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ATP Hydrolysis by 𝜶-Synuclein Amyloids is Mediated by
Enclosing 𝜷-Strand

Lukas Frey, Fiamma Ayelen Buratti, Istvan Horvath, Shraddha Parate, Ranjeet Kumar,
Roland Riek,* and Pernilla Wittung-Stafshede*

Pathological amyloids, like those formed by 𝜶-synuclein in Parkinson’s
disease, are recently found to catalyze the hydrolysis of model substrates in
vitro. Here it is reported that the universal energy molecule ATP is another
substrate for 𝜶-synuclein amyloid chemical catalysis. To reveal the underlying
mechanism, the high-resolution cryo-EM structure of the amyloids in the
presence of ATP is solved. The structure reveals a type 1A amyloid fold with
an additional 𝜷-strand involving residues 16-22 that wraps around the ATP,
creating an enclosed cavity at the interface of the protofilaments. Mutations of
putative ATP-interacting residues in the cavity and the additional 𝜷-strand
showed that replacing any one of Lys21, Lys23, Lys43, Lys45, and Lys60 with
Ala reduced amyloid-mediated ATPase activity. High-resolution structural
analysis of Lys21Ala 𝜶-synuclein amyloids in the presence of ATP reveals the
same fold as wild-type 𝜶-synuclein amyloids but without the extra 𝜷-strand
and with ATP oriented differently. It is concluded that positively-charged side
chains, along with ordering of the N-terminal part into a 𝜷-strand, enclosing
the cavity, are essential parameters governing ATP hydrolysis by 𝜶-synuclein
amyloids. Amyloid-catalyzed ATP hydrolysis may hamper ATP-dependent
rescue systems near amyloid deposits in vivo.
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1. Introduction

Amyloids are polymers of monomeric
protein units non-covalently assembled
through 𝛽-strands arranged perpendicu-
larly to the fibril long axis, forming a cross-
𝛽 structure.[1] The cross-𝛽 arrangement is
the basis of all amyloid fibers, but the
exact packing (fold, topology) of the 𝛽-
strand arrangement in each perpendicu-
lar plane varies widely among amyloid sys-
tems; even the same polypeptide can adopt
different amyloid polymorphs depending
on conditions and other unknown factors.[2]

Although several functional amyloids are
known (e.g., bacterial curli),[3] amyloid for-
mation is mostly connected to human neu-
rodegenerative diseases, such as Parkin-
son’s disease (PD) and Alzheimer’s dis-
ease, and type 2 diabetes.[4] Here, proteins
with normal functions as monomers start
(for some unknown reason) to assemble
into amyloids, resulting in both loss of
monomer function as well as gain of tox-
icity coupled to the assembly processes.

The resulting amyloid fibrils are often considered end products
with intermediate species (so-called oligomers) formed during
aggregation, as most toxic to cells. Deleterious gain-of-function
coupled to amyloid formation are mitochondrial dysfunction,
oxidative stress, metabolic changes, metal ion dyshomeostasis,
genome instability, and eventually cell death.[5]

PD is the second most common neurodegenerative disorder
and the most frequent movement disorder today, for which there
is only symptomatic treatment.[6] Amyloid fibers of the protein
𝛼-synuclein (𝛼Syn) constitute the major content of pathological
intraneuronal inclusions, Lewy bodies, found in dopaminergic
neurons in PD patient brains.[7] In accord, duplications, triplica-
tions, and point mutations in the 𝛼Syn gene, enhancing expres-
sion and aggregation, are linked to familial PD cases.[8] Although
soluble 𝛼Syn oligomers are proposed to bemost toxic,[9] it is clear
that 𝛼Syn amyloid fibrils themselves are toxic too and can be
transmitted from cell to cell and cross the blood-brain barrier.[10]

Amyloid toxicity has been attributed to the ability to seed
new amyloids, to translocate between cells, to deteriorate mem-
branes, to be a sink for functionally relevant proteins by bind-
ing, and to sterically block cellular functions. Amyloids were
considered chemically inert until we showed that 𝛼Syn amy-
loids catalyzed hydrolysis of ester and phosphoester bonds in
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vitro.[11] In addition, we detected distinct chemical alterations
of important metabolites in neuronal cell lysates (devoid of pro-
teins; only small molecules present) upon incubation with 𝛼Syn
amyloids.[12] This enzyme-like behavior of 𝛼Syn amyloids, which
has been paralleled by similar results on amyloid-𝛽 (linked to
Alzheimer’s disease) and glucagon (hormone, unknown link to
disease) amyloids,[13] implies that many amyloid systems may
have yet-unknown chemical reactivities[11a] as also explored in the
context of new materials and the origin of life.[14]

Lewy pathology, i.e., amyloids, is also found in the nuclei of
cells, and our earlier work showed 𝛼Syn monomers to interact
with DNA.[15] When we extended this to amyloids, we found that
𝛼Syn amyloid interactions with DNA promote strand breaks in
the DNA.[16] Thus, the chemical reactivity of 𝛼Syn amyloids may
contribute to the noted widespread DNA damage observed in
PD patients. As the damage was proposed to involve cleavage
of phosphoester bonds in the DNA backbone, and we had ob-
served dephosphorylation of model phosphoesters, it appeared
possible that 𝛼Syn amyloids would also hydrolyze other phospho-
ester bond molecules, such as adenosine-5’-triphosphate (ATP).
ATP is the primary energy currency in biological systems, and
its hydrolysis drives most metabolic and biosynthetic reactions
in cells.
Neurons have disproportionately high energy demands com-

pared to other organs but lack energy fuel storage (such as fatty
acids and glucogen). In contrast to many other cells, neurons
must continuously produce ATP from glucose to meet the cellu-
lar demands and maintain energy homeostasis.[17] Most ATP in
neuronal cells is made in mitochondria[18] and then transported
to other cell compartments. The total ATP concentration in brain
cells can be in the millimolar range[19] while the free ATP con-
centration is many orders of magnitude lower. Under conditions
of stress, such as DNA damage and dysfunctional mitochondria,
it may decrease drastically.[18,20] Decline in brain ATP levels has
been connected to both Alzheimer’s and PD.[21] There is evidence
that 𝛼Syn amyloids perturbmitochondria, resulting in lower ATP
production,[22] and ATP itself has been found to bind to 𝛼Syn
monomers and modulate its aggregation kinetics.[23] Many ques-
tions around temporal and spatial variations of cellular ATP levels
remain.[24]

Here, we combine biochemical, biophysical, computational,
and structural methods to probe the interaction between 𝛼Syn
amyloids and ATP. We report that 𝛼Syn amyloids display cat-
alytic activity toward ATP hydrolysis in vitro. Upon solving a
high-resolution structure of the ATP-amyloid complex by cryo-
EM, we identify the ATP binding site along with an adapted type
1A 𝛼Syn amyloid fold that includes an additional 𝛽-strand in
the N-terminus. Point-mutations of selected 𝛼Syn residues con-
firm the proposed ATP binding site. The high-resolution struc-
ture of a mutated 𝛼Syn amyloid, lacking ATPase activity, reveals
a similar type-1A fold but without an additional 𝛽-strand and
the ATP bound in a different orientation. In silico analysis sup-
ports the observed distinct ATP positions in the two 𝛼Syn amy-
loid structures. We propose that ATP depletion by 𝛼Syn amy-
loid hydrolysis may disturb the local energy balance in neu-
ronal cells. From a structural perspective, our results demon-
strate that small-molecule binding can induce additional or-
dering and thus alter the exposed surface of already formed
amyloids.

2. Results

2.1. 𝜶Syn Amyloids Hydrolyze ATP

Since WT 𝛼Syn amyloids were found to hydrolyze the model
phosphoester compound para-nitrophenyl orthophosphate
(pNPP),[11] we decided to assess if this amyloid chemical activity
could be extended to the biological substrate ATP, which also
contains phosphoester bonds. First, we probed the putative
inhibitory effect of ATP on the pNPP reaction that is conve-
niently detected as an increase in 410 nm absorbance over time
(Figure 1A). Whereas 𝛼Syn amyloids display pNPP hydrolysis
without ATP, the presence of 5 mm ATP completely blocks pNPP
hydrolysis by the amyloids (Figure 1B). At a lower ATP concen-
tration, 2.5 mm, there was some pNPP hydrolysis detected, and
Michaelis–Menten parameters could be derived. In the presence
of 2.5 mm ATP, the KM value increased (from 0.8 to 1.9 mm) and
the kcat value decreased (from 0.02 to 0.006 min−1) as compared
to in the absence of ATP (Figure 1C). This observation suggests
that ATP binds to 𝛼Syn amyloids and competes with pNPP for
the same sites. However, this experiment does not show whether
ATP is hydrolyzed or not by the 𝛼Syn amyloids.
To directly address ATP hydrolysis by 𝛼Syn amyloids, we used

the Malachite Green assay to detect the generation of free phos-
phate (Figure 1A). A significant increase in phosphate concen-
tration with time was observed upon mixing 1 mm ATP with
WT 𝛼Syn amyloids, but not when ATP was incubated with 𝛼Syn
monomers (Figure 1D). Thus, ATP binding to 𝛼Syn amyloids
triggers its hydrolysis. After 3h of incubation, we detect 400 μm
free phosphate in the presence of amyloids, with kinetics display-
ing an initial phosphate generation rate of ≈195 μm h−1 at these
conditions. This value corresponds to a kcat of 0.08min−1 (assum-
ing 1mmATP is a condition givingmaximal rate), which is in the
same ballpark as the detected pNPP hydrolysis rate constant (0.02
min−1, see above). As 10 times more free phosphate is generated
within 3 h than there are 𝛼Syn monomers in the amyloids, the
reaction is catalytic (notably, at 3 h, the reaction is still ongoing).

2.2. Novel Features in the Structure of the ATP-Amyloid Complex

To investigate the interaction between WT 𝛼Syn and ATP at a
molecular level, we turned to cryo-EM and solved the structure
of WT 𝛼Syn amyloids in the presence of ATP to a resolution of
3.08 Å (Figure 2; Figure S1 and Table S1, Supporting Informa-
tion). In parallel, we confirmed that WT 𝛼Syn amyloids in the ab-
sence of ATP displayed a type 1A polymorph fold, similar to pre-
viously reported structures 6h6b and 6a6b (Figure S2 and Table
S1, Supporting Information, final resolution 3.20 Å). The high-
resolution structure of WT 𝛼Syn amyloids in the presence of 1
mmATP also shows a type 1A-fold, as expected since the ATPwas
added after fibril formation. Interestingly, however, there is an ex-
tra density corresponding to the N-terminus forming a 𝛽-strand
involving residues 16-21 (Figure 2A–D). Furthermore, there is an
additional density for ATP in the cavity between the two protofil-
aments (Figure 2C). The ATP density is not fully resolved, and
thus its exact orientation cannot be stated with certainty. The dif-
fuse density rather indicates that ATP binds in several similar
binding poses dynamically. The cavity in which ATP is found
contains several lysine residues: Lys43, Lys45, Lys60, as well as
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Figure 1. ATP binds the same site as pNPP and is hydrolyzed by WT aSyn amyloids. A) panel showing chemical reactions for pNPP hydrolysis and ATP
malachite green assay. B) Phosphatase activity of 40 μmWT 𝛼Syn amyloids in the absence (black) or presence of 5 mm ATP (gray). C) Michaelis–Menten
plot of initial reaction rates of 20 μmWT 𝛼Syn amyloids as a function of pNPP concentrations in the absence (black) and presence of 2.5 mm ATP (gray),
with Michaelis–Menten fit as solid curve. Error bars, mean ± SD (N = 3). D) ATPase activity of 40 μmWT 𝛼Syn amyloids (black) or WT 𝛼Syn monomers
(purple) in the presence of 1 mm ATP.

Lys21 and Lys23 (predicting its position based on the partially re-
solved residue 22) in the additionally ordered 𝛽-strand. The sole
histidine in the polypeptide, His50, is also deep inside this cav-
ity (Figure 2A–C). The five positively charged lysine residue side
chains orchestrate thereby the binding of the highly negatively
charged ATP molecule.
The structural difference betweenWT 𝛼Syn amyloids with and

without boundATPwas also evident from amyloid seeding ability
toward fresh 𝛼Syn monomers (ATP-bound amyloids were more
efficient), and proteinase K degradation (ATP-bound amyloids
showed increased resistance) (Figure S3, Supporting Informa-
tion).

2.3. Lysine Residues are Important for Amyloid Chemical
Reactivity

In earlier work, using pNPP, we found that His50Ala mutated
𝛼Syn amyloids did not show any pNPP hydrolysis.[11] However,

that mutation may result in 𝛼Syn amyloids with a different poly-
morph, so it is hard to determine the underlying reason for the
loss of activity. To address the putative ATP site with more con-
servative mutations, we turned to the lysines in the ATP cavity,
whose positive charges may form electrostatic interactions with
the ATP.
To address the role of the lysines in the cavity and in the

folded N-terminal part, 𝛼Syn variants K60A, K43A/K45A (dou-
ble mutant), K21A, and K23A were prepared. All variants formed
amyloids as evident by atomic force microscopy (AFM) (Figure
3A) and circular dichroism (CD) spectroscopy (Figure 3B). Far-
UV CD confirmed the presence of 𝛽-sheet structure for all
species (Figure 3B), and based on the AFM, all amyloids had
a periodicity along the fiber axis of ≈100 nm (Figure 3C, left)
and a cross section of around 6 nm (Figure 3C, right). Con-
sistent with the AFM data, negative-stain transmission electron
microscopy (TEM) images showed similar amyloids for WT,
K23A, and K43A/K45A 𝛼Syn (Figure 3D) (K21A, K60A; data not
shown).

Adv. Sci. 2025, 12, e08441 e08441 (3 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Cryo-EM structure of WT 𝛼Syn amyloids in the presence of ATP. A) Postprocessed cryo-EM density map overlayed with the atomicmodel, where
the dotted line indicates the missing residues to connect the newly formed 𝛽-strand by residues V16 to K21 (white arrows). B) Cryo-EM density map
from the 3D refinement; the white arrows indicate the additional 𝛽-strand V16 to K21. C) Chimeric cryo-EM density map combining the post-processed
map (grey) with the 3D refinement map (purple). ATP was modeled into the density using ChimeraX. The nucleotide moiety of ATP is found deepest
inside the pocket, with the phosphate tail directed toward the V16–K21 region. D) Schematic representation of the type 1A 𝛼Syn polymorph bound to
ATP, illustrating the overall polymorphism of the amyloid fibril. E) (F, zoom in) Representative illustration of ATP position on the surface of the amyloid
fibril. G) Post-processed cryo-EM density map of the ATP-bound fibril, used to build the atomic model.

Since the collection of low-resolution data showed the mu-
tant amyloids to be similar in terms of overall fold, we investi-
gated whether these 𝛼Syn variant amyloidsmediated ATP hydrol-
ysis using the Malachite Green assay with 1 mm ATP (Figure 4).
Whereas we detect over 400 μm free phosphate after 3 h of incu-
bation with WT 𝛼Syn amyloids (Figures 1D and 4A), the mutant
amyloids showed little to no phosphate generation during this
time interval (Figure 4A).
Since we initially found that ATP blocked pNPP activity of WT

𝛼Syn amyloids, suggesting overlapping binding sites, we also
tested pNPP activity with the mutated amyloids. In agreement
with the ATP hydrolysis data, we find that pNPP hydrolysis is
impaired inmutant amyloids as well (Figure 4B). TheMichaelis–
Menten plots depicted in Figure 4B clearly show that mutated
amyloids exhibit much lower kcat values for pNPP hydrolysis (be-
tween 0.008-0.004 min−1) as compared to the value for WT 𝛼Syn
amyloids (0.02 min−1). Thus, the lysine residues appear impor-
tant for phosphoester bond cleavage in both ATP and pNPP.

2.4. Structure of a Mutant Amyloid Lacks Extra 𝜷-Strand

To assure that the overall fold of the lysine-mutated 𝛼Syn amy-
loids had not changed, we solved the cryo-EM structure of the
K21A 𝛼Syn amyloid in the presence of ATP to 3.13 Å resolution
(Figure 5; Table S1 and Figure S4, Supporting Information). The
structure reveals a type-1A fold but without the extra N-terminal
𝛽-strand comprising residues 16-22. Still, we detected density for
ATP, in the same cavity as found with theWT 𝛼Syn amyloids, im-
plying that ATP binds but is not hydrolyzed. In accord, the ATP
molecule is found in a different orientation in the K21A amyloid
as compared to in the WT 𝛼Syn amyloid (compare Figures 2C
and 5C). In the K21A amyloid, the phosphates of ATP point in-
ward toward His50, whereas in the WT 𝛼Syn structure, the ATP
phosphate tail points outward toward the new 𝛽-strand of N-
terminal residues. Thus, the orientation of ATP in the WT 𝛼Syn
amyloid, along with the extra 𝛽-strand that encloses the cavity,
appears essential feature of the system to promote chemical re-

Adv. Sci. 2025, 12, e08441 e08441 (4 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 3. Characterization of variant 𝛼Syn amyloids by AFM, CD, and TEM. A) AFM images of amyloids, scale bar 1 μm. B) Secondary structure analysis of
10 μm amyloids by CD spectroscopy. C) Periodicity (left) and cross section (right) of fibers. Statistical analysis performed by ANOVA, ns (not significant).
D) Negative Stain TEM images of 50 μm WT (left), K43A/K45A (middle), and K23A (right) 𝛼Syn amyloids. Scale bar 100 nm.

activity. Interestingly, in the ATP-K21A structure, there is a small
rearrangement (with respect to the ‘normal’ type 1A-fold) of the
N-terminal stretch (residues 42-38) in the direction away from
the cavity/ATP site (Figure 5A–C). This is the opposite direction
to the ‘fold-over’/enclosing rearrangement of the N-terminus ob-
served in the WT 𝛼Syn-ATP complex.
The fact that ATP binds to the K21A amyloids, despite a

lack of chemical reactivity, was independently confirmed in so-
lution using the fluorescent analog MANT-ATP, which has an
environment-sensitive fluorophore attached to the ribose moi-
ety (Figure S5, Supporting Information). For both WT and K21A
amyloids, ATP binding was detected in the micromolar range
(estimated ATP dissociation constants around 30–40 μm at these
conditions)

2.5. Computational Support for Divergent ATP Orientations in
WT and Mutant Amyloids

To further assess the ATP interaction with WT and mutant amy-
loid structures, we performed molecular docking followed by
molecular dynamics (MD) simulations.[25] As we have Mg2+ in
the solution, we decided to use Mg2+-ATP for the docking. The
binding mode observed from the docking of Mg2+-ATP into the
closed cavity of the WT structure and the open cavity of the K21A
𝛼Syn mutant agreed with the distinct ATP orientations observed
in each cryo-EM structure (Figure S6, Supporting Information).
SubsequentMD simulations of the complexes for 100 ns revealed

that, in each case, the ATP interaction was stable over time, al-
though ATP displayed local dynamics (Figure S7, Supporting In-
formation).

3. Discussion

We here show that polymorph type 1A of 𝛼Syn amyloids bind
ATP in a specific lysine-rich cavity positioned between the two
protofilaments, with the formation of a cavity-enclosing 𝛽strand
not typically observed in type 1A 𝛼Syn structures. The interac-
tion results in ATP dephosphorylation and is dependent on the
presence of several lysine residues positioned in the cavity. The
observed ATP binding cavity matches what we recently found to
be the in silico favored site for pNPP in type 1A 𝛼Syn amyloids.[25]

Although amyloids of Lys mutants of 𝛼Syn cannot hydrolyze
ATP, they still bind the ligand in the identified cavity, but (at least
for K21A) in a different orientation.

3.1. ATP Binding Modulates the Polymorph Structure Type 1A

As expected, the overall fold of the polymorph type 1A of 𝛼Syn
amyloids does not alter upon addition of ATP. However, the ad-
dition of ATP modulates the fold by inducing the formation of
an additional N-terminal 𝛽-strand comprising residues 16-22.
With this rearrangement, critical Lys residues form a positively
charged and enclosed cavity for the negatively charged ATP. This

Adv. Sci. 2025, 12, e08441 e08441 (5 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 4. Catalytic activity of 𝛼Syn amyloids. A) ATP hydrolysis of 𝛼Syn amyloid variants: Concentration of free phosphate released after ATPase activity
of 40 μm 𝛼Syn amyloids at different time points, WT (black), K21A (red), K23A (green), K43A/K45A (purple), K60A (orange) in the presence of 1mM
ATP (left). Initial rates of ATP hydrolysis as a function of different 𝛼Syn amyloids (right). Error bars, mean ± SD (N = 3). Statistical analysis performed
by ANOVA, *p<0.05. B) Dephosphorylation of pNPP by 𝛼Syn amyloid variants: Michaelis–Menten plots of pNPP hydrolysis for WT (black) and variant
𝛼Syn amyloids (K21A red, K23A green, K43A/K45A purple, K60A orange) (left). kcat values from Michaelis–Menten plots for the 𝛼Syn amyloid variants
(right). Error bars, mean ± SD (N = 3). Statistical analysis performed by ANOVA, *p<0.05.

binding mode can be considered to follow an induced fit mecha-
nism as the ligand induces an altered structure. This is possible
because residues 16-22 are not part of the rigid core structure of
the amyloid. The additional 𝛽-strand in the N-terminus of one
protofilament interacts, in the same vertical layer of the dimeric
amyloid structure, with the ordered core of the other protofila-
ment, resulting in a peptide loop enclosing the protofilament in-
terface cavity and adding a 𝛽-sheet to the overall cross-𝛽 struc-
ture. Structural rearrangements upon ligand binding are often
observed for evolutionary-optimized enzymes, placing the pro-
tein in a reactive state, and may also be the case here. It is in-
triguing to note that the rather stable and repetitive structure of
an amyloid, often considered an inert rock-like entity, has the ca-
pacity to adapt its structure semi-locally due to small-molecule
binding.

3.2. On the Potential ATP Hydrolysis Mechanism

As stated earlier, ATP is the primary energy currency in biologi-
cal systems, and its hydrolysis drives most metabolic and biosyn-
thetic reactions in cells. There are a plethora of structural motifs
used by the proteins to bind and hydrolyze ATP.[26] Often posi-
tively charged Lys or (sometimes Arg) side chains interact with

both the negatively charged phosphates and the sugar OH moi-
eties of ATP. In addition, positively charged ions, such as Mg2+

ions, often interact with the ATP terminal 𝛾-phosphate. In the
prominent Walker A motif, a Lys side chain interacts with both
the 𝛽- and 𝛾-phosphates, with the latter also interacting with a
Mg2+ ion, while another Lys residue coordinates with the sugar
OH moieties of the ATP.[27]

In contrast to evolved ATP catalytic sites, the binding pocket
in the 𝛼Syn amyloids has not been optimized, as 𝛼Syn amyloid
formation is associated with disease. This is also reflected by the
apparent low catalytic rate for the amyloids (kcat of 0.08 min−1 at
1 mm ATP; however, this value is a lower limit as we assume one
site per polypeptide, but likely they span more than one peptide
layer), which is lower than ATP hydrolysis rates of ‘normal’ ATP
hydrolyzing proteins. For example, ATP hydrolysis rates by cpn60
and Hsp90 chaperones have been reported in the range of 0.8
min−1,[28] the copper transporter ATP7B shows anATPhydrolysis
rate of 3min−1,[29] whereasmicrotubule-stimulated ATP hydroly-
sis by kinesin dimers can reach rates over 2000min−1.[30] The lack
of a well-defined ATP density in the cryo-EM data analysis further
hints at a non-optimized active site in the amyloid. Nonetheless,
based on the indicated ATP orientation in the amyloid structure
in Figure 2, Lys side chains interact with both the sugar of the nu-
cleotide (Lys43 and Lys45) as well as the phosphates (Lys60 and

Adv. Sci. 2025, 12, e08441 e08441 (6 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. CryoEM structure of K21A 𝛼Syn amyloids in the presence of ATP. A) Post-processed cryo-EM density map overlayed with the atomic model. In
the post-processedmap, there is a low-resolution cryo-EM density observable in the vicinity of K43 and K45 of the ATPmolecule. B) Cryo-EM density map
from the 3D refinement of K21A 𝛼Syn. C) Chimeric cryo-EM density map combining the post-processed map (grey) with the 3D refinement map (green).
ATP was modeled into the green density using ChimeraX. The binding of ATP reorients the N-terminus of the K21A 𝛼Syn (i.e., residues N-terminal of
K43) such that they point away from the ATP cavity (in contrast to observed in the WT 𝛼Syn-ATP structure). D) Schematic representation of the type 1A
K21A 𝛼Syn polymorph bound to ATP, illustrating the overall polymorphism of the fibril. E) (F, zoom in) Representative illustration of ATP binding on the
surface of the amyloid fibril. G) Post-processed cryo-EM density map of the ATP-bound fibril, used to build the atomic mode.

Lys21), which is similar to evolved ATP-binding sites. The Lys
residues (K43, K45, K60, K21, K23) are all crucial for facilitating
hydrolysis, as we observe loss of activity for all our K to Amutants
(Figure 4).
Still, ATP binding is possible at least in the case of the K21A

𝛼Syn variant (Figure 5). In the structure of the inactive K21A
𝛼Syn variant, as well as in our in silico docking, ATP is found
in a different orientation, and there is no additional 𝛽-strand for
residues 16-22. It is therefore reasonable to propose that the ac-
tive site (for ATP hydrolysis) involves K43 and K45 anchoring the
adenine-sugar and K60 and K21 (and possibly K23) interacting
with, and activating, the phosphate groups, with the latter located
in the recruited, additional 𝛽-strand. Mg2+ ions appear to play no
prominent role since the catalytic activity of the WT 𝛼Syn amy-
loids was not much altered in their absence (Figure S8, Support-
ing Information).
The following plausible mechanism of catalytic action

emerges: With an induced fit mechanism, ATP binding to type

1A 𝛼Syn amyloids (anchoring at K43 and K45) recruits an ad-
ditional 𝛽-strand comprising residues 16-22. This engagement
orchestrates the formation of a catalytically-active site with K60
and K21 positioned near the phosphate groups and, due to the
enclosure of the cavity, restricts bulk water access, potentially
along with one or several constrained water molecules inside
the cavity, which may enhance reactivity. The 𝛽-strand forma-
tion can thus be regarded as a shielding lid over the cavity. In
the ATP-𝛼Syn amyloid complex depicted in Figure 2, the dis-
tances between K60 and K21 to the 𝛽-phosphate and 𝛾-phosphate
are, however, suboptimal (i.e., too large) when compared with
corresponding ATP motifs in other ATPases (e.g.,[31]). Thus, the
ATP-𝛼Syn complex may be in a high-energy, reactive state: when
the hydrolysis reaction is completed (cleaving off one or two
phosphate groups), the 𝛽-strand is released (returning to low-
energy), and product molecules are released. This makes the
amyloid system ready to restart catalysis again by binding a new
ATP.

Adv. Sci. 2025, 12, e08441 e08441 (7 of 9) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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3.3. Catalytic Activity of Amyloids

Catalytic amyloids with a diverse set of activities in material
sciences,[14b,c] in the origin of life,[14a,32] as well as for pathological
amyloids have been documented recently.[11,13] Here, we demon-
strate via detection of free inorganic phosphate that type 1A 𝛼Syn
amyloids hydrolyze ATP.We note that a recent preprint posted on
bioRxiv[33] also reports ATP hydrolysis by WT 𝛼-syn amyloids, al-
though no mechanistic or structural analysis was performed. In
that study, HPLC was used to show sequential degradation prod-
ucts that included ADP, AMP, and an unknown species.
Previous work on synthetic, designed peptides[34] has shown

the capacity of peptide-based amyloids (induced to form amyloids
by Mn2+ addition) to promote ATP hydrolysis. However, the cat-
alytic rate was around two orders of magnitude smaller than the
one demonstrated here for 𝛼Syn amyloids. As the designed pep-
tide amyloids lacked Lys and Arg residues, the positively charged
N-terminus was proposed to be involved in reactivity. We hypoth-
esize that the large difference in catalytic activity between the syn-
thetic peptide and 𝛼Syn amyloids is due to a) the presence of
the Lys residues in the latter that enhance the affinity for ATP,
as shown for small RNA molecules,[35] and b) the structural re-
cruitment of the additional 𝛽-strand in the 𝛼Syn amyloids that
by enclosing the cavity provides a water-confined environment,
reminiscent of enzyme active sites.

3.4. Could There be a Biological Relevance for the ATP
Hydrolysis?

With several mm concentration of ATP in cells, an amazing ATP
production rate in humans (producing our own weight of ATP
every day), the slow rate we report here (kcat of 0.08 min−1; esti-
mated catalytic efficiency around 30 m−1s−1 when using MANT-
ATP affinity as KM), along with the particular 𝛼Syn polymorph
studied here not detected in patients (yet),[36] the biological rel-
evance of the presented amyloid-mediated ATP hydrolysis may
appear enigmatic. Still, the available free ATP concentration may
vary locally in cells, and dopaminergic neurons are particularly
sensitive to ATP levels due to their constant dopamine produc-
tion and release. It has been reported that cytoplasmic ATP lev-
els decrease early in PD, preceding neuronal cell death,[21,37] and
amyloid-mediated disruption of mitochondrial membranes may
contribute to this.[22] The high concentration of 𝛼Syn amyloid fib-
rils in a Lewy body, and the locally high concentration of active
sites within each fibril due to the repetitive cross-𝛽 nature, at the
sub-nm level, may result in depletion of ATP at amyloid surfaces
and in Lewy bodies in vivo, if the amyloids have a polymorph that
displays catalytic activity.
This might be of particular relevance for ATP-dependent chap-

erones, such as Hsp70, that may dissociate amyloids in an ATP-
dependent manner.[38] While Hsp70 has a low ATP hydrolysis
rate by itself, between 0.02 and 1.0 min−1, this rate can be in-
creased up to 1000-fold in the presence of co-chaperones and
substrates.[39] Although chaperones, when activated, may hy-
drolyze ATP faster than of 𝛼Syn amyloids, the local concentra-
tion of active sites on 𝛼Syn amyloids (up to two per 4.8 Å, which
is 4000 sites for an amyloid of 1 μm length) may be several or-
ders of magnitude higher than the local concentration of chaper-

ones and co-chaperones near the amyloids. In other words, the
chaperones may enter an ATP-depleted zone when approaching
amyloids in vivo, limiting their rescue activities.

4. Conclusion

In summary, three important conclusions emerge from this
study. First, WT 𝛼Syn type 1A amyloids bind and hydrolyze ATP
in a specific lysine-rich cavity positioned between the two protofil-
aments. The presence of amyloid-mediated ATP hydrolysis in
vivo will depend on each amyloid’s polymorph (as it governs the
chemical features of the surface); when activated, it may con-
tribute to disease progression by reducing (local) energy supply in
the cell. Second, when ATP binds to 𝛼Syn amyloids, the amyloid
rearranges such that an additional 𝛽-strand is formed in a dis-
ordered part of the peptide. This observation demonstrates that
amyloid structures (and thus their exposed surfaces) can bemod-
ulated by small molecules after amyloid formation. This opens
the possibility to silence amyloid toxicity (such as secondary nu-
cleation, cell-to-cell spreading) via small-molecule-induced ‘deac-
tivation’ of amyloid surfaces. Third, although the ATP hydrolysis
rate detected here is low, the high local density of active sites on
amyloid fibrilsmay result in ATP-depleted zones close to amyloid
surfaces. This may abolish energy-consuming activities, such as
ATP-dependent chaperone-mediated disassembly. This will, in
essence, render the amyloids ‘invisible’ to rescue and/or degra-
dation mechanisms and is an entirely new chemical concept in
the field of amyloid diseases.
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