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A B S T R A C T   

α-synuclein protein aggregates are the major constituent of Lewy bodies, which is a main pathogenic hallmark of 
Parkinson's disease. Both lipid membranes and Cu2+ ions can bind to α-synuclein and modulate its aggregation 
propensity and toxicity. However, the synergistic effect of copper ions and lipid membranes on α-synuclein re-
mains to be explored. Here, we investigate how Cu2+ and α-synuclein simultaneously influence the lipidic 
structure of lipidic cubic phase(LCP) matrix by using small-angle X-ray scattering. α-Syn proteins destabilize the 
cubic-Pn3m phase of LCP that can be further recovered after the addition of Cu2 ions even at a low stoichiometric 
ratio. By using circular dichroism and nuclear magnetic resonance, we also study how lipid membranes and Cu2+

ions impact the secondary structures of α-synuclein at an atomic level. Although the secondary structure of 
α-synuclein with lipid membranes is not significantly changed to a large extent in the presence of Cu2+ ions, lipid 
membranes promote the interaction between α-synuclein C-terminus and Cu2+ ions. The modulation of Cu2+ ions 
and lipid membranes on α-synuclein dynamics and structure may play an important role in the molecular 
pathogenesis of Parkinson's disease.   

1. Introduction 

α-synuclein (α-Syn), an intrinsically unfolded protein, is involved in 
neurotransmitter release from the presynaptic terminal, and is also a 
causative agent of Parkinson's disease (PD). α-Syn comprises three 
important domains: the N-terminal, the non-amyloid-component (NAC), 
and the C-terminal domains. Upon binding to lipid vesicles, the N-ter-
minal and NAC domains of α-Syn undergo the structural transition from 
random coil to α-helix secondary structures [1]. As shown in Fig. 1, the 
N-terminal helical domain functions as the membrane anchor, while the 
NAC domain acts as a sensor for lipids and is the determinant for the 
binding affinity between α-Syn and lipid membranes. The disordered C- 
terminal region only displays weak association with lipid membranes 
[2]. Lipid membranes play a crucial role in the binding, internalization, 

aggregation, and toxicity of α-Syn, and vice versa [1,3]. For instance, 
α-Syn changes membrane curvature [4], membrane remodeling [5], the 
chain order, and the thermotropic phase behavior of anionic lipid ves-
icles [6] as well as membrane expansion [7]. Like Zn2+ ions, Cu2+ ions 
levels in Alzheimer's disease (AD) and Parkinson's disease (PD) brains 
substantially vary from those in the healthy brain, although the exact 
concentrations remain to be precisely determined in Table 1. In neuro-
degenerative diseases, Cu2+ ions presumably play important roles in the 
interaction between lipid membranes and amyloid proteins [8,9]. In 
addition, Cu2+ ions can catalyze protein oxidation, leading to subse-
quent denaturation [10]. Overall, both Cu2+ ions and lipid membranes 
play essential roles in the physiology and pathology of PD. The syner-
gistic effect of Cu2+ ions and lipid membranes on α-Syn dynamics and 
structure remains to be explored for further understanding of the 
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molecular pathogenesis in PD. 
Lipid vesicles, like small unilamellar vesicles and large unilamellar 

vesicles, have been used for studying α-Syn. Such systems are typically 
prepared in a high-salt buffer condition [7], and differ from the 
amphiphilic and air-tight conditions in the brain. In comparison to lipid 
vesicles, the lipidic cubic phase (LCP) matrix may provide a brain 
mimicking condition. LCP is usually in Pn3m and Ia3d phases and is 
often employed and embedded with membrane proteins used for crys-
tallization [11,12]. The matrix forms a three-dimensional lipidic array 
with an appropriate proportion of lipid and water, and has a transparent 
bicontinuous bilayer by intercommunicating aqueous channels [11,12]. 
The lipid curvature of LCP can be adapted to the mixture with chemicals 
[13]. Likewise, α-Syn influences its lipid binding affinity by modulating 
the curvature of lipid membranes [14,15]. LCP may provide a brain 
mimicking condition for studying the interaction between protein and 
lipid membranes. Lipid phase changes of LCP upon protein binding may 
also enable to sense the lipid interaction with protein at mesoscopic 
scales. In parallel, the inner and outer lipid membranes of E.coli cells also 
provide a rather space-compact and air-tight environment for the 
interaction between lipids and protein [16]. Compared to lipid vesicles, 
E.coli cells and LCP can provide a unique and brain-mimicking envi-
ronment for studying the interaction between lipid membranes and 
α-Syn in the presence of Cu2+ ions. 

Here, we firstly investigated the synergetic effect of Cu2+ ions and 
α-Syn on the lipid bilayer structure of LCP at mesoscopic scales by using 
small-angle X-ray scattering (SAXS). Secondly, the influence of Cu2+

ions on the secondary structure transition of α-Syn proteins in the 
presence of lipid membranes was studied using circular dichroism (CD). 
Finally, nuclear magnetic resonance (NMR) was further employed to 
investigate how Cu2+ ions modulate α-Syn proteins at the atomic level 
both in buffer conditions and when α-Syn is expressed within the peri-
plasm of E.coli. Briefly, our study reports the synergetic effect of Cu2+

ions and different lipid membranes on α-Syn structure, and vice versa. 
These interactions at the atomic and mesoscopic levels in air-tight and 
amphiphilic environments mimicking the human brain state may 
broaden our understanding of the molecular mechanism of α-Syn in the 
pathogenesis of PD. 

2. Results 

2.1. Cu2+ ions reverse the effect of α-Syn on the mesoscopic structure of 
LCP 

Monoolein (MO) is a commonly used host lipid inLCP crystallization 
and produces a Pn3m cubic phase when mixed with water at a volume 

ratio of 3:2 at 20 ◦C. MO is not a natural component of cell membranes, 
however, it forms mimetic lipid bilayers which can be adapted by the 
addition of test lipids and chemicals. For crystallization of membrane 
proteins, natural lipids such as phosphatidylcholine (PC), phosphati-
dylserine (PS), and cholesterol are commonly added to the LCP system in 
order to achieve a more natural system to aid the crystallization of the 
target protein [12,30]. PS is the major acidic phospholipids localized 
exclusively in the cytoplasmic leaflet in neural tissues, where it partic-
ipates in forming protein docking sites that are crucial for the activation 
of signal pathways involved in neuronal survival, neurite growth, and 
synaptogenesis [31]. In addition, PS is a lipid composition of synaptic 
vesicles that are responsible for the storage and exocytosis of neuro-
transmitters upon the arrival of an action potential [32] and related to 
PD [33]. Besides, α-Syn selectively interacts with anionic lipids like PS 
[34]. Therefore, to obtain a more physiologically relevant membrane, 
we prepared the lipidic matrix with 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phospho-L-serine (POPS) and MO at molar ratios of 1%, 5%, and 10%, 
respectively, which were characterized by SAXS. In Fig. 2A-D, In the 
presence of MO with 1% or 5% POPS, the space group of the lipidic cubic 
phase remained as Pn3m with bicontinuous inverse cubic structures. 
The phase changed after the supplement of 10% POPS into MO. 
Therefore, the lipidic matrix with MO and 5% POPS was selected as a 
physiologically relevant model to investigate the interaction between 
α-Syn and LCP. As shown in Fig. 2E, α-Syn at a final concentration of 34 
μM changed the Pn3m phase of MO + 5% POPS in 20 mM Tris-HCl 
buffer, pH 7.2. It suggests that α-Syn destabilizes the lipidic cubic sys-
tem under the experimental conditions. 

To study whether Cu2+ ions influence the effect of α-Syn on the 
lipidic phase at mesoscopic scales, we prepared the MO lipidic matrix 
with 5% POPS in the presence of 34 μM α-Syn with 17 or 83 μM Cu2+

ions. The addition of Cu2+ ions converted the phase back to the Pn3m 
phase compared to that with α-Syn alone in Fig. 2F-G. As a control, Cu2+

ions alone did not considerably change the phase of LCP shown in 
Fig. S1. Taken together, Cu2+ ions counteracted the detrimental effect of 
α-Syn on the lipid structure of LCP (similar results were obtained in the 
presence of zinc, as shown in Fig.S2). 

2.2. Cu2+ ions modulate the effect of liposomes on the secondary 
structure transition of α-Syn 

1,2-dioleoyl-sn-glycero-3-phosphoglycerol (DOPG) is another nega-
tively charged phospholipid suitable for liposome preparation. In com-
parison to the lipidic mesoscopic studies by SAXS, we used lipid vesicles 
with different lipid curvatures to investigate how copper ions and DOPG 
liposomes influence the secondary structure of α-Syn by CD 

Fig. 1. Interactions of α-Syn with lipid membranes. α-Syn consists of three domains including the N-terminal domain (aa 1–60), the NAC domain (aa 61–95), and the 
C-terminal domain (aa 96–140) [1]. The N-terminal and NAC regions (amino acid residues 1–95) of a-synuclein contain seven 11-amino acid imperfect repeats with a 
highly conserved hexamer motif (KTKEGV). Most of the N-terminal part of α-Syn forms an α-helical structure upon binding to lipid membranes with a high affinity 
(aa 6-25), while the central part (aa 26-97) interacts with lipid membranes with a variable affinity depending on the lipid composition [1]. The C-terminus (aa 98- 
140) only interacts weakly with lipid membranes weakly and dynamically [1]. Cu2+ ions and Zn2+ ions have specific binding regions on α-Syn (amino acids 
highlighted in green) [8,17–19]. 
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spectroscopy. The effect of Cu2+ ions on the secondary structure tran-
sition of α-Syn was investigated by titrating Cu2+ ions into the α-Syn 
solution to final concentrations of 0, 5, 25, 75, 150 and 300 μM. The 
signal of the random coil structure of α-Syn gradually disappeared as the 
concentration of Cu2+ ions increased (data not shown here). Later, we 
also investigated the influence of DOPG liposomes on the secondary 
structure of α-Syn by titrating the liposomes with or without 300 μM 
Cu2+ ions. The CD spectra from 190 to 260 nm at 37 ◦C were recorded 
immediately after each titration step of DOPG to quantify the secondary 
structure of α-Syn. It shows in Fig. 3A and B (data with standard de-
viations are shown in Fig.S4) that the CD spectra of α-Syn alone dis-
played a characteristic minimum at ~198 nm, corresponding to the 
random coil structure of an intrinsically disordered protein. α-Syn 
gradually converts to a typical α-helical structure as DOPG liposomes are 
titrated in the absence and presence of Cu2+ ions, as indicated by the 
characteristic minima at 208 nm and 222 nm and a peak at 193 nm 
(Fig. 3). At a low ratio of DOPG to Cu2+ ions, α-Syn remained the similar 
α-helical structure as observed in the absence of Cu2+ ions (Fig. 3C). The 
α-helical signal of α-Syn slightly increased as the ratio of DOPG to Cu2+

ions increased above 1:3. A similar behavior has been observed in the 
presence of Zn2+ in Fig. S3. Our CD data agree with the previous studies 
that α-Syn is an intrinsically disordered protein and binds to the surface 
of lipid membranes, followed by a transition to α-helical structures in the 
N-terminus and/or NAC domain and induction of the aggregation of 
α-Syn [1]. The presence of Cu2+ ions slightly changed the structure of 
α-Syn at a concentration of lipid vesicles above 100 μM. This may be 
explained by that α-Syn interacts with lipid membranes with high af-
finity towards the N-terminus and that Cu2+ ions can slightly induce the 
helical structure formation of the N-terminus or NAC domain of α-Syn in 
the presence of DOPG. It seems that Cu2+ ions do not alter the 
membrane-bound α-Syn conformation at a lipid/Cu2+ ratio of 20:1 [35]. 
In our study, we used a much lower lipid/Cu2+ ratio which might 
explain the discrepancy of the results from the previous study. Taken 
together, the results from the CD experiments indicate that Cu2+ ions 
slightly enhanced the effect of the liposomes on the secondary structure 
transition of α-Syn proteins only above a lipid/Cu ratio of 1:3. 

2.3. Cu2+ ions interact with α-Syn in both buffer solution and E.coli cells 

In order to investigate the effect of Cu2+ ions on α-Syn in a lipidic 
environment, we took in-cell NMR measurements of α-Syn expressed in 
the periplasm of E.coli [16] where α-Syn proteins spontaneously interact 
with cellular membranes (Fig. 4). To estimate the concentration of α-Syn 
in the E.coli cells, we compared the amide cross-peak intensities in the 
heteronuclear single quantum correlation (1H–15N-HSQC)spectra of 
α-Syn in the cells to the intensities of a known 100 μM concentration of 
α-Syn in buffer conditions (Fig. 4A). The corresponding α-Syn concen-
tration in the cells was determined to be approximately 60% of the one 
in buffer, corresponding to a theoretical α-Syn concentration of 60 μM. 
Noteworthy, under buffer conditions α-Syn is mainly unstructured, but 
in cellular conditions, some of the cross-peaks show different chemical 
shifts which are indicative of a change in structure (Fig. 4A). Especially 

residues of L8, T44, and V48 exhibit significant chemical shift changes 
(Δδ), highlighted in Fig. 4A. 

To confirm the Cu2+ ion interaction in a simple model system, 
1H–15N-HSQC spectra of 100 μM 15N-α-Syn in 20 mM potassium phos-
phate buffer pH 7.4 with 150 mM NaCl in the absence and presence of 1 
mM Cu2+ ions were recorded (Fig. 4B). The amide crosspeak signal in-
tensities were overall reduced by 40–60%, and an especially significant 
reduction around residue H50 was observed. Histidine is a well-known 
metal ion interacting residue, and H50, as well as Met located at the 
first amino acid position of α-Syn (Met 1) are typically important for the 
Cu2+ ion coordination [35–37]. Small chemical shift changes were also 
detected. Line broadening of the signals due to paramagnetic effects of 
the Cu2+ ions likely explains the detected changes in the HSQC spectra 
in the presence of Cu2+ ions, together with the chemical exchange. 
Hence the resonance signals for the residues directly involved or close to 
the Cu2+ interaction are reduced in signal intensity. We also used a more 
complex model system to study the Cu2+ interaction in E.coli cells. E.coli 
cells with a theoretical α-Syn concentration of 60 μM were incubated 
with an increased concentration of Cu2+ ions (5 mM) administered to 
the extracellular environment of the cells, since only a proportion of 
Cu2+ ions applied extracellularly can translocate into the periplasm of E. 
coli cells (Fig. 4C). The copper ions may remain as Cu2+ rather than Cu+, 
due to lack of sufficient NADH dehydrogenase-2 (Ndh-2, a cupric 
reductase) in inner membranes for the conversion of Cu2+ into Cu+, and 
also because of the oxidizing environment in the periplasm [38]. It is 
very difficult to precisely measure the concentration of Cu2+ in the 
periplasm, the ions probably traverse the outer membrane through 
porins, like outer membrane protein C (OmpC) and outer membrane 
protein F (OmpF) [38]. The final copper concentration in the periplasm 
for living E.coli was estimated at 750 μM to maintain the homeostasis 
through porins [39,40], even though the solution concentration of Cu2+

outside the E.coli cells during the experiment is much higher. Overall, 
the effect of Cu2+ ions on α-Syn was similar to that of the Cu2+-effect on 
α-Syn in buffer conditions. Despite that a more pronounced C-terminal 
interaction effect (involving residues A124-A140) in E.coli cells was 
observed compared to in buffer conditions, this indicates that Cu2+ ions 
are readily transported across the outer cell membrane and interacted 
with the periplasmic α-Syn proteins under the test conditions. It has been 
previously reported that only the N-terminal domain of α-Syn interacts 
and converts into a α-helical conformation in the presence of lipid ves-
icles or detergent micelles [55]. The C-terminal domain remains free and 
unfolded and does not exhibit any interaction with lipid vesicles. These 
suggest that Cu2+ promotes the interaction between the C-terminal 
domain of α-Syn and lipid membranes. 

3. Discussion 

α-Syn proteins possess various conformations under different con-
ditions [41–43]. For instance, the partially α-helical structure in the 
membrane-bound state [2], is essentially important for both the physi-
ological functions and pathological roles of α-Syn [44]. Metal ions like 
Cu2+ act as a crucial player both for the properties of lipid membranes 

Table 1 
Variation of copper ions and zinc ions in Alzheimer's and Parkinson's disease patients.  

Location Cu Zn 

Change in AD patients Change in PD patients Reference Change in AD patients Change in PD patients Reference 

CSF increased increased [20] controversial increased [20,21] 
Blood increased decreased [22,23] controversial – [21] 
Brain (SN) decreased decreased [24–27] – increased [24] 
Brain (HP) decreased decreased [27] increased decreased [27,28] 
Brain (CB) decreased – [27] decreased – [27] 
Senile plaques enriched – [29] enriched – [29] 

Note: AD, Alzheimer's disease dementia; PD, Parkinson's disease dementia; CSF, cerebrospinal fluid; SN, substantia nigra; HP, hippocampus; CB, cerebellum. ‘-’, no 
data. 
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Fig. 2. Effect of α-Syn and Cu2+ ions on the mesoscopic structure of lipidic cubic phase (LCP) matrix. SAXS experiments were conducted to investigate (A-D) the 
effect of POPS lipids on the phase behavior of monoolein (MO) lipidic cubic phase, and (E) the influence of 34 μM α-Syn on LCP made of MO supplemented with 5% 
POPS, as well as (F-G) the presence of 17 or 83 μM Cu2+ ions in LCP made of MO supplemented with 5% POPS. The data indicate that α-Syn proteins destroy the 
Pn3m of LCP and suggest that Cu2+ ions at used concentrations can eliminate the effect of α-Syn on the phase behavior of LCP and remain LCP as the Pn3m phase. 
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and the states and functions of α-Syn, as well as in the normal activities 
of various enzymes [8], with decreased levels in the brains (SN) of PD 
patients [25]. Therefore, investigating how Cu2+ ions modulate the 
intercommunication between α-Syn and lipid membranes will provide 
us with further insights into the molecular pathogenesis. 

Here, we report that α-Syn proteins destabilized the Pn3m phase of 
LCP (Fig. 2E) and Cu2+ ions counteracted this effect (Fig. 2F-G). Cu2+

ions slightly enhanced the secondary structure transition of α-Syn pro-
teins from the lipid/Cu2+ ratio of 1:3 (Fig. 3). α-Syn proteins underwent 
structure changes upon possibly interacting with lipid membranes of E. 
coli cells, as we observed the chemical shift differences in Fig. 4A, and 
Cu2+ interacted with α-Syn both in buffer or E.coli cells by interfering 
with its N- and C-terminus, despite that a more pronounced C-terminal 
interaction effect in E.coli cells was observed compared to the buffer 
solution (Fig. 4). 

The effect of α-Syn proteins on the mesoscopic structure of LCP 
(Fig. 2E) is in agreement with the detrimental effects of α-Syn on lipid 

membranes [44]. It is supported by CD spectroscopy showing that DOPG 
liposomes induced the secondary structure transition of α-Syn from 
random coil to α-helix (Fig. 3A). This transition may lead to the for-
mation of partially folded intermediates, opening the NAC domain for 
oligomerization [1] and resulting in the destruction of lipid membranes 
(Fig. 2E). The recovery of the Pn3m phase within LCP with α-Syn by the 
addition of Cu2+ ions (Fig. 2F-G), could be explained by the competition 
binding between Cu2+ ions and lipid membranes to monomeric α-Syn. 
There is an equilibrium of α-Syn proteins between cytosolic and 
membrane-bound states in vivo [45,46]. Cu2+ ions possess two binding 
sites with a strong affinity that locate within the N-terminus (coordi-
nated around M1 and/or H50) and one with low affinity sitting in the C- 
terminus (coordinated around D121) [8,17,36]. The binding of Cu2+

ions onto any of the three metal binding sites located in the α-Syn pro-
tein may lead to the formation of oligomers. As a result, the binding of 
α-Syn monomers to the lipid membranes presumably decreases and the 
protein damage to the lipid membranes may be diminished (Fig. 2F-G). 

Fig. 3. Synergistic effect of Cu2+ ions and DOPG liposomes on the secondary structure of α-Syn. CD experiments were conducted by gradually titrating DOPG li-
posomes (at concentrations of 0, 5, 10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220 μM) onto 5 μM α-Syn in the absence or presence 300 μM of Cu2+ ions. The 
measurements were performed immediately after the addition of the liposomes and Cu2+ ions. (A) CD experiments in the absence of Cu2+ ions indicate that lipid 
membranes induce a transition of α-Syn from random coil structure to α-helical structure. (B) In the presence of Cu2+ ions, DOPG converted α-Syn from random coil 
structure into α-helical secondary structures but with a slightly stronger signal intensity of α-helical secondary structures. (C) CD signal intensities at 222 nm, 208 nm, 
and 193 nm of 5 μM α-Syn in the presence of DOPG liposomes with or without 300 μM Cu2+ ions, derived from the spectra in (A) and (B). 
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Also, the lipid-bound α-Syn monomers can convert into an extended 
α-helical structure in the presence of Cu2+ ions, leading to a slight in-
crease of the α-helical intensity of α-Syn from CD spectra (Fig. 3B). After 
the addition of Cu2+ ions, the α-helical signal change of α-Syn in the 
presence of lipid vesicles is not very obvious compared to the Pn3m 
phase within the LCP matrix. The discrepancies in observations of two 
studies could be explained by the usage of two different lipid membrane 
systems. LCP can provide the extremely amphiphilic, air-tight and brain- 
mimicking condition and enable a more suitable system to detect the 
interaction among Cu2+, lipid and α-Syn. On the contrary, the lipid 
vesicle system gives less sensitivity to the synergistic effect of Cu2+ and 
lipid on α-Syn. 

The schematic model of how Cu2+ ions modulate the communication 
between α-Syn and lipid membranes is summarized in Fig. 5. Our 
observation supports other protein systems such as the one where the 
presence of Cu2+ ions compromises the effect of amyloid β42 on the lipid 
bilayers [47]. α-Syn proteins coordinate Cu2+ ions both in its free state in 

a buffer as well as bound to lipid membranes [48]. The more noticeable 
effect in E.coli cells, and hence in possible contact with biological 
membranes, may be explained by a more stabilized metal site on the C- 
terminus due to the proximity and simultaneous interaction with a 
membrane. It has been reported that the histidine residue (H50) in α-Syn 
located in a membrane is shielded from metal ion interactions, with the 
result of a more pronounced N-terminal interaction [36], and in this 
case, in living E.coli cells the C-terminal might be compensating for the 
potential loss of H50 coordinating metal activity. On the other hand, the 
membrane-bound α-Syn population of the sample might be in equilib-
rium (or co-existing) with “free” α-Syn in the periplasm. Although the 
binding affinity of Zn2+ ions to α-Syn is not very strong, we also observed 
a very similar effect of Zn2+ ions in our SAXS studies as Cu2+ ions. This 
may be caused by the Zn2+ mediated acceleration of α-Syn fibrillation 
[18]. The aggregation effect of Zn2+ ions might compromise the low 
binding of Zn2+ to α-Syn. 

In this study, we mimicked the air-tight and amphiphilic brain 

Fig. 4. 2D NMR 1H–15N-HSQC spectra of 15N-α-Syn in buffer and in E.coli cells in the absence and presence of Cu2+ ions. 1H–15N-HSQC spectra comparison of (A) 
15N-α-Syn in E.coli cells (blue spectrum) to 100 μM 15N-α-Syn in 20 mM potassium phosphate buffer pH 7.4 with 150 mM NaCl (black spectrum). In (B) are 100 μM 
15N-α-Syn in 20 mM potassium phosphate buffer pH 7.4 with 150 mM NaCl in the absence of Cu2+ (black spectrum) compared to in the presence of 1 mM Cu2+ ions 
(red spectrum). (C) An estimated concentration of 60 μM 15N-α-Syn in E.coli cells in the absence (blue spectrum) and in the presence of 5 mM Cu2+ ions (green 
spectrum). The relative amide cross-peak signal intensities are presented below the spectra. The chemical shift changes (Δδ) are presented below the relative 
intensities. 
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environment by using lipidic cubic phase, and periplasm (inner and 
outer) membranes of E.coli. In these conditions, we were able to observe 
an interaction between lipid membranes and α-Syn in the presence of 
Cu2+ ions, in comparison to lipid vesicles. As the Cu2+ ions concentra-
tion in periplasm can not be easily estimated, the periplasm (inner and 
outer) membranes system in E.coli may not allow quantitative studies for 
the Cu2+ and lipid effect on α-Syn. These lipid systems have different 
curvatures and amphiphilic environments, which may lead to varied 
sensitivity. α-Syn proteins can interfere with the structures and/or 
functions of membrane-containing organelles including mitochondria, 
by interacting with lipid membranes and components of these organ-
elles, leading to dysfunction or even death of cells [44]. Considering the 
decreased levels of Cu2+ ions in the SNs of PD patients [24,25], we found 
that the protective role of Cu2+ on lipid membranes against α-Syn in LCP 
can provide further insight into our perception of the interplay between 
α-Syn, lipid membranes, and Cu2+ ions on the molecular pathogenesis of 
PD. 

3.1. Experimental procedures 

3.1.1. α-Syn expression and purification 
Wild type α-Syn expression was conducted in phage-resistant E.coli 

BL21(DE3) cells grown on LB-Agar supplemented with 100 μg/mL 
Ampicillin. After overnight incubation at 37 ◦C and 180 rpm shaking, a 
single colony was transferred to a flask of 100 ml LB medium containing 
100 μg/mL Ampicillin. After culture in an extended scale, isopropyl β-d- 
thiogalactopyranoside (IPTG) (1.0 mM) was added into the cell culture 
when the OD600 reached 1.04. After incubation for 4 h at 37 ◦C and 180 
rpm shaking, the cells were harvested by spinning down the cell culture 
for 20 min at 5000 rpm at 4 ◦C. The protein purification was performed 
following previously published protocols with modifications [16,49]. 
Briefly, after an osmotic shock, the periplasm proteins were collected 

and dialyzed against buffer A (20 mM Tris-HCl, pH 8.0) overnight fol-
lowed by Ion Exchange Chromatography (IEX) on a HiTrap Q-Sepharose 
Fast Flow column (GE Healthcare) and eluted with a 0-0.5 M NaCl 
gradient in buffer A. Fractions containing a large amount of α-Syn were 
collected and α-Syn was precipitated by adding the saturated ammo-
nium sulfate solution (~4.3 M at room temperature) stepwise to 50% 
saturation (1:1). The precipitated α-Syn was dissolved in 3.5 ml of 20 
mM Tris-HCl, pH 7.2 and subjected to size exclusion chromatography 
(SEC) on a GF Hiload Superdex 75 16/600 column (GE Healthcare), and 
eluted with 20 mM Tris-HCl, pH 7.2 as a running buffer. The fractions 
were checked by SDS-PAGE, and the fractions containing α-Syn were 
combined and stored at -80 ◦C. 

3.2. Sample preparation 

3.2.1. Lipid preparation 
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine sodium salt 

(POPS, 783.99 g/mol) and monoolein (MO, 356,54 g/mol) were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). POPS was dissolved in 
chloroform to a concentration of 100 mg/ml. Lipids used in sample 
preparation including MO, MO:POPS (99:1, 1% molar ratio), MO:POPS 
(95:5, 5% molar ratio), and MO:POPS (90:10, 10% molar ratio) were 
dried completely with nitrogen gas before usage. 

3.2.2. Metal solution preparation 
CuCl2 and ZnCl2 solutions were prepared by dissolving the CuCl2 and 

ZnCl2 powder into 20 mM Tris-HCl buffer, pH 7.2, to final concentra-
tions of 25 μM and 125 μM, mixed completely and stored at 4 ◦C. 

3.2.3. Preparation of Small-Angle X-ray Synchrotron (SAXS) samples 
The samples in this study include: 1) MO, MO + 1% POPS (w/w), 

MO + 5% POPS, and MO + 10% POPS; 2) MO + 5% POPS +34 μM 

Fig. 5. Illustration of how Cu2+ ions 
modulate the communication between 
α-Syn and lipid membranes. The pres-
ence of lipids induces the secondary 
structure transition of α-Syn from 
random coil to α-helix, leading to the 
oligomer formation directly on the 
surface of lipid membranes causing 
subsequent damage to lipid mem-
branes (shown as lipid in light grey). 
Free α-Syn monomers coexist with 
membrane-bound forms. Cu2+ ions 
may interact with α-Syn monomers 
more noticeably in the N-terminus in 
the absence of lipid membranes in 
buffer, leading to the oligomer forma-
tion in aqueous solution, followed by a 
decrease of oligomer formation on the 
lipid membranes. In addition, the 
membrane-bound form of α-Syn may 
adopt an extended α-helical structure 
and Cu2+ may in this conformation 
interact with membrane-bound α-Syn 
within the C-terminus to a higher 
extent compared to in an aqueous 
solution.   
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α-Syn; 3) MO + 5% POPS +34 μM α-Syn + Metal ions (CuCl2 and ZnCl2, 
17 μM and 83 μM), mixed with 4 μl of control buffer (20 mM Tris-HCl, 
pH 7.2). The lipidic cubic phases were prepared by referring to the 
published method [50]. Briefly, molten (42 ◦C for about 20 min) lipids 
including MO and MO + POPS were loaded into a pre-warmed 50 μL 
Hamilton gas-tight syringe with a removable needle and Teflon ferrule 
(Hamilton, cat. no. 81030), and the buffers (20 mM Tris-HCl, pH 7.2, 
alone or α-Syn) were loaded into another one and the two syringes were 
tightly connected with a coupler, and then the lipids: (protein-laden) 
buffers (3:2, volume ratio) were mixed with this coupled-syringe mixing 
device [51] gently until the mixture became transparent. The samples 
for diffraction were prepared by taking advantage of the in meso in situ 
serial crystallography (IMISX) [52]. The prepared lipidic cubic phases 
were then dispersed manually into the wells of the plate at 20 ◦C fol-
lowed by the addition of 4 μL of 20 mM Tris-HCl buffer, pH 7.2, with or 
without metal ions. The wells were then sealed by overlaying the Mylar 
film stuck on the glass cover plate and rolling gently the double- 
sandwich plate with a brayer, in this way, the plate was housed in the 
glass plate. The samples were prepared about 5 h before the diffraction 
and left at room temperature. 

3.3. SAXS data collection 

Immediately before the diffraction, the plate was separated from the 
glass bases, cut into sections (1*4 wells) and bonded onto the sample 
holder with the double-stick stape. Diffraction data collection was per-
formed by referring to the published method [52] at room temperature 
(20 ◦C) with 10*20 μm2 X-ray beam size at 12.4 keV (1.0332 Å) on 
beamline PXII (X10SA, the Swiss Light Source, Villigen, Switzerland). 
The diffraction was carried out using an EIGER2 16 M detector with a 
sample-to-detector distance of 1200 mm and a sample-to-beamstop 
distance of 80 mm. Data corresponding to 2*50 grids was collected 
with a beam transmission of 100% and an exposure time of 0.2 s. In 
addition, as controls, the Mylar film alone and Mylar film+buffer were 
diffracted as well. 

The control samples including MO and MO supplemented with Cu2+

ions were prepared with cyclic olefin copolymer (COC) film, aiming to 
check the influence of Cu2+ ions on the phase behavior of LCP. The data 
collection of control samples was performed at beamline PXI (X06SA, 
the Swiss Light Source, Villigen, Switzerland), and the results are shown 
in Fig.S1. 

3.4. SAXS data analysis 

The data were analyzed with the Albula software (DECTRIS, 
Switzerland) and then exported and saved as an Excel file, obtaining the 
intensity (I) vs scattering angle (2θ), with around 15 repeats for each 
sample. The obtained intensities of each sample were averaged and the 
average background value was subtracted from each average intensity. 
The scattering angles were converted into radians. The d spaces and 
resolutions (q) of each sample were then calculated by using the Bragg's 
law 

2dsinθ = nλ  

where d = interplanar distance, θ = scattering angle, n = positive 
integer, λ = wavelength of the incident wave. The intensity vs scattering 
angle was plotted with the software Origin (Version 2018, OriginLab, 
USA). 

3.5. Liposome preparation 

10 mg/mL DOPG (1,2-Dioleoyl-sn-glycero-3-phospho-rac-(1-glyc-
erol)) was dried with Argon gas, followed by vacuum drying overnight. 
The dried DOPG was sonicated and then dissolved in 25 mM potassium 
phosphate buffer, pH 7.4, obtaining DOPG liposomes at a concentration 

of 10 mg/mL. 

3.6. Circular dichroism (CD) spectroscopy 

For the CD spectroscopy measurements, the samples were prepared 
by titrating metal ions into 5 μM α-Syn to final concentrations of 0, 5, 25, 
75, 150, and 300 μM and by titrating DOPG liposomes onto 5 μM α-Syn 
with or without 300 μM metal ions (Cu2+ and Zn2+) in 25 mM potassium 
phosphate buffer, pH 7.4. The CD spectra were recorded in the far-UV 
region from 190 to 260 nm with a Chirascan plus CD spectrometer 
(Applied Photophysics Limited, U.K.). The samples were measured in a 
quartz cuvette with a path length of 10 mm at 37 ◦C immediately after 
stirring using a pipette, with a step size of 1.0 nm, a bandwidth of 1.0 
nm, and a time per point of 0.5 s. The spectra were recorded immedi-
ately after the preparation of 5 μM α-Syn solution, the addition of metal 
ions, and the titration of DOPG liposomes (final concentrations of 0, 5, 
10, 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, and 220 μM). The 
curves were smoothed with a function of 10 points and replotted with 
the software Origin (Version 2018, OriginLab, USA). 

3.7. In-cell nuclear magnetic resonance (NMR) 

In-cell NMR measurements of α-Syn proteins were prepared as 
described previously [53]. A single colony (E. coli (BL21 (DE3) pLysS 
cells) with the α-Syn plasmid was cultured overnight in 15 ml LB me-
dium. The overnight supernatant was discarded after the centrifugation 
at 3000 rpm for 15 min and the cell pellet was resuspended and grown in 
250 ml M9 minimal medium [54] containing 100 μg/ml of 15NH4Cl 
(Sigma) in a shaker at 180 rpm, 37 ◦C. Until OD600 reached 0.8, cell 
cultures were induced with 1 mM IPTG for 4 h and then centrifuged for 
20 min at 4 ◦C, 3000 rpm. The pellet was resuspended by 1.5 ml su-
pernatant for the in-cell NMR measurement. A sample of the resuspended 
cells: 2H2O at 90:10 (v/v ratio) was prepared to acquire the in-cell 
spectrum. The concentration of 15N-labelled α-Syn was estimated by 
comparison to a known 15N-labelled α-Syn concentration by comparing 
the amide signal intensities in 1H–15N-HSQC spectra. 1H–15N-HSQC 
spectra were recorded on a 700 MHz NMR spectrometer (Bruker AVIII 
700) equipped with a cryogenic probe 1H/13C/15 N TCI cryoprobe 
(AV700). The spectra were recorded at 6 ◦C. The assignment used for the 
1H–15N-HSQC spectra has been published previously by other groups 
[55]. The software Topspin v.4.0.7 was used to analyze the data. 

CRediT authorship contribution statement 

Hongzhi Wang: Investigation, Methodology, Writing - original 
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