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Abstract 
 
α-synuclein (αSyn) is one of the key players in the pathogenesis of Parkinson’s disease (PD) and other 
synucleinopathies. Its misfolding and subsequent aggregation into intracellular inclusions are 
the pathological hallmark of these diseases and may also play a central role in the molecular cascade 
leading to neurodegeneration. In this work, we report the existence of a novel soluble α-helical conformer 
of αSyn, an archetypal “intrinsically disordered protein” (IDP), obtained through transient interaction with 
lipid interfaces. We describe how the stability of this conformer is highly dependent on the continuous, 
dynamic oligomerization of the folded species. The conformational space of αSyn appears to be highly 
context-dependent, and lipid bilayers might play crucial roles as molecular chaperones for cytosolic 
species in a cellular environment, as they do in the case of this previously unreported structure. 
 
Significance Statement 
 
Both genetic and histopathologic evidence tie α-synuclein (αSyn) to the pathogenesis of Parkinson’s 
disease (PD), a widespread neurodegenerative disorder. Lipids play a central role in the dynamics of 
αSyn in physiology and disease. αSyn undergoes a coil-to-helix transition when binding to lipid vesicles 
and it is involved in the regulation of synaptic vesicle trafficking. Furthermore, recently discovered α-
helical, aggregation-resistant “multimers” of αSyn could constitute a protective conformational pathway. 
We report the existence of a folded, lipid-unbound αSyn conformer that forms upon transient interaction 
with lipids and is stabilized by dynamic homooligomerization, suggesting that synaptic activity could 
modulate resistance towards aggregation. Our results are therefore important both for the molecular 
pathology of PD and the structural biology of intrinsically disordered proteins. 
 
Introduction 
 
Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s 
disease with a prevalence of approximately 1% in people over 60 years of age, increasing to 4% by age 
85 (1). Among other risk and causative factors, both genetic and histopathologic evidence convincingly 
implicate α-synuclein (αSyn) in the pathogenesis of PD. SNCA (PARK1), which encodes αSyn, was the 
first gene to be linked to PD (2) and, since then, both point mutations and duplications/triplications of the 
locus have been shown to cause PD with a Mendelian pattern of inheritance (3, 4). In addition, the 
neuropathological hallmarks of PD and other so-called synucleinopathies (5) are intracellular protein 
aggregates known as Lewy bodies and Lewy neurites that present a fibrillar, β-sheet-rich core of αSyn 
(6).  
αSyn is a small, 140 amino acid-long, protein of about 14 kDa that belongs to a family of proteins 
including β- and γ-synuclein. Its highly conserved N-terminus contains 7 repeats of an 11-residue 
imperfect XKTKEGVXXXX motif similar to those present in the lipid-binding amphipathic domains of class 
A2 apolipoproteins (7). 
Lipids play a central role in αSyn’s dynamics in physiology and disease. Despite its classification as an 
archetypal “intrinsically disordered protein” (IDP) (8, 9), αSyn adopts a predominantly α-helical structure 
with a disordered C-terminus when bound to lipid interfaces (10, 11). Its affinity is highest for highly 
curved bilayers of negatively charged lipids, similar in both radius and lipid composition to synaptic 
vesicles (10). Its exact physiological function remains unknown, but it has been increasingly associated 
with the regulation of synaptic vesicle exocytosis and recycling, suggesting that its dysfunction may cause 
the defective dopaminergic neurotransmission found in PD (12–17). Several works on the pathobiology of 
synucleinopathies have also shown that αSyn overexpression and familial-PD-associated mutants cause 
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trafficking defects in various model organisms by interfering with the docking and fusion processes of 
vesicles (18–20). Furthermore, mutations in the β-glucocerebrosidase gene (GBA) represent a significant 
risk factor for PD. GBA mutations are associated with Gaucher’s disease, an autosomal recessive 
lysosomal storage disorder caused by the dysfunctional metabolism of sphingolipids, with Parkinsonism 
among its neurological symptoms (21). Heterozygous carriers of GBA mutations have a five-fold increase 
in the risk of developing PD (22). 
Recently, the purification and characterization of a soluble, α-helical, tetrameric αSyn assembly under 
non-denaturing conditions challenged the classic paradigm of its natively unfolded nature (23, 24). 
Though controversial at first (25, 26), our group and others have since reproduced and extended these 
findings (27–29). The discrepancy between the classic “natively unfolded” characterization of αSyn, 
obtained from denaturing purifications and in vitro studies of recombinant protein (8), and the new 
evidence of mammalian-cell-isolated, α-helical αSyn, is believed to be linked to the absence of specific 
eukaryotic co-factors and chaperones (28, 30). 
These results underscore the importance of characterizing the conformational space of disordered 
proteins, particularly αSyn, in the presence of cytosolic folding determinants such as molecular crowding, 
interacting proteins, and lipid bilayers. Given the well-characterized propensity of αSyn to form α-helical-
rich structure upon interaction with vesicles and the evidence supporting the existence of cytosolic α-
helical “multimers” (31) of αSyn, it is reasonable to imagine a role for lipids in this multimerization process. 
In this work, we investigate how lipid interfaces can assist the refolding of a α-helical, soluble conformer 
of αSyn through transient interaction. In order to do so, we use the phase transition of 
phosphatidylcholine (PC) small unilamellar vesicles (SUVs) to modulate αSyn’s lipid binding affinity and 
characterize the properties and the stability of the conformer thus obtained. 
 
Results 
 
Temperature-dependent αSyn-lipid interaction shows hysteresis in α-helical fold. αSyn has been 
extensively shown to have a central role in defining the organization and the ultrastructure of the synaptic 
terminus (17, 32). The membrane-remodeling effect of its bound α-helical conformation (27, 32, 33) is 
also a highly dynamic process, depending on a variety of complex factors as membrane curvature, 
electrical activity and membrane microheterogeneity, especially in the forms of lipid rafts (34, 35). To 
mimic the finely tunable lipid affinity and conformational flexibility of αSyn in a cellular setting, we used the 
binding of αSyn to PC SUVs undergoing a phase transition (36), which has been shown to be the 
mechanism underlying the localization of αSyn to lipid rafts (34, 37). The affinity of αSyn for zwitterionic 
PC SUVs is driven by the insertion of αSyn in the lipid packing defects, rather than by the electrostatic 
interactions involved in its well-characterized affinity for anionic vesicles (10) and thus, is temperature-
dependent (36, 38). Below their melting temperature (Tm), SUVs are highly strained gel-like (minimally 
fluid) systems with low curvature radii that cause an imperfect distribution of PC molecules, which allows 
αSyn to insert and improve the organization of the double layer. The protein folds in a predominantly α-
helical structure that enters the hydrophobic core of the liposome and remodels the lipid environment. 
Since the formation of packing defects induced by the liquid-disordered to gel-state phase transition 
triggers this event, αSyn binding and folding do not take place above the Tm of the respective lipids (36). 
This unique behavior, coupled with the choice of an adequate acyl chain length, can be exploited to 
control the binding and folding of the protein by variation of the sample temperature within the range of 
stability of secondary structures. In our protocol, we first mixed SUVs and αSyn well above the Tm and 
then lowered the temperature to allow membrane binding and formation of the protein’s α-helical 
secondary structure. Heating the sample above the Tm should then release αSyn from the lipid vesicle, 
potentially preserving its secondary structure (Fig. 1A). These events can be easily monitored using the 
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circular dichroism (CD) spectrum of the protein to quantify the helix-coil conformational change 
accompanying membrane interaction (10). As shown in Fig. 1B, controlled melting of the lipid double 
layer preserved helical fold in the protein and allowed further characterization of the conformers of αSyn 
reconstituted in the process. αSyn can retain the α-helical fold, measured using the signal of the minimum 
at 222 nm, at much higher temperatures in the upscan branch of the curves than during the downscan, 
which shows the binding taking place roughly at the Tm of the SUVs (~14ºC) (Fig. 1C). The degree of 
hysteresis presents a strong negative correlation with the temperature gradient speed used in the melting 
curve. While moving from 0.2 to 0.5ºC/min. doesn’t change significantly the outcome, increasing the ramp 
to 1.0 or 2.0ºC/min. leads to the loss of most of the fold at RT (Fig. 1C), though some α-helical content 
remains when compared to the downscan signal. With the increase in the temperature gradient 
steepness, the oscillations in the signal around the Tm increase in amplitude as well, possibly due to 
critical fluctuations originating from αSyn-induced membrane microdomains (39, 40).  
In order to test whether the results originated from the residual affinity of αSyn for lipid membranes at 
temperatures higher than their Tm, we studied the binding of αSyn to 13:0 PC SUVs using isothermal 
titration calorimetry (ITC). Binding sigmoids recorded at different temperatures highlight the sharp 
decrease in the protein-lipid affinity following the increase in temperature (Fig. 2), showing that no binding 
to the SUVs can be detected not only at T>Tm, but also at temperatures close to the phase transition. 
Since the 222-nm CD signal for αSyn titrated with 13:0 PC SUVs plateaus at a protein:lipid ratio of about 
1:1000 (Fig. S1), we used protein:lipid ratios ranging from 1:1000 to 1:1200 for all our experiments. 
Temperature-cycling experiments were also performed using three other PC lipids with saturated acyl 
side chains (12:0, 14:0 and 15:0 PC), in order to determine whether the hysteresis observed when 
recording melting curves in the presence of 13:0 PC SUVs was specific for this acyl chain length or 
common to related phosphatidylcholines. Melting curves showed that, although the phenomenon of 
hysteresis in the α-helical CD signal seems to be common to all of the saturated phospholipids screened, 
the shape of the melting curve depends on the acyl chain length (and thus on the Tm of the lipids). The 
highest fold retention can be achieved with 13:0 PC SUVs (Fig. S2), which have a Tm of about 14ºC (Fig. 
3A). This specificity does not seem to depend on the varying affinity (measured using isothermal titration 
calorimetry, ITC) of αSyn for the different lipid assemblies (Fig. S3) or the size of the SUVs (Supporting 
Table 1), which show no clear correlation with the αSyn-lipid behavior. Finally, it must be noted that N-
alpha acetylation, a post-translational modification shown to be characteristic of the near totality of 
physiological αSyn (23, 41) appears to affect the hysteresis process favoring the helical form of αSyn 
(Fig. S4), thus providing additional proof of its importance in lipid binding and helical multimer formation 
(42, 43). 
 
αSyn’s conformational hysteresis is uncoupled from the phase transition of the SUVs. ITC can only 
measure lipid association under isothermal conditions. However, the hysteresis in αSyn’s helical content 
could be just paralleling a structural hysteresis in the lipid bilayers, determining the release of the protein 
at a much higher temperature than the Tm during the upscan to 50ºC. In order to examine the extent of 
the dynamic interplay between αSyn and the SUVs during (and after) the phase transition, we used 
differential scanning calorimetry (DSC) to look for a link between protein fold hysteresis and the transition 
temperature of the liposomes. It has been reported that the presence of αSyn can markedly reshape the 
phase transition, not only by shifting the Tm (36, 44), but also by changing the heat profile of the DSC 
curve, signalling an increase in the cooperativity of the process (36). We thus recorded both downscan 
and upscan heat capacity curves of 13:0 PC SUVs both with and without αSyn, using the same 
parameters as for the CD temperature scans. In the lipid-only scan, just one sharp peak is detected (both 
in the downscan and the upscan branch of the curve), corresponding to the phase transitions of the 
vesicles (Fig. 3A). The Tm shows a minor hysteresis (13.5ºC in the downscan, 14.3ºC in the upscan), a 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/202994doi: bioRxiv preprint 

https://doi.org/10.1101/202994


5 

commonly observed phenomenon in lipid transitions, even when using slow ramps such as the one 
employed in these scans (30ºC/hr.) (45). The DSC curves recorded in the presence of the protein are 
virtually superimposable to the ones recorded in its absence (Fig. 3A). This implies that any effect on the 
lipid behavior due to bound protein must be extremely small and undetectable as an enthalpy change, as 
the areas of the peaks recorded in the experiments are the same and αSyn’s concentration was too low 
to provide a detectable heat signal. This strongly argues against the possibility that αSyn’s conformational 
hysteresis is due to a “belated” phase transition of the SUVs. 
To further compare the lipid behavior during temperature cycling to the conformational transitions of the 
protein, we took the first derivative of the CD signal of a representative 13:0 PC SUVs-αSyn scan. The 
differentiated temperature scan curve shows an excellent accord with the DSC in the downscan branch, 
showing just one sharp peak at roughly the same temperature as the Tm of the lipids (14.9ºC) (Fig. 3B). 
On the other hand, there is minimal change in ellipticity around the Tm in the upscan, with only one broad 
peak around 40ºC (accompanied by a shoulder around 30ºC), indicating the unfolding of the protein in the 
absence of structural changes in the lipid membrane. 
Finally, we studied the morphology and size of the lipid assemblies after a temperature scan, performed 
both in the presence and absence of αSyn, to check for possible remodeling effects of αSyn on the SUVs 
(33, 46). Supernatants were freshly collected and analyzed after the ultracentrifuge spin performed at the 
end of the temperature cycling, done to remove larger lipid aggregates formed by the fusion of PC SUVs 
below their Tm (47). Transmission electron microscopy (TEM) micrographs show no difference in shape or 
size between the samples (Fig. 3C) and no difference in the hydrodynamic radii measured by dynamic 
light scattering (DLS) was detected (Fig. 3D), further indicating that the structural changes in the lipid 
bilayers are completely reversible and cannot explain the conformational hysteresis of αSyn. 
 
Lipid interfaces act as molecular chaperones for soluble αSyn. To confirm that the α-helical 
conformer of αSyn existed in a soluble, not lipid-bound, state and quantify the relative amounts of the two 
populations, we used both size-exclusion chromatography (SEC) (along with an ELISA-based 
quantification of αSyn and phosphate analysis in order to measure the 13:0 PC content in the SEC 
fractions) and TEM imaging coupled with immunogold labeling of αSyn (Fig. 4A,B,C). For SEC, the 
supernatant from an ultracentrifuge spin of a refolded αSyn-lipid mixture was immediately loaded on a 
Superdex 200 10/300 GL column and 1 mL fractions were collected and analyzed as described. The 280 
nm absorbance profile in the chromatogram shows three peaks (Fig. S5): the third and last peak, 
undetectable both in the ELISA and in the phosphate analysis (Fig. 4A), likely indicates the elution of 
small lipid assemblies, running close to the ions peak seen in the conductivity profile. The first peak, 
running roughly at the column’s void volume (MW>600kDa), corresponds to the intact SUVs, as 
confirmed by the phosphate analysis indicating the presence of lipids only in the first peak fractions (Fig. 
4A). The majority of αSyn (~80%) elutes, free from lipids, in the second peak, around 15 mL. This 
indicates a MW of about 60 kDa, in accordance with the extended conformation of αSyn (8). A fraction of 
the population of αSyn (~20%) co-elutes with the SUVs in the first peak, indicating the presence of a 
small amount of αSyn still bound to the membranes. The percentage of lipid-bound and lipid-unbound 
protein was obtained from the quantification by ELISA of the areas of the two chromatographic peaks 
from repeated experiments (phosphate analysis confirmed the absence of lipids in the second, 
membrane-unbound, protein peak) and compared to the percentage of folded protein after a temperature 
scan. If only the membrane-bound population of αSyn were α-helical, we would see an approximate drop 
of 80% in the helicity of our samples, while we only observe a decrease of 30-35% in the percentage of 
helical fold. Using another independent technique, TEM imaging coupled with immunogold labeling of 
αSyn, we repeated the quantification of the two protein populations (lipid-bound and unbound) and once 
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again found that αSyn is largely unbound from the SUVs (~80%, in excellent accordance with the 
SEC/ELISA data) (Fig. 4B,C). 
We then moved on to characterize the stability of the soluble helical αSyn conformer. The slow 
temperature ramp required to maintain most of the α-helicity already suggested the presence of an 
irreversible process and, by extension, the existence of a kinetically trapped conformer (Fig. 1C). A time 
course measurement, monitoring the helical content of αSyn, confirmed the metastable nature of the 
protein structure reconstituted using our protocol. While the CD spectrum initially shows prominent α-
helicity, the folded content disappears in an exponential fashion over the course of 42 hrs (Fig. 4D). 
 
Stabilization of helical αSyn arises from dynamic multimerization. In view of the past reports on 
helical αSyn multimers, both in vitro and in vivo (23, 28, 48), we set to study the oligomerization state of 
the helical conformers of αSyn using disuccinimidyl glutarate (DSG) cross-linking (28). Samples from the 
supernatant, kept at RT, were collected immediately following the UC spin, and after 18 hrs or 36 hrs, and 
cross-linked with 500 µM DSG. Western blotting shows the cross-linked samples along with negative 
controls of recombinant αSyn cross-linked at the same concentration (of protein and DSG) and a positive 
control of intact M17D cells stably expressing wt αSyn to show the characteristic “physiologic” pattern of 
multimeric bands (28) (Fig. S6). The band pattern in each of the supernatant lanes resembles that of 
recombinant monomeric αSyn in the absence of lipids, indicating that the protein does not form stable, 
defined multimers as the ones previously characterized (23, 28), but could well be involved in a dynamic 
multimerization process that stabilizes its folded form (24). This possibility is consistent with the finding 
that a CD measurement of the unbound αSyn fractions, concentrated immediately after SEC fractionation, 
returns the spectrum of an unfolded protein (Fig. 4D). If a highly dynamic multimer formation was the 
cause of the long lifetime of folded monomeric αSyn, a drastic dilution as the one underwent on the SEC 
column (about 1:80) would markedly reduce the rate of these multimolecular processes leaving the 
irreversible unfolding as the dominant event, thus speeding up the decay in the CD signal and making it 
impossible to directly measure the unfolding kinetic of SEC-isolated αSyn. 
Since the techniques employed up to this point were limited in their ability to detect highly dynamic 
populations of multimers, we used NMR spectroscopy in an attempt to answer this question (Fig. 5A). For 
this purpose we could only rely on the resonances in the aromatic/amidic region, since unfortunately the 
protein signal in the rest of the spectrum is masked by that of the free 13:0 PC. The severely broadened 
and barely detectable signal of lipid-bound αSyn, in the presence of 13:0 PC SUVs below their Tm, is also 
shown for comparison. Inspection of the peak pattern and the linewidths of the refolded sample 
(compared with the spectrum of recombinant, unfolded protein at the same temperature) shows that the 
protein is unbound from lipid interfaces and closely replicates the peak profile of soluble αSyn. The slight 
peak broadening and lower intensities suggest a slower tumbling rate of the species observed, consistent 
with the multimerization of refolded αSyn but also, for example, with a binding/unbinding membrane 
exchange (49). 
To exclude this possibility and further validate our hypothesis that the metastability of the folded αSyn 
conformer depends on intermittent multimerization, we measured via CD the unfolding kinetics of an 
undiluted refolded αSyn sample and of 1:2 and 1:4 dilutions of the same sample in buffer (Fig. 5B). A CD 
spectrum of each of the three samples, incubated at RT, was obtained every 2-3 hrs until four 
superimposable spectra in a row were recorded, indicating the endpoint of the unfolding process. The 
percentage of the molar ellipticity at 222 nm was used to follow the loss in secondary structure and the 
transition to random coil. We see a marked decrease in the time at the endpoint moving from the 1:1 
sample (51 hrs) to the ones diluted 1:2 (39 hrs) and 1:4 (33.5 hrs), which would not be the case if the 
process were one of concerted unbinding and unfolding from a vesicle-bound state (Fig. 5C). On the 
other hand, this observation is consistent with a multimolecular event as the transient homo-
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oligomerization process, which would be slowed down by dilution (Fig. 5C). Decreasing the concentration 
of soluble, folded αSyn would decrease the rate of the self-association as well, causing a faster loss of 
fold of the helical monomer. Given the complex, biphasic shape of the unfolding curves, an attempt to 
develop a mechanistic hypothesis for the observed trend was made. The classic hypothesis regarding 
αSyn’s folding upon contact with membranes was compared to our new paradigm postulating a wider 
range of stability for the folded protein, also existing as a long-lived conformer when unbound from lipid 
interfaces (Fig. 5C). Kinetic equations for the unbinding and unfolding from lipid bilayers were drafted, 
solved analytically and plotted (Fig. 5D), showing no dependence of the unfolding profile from the dilution 
factor (as intuitively expected, since such a mechanism would not involve any multimolecular steps, see 
SI Appendix for details). In addition to confirming that the unfolding of αSyn cannot be attributed to a slow 
unbinding of the protein from membranes, the failure of this model to reproduce experimental data also 
displays the necessity to introduce a new multimolecular event accounting for the sigmoidal unfolding 
profile clearly observed in the curves measured from samples diluted 1:2 and 1:4 (and most likely present 
in the 1:1 curve as well, but almost undetectable, see Fig. S7 and SI Appendix). Time-dependent 
sigmoidal kinetic profiles are associated with autocatalytic events (50) as in a dynamic homo-
oligomerization constantly transferring folded monomers to a pool of unfolding-resistant or partially 
unfolding-resistant helical multimers. A detailed account of the development of the final form of the kinetic 
equations is provided in the SI Appendix; briefly, the unfolding kinetic constant was substituted by a 
sigmoidal function depending from the concentration of free folded monomers (as in autocatalysis) and 
thus from the dilution factor, the equations then solved numerically and plotted for comparison with the 
experimental data. It can be seen that, while lacking some quantitative insights (we cannot derive, for 
example, from the data in our hands, the average size of the multimers or the microscopic kinetic 
constants) the equations describe effectively the shape of the three curves and reproduce the trend 
observed with the change in the dilution factor. 
We concluded that the intermittent contact between folded αSyn monomers, forming short-lived helical 
multimers, preserves the α-helicity of the unbound monomeric protein. 
 
Discussion 
 
In this study we investigated the interplay of αSyn with 13:0 PC SUVs, binding partners characterized by 
the dependence of the protein’s membrane affinity on the structure of the lipid bilayers, akin of its 
interaction with lipid rafts (34, 37). By modulating αSyn’s binding, we were able to reconstitute a soluble 
helical species and investigate the nature of the folded conformer and its range of stability. 
αSyn retains most of its α-helical content after the affinity for lipid interfaces is “switched off” (Fig. 1B, Fig. 
S3B) and remains in a metastable folded conformation for an extended period of time, undergoing slow 
unfolding (Fig. 4D). The hysteresis in the helical fold is shown to be uncoupled from structural transitions 
of the lipid bilayer (Fig. 3) and several independent techniques prove that the folded conformers of αSyn 
are largely lipid-unbound (Fig. 4A-C, Fig. 5). Finally, the concentration-dependence of the unfolding rates 
and the kinetic analysis of the unfolding curves allow us to conclude that the helical species observed are 
stabilized by dynamic, cooperative multimerization (Fig. 5B-E). Lipid interfaces thus act as molecular 
chaperones for αSyn’s monomeric helical form and dynamic homo-oligomerization confers it its kinetical 
stability. 
This phenomenon, previously unreported for IDPs, could open a new chapter in the already multifaceted 
behavior of this protein family. While folding of IDPs upon binding to ligands (either small molecules, 
nucleic acids or other proteins) has been long known and characterized in a wide number of cases (51–
53), there is no previous report describing folding assisted by intermittent contact with a cofactor. In fact, 
IDPs for which binding and folding are coupled phenomena have binding enthalpies high enough to 
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balance the entropically disadvantageous process of folding (52). The folding process described in this 
report seems to lie at the crossroads of the two mechanistic extremes of IDPs’ binding and folding 
models. αSyn’s folding during the downscan branch of the curve, could be described as “induced folding” 
(53) as it is the contact with the curved bilayers, starting with the insertion of the N-terminus in the lipid 
packing defects (54), that causes the protein to switch its conformation. On the other hand, the dynamic 
homo-oligomerization that takes place between the folded monomers is a “conformational selection” 
mechanism (53) as the helical amphipathic conformers engage in the intermittent contact that leads to 
their stabilization, as shown by the CD-followed unfolding curves and the related kinetic analysis (Fig. 5 
and SI Appendix). The slow unfolding of helical αSyn (Fig. 4D) is thus the result of the competition 
between the irreversible unfolding of αSyn and the reversible oligomerization of folded monomers. 
A monomeric α-helical species of αSyn, given its extremely long half-life and its propensity for 
oligomerization, albeit metastable, is also likely to be the key intermediate in the folding mechanism of 
physiologic α-helical multimers (17, 23, 24, 27, 29, 55, 56). αSyn would then join several other IDPs that 
stably fold only upon homo-oligomerization (57–60), with a mechanism that could be described as 
conformational selection through a liposomal chaperone (Fig. 6). It is critical to stress how the absence, in 
our reconstituted αSyn sample, of stable homo-oligomers and the intermittent nature of the self-
association are testaments to the reductionist nature of our experimental design. While lipid interfaces 
almost certainly play a central role in the refolding and assembly of physiological multimers, one or more 
key cofactors present in the eukaryotic cell cytosol (either molecular crowding, metal ions, other proteins 
or soluble lipids/fatty acids) appear to be necessary to stabilize these assemblies (30). 
αSyn multimers have been reported to localize at the synaptic bouton, around vesicles or vesicular 
clusters, but no consensus exists regarding their soluble or membrane-bound nature (17, 55). The 
apparent importance of transient membrane binding in αSyn’s conformational homeostasis might explain 
the difficulties encountered trying to answer this question, as these complex equilibria would not allow 
efficient trapping and localization of helical multimers without the employment of elaborate purification 
protocols (23) or techniques, such as NMR, that allow the detection of short-lived and kinetically-trapped 
species (24). Some groups have conducted structural studies of αSyn via NMR in a cytoplasmic 
environment (61, 62). Nevertheless, it remains difficult to obtain clear-cut answers given the close 
resemblance between the shifts of monomeric αSyn and its tetrameric form (61), the requirement that 
these in-cell experiments be performed in eukaryotic systems given the absence of potentially critical 
factors for folding and oligomerization in prokaryotic systems (30, 31), and the low sensitivity of NMR, 
especially for protein complexes and membrane-interacting proteins (63). The conclusions of the present 
work also concur with past reports arguing for the possibility of a more dynamic interaction of αSyn with 
curved membranes. While αSyn’s affinity for charged curved lipid interfaces has long been known (10) 
and its localization to the synapse has been established since its discovery (64), it remains consistently 
purified as a predominantly cytosolic protein (34, 65). Recently, a combination of solution and solid-state 
NMR measurements showed that, while its N-terminus is membrane-bound, the central (NAC) region of 
αSyn exists as an ensemble of transiently folded conformations closely associated with (but not bound to) 
membranes mimicking synaptic vesicles (66). Furthermore, fluorescence recovery after photobleaching 
(FRAP) experiments performed on primary neuronal cultures have found αSyn’s mobility to be lower than 
soluble proteins, such as GFP, but higher than synaptic vesicle proteins such as synapsin and SV2, 
suggesting a loose association with vesicles (35), closely resembling the transient interaction with 
vesicles on which our refolding paradigm relies. Similar results have also been obtained in murine models 
via multiphoton imaging (67). Together, these reports suggest a possible mechanism underlying 
aggregation and toxicity in synucleinopathies. αSyn’s homeostasis in the cell appears to regulate the 
protein’s distribution between two pools: one of them aggregation-prone, soluble, and unfolded; the other 
α-helical and aggregation-resistant (either membrane-bound, membrane-associated or soluble (23, 55, 
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68)). The relative amounts of these two populations of protein may correlate with synaptic activity, as 
suggested by the dispersion of αSyn in response to continuous stimulation (35) (Fig. 6). Imbalances in the 
relative amounts of protein in these two pools might then lead to nucleation events and the inception of 
aggregation (31). While some groups have advanced the hypothesis that membrane-binding actually 
favors the early events of aggregation (44), the transience of αSyn’s interaction reported here might 
prevent the increase in local concentration triggering nucleation events. The key to this modulation might 
reside, as the same authors recently suggested, in αSyn’s varying affinity for lipid interfaces and 
membrane microheterogeneities (69), or in cellular factors that regulate its membrane association (70, 
71). This model could potentially reconcile disparate PD-associated clinical findings, from the disease risk 
conferred by altered brain lipid composition due to GBA mutations (22), to the abnormal lipid binding and 
tetramer destabilization of αSyn carrying fPD-causing missense mutations (48, 72–74). 
 
Acknowledgments 
 
We thank Kelly Arnett and the Center for Macromolecular Interactions at the Harvard Medical School 
Department of Biological Chemistry and Molecular Pharmacology for assistance with CD and ITC 
measurements and many helpful discussions; Simon Jenni, Yoana Dimitrova and the Harrison laboratory 
at the Harvard Medical School Department of Biological Chemistry and Molecular Pharmacology for 
assistance with DLS measurements; Maria Ericsson and the Harvard Medical School Electron 
Microscopy Facility for assistance with transmission electron microscopy; Alessandro Achille for his 
invaluable support in the development of the kinetic analysis. We also gratefully acknowledge Debby 
Pheasant and the MIT Biophysical Instrumentation Facility for the Study of Complex Macromolecular 
Systems (NSF-0070319) for the use of instruments and assistance with DSC measurements. Finally, we 
would like to thank Adam Cantlon, Erica Grignaschi, Ulf Dettmer, Silke Nuber, and all the other members 
of the Bartels, Dettmer and Selkoe laboratories at the Ann Romney Center for Neurologic Diseases for 
many helpful discussions. This work was supported by the Brigham and Women’s Parkinson’s Disease 
Research Fund, the American Parkinson’s Disease Association Research Grant and the MARDC Pilot 
Grant (to T.B.). 
 
References 
 
1.  de Lau LML, Breteler MMB (2006) Epidemiology of Parkinson’s disease. Lancet Neurol 5(6):525–

35. 
2.  Polymeropoulos MH, et al. (1997) Mutation in the alpha-synuclein gene identified in families with 

Parkinson’s disease. Science 276(5321):2045–7. 
3.  Shulman JM, De Jager PL, Feany MB (2011) Parkinson’s disease: genetics and pathogenesis. 

Annu Rev Pathol 6:193–222. 
4.  Lubbe S, Morris HR (2014) Recent advances in Parkinson’s disease genetics. J Neurol 

261(2):259–66. 
5.  Goedert M, Spillantini MG, Del Tredici K, Braak H (2013) 100 years of Lewy pathology. Nat Rev 

Neurol 9(1):13–24. 
6.  Spillantini MG, et al. (1997) Alpha-synuclein in Lewy bodies. Nature 388(6645):839–40. 
7.  George JM, Jin H, Woods WS, Clayton DF (1995) Characterization of a novel protein regulated 

during the critical period for song learning in the zebra finch. Neuron 15(2):361–72. 
8.  Weinreb PH, Zhen W, Poon AW, Conway K a., Lansbury PT (1996) NACP, a protein implicated in 

Alzheimer’s disease and learning, is natively unfolded. Biochemistry 35(43):13709–15. 
9.  Tompa P, Fersht A (2009) Structure and Function of Intrinsically Disordered Proteins (Chapman 

and Hall/CRC, Boca Raton, FL) doi:10.1201/9781420078930. 
10.  Davidson WS, Jonas A, Clayton DF, George JM (1998) Stabilization of alpha-synuclein secondary 

structure upon binding to synthetic membranes. The Journal of Biological Chemistry, pp 9443–9. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/202994doi: bioRxiv preprint 

https://doi.org/10.1101/202994


10 

11.  Chandra S, Chen X, Rizo J, Jahn R, Südhof TC (2003) A broken alpha -helix in folded alpha -
Synuclein. J Biol Chem 278(17):15313–8. 

12.  Cabin DE, et al. (2002) Synaptic vesicle depletion correlates with attenuated synaptic responses 
to prolonged repetitive stimulation in mice lacking alpha-synuclein. J Neurosci 22(20):8797–807. 

13.  Larsen KE, et al. (2006) Alpha-synuclein overexpression in PC12 and chromaffin cells impairs 
catecholamine release by interfering with a late step in exocytosis. J Neurosci 26(46):11915–22. 

14.  Nemani VM, et al. (2010) Increased expression of alpha-synuclein reduces neurotransmitter 
release by inhibiting synaptic vesicle reclustering after endocytosis. Neuron 65(1):66–79. 

15.  Burré J, et al. (2010) Alpha-synuclein promotes SNARE-complex assembly in vivo and in vitro. 
Science 329(5999):1663–7. 

16.  Lundblad M, Decressac M, Mattsson B, Björklund A (2012) Impaired neurotransmission caused by 
overexpression of α-synuclein in nigral dopamine neurons. Proc Natl Acad Sci U S A 
109(9):3213–9. 

17.  Wang L, et al. (2014) α-synuclein multimers cluster synaptic vesicles and attenuate recycling. Curr 
Biol 24(19):2319–26. 

18.  Cooper AA, et al. (2006) Alpha-synuclein blocks ER-Golgi traffic and Rab1 rescues neuron loss in 
Parkinson’s models. Science 313(5785):324–8. 

19.  Giasson BI, et al. (2002) Neuronal alpha-synucleinopathy with severe movement disorder in mice 
expressing A53T human alpha-synuclein. Neuron 34(4):521–33. 

20.  Auluck PK, Caraveo G, Lindquist S (2010) α-Synuclein: membrane interactions and toxicity in 
Parkinson’s disease. Annu Rev Cell Dev Biol 26:211–33. 

21.  Sidransky E, Lopez G (2012) The link between the GBA gene and parkinsonism. Lancet Neurol 
11(11):986–98. 

22.  Sidransky E, et al. (2009) Multicenter analysis of glucocerebrosidase mutations in Parkinson’s 
disease. N Engl J Med 361(17):1651–61. 

23.  Bartels T, Choi JG, Selkoe DJ (2011) α-Synuclein occurs physiologically as a helically folded 
tetramer that resists aggregation. Nature 477(7362):107–10. 

24.  Wang W, et al. (2011) A soluble α-synuclein construct forms a dynamic tetramer. Proc Natl Acad 
Sci U S A 108(43):17797–802. 

25.  Fauvet B, et al. (2012) α-Synuclein in central nervous system and from erythrocytes, mammalian 
cells, and Escherichia coli exists predominantly as disordered monomer. J Biol Chem 
287(19):15345–64. 

26.  Burré J, et al. (2013) Properties of native brain α-synuclein. Nature 498(7453):E4-6-7. 
27.  Westphal CH, Chandra SS (2013) Monomeric synucleins generate membrane curvature. J Biol 

Chem 288(3):1829–40. 
28.  Dettmer U, Newman AJ, Luth ES, Bartels T, Selkoe D (2013) In vivo cross-linking reveals 

principally oligomeric forms of α-synuclein and β-synuclein in neurons and non-neural cells. J Biol 
Chem 288(9):6371–85. 

29.  Gould N, et al. (2014) Evidence of native α-synuclein conformers in the human brain. J Biol Chem 
289(11):7929–34. 

30.  Luth ES, Bartels T, Dettmer U, Kim NC, Selkoe DJ (2015) Purification of α-synuclein from human 
brain reveals an instability of endogenous multimers as the protein approaches purity. 
Biochemistry 54(2):279–92. 

31.  Dettmer U, Selkoe D, Bartels T (2016) New insights into cellular α-synuclein homeostasis in health 
and disease. Curr Opin Neurobiol 36:15–22. 

32.  Vargas KJ, et al. (2017) Synucleins Have Multiple Effects on Presynaptic Architecture. Cell Rep 
18(1):161–173. 

33.  Ouberai MM, et al. (2013) α-Synuclein senses lipid packing defects and induces lateral expansion 
of lipids leading to membrane remodeling. J Biol Chem 288(29):20883–95. 

34.  Fortin DL, et al. (2004) Lipid rafts mediate the synaptic localization of alpha-synuclein. J Neurosci 
24(30):6715–23. 

35.  Fortin DL, et al. (2005) Neural activity controls the synaptic accumulation of alpha-synuclein. J 
Neurosci 25(47):10913–21. 

36.  Nuscher B, et al. (2004) Alpha-synuclein has a high affinity for packing defects in a bilayer 
membrane: a thermodynamics study. J Biol Chem 279(21):21966–75. 

37.  Leftin A, Job C, Beyer K, Brown MF (2013) Solid-state 13C NMR reveals annealing of raft-like 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/202994doi: bioRxiv preprint 

https://doi.org/10.1101/202994


11 

membranes containing cholesterol by the intrinsically disordered protein α-Synuclein. J Mol Biol 
425(16):2973–87. 

38.  Kamp F, Beyer K (2006) Binding of alpha-synuclein affects the lipid packing in bilayers of small 
vesicles. J Biol Chem 281(14):9251–9. 

39.  Chong PL, Tang D, Sugar IP (1994) Exploration of physical principles underlying lipid regular 
distribution: effects of pressure, temperature, and radius of curvature on E/M dips in pyrene-
labeled PC/DMPC binary mixtures. Biophys J 66(6):2029–38. 

40.  Veatch SL (2007) From small fluctuations to large-scale phase separation: lateral organization in 
model membranes containing cholesterol. Semin Cell Dev Biol 18(5):573–82. 

41.  Anderson JP, et al. (2006) Phosphorylation of Ser-129 is the dominant pathological modification of 
alpha-synuclein in familial and sporadic Lewy body disease. J Biol Chem 281(40):29739–52. 

42.  Trexler AJ, Rhoades E (2012) N-Terminal acetylation is critical for forming α-helical oligomer of α-
synuclein. Protein Sci 21(5):601–5. 

43.  Bartels T, Kim NC, Luth ES, Selkoe DJ (2014) N-alpha-acetylation of α-synuclein increases its 
helical folding propensity, GM1 binding specificity and resistance to aggregation. PLoS One 
9(7):1–10. 

44.  Galvagnion C, et al. (2015) Lipid vesicles trigger α-synuclein aggregation by stimulating primary 
nucleation. Nat Chem Biol 11(3):229–34. 

45.  Lewis RN, Mak N, McElhaney RN (1987) A differential scanning calorimetric study of the 
thermotropic phase behavior of model membranes composed of phosphatidylcholines containing 
linear saturated fatty acyl chains. Biochemistry 26(19):6118–26. 

46.  West A, Brummel BE, Braun AR, Rhoades E, Sachs JN (2016) Membrane remodeling and 
mechanics: Experiments and simulations of α-Synuclein. Biochim Biophys Acta 1858(7 Pt 
B):1594–609. 

47.  van Dijck PW, de Kruijff B, Aarts PA, Verkleij AJ, de Gier J (1978) Phase transitions in 
phospholipid model membranes of different curvature. Biochim Biophys Acta 506(2):183–91. 

48.  Dettmer U, et al. (2015) Parkinson-causing α-synuclein missense mutations shift native tetramers 
to monomers as a mechanism for disease initiation. Nat Commun 6:7314. 

49.  Bodner CR, Dobson CM, Bax A (2009) Multiple tight phospholipid-binding modes of alpha-
synuclein revealed by solution NMR spectroscopy. J Mol Biol 390(4):775–90. 

50.  House JE (2002) Principles of chemical kinetics (Academic Press, Burlington, MA). 2nd Ed. 
51.  Uversky VN (2002) What does it mean to be natively unfolded? Eur J Biochem 269(1):2–12. 
52.  Dyson HJ, Wright PE (2005) Intrinsically unstructured proteins and their functions. Nat Rev Mol 

Cell Biol 6(3):197–208. 
53.  Wright PE, Dyson HJ (2009) Linking folding and binding. Curr Opin Struct Biol 19(1):31–8. 
54.  Bartels T, et al. (2010) The N-terminus of the intrinsically disordered protein α-synuclein triggers 

membrane binding and helix folding. Biophys J 99(7):2116–24. 
55.  Burré J, Sharma M, Südhof TC (2014) α-Synuclein assembles into higher-order multimers upon 

membrane binding to promote SNARE complex formation. Proc Natl Acad Sci U S A 
111(40):E4274-83. 

56.  Iljina M, et al. (2016) Arachidonic acid mediates the formation of abundant alpha-helical multimers 
of alpha-synuclein. Sci Rep 6(August):33928. 

57.  Simon SM, Sousa FJR, Mohana-Borges R, Walker GC (2008) Regulation of Escherichia coli SOS 
mutagenesis by dimeric intrinsically disordered umuD gene products. Proc Natl Acad Sci U S A 
105(4):1152–7. 

58.  Singh VK, et al. (2008) Intrinsically disordered human C/EBP homologous protein regulates 
biological activity of colon cancer cells during calcium stress. J Mol Biol 380(2):313–26. 

59.  Danielsson J, et al. (2008) The intrinsically disordered RNR inhibitor Sml1 is a dynamic dimer. 
Biochemistry 47(50):13428–37. 

60.  Lanza DCF, et al. (2009) Human FEZ1 has characteristics of a natively unfolded protein and 
dimerizes in solution. Proteins 74(1):104–21. 

61.  Binolfi A, Theillet F-X, Selenko P (2012) Bacterial in-cell NMR of human α-synuclein: a disordered 
monomer by nature? Biochem Soc Trans 40(5):950–4. 

62.  Theillet F-X, et al. (2016) Structural disorder of monomeric α-synuclein persists in mammalian 
cells. Nature 530(7588):45–50. 

63.  Alderson TR, Bax A (2016) Parkinson’s disease: Disorder in the court. Nature 530(7588):38–9. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 13, 2017. ; https://doi.org/10.1101/202994doi: bioRxiv preprint 

https://doi.org/10.1101/202994


12 

64.  Iwai A, et al. (1995) The precursor protein of non-A beta component of Alzheimer’s disease 
amyloid is a presynaptic protein of the central nervous system. Neuron 14(2):467–75. 

65.  Kahle PJ, et al. (2000) Subcellular localization of wild-type and Parkinson’s disease-associated 
mutant alpha -synuclein in human and transgenic mouse brain. J Neurosci 20(17):6365–6373. 

66.  Fusco G, et al. (2014) Direct observation of the three regions in α-synuclein that determine its 
membrane-bound behaviour. Nat Commun 5(May):3827. 

67.  Unni VK, et al. (2010) In vivo imaging of alpha-synuclein in mouse cortex demonstrates stable 
expression and differential subcellular compartment mobility. PLoS One 5(5):e10589. 

68.  Zhu M, Li J, Fink AL (2003) The association of alpha-synuclein with membranes affects bilayer 
structure, stability, and fibril formation. J Biol Chem 278(41):40186–40197. 

69.  Galvagnion C, et al. (2016) Chemical properties of lipids strongly affect the kinetics of the 
membrane-induced aggregation of α-synuclein. Proc Natl Acad Sci U S A 113(26):7065–70. 

70.  Wislet-Gendebien S, et al. (2006) Cytosolic proteins regulate alpha-synuclein dissociation from 
presynaptic membranes. J Biol Chem 281(43):32148–55. 

71.  Chen RHC, et al. (2013) α-Synuclein membrane association is regulated by the Rab3a recycling 
machinery and presynaptic activity. J Biol Chem 288(11):7438–49. 

72.  Choi W, et al. (2004) Mutation E46K increases phospholipid binding and assembly into filaments 
of human alpha-synuclein. FEBS Lett 576(3):363–8. 

73.  Fares M-B, et al. (2014) The novel Parkinson’s disease linked mutation G51D attenuates in vitro 
aggregation and membrane binding of α-synuclein, and enhances its secretion and nuclear 
localization in cells. Hum Mol Genet 23(17):4491–509. 

74.  Ghosh D, et al. (2014) The newly discovered Parkinson’s disease associated Finnish mutation 
(A53E) attenuates α-synuclein aggregation and membrane binding. Biochemistry 53(41):6419–21. 

75.  Johnson M, Coulton AT, Geeves M a., Mulvihill DP (2010) Targeted amino-terminal acetylation of 
recombinant proteins in E. coli. PLoS One 5(12):1–5. 

76.  DeTure M, et al. (2000) Missense tau mutations identified in FTDP-17 have a small effect on tau-
microtubule interactions. Brain Res 853(1):5–14. 

77.  Chen PS, Toribara TY, Huber W (1956) Microdetermination of Phosphorus. Anal Chem 
28(11):1756–1758. 

 
Figure Legends 

Fig. 1. The temperature-dependent binding behavior of αSyn leads to hysteresis in α-helical content. (A) 
Diagram of the protocol developed for the preparation and isolation of folded αSyn intermediates. PC 
SUVs, freshly prepared, were mixed with recombinant αSyn (1:1000-1200 protein:lipid molar ratio) and 
cooled below their phase transition temperature (Tm), then heated at an equal rate to above their Tm, 
ultracentrifuged at 170,000xg for 1 hr., and analyzed. (B) Circular dichroism (CD) spectra of a sample of 
αSyn refolded via temperature cycling in the presence of 13:0 PC SUVs, measured at 25ºC (after). The 
CD spectra of the sample at the lower end of the temperature scan (2ºC) and before the temperature 
cycling protocol (before) are shown for comparison. (C) Ellipticity signal at 222 nm of 5 µM αSyn refolded 
via temperature cycling in the presence of 13:0 PC SUVs, followed via circular dichroism (CD) readings 
recorded every 0.5ºC between 2ºC and 50ºC, varying the temperature gradient steepness. The dotted 
line indicates RT (25ºC). 

Fig. 2. αSyn’s membrane-binding is abolished as the temperature approaches Tm. (A) Isothermal titration 
calorimetry (ITC) binding curves of 5µM αSyn titrated with freshly prepared 13:0 PC SUVs, plotted with 
their fitting function curves (solid lines). After integration of the differential heat signal, a N independent 
binding sites model was used to fit the data. Experiments were performed at varying temperatures from 
4ºC to 12ºC. (B) Thermodynamic and stoichiometric parameters obtained from the fitting of the binding 
curves, along with standard errors. 

Fig. 3. The fold hysteresis of αSyn is uncoupled from the SUVs’ phase transition. (A) Normalized 
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differential scanning calorimetry (DSC) thermograms of 2.75 mM 13:0 PC SUVs either alone (solid 
curves) or in the presence of 2.5 µM αSyn (dashed curves). Temperature scans were performed using a 
0.5ºC/min. (30ºC/hr.) ramp between 50ºC and 5ºC (50ºC-5ºC-50ºC). The blue curves indicate downscans 
(50ºC-5ºC), while the red ones indicate upscans (5ºC-50ºC). Linear baselines were subtracted from the 
peaks and no other transitions were recorded in the 5-50ºC temperature range. (B) Numeric first 
derivative of a smoothed 222-nm ellipticity signal, followed via circular dichroism (CD), of 5 µM αSyn 
refolded in the presence of 13:0 PC SUVs through a temperature scan between 2ºC and 50ºC (50ºC-2ºC-
50ºC) at 0.5ºC/min., recording the signal every 0.5ºC. The blue curve shows the 50ºC-2ºC downscan, 
while the red one shows the upscan (2ºC-50ºC). (C) Transmission electron microscopy (TEM) 
micrographs of the supernatant fraction of 12 mM 13:0 PC SUVs subjected to temperature cycling (50ºC-
2ºC-25ºC) alone (top) or in the presence of 10 µM αSyn (bottom) and collected after a 170,000xg 
ultracentrifuge spin. Samples were negatively stained with 1% uranyl formate (UF). Micrographs shown 
are taken at 65,000x magnification. (D) Mean radii of liposomes, measured by dynamic light scattering 
(DLS) at 25ºC, found in the supernatant fraction of 12 mM 13:0 PC SUVs subjected to temperature 
cycling (50ºC-2ºC-25ºC) alone (without αSyn) or in the presence of 10 µM αSyn (with αSyn) and collected 
after a 170,000xg ultracentrifuge spin. Error bars indicate SDs obtained from 3 independent experiments. 
The mean radius and SD (N=3) of a dispersion of fresh 13:0 PC SUVs is shown for comparison. 

Fig. 4. α-helical αSyn is largely unbound from the SUVs and exists as a metastable conformer. (A) 
ELISA-measured αSyn concentration and phosphate concentration, obtained from quantitative phosphate 
analysis, in the SEC fractions of a refolded αSyn sample run on a Superdex 200 column. Bars are labeled 
with their mid-fraction elution volume. Black lines indicate the approximate peak widths of the SEC 
standards run on the column, along with their molecular weights. 1-mL fractions were collected between 6 
mL and 24 mL. SDs are plotted for each fraction, obtained from technical duplicates. The limit of detection 
(LOD) and the lower limit of quantification (LLOQ) for the phosphate analysis are indicated with dotted 
lines. (B) Representative transmission electron microscopy (TEM) micrograph of an αSyn sample 
refolded via temperature cycling in the presence of 13:0 PC SUVs (30,000x magnification). The sample 
was negatively stained with 1% phosphotungstic acid (PTA) and immunogold-labeled for αSyn using the 
15G7 antibody. Red arrows indicate gold-nanoparticle-conjugated αSyn molecules counted as bound to 
SUVs. (C) Bar diagram comparing the percentage helical fold retention of αSyn (quantified via the 222-
nm signal at 25ºC obtained from renormalized CD spectra measured after ultracentrifugation in 3 
independent experiments) with the percentage of αSyn still bound to the SUVs quantified by two 
independent techniques, SEC (N=5) and EM (N=10 micrographs from 3 independent experiments, a total 
of 1292 immunogold particles and 2256 SUVs were counted). αSyn concentration in SEC fractions was 
quantified via ELISA and fractions were defined as lipid-bound or lipid-unbound using quantitative 
phosphate analysis. (D) Circular dichroism (CD) spectra of αSyn refolded via temperature cycling in the 
presence of 13:0 PC SUVs and measured at 25ºC over 42 hrs. The CD spectrum of the lipid-unbound 
αSyn peak fractions from an SEC run of a sample of temperature-cycled αSyn is also shown (“SEC αSyn 
fracs”). The peak fractions were concentrated at RT with a spin filter and measured at 25ºC immediately 
following elution from the SEC column. (inset) Percentage of the 222-nm molar ellipticity signal (100% at 
0h). The data were fitted with an exponential curve, with % [Θ]222(0) and the decay time (τ) as free 
parameters and with the constraint that the absolute value of the plateau should be smaller than % 
[Θ]222(42 hrs). 

Fig. 5. αSyn’s unfolding curves indicate a complex mechanism involving dynamic multimerization. (A) 1H-
NMR spectrum of 10 µM αSyn in the presence (blue) or absence (red) of 12 mM 13:0 PC SUVs, 
measured at either 25ºC (left) or 10ºC (right). Only the aromatic/amidic region of the NMR spectrum of the 
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protein is shown, as elsewhere the signal of free lipids masks that of the protein (one lipid peak also 
overshadows part of the protein signal at 10ºC). The signal of the bound protein is severely broadened 
and barely detectable, whereas refolded αSyn closely reproduces the peak pattern of the unbound protein 
while showing a certain degree of broadening consistent with our mechanistic hypothesis. (B) Percentage 
of the 222-nm molar ellipticity signal (set at 100% at 0h), obtained from CD measurements of a sample of 
αSyn refolded via temperature cycling in the presence of 13:0 PC SUVs (1:1) and its dilutions in 10 mM 
(NH4)Ac, pH 7.40 (1:2 and 1:4). % [Θ]222 values are shown at time points following the ultracentrifuge 
spin. Global fitting of the data using a biphasic (double-sigmoid) model was performed sharing all but two 
parameters among the curves and setting the plateau at 0% (See Fig. S7 for details). (C) Diagram of the 
two mechanisms tested with the kinetic analysis of the CD-followed unfolding of αSyn. Hp. A is the 
classical view of αSyn’s interaction with membranes, seeing the binding to the interfaces as a critical and 
irreversible step in the coil-to-helix transition of the protein. Through the inclusion of a dynamic 
multimerization step, Hp. B accounts for the shape of the measured curves and the changes observed 
following serial dilutions of the sample, and is thus the proposed mechanism. (D) and (E) show the 
simulated curves (calculated for the three dilution factors measured) and the kinetic equations 
corresponding, respectively, to Hp. A and B.  

Fig. 6. Model of helical αSyn monomers as critical intermediates in physiology and pathology. Normally, 
through its interaction with membranes, αSyn could retain its helical fold when unbound from the lipid 
interfaces and undergo homooligomerization into aggregation-resistant helical multimers (23) favored by 
its amphiphilic nature (top). High synaptic activity has been shown to cause “dispersion” of αSyn, 
probably due to the constant membrane remodeling (35), and would thus drive a drastic decrease in the 
membrane-bound and membrane-associated protein pool, either monomeric or multimeric (bottom). The 
consequent dyshomeostasis would enlarge the pool of aggregation-prone unfolded monomeric αSyn. 
Similar effects could be caused by missense mutations, multiplications of the SNCA locus and lipid 
imbalance (31). 
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Figure 1 
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Figure 2 
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Figure 3
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Figure 4 
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Figure 5 
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Figure 6 
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