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ABSTRACT 13 

Alpha synuclein (a-syn) is an intrinsically disordered protein prevalent in neurons, and 14 
aggregated forms are associated with synucleinopathies including Parkinson’ disease (PD). Despite 15 
the biomedical importance and extensive studies, the physiological role of a-syn and its 16 
participation in etiology of PD remain uncertain. We showed previously in model RBL cells that a-17 
syn colocalizes with mitochondrial membranes, depending on formation of N-terminal helices and 18 
increasing with mitochondrial stress.1 We have now characterized this colocalization and functional 19 
correlates in RBL, HEK293, and N2a cells. We find that expression of a-syn enhances stimulated 20 
mitochondrial uptake of Ca2+ from the ER, depending on formation of its N-terminal helices but not 21 
on its disordered C-terminal tail. Our results are consistent with a-syn acting as a tether between 22 
mitochondria and ER, and we show increased contacts between these two organelles using 23 
structured illumination microscopy. We tested mitochondrial stress caused by toxins related to PD, 24 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP/MPP+) and carbonyl cyanide m-chlorophenyl 25 
hydrazone (CCCP), and found that a-syn prevents recovery of stimulated mitochondrial Ca2+ 26 
uptake. The C-terminal tail, and not N-terminal helices, is involved in this inhibitory activity, which is 27 
abrogated when phosphorylation site serine-129 is mutated (S129A). Correspondingly, we find that 28 
MPTP/MPP+ and CCCP stress is accompanied by both phosphorylation (pS129) and aggregation 29 
of a-syn. Overall, our results indicate that a-syn can participate as a tethering protein to modulate 30 
Ca2+ flux between ER and mitochondria, with potential physiological significance. A-syn can also 31 
prevent cellular recovery from toxin-induced mitochondrial dysfunction, which may represent a 32 
pathological role of a-syn in the etiology of PD.  33 

  34 
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 35 
INTRODUCTION 36 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder in 37 
humans, increasing markedly with age and characterized by formation of Lewy bodies (LBs) and 38 
Lewy neurites (LNs) in the dopaminergic neurons of the brain substantia nigra.2 Alpha-synuclein (a-39 
syn), an abundant presynaptic protein,3 is found in a filamentous form in LBs and LNs and is in 40 
other ways genetically and pathologically linked to PD and other synucleinopathies.4 41 
Polymeropoulos et al. first reported a PD-related G209A mutation in the SNCA gene encoding for a-42 
syn.5 Other studies further linked the SNCA gene and expressed a-syn variants to PD.6–9 Earlier 43 
onset of PD and a more severe course have been observed in patients with duplication or 44 
triplication of SNCA.10 45 

A-syn is a 140 residue protein, found predominantly in neurons and characterized as 46 
intrinsically disordered in solution.3 However, a-syn has been shown to adopt a highly helical 47 
structure in the presence of negatively charged lipid surfaces.11–15 An extended helix forms upon 48 
binding to negatively charged phospholipid vesicles in the N-terminal amphipathic region (residues 49 
1–100), and a broken helix forms when binding to phospholipid micelles.12,16–19 The broken helix 50 
form of a-syn comprises helix-1 (residues 3 to 38) and helix-2 (residues 46 to 93), loosely 51 
connected by an unstructured flexible motif known as the linker region (residues 39 to 45) (Figure 52 
1).20 Georgieva et al. proposed that the broken helix form of a-syn can serve as a tether between 53 
two phospholipid membranes,21 such as between synaptic vesicles and plasma membrane or two 54 
organellar membranes, and others have adopted this model as well.22 The C-terminal segment of a-55 
syn (residues 100–140) is acidic, glutamate-rich, and remains disordered even in the presence of 56 
membranes.16,23 This segment has been implicated in several protein interactions24–28 and contains 57 
residues that are targets for post translational modifications, notably phosphorylation of serine 58 
residue 129 (pS129). Only a small fraction of a-syn (less than 4%) is phosphorylated in normal 59 
brain tissue, but a dramatic accumulation of pS129 (More than 90%) is observed within LBs.29,30 60 

We previously established that RBL cells expressing human a-syn variants serve as a 61 
versatile model for evaluating intracellular distributions of a-syn and accompanying effects on cell 62 
function that are mediated by its membrane interactions.1,31 RBL cells have internal structures and 63 
activities resembling those in neurons, and by integrating fluorescence microscopy and functional 64 
assays, we showed this cell line to constitute an experimentally attractive system for developing 65 
hypotheses that can subsequently be tested in neurons and neuronal models more commonly 66 
associated with PD. Our initial focus was on the role of a-syn in the release and recycling of 67 
endosomal vesicles, which serve as a proxy for similarly-sized synaptic vesicles. Our results yielded 68 
a consistent view that a-syn in helical forms can bind to intracellular pools of these vesicles in the 69 
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extended-helix conformation and can also engage vesicles docked at the plasma membrane during 70 
the process of exocytosis via its broken-helix form. We further found by immunostaining that a-syn 71 
associates with mitochondria when expressed in RBL cells1, as has been reported previously in 72 
other cultured cells and brain tissue.32–34  73 

Although PD has a complex etiology involving genetic and environmental factors that vary 74 
with individuals, mitochondrial dysfunction is a consistent central feature.35,36 In familial, or 75 
autosomal recessive, forms of the disease, disruption of mitochondrial function arises from 76 
mutations in genes encoding mitochondrial quality control, including SNCA, LRRK2, VPS35, 77 
PARKIN, and PINK-1.37–41 Sporadic, or idiopathic, disease and PD-like symptoms can arise from 78 
exposure to agents such as rotenone, paraquat, and 1-methyl-4-phenyl-1,2,3,4-tetrahydropyridine 79 
(MPTP/MPP+) which inhibit complex I of the mitochondrial electron transport chain.42 Similarly, 80 
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which inhibits oxidative phosphorylation to 81 
produce ATP by uncoupling the mitochondrial membrane potential, has been commonly used to 82 
study effects related to PD.1,43,44 Our previous studies in RBL cells showed that a-syn association 83 
with mitochondria increases markedly after treatment with CCCP, and this colocalization is 84 
prevented by mutations in either the first (A30P) or second (V70P) N-terminal helices.1 Multiple 85 
pathological effects have been reported for overexpression of a-syn and variants on mitochondria in 86 
model and neuronal systems. These include disruption of mitochondrial fission/fusion, generation of 87 
reactive oxygen species (ROS), impaired Ca2+ uptake, and reduced ATP production.34–36,45,46  88 

Mitochondrial stability and function depend on regulated Ca2+ flux, and the ER has been 89 
reported as the main source of environmentally-stimulated mitochondrial Ca2+ uptake in yeast47 and 90 
mammalian cells,48 including neurons.49 Functionally, the level of Ca2+ in mitochondria regulates the 91 
tricarboxylic acid cycle to yield necessary ATP production50, and operative sources of Ca2+ may 92 
differ in the neuronal cell body and in axonal boutons during an action potential.49,51 For most cells 93 
and conditions studied, uptake of mitochondrial Ca2+ appears to occur mainly at the ER–94 
mitochondria (ER-mito) contact sites, where local Ca2+ reaches high concentration levels.52 Other 95 
critical metabolic functions such as phospholipid and cholesterol exchange also occur in these 96 
regions.53 Ca2+ transfer complexes include several proteins localized to the contact sites, including 97 
the voltage-dependent anion-selective channel (VDAC) in the mitochondrial outer membrane; the 98 
mitochondrial Ca2+ uniporter (MCU) with tissue-specific regulatory proteins (MICU)54 reside in the 99 
mitochondrial inner membrane. Mitochondria-associated ER membranes (MAM) at the at ER-mito 100 
contacts contain the inositol 1,4,5-trisphosphate receptors (IP3R) through which Ca2+ is released 101 
from the ER, flowing through VDAC to MCU/MICU complex. MAM also contain vesicle-associated 102 
membrane protein-associated protein B (VAPB), which serves as a tether by binding to 103 
mitochondrial protein tyrosine phosphatase-interacting protein 51 (PTPIP51).55  104 
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Considering our evidence for stress-related association of a-syn with mitochondria1 and 105 
previous reports that a-syn can localize to MAM,32 we proceeded to investigate more directly the 106 
participation of a-syn in modulating Ca2+ fluxes into mitochondria, including specific structural 107 
determinants and disruptions that may have pathological impact in PD. We employed our 108 
established RBL cell model, as well as other cell types used previously in studies related to a-syn 109 
and PD: human embryonic kidney (HEK293) cells, murine neuronal 2a (N2a) cells, and 110 
differentiated dopaminergic N2a cells. Each of these cell types has little or no endogenous 111 
expression of a-syn, and we found that ectopic expression of human a-syn leads to an increase in 112 
stimulated mitochondrial Ca2+ uptake. We systematically evaluated this effect in RBL cells with a-113 
syn variants, including mutations disrupting a-syn helical structure and the C-terminal region. Our 114 
results indicate that membrane-binding by the helix-1 and helix-2 regions of the protein is required, 115 
suggesting that a-syn may bridge between mitochondrial and ER membranes. Consistent with this 116 
possibility, our high resolution micrographs confirm increases in ER-mito contacts in the presence 117 
of a-syn. 118 

We tested effects of mitochondrial stressors CCCP and the MPTP metabolite MPP+, which 119 
have been related to PD. After recovery from this stress, cells exhibit enhancement of stimulated 120 
mitochondrial Ca2+ uptake, but this recovery is dramatically impeded in cells expressing a-syn. This 121 
inhibition of recovery depends primarily on the unstructured C-terminal tail of a-syn. Toxin-induced 122 
mitochondrial stress also causes increased phosphorylation of Ser129, which is accompanied by 123 
aggregation of a-syn. Both inhibition of recovery and a-syn aggregation are eliminated when S129 124 
is mutated to alanine, suggesting that these two processes are linked. Overall, our results suggest 125 
that a-syn can participate as a tethering protein to modulate Ca2+ flux between ER and 126 
mitochondria, with potential physiological significance. A-syn can also prevent cellular recovery 127 
from toxin-induced mitochondrial dysfunction, possibly in an aggregation-dependent manner, 128 
pointing to one pathological mechanism for the role of a-syn in the etiology of PD. 129 
 130 
RESULTS 131 

A-syn enhances stimulated mitochondrial Ca2+ uptake in model RBL mast cells. We showed 132 
previously that a-syn colocalizes with mitochondria, especially under conditions of stress.1 Because 133 
a-syn, mitochondrial dysfunction, and disruption of Ca2+ homeostasis are all strongly implicated in 134 
PD, we proceeded to evaluate effects of a-syn on a key mitochondrial function: stimulated uptake of 135 
Ca2+. We designed a fluorescence assay in which RBL cells, transfected with the mitochondrial 136 
Ca2+ indicator, mito-GCaMP6f51 and wildtype a-syn (Wt-syn in pcDNA vector), were sensitized with 137 
immunoglobulin E (IgE) and then stimulated by sub-optimally low doses of antigen (0.5-2 ng/ml). 138 
Under these sub-optimal conditions, control cells (transfected in parallel with mito-GCaMP6f and 139 
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empty pcDNA vector) undergo limited stimulated mitochondrial Ca2+ uptake (20% normalized 140 
response, averaging over all cells), but cells expressing Wt-syn exhibit a much higher uptake (75%, 141 
on average) (Figure 2a, red data and “X”, right axis). This enhanced level is similar to the stimulated 142 
response with an optimal dose of antigen for control cells. In evaluating these data for RBL cells, we 143 
found that stimulated mitochondrial Ca2+ uptake typically occurs in some cells and not others, such 144 
that changing the conditions causes the fraction of cells responding to change. By this means of 145 
accounting, 33% of the control cells respond and 88% of cells expressing Wt-syn respond (Figure 146 
2a, blue bars, left axis). Because RBL cells consistently exhibited a bimodal response in this assay, 147 
we assessed statistical significance with a non-parametric model (Figure 2a, blue P-values). In 148 
contrast, HEK293 and N2a cells show normally distributed responses in this same assay (see 149 
below). For simplicity, we generally compare responses using values averaged over all cells (e.g., 150 
Figure 2a, red “X”, right axis). 151 

Possible mechanisms for the enhancing effect of a-syn relate to the capacity of this protein 152 
to bind to membranes in extended or broken helical forms. The latter form has been proposed to 153 
tether between different membranes such as synaptic vesicles and the plasma membrane.21,56–58 154 
We hypothesized that a-syn can tether mitochondria to ER, which serves as a source of Ca2+. 155 
VAPB, an ER protein, is known to act as tether between ER and mitochondria and to enhance 156 
stimulated mitochondrial Ca2+ uptake by complexing with mitochondrial protein PTPIP51.59,60 We 157 
also found that transfection of VAPB into RBL cells causes enhancement in stimulated uptake of 158 
Ca2+ (average 67%) over control cells (average 20%), very similar to the increase observed with 159 
cells expressing Wt-syn (average 75%) (Figure 2a). This result suggests that a-syn can increase 160 
Ca2+ flow from ER to mitochondria similarly to VAPB, by tethering these two organellar membranes. 161 

To evaluate structural features of a-syn involved in enhancing stimulated Ca2+ uptake, we 162 
tested variants with mutations in each of the two a-syn helices that are posited to enable tethering 163 
of membranes (Figure 1). We found previously that proline point mutations within either helix-1 164 
(A30P) or helix-2 (V70P) locally disrupt the helical structure as determined by NMR measurements, 165 
and also disrupt membrane binding (A30P, V70P) or tethering (V70P) capacity of a-syn, as 166 
measured with liposome/micelle binding in vitro and stimulated exocytosis of recycling endosomes 167 
in cells.1,31 The stimulated mitochondrial uptake assay showed that both mutations significantly 168 
attenuate the enhancing effect of Wt-syn: Control empty vector (20%) ≈ V70P-syn (20%) < A30P-169 
syn (30%) << Wt-syn (75%) (Figure 2a). This trend in functional effects correlates with previously 170 
observed effects of these mutations on a-syn localization to mitochondria: Wt-syn co-localizes with 171 
mitochondria much more strongly than A30P-syn, and V70P-syn co-localization is undetectable.1  172 

Because the helix-forming, N-terminal segment (aa 1 to 97 of 140 total) provides the lipid 173 
binding affinity of a-syn, we tested whether this segment is sufficient for observed functional effects. 174 
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We made a C-terminal truncation variant (1-102-syn), which includes aa 1 to 97 and five additional 175 
C-terminal residues to ensure an intact helix-2.61 Interestingly, 1-102-syn enhances stimulated 176 
mitochondrial Ca2+ uptake (average 62%), at a level greater than the Control (average 20%) 177 
although somewhat less than for Wt-syn (average 75%) (Figure 2a). Together, these results 178 
indicate that the N-terminal helices 1 and 2 are primarily involved in mitochondrial binding and 179 
tethering capacity of Wt-syn, although the disordered C-terminal residues 103-140 may participate 180 
to some extent. 181 

A-syn enhances stimulated mitochondrial Ca2+ uptake in HEK293 cells and N2a cells. 182 
HEK293 cells have been widely used as a model system for various cellular pathways, including 183 
those implicated in PD. To assess the generality of the effects of a-syn on mitochondrial Ca2+ 184 
uptake, we used HEK293 cells expressing the same mitochondrial Ca2+ indicator, together with 185 
either mRFP (control) or a-syn + mRFP (Wt-syn via multicistronic construct P2a-syn-mRFP). 186 
Transfected cells were stimulated with either low-dose ionomycin (0.38 μM) or ATP (100 μM). Wt-187 
syn enhances stimulated mitochondrial Ca2+ uptake, compared with controls, for both stimulants: 188 
from 30% to 50% for ionomycin (Figure 3a and Supplemental Figure S1) and from 22% to 37% for 189 
ATP (Figure S1). 190 

Given that PD features selective death of dopaminergic neurons in the substantia nigra 191 
region of the brain, we also examined a neuronal cell line, N2a, derived from the mouse neural 192 
crest that has been extensively used to study neuronal differentiation, axonal growth, and signaling 193 
pathways. We modified previously-established protocols to differentiate N2a cells into dopaminergic 194 
neurons, which exhibit morphological neurites and increased levels of tyrosine hydroxylase.62,63 We 195 
found that endogenous expression of a-syn in this cell line, before and after differentiation, is below 196 
our limits of detection by immunostaining or Western blot. Differentiated N2a cells were transfected 197 
with mRFP (control) or Wt-syn (via syn-p2a-mRFP vector), together with the mitochondria Ca2+ 198 
indicator, followed by stimulation with low-dose ionomycin. Under these conditions, we observed 199 
that stimulated Ca2+ uptake increases from an average of 48% for control cells to 74% for cells 200 
expressing Wt-syn (Figures 3b and S2a,b). Enhancement of stimulated mitochondrial uptake by Wt-201 
syn in HEK293 cells and dopaminergic N2a cells (Figure 3) is consistent with that observed for RBL 202 
cells (Figure 2), showing the generality of this effect, which evidently depends on mitochondrial 203 
membrane binding/tethering by Wt-syn. 204 

Endoplasmic reticulum is the main source of Ca2+ for stimulated mitochondrial uptake in 205 
RBL, HEK293, and N2a cells. Stimulation of cells typically involves release of Ca2+ from ER stores, 206 
which then triggers opening of plasma membrane channels and Ca2+ entry from the extracellular 207 
medium into the cytoplasm.51,60 We first considered the possibility that a-syn enhances stimulated 208 
mitochondrial Ca2+ uptake by increasing ER release of Ca2+ into the cytoplasm, and that increase in 209 
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[Ca2+]cyt is required for subsequent uptake into mitochondria. We monitored Ca2+ changes in both 210 
the mitochondria (mito-GCaMP6f) and cytoplasm (GCaMP3) in RBL cells stimulated with antigen in 211 
Ca2+-free buffer. Under these experimental conditions, any increase in cytoplasmic Ca2+ would 212 
come primarily from the ER. We found that expression of Wt-syn enhances stimulated 213 
mitochondrial Ca2+ uptake (trend similar to Figure 2), but the stimulated change in cytoplasmic Ca2+ 214 
does not differ significantly in cells expressing Wt-syn compared to control cells (Figure S3). These 215 
results are consistent with the view that the stimulated increase in mitochondrial Ca2+ comes 216 
through a direct route from the ER, rather than indirectly from the bulk pool of cytoplasmic Ca2+. 217 

 As a more definitive test for the source of Ca2+ for mitochondrial uptake, we carried out an 218 
experiment similar to Chakrabarti et al60 who used the SERCA inhibitor thapsigargin to deplete ER 219 
Ca2+ stores. They found that pre-treatment of U2OS cells with thapsigargin causes a significant 220 
decrease in mitochondrial Ca2+ uptake stimulated by ionomycin or histamine. In similar 221 
experiments, we tested HEK293 cells (transfected or not with Wt-syn) using thapsigargin to empty 222 
ER stores prior to stimulation of mitochondrial Ca2+ uptake with ionomycin. The response in 223 
HEK293 cells treated with thapsigargin is highly reduced compared to untreated cells: cells 224 
expressing Wt-syn decrease from 50% to 10%, and control cells decrease from 30% to 10% 225 
(Figures 3a and S1). We carried out the same type of experiment with dopaminergic N2a cells, 226 
depleting ER stores with thapsigargin prior to stimulating with ionomycin and observed the same 227 
effect on mitochondrial Ca2+ uptake: cells expressing Wt-syn decrease from 74% to 8%, and control 228 
cells decrease from 48% to 9% (Figures 3b and S2). Thus, for both HEK293 and dopaminergic N2a 229 
cells, thapsigargin treatment causes a substantially reduced response in both control cells and cells 230 
expressing Wt-syn, indicating that a-syn mainly affects the Ca2+ entering mitochondria from ER as 231 
opposed to the cytoplasm or other sources. These results are consistent with those from RBL cells, 232 
highlighting a-syn-mediated enhancement of stimulated mitochondrial uptake of Ca2+, likely by 233 
tethering membranes of the two organelles to facilitate direct flow of Ca2+ from the ER. 234 

A-syn enhances ER-mitochondria contacts in cells as quantified in super resolution images. 235 
We used structured illumination microscopy (SIM) for ultrastructural evidence of a-syn tethering 236 
capacity and consequent impact on ER-mitochondria (ER-mito) contacts. SIM enables both high 237 
resolution images64,65 and sample sizes sufficient for effective statistical analysis. N2a cells were 238 
transfected with plasmid DNA for ER (STIM1-mApple) and mitochondria (mEmerald-TOMM20) 239 
markers and also for Wt-syn (or empty vector for control). Harvested cells were fixed and 240 
immunostained with anti-syn antibody to identify cells expressing Wt-syn. The SIM images provide 241 
a detailed view of the tubular structure of ER overlapping with mitochondria (Figure 4a,b). N2a cells 242 
expressing Wt-syn form more extensive ER-mito contacts compared to control (Figure 4a,b 243 
magnified boxes). We observed differences both in the number of contacts and in the length of 244 
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each individual contact. We calculated values for Pearson’s correlation coefficient (PCC) to 245 
determine the overlap of the mitochondrial label with the ER label. This quantification represents the 246 
proximity of the two types of organelles and reflects the relative degree of ER-mito contacts in 247 
compared samples. The results from analyzing about 35 N2a cells for each condition, shows a 248 
significant increase in averaged PCC value from 0.40 to 0.52 (22% increase) for cells transfected 249 
with Wt-syn (Figure 4c). This comparison further supports the hypothesis that a-syn acts as a tether 250 
between ER and mitochondria, which facilitates an increase in stimulated mitochondrial Ca2+ 251 
uptake. 252 

A-syn disrupts mitochondrial recovery from stress caused by the mitochondrial toxin CCCP 253 
in RBL and N2a cells. To investigate possible pathogenic roles of a-syn in mitochondrial dysfunction 254 
related to PD, we designed an assay in RBL cells that quantifies the recovery capacity of 255 
mitochondria. Brief treatment with CCCP to induce mitochondrial stress was followed by incubation 256 
in standard culture medium to facilitate cell recovery. Then, recovery was evaluated by measuring 257 
stimulated mitochondrial Ca2+ uptake. We showed previously that treatment with CCCP, which has 258 
been used in studies of mitochondrial function related to PD66, markedly increases colocalization of 259 
a-syn with mitochondria, depending on intact N-terminal helices.1 In the current study, we found that 260 
after acute incubation with CCCP stimulated mitochondrial Ca2+ uptake is disrupted (either no 261 
response or an erratic response; data not shown). However, after the recovery incubation, control 262 
(no a-syn) RBL cells show a level of stimulated mitochondrial Ca2+ uptake that is enhanced 263 
compared to the response with no CCCP treatment (Figure 5a; Cntrl +CCCP > Cntrl -CCCP), 264 
indicating a robust compensation mechanism during recovery from stress. This recovery level of 265 
enhancement for control cells is similar to that observed for RBL cells expressing Wt-syn with no 266 
CCCP treatment (Figure 5a; Cntrl +CCCP ≈ Wt-syn -CCCP). This raises the possibility that the 267 
CCCP-recovery mechanism of the control cells involves an increase of mitochondria/ER contacts to 268 
enhance stimulated Ca2+ transport, and that a similar increase occurs in the absence of CCCP 269 
exposure when Wt-syn is expressed. In contrast, RBL cells expressing Wt-syn and treated with 270 
CCCP followed by the recovery incubation show a substantially reduced level of stimulated 271 
mitochondrial Ca2+ uptake (Figure 5a; Wt-syn +CCCP < < Cntrl +CCCP ≈ Wt-syn -CCCP). Thus, it 272 
appears that Wt-syn interferes with the recovery mechanism operative in control cells. 273 

We also tested the effects of CCCP on basal (non-stimulated) levels of mitochondrial Ca2+ 274 
after the recovery incubation, and we observed a significant basal increase for control cells (Figure 275 
S4; basal Cntl +CCCP > basal Cntrl -CCCP). Interestingly, cells expressing Wt-syn exhibit similarly 276 
increased basal mitochondrial Ca2+ in the absence of CCCP (Figure S4; basal Wt-syn -CCCP > 277 
basal Cntrl -CCCP), again suggesting that control cells may modulate mitochondria/ER contacts in 278 
response to CCCP stress and that WT-syn induces the same effect in the absence of CCCP. 279 
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Accordingly, basal levels do not increase further when WT-syn is present after CCCP treatment and 280 
recovery (Figure S4; basal Wt-syn +CCCP ≈ basal Wt-syn -CCCP).  281 

We carried out similar experiments on stimulated mitochondrial Ca2+ uptake in N2a cells, 282 
testing recovery from CCCP treatment, and we observed the same trends as for RBL cells. Control 283 
N2a cells show an enhanced level of stimulated uptake compared to the response with no CCCP 284 
treatment (Figure 5b; Control +CCCP > Control -CCCP), again indicating a robust compensation 285 
mechanism during recovery. The enhancement for control cells is again similar to that observed for 286 
N2a cells expressing Wt-syn with no CCCP treatment (Figure 5b; Control +CCCP ≈ Wt-syn -287 
CCCP). In contrast, N2a cells expressing Wt-syn and treated with CCCP followed by the recovery 288 
incubation show a substantially reduced level of stimulated mitochondrial Ca2+ uptake (Figure 5b; 289 
Wt-syn +CCCP < < Cntrl +CCCP ≈ Wt-syn -CCCP). A-syn interferes with the recovery mechanism 290 
operative in N2a cells, and it is reasonable to infer that the mechanistic and structural 291 
underpinnings are similar to those for RBL cells.  292 

The C-terminal tail of a-syn participates in inhibition of mitochondrial stress recovery. Our 293 
finding that Wt-syn inhibits stimulated mitochondrial Ca2+ uptake after recovery from chemical 294 
stress, in stark contrast to enhancing uptake in the absence of stress, suggests differential 295 
structural contributions. To test directly whether the N-terminal, helix-forming region of a-syn is 296 
sufficient for abrogation of recovery, we evaluated the C-terminal truncation mutant 1-102-syn 297 
(Figure 1) in our assay. We found that RBL cells expressing 1-102-syn recover their stimulation 298 
capacity after CCCP stress, similarly to control cells (Figure 5a; 1-102-syn +CCCP ≈ Cntrl +CCCP), 299 
with recovery significantly enhanced compared to cells expressing Wt-syn (Figure 5a; 1-102-syn 300 
+CCCP >> Wt-syn +CCCP). In contrast, in the absence of CCCP stress, 1-102-syn expression 301 
increases the stimulated mitochondrial Ca2+ uptake similarly to Wt-syn (Figure 5a; 1-102-syn -CCCP 302 
≈ Wt-syn -CCCP and also Figure 2a). Comparing basal levels of mitochondrial Ca2+ we found that 303 
cells expressing Wt-syn or 1-102-syn behave similarly to each other and different from control cells 304 
(Figure S4; basal Wt-syn +CCCP ≈ basal 1-102-syn +CCCP > basal Cntrl -CCCP). These results 305 
indicate that the C-terminal tail of a-syn is involved in inhibiting recovery of stimulated Ca2+ uptake 306 
after mitochondrial stress, whereas the N-terminal helices of a-syn are primarily involved in 307 
increasing basal or stimulated Ca2+ transport from ER to mitochondria in the absence of stress.  308 

The C-terminal tail is the target of post translational modifications associated with PD.29,67–70 309 
Prominent among these is phosphorylation of Serine-129 (S129) which affects the aggregation 310 
state of a-syn as well as interactions with other proteins.30 We mutated S129 to alanine and tested 311 
this variant (S129A-syn) in our mitochondrial stress recovery assay. Cells expressing S129A-syn 312 
exhibit stimulated mitochondrial Ca2+ uptake at an enhanced level compared to control cells, similar 313 
to cells expressing Wt-syn or 1-102-syn (Figure 5a; S129A-syn -CCCP ≈ Wt-syn -CCCP ≈ 1-102-314 
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syn -CCCP > Cntrl -CCCP). After recovery from exposure to CCCP, cells expressing S129A-syn 315 
exhibit an enhanced stimulated response, whereas this response is reduced for cells expressing 316 
Wt-syn (Figure 5a; S129A-syn +CCCP >> Wt-syn +CCCP). Thus, phosphorylation of S129 may be 317 
involved in damaging effects in cells expressing Wt-syn as represented by poor recovery from 318 
CCCP-induced mitochondrial stress. A small reduction in the recovery of cells expressing S129A-319 
syn (Figure 5a; S129A-syn +CCCP < S129A-syn -CCCP ≈ Cntrl +CCCP ≈ 1-102-syn +CCCP), 320 
leaves open the possibility that residues in the C-terminal tail in addition to S129 contribute to the 321 
reduced recovery response. 322 

A-syn disrupts recovery of mitochondrial stress caused by MPP+ neurotoxin. MPTP, which 323 
is physiologically metabolized to the neurotoxin MPP+, is known to cause symptoms of PD in 324 
humans and other primates by damaging dopaminergic neurons in the substantia nigra.71–73 Used 325 
extensively to evaluate mechanisms of PD in model systems42, MPP+ has been shown to disrupt 326 
mitochondrial function by inhibiting oxidative phosphorylation and consequent ATP production. We 327 
found recovery of RBL cells from MPP+ exposure and effects of Wt-syn to be very similar to those 328 
we observed for CCCP. Control cells (no a-syn) recovered from MPP+ treatment show an 329 
enhanced level of stimulated mitochondrial Ca2+ uptake compared to the response with no MPP+ 330 
(Figure 5c; Control +MPP+ > Control -MPP+), whereas cells expressing Wt-syn have substantially 331 
reduced recovery (Figure 5c; Wt-syn +MPP+ << Wt-syn -MPP+). These results are again consistent 332 
with the existence in cells of recovery mechanisms to counter effects of PD-related mitochondrial 333 
toxins, that are disrupted by a-syn.  334 

Chemical stress of mitochondria is accompanied by phosphorylation of S129 and 335 
aggregation of a-syn. Given the potential involvement of S129 phosphorylation in preventing cellular 336 
recovery after mitochondrial stress (Figure 5a) we used confocal fluorescence microscopy and 337 
immunostaining to quantify phosphorylated Serine-129 (anti-pSer129-syn; Figure 6) in RBL and 338 
N2a cells. Fluorescence intensities observed with each specific antibody were normalized by the 339 
expression level of a-syn. CCCP treatment followed by recovery results in increased 340 
phosphorylation of S129 in RBL cells transfected with WT-syn (Figure 6b), compared to cells that 341 
were not exposed to CCCP (Figure 6a). As expected, RBL or N2a cells transfected with S129A-syn 342 
showed negligible fluorescence using anti-pSer129-syn (data not shown) because this variant lacks 343 
the phosphorylation site. Quantified over many RBL cells transfected with Wt-syn, the normalized 344 
fluorescence of anti-pSer129-syn increases from 0.28 to 0.80 (on average) after recovery from 345 
CCCP stress (Figure 6c). In N2a cells, we also observed an increase from 0.22 to 0.48 (Figure 6d). 346 
We obtained consistent results in RBL cells treated with MPP+: Anti-pSer129-syn fluorescence 347 
increases from 0.37 to 0.95 after recovery from toxin exposure (Figure 6e). These results indicate 348 
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that phosphorylation of S129 results from exposure to mitochondrial toxins CCCP and MPP+, 349 
persisting beyond washing out of the toxin and a recovery incubation. 350 

Because phosphorylation of S129 is associated with pathological aggregation of Wt-syn30,68, 351 
we evaluated the aggregation state of Wt-syn and S129A-syn transfected into RBL and N2a cells. 352 
RBL cells immunostained with anti-syn-agg show that CCCP treatment followed by recovery results 353 
in increased aggregation of transfected Wt-syn (Figure 7b), compared to cells not exposed to 354 
CCCP (Figure 7a). Quantified over many RBL cells transfected with Wt-syn, the normalized 355 
fluorescence of anti-syn-agg increases significantly under conditions of CCCP stress (Figure 7c). In 356 
contrast, no significant difference in anti-syn-agg staining is detected for RBL cells transfected with 357 
S129A-syn with or without exposure to CCCP (Figure 7d-f), indicating that aggregation of Wt-syn in 358 
these circumstances requires the presence of Serine-129 and possibly its phosphorylation. We 359 
observed the same trends for neuronal N2a cells: Staining by anti-syn-agg increases after exposure 360 
to CCCP for cells expressing Wt-syn (Figure 7g) but not for cells expressing S129A-syn (Figure 7h). 361 
Use of the neurotoxin MPP+ in RBL cells yielded consistent results: Staining by anti-syn-agg 362 
increases after recovery from exposure to MPP+ for cells expressing Wt-syn (Figure 7i) but not for 363 
cells expressing S129A-syn (Figure 7j). Together the results shown in Figures 6 and 7 provide 364 
structural correlations for the functional outcomes shown in Figure 5, suggesting that a-syn 365 
prevents recovery from exposure to mitochondrial toxins by a mechanism involving phosphorylation 366 
of S129 and associated aggregation. 367 
 368 
DISCUSSION 369 

Two cardinal features of PD are disruptions in mitochondrial function and dynamics35,46,74 370 
and aggregation and deposition of the protein a-syn. These features may intersect in the etiology of 371 
PD, as a-syn has been associated with disruption of normal mitochondrial functions, including 372 
dysregulated fission/fusion, generation of reactive oxygen species (ROS), impaired Ca2+ uptake, 373 
and reduced ATP production. 34–36,45,46,75–78 Mitochondrial Ca2+ levels are intimately linked to 374 
mitochondrial function, and their regulation is known to be important for ATP production79, control of 375 
cell death80, ROS signaling81, and buffering of cytosolic Ca2+ levels.82 A-syn has also been 376 
implicated in the regulation of cellular Ca2+ homeostasis,83–86 including within mitochondria. As part 377 
of an earlier study, we reported that a-syn association with mitochondria is enhanced under 378 
conditions of mitochondrial stress.1 These initial results motivated our current study to investigate 379 
the effects of a-syn in environmentally-stimulated mitochondrial Ca2+ uptake. We first examined 380 
RBL cells, which we previously established as a versatile system for evaluating a-syn interactions 381 
with membranes associated with specific cell functions, such as release and recycling of endosomal 382 
vesicles approximating synaptic vesicles.1 We further corroborated our observations in cell lines 383 
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HEK293, and N2a, which are commonly used as models for neurons in PD and other studies. Our 384 
findings extend and provide new mechanistic insights to previous evidence that a-syn can modulate 385 
the flow of Ca2+ from ER to mitochondria. 386 

A-syn facilitates stimulated mitochondrial Ca2+ uptake from ER depending on N-terminal 387 
helices and bridging across organelles. With IgE-sensitized RBL cells we showed that ectopically-388 
expressed, human a-syn (Wt-syn) increases mitochondrial Ca2+ uptake stimulated by antigen, and 389 
the level of this stimulated increase is similar to that caused by over-expression of ER protein VAPB 390 
(Figure 2). Miller and colleagues have shown in neurons and neuronal cell lines that VAPB localizes 391 
in the MAM sub-compartment of ER membrane, which is enriched with negatively charged 392 
phospholipids and cholesterol.87 VAPB binding to mitochondrial protein PTPIP51 serves to tether 393 
these two organelles in contact sites to facilitate flow of Ca2+ from ER stores through IP3 receptors 394 
to VDAC-MCU channels in the mitochondria.60,88 The increased concentration of Ca2+ sequestered 395 
in the contact sites is sufficient for uptake by the low affinity MCU/MICU complex.54 Our results 396 
suggest that, similar to VAPB, a-syn can serve as a tether to add or further tighten ER-mito contact 397 
sites, thereby enhancing Ca2+ sequestration and increasing stimulated mitochondrial Ca2+ uptake 398 
from ER stores. Our analysis of SIM images showing increased ER-mito contacts in the presence of 399 
Wt-syn (Figure 4) further supports this interpretation. Guardia-Laguarta et al. reported the presence 400 
of a-syn in MAM fractionated from cultured cell models overexpressing a-syn and from normal 401 
human/mice brain tissues.32 Supported by structural studies on model and cell membranes1,21,22,56–402 
58,89 this tight association is consistent with dual-anchor a-syn attachment to ER and mitochondria 403 
membranes, possibly under both physiological and pathological conditions.  404 

Our results showing a-syn enhancement of basal and stimulated mitochondrial Ca2+ uptake 405 
by increasing ER-mito contacts can be compared to previous reports.83,90–92 In a study on SH-SY5Y 406 
human neuroblastoma cells and HeLa cells, Cali et al showed that expression or knock-down of a-407 
syn lead to an increase or decrease, respectively, in stimulated mitochondrial Ca2+ uptake and in 408 
ER-mito contacts90 in agreement with our results. Two other studies in SH-SY5Y and HEK293 cells 409 
reported that overexpression of a-syn reduces stimulated mitochondrial Ca2+ uptake by interfering 410 
with ER-mito tethering by either VAPB-PTPIP5192 or IP3R-GRP75 93 interactions and thereby 411 
reducing ER-mito contacts.92 In these studies, rounding of mitochondria92 or mitochondrial 412 
fragmentation and sensitization to depolarization93 accompanied a-syn over-expression, suggesting 413 
that expression levels were high enough to cause mitochondrial stress. This could explain the 414 
discrepancy with our own work, and may indicate that the authors were instead observing effects of 415 
a-syn aggregation related to our observations after treatment with mitochondrial toxins. In support 416 
of this view, a subsequent study by Cali et al.94 showed that higher levels of a-syn results in a loss 417 
of enhanced Ca2+ uptake. More generally, it seems clear that differences in results and/or 418 
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interpretation among these studies are likely due in part to different levels of a-syn expression and 419 
perhaps also to other differences in experimental conditions, underlining challenges in elucidating 420 
physiologic and pathologic roles of a-syn. Indeed, both overexpression and loss of a-syn have been 421 
linked to mitochondrial dysfunction in mice,95–98 although aspects of this too remain controversial. 422 
Using a simpler model system, we showed previously that high and low expression levels of a-syn 423 
in RBL cells lead to different functional outcomes.1  424 

Our focus on structure-function relationships, which we evaluate by introduction of a-syn 425 
variants into cells with little or no endogenous a-syn, points to mechanisms by which a-syn may 426 
participate in mitochondrial Ca2+ homeostasis and disruption. Although intrinsically disordered in 427 
solution, a-syn has been shown to adopt an amphipathic helical structure in the presence of 428 
negatively charged lipid surfaces48,49, such as located in MAMs. The distribution of broken helix 429 
(residues 3-38 and 46-93; Figure 1) vs extended helix (residues 3-97) depends on membrane 430 
curvature and proximity of a second membrane.21,56,58 Our previous NMR measurements showed 431 
that proline point mutations A30P within helix-1 and V70P within helix-2 locally disrupt the helical 432 
structure of the protein1, while also reducing the overall affinity of the protein for membranes.31 433 
These perturbations have functional consequences. For example, we showed previously that 434 
whereas Wt-syn inhibits stimulated exocytosis of recycling endosomes, V70P-syn abrogates this 435 
effect, evidently by preventing a-syn bridging between vesicles and the plasma membrane.1 In 436 
current studies we found that, compared to Wt-syn, A30P-syn expression causes much less 437 
enhancement of stimulated mitochondrial Ca2+ uptake and that V70P-syn expression shows almost 438 
no enhancement (Figure 2). Together with our previous findings,1 our results are consistent with a-439 
syn tethering ER and mitochondrial membranes via the broken-helix form to enhance the stimulated 440 
flow of Ca2+ into the mitochondria. 441 

We also evaluated deletion of a-syn’s disordered C-terminal tail in light of previous reports 442 
indicating its role in protein-protein interactions, including interactions with the mitochondrial outer 443 
membrane anion channel VDAC99,100, which could contribute to ER-mito tethering. We observed 444 
that the 1-102-syn variant only slightly reduces the enhancing effect of WT-syn (Figure 2), indicating 445 
the primacy of N-terminal helices in the enhancement of Ca2+ uptake. In contrast with our results, a 446 
recent study reported that the A30P mutation of a-syn does not abrogate its ability to enhance 447 
uptake.94 Because the effects we observe for the A30P mutation on bridging-related functions1 448 
(Figure 2) are milder than those of the V70P mutation, the A30P variant may retain activity at higher 449 
expression levels, suggesting again that different expression levels in the two studies are 450 
responsible for the different observations. In addition, Cali et al90 found that removal of the C-451 
terminal tail of a-syn by truncation at residue 97 eliminated enhancement of Ca2+ uptake, in contrast 452 
with our finding that truncation at a-syn residue 102 only mildly reduced this effect. This discrepancy 453 
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may result from destabilization of a-syn helical structure and membrane binding by truncating the 454 
protein at position 97, very close to the C-terminal end of a-syn helix-216,20,101 (Figure 1) with 455 
consequent loss of enhanced Ca2+ uptake. 456 

Our results strongly implicate the ER as the main source of Ca2+ transported into 457 
mitochondria under our conditions (Figure 3), supporting ER-mito contacts as the relevant context 458 
for the effects of a-syn. Our results are consistent with those of Chakrabarti et al60 who similarly 459 
treated U2OS cells with thapsigargin to empty ER Ca2+ stores and demonstrated no significant 460 
increase in mitochondrial Ca2+ stimulated by ionomycin or histamine, in contrast to non-treated 461 
cells. Ashrafi et al51 used a similar approach to demonstrate ER as the source of stimulated 462 
mitochondrial Ca2+ uptake in HEK293 cells. They also showed that axonal mitochondria in 463 
hippocampal neurons require brain-specific MCU regulator MICU3 to allow efficient Ca2+ uptake 464 
from the cytoplasm (and not ER) as necessary for rapid ATP production during action potentials. It 465 
may be that mitochondrial uptake depends on Ca2+ release from the ER in different subcellular 466 
regions in neurons, and ER-dependence has been shown for dendrites of cortical pyramidal 467 
neurons.49 Close examination with focused ion beam-scanning electron microscopy revealed 468 
mito/ER contacts in cell bodies, axons, and dendrites from mouse brain tissue.64,102  469 

A-syn-mediated susceptibility to damage from mitochondrial toxins is accompanied by 470 
phosphorylation of S129 and aggregation. Our finding that a-syn interferes with the capacity of cells 471 
to recover from mitochondrial toxins points to a pathway that may contribute to the pathological 472 
effects of a-syn. PD arises from and manifests in a complex combination of mitochondrial 473 
dysfunctions, including under-production of ATP, over-production of ROS, and mis-regulated Ca2+ 474 
flow. Using mitochondrial Ca2+ uptake as a robust assay, we could test effects of toxins related to 475 
PD and participation of a-syn. Along with rotenone and paraquat, MPTP/MPP+ is a known 476 
neurotoxin, with limited exposure known to cause Parkinsonian symptoms in humans and other 477 
mammals.46 The MPTP metabolite MPP+ has been shown to accumulate selectively in 478 
dopaminergic neurons and cause their apoptosis.103 This class of neurotoxins are Complex 1 479 
inhibitors, and pathology is thought to arise in part from increased levels of ROS. Carbonyl cyanide 480 
phenylhydrazones, including CCCP, act to dissipate the mitochondrial membrane potential, and this 481 
class also increases ROS through pathways that may include reaction with glutathione.104 As shown 482 
by others in cells, consequences of increased ROS include phosphorylation of a-syn S129, which 483 
can accompany a-syn aggregation.36 We previously showed that colocalization of Wt-syn with 484 
mitochondria increases markedly after stressing with CCCP.1 485 

In the present study we found that acute treatment with CCCP or MPP+ disrupts stimulated 486 
mitochondrial Ca2+ uptake in RBL and N2a cells. Remarkably, the cells recover this mitochondrial 487 
capacity, and stimulated Ca2+ uptake is actually enhanced after toxin removal and further incubation 488 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 24, 2023. ; https://doi.org/10.1101/2023.04.23.537965doi: bioRxiv preprint 

https://doi.org/10.1101/2023.04.23.537965
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15 

in normal media (Figure 5). The similarity of this enhanced uptake to that mediated by VAPB or a-489 
syn in the absence of toxins suggests that the recovery mechanism may involve increased ER-mito 490 
contacts. The fact that mitochondria can recover from toxin exposure attests to cellular resilience 491 
and robust repair pathways. For example, increases in ROS induced by CCCP results in activation 492 
of various protein kinases and phosphatases, in some cases by directly oxidizing the thiol groups of 493 
cysteine residues. These and other perturbations initiate signaling pathways of nuclear factor 494 
erythroid 2-related factor 2 (Nrf2) and transcription factor EB (TFEB) as part of an integrated cellular 495 
stress response.104 The increase in basal level mitochondrial Ca2+ we observed in control cells after 496 
CCCP recovery, compared to no treatment, (Figure S4) is consistent with such induced repair 497 
mechanisms.  498 

We discovered that recovery of stimulated mitochondrial Ca2+ uptake after toxin exposure is 499 
inhibited in RBL and N2a cells expressing Wt-syn (Figure 5), indicating that perturbations mediated 500 
by a-syn when these toxins are present compromise stress response mechanisms. In contrast to 501 
Wt-syn, 1-102-syn expression allows mitochondrial recovery from toxin exposure, implicating the C 502 
terminal tail in impeding recovery. A prominent feature of the a-syn C-terminal tail is 503 
phosphorylation of S129, which is intimately linked to PD pathology.29,30 The kinase responsible for 504 
S129 phosphorylation is Polo-like kinase 2 (PLK2),105–108 which has also been reported to function 505 
in mitochondrial Ca2+ uptake at ER-mito contacts109 and to be up-regulated by mitochondrial 506 
stress.110,111 Accordingly, increased S129 phosphorylation under conditions of mitochondrial stress 507 
and increased ROS has been established109 and has been related to a-syn aggregation, changes in 508 
subcellular distributions and neuronal loss in transgenic mice.36 We therefore examined 509 
phosphorylation of S129 (Figure 6) and a-syn aggregation (Figure 7) in RBL and N2a cells after 510 
recovery from exposure to toxins MPP+ and CCCP. Consistent with expected effects of increased 511 
ROS due to these toxins, we observed increases in Wt-syn phosphorylation and aggregation, which 512 
correlate with abrogated recovery of stimulated mitochondrial Ca2+ uptake.  513 

Strikingly, we find that S129A-syn does not inhibit recovery from mitochondrial toxins and 514 
does not result in associated aggregation of a-syn, suggesting that S129 phosphorylation is 515 
upstream of both effects. Remaining unresolved are the mechanisms and structural underpinnings 516 
for inhibition of mitochondrial Ca2+ uptake by pS129-syn or its accompanying aggregation. We 517 
previously observed that CCCP treatment causes recruitment of a-syn to mitochondria1, and this is 518 
reasonably the first step involved. Recruitment may result from increased ER-mito contacts that we 519 
posit occur as part of the toxin recovery process and which would present a-syn with favorable 520 
binding opportunity via broken-helix bridging between the closely apposed ER and mitochondrial 521 
membranes. In this model, S129 phosphorylation occurs after a-syn relocates to stressed 522 
mitochondria, likely by PLK2, which has increased activity under this stress.110,111 Indeed, 523 
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accumulation of pS129-syn at damaged mitochondrial membranes has been reported in a PD-524 
related synucleinopathy.112 525 

Subsequent steps involved in a-syn aggregation and inhibition of mitochondrial recovery are 526 
more difficult to discern, particularly as they relate to each other. S129 phosphorylation has been 527 
shown to modulate a-syn interactions with other cellular proteins,28,113,114 and loss or gain of 528 
interactions with particular proteins may underlie pathological consequences. For example, the 529 
negatively charged C-terminal tail of a-syn has been reported to inhibit VDAC via electrostatic 530 
interactions with its positively charged pore.99,100 The interaction could be enhanced by S129 531 
phosphorylation, providing a potential mechanism for direct interference with recovery of Ca2+ 532 
uptake at ER-mito contacts. It is possible that S129 phosphorylation promotes a-syn aggregation 533 
directly or indirectly through other interactions. While this has remained controversial, with reports 534 
differing on whether pS129 promotes or inhibits aggregation,115 the reality is likely to be context 535 
dependent. Two recent studies reported that a-syn recruitment to mitochondria results in a-syn 536 
aggregation116,117 but these studies did not examine the phosphorylation state of S129. Finally, the 537 
mechanisms by which aggregates of a-syn may lead to mitochondrial dysfunction, including 538 
inhibiting their recovery after toxin exposure, are likely complex76,118–121 and remain a subject of 539 
ongoing investigation. 540 

 541 
CONCLUSIONS  542 

Overall, our investigation supports the possibility that a-syn modulates basal and stimulated 543 
mitochondrial Ca2+ uptake under physiological conditions. We observed that expression of Wt-syn 544 
increases mitochondrial Ca2+ levels in stimulated RBL cells and neuronal cell models, including N2a 545 
cells that are differentiated to mature, dopaminergic neurons similar to those found in the substantia 546 
nigra. By comparing structural variants of a-syn and by controlling the sources of Ca2+ we provided 547 
evidence for Wt-syn acting as a tether to strengthen ER-mito contacts, depending on the integrity of 548 
its N-terminal helices. The ultimate functional outcome of this structural interaction may be 549 
concentration dependent. Considering the evidence from the literature and our results, we suggest 550 
a concentration dependent role for wt a-syn in modulating mitochondrial Ca2+ uptake. Within a 551 
physiological concentration range the enhancing effect of wt a-syn on mitochondrial Ca2+ uptake 552 
may help maintain mitochondrial Ca2+ homeostasis before and after stimulation. However, for 553 
concentrations above the physiological range, the tethering capacity of wt a-syn to increase 554 
contacts between ER and mitochondria and/or its aggregation may cause pathological effects on 555 
mitochondrial function and morphology. 556 

After treatment with mitochondrial toxins, including MPTP/MPP+ known to induce 557 
parkinsonism, we directly observed pathological effects of a-syn. We showed that Wt-syn disrupts 558 
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the recovery of mitochondria from toxin-induced stress and consequently causes severe inhibition 559 
of stimulated mitochondrial Ca2+ uptake. The unstructured C-terminal tail of a-syn participates in 560 
causing this damage, which is accompanied by and may depend on phosphorylation of S129, and 561 
also results in a-syn aggregation. The roles of specific and nonspecific structural interactions of a-562 
syn with membranes and other proteins in normal physiology and in disease remain an intriguing 563 
puzzle awaiting future investigation of this complex system in cellular and neuronal models and in 564 
primary neurons susceptible to PD and other synucleinopathies. 565 
 566 
MATERIALS AND METHODS 567 

Reagents. 1-methyl-4-phenylpyridinium iodide (MPP+ iodide), retinoic acid, dibutyryl cyclic-568 
AMP sodium salt, thapsigargin, carbonyl cyanide m-chlorophenyl hydrazine (CCCP), and EGTA 569 
were from Sigma-Aldrich (St. Louis, MO). Trypsin-EDTA, 0.2 µm TetraSpeck™ beads, Alexa Fluor 570 
488-, Alexa Fluor 568-, and Alexa Fluor 647-labeled goat anti-mouse or anti-rabbit IgG secondary 571 
antibodies were from Invitrogen (Carlsbad, CA; CAT#: A21121, A21124, A21240, A21241, A11034; 572 
1:200 dilution). Transfection reagents TransIT-X2® and Lipofectamine® 2000 were from Mirus Bio 573 
(Madison, WI) and Thermo Fisher Scientific (Waltham, MA), respectively. VECTASHIELD HardSet 574 
Antifade Mounting Medium was from Vector Laboratories (Burlingame, CA). Mouse monoclonal 575 
IgG1 anti-α-synuclein antibodies 3H2897(CAT#: sc-69977; 1:200 dilution), 42/α-Synuclein (CAT#: 576 
610787; 1:200 dilution) and anti α,β-synuclein (AB_2618046; 1:150 dilution) were from Santa Cruz 577 
Biotechnology (Dallas, TX), DSHB (University of Iowa) and BD Biosciences (Franklin Lakes, NJ), 578 
respectively. These anti-a-syn antibodies were optimized for use across experiments, with the same 579 
one used in any given experiment. We found that 42/α-Synuclein was most sensitive for labeling 580 
S129A-syn, similarly to Wt-syn. Monoclonal anti-tyrosine hydroxylase antibody (Product ID: 22941; 581 
1:220 dilution) was from ImmunoStar (Hudson, WI). Recombinant rabbit monoclonal anti-582 
phosphorylated-α-synuclein (Ser129) antibody (Clone#: EP1536Y; 1:400 dilution) and anti-α-583 
synuclein aggregate antibody (Clone#: MJFR-14-6-4-2; 1:1000 dilution) were acquired from Abcam 584 
(Cambridge UK).  585 

Cell Culture. RBL-2H3 cells were cultured as monolayers in minimal essential medium 586 
(Invitrogen) with 20% fetal bovine serum (Atlanta Biologicals, Atlanta, GA) and 10 µg/ml gentamicin 587 
sulfate (Invitrogen) as previously described.122 HEK293 (a gift from Barbara Hempstead, Weill 588 
Cornell Medicine) and Neuro2a (N2a from ATCC) cells were cultured in Dulbecco’s modified eagle 589 
medium (DMEM, Invitrogen) with 10% fetal bovine serum and 50 µg/ml of Pen-Strep (Invitrogen). 590 
Adherent cells were harvested by treatment with Trypsin-EDTA (0.05%) for 8-10 min (RBL-2H3 591 
cells) or 2-3 min (HEK293, N2a cells), 3-5 days after passage. 592 
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Cell expression plasmids. The cDNA for cell expression of human Wt-syn in pcDNA 3.0 593 
vector was a gift from Dr. Chris Rochet (Purdue University). Other plasmids for expression of 594 
human a-syn mutants (A30P-syn, V70P-syn, 1-102-syn and S129A-syn) were created within this 595 
pcDNA vector by site directed mutagenesis using Phusion High-Fidelity DNA Polymerase (New 596 
England Biolabs)1. The plasmid for GCaMP3 was purchased from Addgene (# 22692), and those 597 
for mito-GCaMP6f, mito-jRCaMP1b, and ER-GCaMP6f were gifts from Dr. Tim Ryan (Weill Cornell 598 
Medicine).51 The plasmid for VAPB was a gift from Dr. Chris Steffan (University College, London). 599 
The plasmid for STIM1-mApple was prepared in our lab as described previously123 and that for 600 
mEmerald-TOMM20-N-10 was a gift from Michael Davidson (http://n2t.net/addgene:54282 ; 601 
RRID:Addgene_54282). 602 

Syn-p2a-mRFP is a multicistronic vector encoding Wt-syn and mRFP simultaneously, 603 
allowing Wt-syn expression level to be determined without adding a tag to the relatively small a-syn 604 
protein. To create the syn-p2a-mRFP plasmid, the cDNA encoding human Wt-syn was introduced 605 
into a vector from Clontech (Mountain View, CA) containing the mRFP sequence, using Hind III and 606 
KpnI restriction sites, followed by insertion of the p2a sequence using KpnI and XmaI restriction 607 
sites.124 The p2a motif was prepared by annealing the following primers:  608 
p2a-syn-mRFP forward: 609 
CGGGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAACCCT610 
GGACCTGC 611 
p2a-syn-mRFP reverse: 612 
CCGGGCAGGTCCAGGGTTCTCCTCCACGTCTCCAGCCTGCTTCAGCAGGCTGAAGTTAGTAG613 
CTCCGCTTCCCGGTAC 614 

Experiments with RBL cells. Transfection by electroporation. RBL-2H3 cells were harvested 615 
three to five days after passage, and 5 x 106 cells were suspended in 0.5 ml of cold electroporation 616 
buffer (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mg/ml glucose, 20 mM HEPES, pH 7.4). Co-617 
transfections used a reporter plasmid DNA (5 µg mito-GCaMP6f), together with 5 µg of Wt-syn in 618 
pcDNA 3.0 vector or empty pcDNA 3.0 vector (control), VAPB, or a-syn mutants: A30P-syn, 1-102-619 
syn, V70P-syn). We have found for RBL cells that cells transfected with two constructs express 620 
both proportionally, such that a fluorescent construct can be used as an expression reporter for 621 
cells co-transfected with a non-fluorescent construct.1 Cells were electroporated at 280 V and 950 622 
μF using Gene Pulser X (Bio-Rad), then immediately resuspended in 6 ml medium and cultured in 623 
MatTek dishes (2 ml/dish) (MatTek Corporation, Ashland, MA) for 24 hr to recover; the medium was 624 
changed after live cells became adherent (1-3 hr). For stimulation by antigen, cells were sensitized 625 
with 0.5 μg/ml anti-2,4-dinitrophenyl (DNP) IgE during the recovery period.125 626 
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We took several measures to ensure consistency of gene expression, in multiple 627 
experiments over different days. We visualized the levels of expressed a-syn variants using 628 
immunofluorescence imaging labeling with an antibody specific for all tested variants (typically 629 
AB_2618046; 1:150 dilution). We also confirmed with regular testing that RBL cells co-transfected 630 
with mito-GCaMP6f and Wt-syn show a strong correlation with respect to fluorescence intensity 631 
from mito-GCaMP6f compared to immunostained Wt-syn. Therefore, we could evaluate mito-632 
GCaMP6f fluorescence as a reliable reference for consistency of transfection efficiency and thereby 633 
a measure of the consistency in transfection of a-syn variants. Our previous measurements, 634 
including quantitative western blots,1 indicate that levels of Wt-syn in RBL-2H3 cells transfected with 635 
this amount of Wt-syn plasmid express are around ~10 μΜ, which is within the physiological 636 
concentration range of this protein found in neurons. The observed immunofluorescence is also 637 
consistent with this expression level based on our prior experience.1 638 

Stimulated mitochondrial Ca2+ uptake assay. After the electroporation recovery period and 639 
prior to imaging, cells were washed once and then incubated for 5 min at 37ºC with buffered saline 640 
solution (BSS: 135 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 5.6 mM glucose, 20 mM 641 
HEPES, pH 7.4). Then, mito-GCamp6f fluorescence was monitored for 20 sec prior to stimulation 642 
with 1 ng/ml DNP-BSA (antigen). After 6-8 min of stimulation, a high dose of ionomycin (5 μM) was 643 
added to saturate the mitochondria with Ca2+ for normalization of the stimulated fluorescence. Cells 644 
were monitored with time by confocal microscopy (Zeiss 710) using a heated, 40X water objective. 645 
Mito-GCaMP6f was excited using the 488-nm line of a krypton/argon laser and viewed with a 502-646 
551 nm band-pass filter. Mitochondrial Ca2+ uptake was quantified in individual cells as described 647 
below (Equation 2). 648 

Mitochondrial stress recovery assay. RBL cells were co-transfected with 5 µg mito-649 
GCaMP6f, together with 10 µg of syn-p2a-mRFP, S129A-syn-p2a-mRFP, 1-102-syn, or mRFP 650 
(control). Prior to imaging, cells were divided into three groups: Group 1 cells were treated with 375 651 
μM of MPP+ or 10 μM of CCCP in BSS buffer for 30 min, followed by washing with culture medium 652 
and incubation for 6 hours (after MPP+ treatment) or 3 hours (after CCCP treatment) in culture 653 
medium at 37ºC to recover. Group 2 cells were treated with CCCP or MPP+ as for Group 1 cells but 654 
did not go through recovery and were washed three times with BSS buffer at 37ºC. Group 3 cells 655 
(control) were treated as for Group 1 cells, except without addition of any drugs. Mitochondrial 656 
uptake of Ca2+ was stimulated with 100 ng/ml DNP-BSA after the recovery period for Group 1 and 3 657 
cells and immediately after the drug treatment for Group 2 cells. 658 

Immunostaining of a-syn variants. Cells were electroporated with selected plasmids and 659 
cultured in MatTek dishes for 24 hr, then fixed with 4% paraformaldehyde + 0.1% glutaraldehyde. 660 
After washing, fixed cells were labeled in PBS with 10 mg/ml BSA (PBS/BSA) using a monoclonal 661 
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anti-a-syn antibody, followed by a secondary antibody conjugated to Alexa Fluor (488 or 568 or 662 
647, depending on experiment), and then imaged by confocal microscopy. 663 

Measuring phosphorylation of serine 129 in Wt-syn. Cells were transfected with 10 μg of 664 
syn-p2a-mRFP and cultured in MatTek dishes before treating with CCCP or MPP+ or buffer 665 
(control) then incubating in culture medium, as described for the mitochondrial stress recovery 666 
assay. Cells were fixed, labeled in PBS/BSA using monoclonal anti-pSer129-syn (1:400) followed 667 
by secondary antibody conjugated to Alexa Fluor488, and then imaged by confocal microscopy. 668 
The microscopy was performed using a Zeiss LSM 880 confocal microscope equipped with 1.4 NA, 669 
40X oil immersion objective and GaAsP detectors, using 488 nm and 561 nm laser lines. 670 

Measuring aggregation level of Wt-syn and S129A-syn. Cells were transfected with 15 μg of 671 
pcDNA-S129A-syn or pcDNA-Wt-syn and cultured in MatTek dishes before treating with CCCP or 672 
MPP+, or not, then incubated in culture medium as described for the mitochondrial stress recovery 673 
assay. Cells were fixed, labeled in PBS/BSA using monoclonal anti-a-syn antibody (1:200) or 674 
monoclonal anti-a-syn aggregate antibody (1:1000) followed by respective secondary antibody 675 
conjugated to Alexa Fluor (488 or 647, respectively). Confocal imaging with a Zeiss LSM 880 676 
microscope was then performed as described above, using 488 nm and 633 nm laser lines. 677 

Experiments with HEK293 cells. Chemical transfection. HEK293 cells were plated at a 678 
concentration of 1×105 cells/ml in DMEM and 10% FBS for 48 hours and then transfected with 679 
mRFP or Syn-p2a-mRFP (1 μg) and mtio-GCaMP6f (1 μg) using Lipofectamine® 2000 Transfection 680 
Reagent according to the manufacturer’s instructions. 24 hours after the chemical transfection and 681 
prior to imaging, cells were washed once and then incubated for 5 min at 37ºC in BSS. The 682 
stimulated mitochondrial Ca2+ uptake assay was carried out as described for RBL cells, except that 683 
for HEK293 cells, mito-GcaMP6f fluorescence was monitored for 20 sec prior to stimulation with 684 
either 100 μM ATP or 0.38 μM ionomycin. After 3-4 min of stimulation, a high dose of ionomycin (5 685 
μM) was added to saturate the mitochondria with Ca2+ for fluorescence normalization. In specified 686 
experiments, cells were treated with 0.67 mM thapsigargin for 2-3 min before stimulation with 0.38 687 
μM ionomycin. Cells were monitored by confocal microscopy as in the RBL cell assay; in addition, 688 
the 561 nm laser line was used to quantify the expression level of syn-p2a-mRFP. The consistency 689 
of the results we obtain in HEK293 cells with those we observe in the RBL cells indicates that 690 
synuclein expression levels are in the same physiological range as in the RBL cells and that we are 691 
not in the overexpression regime, where the effects of a-syn on mitochondrial Ca2+ entry are 692 
different and opposite to those we observed.92–94 693 

Experiments with N2a cells. Cell differentiation. We tested a combination of conditions to 694 
differentiate N2a cells into dopaminergic neurons, which are characterized by increased levels of 695 
tyrosine hydroxylase and dopamine. N2a cells normally produce low levels of these two 696 
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components, and these are enhanced in the presence of dibutyryl cyclic adenosine monophosphate 697 
(dbcAMP).62 Teatment with retinoic acid also drive these cells towards differentiation and formation 698 
of neuronal morphological features including neurites. We optimized differentiation by culturing N2a 699 
cells (1x 105 cells/mL) in DMEM + 1% FBS with 1 mM of dbcAMP for 48 hours before washing and 700 
culturing in DMEM + 1% FBS with10 μM of retinoic acid for 48 hours. We confirmed differentiation 701 
by measuring three- to four-fold cellular increase in tyrosine hydroxylase levels with 702 
immunostaining62 and observing morphological features such as increased size, irregular shape 703 
and development of neurites. Differentiated N2a cells were washed with fresh medium of DMEM + 704 
10% FBS before the transfection step. 705 

Differentiated N2a cells were transfected with mRFP or syn-p2a-mRFP (1 μg) and mito-706 
GcaMP6f (1 μg) using TransIT-X2® Dynamic Delivery System (Mirus Bio) according to 707 
manufacturer’s instructions before reculturing in normal medium for 24 hours. Prior to confocal 708 
imaging, cells were washed once and then incubated for 5 min at 37ºC with BSS. Mito-GcaMP6f 709 
fluorescence was monitored for 20 sec prior to stimulation with 2.5 μM ionomycin. After 1-2 min of 710 
stimulation, a high dose of ionomycin (8 μM) was added to saturate the mitochondria with Ca2+ for 711 
fluorescence normalization. In specified experiments, cells were treated with 0.67mM thapsigargin 712 
for 2-3 min before stimulation with 2.5 μM ionomycin. Cell fluorescence was monitored by confocal 713 
microscopy as in the RBL and HEK cell assays; in addition, the 561 nm laser line was used to 714 
quantify the expression level of syn-p2a-mRF. The consistency of the results we obtain in N2a cells 715 
with those we observe in the RBL cells indicates that synuclein expression levels are in the same 716 
physiological range as in the RBL cells and that we are not in the overexpression regime, where the 717 
effects of a-syn on mitochondrial Ca2+ entry are different and opposite to those we observed.92–94 718 

Structured illumination microscopy (SIM). Undifferentiated N2a cells were plated on collagen 719 
coated MatTek dishes at a concentration of 1×105 cells/ml in DMEM and 10% FBS for 48 hours 720 
before transfection with selected constructs. ER membranes were labeled with STIM1 conjugated 721 
to rapidly maturing monomeric red fluorescent protein mApple (STIM1-mApple). Mitochondria were 722 
labeled with Translocase of Outer Mitochondrial Membrane 20 (TOMM20) conjugated with rapidly 723 
maturing monomeric green fluorescent protein mEmerald (mEmerald-TOMM20). Cells were 724 
transfected with pcDNA or Wt-syn in a pcDNA vector (1 μg), together with STIM1-mApple (1 μg) 725 
and mEmerald-TOMM20 (1 μg) using TransIT-X2® Dynamic Delivery System according to 726 
manufacturer’s instructions, followed by reculturing for 24 hours. Then, cells were washed with PBS 727 
(pH = 7.4) three times, fixed and immunostained for Wt-syn as described for RBL cells to visualize 728 
and quantify expression. To improve the signal to noise ratio and minimize photobleaching, the 729 
samples were covered with VECTASHIELD HardSet Antifade Mounting Medium and incubated in a 730 
hypoxia chamber for 1 hour under 1% oxygen until the medium hardened. Samples were then 731 
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imaged on a Zeiss Elyra microscope utilizing a 63× oil objective, and 0.2 µM TetraSpeck™ beads 732 
were used as fiducial markers to ensure alignment of different imaging channels. Collected images 733 
were aligned and processed using the Zeiss Zen software to produce the high-resolution SIM 734 
images. The fluorescence levels for all samples in each channel were adjusted within similar 735 
thresholds to ensure consistency for the following steps. The red (ER) channel was used as a mask 736 
to delineate ER location throughout an individual cell. Then, applying this mask the correlation 737 
between the red channel and the green (mitochondria) channel, was quantified using the Pearson 738 
correlation coefficient (PCC):  739 

𝑃𝐶𝐶 = 	 ∑ (#!$#)(&!$&)!

'∑ (#!$#)"! (∑ (&!$&)"!

  Equation 1 740 

where R represents the signal from the red channel, G represents the signal from the green 741 
channel and 𝑅 or 𝐺 is the mean for the specified signal. About 35 cells were collected for each of 742 
control cells and cells expressing Wt-syn over 6 -7 separate days of experiment. 743 

Mitochondrial stress recovery assay. Undifferentiated N2a cells were co-transfected with 1 744 
µg mito-GCaMP6f, together with 1 µg of syn-p2a-mRFP (Wt-syn) or mRFP (control). Prior to 745 
imaging, cells were divided into three groups: Group 1 cells were treated with 40 μM of CCCP in 746 
BSS buffer for 45 min, followed by washing with culture medium and incubation for 7 hours in 747 
culture medium at 37ºC to recover. Group 2 cells were treated with CCCP as for Group 1 cells but 748 
did not go through recovery and were washed three times with BSS buffer at 37ºC. Group 3 cells 749 
were treated like Group 1 cells but without CCCP and were washed with BSS buffer at 37ºC twice. 750 
Mitochondrial uptake of Ca2+ was stimulated with 2.5 μM ionomycin after the recovery period for 751 
Group 1 and 3 cells and immediately after the drug treatment for Group 2 cells.  752 

Measuring phosphorylation of serine 129 in Wt-syn. Undifferentiated N2a cells were 753 
transfected with 1 μg of syn-p2a-mRFP and cultured in MatTek dishes for 24 hours before treating 754 
with CCCP or buffer then incubating in culture medium, as described for the mitochondrial stress 755 
recovery assay. Cells were fixed, labeled in PBS/BSA using monoclonal anti-pSer129-syn (1:400) 756 
followed by secondary antibody conjugated to Alexa Fluor488, and then imaged by confocal 757 
microscopy as described for RBL cells. 758 

Measuring aggregation level of Wt-syn. Undifferentiated N2a cells were transfected with 1 759 
μg syn-p2a-mRFP and cultured in MatTek dishes for 24 hours before treating with CCCP or buffer 760 
then incubated in culture medium, as described for the mitochondrial stress recovery assay. Cells 761 
were fixed, labeled in PBS/BSA using monoclonal anti-a-syn antibody (1:200) and monoclonal anti-762 
a-syn aggregate antibody (1:1000) followed by respective secondary antibody conjugated to Alexa 763 
Fluor (488 or 647, respectively), and then imaged by confocal microscopy as described for RBL 764 
cells. 765 
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Offline image analysis using ImageJ (National Institutes of Health). Stimulated mitochondrial 766 
Ca2+ uptake assay. Time traces of mito-GCaMP6f fluorescence in individual cells monitored by 767 
confocal microscopy were normalized to a 0-1 scale using the following equation: 768 

𝑀𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎𝑙	𝐶𝑎)*𝑢𝑝𝑡𝑎𝑘𝑒 = (+#$!%&'($)*	$++(#(')
(+!,-,%./!-$++(#(')

   Equation 2 769 

where 𝐹-./.0 is the averaged measured GCaMP6f fluorescence before adding stimulant, 770 
𝐹/12340.156 is the averaged highest fluorescence values after adding stimulant and before high-dose 771 
ionomycin addition, and 𝐹278739:28 is the averaged highest steady values following high-dose 772 
ionomycin addition. All three averages were calculated over five points to reduce the effects of the 773 
random noise. 774 

The resting level for mitochondrial Ca2+ in cells was calculated as follows: 775 

𝑅𝑒𝑠𝑡𝑖𝑛𝑔	𝑙𝑒𝑣𝑒𝑙	𝑚𝑖𝑡𝑜𝑐ℎ𝑜𝑛𝑑𝑟𝑖𝑎𝑙	𝐶𝑎)* = ++(#('
+!,-,%./!-

  Equation 3      776 

Phosphorylation of Ser129 in Wt-syn. Individual cells in fixed confocal images were 777 
segmented, and the following fluorescence signals were quantified: mRFP (measure of Wt-syn 778 
expression level); anti-pSer129 (Alexa Fluor 488; measure of phosphorylated Wt-syn); weak 779 
background signal from five cells not expressing Wt-syn (Alexa Fluor 488 channel). The 780 
phosphorylation level was calculated by subtracting the background noise from the anti-pSer129-781 
syn signal and dividing this value by Wt-syn expression level to account for the variability of Wt-syn 782 
expression in different cells. 783 

Aggregation of Wt-syn and S129A-syn. Individual cells in fixed confocal images were 784 
segmented, and the following fluorescence signals were quantified: anti-a-syn antibody (Alexa Fluor 785 
647; measure of Wt-syn expression); anti-a-syn aggregate antibody (Alexa Fluor 488, measure of 786 
aggregation level of Wt-syn); weak fluorescence signal averaged over five cells not expressing Wt-787 
syn (Alexa Fluor 488 and 647 channels; background noise). After subtracting the background noise 788 
from both fluorescent antibody values, the aggregation level was calculated by dividing the anti-a-789 
syn aggregate signal by Wt-syn expression level to account for the variability of Wt-syn expression 790 
in different cells. 791 

Statistical analyses for cell samples. These were performed with Origin Pro (OriginLab Corp) 792 
and Microsoft Excel. For results with normal distribution of data points, statistical significance was 793 
determined by a One-Way ANOVA (Analysis of Variance) followed by Tukey's post hoc test using 794 
Origin software. We found that data for RBL cells from assays of stimulated mitochondrial Ca2+ 795 
uptake (with and without toxin treatment) is not normally distributed and was best interpreted in 796 
terms of responding and non-responding cells. In that case, data were binarized based on a 797 
reasonable cut off for the non-responding cells. Then the Kruskal-Wallis rank sum test for multiple 798 
independent samples was performed followed by Dunn p-values, further adjusted by the Benjamini-799 
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Hochberg FDR method. For both types of statistical analysis, the level of significance is denoted as 800 
follows: *P < 0.05, **P< 0.01, ***P < 0.001. 801 
 802 
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FIGURE LEGENDS 1110 

Figure 1. Structural features and variants of a-syn. a) Schematic representation of the a-syn primary 1111 
sequence delineating the amphipathic membrane binding domain (purple) and the acidic C-terminal 1112 
tail (blue); locations are indicated for helix-1 and helix-2 of the broken-helix state and for sites of 1113 
mutations examined in the manuscript. b) Wt a-syn in the broken helix conformation (RCSB protein 1114 
data bank entry 1XQ8) with locations shown for sidechains Ala 30, Val 70, and Ser 129, which were 1115 
mutated in this study. 1116 

 1117 

Figure 2. Wt-syn enhances Ag-stimulated mitochondrial Ca2+ uptake. RBL cells were co-transfected 1118 
with plasmids for mito-GCaMP6f and one of pcDNA (empty vector control), VAPB (known 1119 
ER/mitochondria tether), Wt-syn, or indicated mutant of a-syn. Cells were imaged by confocal 1120 
microscopy, and mitochondrial Ca2+ uptake was stimulated by Ag (DNP-BSA, 1 ng/ml). Mito-1121 
GCaMP6f fluorescence was monitored in confocal movies before and after stimulation, and after 1122 
indicated addition of high-dose ionomycin 300-400 sec later to achieve the maximal fluorescence 1123 
value. a) Left axis: RBL cells exhibit a bimodal distribution of Ag-stimulated responses, and fraction 1124 
of cells with more than 20% mitochondrial Ca2+ uptake (normalized as described in Materials and 1125 
Methods) is represented by height of blue box; error bars are ± SEM. Statistical significance is 1126 
based on this fraction; *** represents P-values <0.001, ** represents P-values <0.01. Right axis: 1127 
Mitochondrial Ca2+ uptake for all individual cells evaluated as represented by data points; maroon 1128 
box plot shows 25th-75th percentile of the data; midline shows median, and X shows average. Data 1129 
sets are the same for right and left axes: Each sample comprising n~80 co-transfected cells are 1130 
from three independent experiments. b, c) Representative traces of mito-GCaMP6f fluorescence 1131 
integrated over 5-7 cells within confocal fields. Arrows indicate addition of Ag (stimulant) and high-1132 
dose ionomycin for cells expressing Wt-syn (b) or empty pcDNA plasmid (control) (c). These traces 1133 
were extracted from movies similar to those available in Supplemental Materials (Movie S1 for (b) 1134 
and Movie S2 for (c)). 1135 

 1136 

Figure 3. ER is the primary source of Ca2+ for stimulated mitochondrial uptake. HEK293 cells (a) or 1137 
dopaminergic N2a cells (b) were co-transfected with plasmids for mito-GCaMP6f and either mRFP 1138 
(control) or Wt-syn (via multicistronic construct syn-p2a-mRFP). Mitochondrial Ca2+ uptake was 1139 
stimulated by low-dose ionomycin; for indicated samples, thapsigargin was added to deplete ER 1140 
Ca2+ stores prior to addition of stimulant. Mito-GCaMP6f fluorescence was monitored in confocal 1141 
movies before and after stimulation, and after subsequent addition of high-dose ionomycin, several 1142 
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hundred seconds later, to achieve maximal fluorescence. Each sample comprising n~80 (HEK293) 1143 
or n~25 (Dopaminergic N2a) co-transfected cells are from three independent experiments. Data 1144 
points represent stimulated mitochondrial Ca2+ uptake (normalized) for each cell under conditions 1145 
specified for each sample in Materials and Methods. Box plot shows 25th-75th percentile of the 1146 
data, midline shows median, and X shows average; *** represents P-values <0.001, * represents P-1147 
values <0.05. Representative traces of mito-GCaMP6f fluorescence corresponding to each of the 1148 
samples in (a) and (b) are provided in Supplemental Figures S1 and S2, respectively. 1149 

 1150 

Figure 4. Wt-syn increases contacts between ER and mitochondria. N2a cells transfected with 1151 
plasmids for pcDNA (control) (a) or Wt-syn (b), together with fluorescent constructs for both STIM1 1152 
(shown as green; ER membrane) and TOMM20 (shown as red; mitochondrial outer membrane) 1153 
were washed and fixed prior to immunostaining Wt-syn (magenta) for visualization at super 1154 
resolution with structured illumination microscopy (SIM). Representative images are shown; scale 1155 
bar = 5μm. Insets in ER/mitochondria-merged images are higher magnification (scale bar = 1μm): 1156 
Arrows point to regions with clearly contacting ER/mitochondrial membranes; stars label proximal 1157 
organelle membranes without strong contacts. c) Averaged Pearson’s correlation coefficients 1158 
(PCC) for mitochondrial membranes overlapping ER membranes were calculated for Wt-syn and 1159 
control samples as represented in box plot (n~35 cells). Box shows 25th-75th percentile of the data, 1160 
midline shows median, and X shows average. 1161 

 1162 

Figure 5. Wt-syn disrupts mitochondrial recovery from stress caused by toxins as measured by 1163 
stimulated Ca2+ uptake. RBL cells (a, c) were co-transfected with plasmids for mito-GCaMP6f and 1164 
one of empty pcDNA plasmid (control), Wt-syn, 1-102-syn (C-terminal truncation), or S129A-syn 1165 
(eliminated phosphorylation site in C-terminus). N2a cells (b) were co-transfected with plasmids for 1166 
mito-GCaMP6f and either mRFP (control) or Wt-syn + mRFP (Syn-p2a-mRFP). a) RBL cell 1167 
samples were treated (or not, as indicated) with CCCP, then washed and incubated in fresh media 1168 
several hours, prior to confocal imaging of mitochondrial Ca2+ uptake stimulated by Ag. Left axis: as 1169 
for Figure 2, cells with more than 20% mitochondrial Ca2+ uptake are represented by height of blue 1170 
bar; statistical significance is based on this fraction; error bars are SEM. Right axis: mitochondrial 1171 
Ca2+ uptake for all individual cells (data points); maroon box shows 25th-75th percentile of the data; 1172 
midline shows median, and X shows average. Data sets are same for left and right axes (n=70 1173 
cells). b) N2a cell samples were treated (or not, as indicated) with CCCP, then washed and 1174 
incubated in fresh media for several hours, prior to confocal imaging of mitochondrial Ca2+ uptake 1175 
stimulated by low-dose ionomycin. Normalized response for each cell represented by individual 1176 
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points (n=88 cells); box shows 25th-75th percentile of the data, midline shows median, and X 1177 
shows average. c) RBL cell samples were treated (or not, as indicated) with MPP+, then washed 1178 
and incubated in fresh media for several hours, prior to confocal imaging of mitochondrial Ca2+ 1179 
uptake stimulated by Ag. Left and right axes are the same as described for a (n=100 cells ). Details 1180 
of conditions for all cell samples (a, b, c) are specified in Materials & Methods; data sets come from 1181 
three independent experiments in each case. Statistical significance: *** represents P-values 1182 
<0.001, ** represents P-values <0.01, * represents P-values <0.05, NS represents not significant. 1183 

 1184 

Figure 6. Phosphorylation of Ser129 in Wt-syn increases after toxin treatment and recovery. RBL 1185 
cells (a, b, c, e) and N2a cells (d), transfected with plasmid for Wt-syn, were treated, or not, with 1186 
CCCP (a ,b, c, d) or MPP+ (e), then washed and incubated in fresh media several hours (recovery), 1187 
prior to immunostaining with anti-pSer129-syn and confocal imaging. a, b) Representative images 1188 
of RBL cells not treated (control) (a) or treated with CCCP (b) prior to recovery incubation, showing 1189 
relative intensities of Wt-syn (red; mRFP from p2a vector) and phosphorylated Wt-syn (green; anti-1190 
pSer129-syn immunostain). c) RBL cells + CCCP, quantification of images (n=82 cells for each 1191 
sample from three independent experiments); pSer129 intensity was normalized by Wt-syn intensity 1192 
as described in Materials & Methods. d) N2a cells + CCCP, quantification of images similar to a and 1193 
b as described for c (n=100 cells for each sample from three independent experiments). e) RBL 1194 
cells + MPP+, quantification of images similar to (a) and (b) as described for (c) (n=86 cells for each 1195 
sample from two independent experiments). Box plots in (c – e) show 25th-75th percentile of the 1196 
data; midline shows median, and X shows average. Statistical significance: *** represents P-values 1197 
<0.001. 1198 

 1199 

Figure 7. Aggregation of Wt-syn but not S129A-syn increases after toxin treatment and recovery. 1200 
RBL cells (a, b, c, d ,e, f, i, j) and N2a cells (g, h), transfected with plasmid for Wt-syn or S129A-1201 
syn, were treated (or not, as indicated) with CCCP (a, b, c, d, e, f, g ,h) or MPP+ (i, j), then washed 1202 
and incubated in fresh media for several hours (recovery), prior to immunostaining with antibodies 1203 
specific for Wt-syn (anti-wt-syn) and aggregated Wt-syn (anti-syn-agg) and confocal imaging. a, b) 1204 
Representative images of RBL cells expressing Wt-syn and not treated (control) (a) or treated with 1205 
CCCP (b) prior to recovery incubation, showing relative intensities of Wt-syn (red) and aggregated 1206 
Wt-syn (green). c) Multiple images of RBL cells expressing Wt-syn + CCCP similar to (a) and (b) 1207 
are quantified (n=85 cells for each sample from three independent experiments); aggregated Wt-1208 
syn intensity is normalized by Wt-syn intensity as described in Materials & Methods. d, e) 1209 
Representative images of RBL cells expressing S129A-syn and not treated (control) (d) or treated 1210 
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with CCCP (e) prior to recovery incubation, showing relative intensities of S129A-syn (red) and 1211 
aggregated S129A-syn (green). f) Multiple images similar to (d) and (e) of RBL cells expressing 1212 
S129A-syn + CCCP (n=88 cells for each sample from three independent experiments) are 1213 
quantified; aggregated-Wt-syn intensity was normalized by Wt-syn intensity as for (c). g) N2a cells 1214 
expressing Wt-syn + CCCP; quantification of multiple images similar to (a) and (b) (n=78 cells for 1215 
each sample from three independent experiments) as described for (c). h) N2a cells expressing 1216 
S129A-syn + CCCP; quantification of multiple images similar to (d) and (e) (n=77 cells for each 1217 
sample from three independent experiments) as described for f. i) RBL cells expressing Wt-syn + 1218 
MPP+; quantification of images similar to (a) and (b) (n=86 cells for each sample from two 1219 
independent experiments) as described for (c). j) RBL cells expressing S129A-syn + MPP+; 1220 
quantification of images similar to (d) and (e) (n=79 cells for each sample from two independent 1221 
experiments) as described for (f). Box plots in (c), (f), and (g – j) show 25th-75th percentile of the 1222 
data; midline shows median. Statistical significance: *** represents P-values <0.001; NS represents 1223 
not significant. 1224 

 1225 

SUPPLEMENTAL FIGURE LEGENDS 1226 
 1227 

Figure S1. Wt-syn enhances mitochondrial Ca2+ uptake from ER in HEK293 cell as stimulated by 1228 
ionomycin or ATP. Comparative stimulation data and representative traces for experiments shown 1229 
in Figure 3a of main text. HEK293 cells were co-transfected with plasmids for mito-GCaMP6f and 1230 
mRFP (control) or Wt-syn (via multicistronic construct Syn-p2a-mRFP). Mitochondrial Ca2+ uptake 1231 
was stimulated by low-dose ionomycin (0.38 μM, a, c) or ATP (100 μM, b, d). Mito-GCaMP6f 1232 
fluorescence was monitored in confocal movies before and after stimulation, and after indicated 1233 
addition of high-dose ionomycin (5 μM, 300-400 sec later) to achieve the maximal fluorescence 1234 
value. a, b) Averaged mitochondrial Ca2+ uptake stimulated by ionomycin (a) or ATP (b). Each 1235 
sample comprising n~80 co-transfected cells are from three independent experiments. The box 1236 
shows 25th-75th percentile of the data, midline shows median, and X shows average; *** 1237 
represents P-values <0.001. c, d, e) Representative traces of mito-GCaMP6f fluorescence 1238 
integrated over 5-7 cells within confocal fields. Arrows indicate addition of thapsigargin (0.67 mM) 1239 
(e), low-dose ionomycin (c, e) or ATP (d) and high-dose ionomycin (c, d, e)  for control cells and 1240 
cells expressing Wt-syn. 1241 

  1242 
Figure S2. Wt a-syn enhances mitochondrial Ca2+ uptake from ER in dopaminergic N2a cells. a, b, 1243 
c, d) Representative traces for experiments shown in Figure 3b of main text. Dopaminergic N2a 1244 
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cells were co-transfected with mito-GCaMP6f and mRFP (control) (a, c) or Wt-syn (via multicistronic 1245 
construct Syn-p2a-mRFP) (b, d). Cells were stimulated by low-dose ionomycin (2.5 μM) without (a, 1246 
b) or with (c, d) pre-treatment with thapsigargin (0.67 mM). Mito-GCaMP6f fluorescence was 1247 
monitored in confocal movies before and after thapsigargin and stimulation, and after addition of 1248 
high-dose Ionomycin (8 μM, 200-300 sec later) to achieve maximal fluorescence value. Traces 1249 
integrated from confocal fields containing 1-3 cells. 1250 

 1251 
Figure S3. Enhancement of stimulated mitochondrial Ca2+ uptake by Wt-syn is not due to increased 1252 
cytosolic Ca2+ uptake. RBL cells were co-transfected with plasmids for either mito-jRCaMP1b 1253 
(mitochondrial Ca2+ indicator), GCaMP3 (Cytosolic Ca2+ indicator) and one of pcDNA (empty vector 1254 
control) or Wt-syn. Harvested cells were transferred to Ca2+-free BSS buffer containing 2 μM EGTA, 1255 
then imaged by confocal microscopy. Mitochondrial Ca2+ (left axis) and cytosolic Ca2+ (right axis) 1256 
were monitored in confocal movies before and after stimulation by antigen, and after indicated 1257 
addition of high-dose ionomycin (5 μM, 300-400 sec later) to achieve maximal fluorescence for 1258 
each Ca2+ indicator. Normalized data points shown are stimulated mitochondrial Ca2+ uptake. 1259 
Normalized data for both mitochondrial (green, left) and cytosolic (black, right) Ca2+ increases are 1260 
represented in superimposed box plots. Each sample comprising n~60 cells are from three 1261 
independent experiments. The box shows 25th-75th percentile of the data, midline shows median, 1262 
and X shows average. Error bars are ± SEM; ** represents P-values <0.01, NS represents not 1263 
significant (P-values > 0.05).  1264 

 1265 
Figure S4. Expression of Wt-syn and 1-102-syn enhances basal level of mitochondrial Ca2+ with or 1266 
without CCCP treatment. RBL cells were co-transfected with mito-GCaMP6f and one of pcDNA 1267 
(control), Wt-syn or 1-102-syn. Samples were treated or not with 10μM CCCP for 30 min, then 1268 
washed with RBL media and incubated in media for 3 hours (recovery), followed by imaging using 1269 
confocal microscopy. Mito-GCaMP6f fluorescence was monitored in confocal movies initially and 1270 
after addition of high-dose ionomycin (5 μM) to achieve maximal fluorescence. Each sample 1271 
comprising n~100 co-transfected cells are from three independent experiments. The box plots show 1272 
25th-75th percentile of the data; midline shows median, and X shows average; ** represents P-1273 
values <0.01, *** represents P-values <0.001. NS represents not significant (P-values > 0.05). 1274 

 1275 
Movie S1. RBL cells transfected with Wt-syn exhibit high level of mitochondrial Ca2+ uptake when 1276 
stimulated with sub-optimal concentration of antigen. Movie corresponds to trace shown in Figure 1277 
2b of main text; image field includes about 25 cells. RBL cells were co-transfected with plasmids for 1278 
mito-GCaMP6f and Wt-syn and imaged by confocal microscopy. Mitochondrial Ca2+ uptake was 1279 
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monitored mito-GCaMP6f fluorescence before (starting at -16 sec) and after stimulation by Ag 1280 
(DNP-BSA, 1 ng/ml, starting at 0 sec), followed by addition of high-dose ionomycin (5μM, starting at 1281 
370 sec).  1282 

 1283 
Movie S2. RBL cells transfected with empty vector exhibit little mitochondrial Ca2+ uptake when 1284 
stimulated with sub-optimal concentration of antigen. Movie corresponds to trace shown in Figure 1285 
2c of main text; image field includes about 25 cells. RBL cells were co-transfected with plasmids for 1286 
mito-GCaMP6f and pcDNA (empty vector control) and imaged by confocal microscopy. 1287 
Mitochondrial Ca2+ uptake was monitored mito-GCaMP6f fluorescence before (starting at -16 sec) 1288 
and after stimulation by Ag (DNP-BSA, 1 ng/ml, starting at 0 sec), followed by addition of high-dose 1289 
ionomycin (5μM, starting at 370 sec). 1290 
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Figure 1. Structural features and variants of a-syn
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Figure 2. Wt-syn enhances Ag-stimulated mitochondrial Ca2+ uptake 
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Figure 3. ER is the main source for stimulated mitochondrial uptake of Ca2+
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Figure 4. Wt-syn causes increase in mitochondria/ER contacts
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Figure 5. Wt-syn disrupts mitochondria recovery from stress caused by toxins
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Figure 6. Phosphorylation of Ser129 in Wt-syn increases after toxin treatment
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Figure 7. Aggregation of Wt-syn but not S129A-syn increases after toxin treatment
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Figure S1. Wt-syn enhances mitochondrial Ca2+ uptake from ER in HEK293 cell as 
stimulated by ionomycin or ATP. 
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Figure S2. Wt a-syn enhances mitochondrial Ca2+ uptake from ER in dopaminergic N2a 
cells.  
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Figure S3. Enhancement of stimulated mitochondrial Ca2+ uptake by Wt-syn is not due 
to increased cytosolic Ca2+ uptake. 
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Figure S4. Expression of Wt-syn and 1-102-syn enhances basal level of mitochondrial 
Ca2+ with or without CCCP treatment. 
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