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A B S T R A C T   

α-Synuclein (α-syn) is a small protein that is involved in cell vesicle trafficking in neuronal synapses. A pro
gressive aggregation of this protein is the expected molecular cause of Parkinson’s disease, a disease that affects 
millions of people around the world. A growing body of evidence indicates that phospholipids can strongly 
accelerate α-syn aggregation and alter the toxicity of α-syn oligomers and fibrils formed in the presence of lipid 
vesicles. This effect is attributed to the presence of high copies of lysines in the N-terminus of the protein. In this 
study, we performed site-directed mutagenesis and replaced one out of two lysines at each of the five sites 
located in the α-syn N-terminus. Using several biophysical and cellular approaches, we investigated the extent to 
which six negatively charged fatty acids (FAs) could alter the aggregation properties of K10A, K23A, K32A, 
K43A, and K58A α-syn. We found that FAs uniquely modified the aggregation properties of K43A, K58A, and WT 
α-syn, as well as changed morphology of amyloid fibrils formed by these mutants. At the same time, FAs failed to 
cause substantial changes in the aggregation rates of K10A, K23A, and K32A α-syn, as well as alter the 
morphology and toxicity of the corresponding amyloid fibrils. Based on these results, we can conclude that K10, 
K23, and K32 amino acid residues play a critical role in protein-lipid interactions since their replacement on non- 
polar alanines strongly suppressed α-syn-lipid interactions.   

1. Introduction 

Parkinson’s disease (PD) is a severe disease that is projected to strike 
12 million people by 2040 worldwide. (Chen, 2010) Postmortem analysis 
of brains of PD patients revealed a substantial loss of dopaminergic (DA) 
neurons in the substantia nigra pars compacta (SNc), as well as other 
regions of the brain. (Hawkes et al., 2007; Braak et al., 2003; Braak et al., 
2004) PD is also characterized by the presence of Lewy bodies (LBs) in 
midbrain, hypothalamus and thalamus. (Krack et al., 2019; Hoffmann 
et al., 2019; Vogiatzi et al., 2008) These intracellular formations are 
primarily composed of α-synuclein (α-syn) fibrils and fragments of cell 
membranes. (Luk et al., 2012a; Luk et al., 2012b; Shahmoradian et al., 
2019) Numerous in vitro and in vivo experiments confirmed that α-syn, 
a small protein involved in cell vesicle trafficking in neuronal clefts, can 
aggregate in the presence of lipid bilayers forming highly toxic oligo
mers and fibrils. (Fecchio et al., 2013; Srinivasan et al., 2013) Based on 
these findings, a progressive aggregation of α-syn is the expected un
derlying molecular cause of PD. (Davie, 2008; Harris et al., 2009) 

The molecular composition of lipid membranes, as well as the 
protein-to-lipid ratio, alter the rates of α-syn aggregation. For instance, it 
was found that anionic lipids accelerated α-syn aggregation, whereas 
this effect was not evident for zwitterionic lipids. (Dou et al., 2023; 
Galvagnion, 2017; Galvagnion et al., 2016; Galvagnion et al., 2015; 
Chen et al., 2015) Furthermore, at low concentrations of lipid vesicles, a 
significant increase in the rate of α-syn aggregation was found. However, 
with a subsequent increase in the concentration of lipid vesicles, a 
decrease in the rate of protein aggregation was observed. (Galvagnion 
et al., 2015) Galvagnion and co-workers hypothesized that the former 
observation was due to lipid-facilitated protein-protein interactions that 
took place on the vesicular surfaces. (Galvagnion et al., 2015) Conse
quently, the latter was attributed to a drastic increase in the lipid surface 
areas that minimized the probability of protein-protein interactions and, 
consequently, the rate of α-syn aggregation. (Galvagnion, 2017) It was 
also found that the chemical structure of lipids that were present in the 
vesicles not only influenced the rate of protein aggregation, but also 
changed the structure and toxicity of α-syn oligomers and fibrils formed 
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in the presence of such lipids. (Dou et al., 2023; Dou and Kurouski, 2022; 
Dou et al., 2021) For example, structurally different oligomers and fi
brils were formed by α-syn in the presence of phosphatidylcholine (PC) 
and phosphatidylserine (PS). (Dou et al., 2023) Furthermore, these ag
gregates exerted higher cell toxicity in N27 rat dopaminergic cells 
compared to α-syn fibrils formed in the lipid-free environment. (Dou 
et al., 2023) Previously used NMR and fluorescence methods revealed 
mechanisms of such lipid-determined changes in the structure of α-syn 
aggregates. (Giasson et al., 2001; Ueda et al., 1993) It was found that 
polar headgroups of lipids interacted with lysine and glutamic acid 
residues on the N-terminus (aa 1–60) of a-syn. (Viennet et al., 2018) 
Protein-lipid interactions were also enhanced by fatty acids (FAs) of 
lipids with the central domain (aa 61–95) of α-syn, also known as the 
NAC domain. (Giasson et al., 2001; Ueda et al., 1993) Claessens group 
demonstrated that such interactions directly controlled by the charge 
and the size of lipid vesicles (Middleton and Rhoades, 2010; van Rooijen 
et al., 2009; Iyer and Claessens, 2019; Iyer et al., 2014; Iyer et al., 2016a; 
Iyer et al., 2016b; Stockl et al., 2008). Hannestad and co-workers found 
that α-syn not only aggregated on the surfaces of lipid vesicles, but 
strongly perturbed the integrity of lipid bilayers (Hannestad et al., 
2020). Furthermore, Lee group found that α-syn could re-shape lipid 
bilayers (Jiang et al., 2018) It was shown that addition of α-syn to lipid 
vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′- 
rac-glycerol) (POPG) caused rapid re-shaping of these vesicles into 
micellar and bilayer tubules with 7 and 30 nm in diameter, respectively. 
These pieces of experimental evidence demonstrated that lipid- 
templated aggregation of α-syn was driven by both electrostatic and 
hydrophobic interactions between lipids and proteins. 

If such interactions could be disrupted, lipid bilayers would fail to 
template the formation of highly toxic α-syn oligomers and fibrils. Based 
on the discussed above NMR results, we hypothesized that lysines 
located in the N terminus of α-syn play a key role in facilitating the 
protein-lipid interactions. Five sites within the N terminus have lysine 
(K) doublets: K10 and K12, K21 and K23, K32 and K34, K43 and K45, 
K58 and K60, as well as a single site with one K at the K6 position. In our 
study, we used site-directed mutagenesis approach to develop α-syn 
mutants in which one out of two lysines in each of the doubles is 
replaced with alanine (A). Thus, we made the following mutants: K10A, 
K23A, K32A, K43A, and K58A α-syn. We opted for alanine substitutions 
in each mutant because alanine preserves the main-chain conformation 
without affecting side chains beyond the β carbon. Additionally, it 
avoids introducing extreme electrostatic or steric effects. 

Next, we determined the extent to which the aggregation properties 
of these mutants, as well as wild-type α-syn, can be altered by six 
negatively charged fatty acids (FAs), including saturated stearic acid 
(C18:0, STA) and polyunsaturated linoleic acid (C18:2, LA), α-linoleic 
acid (C18:3, ALA), dihomo-γ-linolenic acid (C20:3, DGLA), eicosa
pentaenoic acid (C20:5, EPA), and docosahexaenoic acid (C22:6, DHA), 
Fig. S1. The large number of FAs were utilized to exclude the possibility 
of the misinterpretation of our kinetic results. In our previous study, we 
showed that mutations in α-syn could change protein-lipid interactions 
with some FAs. For instance, PS with C14:0 FAs (1,2-dimyristoyl-sn- 
glycero-3-phospho-L-serine (DMPS)), C18:1 FAs (1,2-dioleoyl-sn-glyc
ero-3-phospho-L-serine (DOPS)), C16:0 and C18:1 FAs (1-palmitoyl-2- 
oleoyl-sn-glycero-3-phospho-L-serine (POPS)), and C18:0 FAs (1,2-dis
tearyl-sn-glycero-3-phospho-L-serine (DSPS)) accelerated the aggrega
tion rate of WT α-syn. (Ali et al., 2023a) However, only DOPS, DMPS, 
and DSPS accelerated the rate of A53T α-syn, whereas POPS caused no 
changes in the aggregation properties of this mutant. Finally, DSPS 
accelerated, but DOPS, DMPS and POPS decelerated the aggregation 
rate of A30P α-syn. (Ali et al., 2023a) Recently reported results by 
Holman and co-workers also showed that FAs with different length and 
saturation could have different energies of interactions with the same 
protein. (Holman et al., 2023) Consequently, if only one or a few FAs are 
used to investigate the effect of K-to-A mutations, the expected differ
ences in the aggregation properties of mutants could not be 

unambiguously assigned to the mutations themselves. The utilization of 
a large number of FAs with different lengths and saturation of alkyl 
chains is required to fully exclude any particular differences between 
any FA and α-syn. Although more laborious, such experiments allow for 
making a solid conclusion about the role of K-to-A mutations in α-syn- 
lipid interactions. 

2. Results 

2.1. Kinetic studies of K10A, K23A, K32A, K43A, K58A, and WT α-syn 
aggregation in the presence of different FAs 

Our results show that FAs uniquely altered the lag-phase (tlag) of WT 
α-syn aggregation. Specifically, DGLA (tlag = 12.45 ± 0.72 h) and EPA 
(tlag = 12.67 ± 2.08 h) slightly delayed, whereas LA (tlag = 3.80 ± 0.52 
h) drastically shortened tlag of WT α-syn (tlag = 9.72 ± 0.50 h), Fig. 1 and 
Table S1. No significant changes in tlag of WT α-syn aggregation were 
observed in the presence of DHA (10.40 ± 0.63), SDA (14.18 ± 1.66) 
and ALA (10.23 ± 1.08). Based on these results, we can conclude that 
DGLA, EPA, and LA changed the rate of primary nucleation of WT α-syn, 
which was reflected in the discussed above differences in tlags. We also 
found that EPA and LA decelerated the elongation of WT α-syn nuclei 
into fibrils. This conclusion could be made by a significant increase in 
the half-time (t1/2) of WT α-syn aggregation in their presence (Table S1). 
On the other hand, other PUFAs and SDA did not change the rate of WT 
α-syn fibril formation. 

The ThT assay revealed drastically different behavior of K10A α-syn 
in the presence of the same FAs. Specifically, none of the analyzed lipids 
altered tlag of K10A α-syn, Fig. 1 and Table S1. The same conclusion 
could be made about t1/2 except for a small delay in the rate of K10A 
α-syn aggregation exerted by DHA. Thus, we can conclude that the K10 
amino acid residue is critical for α-syn-lipid interactions. We observed 
similar changes in kinetics of K23A and K32A α-syn in the presence of 
different FAs. Only DGLA (4.16 ± 0.08 and 10.95 ± 0.91) and EPA (2.79 
± 0.08 and 11.30 ± 0.60) delayed tlag of K23A and K32A α-syn, 
respectively. All other lipids did not cause significant changes in tlag of 
K23 or K32A α-syn. Furthermore, none of the lipids altered t1/2 of K23 
and K32A α-syn. Based on these results, we can conclude that, similar to 
K10, K23 and K32 amino acid residues are critically important for α-syn- 
lipid interactions. As such, their replacements on aliphatic amino acid 
residues lower FA-induced changes in the aggregation behavior of α-syn 
mutants. 

The opposite conclusion could be made about K43A and K58A α-syn. 
We found that DGLA (12.83 ± 2.80), SDA (8.61 ± 0.42), and LA (3.42 
± 0.13) shortened tlag of K43A α-syn aggregation. ALA (11.86 ± 1.12) 
also increased, whereas LA (25.78 ± 1.46) decreased t1/2 of K43A α-syn, 
Fig. 2. A small decrease in tlag was observed for K58A α-syn in the 
presence of DGLA (12.20 ± 0.70), DHA (11.69 ± 52), EPA (11.46 ±
0.41), and SDA (13.40 ± 1.70), whereas no changes were found in the 
presence of LA (16.20 ± 0.63) and ALA (14.66 ± 1.04), Fig. 2. We also 
found that all analyzed FAs caused a significant increase in t1/2 of K58A 
α-syn aggregation. Thus, we can conclude that FAs alter the aggregation 
of K43A and K58A α-syn. Based on these results, we can conclude that 
K43 and K58 amino acids residues are less critical for protein-lipid in
teractions. Nevertheless, their replacements on aliphatic amino acids 
possibly alter the secondary structure of α-syn and, consequently, the 
thermodynamics of α-syn-FA interactions, which were reflected by how 
dissimilar to WT α-syn tlags and t1/2s observed in the presence of different 
FAs. These findings indicate that protein-lipid interactions are influ
enced by more than one amino acid and have a more complex nature. 

2.2. Morphological characterization of K10A, K23A, K32A, K43A, 
K58A, and WT α-syn formed in the presence of different FAs 

In the lipid-free environment, WT α-syn formed fibrils with heights 
ranging from 6 to 10 nm, Figs. 3 and 4. Morphologically similar fibrils 
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were observed in WT α-syn:DGLA, WT α-syn:DHA, and WT α-syn:EPA. 
However, their height was substantially smaller (4–9 nm) than the 
height of WT α-syn fibrils formed in the absence of FAs. In the presence 
of SDA, WT α-syn formed highly uniform fibrils that had ~7.5 nm in 
height. Finally, the presence of LA and ALA resulted in the formation of 
thicker fibrils that were 7–10 nm in height. Based on these results, we 
can conclude that FAs uniquely alter the morphology of WT α-syn fibrils. 

We found that K10A, K23A, and K32A α-syn formed morphologically 
similar if not identical fibrils in the presence of different FAs. Addi
tionally, morphologically, such fibrils were undistinguishable from the 
aggregates formed by these mutants in the lipid-free environment. All 
fibril species were, on average, 6 nm in height. In some of the analyzed 
samples, we also observed lipid droplets co-present with amyloid fibrils. 
At the same time, the aggregation of K43A α-syn in the presence of 
different FAs resulted in the formation of fibrils with an average height 
of 6–7.5 nm. Similar to other samples, some of the observed aggregates 
were thinner (4.5 nm) or thicker (9–12 nm) than others, Figs. 3 and 4. 
Finally, K58A α-syn aggregates exhibited similar to WT α-syn variability 
in heights if aggregated in the presence of different FAs. Specifically, 
K58A α-syn:SDA fibrils were the thinnest with heights of 4.5–7.5 nm, 
whereas K58A α-syn:DGLA, K58A α-syn:LA and K58A α-syn fibrils were 
the thickest with heights ranging from 7.5 to 12 nm. K58A α-syn:DHA 
and K58A α-syn:EPA fibrils had on average 7.5 nm in height. Based on 

these results, we can conclude that K10A, K23A, and K32A mutations in 
α-syn substantially altered protein interactions with FAs which resulted 
in the formation of morphologically similar, if not identical, fibrils in the 
presence of different lipids. This effect was less prominent in K43A and 
K58A α-syn, which indicates that K43 and K58 amino acid residues were 
less critical for α-syn-lipid interactions. 

2.3. Structural characterization of K10A, K23A, K32A, K43A, K58A, 
and WT α-syn formed in the presence of different FAs 

We utilized circular dichroism (CD) and infrared (IR) spectroscopy to 
determine the secondary structures of K10A, K23A, K32A, K43A, K58A, 
and WT α-syn fibrils formed in the presence of different FAs. CD spectra 
acquired from all samples exhibited minima around 250–220 nm, which 
indicates the predominance of β-sheet in the structure of amyloid ag
gregates, Fig. 5. Furthermore, CD spectra acquired from different sam
ples of any mutant were highly similar, which indicates that FAs induced 
very little if any changes in the secondary structure of amyloid fibrils 
that were formed in their presence. We observed some changes between 
the CD profiles of different mutants. For example, CD spectra of K32A, 
K43A, K58A, as well as WT α-syn have narrower minima compared to 
the spectra acquired from K10A and K23A α-syn that have much broader 
profiles. One may expect that these spectral differences were caused by 

Fig. 1. ThT kinetics (left) and corresponding histograms of lag-time (tlag) and half-time (t1/2) of WT, K10A, and K23A α-syn in the lipid-free environment (red) and in 
the presence of DGLA (yellow), DHA (grey), EPA (green), SDA (light blue), LA (blue) and ALA (purple); tlag represents 10% increase in the ThT intensity, t1/2 
represents 50% of maximal ThT intensity. All measurements were made in triplicates. Means of three replicates are shown in the figures. At least two independent 
experiments were done for each set of samples. One-way ANOVA with Tukey’s honest significant difference post hoc was performed to reveal statistical significance 
between samples that had no FAs (red) and samples that were incubated in the presence of FAs. NS is a nonsignificant difference; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
and ****p ≤ 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the presence of unaggregated protein. The same explanation can be 
attributed to small variability of CD minima for WT α-syn compared to 
WT α-syn:DGLA, WT α-syn:DHA, WT α-syn:EPA, WT α-syn:SDA, WT 
α-syn:LA, and WT α-syn:ALA. To confirm this hypothesis, we utilized 
atomic force microscopy infrared (AFM-IR) spectroscopy. (Dazzi, 2009; 
Dazzi et al., 2010; Dazzi et al., 2012) 

In AFM-IR, a metallized scanning probe can be positioned at the 
individual protein aggregate. (Centrone, 2015; Katzenmeyer et al., 
2013; Kurouski et al., 2020; Ramer et al., 2017) After that, pulsed 
tunable IR light is used to induce thermal expansions in the sample. 
These thermal expansions are passed to the scanning probe and then 
converted into IR spectra. (Deniset-Besseau et al., 2014; Mathurin et al., 
2018; Rebois et al., 2017) In the acquired IR spectra, amide I band can be 
used to determine the secondary structure of protein aggregates. (Ramer 
et al., 2018; Ruggeri et al., 2020a; Ruggeri et al., 2021; Ruggeri et al., 
2015; Ruggeri et al., 2020b; Ruggeri et al., 2016) Amide I centered at 
~1630 indicates the presence of parallel β-sheet, whereas the shift of 
amide I to ~1695 cm− 1 indicates the presence of and anti-parallel 
β-sheet in the secondary structure of protein aggregates. The presence 
of amide I at 1660 cm− 1 is evidence for unordered proteins. 

AFM-IR revealed no significant differences between the secondary 
structure of WT α-syn formed in the lipid-free environment and the 
secondary structure of fibrils formed in the presence of different FAs. All 
fibrils were dominated by parallel β-sheet (~48%) with a smaller 
amount of unordered protein (~30%) and antiparallel β-sheet (~22%), 
Fig. 6. Based on these results, we can conclude that FAs do not alter the 
secondary structure of WT α-syn fibrils. We also found that K10A α-syn 
fibrils grown in the lipid-free environment had significantly lower 
amounts of parallel β-sheet (24%) compared to WT α-syn (~48%). These 
fibrils had a much higher amount of unordered protein (~45%) and 
antiparallel β-sheet (~31%), Fig. 6. The secondary structure of K23A 
α-syn was very similar to the secondary structure of WT α-syn formed in 
the lipid-free environment. The same conclusion could be made about 
K23A, K43A, and K58A α-syn grown in the absence of FAs. We also 
found that only K23A:SDA and K23A:DGLA α-syn had significantly 
lower amounts of parallel β-sheet in their secondary structure compared 
to K23A α-syn formed in the lipid-free environment. Similar structural 
fluctuations were observed for other samples. For instance, K32A:SDA 
and K32A:LA α-syn fibrils exhibited significantly lower amounts of 
parallel β-sheet than K32A α-syn fibrils, whereas only K43A:DGLA α-syn 

Fig. 2. ThT kinetics (left) and corresponding histograms of lag-time (tlag) and half-time (t1/2) of K32A, K43A, and K58A α-syn in the lipid-free environment (red) and 
in the presence of DGLA (yellow), DHA (grey), EPA (green), SDA (light blue), LA (blue) and ALA (purple); tlag represents 10% increase in the ThT intensity, t1/2 
represents 50% of maximal ThT intensity. All measurements were made in triplicates. Means of three replicates are shown in the figures. At least two independent 
experiments were done for each set of samples. One-way ANOVA with Tukey’s honest significant difference post hoc was performed to reveal statistical significance 
between samples that had no FAs (red) and samples that were incubated in the presence of FAs. NS is a nonsignificant difference; *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001, and ****p ≤ 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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had lower amounts of parallel β-sheet than K43A α-syn fibrils, Fig. 7. We 
found that similar to WT α-syn, FAs did not alter the secondary structure 
of K58A α-syn fibrils. Based on these findings, we can conclude that 
changes in the secondary structure of α-syn mutants are unlikely to be 
linked to K-to-A mutations themselves and rather originate from mutant- 
specific protein:FA interactions. 

2.4. Toxicities of K10A, K23A, K32A, K43A, K58A, and WT α-syn 
formed in the presence of different FAs 

We used N27 rat dopaminergic neurons to investigate the extent to 
which different FAs altered the toxicity of K10A, K23A, K32A, K43A, 
K58A, and WT α-syn fibrils. We found that all analyzed FAs drastically 
increased the toxicity of WT α-syn fibrils from ~40% (no lipids) to 
~50% in the case of DHA and EPA, Fig. 8. Much higher cytotoxicity 
(~60%) was observed for WT α-syn:DGLA, WT α-syn:SDA, WT α-syn:LA, 
and WT α-syn:ALA. Based on these results, we can conclude that FAs 
drastically change the toxicity of WT α-syn fibrils. 

The LDH assay showed that K10A and K23A α-syn fibrils formed in 
the lipid-free environment exerted the same levels of cytotoxicity as 
their aggregates formed in the presence of different FAs. These findings 

indicate that FAs do not alter the toxicity of K10A and K23A α-syn fibrils. 
The same conclusion could be extended to K32A and K58A fibrils. We 
found that only K32A α-syn:SDA fibrils were found to be more toxic than 
K32A α-syn fibrils formed in the lipid-free environment. 

In the presence of DGLA and ALA, K43A α-syn formed fibrils that 
exerted higher toxicity than K43A α-syn fibrils formed in the lipid-free 
environment. Whereas the presence of DHA, EPA, SDA, and LA resul
ted in the formation of much less toxic than K43A α-syn fibrils. Based on 
these results, we can conclude that, similar to WT α-syn, FAs uniquely 
altered the toxicity of K43A α-syn fibrils. Surprisingly, we found that FAs 
did not alter the toxicity of K58A α-syn fibrils. It should be noted that 
K58A α-syn fibrils formed in the lipid-free environment exerted much 
higher toxicity (58%) than WT α-syn (43%) fibrils. Based on these 
findings, one can expect that high toxicity of K58A α-syn fibrils formed 
in the lipid-free environment did not allow for the observation of FA- 
altered toxicity of this mutant. Alternatively, one can expect that the 
K58 amino acid residue plays an important role in protein-lipid in
teractions. Although the K58A mutation does not significantly alter ki
netics of protein aggregation in the presence of different FAs, as well as 
morphology of K58A α-syn fibrils, it becomes critically important for 
lipid-induced changes in the toxicity of α-syn fibrils. 

Fig. 3. AFM images of WT α-syn, K10A, K23A, K32A, K43A, and K58A α-syn in the lipid-free environment (no lipid) and in the presence of DGLA, DHA, EPA, SDA, LA 
and ALA. Scale bars are 500 nm. For each AFM image, 3–4 areas of the sample were scanned. At least 20 independent aggregates were measured to obtain height 
profiles. The images represent the 2 experiments with the 3 technical replicates within each experiment. 
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3. Discussion 

Our study revealed that the WT α-syn stability could be altered by 
FAs. Furthermore, we found that changes in tlag and t1/2 were directly 
linked to the structure of FAs themselves. These results are in a good 
agreement with the previously reported results by Ali and co-workers 
and Holman and co-workers for transthyretin and insulin, respec
tively. (Holman et al., 2023; Ali et al., 2023b) Remarkably, WT α-syn 
formed much more toxic fibrils in the presence of FAs, although no 
significant changes in their secondary structure were observed. Upon 
analysis of the aggregation properties of the K-to-A mutants, we showed 
that the effect of FA-induced changes in tlag and t1/2 was primarily 
determined by K10, K23, and K32 amino acid residues. Replacements of 
these charged amino acid residues with non-polar alanines limited the 
response of corresponding mutants to FAs that were present at the stage 
of protein aggregation. These conclusions are further supported by the 
analysis of morphologies of amyloid fibrils formed by K10A, K23A, and 
K32A α-syn. AFM imaging showed that all mutants formed the same 
fibrils in the lipid-free environment and in the presence of different FAs. 
We also observed no changes in the toxicity of K10A, K23A, and K32A 
α-syn fibrils grown in the lipid-free environment and in the presence of 
different FAs. Thus, we can conclude that K10, K23, and K32 play an 
important role in protein-lipid interactions. 

Furthermore, our results show that K43 and K58 amino acid residues 
of α-syn play a far less important role in protein-lipid interactions. This 
conclusion could be made based on significant changes in tlag and t1/2 of 
K43A and K58A α-syn observed in the presence of different FAs. As was 
discussed above, such changes were observed for WT α-syn. AFM im
aging also revealed much greater diversity of fibril heights in K43A and 
K58A α-syn compared to K10A, K23A, and K32A α-syn. Finally, we 
observed FA-modulated toxicity of K43A α-syn fibrils that were evident 
for WT α-syn and not detected for K10A, K23A, K32A, and K58A α-syn 
fibrils. Furthermore, we found that K43A α-syn formed much less toxic 
fibrils in the presence of DHA, EPA, SDA, and LA compared to the 
toxicity of both WT and K43A α-syn formed in the lipid-free environ
ment. These results might suggest that these FAs could be used as co- 
supplements together with possible drugs that will bind to K43 of 
α-syn inhibiting protein-lipid interactions. Be aware that DGLA and ALA 
increased the toxicity of K43A α-syn fibrils. These results indicated that 

protein-FA interactions are fairly complex and require additional studies 
to fully reveal mechanisms of their interactions. 

Holman and co-workers used docking simulations to investigate 
binding energies of different FAs to insulin. (Holman et al., 2023) The 
researchers found that FAs with different lengths and saturations could 
have different energies of interactions with the same protein. These 
findings help to explain the observation of several outliers in our ThT 
kinetics. For instance, we found that DGLA and EPA delayed tlag of K23A 
and K32A α-syn, whereas this effect was not observed for all other FAs. 
Finally, we want to point out that none of the K-to-A mutations inhibited 
protein aggregation. These findings indicate that the N-terminus of α-syn 
does not directly participate in the formation of the fibril core, as was 
expected based on the previously reported crystal structures of α-syn 
fibrils, but rather plays an important role in protein-lipid interactions. 
(Guerrero-Ferreira et al., 2018; Li et al., 2018) 

4. Conclusions 

Site-directed mutagenesis was used to express α-syn mutants that had 
5 different K-to-A substitutions in the N terminus of α-syn. Our results 
showed that K10, K23, and K32 K-to-A replacements minimized or fully 
disabled interactions of the corresponding mutants with charged FAs. As 
a result, FAs that were present at the stage of protein aggregation had 
very little, if any, effect on the rate of primary nucleation and fibril 
elongation. We also found that the morphology and toxicity of K10A, 
K23A, and K32A α-syn fibrils formed in the presence of FAs were very 
similar, if not identical, to fibrils formed by these mutants in the lipid- 
free environment. However, a completely differentiated behavior of 
WT α-syn, K43A and K58A α-syn was observed in the presence of the 
same FAs. We found that FAs with different lengths and saturation 
uniquely altered the rate of primary nucleation and fibril elongation of 
these proteins. As a result, WT α-syn, K43A and K58A α-syn fibrils 
formed in the presence of different FAs had different morphologies. 
Based on these results, we can conclude that K10, K23, and K32 amino 
acid residues play an important role in protein-lipid interactions. 
Whereas K43 and K58 amino acid residues were far less significant for 
such interactions. Considering a previously reported increase in the 
toxicity of α-syn fibrils formed in the presence of different lipids, (Dou 
et al., 2023) one may expect that these findings could be used to develop 

Fig. 4. Histograms of heights of WT α-syn, K10A, K23A, K32A, K43A, and K58A α-syn fibrils formed in the lipid-free environment (red) and in the presence of DGLA 
(yellow), DHA (grey), EPA (green), SDA (light blue), LA (blue) and ALA (purple). For each AFM image, 3–4 areas of the sample were scanned. At least 20 independent 
aggregates were measured to obtain height profiles. The images represent the 2 experiments with the 3 technical replicates within each experiment. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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new molecular drug candidates that will be able to block α-syn in
teractions with lipids. 

5. Experimental procedures 

5.1. Materials 

Saturated stearic acid (C18:0, STA) and polyunsaturated linoleic acid 
(C18:2, LA), α-linoleic acid (C18:3, ALA), dihomo-γ-linolenic acid 
(C20:3, DGLA), eicosapentaenoic acid (C20:5, EPA), and docosahexae
noic acid (C22:6, DHA) were obtained from Avanti (Alabaster, AL, USA), 
IPTG was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

5.2. Cloning and site direct mutagenesis of WT α-syn, and K10A, K23A, 
K32A, K43A and K58A α-syn 

pET-21a αSYN gene fragments served as mutagenesis templates. Site- 
directed mutations were introduced at specific positions (K10A, K23A, 
K32A, K43A, and K58A) using designed primers α-syn-K10A-F-AGCG
CAGCGAAAGAAGGCGTG and α-syn-K10A-R-GCTG CGCTC AGAC 
CTTTCATAA. α-syn-K23A-F-ACGGCACAGGGCGTGG, α-syn-K23A-R- 

TGTGCCGTTTTT TCCGCC, α-syn-K32A-F-GGCGCAACGAAA
GAAGGTGT, α-syn-K32A-R-GTTGCGCCGG CCGCTTC, α-syn-K43A-F- 
AGCGCAACCAAAGAAGGCG, α-syn-K43A-R GTTGCGCTGC CGACA
TACA, α-syn-K58A-F-GAAGCAACGAAAGAACAGGTCAC, α-syn-K58A- 
R- GTT GCTTCTGCAACGGTGGCC. In total, 50 ul PCR reaction was 
carried out with 50 ng templates, 2 mM primer pair, 200 mM dNTPs, and 
2 U of DNA fusion polymerase. The PCR amplification products were 
evaluated by 1% agarose gel electrophoresis. The PCRs were purified by 
Pure Link™ PCR Purification Kit (Thermo Fisher Scientific Inc) and 
further treated with restriction enzyme DpnI (NEB). An aliquot of 5 ul 
above PCR product was transformed into DH5α competent E. coli cells 
and inoculated on Luria–Bertani (LB) plate containing 100 mg/mL 
ampicillin. A total of 10 colonies were selected and their plasmids were 
isolated by mini prep (Thermo Fisher Scientific Inc). The positive mu
tants were selected by respective restriction enzyme (NdeI and XhoI) 
digestion. Mutants’ plasmid was sequenced by Eurofin to final confir
mation on the mutations. 

Fig. 5. CD spectra acquired from WT α-syn, K10A, K23A, K32A, K43A, and K58A α-syn fibrils formed in the lipid-free environment (red) and in the presence of DGLA 
(yellow), DHA (grey), EPA (green), SDA (light blue), LA (blue) and ALA (purple). All measurements were made in triplicates. Means of three replicates are shown in 
the figures. At least two independent experiments were made for each set of samples. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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5.3. Protein expression and purification of WT α-syn, and K10A, K23A, 
K32A, K43A and K58A α-syn 

pET21a-alpha-synuclein, as well as K10A, K23A, K32A, K43A, and 
K58A, was overexpressed in Escherichia coli BL21 (DE3) Rosetta strain 
using LB broth media according to the protocol described by Ali et al. 
(2023). Two liters of the bacterial culture (1 mM IPTG-induced) were 
piped down at 8000 RPM for 10 min. The pellet was re-suspended in 
lysis-tris buffer (50 mM Tris, 10 mM EDTA, 150 mM NaCl, pH 7.5) that 
contained the protease inhibitor cocktail (Roche); 2 cycle freeze and 
thaw followed by the sonication. The sonicated sample was boiled in the 
water bath for 30 min. Next, samples were centrifuged at 16,000 g for 30 
min and the supernatants were collected. 10% streptomycin sulfate 

(136 μL/mL) and glacial acetic acid (228 μL/mL) were added to the 
supernatant followed by centrifugation at 16,000 g, 10 min at 4 ◦C. The 
resulting supernatant was precipitated by an equal volume of saturated 
ammonium sulfate at 4 ◦C. Precipitated samples were washed with 
(NH4)2SO4 solution at 4 ◦C (saturated ammonium sulfate and water, 1:1 
v/v). The washed pellet was then re-suspended using 100 mM 
NH4(CH3COO) under constant stirring for 10 min. The protein was 
precipitated by the addition of an equal volume of absolute ethanol. 
Ethanol precipitation was repeated twice at room temperature. The 
collected protein was re-suspended in 100 mM NH4(CH3COO), lyophi
lized, and stored at − 20 ◦C for further chromatographic purification. 

Fig. 6. AFM-IR spectra acquired from WT α-syn, K10A, and K23A α-syn fibrils formed in the lipid-free environment (red) and in the presence of EPA (green), SDA 
(light blue), DGLA (yellow), ALA (purple), LA (blue) and DHA. All measurements were made in triplicates. Means of three replicates are shown in the figures. At least 
two independent experiments were made for each set of samples. At least 20 different aggregates were analyzed in each sample. One-way ANOVA with Tukey’s 
honestly significant difference post hoc was performed to reveal statistical significance between samples. Blue “NS” indicates the absence of statistical significance 
between WT and α-syn mutants grown in the lipid-free environment. Black “NS” is a nonsignificant difference between α-syn mutants grown in the absence and 
presence of FAs; *p ≤ 0.05, **p ≤ 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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5.4. Size exclusion chromatography (SEC) 

WT α-syn, as well as K10A, K23A, K32A, K43A, and K58A α-syn 
mutants, were dissolved in PBS buffer, pH 7.4. Centrifuged for 30 min at 
14,000 g using a benchtop microcentrifuge (Eppendorf centrifuge 5424 
USA). Next, 500 μL of WT α-syn, K10A, K23A, K32A, K43A, and K58A 
α-syn concentrated protein was loaded on a Superdex 200 10/300 gel 
filtration column in AKTA Pure (GE Healthcare) FPLC. Proteins were 
eluted isocratically with a flow rate of 0.5 mL/min at 4 ◦C using the same 
buffer 1.5 mL fractions were collected according to the UV-VIS detection 
at 280 nm. 

5.5. FAs 

Stearic acid (C18:0, STA), linoleic acid (C18:2, LA), α-linoleic acid 
(C18:3, ALA), dihomo-γ-linolenic acid (C20:3, DGLA), eicosapentaenoic 
acid (C20:5, EPA), and docosahexaenoic acid (C22:6, DHA) were dis
solved in phosphate-buffered saline (PBS), pH 7.4. Next, samples were 
heated in a water bath to ~65 ◦C for 30 min. After that, samples were 
immersed in liquid nitrogen for 1 min. The procedure was repeated 8–10 
times. 

5.6. WT α-syn, K10A, K23A, K32A, K43A and K58A α-syn aggregation 

In the lipid-free environment, 100 μM of α-syn, K10A, K23A, K32A, 

Fig. 7. AFM-IR spectra acquired from WT α-syn, K32A, K43A and K58A α-syn fibrils formed in the lipid-free environment (red) and in the presence of EPA (green), 
SDA (light blue), DGLA (yellow), ALA (purple), LA (blue) and DHA. All measurements were made in triplicates. Means of three replicates are shown in the figures. At 
least two independent experiments were made for each set of samples. At least 20 different ag-gregates were analyzed in each sample. One-way ANOVA with Tukey’s 
honestly significant difference post hoc was performed to reveal statistical significance between samples. Blue “NS” indicates the absence of statistical significance 
between WT and α-syn mutants grown in the lipid-free environment. Black “NS” is a nonsignificant difference between α-syn mutants grown in the absence and 
presence of FAs; *p ≤ 0.05, **p ≤ 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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K43A and K58A mutants were dissolved in PBS; the solution pH was 
adjusted to pH 7.4. For DGLA, DHA, SDA, EPA, ALA and LA, 100 μM of 
α-syn, K10A, K23A, K32A, K43A and K58A mutants were first mixed 
with an equivalent concentration of the corresponding FAs. Next, the pH 
of the final solution was adjusted to pH 7.4 using concentrated HCl. 
After that, samples were placed into 96 well-plate that was kept in the 
plate reader (Tecan, Männedorf, Switzerland) at 37 ◦C for 160 h under 
510 rpm agitation. 

5.7. Kinetic measurements 

Protein aggregation rates were assessed using a thioflavin T (ThT) 
fluorescence assay. In this procedure, samples were combined with a 2 
mM ThT solution and dispensed into a 96-well plate. The plate was then 
positioned in a Tecan plate reader (Männedorf, Switzerland) and 
maintained at 37 ◦C for 160 h with continuous agitation at 510 rpm. 
Fluorescence measurements, with excitation at 450 nm and emission at 
488 nm, were recorded at 10-min intervals in a Tecan plate reader 
(Männedorf, Switzerland). Each kinetic curve presented is an average 
derived from three independent measurements. 

5.8. AFM imaging 

Microscopic analysis of protein aggregates was conducted using an 
AIST-NT-HORIBA system in Edison, NJ. Silicon AFM probes with a force 
constant of 2.7 N/m and resonance frequency between 50 and 80 kHz, 
acquired from Appnano (Mountain View, CA, USA), were employed. The 
collected AFM images underwent pre-processing using AIST-NT soft
ware in Edison, NJ. Solutions of protein and protein-lipid, suspended in 
a PBS buffer, were diluted in a 1:15 ratio with DI water. For each sample, 
three 10 × 10 μm areas were analyzed, with 6–7 heights recorded from 
each before generating the final image. 

5.9. Circular dichroism (CD) 

Following a 160-h incubation of proteins at 37 ◦C, samples were 
diluted with PBS and transferred into a quartz cuvette. CD spectra were 
promptly measured using a Jasco J1000 CD spectrometer from Jasco in 
Easton, MD, USA. A total of three spectra were collected for each sample 
across the wavelength range of 190 to 240 nm and subsequently 
averaged. 

5.10. Attenuated total reflectance fourier-transform infrared (ATR-FTIR) 
spectroscopy 

Following 160 h of protein aggregation at 37 ◦C, protein samples 
were applied to the crystal of a Perkin-Elmer FTIR spectrometer (Wal
tham, MA, USA) equipped with an ATR module. The deposited samples 
were allowed to dry at room temperature, and three spectra were ac
quired from each sample. These spectra were then averaged for further 
analysis. 

5.11. AFM-IR 

AFM-IR spectra were gathered using a Nano-IR3 system (Bruker, 
Santa Barbara, CA, USA) equipped with a QCL laser and gold-coated 
contact-mode AFM scanning probes (ContGB-G AFM probe, Nano
AndMore, Watsonville, CA, USA). The collected spectra underwent 
averaging three times and were smoothed using a Savitzky-Golay filter 
(second order) in MATLAB. Subsequently, spectral deconvolution of the 
averaged spectra was performed in GRAMS/AI, identifying features such 
as parallel β-sheet at 1624 cm− 1, α-helix, and random coil at 1655 cm− 1, 
and anti-parallel β-sheet at 1695 cm− 1. 

5.12. Cell toxicity assays 

Cell toxicity assays were performed utilizing the N27 rat dopami
nergic neuron cell line. The cells were cultured in 96-well plates with 
RPMI 1640 Medium supplemented with 10% fetal bovine serum (FBS) at 
37 ◦C and 5% CO2. Upon reaching approximately 70% confluency after 
24 h of incubation, the cells were prepared for further experimentation. 

For the LDH assay, 100 μL of the medium was substituted with RPMI 
1640 Medium contain ing 5% FBS and 10 μL of protein samples. The FBS 
concentration was decreased to reduce the baseline absorbance level of 
the analyzed samples. Following an additional 24 h of incubation, the 
CytoTox 96 cytotoxicity assay kit (G1781, Promega, Madison, WI, USA) 
was employed to quantify the amount of lactate dehydrogenase (LDH) 
released into the cell culture medium. LDH, an enzyme present in the 
cytosol, is released upon damage to the plasma membrane. 

LDH concentration was determined by measuring the conversion of 
lactate to pyruvate through NAD+ reduction to NADH. This reduction 
facilitated the conversion of a tetrazolium salt to a red formazan product 
with an absorption maximum at 490 nm. The level of formazan pro
duced directly correlated with the amount of LDH released, offering a 
measure of the toxicity of the protein aggregates to the N27 cells. 

Fig. 8. Histograms of LDH assay of WT α-syn, K10A, K23A, K32A, K43A, and K58A α-syn fibrils formed in the lipid-free environment (red) and in the presence of 
DGLA (yellow), DHA (grey), EPA (green), SDA (light blue), LA (blue) and ALA (purple). All measurements were made in triplicates. Means of three replicates are 
shown in the figures. At least two independent experiments were made for each set of samples. One-way ANOVA with Tukey’s honestly significant difference post hoc 
was performed to reveal statistical significance between samples that had no FAs (red) and samples that were incubated in the presence of FAs. NS is a nonsignificant 
difference; *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, and ****p ≤ 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

A. Ali et al.                                                                                                                                                                                                                                       



Neurobiology of Disease 198 (2024) 106553

11

CRediT authorship contribution statement 

Abid Ali: Writing – original draft, Validation, Methodology, Inves
tigation, Conceptualization. Aidan P. Holman: Writing – original draft, 
Visualization, Validation, Methodology, Investigation, Conceptualiza
tion. Axell Rodriguez: Visualization, Investigation, Conceptualization. 
Luke Osborne: Conceptualization. Dmitry Kurouski: Writing – review 
& editing, Writing – original draft, Visualization, Supervision, Re
sources, Project administration, Funding acquisition, Conceptualization. 

Declaration of competing interest 

The authors declare no competing financial interests. 

Data availability 

Data will be made available on request. 

Acknowledgment 

We are grateful to the National Institute of Health for the provided 
financial support (R35GM142869). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nbd.2024.106553. 

References 

Ali, A., Zhaliazka, K., Dou, T., Holman, A.P., Kurouski, D., 2023a. The toxicities of A30P 
and A53T alpha-synuclein fibrils can be uniquely altered by the length and 
saturation of fatty acids in phosphatidylserine. J. Biol. Chem. 299, 105383 https:// 
doi.org/10.1016/j.jbc.2023.105383. 

Ali, A., Zhaliazka, K., Dou, T., Holman, A.P., Kumar, R., Kurouski, D., 2023b. Secondary 
structure and toxicity of transthyretin fibrils can be altered by unsaturated fatty 
acids. Int. J. Biol. Macromol. 253, 127241 https://doi.org/10.1016/j. 
ijbiomac.2023.127241. 

Braak, H., Del Tredici, K., Rub, U., de Vos, R.A., Jansen Steur, E.N., Braak, E., 2003. 
Staging of brain pathology related to sporadic parkinson’s disease. Neurobiol. Aging 
24, 197–211. https://doi.org/10.1016/s0197-4580(02)00065-9. 

Braak, H., Ghebremedhin, E., Rub, U., Bratzke, H., Del Tredici, K., 2004. Stages in the 
development of parkinson’s disease-related pathology. Cell Tissue Res. 318, 
121–134. https://doi.org/10.1007/s00441-004-0956-9. 

Centrone, A., 2015. Infrared imaging and spectroscopy beyond the diffraction limit. 
Annu. Rev. Anal. Chem. 8, 101–126. https://doi.org/10.1146/annurev-anchem- 
071114-040435. 

Chen, J., 2010. Parkinson’s disease: health-related quality of life, economic cost, and 
implications of early treatment. J. Am. J. Manag. Care. 16, S87–S93. 

Chen, S.W., Drakulic, S., Deas, E., Ouberai, M., Aprile, F.A., Arranz, R., et al., 2015. 
Structural characterization of toxic oligomers that are kinetically trapped during 
alpha-synuclein fibril formation. Proc. Natl. Acad. Sci. USA 112, E1994–E2003. 
https://doi.org/10.1073/pnas.1421204112. 

Davie, C.A., 2008. A review of parkinson’s disease. Br. Med. Bull. 86, 109–127. 
Dazzi, A., 2009. Photothermal induced resonance. In: Volz, S. (Ed.), Application to 

Infrared Spectromicroscopy in Thermal Nanosystems and Nanomaterials. Springer, 
Berlin, pp. 469–503. 

Dazzi, A., Glotin, F., Carminati, R., 2010. Theory of infrared nanospectroscopy by 
photothermal induced resonance. J. Appl. Phys. 107, 124519. <Go to ISI>://WOS: 
000279993900161.  

Dazzi, A., Prater, C.B., Hu, Q.C., Chase, D.B., Rabolt, J.F., Marcott, C., 2012. AFM-IR: 
combining atomic force microscopy and infrared spectroscopy for nanoscale 
chemical characterization. Appl. Spectrosc. 66, 1365–1384. https://doi.org/ 
10.1366/12-06804. 

Deniset-Besseau, A., Prater, C.B., Virolle, M.J., Dazzi, A., 2014. Monitoring 
triacylglycerols accumulation by atomic force microscopy based infrared 
spectroscopy in streptomyces species for biodiesel applications. J. Phys. Chem. Lett. 
5, 654–658. https://doi.org/10.1021/jz402393a. 

Dou, T., Kurouski, D., 2022. Phosphatidylcholine and phosphatidylserine uniquely 
modify the secondary structure of alpha-synuclein oligomers formed in their 
presence at the early stages of protein aggregation. ACS Chem. Neurosci. 13, 
2380–2385. https://doi.org/10.1021/acschemneuro.2c00355. 

Dou, T., Zhou, L., Kurouski, D., 2021. Unravelling the Structural Organization of 
Individual alpha-Synuclein Oligomers Grown in the Presence of Phospholipids. 
J. Phys. Chem. Lett. 12, 4407–4414. https://doi.org/10.1021/acs.jpclett.1c00820. 

Dou, T., Matveyenka, M., Kurouski, D., 2023. Elucidation of secondary structure and 
toxicity of alpha-synuclein oligomers and fibrils grown in the presence of 

phosphatidylcholine and phosphatidylserine. ACS Chem. Neurosci. 14, 3183–3191. 
https://doi.org/10.1021/acschemneuro.3c00314. 

Fecchio, C., De Franceschi, G., Relini, A., Greggio, E., Dalla Serra, M., Bubacco, L., 
Polverino de Laureto, P., 2013. Alpha-synuclein oligomers induced by 
docosahexaenoic acid affect membrane integrity. PLoS One 8, e82732. https://doi. 
org/10.1371/journal.pone.0082732. 

Galvagnion, C., 2017. The Role of Lipids Interacting with -Synuclein in the Pathogenesis 
of Parkinson’s Disease. J. Parkinsons Dis. 7, 433–450. 

Galvagnion, C., Buell, A.K., Meisl, G., Michaels, T.C., Vendruscolo, M., Knowles, T.P., 
Dobson, C.M., 2015. Lipid vesicles trigger alpha-synuclein aggregation by 
stimulating primary nucleation. Nat. Chem. Biol. 11, 229–234. https://doi.org/ 
10.1038/nchembio.1750. 

Galvagnion, C., Brown, J.W., Ouberai, M.M., Flagmeier, P., Vendruscolo, M., Buell, A.K., 
et al., 2016. Chemical properties of lipids strongly affect the kinetics of the 
membrane-induced aggregation of alpha-synuclein. Proc. Natl. Acad. Sci. USA 113, 
7065–7070. https://doi.org/10.1073/pnas.1601899113. 

Giasson, B.I., Murray, I.V., Trojanowski, J.Q., Lee, V.M., 2001. A hydrophobic stretch of 
12 amino acid residues in the middle of alpha-synuclein is essential for filament 
assembly. J. Biol. Chem. 276, 2380–2386. https://doi.org/10.1074/jbc. 
M008919200. 

Guerrero-Ferreira, R., Taylor, N.M., Mona, D., Ringler, P., Lauer, M.E., Riek, R., et al., 
2018. Cryo-EM structure of alpha-synuclein fibrils. Elife 7. https://doi.org/10.7554/ 
eLife.36402. 

Hannestad, J.K., Rocha, S., Agnarsson, B., Zhdanov, V.P., Wittung-Stafshede, P., 
Hook, F., 2020. Single-vesicle imaging reveals lipid-selective and stepwise 
membrane disruption by monomeric alpha-synuclein. Proc. Natl. Acad. Sci. USA 
117, 14178–14186. https://doi.org/10.1073/pnas.1914670117. 

Harris, M.K., Shneyder, N., Borazanci, A., Korniychuk, E., Kelley, R.E., Minagar, A., 
2009. Movement disorders. Med. Clin. North. Am. 93, 371–388 viii. https://doi. 
org/10.1016/j.mcna.2008.09.002. 

Hawkes, C.H., Del Tredici, K., Braak, H., 2007. Parkinson’s disease: a dual-hit hypothesis. 
Neuropathol. Appl. Neurobiol. 33, 599–614. https://doi.org/10.1111/j.1365- 
2990.2007.00874.x. 

Hoffmann, A.C., Minakaki, G., Menges, S., Salvi, R., Savitskiy, S., Kazman, A., et al., 
2019. Extracellular aggregated alpha synuclein primarily triggers lysosomal 
dysfunction in neural cells prevented by trehalose. Sci. Rep. 9, 544. https://doi.org/ 
10.1038/s41598-018-35811-8. 

Holman, A.P., Quinn, K., Kumar, R., Kmiecik, S., Ali, A., Kurouski, D., 2023. Fatty acids 
reverse the supramolecular chirality of insulin fibrils. J. Phys. Chem. Lett. 14, 
6935–6939. https://doi.org/10.1021/acs.jpclett.3c01527. 

Iyer, A., Claessens, M., 2019. Disruptive membrane interactions of alpha-synuclein 
aggregates. Biochim. Biophys. Acta, Proteins Proteomics 1867, 468–482. https:// 
doi.org/10.1016/j.bbapap.2018.10.006. 

Iyer, A., Petersen, N.O., Claessens, M.M., Subramaniam, V., 2014. Amyloids of alpha- 
synuclein affect the structure and dynamics of supported lipid bilayers. Biophys. J. 
106, 2585–2594. https://doi.org/10.1016/j.bpj.2014.05.001. 

Iyer, A., Roeters, S.J., Schilderink, N., Hommersom, B., Heeren, R.M., Woutersen, S., 
et al., 2016a. The impact of N-terminal acetylation of alpha-Synuclein on 
phospholipid membrane binding and fibril structure. J. Biol. Chem. 291, 
21110–21122. https://doi.org/10.1074/jbc.M116.726612. 

Iyer, A., Schilderink, N., Claessens, M., Subramaniam, V., 2016b. Membrane-bound 
alpha synuclein clusters induce impaired lipid diffusion and increased lipid packing. 
Biophys. J. 111, 2440–2449. https://doi.org/10.1016/j.bpj.2016.10.016. 

Jiang, Z., Flynn, J.D., Teague Jr., W.E., Gawrisch, K., Lee, J.C., 2018. Stimulation of 
alpha-synuclein amyloid formation by phosphatidylglycerol micellar tubules. 
Biochim. Biophys. Acta Biomembr. 1860, 1840–1847. https://doi.org/10.1016/j. 
bbamem.2018.02.025. 

Katzenmeyer, A.M., Aksyuk, V., Centrone, A., 2013. Nanoscale infrared spectroscopy: 
improving the spectral range of the photothermal induced resonance technique. 
Anal. Chem. 85, 1972–1979. https://doi.org/10.1021/ac303620y. 

Krack, P., Volkmann, J., Tinkhauser, G., Deuschl, G., 2019. Deep brain stimulation in 
movement disorders: from experimental surgery to evidence-based therapy. Mov. 
Disord. 34, 1795–1810. 

Kurouski, D., Dazzi, A., Zenobi, R., Centrone, A., 2020. Infrared and Raman chemical 
imaging and spectroscopy at the nanoscale. Chem. Soc. Rev. 49, 3315–3347. https:// 
doi.org/10.1039/c8cs00916c. 

Li, B., Ge, P., Murray, K.A., Sheth, P., Zhang, M., Nair, G., et al., 2018. Cryo-EM of full- 
length alpha-synuclein reveals fibril polymorphs with a common structural kernel. 
Nat. Commun. 9, 3609. https://doi.org/10.1038/s41467-018-05971-2. 

Luk, K.C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J.Q., Lee, V.M., 
2012a. Pathological alpha-synuclein transmission initiates Parkinson-like 
neurodegeneration in nontransgenic mice. Science 338, 949–953. https://doi.org/ 
10.1126/science.1227157. 

Luk, K.C., Kehm, V.M., Zhang, B., O’Brien, P., Trojanowski, J.Q., Lee, V.M., 2012b. 
Intracerebral inoculation of pathological alpha-synuclein initiates a rapidly 
progressive neurodegenerative alpha-synucleinopathy in mice. J. Exp. Med. 209, 
975–986. https://doi.org/10.1084/jem.20112457. 

Mathurin, J., Pancani, E., Deniset-Besseau, A., Kjoller, K., Prater, C.B., Gref, R., Dazzi, A., 
2018. How to unravel the chemical structure and component localization of 
individual drug-loaded polymeric nanoparticles by using tapping AFM-IR. Analyst 
143, 5940–5949. https://doi.org/10.1039/c8an01239c. 

Middleton, E.R., Rhoades, E., 2010. Effects of curvature and composition on alpha- 
synuclein binding to lipid vesicles. Biophys. J. 99, 2279–2288. https://doi.org/ 
10.1016/j.bpj.2010.07.056. 

A. Ali et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.nbd.2024.106553
https://doi.org/10.1016/j.nbd.2024.106553
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1016/j.jbc.2023.105383
https://doi.org/10.1016/j.ijbiomac.2023.127241
https://doi.org/10.1016/j.ijbiomac.2023.127241
https://doi.org/10.1016/s0197-4580(02)00065-9
https://doi.org/10.1007/s00441-004-0956-9
https://doi.org/10.1146/annurev-anchem-071114-040435
https://doi.org/10.1146/annurev-anchem-071114-040435
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0030
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0030
https://doi.org/10.1073/pnas.1421204112
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0040
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0045
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0045
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0045
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0050
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0050
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0050
https://doi.org/10.1366/12-06804
https://doi.org/10.1366/12-06804
https://doi.org/10.1021/jz402393a
https://doi.org/10.1021/acschemneuro.2c00355
https://doi.org/10.1021/acs.jpclett.1c00820
https://doi.org/10.1021/acschemneuro.3c00314
https://doi.org/10.1371/journal.pone.0082732
https://doi.org/10.1371/journal.pone.0082732
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0085
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0085
https://doi.org/10.1038/nchembio.1750
https://doi.org/10.1038/nchembio.1750
https://doi.org/10.1073/pnas.1601899113
https://doi.org/10.1074/jbc.M008919200
https://doi.org/10.1074/jbc.M008919200
https://doi.org/10.7554/eLife.36402
https://doi.org/10.7554/eLife.36402
https://doi.org/10.1073/pnas.1914670117
https://doi.org/10.1016/j.mcna.2008.09.002
https://doi.org/10.1016/j.mcna.2008.09.002
https://doi.org/10.1111/j.1365-2990.2007.00874.x
https://doi.org/10.1111/j.1365-2990.2007.00874.x
https://doi.org/10.1038/s41598-018-35811-8
https://doi.org/10.1038/s41598-018-35811-8
https://doi.org/10.1021/acs.jpclett.3c01527
https://doi.org/10.1016/j.bbapap.2018.10.006
https://doi.org/10.1016/j.bbapap.2018.10.006
https://doi.org/10.1016/j.bpj.2014.05.001
https://doi.org/10.1074/jbc.M116.726612
https://doi.org/10.1016/j.bpj.2016.10.016
https://doi.org/10.1016/j.bbamem.2018.02.025
https://doi.org/10.1016/j.bbamem.2018.02.025
https://doi.org/10.1021/ac303620y
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0165
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0165
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0165
https://doi.org/10.1039/c8cs00916c
https://doi.org/10.1039/c8cs00916c
https://doi.org/10.1038/s41467-018-05971-2
https://doi.org/10.1126/science.1227157
https://doi.org/10.1126/science.1227157
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1039/c8an01239c
https://doi.org/10.1016/j.bpj.2010.07.056
https://doi.org/10.1016/j.bpj.2010.07.056


Neurobiology of Disease 198 (2024) 106553

12

Ramer, G., Aksyuk, V.A., Centrone, A., 2017. Quantitative chemical analysis at the 
nanoscale using the photothermal induced resonance technique. Anal. Chem. 89, 
13524–13531. https://doi.org/10.1021/acs.analchem.7b03878. 

Ramer, G., Ruggeri, F.S., Levin, A., Knowles, T.P.J., Centrone, A., 2018. Determination of 
Polypeptide Conformation with Nanoscale Resolution in Water. ACS Nano 12, 
6612–6619. https://doi.org/10.1021/acsnano.8b01425. 

Rebois, R., Onidas, D., Marcott, C., Noda, I., Dazzi, A., 2017. Chloroform induces 
outstanding crystallization of poly(hydroxybutyrate) (PHB) vesicles within bacteria. 
Anal. Bioanal. Chem. 409, 2353–2361. https://doi.org/10.1007/s00216-017-0181- 
5. 

Ruggeri, F.S., Longo, G., Faggiano, S., Lipiec, E., Pastore, A., Dietler, G., 2015. Infrared 
nanospectroscopy characterization of oligomeric and fibrillar aggregates during 
amyloid formation. Nat. Commun. 6, 7831. https://doi.org/10.1038/ncomms8831. 

Ruggeri, F.S., Vieweg, S., Cendrowska, U., Longo, G., Chiki, A., Lashuel, H.A., Dietler, G., 
2016. Nanoscale studies link amyloid maturity with polyglutamine diseases onset. 
Sci. Rep. 6, 31155. https://doi.org/10.1038/srep31155. 

Ruggeri, F.S., Flagmeier, P., Kumita, J.R., Meisl, G., Chirgadze, D.Y., Bongiovanni, M.N., 
et al., 2020a. The influence of pathogenic mutations in alpha-synuclein on 
biophysical and structural characteristics of amyloid fibrils. ACS Nano 14, 
5213–5222. https://doi.org/10.1021/acsnano.9b09676. 

Ruggeri, F.S., Mannini, B., Schmid, R., Vendruscolo, M., Knowles, T.P.J., 2020b. Single 
molecule secondary structure determination of proteins through infrared absorption 
nanospectroscopy. Nat. Commun. 11, 2945. https://doi.org/10.1038/s41467-020- 
16728-1. 

Ruggeri, F.S., Habchi, J., Chia, S., Horne, R.I., Vendruscolo, M., Knowles, T.P.J., 2021. 
Infrared nanospectroscopy reveals the molecular interaction fingerprint of an 
aggregation inhibitor with single Abeta42 oligomers. Nat. Commun. 12, 688. 
https://doi.org/10.1038/s41467-020-20782-0. 

Shahmoradian, S.H., Lewis, A.J., Genoud, C., Hench, J., Moors, T.E., Navarro, P.P., et al., 
2019. Lewy pathology in parkinson’s disease consists of crowded organelles and 
lipid membranes. Nat. Neurosci. 22, 1099–1109. https://doi.org/10.1038/s41593- 
019-0423-2. 

Srinivasan, S., Patke, S., Wang, Y., Ye, Z., Litt, J., Srivastava, S.K., et al., 2013. 
Pathogenic serum amyloid A 1.1 shows a long oligomer-rich fibrillation lag phase 
contrary to the highly amyloidogenic non-pathogenic SAA2.2. J. Biol. Chem. 288, 
2744–2755. https://doi.org/10.1074/jbc.M112.394155. 

Stockl, M., Fischer, P., Wanker, E., Herrmann, A., 2008. Alpha-synuclein selectively 
binds to anionic phospholipids embedded in liquid-disordered domains. J. Mol. Biol. 
375, 1394–1404. https://doi.org/10.1016/j.jmb.2007.11.051. 

Ueda, K., Fukushima, H., Masliah, E., Xia, Y., Iwai, A., Yoshimoto, M., et al., 1993. 
Molecular cloning of cDNA encoding an unrecognized component of amyloid in 
alzheimer disease. Proc. Natl. Acad. Sci. USA 90, 11282–11286. https://doi.org/ 
10.1073/pnas.90.23.11282. 

van Rooijen, B.D., Claessens, M.M., Subramaniam, V., 2009. Lipid bilayer disruption by 
oligomeric alpha-synuclein depends on bilayer charge and accessibility of the 
hydrophobic core. Biochim. Biophys. Acta 1788, 1271–1278. https://doi.org/ 
10.1016/j.bbamem.2009.03.010. 

Viennet, T., Wordehoff, M.M., Uluca, B., Poojari, C., Shaykhalishahi, H., Willbold, D., 
et al., 2018. Structural insights from lipid-bilayer nanodiscs link alpha-Synuclein 
membrane-binding modes to amyloid fibril formation. Commun. Biol. 1, 44. https:// 
doi.org/10.1038/s42003-018-0049-z. 

Vogiatzi, T., Xilouri, M., Vekrellis, K., Stefanis, L., 2008. Wild type alpha-synuclein is 
degraded by chaperone-mediated autophagy and macroautophagy in neuronal cells. 
J. Biol. Chem. 283, 23542–23556. 

A. Ali et al.                                                                                                                                                                                                                                       

https://doi.org/10.1021/acs.analchem.7b03878
https://doi.org/10.1021/acsnano.8b01425
https://doi.org/10.1007/s00216-017-0181-5
https://doi.org/10.1007/s00216-017-0181-5
https://doi.org/10.1038/ncomms8831
https://doi.org/10.1038/srep31155
https://doi.org/10.1021/acsnano.9b09676
https://doi.org/10.1038/s41467-020-16728-1
https://doi.org/10.1038/s41467-020-16728-1
https://doi.org/10.1038/s41467-020-20782-0
https://doi.org/10.1038/s41593-019-0423-2
https://doi.org/10.1038/s41593-019-0423-2
https://doi.org/10.1074/jbc.M112.394155
https://doi.org/10.1016/j.jmb.2007.11.051
https://doi.org/10.1073/pnas.90.23.11282
https://doi.org/10.1073/pnas.90.23.11282
https://doi.org/10.1016/j.bbamem.2009.03.010
https://doi.org/10.1016/j.bbamem.2009.03.010
https://doi.org/10.1038/s42003-018-0049-z
https://doi.org/10.1038/s42003-018-0049-z
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0270
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0270
http://refhub.elsevier.com/S0969-9961(24)00152-9/rf0270

	Elucidating the mechanisms of α-Synuclein-lipid interactions using site-directed mutagenesis
	1 Introduction
	2 Results
	2.1 Kinetic studies of K10A, K23A, K32A, K43A, K58A, and WT α-syn aggregation in the presence of different FAs
	2.2 Morphological characterization of K10A, K23A, K32A, K43A, K58A, and WT α-syn formed in the presence of different FAs
	2.3 Structural characterization of K10A, K23A, K32A, K43A, K58A, and WT α-syn formed in the presence of different FAs
	2.4 Toxicities of K10A, K23A, K32A, K43A, K58A, and WT α-syn formed in the presence of different FAs

	3 Discussion
	4 Conclusions
	5 Experimental procedures
	5.1 Materials
	5.2 Cloning and site direct mutagenesis of WT α-syn, and K10A, K23A,K32A, K43A and K58A α-syn
	5.3 Protein expression and purification of WT α-syn, and K10A, K23A,K32A, K43A and K58A α-syn
	5.4 Size exclusion chromatography (SEC)
	5.5 FAs
	5.6 WT α-syn, K10A, K23A, K32A, K43A and K58A α-syn aggregation
	5.7 Kinetic measurements
	5.8 AFM imaging
	5.9 Circular dichroism (CD)
	5.10 Attenuated total reflectance fourier-transform infrared (ATR-FTIR) spectroscopy
	5.11 AFM-IR
	5.12 Cell toxicity assays

	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Appendix A Supplementary data
	References


