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Abstract

Identifying the mechanisms by which the presynaptic protein α-synuclein (aSyn) is associated to 

neurodegeneration of dopamine neurons is a major priority in the Parkinson’s disease (PD) field. 

Studies indicate that DOPAL (3,4-dihydroxyphenylacetaldehyde), an aldehyde generated from the 

enzymatic oxidation of dopamine, may convert aSyn monomer into a neurotoxin via formation of 

covalently stabilized toxic oligomers. Herein we investigated the role of N-terminal acetylation 

and familial aSyn mutations (A30P, A53T, E46K, G51D and H50Q) on DOPAL-induced 

oligomerization of the protein. Our results indicate that wild-type (WT) N-terminally acetylated-

aSyn (Ac-aSyn) is less prone to form oligomers upon incubation with DOPAL than the non-N-

terminally acetylated protein. On the other hand, familial mutants from Ac-aSyn, particularly 

A53T, E46K and H50Q increased the formation of DOPAL-derived aSyn oligomers, especially 

large oligomers. Binding of aSyn to synaptic-like small unilamellar vesicles (SUVs) protected 

distinctively aSyn variants against the effects of DOPAL. While N-terminal acetylation increased 

the protective action of against DOPAL-induced aSyn oligomerization, A53T, A30P and H50Q 

mutations in Ac-aSyn had an opposite effect. It means that PD-linked mutations may not only 

perturb the affinity of aSyn for membranes but also influence the formation of DOPAL-mediated 

oligomers. Overall, our findings provide important evidences for the existence of a connection 

between familial mutations of aSyn, and their distinct affinity to lipid membranes, and the 

formation of potentially toxic oligomers of the protein mediated by DOPAL.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder characterized histologically by the 

presence of intracellular deposits containing fibrillar aggregates of the protein α-synuclein 

(aSyn) (Lewy bodies and Lewy neurites).1,2 The central role of aSyn in PD pathogenesis 

emerged with the identification of rare missense mutations (e.g. A53T, A30P, E46K, and 

most recently H50Q, G51D and A53E) in autosomal dominant familial cases of the disease.
3–8 These mutations are associated with different phenotypes and likely with different 

pathogenic mechanisms.9 In addition, multiplication of aSyn gene (SNCA) is also 

responsible for different phenotypes, whose severity seem to correlate with the overall 

number of gene copies.10,11

Structurally, aSyn monomer (14 kDa) can be divided into three distinct domains based on 

the amino acid composition: an amphipathic N-terminal domain; a central hydrophobic 

domain (denoted as Non-Amyloid-β Component: NAC); and an acidic C-terminal domain 

(Figure 1). Alpha-Syn behaves as an intrinsically disordered protein when free in 

solution12,13 that adopts an amphipathic helical structure at the N-terminal domain and NAC 

domain (1-100 residues) upon binding to detergent micelles or phospholipid vesicles.14 

Recently, aSyn was reporte to be N-terminally acetylated in its physiological state15, 

probably by the enzyme acetyltransferase B (Nat-B).16 This post-translational modification 

(PTM) increased the transient helical propensity of the N-terminal residues in the free state,
17,18 which causes an increase of the ability of the protein to bind to phospholipid liposomes, 

particularly to those most similar to synaptic vesicles, a known binding target of aSyn in 
vivo19 Important evidences suggest that aSyn plays an important role in the genesis, 
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trafficking or fusion of synaptic vesicles at presynaptic nerve terminal, where the protein is 

proposed to promote SNARE-complex assembly as well as to inhibit SNARE-mediated 

vesicle fusion in a mechanism that dependent on both the binding of the protein to lipid 

membrane and the interaction with the protein synaptobrevin-2.20,21

The precise contribution of aSyn to the pathogenesis in PD remains elusive. The most 

accepted hypothesis postulates that aSyn undergoes a conformational change from random-

coil to a beta-sheet conformation leading to the formation of potentially toxic protein 

aggregates, in which oligomers instead of mature fibrils are the pathogenic agents.22 The 

selective vulnerability of dopaminergic neurons in PD suggests the existence of a toxic 

synergism between the aggregation of aSyn and dopamine (DA) metabolism.23–27 For 

instance, neurotoxicity associated with aSyn overexpression is remarkably reduced when 

DA synthesis is inhibited.28 Our rationale for this is the existence of modifier factors in DA 

neurons capable of altering the structural properties of aSyn toward either an impairment of 

its physiological function or the conversion of the protein into a neurotoxin upon 

aggregation.

One of the key molecules generated from DA metabolism that has gained particular attention 

is the highly cytotoxic aldehyde DOPAL (3,4-dihydroxyphenylacetaldehyde). The enzymatic 

oxidation of DA by monoamine oxidase (MAO-A and MAO-B) produces DOPAL29 whose 

levels were found enhanced in post mortem brains of PD patients.30 When injected into rat 

brains, DOPAL causes the loss of dopaminergic neurons accompanied by the accumulation 

of aSyn oligomers.31 Our group was pioneer in demonstrating that DOPAL interacts with 

aSyn via formation of Schiff-base and Michael-addition adducts with Lys residues, which 

leads to the formation of aSyn oligomers that are likely cross-linked by DOPAL.32 A recent 

study indicated that DOPAL-derived aSyn oligomers might induce DA leakage and cause 

damage of synaptic vesicles in neurons.33 Interestingly, the binding of aSyn to either lipid 

vesicles or detergent micelles is capable of inhibiting the oligomerization of aSyn induced 

by DOPAL.32 In this respect, an impairment of the affinity of aSyn for membranes could 

play a critical role in the protein dysfunction via either the conversion of the aSyn into a 

neurotoxic upon protein aggregation (gain-of-toxic function hypothesis) or the loss of its 

physiological function (loss-of-function hypothesis).

In this work, the effect of N-terminal acetylation and PD-linked mutations (A53T, A30P, 

E46K, G51D and H50Q) on the oligomerization of DOPAL-modified aSyn was investigated. 

N-terminal acetylation of wild-type (WT) aSyn significantly decreased the formation of 

DOPAL-induced oligomers of the protein. On the other hand, familial aSyn mutations, with 

exception of A30P and G51D, increased the oligomerization of DOPAL-derived N-

terminally acetylated-aSyn (Ac-aSyn). N-terminal acetylation of aSyn-WT increased the 

protective role of lipid vesicles [small unilamellar vesicles (SUV)] against DOPAL-mediated 

oligomerization of the protein, which is correlated with a strengthening of the interaction 

protein-membrane caused by this PTM, whereas the mutations A53T, A30P and H50Q in 

Ac-aSyn decreased the protective role of SUVs, which favors the formation of oligomers in 

the presence of DOPAL plus membrane. On the other hand, E46K enhances the membrane-

binding affinity of Ac-aSyn, which makes this variant less prone to form oligomers in the 

presence of DOPAL plus SUVs. Thereby, an impairment of the binding of aSyn to lipid 
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membranes could play a pivotal role in the formation of toxic DOPAL-aSyn oligomers in 

neurons. Collectively, our findings provide new insights into how different events associated 

with PD such as the formation of toxic DA metabolites, PD-linked mutations, and 

membrane-binding affinity of aSyn could be interconnected to trigger degeneration of 

dopaminergic neurons.

RESULTS AND DISCUSSION

N-terminal acetylation decreases the oligomerization of aSyn induced by DOPAL.

Protein acetylation is one of the major PTMs found in eukaryotes proteins. In aSyn, N-

terminal acetylation has gain particular attention particularly because it increases of the 

transient helical propensity of the N-terminal of the free protein and leads to an enhanced 

binding-affinity for synaptic vesicle-like membranes.17–19 However, most in vitro studies of 

aSyn have been done using the recombinantly expressed non-N-terminally acetylated 

protein, which in certain situations could provide misleading conclusions. Herein, 

recombinant Ac-aSyn was generated by co-expressing the protein with the enzyme Nat-B 

(Figure 1),34 and the effect of this PTM on DOPAL-induced oligomerization of the WT 

protein was addressed.

Figure 2 shows the effect of varying concentrations of DOPAL on the formation of 

oligomers of aSyn and Ac-aSyn, both WT, evaluated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) (upper panels) and size-exclusion 

chromatography (SEC) (Figure 2A,B). In these experiments, the protein was incubated in 

the presence of DOPAL for 24 hours to assure that the steady state was reached. As 

previously reported, DOPAL forms covalent adducts with Lys residues of aSyn, which leads 

to the formation of SDS-resistant oligomers that can be easily visualized in SDS-PAGE. 

aSyn monomer (14 kDa) migrates in the gel with an apparent molecular mass of ~18 kDa, 

which is attributed to a poor binding of SDS molecules to the acidic C-terminal tail of the 

protein.35,36 We can also notice an increase in the molecular mass of aSyn monomer (N-

terminally acetylated or not) in the gel with increasing concentrations of DOPAL, which 

may be attributed to the formation of DOPAL-Lys adducts. In addition, a change in the net 

charge of the protein due to the lost of positively charged Lys at N-terminal domain might 

affect the ability of aSyn to migrate in SDS-PAGE.

By inspecting aSyn oligomerization by SEC, we notice the formation of two distinct types of 

DOPAL-derived oligomers: large oligomers (eluting at ~ 8 mL) and small oligomers [dimer 

(D) and trimers (T)] (eluting at 10-13 mL); these latters can also be visualized by SDS-

PAGE. Although Ac-aSyn is capable of forming both types of oligomers in the presence of 

DOPAL, their populations are reduced when compared with the non-acetylated protein. We 

can also notice that the elution volume of the peak corresponding to the aSyn monomer (M) 

(~ 14 mL in SEC) increases with the increase of the concentration of DOPAL, which 

suggests a strengthening of the intra-molecular contacts in the monomer (favoring a more 

compact conformation) mediated by DOPAL (Figure 2A,B - insets). Our previous study 

indicated that the formation of DOPAL-aSyn adducts increased the interaction of the N-

terminus with the NAC domain,32 which corroborates to the hypothesis of a conformational 

change in aSyn promoted by DOPAL. Interestingly, this shift to higher elution volume of 
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DOPAL-treated aSyn monomer is partially prevented by the N-terminal acetylation of the 

protein. It is worth mentioning that the intrinsically disorder nature of aSyn monomer is 

responsible for the premature elution of the protein in SEC (volume of elution corresponding 

to a 60-70 kDa protein) (Fig. 2C).

The quantification of the population of DOPAL-derived aSyn oligomers was done by the 

integration of the peak areas in SEC in which the sum of areas of the peaks corresponding to 

each oligomeric state (monomer eluting at ~14 mL and oligomers eluting from 8 to ~12 mL) 

was taken as 100%. A baseline correction was performed for all chromatograms taking into 

account any drift/shift of the chromatogram in the analysis of the peak areas. Peaks eluting 

at volumes higher than 15 mL (EDTA and minor protein contaminants), whose areas were 

not affected upon incubation with DOPAL, were not considered. Figure 2D,E confirmed that 

N-terminal acetylation significantly diminishes the formation of aSyn-DOPAL oligomers 

and increases the population of the monomer. Additionally, N-terminal acetylation seems to 

cause a significant reduction of the population of large oligomers (elution at ~ 8 mL), at least 

for the WT protein (Figure 2F).

PD mutations affect the oligomerization Ac-aSyn mediated by DOPAL.

Multiple studies have been carried out to address the impact of PD familial mutations on the 

aggregation propensity and toxic properties of aSyn. Evidences suggest that A53T, E46K 

and H50Q increase the formation of mature fibril formation,37–41 while A30P favors the 

formation of oligomers instead of fibrils.40–42 G51D, on the other hand, seems to retard the 

aggregation process.39 In this context, we set out to investigate the role of the familial 

mutations A53T, A30P, E46K, H50Q and G51D (Figure 1) on the propensity of Ac-aSyn to 

form DOPAL-mediated oligomers. In this work, we did not evaluate the role of N-terminal 

acetylation on DOPAL-induced oligomerization of familial aSyn mutants. It means the all 

experiments described here for aSyn mutants were done using N-terminally acetylated 

protein, and the results compared with the Ac-aSyn WT.

Figure 3A-E reveals that all five mutations have a remarkable impact on both the content and 

the size of DOPAL-derived oligomers produced from Ac-aSyn, as observed by SEC or SDS-

PAGE (upper panels). Quantification of the population of total oligomers indicates that the 

mutations A53T, E46K and H50Q increased the oligomerization of Ac-aSyn upon 

incubation with DOPAL, while A30P and G51D have no effect in comparison with the WT 

protein (Figure 3F). In contrast with A30P and G51D variants, A53T and H50Q exhibited an 

increased population of large oligomers in the presence of DOPAL (Figure 3G). The wide-

range of sizes for the oligomers produced from E46K makes any estimation of the 

population of large oligomers from this variant difficult. The distinct propensity of aSyn 

variants to form large oligomers in the presence of DOPAL might have important 

implications for the toxicity of these species, mainly taking into account a recent study that 

demonstrated that the stabilization of large rather than small oligomers seems to be 

associated with an enhancement of the toxicity of aSyn-DOPAL oligomers.43 A key 

outcome of our study is the observation that familial aSyn mutations are capable of 

modulating the formation of oligomers of the protein in the presence of DOPAL. 

Interestingly, oligomers produced from A30P and A53T, when grown in the presence of DA, 
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exhibited a remarkable gain in stability, in comparison with the WT protein, which suggests 

that these mutations may affect not only the formation of oligomers stabilized by DOPAL 

but also by DA.27

It is worth noting that, with exception of E46K, the other mutations A30P, A53T, G51D and 

H50Q do not affect any residue target by DOPAL, namely Lys and Met residues.32,33 

DOPAL-treated E46K variant was capable of forming oligomers with a wide-range of sizes, 

while the other variants exhibited two distinct populations of DOPAL-derived oligomers 

(small and large oligomers). Although we did not characterize the chemical structure of Lys-

DOPAL adducts formed by the incubation of aSyn variants with DOPAL, one possible 

explanation for E46K is the presence of an additional Lys residue, which could react with 

DOPAL. Our previous work had associated the formation of low molecular weight 

oligomers from aSyn-DOPAL (mostly dimers and trimers) to steric hindrance associated to 

the formation of intra/inter-polypeptide cross-links.32 In this respect, an additional reactive 

Lys-DOPAL adduct in E46K could increase the probability of cross-links between adjacent 

protein chains.

Another plausible hypothesis for the findings outlined above is based on the fact that the 

familial mutations may perturb the conformation of the free state of aSyn in solution, which 

could impact the reactivity of the protein to DOPAL. Although aSyn behaves as an 

intrinsically unfolded protein under physiological conditions, the protein seems to adopt an 

ensemble of conformations that are maintained by intramolecular long-range contacts 

between N- and C-terminal, and NAC and C-terminal residues. A perturbation of these 

contacts in both the site of the mutation and C-terminal domain of PD familial mutants was 

demonstrated,44,45 resulting in the formation of fibrillation-prone intermediates in case of 

A53T, E46K and H50Q, but not for G51D and A30P variants. For G51D, this perturbation in 

long-range contacts is suggested to lead to an increased rigidity of the monomer, which has 

been attributed, among other factors, to the presence of additional contacts involving Lys 

residues (K58 and K60)44 Lys58 ad 60 was reported to form covalent adducts with DOPAL.
33 Curiously, G51D exhibited a reduced propensity to form oligomers upon incubation with 

DOPAL, mainly large oligomers. This auto-inhibitory electrostatic interaction in G51D 

could also be the reason for the slower aggregation of this mutant in the absence of DOPAL.
39,44 In general, an increase of the intramolecular contacts in aSyn monomer seems to have 

an inhibitory action on the formation of DOPAL-derived aSyn oligomers. For instance, 

oxidation of Met residues to Met-sulfoxide increases the long-range contacts in WT-aSyn 

monomer, which is accompanied by a diminished ability of the protein to form oligomers in 

the presence of DOPAL.43

Binding of aSyn to phospholipid vesicles inhibits the formation of DOPAL-mediated 
oligomers of the protein.

The binding of aSyn to phospholipid vesicles has been well studied by several groups and is 

believed to be necessary for the physiological function of the protein in regulating synaptic 

vesicle trafficking.20,46 In this respect, structural perturbations that disrupt interactions 

between the protein (particularly the NAC domain) and the phospholipid membrane are 

associated with the formation of potentially toxic oligomers of the protein at the membrane 
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surface.47 Recently, our group demonstrated that the incubation of aSyn-WT in the presence 

of either SDS micelles or small unilamellar vesicles (SUVs) reduces the formation of 

oligomers induced by DOPAL.32 From these results, we hypothesize that an impaired 

membrane interaction of aSyn with lipid membranes could play a pivotal role in the 

formation of oligomers of the protein mediated by DOPAL.

Firstly, we chose to focus on the effect of N-terminal acetylation on the oligomerization of 

aSyn-WT in the presence of DOPAL plus SUV. For that, aSyn and Ac-aSyn monomer, both 

WT, in the presence of varying concentrations of SUV (0, 2, 4, 6, 8, 10, or 12 mM) was 

incubated with DOPAL (10-fold molar excess over protein) for 24 hours at 25 °C, and then 

the samples were analyzed by SDS-PAGE (Figure 4A,B). These assays were done using 

vesicles with a lower negative charge content (DOPE: DOPS: DOPC = 5:3:2 w/w/w) and 

high curvature, which are presumably similar to that of synaptic vesicles, a binding target of 

the protein in vivo. The relative population of oligomers was quantified from SDS-PAGE by 

densitometry in which the intensity of oligomer bands in the absence of SUV was 

considered as 100%. In this experiment, only oligomers that appear in SDS-PAGE were 

taken into account. Figure 4C indicates that an increase of the concentration of SUV reduced 

the relative population of oligomers, being the protective effect of SUV against DOPAL-

induced oligomerization higher for Ac-aSyn compared with the non-acetylated protein. We 

also observed an increase of the intensity of the band of the monomer upon the incubation of 

the protein with DOPAL plus SUV (6 mM) for both proteins (Fig. 4D). Unfortunately, we 

were not able to measure the population of monomer in function of SUV concentration 

because of the distortion of the monomer band in the gel caused by SUV at concentrations 

higher than 6 mM. Taken together, these data indicate that N-terminal acetylation strengths 

the protective role of SUV against DOPAL-induced the oligomerization of aSyn-WT. 

Interestingly, a previous study demonstrated that the enhanced helicalfolding propensity of 

Ac-aSyn has an inhibitory effect on the aggregation of the protein incubated in the presence 

of GM1, a lipid enriched in presynaptic membranes.48

Our next objective was to determine how PD mutations affect the protective role of SUV 

against the oligomerization of Ac-aSyn induced by DOPAL. Although the content of 

DOPAL-derived oligomers decreased for all mutants with the increase of the concentration 

of SUV, the extension of this inhibition seems to be affected distinctively by the mutations 

(Figure 5A-E). The variants A53T, A30P and H50Q of Ac-aSyn were found to be less 

protected by SUV than the WT protein. On the other hand, E46K exhibited a very slight 

increased protection at 2 mM SUV, whereas G51D was similar to WT. For all aSyn variants, 

the relative population of monomer increased upon the incubation with DOPAL plus SUV (6 

mM) (Figure 5, panels on the right). However, in some cases, we did not observe an increase 

of the monomer content proportionally to the decrease of oligomer population, which might 

be attributed to the fact that only oligomers that are visualized in the gel were quantified. In 

all our studies, the formation of insoluble aggregates upon incubation of aSyn with DOPAL 

was not observed, irrespective the concentration of DOPAL or the presence of SUV.

Ruzafa et al. suggested a protective role of N-terminal acetylation of aSyn against SDS-

induced aggregation.49 In this study, N-acetylation seems to favor a conformational 

transition in which non-aggregating oligomers become stabilized. Interestingly, the influence 
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of N-acetylation in promoting this transition becomes impaired by the presence of the 

mutations A30P, E46K and A53T. In our study with SUV and DOPAL, A30P and A53T 

were capable of reducing the protective role of N-terminal acetylation against DOPAL-

induced aSyn oligomerization in the presence of SUV.

The results outlined above indicate that PD-linked mutations may affect DOPAL-induced 

oligomerization of Ac-aSyn via distinct mechanisms, depending on whether the process 

takes place in either the presence or the absence of lipid membrane. For instance, A30P 

formed oligomers (total oligomers) in the presence of DOPAL similarly to WT. However, in 

the presence of SUV, A30P is less protected than WT against DOPAL-induced 

oligomerization of Ac-aSyn, which leads to the formation of higher content of oligomers 

from A30P when in the presence of SUV plus DOPAL. For A53T and H50Q, the formation 

of DOPAL-derived oligomers was higher than for WT, irrespective the presence of SUV. On 

the other hand, E46K formed less oligomers in the presence of SUV than WT, even though 

the former seems to lead to an increased content of oligomers in the absence of SUV. 

Collectively, these findings suggest that interaction of aSyn with lipid membranes inhibits 

the formation of DOPAL-induced oligomers and, more importantly, this inhibitory effect 

depends on the familial mutations.

The presence of either SDS or lipid vesicles has the ability of inhibiting in a dose-dependent 

manner the formation of DA-mediated oligomerization of aSyn,50 similarly to that observed 

for DOPAL. In the presence of DA and its oxidative intermediates, aSyn forms SDS-

resistant soluble oligomers that are off-pathway to fibril formation.23–27 Therefore, the 

binding affinity of aSyn to lipid membranes seems to play a central role in controlling the 

formation of oligomers from the protein induced by either DOPAL or DA.

Disruption of contacts between aSyn and phospholipid vesicles favors the formation of 
DOPAL-induced aSyn oligomers.

To shed light on the mechanisms lying behind the protective action of phospholipid 

membrane against the oligomerization of aSyn mediated by DOPAL, we investigated the 

ability of the protein to bind to SUV. For this purpose, we utilized far-UV CD, a technique 

that reports on the increase in aSyn α-helicity upon interaction of the protein with SUV. CD 

spectra for aSyn and Ac-aSyn monomer, both WT, in the presence of varying concentrations 

of SUVs are shown in Figure 6A and B, respectively. A higher helicity is observed for Ac-

aSyn compared with the non-Ac protein at equivalent SUV concentrations, which is 

evidenced by measuring the mean residue molar ellipticity at 222 nm ([θ]MR,222) as function 

of lipid concentration (Figure 6C). The titration curve for aSyn is shifted significantly to the 

right compared with Ac-aSyn, indicating the N-terminal acetylation increased the affinity to 

SUV. Fits of the titration data using Equation 2 yielded Kd values of 2.8 ± 0.6 and 9.2 ±3.8 

μM for Ac-aSyn and aSyn, respectively. This result is consistent with other studies that 

showed that the N-terminal acetylation increases the transient helical propensity of the N-

terminal ~10 residues in the free state, which results in an increase the binding of WT 

monomer to vesicles of lower negative charge content and higher curvature.17–19 From these 

results, we infer that, in the presence of SUV plus DOPAL, naturally occurring Ac-aSyn 
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would be less prone to oligomerize than the non-Ac protein, likely due to its increased 

affinity for synaptic-like lipid vesicles caused by the N-terminal acetylation.

Familial aSyn mutations have been associated with different effects on membrane binding 

affinity: while A30P has a reduced affinity for phospholipid membranes,46 A53T and H50Q 

do not seem to alter the binding affinity,51,52 and E46K shows enhanced binding.51,53 On the 

other hand, G5 ID appears to decrease the membrane affinity.54 However, most of these 

studies were done with the non-Ac form of the protein. Herein, we evaluated the familial 

mutants of Ac-aSyn monomer in terms of both the propensities to acquire an α-helical 

conformation upon binding to phospholipid membranes (far-UV CD) and the site-specific 

perturbations of the different domains of membrane-bound protein (2D NMR). CD spectra 

for the lipid titrations assays for familial variants of Ac-aSyn monomer are shown in Figure 

7A-E. The determination of the values of dissociation constants (Kd) from the curves of 

[θ]MR,222 versus lipid concentrations (Figure 7F and Table 1) indicate that, relative to the 

WT protein (Kd = 2.8 ± 0.6 μM), E46K increased the affinity to SUV (Kd = 1.1± 0.8 μM), 

while A30P reduced it (5.1 ± 1.2 μM), similarly to that previously reported for the non-Ac 

forms of these mutants. Conversely, A53T and H50Q, which were reported not to affect the 

affinity of aSyn to membranes, exhibited a significant reduction of the affinity of the protein 

for SUV [Kd values: 4.3 ± 0.8 μM (A53T) and 5.4 ± 1.1 μM (H50Q)]. G51D exhibit a value 

of Kd (3.7 ±1.2 μM) nearly close to that found for the WT. Previous studies on G51D variant 

indicated that this mutation would interfere negatively with the interaction between aSyn 

and lipid membranes by placing a negative charge on the non-polar face of the amphipathic 

α11/3 helix.47 Our results indicate that N-terminal acetylation might counterbalance the 

impaired membrane binding caused by G51D mutation.

The examination of data above suggests that the membrane-binding affinity of Ac-aSyn 

variants may represent an important factor for formation of oligomers in the presence of 

DOPAL. For instance, E46K exhibited an increased affinity for SUV and this mutant has a 

lower propensity to form oligomers upon incubation with SUV plus DOPAL. On the other 

hand, the variants A53T, A30P and H50Q were less protected by SUV against DOPAL 

effects than WT, and those mutations were also associated to a diminished affinity to SUV. 

G51D behaves similarly to WT in term of propensity to form oligomers in the presence of 

SUV plus DOPAL, and both have similar affinities for SUV accordingly to the Kd values 

determined by far-UV CD.

Our next objective was to understand how site-specific perturbations of the different 

domains of membrane-bound aSyn contribute to the inhibitory action of SUV on DOPAL-

induced oligomers of the protein. To compare the familial aSyn mutants in terms of SUV 

binding affinity, 200 μM of 15N-labeled Ac-aSyn monomer (WT and mutants) were 

incubated with or without 8 mM SUV (lipid:protein ratio, 40:1 mol/mol), and 1H-15N-

HSQC spectra were recorded. All NMR experiments were done at 10 °C. Binding of the 

monomer to SUVs occurs in the slow-exchange limit on the NMR frequency scale, which 

results in a resonance linewidth too broad for detection due to the slow rotational motion of 

the membrane-bound protein. Thus NMR experiments allow us to correlate the normalized 

signal attenuation of resonances from specific residues, obtained in the presence of 

liposomes, to the binding of these residues to the membrane. Selected regions of the 1H-15N-
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HSQC spectrum of WT and familial mutants of Ac-aSyn in the absence (green) or presence 

(magenta) of SUVs are shown in Figure 8A-F. The intensity of cross-peaks in 1H-15N HSQC 

spectra in the presence of SUV (I) was normalized by the signal in the absence of SUV (I0) 

(Figure 8G-L). In this case, the ratio I/I0 corresponds to the proportion of molecules in the 

mixture aSyn plus SUV in which the residue remains mobile and in solution, and the signal 

attenuation (1 − I/I0) is the proportion of molecules in which the residue is tightly bound to 

the lipid vesicle.51

Considering that interactions involving an N-terminal segment spanning residues 1–25 are 

critical for membrane binding and for the adoption of an α-helical structure,55 fractional 

population of molecules bound to the membrane was determined from the mean attenuation 

of residues 3-25 (‘total bound population’). Table 1 shows that 73% of WT molecules were 

bound to the membrane, which is reduced to 62 and 66% for A30P and A53T variants, 

respectively. A slight increase of the population bound was observed for E46K (76%), while 

G51D and H50Q exhibited values of 71 and 72 %, respectively. The weaker affinity for SUV 

observed for A30P and A53T can explain why these mutants are less protected by the 

presence of SUV against the oligomerization induced by DOPAL. Corroborating this 

hypothesis, E46K exhibited an increased total bound population as well as a higher 

inhibitory affect of SUV against the formation of oligomers upon incubation with DOPAL, 

compared with the WT protein. However, these data do not seem to be sufficient to explain 

the effect of SUV on the oligomerization of H50Q and G51D. Although these mutants 

exhibited nearly the same total membrane-bound populations, SUV was able to inhibit more 

significantly the formation of oligomers from G51D than H50Q in the presence of DOPAL.

To gain additional information on the interaction of aSyn mutants with SUV, we examine the 

conformation of the hydrophobic domain NAC at the membrane, which is described to have 

an important role on the oligomerization of aSyn at membrane surface.47 The fractional 

population of protein in either dissociated state (referred to here as ‘exposed’) or associated 

state (‘hidden’) we estimated the mean attenuation of residues 66-80. The population in the 

exposed state was determined by subtracting the hidden population from the total bound 

population (residues 3-25). For WT, only ~10% was in the exposed membrane-bound 

conformation, compared with ~63% in the hidden state. For A30P and H50Q the hidden 

population decreases to 40 and 54%, respectively. On the other hand, for the total E46K 

protein, ~66% is the hidden state. Although H50Q and WT have similar total bound 

populations, H50Q has a higher population in the exposed state than WT (18% for H50Q), 

which could explain why H50Q is less protected by SUV than the WT protein against the 

formation of oligomers in the presence of DOPAL. Although A53T has an exposed 

population similar to the WT protein, A53T has a lower total bound population. Besides 

A30P, G51D mutant has the higher exposed population (32%) among the familial aSyn 

mutants analyzed. It means that A30P or G51D mutation led to a significant reduction in 

lipid membrane interactions involving the central hydrophobic domain NAC. A key outcome 

of our studies is the observation of the existence of a correlation between the population in 

the exposed state and the formation of DOPAL-derived aSyn oligomers. An increase of the 

population of the protein in a completely membrane-dissociated state or with the 

hydrophobic domain in an exposed state may influence the protective role of SUV against 

the formation of DOPAL-mediated aSyn oligomers.
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Intriguingly, H50Q and G51D exhibited similar populations in both the exposed and total-

bound states but very distinct propensity to form oligomers upon incubation with SUV and 

DOPAL. However, Kd value for G51D obtained by using far-UV CD indicates a membrane 

binding affinity similar to that found for the WT protein, which is consistent with a similar 

protection against DOPAL promoted by SUV. The apparent inconsistence between CD and 

NMR data in case of G51D might be attributed to the difference of temperatures between 

these experiments: the determination of the binding affinity of aSyn to liposomes by NMR 

experiments was done at 10°C, while CD signal measurements were at 25°C. G51D 

substitution is proposed to have a disruptive effect on membrane binding because of the 

high-energy barrier caused by inserting a charged aspartate residue in the hydrophobic 

region of the bilayer.47 In this case, an increase of temperature of 15 °C (far-UV CD versus 
NMR) could be responsible to overcome this energy barrier and hence favor the binding of 

G51D to lipid membrane at 25 °C, accordingly to that observed by using far-UV CD.

In addition to the effect of the familial mutations on the ability of Ac-aSyn to bind 

phospholipid vesicles outlined above, the formation of aSyn-DOPAL adducts was 

demonstrated to reduce both the affinity of the protein for SUVs and the formation of helical 

conformations upon membrane binding.32 Importantly, DOPAL-induced impairment of aSyn 

binding to SUV does not require the oligomerization of the protein. Although the 

physiological function of aSyn is not completely understood, multiple lines of evidence 

suggest that the protein has some role in the genesis, trafficking, or fusion of synaptic 

vesicles at presynaptic nerve terminals.20,21 All these functions are directly dependent of the 

binding of aSyn to lipid membrane via its N-terminal domain, which adopts an amphipathic 

helical conformation upon binding to membranes. Importantly, 11 of 15 Lys residues found 

in aSyn are located in the N-terminal domain, which is the primary target of DOPAL.32,56 

Taken these findings into account, we suggest that both familial aSyn mutations (at least for 

A30P, A53T and H50Q) and the formation of adducts with DOPAL may favor the releasing 

the protein from membrane surfaces and, hence, enhance the susceptibility of the protein to 

undergo DOPAL-induced oligomers.

CONCLUSIONS

In this work, we demonstrate that both N-terminal acetylation and familial mutations of 

aSyn are capable of interfering with the formation of oligomers of the protein induced by 

DOPAL. In light of a previous report showing that the interaction of aSyn with lipid 

membranes inhibits the formation of DOPAL-derived oligomers of the protein, our data 

pointed out that an impaired membrane binding of the monomer caused by PD-linked 

mutation favors the formation of oligomers induced by DOPAL. Therefore, PD-linked 

mutations could affect DOPAL-induced oligomerization of aSyn distinctively depending on 

whether the process takes place in either the presence or the absence of lipid membrane. 

Collectively, our findings provide a significant contribution to understand how familial 

mutations, N-terminal acetylation and membrane-binding affinity of aSyn affect the 

propensity of the protein to form potentially toxic aggregates in dopaminergic neurons.
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METHODS

Expression and purification of aSyn.

Alpha-Syn (WT) and Ac-aSyn (WT and mutants) were produced as described.16,57 Firstly, 

we prepared competent E. coli BL21 (DE3) cells previously transformed with N-

acetyltransferase complex B (Nat-B) plasmid expressing chloramphenicol resistance,34 

gently provided by Dr. Dan Mulvihill, University of Kent, UK. Next, E. coli BL21 (DE3) 

cells (transformed or not with Nat-B), were transformed with a plasmid encoding aSyn 

(expressing ampicillin resistance) and then were grown in rich media containing 

chloramphenicol/ampicillin at 37 °C to an optical density (600 nm) of 0.6. Protein 

expression was induced with 1 mM isopropyl-1-thio-β-d-galactopyranoside (IPTG) for 4 

hours at 37 °C. Purification of aSyn consisted of acid precipitation and ammonium sulfate 

cuts.57 For the purification of Ac-aSyn, a saturation of ammonium sulfate of 40% was 

applied (instead of 50% for the non-Ac protein). Recombinant Ac-aSyn uniformly labeled 

with 15N for NMR experiments was produced by the media swap method.58 The purified 

protein was lyophilized and stored at −20 °C. N-terminally acetylation of both WT and 

variants of aSyn was confirmed by using mass spectrometry.

Preparation of SUVs.

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE):1,2-dioleoyl-sn-glycero-3-

phospho-L-serine (DOPS):1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (5:3:2 

w/w/w) were purchased from Avanti Polar Lipids (Alabaster, AL). Phospholipid mixtures 

containing 60% DOPC, 25% DOPE, 15% DOPS (molar concentrations) were prepared by 

drying a mixture of the different lipids dissolved in chloroform under nitrogen gas and 

resuspending the lipid film in 20 mM sodium phosphate, pH 7.5, 100 mM NaCl at 25 °C. 

SUVs were prepared by pulse-sonicating the phospholipid suspensions in a bath sonicator 

for 10 min in 2-min increments. The size of the resulting SUVs (hydrodynamic radii of 

30-50 nm) was determined by dynamic light scattering using a Zetasizer Nano ZS 

instrument (Malvern Instruments, Worcestershire, UK).

Oligomerization of aSyn induced by DOPAL.

A solution of 100 μM of recombinant aSyn monomer in 20 mM sodium phosphate, pH 7.5, 

100 mM NaCl, was incubated for 24 hours at 25 °C, no agitation, in the presence of 0, 0.5, 

1, 2 or 4 mM of DOPAL (Cayman Chemical, Ann Arbor, USA). Aliquots were withdrawn at 

different times and analyzed by 15% sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) or size-exclusion chromatography (SEC) using a Superdex 200 

10/300 GL column (void volume: 7.8 mL) (GE Healthcare, Little Chalfont, UK) using an 

AKTA Purifier 10 equipment (GE Healthcare) (flow-rate 0.7 mL/min). The percentage of 

oligomers formed was determined by the relative areas in SEC-HPLC. To investigate the 

protective effect of SUV on DOPAL-induced aSyn oligomerization, 50 μM recombinant 

aSyn monomer in 20 mM sodium phosphate, pH 7.5, 100 mM NaCl was mixed with varying 

concentrations of SUV (0, 2, 4, 6, 8, 10, or 12 mM), following by the addition of 500 μM of 

DOPAL. Samples were incubated for 24 hours at 25 °C, no agitation, and then analyzed by 

15% SDS-PAGE. In these experiments, the population of the different oligomeric states of 

aSyn was evaluated by using quantitative densitometry of proteins, in SDS-PAGE stained 
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with Coomassie Blue, using ImageJ software.59 Protein samples (in the absence or the 

presence of SUV) were centrifuged at 10,000 rpm before the analysis by SEC-HPLC or 

SDS-PAGE. No insoluble aggregates were observed.

NMR spectroscopy.

NMR experiments were performed using a 600 MHz (Weill Cornell Medical College, 

Cornell University, New York City, USA) Bruker Avance spectrometer equipped with 

cryogenic probes. Phase-sensitive two-dimensional 1H-15N Heteronuclear Single Quantum 

Coherence (1H-15N-HSQC) spectra were recorded using Echo-anti Echo gradient selection. 

TopSpin 3.2 was used for data acquisition. All spectra were processed with NMRPipe60 and 

analyzed with CCPN software. Amide resonance assignments were performed according to 

previously reported chemical shift assignments for intrinsically unfolded aSyn.61–63 Binding 

of aSyn monomer to SUV was determined via 1H-15N-HSQC experiments in which 200 μM 

of 15N-labeled Ac-aSyn monomer in 20 mM sodium phosphate buffer, pH 7.5, 100 mM 

NaCl, 10% D2O was incubated in the absence or the presence of 8 mM of SUV. All NMR 

experiments were conducted at 10 °C.

Far-UV circular dichroism (CD).

The gain of content of α-helix structure of aSyn monomer, which occurs upon the binding to 

SUV, was evaluated by far-UV circular dichroism (CD) in a Chirascan Spectropolarimeter 

(Applied Photophysics, UK). Solutions of 40 μM of aSyn monomer in 20 mM sodium 

phosphate, pH 7.5, 100 mM NaCl, in the absence or presence of varying concentration of 

SUVs were analyzed in a 0.2 mm quartz cuvette at 25 °C. The ellipticity at 222 nm was 

measured and the background associated with buffer or SUV solutions was subtracted. The 

mean residue molar ellipticity at 222 nm (θMR,222) was determined using the equation (1):

θMR, 222 = θ222/10Cnl

where θ222 is the measured ellipticity at 222 (millidegrees), C is the protein concentration 

(Molar), n = 140 (number of amino acid residues), and l is the path length of the cuvette in 

cm (0.02 cm). Lipid titration curves generated by plotting [θ]MR,222 versus the lipid 

concentration were analyzed as previously described47,64 by fitting to the equation (2):

R = R0 − (R0 − R f )Kd + C + L/N − Kd + C + L/N 2 − 4CL/N
2C

where R is the measured [θ]MR,222 at a given lipid concentration, R0 is the [θ]MR,222 in the 

absence of lipid, Rf is the [θ]MR,222 in the presence of saturating lipid, L is the total lipid 

concentration, C is the total protein concentration, Kd is the apparent macroscopic 

dissociation equilibrium constant, and N is the binding stoichiometry (lipids/protein).
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Figure 1. Location of PD-linked mutations into aSyn sequence.
aSyn is a N-terminally acetylated protein with 140 residues that is divided into three distinct 

domains: an amphipathic N-terminal domain, a central hydrophobic domain (denoted as 

Non-Amyloid-β Component: NAC), and an acidic C-terminal domain. All familial aSyn 

mutations (A53T, A30P, E46K, H50Q, G5 ID and A53E) are located into N-terminal 

domain.
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Figure 2. Effect of N-terminal acetylation on DOPAL-induced oligomerization of aSyn-WT.
The formation of oligomers from aSyn and Ac-aSyn, both WT, (50 μM in 20 mM sodium 

phosphate, pH 7.5, 100 mM NaCl) upon incubation for 24 hours at 25 °C in the presence of 

DOPAL (0.25, 0.5, 1 and 2 mM), was evaluated by SDS-PAGE and SEC-HPLC (A: aSyn; 

B: Ac-aSyn). (C) Retention volumes of aSyn unfolded monomer and dimer in a Superdex 

200 10/300 GL column; a standard curve was generated by using the proteins lysozyme 

(14.4 kDa), carbonic anhidrase (30 kDa), ovalbumin (45 kDa), BSA (66 kDa) and 

phosphorylase B (97 kDa). The population of monomer (D), total oligomers (E) and large 
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oligomers (F), after incubation with DOPAL, was quantified by the integration of the peak 

areas in SEC-HPLC. Results in D-F represents mean ± standard deviation of five 

independent experiments. M: monomer; D: dimer: T: trimer.
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Figure 3. Effect of PD-linked mutations on DOPAL-induced oligomerization of Ac-aSyn.
Oligomerization of Ac-aSyn mutants (A53T, A30P, E46K, G5 ID and H50Q) (50 μM in 20 

mM sodium phosphate, pH 7.5, 100 mM NaCl) upon incubation for 24 hours at 25 °C in the 

presence of DOPAL (0.25, 0.5, 1 and 2 mM), evaluated by SEC (A-E). The population of 

total oligomers (F) and large oligomers (G) from WT and PD mutants of Ac-aSyn, in the 

presence of DOPAL, was quantified by the integration of the peak areas in SEC. In F and G, 

for each DOPAL/Ac-aSyn ratio, the experiment was performed in quintuplicate, and the 

average value and standard deviation were calculated based on three to five measures of the 

population of oligomers.
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Figure 4. Effect of N-terminal acetylation on the protective role of SUVs on DOPAL-induced 
oligomerization of aSyn-WT.
aSyn (A) and Ac-aSyn (B) monomer (50 μM in 20 mM sodium phosphate, pH 7.5, 100 mM 

NaCl), in the presence of varying concentrations of SUV (0, 2, 4, 6, 8, 10, or 12 mM), was 

incubated with 500 μM DOPAL for 24 hours at 25 °C, and then the samples analyzed by 

15% SDS-PAGE. (C) Population of SDS-resistant oligomers determined by quantitative 

densitometry of proteins in SDS-PAGE stained with Coomassie Blue, using ImageJ 

software.59 (D) Population of monomer and oligomers from aSyn and Ac-aSyn upon the 

incubation with DOPAL in the absence or the presence of 6 mM SUV. Results in C and C 

represent mean ± standard deviation of three to five independent experiments.
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Figure 5. Protective role of SUVs on DOPAL-induced oligomerization of Ac-aSyn mutants.
Ac-aSyn mutants (A53T, A30P, E46K, G51D and H50Q) (50 μM in 20 mM sodium 

phosphate, pH 7.5, 100 mM NaCl), in the presence of varying concentrations of SUV (0, 2, 

4, 6, 8, 10, or 12 mM), were incubated with 500 μM DOPAL for 24 hours at 25 °C, and then 

the samples analyzed by 15% SDS-PAGE (A-E). On the right, population of monomer and 

oligomers from Ac-aSyn (WT or mutant) upon the incubation with DOPAL in the absence 

or the presence of 6 mM SUV. Results represents mean ± standard deviation of three to five 

independent experiments.
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Figure 6. Effect of N-terminal acetylation on the binding-affinity of aSyn-WT monomer to SUVs 
analyzed by far-UV CD.
CD spectra of aSyn and Ac-aSyn monomer (40 μM in 20 mM sodium phosphate, pH 7.5, 

100 mM NaCl) incubated at 25 °C with increasing concentrations of SUVs (0 to 40 mM) are 

shown in (A) and (B), respectively. (C) Mean residue molar ellipticity at 222 nm ([θ]MR,222) 

as function of lipid concentration for aSyn and Ac-aSyn. The data were fit to Equation 2 to 

calculate the values for Kd (Table 1). SUV composition: 60% DOPC, 25% DOPE, and 15% 

DOPS.
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Figure 7. Effect of PD-linked mutations on the membrane binding-affinity of Ac-aSyn monomer 
analyzed by far-UV CD.
CD spectra of familial variants of Ac-aSyn monomer (A53T, A30P, E46K, G51D and 

H50Q) (40 μM in 20 mM sodium phosphate, pH 7.5, 100 mM NaCl), incubated at 25 °C 

with increasing concentrations of SUVs (0 to 40 mM) are shown in (A-E). (F) Data from 

[θ]MR,222 as function of lipid concentration were fit to Equation 2 to calculate the values for 

Kd (Table 1). SUV composition: 60% DOPC, 25% DOPE, and 15% DOPS.
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Figure 8. Membrane-binding affinity of familial mutants of Ac-aSyn probed by 1H-15N-HSQC.
Selected region of the 1H-15N-HSQC spectra of PD mutants or WT Ac-aSyn, in the absence 

(green) or the presence (magenta) of 8 mM SUV (A-F). The intensity of cross-peaks in the 
1H-15N HSQC spectra of Ac-aSyn in the presence of SUV (I) was normalized by the signal 

in the absence of SUV (I0) (G-L). NMR data were acquired at 10 °C using 200 μM of 15N-

labeled Ac-aSyn monomer in 20 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl, 10 % 

D2O.
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Table 1.

Binding affinity of Ac-aSyn (WT and PD mutants) to SUV evaluated by both the fractional populations of 

membrane-associated aSyn conformers determined by NMR (10 °C) and the dissociation constant (Kd) 

measured by far-UV CD (25 °C).

Ac-aSyn Total bound
1 − {I/I0}mean,3-25

Hidden
1 − {I/I0}mean,66-80

Exposed* Kd (μM)
(from far-UV CD)

WT 0.73 0.63 0.10 2.8 ± 0.6

A30P 0.62 0.40 0.22 5.1 ± 1.2

A53T 0.66 0.56 0.10 4.3 ±0.8

E46K 0.76 0.66 0.10 1.1 ± 0.8

G51D 0.71 0.39 0.32 3.7 ± 1.2

H50Q 0.72 0.54 0.18 5.4 ±1.1

*
Calculated as the difference between the total bound population and the hidden population.
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