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A B S T R A C T   

Small molecules that bind to oligomeric protein species such as membrane proteins and fibrils are of clinical 
interest for development of therapeutics and diagnostics. Definition of the binding site at atomic resolution via 
NMR is often challenging due to low binding stoichiometry of the small molecule. For fibrils and aggregation 
intermediates grown in the presence of lipids, we report atomic-resolution contacts to the small molecule at sub 
nm distance via solid-state NMR using dynamic nuclear polarization (DNP) and orthogonally labelled samples of 
the protein and the small molecule. We apply this approach to α-synuclein (αS) aggregates in complex with the 
small molecule anle138b, which is a clinical drug candidate for disease modifying therapy. The small central 
pyrazole moiety of anle138b is detected in close proximity to the protein backbone and differences in the 
contacts between fibrils and early intermediates are observed. For intermediate species, the 100 K condition for 
DNP helps to preserve the aggregation state, while for both fibrils and oligomers, the DNP enhancement is 
essential to obtain sufficient sensitivity.   

1. Introduction 

Alpha-synuclein (αS) aggregation [1] is associated with several 
neurodegenerative diseases, the most prominent being Parkinson’s dis
ease (PD), dementia with Lewy bodies and multiple system atrophy. The 
pathological protein deposits formed in the brain, Lewy bodies, Lewy 
neurites and glial cytoplasmic inclusions are rich in αS fibrils. Structure 
elucidation by X-ray diffraction [2] and Cryo-EM [3,4] reveals a cross- 
β-sheet pattern in the fibrils in which the β-strands lie approximately 
perpendicular to the axis of the fiber. 

While the accumulation of fibrillar aggregates is one of the major 
pathological hallmarks of the aforementioned neurodegenerative dis
eases in the brain, there is now mounting evidence that intermediate 
species of αS fibrilization are particularly toxic [5–12]. Toxicity 

mechanisms have been linked to interaction with lipids such as 
disruption or insertion into membranes, and formation of pores that 
allow uncontrolled ion currents, in particular calcium influx [11,13–20]. 

Intrinsically disordered in solution, membrane-bound αS monomer is 
known to interact with lipids through formation of an N-terminal helix 
(Fig. 1) [21]. Oligomeric αS species then form through as yet unchar
acterized nucleating structures [22], before converting into protofibrils 
and fibrils. We recently reported the presence of two distinct oligomeric 
intermediates, I and II [23]. By centrifugation and temperature reduc
tion, aggregation can be stopped at time points that maximize the con
centration of either intermediates or fibrils. In the presence of lipids, αS 
was shown to convert stepwise from monomer via two intermediates 
into fibrils [23] (Fig. 1). The lipophilic small molecule anle138b, [3- 
(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-pyrazole], is a clinical 
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candidate for treatment of diseases with characteristic build-up of fi
brils, prominently those associated with αS [17,24–31]. In molecular 
modeling simulation, the central pyrazole of the molecule forms 
hydrogen bonds with the protein backbone of oligomers [32] and in 
mature fibrils, the molecule is found in a tubular cavity [33]. Anle138b’s 
mode of action has been attributed to modulation of toxic oligomers 
[26–27]. Therefore, we are interested in studying the interaction of 
anle138b with such oligomeric intermediates and with fibrils in the 
presence of lipids. 

Characterization of small molecule interaction with such species 
requires development of methods that can provide high resolution 
structure information. Previously, small molecules that interact with 
fibrils have been investigated via magic angle spinning (MAS) nuclear 
magnetic resonance (NMR) for the proteins HET-s [34,35] and Amyloid- 
β (Aβ) [36]. For both, the three-dimensional structure of the interface 
between an amyloid fibril and a small molecule was determined with 
atomic resolution. For HET-s fibrils, the Congo red binding site was 
elucidated using polarization transfer from protons of the small mole
cule [35]. For A β fibrils, sulindac sulfide was located based on 19F 
REDOR [37]. For these examples, chemical shift perturbations of protein 
fibrils, induced from the binding of the small molecule were not suffi
cient to localize its binding site. Therefore, direct distance information is 
needed to reliably identify binding sites. In addition to NMR-based 
localization of small molecules, recent reports from cryo-EM have 
assigned densities in Tau fibrils to small molecules such as EGCG and a 
positron emission tomography (PET) tracer [38–39]. It is not yet clear 
how useful cryo-EM will be in the characterization of oligomeric species. 

Detecting anle138b-protein interaction necessitates sensitive 
methods, because its concentration is low due to stoichiometry. A 
binding stoichiometry of 1:7 (anle138b: protein monomers) was found 
for αS fibrils exposed to anle138b in water [40], with tight binding (Kd of 
190 ± 120 nM [40,41]) indicating that several protein molecules 
arrange to form the interaction surface. More recently, we used a com
bination of cryoEM and NMR to locate anle138b in a tubular cavity 
within the fibril [33]. This binding mode, in which the long axis of 
anle138b aligns with the fibril axis, finds anle138b interacting with 
several strands, each from different protein monomers. The periodicity 
of the fibril structure allowed anle138b to move along the cavity in MD 
simulations [33]. The stoichiometry found for preformed fibrils in the 
absence of lipids does not necessarily reflect the stoichiometry for fibril 
samples prepared in lipids, but nevertheless, is close to the expectation 
of 4 to 5 based only on the size of the small molecule. Such a binding 
mode parallel to the fibril axis is similar to the fibril binders thioflavin T 
(ThT) and Congo red [42–44]. 

At 140 residues, αS is 2–3 fold larger than proteins investigated in 
other fibril studies locating small molecules via NMR [34–36]. Prefi
brillar and fibrillar aggregates of αS thus present a particular sensitivity 

challenge, that is exacerbated by dilution in lipids. Note that although 
the number of folded residues in αS is much less than the total, unfolded 
residues also take up space in the MAS NMR rotor, and thus reduce the 
molar concentration that can be achieved in the fibril/lipid pellet. 

The combination of orthogonal labelling of the small molecule and 
αS in combination with dynamic nuclear polarization (DNP) enhanced 
solid state NMR can overcome such challenges. Nevertheless, direct 
detection of the small molecule-protein interaction via NMR is still 
challenging when the small molecule lies along the fibril axis, since a 
single reporter in the small molecule is present for multiple copies of the 
protein. This increases the effective molecular size several fold, 
commensurately magnifying the sensitivity challenge. This challenge 
was overcome by an elegant isotope labelling strategy in which the 
protein was deuterated, while the small molecule was not, allowing 
multiple protons from the small molecule to accumulate to signal 
detection in the fibril [35]. While the method improves sensitivity, and 
is atomic-resolution with respect to the protein, it is inherently no longer 
atomic resolution from the perspective of the small molecule. In an 
alternate approach, the 19F moiety of a small molecule was used to probe 
interactions in Aβ, benefitting from the relatively far-reaching effects of 
the high gamma 19F spin [37]. 

A similar sensitivity problem arises for oligomeric membrane pro
teins, for which the sensitivity challenge has been addressed via DNP 
[45]. In particular, for the Influenza A M2 protein, the drug rimantadine 
binds with a stoichiometry of 1:4 to protein monomers, since the drug 
binding site in the pore of the protein is formed from protein tetramers. 
Here the effective molecular weight of the system is increased from 
about 5 kDa to 20 kDa. 

Hyperpolarization methods [46–48], such as cross effect DNP can 
improve the sensitivity by orders of magnitude [46,49,50]. The asym
metric biradical, TEMTriPol-1, was shown to outperform bis-nitroxide 
radicals for high field DNP MAS NMR, which in part is explained by 
lack of depolarization that can occur due to the combined effects of 
sample spinning and orientation dependent EPR transitions [51,52]. 
Recently, a more polar asymmetric biradical was introduced [53], which 
overcomes potential issues with aggregation or protein-polarizer inter
action in biological samples, which might otherwise lead to less than 
ideal signal enhancement. The polarizing agents AMUPol and TOTAPOL 
have been investigated before in the context of biological assemblies 
using 10 percent deuterated DMSO [54]. In general, DNP MAS NMR at 
100 K has the further advantage that the low temperature prevents 
changes in the sample during measurement [47–48], which is important 
here to prevent the conversion of intermediates into fibrils. 

For this study, we prepared aggregates of αS in the presence of li
posomes according to the recently described protocol [23] with 
anle138b present in the liposomes. Benefitting from DNP enhancement, 
the direct interaction between the small molecule and protein 

Fig. 1. Schematic illustration of the αS fibrilization pathway in the presence of anle138b and lipids (not drawn to scale). A) αS monomers with anle138b loaded 
lipids. B) αS Intermediate-I on lipids with anle138b. C) αS Intermediate-II on lipids with anle138b. D) αS fibrils with lipids and anle138b shown in two perspectives, 
one prepared using the protein data bank (PDB) structures 6cu7 and 6cu8. 
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aggregates is detected, both for fibrils as well as for the Intermediate-I, 
which has only partially formed the β sheet structure found in fibrils, and 
is not ThT positive. 

2. Materials & methods 

2.1. Preparation of αS aggregate samples 

Samples of lipid vesicles as well as αS Intermediate-I and fibrils were 
prepared as previously reported [23]. In brief, vesicles were prepared by 
mixing 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1- 
palmitoyl-2-oleoyl-sn-glycero-3-phosphate (POPA) (sodium salt) and 
anle138b in chloroform, evaporating the solvent under a N2-stream and 
lyophilizing overnight. Small unilamellar vesicles (SUVs) were obtained 
from the lipid film by addition of buffer (50 mM HEPES, 100 mM NaCl, 
pH 7.4) and repeated sonication. The initial solution contained 1.5 mM 
POPC, 1.5 mM POPA and 150 μM anle138b. Anle138b containing ves
icles were incubated with αS (70 μM, amino acid sequence in Table S3) 
in the buffer at a molar lipid to protein ratio of L/P = 10:1 and subjected 
to repeated cycles of 30 s sonication (20 kHz) at 37 ◦C followed by an 
incubation period of 30 min. Aggregation was monitored regularly by 
measuring ThT fluorescence and aggregates were isolated at key time 
points by centrifuging at 55,000 rpm (TLA-100.3 rotor in an Optima™ 
MAX-TL) for 1 h at 4 ◦C. 

Anle138b was synthesised according to the published protocol 
[26,33]. 

The radical solution in 13C-depleted d8-Glycerol, D2O and H2O 
(60:30:10 vol%), namely “DNP juice”, containing either 15 mM TEM
TriPol or 30 mM AMUPol was added to the above described protein- 
lipid-aggregate resulting in an intended concentration of 4–5 mM bir
adical. This is substantially different from the 8 mM via EPR (Fig. S3). 
The discrepancy is likely due to the difficulty of accurately handling the 
concentrated radical solution near the solubility limit (some biradical 
may have precipitated in the stock solution). Low radical concentrations 
below about 10 mM are beneficial for long mixing time TEDOR and 
REDOR experiments since it improves relaxation times. This results in a 
lower DNP enhancement factor than can be observed with > 10 mM 
biradical [45,55]. The sample was mixed thoroughly with a stainless- 
steel needle before being centrifuged into 3.2 mm sapphire or zirconia 
MAS NMR rotors using a custom-made filling device made from a 
truncated pipette tip. Finally, the sample was further centrifuged into 
the rotor in an ultracentrifuge packing device for 30 min at 24,000 rpm 
in a SW 32 Ti rotor in an Optima™ L-80 XP Ultracentrifuge (both 
Beckman Coulter) [56,57]. To check the sample integrity after addition 
of glycerol and TEMTriPol-1 for DNP, we recorded 2D 13C–13C and 
1H-15N correlations spectra of both the fibril and Intermediate-I 
(Figs. S8–S10) and observed characteristic oligomer or fibril peaks. 
The room temperature 1H-15N correlation spectra in Fig. S9 also reveal 
the limited stability of the Intermediate-I at 290 K. The list of samples 
used in this study is reported in Table S2. 

2.2. DNP MAS NMR 

All DNP spectra were recorded at a magnetic field of 14.1 T using a 
600 MHz Bruker Avance III HD spectrometer, and a 3.2 mm low tem
perature (LT) HCN MAS probe. 395 GHz microwave irradiation from a 
gyrotron oscillator was delivered to the sample through a corrugated 
waveguide. In the Bruker gyrotron control interface, cavity temperature, 
collector current, and cathode voltage were optimized for best micro
wave output, and on the magnet side the Z0 field was adjusted for best 
signal sensitivity. For the LT MAS probe, variable temperature, bearing 
and drive gasses were cooled with a second-generation Bruker liquid 
nitrogen cold cabinet, operating at 100 K. The 3.2 mm rotor was spun at 
12.5 kHz (RFDR, REDOR and 2D zf-TEDOR) and 10 kHz (FS-REDOR) 
and 1H and 13C pulse powers were 83.3 kHz. The 1H SPINAL-64 [58] 
decoupling was 83 kHz during acquisition and RFDR, while during FS- 

REDOR and TEDOR recoupling it was set to 100 kHz. 1H–13C cross- 
polarization (CP) was applied with a 90–100% ramp on the proton 
channel and for 1.5 ms for RFDR and REDOR or 2 ms for FS-REDOR. The 
1H-15N CP was applied for 800 μs with an 80–100% ramp on the proton 
channel. The 1H–13C CP of the NHHC spectrum was set to 300 μs to 
transfer over only a short distance (about one bond). The 1.3 ms 13C 
RFDR spectrum was implemented using xy-8 phase cycling and 83 kHz 
pi-pulses. For FS-REDOR, a series of 40 kHz π-pulses were applied on the 
15N channel. In the middle of the recoupling block, soft pulses with the 
Q3 shape [59] were applied with 1 ms duration for both the 13C and 15N 
channels. Reference (S0) signal was acquired by switching off the soft 
pulse on the 15N channel. The 2D zf-TEDOR hard-pulse powers for 1H, 
13C and 15N were 100 kHz, 83 kHz and 41.6 kHz respectively, using rotor 
synchronized z-filter duration of ~ 2.5 ms. The room temperature (300 
K) experiments were recorded at 20 T with 17.5 kHz MAS also in a 3.2 
mm rotor with the same pulse sequence details as described above. 

2.3. Polarizing agent TEMTriPol-1 

TEMTriPol-1 [52] was synthesized in the chemical synthesis facility 
of the Max Planck Institute for Multidisciplinary Sciences, based on 
published protocols [60]. The resulting bi-radical was found to actually 
be a mixture of bi-radical and monoradical based on EPR spectra. 
However, the chemical composition was intact without major impurities 
as observed with HPLC and UV/Vis-HPLC spectra. Accordingly, we 
conclude that the monoradicals in the sample are single site quenched 
TEMTriPol-1 radicals (Details in the SI). The DNP performance of 
TEMTriPol-1 was compared to AMUPol as described in the main text 
(Fig. S17). The standard sample of 2 mM Proline with 10 mM 
TEMTriPol-1 in DNP juice results in an enhancement factor of 68. 

2.4. Room temperature NMR 

Spectra at room temperature were recorded on 850 MHz and 800 
MHz Bruker Avance III HD instruments, using a 3.2 mm HCN E-free 
probe and a 1.3 mm HCN probe, respectively. The spinning frequency 
was set to 17.5 kHz and 55 kHz respectively, and the cooling gas was set 
to 800 L/h and 1450L/h in order to reach a sample temperature of 
approximately 300 K (thermocouple reading of 290 K). Pulse powers of 
100 kHz and 83.3 kHz for 1H and 13C channels were used respectively on 
the 3.2 mm probe at the 850 MHz magnet. During 13C acquisition, 100 
kHz SPINAL-64 [58] decoupling was applied on the 1H channel. The 13C 
RFDR spectrum was conducted with 2.9 ms mixing using 83 kHz 
π-pulses and 83 kHz SPINAL-64 proton decoupling. The 1H–13C CP was 
3 ms with a 90–100 % ramp on the 1H channel. With the 1.3 mm probe, 
pulse powers of ~ 105 kHz and 38 kHz for 1H and 15N channels were 
used to acquire (H)NH fingerprinting spectra. The acquisition time was 
15 ms for 15N and 42 ms for 1H. The forward CP was 0.9 ms with a ramp 
of 80–100 on 1H and back CP was 0.55 ms with a 100–80 ramp on 1H. 
The water suppression was 13.75 kHz MISSISSIPPI [61] for 100 to 200 
ms. Proton decoupling of 12.75 kHz SWf-TPPM [62] was used in the 
indirect dimension and 10 kHz WALTZ-16 heteronuclear decoupling 
[63] was applied during acquisition. 

2.5. Distance calculation from REDOR spectra 

REDOR dephasing curves [64] were fit to numerical simulations 
using in-house MATLAB code solving the equation of motion detailed in 
a previous publication where J-couplings between two labelled carbons 
in anle138b were also taken into account [65–67]. For simulations of 
frequency selective REDOR, the product of two-spin time-dependent 
signals was calculated, as detailed previously [68,69]. In this case, the 
effect of the 13C–13C J-coupling is removed, but all backbone nitrogen 
signals are assumed to be recoupled (they are all expected to be within 
the bandwidth of the selective pulse). The distance errors were calcu
lated by adding or subtracting the noise level of each point in the REDOR 
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curve. 

3. Results & discussion 

To detect the interaction of anle138b with both fibrils as well as 
intermediate-I of αS [23], we recorded dynamic nuclear polarization 
(DNP) enhanced MAS NMR [46] spectra in the presence of the bi-radical 
TEMTriPol-1 [52]. We prepared the samples in a glass-forming matrix of 
glycerol-water, added TEMTriPol-1 and cooled to 100 K [48,70]. We 
also prepared samples with the biradical AMUPol [71] (Fig. 2, Fig. S17). 
The thermal signals of fibrils in the presence of AMUPol or TEMTriPol-1 
differ by approximately a factor of 2 (Fig. 2, microwave (μw) = OFF), in 
agreement with previous publications showing that depolarization 
[72–74] reduces the MAS NMR signal by up to 60% in the presence of 
AMUPol [75], while almost no loss is observed with TEMTriPol-1 [51]. 
In keeping with the understanding that TEMTriPol-1 hydrophobicity can 
be problematic for biological samples and can cause unwanted protein- 
radical interaction [53,76], the enhancement values varied greatly 
among different preparations. Some of our preparations contained only 
30 to 45 percent glycerol to limit the intensity of the glycerol carbon 
signals, in particular, those shown in Fig. 2A-B. With microwaves on 
(Fig. 2, μw = ON), the enhancement factor (εon/off) for both radicals 
under these conditions was about 8. With a glycerol concentration of 
about 60 percent, which better ensures glass formation during freezing, 
an enhancement factor of about 43 was observed for AMUPol, and 10 for 
TEMTriPol-1 on protein and lipid resonances, e.g. the C′ shift at 175 ppm 
(Fig. 2C). Note that the higher concentration of glycerol resulted in a 
larger glycerol background signal in this sample, and that the glycerol 
signal enhancement is larger than lipid and protein enhancement, which 
is a well-known effect in multi-phase systems [77]. In a third composi
tion, consisting of 50% glycerol, and 2% DMSO, an enhancement factor 

of 23 was observed with TEMTriPol-1 (Fig. 2D). Rather than anle138b, 
this sample contained a diaryl pyrazole small molecule, ‘compound 2’ of 
a recent patent [78], that is structurally related to MODAG-001 [79]. 
The large variation in observed enhancement factors, which we believe 
occurs mainly due to the biradical distribution in different sample 
preparations, prevents a direct comparison of the two radicals from our 
data on membranous samples. For TEMTriPol series polarizing agents, 
those with improved water solubility will likely be used in the future 
[53,76]. 

Fig. S1 in the supporting information compares the sensitivity of the 
DNP sample at the 600 MHz DNP spectrometer at 100 K with mea
surement of the same sample (before addition of radical and glycerol) at 
an 850 MHz spectrometer without DNP at room temperature. In both, 
the 1H–13C CP spectrum is detected on 13C and profits from the proton 
polarization, or hyperpolarization in the DNP enhanced spectrum. The 
sample was 15N labelled αS fibrils in the presence of lipids and con
taining site-specific 13C labelled anle138b (see Fig. 3B). The sensitivity 
available with DNP was found to be about 4 to 10-fold higher than at the 
850 MHz instrument as measured for protein aromatic resonances, or 
anle138b, respectively (details in Table S1 in the SI). The improved 
sensitivity with DNP enhancement is critically important to measure 
interactions, here between anle138b and the protein, due to acceleration 
of the measurement by about 16 to 100-fold since sensitivity scales with 
the square root of measurement time; practically speaking a 4- to 7-day 
DNP measurements would be expected to require months of acquisition 
on the 850 MHz equipment. However, in this time, the intermediates 
start converting to fibrils (Fig. S9), and even for fibrils, the long mea
surement times are impractical. In some cases, structural dynamics in 
the bound complex may also interfere with polarization transfer. We 
believe that this is likely the case for anle138b bound to lipidic αS fibrils, 
based on MD simulations [33]. Note also that this comparison was done 

Fig. 2. DNP signal enhancement with TEMTriPol-1 
(A) and AMUPol (B). Spectra obtained with micro
waves off (μw = Off) are shown scaled up by the 
enhancement factor in grey. The chemical structure of 
each biradical polarizing agent is shown above the 
spectra. The vertical scaling is consistent in A and B, 
while fewer scans were averaged in A, as can be seen 
by the higher noise level. Samples contained about 45 
percent glycerol. (C) shows another comparison of 
AMUPOL and TEMTriPol-1, using 60 percent glycerol. 
10-fold more scans were acquired for the off signal, 
and the data scaled accordingly. (D) shows the mi
crowave on and off spectra of a sample that contained 
2 percent DMSO in addition to about 50 percent 
glycerol. Data were recorded at a temperature of 100 
K at 600 MHz with 12.5 kHz MAS except in (B), which 
was with 8 kHz MAS. The sample was 15N labelled αS 
fibrils (A-C) or 13C labeled αS fibrils (D) grown in the 
presence of 13C labelled anle138b (A-C) or a related 
pyrazole, see text (D).   
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for a sample that had a relatively small enhancement factor, and 
therefore likely underestimates the improvement found with 60 percent 
glycerol. 

To measure the interaction between anle138b and αS, we performed 
the aggregation protocol described in our previous work [23], but using 
liposomes with doubly 13C-labelled anle138b and 15N labelled αS. The 
aggregation was stopped either just after initial ThT fluorescence is 
observed, namely Intermediate-I, or after complete fibrillization. The 
13C resonances of the doubly 13C-labelled anle138b were assigned using 
a 1.3 ms 13C–13C radiofrequency driven dipolar recoupling (RFDR) [80] 
spectrum (Fig. 3A). The two peaks at 144 and 152 ppm belong to the 
nitrogen proximal carbon and are assigned to C5 of tautomer anle138b- 
z1 and C3 of anle138b-z2 respectively (Fig. 3B). The peak at 99 ppm 
originates from the protonated carbon of the pyrazole, C4. The structures 
of anle138b in Fig. 3B are shown in relation to the size of a β sheet, 
showing that when the molecule lies perpendicular to the β strands it 

extends across about 4 β strands. Note that while both spectra were 
recorded in about one day, only the DNP enhanced spectrum has suffi
cient sensitivity to clearly identify cross-peaks between C4 and C3/C5. 

Fig. 3C shows a zf-TEDOR [68] spectrum of Intermediate-I with a 
mixing time of 25 ms in which intermolecular contacts are observed 
between 13C-labelled anle138b and 15N labelled protein. The nitrogen 
chemical shift of about 120 ppm indicates a backbone interaction, rather 
than an interaction at the side-chain of lysine or histidine. The TEDOR 
spectrum is sensitive for distances below about 6 Å [81], placing 
anle138b in close proximity to the protein backbone. In the 1.3 ms 
TEDOR spectrum, one-bond correlations to Cα, C′, and Lysine side-chain 
are observed due to the 1% natural abundance of 13C in the protein. 
These protein–protein signals have decayed below the noise in the 25 ms 
spectrum, with the exception of sidechain Asp or Glu carboxyl reso
nances at 180 ppm. The high intensity of this signal can be explained by 
an environment with a low proton density, resulting in a long coherence 
time, as well as few nearby nitrogen spins that would lead to multi-spin 
terms during TEDOR [65,68]. Since H50 is the only histidine in αS, the 
intensity of any histidine nitrogen correlations due to natural abundance 
of 15N are expected to be below the noise. In addition, the nitrogen 
signal from anle138b (200 ppm) is substantially different from the H50 
sidechain nitrogen resonance at about 165–170 ppm (Figs. S12 and 
S13). This excludes the histidine nitrogen as a possible assignment for 
the correlations at 200 ppm that are assigned to anle138b. 

Using 13C labelling of the protein and 15N labelling of anle138b 
(Fig. 4), an NHHC spectrum [82] records carbon resonances from the 
protein that are in close proximity with nitrogen of anle138b. Fig. 4A 
shows the two tautomers of anle138b with the labelled 15N atoms 

Fig. 3. Detection of close proximity between anle138b and αS aggregates. In 
(A) 2D 13C–13C RFDR spectra of 15N labelled αS fibrils grown in the presence of 
13C labelled anle138b doped liposomes are shown measured at 850 MHz (light 
blue) and the same sample after addition of glycerol and TEMTriPol-1 at 600 
MHz using DNP (black). The C3-C4 and C5-C4 cross-peaks of anle138b-z2 and 
–z1, respectively, are evident in the two-site 13C-labelled molecule. Asymmetry 
of cross peaks can be explained by the efficiency of the CP step before t1 that 
preferentially excites C4. Signals from the fibril are detected only on the diag
onal due to ~ 1 percent 13C in the 15N labelled material. In (B) the chemical 
structure of tautomers anle138b-z1 and –z2 are shown, with the position of two- 
site 13C labelling indicated in blue. The background shows the approximate size 
of the molecule in relation to a β-sheet fibril. In (C) 2D 15N-13C TEDOR spectra 
of Intermediate-I are shown at 1.3 ms (dark blue) and 25 ms (light blue). 
Dashed lines indicate the positions of anle138b 13C resonances. DNP enhanced 
MAS NMR experiments (A and C) were recorded at 14.1 T with MAS of 12.5 
kHz at 100 K. TEDOR spectra (C) were recorded in 7 days. The room temper
ature spectrum (A, red) was recorded at 20 T with 17.5 kHz MAS in 24 h, while 
the DNP spectrum (A, blue) was recorded in 23 h. “*” denotes a spinning 
sideband. Figs. S14 and S15 show the full spectral width of the DNP spectra of 
panels (A) and (C). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 4. Anle138b-protein interaction detected for intermediates and fibrils of 
13C-labeled αS. In (A), the tautomers of 15N labelled anle138b are depicted. In 
(B) the 1D 15N spectrum is used to assign the nitrogen resonances of the small 
molecule to 195 ppm (protonated) and 275 ppm (deprotonated). In (C) the 
protonated 15N resonance (195 ppm) of anle138b is correlated with 13C reso
nances of αS for both Intermediate-I (blue) as well as for fibrils (red) in 2D (H) 
NHHC spectra. Proton-proton mixing was 200 μs. Each spectrum in (C) required 
7 days of experimental time. The full NHHC spectra are in Fig. S16. Note that 
the fibril spectrum is processed with larger line broadening in the 15N dimen
sion such that the peaks are easier to see in the overlay. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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depicted in blue. In Fig. 4B, the 1D 15N spectrum of 15N-labelled 
anle138b in lipids is shown, allowing assignment of the protonated and 
deprotonated nitrogen resonances at 195 and 275 ppm respectively. The 
two protonated (or non-protonated) nitrogen signals of the two tauto
mers could not be resolved. The 15N-13C NHHC spectrum shows the 
carbon signals of the protein that are in contact with 15N-labelled 
anle138b at 195 ppm (protonated nitrogen) for both Intermediate-I and 
fibril (Fig. 4C). The spectrum of the fibril was reported previously [33]. 
The backbone C′ resonance at 178 ppm is more prominent in fibrils, as is 
a resonance at 44 ppm, which was previously assigned to glycine resi
dues in the fibril binding pocket [33]. Assignment of the cross-peaks in 
Intermediate-I [23], will require additional measurements, for example 
with amino acid specific labeling. The differences in the spectra, in 
combination with the fact that the fibril binding pocket has not yet fully 
formed in Intermediate-I [23], suggests that anle138b may interact with 
different protein residues in the intermediate. 

Rotational Echo Double Resonance (REDOR) spectra [64,83–85] can 
be used to determine heteronuclear distances between pairs of spins. In 
the repetitive fibril architecture, REDOR spectra of 13C labelled 
anle138b are dephased by multiple identical 15N spins of the fibril, even 
for specifically labeled samples. Fig. 5 and S7 show REDOR dephasing of 
the 13C labeled anle138b spins due to 15N spins of the protein. The 
presence of many 15N spins in the protein complicates the analysis of a 
set of internuclear distances. Nevertheless, considering the variety of 
possible scenarios discussed in detail in the SI, the labeled 13C5 carbon of 
the central pyrazole ring (144 ppm) of the molecule is located close to 
the protein. Fit distances are below about 5 Å, and depend on the as
sumptions about binding (details in the supporting information, Figs. S6 
and S7. See also Fig. 6). No matter the fit distance, the REDOR data 
consistently fit to a stoichiometry of about 1:3 to 1:5 anle138b to αS 
molecules. This is consistent with the known tubular binding site [33] in 
which the molecule binds along the fibril axis, the 4.7 Å spacing of 
parallel β strands,2 and the 16–17 Å length of anle138b. We recently 
determined this to be the correct binding site of anle138b in a particular 
fibril type; the molecule was identified to bind to a tubular cavity within 
the L2 fibril polymorph [33,86]. 

The two adjacent 13C labelled pyrazole carbons can be clearly 
identified in Fig. 5 since the signal is inverted due to the homonuclear J- 

coupling. Nevertheless, quantifying the intensity of these peaks might be 
impacted by the presence of stronger signals from 13C spins of protein 
and lipid moieties at 1 percent natural isotopic abundance. Although 
there is no overlap of the protein or lipid signals with the signals of 
anle138b at about 99 and 144 ppm, a sideband of the carbonyl reso
nance centered at 90 ppm is relatively close to the 99-ppm peak, while 
aromatic resonances are near the 144-ppm peak. These resonances, and 
even intense resonances such as the carbonyl, could distort the baseline, 
and impact peak quantitation. 

To improve the baseline, and to remove the signal modulation due to 
the homonuclear J-coupling, we recorded frequency selective REDOR 
[69]. Fig. 6A shows the spectrum after 36.8 ms of REDOR dephasing. 
Fig. 6B shows the REDOR signal as red stars, with a simulated curve 
shown in black. For the simulation, a set of distances was extracted from 
an MD simulation snapshot. Seven other snapshots (all 8 used) resulted 
in similar simulated curves (Fig. S17). The main difference between the 
simulation curves of different snapshots was a small change in the 
overall vertical scaling, which is the only fit parameter in Fig. 6. This fit 
parameter is justified since part of the anle138b population is not bound 
to fibril and therefore does not dephase. The fit population is consistent 
with approximately 50% free and 50% bound anle138b, which can be 
anticipated for saturation of the binding site shown in Fig. 6C. These 
snapshots contained the molecule in four different orientations in the 
cavity, as recently described [33]. Specific 15N labeling of the protein 
could be used in the future to identify the residues responsible for the 
dephasing in Fig. 6 and thereby refine the binding pose of anle138b. It is 
also possible that multiple binding poses exist within the cavity. Note 
that the sample used for this spectrum had 60 % glycerol and 5 mM 
AMUPol polarizing agent, which resulted in an enhancement factor of 
about 40 (see Table S3). 

Tubular cavities are characteristic of the repetitive fibril architecture 
and may be unique enough structural features for development of fibril- 
specific diagnostic molecules. Filling of a tubular cavity in Aβ fibrils by 
the hydrophobic molecule sulindac sulfide was proposed before [37]. 
For the lipidic fibril investigated here, a tubular binding site for 
anle138b was recently identified (Fig. 6C) [33]. For the Intermediate-I, 
this cavity appears to be partially formed [23], which might explain the 
differences in the fibril and Intermediate-I resonances observed in con
tact with the small molecule. Tubular cavities are observed in a variety 
of fibrils including several other αS polymorphs besides the lipidic fibril 
investigated here (PDB IDs 8A4L and 8ADS) [86] such as those with the 
PDB IDs 8A9I [87], 6SSX [3], 6XYO [88], 7NCI [89], 7NCH [89], and 
8H03 [90]. They are also found in fibrils of other proteins, such as Tau 
and Aβ, for example PDB IDs 6NWQ [91] and 6SHS [92]. Fig. 7 shows 
cross sections (perpendicular to the fibril long axis) of selected poly
morphs of αS, tau, and Aβ, each bearing a hydrophobic cavity. These ex- 
vivo and seeded fibrils were reported by Yang et al. [87] and Fan et al. 
[90] for the case of Parkinson’s disease (PD), Schweighäuser et al. [88] 
for multiple system atrophy (MSA), Falcon et al. for chronic traumatic 
encephalopathy (CTE) [91], and Kollmer et al. for Alzheimer’s disease 
(AD) [92]. The expanded view in each case shows a hydrophobic cavity. 
Note that seeded structures, for example, Lövestam et al. [89] can result 
in different polymorph as compared with fibrils isolated directly from 
brain material. 

Previous reports linked aggregation intermediates to toxicity and to 
disruption of membranes via formation of pores [93–95]. Intermediate 
species have also been determined to contain β-sheet structures [94,96]. 
Additional details of the structure of such intermediates in complex with 
molecules such as anle138b are needed to advance our understanding of 
structure–function relationships. Considering that part of Intermediate-I 
has formed a fibril-like architecture, it will be particularly interesting to 
identify the binding site of the small molecule and to compare with the 
known tubular binding site in lipidic fibrils. With the methods presented 
here, this is now feasible. 

Fig. 5. 15N dephased 13C REDOR spectra at 15.52 ms in αS fibrils. The signals 
of anle138b (green dashed lines) are negative due to the 1-bond 13C–13C J- 
coupling. The reference S0 signal is shown in black, the dephased S signal in 
grey, and the difference, ΔS, is shown as a dashed red line. An expansion of the 
aromatic region shows negative signals from anle138b. Further details are 
provided in the SI and Fig. S7. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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4. Conclusions 

In summary, we have shown how DNP enhanced NMR can be applied 
to detect and characterize binding sites of 13C or 15N labelled small 
molecules with 15N or 13C labelled amyloid-related intermediates or fi
brils in the presence of liposomes. The high sensitivity of DNP enhanced 
NMR allows the study of such interactions even when they are sub- 
stoichiometric in the presence of liposomes. Due to the low tempera
ture of 100 K, measurement times can be adapted to accumulate the 
required signal and are not compromised by the instability of the sample 
at high temperature. 

We showed here how the signal enhancement provided by DNP 

allows rapid detection of the interaction between protein and small 
molecule in the αS aggregates. The frequency encoding of NMR signals 
of both the small molecule, as well as the protein, makes the approach 
general. For fibrils, this method was used together with amino acid 
specific labelling to identify a binding site within a tubular cavity.33 It 
was also possible to detect an interaction in intermediates, and further 
measurements will be needed to identify the residues involved in the 
interaction. As for the fibril, we plan to do this with amino acid specific 
labelling. Understanding of the binding site (or multiple sites) may 
require further characterization of the αS Intermediate-I structure, 
which we are currently pursuing via a combination of DNP and proton- 
detected NMR. 

Fig. 6. Frequency selective REDOR spectra dephased 
by 15N of the protein backbone at 120 ppm and 
detected at 13C4 of anle138b in αS fibrils. In (A) the 
spectrum at 36.8 ms of REDOR is shown, with the 
reference S0 signal in black and the dephased S signal 
in grey. The difference, ΔS, is shown as a dashed red 
line. In (B) the simulated signal (black line) fits the 
observed dephasing curve (red stars) when the frac
tion of bound anle138b is 0.56. The remaining frac
tion is assumed not to dephase. Error bars, which 
mostly overlap with the size of the stars, are esti
mated from the spectrum noise. The insets show two 
views of a snapshot from an MD simulation with 
anle138b in the tubular cavity. The three closest 
distances are indicated in (B) and by the dashed lines 
in the insets. Note that S87 is responsible for two of 
the closest distances due to the stacking of beta 
strands in the fibril architecture. (C) shows a top- 
down view of the cavity. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   

Fig. 7. Selected fibril structures bearing hydrophobic cavities and the associated diseases: an αS fibril of Parkinson’s disease (PD) and a fibril seeded from cere
brospinal fluid of a PD patient, an αS fibril of multiple system atrophy (MSA), a Tau fibril of chronic traumatic encephalopathy (CTE) and an Aβ fibril of Alzheimer’s 
disease (AD). 
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The same DNP approach can also be applied to other fibril forms of 
various proteins in the future. These studies might lead to the identifi
cation of common structural features that are recognized by anle138b or 
other fibril-binding molecules. This approach demonstrated on the 
example of anle138b will be specifically useful for the development of 
fibril diagnostic compounds usable for example for PET and will com
plement studies conducted with cryo EM. The short distances observed 
in fibrils via TEDOR, REDOR, and NHHC spectra establish that the 
pyrazole moiety of anle138b binds close to the protein backbone for 
both fibrils and Intermediate-I and entertains side chain contacts. 
Regarding therapeutic activity targeting intermediates, the methodol
ogy presented here appears sufficiently promising to study the activity of 
anle138b or other therapeutically active molecules with aggregation 
intermediates that might be modulated in their structure and therefore 
toxicity due to the small molecule interaction. Such structural insights 
on a variety of protein sequences will help to explain why anle138b is 
therapeutically active in mouse models of different diseases linked to 
aggregation of various protein sequences. 
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