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ABSTRACT  

 α-synuclein is involved in both familial and sporadic Parkinson’s disease. Although its interaction with 

mitochondria has been well documented several aspects remains unknown or under debate; such as the 

specific sub-mitochondrial localization of α-synuclein or the dynamics of the interaction. It has been 

suggested that α-synuclein could only interact with ER-associated mitochondria. Variety of model systems 

and experimental conditions makes difficult to compare results and extract definitive conclusions. Here we 

tackle these issues and analyze this interaction in a simplified model system consisting of purified α-

synuclein and isolated rat brain mitochondria. This work shows that wild type α-synuclein interacts with 

isolated mitochondria without the need of any other cellular component and it is able to translocate into 

mitochondrial matrix. We present as well that this interaction and the irreversibility of the α-synuclein 

translocation depend on the time of incubation and α-synuclein concentration. FRET experiments show that 

α-synuclein localizes close to components of the TOM complex what it would be compatible with a passive 

transport of α-synuclein through the outer membrane. In addition, we describe how α-synuclein binding 

alters mitochondrial function at the level of Complex I what correlates with a decrease in ATP synthesis and 

an increase of ROS production. 

 

 

 

Keywords: α-synuclein; mitochondria; Parkinson´s disease; mitochondrial metabolism 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

 

INTRODUCTION 

 Parkinson disease (PD) is the second-most common neurodegenerative disorder that affects 2–3% of 

the population ≥65 years of age. Clinically, PD is characterized by severe motor symptoms such as 

uncontrollable resting tremor, muscular rigidity, impaired postural reflexes and bradykinesia. It involves the 

relatively selective degeneration of dopaminergic neurons in the Substantia Nigra Pars Compacta (SNpc) [1–

4]. This degeneration is accompanied by the presence, in the surviving neurons and other regions of the 

central nervous system (CNS), of cytoplasmic and neuritic inclusions known as Lewy bodies (LB) and Lewy 

neurite (LN) respectively [5]. These inclusions constitute one of the more relevant neuropathological 

hallmarks of PD.  

The major component of LB and LN is α-synuclein (αSyn) fibrils, a final stage in αSyn aggregation. αSyn 

is a very conserved, small acidic protein with a molecular weight of approximately 14 kDa that is 

concentrated primarily in presynaptic axon terminals in CNS [6]. αSyn is a three domains protein, namely N-

terminal lipid-binding α-helix, amyloid-binding central domain (NAC), and C-terminal acidic tail. αSyn can be 

present as an α-helix structure in association with phospholipids binding plasma or organelle membranes, or, 

in an unfolded conformation, in the cytoplasm as well as in different aggregation states. All this suggested 

that it plays specific roles in different cellular locations based on its dynamic structure. This variety of roles 

parallels with a range of cellular localizations and organelle interactions. The physiological functions of αSyn 

remain to be fully defined. Among these potential functions it has been implicated in vesicle dynamics, 

dopamine metabolism, suppression of apoptosis, regulation of glucose levels, modulation of calmodulin 

activity and regulation of DNA methylation [5,6].  

αSyn is involved in PD as well as in various neurodegenerative diseases, such as dementia with Lewy 

bodies (DLB) or multiple system atrophy (MSA), known collectively as synucleinopathies [7]. 
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PD is essentially a sporadic disease although some familial cases have been described [1,5,6]. Mutations, 

duplication or triplication of SNCA (αSyn coding gene) produce rare autosomal dominant forms of PD [8–12]. 

In other familial forms of PD, such as autosomal recessive juvenile parkinsonism, genes coding proteins 

involved in mitochondrial function including parkin (PARK2), pink1 (PARK6) and DJ-1 (PARK7) have been 

identified [13–16]. These genes have varied roles within the mitochondria, including targeting mitochondria 

to autophagy, protecting against oxidative stress, and reactive oxygen species (ROS) scavenging. There is also 

considerable evidence that both αSyn and mitochondria play central roles in idiopathic PD [2,3]. LB and LN 

are present in virtually all sporadic PD patients. In early stages of PD there is decreased expression of PGC1α 

and PGC1α-regulated genes that encode subunits of the electron transport chain and mitochondrial 

biogenesis [17]. In PD, there are also selective impairments in mitochondrial activity in the SNpc. These 

neurons are also particularly sensitive to mitochondrial toxins that causes a Parkinsonian phenotype (MPTP 

and rotenone) [3,18,19]. What is clear is that both αSyn and mitochondria are central to this disease process. 

Although interaction between αSyn and mitochondria have been previously reported [20–25], several 

aspects of this interaction have remained unknown or under debate. Some studies report that under basal 

conditions both endogenous and heterologously expressed αSyn is primarily cytosolic with no obvious 

enrichment on mitochondrial membranes [26–29]. Ultrastructural studies show that at least a fraction of 

αSyn associates with mitochondria, including dopaminergic neurons in humans and transgenic animals 

[20,22,21]. Although the reported subcellular localization of αSyn in mitochondria varies, αSyn can be found 

primarily in the mitochondrial outer membrane (MOM) [28,29,20,21] and at other times a substantial 

fraction appears on the mitochondrial inner membrane (MIM) [28,22,30]. In some cases, localization of αSyn 

on the MIM appears associated with higher expression levels of this protein. It is worth mentioning that 

mitochondria of PD patients brains (SNPc) show significant accumulation of αSyn [22]. Some authors 

suggested that αSyn can be present only in mitochondria-associated endoplasmic reticulum membranes 

(MAM) [31]. For quite some time, the lack of signal peptide and its predominant localization in the cytosol, 

αSyn was considered to affect mitochondria function through secondary effects.  
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It is hence not clear, although the interaction between αSyn and mitochondria is mostly accepted by 

the scientific community, whether αSyn just bind to mitochondria or if it is translocated into the 

mitochondrial matrix; besides this, the dynamic of this interaction remains poorly understood. On the other 

hand, although it is also mostly accepted that αSyn affects mitochondrial metabolism, especially Complex I 

[18,22,32], a detailed analysis of the effects is lacking. 

Here we present a simplified set-up to analyze the interaction of wild type αSyn with mitochondria, using 

recombinant purified αSyn and isolated mitochondria from rat brains [33,34]. 

 

RESULTS 

αSyn interacts with mitochondria 

As the goal of this work is to characterize the interaction of wild type αSyn with mitochondria, we chose a 

simplified set-up composed of just recombinant purified αSyn and isolated mitochondria to test if they can 

interact without the need of any other cellular component. After checking purity of αSyn (Fig. S1) and 

mitochondrial functionality, we were able to confirm that αSyn in those conditions is able to interact with 

isolated mitochondria (Fig. 1). As it can be seen in figure 1, maleimide-Atto550 labelled αSyn (A550- αSyn) 

localizes with mitochondria after 30 minutes of incubation. This co-localization can be observed using both 

1µM and 10µM of αSyn and isolated mitochondria from rat brain (Fig.1A). Remarkably, at least 80 % (for 

1µM αSyn after 30 minutes incubation) of the signal corresponding to mitochondria appeared associated to 

αSyn signal; this percentage increase with higher concentration of αSyn and incubation time, suggesting that 

this protein has an intrinsic capacity to interact with this organelle. 

We could also show this association of αSyn signal with mitochondria using transmitted electron microscopy 

(TEM) employing an anti-αSyn primary antibody and a gold-conjugated secondary antibody to detect the 

protein in electron microscopy experiments (Fig. 1B); thus, validating the initial set up as a good tool to 

analyze the interaction of αSyn with mitochondria. TEM experiments were done as well at lower αSyn 
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concentration (1, 10 µM) but no αSyn signal survived the technique at those concentration in a consistent 

and reproducible manner. 

 

αSyn translocates into mitochondria 

To further analyze the interaction between αSyn and mitochondria, microscopy images were subject to 

deconvolution and used for 3D reconstruction to get higher spatial resolution of the different signals. This 

allowed us to assess the sub-mitochondrial localization of αSyn. As it can be seen in figure 2 (Fig. 2A) in some 

cases we were able to detect αSyn signal on the periphery of mitochondria outer membrane (MOM). In 

other cases, αSyn signal was as well on the mitochondria internal membrane (MIM), or mitochondrial matrix 

(Mx) suggesting that at least a fraction of αSyn was internalized. It is worth noticing that we could detect 

some αSyn signal associated to internal space of the mitochondria in electron microscopy experiments (Fig. 

1B). 

We then performed a sub-mitochondrial fractionation followed by Western blot using anti-αSyn to 

corroborate the microscopy results. We also used antibodies to detect VDAC, Complex I and manganese 

superoxide dismutase (MnSOD) that correspond to MOM, MIM and Mx fractions respectively. We incubated 

isolated mitochondria with different concentrations of αSyn (0 µM, 10 µM and 50 µM) at 37 ºC for 30 

minutes. 

At time 0, αSyn is detected on the washes steps of fractionation procedure (data not shown); after 30 

minutes of incubation it can be detected in the mitochondrial intermembrane space (MIS) and MIM in 10µM 

of αSyn and also in the Mx when 50µM of αSyn was used (Fig. 2B). Interestingly, when we performed sub-

mitochondrial fractionation experiments without addition of recombinant purified αSyn and exposed 

Western blot membrane for longer period of time, we could detect endogenous αSyn signal on MOM, MIS 

and MIM (Fig 2B top panel, Fig. S2). This fractionation experiments together with microscopy results 

strongly suggest that αSyn can be internalized in the mitochondrion. 
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Distance between TOM20 and αSyn is compatible with αSyn internalization through TOM complex. 

The fact that αSyn is able to translocate into mitochondria raises the question of how this protein travel 

through the mitochondrial membrane; Devi and collaborators presented some compelling evidences that 

this is an energy requiring transport system and that translocase of the outer membrane (TOM) complex 

component, TOM40 is involved [22]. To provide more evidence along that line we performed FRET 

experiments (see materials and methods and Fig. 3) using αSyn-A550 as donor of FRET and TOM20-Alexa647 

as acceptor. We could detect a strong FRET signal of TOM20 only when A550-labelled αSyn is added and this 

signal can be quenched using not labelled αSyn (Fig. 3 bottom). This evidenced that αSyn and TOM complex 

locates at a sufficient close distance; this is compatible with the TOM complex is acting as a transport system 

for αSyn (Fig. 3) although it could also be related as well to some of the αSyn effects observed in 

mitochondrial metabolism [25]. 

 

 

αSyn internalization by mitochondria is irreversible at high concentration 

Since we could detect αSyn internalization we wonder if we could study the dynamic of this internalization 

and the factors controlling it. To do that, we incubated mitochondria with αSyn and let the mixture to 

adhere to coverslips; we then washed with either buffer or with αSyn, prior fixation, to see how this affect 

the localization of αSyn. We then analyzed by fluorescence microscopy the distribution of αSyn. We used 

two different concentrations of αSyn (1µM and 10 µM) in MSHE buffer (Fig. 4A). 

We first classified all the mitochondria into 4 categories regarding the specific localization of αSyn 

signal: 1) free of αSyn signal, 2) with αSyn signal associated to MOM, 3) with αSyn signal associated to MOM 

and internalized, 4) with all αSyn signal internalized (Fig. 4B). 
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We use this classification to determine the proportion of each class of mitochondrion detected at each 

condition and time-point and to analyze the dynamic of αSyn-mitochondria interaction. As it can be seen, 

when using αSyn 1µM solution, time-point 0 shows a situation where all 4 categories of mitochondria are 

represented (Fig. 4C left panel). The washes of these mitochondria with buffer (Fig. 4C bottom left panel) 

for up to 30 minutes leads to increase of mitochondria free of αSyn signal (class 1) at the expense of the 

others. On the other hand, if the washes contain 1µM αSyn, what constitute an extension of αSyn-

mitochondria incubation period, then we still detect all 4 classes and we find and increase in the outer 

membrane and internalized category (class 3). This suggests that, at this concentration in this time scale, the 

interaction of αSyn with mitochondria is reversible, it may lead to αSyn internalization but it can be wash 

away. 

We then replicate the experiment using a 10 times higher concentration of αSyn (10µM) during the 

same incubation and washes period. As it can be seen (Fig.4C right panel) the main difference with previous 

conditions is that, at this αSyn concentration, virtually all mitochondria present some αSyn signal. Category 1 

is almost not existing and more than 90% of mitochondria falls in categories 3 or 4. The other main 

difference with previous set-up is that at this concentration washing with buffer could not revert this 

situation and αSyn could not be washed away from mitochondria. This suggests that although in both 

situation αSyn can be internalized, at high αSyn concentration there are some other effects that prevent 

αSyn to travel back, out of the mitochondria. 

 

αSyn affects mitochondrial metabolism 

αSyn induces dissipation of mitochondrial membrane potential  

As we mentioned above, it has been reported that αSyn affects mitochondrial metabolism what correlates 

with the impaired mitochondrial activity described in PD patient neurons. We again wanted to test if αSyn 

was sufficient to cause that effect on mitochondrial metabolism or if the participation of other cellular 
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components or processes were needed. In a first approach, we incubated mitochondria with two different 

concentrations of labelled αSyn and then revealed the mitochondria with MitoTracker Deep Red 633 whose 

signal depends on mitochondrial membrane potential (Δφm)[35]. We observed that MitoTracker signal was 

stronger in mitochondria incubated in the absence of αSyn compare with mitochondria incubated with αSyn; 

the effect was more evident at 10µM of αSyn (Fig. 5). 

 

αSyn decreases maximum respiratory level without uncoupling electron transfer chain 

Once we found out that αSyn could affect mitochondrial membrane potential by itself, we decided to 

characterize how mitochondria metabolism is affected by αSyn. First, we used a Clark type oxygen electrode 

to visualize global performance of the electron transport chain and to describe the process calculating the 

oxygen consumption rate of the different states. We determined, in every condition, the basal respiratory 

rate (state-4), the maximum respiratory rate (state-3) and the ratio of both, known as respiratory control 

ratio (RCR)[36]. RCR reflects the capacity of mitochondria to respond to changes in the energy demands of 

the cell. Results are summarized in figure 6. Oligomycin was added to return to state-4 indicating a proper 

coupling of the electron transfer chain. 

As it can be seen, incubation with αSyn leads to a decrease of state-3 respiratory rate that is statistically 

significant when using 100µM of αSyn. Although no statistically significant differences were found at state-4, 

the effect on state-3 rate caused a decrease in RCR when mitochondria were incubated with αSyn. These 

results showed that incubation with 10 µM of αSyn leads to a decrease of mitochondrial complex I activity 

without assistant of any other cellular component. However, this effect is not due to an uncoupling of the 

electron transport chain. The performance of mitochondria incubated with 100µM of αSyn was severely 

compromised. We were able to confirm these results using a high-resolution respirometer (Fig. S3). 

 

αSyn decreases ATP production and increases ROS production 
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The detected αSyn-induced impairment of the mitochondrial metabolism should be reflected in the ATP-

production capacity of the mitochondria. Hence, when we measured ATP production we were able to 

corroborate that incubation with αSyn produced a decrease in the ATP level (Fig. 7A). Superoxide (O2
·-
) is 

generated as by product of respiratory electron transfer chain; approximately the reduction of 1-3% of all O2 

consumed is incomplete in normal conditions, leading to the formation of O2
·- 

and hydrogen peroxide (H2O2). 

Under normal circumstances, superoxide dismutase (SOD), is able to maintain the O2
·-
 concentration at a 

minimum level. Under oxidative stress, as in the case of PD, a dysfunctional mitochondrial metabolism ends 

up with an increase of reactive oxygen species (ROS). O2
·- 

and other ROS have been implicated PD 

symptomatology and disease progression. Thus, we evaluated if αSyn incubation alters ROS level in our 

experimental conditions using MitoSOX Red. This compound allows to detect superoxide anion (when 

excited at 400 nm) or a variety of ROS including superoxide anion (when excited at 510nm) [37].  

Figure 6B shows that incubation with 10 µM of αSyn produces an increase of both O2
·-
 (22.8 ± 0.52 %) 

and general ROS (17.5 ± 0.49 %) levels; since the level of increase, shown by MitoSOX Red, was very similar 

at both excitation wavelengths it suggests that in these conditions αSyn mainly induces superoxide 

production. Interestingly, mitochondria incubated with higher αSyn concentration (100 µM) did not show 

differences with mitochondria control; this could be due to the ROS inter-conversion into other chemical 

species not detectable by the method or be related to the apparent impairment of mitochondrial 

metabolism under these conditions (Fig. S3), although the addition of H2O2, as positive control, led to an 

increase of both O2
·-
 and general ROS in mitochondria incubated with 100 µM αSyn (data not shown). 

 

DISCUSSION 

Alpha-synuclein, a protein involved in the PD as well as in other degenerative diseases, has been subject 

of numerous studies. Those have led to a huge amount of data about its cellular localizations, interactions 

and behavior in the cell context, both in healthy and affected tissues [1,5,6,38,39]. PD is a multifactorial and 
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complex neurodegenerative disease and likely rich in pleiotropic effects what makes difficult to assign direct 

roles to the underlying molecular machinery or to assess the contribution of the different actors. As it was 

described in the Introduction section, the physical interaction of αSyn and mitochondria although is now 

extensively accepted there are several aspects of this interaction that remains under scrutiny; such as 

weather αSyn interacts on its own, in its natural conformation or if only high molecular weight aggregated 

forms do [26–29]; and weather the αSyn remains associated to MOM (mitochondrial outer membrane) 

[20,21,28,29] or it is internalized [22,28,30]. It is also unknown any detail about the reversibility of the 

interaction. It is not clear if interaction causes mitochondrial dysfunction or if mitochondrial dysfunction 

causes αSyn aggregation and those forms are able to physically interact with mitochondria. 

 In this work, we decided to use a simplified set-up, using recombinant purified αSyn and rat brain 

isolated mitochondria, to address a series of questions regarding the interaction between them. This set-up 

allowed us to assess what characteristics of this interaction can be recapitulated without the participation of 

other cellular components or processes; although we cannot rule out small contamination of our sample 

with other component (< 3% of cytosolic fraction), taking into account that in worst case scenario (1µM 

αSyn) more than 80% mitochondria are able to interact with αSyn it is very unlikely that this interaction 

depends on a non-mitochondrial component; hence although MAM (mitochondria-associated endoplasmic 

reticulum membranes) will probably have a role in αSyn function it is unlikely that αSyn only associate with 

MAM pool of mitochondria [31]. We confirmed that αSyn and mitochondria interact both by fluorescent and 

electron microscopy analysis (Fig. 1). Using this simplified set-up, we have shown that the aforementioned 

interaction allows αSyn to translocate into mitochondria and be internalize, by detecting αSyn signal inside 

mitochondria in fluorescence microscopy experiments (Fig.2A, Fig. 4) and by fractionation of mitochondria 

(Fig. 2B, Fig S2). In this context, we wonder if αSyn could be using TOM complex to be internalized. To 

evaluate this, we performed a FRET experiment using αSyn and TOM20 component. We found that distance 

between TOM complex and αSyn is compatible with that possibility (<10 nm for positive FRET) as it has been 

recently reported in detail by Di Maio and collaborators [25]. We took advantage of our simple set-up to 

study the reversibility of this translocation process; this appears as a dynamic process since αSyn can be 
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washed away. Between 90-80% of mitochondria present αSyn signal after incubation of mitochondria with 

αSyn (1µM); we can detect αSyn signal in all mitochondrial compartments (Fig. 4). If we then wash 

mitochondria with buffer, more than 50% of mitochondria lose αSyn signal reflecting that in this condition, 

αSyn can interact with the different transport machinery, and travelling back and forth. It is interesting to 

note that although αSyn signal seems to be lost from every compartment, this wash-out effect is clearly 

more evident in the pool of αSyn present at MOM (categories 2, 3), and less pronounced in the pool of fully 

internalized αSyn (category 4). This suggest that at mitochondrial matrix αSyn is somehow modified what 

impairs αSyn retrograde transport. This could be due to conformational and/or polymerization status 

changes affecting the interaction of αSyn with transport machinery [25].  

This is in agreement with a proposed model, with a feedback loop, where αSyn affects mitochondrial 

metabolism leading to αSyn modification that trap in inside mitochondria increasing αSyn effects on 

mitochondrial metabolism. We have been able to show that αSyn induces an increase in ROS production 

(Fig. 7B); this, in turn, would favor αSyn aggregation that leads to αSyn getting stuck inside mitochondria 

[30,40]. It is worth noting that we could detect high molecular weight forms of αSyn in the inner spaces of 

mitochondria using sub-mitochondrial fractionation (Fig. 2B). On other hand, the translocation can become 

irreversible if mitochondria are incubated with high concentration αSyn solutions (Fig. 4C). It has been 

reported that overexpression of αSyn leads to oligomerization, and that αSyn levels are increase in PD 

patients [1,41]. 

In this context if the aggregate form get trap inside mitochondria, affecting mitochondrial metabolism, 

mutations or post-translational modifications that favor αSyn aggregation [6,41,42] would contribute to the 

onset of PD. 

More experiments are needed to test this idea, unfortunately the conformation sensitive antibodies tried did 

not work (data not shown). 
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Other possibility, a not mutually exclusive mechanism, could be that αSyn damages mitochondrial 

metabolism to an extent that block the outbound traffic of αSyn. As it has been extensively reported, most 

of the αSyn-induced damage we observed seems to be at the mitochondrial complex I level [1,32,43]; the 

electron transport chain remains coupled after αSyn incubation, despite that it causes a reduction of ATP 

yield and an increase in ROS production (Fig. 7). It is easy to imagine a situation where the reduction of ATP 

affects the outbound traffic machinery and impairs αSyn transport; it could also be speculated that since ROS 

can alter the αSyn oligomerization/aggregation status, those changes prevent αSyn interaction with the 

transport machinery; Di Maio and collaborators [25] have reported that αSyn interaction with TOM complex 

leads to blockage of mitochondrial transport, not only of αSyn but other mitochondrial proteins, what leads 

to mitochondrial dysfunction.  

All of these mechanisms are not mutually exclusive and could contribute to the irreversibility of αSyn 

mitochondrial translocation. However, more experiments would be necessary to assess the putative 

contribution of each one. As mentioned above, we evaluated the effect of αSyn incubation in mitochondrial 

metabolism. We could observe, in our simplified set-up, that αSyn alters mitochondrial metabolism, 

primarily at Complex I level, as it has been previously reported; we proved that electron transfer chain seems 

to work properly, in the presence of 10 µM αSyn, if we activate it from Complex II adding succinate (Fig.S3); 

this suggest that the effect at the Complex I level reported is caused directly by αSyn without the 

participation of another cellular component. While we could detect some effect on mitochondrial 

membrane potential levels at 1µM αSyn using MitoTracker Deep Red 633, no consistent changes in oxygen 

consumption was detected at this concentration (data not shown); however, those effects were seen when 

αSyn concentration was increased (10 µM and 100 µM). This is in agreement with the idea of αSyn-induced 

dose dependence effects that has been suggested for some patients such as the PD familial form with gene 

duplication or triplication[44] ; it is worth noticing, as mentioned above, that at those are the concentrations 

of αSyn that make translocation irreversible (Fig. 4). 
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In summary, we have been able to establish that αSyn can proceed to interact with and translocate into 

mitochondria without any assistance from other cellular components. We determined that this translocation 

can become irreversible, and that in these conditions it recapitulates the reported negative effects on 

mitochondrial metabolism. It is also worth mentioning that under these in vitro conditions, large 

concentrations of wild-type αSyn are capable of damaging normal functioning of mitochondria as PD-related 

mutant forms do. 

 

MATERIALS AND METHODS 

Isolation of mitochondria from rat brain 

Adults Wistar male rats of 220-250 g were used in all cases (Bioterio Central, Facultad de Ciencias Exactas y 

Naturales, Universidad de Buenos Aires). Brain mitochondria isolation was performed according Boveris and 

Cassina methods [36,45]. Animals were euthanized with CO2 and brains were removed immediately, minced 

in small fragments and washed extensively with cold homogenized MSHE buffer (MSHE 1X: 0.225 M 

Mannitol, 0.07 M Sucrose, 1mM EGTA and HEPES/KOH 0.6 %, pH 7.4) until they were free of blood. After, 

brain tissue was completely disrupted using an Elvehjem potter homogenizer (1600 rpm) with a proportion 

buffer: tissue of 9 ml:1 g. The homogenate was centrifuged at 700 g, 10 minutes at 4 ºC to eliminate large 

pieces of tissue and mitochondria were isolated from the supernatant by centrifugation at 8,000 g, 10 

minutes at 4ºC. Mitochondrial pellets were resuspended in a minimal volume and kept under ice until used. 

This suspension consisted of mitochondria able to carry out oxidative phosphorylation. Purity of isolated 

mitochondria was assessed by determining lactate dehydrogenase activity; only mitochondria with less than 

3% of cytosolic lactate dehydrogenase activity were used. This study was carried out in accordance with the 

recommendations of Comité Institucional para el Cuidado y Uso de Animales de Laboratorio, CICUAL, 

Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires. All procedures were performed post-

mortem, and all efforts were made to minimize animal suffering. 
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Expression and purification of α-synuclein 

αSyn wild type was expressed in Escherichia Coli BL21 using plasmid pT7-7 encoding for protein. Following 

transformation, BL21 competent cells were grown in LB medium with ampicillin (100 mg/ml). Cells were 

induced with isopropyl-β-D-thiogalactopyranoside, IPTG (Sigma-Aldrich, Saint Louis, MO, USA); cultured at 

37 ºC for 4 hours and harvested by centrifugation in a Beckman Avanti J25 centrifuge with a JA-20 rotor at 

3,000 g (Beckman Coulter, UK). The cell pellet was resuspended in 10 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 

mM PMSF and lysed by multiple freeze–thaw cycles and sonication. The cell suspension was boiled for 20 

minutes and centrifuged at 17,400 g, 30 minutes with a JA-20 rotor. Streptomycin sulfate was added to the 

supernatant to a final concentration of 10 mg/ml and the mixture was stirred for 15 minutes at 4ºC. After 

centrifugation at 17,400 g, 30 minutes, the supernatant was collected and ammonium sulfate (Sigma-Aldrich, 

Saint Louis, MO, USA) was added at a final concentration of 0.36 g/ml. The solution was stirred for 30 

minutes at 4ºC and centrifuged again at 17,400 g. Pellet was resuspended in 25 mM Tris-HCl (pH 7.7) and 

loaded onto anion exchanger POROS HQ/M-column 4.6/100 (GE Healthcare Life Sciences). αSyn was eluted 

at NaCl 300 mM with a salt gradient since 0 to 600 mM of NaCl. The pure αSyn was dialyzed overnight 

against the appropriate buffer. Protein concentration was calculated from the absorbance at λ=275 nm, 

ɛ=5,600 M
-1

 cm
-1

 [33,34].  

α-synuclein labelling 

The mutant αSyn-A90C was used to label the protein with fluorescent and nanogold probes. Since αSyn lacks 

cysteine in its sequence, the introduction of this amino acid allowed to perform single molecule labelling 

with the following maleimide conjugated molecules: maleimide-ATTO550 (ATTO-TEC GmbH, Siegen, 

Germany), maleimide-ATTO647N (ATTO-TEC GmbH, Siegen, Germany), and nanogold-maleimide (1.4 nm 

particle size, Nanoprobes, NY, USA). Staining protocol was similar in each case. Purified αSyn-A90C was 

incubated with a 3X excess of maleimide conjugated probes over night at 4 °C and for 1 hour at room 

temperature. All the incubations were done in the presence of 1 mM of Tris (2-carboxyethyl) phosphine 

hydrochloride, TCEP (Quanta Biodesign, product No. 10014) in order to maintain the sulfhydryl groups in the 
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reduced form. Unreacted probes were separated using G25-Sephadex columns. The ratio of labelled versus 

unlabeled protein was calculated spectrophotometrically.   

α-synuclein incubation with isolated mitochondria assay. 

Purified and ultracentrifuged αSyn (to avoid possible protein aggregates) was diluted in phosphate buffer 25 

mM (stock solution K2HPO4 1M and KH2PO4 1M, pH 7.4, phosphate buffer 0.1M) at final 300 µM 

concentration. This solution was used at final concentration of 1, 10 and 100 µM in presence of an aliquot of 

fresh isolated brain mitochondria (350-400 µg of mitochondrial proteins) in isotonic buffer MSHE. 

Mitochondria and αSyn were incubated at 37 ºC, 30 minutes, 1,000 r.p.m. shaking (Thermomixer Comfort 

Eppendorf, Hamburg, Germany), protocol modified from Banerjee, 2010 [46]. In all conditions, phosphate 

buffer was added to compensate the dilution of MSHE at the highest concentrations of αSyn. 

Analysis of dynamic of αSyn internalization by mitochondria.  

In internalization experiments, we incubated mitochondria with αSyn for 30 minutes, let the mixture to 

adhere to the coverslips for 20 minutes and washed prior fixation. Then, we carried out the fluorescence 

microscopy analysis. We used two different concentrations of αSyn (1µM and 10 µM), and washed either 

with the same αSyn solution or just with buffer for 0, 10, 15 and 30 minutes. Samples were processed for 

fluorescence microscopy as describe below and mitochondria from each condition were sorted into 4 classes 

depending on the relation between TOM20 and αSyn signals; CLASS 1- Free of αSyn, if only TOM20 and no 

αSyn signal was detected; CLASS 2- αSyn in MOM, if most of the αSyn signal overlapped with TOM20 and 

very little or none αSyn signal was in the inner region; CLASS 3- αSyn in MOM and Internalized, if αSyn 

signal was more or less equally distributed in TOM20 area and the inner region; and CLASS 4- αSyn 

internalized, if all or most of αSyn signal was in the inner region and very little overlapped with TOM20 

signal. More than 500 mitochondria were analyzed for each condition. The assignment to each class was 

done in a blind set-up. Image files from each experimental condition were assigned to random numbers by 

one researcher (FF) and sent to another (JHM) for analysis (FIJI-Image J software) and sorting of 
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mitochondria into the 4 classes described. Data were then gathered and re-assigned to corresponding 

experimental condition to calculate the proportion of each class in every condition.  

Sub-mitochondrial fractionation 

Purified mitochondria were osmotically broken by diluting the mitochondrial pellet in four volumes of pure 

milliQ water for 5 minutes and centrifuged for 10 minutes at 12,000 g to give a supernatant containing 

mitochondrial outer membrane and the intermembrane space (SN1), and a mitoplast-containing pellet 

(inner membrane enclosing the matrix). Then, the mitoplasts fraction was sonicated twice at 40 W for 10 

seconds with a Cole-Parmer ultrasonic cleaner 8891. Subsequently, samples were centrifuged for 10 minutes 

at 8,000 g to precipitate unbroken mitochondria and we kept supernatant (SN2). Then both, SN2 and SN1, 

were centrifuged for 30 minutes at 100,000 g obtaining inner membrane (pellet) and matrix(supernatant) 

from SN2, and outer membrane (pellet) and intermembrane space (supernatant) from SN1[47]. 

Western blot analysis. SDS-PAGE  

After αSyn import assay and sub-mitochondrial fractionation, protein samples (15 µg/lane each) were run on 

sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (12 %) and then transferred onto a PVDF 

blotting membrane (#10600023 Amersham
TM

 Hybond
TM 

GE Healthcare) at 90 V for 2 hours. Blots were 

probed with a monoclonal antibody against αSyn (dilution 1:1000, #610786- BD Biosciences, New Jersey, 

USA). Membranes were incubated also, with antibodies that recognize different regions of mitochondrion to 

evaluate the efficiency of fractionation protocol. Outer membrane was probed with a polyclonal antibody 

against VDAC 1/2/3 (dilution 1:300, sc-98708 Santa Cruz, CA, USA), inter membrane space with a monoclonal 

antibody against Cytochrome C (dilution 1:500, sc-13156 Santa Cruz, CA, USA), inner membrane with a 

monoclonal antibody against Complex I (dilution 1:500, #438900 Invitrogen, Saint Louis. USA) and matrix was 

probed with a polyclonal antibody against MnSOD (dilution 1:1000, #06984 Millipore, CA, USA), every 

incubation overnight, 4 ºC. The following secondary antibodies were used at 1:1000 dilution: anti-IgG rabbit 

HRP sc-2030, and anti-IgG mouse HRP sc-2031 (Santa Cruz, CA, USA). Detection of immunoreactive proteins 
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was accomplished by chemiluminescent detection reagent ECL (Amersham ECL Prime Western Blotting 

Detection Reagent GE Healthcare RPN2232). 

Fluorescence Microscopy 

Sample preparation 

Fluorescence microscopy experiment were carried out on coated 12 mm coverslip; coating was performed 

employing poly-D-lysine (100 µg/mL, 30 minutes, 37 °C) and laminin (50 µg/mL, 2 hours, 37 °C) to ensure 

proper mitochondria adhesion. Samples were deposited onto coated coverslip and let to adhere for 20 

minutes. Then, they were fixed with paraformaldehyde 4 % in phosphate buffer PBS (137 mM NaCl, 2.7 mM 

KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) for 20 minutes. After several washes with PBS, a blocking solution (3 

% BSA in PBS) was added for 1 hour at room temperature before adding primary antibodies. After blocking, 

fluorescent secondary antibodies were added. To reveal mitochondria, anti-TOM20, (FL-145) (1:1000) sc-

11415 (Santa Cruz Biotechnology, CA, USA) was used as primary antibody and Alexa Fluor 647 anti- rabbit (A-

11036) (1:1000) (Molecular Probes, Invitrogen, OR, USA) as secondary antibody. When indicated, 

MitoTracker Deep Red 633 Nº M22426 (Molecular Probes), was used according to manufacturer 

specifications.   

Image acquisition and analysis 

For αSyn initial mitochondrial localization (Fig. 1A), sub-mitochondrial αSyn localization dynamic analysis 

(Fig. 4) and MitoTracker Deep Red 633 visualization (Fig. 5) we used confocal microscopy. Olympus FV1000 

confocal module coupled to Olympus IX81 inverted microscope, equipped with 5 diode lasers: 405, 488, 515, 

543 and 635 nm, was used for image acquisition with FluoView v. 1.7c. 

For high-resolution of αSyn-A550 and TOM20 signals images used in 3D reconstruction (Fig 2A) and FRET 

experiments an Olympus IX71 inverted fluorescence microscope equipped with Andor DU-885-K-CS0-#VP 

camera controlled with the Andor IQ software was used. Fluorescence deconvolution was performed using 
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Scientific Volume Imaging (Huygens Professional Software) starting with a 10 consecutives slices obtained 

from z-stacks taken at 100 nm intervals. 

Fluorescence resonance energy transfer (FRET) of αSyn and TOM20 mitochondrial component. 

FRET of αSyn to TOM20 was quantified by the Sensitized Emission of the Acceptor Method [48]. A550 

labelled αSyn was incubated with purified mitochondria in different concentrations: 1 µM, 10 µM and a 

mixture consisting of one part of labelled αSyn and 9 parts of unlabeled to a final concentration of 10 µM. 

After incubation, TOM20 was labelled by immunofluorescence using an Alexa-647 labelled secondary 

antibody. Images were acquired in an Olympus IX71 inverted fluorescence microscope with an Oil 60X/NA 

1.42 UPLAN SAPO objective. Filters used were FF01-531/40 and FF02-628/40 for excitation, FF01-593/40 and 

FF01-692/40 for emission, and a single dual dichroic mirror FF560/659-Di01 was used. All filters were from 

Semrock, Inc. Filters were mounted in excitation and emission filter wheels separated for the main frame of 

the microscope and the dual dichroic mirror was placed in the filter turret. This was done to avoid unwanted 

movement of the specimen or focal plane shifts due to filter changes on the turret. Images were acquired 

using an Andor DU-885-K-CS0-#VP controlled with the Andor IQ software, also used for changing the filters in 

the correspondent excitation or emission wheels. A set of 3 images per field were taken, Donor channel 

(FF01-531/40 - FF01-593/40), FRET channel (FF01-531/40 - FF01-692/40) and Acceptor channel (FF02-628/40 

- FF01-692/40). 

For image processing the imageJ-based platform FIJI software was used[49]. Background fluorescence was 

calculated as the average fluorescence in selected areas surrounding the mitochondria and subtracted to all 

images. Bleed-through between channels was determined in two set of control incubations: unlabeled 

mitochondria incubated with αSyn-A550 and TOM20 labelled mitochondria with no αSyn incubation. The 

calculated bleed-through contribution to the FRET channel images was subtracted obtaining the sensitized 

emission due to energy transfer. Later this sensitized emission image was normalized to the acceptor 

intensity to obtain the apparent energy transfer efficiency (AFE) image. 
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Transmission electron microscopy 

Isolated mitochondria from rat brain homogenates were incubated with purified αSyn wild type or with αSyn 

-A90C labelled with maleimide-nanogold, to a final concentration of 0, 1, 10 and 100 µM. Mitochondrial 

pellets of the incubations were fixed with a mixture of glutaraldehyde 0.05 % and paraformaldehyde 2 % in 

PBS for 60 minutes. After fixation samples were embedded in LR White resin and cut at 80 nm in an 

ultramicrotome (Sorvall MT2B) using Nickel grids for placing the sections. The grids with mitochondria 

incubated with αSyn-nanogold were treated with a silver enhancement kit (Sigma SE100) for 6 minutes in 

order to allow a detectable contrast of the nanogold particles in the TEM. For the αSyn wild type incubations 

grids were quenched for aldehyde excess with glycine 100 mM for 20 minutes, treated with proteinase-K 100 

µg/ml for 40 minutes for epitope retrieval [50]and blocked with BSA 3 % for 1 hour. Antibody against αSyn 

(BD Transduction Laboratories) were used in a 1/30 dilution and incubated over night at 4 °C and for 1 hour 

at room temperature (RT). The grids were observed in a TEM Philips EM 301 and photos were taken using 

60,000X or 70,000X magnification.  

Oxygen consumption by mitochondria using high-resolution respirometry 

Mitochondrial oxygen consumption determined by high-resolution respirometry (HRR) was carried out using 

highly sensitive oxigraph (Oxygraph-2 K; Oroboros Instruments GmbH, Innsbruck, Austria) with software 

(DatLab, version 4.2; Oroboros Instruments GmbH) that presents respiration in terms of oxygen flux (pmol 

O
2
/s/ml) [51]. Basal respiration was measured for 10 minutes prior to blocking of mitochondrial ATP 

synthase using 1 µg/ml oligomycin (Sigma- Aldrich, St. Louis, MO). We measure changes in oxygen 

consumption activating the electron transfer from Complex I (CI) with addition of 10 mM L-glutamate, 2 mM 

malate and 5 mM pyruvate (state-4); and from Complex II (CII) with addition of 10 mM succinate, after 

blocking CI with rotenone 0.5 µM. Maximal respiration was obtained by adding ADP (state-3). Oxygen 

consumption was also recorded after adding 2.5 µM antimycin A (Sigma-Aldrich). The use of antimycin A (a 

complex III inhibitor that disrupts the formation of proton gradient across the inner membrane) assisted in 

distinguishing mitochondrial from residual (non-electron transport chain-dependent) oxygen consumption 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

(state-4), as described previously [51]. A total of 2 ml of freshly prepared mitochondria (0.2 mg/mL) 

incubated for 30 minutes with 0, 10 or 100 µM αSyn, was evaluated in respiration medium (125 mM KCl, 5 

mM acid-free HEPES, 3 mM MgCl
2
, 2 mM KH

2
PO

4
, 0.5 mM EGTA, pH 7.4). The stirrer speed was set to 500 

rpm and temperature set at 30 °C.  

Oxygen uptake by mitochondria using a Clark-type electrode 

Mitochondrial oxygen consumption measurements were carried out using a Clark-type oxygen electrode 

(Oxytherm System, Hansatech Instruments Ltd, King's Lynn, Norfolk, England). Calibration, prior 

measurement, was done setting up as 100 % oxygen saturation the signal obtained with double-distilled 

water, we then added a concentrated solution of Na2S2O4 and signal was set up as 0 % oxygen saturation. 

Mitochondrial O2 consumption was measured in 1 mL reaction medium (0.23 M mannitol, 70 mM Sucrose, 

20 mM Tris-HCl, 1 mM EDTA, 4 mM MgCl2, 5 mM KH2PO4, pH 7.4) with 120 µg of mitochondrial suspension 

pre-incubated, for 30 minutes, with 0, 10 or 100 µM αSyn at 25 °C. A malate and glutamate solution (6 mM) 

was used as substrate. In these conditions, state-4 respiration rate was measured; subsequently, ADP (100 

µM) was added to establish state-3 respiration. Results were expressed as ng-at O per minutes.mg protein. 

Respiratory control ratio (RCR) was calculated as the ratio between state-3/state-4 respiration rates. 

Mitochondrial ATP production rate assay. 

This assay was carried out as described by Vanasco et al [52] with modifications. In summary, isolated 

mitochondria were used within 3 hours after preparation to ensure organelle functionality. This method is 

based in the chemiluminescent detection using the luciferin-luciferase reaction; the ATP content was 

measured in a reaction medium containing 120 mM KCl, 20 mM Tris–HCl, 1.6 mM EDTA, 0.08 % BSA, 8 mM 

K2HPO4/KH2PO4, 0.08 mM MgCl2, pH 7.4, 40 μM luciferin, 1 μg/ml luciferase and 30–50 μg of brain freshly 

prepared mitochondria at 30 °C. To determine the ATP production rate, 6 mM malate, 6 mM glutamate, 0.1 

mM ADP, and 0.15 mM di(adenosine)pentaphosphate were added to the reaction medium[53]. The 

measurement was made in a LKB Wallack 1209 Rackbeta liquid scintillation counter. The production of ATP 
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in the presence of 2 μg/ml oligomycin was determined and a calibration curve using ATP as standard (0–20 

nmoles) was used. ATP content was expressed as nmoles ATP/mg protein and ATP production rate as nmoles 

ATP/minutes.mg protein. 

Mitochondrial ROS production 

MitoSOX Red reagent is a fluorogenic dye specifically targeted to mitochondria to determine mitochondrial-

derived superoxide anion (O2
•-

) production. This probe oxidized in presence of O2
•-

 to form 2-

hydroxymitoethidium. MitoSOX Red can also undergo unspecific reactions with a variety of other oxidants to 

form mito-ethidium. Two different excitation wavelengths are used to measure and distinguish the O2
•-

 from 

other oxidants. Briefly, fresh isolated mitochondria were incubated with 10 and 100 μM αSyn (15 minutes, 

25 ºC) and then gently centrifuge at 700 g for 2 minutes. The obtained pellet was lysed by osmotic shock 

with milliQ water incubation for 5 minutes and centrifuged at 3,000 g for 10 minutes.  Supernatant samples, 

containing 30 μg of proteins were placed with or without 10 μM MitoSOX Red in the dark (10 minutes, 37 

ºC). Finally, fluorescence intensity was measured in a FLUOstar OPTIMA fluorometer (BMG LABTECH, 

Ortenberg, Germany) (λex: 510nm or 400nm; λem: 590nm). Values were normalized to the total amount of 

proteins determined by Bradford assay. 
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FIGURE CAPTIONS 

Figure 1. αSyn localizes with mitochondria. (A) Confocal fluorescent microscopy of isolated mitochondria 

after 30 minutes of incubation with 1 µM (left column) or 10 µM (right column) of purified αSyn (top panels 

show TOM20 signal, middle panel correspond to αSyn-A550 and bottom panel a merge image). (B) Electron 

microscopy of isolated mitochondria after 30 minutes of incubation with no αSyn (control) or with 100 µM 

nanogold labelled αSyn (white arrows mark αSyn signal and white asterisks mark internalized αSyn). 
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Figure 2. αSyn translocates into mitochondria. (A) 3D reconstruction of TOM-20 signal (top), αSyn (middle) 

and merge (bottom) after 30 minutes of incubation of mitochondria with 1µM (left) or 10 µM (right) of αSyn. 

(B) Western blot using anti-αSyn (top 3 panels) of sub-mitochondrial fractionation of isolated mitochondria 

incubated, from top panel to bottom, with no αSyn, 10 µM or 50 µM αSyn. Fraction purity was evaluated 

with anti-VDAC (Voltage-dependent anion channel of mitochondrial outer membrane), anti-Complex I 

(mitochondrial inner membrane) and anti MnSOD (Manganese-dependent Superoxide dismutase for 

mitochondrial matrix) - bottom 3 panels. MOM (mitochondrial outer membrane), MIS (mitochondrial 

intermembrane space), MIM (mitochondrial inner membrane), Mx (mitochondrial matrix). 

 

Figure 3. αSyn locates at close proximity to TOM20. FRET (see Materials and Methods) analysis of 

mitochondrial outer membrane component TOM20 (first column) and αSyn-A550 (second column); apparent 

fluorescence resonance energy transfer efficiency (AFE) is shown (third column). Mitochondria were 

incubated with 1 µM αSyn-A550 (top), 10 µM αSyn-A550 (middle) and 10 µM (αSyn-550 1:10 αSyn 

unlabeled). 

 

Figure 4. Dynamics of αSyn mitochondrial internalization. (A) Diagram of experimental set up used. (B) 

Examples of mitochondrial categories defined based on localization of αSyn signal (white arrows). (C) 

Changes in αSyn localization -proportion of mitochondrial categories from B-; Mitochondria incubated with 1 

µM αSyn (left) or 10 µM αSyn(right) were subject of washes with either same αSyn solution (top) or buffer 

MSHE (bottom); samples were taken at different times and processed for fluorescence microscopy; each 

mitochondrion was classified according to B. More than 500 mitochondria per image was analyzed for each 

condition. Analysis were performed using FIJI (ImageJ) software. ***P<0.001, **P<0.01 and *P<0.05. One 

way ANOVA.    
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Figure 5. αSyn incubation decrease MitoTracker Deep Red signal. Mitochondria incubated with no αSyn 

(control), 1 µM or 10 µM of αSyn were incubated with the mitochondrial membrane potential sensitive 

MitoTracker Deep Red. Dye signal is showed in pseudo-color to indicate different fluorescence intensity 

(color scale 0�1, refers low fluorescence and high fluorescence respectively), **P<0.01. One way ANOVA  

 

Figure 6. Oxygen uptake by mitochondria using a Clark-type electrode. Mitochondrial electron transfer 

chain performance was evaluated using mitochondria incubated with no αSyn (control), 10 µM or 100 µM of 

αSyn. (top) Oxygen electrode recordings. (bottom) Mitochondrial metabolism descriptors (state-3, state-4, 

and respiratory control index (RCR)). 

 

Figure 7. αSyn incubation affects ATP and ROS production. (A) ATP production in mitochondria incubated 

without αSyn (control), 10 µM or 100 µM αSyn. (B) Reactive Oxygen Species produced in mitochondria 

incubated with no αSyn (control), 10 µM or 100 µM αSyn. Values for Superoxide ion (400 nm) or a variety of 

ROS, including Superoxide, (510 nm) are shown. **P<0.01. Mean ± SEM, n=3 in all cases, One way ANOVA 

 

Figure S1. Purification and labelling of αSyn. A. Example of a chromatographic record obtained with αSyn 

wild type (violet peak at 18 mL, 280 nm) and the brown line indicates the emission signal of the fluorophore 

A550 added to αSyn-A90C (brown line peak at 18 mL, 555 nm). Insert shows the corresponding fluorescent 

band for αSyn monomer labelled with A550. The dotted red line indicates the increase in NaCl concentration 

that allows the protein to elute from the column (Ionic strength). The green dotted line records the increase 

in conductivity coincident with the increase in salt concentration. B. Purified αSyn wild type and αSyn-A90C 

were seeded on a 12 % SDS-PAGE gel and colored with Coomasie Blue. MW=14 kDa corresponds to αSyn 

monomer.  
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Figure S2. Detection of endogenous αSyn in mitochondrial compartments. Sub-mitochondrial fractionation 

analyzed by western blot employing an antibody against αSyn. Endogenous αSyn was detected after 

exposing membranes for 15 minutes.  

 

Figure S3: Oxygen consumption was recorded through a high-resolution respirometer. Isolated 

mitochondria were incubated with different concentrations of αSyn (0, 10 and 100 μM). Slopes indicate the 

respiratory capacity (blue lines). These values are calculated by the equipment as from the derivatives of the 

slopes of the O2 flow records (red lines). M=isolated mitochondria, G-M= malate and glutamate, ADP= 

adenosine di-phosphate, R=rotenone, S=succinate and AA= antimycin A. 
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Control
A

αSyn	10µM αSyn	100µM

O2 consumption

(ng-at O/min.mg prot)

αSyn (µM) State 4 (St 4) State 3 (St 3) RCR

0 9.1 ± 1.1 26 ± 4.4 3.0 ± 0.3

10 10  ± 1.7 19 ± 4.1 1.8 ± 0.1*

100 7.0 ± 0.5 15 ± 2.0 2.0 ± 0.2**

Table 1: O2 Consumption. St4 corresponds to isolated mitochondria basal
respiration. St3 represents maximal O2 consumption after ADP addition. Ratio
among St3 and St4 is the respiratory control rate (RCR). Mean ± SEM, n=3. One
way ANOVA, **p<0.01 and *p<0.05.
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