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Alpha-synuclein interacts with regulators of
ATP homeostasis in mitochondria

Tetiana Serdiuk 1,5, Yanick Fleischmann2,5, Dhiman Ghosh 2, Aro Delparente3,
Viviane Reber1, Larissa Frey 2, David Rhyner2, Juan Gerez 2,
Norbert Volkmar 1, Lucie Kralickova1, Guillaume Mas 4, Christian Dörig 1,
Sebastian Hiller 4, Roger Schibli 3, Linjing Mu 3, Paola Picotti 1 &
Roland Riek 2

Mitochondrial dysfunction and accumulation of α-synuclein aggregates are
hallmarks of the neurodegenerative Parkinson’s disease and may be inter-
connected. To investigate the interplay between α-synuclein and brain mito-
chondria at near atomic structural level, we apply NMR and identify α-
synuclein protein interactors using limited proteolysis-coupled mass spec-
trometry (LiP-MS). Several of the proteins identified are related to ATP
synthesis and homeostasis and include subunits of ATP synthase and the
adenylate kinaseAK2. Furthermore, ourdata suggest thatα-synuclein interacts
with the Parkinson’s disease-related protein DJ1. NMR analysis demonstrates
that both AK2 and DJ1 bind to the C-terminus and other segments of α-
synuclein. Using a functional assay for AK2, we show that monomeric α-
synuclein has an activating effect, whereas C-terminally truncated α-synuclein
and α-synuclein in an amyloid fibrillar state have no significant effect on AK2
activity. Our results suggest that α-synuclein modulates ATP homeostasis in a
manner dependent on its conformation and its C-terminal acidic segment.

Parkinson’s disease (PD) is among the most common neurodegenera-
tive diseases, and the likelihood that a personwill develop PD increases
with age1–3. PD is classified as an α-synucleinopathy. These are diseases
characterized by the presence of aggregates of α-synuclein (αSyn) in
neurons, nerve fibers, or glial cells4. αSyn is a small, 140-residue-long
protein that is intrinsically disordered in mammalian cells5. Several
pointmutations of αSyn, as well as duplications and triplications of the
SNCA gene, which encodes αSyn, are known to be correlated with an
increased probability of early-onset PD6,7. The first roughly 100 resi-
dues of αSyn can form amphipathic helices capable of binding to lipid
membranes with a preference for negatively charged phospholipids8.
Furthermore, αSyn has a preference for mitochondrial membranes,
possibly due to the high cardiolipin content9,10.

The role of themitochondria in PD has been the subject of intense
PD-related research. Environmental and genetic links between PD and

mitochondrial dysfunction have been established11,12. Mitochondria
support neuronal activity and are actively transported within neurons
toward locations whereATP is required13. Mitochondrial dysfunction is
a hallmark of not only PD but also of other neurodegenerative dis-
eases, including Alzheimer’s disease and prion diseases14,15. Trans-
plantation of healthy mitochondria has been proposed as a potential
treatment for PD16,17.

The interaction between αSyn and the mitochondrial membrane
alters the membrane curvature and is important for the fusion and
fission of mitochondria18,19. The N-terminus and the non-amyloid β-
component (NAC) region of αSyn are critical for the interaction with
the membrane19,20. Expression of αSyn with a disrupted N-terminal
domain leads to elongated mitochondria21. In addition to interacting
with the outer mitochondrial membrane, αSyn is also found in the
intermembrane mitochondrial space (IMS)22. Several import-related
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proteins, namely VDAC23,24, Tom4025,26, and Tom2027 were shown to
interact with αSyn. Once in the IMS, αSyn ismostly associated with the
inner mitochondrial membrane (IMM), possibly this binding is elec-
trostatically driven due to the high content of negatively charged
cardiolipin26,28.

Multiple lines of evidence underscore the significance of the
αSyn-mitochondria interaction in the pathogenesis of PD. For exam-
ple, αSyn and mitochondria co-localize in cells that overexpress
αSyn29. Damaged mitochondria and αSyn are found in Lewy bodies30.
Moreover, increased αSyn translocation to the mitochondria is
observed in cells with abnormally low cytosolic pH or upon depletion
or inhibition of the chaperones Hsc70 and Hsp90, conditions that
induce αSyn aggregation31,32. Mitochondrial accumulation of αSyn
impairs the functionof complex 1 and reducesmitochondrial activity26.
Additionally, oligomeric species of αSyn prevent mitochondrial pro-
tein import25,27.

HowαSyn aggregation influencesmitochondrial function remains
not fully understood. It has been suggested that mitochondrial dys-
function occurs prior to αSyn aggregation and thatαSyn translocation
and aggregation occur as a result of aberrations in mitochondrial
function33. Translocation of αSyn to the mitochondria could result
from cellular degeneration or due to a rescue response. It remains of
vital importance to distinguish pathological processes from normal
functions of αSyn in mitochondria.

In thiswork,we aim to characterize interactionsbetweenαSynand
themitochondrial proteome and assess their potential physiological or
pathological implications. We use mitochondria isolated from bovine
brain white matter and incubate them with monomeric WT αSyn,
C-terminally truncated αSyn, or αSyn fibrils and analyze these samples
using limited proteolysis-coupled mass spectrometry (LiP-MS), an
unbiased technique capable of detecting protein interactions and
proteome-wide changes in conformation34,35. We use NMR to study the
interactions of selected proteins on a structural level and evaluate the
impacts of αSyn on the enzymatic function of mitochondrial proteins.

Results
αSyn interacts with membranes and proteins of isolated brain
mitochondria
For our studies, we used mitochondria isolated from the white matter
of the bovine brain, as these mitochondria mostly originate from
axons, which are believed to be relevant in αSyn-related diseases such
as PD36. A mitochondria-enriched fraction was extracted by stepwise
centrifugation of minced white matter. To confirm that the fraction
contained intact and active mitochondria, a luciferase-based biolumi-
nescence assay was performed tomeasure the rate of ATP synthesis by
mitochondria supplied with metabolites crucial to the respiratory
chain. The light emission detected in the assay is proportional to the
ATPproduced by themitochondria due to the rapid conversion of ATP
by luciferaseduring oxidationof its substrate luciferin (Supplementary
Fig. 1a). Due to the presence of adenylate kinases in the mitochondria-
enriched fraction, the presence of ATP generation alone does not per
se mean that mitochondria are intact. Here, we use different combi-
nations of supplemented metabolites, which allows monitoring of
respiratory chain complexes that are dependent on an intact inner
mitochondrial membrane37. In mitochondria-enriched fractions, ATP
was produced over time, and the rate of ATP synthesis was higher in
samples supplemented with either glutamate/malate or pyruvate/
malate (Supplementary Fig. 1b). These metabolites provide a carbon
source to the citric acid cycle, which results in the production of
NADH. The NADH is, in turn, oxidized by complex I, resulting in a
proton gradient across the inner mitochondrial membrane37. This
gradient, which only persists in intactmitochondria, is essential for the
production of ATP by the ATP synthase. The higher rate of ATP pro-
duction uponmetabolite supplementationwas indicative of active and
intact mitochondria.

We first used liquid-state NMR to directly study αSyn concentra-
tion and localization inmitochondria preparations.Mitochondriawere
incubated in a solution containing recombinantly expressed 15N-
labeled, monomeric, N-terminally acetylated human wild-type (WT)
αSyn (20 µM). The mitochondria were washed until the supernatant
was free ofαSyn (Supplementary Fig. 2a). Analysis of a 15N-filtered 1D 1H
NMRexperiment (i.e., the first time increment of a [15N-1H]-HMQCNMR
spectrum) revealed that αSyn was captured in the mitochondrial
fraction (Supplementary Fig. 2b). The concentration of soluble αSyn in
the mitochondrial fraction was estimated to be 2 ±0.5 µM by com-
paring the signal intensity in this preparation to a sample of 15N-labeled
αSyn in buffer (Supplementary Fig. 2c).

To determine whether αSyn transiently interacts with mitochon-
drial proteins and membranes, we monitored chemical shifts and
cross-peak intensities of 15N-labeled αSyn in the absence and the pre-
sence of lysed bovine mitochondria. We carried out 2D [15N,1H] HMQC
NMR experiments, chemical shift perturbations (CSPs), and signal loss
analyses. A change of chemical shifts indicates an interaction with
anothermolecule. If the interaction is of a transient nature in the order
of micro- to milliseconds, the signal is lost because the chemical shift
changes between binding to non-binding are in the order of the NMR
time scale of measurement, yielding faster relaxation of the NMR
signal.

In the presence of lysedmitochondria, the signal intensity of cross
peaks between αSyn residues was reduced by around 60% for the first
100 residues with less dramatic reductions toward the C-terminus
compared to 15N-labeled αSyn in buffer (Fig. 1a). Chemical shift dif-
ferences were roughly equally distributed over the sequence with the
largest differences in residues 100 to 115 (Fig. 1b). These findings
indicate that transient interactions occur between αSyn and mito-
chondria membranes and/or proteins.

Previous work has shown that αSyn associates with the inner
mitochondrial membrane through interactions with the doubly nega-
tively charged lipid cardiolipin8. Although not the only negatively
charged lipid in the inner membrane, cardiolipin is highly abundant in
the mitochondrial membrane38. To mimic the mitochondrial inner
membrane, we embedded cardiolipin in the lipid bilayer mimetic
nanodiscs and compared the peak intensity ratios and CSPs of αSyn in
the presence and absence of these nanodiscs. The peak intensities of
αSyn residues in theN-terminal regionwere reduced in the presenceof
cardiolipin compared to its absence, but the presence of cardiolipin
had little to no effect on residues near the C-terminus (Fig. 1a). More-
over, all significant perturbations in chemical shift were near the
N-terminus (Fig. 1b). Similar observations were previously reported for
transient interactions of the positively charged N-terminal segment of
αSyn with negatively charged lipidmembranes8,39. The results with the
membrane-mimicking system differed from those with lysed mito-
chondria. We assume that the signal decrease and CSPs near the
N-terminus of αSyn in the presence of the lysed mitochondria are due
to an interactionwith the negatively chargedmembrane. In addition to
these changes, lysed mitochondria also caused significant changes in
theNAC region and theC-terminal region. TheNAC region (61–95 aa) is
of interest due to its important role in αSyn aggregation40.

AK2 and ATP synthase interact with αSyn
To determine whether the changes in the NMR spectra of αSyn in the
presence of mitochondria might be due to interactions with specific
mitochondrial proteins, we applied LiP-MS41,42, an approach that
detects local and global protein structural alterations, including
protein-protein interactions, protein-small molecule interactions,
protein aggregation, conformational changes, and post-translational
modifications (PTMs) directly from complex biological samples on a
proteome-wide scale. LiP-MSwas recently used to detect interactors of
purified proteins, including intrinsically disordered proteins, added to
complex cell extracts, based on alterations of proteolytic patterns of

Article https://doi.org/10.1038/s41467-025-62895-4

Nature Communications |         (2025) 16:7651 2

www.nature.com/naturecommunications


the interacting proteins42. Bovine brain mitochondrial lysates were
treated either with monomeric WT αSyn for 15min or with an equal
volume of buffer; each condition was evaluated in quadruplicate.
Mitochondrial proteomes were digested for a short time under native
conditions with the sequence-unspecific protease proteinase K (PK),
and the resulting protein fragments were denatured and further
digested with trypsin to generate peptides amenable to mass spec-
trometry analysis. Peptide mixtures were analyzed by liquid chroma-
tography coupled with data-independent acquisition mass
spectrometry (DIA, LC-MS/MS). Limited digestion patterns of mito-
chondrial proteins that interact with αSyn are expected to differ in
treated extracts relative to untreated extracts due to altered protease
accessibility of interaction sites (Fig. 2a). We detected 22,141 peptides
from 3055 different proteins. Of these, 18 proteins differed sig-
nificantly (q-value lower than 0.05 and fold change larger than 1.5) in
their proteolytic patterns in the presence of αSyn (Fig. 2b). Among
these candidates were four mitochondrial proteins related to energy
metabolism and respiration, namely ATP synthase subunit α (ATPA),
AK2, NUDT13, and NDUFB3 (Supplementary Fig. 3). In addition, five
peptides from αSyn significantly differed between the two conditions.

The top protein hit (lowest q-value) was the adenylate kinase AK2
(Fig. 2b). Specifically, peptide 94NGFLLDGFPR103 spanning residues
94–103 of AK2 (aapositions are given for humanAK2)was significantly
altered and proteolytically protected upon addition of αSyn, sug-
gesting that this region could be an interaction site between αSyn and
AK2. Adenylate kinases areproteins that convert twoADPmolecules to
one ATP and one AMP molecule and vice versa43. Whereas most iso-
zymes are cytosolic, three isozymes, AK2, AK3, and AK4, are mito-
chondrial; AK3 and AK4 are found in the mitochondrial matrix, and
AK2 in the intermembrane space44. AK2uses importedAMPtoproduce
ADP that is translocated into thematrix,where it is used as substrate by
ATP synthase44. Thus, AK2 is an important player in the energy

homeostasis ofmitochondria. Interestingly, another protein crucial for
mitochondrial energy production, the α-subunit of the ATP synthase
complex, was also structurally altered upon addition of αSyn to the
mitochondrial extract (Fig. 2b), further strengthening the link between
αSyn and ATP homeostasis. Notably, previous studies have reported
physiological45 and pathological46 relationships between αSyn and the
ATP synthase. The α-subunit of the ATP synthase complex binds ADP,
and therefore the structural changeobserved inour LiP-MSscreenmay
originate either from direct interaction of the α-subunit of the ATP
synthase with αSyn, or from indirect effect of αSyn on, e.g., AK2
functional activity, which in turn would shift the balance between
adenine nucleotides.

Although AK2 is weakly expressed in the brain47, it is detected in
the substantia nigra, and AK2 expression levels are downregulated in
this region in the later stages of PD48. To validate these potential
physical interactors of αSyn with AK2 and to assess whether these
interactions occur also in the context of human cells, we applied
affinity-purification coupled to mass spectrometry to lysates of SH-
SY5Y human neuroblastoma cells. Monomeric WT αSyn was incu-
bated with SH-SY5Y full-cell lysates, and then αSyn and its bound
interactors were immunoprecipitated and analyzed by mass spec-
trometry. In agreement with our LiP-MS results, both AK2 and the α-
subunit of ATP synthase were immunoprecipitated with αSyn
(Fig. 2c, affinity purificationmass spectrometry (AP-MS)). In total, 177
mitochondrial proteins were immunoprecipitated with monomeric
WT αSyn. Among adenylate kinases, in parallel to AK2, we detected
AK4, another mitochondrial adenylate kinase, immunoprecipitating
with αSyn. Furthermore, we detected multiple subunits of ATP syn-
thase immunoprecipitated with αSyn, namely subunit beta, delta,
epsilon pseudogene 2, peripheral stalk subunit OSCP, peripheral
stalk subunit d, in addition to subunit alpha, suggesting that the
entire ATP synthase complex was immunoprecipitated with αSyn

Fig. 1 | Transient residue-resolved interaction of mitochondria with αSyn.
Comparison between the chemical shift perturbations and intensity changes of
αSyn caused by interaction with either lysed bovine mitochondria (green) or car-
diolipin nanodiscs (blue). The data is presented as a rolling average of three points.
Peak positions and peak intensities are extracted from 2D [15N,1H] HMQC NMR
spectra. a Intensity ratios of peaks in the presence (I) and absence (I0) of nanodiscs
or lysed bovine brainmitochondria.bChemical shift perturbations (CSPs) of peaks
in the presence and absence of nanodiscs or lysed bovine brain mitochondria.

a, b The interaction with lipid membrane nanodiscs appears to influence the
N-terminal regionofαSyn, indicating an interaction between the positively charged
N-terminal segment of αSyn with the negatively charged cardiolipin, as expected10,
with the second half of the sequence showing no changes. The interaction with
mitochondria causes relevant changes in all regions of the sequence, indicating
multiple transient interactions that may include membrane interactions. Source
data are provided as a Source Data file.
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monomers. Importantly, other mitochondrial proteins such as
COX41, COX20, and COX7C were not immunoprecipitated with αSyn
(Fig. 2c), indicating that AK2 and ATP synthase, specifically, and not
intact mitochondria, were immunoprecipitated with αSyn. Overall,
more proteins were immunoprecipitated with αSyn monomers
compared to interactors found with LiP-MS, which could be
explained by (i) longer incubation times in immunoprecipitation
experiments (1 h vs 15min) and (ii) immunoprecipitation of protein
complexes, consisting of direct interactors but also interactors of
interactors of αSyn. In summary, in two systems, we identified AK2
and ATP synthase as interactors of αSyn, suggesting an involvement
of αSyn in mitochondrial function.

The C-terminus of αSyn is involved in the interaction with AK2
To identify the region of αSyn involved in the interaction with AK2, we
compared the peak intensity ratios of 2D [15N, 1H] HMQC NMR spectra
of 15N-labeled, N-terminally acetylated, humanmonomeric WT αSyn in
the presence and absence of purified AK2. While in the presence of
AK2, some stretches of the N-terminal and NAC regions of αSyn
showed intensity decreases relative to αSyn alone, the C-terminal
residues 105 to 140 showed stronger decreases of approximately
50% (Fig. 3a).

To verify that the C-terminus of αSyn is the crucial site of inter-
action with AK2, a LiP-MS experiment was performed with lysed
mitochondria incubated with αSyn in the presence or absence of the

bacterial chaperone Skp49. Skp binds mainly to the N-terminus of
αSyn31, and, therefore, Skp was expected to prevent or reduce the
binding of mitochondrial proteins that interact with the N-terminus,
altering LiP-MS patterns. For many of the 18 significant hits from our
first LiP-MS screen (Fig. 2b), the fold change decreased below the
threshold, but the LiP-MS pattern of AK2 was not altered by the pre-
sence of Skp (Supplementary Fig. 3). This indicated that AK2 likely
requires the C-terminus region of αSyn to establish an interaction with
the protein. Next, we performed the LiP-MS experiment with a C-
terminal-deletion mutant of αSyn (ΔC-αSyn), which includes only
residues 1–121 of αSyn. Under these conditions, AK2 was no longer
identified as a significant hit (Fig. 3b), indicating that AK2 requires the
C-terminal region of αSyn for binding.

To determine whether the binding of αSyn leads to structural
changes in AK2, 2D [15N, 1H] HMQC spectra of recombinant 15N-labeled
AK2 were collected in the presence and absence of unlabeled, mono-
meric WT αSyn. The fingerprints of the two spectra, including the
number of observed peaks and overall distribution, were similar
(Fig. 3c). Most peaks show CSPs, with a handful of them being
noticeably stronger than the others. This suggests that there are only
subtle secondary structural changes in AK2 due to αSyn binding, while
structural changes such as relative domain reorientation may occur.
Interestingly, at residues 94–103 at the center of theCOREdomain (the
peptide 94NGFLLDGFPR103) was the peptide with abundance sig-
nificantly altered upon addition of WT αSyn in the LiP-MS experiment,
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Fig. 2 | Identification of αSyn interaction partners from the mitochondrial
proteome determined by LiP-MS. LiP-MS of bovine brain mitochondrial enriched
fraction treated with WT αSyn for 15min. a Schematic illustration of the principle of
LiP-MS. αSyn-treated and control (untreated) mitochondria were subjected to the
LiP-MSworkflow. PKwas added for 5min to nativemitochondrial proteomes treated
and untreated with αSyn. Mitochondrial proteins interacting with αSyn are partially
shielded from PK digestion in treated conditions and accessible to PK in untreated
conditions. After PK digestion is stopped, proteomes are denatured and digested by
trypsin. Peptides are analyzed by LC-MS/MS. Proteins and the regions involved in
interaction with αSyn are identified and quantified. Created in BioRender. Picotti

(2025) https://BioRender.com/051y6yl; Created in BioRender. Picotti (2025) https://
BioRender.com/wo2308i. b Volcano plot showing LiP-MS peptides reporting on
interactions ofαSynwith specific proteins. Red dots show statistically significant hits
(fold change> 1.5, q-value <0.05, based on a two-tailed t-test followed by
Benjamini–Hochberg adjustment for multiple hypothesis testing). c AP-MS valida-
tion of AK2 interaction with αSyn monomer. Intensities are shown after subtraction
of the background (isotype-specific control). d Illustration depicting the role of AK2
in the intermembrane space of the mitochondria. AK2 helps in the recycling of AMP
by converting it to ADP, which is transported to the matrix to be used by the ATP-
synthase. Source data are provided as a Source Data file.
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and the abundance of this peptide was unchanged upon addition of
ΔC-αSyn (Fig. 3d). Residues 95–100 of AK2 form a β-strand, and the
next three residues are part of a loop inside the pocket where ATP,
ADP, and AMP bind. The β-sheet is directly adjacent to two other β-
strands (17–22) and (43–46), with the first β-strand connected to the
P-loop that binds the phosphate groups of ATP50. Furthermore, the
positive charge distribution in the region of these three central β-
strands likely favors binding of the acidic αSyn C-terminus (Fig. 3d).
Thus, binding of αSyn in this region is likely to have an impact on the
activity of AK2. An AlphaFold 2 simulation of the interaction between
αSyn and AK2 (Fig. 3e, f and Supplementary Figs. 4 and 5) also sug-
gested the C-terminal region being involved in the interaction with
AK2. In addition, several N-terminal segments of αSyn were predicted
to bind to AK2 in line with NMR data (Fig. 3a).

αSyn binding increases AK2 activity
In order to study the influence of αSyn binding on the enzymatic
activity of AK2, we used a time-resolved 1D 1H NMR-based activity
assay46,51,52. Samples contained the substrates ATP and AMP and
monomeric WT αSyn, ΔC-αSyn, or αSyn fibrils. αSyn fibrils were pre-
pared and characterized as previously described in ref. 53. Control
samples contained no αSyn species. pH adjustment and NMR

experimental set up (such as pulse length calibration, shimming, tun-
ing, and matching) were performed before the addition of AK2, and
acquisition began upon the addition of AK2. For each sample, a 1-h
pseudo 2DNMR spectrumwas recorded, consisting of a series of 1D 1H
NMRspectra. The integrals of theH8 adenineprotons of ATP, ADP, and
AMP were tracked over time with the one from ADP increasing and
those from ATP and AMP decreasing due to the activity of AK2
(Fig. 4a). From the change of the integrals over time a time constant (τ)
was extracted that reflects the activity ofAK2 and shouldbedependent
on the concentration of added αSyn species (ci) if they influence AK2
activity. The results with the time constants in minutes are shown in
Fig. 4b. As the concentration of WT αSyn was increased, τ became
significantly shorter (3.75 ± 0.38min for 20× excess of αSyn vs
7.3 ± 1.1min in the absence of αSyn; Fig. 4b). Thus, the presence of WT
αSyn increased the enzymatic activity of AK2. There was no significant
difference in τ upon addition of ΔC-αSyn (Fig. 4b). To confirm these
findings, we employed a spectrophotometric AK2 activity assay
developed by Song et al.52 (Supplementary Fig. 6a). The rate of the
reaction catalyzed by AK2 increased in the presence of αSyn but was
not significantly altered by the presence of ΔC-αSyn (Supplementary
Fig. 6b). The αSyn fibrils had no significant effect on AK2 activ-
ity (Fig. 4b).

Fig. 3 | The interaction between AK2 and αSyn is facilitated through the
C-terminal region of αSyn, affecting widespread small structural changes on
AK2, including the hinge region in particular. a Intensity ratios of αSyn peaks in
the presence and absence of AK2 extracted from 2D [15N,1H] HMQCNMR. A general
decrease around theC-terminus indicatesbinding of this region toAK2.b Log2(fold
change) of AK2 peptide (NGFLLDGFPR) proteolytic protection for αSyn monomer
and ΔC-αSyn. c 2D [15N,1H] HMQC NMR spectrum of 150μM 15N-labeled AK2 in the
presence (blue) and absence (red) of 200μMWT αSyn in PBS pH 7.5 at 25 °C. AK2
keeps its folded structure, however, many changes all over the spectrum can be

seen. d Mapping the LiP-MS significant peptide of AK2 to its structure for interac-
tions with WT αSyn monomer and ΔC-αSyn. The last panel shows the charge dis-
tribution of AK2. e, f Prediction of interaction between AK2 and αSyn. e Alpha-fold
2-based simulation of interactions betweenAK2 andWTαSyn. AK2 is shown in gray
and αSyn in blue. In red is the AK2 peptide that changes in structure in the LiP-MS
experiment. Portions of this peptide are at the predicted interaction interface.
f Mapping the predicted interaction interface of AK2 on the sequence of αSyn.
Source data are provided as a Source Data file.
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Next, we wondered if AK2 influences the aggregation rate of αSyn
at (sub-)stochiometric amounts and performed a light scattering
(Fig. 4c–g) and Thioflavin T (ThT) kinetic aggregation assay (Supple-
mentary Fig. 7) of αSyn in the presence of varying concentrations of
AK2. At steady state, the abundance of WT αSyn fibrils measured by
light scattering or ThT fluorescence emission was lower for samples
with higher concentrations of AK2 (Fig. 4c and Supplementary Fig. 7).
Thiswas confirmedby SDS-PAGEof the pelletedfibrils at the endof the
aggregation kinetics in the absence and presence of different AK2
concentrations (Fig. 4h). TEM imaging of the generated fibrils showed
visually lessfibrils in the presence of AK2without obvious difference in

fibril topology (Supplementary Fig. 8). These data could be explained
by complex formation between AK2 and monomeric αSyn interfering
with aggregation. To further explore the potential relevance to PD of
an inhibitory effect of AK2 on αSyn, we tested whether AK2 inhibited
the aggregation of ΔC-αSyn, as a PTM relevant for PD, and the PD-
related familialmutants E46K, A53T, andA30P. In contrast toWTαSyn,
AK2 did not considerably influence the aggregation kinetics of ΔC-
αSyn (Fig. 4d), and of familial variants E46K and A53T (Fig. 4e, f). For
the A30P mutant, some inhibitory effect was observed, however,
smaller compared to thatobserved forWTαSyn (Fig. 4g). Although the
mechanism by which familial mutants influence αSyn aggregation

Fig. 4 | αSyn enhances AK2 catalytic activity. 1D proton NMR-based AK2 activity
assay in the presence and absenceofWTαSyn,αSyn fibrils, or C-terminal truncated
αSyn (ΔC-αSyn). a Schematic illustration of the principle of the method. A pH-
adjusted starting solution of a 1:2 AMP/ATP mixture is treated with AK2 to initiate
the reaction. A series of 1D proton NMR spectra as a pseudo-2D are recorded. The
intensities of the H8 proton of adenine are extracted and plotted over time. From
this, a time constant (τ) is fitted to compare the activity in the presence of different
αSyn species. b Concentration-dependent time constant (τ) in the presence of
varying concentrations of different αSyn species is given. Data are presented as
mean ± SD. The experiment was performed with three αSyn concentrations and
n = 3 independent replicates per αSyn concentration (independent addition of
αSyn to AK2), except for 0.238μM of αSyn monomer and 1.2 μM of αSyn fibrils,

which were tested with n = 2 replicates. Asterisk indicates statistically significant
difference between given condition and control in the absence of αSyn (p-value =
0.0146, two-tailed t-test). Supplementary Fig. 6 shows an orthogonal assay testing
the activity of AK2 influenced by αSyn. c–g Light scattering aggregation assay of
WT (c), ΔC (d), E46K (e), A53T (f), and A30P (g) αSyn at a concentration of 300μM
in PBS pH 7.4 in the absence or presence of varying concentrations of AK2. The
experiment was performed in triplicate. Mean values and SD are shown. h SDS-
PAGE of αSyn pellet obtained after incubation of αSyn (300μM) in the absence or
presence of AK2 at different concentrations (150μM, 300μM, and 600μM). The
molar ratios of AK2 to αSyn are given at the top of the gel. The experiment in (h)
was repeated twice independently. Source data are provided as a Source Data file.
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kinetics in the presence of AK2 is not obvious, it can be explained by
additional interaction sites of AK2 on the N-terminus of αSyn. Fur-
thermore, it appears evident that deletion of the major AK2 binding
site in the ΔC-αSyn construct results in a loss of aggregation inhibition
by AK2.

αSyn interacts with multiple proteins in intact mitochondria
Next, we wanted to characterize how αSyn interacts with intact mito-
chondria, to better mimic a physiological scenario. We tested both
monomeric and fibrillar αSyn to reveal possible conformation-specific
effects. We asked which proteins αSyn can access/interact with within
intact mitochondria or which proteins it can affect indirectly via
downstream events. We incubated the mitochondrial fraction without
lysis with monomeric WT αSyn and with αSyn fibrils for 30min, a
longer incubation than performed with lysed mitochondria. These
conditions were used to assess whether αSyn could cross the mito-
chondrial membrane and access AK2 in the IMS, thereby interacting
with it in a more physiological context. In this LiP-MS experiment, we
detected 175 candidate interactors of monomeric and 99 candidate
interactors of fibrillar αSyn (Fig. 5a and Supplementary Data 1 and 2,
respectively). The same peptide of AK2 protein identified in the
experiment with lysed mitochondria (94NGFLLDGFPR103) was sig-
nificantly changed in the presence of αSyn monomer (q-value < 0.05,
FC > 1.5) and αSyn fibrils (Fig. 5b), although the change in the presence
of fibrils was only significant before p-value correction for multiple
testing (p-value < 0.05, FC > 1.5). Notably, the C-terminus segment is
highly flexible in most of the amyloid fibril polymorphs of αSyn54–57.
Multiple ATP synthase subunits were also structurally altered upon
additionof bothmonomeric andfibrillarαSyn (Fig. 5c). In the presence
of the monomer, we detected structural changes in subunit β (part of

the F1 domain), peripheral stalk subunits b and d, and end of mem-
brane subunit e. In the presence of fibrils, we detected structural
responses in subunits α, β, and OSCP. We note, however, that in this
experimental set-up we cannot exclude the presence of a fraction of
non-intact mitochondria caused by destruction of mitochondrial
membrane integrity by αSyn fibrils. Furthermore, in this set-up, we
cannot distinguish whether these interactions are direct physical
interactions or downstream, indirect effects of direct binding events.
However, our data suggest that ATP synthase structurally responds to
the addition of monomeric and fibrillar αSyn46.

DJ1 was also significantly altered in the presence of αSyn (Fig. 5d).
Despite not being the strongest hit, DJ1 is of particular interest because
mutations in the gene that encodes DJ1 are associated with early-onset
PD58. DJ1 is a small ubiquitous protein thatprotects cells fromoxidative
stress and mitochondrial injury59,60. In cells under oxidative stress, DJ1
translocates into dysfunctional mitochondria to induce autophagy;
thus, loss of DJ1 results in the accumulation of faulty mitochondria61,62.
Furthermore, DJ1 interferes with the function of αSyn in regulating the
fusion and fission of mitochondria19. The peptides identified for DJ1 in
our LiP-MS experiment were the residues 107–121 and 176–189. The
peptide 107–121 includes the fourth α-helix (i.e., residues 109–114) and
a flexible region (Supplementary Fig. 9). The C-terminal peptide
176–189 includes the ninth α-helix (i.e., residues 175–185), which is
exposed at the surface of the protein. Both these regions remain
accessible in the functional dimer of DJ163. The site where DJ1 binds to
αSyn was investigated by 2D [15N, 1H]-HMQC of 15N-labeled αSyn in the
presence of varying concentrations of DJ1. Major CSPs were observed
throughout the protein sequence, with the strongest changes around
Met5 at the N-terminus of αSyn and residues 105 to 135 at the
C-terminus (with CSP > 0.01 ppm shown in Supplementary Fig. 9b).

Fig. 5 | αSyn conformation-dependent interaction with AK2, DJ1, and ATP
synthase. a Volcano plot shows LiP-MS results on peptides significantly changing
uponmitochondrial treatment with αSyn fibrils or monomers for 30min. Red dots
show statistically significant hits (Fold Change> 1.5, q-value <0.05, based on a two-
tailed t-test followed by Benjamini–Hochberg adjustment for multiple hypothesis
testing). LiP-MS hits peptides mapped to the protein structure when treated with
αSyn monomer or fibrils for AK2 (b), ATP synthase (c), and DJ1 (d). The peptide

changes found for AK2 were the same as with αSyn monomers, while for DJ1, only
one of two regions found with monomers were also found with αSyn fibrils. Hits
passing the q-value cutoff (<0.05) are shown in red.b,d, peptides significant only at
a p-value cutoff (<0.05) are shown in pink. p-values were calculated using a two-
tailed t-test. FDR adjustment was used for q-value determination. Source data are
provided as a Source Data file.
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These findings indicate that αSyn interacts with DJ1 at multiple inter-
action sites. When compared with the CSP fingerprint of αSyn in
mitochondria, DJ1 binding could account for the CSPs observed from
residue 50 onward, which include the NAC region. Similarly, the fin-
gerprint of the peak intensity ratios broadly follows the pattern
observed for mitochondria. Hence, DJ1 alters the accessibility of αSyn
at regions that include the AK2 binding site in the C-terminus, and this
interaction is of transient nature.

As expected from a highly plastic intrinsically disordered protein,
LiP-MS experiments indicate that αSyn interacts with multiple mito-
chondrial proteins. Interestingly, the NMR intensity profile comprising
about 100 probes obtained for 15N-labeled monomeric WT αSyn in the
presence of lysed mitochondria can be modeled as a linear

combination of the αSyn spectra in the presence of AK2, DJ1, and
cardiolipin (Supplementary Fig. 10). However, additional interaction
partners are expected to contribute as an accurate reconstruction
requires a 20% contribution from other binders, based on the linear
combination approach.

αSyn affects ATP homeostasis in isolated mitochondria and in
intact cells
Since we detected multiple mitochondrial proteins related to ATP
hydrolysis and ATP homeostasis, including AK2 and ATP synthase,
structurally responding to αSyn in our experiments (including direct
interactions), we measured ATP content in cells and isolated mito-
chondria exposed to different concentrations of αSyn species ranging

Fig. 6 | Influence ofαSyn onATPhydrolysis in cells. aWhole cellular ATP content
inmiceHT-22 cells in the presence ofWT andΔC-αSynmonomers and fibrils.bATP
hydrolytic capacity in isolated mice liver mitochondria after the addition of
increasing concentrations ofWT andΔC-αSynmonomers andfibrils. PBS treatment
was used as a control, and its hydrolytic activity was set at 100%. Oligomycin A, a
potent ATP Synthase inhibitor, was used as a positive control. Statistical sig-
nificances were calculated with one-way ANOVA followed by Dunnett’s multiple

comparisons test. ****p-value < 0.0001, ***p-value < 0.001, **p-value < 0.01, *p -value <
0.05. p-value ≥0.05 was considered non-significant. All data are given as mean ±
SD. Experiments for each setup were performed on four separate days (a, b). In
total, n = 10–12 replicates for (a) and n = 8–15 replicates for (b) were used for each
condition. Exact p-values and n for each condition are provided in the Source Data
file. Source data are provided as a Source Data file.
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from 125 nM to 4μM. PBS was used as a control, and oligomycin A, a
potent ATP synthase inhibitor, was used as a positive control. ATP
content in HT-22 cells, immortalized mouse hippocampal cells,
decreased after 24 h of incubation with 4μM monomeric ΔC-αSyn, in
contrast to PBS-treated control cells (Fig. 6a). Lower concentrations
did not significantly impact ATP hydrolysis. In contrast, the WT αSyn
monomer did not have a significant effect on ATP content at any
concentration tested (Fig. 6a). WT αSyn fibrils at 4μM concentration
showed, however, decreased ATP content. Similarly, both monomeric
ΔC-αSyn and WT αSyn fibrils significantly reduced the ATP hydrolytic
capacity in isolated liver mitochondria, whereas WT αSyn monomers
did not have any effect relative to PBS treatment (Fig. 6b). Notably,
αSyn has been found to accumulate in liver and hepatocytes64,65. Like
αSynfibrils, C-terminally truncatedαSyn is found in Lewybodies and is
thought to be pathology-associated66,67. Our data suggest that these
species inhibit ATP hydrolysis in cells and isolated mitochondria in a
similar manner.

Discussion
In this work, the uptake/binding ofαSyn into/ontomitochondria up to
a concentration of 2μM±0.5μM was observed. In its intrinsically
disordered state, αSyn transiently interacts with both the membrane
as well a subset of soluble mitochondrial proteins, including DJ1 and
AK2, activating the latter. Detailed NMR investigations revealed that
the membrane interaction site on αSyn is the positively charged
N-terminal region, as expected39 while the negatively charged
C-terminal segment interacts with both DJ1 and AK2. WT monomeric
αSyn has an activating effect on AK2, hinting towards a possible phy-
siological role of αSyn in the energy production of mitochondria.
Interestingly, fibrillar αSyn did not have a significant effect on AK2
function. Moreover, light scattering and ThT aggregation assays,
together with SDS-PAGE of WT αSyn pellets, show that AK2modulates
αSyn aggregation and increases the percentage of αSyn remaining in
the soluble, non-fibrillated form. Interestingly, the effect of AK2 on the
aggregation of αSyn was reduced for A30P αSyn and lost for PD-
associated αSyn familial mutants E46K and A53T, as well as for the
C-terminally truncated αSyn variant, which is a PD-related PTM68–70.
Furthermore, the latter did not show a positive impact on AK2 func-
tion, and reduced ATP production in cells and isolated mitochondria,
resulting in a coherent picture of the relationship between αSyn and
ATP homeostasis. In the future, it would be interesting to test the
effects of other αSyn PTMs, especially phosphorylation of Ser129, a
modification associated with pathology66,67,71. Due to its C-terminal
location, pSer129 αSyn might interact differently with AK2. Moreover,
investigating the effects of αSyn oligomers in future studies would be
of interest.

Furthermore, WT αSyn monomers and fibrils both triggered
structural responses in the ATP synthase; however, we detected dif-
ferent structural changes in response to different conformations of
αSyn. This interaction could be direct or indirect, e.g., because of the
change of adenine nucleotide balance in mitochondria. The possible
physiological impact of monomeric αSyn on ATP synthase was shown
previously, while oligomeric species reduce ATP synthase activity72.
Our data complement these earlier findings for the ATP synthase,
providing new structural insights on the regions involved in the
response of ATP synthase to different αSyn conformations45,46. Fur-
thermore, here, we revealed that AK2, another important player in
mitochondrial ATP homeostasis, is functionally regulated by αSyn in a
conformation-dependent manner.

Our functional validation on ATP production in intact cells and
isolated mitochondria showed that indeed αSyn conformations are
associated with pathology, i.e., fibrils and ΔC-αSyn, reduce ATP pro-
duction in both systems, while the monomeric form does not. How-
ever, we also did not observe an enhancement of ATP production for
αSyn WT monomers. This lack of enhancement could reflect more

complex regulation of ATP homeostasis with rate-limiting steps con-
trolled by other molecular players.

In our experiments with intact mitochondria under prolonged
incubation time, the interaction between αSyn and mitochondrial
proteins that are not exposed to the surface (Fig. 5) can be explained
by translocation of αSyn into mitochondria for monomeric αSyn, or
due to destruction of mitochondrialmembrane integrity in the case of
αSyn fibrils, or due to indirect effects downstreamof the interaction of
αSyn with mitochondrial surfaces.

We compared the interactors of αSyn revealed with LiP-MS and
the interactors that were identified with the other methods for the
αSyn monomer73 and for αSyn upon Lewy Body pathology74. Five out
of 18 of our LiP-MS hits for αSyn monomer (TPI1, GDA, DDX17, SPTN1,
and TRiC complex) were also identified as interactors of αSyn in the
previous study73. Next, we compared our LiP-MS-based candidate
interactors of αSyn fibrils with the interactors of αSyn specific to Lewy
pathology identified by the biotinylation by antibody recognition
method (BAR). We found a remarkable overlap between our LiP-MS
hits and the proteins identifiedbyBAR; specifically, 38 and67out of 99
of LiP-MS hits for αSyn fibrils were detected as interactors of pSer129
αSyn and total αSyn in synucleinopathies, respectively, relative to
healthy controls. This shows a reassuring correlation between the
results obtained with the two techniques and the complementarity of
the LiP-MS and BAR approaches. In addition, LiP-MS provided struc-
tural information on these Lewy pathology-relevant interactors and
pinpointed potential interaction interfaces (Supplementary Data 2).
Furthermore, LiP-MS identified 32 new candidate interactors of αSyn
fibrils. While ATP synthase and DJ1 were also found interacting with
αSyn upon Lewy pathology using BAR, AK2 has not been previously
reported to interact with αSyn.

Overall, our results offer a new perspective on the potential
physiological role of αSynmonomers inmaintaining ATP homeostasis
in mitochondria. Whether this is a regular αSyn function or a rescue
mechanism under stress when additional ATP is required, remains to
be understood. In line with that, PD-associated C-terminally truncated
αSyn, familialmutants, andαSyn fibrils did showdifferent effects from
monomeric full-length αSyn in multiple functional experiments.

More generally, the data presented showa coherent picture of the
potential role of αSyn in ATP homeostasis both at the physiological
and pathological levels. It also revealed multiple concomitant inter-
actions ofαSynwithmitochondrial proteins. The detection ofmultiple
transient binding sites with cellular material (both proteins and
membranes) within the sequence of an IDP with only 140 amino acids
highlights the power of IDPs in executing sequence-dense, pluripotent
actions of dynamic nature.

Methods
Ethical statement
The animal experiments were carried out in compliance with Swiss
Animal Welfare legislation, according to Art.18 Tierschutzgesetz
(TSchG), Art. 141 Tierschutzverordnung (TschV), Art. 30 Tierver-
suchsverordnung (TVV) (all Switzerland), and were approved by the
cantonal Veterinary Office of Zurich, Switzerland, under the license
34491 (National Number).

Protein expression and purification
For the recombinant expression of N-terminally acetylatedWT αSyn, a
pRK172 plasmid containing the SNCA gene was cotransformed toge-
ther with a plasmid encoding for the yeast N-acetyltransferase com-
plex B (NatB) into E.coli BL21 Star(DE3) cells. The cells were grown and
induced in Lysogeny broth (LB) for unlabeled αSyn and M9 minimal
media supplemented with 15NH4Cl for

15N-labeled αSyn. The harvested
cells were lysed by resuspending them in osmotic shock buffer (Tris
buffer with 40% sucrose) and then transferring them to cold ultrapure
water. The supernatant after centrifugation was boiled in water for
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10min and cooled down in an ice ethanol bath (−5 °C). The crude
protein was purified by ammonium sulfate precipitation (first remov-
ing the insoluble parts at 35% saturation at room temperature, after-
wards αSyn was precipitated at 60% saturation and resuspended in
buffer) and afterwards dialyzed into Tris buffer. Subsequently, the
protein was further purified by anion exchange chromatography using
a HiTrapTMQ FF 16/10 column (fromGEHealthcare) equilibrated with
Tris buffer. The clean protein was eluted using a gradient from 0% to
50% 1MNaCl in Tris buffer over 200ml. The fractions containingαSyn
were pooled, dialyzed into pure water, and lyophilized for later usage.
Puritywas confirmedusing SDSpage and [15N,1H]-HMQCNMR.TheΔC-
αSyn (i.e., αSyn (1–121)) was expressed and purified in the same way
using a plasmid modified by site-directed mutagenesis. We note that
N-terminally acetylated human recombinant αSyn was used through-
out all experiments, including when non-human material such as
bovine mitochondria was used (see below).

AK2 was recombinantly expressed using a pET-42b(+) plasmid.
The construct contains an N-terminal histidine tag connected via a
TEV-cleaving site. Expression of labeled and unlabeled protein was
done like explained forαSyn. The cells were lysed using an ALTM-110S
Microfluidizer, and insoluble parts were removed by centrifugation.
Firstly, the crude proteinwas purified by employing two 5mlHisTrap™
Fast Flow columns equilibrated with a 25 µM imidazole Tris buffer. The
protein was eluted using 250 µM imidazole Tris buffer. The fractions
containing AK2 were identified by SDS page, pooled, and dialyzed.
After concentrating the protein using a 10 kDa spin filter tube, the His-
tag was removed by the addition of TEV protease in a ratio of 1:50 and
incubation at 4 °C overnight. The cleaved tag was removed by another
5ml HisTrap™ column. The protein was dialyzed into Tris buffer,
concentrated, and stored as aliquots at −20 °C. Purity was confirmed
using SDS page, and activity was confirmed using NMR and luciferase-
based ATP assay (ATP Kit SL from BioThema).

Human PARK7(DJ1) was bought from Abcam in lyophilized pow-
der form (ab124312).

TheMembrane Scaffold Protein (MSPdH5) used for the formation
of nanodiscs was expressed on a pET-28a plasmid. Like AK2, the con-
struct contained an N-terminal His-tag and TEV-cleaving site. Expres-
sion and purification were analogous to the purification of AK2.

Skp purification was performed as previously described in ref. 75.
Skp was recombinantly expressed using a pET28b plasmid expression
vector (Novagen). The construct contains an N-terminal histidine tag
connected via a TEV-cleaving site. BL21-(λ DE3)-Lemo cells (New Eng-
land Biolabs) transformedwith the Skp plasmid were grown at 37 °C in
LB medium containing kanamycin (30mg/ml) to OD600 (optical den-
sity at 600nm) = 0.6, and then the expression was induced by adding
0.4mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 25 °C for 12 h.
The harvested cells were resuspended in 20ml of lysis buffer per liter
of culture (20mM Tris (pH 7.5), 500mM NaCl, deoxyribonuclease
(DNase) (0.01mg/ml), ribonuclease (RNase) (0.02mg/ml), and inhi-
bitor cocktail (cOmplete EDTA-free protease inhibitor; Roche)). Cell
lysis was performed using a microfluidizer (Microfluidics) for three
cycles at 4 °C. The supernatant after centrifugation was applied to a
HisTrap™ column and eluted with an imidazole gradient. The fractions
containing Skp were identified by SDS page, pooled, and dialyzed
against buffer (20mM Tris (pH 7.5) and 500mM NaCl) overnight to
remove the imidazole. Skp was then denatured with 6M Gdm/HCl,
applied to the HisTrap™ column, and eluted with 250mM imidazole.
The eluted Skpwas refolded overnight against refolding buffer (25mM
HEPES, pH 7.5, and 150mM NaCl). The His-tag was removed by the
addition of TEV protease in a ratio of 1:100 and incubation at 4 °C
overnight. The cleaved tag was removed by another 5ml HisTrap™
column. In a final step, a size exclusion chromatography (Superdex-
200 16/600 PG) step was applied to further purify the proteins and
adjust the protein to its final buffer (20mMMES (pH 6.5) and 150mM
NaCl). Purity was confirmed using SDS-PAGE. Afterward, Skp was

concentrated by ultrafiltration and stored at −20 °C until use. The final
yield of purified protein was 25mg of Skp per liter of LB medium.

LiP-MS
LiP-MS was performed as described previously in refs. 34,35. Briefly,
mitochondrial fraction in LiP buffer (100mM HEPES pH 7.5, 150mM
KCl, 1mMMgCl2)wasdistributed among technical replicates (four) for
eachcondition. Isolatedmitochondrial fractionwas incubatedwithWT
αSyn monomer, fibrils, ΔC-αSyn, or buffer (for control) for a defined
period (15min or 30min). PK was added to all samples for 5min at a
1:100 enzyme-to-substrate ratio, and samples were incubated at 25 °C
for 5min. PK digestion was stopped via heat inactivation at 99 °C for
5min, followed by incubation of the samples for 5min on ice. An equal
volume of sodium deoxycholate was added to a final concentration of
5% (w/v). Next, TCEP was added to a final concentration of 5mM and
incubated at 37 °C for 30min in a thermomixer under shaking
(800 rpm). For alkylation of reduced cysteines, iodoacetamide was
added to a final concentration of 40mM and samples were incubated
for 30min in the dark. To dilute sodium deoxycholate to the final
concentration of 1%, we used 0.1M ammonium bicarbonate. The
samples were digested for 16 h at 37 °C by LysC and trypsin at a 1:100
enzyme/substrate ratio. Digestion was stopped by lowering the pH
with formic acid. The samples were centrifuged, and supernatants
were desalted on Sep-Pak tC18 cartridges (Waters). Samples were
eluted with 80% acetonitrile, 0.1% formic acid.

AP-MS
A SH-SY5Y cell pellet was lysed in IP buffer (LiP buffer + 1× complete
protease inhibitor, 1× PhosSTOP). The Lysate was split into the requi-
site number of aliquots prior to spiking inαSyn (5 µg) and rotated 1 h at
room temperature (end-to-end rotation). αSyn was immunoprecipi-
tatedwith anti-αSyn antibody (abcamMJFR1, ab13,8501, 4 µg) for 2 h at
20 °C under constant end-to-end rotation using protein A conjugated
magnetic beads. As a negative control, an isotype-specific Ig control
was used withmagnetic protein A beads. Four replicates were used for
each condition. Beads were collected on a DynaMag-2 magnetic rack,
washed 6x with LiP buffer. The Proteins were eluted in 60 µl 8M urea
for 30min at 37 °C (1500 rpm, Eppendorf shaker) and snap-frozen. The
classical trypsin digestion workflow was applied (see LiP-MS section).

Acquisition of LC-MS/MS data and data analysis
LC-MS analysis was carried out on the Orbitrap Q Exactive Plus or
Orbitrap Fusion Lumos Tribrid mass spectrometer (Thermo Fisher
Scientific) equipped with a nano-flow LC system (Easy-nLC1200,
Thermo Fisher Scientific) and custom-packed columns with 1.9 µmC18
beads. The separation protocol used a linear gradient of acetonitrile in
buffer (water and 0.1%FA) increasing from 5% to 35% over 120min.

DIA scans were conducted in 20 or 41 variable-width windows.
MS1 scans covered amass range of 350–1400m/zwith a resolution set
at 120,000 with a maximal injection time of 100ms. HCD was used for
fragmenting precursor ions. DIA-MS/MS spectra were captured using
an Orbitrap with a resolution of 30,000 and a scan range of
350–1150m/z, with a maximal injection time set to 54ms.

Raw DIA LC-MS/MS data were searched using Spectronaut 17
(Biognosys AG) with default settings, except that semi-specific diges-
tion was selected.Mass tolerances were defined during data analysis in
Spectronaut using default (dynamic) mass tolerance settings. The
number ofmissed cleavages was set to two, and theminimum peptide
length was set to seven amino acids. The following fixed modification
was applied: carbamidomethyl (C). Variable modifications included
acetylation at the proteinN-terminus and oxidationofmethionine (M).
The FASTA file used for the search of the bovine proteome was
UP000009136. Library samples were acquired in DDAmode. The data
were analyzed in R using the limma, dplyr, tidyr, and ggplot2 packages.
Median normalization was performed prior to testing for differential
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abundance at the peptide level. Both half-tryptic and fully tryptic
peptideswere included in the analysis.p-valueswere calculated using a
two-tailed, unpaired Welch’s t-test. The Benjamini–Hochberg method
was applied to adjust for multiple hypothesis testing and to calculate
FDR-adjusted p-values (q-values). The visual molecular dynamics
(VMD) software was used to visualize protein structures.

αSyn fibril production
All mature αSyn fibrils used were formed from a starting solution of
500 µM unlabeled WT αSyn in PBS buffer at pH 7.4 + 0.02% NaN3. Five
hundredmicroliters of the starting solution in a 0.5ml Eppendorf tube
was incubated at 37 °Cona rotatingmixer spinning at 30 rpm formore
than two weeks. Before usage, the formed fibrils were pelleted by
centrifugation and washed three times with PBS buffer.

ThT aggregation study
Sampleswere prepared to contain 500 µl of 300 µMαSyn inPBS pH7.4
and varying concentrations between 0 µM and 240 µM AK2 in a 0.5ml
Eppendorf tube. All tubes were incubated at 37 °C on a rotating mixer
spinning at 30 rpm for a total of 145 h. To acquire a time point, 5 µl of
sample was diluted into 200 µl PBS buffer and 2 µl 1mM ThT. The data
was recorded on a Horiba-Jobin Yvon (FluoroMax 4) spectro-
fluorometer using an excitation wavelength of 450 nm and collecting
emission in the range 465–500nm with a slit width of 5 nm. For ana-
lysis of the data and sigmoidal fitting, Matlab version R2019a has
been used.

Pull down experiment 1D
A tube containing 300mg of bovine mitochondria was washed two
times with 800μl PBS and later resuspended in 60μl PBS. Roughly
2mg of lyophilized WT αSyn was dissolved in 500μl PBS buffer and
added to the mitochondria. The mixture was incubated at room tem-
perature for 15min. Afterwards, the mixture was put into 25ml of PBS
with 4% D2O. Themitochondria were recovered by centrifugation, and
this washing step was repeated two more times. The mitochondria
pellet was transferred to a 5mm Shigemi tube and immediately mea-
sured by NMR. The supernatant of the last washing step was used as a
control.

Nanodisc preparation
To start with, a stock solution (>200μM) of MSPdH5 in 20mM Tris
with 200mM sodium chloride was prepared, as well as a 50mM stock
of cardiolipin (18:1) in 200mMsodium cholate. The stocks weremixed
to get 1ml of a 5mM cardiolipin, 200μM MSPdH5 (25:1) solution,
which was incubated andmixed at room temperature overnight. 1 g of
bio beads was added in small portions over the course of 6 h to extract
excessive lipids. After removing the beads by centrifugation, the
formed nanodiscs were isolated using a Superdex 200 10/300 column
(GE Healthcare) for size exclusion. All fractions were examined using
Interferometric Scattering Mass Spectrometry (ISCAMS). All fractions
where the expected mass of 128 kDa was found as the only major
component were combined and stored at 4 °C.

Extraction of the bovine brain mitochondria-enriched fraction
All the material (scalpel, scissors, homogenizer, dishes, and spatula)
and buffers were precooled to 4 °C. The whole procedure was per-
formed on ice, and all instruments (centrifuges) were cooled down to
4 °C. The extraction buffer used contained 125mM sucrose, 125mM
Mannitol, 10mM HEPES, 7mM EGTA, 0.01% bovine serum albumin,
and four tablets of protease inhibitor cocktail per 1.5 l of buffer. A fresh
bovine brain was purchased from the “Veterinärdienst Stadt Zürich”
and arrived in the lab around 26 h after extraction. The brain was
washed with cold extraction buffer to remove the blood. From an
initial weight of around 500g, around 200g of white matter was
extracted using a scalpel, scissors, and spoons. The white matter

pieces were washed three times and minced as small as possible using
scissors. Four milliliters of extraction buffer per gram of white matter
where added. The tissuewas homogenized using a glass tissue grinder.
Around 15 to 20 strokes were used per portion. The mixture was
centrifuged at 1000× g for 30min, followed by a 10,000× g cen-
trifugation for the supernatant. The pellet of the second step was
washed three times with PBS buffer pH 7.4 with 1% bovine serum
albumin and afterwards dissolved in the same buffer with 10% DMSO,
aliquoted, and stored at−80 °C.Whenevermitochondriawere used for
experiments, a tube was thawed and washed three times with the
desired buffer to remove the DMSO. When lysed mitochondria were
used, freeze–thaw cycles together with ultrasonication were
employed. Functionality of the intactmitochondriawas assessed using
a luciferase-based bioluminescence assay (Supplementary Fig. 1).

Luciferase-based ATP bioluminescence assay
The assay was performed using the ATP Kit SL from BioThema. The
light was detected using a PherAstar Plus plate reader with a lumi-
nescencemodule installed. All samples had a final volumeof 200 µl. All
samples contained 25 µMNAD+, 25 µMADP in 100mMTris pH 7.5, and
around 1–2mg of a bovine brain mitochondria pellet. To some wells,
500 µM pyruvate and 500 µM malate were added, to others 5mM
Glutamate and 500 µM malate. Blanks contained all the metabolites
but no mitochondria. All the relevant metabolites and the mitochon-
dria wereprepared to be 160 µl in awell of a Greiner F-Bottom96plate.
The reaction was initiated using 40 µl of the SL buffer containing
luciferase. Acquired were 200 points with an acquisition time of 1 s
over the course of 1 h.

NMR sample preparation
All in vitro samples were prepared using phosphate buffer saline
(PBS). αSyn, ΔC-αSyn, and AK2 were added from stock solutions. To
remove oligomeric species, αSyn and ΔC-αSyn stocks were filtered
with a 100-kDa molecular weight cut-off concentrator (Amicon)
before being used for NMR sample preparation. To ensure that the
AK2 stock only contained monomeric protein, the thawed protein
was reduced using TCEP (tris(2-carboxyethyl)phosphine), and
monomeric AK2 was isolated by size exclusion with a HiLoadTM 26/60
Superdex 75 column (GE Healthcare). The concentrations were
determined photometrically bymeasuring the absorbance at 280 nm
with the molar absorption coefficients ε = 5960M−1 cm−1 for αSyn,
ε = 1490M−1 cm−1 for ΔC-αSyn, and ε = 7700M−1 cm−1 for AK2. After
the addition of the proteins and other components, the pH was
adjusted to the desired value using diluted HCl/NaOH solutions. Each
sample was supplemented with 5% D2O and adjusted to a final
volume of 400 µl in a 5-mm (diameter) Shigemi tube. The samples
were measured immediately after preparation.

2D NMR measurement parameters
All 2DNMRexperimentswere performedon aBruker 600MHzAvance
III HD spectrometer with a cryogenic proton-optimized 1H{13C/15N} TCI
probe. The pulse sequence employed was a 2D [15N,1H] SOFAST HMQC
NMR experiment. For the 150μM sample of 15N-labeled AK2, the fol-
lowing parameters were used: 256× 2048 complex points, 128 scans,
1 s interscan delay, and a spectral width of 13.7 ppm for 1H and 36 ppm
for 15N at 25 °C. For the 15N labeled αSyn samples with DJ1, the sample
contained 30μM αSyn and 0μM, 15μM, 30μM, or 60μM DJ1. The
following parameters were used: 256 × 2048 complex points,
256 scans, 0.5 s interscan delay, and a spectral width of 11 ppm for 1H
and 30ppm for 15N at 10 °C. For the 15N-labeled αSyn samples with
mitochondria, the sample contained 20μM αSyn and 50mg lysed
mitochondria. The following parameters were used: 128 × 2048 com-
plex points, 512 scans, 0.1 s interscan delay, and a spectral width of
14 ppm for 1H and 31 ppm for 15N at 10 °C. For the 15N-labeled αSyn
samples with cardiolipin nanodiscs, the sample contained 20μM αSyn
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and 20μMnanodiscs. The followingparameterswereused: 256× 2048
complex points, 64 scans, 0.5 s interscan delay, and a spectral width of
12 ppm for 1H and 30 ppm for 15N at 10 °C. For the 15N-labeled αSyn
samples with AK2, the sample contained 20μM αSyn and 110μMAK2.
The following parameters were used: 128 × 2048 complex points,
128 scans, 0.5 s interscan delay, and a spectral width of 11 ppm for 1H
and 30 ppm for 15N at 10 °C. All NMR spectra were processed with
TopSpin 4. Visualization and data analysis were carried out in SPARKY.
Peak intensities and chemical shift differences extracted from SPARKY
were further analyzed using LibreOffice Calc. The pH in the NMR
experiments was controlled further by the chemical shift of His50
(Supplementary Fig. 11).

AK2 activity assay by NMR
The experiments were performed on a Bruker 700MHz Avance III
spectrometer with a cryogenic proton-optimized 1H{13C/15N} TCI 700
probe. A 60μMAK2 solution was prepared in Tris buffer with 150mM
NaCl, 5% glycerol, and 0.1mM DTT. The starting solution contained
1mM DSS, 10mM 98% D Tris, 2mM ATP, 1mM AMP, and 10% D2O in a
final volume of 630μl in a 5mmNMR tube. Depending on the sample,
the starting solution contained either 238 nM, 1.2μM, or 4.8μM of
αSyn, ΔC-αSyn, or αSyn fibrils. Triplicates of all conditions were
recorded. The experiment was set up using the staring solution.
Afterwards, the tube was briefly removed from the spectrometer to
initiate the reaction using 5μl AK2 stock (238 nM final AK2 con-
centration). A pseudo 2D experiment was recorded, consisting of 200
proton 1D spectrawith 16384 complex points, 16 scans, a delay time of
0.3 s, and a spectral width of 16 ppm at 25 °C. The peaks of the H8
adenine protons of ATP, ADP, and AMP were integrated in Topspin 4.
The values were fitted with an exponential function in MATLAB
R2019a.

AK2 activity assay by UV/VIS spectroscopy
The UV/VIS spectroscopy approach used here is based on the method
described by Song et al.52. A 60μM AK2 solution was prepared in Tris
buffer with 150mM NaCl, 5% glycerol, and 0.1mM DTT. The starting
solution contained2mMATP,0.6mMAMP, 93μMbromothymol blue,
0.1mM glycine-NaOH, and 5mM magnesium acetate. Depending on
the sample, the starting solution included 1.2μM, 4μM, or 6μM of
αSyn,ΔC-αSyn, or αSyn fibrils. The reaction was initiated using 10μl of
the AK2 stock added to 1.5ml starting solution (final AK2 concentra-
tion is 0.4μM) in a quartz cuvette. The data was recorded on a Jasco
V-650 UV/VIS spectrometer at 617 nm at 25 °C with a sampling rate of
two points per second.

Whole-cell ATP content assay
HT-22 (SCC129, Merck) is an immortalized mouse hippocampal cell
line subcloned from the HT-4 cell line76. The cells were cultivated and
grown in high-glucose DMEM (Sigma, D6429), supplemented with 10%
fetal bovine serum (FBS) (ThermoFisher, 10270106) and 1× Penicillin-
Streptomycin (ThermoFisher, 15140122).

The cellular ATP content in whole cells was determined
according to the procedure of Beuster et al.77 using the CellTiter-Glo®
Luminescent Cell Viability Assay (G7571, Promega, Wisconsin, USA).
HT-22 cells were plated into a 96-well, clear bottomwhite microplate
(655098, Greiner bio-one, St. Gallen, Switzerland) at a density of
4.5 × 103 cells/well in 100 µl DMEM cell culture medium (cell plate)
and allowed to attach overnight at 37 °C under 5% CO2. Test com-
pounds were added after 24 h, and PBS (<0.1%, GibcoTM 10010023)
andOligomycin A (5 μM,Adipogen, SanDiego, USA) were included as
controls. HT22 cells were incubated for 24 h with three different
types of α-Syn (monomers, C-truncated monomers (ΔC-αSyn), and
fibrils) at increasing concentrations starting from 125 nM until 4 μM
for all three types. Fifty microliters per well of triplicate ATP (497354,
abcr GmbH) standards in PBS (0μM, 1 μM, 2 μM, 3 μM, 5 μM, 10 μM,

and 15 μM) were added to a clear bottom white 96-well plate (ATP
standard plate), and 25 μl of Cell titer-Glo buffer was added to each
standard well. The ATP standard plate was shaken for 15min on a
horizontal shaker. In the meantime, following the α-Syn treatment,
the test platewaswashedwith 100 μl PBS, followed by the addition of
50μl PBS in each well. 25 μl of Cell Titer-Glo buffer was added, and
the test plate was shaken for 15min to lyse the cells. Ten microliters
perwell aliquots were pipetted from theATP standardplate and from
the test plate into a clear 96-well tissue culture test plate (Protein
plate; TPP, Trasadingen, Switzerland) for protein content determi-
nation. The final 5ml of Cell Titer-Glo buffer was combined with the
Cell Titer-Glo substrate in the dark and vortexed for a few seconds.
Twenty-five microliters of 2× cell titer-Glo reagents were added per
well to the ATP standard plate and the test plate, and both were
incubated for 30min in the dark with shaking. Luminescence at 530/
25 nm was measured using a microplate reader (Synergy HT, BioTek
Instruments GmbH, Sursee, Switzerland) exactly after 30min incu-
bation. A BCA protein determination assay (Pierce™ BCA Protein
Assay Kit, Thermo Scientific, Massachusetts, USA) was performed
using the protein plate to calculate the protein concentration per
well. Cellular ATP content was calculated by an ATP standard curve
and normalized to cellular protein content/well.

Data analysis was performed using Prism Software (Graphpad,
version 9.4.1). One-way ANOVA was conducted, followed by Dunnett’s
multiple comparisons test to determine statistical significance
between PBS control and test compounds in the in vitro evaluation.

Isolation of functional mouse liver mitochondria
The mitochondrial isolation process relies on physical properties like
size and density, which are not affected by sex. In healthy adult mice,
liver mitochondrial yield and integrity are comparable between sexes.
Thus, sex is not a critical variable for standardmitochondrial isolation.
The studies were carried out on male C57BL/6NCrl mice (Mus muscu-
lus, Charles River). The animals were housed in a specific pathogen-
free environment at 23 °C with a 12 h/12 h light/dark cycle and 48%
humidity with ad libitum access to water and food.

The procedure to isolate functional liver mitochondria was
adapted from Frezza et al.78. A 5-month-old male C57BL/6N mouse
(Charles River) (n = 4) was anesthetized with isoflurane in oxygen/air
(1:1), and the absence of pedal reflex was confirmed by forceps to
guarantee deep anesthesia before decapitation. The isolation buffer
(100ml) was prepared by the addition of 5ml of 0.2M Tris-MOPS, 1ml
of 0.1M EGTA/Tris, 20ml of 1M sucrose, and 74ml distilled water.

The liver was dissected using a pre-cooled scalpel (4 °C). The liver
was washed three times in ice-cold isolation buffer and minced into
small pieces in a Petri dish on ice. The isolation buffer was discarded,
and the pieces were transferred to an on-ice pre-cooled 15ml homo-
genizer (B. Braun Biotech International, Potter S), filled with isolation
buffer to approximately 10ml andhomogenizedby slowly stroking the
glass potter rod up and down five times (1200 rpm). The homogenate
was centrifuged at 600× g for 10min at 4 °C, the supernatant was
collected and subsequently centrifuged at 7000× g for 10min at 4 °C.
The pellet was subjected to another round of homogenization and
centrifugation as previously described. The supernatant was dis-
carded, and the pellet was carefully detached using a brush and a small
volume (around 200 µl) of isolation buffer. Finally, the suspension was
centrifuged at 7000 × g for 10min at 4 °C, the supernatant was dis-
carded, and the pellet was carefully detached without using additional
isolation buffer. The protein concentrationwasdeterminedwith a BCA
assay (PierceTM, Cat No.: 23225), and the isolated liver mitochondria
were stored in aliquots at −80 °C.

ATP hydrolysis assay in isolated mitochondria
Experimental procedure from the Complex V Activity Assay Kit (Cay-
man Chemical, Cat No.: 701000) served as the initial basis for the
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development of this assay. Experiment was further modified with
procedure steps from A. Barrientos79, ATP Synthase Specific Activity
Microplate Assay Kit (Abcam, Cat No.: ab109716), Haraux et al.80, and
Fernandez-del-Rio et al.81. The following solutions were prepared, the
pH was adjusted using KOH, and stored in aliquots at −20 °C. An assay
buffer containing 25mM HEPES (Fisher BioReagents, Cat No.: BP310-
500), 25mM KCl (Sigma-Aldrich, Cat No.: 60130), and 2mM hexahy-
drate MgCl2 (Sigma-Aldrich, Cat No.: 63068-250G) in nanopure water
with a pH adjusted to 7.8. A 1M tris-HCl (Sigma-Aldrich, CatNo.: T3253-
500G) buffer in nanopure water with a pH of 8.1, a 200mMKCl, and a
1M MgCl2 anhydrous (abcr, Cat No.:AB202972) solution both in
nanopurewater. On experiment day, the assay and tris-HCl buffer were
thawed at RT. Ten mM ATP (abcr, Cat No.: AB497354) and 40mM PEP
monopotassium (BioChemika, Cat No.: 79415) aliquots were prepared
in Tris buffer and 12mM NADH (Sigma-Aldrich, Cat No.: N4505-
500MG) in nanopure water and kept on ice. An aliquot of liver mito-
chondria was diluted to a concentration of 5mg/ml with the assay
buffer and frozen in liquid nitrogen for 3min and thawed in a ther-
momixer (Eppendorf, Thermomixer 5436) at 37 °C. This procedure
was performed four times in total. The mitochondrial suspension was
further diluted to a concentration of 1.32mg/ml with assay buffer and
kept on ice. The reaction mix was prepared on ice and contained
2.84mM KCl, 1.42mM MgCl2, 1.42 U/ml PK (BioChemika, Cat No.:
83328), 1.95U/ml LDH (Sigma-Aldrich, Cat No.: L1254-5KU), 0.85μM
FCCP (Fluorochem, Cat No.: M04086), 0.26μM antimycin A (Sigma-
Aldrich, Cat No.: A8674-25MG), 1.13mM PEP, and 638.12μM NADH in
nanopure water. α-Syn samples were diluted to the desired con-
centration in PBS. In each well of a transparent 96-well tissue culture
test plate (TPP®, Cat No.: 92096), 85μl reaction mix and 25μl mito-
chondria suspension in assay buffer were distributed. One microliter
of diluted α-Syn samples was added in triplicate, and the reaction was
started by adding 2μl ATP to each well. Immediately, the plate was
placed into a preheated microplate reader (Agilent, BioTek Synergy
HT), shaken for 2 s, and the absorbance was monitored at 340nm for
30min at 37 °C.

αSyn aggregation kinetics monitored by light scattering
The aggregation kinetics of WT αSyn and its disease-associated
mutants in the presence and absence of AK2 were monitored using a
light scattering assay in a 96-well plate. Light molecular weight (LMW)
αSyn was prepared using a 100 kDa cutoff filter, and its concentration
was adjusted to 300 µM. LMW α-Syn was incubated in the presence of
AK2 at molar ratios of 1:0.5, 1:1, and 1:2, respectively. The reaction
mixture was then transferred to a 96-well plate. Aggregation kinetics
were carried out at 37 °C andmonitored by light scattering, using both
excitation and emissionwavelengths at 340 nm.The platewas agitated
for 5min before each reading. For each sample, three independent
wells were used. To minimize evaporation during the measurements,
the plate was properly covered and sealed in the fluorometer at the
correct position.

Bis-Tris Gel image with instant blue staining
WT monomeric αSyn was incubated in the presence and absence of
different molar ratios of AK2 and allowed to incubate for 5 days at
37 °C with slight agitation (50 rpm). The formed fibrils were cen-
trifuged, and the supernatant was discarded. The fibrils were washed
three times with PB buffer and centrifuged again. The resulting fibrils
were resuspended in gel loading dye containing SDS and 8M urea and
heated at 95 °C for 10min using a dry bath. Ten microlitres from each
sample were loaded onto a 4–12% Bis-Tris gel, which was run and then
stained with Instant Blue. During heating at 95 °C in the presence of
SDS and urea, a big fraction of fibrils was converted tomonomers. The
bands observed around 15 kDa were compared, revealing that in the
presence of a higher concentration of AK2, a lower amount of fibrils

formed, as indicated by the less intense monomeric αSyn band at
15 kDa, the same observation was made for non-monomerized species
(at higher molecular weights).

AlphaFold predictions
AlphaFold predictions were generated using AlphaFold version 2.3.1
provided by the ETH Scientific IT Services (https://gitlab.ethz.ch/sis/
alphafold_on_euler/). The input sequences used were the full-length,
unmodified, canonical human sequences of adenylate kinase 2 (AK2;
P54819) and α-Syn (P37840).

The pLDDT score overlaid from two viewing angles, as well as the
PAE scores, are provided in the Supplementary Figs. 4 and 5,
respectively.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry structural proteomics data generated in this
study have been deposited in the ProteomeXchange Consortium
database via the PRIDE82 under accession code PXD063500. The raw
NMR data are available from the corresponding authors upon request.
All data supporting the results of this study can be found in the article,
Supplementary Information, and Source Data files. Source data are
provided with this paper.

Code availability
The code is available at https://github.com/tserdiuk666/mitoalphasyn.
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