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Mutations in the mitochondrial serine–threonine kinase PINK1 are associated with familial 

forms of Parkinson’s disease and mitochondrial Ca2+ overload. The targeting of PKA to 

mitochondria and its activation rescue functional defects observed in PINK1 deficient 

neurons and mitochondrial Ca2+ overload due to the loss of PINK1 function. PINK1 and 

PKA have been proposed to cooperate at the mitochondria level to prevent 

neurodegeneration, and we have found that PINK1 was able to reduce mitochondrial Ca2+ 

accumulation. Sustained Ca2+
 

accumulation into the mitochondrial matrix has been shown 

to correlate with increases of cAMP levels in the same compartment. If the localization and 

the action of PKA at the OMM (OMM) are well recognized, its presence and, consequently, 

its role in the mitochondrial matrix and in the intramembrane space (IMS) is still amply 

debated. 

In order to investigate that, we developed a probe based on the splitGFP system and 

Bimolecular Fluorescence Complementation (BiFC) to monitor PKA distribution at sub-

mitochondrial level in living cells. The non-fluorescent GFP1-10 fragment was targeted to the 

OMM, the IMS and the mitochondrial matrix by the addition of targeting sequences. The β11 

fragment, necessary to reconstitute GFP fluorescence, was fused to two PKA regulatory 

subunits (RI and RIIβ) and to PKA catalytic subunit (CAT).  

The co-transfection of the plasmids encoding the targeted GFP1-10 fragments and the β11-

CAT or the β11-RI or the β11-RIIβ in Hela cells revealed the presence of all these 

subunits at the OMM. Interestingly, strong GFP fluorescence emission in the presence of 

GFP1-10 fragment targeted to the IMS and mitochondrial matrix was observed in the case of 

β11-CAT co-expression, but not of β11-RI and β11-RIIβ, suggesting the presence of PKA 

CAT- in these compartments. Then, we evaluated the interference of regulatory subunits 

with mitochondrial CAT localization, co-transfecting the GFP1-10 fragment targeted to 

OMM, IMS and mitochondrial matrix with CAT and RI or RIIβ. In these conditions we 

still observed fluorescence reconstitution at the OMM and IMS, but not in the mitochondrial 

matrix when CAT was co-expressed together with RIIβ. In the presence of co-expressed 

RIα subunit the green fluorescent signal was also detect in the mitochondrial matrix. Then, 

we analyzed the effect of CATα overexpression on mitochondrial Ca2+ transients, which are 

strongly decreased compared to the control. This reduction is almost abolished when CATα 

is co-expressed with RIIβ subunit, but not with RIα suggesting that the modulation of the 

effects of CATα on Ca2+ transients is dependent on the regulatory subunit in an isoform 

specific manner. Targeting CATα to the mitochondrial matrix (mtCATα), we have found 
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that the selective expression of mtCATα specifically reduced mitochondrial Ca2+ transients, 

suggesting the existence of mitochondrial targets for PKA action inside the mitochondria. 

All together these results reveal that CAT may translocate to this compartment only upon 

activation and release from RIIβ subunit.  

In addition to the work on PKA, during my PhD program, I carried out another project based 

on a different application of the splitGFP tool. The communication between organelles is 

important to favour different pathways and its dysregulation are present in a number of 

different diseases, including neurodegenerative disease. In particular, this methodology was 

used to characterize the ER-plasma membrane (PM) contact sites.  

The close contacts between the ER and the PM are required for the mechanism of store-

operated Ca2+ entry (SOCE), a process induced as a consequence of the Ca2+ depletion of 

the ER store and dependent on the dynamic interaction between the ER resident protein 

stromal interaction molecule 1 that acts as Ca2+ sensor (STIM1) and Orai1, the protein 

forming the channel in the PM that permits Ca2+ entry from the extracellular ambient. To 

visualize the ER-PM junctions, we generated a YFP1-10 fragment targeted to the PM and β11 

strand was targeted to the ER. We generated a construct where the PM-YFP1-10 and the ERS-

β11 or ERL-β11 are cloned in the same bicistronic expression vector (SPLICSS/L ER-PM 

probes). 

In a first set of experiments these SPLICS probes detected two types of interactions: long 

and short ER-PM interactions. Then, we investigated whether and how genetic and 

pharmacological manipulations could impact on ER-PM interface. We analysed the response 

of SPLICSS/L ER-PM probes to STIM1/Orai1 downregulation and ER Ca2+ depletion. To 

this purpose, STIM1/Orai1 proteins were silenced by ShRNA or ER Ca2+ depletion was 

induced by the incubation with 2,5-tert-butylhydroquinone (THBQ) or thapsigargin 

inhibitors of the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase and with histamine. We 

have found that SPLICSS signal (monitoring ER-PM short interactions below 10 nm) 

decreased when we downregulated STIM1 or Orai1 proteins and strongly increased upon 

ER Ca2+ depletion. We have also detected the ER-PM long interactions under the same 

conditions and found that upon STIM1 or Orai1 downregulation the number of the long 

contacts decreased in respect with the control cells. All together, these data reveal that the 

SPLICS methodology is able to monitor short and long ranges ER-PM interactions and their 

changes upon pharmacological/genetic manipulations.   
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1.1. Mitochondrial dysfunction in Neurodegenerative 

Disorders 

Neurodegenerative diseases are a heterogenous group of disabling disorders of the central 

nervous system (CNS), characterized by the progressive and selective degeneration of 

neuronal subtypes. They share critical features such as the presence of misfolded and/or 

aggregated proteins, neuroinflammation, impairment of autophagy, oxidative stress and 

mitochondrial abnormalities (Figure 1).  Mitochondria play a pivotal role in many functional 

processes of neurons, from bioenergetics to cell death. Neurons have high energy 

requirements to maintain important processes, such as membrane excitability, 

neurotransmission and plasticity and this characteristic makes them more prone to injury and 

death after mitochondrial dysfunction (Filosto et al., 2011). The characterisation of the 

involvement of mitochondrial dysfunction in pathogenesis of neurodegenerative disease, 

including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), 

and amyotrophic lateral sclerosis (ALS), is essential to define important hallmarks and 

eventually find potential novel therapeutic target for their treatments (Lin and Beal, 2006). 

Mitochondria are the “powerhouses of the cell”: they are the site where the process of 

oxidative phosphorylation (OXPHOS) occurs and where the large majority of ATP amount 

necessary for cell function is produced. In addition to this, they are responsible for different 

metabolic pathways including the biosynthesis of amino acids and steroids, β-oxidation of 

fatty acids, and the regulation of cytosolic calcium homeostasis and for the release of 

proapoptotic factors. A myriad of factors can contribute to mitochondrial perturbations 

Figure 1 Schematic representation of a hypothesized scenario responsible for 

mitochondrial dysfunction in neurodegeneration (Sandra Franco-Iborra et al., 

2018).    
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ranging from defects in mitochondrial dynamics, in OXPHOS, in the protein quality control 

and in the degradation of misfolded and damaged proteins to excessive reactive oxygen 

species (ROS) production and calcium signalling. The post-mitotic nature of neurons, which 

does not permit their replacement, contributes to the accumulation of mitochondria damage 

that can lead to cell death (Abramov et al., 2017). 

1.1.1. Mitochondrial Dynamics  

Mitochondria have a double membrane system. The outer mitochondrial membrane (OMM) 

faces the cytosol, and the inner mitochondrial membrane (IMM) protrudes into the 

mitochondrial matrix and contains the respiratory complexes. The compartment delimited 

by the IMM and the OMM is referred as the intermembrane space (IMS). 

Mitochondria undergo continuous dynamic processes that are in place to maintain their 

functionality. The structure and the distribution of mitochondria are maintained by two 

important and opposite pathways: mitochondrial fusion and fission, that represent the main 

quality control system of these organelles (Van der Bliek et al., 2013). The importance of 

mitochondrial dynamics in the pathogenesis of neurodegenerative diseases has been 

increasingly revealed after the molecular identification of key proteins that act as regulators 

of the fusion and fission processed.  In mammal fusion is mediated by the optic atrophy 1 

(OPA1) protein and the mitofusins 1 and 2 (Mfn1 and Mfn2), which control the 

mitochondrial inner membrane and outer membrane fusion, respectively. Fission is 

facilitated by the mitochondrial fission 1 (Fis1) protein that acts as adaptor for the dynamin-

related protein 1 (Drp1), a cytosolic protein with GTPase activity that is recruited at the  

mitochondrial outer membranes where forms oligomers and promote mitochondrial 

membrane constriction (QIN et al., 2018). It is now well recognized that ER was also 

required for the initial step of mitochondrial division. Indeed, oligomeric forms of Drp1 

accumulate at ER-sites where the pre-constriction of the membrane has been initiated: high-

resolution and 3D reconstructed images acquired using EM and tomography have shown 

that not only ER tubules make contact with mitochondria but they can also wrap around 

them leading to mitochondrial constriction (Friedman et al., 2011). 

The balance between fusion and fission is important for mitochondrial length and 

distribution. Unbalance fusion or fission leads to mitochondrial elongation or to excessive 

mitochondrial fragmentation, respectively, and these changes in mitochondrial structure are 

linked with cell death and mitochondrial dysfunction (QIN et al., 2018). The clearance of 

defective organelles prevents the accumulation of damaged mitochondria. 
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Numerous studies revealed that mutations in proteins involved in familial forms of PD, such 

as α-synuclein, LRRK2, PINK1, Parkin and DJ-1, have been shown to affect mitochondrial 

dynamics by interfering with Drp1 expression and activity (Yang et al., 2008). For instance, 

pathogenic mutations or knockdown of Parkin lead to increased Drp1 levels and aberrant 

mitochondrial fission (Deng et al., 2008). Furthermore, LRRK2 protein regulates 

mitochondrial dynamics by increasing Drp1 (Wang et al., 2012). Kamp and co-workers have 

demonstrated that α-synuclein can induce mitochondrial fragmentation by directly binding 

to the OMM and inhibiting mitochondrial fusion. This inhibition is not due to the direct 

interaction of α-synuclein with proteins involved in mitochondrial fusion, but it is due to its 

property to interact with membrane phospholipids. α-synuclein-induced mitochondrial 

fragmentation can be rescued by the co-expression of PINK1, Parkin or DJ-1.  

In addition to processes that guarantee mitochondrial network remodelling, mitochondria are 

highly dynamic since they can be actively transported to sites with high bioenergetics 

requirements. The trafficking of mitochondria to specific cellular locations is regulated by 

bidirectional (anterograde and retrograde) movements that involve microtubules for fast 

movement and actin filaments for slow movement via different motor-adaptor complexes 

(Frederick and Shaw, 2007). Moreover, mitochondria can be transported between different 

cell type upon cell damage: neurons can release damaged mitochondria and transfer them to 

astrocytes for degradation and astrocytes can release functional mitochondria to neurons 

(Hayakawa et al., 2016).  

1.1.2. Mitochondrial OXPHOS 

Several studies reported that dysfunctions of electron transport chain (ETC) complexes are 

implicated in neurodegenerative diseases. The ETC complexes consist of four multisubunit 

complexes (I-IV) and two electron carriers (coenzyme Q and cytochrome c) that transfer 

electrons and generate a proton gradient across the mitochondrial inner membrane, which in 

turn is used by the ATP synthase (complex V) to generate ATP. It has been demonstrated 

that the hyperphosphorylation of proteins, such as the microtubule-associated protein tau, β-

amyloid and the presynaptic neuronal α-synuclein protein, whose mutations are related to 

neurodegenerative diseases, can promote their accumulation in  misfolded or aggregated 

forms that failed to be degraded by the proteasome multiproteic complex for protein 

degradation  and thus  leads to an impairment of the mitochondrial respiratory chain 

complexes activity (Beal, 2005). The ETC complexes are main site in which the electrons 

are released and react with oxygen inducing ROS production and consequently oxidative 
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stress (Andreazza et al., 2010). For instance, the ROS production by complex II leads to 

deleterious or beneficial effects depending on the (patho)physiological condition: this 

ambivalent aspect can be explained by the diverse role of complex II on mitochondrial ROS 

production, which can be a producer or modulator of them depending on substrates and the 

activities of the other complexes and the Krebs cycle enzymes (Dröse, 2013).  In healthy 

conditions, low concentration of ROS is involved in the regulation of processes, such 

immune response, inflammation, synaptic plasticity, learning and memory (Kishida & 

Klann, 2006). However, during aging or during mitochondrial damage, the excessive ROS 

production could lead to dangerous oxidative modifications of cell macromolecules and 

damage cell component, including mitochondrial structure (Rego and Oliveira, 2003). This 

imbalance could be further exacerbated by a reduction in the efficiency of antioxidant 

defences. 

1.1.3. Misfolded/aggregated proteins in mitochondrial homeostasis 

Mutations in α-synuclein, amyloid precursor, tau proteins are known to be a cause of self-

protein aggregation and produce oligomers and fibrils that can generate extra- or intracellular 

deposits. These inclusions have been shown to affect mitochondrial dynamics (morphology 

and trafficking) and bioenergetics and interfere with the quality control pathways or promote 

mitochondria-dependent cell death (Figure 2). 

 

Figure 2 Neurotoxic effects of alpha-synuclein, tau, β-amyloid (Aβ), and 

huntingtin proteins. A) Both Aβ and α-Syn interact with the endoplasmic reticulum 

(ER) resulting in ER stress and altered mitochondria-associated membrane 

interaction. B-C) α-Syn (in PD), Huntingtin (Htt) (in HD) and Aβ (in AD) interact 

with complexes of the electron transport chain. D) Dysregulation of calcium 

homeostasis can be induced by protein inclusions. E) Htt can also interact with the 

nucleus itself (Marthe H. R. Ludtmann et al., 2018).  



6 

 

Extracellular plaques of β-amyloid (Aβ) and intracellular tangles of tau proteins are the 

major hallmarks in AD brain and their accumulation has a direct consequence in 

mitochondrial functions: no direct link between Aβ and mitochondrial dysfunction was 

identified until 2004, when Lustbader and co-workers  showed that Aβ localized to 

mitochondria and in the mitochondria of AD patients and transgenic mice induced toxicity 

upon binding to alcohol dehydrogenase (Lustbader et al., 2004).  More recently, it has been 

suggested that Aβ is also generated intracellularly and that the contact sites between the 

OMM and the ER membrane are the site where enhanced Aβ production was observed. 

Considering that these sites are crucial for ER-mitochondrial Ca2+ transfer, as discussed 

later, the Aβ accumulation may be responsible for impaired Ca2+ handling and bioenergetics 

and represent one key step in the cascade of events eventually leading to neurodegeneration 

in AD (Schreiner et al., 2015).  

It has been described that hyperphosphorylated and truncated forms of tau generate an 

impairment in mitochondrial trafficking (Amadoro et al., 2014). These pathological forms 

also generate an increase of mitochondrial length, a decrease in fission proteins expression 

and Drp1 mis-localization. Interestingly, tau phosphorylation has also been shown to 

increase ER-mitochondria contacts by promoting a close interaction between tau, DRP1, and 

ER. On the other hand, C-terminal caspase-cleaved tau form has been shown to induce 

mitochondrial fragmentation through the reduction of the Opa1 expression (Amadoro et al., 

2014). Similarly that for Aβ, several studies have reported that a fraction of cytosolic α-

synuclein, can be found associated with mitochondria, where it causes cytochrome c release, 

increase in mitochondrial Ca2+ and nitric oxide and oxidative damage (Parihar et al., 2008). 

Moreover, it has been observed that α-synuclein accumulation decreases complex I activity 

and increases ROS production in human foetal dopaminergic primary neuronal cultures. 

Overexpression of PD-related α-synuclein mutants accelerated these effects (Devi et al., 

2008). Evidence that α-synuclein is directly involved on the modulation of Ca2+ signalling 

is obtained in the laboratory where I accrued out my PhD project and will be discussed in 

the Paragraph 1.3.  

One key question, that was one of the aims of my studies, was whether these proteins, that 

are different for distribution and function, could interfere with mitochondrial functionality 

because they can localize at the mitochondrial level under specific conditions or upon their 

mutation. In particular, the question was to identify whether wildtype and mutant forms 

could differently distribute in the three different mitochondrial sub-compartments, i.e., the 

OMM, the IMS and the mitochondrial matrix.     
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1.2. Mitochondrial Ca2+ signalling 

1.2.1. Role of mitochondrial Ca2+ signalling in the regulation of cell metabolism 

and survival  

Over the past 60 years, it has clearly established the role of mitochondria in the regulation 

of cellular calcium ion (Ca2+) homeostasis. Ca2+ is one of the most important second 

messenger in eukaryotic cells that translates information from extracellular and intracellular 

signals into an intracellular effect. Under resting condition, the cytosolic concentration, 

[Ca2+]Cyt, is very low, around 100-200 nM, however, due to the high step gradient between 

the extracellular ambient and the intracellular stores, it can rapidly increase to reach values 

in the low micromolar range. This increase relies on two main sources: the extracellular 

environment and the intracellular stores where the [Ca2+] reached values around 1-2 mM. 

The most important Ca2+ store in the cell is the ER, even if recent works demonstrated that 

also other organelles, such as Golgi apparatus, endosome and lysosome are able to contribute 

to Ca2+ release at significant amount (Hao et al., 2009).  

Cells are endowed with different mechanisms to mobilize Ca2+ from the extracellular 

ambient and from the stores and these pathways are not mutually exclusive, but cells can to 

combine them. A well-known pathway is the activation of the plasma membrane-associated 

phospholipase C (PLC), that triggers to the production of inositol-1,4,5-trisphosphate (IP3) 

and diacylglycerol (DAG) from membrane phospholipids. IP3 interacts with the Ca2+ 

releasing channels of the ER and Golgi apparatus, causing their opening and the release of 

Ca2+ into the cytosol. Once Ca2+ has carried out its cell functions, the signal has to be rapidly 

turned off to avoid excessive and dangerous stimulation. The main mechanisms that are 

involved in maintaining low intracellular [Ca2+] are: the extrusion from the cytosol into the 

extracellular space, the compartmentalization into intracellular Ca2+ stores and the binding 

to buffering proteins (Berridge, 2009). In the cytosol different Ca2+ binding proteins are 

present, capable to shape the signal and to translate the increase of cytosolic [Ca2+] activating 

different biological processes. These proteins usually contain conserved EF-hands domains 

for Ca2+ binding and they act as buffering proteins, such as Parvalbumin, Calbindin and 

Calretinin, or as Ca2+ sensors, such as Calmodulin (CaM) (Hoeflich and Ikura, 2002). The 

distribution and the concentration of these Ca2+-binding proteins are cell-type specific and it 

has been reported that the selective susceptibility to cell death of the specific neuronal 

population could be related to the low abundance of these proteins (Zallo et al., 2018).  
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In the generation and propagation of cytosolic Ca2+ signal is necessary to consider also the 

contribute of organelles, such as mitochondria. The ability of mitochondria to take up Ca2+ 

was firstly documented more than 50 years ago by two important papers that described for 

the first time the ability of energized mitochondria to accumulate large amount of Ca2 

(DeLuca & Engstrom, 1961; Vasington & Murphy, 1962). It has to be remembered that 

mitochondria are endowed with two functionally and structurally different membranes: the 

OMM, essentially permeable to solutes and ions, and the IMM, characterized by 

invaginations called cristae which enclose the mitochondrial matrix, which is highly 

selective. The proton pumping by the respiratory chain complexes from the matrix to the 

IMS generates an electrochemical gradient (Δψ) across the IMM, which is negative inside 

the matrix (-180 mV) and is utilized by the F1/F0 ATPase to convert the energy of NADH 

and FADH2 into ATP. The proton electrochemical gradient generated by the respiratory 

chain is also the driving force that permits the uptake of Ca2+ into the mitochondrial matrix 

across the ions impermeable IMM. The Ca2+ transport is mediated by a high capacity but 

low affinity mechanism, the complex of the mitochondrial Ca2+ uniporter (MCU), whose 

activity was characterized in the 70s in isolated mitochondria, but the molecular identity 

remained unknown until 2010 (see below). Mitochondrial Ca2+ concentration does not reach 

the equilibrium inside the matrix, because of the existence of Ca2+ efflux mechanisms in the 

inner mitochondrial membrane, such the antiporters that exchange Ca2+ with Na+ or with H+ 

(see below) (De Stefani et al., 2016). 

The first direct evidence that mitochondria can rapidly accumulate Ca2+ in intact cells were 

obtained in 1992 when the Ca2+ sensitive photoprotein aequorin was targeted to the 

mitochondrial matrix and employed to measure mitochondrial Ca2+ transients induced by 

cell stimulation (Rizzuto et al., 1992). The apparent divergence between the rapid 

accumulation of mitochondrial Ca2+ inside the matrix and the low Ca2+ affinity of the MCU 

was solved by the high [Ca2+] microdomains theory: mitochondria that are located close to 

the mouth of the ER release Ca2+ channels such as the inositol‑1,4,5‑trisphosphate-sensitive 

channels (IP3R) (Rizzuto et al., 1993) and the ryanodine sensitive channels (RYRs) (Csordás 

et al., 2001) or the Ca2+ channels on the plasma membrane (PM), such as voltage-operated 

channels and store operated channels (Glitsch et al., 2002) are exposed to local 

microdomains where the Ca2+ concentration is higher than that measured in the bulk 

cytoplasm.  
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Mitochondrial Ca2+ uptake exerts a complex regulatory role: it is able to increase ATP 

production by activating three key enzymes of the Kreb’s cycle, i.e.,  the pyruvate 

dehydrogenase (PDH), the isocitrate dehydrogenase (ICDH) and the α-ketoglutarate 

dehydrogenase (OGDH) (McCormack et al., 1990).  Activation of dehydrogenase results in 

stimulation of electron flow in the respiratory chain and in increase of ATP production, 

consequently.  

Instead to sustain metabolism, when the mitochondrial Ca2+ accumulation become excessive 

the mitochondrial Ca2+ overload triggers apoptosis through the opening of the high-

conductance permeability transition pore (PTP) (Rasola and Bernardi, 2011). The voltage 

dependent anion channel VDAC, a beta barrel porin present on the OMM,  has been reported 

to contribute  to selectively transfer apoptotic Ca2+ signal to mitochondria, through a physical 

interaction with IP3R via Grp75 that is enhanced by apoptotic stimuli (De Stefani et al., 

2012).  PTP opening permits the release of cytochrome c and caspase activation that leads 

to apoptosis (Giorgi et al., 2012). 

A different cell death pathway, i.e. necrosis pathway, can be also dependent from 

mitochondria since when the ATP depletion causes an impairment of the ATP-dependent 

Ca2+ transporters, such as PMCA and  SERCA and indirectly the Na+/Ca2+ exchanger, the 

cytosolic [Ca2+] increase and, consequently, also the mitochondrial Ca2+ accumulation was 

enhanced leading to the swelling of mitochondria, and the necrosis of the cell (Pivovarova 

and Andrews, 2010).  

Since mitochondrial Ca2+ signalling can greatly influence cell functions and survival, it is 

evident that it must finely regulated. As mentioned, the coordinated action of different 

pathways for mitochondrial Ca2+ uptake and efflux is in place to guarantee the maintenance 

of mitochondrial Ca2+ homeostasis (see the next paragraph).  

1.2.2. Molecular components of Ca2+ uptake and release of mitochondria 

The regulation of mitochondrial Ca2+ transport is controlled by channels and exchangers 

located in the outer and inner mitochondrial membrane (Figure 3). In recent years, the 

identification of the molecular machinery regulating mitochondrial Ca2+ fluxes has been 

important to understand physiological and pathological conditions that rely on mitochondrial 

Ca2+ homeostasis. 

1.2.2.1. Mitochondrial Ca2+ entry  

To reach the mitochondrial matrix, cytosolic Ca2+ has to cross the OMM and IMM. The first 

barrier, the OMM, is highly permeable to ions (Ca2+), nucleotides (ADP and/or ATP) and 
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other metabolites up to 5 kDa (e.g. acetylcholine, dopamine glutamate and ATP), and this 

permeability is guaranteed by the abundant expression of the voltage-dependent anion-

selective channel proteins (VDACs). They represent the first molecular interface between 

mitochondria and Ca2+ stores (ER and/or SR and the extracellular space). There are three 

known isoforms of VDACs (VDAC1, VDAC2 and VDAC3), which are expressed 

ubiquitously, and each of them has a molecular mass of about 30 KDa. VDACs can assume 

different  structural conformations and the transition between open and close states occurs 

in a voltage-dependent manner (Hodge and Colombini, 1997). The states differ in their 

ability to pass non-electrolytes and to conduct ions: a membrane potential higher than 25 

mV promotes lower conductance and the assumed conformations become impermeable to 

ATP and ADP, but still allow the flow of small cations, including Ca2+. Recent studies have 

highlighted the key role of VDACs in facilitating Ca2+ entry into the IMS and its 

accumulation inside the matrix. The Ca2+ transport from ER to mitochondria shows the 

involvement of supra-molecular complexes including the IP3R, the sigma 1 receptor (Sig1R, 

a reticular chaperone), binding immunoglobulin protein (BiP), the ER HSP70 chaperone and 

glucose-regulated protein 75 (GRP75). IP3 activates the IP3R in the ER to release Ca2+ that 

is directly transferred to the IMS via VDAC1.  

After reaching the IMS, Ca2+ ions pass the IMM mainly through the mitochondrial Ca2+ 

uniporter (MCU) complex. It has been well established that the uniporter exists in a 

macromolecular complex composed by the MCU (De Stefani et al. 2011; Baughman et al. 

2011), its paralog MCUb (Raffaello et al., 2013) and the regulators MICU1 (Perocchi et al., 

2010), MICU2 and MICU3 (Plovanich et al., 2013) (Figure 4). The pore forming subunit is 

Figure 3 The main components that regulate mitochondrial Ca2+ transport. (Calì et al., 2012) 
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composed by MCU and MCUb dominant negative isoform, an additional protein, EMRE, is 

necessary to structurally assemble the channel but it is not a pore forming subunit 

(Mammucari et al., 2016). 

MCU is a 40 kDa protein that presents two transmembrane domains (TMDs) critical for Ca2+ 

transport, two coiled-coil domains and a short loop of acidic residues between the two 

TMDs. Overexpression of MCU increases the rate of mitochondrial Ca2+ influx in both intact 

and permeabilized cells, causing a significant decrease in cytosolic [Ca2+] transients in intact 

cells (De Stefani et al., 2011). MCUb is a 33 kDa protein that shares 50% similarity to MCU.  

MCUb is able to form hetero-oligomers with MCU and strongly affects the Ca2+ entry 

through the channel: MCUb overexpression induces a significant decrease in mitochondrial 

Ca2+ uptake, while its silencing increases the mitochondrial Ca2+ entry (Raffaello et al., 

2013), suggesting that MCUb acts as an endogenous dominant-negative subunit of the MCU 

pore. It has been demonstrated that the MCU complex is a highly selective and low affinity 

Ca2+ channel: the opening of MCU is modulated by extra-mitochondrial Ca2+ and by the 

MICU protein family, that includes three isoforms named MICU1, MICU2 and MICU3, 

containing the two EF-hand domains (Patron et al., 2014). While MICU1 and MICU2 are 

expressed ubiquitously, MICU3 appears to be mostly present in the brain, suggesting a 

tissue-specific function of this isoform. MICU1 (and also MICU2 and MICU3) is a soluble 

protein that interacts with MCU and is generally recognized to be in the IMS (Csordás et al., 

2013). At low cytosolic [Ca2+] (<500 nM), the inhibitory role of MICU2 keeps the channel 

closed, ensuring minimal Ca2+ transfer despite in presence of a huge driving force for its 

accumulation inside the matrix. The increase of cytosolic [Ca2+] causes conformational 

Figure 4 Schematic representation of MCU complex. (De Stefani and Rizzuto, 2014) 
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changes of the MICU1-MICU2 dimer, releasing MICU2-dependent inhibition of the channel 

and thus triggering the activation of MCU by MICU1 to favour extensive Ca2+ entry, aerobic 

metabolism and increasing ATP production (Patron et al., 2014). Recently, it has been 

proposed a model in which the conserved acidic residues in the matrix-localized carboxyl 

tail of EMRE sense matrix [Ca2+] and, together with MICU1 and MICU2, ensure the 

inhibition of uniporter activity under normal conditions (Vais et al., 2016). However, the 

role of EMRE in the regulation of MCU channel activity is more debated: purified MCU is 

sufficient to give rise to Ca2+ currents in a planar lipid bilayer (De Stefani et al., 2011).  

1.2.2.2. Mitochondrial Ca2+ efflux.  

When Ca2+ has carried out its functions in the mitochondria, it is necessary to rapidly extrude 

it to restablish the resting balance into mitochondria. Ca2+ efflux from mitochondrial matrix 

is finely regulated by two systems: the mitochondrial Na+/Ca2+ exchanger (mNCX) and the 

mitochondrial H+/Ca2+ exchanger (mHCX) (Bernardi 1999). The transport stoichiometry of 

mNCX is defined as electrogenic with three Na+ for one Ca2+ (Dash and Beard, 2008), while 

the exchange ratio of mHCX is electroneutral (two H+ for one Ca2+)(Gunter et al., 1991). In 

2010 the mNCX function was assigned to NCLX, an isoform of a plasma membrane NCX 

(Palty et al., 2010), which localizes to mitochondria and mediates not only Ca2+ exchange 

with Na+, but also Li+-dependent Ca2+ transport. Moreover, it has been observed that NCLX 

is inhibited by the selective and classical inhibitor of mitochondrial Na+/Ca2+ exchanger, 

benzothiazepine CGP-37157, and its loss in multiple cell types alters mitochondrial Ca2+ 

efflux (Luongo et al., 2017). New structural information of NCLX shed light into the 

mechanism and stoichiometry of Na+/Ca2+ exchanger superfamily: NCLX is an IMM protein 

containing 13 transmembrane domains with four ion-binding sites, three for Na+ and one for 

Ca2+ within the translocation region.  

Finally, it has also been suggested that the mitochondrial permeability transition pore 

(mPTP) might represent an alternative Ca2+ efflux pathway. This hypothesis has been 

questioned because inhibition of the PTP component cyclophilin D (CYPD) by cyclosporin 

A has little or no effect on mitochondrial Ca2+ uptake in living cells. Nevertheless, waves of 

membrane depolarization, which are signals for PTP opening, cause the release of Ca2+ from 

mitochondria. More recently, it has been provided further evidence for a role of PTP in Ca2+ 

efflux: cyclophilin D-deficient mice display high [Ca2+]mt in heart (Elrod et al., 2010). In 

addition, oxidative stress in cyclophilin D-deficient neurons causes a smaller Ca2+ release 

from mitochondria than in wild-type cells (Barsukova et al., 2011)  
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1.3.  Mitochondrial Ca2+ signalling in the pathogenesis of 

Parkinson’s Disease 

1.3.1. Parkinson’s Disease (PD) 

1.3.1.1. General overview  

Dysregulation of  Ca2+ handling has been found both in aging and neurodegeneration 

(Pchitskaya et al., 2018), in particular its involvement in the pathogenesis of PD has been 

proposed by several groups (Calì et al., 2014; Surmeier et al., 2017).   

PD is the second most common neurodegenerative disease in the world (after Alzheimer’s 

disease). It is a debilitating disease characterized by motor symptoms, such as progressive 

bradykinesia, resting tremor, movement impairment and postural rigidity occurring at a later 

stage. Non-motor symptoms can be present, including autonomic dysfunction, pain, fatigue, 

sleep disorders and cognitive and psychiatric disturbances, and they also have a significant 

impact on the patient’s quality of life. The pathological hallmarks of PD are the progressive 

loss of dopaminergic neurons of Substantia nigra pars compacta (SNc) and the presence of 

cytoplasmic aggregates within the survived neurons. These inclusions are called Lewy 

bodies (LBs) and are mainly enriched in α-synuclein that aggregates into soluble oligomers 

and protofibers that become insoluble (Spillantini et al., 1997).  In addition to α-synuclein, 

they also include a number of proteins, such as ubiquitin, parkin, heat shock proteins, 

cytoskeletal proteins, oxidized proteins, proteasomal and lysosomal components (Xia, 

2008). Mitochondrial dysfunction, abnormal protein clearance and neuroinflammation are 

additional common elements associated with PD, but whether they are the cause, or the 

consequence of neurodegeneration is still unclear.  

PD is a multifactorial disorder whose aetiology is associated to many risk factors, including 

aging and both genetic and environmental factors. Aging represents the major risk factor and 

since the average life expectancy is increasing, the incidence of PD will rise significantly in 

the next future. It has been estimated that about the 3-5% of the population over the 85 years 

has developed PD. Evidence suggests that a high risk of PD is associated with the exposure 

to mitochondrial toxins: in the eighties the MPP+ (1-methyl-4-phenylpyridinium) metabolite 

of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was first discovered to cause 

parkinsonism with nigrostriatal degeneration in drug addicted people (Langston et al., 1983). 

The MPP+ has been proven to work as mitochondrial complex I inhibitor and, later on,  other 

substances such Paraquat, a herbicide structurally similar to MPP+ and rotenone (a pesticide) 

were shown to  induce loss of  dopaminergic neurons in animal model of PD (Betarbet et al., 
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2000).  Heavy metal exposure (iron, copper, aluminium and zinc) has also been suggested 

to represent a risk for developing PD.  

Even if the 95% of PD cases have a sporadic origin , there is a number of cases that have 

hereditary nature (10-15%), among which about 5% display Mendelian inheritance 

(Domingo and Klein, 2018). The “PARK” acronym following by a number increasing 

according to the order of identification has been assigned to the genes found to be associated 

to Young-Onset PD (YOPD): the mutations in PARK genes may have both autosomal 

dominant and autosomal recessive inheritance. Familial autosomal dominant PD are linked 

to mutations in the genes encoding  -synuclein, leucine-rich repeat kinase 2 (LRRK2) and 

VPS35 proteins (Bogaerts et al., 2008). Three other proteins  whose mutations are linked to 

autosomal recessive parkinsonism are Parkin, PINK1 and DJ-1 (Farrer, 2006). Since 

sporadic and familial forms of PD share clinical, pathological and biochemical features, 

cellular and animal models harbouring gene mutations associated to PD have been widely 

investigated and have revealed that the function of many proteins encoded by the mutated 

genes are clearly related to the maintenance of mitochondrial homeostasis. One example is 

the involvement of PINK1 and Parkin in the process that regulates the clearance of 

dysfunctional mitochondria, called mitophagy: loss-of-function mutations of these genes 

impair mitochondrial quality control (Pickrell and Youle, 2015). Moreover, it is well 

characterized that α-synuclein also interfere with mitochondrial functions: it has been 

observed that prefibrillar α-synuclein oligomers decrease the mitochondrial Ca2+ uptake, 

alter membrane potential and electron flow through complex I leading to an enhanced 

cytochrome c release (Luth et al., 2014) (for more details see below).  

1.3.1.2. Selective vulnerability of Substantia nigra pars compacta: the “Ca2+ 

hypothesis”. 

As mentioned, multiple factors are involved in the mechanisms of neuronal loss in PD and 

mitochondria seem to play an important key role for both familial and sporadic forms of PD. 

In the last decades, it has been strongly emerged the importance of Ca2+ ions in the regionally 

selective nature of neuronal loss in PD pathogenesis. Unlike Na+ and K+ ions, which have 

10-30-fold differences in ion concentration on two sides of PM, Ca2+ ions have a 20,000-

fold lower concentration in the cytoplasm compared to extracellular space (Surmeier and 

Schumacker, 2013). These gradients allow neurons to use Ca2+ as a potent intracellular signal 

to temporarily or permanent change physiological functions. In polarized neurons Ca2+ 

signalling affects all aspect of neuronal cell biology and for this reason this ion must be 

tightly regulated to avoid uncontrolled responses, which could lead to pathological condition 



15 

 

and cell death. A study from Surmeier’s laboratory showed that dopaminergic neurons in the 

SNc exhibit autonomous rhythmic pacemaking activity that exposes them to continual Ca2+ 

influx. This action is essential  to maintain regular release of dopamine (DA) to the striatum 

(Chan et al., 2007). The release of DA is important for voluntary movement and it is strictly 

linked to Ca2+.  

The electrical activity of dopaminergic neurons relies on several different types of voltage- 

and ligand-gated ion channels, permeable to Na+, K+, Cl- and Ca2+. In particular, L-type 

voltage-gate Ca2+ channels of the CaV1 family, i.e. CaV1.2 and CaV1.3, are present in 

dopaminergic neurons and their opening is responsible for the pacemaking activity also in 

the absence of synaptic stimuli. The increased susceptibility of dopaminergic neurons of SNc 

in respect with other neuronal types is associated to the expression of these specific Cav1 

channels and is supported by the fact that the dopaminergic neurons of ventral tegmental 

area, which do not express the Cav1.3 channels, are less susceptible to cell death (Hurley et 

al., 2013). The importance of these channels in PD pathogenesis has been also underline by 

experiments where cultured neurons were pre-treated with Isradipine, a dihydropyridine 

blocker of the L-type voltage-gated Ca2+ channel, and then exposed to α-synuclein pre-

formed fibrils (PFF) or to MPP+ (Chan et al., 2007).  In addition to the activity of these 

channels that exposes dopaminergic neurons to a constant Ca2+ influx, their low level of Ca2+ 

buffering proteins, such as calbindins and parvalbumin (Damier et al., 1999), further 

exacerbate the exposure to Ca2+ overload. As demonstrated by Surmeier and co-workers, the 

elevated Ca2+ load in dopaminergic neurons of SNc leads to the accumulation of Ca2+ in the 

mitochondria and the generation of oxidant stress which was specific to vulnerable SNc 

dopaminergic neurons. The oxidant stress engaged defences that induced transient, mild 

mitochondrial depolarization or uncoupling. The presence of mutations in PD-associated 

genes or the exposure to environmental factors may exacerbate this stress, which 

compromises mitochondrial functions (James Surmeier et al., 2012).  

1.3.2. Parkinson’s Disease-related proteins and mitochondrial Ca2+ signalling   

Despite of α-synuclein, LRRK2, DJ-1, PINK1 and Parkin proteins have different function 

in the cell, their mutations have been reported to compromise mitochondrial function and 

Ca2+ handling, but the molecular mechanisms are not completely elucidated (Figure 5).  

Under physiological conditions α-synuclein plays an important role in synaptic vesicle 

release interacting with members of SNARE family (Burré et al., 2010). It is 140 amino 

acids in length and a helically folded tetramer. In pathological condition, such us PD, it 
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adopts a β-sheet-rich amyloid-like structure that is prone to aggregate, and form oligomers 

and fibrils and intracellular deposits called Lewy bodies. This progressive accumulation of 

the protein has been proposed to lead neuronal toxicity by different mechanisms (Lashuel et 

al., 2002), among which some of them suggest the interference of α-synuclein with Ca2+ 

homeostasis (Duda et al., 2016). The presence of fibrillar α-synuclein aggregates has been 

shown to increase plasma membrane permeability to Ca2+. One possible mechanism 

proposed is the formation of permeabilizing pores (Schmidt et al., 2012), enhanced by 

pathogenic point mutations of α-synuclein protein, A53T and A30P. Indeed mutant α-

synuclein has been reported to have a higher tendency to form protofibrils and to associate 

with cellular membranes than the wild type (Furukawa et al., 2006). Other reports have 

revealed that α-synuclein can be secreted into the extracellular space and alter membrane 

fluidity, or that it can increase Ca2+ entry by modulating the activity of the voltage-gated or 

other types of Ca2+ influx channels of the PM. Application of voltage-operated Ca2+ channel 

blockers or Ca2+ chelators abolishes α-synuclein-mediated toxicity (Emmanouilidou et al., 

2010). It has also been shown that α-synuclein  causes a redistribution of CaV2.2 channels 

from lipid rafts to cholesterol-poor domains, changing the activity of Ca2+ channels via the 

reorganization of membrane microdomains (Ronzitti et al., 2014). Work from our laboratory 

has shown that α-synuclein is able to enhance ER- mitochondrial Ca2+ transfer by  favouring 

ER-mitochondria tethering (for more details see Chapter 5) (Calì et al., 2012a). Later, it has 

been shown that α-synuclein can be found in the mitochondrial associate ER  membranes 

fraction (MAM) and that PD-related mutations lead to a reduction in this association by 

increasing mitochondrial fragmentation and autophagy (Guardia-Laguarta et al., 2014). 

Figure 5 PD-related proteins and mitochondrial 

Ca2+ impairment. (Calì et al., 2012)  
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Moreover, It has been shown that the interaction of post-translationally modified α-synuclein  

with TOM20, a translocase of the outer mitochondrial membrane, impairs mitochondrial 

proteins import and this may explain the defects in oxidative phosphorylation proteins 

observed both in vitro and in post-mortem brains of PD patients (Di Maio et al., 2016). 

Another PD-related protein whose function has been associated to mitochondrial Ca2+ 

handling is DJ-1. DJ-1 is a multifunctional protein and its main function is exerted in the 

protection against oxidative stress. It is localized in the cytosol and nucleus, but during 

oxidative stress it has been observed its translocation to the OMM in order to maintain health 

mitochondria (Junn et al., 2009). It is also involved in the regulation of mitochondria 

dynamics, even though the precise molecular mechanism under its protective function is still 

unknown. Several mutations in the DJ-1 gene are associated with autosomal recessive early-

onset parkinsonism (van der Merwe et al., 2015). Recently, it has been observed that DJ-1 

overexpression increased mitochondrial Ca2+ uptake, while reduced levels of DJ-1 caused 

mitochondrial fragmentation and decreased mitochondrial Ca2+ uptake. Moreover, in 

overexpressing DJ-1 cells an increase in contact sites between ER and mitochondria, that 

favours the Ca2+ transfer between these two organelles, was detected (Ottolini et al., 2013).  

It is well established that PINK1 plays important neuroprotective roles against mitochondrial 

dysfunctions by phosphorylating and recruiting Parkin to facilitate the elimination of 

damaged mitochondria via autophagy-lysosomal pathway, named mitophagy (Pickrell and 

Youle, 2015). More details about this pathway will be discussed in the following paragraph 

(Paragraph 1.4). PINK1 loss of function has been associated to mitochondrial Ca2+ 

overload, which renders dopaminergic neurons particularly vulnerable to injury (Gandhi et 

al., 2009a; Marongiu et al., 2009). Important observation indicates that blocking MCU-

dependent mitochondrial Ca2+ influx with ruthenium red completely restores the alterations 

in mitochondrial structure and neurite outgrowth observed in neuroblastoma cells co-

expressing both mutant PINK1 and α-synuclein (Marongiu et al, 2009). However, a different 

interpretation has been done by others to explain mitochondrial Ca2+ impairment:  

mitochondrial Ca2+ overload observed in PINK1 KO MEF cells and in PINK1-silenced 

neuroblastoma cells is due to a defect in mitochondrial Ca2+ efflux by NCLX (Gandhi et al., 

2009a; Kostic et al., 2015). Recently, it has also been shown that PINK1-dependent 

phosphorylation of LETM1, an inner mitochondrial membrane K+/H+ exchanger (Huang et 

al., 2017) which may act as a mitochondrial Ca2+/H+ antiporter, was able to control 
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mitochondrial Ca2+ handling, as well as, that inhibition of mitochondrial Ca2+ uniporter 

rescues dopaminergic neuronal cell loss in PINK1 KO zebrafish (Soman et al., 2017).  

As for the involvement of Parkin in the control of Ca2+ homeostasis our laboratory has 

importantly contributed showing that, similarly to α-synuclein and DJ-1, also parkin 

overexpression was able to modulate ER-mitochondria tethering enhancing them and thus 

sustaining ER-mitochondria Ca2+ transfer and ATP production (Calì et al., 2013). In 

addition to this it has also been shown that Parkin  exerts an important role in the regulation 

of the MCU complex component MICU1, thus directly acting in the control of the 

mitochondrial Ca2+ uptake machinery (Matteucci et al., 2018)  
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1.4. PINK1 and PKA: Are they two neuroprotective 

(mitochondrial) kinases? 

1.4.1. PTEN-induced putative kinase (PINK1): structure, processing and 

function  

Mutations in the mitochondrial serine-threonine kinase PINK1 are associated with 

autosomal recessive forms of PD (Valente et al., 2004). The PINK1 gene encodes a 581 

amino acids protein ubiquitously expressed at high levels in the brain, heart, testis and 

skeletal muscle (d’Amora et al., 2011). The protein is composed by an N-terminal 

mitochondrial targeting sequence (MTS) of 98 amino acids, 21 amino acids long alpha-helix 

transmembrane domain (TM), a highly conserved serine/threonine kinase domain of 357 

amino acids and C-terminal autoregulatory region of 69 amino acids.  Its kinase activity is 

regulated by autophosphorylation on three residues (Ser228, Thr257, and Ser402) in the 

kinase domain (Aerts et al., 2015). So far, more than 70 missense mutations, mostly localized 

in the kinase domain, have been described in autosomal recessive familial PD patients 

(Bonifati, 2014).  

Under basal conditions, PINK1 is imported into healthy mitochondria through the 

translocase complexes of the OMM (TOM20, TOM22, TOM70) and the IMM (TIM23). 

Positive charged MTS is recognized by TOM20 cooperating with TOM22 and delivers 

PINK1 into the TOM40 channel and transferred to the translocase TIM23 complex in the 

IMM. This translocation is energetically driven by mitochondrial membrane potential 

(ΔΨm). Once in the mitochondrial matrix, the N-terminal MTS was cleaved by the 

mitochondrial protein peptidase MPP giving origin to the mature full-length form of PINK1. 

The full-length PINK1 (PINK1-FL,63 kDa) is inserted into the IMM with the 

transmembrane domain and undergoes to further cleavage by the presenilin-associated 

rhomboid-like protease (PARL protease), which removes the first 111 N-terminal amino 

acids. This PINK1 cleaved isoform  of 52 kDa is released into the cytosol (Greene et al., 

2012), where could be either stabilized through the interaction with molecular chaperones 

or degraded by the N-end rule pathway through the Ub/proteasome system. This complex 

processing of the endogenous PINK1 is essential to maintain PINK1 protein at very low 

levels in cells with healthy mitochondria (Yamano and Youle, 2013). As mentioned above, 

the import of PINK1 into mitochondria requires mitochondrial membrane potential, indeed 

when proton gradient is inhibited by incubation with uncoupler agents, such us CCCP 

(Carbonyl cyanide m-chlorophenyl hydrazine) (Narendra et al., 2010a), depolarized 
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mitochondria fail to process PINK1 that accumulates at the OMM. At the OMM PINK1-FL 

undergoes dimerization and auto-phosphorylation, a step that is required for the activation 

of its kinase activity (Okatsu et al., 2012). Upon activation, through a process that requires 

ubiquitin protein phosphorylation, PINK1 recruits the E3 ubiquitin ligase Parkin at the OMM 

which in turn ubiquitinates OMM resident proteins and activate the selective elimination of 

damaged mitochondria through the mitophagy process (see paragraph 1.4.1.2;  Narendra, 

Jin, et al., 2010). A selective accumulation of PINK1-FL at the OMM is also observed 

following misfolded protein accumulation in the mitochondrial matrix, treatment with 

OXPHOS inhibitors and PD-related toxins (Jin and Youle, 2013). How PINK1 is stabilized 

on damage mitochondria is still not clear: on one side, it has been proposed that it depends 

on the inactivation of IMM proteases due to the dissipation of membrane potential (Jin et 

al., 2010); on the other, it has been reported that in depolarized mitochondria, endogenous 

PINK1 was stacked in a 700 kDa complex with the TOM complex and failed to be imported 

in the IMM (Lazarou et al., 2012). The TOM complex is considered to provide a location 

for the activation of PINK1 kinase activity by facilitating the correct orientation of dimeric 

PINK1 to allow auto-phosphorylation (Okatsu et al., 2013). If it is recognized that PINK1 

plays important neuroprotective roles against mitochondrial dysfunction, the role of 

PINK1/parkin pathway in healthy mitochondria is far to be elucidated. Recently, the 

possibility that they may act independently from each other in regulating mitochondrial 

function starts to emerge as a novel concept (Voigt et al., 2016). 

Figure 6 Schematic pathways in which PINK1 protein is involved (Arena and Valente, 2016). 
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Considering the sophisticated mechanism for PINK1 processing in mitochondria, it is 

tempting to hypothesize that relevant mitochondrial targets could exist and that PINK1 

action is not limited to mitophagy (Figure 6). In this respect emerging evidence is appearing 

in the literature and are discussed in the next paragraph.  

1.4.1.1. PINK1 functions outside and inside mitochondria.  

Cytosolic PINK1-FL. As mentioned before, a pool of cleaved PINK1 is exported into the 

cytosol and degraded in a proteasome-dependent manner or stabilized with molecular 

chaperones. In the cytoplasm PINK1 was shown to activate mTORC2/Akt pathway, which 

is known to be involved in neuronal survival: mTORC2 phosphorylation by PINK1 leads to 

activation of Akt protein, crucial for the protection of neuronal cells from various cytotoxic 

agents (Murata et al., 2011). Interestingly, it has been observed that the overexpression of a 

PINK1 form lacking its MTS was able to enhance neurites and dendrites lengths in mouse 

cortical neurons by a mechanism that stimulated mitochondria anterograde transport from 

the soma to periphery and that required the activity of another kinase, the protein kinase A 

(PKA). Indeed, in the presence of pharmacological inhibitor of PKA protein, PINK1-

mediated dendritic branching is abolished thus suggesting functional interaction between 

PINK1 and PKA in neuronal differentiation and neurites maintenance (Dagda et al., 2014). 

It has also been reported that in the cytosol, PINK1, by forming a complex with parkin and 

DJ-1 (PPD complex), participates to the ubiquitination and proteasomal degradation of   

misfolded/damaged proteins (Xiong et al., 2009). 

Intramitochondrial PINK1. The possible action of PINK1 inside the mitochondria has 

been suggested by the pioneering observation that PINK1-depleted cells showed impaired 

electron transport chain activity, reduced oxygen consumption and increased ROS amount 

as well as increased sensitivity to complex I inhibitors with respect to their wt counterpart 

(Morais et al., 2009). Later on, it has been shown that in healthy cells, the IMM processed 

PINK1 is able to sustain respiratory chain activity and ATP production by phosphorylating 

the NADH dehydrogenase ubiquinone 1 alpha subunit 10 (NdufA10) of complex I of the 

respiratory chain (Morais et al., 2014) and, in Dropsophila, it is also able to regulate OMM 

targeting (and translation) of nuclear mRNAs encoding respiratory chain components 

(among which the complex I subunits C-I 30 and ND75) via TOM complex translocase 

(Gehrke et al., 2015). 



22 

 

Two additional intramitochondrial targets for PINK1 kinase activity have been described: 

the mitochondrial chaperone TRAP1 and the serine protease HtrA2, both involved in stress 

resistance mechanisms. PINK1-mediated phosphorylation of TRAP1 protects against 

oxidative stress-induced apoptosis and the ability of PINK1 to promote cell survival is 

impaired by the presence of PD-linked mutations in its kinase domain (Pridgeon et al., 2007). 

Phosphorylation of HtrA2 and activation of its proteolytic activity increase protection 

against mitochondrial stress by removing damaged mitochondrial proteins: reduced levels 

of phospho-HtrA2 were observed in the brains of PINK1-mutated PD patients (Moisoi et al., 

2009). 

PINK1-FL in the OMM. As mentioned before, PINK1 plays an important role in the 

elimination of damaged mitochondria. This process is of particular relevance for cell 

function since the network of healthy mitochondria undergoes to continuous process of 

fission and fusion and damaged mitochondria need to be excluded from these dynamics to 

keep only healthy organelles in the network (Twig et al., 2008).  The participation of PINK1 

in the process of the mitochondrial quality control requires Parkin, a cytosolic E3-ubiquitin 

ligase whose mutations are also linked to autosomal recessive form of familial PD (Kitada 

et al., 1998).  

1.4.1.2. PINK1 and mitochondrial quality control.  

Increases in mitochondrial DNA mutations, ROS production and misfolded proteins 

accumulation represent a common event during ageing and are associated to 

neurodegeneration. All of them cause a reduction in ΔΨm, leading to the accumulation of 

PINK1-FL at the OMM. Seminal genetic studies on PINK1 loss of function Drosophila 

melanogaster mutants have established that PINK1 and Parkin work in the same pathway: 

PINK1 knockout phenotype is rescued by overexpression of Parkin, but PINK1 

overexpression is not able to rescue the Parkin-knockout phenotype, demonstrating that 

PINK1 acts upstream of Parkin (Clark et al., 2006). In 2010 Youle and co-workers reported 

that the recruitment of Parkin to impaired mitochondria required PINK1 expression and its 

kinase activity (Narendra et al., 2010b). In the last 10 years, our knowledge on the 

mechanisms and the molecular targets of PINK1/Parkin cooperative activity has 

impressively increased (Figure 7). The TOM complex guarantees the correct positioning of 

dimeric PINK1 which become actives upon auto-phosphorylation on Ser228 residue. 

Activated PINK1 phosphorylates ubiquitin tethered to OMM proteins, and phosphorylated 
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ubiquitin triggers the recruitment of parkin from the cytosol to mitochondria and its 

activation by inducing conformational changes (Bayne and Trempe, 2019). 

PINK1 also phosphorylates Parkin ubiquitin-like domain stabilizing it in an active state 

(Shiba-Fukushima et al., 2012). Parkin acts as an enhancer of this signaling through 

ubiquitination of several mitochondrial proteins (Mfn2, VDAC, Miro etc.) that in turn recruit 

autophagy receptors to initiate autophagosome formation (Lazarou et al., 2015). The 

ubiquitinated mitochondrial substrates are in turn also phosphorylated by PINK1, creating a 

positive feedback amplification cycle on damaged mitochondria (Yamano et al., 2016). Most 

of the poly-ubiquitinated proteins can be extracted from the membrane and degraded by the 

proteasome system (Tanaka et al., 2010), the others associate to the ubiquitin-binding 

domain of autophagy receptors and lead to the formation of the autophagosomes than 

undergo fusion with lysosomes and then with damaged mitochondria (Lazarou et al., 2015). 

Very recently, Valente and collaborators observed that PINK1 is able to activate mitophagy 

pathway in a Parkin-independent manner (Gelmetti et al., 2017): they found that under 

starvation-induced autophagy, PINK1 selectively accumulates to contact sites between ER 

and mitochondria (MAMs) and recruits Beclin1 (BECN1), a key component of the class III 

phosphatidylinositol 3-kinase (PtdIns3K) complex, that is required to initiate 

autophagosome formation. They also reported that upon mitochondria depolarization, 

PINK1 interacts and phosphorylates serine 62 of Bcl-xL (Arena et al., 2013), an anti-

apoptotic protein that inhibits autophagy through its binding to Beclin-1. However, in basal 

conditions, there is no evidence that these two endogenous proteins interact each other: the 

interaction was observed only upon cells treatment with the mitochondrial uncoupler CCCP 

suggesting a specific role for this interaction in depolarized mitochondria when PINK1 

accumulates at the OMM. The phosphorylation of Bcl-xL by PINK1 at serine 62 affects its 

cleavage, thus maintaining Bcl-xL in the full-length form that can exert its anti-apoptotic 

function. This process represents another mechanism by which PINK1 could carry out its 

neuroprotective role.  

A hallmark of model cells for PINK1 loss of function is mitochondrial Ca2+ overload 

(Gandhi et al., 2009b; Marongiu et al., 2009): this dysregulation together with low Ca2+ 

buffering capacity and continuous Ca2+ entry to sustain their pacemaking activity renders 

dopaminergic neurons particularly vulnerable to injury (Surmeier, 2018). In this contest, a 

few studies have directly investigated the possibility that PINK1 could have an important 

role in the regulation of mitochondrial Ca2+ handling, and despite of promising information 
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is emerged, many aspects are still controversial.  Pioneering observation indicated that 

alterations in mitochondrial structure and neurite outgrowth observed in neurons co-

expressing mutant PINK1 and a-syn were completely restored by blocking mitochondrial 

Ca2+ influx (Marongiu et al., 2009). Later on, it has been shown that mitochondrial Ca2+ 

overload observed in PINK1 KO cells likely relates to impairment in mitochondrial Ca2+ 

efflux (Gandhi et al., 2009a) and can be prevented by PKA-mediated activation of the 

mitochondrial Na+/Ca2+ exchanger (NCLX), implying a neuroprotective role for PKA inside 

the mitochondria (Kostic et al., 2015). Furthermore, more recently, PINK1 has been 

proposed to control mitochondrial Ca2+ handling by phosphorylating  LETM1, an inner 

mitochondrial membrane K+/H+ exchanger (Huang et al., 2017) which may act as a 

mitochondrial Ca2+/H+ antiporter (Jiang et al., 2009). 

Furthermore, Heeman and collaborators showed instead that PINK1 depletion induced 

mitochondrial membrane depolarization and consequently a reduction of Ca2+ uptake 

(Heeman et al., 2011). Basal mitochondrial Ca2+ levels do not significantly differ between 

control and PINK1-KO cells, but upon stimulation of Ca2+ release from the intracellular 

stores, PINK1-deficient cells show impaired mitochondrial Ca2+ uptake and decreased 

mitochondrial ATP synthesis, that in turn affected cytosolic ATP-dependent Ca2+ extrusion, 

leading to decreased rate of cytosolic Ca2+ removal.  

In this contest, in the laboratory where I carried out my PhD project, preliminary evidence 

was obtained that rather indicates that PINK1 could interfere with the MCU complex activity 

and modulate the mitochondrial Ca2+ uptake. Pilot experiments in Hela cells have shown 

that the overexpression of PINK1 wildtype (but not of kinase dead or PD-pathogenic 

mutants) resulted in a reduction of mitochondrial Ca2+ transients induced by cell stimulation. 

Furthermore, PINK1 co-expression with the MCU pore subunit or with its activator MICU1 

was able to counteract the exaggerated mitochondrial Ca2+ transient generated upon cell 

stimulation in cells overexpressing MCU or MICU1 alone. In line with these findings, 

PINK1-KO MEF cells display both higher basal and stimulated mitochondrial Ca2+ levels 

than the MEF wildtype counterpart. Interestingly, we have also found that both MCU and 

MICU1 co-immunoprecipitated with PINK1, thus suggesting that the possible PINK1 

modulatory role on MCU complex requires their physical interaction (unpublished results). 

These data permit to hypothesize that PINK1 could have a direct role in the control of 

mitochondrial Ca2+ uptake and open a very challenging opportunity to investigate the 

molecular mechanism at the basis of PINK1 action on mitochondrial Ca2+.  
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1.4.2. PINK1 and PKA interplay in the regulation of mitochondrial functions. 

A large amount of evidence supports that phosphorylation and dephosphorylation of 

mitochondrial proteins influence mitochondrial function.  Intriguingly, a phosphoproteome 

analysis performed on functional mitochondria from human skeletal muscle in resting 

conditions showed there are 155 phosphorylation sites in 77 mitochondrial proteins 

including inner membrane respiratory complexes subunits and enzymes, as well as, in the 

component of the mitochondrial contact site and cristae organizing system (MICOS) in the 

insulin-stimulated state (Zhao et al., 2011, 2014). Although the detailed functions  of these 

kinases/phosphatases in mitochondria are still unclear, there is evidence that the translocated 

mitochondrial kinases/phosphatases may be seen in mitochondria in several mitochondrial 

compartments: among them PINK1, as described above, is certainly well recognized to 

localize at mitochondrial levels, and others, including  PKA, suffer for the appearance of 

more contradictory reports on their mitochondrial distribution. 

1.4.2.1. cAMP-dependent protein kinase A (PKA). 

Protein kinase A (PKA) is a member of a family of enzymes that is functionally dependent 

on the levels of cyclic AMP (cAMP) (Figure 7). It is a tetrameric enzyme consisting of two 

catalytic (CAT) and two regulatory subunits (R). In mammals, there are three known 

isoforms of catalytic subunits (CATα, CATβ, CATγ) and four isoforms of regulatory 

subunits (RIα, RIβ, RII α, RIIβ) (Taylor et al., 2017). cAMP binds to regulatory subunits 

and induces the release of active catalytic subunits, which are able to phosphorylate key 

substrates. cAMP is generated from ATP via adenylyl cyclases (ACs) and degraded via 

phosphodiesterases (PDEs). In mammals, there are two types of class III ACs: membrane 

bound (tmAC) and soluble s(AC). TmACs are regulated by heterotrimeric G proteins and 

Figure 7 Intracellular cAMP/PKA 

signaling pathways (Zhang et al., 2016) 
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the pharmacological activator forskolin, whereas sACs are directly regulated by calcium, 

physiological changes in ATP, and bicarbonate. The cAMP generated by ACs is tightly 

regulated by PDE, which catabolize cAMP into AMP. 

cAMP can also bind and activate other two main effector protein:  the cyclic nucleotide 

regulated channels (CNG), including cyclic nucleotide-gated channels (cNGC) and 

hyperpolarization-activated cyclic nucleotide- gated (HCN) channels (Kaupp and Seifert, 

2002), and a family of guanine-nucleotide exchange factors (GEFs) called exchange proteins 

activated by cAMP (EPAC) (Kawasaki et al., 1998). 

Protein phosphorylation/dephosphorylation is the most important posttranslational 

modification of cellular proteins that is in place to modulate their function. To this end cells 

are equipped with many protein kinases and phosphates. Their activation in the right place 

and at the right moment inside cells is fundamental to guarantee specific and optimal 

modulation of signaling pathways.  In recent years, the concept of spatial micro-

compartmentation of the signal has emerged as a general cellular strategy to ensure fine 

regulation of many biological processes. In the case of PKA, given its ubiquitous presence 

in mammalian cells and its widespread involvement in numerous parallel signaling cascades 

this specificity is achieved, at least in part, through the compartmentation of PKA at discrete 

subcellular locations through interaction with a family of proteins called A kinase anchoring 

proteins (AKAPs) that directs PKA in proximity to its target. In addition to tethering PKA 

to particular subcellular location, AKAPs also act as scaffolds for PKA’s substrates, ACs, 

PDEs, and protein phosphatases, overall facilitating the regulation by the cAMP cascade.  In 

respect with possible PKA mitochondrial localization, the existence of a PKA pool at the 

OMM is now well recognized, however, despite PKA has been shown to phosphorylate a 

few inner mitochondrial membrane and matrix proteins, its localization in these two 

mitochondrial sub-compartments has not been definitely proven.  

The anchoring of PKA at the OMM is mediated by three different AKAPs, AKAP1, Rab32 

and AKAP2 (Lefkimmiatis and Zaccolo, 2014),  that associate with the regulatory subunit 

type II. Cytosolic cAMP increase activates PKA tethered to the OMM by releasing it from 

the regulatory subunit. A novel AKAP called sphingosine kinase interacting protein (SKIP) 

has been recently described to bind preferentially  type I regulatory subunits  at the IMS 

(Means et al., 2011). PKA at the IMS has been shown to phosphorylate ChChd3, a scaffold 

protein of the MICOS complex involved in the maintaining of cristae junctions (Kozjak-

Pavlovic, 2017).  
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1.4.2.2. PINK1 and PKA protein interaction.  

An interesting observation that pointed out on a possible interplay between PKA and PINK1 

at mitochondrial level was that the targeting of PKA to mitochondria was able to rescue 

functional defects observed in PINK1 deficient neurons. It has been observed that  

pharmacological and molecular modulation of the activity (and localization) of PKA in 

PINK1-deficient cell lines was effective in reverting  several mitochondrial parameters that 

were compromised by the absence of PINK1 function (Dagda et al., 2011). Dagda and 

collaborators also investigated whether the effect of mitochondrially targeting of PKA 

influences the regulation of the mitochondrial fission protein Dynamin-related protein-1 

(Drp1): the overexpression of a mitochondrially targeted PKA (OMM-PKA) as well as the 

stabilization of endogenous PKA to the OMM via AKAP1 both resulted in PKA-mediated 

phosphorylation and inhibition of Drp1 that in turn led to mitochondrial elongation and 

reverted cell death in PINK1-deficient cells. These findings were followed by the 

observation that PINK1 also enhanced dendrite morphogenesis and arborization through the 

activation of PKA-regulated signaling pathways, thus supporting the involvement of PINK1 

and PKA in the same pro-survival axis to counteract neurodegenerative processes (Dagda et 

al., 2014). Functional interaction with PKA represents a novel neurite regulatory function 

for the OMM-tethered PINK1 form distinct from that in mitophagy. Interestingly, the rescue 

of defects in dendritic arborization in PINK1-deficient neurons was also observed when the 

cytosolic form of PINK1 was re-introduced, suggesting that soluble PINK1 is not 

exclusively a terminal degradation product of PINK1. 

The absence of PINK1 is not only associated with an impairment of neurite morphogenesis, 

but also with a decrease of PKA signaling: PINK1 is required for cAMP-induced neurite 

extension and promotes PKA activation, but the mechanisms by which PINK1 activates 

downstream PKA signaling has to be elucidated. Given that PKA distribution is regulated 

by AKAPs, which confer selectively to its action at distinct subcellular sites, and that PINK1 

induces an increase in the levels of the microtubule associated protein MAP2, a neuronal 

specific AKAP, it is possible that the tether between PKA and MAP2 is also increased at the 

dendrites to promote dendritic outgrowth (Matenia and Mandelkow, 2014). Another 

possibility is that cytosolic PINK1 may promote phosphorylation of the RIIβ subunit and, 

consequently, the release and activation of catalytic subunits of PKA holoenzyme. In line 

with this possibility, more recently, Dagda and co-workers elucidated the molecular 

mechanism by which PINK1 and PKA interact at the mitochondrial level to regulate dendrite 
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remodeling, outgrowth and trafficking (Das Banerjee et al., 2017). They have found that 

PINK1 enhances the association of the regulatory subunit RIIβ with AKAP1 and increases 

the autocatalytic-mediated phosphorylation of PKA/RIIβ to prime PKA holoenzyme for 

activation by cAMP. Impaired mitochondrial trafficking in PINK1-deficient neurons was 

reverted upon PKA activation and through the phosphorylation of the OMM protein Miro2, 

that together Miro1, regulates bidirectional trafficking of mitochondria in neurites by 

interacting with kinesin and dynein motors and the TRAK-family adaptor proteins (Birsa et 

al., 2013).  

The connection between PINK1 and PKA axis in the control of mitochondrial function has 

been strongly reinforced by Akabane et al. and by Pryde et al. that have reported that PKA 

and PINK1 negatively regulate each other. On one hand PKA affects PINK1 stability and 

Parkin recruitment to damaged mitochondria by phosphorylating MIC60, an inner 

membrane protein of the mitochondrial contact site and cristae organizing system (MICOS) 

complex (Akabane et al., 2016) thus resulting in mitophagy inhibition and on the other, 

OMM-localized PINK1 disables the anti-fission machinery by displacing PKA from AKAP 

only in damaged mitochondria network, keeping intact and perfectly working the unaffected 

portion (Pryde et al., 2016). These data are apparently in contrast, but it has to be considered 

that PINK1 could play a dual role: it maintains dendrite and mitochondrial homeostasis 

under basal condition but upon mitochondrial damage it facilitates mitophagy activation by 

uncoupling mitochondrial PKA signaling. This double action has neuroprotective effects. 

Another neuroprotective effect for PKA has been described to occur during the early phase 

of ER stress through the modulation of the mitochondrial pro-fission Drp1 protein: the 

activation of PKA protein leads to phosphorylation and translocation of Drp1 to the ER that, 

in this way in addition to inhibit mitochondrial fission, it also promotes remodeling of the 

ER morphology and consequently of the ER-mitochondria interface that results in enhanced 

ER to mitochondria Ca2+ transfer and mitochondrial metabolism (Bravo-Sagua et al., 2018).  

In summary, a number of reports suggest that PINK1 and PKA may cooperate to prevent 

neurodegeneration but the possibility that their functional interaction may occur inside the 

mitochondria and not exclusively at the OMM level is still unexplored and the investigation 

in this direction appears very intriguing.  
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1.4.3. Does PKA protein localize into mitochondrial matrix? 

As described above, at the OMM PKA has emerged as an essential regulator of different 

aspects of mitochondrial biology including mitochondrial morphology, dynamics, and 

turnover. OMM PKA has been long associated with mitochondria through its interaction 

with the splice variants of the gene AKAP-1, AKAP84, AKAP121 and AKAP149 (Chen et 

al., 1997). This interaction is important to regulate the subcellular localization of PKA and 

the PKA-dependent phosphorylation processes.  

The role of PKA at the cytoplasmic surface of the OMM is now well established. OMM 

PKA was first linked to the organelle dynamics through phosphorylating OMM-localized 

dynamin-related protein 1 (Drp1). Phosphorylation of S637-Drp1 by OMM PKA slows its 

GTPase activity and  inhibits mitochondrial fission, and results in elongated mitochondria 

(Dagda et al., 2011). Moreover, it could be crucial to mitochondrial transport in neurons, as 

well as, mitochondrial integration at synapses (Merrill et al., 2011).  

As well known, OPA1 together with Mitofusin 1/2 (Mfn1/2) controls fusion of IMMs and 

OMMs, respectively, between two adjacent mitochondria (Schrepfer and Scorrano, 2016). 

Phosphorylation of Mfn-2 by PKA leads to cell growth arrest in vascular smooth muscle 

cells (VSMCs) (Zhou et al., 2010). OPA1 also acts as a A-kinase anchoring protein 

associated with lipid droplets: it composes a supramolecular complex containing PKA and 

perilipin, that controls access of lipases to lipid droplets (Pidoux et al., 2011). OPA1 targets 

PKA to lipid droplets, which is necessary for control of perilipin phosphorylation and 

lipolysis. 

PKA activity on the OMM has been shown to influence the stability of PINK1 via the 

mitochondrial contact site and organizing system (MICOS), a multiprotein complex 

involved in the formation and maintenance of mitochondrial cristae (Akabane et al., 2016). 

MIC60 and MIC19, two components of MICOS complex, were identified as a target of 

PKA-mediated phosphorylation in response to forskolin treatment. Increasing PKA 

mitochondrial activity was found to phosphorylate MIC60 on Ser528 destabilizing PINK1 

in the OMM, and MIC19 on Thr11 impairing Parkin recruitment to depolarized 

mitochondria. These results suggest that PKA is involved in the regulation of mitophagy. 

Furthermore, it has been described to promote cell survival impairing apoptosis (Kumar et 

al., 2009). Upon cell death stimuli, the pro-apoptotic protein Bad inhibits anti-apoptotic Bcl-

2 family members, triggering two other pro-apoptotic proteins Bax and Bak to aggregate on 
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mitochondria (Elmore, 2007). OMM PKA has several apoptosis-related proteins as 

substrates. The  phosphorylation of  Bad on Ser 112 and on Ser155 alleviates the inhibitory 

effects of Bad on anti-apoptotic proteins Bcl-2 and Bcl-xL, inhibiting release of cytochrome 

c from mitochondria and protecting cells from apoptosis (Affaitati et al., 2003).  However, 

PKA activity is also showed to be linked to apoptosis through the phosphorylation and 

stabilization of Bim on Ser83 (Moujalled et al., 2011). However, phosphorylation of Bax on 

Ser60 promotes Bax translocation to mitochondria, leads to mitochondrial ROS formation 

and triggers cytochrome c release (Arokium et al., 2007).  

PKA activity can increases the import of proteins by promoting interactions with chaperones 

like Hsp70, anyway it can phosphorylate protein transports on the mitochondrial surface and 

impairs their functions (Schmidt et al., 2011). It phosphorylates TOM22 on Thr76 and 

TOM40 on Ser125, preventing transport of proteins into mitochondria (Gerbeth et al., 2013; 

Rao et al., 2012). The mitochondrial import receptor subunit TOM70 was described to be 

phosphorylated  on Ser174 by PKA on the OMM (Lucero et al., 2019). 

The possibility that PKA could also operate in the intramembrane space or in the 

mitochondrial matrix is still amply debated, but few indications suggest that PKA could 

specifically act also at these sub-mitochondrial compartments. 

First of all, pioneering data by Acin-Perez et al. have suggested the existence of soluble 

adenylyl cyclase (sAC) inside the mitochondrial matrix that is responsible for the generation 

of mitochondrial cAMP. It is well demonstrated that sAC is insensitive to heterotrimeric G 

protein regulation or forskolin, instead it is stimulated by bicarbonate and is sensitive to ATP 

and Ca2+ levels (Chen et al., 2000; Litvin et al., 2003). Acin-Perez et al have found that when 

nutrients are available to cell, the TCA cycle generates CO2 which levels increase and 

carbonic anhydrases (CA) convert CO2 into bicarbonate, stimulating sAC activity and 

activating cAMP/PKA pathway. They have also shown that its activation was specifically 

dependent by the metabolically generated carbon dioxide thus suggesting the existence of a 

CO2-HCO3--sAC-cAMP-PKA signaling cascade wholly contained within mitochondria, 

which serves as a metabolic sensor modulating ATP generation and ROS production in 

response to nutrient availability. Indeed, they were also able to show that the modulation of 

intramitochondrial sAC regulated ATP production by phosphorylation of mitochondrial 

proteins, including subunits of cytochrome c oxidase (Acin-Perez et al., 2009; Di Benedetto 

et al., 2014; Lefkimmiatis et al., 2013).  
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Later, making use of a FRET-based cAMP sensor selectively localized to the mitochondrial 

matrix, Di Benedetto et al. directly demonstrated, in living cells that cytosolic cAMP does 

not diffuse from cytosol into the organelle but, instead, consistent with the suggestion of 

Acin-Perez et al., it is generated in the matrix by sAC. More importantly, they also showed 

that cAMP increases within the mitochondrial matrix not only in response to bicarbonate, 

but also in response to mitochondrial matrix Ca2+ increase (Di Benedetto et al., 2013), thus 

suggesting  an interesting interplay between cAMP and Ca2+-mediated signaling. 

Other components of cAMP signaling cascade have also been identified in the matrix, such 

as PDE2A2, an isoform of PDE which is found to localize in the matrix (Acin-Perez et al., 

2011a). This protein is identified as a novel regulator of cAMP signals in the matrix: cGMP 

binds a GAF domain in its regulatory portion and activates the enzyme which is assigned to 

degrade cAMP. Moreover, when a non-selective PDE inhibited 3-isobutyl-1-methylxanthin 

(IBMX) was used, mitochondrial PDE activity was only partially suppressed, suggesting the 

existence of additional PDE isoforms in the matrix (Acin-Perez et al., 2011a).     

All together these observations open the possibility that the cAMP effectors, among which 

PKA is the main candidate, could be present or translocate inside the mitochondria and 

participate in the regulation of mitochondrial functions. 

However, no cAMP-dependent PKA activity could have been detected inside the matrix 

since Lefkimmiatis et al. did not detect the endogenous PKA activity in this compartment 

using a mitochondrial matrix localized FRET-based PKA activity sensor (Lefkimmiatis et 

al., 2013). They stimulated the production of cAMP in the matrix via HCO3
-/CO2 and 

monitored the PKA activity using the sensor: as expected, bicarbonate induced the increase 

of cAMP pool in the matrix, but surprisingly there was no increase in PKA activity. They 

also used a potent activator of PKA that rapidly reached the mitochondrial matrix [8-(4-

chloro-phenylthio)-adenosine-3’-5’-cyclic monophosphate, 8CPT-cAMP] and they did not 

detect PKA activity. They also generated a OMM-localized FRET-based PKA activity 

sensor and the PKA activity was detected when cytosolic cAMP pool was generated by 

forskolin. Their data indicate that there is an high PKA activity at the OMM involved in the 

maintenance of the phosphorylation state, for example, of Drp1 and BAD, but it is not 

present in the matrix or its activity is so low to detect ( Lefkimmiatis et al., 2013).   

Despite this, some papers have appeared describing candidates for PKA phosphorylation 

that are clearly resident  in the inner mitochondrial membrane or presented PKA consensus 

sites exposed to the matrix, thus reinforcing earlier data obtained by  several independent 
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groups using biochemical, pharmacological, and immunological methods, including 

immunoelectron microscopy, that have documented the presence of PKA in the 

mitochondrial matrix (Livigni et al., 2006; Prabu et al., 2006; Ryu et al., 2005; Schwoch et 

al., 1990). 

More specifically, PKA has been suggested to be localized in the inner membrane where it 

phosphorylates the 18 KDa NDUFS4 subunit of complex I in cultured myoblast and 

promotes oxidative phosphorylation (Rasmo et al., 2010). Recent experiments have pointed 

out on the possibility NDUFS4 was phosphorylated outside rather than inside the 

mitochondria and that its phosphorylation was necessary to facilitate its interaction with the 

chaperone Hsp70 and its import within mitochondria (De Rasmo et al., 2008). However, it 

has been suggested that the involvement of the intramitochondrial cAMP/PKA signalling 

was related to the regulation of the stability of complex I by inhibiting mitochondrial 

proteases: inhibition of sAC reduced complex I subunits amount and the treatment with cell-

permanent cAMP analogue 8-Br-cAMP, but not with isoproterenol (which activates 

membrane associated adenylate cyclase and promoted elevation in cytosolic cAMP) only in 

the cytosol, was able to rescue the reduction (De Rasmo et al., 2015).  

The hypothesis that PKA could be present or translocate into mitochondrial matrix is 

reinforced by the evidence that it has been found that cyclic AMP response element-binding 

protein (CREB), a widely expressed transcription factor, is present in the mitochondrial 

matrix of neurons and that it binds directly to cyclic AMP response elements (CREs) found 

within the mitochondrial genome (Lee et al., 2005). Disruption of CREB activity in the 

mitochondria decreases the expression of a subset of mitochondrial genes, including the ND5 

subunit of complex I, and down-regulates complex I-dependent mitochondrial respiration. 

This suggests that the dysregulation of mitochondrial gene expression by reduced 

mitochondrial CREB activity could contribute to the mitochondrial dysfunction and 

neuronal loss associated with neurodegenerative disorder. Furthermore, CREB has been also 

shown to regulate the expression of other mitochondrial components of the electron transport 

chain inside mitochondria, such as ND1, ND6, and COXIII/ATP6 (De Rasmo et al., 2009) 

and activate a master regulator of mitochondrial biogenesis, PGC1α, upon the activation of 

PKA resident in the mitochondrial matrix (Fernandez-Marcos and Auwerx, 2011). 

Another specific residue (Ser58) localized at the matrix side of cytochrome oxidase subunit 

IV-1 (COXIV-1) was identified as one of the targets of the intramitochondrial sAC-PKA 

pathway (Acin-Perez et al., 2009). Ser58 site is involved in binding ATP at the allosteric site 
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for the regulation of COX activity. PKA phosphorylates this site preventing the inhibition 

of COX activity (Acin-Perez et al., 2011b).  

PKA seems to be involved also in the regulation of complex V by the phosphorylation of 

ATPase inhibitory factor AIF1 on Ser39, which prevents its bindings to complex V and its 

inhibitory effect on ATP synthase (García-Bermúdez et al., 2015). However, also in this case 

it has been claimed that the phosphorylation event may occur before the entry of the protein 

in the mitochondrial membrane, because it was shown that upon the incubation with the 

tmACs activator forskolin the phosphorylation of AIF1 also increases. It has been suggested 

that intramitochondrial cAMP/PKA signaling was rather involved in the modulation of the 

activity of complex V by controlling its turnover mitochondrial proteases (De Rasmo et al., 

2016).  

An additional mitochondrial protein that has been demonstrated to be phosphorylated (at 

least in vitro) by PKA is the mitochondrial Na+/ Ca2+ exchanger (NCLX) that, as mentioned 

above describing mitochondrial Ca2+ handling, represents the main Ca2+ extrusion pathway 

from the mitochondria (Figure 8).  

By applying bioinformatics tools, Kostic and coworkers have screened NCLX sequence for 

the presence of RRXSY PKA phosphorylation consensus site and identified at high score 

for Ser258. To validate the possibility that NCLX could be phosphorylated directly by PKA 

at this site they have performed a mass spectrometry analysis on cells overexpressing c-myc-

tagged NCLX treated with forskolin, with or without H89 inhibitor of PKA activity and 

found in vitro phosphorylation of purified NCLX preparation on Ser258 residue. This 

phosphorylation site is located within hydrophilic loop of the exchanger on the matrix side, 

Figure 8 In PINK1 deficient neurons NCLX activity is fully 

rescued by activation of the protein kinase A (PKA) pathway 

(Kostic et al., 2015). 
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suggesting a possible intramitochondrial localization of PKA protein (Kostic et al., 2015). 

As mentioned above, this finding is particular relevance since they have also observed that 

PKA is able to rescue mitochondrial defects such as mitochondrial depolarization and 

mitochondrial Ca2+ overload due to PINK1 deficiency. They have observed that the 

application of forskolin enhances the rate of mitochondrial Ca2+ efflux and fully recovered 

the loss of mitochondrial membrane potential in PINK KO cells supporting a role of PKA in 

the regulation of NCLX. However, the question whether in living cells this regulation may 

occur and whether the reversible phosphorylation of NCLX may occur at the level of the 

mitochondrial matrix has to be proven and opens again the issue on PKA localization inside 

the mitochondrial compartments.  
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2.4. ER/Mitochondria and ER/Plasma Membrane contact sites: 

a hub for calcium and membrane lipids transfer 

The compartmentalization of cellular signals is an essential mechanism of regulation for 

cellular pathways. In eukaryotic cells, this compartmentalization is achieved because the 

existence of a variety of organelles with unique function, which are spatially confined by 

membranes. However, it is clearly emerging that communication between the organelles is 

also important and they can do this by exchanging molecules, ions but also because they can 

come in close proximity. Thus, organelles can communicate between each other creating 

microdomains called “membrane contact site” (MCS). This communication is important to 

favour different signaling and metabolic pathways (Eisenberg-Bord et al., 2016) and recent 

studies have discovered that dysregulation in MCS are present in a number of different 

diseases, including neurodegenerative disease, inflammation, cancer, type 2 diabetes and 

infections.  

2.4.1. ER/Mitochondria contact sites 

The best characterized membrane contacts are the sites of apposition between mitochondria 

and the ER, termed MERCs (mitochondria-ER contacts). Following initial studies where  

ER/mitochondria contact sites have been investigated by subcellular fractionation and 

electron microscopy (Mannella et al., 1998; Meier et al., 1981; Shore and Tata, 1977), more 

recently they were also investigated in living cells by electron tomography technique that 

have revealed that their apposition resides in a range of around 10 and 50 nm (Csordás et al., 

2006) and by a splitGFP based tool. Latter has permitted to document the existence of narrow 

(8-10 nm) and wide (40-50 nm) juxtapositions in human cells that responded differently to 

starvation, ER stress, mitochondrial shape modifications, and changes in the levels of 

modulators of ER-mitochondria juxtaposition (Cieri et al., 2018). 

Several proteins located on mitochondria and ER membranes are identified to be important 

for MERC formation and physical tethering of organelles, including ERMES complex in 

yeast and Mfn1/2, Fis1-Bap31, VAPB-PTPIP51 and IP3R-Grp75-VDAC1 tripartite 

complex in mammals (Filadi et al., 2018; Scorrano et al., 2019) (Figure 9). A part the 

molecular characterization of the component of these contact sites that is the subject of 

intense investigation and originates some controversial issues among different laboratories, 

the functional study of these contact sites become more and more  important because they 

are involved in many processes critical for cell survival and death, such us phospholipid 
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synthesis and exchange, regulation of mitochondrial fission and trafficking, energy  

metabolism, protein folding, apoptosis and Ca2+ transfer (Giorgi et al., 2015). 

In particular, as mentioned above in the section discussing mitochondrial Ca2+ homeostasis, 

Rizzuto and co-workers have demonstrated that the contact sites between the two organelles 

are important for the formation of high concentration Ca2+ hotspots that can be sensed by the 

low affinity mitochondrial Ca2+ uniporter (Rizzuto et al., 1993) (Rizzuto et al., 1998).   

Alterations in ER-mitochondria associations are involved in the impairment of a variety of 

intracellular processes, many of them are perturbed in neurodegenerative diseases, including 

PD. Interestingly, some of the PD-related proteins have been found to localize at MERCs 

and to be involved in the regulation of ER-mitochondria signaling, among them α-synuclein 

is the most investigated. Until now, three different groups demonstrated that α-synuclein is 

involved in the regulation of ER-mitochondria associations (Calì et al., 2012a; Guardia-

Laguarta et al., 2014; Paillusson et al., 2017). A study performed in the laboratory where I 

carried out my PhD project has demonstrated that mild overexpression of wild-type α-

synuclein has a beneficial effect, since by favouring the ER-mitochondria contact sites 

formation it enhanced mitochondrial Ca2+ transfer from ER upon cell stimulation thus 

sustaining bioenergetics metabolism. Interestingly, a dose-dependent impairment was 

proposed to perturb mitochondria-ER contacts and Ca2+ handling: when the cells were 

loaded with high amounts of α-synuclein, a redistribution of the protein to cytoplasmic foci 

was observed and a reduction in mitochondrial Ca2+ uptake that correlated with reduced ER-

mitochondria tethering were monitored (Calì et al., 2012a). Later on, it has been showed that 

α-synuclein was enriched at the mitochondria associated membranes (MAMs) fraction and 

that the presence of familial PD-related mutations in the  α-synuclein sequence reduced its  

Figure 9 ER-mitochondria contact sites (Raffaello et al., 2016). 
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association with the MAMs (Guardia-Laguarta et al., 2014). This is associated with a 

decrease in MERCs functions in cells overexpressing mutant α-synuclein. The possibility 

that α-synuclein behaviour at MERCs is dependent on its expression levels is also observed 

by Pailluson and collaborators that, moreover, showed that  α-synuclein is able to interact 

with the ER-vesicle associated membrane proteinassociated protein B (VAPB), perturbing 

their association with PTPIP51 proteins and thus their mitochondria-ER association 

(Paillusson et al., 2017). However, the mechanism by which α-synuclein impairs 

functionally the MERCs is still unclear.   

In addition to α-synuclein, also PINK1 and Parkin seem to be involved in the regulation of 

ER-mitochondria interactions. As mentioned before, while PINK1 distribution to MAMs is 

necessary for the recruitment of the autophagic machinery, Parkin translocation to ER-

mitochondria contact sites was observed upon glutamate-induced excitotoxicity in rat 

primary cortical neurons suggesting a specific role in the communication between the two 

organelles. Under these conditions the concomitant Parkin translocation to mitochondria did 

not resulted in the activation of mitophagy process, unless ROS inhibition was induced by 

treatment with antioxidant (Van Laar et al., 2015). The role of Parkin on ER-mitochondria 

cross-talk and the consequences of its modulatory effect were  investigated in the laboratory 

where I carried out my PhD  by overexpressing it and monitoring Ca2+ homeostasis and ATP 

production (Calì et al., 2013). Parkin overexpression led to an increase in ER-mitochondria 

contacts favouring Ca2+ transfer from the ER to the mitochondria upon cell stimulation and 

Ca2+ release from ER. On the opposite, Parkin silencing caused mitochondrial 

fragmentation, reduced ER-mitochondria tethering and impairment of mitochondrial Ca2+ 

handling.  

Considering this scenario a deep characterization of  ER-mitochondria crosstalk and of its 

modulation by proteins involved in neurodegenerative pathways appears very challenging 

and for these reasons we have decided to better explore the role of α-synuclein and its 

mutants and we have also considered another aggregate-prone protein, tau, an interesting 

protein that could have a role in the modulation of this crosstalk.  The results that we have 

obtained are published in two research articles that I have included in my PhD thesis and 

therefore they will not be further discussed in the Results and Discussion sessions (Calì et 

al., 2019;Vicario et al., 2019 under revision). 
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2.4.2. ER/Plasma Membrane interactions 

In addition to ER/mitochondria interface, another crucial site for Ca2+ signalling and lipids 

transfer is represented by the region contacts between ER membrane and the plasma 

membrane (PM). ER-PM junctions have been first described by electron microscopy in the 

1950s in muscle (Porter & Palade, 1957) and they were also observed in neurons 

(Rosenbluth, 1962;Metuzals, Chang, Hammar, & Reese, 1997; Spacek & Harris, 1997). 

Then it has become clear that they are represent in all eukaryotic cells, from unicellular 

organisms to specialized mammalian cells (Friedman and Voeltz, 2011; Pérez-Sancho et al., 

2016). ER-PM contacts are contact sites where the distance between these two membrane 

compartments is below 40 nm.  

 ER-PM are important to mediate Ca2+ influx from extracellular space responsible for 

cellular depolarization and contraction in muscle cells and for the refilling of the intracellular 

Ca2+ stores also in non-excitable cells. Because ER is a limited Ca2+ store, cells have 

developed a sophisticated influx mechanism called SOCE (Store-Operated Ca2+ Entry) to 

refurnish it upon depletion (Figure 10).  

This process is dependent on the dynamic interaction between the ER resident protein 

stromal interaction molecule 1 (STIM1), that acts as Ca2+ sensor, and Orai1, the protein 

forming the channel in the PM that permits Ca2+ entry from the extracellular ambient 

(Nwokonko and Gill, 2012). Depletion of Ca2+ in the ER lumen leads to dissociation of this 

ion from the luminal Ca2+-binding EF hand of STIM1 and to the oligomerization of STIM1 

protein that accumulates at ER-PM contact sites, where it binds and activates the Orai1 

channel whose opening induces Ca2+ influx from the extracellular space. This process has 

been widely studied and the contact sites involving STIM1 and Orai have been well 

characterised. More recently, another family of proteins has been described to participate to 

ER-PM tethering and to regulate it dynamically during the process of replenishment of PM 

Figure 10 Schematic representation of store operated Ca2+ entry (SOCE). 

(Raffaello et al., 2016) 
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with phosphatidylinositol 4,5-bisphosphate (PIP2) after receptor-induced hydrolysis to 

generate signalling molecules such as diacylglycerol and inositol 1,4,5 thrisphosphate, 

which increases cytosolic Ca2+ concentration. 

The proteins involved are ER anchored extended Synaptotagmins (E-Syt) which interact 

with their cytosolic C2C domain with PIP2. Interestingly, in the case of E-Syt1the interaction 

is also regulated by the increase of cytosolic Ca2+ levels. At high cytosolic Ca2+ levels, the 

binding of Ca2+ to the C2C domain leads to the translocation to ER-PM junctions and 

increases PIP2 binding at PM. This translocation reduces the distance between the ER and 

PM making their interaction dynamic (Chang et al., 2013a).  

An important question is whether the two types of tethers participate in the formation of the 

same junctions. A number of studies suggests that all or at least the majority of ER–PM 

junctions are STIM1 dependent (Chang et al., 2013b; Dingsdale et al., 2013; Várnai et al., 

2007), others, mainly based on  electron microscopy techniques, indicate that junctions 

formed by STIM1 and its interacting partners in the PM are structurally different from E-

Syt-formed junctions (Fernández-Busnadiego et al., 2015). They also suggested that 

different tethers can be present in the same cell and in the same moment to participate in the 

formation of different ER-PM contact sites.  

One of the difficulties in studying these junctions is the availability of techniques used to 

reveal them. Cryo‑electron tomography is certainly one of the most sophisticated and has 

been used to reveal the 3D architecture of ER–PM contact sites at molecular resolution 

(Fernández-Busnadiego et al., 2015). Another technique was introduced by P. Varnai and 

colleagues that have developed a probe based on  rapamycin‑inducible bridge formation 

between two fluorescent markers for ER and PM proteins (Várnai et al., 2007). The 

modulation of the length of the linkers forming the bridge has allowed to estimate the 

distances between the two membranes in the junctions, which has been calculated  to be 

larger than 8–9 nm but smaller than 12–14 nm (Lur et al., 2009). The development of another 

probe, termed MAPPER, has resolved one of the major issue of the recombinant probes to 

reveal the junctions, that, once expressed in the cells, usually are responsible for the tethering 

of ER and PM and thus resulted in a modification of the real junctions (Chang et al., 2013a). 

MAPPER probe was created by fusing the signal peptide and the transmembrane domain of 

STIM1 at the N and C termini of the GFP protein, respectively. This fusion protein was 

localized to the ER and did not modified the density of the junctions. The rapamycin binding 

domain (FRB) was added after the TM domain, a polybasic motif that binds to 
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phosphoinositides of the PM was added at the C-terminus and flexible and helical linkers 

were added to cytosolic portion of the marker to ensure that its expression did not alter the 

gap distance of ER-PM junctions.  

In this contest, in the laboratory where I’m working it has been decided to develop a new 

probe with the same strategy it has been employed before for the probe SPLICS to monitor 

ER-mitochondria contact sites in the short- (8-10 nm) and long-range (40-50 nm) (Cieri et 

al., 2018). The characterization of this probe has been part of my PhD project and will be 

discussed in details in the section of the result. 
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3.1. Investigating PKA protein localization and role at 

mitochondrial compartments 

3.1.1.  Construction and validation of splitGFP-based probes to monitor 

mitochondrial distribution of PKA protein 

Considering that PINK1 and PKA interplay is emerging as potential site of modulation to 

counteract neurodegeneration, we have considered the possibility that they may act on 

common pathways. Before to explore the possibility that PKA and  PINK1 could exert their 

action on specific mitochondrial targets, we decided to develop an approach that could 

permit to investigate PKA distribution in the mitochondria and that could permit us to 

establish whether PKA could be localized not only at the OMM (OMM), but also in the inter 

membrane space (IMS) e in the mitochondrial matrix.  

The question whether PKA could be present in the mitochondrial compartments to exert its 

action is still open and debated and conflictual reports have appeared during the years on 

this matter. To shed light on these aspects, we decided to employ a new experimental 

approach, not based on canonical cell sub-fractionation or immunocytochemistry analysis, 

but on a new molecular tool generated using the splitGFP protein and BiFC (Bimolecular 

Fluorescence Complementation).  

Figure 11 A) splitGFP system and Bimolecular Fluorescence Complementation (BiFC). GFP protein was split in 

two non-fluorescent portions, GFP1-10 and β11 fragment. B) Schematic representation of targeted splitGFP chimeras 

that complement at the OMM, within the IMS and in the mitochondrial matrix. C) Schematic representation of β11-

PKA constructs. β11 fragment is fused to the C-terminal region of CATα, RIα and RIIβ. 
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The splitGFP is an artificial mutant of the GFP protein that has been split in two non-

fluorescent portions (GFP1-10 and β11 beta strand) that emit fluorescence only when the two 

GFP fragments are close enough to properly interact (Figure 11A). This means that when 

GFP1-10 is targeted to specific mitochondrial compartment, OMM, IMS or mitochondrial 

matrix, the reconstitution of GFP protein occurs when β11 strand is located in the same 

compartment, as shown in the cartoon (Figure 11B). 

The constructs of targeted GFP1-10 portion to the OMM and  the mitochondrial matrix (mt) 

have been previously developed in our laboratory (Calì et al., 2015). The GFP1-10 portion 

targeted to the IMS has been developed to follow the intramitochondrial distribution of tau 

protein (Cieri et al., 2018). In brief, the strategy followed to target the GFP1-10 portion to 

each sub mitochondrial compartments was the generation of GFP1-10 chimera fused to amino 

acidic targeting sequences from different proteins well known resident in the specific 

mitochondrial sub-compartments. For the targeting to the OMM the first 33 amino acids of 

the TOM20 N-terminal tail (N33) were fused at the N-terminal of the GFP1-10 protein (Kanaji 

et al., 2000); for IMS the 68 amino acid leader sequence of the native IMS serine beta-

lactamase-like protein LACTB (Polianskyte et al., 2009) was employed and  the pre-

sequence of the human subunit VIII of the cytochrome c oxidase was added to GFP1-10 to 

drive its import  in the mitochondrial matrix(Rizzuto et al., 1989). A construct for the 

expression of the GFP1-10 fragment in the cytoplasm was also generated and employed as 

control. All the cDNAs were cloned in the mammalian expression vector pcDNA3 under the 

control of the cytomegalovirus (CMV) promoter. Figure 11C shows the fusion constructs 

between the PKA protein and the β11 fragment: specifically, the β11 fragment has been 

fused to the C-terminus of the sequences encoding the mouse catalytic PKA α subunit, 

CATα, and two different PKA regulatory subunits, the human Iα and the rat IIβ isoforms 

(RIα and RIIβ). All the cDNAs were cloned in the mammalian expression vector pcDNA3 

under the control of the cytomegalovirus (CMV) promoter. 

Several control experiments have been performed to validate the proper targeting of the 

probes. First, we have checked the correct localization of untargeted, OMM, IMS and 

mitochondrial matrix targeted GFP1-10 constructs by immunocytochemistry analysis 

performed by the incubation with a polyclonal primary antibody against the GFP protein 

probed with an Alexa633 conjugated secondary antibody. The coverslip with the transfected 

cells were observed upon excitation both at 488nm and 633nm. No green fluorescent signal 

was detected upon illumination at 488nm for all the four constructs (Figure 12A), as 

expected considering that the GFP1-10 fragment is not fluorescent in the absence of the 
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complementing β11 fragment. Upon illumination at 633nm the red fluorescent signal 

revealed a good level of expression for each GFP1-10 constructs, a diffuse cytosolic signal 

for the untargeted GFP1-10 fragment and the correct mitochondrial targeting for the OMM, 

IMS and mt GFP1-10 fusion proteins (Figure 12A). To verify that our GFP1-10 fusion proteins 

were still able to complement, and that complementation only occurs when the two non-

fluorescent portions are in the same compartment, first we have co-expressed the cytosolic 

mKATe2 protein fused to β11 fragment with the OMM, IMS and mitochondrial matrix 

targeted GFP1-10 constructs. As shown in Figure 12B, the cytosolic mKATe2 protein 

complements at the OMM (top left panel) but not in the IMS and mitochondrial matrix. The 

red fluorescence acquired upon excitation at 594 nm wavelength is indicative of the 

expression of mKATE2 protein and its cytosolic distribution. Then, we verified whether 

GFP complementation could efficiently occur in each mitochondrial sub-compartment we 

have considered. To do this, the OMM, IMS and mitochondrial matrix targeted GFP1-10 

fragments were co-expressed together with three different proteins fused to β11 artificially 

targeted or naturally resident at the same mitochondrial sub compartment. To test 

complementation at the OMM a β11 fused cytosolic α-synuclein was employed; a β11 fused 

cytochrome c and a β11⍺-synuclein targeted to the mitochondrial matrix were instead used 

to verify complementation in the IMS and the mitochondrial matrix, respectively. The 

correct GFP complementation was detected for all the three constructs as documented by the 

appearance of a green signal upon excitation at 488 nm wavelength which colocalized with 

the red fluorescence of the mitochondrial marker Mitotracker (Figure 12C). In the case of 

complementation with β11 cytosolic α-synuclein the pattern is mitochondrial indicating that 

only the pool of α-synuclein molecules close to the OMM are able to complement with the 

OMM GFP1-10 fragment. 

Similarly, control experiments were performed to verify the expression of the three PKA 

subunits fused to the β11 fragment. Hela cells were transiently transfected with CATα and 

regulatory subunits Iα and IIβ and processed for immunocytochemistry analysis with 

specific CATα and Iα or IIβ primary antibodies. Upon incubation with secondary antibodies, 

anti-PKA antibodies revealed a diffuse cytosolic signal in PKA-CATα, PKA-Iα and PKA-

IIβ isoforms overexpressing cells. Mitochondrial morphology and distribution were detected 

using an anti TOM20 antibody (probed with an Alexa594 conjugated secondary antibody).  

No major differences were detected upon the overexpression of CATα or regulatory subunits 

(Figure 12D).  
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Figure 12 A) Expression and subcellular localization of the untargeted, OMM, IMS and mitochondrial matrix 

targeted GFP1-10 constructs. HeLa cells were transfected with the indicated constructs and incubated with an 

anti-GFP antibody and probed with an Alexa 633 conjugated secondary antibody. Confocal images were acquired 

at 488 nm and 633 nm excitation wavelength. B) Complementation between targeted GFP1-10 constructs and 

cytosolic red fluorescent protein mKATE2 fused to β11.  Confocal images were acquired at 488 nm and 594 nm 

excitation wavelength from HeLa cells co-expressing GFP1-10 constructs targeted to OMM, IMS and 

mitochondrial matrix with β11-mKATE2 protein. C) Validation of splitGFP Bimolecular Complementation of 

targeted GFP1-10 constructs. The OMM, IMS and mitochondrial matrix targeted GFP1-10 fragments were co-

expressed together with three different β11 tagged proteins artificially targeted or resident at the same 

mitochondrial sub compartments, i.e., α-synuclein (⍺-syn), cytochrome c or ⍺-syn targeted to the mitochondrial 

matrix. Mitotracker was loaded as mitochondrial marker. Complementation of the GFP probes was revealed by 

fluorescent acquisition upon excitation at 488 nm wavelength. D) Expression and cellular localization of the 

β11-PKA constructs. PKA subunits were detected using a primary antibody specific for each subunit and probed 

with an Alexa 488 conjugated secondary antibody. Mitochondria were stained using an anti TOM20 antibody 

and probed with an Alexa 594 conjugated secondary antibody. Confocal images were acquired upon excitation 

at 488 and 594 nm wavelength. Scale bar 25 μm. 
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These control experiments have demonstrated the efficiency and the specificity of the 

splitGFP method as a tool to investigate protein localization at mitochondrial levels. 

Considering these results, we were confident that this methodology should permit to reveal 

whether and how a pool of PKA protein could be resident or translocate to any mitochondrial 

sub-compartments.  

3.1.2. Investigating PKA localization at sub-mitochondrial level using splitGFP-

based PKA chimera 

To investigate the possible presence of PKA in the IMS and in the mitochondrial matrix 

HeLa cells were co-transfected with GFP1-10 constructs targeted to OMM, IMS and 

mitochondrial matrix and PKA CAT⍺, RIα and RIIβ subunits fused to the β11 fragment. 

Confocal images acquired upon excitation at 488 nm have revealed a strong green 

fluorescent signal that colocalizes with mitochondrial distribution in the case of each PKA 

subunits (Figure 13A-C, upper panels), indicating the existence of cytosolic PKA pools 

located in proximity of the OMM, as previously documented by others with different 

approaches. This result is in line with the existence of OMM AKAP anchoring PKA 

regulatory subunits at the cytosolic side of the OMM. At difference from the OMM-GFP1-10 

construct, when the IMS- an mt- GFP1-10 were cotransfected with the three different PKA 

subunits the appearance of reconstituted GFP fluorescence was detected only in the case of 

the CATα subunit which shows a clear green fluorescent signal in both compartments 

(Figure 13C, middle and lower panels, respectively). The RIα and RIIβ regulatory subunits, 

instead, do not display any localization at the IMS and in the matrix (Figure 13A-B, middle 

and lower panels, respectively). This evidence suggests that, at least, a pool of CATα 

molecules resides in the IMS and in mitochondrial matrix in resting condition and upon 

overexpression, instead, under the same conditions, the regulatory subunits are prevented to 

reach these compartments. The colocalization of the green fluorescence signal with the 

mitochondria network was confirmed by the immunostaining with anti TOM20 primary 

antibody (in red) or by the overexpression of a red fluorescent protein selectively targeted to 

the mitochondrial matrix (mtRFP) (Figure 13A-C, right panels). Interestingly, the merge 

panels show that, at least in the case of the CATα subunit at the level of the mitochondrial 

matrix, the colocalization does not occur for the entire mitochondrial network (being visible 

some red area in the merging). The possibility that mitochondrial targeting of the CATα may 
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not occur homogenously in the entire mitochondria population, but it is rather confined to a 

portion of them, is very intriguing and certainly demands further investigations, 

The same experiment was performed in order to be sure that the absence of GFP reconstituted 

signal in the case of co-transfection of the IMS- and mt- GFP1-10 moieties and the RIα or the 

RIIβ subunits could depend on their low level of expression, we verified the expression of 

PKA subunits using specific antibodies. Immunocytochemistry analysis performed with RIα, 

RIIβ and CATα subunits-specific antibodies revealed a diffuse cytosolic pattern for all of 

them (Figure 14A-C, in red left panels).  

Figure 13 Sub-mitochondrial localization of PKA subunits. GFP1-10 constructs targeted to the OMM, IMS and 

mitochondrial matrix, and RIα (A), RIIβ (B) and CATα (C) fused to β11 fragment were transiently co-transfected 

in HeLa cells. Confocal images were acquired upon excitation at 488 and 594/568 nm wavelength. Where 

indicated, transfected cells were incubated with an anti TOM20 primary antibody and stained with an Alexa 594 

conjugated secondary antibody or mtRFP protein is co-expressed as mitochondrial marker. Complementation of 

the GFP probes was revealed by fluorescent acquisition upon excitation at 488 nm wavelength. Scale bar, 25 μm. 
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Figure 14 Targeted splitGFP chimeras complement with A) β11-RIα and B) β11-RIIβ at the OMM, C) β11-CATα 

at the OMM, in the IMS and in the mitochondrial matrix. Sub-mitochondrial localization of PKA subunits was 

analyzed by the co-expression of the OMM, IMS and mitochondrial matrix targeted GFP1-10 non-fluorescent and of 

the β11-PKA subunits. Confocal images were acquired upon excitation at 488 and 594/633 nm wavelength. 

Transfected cells were incubated with a primary antibody specific for each subunit and stained with an Alexa 594/633 

conjugated secondary antibody.  Scale bar 25 μm. Histograms on the right represent the quantitative analysis of 

positive cells for complemented GFP protein calculated on positive cells for PKA subunit overexpression. 
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To evaluate the possibility that not all the cells overexpressing RIα, RIIβ and CATα subunits 

displayed their mitochondrial distribution, we have also performed a quantitative analysis in 

which we have calculated the number of cells in which we have detected mitochondrial 

signal over the number of cells positive for the expression of RIα, RIIβ and CATα subunits. 

The histograms on the right of the panels of Figure 14 show the percentage of positive cells 

for complemented GFP protein at OMM, IMS and in the matrix calculated on positive cells 

for PKA RIα, RIIβ and CATα subunits overexpression. The quantification analysis revealed 

that about 80-90% of the cells that are positive for PKA RIα, RIIβ and CATα also display a 

OMM distribution of these subunits, and that about 65-70% of CATα positive cells shows 

also CATα in the IMS and in the mitochondrial matrix.  

We have unequivocally demonstrated that the most abundant fraction of mitochondrially 

located PKA is present at the OMM level, as expected, where we have found both the CATα 

and the two regulatory subunits, RIα and RIIβ. Interestingly we have also found that a 

detectable fraction of overexpressed CATα subunit also resides in the IMS and in the 

mitochondrial matrix, but that, under the same conditions, the regulatory subunits, RIα and 

RIIβ, are not present in these two sub-mitochondrial compartments. Moreover, we have 

noticed that not all the cells that display CATα overexpression also show its presence in the 

IMS and in the mitochondrial matrix.  

3.1.3. Could the regulatory subunits interfere with the entry of CATα subunit 

in the mitochondrial matrix? 

At this point, we decided to address whether the co-expression of the regulatory subunits 

could interfere with the localization of the CATα subunit in the mitochondrial matrix. HeLa 

cells were co-transfected with GFP1-10 fragment targeted to mitochondrial matrix, the CATα 

subunit fused to β11 strand and the RIIβ subunit (Figure 15, upper panels). The confocal 

analysis of the triple transfected cells did not reveal the reconstitution of GFP protein, 

suggesting that the overexpressed RIIβ subunit could interfere with the entry of CATα 

subunit in the mitochondrial matrix. The same experiment was performed by co-expressing 

the RIα subunit instead of the RIIβ subunit: interestingly, when CATα is co-expressed with 

the RIα subunit we detected the signal for GFP complementation in the mitochondrial matrix 

(Figure 15, lower panels). It has to be noted that, in the case of CATα and RIα subunit co-

transfected cells the percentage of positive cells for complemented GFP protein in the 

mitochondrial matrix is 52% ± 0.076 of the CATα subunit positive cells. This percentage is 

slightly lower in respect with the percentage calculated for cells transfected with CATα alone 
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that was around 67%, but the two values are not statistically different. The expression of the 

three PKA subunits was verified by the incubation with an anti-CAT antibody (probed with 

an Alexa405 conjugated secondary antibody, left panels in blue), by anti-RIIβ antibody 

(probed with an Alexa633 conjugated secondary antibody, middle upper panels in red) and 

by anti-RIα antibody (probed with an Alexa633 conjugated secondary antibody, middle 

lower panels in red).  

 

A positive signal was detected in all the cases, thus excluding he possibility that the absence 

of complementation could be due to the low expression of the GFP1-10 completing β11 

fragment.  These observations suggest that the RIα subunit is not able to prevent the 

localization of CATα subunit in the mitochondrial matrix.  

To exclude the possibility that the absence of the GFP complementation signal in the 

mitochondrial matrix upon co-expression of the CATα and the RIIβ subunits could depend 

on lower amount of CATα in respect with the cells that express it alone, a Western blotting 

analysis was performed on cellular fractions obtained by HeLa cells single or double 

transfected. Figure 16 shows the results: the membranes were incubated with anti-CATα, 

anti-RIα and anti-RIIβ primary antibodies, respectively; an anti-GAPDH primary antibody 

was used as a marker for equal loading of total proteins. The anti-CATα antibody revealed 

a faint band at about 40 kDa in the control cells which represents the endogenous amount of 

CATα. A slightly higher band of about 45 kDa (due to the fusion with the β11 fragment) 

was visible in the lanes corresponding to HeLa cells transfected with CATα subunit alone or 

Figure 15 Co-expression of β11-CATα subunit with β11-RIIβ (upper panels) or β11-RIα (lower panels). 

Confocal images were acquired at 405, 633 and 488 nm excitation wavelength. Transfected cells were incubated 

with a primary antibody specific for each subunit and stained with an Alexa 405 conjugated secondary antibody 

for CATα subunit and Alexa 633 conjugated secondary antibody for RIIβ and RIα. Complementation of the GFP 

probes was revealed by fluorescent acquisition at 488 nm excitation wavelength. Scale bar 25μm. Histograms on 

the right represent the quantitative analysis of positive cells for complemented GFP protein calculated on PKA 

subunit positive cells in CATα overexpressing cells and in CATα and RIα or RIIβ co-expressing cells. 
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together with the RIα and RIIβ subunits. In all the three cases, CATα is significatively 

overexpressed. The amount of CATα subunit is higher when it is co-expressed with RIIβ or 

RIα subunits than when it was overexpressed alone, as shown by the histograms on the right. 

These results suggest that in the double transfected cells the CATα subunit is more stable 

(Figure 16A).  

 

 

Figure 16 . Expression levels of overexpressed PKA subunits in HeLa cells. HeLa cells were transfected with A) 

CATα, CATα and RIα, CATα and RIIβ expression plasmids and analyzed by Western blotting with an anti-CATα 

antibody, B) RIα, CATα and RIα expression plasmids and analyzed by Western blotting with an anti RIα antibody, 

C) RIIβ, CATα and RIIβ expression plasmids and analyzed by Western blotting with an anti RIIβ antibody. Equal 

loading was verified by probing the membrane with an anti GAPDH antibody. Histograms on the right are relative 

to the quantification analysis of the expression levels of PKA subunits. (# p ≤ 0.05 vs single transfection; ## p ≤ 

0.01 (CATα in panel A or RIα in panel B or RIIβ in panel C); * p ≤ 0.05 vs control; ** p ≤ 0.01 vs control; *** p 

≤ 0.001 vs control). 
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Similarly, when we develop the membranes with anti-RIα (Figure 16B) or anti-RIIβ (Figure 

16C) primary antibodies, we detected specific bands with the correct molecular weight 

(about 47 kDa for the band relative to RIα; and about 52 kDa for the band relative to RIIβ). 

No endogenous RIIβ band was present in HeLa cells. The histograms on the right show that 

also the levels of the RIIβ or RIα subunits are higher when they are co-expressed with CATα 

subunit than when expressed alone. These results exclude the possibility that the absence of 

mt-GFP1-10/11-CATα reconstitution in the presence of co-expressed RIIβ subunit could 

depend on low expression levels of CATα. 

3.1.4. CATα modulates mitochondrial and cytosolic Ca2+ handling 

As previously documented by another group, the pharmacological activation of PKA by 

forskolin is able to rescue impairment in mitochondrial Ca2+ efflux in PINK1 KO cells by 

activating NCLX (Kostic et al., 2015). Considering this aspect and the localization of CATα 

in the mitochondrial matrix that we have observed using the splitGFP methodology, we 

decided to directly investigate the effect of CATα overexpression on mitochondrial Ca2+ 

handling. We directly monitored Ca2+ transients generated upon cell stimulation by the 

recombinant photoprotein Ca2+ sensitive aequorin targeted to the mitochondrial matrix 

(mtAEQ) or untargeted and expressed in the cytoplasm (cytAEQ) (Ottolini et al., 2014).  

Figure 17A shows the monitoring of mitochondrial Ca2+ concentration upon stimulation with 

the IP3-generating agonist histamine (100 µM) in HeLa cells transfected with mtAEQ. Upon 

histamine application, mitochondria accumulate Ca2+ inside the matrix through the 

activation of the MCU complex. The Ca2+ transient reaches a peak and then rapidly declines 

to basal levels thanks to the action of NCLX mediated efflux.  

In the case of CATα overexpressing cells we observed a strong reduction in mitochondrial 

Ca2+ transients in respect with control cells. The average peak values were 51.83 ± 1.368 

µM, n = 46 for control cells and 19.02 ± 1.185 µM, n = 28 for CATα overexpressing cells 

(p < 0.001). To verify whether this effect was specific for mitochondrial Ca2+ transients we 

also monitored cytosolic Ca2+ transients upon CATα overexpression and histamine 

stimulation. A reduction in the peak amplitude of the Ca2+ transients was observed in CATα 

overexpressing cells upon stimulation in respect with control cells (Figure 17B). The average 

peak values were 2.5 ± 0.052 µM, n = 22 for control cells and 1.434 ± 0.058 µM, n = 9 for 

CATα overexpressing cells (p < 0.001).  
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To investigate whether the effects of CATα overexpression on mitochondrial Ca2+ transients 

could be attributed, at least partially, to the amount of CATα resident in the mitochondrial 

matrix we decided to selectively express it inside the matrix by using a construct that has 

been developed by Prof. K. Lefkimmiatis (Institute of Neurosciences, CNR, Venetian 

Institute of Molecular Medicine, Padua) (Lefkimmiatis et al., 2013), in which the CATα 

Figure 17 CATα subunit reduces mitochondrial and cytosolic Ca2+ transients. A) Mitochondrial [Ca2+]mt, B) 

cytosolic [Ca2+]Cyt Ca2+ transients in control (CTRL) HeLa cells or overexpressing CATα are shown. Cells were 

transfected with AEQ (either mitochondrial or cytosolic) in control cells or co-transfected with AEQ and CATα. The 

traces are the media of at least 9 independent measurements obtained from 3 independent transfections. The 

histograms on the right represent the quantification of the average peak values of [Ca2+]mt  and [Ca2+ ]Cyt in control or 

in cells  overexpressing CATα ([Ca2+]mt μM: 51.83 ± 1.37 n=46 for control cells; 19.02 ± 1.19 n=28 for CATα, p < 

0.001 vs control; [Ca2+ ]Cyt μM: 2.50 ± 0.052 n=22 for control cells; 1.43 ± 0.058 n=9 for CATα, **** p < 0.00001 

vs control. 
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subunit was fused to the mitochondrial pre-sequence of the subunit VIII of the human 

cytochrome c oxidase at the N-terminal and to the red fluorescent protein mCherry at the C- 

terminal (mito-PKACat-mCherry, referred as mtCATα).  

The expression and the mitochondrial localization of mtCATα were evaluated by confocal 

and Western blotting analysis. Figure 18A shows on the left panel the mitochondrial 

distribution of the red fluorescence relative to mCherry emission and on the right the blot 

incubated with anti CATα primary antibody. In the first lane the level of the endogenous 

CATα is appreciable, in the second lane two bands are visible: the lower is relative to 

endogenous CATα and the higher, of about 70 kDa corresponds to the molecular weight of 

the fusion protein CATα-mCherry. 

Once we had verified that mtCATα was correctly expressed in our HeLa cells, we monitored 

the effects of its overexpression on mitochondrial Ca2+ transients. Interestingly, we have 

found that the selective expression of CATα in the matrix is able to reduce the mitochondrial 

Ca2+ transients (Figure 18B). The average peak values were 51.83 ± 1.368 µM, n = 46 for 

control cells and 30.08 ± 1.017 µM, n = 21 for mtCATα overexpressing cells (p < 0.001). 

No differences were instead detected in cytosolic Ca2+ transients between mtCATα 

overexpressing and control cells (Figure 18C; [Ca2+]Cyt: 2.5 ± 0.052 µM, n = 22 for control 

cells and 2.356 ± 0.046, n = 10 for mtCATα overexpressing cells. These findings are very 

intriguing since they suggest that the action of CATα inside the mitochondrial matrix has a 

specific effect on mitochondrial Ca2+ transients, being cytosolic Ca2+ levels unaffected by its 

overexpression. 
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Figure 18 A) Mitochondrial localization and expression level of mtCATα-mCherry were evaluated by confocal and 

western blotting analysis. B-C) The artificial targeting of CATα (mtCATα) subunit to the mitochondrial matrix 

reduces mitochondrial but not cytosolic Ca2+ transients. A) Mitochondrial [Ca2+]mt , B) cytosolic [Ca2+ ]Cyt Ca2+ 

transients in control (CTRL) HeLa cells or overexpressing mtCATα are shown. Cells were transfected with AEQ 

(either mitochondrial or cytosolic) in control cells or co-transfected with AEQ and mtCATα. The traces are the media 

of at least 10 independent measurements obtained from 3 independent transfections. Quantification of [Ca2+]mt  and 

[Ca2+ ]Cyt in control cells or overexpressing mtCATα ([Ca2+]mt μM: 51.83 ± 1.37 n=46 for control cells; 30.08 ± 1.017 

n=21 for mtCATα, **** p < 0.0001 vs control; [Ca2+ ]Cyt μM: 2.50 ± 0.052 n=22 for control cells; 2.356 ± 0.046 

n=10 for mtCATα, **** p < 0.00001 vs control). 
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The experiments shown above suggest that the mitochondrial Ca2+ uptake is modulated by 

the presence of CATα in the matrix. Since we have observed that the co-expression of RIIβ 

prevented CATα to reach the mitochondrial matrix, we evaluated the mitochondrial Ca2+ 

uptake when CATα subunit is co-expressed with the RIIβ subunit. Interestingly, the effect 

of CATα overexpression on mitochondrial Ca2+ transients was almost completely abolished 

in presence of RIIβ subunit (Figure 19A; Average peak values 19.02 ± 1.185 µM, n = 28 for 

CATα overexpressing cells; 43.76 ± 2.013 µM, n = 24 for CATα and RIIβ co-expressing 

cells; p < 0.0001).  

Figure 19 RIIβ subunit almost abolishes CATα-induced reduction of mitochondrial and cytosolic Ca2+ transients. 

A) Mitochondrial [Ca2+]mt, B) cytosolic [Ca2+]Cyt Ca2+ transients in control (CTRL) HeLa cells or in cells 

overexpressing CATα or RIIβ alone or co-expressing CATα and RIIβ are shown. Cells were transfected with AEQ 

(either mitochondrial or cytosolic) in control or co-transfected with AEQ and the indicated constructs for PKA 

subunits expression. The traces are the media of at least 8 independent measurements obtained from 3 independent 

transfections. Quantification of [Ca2+]mt  and [Ca2+ ]Cyt in control cells or overexpressing CATα or RIIβ alone or co-

expressing CATα and RIIβ ([Ca2+]mt μM: 51.83 ± 1.37 n=46 for control cells; 19.02 ± 1.19 µM n = 28  for CATα 

overexpressing cells; 56.47 ± 1.47µM n= 8 for RIIβ overexpressing cells; 43.76 ± 2.013 µM n=24 for CATα and 

RIIβ co-expressing cells; [Ca2+ ]Cyt μM: 2.50 ± 0.052 n=22 for control cells; 2.363 ± 0.067 n=11 for RIIβ; 1.43 ± 

0.058 n=9 for CATα, 2.356 ± 0.046 µM n=12 for CATα and RIIβ co-expressing cells; ** p ≤ 0.001 vs control; *** 

p < 0.0001 vs control; **** p < 0.00001 vs control; ### p < 0.0001 vs overexpressed CATα; #### p < 0.00001 vs 

overexpressed CATα). 
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The same effect was obtained on cytosolic Ca2+ transients (Figure 19B; Average peak values 

1.434 ± 0.058 µM, n = 9 for CATα overexpressing cells; 2.356 ± 0.046 µM, n = 12 for CATα 

and RIIβ co-expressing cells; p < 0.0001). Figure 19 also shows the mitochondrial and 

cytosolic Ca2+ transients measured in control cells and in cells transfected only with the 

RIIβ subunits. The overexpression of RIIβ subunit did not affect mitochondrial and cytosolic 

Ca2+ transients. 

At this point, we evaluated whether the ability of the RIIβ subunit was isoform specific and 

we monitored the mitochondrial Ca2+ transients in cells co-expressing CATα together with 

the regulatory subunit RIα. The results are shown in Figure 20: no effect was observed on 

the reduction of mitochondrial Ca2+ transients induced by the CATα upon RIα co-expression 

(19.018 ± 1.185 µM, n = 28 for CATα overexpressing cells; 16.961 ± 1.724 µM, n = 7 for 

CATα and RIα co-expressing cells).  

 

By following the same approach, we decided to test whether the co-expression of the RIIβ 

subunit was also able to abrogate the effect of the CATα subunit selectively targeted to the 

mitochondrial on mitochondrial Ca2+ transients. Unexpectedly, the reduction of 

mitochondrial Ca2+ transients upon mtCATα overexpression was completely abolished in 

cells co-expressing mtCATα and RIIβ (Figure 21A; Average peak values: 30.08 ± 4.981 

Figure 20 RIα subunit does not abolish CATα-induced reduction of mitochondrial and cytosolic Ca2+ transients. 

Mitochondrial [Ca2+]mt, Ca2+ transients in control (CTRL) HeLa cells or in cells overexpressing CATα or RIα alone 

or co-expressing CATα and RIα are shown. Cells were transfected with AEQ in control cells or co-transfected with 

AEQ and the indicated constructs. The traces are the media of at least 5 independent measurements obtained from 3 

independent transfections. Quantification of [Ca2+]mt  control cells or overexpressing CATα or RIα alone or co-

expressing CATα and RIα ([Ca2+]mt μM: 51.83 ± 1.37 n=46 for control cells; 19.02 ± 1.19 µM n = 28  for CATα 

overexpressing cells; 54.40 ± 5.79 µM n= 8 for RIα overexpressing cells; 16.96 ± 1.72 µM n=7 for CATα and RIα 

co-expressing cells; **** p < 0.00001 vs control; #### p < 0.00001 vs overexpressed CATα). 
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µM, n = 21 for mtCATα overexpressing cells; 56.343 ± 2.740 µM, n = 9 for mtCATα and 

RIIβ co-expressing cells; p < 0.0001).  

Figure 21A also shows the mitochondrial Ca2+ transients measured in control cells and in 

cells transfected only with the RIIβ subunits. The average peak values between control cells 

and mtCATα and RIIβ co-expressing cells are not statistically different, i.e. 51.83 ± 1.368 

µM, n = 46 for control cells vs 30.08 ± 4.981 µM, n = 21 for mtCATα overexpressing cells. 

 

Figure 21 RIIβ subunit totally abolishes mtCATα-induced reduction of mitochondrial Ca2+ transients. A) 

Mitochondrial [Ca2+]mt Ca2+ transients in control (CTRL) HeLa cells or in cells overexpressing mtCATα or RIIβ 

alone or co-expressing mtCATα and RIIβ cells are shown. Cells were transfected with AEQ or co-transfected with 

AEQ and the indicated constructs. The traces are the media of at least 8 independent measurements obtained from 3 

independent transfections. Quantification of [Ca2+]mt  in control cells or overexpressing mtCATα or RIIβ alone or 

co-expressing mtCATα and RIIβ ([Ca2+]mt μM: 51.83 ± 1.37 n=46 for control cells; 30.08 ± 1.017 n=21 for mtCATα; 

56.47 ± 1.47µM n= 8 for RIIβ overexpressing cells; 56.34 ± 2.74 µM n=9 for mtCATα and RIIβ co-expressing cells; 

**** p < 0.00001 vs control; #### p < 0.00001 vs overexpressed mtCATα). B) Distribution of mtCATα when it is 

expressed alone (upper panel) and when it is co-expressed with RIIβ subunit (lower panel). The co-expression of 

RIIβ subunit is shown in green. Scale bare 25 μm. 
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To explain this unexpected result, we performed an immunocytochemistry analysis on HeLa 

cells transfected with the mtCATα and the RIIβ subunit and checked for mitochondrial 

distribution of mtCATα.  Figure 21B shows a direct comparison between the distribution of 

mtCATα expressed alone (upper panel) with mtCATα co-expressed with RIIβ (lower panel).  

The co-expression of RIIβ subunit has been revealed by the incubation with Alexa 488 

secondary antibody and shown in green. By the representative confocal images shown in 

Figure 11B it is quite evident that mitochondrial distribution of mtCATα is completely 

prevented in the cells co-expressing the RIIβ despite of the presence of exogenous 

mitochondrial targeting sequence.  The mtCATα displays a clear cytosolic distribution in 

the lower right panel. These results gain further insights into the specificity of RIIβ subunit 

to regulate the activity and the localization of CATα at the mitochondrial levels: CATα 

subunit exerts its action on the mitochondrial Ca2+ handling acting inside the matrix and it 

can get in only when it is not engaged with the RIIβ subunit. 

3.1.5. Possible mitochondrial targets for PKA protein action on mitochondrial 

Ca2+ handling 

To investigate whether the effects of CATα overexpression on mitochondrial Ca2+ transients 

were due to the modulation of the Ca2+ uptake or the Ca2+ efflux mechanisms we have 

performed preliminary experiments in which these two pathways were pharmacologically or 

genetically manipulated (Figure 22). In Figure 22A we monitored mitochondrial Ca2+ 

transients in cells treated with the specific inhibitor CGP37157 of the NCLX. As expected, 

when control cells are treated with CGP37157, the amplitude of the mitochondrial Ca2+ 

transients was increased because of the inhibition of the main mitochondrial Ca2+ efflux 

pathway. When CGP37157 was incubated in mtCATα overexpressing cells, the mtCATα-

mediated reduction of mitochondrial Ca2+ transients was still observed (compare the pale 

grey and the green histograms on Figure 12A) suggesting that either mtCATα could 

overcome pharmacological inhibition of NCLX or the target of its action could be different 

from the NCLX (Average peak values: 66.606 ± 5.664 µM, n = 8 for control cells; 98,919 ± 

4.517 µM, n = 5 for CGP37157 treated control cells and 67.314 ± 1.299 µM, n = 6 for 

CGP37157 treated mtCATα overexpressing cells;  p < 0.0001 treated control cells vs. control 

and treated control cells vs treated mtCATα overexpressing cells).  
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Then, we evaluated mitochondrial Ca2+ transients upon the overexpression of the MCU pore 

forming subunit in the absence or in the presence of co-expressed mtCATα (Figure 22B).  

As expected, the overexpression of MCU enhanced mitochondrial Ca2+ uptake (compare the 

violet histogram with the black one). Interestingly, in the case of MCU  and mtCATα co-

expression, we observed that the mitochondrial Ca2+ transients are similar to those monitored 

in control cells (Average peak values: 66.606 ± 5.664 µM, n = 8 for control cells; 118.98 ± 

Figure 22 Monitoring of mitochondrial Ca2+ transients upon modulation of NCLX-mediated Ca2+ efflux or MCU-

mediated Ca2+ uptake in cells overexpressing mtCATα. Mitochondrial [Ca2+]mt Ca2+ transients in A) untreated and 

CGP37157 treated control (CTRL) or in CGP37157 treated overexpressing mtCATα overexpressing cells, and in B) 

control cells (CTRL) or in cells overexpressing MCU alone or along with mtCATα. The traces are the media of at 

least 7 independent measurements obtained from 3 independent transfections ([Ca2+]mt μM: 66.61 ± 5.66 n=8 for 

control cells; 98.92 ± 4.52 n=5 for CGP treated control cells; 67.31 ± 1.30 for CGP treated mtCATα; 118.98 ± 5.15 

μM n= 7 for MCU overexpressing cells; 70.20 ± 4.28 µM n=9 for mtCATα and MCU co-expressing cells; ** p < 

0.001 vs control; *** p <0.0001 vs control; **** p <0.00001 vs control; ### p < 0.0001 vs CGP treated control cells 

or overexpressed MCU). 
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5.146 µM, n = 7 for MCU co-expressing cells; 70.196 ± 4.275 µM, n = 6 for mtCATα + 

MCU overexpressing cells, p < 0.0001 MCU vs. control, and MCU vs mtCATα + MCU). 

These results indicate that mtCATα overexpression abolishes the effect of MCU 

overexpression on mitochondrial Ca2+ transients. Further experiments are necessary to better 

understand these results.  

In the end, having in mind that a neuroprotective role for PKA protein has been proposed in 

model cell for PINK1 loss of function, we decided to carry out pilot experiments to explore 

a possible interplay between PKA and PINK1. In this case we took advantage from the 

characterization in terms of mitochondrial Ca2+ levels that we have done in PINK1 loss of 

function model cells. Indeed, we have evaluated mitochondrial Ca2+ levels in resting 

condition (Figure 23A) and upon cell stimulation with histamine (Figure 23B) in embryonic 

mouse fibroblast obtained from PINK1 knock out mice and PINK1 KO MEF cells and found 

that they are both elevated in respect with the levels measured in control PINK1 WT MEF 

(see the histograms in Figure 23A and B for the quantification). Mitochondrial Ca2+ levels 

in resting condition were measured by transfecting the ratiometric mitochondrial Ca2+ 

indicator 2mtGCaMP (Vicario and Calì, 2019); mitochondrial Ca2+ levels upon cell 

stimulation were measured by mtAEQ. Panel A also shows that when PINK1 WT protein 

was reintroduced in PINK1KO MEF cells it can counteract mitochondrial Ca2+ overload 

observed in the absence of PINK1.  

At this point, we decided to challenge our splitGFP tool to monitor PKA distribution in the 

mitochondrial matrix in PINK WT and KO MEF cells. MEF cells were co-transfected with 

mt-GFP1-10 and CATα tagged with the 11 strand and observed at the confocal microscope 

(Figure 23C). We observed that complementation of the splitGFP occurred in the 

mitochondrial matrix of both the cell batches, confirming our previous findings obtained in 

HeLa cells and showing the presence of CATα in the mitochondrial matrix. Interestingly, 

upon quantification of the cells displaying mitochondrial CATα distribution we have found 

that the percentage of cells showing CATα in the mitochondrial matrix is higher in PINK1 

KO MEF cells than in control WT MEF (35.86% ± 0.021 for PINK1 WT MEF cells vs. 

52.37% ± 0.031 for PINK1 KO MEF cells; p < 0.01). The overexpression of CATα was 

verified by immunostaining with anti- CATα antibody and revealed in red by the Alexa 594 

secondary antibody. 

 



62 

 

 

  

Figure 23 Monitoring mitochondrial Ca2+ levels and PKA mitochondrial distribution in model cells for PINK1 loss 

of function. Mitochondrial [Ca2+]mt Ca2+ levels in A) resting condition and B) upon cell stimulation. Average peak 

values 56.18 ± 3.46 n=20 for PINK1WT MEF; 71.20 ± 4.33 n=20 for PINK1 KO MEF). C) PKA localization in 

PINK1 WT MEF cells (upper panels) and in PINK1 KO MEF cells (lower panels). Sub-mitochondrial localization 

of PKA subunits was analyzed by the co-expression of the mitochondrial matrix targeted GFP1-10 non-fluorescent 

and of the β11-CATα subunit. Confocal images were acquired upon excitation at 488 and 594 nm wavelength. 

Transfected cells were incubated with an anti-CATα primary antibody and stained with an Alexa 594 conjugated 

secondary antibody. Complementation of the GFP probes was revealed by fluorescent acquisition at 488 nm 

excitation wavelength. Scale bar 25 μm. Histograms on the right represent a quantification analysis on percentage 

of positive cells for complemented GFP protein calculated on CATα subunit positive PINK1 WT MEF cells and 

PINK1 KO MEF cells (35.86% ± 0.021 for PINK1 WT MEF cells vs. 52.37% ± 0.031 for PINK1 KO MEF cells; 

** p < 0.01 PINK1 WT MEF cells vs PINK1 KO MEF cells). 
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3.2. New SPLICS probes to detect ER-PM contact sites 

3.2.1. Construction and validation of new probes based on the splitGFP 

System to detect ER-PM contact sites 

Endoplasmic reticulum (ER) and plasma membrane (PM) junctions are involved in several 

processes critical for cell survival and death and the interest in their investigation from the 

structural and functional point of view is increased in the last years and it is demanding the 

development of new probes to study them dynamically.   

In this contest, we decided to develop a new tool starting from the split-GFP contact site 

sensor (SPLICS) that has been originally developed to monitor ER/mitochondria contact 

sites. We applied a similar strategy to monitor ER-PM contact sites. We have taken in 

advantage the fact that the mutations responsible for the shift from the green fluorescence 

emission of the GFP to the yellow fluorescence of the YFP were present in the 1-10 beta 

barrel portion and that the S11 beta strand was able to complement with this portion to 

generate a probe of a different color. YFP protein was split into two non-fluorescent portions, 

the YFP1-10 moiety and the β11 strand. The coding sequence of the YFP1-10 fragment was 

fused at its N terminal region with a sequence of 35 amino acids which represents the 

minimal targeting sequence for the PM of the Synaptosomal-associated protein 25 

(SNAP25) and the β11 strand is targeted to the ER by adding at its N terminal the minimal 

ER targeting sequence of Sac1, an ER membrane resident phosphatidylinositide 

phosphatase.  

The sequences of the two tagged YFP fragments were cloned in the mammalian expression 

vector under the control of cytomegalovirus promoter. Since the average distance for the 

majority of contact sites between ER and PM was estimated by electron microscopy studies 

to be in the range of 40 nm, we have decided to develop two kinds of probe: one to monitor 

short contact sites, i.e., those that occurred at the distance of ≈8–10 nm, and another to 

monitor contact sites at a long-range distance, i.e., those occurring at a distance of  ≈40–50 

nm. The two constructs were created by introducing a spacer of different length between the 

ER targeting sequence and the β11 strand and were named respectively short fragment ERS-

β11 (with a 29 aa spacer) and long fragment ERL-β11 (with a 146 aa spacer). These 

constructs, where the two YFP moieties were cloned in two different plasmids were used to 

verify that the strategy we have chosen for the targeting of the two YFP moiety was adequate.  

Then, to monitor ER-PM contact sites we further improve our probe in respect with the first 

version, since we developed a new construct to optimize the expression of the two YFP 
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portion. Indeed, we   generated a construct where the PM-YFP1-10 and the ERS-β11 or ERL-

β11 were cloned in the same bicistronic expression vector, that guarantees the production of 

equimolar amount of the two YFP fragments. (Figure 24A). The ERS/L-β11 and PM-YFP1-

10 coding sequences were respectively cloned upstream and downstream of a viral 2A peptide 

sequence (P2A), previously reported to be a skipping site for ribosome (Donnelly et al., 

2001). These constructs will be hereafter named SPLICSS or SPLICSL. 

Figure 24 Characterization of the SPLICS probes. A) A schematic representation of SPLICSS (upper) and SPLICSL 

(lower) expression plasmids. The ERS/L-β11 and PM-YFP1-10 coding sequences are respectively cloned upstream and 

downstream of a viral 2A peptide sequence (P2A). ERS-β11 and ERL-β11 have a short 29 aa and a long 146 aa spacer, 

respectively, placed between the ER targeting sequence and the β11 strand. They were designed to monitor ER-PM 

tethering occurring at different membranes distance. B) The cartoon shows the general approach used to validate the 

proper targeting to the PM and the ER membrane of the YFP1-10 and the β11 moieties and their ability to reconstitute 

the fluorescent signal upon reconstitution. C) Experimental controls showing the correct targeting of the PM (PM-

YFP1–10) by complementation with the cytosolic β11-RFP protein. Confocal images were acquired upon excitation 

at 588 and 514 nm wavelength for β11-RFP and YFP reconstitution, respectively. The correct targeting of the ERS-

β11 and ERL- β11have been previously verified  (Cieri et al., 2018). Scale bar 25 µm. 
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The strategy that we have applied to validate the targeting of the PM-YFP1-10 and the ERS/L-

β11 fragments is based on the co-expression of the PM-YFP1–10 construct along with a 

plasmid encoding a β11-tagged cytosolic Red Fluorescent Protein (RFP, Kate) (Figure 24B, 

left panel) and of the ERS/L-β11 constructs along with a cytosolic YFP1–10 plasmid (Figure 

24B, middle panel) and of the PM-YFP1–10 along with the ERS/L-β11 expression vectors 

(Figure 24B, right panel), respectively. By observing the appearance of fluorescent signal 

and its distribution in the three batches of co- transfected HeLa cells we expected to reveal 

the PM or the ER network, and the ER–PM contact sites as illustrate in the cartoon.  

Here we show the results of the validation of the YFP1-10 delivery to the PM and its ability 

to reconstitute YFP fluorescence upon complementation with the β11 strand of the GFP. The 

complementation of the PM-YFP1–10 fragment with the cytosolic β11-RFP protein (Figure 

24C) revealed a clear PM network in yellow. Red signal is relative to RFP emission. The 

correct targeting of the ERS/L-β11 constructs have been previously verified as indicated in 

Figure 24B and by the colocalization with ER resident proteins (Cieri et al., 2018). 

Once established that the PM-YFP1–10 protein was properly expressed and was able to 

complement, we employed the bicistronic probes to monitor ER-PM contact sites. 

SPLICSS/L were over-expressed in HeLa cells and 36 hours from transfection the coverslips 

with the cells were fixed and observed at the confocal microscope. Figure 25 shows 

representative confocal images illustrating our results. Upon excitation at 514 nm a clear 

yellow fluorescent dotted pattern appeared both in the case of the SPLICSS and the SPLICSL 

transfected cells (see left images in Figure 25). 

Figure 25 Co-localization of SPLICSS/L fluorescent dots with PM (mCherry) and ER (KDEL) markers and their 

quantification. Representative confocal pictures of HeLa cells expressing the SPLICSS/L probe and red fluorescent 

protein (mCherry) targeted to the PM. Transfected cells were incubated with an anti KDEL primary antibody as ER 

marker and stained with an Alexa 405 conjugated secondary antibody. Confocal images were acquired upon 

excitation at 405, 514 and 588 nm excitation wavelength. Scale bar 25 µm. Quantification of SPLICSS/L contacts by 

3D rendering of complete z-stacks. Mean ± SEM: SPLICSS  208 ± 6, n = 44 cells; SPLICSL 369 ± 7, n = 32 cells. 

Data shown are the result of 3 independent experiments. *** P ≤ 0.001. 
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Interestingly, dots quantification in the 3D rendering of a complete Z-stack for 3 independent 

experiments has revealed that the long and short ER-PM interactions appeared different for 

their number (right image Figure 25). We observed that in the cells overexpressing the 

SPLICSL probes the number of dots is higher than in those overexpressing the SPLICSS 

probes (Mean ± SEM: SPLICSL 369 ± 7, n = 32 cells vs SPLICSS  208 ± 6, n = 44 cells).  

Figure 25 also shows an immunocytochemistry analysis performed with an antibody against 

an endogenous marker of ER (KDEL, in blue) and the co-localization with an overexpressed 

mCherry protein targeted to the PM (in red) (left image Figure 25). By this approach we 

wanted to verify whether SPLICS reconstituted fluorescence colocalized with the area of 

ER-PM interactions. As shown in the merge panels of Figure 25, there are area of 

colocalization that appeared in white, but the ER and PM networks were not completely 

engaged in the formation of the ER–PM contacts reported by the SPLICS, suggesting that 

these probes are monitoring the ER-PM interactions occurring at a given moment.  

3.2.2. Modulation of ER-PM contact sites inducing ER Ca2+ depletion and 

STIM1/ORA1 silencing 

We next decided to verify whether our SPLICS probes were a good tool to monitor changes 

occurring in the ER-PM interactions upon the modulation of specific cellular pathways in 

which these kinds of interaction are of particular relevance. We considered the machinery 

that mediates Ca2+ influx from the extracellular ambient, the so-called Store-Operated Ca2+ 

Entry (SOCE). This process is induced as a consequence of  Ca2+ depletion from the ER Ca2+ 

stores and it is dependent on the dynamic interaction between two proteins, the ER resident 

protein stromal interaction molecule 1 (STIM1), that acts as Ca2+ sensor, and Orai1, the 

protein forming the channel in the PM that permits Ca2+ entry from the extracellular ambient 

(Nwokonko & Gill, 2012).  A representative scheme of the SOCE process is shown in the 

cartoon of Figure 26. ER Ca2+ depletion leads to oligomerization of STIM1 protein and its 

accumulation on ER-PM junctions. STIM1 activation induces conformational changes in 

Orai1 that lead to the opening of the channel and permit Ca2+ influx from extracellular space. 

Considering that the molecular details of the SOCE process are well established, we decided 

to genetically and pharmacologically manipulate it in order to investigate the behavior of 

our SPLICS/L reporter upon changes in the ER-PM interface. First, we have analyzed the 

dots fluorescence revealed by SPLICSS/L upon induction of ER Ca2+ depletion in HeLa cells 

by the application of the ER Ca2+ release inducing agonist histamine in the presence of the 

sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA pumps) inhibitor 2,5-tert-
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butylhydroquinone (THBQ) to maximize ER Ca2+ depletion and avoid Ca2+ reuptake in the 

ER.  

 

Figure 27 shows the histograms representing the quantitative analysis: both short and long 

ER-PM contact sites significantly increased upon SOCE activation being the increase more 

evident in the case of the short contacts suggesting that they are mainly involved during the 

modulation of this pathway.  

Then, to investigate whether the ER-PM contacts revealed by our SPLICSS/L in resting 

conditions are dependent by STIM1 or ORAI1 proteins, we decided to downregulate them 

by ShRNA silencing. Hela cells were co-transfected with shRNA STIM1 or ORAi1 plasmids 

Figure 26 Store-Operated Ca2+ Entry (SOCE). 

The cartoon represents the Store-Operated Ca2+ 

Entry (SOCE) pathway and the action of two 

proteins involved in its activation: the ER 

resident protein stromal interaction molecule 1 

(STIM1), that acts as Ca2+ sensor, and Orai1, the 

protein forming the channel in the PM that 

permits Ca2+ entry from the extracellular 

ambient. Adapted from Zhou Y. et al., 2015. 

Figure 27 Effect ER Ca2+ depletion on short A) and long B) range between ER and PM. The short and long ER-PM 

contact sites were analysed upon SOCE activation using histamine agonist and SERCA pumps inhibitor 2,5-tert-

butylhydroquinone. Quantification of SPLICSS/L contacts by 3D rendering of complete z-stacks: A) Mean ± SEM: 

SPLICSS (CTRL) 169 ± 4, n = 14 cells; SPLICSS (treated CTRL) 300 ± 7, n = 14 cells; B) SPLICSL (CTRL) 277 ± 

9, n = 11 cells; SPLICSL (treated CTRL) 331 ± 13, n = 13 cells.  *p < 0.01, ****p < 0.00001. 
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and SPLICS/L constructs and the level of downregulation was evaluated by Western blotting 

analysis (Figure 28A).  

 

Figure 28 Effect of STIM1/ORAI1 silencing and ER Ca2+ depletion on short range between ER and PM. A) Western 

blotting analysis of silenced proteins, STIM1 and ORAI1. After silencing the expression levels of proteins was 

analyzed by Western blotting with an anti STIM1 or ORAI1 antibody. Equal loading was verified by probing the 

membrane with an anti β-actin antibody. B) Representative confocal pictures of untreated HeLa cells expressing the 

SPLICSS probe acquired upon excitation at 514 nm wavelength. C) Quantification of SPLICSS contacts by 3D 

rendering of complete z-stacks. Mean ± SEM: SPLICSS (CTRL) 169 ± 4, n = 14 cells; shRNA SCR 177 ± 13, n = 5 

cells; shRNA STIM1 150 ± 4, n = 27 cells; shRNA ORAI1 137 ± 3, n = 34 cells. D) Representative confocal pictures 

of treated HeLa cells expressing the SPLICSS probe acquired upon excitation at 514 nm wavelength. E) 

Quantification of SPLICSS contacts by 3D rendering of complete z-stacks. Mean ± SEM: SPLICSS (CTRL) 300 ± 7, 

n = 14 cells; shRNA SCR 274 ± 10, n = 5 cells; shRNA STIM1 192 ± 4, n = 36 cells; shRNA ORAI1 192 ± 3, n = 

55 cells. Data shown are the result of three independent experiments. **p ≤ 0.01 vs control, ***p ≤ 0.001 vs control. 

## p ≤ 0.01 vs scramble, ### p ≤ 0.001 vs scramble. 
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Scramble ShRNA was co-transfected with SPLICS/L constructs as control. A strong 

downregulation of both the STIM1 and the Orai1 relative bands is appreciable, even if both 

the proteins are still detectable. However, it has to be said that considering that under 

transient transfections the efficiency approaches is 25%, the reduction in STIM1 and Orai1 

could be higher in the transfected cells. Single cell imaging analysis in positive cells revealed 

that SPLICSS signal was slightly decreased in the cells where STIM1 or Orai1 expression 

level was reduced in comparison with control untreated cells and with shRNA scramble 

treated cells (Mean ± SEM: SPLICSS (CTRL) 169 ± 4, n = 14 cells;  shRNA SCR 177 ± 13, 

n = 5 cells; shRNA STIM1 150 ± 4, n = 27 cells; shRNA ORAI1 137 ± 3, n = 34 cells; Figure 

28B-C).  The representative images are also shown. Interestingly, when in a STIM1 or 

ORAi1 downregulation background we induced SOCE and monitored the ER-PM 

interactions in the short range, the number of the contact sites is more significantly reduced 

in respect with the relative control cells (Mean ± SEM: SPLICSS (CTRL) 300 ± 7, n = 14 

cells; shRNA SCR 274 ± 10, n = 5 cells; shRNA STIM1 192 ± 4, n = 36 cells; shRNA 

ORAI1 192 ± 3, n = 55 cells; Figure 28D-E). These results are in agreement with the data 

present in literature, because it is well established that the distance between these two 

membranes during SOCE process is below 10 nm and the short sensor detect the ER-PM 

interactions below 10 nm.  

We performed the same experiment using the SPLICSL probes to detect the ER-PM long 

interactions. Under basal condition, when STIM1 or ORAI1 protein are downregulated the 

ER-PM long interactions significantly decrease in the number compared to control (Mean ± 

SEM: untreated SPLICSL (CTRL) 277 ± 9, n = 11 cells; shRNA SCR 259 ± 14, n = 9 cells; 

shRNA STIM1 169 ± 4, n = 38 cells; shRNA ORAI1 174 ± 4, n = 42 cells) (Figure 29A-B). 

Under conditions of ER Ca2+ depletion (Figure 29C-D), we observed that the downregulation 

of STIM1 or ORAI1 proteins is still effective in reducing the number of SPLICSL dots (Mean 

± SEM: treated SPLICSL (CTRL) 331 ± 13, n = 13 cells; shRNA SCR 303 ± 19, n = 8 cells 

shRNA STIM1 193 ± 4, n = 33 cells; shRNA ORAI1 196 ± 4, n = 31 cells). 

All together these data are interesting not only because revealed the participation of STIM1 

and ORAI1 proteins in the formation of contacts between ER and PM in a distance range 

between 10 nm and 40 nm under basal condition, but also because indicate that our 

SPLICSS/L probe is suitable to monitor the heterogeneity of the contact sites in term of 

different lengths.    
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Figure 29. Effect of STIM1/ORAI1 silencing and ER Ca2+ depletion on long range between ER and PM. A) 

Representative confocal pictures of untreated HeLa cells expressing the SPLICSL probe (514 nm excitation 

wavelength). B) Quantification of SPLICSL contacts by 3D rendering of complete z-stacks. Mean ± SEM: SPLICSL 

(CTRL) 277 ± 9, n = 11 cells; shRNA STIM1 169 ± 4, n = 38 cells; shRNA ORAI1 174 ± 4, n = 42 cells. C) 

Representative confocal pictures of treated HeLa cells expressing the SPLICSL probe (514 nm excitation 

wavelength). D) Quantification of SPLICSL contacts by 3D rendering of complete z-stacks. Mean ± SEM: SPLICSL 

(CTRL) 331 ± 13, n = 13 cells; shRNA STIM1 193 ± 4, n = 33 cells; shRNA ORAI1 196 ± 4, n = 31 cells. Data 

shown are the result of three independent experiments. *** p ≤ 0.001 vs control. ### p ≤ 0.001 vs scramble. 
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Discussion and Conclusions  
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Neurodegenerative diseases are a heterogenous group of disabling disorders of the central 

nervous system (CNS), characterized by the progressive and selective degeneration of 

neuronal subtypes. They share critical processes such as the presence of misfolded and/or 

aggregated proteins, neuroinflammation, impairment of autophagy, oxidative stress and 

mitochondrial anomalies.   

Mitochondria play a pivotal role in essential cell processes from bioenergetics to cell death, 

and mitochondrial dysfunction, especially in the case of neurons due to their high energy 

requirements, make cells more to injury and degeneration (Filosto et al., 2011). In particular, 

alterations in mitochondrial Ca2+ handling seem to be a common features among a wide 

spectrum of neuropathological conditions (Calì et al., 2012b). 

The molecular understanding of the involvement of mitochondrial dysfunction in 

pathogenesis of neurodegenerative disease, including Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis 

(ALS), is important to find potential novel therapeutic targets for their treatments (Lin and 

Beal, 2006). In particular, alterations in mitochondrial Ca2+ handling seems to be a common 

features among a wide spectrum of neuropathological conditions (Calì et al., 2012b). 

An important aspect, particularly relevant for my PhD project, was that in recent years 

PINK1 and PKA have been jointed for their neuroprotective role in preventing dopaminergic 

neuronal degeneration. Several different pathways have been proposed to be involved in the 

interplay between PINK1 and PKA, ranging from the regulation of dendrites remodelling 

through the modulation of mitochondria trafficking by Miro1 (Das Banerjee et al. 2017), to 

the prevention of mitochondrial fission through the regulation of Drp1 activity (Dagda et al. 

2011) and also to the modulation of mitochondrial Ca2+ by the activation of the 

mitochondrial Na+/Ca2+ exchanger, NCLX (Kostic et al. 2015).  

The question whether PKA must be recruited to mitochondria to exert this action is still 

open, even if evidence for the existence of a pool of cAMP in the mitochondrial matrix 

generated by resident soluble adenylate cyclases has been proven (Di Benedetto et al., 2013).  

During these three years of my PhD program, my research activity was mainly focused on 

investigating the possible localization of PKA protein in the mitochondrial compartments. 

To this end, we decided to develop a new experimental approach based on splitGFP protein 

and BiFC (Bimolecular Fluorescent Complementation) tool. Our results revealed that, in 

HeLa cells, upon PKA catalytic overexpression, at least a fraction of CATα subunit not only 
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can distribute at the OMM, as amply documented in the literature, but can also reach the 

IMS and the mitochondrial matrix. Interestingly, the localization in the mitochondrial matrix 

was revealed only for the CATα subunit while the regulatory subunits, RIα and RIIβ, were 

exclusively visualized at the OMM (Figures 13A-C and 14A-C). These data indicate that in 

the absence of specific condition or stimuli CATα subunit can enter in the mitochondrial 

matrix, but regulatory subunits are prevented to reach the IMS and the mitochondrial matrix. 

This result was interesting considering that the CATα activity is regulated by the regulatory 

subunits that detach from it upon cAMP concentration increases and promote kinase activity. 

The fact that we did not detect RIα and RIIβ regulatory subunits in the mitochondrial matrix 

or in the IMS could suggest that CAT can enter the mitochondria in an activated form once 

released from the regulatory subunits, but this open the question on how it can be inactivated 

once in the mitochondria. 

Considering the fact that our data suggest the existence of an isoform specific mechanism 

for the mitochondrial import of PKA and that additional PKA regulatory subunits have been 

described, i.e., RIIα and RIβ, it will be very interesting to investigate them in terms of 

mitochondrial distribution and CATα interaction.   

We have also to consider the possibility that specific conditions may locally increase cAMP 

concentration in mitochondria proximity that may eventually favour the release of OMM 

anchored CATα from the regulatory subunits and its translocation inside the mitochondria. 

This aspect will be further investigated.  

According this observation we could argue that the binding of the regulatory subunits to 

CAT could prevent its entry in the matrix and that PKA kinase activity inside the 

mitochondria does not require the increase in the intramitochondrial cAMP levels but rather 

the detachment of CAT from regulatory subunits in the cytosol.  

Thus, we focused on the possibility that by co-expressing the regulatory subunits together 

with the CATα subunits in the presence of our splitGFP sensor we could detect a possible 

interference of the co-expressed regulatory subunits in the localization of the CATα subunit 

at the mitochondrial level. Interestingly, we have found that the co-expression of RIIβ 

subunit abolished the complementation of   11-CATα with mt-GFP1-10, since no GFP 

fluorescence upon excitation at 488nm wavelength was detected, suggesting that the entry 

of CATα subunit in the mitochondrial matrix was prevented by RIIβ binding. Even more 

interesting, when we performed the same experiment in the presence of co-expressed RIα 



74 

 

subunit we appreciated a green fluorescent signal in the mitochondrial matrix, indicating that 

this isoform of regulatory subunit is not able to prevent the localization of CATα subunit in 

the mitochondrial matrix (Figure 15).  

These results unequivocally indicate that CATα subunit can enter in the mitochondrial 

matrix and thus we decided whether the overexpression of CATα subunit could have an 

effect on mitochondrial Ca2+ handling, and if any, whether we could specifically attribute it 

to the pool of the CATα subunit localized in the matrix rather than to a general activation of 

the cAMP-PKA pathway.  

This aspect was of particular relevance since in PINK1 deficient neurons PKA protein 

activation has been shown to exert a neuroprotective role by recovering impairment in 

mitochondrial Ca2+ efflux (Kostic et al., 2015). 

First, we monitored the effect of CATα overexpression on mitochondrial and cytosolic Ca2+ 

transients induced upon cell stimulation with agonist which induces the release of Ca2+ from 

the intracellular stores and its consequent entry from the extracellular ambient. A strong 

reduction in both mitochondrial and cytosolic Ca2+ transients was detected (Figure 17A-B). 

Then, we co-expressed CATα and RIIβ subunits and we have found that, in this case, the 

reduction of the Ca2+ transients induced by cell stimulation was almost completely 

abolished (Figure 19A-B). Mitochondrial and cytosolic Ca2+ measurements were performed 

also in cells co-expressing CATα together with the RIα subunit: in this case the CATα-

induced reduction of the mitochondrial Ca2+ transients was not abolished by the presence of 

the RIα subunit, suggesting that the modulation of the effects of CATα on Ca2+ transients is 

dependent on the regulatory subunit in an isoform specific manner (Figure 20). These data 

also suggest the possibility that the modulation of mitochondrial Ca2+ transients by CATα 

could be dependent by the pool of CATα subunit located inside the mitochondrial matrix 

and are in agreement with the fact that we have observed that when we prevent the 

localization of  CATα subunit in the matrix we also block its effect on mitochondrial Ca2+ 

handling.   

At this point, our hypothesis was that CATα could exert its action on the mitochondrial Ca2+ 

handling acting inside the matrix and that it is able to get in only when it is not engaged with 

the RIIβ subunit. To support this specific role of CATα we decided to selectively express it 

inside the matrix by using a construct where the CATα moiety was fused at its N-terminal 

with a mitochondrial targeting sequence (mtCATα). We have found that the selective 



75 

 

expression of mtCATα specifically reduced histamine induced mitochondrial Ca2+ transients 

(Figure 18B) but it was completely ineffective on cytosolic Ca2+ transients (Figure 18C). 

This result is very encouraging since it underlies the existence of a specific role for 

mitochondrial PKA on mitochondrial Ca2+ homeostasis and supports the existence of 

mitochondrial targets for PKA action inside the mitochondria. Unexpectedly, the effects of 

mtCATα on mitochondrial Ca2+ were completely abolished when RIIβ subunit was co-

expressed (Figure 21A), and in these conditions we also failed to detect any mitochondrial 

localization of CATα subunit, that instead remained totally confined in the cytoplasm of the 

cells co-expressing mtCATα and RIIβ (Figure 21B). The mechanism through which RIIβ 

could prevent mtCATα import in the mitochondrial matrix is presently unknown and 

deserves further analysis. We can exclude that it could be related to different stability of the 

protein or increased turnover since by a Western blotting analysis we detected that in the 

case of co-transfection of CATα subunit together with the regulatory subunits RIα and RIIβ 

the amount of CATα is even higher than in the case of single transfection. 

To evaluate possible molecular targets of PKA activity in the modulation of mitochondrial 

Ca2+ handling, we decided to interfere with the Ca2+ efflux or influx mitochondrial pathways. 

As mentioned above, when PKA is activated by forskolin it is able to rescue defects in 

PINK1 deficient dopaminergic neurons by phosphorylating the exchanger NCLX. To 

evaluate whether the reduction of mitochondrial Ca2+ transients in the presence of 

overexpressed mtCATα could be related to the activation of NCLX, we monitored the effect 

of PKA activity in cells where the NCLX exchanger was inhibited by the incubation with a 

specific inhibitor, the CGP37157 compound. The finding that mtCATα was still able to 

reduce mitochondrial Ca2+ transients when NCLX is inhibited could suggest that, unless it 

is able to overcome pharmacological inhibition of NCLX, it could have another 

mitochondrial target different from NCLX exchanger. For this reason, we augmented 

mitochondrial Ca2+ entry by manipulating MCU pore channel subunit which overexpression 

is well known to enhance mitochondrial Ca2+ transients. The co-expression of mtCATα 

completely abolished the enhancement of mitochondrial Ca2+ enhancement due to 

overexpressed MCU, suggesting that PKA may control excessive Ca2+ entry and prevent 

mitochondrial Ca2+ overload under condition that may promote it. In this direction, we have 

obtained preliminary encouraging results: we have indeed found that in PINK1 KO MEF 

cells, which display both higher basal mitochondrial Ca2+ level and enhanced mitochondrial 

Ca2+ transients upon cell stimulation, the percentage of cells showing CATα in the 
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mitochondrial matrix is higher than that in control wt MEF cells. Further experiments are 

necessary to better understand these results, as well as, to identify physiological or 

pathological conditions that may eventually favor PKA translocation to the mitochondrial 

matrix. 

In addition to the work on PKA, during my PhD program, I carried out another project based 

on a different application of the split-GFP system and BiFC methodology. Specifically, this 

methodology was used to evaluate organelles interaction, in particular the ER-plasma 

membrane (PM) contact sites.  

The major effort of my project was the validation of a new tool to monitor ER-PM contact 

sites, based on that we had previously developed in the laboratory to monitor ER-

mitochondria contact sites (SPLICS, Cieri et al., 2018). The splitGFP methodology turns out 

to be very versatile not only to monitor protein-protein interaction or the distribution of a 

specific protein in a specific cellular compartment, but also to detect membrane proximity 

between different organelles. A big advantage of this technique is represented by the fact 

that the fluorescent signal that originates from the complementation of the two splitGFP 

moieties is detected in the absence of any background signal that could be confounding and 

furthermore that, by introducing linkers of different length in the construction of the ER 

membrane targeted fragment it is virtually to modulate the sensitivity, in term of the distance 

between the membrane involved in the formation of the contact sites, of the probe. Taking 

advantage from this potentiality we generated two different tools which are sensitive to 

monitor the interactions between ER and PM occurring at two different distance: in a short- 

(8-10 nm) and in long-range (40-50 nm). By applying this tool, we were able to monitor 

changes in contact sites induced by pharmacological and genetic manipulations.  

First of all, we have proved the existence of short and long contact sites under basal condition 

and found that on average there are about 350 contacts per cell in the long range and about 

200 per cell in the short range. Considering that ER-PM contacts occurring upon intracellular 

Ca2+ stores depletion have been widely investigated and the proteins involved in their 

formation have been identified we challenged our SPLICSS/L probes by genetic and 

pharmacological manipulation of the SOCE (Store-Operated Ca2+ Entry). As mentioned in 

the introduction, this process is induced as a consequence of the ER Ca2+ depletion and it is 

dependent on the dynamic interaction between the ER resident protein stromal interaction 

molecule 1 (STIM1), that acts as Ca2+ sensor, and Orai1, the protein forming the channel in 

the PM that permits Ca2+ entry from the extracellular space (Nwokonko and Gill, 2012). 
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Interestingly we have found that our probes were able to reveal changes in the number of 

contact sites upon silencing of STIM1 and upon silencing of ORAI1, thus suggesting the 

existence of ER-PM contact sites that are both STIM1 and ORAI1 dependent also under 

basal condition, i.e., when massive ER Ca2+ depletion is not occurring.  Our probes also have 

revealed that that STIM1 and Orai1 are important to maintain contacts between ER and PM 

in a distance range between 10 nm and 40 nm.  

We have also found that our probe was responsive to pharmacological treatments that are 

well known to induce STIM1 clustering on the ER membrane and puncta formation by 

approaching Orai1 at the PM and getting in close contact with it.  

Indeed, the ER Ca2+ depletion induced by SERCA pump inhibition increased both the short 

and the long ER-PM interactions, since the SPLICSS and the SPLICSL signals significantly 

increased. STIM1 or ORAI1 downregulation upon ER Ca2+ depletion strongly decreased the 

number of SPLICSS and the SPLICSL dots. The finding that both the short and the long ER 

PM contacts appeared to be regulated with the same extent is interesting, since it suggests 

that two kinds of contacts are involved in the SOCE process. However, this finding could be 

also explained by the observation that the contacts monitored by the SPLICSL probably are 

both short and long (but in any case, shorter than 40nm) and that the changes observed with 

the long-range probe are probably relative to the changes in the short contact sites.  

It will be now interesting to modulate the expression of proteins such as  -synuclein and 

tau, well known for interacting with cell membranes and follow whether and how they are 

able to modify ER-PM contact sites and their signalling related processes. Indeed, both of 

them have been proposed to play a role in the modulation of Ca2+ entry from the 

extracellular ambient.  

All together, these data reveal that the SPLICS methodology is a useful and sensitive tool 

adapted to monitor short and long ranges ER-PM interactions and their changes upon 

pharmacological and genetic manipulations. In the future, we will apply this molecular tool 

to investigate the ER-PM cross talk in model cells for PD, i.e., upon the overexpression of 

wildtype and PD-related mutants α-synuclein or in PINK1-KO cells. 
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5.1.   Plasmid Vectors 

The full length CATα, RIα and RIIβ -β11 constructs have been generated by PCR using the 

following primers:  

CATα-β11 (BamHI) For. 5’GAAGTTCGGATCCATGGGCAACGCCGCCGCCGCCAA-3’ 

(XhoI) Rev. 5’-ACTTCTCACTCGAGTTATGTGATGCCGGCGGCGTTC-3’; 

RIα-β11 (BamHI) For5’GAAGTTCGGATCCATGGAGTCTGGCAGTACCGCCGC-3’; 

(XhoI) Rev. 5’-ACTTCTCACTCGAGTTATGTGATGCCGGCGGCGTTC-3’; 

RIIβ-β11 (EcoRI) For. 5’-GTAGTTCGAATTCATGAGCATCGAGATCCCCGCGGGGCT-3’; 

(XhoI) Rev. 5’-ACTTCTCACTCGAGTTATGTGATGCCGGCGGCGTTC-3’. 

These constructs were inserted into the vector pcDNA3 between the indicated restriction 

sites. The DNA constructs encoding for the CATα, RIα and RIIβ PKA subunits used as a 

template are a kind gift of Prof. Giulietta Di Benedetto (National Research Council, CNR 

Padova). Other cDNA for the expression of the proteins of interest were already present in 

the laboratory (cytAEQ, mtAEQ, MCU, MICU1). 

The mitochondrial matrix- and OMM- targeted humanized GFP1-10 expressing vectors have 

been previously generated by PCR amplification from the GPI-GFP1-10 template kindly 

provided by Dr F. Pinaud (University of Southern California, USA) using forward primers 

containing the mitochondrial matrix pre-sequence of the subunit VIII of cytochrome c 

oxidase and the N-terminal 33 amino acids sequence of TOM20 protein. The GFP1–10 

targeted to the IMS has been created by genetic fusion to the leader sequence of the IMS 

protein LACTB 45 and created by DNA synthesis (Thermo Scientific). The S11 b strand has 

been added to the C-terminal domain of PKA protein by PCR amplification. 

To generate SPLICSS
ER-PM and SPLICSL

ER-PM probes ERS/L-β11 and YFP1-10 were PCR 

amplified using the following primers: 

SPLICSS/L
ER-PM (BamHI) For5’GAAGTTCGGATCCATGCGGGACCACATGGTGC-3’; 

(XhoI) Rev. 5’-ACTTCTCACTCGAGTTATGTTCCTTTTTCATTTGG-3’. 

These constructs were inserted into the vector pcDNA3 between BamHI and XhoI restriction 

sites. The chimeric sequences composed by the minimal Sac1 ER targeting sequence and the 

Sac1 ER targeting sequence containing additional 267 bp of the helix-FRB fragment 

(derived from the pEGFP-C3/CFP-HA-FRB-helix-ER plasmid) (ERL- β11) were fused with 

the β11 tag to generate the ERs-β11 and the ERL-β11 constructs, respectively. The PCR 



80 

 

products were purified using the GenElute Gel Extraction Kit (Sigma), digested with BamHI 

and XhoI and then ligated into the pSYC-187 vector (Addgene) digested with the same 

restriction enzymes. All constructs were verified by Sanger sequencing. 

The described plasmids were then used employing the following in vitro approaches. First, 

One shot TOP 10 E. coli (Invitrogen) were chemically competent cells (calcium chloride 

homemade protocol) that allow stable replication of high-copy number plasmids. Plasmids 

used for the cloning and manipulation of DNA have been engineered to harbour the genes 

for antibiotic resistance. Thus, the bacterial transformation is plated onto media containing, 

for example, ampicillin, and only bacteria which possess the plasmid DNA have the ability 

to metabolize ampicillin and form colonies. In this way, bacterial cells containing plasmid 

DNA are selected. Transformant colonies were used to perform plasmid purification, i.e. 

Pure LinkTM HiPure plasmid Maxi prep kit (Cat. K210006, Invitrogen). The purified 

plasmid was quantified byNanoDrop. Positive colonies were stocked in liquid LB 

supplemented with glycerol 20% (v/v) at -80° C. 

5.2.  Cell Culture and Transfection Procedures  

HeLa cells and PINK1 wildtype (wt) or knockdown (KO) MEF cells were grown in DMEM 

high glucose (Euroclone) containing 10% fetal bovine serum (FBS, Gibco), supplemented 

with 100 U/ml penicillin (Euroclone) and 100 μg/ml streptomycin (Euroclone), in a 

humidified atmosphere containing 5% CO2. Cells were seeded onto 13 diameter glass 

coverslips or on six multiwell plates and transfection was performed at 60-80% confluence 

using the Ca2+-phosphate procedure for HeLa cells or Lipofectamine TM 3000 Transfection 

Reagent (Life Technologies) for MEF cells. 

5.2.1. Ca2+-phosphate transfection 

HeLa cells were transfected with a standard Ca2+-phosphate procedure. For Ca2+-phosphate 

transfection procedure the following stock solution need to be prepared and conserved at -

20°C until used: CaCl2 2.5 M; HEPES Buffered Solution 2X (HBS2X: 280 mM NaCl, 50 

mM Hepes, 1.5 mM Na2HPO4, pH 7.12). All solutions were sterilized by filtration using 

0.22 μm filters. Just before the transfection procedure, cells are washed with fresh medium. 

For one 13 mm coverslip, 5 μl of 2.5 M CaCl2 were added to the DNA dissolved in 45 μl of 

H2O. Routinely, 4 μg of DNA or 25 nM shRNA were used to transfect 1 coverslip and in the 

case of co-transfection a 1:2 ratio in favour to PKA subunits expressing plasmids was 

adopted. The solution was then mixed under vortex with 50 μl of HBS and incubated to 30 

minutes at room temperature. For Ca2+ measurement cells were co-transfected with aequorin 
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construct targeted to the mitochondrial matrix and to the cytosol. For one of six multiwell 

plate the amount of solution and DNA was 15 μl of 2.5M CaCl2, 12 μg of DNA in 135 μl of 

H2O and 150 μl of HBS. The transfection mix was then added directly to the cell monolayer 

drop by drop. Sixteen hours after addition of the transfection mix, cells were washed with 

phosphate-buffered saline (PBS: 140mM NaCl, 2mM KCl, 1.5mM KH2PO4, 8mM 

Na2HPO4 pH 7.4). 

The cells were generally analysed 36 h after transfection. Where indicated, the cells were 

treated with 2,5-tertbutylhydroquinone (THBQ) 20 µM and Histamine 100 μM 24 hours 

after transfection for 5’ at 37°C in a 5% CO2 atmosphere.  

5.2.2. LipofectamineTM 3000 

MEF cells were transfected with LipofectamineTM 3000 and using LipofectamineTM 3000 

Protocol (Invitrogen). For a 24 well plate, 1 μg of DNA per well was added to 50 μL of Opti-

MEMTM Medium and 2 µL of P3000TM Reagent, and 50 μL of Opti-MEMTM Medium and 1 

µL of LipofectamineTM 3000 Reagent were prepared. Following this, the two tubes 

containing DNA-Opti-MEM and Lipofectamine-Opti-MEM were mixed well by flicking for 

30 s and left at room temperature for 10 min. During this incubation time, media from the 

24 well plate was removed. To each well, 400 μL of Opti-MEM were added. After 

incubation, 100 μL of the mixture was added to each well drop by drop, dispersing evenly. 

The plate was placed back into the incubator at 37 °C and 5% CO2 until the day of 

experiment. 

5.3.  Western blotting Analysis 

To monitor endogenous and overexpressed protein regulation, cells were lysate in Chaps-

buffer [(HBS1X pH 6.8 (0.5 M Hepes, 2 M NaCl), CHAPS 1X, 200 mM PMSF(phenyl 

methane sulfonyl fluoride), 20 mM NEM (N-etil maleimide), 1 M PIC (protease inhibitor 

cocktail)] and after 30 minutes of incubation once, 20 μg of total proteins were loaded, 

according to  Bradford quantification. Proteins were separated by SDS-PAGE 

electrophoresis, in commercial 10% acrylamide gels (Life Technologies) and transferred 

into nitrocellulose membranes (Life Technologies) by wet electrophoretic transfer (Trans-

Blot® TurboTM). Blots were blocked 1 hour at RT with 5% non-fat dry milk (BioRad) in 

TBS-Tween 1X (TBS 10X: 200 mM Tris-Sigma, 1.5 M NaCl, pH 7.6; 0.01% Tween) 

solution and incubated over night at 4°C with specific primary antibodies. Secondary 
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antibodies were incubated 1 hour at RT. Washes after antibody incubations were done on an 

orbital shaker, three times for 10’each, with TBS-Tween 1X.  

We used the following antibodies: anti-CATα (1:1000, Cell Signaling), anti-RIα (1:500, 

Santa Cruz), anti-RIIβ (1:500, Santa Cruz), anti-STIM1 (1:1000, BD Transduction 

LaboratoriesTM), anti-Orai1 (1:1000, Proscience), anti-GAPDH (1:1000, Millipore), anti-β-

actin (1:1000, Santa Cruz). Detection was carried out by incubation with secondary 

horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (1:2000, Santa 

Cruz Biotechnology) for 1.5 h at room temperature. 

5.4.  Immunocytochemistry  

Thirty-six hours after transfection, cells plated on 13 mm glass coverslips were washed twice 

with PBS and fixed for 20 minutes with 4 % formaldehyde. Cells permeabilization was 

performed by 20 minutes incubation with 0.1% Triton X-100 in PBS, followed by 30 

minutes wash with 1% gelatine (type IV, from calf skin, Sigma) in PBS. The coverslips were 

then incubated for 90 minutes at 37°C in a wet chamber with the specific primary antibody 

diluted in PBS. Staining was revealed by the incubation with specific Alexa Fluor secondary 

antibody (Life technologies) for 45 minutes at room temperature. Confocal images were 

acquired on a Leica SP5-TCS-II-RS. For all images, pinhole was set to 1 airy unit, pixel size 

was about 100 nm and a Z-stack was acquired for the whole depth of the cell by sampling at 

130 nm in the Z plane. Quantification of the number was performed from ImageJ program. 

We used the following antibodies: anti-CATα (1:50, Cell Signaling), anti-RIα (1:50, Santa 

Cruz), anti-RIIβ (1:50, Santa Cruz), anti-KDEL (1:150, Invitrogen), anti-TOM20 (1:50, 

Santa Cruz). Detection was carried out by incubation with Alexa Fluor secondary 

fluorophore-conjugated goat anti-rabbit or anti-mouse antibody (Alexa Fluor 405, 488, 594, 

633, 1:2000, Santa Cruz Biotechnology) for 40 minutes at room temperature. 

Fluorescence was analyzed with a Leica Confocal SP5 microscope. Images were acquired 

by using Leica AS software (Leica Microsystems, Wetzlar, Germany). 

5.5.  Confocal Analysis 

Cells were generally imaged 36 hours after transfection with a Leica TSC SP5 inverted 

confocal microscope, using either a HCX PL APO 63X/numerical aperture 1.40–0.60 or a 

HCX PL APO ×100/numerical aperture 1.4 oil-immersion objective. Images were acquired 

by using the Leica AS software. To count ER–PM contacts, a complete z-stack of the cell 

was acquired every 0.29 μm. Z-stacks were processed using Fiji: images were first 
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convolved, and then filtered using the Gaussian Blur filter. A 3D reconstruction of the 

resulting image was obtained using the Volume J plugin (http://bij.isi.uu.nl/vr.htm). A 

selected face of the 3D rendering was then thresholded and used to count ER–PM contact 

sites. 

5.6. Aequorin as a Ca2+ indicator 

Aequorin is a 21 kDa photoprotein isolated from jellyfish Aequorea Victoria which emits 

blue light in the presence of Ca2+. The aequorin originally purified from the jellyfish is a 

mixture of different isoforms called “heterogeneous aequorin” (Shimomura, 1986). In its 

active form the photoprotein includes an apoprotein and a covalently bound prosthetic group, 

called coelenterazine. The apoprotein contains four helix-loop-helix “EF-hand” domains, 

three of which are Ca2+-binding sites. These domains confer to the protein a particular 

globular structure forming the hydrophobic core cavity that accommodates the ligand 

coelenterazine. When Ca2+ ions bind to the three high affinity EF-hand sites, coelenterazine 

is oxidized to coelenteramide, with a concomitant release of CO2 and emission of light (Head 

et al. 2000). Although this reaction is irreversible, an active aequorin can be obtained in vitro 

by incubating the apoprotein with coelenterazine in the presence of oxygen and 2-

mercaptoethanol. Reconstitution of an active aequorin (expressed recombinantly) can be 

obtained also in living cells by simple addition of coelenterazine into the medium. 

Coelenterazine is highly hydrophobic and has been shown to permeate cell membranes of 

various cell types. Different coelenterazine analogues have been synthetized and are now 

commercially available. 

The possibility of using aequorin as Ca2+ indicator is based on the existence of a well-

characterized relationship between the rate of photon emission and the free [Ca2+]. The first 

method used to correlate the number of photons emitted to the free [Ca2+] was that described 

by Allen and Blinks (Blinks, 1978). In the following years, this system was improved to 

achieve a simple algorithm that converts luminescence into [Ca2+] values. Under 

physiological conditions of pH, temperature and ionic strength, this relationship is more than 

quadratic in the range of [Ca2+] 10-5-10-7 M. The presence of 3 Ca2+ binding sites in 

aequorin is responsible for the steep relationship between photon emission rate and free 

[Ca2+]. The [Ca2+] can be calculated from the formula L/Lmax where L is the rate of photon 

emission at any instant during the experiment and Lmax is the maximal rate of photon 

emission at saturating [Ca2+]. The rate of aequorin luminescence is independent of [Ca2+] at 

very high (>10-4 M) and very low [Ca2+] (< 10-7 M). However, as described below in more 

details, it is possible to expand the range of [Ca2+] that can be monitored with aequorin. 
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Although aequorin luminescence is not influenced either by K+ or Mg2+ (which are the most 

abundant cations in the intracellular environment and thus the most likely source of 

interference under physiological settings) both ions are competitive inhibitors of Ca2+ 

activated luminescence. pH was also shown to affect aequorin luminescence but at values 

below 7. Due to the characteristics described above, experiments with aequorin need to be 

done in well-controlled conditions of pH and ionic concentrations, notably of Mg2+. 

5.7.  Recombinant aequorins 

Aequorin began to be widely used when the cDNA encoding the photoprotein was cloned, 

thus avoiding the purification of the native polypeptide and its microinjection. Moreover, 

the cloning of aequorin gene opened the way to recombinant expression and thus has largely 

expanded the applications of this tool for investigating Ca2+ handling in living cells. In 

particular, recombinant aequorin can be expressed not only in the cytoplasm, but also in 

specific intracellular compartments by including specific targeting sequences in the 

engineered cDNAs. Extensive manipulations of the N-terminal of aequorin have been shown 

not to alter the chemiluminescence properties of the photoprotein and its Ca2+ affinity. On 

the other hand, even marginal alterations of the C-terminal either abolish luminescence or 

drastically increase Ca2+ independent photon emission. For these reasons, all targeted 

aequorins synthesized in our laboratory include modifications of the photoprotein N-

terminal. Three targeting strategies have been adopted: 

1. Inclusion of a minimal targeting signal sequence to the photoprotein cDNA. This strategy 

was initially used to design the mitochondrial aequorin and was followed also to synthesize 

an aequorin localized in the nucleus and in the lumen of the Golgi apparatus. 

2. Fusion of the cDNA encoding aequorin to that of a resident protein of the compartments 

of interest. This approach has been used to engineer aequorins localized in the sarcoplasmic 

reticulum (SR), in the nucleoplasm and cytoplasm (shuttling between the two compartments 

depending on the concentration of steroid hormones), on the cytoplasmic surface of the 

endoplasmic reticulum (ER) and Golgi and in the sub-plasmalemma cytoplasmic rim. 

3. Addition to the aequorin cDNA of sequences that code for polypeptides that bind to 

endogenous proteins. This strategy was adopted to localize aequorin in the ER lumen. 

The construct used in our experiments is the mutated isoform of mitochondrial targeted 

aequorin (Brini, 2008): mtAEQmut. It was generated to measure the [Ca2+] of the 

mitochondrial matrix of various cell types. This construct includes the targeting pre-
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sequence of subunit VIII of human cytochrome c oxidase fused to the aequorin cDNA. To 

expand the range of Ca2+ sensitivity that can be monitored the photoprotein was also mutated 

(Asp119>Ala). This point mutation affects specifically the second EF hand motive of wild 

type aequorin. The affinity for Ca2+ of this mutated aequorin (mtAEQmut) is about 20-fold 

lower than that of the wild type. 

5.8. Luminescence detection 

The aequorin detection system is derived from that described by Cobbold and Lee (Cobbold 

and Bourne, 1984) and is based on the use of a low noise photomultiplier placed in close 

proximity (2-3 mm) with aequorin expressing cells. Cells are seeded on 13-mm coverslips 

and put into a perfusion chamber. The volume of the chamber is kept to a minimum (about 

200 μl). Cells are continuously perfused via peristaltic pump with KRB saline solution, 

thermostated via a water bath at 37°C. 

The photomultiplier (Hamamatsu H7301) is kept into a dark box. The output of the 

amplifier- discriminator is captured by C8855-01-photoncounting board in an IBM 

compatible microcomputer and stored for further analysis. 

5.9. Ca2+ measurements 

Thirty-six hours after transfection mitochondrial low affinity aequorin (mtAEQ) was 

reconstituted by incubating cells for 1.5 h with 5 μM wt coelenterazine (Santacruz) in  Krebs-

Ringer modified buffer (KRB,125 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 

mM glucose, 20 mM HEPES, pH 7.4, 37 °C) at 37 °C in a 5% CO2 atmosphere. After 

reconstitution, cells were transferred to the chamber of a purpose-built luminometer, and 

Ca2+ measurements were started in KRB supplemented with 1 mM CaCl2 by stimulating 

HeLa cells with 100 μM histamine. The experiments were terminated by cell 

permeabilization with 100 μM digitonin in a hypotonic Ca2+-rich solution (10 mM CaCl2 in 

H2O) to discharge the remaining unused aequorin pool. The light signal was collected and 

calibrated off-line into Ca2+ concentration values using a computer algorithm based on the 

Ca2+ response curve of mitochondrial aequorin as previously described 59. 

5.10. Statistical Analysis  

All of the data are representative of at least three independent experiments. Values are 

expressed as mean ± SEM. Significance was calculated by Student’s t-test. 
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A B S T R A C T

Intracellular neurofibrillary tangles (NFT) composed by tau and extracellular amyloid beta (Aβ) plaques accu-
mulate in Alzheimer's disease (AD) and contribute to neuronal dysfunction. Mitochondrial dysfunction and
neurodegeneration are increasingly considered two faces of the same coin and an early pathological event in AD.
Compelling evidence indicates that tau and mitochondria are closely linked and suggests that tau-dependent
modulation of mitochondrial functions might be a trigger for the neurodegeneration process; however, whether
this occurs either directly or indirectly is not clear. Furthermore, whether tau influences cellular Ca2+ handling
and ER-mitochondria cross-talk is yet to be explored. Here, by focusing on wt tau, either full-length (2N4R) or
the caspase 3-cleaved form truncated at the C-terminus (2N4RΔC20), we examined the above-mentioned aspects.
Using new genetically encoded split-GFP-based tools and organelle-targeted aequorin probes, we assessed: i) tau
distribution within the mitochondrial sub-compartments; ii) the effect of tau on the short- (8–10 nm) and the
long- (40–50 nm) range ER-mitochondria interactions; and iii) the effect of tau on cytosolic, ER and mi-
tochondrial Ca2+ homeostasis. Our results indicate that a fraction of tau is found at the outer mitochondrial
membrane (OMM) and within the inner mitochondrial space (IMS), suggesting a potential tau-dependent reg-
ulation of mitochondrial functions. The ER Ca2+ content and the short-range ER-mitochondria interactions were
selectively affected by the expression of the caspase 3-cleaved 2N4RΔC20 tau, indicating that Ca2+ mis-handling
and defects in the ER-mitochondria communications might be an important pathological event in tau-related
dysfunction and thereby contributing to neurodegeneration. Finally, our data provide new insights into the
molecular mechanisms underlying tauopathies.

1. Introduction

Intracellular tau neurofibrillary tangles (NFTs) and extracellular
formation of Aβ-plaques represent key pathologic hallmarks of
Alzheimer's disease (AD) [1,2]. NFTs have been found in neurons of the
entorhinal cortex and the hippocampus. The increase in NTFs levels
within the brain clinically correlates with dementia [3,4]. Tau, a highly
soluble microtubule-associated protein (MAP) that promotes their as-
sembly and stabilisation, is the main constituent of NTFs [5]. Post-
translational modifications, including truncation, hyper-phosphoryla-
tion and conformational changes, are at the basis of tau-mediated pa-
thology [6]. In the fibrillar pathologies of AD, caspase 3 cleavage of tau

at Asp421 occurs before the nuclear events of apoptosis [7] and gen-
erates a truncated protein that aggregates more rapidly due to a con-
formational change induced by the lack of its basic C-terminal 20 amino
acids. Under physiological conditions, this C-terminal domain inhibits
tau filament assembly [8], possibly by self-association with the acidic
N-terminal projection domain, which is also involved in the interaction
with other cytoskeletal elements, including mitochondria or neuronal
plasma membrane [9–11]. Truncated tau associates with both early and
late NFTs markers and its presence correlates with cognitive decline
[1,12,13]. Additionally, truncated tau is aberrantly phosphorylated and
its caspase-mediated cleavage is an early event that may precede hyper-
phosphorylation [7]. Tau hyper-phosphorylation is indeed a common
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feature of the neurofibrillary changes that occur in all tauopathies [14].
There are six different isoforms of tau in the adult human brain, 0 N, 1 N
or 2 N with 3R or 4R [15]. They differ on the number of the 29-residue
near-N-terminal insert (N) encoded by exons 2 and 3, and depending on
whether they contain three or four C-terminal repeat domains (R; the
second of which is encoded by exon 10). The tau sequence contains
several phosphorylation sites that, in AD patients' brain, undergo hyper-
phosphorylation and aggregation in paired helical filaments (PHF)
[16]. The phosphorylation state of tau has an impact on the functional
state of the protein, affecting both its binding to microtubules and its
aggregation properties. Tau accumulation triggers a cascade of events
that eventually leads to its propagation from cell to cell in a prion-like
mode, spreading tauopathy to other areas of the brain [17]. Despite the
importance of tau modifications in the aetiology of AD has been well
described, how it affects cellular function and leads to neurodegen-
eration is still unclear. Mitochondrial alterations were demonstrated in
transgenic mice overexpressing tau protein and mice injected with tau
oligomers [18,19]. The expression of wt (2N4R) or caspase 3-cleaved
tau (2N4RΔC20; able to induce fibrillation and seeding of wt tau as well
[20,21]) has been reported to cause perinuclear clustering of mi-
tochondria [22–25] and changes in mitochondrial shaping proteins
expression levels [22,23] in fibroblasts from sporadic AD patients, rat
hippocampal neurons as well as several mammalian cell lines, sug-
gesting an intimate relationship between mitochondria and tau.

Tau overexpression increases retrograde mitochondrial transport,
whereas it decreases complex I activity and ATP levels [23]. Mitophagy
deficits and changes in mitochondrial membrane potential were re-
ported both in in vitro and in vivomodels for tau accumulation [27], and
alterations of mitochondrial trafficking were detected in the axon of
sensory neurons of zebrafish embryos expressing mutant tau and in cells
expressing different forms of tau [28,29]. Thus, mitochondria might be
an important route through which tau leads to the degeneration and
death of specific subsets of neuronal cells. Nevertheless, whether these
events occur as a consequence of tau-induced dysfunctions that fall
back on mitochondria or can be directly triggered by tau at mi-
tochondrial level is still unclear. Some evidence supporting the locali-
sation of tau (wt, phosphorylated form or caspase cleaved N-terminal
fragment) within mitochondria or its association with the OMM has
recently emerged [18,27,30,31] and suggested the intriguing possibility
that “mitochondrial” tau may also play a role in the cellular dysfunc-
tions found in tauopathies. In the present study, we investigated the
localisation of tau at mitochondria and within sub-mitochondrial
compartments by employing a novel and improved split-GFP based
bimolecular fluorescence complementation (BiFC) methodology
[32,33]. This tool was originally developed by us to selectively monitor
DJ-1 sub-mitochondrial distribution [34]. In addition to the previously
described OMM- and matrix-targeted GFP1–10 [34], a new IMS targeted
non-fluorescent GFP1–10 moiety has been generated to selectively track
protein translocation within the IMS. Two different tau constructs were
C-terminally tagged with the GFP beta strand 11 (β11): one encoding
the wt full-length tau (2N4R) and the other one encoding the C-term-
inally deleted tau at position 421 (2N4RΔC20). 2N4RΔC20 expression
has been shown to induce mitochondrial fragmentation, increase of
reactive oxygen species, reduction in mitochondrial motility and de-
crease of Ca2+ buffering capacity upon thapsigargin treatment
[26,35–37]. The GFP-moieties-fused proteins were employed to speci-
fically monitor and quantify tau distribution at the OMM, IMS and
mitochondrial matrix. We also evaluated whether tau expression could
result in Ca2+ signalling alterations. To this end, we assessed the con-
sequences of tau 2N4R and 2N4RΔC20 overexpression on cytosolic, ER
and mitochondrial Ca2+ homeostasis using organelle targeted ae-
quorin-luminescent probes [38]. Lastly, we estimated the tau-depen-
dent effect on ER-mitochondria interactions by the quantification of the
number of short- (8–10 nm) and long- (40–50 nm) range contacts, [39],
using a novel probe that we have recently developed. Hence, we de-
tected constitutive presence of tau at the OMM and in the IMS, but not

in the mitochondrial matrix. Moreover, we observed that caspase 3-
cleaved tau, typically found in the brain of patients with mild cognitive
impairment stage of AD [7,20] and associated with the formation of tau
aggregates, affects ER Ca2+ levels and short-, but not long-, range ER-
mitochondria interactions. These data suggest that tau may directly
participate in the pathophysiology of mitochondria-related activities by
interfering with ER-mitochondria communication, reinforcing the
concept that an early involvement of mitochondrial dysfunctions, Ca2+

dyshomeostasis and ER-mitochondria Ca2+ cross-talk impairment
might have a role in the pathogenesis of AD.

2. Materials and methods

2.1. DNA constructs

The full length hTau WT-β11 construct (2N4R) has been generated
by PCR using the following primers: FL-hTau WT-S11 (BamHI) For
5′-ATAAGTTCGGATCCATGGCTGAGCCCCGCCAGGAGTTCG-3′; FL-
hTau WT-S11(XhoI) Rev. 5′-ACTTCTCACTCGAGTCATGTGATGCCGGC
GGCGTTCACGTACTCGTGCAGCACCATGTGGTCCCGGCTGCCGCCGCC
GCTGCCGCCGTCGCCCAAACCCTGCTTCGCGAGGGAGGCAG-3′. The
ΔC20 hTau-β11 construct (2N4RΔC20) has been amplified by PCR using
the FL-hTau WT-S11 (BamHI) For primer and the ΔC20-S11 (XhoI) Rev.
5′-ACTTCTCACTCGAGTCATGTGATGCCGGCGGCGTTCACGTACTCGTG
CAGCACCATGTGGTCCCGGCTGCCGCCGCCGCTGCCGCCGTCGCCGTC
TACCATGTCGATGCTGCCGGTGG-3′. The DNA construct encoding for
the human tau in pcDNA3, used as a template, was a kind gift of Dr.
Paolo Paganetti (Laboratory for Biomedical Neurosciences, Neurocenter
of Southern Switzerland). The β11 tagged Cytochrome-c at the C-ter-
minus was produced by DNA synthesis (Thermo Scientific). The GFP1–10
targeted to the intermembrane space (IMS) has been created by genetic
fusion to the leader sequence of the IMS protein LACTB [40,41] and
created by DNA synthesis (Thermo Scientific). To specifically monitor
ER-mitochondria interactions with the newly generated split-GFP based
sensor (SPLICS), the untagged versions of each tau constructs were
generated introducing a stop codon before the β11 tag by site-direct
mutagenesis. All constructs were confirmed by sequencing.

2.2. Cell culture and transfection

HeLa cells were grown in DMEM high glucose medium (Euroclone)
supplemented with 10% Fetal bovine serum (FBS, GIBCO), 100 U/ml
penicillin (Euroclone) and 100 μg/ml streptomycin (Euroclone).

For immunocytochemistry and contacts quantification, cells were
seeded onto 13mm glass coverslips, whereas for western blotting and
Ca2+ measurements onto 6-multiwell plates, and allowed to grow to
60–80% confluence. Transfection was carried out 12 h after seeding
with the Ca2+ phosphate procedure using 5 μg of total DNA for each
13mm glass coverslip and 12 μg for each well of the 6-multiwell plate.
For Ca2+ measurements, cells were co-transfected with Aequorin con-
structs targeted to different cell compartments (mtAEQ, cytAEQ and
erAEQ) and pcDNA3 empty vector (control) or tau FL-hTau WT and
ΔC20 with a 1:2 ratio in favour of tau. For ER-mitochondria contact sites
quantification, HeLa cells were co-transfected with SPLICSS (short
range contacts) or SPLICSL (long range contacts) in combination with
void vector or FL-hTau WT or ΔC20 in a 1,5:1,5:2 ratio in favour of the
overexpressed protein.

2.3. Preparation of post-natal mouse neocortical neurons

Primary cultures of cortical neurons were prepared from post-natal
days 0–2. To isolate the cortical neurons, mouse pups were euthanized
by cutting their heads off with large scissors. The cerebral cortices were
isolated from each pup and pooled in a dissection medium on ice (PBS
with 0.25% glucose, 0.3% bovine serum albumin [BSA]). The tissue was
incubated with 0.25% trypsin-EDTA at 37 °C for 15min. After the
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incubation, the trypsinisation was stopped by the addition of fresh
plating medium (minimal essential medium [MEM] containing 5% fetal
bovine serum, 5% horse serum, 100 U/ml penicillin/streptomycin
[Pen/Strep], 0.5mM L-glutamine, 0.6% D-glucose). The neurons were
then dissociated by gentle pipetting and after centrifugation (1500 rpm,
3min), the medium containing trypsin was aspirated. Neocortical
neurons were resuspended in plating medium, plated at 2×105 cells
per cm2 on poly-D-lysine-coated plates (final concentration of 5 μg/ml),
and then incubated at 37 °C and 5% CO2. The plating medium was
exchanged with 50% feeding medium (NBM-embryonic containing
100 U/ml of Pen/Strep, 2% B27 and 0.5 mM L-glutamine), 50% plating
medium with additional mitotic inhibitor cytosine arabinofuranoside
(600 nM). Two days later the medium was again exchanged for com-
plete feeding medium. Neocortical neurons (days in vitro, DIV 5) were
transfected using Lipofectamine 2000 (Invitrogen) and stainings were
performed on DIV 7.

2.4. Calcium measurements

Ca2+ concentration measurements were carried out in a Perkin-
Elmer Envision plate reader equipped with a two-injector unit. Twenty-
four hours after transfection, cells were plated onto a 96-well plate. The
day after, recombinant wt cytAEQ or mutant mtAEQ were reconstituted
by incubating HeLa cells for 1,5 h with 5 μM wt coelenterazine (Santa
Cruz Biotechnology) in modified Krebs Ringer Buffer (KRB: 125mM
NaCl, 5 mM KCl, 400mM KH2PO4, 1mM MgSO4, 20mM Hepes,
pH 7.4) supplemented with 5mM glucose at 37 °C. To functionally re-
constitute low affinity ER targeted aequorin, the ER Ca2+ content was
drastically reduced by incubating cells for 1,5 h at 4 °C with KBR sup-
plemented with 5 μM of the Ca2+ ionophore ionomycin (Sigma),
600 μM EGTA and 5 μM coelenterazine n (Biotium). Cells were then
washed with KRB supplemented with 2% bovine serum albumin
(Sigma) and 1mM EGTA. After reconstitution, cells were placed in 70 μl
of KRB supplemented as indicated in the figures and luminescence from
each well was measured for the indicated period of time. According to
the experiment, Ca2+ transients were generated by the addition of
100 μM histamine (Sigma) or 2mM CaCl2 at the final concentration.
The experiments were terminated by lysing the cells with 100 μM di-
gitonin (Sigma) in a hypotonic Ca2+-rich solution (10mM CaCl2 in
H2O) to discharge the remaining reconstituted aequorin pool. Output
data were analysed and calibrated with a custom made macro-enabled
Excel workbook.

2.5. Western blot analysis

36 h after transfection, HeLa cells were processed for western blot
analysis. Cells were washed with ice-cold PBS and solubilised in ice-
cold lysis buffer (150mM NaCl, 50mM Tris-HCl, pH 7.4, 10mM EGTA/
Tris, pH 7.4, 1% Triton X-100) containing 1mM protease inhibitors
cocktail (Sigma). Postnuclear supernatants were collected after 10min
of centrifugation at 10,000 g at 4 °C. The total protein content was de-
termined by the Bradford assay (Bio-Rad). Samples were loaded on a
15% SDS-PAGE Tris/HCl gel, transferred onto PVDF membranes (Merck
Millipore), blocked for 1 h with 5% milk in TBS-T (Tris Buffered Saline-
Tween, 20mM Tris, 0.137M NaCl, pH 7.6, 0.1% Tween 20) at 4 °C and
incubated overnight with a mouse monoclonal antibody recognizing all
tau isoforms (Anti-tau 4-repeat isoform RD4, clone 1E1/A6, Merck
Millipore), and mouse monoclonal anti β-Actin (Sigma), mouse poly-
clonal anti Tom20 (Santa Cruz) or tubulin (Santa Cruz) as endogenous
control (dilutions are 1:1000). Detection was carried out by incubation
with secondary horseradish peroxidase-conjugated anti-mouse IgG an-
tibody (Santa Cruz) for 1 h at room temperature and proteins were vi-
sualized by the chemiluminescent reagent Luminata Western HRP
substrate (Merck Millipore).

2.6. Cellular fractionation

Cells were plated on a Petri dish and transfected with 30 μg of total
DNA. 36 h after transfection cells were washed with PBS and harvested
using a scraper. Cells were then collected in a tube, centrifuged at
1400 rpm for 4min at 4 °C, washed with 10mM Hepes supplemented
with 0.25M sucrose and resuspended in 500 μl of the same solution.
Cells were then lysate using a potter and centrifuged 10min at 1000 g to
pellet nuclei. 50 μl of the supernatant were collected and used as total
lysate (PNS: post-nuclear supernatant). The remaining supernatant was
centrifuged at 10,000 g for 6min to pellet mitochondria. The resulting
supernatant (cytosol) was collected and lysed by adding 1% Triton X-
100. Both mitochondria and cytosol were washed and centrifuged 5–6
times with Hepes supplemented with sucrose (dealing with the cytosol,
each time 20 μl of lysate were left in the tube to dilute contamination
with other cellular fractions). Mitochondria were resuspended in
300mM NaCl, 10mM CaCl2, 100mM Tris HCl pH 8.5 and 0.5% NP40
for 30min at 4 °C.

2.7. Immunocytochemistry analysis

36 h after transfection, HeLa cells were stained for immuno-
fluorescence. The cells were washed twice with PBS (140mM NaCl,
2 mM KCl, 1.5mM KH2PO4, 8mM Na2HPO4, pH 7.4), fixed for 20min
in 3.7% formaldehyde (Sigma) and washed three times with PBS. The
cells were then permeabilised in 0.1% Triton X-100 in PBS, followed by
a 1 h wash with 1% gelatin (type IV, from calf skin) (Sigma) in PBS.
Cells were then incubated for 1 h at 37 °C in a wet chamber with a
mouse monoclonal antibody recognizing all tau isoforms (Anti-tau 4-
repeat isoform RD4, clone 1E1/A6, Merck Millipore) or with a rabbit
polyclonal anti-Tom20 antibody (Santa Cruz Biotechnology) at a 1:20
dilution in PBS. Staining was performed with Alexa Fluor 488 or 633-
labeled anti-mouse or Alexa Fluor 594 anti-rabbit secondary antibody
(Molecular Probes, Carlsbad, CA) at a 1:50 dilution in PBS.

36 h post transfection, cortical neurons grown on 13-mm coverslips
and transfected with the different constructs were loaded with the
MitoTracker Mitochondrion-selective probe Red (Invitrogen, 200 nM)
for 30min. Following incubation time, neurons were washed once in
PBS and fixed with 4% paraformaldehyde for 15min, permeabilised in
PBS containing 0.1% Triton X-100 and washed three times with PBS.
For nuclear staining, Hoechst 33258 (Sigma; 1 μg/ml) was then added
into the wells for 30min, after which coverslips were then transferred
to glass slides with a mounting medium and sealed around the edges
with clear varnish. Images were acquired with a Leica SP5 inverted
confocal microscope and analysed by ImageJ software.

2.8. Quantification of biFC at the IMS

To quantify biFC at the IMS, a complete z-stack of cells showing a
clear fluorescence signal was acquired using a Leica SP5 confocal mi-
croscope. The total corrected cell fluorescence (TCCF) was calculated as
previously described [42]. Briefly, the selected cell was outlined using
the freehand selection of Fiji and the remaining signal coming from
outside the cell was removed. Area, integrated density and mean grey
value were then measured within the cells and three selected non-
fluorescent area in the image were chosen as background. The TCCF
was calculated as follow: integrated density – (area of selected
cell ×mean fluorescence of background readings). The calculated
TCCF was then normalised against the TCCF values of wt tau-expressing
cells. The results are shown as fold change increase/decrease over
2N4R-tau expressing cells TCCF levels.

2.9. Mitochondrial distribution analysis

To quantify mitochondrial distribution within the cell, we used the
Radial Profile Plot plugin available on Fiji (https://imagej.nih.gov/ij/

D. Cieri et al. BBA - Molecular Basis of Disease 1864 (2018) 3247–3256

3249

https://imagej.nih.gov/ij/plugins/radial-profile.html)


plugins/radial-profile.html). The plugin analyses the distribution of
normalised integrated intensities around concentric circles starting
from a specific point: in our case, the nucleus of the cell, set manually
by drawing a circle. The distribution of fluorescence intensities was
analysed on a radius of 200–300 pixels, sufficient to cover, on most
cases, the overall area occupied by the cell. Spatial calibration was used
to measure the maximal distance occupied by mitochondria in microns:
for each cell, the first value of “Normalised Integrated Intensity” above
0.1 was considered as the most distant point in which mitochondria
could be detected (Max. Radius in the graph in Fig. 2C).

2.10. ER-mitochondria contact sites quantification

48 h after transfection, HeLa cells were excited at 488nm and ana-
lysed by using a Leica TSC SP5 inverted microscope equipped with a
HCX PL APO 100×/numerical aperture 1.4 oil immersion objective. A
complete z-stack of each cell was captured every 0.29 μm with the Leica
AS software. To quantify inter-organelle contact sites, images were
processed using Fiji software. Images were convolved, filtered with
Gaussian Blur and reconstructed in three dimensions using the Volume
J plugin. A selected face of the 3D rendering was then thresholded and
used to count ER-mitochondria contacts.

2.11. Statistical analysis

Results shown are mean values ± SEM. Student's unpaired two-
tailed t-test was used for comparisons involving two groups when
sample followed a Gaussian distribution. Differences between groups
were considered significant when p≤ 0.05. All statistical analyses were
performed using GraphPad Prism version 6.00 for Mac OS X, GraphPad
Software (La Jolla, California, USA). The exact values of n and their
means are indicated in the text. *p≤ 0.01, **p≤ 0.0005,
***p≤ 0.0001.

3. Results

3.1. Tau localises to mitochondria

In order to verify tau mitochondrial localisation, we employed split
GFP-based tools and generated two constructs encoding two variants of
human wt tau tagged with the GFP-β11 at their C-terminus (Fig. 1A): the
full-length tau containing 4 repeats (2N4R-β11) and a truncated tau
form at position 421 (2N4RΔC20-β11). The tau-encoding constructs
were transfected in HeLa cells and their expression and subcellular lo-
calisation were assessed by immunocytochemistry and western blot
analysis. Anti-tau antibody staining showed a diffused distribution of
the protein within the cell (Fig. 1B). Western blots on total lysates from
HeLa cells transfected with the different constructs confirmed their
correct expression at the expected molecular weights (Fig. 1C). Similar
results were obtained with the untagged human tau constructs (Fig. S1),
demonstrating that the expression and subcellular localisation of the
protein were not altered by the addition of the β11 fragment at their C-
terminus. We next performed subcellular fractionation experiments on
HeLa cells transfected with the human tau-β11 constructs and observed
their localisation within mitochondria. As shown in Fig. 1D, the 2N4R-
β11 protein, corresponding to the wt full-length tau, was found in the
post nuclear supernatant fraction (PNS) and in the cytosolic fraction
(CT), as expected. Interestingly, the crude mitochondrial fraction (MT)
also contained the protein, as previously observed [23,27,31,43].
Analogously, the 2N4RΔC20-β11 tau was detected in PNS and CT frac-
tions and, surprisingly, in the mitochondrial fraction as well. The purity
of the fractionation experiment was verified by probing the blotting
membrane with specific antibodies against proteins of the cytosol (tu-
bulin) and mitochondria (Tom20). Altogether, these data suggest that
under basal conditions a fraction of the cellular tau is associated to
mitochondria. Whether the tau fraction at mitochondrial level has a
physiological meaning or represents a product of degradation of this
“fibrillogenic” protein is still unknown.

Fig. 1. Tau-β11 expression in HeLa cells. (A)
Schematic representation of the different tau
forms expressed in HeLa cells. The C-terminally-
fused β11 fragment is depicted in green. (B)
Representative confocal images of tau-β11
transfected HeLa cells immunostained with an
anti-tau antibody. Scale bar= 25 μm. (C)
Western blot from total cell lysates showing tau-
β11 expression levels in HeLa cells. The mem-
brane was incubated with a tau antibody and β-
actin was used as loading control. (D) Western
blot from cellular fractionation of tau trans-
fected cells and empty vector control showing
tau in the different cellular compartments.
Tubulin and Tom20 were employed as markers
of the cytosolic and mitochondrial fraction, re-
spectively. PNS: Post-nuclear supernatant, CT:
cytosol; MT: mitochondria. (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article.)
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3.2. A split-GFP based approach to reveal tau distribution within the
mitochondria

To better identify tau function at the mitochondrial level, it was
necessary to define its presence in the different sub-mitochondrial
compartments. Despite cellular fractionation clearly showed tau asso-
ciation with mitochondria, this technique does not allow to

discriminate in which specific compartment it is distributed. To address
this aspect, we exploited the split-GFP based approach, developed and
successfully employed by our group, to selectively assess the sub-mi-
tochondrial localisation of the PD-related protein DJ-1 [34]. This
technique is based on the ability of the super folder GFP variants,
namely the GFP1–10 (GFP without an essential β-strand) and the β11 (the
lacking β-strand required for the reconstitution of the chromophore), to

Fig. 2. Cytosolic and outer mitochondrial membrane distribution of tau revealed by GFP biFC and tau-induced mitochondrial alterations. The interaction between
tau-β11 and the different GFP1–10 fragments results in biFC that is detected as a fluorescent signal. (A) Confocal pictures showing HeLa cells co-transfected with tau-
β11, cytosolic GFP1–10 and mitochondrial RFP (mtRFP). (B) Confocal images showing mitochondrial distribution in control and tau-transfected HeLa cells.
Mitochondria and tau were immunostained with an anti-Tom20 (red) and anti-tau (green) antibody, respectively. (C) Histogram representing mitochondrial dis-
tribution in HeLa cells upon the conditions shown in B. (D) GFP biFC was used to analyse tau localisation at the outer mitochondrial membrane. Co-transfection of
HeLa cells with 2N4R-β11, the 2N4RΔC20-β11 tau and OMM-GFP1–10 resulted in GFP biFC at the OMM that co-localised with the mitochondria-targeted pTagRFP-mito
plasmid. The merge of the GFP biFC and the mitochondrial signal are shown on the right. (E) Confocal imaging showing the OMM localisation of tau in mouse
primary cortical neurons (top) and non-neuronal cells, mainly neuroglia (bottom). Scale bar= 25 μm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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self-assemble and, thus, reconstitute the GFP fluorescence [32,33]. In
addition to the previously described GFP1–10 constructs targeted to ei-
ther the outer mitochondrial membrane (OMM-GFP1–10) or the mi-
tochondrial matrix (mt-GFP1–10) [44], we have now expanded and
completed the palette of constructs available to detect protein locali-
sation/translocation within all the mitochondrial sub-compartments by
developing a novel GFP1–10 construct targeted to the intermembrane
space (IMS-GFP1–10). First, we verified whether the proper self-as-
sembly of the newly generated GFP fragments efficiently occurred also
in the IMS by co-transfecting HeLa cells with IMS-GFP1–10 and a β11-
tagged cytochrome-c constructs. Fig. S2 clearly documented the ap-
pearance of a mitochondrial signal that perfectly co-localises with a
mitochondrialtargeted RFP. To assess whether and where the β11 tau
constructs were able to assemble and reconstitute GFP fluorescence, we
initially co-transfected them in HeLa cells together with an untargeted
cytosolic GFP1–10. The resulting diffused fluorescence pattern (Fig. 2A)
confirmed that GFP reconstitution mainly occurred in the cytosol,

where the β11 tau proteins were detected by immunocytochemistry
analysis (Fig. 1B). Interestingly, we noticed that, upon the expression of
either 2N4R-β11 and 2N4RΔC20-β11 tau, mitochondria appeared fused
and mostly distributed at the perinuclear region (see mtRFP signal in
Fig. 2A). To explore in more detail this aspect, we labeled mitochondria
with an anti-Tom20 antibody to evaluate their distribution both in
controls and in cells expressing 2N4R or 2N4RΔC20 tau. In control cells,
mitochondria occupied most of the cell area, spreading from the peri-
nuclear region to cell periphery (Fig. 2B, top panel, CTRL). On the
contrary, 2N4R and 2N4RΔC20 tau expression conferred a peculiar cell
phenotype: mitochondria were largely concentrated at the perinuclear
region and excluded from cell periphery, as previously reported [23,24]
(Fig. 2B, middle and bottom panels). Quantification of the radial dis-
tribution of mitochondria from the center of the cell confirmed this
observation (Fig. 2C, max. radius values (μm): 36,51 ± 2,4 n=15 for
control cells; 25,49 ± 1,17 n=16 for 2N4R-β11; 25,22 ± 1,73 n=18
for 2N4RΔC20-β11). These results also suggested that the C-terminal 20

Fig. 3. Sub-mitochondrial distribution of tau revealed by GFP biFC. (A) GFP biFC was used to analyse tau localisation at the inter membrane space (top) and (bottom)
mitochondrial matrix. (B) Histogram showing the quantification of the GFP biFC signal detected with the IMS-GFP1–10 fragment. (D) Confocal images showing the
IMS localisation of tau in mouse primary cortical neurons (top) and non-neuronal cells, mainly neuroglia (bottom). Scale bar= 25 μm.
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amino acids of tau are dispensable for the observed effect on mi-
tochondrial distribution.

To investigate in which specific sub-mitochondrial compartment tau
localises and/or translocates, 2N4R-β11 and 2N4RΔC20-β11 tau con-
structs were separately co-transfected in HeLa cells along with different
GFP1–10 plasmids targeted to either the OMM, IMS or the mitochondrial
matrix. Fluorescence reconstitution at mitochondrial level is expected
to take place only in the compartments where tau is effectively present.
As shown in Fig. 2D, co-expression of either the 2N4R-β11 and

2N4RΔC20-β11 constructs with the OMM-GFP1–10 fragment led to a
green fluorescence signal, which is fully overlapping with that of the
mitochondrial marker, mtRFP. Of note, the GFP-reconstituted signal
revealed strong mitochondrial fusion and, although we could not ex-
clude that the GFP reconstitution might drive part of cytosolic tau to
concentrate at the mitochondrial surface and/or affect its dissociation
from the OMM, suggests that tau accumulation at the OMM might be
important for the regulation of the mitochondrial fission/fusion. Tau
localisation at the OMM and the above-mentioned effects on mi-
tochondrial morphology were also confirmed in a more complex cel-
lular system, i.e., in mouse primary cortical neurons (Fig. 2E, top pa-
nels) as well as in non-neuronal cells, mainly neuroglia, present, in
small percentage, in the post-natal neuronal culture (Fig. 2E, bottom
panels).

Analogously, to verify whether tau localises in the IMS and/or the
mitochondrial matrix, the β11-tagged tau constructs were co-transfected
in HeLa cells with the IMS-GFP1–10 or the mt-GFP1–10 fragments
(Fig. 3A). 2N4R-β11 and 2N4RΔC20-β11 tau constructs were able to re-
constitute the GFP fluorescence within the IMS (upper panel), in-
dicating that a fraction of the two tau forms was present there. We have
also quantified the total corrected cell fluorescence (for details, see
materials and methods section) and found that the abundance of the
two tau constructs within the cell was similar (Fig. 3B; TCCF values:
1 ± 0,09 n=26 for 2N4R-β11; 1,08 ± 0,1 n=29 for 2N4RΔC20-β11).
When the tau constructs were co-expressed with the mt-GFP1–10 probe
targeted to the mitochondrial matrix, we could not detect any specific
mitochondria-localised signal, suggesting that none of the tested tau
forms localised to this sub-compartment (bottom panel). We have also
verified the presence of tau at the IMS in mouse cortical neurons
(Fig. 3C, top panels) as well as in non-neuronal cells (Fig. 3C, bottom
panels). As shown in the figure, a strong fluorescence was detected
upon co-expression of the β11-tagged tau constructs along with the IMS
targeted GFP1–10, suggesting that a fraction of tau was present at the
level of the IMS also in these cells.

Altogether, these data showed that, under physiological conditions,
a fraction of tau localises both at the OMM and in the IMS, and that tau
affects mitochondrial morphology independently from its C-terminal 20
amino acids.

3.3. Effect of tau expression on cell Ca2+ handling and ER-mitochondrial
interactions

The detection of tau at the OMM and the IMS prompted us to ex-
amine mitochondrial parameters that may be affected by tau expres-
sion. Thus, we monitored Ca2+ homeostasis and ER-mitochondria in-
teractions in the short- (8–10 nm) and long- (40–50 nm) range using the
newly generated split-GFP based sensors (SPLICS) [39]. Because the
β11-tagged tau constructs interfere with SPLICS reconstitution, we used
their untagged versions for the evaluation of ER-mitochondria contact
sites.

Firstly, we employed organelle-targeted aequorin probes to analyse
Ca2+-handling in specific cellular compartments, i.e., mtAEQmut for
the mitochondrial matrix, cytAEQ for the cytoplasm and erAEQ for the
ER lumen [38]. Considering the effects of tau expression on mi-
tochondrial morphology, we initially assessed the ability of mitochon-
dria to take up Ca2+ upon cell stimulation with the InsP3-linked agonist
histamine. The expression of both 2N4R and 2N4RΔC20 tau did not
result in an altered mitochondrial Ca2+ handling (Fig. 4A. peak values:
57.58 ± 2.3 n=30 for control cells; 63.87 ± 3.23 n=32 for 2N4R-
β11; 59.24 ± 2.7 n=31 for 2N4RΔC20-β11). Similarly, no differences
were observed in cytosolic Ca2+ transients generated by histamine
stimulation (Fig. 4B. peak values: 2.49 ± 0.07 n=32 for control cells;
2.65 ± 0.07 n=32 for 2N4R-β11; 2.28 ± 0.07 n=32 for 2N4RΔC20-
β11), suggesting that the expression of wt and truncated tau did not
affect bulk cellular Ca2+ handling.

However, both 2N4R and 2N4RΔC20 tau overexpression decreased

Fig. 4. Ca2+ handling in HeLa cells overexpressing the tau constructs. Ca2+

was measured in the different compartments by using mitochondrial (A), cy-
tosolic (B) or ER-targeted (C) Aequorin. Ca2+ transients are shown on the left,
whereas average Ca2+ peaks on the right.
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the steady-state ER Ca2+ content, as the caspase-cleaved tau form is
more effective than the wt level (Fig. 4C. plateau values:
370.62 ± 11.64 n=20 for control cells; 326.29 ± 6.44 n=22 for
2N4R-β11; 249.31 ± 9.29 n=24 for 2N4RΔC20-β11).

Because the observed reduction in ER Ca2+ content did not result in
a diminished mitochondrial Ca2+ transients, we hypothesised that the
ER-mitochondria connection may be affected by tau expression and, in
particular, by the 2N4RΔC20 mutant. The coupling between ER and
mitochondria is indeed fundamental for ER-mitochondria Ca2+

transfer; in fact, this transfer and the correct proximity between the two
organelles is regulated by several proteins, some of which have been
involved in familial forms of neurodegenerative diseases [45]. To date,
only one study reported a possible relationship between tau protein and
ER-mitochondria tethering, showing that the number of contacts be-
tween mitochondria and RER membranes is increased in motor neurons
derived from JNPL3 mice overexpressing P301L mutant tau compared
to their controls [46]. Interestingly, this study also confirmed the pre-
sence of tau at mitochondria by EM analysis. We therefore quantified

the number of ER-mitochondria contact sites in our cell models and
discriminated their nature using SPLICS approach recently developed in
our laboratory [39]. Indeed, the development of the two versions of
SPLICS (SPLICSS or SPLICSL) not only highlighted the heterogeneity in
the ER-mitochondria contact sites, but also unravelled their differential
modulation upon different cellular conditions [39]. Both short
(8–10 nm) and long- (40–50 nm) range ER-mitochondria interactions
were measured in HeLa cells transfected with SPLICSS or SPLICSL in the
absence and in the presence of 2N4R and 2N4RΔC20 tau. As shown in
Fig. 5A (and quantified in Fig. 5B), the expression of 2N4RΔC20, but not
of the full-length 2N4R tau, significantly increased the number of the
tight ER-mitochondria interactions (number of ER-mitochondria con-
tacts/cell: 67.83 ± 5.03 n=31 for control cells; 71.55 ± 6.11 n=27
for 2N4R-β11; 120.42 ± 11.12 n=28 for 2N4RΔC20-β11). On the other
hand, long range ER-mitochondria contacts sites were not affected in
both cases (Fig. 5C and quantification in 5D; number of ER-mitochon-
dria contacts/cell: 198.07 ± 8.24 n=26 for control cells;
174.7 ± 9.85 n=27 for 2N4R-β11; 190.64 ± 11.52 n=25 for

Fig. 5. Effects of tau expression on ER-
mitochondria contact sites.
Immunofluorescence against tau (red)
is shown on the right, whereas ER-mi-
tochondria contact sites detected with
the SPLICS on the left (green). (A)
Representative confocal images of
HeLa cells expressing the SPLICSS
probe. (B) Quantification of the
SPLICSS contact sites number by 3D
rendering of complete z-stacks. (C)
Representative confocal images of
HeLa cells expressing the SPLICSL
probe. (D) Quantification of the
SPLICSL contact sites number by 3D
rendering of complete z-stacks. Scale
bar= 25 μm. (For interpretation of the
references to color in this figure legend,
the reader is referred to the web ver-
sion of this article.)
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2N4RΔC20-β11). The increased juxtaposition between the two orga-
nelles observed in the presence of 2N4RΔC20 tau may serve to mitigate
the reduction in the [Ca2+]er (Fig. 4C), possibly to keep unaltered mi-
tochondrial Ca2+-transients (Fig. 4A) and, thus, to guarantee a proper
ER-mitochondrial Ca2+ transfer to efficiently cope with the bioener-
getic demand of the cell.

4. Discussion

Increasing evidence links tau to impaired mitochondrial functions
[47]. Full-length tau, as well as the caspase-3 cleaved form 2N4RΔC20,

were detected at the mitochondrial level, suggesting the intriguing
possibility that several mitochondria-related functions may be directly
influenced by tau at this site [18,27,30,31]. Nevertheless, due to the
lack of tools to unequivocally establish its distribution in the sub-mi-
tochondrial compartments, the role of tau at the mitochondrial level is
still not clear and essentially unexplored. Furthermore, whether and
how tau may affect the formation/stabilisation of the contact sites be-
tween the ER and mitochondria, in turn impacting on the ER and mi-
tochondrial Ca2+ uptake, is largely unknown. Using a split-GFP based
approach, we here showed that GFP fluorescence reconstitution occurs
upon co-expression of either the 2N4R-β11 or 2N4RΔC20-β11 constructs
with the OMM-GFP1–10 and the IMS-GFP1–10 fragments, but not with
the mtGFP1–10, demonstrating the presence of a tau faction both at the
OMM and the mitochondrial IMS, and its absence in the mitochondrial
matrix. Under basal conditions, the tau presence in these sub-com-
partments suggests that the protein might exert important functions
locally, by acting on targets at the OMM (e.g., OPA1 and mitofusins,
including Mfn1, Mfn2) [23]) and/or in the IMS. Indeed, we have found
that, also in our conditions, tau expression affects mitochondrial dis-
tribution. Additional experiments are required to better understand
how and why tau localises at these sub-mitochondrial compartments,
nevertheless it is tempting to consider the possibility that it is related to
the cytosolic proteostasis maintenance mechanism through the import
of misfolded/aggregation prone proteins into mitochondria [48]. Al-
though under basal conditions we did not detect tau in the mitochon-
drial matrix, we cannot exclude its translocation there under specific
conditions, as previously demonstrated for the PD-related protein DJ-1
[34].

A strong reduction of the ER Ca2+ content was observed in cells
expressing the 2N4RΔC20 truncation form of tau. This decrease is ac-
companied by a strong enhancement in the short-range ER-mitochon-
dria contact sites, suggesting potential compensatory mechanisms able
to maintain the correct ER-mitochondria Ca2+ transfer. Indeed, mi-
tochondrial Ca2+ transients were similar to control cells. Regarding wt
tau, the modest, but statistically significant, reduction in the ER Ca2+

content was probably not enough to be compensated by an increase in
the short-range ER-mitochondria associations, suggesting that only the
caspase-3 cleaved form of tau selectively impacts on the ER-mi-
tochondria axis possibly through a ER Ca2+ mishandling mechanism.
This might be due to a direct effect on the ER Ca2+ handling machinery,
such as the SERCA pump, the IP3R or indirectly via an ER stress re-
sponse triggered by the 2N4RΔC20 mutant tau. However, further ex-
periments would be required to better understand and clarify this hy-
pothesis. At present, we cannot establish whether the reduction of ER
Ca2+ level or the increase in ER-mitochondrial tethering occurs first;
however, we can conclude that tau accumulation interferes with this
key signalling, a feature shared with other proteins linked to neuro-
degenerative diseases such as Presenilin2, α-synuclein or VAPB/
PTPIP51 [49–51].

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.07.011.
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Parkinson’s disease (PD) is a debilitating neurodegenerative disorder characterized by
loss of dopaminergic neurons in the substantia nigra pars compacta. The causes of PD
in humans are still unknown, although metabolic characteristics of the neurons affected
by the disease have been implicated in their selective susceptibility. Mitochondrial
dysfunction and proteostatic stress are recognized to be important in the pathogenesis
of both familial and sporadic PD, and they both culminate in bioenergetic deficits.
Exposure to calcium overload has recently emerged as a key determinant, and
pharmacological treatment that inhibits Ca2+ entry diminishes neuronal damage in
chemical models of PD. In this review, we first introduce general concepts on neuronal
Ca2+ signaling and then summarize the current knowledge on fundamental properties
of substantia nigra pars compacta dopaminergic neurons, on the role of the interplay
between Ca2+ and dopamine signaling in neuronal activity and susceptibility to cell
death. We also discuss the possible involvement of a “neglected” player, the Neuronal
Calcium Sensor-1 (NCS-1), which has been shown to participate to dopaminergic
signaling by regulating dopamine dependent receptor desensitization in normal brain
but, data supporting a direct role in PD pathogenesis are still missing. However, it is
intriguing to speculate that the Ca2+-dependent modulation of NCS-1 activity could
eventually counteract dopaminergic neurons degeneration.

Keywords: calcium signaling, Cav1.3 calcium channel, ncs-1, dopamine, Parkinson’s disease

NEURONAL CALCIUM SIGNALING

Calcium (Ca2+) homeostasis is essential for neuronal function and survival. Intracellular Ca2+

signaling in neurons is extremely fine-tuned, because it controls gene transcription, membrane
excitability, neurotransmitters secretion and many other cellular processes, including synaptic
plasticity (Berridge, 1998; Brini et al., 2014). Like other cells, neurons use both extracellular and
intracellular sources of Ca2+ and, as a consequence of their excitability, they are exposed to large
Ca2+ fluctuations and thus to a major risk of Ca2+ overload.

The coordinated action of the different systems that handle Ca2+ fluxes guarantees the
generation of high Ca2+ concentration microdomains with precise spatiotemporal features that
are crucial to specifically activate different cellular processes (La Rovere et al., 2016; Filadi
et al., 2017a; Samanta and Parekh, 2017). For instance, those generated upon the opening of
the endoplasmic reticulum Ca2+ channels are sensed by mitochondria that use them to drive
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bioenergetic metabolism for the production of ATP
and mitochondrial substrates for anabolic process
(Tarasov et al., 2012).

However, exaggerated mitochondrial Ca2+ accumulation may
be dangerous, since can lead to mitochondrial permeability
transition pore (mPTP) opening, cytochrome c release and
can activate apoptotic cell death (Bernardi et al., 2015). Thus,
once Ca2+-regulated processes have been engaged, Ca2+ ions
must be rapidly extruded (and/or buffered) to avoid that their
excessive accumulation could trigger mitochondrial dysfunction
(Calì et al., 2012a; Muller et al., 2018). The “Ca2+machinery” that
is in place to tune Ca2+ concentration includes transport proteins
such as channels, exchangers and pumps that move the ion across
the membranes (i.e., the plasma membrane and the membranes
of organelles), and Ca2+ binding proteins that act as Ca2+ buffer
and/or transducer (Figure 1).

Increasing evidence suggests that defective Ca2+ handling
plays an important role in aging and neurodegeneration
(Berridge, 1998; Calì et al., 2014; Pchitskaya et al., 2018).
Despite of neurodegenerative diseases are a large group of
heterogeneous disorders characterized by relative selectivity in
the death of neuronal subtypes, they share some common tracts
that include disturbance in cellular quality mechanisms (i.e.,
ER stress, autophagy, accumulation of aggregated proteins),
oxidative stress, neuroinflammation and defective Ca2+ signaling
(Brini et al., 2014; Hetz and Saxena, 2017; Kurtishi et al., 2018;
Muller et al., 2018). Furthermore, recent studies have indicated
that defective ER-mitochondria communication, by impinging
on energetic metabolism, lipid synthesis, autophagy, could have
detrimental consequences for cell function and survival (Filadi
et al., 2017b). Many regulators of ER-mitochondria interface
are proteins whose mutations are linked to familial forms of
Alzheimer’s disease (AD) and PD, suggesting that defects at the
ER-mitochondria contact sites could have a role in the onset
and/or the progression of these neurodegenerative diseases (Calì
et al., 2013a; Filadi et al., 2016; Area-Gomez and Schon, 2017).

As mentioned above, in addition to the Ca2+ transport across
the membranes, another important mechanism that contributes
to the regulation of Ca2+ homeostasis is the processes of Ca2+

buffering that is managed by mitochondrial Ca2+ uptake but
largely relies on the existence of several cytosolic Ca2+ binding
proteins. Among them, the ubiquitous EF-hand Ca2+ protein
calmodulin (CaM) is mainly responsible for translating the
increases of the cytosolic Ca2+ concentration into a biochemical
signal through conformational changes of its targets (Sharma
and Parameswaran, 2018). It is present at high concentration
in the brain, where it plays a key role in the regulation of ions
channels activity and synaptic plasticity (Xia and Storm, 2005).
Other Ca2+-binding proteins such as Calbindin D-28K (CB-
28K), calretinin (CR), and parvalbumin (PV) are also present
in the nervous system. By buffering Ca2+ levels with different
capacity, affinity and kinetics (Schwaller, 2012; Paillusson et al.,
2017) and thanks to their cell-specific abundance, they guarantee
the selective activation of different biological processes. Cell-
type-specific distribution of Ca2+ binding proteins could also
account for the selective susceptibility to cell death of the specific
neuronal populations affected in different neurodegenerative

diseases. Indeed, it has been observed that CB-28K containing
cells are spared from cell death in pharmacological-induced
parkinsonism in mice and that CB-28K immunoreactivity in
cholinergic neurons of the basal forebrain (the same neurons
that are preferentially loss in AD) was reduced in an age-related
manner in humans, suggesting a role for CB-28K also in the
selective neuronal vulnerability in AD (Yamada et al., 1990;
German et al., 1992; Mouatt-Prigent et al., 1994; Damier et al.,
1999; Geula et al., 2003; Zallo et al., 2018).

PARKINSON’S DISEASE, CALCIUM AND
SELECTIVE VULNERABILITY OF
SUBSTANTIA NIGRA PAR COMPACTA

PD is the second most common neurodegenerative disorder in
humans after AD. PD patients present motor symptoms such
as resting tremor, bradykinesia and postural rigidity. However,
the appearance of other disturbances such as constipation,
sleep disorders, olfactory deficit, apathy, pain, sexual difficulties,
and in some case cognitive decline is currently observed
to anticipate motor deficits in many patients (de Lau and
Breteler, 2006) and indicates that regions of the brain that are
not involved in motor symptoms are also compromised. At
histological levels, the hallmarks for PD are the selective loss
of the dopamine (DA)-containing neurons of the substantia
nigra pars compacta (SNc) and the presence of proteinaceous
cytosolic inclusions known as Lewy bodies, mainly constituted
by alpha-synuclein (Goedert et al., 2013). The progressive SNc
DA cells death leads to decreased DA levels and the worsening
of the symptoms. SNc DA cells release DA from their axonal
terminals and from their cell bodies and dendrites within
both the dorsal striatum and the midbrain, respectively. DA
release is crucial for voluntary movement and it is strictly
Ca2+- and electrical activity-dependent. Indeed, the continuous
supply of DA to the connected brain areas is guaranteed
by autonomous pacemaking, which occurs in the absence of
conventional synaptic input and thank to the orchestrated action
of different ion channels. In particular, the presence of voltage-
dependent L-type Ca2+ channels containing a distinctive Cav1.3
pore forming subunit, which opens at relatively hyperpolarized
potentials, allows Ca2+ entry with an oscillatory pathway that
contributes to the membrane potential threshold, underlying
autonomous pacemaking (Chan et al., 2007; Puopolo et al., 2007;
Guzman et al., 2010). Continuous Ca2+ influx is necessary to
modulate physiological DA release by SNc DA neurons, but, its
long-lasting presence may synergize with the exposure to risk
factors (i.e., aging, mitochondrial toxins, mutations) and generate
metabolic stress and mitochondrial damage (Surmeier et al.,
2011; Guzman et al., 2018).

It is widely recognized that in PD, the major risk of Ca2+-
induced toxicity is represented by Ca2+ entry through the
voltage gated Ca2+ channels during the normal activity of the
dopaminergic neurons (Ilijic et al., 2011; Liss and Striessnig,
2019), that, in this way, become more vulnerable to death
than other neuronal populations. Cell damage could be further
exacerbated by environmental factors such as exposure to
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FIGURE 1 | Schematic view of the main neuronal Ca2+ players. Many Ca2+ transport proteins contribute to Ca2+ handling: the inositol 1,4,5-trisphosphate receptor
(InsP3R), the ryanodine receptor (RyR) at the sarco/endoplasmic reticulum (SR/ER) membranes, and the voltage (VOC), the receptor (ROC)-activated and the
store-operated (SOC) Ca2+ channels of the plasma membrane. Ca2+ extrusion depends on the activity of the plasma membrane Ca2+ ATPase (PMCA) and the
plasma membrane Na+/Ca2+ exchanger (NCX ). Ca2+ reuptake in the intracellular stores is operated by the ER/SR Ca2+ ATPase (SERCA) and the secretory
pathway Ca2+ ATPase (SPCA) of the Golgi apparatus. The mitochondrial Ca2+ handling systems and the cytosolic Ca2+-binding/buffering proteins are indicated.
MCU, mitochondrial Ca2+ uniporter. NCLX, mitochondrial Na+/Ca2+ exchanger. VDAC, voltage-dependent anion channels. MPTP, mitochondrial permeability
transition pore. CaM, calmodulin. CR, calretinin. CB-28K, calbindin D-28K. NCS-1, Neuronal Calcium Sensor 1.

mitochondrial toxins [i.e., MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine), rotenone, 6-hydroxy dopamine (6-OHDA),
paraquat (1,1′-dimethyl-4,4′-bipyridine)] or upon loss of
function of specific proteins such as alpha-synuclein, Parkin,
PINK1 and DJ-1, whose mutations are linked to genetic forms
of PD. Interestingly, all these proteins, despite their different
intracellular localization and function, are able to interfere
with Ca2+ signaling (Calì et al., 2014). Indeed extracellular and
intracellular deposition of alpha-synuclein aggregates has been
proposed to enhance Ca2+ influx through the plasma membrane
by forming pore-like structures (Danzer et al., 2007; Surguchev
and Surguchov, 2015; Angelova et al., 2016) or by interfering
with Ca2+ channels (Liu et al., 2013; Ronzitti et al., 2014), as well
as PINK1 has been proposed to participate to the regulation of
both influx or efflux of Ca2+ ions from mitochondria (Gandhi
et al., 2009; Marongiu et al., 2009). We have found that the
overexpression of PD-linked alpha-synuclein, parkin and DJ-1
proteins enhanced ER-mitochondria Ca2+ transfer by favoring
ER-mitochondria juxtaposition, and provided evidence that
through this action, physiological amounts of these proteins
are able to tune ATP production (Calì et al., 2012b, 2013b;
Ottolini et al., 2013). The loss of this function is likely to be
particularly damaging to neurons that are heavily dependent
on proper Ca2+signaling and ATP production. Accordingly,
Paillusson et al. (2017) have documented loss of ER-mitochondria

association in induced pluripotent stem cells derived neurons
from PD patients harboring alpha-synuclein gene triplication.

In summary, if by one side Ca2+ entry through Cav1.3 pore
subunit is essential to sustain pacemaking activity of SNc DA
neurons, by the other it exposes these neurons to metabolic
burden and mitochondrial stress. Differently, DA neurons from
the ventral tegumental area (VTA), which are also autonomous
pacemakers, are significantly less vulnerable than SNc DA
neurons from which they differ in respect with two main features:
they have smaller Ca2+ currents (Khaliq and Bean, 2010) and
strong intrinsic Ca2+ buffering capacity due to higher calbindin
levels (Dopeso-Reyes et al., 2014).

The most convincing argument in favor of the “Ca2+

hypothesis” in PD onset is that epidemiologic studies on
patients under clinical trial with L-type channel antagonists for
the treatment of hypertension have shown a reduced risk of
developing PD (Becker et al., 2008; Ritz et al., 2010; Pasternak
et al., 2012). The voltage gated L-type Ca2+ plasma membrane
channels inhibitor isradipine has been demonstrated to be
neuroprotective in a mouse model of PD (Ilijic et al., 2011) and
phase III of clinical trial is currently under evaluation to establish
whether treatment with isradipine is able to slow the progression
of PD in humans (Liss and Striessnig, 2019).

Despite general consensus agrees with the fact that the
anatomical, physiological, and biochemical phenotype of the SNc
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DA neurons predisposes them to mitochondrial dysfunction, the
molecular bases of the subtype-selective neuronal vulnerability
are still obscure and of big interest.

Interestingly, computer imaging and immunohistochemical
staining techniques have revealed a strict correlation between
the distribution of the Ca2+-binding proteins CB-28K and CR
and cell survival in midbrain dopaminergic regions: cells that are
spared from death in animals treated with the DA neurotoxin
MPTP (German et al., 1992; Mouatt-Prigent et al., 1994) are
those that display higher expression levels of CB-28K and CR
in control untreated animals. Interestingly, this observation has
been reinforced by a comparative study performed on post-
mortem brain from neurologically normal individuals and PD
patients in which the distribution of calbindin, calmodulin
and calretinin did not associate with the regions prone to
neurodegeneration. It has also been observed that the expression
of Cav1.3 subtypes increased in the brain of patients at early
stage of the disease, even before the appearance of recognized
pathological signs (Hurley et al., 2013), suggesting that Ca2+

dysregulation could be an early event in PD pathogenesis.
Low expression levels of Ca2+-binding proteins in the brain

area more susceptible to cell death in PD suggest that those
neuronal populations are characterized by low Ca2+ buffering
capacity. This parameter has been directly evaluated in neurons
from the ventral and medial SNc by applying a protocol originally
developed by E. Neher (Neher and Augustine, 1992; Zhou and
Neher, 1993; Neher, 1998). Foehring and colleagues (Foehring
et al., 2009) have loaded the cells with an exogenous Ca2+-
indicator/buffer and calculated the Ca2+ binding ratio (KS) by
measuring changes in Ca2+-bound buffer and dividing by the free
Ca2+ increase. Interestingly, despite the intrinsic Ca2+ buffering
in DA cells increases with postnatal age (KS ' 110 at postnatal
day 13–18 and '179 at postnatal day 25–32), it remains low at
both age ranges. Other neuronal populations (e.g., neocortical
pyramidal cells or cortical GABAergic interneurons), that are
not endowed with pacemaking activity, display similar or higher
values and Purkinje cells have the highest KS values (∼2,000)
(Fierro and Llano, 1996).

Considering that, in addition to Ca2+ binding proteins, also
mitochondria play a role in buffering cytosolic Ca2+, a reduction
of mitochondria amount or/and the presence of dysfunctional
mitochondria could account for differences in Ca2+ buffering
capacity among different neuronal midbrain populations. In
line with these considerations, a study has found that the
mitochondrial mass in SNc DA neurons is reduced in respect
with that of other neurons from the midbrain (Liang et al., 2007).
Thus, also this peculiarity may account for selective vulnerability
of DA SNc neurons.

At the end of this discussion, it is worth to mention that
other observations suggest that additional sources of Ca2+

(other than Ca2+ entry from the extracellular ambient) could
contribute to SNc DA neurons vulnerability. In this respect,
defects in intracellular Ca2+ stores handling and ER stress have
been frequently documented in PD cellular models (Wang and
Takahashi, 2007; Mercado et al., 2013).

All together it is clear that the equilibrium between Ca2+

signaling and SNc DA neurons activity is extremely critical:

upon conditions of increased metabolic demand, i.e., when
continuous dopamine release into the dorsal striatum is required
for movement, elevated metabolic burden could originate a
vicious cycle that further impairs mitochondrial function,
resulting in increased metabolic stress. Interestingly, it has been
proposed that Ca2+ load may further contribute to exacerbate
neurodegeneration by promoting an increase of the neurotoxic
catecholamine intracellular levels (Mosharov et al., 2009).

DOPAMINE RELEASE AND NEURONAL
CALCIUM SENSOR 1: POSSIBLE
IMPLICATIONS IN PARKINSON
DISEASE?

Among the Ca2+-binding proteins, the components of the
subfamily of Neuronal Ca2+ Sensors (NCS) are particularly
abundant in neurons and photoreceptors and deserve special
attention since their properties distinguish them from CaM or
CB-28K, CR and PV and allow them to play non-reduntant
roles. Differences in Ca2+ affinities, in cellular expression and
distribution and in target proteins are at the basis of the
specialization of NCS function (McCue et al., 2010). Neuronal
Ca2+ Sensor-1 (NCS-1) is the most ancient member of the
family (Pongs et al., 1993), and it is implicated in the
regulation of cell-surface receptors and ion channels, and in
neurotransmitter release, gene transcription, cell growth and
survival (Burgoyne, 2007).

NCS-1 has been linked to a large spectrum of diseases possibly
because its differential interaction with partners. Changes in
the abundance of NCS-1 result in altered relationship with
target proteins and determine cell dysfunction. An up-regulation
of NCS-1 mRNA was found in a variety of non-neurological
and neurological diseases. NCS-1 has been proposed to be a
biomarker in aggressive breast cancer (Moore et al., 2017). In
the heart, altered Ca2+ signaling mediated by NCS-1 and inositol
1,4,5 trisphosphate receptor interaction was linked to cardiac
arrhythmias (Zhang et al., 2010). Schizophrenia, bipolar disorder
(BD) (Koh et al., 2003) and autism (Piton et al., 2008; Handley
et al., 2010) have been associated with upregulation or mutations
in NCS-1 protein.

Increased levels of NCS-1 mRNA were measured in neurons
from SNc of PD patients (Dragicevic et al., 2014) and NCS-1
was shown to co-localize with the D2 type-dopamine receptors
in dendrites, spines, and occasionally in axonal buttons of rat and
monkey striatal neurons (Kabbani et al., 2002), thus supporting
the involvement of NCS-1 in the process of dopaminergic
signaling, but also suggesting its possible link with PD.

As mentioned above, numerous convincing biophysical and
pharmacological findings support the hypothesis that Cav1.3
channels by sustaining pacemaker-activity exposes SNc DA
neurons to continuous Ca2+ load and mitochondrial stress
(Surmeier et al., 2011). However, other studies investigating
dopamine receptor mediated autoinhibition of neuronal activity
have shown that Ca2+ entry through Cav1.3 channels, in
addition to sustain pacemaker activity, regulates dopamine
autoreceptors (Dragicevic et al., 2014). Considering that current
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therapies to alleviate PD symptoms and progression are based
on the administration of dopamine precursor L-Dopa and/or
dopamine D2 receptor agonists (Oertel and Schulz, 2016),
the understanding of Cav1.3 physiology becomes crucial to
better define the pathways involved in PD onset and develop
therapeutic strategies.

Dopaminergic transmission is dependent on two main
families of DA receptors, namely D1- and D2-type (Beaulieu and
Gainetdinov, 2011) that are both members of the G protein-
coupled receptor (GPCR) superfamily. The D1-like receptors
activate Gαs/olf and stimulate cAMP production, whereas the
D2-like receptors activate Gαi/o and inhibit adenylate cyclase
activity and cAMP production. The two DA receptor types differ
in their localization: the D1-like receptors are predominately
localized post-synaptically (Levey et al., 1993), whereas the D2-
like receptors are present post-synaptically on dopaminergic
target neurons (Levey et al., 1993; Sesack et al., 1994), but
pre-synaptically and as autoreceptors (D2-AR) on DA neurons
(Mercuri et al., 1997; L’hirondel et al., 1998). The response
of SNc neurons to DA is highly regulated and chronic loss
of dopamine leads to receptor sensitization (Schultz and
Ungerstedt, 1978). In particular, DA binding to the D2-AR
leads to activation of G-protein-coupled, inwardly rectifying
potassium channels (GIRK2) (Luscher and Slesinger, 2010;
Beaulieu and Gainetdinov, 2011) that promotes K+ efflux and
hyperpolarization, and consequently reduces SNc DA activity
(Beckstead et al., 2004). At the same time, however, D2-AR
internalization occurring in response to DA stimulation reduces
the DA-induced inhibitory effect on SNc DA neurons firing
and tonic Ca2+ entry through L-type voltage channels promotes

desensitization of D2 receptor-dependent activation of GIRK
channels (Gantz et al., 2015).

In other words, DA itself, upon release, acts in a negative
feedback loop: by binding to D2-subtype receptors, it inhibits SNc
DA neurons electrical activity and further DA release, but both
Ca2+ influx and receptor desensitization limit this action.

Dragicevic et al. (2014) have observed that, in contrast
to juvenile SNc neurons, mature neurons have lost D2-
autoreceptors desensitization, and, accordingly, upon in vivo
exposure to high DA level also juvenile neurons present the
same D2-autoreceptors desensitizing response. According to
their results, Cav 1.3 mediated Ca2+ influx is essential for
age-dependent modulation of somatodendritic D2-autoreceptors
responses and D2 autoreceptor sensitization requires both Cav1.3
and NCS-1 activation.

NCS-1 and D2 receptors co-localize both in primate and
rodent brain (Kabbani et al., 2002) and NCS-1 attenuates agonist-
induced receptor internalization via a mechanism that involves
a reduction in D2 receptor phosphorylation. Interestingly,
amino acid substitutions that affect NCS-1 Ca2+ binding ability
abolished its modulation on D2 receptor signaling (Kabbani
et al., 2012) and NCS-1 deletion in mouse has been reported
to decrease DA secretion (Ng et al., 2016), thus implying
important contribution of NCS-1 impairment in defective
dopaminergic signaling.

The finding that, in juvenile mice, Cav1.3 can adapt SNc
DA neurons activity in response to high extracellular DA-
levels by providing the Ca2+ source for neuronal Ca2+ sensor
NCS-1 (Dragicevic et al., 2014) strongly indicates the existence
of an adaptive signaling network (Cav1.3/NCS-1/D2/GIRK2)

FIGURE 2 | Proposed mechanism for Cav1.3 L-type Ca2+ channel action and NCS-1 contribute during autonomous firing of substantia nigra pars compacta
dopaminergic neurons. Cav 1.3 channels activity sustains dopamine release. Dopamine binding to D1 and D2 receptors on dopaminergic target neurons promotes
motor function. Dopamine binding to D2-autoreceptors (D2-AR) on SNc DA neurons controls their firing rate by promoting the inhibitory effect of GIRK2 K+ channels
and, at the same time, the D2-AR internalization thus contributing to desensitization process. NCS-1 participates in the regulation of dopaminergic signaling since
upon Cav 1.3 channels-mediated Ca2+ influx it becomes active and, by blocking D2-AR internalization, prevents receptors desensitization. Upon pharmacological
treatment with L-DOPA and/or Cav.1.3 antagonist isradipine a vicious loop may be activated: D2-AR desensitization could be facilitated, since reduced Ca2+ influx
may affect NCS-1 inhibition of receptor internalization and the ability of dopamine to inhibit neuronal activity may be compromised, altogether leading to
excitotoxicity. This possibility deserves further investigation, even if no evidence in this direction has been provided so far.
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that may have protective role by preventing D2 autoreceptors
desensitization. A simplified model that summarizes this concept
is shown in Figure 2. According to it, increases in the
intracellular Ca2+ concentration activate NCS-1 that opposes
somatodendritic D2-autoreceptors internalization and blocks
their desensitization counteracting in this way the inhibitory
effect mediated by GIRK2 channels on Cav1.3 and finally
promotes dopamine release also through this mechanism.
Apparently, this could result in a sort of vicious circle
that exacerbate Ca2+ entry. However, no desensitization was
found during development in KO mice for Cav1.3 and no
evidence for exacerbated excitotoxicity upon treatment with the
dihydropyridine L-type Ca2+ channel blocker isradipine has
been reported so far, thus suggesting that other compensatory
mechanisms intervene.

In line with this suggestion, loss of Cav1.3 (or its
pharmacological inhibition) does not severely compromise
pacemaking activity both in juvenile and adult SNc DA neurons,
but rather altered its precision and regular occurrence (Poetschke
et al., 2015). The appearance of compensatory response due both
to NCS-1 upregulation and to the existence of alternative Ca2+

source in SNc DA cells that are able to mediate NCS-1/D2-AR
interactions could explain the findings. Indeed, an upregulation
of both T-type Ca2+ Cav 1.2 channels and NCS-1 protein has
been found in Cav1.3 KO mice (Poetschke et al., 2015).

All together these observations strongly support the idea
that Ca2+ and DA are critical components in the disease and
underline the complexity of their interplay in the modulation of
dopaminergic response.

CONCLUSION

The distinctive physiology of the DA midbrain neurons within
the SNc has attracted attention as possible reason for their
selective vulnerability. Slow rhythmic activity (accompanied
by oscillations in intracellular Ca2+ concentration) and high
dendritic arborization distinguishes these neurons from the other
neurons in the brain. Cav1.3 mediated Ca2+ influx is essential
to sustain DA release, to guarantee high energy demands that
are required for this function and to provide necessary amount
of ATP at axonal and dendrites sites. But if continuous Ca2+

entry sustains DA secretion and mitochondrial metabolism, at
the same time it exposes cells to “Ca2+ stress,” that may synergize
with intrinsic low Ca2+ buffering capacity, aging, mutations or
mitochondria damage and culminate in cell degeneration. In vitro
and in vivo studies strongly implicated Cav1.3 activity in the
high vulnerability of SNc DA neurons, however the complexity
of DA metabolism that includes an autoregulatory nature of DA
secretion underlines that selective vulnerability of SNc neurons is
still an obscure issue. The characterization of the Cav1.3 Ca2+

channels physiology and of the alternative pathways that are
engaged to compensate pharmacological inhibition of Cav.1.3
channels upon isradipine treatment certainly deserves more
investigations. The outcome of isradipine phase III clinical trial
will shed light on these aspects.

At this point we can conclude that the deciphering of the
molecular mechanisms involved in dopaminergic signaling is the
best we can do to develop therapeutic strategy, but we have to be
aware that the complexity of the system is increased by interactive
pathways that are engaged in compensatory mechanisms and this
makes the investigations very challenging.
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Abstract: Familial Parkinson’s disease (PD) is associated with duplication or mutations of
α-synuclein gene, whose product is a presynaptic cytosolic protein also found in mitochondria
and in mitochondrial-associated ER membranes. We have originally shown the role of α-syn
as a modulator of the ER-mitochondria interface and mitochondrial Ca2+ transients, suggesting
that, at mild levels of expression, α-syn sustains cell metabolism. Here, we investigated the
possibility that α-syn action on ER-mitochondria tethering could be compromised by the presence of
PD-related mutations. The clarification of this aspect could contribute to elucidate key mechanisms
underlying PD. The findings reported so far are not consistent, possibly because of the different
methods used to evaluate ER-mitochondria connectivity. Here, the effects of the PD-related α-syn
mutations A53T and A30P on ER-mitochondria relationship were investigated in respect to Ca2+

handling and mitochondrial function using a newly generated SPLICS sensor and aequorin-based
Ca2+measurements. We provided evidence that A53T and A30P amino acid substitution does not
affect the ability of α-syn to enhance ER/mitochondria tethering and mitochondrial Ca2+ transients,
but that this action was lost as soon as a high amount of TAT-delivered A53T and A30P α-syn mutants
caused the redistribution of α-syn from cytoplasm to foci. Our results suggest a loss of function
mechanism and highlight a possible connection between α-syn and ER-mitochondria Ca2+ cross-talk
impairment to the pathogenesis of PD.

Keywords: Parkinson’s disease; alpha-synuclein; calcium; mitochondria; ER-mitochondria
contact sites

1. Introduction

Structural alterations and toxic misfolding of susceptible proteins are common hallmarks of many
neurodegenerative diseases, including amyotrophic lateral sclerosis, Alzheimer’s, Parkinson’s, and
Huntington’s disease, and are linked to the degeneration and death of specific neuronal populations in
the human brain [1,2]. Parkinson’s disease (PD) is characterized by loss of dopaminergic neurons of the
substantia nigra pars compacta in ventral mid-brain [3] and accumulation of intra-cytoplasmic fibrillary
aggregates, termed as Lewy bodies, mainly constituted by α-synuclein (α-syn) [4]. α-syn is a 140-amino
acid unfolded protein highly expressed in the nervous system with a preferential distribution at the
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presynaptic terminals [5]. PD familial studies have identified a number of α-syn mutations, leading to
either an early (A53T, A30P, E46K, G51D) or a late (H50Q) onset of the disease [6]. Besides its role in
neuronal synaptic transmission [7–9] the function of α-syn within the cells is not yet fully understood.
Under pathological conditions, monomeric cytosolic α-syn undergoes structural changes that cause its
aggregation and insolubility [10–15] typically observed in many forms of neurodegeneration [16,17].
Several studies have shown that α-syn interacts with membrane phospholipids and that it can
selectively bind to mitochondrial sub-compartments [18–23]. Mitochondrial dysfunctions are a
common element in the pathogenesis of many neurodegenerative diseases, including PD [24], being
pivotal mitochondrial processes directly influenced by α-syn [25]. Alterations in mitochondrial
phenotypes have been consistently reported in mutant α-syn transgenic [26,27] and null mice [28],
as well as in model cells overexpressing wt and mutant α-syn [29]. α-syn has also been shown to
participate in the maintenance of mitochondrial integrity by regulating the fission/fusion machinery
and the autophagic process [30–33]. Interestingly, we have previously demonstrated that α-syn
positively enhanced mitochondrial Ca2+ transients generated upon Ca2+ release from the endoplasmic
reticulum (ER) by increasing the ER-mitochondria contact sites in a dose-dependent manner [34].
A dose-dependent effect has been confirmed also for α-syn modulation of other mitochondria-related
activities [22,35,36]. Although prevalently cytosolic, α-syn is present in the nucleus [37–39], in the
mitochondria [19,20,40,41] and in the mitochondria-associated ER membranes (MAMs) fraction [30,42].
Despite its ability to affect ER-mitochondria tethering, a general consensus on the precise action of
α-syn at this interface is still lacking and it is unclear whether it interferes directly or indirectly with the
tethering machinery. The possibility that a loss of function mechanism could be in place, thus explaining
the different findings [30,34,42], is therefore interesting. In the present study, in order to provide
further insights into the role of α-syn in key mechanisms underlying PD, we investigated the effects
of A53T and A30P α-syn PD-related mutants on ER-mitochondria associations and mitochondrial
Ca2+ handling. We have found that the aggregation-prone A53T and A30P mutants recapitulate
the previously observed effect of WT α-syn [34]. Interestingly, the A53T and A30P α-syn mutants
(reported to be more susceptible to aggregation) were able to increase the number of ER-mitochondria
contact sites (as clearly documented by our newly generated split-GFP based ER-mitochondria contact
sensor (SPLICS)) [43] and enhance mitochondria Ca2+ transients in our cell model under conditions
in which their distribution is cytosolic. However, their ability to positively modulate mitochondrial
Ca2+ transients was lost when their redistribution occurred. These results indicate that the increased
aggregation propensity of the α-syn mutants is a key element in the pathogenesis of PD since it might
lead to premature sequestration of α-syn into non-functional aggregates and through a loss-of-function
mechanism affect the ER-mitochondria interface and, in turn, essential mitochondrial functions.

2. Materials and Methods

2.1. DNA Constructs

Plasmids encoding wt and mutant α-syn and TAT-fusion wt and mutant α-syn recombinant
proteins were previously described [34,44]. Briefly, the SPLICS-P2A construct has been generated
by cloning the ERshort-β11 and the OMM-GFP1–10 coding sequences described in [43], respectively,
upstream and downstream of a viral 2A peptide sequence contained in the pSYC-181 plasmid
(Addgene, Watertown, MA, USA), previously reported to be cleaved within the cell to generate
an equimolar amount of the two genes [45]. From this construct, named pSYC-SPLICSS-P2A [43],
the sequence encoding SPLICS-P2A was excised using BamHI and XbaI restriction enzymes and
subcloned in mammalian expression vector pCDNA3.1. All the constructs were verified by sequencing.
Mitochondria-targeted GFP (mtGFP) expression vector was kindly provided by Prof. R. Rizzuto,
University of Padova [46]. Plasmids encoding recombinant targeted aequorin probes were previously
described, cytAEQ in [47], mtAEQ in [48] and erAEQ in [49]. For a comprehensive view of the tools
and the methodology please refer to [50–53].
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2.2. Cell lines and Transfection

HeLa cells were maintained in DMEM (Euroclone, Milan, Italy) supplemented with 10% FBS
(Euroclone, Milan), 100 units/mL penicillin, and 100 µg/mL streptomycin, and kept at 37 ◦C in a
humidified atmosphere of 5% CO2. Cells were seeded onto 13-mm (for aequorin measurements) or
24-mm (for ER-mitochondria contact sites analysis) glass coverslips for 12 h before transfection. For
[Ca2+] measurements, HeLa cells were co-transfected by calcium-phosphate procedure with aequorin
encoding plasmids and pcDNA3 empty plasmid (mock) or α-syn expressing vectors in a 1:2 ratio as
previously described [34]. Ca2+ measurements were performed 36 h later.

Cells plated for Western blotting were collected 24–36 h after transfection. For TAT-mediated
delivery, recombinant TAT fusion proteins were added directly onto the seeded aequorin-transfected
cells and incubated for 2.5–5 h in DMEM, 10% FBS, and antibiotics at 37 ◦C in a 5% CO2 atmosphere.
After incubation with TAT fusion proteins, the cells were extensively washed with PBS before starting
Ca2+ measurements [34].

2.3. Western Blotting

HeLa cells were flooded on ice with 20 mM ice-cold N-ethylmaleimide in PBS to prevent post-lysis
oxidation of free cysteines. Cell extracts were prepared by solubilizing cells in ice-cold 2% CHAPS in
Hepes-buffered saline (50 mM HEPES, 0.2 M NaCl, pH 6.8) containing N-ethylmaleimide, 1 mM PMSF,
and mixture protease inhibitors (Sigma, St. Louis, MO, USA). Postnuclear supernatants were collected
after centrifugation 10 min at 10,000× g at 4 ◦C. The total protein content was determined by the
Bradford assay (Bio-Rad, Hercules, CA, USA). Samples were loaded on a 15% SDS-PAGE Tris/HCl gel,
transferred onto PVDF membranes (Bio-Rad, Hercules, CA, USA), and incubated overnight with the
specific primary antibody at 4 ◦C. Detection was carried out by incubation with secondary horseradish
peroxidase-conjugated anti-rabbit or anti-mouse IgG antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) for 1.5 h at room temperature. The proteins were visualized by the chemiluminescent reagent
Immobilon Western (Merck KGaA, Darmstadt, Germany). Mouse monoclonal anti-α-syn antibody
(sc-12767, Santa Cruz Biotechnology, Inc.) was used at a 1:30 dilution in immunocytochemistry analysis
and at a 1:500 dilution in Western blotting analysis. Mouse monoclonal anti-β-actin (AC-15, Merck
KGaA, Darmstadt, Germany) was used at a 1:90.000 dilution in Western blotting.

2.4. Immunocytochemistry Analysis

Transfected or TAT α-syn loaded HeLa cells plated on coverslips were fixed with 3.7%
formaldehyde in phosphate-buffered saline (PBS; 140 mM NaCl, 2 mM KCl, 1.5 mM KH2PO4,
8 m MNa2HPO4, pH 7.4) for 20 min and washed three times with PBS. Cell permeabilization was
performed by 20 min of incubation in 0.1% Triton X-100 PBS followed by 30 min wash in 1% gelatin (type
IV, from bovine skin, Merck KGaA, Darmstadt, Germany) in PBS at room temperature. The coverslips
were then incubated for 90 min at 37 ◦C in a wet chamber with the specific antibody diluted in PBS.
Staining was revealed by the incubation with specific AlexaFluor 488 or 594 secondary antibodies
for 45 min at room temperature (1:100 dilution in PBS; Thermo Fisher Scientific, Waltham, MA,
USA). Fluorescence was analyzed with a Zeiss Axiovert microscope equipped with a 12-bit digital
cooled camera (Micromax-1300Y; Princeton Instruments Inc., Trenton, NJ, USA) or Leica Confocal SP5
microscope. Images were acquired by using Axiovision 3.1 or Leica AS software (Leica Microsystems,
Wetzlar, Germany).

2.5. Aequorin Measurements

Mitochondrial low-affinity aequorin (mtAEQ) and cytosolic wt aequorin (cytAEQ) were
reconstituted by incubating cells for 3 h (cytAEQ) or 1.5 h (mtAEQ) with 5 µM wt coelenterazine
(Invitrogen) in DMEM supplemented with 1% fetal bovine serum at 37 ◦C in a 5% CO2 atmosphere.
To functionally reconstitute low-affinity ER-targeted aequorin (erAEQ), the ER Ca2+ content had to
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be drastically reduced. To this end, cells were incubated for 1.5 h at 4 ◦C in Krebs–Ringer modified
buffer (KRB, 125 mM NaCl, 5 mM KCl, 1 mM Na3PO4, 1 mM MgSO4, 5.5 mM glucose, 20 mM HEPES,
pH 7.4, 37 ◦C) supplemented with the Ca2+ ionophore ionomycin (5 µM), 600 µM EGTA, and 5 µM
coelenterazine (Thermo Fisher Scientific, Waltham, MA, USA). Cells were then extensively washed
with KRB supplemented with 2% bovine serum albumin and 1 mM EGTA [53]. After reconstitution,
cells were transferred to the chamber of a purpose-built luminometer, and Ca2+ measurements were
started in KRB medium added with 1 mMCaCl2 or 100 µM EGTA or 1 mM EGTA according to the
different protocols and aequorin probes. 100 µM histamine was added, as specified in the figure
legends. All the experiments were terminated by cell lysis with 100 µM digitonin in a hypotonic
Ca2+-rich solution (10 mM CaCl2 in H2O) to discharge the remaining reconstituted active aequorin
pool. The light signal was collected and calibrated off-line into Ca2+concentration values, as previously
described [47,54].

2.6. ER-Mitochondria Contact Site Analysis

Cells plated on 13-mm-diameter coverslips were transfected with SPLICS [43] together with empty
or WT or mutants α-syn expressing vectors or incubated with TAT α-syn upon the transfection with
SPLICS. Fluorescence was analyzed 48–72 h after transfection with a Leica TSC SP5 inverted confocal
microscope, using HCX PL APO 63X/numerical aperture 1.40–0.60 upon excitation at 488 nm. Images
were acquired by using the Leica AS software. To count ER–mitochondria contacts, a complete z-stack
of the cell was acquired every 0.29µm. Z-stacks were processed using Fiji [55]. Images were first
convolved, and then filtered using the Gaussian blur filter. A 3D reconstruction of the resulting image
was obtained using the Volume J plugin (http://bij.isi.uu.nl/vr.htm). A selected face of the 3D rendering
was then thresholded and used to count ER–mitochondria contact sites as already described [43,56].

2.7. Statistical Analysis

Data are given as means ± SD (standard deviation). Where multiple groups were compared,
statistical significance was calculated by one-way ANOVA with a post hoc Dunett correction. Normally
distributed data were analyzed using ANOVA and unpaired Student’s two-tailed t-test for two-group
comparison with no correction assuming the same SD. All statistical significance was calculated at
p = 0.05, using GraphPad Prism 6 (Graphpad, San Diego, CA, USA). For all the analysis, the samples
were collected and processed simultaneously and, therefore, no randomization was appropriate.
n = number of independent experiments or cells from at least three different transfection/treatments.
When significant, p-values were stated in the figure legends. (GraphPad Prism, *** p < 0.0005,
** p < 0.001, and * p < 0.05).

3. Results

3.1. α-syn A53T and A30P Mutants Physically Modulate ER-Mitochondria Contact Sites

We had previously demonstrated that mild α-syn overexpression promotes ER-mitochondria
contact sites formation/stabilization and favors Ca2+ transfer from the ER to mitochondria, while its
silencing causes mitochondrial impairments by loosening the ER-mitochondria interface [34]. Later
on, other reports established that α-syn is also present at the MAMs and that PD-related mutations
might contribute to the onset of the pathogenic phenotype by differentially interfering with MAMs
functions [31,42]. Since we have hypothesized that exaggerated α-syn expression leads to loss of
function at the ER-mitochondria interface, we decided to explore whether the familial PD-related
A30P and A53T α-syn mutants could have an impact on the ER-mitochondria contact sites. We took
advantage from the use of a novel splitGFP-based sensor for organelles proximity, the SPLICS, recently
developed by our group [43] and based on the ability of two organelle targeted split-GFP fragments
to reconstitute the GFP fluorescence when the membranes come in close proximity. As a result, a
dotty pattern of fluorescence where organelle tethering occurs will be detected and quantified on 3D
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reconstructions of complete Z-stacks analysis. We have decided to test it in cells overexpressing A30P
and A53T α-syn mutants, but at the same time, we have also repeated the experiments in HeLa cells
overexpressing WT α-syn to confirm our previous data obtained by calculating Manders’ coefficient of
mitochondrial-targeted RFP and ER targeted GFP [34]. First, the expression level and the sub-cellular
localization of the overexpressed A53T and A30P α-syn mutants were analysed in HeLa cells at 36 h
after transfection and compared to those detected in empty-vector- and in WT α-syn-transfected
cells. As shown and quantified in Figure 1A, the endogenous expression level of α-syn in empty
vector-transfected cells (ctrl) was barely detectable compared to that of WT, A53T, and A30P in
α-syn-overexpressing HeLa cells. It is also appreciable that, in our experimental conditions, WT, A53T,
and A30P α-syn mutants-overexpressing HeLa cells displayed either comparable protein expression
levels (Figure 1A and quantification, values are: 0.0051 ± 0.0025 for control cells, 0.9021 ± 0.1797 for
WT α-syn; 1.009 ± 0.3979 for A53T α-syn and 0.9390 ± 0.2006 for A53T α-syn, n = 3) and prevalent
cytosolic distribution (Figure 1B), as determined by Western blotting and immunocytochemistry
analysis, respectively. Equal loading of proteins was verified by probing the membrane with an
anti-β-actin antibody.

These findings allowed us to exclude that differences observed in the following experiments
could be dependent on α-syn expression levels. Then, we monitored ER-mitochondria interactions
occurring at a short-range distance (8–10 nm), i.e., those that are involved in ER-mitochondria
Ca2+ transfer [57,58] in the presence of either WT, A30P, and A53T α-syn. As shown in Figure 1B
(and quantified in Figure 1C), the expression of WT, A30P, and A53T α-syn, significantly increased
the number of the tight ER-mitochondria interactions (number of ER-mitochondria contacts/cell:
70.6 ± 23.73 n = 26 for control cells; 88.4 ± 23.39 n = 25 for WT α-syn, p < 0.01; 88.3 ± 28.89 n = 22 for
A53T α-syn p < 0.05; 89 ± 30.40 n = 23 for A30P α-syn p < 0.05). These results confirm our previous
report on the positive effect of WT α-syn on the ER-mitochondria interface and demonstrate that the
PD-related A30P and A53T amino acids substitutions do not affect the ability of α-syn to increase
ER-mitochondria associations.

3.2. Overexpression of A53T and A30P α-Synuclein Mutants Enhances Mitochondrial Ca2+ Transients with
the Same Extent than wt α-Synuclein

As previously documented by our group, the increase in ER-mitochondria tethering induced by
WT α-syn overexpression was paralleled by increased mitochondria Ca2+ uptake upon cell stimulation
with an InsP3-linked agonist [34]. We thus analyzed mitochondrial Ca2+ transients generated upon
stimulation with 100 µM histamine, as well as the general Ca2+ handling of the cell in the presence of
A53T and A30P α-syn. We performed Ca2+ measurements using organelle-targeted aequorin probes
specific for the mitochondrial matrix (mtAEQ) (A), the cytoplasm (cytAEQ) (B) or the ER lumen
(erAEQ) (C) [53].

The overexpression of either A53T or A30P α-syn mutants resulted in significantly increased
mitochondrial Ca2+ transients compared to the control transfected HeLa cells when exposed to the
InsP3-linked agonist histamine (100 µM; Figure 2A top). However, quantification of individual
mitochondrial Ca2+ responses revealed equal amplitude between A53T and A30P α-syn mutants
(Figure 2A, bottom) ([Ca2+]mt µM: 114.49 ± 19.37 n = 13 for control cells; 144 ± 12.31 n = 11 for WT
α-syn, p < 0.001 vs. control; 147.88 ± 20.75 n = 12 for A53T α-syn, p < 0.001 vs. control; 147.85 ± 18.76
n = 16 for A30P α-syn, p < 0.001 vs. control). For comparison, similar Ca2+ measurements were
performed on HeLa cells overexpressing WT α-syn, and also in this case, we observed an increase in
mitochondrial Ca2+ transients upon cells stimulation. No differences were instead detected among
control untransfected cells, WT α-syn and A53T or A30P α-syn mutants, respectively, in cytosolic
Ca2+ transients generated upon histamine stimulation (Figure 2B) or ER Ca2+ content (Figure 2C)
([Ca2+]c µM: 3.33 ± 0.13 n = 14 for control cells; 3.24 ± 0.14 n = 13 for WT α-syn; 3.29 ± 0.22 n = 12
for A53T α-syn; 3.20 ± 0.22 n = 12 for A30P α-syn; [Ca2+]ER µM: 424 ± 71.15 n = 15 for control cells;
415.9 ± 86.61 n = 13 for WT α-syn; 419.9 ± 79.84 n = 17 for A53T α-syn; 416.7 ± 78.30 n = 16 for A30P



Cells 2019, 8, 1072 6 of 18

α-syn), reinforcing the hypothesis that, as previously shown for WT α-syn [34], also in the case of the
PD-related A53T or A30P α-syn mutants the modulation of the ER-mitochondria interface exclusively
enhances mitochondrial Ca2+ transients, leaving cytosolic and ER Ca2+ levels unaffected.
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Figure 1. α-syn A53T and A30P mutants physically modulate ER-mitochondria contact sites. (A)
HeLa cells were transfected with wt, A53T, and A30P α-syn expression plasmids and analyzed by
Western blotting with an anti α-syn antibody. Equal loading was verified by probing the membrane
with an anti β-actin antibody. Quantification of three independent experiments (B) HeLa cells were
co-transfected with wt, A53T and A30P α-syn expression vectors and the SPLICSS sensor to assess
short-range ER-mitochondria associations. Reconstitution of the fluorescent signal was observed upon
488 nm wavelength excitation in α-syn positive cells probed with an anti α-syn primary antibody
and revealed by an Alexa 633 secondary antibody. The 3D rendering of the Z-stacks acquired for the
SPLICSS probe is shown on the right. (C) Quantification of the ER-mitochondria contact sites/cell in the
different conditions is shown as mean ± SD. *, p < 0.05, **, p < 0.01. One-way ANOVA test retrieved a
p-value of 0.04. Unpaired Student’s two-tailed t-test was used for two-group comparison. No correction
was applied since the same SD was assumed. Dunnet’s post-test was also applied to compare wt and
α-syn mutants each other but no significance was detected. The asterisks refer to Student’s two-tailed
t-test where the comparison was for each independent sample vs. mock cells.
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Figure 2. Overexpression of A53T and A30P α-synuclein mutants enhances mitochondrial Ca2+

transients. (A) Mitochondrial [Ca2+]mt, (B) cytosolic [Ca2+]c Ca2+ transients, and (C) the kinetics of ER
refilling upon re-addition of CaCl2 1 mM to Ca2+-depleted cells (see Materials and Methods) in HeLa
cells either mock-transfected or overexpressing A53T or A30P α-syn are shown. Cells were transfected
with AEQ (either mitochondrial, cytosolic or targeted to the ER) (controls, mtAEQ, cytAEQ or erAEQ,
respectively) or co-transfected with AEQ and WT or A53T or A30P α-syn. Traces refer to representative
experiments selected from at least three independent experiments. Quantification of [Ca2+]mt, [Ca2+]c

and [Ca2+]er in HeLa cells mock-transfected or overexpressing WT or A53T or A30P α-syn is shown at
the bottom. Scatter plots represent the mean [Ca2+] peaks upon stimulation or after ER-refilling ± SD
***, p < 0.0005. One-way ANOVA test retrieved a p-value of 0.0001, for multiparametric analysis a
Dunnet’s post-test was applied.

3.3. α-syn A53T and A30P Mutants Enhance ER-Mitochondria Ca2+ Transfer but Impair Mitochondrial Ca2+

Uptake from the Extracellular Milieu

The experiments shown above suggest that the mitochondrial Ca2+ uptake is indeed modulated by
the overexpression of α-syn independently of PD-related A53T and A30P mutations. Nevertheless, the
mitochondrial Ca2+ transients are shaped by the Ca2+ released from the ER and the Ca2+ entering from
the extracellular milieu. To gain further insights into the specificity of the observed phenotype, these
two contributions were analyzed separately. To this aim, HeLa cells overexpressing mitochondrial
aequorin and either empty vector, WT α-syn or A53T or A30P mutants were perfused in KRB
buffer containing 100 µM EGTA and stimulated with 100 µM histamine to generate a peak transient
exclusively reflecting the mobilization of the ER Ca2+. Then the perfusion medium was switched
to KRB supplemented with 2 mM CaCl2 (in the continuous presence of histamine), thus causing
Ca2+ entry from the extracellular milieu that was primarily sensed by mitochondria located beneath
the plasma membrane. Figure 3A–C for the representative traces of the experiments and D for the
statistical analysis. The mitochondrial Ca2+ peaks in response to ER Ca2+ mobilization (first peak) was
significantly higher in cells overexpressing in WT or A53T or A30P α-syn as compared with control
cells, thus reinforcing the fact that α-syn-mediated mitochondrial Ca2+ modulation is dependent on its
action in favoring the ER-mitochondria interface, ([Ca2+]mt µM 1st Peak: 25.46 ± 7.4 n = 23 for control
cells; 35.47 ± 9.66 n = 18 for WT α-syn, p < 0.0006 vs. control; 31.7 ± 7.8 n = 9 for A53T α-syn, p < 0.05
vs. control; 38.39 ± 8.8 n = 9 for A30P α-syn, p < 0.001 vs. control (the significance was indicated
with *)). The mitochondrial Ca2+ transients obtained in response to Ca2+ influx (second peak) were



Cells 2019, 8, 1072 8 of 18

instead reduced in cells overexpressing WT or A53T or A30P α-syn (Figure 3A–C for representative
traces of the experiments and D for the statistical analysis) [Ca2+]mt µM 2nd Peak: 6.99 ± 1.95 n = 19
for control cells; 5.19 ± 0.87 n = 11 for WT α-syn, p < 0.01 vs. control; 4.77 ± 0.48 n = 6 for A53T
α-syn, p < 0.05 vs. control; 3.85 ± 0.86 n = 7 for A30T α-syn, p < 0.001 vs. control (the significance was
indicated with #). The reduction in the peak generated by the re-addition of 2 mM CaCl2 is probably
due to the α-syn-induced reduction of the influx pathways triggered by store depletion, as previously
documented [59], and here, sensed mainly by mitochondria beneath the plasma membrane.
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Figure 3. α-syn A53T and A30P mutants differently impinge on Ca2+ transients generated by ER Ca2+

release and Ca2+ influx from the extracellular milieu. HeLa cells were co-transfected with mtAEQ and
WT α-syn (A) or A53T (B) or A30P (C) α-syn constructs or transfected with mtAEQ only (control).
To discriminate the contribution of Ca2+ release from the ER and of Ca2+ influx from the extracellular
ambient to the generation of [Ca2+]mt transients, HeLa cells were perfused in KRB/EGTA 100 µM
buffer and stimulated with histamine to release Ca2+ from the intracellular stores (first peak). Then,
the perfusion medium was switched to KRB/CaCl2 2 mM (in the continuous presence of histamine) to
stimulate Ca2+ entry from the extracellular ambient (second peak). (D), Scatter plots represent mean
[Ca2+] peak values upon stimulation ± SD. * and # p < 0.05, ** p < 0.01, ## p < 0.005 *** p < 0.0005,
###p < 0.001. The results are the mean of at least three independent experiments. One-way ANOVA test
retrieved a p-value of 0.0001. Unpaired Student’s two-tailed t-test was used for two-group comparison.
No correction was applied since the same SD was assumed. Dunnet’s post-test was also applied to
compare wt and α-syn mutants each other but no significance was detected. 1st and 2nd peak mean
values were analyzed separately. The asterisks refer to Student’s two-tailed t-test where the comparison
was for each independent sample vs. mock cells.
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3.4. TAT-Mediated Delivery of A53T and A30P α-Synuclein Mutants Affects α-Syn Intracellular Distribution
and Its Modulation of Mitochondrial Ca2+ Transients in a Dose-Dependent Manner

Exogenous exposure of TAT WT α-syn fusion protein in HeLa cells was previously used to
modulate intracellular α-syn content and shown to dose-dependently affect mitochondrial Ca2+

handling [34]. By following the same approach, we decided to use a TAT-mediated delivery system to
fine-tune the intracellular levels of A53T and A30P α-syn mutants and to monitor mitochondrial Ca2+

transients in the same conditions. To this end, Hela cells were in parallel transfected with mtGFP or
mtAEQ probes to specifically follow mitochondrial morphology and mitochondrial Ca2+ transients,
respectively, and then incubated with TAT A53T or A30P at different doses (Figure 4). We selected
ranges of TAT A53T (0.05 – 2 µM) and A30P (0.025 – 0.1 µM) concentrations at which we observed
intracellular re-distribution of α-syn and monitored mitochondrial morphology by co-transfected
mitochondrially targeted GFP (mtGFP in Figure 4A,B).

None of the concentrations tested macroscopically affected mitochondrial morphology as shown
by the mtGFP signal, suggesting that the α-syn levels were not strong enough to induce mitochondrial
fission [32]. Immunocytochemistry analysis performed by incubating the cells with a primary antibody
againstα-syn revealed a dose-dependent increase of the diffuse cytosolicα-syn signal up to 0.75µM TAT
A53T (Figure 4A) and 0.075 µM TAT A30P (Figure 4B). Over these concentrations α-syn intracellular
redistribution to localized cytoplasmic foci occurred (at 2 µM TAT A53T and 0.1 µM TAT A30P,
respectively). Mitochondrial Ca2+ measurements in HeLa cells subjected to increasing doses of TAT
A53T or A30P exhibited a significant rise in mitochondrial Ca2+ uptake at 0.1-0.75 µM TAT A53T
(Figure 4A right) and 0.05 µM TAT A30P (Figure 4B right), i.e., when the α-syn distribution is still
cytosolic, but as soon as cytoplasmic foci appears, mitochondrial Ca2+ transients amplitude decreases,
suggesting that α-syn is not available anymore to support ER-mitochondria Ca2+ transfer. Notably,
in the case of A30P mutant the reduction occurs already at 0.075 µM when cytosolic foci are not yet
evident, possibly suggesting that the transition is occurring precisely at this point. ([Ca2+]mt µM:
104.82 ± 17.13 n = 46 for control cells; 113.08 ± 14.77 n = 13 for 0.05 µM A53T α-syn; 118.89 ± 21.16
n = 14 for 0.1 µM A53T α-syn, p = 0.01; 130.04 ± 21.83 n = 10 for 0.75 µM A53T α-syn, p = 0.001;
112.81 ± 20.05 n = 13 for 2 µM A53T α-syn and 103.76 ± 12.49 n = 29 for control cells; 113.09 ± 13.79
n = 10 for 0.025µM A30P α-syn; 119.74 ± 15.02 n = 16 for 0.05 µM A30P α-syn, p < 0.005; 110.41 ± 12.80
n = 10 for 0.075 µM A30P α-syn; 103.6 ± 22.55 n = 10 for 0.1 µM A30P α-syn and 112.7 ± 11.15 n = 9
for control cells; 114.4 ± 10.64 n = 5 for 0.1 µM WT α-syn; 128.3 ± 12.16 n = 4 for 2 µM WT α-syn;
140.3 ± 17.01 n = 8 for 4 µM WT α-syn, p < 0.0005; 89.73 ± 12.72 n = 6 for 8 µM WT α-syn, p < 0.005).
Similar results were found when titration of intracellular α-syn was obtained with TAT WT α-syn. For
comparison, these data are shown in Figure 4C and their quantification on the right, in this case the
appearance of cytoplasmic foci occurred upon incubation with 8 µM TAT WT.

As a proof of concept experiment, we decided to link the number of the ER-mitochondria contact
sites with the α-syn aggregation state by exogenous exposure of TAT WT α-syn at the concentrations
at which intracellular re-distribution of α-syn from cytosolic to intracellular foci was observed.
As reported in Figure 5A and quantified in Figure 5B, the number of ER-mitochondria contact sites
significantly increased upon expression of α-syn at concentrations in which a diffuse cytosolic signal
was observed (i.e., at 4 µM TAT WT α-syn), in line with experiments of mitochondrial Ca2+ uptake
shown in Figures 2A and 4, thus enforcing the idea that increased levels of the protein can positively
affect the number of ER-mitochondria contact sites. Interestingly enough, a drop was instead observed
when redistribution to localized cytoplasmic foci occurred (i.e., at 8 µM TAT WT α-syn), suggesting
that sequestration of functional α-syn into foci negatively affected the ER-mitochondria interface with a
loss of function mechanism (number of ER-mitochondria contacts/cell: 60.86 ± 14.47 n = 22 for control
cells; 79.14 ± 15.29 n = 29 for 4 µM TAT WT α-syn, p < 0.0001; 30.5 ± 11.82 n = 28 for 8 µM TAT WT
α-syn p < 0.0001). Notably, redistribution of α-syn into foci induced a significant reduction of the
ER-mitochondria contact sites as compared to control cells suggesting the intriguing possibility that
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also endogenous α-syn (or other important tethering factors as already suggested [60]) could indeed
be redistributed into intracellular foci, thus affecting their physiological function.

Altogether, these experiments indicate that the aggregation propensity of α-syn protein, through a
loss of function mechanism impinging on the ER-mitochondria interface, may have a role in inducing
mitochondrial Ca2+ signaling impairment that, in turn, could affect bioenergetic metabolism.
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Figure 4. TAT-mediated delivery of A53T and A30P α-synuclein mutants induces dose-dependent
α-syn redistribution and different effect on mitochondrial Ca2+ transients. HeLa cells were transfected
with mtGFP or mtAEQ and then incubated with the indicated doses of TAT A53T (A) or TAT A30P (B) or
TAT WT (C)α-syn. Immunolocalization of TAT mutantα-syn (top) and mitochondrial network (bottom)
are revealed by α-syn primary antibodies and mtGFP fluorescence, respectively. The images revealing
mitochondrial morphology were randomly acquired from TAT α-syn treated cells. Mitochondrial Ca2+

measurements were performed in HeLa cells upon treatment with TAT A53T or A30P or WT α-syn at
the indicated doses. Panels on the right show the scatter plots representing the mean [Ca2+]mt peak
values upon cell stimulation with histamine. Results are the mean ± SD obtained from at least three
independent experiments. *, p < 0.01; **, p < 0.005; ***, p < 0.0005. One-way ANOVA test retrieved a
p-value of 0.0001, for multiparametric analysis a Dunnet’s post-test was applied.
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Figure 5. TAT-mediated delivery of α-syn affects ER-mitochondria contact sites in a dose-dependent
manner. (A) HeLa cells were transfected with SPLICSs sensor to assess short-range ER-mitochondria
associations and then incubated with the indicated doses of TAT WT α-syn. SPLICSS. Reconstitution
of the fluorescent signal was observed upon 488 nm wavelength excitation in α-syn positive cells
probed with an anti α-syn primary antibody and revealed by an Alexa 633 secondary antibody. The 3D
rendering of the Z-stacks acquired for the SPLICSS probe is shown on the right. (B) Quantification
of the ER-mitochondria contact sites/cell in the different conditions is shown as mean ± SD. **** vs.
CTRL or #### vs. 4 µM, p < 0.0001. One-way ANOVA test retrieved a p-value of 0.0001. Results are
the mean ± SD obtained from at least two independent transfections, for multiparametric analysis a
Dunnet’s post-test was applied.

4. Discussion

Parkinson’s disease (PD) affects six million individuals worldwide. The formation of intracellular
inclusions of α-syn [61], whose autosomal dominant mutations [62] are found in familial forms of
the disease, and the neuronal loss in the substantia nigra pars compacta [3] are the main hallmarks.
Although prevalently cytosolic, α-syn is also present in different cellular locations such as the
nucleus [37–39,63], the mitochondria [18–20,40,41,64] and the mitochondria-associated ER membranes
(MAMs) fraction [30,42]. Its close relationship with mitochondria is also well established [25]. We have
shown for the first time the involvement of α-syn in the modulation of mitochondrial Ca2+ handling
and the ER-mitochondria communication [34]: It positively enhanced mitochondrial Ca2+ transients
generated upon Ca2+ release from the endoplasmic reticulum (ER) by increasing the ER-mitochondria
contact sites. Interestingly, we have proposed a dose-dependent mechanism of action that, more recently,
has been confirmed to be in place for α-syn modulation of other mitochondrial functions [22,35,36].
To date, two additional studies have investigated the effect of α-syn on ER-mitochondria tethering
directly [30,42], and they have reached different conclusions. The first study clearly showed that
α-syn is indeed present in the MAM fraction and that its distribution in this location is altered by
the PD-related mutations. Furthermore, by using confocal microscopy, they found that in M17 cells
stably expressing the α-syn pathogenic mutants (A53T and A30P) the degree of ER-mitochondrial
apposition was lower than in the cells transfected with the WT α-syn and the empty-vector control,
suggesting that α-syn PD-related mutants may impinge on ER-mitochondria tethering by a gain
of toxic function mechanism. Interestingly, when measured in HeLa cells, the ER-mitochondrial
apposition was reduced also in the WT α-syn expressing cells compared to empty-vector control
and to the same extent of the PD-related mutants [30], suggesting, on the other hand, that a loss
of function mechanism could be involved instead (possibly related to the amount of overexpressed
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α-syn). The second study, by using EM, proximity ligation assays, and super resolution SIM methods,
revealed that expression of WT and mutants (either A53T or A30P) α-syn decreased ER-mitochondria
contacts to the same extent [42], again suggesting the occurrence of a loss of function mechanism.
Although different appropriate methods have been used for quantifying contacts over the years, none
of those mentioned above, nor among the existing ones, is still able to fulfill the essential requirements
ensuring the best conditions to properly quantify the ER-mitochondria interactions: A good resolution
coupled with the possibility to detect them in the most physiological condition, i.e., in living cells. This
could certainly account for the discrepancies observed within the same or between different studies.
Nevertheless, additional fundamental factors could be the key to understand the mechanism/s by
which α-syn affect the ER-mitochondria interface, i.e., the aggregation tendency of α-syn itself and
how the PD-related mutations affect this behavior. Indeed, none of the above-mentioned studies
addresses the question following ER-mitochondria interaction both in the presence of different amounts
of α-syn protein and monitoring its intracellular distribution to correlate its effects with changes in
its aggregation propensity or with its soluble state [65–67]. In our previous study [34], we were able
to fine-tune the intracellular levels of α-syn either by mild transient transfection conditions, i.e., the
calcium phosphate procedure, or by artificially or pharmacologically increasing them. Under those
conditions, we found a correlation between aggregation propensity of WT α-syn and its effects on
mitochondrial Ca2+ uptake. Although indirectly, we hypothesized that this effect was dependent on
the modulation of ER-mitochondria contact sites, evaluated by calculating Menders’ coefficient upon
overexpression of two organelle targeted fluorescent proteins [34]. Here, we extended our previous
analysis to the α-syn PD-related pathogenic mutations. To this aim, we employed the SPLICS probe
that we have recently developed [43] and widely used in other studies by us and others to quantify the
ER-mitochondria interactions under physiological conditions [43,56,68–72]. Our results confirmed the
ability of WT α-syn to increase the ER-mitochondria contact sites and revealed that the introduction
of A53T and A30P PD-related mutations does not abolish this action. In α-syn A53T and A30P
expressing cells, the increase in ER-mitochondria interactions was also paralleled by a concomitant
increase in mitochondria Ca2+ uptake upon cell stimulation with an InsP3 generating agonist which
mobilized Ca2+ from the ER, suggesting that the PD-related mutants, when expressed at low levels,
retain the ability to exert their effect at the MAMs. Noteworthy, this was also the main difference with
the above-mentioned studies which employed Lipofectamine-based methods to induce high α-syn
expression or selected highly expressing stable clones. To enforce our original idea that impairment in
this ability could be due to a loss of function mechanism dependent on the sequestration of functional
α-syn in aggregates rather than to the presence of mutations that could affect the ER-mitochondria
tethering machinery, we induced α-syn intracellular re-distribution by exogenously applying an
increasing amount of recombinant TAT WT, TAT A53T, and TAT A30P α-syn. Mitochondrial Ca2+

uptake upon cells stimulation was measured in these conditions. We had previously identified the TAT
WT α-syn is able to positively modulate ER-mitochondria contact sites and mitochondrial Ca2+ uptake
when applied at doses in the range of 4 µM. We had also previously shown that when TAT WT α-syn
was applied at high doses, i.e., 8 µM, the diffuse cytosolic α-syn cellular distribution was compromised
and the modulatory effect was lost, suggesting a loss of function mechanism [34]. Now, by applying an
increasing amount of TAT A53T, and A30P α-syn we found the appearance of intracellular foci and/or
aggregates of α-syn at lower concentrations, i.e., in the range of 0.1–2 µM, being the concentration even
lower for the A30P in respect with the A53T mutant. These data indicate that these α-syn mutants
are indeed characterized by an intrinsically higher aggregation/oligomerization propensity than WT
α-syn, as already reported [65,66,73]. However, although many studies showed that A53T [66,74,75]
aggregate more rapidly than WT α-synuclein in vitro using recombinant proteins and that more fibrils
could be detected in cells [76,77], A30P [66,75] was found to aggregate to the same or a lesser extent
than WT α-synuclein in vitro and form the same number of fibrils in cells. Thus, the question of their
aggregation propensity in respect to the disease relevance needs to be further dissected. A recent study
showed that the types of oligomers formed by A30P and A53T are different [78] and, interestingly,
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it has been also reported that the A30P, E46K, H50Q, G51D, and A53T mutants exhibited identical
propensities to oligomerize in living cells, but had distinct abilities to form inclusions. While the
A30P mutant reduced the percentage of cells with inclusions, the E46K mutant had the opposite
effect [76], thus offering different experimental models to study oligomers/aggregates-induced cell
toxicity. Noteworthy, in a proof-of-concept experiment, the number of ER-mitochondria contact sites
was measured in conditions in which the amount of WT α-syn was fine-tuned to either increase its
intracellular level without any apparent change in its cytosolic distribution or to promote strong
subcellular re-localization into foci/aggregates. Under those conditions, we could observe a statistically
significant increase (in the former) or a decrease (in the latter), respectively. These findings argue in
favor of the hypothesis that α-syn could play a direct role in the modulation of the ER-mitochondria
interface and suggest that protein aggregation could be responsible for clustering overexpressed, as
well as endogenous α-syn (or important factors or tethering factors [60]), and compromising its action
according to a loss of function mechanism. Interestingly, it should be noticed that an intracellular
threshold of α-syn should also be reached in order to recapitulate the observed phenotypes. Indeed,
despite the differences observed between the WT and the mutant forms of α-syn in the concentrations
applied for the TAT-mediated delivery, upon transient transfection the cytosolic distribution of the
protein (no matter whether WT or mutant) was sufficient to sustain increased ER-mitochondria contacts
and mitochondrial Ca2+ transients. This suggests the intriguing possibility that the intracellular level
of α-syn must indeed be tightly regulated and, although it is difficult to directly link the intracellular
concentration of the protein with the phenotype, it could be argued that by transient transfection we are
below the threshold required to induce the foci formation but α-syn levels are sufficient to positively
modulate ER-mitochondria contacts and mitochondrial Ca2+. In this context it will be interesting to
investigate whether the modulation of ER/mitochondria contact sites and mitochondrial Ca2+ handling
could be differentially affected not only dose-dependently, as shown in the present paper, but also by
the different α-syn species, i.e., oligomers rather than fibrils or amorphous aggregates. At the moment,
these kinds of studies in a cell context are very difficult, however, the possibility that the α-syn-induced
aggregates are not toxic per se and that impairments in the ER-mitochondria interface are early events
preceding aggregation is fascinating and certainly deserves further investigations.

5. Conclusions

These results suggest that the ability of α-syn to act as a positive regulator of the ER-mitochondria
interface is not affected by the PD-related mutations A53T and A30P, rather, their increased aggregation
propensity prevents α-syn from exerting its activity at the MAM, thus hampering the possibility to
sustain ER-mitochondria interactions and their related function, through a loss of function mechanism.
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sub-mitochondrial distribution of wt and mutant
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Abstract
Parkinson’s disease (PD), the second most common neurodegenerative disorder, is characterized by dopaminergic
neuronal loss that initiates in the substantia nigra pars compacta and by the formation of intracellular inclusions mainly
constituted by aberrant α-synuclein (α-syn) deposits known as Lewy bodies. Most cases of PD are sporadic, but about
10% are familial, among them those caused by mutations in SNCA gene have an autosomal dominant transmission.
SNCA encodes α-syn, a small 140-amino acids protein that, under physiological conditions, is mainly localized at the
presynaptic terminals. It is prevalently cytosolic, but its presence has been reported in the nucleus, in the mitochondria
and, more recently, in the mitochondria-associated ER membranes (MAMs). Whether different cellular localizations
may reflect specific α-syn activities is presently unclear and its action at mitochondrial level is still a matter of debate.
Mounting evidence supports a role for α-syn in several mitochondria-derived activities, among which maintenance of
mitochondrial morphology and modulation of complex I and ATP synthase activity. α-syn has been proposed to
localize at the outer membrane (OMM), in the intermembrane space (IMS), at the inner membrane (IMM) and in the
mitochondrial matrix, but a clear and comparative analysis of the sub-mitochondrial localization of WT and mutant α-
syn is missing. Furthermore, the reasons for this spread sub-mitochondrial localization under physiological and
pathological circumstances remain elusive. In this context, we decided to selectively monitor the sub-mitochondrial
distribution of the WT and PD-related α-syn mutants A53T and A30P by taking advantage from a bimolecular
fluorescence complementation (BiFC) approach. We also investigated whether cell stress could trigger α-syn
translocation within the different mitochondrial sub-compartments and whether PD-related mutations could impinge
on it. Interestingly, the artificial targeting of α-syn WT (but not of the mutants) to the mitochondrial matrix impacts on
ATP production, suggesting a potential role within this compartment.

Introduction
Parkinson’s disease (PD) affects 6 million individuals

worldwide. The neuronal loss in the substantia nigra pars
compacta1 and the formation of intracellular inclusions of

aberrant α-synuclein (α-syn)2, whose autosomal dominant
mutations3 are found in familial forms of the disease, are
the main hallmarks. Mounting evidence indicates that α-
syn regulates vesicles release at the synaptic level and
stabilizes the assembly of SNARE complex4–7. Although
prevalently cytosolic, α-syn can also be found in the
nucleus8–11, in the mitochondria12–17 and in the
mitochondria-associated ER membranes (MAMs) frac-
tion18,19. Its close relationship with mitochondria has
been extensively supported by convincing works showing
altered mitochondrial functions and dynamics in different
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cellular and animal models where the expression level of
α-syn was manipulated by overexpression and/or silen-
cing and where α-syn mutants were introduced. Accu-
mulation of WT α-syn causes a reduction in
mitochondrial complex I activity14,20–22 while α-syn null
mice display striking resistance to the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced degeneration of dopaminergic neurons and
reduced dopamine release23,24. Alterations including
increased oxidative stress, lipid abnormalities, complex I
deficiency, increased mitochondrial fragmentation, loss of
membrane potential and cytochrome c release were
reported in mutant α-syn transgenic25,26 and null mice27,
as well as in cells overexpressing wt α-syn28. Moreover, α-
syn has been shown to participate in the maintenance of
mitochondrial integrity by regulating the fission/fusion
machinery and the autophagic process18,29–31. Finally, we
have previously demonstrated that α-syn positively
enhanced mitochondrial Ca2+ transients generated upon
Ca2+ release from the endoplasmic reticulum (ER) by
increasing the ER-mitochondria contact sites32. A dose-
dependent mechanism of this action has been proposed
by us32 and, more recently, confirmed to be important
also for α-syn modulation of other mitochondria related
activities33–35.
Interestingly, α-syn was found to localize both in vitro

and in vivo at the outer membrane (OMM), the inter-
membrane space (IMS), the inner membrane or in the
mitochondrial matrix depending on cell lines, species and
culture conditions12,13,15,19,36–39. Whether the presence of
α-syn at specific sub-mitochondrial localization could be
related to precise physiological and pathological circum-
stances remains elusive. Thus, we decided to investigate
the sub-mitochondrial distribution of the WT and the
PD-associated mutants of α-syn. We also evaluated con-
ditions that may favour α-syn translocation into mito-
chondria in order to identify possible peculiar function for
the specific sub-organelle targeted α-syn.
We have applied a bimolecular fluorescence com-

plementation (BiFC) approach40–42, previously devel-
oped43 and recently improved44 by our group, to
selectively monitor the sub-mitochondrial distribution of
WT and PD-related α-syn mutants A53T and A30P and
test whether selected cellular stimuli could change their
distribution.
This approach led us to identify WT and mutants α-syn

pools that under basal conditions constitutively reside at
the OMM and in the IMS. No α-syn molecules were
instead detected in the mitochondrial matrix. Interest-
ingly, a quantitative evaluation of the reconstituted
fluorescent signal has permitted to establish that the
presence of PD-related mutations A30P and A53T sig-
nificantly enhanced the fraction of α-syn found at the
IMS. Moreover, we have found that oxidative stress

induction, complex I inhibition and impairment of the
endosome-lysosome acidification system selectively pro-
moted the accumulation of WT but not of A30P and
A53T mutant α-syn within the IMS. Finally, we took
advantage from the possibility to artificially targeting α-
syn to the mitochondrial matrix and to monitor whether
its presence inside this sub-mitochondrial compartment
could affect bioenergetic metabolism. Intriguingly, we
have found that the presence of WT α-syn in the mito-
chondrial matrix, but not that of the PD-related A30P and
A53T mutants, was able to sustain mitochondrial ATP
synthesis, underling a new possible physiological role for
WT α-syn and a new pathological mechanism for PD-
associated mutations.

Results
A split-GFP based tool to monitor sub-mitochondrial
localization
In order to follow the exact sub-mitochondrial locali-

sation of α-syn we applied the split-GFP based tool we
had previously developed and described for other proteins
of interest43,44. The GFP1-10 moiety lacking the
S11 β-strand fused to the first 33 amino acids of the
TOM20 N-terminal tail (OMM GFP1–10) or to the leader
sequence of the inter membrane space protein LACTB
(IMS GFP1-10) were employed to reveal the distribution of
α-syn at the cytosolic surface of the outer mitochondrial
membrane and at the inter membrane space, respec-
tively45,46. To reveal the presence of α-syn in the mito-
chondrial matrix the GFP1–10 moiety was delivered to this
sub-mitochondrial compartment by the fusion with the
presequence of the subunit VIII of human cytochrome c
oxidase (mt GFP1–10) as previously described

43. As shown
in Fig. 1a, these targeted GFP1–10 chimerae will properly
reconstitute their fluorescence only when a protein tagged
with the lacking S11 β-strand is located at the same
compartment43,44. Control experiments confirmed the
proper targeting and the absence of fluorescent signal of
the mtGFP1–10 moiety, Fig. S1, as well as their ability to
undergo self-complementation, Fig. S243,44.

WT and mutant α-syn reside at the OMM and IMS but not
in the mitochondrial matrix and their overexpression
modulates mitochondrial ATP production
To investigate the sub-mitochondrial localization of

WT α-syn and its pathologic mutants, we co-transfected
HeLa (Fig. 1b) and SHSY5Y neuroblastoma (Fig. 1c) cells
with the above described GFP1-10 constructs and the
untargeted WT, A53T and A30P α-syn fused at their C-
terminal with the S11 β-strand. The expression of α-syn
was verified using an anti α-syn antibody, that has
revealed a diffuse cytosolic pattern (Fig. 1b, c, in red). GFP
complementation in cells overexpressing the OMM GFP1-
10 and the IMS GFP1-10 with the untargeted WT, A53T
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Fig. 1 (See legend on next page.)
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and A30P α-synS11 revealed that a pool of overexpressed
α-syn is localized both at the cytosolic surface of the outer
mitochondrial membrane and in the intermembrane
space (Fig. 1b, c, upper and middle panels). Interestingly,
no fluorescence signal following excitation at 488 nm
wavelength was detected in the mitochondrial matrix
upon co-expression of the mtGFP1–10 and WT and
mutant α-synS11, indicating that the overexpression of α-
syn does not induce the accumulation of α-syn in the
mitochondrial matrix (Fig. 1b, c lower panels). To confirm
the above mentioned results in a different dopaminergic-
like cell model, we also performed the experiments in
undifferentiated and differentiated BE(2)-M17 cell lines
(Fig. 2 left and right, respectively and Fig. S3) and, as in
the case of HeLa and SHSY5Y cells, we detected α-syn at
the OMM and the IMS but not in the mitochondrial
matrix. The anti TOM20 immunostaining confirmed the
mitochondrial specificity of GFP emission signals (Fig.
3a–c).
To support our findings obtained with splitGFP method

and to assess whether α-syn variants differentially
associate with the mitochondria, α-syn abundance in
cytosolic and mitochondrial fractions were obtained from
HeLa cells transfected with WT, A30P, or A53T α-syn
expressing vectors was verified by Western Blot analysis
(Fig. S4).
Quantification of mitochondrial α-syn amount in

respect to mitochondrial content, calculated as the nor-
malized mitochondrial α-syn/TOM20 ratio, showed no
differences among the three different batches of trans-
fected cells. Taken together, these results confirmed the
presence of WT, A30P, or A53T α-syn in mitochondrial
fraction but did not revealed any differences in their
quantitative distribution.
To assess whether α-syn overexpression could affect

mitochondrial bioenergetics, we analyzed mitochondrial
and cytosolic ATP production upon cell stimulation with
histamine, an inositol 1,4,5 tris-phosphate (InsP3)-pro-
ducing agonist that mobilize Ca2+ from the endoplasmic
reticulum. Mitochondrial (mtLUC) or cytosolic (cytLUC)
recombinant luciferase probes and WT and mutant α-syn
were co-expressed in HeLa cells and ATP levels were

monitored upon addition of luciferin, as previously
described47. Figure 1d shows the increment in light
emission relative to the ATP production upon histamine
stimulation, i.e., upon enhancement of energy require-
ment. Indeed, histamine stimulation by inducing transient
mitochondrial Ca2+ concentration increases, stimulates
Krebs cycle enzymes and enhances ATP production47.
Mitochondrial ATP synthesis in cells overexpressing both
the WT α-syn as well as the pathologic α-syn mutants is
reduced of about 20% compared to control cells (whose
levels are reported as 100%), suggesting that α-syn over-
expression impaired ATP production independently from
its PD-related mutations (mtLuc 100 ± 0.77 n= 14; WT
α-syn 88.94 ± 1.02 n= 14; A53T α-syn 82.25 ± 0.59 n= 9;
A30P α-syn 82,82 ± 0.51 n= 9). Cytosolic ATP levels were
instead essentially unaffected by the presence of over-
expressed α-syn (cytLuc 100 ± 1.95 n= 10; WT α-syn
95.66 ± 1.43 n= 11; A53T α-syn 96.65 ± 1.02 n= 14;
A30P α-syn 96.10 ± 0.64 n= 14) (Fig. 1e).

α-syn mitochondrial distribution is altered by the
occurrence of pathogenic mutations and cellular stress
conditions
In order to investigate whether WT and mutant α-syn

possess different propensity to localize at the mitochon-
dria compartment, we quantified GFP fluorescence in
HeLa cells co-transfected with OMM and IMS GFP1–10
along with WT, A53T and A30P α-synS11. From the
images shown in Fig. 4a, it is evident that GFP fluorescent
signal reconstituted by WT α-synS11 at the OMM is
much more intense with respect to that reconstituted
upon the overexpression of the pathogenic mutants. The
quantification of the corrected total cell fluorescence
(CTCF) revealed that WT α-synS11 has major propensity
to localize at the OMM compared to mutant α-synS11
(CTCF: WT α-syn 1 ± 0.08 n= 32; A53T α-syn 0.59 ± 0.05
n= 34; A30P α-syn 0.71 ± 0.06 n= 29) (Fig. 4b), whereas,
on the opposite, a greater fluorescence signal is detectable
at the IMS for the mutant constructs (Fig. 4c), indicating
that the occurrence of pathogenic mutations is able to
favor the translocation of the protein across the OMM in
the IMS (CTCF: WT α-syn 1 ± 0.06 n= 50; A53T α-syn

(see figure on previous page)
Fig. 1 a Cartoon of targeted split-GFP chimeras are able to complement at the OMM, within the IMS and in the mitochondrial matrix. Sub-
mitochondrial localization of wild type and mutant α-syn was analyzed in HeLa b and SHSY5Y c cells by the co-expression of the OMM, IMS and
mitochondrial matrix targeted GFP1-10 non-fluorescent moiety and of the WT, A53T and A30P α-synS11. Confocal images were acquired at 488 and
594 nm excitation wavelength. Transfected cells were incubated with an anti α-syn primary antibody and stained with an Alexa 633 conjugated
secondary antibody. Complementation of the GFP probes was revealed by fluorescent acquisition at 488 nm excitation wavelength. d Mitochondrial
(****p < 0.0001 vs. control cells) and e cytosolic ATP production upon histamine stimulation measured by mtLuc probe in HeLa cells overexpressing
α-syn wt and mutants. At least 9 independent measurements for three independent transfections have been done for each construct. One-way
ANOVA retrieved a p value of 0.0001. Dunnett’s multiple comparison test retrieved a statistically significant difference between Ctrl and WT, A53T, and
A30P p < 0.0001 d while no statistically significant differences were found for panel e with one-way ANOVA. Average values shown as mean %
calculated from the counts per second (cps) with respect to control cells. Scale bar is 20 μm
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Fig. 2 Sub-mitochondrial localization of wild type and mutant α-syn was analyzed in undifferentiated. a and differentiated b BE(2)-M17
dopaminergic-like cells by the co-expression of the OMM, IMS and mitochondrial matrix targeted GFP1–10 non-fluorescent moiety and of the WT,
A53T and A30P α-synS11. Confocal images were acquired at 488 and 594 nm excitation wavelength. Transfected cells were incubated with an anti α-
syn primary antibody and stained with an Alexa 633 conjugated secondary antibody. Complementation of the GFP probes was revealed by
fluorescent acquisition at 488 nm excitation wavelength. Scale bar is 20 μm
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Fig. 3 Expression of the OMM, IMS and mitochondrial matrix targeted GFP1-10 non-fluorescent moiety and of the. a WT α-synS11, b A53T α-
synS11, and c A30P α-synS11. Complementation of the GFP probes was revealed by fluorescent acquisition upon excitation at 488 nm wavelength.
GFP was detected using a GFP primary antibody while mitochondria were stained using an anti TOM20 antibody. Confocal images were acquired at
633 and 405 nm excitation wavelength. Cells were stained with anti GFP and anti TOM20 antibodies and observed at a confocal microscope at 405,
488 and 633 nm excitation wavelength. Scale bar is 20 μm
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2.08 ± 0.31 n= 37; A30P α-syn 2.07 ± 0.22 n= 42) (Fig.
4d). To verify that the expression of α-synS11 constructs
was similar among the different batches of transfected
cells and that the same correlation exist between the
immunoreactive α-synuclein signal and the fluorescence
signal of reconstituted GFP we have quantified the red
and the green fluorescence along the entire volume of the
cells positive for reconstituted GFP1–10 and plotted them.
As expected, a positive relationship is present for WT,

A53T and A30P α-synS11 either at the OMM and at the
IMS. However, a poor positive linear correlation is
observed (Fig. S5) which is equivalent in all the batches of
transfected cells (except for the A53T α-synS11 at the
OMM, see the R2 values for comparison), suggesting that
cell specific differences in the expression level of α-synS11
do not affect the observed differences in fluorescence
intensities among WT, A53T and A30P α-synS11 within
the same sub-mitochondrial compartment.

Fig. 4 Quantification of wild type and mutant α-syn distribution at the OMM and IMS. Expression of the OMM. a and IMS c targeted GFP1-10
non-fluorescent moiety and of the WT, A53T and A30P α-synS11. Transfected cells were incubated with an anti α-syn primary antibody and stained
with an Alexa 633 conjugated secondary antibody. Complementation of the GFP probes was revealed by fluorescent acquisition at 488 nm excitation
wavelength a, c. The corrected total cell fluorescence (CTCF) was quantified as described in the ‘Materials and Methods’ section and reported as
normalized values with respect to WT α-syn b, d (****p < 0.0001, ***p < 0.001, **p < 0.01). One-way ANOVA retrieved a p value of 0.0001 for b and d.
Dunnett’s multiple comparison test retrieved a statistically significant difference between WT and A53T p < 0.001 and WT and A30P p < 0.01 b and
between WT and A53T p < 0.001 and WT and A30P p < 0.001. Quantification of CTCF has been done on at least 29 cells from at least three
independent experiments for each transfection condition. Scale bar is 20 μm
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At the light of these results, we wanted to find specific
cell conditions that may change α-syn distribution at the
OMM or the IMS. We decided to evaluate this aspect by
monitoring α-syn at the IMS. HeLa cells were transfected
with IMS GFP1–10 and WT or mutant α-synS11 and
treated with 10 μM rotenone for 12 h, 250 μM H2O2 for
12 h, or 50 mM NH4Cl for 2 h at 37 °C in a 5% CO2

atmosphere. As shown in Fig. 5a, d, there was a significant
increase in WT α-syn in the IMS in treated HeLa cells
compared to control (WT α-syn: control 1 ± 0.06 n= 50;
rotenone 1.96 ± 0.27 n= 48; H2O2 1.45 ± 0.15 n= 49;
NH4Cl 1.51 ± 0.18 n= 54). Interestingly, upon the same
stimuli, the IMS pool of α-synS11 mutants did not
changed (Fig. 5b, c), as better appreciable from the

quantitative analysis shown in Fig. 5e, f (for A53T α-syn:
control 1 ± 0.10 n= 42; rotenone 1.02 ± 0.14 n= 37; H2O2

0.76 ± 0.10 n= 42; NH4Cl 0.82 ± 0.09 n= 42 and for A30P
α-syn: control 1 ± 0.15 n= 37; rotenone 0.82 ± 0.10 n=
37; H2O2 0.64 ± 0.08 n= 38; NH4Cl 0.77 ± 0.11 n= 36).
At this point we were interested to assess whether the

same conditions that favoured WT α-syn accumulation
into IMS, may also lead to α-syn translocation into the
mitochondrial matrix. Thus, we performed similar
experiments using the mt GFP1–10 moiety: no fluores-
cence signal was detected for any of the α-synS11 con-
structs upon cells incubation with rotenone, H2O2 or
NH4Cl (data not shown), suggesting that these treat-
ments, in our experimental conditions, do not induce WT

Fig. 5 α-syn distribution at the IMS upon inhibition of complex I inhibitor or oxidative stress or inhibition of endosome-lysosome system
acidification. HeLa cells were co-transfected with wild type a and mutants b, c α-synS11 and IMS GFP1–10, and treated with 10 μM rotenone for 12 h,
250 μM H2O2 for 12 h or 50 mM NH4Cl for 2 h at 37 °C in a 5% CO2 atmosphere, stained with an anti α-syn antibody and observed at a confocal
microscope at 488 and 633 nm excitation wavelength. d–f CTCF was quantified as described in the ‘Materials and Methods’ section and reported as
normalized values with respect to WT α-syn. (d, Student’s t-test: ***p < 0.001, **p < 0.01, *p < 0.05; One-way ANOVA p=0.0037. Dunnett’s multiple
comparison test retrieved a statistically significant difference only for the Rot treated group, ***p < 0.001; f Student’s t-test: *p < 0.05; One-way ANOVA
and Dunnett’s multiple comparison test retrieved no statistically significant differences between the groups). Quantification of CTCF has been done
on at least 36 cells from at least three independent experiments for each condition. Scale bar is 20 μm
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and mutant α-syn translocation into the mitochondrial
matrix.
All together, these data suggest that the pathogenic

mutations lead to α-syn accumulation in the IMS and that
pharmacological treatments that impair complex I activity
or increase oxidative stress or inhibit the endosome-
lysosome system acidification mimic the same effect for
WT α-syn.

The artificial targeting of WT α-syn, but not of its
pathogenic mutants, to the mitochondrial matrix sustains
ATP synthesis in a Complex III-dependent manner
Although we were not able to detect the presence of α-

syn in the mitochondrial matrix (neither under basal nor
under stress conditions), recent findings strongly supported
the view that α-syn can indeed reach the mitochondrial
matrix and modulate ATP production and/or mitochon-
drial membrane potential33–35,38,48, indicating that in other
cell types or under specific experimental conditions α-syn
could translocate in the mitochondrial matrix.
Indeed, it has been shown that exogenous monomeric

WT α-syn, but not its A30P mutant, is able to physically
interact with the α subunit of the ATP synthase and to
increase its activity in primary neuron/glia co-cultures
from mice cerebral cortex38. Thus, we decided to directly
investigate possible action on mitochondrial metabolism
of α-syn artificially targeted to the mitochondrial matrix.
To this end, we generated a mitochondrial matrix-
targeted α-synS11 (mtα-synS11) by adding the same tar-
geting sequence that we have fused to the GFP1-10 frag-
ment. mt α-synS11 efficiently complemented mtGFP1-10,
as revealed by the mitochondrially localized green fluor-
escent signal observed following excitation at 488 nm
wavelength (Fig. 6a). To evaluate its possible impact on
mitochondria function, mitochondrial ATP production
upon cells stimulation with histamine was measured in
parallel both in cells overexpressing mt α-synS11 or
untargeted α-synS11. As shown in Fig. 6b, while the
overexpression of untargeted α-syn reduced mitochon-
drial ATP synthesis (as already shown in Fig. 1e), the mt
α-synS11 was able to enhance ATP production (Mean
values (% cps): mt Luc 100 ± 1.49 n= 17; mt α-syn
106.29 ± 1.28 n= 19; α-syn 94.27 ± 0.50 n= 11). Inter-
estingly, mt α-synS11 still exerted this effect in the pre-
sence of complex I inhibitor rotenone (Mean values (%
cps): mt Luc 94.45 ± 1.29 n= 13; mt α-syn 100.88 ± 1.83
n= 10; α-syn 88.48 ± 0.39 n= 11) (Fig. 6c), while the
ability to promote ATP synthesis was lost in the presence
of the complex III inhibitor antimycin, (Mean values (%
cps): mt Luc 88.20 ± 0.86 n= 12; mt α-syn 87.24 ± 0.83
n= 13; α-syn 86.66 ± 0.58 n= 11) (Fig. 5d). Of notice,
pathogenic mutants of α-syn artificially targeted to the
mitochondrial matrix are not able to increase mitochon-
drial ATP synthesis upon cell stimulation, (Mean values

(cps): mt Luc 100 ± 0.63 n= 17; mt A53T α-syn 99.20 ±
1.08 n= 18; mt A30P α-syn 101.13 ± 0.90 n= 15) (Fig. 6e).
To check whether the observed increases in ATP pro-

duction could be related to possible effects of mt α-synS11
on mitochondrial Ca2+ uptake, as previously shown for
untargeted cytosolic α-syn32, mitochondrial Ca2+ mea-
surements were performed using mitochondrially tar-
geted photoprotein aequorin49,50. No alterations in
mitochondrial Ca2+ levels were registered upon histamine
stimulation in cells overexpressing the wt or the mutated
mitochondrial matrix targeted α-syn constructs, indicat-
ing that the sustained ATP levels are not driven by an
increase in mitochondrial Ca2+ transients that could sti-
mulate the Krebs cycle (Peak values (μM): mtAEQ
124.19 ± 7.40 n= 12; mt WT α-syn 125.18 ± 5.34 n= 14;
mt A53T α-syn 130.98 ± 6.35 n= 13; mt A30P α-syn
134.57 ± 4.77 n= 13) (Fig. 6f). These findings suggest that
WT α-syn, resident in the mitochondria matrix, could
play a direct role on ATP production by the modulation
of the respiratory chain (possibly through complex III
activity) and that the presence of pathogenic mutations
compromises this function.

VDAC 1-3 are not responsible for α-syn translocation inside
mitochondria
The evidence that a portion of α-syn resides at the IMS,

requires the direct translocation of the protein from the
cytosol across the outer mitochondrial membrane. Recent
in vitro experiments using the Voltage Anion Channel
(VDAC) reconstituted into planar lipid membranes sug-
gested that α-syn is able to interact with/translocate
through the VDAC1 to reach the IMS51,52. To verify the
possibility that VDAC could represent a docking site for
α-syn entry in IMS in living cells, we transfected mouse
embryonic fibroblasts (MEF) WT and MEF VDAC 1-3
KO with IMS GFP1–10 and WT or mutant α-synS11: we
could expect that the ablation of the channel could pre-
vent α-syn translocation across the OMM. Surprisingly,
we have found that VDAC 1–3 absence does not alter the
ability of α-syn (WT and mutants) to translocate to the
IMS, as revealed by the specific complementation of the
fluorescent probe and the resulting green fluorescence
emission (Fig. 7). These data clearly suggest that VDAC
1–3 are not essential for α-syn translocation inside
mitochondria in intact cells. Whether this indicate that
VDAC 1–3 proteins are not the only channels implicated
in α-syn translocation or that α-syn takes completely
different routes to reach the IMS (i.e., by TOM40 as
previously suggested14) remains to be further elucidated.

In vivo localization of α-syn at the OMM and the IMS, but
not the mitochondrial matrix
The above mentioned experiments suggested the exis-

tence of a mitochondrial pool of α-syn at the OMM and at
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Fig. 6 WT and mutant α-syn targeting to the mitochondrial matrix differently affects mitochondrial ATP levels. a Complementation of the
mitochondrial matrix targeted GFP1-10 non-fluorescent moiety upon co-expression of the targeted mt WT α-synS11. The mitochondrial localization
was verified by mitotracker staining. Confocal images were acquired at 488 and 594 nm excitation wavelength. b, c, d Histograms showing
mitochondrial ATP production upon histamine stimulation measured by mtLuc probe in HeLa cells overexpressing untargeted or mitochondrial
matrix targeted α-syn in HeLa cells untreated b or treated with 10 μM rotenone c or d 10 μM rotenone+ 10 μM antimycin for 12 h at 37 °C in a 5%
CO2 atmosphere. e Histograms showing mitochondrial ATP production upon histamine stimulation measured by mtLuc probe in HeLa cells
overexpressing mitochondrial matrix targeted mt WT, mt A53T and mt A30P α-syn. Average values are shown as mean % calculated from the counts
per second (cps) with respect to control cells. f Mitochondrial Ca2+ transients upon stimulation with 100 μM histamine were measured in HeLa cells
by co-transfecting mtAEQ and empty vector, or mt WT, mt A53T and mt A30P α-syn. Bars represent mean Ca2+ peak values upon histamine
stimulation. Data were collected from at least 10 coverslips/conditions from three independent experiments. (One-way ANOVA coupled with
Dunnett’s multiple comparison test retrieved a statistically significant difference between the groups: **p < 0.01, *p < 0.05). At least 10 independent
measurements for three independent transfections have been done for each construct. Scale bar is 20 μm
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the IMS while, under basal conditions we could never
detect it within the mitochondrial matrix. To further
validate these findings in a more complex system, we
decided to test for the first time the possibility to follow
the translocation of a protein of interest within mito-
chondrial sub compartments with our splitGFP system in
the living vertebrate Danio Rerio. To this aim, fertilized
oocytes at the stage of 1 cell have been microinjected with
the plasmids encoding for α-synS11 (either WT, A53T or
A30P) together with the OMM GFP1–10, the IMS GFP1-10
or the mtGFP1–10 at the final concentration of 100ng/μl.
Under these conditions, a mosaic expression is expected
to take place. Injected embryos at 1dpf have been
dechorionated, anesthetized and mounted in low melting

agarose. Confocal z-stacks were acquired in vivo and, as
shown in Fig. 8, a clear and strong signal can be detected
with the OMM and the IMS GFP1-10 probes co-injected
with either WT, A53T or A30P α-synS11, suggesting that
a fraction of α-syn is indeed present at the OMM as well
as the IMS in living zebrafish. On the other side, no
mitochondrial signal could be detected by using the
matrix targeted GFP1–10 supporting the idea that, under
basal conditions, α-syn does not reach the mitochondrial
matrix. These results have confirmed the findings we have
obtained in HeLa and dopaminergic cells and, intrigu-
ingly, have also demonstrated that our splitGFP assay is
suitable for in vivo settings.

Discussion
Mitochondrial dysfunctions and α-syn accumulation

into Lewy bodies are both considered as key events in the
progressive loss of dopaminergic neurons leading to PD
manifestation. Although the precise role of α-syn in the
neurodegenerative process is largely unknown, several
lines of evidence have highlighted its possible involvement
in the regulation of mitochondrial functions. For these
reasons, numerous studies have focused their attention on
α-syn contribution to the control of mitochondrial
activities53,54. Nevertheless, whether mitochondrial dys-
functions represent a secondary event in α-syn-induced
alterations or are directly triggered by α-syn at the
mitochondrial level is still unclear. Moreover, the absence
of techniques that allow to specifically monitor the pro-
tein’s distribution inside organelles, further intricate the
road to a complete understanding of α-syn physio/
pathology inside mitochondria. Here, we employed a
split-GFP based bimolecular fluorescence complementa-
tion (BiFC) tool40,42 developed by our group to selectively
monitor DJ-1 sub-mitochondrial distribution43 and fur-
ther improved with a novel non fluorescent GFP1–10
moiety targeted to the IMS55 to selectively follow proteins
translocation inside the inter membrane space. Our ana-
lyses revealed that a fraction of WT, A30P and A53T α-
syn is localized at mitochondria both at the OMM and in
the IMS, and that the overexpression of α-syn resulted in
a decrease in mitochondrial ATP production upon cell
stimulation, as reported by others19. This result was par-
tially unexpected considering that we had previously
shown that α-syn overexpression was able to enhance ER-
mitochondria Ca2+ transfer32, thus leading to the possi-
bility that increased mitochondrial Ca2+ transients could
augment ATP production. But it could be rationalized
assuming that increased ER-mitochondria tethering may
represent a compensatory response to cope with reduced
mitochondrial ATP production in the presence of
increased amount of α-syn and that in the absence of this
compensatory response the deficit in ATP synthesis could
be even greater. Interestingly, while the WT protein is

Fig. 7 α-syn mitochondrial import is not affected by VDAC 1-3
knock out in MEF cells. The IMS targeted GFP1-10 non-fluorescent
moiety and of the WT, A53T and A30P α-synS11 were expressed in WT
and VDAC 1-3 KO MEF. Complementation of the GFP probes was
revealed by fluorescent acquisition at 488 nm excitation wavelength.
Scale bar is 20 μm
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prevalently localized at the OMM, the pathologic mutants
show a major IMS distribution, in agreement with pre-
vious results showing a lower degree of localization of
both mutant α-syn species to the endoplasmic reticulum-
mitochondria interface compare with WT and a con-
comitantly higher degree of localization to the pure
mitochondrial fraction18. Interestingly enough, we were
able for the first time to test this system in a living ver-
tebrate, i.e., the zebrafish Danio Rerio and confirm the
presence of α-syn at the OMM and at the IMS, as well as
its absence in the mitochondrial matrix under basal
conditions. Our data indicate that conditions of cellular
stresses promote the translocation of the WT protein to
IMS, but not that of the mutant species, that are more
abundant per se in this compartment, suggesting the
possibility that the recruitment of α-syn from the OMM
surface inside mitochondria, i.e., in the IMS and, possibly
into the matrix where it enhances ATP production, could
represent an initial step to counteract cell impairment and
sustain bioenergetics. However, whenever α-syn accu-
mulation become excessive, α-syn may fail to be imported
in the mitochondrial matrix and stacked at the IMS where
could be responsible for mitochondrial fragmentation, a
mechanism of action previously suggested29,30 and
recently confirmed56 to occur. Whether the different
behavior of WT and mutant α-syn reflects possible role of
α-syn inside mitochondria, i.e., in controlling mitochon-
drial dynamics54 or ATP production38, or is driven by a
specific import of misfolded/aggregation prone proteins
into mitochondria for their degradations, as recently
suggested57, deserves further investigation. Interestingly,
Pozo Devoto and coworkers have recently shown that α-
syn plays a direct physiological role in mitochondrial
transport and morphology and that due to the different
affinity for membrane lipids the association of WT and
A53T or A30P α-syn with the mitochondria was different,
thus suggesting that their effects on mitochondria are also
dose-dependent56.
Since recent evidence have shown that in primary

neuron/glia co-cultures exogenous monomeric α-syn is
able to physically interact with the α subunit of the ATP
synthase38, indicating a distinctive localization of the
protein inside the mitochondrial matrix, we decided to
evaluate phenotypes associated with this peculiar α-syn
distribution by artificial targeting α-syn protein to the
mitochondrial matrix. Interestingly, and in agreement

Fig. 8 Live imaging of SPLIT GFP reconstitution in 1 dpf zebrafish
embryos. Wild type zebrafish embryos at 1-cell stage were injected
with a plasmid expressing human WT or A53T and A30P mutants
αsynS11 together with a plasmid expressing OMM-GFP1–10, IMS-
GFP1–10 or mt-GFP1–10. For the injections, the concentration of each
plasmid was 50 ng/ul. After 1 day, images were collected. Each picture
is the merge of several planes. Scale bar is 20 μm
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with previous studies38, mitochondrial matrix-targeted
WT α-syn is able to sustain mitochondrial ATP synthesis,
while mutant species targeted to the mitochondrial matrix
do not promote mitochondrial ATP production. We have
found that this action is dependent on complex III
activity, since it is prevented by the incubation with the
complex III inhibitor antimycin. In this context, one may
speculate that, in neurons, a pool of α-syn exerts a phy-
siological role inside the mitochondrial matrix where it is
able to increase ATP synthase activity ensuring mito-
chondrial health and synaptic functions and that another
pool of α-syn may be recruited to this site upon stress
condition to further sustain ATP production through the
modulation of complex III activity. The occurrence of
mutations may lead to a loss of function that causes
energy depletion and neuronal cell toxicity, thus initiating
the degenerative process in PD.

Materials and methods
DNA constructs
The full length α-syn WT, A53T and A30P -β11 con-

struct have been generated by PCR using the following
primers: α-syn-S11 (HindIII) For 5′- GTTCAAGCTTA
TGGATGTATTCATGAAAGG -3′; α-syn-S11 (XhoI)
Rev. 5′-ACTTCTCACTCGAGTTATGTGATGCCGGC
GGCGTTCACGTA CTCGTGCAGCACCATGTGGTCC
CGGCTGCCGCCGCCGCTGCCGCCGTCGCCGGCTT
CAGGTTCGTAGTCTTG-3′ The DNA constructs
encoding for the human α-syn WT, A30P and A53T used
as a template are a kind gift of Prof. Alessandro Negro
(Department of Biomedical Sciences, University of Padova).
The C-terminus β11-tagged Cytochrome-c was produced
by DNA synthesis (Thermo Scientific). Untargeted, mito-
chondrial matrix- and OMM-targeted humanized GFP
1–10 expressing vectors were generated by PCR amplifi-
cation from the GPI-GFP1-10 template using forward pri-
mers containing the mitochondrial matrix presequence of
the subunit VIII of cytochrome c oxidase and the N-
terminal 33 amino acids sequence of TOM20 protein43.
The GFP1–10 targeted to the intermembrane space

(IMS) has been created by genetic fusion to the leader
sequence of the IMS protein LACTB44 and created by
DNA synthesis (Thermo Scientific).

Cell cultures and transfection
HeLa, SHSY5Y cells and VDAC1/3−/− MEFs were

grown in DMEM high glucose (Euroclone) containing
10% fetal bovine serum (FBS, Gibco), supplemented with
100 U/ml penicillin (Euroclone) and 100 μg/ml strepto-
mycin (Euroclone), in a humidified atmosphere contain-
ing 5% CO2. Undifferentiated BE(2)-M17 cells were
maintained in a 1:1 mixture of Ham's F12 and Dulbecco’s
Modified Eagle’s Medium (Gibco) supplemented with
10% fetal bovine serum and grown in a humidified

incubator at 37 °C in the presence of 5% CO2. The cell
medium was replaced every 2 days, and the cells were sub-
cultured once confluence was reached. In all of the
experiments, the cells were used at early passages (P1-5
after purchase). Differences in morphology between pro-
liferative and differentiated cells were evaluated by phase
contrast light microscopy.
Cells were seeded onto 13 or 24 mm diameter glass

coverslips and transfection was performed at 60–80%
confluence using Lipofectamine TM 2000 Transfection
Reagent (Life Technologies) for SHSY5Y, BE(2)-M17 and
MEFs and the calcium-phosphate procedure for HeLa
cells. To analyze the presence of α-syn in the mitochon-
drial sub-compartments after differentiation, BE(2)-M17
cells were seeded onto coverslips pre-coated with poly-D-
lysine58. After 24 h, differentiation was induced by the
addition of retinoic acid (RA) at concentrations of 5 μM.
Fresh media containing RA was provided every 2 day and
7 days later the cells were transfected with the vectors
containing the coding sequence for targeted GFP1–10
chimerae and WT, A53T or A30P α-syn. After 48h the
samples were fixed and processed for immunocy-
tochemistry. For Ca2+ measurement cells were co-
transfected with aequorin construct targeted to the
mitochondrial matrix49. Cells were generally analyzed
24–48 h after transfection.

Immunocytochemistry analysis
After 48 h of transfection, cells plated on 13 mm glass

coverslips were washed twice with phosphate-buffered
saline (PBS: 140mM NaCl, 2 mM KCl, 1.5 mM KH2PO4,
8 mM Na2HPO4 pH 7.4) and fixed for 20 min with 3.7%
formaldehyde in PBS. Cells permeabilization was per-
formed by 20 min’ incubation with 0.1% Triton X-100 in
PBS, followed by 30min’ wash with 1% gelatin (type IV,
from calf skin, Sigma) in PBS. The coverslips were then
incubated for 90min at 37 °C in a wet chamber with the
specific primary antibody diluted in PBS: anti-GFP (Santa
Cruz, sc-9996) anti-alpha synuclein (Santa Cruz, sc-
12767), anti-TOM20 (Santa Cruz, sc-11415). Staining was
revealed by the incubation with specific AlexaFluor 405,
488 or 633 secondary antibodies, 1:50 (Life technologies)
for 45 min at room temperature. Fluorescence was
detected with a Leica SP5 confocal microscope and ana-
lyzed by ImageJ software.

Quantification of BiFC at the OMM and IMS
To quantify fluorescence signals, the corrected total cell

fluorescence (CTCF) was calculated according to the pro-
tocol described in59. Briefly, a complete z-stack of cells
showing a clear fluorescence signal was acquired using a
Leica SP5 confocal microscope. The total corrected cell
fluorescence (CTCF) was calculated by selecting the cell
using the freehand selection of Fiji in the drawing/selection
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polygon tool and the area, the integrated density and the
mean grey value are measured while the remaining signal
coming from outside the cell was removed. Area, integrated
density and mean grey value were then measured within the
cells and three selected non-fluorescent area in the image
were chosen as background. At least three additional
selections from a non-fluorescent region next to the cell of
interest were acquired and considered as background. The
CTCF was calculated as follow: integrated density – (area of
selected cell×mean fluorescence of background readings).
The calculated CTCF was then normalised against the
CTCF values of wt α-syn-expressing cells. The results are
shown as fold change increase/decrease over wt α-syn
expressing cells CTCF levels.

Luciferase assay
Luciferase luminescence was measured, as previously

described47. HeLa cells co-transfected with a mitochon-
drial luciferase chimera (mtLuc47) were perfused at 37 °C
with KRB (125mM NaCl, 5 mM KCl, 1 mM Na3PO4,
1 mM MgSO4, 20 mM HEPES, pH 7.4, 37 °C) containing
1mM CaCl2, 5.5 mM glucose and 20 μM luciferin. In total
100 μM histamine was added to the perfusion medium to
induce mitochondrial ATP synthesis47. For each mea-
surement, the light emission (cps, counts per second) after
histamine application was normalized on cps emitted after
luciferin addition. Where indicated, 10 μM rotenone and
10 μM antimycin were incubated for 12 h at 37 °C in a 5%
CO2 atmosphere.

Aequorin measurements
After 48 h of transfection mitochondrial low affinity

aequorin (mtAEQ) was reconstituted by incubating cells for
1.5 h with 5 μM wt coelenterazine (Santacruz) in DMEM
supplemented with 1% fetal bovine serum at 37 °C in a 5%
CO2 atmosphere. After reconstitution, cells were transferred
to the chamber of a purpose-built luminometer, and Ca2+

measurements were started in Krebs-Ringer modified buffer
(KRB,125mM NaCl, 5mM KCl, 1mM Na3PO4, 1mM
MgSO4, 5.5mM glucose, 20mM HEPES, pH 7.4, 37 °C)
medium supplemented with 1mM CaCl2 by stimulating
HeLa cells with 100 μM histamine. The experiments were
terminated by cell permeabilization with 100 μM digitonin
in a hypotonic Ca2+-rich solution (10mM CaCl2 in H2O) to
discharge the remaining unused aequorin pool. The light
signal was collected and calibrated off-line into Ca2+ con-
centration values using a computer algorithm based on the
Ca2+ response curve of mitochondrial aequorin, as pre-
viously described60.

Live imaging of αsyn sub mitochondrial localization in
Zebrafish
The human WT, A53T or A30P mutant αsynS11 plas-

mids were injected into 1 cell stage WT eggs together

with a plasmid expressing OMM-GFP1–10, IMS-GFP1–10
or mt-GFP1–10. For injections, all plasmids were diluted in
Danieau solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM
MgSO4, 0.6 mM Ca (NO3)2, 5 mM HEPES pH 7.6) and
0.5% phenol red. For the injections, the concentration of
each plasmid was 50 ng/ul. At 1dpf, about 30 embryos
were screened for fluorescence, dechorionated and anes-
thetized. For in vivo imaging, about one third of the
injected embryos showed fluorescent signal and half were
anesthetised and mounted on 35 × 10mm glass bottom
Petri dishes (Ted Pella, INC. Prod. No. 14023-20) in low
melting agarose (1.3%, Euro- Clone). Fish water contain-
ing tricaine methanesulfonate 0.61 mM (Sigma) was
added in the Petri dishes, in order to keep fish anesthe-
tized. Mounted fish were imaged at RT (20–23 °C) using a
Leica TSC SP5 inverted confocal microscope, using a
HCX PL APO ×63/numerical aperture 1.40–0.60. To
image reconstituted GFP, a complete z-stack of the cell
was acquired every 0.29 μm and shown as Z-projection of
several planes.

Statistical analysis
All of the data are representative of at least three

independent experiments unless otherwise indicated. The
sample was chosen by considering a power of 80%, a two
side alpha error of 0.05 and a beta error of 0.2. Values are
expressed as mean ± SEM. Significant differences are
determined by one-way ANOVA with Dunnett’s multiple
comparison test for multiparametric analysis of the dif-
ferent groups. Student’s unpaired two-tailed t test was
used for two experimental comparisons. All statistical
analyses were performed using GraphPad Prism version
6.00 for Mac OS X, GraphPad Software, La Jolla California
USA. A p value ≤0.05 was considered statistically
significant.
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