with AS at the His50 and C-terminal sites with low affinity (Binolfi et al. 2006;
Bisaglia et al. 2009). Isothermal titration calorimetry (ITC) studies suggested a single binding site for
Fe(ll) with an apparent Ko ~ 10° M (Bharathi and Rao 2007), while the possibility of two
independent binding sites for Fe(l11) with similar affinity has also been suggested (Davies et al. 2011).
A pioneering study using electrospray mass spectrometry (ES-MS), cyclic voltammetry (CV), and
fluorescence spectroscopy revealed the formation of an AS-Fe(ll) complex with a 1:1 stoichiometry
and a reduction potential ~ 0.025 V vs. Ag/AgCI (Peng et al. 2010). The ferrous complex can be
readily oxidized electrochemically and chemically by O, to a putative AS-Fe(lll) complex, with H,O,
as a co-product. Most recently, the effects of the redox activity of iron complexes with the acetylated
a-synuclein (AcAS) on the aggregation properties of the protein were studied (Abeyawardhane et al.
2018a). In the absence of O,, both, Fe(ll) and Fe(lI1)-AcAS complexes polymerized into parallel -
sheet aggregates, while under aerobic conditions, the ferrous complex contains a substantially
different structure with right-twisted antiparallel B-sheets, displaying elevated toxicity. This seminal
study demonstrated that the oxygen reactivity of the AcAS-Fe(ll) complex can impact protein
conformation and its aggregated structural properties, yielding species that could be relevant to
physiological or pathological implications (Abeyawardhane et al. 2018a). Unfortunately, while there
is a notion that Fe ions may interact with AS at His50 and the C-terminal region, the structural details

of these putative Fe binding sites in AS remain to be elucidated.

In summary, AS displays three different anchoring sites for metal ions: the N-terminal tail, His50, and
the acidic region in the C-terminal (Figure 1). While the C-terminal site displays low affinity and
non-specific interactions with cations, such as Ca(ll), Fe(ll), Mn(ll), Zn(ll), and Cu(ll); His50 can
anchor metal ions with a taste for imidazole ligands, such as Fe(ll), Zn(Il) and Cu(ll). Of all essential
metal ions that AS encounters in vivo, the specific interactions of Cu ions with His50 and the N-
terminal group are the most physiologically relevant, given the high affinity for copper at these

anchoring sites. Finally, more recent evidence supports an important role for AS in calcium-dependent
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vesicular trafficking, associated to AS-Ca(ll) interactions (Lautenschléger et al. 2018). Hence, in the
following sections detailed discussions of the interactions of this protein with calcium and copper ions

are presented.

2.2. Interactions of a-synuclein with calcium

Calcium has a great number of diverse functions in biology and is present as Ca(ll) ions. Neuronal
Ca(ll) homeostasis and signaling regulate multiple neuronal functions, including synaptic
transmission, plasticity and cell survival (Mattson 2007). In healthy neurons, under resting conditions,
free cytosolic Ca(ll) levels are maintained around 200 nM, and rise to low micromolar concentrations
by a mechanism of extracellular Ca(ll) influx or Ca(ll) release from intracellular stores upon
stimulation, while its extracellular concentration is ~1.4 mM (Marambaud et al. 2009; Schaafsma
1988). While resting, intracellular Ca(ll) concentrations do not increase, the return time to resting
levels after a stimulus is greatly reduced in aged neurons. Nevertheless, dysregulation of Ca(ll)
homeostasis is observed in a mice model of a-synucleinopathies (Reznichenko et al. 2012), while a
significant amount of Ca(ll) has been detected in Lewy bodies of patients with Parkinson’s disease
(Kimula et al. 1983). On the other hand, it has been proposed that overexpression of AS increases
mitochondrial and cytosolic Ca(ll), causing cell death (Angelova et al. 2016; Cali et al. 2012;
Caraveo et al. 2014). Calcium ions can trigger AS aggregation in vitro, even at low micromolar
concentrations, and thus, it has been proposed that Ca(ll) might induce cytoplasmic AS aggregates in
cells (Nath et al. 2011; Follett et al. 2012; Rcom-H’cheo-Gauthier et al. 2014). Accordingly, the study
of AS-Ca(ll) interactions and their role in protein aggregation and Parkinson’s disease became an
active area of research in the last years (Rcom-H’cheo-Gauthier et al. 2016; Zaichick et al. 2017).

Here we summarized the most important recent findings.

The binding of multiple Ca(ll) ions (up to four) to AS (Figure 1) has been demonstrated using
multiple biophysical methods, including ion mobility-mass spectrometry (IM-MS), synchrotron small-
angle X-ray scattering (SAXS) and transmission electron microscopy (TEM) in combination with
molecular dynamics (MD) (Han et al. 2018). As observed with other divalent metal ions, Ca(ll) was
shown to induce a structural transition of AS monomers to extended conformations, promoting the
exposure of the NAC region and rapid AS fibrillation. The study concluded that Ca(ll) ions also
trigger non-specific inter-fibrillar aggregation via electrostatic and hydrophobic interactions to
produce large AS aggregates (Figure 2C) (Han et al. 2018). Several studies have demonstrated that
Ca(ll) binds to AS through the C-terminal region (Lowe et al. 2004; de Laureto et al. 2006); and it
interferes with normal AS-membrane interactions. A study employing site-directed fluorescence
labeling of recombinant human AS demonstrated that, in the absence of Ca(ll) ions, AS interacts with

membranes via its N-terminal domain; while the presence of Ca(ll) causes an interaction of the C-
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terminal domain with lipids. This abnormal membrane association of the acidic tail of AS led to the
formation of short fibrils that showed aggravated bundling (Figure 2C) (Tamamizu-Kato et al. 2006).
Another study used disc-like phospholipid bilayers and small unilamellar vesicles to mimic
membranes, found that Ca(ll) competes with AS for the binding sites of phospholipids and exerts a
negative modulatory effect on the association of AS to membranes, resulting in dissociation of the
protein from the membrane surface (Zhang et al. 2014). On the other hand, using a microdialysis
technique it was proposed that AS binds Ca(ll) at the C-terminal region with a Kp = 2-300 uM
(Nielsen et al. 2001). However, recent NMR and mass spectrometry results suggest that it can bind up
to 6-8 calcium ions with a Kp in the range of 21 uM (Lautenschléger et al. 2018). This dissociation
constant lies well within the range of physiological pre-synaptic calcium fluctuations, reaching up to
hundreds of micromolar in healthy neurons upon neuronal stimulation. In the same study it was also
demonstrated that AS-Ca(ll) interaction increases the AS lipid-binding capability. Chemical exchange
saturation transfer (CEST) in solution-state NMR experiments reveal that AS interacts with isolated
synaptic vesicles at the N terminus and via its C terminus, which is regulated by the binding of
calcium. These findings suggest that under physiological conditions AS might act as a calcium
dependent modulator of vesicle homeostasis at the pre-synaptic terminal, with calcium mediating the
localization of AS at the pre-synaptic terminal (Lautenschléger et al. 2018). Moreover, it has been
proposed also that AS might play a key role in calcium transfer from endoplasmic reticulum to
mitochondria and that this function requires the presence of the C-terminal domain of the protein (Cali
et al. 2012). Indeed, an imbalance in calcium or AS can lead to synaptic vesicle clustering, as seen ex
vivo and in vitro, suggesting that high levels of calcium and/or AS are key elements to neuronal
toxicity (Lautenschldger et al. 2018). In summary, calcium ions emerge as key modulators of the
interaction of AS with synaptic vesicles, underscoring the important role they may play under

physiological and cell toxicity conditions.

2.3. Interactions of a-synuclein with copper

Copper binding to AS has been studied in detail in the last decades, using a wide range of
spectroscopic tools, as reviewed by (Binolfi et al. 2012; Santnera and Uversky 2010; Viles 2012). As
mentioned above, AS displays three Cu(ll) coordination sites with different structural and affinity
features (Figure 1). The C-terminal site “*DPDNEA™ (site 3) displays low affinity and low
specificity for divalent metal ions, and Cu(ll) ions are not the exception. In contrast, the N-terminal
region has high specificity for Cu(ll) ions, displaying two anchoring sites: His50 (site 2) and the N-
terminal NH, group (site 1) (Binolfi et al. 2006; Rasia et al. 2005; Drew et al. 2008; Lee et al. 2008;
Binolfi et al. 2008; Ahmad et al. 2012; Binolfi et al. 2010). Cu(Il) binding to His50 is pH-dependent;
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at physiological pH a species is stabilized where the metal ion is anchored by the imidazole ring and
two deprotonated amide groups to yield a 3N1O coordination mode, with an oxygen atom from a
carbonyl group or a water molecule (Figure 1) (Binolfi et al. 2008; Binolfi et al. 2010; Valensin et al.
2011; Villar-Piqué et al. 2017). Finally, the highest affinity site for Cu(ll) is located at the N-terminus
of AS, where the metal ion is anchored by the NH, group, a deprotonated backbone amide, the
carboxylate group belonging to Asp2 and a water molecule, yielding a 2N20 equatorial coordination
mode (Figure 1) (Jackson and Lee 2009; Binolfi et al. 2010). In addition, the participation of Met1 as
an axial ligand in site 1 has been proposed (Rodriguez et al. 2016).

As mentioned above, in vitro studies indicate that AS binds through its N-terminal region to micelles
and phospholipids vesicles resulting in a conformational change from unstructured to a-helical form
(Davidson et al. 1998; Pfefferkorn and Lee 2010). This phenomenon is relevant for the proposed
physiological function of AS, as a regulator of vesicle-cell membrane fusion (Darios et al. 2010;
Bonini and Giasson 2005; Burré et al. 2010). Since Cu coordination to AS is predominantly through
the N-terminal and His50, the effect of Cu(ll) binding on AS-lipid interaction has been studied.
Monitoring changes in the Trp fluorescence properties of an AS F4W variant, it was demonstrated
that 1 equivalent of Cu(Il) increases the a-helix content of membrane-bound AS by 7%, as compared
to the metal free condition. Moreover, the Cu(ll) binding affinity for AS is the same or higher in the
membrane-bound protein (Lucas and Lee 2011; Dudzik et al. 2013). Since AS-membrane association
is relevant to the native function of the protein, alterations in cellular copper levels could influence
protein conformation and its normal function as it has been shown in a dopaminergic neuroblastoma

cellular model where copper exposure increases AS toxicity (Anandhan et al. 2015).

On the other hand, copper is a redox-active metal that can promote oxidative damage to proteins.
Indeed, the catalytic oxidase activity of the AS-Cu(ll) complexes was shown to yield formation of
hydroxyl radicals and AS oxidation (Meloni and Vasak 2011; Wang et al. 2010). An NMR study
demonstrated that the redox cycling of copper bound to AS can generate reactive oxygen species,
leading to site-specific metal-catalyzed oxidation on methionine residues under physiologically
relevant conditions (Miotto et al, 2014). Met1 and Met5 residues can be oxidized rapidly (Metl faster
than Met5) to a sulfoxide species after air exposure of the AS-Cu(l) complexes, whereas Met116 and
Met127 remain unaffected (Miotto et al. 2014). The sulfoxide species formed at the N-terminal of AS
can suffer elimination of methanesulfonic acid, rendering a species with no thioether moiety
(Rodriguez et al. 2016). Another consequence of the Cu(1)/O; chemistry of the AS-copper complex is
the formation of dityrosine crosslinking species (Figure 2B) (Lucas et al. 2010; Tiwari et al. 2018).
These site-specific Cu-catalyzed oxidation and modifications of AS have been proposed to participate
in the mechanism of copper-enhanced AS aggregation. However, while the mechanism of O,
activation by AS-Cu(l) remains to be elucidated, the structural details of Cu(l) bound to AS have been

studied extensively, as discussed below.
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The binding of Cu(l) ions to AS has been probed recently by NMR, identifying three anchoring sites
with different structural and affinity features: the C-terminal region encompassing residues 116-127,
His50, and the first five residues at the N-terminal (Binolfi et al. 2011; Miotto et al. 2014) (Figure 1).
At the C-terminal region, Met116 and Met127, from the sequence “**MPVDPDNEAYEM'? are the
anchoring sites for Cu(l), yielding the lowest affinity site for this metal ion in AS (conditional Kp = 88
nM). In the N-terminal region, His50 acts as another Cu(l) anchoring site, with a higher affinity for
Cu(l) (conditional Kp = 16 nM), as compared to the C-terminal site. Finally, the highest affinity Cu(l)
binding site involves the first five residues ‘MDVFM?®, where Metl and Met5 are the main metal
coordinating groups and contribute greatly to the high affinity for Cu(l) (conditional Kp = 7 nM)
(Figure 1) (Miotto et al. 2015). The copper concentrations in synaptic vesicles can reach up to 300
uM (Hopt et al. 2003); thus, this N-terminal Cu(l) site would be the most relevant AS-Cu(l)
interaction in the cytosol and its study has been of great interest in recent years. X-ray absorption
spectroscopy studies with the 1-15 AS fragment proposed that the Cu(l) coordination mode at pH 7.5
would be 2S2N/O, where the sulfur-based ligands are provided by Metl and Met5 and the NH,
terminal group could be a nitrogen-based ligand (De Ricco et al. 2015). A recent NMR study provides
evidence that Asp2 provides one oxygen-based ligand for Cu(l) (Figure 1) (Gentile et al. 2018). Cu(l)
coordination to the 1-15 AS fragment has also been studied upon association with membranes, where
the formation of 1:2 AS:Cu(l) complex has been proposed, with Cu(l) bridging between two helical
peptide chains via Met residues (Dell’Acqua et al. 2016). Most interestingly, NMR-based studies
have described that Cu(l) binding to the N-terminal region of AS stabilizes local conformations with
a-helical secondary structure and restricted mobility (Miotto et al. 2015), an event that might be
relevant for the association of the protein to membranes and its physiological function in vesicle

trafficking.

3. Post-translational modifications of a-synuclein

a-synuclein can undergo a variety of post-translational modifications (PTMs) including
phosphorylation, acetylation, sumoylation, ubiquitination, oxidation, nitration, and glycation. Thus,
several features of AS, including structure, function, aggregation, and membrane binding, can be
altered by PTMs (Burré et al. 2018). However, the precise physiological relevance of some of the
PTMs remains unclear. This section is focused on AS phosphorylation, acetylation, and sumoylation

(Figure 1, top), followed by a discussion of their impact in AS-metal ion binding.
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3.1. N-terminal acetylation of a-synuclein

Although the physiological function of AS remains to be definitively established, its ability to interact
with lipids and synaptic vesicles (Chandra et al. 2003) and a possible role in regulating exocytosis
(Larsen et al. 2006; Nemani et al. 2010) suggest that membrane interactions are a key aspect of the
function of this protein. As previously described, the N-terminal region of AS is important for
membrane recognition and binding (Bodner et al. 2009; Bartels et al. 2014; Bisaglia et al. 2006). a-
synuclein isolated from brain tissue (healthy control individuals or patients with Parkinson’s disease
or dementia with Lewy bodies), erythrocytes or mammalian cell lines is ubiquitously acetylated at the
N-terminus (Anderson et al. 2006; Ohrfelt et al. 2011; Fauvet et al. 2012; Bartels et al. 2011).
Acetylation refers to the covalent attachment of an acetyl group (CH3CO) to the free a-amino group at
the N-terminal end of a polypeptide or g-amino group. N-terminal deacetylases are not known yet and,

therefore, N-terminal acetylation is considered irreversible.

N-terminal acetylation increases AS helicity at the N-terminus in the free state (Dikiy and Eliezer
2014; Kang et al. 2012; Maltsev et al. 2012) which increases its affinity to lipid vesicles, known
binding targets of AS (Dikiy and Eliezer 2014). Thus, acetylation strongly affects the membrane
binding of AS, in a context-dependent manner (Maltsev et al. 2012). Acetylated a-synuclein forms
fibrils that are morphologically identical to those formed by the non-acetlyated variant (Kang et al.
2012). However, the growth rate of AcAS fibrils is slower and they are more resistant to aggregation
(Kang et al. 2012; Bartels et al. 2014). In a recent study, the effect of familial mutations on DOPAL
induced oligomerization of AS was investigated (Lima et al. 2018). DOPAL (3,4-
dihydroxyphenylacetaldehyde), an aldehyde generated from the enzymatic oxidation of dopamine,
causes the formation of AS oligomers. Although AcAS was capable of forming oligomers in the
presence of DOPAL, the extent of oligomerization was significantly reduced. However, AcAS
carrying the familial mutations A53T, E46K or H50Q formed larger oligomers than WT AS (Lima et
al. 2018).

These findings illustrate some of the physiological implications of N-terminal acetylation, and
underscores the importance of considering this type of modification when producing recombinant AS
in bacteria (Johnson et al. 2013).

In addition to N-terminal acetylation, lysine residues can also undergo acetylation. Mass spectrometry
analysis of endogenous AS from mice revealed that Lys6 and Lys10 can be acetylated and that

acetylation reduces its aggregation in vitro and reduces toxicity in vivo (de Oliveira et al. 2017).
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3.2.  Phosphorylation of a-synuclein

The protein contains numerous putative and confirmed phosphorylation sites: four serine, four
tyrosine and ten threonine residues. The most established phosphorylation sites in AS are Ser87 and
Serl29 (Figure 1, top). In brain tissue from healthy individuals only a minority of AS is
phosphorylated. In contrast, in brains of patients that suffered from synucleinopathies and in animal
models of these diseases, the majority of AS is phosphorylated on Ser129 (Okochi et al. 2000;
Fujiwara et al. 2002; Takahashi et al. 2003; Anderson et al. 2006; Kahle et al. 2000). Currently, we
still do not fully understand the role of Ser129 phosphorylation on AS function, but it appears to
regulate its structure, membrane binding, aggregation, neurotoxicity and, more recently, subcellular
distribution (Fujiwara et al. 2002; Anderson et al. 2006; Pinho et al. 2019; Gongalves and Outeiro
2013).

Regarding the effect of phosphorylation on AS aggregation, it was initially suggested that
phosphorylation on Ser129 and Ser87 inhibit aggregation, but other studies reported opposite
observations (Waxman and Giasson 2008; Paleologou et al. 2010; Chen and Feany 2005; Fujiwara et
al. 2002; Basso et al. 2013; Tenreiro et al. 2014b; Anderson et al. 2006). Ser129 is located in the C-
terminal region of AS, a region that is involved in protein-protein interactions and where a common
binding interface for metal ions is located. Thus, it is not surprising that Ser129 phosphorylation may
regulate the interactions with biological relevant ligands such as proteins and metal ions (McFarland
et al. 2008). Serl29 phosphorylation is thought to be an early molecular alteration in disease,
occurring prior to the formation of mature fibrils and inclusions (reviewed in Oueslati 2016; Tenreiro
et al. 2014a).

It has been shown that this PTM could induce a structurally distinct and functionally more toxic strain
of AS (Ma et al. 2016). Nevertheless, Ser129 phosphorylation might also play a role in the regulation
of normal AS function (Pinho et al. 2019).

Phosphorylation on Ser87 decreases the propensity of AS to fibrillize, and was found to be increased
in the brains of patients with Alzheimer disease, Lewy body disease or multiple systems atrophy, and

in animal models of synucleinopathies (Paleologou et al. 2010; Xiong and Yu 2018).

Phosphorylation on tyrosine 39 (pY39) and 125 (pY125) was also detected in human brain tissue
(Chen et al. 2009; Mahul-Mellier et al. 2014). The levels of pY125 seem to diminish during aging
and, in contrast to pS129, pY125 decreases oligomer formation and associated toxicity (Chen et al.
2009). Nevertheless, the role of tyrosine phosphorylation remains unclear, and demands further

investigation.
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Several kinases were shown to phosphorylate AS in vitro and in vivo, but it is still unclear what are
the most relevant kinases and whether they may be used as targets for therapeutic intervention
(Tenreiro et al. 2014a). Cell-based studies revealed that Ser87 could be phosphorylated by casein
kinase 1 and Dyrkla (Okochi et al. 2000; Kim et al. 2006). Phosphorylation of Ser129 can be
mediated by casein kinase 1 and 2 (Okochi et al. 2000), G-protein-coupled receptors 1, 2, 5 and 6
(Pronin et al. 2000) and polo-like kinases (Inglis et al. 2009; Mbefo et al. 2010). Not much is
currently known about phosphatases that would also impact on the levels of phosphorylated AS in the
cell, and studies in simple model organisms are starting to provide insight into this aspect of AS
biology (Bras et al. 2018).

3.3. Sumoylation of a-synuclein

Sumoylation occurs when Small Ubiquitin-like MOdifier (SUMO) proteins are covalently attached to
Lys residues by a thioester bond. Three mammalian isoforms members of the ubiquitin-like protein
family (SUMOL1, 2 and 3) have been described. Sumoylation can alter sub-cellular localization,
function and/or solubility of modified proteins. Several SUMO isopeptidases can detach the modifier,
rendering a reversible sumoylation as a highly dynamic process (Melchior et al. 2003). Typically,
SUMO proteins are added to Lys residues within the motif X,KXD/E, where Xy is a hydrophobic
residue and X may be any amino acid. The sequence of AS has a remarkable amount of Lys residues
that can be a target for sumoylation (Kim et al. 2011). While other PTMSs, such as aberrant
phosphorylation, could promote Parkinson’s disease pathogenesis, sumoylation serves as a protective
modification. In vitro studies showed that sumoylation reversed the accumulation and fibrillation of
AS; while inhibition of sumoylation in a His6-SUMO?2 transgenic mouse model resulted in AS
inclusion body formation and neurotoxicity (Krumova et al. 2011). The protective effect of
sumoylation could be due to an enhanced solubility of modified AS, leading to reduced aggregation
and decreased toxicity (Abeywardana & Pratt 2015; Krumova et al. 2011). In vivo and in cell studies
demonstrated that SUMO conjugation (in yeast and in human cells) occurred at two major
sumoylation sites (Lys96 and Lys102) within the *VKKD® and "GKNE' motif (Figure 1 top)
(Dorval & Fraser 2006; Krumova et al. 2011; Yang et al. 2006; Shahpasandzadeh et al. 2014).
Studies with synthesized sumoylated AS showed that sumoylation at Lys102 is more efficient in
inhibiting aggregation, as compared to the modification at Lys96 (Abeywardana & Pratt 2015). Still,
mutations at either Lys residue impair sumoylation and cause increased AS aggregation in living yeast
and mammalian cell culture (Krumova et al. 2011; Shahpasandzadeh et al. 2014). It has also been
shown that sumoylation of AS promotes aggregate clearance by autophagy in yeast (Shahpasandzadeh

et al. 2014; Popova et al. 2015). Conversely, impaired AS ubiquitination and reduced proteasomal
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degradation has been associated with AS sumoylation (Rott et al. 2017). a-synuclein can undergo
ubiquitination at Lys96, which causes complete inhibition of fiber formation (Meier et al. 2012).
Clearly, different PTMs, such as sumoylation and ubiquitination, may compete at a given site and can
have differential effects in AS aggregation. On the other hand, the impact of sumoylation of AS in the
metal binding properties of the protein has not been studied, even though the Lys residues involved
are in the vicinity of the C-terminal metal binding site. Thus, further studies are needed to understand
the interplay between sumoylation of AS and other PTMs, as well as metal binding events, to impact
aggregation and/or degradation of this protein.

4, Linking post-translational modifications and metal-binding in a-

synuclein

4.1. N-terminal acetylation of a-synuclein: Impact on the structure, binding

affinity and aggregation of copper complexes

As reported previously, abundant evidence revealed recently that AS undergoes N-terminal
acetylation in vivo (Fauvet et al. 2012b; Theillet et al. 2016; Wani et al. 2006; Bartels et al.
2011; Ohrfelt et al. 2011). From several in vitro studies focused on the role of acetylation, it
was demonstrated that the co-translational modification induces a modest population of o—
helical conformation for the first six residues and enhances the lipid binding properties of the
protein, whereas no significant differences were observed in the fibrillation kinetics between
acetylated and non-acetylated AS (Kang et al. 2012; Maltsev et al. 2012). Consistently, N-
terminal acetylation of AS abolishes Cu(ll) binding at the high-affinity Metl site (site 1)
present in the non-acetylated protein, but maintains low-affinity binding with the His50 (site
2) and Aspl21 (site 3) (Figure 1) (Moriarty et al. 2014; Mason et al. 2016). In other words,
N-terminal acetylation abolishes the relevance of the high-affinity site 1 for Cu(ll) in AS and
preserves the binding at sites 2 and 3. A comparative analysis between the binding features of
Cu(1l) and Mn(l1), a divalent metal ion that binds exclusively to the C-terminal region of AS,
revealed that Cu(ll) ions distribute differently at the C-terminal binding interface when Metl

is acetylated (Moriarty et al. 2014). On the other hand, no changes were observed for Cu(ll)
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binding at the His50 site upon N-terminal acetylation of AS. Thus, although Cu(ll) binding in
the full-length N-terminal acetylated protein can still occur at sites 2 and 3, acetylation of the
N-terminus seems to modulate the extent of independence or cooperativity between N- and
C-terminal sites. In terms of the amyloid potential of the protein, as mentioned above, no
significant differences were observed in the fibrillation kinetics between acetylated and non-
acetylated AS, whereas the fibrillation enhancement observed for AS at an equimolar Cu(ll)
stoichiometry did not occur with the acetylated variant of the protein (Moriarty et al. 2014).
Indeed, a recent study showed that the conformation of the non-acetylated AS monomer
would be strained by macrochelation with Cu(ll) at sites 1 and 2, thereby disrupting fibril
elongation and promoting amyloid nucleation (Choi et al. 2018). According to this study, this
interaction leads to the formation of shortened, B-sheet enriched fibrils (< 0.2 uM) that are
rapidly transmitted and accumulated to neuronal cells, causing neuronal cell death, in sharp
contrast to typical AS fibrils (ca 1 uM). Interestingly, formation of these pathogenic fibrils
were not observed for the ACAS-Cu(ll) interaction (Moriarty et al. 2014; Mason et al. 2016).
Overall, these evidences indicate that N-terminal acetylation of AS alters the binding
preferences of Cu(ll) by redirecting metal binding from site 1 to sites 2 and 3, affecting the
morphological and conformational features of the AS amyloid fibrils induced by Cu(ll) and

its associated neurotoxicity.

Since copper ions are predominantly found in their Cu(l) state in the reducing environment of
living cells, characterization of the physiologically relevant Cu(l) complexes became
particularly important (Binolfi et al. 2011; Miotto et al. 2015; Abeyawardhane et al. 2018b;
Miotto et al. 2017; Gentile et al. 2018). These studies revealed that Cu(l) binding to the high-
affinity Met1-X3-Met5 site is influenced by acetylation at the N-terminus (Figure 1), while
the interaction profile of this metal ion at other sites are preserved in the AcAS variant. The
conditional affinity for Cu(l) binding at the Met1-X3-Met5 site of ACAS was ‘Kg4; =3.9 + 1.0
nM, whereas the value reported for non-acetylated AS was °Ky; =7.8 + 1.0 nM (Gentile et al.
2018). In this coordination environment, Metl and Met5 residues act as the main anchoring
moieties for Cu(l) binding to that site, providing S—Cu binding modes, and the N-terminus
acetyl group plays a more modest role in terms of Cu(l) binding affinity, acting as a source
for the establishment of Cu-O binding modes (Gentile et al. 2018). Interestingly, the
formation of the high-affinity AcAS-Cu(l) complex at the N-terminal region induced a
dramatic impact on protein conformation, leading to stabilized local conformations with a-

helical secondary structure and restricted motility (Miotto et al. 2015; Miotto et al. 2017).
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These structural changes did not occur when Cu(l) binds to the non-acetylated variant of the
protein. Thus, while Metl and Met5 residues are critical for the binding affinity of the Met1-
X3-Met5/Cu(l) complex in AcAS, the N-terminal acetyl group is important in promoting
local helical conformations, contributing to the stabilization of these structures by favoring
Cu(l) binding. In terms of the redox properties of the complex, acetylation of the N-terminal
group was shown to exert a combined effect by stabilizing Cu(l) while significantly
destabilizing Cu(ll), leading to a significant increase of ~250 mV of the reduction potential of
the site, as compared to non-acetylated AS (Gentile et al. 2018). Overall, these results
underscore the key role played by N-terminal acetylation to stabilize the reduced form of the

AS-Cu complex in the AcAS variant.

Finally, a recent study demonstrated that Cu(l) binding to the AcAS variant activates O,
resulting in both intermolecular Y39-Y39 dityrosine crosslinking within the fibrillar core, as
well as intramolecular crosslinking within the C-terminal region (Abeyawardhane et al.
2018b) (Figure 2B). The results showed that the dityrosine crosslinking promoted by the
Cu(l)/O, reactivity is altered by N-terminal acetylation. Based on the different coordination
preferences of Cu(l) versus Cu(ll) to the AcAS variant, it was found that the presence of
His50 is critical to stabilize the transition from AcAS-Cu(l) to AcAS-Cu(ll), a signature of
the Cu(l)-promoted oxidation chemistry. Under these conditions, both N-terminal acetylation
of AS and His50 facilitate intermolecular crosslinking, reducing parallel -sheet content and
attenuating fibril elongation (Abeyawardhane et al. 2018b). In this context, neuronal copper
has been proposed to play a functional role in attenuating protein aggregation and fibrillar
growth.

4.2. Phosphorylation of a-synuclein: Impact on metal coordination to the C-

terminal common binding interface

Phosphorylation can have a significant impact on protein conformation at the level of both secondary
and tertiary structure since this modification not only alter the charge by the addition of negatively
charged phosphate groups, but also may modify hydrogen-bonding patterns and open access to
alternative backbone angles (Tholey et al. 1999; Andrew et al. 2002; Errington and Doig 2005;
Bielska and Zondlo 2006; Signarvic and DeGrado 2003). Additionally, phosphorylation may also
alter metal ion affinity and specificity, further influencing the folding, structure and functional

properties of protein-metal complexes. Indeed, the importance of metal-phosphoprotein interactions
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has been highlighted by their role in diverse biological functions as well as potentially pathogenic

roles in protein cross-linking and aggregation (Yamamoto et al. 2002; Savelieff et al. 2013).

As mentioned above, modifying the hydroxyl functionality of a serine, threonine or tyrosine residue
into a phosphate group should change its propensity to bind ligands such as metal ions, especially if
the residue is positioned among other potential metal-binding residues. In this context, the majority of
putative (Y133 and Y136) and disease associated (S129 and Y125) phosphorylation sites in AS
occurs in the C-terminal region spanning residues 120-140, which also contains the common interface
for the binding of metal ions (Castillo-Gonzalez et al. 2017; Duce et al. 2017; Binolfi et al. 2006).
The proximity between phosphorylation and metal binding sites indicates not only a potential
interplay in modulating AS interactions at the C-terminal region, but also the high-degree of
flexibility of the C-terminus in the monomeric and aggregated states of the protein suggesting that
phosphorylation within this interface could significantly influence these interactions and contribute to
regulate AS function in health and disease.

Based on these considerations a number of studies were performed in order to determine how disease-
associated phosphorylation might impact on the specificity and binding affinity of metal ions to the C-
terminal region of AS. First, it was reported the effect of phosphorylation on metal binding using
synthetic model peptides that correspond to short fragments (119-132) of C-terminal AS, containing
two of the four phosphorylation sites identified in the protein, Y125 and S129 (Liu and Franz 2005;
Liu and Franz 2007). By using Tb* as a luminescent probe of metal binding, these studies showed
that phosphorylation at Y125 enhanced selectively Th** binding compared to non-phosphorylated
119-132 AS or its phosphoserine version pS129, concluding that the type and location of a
phosphorylated amino acid influence peptide-metal binding affinity and specificity. In particular,
these works demonstrated that the Y125 phosphorylated form of the peptide selectively bound
trivalent metal ions such as Fe(l1l) and Al(I11) over the divalent metal ions Cu(ll), Zn(ll), Ca(ll) and
Mn(Il) (Liu and Franz 2005). Further modifications of the C-terminal peptide by replacing either
Asp119 residue or the Asp121 residue with alanine resulted in five and six-fold drops in the binding
affinity. Thus, a coordination environment was proposed in which the phosphoester group on tyrosine
provides a metal-binding anchor that is supplemented by carboxylic groups located in its vicinity to
establish a multidentate chelator with selectivity for trivalent metal ions (Liu and Franz 2007).
Overall, this configuration represented a novel metal-binding site in AS created upon specific

phosphorylation.

Another study investigated the binding features of Cu(ll), Pb(ll), Fe(ll), and Fe(lll) to longer C-
terminal AS fragments spanning the region 107-140 and its mono-phosphorylated forms (pY125 and
pS129) (Lu et al. 2011). Beyond the region D119-A124, recognized as a common binding interface
for divalent metal ions (Binolfi et al. 2006), this study demonstrated that the phosphorylation at either
Y125 or S129 influences not only the affinity features but also the location of binding sites. The Kq
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values of Cu(ll), Pb(ll), and Fe(ll) complexes with phosphorylated 107-140 AS were lower than those
with the non-phosphorylated peptide, indicating that phosphorylation increases the binding affinities
for metal ions. Interestingly, the position of the phosphorylated residues did not show a significant
difference in the binding affinities, and similar Ky values of the complexes with Cu(ll), Pb(ll), and
Fe(Il) were observed for the two phosphorylated forms pY125 or pS129. Overall, phosphorylation on
Y125 and S129 of 107-140 led to the shift of the binding sites of divalent metal ions from the N-
terminus to C-terminus, where the phosphorylated amino acids of both pY125 and pS129 were
located. Based on the relocation of the binding sites and enhanced affinities of metal ions to the
phosphorylated peptides it was suggested that phosphorylation at the C-terminus might play an
important role in regulating metal ion binding, influencing both AS structure and aggregation.

While it is clear that phosphorylation at the C-terminal of AS impacts its metal binding properties,
several discrepancies remain to be investigated. In contrast to the results reported by Liu and Franz for
the 119-132 AS fragment (Liu and Franz 2005; Liu and Franz 2007), the work by Lu (Lu et al. 2011)
revealed that phosphorylation at either Y125 or S129 in the 107-140 AS peptide did not impact its
binding affinity to Fe(lIl). Moreover, the selective binding of trivalent metal ions over divalent metal

ions reported by Liu and Franz was not observed in the longer fragment.

Finally, the binding affinities reported for Cu(ll) and Fe(ll) ions to 107-140 AS (K; in the 50-200 uM
range) (Lu et al. 2011) and for trivalent metal ions to 119-132 AS (Kq in the 10-20 uM range) (Liu
and Franz 2005; Liu and Franz 2007) are not consistent with the previously reported K, values ~ 1mM
for these protein-metal interactions at the C-terminus, as determined by NMR using the full length
protein (Binolfi et al. 2006). These discrepancies indicate that conclusions derived from strategies
using synthetic model peptides as the sole approach to mimic the effects of metal binding to full-
length proteins should be considered with care (i.e., how AS-metal interactions may influence the
long-range contacts of the full-length protein remains an open question). Particularly in the case of
phosphorylation, studies focused on the full-length protein are clearly needed in order to expand these
results toward the understanding of the molecular and structural mechanism underlying the
interactions between phosphorylated AS and metal ions, including the identification of novel binding
sites, and to highlight the potential cross-talk between phosphorylation and metal ion binding in
regulating AS physiological functions and aggregation properties that are regulated by its C-terminal

domain.
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Concluding Remarks

a-synuclein profiles as an important metal binding protein in the brain, displaying three main
anchoring sites for metal ions with distinct specificity and affinity features. Among all the AS-metal
interactions described thus far, the two most physiologically relevant interactions occur with copper
and calcium ions. For Cu ions, His50 and the N-terminal site encompassing the first five residues of
AS constitute two independent, highly specific and high affinity anchoring sites. In particular, Cu(l)
binding to the N-terminal region of AS stabilizes local conformations with a-helical secondary
structure that may be relevant for the association of the protein to membranes and its physiological
function in vesicle trafficking. On the other hand, Ca(ll) binding at the C-terminal domain of AS
exerts a negative modulatory effect on its membrane binding properties, underscoring the key role that
Ca ions may play as modulators of the interaction of this protein with synaptic vesicles under
physiological and cell toxicity conditions.

a-synuclein undergoes a variety of PTMs that may impact its metal binding properties, although this
topic is a relatively unexplored area of research. Acetylation of the N-terminal group stabilizes Cu(l)
coordination at this site, while abolishing Cu(Il) binding, causing a shift of Cu(ll) ions to the His50
site. While N-terminal acetylation of AS impacts significantly its Cu binding properties, it does not
prevent redox cycling of AS-Cu complexes that lead to oxidative modifications, with subsequent
effects in the structural features of metal-induced AS amyloid fibrils and their associated
neurotoxicity. On the other hand, phosphorylation of the C-terminal domain of AS increases the metal
binding affinity of this region of the protein, although further studies with the full-length AS protein

are needed to evaluate the impact of this effect in aggregation and membrane-binding properties.

Recent research findings have established that AS-metal interactions clearly impact the structure,
aggregation propensity, and membrane-binding properties of AS, underscoring the relevant role that
metal ions may play as modulators of the interaction of AS with synaptic vesicles under physiological
and pathological conditions. PTMs of AS, such as acetylation and phosphorylation, can also impact
AS-metal interactions, revealing a potential cross-talk between PMTs and metal ion binding in
regulating AS physiological functions and its role in pathology. Future research efforts to improve our
understanding of the nature of AS-metal ion interactions, their impact in AS structural and membrane-
binding properties, and their interplay with PMTs of the protein will surely provide a clear picture of

the role of metal ions in AS physiological function and the etiology of Parkinson’s disease.

This article is protected by copyright. All rights reserved.



List of abbreviations

PTMs: Post-translational modifications; AS: a-synuclein; NAC: Non-amyloid component region; PD:
Parkinson’s disease; DLB: Dementia with Lewy bodies; MSA: Multiple system atrophy; NMR:
Nuclear magnetic resonance; ITC: Isothermal titration calorimetry; ES-MS: Electrospray mass
spectrometry; CV: Cyclic voltammetry; AcAS: Acetylated a-synuclein; IN-MS: lon mobility-mass
spectrometry; SAXS: X-ray scattering; TEM: Transmission electron microscopy; MD: Molecular

dynamics; CEST: Chemical exchange saturation transfer; SUMO: Small Ubiquitin-like MOdifier.

Acknowledgements

C.O.F. thanks Universidad Nacional de Rosario (CUA-DAHZ 007/11), ANPCyT- FONCyT (PICT
2014-3704) and the Alexander von Humboldt Foundation (P4507) for financial support. C.O.F.
thanks the Max Planck Society (P10390) for support.

Conflict of interest

The authors declare that they have no competing interests.

This article is protected by copyright. All rights reserved.



Figure legends

Figure 1. Metal binding properties and post-translational modifications of AS. AS displays three
anchoring sites for metal ion binding: the low affinity, non-specific metal binding site at the acidic
DPDNEA segment in the C-terminal (displayed with coloured circles); the His50 site and the first five
residues at the N-terminal. His50 can anchor transition metal ions such as Zn(ll), Fe(lll) and Fe(ll),
but it displays higher affinity for Cu(ll) and Cu(l) ions. The N-terminus of AS is a high affinity and
highly specific site for Cu ions. AS also displays multiple Ca(ll) binding sites at its C-terminal region.
The location of AS phosphorylation, sumoylation and acetylation sites are also shown above:
acetylation occurs at the NH, terminus (marked in red), Lys6 and Lys10; sumoylation occurs at Lys96
and Lys102 (marked in purple); and phosphorylation occurs at Tyr39, Ser87, Tyrl25 and Serl29
(marked in yellow). While acetylation of the NH, group of AS abolishes Cu(ll) binding, it conserves
its Cu(l) binding site, using the acetyl group as a ligand. Finally, phosphorylation at the C-terminal
increases metal binding affinity.

Figure 2. Molecular mechanisms involved in the enhancement of AS/ACAS aggregation
mediated by metal ions. Monomeric AS displays transient long-range intramolecular contacts
between the C-terminal and N-terminal regions, while an enhancement of a-helix content in the first
residues of N-terminal region has been identified in the monomeric AcAS. (A) Cu(ll)/Cu(l) redox
chemistry of Cu-AcAS can generate aberrant interactions that produce protein aggregates showing
both, intramolecular and intermolecular, dityrosine cross-linking. (B) High amounts of metal ions
(Mn(11), AI(I, Zn(I1), Ni(11), Fe(ll), Fe(llT), Cu(ll) and Ca(ll)) interact with the negatively charged
C-terminus of AS, leading to destabilization of long-range intramolecular interactions and promotion
of AS self-association. However, transition metal ions lead to the formation of amyloid fibrils, while
high amounts of Ca(ll) ions promote interfibrillar aggregation. On the other hand, AS and AcAS can
adopt an o-helical structure at its N-terminal region when associated with membranes. (C) Ca(ll)
interactions with AS enhance its association to membranes through the C-terminal. This abnormal
membrane association of the acidic tail of AS leads to the formation of short fibrils, showing
aggravated bundling.

Non-acetylated N-terminal (blue squares), acetylated N-terminal (red squares), metal ions (gray,
yellow, blue and green circles), oxidative modifications (pink triangles).
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