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Supplementary Figures
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Supplementary Fig. 1. 2D (H)N(HH)C spectra of a-synuclein fibrils in the presence of anle138b. a 'H-
N-CP spectrum and b aliphatic region of a 2D (H)N(HH)C spectrum acquired on uniformly "“C-labelled a-
synuclein-fibrils in the presence of vesicles of POPA/POPC (1:1) at a L/P ratio of 10:1 containing 0.5 eq. "N-
labelled anle138b. Intramolecular cross-peaks for protein resonances arise from natural abundance '"N-nuclei.
Peaks are labelled by potential residue types giving rise to the observed interactions with anle138b. ¢ 2D
(H)N(HH)C spectrum of ""N-labelled a-synuclein fibrils in the presence of 3,4-*C-anle138b. Magnified cross
sections show comparison of signals stemming from anle138b to the corresponding signals in a 'H-">C-CP
spectrum. d Cross-sections of the 2D NHHC spectrum in ¢ at 30 ppm (red, Lys sidechain nitrogen) and 120
ppm (green, backbone nitrogen) compared to 'H-®C-CP spectrum (blue). All spectra were recorded at
600 MHz with 12.5 kHz MAS at 100 K and in the presence of TEMTriPol-1.
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Supplementary Fig. 2. RFDR spectra of selectively isotope labelled a-synuclein fibrils studied by DNP. a
a-synuclein sequence with highlighting residues which have been selectively labelled for interaction studies
by 2D NHHC. Bar indicates rigid residues in the protofilament core, dotted line indicates disordered residues.
Cyan bars binding sites identified from combined ssNMR data. b Statistical distributions of C, (Gly) and Cg
(I L, F, Y, N, D) chemical shifts obtained from the Biological Magnetic Resonance Data Bank (BMRB).
Solid line indicates chemical shift of most prominent cross-peak between anle138b and a-synuclein in Fig. 1B
(dotted lines indicate expectable temperature shift at 100K). (C-F) 2D "“C"C correlation spectra (2.6 ms
RFDR mixing) of fibrils prepared with ¢ "C"”N-Gly, d "C"N-Ile, e "C"”"N-Leu (yellow) and “C"”N-Tyr
(orange) and f C'"*N-Phe in the presence of POPA and POPC (1:1) at a L/P ratio of 10:1 and 0.5 eq. ""N-
labelled anle138b. Spectra show peaks for residues of both the rigid fibril core (residues 38 to 95, labelled in
spectra), such as L38, Y39, G68, 188, F94 as well as residues from the disordered N terminus, such as F4, G7
and L8 and C terminus such as 1112, L113, Y124, and G132. Spectra were recorded at 100 K, resulting in
freezing of disordered parts of the protein, leading to observation of broad peaks because of conformational
heterogeneity. C- and N-terminal residues, disordered and flexible and hence not observable in ssNMR
spectra at room temperature, are observed as broad peaks at 100 K, because heterogeneous conformations are
frozen out. All spectra are overlayed with spectra of uniformly “C-labelled a-synuclein fibrils. Spectra were
recorded at 600 MHz with 12.5 kHz MAS in the presence of TEMTriPOL-1.
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Supplementary Fig. 3. 2D “C-"C-DARR for confirmation of a-synuclein fibril fold. a Excerpt of the 2D
BC-C DARR (full spectrum in b) spectrum (200 ms mixing time) acquired on *C"N-a-synuclein fibrils in
the presence (red/yellow) and absence (grey/blue) of anle138b, showing cross-peaks originating from I88.
Cross peaks between 188 and G67, which confirm the conserved protein fold, are broadened due to increased
dynamics induced by anle138b but are generally retained. b Full aliphatic region 2D "C-"C DARR spectrum.
Labels indicate cross-peaks corresponding to long distance contacts (i — itn ; n>3) and/or peaks which are
influenced by the presence of anle138b. The grey dotted box indicates the area magnified in a. Fibrils were
grown in the presence of POPA and POPC at a Lipid to Protein ration of 5:1.
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Supplementary Fig. 4. Intensity and chemical shift changes induced by anle138b. Chemical shift changes
(Obound-Oree) for a Ny-, b C,- and ¢ Cg-atoms as well as d ratios of integrated peak intensities (Tbound/Iec) from 3D
(H)CANH spectra observed in the presence of anle138b. All values are plotted onto the structure of a-
synuclein protofilament L2 (PDB ID 8 A4L). Source data are provided as a Source Data file.
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Supplementary Fig. 5. Conformer of anle138b. a Chemical structures of the two tautomeric forms of
anle138b. b 2D 'H-'H NOESY spectrum (mixing time 7, = 3 ms) of anle138b inside SUVs consisting of
POPA and POPC (1:1). Spectrum was acquired at 900 MHz at RT. ¢ 1D slice through cross-peaks in b
originating from interaction of the pyrazole proton H. to its neighboring protons. Ratios of cross-peak
intensities obtained from fitting a mixed gaussian and Lorentzian function indicate close proximity to protons
H, in the benzodioxole moiety and Hs in the bromophenyl moiety. d Chemical structure of anle138b with
indication of the NOE transfer pathways leading to the cross-peaks in ¢. Differential proximities towards the
neighboring ring protons originate from restricted ring motion in the lipid environment, leading to the
depicted rotamer being the most populated one. Source data are provided as a Source Data file.
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Supplementary Fig. 6. Translational motion and interactions of anle138b inside the a-synuclein L2
protofilament structure. a Top view of anle138b structure ensemble shown as overlay for representative
trajectories of inward- and outward-facing binding poses. A colour code denotes the individual simulation sets
for each binding pose in all following panels (inward-facing - yellow, outward-facing - green). b The a-
synuclein cross-f protofilament structure was retained on the ps simulation time scale in the presence of the
compound inside the cavity as shown by the comparison of the protofilament’s main-chain and CP atom root
mean square deviations (RMSD) for the simulation sets without (black) and with internally bound anle138b. ¢
Stepwise translational motion of anle138b inside the cavity along the fibril axis i.e. the insertion depth of the
compound with respect to the outermost B-strand layer is shown for all trajectories of the four principal
binding poses. d Internal binding of anlel138b inside the cavity of the a-synuclein protofilament structure
results in polar interactions. The average hydrogen bond energies between anle138b and the backbone atoms
of the a-synuclein protofilament structure are shown as a function of a-synuclein residue index. In terms of
hydrogen bond energetics, the outward-facing anle138b poses show the most favorable hydrogen bonds to the
B-sheet segment with residues G86 and S87 in either orientation (pointing ‘up’ or ‘down’ the protofilament
axis) and irrespective of tautomeric form. Source data are provided as a Source Data file.
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Supplementary Fig. 7. Testing of additional anlel38b binding poses inside the a-synuclein
protofilament. a Cryo-EM structure of o-synuclein protofilament L2 with anle138b modelled inside the
cavity in four additional binding poses used as starting structures for the MD simulations: Here the compound
was placed at the edge of the cavity in inward- or outward-facing binding poses, but with only one moiety
flanking the pyrazole ring (either the bromophenyl or benzodioxole ring) buried inside the cavity. A colour
code denotes the individual simulation sets for each binding pose in all following panels (inward-facing -
yellow, outward-facing - green). Representative structures illustrate the starting poses and fully inserted
anle138b molecules for the outward-facing binding poses. The latter are corresponding to an anlel138b
insertion depth of higher than 0.5 nm. Protein side chain atoms, as well as water and lipid molecules omitted
for clarity in all renderings. b Anle138b readily migrated towards the center of the B-strand stack within 100
ns in 96 out of 100 trajectories, reaffirming that adopting the less solvent exposed, internal binding site is
more favorable than the partially inserted conformation. ¢ Binding profiles as function of anle138b insertion
depth (black lines) are shown for inward-facing and outward-facing pose with error bars depicted by shading.
Binding profiles for partially inserted starting poses (black lines) converge towards the ones obtained from the
fully inserted (colored lines, see Fig. 3) starting poses. Data are presented as mean values + SEM (indicated by
shading). Source data are provided as a Source Data file.
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Supplementary Fig. 8. Binding modes observed in the MD simulations for internal anle138b poses.
Interactions of internally bound anle138b with the a-synuclein protofilament were quantified as binding
modes for inward- and outward-facing poses, respectively. Binding mode classification was based on polar
interaction patterns i.e. through directional hydrogen bond formation via the pyrazole (blue) and/or
benzodioxole (red) ring, as well as halogen bond interactions involving the bromine atom (pink), as observed
in the MD simulations (see Methods). Data are presented as mean values + SEM (indicated by error bars) and
was derived from 20 independent simulations, respectively. Source data are provided as a Source Data file.
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Supplementary Fig. 9. Analysis of anle138b binding to a-synuclein protofilament from random, non-
inserted starting poses. a In an effort to further examine the high affinity of anle138b for the internal binding
site and the influence of lipids on anle138b binding, we ran a total of 20 independent, 1.5 ps long simulations
with anle138b starting randomly and distant from the a-synuclein protofilament model. The initial a-synuclein
L2 protofilament model was simulated as stack of ten cross B-strand layers based on PDB ID 8A4L in the
presence of 100 dispersed POPC molecules and with ten initially unbound anle138b molecules. A colour code
denotes the individual simulation sets for each binding pose in the following panels (inward-facing - yellow,
outward-facing - green). b Ligand RMSD for two, independent insertion events into the protofilament cavity
observed from the same set of simulations. Both, inward- and outward-facing, internal binding poses were
spontaneously visited at least once and with a ligand heavy atom RMSD of less than 0.2 nm with respect to
both initially chosen, internal anle138b conformations. Representative structures are shown for one of the two
independent trajectories. For clarity, ions as well as water and lipid molecules were omitted in the shown
simulation snapshots. ¢ Averaged anle138b contact frequencies to a-synuclein residues of the protofilament
structure (thin lines: all B-strand layers considered; thick lines: excluding edge B-strand layers of the o-
synuclein protofilament structure) are shown together with the average time of polar anle138b contacts to the
protofilament backbone (normalized against trajectory length). Data are presented as mean values + SEM
(indicated by error bars) and derived from 20 independent simulations, respectively. A substantial amount of
unspecific binding to the N- & C-terminal regions of the a-synuclein sequence, as well as the exposed surface
of both protofilament tips was observed in the set of simulations with random, non-inserted starting poses.
However, the highest average contact time of anle138b was found for residues G68, A69, G86 and S87
constituting the internal fibril cavity, while other residue contacts were not maintained as long. d Overlay of
protofilament structure ensemble with bound anle138b spontaneously sampled during 10 independent MD
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runs of 1.5 ps per system additionally shown. e Population of anle138b binding modes highlight the stark
difference between the anle138b-protofilament interactions in the externally vs the internally bound state. The
external anle138b molecules are predominantly lipid-bound (brown bar) and showed a high fraction of
unbound (light grey bar) or only partially anle138b (grey bar) binding modes, as well as a decreased ratio of
polar contacts involving hydrogen or halogen bonding to the protofilament (red brown bar), compared to the
internally bound anle138b molecules. Data are presented as mean values + SEM (indicated by error bars) and
derived from 20 independent simulations, respectively. Source data are provided as a Source Data file.
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Supplementary Fig. 10. Analysis of lipid binding to a-synuclein protofilament from random, non-
inserted starting poses. a Averaged POPC contact frequencies to a-synuclein residues of protofilament
structure for simulation sets with and without anle138b (thin lines: all B-strand layers considered; thick lines:
excluding edge B-strand layers of the a-synuclein protofilament structure). A colour code denotes the
individual simulation sets for each binding pose in the following panels (inward-facing - yellow, outward-
facing - green). Data are presented as mean values £ SEM (indicated by error bars) and has been derived from
20 independent simulations, respectively. Lipid binding to residues 38-42 as well as residues 93-95 of the a-
synuclein fibril protofilament was recently shown by us" * and is also reproduced by the MD simulations in
this study. In addition, our simulations show the frequent binding of individual aliphatic tails into the cavity,
thus underscoring the highly hydrophobic nature of this part of the a-synuclein protofilament structure. b
Representative structures for spontaneous insertion events of aliphatic lipid chains into the protofilament
cavity from two independent simulations. On top, tails of two individual POPC molecules are shown inserted
together, below one inserted tail of one POPC molecule is shown. For clarity, protein side chain atoms, as
well as water and all non-inserted lipid molecules were omitted. ¢ Correlation between averaged residue
contact frequencies of anle138b and POPC molecules to the a-synuclein protofilament core (excluding edge
layers). Data are presented as mean values = SEM (indicated by error bars) derived from 40 independent
simulations. A high correlation for POPC and anle138b contacts on the protofilament surface exists, except
for the residues that constitute the internal binding site. Due to steric restrictions POPC lipid molecules cannot
access the full length of the tubular cavity inside the a-synuclein protofilament and therefore are not able to
bind the continuous internal binding site to the same extent as anle138b. Source data are provided as a Source
Data file.
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Supplementary Fig. 11. Tubular cavity conformation in polymorphic a-synuclein protofilament folds.
The 3D structure of a-synuclein protofilament L2 (PDB ID 8A4L) grown in the presence of lipids as
determined by cryo-EM'. Surface representation of residue stretch 65 to 90 highlights the location of the
tubular cavity within the protofilament. The protofilament fold of the backbone is depicted in cartoon
representation and the cavity enclosing residues 67-70 and 80-88 are shown with sticks. The same set of
residues are shown for atomic structures of polymorph 2 a-synuclein protofilaments grown in the absence of
lipids: 6SSX/6RT0?, 7NCI and 7NCH*.
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Supplementary Tables

Supplementary Table 1: Details of NHHC experiments for the identification of contacts.

Sample MAS Sample Enhancement Meas. No. sca.ms*No. Recycle delay (s)
(kHz) | Temp. (K) factor Time (h) experiments
u-"C,"” N 12.5 114 6-9 91.5 1280*4 2.0
BC,PN-Ile 9.5 104 7-8 77.3 256*13 2.5
BC,""N-Leu, Tyr | 12.5 114 7 192.5 2048*8 1.75
C-Phe 12.5 114 7 68.7 1024*3 2.5
BC, PN-Gly 12.5 114 13 120.0 640%5 4.2

14




Supplementary Table 2: Experimental parameters for the FS-REDOR experiment.

90°-pulse
(Power / Width)

CpP
(Power/ Width)

Hard 180°-pulse
(Power / Width)

Selective (Q3) 180°-pulse' (Width
/ Carrier Frequency position)

'H 100 kHz /2.5 ps [95-106] (kHZz) / 1.5 ms - -
BC - 71 kHz /1.5 ms - 2068.97 us / 26 ppm
"N - - 41.67 kHz / 12 pus 965.52 us / 195 ppm

! Selective Q3.1000 shape pulses® were used from the standard Bruker library.
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Supplementary Table 3: Summary of performed simulations. For each studied system the number of independent

MD simulation replicates and length of the trajectories per simulation condition is listed.

No. of replicates

Simulation system Initial binding pose/starting position of anle138b molecules and length of
trajectories
10 B-strand layers, 100 POPC .

h lel 10 x 1.
lipids, 41K waters without anle138b 0x1.0ps
10 B-strand layers, 100 POPC |1 x Tautomer A, fully bound inside the protofilament cavity, bromophenyl- 5% 1.0 us
lipids, 41k waters ring pointing ‘up’, pyrazole nitrogens facing ‘inward’ s
10 B-strand layers, 100 POPC | 1 x Tautomer B, fully bound inside the protofilament cavity, bromophenyl- 5 % 1.0 s
lipids, 41k waters ring pointing ‘up’, pyrazole nitrogens facing ‘inward’ s
10 B-strand layers, 100 POPC |1 x Tautomer A, fully bound inside the protofilament cavity, 5% 1.0 us
lipids, 41k waters bromophenyl-ring pointing ‘down’, pyrazole nitrogens facing ‘inward’ B
10 B-strand layers, 100 POPC | 1 x Tautomer B, fully bound inside the protofilament cavity, bromophenyl- 5% 1.0 us
lipids, 41k waters ring pointing ‘down’, pyrazole nitrogens facing ‘inward’ oH
10 B-strand layers, 100 POPC |1 x Tautomer A, fully bound inside the protofilament cavity, bromophenyl- 5% 1.0 us
lipids, 41k waters ring pointing ‘up’, pyrazole nitrogens facing ‘outward’ s
10 B-strand layers, 100 POPC |1 x Tautomer B, fully bound inside the protofilament cavity, bromophenyl- 5%1.0
lipids, 41k waters ring pointing ‘up’, pyrazole nitrogens facing ‘outward’ S HS
10 B-strand layers, 100 POPC | 1 x Tautomer A, fully bound inside the protofilament cavity, bromophenyl- 5% 1.0 s
lipids, 41k waters ring pointing ‘down’, pyrazole nitrogens facing ‘outward’ Sk
10 B-strand layers, 100 POPC | 1 x Tautomer B, fully bound inside the protofilament cavity, bromophenyl- 5% 1.0 s
lipids, 41k waters ring pointing ‘down’, pyrazole nitrogens facing ‘outward’ e
10 B-strand layers, 100 POPC |1 x Tautomer A, partially bound at the edge of the protofilament cavity, 25 % 100 1
lipids, 41k waters bromophenyl-ring pointing ‘up’, pyrazole nitrogens facing ‘inward’

10 B-strand layers, 100 POPC | 1 x Tautomer B, partially bound at the edge of the protofilament cavity, 25 x 100 1
lipids, 41k waters bromophenyl-ring pointing “up’, pyrazole nitrogens facing ‘inward’

10 B-strand layers, 100 POPC |1 x Tautomer A, partially bound at the edge of the protofilament cavity, 25 x 100 ns
lipids, 41k waters bromophenyl-ring pointing ‘down’, pyrazole nitrogens facing ‘inward’

10 B-strand layers, 100 POPC | 1 x Tautomer B, partially bound at the edge of the protofilament cavity, 25 x 100 18
lipids, 41k waters bromophenyl-ring pointing ‘down’, pyrazole nitrogens facing ‘inward’

10 B-strand layers, 100 POPC | 1 x Tautomer A, partially bound at the edge of the protofilament cavity, 25 % 100 1
lipids, 41k waters bromophenyl-ring pointing ‘up’, pyrazole nitrogens facing ‘outward’

10 B-strand layers, 100 POPC |1 x Tautomer B, partially bound at the edge of the protofilament cavity, 25 % 1001
lipids, 41k waters bromophenyl-ring pointing ‘up’, pyrazole nitrogens facing ‘outward’ S
10 B-strand layers, 100 POPC | 1 x Tautomer A, partially bound at the edge of the protofilament cavity, 25 x 100 ns
lipids, 41k waters bromophenyl-ring pointing ‘down’, pyrazole nitrogens facing ‘outward’

10 B-strand layers, 100 POPC | 1 x Tautomer B, partially bound at the edge of the protofilament cavity, 25 % 100 ns
lipids, 41k waters bromophenyl-ring pointing ‘down’, pyrazole nitrogens facing ‘outward’

10 B-strand layers, 100 POPC .

10 x T A ly pl 1 10 x 1.
lipids, 41K waters 0 x Tautomer A, randomly placed in solvent 0x1.5us
10 B-strand 1 100 POPC

P-strand layers, 10 x Tautomer B, randomly placed in solvent 10x 1.5 ps

lipids, 41k waters
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Description of Additional Supplementary Files

Supplementary Movie S1 : Translational motion of anle138b for the outward-facing, internal binding
pose. The movie shows the first 850 ns of a representative MD trajectory for one anle138b molecule
modelled inside the internal cavity of an asynuclein protofilament L2 structure, consisting of ten 8-
strand layers. The protofilament is shown simultaneously from the side (left) and down the filament axis
(right). The protofilament structure is initially shown in surface representation. For clarity, parts of the
structure were hidden in successive manner such that only the protein backbone and CB-atoms remain
visible. The two residue stretches enclosing the internal cavity (67GGAV70 and 80KTVEGAGSI88) are
initially highlighted by spheres and later by white colored sticks. At all times, the anle138b molecule is
shown with spheres and orange colored carbon atoms, water and lipid molecules were omitted.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection | NMR experiments: Bruker Topspin (different versions);
MD simulations: GROMACS 2018.3(including implementations of P-LINCS, SETTLE, non-bonded Verlet scheme, PME, velocity-rescale
Temperature coupling and Parrinello-Rahman barostat); AMBER99SB*-ILDN; lon parameters (Dang et al.); TIP3P water model; modified
version of the all-atom Slipid force field (Melcr et al.); GAFF parameters (anle138b, Matthes et al.)

Data analysis NMR experiments: CcpNmr; NMRFAM-Sparky; NMRPipe; Origin(Pro) 8.5;
MD simulations: Custom Python(v 3.9.7), Awk and Bash scripts were used to postprocess output from GROMACS 2018.3 analysis tools (gmx
hbond & gmx mindist) and g_contacts (Blau et al.) used to calculate interatomic distances; Fortran code was used to obtain hydrogen bond
energies (Espinosa et al.)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

NMR spectra raw data generated in this study and mass spectrometry data for the synthesis of selectively labelled a-synuclein have been deposited in the open
research data repository Edmond at https://doi.org/10.17617/3.9C6TEW. The molecular dynamics data generated in this study have been deposited in the Edmond
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data repository at https://doi.org/10.17617/3.R4FJQG. Assigned chemical shift data (HN, Ca, CB, and C') for a-synuclein fibrils were deposited in the BMRB as
updates under the accession number 50585 (https://doi.org/10.13018/BMR50585). Atomic coordinates for L2A-fibrils of aSyn used for MD-simulations and
visualization in this manuscript are available in the Protein Data Bank under the accession code 8A4L (https://www.rcsb.org/structure/unreleased/8A4L). Previously
published structures of aSyn fibrils used for a comparison of tubular fibril cavities are available in the Protein Data Bank under the accession codes 6SSX (http://
doi.org/10.2210/pdb6SSX/pdb) , 7NCI (http://doi.org/10.2210/pdb7NCl/pdb) and 7NCH (http://doi.org/10.2210/pdb7NCH/pdb). All other data generated or
analysed during this study are included in this published article (and its supplementary information files). Source data are provided with this paper.
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Sample size NMR experiments: (number of repetitions, number of time points in the indirect dimensions) were adapted to the signal to noise obtained.
Differerences originate from varying fibril sample yield and losses in the rotor filling process. Measurements were continued until sufficient
signal to noise was obtained. MD simulations: (number of simulation replicates and simulation length) were chosen such that are results for
each simulation condition are statistical significant according to the standard error of the mean

Data exclusions  no data were excluded

Replication MD simulation: For each simulation condition we simulated between 10 to 25 replicates. All anle138b poses starting from either fully or
partially bound conditions did not unbind from the internal protofilament cavity (all replication attempts successful - 140 of 140).
Spontaneous binding from anle138b to the internal cavity from initially random positions in the solvent was observed in 2 of 20 simulations

(at least one replication attempt successful).

Randomization  no randomization was applied in NMR samples as demands on protein material are already high. MD simulations were tested with
randomized anle138b starting poses.

Blinding no blinding. Adjustment of NMR parameters requires prior knowledge of isotope labeling. The anyway long measurement times (days to
weeks) would be multiplied if parameters are incorrect.
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