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Abstract

The 140 amino acid residue a-synuclein (a-syn) belongs to the family of intrinsically
disordered proteins (IDPs). Thus, its native state does not adopt a well-defined single
molecular structure but exists as a highly dynamic and heterogeneous ensemble of different
conformers. While the exact function of the protein is not well understood, a considerable
portion of a-syn can bind to the membrane in presynaptic terminals and is supposed to be
associated with membrane structures at synaptic terminals. Additionally, its abnormal
aggregation is associated with Parkinson’s disease. Hence, we have studied conformational
ensembles of a-syn in different states of the protein, i.e. the fully disordered form, the
fibrillar form, and the membrane-bound state.

In this thesis, the combination in frozen solution NMR experiments with Dynamic Nuclear
Polarization (DNP) has been used to overcome the inherently low sensitivity of solid-state
NMR (ssNMR). Freezing the high conformational heterogeneity of IDPs at low
temperature causes inhomogeneous line-broadening. While this is mostly accounted for as
an unwanted side-effect of DNP-NMR, heterogeneous line-broadening contains valuable
information about conformational ensembles of (disordered) proteins. We have explored
the conformational ensemble of a-syn in the three states mentioned above from
inhomogeneously broadened lines. Sparse labeling has enabled us to only label backbone
atoms of the selected residue and reduce spectral overlap in the NMR spectra. As there is
an empirical correlation between the protein backbone conformation and chemical shifts,
we could exploit the secondary structure propensities of the protein. Our data on the
monomeric form of a-syn in frozen solution is largely in line with conformational
propensities of a-syn derived from NMR, SAXS and MD results, in which random-coil
valine residues roughly sampled 70% [-sheet-like and 30% a-helical conformation.
Utilizing this results, we could also estimate the secondary structure elements in fibrillar o-
syn and test membrane binding of a-syn under different conditions.

Overall, in the first part of this thesis, we demonstrate that the DNP-enhanced NMR is a
useful and powerful tool to study conformational ensemble of disordered proteins that are
not accessible to solution NMR.

The [PSI ] is a prion form of the Sup35 protein which is a subunit of the translation
termination factor in yeast. The prion formation of Sup35 leads to read-through of stop
codons, causing non-sense suppression. Despite the high interest on Sup35NM (N-domain
together with the M-domain), there is no consensus on the organization of monomers
within Sup35NM fibrils. One single point mutation in the Sup35NM sequence dramatically
altered the amyloid core region. In the second part of this work, we have successfully
determined the amyloid core region in fibrils of wild type as well as the S17R mutant of
Sup35NM via distance measurements between the selectively '°C labeled sites by ssNMR
spectroscopy. In conclusion, our ssNMR results showed that different regions of the
protein for wild type and the S17R mutant of Sup35NM are involved in the amyloid core
region.



Zusammenfassung
a-Synuclein (o-syn), bestehend aus 140 Aminosdureresten, gehort zur Familie der
intrinsisch ungeordneten Proteine (IDPs). Dies bedeutet, dass es keine wohl definierte
native Konformation aufweist, sondern dynamisch eine Vielzahl von transienten
Konformationen besitzt.
Die Funktion von a-Synuclein ist noch nicht génzlich aufgeklirt. Es ist jedoch bekannt,
dass ein Grofiteil des Proteins an Membranen der priasynaptischen Nervenenden bindet,
und man vermutet, dass die Funktion mit der Bindung an diese Membranen
zusammenhdngt. Zudem ist bekannt, dass die Aggregation von a-Synuclein mit der
Parkinson-Krankheit korreliert. Aus diesem Grund habe ich das Konformationen-
Ensemble von a-Synuclein in verschiedenen Zustinden des Proteins, d.h. in nativer,
fibrilldrer und in Membran-gebundener Form, untersucht.
In der vorliegenden Dissertation wurden NMR Experimente an a-Synuclein in gefrorener
Losung in Kombination mit Hyperpolarisation (DNP) durchgefiihrt, um die inhidrent
geringe Sensitivitit der Festkdrper-NMR-Spektroskopie zu umgehen. Das Einfrieren der
heterogenen Konformationen von IDPs filhrt zu inhomogener Linienverbreiterung.
Obwohl dies héufig als ungewollter Nebeneffekt der DNP-NMR-Spektroskopie angesehen
wird, enthalten die verbreiterten Linien wertvolle Informationen tUber das
Konformationsensemble. Die Zusammensetzung der Konformationen wurde anhand der
inhomogen verbreiterten Linien fiir jeden der drei oben genannten Zustinde des Proteins
untersucht. Mit Hilfe der sparse isotopen Markierungsstrategie wurden nur gewiinschte
Aminosduren in der Sequenz markiert und somit die Uberlappung der Signale in den
Spektren reduziert. Aufgrund der empirischen Korrelation zwischen den chemischen
Verschiebungen und der Konformation des Proteinriickgrates konnten die
Sekundirstrukturelemente des Proteins ermittelt werden. Die erhaltenen Daten fiir
monomeres  o-Synuclein  sind in  guter  Ubereinstimmung mit fritheren
Konformationsstudien anhand von NMR und SAXS. In diesen Studien zeigte das
Proteinriickgrat in der ungeordneten Form 30 % a-helikale und 70 % p-Faltblatt-typische
Anteile. Monomeres a-syn gilt als vollstdndig ungeordnet, somit konnte die Anzahl der
Reste geschitzt werden, die in fibrillirem und Membran-gebundenem Protein eine keine
geordnete Struktur aufweisen.
Im ersten Teil der Dissertation wurde also gezeigt, dass DNP-Festkorper-NMR-
Spektroskopie eine leistungsstarke Methode zur Untersuchung der Konformation von
Proteinen ist, die nicht zugénglich fiir Losung-NMR-Spektroskopie sind.
[PSI +] ist eine Prionenform des Sup35-Proteins, welches eine Untereinheit des
Translationsterminationsfaktors ist. Die Bildung der Prionform von Sup35 fiihrt zu einem
vermehrten Uberlesen des Stopcodons. Trotz des groBen Forschungsinteresses an
Sup35NM (N und M Doméne), herrscht noch kein Konsens iiber die Struktur der Molekiile
in der Fibrille. Eine einzige Punktmutation in der Sup35NM Aminosduresequenz dndert
den Amyloid-Kernbereich bedeutend. Im zweiten Teil dieser Dissertation haben wir die
6



Amyloidkernbereiche in Fibrillen der Wildtyp-Form sowie von der S17R-Mutante von
Sup35NM  iiber  Abstandsmessungen  zwischen  selektiv  eingefiihrten  °C-
Isotopenmarkierungen mit Hilfe von Festkorper-NMR-Spektroskopie bestimmt.
Zusammenfassend konnten wir besttdtigen, dass verschiedene Bereiche des Proteins in der
S17R Mutante und der Wildtyp-Form an der Fibrillenbildung beteiligt sind.



1 Introduction

1.1  Intrinsically Disordered Proteins

The traditional view of the structure-function paradigm is that the proper function of a
protein requires a well-defined three-dimensional structure which is determined by its
primary amino acid sequence and the external conditions [1]. This paradigm worked
successfully for a large number of enzymes, proteins, and receptors. Nevertheless, with the
development of new experimental techniques, it was proven that a number of proteins do
not adopt a single defined tertiary structure under physiological conditions. Instead, they
are described as an ensemble of interconverting conformations. This protein group is called
intrinsically disordered proteins (IDPs) [2-4]. As energy barriers between the
conformations are rather low [3, 5], IDPs can readily adopt different secondary structures
under different conditions. For instance, a-synuclein (a-syn), which is a member of the
IDP-family adopts a random-coil-like average ensemble of conformations in the
monomeric form, and upon binding to a membrane readily adopts an a-helical structure [6-
8]. Furthermore, a-syn can adopt an extended B-conformation and form a p-sheet structure,
when following the energetically favorable pathway of aggregation and fibril formation.
Because of its remarkable conformational flexibility, a-syn is also called ‘protein-
chameleon’ [9].

IDPs carry out crucial biological functions such as transcriptional regulation, translation
and cellular signal transduction [2, 10]. Understanding the function of IDPs is important
because their altered availability is associated with a number of diseases, in particular,
neurodegenerative diseases such as Alzheimer’s disease [11], Parkinson’s disease (PD)
[12], and prion disease [13]. In the present thesis, a-syn and the prion protein Sup35 are
studied and thus explained more in detail in the following sections.

1.1.1 a-synuclein

The 140 amino acid residue protein a-syn belongs to the family of IDPs. The primary
sequence of the protein can be divided into three regions; i) the amphipathic N-terminal
region (1-60) which contains the four 11-amino acid imperfect repeats with the highly
conserved hexamer motif KTKEGV and facilitates membrane interactions, ii) a
hydrophobic middle domain (61-95), also denoted NAC region which is essential for fibril
formation and iii) the C-terminal region (96-140) which is rich in highly acidic residues
(containing 10 glutamate and 5 aspartate residues) and prolines (Figure 1.a.) [14, 15]. The
aggregation of a-syn is associated with various synucleinopathies including PD, dementia
with Lewy bodies, and multiple system atrophy [16-19]. Despite a vast number of studies
the physiological role of o-syn is not yet fully understood. a-syn is expressed
predominantly in the brain and high concentrations of the protein are found in the
presynaptic terminals in both soluble and membrane-bound forms [20, 21]. Thus, its role
has been proposed to be associated with membrane structures at synaptic terminals such as
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regulation of the size of presynaptic vesicles [22] and organization of phospholipid bilayers
[23].

The N-terminus of the protein hosts 5 different familial mutations which result in early PD;
A30P, E46K, AS3T, H50Q, and G51D [24]. The positions of the mutations are shown in
Figure 1.b. The AS53T mutation is the first identified mutation that causes an inherited
Lewy body disease [25]. This was followed by the identification of a second point
mutation in the a-syn gene at position 30 (A30P) in a small German pedigree [26]. After
the discovery of the relation between these two point mutations and PD, several excellent
papers were published [12, 25, 27].

Although the exact native state of a-syn remains subject of active investigation and debate
[28], most recent studies support the hypothesis that a-syn exists prevalently as a
disordered monomer [29, 30]. The random coil structure of the protein is stabilized by
long-range tertiary interactions between the C-terminal and the hydrophobic center region
of the protein [31]. When binding to lipid bilayers or detergent micelles a-syn can readily
adopt an a-helical conformation [6]. Both fibril formation and membrane binding strongly
depend on the experimental conditions. At least five different polymorphic forms have
been observed for a-syn amyloid fibrils [32-35]. Membrane binding critically depends on
membrane properties, such as curvature and charge, as well as molecular crowding [36,
37]. Different membrane affinities have been determined for different regions of the
protein [8].

MDVFMKGLSK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH
GVATVAEKTK EQVINVGGAV VIGVTAVAQK TVEGAGSIAA ATGFVKKDQL
GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA

NAC domain (61-95)

A30P E46K G51D
140
1
L4 / \

N-terminal T C-terminal
H50Q AS3T

Figure 1. a. The primary sequence of human a-syn and b. its domain structure. The imperfect
KTKEGYV repeats are shown by red columns. The position of A30P, E46K, H50Q, G51D and
AS53T mutations are indicated by black arrows.

1.1.2 Yeast Prion-Sup35
The name prion is derived from “proteinaceous infectious particle” by Stanley Prusiner
[38]. The replication of prions is based on the conversion of globular cellular prion protein
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into its prion form without nucleic acid sequence [13]. Prions are found in both mammals
and yeasts. The phenotypes [URE3], [PIN'] and [PSI'] in yeast are caused by prion
formation of the proteins Ure2p, Rnqlp, and Sup35p, respectively.

The Sup35 is composed of 685 residues and consists of three domains. The N-terminal
domain (residues 1-114) is rich in glutamine and asparagine amino acids and is essential
for prion formation. The middle domain (residues 114-253) increases the solubility of the
protein and the C-terminus (residue 253-685) is known as translation termination domain
[39]. As shown in Figure 2, the presence of the prion form of Sup35 decreases the level of
soluble Sup35 and leads to a read-through of stop codons which results in increased non-
sense suppression [40]. Prion forms of Sup35 are sedimentable and more resistant to
proteasomal degradation than the cellular form [41].

_]
v
[[PSI']
*® ®
w
. mRNA |‘ Ribosome
< Protein
—

occasional
readthrough

[psi

@ Sup3s5C
mRNA terminus

Sup35N
B terminus

Sup45

=4

Stop
codon

Figure 2: In [psi] (non-prion form) cells, Sup35 works in conjunction with Sup45 to terminate
protein translation. In [PSI'] cells, the N-termini of Sup35 aggregate, meaning there is less Sup35
available for translation termination and the ribosome reads through some stop codons. Adapted
from [42].

Despite the vast number of studies on Sup35NM there is no consensus on the organization
of monomers within Sup35NM fibrils. Some studies settle with a parallel in-register
architecture [43-45] whereas others suggest a B-helical arrangement [46]. Long-range
intermolecular interactions between the molecules of the same type can be determined by
MAS-NMR spectroscopy. The most common experiment that measures the distance
between selectively introduced isotope labels via dipolar dephasing, PITHIRDS, is
explained in section 1.2.2.

The previous NMR-study of Sup35NM has already shown that Sup35NM can adopt
distinct conformation at different temperature [47]. For example, Sup35 fibrils formed at 4
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°C and 37 °C result in mitotically stable strong and weak [PSI'] strains, respectively [44,
47, 48]. Furthermore, one point mutation, the substitution of serine at position 17 arginine,
in the Sup35NM amino acid sequence alters the phenotype associated with the amyloid
protein [49].

1.1.3 Conformational Ensemble of IDPs
As just mentioned above, IDPs can be characterized by an ensemble of rapidly
interconverting conformations. The ensemble description of IDPs is a challenging area to
understand the biological roles of the proteins.
To study the conformational ensemble of IDPs, both experimental and computational
methods have been developed. On the experimental side, the secondary structure (o-helix
and B-sheet) content of an IDP in solution can be determined by far-UV circular dichroism
(CD) spectroscopy. Small-angle X-ray scattering and neutron scattering (SAXS and
SANS) measurements can provide global structural parameters such as the radius of
gyration (R,, the average size of the scattering object in solution) and the maximum
dimension (Dmax) [50]. Fluorescence Resonance Energy Transfer (FRET) can provide a
quantitative description of IDPs, i.e. the number of subpopulations and long-range
conformational properties [4, 51-53].
Besides all, a well-established experimental method to study structures, dynamics, and
functions of IDPs is nuclear magnetic resonance (NMR) spectroscopy. In an NMR
experiment the main observable chemical shifts (CS) and the residual dipolar couplings
(RDCs), which include information about the averaged orientation of inter-nuclear vectors
within a reference frame, are sensitive to the conformational sampling of IDPs. The
advantage of NMR is that one can study the desired molecule in a native-like environment.
Solution NMR has been successfully applied to study the ensembles of IDPs [54, 55],
however, it does not enable to simultaneously detect all the possible conformations of the
protein, because of conformational averaging due to rapid molecular tumbling.
On the simulation side, a number of computational methods have evolved in recent years
to overcome two main problems in the molecular dynamics (MD) simulation of IDPs: lack
of sampling on the free energy surface and determination of the best force field for
representation of the whole ensemble [56-58]. The implementation of the replica exchange
molecular dynamic (REMD) algorithm is one of the most commonly used methods to
overcome the sampling problem [56, 59]. The synergistic use of NMR together with
classical MD simulations can extenuate the limitation of the solution NMR experiment and
perform simulations that are inaccessible to NMR [58].
At lower temperature, the dynamic disorder of molecules can be slowed down or even
frozen out. Solid-state NMR (ssNMR) is a method of choice to study these frozen solutions
[60-63]. As ssNMR spectra of biological samples suffer from low sensitivity, the
combination of frozen solution NMR experiments with Dynamic Nuclear Polarization
(DNP) [64, 65] can be applied to study the whole ensemble of an IDP [66].
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1.2  Solid-state Nuclear Magnetic Resonance Spectroscopy

Magic Angle Spinning (MAS) ssNMR Spectroscopy has been successfully applied to
biological samples to obtain information at the atomic level [67-69]. Moreover,
developments regarding higher magnetic fields, efficient sample preparation and the
introduction of new pulse sequences made ssNMR a versatile tool for structural studies on
biomolecules such as membrane proteins [70, 71], amyloid fibrils [32, 72, 73] and prion
proteins [74, 75]. In contrast to solution NMR, which is limited by solubility and
molecular weights of samples, ssSNMR does not face these limitations. Consequently, it can
be applied to a wide range of samples e.g. non-soluble and non-crystalline materials [76],
large protein complexes [77], polymeric samples [78], as well as samples in frozen
solutions [60-62, 66, 79].

1.2.1 Theoretical Background

In ssNMR experiments there are mainly two anisotropic interactions causing line
broadening:

o Chemical shift anisotropy (CSA): As each nucleus is surrounded by electron
clouds, an induced field is generated around the nucleus when an external magnetic field is
applied to the system. This causes partial shielding of the nucleus from the external
magnetic field [80]. The extent of shielding is influenced by both the chemical
environment of the nucleus and the orientation of the molecule with respect to the
magnetic field (in solid samples). The observed chemical shift can be written as the sum of
the isotropic and anisotropic chemical shifts and is given in equation 1.

] 3
Sobs = Siso+ 3 D, (3cost® —1)*Skk (1)

5is0:%(511+522+533) 2)

Oiso is the isotropic chemical shift (the average of the three main values 6,1, 022, 933, given
in equation 2) and @ represents the orientation of the inter-nuclear vector relative to the
external magnetic field. The orientation dependent part is called CSA.

. Dipolar Coupling: The interaction between two neighboring spins in spatial
proximity is known as dipolar coupling. The strength of dipolar coupling, D has a linear
dependence on the gyromagnetic ratios of the nuclei (yjand y,) and is inversely
proportional with the third power of the interatomic distance. D is defined as follows

12
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3)

where h is the reduced Planck constant, p, is the vacuum permeability and 7y, is the
distance between the dipolar coupled nuclei.

As these two interactions are anisotropic they lead to very broad lines in ssNMR spectra. In
solution, these interactions are averaged out by rapid molecular motion. In ssNMR, this
averaging can be mimicked by spinning the sample around a specific angle (54.74°) with
respect to the external magnetic field. This technique became known as MAS [81].
Spinning the sample causes a periodic modulation of the anisotropic interactions CSA and
dipolar coupling which are thus averaged out over a sample rotation period.

In a biological sample which has a dense proton network, the heteronuclear dipolar
couplings between protons and low abundant nuclei like >C or "N can cause line
broadening even under MAS conditions. If a heteronucleus is coupled to a proton which
changes orientation during one rotor period the signal of this nucleus will not be refocused
and causes homogenous line broadening. Thus, in addition to MAS, high power proton
decoupling during the evolution and acquisition time is needed to get well-resolved
spectra.

1.2.2 Homonuclear Dipolar Recoupling-PITHIRDS

As explained above, in a ssSNMR experiment dipolar couplings are averaged out by MAS.
However, dipolar couplings contain valuable structural information such as inter-nuclear
distances [82-84]. The strength of the dipolar interaction is inversely proportional to r°,
where 1 is the distance between the interacting nuclei. Reintroducing this information into
the spectra under MAS has been a subject of ssNMR since the late 1980s. Several
homonuclear and heteronuclear recoupling pulse sequences have been introduced. Here,
PITHIRDS-CT which is a symmetry-based constant time (CT) homonuclear dipolar
recoupling technique is explained. For other homonuclear and heteronuclear recoupling
techniques, the interested reader is referred to appropriate publications [85-91].
Additionally, we recently wrote a book chapter which includes recoupling techniques in
biomolecular NMR [92].
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Figure 3 a. A, B, and C are three fpRFDR blocks which are differing in the positions of © pulses
within the MAS rotation period 7., used in symmetry based constant time homonuclear dipolar
recoupling experiments. b. Schematic representation of PITHIRDS-CT pulse sequence. Adapted
from [93].

PITHIRDS-CT is a constant-time variant of the finite pulse radio frequency-driven dipolar
recoupling (fpRFDR) technique in which the total pulse length and total number of radio
frequency pulses are kept constant. The conditions of PITHIRDS-CT are explained in
more detail by Tycko [93]. Briefly, RFDR is a homonuclear recoupling sequence consisting
of one 180° pulse each MAS rotation period. Under high spinning speed, the pulse width of
180° pulses is not short compared to the rotor period and becomes a significant fraction of
it. In this case, they cannot be treated as delta pulses (negligible pulse) anymore. Instead,
the length of the 180° pulses is set to one-third of the rotor period [84]. Furthermore,
dipolar dephasing curves are affected by transverse relaxation, which adds to the dipolar
dephasing. This contribution of T, relaxation can be eliminated by keeping the transverse
evolution time and the number of pulses constant. As shown in Figure 3.a., the 180° pulses
have a different location within the A, B, and C blocks to create a super sequence with a
zero average dipole-dipole Hamiltonian. This means the overall effect of the blocks A, B
and C together on the spin system is zero, also called pseudorecoupling. These three blocks
are used to keep the total experimental time constant. Therefore, only during the “ks”
period which represents a classical rfdr recoupling sequence, dipolar recoupling takes
place. Dipolar dephasing curves can then be recorded by simultaneously extending k3 and
reducing k2 while keeping the total number of pulses constant.

The PITHIRDS-CT experiment has been used to detect intermolecular *C-">C dipole-
dipole couplings in *CO-labeled samples [44, 45, 94]. The decay of the *C-NMR signal
intensity under PITHIRDS-CT sequence is related to the distance between the labeled
BCO pairs. An in-register parallel B-sheet organization in amyloid fibrils, which has
roughly 4.7 A inter-strand distance (Figure 4.a.), shows a fast signal dephasing curve, as
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has been observed in the prion domain of Sup35 [95] and Ure2p [74] by ssNMR. The B-
sheet core arrangement of WT Sup35NM and the S17R mutant of Sup35NM is explained
by Ohhashi et al [49]. The dephasing curve for a uniformly or extensively *C-labelled
sample can be compared with numerical simulations to determine inter-nuclear distances
[96]. PITHIRDS-CT reference dephasing curves were calculated using a linear five-spin
system with inter-nuclear distances from 4 A to 7 A by simulation programs such as
SIMPSON [97], gamma [98] or SPINEVOLUTION [99]. Reference dephasing curves are
shown in Figure 4.b.
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Figure 4 a. Representation of inter-nuclear distances between two labeled ">C nuclei in different p-
sheet structures; like in-register parallel, anti-parallel and parallel shifted B-sheet structures. In-
register parallel B-sheets have the shortest inter-strand distance. b. Simulated PITHIRDS-CT
curves are shown for ideal linear chains of *C nuclei with the indicated spacing.

1.3  Dynamic Nuclear Polarization

Application of traditional MAS ssNMR experiments in larger molecules suffers from low
sensitivity due to the extremely low energy involved in nuclear spin transitions. This is
particularly critical for nuclei with low gyromagnetic ratio y combined with a low natural
abundance such as "*C and "°N (natural abundance of *C: ~1.07 %, '"N: ~0.37 %). Several
techniques have been developed to overcome this issue. On the sample preparation side,
different synthesis strategies and labeling techniques and methods are used for the
generation of isotopically enriched samples, such as solid-phase peptide synthesis [100,
101], cell-free expression [102] and uniform or selective *C- and '"N-labeling [103-105]
by recombinant protein expression in Escherichia coli.

The Boltzmann distribution of the population of spin states is given by the following
equation;
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where p, and p_ are the populations of the spin up and down, respectively, % is the

reduced Planck constant, y is the gyromagnetic ratio of the nucleus, By is the static
magnetic field strength, & is the Boltzmann constant and 7 is the temperature in Kelvin.
According to this equation, increasing the applied magnetic field or decreasing the sample
temperature can help to get better sensitivity in the NMR signal. In this respect, hardware
developments (for high magnetic field) proved to be extremely valuable in the NMR field
to get better sensitivity. Additionally, applying improved specific polarization transfer
schemes such as Cross Polarization (CP) [106] and insensitive nuclei enhanced by
polarization transfer (INEPT) [107] can enhance the signal intensity of low y nuclei. In
such an experiment one can exploit the high y of the starting nucleus by transferring it to
the nucleus with low y.

Alternatively, it is possible to use a “hyperpolarization” technique such as Para-Hydrogen
Induced Polarization (PHIP) [108, 109], Chemically Induced Dynamic Nuclear
Polarization (CIDNP) [110, 111] and Dynamic Nuclear Polarization (DNP). Here, DNP-
enhanced ssNMR is briefly introduced, for the other techniques the interested reader is
referred to appropriate reviews [112-114].

DNP was firstly proposed by Albert Overhauser in 1953 [65]. It is based on transferring
the high spin polarization of unpaired electrons to the surrounding nuclei using continuous
high-power microwave irradiation to excite electronic spin transitions. In the same year, the
concept was demonstrated experimentally in metallic lithium using a static magnetic field
of 3 mT by Thomas Carver and Charles Slichter [64]. The theoretical maximum sensitivity
enhancement is equal to the ratio of the electron and nuclear spin gyromagnetic ratios ( )¢

/ Y'n). For protons a maximum enhancement factor of 660 could be achieved in principle
[64].
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Figure 5. A commercial Bruker Avance III HD spectrometer operating at 600 MHz, equipped with
a 395.18 GHz second-harmonic gyrotron, corrugated wave guide and cooling cabinet. It is located
at the Julich-Diisseldorf Biomolecular NMR Center in Jiilich, Germany and jointly run by the
Forschungszentrum Jiilich and the Heinrich-Heine-University Diisseldorf.

1.3.1 DNP Mechanisms

The electron polarization can be transferred to the surrounding nuclei via four different
DNP mechanisms; Overhauser effect, Solid effect, Cross effect and Thermal mixing. The
dominant DNP mechanism in an experiment depends on the experimental conditions such
as the applied magnetic field, the radical concentration, and the sample temperature. As the
cross effect is the mechanism used in this work we will focus on it, the other mechanisms
will be briefly discussed.

1.3.1.1 Overhauser Effect

The Overhauser effect is the first DNP mechanism proposed by A/bert Overhauser to make
use of the large electron polarization for NMR experiments. It is a two-spin cross-
relaxation process consisting of one electron and one nuclear spin between the hyperfine-
coupled electron and nuclear spins.

The Overhauser effect is an efficient mechanism at low magnetic fields. At high magnetic
fields, this mechanism has been successfully applied for the study of small molecules [115-
117]. For bigger molecules, the main drawback is the rapid decrease of the enhancement
level [118]. As the Overhauser effect depends on the local dynamics, the system should
contain either mobile electrons or liquids (where molecules have high tumbling rates).
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Additionally, for an efficient Overhauser mechanism, the microwave power has to be tuned
to the electron Larmor frequency.

1.3.1.2 Solid Effect

The Solid effect relies on forbidden zero quantum or double quantum electron-nuclear
transitions [119]. However, it is partially allowed because of the mixing of adjacent states
and can be excited by high power microwave irradiation [120]. The electron polarization is
transferred to the core nuclei when the microwave irradiation satisfies the w.+ ®, condition
(0. and o, are electron and nuclear Larmor frequencies, respectively).

The Solid effect is an efficient mechanism in systems where electrons have little or no g-
anisotropy with narrow EPR spectra. Both the inhomogenous EPR line width A and the
homogenous EPR linewidth 6, have to be less than the nuclear Larmor frequency w,. The
condition is given as 3, A < ®, [121, 122]. TEMPO and BDPA are available mono-radicals
for this transition [123].

1.3.1.3 Cross Effect

Cross Effect (CE)-DNP is the most commonly used transfer mechanism for signal
enhancement in solid-state MAS NMR-spectroscopy of biomolecules. It was described by
Kessenikh et al. in the 1960s and relies on a three-spin process between two strongly-
dipolar coupled electron spins and one nuclear spin [124-127]. It requires an
inhomogeneous EPR linewidth A of the polarizing agent larger than the nuclear Larmor
frequency ,, while the homogeneous linewidth 6 remains small (6 < w,<A) [128, 129].
Since three-spin states are involved in the CE mechanism, eight energy levels, as shown in
Figure 6, are involved. If the frequency difference between the two electrons (®e; and ®e)
is equal to the nuclear Larmor frequency (we) - ®e2 ~ ®,), the energy levels [4> and |5>
become degenerate. In this case, the saturation of an EPR transition for one dipolar coupled
electron ®.; (low field) leads to negative NMR polarization, whereas saturation of the
second transition o, (high field) leads to a positive signal enhancement. The CE relies on
the irradiation of the allowed EPR transitions. The efficiency of the CE mechanism is
affected by several experimental parameters such as the applied magnetic field, the
microwave power, and the polarizing agent’s properties. Importantly, as the CE
mechanism relies on a three-spin process including two dipolar coupled electrons and one
nucleus, the electron-electron dipole coupling is a crucial parameter for an efficient CE
mechanism [130]. For this reason, using biradicals with certain distances can yield better
signal enhancement. As shown in Figure 7., TEMPO and TEMPO-based radicals, like
AMUpol and TOTAPOL, support the CE-DNP [131].
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Figure 6. Representation of the energy level diagrams of the Cross effect mechanism at a. thermal
equilibrium, b. low and ¢. high magnetic field. Circles represent the relative amount of the
magnetization on every energy level.

1.3.1.4 Thermal Mixing

Thermal mixing was proposed by Borghini [132] and re-proposed in a slightly different
way by Abragam and Goldman [133]. Multiple electrons and one nucleus are involved in
the Thermal mixing mechanism [134]. Additionally, the homogeneously broadened EPR
linewidth 6 needs to be larger than the nuclear Larmor frequency w, (®,> &). Thermal
mixing is observed at rather high radical concentrations. So it can be neglected at the high
magnetic field strengths and low concentrations of radicals used in most common
applications of MAS-DNP.

1.3.2 Experimental Requirements for DNP

The sample preparation protocol has to be optimized to ensure the achievement of
sufficient enhancement and resolution in DNP-NMR experiments. A typical DNP sample
consists of three parts: radicals, buffer and the sample of interest. Radicals are used as
source for unpaired electron spins and the buffer contains a partly deuterated
cryoprotectant/water mixture.

Here, the sample preparation for an efficient CE mechanism under ssDNP-NMR
conditions is explained.

DNP experiments require a suitable paramagnetic centre as the source of electron
polarization. This can be either an endogenous or exogenous paramagnetic system. As
most protein samples of interest for DNP-enhanced NMR are diamagnetic, exogenous
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polarizing agents are needed. For an efficient ssDNP-NMR experiment three points have to
be addressed: i.) the polarizing agent needs to be soluble in the solvent of choice and
homogeneously mix with the sample, ii.) a favorable relaxation time of the electron is
desirable and iii.) stable radicals are preferred because it is easy to control their
concentration in the sample. Employing TEMPO-based biradicals allow achieving better
DNP enhancements for CE mechanism than with monoradicals [130, 135]. The water
soluble biradical TOTAPOL is compatible with biological systems and is used by many
NMR-groups [136-138]. Another common biradical, AMUPol, results in much higher
efficiencies in comparison with TOTAPOL because of longer electron relaxation times and
larger electron-electron dipole couplings [139, 140].

a. b. C
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Figure 7. Chemical structures of common radicals used for DNP experiments: a. TEMPO is a
nitroxide based monoradical. b. TOTAPOL and ¢. AMUPol, the biradical derivatives of TEMPO,
are used to induce the CE mechanism.

The radical concentration should be optimized according to the system. Higher
concentrations of radicals may cause homogeneous line broadening due to paramagnetic
relaxation enhancement (PRE) [141]. On the other hand, electrons in the sample should
provide a sufficient source of polarization for an efficient DNP experiment. Another
important parameter which affects both the enhancement factor and the resolution is the
deuteration level of the matrix. The deuteration of the solvent can improve polarization
transfer both from electrons to nuclei and from protons to heteronuclei. As a consequence
by prolonging the relaxation times significant larger enhancement factors can be achieved
[136]. On the other hand, protons are needed to spread polarization in the bulk. The
optimized buffer condition for DNP studies of biomolecules includes 10 % of protons
(60 % dg-glycerol, 30 % D,O, 10 % H,O). All experiments in this thesis are performed
under these buffer conditions and with a concentration of 2.5 mM AMUPol.

The electronic spin transitions are excited by microwave irradiation and thus, to prevent
sample heating, DNP experiments are carried out at low temperatures (using cold nitrogen
gas, Figure 5). To avoid ice crystal formation a cryoprotectant such as dimethylsulfoxide
(DMSO) or glycerol is needed [135, 136]. Additionally, the cryoprotectant serves to
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disperse the radical homogeneously and thus to achieve optimal polarization distribution
[140].

Lastly, at low temperatures different conformations of the protein freeze out and chemical
shift differences are no longer averaged out by rapid conformational sampling. The
corresponding NMR lines are found to be inhomogenous. As most of the DNP-NMR
spectra of IDPs suffer from this inhomogeneous line broadening, labeling strategies for the
reduction of labeled "*C spins in the sample are desirable. In contrast to uniform labeling
approaches, specific labeling can help to minimize signal overlap for big proteins such as
TEASE labeling, where [2-"C] or [1-">C] glucose is used as a sole carbon source in the
expression medium [105].
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1.4. Scope of This Thesis

Aim #1. DNP overcomes the inherently low sensitivity of magnetic resonance methods by
transferring high spin polarization of unpaired electrons to surrounding nuclei. Low-
temperature NMR spectra usually suffer from severe line broadening due to the freezing
out of different conformations [142]. While this is usually accounted for as an unwanted
side-effect of DNP-NMR, these inhomogeneously broadened lines also contain valuable
information about conformational ensembles of (disordered) proteins.

We made use of inhomogeneous line broadening to study conformational ensembles of
IDPs. For the experiments reported here, we have chosen a-syn as a model protein and the
large-scale conformational flexibility is investigated by DNP-enhanced NMR spectroscopy
and complemented by molecular dynamics (MD) simulations. We have studied the
conformational ensemble of a-syn in frozen solution under different conditions: in the fully
disordered form, in the fibrillated form with flexible ends, and in contact with lipid bilayers
in the form of nanodiscs.

Aim #2. The [PSI'] prion is a self-propagating amyloid form of the protein Sup35, which
is a subunit of the translation termination factor [143]. As mentioned above, there is no
consensus on the organization of monomers within Sup35NM fibrils. However, some of
previous solid-state NMR structural studies on a construct containing the N and M
domains, Sup35NM, have shown that it has a parallel in register B-sheet core region whose
length depends on the fibrillation temperature [44]. One single point mutation, the
substitution of S17 by a positively charged R residue, is sufficient to prevent S17R mutant
of Sup35 monomers from being co-fibrillated with wild-type Sup35NM [39]. However, the
S17R monomers can form fibrils themselves at 4°C, as well as at 37°C. The aim of the
present work is to investigate the amyloid core arrangement of the wild-type as well as
S17R mutant of the Sup35NM protein.

In the second part of this thesis, we have used symmetry-based constant-time homonuclear
dipolar recoupling experiments [93] to probe the amyloid core region of wild type and
S17R mutant of Sup35NM. Our results have shown that one point mutation can
dramatically alter the amyloid core region of Sup35NM.
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3 Conclusion

The work in this doctoral thesis can be divided into two parts. In the first part
conformational ensembles of IDPs were studied. The definition of a representative
conformational ensemble sampled by IDPs usually requires the combination of different
methodologies. This work showed us that it is possible to probe conformational
distributions only with one experiment and in one day. DNP-enhanced ssNMR was
successfully applied to frozen solutions. This method allowed us to probe representative
conformational ensembles sampled by IDPs with high sensitivity. The conformational
ensembles for different states were produced in good agreement with previous studies for
our model protein chameleon, a-syn. More importantly, we could observe a-helical signals
from the membrane binding region of a-syn which was not possible with our previous
solution-state NMR study. The proportion of random coil secondary structure could be
quantified for different protein-to-nanodisc ratios. Our both results from solution-state
NMR and DNP-enhanced solid-state NMR have shown the same trend of increasing
random-coil conformation with increasing protein to nanodisc ratio.

Furthermore, we have observed that in order to achieve accurate signal quantification, one
should take the deuterated matrix into account. We compared two experiment types used in
this thesis, PDSD and DQSQ spectra and saw that DQSQ spectra are more reliable than
PDSD spectra. PDSD polarization transfer relies on the proton network, and the transfer
efficiency is clearly affected by the proton/deuterium ratio in the close environment of the
involved nuclei. Thus, for all the quantitative analyses in this thesis were carried out on
DQSQ spectra.

Additionally, we have conducted long replica exchange MD simulations with three
different force fields and two solvent models. The comparison of all MD results showed
that the AMBER99SB*-ILDN force field with explicit solvent nearly samples the
complete conformational ensemble of valine residues. We could successfully produced the
two-dimensional *C-">C correlation spectrum for an ensemble of valine residues.

In the second part of this thesis, yeast prion Sup35NM is studied. In order to investigate the
effect of SI7R mutation on the position of amyloid core region of the protein, PITHIRDS-
CT experiment is carried out on both wild-type and S17R mutant of Sup35NM. The
comparison of PITHIRDS-CT experimental results showed different decay curves for both
types. As the rate of decay of the NMR signal is primarily a reflection of internuclear
distances, we have concluded that one single point mutation can alter the core region
dramatically. Additionally, our ssNMR data on Sup35NM are consistent with Mass
Spectral Analysis results of the protein.
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The protein a-Synuclein (aS) is linked to Parkinson's disease through its abnormal
aggregation, which is thought to involve cytosolic and membrane-bound forms of «aS.
Following previous studies using micelles and vesicles, we present a comprehensive study
of aS interaction with phospholipid bilayer nanodiscs. Using a combination of NMR-
spectroscopic, biophysical, and computational methods, we structurally and kinetically
characterize aS interaction with different membrane discs in a quantitative and site-resolved
way. We obtain global and residue-specific aS membrane affinities, and determine
modulations of aS membrane binding due to aS acetylation, membrane plasticity, lipid charge
density, and accessible membrane surface area, as well as the consequences of the different
binding modes for aS amyloid fibril formation. Our results establish a structural and kinetic
link between the observed dissimilar binding modes and either aggregation-inhibiting
properties, largely unperturbed aggregation, or accelerated aggregation due to
membrane-assisted fibril nucleation.

Tnstitute of Physical Biology, Heinrich-Heine-University, Universitatsstrasse 1, 40225 Disseldorf, Germany. 2 Instititue of Complex Systems (ICS-6),
Forschungszentrum Jilich, Wilhelm-Johnen-Strasse, 52428 Jiilich, Germany. 3 Department of Physics, Tampere University of Technology, Korkeakoulunkatu
10, 33720 Tampere, Finland. 4 Department of Physics, University of Helsinki, Gustaf Hallstrdmin katu 2a, 00560 Helsinki, Finland. Correspondence and
requests for materials should be addressed to M.E. (email: manuel.etzkorn@hhu.de)

COMMUNICATIONS BIOLOGY| (2018)1:44 | DOI: 10.1038/s42003-018-0049-z | www.nature.com/commsbio 1


http://orcid.org/0000-0001-5349-0179
http://orcid.org/0000-0001-5349-0179
http://orcid.org/0000-0001-5349-0179
http://orcid.org/0000-0001-5349-0179
http://orcid.org/0000-0001-5349-0179
http://orcid.org/0000-0002-1591-0168
http://orcid.org/0000-0002-1591-0168
http://orcid.org/0000-0002-1591-0168
http://orcid.org/0000-0002-1591-0168
http://orcid.org/0000-0002-1591-0168
http://orcid.org/0000-0001-6575-221X
http://orcid.org/0000-0001-6575-221X
http://orcid.org/0000-0001-6575-221X
http://orcid.org/0000-0001-6575-221X
http://orcid.org/0000-0001-6575-221X
http://orcid.org/0000-0002-0065-7366
http://orcid.org/0000-0002-0065-7366
http://orcid.org/0000-0002-0065-7366
http://orcid.org/0000-0002-0065-7366
http://orcid.org/0000-0002-0065-7366
http://orcid.org/0000-0002-8734-7765
http://orcid.org/0000-0002-8734-7765
http://orcid.org/0000-0002-8734-7765
http://orcid.org/0000-0002-8734-7765
http://orcid.org/0000-0002-8734-7765
http://orcid.org/0000-0002-9081-3894
http://orcid.org/0000-0002-9081-3894
http://orcid.org/0000-0002-9081-3894
http://orcid.org/0000-0002-9081-3894
http://orcid.org/0000-0002-9081-3894
http://orcid.org/0000-0003-1161-3622
http://orcid.org/0000-0003-1161-3622
http://orcid.org/0000-0003-1161-3622
http://orcid.org/0000-0003-1161-3622
http://orcid.org/0000-0003-1161-3622
http://orcid.org/0000-0003-4301-5416
http://orcid.org/0000-0003-4301-5416
http://orcid.org/0000-0003-4301-5416
http://orcid.org/0000-0003-4301-5416
http://orcid.org/0000-0003-4301-5416
http://orcid.org/0000-0002-9796-3246
http://orcid.org/0000-0002-9796-3246
http://orcid.org/0000-0002-9796-3246
http://orcid.org/0000-0002-9796-3246
http://orcid.org/0000-0002-9796-3246
mailto:manuel.etzkorn@hhu.de
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | DOI: 10.1038/s42003-018-0049-z

synucleinopathies including Parkinson’s disease through

its abnormal aggregation, fibril formation, and formation
of Lewy bodies' ™. Although its exact native function is not yet
fully understood, oS is found in synaptic vesicles and supposed to
be involved in membrane interactions, e.g., in synaptic vesicle
homeostasis™® and SNARE-like vesicle-to-vesicle or vesicle-to-
membrane fusion”®, Membrane association of a$ has been shown
to modulate its aggregation propensity”'? and aS oligomeric
species have been proposed to be the toxic species in Parkinson’s
disease, especially through membrane pore formation mechan-
isms' 112, Notably, aS has been shown to be specifically acetylated
at its N-terminus, which is thought to act as an important mode
of regulation of protein-membrane association!®!%,

Previous data recorded using micelle and vesicle preparations

already provided valuable information of the aS-membrane
interactions, including binding and lipid specificity'>~!8, effect of
mutations on membrane association®!’, micelle-bound struc-
ture’?, vesicle-bound structural insights?! =23, and conformational
dynamics®?*?*, Two structural models of lipid-bound aS were
proposed, i.e., the “extended helix” consisting of one roughly 100-
residue-long a-helix?® and the “horse-shoe” consisting of two
helices with different lipid affinities separated by a kink at resi-
dues 42-44°°. Furthermore, various effects of lipids for oS
aggregation were reported including inhibition of aggregation®’,
trig%ering of fibrillation?®?°, and modification of fibril struc-
ture’’. Membrane binding and its effect on aggregation have been
shown to be strongly dependent on chemical 6properties of the
1ipid3sO including head group charge content® and fatty acid
type’™.
Although the phospholipid bilayer nanodisc (NDs) system?!
does not fully resemble the physiological properties of synaptic
vesicle membranes in all aspects (e.g., absence of curvature and
integral membrane proteins), it offers the potential to provide
additional insights that are complementary to the information
obtained, e.g., on micelles or liposome preparations. Notably,
NDs have been used before to study the effect of calcium ions on
the membrane interaction of aS>2, as well as lipid and monomer
specificity of the Alzheimer-associated AP peptide®®. In general,
NDs are very homogeneous, stable in a wide buffer range*, and
allow the preparations of well-defined lipid mixtures with an
accurate estimate of the bilayer size®>, charge®®, and lipid
molarity®’. The increased stability may, e.g., offer the possibility
to determine the interaction with a stable planar bilayer surface.
In contrast, it is known for small unilamellar vesicles (SUVs) that
the interaction with aS can considerably and rapidly change the
lipid environment (e.g., from homogeneous SUVs to rather
heterogeneous particles®**~47). In addition, the smaller size of the
NDs should, in theory, allow the detection of the lipid-bound
state using suitable solution nuclear magnetic resonance (NMR)
techniques®»*142, In general, the well-defined size and lipid
composition of NDs, paired with their accessibility, homogeneity,
and stability should permit unique quantitative insights into aS
membrane association and its role in aggregation.

Here we explore this potential and report on a comprehensive
NMR investigation of the effects of lipid charge, bilayer fluidity,
and aS N-terminal acetylation on the structural aspects of aS
membrane association. We corroborate these insights with
molecular dynamics (MD) simulations and a series of com-
plementary biophysical measurements to further characterize
membrane plasticity, global affinities, as well as binding and
aggregation kinetics. Based on this data we correlate structural
insights, such as residue-specific affinities and competition for
accessible membrane surface area, to their potential role in
modulating aS aggregation properties. Our study provides
insights into (i) the different lipid binding modes of aS to stable

The protein a-Synuclein (aS) is associated with various
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planar bilayers of defined lipid quantity and composition,
(ii) the effect of membrane plasticity for aS binding, (iii) the
modulation of membrane plasticity through oS, and (iv) the
connection between binding modes and their effect on aS
aggregation. In addition, it gives an initial estimate of the
number of lipid molecules and of lipid-associated aS molecules
that are required to induce fibril nucleation, and allows to develop
a basic structural and kinetic model of the modulation of aS
aggregation through its interaction with different membrane
surfaces. Our in vitro data help to better understand the mole-
cular determinants of aS-membrane association and may point
to possible in vivo implications in the context of Parkinson’s
disease.

Results

aS membrane-modulated aggregation due to lipid charge. To
obtain residue-specific insights into the interaction of aS with
lipid bilayer NDs of various composition, we recorded a series of
solution NMR two-dimensional transverse relaxation optimized
spectroscopy (TROSY)-heteronuclear single quantum coherence
(HSQC) spectra keeping a molar ratio of one aS molecule
per membrane leaflet (Fig. la). In the presence of NDs
containing only 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPCQ) lipids, no differences to the spectrum of aS in the
absence of NDs were detected (Fig. la—c, black). This finding
shows that aS does not interact with the membrane scaffold
protein and provides additional evidence that aS does not interact
with non-charged lipid bilayers. In a similar way as reported
previously using liposomes”®*3, we further tested the influence of
increasing amounts of negatively charged lipid head groups on aS
membrane association (Fig. la-c). It is noteworthy that lipid
ratios and proper mixing of the different lipid types inside the
NDs were also verified by NMR spectroscopy (Supplementary
Fig. 1a). When increasing the content of the negatively charged
lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(POPG) our NMR data show a gradually increasing bilayer
interaction of aS, as evident by a residue-specific decrease in the
ratio of NMR signals in the presence and absence of NDs. This
NMR attenuation profile divides the protein into rather distinct
regions with different membrane-binding behaviors (Fig. 1b, c).
The first region spans the N-terminal residues 1-38, which are
already weakly interacting at 25% content of negatively charged
lipids and strongly interact at 50% (or higher) charge content. A
comparison between aS that is acetylated at its N-terminus
(Fig. 1b) and non-acetylated aS (Fig. 1c) shows that, in particular
at lower anionic lipid content the N-terminus does interact
stronger with the membrane when it is acetylated, which is in line
with previous data observed on SUVs'*. While we recorded most
data for both aS forms, unless otherwise stated, only data
obtained on the more physiologically relevant acetylated aS will
be shown in the following. Data recorded on non-acetylated aS
along with a more detailed discussion can be found in the Sup-
plementary Information (Supplementary Fig. 2).

At 50% charge content, the region comprising residues 38-60
also gradually starts to interact. Amino acids 60-98, correspond-
ing approximately to the aggregation-prone non-amyloid-(
component (NAC region), display some interactions with
membranes containing 75% anionic lipids and strongly interact
at 100% anionic lipid content. The 98-120 region is
(partly) affected by 100% net charge content only. Finally, the
last 20 C-terminal residues never show any membrane interaction
(see Fig. 1d for a model of the different binding modes). This
data is largely in line with a predominantly electrostatic model**
(the first 60 residues displaying a net positive charge, the last 40
residues a net negative charge, and the NAC region being mostly
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Fig. 1 Lipid charge content modulates oS membrane binding modes and different binding modes show different effects on aS aggregation. a NMR [°N-TH]-
TROSY-HSQC spectra of ["N]-aS (50 uM) in the absence (gray) or in the presence of 25 uM NDs containing an increasing amount of the anionic lipid
POPG complemented with the zwitterionic lipid DMPC (0% POPG (black), 25% POPG (light blue), 50% POPG (blue), 75% POPG (dark blue), and 100%
POPG (purple)). Selected residue assignments corresponding to differently affected parts of «S are indicated. Corresponding NMR attenuation profiles, i.e.,
the ratio of peak volumes in the presence and absence of NDs, are plotted against aS primary sequence for acetylated b and non-acetylated ¢ «S. d
Molecular model visualizing the gradual binding of different parts of aS to NDs with increasing charge content. White arrows and transparent coloring
indicate oS regions that experience intermediate NMR-signal attenuation indicative of multiple (dynamic or static) states. e oS aggregation assays
(normalized ThT fluorescence) in the absence and presence of NDs with indicated POPG content for acetylated oS (concentration of «S and NDs identical
to NMR data in a-¢, data of triplicate measurements until reaching saturation and their respective fits are shown, color code as in a-c)

hydrophobic), as well as the three regions dynamic model
reported before using SUVs*’,

Interestingly, a comparison with the previously published data
on SUVs that observe similar negative charge-dependent binding
modes for vesicle-bound aS using electron paramagnetic
resonance (EPR) and NMR?*%>, suggests that factors such as
membrane curvature, potential instability of liposomes, or the
physical borders introduced by the scaffold proteins, which
should prevent formation of a fully extended aS a-helix on the
membrane surface, do not have a large effect on the detected aS
membrane association (see below for more detailed discussion on
binding modes; also see Supplementary Note 1 for more detailed
discussion on NDs stability).

Using Thioflavin T (ThT) fluorescence as a reporter for fibril
formation, we also measured aggregation kinetics of aS in the
absence and presence of the different ND compositions (Fig. 1e).
These aggregation assays were recorded using identical protein
and ND concentrations, as well as buffer conditions as used for
the NMR measurements, facilitating a direct comparison
between membrane-binding modes and their consequences for
protein aggregation. It is noteworthy that, unless stated
otherwise, an aggregation assay setup was chosen that mainly
reports on the consequences of ND interactions with the lipid-
independent aggregation pathway of aS*®*° (see Methods for
more details).

Interestingly, despite the fact that the NMR data show
interaction, the presence of NDs up to an anionic lipid content
of 50% does not appear to affect aggregation kinetics of acetylated
aS. When increasing the negative charge content to 75%, the
aggregation half-time slightly increases (Fig. le, dark blue) and a
strong aggregation-inhibiting effect is detected in the presence of
NDs with 100% anionic lipids (Fig. le, purple). A comparison of
the ThT kinetic data with the NMR-detected modes of aS binding
to membranes of different charge contents allows to link
molecular determinants of membrane association to their possible
effects on aS aggregation. One of the most striking connections is
that aS interaction with NDs comprising up to 50% negatively
charged lipids does not involve the NAC region, and that under
the same conditions no detectable effect on the aggregation
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behavior of (acetylated) aS is found in ThT assays. When further
increasing the charge density above 50% negatively charged
lipids, NMR data show first a partial (75% POPG, Fig. la—c, dark
blue) and then a full (100% POPG, Fig. la-c, purple) signal
attenuation of the NAC region. This membrane interaction of the
NAC region correlates with a slight inhibitory effect of the 75%
charged NDs on aS aggregation (Fig. le dark blue) and a very
strong inhibitory effect of 100% charged NDs (Fig. le, purple).
Therefore, our data strongly suggest that for the tested conditions
(high anionic lipid content and high lipid-to-aS ratios)
membrane association of the NAC region protects aS from
aggregation.

The ND-bound state of aS. It is noteworthy that, despite possible
in principle*!, we could not detect the ND-bound conformation
of aS by solution NMR (see Supplementary Fig. 3 and Supple-
mentary Note 2 for more detailed discussion). In order to still
gain insight into the conformation of aS bound to NDs, we used
magic angle spinning solid-state NMR. Moreover, we took
advantage of the very low temperatures (100 K) used in dynamic
nuclear polarization (DNP) to additionally eliminate exchange
processes and to increase the sensitivity of the experiment. To
avoid problems of signal overlap arising from severe inhomoge-
neous line broadening often seen in this range of temperatures™’,
we used a sparse isotope labeling scheme®!, leading to the
simplification of '*C-13C spectra to secondary structure-sensitive
Ca-CPB cross-correlations of valines (and leucine Cp-Cy).
Notably, according to the aS primary sequence and our solution
NMR observations (Fig. 1a—c), 95% of the valine residues (i.e., 18
out of the 19) should be membrane bound at the used charge
content (100%) and aS-to-ND ratio (1:2). Although in the
absence of NDs the DNP !3C-13C spectrum shows a continuous
distribution of the valine Ca-Cf cross-peaks reflecting the carbon
chemical shifts of the allowed Ramachandran space (expected for
an intrinsically disordered protein such as aS, see Fig. 2, black), a
very strong peak shift to a defined chemical shift range typical for
a-helical structure is visible after addition of NDs (Fig. 2, purple).
The DNP data thus show that aS binds the NDs in a-helical
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Fig. 2 Nanodiscs binding induces a-helical structure in aS. ['3C-13C]-Proton
driven spin diffusion magic angle spinning-DNP spectra of free non-
acetylated oS in frozen solution (black) and when bound to NDs with 100%
POPG lipids (purple). Selective isotope labeling was used to specifically
monitor valine Ca-Cf chemical shift distributions. Peak positions indicative
of B-sheet and a-helical secondary structure are labelled. The insert shows
normalized 1D projections of the highlighted region (dashed square) in the
absence (black) and presence of 100% POPG NDs. Signal deconvolution of
these spectra reveals that about 92% of the valines are in an a-helical
configuration in the presence of 100% POPG NDs. The occurrence of valine
residues in the aS sequence is shown on top (blue lines). According to the
respective solution NMR attenuation profile (Fig. 1c, purple) 18 out of 19
valines (i.e., 94.7%) are expected in the membrane-bound state at the used
conditions

conformation corroborating previous studies using circular
dichroism (CD) spectroscopy of vesicles, solution NMR spec-
troscopy of detergents micelles, and solid-state NMR
spectroscopy of SUVs?%?32, Interestingly, in contrast to SUVs
the lipid bilayer of the NDs system does have a defined edge that
can act as physical barrier for the aS membrane interactions.
Geometrical considerations suggest that a fully extended a-helix
with about 60 residues will completely span the diameter of one
ND. Therefore, either the formation of a significantly bent helix
(parallel to the membrane scaffold proteins) or at least one kink
in the helix is compulsory for the largest observed ND-binding
modes. The presence of rather defined steps in the NMR
attenuation profiles for 50% and 75% POPG content (Fig. 1b, c)
would be in line with the latter and could indicate possible kink
positions (as visualized in Fig. 1d). The high similarity to the
previously reported SUV-binding modes suggest that aS, in a
similar manner as the so-called “horse-shoe” model??, has an
intrinsic propensity to form the necessary kink in the membrane-
binding interface.

aS membrane-modulated aggregation due to lipid phase. To
further investigate the effect of different lipid properties we
recorded NMR spectra of aS in the presence of NDs containing
different lipids and lipid mixtures. The data recorded with 100%
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, one
unsaturation, neutral charge) NDs do not show interaction
(Fig. 3a, gray), comparable to 100% DMPC (no unsaturation,
neutral charge) NDs (Fig. la—c, black). We also used all combi-
nations of binary lipid mixtures of DMPC, 1,2-dimyristoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (DMPG), POPC, and POPG,
with an overall net charge content of 50%. Our data show that the
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Fig. 3 aS-lipid interaction is favored by increased membrane plasticity.
[>N1-aS (50 uM) NMR attenuation profiles in the presence of 25 uM NDs
with indicated lipid composition (molar ratio 2:1, aS-to-NDs) for bilayers
that are in a more fluid a or gel phase b at 10 °C. It is noteworthy that all
NMR data are recorded at 10 °C and pH 7.4 with the exception of one of
the 100% DMPG samples (b, red bars) that was recorded at 37 °C and pH
5.3. ¢ Corresponding ThT aggregation assays (50 uM «S, 25 uM NDs) for
selected conditions (for better visibility only the mean values of triplicate
measurements are shown, colors correspond to respective attenuation
profiles in a, b)

heterogeneous mixtures DMPG/POPC and POPG/DMPC, and
the homogeneous POPG/POPC mix behave very similarly
(Fig. 3a), suggesting that the position of charge with respect to
fatty acid as well as the ‘surface roughness,’ as potentially intro-
duced by heterogeneous chain lengths, has little effect on
aS-membrane interaction.

Interestingly, a mixture of fully saturated lipids (dimyristoyl
lipids) with 50% charge content does not considerably interact
with aS (Fig. 3b, beige). At the temperature of the NMR
experiments (10 °C), the bilayer formed by saturated dimyris-
toyl lipids, in contrast to the partially unsaturated PO-lipids, is in
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periodically and symmetrically appearing lysine residues (blue) that form a positively charged “grid” (see text for more details). b Model of aS;.¢;-nanodisc
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the gel phase (T, around 28 °C, Supplementary Fig. 1d). When
increasing the charge content to 100%, but remaining in the gel
phase (100% DMPG, Fig. 3b, brown), aS shows a clear interaction
with the membrane resembling a binding mode that is found for
50% charge content in the fluid phase. This data is well in line
with previous CD data on SUVs that identified an important
role of the lipid phase for aS-lipid interaction®’. Although
increasing the temperature for the NMR measurements above
Ty, leads to a previously observed loss of NMR signals due to
amide-water exchange processes for most relevant residues,
lowering the pH from 7.4 to 53 can counter this effect
(Supplementary Fig. 3c-f). The respective NMR data show that
a$ forms a much larger binding interface with DMPG lipids in
the fluid phase (Fig. 3b, red-brown bars, only peaks with easily
transferable resonance assignments are plotted), in line with
previous findings using vesicles®***, providing residue-specific
insights into the modulation of aS membrane-binding modes
by lipid phase properties.

Taken together, these data on aS-lipid association can be
summarized as follows: (i) unsaturations in the hydrocarbon
chains, leading to increased membrane fluidity, are not sufficient
to induce binding; (ii) the presence of heterogeneity in fatty acid
chains and the combination of charge and unsaturation on the
same lipid molecule are not critical; and (iii) in addition to
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charge, a lipid phase state that introduces an increased membrane
fluidity is important for binding.

We also performed ThT aggregation assays with NDs
containing selected lipid mixtures as investigated by NMR. All
mixtures that contain 50% negatively charged lipids, indepen-
dently of acyl chain heterogeneity or charge position, show
consistently unaffected aggregation behavior (Fig. 3c). However,
aS aggregation is drastically impeded in the presence of 100%
DMPG NDs (Fig. 3c, red-brown). As aggregation assays were
measured at 37 °C, our NMR data (Fig. 3b, red-brown) show that
a$ is in a lipid-binding mode, which involves the NAC region and
therefore is expected to inhibit aggregation.

aS and membrane plasticity: a two-way street. It is apparent that
the initial N-terminal aS residues comprise a central lipid-binding
motif with key features highly suitable for interactions with a
charged lipid surface’>?, and that these residues form a helical
secondary structure after binding!®?*?°, Based on the exposed
and symmetric distribution of lysine residues, the occurrence of
hydrophobic residues on one side of the helix and the distribution
of negative charges on the opposite side (Fig. 4a), it is tempting to
speculate that aS adopts a lipid-interacting conformation as
shown in Fig. 4b. In this picture, it would be likely that the lipids
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Fig. 5 The interplay between interaction kinetics, differential residue specific affinities, membrane charge density and accessible surface area modulates oS
aggregation. a BLI sensorgrams obtained with immobilized 100% POPG NDs and addition of different concentrations of aS. Corresponding steady-state
response plot are shown as insert. A fitted global affinity (Kp) of 67 £17 nM and a fitted off-rate of 0.015 £ 0.006 s~ could be extracted. b NMR
attenuation profiles of a titration of 50 uM aS with varying concentrations of 100% POPG NDs (aS-to-NDs molar ratios ranging from 16:1 to 1:1, see color
code). ¢ Corresponding residue-specific affinities extracted from NMR titration data. The values report on the slow-exchange (lower) limit for the affinities
(see text for details). d Normalized ThT fluorescence aggregation curves for selected aS-to-ND ratios (conditions identical as in b-g). e NMR-derived
binding modes and their link to the indicated aggregation behaviour (see Supplementary Note 3 for more details on how binding models were generated).
Although high amounts of NDs with high charge density inhibit aggregation (binding mode 1), limited amounts of highly charged membrane surfaces
enhances aggregation (binding mode ). For NDs with a moderate lipid charged density, only one aS-binding mode was observed that has little effect on
aggregation (binding mode II1). f Nucleation ThT assays in quiescent conditions at pH 5.3. Although under these conditions no aggregation is observed in
the absence of NDs (duplicates in gray), the presence of 16:1 molar ratio of 100% POPG NDs (duplicates in light and dark blue) induces primary nucleation.
g-i Same as data shown in b-d but using NDs with 50% POPG content
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and the lysine side chains (partly) rearrange, from their
“unbound” conformation, to ideally accommodate electrostatic
interactions. In line with our NMR results, this rearrangement
may be favored by a more fluid lipid phase.

To test this hypothesis, we performed MD simulations of
aS-membrane interactions. Our simulations focus on the first 61
residues of aS and their interactions with membranes formed by a
mixture of either 50% POPG-50% POPC lipids in the fluid phase
or a 50% DMPG-50% DMPC mix in the gel phase. The MD data
confirm that lysine residues have a key role in the membrane
interaction, as, e.g., visible by forming considerably more contacts
to anionic lipids as compared with other residues (Fig. 4c, upper
diagram). In addition, a generally stronger interaction of aS with
the anionic lipids in the fluid membranes (POPG) is detected, as
compared with the gel-phase membranes (DMPG) (Fig. 4c,
yellow vs. beige). Noteworthy, these effects are much less
pronounced for contacts to the neutral lipids (Fig. 4c, lower
diagram). These findings correlate well with the effects of lipid
charge and membrane plasticity seen in the NMR and
aggregation assays.

Interestingly, the MD data also report on the effect of aS
interaction from the lipid point of view. According to this data,
the well-ordered DMPC/PG lipids (gel phase) experience very
small effects due to the presence of aS. These MD results are in
line with only small effects seen in differential scanning
calorimetry profiles that we recorded on gel-phase NDs in the
presence and absence of aS (see Supplementary Fig. le). On the
other hand, for MD simulations of less ordered POPC/PG lipids
(fluid phase), the presence of aS induces a considerably more
ordered lipid state as evident by an increased bilayer thickness,
reduced surface area per lipid, and increased order parameters for
the hydrocarbon chains (Fig. 4d and Supplementary Fig. 4). In
general, the MD data suggest that aS—membrane interaction is
(initially) facilitated by increased membrane plasticity, e.g., via
more contacts found in the fluid phase. These interactions may
consequently confine lipids and lead to reduced membrane
plasticity. The latter is in line with recent experimental data
showing that aS binding can increase lipid packing®*>%, an effect
that has also been suggested to have a role in aS function as
chaperone for SNARE-mediated vesicle fusion®.

The role of affinities and kinetics. In addition to modulation of
binding modes due to lipid charge and membrane plasticity we
were also interested in aS membrane-binding affinities and
kinetics. We therefore measured interaction kinetics and
thermodynamics using biolayer interferometry (BLI) with
immobilized NDs of different charge contents. In line with the
NMR data, no aS binding was detected when NDs containing
100% DMPC were immobilized. When NDs with 100% anionic
lipid content were immobilized, a clear response upon addition of
different aS concentrations was observed (Fig. 5a), enabling a
quantitative description of the membrane association with an
overall dissociation constants Ky, of 67 +17 nM (one aS to one
ND) and a slow off-rate of 0.015 + 0.006 s~ 1.

In order to obtain residue-specific insights into the membrane
affinity of aS, we additionally conducted NMR titration
experiments using 100% negatively charged NDs (Fig. 5b). In
general, affinities (Kp) can be extracted from NMR titrations
attenuation profiles by fitting the concentration dependency of
the attenuation with a single exponential decay for each resolved
peak (corresponding to one assigned residue in a two-state
binding model, ie., unbound and membrane attached). This
method is valid under the assumption of a pure slow exchange
regime. Although the BLI data clearly point to the presence of
slow exchange processes, contributions from intermediate
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exchange are still to be expected for residues showing weaker
membrane interactions, i.e., residues located in the central region
of aS. For these residues, the applied method does not provide
accurate quantitative values; nevertheless, a qualitative trend can
still be extracted. It is noteworthy that the underestimation of
exchange contributions will generate lower Kp, values and hence
the obtained values can be seen as a lower limit. The resulting
slow-exchange-biased affinities (Kpgjow-ex) are plotted in Fig. 5¢
and reveal differential membrane affinities for different regions of
the aS primary sequence. As discussed above due to the
slow-exchange bias, the differential affinities of aS are probably
even larger. It is noteworthy that the regions with differential
affinities for highly charged membranes largely overlap with the
different binding modes induced by different charge densities
identified before (Fig. 1b).

Due to the geometry of the used NDs, up to five aS molecules
can simultaneously bind with a 38-residue long a-helix (first
binding mode) to one side of one ND. If 8 molecules are
accommodated together on the surface, (on average) a 23-residue
long helix per monomer could be formed. The observed
differential affinities are therefore a direct consequence of the
competition of different monomers for accessible membrane
surface area. As a result, membrane association of the weaker
interacting NAC region is strongly dependent on the accessibility
of negatively charged membrane surface. Importantly, it appears
that one ND with 100% negatively charged lipids can simulta-
neously interact with about 16 aS molecules (8 per ND side) in
the course of the NMR time scale, as seen from the complete
disappearance of the signals of the very N-terminal residues
(Fig. 5b, light blue). This means that under this condition the
membrane surface brings several aS molecules, with nearly fully
exposed NAC regions, in close spatial proximity.

To characterize the effect of the accessible membrane surface
area on aS aggregation behavior, we measured ThT aggregation
kinetics on samples with different aS-to-ND ratios by decreasing
the ND concentration at constant aS concentrations (Fig. 5d).
Interestingly, a higher ratio of aS-to-ND leads to a prominent
decrease in aggregation lag times when using 100% POPG NDs
(Fig. 5d, blue and cyan). These data show, in line with previously
reported behavior on SUVs*®?°] that under specific conditions
lipid bilayers can accelerate the fibrillation process. Our NMR
data allow to link these conditions, i.e., limited membrane surface
area with a high charge density, to an aS-lipid-binding mode that
brings several aS molecules with exposed NAC regions in close
proximity (binding mode I in Fig. 5e).

In order to disentangle the effect of NDs on the nucleation or
the elongation step in the aS aggregation pathway, we used ThT
assays predominantly reporting on the one or the other
(see methods for more details of assay design). Nucleation-
sensitive assays in the presence of 100% POPG NDs and an aS-
to-ND ratio of 16:1 indeed show that the underlying membrane
association (binding mode I in Fig. 5e) enhances primary
nucleation (Fig. 5f, blue). Interestingly, as our data also allow
an estimation of the total number of aS monomers that are
brought in close proximity due to their interaction with the same
ND (ie., up to 8 monomers per bilayer side, Fig. 5b blue), this
result may also provide a first approximation of the number of aS
monomers needed for the formation of a nucleus. As discussed
above, our data suggest that this “minimal critical nucleation
number” has an upper limit of around 8 aS molecules. It is
noteworthy that this number is only an initial estimate and may
be influenced by dynamic processes as well as local fluctuations,
which may lower or increase the value by a few monomers.

Fibril elongation-sensitive aggregation assays carried out in the
presence of 100% POPG NDs (Supplementary Fig. 5¢, d) show no
effect on elongation rates for aS-to-ND ratios of 16:1 (binding
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Fig. 6 Model of the influence of different NDs on the oS aggregation pathways and speculations regarding their potential implication in the context of cell/
vesicle membranes. Four scenarios are depicted summarizing our in vitro data in respect to membrane surface charge and accessibility. (Note that
schemes with nanodiscs and aggregation pathways are based on our findings, while possible implications in respect to physiological membranes are purely
speculative.) In cases where membranes/NDs with only low charge densities are present (scenario 1 and 2) aS interacts with its N-terminal residues and
forms an exchanging equilibrium between soluble and membrane associated aS monomers (binding mode Il in Fig. 5e). This equilibrium does not seem to
strongly interfere with the slow process of aS nucleation, it may however (slightly) decrease the pool of free monomers available for fibril formation.
Although physiological membranes, in general, have a lower average charge density (represented by the upper panels), specific, abnormal, and/or
stochastic processes may also lead to highly charged lipid clusters (lower panels). In the unlikely case of not limiting surface access (scenario 3) oS will
interact in a binding mode that will largely inhibit both aS nucleation and fibril elongation (binding mode Il in Fig. 5i). In cases with only local charge
clusters, several aS monomers may compete for the limited highly charged membrane surface area (scenario 4). This binding mode (Fig. 5e mode |) can
bring exposed NAC regions of several aS monomers in close proximity and accelerate the amyloid fibril nucleation process

mode I in Fig. 5e). However, a clear reduction in elongation rates
with decreasing aS-to-ND ratio is visible, which is largely in line
with sequestering monomers, in particular accessible NAC
region, out of solution (Supplementary Fig. 5c, d). No fibril
elongation is observed for aS with a fully membrane-bound NAC
region (binding mode II in Fig. 5e) consistent with the overall
aggregation-inhibiting properties of this condition. Noteworthy,
unlike in the case of SUVs%?, atomic force microscopy (AFM)
images of aS fibrils formed in the absence or presence of NDs do
not show different morphology (Supplementary Fig. 6). This,
however, does not exclude that (a limited amount of) lipids are
also incorporated into the fibrils (see Supplementary Fig. 6 and
stability considerations for more detailed discussion).

We additionally carried out the same BLI measurements, NMR
titrations, and ThT assays for ND containing only 50% POPG
lipids.

For these NDs, no clear signature of binding could be obtained
in the BLI measurements, suggesting a weak affinity and/or too
fast off rates to allow detection via BLI. This is in line with size
exclusion chromatography (SEC) profiles that also point to a
more transient interaction (Supplementary Fig. 1b, c).

NMR titrations, however, show clear concentration-dependent
attenuation profiles that allow the calculation of (slow-exchange-
biased) residue-specific affinities (Fig. 5g, h). Noteworthy, the
NMR attenuation profiles and affinities for the aS residues in the
first binding region (residues 1-38) are comparable to the values
obtained for 100% charged NDs (Fig. 5b, c). In contrast, for the
following binding regions much lower affinities are found (at the
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edge of detection for residues 39-60 and no interaction for
residues > 60), including the absence of interactions of the NAC
region. It is noteworthy that for the NDs with 50% anionic lipids
the protein-to-ND ratio does not affect the overall binding mode
(binding mode III in Fig. 5e). In line with an exposed NAC
region, the ThT data for these NDs at low aS-to-ND ratios are
consistently showing no effect on aggregation half-times (Fig. 5i).
The data at higher ratios are less reproducible and show a slight
tendency to prolonged elongation rates. Unlike for 100% POPG
NDs and in line with the previously discussed moderate effects of
50% POPG NDs on the overall aggregation process, we did not
observe accelerated aS nucleation in the presence of NDs with
50% POPG nor a clear perturbation of fibril elongation in seeded
experiments (see Supplementary Fig. 7 for data and a more
detailed discussion).

Discussion

Overall, our data demonstrate that the ND system allows to study
the interaction of aS with stable, planar membranes in a
quantitative, and site-resolved way. Many aspects of the mem-
brane association are similar to previously reported interactions
with micelles or SUVs, suggesting that features that distinguish
the different membrane mimetics, such as curvature, physical
bilayer borders, and potential vesicle disruption do not
substantially alter the membrane binding properties of aS.
The convenient handling, reliable, and unique quantification
properties, as well as the wide compatibility of the NDs systems
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for a broad range of biophysical techniques also enabled us to
obtain a direct correlation between the structural and kinetic
properties of the different membrane-binding modes and their
consequences for aS amyloid fibril formation. In summary, our
data show that (i) the N-terminal aS region interacts rather
similarly with NDs composed of 100% or 50% anionic lipids; (ii)
for 100% anionic lipids, the aS can adopt a substantially expanded
binding mode as compared with 50% anionic lipid content,
leading to considerably higher global affinities; (iii) the exchange
rate between free a$ in solution and membrane-bound aS is slow
in the 100% charged case and likely to be faster in the 50% case;
(iv) region-specific membrane affinities (especially the NAC
region) are correlated with aggregation properties; (v) with suf-
ficient excess of lipids and sufficient charge density, NDs can
inhibit primary nucleation and fibril elongation by sequestering
monomers out of solution; (vi) competition of aS monomers for
highly charged lipid surface generates a membrane-bound aS
conformation that can induce primary nucleation; and (vii) the
number of aS monomers that are brought together by one ND
and which can promote amyloid fibril nucleation is in the order
of about 8 aS molecules.

Although our in vitro data directly support the above drawn
conclusions, we can only speculate about which (if any) role these
factors may have in vivo. Figure 6 summarizes the experimentally
determined molecular and kinetic determinants of membrane-
modulated aS aggregation and speculates about their potential
physiological roles. In general, it should be noted that, in our
study, the strongest effects were observed at lipid charge densities
well above the average lipid compositions of native membranes.
However, the normally found high lipid diffusion rates in
physiological membranes may generate clusters of higher negative
charges that may form spontaneously or be induced by an
initially transient oS interaction. For the latter, the N-terminal
acetylation may have an important role, as it increases membrane
interaction at native lipid charge densities. Our data suggest that
clusters of around 60-80 negatively charged lipids suffice to form
a strong interaction (this may however not be the lower limit and
specific physiological lipids not tested here may have even
stronger effects). Sporadically formed charged lipid clusters could
also induce a competition of several aS monomers for the
accessible surface area. Our data show that due to the different
residue-specific membrane affinities, this will generate a binding
mode that, once the rather low aS critical oligomerization num-
ber is reached, can act as an aggregation seed. Such a scenario
could promote the initial step of primary nucleation in the
pathogenesis of Parkinson’s disease and is in line with recent
in vivo findings, suggesting that shielding aS from membrane
interactions can inhibit initial steps of amyloid fibril formation
including the formation of cell-toxic species®.

Methods
oS expression and purification. Codon-optimized aS in the pT7-7 vector was
expressed in Escherichia coli BL21 DE3. For acetylated oS, the N-terminal
acetylation enzyme NatB from Schizosaccharomyces pombe, which will selectively
acetylate aS at the free amino group of the N-terminus, was coexpressed in a
second vector, pNatB*”. Expression was conducted in 50 mM phosphate-buffered
2YT-medium (pH 7.2) with 0.4% glycerol and 2 mM MgCl,, protein production
was induced at OD 1-1.2 with 1 mM Isopropyl p-D-1-thiogalactopyranoside
(IPTG) and run for 4 h at 37 °C. For >N-labeled protein, a$ or acetylated aS was
expressed in M9 medium with 0.2% °NH,CL

Sparsely labeled aS for DNP experiments was non-acetylated, expression was
done in a similar way, in M9 medium using 0.4% [2-13C]-glucose and 0.2%
15NH,CL. Isotope labeling of Phe, Gln, Glu, Pro, Asn, Asp, Met, Thr, Lys, and Ile
was suppressed by supplementing sufficient quantities (150 ug ml™! of each) of
these unlabeled amino acids in the expression media as reported previously>!.

Purification of a$S or acetylated aS was carried out as previously described™,
some changes to the original protocol have been made. Except for sparse labeled aS
for which previous lysis in 20 mM Tris-HCI pH 8.0, 1 mM EDTA was done, cell
lysis and release of aS or acetylated aS was performed by directly boiling the frozen
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cell pellet at 95 °C in a threefold volume of 20 mM sodium phosphate buffer, pH
7.4, for 30 min. Thermostable aS or acetylated aS remained in the supernatant after
30 min of centrifugation at 15,000 x g and 4 °C and was subsequently subjected to
an ammonium sulfate precipitation by slowly adding saturated ammonium sulfate
solution to 50% saturation at 4 °C. Precipitated protein was pelleted at 15,000 x g
and 4 °C, dissolved in 50 ml of 50 mM Tris-HCI pH 8, sterile-filtered, and loaded
onto an ion exchange chromatography column (HiTrap Q FF, GE Healthcare),
where aS or acetylated aS eluted at around 300 mM NaCl in 50 mM Tris-HCI pH
8. Elution fractions containing aS or acetylated aS were subjected to another
ammonium sulfate precipitation and finally purified by a SEC run (Superdex 75 10/
300, GE Healthcare) in 20 mM sodium phosphate pH 7.4, 50 mM NaCl.

N-terminal acetylation of acetyl-aS was checked by high-performance liquid
chromatography, mass spectrometry, and NMR, proved to be about 95% when co-
expressed with NatB.

Membrane scaffold protein expression and purification. As reported before™,
E. coli BL21 (DE3) were transformed with MSP1D1 or MSP1D1AH5 plasmid DNA
in vector pET28a. Cells were grown in lysogeny broth (LB) medium, induced by 1
mM IPTG at an optical density of 0.7, and incubated 5-6 h at 37 °C, then pelleted
down. Cells were resuspended in 50 mM Tris-HCI pH 8, 500 mM NaCl (buffer B)
supplemented with 6 M GdnHCl and EDTA-free Complete protease inhibitors
(Macherey-Nagel) lysed by sonication (Bandelin Sonopuls MS72 probe), cen-
trifuged at 17,000 x g for 1 h (Beckman J2-21 rotor JA-20.1) and incubated 1 h with
previously equilibrated 2.5 ml Ni-NTA agarose resin/3 1 culture (Macherey-Nagel).
Column was washed with 4 column volumes (CV) buffer B, 4 CV buffer B sup-
plemented with 1% Triton X-100, 4 CV buffer B + 60 mM Na-cholate, 4 CV buffer
B, and 4 CV buffer B + 20 mM imidazole. Four fractions of 1 CV were eluted with
250 mM imidazole. The whole process was kept at 4 °C in a cold room. The elution
fractions were pooled and dialysed against 100-fold 200 mM Tris-HCI pH 7.5, 100
mM NaCl. N-terminal His-tag was cleaved using tobacco etch virus (TEV) protease
incubated overnight at 4 °C. AHis-MSP was separated by immobilized metal affi-
nity chromatography (IMAC) and concentrated to the desired molarity using a
Vivaspin centrifugal device of 10 kDa molecular weight cutoff (MWCO).

ND assembly. NDs were assembled according to established protocols®!. In short,
lipids’ chloroform stocks were dried under nitrogen flow to obtain a lipid film and
stored under vacuum overnight. AHis-MSP1D1 or MSP1D1AHS5 and the
appropriate amount of lipids (Avanti Polar Lipids) solubilized in 60 mM
Na-cholate were mixed together in 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 5 mM
EDTA. The scaffold-to-lipids molar ratio was calculated from geometrical
considerations. 20% w/v of previously washed Biobeads SM-2 (Biorad) were added
and the mixture incubated at room temperature overnight. The Biobeads were
removed by centrifugation and once again 20% w/v were added for an additional
4-5h. Finally, they were purified by SEC on a HiLoad 16/600 Superdex 200 pg
column (GE Healthcare) equilibrated with 20 mM sodium phosphate pH 7.4, 50
mM NaCl using a Akta pure device at a flow rate of 1 ml min~!. The quality of NDs
preparation was check by the SEC chromatogram and by DLS (PSS Nicomp). NDs
were concentrated to the desired molarity using a Vivaspin centrifugal device of 10
kDa MWCO. It is noteworthy that concentration of NDs can be rather accurately
determined using the 280 nm absorbance of the membrane scaffold proteins and
lipid concentration can be estimated using the geometrically ideal lipid amount per
ND, i.e., 156 DMPC molecules or 150 POPG molecules.

Biolayer interferometry. NDs were immobilized on the sensor surface of amine
reactive biosensors (AG2R) (fortéBIO, PALL Life Science) after 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N-hydroxysulfoxuccinimide (EDC/NHS)
activation to a final level between 1.2 and 1.8 nm depending on the NDs type using
an Octet RED96 instrument (fortéBIO, PALL Life Science). All biosensors were
quenched with 1 M ethanolamine for 3 min. All experiments were carried out in
multi cycle kinetics at 25 °C. Association of aS in running buffer (20 mM sodium
phosphate pH 7.4, 50 mM NaCl) on NDs and reference biosensors was recorded
for 120 s, followed by a dissociation phase of 360 s. Sensorgrams were double
referenced using the reference biosensors and a buffer cycle. Steady-state analysis
was realized by fitting the aS concentration dependency of the highest response
with a simple 1:1 binding model. After normalization, all on and off curves were
fitted against simple exponential build-up or decays and led to similar on- and
off-rates.

Solution NMR spectroscopy. Solution NMR experiments were performed on a
Bruker Avance IIl HD™ spectrometer operating at 600 MHz 'H Larmor frequency,
equipped with a triple resonance TCI (!H, '3C, 1°N) cryoprobe and shielded
z-gradients. If not stated otherwise, all experiments were recorded at 10 °C with an
as$ concentration of 50 uM in 20 mM sodium phosphate pH 7.4, 50 mM NaCl, 10%
(v/v) 2H,0, and ND concentration was set to 25 uM (one aS per membrane
leaflet). All ['"H-'°N]-TROSY-HSQC NMR spectra were acquired with 32 scans
and 256 indirect increments, processed with TOPSPIN 3.2 (Bruker) and analyzed
with CCPN®0, A full list of measured samples can be found in Supplementary
Table 1. For attenuation profiles, peaks were automatically integrated and the ratio
of volumes in the presence and absence of NDs plotted against the primary
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sequence. The raw data without normalization, multi-residue averaging, or manual
compensation of peak position is shown. Negative values are results of noise
contributions and/or slight peak shifts. Outliers as results of peak overlap and/or
ambiguities were removed.

ThT fluorescence aggregation assays. Three types of aggregation assays were
used in this study. Unless otherwise stated, a setup under conditions where aS
amyloid fibrils form spontaneously, mainly by interface-driven nucleation and
subsequent amplification through fragmentation, was chosen. Experiments under
these conditions mainly report on the potential interference of NDs on the lipid-
independent aggregation pathways. Here, 50 uM of aS or acetylated aS was mixed
with either 25 uM (2:1), 3.125 uM (16:1), or 0.781 uM (64:1) NDs with different
lipid compositions. Assays were conducted in 20 mM sodium phosphate buffer pH
7.4 or 20 mM acetate buffer pH 5.3 with 50 mM NaCl, 0.02% NaNj3, and 10 uM
ThT. Unless otherwise stated, triplicates of 120 ul were pipetted into 96-well half-
area well plates with non-binding surface (Corning No. 3881, black, clear bottom)
containing a glass ball (2.85-3.45 mm diameter) for mixing and incubated at 37 °C
for up to 7 days. Orbital shaking at 217 r.p.m. was used for 15 s every 20 min. ThT
fluorescence was excited at 445 nm and measured at 485 nm every 20 min with 15s
of shaking before the measurement in a plate reader (Tecan Spark 10 M or Tecan
infinite M1000PRO).

Nucleation-sensitive assays: Under that minimize the intrinsic nucleation rate
(quiescent conditions and protein repellent plate surfaces), lipid bilayers in the
form of SUVs can accelerate the nucleation of aS amyloid fibrils*. In order to
determine whether NDs can have a similarly accelerating effect, we performed ThT
aggregation experiments under similar conditions, i.e., where no aS aggregation
should be detected in the absence of lipids. These experiments were performed at
mildly acidic pH (5.3), as it was recently shown that under these conditions, aS
amyloid fibrils can amplify autocatalytically through surface-catalyzed secondary
nucleation?>®!. This should in principle enable even very low primary nucleation
rates to be detected through autocatalytic amplification.

Elongation-sensitive assays: Seeded experiments using preformed aS fibrils were
used to measure the effect of NDs on fibril elongation. Fibril seeds of aS or
acetylated aS were prepared as follows: 300 ul of 100 uM aS or acetylated aS was
fibrillated at 37 °C and 800 r.p.m. for 3 days in a 2 ml tube containing a glass ball in
a Thermomixer (Eppendorf). The fibril solution was diluted to 50 uM and
sonicated with a tip sonicator (Bandelin Sonopuls HD3200, BANDELIN electronic)
at 10% power (20 W) for 60 s, with 1 s pulses on and 4 s off in between. Seed
solution was diluted 20-fold for the aggregation assays (2.5 uM, 5%).

Assay analysis: Kinetic curves were corrected by subtracting the curve of buffer
(containing NDs) in the presence of ThT and normalized to the highest
fluorescence intensity (in line with comparable fibril mass seen in SDS-
polyacrylamide gel electrophoresis after the aggregation assay). The corresponding
triplicates are shown as transparent circles in order to visualize the reproducibility
of each experiment. Data fits were obtained using a simple sigmoidal function and
the Abscissa 2D plot tool (by Riidiger Briihl). In the case of quiescent nucleation
and seeded assays, no normalization was applied and data were recorded without
the presence of glass balls and without plate shaking.

SDS-polyacrylamide gel electrophoresis. In order to compare the amounts of
soluble and fibrillated aS or acetylated oS in the aggregation samples, 100 ul of each
triplicate sample were taken out of the well plate, combined in 1.5 ml tubes, and
spun down at 20,000 x g and 20 °C for 30 min. Supernatants (~ 290 pl) were
removed and pellets were resuspended in 280 ul buffer, and SDS-sample buffer (4-
fold) was added. Samples were boiled for 15 min at 98 °C and subsequently 10 ul
were loaded onto a 15% SDS-gel together with standards of aS or acetylated aS and
NDs.

DNP NMR spectroscopy. Magic-angle spinning solid-state DNP experiments
were performed on a Bruker Avance III HD spectrometer operating at 600 MHz,
equipped with a 395.18 GHz second-harmonic gyrotron and a 3.2 mm 'H,3C,'>’N
triple resonance low-temperature magic-angle-spinning probe. Data were collected
at 100 K, 9 kHz magic angle spinning speed, and 9 W continuous-wave microwave
power. The samples were prepared from sparsely labeled non-acetylated aS (250
ug) in the presence or in the absence of 2:1 molar ratio of 100% POPG NDs, and
filled into 3.2 mm sapphire rotors. Final buffer conditions in the sample were 15
mM sodium phosphate pH 7.4, 25 mM sodium chloride, 30% 2H,0, 60% glycerol-
de, and 2.5 mM AMUPOL®2. Two-dimensional [13C-13C]-proton-driven spin
diffusion experiments with 1 s mixing time were performed. It is noteworthy that
this DNP setup also allows a more detailed quantatitive analysis of different aS
conformational ensembles and the effects of different polarization transfers as
well%, 'H decoupling using SPINAL64 with a decoupling field of 104 kHz was
employed during evolution and detection periods. Both experiments were con-
ducted using 300 #; increments with 16 and 48 scans each for aS in the absence and
in the presence of NDs, respectively. A recycle delay of 5s was used in both
experiments. Both spectra were processed using Topspin 3.2 (Bruker) using
identical parameters with squared and shifted sine bell function (gsine 2.5) for
apodization.
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MD simulations. As starting conformation for the MD simulations, the NMR
structure of micelle-bound aS (PDB 1XQ8) was used, considering only the first 61
residues in order to concentrate on the membrane-binding region of aS.

The Amber99sb-ILDN force field®* was used for aS, which was simulated in its
non-acetylated form (i.e., with NH3 + at the N-terminus) and with a C-terminal
N-methyl amide capping group to account for the fact that aS would continue
beyond residue 61. All lysine side chains were modeled as positively charged,
glutamate and aspartate as negatively charged, whereas glutamine and histidine
residues were considered to be neutral corresponding to pH 7.4. The protein was
placed either 0.5 nm or 1.5 nm above the membrane surface. A starting orientation
with the negatively charged side chains pointing away from the membrane and the
lysine side chains being oriented toward the membrane surface were chosen
(Fig. 4b). For modeling the lipid bilayer, membrane patches consisting of
POPC/POPG (1:1) or DMPC/DMPG (1:1) involving 512 lipids (256 lipids per
leaflet) were built using CHARMM-GUI® and modeled with Slipids force field
parameters®®®”. Before aS was added, both lipid bilayers were solvated and
simulated for 500 ns (POPC/POPG) or 1000 ns (DMPC/DMPG) to obtain relaxed
membranes. Here, the same simulation procedure was employed as described
below. aS was placed above the membrane, the protein-membrane complex
solvated using the TIP3 water model, and Na™ and Cl~ were added to neutralize
the system and to mimic the Na + concentration used in the experiments. The ion
parameters of Smith and Dang® were used. The system was then subjected to
steepest descent energy minimization, followed by MD equilibration in
the constant number (N), volume (V) and temperature (T) (NVT) ensemble for 1
ns at 10 °C using the V-rescale thermostat® with a time constant of 0.5 ps and
separate temperature coupling for the protein, membrane, and
water/ions. Afterwards, 1 ns of constant number (N), pressure (P) and temperature
(T) (NPT) equilibration was performed using the Nose-Hoover thermostat’®”!
and Parrinello-Rahman barostat’? with semi-isotropic pressure scaling, a reference
pressure of 1 bar, a time constant of 10.0 ps, and an isothermal compressibility of
4.5x 107> bar"L. During both equilibration steps, restraints were applied to the
positions of the P-atoms of the lipids and terminal C-atoms of their tails with a
force constant of 1000 k] mol™' nm~2. All bond lengths were constrained using the
Lincs algorithm”3. The Coulombic interactions were calculated using the Particle
mesh Ewald method”*7> with a cutoff value of 1.0 nm for the short-range
interactions and a Fourier spacing of 0.12 nm. The cutoff value for the van der
Waals interactions was set at 1.4 nm. Periodic boundary conditions were employed
in all directions. For the MD production runs, the same settings as for the NPT
equilibration were used, except that all position restraints were removed. All MD
simulations were performed at 10 °C with a time step of 2 fs for integration using
the GROMACS 4.6 MD package’®. For the analysis, which was performed using
Gromacs and Membrainy tools’”, only the last 250 ns of each production run
was used.

A full list of simulations can be found in Supplementary Table 2.

Size exclusion chromatography. For analytical SEC, an Akta pure systems
equipped with a Superdex 200 13/300 gl column (GE Healthcare) was used. After
equilibration with two column volumes of running buffer (20 mM sodium
phosphate pH 7.4, 50 mM NaCl), samples of approximately 5uM NDs, 10 uM oS,
or a mix thereof were injected at a flowrate of 0.5 ml min~!. In order to assay
stability of the NDs in the presence of aS, the same mix was incubated 24 h at room
temperature and injected afterwards.

Differential scanning calorimetry. Samples of approximately 5 uM NDs of dif-
ferent types (and if stated 10 uM aS) in running buffer (20 mM sodium phosphate
pH 7.4, 50 mM NaCl) were degassed for at least 20 min at 30 °C and measured in a
Microcal VP-DSC instrument (Malvern Instruments). After equilibration and a
pre-scan delay of 20 min, the thermograms were acquired up-scan from 5 °C to 45 °
C at a scanning rate of 0.5°C min~! and corrected by subtracting the thermogram
of buffer and adjusting the baseline to zero at 45 °C (y-axis molarity refers to
estimated amounts of lipids).

Atomic force microscopy. AFM images were taken in air, using a Nanowizard III
atomic force microscope (JPK, Berlin). Samples were taken at the end of
aggregation experiments and diluted in pure water to approximately 1 uM protein
concentration. Ten microliters of sample were added onto freshly cleaved mica and
left to dry. Then, they were gently rinsed with water to remove excess salt. Imaging
was performed using tapping mode with NSC 36 cantilevers (MikroMasch), with
resonant frequencies between 70 and 150 kHz.

Data availability. The datasets generated during and/or analysed during the
current study are available from the corresponding author on request. NMR
chemical shift asignments are in line with data already deposited in the Biological
Magnetic Resonance Data Bank, e.g., under accession codes 19350 (acetlyated) and
19337 (non-acetylated)78.
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Supplementary Figure 1. Formation of lipid mixtures in NDs, lipid phase transitions and stability of aS association. (a)
NMR 'H-1D spectra of aS in the presence of NDs containing different POPG-to-DMPC ratios corresponding to the samples
shown in Fig. 1a-b. Signals from either DMPC (left, choline methyl groups) or POPG (right, 'H next to the unsaturation) are
displayed. The volumes of the peaks reflect within an error of approximately 10% the aimed lipid compositions. In addition to
volume changes also chemical shifts perturbations for both lipid specific peaks are visible and follow a rather linear dependence
on the composition. The NMR data therefore report on both the presence and mixing of both lipid types in single nanodiscs.
(b) Size exclusion chromatography (SEC) profiles (Superdex 200 13/300 gl, GE Healthcare) of aS alone (grey), 50% POPG
NDs alone (black) and both after mixing (same amounts as in the isolated case) and incubation for 24h at room temperature
(blue). The clear separation of aS from NDs in the mixture points to a fast-kinetic exchange between free and bound aS. The
conserved total absorbance additionally confirms the stability of the NDs in the presence of aS. (¢) Same as in (b) but using
100% POPG NDs. The SEC profile of the mixture of aS with 100% POPG NDs shows a clear reduction of free aS and a size
increase of the ND peak, pointing to a strong interaction between the two components. (d) Differential scanning calorimetry
(DSC) thermograms of nanodiscs prepared with either 100% DMPC (black), 100% POPG (purple) or a 50%-50% mixture
thereof (blue), showing phase transitions temperatures around 28°C, below 5°C and 13°C, respectively. Temperatures at which
different measurements were performed are highlighted. (e¢) DSC profile of 100% DMPG NDs in the absence (brown) or
presence of 2 molar equivalent aS (orange). While the presence of oS leads to a lower phase transition temperatures of the lipid
bilayer, in line with what was reported using SUVs', the transition temperature differences is much smaller for NDs (ATy=2.5
°C) as compared to SUVs (AT=11 °C) in line with an increase stability of the NDs. Note that a more detailed discussion of
the stability of the nanodiscs is given in the Supplementary Note 1 (vide infra).
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Supplementary Figure 2. N-terminal acetylation has
moderate effect on membrane association and leads to
different behavior in aggregation assays. Comparison of
data recorded on acetylated aS (left hand side) and non-
acetylation oS (right hand side). Note that data of acetylated
aS represents the data shown in the main manuscript and is
just added to facilitate a direct comparison. (a, analog Fig.
1a) [N-TH]-TROSY-HSQC NMR spectra in the absence
(grey) or in the presence of 25 uM NDs containing an
increasing amount of anionic lipids. (b, analog Fig. 1b,c)
Corresponding NMR attenuation profiles, i.e. the ratio of peak
volumes in the presence and absence of NDs, are plotted
against oS primary sequence. In line with previous findings’,
N-terminal acetylation leads to clear chemical shift
perturbations in the NMR spectra for the first 10 residues of
aS. The peaks which are already shifted in free aS due to the
acetylation are also the ones that are affected most by the
presence of nanodiscs with low amount of charges (close to
physiological concentration). Data show rather small but
significant increase in the membrane association of the first
15 residues due to the N-terminal acetylation, which is in line
with previous observation using SUVs'®!!. aS acetylation is
known to increase N-terminal helix propensity®'2, which may
facilitate formation of the initial binding mode and be of
significance for naturally occurring processes.

(¢, analog Fig. le) oS aggregation assays (normalized ThT
fluorescence) in the absence and presence of NDs with
indicated POPG content. While aggregation behavior in the
presence of NDs is in general very similar for acetylated and
non-acetylated oS in all tested conditions, it is very different
in the absence of NDs. In the absence of NDs the ThT kinetic
data of non-acetylated oS reproducibly have a strongly
delayed reference kinetic curve under the applied conditions
as compared to the acetylated reference. In the setup used,
primary nucleation processes are likely to happen at the air-
water or plate-water interface'>'*, thus a lower hydrophobic
propensity of non-acetylated aS could explain this effect.
While this may be the dominant process in the absence of
lipids, it may not be the case anymore in the presence of NDs
! either because NDs shield these interfaces or because
nucleation happens primarily at the membrane surface. The
much lower differences due to acetylation state in the
presence of NDs fit this explanation, as well as additional tests
we ran using different types of plates (data not shown). Higher
order processes, namely different fragmentation behaviors,
can however not be excluded.

(d, analog Fig. 3a) BLI data with immobilized 100% POPG
NDs. BLI kinetics show a (slightly) higher membrane affinity
of the acetylated (Kp of 67 £ 17 nM) than the non-acetylated
aS (Kp of 95 + 14 nM).

(e+f, analog Fig. 3b+c) NMR titration data with 100% POPG
NDs show a slightly increased membrane affinity of the NAC
region for the non-acetylated oS. At current stage, it is not
easy to explain why a modification at the N-terminus will
affect the lipid interaction of a protein region that is
sequentially separated by roughly 60 residues. Such a
behavior could however either be related to intermolecular
interactions and/or long range intramolecular interactions (in
a ‘horseshoe’-conformation) that may or may not be
artificially introduced by the limited surface area of the NDs.

(g, analog Fig. 3d) Normalized ThT fluorescence kinetic
curves for selected aS-to-ND ratios using 100% POPG NDs.

(h+i, analog Fig. 3f+g) NMR titration data with 50% POPG
NDs show similar affinities of N-terminal residues for
acetylated and non-acetylated oS.

(j, analog Fig. 3h) Normalized ThT fluorescence kinetic
curves for selected aS-to-ND ratios using 50% POPG NDs.



Overall, it appears that the biggest effect of acetylation on aggregation is related to assay parameters that are normally not
the matter of interest, which nevertheless may be important for future studies'®. Still the results from systematic measurement
of the effects of N-terminal acetylation via different methods point to subtle changes in membrane interaction in respect to
NAC region specific affinities at high lipid charge densities as well as to N-terminal binding at a lipid charge density
comparable with the overall composition found for membranes in e.g. synaptic vesicles'®.
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Supplementary Figure 3. aS-ND interactions using different MSP constructs, lower pH and higher temperature. NMR
spectra (a) and the respective attenuation profiles (b) of ['’N]-acetylated-aS (50 uM) in the absence or in the presence of 25
uM NDs with 75% POPG content, assembled using the regular MSP1D1 construct (blue) or with the smaller MSP1AS (red).
Spectra (¢) and attenuation profiles (d) corresponding to the binding of aS to NDs containing 100% POPG lipids at pH 7.4
(purple) and pH 5.3 (pale orange). Transferable assignments (bars) show that no significant difference in binding mode is
visible upon pH variation. Spectra (e) and attenuation profiles (f) corresponding to the binding of aS to NDs containing 100%
DMPG lipids in their gel phase (10°C, brown) or their fluid phase (37°C, red). Since normally measurement at 37 °C leads to
considerable peak loss of N-terminal aS residues due to water exchange processes, the spectrum was recorded at pH 5.3
(counteracting water exchange). Note that the pH shift alone has no significant effect on binding (see (¢) and (d)). Reference
spectra of respective free aS are shown in dark grey. Note that a more detailed discussion about the NMR detection of the
membrane-bound state is given in the Supplementary Note 2 (vide infra).



POPG/POPC DMPG/DMPC
a b LA T s <yl S

15}

0.5 05H

Lys (NZ) to Lipid (P) distance (nm) ©

Lys (NT) to Lipid (P) distance (nm)

6 10 12 21 23 32 34 43 45 58 60 6 10 12 21 23 32 34 43 45 58 60
Lysine residue number Lysine residue number
e f
048 0.48
- lipid chain 1 lipid chain 2 L
0.42} s SRwmn 042f
r A—aA run4 +aS @ -® run4 +oS +
0.36[ A—aA run5 +aS @ -® run5 +aS 0.36}
0.30f 3
8 - L
S 0.24 i g
0.18F L
0.12f d T neras
r r A—A 1un6 +aS
0.06} - A—4A un7 +aS
O 1 L 1 1 ! L L ! J O 3 1 1 1 1 1 1
2 4 6 8 10 12 14 16 2 4 6 8 10 12
Carbon Number Carbon Number

Supplementary Figure 4. Lipid properties and aS-membrane interactions as seen by MD simulations. (a,b) Molecular
arrangement of lipid bilayer in the absence of aS for POPG/POPC lipids in fluid phase (a) and DMPG/DMPC lipids in gel
phase (b) (end of runl/run2, Table S2). (¢,d) Distances for indicated lysine residues from Lys-Ng to the phosphorus atom of
the next anionic lipid as found in different runs of MD simulations for POPG/POPC (c, individual bars for run3-5, Table S2)
and DMPG/DMPC (d, individual bars for run5-7, Table S2) membranes. Distances that could promote lipid-mediated salt
bridges are highlighted in yellow. (e,f) Calculated order parameters for indicated carbon atoms of the lipid fatty acids with and
without oS for POPG/POPC (e) and DMPG/DMPC (f) membranes.
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Supplementary Figure 5. Amyloid fibril nucleation and elongation in the presence of 100% POPG ND. (a,b) Quiescent
nucleation assay of acetylated aS (a) and non-acetylated aS (b) in the absence (grey, duplicates) and presence of 100% POPG
NDs (duplicates in light and dark blue, note that conditions shown in (a) are identical to those shown in Fig. 3e). (¢,d,) Raw
data of quiescent ThT fluorescence aggregation assay in the presence of 2.5% preformed seeds for acetylated (c) or non-
acetylated (d) oS for different molar ratios (see color code) of 100% POPG NDs. While at high molar excess of aS (16:1, oS-
to-ND), according to our NMR data, nearly all aS monomers should interact through their most N-terminal regions with the
NDs, no significant effect on the elongation rate was observed (c.d, blue). At molar ratios of 4:1 (orange) a decrease in
elongation is observed, however at this ratio our NMR data clearly indicate that all aS monomers are interacting with the NDs.
Nevertheless, in both cases (molar ratios of 16:1 and 4:1) larger fractions of the monomer population should still have accessible
NAC regions, which may explain their ability to participate in the fibril elongation process. However, the limited interaction
surface may also influence the dynamic nature of membrane association leading to a certain population of free monomeric aS

at any given time.

100% POPG 50% POPG

407 nm

Supplementary Figure 6. aS fibrils grown in the absence and presence of NDs have similar morphologies. AFM images
of aS amyloid fibrils formed using acetylated oS and non-acetylated oS as well as acetylated aS in the presence of NDs with
indicated lipid composition (from left to right). While no in depth AFM characterization is attempted here, our data indicates
that the morphology of all tested samples is rather similar (mostly mature fibrils), in contrast to previous results reported for
aggregation in the presence of liposomes' (thin and curly fibrils). This observation suggests that the interplay between the lipids
and the oS and potential incorporation of lipids into fibrils is different in the case of nanodiscs (in line with a more stable

environment compared to liposomes).
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Supplementary Figure 7. Amyloid fibril nucleation and elongation in the presence of 50% POPG ND and rationale for
normalization of ThT data. (a,b) Quiescent nucleation assay of acetylated aS (a) and non-acetylated (b) aS in the absence
(grey) and presence of 50% POPG NDs (conditions analogous to data shown in Fig. S5, for 100% POPG NDs). (¢,d,) Seeded
aggregation assays under conditions analogous to data shown in Fig. S5, but using 50% POPG NDs. Surprisingly, the 50%
charged NDs do show an effect on the ThT signal as a reporter for fibril elongation in seeded experiments. This data is difficult
to explain given that elongation is, in all cases of amyloid formation, responsible for the generation of the bulk of fibril mass.
Hence, its inhibition should slow down the overall aggregation kinetic, also under non-seeded conditions. Noteworthy, we
observe that ThT signal intensity can be strongly affected by the presence of NDs and that the absolute ThT intensity does not
correlate with absolute fibril mass when comparing data recorded in the absence or presence of NDs. This is visible by
comparing SDS-PAGE results (e) with ThT intensities (f) of identical samples. After the aggregation assay the aS-band for
soluble (sl) and insoluble (p) protein show very similar intensities in the absence and presence of 100% DMPC NDs. Although
our NMR data show that these NDs do not interact with the aS, the corresponding ThT signal (of the identical samples) show
very different intensities (f). It is therefore possible that the ThT (unspecifically) interacts with NDs, leading to an overall
decrease in ThT intensities. Furthermore, it is possible that the attachment of ND to the growing fibrils interferes with efficient
binding of ThT. We therefore normalized most ThT assays. Noteworthy, this effect is less pronounced for ND with 100%
POPG (as e.g. visible in the data in Fig. S5), which could be due to the high coverage of the lipid surface by aS molecules that
may reduce the unspecific ThT-ND interactions. In line with our other data recorded using 50% POPG NDs, albeit significantly
reduced ThT sensitivity, only very moderate effects of the NDs on the fibril elongation process are visible after normalizing
ThT intensities in the seeded aggregation assays (h,i).



as type pH 1:;[73: Lipids in ND aS;:g(l)VD Used for data in
5.3 - - - Fig. S3c,e black
- - - Fig. S3a black
100% DMPC 2:1 Fig. 1a,b black
25% POPG — 75% DMPC 2:1 Fig. la,b light blue
1:1 Fig. 5¢g, yellow
Fig. 1a,b blue
D1 21 Fig. 5g, purple
50% POPG — 50% DMPC T Fio 5 ? an
: g. 5g, orange
74 8:1 Fig. 5¢g, red
’ 16:1 Fig. 5¢g, blue
% 75% POPG — 25% DMPC 2:1 Eig ;?:Sji‘i blue
acetylated 1:2 N.ot shown
1:1 Fig. 5b, yellow
Fig. 1a,b purple
2:1 Fig. 5b, purple
100% POPG Fig. S3c,d purple
5.3 2:1 Fig. S3c,d, orange
4:1 Fig. S5b, orange
D1 8:1 Fig. 5b, red
16:1 Fig. 5b, blue
100% POPC Fig. 3a, dark grey
50% POPG — 50% POPC Fig. 3a, yellow
50% DMPG — 50% POPC 2:1 Fig. 3a, green
50% DMPG — 50% DMPC Fig. 3a, beige
100% DMPG Fig. 3a, brown
- - - Fig. S2a, grey
Fig. Ic, black
100% DMPC 21 Fig. S2a, black
25% POPG — 75% DMPC 2:1 E;g: é‘;’a{‘ﬁ}gt’gﬁe
1:1 Fig. S2h, yellow
Fig. Ic, blue
7.4 2:1 Fig. S2a, blue
50% POPG — 50% DMPC Fig. S2h, purple
4:1 Fig. S2h, orange
8:1 Fig. S2h, yellow
non- 16:1 Fig. S2h, blue
acetylated Dl 3.1 Fig. S2h, dark blue
75% POPG — 25% DMPC 2:1 E;g: é‘;’a?zzkﬂ?ﬁie
1:1 Fig. S2e, yellow
Fig. 1c, purple
2:1 Fig. S2a, purple
Fig. S2e, purple
100% POPG 4:1 Fig. S2e, orange
8:1 Fig. S2e, red
16:1 Fig. S2e, blue
32:1 Fig. S2e, dark blue

Supplementary Table 1. Summary of NMR samples used in the study.




Membrane models Systems oS initial distance to the Time (ns)
membrane surface (nm)

POPC/POPG* RUNI - 500
DMPC/DMPG* RUN2 - 1000
RUN3 0.5 1000

POPC/POPG RUN4 0.5 1000
RUNS 1.5 1000

RUNG6 0.5 1000

DMPC/DMPG RUN7 1.5 1000
RUNS 1.5 1000

Supplementary Table 2. Summary of MD simulations used for the study.




Supplementary Note 1: Stability consideration of the lipid bilayer nanodiscs

While contradicting results on structural integrity of liposomes in the presence of oS have been reported, it seems that under
conditions similar to our study, oS can rather quickly disrupt (POPG-based) vesicles or supported bilayers>>. Therefore, it may
be difficult in the obtained results to distinguish between effects that originate from interaction with (curved) intact bilayers or
effects that are caused by lipid dissociation/ rearrangements. It can be expected that the presence of the scaffold protein protects
the lipid bilayer to some extent from rearrangement and indeed our DSC data (Fig. Sle) suggest that the lipids in NDs are less
affected by the presence of oS as compared to SUVs. This data, however, do not suffice to fully justify the assumption of an
unchanging bilayer during the time course of the experiment. Noteworthy, it has also been reported that due to its amphipathic
properties aS can encircle lipid bilayers in a similar way as the membrane scaffold protein and can form nanodiscs of slightly
larger size*>. Therefore, although thermodynamically unlikely, one cannot directly exclude the possibility that oS replaces the
MSP to some extend during the experiments. However, as discussed in the following, our results strongly suggest that the NDs
are stable during the time-course of the interaction experiments.

For moderately negatively charged nanodiscs (50% POPG) one strong indicator is the size exclusion chromatography data
recorded after prolonged incubation (Fig. S1b). This data shows (in a quantitative way) that aS does not disrupt a detectable
fraction of NDs within 24 h. Additionally the gradual increase of binding interface with increased charge density suggest that
the recorded data report on a-Synuclein’s interaction with the membrane surface (lipid head groups) and not on the ‘encircling’
of the hydrophobic acetyl chains. This aspects is valid for all NDs from 0-75% anionic lipid content.

For highly charged nanodiscs (100% POPG), resembling the 100% POPS used in* the interpretation of the SEC profile (see
Fig. Slc) is more difficult. NDs and aS co-elute at a lower retention volume, this could either be explained by a replacement
of the scaffold protein by aS in nanodiscs (forming larger discs, as reported in*) or by a decreased interaction with the SEC
material arising from tightly bound aS molecules with a significant protruding region (residues 98 to 140). Our BLI
measurements with immobilized 100% POPG NDs, however, show a clear full recovery of the signal after aS binding and
release (Fig. 5a, Fig. S2d). Since only the MSP and not the oS is immobilized on the tip, this data show that during the time
course of the experiment no disruption and/or MSP displacement and/or larger lipid rearrangement occur due to the presence
of strongly interacting oS. Overall these data, in combination with the overall consistency of the data measured during the time
course of several days, strongly indicates that the different experiments recorded on the different ND preparations report
predominantly on the interaction with a stable planar bilayer.

While the stability assumption seems valid for all interaction studies, it is at this point not fully clear whether this also holds
true for the aggregation assays. It has been shown that lipids from vesicles and reconstituted planar bilayers can be incorporated
into fibrils during the aggregation process>°, which might be an important process for the toxicity of aS oligomers, forming
pores in membranes’-®. Our AFM data do not show clear differences in morphologies (Fig. S6) as have been observed under
similar conditions for aggregation assays in the presence of SUVs', suggesting that no/less lipids are incorporated into the aS
fibrils. Native gels recorded after the aggregation assay do show intact NDs (data not shown), however denaturing gels after
the aggregation also show some MSPs in the insoluble fraction, possibly indicating co-aggregation to some extent (Fig. S7e).
In general, the consistency between the interaction studies and the visible effects in the aggregation assays suggest that the
interaction with stable bilayers does have a considerable effect during the aggregation, however additional effects from lipid
incorporation/rearrangements during the aggregation assays cannot be excluded.

Supplementary Note 2: Considerations regarding solution NMR detection of membrane-bound state

It is worth noting that the solution NMR results described in the manuscript refer to the decrease in peak intensity as a
reporter for interactions, which is in line with the effects seen before using SUVs'”. While it is clear that SUVs have particle
sizes (associated with slow tumbling rates) well above the detection limit of conventional solution NMR techniques, the smaller
size of the NDs system should, in principle, allow detection of NMR signals, as has been reported before for several ND-bound
or ND-integrated proteins'®. Nonetheless, neither the usage of Transverse Relaxation Optimized Spectroscopy (TROSY)'® with
increased signal accumulation (i.e. 10-fold longer as for spectra shown in Fig. la) nor the measurement at increased
temperatures (35°C) and the usage of an NMR-optimized smaller membrane scaffold protein (MSP1D1AHS5)* forming NDs
of smaller size and higher tumbling rates, resulted in appearance of a new set of peaks indicative for the bound sate (and the
presence of slow exchange processes) or a collective shift of peaks indicative of fast on-off exchange processes (Fig. S3).

In theory, three effects may explain this observation and obstruct detection of the ND-bound residues of aS: (i) the bound-
to-free exchange rate is in the order of the NMR time scale (so-called intermediate exchange), (ii) the presence of a non-
negligible part of aS protruding out of the ND (namely at least residues 98-140), slowing down molecular tumbling and
increasing relaxation leading to line broadening beyond the detection limit, and/or (iii) membrane-bound aS shows a significant
amount of plasticity leading to inhomogeneous broadening of the NMR lines.

While intermediate exchange can be largely ruled out due to the observed binding kinetics (BLI results, Fig. 5a, ton and tosr
of around 4 ps - M and 65 s, respectively) it is at this point difficult to further distinguish between slower tumbling and
molecular plasticity (or a combination thereof) that interfere with solution NMR detection of the bound conformation.

Supplementary Note 3: Generation of structural models of aS nanodiscs interaction

Atomic coordinate files (.pdb-files) of nanodiscs with the appropriate lipids and scaffold protein were generated using the
Charmm nanodiscs builder module?'. aS with ideal a-helical secondary structure for regions interacting with the NDs was
generated using the builder module in pymol (The PyMOL Molecular Graphics System, Version 1.7 Schrodinger, LLC.). The
interacting regions reflect respective solution NMR attenuation profiles and secondary structure is in line with DNP solid-state
NMR data. No distance restrains or additional structure calculation algorithms were used. The benefits of the resulting structural
model are that it rather accurately reflects the respective molecular sizes, e.g. length of elongated helixes in respect to nanodisc
diameter or molecular crowding on the nanodisc surface.
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ABSTRACT Intrinsically disordered proteins dynamically sample a wide conformational space and therefore do not adopt a
stable and defined three-dimensional conformation. The structural heterogeneity is related to their proper functioning in phys-
iological processes. Knowledge of the conformational ensemble is crucial for a complete comprehension of this kind of pro-
teins. We here present an approach that utilizes dynamic nuclear polarization-enhanced solid-state NMR spectroscopy of
sparsely isotope-labeled proteins in frozen solution to take snapshots of the complete structural ensembles by exploiting
the inhomogeneously broadened line-shapes. We investigated the intrinsically disordered protein a-synuclein («-syn), which
plays a key role in the etiology of Parkinson’s disease, in three different physiologically relevant states. For the free monomer
in frozen solution we could see that the so-called “random coil conformation” consists of a-helical and 3-sheet-like conforma-
tions, and that secondary chemical shifts of neighboring amino acids tend to be correlated, indicative of frequent formation of
secondary structure elements. Based on these results, we could estimate the number of disordered regions in fibrillar «-syn as
well as in a-syn bound to membranes in different protein-to-lipid ratios. Our approach thus provides quantitative information on
the propensity to sample transient secondary structures in different functional states. Molecular dynamics simulations ratio-

nalize the results.

INTRODUCTION

Intrinsically disordered proteins (IDPs) are characterized
by their high degree of conformational freedom, which
is due to a rather flat free energy landscape, comprising
low energy barriers and many local minima. These allow
IDPs to fluctuate rapidly over an ensemble of confor-
mations in solution instead of adopting a well-defined
three-dimensional structure (1-5). The structural hetero-
geneity of IDPs is closely related to their biological
functions, e.g., in signaling and regulation (6). Essential
biological processes rely on IDPs and elucidating the
link between composition of the conformational ensemble
and function is required for a complete comprehension
of IDPs.

For studying conformational ensembles of IDPs, both
experimental and computational methods have been devel-
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oped in recent years. On the experimental side, far-ultravio-
let circular dichroism is used for the determination
of secondary structure content of proteins in solution,
small-angle x-ray scattering (SAXS) can provide overall
dimensions and shape of the molecules, and fluorescence
resonance energy transfer and electron paramagnetic reso-
nance spectroscopy can provide quantitative distance distri-
butions (7—11). On the theoretical side, a number of methods
have evolved in recent years to overcome two of the main
problems of molecular dynamics (MD) simulations of
IDPs: the lack of conformational sampling due to hardware
restraints, and the limited performance of available force-
field parameters for representation of the protein ensemble
(12-14).

A well-established experimental method for studying
structure, dynamics, and function of IDPs is solution
NMR spectroscopy. NMR chemical shifts and residual
dipolar couplings are sensitive to conformational sampling
of IDPs. Conformational ensembles of IDPs were previ-
ously studied by generating large arrays of molecules by
Monte Carlo-based methods and subsequently selecting
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conformers in agreement with predicted NMR parameters
(15-22), or by MD simulations using experimental data as
restraints (23). Furthermore, longitudinal relaxation rate
dispersion profiles of protein protons at low magnetic
fields give information on long-range correlated motions
in IDPs (24).

Studying the proportion of secondary structure motifs of
an IDP is impeded by conformational averaging on the time-
scales of many biophysical methods, and conformational
distributions in many cases can be detected only indirectly.
We therefore use an approach that allows simultaneous
observation of the entire conformational ensemble and
quantification of the amount of transient secondary structure
sampled. For this aim, the sample is frozen in solution, and
hyperpolarized solid-state NMR (ssNMR) experiments
are performed at cryogenic temperatures as low as 100 K
(25-29). In such a frozen solution, the molecules are statis-
tically trapped in different conformations and consequently,
a continuum of chemical shifts is observed for each nucleus.
The obtained spectrum reflects the entire conformational
ensemble covered, representing a snapshot of its momentary
composition (27). Changes in composition of the structural
ensemble due to different functional states of the IDP can
be tracked by this method, which is applied here on the
IDP a-synuclein (a-syn).

The 140 amino-acid-residue protein a-syn possesses a
remarkable conformational flexibility. «-Syn is able to
adjust its conformation to the environmental conditions
and is thus called a “protein-chameleon” (30). Its natural
function is supposed to involve membrane and lipid
vesicle binding, driven by the properties of lipids (mainly
headgroups’ charge density), and inducing «-helical
structural features (31). This propensity is thought to
play a role in SNARE-like vesicle fusion mechanisms
(32-34). Membrane binding of a-syn critically depends
on membrane properties, such as curvature and charge,
as well as molecular crowding. Different membrane
affinities have been determined for different regions of
the protein (35).

Moreover, it is well established that a-syn can adopt
B-strand conformations along the energetically favorable
pathway of protein aggregation and fibril formation (36).
At least five different polymorphic forms have been
observed for a-syn amyloid fibrils (37-40). The conforma-
tional characteristics of the heterogeneously structured
a-syn are not yet completely understood. Aggregation of
a-syn into amyloid fibrils is linked to a number of neurode-
generative diseases, known as synucleopathies, of which the
most widely known is Parkinson’s disease (41). As the
conformational ensembles of IDPs critically report on their
propensities to form transient secondary structural elements
and thus may predict early aggregation and membrane bind-
ing events, monomeric «-syn has been extensively studied
(42). The intrinsically disordered monomer was found to
be stabilized by long-range intramolecular contacts between
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the C terminus and the hydrophobic center region of
the protein (43), and B-strand propensities in monomeric
a-syn were found to correlate well with §-sheet regions in
mature fibrils (44).

In this work, we studied different conformational ensem-
bles of the IDP a-syn in frozen solution. The study was per-
formed on recombinantly expressed «-syn in its monomeric,
fibrillar, and membrane-associated forms. Additionally, we
quantified the amount of «-helical secondary structure fea-
tures in a-syn bound to membranes in different protein-to-
lipid ratios. As ssSNMR spectra of diluted biological samples
suffer from low sensitivity, we made use of dynamic nuclear
polarization (DNP) for signal enhancement (45-48). To
reduce spectral overlap in the inhomogeneously broadened
NMR spectra, a-syn was expressed using the previously
described TEASE labeling strategy (Fig. | a), simplifying
13C-13C spectra to valine Ca/Cg and leucine CB/Cry correla-
tions (49). We used the backbone chemical shifts of the
19 valine residues as a reporter for the conformational
ensemble of a-syn. Furthermore, we explored the valine
conformational ensemble and chemical shifts from MD sim-
ulations with different force fields and solvent models.

MATERIALS AND METHODS

Recombinant expression and purification of
a-syn

«a-Syn was expressed recombinantly in Escherichia coli cells from pT7-7,
as described previously (50). The labeling strategy, adopted from the
TEASE approach (49), was applied by growing cells in M9 minimal me-
dium containing [2—13C]—g]ucose and >NH,CI as sole carbon and nitrogen
sources. The *C labeling of the amino acids Phe, Gln, Glu, Pro, Asn, Asp,
Met, Thr, Lys, and Ile was suppressed by supplementing sufficient quanti-
ties (150 ug/mL of each) of these unlabeled amino acids to the expression
media. The cells were harvested 4 h after inducing with IPTG to a final con-
centration of 1 mM. Harvesting was followed by cell lysis performed by
sonication in lysis buffer (20 mM Tris-HCI, 1 mM EDTA, pH 8.0). Purifi-
cation of a-syn started with ammonium sulfate precipitation at 4°C for
15 min under nutation, with centrifugation for 30 min at 15,000 x g at
4°C to pellet precipitated a-syn. Further purification was achieved by anion
exchange chromatography on a 5 mL HiTrap Q FF column (GE Healthcare,
Little Chalfont, UK) where a-syn eluted at ~300 mM NaCl in 50 mM Tris-
HCI pH 8. Finally, it was purified by size-exclusion chromatography (SEC)
on a HiLoad 16/60 Superdex 75 column (GE Healthcare), equilibrated in
20 mM sodium phosphate, 50 mM NaCl, pH 7.4.

Membrane scaffold protein expression and
purification

As reported in Bayburt et al. (51), E. coli BL21 (DE3) were transformed with
MSPI1D1 plasmid DNA in vector pET28a. Cells were grown in LB medium,
induced by 1 mM IPTG at an optical density of 0.7 and incubated 5-6 h at
37°C, then pelleted down. Cells were resuspended in 50 mM Tris-HCI pH
8, 500 mM NaCl (buffer B) supplemented with 6 M Gdn-HCl and EDTA-
free Complete protease inhibitors (Macherey-Nagel, Diiren, Germany) lysed
by sonication (Sonopuls MS72 probe; Bandelin, Berlin, Germany), centri-
fuged at 17,000 x g for 1 h (Cat. No. J2-21 rotor JA-20.1; Beckman Coulter,
Brea, CA) and incubated 1 h with previously equilibrated 2.5 mL Ni-NTA
agarose resin/3L culture (Macherey-Nagel). The column was washed
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subsequently with 4 CV buffer B; 4 CV buffer B supplemented with 1% Triton
X-100; 4 CV buffer B + 60 mM Na-cholate; and 4 CV buffer B, 4 CV buffer
B + 20 mM imidazole. Four fractions of 1 CV were eluted with 250 mM imid-
azole. The whole process was kept at 4°C in a cold room. The elution fractions
were pooled and dialyzed against 100-fold 200 mM Tris-HC1pH 7.5, 100 mM
NaCl. N-terminal His-tag was cleaved using TEV protease incubated over-
night at 4°C. AHis MSP was separated from MSP by immobilized metal ion
affinity chromatography and concentrated to the desired molarity using a Vi-
vaspin centrifugal device (Vivaproducts, Littleton, MA) of 10 kDa MWCO.

Nanodisc assembly

Nanodiscs (NDs) were assembled according to established protocols
(52,53). In short, lipid chloroform stocks (Avanti Polar Lipids, Alabaster,
AL) were dried under nitrogen flow to obtain a lipid film and stored under
vacuum overnight. AHis MSP1D1 and the appropriate amount of 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) solubilized in 60 mM
Na-cholate were mixed together in 20 mM Tris-HCI pH 7.5, 100 mM NaCl,
5 mM EDTA. The scaffold-to-lipids molar ratio was calculated from
geometrical considerations. A quantity of 20% w/v of previously washed
(methanol, water, buffer twice) Biobeads SM-2 (BioRad, Hercules, CA)
was added and the mixture incubated at room temperature overnight. The
Biobeads were removed by centrifugation and once again 20% w/v was
added for an additional 4-5 h. Finally, they were purified by SEC on a
HilLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated
with 20 mM sodium phosphate pH 7.4, 50 mM NaCl using an Akta pure
device (GE Healthcare) run at 1 mL/min. The quality of ND preparation
was evaluated by the SEC chromatogram as well as by DLS (Nicomp
system; Particle Sizing Systems, Port Richey, FL). NDs were concentrated
to the desired molarity using a Vivaspin centrifugal device of 10 kDa
MWCO.

DNP experiments

DNP experiments were conducted using a wide-bore Avance 600 MHz
spectrometer (Bruker, Billerica, MA) connected to a 395-GHz gyrotron
as a source of continuous microwaves. The samples were suspended in
dg-glycerol/D,O/H,O solutions (60:30:10 volume ratio) and 2.5 mM
AMUPol (54) was added as a radical source. The samples were filled
into 3.2-mm sapphire rotors and experiments were performed at a tem-
perature of 100 K. All experiments were recorded using a recycle delay
of 5 s. Two-dimensional (2D) '*C-'>C proton-driven spin diffusion
(PDSD) spectra with 1 s mixing time were recorded using 300 ¢, incre-
ments with 16 or 48 scans (16 scans for monomeric and fibrillated
form, 48 scans for membrane-associated «-syn). All PDSD spectra
were recorded at a magic angle spinning frequency of 9 kHz during a to-
tal experimental time of 8 h for the monomeric and fibrillar form and
24 h for a-syn in contact with a membrane. 2D '>C-'*C double quan-
tum/single quantum (DQ/SQ) SPCS5 spectra were recorded at a magic
angle spinning frequency of 8.2 kHz and with 64 or 128 scans (64 scans
for monomeric and fibrillated form, 128 scans for all the a-syn in contact
with membrane samples). The number of #; increments was 86 for the
monomeric form and 128 for the others. The maximum evolution time
was set to 1.3 ms for all samples. Total experimental times were 8, 11,
and 24 h for monomeric, fibrillar, and membrane-bound «-syn, respec-
tively. DNP enhancement factors of ~32 were obtained for the protein
signals in all samples (Fig. S1).

'"H decoupling using SPINAL-64 with a decoupling field of 104 kHz was
employed during evolution and detection periods. All NMR spectra were
processed with the software TopSpin 3.2 (Bruker).

To integrate the crosspeaks in DQ/SQ NMR spectra, one-dimensional
projections from the respective regions were summed up. For the mono-
meric, fibrillary, and membrane-bound forms, the regions in between
85-103, 86-101, and 86-107 ppm on the double-quantum axis were
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summed up, respectively. The respective region is shown in Fig. S2). The
program DMfit (dmfit2015_vs32) (55) was used for deconvolution of over-
lapping peaks with a Gaussian distribution. The integrals were calculated
from the deconvoluted spectra. The crosspeak intensities were evaluated
for both sides of the diagonal.

MD simulations

The replica exchange MD simulations were initialized from a linear
conformation of the AGKTKEGVAGGA peptide, protected with N-termi-
nal acetyl and C-terminal N-methyl amide capping groups. We performed
simulations with five different force-field/solvent model combinations: 1)
AMBER99SB*-ILDN (56,57) with implicit generalized Born solvent
(58), 2) AMBER99SB*-ILDN with TIP3P explicit solvent (59), 3)
AMBER99SB*-ILDN with TIP4P-D explicit solvent (60), 4)
CHARMM?22* (61) with TIP4P-Ew explicit solvent (62), and 5)
CHARMM36m (63) with CHARMM-modified TIP3P explicit solvent
(64). In addition, we performed an MD simulation of the GGVGG peptide
with the CHARMM36m force field and CHARMM-modified TIP3P sol-
vent (Fig. S3).The peptide was capped with an N-terminal acetyl and a
C-terminal —-NH, group.

The explicit solvent simulations were performed using GROMACS
v. 4.6.7 (65) patched with PLUMED v. 2.1 (66,67). The peptide was
centered in a cubic box, at least 10 A away from each edge, and the
net charge of the system was neutralized with one chloride ion. The sys-
tem was simulated under periodic boundary conditions, where particle
mesh Ewald (68) was used to treat electrostatic interactions. The short-
range nonbonded interactions were calculated using a cutoff of 9 A
Bond lengths were constrained with the LINCS algorithm (65). The
system was minimized with the steepest descent and conjugate
gradient minimizers, until the maximal force was smaller than 500 and
100 kJ mol ' nm™', respectively. During the 0.1 ns NVT equilibration,
the system was heated to 300 K using a v-rescale thermostat (69),
and the main-chain atoms were restrained with a force of
1000 kJ mol~' nm™2. An additional 0.4-ns restrained NpT equilibration
was performed keeping the pressure at 1 bar with a Berendsen barostat
(70). The equilibrated system was used as starting structure for the sub-
sequent Hamiltonian replica exchange-MD simulations involving eight
replicas at 300 K and 1 bar. As before, a v-rescale thermostat was
used together with Parrinello-Rahman barostat (71). An effective temper-
ature range of 300-500 K was achieved by scaling the Hamiltonians of
the replicas with A-values of 1.000, 0.930, 0.864, 0.803, 0.747, 0.694,
0.645, and 0.600. Replica exchanges were attempted every 4 ps during
the 1 us simulation with a 2-fs time step (note: for AMBER99SB*-
ILDN with TIP4P-D and CHARMM?22* only 300 ns/replica were simu-
lated), which led to exchange rates of 30-45%.

The implicit solvent simulation was performed with GROMACS v.
5.1.1, using the Still algorithm and a dielectric constant of 80 (57).
Bond lengths were constrained with the LINCS algorithm and
infinite cutoffs were used for the calculation of nonbonded interactions.
The peptide was minimized with the steepest-descent minimizer
(maximum force smaller than 250 kJ mol~! nm™'). Before the temper-
ature replica exchange-MD simulation was started, each of the 12 rep-
licas was equilibrated for 0.2 ns at the desired temperature ranging
from 300 to 525 K. The exact temperatures were 300.0, 315.3, 331.5,
348.5, 366.5, 385.5, 405.5, 426.6, 448.8, 472.2, 496.8, and 522.4 K.
The temperature was controlled with a v-rescale thermostat. Each replica
was simulated for 2 us (with a 2-fs time step), and the exchange between
the replicas was attempted every 2 ps, which led to exchange rates
of ~58%.

The analysis was performed on the unperturbed replica (A =1 or 7 =
300 K). The ag-helix region was defined as —100° < ¢ < —-30°
and —67° < W < —7°, o as —160° < ¢ < —20° and —120° < W < 50°,
whereas the (§-sheet was defined as —180° < ¢ < —90° and 50° < ¥ <
180° plus —180° < W < —120°, the Pp" region covers —90° < ¢ < —20°
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and 50° < W < 180° or —180° < W < —120°, and the left-handed a-helix
region is defined as 30° < ¢ < 100° and 7° < W < 67° (63). Chemical shifts
were calculated with SPARTA+ (72) for conformations sampled every 10 ps
of the trajectory. Data analysis was performed with the software MATLAB
R2015b (The MathWorks, Natick, MA).

RESULTS AND DISCUSSION

Conformational ensemble of the IDP elucidated
by DNP-enhanced solid-state NMR at cryogenic
temperature

a-Syn is found predominantly as a disordered monomer
in solution, with a very high conformational plasticity.
Solution-state NMR spectra of monomeric «-syn yield
random-coil chemical shift values that represent averages
over the full conformational ensemble sampled by the pro-
tein (31); however, there is no corresponding random-coil
conformation area in the Ramachandran plot. Instead,
“random-coil state” refers to a rapid sampling of the
energetically favored parts of the Ramachandran space
that predominantly consists of conformations typically
found in left- and right-handed «-helices and @-strand/
polyproline-like conformations (Fig. 1 ¢) (73). Upon
freezing the sample, each monomer is trapped in its confor-
mation, and thus, every conformer gives rise to a chemical
shift typical for its conformation, and, as a consequence,
inhomogeneously broadened lines that contain information
on the conformational distribution, are obtained. Fig. 1 b
shows a DNP-enhanced 2D '’C-'>C PDSD spectrum
(1 s mixing-time) acquired on monomeric a-syn in glyc-
erol/water solution at a temperature of ~100 K. The 19
valine residues (shown in red in Fig. 1 a) of this IDP
contribute to one inhomogeneously broadened Ca-Cg
crosspeak. Due to the labeling approach, no other intrare-
sidual Ca-Cf crosspeaks are expected. Note that due to
the low resolution attained at cryogenic temperatures,
discrimination between individual valine residues is not
possible and site-specific information cannot be extracted
from this spectrum. Instead, the crosspeak shows a charac-
teristic and reproducible 2D shape reporting on the entire
conformational ensemble adopted by the 19 valine residues
in the a-syn sequence. Two peak maxima can be distin-
guished, one located in the typical a-helical chemical-shift
region, and the other in the typical §-strand chemical-shift
region. The static snapshot of the entire ensemble thus con-
tains backbone conformations that are typical of a-helical
and B-strand conformations. Note that we report here on
the propensity of single residues to adopt conformations
similar to those found in «-helices or (-strands and not
on the secondary structures. We keep these denominations
for the sake of simplicity.

It is visible in Fig. 1 b that the contribution from the
B-strand part of the valine Ca-Cf crosspeak is higher than
the a-helical part. These data are in line with conformational
propensities of a-syn derived from NMR and SAXS results,
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in which valine residues roughly sampled 70% @-sheet/pol-
yproline and 30% «-helix conformation (74).

To gain further insight into this conformational sampling
of valine residues inside disordered monomeric a-syn, we
decided to pursue MD simulations. For the sake of compu-
tation time, we focused on the highly conserved KTKEGV
motif of the a-syn primary sequence that repeats four times.
The dodecapeptide AGKTKEGVAGGA contains a sole
valine residue that was used to monitor the conformational
changes. We performed long replica exchange MD sim-
ulations whose nature allows the molecule to cross energy
barriers efficiently, and thus to thoroughly sample the
conformational ensemble (75).

A structural ensemble generated with the AMBER99SB*-
ILDN force field with TIP3P explicit solvent samples the
full allowed region of the Ramachandran space (Figs. | ¢
and S5). Chemical shifts were predicted from these structures
with the help of the simulation program SPARTA-+ (72).
The comparison of the experimental and simulated
chemical shifts shows good mutual agreement (Figs. 1 d
and S5); however, simulated chemical shifts do not cover
the full area of the experimental crosspeak. This observation
may partly be explained either by the fact that 1) the single
valine in the model peptide is not representative for all
19 valine residues in the sequence, or 2) that the conforma-
tional space sampled by the IDP exceeds that sampled
by MD simulations, or 3) by shortcomings of the shift calcu-
lations. The coverage of the experimental crosspeaks be-
comes even smaller when using SHIFTX2 (76) instead of
SPARTA+ for the chemical shift calculations. We also
checked the influence of the force field and the water model
on the sampled Ramachandran space and found that the rela-
tive ratio between a-helical and (-sheet-like conformations
obtained from MD simulations strongly depends on both
the force field and the water model (Fig. S6). The usage of
TIP4AP-D, a water model that was developed to produce
more expanded protein structures for disordered states due
to increased water dispersion interactions (60), shifts the
equilibrium toward the (-state while not changing the
sampled Ramachandran space otherwise, as the comparison
between AMBER99SB*-ILDN/TIP3P and AMBER99SB*-
ILDN/TIP4P-D shows (Fig. S6). The two CHARMM
force fields disfavor the «-helical state and instead prefer
the polyproline II conformation. Moreover, the left-handed
helix is sampled at somewhat higher iy-values than
AMBER99SB*-ILDN predicts for this helix, which has
already been observed in a previous study (77). Not quite
unsurprisingly, AMBER99SB*-ILDN combined with an im-
plicit solvent encourages intrapeptide hydrogen bonds,
causing a gain in population of the a-helix.

We were further interested in probing the propensity
of neighboring residues to adopt similar conformations.
Notably, interresidual crosspeaks between '*C atoms of adja-
cent amino acids can be observed in PDSD spectra acquired
with a long mixing time (here 1 s). In the case of sparsely
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labeled «-syn, isotope-labeled neighbors of the valine resi-
dues are 7 *Ca-labeled alanine and 8 '*Ca-labeled glycine
residues. Interresidual valine-glycine cross-correlation sig-
nals were surprisingly weak, which may originate from the
relatively large flexibility of glycine residues reflected by a
larger array of backbone conformations and thus also
increased heterogeneous line broadening of the glycine Cox
resonance peak. On the other hand, two distinct interresidual
valine-alanine crosspeaks can be found, located at chemical
shifts typical for either a-helical or §-strand conformation for
both amino acids. This indicates that neighboring valine and
alanine residues have a strong propensity to adopt the same
secondary structure in the majority of conformers and that
a correlation between local conformations can be observed
(Fig. S7). Previous ensemble descriptions of the Tau protein
and of a-syn by NMR, SAXS, and molecular ensemble
approaches are consistent with such a local structural corre-
lation within a conformer, even though the ensemble selec-
tion treats each amino acid independently (74). Also, in our
MD simulations, we could observe a weak but nonnegligible
correlation between backbone conformations of neighboring
amino acids. If the valine residue is found in a (-sheet-
like conformation (definition given in the Materials and
Methods), the subsequent alanine residue is found in a
B-sheet-like conformation with a likelihood of 32%, whereas
this likelihood is reduced to 24% when the preceding valine
residue is in an a-helical conformation. Likewise, the alanine
residue adopts an a-helical conformation with a likelihood of
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24% if the preceding valine residue is in a-helical conforma-
tion, and only 11% if the preceding valine is in (3-sheet
conformation. Transient secondary structure elements have
been observed and predicted in other IDPs as well (78-80).

Visualizing the conformational ensemble of a-syn
in different states

a-Syn is able to spontaneously aggregate into amyloid fi-
brils, a species rich in 3-sheet content (81). Misfolded and
aggregated a-syn plays an important role in the neurodegen-
erative Parkinson’s disease. We studied fibrillar a-syn under
the same conditions as the monomeric a-syn to observe the
conformational change due to fibrillation. As expected, the
valine chemical shifts were shifted strongly toward the
region typical of (-sheet conformation after fibrillation
(Fig. 2 a). Nevertheless, a fraction of the valine signal re-
mains in the a-helical region of the spectrum. As a-helical
secondary structures per se are highly unexpected in amy-
loid fibrils, these are likely to stem from disordered regions
protruding from the fibril core. It has indeed been reported
before that the C-terminal region is mobile. Likewise, for
most polymorphs, the 8-sheet core region was found to start
only around residue 38 (37-39,82), therefore, a substantial
fraction of the valine residues can still be expected to be
located in disordered regions of the protein.

a-Syn is also known to bind to lipid vesicles and mem-
branes, with a binding mode strongly influenced by the
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FIGURE 2 2D '*C-'3C PDSD DNP-NMR spectra of specifically
13C-labeled a-syn (a) fibrils and (b) a-syn monomers bound to nanodiscs
in a molar ratio of 2:1 of protein to nanodisc. Intra- and interresidual cross-
peaks involving $-strand or a-helical valine residues are highlighted in blue
and orange, respectively. Both spectra were recorded with a longitudinal
mixing time of 1 s. The outline (i.e., the lowest contour level) of the spec-
trum of monomeric a-syn (Fig. 1 b) is given in black for comparison. To see
this figure in color, go online.

charge density of lipids and other physical properties (35).
Moreover, a-syn undergoes a significant conformational
transition with some regions of the protein adopting a
high degree of a-helical structure (35,83,84). We therefore
mixed a-syn with negatively charged lipid bilayers in the
form of NDs (100% 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1'-rac-glycerol), more information in Materials
and Methods) and characterized its conformational
ensemble. In Fig. 2 b, the DNP-enhanced PDSD spectrum
of a-syn bound to NDs in a protein-to-ND molar ratio of
2:1 is shown (one protein per membrane leaflet). We almost
exclusively observe a-helical signals in this spectrum. The
(-sheet content is dramatically decreased and could only
be observed at the noise level.

Disordered Proteins in Frozen Solution

Additionally, interresidual crosspeaks between a-helical
valine and a-helical alanine are observed. This further con-
firms a correlation between local «-helical conformations of
neighboring residues binding to the membrane bilayer and is
in line with the a-helix structural model (35,85,86).

Notably, the a-helical crosspeak of membrane-bound
a-syn (Fig. 2 b) has a distinct shape that exceeds the
a-helical region covered by the random-coil ensemble. We
observe two peak maxima in the a-helical signal region of
the valine residues. This surprising fact could be attributed
to two distinguishable populations of valine residues, e.g.,
those buried inside the lipid bilayer versus those residues
facing more the charged headgroups, thus experiencing
different chemical environments. Alternatively, it may also
be feasible that a-syn can bind to the membrane surface
in different ways, which also would lead to differences in
the chemical environment of different valine residues.

Quantification of conformational populations in
different states

PDSD or similar '*C/'*C correlation spectra are considered
as “protein fingerprints” in solid-state NMR. They are very
useful, e.g., to visualize differences between samples, as we
did above. Nevertheless, this type of experiment relies on a
proton-proton dipolar network around the carbon nuclei to
transfer magnetization. This has, in our hands, two disad-
vantages. The magnetization transfer is rather inefficient
under DNP conditions, because the glycerol/water glassy
matrix used contains only 10% protons to optimize enhance-
ment factors. Thus, long mixing times are required during
which relaxation processes can take place. Secondly, the
relative intensities of crosspeaks are affected by different
local densities of protons (e.g., at the protonated membrane
and in the bulk solution), which may lead to variation in
magnetization transfer efficiency and, thus, also in cross-
peak intensity for amino acid residues located in different
environments. For those reasons we decided to use a pro-
ton-independent magnetization transfer scheme for accurate
quantification, i.e., the DQ/SQ experiment using SPC5
recoupling (87).

In the case of monomeric disordered a-syn, we do not
expect those effects to play a significant role because all
parts of the protein should experience the same proton den-
sity. Indeed, for both PDSD (Fig. 1 b) and DQ/SQ (Fig. 3 a),
quantification of a-helical and (-strand contributions to the
signal led to amounts of 30 and 70%, respectively, after
deconvolution of the projected crosspeaks (Fig. 3 e). The
discrepancy between the populations determined from the
two experiments was <5%. These numbers are well in
line with previously reported studies, as mentioned above.

For fibrillar «-syn, the quantification in the DQ/SQ
spectrum (Fig. S2) gives a (-strand content of 89% and
an «-helical content of 11%. Based on the intrinsic confor-
mational propensity of disordered residues stated above
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FIGURE 3 2D '*C-3C correlation DQ/SQ spectra of specifically '*C-labeled (a) a-syn monomers, and a-syn monomers mixed with nanodiscs in (b) 2:1,
(c) 8:1, and (d) 16:1 protein-to-nanodisc molar ratio. For one-dimensional projections (black lines in e~h), the Ca-C( crosspeak region of valines of the 2D
spectra was summed up. The projections were deconvoluted using Gaussian line shapes with the help of the DMfit program. The projections are given in
black, the single deconvoluted peaks in gray, the resulting fitting curve is shown in red for each sample, and the difference spectrum is given in green.
The simulations were done for the monomeric form (e); for a-syn monomers mixed with nanodiscs in a protein-to-nanodisc molar ratio of (f) 2:1,

(g) 8:1, and (h) 16:1; and for the fibrillar form (Fig. S2).

(i.e., assuming that 30% of all valine residues located in
unstructured regions contribute to the «-helical signal inten-
sity 1), we can now quantify P,., the fraction of valine res-
idues that remain disordered in the fibrillary state from /,,, as
follows:
1, 0.11
P, = 03 =03 — 0.36. 1)
Thus, 36% of all 19 valines (corresponding to six to seven
valine residues) in the a-syn sequence are expected to be
disordered, which is very well in line with the six valines
N-terminal of position 38 and one valine residue (V118)
in the disordered C-terminus.

In the ND-bound state (one a-syn molecule per mem-
brane leaflet), as the membrane is fully protonated, the frac-
tion of a-syn bound to the membrane is in close vicinity to a
dense proton network, which leads to a higher transfer effi-
ciency in PDSD than for the unbound, unstructured part.
Indeed, almost exclusively, the a-helical signal could be
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detected in PDSD spectra for membrane-bound «-syn,
whereas (3-sheet signals are hardly visible (Fig. 2 b). How-
ever, these signals can be observed in a DQ/SQ spectrum
(Fig. 3 b), and after quantification (Fig. 3 f) give a @-strand
to a-helix ratio of 6:94. The propensity of valine residues in
unstructured regions of the protein can, in a similar way as
in Eq. 1, be calculated as follows:

Prc - 5 (2)

Therefore, the amount of valines remaining disordered
is ~8%, corresponding to one or two valine residues in
the sequence of a-syn. At such a low protein-to-lipid ratio
and high lipid negative charge density, a-syn is expected
to bind to the membrane with its N-terminal 92 residues
(85,86), indeed leaving one valine residue in the disordered
C-terminal region.

To challenge our quantitative approach further, we pre-
pared samples of a-syn in different molar ratios with the



NDs: 8:1 and 16:1, corresponding to 4 and 8 proteins per
membrane leaflet (composed of roughly 77 lipids), respec-
tively. As visible in the DQ/SQ spectra shown in Fig. 3, ¢
and d, increasing protein-to-ND ratios lead to higher signal
intensities at chemical shifts typical for (§-strands. The de-
convolution (Fig. 3, g and h) gives (-strand contents of
11 and 21%, corresponding to fractions of disordered va-
lines of 15 and 30%, respectively. This agrees well with
the previously reported decrease in «-helical secondary
structures when the lipid availability is lowered (88). More-
over, our previous solution NMR titration experiments on
the same samples (89) allowed observing the behavior of
a-syn association with NDs. The signal intensities from
all unbound valine residues were summed up, and the ratios
obtained this way are 7, 19, and 29% for protein-to-ND ra-
tios of 2:1, 8:1, and 16:1, respectively. These numbers are in
very good agreement (4% off for the highest discrepancy)
with our DNP results, corroborating the ability of DNP-
enhanced solid-state NMR to quantify conformational pro-
pensities and secondary structures with high accuracy.

CONCLUSIONS

The definition of representative conformational ensembles
sampled by IDPs usually requires the combination of
different methodologies. In this article, we have shown
that it is possible to study conformational ensembles of
IDPs with one experiment (and in 1 d) by DNP-enhanced
ssSNMR spectroscopy in frozen solution. Different confor-
mational ensembles were obtained under different environ-
mental conditions for our conformationally versatile model
protein «-syn, and our results are in good agreement with
previous studies.

DNP spectra were shown to faithfully report on expected
conformational distribution of «-syn in different states
of physiological relevance, i.e., unstructured free mono-
meric, ($-sheet fibrillary, and a-helical membrane bound
a-syn in different protein-to-lipid ratios, with very good
agreement with the structural models.

Our analysis of 2D '*C/'*C correlation spectra allowed
accurate quantification of the expected structural features
in different membrane binding modes of a-syn, which is
also in line with our previously performed solution NMR
titration experiments and current MD simulations.

In summary, we have demonstrated the power of DNP-
enhanced solid-state NMR at cryogenic temperatures for
the study of conformational ensembles and anticipate that
this technique will also be useful for the study of interac-
tions of proteins exhibiting flexible regions with other pro-
teins, ligands, or membrane surfaces.
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Figure S1: To determine the DNP enhancement factor, °C CP-MAS spectra were recorded
with microwave irradiation (red) and compared to spectra recorded without microwave
irradiation (black) under exactly the same experimental conditions. Enhancement factors
of ~32 were obtained for the aliphatic region of the protein in all cases, i.e. for a) monomeric,
b) fibrillary and c¢) a-syn monomers mixed with nanodiscs in a 2:1 protein to nanodisc molar
ratio. All spectra were recorded at a nominal sample temperature of ~ 100 K, with a spinning
speed of 8 kHz and 16 scans. Contact times for proton to carbon transfer via cross polarization
were a) 100 ps, b) 400 ps, and ¢) 1150 ps.
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Figure S2: a) 2D *C-"C correlation DQ/SQ spectrum of specifically °C labeled a-syn
fibrils. 1D projections of 2D spectra were generated by summing up the Ca-Cp cross-peak
region for valines, which is indicated here by the blue dashed lines. b) The projections were
deconvoluted using Gaussian line shapes with the help of the DMfit software. The projection
is given in black and the single deconvoluted peaks in grey, the resulting fitting curve is
shown in red, and the difference spectrum is given in green.
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Figure S3: Ramachandran plots for the valine residue in the model peptides a)
AGKTKEGVAGGA and b) GGVGG simulated with the CHARMM236m force field using the
CHARMM modified TIP3P water model. The color bar shows the local data density.
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Figure S4: Conformational sampling and NMR shifts of the valine residue in the
AGKTKEGVAGGA peptide from a MD simulation using the AMBER99SB*-ILDN force
field in TIP3P explicit solvent. Chemical shifts of the full simulated ensemble are shown in
light blue. The positions of specific regions are given as: a) B-sheet in blue, b) right handed a-
helix in orange. A B-sheet like conformation is defined in the Ramachandran space as -180° <
¢ < -90° and -180° < y < -120° or 50° < y < 180°, and left handed a-helical conformation
as -100° < ¢ <-30° and -67° <y <-7°.
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Figure S5: AMBER99SB*-ILDN force field used with generalized Born implicit solvent
(blue) and TIP3P explicit solvent (orange) show great mutual resemblance in a) sampled
conformational space and b) '“C chemical shifts of the valine residue in the
AGKTKEGVAGGA peptide. Figure S6 shows, however, that the relative ratio of the
secondary structures is strongly dependent on the type of solvent used for MD simulations.
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Figure S6: Force field comparison for conformational sampling of the valine residue in the
AGKTKEGVAGGA peptide. The Ramachandran plots with data distribution are shown for a)
AMBER99SB*-ILDN force field with TIP3P explicit solvent, b) AMBER99SB*-ILDN force
field with TIP4P-D explicit solvent, c) CHARMM36m force field with CHARMM modified
TIP3P solvent, d) CHARMM?22* force field with TIP4P-Ew water, and ¢) AMBER99SB*-
ILDN with implicit generalized Born solvent. The CMAP potential in the CHARMM
simulations was not scaled. The color bar shows the local data density.
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Figure S7: 2D "*C-""C PDSD DNP-NMR spectra of specifically *C labeled a-syn monomers

recorded with a longitudinal mixing time of 1 s. From the 2D spectra, 1D slices were

extracted for four cross sections at the positions labeled with (a), (b), (¢) and (d). The black

arrows indicate inter-residual valine-alanine correlations adopting the same secondary

structure, and red arrows indicate intra-residual Ca-Cp correlations of valines. A correlation

of different local structural motifs, i.e., of B-strand Val(Ca) and a-helical Ala(Ca) might be

contained in the peak marked with an asterisk. However, this peak is very close to the

diagonal and therefore it is not possible to assess if it is a peak or a baseline distortion.

Furthermore, there is no symmetry peak observed on the other side of the diagonal. Therefore,

we conclude that there is no such correlation of neighboring a-helical and B-strand secondary

structure motifs.
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Self-propagating p-sheet-rich fibrillar protein aggregates, amyloid
fibers, are often associated with cellular dysfunction and disease.
Distinct amyloid conformations dictate different physiological conse-
quences, such as cellular toxicity. However, the origin of the diversity
of amyloid conformation remains unknown. Here, we suggest that
altered conformational equilibrium in natively disordered mono-
meric proteins leads to the adaptation of alternate amyloid confor-
mations that have different phenotypic effects. We performed a
comprehensive high-resolution structural analysis of Sup35NM, an
N-terminal fragment of the Sup35 yeast prion protein, and found
that monomeric Sup35NM harbored latent local compact structures
despite its overall disordered conformation. When the hidden local
microstructures were relaxed by genetic mutations or solvent condi-
tions, Sup35NM adopted a strikingly different amyloid conformation,
which redirected chaperone-mediated fiber fragmentation and mod-
ulated prion strain phenotypes. Thus, dynamic conformational fluc-
tuations in natively disordered monomeric proteins represent a
posttranslational mechanism for diversification of aggregate struc-
tures and cellular phenotypes.

yeast prion | amyloid | protein misfolding | protein dynamics | aggregate

ormation of protein aggregates including amyloid fibers is

widely observed in a variety of organisms, including micro-
organisms and vertebrates, and is often associated with human
diseases (1, 2). In contrast to the fact that polypeptides fold in-
to unique native structures, amyloidogenic proteins frequently
misfold into distinct aggregate conformations which can dictate
different physiological consequences, such as cellular toxicity or
tissue specificity (3-5). A classic example of this phenomenon is
prion strains where prion protein particles apparently composed
of the same protein lead to phenotypically distinct infectious and
transmissible states (6-8). Previous studies show that distinct
prion strains are caused by structural polymorphism in infectious
prion amyloid (9-11). For example, amyloid fibers of Sup35NM,
the intrinsically disordered N-terminal and middle (M) domain
of yeast prion protein Sup35, the protein determinant of [PSI*]
prion states (7, 8), adopt distinct conformations at 4 °C (WT-4)
and 37 °C (WT-37), and introduction of these conformational
variants into yeast cells leads to mitotically stable strong and
weak [PST"] strains, respectively (11, 12). Moreover, single point
mutations in the amino acid sequence may alter the cellular
phenotypes associated with the amyloidogenic protein. A single
point mutation of Sup35 where serine 17 is replaced with argi-
nine (S17R) induces characteristic sectoring (mitotically un-
stable), weak [PSI™] strains (13, 14), and a codon polymorphism
at residue 129 in human prion protein causes clinical diversity in
Creutzfeldt-Jakob disease (6, 15). While distinct cellular phe-
notypes are likely caused by conformational differences in pro-
tein aggregates, it has been a critical open question how distinct
structures of protein aggregates such as prions are created from

www.pnas.org/cgi/doi/10.1073/pnas.1715483115

the same monomeric protein. One leading hypothesis is that the
difference in aggregate conformations may originate from
structural diversity and fluctuation within the monomeric pro-
tein. In particular, Sup35NM, which is intrinsically disordered,
might show monomer conformational heterogeneity (16, 17).
Nonetheless, it remains unknown whether or how genetic
mutations or environmental factors alter the dynamics or confor-
mational equilibrium of intrinsically disordered Sup35NM mono-
mers to induce the formation of distinct amyloid conformations
with different phenotypic effects.

Results

Sup35NM Can Misfold into Two Strikingly Distinct Amyloid Conformations.
To address this question, we first established methods to identify
amyloid core regions, which are critical determinants of prion strain
phenotypes (18), by limited proteolysis with proteinase K followed by
mass spectral analysis for high and low molecular weight regions.
When we analyzed WT-4 and WT-37 amyloid core regions of WT
Sup35NM, the main peptides in the high molecular weight region

Significance

On the basis of the amino acid sequence, a polypeptide folds
into a unique structure. In contrast, aggregation-prone pro-
teins often misfold into distinct aggregate conformations. In-
terestingly, each distinct aggregate conformation can dictate
different phenotypic consequences, such as cellular toxicity.
However, the underlying mechanism of the origin of such
structural diversity of protein aggregates has been a critical
open question. Using the intrinsically disordered domain of
yeast prion protein Sup35, we revealed the structural diversification
of prion aggregate is triggered by thermodynamic fluctuations
within the monomeric protein prior to aggregation. Our findings
not only provide a clue to explain previously puzzling observa-
tions in prion biology but also have important implications for
therapeutic approaches for human diseases in which protein ag-
gregation is involved.
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were assigned to the amino acid regions 2-38, 2-42, 2-45, and 2-
46 for WT-4 amyloid and 2-70, 2-71, and 2-72 for WT-37 amyloid.
(Fig. 1 A and C and Table S1). This result mirrored previous results
by hydrogen/deuterium exchange NMR experiments (18). With mass
spectrometry of proteinase K-treated fibrils, we remarkably found
that the S17R amyloid formed at 4 °C (S17R-4) and 37 °C (S17R-37)
showed core regions of amino acids 81, 82-144, 147, and 148 and
amino acids 62-144 and 63-144, respectively (Fig. 1 B and C and
Table S1).

The unexpected existence of a C-terminal prion domain (PrD-
C) amyloid core was further supported by solid-state NMR
spectroscopy and proline-scanning analyses. Taking advantage of
the fact that all four phenylalanines at positions 92, 104, 117,
129 are located in the PrD-C (Fig. 1C), we labeled Sup35NM
WT and S17R groteins with Phe-1-13C, formed amyloid fibers,
and measured *C-'>C dipolar dephasing by constant-time RF-
driven dipolar recoupling (CT-RFDR) of the amyloid by solid-
state magic angle spinning (MAS) NMR spectroscopy (Fig. 1D)
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Fig. 1. Sup35NM can misfold into two strikingly distinct amyloid conforma-
tions. (A) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core
peptides derived from WT-4 and WT-37 amyloids. Arrowheads indicate distinc-
tive signals (amino acids 2-42/45/46 for WT-4 and amino acids 2-70/71/72 for WT-
37). (B) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core pep-
tides derived from S17R-4 and S17R-37 amyloids. Arrowheads indicate distinctive
signals (amino acids 81/82-144/147/148 for S17R-4 and amino acids 62/63-144 for
S17R-37). (C) Alignment of main core regions of WT and S17R amyloids detected
by high-m/z-range MALDI-TOF-MS analysis. The red lines in the upper panel
show the location of phenylalanine residues. (D) Solid-state NMR '*C-"3C dipolar
dephasing curves of Phe-1-"*C-abeled amyloids of Sup35NM WT (black) and
S17R (red) formed at 4 °C. Simulated finite-pulse RFDR-CT (fopRFDR-CT) curves are
shown for ideal linear chains of '3C nuclei with distances of 4, 5, 6, and 7 A.
(E) Thermal disassembly of WT-4, WT-37, S17R-4, and S17R-37 amyloid fibers was
monitored by the ellipticity at 220 nm with a CD spectrophotometer. Resulting
plots were fitted by a sigmoidal curve for determination of T,,.

2390 | www.pnas.org/cgi/doi/10.1073/pnas.1715483115

(19, 20). The S17R fibrils labeled with Phe-1-">C showed a rate
of signal decay characteristic for a distance of 4.5-5.0 A to the
nearest neighbor for all labeled Phe residues. This result in-
dicated that all four Phe residues must be located in parallel, in-
register B-sheets and thus confirmed the nature of the PrD-C
core of S17R amyloid. In-register parallel p-sheet structures
had been observed for WT fibrils with the N-terminal core be-
fore (19, 20). Furthermore, we performed proline scanning with
thioflavin T (ThT) fluorescence, in which various single-proline
Sup35NM mutants were polymerized in the presence of WT-4,
WT-37, S17R-4, or S17R-37 seeds, and examined whether the
replacement with proline, which cannot adopt p-sheet confor-
mations, in Sup35NM monomers impairs seeding activity (Fig.
S1A). We observed that mutational positions which showed seed-
ing defects matched the amyloid core region identified by mass
spectral analysis (Fig. S1 B and C). These results demonstrated that
our method of limited proteolysis and mass spectrometry readily
identified amyloid core regions without assignment of NMR signals
of dimethyl sulfoxide-denatured protein (18).

The conformational differences between WT and S17R amy-
loids were further investigated by the analyses of thermal stability
using circular dichroism (CD) spectroscopy. The CD spectro-
photometer monitored changes of the ellipticity at 220 nm of
amyloid solutions in the presence of SDS upon the increase of
temperature from 25 °C to 95 °C. This experiment reports on
amyloid disassembly as evidenced by the spectral changes from
B-sheet/random coil-containing amyloid structures to random
coil-rich monomer structures (Fig. S1D). Notably, the low sec-
ondary structure content estimated from the CD spectra of
Sup35NM amyloid indicates that Sup3SNM amyloid is consti-
tuted by both p-sheet-rich amyloid core and random coil regions.
The T,, values calculated from the melting curves were different
in WT-4 and WT-37 amyloids (WT-4: 55.7 + 1.2, WT-37: 64.8 +
0.3) but were similar in S17R-4 and S17R-37 amyloids (S17R-4:
57.9 + 0.5, S17R-37: 56.2 + 0.5) (Fig. 1E). Such different char-
acteristics of 7,,, in WT and S17R amyloids are consistent with
their distinct amyloid core regions (Fig. 1 A-C). Furthermore,
our atomic force microscopy (AFM) analysis revealed that the
S17R-4 and S17R-37 amyloid fibers have the propensity to ex-
hibit more periodically twisted morphology than WT-4 and WT-
37 fibrils, respectively (Fig. S2), implying that the WT and S17R
amyloid structures are different. Finally, to examine the physio-
logical consequences of the S17R amyloid, we performed a protein
infection assay (11). The infectivities of in vitro-generated S17R-
4 and S17R-37 amyloids to nonprion [psi~] yeast were 2.8%
and <0.1%, respectively, which were much lower than those of
WT-4 and WT-37 amyloids (77.7% and 20.5%, respectively)
(Fig. S1E). In most cases (>80%), the resulting [PSI*(S17R)]
strains showed sectoring/weak phenotypes (Fig. S1F), indicating
unstable prion transmission, as previously reported (13, 14).
Collectively, these results support the notion that the S17R
mutation induces an amyloid structure that is markedly different
from the amyloid conformation of WT Sup35NM.

WT Sup35NM Can Adopt the PrD-C Amyloid Core. To examine
whether WT Sup35NM is able to adopt the S17R-type PrD-C
amyloid core, we polymerized WT Sup35NM monomer in the
presence of S17R amyloid seeds [5% (mol/mol)] and examined
the resulting amyloid structures. First, we found that the S17R
amyloid efficiently seeded WT Sup35NM (Fig. 24), suggesting
that WT Sup35NM is able to form the S17R-type amyloid con-
formation. Importantly, using the WT fibrils that were formed
with S17R seeds [5% (mol/mol)] (denoted as “WT[S17R]”), we
confirmed this hypothesis by the peaks in the high-m/z region of
mass spectra (Fig. 2B and Table S1) and the low infectivity ac-
companied by the appearance of sectoring/weak [PSI*] pheno-
types in protein infection assays (Fig. S3 4 and B), both of which
are quite similar to the results obtained with S17R amyloid (Fig.

Ohhashi et al.
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Fig. 2. Wild-type Sup35NM can adopt the PrD-C amyloid core. (A) Kinetics of
spontaneous WT and S17R amyloid formation and seeding reaction with WT
monomer and S17R-4 and S17R-37 seeds monitored by ThT fluorescence at 25 °C.
Error bars denote SEM. (B) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000
10,000) of core peptides derived from cross-seeded WT[S17R] amyloid formed at
4 °C (WT-4[S17R-4]) and 37 °C (WT-37[S17R-37]). (C) Weak/sectoring phenotypes
of two examples of [PS/*(S17R)] strains obtained by overexpression of the
Sup35NM S17R mutant in [psi~] yeast. Phenotypes of [PSI*(WT-4)] and [PSI*(WT-
37)] strains and [psi~] yeast are also shown as controls. (D) SDD-AGE analysis with
yeast lysates of [PSI*(WT-37)] and [PSI*(S17R)] strains probed by an anti-Sup35NM
antibody. A high-contrast image is shown on the right. An arrowhead and a line
in the high molecular region indicate the positions of monomeric Sup35NM and
S17R-type prions, respectively. Note that [PS/*(S17R (2))] strains also contain a
large size of prion aggregates. (E) Efficiency of [PSI']-state curing of [PSI(WT-4)],
[PSIT(WT-37)], and [PSI*(S17R)] strains by Hsp104 overexpression. [PSI*(S17R)]
strains were generated by in vitro infection of Sup35NM S17R-4 or S17R-37 am-
yloid fibers in [psi~] yeast. The curing efficiency of [PSI*(S17R)] is an average of
the data from the two [PS/*(S17R)] strains. Error bars denote SEM. ***P <
0.001 by a Student's t test; n > 3.

S1 E and F). Furthermore, we found that the addition of 1 M
sodium chloride to the amyloid formation buffer induced a
S17R-type amyloid conformation even for WT Sup35NM (Fig.
S3C and Table S1). In addition, the Sup35NM mutant lacking
residues 2-34 (A2-34) could form an amyloid conformation with
a PrD-C core (Fig. S3D and Table S1). These results established
that WT Sup35NM has the intrinsic potential to form two
strikingly different amyloid conformations, either of which is
eventually selected depending on amino acid sequences and/or
solvent conditions for amyloid formation.

How does the PrD-C core of S17R amyloid induce the char-
acteristic sectoring phenotypes in [PSIT(S17R)] strains which are
obtained when the GFP-fused S17R mutant is overexpressed
(13) or when in vitro-generated S17R amyloid is introduced in
[psiT] yeast (Fig. 2C and Fig. S1F)? The mitotically unstable/
sectoring phenotypes of [PSIT(S17R)] strains suggest reduced
chaperone-mediated fiber fragmentation. If this is the case, we
would expect to observe an increased size of prion aggregates in
[PST*(S17R)] strains. Therefore, we examined the size of prion
aggregates in two representative weak [PSI*(S17R)] strains as
well as weak [PSI*(WT-37)] strains (Fig. 2 C and D). We
employed a semidenaturing detergent agarose gel electropho-
resis (SDD-AGE) (21) to address it, since SDD-AGE previously
revealed a difference in the prion size between [PSIT(WT-4)]
and [PSIT(WT-37)] strains (12). As we expected, the average
size of [PSIT(S17R)] prions was larger than that of WT-37 prions
(Fig. 2D). Importantly, the increased prion size did not result
from enhanced seeding extension reactions of [PSI*(S17R)]

Ohhashi et al.

prions, as the seeding activity of S17R amyloid to WT monomer
was similar to that of WT amyloid to WT monomer at 30 °C
in vitro (Fig. S3E). These results suggested impairment of chaperone-
mediated fragmentation of [PSI*(S17R)] prion aggregates,
although the fragmentation defect was not so severe as to
eliminate the [PSIT(S17R)] prion state. Since Hsp70/Hsp40
chaperones first bind to prion aggregates and then recruit
Hsp104 (22), an AAA+ ATPase chaperone essential to prion
propagation (23), our observations imply that the PrD-C re-
gion, which is buried in [PSI*(S17R)] prion aggregates, partly
includes a binding site of Hsp70/Hsp40.

A recent study showed that residues 129-148 in Sup35 are
involved in binding to overexpressed Hsp104 (24). Interestingly,
the PrD-C core region of S17R amyloid overlaps with this
binding site, suggesting that the curing of [PSI*(S17R)] strains by
Hsp104 overexpression may be compromised due to residues 80—
148 being buried in the amyloid core. Indeed, we found that
[PSI*(S17R)] strains were more resistant to [PSI'] curing by
Hsp104 overexpression than [PSI*(WT-37)] strains (Fig. 2F),
although the [PSI*(S17R)] strains had been expected to be cured
more easily due to their larger size and smaller amounts of
prions than the [PSI*(WT-37)] strains (Fig. 2D). Overexpressed
Hsp104 is suggested to bind to Sup35 prion aggregates in the
initial step of [PSI'] curing, which prevents Hsp70/Hsp40 from
having access to prion aggregates, resulting in a loss of [PSI*]
states (24). The acquired resistance of [PSIT(S17R)] yeast to the
curing would be caused by impaired binding of overexpressed
Hsp104 to the [PSI*(S17R)] prions, as observed for A129-148
Sup35 prions (24).

Sup35NM Monomers Form Compact Local Structures with Long-Range
Interactions. We asked how such a dramatic difference in amyloid
conformation might be caused by the single S17R mutation al-
though both WT and S17R Sup35NM monomers have similar
disordered structures (Fig. S44). To address this question at amino
acid resolution, we lljerformed a comprehensive assignment of
protein backbone "H-'>N NMR chemical shifts of Sup35NM. This
had been a challenge, because Sup35NM is a relatively large pro-
tein (253 residues) for signal assignment, the aggregation-prone
property limits the measurement time of NMR, and both the in-
trinsically disordered structure and the presence of 5.5 degenerate
oligopeptide repeats cause severely impaired signal separation.
Nonetheless, we completed the amino acid assighment of more
than 90% of 'H-'"N HSQC signals for the Sup35NM monomer.

First, we investigated the amino acid residues required for
oligomer formation by NMR, since oligomers play an important
role in determining amyloid conformation (25). We acquired
'H-1SN HSQC spectra at several temperatures from 37 °C to 7 °C
and quantified temperature-dependent changes in NMR signal
intensities (Fig. 3 A and B). While analytical ultracentrifugation
showed that Sup35NM under the NMR measurement condition is
solely monomeric at 37 °C (Fig. S4B), the temperature-dependent
reduction of NMR signal intensities from 37 °C to 7 °C implies
protein assembly due to decreased tumbling rates of protons (Fig. 3
B and C). This result is consistent with our previous observation
that Sup35NM is a monomeric form at 37 °C but forms oligomers
at low temperatures (25). In particular, residues 45-90 showed a
gradual reduction in signal intensity as the temperature decreased
(yellow area in Fig. 3B), indicating that these residues are involved
in oligomer formation. We observed a slight decrease in the
amount of oligomers in the S17R mutant, but no major difference
between WT and the S17R mutant was detected in the amino acid
region required for oligomer formation (Fig. 3 B and C).

Next, we examined oligomer structures by saturation transfer
difference (STD) NMR spectroscopy at 22 °C, the temperature
at which both Sup35NM monomer and oligomer are pogulated
(Fig. 3C). By mixing unlabeled (‘H'*N) Sup35NM with “H'°N-
labeled Sup35NM proteins and saturating the 'H signals in
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Fig. 3. Sup35NM monomers form latent compact local structures with long-range interactions. (A) Temperature-dependent changes of 'H-">N HSQC spectra
of WT Sup35NM. (B) Signal intensities for "H-"5N cross-peaks in an HSQC spectrum of WT and S17R Sup35NM at 37 °C (red), 27 °C (orange), 22 °C (green), 17 °C
(cyan), 12 °C (blue), and 7 °C (black). The yellow area indicates the amino acid region with significantly reduced signal intensities at low temperature, in-
dicating the oligomer core region. (C) Temperature-dependent change of average 'H-">N HSQC signals in the yellow area in B (amino acids 45-90). (D) STD
signal intensity of the N domain of WT (black) and S17R Sup35NM (red) at 22 °C. The blue and green areas indicate the amino acid regions with increased STD
signals specific to WT and S17R Sup35NM, respectively. (E) Averaged STD signal intensities in the blue (amino acids 15-44), yellow (amino acids 45-90), and
green (amino acids 91-115) areas in D are indicated by blue, yellow, and green bars, respectively. (F) Paramagnetic relaxation enhancement of WT Sup35NM
monitored by 'H-'>N HSQC signal intensity. A MTSL spin probe was introduced into each selected single-cysteine Sup35NM mutant (S4C, Q15C, A42C, G68C,
G112C, $121C, Q132C, S149C, T202C, and L238C). Inter/intramolecular (Upper) and intermolecular (Lower) PRE values at 37 °C are shown as a color scale
showing the ratio of the HSQC intensity of PRE measurement to the HSQC intensity of control measurement (/,//, ratio). The red color of high PRE values
indicates the presence of interactions between a MTSL spin probe and an amino acid residue of interest.

unlabeled Sup35NM, STD signals can be observed only if the
two molecules directly interact with each other due to the
transfer of magnetization from excited unlabeled Sup35NM to
“H'>N-labeled Sup35NM. Therefore, the STD measurements
provide information on monomer-monomer contacts in oligomers.
Fig. 3D shows the STD signal intensities in the N-terminal prion
domain and a part of the M domain, which are involved in prion
propagation (26). As expected from the results shown in Fig. 3B,
residues 45-90, which are located in the oligomer core region,
showed STD signals for both the WT and the S17R mutant (yellow
area in Fig. 3 D and E and Fig. S54). Interestingly, we found that
amino acid regions 15—44 and 91-115 specifically showed STD
signals in the WT and S17R mutant, respectively (blue and green
areas in Fig. 3 D and E and Fig. S54). This result indicated that the
different regions are involved in intermolecular interactions and
thus may represent initiation sites for amyloid formation in WT and
S17R mutant Sup35NM, respectively. In addition, the STD analysis
showing that the amino acid residues required for intermolecular
interactions are different in WT and S17R mutant Sup35NM im-
plies that their nucleus structures are distinct from each other.
Furthermore, we measured "H-""N heteronuclear Overhauser
effects (NOE) at 37 °C (Fig. S5B), the temperature at which
Sup35NM is populated only in a monomeric state (Fig. S4B), to
examine structural fluctuation of Sup35NM monomer. Re-
markably, the positive heteronuclear NOE values in the region
of residues 30-110 suggested the presence of a locally compact
structure (Fig. S5B) despite the overall disordered Sup35NM
conformation (Fig. S44). In contrast, negative heteronuclear
NOE values throughout the M domain showed that the M do-
main is mostly unfolded (Fig. S5SB). We performed further NMR
experiments that report on two different time scale dynamics, 7 and
T, relaxation time measurements (nanoseconds and picoseonds)
(Fig. S5 C and D) and paramagnetic relaxation enhancement (PRE)
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(microseconds) experiments with a paramagnetic spin probe,
1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) methanethiosulfonate
(MTSL), which was specifically introduced into a variety of single-
cysteine Sup35NM mutants (Fig. 3F and Fig. S5E). The shorter re-
laxation times and the large PRE effects in the N-terminal prion
domain revealed the presence of local compact structures by long-
range interactions, while the longer relaxation times and the absence
of PRE effects in the M domain showed that the M domain is largely
unfolded. Taken together, these results show that the prion domain in
Sup35NM adopts local compact structures by long-range interactions
despite its overall intrinsically disordered structure (Fig. S44); this
was hypothesized in a previous single-molecule FRET study (17), but
its biological significance had not been fully addressed.

Exposed Asparagine Residues in Sup35NM Monomers Are Scaffolds
for Amyloid Formation. The fast time-scale protein dynamics was
not significantly different between Sup35NM WT and the S17R
mutant by our NMR analyses with PRE, 7}, and 7, measurements
(Fig. 3F and Fig. S5 C-E). Therefore, to gain insights into slow
time-scale dynamics (in milliseconds) of the Sup35NM monomer
at 37 °C, we applied phase-modulated CLEAN chemical exchange
(CLEANEX-PM) NMR spectroscopy which allows us to examine
backbone amide 'H exchange rates with the solvent protons and
thereby identify which residues are solvent-exposed or buried/hy-
drogen-bonded (27). We revealed that most of the amino acids in
the prion domain of the S17R mutant monomer showed higher
exchange rates than those in the WT monomer (Fig. 4 A-C and
Fig. S5F), indicating that the local compact structure of the
S17R mutant monomer is more unfolded than that of the WT
monomer. Therefore, the S17R mutation altered the confor-
mational space of the Sup35NM monomer, resulting in an in-
creased population of the monomer conformation containing a
less compact prion domain.
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Interestingly, the asparagine residues located at both ends
(residues 15-44 and 91-115) of the local compact region in the
Sup35NM monomer showed significantly higher exchange rates
in the S17R mutant (blue and green areas in Fig. 4 A-C), in-
dicating that specific asparagine residues are more solvent-ex-
posed in the S17R mutant than in the WT monomer. To examine
effects of the exposed asparagine residues (AsnS8, 19, 26, and
27 in the N-terminal core region and Asnl100, 103, 105, and
109 in the C-terminal core region) on the formation of the WT
and S17R-type amyloid cores, we prepared a range of Sup35NM
mutants in which single or a few exposed asparagine residues
were replaced with alanine together with or without the S17R
mutation. For asparagine mutants in the N-terminal core region,
we found that the NSA/N19A/N26A mutant partially acquired
the PrD-C amyloid core at 4 °C (Fig. S6 A and B). Remarkably,
we further found that the triple mutant S17R/N100A/N109A
restored the WT-type N-terminal amyloid core both at 4 °C and
37 °C (Fig. 4D and Table S1), and the mutant amyloids which
formed at 4 °C and 37 °C showed melting curves similar to WT-
4 and WT-37 amyloids, respectively (Fig. 4E). Importantly, the
S17R/N100A/N109A mutant still has the capability to form a PrD-
C amyloid core when seeded by S17R amyloid (Fig. S6C and Table
S1), excluding the possibility that the two N100A/N109A mutations
introduced into the S17R mutant exert their effects on the amyloid
state simply by preventing the mutant from having access to the
PrD-C core. These results show that the exposed Asn100 and
Asn109 residues are required for the S17R mutant to form the
PrD-C amyloid core.

If the S17R mutant is more unfolded and both potential am-
yloid core regions are exposed, why does the S17R mutant se-
lectively adopt the PrD-C amyloid core but not the N-terminal
core? The STD data revealed that intermolecular interactions of
S17R monomers resulted from the contacts between amino acids
91-115, suggesting that Argl7 in the S17R mutant reduced
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Fig. 4. Exposed asparagine residues outside the compact region in disordered

Sup35NM monomers serve as a scaffold for amyloid formation. (A) Hydrogen
exchange rates of the N domain of WT (black) and S17R Sup35NM (red) at 37 °C
measured by CLEANEX-PM NMR. The positions of asparagine residues are
shown as blue lines in the upper panel. (B) Difference in the exchange rates (kex
S17R — kex WT) between WT and S17R Sup35NM. Color coding is as in Fig. 3D.
(C) Averaged differences in the exchange rates in amino acids 15-44, 45-90, and
91-115 are indicated by blue, yellow, and green bars, respectively. (D) High-m/z-
range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from
S17R/N100A/N109A amyloid formed at 4 °C and 37 °C. (E) Thermal disassembly
of S17R/N100A/N109A amyloid fibers formed at 4 °C (blue) and 37 °C (red) was
monitored by the ellipticity at 220 nm with a CD spectrophotometer. (F) Ki-
netics of amyloid formation of WT (black) and S17R (pink) monomers in the
presence of WT-4 seeds and WT (gray) and S17R (red) monomers in the pres-
ence of WT-37 seeds at 25 °C. Error bars denote SEM.
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intermolecular interactions involving amino acids 15-44 while
increasing intermolecular contacts involving amino acids 91-115
(Fig. 3 D and E). Consistently, the seeding assay showed that
S17R monomers are incorporated into the WT-4 or WT-37 am-
yloid seeds, albeit more slowly than WT monomers (Fig. 4F),
indicating that the S17R mutant still has the capability to adopt
(Fig. S6D and Table S1) but does not prefer to form an N-ter-
minal amyloid core. These factors would allow the S17R mutant
to eventually select a PrD-C amyloid core upon aggregation.

Discussion

In this study, we revealed that Sup35NM is able to form two
strikingly different amyloid conformations that can be selectively
propagated and result in alternate strain phenotypes. These
conformational subtypes of amyloid derive from the disinhibi-
tion of local compact structures of monomeric Sup35NM.
Our comprehensive NMR analysis of Sup35NM at amino acid
resolution indicates that exposed asparagine residues in the
Sup35NM monomer serve as initiation sites for amyloid elon-
gation and constitute an amyloid core. In WT Sup35NM,
Asn100 and Asn109 are buried in the local compact structure, and
thereby the N-terminal amyloid core region is selected (Fig. S7).
In contrast, the S17R mutation alters the conformational equi-
librium of monomer and increases the population of an unfolded
form with exposed asparagine residues in the C-terminal region of
the prion domain. The exposure of Asnl00/Asnl09 and the
preference of the intermolecular contacts of the PrD-C region
allow the S17R mutant to select Asn100 and Asnl109 as an initi-
ation site for amyloid formation (Fig. S7). The altered in-
termolecular contacts due to the unfolded nature of the S17R
Sup35NM monomer would result in the formation of different
nucleus structures, which could also contribute to the selection of
the PrD-C amyloid core. Taken together, our results highlight that
exposed asparagine residues at the edge of the local compact re-
gion in Sup35NM monomer play pivotal roles in determining
Sup35 amyloid conformation and suggest that the unfolding of the
local compact structure by the S17R mutation triggers selective
formation of the PrD-C amyloid core.

A previous report showed that Ser17 is involved in a tight-turn
structure in Sup35NM fibrils and thus is located at a strategic
position (28). Importantly, the selection of the C-terminal amy-
loid core of the S17R mutant is not caused simply by its inability
to accommodate the bulky and charged Argl7 residue into an N-
terminal amyloid core. We revealed that both the triple S17R/
N100A/N109A mutant and the single S17R mutant have the
capability to adopt an N-terminal amyloid core (Fig. 4D and Fig.
S6D and Table S1). This result shows that such a charged and/or
bulky residue at the strategic position 17 can be accommodated
into an N-terminal amyloid core. Furthermore, we found that the
mutation of Serl7 to either bulky tryptophan or tyrosine, which
might destabilize the tight-packing structures within the amyloid
core, maintained the formation of an N-terminal amyloid core
(Fig. S6 E and F and Table S1). Together, these results show that
potential destabilization of the N-terminal core by Argl7 would
not be a major factor in the formation of the PrD-C amyloid core
in the S17R mutant. Rather, our data suggest that disruption of
the latent compact structure in the S17R monomer and resulting
exposure of Asnl00 and Asn109 in the monomeric state are
involved in the selection of the PrD-C amyloid core in the S17R
mutant. The PrD-C amyloid core would decrease the efficiency
of chaperone-mediated fiber fragmentation, resulting in the large
prion size and weak/sectoring (mitotically unstable) phenotypes of
[PST*(S17R)] strains. This result agrees well with our previous
finding that fiber fragmentation rates have a greater impact on
prion strain phenotypes (11). The present study indicates that dy-
namic structural fluctuation in natively disordered monomeric
proteins is involved in the diversification of amyloid conformations
dictating distinct physiological consequences.
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Notably, the prion strain conformation harboring a PrD-C
core that we showed in this study provides a molecular expla-
nation for many previous findings whose underlying mechanisms
had remained elusive. First, it is suggested that the first
137 amino acids of Sup35 are required for faithful maintenance
of weak [PSI*] strains (26). This observation agrees well with the
PrD-C core region of the S17R-type weak prion strain confor-
mation. Furthermore, it should be noted that protein fluctuation
of Sup35NM monomer is dramatically increased from residue
140 (Fig. S5 B-D), which may be associated with the C-terminal
end position (residues 144-148) (Table S1) of the PrD-C amy-
loid core. Next, the Sup35 mutant lacking a region between
positions 22 and 69 forms highly unstable prions in vivo (29). The
deletion of residues 22-69 is likely to disrupt the latent local
compact structure, potentially generating a PrD-C amyloid core
upon aggregation of the deletion mutant. In addition, a wild-type
[PSI*] variant that is insensitive to excess Hsp104 for its curing
has been reported (30), and chaotropic anions including CI™
favor the formation of weaker Sup35NM prion variants (31).
These observations could result from a prion strain conformation
harboring a PrD-C core.

Furthermore, our results resolve the long-standing, puzzling
observation that Sup35NM forms amyloid in a head-to-head and
tail-to-tail manner (32) although this amyloid conformation may
not reconcile with the unique N-terminal amyloid core demon-
strated by hydrogen/deuterium exchange NMR experiments (18)
or the in-register parallel structure demonstrated by solid-state
NMR spectroscopy (19, 20). Rather, our findings suggest that
Sup35NM may be able to adopt both N-terminal and PrD-C
amyloid core regions simultaneously, since solvent conditions or
protein modification by chemicals such as pyrene could modu-
late the conformational equilibrium of Sup35NM monomers.
The present study underscores the critical role of conformational
space in natively disordered proteins for determination of amy-
loid conformation. Therefore, the regulation of conformational
fluctuation can be a target for therapeutic intervention of pathologic
protein aggregates. More broadly, our findings suggest that structural
fluctuation in intrinsically disordered monomeric proteins, and its
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controlling factors, can account for individual variation in cellular
and organism-wide behaviors, adding to posttranslational mecha-
nisms for phenotypic diversification in biological systems.

Methods

Amyloid Formation. Sup35NM amyloid formed spontaneously in 5 mM potas-
sium phosphate buffer including 150 mM NaCl at pH 7.4 (buffer C) with mild
agitation [by eight end-over-end rotations per minute (Labquake, Theromo
Fisher Scientific)] within 24 h. The second generation (G2) of amyloid is formed by
polymerization of Sup35NM in the presence of 5% (mol/mol) sonicated amyloid
that was spontaneously formed without agitation within several hours, as
previously described (11-13). Spontaneously formed amyloids were used in ki-
netics experiments for amyloid formation, and G2 or third-generation (G3)
amyloids were used in the other amyloid experiments.

NMR Measurement of HSQC Spectra. Lyophilized Sup35NM was dissolved in
50 mM Mes buffer including 10% D,0 (pH 5.0). After filtration by a 100-kDa-
cutoff spin filter, Sup35NM concentration and pH were adjusted to 100 pM
and pH 5.2. HSQC spectra were acquired with an Avance Ill 600 spectrometer
equipped with a cryogenic probe. The NMR data were processed by TopSpin
(Bruker BioSpin) or XWINNMR (Bruker BioSpin) and analyzed by SPARKY
(https:/Avww.cgl.ucsf.edu/home/sparky).
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S| Methods

Yeast Strains. We used isogenic [psi”|[PIN*] and [PST"] derivatives
of the 74D-694 yeast strain (1). [PSIT(WT-4)] and [PSTT(WT-37)]
strains were generated by infection of [psi”] yeast with in vitro-
generated Sup35NM WT-4 and WT-37 amyloid formed at 4 °C
and 37 °C, respectively (1). [PST*(S17R)] strains were generated by
overexpression of the Sup35NM S17R mutant with a C-terminal
GFP tag or introduction of in vitro-generated Sup35-NM S17R
amyloid in [psi~] yeast. Both the overexpression and infec-
tion experiments induced similar weak/sectoring phenotypes of
[PST*(S17R)] strains.

Plasmid Construction. For bacterial expression of Sup35NM,
PAEDA4, or pET29b vectors including a C-terminal 7x histidine-tag
were used (1-3). Mutations were introduced by site-directed
mutagenesis (Takara Bio.) and confirmed by DNA sequencing.

Expression and Purification of Sup35NM Protein. Nonlabeled and
uniformly °N-labeled Sup35NM was overexpressed in the bac-
terial strain Rosetta (DE3) and purified by nickel-nitrilotriacetic
acid histidine-tag affinity chromatography and cation-exchange
chromatography under denaturing conditions as previously
reported (1-3). For purification of cysteine mutants, 5 mM
2-mercaptoethanol was added to the buffer. Uniformly 2H,'>N-
labeled Sup35SNM was overexpressed in Spectra 9 medium
(Cambridge Isotope Laboratories, Inc.) and purified in the same
manner. The Sup35NM protein was desalted by reverse-phase
HPLC chromatography (Hitachi) using a Protein-R column
(Nacalai Tesque) followed by lyophilization.

Mass Spectral Analysis of Amyloid Core. G2 or the G3 amyloid was
treated with proteinase K (0.15 mg/mL) for 1 h at room tem-
perature (4, 5). Proteinase K-resistant amyloid fibers were col-
lected by ultracentrifugation (154,000 x g for 30 min), and the
pellets were dissolved in 6 M guanidine hydrochloride, 10 mM
Tris-HCI (pH 7.5). The dissociated amyloid core peptides were
desalted by NuTip C-4 or C-18 (Glygen Corporation) and ana-
lyzed by MALDI-TOF-MS (microflex, Bruker Daltonics) and
MALDI-TOF/TOF-MS (4800 Plus MALDI TOF/TOF Ana-
lyzer, AB SCIEX) for mass spectral analysis of high and low
molecular weight regions, respectively. MS spectra were cali-
brated by bovine ubiquitin. High molecular weight MS data were
analyzed using PAWS software (ProteoMetrics).

Tm Analysis. Freshly prepared Sup35NM G2 amyloid was used at
concentration of 5 pM in buffer C including 1% SDS that inhibits
reaggregation of dissociated proteins. The thermal disassembly
of amyloids was examined by the temperature-scanning mode of
CD spectroscopy (J-818 Spectropolarimeter; JASCO) at the
wavelength of 220 nm. Data were fitted by sigmoidal curve, and
T values were determined as reported previously (1). Before
and after the 7, measurement experiments, CD spectra of
Sup35NM from 200-250 nm were acquired at 25 and 95 °C.

Amyloid Infection. Infection of [psi”] yeast with in vitro-generated
Sup35NM amyloid fibers was performed as previously reported (1).

NMR Backbone Signal Assignment. Backbone resonances of Sup35NM
were assigned sequence specifically by analyzing 3D HN(CO)CA,
HNCA, CBCANH, CBCA(CO)NH, HN(CA)CO, HNCO, and
HN(CA)NNH as previously reported (6, 7). These spectra were
acquired with a Bruker Avance III 800 spectrometer equipped with
a cryogenic probe at 25 °C. To avoid protein aggregation, these

Ohhashi et al. www.pnas.org/cgi/content/short/1715483115

spectra were measured in 50 mM Mes buffer including 10% D,0O
(pH 3.0). After the assignment, signals were traced by pH titration
measurement from pH 3.0 to pH 5.2. NMR data were pro-
cessed by TopSpin (Bruker BioSpin) or XWINNMR (Bruker
BioSpin) and analyzed by SPARKY (https://www.cgl.ucsf.edu/
home/sparky). Ninety-four percent of the signals of main-chain
amide protons were successfully assigned. A Sup35NM solution
was passed through a 100-kDa-cutoff filter before NMR mea-
surement for elimination of preexisting aggregates. Details are
described below.

T, and T, and NOE Analysis. NMR relaxation measurements of
100 pM Sup35NM were performed in 50 mM Mes buffer (pH 5.2)
at 37 °C with a Bruker Avance III 600 spectrometer equipped with
a cryogenic probe. The relaxation delay for 7, and 7, mea-
surements was 3 s. The >N T, and PN T, decays were recorded
using 10 data points: 0.010, 0.050, 0.100, 0.200, 0.300, 0.400,
0.600, 0.800, 1.000, and 1.400 s and 0.017, 0.034, 0.051, 0.068,
0.085, 0.102, 0.136, 0.170, 0.204, and 0.238 s, respectively. 'H-">N
heteronuclear NOE values were measured with two different
datasets, one collected without initial proton saturation and a
second one with initial proton saturation (8).

CLEANEX-PM NMR Analysis. CLEANEX-PM measurements of 100 pM
Sup35NM were performed in 50 mM Mes buffer (pH 5.2) at 37 °C
with a Bruker Avance III 600 spectrometer equipped with a
cryogenic probe. The 'H-'>N signal recovery by proton exchange
with bulk solvent was recorded using five different mixing times
(10, 20, 35, 50, and 65 ms). The hydrogen exchange rate, k,,, was
determined by single exponential fitting of the data using Igor
software (Wavemetrics).

STD NMR Analysis. 'H-'>’N STD-HSQC spectra were recorded
using a Bruker Avance 500 spectrometer equipped with a cryo-
genic probe. Measurements were performed with an equal
mixture of nonlabeled Sup35NM and uniformly *H,'*N-labeled
Sup35NM (total 100 pM Sup35NM in the mixture) in 50 mM
Mes (pH 5.2) including 10% D,O at 22 °C. To exclude water-
edited pseudosignals, STD signals of only ’H,"’N-labeled Sup35NM
were used as a control. STD-HSQC spectra were acquired with
selective methyl proton irradiation of nonlabeled Sup35NM at
3 ppm for on-resonance spectra and at 40 ppm for off-resonance
reference spectra (9). The irradiation power level was 60 db, and
the saturation time was 3 s.

PRE NMR Analysis. After 2-mercaptoethanol was eliminated
by dilution and the Sup35NM protein solution was reconsiti-
tuted, the single-cysteine mutant was treated with a 10-fold
excess of MTSL (Toronto Research Chemicals, Inc.) in 6 M
guanidium hydrochloride at room temperature for 2 h. MTSL-
labeled Sup35NM was desalted by reverse-phase HPLC chro-
matography (Protein-R; Nacalai Tesque), followed by lyophili-
zation. PRE effects were monitored by "H-"’N HSQC signal
intensity on a Bruker Avance III 600 spectrometer equipped
with a cryogenic probe. '°N-labeled/MTSL-labeled Sup35NM
spectra reflect the inter- and intramolecular PRE effects, while
the '*N-nonlabeled/MTSL-labeled Sup35NM and '’N-free/
MTSL-free Sup35NM spectra reflect only intermolecular PRE
effects (10).

Amyloid Formation Kinetics Probed by ThT. Spontaneous and seeded

amyloid formation kinetics were monitored with a plate reader
(Spectra Max M2; Molecular Devices), using ThT (Sigma) as a
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fluorescent probe (3). Excitation of ThT fluorescence was at
442 nm, and emission was monitored at 485 nm. Typical reactions
include 5 pM Sup35NM and 20 pM ThT in 5 mM buffer C in the
absence or presence of sonicated preformed amyloids as seeds
[5% (mol/mol)].

Solid-State NMR Analysis. Solid-state NMR experiments on Sup35NM
fibrils, where all four Phe residues were labeled by Phe-1-3C, were
carried out using a Varian INOVA spectrometer operating at 14.1
Tesla (600 MHz) and a 1.6 mm FAST-MAS probe. All datasets were
recorded at an MAS frequency of 20 kHz and a sample temperature
of 15 °C. Dipolar dephasing was achieved by PITHIRDS-CT
recoupling as described by Tycko et al. (11). Pulse lengths of the
180° pulses for fpRFDR recoupling and PITHIRDS constant time
blocks were equal to one-third of the rotor period, g, i.e., 16.67 ps.
Amplitudes of the 180° pulses were calibrated from a '*C CP (cross
polarization) followed by a 270° pulse of the length of 25 ps. The
dipolar recoupling period, z'p, was incremented by a rearrangement
of pulses within the recoupling sequence, which was incremented
from 0-48 ms in steps of 4.8 ms. Each PITHIRDS-CT data point was
obtained by adding 1,024 scans, with a recycle delay of 2 s.
PITHIRDS-CT reference dephasing curves were calculated with
the SIMPSON program using a linear five-spin system with in-
ternuclear distances from 4 A to 8 A. The raw PITHIRDS-CT data,
S.aw(t) were corrected for the 1.1% natural abundance of 13C, which
was estimated as a roughly linear decay of the signal to 70% after
68 ms (12, 13). The corrected decay curve, Sc(f), was calculated

. Tanaka M, Chien P, Naber N, Cooke R, Weissman JS (2004) Conformational variations
in an infectious protein determine prion strain differences. Nature 428:323-328.

2. Tanaka M, Collins SR, Toyama BH, Weissman JS (2006) The physical basis of how prion

conformations determine strain phenotypes. Nature 442:585-589.
3. Chien P, DePace AH, Collins SR, Weissman JS (2003) Generation of prion transmission
barriers by mutational control of amyloid conformations. Nature 424:948-951.

4. Smirnovas V, et al. (2009) Distinct structures of scrapie prion protein (PrPSc)-seeded
versus spontaneous recombinant prion protein fibrils revealed by hydrogen/deuterium
exchange. J Biol Chem 284:24233-24241.

. Furukawa Y, Kaneko K, Yamanaka K, Nukina N (2010) Mutation-dependent poly-
morphism of Cu,Zn-superoxide dismutase aggregates in the familial form of amyo-
trophic lateral sclerosis. J Biol Chem 285:22221-22231.
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with the following equation: S¢o(f) = [Sraw(t) — f2a(100 — 0.39 X t/
ms)]/(1 — fna), Where f,, the fraction of the C signal due to the
natural abundance spins, was estimated as 0.4 assuming that in a
dry sample all '*C’ spins contribute in a similar way to the CP
signal, and S,.w(¢) was scaled such that S.,,(0) = 100.

CD Spectra. CD spectra of Sup35NM monomer were acquired at
37 °C with a J-818 Spectropolarimeter (Jasco) equipped with a
Peltier thermal controller as previously reported (14).

Analytical Ultracentrifugation. Velocity area under the curve ex-
periments were performed in a Beckman Optima XL-I analytical
ultracentrifuge using an An60Ti rotor at 37 °C, and data were
analyzed with Sedfit using the ¢(S) distribution method (www.
analyticalultracentrifugation.com) as previously reported (14).

SDD-AGE. Yeast cells were grown in yeast extract/peptone/dextrose
liquid medium for 1 d, collected, and resuspended in lysis buffer
[25 mM Tris, 100 mM NaCl, 10 mM MgCl,, 1 mM DTT, 5%
glycerol, 1 mM EDTA, 1 mM PMSF, Protease Inhibitor mixture
(pH 7.5)]. Cells were broken by a Multi Beads Shocker (Yasui
Kikai), and lysates were cleared by brief centrifugation. Yeast
lysates mixed with sample buffer (final 2% SDS) and run on a
1.5% agarose gel. Proteins were transferred to PVDF mem-
branes (Millipore) and probed with an anti-Sup35 polyclonal
antibody (14).

9. Mayer M, Meyer B (2001) Group epitope mapping by saturation transfer difference
NMR to identify segments of a ligand in direct contact with a protein receptor. J Am
Chem Soc 123:6108-6117.

10. Clore GM, lwahara J (2009) Theory, practice, and applications of paramagnetic re-
laxation enhancement for the characterization of transient low-population states of
biological macromolecules and their complexes. Chem Rev 109:4108-4139.

11. Tycko R (2007) Symmetry-based constant-time homonuclear dipolar recoupling in
solid state NMR. J Chem Phys 126:064506.

12. Shewmaker F, Kryndushkin D, Chen B, Tycko R, Wickner RB (2009) Two prion variants
of Sup35p have in-register parallel beta-sheet structures, independent of hydration.
Biochemistry 48:5074-5082.

13. Shewmaker F, Wickner RB, Tycko R (2006) Amyloid of the prion domain of Sup35p has
an in-register parallel beta-sheet structure. Proc Nat/ Acad Sci USA 103:19754-19759.

14. Ohhashi Y, Ito K, Toyama BH, Weissman JS, Tanaka M (2010) Differences in prion
strain conformations result from non-native interactions in a nucleus. Nat Chem Biol
6:225-230.
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Fig. S1. Sup35NM can form two strikingly distinct amyloid conformations. (A) Schematic representation of proline-scanning experiments. The proline (P)
mutation, which is located in the region critical to the monomer binding to amyloid seeds, causes defects in the initial rates of seeding reactions. (B) Initial rates
of seeding reactions of 16 selected proline mutants monitored by ThT fluorescence using WT-4 and S17R-4 amyloid seeds. Initial rates were calculated by linear
fitting of an increase in ThT fluorescent intensity, and the resulting values were normalized to the rate of seeding reactions using WT or S17R Sup35NM
monomers with WT or S17R amyloid seeds, respectively. Gray and red bars indicate the core regions of WT-4 and S17R-4 amyloids, respectively. (C) Initial rates
of seeding reactions of 16 selected proline mutants monitored by ThT fluorescence using WT-37 and S17R-37 amyloid seeds. Gray and red bars indicate the core
regions of WT-37 and S17R-37 amyloids, respectively. The initial rates are an average from two independent experiments. Error bars denote SEM. (D) Far-UV CD
spectra of WT-4, WT-37, S17R-4, and S17R-37 amyloids at 25 °C (blue) and 95 °C (red) in the T,, experiments. (E) Infectivity of in vitro-generated Sup35NM
amyloids and prion strains obtained by protein infection to [psi~] yeast. The S17R amyloid shows very low infectivity. White and pink bars indicate strong and
weak/sectoring phenotypes, respectively. The infectivity is an average from four independent experiments. Error bars denote SEM. (F) Color phenotypes of
prion strains obtained by infection with Sup35NM amyloid. WT-4 and WT-37 amyloids induce the stable white (strong) and pink (weak) [PSI*] phenotypes,
respectively, while S17R amyloid caused unstable sectoring/weak [PSI*] phenotypes.
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Fig. $3. WT Sup35NM has the potential to form a PrD-C core. (A) Typical color phenotypes of [PSI*(WT[S17R])] strains obtained by infection of [psi~] yeast by
in vitro-generated WT[S17R] amyloid. (B) Infectivity of Sup35NM amyloids and color phenotypes of prion strains obtained by protein infection of [psi~] yeast.
White and pink bars indicate strong and weak/sectoring phenotypes, respectively. The infectivity is an average from two independent experiments. Error bars
denote SEM. (C) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from Sup35NM WT (Upper) and S17R (Lower) amyloids
formed in the presence of 1 M NaCl in buffer C at 37 °C. Note that the peptides (amino acids 61/62-144) of the S17R-type amyloid core were detected in both
mass spectra. (D) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from A2-34 Sup35NM-4 (Upper) and A2-34 Sup35NM-37
(Lower) amyloids. (E) Seeding activity of WT and S17R amyloids toward the WT monomer. The normalized seeding activity at 30 °C is an average from four
independent experiments. Error bars denote SEM; n = 4.
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Fig. S4. Sup35NM is an intrinsically disordered monomeric protein at 37 °C. (A) Far-UV CD spectra of WT (black) and S17R (red) monomer Sup35NM at 37 °C.
(B) Distribution of sedimentation coefficients of WT Sup35NM monomer (100 pM) at pH 5.3 and 37 °C by analytical ultracentrifugation.
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Fig. S5. Intrinsically disordered Sup35NM protein forms latent compact local structures. (A) STD signal intensity of WT (black) and S17R (red) Sup35NM at
22 °C. The blue and green areas indicate the amino acid regions with increased STD signals specific to WT and $17R Sup35NM, respectively. (B) 'H-"°N het-
eronuclear NOE values for WT (black) and $17R (red) Sup35NM at 37 °C. (C) "N longitudinal relaxation times (T;) of WT (black) and S17R (red) Sup35NM
monomers at 37 °C. (D) '°N transverse relaxation times (T>) of WT (black) and $17R (red) Sup35NM monomers at 37 °C. (E) PRE of the S17R Sup35NM monomer
monitored by "H-">N HSQC signal intensity. A MTSL spin probe was introduced into each selected single-cysteine Sup35NM mutant (54C, A42C, G112C, $121C,
$149C, and T202C). Inter/intramolecular (Left) and intermolecular (Right) PRE values at 37 °C are shown as a color scale showing the //lo ratio. (F) Hydrogen

a.a. No.

exchange rates of WT (black) and S17R (red) Sup35NM at 37 °C measured by CLEANEX-PM NMR.
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Fig. S6. Amyloid core regions of Sup35NM mutants by mass spectral analysis. (A) Core peptides identified in MALDI-TOF/TOF-MS spectra of WT-4 amyloid
were aligned to the primary sequence of Sup35NM. The line width is proportional to the signal intensity of peaks in mass spectra. (B) Core peptides identified
in MALDI-TOF/TOF-MS spectra of N8A/N19A/N26A-4 amyloid were aligned to the primary sequence of Sup35NM. The line width is proportional to the signal
intensity of peaks in mass spectra. (C) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from S17R/N100A/N109A-4[S17R-4]
and S17R/N100A/N109A-37[S17R-37] amyloids. (D) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from S17R-4[WT-4] and
S17R-37[WT-37] amyloids. (E) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from S17W-4 and S17W-37 amyloids.
(F) High-m/z-range MALDI-TOF-MS spectra (m/z 4,000-10,000) of core peptides derived from S17Y-4 and S17Y-37 amyloids.
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Fig. S7. A proposed model for diversification of Sup35NM amyloid conformation. (Left) WT Su

Asn100 and Asn109, selecting the N-terminal region in the prion domain as an initiation sit
mutant shows a relatively unfolded compact structure (blue box). The exposure of Asn100 and

chaperone-mediated fiber fragmentation, which induces the weak/sectoring [PSI*] strain phenotype.
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p35NM forms a local compact structure (blue box) with buried
e for amyloid extension (green). (Right) By contrast, the S17R
Asn109 together with the preference of the S17R mutation not
to adopt the N-terminal core results in the selection of PrD-C as an initiation site for amyloid extension (red). The S17R amyloid shows a reduced efficiency in
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Table S1. Sup35NM amyloid core peptides identified by mass spectral

analysis
Fragment,
amino Experimental Predicted
Sup35NM amyloid acids mass, Da mass, Da
WT-4 2-38 4,303.5 4,301.2
2-42 4,671.0 4,668.7
2-45 4,948.8 4,945.9
2-46 51123 5,109.1
WT-37 2-70 7,873.7 7,868.9
2-71 8,001.3 7,997.0
2-72 8,130.3 8,125.2
S17R-4 82-144 7.187.7 7,184.8
81-144 7,315.9 7,313.0
82-147 7,527.9 7,525.3
82-148 7,615.4 7,612.4
81-147 7,656.7 7,653.4
81-148 7,744.3 7,740.5
S17R-37 63-144 9,385.8 9,386.1
62-144 9,514.8 9,514.2
WT-4 [S17R-4] 82-144 7,189.1 7,184.8
81-144 7,317.2 7,313.0
82-147 7,529.2 7,525.3
82-148 7,616.6 7,612.4
81-147 7,657.7 7,653.4
81-148 7,744.8 7,740.5
WT-37 [S17R-37] 63-144 9,387.6 9,386.1
62-144 9,515.9 9,514.2
S17R-4 [WT-4] 2-61 6,903.1 6,902.0
2-70 7,938.8 7,938.0
2-71 8,067.6 8,066.1
2-72 8,195.4 8,194.3
S17R-37 [WT-37] 2-72 8,194.4 8,194.3
S17R/N100A/N109A-4 2-35 4,059.3 4,057.1
2-37 4,2441 4,242.3
2-38 4,373.0 4,370.4
2-42 4,740.6 4,737.8
2-45 5,018.3 5,015.1
2-46 5,179.9 5,178.3
S17R/N100A/N109A-37 2-70 7,939.1 7,938.1
2-71 8,067.5 8,066.3
2-72 8,196.1 8,194.4
S17R/N100A/N109A-4 [S17R-4] 73-148 8,562.1 8,563.4
72-148 8,690.1 8,691.6
71-148 8,817.8 8,819.7
S17R/N100A/N109A-37 [S17R- 63-147 9,638.9 9,641.5
37] 63-148 9,726.1 9,728.6
62-147 9,767.2 9,769.7
62-148 9,854.0 9,856.7
1M NaCl WT-37 2-46 5,107.8 5,109.1
2-70 7,865.5 7,868.9
2-72 8,121.4 8,125.2
63-144 9,381.0 9,386.1
62-144 9,509.1 9,514.2
1M NacCl S17R-37 63-144 9,380.1 9,386.1
62-144 9,508.1 9,514.2
A2-34 S17R-4 82-144 7,185.2 7,184.8
81-144 7,313.3 7,313.0
82-147 7,525.3 7,525.3
82-148 7,612.6 7,612.4
81-147 7,653.5 7,653.4
81-148 7,741.1 7,740.5
A2-34 S17R-37 63-144 9,382.7 9,386.1
62-144 9,512.3 9,514.2
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Table S1. Cont.

Fragment,
amino Experimental Predicted
Sup35NM amyloid acids mass, Da mass, Da
S17W-4 2-42 4,773.0 4,767.8
2-45 5,050.6 5,045.0
2-46 5214.0 5,208.2
S17wW-37 2-55 6,273.9 6,270.4
2-57 6,530.1 6,526.6
2-62 6,938.1 6,932.0
2-70 7,973.1 7,968.0
2-71 8,102.3 8,096.1
S17Y-4 2-35 4,067.0 4,065.1
S17Y-37 2-70 7,945.4 7,946.0
2-71 8,073.6 8,074.2
2-72 8,201.7 8,202.3
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